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Environmental sustainability is an increasingly important issue in industry. As an environmentally friendly and
sustainable way, constructing microbial cell factories to produce all kinds of valuable products has attracted
more and more attention. In the process of constructing microbial cell factories, systems biology plays a crucial
role. This review summarizes the recent applications of systems biology in the design and construction of mi-
crobial cell factories from four perspectives, including functional genes/enzymes discovery, bottleneck pathways
identification, strains tolerance improvement and design and construction of synthetic microbial consortia.
Systems biology tools can be employed to identify functional genes/enzymes involved in the biosynthetic
pathways of products. These discovered genes are introduced into appropriate chassis strains to build engi-
neering microorganisms capable of producing products. Subsequently, systems biology tools are used to identify
bottleneck pathways, improve strains tolerance and guide design and construction of synthetic microbial con-
sortia, resulting in increasing the yield of engineered strains and constructing microbial cell factories

successfully.

1. Introduction

Environmental sustainability is an increasingly important issue in
industry. So, it is critical to find a sustainable, green and clean way to
produce enzymes, fuels, bulk chemicals and natural products for main-
taining a sustainable social economy. As an environmentally friendly
and sustainable way, biotechnological industry has attracted more and
more attention. With the increased size of the bio-based production
market, microbial cell factories offer a promising approach to
manufacturing valuable products from renewable resources [1]. More
and more high-value chemicals have been successfully industrialized
through microbial cell factories, such as raspberry ketonel [2], salidro-
side [3], gastrodin [4], salvianic acid A [5] and artemisinin [6]. One
noteworthy example is the development of a process for the production
of 1,4-butanediol directly in Escherichia coli by the company Genomatica
(San Diego, CA), which reached the production scale of 30,000 tons/-
year [7]. Thus, we can see the great potential of using microbial cell
factories to produce all kinds of valuable products.

However, from the design to the construction of microbial cell
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factories, there are some crucial problems to resolve. Firstly, the
biosynthetic pathways of most desired products are not fully elucidated
and enzymes that catalyze proposed pathways remain unknown.
Therefore, finding crucially functional genes/enzymes involved in the
biosynthetic pathways is the first key step to construct microbial cell
factories. After the biosynthetic pathways are constructed in suitable
hosts, it’s key to find bottleneck pathways that limit the improvement in
the yield of desired products, and then alleviate these bottleneck path-
ways to facilitate the construction of microbial cell factories. In the
process of constructing microbial cell factories, substrates, toxic in-
termediates, products or other environmental conditions may limit the
growth ability of strains and the yield of products. Therefore, it’s also
crucial to improve the tolerance of strains to various stresses. In addi-
tion, during the process of constructing microbial cell factories, using
single engineered strain to produce chemicals often faces a large meta-
bolic burden due to the long and complex biosynthetic pathways,
resulting in low production efficiency. Design and construction of syn-
thetic microbial consortia is an effective strategy to relive metabolic
burden and improve production efficiency.
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Systems biology, as an important tool, plays an important role in
solving these mentioned problems to facilitate the design and con-
struction of microbial cell factories. The scope of systems biology is to
investigate biological systems in a holistic manner to elucidate the
mechanisms underlying the cellular behavior [8]. With the continuous
development of systems biology, it has been possible to comprehen-
sively understand the metabolic network of strains from the genomic
scale, including the structural genes that constitute metabolic pathways,
the complex regulatory mechanisms of cell metabolism, and the effects
of genetic and environmental disturbances on cell global metabolism, so
as to establish metabolic models to evaluate and predict the possible
effects of genetic engineering operations [9,10]. And omics technologies
(e.g. genomics, transcriptomics, proteomics, metabolomics, and fluxo-
mics) are the major analytical tools of systems biology. By analyzing the
metabolic network of strains obtained by genetic engineering, we can
better guide the metabolic engineering and improve the physiological
function and production efficiency of strains.

Genomics, transcriptomics and proteomics are the most common
tools to discover functional genes/enzymes involved in the biosynthetic
pathways of desired products. To identify bottlenecks in metabolic
pathways, metabolomics is one of the most effective tools. Through the
detection of relevant metabolic perturbations, metabolomics can iden-
tify potential bottleneck pathways for strains improvement [11]. For
improving the tolerance of strains, transcriptomics, proteomics and
metabolomics can be used to identify potential tolerance-related genes,
proteins and metabolites to guide strains tolerance engineering. For
designing and constructing microbial consortia, systems biology anal-
ysis can be employed to systematically analyze the genetic and meta-
bolic pathways in microbial consortia, contributing to elucidating
comprehensive molecular mechanisms of interactions in microbial
consortia. In conclusion, from design to construction of microbial cell
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factories, systems biology plays an important role [12]. The general
process of design and construction of microbial cell factories based on
systems biology is shown in Fig. 1. First, systems biology tools are
employed to identify functional genes/enzymes involved in the
biosynthetic pathways of products. These discovered genes will be
introduced into appropriate chassis strains to build engineering strains
capable of producing products. Then, in order to improve the yield of
engineered strains for facilitating the construction of microbial cell
factories, systems biology tools are used to identify bottleneck pathways,
improve strains tolerance and guide design and construction of synthetic
microbial consortia. After these optimization steps, microbial cell fac-
tories capable of high-yielding products are successfully constructed.

This review summarizes the recent applications of systems biology in
the design and construction of microbial cell factories. And it is sum-
marized from four perspectives, including functional genes/enzymes
discovery, bottleneck pathways identification, strains tolerance
improvement and design and construction of synthetic microbial
consortia.

2. Strains design based on systems biology

For design and construction of microbial cell factories, the first step is
to introduce appropriate biosynthetic pathways of products into chassis
strains to design engineered strains capable of producing desired prod-
ucts. However, the biosynthetic pathways of most desired product are
not fully elucidated and enzymes that catalyze proposed pathways
remain unknown. Therefore, to design strains capable of producing
products, it’s essential to mine functional genes/enzymes involved in
synthetic pathways of products. The numerous enzymes and pathways
present from plants and microorganisms represent a large resource for
constructing synthetic pathways to produce chemicals or degrade
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pollutants. With the development of systems biology tools, more and
more potentially valuable enzymes and pathways are identified, and
some of them have been successfully applied to microbial cell factories
[13].

Among all omics tools, genomics, transcriptomics and proteomics are
most commonly used to identify functional genes. Many potential
genes/enzymes, involved in producing variously valuable chemicals,
such as ibogaine, ferruginol, olivetolic acid and so on, have been found
by systems biology tools (Table 1). And these genes/enzymes are mainly
derived from various of plants in nature. In addition to discovering
genes/enzymes for biosynthesis of high-value chemicals, systems
biology tools are used to identify functional genes/enzymes to degrade
polymer pollutants, such as plastics, petroleum and so on, which is
helpful to construct microbial cell factories. For example, the drastically
increasing amount of plastic waste is causing an environmental crisis.
Therefore, some novel enzymes discovered by systems biology tools are
summarized, which can degrade various plastic waste, such as poly-
urethane (PU), poly (ethylene terephthalate) (PET) and so on (Table 1).
These enzymes are mainly derived from variously environmental mi-
crobial community, which is different from the genes/enzymes involved
in synthetic pathways of high-value products. The complex structures of
mentioned compounds in Table 1 are shown in Figure S1.

2.1. Functional genes/enzymes discovery for producing high-value
chemicals

To discover functional genes/enzymes for producing high-value
chemicals, genomics and transcriptomics are the most commonly used
tools. Next-generation sequencing, an important genomic tool, is
extensively used to discover potentially valuable genes/enzymes,
contributing to construct microbial cell factories. Farrow et al. [14] used
next-generation sequencing to generate the first iboga transcriptome
and leveraged homology-guided gene discovery to identify the penul-
timate hydroxylase ibogamine 10-hydroxylase and final O-methyl-
transferase steps noribogaine-10-O-methyltransferase in ibogaine
biosynthesis, which is greatly significant for the construction of micro-
bial cell factory to produce ibogaine. There is another example, which
used a next-generation sequencing approach combined with compara-
tive transcriptomics analysis to identify six candidate cytochrome P450
CYP genes responsible for converting miltiradiene to tanshinones,
bioactive compounds from Chinese medicinal herb. One of these
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cytochromes, CYP76AHI, was demonstrated to catalyze a unique
four-electron oxidation cascade on miltiradiene to produce ferruginol
both in vitro and in vivo. Expressing the CYP76AH1 and phyto-CYP genes
in Saccharomyces cerevisiae resulted in heterologous production of 10.5
mg/L ferruginol, the precursor of tanshinones [15].

Comparative analysis of the genomes is also a common genomic tool
for discovering potentially functional genes. Cucurbitacins, a group of
bitter and highly oxygenated tetracyclic triterpenes, are mainly pro-
duced by the plant family Cucurbitaceae. These compounds have similar
structures but differ in their antitumour activities and ecophysiological
roles. Zhou et al. [17] identified conserved syntenic loci encoding
metabolic genes for distinct cucurbitacins by comparative analysis of the
genomes of cucumber, melon and watermelon. Characterization of the
cytochrome P450s (CYPs) identified from these loci led to find a novel
multi-oxidation CYP for the tailoring of the cucurbitacin core skeleton as
well as two other CYPs responsible for the key structural variations
among cucurbitacins C, B and E. They also discovered a syntenic gene
cluster of transcription factors that regulates the tissue-specific biosyn-
thesis of cucurbitacins and may confer the loss of bitterness phenotypes
associated with convergent domestication of wild cucurbits. Baicalein,
wogonin, and their glycosides baicalin and wogonoside, are the major
flavone compounds with explicit pharmacological activities in extracts
of the roots of Scutellaria baicalensis. Comparative genomic analysis was
used to analyze the published genomes of Salvia miltiorrhiza, Salvia
splendens, and Salvia indicum, for elucidating the final step for biosyn-
thesis of wogonin from norwogonin [18]. The O-methyltransferases
were finally identified to be responsible for wogonin biosynthesis and
confirmed by in vivo assays in yeast as well as by RNAi experiments in
hairy roots of S. baicalensis.

Differential expression gene analysis based on the RNA-seq data
(comparative transcriptomics) is a common strategy for the gene func-
tion prediction, which makes full use of the different gene expression
between the reference and test groups. For instance, saponin accumu-
lation was dramatically activated upon MeJA treatment in many plant
tissues, which caused the elevated expression of related genes in
biosynthetic pathways [28]. By comparison of MeJA-treated samples
and untreated control, numerous oxidosqualene cyclases, CYP450s, and
UDP-glucuronosyltransferases were screened out and verified involved
in the biosynthesis of saponins in many plants such as Maesa lanceolate
and Chenopodium quinoa [19]. Likewise, some key genes were identified
to produce olivetolic acid, which was proposed to be the first

Table 1
Discovered genes/enzymes for producing desired chemicals/degrading targeted pollutants.
Desired chemicals/Targeted pollutants Pathway Genes/Enzymes discovered Origin Omics tools Reference
Desired ibogaine ibogamine 10-hydroxylase, oribogaine-10-O- Tabernanthe iboga genomics/ [14]
chemicals methyltransferase transcriptomics
ferruginol CYP76AH1 Salvia miltiorrhiza transcriptomics [15]
O-glc- echinocystic CYP716Y1 Bupleurum falcatum transcriptomics [16]
acid
cucurbitacin B and E Cm180, CmBi, CmACT, Cm890, CmBt, Cl180, Cucumis melo L, Citrullus lanatus genomics/ [17]
CIBi, CIACT, CI890A, CI890B, CIBt transcriptomics
wogonin O-methyltransferase (PFOMT5) Scutellaria baicalensis Georgi genomics [18]
saponins oxidosqualene cyclases, CYP450s, UDP- Maesa lanceolate, Chenopodium quinoa transcriptomics [19]
glucuronosyltransferases
olivetolic acid olivetolic acid cyclase Cannabis flowers transcriptomics [20]
Targeted PET a PET hydrolytic enzyme Actinobacteria metagenomics [21]
pollutants PU gene sequences similar to PU hydrolytic Landfill microbial community metagenomics [22]
enzyme
synthetic polyesters: synthetic polyesters hydrolytic enzyme Environmental microbial community metagenomics [23]
PLA, PCL, PBSA belonging to new esterase families
PCL, PET a novel thermostable cutinase homologue, leaf =~ Microbial community of a leaf-branch compost metagenomics [24]
and branch compost cutinase with copious natural plant-derived polymers
poly DEGA esterases capable of hydrolyzing poly DEGA Moss-associated microorganisms. metagenomics [25]
PBAT esterases capable of hydrolyzing synthetic Soil compost microorganisms metagenomics 25]
copolyester PBAT
PBAT a novel PBAT degrading polyesterase- PpEst Pseudomonas pseudoalcaligenes and Knufia proteomics [26]
chersoneso
PHB a PHB depolymerase ALC24 4107 Alcanivorax sp. 24 proteomics [27]
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intermediate to form the polyketide nucleus of the cannabinoids in
Cannabis sativa. Gagne et al. [20] identify an olivetolic acid cyclase that
catalyzes a C2-C7 intramolecular aldol condensation with carboxylate
retention to form olivetolic acid by analyzing the transcriptome of
cannabis flowers. Combined expression of a tetraketide synthase and
this olivetolic acid cyclase in yeast achieved a 0.48 mg/L yield of oli-
vetolic acid when cultures were supplied with exogenous hexanoate.

In a different example, to identify the genes involved in methanol
metabolism in methylotrophic yeast Pichia pastoris, a comparative pro-
teomic analysis was employed to analyze Pichia pastoris cultivated in
minimal media containing methanol and glucose, respectively. The
result demonstrated the transaldolase isoenzyme was highly up-
regulated in methanol medium cultivation, which plays an important
role in methanol utilization [29].

2.2. Functional genes/enzymes discovery for degrading pollutants

In addition to discovering genes/enzymes involved in synthetic
pathways of high-value chemicals, systems biology tools are used to
identify functional genes/enzymes able to degrade polymer pollutants
such as plastics, petroleum and so on, which is helpful to construct
microbial cell factories to produce enzymes, capable of degrading
polymer substance. During these pollutants, the drastically increasing
amount of plastic waste is causing an environmental crisis. Therefore, in
this section we take novel plastic-degrading enzymes discovery as
example to explain how to discover functional genes/enzymes for
degrading pollutants via omics-based approaches.

Metagenomics has shown great potential to facilitate the discovery of
novel enzymes from environment. Specifically, there are two different
methods to mine enzymes via metagenomics: sequence-based screening
and function-based screening [30]. Sequence-based screening takes
advantage of sequence similarity comparison and functional gene
annotation by searching bioinformatic databases [31]. For example, a
PET hydrolytic enzyme was uncovered through in silico sequence based
screening from metagenome databases [21]. In the past few years, many
gene sequences similar to those encoding known enzymes capable of
degrading PU plastics were identified from landfill-derived meta-
genomes [22]. Alternatively, function-based screening uses activity as-
says to search for the desired phenotypes from metagenomic libraries.
Compared with sequence-based screening, function-based screening is
particularly advantageous in mining completely novel groups of en-
zymes for which the sequences are more divergent from existing ho-
mologous ones. For example, multiple enzymes, capable of hydrolyzing
different polyesters including poly(lactic acid) (PLA), poly(e-capro-
lactone) (PCL), and poly(butylene succinate-co-adipate) (PBSA), were
found from environmental metagenomes by function-based screening
[23]. And the plastic-degrading enzymes are mostly discovered from the
environments abundant with biopolymeric substances. For example, by
function-based screening, a novel thermostable cutinase homologue,
leaf and branch compost cutinase (LCC), which exhibited hydrolytic
activity towards PCL and PET, was identified from the metagenome of a
leaf-branch compost with copious natural plant-derived polymers [24].
Likewise, esterases with hydrolytic activity towards poly(diethylene
glycol adipate) (poly DEGA) and synthetic copolyester poly(butylene
adipate-co-terephthalate) (PBAT) were identified in metagenomic li-
braries constructed from Sphagnum moss and soil compost, respectively
[25].

The proteomics-based approach directly detects and quantifies pro-
tein expression and has been proven as a huge potential tool to identify
new enzymes from a broadly microbial source. Since pollutants such as
plastics are polymer substance, unable to enter the microbial cell, dis-
covery of degrading enzymes from exocrine proteins is the principal
target when screening for potential plastic-degrading enzymes [32].
Comparative proteomics is most commonly used to identify
plastic-degrading enzymes. For example, several novel putative poly-
esterases involved in PBAT degradation were identified by comparative
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analysis of the exoproteomes of the bacteria Pseudomonas pseudoalcali-
genes and the fungus Knufia chersonesos, demonstrating the effectiveness
of this method in identifying plastic-degrading enzymes [26]. In another
study, a polyhydroxybutyrate (PHB) depolymerase ALC24 4107,
capable of hydrolyzing many kinds of polyesters, was discovered from
Alcanivorax sp. 24 via the comparative proteomic approach [27].
Although there are some research of discovering plastic-degrading en-
zymes via the proteomics-based approach. Due to the difficulty in
extracting high-quality protein and limited databases for downstream
bioinformatic analysis, directly discovering enzymes degrading plastics
from complex environmental samples via metaproteomic is still chal-
lenging [33].

2.3. Modification of microbial chassis

When the synthetic pathways of desired products are fully eluci-
dated, and genes involved in proposed pathways are discovered, the
following step is to introduce the discovered genes involved in synthetic
pathways of desired products into microbial chassis. Then engineered
strains capable of producing desired products can be obtained.

However, in some emerging microbial chassis, less basic research
results in a lack of available biological parts such as promoters, func-
tional for the expression of heterologous genes. The lack of available
biological parts limits the expression of heterologous genes. Hence, it is
necessary to identify more biological parts for accurate heterologous
genes expression. Omics tools of systems biology are often employed to
predict and identify regulatory biological parts.

For instance, transcriptomics was used to screen strong endogenous
promoter in Pichia pastoris. Based on transcriptomics analysis of Pichia
pastoris cultured in three frequently-used media, ten potential strong
endogenous promoters contributing to higher transcriptional expression
levels were screened out [34]. In another example, due to limited
constitutive promoters in Streptomycetes, transcriptomics was employed
to screen more available constitutive promoters. A total of 941 qualified
genes were selected based on systematic analysis of five sets of
time-series transcriptome microarray data of Streptomyces coelicolor
M145 cultivated under different conditions. Then, 166 putative consti-
tutive promoters were selected by following a rational selection work-
flow [35]. In a different example, transcriptomics was performed to help
identify 5’ Untranslated Regions(5'UTRs) in Zymomonas mobilis as reg-
ulatory biological parts. 101 potential 5’UTRS in Z. mobilis were iden-
tified by transcriptomic data. Then, an in vivo fluorescence-based
screening system was developed to confirm the responsiveness of 36
5'UTR candidates to ethanol, acetate, and xylose stresses [36].

Besides, during the process of further modifying microbial chassis,
the clustered regularly interspaced short palindromic repeats (CRISPR)-
associated (Cas) system can be used to edit a genome through gene
knockouts or homology-mediated knockins to control transcription of
exogenous or endogenous genes and has been one of the most efficient
genome-editing technologies to engineer microorganisms for improving
production [37]. Therefore, identifying the CRISPR-Cas systems within
the candidate chassis microorganisms is important for constructing
microbial cell factories. And the CRISPR-Cas systems can be identified
by mining omics data.

David et al. [38] used genome-resolved metagenomics to identify a
number of CRISPR—Cas systems, including the first reported Cas9 in the
archaeal domain of life. Two previously unknown systems, CRISP-
R-CasX and CRISPR-CasY, which are among the most compact systems
yet discovered were also been identified. In another example, Yan et al.
[39] systematically discovered additional subtypes of type V
CRISPR-Cas systems by mining the metagenomic database.

3. Construction of microbial cell factories based on systems
biology

After the biosynthetic pathways of desired products are introduced



W. Yan et al.

into chassis strains, engineered strains capable of producing desired
products can be acquired. However, the products yield of these engi-
neered strains may be low. To further construct microbial cell factories,
it’s necessary to optimize these engineered strains to improve the yield
of products. There are mainly three strategies to improve the products
yield for constructing microbial cell factories, including bottleneck
pathways identification, strains tolerance improvement and design and
construction of synthetic microbial consortia. Systems biology, as an
important tool, plays an important role in achieving these strategies to
facilitate the construction of microbial cell factories.

3.1. Bottleneck pathways identification

In the process of constructing microbial cell factories, some meta-
bolic pathways of desired products are introduced into suitable chassis
stains to obtain engineered bacteria. However, the metabolic pathways
of these products are generally composed of multi-step enzymatic re-
actions, and it is often difficult to completely coordinate and match the
catalytic efficiency of these enzymes. Among them, the reactions with
low enzymatic catalytic efficiency become the bottleneck restricting the
metabolic pathway. These bottleneck pathways greatly limit the pro-
duction yield and efficiency of the product. Therefore, identification of
bottleneck pathways is an important step to improve cell production
performance and thus facilitate the construction of microbial cell
factories.

In the process of constructing microbial cell factories, the introduc-
tion of heterologous synthetic pathways may result in bottleneck path-
ways. First, bottleneck pathways may occur in the introduced
heterologous synthetic pathways. In addition, the introduction of het-
erologous synthetic pathways may lead to changes in the gene expres-
sion levels of original strain, resulting in new bottlenecks. After
constructing engineered strains, genetic modifications are often per-
formed to improve the products yield. But these genetic modifications
may disrupt the gene expression levels of microorganism, resulting in
new bottleneck pathways. And metabolomics is one of the most common

Synthetic and Systems Biotechnology 8 (2023) 176-185

and effective tools, which can identify the bottlenecks of metabolic
pathways by quantitatively analyzing intracellular metabolite concen-
trations and finding metabolites with significantly different concentra-
tions [40]. And the specific process of identifying the above-mentioned
bottlenecks via metabolomics is shown in Fig. 2.

3.1.1. Identifying bottleneck pathways of heterologous synthetic pathways

When an engineered strain capable of producing products is con-
structed by introducing heterologous biosynthetic pathway, if the pro-
duction yield is relatively low, the bottleneck pathways may be
considered to exist in the heterologous synthetic pathways. Metab-
olomics is employed to quantitatively analyze the concentration of in-
termediates in the heterologous synthetic pathways and find metabolites
with significantly different concentrations, contributing to identify the
potential bottleneck pathways (Fig. 2). For example, a heterologous
MVA pathway was constructed in E. coli for the high-yield production of
Cs alcohols. To identify bottleneck pathways for optimizing the
pathway, targeted metabolomics was used to quantify MVA pathway
intermediates in this engineered strain [41]. Isopentenyl diphosphate
(IPP) concentrations were found to be much higher than any other in-
termediates involved in the MVA pathway, revealing that NudB, the
protein capable of conversing IPP into 3-methyl-3-buten-1-ol, was the
bottleneck pathway. To alleviate the bottleneck and increase the yield,
the Shine-Dalgarno sequence of nudB was engineered, finally achieving
a decrease in IPP accumulation by 4-fold and a 60% increase in 3-meth-
yl-3-buten-1-ol yield. Likewise, quantitative metabolomics analysis of
heterologous IPP-bypass pathway intermediates in engineered
S. cerevisiae allowed for the identification of the bottleneck pathway.
The last step of the pathway to produce isoprenol (a hydrolysis of IPP to
isoprenol) was identified as the bottleneck. Subsequently, a promiscuous
phosphatase that is more efficient in IPP hydrolysis was screened,
relieving this bottleneck and improving isoprenol titer significantly
[42]. In another research of engineering cyanobacteria to produce
1-butanol by introducing into the heterologous CoA pathway, the
quantitative metabolomics analysis of intermediate involved the CoA
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pathway indicated that the reduction reaction of butyl-CoA to butanol
may be the rate-limiting step in the heterologous pathway [43].

3.1.2. Identifying bottleneck pathways of endogenous pathways

In addition to those bottleneck pathways from heterologous syn-
thetic pathways, the introduction of heterologous synthetic pathways
may affect the gene expression levels of endogenous pathways in orig-
inal strain, leading to some new bottleneck pathways. And these new
bottleneck pathways mainly derive from the central metabolic pathway
and the upstream pathway of heterologous synthetic pathways in
endogenous pathways. Metabolomics can be employed to quantitatively
analyze the involved metabolite concentrations between origin strains
and engineered strains and find metabolites with significantly different
concentrations, contributing to identifying the bottleneck pathways
(Fig. 2). For example, the heterologous 2-keto acid pathway for iso-
butanol biosynthesis was firstly constructed in Methylobacterium extor-
quens AM1. And the KDC enzyme, essential for catalyzing 2-
ketoisovalerate to isobutanol, had been demonstrated as a bottleneck
for isobutanol production [44]. To further improve the yield, metab-
olomics was used to analyze the central metabolic pathway, including
EMC pathway, serine cycle, and TCA cycle, and the upstream pathway of
heterologous synthetic pathways between engineered strain and the
control strain. The result showed that all interest intermediates in the
central metabolic pathway had similar pool levels, while 2-ketoisovaler-
ate, a direct precursor for isobutanol biosynthesis, appeared a five-fold
reduction in isobutanol producer strain. This revealed that the intro-
duction of the heterologous isobutanol synthetic pathway did not
disrupt the central carbon metabolism and insufficient carbon flux
through 2-ketoisovalerate may be one bottleneck, resulting in the pro-
duction inhibition [45]. In a different example, to construct an engi-
neered Corynebacterium glutamicum simultaneously utilizing both
p-glucose and r-arabinose, LC-MS/MS based metabolomics was used to
quantify central carbon metabolism intermediates in C. glutamicum,
allowing for the identification of pyruvate kinase as the bottleneck in the
co-utilization of r-arabinose with p-glucose [46].

3.1.3. Identifying bottleneck pathways resulting from genetic modifications

During the process of constructing microbial cell factories, genetic
modifications are often performed to improve the yield of engineered
microorganism, such as deletion of genes involved in producing
byproducts and overexpression of some key genes involved in the syn-
thetic pathway. But these genetic modifications may disrupt the gene
expression levels of microorganism, resulting in bottleneck pathways.
And metabolomics can be employed to determine and compare intra-
cellular metabolite profiles of microorganisms before and after genetic
modifications to find metabolites with significantly different concen-
trations, contributing to identifying new bottleneck pathways (Fig. 2).
For example, to increase shikimate yield in engineered C. glutamicum,
sugar phosphotransferase system (PTS) was inactivated to improve the
availability of phosphoenolpyruvate (PEP), a key upstream precursor for
shikimate biosynthesis. Subsequently, intracellular concentrations of
glycolytic metabolites were analyzed by LC-MS/MS based metab-
olomics, indicating that the non-PTS strain accumulated 1,3-dihydroxy-
acetone (DHA) and glycerol and those glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) upstream reaction in non-PTS strain were
much higher than the original strain. This metabolomics analysis iden-
tified GAPDH as a new metabolic bottleneck for producing shikimate
[471.

The same metabolomics method was used to reveal a CoA imbalance
resulting from deletion of phosphate acetyltransferase, blocking the
production of 1-butanol in E. coli. And the reduction of butanol-CoA to
butanal catalyzed by alcohol dehydrogenase AdhE2 was determined as a
rate-limiting step. To alleviate the bottleneck, AdhE2 was engineered
through a ribosome binding site library, resulting in an improvement of
the 1-butanol titer from 15 to 18.3 g/L [48]. In another study, to further
improve 1-butanol yield, metabolomics was employed to quantitatively
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analyze intracellular metabolite levels in strains before and after alle-
viating the above-mentioned bottleneck. The results demonstrated an
increase in glyoxylate accumulation, indicating that glyoxylate accu-
mulation may be a new bottleneck [49].

3.2. Strains tolerance improvement

In the process of constructing microbial cell factories to produce
products, strains are usually exposed to variously different stresses.
These stresses can be derived from feedstocks, toxic intermediates and
products, limiting production capacity and growth ability of strains [50,
51]. For example, in the process of constructing microbial cell factories
to produce bioenergy, such as ethanol and butanol, these low-carbon
alcohol products have a certain toxic effect on strains, so it’s vital to
improve product tolerance, which can improve the growth ability of
strains and the yield of target products [52]. Therefore, strains tolerance
improvement plays an important role in constructing microbial cell
factories [53]. To improve strains tolerance, tolerance-related genes
identification is crucial. These discovered tolerance-related genes can be
rationally modified to improve strains tolerance.

There are mainly two strategies to discover tolerance-related genes
via systems biology tools. Transcriptomics, proteomics and metab-
olomics can be respectively employed to measure the gene expression
levels of strains from different perspectives, contributing to finding
tolerance-related genes. The first strategy is to discover tolerance-
related genes from strains under different stresses. Systems biology
tools can be employed to measure the gene expression levels of strains
under different stress, contributing to finding genes with significantly
different expression levels. By further analysis, tolerance-related genes
can be screened from genes with significantly different expression levels.
The second strategy is to discover the tolerance-related genes from
mutant strains with tolerance improvement, which can be acquired by
random mutation strategy or other semi-rational and rational strategies.
Systems biology tools can measure the gene expression levels of mutant
strains and parental strains. Genes with significantly different expres-
sion levels can be identified, and tolerance-related genes can be screened
from these genes by further analysis. As shown in Table 2, many
tolerance-related genes have been successfully identified by the above-
mentioned strategies.

3.2.1. Identifying tolerance-related genes from strains under different
stresses

To improve strains tolerance, discovering tolerance-related genes is
crucial. And these discovered tolerance-related genes can be rationally
modified to improve strains tolerance. The tolerance-related genes can
be identified from strains under different stress. Systems biology tools
can be employed to measure the gene expression levels of strains under
different stresses, contributing to finding genes with significantly
different expression levels. By further analysis, tolerance-related genes
can be screened from genes with significantly different expression levels.

For example, to improve the tolerance to phenolic aldehydes of strain
Z. mobilis, transcriptomics analysis by microarray was employed to
analyze the transcript levels of Z. mobilis ZM4 exposed to phenolic
aldehyde inhibitors. Compared with the parental strain, 272 genes
including 36 gene clusters were found to up-regulate. Furthermore,
ZMO01696, ZMO1116, and ZM0O1885 were found to encode key re-
ductases, playing important roles in reducing phenolic aldehydes into
the corresponding phenolic alcohols. To improve the cellulosic ethanol
production, three key genes were overexpressed in Z. mobilis ZM4,
finally achieving increased phenolic aldehydes tolerance and ethanol
productivity [55]. The same strategy was performed in another study.
Metabolomics was used to analyze the metabolite levels between engi-
neered S. cerevisiae exposed to acetic acid. The result revealed that
metabolites involved in the non-oxidative pentose phosphate (PPP)
pathway were significantly accumulated when exposed to acetic acid,
demonstrating that acetic acid slowed down the downstream metabolic
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Table 2
Applications of systems biology tools on improving strains tolerance.
Strategy Stress Strains Omics tools Tolerance-related genes/enzymes Reference
Identifying tolerance-related furfural Clostridium transcriptomics ~ two enzymes encoded by Cbei 3974 and Cbei 3904 belonging to aldo/ [54]
genes from strains under beijerinckii keto reductase (AKR) and short-chain dehydrogenase/reductase (SDR
different stresses families)
phenolic Z. mobilis transcriptomics  genes encoding key reductases: ZM01696, ZM0O1116, and ZM0O1885 [55]
aldehydes
p-benzog- Z. mobilis transcriptomics  Zinc-binding alcohol dehydrogenase ZM0O1696, NAD(P)H [56]
uinone dehydrogenase ZM01949, short-chain dehydrogenase/reductase
ZMO1576, aldo-keto reductase ZMO1984, fatty acid hydroxylase
ZMO01399
formate, S. cerevisiae transcriptomics  transcriptional/translational machinery-related genes: RTC3 and [57]
acetate ANBI1
butanol Cyanobacteria transcriptomics  the small heat shock protein HspA [58]
isopen-tanol E. coli transcriptomics  genes related to oxidative stress response (fpr), general stress response  [59]
(metR, yghD, and gidB), heat shock-related response (ibpA), and
transport (mdIB)
butanol Chlamydomonas proteomics Cre.770 peroxidase [60]
reinhardti
limonene Y. lipolytica transcriptomics ~ YALIOF19492g gene encoding a 169 amino acid protein YALIOF19492p  [61]
acetic acid S. cerevisiae metabolomics key genes of pentose phosphate pathway: transketolase gene TKL1 and ~ [62]
transaldolase gene TALI
Identifying tolerance-related ethanol Cyanobacterium metabolomics two transcriptional regulators (TR) and one eukaryotic-like protein [63]
genes from mutant strains synechocystis phosphatases (PP)
1-butanol S. cerevisiae metabolomics genes related to accumulation of threonine and reduction of citricacid ~ [64]
ethanol S. cerevisiae metabolomics LEU4 and LEU9 genes (related to accumulation of valine) or INM1 and [65]
INM2 genes (related to reduction of inositol)
butanol C. acetobutylicum proteomics chaperones and solvent formation related genes [66]
sabinene E. coli transcriptomics  ybcK gene of the DLP12 family, inner membrane protein gene ygiZ, [67]
methylmalonyl-CoA mutase gene scpA
ferulic acid Y. lipolytica transcriptomics YALIO E25201g, YALIO B18854g, YALIO F16731g [68]
salt Z. mobilis metabolomics gene ZZ6_1149 encoding carboxyl-terminal protease [69]
methanol O. polymorpha genomics gene LPL1 (encoding a putative lipase) and gene IZH3 (encoding a [70]

membrane protein related to zinc metabolism)

flux of the PPP pathway. Based on this discovery, the key genes of the
pentose phosphate pathway (the transketolase gene TKL1 and the
transaldolase gene TALI) were overexpressed, which significantly
improved tolerance of the strain to acetic acid [62]. And many other
tolerance-related genes have been identified by the same strategy, as
shown in Table 2.

3.2.2. Identifying tolerance-related genes from mutant strains

In addition to identifying tolerance-related genes from strains under
different stresses, the tolerance-related genes can be discovered from
mutant strains with tolerance improvement, which can be acquired by
random mutation strategy or other semi-rational and rational strategies.
Systems biology tools can be performed to measure the gene expression
levels of mutant strains and parental strains. Genes with significantly
different expression levels can be identified, and tolerance-related genes
can be screened from these genes by further analysis.

For instance, in one study, mutant Clostridium acetobutylicum with
higher butanol tolerance and higher butanol yield was successfully
constructed. To reveal the mechanism of butanol tolerance, comparative
proteomics was employed to analyze the differentially expressed pro-
teins between wild type C. acetobutylicum and mutant with higher
butanol tolerance and butanol yield. The result showed that chaperones
and solvent formation related proteins were upregulated in both stages,
while both proteins related to amino acid metabolism and protein syn-
thesis were downregulated, providing potential target proteins for
butanol tolerance modification to enhanced butanol tolerance and
butanol yield [66]. In another example, to improve tolerance to
1-butanol in S. cerevisiae, 19 single-gene knockout strains with different
growth rates under 1-butanol were constructed. GC-MS based metab-
olomics was used to measure the metabolite profiles of the 19 strains
under 1-butanol stress and developed a regression model between
metabolite abundance and stress growth rate. This model revealed that
metabolites positively correlated with growth rate was identified as
threonine, while metabolites negatively correlated with growth rate was
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identified as citric acid. This result demonstrated that genes related to
accumulation of threonine and reduction of citric acid were key genes
related to 1-butanol tolerance [64].

In a different example, adaptive laboratory evolution was employed
to improve tolerance to methanol in methylotrophic yeast Oga-
taea polymorpha. Whole-genome sequencing of the adapted strains re-
veals that inactivation of LPL1 (encoding a putative lipase) and IZH3
(encoding a membrane protein related to zinc metabolism) preserve cell
survival in methanol by restoring phospholipid metabolism [70]. And
some other tolerance-related genes identified by this strategy were also
shown in Table 2.

3.3. Design and construction of synthetic microbial consortia

During the process of constructing microbial cell factories, using
single engineered strain to produce chemicals often faces a large meta-
bolic burden due to the long and complex biosynthetic pathways,
resulting in low production efficiency. Reversely, constructing synthetic
microbial consortia became more attractive, as they could not only
perform more complicated tasks, but also endure changeable environ-
ments [71]. And synthetic microbial consortia have been employed to
produce various products [72-76]. To design and construct target mi-
crobial consortia, it’s necessary to understand the molecular mecha-
nisms of cell-cell interactions (including exchange of metabolites and
cell-cell communication). Systems biology analysis could offer a global
view of all members in the synthetic microbial consortia, which can
systematically analyze the genetic and metabolic pathways in microbial
consortia, contributing to elucidating comprehensive molecular mech-
anisms of interactions in microbial consortia [71]. In conclusion, sys-
tems biology analysis plays a crucial role in the design and construction
of synthetic microbial consortia.

Taking the vitamin C fermentation process as an example, synthetic
microbial consortia consisting of Ketogulonicigenium vulgare and Bacillus
megaterium or Bacillus cereus was constructed to produce 2-KGA, and
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systems biology approaches were used to analyze the molecular mech-
anisms of cell-cell interactions for optimizing the yield of vitamin C.
Zhou et al. [77] employed metabolomics to analyze the interaction
mechanism between the two microorganisms, revealing that the in-
teractions between K. vulgare and B. megaterium were a synergistic
combination of mutualism and antagonism. To further reveal the
interaction mechanism of the ecosystem, Ma et al. [78] used integrated
time-series proteomic and metabolomic to analyze the microbial con-
sortia, discovering that proteins involved in pentose phosphate
pathway, tricarboxylic acid cycle, amino acids metabolism, r-sorbose
pathway and proteins defending against intracellular reactive oxygen
stress (ROS) were up-regulated when B. megaterium lysed. The result
demonstrated that the cell lysis of B. megaterium might promote the
growth and metabolism of K. vulgare by supplying key elements neces-
sary for K. vulgare.

In addition to the conventional two-step fermentation method for
producing 2-KGA, a synthetic microbial consortium consisted of Gluco-
nobacter oxydans, K. vulgare and B. endophyticus was conducted for one-
step vitamin C fermentation [79]. Furthermore, an integrated proteomic
and metabolomic analysis was conducted to investigate the cell-cell
interaction. The results revealed that the existence of G. oxydans and
B. endophyticus together promoted the growth of K. vulgare and the
2-KGA production by supplying more nutrients and substrate, respec-
tively. Meanwhile, the growth of G. oxydans and B. endophyticus was
impaired by K. vulgare competition for nutrients, promoting efficient
2-KGA production. Wang et al. [80] also reorganized a synthetic con-
sortium of G. oxydans and K. vulgare for one-step vitamin C fermenta-
tion. And the competition between the two microbes was alleviated and
their mutualism was enhanced by deleting genes involved in sorbose
metabolism of G. oxydans. Furthermore, metabolomics was used to
investigate metabolic interaction between the two strains, which veri-
fied the enhancement of the symbiotic relationship. These examples
suggest that systems biology analysis can give a better understanding of
synthetic consortia and provide potential strategies for optimizing syn-
thetic consortia and promoting the production of desired products.

Systems biology tools are also used to reveal the mechanisms of
cell-cell interactions and guide the optimization of many other micro-
bial consortia, such as yeast and cyanobacteria consortium for lipid
production [81], Synechococcus elongates and E. coli consortium for
isoprene production [82], Chlorella sacchrarophila and xylanolytic bac-
terium consortium for algal lipid production [83].

4. Conclusions

Constructing microbial cell factories to produce various products is
an environmentally friendly and sustainable way, which has attracted
more and more attention. This review summarizes the recent applica-
tions of systems biology in the design and construction of microbial cell
factories. And it is summarized from four perspectives, including func-
tional genes/enzymes discovery, bottleneck pathways identification,
strains tolerance improvement and design and construction of synthetic
microbial consortia. In conclusion, systems biology plays a crucial role
in the design and construction of microbial cell factories. And this re-
view is expected to provide reference for the construction of microbial
cell factories for more valuable products in the future from the
perspective of systems biology.
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