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Abstract

Microbial bioprocess serves as an alternative route for the sustainable
production of a variety of chemicals. Recent bioprocess development efforts
has allowed its application for the commercial production of certain industrially
relevant chemicals. However, most are still in the exploratory or pre-
commercialization stage due to a variety of bottlenecks that needs to be
addressed prior to commercialization. This includes the bioprocess route
being developed by Lucite International for the production of butyl
methacrylate, which could be part of an integrated process for the production
of methacrylate esters. In this bioprocess, commercial viability is attainable
with a butyl methacrylate titre of 10-20% v/v. One of the bottlenecks in this
proposed bioprocess is the toxicity of the bioproduct towards the production
strain, which could limit the attainable product titre. A previous study on its
toxicity led to the isolation of E. coli strains that can grow vial cultures with
BMA at 20% v/v. However, these strains were unable to demonstrate
tolerance in a well-mixed environment. Thus, there is still a need to develop a
robust host strain that can tolerate butyl methacrylate at the desired product

titre.

E. coli BW25113 was explored as the potential host strain. Adaptive evolution
via sequential batch and chemostat cultures were used to generate E. coli
strains with tolerance for butyl methacrylate at 20% v/v. Genome shuffling
was also used to further improve growth of E. coli with butyl methacrylate at
20% v/v. The possible mechanisms of tolerance for butyl methacrylate were
determined with the use of genomic DNA and RNA sequencing of the evolved
strains. The ability of the evolved strains to produce BMA was also tested by

introduction of the heterologous pathway.

Adaptive evolution, through sequential batch and chemostat cultures, was
successful in generating various E. coli strains with improved growth in the
presence of BMA up to 20% v/v. Each of the evolved strains acquired various
mutations that include an acrR mutation along with either a marR, soxR, and
rob. The mutations acquired allowed increased expression in acrAB, which

suggests that the AcrAB-TolC efflux pump might play an important part in the



tolerance for butyl methacrylate. Exposure of the evolved strain to butyl
methacrylate stimulated the activation of genes that belong to the oxidative
stress, heat shock, phage shock, and acid stress response systems and
membrane modifying, energy generating, and essential building block
synthesizing enzymes. It also resulted in the repression of the genes related
to DNA replication and protein synthesis. The use of the evolved strains as
host cell for production did not show an improvement in butyl methacrylate
titre in comparison to the parental strain. However, butyl methacrylate
production seems to be limited by factors other than toxicity. Thus, there is a

need for further investigation and improvement of the production pathway.
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Introduction
1.1 General introduction

Microbial fermentation provides a promising alternative route for the
sustainable production of industrially relevant chemicals (Erickson et al., 2012;
Singh, 2011). It exploits the ability of microorganisms to produce a diverse
range of compounds that be can be further modified or directly used as a fuel,
solvent, food ingredient, fragrance, bioactive compounds, building blocks for
polymeric materials, and etc. from renewable feedstocks (Lee et al., 2019;
Rabinovitch-Deere et al., 2013; Tsuge et al., 2016). Recently, a number of
chemicals are commercially produced with the aid of microorganisms that
includes 1,3 propanediol by DuPont Tate & Lyle, 1,4 BDO by Genomatica, 1-
butanol by Geen Biologics, isobutanol by Gevo, succinic acid by Bioamber,
Myriant, REverdia, and Succinity, atemisinin and [-Farnesene by Amyris,
polylactic acid (PLA) by NatureWorks LLC, polyhydroxyalkanoate (PHA) by
Metabolix and SyntheZyme, polyethylene by Braskem, and polyols by BiOH
(Benjamin et al., 2016; Burgard et al., 2016; Davies, 2013; Erickson et al., 2012;
Komesu et al., 2017; Nghiem et al., 2017; Tao et al., 2014). Production of other
chemicals via microbial bioprocesses are also being considered by various
research and development efforts (Lamsen & Atsumi, 2012; Lu et al., 2019;
Meadows et al., 2018), including methyl methacrylate (MMA) by Lucite
International and Mitsubishi Chemicals (Eastham et al., 2017; O'malley et al.,
2018; Sato et al., 2017).

Methacrylate esters are a versatile group of monomer used in plastics,
coatings, adhesives, textile, paper, cosmetics, electronics, lubricants, fuel
additives, and oil-field or construction chemicals (Darabi Mahboub et al., 2018;
Fleischhaker et al., 2014; Nagai, 2001; Slone, 2010). Demands for methyl
methacrylate (MMA), the methacrylate ester with largest use and production, is
expected to surpass 4.8 million metric tonnes by 2020 (Darabi Mahboub et al.,
2018). They can be produced from esterification of methacrylic acid (MAA) or
trans-esterification of other methacrylate esters (Heeres et al., 2019; Nagai,

2001). Technologies that are under development or currently employed for
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commercial production of MAA or MMA utilizes acetone-cyanohydrin (ACH)
and light hydrocarbons as feedstocks and heterogeneous metals as catalysts
(Darabi Mahboub et al., 2018; Nagai, 2001). The earliest commercial
production process for MMA was the ACH process. In this process, acetone,
hydrogen cyanide (HCN), methanol, and sulfuric acid (H2SO4) are used as
starting materials to produce MMA with cyanohydrin and methacrylamide as
intermediates, and ammonium bisulfate (NH4HSO4) as waste by-product (Fig.
1.1) (Ballarini et al., 2007; Darabi Mahboub et al., 2018; Nagai, 2001; Zheng et
al., 2016). An improved version of the ACH process, developed by Mitsubishi
Gas Chemical, eliminates the use of H2SO4 and waste by-product NH4HSO4 by
reacting cyanohydrin with water in the presence MnO: to generate the
intermediate 2-hydroxyisobutylamide. The second intermediate is further
converted to methyl 2-hydroxyisobutylate and formamide via transesterification
with methyl formate in the presence of CaO. MMA is finally obtained from the
dehydration of 2-hydroxyisobutylate, while HCN can be obtained and recycled
into the process via dehydration of formamide (Fig. 1.2) (Abe, 1999; Darabi
Mahboub et al., 2018; Nagai, 2001). Another iteration of the ACH process,
which also eliminates the use of H2SOa4, is the AVENEER process developed
by Evonik (Darabi Mahboub et al., 2018). In the AVENEER process, ammonia,
methane, acetone, and methanol are used as feedstocks to produce MMA.

(0] CN
\/
)k + HCN —_—
OH

Acetone Hydrogen Cyanide Cyanohydrin
+ Hy,SO,4
o - 0 _~OH Y 0
|| _ 4 + Methanol O\ /OH
Ho—|s|;—o + o <—HO /S\o NH,
o

Ammonium bisulfate MMA Methacrylamide sulfate

Figure 1.1 ACH Process for MMA production (Darabi Mahboub et al., 2018;
Nagai, 2001).



Q CN
)k + HCN — —— >

OH
Acetone Hydrogen Cyanide Cyanohydrin

-H,0 [MnO,] | +H,0
o (0]
)k methylformate
HO / + NH,

He [CaO]
OH
Methyl 2-hydroxyisobutylate =~ Formamide 2-hydroxyisobutylamide

- H,0

MMA

Figure 1.2 New ACH Process for MMA production (Darabi Mahboub et al.,
2018; Nagai, 2001).

MMA is also produced commercially with the use of ethylene as the main
feedstock via the 4-stage BASF process and 2-stage alpha process developed
by Lucite International (Darabi Mahboub et al., 2018). In the BASF process (Fig.
1.3), ethylene is first reacted with carbon monoxide (CO) and hydrogen (H2) to
form propionaldehyde, which is then subjected to a condensation reaction with
formaldehyde to form methacrolein (MAC). Oxidation of MAC leads to the
formation of MAA, which is subsequently esterified with methanol to produce
MMA (Darabi Mahboub et al., 2018; Duembengen et al., 1985; Merger &
Foerster, 1983; Nagai, 2001). On the other hand, the alpha process (Fig. 1.4)
generates methyl propionate from the reaction of ethylene with CO and
methanol over a Pd catalyst in the first stage. MMA is produced upon reaction
of methyl propionate with formaldehyde over the Cs-doped SBA-15 catalyst (Ai,
2005; Darabi Mahboub et al., 2018; Li et al., 2014a).
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Figure 1.3 BASF Process for MMA production (Darabi Mahboub et al., 2018;

Nagai, 2001).
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Figure 1.4 Alpha Process for MMA production (Darabi Mahboub et al., 2018;
Nagai, 2001).

The other processes that were applied in commercial scale by Nihon
Methacrylate Monomer and Mitsubishi Rayon involved the usage of isobutylene
as feedstock to produce MMA via oxidation of isobutylene to MAC, then MAA,
followed by esterification with methanol (Fig. 1.5) (Darabi Mahboub et al., 2018;
Guan et al., 2008). MMA can also be produced from isobutylene via its
ammoxidation to methacrylonitrile (MAN) (Fig. 1.6), which was commercialized
by Asahi Chemical Company (Nagai, 2001; Onsan & Trimm, 1975).
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Figure 1.6 Isobutylene Ammoxidation Process for MMA production (a)
Mitsubishi Gas Chemicals Process (b) Asahi Chemical Co Process (Nagai,
2001).

Other notable technologies that are still in the development pipeline go through
similar routes making use of various C2 (ethylene), C3 (propane, propylene,
and propyne), and C4 (isobutane, isobutene) compounds (Darabi Mahboub et
al., 2018; Guan et al., 2009). A process developed from the research triangle
institute (RTI) (Eastman-Bechtel route; Fig. 1.7) starts with ethylene, CO, and
H20 to generate the intermediate propionic acid through the
hydroxycarbonylation reaction using metal carbonyl catalyst. A condensation
reaction of propionic acid and formaldehyde leads to the formation of MAA,
which can be converted to MMA via esterification with methanol (Darabi



Mahboub et al., 2018; Nagai, 2001; Xu, 2002). In a similar process, called LiIMA
(Leading in Methacrylates) that was developed and commercialized by Evonik,
ethylene, CO, and H:z are converted to propionaldehyde. Further conversion of
propionaldehyde to MAC is achieved through an Aldol condensation reaction
with formaldehyde. Finally, an oxyesterification reaction converts MAC and
methanol to produce MMA (Darabi Mahboub et al., 2018).

H.C——CH, + GO+ H.O Formaldehyde
2 2 2 + Hzo
Ethylene
Propionic Acid

o}

O:O

H,O + Methanol
O/

MMA

Figure 1.7 Reaction steps for the Eastman-Bechtel route (Darabi Mahboub et
al., 2018).

The use of propylene as starting material goes through hydroxy carbonylation
reaction with H20 and CO to form the intermediate isobutyric acid, which is then
further converted to MAA via oxidative dehydrogenation and MMA after
esterification with methanol (Fig. 1.8) (Darabi Mahboub et al., 2018).

e}
+ 1/2 02
/\+CO+H20—> oH > oH + HO
Propylene

Isobutyric acid MAA
(0] +/
Methanol
Hzo +
O/
MMA

Figure 1.8 Reaction steps for the propylene route (Darabi Mahboub et al., 2018;
Nagai, 2001).



In an alternative C3 route developed by shell, propyne is used as the feedstock
and directly converted to MMA via a methoxy carbonylation reaction with CO
and methanol over a Pd catalyst (Fig. 1.9) (Darabi Mahboub et al., 2018; Drent,
1988; Mizuno et al., 2008).

O
+ CO + OH ——>
/\ ~ \’H‘\o/
Propyne Methanol
MMA

Figure 1.9 Reaction steps for the propyne route towards MMA (Mizuno et al.,
2008).

The current commercial processes and most processes in the development
pipeline for production of MAA and MMA relies heavily on petroleum based or
sourced feedstocks and expensive metal based catalysts with short lifetimes
(Darabi Mahboub et al., 2018; Nagai, 2001). As fossil reserves are limited along
with tremendous global concerns for climate change (Gopalakrishnan et al.,
2019; Jakob & Hilaire, 2015; Rogelj et al., 2018), there is an urgent need to
switch from petroleum based feedstocks to the more sustainable biobased
feedstocks (Bennich & Belyazid, 2017; Bennich et al., 2018; Werpy & Petersen,
2004). Lucite International’s bioprocess route to MMA production utilizes
renewable biobased feedstocks and microbial biocatalysts that can be
regenerated through the renewable biobased feedstocks as well (Uppada et
al., 2014). The bioprocess route would be part of the integrated process,
wherein n-butyl methacrylate (BMA) will be produced as an intermediate for
MMA production (Fig. 1.10).

\’H‘\ NN Methanol Methanol \’H‘\ N /\/\

BMA 1-Butanol

Figure 1.10 Transesterification of BMA to MMA.

BMA can be produced from pyruvate (Eastham et al., 2017; Eiji et al., 2013),
which can be produced from various carbon sources (Li et al., 2001), and 1-

butanol via bioconversion (Fig. 1.11).
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Figure 1.11 Bioconversion of pyruvate to BMA.

Two pyruvate molecules are converted to the intermediates acetolactate, 2,3
dihydroxyisovalerate, = 3-methyl-2-oxobutanoate, isobutanoyl-COA, and

methacrylyl-COA with the aid of the enzymes acetolactate synthase, ketol-acid
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reductoisomerase, dihydroxy-acid dehydratase, 3-methyl-2-oxobutanoate
dehydrogenase, and isobutyryl-CoA:FAD oxidoreductase, respectively. BMA
can then be formed from methacrylyl-CoA and 1-butanol through an alcohol
acyltransferase.

In Lucite International’'s process design, MMA production is economically
favourable if BMA can be produced at 10-20% v/v (Fig. 1.12). The high BMA
titres will cause phase separation of BMA from the aqueous phase and enable
its recovery via decantation. One key constraint in achieving the target BMA
concentration (10-20% v/v) is the ability of the production host cell to tolerate
and be metabolically active in the presence 10-20% v/v BMA (Mukhopadhyay,
2015). This is because BMA, like other organic chemicals produced by
microorganisms, can exhibit toxic effects towards the production host cell
(Mukhopadhyay, 2015). Both vital cellular functions and product formation are
inhibited with increasing bioproduct titres, which eventually leads to cell death
and cessation of product formation and limits attainable BMA titres (Foo et al.,
2014; Huffer et al., 2011; Lian et al., 2016; McKenna & Nielsen, 2011;
Menchavez & Ha, 2019; Mukhopadhyay, 2015). Escherichia coli, which is one
of the production host strains being developed by Lucite International is not
known to be tolerant towards BMA at 10-20% v/v (Disley, 2018). E. coli strains
with improved tolerance for BMA were isolated from a preceding study (Disley,
2018). However, the isolated strains were unable to display tolerance for BMA
(10-20% v/v) in a well mixed system (Personal communication from Ingenza
Ltd. And Lucite International). Thus, it will be necessary to engineer a more
robust potential host strain to be capable of withstanding and performing at
target BMA titres.
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Figure 1.12 Simplified schematic diagram of the integrated process for MMA
production as developed by Lucite International.

Legend: In and out of various unit operations (solid lines and arrows), aqueous
phase bleed and recycle (blue dotted line), methanol streams (dark blue
dashed-line ), and butanol streams (green dashed-line).
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2
Literature Review
2.1 Introduction

Microbial fermentation may offer a green and sustainable alternative to
established chemicals manufacturing processes, to enable the production of
commercially important chemicals that can be utilized as platform chemicals,
fuels, therapeutics, fine chemicals, food additives, fragrances, bioactive
compounds, and building blocks for various materials (Erickson et al., 2012;
Hatti-Kaul et al., 2007; Lee et al., 2019; Soetaert & Vandamme, 2006; Tang &
Zhao, 2009; Tsuge et al., 2016). The use of microbial processing (Pickens et
al., 2011; Rabinovitch-Deere et al., 2013; Sun et al., 2015) has been greatly
aided by advances in metabolic engineering (Kogure & Inui, 2018; Lian et al.,
2018; Pefia et al., 2018; Pontrelli et al., 2018), enzyme engineering (Li & Cirino,
2014; Newton et al., 2018), synthethic biology (Lee et al., 2018; Tan & Prather,
2017), and systems biology (Chae et al., 2017; Chubukov et al., 2016; Hansen
et al., 2017). However, despite these technical breakthroughs in production via
microbial bioprocesses, only a limited number of chemicals have reached
commercial manufacturing (Benjamin et al., 2016; Burgard et al., 2016;
Chubukov et al., 2016; Davies, 2013; Gallage & Mgller, 2015; Komesu et al.,
2017; Nghiem et al., 2017; Tao et al., 2014; Zhang et al., 2017). The vast
majority of potential bioproducts are still languishing in the development
pipeline, since typical product titres are frequently much too low (mg/L to a few
g/L) (Lamsen & Atsumi, 2012; Lu et al., 2019; Meadows et al., 2018). Such
dilute product streams result in excessive costs for dewatering and product
recovery, due to high energy usage, capital intensive recovery processes (Efe
et al., 2013; Mariano & Filho, 2012; Salemme et al., 2017) and significant costs
for treating process waste and water (Mariano & Filho, 2012). Consequently,
product titre, along with product yield and productivity, is among the key
parameters that affect production cost and process economics. Therefore,
product titre is a key determinant of commercial viability (Chubukov et al., 2016)
and environmental impact (Mariano & Filho, 2012) of chemical production via

microbial processes.
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Until now, the main emphasis for R&D has been to relieve limitations in the
metabolic pathway, enzymes, regulatory networks, spatial organization of the
metabolites and enzymes, and cellular machineries to enable the bioconversion
of sustainable feedstocks to chemical products (Chubukov et al., 2016; Lechner
et al.; Lee et al., 2018; Meadows et al., 2018). Although there have been
numerous successes, many chemical products are inherently toxic to
microorganisms, and this toxicity towards the production host cell has long been
recognised as a critical constraint in the product titres that can be obtained
either from natural or metabolically engineered production strains (Brennan et
al., 2012; Jarboe et al., 2013; Lee et al., 2008; McKenna et al., 2015; Meadows
et al., 2018; Ng & Kuek, 2013). Thus, cellular activities and product formation
are progressively inhibited with increasing bioproduct concentration until the
product reaches a lethal concentration and/or maximum attainable titre (Chong
et al., 2014; Dunlop et al., 2011; Foo et al., 2014; Foo & Leong, 2013; Huffer et
al., 2011; Lian et al., 2016; Ma & Yu, 2012; McKenna & Nielsen, 2011;
Menchavez & Ha, 2019; Mingardon et al., 2015; Tan et al., 2016a; Tan et al.,
2017b; Tan et al., 2016b).

Although some microorganisms have mechanisms in place to combat the
deleterious effects of toxic bioproducts, the concentrations at which the cells
are able to function before bioproduct formation stalls is still well below target
concentrations for commercial production (Chong et al., 2014; Dunlop et al.,
2011; Foo et al., 2014; Foo & Leong, 2013; Huffer et al., 2011; Lian et al., 2016;
Ma & Yu, 2012; McKenna & Nielsen, 2011; Menchavez & Ha, 2019; Mingardon
et al.,, 2015; Tan et al.,, 2016a; Tan et al., 2017b; Tan et al., 2016b). This
limitation can be resolved by engineering the host strain until it is able to tolerate
and produce at the desired product titre (Dunlop et al., 2011),
attaching/encapsulating the host strain with a protective material (Hinks et al.,
2015; Menchavez & Ha, 2019), applying in-situ product recovery options
(McKenna et al.,, 2015; Outram et al., 2017), or combinations thereof.
Engineering of the host strain for product tolerance makes use of classical and
modern biotechnological techniques to surpass the maximum product titre it
can naturally endure before vital cellular and metabolic processes breakdown

(Mukhopadhyay, 2015). However, more often than not, the improvements in
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product tolerance do not reach product titres that are required for commercial
production (Mariano & Filho, 2012; Mukhopadhyay, 2015).

Protective materials can also be used to enhance product tolerance of the host
cell via encapsulation in a biocompatible carrier (Menchavez & Ha, 2019) or
addition of membrane insertion molecules for cell membrane stabilization
(Hinks et al., 2015). In-situ product recovery incorporates conventional or novel
separation processes into the fermentation process for partial removal of the
bioproduct and maintain its concentration below inhibitory levels to allow
continued production (McKenna et al., 2015; Outram et al., 2017). Both of the
latter options would entail additional capital costs with the maximum attainable
titers still dependent on the product tolerance of the host strain. Thus,
engineering the product tolerance of the host strain will still be an important
component for these approaches. In some cases, combinations of these
approaches might be necessary to for use in an integrated bioprocess to
circumvent the production limitations resulting from product toxicity
(Menchavez & Ha, 2019; Outram et al., 2017; Qureshi & Blaschek, 2000). In
this review, recent strategies and efforts in the engineering of a more tolerant
bacterial host strain for a range of bioproducts as an approach to break

bioproduct toxicity titer limitations are discussed.
2.2 Mechanisms of chemical toxicity

One key step in solving any problem is understanding the problem itself inorder
to formulate a sound approach. Thus, understanding how chemicals affect the
host cell and its components to manisfest its toxic nature is an important step
for the engineering of the host cell with improved product tolerance. Cell
inhibition and death may result from the bioproduct’s direct interaction with vital
cellular components (proteins, lipids, and nucleic acids) (Asakura et al., 1978;
Banerjee et al., 1981; Chen & Rand, 1998; Chu et al., 2013; Jarboe et al., 2013;
Ly & Longo, 2004; Modig et al., 2002; Murinova & Dercova, 2014; Osman et
al., 1988; Sardessai & Bhosle, 2002; Sikkema et al., 1995; Spears & Fascione,
2016; Tittensor & Walker, 1968; Yuan et al., 2010), alteration of the cellular
environment (Ingram, 1981; Jarboe et al., 2013), inherent stress response
mechanisms (Ezraty et al., 2017; Jarboe et al., 2013), or a combination of the

13



direct and indirect action of the bioproduct (Ingram, 1981; Jarboe et al., 2013;
Martins et al., 2019).

In particular, many chemical products partition from the aqueous phase into the
cell membrane and can interact with its lipid and protein components, which are
critical components for the maintenance of the membrane’s integrity, fluidity,
and overall physical properties (Dombek & Ingram, 1984; Los & Murata, 2004;
Sikkema et al., 1995; Silhavy et al., 2010; Weber & de Bont, 1996). As the
bioproduct concentration increases, the amount of product within the lipid
bilayer increases and starts to alter the membrane integrity and fluidity (Los &
Murata, 2004; Sikkema et al., 1995; Silhavy et al., 2010; Weber & de Bont,
1996). The changes in membrane properties can disrupt various membrane-
associated systems crucial to cellular functions, such as transport, energy
conservation mechanisms, signaling, and cell division processes (Ingram,
1981; Lennen et al., 2011; Russell, 1992; Segura et al., 2012; Sikkema et al.,
1994; Watson, 2015). Eventually, the bioproduct concentration reaches the
threshold limit that results in leakage of essential macromolecules and
cofactors, as well as dissipation of the proton motive force that leads to cell
death (Cartwright et al., 1986; Hyldgaard et al., 2012; Ingram, 1981; Jarboe et
al., 2013; Lennen et al., 2011; Royce et al., 2013b).

Some bioproducts interact directly with cellular components (lipids, protein,
DNA, RNA) and inflict damage through denaturation (Asakura et al., 1978;
Murinova & Dercovd, 2014; Segura et al., 2012) and chemical reaction with the
cellular macromolecules (Chu et al., 2013; Osman et al.,, 1988; Spears &
Fascione, 2016; Tittensor & Walker, 1968; Yuan et al.,, 2010). Their
accumulation may also lead to inhibition of enzymes essential for overall cell
metabolism (Banerjee et al., 1981; Modig et al., 2002) or enzymes involved in
the production pathway (Primak et al., 2011; Tian et al., 2019). Damage of
macromolecules can also result from reactive oxygen species (H202, Oz, -OH,
ROO-) generated from cell processes, which are exacerbated in the presence
of potential bioproducts at elevated concentrations (Pérez-Gallardo et al.,
2013). In the case of organic acid production, pH homeostasis can be
significantly altered and cause acidification in the cytoplasm (Russell, 1992),

which may result in the collapse of the transmembrane pH gradient , decrease
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in proton motive force, inhibition of essential cell processes, increase in turgor
pressure and osmolarity, and damage to DNA and RNA (Baronofsky et al.,
1984; Beales, 2004; Herrero et al., 1985; Huesemann & Papoutsakis, 1986;
McLaggan et al., 1994; Raja et al., 1991; Sinha, 1986).

2.3 Chemical tolerance mechanisms

In response to the deleterious effects caused by contact with a variety of toxic
compounds, microorganisms may alter their cell envelope structure to maintain
membrane integrity and fluidity, expel or prevent entry of toxic compounds, and
activate various stress response and damage repair mechanisms (Brynildsen
& Liao, 2009; Ezraty et al., 2017; Jarboe et al., 2013; Joly et al., 2010; Karschau
et al., 2011; Martins et al., 2019; Petersohn et al., 2001; Sardessai & Bhosle,
2002; Sawant et al., 2016; Segura et al., 2012; Sikkema et al., 1995; Weber &
de Bont, 1996; Yung et al., 2016). Microorganisms can maintain membrane
integrity and fluidity by adjusting the saturated-to-unsaturated fatty acid ratio,
the abundance of branched (iso and anteiso), hydroxy, and cyclopropane fatty
acids, the degree of cis-trans isomerization of unsaturated fatty acids,
abundance of specific phospholipid head groups, and the type and amount of
membrane proteins (Carey & Ingram, 1983; Clark & Beard, 1979; Dombek &
Ingram, 1984; Heipieper et al., 2003; Mrozik et al., 2005; Mrozik et al., 2004;
Murinova & Dercova, 2014; Segura et al., 2012; Sikkema et al., 1995; Silveira
et al., 2004; Sol Cuenca et al., 2015; Weber & de Bont, 1996; Yung et al., 2016;
Zu et al., 2014). The changes in membrane composition (Murinova & Dercova,
2014; Sikkema et al., 1995), along with reduced expression of certain porins
(Brynildsen & Liao, 2009; Roma-Rodrigues et al., 2010; Royce et al., 2014),
also contribute to prevent or reduce the rate of permeation and diffusion of toxic

compounds.

On the other hand, expulsion of toxic compounds from the cell is achieved via
membrane vesicles (Baumgarten et al., 2012; Kobayashi et al., 2000), porins
(Zhou et al., 2015), and efflux pumps (Li et al., 1998; Martins et al., 2019; Rojas
et al., 2001). As toxic compounds interact with cellular components in a variety
of ways, microorganisms can also respond to counteract the combined

deleterious effects by recruiting complementary elements with diverse functions
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from various stress response and damage repair systems (Matrtins et al., 2019;
Molina-Santiago et al., 2017; Nicolaou et al., 2010; Rau et al., 2016; Shimizu,
2013b; Yung et al., 2016). The notable stress response and damage repair
systems that respond to toxic compounds include the phage shock response
(Chiou et al., 2004; Joly et al., 2010), acid stress response (Jarboe et al., 2013;
Shimizu, 2013b), oxidative stress response (Cao et al., 2017; Ezraty et al.,
2017; Rau et al., 2016), envelope stress response (Cao et al., 2017; Grabowicz
& Silhavy, 2017), osmotic stress response (Cao et al., 2017; Kramer, 2010),
heat and cold shock response (Barria et al., 2013; Brynildsen & Liao, 2009; Cao
et al., 2017; Guisbert et al., 2004; Yung et al., 2016), and multidrug resistance
(Duval & Lister, 2013), which integrate various functions that allow the cell to
maintain membrane stability, expel or prevent entry of toxic compounds, adjust
biosynthesis and energy metabolism, and repair or degrade damaged

membrane components, protein, DNA, and RNA (Martins et al., 2019).

Even though microorganisms have mechanisms in place to combat deleterious
effects of certain toxic chemical products, their action is limited to product
concentrations well below the requirements for commercial bioprocess
(Lamsen & Atsumi, 2012; Lu et al, 2019; Meadows et al., 2018,
Mukhopadhyay, 2015). Thus, it will still be necessary to further improve their
product tolerance. Nonetheless, these mechanisms serve as a crucial starting
point to further improve the chemical product tolerance of the chosen host

strain.

2.4 Host strain engineering for bioproduct tolerance

Host strain engineering for improved bioproduct tolerance has been
acknowledged as a key component for successful bioprocesses (Lee & Kim,
2015) and various approaches have been reported for the generation of a host
strain with improved bioproduct tolerance (Dunlop et al., 2011). Engineering of
the host strain can be achieved either by a random or rational/targeted
approach. The random approach makes use of the classical random
mutagenesis tools, while the rational or targeted approach builds on knowledge
of known tolerance mechanisms from native or engineered strains with the aid

of ‘omics analysis and systems biology tools.
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2.4.1 Random approach

Acquiring spontaneous mutations in a host cell is a rare phenomenon with an
approximate rate of 10”7 mutations/gene/generation (Csorgé et al., 2012), but
this can still be exploited to evolve new strains with desirable properties by
imposing appropriate selection pressures. Adaptive evolution for product
tolerance (Dragosits & Mattanovich, 2013) involves the continued propagation
cells in a batch or continuous culture for many generations (100-1000) of the
selected host microorganism in a culture medium with the toxic chemical
product at the concentration desired for tolerance. This process exploits the
random mutations that occur naturally, and any fitter mutants that arise will
proliferate due their faster growth rates under the selection conditions.
Therefore, the frequency of the mutants within the selected population is in
proportion to their fitness (Dragosits & Mattanovich, 2013; Winkler & Kao,
2014).

Adaptive evolution through sequential batch cultures has been successfully
used to increase E. coli tolerance towards ethanol (Horinouchi et al., 2010;
Wang et al., 2011), isopropanol (Horinouchi et al., 2017), isobutanol (Minty et
al., 2011), and 1-butanol (Menchavez et al., 2018) with improvements ranging
from 7.8-100% (Table 2.1). Evolution of E. coli for enhanced 1-butanol
tolerance was also successfully achieved in a continuous culture resulting in a
62.5% improvement (Reyes et al., 2012). Aside from E. coli, the 1-butanol
tolerance of Synechocystis. sp. PCC 6803 (Wang et al., 2014) and Clostridium
acetobutylicum D64 (Liu et al., 2013) were also improved via adaptive evolution
in serial batch transfers. Synechocystis. sp. and C. acetobutylicum gained
150% and 57.7% improvements, respectively. The evolution process for
Synechocystis. sp. was accomplished by growing the cultures in a broth with
increasing levels of 1-butanol, while C. acetobutylicum was evolved and
selected in both broth and plate containing 1-butanol. In the case of C.
acetobutylicum, after each increment the cells were plated on YPS agar
containing the same 1-butanol concentration. The largest colonies were then
transferred to broth containing the same or a higher 1-butanol concentration,
and the selection cycle repeated. The final C. acetobutylicum strain was tolerant

to 31.2 g/L 1-butanol, which is about 5 g/L less than the minimum target product
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concentration for 1-butanol production via fermentation (Mariano & Filho, 2012;
Vane, 2008).

Table 2.1 Summary of studies with adaptive evolution as method to generate

bioproduct tolerant strains.

Chemical
(Max C Improvement (%)

Method Conditions observed from — Microorganism
the parental
strain for T; P

ing/L)

Adaptive LB medium Ethanol E. coli KC01 100 NT NT NT 48.8 Wang
evolution + xylose, (20; 15.9) etal,
(batch/ anaerobic, 2011)
serial ~350
transfers)  generations
M9 medium Ethanol E. coliw3110 7.8 NT NT 100 NT  (Horin
+ glucose, (44.7; NT) ouchi
microaerobic etal,
; 1000 2010)
generations
M9 medium Iso- E. coli MDS42 123 NT NT NT NT  (Horin
+glucose, propanol ouchi
microaerobic  (24; NT) etal,
; 210 2017)
generations
M9 medium  Isobutanol  E. coli ECNR1 130 NT NT 200 NT (Miny
+ xylose / (7.5;NT) / / etal.,
glucose, 10; NT) 100 2011)
microaerobic
,425-500
generations
LB medium, Isobutanol  E. coli JCL260 25 500 NT NT NI (Atsum
aerobic, (6; 19) ietal,
~ 300 2010)
generations
M9 medium  1-Butanol E.coliBW25113 75 NT NT NT NT  (Menc
(6; NT) havez
etal,
2018)
BG11 1-Butanol Synechocystis. 150 NT NT NT NT  Wang
medium, (1.6; NT) sp. PCC 6803 etal.,
~ 700 2014)
generations
Artificial YPS 1-Butanol C. 57.7 NT NT NT 25.4 (Huet
simulation  medium, (19.8; acetobutylicum al.,
of bio- anaeorobic, 12.2) D64 2013)
evolution ~ 1 year total
(batch) evolution
Adaptive M9 medium, 1-Butanol E. coliBW25113 62,5 NT NT NT NT  (Reyes
evolution  aerobic, (6.4; NT) etal,
(conti- Dilution Rate 2012)
nuous) 0.23 h1, 144
generations

C, concentration; CD, cell density; CV, cell viability; GR, growth rate; P, production; T, tolerance (in terms of C, CD,
CV, or GR); NT, not tested; NI, no improvement.

An evolved E. coli strain with improved tolerance for ethanol also showed
48.8% improvement in ethanol production (Wang et al., 2011). Likewise, the

evolved C. acetobutylicum was able to produce 25.4% more 1-butanol than the
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parental strain (Liu et al., 2013). Although the number of generations required
to evolve the desired tolerance usually involves lengthy experiments (Atsumi et
al., 2010; Horinouchi et al., 2010; Liu et al., 2013; Minty et al., 2011; Reyes et
al., 2012; Wang et al., 2011; Wang et al., 2014), adaptive evolution presents a
very effective method to generate host strains with improved product tolerance

and production titres strains.

It is also possible to increase the mutation rate by exposure of the host strain
to mutagens. A variety of mutagenic chemicals are known, including base
analogues, 2-aminopurine deaminating agents, hydroxylamine, nitrous acid,
alkylating agents, ethyl methanesulfonate, mustards, and intercalating agents
(Parekh et al., 2000). These mutagens can be used to achieve random
mutations, including deletion, addition, substitution (transversions), or breakage
of DNA strands. Mutants of Clostridium beijerinckii NCIMB 8052 with enhanced
1-butanol tolerance and production were generated by chemical mutagenesis
using N-methyl-N’-nitro-N-nitrosoguanidine (NTG) (Table 2.2) (Annous &
Blaschek, 1991; Qureshi & Blaschek, 2000). One strain gained improvements
in 1-butanol tolerance and production by 45.8% and 82.4%, respectively. NTG
mutagenesis was also used to generate C. beijerinckii strains with enhanced
tolerance for isopropanol (Gérando et al., 2016). One strain acquired 11.1%
improvement in tolerance for isopropanol, but was unable to produce more

isopropanol than the parental strain.

Exposure of microorganisms to UV irradiation (<280-400 nm) serves as an
alternative option to accelerate mutant generation, since UV irradiation
damages the DNA by causing the formation of cyclobutane pyrimidine dimers,
pyrimidine (6-4) pyrimidone photoproducts at dipyrimidine sites, and oxidation
through generation of reactive oxygen species (lkehata & Ono, 2011; Rastogi
et al., 2010). The DNA damage caused by UV irradiation results in mutations
(tranversions, deletions, frameshifts, and transitions) due to errors in DNA
repair and replication (Ikehata & Ono, 2011; Parekh et al., 2000; Rastogi et al.,
2010). UV mutagenesis of C. thermocellum generated strains with 160% higher
tolerance for in ethanol (Table 2.2). This was achieved by subjecting the
microorganism to several rounds of UV irradiation and selection with ethanol in

liquid cultures until cells were tolerant to 40.0 g/L of ethanol. An isolated mutant
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strain produced 250% more than the parental strain, using cellulose as
substrate (Tailliez et al., 1989).

Transposon mutagenesis has also been instrumental in improving C. beijerinkii
NCIMB 8052 tolerance for 1-butanol (Table 2.2). Transposons, or transposable
elements, are discrete DNA segments with the ability to relocate between
genomic sites, causing a loss-of-function frame shift mutation (Hayes, 2003;
Lennen & Herrgard, 2014). Transposon mutagenesis of C. beijerinckii NCIMB
8052 generated mutant strains with 75-83% improvements in 1-butanol
concentration tolerated (Liyanage et al., 2000). The transposon was found in
close proximity to gldA, which affected the level of expression of the glycerol
dehydrogenase (gldA) and consequently reduced its total activity. However, it
is uncertain how this contributed to the improved 1-butanol tolerance. Although
this method is effective, its use may be limited, since the only expected outcome

is reduced or loss of function of the affected gene.

Mutator strains can also be employed to generate mutants, since these strains
carry defects in the DNA repair or replication system that increases the rate of
spontaneous random mutations (Luan et al., 2013; Selifonova et al., 2001;
Shiwa et al., 2012; Zhu et al., 2015). When coupled with a selective pressure
for product tolerance, tolerant strains can be obtained and then isolated (Table
2.2). 1-Butanol tolerant E. coli strains were generated through introduction of
a two plasmid module system based on stress induced mutagenesis (SIM) into
a mutL deficient E. coli strain (Zhu et al., 2015). Genes encoding stress
response regulators (RecA, RpoS and RpoE), error prone polymerases (Pol IV
and Pol V), and transcription antitermination (NusA) were tested for SIM, and
were expressed from one of the plasmids, and controlled by IPTG induction,
whilst the second plasmid contained a gene encoding MutL, required for DNA
mismatch repair, under the control of the Tet promoter. The plasmid used in
this system was designed such that acceleration of SIM-based mutagenesis
could be induced by addition of IPTG, while deceleration could be achieved by
addition of anhydrotetracycline (aTc), which binds to TetR without inhibiting
translation, and allows transcription of mutL. Thus, SIM results from the up
regulation of the SIM-inducing genes, and down regulation of the mismatch

repair system, resulting in increased mutation rates (Foster, 2007; Galhardo et
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al., 2007; Rosche & Foster, 1999; Zhu et al., 2015). The final SIM module
comprised a first plasmid containing SIM accelerator genes dinB (PollV), recA
(RecA), and rpoS (RpoS), while a second plasmid harboured the decelerator
gene mutL (MutlL). Each cycle of the SIM included selection, mutagenesis,
isolation, and screening steps. The best performing strain for each cycle was
used as the starting strain for the next cycle of evolution (Zhu et al., 2014; Zhu
et al., 2015). The mutant strain obtained after 10 rounds of mutagenesis was
tolerant to 1-butanol concentration of 12.0 g/L, an increase of 71.4% compared
with the parental strain (Zhu et al., 2015).

1-Butanol tolerant E. coli strains were also generated using a method called
“Genome Replication Engineering Assisted Continuous Evolution (GREACE)
(Table 2.2) (Luan et al., 2013). GREACE uses mutants of dnaQ to generate
errors in DNA replication, thus introducing mutations. The gene dnaQ encodes
the € subunit of DNA polymerase lll, which is the proof-reading element of DNA
polymerase. The dnaQ mutants were transformed into the parental strain, then
selected for 1-butanol tolerance through adaptive evolution by serial transfers
in LB broth containing 1-butanol. An isolated strain from GREACE showed 20%
higher tolerance for 1-butanol. However, both SIM and GREACE generated 1-
butanol tolerant strains were not tested to check whether or not they can

produce more 1-butanol than the parental strain.

Both SIM and GREACE boost the mutation rate and lessens the time necessary
for evolution and generation of product tolerant strains. However, high mutation
rates could also be deleterious for the host strain as they can also accumulate
non-beneficial mutations (Sprouffske et al., 2018). Accumulation of too many
mutations would also make it difficult to get a better understanding of the
tolerance mechanism for the chemical product of choice (Atsumi et al., 2010).
Thus, a delicate balance of mutation rate and length of the evolution process
coupled with the proper selection scheme to obtain robust product tolerant

strains will be necessary for these techniques.
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Table 2.2 - Summary of bioproduct tolerant strains generated from various
random mutagenesis approaches.

Chemical

(Max C .
Method Conditions observed from MICTO-.

the parental orgamsm

strain for T; P

ing/L)

Improvement (%)

NTG NTG at 50 1-Butanol C. 45. NT NT NT 82.  (Qureshi
mutagene-  ug/ml, 15 (12; 10.8) beijerinckii 8 4 &
sis minute NCIMB 8052 Blaschek
incubation , 2000)
NTG at 50 Isopropano C. 11. NT NT NT N|  (Gérando
pg/ml, 1 hour | beijerinckii 1 etal.,
incubation (45; 1.5) DSM 6423 2016)
uv UV fluence Ethanol C. 160 NT NT <10 250 (Tailiez
mutagene-  of 5300 J/m2 (15; 3.6) thermocellu 0 etal,
sis at 8 W/m2 m NCIB 1989)
10682
Transposo  Tnl545 1-Butanol C. 83 NT NT NT NT  (Livanag
n (6; NT) beijerinckii eetal,
mutagene- DSM 6423 2000)
sis
Stress LB 1-Butanol E. coli 71. NT NT NT NT  (Zhuet
induced broth/agar, (8; NT) SMBO07 4 al., 2015)
mutagene- 10 rounds of
sis evolution
Genome LB broth, 1-Butanol E. coli 20 NT NT NT NT  (Lvanet
replication 3 transfers (8; NT) DH5a al., 2013)
enginee- per
ring concentratio
assisted n and 36
continuous  days in total
evolution
Genome NTG Isopropano C. N.I.  NT + NT 23,  (Gérando
Shuffling mutants as I (50; 1.5) beijerinckii 4 etal,
starting DSM 6423 2016)
strains, 2
rounds of
shuffling
hybridization  1-Butanol E. coli 98. NT NT NT NT  (Winkler
with Lb. (8.0; NT) BW25113 8 etal,
brevis, 1 2010)
round of
shuffling
adaptive 1-Butanol E. coli 7.7 NT NT NT NT  (Reyeset
evolution (10.4; NT) BW25113 al., 2012)
mutants as
starting
culture, 1
round of
shuffling

C, concentration; CD, cell density; CV, cell viability; GR, growth rate; P, production; T, tolerance (in terms of C, CD,
CV, or GR); NT, not tested; NI, no improvement; +, growth observed but % improvement not calculated.

Another way to generate chimeras is through genome shuffling. Genome
shuffling makes use of the entire genome of a mixed cell population to generate
new combinations of mutations by recombination (Biot-Pelletier & Martin,
2014). The genome shuffling process is usually carried out by generating a
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genetically diverse starting population, followed by recombination, selection,
and screening, which can be repeated a number of times until the
desired/acceptable product tolerance is achieved (Biot-Pelletier & Martin, 2014;
Gong et al., 2009; Winkler et al., 2010). The starting population can be taken
from natural sources or DNA fragment libraries, or generated via adaptive
evolution, chemical mutagenesis, UV mutagenesis, transposon mutagenesis,
or use of mutator strains or unmutated heterologous strains (Atsumi et al., 2010;
Gérando et al., 2016; Horinouchi et al., 2010; Liyanage et al., 2000; Luan et al.,
2013; Minty et al., 2011; Tailliez et al., 1989; Wang et al., 2011; Wang et al.,
2014; Winkler et al., 2010; Zhu et al., 2015). The method of choice to introduce
the DNA for recombination is highly dependent on the host microorganism and
the source of diversity, which includes protoplast fusion, conjugation, phage-
mediated transduction, direct transformation, liposomal delivery, or, in the case

of yeast, sexual recombination (Gong et al., 2009).

Genome shuffling has been exploited to improve the tolerance of C. beijerinckii
DSM 6423 for various compounds, by protoplast fusion of variants generated
by NTG mutagenesis (Table 2.2). The resulting mutant strains exhibited
improved tolerance for isopropanol, bromobutyrate, ethylbromobutyrate, and 5-
methyl bromobutyrate. After 2 rounds of genome shuffling, mutant strains with
enhanced tolerance for isopropanol at 50 g/L were generated, while the NTG
mutants could barely grow at the same concentration in agar plates (Gérando
et al., 2016). Although tolerance was barely improved, isopropanol production
of the mutant increased by about 23.0% compared with the parental strain and
the mutant produced by NTG mutagenesis. In an attempt to improve 1-butanol
tolerance of E. coli, hybrid strains of E. coli BW25113 and Lactobacillus brevis
367 were generated via protoplast fusion of individual cultures without prior
mutagenesis (Table 2.2) (Winkler et al., 2010). Two of the mutant hybrid strains
exhibited 1-butanol tolerance that was twice the starting tolerance of the E. coli
strain (Winkler et al., 2010). The 1-butanol tolerance of E. coli was also
improved by 7.7% through genome shuffling of a population taken from a the
chemostat culture grown up to 10.4 g/L 1-butanol (Table 2.2) (Reyes et al.,
2012).
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The different methods of generating bioproduct tolerant strains all seem to be
effective to some extent. It will be difficult to identify which are the most effective
methods unless the methods are compared systematically, by using the same
parental strain and the same compound throughout, and then extending
systematically to other organisms and compounds. Nonetheless, adaptive
evolution appears to be the method of choice for generation of product tolerant
strains via the random approach due to its effective and simple nature.
Genome shuffling shows considerable promise to further enhance the level of
tolerance achieved after adaptive evolution or other random mutagenesis
approaches (Gérando et al., 2016; Reyes et al., 2012). However, further work
is needed to prove that the resulting strains are sufficiently productive for
industrial manufacturing of the chosen bioproduct.

2.4.2 Reverse/lnverse metabolic engineering

Reverse/inverse metabolic engineering (Bailey et al., 2002; Oud et al., 2012)
depends on determining the genetic basis of the enhanced chemical product
tolerance by comparing the genome sequence of the product tolerant strain
with the parental strain, to identify the beneficial mutation/s ( Fig. 2.1) (Atsumi
et al., 2010; Bailey et al., 2002; Hong et al., 2010; Minty et al., 2011; Oud et al.,
2012).

Product tolerant strains generated via random mutagenesis

4
Analysis of the genome sequence

\ 2
Identification of beneficial mutations

2
Construction/Reconstruction of product tolerant strain

Fig. 2.1 Flow diagram of reverse/inverse engineering of a product tolerant
strain.

The mutated gene or set of genes are then introduced into the parental strain,
to confirm the role of the gene(s) in the resistance phenotype (Bailey et al.,
2002; Hong et al., 2010; Oud et al., 2012). Further confirmation is obtained by

reverting the mutation back to the wild type and confirming loss of tolerance.
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Once the beneficial mutated genes are identified, they can be used or combined
with other beneficial mutated genes to construct a superior product tolerant
strain (Atsumi et al., 2010; Bailey et al., 2002; Hong et al., 2010; Minty et al.,
2011; Oud et al., 2012).

Genomic sequence analysis and insertion or deletion of mutated genes
revealed that mutations in acrA, gatY, tnaA, yhbJ, hipA-flxA, marC, hfq, mdh,
acrAB, gatYZABCD and rph genes were beneficial for E. coli in increasing
tolerance towards isobutanol from 6-7.5 g/L to 20 g/L (Atsumi et al., 2010; Minty
et al., 2011). gatY and acrA were the most important of the mutant genes in
conferring product tolerance, since the repair of both mutations in the isobutanol
tolerant mutant reduced its cell density by 2-3 fold after growth in LB containing
8 g/L isobutanol for 24 hours as compared to the original isobutanol tolerant
strain (Atsumi et al.,, 2010). Reconstruction of isobutanol tolerance was
accomplished by deletion of the genes, acrA, gatY, tnaA, yhbj, and marCRAB,
in the parental strain (Atsumi et al., 2010). However, there was no improvement
in isobutanol production by the reconstructed strain. Other than this study,
rather little work has been done to demonstrate the benefits of reverse
engineering for improving chemical tolerance, and more work is necessary to
determine whether or not this approach can yield further improvements.
However, it serves as a very useful experimental tool to study the significance
of each mutation in conferring the observed phenotype of the bioproduct

tolerant mutants (Horinouchi et al., 2017).

2.4.3 Rational/Targetted approach
2.4.3.1 Cell membrane engineering

Alteration in fatty acid composition is an important mechanism to improve
survival when microorganisms are exposed to toxic organic compounds
(Heipieper & de Bont, 1994; Heipieper et al., 1992; Heipieper et al., 2003,
Mrozik et al., 2005; Mrozik et al., 2004; Pinkart et al., 1996; Weber et al., 1994).
For this reason, membrane engineering has been exploited to engineer
improved tolerance of microorganisms for bioproducts (Oh et al., 2012; Si et
al., 2016; Tan et al., 2017b; Tan et al., 2016b). Membrane composition can be

modifed by altering the expression of the genes relevant to regulation of fatty
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acid synthesis (Fujita et al., 2007; Oku et al., 2003), introduction of key enzymes
to produce the relevant membrane components (Allakhverdiev et al., 2001;
Alterman & Hanzlik, 2002; Beck, 2005; Chazarreta Cifré et al., 2013; Courtois
et al., 2004; Cronan et al., 1979; Cybulski et al., 2002; Fujita et al., 2007,
Grogan & Cronan, 1984; Grogan & Cronan, 1997; Heipieper et al., 2010;
Heipieper et al., 2003; Holtwick et al., 1999; Junker & Ramos, 1999; Kaneda,
1977; Kaneda, 1991; Kim & Oh, 2013; Kolattukudy & Walton, 1972; Oku et al.,
2003; Oku & Kaneda, 1988; Uttaro, 2006; von Wallbrunn et al., 2003; Wada et
al., 1989; Yu et al., 2014; Zhang & Rock, 2009), or supplementation with fatty
acids that are not produced naturally by the host strain (Beck, 2005; Kaneda,
1977; Oku et al., 2003; Oku & Kaneda, 1988). Key enzymes for the modification
of the fatty acid structure include desaturases for introduction of a double bond
(Allakhverdiev et al., 2001; Chazarreta Cifré et al., 2013; Cybulski et al., 2002;
Uttaro, 2006; Wada et al., 1989), and cis-trans isomerase (Cti) for isomerization
of cis-unsaturated fatty acids to trans-unsaturated fatty acids (Heipieper et al.,
2010; Holtwick et al., 1999; Junker & Ramos, 1999; von Wallbrunn et al., 2003).
In addition, cytochrome P450 monooxygenases, hydratases, 12-hydroxylases,
lipoxygenases, and diol synthases can be used for addition of hydroxyl groups
(Alterman & Hanzlik, 2002; Kim & Oh, 2013; Kolattukudy & Walton, 1972),
whilst branched chain fatty acid synthetase (Beck, 2005; Kaneda, 1977,
Kaneda, 1991; Oku et al., 2003; Oku & Kaneda, 1988), branched-chain a-keto
acid decarboxylase (Oku & Kaneda, 1988), branched chain amino acid
transferase (Beck, 2005), and malonyl-CoA:ACP transacylase (Oku et al.,
2003) can be used for extension with a branched chain. Cyclopropane fatty
acid synthase can be utilized for cyclopropane ring formation (Courtois et al.,
2004; Cronan et al., 1979; Grogan & Cronan, 1984; Grogan & Cronan, 1997).
However, rational optimization of the fatty acid composition could be difficult,
as maintenance of membrane fluidity might not depend on changing a single
component but rather a delicate balance of changes in amounts of multiple
membrane components (Courtois et al., 2004; Eze, 1991; Heipieper & de Bont,
1994; Heipieper et al., 1992; Heipieper et al., 2003; Lobbecke & Cevc, 1995;
Mrozik et al., 2005; Mrozik et al., 2004; Murinova & Dercova, 2014; Perly et al.,
1985; Pinkart et al., 1996; Segura et al., 1999; Sikkema et al., 1995; Sol Cuenca
et al., 2015; Weber & de Bont, 1996; Weber et al., 1994).
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Cell membrane engineering approaches such as cis-trans isomerisation of
unsaturated fatty acids (Tan et al., 2016b), alteration of membrane fatty acid
profiles (Sherkhanov et al., 2014), adjustment of the saturated to unsaturated
fatty acids ratio (Oh et al., 2012; Si et al., 2016), and changes in the
phospholipid head group abundance (Tan et al., 2017b) have been successful
in improving tolerance for various chemicals. Cis-trans isomerisation of
unsaturated fatty acids is catalysed by the enzyme, cis-trans isomerase (Cti)
(Heipieper et al., 2003). Cti is expressed naturally in various Pseudomonas and
Vibrio species (Heipieper et al., 2003), but not in E. coli (Tan et al., 2016b).
Heterologous expression of a Cti and its native signal peptide from P.
aeruginosa in E. coli led to the isomerisation of cis-unsaturated fatty acids to
trans-unsaturated fatty acids, which reduced membrane fluidity, and increased
membrane rigidity (Tan et al., 2016b). The strain expressing Cti had a trans/cis
unsaturated fatty acid ratio of 0.078, and showed a 12.0% increase of growth
rate with exogenous octanoic acid (1.4 g/L) and 41.0% improvement in octanoic
acid production (Tan et al., 2016b). This strain also exhibited an improved
growth rate in the presence of exogenous hexanoic acid (1.2 g/L), decanoic
acid (1.7 g/L), 1-butanol (4.8 g/L), hexanol (0.8 g/L), acetate (1.8 g/L), succinate
(23.6 g/L), phenol (1.0 g/L), styrene (0.2 g/L), or toluene (0.9 g/L). However,
the strain grew less rapidly in the presence of ethanol (15.5 g/L) or isobutanol
(4.8 g/L).

E. coli (AfadD BTE) is used to produce medium chain fatty acids (Sherkhanov
et al, 2014) but the native 2-acyl-glycerophosphoethanolamine
acyltransferase/acyl-ACP synthetase (Aas) catalyses incorporation of medium
chain free fatty acids (FFAS) into membrane phospholipids (Hsu et al., 1991;
Jackowski et al., 1994; Sherkhanov et al., 2014) and makes the host cell more
susceptible to medium chain fatty acid toxicity (Sherkhanov et al., 2014).
Although the underlying mechanism of the increase in susceptibility of the cells
to the fatty acid was not identified, it was possible to decrease the incorporation
of medium chain fatty acids into the membrane lipids by deleting the aas gene
(Sherkhanov et al., 2014). This led to partial restoration of the normal
membrane fatty acid profile by reduction in the medium chain (C12-14) to long

chain (C16) fatty acid ratio in comparison with the control strain. The strain with
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the aas deletion grew faster, attained higher cell density, and retained at least
twice the viable count after 48 h compared to the control strain grown in the
presence of exogenous C12:0 (1.0 g/L) or C14:0 (1.0 g/L). It also produced
about 20% more FFA (Sherkhanov et al., 2014).

Adjustment of the saturated to unsaturated fatty acid ratio has also been
beneficial for the improvement of alkane (Oh et al., 2012) and alcohol tolerance
(Oh et al., 2012; Si et al., 2016). FadR represses fatty acid degradation (Feng
& Cronan, 2009) and activates expression of two key enzymes (FabA and
FabB) for unsaturated fatty acid synthesis (Campbell & Cronan, 2001). Deletion
of the fadR gene resulted in an increase of the saturated to unsaturated fatty
acid ratio in E. coli. This improved growth in LBGMg media containing
cyclohexane-hexane (14.1 g/L) mixture (1:1 ratio), with a 3-fold increase in cell
concentration after 9 hours of growth compared with the wild type (Oh et al.,
2012). By contrast, the saturated to unsaturated fatty acid ratio could be
decreased by deleting the uncharacterized proteins, YibT or YghW, and this
improved the growth of E. coli in agar plates containing 1-butanol (6.4 g/L) (Si
et al., 2016). However, the growth in liquid culture was not assessed.

The alteration of phospholipid head groups allows cells to adapt and tolerate
toxic organic compounds (Clark & Beard, 1979; Weber & de Bont, 1996),
complementing alterations of the fatty acid composition.  Therefore,
manipulation of the amount and head-group composition of phospholipids has
been explored as a means to engineer tolerance of microorganisms to
bioproducts (Cronan, 2003; Geiger & Sohlenkamp, 2015; Heath et al., 2002;
Pieringer, 1968; Smith, 1969; Tan et al., 2017b). The effect of changing the
abundance of different phospholipid head groups was tested as a means of
improving the tolerance of E. coli towards octanoic acid. The pssA, pgsA, and
clsA genes encode the enzymes necessary for the synthesis of PE, PG, and
CL, respectively (Tan et al., 2017b). Over-expression of pssA, pgsA, or clsA
resulted in a 7%, 38%, or 12% increase in PE, PG, or CL, respectively. An
increase in expression of pssA led to a 29% improvement in growth rate and
about 2-fold increase in cell concentration when E. coli was grown with octanoic
acid (2.9 g/L) as compared to the control strain. It also led to 1.4 fold

improvement in octanoic acid to 0.22 g/L and total carboxylic acid to 0.27 g/L
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production. Increased expression of pssA also improved resistance to inhibitory
compounds from lignocellulosic feedstocks and various other bioproducts (Tan
et al., 2017b). However, the level of fatty acid unsaturation increased and the
level of cyclic fatty acids decreased, indicating that the membrane composition
also changed when the head group composition is altered. This leaves room
for discussion whether any effects on chemicals tolerance and production were
due solely to the increased PE production or a result of the overall change in
membrane composition. By contrast, increased expression of clsA did not
improve octanoic acid tolerance, while overexpression of pgsA caused a 50%
decline a growth rate (Tan et al., 2017b).

Table 2.3 Effect of membrane engineering on microbial tolerance towards
bioproducts.

Chemical

(Max C observed . .
Method from the parental ~ MiCroorganism

strain for T; Pin

g/L)

Improvement (%)

Overexpression  Octanoic E. coli MG1655 NT NT NT 12 41  (Tanetal,

of Cti acid 2016b)
(1.4;0.31)

Deletion of fadR  1:1 v/v E.coliBW25113  NT 200 NT NT NT Ohetal,
Cyclohexan 2012)
e-hexane
mixture
(14.1)

Deletion of 1-Butanol E. coli IM109 NT NT < NT NT (Sieta,

yibT or yghW (6.4) 500 2016)

Overexpression  Octanoic E. coli MG1655 NT NT NT 29 40  (Tanetal,

of PssA acid 2017b)
(2.9; 0.22)

C, concentration; CD, cell density; CV, cell viability; GR, growth rate; P, production; T, tolerance (in terms of C, CD,
CV, or GR); NT, not tested.

Although changes in membrane composition of microorganisms has been
widely reported as an adaptation mechanism for chemical tolerance (Murinova
& Dercova, 2014; Sardessai & Bhosle, 2002; Segura et al., 2012; Sherkhanov
et al., 2014; Sol Cuenca et al., 2015), it is surprising that only very few studies
have exploited this mechanism as a target for cell engineering to improve
bioproduct tolerance. Also, only a few studies (Sherkhanov et al., 2014; Tan et
al., 2017b; Tan et al., 2016b) have demonstrated that such membrane
engineering results in improved product titres. These studies were restricted to

systems for production of fatty acids, and further studies are needed to test the
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impact of membrane engineering on the manufacture of other type of
compounds. In addition, the results from the membrane engineering efforts
suggest that membrane composition must be tailored specifically for the target
bioproduct (Si et al., 2016; Tan et al., 2016b). It should be noted that the key
principle for membrane engineering for solvent or bioproduct tolerance is
membrane homeostasis (Zhang & Rock, 2008) or restoration of the cell
membrane fluidity to the state prior to the perturbation caused by the presence
of the toxic compound (Murinova & Dercova, 2014; Peabody et al., 2014;
Sardessai & Bhosle, 2002; Segura et al., 2012; Sol Cuenca et al., 2015). As
manipulation of metabolic pathways (Sherkhanov et al., 2014; Si et al., 2016),
regulatory networks (Aono, 1998; Duval & Lister, 2013; Grkovic et al., 2002;
Grkovic et al., 2001; Shimizu, 2013a; Shimizu, 2013b) or altered expression of
membrane components (e.g. transporters) (Lennen et al, 2013;
Mukhopadhyay, 2015; Tan et al., 2017a; Turner & Dunlop, 2015) could also
alter membrane fluidity, membrane engineering should be attempted only after
incorporation of the metabolic pathway for the desired bioproduct and other

interventions to improve bioproduct tolerance and production titres.

2.4.3.2 Overexpression of heat shock proteins (HSPs)

Based on the observation that expression of certain HSPs were induced during
exposure to various alcohols and other toxic chemicals (Anfelt et al., 2013;
Blom et al., 1992; Bormann et al., 2014; Brynildsen & Liao, 2009; Cao et al.,
2017; Desmond et al., 2004; Fiocco et al., 2007; Foo et al., 2014; Kang et al.,
2007; Mann et al., 2012; Rau et al.,, 2016; Yung et al., 2016), numerous
attempts have been made to increase cellular tolerance towards short chain
alcohols by overexpressing specific HSPs (Anfelt et al., 2013; Desmond et al.,
2004; Fiocco et al., 2007; Foo et al., 2014; Kang et al., 2007; Mann et al., 2012;
Tomas et al., 2003; Zingaro & Papoutsakis, 2012; Zingaro & Terry Papoutsakis,
2013) or a combination of HSPs (Zingaro & Papoutsakis, 2012) (Table 2.4).
Heat shock proteins (HSPs) protect against protein aggregation, help in
refolding/unfolding of damaged proteins, repair damaged proteins, reactivate
inactivated proteins, or help degrade irreparably denatured proteins (Guzzo,
2012; Murinova & Dercova, 2014; Richter et al., 2010; Segura et al., 2012;
Verghese et al., 2012; Weber & de Bont, 1996; Whitley et al., 1999; Yura et al.,
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1993). These proteins are also involved in RNA and DNA repair, metabolism,
regulation, cell structure maintenance, and restoration of membrane stability
(Guisbert et al., 2004; Richter et al., 2010; Straus et al., 1987).

One of the most studied HSPs is the ATP-dependent GroESL chaperonin
system, which aids in the folding/refolding of unfolded/misfolded proteins
(Masters et al., 2009; Xu & Sigler, 1998). The overexpression of the native
GroESL in C. acetobutylicum increased the cell density in liquid cultures
exposed to 1-butanol (6.0 g/L) by 50% as compared with the control strain
(Tomas et al., 2003). It also allowed survival of 45% of the cells after exposure
to 1-butanol at 15.9 g/L for 2 h, while the control strain failed to survive (Mann
et al., 2012). A 30% increase in 1l-butanol titres was obtained after
overexpression of GroESL in C. acetobutylicum (Mann et al., 2012; Tomas et
al., 2003). Similarly, overexpression of Lactobacillus paracasei GroESL in Lb.
paracasei and Lactococcus lactis NZ9800 allowed growth in liquid cultures
containing 1-butanol (4.0 g/L), while the parental strain failed to grow (Desmond
et al., 2004). Homologous overexpression of GroESL in E. coli enhanced cell
growth in the presence of ethanol (30.4 g/L), 1-butanol (6.0 g/L), 2-butanol (10.0
g/L), isobutanol (7.9 g/L) and 1,2,4-butanetriol (198.3 g/L) by 12, 2.8, 3, 1.8,
and 4-fold higher cell density in liquid cultures as compared to the control strain,
respectively (Zingaro & Terry Papoutsakis, 2013). It also improved cell viability
after exposure to ethanol (51.6 g/L) for 24 hours by 38% with respect to the

control strain (Zingaro & Papoutsakis, 2012).

Aside from GroESL, other HSPs were also tested for their ability to improve
alcohol tolerance. In C. acetobutylicum, GrpE and HtpG were individually
overexpressed, leading to 25% and 56% improvements in cell viability (Mann
et al., 2012). However, overexpression of GrpE or HtpG did not improve solvent
production. Individual overexpression of native GrpE (a co-chaperone in the
DnaK chaperone system) (Brehmer et al., 2004; Ringeling et al., 1999; Wu et
al., 1996) and ClpB (a chaperone protein that aids in disaggregation of proteins)
(Barnett et al., 2000; Kedzierska et al., 2003; Mogk et al., 2003) in E. coli
improved its cell viability by 27% and 15%, respectively. (Zingaro &
Papoutsakis, 2012). Hsp33, a chaperone protein that helps prevent protein

folding and aggregation (Cremers et al., 2010; Jakob et al., 2000), from Bacillus
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psychrosaccharolyticus was also overexpressed in E. coli. This resulted in a
higher viability upon exposure to isopropyl alcohol (22.9 g/L) and 1-butanol
(15.9-19.8 g/L) (Kang et al., 2007).

The benefit of overexpressing small HSPs to improve alcohol tolerance was
also assessed (Anfelt et al., 2013; Fiocco et al., 2007; Foo et al., 2014). Small
HSPs are proteins with molecular masses in the range of 15-42 kDa, which
have the ability to bind to non-native proteins and prevent their aggregation and
irreversible folding (Caspers et al., 1995; Kitagawa et al., 2002; Kuczynska-
Wisnik et al., 2002; Narberhaus, 2002; Roy et al., 1999; Torok et al., 2001). For
example, IbpA and IbpB (Kitagawa et al., 2002; Kuczynska-Wisnik et al., 2002)
were overexpressed in E. coli (Foo et al., 2014). IbpA overexpression improved
the growth rate and cell density in the presence of isopentenol (1.5 g/L) and
also improved isopentenol production by 16%, while overexpression of IbpB did
not enhance E. coli tolerance towards isopentenol (Foo et al., 2014). Since it
helps stabilize membranes and prevents protein aggregation, the effect of HspA
overexpression was also investigated (Torok et al., 2001). Overexpression of
native HspA in Synechocystis sp. at approximately 10 times the normal level
improved cell growth rate and cell density (after 6 days) in the presence of
exogenous 1-butanol (4.0 g/L) by around 60% and 50%, respectively (Anfelt et
al., 2013). In Lactobacillus plantarum, the over expression of native small
HSPs, Hsp18.55 and Hsp19.3 resulted in higher viability exposure to ethanol
(84.6 g/L) and 1-butanol (8.0 g/L). On the contrary, the over expression of the
small HSP, Hsp18.5, did not change the susceptibility of Lb. plantarum towards

ethanol and 1-butanol under the same conditions (Fiocco et al., 2007).

Effects of the co-overexpression of various HSPs on alcohol tolerance were
also evaluated. The overexpression of GroESL-GrpE and GroESL-ClpB
combination in E. coli led to a 100% and 1,130% increase in viability after
exposure to ethanol (37.6 g/L), respectively (Zingaro & Papoutsakis, 2012). The
co-overexpression of GroESL and ClpB also enhanced cell viability of E. coli
when exposed to 1-butanol (8.0 g/L) and isobutanol (7.9 g/L ) by 78% and 25%,
respectively (Zingaro & Papoutsakis, 2012). Likewise, co-overexpression of
GrpE, GroESL, and ClIpB in E. coli led to improvements in viability after
exposure for to ethanol (51.6 g/L), 1-butanol (8.0 g/L), and 1,2,4-butanetriol
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(238 g/L) by 200%, 390%, and 78%, respectively (Zingaro & Papoutsakis,
2012). However, overexpression of other HSPs such as DnakK, DnaJ, IbpA, and
IbpB individually or in combinations did not help improve E. coli tolerance for

alcohols (Zingaro & Papoutsakis, 2012).

Table 2.4 Effect of HSPs overexpression on microbial tolerance towards

bioproducts.

Chemical

(Max C observed . .
from the parental  MiCroorganism

strain for T; P in

g/L

Improvement (%)

Overexpression 1-Butanol C. (Tomas
of GroESL (6; 13.0) acetobutylicum etal.,
ATCC 824 2003)
1-Butanol Lb. paracasei NT +; + NT NT NT (Desmo
(4; NT) NFBC 338; L. nd etal.,
lactis NZ9800 2004)
Ethanol E. coli 10-8 NT 1100; NT NT NT (Zingaro
(51.6; NT); 180; & Terry
1-Butanol 200; Papouts
(6; NT); 80; akis,
2-Butanol 300 2013)
(10; NT);
Isobutanol
(7.9; NT);
1,2,4-
Butanetriol
(198.3; NT)
Overexpression  1-Butanol C. NT NT +/ NT 30/ (Mann et
of GroESL/ (15.9; 6.7) acetobutylicum +/ -49/  al.,
GrpE/ ATCC 824 + -32  2012)
HtpG
Overexpression  Ethanol E. coli MG1655 NT 38/ NT NT NT (Zingaro
of GroESL/ (51.6; NT) 27/ &
GrpE/ 15 Papouts
ClpB akis,
2012)
Overexpression Isopropanol E. coli IW176/ NT NT ++/ NT NT (Kang et
of Hsp33 (22.9; NT), E. coli IW49 +,+ al.,
1-butanol 2007)
(19.8; NT)
Overexpression Isopentenol E. coli DH1 NT + NT + 16 (Foo et
of IbpA (1.5;0.83) al.,
2014)
Overexpression 1-Butanol Synechocystis NT 50 NT 60 NT  (Anfelt et
of HspA (4 glL) sp.PCC 6803 al.,
2013)
Overexpression  Ethanol Lb. plantarum NT NT ++; NT NT (Fiocco
of Hsp 18.55; (84.6 g/L), +,+ etal,
Hsp 19.3 1-Butanol 2007)
(8 g/L)
Overexpression Ethanol E. coli MG1655 NT 200, NT NT NT  (Zingaro
of GrpE, (51.6; NT), 390, &
GroESL and 1-Butanol 78 Papouts
ClpB (8; NT), akis,
12,4 2012)
Butanetriol
(238 g/L)

C, concentration; CD, cell density; CV, cell viability; GR, growth rate; P, production; T, tolerance (in terms of C, CD,
CV, or GR); NT, not tested; NI, no improvement; +, growth observed but % improvement not calculated.
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Although the use of some HSPs provided promising improvements in tolerance
for short chain alcohols (especially the combinations of several HSPs), the use
of HSPs to improve tolerance towards other classes of bioproducts has not
been reported. Furthermore, the majority of studies have only shown that
overexpression of HSPs improve cell growth or survival (Anfelt et al., 2013;
Desmond et al., 2004; Fiocco et al., 2007; Kang et al., 2007; Zingaro &
Papoutsakis, 2012; Zingaro & Terry Papoutsakis, 2013), and demonstrations
of improved product titres have been limited (Foo et al., 2014; Mann et al., 2012;
Tomas et al., 2003). Therefore, it will be interesting to verify if the benefit of the
overexpression of HSPs can be extended to improvements in tolerance and

titre for bioproducts of different functional groups.

2.4.3.3 Modulation of transport protein expression

Given the involvement of transport proteins in stress responses to toxic
chemicals, a number of studies have tested the effects of modulating their
expression in attempts to improve bioproduct titres (Table 2.5). The first group
of transport proteins that were heavily implicated for their role in toxic compound
tolerance are the efflux pumps (Martins et al., 2019; Mukhopadhyay, 2015;
Murinova & Dercova, 2014; Sardessai & Bhosle, 2002; Segura et al., 1999;
Segura et al., 2012; Sol Cuenca et al., 2015). Efflux pumps are membrane
proteins with the ability to actively export compounds through energy-
dependent transport processes. They are divided into six superfamilies:
namely, the ATP-binding cassette (ABC) family, the major facilitator
superfamily (MFS), the small multidrug resistance (SMR) family, the multidrug
and toxic compound exporters (MATE) family, the resistance-nodulation-
division (RND) family (Saier et al., 2006) and the proteobacterial antimicrobial
compound efflux (PACE) family (Chitsaz & Brown, 2017; Hassan et al., 2015;
Hassan et al., 2018). The ABC pumps utilize ATP as the energy source,
whereas the MFS, RND and SMR pumps are H*-dependent antiporters, while
the MATE pumps are Na* or H*-dependent antiporters (Du et al., 2015; Hassan
et al., 2018; Wong et al., 2014). The energy source for PACE pumps is not yet
known, but they are suspected to operate using electrochemical potential
(Hassan et al., 2015). ABC, MFS, SMR, PACE and MATE transporters reside

in the inner membrane proteins and are found in both Gram negative and Gram
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positive bacteria (Du et al., 2015). On the other hand, RND transport systems
are associated with Gram negative bacteria only. RND pumps form a tripartite
complex across the cell envelope, including an inner membrane protein (RND
type pump), a periplasmic protein (belonging to the membrane fusion proteins
family), and an outer membrane porin (belonging to the outer membrane

proteins family) (Du et al., 2015; Wandersman, 1992).

In one investigation, a pool of 43 efflux pumps from various microorganisms
were selected for their homology with the substrate binding regions of the
toluene efflux pump, TtgB, and expressed in E. coli (Dunlop et al., 2011). The
best pumps were selected using a growth competition assay in the presence
of 1-butanol (0-8.0 g/L), iso-pentenol (0-4.2 g/L), geranyl acetate (0-43.6 g/L),
geraniol (0-1.3 g/L), a-pinene (0-40.9 g/L ), limonene (0.3 g/L), or farnesyl
hexanoate (26.2 g/L) (Dunlop et al., 2011). The E. coli strain overexpressing
the native efflux pump, AcrAB, exhibited the best tolerance for a number of
bioproducts, whilst an uncharacterized pump from Alcanivorax borkumensis
provided the best tolerance for limonene, improving limonene tolerance by
50%. The strain overexpressing the efflux pump from A. borkumensis produced
about 0.055 g/L of limonene, which is approximately 50% more limonene than
the parental E. coli strain. However, this low yield is likely to be below the toxic
threshold, so further work is needed to prove that this intervention can improve
titres to industrially relevant concentrations. Similarly, overexpression of the
ABC transporter, MdIB, improved the growth rate of E. coli in the presence of
isopentenol (1.5 g/L), and improved isopentenol production by 12-60% in

comparison with the control strain (0.3-0.8 g/L) (Foo et al., 2014).

Knockout studies revealed the importance of AcrAB-TolC efflux system for 1-
hexene tolerance in E. coli (Mingardon et al., 2015). Overexpression of TolC
alone did not improve growth of E. coli, while overexpression of AcrAB
improved growth of E. coli in the presence of 1-hexene by approximately 10-
fold as compared to the wild-type strain with native expression levels of AcrAB.
The co-overexpression of AcrAB-TolC further improved growth of E. coli in the
presence of 1-hexene by approximately 10-fold as compared to the wild-type
strain (Mingardon et al., 2015). The inability of TolC overexpression to improve

1-hexene tolerance of E. coli was attributed to the possibility that AcrAB rather
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than TolC is the limiting protein in the wild-type E. coli strain for the AcrAB-TolC
efflux system (Mingardon et al., 2015).

Aside from efflux systems, the modulation in expression of outer membrane
proteins/porins can be an effective strategy for improvement of bioproduct
tolerance (Doukyu et al., 2012; Tan et al., 2017a; Zhou et al., 2015). Porins are
water-filled channels found in the outer membranes of Gram negative bacteria
or in the outer layer of mycobacteria andinvolved in the size-selective diffusion
of hydrophilic compounds across the outer membrane (Fernandez & Hancock,
2012). They are formed with a monomeric or trimeric transmembrane 3-barrels
and can be classified as specific or non-specific/general porins, depending on
the pore size and the amino acid composition (Vollan et al., 2016). The pore
size may vary slightly depending on the environmental conditions, including pH,
salinity, temperature and the presence of flexible or constriction loops (Sleator
& Hill, 2002; Vollan et al., 2016) . Such constriction loops are located inside the
channel and, together with the hydrophilic amino acids of the channel, generate
an electrostatic field that determines the selectivity of the pore (Fernandez &
Hancock, 2012; Vollan et al., 2016).

In E. coli, deletion of ompF (encoding the outer membrane porin F, OmpF,;
participates in the transport of sugars, ions, protein, and antibiotics) (Tan et al.,
2017a), and/or increase in expression fadL (encoding the long chain fatty acid
outer membrane porin, FadL) improved octanoic acid (1.4 g/L) tolerance,
membrane integrity, and fatty acid production (Tan et al., 2017a). Deletion of
ompF alone led to a 7%, 15%, 18%, and 10% improvement in growth rate, cell
concentration, membrane integrity and fatty acid production, respectively. On
the other hand, increased expression of fadL improved the growth rate, cell
concentration, membrane integrity, and fatty acid production by 8%, 20%, 25%,
and 34% respectively. The E. coli strain with a combination of ompF deletion
and increased expression of fadL gained higher improvements in growth rate,
cell concentration, membrane integrity, and fatty acid production at 18%, 50%,
37%, and 53%, respectively. The total fatty acid titre reached 2.33 g/L, which
was 53% more than the control. These improvements were thought to arise
from reduced uptake of short chain fatty acids via OmpF and increased uptake
of long chain fatty acids via FadL for use in membrane damage repair (Tan et
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al., 2017a). Similarly, deletion of the gene for any of the three components of
the ProU (ProVWX) system for compatible solutes uptake (Wood, 1999)
resulted in a 1000 fold improvement in colony forming efficiency of E. coli in
agar plates overlaid with n-hexane-cyclohexane mixture (1:1 v/v) as compared
to the control strain E. coli BW25113 or E. coli JA300 (Doukyu et al., 2012).
About 24% reduction of intracellular n-hexane after 60 min exposure was

observed in E. coli JA300 with a proV deletion compared to the wild type.

Proteomics analysis revealed differential expression of some transport related
proteins with growth of E. coli in the presence of phenylpropanoids (1.0 g/L),
resveratol, naringenin, or rutin (Zhou et al., 2015). Significant increase of
OmpW, OmpF, FadL, OppD, and PotG and decrease of LamB, MalK, MalE,
ManX, TolC, OppA protein levels were observed. Overexpression of the genes
encoding OmpW, OmpF, FadL, OppD, and PotG resulted in a higher growth
rate, while silencing of the genes encoding LamB, MalK, MalE, ManX, TolC,
and OppA resulted in a lower growth rate as compared to the control strain in
the presence of resveratrol (1.0 g/L), naringenin (1.0 g/L), or rutin (1.0 g/L).
LamB (maltose outer membrane porin), MalK (maltose/maltodextrin ABC
transporter, ATP binding protein), MalE (maltose ABC transporter; maltose
transporter subunit), and ManX (fused mannose specific phosphotransferase
system enzyme) are part of the maltose transport system for transport of small
molecules such as carbohydrates, organic acids, and alcohols (Boos &
Shuman, 1998; Davidson et al., 1992; Joly et al., 2004; Okochi et al., 2006).

It is possible that the reduced expression of these proteins may have decreased
the influx of the phenylpropanoids into E. coli, lessening their toxic effects (Zhou
et al., 2015), but further work is needed to confirm this hypothesis. OppA is an
ABC transporter with broad specificity for uptake of oligopeptides (Baev et al.,
2006), while OppD is another ABC transport system for efflux of oligopeptides
that is linked to increased antibiotic resistance (Higgins et al., 1985; Ito et al.,
2009). It is also possible that silencing OppA may have decreased the uptake
of phenypropanoids and upregulating OppD may have increased their export
system for the phenypropanoids (Zhou et al., 2015).
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Table 2.5 Effect of modulation of transport protein expression on microbial

tolerance towards bioproducts.

Chemical

(Max C observed . .
Method from the parental  Microorganism

strain for T; P in

Improvement (%)

g/L)

Overexpression Limonene E. coli DH1 60 NT NT NT 50 (Dunlop
of an uncha- (0.3;0.035) AacrAB etal,
racterized 2011)
pump A.
borkumensis
Overexpression Isopentenol E. coli DH1 NT NI NT + 60 (Foo et
of MdIB (1.5; 0.35) al.,
2014)
Over 1-Hexene E. coli K-12 NT NT 10%5;, NT NT (Mingard
expression of (saturated 104 onetal.,
AcrAB,; vapor) 2015)
AcrAB-TolC
AompF; Octanoic E. coli MG1655 NT; 15; NT; 7; 10; (Tanet
Overexpression acid NT; 20; NT; 8; 34; al.,
of fadL ; (1.4; 1.50) NT 50 NT 18; 53 2017a)
AompF +
overexpression
of FadL
AproV, AproW, 1:1 viv E. coli BW25113; NT; NT; 10% NT; NT; (Doukyu
AproX n-Hexane- E. coli JA300 NT NT; 10° NT NT etal.,
cyclohexan 2012)
e mixture
(over laid
on top of
agar plates)
Overexpression Resveratrol E. coli BL21 NT, NT, NT, +, NT, (Zhou et
of OmpW, (1; NT), NT, NT, NT, +, NT, al.,
OmpF, FadL, Naringenin NT NT NT + NT 2015)
OppD, and (1; NT),
PotG or Rutin
silencing of (2; NT)
LamB, MalK,
MalE, ManX,
and TolC

C, concentration; CD, cell density; CV, cell viability; GR, growth rate; P, production; T, tolerance (in terms of C, CD,
CV, or GR); NT, not tested; NI, no improvement; +, growth observed but % improvement not calculated.

Similarly, overexpression of OmpW may have enhanced the efflux of the
phenylpropanoids, since it belongs to a family of small outer membrane
proteins, linked to export of small hydrophobic molecules (Beketskaia et al.,
2014; Hong et al., 2006). PotG is a subunit of PotFGHI which serves as an
uptake system for putescrine (Kurihara et al., 2009; Terui et al., 2014), while
OmpF and FadL are porins involved in uptake of small molecules and long
chain fatty acids (Black, 1988; Call et al., 2016; Jaktaji & Heidari, 2013; Tan et
al.,, 2017a; Ziervogel & Roux, 2013). On the other hand, TolC is an outer
membrane protein that is a key part of various efflux systems in E. coli (e.g.
AcrAB-TolC) (Deininger et al., 2011; Zgurskaya et al., 2011). The
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improvements in phenylpropanoid tolerance with the increased expression of
PotG, OmpF, and FadL or silencing of the gene encoding TolC seems to imply
that they function in an opposite manner with phenylpropanoids as compared
to their known function as part of uptake or efflux systems; however, it is also
possible that the changes in their expression simply altered membrane integrity
(Zhou et al., 2015). Thus, further work is needed to establish the mechanisms

for improved tolerance to phenylpropanoids.

The modulation of suitable efflux and import systems has shown to be effective
in improving both bioproduct tolerance and production titres (Dunlop et al.,
2011; Foo et al., 2014; Tan et al., 2017a). A major challenge is the identification
of the suitable efflux or import system/s, especially for bio-products not naturally
produced by the chosen production host (Doukyu et al., 2012; Dunlop et al.,
2011; Foo et al., 2014; Mingardon et al., 2015; Tan et al., 2017a; Zhou et al.,
2015).

2.4.3.4 Overexpression of regulatory proteins of the multidrug resistance

response system (MarA, SoxS, and Rob)

Aside from functional proteins, the overexpression of regulatory proteins such
as MarA, SoxS, and Rob has shown to be effective in conferring tolerance
towards toxic compounds (Table 2.6) (Asako et al., 1997; Nakajima et al., 1995;
Shah et al., 2013; White et al., 1997). MarA, SoxS, and Rob are responsible for
the regulation of the multidrug resistance in E. coli (Gambino et al., 1993;
Grkovic et al., 2002; Grkovic et al., 2001). In addition to the presence of toxic
organic compounds, MarA, SoxS, and Rob responds to the other stresses,
including presence of antibiotics, oxidative agents, and changes in environment
(i.e. pH) (Alekshun & Levy, 1997; Duval & Lister, 2013; Jain & Saini, 2016),
which makes them a valuable stress regulatory network for bioproduct
tolerance. MarA, SoxS, and Rob are closely related, homologues that are part
of the AraC/XyIS family of positive transcriptional regulators (Gallegos et al.,
1997). Together they form a system known as the Mar (multiple antibiotic
resistance)-Sox (superoxide response)-Rob (right oriC-binding protein) regulon
(Grkovic et al., 2002; Grkovic et al., 2001). The Mar-Sox-Rob regulon includes

efflux pumps (e.g. AcrAB-TolC) and other stress related proteins, and porins
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(e.g. OmpF) (Alekshun & Levy, 1999; Duval & Lister, 2013; Griffith et al., 2009).
Many of the genes within the regulon have a similar sequence of 20 bp within
the promoter region, known as the marbox (Martin et al., 1999), which is a
common binding site for MarA, SoxS, and Rob (Duval & Lister, 2013; Grkovic
et al., 2002; Grkovic et al., 2001; Jain & Saini, 2016). For this reason, each of
these regulators can activate the same multidrug resistance response, either
singly or in combination. Nevertheless, the manner and extent of their activation
may vary between particular genes (Martin et al., 2008). Similar systems also
exist in different microorganisms, such as Bacillus subtilis, Staphylococcus
aureus, Neisseria gonorrhoeae, and P. aeruginosa (Grkovic et al., 2002;
Grkovic et al., 2001).

Table 2.6 Effect of MarA, SoxS, or Rob overexpression on microbial tolerance

towards chemicals.

Chemical

(Max C observed . .
Method from the parental ~ Microorganism

strain for T; P in
g/L)

Improvement (%)

(@)

Overexpression  Cyclo- E. coli AG100; +; NT NT NT NT  (White et
of MarA, SoxS, hexane E. coli AG100K; +; al.,
or Rob (overlaid on  E. coli GC4468; +; 1997)
agar plates) E. coli RA4468; +;
E. coli DJ901 +
Overexpression  Cyclo- E. coli W3110; +; NT NT NT NT  (Asako
of MarA hexane E.coli JA300; +; etal.,
(overlaid on  E.coli MC1061; +: 1997)
agar plates) E.coli FS1576 +
geraniol E.coli DH5a NT NT + NT NT (Shahet
(8.8; NT) al.,
2013)
Overexpression  Cyclo- E.coli JA300; +; NT NT NT NT  (Nakajim
of SoxS hexane E.coli OST4251; +; aetal.,
(overlaidon  E.coli MC1061 + 1995)
agar plates)
Overexpression  Cyclo- E.coli JA300; +; NT NT NT  NT (Nakajim
of Rob hexane E.coli OST4251; +: aetal.,
(overlaid on  E.coli MC1061, +; 1995)
agar plates) E.coli MV1184; +;
E.coli DH1; +;
E.coli FS1576 +
marR mutation pine oil E.coli AG100 343 NT NT NT NT  (Moken
— (8.0; NT) et al,,
overexpression 1997)
of MarA

C, concentration; CD, cell density; CV, cell viability; GR, growth rate; P, production; T, tolerance (in terms of C, CD,
CV, or GR); NT, not tested; +, growth observed but % improvement not calculated.

The overexpression of either MarA, SoxS, or Rob conferred tolerance towards
cyclohexane in E. coli (Aono, 1998; Asako et al., 1997; Nakajima et al., 1995;
White et al., 1997). The AcrAB-TolC efflux pump was shown to play a key role
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in the acquired trait, as deletion of the acrAB locus resulted in loss of tolerance
towards cyclohexane (Aono, 1998; White et al., 1997). E. coli strains that
acquired mutations in marR, (at amino acid residue 73 Arg—Ser) (Asako et al.,
1997) or soxR (10-amino acid residue truncation at the C-terminus) (Nakajima
et al., 1995) also obtained tolerance towards cyclohexane. Pine oil tolerance
(35.4 g/L) was acquired by E. coli with mutations in marR, since this led to

overexpression of MarA (Moken et al., 1997).

The overexpression of MarA was also successful in improving E. coli tolerance
for geraniol (8.8 g/L) (Shah et al., 2013). Again, the AcrAB-TolC efflux pump
was suggested to play a key role, as the deletion of the acrAB tolC genes made
E. coli more susceptible to geraniol toxicity (Shah et al., 2013). On the contrary,
an E. coli strain with a marR mutation (Ankarloo et al., 2010; Oethinger et al.,
2000) that allowed overexpression of MarA did not lead to tolerance towards
short chain alcohols (Ankarloo et al., 2010). Deletion of the mar or the acrAB
locus did not increase susceptibility towards these alcohols, suggesting that
tolerance to these alcohols is not dependent on the MarA regulatory network
nor on the AcrAB-TolC efflux system (Ankarloo et al., 2010). Therefore, the
MarA, SoxS, Rob regulatory system serves as a promising target for
manipulation in order to obtain tolerance for hydrophobic compounds but may

not be a suitable system for short chain alcohols.
2.4.3.5 Global transcription machinery engineering (GTME)

Other transcription factors have also been utilized to generate bioproduct
tolerant strains not by overexpression, but via directed evolution (Table 2.7)
(Alper & Stephanopoulos, 2007; Basak et al., 2012; Chen et al., 2011; Chong
et al., 2014; Chong et al., 2013a; Chong et al., 2013b; Klein-Marcuschamer et
al., 2009; Klein-Marcuschamer & Stephanopoulos, 2008; Lee et al., 2011; Ma
& Yu, 2012; Si et al., 2016; Tan et al., 2016a; Zhang et al., 2015; Zhang et al.,
2012a). This approach, which has been termed as global transcription
machinery engineering (GTME), targets key proteins responsible for the
regulation of transcription at a global level, resulting in altered gene expression
levels of tens to hundreds of genes (Alper & Stephanopoulos, 2007; Zhang et
al., 2015).
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In GTME, the directed evolution of the target transcription factor is usually
achieved via an in vitro random mutagenesis approach (e.g. error prone PCR)
to generate a mutant library, which is then cloned into a suitable vector and
transformed into the host of choice, prior to selection for tolerance towards the
desired bioproduct (Alper & Stephanopoulos, 2007; Zhang et al., 2015). Global
transcriptional regulators that have been altered to improve bioproduct
tolerance include o’° (RpoD) in E. coli (Alper & Stephanopoulos, 2007; Si et al.,
2016; Zhang et al., 2015), Zymomonas mobilis (Tan et al., 2016a), and
Lactobacillus plantarum (Klein-Marcuschamer & Stephanopoulos, 2008); o”
(SigA) in Rhodococcus ruber (Ma & Yu, 2012); and cAMP receptor protein
(CRP) in E. coli (Chong et al., 2014; Chong et al., 2013a; Chong et al., 2013b;
Zhang et al., 2012a). This approach has also been used to cause perturbations
in global transcription with the aid of an external global regulator, IrrE, from
Deinococcus radiodurans (Chen et al., 2011), an artificial transcription factor
(ATF) DNA-binding zinc finger protein fused to E. coli CRP (Lee et al., 2011)
and mutations in the E. coli RNA polymerase subunit a (Klein-Marcuschamer
et al., 2009) expressed in E. coli (Table 2.7).

Sigma factors regulate the specificity of RNA polymerase for promoter
recognition, and are essential for the regulation and initiation of transcription
(Paget, 2015; Paget & Helmann, 2003; Tripathi et al., 2014). In bacteria, the
main sigma factor for transcription during normal growth belongs to the o™
family, frequently annotated as RpoD in Gram negative bacteria (Alper &
Stephanopoulos, 2007; Klein-Marcuschamer & Stephanopoulos, 2008; Paget,
2015; Paget & Helmann, 2003; Tan et al., 2016a; Tripathi et al., 2014; Zhang
et al., 2015) or o” (SigA) in Gram positive bacteria (Hu & Coates, 1999; Ma &
Yu, 2012; Patek & Nesvera, 2011). Mutations in a’° (RpoD) of E. coli improved
the tolerance for ethanol (Alper & Stephanopoulos, 2007), 1-butanol (Si et al.,
2016; Zhang et al., 2015), and cyclohexane (Zhang et al., 2015) by 40%,
65.6%, and <80%, respectively. RpoD mutants of Z. mobilis grew in the
presence of 71.8 g/L ethanol, which is a 22.7% increase in the level of ethanol
tolerance as compared to the control strain (Tan et al., 2016a). However, the
strains with improved ethanol tolerance were not able to produce more ethanol

(16 g/L) under normal conditions. Increased ethanol production was only
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observed after external addition of ethanol (65.2 g/L). Pyruvate decarboxylase
(PDC) and alcohol dehydrogenase (ADH) are key enzymes in the ethanol-
producing pathway, which had their specific activities increased significantly in
the RpoD mutant when the ethanol concentration was increased to 65.2 g/L
(Tan et al.,, 2016a). Nonetheless, the full significance of this observation is
unclear. The best 0’° (annotated as RpoD) mutants in Lb. plantarum were able
to grow at least twice as fast, with 3 times more biomass, and produced 8%
more lactate as compared to the wild-type (Klein-Marcuschamer &
Stephanopoulos, 2008). Under low pH conditions (pH = 3.85), the strain
carrying the mutant RpoD produced 25% more lactate than the control strain
(Klein-Marcuschamer & Stephanopoulos, 2008). Effects on gene expression
resulting from such RpoD mutations in both Z. mobilis (Tan et al., 2016a) and
Lb. Plantarum (Klein-Marcuschamer & Stephanopoulos, 2008) were not further

investigated.

R. ruber was used as a whole cell biocatalyst to produce acrylamide with
acrylonitrile as substrate and its native o* (SigA) was subjected to directed
evolution for improved tolerance for both the substrate and bioproduct. In
comparison to the wild-type, the best R. ruber o” (SigA) mutant achieved a cell
density of at least 3 and 2 times higher in the presence of acrylonitrile (0.8 g/L)
and acrylamide (6.7 g/L), respectively (Ma & Yu, 2012). The R. ruber strain
carrying a o” mutation also produced 10-37% more acrylamide than the control
strain, while being used as a whole cell biocatalyst (Ma & Yu, 2012). However,
the underlying mechanism of the improvements observed was not investigated

further.

The a-subunit of the RNA polymerase, which is the core enzyme and plays a
key role in RNA polymerase assembly (via its N-terminal region), interaction
with class | transcription factors (e.g. CRP, MarA, Rob, SoxS, and etc.) and the
upstream element of the promoter (via its C-terminal region) (Murakami et al.,
1997), has also been evolved to confer 1-butanol tolerance. A mutant with an
altered a-subunit of RNA polymerase achieved a 129% higher cell density in
comparison to the wild-type when grown with 1-butanol (7.2 g/L). This mutant
also exhibited better tolerance towards 2-butanol (12.7 g/L), 1-pentanol (2.0

g/L), and 3-pentanol(4.9 g/L) (Klein-Marcuschamer et al., 2009). However,
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alcohol production was not attempted (Klein-Marcuschamer et al., 2009), and
the effects on gene expression resulting from the mutations were not further

investigated.

CRP, which is present in enteric bacteria (Soberon-Chavez et al., 2017), is a
transcriptional regulator that affects ~ 400 genes and plays a lead role in the
activation of key genes for the utilization of non-glucose carbon sources (Basak
etal., 2012; Chong et al., 2013a; Gunasekara et al., 2015; Shimada et al., 2011;
Zhang et al.,, 2012a). It has been evolved and tested for effectiveness in
delivering 1-butanol (Zhang et al., 2012a; Zhang et al., 2012b), isobutanol
(Chong et al., 2014), ethanol (Chong et al., 2013a), acetate (Chong et al.,
2013b), and toluene (Basak et al., 2012) tolerance in E. coli. The CRP mutant
selected for the best 1-butanol (Zhang et al., 2012a) and isobutanol (Chong et
al., 2014) tolerance achieved at least 2 times higher growth rate and cell density
as compared to the wild type with 1-butanol (9.7 g/L) (Zhang et al., 2012a) or
isobutanol (9.5 g/L) (Chong et al., 2014). Ethanol (62.0 g/L) selection gave rise
to a different CRP mutant able to grow as fast as the wild type but with at least
1.5 times the cell density, which also exhibited higher tolerance for propanol
(24.2 g/L), 1-butanol (10.4 g/L), and 1-pentanol (3.6 g/L) (Chong et al., 2013a).
Selection for acetate tolerance led to the isolation of a CRP mutant that grows
about 5 times faster and 3 times higher cell density with sodium acetate (15.0
g/L) (Chong et al., 2013b). The E. coli strain with the mutant CRP also exhibited
higher tolerance for sodium formate (5.0 g/L) and sodium propionate (18.0 g/L)
as compared to the wild-type (Chong et al., 2013b). Furthermore, it improved
acetate production by about 70% more as compared to the control strain
(Chong et al., 2013b). CRP mutants were also selected with toluene (1.7-2.0
g/L) at concentrations that prevented growth of the wild type control strain
(Basak et al., 2012). The CRP mutations resulted in 1-4 amino acid
substitutions located at