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Insights into the structure of Escherichia coli 
outer membrane as the target for engineering 
microbial cell factories
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Abstract 

Escherichia coli is generally used as model bacteria to define microbial cell factories for many products and to inves-
tigate regulation mechanisms. E. coli exhibits phospholipids, lipopolysaccharides, colanic acid, flagella and type I 
fimbriae on the outer membrane which is a self-protective barrier and closely related to cellular morphology, growth, 
phenotypes and stress adaptation. However, these outer membrane associated molecules could also lead to potential 
contamination and insecurity for fermentation products and consume lots of nutrients and energy sources. Therefore, 
understanding critical insights of these membrane associated molecules is necessary for building better microbial 
producers. Here the biosynthesis, function, influences, and current membrane engineering applications of these outer 
membrane associated molecules were reviewed from the perspective of synthetic biology, and the potential and 
effective engineering strategies on the outer membrane to improve fermentation features for microbial cell factories 
were suggested.
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Background
Escherichia coli is generally used as a model bacteria to 
define microbial cell factories for many products and 
to investigate regulation mechanisms. The engineer-
ing on metabolic pathway and regulatory factors always 
attracted our attention, and many effective strategies 
have indeed been achieved. Recently, the researches on 
membrane engineering to improve the efficiency of bac-
terial cell factories suggest the importance of outer mem-
brane (OM). As we know, the uptake of nutrients and 
export of products both need transmembrane transport, 
and the OM defined as the effective permeability barrier 
owns complex nanomachines spanning the cell envelope. 

The OM is also responsible for maintaining cell morphol-
ogy and cell sizes [1–3]. In addition, regulation of cel-
lular metabolism may change in response to changes in 
the structure of the OM. Therefore, better understanding 
the OM molecules are very important for engineering or 
optimizing the microbial producers.

The OM of E. coli plays important roles not only on the 
cell morphology, division, phenotypes, and stress adapta-
tions, but also on the intracellular metabolism. In E. coli, 
there are two distinct membranes: the OM and the inner 
membrane (IM) (Fig. 1) [4, 5]. And the envelope defines 
cell shape and allows the cell to sustain large mechanical 
loads such as turgor pressure [6]. It is widely believed that 
the OM could prevent the entry of hydrophobic com-
pounds and large hydrophilic molecules, and is respon-
sible for the intrinsic resistance of E. coli to antibiotics, 
detergents and dyes [7]. Recent report also demonstrated 
that the stiffness of E. coli cell envelope is largely due to 
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the OM [6]. The covalently cross-linked cell wall under-
pins the mechanical properties of the envelope.

Structurally, E. coli exhibits OM proteins (Omps), 
phospholipids, lipopolysaccharide (LPS), exopolysaccha-
ride (EPS), flagella and type I fimbriae on the OM with 
phospholipids in the periplasmic leaflet and LPS in the 
external leaflet, and various Omps populating this mem-
brane (Fig.  1). The OmpC and OmpF are the two most 
important OM porin proteins in E. coli, and control the 
passage of small molecule solutes into the cell interior 
[8]. Another important porin OmpA plays a structural 
role in the integrity of the bacterial cell surface [9]. The 

polysaccharide portion of LPS, EPS, flagella and fimbria 
are non-essential structures, and the relevant genes are 
listed in different operons in E. coli (Fig. 2). LPS contrib-
utes to the stiffness of the OM and the structural integ-
rity of bacteria [6]. There are ∼106 LPS molecules and 
∼107 glycerophospholipids per E. coli cell [7]. Phospho-
lipids consist of a glycerol molecule, a phosphate group, 
and two fatty acid moieties (except for cardiolipins) [10]. 
The phospholipids had been determined to be closely 
associated to cell division and DNA replication [11]. LPS 
is a negatively charged amphipathic molecule composed 
of three covalently linked moieties: lipid A, a proximally 

Fig. 1  Different molecules of the OM in E. coli. The cell envelope of E. coli has two distinct membranes: the OM and the IM. Structurally, OM is 
composed of phospholipids in the periplasmic leaflet and LPS in the external leaflet. LPS contain Kdo2-lipid A, core and O-antigen, and the latter 
two form the polysaccharide portion of LPS. The biosynthesis of sugar groups in polysaccharide of LPS are derived from glucose 6-phosphate, an 
intermediate of glycolysis. The polymerized CA is secreted into the surface of the OM in E. coli K-12. CA contains six sugar groups also derived from 
the intermediates of glucose metabolic pathways. The structural model of flagella and type I fimbriae exhibited on the membrane in E. coli K-12. 
The structure of flagella and type I fimbria are transmembrane anchored in the membrane with the flagellar filament and mycelium outside. The 
biosynthesis or function of LPS, CA, flagella and fimbria all need co-factors ATP
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located hydrophobic anchor that serves as an endotoxin; 
a core oligosaccharide, and a long polysaccharide called 
O-antigen (Fig. 1) [5]. LPS is an endotoxin that could be 
recognized by immune cells as a pathogen-associated 
molecule and elicit a strong immune response [7, 12]. 
E. coli can also produce and export polysaccharides to 
cell envelope (Fig.  1) [8]. In addition to the O-antigen, 
secreted polysaccharides with long-chain (∼105–106 Da) 
in the form of polymers (EPSs), or cell-associated capsu-
lar polysaccharides (CPSs) could also envelop the cell in a 
hydrophilic layer known as the capsule [13]. The polysac-
charides contribute to the self-protection for cells when 
response to the extreme stress environment [14, 15], but 
are generally non-essential under normal conditions. The 
biosynthesis of these long-chained polysaccharides for 
LPS and secreted polysaccharides consume a lot of car-
bon and energy sources.

In addition to the Omps, lipids and polysaccharides, 
E. coli cells also exhibit many flagella and type I fimbriae 
assembly on the envelope surface (Fig. 1), and they pro-
vide swimming and swarming motilities of cells [16]. Fla-
gella and the Type 1 fimbriae of E. coli are filamentous 
surface organelles, which mediate bacterial adherence to 
biotic and abiotic surfaces, leading to formation of bio-
film and colonization on infected hosts [17]. Motility is 

an important quality of many bacteria for exploring the 
environment for nutrients, escaping from predator graz-
ing and moving away from detrimental physicochemical 
conditions. However, the production and the rotation of 
flagella and type I fimbria are both energy-demanding 
processes for the cell [18]. Flagellar synthesis imposes 
a cost of approximately 2% of the biosynthetic energy 
expenditure of the cell in E. coli [19].

All these OM components are critical to ensure the 
normal physical functions of OM. However, these native 
OM structures in E. coli could lead to lots of unpleasant 
features on industrial application such as cytotoxicity 
[12], immune response [7], adhesion [17], biofilm forma-
tion [20], antibiotic resistance [21] and host invasion [16, 
21]. These might lead to unsafety and toxicity for many 
chemicals production, especially for edible or medical 
products such as amino acids, organic acids, inclusion 
bodies and others. The lipids including phospholipids and 
Kdo2-lipid A are related to membrane fluidity, stiffness, 
biorenewables tolerance and pathogenicity. Moreover, 
these non-essential membrane molecules biosynthe-
sis may become cell burdens consuming lots of nutri-
ents and energy sources, including co-factors NADPH, 
NADH, ATP, and intermediate metabolites derived from 
glucose metabolisms (Fig.  1). Notably, several studies 

Fig. 2  The involved gene clusters for LPS including core and O-antigen, CA, flagella and type I fimbria in E. coli 
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have showed that metabolic engineering on the pathways 
of membrane biosynthesis could significantly improve 
polyhydroxyalkanoates (PHA) production (Table  1). 
Hence, systematic and comprehensive understanding of 
the OM biosynthesis and function is important for better 
metabolic engineering and application development in E. 
coli. Here, we reviewed the biosynthesis pathway, func-
tions and engineering application of these OM compo-
nents, and make a based meaningful foreshadowing for 
metabolic engineering to yield genetically defined better 
overproducers.

Outer membrane proteins play important roles in stress 
resistance and cell wall rigidity
In E. coli, bout 50% of the OM mass consists of pro-
teins are anchored to the membrane [9]. The major 
porins OmpF and OmpC are closely related to the OM 

permeability, and allow ions, nutrient molecules, amino 
acids and sugars across OM [8]. Although it has been 
proposed that OmpC and OmpF are required under 
some harsh conditions in Gram-negative bacteria, E. 
coli cells are able to grow in the absence of these porin 
proteins [22]. The total amount of OmpF and OmpC 
pores remains constant in the E. coli membrane and vary 
slightly in response to changes in environment [8]. Nota-
bly, higher osmolarity or acidic pH environment could 
lead to the decrease of OmpC and OmpF in order to 
balance the physiological homeostasis of bacteria under 
extreme osmolarity and pH conditions [23]. OmpC and 
OmpF are required for hyperosmotic adaptation at pHs 
above 8.0, but not below 8.0 [22]. The transport of argi-
nine, lysine, and their decarboxylated products through 
OmpC and/or OmpF is essential for the survival of E. coli 
cells under extremely acidic conditions [24]. The pore 

Table 1  Improving the features and efficiency of microbial cell factories by membrane engineering

Strains Control strains Strategies Changes Refs.

 + pssA E. coli MG1655 Expressing pssA Increasing tolerance and produc-
tion of octanoic acid; the mem-
brane thickness; growth rate

[45]

Mutants overexpressing cti E. coli MG1655 Expressing cti from Pseu-
domonas aeruginosa

Increasing tolerance and produc-
tion of octanoic acid

[46]

PALK (pMS3- pelB-cti) Mannheimia succiniciproducens ΔldhA, Δpta, ΔackA, + pelB, + cti 
(Pseudomonas aeruginosa)

Reducing membrane fluidity; 
increasing tolerance and produc-
tion of succinic acid

[47]

CAR015-37Almgs(pPlsb-plsc) CAR015(pACYC184-M) overexpressing plsB and plsC 2.9-fold increase of β-carotene (m 
6.7 to 19.6 mg/g DCW)

[48]

CAR025-37Almgs(pPlsb-plsc) CAR025(pACYC184-M) overexpressing plsB and plsC 39% increase of β-carotene (from 
31.8 to 44.2 mg/g DCW)

[48]

Membrane engineering to improve PHA content %wt (Mutant/control)

E. coli

 WJW00 (pDXW-8-phaCAB) W3110 (pDXW-8-phaCAB) Truncating LPS by deleting gmhD 67.8%/22.4% [2]

 WJD00 (pDXW-8-phaCAB) DH5α (pDXW-8-phaCAB) Truncating LPS by deleting gmhD 78.6%/42% [2]

 WJJ00 (pDXW-8-phaCAB) JM109 (pDXW-8-phaCAB) Truncating LPS by deleting gmhD 84.8%/48.3% [2]

 JM109-murC2 (pBHR68) JM109 (pBHR68) Targeting on murC for peptidogly-
can synthesis via sgRNAs of 
CRISPRi

84.3%/78.85% [3]

 JM109-mraY4 (pBHR68) JM109 (pBHR68) Interfering mraY for peptidoglycan 
synthesis

88.4%/78.85% [3]

 JM109-ftsW2 (pBHR68) JM109 (pBHR68) Interfering ftsW for peptidoglycan 
synthesis

90.88%/78.85% [3]

 JM109-murE1 + murD2) (pBHR68) JM109 (pBHR68) Interfering murE and murD for pepti-
doglycan synthesis

90.29%/78.85% [3]

 JM109-(ftsW1 + ftsW4) (pBHR68) JM109 (pBHR68) Interfering ftsW for peptidoglycan 
synthesis

92.66%/78.85% [3]

R. eutropha

 HF39 DO10 H16 Interfering LPS biosynthesis by Tn5 
insertion in H16_A0803 (hldA)

38%/25% [59]

P. putida

 WJPP03 KT2442 Deleting 76 genes relevant to 
flagella and pili

63.1%/45.7% [116]
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size of OmpF is larger than that of OmpC, thereby allow-
ing more solutes including noxious agents to diffuse into 
the cell through the OmpF channel [8]. There are at least 
100,000 copies of OmpF per cell to form passive channels 
for translocation of hydrophilic solutes of < 600 Da across 
the OM [23].

OmpA protein with about 100, 000 copies per cell 
mainly functions in the integrity of the bacterial cell sur-
face to maintain cell shape [9]. The OmpA plays impor-
tant roles in anchoring of the OM to the bacterial cell 
wall with special interaction with peptidoglycan [25, 26], 
and maintain the position of the cell wall [27]. Because 
peptidoglycan is the major constituent of the bacterial 
cell wall and provides structural strength and controls 
cell shape, and its integrity is critical for bacterial sur-
vival [28]. Hence, the interaction of OmpA with the cell 
wall is believed to provide stability to the supramolecular 
assembly and result in cellular integrity [25]. In addition, 
OmpA also functions as an adhesin and invasin, partici-
pates in biofilm formation, acts as both an immune target 
and evasin, and serves as a receptor for several bacterio-
phages [29]. The ompA-deletion mutant was significantly 
more sensitive than that of its parent strain to sodium 
dodecyl sulfate (SDS), cholate, acidic environment, high 
osmolarity, and pooled human serum [30]. Therefore, 
Omps influence cell permeability, drug resistance, stress 
resistance and cell morphology. Engineering OmpC and 
OmpF may influence respond manners to acid stress; and 
engineering OmpA may influence cell morphology or cell 
wall rigidity. However, there is little reports on engineer-
ing Omps for building microbial cell factories.

Kdo2‑lipid A and phospholipids influence 
the pathogenicity and OM fluidity of E. coli
In E. coli, phospholipids and Kdo2-lipid A are cytoskel-
eton structures of the OM and are conservative (Fig. 3). 
The biosynthesis of lipids in OM is complex in E. coli [31, 
32]. The phospholipids are mainly consist of ∼ 5% car-
diolipin (CL), 20–25% phosphatidylglycerol (PG), and 
70–80% phosphatidylethanolamine (PE) [11, 33]. CL 
is derived from PG, and two molecules of PG form one 
CL molecule (Fig. 3a). Both PE and PG contain two fatty 
acid moieties, and four fatty acid moieties in a CL mol-
ecule (Fig. 3b). Kdo2-lipid A is structured with two mol-
ecules of UDP-N-acetylglucosamine (UDP-GlcNAc), two 
3-deoxy-D-manno-octulosonic acid (Kdo) residues, and 
six fatty acid moieties anchoring LPS to the OM (Fig. 3c) 
[4, 5]. During membrane synthesis, ∼20 million mole-
cules of fatty acids are synthesized in E. coli [34].

Modifications of both PG and PE are well-known in 
resistance mechanisms, especially in response to ami-
noglycosides and cationic antimicrobial peptides [35]. 
Kdo2-lipid A, as the bioactive center of LPS, is known 

to be responsible for the toxic effects of infections, and 
is recognized by the Toll-like receptor 4 (TLR4)/myeloid 
differentiation protein 2 (MD-2) complex [12, 36, 37]. 
Kdo2-lipid A also represents a significant obstacle for the 
effective delivery of numerous antimicrobial agents [12]. 
Moreover, many studies indicated that there are strong 
links between biosynthetic pathways of phospholip-
ids and lipid A [10]. The links appear valuable for deep 
understanding of a balance mechanism of membrane 
components in E. coli.

The fatty acid moieties for phospholipids and lipid A 
are derived from glucose metabolism, and the pathway is 
long and complex (Fig. 4) [10, 38]. The modeled interac-
tions between substrates and enzymes under steady-state 
conditions using Michaelis–Menten and mass action 
kinetics indicated that the phospholipids and Kdo2-lipid 
A have the common precursor [10]. The glucose uptake 
happened on the cell membrane, then the most glucose 
residues flux to Entner–Doudoroff pathway to synthe-
size Acetyl-CoA. Then two steps of metabolic reactions 
resulted in the trans-2-decenoyl-ACP, which acts as a 
common precursor not only fluxing to unsaturated fatty 
acids with enzymes FabAB, but also fluxing to the satu-
rated fatty acids with enzyme FabI. In E. coli, FadR acts 
as a repressor for the entire set of fad regulon genes [39], 
and also functions as an activator for unsaturated fatty 
acid biosynthesis pathway by increasing transcription of 
both fabA and fabB [40]. Among the biosynthesis process 
of saturated fatty acids, the β-hydroxymyristoyl-ACP, 
as the common precursor, could be shifted to saturated 
fatty acids by FabZ for phospholipids, also be shifted to 
lipid A disaccharide by LpxA and LpxC [10]. The bal-
ance between phospholipids and LPS biosynthesis are 
dependent on the balanced LpxA/LpxC and FabZ in E. 
coli cells, and is further regulated by FtsH and Lpp in 
E. coli (Fig.  4). Protease FtsH could regulate the proper 
amount of LpxC to avoid its overexpression [10]. The Lpp 
controls the proper pool of free fatty acids for the synthe-
sis of phospholipids and could help to restore the balance 
with LPS [41]. E. coli cells could regulate the composition 
and amount of phospholipids and Kdo2-lipid A as well as 
the modifications of Kdo2-lipid A to better adapt to the 
various environment conditions.

Engineering phospholipids or Kdo2‑lipid A facilitates 
chemicals production in medicine area
It is well established that lipids including Kdo2-lipid A 
and phospholipids provide integrity, stability and fluid-
ity to membranes by their 14 to 20 long fatty acids [42]. 
The shorter fatty acid chains, decreased CL and more 
unsaturated fatty acids could increase cell fluidity and 
reduce cell wall rigidity [42, 43], which would benefit the 
PHA inclusion bodies production [3]. But the depletion 
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of phospholipids including PE, PG and CL resulted in 
abnormal cell division because phospholipids participate 
in regulating DnaA protein-mediated initiation of E. coli 
chromosomal replication [44]. Hence, engineering lipids 
in OM need reasonable design to achieve useful applica-
tions in improving E. coli robustness and biorenewable 
tolerance and production [45, 46]. Tan et  al. found that 
increasing the expression of phosphatidylserine synthase 
(+ pssA) could significantly increase the tolerance and 
production of octanoic acid [45]; also make significant 
changes for membrane features such as larger bilayer 

thickness, increased membrane integrity, decreased 
hydrophobicity and more fatty acids production [46] 
(Table  1). The expression of cis–trans isomerase (Cti) 
from Pseudomonas aeruginosa in E. coli MG1655 did 
not increase membrane integrity, but significantly reduce 
the membrane fluidity. The similar strategy in Mannhe-
imia succiniciproducens also facilitates producing trans-
unsaturated fatty acid (TUFA) and reinforcing the cell 
membrane with decreased fluidity, and further improving 
succinic acid production in Mannheimia succiniciprodu-
cens [47] (Table 1). Engineering the membrane synthesis 

Fig. 3  Biosynthesis and structures of lipids in E. coli. a The biosynthesis pathway of PE, PG and CL in E. coli. The red colored genes are critical for 
the different biosynthesis pathways for PE, PG and CL. b Structures of PE, PG and CL. The blue colored parts of the structural formula highlight the 
differences of PE, PG and CL. c Structures of less toxic LPS for E. coli. PS-Kdo2-lipid A is the wild-type LPS in E. coli K-12, PS-MPLA is the less toxic LPS 
structure after the modification of LpxE deriving Francisella novicida in E. coli K-12, PS-pentaacyl-MPLA is the least toxic LPS structure after FLpxE 
expression and LpxM removal in E. coli K-12. The key groups and enzymes are colored in red or blue
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pathway by simultaneous overexpression of plsB and plsC 
could improve β-carotene production, which is attrib-
uted to the increased amount of membrane structures to 
provide more space to store β-carotene [48] (Table 1).

Kdo2-lipid A is the essential component of LPS in 
E. coli and the minimal structural component to sus-
tain bacterial viability [12]. Kdo2-lipid A differs from a 
typical phospholipid by owning six saturated fatty acid 
chains rather than two saturated or unsaturated chains 
(Fig.  3). Lipid A disaccharide could be sequentially 

converted into disaccharide-1-P, Kdo2-lipid A by a 
multiplicity of enzymes. The proper modification of 
lipid A could decrease the LPS toxicity. The expres-
sion of gene lpxE derived from Francisella novicida in 
E. coli could remove the 1-phosphate group to obtain 
less toxic PS-monophosphoryl-lipid A (MPLA), and 
further deleting gene lpxM could remove the 3′-sec-
ondery acyl chain (C14) to obtain PS-pentaacyl-
MPLA with further reduced toxicity (Fig. 3c) [36]. The 
MPLA had been developed as adjuvant [37], and the 

Fig. 4  The biosynthesis pathway of the fatty acids chain for E. coli LPS and phospholipids from glucose. The enzymes in red are responsible for the 
biosynthesis of phospholipids, and enzymes in blue are responsible for the biosynthesis of LPS



Page 8 of 17Wang et al. Microb Cell Fact           (2021) 20:73 

PS-MPLA showed decreased ability to activate the 
TLR4/MD-2 receptor of HKE-Blue hTLR4. Therefore, 
the attenuated modifications of lipid A in E. coli might 
be helpful to improve application safety for microbial 
cell factories; and better understanding phospholipids 
and Kdo2-lipid A contributes to design metabolic engi-
neering strategies to improve robustness and security 
of bacterial producers.

Polysaccharides of LPS consume lots of nutrients 
and influence cell phenotypes
The LPS structure and biosynthesis pathway have been 
studied in detail [7]. Briefly, core-lipid A is flipped by 
the transmembrane protein MsbA on the inner mem-
brane, the O-antigen unit is flipped and polymerized 
by Wzx and Wzy, respectively, forming O-antigen 
repeats, which are linked to the core-lipid A by WaaL 

Fig. 5  The model of the LPS and CA biosynthesis and transport pathway in E. coli K-12. a LPS biosynthesis and transport. Core-lipid A is upturned by 
the transmembrane protein MsbA on the inner membrane, the O-antigen unit is upturned and polymerized by Wzx and Wzy, respectively, forming 
O-antigen repeats, which are linked to the core-lipid A by WaaL to form the complete LPS, and then is transported into the OM by Lpt system. b CA 
biosynthesis and transport. The CA unit is synthesized in cytoplasmic, and assembled in membrane. Briefly, CA is the repeating polysaccharide unit 
assembled by various Glycosyltransferases (GT’s) at the C55-lipid linker by Wzx/Wzy dependent pathway, then is translocated toward the periplasm 
by Wzx flippase; and the polymerization for CA occurs via Wzy polymerase and the polysaccharide co-polymerase protein. The polymerized CA is 
secreted into the OM by Wza
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to form the complete LPS, and then is transported into 
the OM by Lpt system (Fig.  5a). The polysaccharide 
chain faces extracellular. The polysaccharide portion 
includes core oligosaccharide and O-antigen repeats. 
The LPS polysaccharides are non-essential under nor-
mal conditions, but help bacteria resist antibiotics and 
environmental stresses [34]. In E. coli K-12, O-antigen 
repeats are not present due to the inactivation of wbbL, 
which is responsible for the l-Rhamnose addition to 
the O-antigen unit. However, the genes involved in the 
biosynthesis and transfer of O-antigen are still exist in 
the genome, and sill responsible for the biosynthesis of 
other EPSs. Therefore, the existing enzymes of O-anti-
gen still lead to the consumption of nutrients.

The core of LPS is complete and present in E. coli 
K-12. The core is a branched oligosaccharide chain 
with phosphoryl substituents [49], and the neighbor-
ing LPS core molecules could be bridged by negatively 
charged phosphoryl substituents through divalent cat-
ion interactions [49]. In addition to the Kdo residue, 
the general sugar groups found in the core oligosac-
charides are four l-glycero-d-manno-heptose (Hep), 
three d-glucose and one d-galactose (Fig. 5a) [7], they 
are most derived from the carbon source glucose, and 
the biosynthesis pathway of their precursors is summa-
rized in the Fig. 6. The genes responsible for core exist 
in one cluster (Fig.  2 and Fig.  7) [50]. GmhD-WaaFC 
and WaaQ are required for biosynthesis and trans-
fer of l, d-heptose in the inner core [49]. WaaP and 
WaaY are responsible for the phosphate modifications 
of the inner core. The “ligase” WaaL coded by waaL 
is required to link O-polysaccharide to the completed 
core [51, 52]. WaaG, WaaB, WaaO, WaaR and WaaU 
are required for the addition of d-glucose, d-galactose 
and l, d-heptose in the outer core [7]. WaaS and WaaZ 
may be responsible for the addition of l-Rhamnose 
and Kdo on the second Kdo under certain conditions, 
but are non-essential. While the WaaA responsible for 
the bifunctional Kdo transferase [53] and a “non-LPS” 
enzyme CoaD encoding phosphopantetheine adenylyl-
transferase are essential [54]. Importantly, the knock-
out of waaCF encoding heptosyltransferase or gmhD 
encoding ADP-l-glycero-d-manno-heptose-6-epimer-
ase could block the polysaccharide portion attachment 
to Kdo2-lipid A. Heptosyltransferase adds an l-d-hep-
tose to Kdo2-lipid A, forming Hep-Kdo2-lipid A and 
Hep2-Kdo2-lipid A; and ADP-l-glycero-d-manno-
heptose-6-epimerase coverts the donor of ADP-l-d-
heptose from ADP-D-D-heptose. E. coli K-12 W3110 
mutants WBB06 [55] and WJW00 [56] could be used 
to produce Kdo2-lipid A. Furthermore, the least toxic 
structure Kdo2-P-MPLA could be synthesized by the 
mutant HWB02 [37].

Truncating the polysaccharides portion of LPS benefits 
to optimize the features and efficiency of microbial cell 
factories
In E. coli, the blocks to different groups of the polysac-
charide portion of LPS could cause different influences 
on cell phenotypes (Table  2). We speculated that cer-
tain characteristics observed in some mutants could be 
applied in industrial fermentation [57]. The deeply trun-
cated LPS had strongest impacts on E. coli cells, mainly 
including much lower toxicity, lack of motility, signifi-
cantly increased OM permeability, much stronger auto-
aggregation ability, sharply dropped biofilm formation 
ability and decreased antibiotic resistance, compared to 
the wild-type E. coli control (Table 2). The LPS mutants 
could be attenuated and may be more suitable to apply in 
industrial applications. The lack of motility together with 
the LPS truncation benefit saving more resources and 
energy sources for cells. The stronger auto-aggregation 
ability could reduce the costs for cells collection and cells 
broken. The weaker biofilm formation could benefit the 
sterilization of fermenters and contribute to avoid bacte-
rial contamination.

It is worth paying attention to the potential advantage 
of saving carbon and energy sources in LPS mutants. In 
wild-type E. coli K-12, the biosynthesis of LPS core con-
sumes approximately 16 × 106 more molecules of sugar 
than the minimal structure Kdo2-lipid A for each cell. 
When the LPS is truncated, the saved carbon sources 
may be fluxed to the central metabolic pathway to further 
produce more target products (Table 1) In Pseudomonas 
putida, the production of poly-3-hydroxybutyrate (PHB) 
decreases with the increase of LPS synthesis [58]; and 
PHB could be elevated to 38%wt in a LPS mutant Ralsto-
nia eutropha DO10, much higher than the control H16 
(25%wt) [59]; moreover, Zhang et  al. found that weak-
ening cell membrane and reducing cell envelope rigidity 
could significantly enhance the PHB production in E. coli 
JM109 [3]; and we recently demonstrated that LPS trun-
cation can efficiently improve PHB production (Fig.  7) 
[2]. The truncation of LPS facilitates an increase of 
75.6–200% in different E. coli strains [2]. These metabolic 
changes indicated that the lack of polysaccharide portion 
of LPS had significant influences on cells, which provides 
important theoretical reference for engineering better 
microbial cell factories for many products, especially for 
PHA inclusion bodies.

In addition, we also found that several deletion mutants 
for the polysaccharide of LPS could efficiently improve 
the colanic acid (CA) production [60]. The mutant lack-
ing WaaL-WaaQ in MG1655 significantly improved CA 
production by 5.6-fold to 0.278 g/ L than that of MG1655; 
and mutant lacking WaaF could also facilitate CA accu-
mulation. LPS pathway might have a huge priority to 
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CA pathway to use the common precursors. The results 
indicated that the reasonable engineering of the polysac-
charide portion of LPS could applied in improving CA 
production.

Biosynthesis of EPSs consumes lots of nutrients and leads 
to more biofilms
The EPSs are secreted or covalently linked to the outer 
layer LPS of OM. The EPS contains nucleic acids, lipids, 
and proteins in addition to polysaccharides, and takes up 

to 90% of the dry weight of the biofilm [61]. Functions 
of polysaccharides of EPS in biofilms formation is con-
cluded in Table 3 [61]. In E. coli K-12, the EPS is mainly 
formed as CA, which contributes to the resistance of bac-
teria to environmental stresses (desiccation, heat, acid, 
osmotic and oxidative stresses) [62]. CA is critical for the 
formation of the complex three-dimensional structure 
and depth of E. coli biofilms [63]. CA expression is tran-
scriptionally regulated by the RcsC-YojN-RcsB phospho-
relay system [64] and is assembled by a Wzy-dependent 

Fig. 6  The overview of metabolism pathways from glucose to the sugar nucleotide precursors for LPS and CA polysaccharides biosynthesis. The 
precursors in different colors represents the sugar components shown with the same color in LPS or CA structure. Glc-6-P, Glucose-6-phosphate; 
Glc-1-P: Glucose-1-phosphate; Ru5P: Ribulose-5-phosphate; X5P: xylulose-5-phosphate; R5P: Ribose-5-phosphate; S7P: sedoheptulose-7-phosphate; 
GlcN-6-P: 6-phospho-gluconate; GlcN-1-P: 1-phospho-gluconate; GlcNAc-1-P: Glucosamine-1-phosphate. The metabolites in different colors are 
corresponding with the differently colored groups in LPS and CA molecules
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polymerization system (Fig.  5b) [65]. The involved 21 
genes are distributed the operon near the chromosomal 
wb* (O-antigen biosynthesis) genes (Fig. 2) [66]. In over-
view, undecaprenol diphosphate (und-PP)-linked oligo-
saccharides unit are formed by glycosyltransferase Wca*, 
and then flipped across the inner membrane by Wzx pro-
tein and polymerized by WcaD (Wzy), and are exported 
to the surface at last [64]. One CA unit is composed of 

two molecules of l-fucose, two molecules of d-galac-
tose, one molecule of d-glucuronic acid, one molecule 
of d-glucose, one O-acetyl linked to the middle l-fucose 
and one pyruvate linked acetalically to galactose (Fig. 5b) 
[62, 66]. These sugar nucleotide precursors for CA could 
be synthesized from glucose (Fig. 6). The common sugar 
nucleotide precursors for CA and LPS polysaccharide are 
UDP-d-glucose, UDP-l-galactose, dDTP-l-rhamnose 

Fig. 7  Truncating LPS can efficiently improve the PHB production in E. coli. a The structure of LPS and the genes relevant to the polysaccharides 
portion of LPS. The enzymes in red are encoded by core cluster, and enzymes in gray are encoded by O-antigen cluster. b The mechanism 
analysis for the improved PHB accumulation by truncating LPS in E. coli. EMP: Entner–Doudoroff pathway; TCA: Tricarboxylic acid cycle; PP: Pentose 
Phosphate; GLC: Glucose; G6P: Glucose-6-phosphate; 3PG: 3-phosphoglycerate; PEP: phosphoenol pyruvate; PHB: poly-3-hydroxybutyrate. The key 
factors are highlighted with blue color for improving PHB production
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and O-Acetyl. Thus, when the LPS polysaccharide bio-
synthesis is blocked, these precursors might flux to the 
CA biosynthesis.

The synthesis of CA also consumes a lot of carbon 
sources. Under some stress conditions, when most of the 
cells are killed, many of those colonies that survive may 
be mucoid [67]. In this way, CA has become the main 
component of the biofilm in E. coli K-12 [63]. CA pro-
duction is not required for surface attachment, however, 
CA is critical for the formation of the complex three-
dimensional structure and depth of E. coli biofilms [63]. 
Bacterial biofilms have been described as sessile bacterial 
communities that live attached to each other and stick 
onto surfaces [68, 69]. Biofilm is so abundant in natural 
environments, but can also cause persistent, antibiotic-
resistant infections [68, 70], especially impinge signifi-
cantly upon our industrialized world [71, 72]. This is a 
trouble for industrial fermentation due to the possibility 
of clogging pipes [73, 74], contamination [75], insecu-
rity [76, 77] and biofouling [78, 79]. Excessive growth of 
biofilms and associated EPS would also greatly limit the 
diffusion of substrates and nutrients to the cells [80]. 
Therefore, metabolic engineering CA might be used as 
a tool to control biofilm formation. Blocking or reducing 
the CA formation on the cell surface by deleting genes 
relevant to CA biosynthesis or its regulatory genes rcs* 

could not only save nutrients but also significantly reduce 
biofilm formation [66].

Flagella and fimbria consume lots of energy sources
In addition to the lipids and polysaccharides, there are 
many flagella and fimbriae observed on the cell surface 
in E. coli K-12. The abundant flagella and type I fimbriae 
distribute on the surface of the bacterium (Fig.  1) [81]. 
The production and the rotation of flagella and pili are 
energy-demanding processes for the cell. In E. coli, one 
flagella filament consists of about 20,000 FliC protein, up 
to 10 μm and 20 nm in diameter [82]. Previous research 
has established that a flagellum is assembled from the 
inside out, beginning with the basal body embedded in 
the cell membrane [83]. The E. coli flagellum consists of 
six components: a basal body (including MS ring, P ring, 
and L ring), a reversible rotary motor, a switch, a short 
proximal hook, a long helical filament, and a type III fla-
gellar secretion system (T3FSS) as the export apparatus 
(Fig. 1) [83–85]. The involving genes are distributed three 
clusters (Fig. 2), [16]. Using the transmembrane electro-
chemical ion motive force to power the bacterial flagel-
lar motor, fast rotating flagella can propel the cell body 
at a speed of 15–100  µm/s [85–88]. FlhD and FlhC are 
flagellum-specific transcriptional activators responsible 
for the expression of all other flagellar genes [89]. The 

Table 2  Effects on E. coli cell by LPS structure modification

“ + ”: increased, “-”: decreased

Gene mutation LPS component Effects on cell Refs.

Deletion of waaB Glc3- Hep3-Kdo2-lipid A Auto-aggregation (+) [117]

Deletion of waaO or waaR Glc-Hep3-Kdo2-lipid 
A or Gal-Glc2- 
Hep3-Kdo2-lipid A

Biofilm formation (−), auto-aggregation (+) [117]

Deletion of waaC, waaF, waaP or waaG Kdo2-lipid A, Hep-
Kdo2-lipid A, or 
Hep3-Kdo2-lipid A

Flagella (−), biofilm formation (−), auto-aggregation (+),antibi-
otic resistance (−)

[117, 118]

Deletion of gmhD or waaC Kdo2-lipid A OM permeability (+), auto-aggregation (+), biofilm formation 
(−), antibiotic resistance (−),

[56, 117]

Deletion of waaCF and lpxM, integration of FlpxE Kdo2-pentaacyl-MPLA OM permeability (+), auto-aggregation (+), stimulating activi-
ties (−), antibiotic resistance (−)

[37]

Table 3  Functions of polysaccharides in biofilms formation [61]

EPS function Effect on biofilm

Adhesion Allows the initial steps and the long-term attachment of whole 
biofilms to surfaces

Aggregation of bacterial cells Enables bridging between cells and cell–cell recognition

Cohesion of biofilms Determines biofilm architecture and allows cell–cell communication

Protective barrier Confers resistance to nonspecific and specific host defense

Sink for excess energy Stores excess carbon under unbalanced carbon to nitrogen ratios
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flagellum-specific factor, FliA (σ28) together with the 
FlgM (anti-σ28) regulates the expression of level III genes 
to finish the complete biosynthesis of flagella [90]. Level 
III includes genes for late morphogenesis, energy trans-
duction, and signal processing [91]. The flagellar filament 
is assembled from tens of thousands of flagellin subunits 
that are exported through the flagellar type III secretion 
system [92]. The export efficiency of the flagellar type 
III secretion system depends on its energy source [93]. 
Insufficient cytoplasmic flagellin supply results in the 
pauses in flagellar growth, thus different flagella on the 
same E. coli cell show variable growth rates with correla-
tion [92]. According to this, the biosynthesis and rotor of 
numerous flagella in E. coli consume lots of energy, and 
removing structural proteins including rotary motor or 
the regulators controlling flagella rotor may benefit to 
save energy.

E. coli cells exhibit many type I fimbriae are filamen-
tous structures on their surfaces [94]. Type I fimbriae are 
filamentous tubular structures of 0.2–2.0  mm in length 
and 5–7  nm in diameter, with between 500 and 3000 
major FimA pilins forming the fimbrial shaft [94, 95], 
monitoring in the OM. These fimbriae are secreted by 
the chaperone/usher pathway [96]. The fimbriae biosyn-
thesis involves 9 genes in one cluster (Fig. 2) with fimA-
H operon located near the regulatory recombinase fimB 
and fimE transcription units[97–99]. These gene mutants 
exhibited strongly repressed swarming motilities but no 
significant repression of swimming motility [100]. The 
fimA, fimC, and fimD gene products are essential for con-
structing the fimbrial fiber. The fimF and fimH mutants 
were reported to have markedly reduced numbers of fim-
briae per cell [100]. Type I fimbriae contribute to bladder 
colonization by binding to α-d-mannosylated proteins 
using a tiplocated FimH adhesin in E. coli [94, 101]. Cpx-
signaling system consisting of CpxA (sensor kinase) and 
CpxR (response regulator) pathway is involved in the 
regulation of adhesion-induced gene expression, dele-
tion of cpxA could completely inhibit the swarming in E. 
coli, but not in cpxR mutant [100]. In addition, the energy 
coupled with TonB for the secretion is generated at the 
IM by the proton motive force, which facilitates the gat-
ing in the OM channel [102]. Powering the large confor-
mational rotation of the plug domain also need a lot of 
energy sources [96]. Therefore, the type I fimbria in E. 
coli consumes lots of energy, and could be removed by 
deleting structural genes or signaling gene cpxA.

Removal of flagella and fimbria benefits to reduce biofilm 
and to increase growth rate, energy, co‑factors, and PHA 
production
Previous studies proved that cell-surface polymers 
such as filamentous proteins fimbriae and flagella could 

influence the bacterial attachment process on hosts or 
inert surfaces [103]. Thus the flagella and fimbriae can 
stabilize the biofilm matrix and colonization on infected 
hosts [61]. In E. coli K-12, motility is important for initi-
ating biofilm formation at least at the early stages [104], 
and lack of motility significantly reduced the biofilm for-
mation [105]. Deletion of flhD or fliC could result in fla-
gella structure defect and a severe biofilm defect [104]. 
Likewise, mutations that paralyzed the flagellar motor 
but left the intact structure could also cripple the biofilm 
formation [104]. Type I fimbriae largely increased the 
attachment and the transformation ratio during the first 
phase of biofilm formation [106].

Thus, the existence of flagella and pili is also harmful to 
the bacteria industrial fermentation. In addition, the pro-
duction and the rotation of flagella and pili are energy-
demanding processes and a considerable metabolic 
burden for cells. In order to maintain the motility, cells 
consume more ATP [82, 94]. In E. coli, flagellar synthesis 
imposes a cost of approximately 2% of the biosynthetic 
energy expenditure of the cell [18, 107]. Thus, paralyz-
ing the flagella or pili biosynthesis could be a good meta-
bolic engineering strategy to save more resources and 
energy source. Indeed, the removal of entire flagella and 
fimbriae biosynthesis gene clusters had been performed 
for the minimal genome platform constructions in E. coli 
[108–114] and P. putida [18, 115]. Although flagella are 
important structures for coping with environmental cir-
cumstances, under certain conditions, not having this 
organelle could provide the bacteria with more energy 
and/or reducing power. But the expression of flagella is 
not crucial for survival, and losing this appendage could 
save the imposed metabolic burden for cells [18, 19, 110, 
113–115]. Especially in P. putida, non-flagellated mutant 
could increase biomass, increase 30% energy charge and 
20% NADPH/NADP+ ratio, improve tolerance to oxida-
tive stress and stationary phase viability compared with 
the wild-type KT2440 [18, 115]. Our recently study also 
showed that deletion of 76 genes involved in flagella and 
pili in P. putida significantly reduced the biofilm forma-
tion and intracellular level of c-di-GMP, but grew faster, 
and significantly enhanced the PHA production [116]. 
We found that the biomass, PHA yield, and content 
of deletion mutant WJPP03 increased 19.1, 73.4, and 
45.6%, respectively [116]. Therefore, deletion of the genes 
involved in flagella and fimbriae biosynthesis could be 
applied in the metabolic engineering constructions for 
robust microbial cell factory.

Conclusion
Escherichia coli K-12, as a typical Gram-negative bacte-
ria, has been widely used as a cell factory producer for 
many products, such as amino acids, organic acids and 
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PHA inclusion bodies, especially applications in food, 
medicine or renewable biological resources. However, 
E. coli still has the food insecurity due to the presence 
of some molecules in OM, because Kdo2-lipid A could 
cause immune responses, polysaccharide of LPS, EPSs, 
flagella and fimbria could cause biofilm formation, which 
leads to bacterial contamination. In this review, we con-
cluded the structures, biosynthesis, function, influences 
and metabolic engineering applications of the OM mol-
ecules in E. coli, and try to provide some references for 
constructing better microbial cell factories.

The biological safety of gram-negative bacteria for 
industrial application attracts our attention. Accord-
ing to the analysis for the OM molecules, We suggested 
that efficient strategies targeting membrane engineer-
ing could be developed for common bacterial producers. 
To reduce LPS toxicity, the Kdo2-lipid A portion of LPS 
could be modified to the structure PS-pentaacyl-MPLA 
by expressing FLpxE expression and removing LpxM in 
E. coli K-12. In addition to Kdo2-lipid A, the polysaccha-
ride portion of LPS could be truncated to increase the 
permeability and auto-aggregation, and save more car-
bon sources, and decrease the biofilm formation [56]. 
The EPSs could also be removed to avoid consuming 
many carbon sources and energy, and reduce biofilm for-
mation. The flagella and fimbria are also usually deleted 
for the construction of a minimal genome strain platform 
[6, 19, 114], we also suggested that flagella and fimbria 
should be removed in common metabolic engineering to 
yield genetically defined overproducers or starting plat-
forms. It is believed that proper membrane engineering 
would not only reduce the cell burden, but also improve 
the bacterial fermentation features for constructing bet-
ter synthetic biological platforms. In conclusion, the sys-
tematical and comprehensive understanding of the OM 
molecules would benefit developing more potential met-
abolic engineering strategies to improve the efficiency 
and safety of microbial cell factories.
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