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Engineering microbial consortia through synthetic biology
approach

ZHANG Jiao", CHEN Jiangfeng’, CHEN Yixuan®, DAI Lei, DAI Zhuojun’

Institute of Synthetic Biology, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences,
Shenzhen 518055, Guangdong, China

Abstract: There are a large number of natural microbial communities in nature. Different
populations inside the consortia expand the performance boundary of a single microbial
population through communication and division of labor, reducing the overall metabolic burden
and increasing the environmental adaptability. Based on engineering principles, synthetic
biology designs or modifies basic functional components, gene circuits, and chassis cells to
purposefully reprogram the operational processes of the living cells, achieving rich and
controllable biological functions. Introducing this engineering design principle to obtain
structurally well-defined synthetic microbial communities can provide ideas for theoretical
studies and shed light on versatile applications. This review discussed recent progresses on
synthetic microbial consortia with regard to design principles, construction methods and
applications, and prospected future perspectives.

Keywords: synthetic microbial consortia; communication; division of labor; synthetic biology
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Figure 1 Design and engineer synthetic microbial consort1a“218233146]_ A: Different modes of interaction in
two-strain consortia. Six pairwise social interactions: commensalism, amensalism, neutralism, cooperation,
competition and predation!'*. B: Using gene circuits to build a predator-prey ecosystem. The consortium consists
of a prey strain, Py, and a predator strain, Pd. In the presence of the antibiotic chloramphenicol (CM), Py confers a
protection to Pd by degrading CM; In turn, Pd inhibits Py by producing lactococcin A (IcnA). Py carries a
constitutively expressed gene, cat, allowing the deactivation of CM in the environment, and hence survives in the
presence of CM. Py also contains the fluorescence reporter gene mCherry. Pd harbors four constitutively
expressed genes, IcnA, IceA, IciA and IcmA, enabling the secretion of lcnA. Pd also contains the fluorescence
reporter gene yemGFP!'™. C: A mutualistic Escherichia coli-S. cerevisiae consortium for production of
oxygenated taxanes. E. coli grows on xylose and produces acetate, which is inhibitory to its own growth.
Saccharomyces cerevisiae, on the other hand, uses acetate as the sole carbon source for growth, reducing the
acetate concentration and allowing Escherichia coli to survivel™. D: Two bacterial strains with orthogonal
synchronized lysis circuits. Each strain is programmed to lyse upon reachmg a critical population density by
signal QS systems, maintaining a stable co-culture of two populations °'. E: Engineering stably coexisting
consortia by microbial swarmbot mediated spatial segregation strategy. Each mlcroblal swarmbot (MSB) consists
of a small population of engineered microbes encapsulated in polymeric microcapsules. The MSBs containing
different subpopulations are then co-cultured to form the microbial swarmbot consortia (MSBC)!*®.
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Ji £ 4 3 SCRES L H B = e — A Al AT O 5
(AR 23 AR BRI P, sz B
PP RO SR A B RE DR, SE
TR AFE HR SR 53 S RS W) 20 A LA R 6 TR
T, R ABTER RN, BN, Jiang 5@ 13k
1% I8 A AR R ST 18 (Thermoanaerobacterium
thermosaccharolyticum) M5 FIN Hi T P42
(Clostridium acetobutylicum) NJ4, i FfliX 2 Ffi
R IEAT 95 8 0 T, R BRBE b s Ao A= 7 AR
YT . BERE M5 R] 23 DA SO il AAKE 1
HAT BN AR R ARBE ) . SRS EE NI4
I ABER HTBE o] LA SR X Bk M5 23
AR S BRI 5 [RIA TR AR NJ4 B AL
ST RE . & TR, X 2
FARAH EAE AN 70 /L REWEHE T
13.28 g/L I, X 5 Ak NJ4 DA 70 g/L B9 A
A T AR . AN, DARZ B K
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SAERIRPI
T

PRI AR 1 A L ok v Rk A AR SR Ak
“Fdilvo AN, Shahab SECHHIMET 1 AL TR
FRAIE 114 I I <A W) 2 A% (membrane-membrane-
aerated reactor), 1iF% 3 FPON[EI KR, Fre4E
RAAREREA D R EENR TR o S 4AU P LA LI
AKE (Trichoderma reesei)VF AW A K17
A AR, Sy WA 2 R S i B K 53 i 2
4k R OMORBE SR IR A A T R ORE AL R
(Lactobacillus penttosus)¥ H45 K/NFIEL AL Ry
FLR, J1—MIHFEFLIRA L P AR A I H T
TE B, WK SEAR T (Clostridium tyrobutyricum)¥ %,
MREEAL N TR . FIAIZ RGN X 3 M bR iEA T
FoE AL 3%, I H D4R AR A
VERERLRY, K15 TRk ieay 035 g
TERI T, X (R g T ATV R ) B
USRS M 21 4E 32 40 A B AR AT 1 77 . T DARER
MRS, IRFH Y TR E0R 196 kg T RRAY
;e WA, WA WS C. tyrobutyricum 5
b DR AR SS 4, o m] e A AR SR AR TR, £
O, W, IKRAC IR 24),

WA E PRV, il e
Hi, & A (microbial electrosynthesis, MES) [ F
B, MR CO, B IR MES & HL TG TE i
A=) AT 25 H AR R A L -, R R R AR 0 38
I 1AL CO BLAHLIR IR, DA LA M (i m)
At Z iR =t U, MES AR Ry —Fp
LR FREL I A P IR IR, S5 T ik
TR S, 2R BORBEZ K
o BR TSNt s BRI BT 2 A
SEHN, T AR P AR X MES B9 PEREHL A
RAFEm U, fE—2effF b, DURBEIE A
AR, RIS T iAW LR WA
FIEAAPERE, n, Roy S IR 5K 4k

R REE T CBP 774 7.61 g/L
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PR PR AR TS e ol o AR ) AR L B kA T AT
[ CO, MIRIAR, FEAIERRATHIE
(Acetobacterium, 26%) . BN & (Pseudomonas,
12%) A1 M2 T5E 8 & (Sulfurospirillum, 24%). Lk
Al Ak B MU T HERC R Tl CO, 1E R iEY
HLA B COL R, DhE MR IR R AE A A
PIBAME, SEELLL 0.26 g/(L-d)fh A 7 i k45
1.8 g/L M. LT Laiffdy AR w
(Clostridium ljungdahlii)VE h 4= W) B (# R AR
B A LR Hy AE A RETR , i85 Wood-Ljungdahl
AR [E E CO,, J& MES SE56 H 5 AU Y
WHDI CIR P i (I A LR e 1.14 g/L, B
PR N 0.14 ¢/(L-d)].

PR AT L IR O AR Lt A W B I AR AR
AL AP R A T — AR . RSP
et AR AR 7 s AT I A W A= 6 ) i L
OGP . X TARZME AV & GERE, oy
SCILRB GRS, BT A IR B R K
K R BATT 5 2 BT A B 3% IR AR AR R 2 ] B b
VA BAEL SR IRIRNG AT DI i R R R
4 A R R R Y LR B R A A
R, LB 3R T . 2K K35 IR (rosmarinic
acid, RA)Z—FEMAT LR KRR Y, B TZ
WG, HE @R T 7 C-ILRA
MEMR (caffeic acid, CA)FIF}FZR A (salvianic acid
A, SAA),SAA S i RA FIF i 1 2 FioEAT R,
X2 FOFEAS W) LSRR R T4 A TR AL IR K
RA. CA il SAA #RIR A B &R A=W & Uk 12
WMok B W — FHF B ARG &, TR
HHARMESZEL CA Fl SAA & LI -5 M I
Li %% RA Ak 2 A Riff(CA Fl
SAA)E AL 1 A NI (RA)E RS, I3
BCE] 3 tR A, AT 1A =ikt
FREFR o RIS T R AR SRR R AR E
W SO & BRI, 15 CA Al RA Sl
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Figure 2 Applications of synthetic microbial consortial I A: A three-member microbial consortium

producing short-chain fatty acids from lignocellulose. A membrane-aerated bioreactor features an oxygen
gradient (depicted at the bottom). Aerobic fungus Trichoderma reesei grows as a biofilm in the
oxygen-replete spatial niche and secretes cellulolytic enzymes to break down cellulose and xylose to provide
soluble sugars. Facultative anaerobic lactic acid bacterium Lactobacillus pentosus converts the soluble sugars
to lactate. And then a lactate-consuming obligate anaerobic bacterium is for product formation, such as
Clostridium tyrobutyricum, which converts lactic acid to butyric acid®®l. B: Neural-like computing in
microbial consortia for 3x3 bit pattern classification. The pattern sets of 3x3-bit patterns include three

€9 G 9

categories, “z”, “v”, and “n”. In simulated results, the weight W results in high enhanced yellow fluorescent
protein (EYFP) levels in receivers for all patterns in “z”, and leads to low EYFP output for “v” patterns and

€9

n” patterns. The experimental results are consistent with the simulation results. The first four bars represent
the “z” group producing high EYFP output, and the rest six bars represent the “n” group and “v” group
producing low EYFP output. Meanwhile, the constitutively expressed blue fluorescent protein (BFP)
expression levels are uniform across all patterns’®). C: A co-culture of Ideonella sakaiensis and immobilized
Geobacter sulfurreducens degrades PET to produced electricity and CO, in a three-electrode
bio-electrochemical system. In the reaction solution, /. sakaiensis ferments PET or EG into acetate and
ethanol, and then, G. sulfurreducens biofilm attached on an inverse opal indium tin oxide (I0-ITO) electrode
oxidizes acetate and transports metabolically generated electrons to a poised electrode for electricity

production and releases Cco,P".

http://journals.im.ac.cn/cjben
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R SE R A A 2R, T SAA G U PR A
FAAREAEA . X b, IRy
3 ABARIVHEAN L], RA P HAF] 172 me/L,
SR GE R BT B IR ORISR L, RA AR5 A2
T 81

G AR 2 0 R AR T AN g B BB ) 1Y)
WRAET . W AN TR M S EY &
BGHE B, AT TR R RS A SR R AN TR
AR R G o BRH TR L H
SRS, HNME A XE L) S A Rt A
I RN, R AEY)E R R A R A 2
THFEIS 22 B9 A LT 5 7R B4 AN [R] 70 20 2 [A] e
AT T, IR E R T
FAE Y B ME LR ) Sl IR H R RS
(10 L 0 W =y O o L1167 S W 2
PSR . Feng 5 1NE G WU T i S a1, i
BT 1 ARREI T RGEHIEST, #7144 AL
AW R A DA B 4 DA 2 A 7 v B A A
KRR YLE Y—IN Rtk & A A2k, 5-
FE -2- Nl B8 R MR (5-methyl-2-pyrazinecarboxylic
acid, MPCA) LA I K& s Eir A& 2,5- — H JLnlp i
(2,5-dimethylpyrazine, DMP). H T %4 B %
K%, HEERETAREFE, hRHE6 kit
T 1 DRI R ER 58 B R 24 55 . it
T3 MEREICRBAT AR A Ehie, B
B FHBph i AR . 1 A A
A TR R ARR s 1 B R
TNRIRFEA N NI IR B YR 4 N-J 30 LA
1 AR FH I s 1) e ¢ DX 3l e 561 480 B RE AL -
WSS TEA R B B 3% S R D RE Rk, 725 (A1
] B A i e, MR T
., FrBCHER ORI A T TR S A A v K
ARl MPCA (6.2+0.1) g/L FIHF[& DMP
(7.9:0.7) g/L.

BR T A AR b, AR ) TR T R 5
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M2 E B o A XA . fildn,  Villarreal
SOV 1548 34 A RIAT B I LR SR
IZRIRT 34 Pk BTl S i s AR 1 i
Hop s 3 MRIGH T 4 MER T, 3 A&
1R/ R R IR R 7 LA S, 23 A2t
it t(RNA ¥4 F5if (aminoacyl tRNA transferase,
AAT). S8 8 @500 His AR alifl J5 ik ol
Hizlifh 7 34 FORFEZERE A BT, X 34 iR
F A T AT DA R Y /N I A i R
B

164 R 1k, B B B R R R
ST A ARG P Nk R 2, TR
TREMAE G A G, Rl 2 5 2
MAEY G BEEERNE RGN EYE
B, R T AR AR, RE RS T
G AL G EA Z M, (HE S A vk
B R T AR T A AR KR %5 0y, F %
P AT anfer 7E R % 2R G0 rb DR AR 2H 0 R 1Y
SEA7, I 4efe A e 25 AR (U pH B ), 40
far i v b A B9S2 4ok, RLR T i i
BRI . A B A AR HOR AL A
i T HMHEE, DR G =3 D ok
F A T 20 B £5 4 A O e T AR T, R
K, AL R R AR B A R, A
MY 25 A B 2 m i e &9
22 EWitE

AR A YRR ok e A . AR —
A A28 SO T #sh TP P 2]
FE ST, X sk s n LU VE R EAL
(FEAL TS PIAE . IR RN RS R A . TE
15 20 WA A R T, TRMA YT
B T EARR T AR, R, YA
TE A TR AR 2 BB T AT SR AR X B fr B, 3
1752 = HE W3 5552 3 BR A A 3 22 st AR T H i
XF AR 10 A% 26 B dm R R e T AR B A B, —
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D7, SRRk Y i DR 2 B TR 20 M PN ik = AH B
ik, 55k aw Sl moh e,
I HLB 25 AL 2R B R 3G K, B IE S A B
P2 R, XA R R A kAR 1
W 55— m, T2 NRIESRMES,
A AR 22 B AR R e . R, B
G LA oA SERR ], R B B R AL
A Je it R R B AT A T R B TR,
DA R T L s g A AR R S,
AT AT e AR, RV 2+ R A
W AR oA B ) B TR AR BT, AT R
A 1E AT AT AR S R B, iR
HodH,  [R) B E AN [R] B A v Xl 4k S 4 T g

A LART 1k #

FFH RS T 0 A 0, 1 AR R B
TR AL B R LR B, KA TR A8 R )
ReOT 2 AT, AW PR OTAR 76 AH B 3E
{HE AT R BT . Tamsir 257578 KB kT 18
HHIEARRIA K NOR, OR #l NOT [J(HA
ATl AR ), 7EBUNE ZRTET A 23 [
SYEMTEE, R AEE RS ARSI,
PRI Y& 22 8] 38 3 1 58 AT H0 RN 43 T Bk
2, I E T A 16 AU AB ] . Regot
U AL R B T 1 A ERERE R
T ARS8 2R R [ TR e B R0 1 6 S BR TR
(4 o TIPS T AL (T , AT TR 3 T BT A B
AZ A ZEE AL 1 A0k
#ito Du U B sender AR A/ T,
FEREBE XTI receiver TAREN, FFA T 6 4N IE
A 37 R 2oL G TR AR IR R 6 1 200 i - 440 i
fBfEl. Z2F, MATFEBEHZE 4 SERR
WEHEIE, WET 1M 7 AR Rk
PRAE, S A =i A AND-XOR 45,
HARW S, 18T 7 ARk, B EkRG
& 14 NOR ['](40f8 1-6)8% 1 > Buffer [ ] (4
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g 7), I3 A~ NOR [J(4ifE 1. ZHJf1 2 Fi4
JfL 3)H A8 14> AND [THLE, 5 3 1> NOR []
(400 4. 4iff 5 A4 6)Fif ) 1 4 Buffer [']
(A0HE 7)AL XOR [THLE . TEBUIR A 3% 18
AND-XOR ZH# [ THHATIIFE, Xt 7 4> GEkkiE
Fras [ HES , X FF Y 23 (8] 43 Bk o 1 3R 0T Y
PR LA BAE R, (] ek 4 78 20 30 B AR X g Y
sender/receiver il B S ] i 1 AT DAA ) 38 TR
Gy FHEAT UM R A5 5 A8 T, AT
3HIA . 8 kit AND-XOR 2417,

Br 1R GEREAS 2 5 2 4R 11050, 2021 48,
Li VS ) R K B b B A o i A, S B mT
TR PR EM TR, BARYL, HRE
BT IR, #EE sender 4 T# Fl receiver
PR TUOR . HAL 5250 OC6 A Tk
FORHARI, 101K m 0C6. J& 0C6
s OCe ™4 AR, OC6 W] AL sender 4
PR 7 A LN 4 F OHC14 . G K 6] 11
sender A7, fiHBEARNERESFIRE, L
FRARTEZK ) OHC 14, FRAFARRIAAE . R
[]175 5 75 f ARG 1 4 sender ZH B r=A:
OCH14, 343 OCHI14 BYMALH ., OHC14 A4~
U receiver 4H 14 , receiver 4 A £ AL IEIE PREL,
B M\ sender 4HEEZH A 10 OCHI14 Y INALFIFE
B A [F) BRI RS, DT AT X6 iy A2 XA
K FIUHPTHEERRE, BENXT A 20 3%3 {if
P AR A TR 02 . BRI S, itz
“vHI“n” 3 4 3x3 PR, AR
M1 AR 9 DR BN A, T
A S A R, T 94
sender M, Xf W TR A 9 AL FIALE
a9 NICER ML W, AACE R, <27
AT AR receiver 4 FIIES H & by H 1
5 76 % 4,5 . 76 1 (enhanced yellow fluorescent
protein, EYFP), “v’Z1 F1“n 41 ) receiver Zfi 7 #l
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WML EYFP il o SCBRgs RS miA—2, “2”
= EYFP Haih, “n”dlfnevodl = AR
EYFP #iith, miahsesl 740 25(E 2B). %
KRR T ZH MR AR K6, i
sender Fll receiver X 2 4 4H G , {# HA | Pt A
Wi+ I RE, sender 40 X A BEATHINAL,
receiver ZH B PR LTS pREOFAE DR . X
B =, A0 D Ee R A A FH 53 A1 AN [] A TR
B, N T RS R IE R R

H T PATHE R A A A, HAR R
ARG, AN K e R 2 i 2%,
EMMZHMEGES, HitETRRSME
AR A . B AR RS, WERIhREREE
Ba T < AT I 3 2 = R AT O R E P (1 1
frig, Hurc A V2 8Ee AL i F e T
DL Aoy S Bepyarab . Ak, BRI R
AT AV AR B R ) 5
R 5 b R B A W 3 R L AT AR L4
H RSB YRV AT LRI AR . B
B A AN AR S5 50 20k UK B i 7 IR AT A LA )
N IR, IX A5 A A] B2 Bl A B R HE RS i AR
Ak, T BT A E R S RE R R AE N E L
AR R R N R A, SRAK, Kk
s N TR RE R — %5 15 m), B it
PETEXT 24t M PRl AH T AR A PE e T, ) G 5k
g Ry STl e W S ) o 20 =15 1= A

D, ZAMRFEHWEBIHARAT AT
Ja &, Yr 2t ENRHIE N TR ST S T,
DA SR I8 2 R B4 33X b A= ) 2R 6 1 1]
AR SRR I 2 A . f FURA AR R)
DI R TIFZ2 580, stk . Wik
A 22 P 25 SR80 A B RE ARG 5 R AN
Al EHTECE R, A B T e R i T
THEMEE ST . RSN =, THEALEE
R T RGEA R Z RIS FR, IR
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THEERG st . B TWR2ESR,
R T LA S AR P T BE TG
73 —5H AT . REEH TR LR A 7E
TR e R, Bt 1 AL
(FOAD) R F5 5 PRl 34 2 b hUE T D s 1 00 1
Ve o BARX R ARM R T 4b PRV 22 2 BRI AT: 55 K
ViR RS AN, (BT FRSRM S e XK
ZRAL SR U R . MAERE R, R
TG M B 0 P 22 () g X e 7™ o ASAE S TR A
TE, DA AT L2 285 1 o028 HL ) 38 o A A
HAER, LA™ AR B G b DG (] 50 1) 3% B
I ELARE A9 1 M BB G o L R A S A
FEATRERY, AL TN L 4R
TR RGP o AP Sk S R 1Y B R S A
Wy SR SR A e Ta) LB 7 %, IR R R AFSEN
GAUREH TS Y
2.3 H4IRERR

I A A 55 T B — T ok 1) O 3 T R T LA
oL, XTETG YA B OCE 2,
IREE 7SS ST R A SR Y E
fitf o BUAL, DARR ST T A AT LG i K Ak ) e 410
TR, e mRfd, R, e @,
AN TR G RE RT LA ] B S 375 G 0 79 A 0 o fe R A=
YAk . B ETw O TR 2 s e,
1045 Z 155 %2 (polycyclic aromatic hydrocarbons,
PAHs)* % LA 250 ik RO R R
X 2R — H PR £ —BETS (polyethylene terephthalate,
PET)®?Y | B Z,4# polyethylene, PE)P' 2 &R
¥ (polypropylene, PP)*!. Z & 2 i (polyvinyl
chloride, PVC)PYHIE & (polyurethane, PU)™
SEIRLE W) .

Zhang 24\ PAHs V54 +3Eh E4HET
1 A4 A BF PDMC, 3 240 45 15 5 1 )8
(Sphingobium, 58.57%—72.40%) Fl % 5. il 7 J&
(Pseudomonas, 25.93%—39.75%), iZ M HEREE A
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% #| F JE (phenanthrene, PHE) B — 7K F IB& Wy
(dibenzothiophene, DBT)/F A ME— A BR IE . 24 LA
PHE fF M —BiEIEFT 4 K If, PDMC i figt
PHE (°F- ¥ # %4 6.67 mg/(Lh), & HATC i
1B AR i R B A PHE [FF@ AR, R, 1%
PDMC H AL AT FIH PHE 5 DBT 14 A4
KB ME—R i, T B w2 [E GG 2 9 FhH:
fli PAHs {24 R4, 4045 28 (naphthalene,
NAP). J& (acenaphthene, ACE). #i(anthracene,
ANT) . 7%j (fluorene, FL). %¢ & (fluoranthene,
FLU). 7J¥[a]# (benzo[a]anthracene, BaA)., —
IR (dibenzofuran, DBF) , MR (carbazole, CZ)
FG| e o ) A T T V8 SO A R Tl R KA
1 PDMC Xf PAHs {75 YK IR B I, i
RFFE 5 d WZRBRT 100%0H PAHs, Jf H4ad
JHA 24 d 1Y 4 SRR, R A IR AAe e B
BT B fig

2019 4, Park %P T 7 A7 TR
Yy B 3 S 2 A R & (Bacillus sp.) i
K ZEFT 1 )& (Paenibacillus sp.)2H 5% B9TR & 20
B RAE, AT LUMBE Y PE (53 o 1 AT 7
LL PE o BRME A ME— i 5 A A4 B 3R 3 b A
K, BiFR 60 dJa, v ULAH B B B A SO Rk T
FERH . [, JRIAH PE SR A ki A2 2
231 mm, FIZEHFILIR 60 d 5, SRR RE
8= 176 mm, i/ 22.8%, W0k T B ALK T
14.7%. A HR XTI, ~F-SBPRi 2 (U REAIG
% 225 mm, Bl /NF 5% [HEin—iat
SERW, ORI RL A XUAE RN 23 fife (B 22 58 72 B D'
MASH)E BT 2/ NER AT

2022 4F, Kalathil 2P0 A ¥y e Ak 2 [
e I B 35 K P B i (Ideonella sakaiensis) A
R JF AT (Geobacter sulfurreducens), 7] LA
fifg PET, Fr=AzHfl CO,o KBRS — EHIA
N — IR, AR ESR T AT LR AR
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PET y=4: CO, FIUK, [A] B3 o S Ab e Ak ™ A=
ATP, TiZMF5E R, KERET R —Fh kIR
AR, HAETCEEAM T 40 # PET =4k O R ER
N CWE . B S b AT TR 7 I A P vy v 2L
A KHBRET, HalA ko, Ji i
F ep AR A H 3 T A AN A B R I R AR
R AL, [RIET, B8 IR M AT B AT DL AR
HL B2 L B ok e, ARG 2 B L %
BN T2, 4R S AW R4 s Bk
WAV AL RN RS, TERAR RO, K
PR PET A=A L MRE:, Rl & 1
10-ITO T-AF Fa AR b T8 BUAE 0y 5 ) At 3 Dt b AT R
M E AL L BRER = CO,, TN HL FHERE B Ha AT
TR ALK 2C). Z RS LL PET 15— IR,
6 d A #E 23 mg PET i, Jf /" 0.6 mA/cm?
PR B . 2985 % PET $5b L R R 50
514 Oy i JE BB M L), AT 4k 2y
0.4 V A THHL H, SCHH 24 F 02k P Rk L b 1Y)
B RN 0.2-0.3 mW/em?®7,

PR 52 20 BRI v ELAG D0 B 56 i SR
TEAEYIRE R E R 1. Ak, HEr
XoF A 0 % e R R P T 5 K 24 e AR B Th
STERIRERE b AR, BRIIKRMAEY
i 2 e oy W/ At 7/ Bu DN W A W)
G AY RS, A TR
BAEYER R BT, N TR B s 5k
WIRE AR T, R AP 3R R AR B8 1
18 2 SR ALH IR 12
24  HEIEARIIEEMR

SEG R, 1 RO AR AR LATE (422
LR S5 H0 B L BE R ) . A G ST B AR T 4
it 28 2B RN AR BY WL B A AR ) R BRI R TS AR T e
MRS BEREETE R RE A R A il 2 1,
A Z N, U0 G R AT R A Y R 1 o
Dragos %F UV & Bl A % 2F 8 #F 3 (Bacillus
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subtilis)TETE A IO A & TE 1 3 LA
H ARG VEA B 22 Hl (exopolysaccharide, EPS)
MEEHEH TasA, RIGIERANIEAME G, ZEi
B AW, Z)5, Drago BT 14
P T I BE YT, 37 A2 EPS Al TasA,
3 A A R S O R b 97 sl o AR 2 AR
FEZ ) AT 24 1) B 9] 4 o g L B A 20 7 A B g
JoT R AR P

L g R AR A S A AR, AT
il PO B @A TS R BER AR, 4N Chen ZE10Y
O R, (A AP B R B 4T 5 5 X
BT, B 2 PR A S . AR P s
PO EAE R AR, NI RT3 45
TR BEA BHLAMBA). LAMBA HIXf T
FATFP AN T HAT S e R S AR DL RORG T, TR
FEA A LAMBA ] HHAEN 3D 4TENR EHY
RO 4B 4EA AN SR, dRT T
ORGA L, INARRBOKR R e, [y, T
2 Tl T 2R T I RN BT A B R A R Y Al 2 A
., ZIE AR AT DSBS SR ) A B, WFAR
Hik—% LAMBA 5 Z 0] 2Rl g (F 2 ke 1
—i&, WL AR S IR LU S AR A2 Js
P TG AR R S AE S RN W R, 250K
T IT 5 BT m9EL& (Bl 3A).

WEAh TR AT LT A R A W) 10, BRI 64
PRRRE. 0 Gilbert ZEUOMAR T F e e ALk
I 1) TR 7Y P B A 7 AR A T T 4 R 00 308 A A
(Komagataeibacter rhaeticus) il & 2 e 41
P AE R AR R A YDA o R TR R W] R I
WENVI R LT AE R, VR AN T 2T 48 3R 19 B
REIFI T HZ R Ihfe . PRI TREMERE S S 1ELE
YERILFT, QEETEAM R, BB REZ 2=
JEFHOTAE R RN, #EE SCOBY R4t

TG, R R R, il
MERA S, ALK ABRESEEY
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SAFRE TR DI REA B, FEMERRE . ERZ5FIR
W& — RS AE E R A 1. Ak, 4
IO PR D BE A4 At 5 Ly PR — ) 20 R 4L %
HAS I AR LAY D e TR B —, AH T
[E) YRR R, 5 i ) 5 B B A A A 1 AR b
k8L F R ) S . i R R A A
HREPE, PV AE AR T M R R AR ) 2R, S
IINBEIREL . SR, HHT 2R R R
P — e, EFX X —XEE, LT AV R
IS 23 [ B B L, A B B Y T A
A5 [ 0 b B Ak 2 400 (B2 A A6k 57 9 A
z5 (0], HEE AR S+ . AR
S E B ST, 3R A5 55 YR TR RS
IRIBEM B AT AT T2 —

2.5 HEHERR

AP CANAN TR . s . BT . BERE AN ER)
EL O PR R 85 P LA BE A4S I 22 Rl 1k 2
Y B AR BAS A3, AR T RUE R 25 B
RS IR e i S N T G st 7/ [ U7 i
O TR Z RS, R R
HURIIGHLYS Yt o107 s A= s gy 10810
DA% A 1 3 3 R b 0 7 T R A 1O ]
i, g R e W R R T 4 A W 1%
A, VRS RERrERE, QE 2 A i 15 ek
R4,

AR AR ISR T TR A S 5 e, K
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I, Gao Z5U™h T sz BN i KR4 d 4
AW EEVE R AERR ARG , 8 e 2 [ e KA
ili 80 2 LA D ARG P B S TR S T AR,
#THT 2 YA o b2 AL
A, UMMRESEE T KR % 5
YRR G RErE. 49K, ZIREG
A AL 2 AR IR AR X 5 A — B Y R AR
A, Al LUA SO TR IR S0
BRI I i S /KR it 1) LS A ) o
P, AT SR AN BT PR AR ) A% SRR A DN S L 52 R 1Y
B

Ffpldth, Yudina FFUOTFR T 1 ANETRGE
N TR 1 A D K A AR A 75 40 1 (biochemical
oxygen demand, BOD) A= W) fL s, AHEL T2
TH Rk E) BOD A= Wi s , iz 4% Bt ml LA
BEY REAIEY HITEE . BOD ZEI87E— & /&
T, AR AR AE T K P R AT AR AR R A
BLYD T AT 08 A= ) A2 SO 3l i v I T AR 1 i
fif A i, L W K PR 4 B Tz A
febrz —U0 X F R KRS K, BOD A
AR 2 mg/dm’; 24 BOD 7 F 4 mg/dm’ B,
KN TS Y o Arlyapov ZEl IR 33 BE ik
I EE(Pichia angusta) . B WL ZF A= 4 25 76 1%
(Arxula adenininovorans)F1{ b T8 & | P £
(Debarymyces hansenii), FF1EILFEEAE I H N-2
s S5 M P ) 5P D 2R A T g G ] e L 3
Yy, LIF & BOD A=Wtk s o AT T 51—
DU 5 A o R 1 25 1 AR A5 IR, T 3 A
A W B 35 1 A WAL I B E I TE T AR 2
WEACH R RS L, 2L AR BE RS TE 12 1Y
BOD 35 Fl(2.4-80.0 mg/dm®) A 5E £ FK AL FI &
T4, SRy s B AR DG (R=0.998 8),
It HgfeoE it 20 do TR ZE RUERT T axX Fp
IR IR e R A W 1% s I B B A= ot
Ry, Wz .
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Wb, WATHEFE N GORE TR RE S T AR A
i, LT AR T SEBENSE, Nk
BT R B L 3 5 554 A Terrell ST &
T LAY TSRS, AR RS
ey, TR AR AR AR L R T
T RE A Wy T R 2 TB) S e Fi s A . . B A
M, |, W™ 4w e il 55+ Gl Ak
) B A Ry 0T B A AR B A TR R A
B IE RS, AR 1 1 TSR RES
i el X R il 7155, I
AR 7§ AHL I T5 514 5. AHL Al
T U R IS U i A P —— 5% E 40 i (verifier cells)
14 W) UK 2 20 i (actuator cells)/@&y , FF BTG
SRR, T EA Y EARRRAE B
Hh 36 IR 20 0 52 B 5 AL R R S IE RO
AHL SRJ5RE p-FILMr M, JETRE 4-2
7% Je -p-D- Mk Mg 2 FLOWE 7 (p-aminophenyl
B-D-galactopyranoside, PAPG)43 fift il X} 24 3k K
I3 (p-aminophenol, PAP), PAP & i fb2#E 1k
B AL R v A AR T -, S0 A e e
B TR, SEBAE YIS AL R R S L T
Bk . AHL 75 5 A W30S 40 & Bl 2 B AE
9 - B A M A Y5 0 (granulocyte-
macrophage colony-stimulating factor, GM-CSF)
GIEARGID ) i -4 & IEAR D) v -4 & I =L 7 L
SNAHAEXT AHL M 3 2 B8 (0657 e 2 o 3300 1A
308 o0 1) P A G R R A R £ 2 AR O i
SR AR IR, AT T AR W BT AL
o] (] T4 W- i )5 7, %5 A
SR TR 2R, fE SRR =
[ ZH A FORE Y 20 T35

P AL 35 ] DU [F] R B 255, andt
TR AN A A5 8% Siedler 25U g 4R A 115 2%
ar R, AT X A R R LA AR O
ZJe . AT vh L B IR0 A TR R A 8
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PR AE ] 4 A3 B B IR AE T T 4 v % e R L
B, S @A Z AR, ATxT
W Bl W R BE S B 5 ) SR R Y g 5 i
T AL A AR R R, AT LURYE H AR
Py S5 RIS E AR B o FOOR I PR AT D42
HEpL A, HEARST A FAERRERL , anPRFRFh
Fel AR e Ve . T iR Z 52 22 AH AR
DL Ry e e AR vk g o RAE I, A
TR 1Y) 7 5 A I SR A A ) A% Sk AN R VR A
AR T A B
26 BERETTNA

TEBESF IR, WA A,
T B E R SRS TR A iE %
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HEHEREIARNERI, AMI—EI Raiw
BRG] DIK IR f . SR ME T AE SR B A &= ik
AR C &k THE g g, sl
KT HAT 22 b TR 25 Rk e A — B
IXEEANR A5G AE IR, BRI 2P B i
X 2 PR A 41 7 3R 5 W) (extracellular polymeric
substances, EPSs) &4 ¥R it R E iy, fhsidE
FE A5 H R BRGSO 20 TR S 3 7 A% A A
PHER, AIpFIbbiE S nEE. Bk, #BY)
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[, R T DX —MER, Volzing 211
T 1 AEE L R R R AR,
IR 2 YUK E 42K pMS-Alyteserin
il pMS-A3APO 71l fb R FL IR FLBR A, 153
1 NEAFRILRE AR, ZES TR &R
IRFN U 2 PR . R AR AR IX 2 AT Ak
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Ko R RGEAE R A 77 ML i P
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JRAE R —Fokb 7840 A= 23697 R e R AR B B
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TE S —J5 T, WA s ORI BRI )
P ML R ST, LUK BRI B I H 1,
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JE 0 R —FAE TR R IE 80% 11 B
AN o RIT D RE 0B I ME— iR AR R AR AT
FA, HEZRTAHRAMARE &N
K ffpix —FbE, Zheng FHEITT 1 FEA
FhFIEAR . AR5 3R B4 RN 22 FL 45 14 A0 7K B I Tk
HEBRG, ZKEE AT BA 5 Y 8 3 Y
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W, CIEREEECEMNA SRR, AR
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I A Cln 3% 0998 D R/ s T BRI R ), R
Sk Al DAt — b ELA RS TR QR AR R T RE A
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BUA LR AL 22 5B DL 7 A HLRE B B X% R
HCR R A D i A AR TS, DART AR B fi
T A ALY BT P AR B -, DA T PR 2R Ak A 4 4 i
(L ) 5 v A 22 T (R T 52 M) 22 T ) A B
PRI,

T A Wy kL L i (microbial fuel cell, MFC)
S 1R W HEE AR R G, BRI AE
WEAA PRI Re S AL i BE, nIAEH]
TR . KRR LRI T 1A 5=k
ST FER EE MFC I, BHAR = P AR
HEA R A e AR . HET, 5
— A Y SO W R A A S BE R MFC 2y
AL RS R R MFC, X
SR BTG N RE T 9k, A B TR 5 Ak AR T R
L3 U Venkataraman 2510130 5% JE 40 SR B
L & (Pseudomonas aeruginosa) 7= T 1#
(Enterobacter aerogenes)Jrifil 2 ) MFC 9 HE it
R LI 2 AN TE AR 1 e s 5 Y L IR
WEE AN 14 5 FEHLHEZ A R
HAINE B R 2,3- T B, RSB 2R
BMEWAE, ZRETY 2,3-T B TR
2ol B R TR RN AR AT TR 2 TRD ) B R A AR
F . Rosenbaum %! L &5 T 75 B IG I 78 4l 5 5%
A5 FUIR FLER T SE 55 332 254 T my A= Wy vl Ak 2 1
RE, HARBM A FOIRTE R Ae i FHELIRIE v
TR = A U, ) B 5 AR S NG A A
HeAb i, SRR E 17%. N T iE—
A 5 TR AR, R A T N A T IR
(Shewanella oneidensis)ZL %) MFC #{#4 5 . K
J TR K T o 2 W AR PR R SR A, X L
ARG PT B A BL PR WSRO IR
PR o3 WA B 3R A AR O A R L AR R R
EATEEMERG I T MFC  H DA BRI 21 BHAR 1) H,
Tio RIS, 43006 0 25 3 AT A 2k v 5 ] S Ha
il RZ B, MITFE MFC kg et



WIF %A IR EB R R E TR

A

Antigen

Nanobody
’ 3D printing

/ m Microfluidic
P h device

-

- ™ "
..rhﬂi-‘
Living assembled materials Macroscale  Microscale fiber  Division of labor in Stretchable
by bacterial adhesion objects bioconversions bioelectronics
B C

Yeast producer cell

/ /
/ .- = ]
E. coli é“—_ = ‘ S. oneidensis %

i - E. coli Fermentation
biosensor cells | * i uu.

= Flavin =
| e — -

\ L] -
e L Format

7 Product
Hydrogen

pCA production )
PCA sensing yvEp maturation

-/~ q-? =\ g”*‘l ~\: .4:"' - "":%. 2 --; ) = povement to
0, 0‘ d 2 ¢ 7 external circuit
p) i & ‘.
Co-encapsulation Incubation Droplet sorting by biosensor
bacteria YFP

Bl 3 HERNAMRERAEEHE" I ALk BB TR AR T RE AT RME IR R AL Rk
A S I AP 2 T T RRAL SRR B 4135, LAMBA (9 3D $TE, BRHRE W R S A ] [
T TSR T b R AR B BB B SR (A WAL AR DR LS S 0. R R
FEIR I I IR AL IR AN ORI A 1) M A = A () B 7= 2L A A X A SRR BRI 2, I
SIEEFR KA R RS IR A L YFP. BJS, 7655 fuie B, ST LRas g m
DT SRR AT o0k, DLE SR e Bl o e 0 KIS A PU R R AL AR 6 R AR A A
PRI R ™ A T AR AR A ACI . B R Eh B BU ER TR O L 7~ BEA . 7 MFC H, BEER A iy
TR WA LA HE R, 32 Bl B SN AT IR FL AR LIRS BE AR o S ] REOR A i i, A R AR
FM b R, BR S K A AR 43 e R )

Figure 3 Appling microbial consortia to material production and energy manufacturing[
Preparation of engineered living material sensors that can be self-healing in minutes. The self-assembly of
bacterial populations by engineered adhesion, the 3D printing of LAMBA, and microbial consortia secreting
proteins are used to assemble and construct the self-healing living material sensors in order'°"). B: Microbial
consortia enable the combination of biosensing and metabolic engineering. Sensor cells (Escherichia coli)
and producer cells (yeast producers) are encapsulated in a droplet in a microfluidic device. Extracellular
p-coumaric acid produced by the yeast cells is captured in the droplet and induces the expression of the
reporter gene (YFP) in the coencapsulated E. coli biosensor cells. Droplets are subsequently sorted in a
second microfluidic device based on the fluorescence signal from the biosensor cells to enrich for productive
yeast clones!''l. C: Model of the mutualistic relationship between E. coli and Shewanella oneidensis.
Glucose is fermented by E. coli to yield metabolites such as formate, which is taken up by S. oneidensis as
electron donor. Flavin mediator molecules are secreted to facilitate electron movement to the external charge

collecting electrode to derive energy in MFCs. Flavins can also be taken up by E. coli to facilitate its
respiration on electrodes as E. coli does not secrete flavins!'*?,

0L111132] 4.
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(K 3C)o Qu S5yl T BT KM A 1 A i
AT BB RE RS MFC, At fiT0E B R B #F 11 A1 B
0 i b AT TR A S 1% SR AR T i b AT T A 4
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A IR IR AT TR AR BB RO, R
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= W16 1K (biophotovoltaics, BPV)J& i 4F 2k
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A WAL HL T (photosynthetic microbial fuel cell,
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SR AR, IO EE H AT A, HINaRfR,
AR A2 B MOk B 2 1) OCTE . (B B RTA Y6
KK, BPV RGN DR %
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BEARBEAREIOCEREE, B s RS, M
PAM A AE o 7143 5% (photosynthetic electron
transfer chain, PETC)H $& HCHL + 21 41 g 4
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Oy TR g — RO Zha 25T £
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DIRETA A, Horp s nT O RE I [ e — Ak
ok & R SR p-FLER, 1A PU G B 3 1 41
b D-FLERIE T, HUILIERL 1 RT3
D-FLIR 2 L BB AT i, SE MG RE R
A RE AR L BB IV RE e S AL B o X R A
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IFREEFE T 40 ZK. IFHEZ RS, KXY
10.3% 1Y 5 81 2 S RE B o0 Ui B e & T & L)
RER AT, ARG RV, BAE MBI
A B A AT LAGE 0 G G W 1) 7™ v 24 T 1
W, M SEHUE S A IR EGeR . 25
N T —442 5 BPV MEE, Zhu %N HET
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1A S RE R AE, WA (5. W)
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