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Abstract: Synthetic biology and metabolic engineering have been widely used to construct microbial cell factories for
efficient production of bio-based chemicals, which mainly focus on the modification and regulation of metabolic pathways.
The characteristics of microorganisms themselves, e.g. morphology, have rarely been taken into consideration in the
biotechnological production processes. Morphology engineering aims to control cell shapes and cell division patterns by
manipulating the genes related to cell morphology, providing a new strategy for developing efficient microbial cell factories.
This review summarized the proteins related to cell morphology, followed by illustrating a few examples of using morphology
engineering strategies for improving production of bio-based chemicals. This includes increasing intracellular product
accumulation by regulating cell size, enhancing extracellular secretion of target products by improving cell permeability,
reducing production cost by achieving high cell density, and improving product performance by controlling the degree of
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product hydrolysis. Finally, challenges and perspectives for the development of morphology engineering were discussed.
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Table 1 Proteins related to cell morphology

morphology engineering, cell size regulation, cell permeability regulation, cell density regulation
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Classification Protein Function References
Cell division Ftsz Essential for cell division, forming Z-ring in the middle of the [7]
cell during cell division

FtsA Recruiting other cell division related proteins to the division site  [8]
FtsW Stabilizing Z-ring [9]
ZipA Stabilizing Z-ring and anchoring it to the membrane [10]
MinC, MinD Inhibiting FtsZ polymerization [11]
MinE Promoting the pole-to -pole oscillation of MinCD [12]
SulA SOS-inducible protein, inhibiting FtsZ function [13]

Cytoskeletal MreB The cytoskeletal protein critical for maintaining the rod-shape [14]

proteins Mbl, MreBH MreB-like proteins, regulating cell length [15]
MreC, MreD, RodZ MreB-associated protein [16]
RodA Transglycosylase, promoting PBP2 function [17]

Synthesis and MurA-MurF Essential proteins for synthesis of peptidoglycan precursors [18]

hydrolysis MraY, MurG

of cell wall PBPs Penicillin-binding proteins, catalyzing final reactions of [19]

peptidoglycan synthesis

AmiA-AmiD, AmpD Amidase, catalyzing the hydrolysis of peptidoglycan [20]
CwlO, Lytz Endopeptidase, cleaving the septum during cell division [21]
LytD Glycosidase, involved in peptidoglycan extension [21]
LytC Amidase, involved in peptidoglycan extension [21]

http://journals.im.ac.cn/cjbcn



DWW SHRSIEEEYECEREFRHNAEHE 2213

HAERUE D 4E i A M IE WOE S 32 ML
SR RS A IR s T 138 55 5 T A
R, mHSHRMERES . Ylitshm . H
B . JEINRIE L o ML A A A I Bl
DIARE

1.1 ‘MRS HEH

FESR R E D A A A 2 B b, A O 1R
R 2RI BURE A FisZ, BRI T R
w2, Ftsz 2—FhHA GTP MHE LR GTP 4%
HEE, ARG GTP S [ R AT Ltk
Ji 22 27 AE P32 A VR A S ST 5 5 A P
MREE 4, A IR I RE MR EE M (Z-3F).
WG, TEHABAET (A0 FtsA. ZipA K FtsW %5)
MIEFEFEFT, Z-BRR B, A% e
BRI, S8 MR AZ AR 2 (B 1), FtsZ Dk
0 ol Bt 2 2 BN C IR IE 40 3, B AT
SR

JEURZ AN L AE 53 B3 T v A7 2 A T A 43 20T
B AL R Z E) Min R4 (145 MinC
MinD 1 MinE) AAg#RIE$E, H, MinC &F
MinD %545, ] 5 HIE R MinCD & & 142,
120 i b TR 4> 2R A, MinCD & & 4T
S o 8 200 B 1 T AE 1 43 4 A, AT BE I FstZ
BEMEREPY MIinE &2/ 88 a4l
RGN RERE 11, AT 7E 41 I T RS S 11 B e
AR GER, M4 5 28 sk, MinE 9K
MIinCD & & A1) 240 MO W A% B 51y, fidk I 0T 448 i vh
AT S S A BLAS il FtsZ 2 11 AT LLIE B RE 17
FIA M. 4 MIinE KR IER, MIinCD &
A 1A 2y [ B 8 DA A0 B A T A TR AT A,
A TCIE AT 24, NI T L 2F 4R A i . SR
Min RSB JCIEATEITIRE, MRS R kA
FESNTRTEM 0 200 5, RO/ . IE
WA L B 2T 2Bk A0 B 7 A

% : 010-64807509

N RN MR IR E R, FtsZ ik B — R
AR A ER, BTES S FtsZ B EE
Bl 5] 425 1 JH R 40 0 40 B 1) 43 2435 3. SulA 2
— A A A 2R A, A AL TR
Ui PRI, Ay s G AZ 31 ) DNA 5328 25 1040 i
A2l % SOS I ML, ST SulA %
%, ZE Al S Fstz AR AR B S 80 GTP /K
fift, PHIE FtsZ EEARAIEM Z 35, Ml 4n
JfL 43 %L
12 HRBRER

200 6 R P A A TR S R A A b
TGl — R EEE T, RS Y h R
1, RN R R FUZ A W R S R R, 1989
4 Wachi 252812 vk %% 91K % #T 1 Escherichia coli
H ) MreB B 4ERF IR A0 B B 2S5 B9 T g L Bl
BTSN 52200 MreB ) b 1A 4 49 % B BE 1A T it
Br, KL= EMUTEEMISIER, 2
e 22 R S5 R IR B8 T AN ML S BE |, HL R B RE
B A B R T A BA B W E IR, A
MreB A0 E BB R & A0, mAEsk, BFSE A
RIL, MreB 1] H 355 5 BRSO K 0 BE TR 5 BUAH G
PTG (1, 3 A 4 20 TR AN R RE A R R R S
ML e EE (B 1) M RGFF B VT ] R
SEFRIR AN TR 9 MreB & A 288 m], 4 il 23 B APk
57 N ERREY,

R 2B 22 [ R U —F MreB, {H
SR L G PHPE T R W R B2 Fl MreB 2R {2
1, 0 Mbl LK MreBH 25081 754 8 25 0 FF 1
Bacillus subtilis #1, Mbl 5 MreB L& 2 5tk
MR R, Hid, MreB 3= 2R 40 1)
FEVE ., T Mbl U675 40K 9 4R Rt
mreB % 725 TR 4 20 L B 265 St BUER R i 28 i Ak 34
7 bl 2 A5 B 14 20 T 245 53 8 D) 2 22 3R B0k 4 i
A R TIN5 RS

. cjb@im.ac.cn



2214 ISSN 1000-3061 CN 11-1998/Q A4 T #2244t Chin J Biotech

MreB Rod complex

1 58\,

000000

MAEE S AR SHFNER

Divisome

Fig. 1 Proteins related to cell division, cell wall synthesis and maintenance of cell morphology. The rod complex
containing MreB, RodZ, RodA, PBP2, MreC and MreD, plays an important role in cell elongation. MreB interacts with
MreC and MreD to maintain cell shape in most non-spherical bacteria. PBP2: transpeptidase, is required during cell
elongation. RodA: Lipid 1I flippase, regulates cell length. RodZ modulates geometric localization of MreB for its
correct assembly. Hydrolases: accelerate cell wall cleavage during cell wall synthesis. Divisome forming by FtsZ and its
related proteins such as FtsA, Ftsw and PBP3, are essential for proper cell division. For simplicity, other cell-division
proteins are not shown in this diagram. OM: outer membrane; PG: peptidoglycan; IM: inner membrane.
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Fig. 2 Cleavage sites of peptidoglycan hydrolases. (A) In the Gram-positive bacteria, the alternating subunits of
N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) are amide linked to the L-alanine (L-Ala) of the
stem peptide. To connect peptidoglycan chains, a pentaglycine interpeptide branches off the amino group of the L-lysine
(L-Lys) of the stem peptide to the D-Ala in the position of a neighboring chain; (B) In the Gram-negative bacteria, the
stem peptides is linked to the lactyl group of MurNAc, and most cross-links result from the Meso-diaminopimelic acid
(m-DAP) at position 3 of one stem peptide with the D-Ala at position 4 of a second stem peptide of a neighboring glycan
strand. Glycosidases cleave the p-1,4-glycosidic bond between GIcNAc and MurNAc; Amidases hydrolyse the amide
bonds between the lactyl group of MurNAc and the L-Ala of the stem peptide; Endopeptidases cleave amide bonds in the
peptides; Carboxypeptidases hydrolyse peptide bonds to remove C-terminal D- or L-amino acids.
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Table 2 Application of morphology engineering for production of bio-based chemicals

Strain Product Modification strategy Biological outcome References
Escherichia coli PHB Overexpression of sulA gene  Forming filamentary cells with larger internal space, [34]
to inhibit the cell division FtsZ with a PHB yield of 2.19 g/L corresponding to a
ring assembly PHB accumulation of 26.54 wt%, which is more

than 100% increase in the PHB content and cell dry
weights compared to the control strain

Halomonas PHB Overexpression of cell Generating larger Halomonas TD cells, resulting in [35]
campaniensis division inhibitor genes enhanced PHB accumulation from 69 wt% to

minCD 82 wt%
Escherichia coli  PHB Weak expression of mreB in Forming larger spherical E. coli cells, with a PHB [36]

mreB deletion mutant under yield of 10.67 g/L corresponding to a PHB
inducible expression of sulA  accumulation of 80.41 wt%, achieving 109% PHB
accumulation increase

Escherichia coli PHB Regulating expression Generating diverse morphologies accompanied by [37]
intensities of ftsZ or/and mreB  PHB accumulations ranging from 40 wt% to
using CRISPRI 80 wt%, achieving the highest PHB yield of 9.4 g/L
Escherichia coli  PHB Weakening cell wall synthesis  Generating flexible cell shapes with increasing [38]
via repressing expressions of  flexibility for cell size expansions, achieving 93%
murE, murD, mraY and/or PHB accumulation in cell wall weakened E. coli
ftswW
Corynebacterium 5-ALA Deletion of HMW-PBPs genes Improving cell permeability, leading to an increase [39]
glutamicum pbpla, pbplb and pbp2b in 5-ALA production of 13.53%, 29.47%, and
22.22%, respectively
Bacillus subtilis  Riboflavin Overexpression of IytC gene  Improving cell permeability, achieving an increased [40]
riboflavin production in Bacillus subtilis
Pseudomonas AO Overexpression of mreB gene  Forming longer cells with 0.961 g/L AO, which was [41]
mendocina 5.86-fold higher than wild-type strain
Escherichia coli PHB Overexpression of ftsZ gene Suppressing cell filamentation, achieving an [43]

increased PHB yield from 81 g/L to 149 g/L with
high productivity of 3.4 g of PHB/liter/h using the
pH-stat fed-batch culture
Escherichia coli  PHB Deletion of minC and minD,  Changing E. coli growth pattern from binary [44]
together with overexpression  division to multiple fission, generating longer and
of division-related genes (ftsQ, larger cells, enhanced PHB accumulation from
ftsL, ftsW, ftsN, ftsZ ) and the ~ 53.22 wt% to 82.13 wt%
cell shape control gene mreB
Bacillus subtilis ~ Amylase  Deletion of IytC Reducing cell autolysis of Bacillus subtilis, [45]
accompanied by a prolongation of the exponential
and the transient growth phase and results in larger
amounts of secreted amylase
Bacillus v-PGA Deletion of three degradation  Forming shorter cells in NK-pc strain with the [46]
amyloliquefaciens genes pgds, ggt and cwlO double deletion of pgdS and cwlO, achieving 93%
increase in y-PGA yield and 26% increase in y-PGA
molecular weight
Bacillus v-PGA Modulating transcript levels of Forming longer cells, achieving 55.7% y-PGA yield [47]
amyloliquefaciens mreB, mbl or mreBH increase and 8.1% molecular weight increase in the
mreB inhibition mutant, while 56.7% y-PGA yield
increase and 19.4% molecular weight increase in the
mreBH inhibition mutant
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EET, FIURTEA TR R MM S = 5t i
T, A P A0 R S R A0 7= ) 43 Wb 22 T
MIFE LA AS RAREDT, HeAh, 40T 25 10
AU E b, et BArr=
AR = A S, L] S 40 AT 25 R 56 it 1) T
Pl S S5 S 5T 5 A DR 14 [

23 XUSEEABLUEEREHAE

IR BRI R T R T R A 1 Bl 4B
PR R AL 7= 1) — PP A 3T Bt o FER A1 it
ik Ftsz, A0 LRI E B 4
40, N7 AR KR /NI, S AR TR
B kN 2B A PHB AR, AR
PRI R ER 9 81 g/L $2TF & 149 g/L, 4=
PR A 3.4 g/i(L-h) sk, T MinCD
LAWY Z B O TEEVE R #E K R T b
Fx MinC Fl MinD ZwisEH, &5 Z HEN 5
L NI KA B 3 24 )7 =X, i e
) IR X FR > B A A ANKERR A 5, 7 A R 4R
RN K RO, fEBTE ST, R Rk
AT A FE R (ftsQ . ftsW . ftsN | ftsL J% ftsZ)
MANMEE 2 E M MreB Zifig LA, v] B 42 & 40
Ji A R BE AR, AT Bk B 11.58 g/L,
N PHB & 1 53.22 wit%i T+ £ 82.13 wt%, ik
#] 9.51 g/L14,

il B 2E AR R LA P F5 A B 40 EE T 2 T
b it 70 o A R AR (PR KRG 2 AR A
VLG, AN F BRI o B A e, R E R H AR
194 Wb . Kabisch 275 JT % B. subtilis ATCC
6051 1F A = R o3 WA AP IR B I AE W A T
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i, ZBL LytC SR ml LA &l 40 B i, Rl
SEXTEOUR B, XA IC RARE A BKM
X BRA KA R s A A L A5 B, TR, 5 A TR R
FHEL, IytC S8 A8 A B I HL A5 26 7 SN AR T T
2.4 IEHIFEYIKBEEUIRS R

v-RAHE M (y-polyglutamic acid, y-PGA) &
— R M RS R RRREY, Tz
FALH A 5 RS, HA R KA R
(A2 - 2405 P02 i A 2 R B A 1ot
e R B B2 T T I B i 1 2 K, AR 2 1R 2 ik
W L T-#RBESE FH T y-PGA, 3 S EUEMAE W&
BT FE PR S K . AT y-PGA IR %
KR, a0 AR R 4% 5x10°-10x10° . £ fh 4%
100x10°-700x10°, fkadldh g% 700x10°-1100%10°
252 1200%10°-2000x10°%, [, F&ML y-PGA
KA, SEHR y-PGA 431 & B MERG 45 il G I+
P2 R RAINY . CwlO F1 PgdS Sl TE s 2F 1t
FF & Bacillus amyloliquefaciens H' y-PGA F4 >
HEKfFME . b, @R Cwlo afidItH, WL
1 58705 B (R 20 B PR AR T BROIRBE 2, y-PGA Y=
TR R F 28%F1 29%, i W) A A
CwlO Fil PgdS Zif3L[H, y-PGA /= #itm T
93%, MM 4> AT L G 269%,

MreB Az H:Z5 L2 11 Mbl #1 MreBH A (Y 7E4E
Fraie s bR HEEAER, W H 53R RS R
I 5 38 o A A T A A T B DA G o SRR
B, TEMVER 2 FAF TR h ] MreB (3Rik, Af
PIE 2R A5 T 1 A LB R AR, y-PGA (177 i 2 5
T 55.7%. [AEf, H1F MreB RAEX} y-PGA /K fit
fift CwlO il LytE M/, FRAR T y-PGA 7K
fRFERE, y-PGA 4> F 425 T 8.1%, Iff mreBH
M ERES, y-PGA 7= A 43 ) 43 Jl 4 5
T 56.7%71 19.4%",

LRI, % 248 TR 25 M G 2 11 9 el el R AR A —
ERRE BT v-PGA KK R, H y-PGA 4Tt
PIFR TR AL/, SRR Bl X AH A IR S 8

% : 010-64807509

Ky AR PSR A T i, 454 ooihdl
B ZICHE RS BUEYEFAR, ol LT
BRI B 2 RS HEA AL, 3RS — RAUR R 4> T &
H) y-PGA, dE—E52H v-PGA 43 T iy Al % it4k
GICIECT

3 RELHRE

MR, AR TR A A Y E R
TS TRA 20 B A I 4 R R A I 2%, DT
P E A A A T, SERLR AR Y
Tl AR = o FJERH FRUZEY A BIE A AR M
REMI BRI, TR REAR L7 3 I Tl AR 7= 3R 8E
TC s R LB b R FEAEARYE T . AEIRE 2T, @
AR RE RIS RO, T DA RO R
TE P A MR . 38 S R R A R | el A
FRLAYSEZE M, DI K B 52 5 B P A0 A W B Ak
Fet . AR RS B T2 RRARAE b A AR 1
B, HEKNS, BEA TRIELAT EEYIHH
B, MHOCWFE RN A TR — R

AT TIBE TR ME N FEE T FtsZ,
SulA, MIinCD. MreB K HZEMIEAEDHEA
I, R 5 A R A 1 R K SRR DG 1 B P FE AN Ry
AL Hh R R EAE L, B AT DA
SRR [ S R AL IR AR ST B2 fifi e
22 0 T A5 B 11 B s BRI PR Bk Pl

5 40 T 25 R 6 A B R R A AR K
TR T, LR IR TR B LR SR ) 1 A R
ROMANME R, R T B A A RS B E WG
PR, RS A4 A O B P ZE AR TR) A B J 9 2Rk K
e, P RUE P AR R MO S Z MR . (A
BF, X F R A Py A2 SR U, b TR ECE K
S 0 A P A L A R SR AR, TR
RO T RIR R G 5 5 B ST IR AR T
Feik, PR Ak g ey % B2 PR 5 AR s
KRG TEEBE

T2 AR B K Je Ry e 2 v 8 ) B A 0 L 1
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7 AR A A A R R A T
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T35 A 18 07 P 2 8 g 40 i X R 00 R ) )
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P, RAWFSOIE S TR S a i & . AU
O AR R BRI AR AR Z R G R, AT
HE— 2D R AR A W i 3 A

FAT, B TR R AT B i B b 25 4
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