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Synthetic biology-driven manufacturing of bioenergy:

development status and trends

ZHANG Yuan-Yuan, WANG Qin-Hong*
(Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin 300308, China)

Abstract: Synthetic biology-driven manufacturing of bioenergy was from the renewable biomass resources and will
reduce the net emission of greenhouse CO,. It is of great significance to the sustainable development of the economy
and society. In recent years, the rapid development of synthetic biology has laid great foundation for building the
high-performance engineered organisms to efficiently produce bioenergy. This study firstly summarized the
development history and current status of bioethanol, biodiesel, bio-based higher alcohols, bio-based hydrocarbons,

biogas (methane), biohydrogen and bioelectricity, and then analyzed current bottlenecks and key issues in future
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applications of various bioenergy products. Lastly the priority development direction and main tasks for the next

5-15 years were discussed and prospected.

Key words: synthetic biology; bioenergy; renewable feedstock; bioeconomy

BRI R UR MR B 3 A L
WHE, EEEGHAM CO, FAKRL FIHANLE
THI & BCE DD A 77 3R AT B AN [R] 7 il 2K 2 B e I
s FEEARBRI R IR R 2R L A R W BE R
BUAEAE CBE . LS T P S AR AR
A (W) BRI E B EE A F P
KU (D). SHAREEML, &mRAEMRIER Y
A7 JEURE Bk B R AR AR B B, R A
CO, AMUA G IIHERS, 2 0] PLFRAGR = R
e, MR R R GHARE R E A RAE Y REDR
PN PRI REVR 22 42 PR ISR M40 5% K Jie ) B 2 )i
B

B A B IR EAE  A REIE I 5E SR R
A% 0o 7] LR T R AL o & AR (P
RIEN G CED REPR AT 58 L 55 S it 1 2
o AN TTERGIEIRE AL O R RG EE
R B A ke S AT 2R B0 SRR 4K D H B
B AE VIO RE A D8 AP RE TR T A BRI A% A0 5%
B 0L SRR A AR A R MR R R v
BEG YD, KR RUE T HG & AT, 1R
7 EERORSHE .

1 RRHSE. WERRFKF

A=W e PR A e T LLIE B E) 19 22 N S
1860 4 55 — AN AW AU A 77 Bt A V2 [ e N HT
1894 SN CBERR LI T Tk A A 5 Bl G & 284
PIREVRIE K L 7 b S TS 20 FE T, 52 19 4l
70 FAAMEHLE AL FBUEMREIR A R 2 5%
1152000 FELIK, FEE G MRV EIZ L MR RE,

Q ;&ﬂﬁ
wEE |
WA
KR R
ARS.
@a}!/

l

T ARG AT Rl R S I, BLHR AT 4 R L
s EMRE. EHEA. A EYBRIEN
[ — A AR IR AZ D K& (B 2). 2R,
BT HARAKCE BRI, 580 = A DL S A RE
ESES, MUBLHE B A e AR . HAT4aERE
VIR EL SRR 1 AL bR A, PR AR
FURERE A = (M RRL QB 8 672 J5N, AH4T 5 635
JIMFRAET (5 EE 59%) s —ARAEY) S8 3 800 T,
AT 3 300 JmEFRAEM (o5 EE 35%) s —ARAEY R
LRI L) 552 JiNG, A 24T 570 JIMERRAEH (15 EE 6%).

HAlr &R E /DA 60 24 E X IHHET EWRE
P, HA e, EE. WKETTER T AR RN
84% . X =N E S HE X 354 A= WD R kL (R KL
CWE RS AR T RS ) 1R HURE AR R YR K
WS 11 B L 2H S 5 s [ AR R AR SRR (2
YR ARV A A ) A E AR SRR, i)
TR 7= M AR S R
1.1 5478

AW SRR B AR R BENS BR AE) T RAL
DNBRRHPRS , e AT DA BB B R VR D ) R B R
WAE IR AR B T3 B 78 A2 = kL 2 B
frJEHFET 2 A, F 8= i 7 000 /7m,  54E
EFREAFARM 85% LA LT uET, TolkAbAE A rsR
K AR 2 B0 DR SRR R FERE 9 SRk,
MR FE BA R AU AT RE g, DUK R 4F
YR JERHI S AR 4 3R 2 % 8 ARk KR
BRAMMCE Y, Sk, BARENITYER
CBEWF R ANAE =T TS TR g, (HRiEFRE
DI I, RRERPR AT 4 R L BEA S R, 1

- &=
i

=4 EU=%E

L ad YRR

) QR

El SREMRER



1504 ERER A=

33%:

22Ut bk —BRA TS, M YRR SRR
B P
1.2 £YSRE

VSR RE— R TR A =AY K =AN L R
B R " A T A BN S, BV
et (1) S Joe (L BE FE i v, A LIS A AR A IR
A48 R 5 IF HL RS PR aA 2 5 S R
G, IEEmEMPBR . R, EaREARLE™
R A RORAG, AR R, M DA 2 0
HE A TR U 2007 A A, EH RN E
FIEHAT, R BE G AR 0 T da PR
K, MAHEE T RAE. ETE. 7T EULKE
Co~C8 KEEREMI N L& IS, FHERIRMAEY
ST BB A R . 13 10 ok, &
X e R S IR RS, A ORI U
T R T A i 1) PR A R I A N A B
1H. FrH) 22 E 1 Butamax A & T 2015 45 Gevo
ISR T BRIAE XA, FERHES AR R T R
) T AR, S A v e B KRS P b 87 F 5
E | HLELIER
1.3 HE458H

AP S — S KR DT R FH s (FAMEs)/ &
fis (FAEEs), HHAEYI. 3h¥ sl v lsom s 5 e i
W (RN 20T ) 38 g o e S i 2B i M LA
20 20 30 AFEAR,  AATTRIUR A AR P it >k ) £ A2 54
TH1, 1938 47 U A AR o 2% A2 0 S IR LL A s
RT AR % SR, BEERE S iR N
FAFIRAN, ML, ST SR H S, 2

191154
=LA
BEORIRIE =
1938
I Mg

Mas 1
A= : FAFEEF
& PR e

BNEM ek

18944F 5
M BTt
SR Tl g

£
19205E4
YT EEFF
BTk
i

1970548
AimEH
Sx4Y
Z BN

STt
kT

AL TRIR RS U SR, MURAS Rk 25 A
FERE, BRAY A M A 5 00 AR A S A = B BT
G176 TR, HET R B RN BE A AR ) S
AR TR S T —E b, DA I Ek Py iR
BRI IEIIRG . LN JF RS AR ST SR A
WiE STt U A A i AN Sk A A A S8 AT DA
MZMER, AR B, AR, R
IKIRYD . R, HEARFRETHEREYI.
1.4 SRERR1E

JE T e R AR A R E LA i oy, B
FREE A (R RE R ST, HFES
DA R SIS 5 65 B A B AR A . H b,
It 97 Je () SR 2 AR T A i v, HERCABR, H
KIBAT RS, [ 1944 518 RO B R 5 148 I 41 14
AR IERIF R RS, SR Z EWEEG &
RN IRV RE T, AR AEREY . B 405
FERE, LORAETES— R 504 P, 2010 45, £H
LS9 A & A FE N 70 i O T R AN T A
RS, TEMAE . KA ST T e i R i Ak
VG RG o B ARG FUp bl Bk . il JLAF,
b S DA JE 17 B2 A R BT A4 420 I3 1 0 6 G 1 AN BT
B, RS R AR R, AT
Z R RTA I “—7 & BOSRAEZ 2
Kk,
1.5 HYEESER)

THEEWBOKLEY . EAKR. BEIS5
PRSI TR TR, EiEE&
PR AR BB HUL Y] LA R R B A A 72

20005FF
BAERE
YFERL
MRk
’, &
EYIRETR
HNFAE

%8
v

201054

BERRIE
kR

v

1970448
AimEH
SH4EY

r Y ®
F20204F
200844 2TREN)
SRz MRERE
Fiak R FEIR 12 I
FRAEH

E2 SRR SEMREMERLRAHE



123

HKERME, 5 A REVREIRHA ARG S % 1505

B CFE) AR ™. RELE- s
A 130 s, H AT ERAEDFEF A
HUEFY R EEiRg B, REKREEAE P B IR
SRR, ACRIE 2 AR 55 R AE P2 i 7R
B, mHBENSRES A2 B, FELR
A RIEE A R TE R, FER LA AR T
T4, BT RE A = e R R 2 1) A
B A 7=, AMBIETEA BRI F B o8, 1 FLid
AMAIRRHER P AR, R A A 2 B R R 7
. AN T2k R, &L B MESH
B HUR FEY 3 F e 77 1 et BT
1.6 £

LW SR TR A R SR o] B AR AR AR
W FANTRE, fFELRIR P, B 18
Mg AR AR FidkiE, 220 Had 70 4R
PRI REUR fE U R, L ST R AT AT P 4 45 3
m AL P, FRE AL 1990 AR 1 T LURETE
PEV5 VR TR A TR A N A A ML K R B AR il &
BA, @B R SEAREAWR:, BR
A EE AN YR S A P RTE TAE, ST
[y oh R B S E S SRR RIS &R B B
TRAEMRE R A, ARG 2 B SR A R
SRR SR MR I — 2 B M P SR 4 . IR R i
FERZEF GRS, 2B T & &Y A
e, AR A A AR IR SE P R T
TIazE K F A JE 5 B
1.7 448

DL HL 4 B A A AZ O T AE IR T R 45
1B —Ff o AL 28 BT e 2B 7= 7 =0 8 T e % 2k

f BN, BLTE 1911 4F, JEE Rl 5 H B RERT K
M REAT S5, EAA AW DU A iR, A
PhIRRL I T B TR AR . BEE A AR )R
KIE, SIARGURME (b2, B BB EAL
X a6, APBRR IR ET AR T B, AR, A
RN R TFAEIENLE] . H AR R BrlEr
WA . RNEA R ER . i RGN H 7
AR TR 2t g, W it A =4t et )\ L+
SRASER VLR ST INiE PR 2N v O L I 2
9-HEEHT B AR A N T SO B A DA R
R L e, PR RIBLAE M n] 2F 8. RN A%
X6 FIBE 2 = A N AT RE T R . B, 24k
TE (1) AR R E i B K B S D 2R FE R R e il 1
10 mW/em®, KAl FAE ML NI A, P IE
MIZE 0.7~1V £ 45 o

2 MBS o) BN ok Sk A A P ey Sk i
o]

HAT, & s E Y REVR I I = &5 47 BRAS RV R
A S AMEZ TB B)7F JE LK T3 76 SRR B
APERARZ AT, XA i A AR o 2 &
BRAEMIREIRH A T ™ M GBI, AR
FHERE & RAEVIREIR A RS, R B i RIAT 4 TR
BB AR 27 (B 3)e AR HIAR
M AEVREN™ e, TR B NIAS R T L
WEEEY IR i AE . BB S L
B, R AW o B ] 45 A A iR DA K —
DA, il AR L RN 21 4 3R JURHE
RA TSR, ST T2 A AR RETR K

AHAER?

O R#FHERER
O Wm AR
O SHSEER

EfAEIE?

O AT et & BELE =
O ZUMpaE It
O KES5EYBEEHER

Mt arm?

O FERTE

O =985

O S5, SRE. 9.
SIS AR Rt R
—REBEMRER

E3 &mERERA R EIma e



1506 ERER A=

33%:

ARG TE R BRI S RCE Y A
A, B E R DAL B RN R B A A
AR AL SRR SR R, TR TER)
AR EVIRR S R G, SELRETE dh AR A
A7 AHYER LRI (P ) fEARREK
— B ] A TSR PR R, E R ARSI ik
(L2 =311 P SN S/ NS 5% 7/ 3 A R R T R AV 5
AW REdth 7 ZR D HERE
21 SYICEE-AERES

LFHER AN LI IXA R DA R K T
AR, HSEWERE, FEE SR AR RER R,
FUERIB QBRI LWL, BEAER
PR AR e R, AR BB 7 B AT DA AR R
PAN =ANJ5 T (1) 2R 53 0 B A D P g 3R = w3
R RS T B SUE REIE Y. SR ARG &
BAR / ARBUER Sy i W& B K A R AR ™ IR
b B ST Z PR TAC i, AR B S
B ER, DME TG IR LT 4 R A BHE AL T % 1
Bio () MRRA 21 4 3K B il 2R KR 20K
GG AEY A BORNEBERE, 7870 F2 3 B 57 K =
Btk 54—, G R TALFE T2 A0 DTS (4 B 1l 751 52
FCHCTT, PRI R BB SN T2, & ukiT T
SRR L (3) 1 B AR A B AR T R R
R - WK B AR R TR I A AT ST
(Y, AR R LR R AR T A
BT, Wk e, M selaR R 74
Ty RHLTYER LR B TRERVRBARIET)
22 EYIEREE

FURG, O A b A A et s DL K S Hfr
TEPINIERE, 2 SRR R A s 55 Bl HE X DU fE AL
N BT AR DR ARSI <5 A7
ARG, Y E IR B A R
WA H O AR KR EE ORI, RO &
Fe e A R I, 0 R K W ARA L A
T AR AR R B . & g 2 5 A I 45 1)
EHE FURMBR 1 A R I E R, BARBCE )
JEURH AL BE AN A B T 20 A ) e RS R SR ) T 5
mio HHTK 2 B 900y 3 258 1 Ehrlich & 42 55 1£
AN 7] R 58 40 1) ] 98 8 0 A S B b e P
J, AR RIEE B IE R T AL I EK . N
TRZAN T, SO g R AR
PR G 4 20 L L B 75 2 o BB ) 2 SR DL vy
PRI B B IR . e, Ed A R R
ThEE, RBATYER. RFEAMR. B, ARA

B & CO, FRAAJFE R AT LA A A, it —
BRI AR P A B A o
23 AL

DA R T2, AAE R AR & B
R IR, 41 T A SRR AR
KRR CL TR L T HATIRARA 8 A T
BUE A R AR BG RV, R A S AR
R R ) B T 52 1 X R s I M T B ) A 4
P B R AL AN S A 3 P 5 B 2B AR TR A AR B
S ) A P B R B 2% 1) AR A S T T RO B,
HEmBLEEAMS S, EMRENED SRS
BRIRAR 5 I R GRS A AR e AR
77, T e EE B RCR, PargRA K S5E
VISEmh G R S . SR T RIS AR MR W R &
BTV RS TS S, THEHS
P R A AR S AR D A ), AT SE
PR St AR,
24 EYIBERE

BARIEA N 1B I = 8 7 4 0 P S e bk
%, (HRAEREAY T, BUIERY R &=
Wl %o Rl AR A, TR E
AR TER 10%. BT @25 0k 40
) v B IOAE ™= s AR BEORMR TR otk Tk,
AETEIR T, X SRA RIS AR B R
ERPIRe 77, LA RN RS AR BR . oy 2R
&Y. HETABARNT R AFIRNIR A &R, H
T M5 7 TR o A A R AR 0 AN T b B B AR U i
7, WEIEEAEWTE, TR OREEAN M 2 E A
R, Rolae 2 1 & sUIR b B A 51
No AL, NaWTEE TR E AT A ARG G
% Mot 22 8 (1) (kA BB 70 YA R AR OR b 52 e 1 8 A QU
ARV, EEI Y 2%, Kk, I
R B L R R T 1)
2.5 EYIRS-EMIBS LR

B B 2 () AR R e B ] R R B R AL
KEAWERY), HREGRE. TN TZ4H
MR B T it 3T 7T A [R] B A A (445 53 TR
BERAT R ARV SR, S5 A5 QR Ak A R o
PS50 TAE, AMTHELERRIKSH
HURFEY IR N T2 g ik 2, B R LR 1)
IR AL T T RE. BEE DhRE IR R B R G
FORBIRSE, ATt — 20 b R AR AN [ AR ER A) AH E
YEF IR, 13 VR T R A ThREAE RS E L I R A
e PR RN N THBERE 5@, IREA



123

HKERME, 5 A REVREIRHA ARG S % 1507

T2 AR R AR5 LR T B e e (e 9 A e
IIEVES
2.6 EYIRS-EYIS

AW BB B A 2 AR . £
WEY R ST, SRR, R
KRB DICRIIWE B LR IR TR L8
SRR, SR SR R A P 7 S A PR A
P A AR, RO 2 AL AR (1
o —LEHONWE T RS - BRI R R
HIEBOAR S WA BRI F AL R GBS
A BER B S WA B S BOR S, TS
VRIS SN T R AN e R [l
MR, RIBATFAARHN . KK, GRAEDZFERTN
SEREBT AN B B BRI R RGBA
AR5 T3 T S ORTE R A, DA DR A )
PR AR AR ST ] AL, S A 00 ) S RV ¢
AREGH R JE, HEREVHFIE WAL A5
N
2.7 &4

BUE B ZE M RRE L I B TS AF AR AN D [ 1) AL,
PREG PR IS 20 . AEYIIR IR R T4
RIVRAEYISE X BOR, Bk ddt— Dk . &%
R B AR XS S TT AR E PR,
M EYR A I = A BREDHST Wi %R e
BL AR T IREM . BIERHIERAMEG R, &
o8, AT DASEE RN SRR SR AR R e b 3
FEEMIRIT A F . S B A N . BT
T [ A D R 2 A i RS LA A7 A AT B
B, ERRMTISEAR. 22, F3liE A ]
PAREAR 2 5 M i A A st A 2 2 I, A R) it
APV RG22 St ZaiIE. IR, BEess
&Y, NEZHIT . B R TR E M,
BIERFEE R, TR,

3 RKSSEFEMA L RIS ER T

BT BRI R AT, UK K 5~15 AR K
IR 5 ANJ7IA .
3.1 HFHEREVRNEESEVESREILITIE

H M E AR AR MREY RS R, @
RERNF FUAR R 27 4 R B A, @R AR
Bl AN T8 e 8 i Wik Bk, @it i
C5-Co BRI 5 e mZlE. NRWIlR. NalWiess
BEVR AL 24 S R A g 4, SR S A AR A
P W 2%, AR EERR R R 1A) B AN PR R A, (R

80% Mtk T H bR ek 2= s & B, Mt
Bramsenl. B H BRI A 2 4k 2= B A A
Wi (consolidated biomass processing, CBP) &4,
SIS R CORESE T WG B T G kA TR
W6, HEE IR A @R R
32 EWRSHEATEDERURGEHEERRA

ARG CO, S E i R AR A,
IR RN e N P i Ak TR e At N e
MARHHEE, RS ThReRER, $E s AR e IR AR
AV rEBCTE  JT R A B R CO, SRR
BIEARFAR T, WM ER AR, AR LR
M —mE R SC I B =g . NeWimR. NeNi &5
RV N T RS, bR
80%, FSLHT— A AP RE R I B kAT, S
R oY, R AR EL 2 U S IRk o
33 £YBRERSNEFECNZ MR RIEITEE

EEXTRARE T ST A AL % R R R
R G DR R AN T2 40 B ik R A A B
AN AR LI o3 BRI B 4 i T e B A # R L1
FEIBIIR R, TN T2 Gk R 4H 8 % 2 8] 43 A
AR 5 WA A 2 g0 Mk R RV A . W&
B PSSR, 45 S N LY LKtk
BH, WESSEMRRAE RS, SBERAEY
G A OB, R R ACRI 22 KT 80% ;5K
P gl DA B R R T, HESh SR B R R S
BREHRE F o
34 SHEMFIARRRITESE

EEXT AR R ) PR A A R AR ), T R AR
YrE SN S, P88 A USSR AR e . i
RN Ao, WA ERR &R E
N AU IEAE, B FaRs 2 B r= S B & e pL)
o 3t i R 2 B IR AL 7 AR R S SRR S
RYL, RWEVREA T E LT ) 255 75 R
i, LAY A AR EAS, RIESR TR
YA T A RS AR ZE, 13558 10 mol/mol
B, e EGE B >5.0 g/L/h, T8 RO AL R E,
INAB RSN -
35 EHEXSEAXNEDRRR MRS H

TF A RE S F AR i 6 i N T AW L il ot 52
H AU LKA S WAL 5 e 51 A S A AN PR R TR
A FENL, B TR T8 R B 2T HLR S R
AR LI, RAE YIS Re e 2 S AR PO B
i P A= 5 ST s e 7 NG < N - ;I ) D1
U = A Y LR B R 12, BT VPPAN F RS 1L



1508

G gEEd

33%:

IR ATRE. gk 88tk P RS, JF
RARA A Rp e i 3 B, A5 3% T A=kt
F v ) ] e 485 R N St F S A, SR L AR K
Ty Sty 85 B 5 25 mW/em?®, RS 1B 47 I A)
VAE, AT R RYE, BT 4% 30 i 38 A A G
WAEIEE.

4 LEEFRE

KK, IBHEBREMFAEAR, EHEARIRE.
AR TREANIE R TR S R 1T, AT AREIR A T
JRAE W RER AL ] 2 I R O B M ) AL LB,
VeV T 5 € 1) id R A AR Y AR B AR AR
BEATAQU R 5L 0GR ROE 1R BT
PG RCEVIREIR N T4 ZA0Mik R, W
S E R, FANSEERTRER, £
S RiAs ety AR B RE TN S &R G A R T
b, R R R T 20 BRI AR
PR A AR, SCBLE R REDR 1Y R AR AR
AR IIAES A REIR I 38 5 AP ISR 5

(& £ X #

[11 Reid WV, Ali MK, Field CB. The future of bioenergy.
Glob Chang Biol, 2020, 26: 274-86

(21  HEIK, B, FLPE JREEY AT K RSN 5. T
[ TRERLA, 2021, 23: 133-40

[31 Liu YJ, Li B, Feng Y, et al. Consolidated bio-
saccharification: leading lignocellulose bioconversion into
the real world. Biotechnol Adv, 2020, 40: 107535

[4] LiuY, Cruz-Morales P, Zargar A, et al. Biofuels for a
sustainable future. Cell, 2021, 184: 1636-47

[S] Shakeel T, Sharma A, Yazdani SS, et al. Building cell
factories for the production of advanced fuels. Biochem
Soc Trans, 2019, 47: 1701-14

[6] Zhang J, Chen Y, Fu L, et al. Accelerating strain
engineering in biofuel research via build and test
automation of synthetic biology. Curr Opin Biotechnol,
2021, 67: 88-98

[71 Renewable Fuels Association (RFA). 2021 Pocket guide
to ethanol[EB/OL]. 2021. https://ethanolrfa.org/
file/1546/2021-Pocket-Guide.pdf

[8] Robak K, Balcerek M. Current state-of-the-art in ethanol
production from lignocellulosic feedstocks. Microbiol
Res, 2020, 240: 126534

[91] Sharma B, Larroche C, Dussap CG. Comprehensive
assessment of 2G bioethanol production. Bioresour
Technol, 2020, 313: 123630

[10] Liang L, Liu R, Freed EF, et al. Synthetic biology and
metabolic engineering employing Escherichia coli for C2-
C6 bioalcohol production. Front Bioeng Biotechnol, 2020,
8:710

[11]

[12]

[13]

[14]

(18]

[19]

[23]

[24]

[25]

[26]

(28]

Bao T, Feng J, Jiang W, et al. Recent advances in n-butanol
and butyrate production using engineered Clostridium
tyrobutyricum. World J Microbiol Biotechnol, 2020, 36:
138

Ren C, Wen Z, Xu Y, et al. Clostridia: a flexible microbial
platform for the production of alcohols. Curr Opin Chem
Biol, 2016, 35: 65-72

Atsumi S, Hanai T, Liao JC. Non-fermentative pathways
for synthesis of branched-chain higher alcohols as
biofuels. Nature, 2008, 451: 86-9

Yan J, Kuang Y, Gui X, et al. Engineering a malic enzyme
to enhance lipid accumulation in Chlorella protothecoides
and direct production of biodiesel from the microalgal
biomass. Biomass Bioenerg, 2019, 122: 298-304

Khot M, Raut G, Ghosh D, et al. Lipid recovery from
oleaginous yeasts: perspectives and challenges for
industrial applications. Fuel, 2020, 259: 116292

Singh R, Arora A, Singh V. Biodiesel from oil produced in
vegetative tissues of biomass - a review. Bioresour Technol,
2021, 326: 124772

Wang J, Ledesma-Amaro R, Wei Y, et al. Metabolic
engineering for increased lipid accumulation in Yarrowia
lipolytica - a review. Bioresour Technol, 2020, 313:
123707

Chandra P, Enespa, Singh R, et al. Microbial lipases and
their industrial applications: a comprehensive review.
Microb Cell Fact, 2020, 19: 169

Yan J, Yan Y, Madzak C, et al. Harnessing biodiesel-
producing microbes: from genetic engineering of lipase to
metabolic engineering of fatty acid biosynthetic pathway.
Crit Rev Biotechnol, 2017, 37: 26-36

Kldahn S, Baumgartner D, Pfreundt U, et al. Alkane
biosynthesis genes in cyanobacteria and their transcriptional
organization. Front Bioeng Biotechnol, 2014, 2: 24

Wang J, Zhu K. Microbial production of alka(e)ne
biofuels. Curr Opin Biotechnol, 2018, 50: 11-8

Jaroensuk J, Intasian P, Wattanasuepsin W, et al. Enzymatic
reactions and pathway engineering for the production of
renewable hydrocarbons. J Biotechnol, 2020, 309: 1-19
Atelge MR, Krisa D, Kumar G, et al. Biogas production
from organic waste: recent progress and perspectives.
Waste Biomass Valoriz, 2018, 11: 1019-40

Mwene-Mbeja TM, Dufour A, Lecka J, et al. Enzymatic
reactions in the production of biomethane from organic
waste. Enzyme Microb Technol, 2020, 132: 109410

Saha S, Basak B, Hwang JH, et al. Microbial symbiosis: a
network towards biomethanation. Trends Microbiol, 2020,
28: 968-84

Fu S, Angelidaki I, Zhang Y. In situ biogas upgrading by
CO,-to-CH, bioconversion. Trends Biotechnol, 2021, 39:
336-47

Gilmore SP, Lankiewicz TS, Wilken SE, et al. Top-down
enrichment guides in formation of synthetic microbial
consortia for biomass degradation. ACS Synth Biol, 2019,
8:2174-85

Glenk G, Reichelstein S. Economics of converting
renewable power to hydrogen. Nat Energy, 2019, 4: 216-



123

HKERME, 5 A REVREIRHA ARG S %

1509

[29]

[30]

[31]

(32]

[33]

[34]

[33]

22

Kumaraswamy GK, Krishnan A, Ananyev G, et al.
Crossing the Thauer limit: rewiring cyanobacterial
metabolism to maximize fermentative H, production.
Energ Environ Sci, 2019, 12: 1035-45

Soares JF, Confortin TC, Tassia C, et al. Dark fermentative
biohydrogen production from lignocellulosic biomass:
Technological challenges and future prospects. Renew
Sust Energ Rev, 2020, 117: 109484

Park JH, Chandrasekhar K, Jeon BH, et al. State-of-the-art
technologies for continuous high-rate biohydrogen
production. Bioresour Technol, 2021, 320: 124304

LiJ, Ren N, Li B, et al. Anaerobic biohydrogen production
from monosaccharides by a mixed microbial community
culture. Bioresour Technol, 2008, 99: 6528-37

Ergal I, Fuchs W, Hasibar B, et al. The physiology and
biotechnology of dark fermentative biohydrogen
production. Biotechnol Adv, 2018, 36: 2165-86
Armstrong FA, Evans RM, Hexter SV, et al. Guiding
principles of hydrogenase catalysis instigated and clarified
by protein film electrochemistry. Acc Chem Res, 2016, 49:
884-92

Kim EJ, Kim JE, Zhang YH. Ultra-rapid rates of water
splitting for biohydrogen gas production through in vitro
artificial enzymatic pathways. Energy Environ Sci, 2018,
11:2064-72

[36]

[39]

[40]

[41]

[42]

[43]

Yalcin SE, O'Brien JP, Gu Y, et al. Electric field stimulates
production of highly conductive microbial OmcZ
nanowires. Nat Chem Biol, 2020, 16: 1136-42

Liu X, Gao H, Ward JE, et al. Power generation from
ambient humidity using protein nanowires. Nature, 2020,
578: 550-4

Chen X, Lobo F, Bian Y, et al. Electrical decoupling of
microbial electrochemical reactions enables spontaneous
H, evolution. Energ Environ Sci, 2020, 13: 495-502
Carpita NC, McCann MC. Redesigning plant cell walls
for the biomass-based bioeconomy. J Biol Chem, 2020,
295: 15144-57

Brandon AG, Scheller HV. Engineering of bioenergy
crops: dominant genetic approaches to improve
polysaccharide properties and composition in biomass.
Front Plant Sci, 2020, 11: 282

Contreras F, Pramanik S, Rozhkova AM, et al. Engineering
robust cellulases for tailored lignocellulosic degradation
cocktails. Int J Mol Sci, 2020, 21: 1589

Andlar M, Rezi¢ T, Mardetko N, et al. Lignocellulose
degradation: an overview of fungi and fungal enzymes
involved in lignocellulose degradation. Eng Life Sci,
2018, 18: 768-78

Gambacorta FV, Dietrich JJ, Yan Q, et al. Rewiring yeast
metabolism to synthesize products beyond ethanol. Curr
Opin Chem Biol, 2020, 59: 182-92



