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Abstract Most current biotechnology industries are
based on batch or fed-batch fermentation processes, which
often show low productivity and high production costs
compared to chemical processes. To increase the economic
competitiveness of biological processes, continuous fer-
mentation technologies are being developed that offer
significant advantages in comparison with batch/fed-batch
fermentation processes, including: (1) removal of potential
substrates and product inhibition, (2) prolonging the micro-
bial exponential growth phase and enhancing productivity,
and (3) avoiding repeated fermentation preparation and
lowering operation and installation costs. However, several
key challenges should be addressed for the industrial
application of continuous fermentation processes, inclu-
ding (1) contamination of the fermentation system, (2)
degeneration of strains, and (3) relatively low product titer.
In this study, we reviewed and discussed metabolic
engineering and synthetic biology strategies to address
these issues.

Keywords continuous fermentation, productivity, conta-
mination, strain degeneration, metabolic engineering

1 Introduction

The production of chemicals, fuels, and materials from
abundant bioresources via biological fermentation is an
important route for developing a sustainable bioeconomy
[1-4]. Industrial production of several important bulk
chemicals by fermentation (such as 1,3-propanediol, 1,4-
butanediol, n-butanol, isobutanol) has been achieved in
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recent years [5-10]. Despite its enormous potential,
large-scale production of low-value bulk chemicals and
biofuels by fermentation remains economically challen-
ging owing to its relatively high production cost. Increa-
sing the titer, yield, and productivity of the biological
processes is a major goal of many metabolic engineering
efforts aimed at reducing production costs. Although
increasing product yield and titer has been achieved in
many examples, a substantial increase in process
productivity remains a challenge owing to the inherent
limitation of the employed fermentation processes.

Generally, biological fermentation can be classified
into batch/fed-batch and continuous fermentation. In
batch/fed-batch fermentation, microorganisms are inocula-
ted into a bioreactor under appropriate conditions. With
microbial growth, nutrients are gradually consumed, and
the products are continuously accumulated. The products
are harvested from the bioreactor after a short culture
period. In continuous fermentation, the addition of
substrates and harvest of final products are conducted
continuously and simultaneously at an appropriate rate
[2,4,8,22,23]. To date, continuous fermentation has been
successfully implemented in several cases to produce
bulk chemicals (Table 1). Compared to batch/fed-batch
fermentation, continuous fermentation has several advan-
tages, including (1) avoiding potential substrate and
product inhibition by continuous substrate feeding and
product removal; (2) prolonging the microbial expon-
ential growth phase and increasing process productivity;
(3) avoiding repeated fermentation operations, such as
cleaning and sterilization between batches, which are
laborious and time-consuming [5,8,10,22]. Thus, an ideal
continuous process could reduce the installation and
operation costs, making the process more economically
competitive.

However, owing to long-term cultivation, continuous
fermentation systems are exposed to a higher risk of
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contamination, including undesired microorganisms and
phages [24-28]. Second, long-term cultivation may cause
strain degeneration and process instability owing to
plasmid loss or spontaneous mutations, which consequen-
tly reduces the strain’s performance [29-31]. Finally,
product titers in continuous processes are usually lower
than those in batch/fed-batch fermentation because of the
shorter retention time, which could result in higher
separation costs (Table 2) [32,33].

In this study, we present an overview and discussion of
potential approaches that could be employed to overcome
the above-mentioned barriers to continuous fermentation

Table 1 Examples of reported continuous fermentation processes
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(Fig. 1). In particular, we focused on strain engineering
and process optimization strategies that can be imple-
mented in continuous fermentation processes.

2 Strategies to prevent contamination

2.1 Microbial contamination

The most common bioprocess contamination is microbial
contamination, which may significantly reduce process

Product Strain Culture time Ref.
PHAY Halomonas campaniensis LS21 65 days [11]
Ethanol Saccharomyces cerevisiae 141 days [12]
Beer Immobilized yeast cell 35 days [13]
Ethanol and yeast Saccharomyces cerevisiae and Schizosaccharomyces pombe (SPSC 01) 40 days [14]
Biohydrogen Seed sludge from a local municipal wastewater treatment plant 200 days [15]
Lactic acid Lactobacillus rhamnosus 350 h [16]
L-lysine Corynebacterium glutamicum B-6 500 h [17]
Succinic acid Actinobacillus succinogenes 18 days [18]
ABEY Clostridium acetobutylicum 300 h [19]
1,3-Propanediol Clostridium butyricum 16 days [20]
Butanol Immobilized Clostridium acetobutylicum 1000 h [21]
a) Polyhydroxyalkanoates; b) acetone-butanol-ethanol.
Table 2 Comparison of typical chemical production via batch/fed-batch and continuous fermentation
Product Strain Fermentation type Titer Yield Productivity Ref.
Ethanol Saccharomyces cerevisiae Batch fermentation ~114.0 gL 97% of the theoretical 162 gL "h! [8]
Saccharomyces cerevisiae Continuous fermentation 60.5 gL 95% of the theoretical 320g-L " h! [8]
Lactic acid Lactobacillus casei Fed-batch 210 gL 90.3% 214 gL n! 9]
Lactobacillus rhamnosus Continuous fermentation Not reported 68.8% 8.18 g'L-h! [16]
L-lysine Corynebacterium glutamicum Fed-batch fermentation 100 gLt Not reported ~21gLltht 7
Corynebacterium glutamicum  Continuous fermentation 105 gL 0.385 g'g! 5.6 gL h! [17]
1,3-Propanediol Clostridium butyricum Fed-batch fermentation 67.9 gL 055gg! 078 gL "h" 20
Clostridium butyricum Continuous fermentation 30.1 gLt 0.52gg"! 1.87 gL 0h! [20]
Butanol (ABE) Clostridium acetobutylicum Batch fermentation <1 gL 0.175 g™ 0.17gLh" [19]
Clostridium acetobutylicum Continuous fermentation 51gL7! 042 ¢! 46gL"h! [21]
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Fig. 1 Barriers to continuous fermentation and potential solutions.
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yield and productivity [34-36]. Antibiotics can be used to
prevent contamination during specific processes.
However, the use of antibiotics increases overall
production costs. Furthermore, antibiotics remaining in
waste potentially lead to the emergence and spread of
antibiotic-tolerant mutants and consequently have a huge
negative impact on public health and food safety [27,28].
Therefore, there is an urgent need to develop effective
approaches to prevent microbial contamination.

The development of fermentation processes based on
specific microorganisms that can grow under harsh condi-
tions is a potential approach to prevent microbial contami-
nation (Fig. 2). Harsh conditions may be as follows: (1)
extreme culture conditions, such as very low/high
temperature, very low/high pH, and high osmotic
pressure; (2) medium containing toxic substances; (3)
medium containing unusual nutrients. Fermentation pro-
cesses that contain one or more of the above-mentioned
features are expected to efficiently resist microbial
contamination, as most environmental microorganisms
cannot grow under such harsh conditions. Some extre-
mophilic bacteria, such as acidophiles, alkaliphiles,
psychrophiles, thermophiles, and halophiles, which show
significant growth advantages under extreme -culture
conditions, are promising platform strains for developing
continuous fermentation processes.

Successful continuous production processes based on
the tolerance of industrial strains to osmotic pressure and
acidic environment have been achieved [37,38]. Using a
hyperosmotic medium with approximately 6% (w/v)
NaCl, a 65-day continuous fermentation was maintained
to produce PHAs by the halophile Halomonas campa-
niensis LS21 [4,11,38]. In addition, Lactobacillus amylo-
vorus was used to maintain lactic acid production at pH
5.5 for 10 days [39,40]. Some extremophilic bacteria,
including alkaliphiles, psychrophiles, and thermophiles,
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are considered the next-generation industrial strains that
allow bioprocesses to be conducted under non-sterile
conditions [11,41].

Based on the sensitivity of bacteria to certain
compounds, special substances, including organic acids
and alcohols, were added to the initial medium for effec-
tive contamination control [26,34,35]. Katakura et al. [34]
reported a strategy for preventing lactic acid bacterial
contamination by adding 50 gkg™! exogenous ethanol
into the stock in a consolidated continuous solid-state
bioethanol fermentation system. Analogously, based on
acetate-tolerant or lactate-tolerant yeast, bioethanol
production processes were constructed by adding exoge-
nous acetate or lactate to prevent bacterial contamination
[26,35]. It is worth noting that these types of additives
can be recycled as a portion of the product.

Redesigning essential enzymes containing non-standard
amino acids is a strategy to prevent the unintended
proliferation of genetically modified organisms in natural
ecosystems [42,43]. Analogously, metabolic pathways
with preference for special substrates, such as special
sulfur or nitrogen sources, could be established to prevent
biocontamination of fermentation systems from natural
ecosystems. This strategy requires a fermentation medium
that uses unconventional sulfur or nitrogen sources as the
sole source of nutrition.

For example, many strains lack metabolic pathways for
the assimilation of formamide or phosphite and conse-
quently suffer from impaired growth and reproduction
when there are no additional nutrients. However, forma-
mide could be decomposed to ammonium ions specifi-
cally by formamidase, and phosphite could be efficiently
oxidized to phosphate by phosphite dehydrogenase
[44,45]. By the introduction of these two enzymes, the
engineered Escherichia coli could survive without any
negative effect in the medium using formamide and

Culture condition

« pH

* Hyperosmosis

Additive

* Acetate
* Lactate
* Ethanol

Unique nutrient
* Formamide
* Phosphite
* Naphthalene sulfonate

Bateriocin

Fig. 2 Approaches to avoid microbial contamination.
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phosphite as the sole sources of nitrogen and phosphate
nutrition [46].

In addition to common sulfur- and nitrogen-containing
compounds, complex compounds may have more strin-
gent restrictions on bacterial contamination. In contrast to
alkanesulfonates, the naphthalene sulfonates are resistant
to bacterial degradation [47,48]. Brilon et al. [47]
obtained two Pseudomonas strains that could degrade
naphthalene sulfonate to sulfite and sulfate to meet the
growth needs by prolonging strain selection under
continuous culture conditions. Some coccal green algae,
such as Scenedesmus obliquus, can also use naphthalene
sulfonate as the sole sulfur source [42,49-51]. These
strains, with the ability to metabolize naphthalene
sulfonate, can be developed into powerful industrial
workhorses. In addition, these studies demonstrate the
possibility of identifying transferable pathways or
enzymes to metabolize naphthalene sulfonate. However,
the cost of unconventional sulfur sources should be
carefully considered and evaluated.

In addition to optimizing culture conditions, the use of
bacteriocins produced by gram-positive bacteria is
another strategy for controlling microbial contamination
[24]. Compared to antibiotics, bacteriocins have lower
toxicity with both broad and narrow spectrum, which
avoids collateral damage. Moreover, owing to their peptide
nature, bacteriocins are more prone to engineering than
classical antibiotics and can be produced in situ [52].
Thus, using bacteriocin producers as host strains or
adding bacteriocin to the medium offers a potential
approach to control microbial contamination. A Pedico-
ccus acidilactici strain that can secrete bacteriocin was
used to produce L-lactic acid in an open system without
sterilization, and a high L-lactic acid titer was obtained
without any contamination [53]. Enterococcus faecium
RZS C5 and Lactobacillus plantarum SA6 are bacteriocin
producers with the potential to be utilized in industrial
fermentation [54].

Table 3 Approaches to enable phage-resistance
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2.2 Biophage contamination

Biophage contamination is another type of contamination
observed during fermentation. Biophages show hostile
relationships with industrial hosts and are usually lethal to
bioprocesses [55,56]. The key to avoiding biophage
contamination is to develop phage-resistant industrial
hosts (Table 3), which can be achieved in two ways:
random screening and rational design [56—59].

Random screening (also known as phage-induced
screening) is achieved by culturing strains under phage
suppression and screening surviving strains that undergo
bacteriophage-insensitive mutations. In addition, phage-
induced screening is usually implemented using physical,
chemical, and biological mutagens to create large mutant
libraries [58,59,70]. Mei et al. [59] obtained 21 stable
phage-resistant E. coli strains after 72 h of cultivation by
phage-induced screening and 39 stable phage-resistant
strains by employing a 60-s UV exposure before
cultivation. Transposon mutagenesis and insertional
mutagenesis are alternative approaches to obtain mutant
strains with desired features [68,71], which allow for the
targeting of potential gene sites to enhance phage
resistance of the resulting strains when combined with
genomic sequencing [62,71].

Although random screening is useful and direct, it is
usually labor-intensive and time-consuming. Some newly
developed technologies and equipment, such as flow
cytometry, are helpful for overcoming these obstacles
[57,72]. Flow cytometry is an instrumental tool with high
detection speed (up to 10* cells's!) and excellent
sensitivity (ability to select 2 out of 107 cells) [58,73].
Combined with immunoselection, flow cytometry can
sort strains with or without binding to anti-phage
antibodies and identify potentially phage-resistant strains,
which shortens the screening period and improves
efficiency [74,75]. Moreover, flow cytometry allows the
identification of mutants resistant to multiple phages

Species Biophage Approach description Ref.
E. coli DH5a Phage ®TB16-25 A plasmid-encoded Abi (abortive infection) system, ToxIN, promotes cell death, and limits phage [60]
replication
E. coli GIyA Phage ESP1 Phage-induced screen and UV-coupling phage-induced screen [59]
E. coli K-12 Phage mEp213, phage 4 Phage-induced screen combining transposon mutagenesis [61]
E. coli O157 Phage T4, phage T7 Phage-induced screen combining transposon mutagenesis [62]
L. lactis Phage ®mpl51, dmpl86, A plasmid-encoded protein to inhibit phage adsorption by masking phage receptor [63]
Ompl961, dmpl1083
L. lactis Phage Tuc2009 A phage-encoded superinfection exclusion (Sie) to block phage DNA injection [64]
S. thermophilus Phage 2972 Combine clustered regularly interspaced short palindromic regions (CRISPR)-CRISPR-associated [65]

(Cas) and restriction—modification (R—M) systems

S. thermophilus Phage k1, k3, k4, k5 Expression of Antisense RNA complementary to putative helicase gene to interfere phage [66]
transcription

S. thermophilus Phage ®ST51 A novel type Il R—M system, Sth368], to cleave invade phage genome [67]

CNRZ368

S. thermophilus ~ Phage Sfil9 and heterologous Phage-induced screen combining thermolabile insertional vector [68]

Sfil phages

S. thermophilus Phage k3 Expression of a mutant primase in trans to inhibit phage replication [69]

NCK1125
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based on their ability to distinguish different fluoroch-
romes, making it possible to screen strains with multiple
characteristics simultaneously.

Another effective approach for obtaining phage-
resistant strains is rational design, which aims to mani-
pulate industrial strains based on the molecular mecha-
nisms of phage infection. High-throughput technologies
are powerful tools for understanding phage infection
mechanisms and providing novel and efficient strategies
for the elimination of phage contamination. For example,
using RB-TnSeq, Dub-seq, and CRISPRi technologies,
Mutalik et al. [76] revealed multiple host genetic factors
involved in phage resistance to 14 double-stranded DNA
phages in E. coli. By constructing a well-classified library
of 68 newly isolated E. coli-infecting phages, Maffei
et al. [77] explored the phage-host interactions systema-
tically, which provide a good example for understanding
the molecular mechanisms of phage infection, even for
many non-traditional systems. To avoid biophage attack
and abort the infection process, specific defensive
strategies can be utilized to target different stages,
including phage adsorption, DNA injection, and the
propagation cycle, as described below (Fig. 3) [56,78,79].

Phage adsorption. Phage adsorption is the first step in
phage infection, during which the receptor in the cell
envelope plays a pivotal role. Physical masking, changes
in structure, or even the absence of the phage receptor are

Adsorption ®
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Genome
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RNA and protein
synthesis

Assembly
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all beneficial for inhibiting phage adsorption [56,61].

Physical masking is always attributed to special
proteins or carbohydrates produced by the acquired
plasmids, which cover the receptor to lower phage
sensitivity. A plasmid isolated from Lacfococcus lactis
subsp. lactis MPL56 synthesized a lectin-like protein that
adsorbed specific monosaccharide components of
polysaccharides in the cell wall [63]. Subsequently, this
protein competes with phages for the specific recognition
sites of receptors to inhibit phage adsorption. Studies
have also demonstrated that mutations in genes involved
in the synthesis of receptors (e.g., fhud) and outer
membrane lipopolysaccharides (e.g., waaC and gmhD)
contribute to the acquisition of resistance to several
phages, including mEp213 and 4 [61].

DNA injection. After adsorption, the phage DNA was
injected into the cells for amplification. At this stage, two
approaches were used to inhibit phage propagation. The
first approach involves blocking phage DNA injection
into the host. Sie and Sie-like systems are thought to play
a pivotal role in the injection blocking phenomenon,
although the mechanism is poorly understood [80—82].
Most Sie genes are located within the prophage regions of
chromosomes, except for the first lactococcal injection
blocking system that was identified on the pNP40
plasmid and specifically blocks the DNA penetration of
the lactococcal ®c2 phage group [64,83].

Adsorption interference

Sie system or Sie-like system

R—M system and
CRISPR-Cas system

——— Abortive infection system

Anti-sense RNA

Origin-derived PER

Subunit poisoning

Fig.3 Rational approaches to obtain phage-resistant microbes.
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Another approach is to degrade invading DNA. Two
systems, R—M and CRISPR-Cas, can be used against
foreign DNA invasion [65,78,84]. The R—M system
contains methyltransferase, which protects the host DNA
from degradation by introducing a methyl group into a
specific nucleotide of the target site, and endonuclease,
which recognizes specific target sequences and degrades
invading DNA lacking a unique methylation pattern [65].
For example, a Llal R—M system that recognizes and
cleaves the sequence 3-GATC-5' has been proven to
endow strong phage resistance after being introduced into
Streptococcus thermophilus and L. lactis [56,57]. Another
tool to degrade foreign DNA is the CRISPR/Cas9 system,
which is composed of CRISPR array and Cas proteins
[65,78]. This system has been widely utilized for genome
editing in bacteria, yeasts, and mammals. However, the
nature of this system is a defense mechanism in prokar-
yotes against invading phages or plasmids [78,85,86].
Through careful design and control of expression, an
artificial CRISPR/Cas9 system targeting multiple loci on
the T7 phage genome efficiently protected E. coli BL21
from phage infection [87]. Recently, a novel anti-phage
system, DISARM (defense island system associated with
R—M), has been reported to widely exist in bacteria and
archaea [88]. DISARM contains four genes encoding a
DNA methylase, helicase domain, phospholipase D
domain, DUF1998 domain, and a gene with unknown
function, which modifies the host DNA with methylase as
a marker for recognition and restricts invading phage
DNA. This system has been successfully transferred to
Bacillus subtilis for protection from all three major
families of double-stranded DNA phages [88].

Notably, different anti-phage systems may be combined
to improve defense efficiency. To demonstrate the compa-
tibility of R—M and CRISPR/Cas9 systems, Dupuis et al.
[65,78] constructed an S. thermophilus strain containing
both systems by introducing a plasmid with genes coding
for the LIaDCHI R—M system. It was found that the
specific methylation of phage DNA caused by the R—-M
system does not impair the interference activity of the
CRISPR/Cas9 system. More importantly, the phage
resistance of bacteria can be further improved by
combining the two systems owing to the reduction in
leakiness. In addition, the existence of a pan-immune
system was proposed, which was characterized by the
sharing of various phage-immune systems via horizontal
gene transfer between closely related strains [89]. The
pan-immune system may benefit bacterial population
fitness without causing an excessive metabolic burden
imposed by multi-immune systems in a single cell [89].
Therefore, it is promising to study the interactions and co-
utilization of distinct anti-phage systems in industrial
strains.

DNA injection. If phage DNA invades the host suc-
cessfully, the propagation process starts, during which the
Abi system plays a primary role in providing population
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protection. Abi systems are found in both gram-positive
and gram-negative species, including E. coli, B. subtilis,
Streptococcus pyogenes, Vibrio cholerae, and Lactoco-
ceus lactis [60,90,91]. Abi systems can interrupt the
propagation process at different points, such as phage
DNA replication, transcription, protein synthesis, and
phage particle assembly. Some Abi systems, such as
AbiZ, can induce premature cell lysis [90,92]. To date,
many Abi systems have been identified and designated
into various groups, most of which are plasmid-encoded
and simple genetic expression systems, providing them
opportunities to be transferred and adapted to other
strains [56,57].

Recently, Zou et al. [93,94] developed a DNA phos-
phorothioation-based Ssp defense module, SspABCD-
SspE. SspABCD catalyzes the phosphorothioate modifi-
cation between the two dCs in a 3-bp 5-CCA-3’ sequence
in which the non-bridging oxygen is replaced by sulfur.
Thereafter, SspE recognizes sequence-specific phospho-
rothioate modifications and inhibits phage activity by
introducing nicking damage. The SspABCD-SspE system
showed no toxicity in hosts and no significant effect on
recombinant protein production [94].

Antisense RNAs and origin-derived phage-encoded
resistance have also been implemented to disturb phage
propagation in L. lactis and S. thermophilus [66,79].
Subunit poisoning is another strategy to acquire phage
resistance. The expression of mutant protein subunits in
trans, such as putative helicases and primases, can
suppress the function of native protein elements that are
necessary for phage genome replication. Therefore, the
phage propagation cycle is disturbed [57,69].

3 Strategies to prevent strain
degeneration

Another challenge during continuous fermentation is the
degeneration of industrial strains. Evolvability is an
intrinsic feature of all living cells and is generally
beneficial for the entire population to increase viability
and adapt to various situations in the natural environment
[95,96]. However, during the evolutionary process, most
of the mutations were negative. For example, for E. coli
K-12, the rate of deleterious mutations per genome per
replication is approximately 2 x 1074-8 x 1074, which is
10000 times higher than that of beneficial mutations [95].
Since industrial workhorses are usually well-developed
and carefully designed, they are more sensitive to most
newly emerging mutations. Although the mutation is
beneficial for cell growth, there is a trade-off between cell
viability and industrial properties. In this study, we
present approaches to prevent strain degradation from two
aspects: genotype stability and phenotype stability
(Fig. 4) [31,96,97].
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the poison-antidote system to enable plasmid stability. If plasmid-

free cells generate, the antidote degrades in a short time, while the poison exists stably. Then the cells without the plasmid will be
killed. (b) Outline of essential-gene-deficiency approach to enable plasmid stability. The parental cells bear deficiency of certain

essential genes, which is usually complemented by an expression

vector. If the daughter cells lose the plasmid, a lack of the essential

factors or proteins will occur, which is lethal to the plasmid-free cells. (c) Outline of phenotype selection to enable phenotype
stability during continuous fermentation. The phenotype-monitoring system will kill the cells with targeted phenotype lower than the

pre-set threshold, thus maintain the stability of bioprocesses.

3.1 Genotype stability

Genotype stability of industrial strains refers to plasmid
stability and genome stability. In bioprocesses, plasmid-
based expression systems are used to produce desired
metabolites [6,7,98,99]. However, during cell propaga-
tion, plasmid loss occurs because of the uneven distri-
bution of cell resources [100]. Owing to the burden of
plasmid replication and gene expression on cell growth
and metabolism, long-term cultivation without any
selection will lead to an increase in plasmid-free cells in
the population, causing a negative effect on productivity
[97,101].

A conventional method to maintain the plasmids is
using antibiotics as a selective pressure, which kills the
plasmid-free daughter cells in each generation due to their
lack of antibiotic resistance [97,101]. However, as men-
tioned above, antibiotics may increase economic costs
and potential environmental hazards from both the anti-
biotic itself and resistance genes in industrial waste.
Therefore, alternative methods are urgently required.

Other poison-antidote systems can also be applied to

endow plasmid stability instead of antibiotics [30].
Gerdes et al. [102] demonstrated a hok/sok system to
maintain plasmid stability in gram-negative bacteria, in
which the Hok protein encoded by the hok gene is
poisonous to the host, and the sok RNA encoded by the
sok gene can repress the activity of the Hok protein to
eliminate toxicity. In addition, sok RNA is unstable, with
a half-life of less than 30 s, whereas hok mRNA and its
truncated form are very stable, with half-lives in the order
of hours. In this case, newly formed plasmid-free cells
would lose the antidote in a short period but still endure
the poison even if they lack the hok gene (Fig. 4(a)).
When the hok/sok system was inserted into an unstable
plasmid, the frequency of appearance of plasmid-free
cells was reduced by a factor of 10° to 10°. In addition,
other hok-homologous genes, such as flm, srnB, pnd, sef,
and relF, have been identified [30,102,103]. In contrast to
the aforementioned systems, Smith et al. [30] presented a
three-component system PasABC in pTF-FC2, which
includes a PasC to enhance the ability of the antitoxin
PasA to neutralize the toxin PasB. All of these systems
are effective tools for maintaining plasmids in cells.
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Moreover, a deficiency of essential genes can also be
employed to eliminate plasmid-free cells (Fig. 4(b)).
Nilsson and Skogman [31] replaced the essential gene val
encoding valyl-tRNA synthetase in E. coli with a
temperature-sensitive allele that is only functional under a
certain temperature. By introducing a normal wild-type
allele into the heterologous plasmid, the plasmid could be
maintained for over 150 generations. Terrinoni et al.
[104] targeted another essential gene, Igf, encoding
prolipoprotein glyceryl transferase, which was deleted
from the genome of E. coli and complemented by an
expression vector carrying the V. cholerae-derived Igt
gene. There was no significant difference in the growth
rate or the final optical density between the new strain
and the wild type, and the plasmid retention rate was
100% after 40 generations. In addition, the ssb gene,
encoding the SSB protein required for DNA replication
and cell viability, and the inf4 gene, encoding the
translation-initiation factor required for cell viability, are
alternative targets for plasmid maintenance [100,101].

Furthermore, genome stability can be enhanced by
genome modifications. Classical fluctuation assays have
been conducted to analyze mutations in growing popu-
lations of E. coli MG1655 by selecting for D-cycloserine-
resistant mutants. It was revealed by PCR that point
mutations and small indels accounted for 74.3% of the
total mutations, insertion sequence (IS) transpositions
accounted for 24.2%, and deletions accounted for the rest
[105]. Thus, different approaches for these mutation types
may be used to enhance genome stability.

First, a stronger and more powerful DNA-repairing
system might reduce bacterial mutation rates. The methyl-
directed mismatch repair (MMR) system plays an
important role in the repair of post-replicative errors and
oxidative DNA lesions [106]. Enhancement of the MMR
system by overexpressing mutL, mutH, and mut4 reduced
the mutation rate by more than 50% [107].

In addition, a simplified “clean” strain with the elimi-
nation of nonessential genes, including recombinogenic
or mobile DNA, and cryptic virulence genes may reduce
the mutations induced by IS transpositions [96,105,108].
For an MG1655-derived strain whose genome size was
deleted by 8.11%, no IS-related mutations were found in
the fluctuation assay, and the total mutation rate
decreased by 21.2% compared to MG1655 [105].
Furthermore, by eliminating the error-prone DNA
polymerase enzyme from the strain lacking all genomic
IS elements, a more stable strain was obtained that could
serve as a host for molecular biology, synthetic biology,
and industrial applications [108].

3.2 Phenotype stability
Phenotype stability can be used as a direct indicator of

plant productivity. In addition to genotype degradation, a
deteriorative phenotype can also arise from non-genetic
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cell-to-cell variation [29] due to uneven cell division,
variations in gene copy number and epigenetic modifi-
cation, stochastic gene expression, variable mRNA
stability, and protein activity [29,109]. These factors can
generate a broad range of protein and metabolite
concentration variations. Selection based on phenotype by
directly monitoring the performance of the strains can
identify and eliminate variation with low productivity,
thus avoiding strain degeneration and enhancing produc-
tivity without considering genotype and non-genetic cell-
to-cell variation (Fig. 4(c)). Intracellular transcription
factor-based biosensors offer the opportunity to establish
these methods [109,110].

Xiao et al. [29] developed an in vivo population quality
control system to execute continuous phenotype selection
for high-performance variants to produce free fatty acids
(FFAs). The vital part of this system is the fatty acid-
responsive biosensor. Specifically, an FFA-responsive
transcription factor FadR, correlated to FFAs via the FFA
precursor acyl-CoA, and a synthetic promoter P, repres-
sed by FadR were employed to regulate the expression of
a tetracycline efflux protein. Under the selection pressure
of tetracycline, this system could continuously screen for
high-performing variants and increased the FFA titer
from 4.8 to 21.5 g-L~! [29]. Similarly, Snoek et al. [110]
constructed a biosensor system in Saccharomyces cere-
visiae based on the LysR-type transcriptional regulator
family. They used the transcriptional regulator BenM,
which correlates with in vivo cis,cis-muconic acid con-
centration, to control the expression of an antibiotic
resistance gene, thus coupling muconic acid production to
cell fitness. Under G418 pressure, the enriched best-
performing yeast strain produced 2 g-L™! of muconic acid
in 120 h.

The in vivo biosensor is a rapid and high-throughput
screening tool; however, there are still some barriers to
overcome. First, it is not prone to finding a strictly
correlating transcription factor or promoter to a certain
product. Therefore, many pre-experiments and rational
designs are required. Second, many effectors may transfer
from cell to cell, interfering with the responses of the
biosensor [110]. Finally, the biosensors mentioned above
still involve the use of antibiotics and antibiotic-resistance
genes, which could be replaced by poison-antidote
systems for better industrial application.

4 Strategies to increase productivity

Generally, continuous processes have lower product titers
than fed-batch fermentation processes because of a shor-
ter retention time, which increases the cost of downstream
processes. Metabolic engineering and synthetic biology
offer the opportunity to obtain powerful workhorses to
produce desired chemicals and increase productivity.
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However, the overall efficiency of bioprocesses is usually
limited by the cell growth rate and substrate consumption
rate [111,112]. Hosts with high growth rates, substrate
consumption rates, and metabolic synthetic capacity can
ameliorate these issues, thus improving process produc-
tivity and economic competitiveness.

4.1 Metabolic productivity

Several efforts have been made to improve the metabolic
productivity of industrial strains. Enhancing rate-limiting
reactions of cellular metabolism is a generally applied
strategy. Enzymes in central metabolic pathways, inclu-
ding glycolysis, the pentose phosphate cycle, and the
tricarboxylic acid cycle, are often explored to increase
metabolic productivity [33,113-117]. For example, a
Corynebacterium  glutamicum strain  overexpressing
phosphofructokinase, pyruvate kinase, glyceraldehyde-3-
phosphate dehydrogenase, and glucose-6-phosphate
isomerase showed 5.0- and 7.0-fold increases in glucose
consumption and alanine productivity, respectively,
compared to the parental strain [114].

Another approach to accelerate substrate consumption
is to introduce ATP deficiency in bioproduction systems.
Several studies have shown that glycolytic flux is limited
by ATP utilization and ADP availability during the
oxidative metabolism of glucose rather than by ATP
generation [118-120]. Based on this conclusion, a
mutation that deleted the atpFH gene was introduced into
E. coli, resulting in disrupted oxidative phosphorylation
while retaining the hydrolytic activity of the F,-ATPase
[119,120]. With this mutation, a maximum of only four
ATP molecules can be produced per glucose molecule
(instead of a theoretical maximum of 36 ATP molecules
for wild-type), promoting glucose consumption to pro-
vide sufficient ATP for biomass formation and mainte-
nance requirements. The resulting strain also showed a 2-
fold increase in glycolytic flux compared with the wild-
type strain [119]. Moreover, atpFH deletion was conduc-
ted in an E. coli strain to increase glycolytic flux and
mevalonate productivity, resulting in a 2.1-fold improve-
ment in maximum productivity [121]. Similarly, reducing
the activity of atpG, which encodes a subunit of
H"-ATPase in C. glutamicum, resulted in an improved
glucose consumption rate of 10.5% and (2R,3R)-2,3-
butanediol productivity of 10.9% [122]. In addition, Luo
et al. [123] constructed an ATP-futile cycle system (ATP-
FCS) in Candida glabrata, a dominant yeast strain for
pyruvate production. As a result, the intracellular ATP
level was decreased by 51% without destroying the F F -
ATPase function, leading to improved glycolysis flux and
pyruvate production. With further optimization of ATP-
FCS, an ultimate increase in pyruvate titer and substrate
conversion rate of 98.5% and 160%, respectively, were
achieved.

In addition, substrate transport systems play an
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important role in improving metabolic rates [124-126].
Engineering of sugar transport systems is widely used to
fine-tune the balance between production and growth to
meet diverse production requirements [124,125]. In many
microorganisms, the major type of glucose transport
system is the phosphoenolpyruvate (PEP)/carbohydrate
phosphotransferase system (PTS), which is composed of
soluble and non-sugar-specific protein enzymes I and HPr
(Fig. 5) [127,128]. This system makes the greatest contri-
bution to growth and metabolism but consumes a large
quantity of PEP, the precursor of succinate, malate, and
aromatic compounds [126,127], resulting in competition
between productivity and metabolic capacity. To increase
the PEP pool by tuning the glucose transport process, Hao
et al. and Michalowski et al. [129,130] deleted the GTP
pyrophosphokinase and introduced a ppGpp 3'-pyrophos-
phohydrolase mutant. The glucose uptake rate and
product L-valine titer increased by 16.7% and 22.2%,
respectively. Although strains independent of PTS are
ideal hosts for some specific products, they often show
limited growth on glucose [127]. A non-PTS glucose
system (Fig. 5) in E. coli, which is active upon nutrient
starvation, is composed of the galactose proton symporter
GalP encoded by galP and glucokinase encoded by glk
[127,128]. By inactivation of PTS and combinatorial
modulation of gal/P and glk expression, Lu et al. [128§]
obtained a strain with the highest succinate production
rate (1.64 g-L~!-h™"), which was 10-fold higher than that
of the PTS™ strain and 39% higher than that of the wild-
type E. coli under anaerobic conditions. Similar to E. coli,
C. glutamicum also possesses both PTS and non-PTS,
which expands the options for the development of more
efficient production strains for succinate, malate, amino
acids, and aromatic compounds [125,126,131]. For
example, with the deletion of io/R and overexpression of
iolTI and ppgk in PTS-defective C. glutamicum, succinic
acid production increased by 11.6% [126]. The glucose
transport system has also been successfully engineered in
Bacillus licheniformis and B. subtilis for the improved
production of 2-phenylethanol and N-acetylglucosamine,
respectively [132,133].

Adaptive laboratory evolution (ALE) can also be used
to improve the fitness and productivity of microorganisms
under certain environmental conditions [134,135]. Based
on different cultivation methods, ALE can be divided into
serial batch cultivation and chemostat cultivation
[135,136]. In ALE processes, microorganisms are cultiva-
ted under artificially defined conditions for several weeks
or even years, and strains with the desired phenotypes can
be obtained [135-139]. Deletions of ptsH, ptsl, and crr
resulted in a PTS-deficient E. coli strain that showed 79%
loss in fitness and a high level of PEP accumulation. The
strain was subsequently evolved on glucose minimal
media using an automated ALE platform, resulting in a
259% improvement in fitness on average and high
accumulation of aromatic amino acid precursors, thus
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Fig.5 Proteins involved in glucose transport and phosphorylation in E. coli. PTS glucose transport system and non-PTS glucose
transport system (GLU: glucose; GOP: glucose 6-phosphate; PYR: pyruvate).

providing a fast-growing host for aromatic metabolite
bio-production [140]. Similarly, ALE was applied to
increase ethanol production from xylose by an engineered
S. cerevisiae strain, which showed an 8.5-fold increase in
xylose consumption rate [137]. In addition to the growth
and metabolic rates, phenotypes, including stress
tolerance and production yields, can be improved by ALE
under proper conditions with the aid of biosensors and
genome-editing methods [141-144]. For example, Chen
et al. [145] designed an efficient continuous ALE system
utilizing CRISPR-Cas9-facilitated in vivo mutagenesis
and real-time monitoring of cell growth and tryptophan-
induced fluorescence intensity using a tryptophan biosen-
sor. After evolving the PTS™ and GalP/Glk-dependent
tryptophan-producing strains, the specific production rate
of tryptophan was improved by 52.93% in fed-batch
fermentation.

4.2  Strain robustness

High titers of products could simplify the separation
processes and improve the economics of bioprocesses,
which, in contrast, require the strains in the bioreactor to
survive under high titers of metabolites for a long time.
However, during long-term fermentation, stress caused by
high osmotic pressure and high concentrations of pro-
ducts or by-products is usually harmful to micro-
organisms by damaging biological molecules, membranes,
or disrupting biological processes [8,146,147]. Conse-
quently, an improvement in stress tolerance is important
for production [148].

Different biological components have been identified

and introduced in microbes to regulate and maintain
intracellular turgor pressure and improve their osmotic
tolerance and survival ability, including aquaporin
encoded by agpZ and potassium transporters encoded by
kup, kdpFABC, and trkA [120,149-151]. In addition,
global transcriptional regulators, such as sigma S (o,
rpoS) from gram-negative bacteria and sigma B (o®) from
gram-positive bacteria, also play important roles in
osmotolerance [152—-154]. IrrE, a global regulator of
Deinococcus radiodurans, can act in both E. coli and
yeast to improve osmotic tolerance [152,153]. In addition,
osmoprotectants, such as glycine betaine, trehalose,
proline, and heat-shock proteins, such as GroESL and
Dnak, can also be added or synthesized in situ to alleviate
osmotic stress [155—-161]. However, it is often challen-
ging to improve osmotic tolerance and cellular production
capacity simultaneously.

Directed evolution is a simple and powerful approach
for improving the overall performance of strains, which
combines diversified mutant libraries with high-through-
put screening (Fig. 6) [162—164]. For example, genome
shuffling and recursive protoplast fusion are often used to
perform mutagenesis [164]. Yu et al. [163] improved the
osmotic pressure tolerance of Lactobacillus rhamnosus
ATCC 11443 to enhance L-lactic acid production by
combining ultraviolet irradiation, nitrosoguanidine muta-
genesis, and recursive protoplast fusion. The lactic acid
production, cell growth, and glucose consumption of the
best-performing strain from the second-round genome-
shuffled populations were 71.4%, 44.9%, and 62.2%
higher than those of the wild-type at high osmotic
pressure, respectively.
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Fig. 6 Directed evolution combined with induced mutagenesis
and omics analysis. Directed evolution and high throughput
screening from the induced mutagenesis library according to the
desired phenotypes. Omics analysis can be used to analyze the
obtained strains for deep study of the mechanism.
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With the development of omics techniques, many
unexpected modifiable genes can be targeted to improve
cellular tolerance to osmotic pressure. Based on the
genome sequencing of a high-succinate-producing and
osmotolerant E. coli strain obtained by genetic enginee-
ring and metabolic evolution, Xiao et al. and Zhu et al.
[165,166] found a mutation in cusS (G629T) that
activated the expression of CusCFBA to transport Ag(I)
and Cu(l) out of the cells to reduce the toxicity of Cu(l).
The introduction of a cusS mutation into a wild-type
strain led to a 21% increase in cell mass and a 40%
increase in succinate titer [165]. Analogously, combining
transposon (Tn) mutagenesis with genome-wide next-
generation sequencing-based Tn insertion site determi-
nation, some novel genes in E. coli have been identified
to improve osmotic tolerance, including rfe, typA, yciW,
ptsP, evgA, ackA, and yobF [167,168].

Compared to genome and transcriptome analyses,
proteome and metabolome analyses can provide more
direct information in response to high osmotic pressure.
Yang et al. [169] quantitatively analyzed differential
intracellular protein levels of Yarrowia lipolytica cultured
under low (3.17 osmol-kg™") and high (4.21 osmol-kg™)
osmotic pressures. Under hyperosmotic stress, proteins
related to nucleotide biosynthesis, energy generation,
metabolism, cell rescue, and stress response were
significantly inhibited, reflecting the growth arrest of
Y. lipolytica. These results provide guidelines for impro-
ving osmotic tolerance. Cheng et al. [146] conducted a
comparative proteomic analysis of S. cerevisiae in
different fermentation processes and identified eight
oxidative responses and heat-shock proteins important for
cellular redox and osmotic state adjustment. Sevin et al.
[151] analyzed the global metabolic response of E. coli to
sustained hyperosmotic stress using non-targeted mass
spectrometry. The abundance of 52% of the 1071
detected metabolites changed with increasing salt
concentrations. In addition to known osmoprotectants,
ubiquinone-8 increased by more than 100 times with
increasing salt concentration, which could reside flat in
the center of the lipid bilayer and increase the
hydrophobic thickness of the cytoplasmic membrane to
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enhance its cytoplasmic membrane stability [151].

Instead of enhancing osmotic tolerance through gene
modification, extremophiles can provide a shortcut to
achieve this purpose. Halomonas spp. are halophilic
bacteria that can be developed into industrial strains to
produce bulk chemicals, including polymeric materials
and biofuels [38]. A series of genome-editing tools based
on Halomonas spp. have been developed. Moreover,
fermentation processes can be executed with a very high
cell density of over 80 g-L~! (CDW) under high NaCl
concentration and non-sterile conditions [23,38,170].
Vibrio natriegens is another attractive halophilic mic-
roorganism with a minimal generation time between 7
and 10 min, which is more than two times faster than FE.
coli in rich media and 2—4 times faster in minimal media.
Moreover, V. natriegens has an exceptionally high
glucose uptake rate in minimal media under both aerobic
(~3.9 g-g""-h™!) and anaerobic conditions (~7.8 g-g!-h™!)
[170-172]. These features ensure that these two strains
are remarkably superior for development as industrial
hosts.

For the bioproduction of organic acids, oxidative and
acidic stresses also significantly affect strain performance
during long-term fermentation. Fungi are often selected
as the chassis for organic acid fermentation at low pH.
For instance, Aspergillus terreus has been used for
itaconic acid fermentation because of its high metabolic
capacity and acid tolerance [173,174]. Alternative NADH
dehydrogenases in many fungi protect the cell from
oxidative stress [175]. With peptide supplementation
during fumaric acid fermentation by Rhizopus oryzae,
productivity was elevated by nearly 100% owing to the
improvement in cell stress defense systems and enhanced
glycolytic flux [176].

5 Conclusions and prospect

Advances in metabolic engineering and synthetic biology
have provided great opportunities to improve the
performance of industrial strains for chemical and biofuel
production. With more advanced genetically modified
strains, updating process engineering is necessary to
increase the economic competitiveness of bioproduction
systems [5,8,11,18,146]. Continuous fermentation offers
competitive advantages over classical batch/fed-batch
fermentation processes, including high productivity, low
operating costs, and high economic efficiency. In this
study, we summarized the key challenges in continuous
fermentation and demonstrated several approaches to
overcome barriers to microbial/phage contamination,
strain degeneration, and low product titers.

To date, most of the contamination-preventing approa-
ches for continuous fermentation have been developed
against one type of contamination. Thus, it is necessary to
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combine versatile approaches to meet industrial require-
ments. Moreover, the development of continuous fermen-
tation processes requires precise equipment, process
design, and control systems. For example, although
several halophilic microorganisms, such as Halomonas
spp. and V. natriegens, exhibit strong tolerance to high
osmotic pressure, excellent growth, and metabolic rates
[171,177], the implementation of these organisms in
continuous culture requires the utilization of specific
equipment to cope with high-salt media. In addition,
recently developed biotechnological techniques, such as
ALE together with high-throughput methods and multi-
omics analysis, may provide optimized industrial strains
and help discover previously unknown mechanisms of
contamination and strain degeneration, which can be used
for process improvement of continuous fermentation. For
example, fluorescence-activated cell sorting has been
widely applied for high-throughput screening of bacteria,
yeasts, and fungi with the desired phenotypes [178].
Furthermore, the combination of immobilization techno-
logy with optimized strains is important for continuous
fermentation. In summary, continuous fermentation
should be further optimized using various approaches for
a wide range of industrial applications.
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