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Abstract

Corynebacterium glutamicum is generally regarded as a safe microorganism, and widely used in the large-scale production
of various amino acids and organic acids, such as L-glutamate, L-lysine and succinic acid. During the process of industrial
fermentation, C. glutamicum is usually exposed to varying environmental stresses, such as variations in pH, salinity, tem-
perature, and osmolality. Among them, pH fluctuations are regarded as one of the most frequent environmental stresses in
microbial fermentation. In this review, we summarize the current knowledge of pH homeostasis mechanisms adopted by C.
glutamicum for coping with low acidic pH and high alkaline pH stresses. Facing with low pH environments, C. glutamicum
develops a variety of strategies to maintain intracellular pH homeostasis, such as lowering intracellular reactive oxygen
species, the improvement of potassium transport, the regulation of mycothiol-related pathways, as well as the repression of
sulfur assimilation. While during alkaline pH stresses, the Mrp-type Na*/H" antiporters are shown to play a dominant role in
conferring C. glutamicum cells resistance to alkaline pH. Furthermore, we also discuss the general strategies and prospects
on metabolic engineering of C. glutamicum to improve alkaline or acid resistance.
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Introduction

Bacteria usually encounter diverse environmental stresses,
such as variations in pH, salinity, temperature, and osmolal-
ity (Aertsen and Michiels 2004; Beales 2004). The external
pH fluctuations, also known as pH challenges, might affect
the intracellular pH levels, further resulting in deleterious
effects on enzyme activity, protein stability, structure and
function of biological macromolecules such as nucleic acids,
proteins, lipids and carbohydrates (Krulwich et al. 2011).
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However, most microorganisms can maintain their internal
pH ranges narrower than the external pH for growth, termed
pH homeostasis (Baker-Austin and Dopson 2007; Krulwich
et al. 2011; Padan et al. 2005; Slonczewski et al. 2009). In
general, the neutralophilic bacteria can grow at external pH
values of 5.5 to 9.0 but maintain their intracellular pH levels
between 7.2 and 7.8 (Slonczewski et al. 2009). For example,
the Gram-positive bacterium Corynebacterium glutamicum
can maintain a cytoplasmic pH at 7.5 + 0.5 units over the
external pH values between 6.0 and 9.0 (Follmann et al.
2009b). However, at an external pH value below 6.0 or above
9.0, growth rates of C. glutamicum cells decrease drastically,
and a sudden collapse in cytoplasmic pH homeostasis is
observed when the external pH value is below 5.5 (Follmann
et al. 2009b; Jakob et al. 2007). In order to survive in low pH
environment, bacteria have evolved a large number of adap-
tive strategies for acidic pH homeostasis during the natural
evolution (Cotter and Hill 2003; Kanjee and Houry 2013;
Krulwich et al. 2011; Lund et al. 2014), mainly including
direct active extrusion of cytoplasmic protons, proton con-
sumption by amino acid-dependent decarboxylase systems,
neutralization by the production of alkaline substances, the
modification of cell membrane lipid compositions, the repair
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and damage prevention of biological macromolecules, and
the reconstruction of specific metabolic pathways. Mean-
while, bacteria develop diverse mechanisms of intracellular
pH homeostasis for coping with alkaline pH stress (Krul-
wich et al. 2011; Padan et al. 2005), such as proton reten-
tion by the activation of monovalent cation/H* antiporters
and F,F)-ATP synthase, metabolic alternations for acid sub-
stances production through sugar fermentation and amino
acid deaminases, and changes of bacterial secondary cell
wall polymer.

Corynebacterium glutamicum is well-known as a gen-
erally-recognized-as-safe (GRAS) organism in fermenta-
tion industry for more than 50 years, and has been widely
engineered as an important platform for the production of
various amino acids, organic acids, diamines, and alco-
hols (Becker et al. 2018; Lee et al. 2016). As an industrial
workhorse, C. glutamicum is typically subjected to many
abiotic factors such as temperature, pH, and osmotic stress,
and pH fluctuations are considered as one of the grand
environmental challenges in fermentation process (Michel
et al. 2015). In recent years, some studies have focused on
the investigation of adaptive mechanisms for intracellular
pH homeostasis in C. glutamicum (Follmann et al. 2009b;

Xu et al. 2019). In this review, we will compare and con-
trast the mechanisms of intracellular pH homeostasis in
most bacteria and C. glutamicum, and summarize recent
achievements of pH homeostasis mechanisms adopted by
C. glutamicum for coping with low pH and alkaline pH
stresses. We also discuss future prospects for metabolic
engineering of C. glutamicum to improve pH adaptation.

General strategies for pH challenges
in bacteria

Intracellular pH homeostasis is important for bacterial
physiology, and it can allow most bacteria to tolerate or
grow at the fluctuating pH environments (Krulwich et al.
2011). As a result, almost all bacteria have diverse adap-
tive strategies for maintaining pH homeostasis at the exter-
nal pH values that exceed intracellular pH range to sup-
port growth. The strategies employed by most bacteria to
cope with low pH challenges are listed in the left panel of
Fig. 1, while the strategies that enable bacteria to manage
high pH stresses are shown in left panel of Fig. 2.
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Fig. 1 Strategies for acidic pH homeostasis in bacteria and C. glu-
tamicum. General acid adaptive mechanisms in most bacteria are
shown on the left, and possible molecular strategies adopted by
C. glutamicum for coping with low pH are shown on the right. The
detailed examples of adaptive mechanisms are described in the main
text. Note: Glu, glutamate; GABA, gamma-aminobutyrate; Arg,
arginine; Agm, agmatine; Lys, lysine; Cad, cadaverine; Orn, orni-
thine; Putr, putrescine; Nuo, NADH-ubiquinone oxidoreductase;
Cyo, cytochrome bo; Gln, glutamine; Cit, citrulline; UFAs, unsatu-
rated fatty acids; SFAs, saturated fatty acids; CFAs, cyclopropane
fatty acids; ROS, reactive oxygen species; MSH, mycothiol; MSSM,
mycothiol disulfide; Gad A/B, glutamate decarboxylase; GadC,
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glutamate-GABA antiporter; AdiA, arginine decarboxylase; AdiC,
arginine-agmatine antiporter; CadA, lysine decarboxylase; CadB,
lysine-cadaverine antiporter. SpeF, ornithine decarboxylase; PotE,
putrescine-ornithine antiporter; Hyd, hydrogenase; YbaS, glutami-
nase; ArcA, arginine deiminase; ArcB, ornithine-carbamoyltrans-
ferase; ArcC, carbamate kinase; ArcD, arginine-ornithine antiporter;
CglK, potassium channel protein; KatA, catalase; Dps, DNA protec-
tion during starvation protein; Mtr, mycothiol disulfide reductase;
McbR, sulfur metabolism regulator; SucE, succinate exporter; Sqo,
succinate:menaquinone oxidoreductase; Cgl261, putative lysine
decarboxylase. o, sigma B factor, “?” symbol indicates strategies
that still need to be characterized functionally
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Fig.2 Strategies for alkaline pH homeostasis in bacteria and C. glu-
tamicum. The adaptive mechanisms responsible for alkaline pH tol-
erance in most bacteria are shown on the left, and possible strate-
gies adopted by C. glutamicum are shown on the right. The detailed
examples of adaptive mechanisms are described in the main text.
Note: NhaA/B/P, Na*/H* antiporter A/B/P; ChaA, Na*(Ca>*)/H*

Intracellular pH homeostasis mechanisms
in low pH

Direct active proton extrusion

In some bacteria, the enzymatic complex F,F,-ATPase
plays an important role in acid tolerance, which can expel
protons using the energy released by ATP hydrolysis. The
function of F;F-ATPase in pH homeostasis was first dis-
covered in Gram-positive bacterium Streptococcus spp.
(Kobayashi et al. 1986). Subsequently, several Gram-neg-
ative bacteria such as Escherichia coli and Salmonella
typhimurium, as well as Gram-positive bacteria Lactococ-
cus lactis and Listeria monocytogenes have been demon-
strated to exist such a mechanism (Lund et al. 2014). In
addition, the respiratory chain complexes in many bacte-
ria are also involved in proton export. For example, the
expression of proton-pumping respiratory chain compo-
nents has been shown to be upregulated under acidic pH
stress in E. coli, supporting their roles in pH homeostasis
(Krulwich et al. 2011; Slonczewski et al. 2009). It was
also reported that some bacteria like E. coli harbor spe-
cific hydrogenases that catalyze the formation of hydro-
gen from cytoplasmic protons, thus contributing to acid
survival (Noguchi et al. 2010).

antiporter; MdfA, multidrug efflux protein; NavBP, voltage-gated
Na* channel; TnaA, tryptophan deaminase; SdaA, serine deaminase,
Mrp, multiple resistance and pH adaptation antiporter; TUP, teichu-
ronopeptide; SCWP, secondary cell wall polymers; Cgl447, cobalt-
zinc-cadmium efflux protein. “?” symbol indicates strategies that still
need to be characterized functionally

Decarboxylase-mediated proton consumption

The mechanism of decarboxylase-mediated proton con-
sumption resides in both Gram-positive and Gram-negative
bacteria and involves four amino acid-dependent acid resist-
ance systems (Foster 2004; Lund et al. 2014; Slonczewski
et al. 2009), including glutamic acid-dependent acid resist-
ance (GADR), arginine-dependent acid resistance (ADAR),
lysine-dependent acid resistance (LDAR) and ornithine-
dependent acid resistance (ODAR) systems. Each of these
systems is composed of an amino acid decarboxylase that
consumes protons in the process of catalyzing amino acid
decarboxylation, and an antiporter that imports substrates
coupling with the export of products. Generally, the GADR
system plays a major role in conferring resistance to acid
challenge in many bacteria, for example E. coli, L. monocy-
togenes and L. lactis (Lund et al. 2014).

Alkaline substances production

This mechanism mainly includes three enzyme systems:
deiminase, deaminase and urease (Lund et al. 2014). These
systems are capable of generating ammonia (NH;) which
combines with intracellular protons to produce NH,*. For
instance, arginine deiminase (ADI) system consisting of
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arginine deiminase, ornithine transcarbamoylase and car-
bamate kinase is commonly found in Gram-positive bacteria,
which catalyzes the complete conversion from arginine to
ornithine, NH;, CO, and ATP, while ATP can be utilized
by F,F,-ATPase to further expel protons (Ryan et al. 2009).
Glutaminase is also found to offer acid resistance by the
catalysis of L-glutamine to release ammonia in E. coli (Lu
et al. 2013). Besides, urease catalyzes the urea decomposi-
tion to yield NH; and carbamate, which further disintegrates
into NH; and CO, (Scott et al. 2002).

Cell membrane modification

The alterations in membrane lipid composition are generally
regarded as effective strategies to cope with various external
stresses by regulating membrane permeability and fluidity
(Qi et al. 2019; Siliakus et al. 2017; Sohlenkamp 2017).
Cyclopropane fatty acids (CFAs) are observed in the phos-
pholipids of many species of bacteria, which are formed
by the addition of a methylene across the carbon—carbon
double bond of unsaturated fatty acids (UFAs) (Grogan and
Cronan 1997). The increased CFAs content has been pro-
posed to be involved in the resistance to acid shock by the
modification of membrane fluidity and proton permeability
in E. coli (Brown et al. 1997; Shabala and Ross 2008) and
several other bacteria, such as the acidophile (referred to
bacteria that grow at external pH values below 3.0) Acid-
ithiobacillus ferrooxidans (Mykytczuk et al. 2010), Salmo-
nella typhimurium (Kim et al. 2005) and Oenococcus oeni
(To et al. 2015). In response to acid stress, the shift from
short-chained saturated fatty acids to long-chained mono-
unsaturated fatty acids is observed in Streptococcus mutants
(Fozo and Quivey 2004), whereas another opposite effect is
also found in E. coli (Brown et al. 1997), A. ferrooxidans
(Mykytczuk et al. 2010) and Lactobacillus casei (Broad-
bent et al. 2010), and those strains show an increase in the
proportion of saturated fatty acids. Moreover, some bacteria
such as Listeria monocytogenes display an increased anteiso-
fatty acid content under acid stress conditions (Giotis et al.
2007). Thus, different bacteria may employ diverse strate-
gies to alter membrane lipid composition for acid resistance,
and more work is needed to further explore the potential
molecular basis by which the modification of membrane
lipids affects proton permeability in bacteria.

Repair and damage prevention of macromolecules

Excessive protons can potentially lead to the damage for
intracellular biological macromolecules, including proteins
and nucleic acids. It has been suggested that cytoplasmic
(DnaK and GroEL), periplasmic (HdeA and HdeB) chap-
erones and Dps (DNA-binding protein in starved cells) are
crucial for bacteria to survive in acid stress (Lund et al.
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2014). Besides, the Clp protease complex is also observed
to eliminate irreversibly damaged proteins caused by acid
stress in many bacteria (Frees et al. 2007; Lund et al. 2014).

Reconstruction of metabolic pathways

Bacteria can change their metabolic pathways for the sake
of survive in external stresses. In L. casei, physiological and
metabolomic analyses reveal that acid stress results in higher
intracellular aspartate and arginine levels, supporting that
aspartate biosynthesis may be involved in acid tolerance (Wu
et al. 2013). Similarly, the presence of glutamate, arginine
and lysine improves acid tolerance in Bacillus cereus (Seno-
uci-Rezkallah et al. 2011). Malolactic fermentation involv-
ing in the decarboxylation of L-malate to yield L-lactic acid
is also found to be important for low acid tolerance in Strep-
tococcus mutants and certain other oral lactic acid bacteria
(Lemme et al. 2010). In addition, the uptake and biosynthe-
sis of compatible solutes such as trehalose are often regarded
as basic strategies against multiple stresses, and should be
supposed to contribute to acid tolerance (Iordachescu and
Imai 2008).

Intracellular pH homeostasis mechanisms
in high pH

Proton capture or retention

A transformation to alkaline settings is also stressful for bac-
teria. So bacteria have evolved several strategies to manage
alkaline stresses (Krulwich et al. 2011; Padan et al. 2005).
Among them, monovalent cation/H* antiporters are most
crucial in the maintenance of alkaline pH homeostasis (Ito
et al. 2017; Krulwich et al. 2009). As members of monovalent
cation/H* antiporters, Na*/H* antiporters are ubiquitous in
plenty of microorganisms. For instance, the best-characterized
NhaA antiporter from E. coli is essential for the growth at
alkaline pH in the presence of sodium, while the ChaA or
MdfA antiporter could support alkaline pH homeostasis in the
absence of sodium (Padan 2008; Tirosh et al. 2012). The Mrp
(Multiple resistance and pH) system is regarded as the critical
antiporter for cytoplasmic pH homeostasis in the alkaliphilic
(referred to bacteria that grow at external pH values above
10.0) and neutralophilic (referred to bacteria that can grow
at external pH values of 5.5-9.0) Bacillus species (Ito et al.
2017). The voltage-gated Na* channel NaVBP in alkaliphi-
lic Bacillus pseudofirmus OF4, is also found to support pH
homeostasis under alkaline stress conditions (Ito et al. 2004).
Besides, ATP synthesis capacity also represents an important
factor for intracellular pH homeostasis at alkaline pH, and the
elevated levels of F;F,-ATP synthase are shown to promote
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the entry of proton into the cell for ATP generation (Hicks
et al. 2010).

Acid substances production

At high pH, some bacteria tend to upregulate catabolic path-
ways or amino acid deaminases to produce organic acids
(Padan et al. 2005; Slonczewski et al. 2009). The favored path-
ways of sugar fermentation at alkaline pH are those related
to glucose, which can produce more acid substances such as
acetate (Slonczewski et al. 2009). Several kinds of amino acid
deaminases that remove ammonia and direct carbon into the
TCA cycle are also increased at alkaline pH, including tryp-
tophan deaminase TnaA and serine deaminase SdaA (Stancik
et al. 2002).

Variations in the cell surface layers

Secondary cell wall polymers (SCWP) that associated with
the peptidoglycan layer is majorly found in the alkaliphile, and
it is found to be a contributing factor in response to alkaline
pH stress. Teichuronopeptide, a major structural component
of the cell wall, is shown to play a role in high pH tolerance
of Bacillus halodurans C-125 (Aono et al. 1999), and SlpA,
an acidic Slayer protein, also has an important role in alkaline
pH homeostasis of B. pseudofirmus OF4 (Padan et al. 2005).
These above acidic polymers are predicted to enhance proton
uptake by increasing proton concentrations near the membrane
surface at high pH in alkaliphiles.

Adaptive strategies adopted by C.
glutamicum for coping with pH challenges

Corynebacterium glutamicum is typically regarded as a mod-
erately alkali-tolerant organism with an optimal growth pH
between 7.0 and 8.5 (Follmann et al. 2009b), and the minimal
pH value for growth of C. glutamicum cells is found to be 5.5
(Jakob et al. 2007). In recent years, many studies have focused
on elucidating physiological mechanisms of the acid-alkaline
stress tolerance in C. glutamicum, and have found and charac-
terized several molecular adaptation mechanisms underlying
low pH response (right panel of Fig. 1) or high pH response
(right panel of Fig. 2) that are specific to C. glutamicum. How-
ever, the current understanding of the molecular mechanisms
adopted by C. glutamicum for controlling intracellular pH
homeostasis is still limited.

pH homeostasis mechanisms for coping
with low pH in C. glutamicum

Various general strategies to cope with acid stress have
been described in most bacteria, such as proton-consum-
ing reactions mediated by glutamate decarboxylase or
lysine decarboxylase, as well as alkaline neutralization
dependent on ADI and Urea systems. However, the situ-
ation in C. glutamicum is a little different (Fig. 1). The
homologous proteins of glutamate or arginine decarboxy-
lase that can consume protons during the decarboxylation
of amino acids are missing in C. glutamicum (Follmann
et al. 2009b). Although the protein encoded by cg1261 is
annotated to be a lysine decarboxylase, its function still
needs to be characterized functionally (Ikeda and Nak-
agawa 2003). Moreover, the homolog of the arcA gene
that encodes an important component of ADI system is
likewise absent in C. glutamicum (Ikeda and Nakagawa
2003). Although a putative urease complex is found in C.
glutamicum, its involvement in acid tolerance needs fur-
ther investigation (Beckers et al. 2004). In general, these
common strategies known to be important for acidic pH
homeostasis in most bacteria seem to be missing for C.
glutamicum.

Several studies have revealed that multiple cellular pro-
cesses are implicated in the resistance to acidic pH stress
in C. glutamicum. For instance, Follmann et al. (2009b)
offered a functional link between pH homeostasis, oxida-
tive stress, iron homeostasis, and methionine biosynthesis.
Xu et al (2019) also reported that several important cel-
lular processes, such as the repression of oxidative stress
and sulfur assimilation, play important roles in sustaining
pH homeostasis. In addition, Jakob et al. (2017) provided
the global gene expression profile of C. glutamicum sub-
jected to long-term lactic acid adaptation, and confirmed
that the absence of sigma factor SigB leads to an obviously
increased sensitivity to low pH. These findings support the
importance of some sigma factors in response to various
environmental stresses (Patek and Nesvera 2011).

Given that acid challenge can lead to the accumula-
tion of intracellular reactive oxygen species (ROS) (Lund
et al. 2014; Slonczewski et al. 2009), the reduction of
ROS levels represents a promising method to confer acid
resistance. Several components implicated in intracellular
ROS scavenging have been characterized in C. glutami-
cum (Fig. 1, right panel). For example, the regulation of
ROS homeostasis by mycothiol-related proteins, such as
mycothiol peroxidase MPx, mycothiol disulfide reductase
Mtr or mycothiol glycosyltransferase MshA, can confer
C. glutamicum cells with the ability to adapt to acid stress
(Liu et al. 2016; Si et al. 2016; Wang et al. 2016). Xu et al
(2019) found that the catalase KatA and DNA-protection
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protein Dps cooperatively mediate intracellular ROS
scavenging, and are also required for resistance to low
pH stress in C. glutamicum. In addition, the repression of
sulfur metabolism by the McbR regulator shows beneficial
effects on acid stress tolerance. Moreover, the CglK-medi-
ated potassium accumulation is also found to be crucial for
growth and intracellular pH homeostasis at acidic pH in
C. glutamcium (Follmann et al. 2009a). Besides, Michel
et al (2015) provided the opinions that other possible reac-
tions are also assumed to be relevant for proton extru-
sion under acid stress conditions, including the export of
lactate or succinate, and the fumarate reduction reaction
mediated by the succinate:menaquinone oxidoreductase.
However, those possibilities still need to be characterized
functionally.

pH homeostasis mechanisms for coping
with high pH in C. glutamicum

Corynebacterium glutamicum is regarded to be a moder-
ately alkali-tolerant organism with optimal growth at pH
7.0 to 8.5, and shows a marked Na* resistance at alkaline
pH (Xu et al. 2016). Previous studies illustrated that the pH-
regulated antiporters such as NhaA and MdfA play crucial
roles in the maintenance of alkaline pH homeostasis in E.
coli, but the homologs of these antiporters are missing in

C. glutamicum (Fig. 2). Xu et al (2016) characterized the
catalytic capacity of three putative Na*t/H* antiporters
derived from C. glutamicum, and found that the Mrp1 anti-
porter has significant Na* (Li*)/H" antiport activities with
an apparently low Km and alkaline pH optimum. Further
physiological experiments confirm that the Mrp-type anti-
porters, especially Mrp1 antiporter, play a predominant role
in conferring alkaline tolerance in C. glutamicum (Xu et al.
2018). In addition, the Cg1447 encoding putative transporter
of the cation diffusion facilitator family also plays a role in
alkaline pH tolerance in C. glutamicum (Takeno et al. 2008).

Metabolic engineering of C. glutamicum
for improving acid or alkaline resistance

Corynebacterium glutamicum is an important workhorse for
the production of various bio-based chemicals in biotechnol-
ogy. Given that the growth and production of C. glutami-
cum are commonly hampered by the environmental stresses,
especially pH challenges during the fermentation conditions,
the improvement of physiological performance of industrial
microbes will contribute to a more efficient biotechnologi-
cal production of desired products (Jia et al. 2014; Liu et al.
2015; Zhu et al. 2012). The identification and characteriza-
tion of pH-resistant components or pH-survival strategies
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Fig.3 Engineering strategies of C. glutamicum to improve pH tol-
erance. ROS engineering is used to reduce deleterious ROS levels
induced by acid stress. Regulatory protein engineering is used for
directed modification of metabolic pathways to adapt with pH chal-
lenges. Transporter engineering is performed to enhance the transport
of potassium at low pH or the proton uptake at high pH. Membrane
lipid engineering is expected to enhance membrane permeability
and fluidity. Repair pathway engineering can confer improved stress
resistance by the repair or damage prevention of DNA or protein.
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Adaptive laboratory evolution is an effective method to rapidly evolve
organisms for desired stress tolerance. Note: KatA, catalase; Dps,
DNA protection during starvation protein; Mpx, mycothiol peroxi-
dase; MshA, mycothiol glycosyltransferase; McbR, sulfur metabolism
regulator; DtxR, iron regulator; Fas, fatty acid synthase; DnaK, pro-
tein-repair chaperone; IrrE, exogenous global regulator that stimulate
DNA repair gene transcription. “?” symbol indicates strategies that
still need to be confirmed experimentally
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will provide increasingly powerful modules for engineering
physiological robustness against pH challenges.

Multiple strategies have been reported to enhance
pH resistance in bacteria and C. glutamicum, such as the
elimination of intracellular ROS induced by pH stress, the
regulation of metabolic imbalance, the activation of spe-
cific ion transporter, and adaptive laboratory evolution
method (Fig. 3). At present, several examples of enhanc-
ing pH tolerance are described in C. glutamicum. Xu et al
(2019) reported that the over-expression of katA and dps
obviously reduces intracellular ROS levels caused by acid
stress, thereby contributing to conferring C. glutamicum
cells resistance to low pH challenge. Likewise, the over-
expression of mycothiol pathway genes, such as mpx or
mshA, can protect C. glutamicum cells against acid stress
by scavenging intracellular ROS (Liu et al. 2016; Wang
et al. 2016). Moreover, the repression of sulfur assimila-
tion pathway by the McbR regulator contributes to reduc-
ing L-cysteine accumulation, and shows beneficial effects
for the growth under acidic pH conditions (Xu et al. 2019).
Follmann et al (2009a) revealed that C. glutamicum exhib-
its a potassium-dependent growth limitation at low pH, and
found that potassium uptake via CglK channel is crucial
for C. glutamicum acid stress resistance. Xu et al (2018)
reported that the over-expression of Mrp1 Na*/H* antiporter
slightly improves growth ability under mixed salt and alka-
line stress conditions. Adaptive laboratory evolution (ALE)
is a widely used method to quickly improve the robustness
of strains against multiple stresses. By the ALE strategy, Xu
et al (2019) obtained a C. glutamicum acid-adapted strain
that exhibits clearly enhanced growth compared to wild-type
cells at pH values ranging from 5.2 to 6.0.

In addition, some strategies have also been proven effec-
tive in engineering robustness of microbes against pH stress,
such as the modification of cell membrane compositions
and the enhancement of repair and damage prevention pro-
cesses (Lund et al. 2014; Qi et al. 2019). The alteration of
membrane lipid compositions such as saturation and chain
length fatty acids is feasible to enhance the stress tolerance
of microorganisms. For example, the increased cyclopropane
fatty acid (CFAs) content is regarded as a major acid resist-
ance strategy in E. coli (Foster 2004). The repair and damage
prevention of biological macromolecules are also essential
for maintaining the physiological function of DNA or pro-
tein under stress conditions (Lund et al. 2014). Heterogene-
ous expression of a chaperone protein DnaK or a DNA repair
regulatory protein IrrE is shown to be an effective strategy to
enhance multiple stresses tolerance of E. coli, including low
pH challenge (Lemme et al. 2010). Although transcriptome
data reveal that the expression patterns of the above two
cellular processes are affected by pH levels, no example has
been established on the engineering of C. glutamicum for
improved pH resistance from the aspects of cell membrane

and repair pathway. Nevertheless, we still believe that the
regulation of cell membrane functions or repair pathways
may offer a feasible and promising strategy for C. glutami-
cum pH resistance in future.

Conclusion and prospects

To survive and grow under external pH stresses, several gen-
eral adaptations have been evolved to maintain intracellular
pH homeostasis in most bacteria. Among them, the proton-
consuming decarboxylation dependent on glutamate (GADR
system) plays a crucial role in conferring acid resistance in
bacteria such as E. coli, L. monocytogenes, as well as lactic
acid bacteria. Moreover, the formation of alkaline substances
is also a relatively common strategy to regulate intracellu-
lar pH level in many Gram-positive bacteria, depending on
the arginine deiminase (ADI system) and urea breakdown.
However, genes encoding homologous proteins of the above
GADR or ADI system are missing in C. glutamicum, imply-
ing that C. glutamicum must have some novel undiscovered
acid-resistant components, and its physiological adapta-
tion mechanisms in an acidic environment still need further
exploration. Alternatively, the dominant role of Na™/H* anti-
porters in the maintenance of alkaline pH homeostasis has
been functionally characterized in many bacteria. Xu et al
(2018) has also reported that Mrp-type Na*/H* antiporters
play a crucial role in conferring alkaline resistance in C.
glutamicum. However, the involvement of other strategies in
response to alkaline pH stresses, such as the F,F,-ATP syn-
thase and amino acid deaminases, has not been characterized
functionally. In conclusion, more efforts are still required
to unveil the pH tolerance-related genes and mechanisms
adopted by C. glutamicum in further research.

The engineered microorganism with enhanced stress tol-
erance is essential for achieving higher yields and produc-
tivity in the fermentation (Jia et al. 2014). However, con-
ventional metabolic engineering methods such as knockout,
down-regulation or over-expression of pH tolerance-related
genes often result in the imbalance and irreversible alter-
nations of metabolic fluxes, thereby impeding cell growth
(Choi et al. 2019). Improvements in synthetic biology, in
particular genetic circuit design, have increased the poten-
tial for improving the robustness of industrial microbes
against diverse stresses (Gao et al. 2019). As an example
shown in Fig. 4, we may be able to achieve a specific spati-
otemporal expression of the given pH-resistant component
through dynamic regulation of pH tolerance-related genes
via genetic circuit strategy. Certainly, many efforts still need
to be made to design the circuit architecture and identify
efficient pH tolerance-related modules for establishing a fea-
sible dynamic control system. For instance, more elementary
functional building blocks such as rigorous pH-responsive
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Fig.4 A possible example of dynamic regulation for pH-tolerant phe-
notypes by genetic circuits. In the presence of low pH stress signal, it
induces the expression of low pH-sensing genetic promoter or ribos-
witch Pgg, and allows the transcription of both acid stress-resistant
element-1 (srel) and sspB genes. The adaptor protein SspB delivers
SsrA-tagged proteins to the ClpXP proteases for degradation. In the
absence of xylose, the expression of high pH-sensing genetic devices

promoters are still required to be characterized in C. glu-
tamicum. Although the current challenge in genetic circuit
design is still present, a dynamic control of pH-resistant
components will hold great potential in achieving smart
microorganisms with desired robustness.
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