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Bacterial surface display and research progress in applications
of this technology in environmental remediation

WANG Xu', XU Wei', ZHOU Ningyi’, DING Junmei '

1 Engineering Research Center of Sustainable Development and Utilization of Biomass Energy of Ministry of
Education, School of Life Sciences, Yunnan Normal University, Kunming 650500, Yunnan, China

2 State Key Laboratory of Microbial Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong
University, Shanghai 200240, China

Abstract: Bacterial surface display is an important biotechnology that involves expressing
exogenous target proteins, peptides, or other biomolecules on the surface of bacterial cells to
better realize their functions. This technology has been applied in various fields such as
biocatalysis, bioremediation, biosensors, and vaccine design. This article first introduces the
surface display systems of both Gram-negative and Gram-positive bacteria and summarizes the
main host bacteria and anchored proteins currently known. It then reviews the latest research
progress in the applications of bacterial surface display in bioremediation. Finally, this paper
summarizes the limitations of bacterial surface display in application and makes an outlook on
the future research directions, aiming to expand the specific applications of this technology in
bioremediation practice.

Keywords: bacteria; cell surface display; anchor protein; bioremediation; whole-cell biocatalyst
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PRV 18 8 7 2 P AT DA e = =R A (N 3 L C
Ui A N 3l C diigrPa]) , SEBLRERR A AL 55 |
TR LA S e e AN R M A R TR (B DB, B T sk
MIRACCE TN G TEAE B HRALIA R, 220
[ 20 T A T (Escherichia coli) 2 4 25 1 i
IR R P E e EAnRER. sk, A
% Bk 14 (Saphyl ococcus carnosus)® | #l 4 FLAT &
(Lactobacillus plantarum)t” | #fi 25 % 71 1
(Bacillus subtilis) & % ffl(spore)®! | & &A% M
(Pseudomonas putida)®” . #L R B (lactic acid
bacteria)!"" 45t # FH A 41 B4 400 Jifd < 18 R 14 15
200 A o 200 TR 200 B2 T R TR B A A 4 At LA £ )
FEEHT % . DUARTR B RIAE 7= | 85 B 4
A= A g DA B T A T 3 1 3o R S AR 3 T
JZ I o AN SCHE T 40 P (B4 25 2= PR P4 s
IR 22 TG BH P 20 ) 2% T R R R G0 R Rl 2
FRPLIE, EE R IAR T2 A A A R R R BR AE
AEYMEE G NH , FFEXFIZ R G AN H
BRI [ (850 K A Sk & B8 O 1) AT T T

1 W MR E T & G

11 E=ZRKAMAENMERERET
R HYE A KA (B coil) A

C-terminal fusion

THMT R EAE T 5, BEERER ARG, 40
JiEi 2t ¥4 By N B (inner membrane, IM), A
(outer membrane, OM) A [N &Mk 2 [8] 1) J&] i 25
1] (periplasm) &4 %, AHEL T 2% FQPHME AR TR, &
% P A A0 BT ) A B RE 2 A K R B R
fike B, KEHOE T RAZ AN 2 18 s i
A H TR A FE AR 2% BRI A O O K
YEhFRm R £W; EXMERRGE T, S
VR 1 (BD SR AR 2R 1) -5 40 T P9 VR 0 4 A2 2 1
G 22K 5 Bk A P R S B A ), B
M AME R IR, BT, TSR AR E
FEMEREMEY . SMNEER . k&R . B
HiaE ORI ZRIBR RS, HT AR
JREE I AR I 2 TR K (GR 1),
1.1.1 HREMEMRERTRSR

YR E N E DT . B BRI BAAE
TREE A PRI . HEE T FLC F1 FLD 2
A RNHEE IR 1Y A S, AT N S C
Ui 235 Fe) SalRF XS A5 DR ST, T v ) ] AR 235 4 Sl m] IR
SN /2 IKAYHE A X8, Rk, FliC #1 FliD
AR AE A 40 R 2 1 s B B AR (12122,
BB P AP £ 2P AL FimA Al FimH, L&
PER B F B, HrEMEEEAT
HMIEREAR SR /IR A R Al i T RO (B 2). 4R
T, 5T 20 M R T B R DG 25 11 ) 2 A 3 1

Anchored proteins

Signal peptide N-terminal

C-terminal Passenger protein

N-terminal fusion

Anchored proteins

Signal peptide Passenger protein N-terminal C-terminal
Sandwish fusion
Signal peptide N-terminal Passenger protein C-terminal

1
Figure 1
systems (adapted from references [2,5]).

AEMRREARTRAZEMNESSHEERLN 3 MRS AREUEB S EXHEK(2,5)

Three fusion methods of the target proteins with anchor proteins in bacterial surface display
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Typical cell surface display system and its applications of Gram-negative bacteria

Anchor protein,

fusion method,
Host strain

Target protein, source and
size (kDa)

Result and application

FimH,
N-terminal
fusion, E. coli

FliC,
N-terminal
fusion, L.
plantarum
OmpC,
C-terminal
fusion,

E. coli
OmpC,
C-terminal
fusion, E. coli

MipA MV,
C-terminal
fusion,

E. coli

FadL,
C-terminal

fusion, E. coli

InaQ-N,
C-terminal

fusion, E. coli

INPN,
C-terminal

fusion, E. coli

Lpp-OmpA,
C-terminal
fusion, E. coli
ATs (AIDA),
N-terminal

fusion, E. coli

Luciferase (GLuc, 18.5 kDa)
from Gaussia princeps,
Human epidermal growth
factor (EGF, 5.8 kDa)
Profilin (19.6 kDa) from
Eimeria tenella

Pesticide-binding peptide
monomer (SPPWPPRP) and
dimer from Sphingomonas
sp. TFEE

Manganese (Mn) and cobalt
(Co) binding peptide
(MCBP, 3.3 kDa)

Thermostable lipase

(49.9 kDa) from
Pseudomonas fluorescens
SIK W1; a-amylase

(47.3 kDa) from B. subtilis
PET hydrolase (PETase,
30 kDa) from Ideonella
sakaiensis 201-F6

Chitosanase (CSN46A,
26.7 kDa) from Bacillus sp.
MD-5

Carboxylesterase (CarCby,
52.8 kDa) from B.
velezensis

Metallothionein (MT,
26.7 kDa) from
Tetrahymena hemophilia
The endo B-1,4-xylanase
(XynA, 54 kDa) from
Clostridium cellulovorans

GLuc and EGF were separately fused to FimH and functionally [11]
expressed on the surface of E. coli cells. The FimH-EGF fusion

protein can bound to the EGFR on cancer cells inducing EGFR
phosphorylation and GLuc was used to track tumors

A recombinant L. plantarum constructed by fusion of profilin with [12]
FliC from Salmonella enterica, the engineered strain could induce
T-cell differentiation and also significantly attenuate pathological
damage in the cecum

The recombinant E. coli strain with surface-displayed pesticide [13]
binding dimers using OmpC could adsorb fenitrothion more

efficiently than strain containing monomer binding peptide and

both were higher than the control

MCBP was fused with loop 2, loop 6 or loop 8 of OmpC and displayed [14]
on the surface of E. coli cells, respectively. MCBP fused with loop 6
showed the highest metal recovery for Mn (1 235.14 umol/g dry cell
weight) and Co (379.68 umol/g dry cell weight), respectively

The lipase was expressed on the surface of E. coli cells through [15]
fusion with C-terminal of mipA gene. The activity of whole-cell

catalyst was found to be about 20-fold higher than that of previous

whole-cell catalysts constructed using FadL and OprF as anchors

PETase and a hydrophobic protein HFBII fusion with FadL were
displayed on the surface of E. coli cells. The engineered strain

[16]

displayed good stability, maintaining 73% of its initial activity
after 7 days of incubation at 40 °C and retaining 70% of its initial
activity after seven cycles

CSN46A was displayed on surface of E. coli cells through fusion  [17]
with InaQ-N. The specific enzyme activity of recombinant strain
containing two copies of InaQ-N was 45.6% higher than that of
containing a single copy

The engineered strain constructed by surface-displayed CarCby on [18]
E. coli cells

showed better activity and long-term stability than free CarCby,

while it could completely hydrolyze 30 mg/L of carbaryl within 12 h

The recombinant strain constructed by displaying MTTS5 on E. coli [19]
cells through fusion with Lpp-OmpA exhibited a 4.9-fold higher
adsorption capacity for Cd than E. coli

XynA fused with AIDA was displayed on the surface of E. coli.
The optimal enzyme activity of whole-cell catalyst was observed at
55 °C and pH 6.5. The activity of XynA could be activated by
CacCl,, with 2.4-fold increase with the addition of 5 mmol/L CaCl,

[20]
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INEA L B R R, AR A i
KR A BB A PR 5 1Y 2 1 R BB 23 52 M) 8
T, WESMEREBASEE AR M aE>,
1.1.2 MNEEBREARTASR

AR F (outer membrane proteins, OMPs)

B RKBEAGEN, AE o-MRJE(a-helices) 4
¥y, FELL B AH(B-barre) T &I XAFLE T MK
by BATTAE S JB s ] v a2k 5 5 A (turn) TS
K IR X (loop) ik 4% o AMIEEE 1 AT LU A 2
FIrAE B AN IR X, T AN 2 Tl R A4 b A 1) 5 3 e
MR E PE(E 2), dnl RIS MRS R N el C
sl A, FREEM THMMEEm. Kk, T
AR B R TH R R Gl T R o 1
AR N ANEREAR R 1, JF A A5 T kG ]S
HoE o TS, RS H T 2 I CCEK
PrikRy e . B2 KB, FERE RIB T
W, A ZMIMNEE T, W PhoE (protein pore E
precursor)® | LamB”* | OmpA/C/F/S/T/X (outer
membrane A/C/E/S/T/X)B:13-14251

MipAl'3 | FadL (48.8 kDa)"*! | OprF™*" il YiaT™*
. XU R I 4 R AN AR AR 2R
M, AER . 2T, RoRARE 0 SR E
s SRS 1E WA B . S G AN
SR, A R i+, Wl
A LI R o3 B AR B AR A A o i,
Narita 2] F sk [ A% 52 2 #4555 (B. subtilis)
R T PesA fENREE N, B 5H C
sl A, $ok B Sreptococcus bovis Y a-TE F il
(77 kDa)HIk [ Candida antarctica ¥ i [liifi B
(34 kDa)4r A /R 3] T E. coli B4 il #2141 . Baek
SRR # U A9 OmpC 1E R EE N, Kok A
Pseudomonas fluorescens SIK g Ni i (50 kDa)
JE/RF T E. coli 4HffR3R 1M . YiaT & Katt i
H—FAMEE T, B 5 S TS R Ak
() Loop #AP*1, Han %5 ] YiaT fENHiEEH,
FE KT XL10-Gold Ry40 i 1w W E/R T

protein

76 kDa HINENiEEA 73 kDa () o-JEMEE, HEHE
P LA OprF il FadL 4 ko 2 P A HE A 4200
ARSI AT BB R T 10 F5F0 20 £52%
113 KiZEBRERTRSR

VKA & H(ice nucleation protein, INP)JE—
FIAFAE T8 2R i 741 ) (Pseudomonas) . KR SC FG T
J& (Erwinia) F1 85 i 1 J& (Xanthomonas) &5 i3 4=
Y AN T, e AR AR T R G fc i
RpfeEEz—, o, THRMERLRE
(Pseudomonas syringae)>& i it INP 2 H {ij 4
200 B 2 1R JR s FR R B R AR A e P
INP A3 7 = NER4r45#4 . N 3ij(N-terminal )45 )
. C ¥i(C-terminal)4h #4585 K v ] [ AT 12 2 42
(central cylindrical repeating)Zh#%1, N ¥4k
oy Sl EL A B A K P, O R A T UL
(glycosylphosphatidylinositol, GPI)%% & 7£ 4 &
HMEE L, T C B2 A RN 2 AT ) 4T 5 SR KPR I
TRFE T AR AN, v ) E A A5 A S VK R TR B
BB SRR AR R 1 (S TR K E M)
AT LU S INP B C Smas i s, SEBHA e
MR b fi kil Br T 4K INP(C )
5 B0 E A RS LS A e 7 Ak, ik w]
DAIXE INP 0, RBRILal SR g5k, (R
N Fl C Izt ik, K MEEEAREE 1S C wmahty
WA A Bk B rh ) B A5 IR C um 2 R S,
PR B N B 25 M50 5 4M R TRk, NI 3K
BLAMIEH AR B (1 7E A0 i 2R T ) kP, X R
) B 42 3 91 25 AL 3 R C g 455 A 38 9 INP 1)
JE e 57 D RE PT A 75 (B 2)o [AIEsE, 38 ] DABE A
2-3 > N 45 (InaQ-N), L3R s S5
o 2 110 5 Az B T PR AR R CR T INP il
R ) B 145 R 2 S G A4 TR A R T R s &R
gery i BA Z 07 m e (1) AR INP
9 N St 45 48 3 AT LASE B B A9 88 11 78 4 2% 1 Y
TRetERIE , X R R o BRI AR 8
BARH (2) SMEFEPRE H ] IR A U4
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Surface attachment based display systems

Passenger protein

FimH
Tip fibrillum

1
I | +Pilus rod (500-3 000 FimA units) 7 &
% B

ET=T=T
b o I I T I I .
OB i o

§LR A QUEE membrane )

Ice nucleation protein display systems

g @ Central cylindrical repeating
-

Lipoprotein display systems

LN EE R GGGGS | Passenger protein |
Linker

Passenger protein @

Loop

R AR RARRRRRRRRAA! i
{Ouites membranie 4 i

—Outen membrn

Periplasm

Periplasm

Outer membrane protein display systems

W B Periplasm

[nrosneapannsses
L Ot pembrang

Periplasm

Autotransporter protein display systems

N
| f-barrel, Outer imémbranc:

Periplasm

é; b y 1
\/ : ¢ <3 e C@®@C Chaperone

2 EZRIAMMEE s MRERTRARTEE @SB S % XH(2,5,14,23])

Figure 2 Schematic diagrams of five surface display systems in Gram-negative bacteria (adapted from

references [2,5,14,23]).
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Ko A5 T 4 B €6, 48) 25 BR T8 (S:aphyl ococcus aureus)
B [ F SpA 5 [ 76 41 it 2 11 4 23807
1.1.5 BRSERREARTARAS

H %% iz £ 1 (autotransporters, ATs)GEW H
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AR A VIO, ATs ANFFEYT, b8 AT LU
SELEAMLER AT A AL (2) AT LURAN Y
THREKRAINEEA, HFHIERER . (3) N
P T ATs BAARIRZE R Fis AL 12 A,
BT ATs H R AR s RGU AT ITEZS
Pt TR L BN H 59 8 R S aeE Rk
1.2 EZZRMAMAEMNMABRERT
S RAVEAN R AR, 5 22 FCBH A 20 R
e = A SR AL, R — 2 A0 i P R
G FH VR (4 JERROREAL) JSC A AL BE ,  fh T IR R

PE, AMEERFREG S S TR TE AN SR A
O 2 2xk A B ] 5 2 () 17 6 R 1A 4RSS
NG YE A s R, BT 2 IR PR e
21 i B A TR SOOI D PR B8 SO PR ) B A R
WA, HAT, & TR 2 PP 40 e R i R
F1E 3 B 35 25 A A R (Bacillus) . 4 3K 1A
J& (Saphylococci) . 4% BK B4 J& (Streptococci ) L
AR AT B )8 (Mycobacteria)™ . T 55 2% [GBH
N P E E B HHE SpA f£H . S-Layer fEH
DL A AR 5828 55 (R 2).

x2 FEZRMAMARANNARERERTRAZERLNA

Table 2 Typical cell surface display system and its applications of Gram-positive bacteria

Anchor protein,
fusion method,
Host strain

Passenger protein,
source and size (kDa)

Result and application

Reference

YhcS, C-terminal Protein A from S aureus SpA was displayed on the surface of B. subtilis cells using YhcS as  [39]

fusion, B. subtilis (SpA, 50 kDa)

anchor proteins. The binding capacity of IgG from rabbit serum per

1 mg of cells using this engineered B. subtilis strain was 100 pg
under optimal experimental conditions

LesB, N-terminal Carcinoembryonic
fusion, lactic acid antigen (CEA, 69 kDa)
bacteria

A lactic acid bacteria display system was constructed and an oral [40]
vaccine against carcinoembryonic antigen CEA was developed. The
from the cDNA of HT-29 recombinant strain activated spleen-induced immune response efficiently

cells and enhanced the immune function of the gastrointestinal mucosa

CotC and CotG,

Trehalose synthase (CotC- Tres was successfully surface-displayed on the spores of B. subtilis, [41]

C-terminal fusion, TreS: 99.5 kDa and CotG- which showed elevated and stable specific activity with the

B. subtilis TreS: 84.4 kDa) from

bioconversion (biotransformation of D-maltose into D-trehalose) rate

Pseudomonas stutzeri CJ38 of 73% after four cycles
CotG, C-terminal Phytase (AppA, 47 kDa) AppA was displayed on the surface of B. subtilis spores using CotG, [42]

fusion, B. subtilis from E. coli

and the phytase activity remained above 50% after 12 h of incubation

at four different pH values, with the optimal pH and temperature of
4.5 and 55 °C, respectively

CotZ and CotY,
C/N-terminal
fusion, B. subtilis of SARS-CoV-2

Receptor-binding

RBD was attached to the N-terminus or C-terminus of CotZ and [43]
domain (RBD, 29.5 kDa) CotY, and all four types of fusion proteins were successfully
displayed on the surface of B. subtilis spores which could be used as

an oral vaccine against SARS-CoV-2 virus
CotE, C-terminal Tyrosinases (BMT, 31 kDa) BMT fused with CotE was displayed on the surface of B. subtilis [44]

fusion, B. subtilis from B. megaterium

spores, and no significant decrease of enzyme activity was observed

after 15 days of storage at room temperature. In addition, the

recombinant spores could be reused after 6 washes with Tris-HCl
buffer and 62% of the enzyme activity was retained
BclA, C-terminal Atrazine chlorohydrolase AtzA was surface-displayed on B. thuringiensis cells through fusion [45]

fusion, B.

(AtzA) from Pseudomonas with BclA. The engineered strain showed more than 58% of ATR was

thuringiensis

sp. strain ADP

degraded to HA in the aqueous environment within 192 h, while no
HA production was observed in the control. In the soil environment,
more than 80% of ATR was degraded by AtzA-carrying spores within
48 h, while less than 20% of ATR was degraded by the purified AtzA

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn
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121 ETF SpA EHHNRERTRES

4 (0, 2 BR A (S, aureus) & — Fh 4514 3
W, HORIERY SpA E1, K/NH 40-60 kDa,
N S i6 (5 S KL & 4-5 A FRITEA e R E M
(immunoglobulin, 1g)f 45 & 45 #a3 ; C % 2 2 1h]
JOREAMEEGEME, &H LPXTG (X {3
A Z IR EE L SL Y . Bk X3k DA R IE LAY
S B S LR TR HE(RREL) P2, R, FIJH SpA
A C s I E S, T LUK SRR
B AR N 551 1gG 45 G 4558, AN
H i iR s (K 3).
1.2.2 ETF S-Layer EAMKHERBTRARS

S-JZ(S-layers)# [1(40—71 kDa)f&—FIfE1E
T YT A P R R R 2 A5, R
P EOBE B A A, R0 b HE 47 7 A R
20 Jf A % TR . B TR FL A I (Lactobacillus
acidophilus) 1 S-JZ&H & A : N Ui 45 4 1
(30 MEHER), FLEATEIM H L% S A

Staphylococcus aureus protein A display systems

Passenger protein

} SpA N-terminal (IgG-binding domain

SpA C-terminal (LPXTG motif)

Cytoplasm

Surface layer display systems

Cytoplasm

FIEI s C Smab i (123 N IERR), AT LKA
R H B E AR E AR ; X 2 ez
HREREX, 25 S-ZEAMYTE L&A
3), BT SREAMBBMSWRE, $z
07 FH T w0 5 TR B AR 40 WA AR B Ry 04T
123 ETFHFHAREEENTRARTERSR

H R B 2R AR T iR 1 3 AL FE A 2 2
FUFFEA(B. subtilis, Bs). #ihzs4 2l (Bacillus
thuringiensis, Bt)Hl s JH 2 #4114 (Bacillus
anthracis, Ba), #H%T Bt fil Ba, Bs @EtkHEA
BT 5T GRIEEUR TR AE R (A TR ER)
Ha] B e, I 27 4 (spore) &
T Ji 7R 2R 40 v N R R 2 B R 2
(Y254 i A1 ] YR Sy 2461 71 BE (exosporium) |
ZEHIAK (spore coat), FZJZE(cortex)FIHZ 0> (core,
AR AN B L 41 DNA FHCEE )5 2R AN
FER S HE AR, A 70 FORFE &S, H
W R T AR R RN RS0 8 B A 2

Spore surface display systems

Exosporium
Quter coat

Inner coat
Cortex

Spore wall
Spore membrane
DNA

Core

_»,— Passenger protein
— Linker
— Anchored proteins

h |

3 EZRAMAEPAMRARTAZMFARERRREECHB S E3H(31,46])

Figure 3
display (adapted from references [31,46]).

Schematic diagrams of two surface display systems in Gram-positive bacteria and spore surface
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HIH A 5EHE 1 CotB, CotC, CotE, CotG, CotY
Fl CotzPY, AMEE F T 5 AFEE M C i N
vty S R 25 R SR, SEIR AR 2R AR T AT 2
fie k%35 , GGGGS 1 EAAAK 2 T4 E & A
AN 1 Z [ B 42K, A BT I3 B A Y
S TS, BOESMEE AR TR
A B . TR BUER IR LA K T 4 S 4 B
Wi, e, —SEZEMRE R R, SMNA
EASKEEAMEE, e THARTERE
RO 52 Z (R, AN R TR
FGERE , R K3 E TAMEE TR S IR AT
RIS RE PE RS PEACP2 (B 3) . T 2R ] JRR
S FRABCRIAMEEE . JORT & Y s
KA . NG e ZE A Y TE 45 48 A1 D Be S AL
P, FT IR R RN BORTE TS Y s 2
AT R] Tz

2 2T 4R T R S SR BY B

21 4£YBE

ISP Tk E AR Ut
FEYEE . MIEE Tk — s AW
FRF0 Cln it P o ek e 5 R B 7 e )« 42 A
BRBRGEH T JREB . 5 R ER I E S 5) . A
il FTEAL B CFe 75 e W o i . AR BT AR L 2 v
I 3 (b B 7K A4 o RSSOk 15 e )6 - B AR W B
i ERIR BRSO R M H B, BT
JRBRYE: AR FERER, TWERKENRL .
BEUE A T HEAN) IR 52 ) R (3RS B 2 8L
T HO IR IR A R G Sh) . ATRE AR IR
15U (L IER R B R ph ek - i T RE)
E DA AR PR 2 75 2 (BB Ab PR 2R )2 55 R 30 IX 45
159, MELLAR PRV 2 A+ sl i R K 75 G )
& bR ik FEEhE A 2E RO R AR R
N FRAE A, 255 DL S5 K15 Y Wi Ak hy
TESAREEY BT, S0 R, fRefh, k3

W T R TS e TR 5 1 o AP AE — S R BR
Ph, A0 X IR A TS e (A J 1k R 5
FEFEVER =PI ) B R RCRZ IR AL
e ME AR (75 Ye W n] BETE 18 &2 ) BB BRIk
) AL BRI Y | R A )
PRy, s, Btk i BR el ie g
YA R i, DIRBILBRTS 0, B A
SWEB, BA R R AT RREEEI
RIGEMBE N EETB. MAEYREZ | oy
A AT R IR E N R, LRI LA
A 3 A 2 M AR A TS G W B Ak o o
s AR R E W) i HAS 22 51 KRR 22 W) i el A
AEER Y, REBTGRIBEE N FET B
R Xk 975 e W) LA S RE D 1A i B R 1
LA R 78 A 240 T A T A A A R, AR
fi 5 Qe Jr B A, s AR
i S e (e Ao B G A 2l e S R TPUR R 2 95 T
Wy EAT v R ) B ) PR A CRE H
PR R /8 R RT3 17 1 56 B 2 F A T,
TEAN TR 15 e PR I5E P AL A7 S i F AR 15 Ge W)
AR BT A (N2 TR TG 4, XA

20 i 39 T R 7S B R A i 1Y) 4 40 M A A 5 T R
2. Wk bR, e LS Y
A7) RN G ) S5 Y B i FNAE S A B T T2
@}%[56—58](@ 4)O
2.1.1 KRR
REGIERIR— G Z MK, AR
Pt 74 A, (HILFR AR 158 . KEEIRES
DA S NS e Bt 8 1 gy, HLAR 24 2ok B A
W RECE A A AP [, U2 1%0)
RALEME LR PR TR bR F R, st
ALEE . SEAKT, BAHABYEE, 2
AR NRFENREE BRI RIS Ik, awF
SRR TR i T A2 B AR PR . T M BN
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Pollutant degrading bacteria

Pesticides PET

Antibiotics

Carboxylesterases

Chlorohydrolase
Carbaryl hydrolase

Methyl parathion hydrolase

Organophosphorus hydrolase

Heavy metals

.

Pollutant degrading enzymes & Metal-binding proteins

Leat-branch compost cutinase (LCC)
PETase IsPETase ......
PET plastic degradation

Laccase
B-lactamase
Erythromycin esterases

Triphenylmethane reductase

Pesticides degradation

Alkylaryl sulfonate transferase

Antibiotics & other pollutants

Heavy metal remediation
Acid phosphatase ~ Metallothionein ......

l Bacterial surface display system

% ,yi Ty
(Y SR
| | .[

|
|
J

Phthalic acid ester B;spheno] A

Textile dyes

Non-toxic or less-toxic metabolites

4 HERERTEOREIRES RS E G5 8RR (L% B 5 % 3CHR(55,59-65])

Figure 4 Applications of bacterial surface display technology in environmental pollutant remediation

(adapted from references [55,59-65]).

FIHT 8 B 43 10 149 L A1 il L oA Tl A 245 4 file oo
BEPE B INEUTCEE AR 1 . A T R T s 4
AR 3ob A 2 o A Bl LR PR R . A LI K fi
it K JFC A 7K A ik 56 i TE A B A L R T, AR
AR, BB Bk S AR G IR il f 52
PRA 24 ()G S AR . Yang 25 SN AG HL I /K firk Tk
(organophosphorus hydrolase, OPH)# H JEX} fi
15 7K f# i (methyl parathion hydrolase, MPH)X}
07 FR RE FRL 43 551 5 KA 2 T (INP /Y N/C St i)

= H e N-4 Ak ¥ 18 5 1§ (trimethylamine
N-oxide reductase, TorA)n XUkE 2 FR {5 5 ik Al
G, KW BRI A KGR, SE T
MPH 7E J& 523 1] L) S OPH 7E 4i i 2 187 (14 % 35
I H 3R I8 TR 0 T T 1 LI P 28 3R A ] —
KRR TR AR R 6 %, A MLBEAR 24 1K i 4
LT B . Yang 2R FRRIET T & B
P (P. syringae)INAS 1 vk & 1 INPNC fE R4
EE I, BV 4E R K f# i (carbaryl hydrolase,
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CH) /R B T RE A% [ fif 2 51 10 T4 MR 78 2 S i
YC-1 faiia R, ZRAFRIELL YC-1 HFkEE
fi [ sk o4 i 75 2 DXL 6 Hsieh 251Nk B
AL 1 (Pseudomonas sp.) ADP H i Bl 47 14t
S K fi# ¥ (chlorohydrolase, ATR)JE:H 59 =4
ZE 76 FF 7 (B. thuringiensis) 1) % 4 4 5 25 1
BelA XN pRE RS, SEBL T ATR $EHLE B.
thuringiensis 2 il i ()35 5 [FIR, RIFE
4 20 WA A0 R B B I AR e P ELXT K Fh R
B A BT R  BA A ROR . AR,
Liu'"™ | Ding YR HKZ R AE M EE N,
53k P5F D13 30 2F 8 FF 1 (Bacillus velezensis)
sd BRI Pk H IR R IR i 5L (K] car CB2 Fl1 carChy Ji#
ANBEIR A R R AR T, R AT B4 40 M AE AL
A Al EE RS E ML, I B ml ez A
A W 0 P A D EL A R AR RCR o
212 B X FRZHBHER Z Z BB (polyethylene
terephthalate, PET)ZB #3} f% fi#

BB Y n) 45 32 A BROCTE . T3] 2050
4, SRR BBV R 2 340 12 t, A
RHEFY = A 2 342 47 RIE W2 —
M (polyethylene terephthalate, PET)J& X4 —
FH iR (terephthalic acid, TPA)Yj £ —[i%(ethylene
glycol, EG)if it} g #8142 M U N IE R B, /2
R R B — R, T T O
T, WVHCRDHURI S S &5 5 {2020 4F, 2Bk
9 PET iR ANk 2 876 T1 t, SR, 4BR{X
ANF] 10%H) PET RN I A AT H AL 34
PET #BHE -9 207 A6 50 be fr s,
HX Sy Aol R AT R /K I =k
1Y, O AR A 2 il T AE I R 5
ANEA A FFEE . TR SR I 1Y PET S8}
EPIRE R RS AT . JoT5 gy, RRRBTEARXT
A SN S5 T 2ff PET F 52 80 sk} i) £ 101
WA AR Y, Heyde 25N R I T KPR

B % (Ideonel la sakaiensis)201-F6 H1 i) PET /K fi#
it 5 75 K (IsPETase) 5 Lpp-OmpA 4, e
FNTE R AT TR 1 200 B A T, ) 4 200 A A5 5
FIFXT A IL WY 1R MY, PETase #4 Hoaoy i b
XA SER , i 405 nm WG AR 2] T 16
PEYR T 14 f%0 PETase Z7AFIARG, Jia ZEUO0E
2022 444 1. sakaiensis 201-F6 H ) PET /K fif il
(IsPETase) 5 #MEE 19 FadL Flgi /K& 9 HFBII
Al G JR/RTE E. coli 4N aFem, A 44
AL HL 4k (4 IsPETase [ 55 1 56 /&5 (9 PET
Wef e Tt 5 P AR P 5 E 40 °C R F FE 7 d
&, AR IR IR IR BT R Y 73%, H&
it 7AE IR B A RS AT RE PR 70% 0 36 M
Han SR F1 T 3 FhAl 22 26 11 [VKAZ 35 11 19 N g
S5k (1anXN) M A B 1 estA FIRA 2
fR 41 A (poly-y-glutamate synthetase A protein,
pGSA) I A il K i Je /s -5, # IsPETase (1.
sakaiensis 201-F6)"" | PE-H (Pseudomonas
aestusnigri)’?. FAST-PETase (& 5 NG4S 5,
N233K/R224Q/S121E/D186H/R280A f#] IsPETase)™!
IR HERE £ 5 i (leaf-branch compost cutinase,

LCC-ICCG, A 4 27T i 1 £ B i) ik
4 Ffr PETase XJ 1 5L i1 Linker G4S ¥4
(GGGGSGGGGS)3 il 55 e 85 1% 4%, 4>
AL ), 45 N PET /K A Bl 0 2 R EL
E AR 10 TS K f AR R Sy s . R
pGSA 4% H 1 JE7/R FAST-PETase K153 T fic i
K BTG, 76 24 h AT PET AY/K fRSCRA
F'T 71.3% H AR 2 /R FAST-PETase fil MHETase
Xt PET (/K i HoAa e U, sRim, Hard
Y TE B Y PET 7K fif i sl L ok it i RAS AR 275
BEAE LR R PR 250 T A e SR B LR 4k B f
) PET MM RRCR , %55 4 20 A A0 550 5 A
WA (R ZBAM W BE A KRR 37 °C). B,
248 5l k3 R 08 R R Vg P 1Y e A T T kA
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HRAAE T REREXT PET f# R AEF Y PETase H
AEERE YL,
2.1.3 ImHERER

PUA: % (antibiotics) & — R AL 4,
A ) (BB A0 AT LT L IO A B s S5 Bl
WItEA TG R R R A B o e AR sl At 7
PE, RERE TP M 40 & UhRE ;MR
WECR Y, PUAER) 2T A%
BT . BB MK IR ES ., R, AR
Ak (PS5 50 o o e A i 2, R —
BT B A PR 85 75 e B (AN NS W IR Y BT AR =R
50%—90% A~ BERYE 76 e W UG IE, BEZS 5 AR
WHE R AR s BUA: Tt 25 19 d 5 WAL 2 B-
RBP4, ERESPUAER M B-IN B
e G AT 87 N 7 Wa - NS G (o
BEHRFMPRKEHFAPERREEEREAR
B THE R A, WS 2R RE L
WUERITEE, Hik, AR EDBEE BA
FYE L, 2019 4E, Liu ZEU0 Uk E A
R E R I B-I BRI bla (NCBI 341
58 AYS590118)E/RTERIAATIA BL21 [ 4HH
M, FYEERY TR R R R AR BN ES
PiAER, 76 1h W 100 mg/L HFRR . L
MR R 0 o 5 Y PR AV R A 5 el FH 4 400 i e 1 5
RIAL RS A B-MMERE P AE R s EE, HIRA
REETHGEMRCREE R 93.2%. AR AR
WNERESIERZ —, JTEHATESEL, &
SEMBE R R b E E 22—, Lin FU7
FI T UKAZ 38 1 2155 R R g 2L (5] ereA (NCBI ¥
Y5k AY183453) /R TE AT BL21 A4
MR, RIS R fEIE R RETE 24 h
50 mg/L (L5 RWIICKEfE , AE 2 (25 °C) &
40 d J5, A0 AR 0 B S AT RE PR R 4R
G ) 86.7%. WEMCKIIARMEW ZHT
ABFENPUA Y, HA I A A RS

Yyl 18 AT R R 25, I RN & ZEE A
PRBHEH , T3 sk P E Rk . Li
B oK 5 F -4 (Pleurotus ostreatus) HAUCC 162
TR B R lace6 A1 KAz PR LR R 2R
AT Nissle 1917 AU4HMIZRTT, FEA TR PR
TEMESE 40 °C pH 5.0 BZ&IET, 3 h XTI
WE P RRATR A 37 %1%, LK 4 A LA Ak 750 il 45
T 25 XY, 0.07% 174 20 I BE 78 A XY i
T8 v R B B HL AT LA A A 2 v il g s e g b
58%+2%. LA AR th A R ) L BRAR At T
R E S
214 EEERETEREE

H AR5 YR e M TP ok (Hg) . #5(Pb).
BE(Zn) . $E(Cd). H(Cu). #(Cr). % Mn)SH
RS HEAGYEEG Y. 0B IE R
SR A T SR PR SR HE RS G ) 32
wiR, EaEAAAY BN, Sl eyt
KAENFBPIR N E 5L, X PR g Ry
KT EEE . SAVIS AR, HeEAR]
REfde, E i . WS T N T AR B
G E G R E y ads . bl b
DUVE . B4, Borsds, (Hixe)rikoh=
Y4 R RE YR . MBS . B A TR
HY, I HX R E SR S AR, Y
B ds: iR fmMEwEE, m
A i T ILACERE o . AR A PR A Y
PEOR . Gy B AR SRR S B DR SR B . A e
X R TG Y AT AR Y . E AL DLTE
M R, B A B ESE S i
R JGFE EAR TR AT T A AN R A R
BN RS, B BAE SR A  MUTTERE 18R
5T (A4 J it 2 D sl R TR A IR T, AEfE
SEET EE 4 R R S B AL . Jia 2R
FVKIZE A N s B e A e &, HkA
it B4 J8 9734 I (Cupriavidus metallidurans) CH34
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FIEEN S PO AR RS A E L PR |

PbrR691 F1 PorD (4% 1 5& P 433l J 7R 3] 1 K
M@ BL21 B4k, 450 BN TREHKk
X PO W BIBOR B3, JEXES P R
RN &R B SEVE T . Chen 67T VK
EBH pbBD HH G PbrR HEHY N i
DNA 255 453 M C 5 TU4R 1 2 JE 1R ) | /s 7
E. coli BL21 A4 IR 1T, K F i Ay T2 B R IR
AT T Pb> Y% fi(Ctenopharyngodon idellus),
RN TR RE S IR R fn i E P ) P
FBEFEAE HE AN, AR PO B
76% (5% M4 E. coli BL21 #Ht). M4k, Liu
AN He™ (9454 Ik CysLysCysLysCysLysCys
JE/RTER G W-1 B9 AR T, A4 iy TR
PR R R L OR A I B ORI B 96%, A% LR
B R SE T & He™ /K ik Y 4 £ (Carassius
auratus), Hn] LUTE 4 fa i 38 Hh e 5 5 W B i B
H He™, Wb He” TEALA H i SREL. I A it
HE 5T 27 Bk i (Deinococcus radiodurans, DR)JE 2
T f19 26 11 Hpi F1 SIpA fE M€ 1, Kok A 40
K B Bk 745 (Synechococcus elongatus) H 45 45 &
T2 1Y smitA B [A 7R 78 DR & PR A A R 1

P i TRE T bR 55 Cd™ IO RE 7 HO M i K 0k
SmtA & 1.5-3.0 f5; FERM:BERRG PhoN i
i Hpi 1 SIpA /R, 24 b ) s 446 mg/g
160 mg/g (440 T ) A M i e RO

2023 4, Lu FHRIE T — ¥R KA A TR,
FIFHAMNE RIS 2248 Lpp-OmpA K53 [ W H Y i
11 (Tetrahymena thermophila) 7 (1) 4x J& % & 1
MTTS5 JE/RTER G C43(DE3) KT, 455R
B TREREERA T Cd™ Bk M e J1 2 B A4 1
PR 4.9 £, JF HAEN AL MTTS #Ef
PRI S s7 CA™ A EEE, W B 1 R A A IR
Pr& Mok b CAFEANMI P BB, M4, Zhu
SRS T — R E AR R . bk

KRR RS WEVEAARR S G, L E S
EROLI AR CI O O N e AR e e
SynHMB (& A 3 4™ & JB %4 & ik -
HisHisHisHisHisHis . GCGCPCGCG #ll CGCCG)
5B 1 OpmA Y N 3 73 AL F SR A C S 5
ARG, I T | AR R R T (P. putida)
B VI B3 & 4t (type VI secretion system,
T6SS), # SynHMB i/ 75 4i 1 £ it 35 1 #4)
T AW 5 W B, 7R @ P 94 oK UKL (magnetic
nanoparticles, MNPs) [ & ifi I & W& W &
(polyethyleneimine, PED)FI — Z ¥ — % H. £ &
(diethylenetriaminepentaacetic acid, DTPA), J&
1%, MNP@SiO,-PEL-DTPA; 7 SynHMB % ifii J&
RO OB cd* R PR, A
MNP@SiO,-PEI-DTPA , 4l it 4k W FHITHE , 76/
GRER TS T Ea R R Kk, B
SRR ] R s — 4 R 456 B Y I
Xf T 4 JE B B A2 M e T T A %k DL
S5EEWAEEYBR G B E T A
T
2.1.5 HMSEMRIEMEE

L8 7K — H FR g (phthalic acid esters, PAEs),
S L BRSBTS REMEDE A
PR AR B85S, DASE AT RL A A JR A A2
Pk, SR, PAEs je—FgiAlisdey), HAW
TERRETE, AIRERBUN W R Z WAk & B
i, RO REFR A N o T R R TR
—F /B KRG, RESHEILEREKRE, ATHT
F#f# PAEs.Ding %M K T Bacillus sp. K91
HR R R BRI LN carW 3 i v 2 PR LR R
1t E. coli BL21 RYZHAERTH, a4 aiffifiEfb
A0 UHRA R RERENE, BEHE7E 120 min
N 1.5 mg/mL BIERZK iR — 5% T R/ o
W A (bisphenol A)fE 55 —F N i T34, 557
J: i JL % B2 T (alkylaryl sulfonate transferase,
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ASTB) AT LK WU A B4k AR B 2% WU A i
izl , Nanudorn Z5EFIF4NESMEE ] OprF
1 Lpp-OmpA ¥ 2k B B W i R
(Desulfitobacterium hafniense)# ) ASTB Ji&/
1t E. coli WYZMITH , 3R75 1) OprF-ASTB 44
FELAEAL R AT LATE 6 h I 5 mmol/L A} A i
Ak, HAafpib = RmE 7 d JFh6e
PRI T0% BTG PE o Yookt F 2 T 9780 m e g,
B GLA A 7= 77 A 1R K B AT R 2 500G g
BHEAG B, X PRI RN NS (e A 1™ EE R
SORFE G JYR T AN BB E A4 M S S04 i N
Yok G Tk ZAEER®Y, Gao S FHIK
VPEAEIHEEED, BiIrERTE
(Citrobacter sp. KCTC 18061P)H i) = 2K 3k H 5
A 5 (triphenylmethane reductase, TMR)JE
tmr JE 7S TE K AT B ) A M e T, A A TR A
B 3 G PR AR e M, 00 ml [ £L
2% 640 pmol/g 4N TH, FYeRl AR
75 JELEK TMR Bl bk 72 55 44 NAD(P)H
w R A e, E A OB A B (glucose
dehydrogenase, GDH)REfEAL B-D-# 2 bl & 1L N
D- 7 %5 B -1,5- N B, [A] B NAD(P) %% 1k
NAD(P)H, Gao ZEFi|Jf] CotG 1E MiE &I,
¢t F1 gdh [A] B R 78 21 1 A B 2 AR TR A
FM, MEE T R YR AR R

3 RE5RKE

i) TV N v NEI DR L N A S =
JRiE AT C ek N o 5 50E I E G, ST
22 QB A TR 5 2 EG B A TR 523 1 4 A
RIMPDIREVER IR . 522 [REAYEATE E. coli Hy
THBE T FIEW . FRers . s Ry
B, R TR AN B R TR N R R B AE R . X
T2 I T A0 TR ) AN i R TR S R G R
A PR B B BE B T OR R A M R Y

SERPEFRE MR B SMEE BT LA
B SNEE BEA T A A R R S, e AR 22
35| A AN AG TR, 2 0 A SN Y 5 4
PE AR AR A, U X T TR
A NI 1RGSR /AT IRME . SR, 40 T 41 i
RINJERRGEMEDHE | BT R, BB X
AT R, SxERm iz S Tk 2 Al
REVE . FAT, 200 240 M2 1 /s 2R GE7E 2 AUk
ST NN, dna g AR . A ARk
o BEV I PR E . AR S B
A0 T AN N R TR s R G A A T 2 )R R
Pe, WHPRE E R IERE, 0RO R R R
F 8 R R/ —E BRI, X T 15
REEASHEEAMS ), EEXNEANE
HiAz i S R AR AR P A BRI, AT
o E TR A An i B AT,
W B, ASMEASE, DU/ TR
AL LA b, 5 TRIKMIE R . [,
il FH 2> 5 PEAR st ek i & [N - ST b H bs 22
FARER T S MR E . MO, X T RN H A
g Sy i 168 W o A LA P B e A A S A R
R B B AR R IR B H B R R
FRE B B R S B LR 1~ A i e il <
kM AT, fertE A R IE AR AL B
e sl & R AR H AR E B kAT
DAL, BT A5 T 9 BB 07 58 55
fie k25 1 5 A4 LE A A i

20 B AR R TR R R SR T I TS e i
5 HAT E B R E AL S (1) AR FREE
IR . JLRETE M KA A AN )26
TIE5 YIRS R A A, AT LASE B Z R0 5 ey
PR EMESL . (2) WRLAIRE AR RE ) Bl 5 1o
200 T 2 L 2 T R S 2R G B A A BE T 1 il S
ANTEZAMIZETAT , SEBN R 5E T3 e WY s 28R ]
SEBUREREE L7/ LIRS DY L e Ll abSh/vie 3 R A
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BEWIR, SCELTS Y0 BRI R AR, B R R
AR, W T X RALEN T 3) K
A FLRTRER Mo . 20 TR 40 M 2% 1T s R Al
AR FBUAAR . 2 RBUBLAE 7™ vy H 4= 2
HeL e AR AT S S A, AN SRR R R R TS
o FESZBR AR N o A AT AT E R B
SR, 4t D 200 B0 3 18 JR /R R S A S B i YL 3R
FRA 52 ST 1 1 R ATS A2 AE — 8 1 R BR A%,
HAFABT RGN M . PR A E S, 1
M pH . TR L W SEER A AT RESY I 4 20 A
RN A AEFITE Y 5 R, 5 Y IR EE o AT BB W)
WHAFTE ZFis e, XHE& 2 420 i B Ak T B 2L
BB REYE . ASRTTE . — 1 Al AR v 3R 5%
15 PR 5 AR 1 TR AR (R AP AEAERE DT | 2k
FEE N M) F A R RS R4 9 — i,
HHE 5L B is Y 85 25, T A s 2 R 5
BE X RS HR T e ) A A AR, A < — R
% (one-pot) 3L B £ Fi 4= 4 A AL 370 X5 V5 e ) ()
EEE . o, FIFZ2R . 288X,
WG AR EAR TR R, B Ak d 2 A
PRI SCREFIR T 2R 10 R R YUK RL,
R 0 RN RGN IREE MM L U5 Y RE
DL RS EYE . RIE, 4T A0 iR E s RER
T A TR (N TR . RIS
R AERPUERE SR EMAOR S, %I
S| APUHEIEIN, R, 4006 22 0 R 440 i i
AT AE S B I FH T 2R AT B A 2R A3 o ok e
AN 2o S ECB R AN BB B, R
PR T /R B0 AR H RIS A7 A6 L 9 Ry B , {H
B BIRWBIRA, A RGEARWILAL DL CH
IR RGBT K, 41 R 2R 1 R 7R B AR A A4
ol Hh 4 R i
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