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Recent advances in smart biomanufacturing driven by synthetic biology
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Abstract: The rapid development of synthetic biology has given strong impetus to biological manufacturing,
including drugs and chemicals. It helps to mine the key elements of biosynthesis, enriches the essential basic
(catalytic) element library for intelligent biological manufacturing, and optimizes the performance of chassis cells,
which lays the foundation and platform for efficient biological manufacturing. The classic “design-build-test-
learning” of synthetic biology is central to the creation of efficient smart cell factories. Systematic metabolic
engineering and biosynthetic biology of natural hosts as well as in vitro cell-free biosynthetic systems are alternative
approaches to efficient biological production and replacement of chassis cell systems. This article briefly reviews
the research progress at home and abroad in recent years.
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W IRe /1, JERHARBRIERS . = RaE S,
CL R 25 4t 2% B R 5 5 1 ) vy )R Pl 22 35
R ) A B A

AR 1)K R R TR M R Gk 55
AR, AT T AR RESUEEY RS,
T3 NS T R A T D R —— & A
A A B RS R K R T A an B AT
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Jl— B RO, A LU R A AL, A 2 X e
PRBEE N o 4 5 JE PO MR & SR I B B
i SCRaMbLE £ G4 & e t A dh A7 5 A = A,
AR VI B g 7 2 1% 5 83T SCRaMbLE
RGUK B RER, 3 T FARE R 2 B,
KRR B A T BN A g Ak B
AR AL AE M B A ROV RE, AT RIS [A) 4 3R A
Fir T PERE O ARAL AL B

W& S B AR A RE, R R RESTT A i
KELZH BAEMKR, HXAEBR™, Ei]
HAMEFIE S 55k, ARV BA A
AR BRI, RYE &Y TR RS, A
AT B AT DL AN [R) 48 ) AS RS s 4 8 R] — iR
A rh, AIOIE s R BRI 2
JRAE . B, AL 2 2 I N s 5 TSR
WAL A AR, IR RES AN F R IR
W TG, ATSEBLE AR RS E e, A
AT TAALHE

3 AREENERFIHAUERESHEDHIE
HEZMAAR

AW e SEELAE D IE R AR R oG,
A R I 1 25 240 B 2 S B A O ) 3 ) AR R
B, AR BTt - M - R - 2 fE R
(Design-Build-Test-Learn Cycle, DBTL) Nl & & % 4
VIR ) BN

HALE, AR FEAE R MR T 2R
(SR AN R S &= S DR aa sy W iD]

AR S wRIA LA R gL, REAE L AR
ARG SRR PR N E. R
T HART Y& BOSAE,  BARERALE JE 2 A
KRR, NFRERROFEAE, — R ESR
LA B BT, A58 BE 22 M Im) H ARG A
WEGE P I SE S, A A RAE R T AT,
VAR AT = BIE SR S eh 78 2 B K2 BB R,
T & OS2 B I R A0 R IR AN B
AL AR g, BONRIEA IR, JF B 280h
FACEA R, XA F e, WY 78BS
OB R B R RE o sk RS AN B, A
AR & AR A, TR E R 5
LSRR RO PO st n] R i i B S B e
AR B e, AR B A BN 2 2R Gk i 45 Jik
DRI R 2R o 8T H s ik DRI LE v T) 4 R R T v ) v 2k
ik, FRARERNE R B ACET PRIR G %, T4
M RER, MM Reth 4 Fr RUhE AR -Fr, 125
P2 A RLRE T B

Keasling 1 # 4 5 Amyris 24 & & 1F, @i
“DBTL” W& AV FZEHAIGIE, il 24T 58
T EERE R A T E IR, R RS A UEY
RIE S EAREESEG . B2, NE—MEED
HHITE A “DBTL” HEZT) 2 m A R A 1),
A 5E A B “DBTL” Bk, R4t e
UM T I RRE, o MR RE M R 1 O BEE R} 2 )
Scrutton IR\ A & T — A EH L. BE K “DBTL”
FEZE, @I St BORE ) V5 IR S s R
s, FEECLE SRS FR T, PR AE SR
JR Y k. A AT 2 7 VR A K AT B 2 B
fiil pinocembrin [ 4E 7, & | & Bkt H 4 D E
BBE, BRI EBE (PAL). A /KI5 R
(CHS). /K1 548 (CHL) Al 4- & 51 - Hilg A
BN (4CL), VLR EER 4 D EENSH LA
&, k2592 A u e 4L A (configurations). Y
H 7 W% DBTL 3, A ATk 42 77 BE (1) 20 2 (1) 3
HKIESE /N2 36 A4, SR JE il seaeieir, &/ 1d
pinocembrin {2 EHE 5 T 500 5. F)FZHE L% A
Yt reticuline 1 scoulerine 494 i W EX 15 5. 3%
MR, ESCZAESHAA —E I E M Y, Jeffryes
SN R T Hal— Sl R O R, RS
HURSF A &R, H2RH CAAAE BT 848
1) Ty £ AT e S PR 430 BSR4 T T I A A 1) RV
MR . X — R B B A R A AT LA
A OB TEA M AR BEAY, ] DU AT e R



A

EIT7, e AR IS KR e Y E R FU it e 419

BRAT YRR SN, e 28 SEIU A AR AR R
. ER—RNE, KEREE. 2R HIEK
ST ARSI i 2 A I DU > DBTL A3 () B 22
JTH s A RAEWRNE . BRI EBOR Uy
BT B ¥ e 0 T 25 LSk 17 Ik I
B RAEW A BRI ER G S ORHES] H b= £ A
M)A B R R

4 RARTEEMBOE

H AT 48 K 2 30 RIS & BUs R
FEATT BN AT, BT R e i e U A A
MRE R B, X HIRARE FRITHH, e
Hirtb &M= 2+ 0 21, XHERSHIR
FIER. A, MR UL, X TG BIsRis
BT 1) E A5 4 5 BT LA E S 7 S A 40 B v B R IR AR R
DBTL {3 b Kb = &, e 2 S0l s 4% AR
F=o MR E A AR A TR B A P2 PB4
R, FrrEL 60, A MR ER =0T .
HBEE T &R AN A B RS BT g S/ oK &
A6, i N E A IR BGRA E E R Ed
R EE R A B . X RARTE T IEACE
BRI NY N R/ =T W PO M S NI R
VR ZH A 7T 30 2 A 1 T R 7 3R 1K ) AaORA Al
AaTCP14 EHAMEAEH], Bl &R G ISRk
L DR OB A D e A e S, o AR S A
FNTEH SR SEREEMG L, TR, &
FRARTE F 1B AR S0 T2 R ) i 1) B
BB T

X TR Z G B AR IR IR, HAEY & g
2B H Ay, B REAS 7E IS A 40 i Hh S B ag
FEM, Hi TR TS R A A E RS — R
Fa) R, B AU = A JEC B A A 1 B A S5 D
B, i s H bR =) & 2R K. Smoke VR EZH i i
TEPEREFR2RIA 21 /MBSl 1 B 22590 (1) 05 A
B, AHHAS BAU w2 . Janardhan Garikipati Al
Peeples'® 7£ KT & 1 $ AN HKH Pseudomonas putida
S12 i) stpABC H H, 8 K AT B Ak 7] LA 52 2Ky
T SEFRFL A B, (EAR B8 S 1 K T B 1 2R =
EIEAERARE . 5—RNKE 4 HAEL,
RINTE EAIRAE B Vs =06 BT 7 W& M S,
IS A H AR IR & Pl 20k S DI RE I 1E 5 K A%,
ANAFAETOHF AN AR B & BO 1 )8, I BB K ik
A T3 B2 FR R AR 3B A AR P A EE N, B
32 3 S AR = LEL o RRTE EIF RS

JRAEMIEERE ST, WO SR B S st iAok
AT RS T RS R R TE
Gk R K 8 DLEEEF B Bl KRR
PRFEII R, R T SR A A R R, S
B B & I AT LR R AR .

AR X H AR AR B — )
2 A 2 B A MR E FR I E I — R &
K137 &, A RPN R SR A e — AR L3 (R
Do b, ZERHRZIR (FREZ ). REZHK
RZFADTE A =Y T a7 ko, ERZE
2 03X — R AR T HEAT A T A B s AR
1, ANGRAy—ABA RIAF L AT SR & 5 e T

5 INEREMFERR

250, AR APRERIREYE ™ i A5 ) A A ) it
T EOE AN T ORSCEL, SRR B A R AL
A S A RS ORI OV . R R
P xt e i A R B AR K, T4k R AL
I AE S N T SN R R S F R A TR e
PRE S m ALy B bR dh, A AT 2B 3
JFH, BT TR ERNE S, FEH
bRFEAIE A B A B SE IR (R 1. Kim %5 U0 R
RS 15 DN EVE AR RINR BT, ZRG0E
3o SRR A P E AR e ) 203 R TR 0 it
EAA, XMAEMERE RS RA SRR X
POER, LR RE T 385055 LR )
HE R R A e R T A BRI T T K
CAPECAN iV A B vt 1 R IR A0 2 i 2 Gks 2 4 3%
EV R B AR, P Tl A T AT A
WE B &7 i, R BB RSN 2 B R S AL 1 2T 4
RAWFAL 5L 98%, I HAZAk A R GEiE AT A H]
CECEZ ROE i IRE Ak DRV E S S R WIS (N
JERA A LR X (0 2T 4 3R I B L B R Ak
A A Ah F e H A s BRI AEL AL 2 S B L TR
.
6 RE

A= R RE R FEANDURT i R i R AR A
FERIWIE, i HL BB A BOR B 2 (10 AP0~ bt e R
RARSHOE, AATE AT DR @R, AR
SRIIT, KRR T AW IE B I . AEN
TR R A B AR S B s T ot &
BEANTIN, ]y Ja S sk e (B8 45 T A9 v S 8
FIRCR . PN TR 4 T iEid DBTL fig#hAs



420 AR

H30%:

Writ, AMUREIRIFPERESR M, 1 H T BN 1
TAEANN, o aek i TR0 M e B A AR, i
BEANATRAE AT IS AT A B AR . & A A E K
HE % 16 A5 I [R] P DRI 1 1) 1 DK bR 4% 57 10 4 M
B, B RO i A B A S SR IK iR LA i)
IR PR U AR A T e R R R D R B, Xt
B RE) A B ) RELE VRS BF T b — A iR AR i
DRI )

W N R HOE A dr OB R OR B, BR T —
e St R g Rk A P i R B AR B )
B AR ARG R 2 A, G th T
RERE LSRG A= T BRI AR . L, JEidAE
20 M P e A S T DA S SRR SR TR R AR
A BRI R S, Bk “RREERT IR,
BRI SR B 25, G 0 T A ) A P
ELIRARAE AN AR

B AED R A TN 2R A A
Rkt ERE ). A, AN TR T
JAES AR RE L AN & AR FR R, X seBlk st
WG R EY) “BIE” 1P R BRoE TR
B/ IR H, BEE G RAEM AR AR R, EYH
ERBES QB R A s S, TR
THZ AR, dnmT L il BT SRR
MM, SE. WERE. HR, ANEHATEER
FIARANE BE M m IE AN B W] LB — A “58387 &
i A9 E AR, 2 R Al AR P DA R AT AR BRI B
FOBAT R AR B BOR L “ I Edr” AT
(1o 24 AT FUAE S U RE N 38 1% B0 1 A4
Ay PR BR ) T S RIA BT, iR 2 L 2 1 4 R
AR R, A b AU AN S mT 47 14 B 3R 4
FEA A7 . Hirota %5 1 HIEE T NV BEIR £h 5 7R B 71
S, BIAEA MR BRI, HERs=Z 4K
W IR ER M VA A, 18R TS NIER T
FROREE T R IR TR IE ) R AR R IR R . 4k,
AT LA A IR B Y R A i g T ok
7 1 N3 2 i F) A A Pk

WEH RGP R R, A A K
) R R AR Wi 32 B S5 )2 900 . 4R,
R SR, IR NL R 5 58 3 Y M AR
B LA R AT REIE RN fE . da, BATIETE,
T E RV IO ERIE BRI AR, HN
R NRAEAE . R TR BIEZ M. fE
PRANFR GG S5 FK ) A AR A . BEE %
Y SESC T AR M 6F 1 4T 8RR P IS5 SR A % <

BN, FERHULIARRK, KWl AIRa i)
SRS BR o

BUbT: RNV IR F I D RIAT AR B I
H eSS AR 0 6 L Fel 536 T ARZIR,
i’ % B ASRATORFE RREGE——F A, HRAT
A7 A o

(& £ X #]

[1] LiF LiYX, Cao YX, et al. Modular engineering to in-
crease intracellular NAD(H/") promotes rate of extracellular
electron transfer of Shewanella oneidensis. Nat Commun,
2018, 9: 3637

[2] Wang X, PuJ, An B, et al. Programming cells for dynamic
assembly of inorganic nano-objects with spatiotemporal
control. Adv Mater, 2018, 30: €1705968

[3] Huangl, Liu S, Zhang C, et al. Programmable and printable
Bacillus subtilis biofilms as engineered living materials.
Nat Chem Biol, 2019, 15: 34-41

[4] Ling C, Qiao GQ, Shuai BW, et al. Engineering NADH/
NAD' ratio in Halomonas bluephagenesis for enhanced
production of polyhydroxyalkanoates (PHA). Metab Eng,
2018, 49: 275-86

[S1 LiY,LiS, Thodey K, et al. Complete biosynthesis of
noscapine and halogenated alkaloids in yeast. Proc Natl
Acad Sci USA, 2018, 115: E3922-31

[6] Liu X, Cheng J, Zhang G, et al. Engineering yeast for the
production of breviscapine by genomic analysis and
synthetic biology approaches. Nat Commun, 2018, 9: 448

[71 ShaoJ, Xue S, Yu G, et al. Smartphone-controlled optoge-
netically engineered cells enable semiautomatic glucose
homeostasis in diabetic mice. Sci Transl Med, 2017, 9:
eaal2298

[8] Roybal KT, Rupp LJ, Morsut L, et al. Precision tumor
recognition by T cells with combinatorial antigen-sensing
circuits. Cell, 2016, 164: 770-9

[9] Nissim L, Wu MR, Pery E, et al. Synthetic RNA-based
immunomodulatory gene circuits for cancer immunotherapy.
Cell, 2017, 171: 1138-50.e15

[10] Guo J, Zhou Y, Hillwig ML, et al. CYP76AH]1 catalyzes
turnover of miltiradiene in tanshinones biosynthesis and
enables heterologous production of ferruginol in yeasts.
Proc Natl Acad Sci USA, 2013, 110: 12108-13

[11] Geisler K, Hughes RK, Sainsbury F, et al. Biochemical
analysis of a multifunctional cytochrome P450 (CYP51)
enzyme required for synthesis of antimicrobial triterpenes
in plants. Proc Natl Acad Sci USA, 2013, 110: E3360-7

[12] Shang Y, Ma Y, Zhou Y, et al. Biosynthesis, regulation,
and domestication of bitterness in cucumber. Science,
2014, 346: 1084-8

[13] ZhouY, Ma'y, Zeng J, et al. Convergence and divergence
of bitterness biosynthesis and regulation in Cucurbitaceae.
Nat Plants, 2016, 2: 16183

[14] Lau W, Sattely ES. Six enzymes from mayapple that com-



A

EIT7, e AR IS KR e Y E R FU it e

421

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

(24]

(23]

[26]

[27]

(28]

[31]

(32]

plete the biosynthetic pathway to the etoposide aglycone.
Science, 2015, 349: 1224-8

Chen S, Xu J, Liu C, et al. Genome sequence of the model
medicinal mushroom Ganoderma lucidum. Nat Commun,
2012,3:913

Wang WF, Xiao H, Zhong J J. Biosynthesis of a ganoderic
acid in Saccharomyces cerevisiae by expressing a cyto-
chrome P450 gene from Ganoderma lucidum. Biotechnol
Bioeng, 2018, 115: 1842-54

Xiao H, Zhang Y, Wang M. Discovery and engineering of
cytochrome P450s for terpenoid biosynthesis. Trends
Biotechnol, 2018, pii: S0167-7799(18)30318-4

Davison J, al Fahad A, Cai M, et al. Genetic, molecular,
and biochemical basis of fungal tropolone biosynthesis.
Proc Natl Acad Sci USA, 2012, 109: 7642-7

Moses T, Pollier J, Shen Q, et al. OSC2 and CY-
P716A14v2 catalyze the biosynthesis of triterpenoids for
the cuticle of aerial organs of Artemisia annua. Plant Cell,
2015, 27: 286-301

Koeduka T, Hatada M, Suzuki H, et al. Molecular cloning
and functional characterization of an O-methyltransferase
catalyzing 4’-O-methylation of resveratrol in Acorus calamus.
J Biosci Bioeng, 2018, pii: S1389-1723(18)30617-0
lijima M, Munakata R, Takahashi H, et al. Identification
and characterization of daurichromenic acid synthase
active in anti-HIV biosynthesis. Plant Physiol, 2017, 174:
2213-30

Holland CK, Jez JM. Arabidopsis: the original plant chassis
organism. Plant Cell Rep, 2018, 37: 1359-66

Klein AP, Sattely ES. Biosynthesis of cabbage phytoalexins
from indole glucosinolate. Proc Natl Acad Sci USA, 2017,
114: 1910-5

Engstrom MD, Pfleger BF. Transcription control engineering
and applications in synthetic biology. Synth Syst Biotechnol,
2017,2: 176-91

Uchiyama T, Miyazaki K. Functional metagenomics for
enzyme discovery: challenges to efficient screening. Curr
Opin Biotechnol, 2009, 20: 616-22

Terron-Gonzalez L, Medina C, Limon-Mortes MC, et al.
Heterologous viral expression systems in fosmid vectors
increase the functional analysis potential of metagenomic
libraries. Sci Rep, 2013, 3: 1107

Rushton PJ. What have we learned about synthetic
promoter construction? Methods Mol Biol, 2016, 1482:
1-13

Zelcbuch L, Antonovsky N, Bar-Even A, et al. Spanning
high-dimensional expression space using ribosome-binding
site combinatorics. Nucleic Acids Res, 2013, 41: €98
Dobson CM. Protein folding and misfolding. Nature,
2003, 426: 884-90

Posfai G, Plunkett G, Feher T, et al. Emergent properties
of reduced-genome Escherichia coli. Science, 2006, 312:
1044-6

Zhang J, Jensen MK, Keasling JD. Development of
biosensors and their application in metabolic engineering.
Curr Opin Chem Biol, 2015, 28: 1-8

Yeom SJ, Kim M, Kwon KK, et al. A synthetic microbial

[34]

[37]

[38]

[41]

[42]

[43]

[44]

[45]

[46]

[49]

[50]

biosensor for high-throughput screening of lactam biocat-
alysts. Nat Commun, 2018, 9: 5053

Trabelsi H, Koch M, Faulon JL. Building a minimal and
generalizable model of transcription factor-based biosensors:
showcasing flavonoids. Biotechnol Bioeng, 2018, 115:
2292-304

Zhu'Y, Xu J, Sun C, et al. Chromosome-level genome map
provides insights into diverse defense mechanisms in the
medicinal fungus Ganoderma sinense. Sci Rep, 2015, 5:
11087

Xu H, Song J, Luo H, et al. Analysis of the genome
sequence of the medicinal plant Salvia miltiorrhiza. Mol
Plant, 2016, 9: 949-52

Kellner F, Kim J, Clavijo BJ, et al. Genome-guided inves-
tigation of plant natural product biosynthesis. Plant J,
2015, 82: 680-92

Berdy J. Thoughts and facts about antibiotics: where we
are now and where we are heading. J Antibiot (Tokyo),
2012, 65: 385-95

Chiang YM, Chang SL, Oakley BR, et al. Recent advances
in awakening silent biosynthetic gene clusters and linking
orphan clusters to natural products in microorganisms.
Curr Opin Chem Biol, 2011, 15: 137-43

Liu R, Deng Z, Liu T. Streptomyces species: ideal chassis
for natural product discovery and overproduction. Metab
Eng, 2018, 50: 74-84

Liu Y, Liu L, Li J, et al. Synthetic biology toolbox and
chassis development in Bacillus subtilis. Trends Biotechnol,
2018, pii: S0167-7799(18)30301-9

Moses T, Mehrshahi P, Smith AG, et al. Synthetic biology
approaches for the production of plant metabolites in
unicellular organisms. J Exp Bot, 2017, 68: 4057-74
Nikel PI, de Lorenzo V. Pseudomonas putida as a
functional chassis for industrial biocatalysis: from native
biochemistry to trans-metabolism. Metab Eng, 2018, 50:
142-55

Awan AR, Shaw WM, Ellis T. Biosynthesis of therapeutic
natural products using synthetic biology. Adv Drug Deliv
Rev, 2016, 105: 96-106

Liu X, Ding W, Jiang H. Engineering microbial cell factories
for the production of plant natural products: from design
principles to industrial-scale production. Microb Cell Fact,
2017, 16: 125

Mattern DJ, Valiante V, Unkles SE, et al. Synthetic biology
of fungal natural products. Front Microbiol, 2015, 6: 775
Anyaogu DC, Mortensen UH. Heterologous production of
fungal secondary metabolites in Aspergilli. Front Microbiol,
2015, 6: 77

Liu W, Stewart CN Jr. Plant synthetic biology. Trends
Plant Sci, 2015, 20: 309-17

Matsuura S, Ono H, Kawasaki S, et al. Synthetic RNA-
based logic computation in mammalian cells. Nat Com-
mun, 2018, 9: 4847

Kelkar YD, Ochman H. Genome reduction promotes
increase in protein functional complexity in bacteria.
Genetics, 2013, 193: 303-7

Csorgo B, Nyerges A, Posfai G, et al. System-level



422

G gEEd

H30%:

[52]

[53]

[61]

[62]

genome editing in microbes. Curr Opin Microbiol, 2016,
33:113-22

Umenhoffer K, Draskovits G, Nyerges A, et al. Genome-
wide abolishment of mobile genetic elements using
genome shuffling and CRISPR/Cas-assisted MAGE
allows the efficient stabilization of a bacterial chassis.
ACS Synth Biol, 2017, 6: 1471-83

Shen Y, Stracquadanio G, Wang Y, et al. SCRaMbLE
generates designed combinatorial stochastic diversity in
synthetic chromosomes. Genome Res, 2016, 26: 36-49
Blount BA, Gowers GF, Ho JCH, et al. Rapid host strain
improvement by in vivo rearrangement of a synthetic yeast
chromosome. Nat Commun, 2018, 9: 1932

Szymanski E, Calvert J. Designing with living systems in
the synthetic yeast project. Nat Commun, 2018, 9: 2950
McShan DC, Rao S, Shah I. PathMiner: predicting meta-
bolic pathways by heuristic search. Bioinformatics, 2003,
19: 1692-8

Garcia-Ruiz E, HamediRad M, Zhao H. Pathway design,
engineering, and optimization. Adv Biochem Eng
Biotechnol, 2018, 162: 77-116

Halper SM, Cetnar DP, Salis HM. An automated pipeline
for engineering many-enzyme pathways: computational
sequence design, pathway expression-flux mapping, and
scalable pathway optimization. Methods Mol Biol, 2018,
1671: 39-61

Zhang F, Carothers JM, Keasling JD. Design of a dynamic
sensor-regulator system for production of chemicals and
fuels derived from fatty acids. Nat Biotechnol, 2012, 30:
354-9

Paddon CJ, Keasling JD. Semi-synthetic artemisinin: a
model for the use of synthetic biology in pharmaceutical
development. Nat Rev Microbiol, 2014, 12: 355-67
Carbonell P, Jervis AJ, Robinson CJ, et al. An automated
design-build-test-learn pipeline for enhanced microbial
production of fine chemicals. Commun Biol, 2018, 1: 66
Jeffryes JG, Seaver SMD, Faria JP, et al. A pathway for
every product? Tools to discover and design plant metabo-
lism. Plant Sci, 2018, 273: 61-70

Shimizu H, Matsuda F. Editorial overview: recent progress
in analytical technologies for design-build-test-learn cycle

[63]

[64]

[67]

[68]

[69]

[72]

in biotechnology. Curr Opin Biotechnol, 2018, 54: 145-7
Peplow M. Synthetic biology’s first malaria drug meets
market resistance. Nature, 2016, 530: 389-90

Ma YN, Xu DB, Li L, et al. Jasmonate promotes artemisinin
biosynthesis by activating the TCP14-ORA complex in
Artemisia annua. Sci Adv, 2018, 4: eaas9357

Galanie S, Thodey K, Trenchard 1J, et al. Complete biosyn-
thesis of opioids in yeast. Science, 2015, 349: 1095-100
Janardhan Garikipati SV, Peeples TL. Solvent resistance
pumps of Pseudomonas putida S12: applications in
1-naphthol production and biocatalyst engineering. J
Biotechnol, 2015, 210: 91-9

Nielsen J, Keasling JD. Engineering cellular metabolism.
Cell, 2016, 164: 1185-97

O’Connor SE. Engineering of secondary metabolism.
Annu Rev Genet, 2015, 49: 71-94

Li L, Wei K, Liu X, et al. aMSGE: advanced multiplex
site-specific genome engineering with orthogonal modular
recombinases in actinomycetes. Metab Eng, 2018, 52:
153-67

Xiao H, Zhong JJ. Production of useful terpenoids by
higher-fungus cell factory and synthetic biology approaches.
Trends Biotechnol, 2016, 34: 242-55

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

Meng D, Wei X, Zhang YPJ, et al. Stoichiometric conver-
sion of cellulosic biomass by in vitro synthetic enzymatic
biosystems for biomanufacturing. ACS Catalysis, 2018, 8:
9550-9

Hirota R, Abe K, Katsuura ZI, et al. A novel biocontainment
strategy makes bacterial growth and survival dependent on
phosphite. Sci Rep, 2017, 7: 44748

Ostrov N, Landon M, Guell M, et al. Design, synthesis,
and testing toward a 57-codon genome. Science, 2016,
353:819-22

Chan CT, Lee JW, Cameron DE, et al. ‘Deadman’ and
‘passcode’ microbial kill switches for bacterial contain-
ment. Nat Chem Biol, 2016, 12: 82-6



