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Abstract

Research on microbial fatty acid metabolism started in the late 1960s, and till date, various developments have aided in eluci-
dating the fatty acid metabolism in great depth. Over the years, synthesis of microbial fatty acid has drawn industrial attention
due to its diverse applications. However, fatty acid overproduction imparts various stresses on its metabolic pathways causing
a bottleneck to further increase the fatty acid yields. Numerous strategies to increase fatty acid titres in Escherichia coli by
pathway modulation have already been published, but the stress generated during fatty acid overproduction is relatively less
studied. Stresses like pH, osmolarity and oxidative stress, not only lower fatty acid titres, but also alter the cell membrane
composition, protein expression and membrane fluidity. This review discusses an overview of fatty acid synthesis pathway
and presents a panoramic view of various stresses caused due to fatty acid overproduction in E. coli. It also addresses how
certain stresses like high temperature and nitrogen limitation can boost fatty acid production. This review paper also high-
lights the interconnections that exist between these stresses.
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Introduction

Microbial fatty acids enable a cell to form membranous com-
ponents that are essential for its structural integrity. These
fatty acids also serve as an alternative energy reservoir [1,
2]. Depending upon the carbon chain length, fatty acids can
be broadly classified as Short-Chain Fatty Acids (SCFAs),
Medium-Chain Fatty Acids (MCFAs) and Long-Chain Fatty
Acids (LCFAs). Fatty acids with 1-6 carbon atoms (C) are
considered as SCFAs whereas those between 7 and 12 C are
categorised as MCFAs and fatty acid having more than 12
C are classified as LCFAs [3, 4]. Over the years, microbial
fatty acids have grabbed immense attention on an industrial
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scale. SCFAs are required for synthesis of polymers and pre-
servatives like volatile fatty acids (VFAs), whereas MCFAs
are favoured as health supplements and LCFAs are preferred
for biofuel production [5-9]. Thus, microbial fatty acids
have diverse applications and E. coli serves as a classical
paradigm for microbial fatty acid research.

The basal ability of E. coli to produce fatty acids can be
further increased by overexpressing/deleting few of the key
genes or rate-limiting enzymes of fatty acid biosynthesis
pathway [10-13]. Acetyl-CoA Carboxylase (ACC), a rate-
limiting enzyme of fatty acid synthesis pathway, plays an
important role in catalysing carboxylation of acetyl-CoA to
form malonyl-CoA. The conversion of acetyl-CoA to malo-
nyl-CoA is the committing step towards fatty acid synthesis.
Hence, fatty acid titres can be increased by overexpressing
acc gene along with other genetic alterations [13]. Accord-
ing to their results, a fatty acid producing strain yielded six
times more fatty acids (691 mg/L) than the control strain
(100 mg/L) by overexpressing an exogenous acc, pantoth-
enate kinase (coaA) and fasA to supplement high levels of
malonyl-CoA, coenzyme-A and enhancement of fatty acid
pathway, respectively. Due to these genetic alterations, con-
sequences like slow growth rate, high pH of the medium and
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high turbidity were observed. Factors like end-product toxic-
ity and metabolic stress imparted during fatty acid overpro-
duction could be the possible reasons for delayed cell growth
whereas repressed acid generation by fatty acid producing
strain led to increase in the pH of the medium. However, the
study reported low level of confidence over high turbidity
values. Turbidity indicates the presence of particulate mat-
ter in the medium (including dead and alive cells along with
cell debris). Therefore, high turbidity implies increased cell
number, but according to the transmission electron micro-
scope (TEM) images, the observed cell number of fatty acid
producing strain was lesser in comparison with the control
strain. Also, the cell size of fatty acid producing strain was
larger than the control strain due to intercalation of overpro-
duced fatty acids in the inner membrane. Hence, the turbid-
ity values do not co-relate well with its cell count.

Apart from overexpression, fatty acid titres can be
increased further by deleting fadD gene, encoding FadD
(fatty acid degrading enzyme) and thereby increasing the
fatty acid pool. In this manner, a combinatorial strategy of
ACC overexpression and fadD deletion will increase the flux
of acetyl-CoA towards fatty acid synthesis and block the
fatty acid degradation, respectively. A study by Xu et al.
reported fatty acid yield that was increased to 8.6 g/L by
combinatorial strategy along with overexpression of trun-
cated thioesterase, fesA’, an enzyme responsible for cleav-
ing fatty acids. In an attempt to increase fatty acid titres,
researchers also tried to co-overexpress genes of glycolytic
pathway and fatty acid pathway. However, sub-optimal pro-
duction of fatty acid was observed due to metabolic imbal-
ance. Therefore, a fine tuning of various metabolic network
is necessary to uphold its maximum fatty acid production.
Till date, 21.6 g/L is the highest fatty acid yield achieved
with the help of advanced techniques like CRISPRi-Omics
[14].

In these reports, though the ability of E. coli to over-
produce fatty acid was fostered, several genetic alterations
impart various stresses on its metabolic pathways. These
stresses cause changes in cell membrane composition, thus,
affecting the membrane fluidity, which thereby restricts the
movement and orientation of transmembrane proteins [15].
Along with membrane integrity, expressions of various
genes of fatty acid metabolism also lead to low fatty acid
titres. This is due to the diversion of the cell’s resources to
circumvent the stresses for survival, rather than increasing
fatty acid titres.

Numerous strategies have been published for increas-
ing the fatty acid titres; however, effect of stresses elicited
during fatty acid overproduction is relatively unexplored.
Understanding the stress mechanism and its effect on fatty
acid synthesis can consequently assist in tackling the prob-
lem in a better manner. In the current review paper, we pre-
sent a bird’s eye view of the effect of various stresses on fatty
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acid overproduction in E. coli. We discuss different stresses
like pH, osmolarity and oxidative stress to give an insight
on the interconnectedness between these stresses, and their
cumulative negative impact on fatty acid synthesis pathway.
This review also addresses a few of the stresses like tempera-
ture and nitrogen limitation (C/N ratio), which are known to
enhance fatty acid production.

Overview of Fatty Acid Metabolism

Fatty acid pathway is one of the important metabolic path-
ways, which is tightly regulated inside a cell, under different
growth phases. Depending upon the environmental stimu-
lus, the rate of its anabolic and catabolic reaction varies.
Figure 1 shows an overview of fatty metabolism in E. coli.
Fatty acid metabolism can be divided into four phases: (a)
initiation/synthesis, (b) elongation, (c) termination and (d)
degradation. Formation of acetyl-CoA via glycolysis is the
nodal point for various pathways and has different fates. The
acetyl-CoA is either channelised towards energy yielding
pathways like TCA or to form acetate as a secretory by-
product, or can be redirected towards fatty acid synthesis.
The initial step of fatty acid synthesis pathway is
the carboxylation of acetyl-CoA to form malonyl-CoA
under the influence of acetyl-CoA carboxylase (ACC)
as discussed above. ACC is a rate-limiting multienzyme
complex having multiple regulations by various regula-
tors (FadR, GInB), substrate (a-Ketoglutarate), feed-
back inhibition (palmitoyl-CoA), etc. [16, 17]. Malonyl
Transacylase (FabD) and acetoacyl-ACP synthase (FabH)
accompanies ACC in the initiation phase of the fatty acid
synthesis pathway (Fig. 1). FabD converts malonyl-CoA
to malonyl-ACP by capping Acyl Carrier Protein (ACP)
whereas FabH condenses another molecule of acetyl-CoA
with the pre-synthesised malonyl-ACP to form acetoa-
cetyl-ACP [18]. The formation of acetoacyl-ACP serves as
a primer for fatty acid chain elongation. Fatty acid chain is
then elongated by various fab-cluster enzymes like FabH,
Fabl, FabA, FabB, etc. During every elongation cycle, a
fresh acetyl-CoA molecule is added to the existing fatty
acid backbone and thereby increasing the carbon chain
length. At this point, the nature of the fatty acid chain like
the degree of fatty acid saturation can be wired by regu-
lating expression of FabA, FabB and FabF [19]. After the
elongation phase, the growing fatty acid chain is cleaved
and liberated from ACP by acyl CoA-thioesterase (TesA)
releasing Free Fatty Acids (FFA) [20]. The TesA activity
determines carbon chain length and, thus, terminates the
reaction [21]. The cleaved FFA chain can be stored as
an alternative energy reservoir by incorporating into cell
membrane or can be exported across the cell membrane
(Fig. 1). Depending upon the energy requirement, stored



Molecular Biotechnology (2022) 64:373-387

375

7

!
'

Pyruvate

4

—_—

@)

3-Hydroxyacyl-ACP

Glucose 1

!
Acetyl-CoA Malonyl-CoA Malonyl-ACP —m——————

FabB

Acetoacyl-ACP
[
Acyl-ACP __6___. Free fatty acids

ED e @D D
2

Cytosol\

Membrane integration

o |

— FFA

Acetyl-COA <«—— Fatty acid degradation

z
—Qh

=/

(___J: Initiation/Synthesis

(C_): Elongation

Fig. 1 Fatty acid metabolism in E. coli

fatty acids or external fatty acid sources are degraded
by Acyl-CoA synthetase (FadD) and other Fad cluster
enzymes where fatty acids are used as a substrate (Fig. 1)
[22, 23]. Degradation of fatty acid releases free acetyl-
CoA, which can be reused for energy production via TCA
cycle or can be consumed to synthesise fatty acids. All the
four phases of fatty acid metabolism are tightly regulated
by regulators like FadR and FabR. FadR is a global regu-
lator which has a positive regulation on Fab cluster genes
and a negative regulation on Fad cluster genes, whereas
FabR has negative regulation on expression of fabA and
fabB [24-26].

In case of SCFA, MCFA and LCFA overproduction,
choice of thioesterase is a crucial aspect, due to its fatty
acid chain length specificity, which is distinctive from other
types of fatty acid synthesis strategies [20]. The native E.
coli thioesterase (tesA) generates FFA distribution of 54%
unsaturated fatty acids (UFA) and 46% saturated fatty acids
(SFA) approximately, with broad chain length specificity
[21, 27]. However, desired fatty acid chain length can be
tailored by co-expressing exogenous thioesterase in E. coli.
The exogenous source of thioesterase can be of bacterial
origin or of plant origin. However, expression of exogenous
TesA leads to impaired aerobic respiration, phage shock
regulon activation, poor membrane integrity and loss of cell
viability during fatty acid overproduction [21]. Therefore, it
is imperative to understand the effect of various stresses on
fatty acid overproduction before strain construction, in order
to design a strategy that facilitates maximum yield.

() : Termination (" ): Degradation

Stresses Generated Due to Fatty Acid
Overproduction

pH and Osmotic Stress

Maintaining optimum pH and osmolarity is a crucial task
for the optimum functioning of the cell. Fluctuations in pH
affect various cellular processes like protein folding and sta-
bility, enzyme activity, reaction conditions, thermodynam-
ics, etc., whereas cellular osmolarity helps maintain the
turgor pressure across cell membrane. Any drastic change
in the pH and osmolarity of the medium can result in cell
death. pH and osmotic stress are two of the stresses elicited
concomitantly during fatty acid overproduction, prompting
intracellular and extracellular damages [28-30].

A cell engineered for fatty acid overproduction, accumu-
lates overproduced fatty acids in the membrane, or excretes
it across the membrane in the form of FFA [13, 31]. Depend-
ing upon the pH of the medium, these fatty acids either exist
in its acidic form (protonated) or in the form of its conjugate
base (deprotonated) [32]. This can be expressed in terms of
acid dissociation constant, pKa. pKa value determines the
pH required for any chemical compound to donate/accept H*
ion. Fatty acid occurs in its protonated state if the environ-
mental pH is lesser than the pKa value of fatty acid whereas
if the environmental pH is higher than pKa value, fatty acid
occurs in its deprotonated state [32]. Thus, deprotonation
of fatty acid (R-COOH — R-COO~ + H?") increases with
increase in environmental pH [28, 29].
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Unlike wild-type strain, engineered fatty acid producer
increases the pH of the medium due to its poor acetate flux
[1, 31]. Zhang and his colleagues observed an increase in
the pH of the medium from 6.5 (16 h) to 7.5 (48 h) by the
fatty acid producer, as compared to the control strain (pH
5.5 at 16 h, pH 5 at 48 h). Under such circumneutral con-
ditions, fatty acids like hexanoic acid (C6), octanoic acid
(C8) and decanoic acid (C10) will deprotonate and lead to
increase in the H ion concentration in the medium during
stationary phase. The accumulation of H* ions leads to a
drop in the pH of the medium imparting extracellular pH
stress (Fig. 2) [33]. A study aiming at octanoic acid over-
production observed medium acidification up to pH 5.5 with
fatty acid yields of 0.0385 g/g glucose, which is only about
11% of its theoretical value (~0.34 g/g glucose) [34]. The
octanoic acid gets deprotonated after getting excreted into
the medium, causing a drop in the pH of the medium. This
disturbs the ion gradient across the membrane, challenging
the cell survival and thereby lowering octanoic acid yield.

Fatty acid overproduction also imposes extracellular
osmotic stress (Fig. 2). It is well known that the internal
turgor pressure of a cell is higher than the environmental
pressure [35, 36]. However, due to accumulation of fatty
acids in the medium, the environmental osmotic pressure
exceeds the internal turgor pressure imparting extracellular
osmotic stress (Fig. 2) [37]. In such cases, medium compo-
nents play an important role to maintain the external osmotic
pressure. Industries prefer sustainable and cheap alternative
carbon sources like lignocellulosic waste (LCW) as a growth
medium. The hydrolysis and other pre-treatments of LCW

includes alkali treatment using different kinds of caustic salts
like KOH and NaOH [38]. These salts may get incorporated
into the growth medium even after purification. Bacterial
cells can tolerate these salts during initial phase of fatty acid
fermentation; however, with the increase in product forma-
tion, these salts enhance the detrimental effects of osmotic
stress elicited due to fatty acid accumulation [39]. So, the
fatty acid overproduction is not only affected by its own
synthesis but also by its growth medium composition. Other
than salt-induced osmotic stress, synthesis of SCFAs as a by-
product is a secondary effect of lignocellulosic fermentation.
SCFAs like formic acid (C1) and levulic acid (C5) are few
of the lignocellulosic hydrolysate (LCH) inhibitors formed
during lignocellulosic fermentation. These LCH-derived
inhibitors decrease intracellular ATP levels and inhibits
DNA synthesis/repair, macromolecule biosynthesis and gly-
colytic enzymes [39]. Thus, extracellular pH-osmotic stress
poses an obstacle to obtaining high secretory/extracellular
fatty acid titres.

Overproduction of SCFAs and MCFAs can also induce
intracellular pH-osmotic stress when an E. coli system
is engineered to overproduce cellular fatty acids [28, 40,
41] (Fig. 2). These fatty acids, when overproduced, are
excreted across the membrane via ArcAB-TolC complex,
an efflux porin, but may re-enter the cell via OmpF, an outer
membrane protein engaged in passive diffusion of SCFAs,
MCFAs and other molecules [11, 42]. In E. coli, the normal
intracellular pH is 7.13 whereas it has pH buffering capacity
till pH 6.55 [43]. The neutral intracellular pH causes depro-
tonation of re-entered fatty acid leading to increase in the
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concentration of fatty acid anion and H* ion. The accumula-
tion of fatty acid anion further increases the internal turgor
pressure and imparts intracellular osmotic stress whereas H*
ions accumulation leads to intracellular pH stress concomi-
tantly [28, 29, 35, 44, 45]. These findings strongly suggest
the interconnection between pH stress and osmotic stress
during fatty acid overproduction in E. coli.

Other than these stresses, integration of fatty acid in the
membrane is another challenge for maintaining the mem-
brane integrity while overproducing fatty acids. As com-
pared to other types of fatty acids, SCFAs and MCFAs
have distinctive property of membrane intercalation [11,
20]. Due to their relatively small size and partial solubil-
ity in the membrane, SCFAs and MCFAs readily integrate
into the inner membrane, leading to increase in the mem-
brane fluidity. The integrated fatty acid molecule increases
membrane fluidity by reducing hydrophobic interactions
between fatty acid tails as they flow laterally within lipid
bilayer [11, 46]. A cell with increased membrane fluidity
is more prone to pH-osmotic stress. Thus, the cumulative
effect of pH-osmotic stress and poor membrane integrity
instigates bactericidal activity of SCFAs and MCFAs [28,
47]. This becomes a major concern when a system is engi-
neered for overproduction of SCFA or MCFA. Volker et al.
reported incomplete glucose consumption by a butyrate (C4)
producer, due to end-product toxicity [48]. Thus, the max
butyrate yield obtained was 1.77 g/L at 25% glucose con-
sumption. Bactericidal activity of the overproduced butyrate
led to reduction in the cell count, causing incomplete glu-
cose consumption and ultimately, thus, restricting its own
yield.

In response to the extracellular and intracellular pH-
osmotic stress, RpoS, a master stress regulator, activates
Cyclopropane Fatty Acid (CFA) synthase and GadBC com-
plex (Fig. 2) [49-52]. When a cell is exposed to acidic or
hyperosmotic environment, RpoS induces CFA synthase to
cyclise UFA reservoirs into CFA [49, 52-54]. CFA synthesis
decreases the unsaturation of membranous fatty acid, caus-
ing decrease in the membrane fluidity. This makes the cell
membrane rigid, thus, blocking the re-entry of extracellular
H™ ions and conferring tolerance to stress. During intracel-
lular pH stress (pH 4-5), RpoS-induced GadB (Glutamate
decarboxylase) and GadC (Gamma-Aminobutyric Acid
(GABA) antiporter) help to mitigate the stress [55, 56]. By
using intracellular accumulated H* ions, amino acids like
glutamate get decarboxylated by GadB leading to GABA
formation. GABA is then transported outside the cell via
GadC. This Gad system assists in restoring intracellular pH
[31,57].

One of the systems integrated with RpoS is the ppGpp
alarmone signalling. The synthesis, degradation and activ-
ity of RpoS is ppGpp dependent [49]. During acid stress,
ppGpp alarmone levels get raised leading to downregulation

of various genes like fadR, plsB and upregulation of certain
genes like cfa, fabA, fabB, etc. [1]. The ppGpp regulation on
cfa and fadR gene expression is shown in Fig. 2. Downregu-
lation of FadR by a more stringent response alarmone like
ppGpp enables the cell to utilise its fatty acid synthesising
and degrading machineries concomitantly. Along with CFA
synthesis, ppGpp also promotes degradation of excess of
fatty acids produced during acid stress. This disables the side
reactions, which otherwise fall under the control of FadR.
The acetyl-CoA generated during fatty acid degradation is
then reused, either to synthesise CFA/other fatty acids, or
to produce energy via TCA cycle. In this manner, ppGpp
alarmone supervises fatty acid metabolism and energy con-
servation during acid stress.

The problem of re-entry of fatty acids and its intercalation
in the cell membrane are controlled by blocking its entry
via OmpF and FadL (an outer membrane protein engaged
in LCFA influx) [11, 58-60]. Transmembrane proteins like
OmpF and FadL are tightly regulated by the EnvZ-OmpR
Two-Component System (TCS) (Fig. 2). EnvZ-OmpR
TCS is involved in pH and osmoregulation by regulating
approximately 1360 genes [61]. During pH-osmotic stress,
the EnvZ-OmpR TCS recognises differences in the pH and
osmolarity. Upon stress recognition, EnvZ (histidine kinase
protein) gets self-phosphorylated and transfers the phosphate
group to OmpR (DNA binding regulator) [43]. Phospho-
rylated OmpR regulates the transcription of various genes
depending upon its degree of phosphorylation [62]. During
pH-osmotic stress, OmpR lowers OmpF and FadL expres-
sion via upregulation of non-coding MicF RNA, a negative
regulator of OmpF-FadL protein [60, 63—66]. MicF RNA
controls OmpF-FadL expression by binding to their corre-
sponding mRNAs, leading to formation of secondary struc-
ture. The secondary structure induces mRNA degradation
and, thus, prevents their translation [67].

Oxidative Stress

Reactive oxygen species (ROS) are a type of highly reac-
tive molecules derived from oxygen metabolism [68]. These
unstable molecules cascade a chain reaction causing irre-
versible damage to various biomolecules leading to oxidative
stress [69]. ROS like superoxide, peroxide, hydroxyl radicals
etc. affect lipids, nucleic acids, proteins and other metabolic
reactions which may even cause cell death [70]. Aerobic
respiration has the potential to produce and scavenge ROS.
A balance between ROS production and ROS detoxification
is necessary for a cell to function properly. At steady state,
the intracellular concentration of ROS like superoxide and
hydrogen peroxide is ~0.2 and ~ 50 nM, respectively [71].
Overproduction of fatty acids with the help of gene-editing
techniques increases respiration rate and thereby disturbs the
steady state leading to oxidative stress [72].
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Oxidative stress represents an imbalanced condition
wherein oxidants outnumber antioxidants. During aerobic
growth of E. coli, electron transport chain (ETC) is the
major contributor of reactive species. Oxidation of ETC
enzymes (NADH dehydrogenase, D-lactate dehydrogenase
and succinate dehydrogenase) by molecular oxygen leads
to formation of superoxide and hydrogen peroxide [73].
These reactive species at low concentration serve as signal-
ling molecules; however, at higher concentrations, they can
cause oxidative stress [69]. Genes of nuo and cyo operons
(nuoH, nuol, nuoJ, nuoN, nuoM, cyoD, cyoC, cyoE, etc.)
encoding transmembrane proteins of ETC are upregulated
during fatty acid overproduction [72]. These proteins are
engaged in maintaining proton motive force (PMF) across
the cell membrane. PMF is the flow of ions depending on the
electrochemical gradient across the membrane. The proto-
nated fatty acid anion acts as an uncoupling agent by inter-
acting with the ATP synthase and disturbing the PMF. This
is magnified in case of fatty acid overproducing strains. The
impaired PMF induces upregulation of nuo and cyo oper-
ons, which increases the cellular respiration rate, thereby
increasing the oxidation of ETC enzymes by molecular oxy-
gen. This creates an imbalance wherein oxidants outnumber
antioxidants leading to escape of ROS. Accidental auto-oxi-
dation of flavoproteins by these ROS generates additional
superoxide and flavosemiquinone [71]. High concentration
of these ROS further oxidises nearby compounds impart-
ing oxidative stress. Along with high respiration rate, the
intracellular osmotic stress induced during fatty acid over-
production impels transmembrane proteins to transverse or

“flip” fatty acids across the membrane. The pressure exerted
on transmembrane proteins creates a localised spot for ROS
production near inner membrane causing membranous oxi-
dative stress as shown (Fig. 3) [21, 72]. Thus, membrane
alterations in response to any other stress can also impart
oxidative stress [72, 74].

Overproduction of MCFA led to phenotypic aberrations
like loss of inner membrane integrity, heterologous cell size
and 85% reduction in cell viability [72]. These anomalies
were observed as early as the mid log phase and were promi-
nent during early stationary phase. The bactericidal activ-
ity and membrane intercalation property of MCFA could
be the possible reason for reduction in the cell count and
for the loss of membrane integrity, respectively. Microar-
ray analysis of the study indicates (1) downregulation of
ompF, and (2) upregulation of marA/rob/soxS regulon and
acid-resistance genes like gadABC and gadE (encoding glu-
tamate decarboxylase-afl, GABA antiporter and transcrip-
tional regulator of gad-system, respectively). MarRAB and
SoxRS regulons are activated in response to oxidative stress,
whereas Rob protein is responsible for maintaining the cell
viability. Mid-log phase induction of MarR leads to upregu-
lation of several genes like marA, pqiA (encoding paraquat-
inducible protein) and nfo (encoding DNA nuclease to repair
oxidative damage) indicating production of ROS. Several
oxidative stress genes (~70 genes) like ahpC (encoding alkyl
hydroperoxide reductase), ahpF (encoding alkyl hydroper-
oxide reductase subunit F), dps (DNA protect during star-
vation protein), marR, marA and marB (encoding multiple
antibiotic resistance proteins, MarR, MarA and MarB, resp.)
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have been reported to be upregulated during low pH stress
[72,75, 76]. The co-induction of acid stress-resistance genes
and oxidative stress-resistance genes highlights the inter-
connectedness between these stresses. However, the exact
mechanism remains unclear.

In response to oxidative stress, induction of SoxRS leads
to downregulation of OmpF [72]. During oxidative stress,
around 140 genes are upregulated, out of which, 30 genes
belong to OxyR and SoxRS regulon [77-79]. SoxR is a
homodimer (2Fe-2S cluster), which senses the presence of
ROS and transforms from its inactive reduced state to active
oxidised state (Fig. 3). The activated SoxR then upregu-
lates soxS gene-transcribing SoxS protein. SoxS regulates
expression of many genes, out of which, micF (repressor
of OmpF) is upregulated [72, 80]. In this manner, SOxRS
regulon downregulates OmpF expression via MicF RNA
synthesis to reduce membranous oxidative stress. Hence,
MCFA overproduction downregulates OmpF expression
affecting MCFA efflux and thereby lowering MCFA yield.

Interestingly, downregulation of OmpF expression along
with FadL deletion has reportedly enhanced the MCFA
titres [40, 81]. In the earlier case, even if OmpF downregu-
lation lowers the MCFA titres, it is anticipated that other
transmembrane proteins like cmr-encoding multidrug trans-
locase, MdfA may be involved in MCFA efflux, as cmr is
often upregulated in an efficient fatty acid producer (Fig. 3)
[82]. However, the cause for cmr induction during fatty acid
overproduction remains unclear. MdfA is an efflux pump
which can efflux broader range of molecules than OmpF
[83]. Thus, it can be hypothesised that efflux through MdfA
must be in a more controlled manner than OmpF causing
lesser ROS production [40].

Oxidative stress also plays a role in the lipid composi-
tion of the membrane. The magnitude of oxidative stress
is dependent on the ratio of saturated (SFA) to unsaturated
(UFA) fatty acids. UFA poses an easy target for lipid peroxi-
dation. This curtails membrane integrity and amplifies lipid
derived-ROS production [84]. In conclusion, the lesser the
UFA content, the higher the resistance to oxidative stress
is. The lipid peroxidation can be managed by overexpress-
ing fabA which is known to decrease UFA synthesis [85].
On the other hand, oxidative stress would be a bottleneck
if an E. coli system is engineered for UFA overproduction.
In such cases, increasing antioxidants like ubiquinone and/
or expressing exogenous glutathione reductase can help the
cell to combat oxidative stress [86—88]. Oxidative stress can
also be managed by cyclising UFA reservoirs into CFA [89].
Like pH-osmotic stress, oxidative stress is sensed by stress
regulator and alarmone like RpoS and ppGpp. These regula-
tory molecules induce CFA synthase in response to oxida-
tive stress and cyclise UFA reservoirs into CFA (Fig. 3) [1].
Increase in CFA synthesis and decrease in the UFA content

confers resistance to oxidative stress and also improves
membrane integrity.

To provide a concise overview, a summary of the effects
and cellular responses in pH, osmolarity, and oxidative
stress generated due to fatty acid overproduction in E. coli
is shown in Table 1.

Stresses Boosting Fatty Acid Overproduction

Stress generation due to fatty acid overproduction is an
inherent part of the system yielding poor fatty acid titres
than the expected yield. However, several studies suggest
that sub-optimal level of stress can accelerate fatty acid over-
production. Sub-optimal level of stresses like temperature
and nitrogen limitation will instigate the cell to rewire its
metabolism towards fatty acid synthesis.

Temperature Stress

Optimum temperature promotes cell growth by impelling
several temperature-dependent processes like activation/
inactivation of enzymes, uptake of various biomolecules,
etc. [90-92]. Unlike pH-osmolarity and oxidative stress,
overproduction of fatty acid does not cause changes in the
temperature. Instead, temperature is an external stress fac-
tor positively affecting fatty acid overproduction. Marr and
Ingraham were the first to report changes in the fatty acid
profile of E. coli in response to temperature variation [93].
Composition of bacterial membrane varies with changes
in the temperature, which defines its lipid solidification
point. Lipid solidification point is the temperature at which
lipid exist in its solid or fluidic state. At higher temperature,
lipids denature and liquefy, whereas at lower temperature,
lipids solidify. Thus, a bacterial cell cannot grow below or
above lipid solidification point of its cell membrane [93,
94]. The solid or fluidic state of membrane is maintained by
regulating its SFA:UFA ratio. In E. coli fatty acid biosynthe-
sis (Fab) cluster of enzymes, FabB and FabF are engaged in
thermal regulation of fatty acid synthesis pathway [1]. High
temperatures encourage SFA production by FabB, whereas
low temperatures promote UFA production by FabF. Thus,
the SFA/UFA ratio is dependent on temperature [19, 95].
High SFA content implies lowered UFA proportion and
thereby improved membrane integrity in order to resist
high temperature stress. Lee et al. engineered an E. coli
strain to overproduce unsaturated LCFA by overexpressing
FabF along with other Fab cluster enzymes [95]. FabB and
FabF are the most common candidates favoured for LCFA
overproduction due to their role in fatty acid chain elonga-
tion. Their study obtained fatty acid titres that were 2.7-
fold higher than that of wild-type cells at lower temperature
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Table 1 Summary of the effects and cellular responses in stresses generated due to fatty acid overproduction in E. coli

Stresses

pH and osmolarity

Oxidative stress

Resulting effects

44, 45]

3. SCFA and MCFA have bactericidal activity [28, 47]
4. Low osmolarity favours entry for non-ionised SCFA which lowers pH
5. Lowers membrane integrity and disturbs ion gradient [11, 12, 34]

Response/strategy 1. RpoS mediated decarboxylation of amino acids by GadBC complex and increasing

used by the cell CFA synthesis by CFA synthase [49-54]
2. Induction of EnvZ-OmpR TCS [61]
3. Lowered fadR regulation [1]

4. Increased ppGpp and RpoS levels [1]

1. Fatty acid overproduction decreases pH and increases osmotic pressure [34, 37]
2. pH-osmotic stress causes intracellular and extracellular damage [28, 29, 34, 36, 4042,

1. Fatty acid overproduction
increases the respiration rate
leading to ROS production [21,
71,72]

2. MCFA efflux produces ROS
near membrane [21, 72]

3. Membrane alteration for other
stress responses also produces
ROS [72, 74]

4. UFA amplifies lipid peroxida-
tion [84]

5. Unknown induction pathway
for cmr upregulation during
fatty acid overproduction [82]

1. Induction of MarR/Rob/SoxS
regulon [72]

2. RpoS and ppGpp mediated
increase in CFA synthesis by
CFA synthase [89]

3. OxyR and SoxRS regulon
activation [77-79]

4. Lowered expression of OmpF
and FadL increases MCFA
titres [40, 81]

5. fabA overexpression reduces
lipid peroxidation [85]

6. High ubiquinone and overex-
pressed exogenous glutathione
reductase tackle oxidative stress
[86, 88, 89]

(20 °C) [95]. Thus, low-temperature stress can be used as a
tool for increasing UFA production in E. coli.

Another study examined the effect of temperature (37 °C
& 42 °C) on different parameters like gene expression lev-
els, acetate accumulation, glucose consumption, in E. coli
wild-type strain [96]. In response to high temperature, sev-
eral genes like arcA, fadR, icIR, rpoS were upregulated [96].
The upregulated FadR regulates FabB and FabF expression
to maintain high SFA:UFA ratio to resist the temperature
up-shift (Fig. 4) [19, 93, 97]. The most common SFAs and
UFAs getting altered in response to temperature variation are
palmitic acid (C16), palmitoleic (cis-9-hexadecenoic) acid
(C16), cis-vaccenic (C18), and CFA [89, 98]. One of the
parameters assessed by Hasan and Shimizu at elevated tem-
perature is acetate accumulation. According to their results,
acetate accumulation up to 2.69 and 2.91 g/L was observed
at 37 and 42 °C, respectively [96]. At high temperature, the
upregulation of ArcA (Aerobic Respiration Control Protein
A) and FadR caused more acetate formation by decreasing
activity of TCA cycle and glyoxylate pathway (Fig. 4). ArcA
regulator is a part of ArcBA TCS engaged in downregulating
genes of aerobic respiration under microaerobic condition

@ Springer

[99]. Due to high temperature, the solubility of dissolved
oxygen decreases and thereby creating microaerobic condi-
tion. Depending on the aerobicity, ArcB (histidine kinase)
activates ArcA (response regulator) by transphosphoryla-
tion. With the positive regulation of ArcA, the enzymes of
TCA cycle are repressed and thereby redirecting acetyl-CoA
towards acetate accumulation. Due to FadR upregulation,
icIR gene gets activated, which supresses some of the gly-
oxylate pathway enzymes by repressing aceBAK operon
[100, 101]. Since acetate accumulation in an engineered
fatty acid producer is already diminished [1], the acetyl-
CoA flux is redirected towards fatty acid synthesis. In this
manner, the acetyl-CoA pool can be diverted to increased
fatty acid production by increasing temperature and thus
enhancing fatty acid overproduction. According to the litera-
ture, elevated temperature (45—48 °C) upregulates genes like
soxS and sodA (SodA, superoxide dismutase A), conferring
tolerance to oxidative stress [96, 102]. Also in other stud-
ies, temperature elevation led to downregulation of OmpF
by EnvZ-OmpR TCS [103]. To summarise, temperature
elevation results in (1) improved membrane integrity (2)
tolerance/resistance to oxidative stress (3) lowered OmpF
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Fig.4 High-temperature stress and response by ArcA, FadR, FabB and FabF in E. coli

expression. These are the desirable alterations for combat-
ing pH-osmotic and oxidative stress induced during fatty
acid overproduction. Hence, high temperature stress can be
exploited as a strategy along with other genetic alterations
to enhance fatty acid production.

Nitrogen Limitation Stress (High C/N Ratio)

Carbon is essential for the synthesis of various biomolecules
like lipids, nucleic acids, proteins, etc. [104]. Other than car-
bon, nitrogen, sulphur, potassium, phosphorous, magnesium
and calcium are also required for cell growth [105, 106].
Among these elements, carbon and nitrogen are important
variables to propel fatty acid synthesis. Depletion of nitrogen
has been shown to mimic the effect of high temperature on
cellular growth [93].

High carbon to nitrogen ratio (C/N ratio) increases fatty
acid titres [107]. In E. coli, the intracellular concentration
of a-Ketoglutarate (a-KG) and GInB, a regulatory protein,
serves as a node for connecting C-N metabolism to fatty
acid synthesis pathway. a-KG has dual roles: first, it serves
as a signalling molecule indicating intracellular C and N
status, and second, it regulates GInB protein activity, a glu-
tamine synthase regulatory protein [62]. GInB is a part of
NtrBC TCS (nitrogen assimilation control) and a negative
regulator of acetyl-CoA carboxylase (ACC) [108, 109].
Under normal conditions, when nitrogen is abundant, ACC
has a partial negative regulation by GInB (Fig. 5). GInB
binds to Biotin Carboxyl Carrier Protein (BCCP) subunit
of ACC and reduces its activity to 45% by reducing its

turnover [17]. In this case, an engineered E. coli system
will still not yield fatty acid titres as expected. On the
other hand, during nitrogen limiting condition (high C/N
ratio), the drop in the intracellular glutamine level induces
uridylation of GInB [62]. The uridylated GInB cannot bind
to ACC thereby relieving its partial negative regulation
on ACC and increasing its activity (Fig. 5). GInB can also
sense intracellular concentration of a-KG [110]. At high
C/N ratio, the intracellular a-KG concentration is high.
a-KG binds GInB allosterically and inhibits its binding
to ACC in dose-dependent manner [17]. This provides an
extra-regulation by a-KG other than uridylation of GInB.
In this manner, the flux of acetyl-CoA can be increased
towards fatty acid synthesis pathway. One of the studies
achieved more than 90% of octanoic acid yield than its
control strain by tuning C/N ratio, medium pH and other
genetic alterations [34].

As with other stresses, OmpF expression varies in
response to high C/N ratio. OmpF acts like a portal for wide
range of molecules like nitrogen, sugars, proteins, ions, anti-
biotics, etc. other than fatty acids [11, 111]. OmpF expres-
sion is lowered at high C/N ratio by SoxRS TCS in similar
fashion as that of oxidative stress (Fig. 5) [112, 113]. Due
to the absence of negative regulation of GInB over ACC at
high C/N ratio, the enhanced ACC activity propels fatty acid
production and thereby impairing respiration rate (Fig. 5).
The study also reported upregulation of soxRS, along with
other respiratory genes like cyoA and cydB indicating oxi-
dative stress caused due to increase in the respiration rate
[113]. In this manner, SoxRS TCS downregulates OmpF
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expression via MicF RNA in response to oxidative stress at
high C/N ratio.

To provide a concise overview, a summary of the effects
and cellular responses in temperature and nitrogen limitation
stress generated due to fatty acid overproduction in E. coli
is shown in Table 2.

Conclusion and Future Prospect

Fatty acid is one of the valuable molecules which has
attracted industrial attention due to its diverse applications.
Till date, various algal, fungal, and vegetative sources of
fatty acid have been explored, but microbial fatty acid has

upper hand over other sources due to its cost effectiveness,
ease with scale-up and down-streaming processes. The
mycelial growth of the fungal source tends to clog filter dur-
ing fatty acid extraction. Due to filter clogging, loss of prod-
uct yield and heavy maintenance of instrument are few of the
undesirable events during fatty acid overproduction. These
shortcomings add economic burden on its down-streaming
processes. Bacterial candidates being small in size and ease
with their down-streaming processes often enable an indus-
trialist to obtain maximum yield. Thus, many researchers
are now trying to raise the potential of bacterial candidates
in order to achieve these objectives.

Since last few decades, E. coli has served as an excel-
lent model for overproducing fatty acids with the help of

Table 2 Summary of the effects and cellular responses in stresses that boost the fatty acid overproduction in E. coli

Stresses

Temperature

Nitrogen limitation

1. Activation/inactivation of enzyme [90, 91]
2. Alteration of membrane fluidity [93, 94]
3. Impairs cellular functions

1. Thermal regulation of FabB and FabF [1]

Resulting effects

Response/strategy
used by the cell
with increase in temperature [19, 93, 97]

3. Elevated temperature supports Acetyl-CoA accumula-

tion by ArcA and FadR upregulation [96]

2. Increase in SFA content and decrease in UFA content

1. Nitrogen limitation causes amino acid deficiency [105, 106]

2. It mimics high temperature like effects on cell growth [93]

3. Impairs cellular functions if nitrogen is depleted

1. High C/N ratio boosts fatty acid synthesis [107]

2. Increases ACC activity with the help of dual regulatory
control [17, 62, 110]

3. High C/N lowers OmpF expression by SoxRS TCS [112,
113]

4. Elevated temperature can be a great tool for boosting
fatty acid synthesis [96]

5. High-temperature stress renders tolerance/resistance to
pH-osmotic and oxidative stress [96, 100, 101, 103]
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gene-editing techniques. However, various stresses like
pH, osmolarity and oxidative stress elicited during fatty
acid overproduction caused lowering of the final yield,
whereas other stresses like temperature and nitrogen limi-
tation have proved to enhance fatty acid production. There-
fore, stress can exert positive and negative impacts on fatty
acid production. It is evident that cellular machinery elic-
its a response at molecular level against these stresses,
which include transporters, regulators like RpoS, the TCS
system, and changes in the ppGpp levels. Although the
cells use these measures for survival and thereby causes a
change in the fatty acid production, these regulators, trans-
porters, and pathways can be further explored to achieving
the desired fatty acid levels.

Thus, it is imperative to understand the dynamics inside
the cell during fatty acid overproduction, which we have
presented in this review. There exists a complex intercon-
nection between fatty acid metabolism and other meta-
bolic as well as stress networks. Membrane integrity and
activity of transmembrane porins are crucial to tackle
these stresses. Various aspects of complex dynamics of
fatty acid production and its correlation with stresses have
definitely raised some interesting points, which demand
further investigations. For instance, high tolerance for
toxic metabolites, a property that is desirable during strain
optimisation, can be achieved by changing the expression
of important transmembrane porin proteins like FadL
and OmpF, as they are majorly regulated in response to
stress condition during fatty acid overproduction. There
are other key players like RpoS, ppGpp and MicF RNA,
which help in alleviating the stress produced during fatty
acid overproduction. As discussed, the efflux pump, MdfA
can efflux a wider range of molecules than OmpF, and
studies indicate its role in fatty acid efflux. Thus, different
pathways or regulators can be explored to enhance fatty
acid overproduction. Using strategies on these lines can
lead to the development of industrially relevant strains that
can propel efficient fatty acid production.
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