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Abstract: The microbial biosynthesis of proteins, primary metabolites, and chemicals is gaining ex-
traordinary momentum and is presently viewed as an advancing approach in the industrial research
sector. Increased threats to the environment and the possibility of declining petroleum assets have
switched the spotlight to microbial cell factories (MCFs). Aside from possessing various advan-
tages over chemical synthesis, such as less toxicity, cheaper methodologies, and an environmentally
benign nature, microbes can be cultivated in fermenters, resulting in an effective bioprocessing
approach in terms of industrial relevance. As the overwhelming majority of biodiversity is microbial,
this review first highlights the microbial biodiversity of industrially vital microorganisms. Then,
the paper delineates the production pathways for generating valuable bioproducts via microbial
workhorses. Many host cells synthesize bio-compounds as a part of their natural mechanism; how-
ever, several techniques have also been developed to attain the desired end product from non-native
microbes with selected properties. The microbial biosynthetic pathways can be categorized as native-
existing pathways, heterologous pathways, and artificial de novo pathways. Systems metabolic
engineering, which integrates metabolic engineering with evolutionary engineering, synthetic bi-
ology, and systems biology, has further revolutionized the field of engineering robust phenotypes.
The employment of these strategies improves the performance of the strain, eventually achieving
high titer and productivity rates of bio-chemicals. Modern trends and tools for exploiting native
pathways and designing non-native-created pathways are also briefly discussed in this paper. Fi-
nally, the review discusses the use of microbial workhorses for producing a myriad of materials
and chemicals, including carboxylic acids, amino acids, plant natural products (PNPs), carotenoids,
flavors, and fragrances, unveiling the efficacy of utilizing microbial species to generate sustainable
bio-based products.

Keywords: microbial cell factories; biodiversity; designing; pathway construction; robustness;
systems metabolic engineering; applications of MCFs; commercial limitations

1. Introduction

Presently, fossil fuel energy, including natural gas, coal, and petroleum, accounts for
85% of the total energy use. The combustion by-product of fossil fuels (i.e., carbon dioxide)
is a chief source of global warming and accounts for 52% of the total global warming
factors, delineating the utilization of fossil energy as a highly unsustainable approach [1].
Rising concerns, regarding global climate change and fossil fuel depletion, have diverted
attention toward developing sustainable alternatives to petroleum-based conventional
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chemical processes. Advancements in bio-refinery practices have promoted the production
of multiple renewable bioproducts, such as polymers, fuels, and chemicals, from microbial
sources [2]. Fermentation methodologies that employ microbial host strains induce the
formation of several compounds, comprising vitamins, carboxylic acids, biofuels, enzymes,
etc. (Figure 1). Thus, these microbial cell factories hold considerable value for generating
high-value chemicals and other bio-compounds. Natural products derived from MCFs
display multiple advantages, for instance, they have fewer land and water requirements
in addition to being ecologically benign. Moreover, products obtained from microbial
cells are cheaper and the processes are economically efficient [3]. A recent analysis of
environmental biodiversity revealed that 99% of microbial existence was in the consortia
form and further highlighted the applications of microbes as functional ingredients in
the food sector and in biofuel production [4–6]. Generally, there are one million types
of naturally derived products. Among them, 25% are biologically active compounds,
60% are derived from plant origins, and the rest are acquired from microbial sources.
Microorganisms produce approximately 23,000 known secondary metabolites, of which
42% are derived from fungi and 32% are made by actinomycetes (filamentous bacteria) [7],
depicting the high biodiversity and utilization of potential microorganisms as cell factories
to attain industrially vital products.
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Figure 1. Overview of microbial cell factories: biodiversity, applications, and industrial processing. 
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of desired products, in addition to disclosing the potential of microorganisms to gener-
ate several valuable compounds. One example is lactic acid bacteria that include Lacto-
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acetyls, and flavor precursors [18,19]. Moreover, several yeast genera are also associated 
with foods and beverages, which include Saccharomyces sp., Cryptococcus sp., Brettano-
myces sp., Galactomyces sp., Hansenula sp., Hyphopichia sp., Metschnikowia sp., Rhodotorula 
sp., Saccharomycopsis sp., Saccharomycodes sp., Schizosaccharomyces sp., Yarrowia sp., Can-
dida sp., Debaryomyces sp., Geotrichum sp., Kluyveromyces sp., and Trichosporo sp. [20]. As-
pergillus species are also in the spotlight of fungal research practices, and a large sector of 
industrial and academic research communities is dedicated to exploring this genus due 
to its economic importance. Several Aspergillus species are widely utilized in the produc-
tion of drinks, foods, and organic acids, comprising A. aculeatus, A. oryzae, and A. niger 
[21]. Moreover, advancements in metabolic engineering and molecular biology tools 
have resulted in the production of several useful products from non-native microbes as 
well. The utilization of such tools has evolved the design of cell factories for the produc-
tion of the desired compounds from microbes having the desired phenotypes, for exam-
ple, the production of artemisinin (an antimalarial drug) and the sweetener stevia from S. 
cerevisiae strains and insulin synthesis from Pichia pastoris [22,23]. 
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A wide range of microorganisms naturally synthesize various compounds, for exam-
ple, the production of lactic acid from Gram-positive lactic acid bacteria (LAB), including
strains belonging to the genera Lactobacillus sp., Lactococcus sp., Aerococcus sp., and Vago-
coccus sp. [8], and the formation of propionic acid from Propionibacterium sp., such as P.
acidipropionici, P. thoenii, P. freudenreichii, and P. jensenii, under anaerobic fermentation con-
ditions [9]. Technological advancements, which are accelerating the isolation and genetic
alterations of production strains, have driven the concept of looking beyond conventional
cell factories. At times, naturally occurring cell factories remain ineffective in achieving the
desired yield and productivity rates of the end product [10]. The development of metabolic
engineering and synthetic biology systems addresses this issue very well. By employing
these modern approaches, desired productivity rates can be attained by utilizing microbial
strains with ideal properties. The exploitation of the desired characteristics of microbial
workhorses, especially those that are generally regarded as safe (GRAS) by the FDA, has
led to a considerable progress in synthesizing various chemical compounds [6].
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In particular, designing microbial cell factories begins with the selection of the product
and microbial strain, followed by biosynthetic pathway identification, which can be native,
heterologous, or de novo designs. In order to achieve the formation of new compounds
and to ensure the optimal utilization of the selected pathway, enzyme and metabolic
engineering techniques have been utilized [11]. With the implementation of modern strate-
gies, several microbial-derived products have also been commercialized. For example,
Novo Nordisk [12] and Avansya (DSM/Cargill) [13,14] carried out, respectively, the pro-
duction of human insulin and steviol glycosides from Saccharomyces cerevisiae. Another
company, Biosynthia, is also generating a variety of vitamins by using strains of Escherichia
coli [15]. Several strategies have been studied and implemented to date for achieving
the desired products from microbial strains, but there exist only a number of microbial-
based natural products in the industrial sector, which highlights the importance of creating
a commercial market for microbial-based bioproducts. The review aims to discuss the
biodiversity and potentiality of microbial cell factories for generating industrially vital
bio-compounds by critically summarizing the research and data available in the scientific
literature. It also provides a comprehensive overview of biosynthetic pathways and modern
bioengineering tools to generate robustness in microbial cells for the efficient production of
desired bio-chemicals.

2. Biodiversity of Microbial Cell Factories

Microbial cell factories are employed for the bioconversion of substrates into value-
added products (Table 1). These cell factories can overproduce native metabolites, heterol-
ogous products, and combinations of heterologous proteins. Microbial genomes express
a number of metabolic pathways for the production of several novel chemicals. For mil-
lennia, lactic acid bacteria and baker’s yeast have been utilized to produce beverages and
fermented foods [15]. Approximately 104 bacterial species have been cultured to date in
the laboratory, leaving the majority of natural diversity still to be revealed [16]. The consid-
eration of biodiversity is viewed as a major key factor for enhancing the yield of desired
products, in addition to disclosing the potential of microorganisms to generate several
valuable compounds. One example is lactic acid bacteria that include Lactococcus sp., Lacto-
bacillus sp., Streptococcus sp., Pediococcus sp., and Leuconostoc sp. These genera fall under the
category of the fundamental LAB group, while the peripheral LAB group includes Oenococ-
cus sp., Tetragenococcus sp., Enterococcus sp., Weissella sp., and Sporolactobacillus sp. [17]. The
fermentation of LAB strains gives rise to various industrial compounds, including lactic
acid, amines, antibacterial and antifungal peptides, vitamins, γ-aminobutyric acids, antiox-
idant substances, acetone hydrogen peroxides, organic acids (such as butyric acid, succinic
acid, acetic acid, and propionic acid), polyols, diacetyls, and flavor precursors [18,19].
Moreover, several yeast genera are also associated with foods and beverages, which in-
clude Saccharomyces sp., Cryptococcus sp., Brettanomyces sp., Galactomyces sp., Hansenula sp.,
Hyphopichia sp., Metschnikowia sp., Rhodotorula sp., Saccharomycopsis sp., Saccharomycodes
sp., Schizosaccharomyces sp., Yarrowia sp., Candida sp., Debaryomyces sp., Geotrichum sp.,
Kluyveromyces sp., and Trichosporo sp. [20]. Aspergillus species are also in the spotlight of
fungal research practices, and a large sector of industrial and academic research communi-
ties is dedicated to exploring this genus due to its economic importance. Several Aspergillus
species are widely utilized in the production of drinks, foods, and organic acids, comprising
A. aculeatus, A. oryzae, and A. niger [21]. Moreover, advancements in metabolic engineering
and molecular biology tools have resulted in the production of several useful products from
non-native microbes as well. The utilization of such tools has evolved the design of cell
factories for the production of the desired compounds from microbes having the desired
phenotypes, for example, the production of artemisinin (an antimalarial drug) and the
sweetener stevia from S. cerevisiae strains and insulin synthesis from Pichia pastoris [22,23].
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Table 1. Biodiversity of microbial cell factories in forming different bio-compounds.

Bio Product Microbes References

Carboxylic/Organic Acids

Lactic acid

Lactobacillus acidophilus
Lactobacillus fermentum

Bacillus subtilis
Weizmannia acidilactici
Lactobacillus saerimneri

[24–26]

Citric acid

Aspergillus niger
Aspergillus aculeatus

Yarrowia lipolytica
Bacillus licheniformis

Arthrobacter paraffinens

[27–29]

Gluconic acid Gluconobacter oxydans [30]

Acetic acid Acetobacter pasteurianus
Acetobacter aceti [31]

Itaconic acid Aspergillus terreus [32]

Enzymes

Lipase
Aspergillus ibericus

Aspergillus niger
Aspergillus uvarum

[33]

Amylase Bacillus amyloliquefaciens [34]

Protease Bacillus cereus
Bacillus megaterium [35,36]

Indole Derivatives

Violacein Chromobacterium violaceum
Duganella sp. B2 [37,38]

Scytonemin Nostoc commune [39]

Prodigiosin Saccharomyces marcescens
Vibrio sp. [40,41]

Vitamins

Vitamin A Yarrowia lipolytica
Escherichia coli [42,43]

Vitamin B Aspergillus oryzae
Bacillus subtilis [44,45]

Vitamin C Gluconobacter oxydans
Bacillus megaterium [46]

Vitamin D

Rhodococcus sp.
Streptomyces sp.

Pseudonocardia sp.
Mycobacterium sp.

[46]

Antibiotics

Roseoflavin
Streptomyces davaonensis
Streptomyces cinnabarinus

Komagataella phaffii
[47]

Penicillin Penicillium notatum [48]
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Table 1. Cont.

Bio Product Microbes References

Rifamycin Amycolatopsis mediterrane [48]

Tetracyclines Streptomyces aureofaciens [48]

Streptomycin Streptomyces griseus [48]

Carotenoids

Zeaxanthin

Flavobacterium multivorum
Mesoflavibacter

zeaxanthinifaciens
Gramella planctonica
Formosa sp. KMW

Paracoccus zeaxanthinifaciens

[49–52]

Astaxanthin Xanthophyllomyces dendrorhous [53]

Canthaxanthin Aspergillus carbonarius
Dietzia natronolimnaea [54,55]

3. Designing Microbial Cell Factories

Microbial cell factories produce various valuable compounds by utilizing inexpensive,
renewable feedstock in an eco-friendly and economic manner. For bio-based formations,
microorganisms are considered ethically sound and can be cultured securely in fermenters.
A recent report by Market Research Future (Market Forecast till 2030) stated that the
global market size of bio-based chemicals is expected to reach USD 163.92 billion by 2030
with a compound annual growth rate (CAGR) of 8.30% [56]. Several microorganisms
naturally synthesize bioproducts by different mechanisms. These workhorses include E.
coli, B. subtilis, Lactic acid bacteria, S. cerevisiae, and A. niger, which naturally form lysine,
vitamins, enzymes (glucose oxidase, catalase, phytase, etc.), bioethanol, and proteins,
respectively [57–61]. Over the past two decades, this field has experienced tremendous
advancements. In addition to upgraded and routine DNA recombinant processes, several
other techniques have also been developed to achieve the desired yield of products with
ideal properties. These advanced strategies include genome sequencing, in silico metabolic
modeling, gene expression profiling, omics techniques, evolutionary approaches, and
metabolic engineering strategies [57].

The development of microbial cell factories by utilizing metabolic engineering involves
the rewiring of cell metabolism in order to augment native metabolite production or enable
cells to generate new products. Traditional strategies are based on eliminating metabolic
shunt-related enzymes, modifying metabolic pathways, and balancing the reducing power
and ATP to shift the metabolic flux for attaining desired end products [62]. Despite the
potential manufacturing of several bioproducts, these metabolic cell factories face several
limitations during industrial implementations, such as the production of toxic inhibitors,
a low pH environment, and extreme temperature conditions, which leads to a relatively
low industrial productivity compared to that acquired at the lab scale [63]. Considering the
limitations associated with traditional metabolic approaches, the phenomenon of systems
metabolic engineering emerges. Systems metabolic engineering is a more recent approach
that includes the integration of traditional metabolic engineering approaches with the tools
and strategies of synthetic biology, system biology, and evolutionary engineering. The
advent of systems metabolic engineering stimulated the production of high-performance
microbial strains, fine and bulk chemicals, biofuels, natural products, and polymers [64].
At first, the development of MCFs begins with the selection of the desired end product and
feedstock (carbon source). Before constructing MCFs, there should be a careful evaluation
of the market demands of the respective product. Secondly, the carbon substrate or raw
materials should be selected pragmatically, concerning the inclusive economics of bio-
refineries. Several factors should be taken into account while selecting a substrate, including
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lignin and sugar composition, overall abundance, seasonal dependency, and costs of
transport. Evidently, a substrate with a low cost and stable supply should be used [62].
Then, the host microbial strain to be engineered and the construction pathway of the desired
product are selected, followed by evolutionary engineering and pathway optimization to
achieve higher yields of the end product.

3.1. Microbial Strain Selection

After the selection of a valuable compound and substrate, a cell factory is selected,
i.e., the host microorganism. The criteria for selecting the starting strain comprise the
following steps: (i) easier manipulation of the respective organism; (ii) whether the selected
product is native, partially native, or non-native; (iii) suitability and sustainability for
large-scale production; (iv) optimum growth and desired product formation on simple
culture mediums; (v) metabolic capacity towards the end product; (vi) bioprocess compati-
bility; (vii) cost-effective recovery; (viii) and purification procedures [65]. To date, various
studies have reported the engineering of model organisms as microbial cell factories. E.
coli and S. cerevisiae have been extensively investigated tools for genetic manipulation.
Several other strains have also been widely studied, including Clostridium sp., Bacillus sp.,
and Pseudomonas sp. Furthermore, a prompt genome-scale metabolic model construction,
economical genome-sequencing techniques, and newer genomic and genetic manipulation
tools, such as the metabolic engineering of microorganisms through clustered, regularly
interspersed short palindromic repeats (CRISPRs), have made the engineering of microbial
strains far easier and inexpensive than in the past [66–68]. One example includes succinic
acid production through the metabolic engineering of Mannheimia succiniproducens. The
organism was isolated from cow rumen based on the hypothesis that the CO2-rich environ-
ment could contain a bacterium with the capability of performing phosphoenolpyruvate
carboxylation. In silico genome-scale metabolic simulations were carried out in order to
identify the gene targets, followed by the construction of PALK strain (∆ldhA and ∆pta-
ackA). Fed-batch cultures of this strain on glycerol and glucose carbon sources provided
higher yields of succinic acid, indicating the effectiveness of systems metabolic engineering
and genetic manipulation tools for achieving the high productivity of the desired end
product [69]. In silico genome-scale simulation and modeling is an effective tool for the
selection of suitable production organisms. The systematic computational assessment
and extensive evaluation of E. coli capacities for producing varied chemical compounds
demonstrated the production of 1777 non-native products by the introduction of het-
erologous enzymes. Among these products, 279 compounds were reported to have vast
commercial applications [70].

3.2. Pathway Construction: Native, Heterologous, and Artificial De Novo
3.2.1. Native Pathway

As discussed earlier, the development of microbial cell factories begins with the
selection of a product of interest. It can be a native metabolite, generated by the wild-type
host (chassis organism), and the chosen chassis can be made to produce the desired product
through supplementary metabolic capabilities. Natural overproducers are favored host
strains for the effective production of bioproducts. This is because these microorganisms
already exhibit robust metabolic fluxes and a high tolerance toward the target products.
Examples include the production of succinate by wild-type S. cerevisiae [71] and butanol
and isobutanol production through Clostridium and yeast species, respectively (Figure 1).
Well-known Clostridia spp. that are natural producers of biobutanol include C. beijerinckii, C.
pasteurianum, C. acetobutylicum, C. cadaveris, C. saccharoperbutylacetonicum, C. tetanomorphum,
C. sporogenes, and C. aurantibutyricum [72]. Glutamate and L-lycine are also naturally
produced by C. glutamicum [73]. Moreover, these microbial overproducers can also be
metabolically engineered for the production of other relevant chemicals, for example,
the utilization of the L-lysine-producing C. glutamicum PKC strain as a chassis strain for
cadaverine (polyamide monomer) production. L-lysine decarboxylase (LDC) catalyzes
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a direct decarboxylation reaction to convert L-lysine into cadaverine. The integration of
the ldcC gene of E. coli into the genome of the C. glutamicum strain with the concomitant
L-lysine exporter (LysE) leads to the production of an engineered C. glutamicum strain,
producing greater yields of cadaverine under fed-batch glucose fermentation. Furthermore,
after the purification of cadaverine, it can be chemically polymerized with sebacic acid,
which can be effectively obtained from plant oil for synthesizing nylon 510 (a commodity
plastic exhibiting higher-temperature resistance). Consequently, entirely bio-based 510,
along with several other bio-based nylons, can be obtained from similar pathways [74].

It is important to emphasize that the presence of the biosynthesis pathway simply
does not provide the assurance of selecting a particular chassis. Even in the presence of an
already-existent biosynthetic pathway, often enzymatic or engineering strategies can be
prerequisites for escalating the metabolic flux. A recent example showed the overproduc-
tion of succinate by creating MCFs by utilizing S. cerevisiae with a computationally derived
metabolic engineering strategy. Although S. cerevisiae is a natural producer of succinate,
it is consumed during the TCA cycle. Metabolically engineered S. cerevisiae strains can
generate industrially desired succinate quantities by removing succinate dehydrogenase
and 3-phosphoglycerate dehydrogenase isoenzymes. As a result, the resulting mutant
further upregulates the conversion of iso-citrate to succinate and glyoxylate, ultimately
counteracting the deficiencies of serine and glycine [71].

3.2.2. Heterologous Pathway

Another approach to create MCFs is installing heterologous pathways into chassis
organisms to generate new products. The strategy is usually utilized if the desired prod-
uct is (i) relevant to higher organisms (such as plants) with costly industrial production
rates, (ii) a product of artificial metabolism and non-native to microbes, or (iii) native to a
microorganism that is challenging to culture [65]. An example of the establishment of a het-
erologous pathway is artemisinic acid production, which is an antimalarial drug precursor
in S. cerevisiae. For this purpose, firstly, Artemisia annua genes were discovered that were
involved in the biosynthesis of artemisinic acid. The pathway constituted the conversion
of amorphadiene into artemisinic acid in three steps, catalyzed by amorphadiene oxidase
(CPR1, CYB5, and CYP71AV1), artemisinic aldehyde dehydrogenase (ALDH1), and alcohol
dehydrogenase (ADH1). Then, the engineering of the S. cerevisiae strain that involves
the overproduction of amorphadiene was carried out to downregulate the expression of
squalene synthase (ERG9). The later step was carried out under the copper-regulated CTR3
promoter and led to increased amorphadiene concentrations [75].

Another example of utilizing heterologous enzymes for their natural function, in-
volving natural substrates, is the production of resveratrol by engineered E. coli holding
phenylpropanoid biosynthetic pathways. The biosynthetic pathway for resveratrol for-
mation in E. coli is built via heterologous enzymes from plants and bacteria. Resveratrol
is a natural secondary metabolite and is gaining a lot of attention due to its inhibitory
activity and carcinogenesis potential. The production of plant-specific metabolite resver-
atrol by engineered E. coli has been reported by utilizing tyrosine as an initial precursor.
The strategy consisted of designing and expressing the bacterial tyrosine ammonia-lyase
(TAL) with artificial phenylpropanoid pathways. This was accomplished by assembling
TAL, cinnamate/4-coumarate:CoA ligase (ScCCL), and stilbene synthases (STSs) from
the actinomycete Saccharothrix espanaensis, S. coelicolor, and Arachis hypogaea, respectively,
on a single plasmid in E. coli. Stilbenes are formed by tyrosine and then converted into
4-coumaric acid, followed by acid activation to form CoA esters. These CoA esters act as
a substrate for STSs, condensing with three malonyl-CoA molecules, and results in the
production of resveratrol [76]. Moreover, the production of astaxanthin through a metaboli-
cally engineered E. coli strain was also demonstrated. Astaxanthin has vast applications
in both the pharmaceutical as well as cosmetic and food industries. It is produced by the
introduction of a series of heterologous genes, comprising trCrBKT and crtEYIBZ from
Chlamydomonas reinhardtii and Pantoea ananatis, respectively, in the E. coli strain, resulting in
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the establishment of a biosynthetic pathway for astaxanthin production. A higher astaxan-
thin yield from glycerol was observed after the fed-batch fermentation of the engineered
strain. Furthermore, for enhancing its production, additional engineering strategies were
also taken into account, such as the fusion of solubility-enhancing tags and E. coli signal
peptides to trCrBKT and overexpressing the native genes (ispDF), centered on an in silico
metabolic flux analysis [77].

3.2.3. Artificial De Novo Pathway

The design, construction, and establishment of heterologous pathways can facilitate
the effective production of desired chemical compounds. However, there is an unavailabil-
ity of metabolic routes and enzymes for several target chemicals, which shifts the focus
toward de novo artificial synthesis for developing new enzymes that exhibit the potential to
catalyze similar reactions through directed evolution and protein engineering. The artificial
de novo biosynthetic pathway comprises re-arranging characterized enzymes, along with a
dependency on enzyme promiscuity, for assisting the production of new products. This
approach is also an area of several ongoing research activities [11]. Several efforts have been
made to generate industrially vital compounds through artificial de novo pathways. For
instance, there is a de novo metabolic pathway for the production of four, five, and six car-
bon lactams, also referred to as butyrolactam, valerolactam, and caprolactam, respectively.
The pathway involves the utilization of ω-amino acids as precursors. The C. propionicum-
derived β-alanine CoA transferase (Act) enzyme catalyzed the activation of ω-amino acids,
followed by the spontaneous cyclization to lactams. Three metabolically engineered strains
of E. coli sp. were developed by presenting this newly constructed pathway, followed by a
system-level optimization. This strategy can be applied to attain higher production rates
of these industrially vital lactams by fed-batch fermentation in the presence of renewable
carbon sources [78]. Another example is the production of 2-pyrrolidone (a butyrolactam),
which is a valuable chemical with vast applications as a polymer precursor, solvent, and as
an active intermediate in pharmaceuticals. A novel butyrolactam synthase, ORF27, derived
from S. aizunensis, catalyzed the ring-closing dehydration of γ-aminobutyrate to butyrolac-
tam by an ATP-dependent mechanism. The recombinant E. coli strain, when metabolically
engineered to express the genes encoding mutant glutamate decarboxylase and ORF27, led
to the production of higher butyrolactam yields from L-glutamate (Figure 2) [79]. Moreover,
the synthesis of resveratrol glucoside derivatives, including resveratrol-4′-O-glucoside
and resveratrol-3-O-glucoside, also referred to as resveratroloside and piceid, respec-
tively, can be achieved from simpler carbon sources by initiating de novo pathways in an
E. coli system [80].

Heterologous pathways do not always lead to the production of desired products and
also deliver non-economical routes; thus, the exploration of artificial de novo biosynthetic
pathways in accordance with enzyme promiscuity is a preferable approach. The ratio-
nal identification of appropriate enzymes is a daunting task; therefore, computer-aided
pathway prediction tools are utilized for devising novel biosynthetic pathways. Several
pathway prediction programs have been developed to date, including Biochemical Network
Integrated Computational Explorer (BNICE), BRENDA, and Metabolic Tinker [11]. The
Genomatica’s in-house SimPheny BioPathway Predictor software (http://www.genomatica.
com/, accessed on 4 February 2024) has been applied for the production of 1,4-butanediol
(BDO) from central metabolites, such as succinyl-CoA, α-ketoglutarate, L-glutamate, and
acetyl-CoA. 1,4-BDO has vast applications in industries, especially for the manufacturing of
polyurethanes. The results reveal the suitability of a-ketoglutarate and succinylCoA-based
pathways for 1, 4-BDO production [81].

http://www.genomatica.com/
http://www.genomatica.com/
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ated by transporter and membrane engineering. Moreover, it can also be achieved by 
engineering protection, repairing, or competition pathways [82]. A graphical description 
of the mechanisms behind generating robustness in cell strains is presented in Figure 3.  

Figure 2. Biosynthetic pathway construction of microbial cell factories: native, homologous, and
artificial de novo. (A) Biosynthetic native mechanism of Clostridium sp. for the production of
butanol. (B) Heterologous mechanism for the production of artemisinic acid by engineered S.
cerevisiae. (C) Artificial de novo synthesis of butyrolactam by utilizing engineered E. coli as a
host strain [57,72,75,79].

4. Robustness of Microbial Cell Factories

As described earlier, the advancements in engineering strategies and synthetic biology
display a great potential for the manufacturing of several bioproducts. However, the
implementation of these strategies at the industrial scale faces harsh conditions, such as
high temperatures, a low pH, and the presence of toxic inhibitors, ultimately yielding a low
productivity compared to that at the lab scale. The robustness of MCFs is their ability to
sustain the phenotypes of high efficiencies in the presence of diverse perturbations [63].
The implementation of engineering systems can generate robustness in microbial strains for
creating tolerance against toxin compounds and other harsh conditions. The strain tolerance
can be increased by the engineering functions of regulation/transcription factors. As an
example, the improved tolerance of E. coli is achieved against high-ethanol-stress conditions
and different chemicals by engineered sigma factor δ70 that controls the transcription of
several genes. Robustness in a microbial cell can also be created by transporter and
membrane engineering. Moreover, it can also be achieved by engineering protection,
repairing, or competition pathways [82]. A graphical description of the mechanisms behind
generating robustness in cell strains is presented in Figure 3.
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Figure 3. Engineering of robustness in microbial cell factories: engineering of regulation factors in
cells causes the cell to achieve its fitness state for tolerating unfavorable conditions. (1) Introduc-
ing synthetic pathways and engineering repairing pathways sustain redox and cellular metabolic
hemostases and transform toxic substrate into less/nontoxic compounds, respectively. (2) Pathway
balancing evades the buildup of toxic intermediates in addition to refining the biosynthesis rate.
(3) Transporter engineering relieves toxicity while membrane engineering generates tolerance in
membrane against stress and toxic molecules [82].

Systems metabolic engineering that mixes traditional metabolic engineering methods
with synthetic biology, systems biology, and evolutionary engineering is empowering the
improvement of MCFs, which are adept at proficiently generating a myriad of materials
and chemicals comprising bulk and fine chemicals, biofuels, amino acids, polymers, drugs,
and several other natural products [82–84]. With the onset of the bio-big data era, artificial
intelligence (AI)-centered data-driven methods have been dynamically applied for retrosyn-
thetic algorithms. One recent tactic, RetroPath RL, utilized reinforcement learning as the
focal engine for exploring the reaction rules and chemical space compiled in RetroRules [83],
thus having a major role in improving the pathway design. Several systems metabolic
engineering tools were employed for this purpose, as presented in Table 2.
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Table 2. An overview of the strategies and design tools for the systems metabolic engineering of
microorganisms for the efficient production of biochemicals [57,83].

Metabolic Engineering Approaches Tools

Molecular tools

• Designing promoter libraries via model-guiding design strategies
• Chromosomal or recombination-based engineering methodologies
• CRISPR-Cas system
• Mobile-CRISPRi
• XPORT
• Chassis-independent recombinase-assisted genome engineering (CRAGE)

Enzyme engineering

• Rational enzyme engineering approach
• Computational designing of de novo proteins
• Substrate channeling
• Directed evolution
• Enzyme assembly mechanism

Genome-scale metabolic models (GEMs) • Integration of omics data into GEMs
• Integration of GEMs with machine learning

Random mutagenesis of chassis strain
• Chemical mutagens
• Genome shuffling
• Atmospheric and room temperature (ARTP) physical mutagenesis technology

Tolerance
and transporter engineering

• Tolerance engineering

• Enhancing transport of toxic chemicals to extracellular space
• Blocking catalytic conversion toward toxic metabolites
• Adaptive laboratory evolution (ALE)
• Membrane engineering
• ALE coupling with tools: OrthoRep, eMutaT7, MMC (microliter-scale microbial

microdroplet culture system), GREACE (genome replication engineering-assisted
continuous evolution)

• Process engineering via two-phase (aqueous/organic) fermentation
• eVOLVER

• Transporter engineering

• Importer engineering
• Exporter engineering

Lipid and membrane morphology
engineering

• Enhancing triacylglycerol (TAG) accumulation
• Reshaping cellular morphology

Antibiotic-free systems

• Integration of non-native pathways into genome plasmid-retention systems

• Toxin/anti-toxin system
• Operator/repressor titration system
• Auxotrophic system

• Combination of promoters with an engineered incoherent feed-forward loop
(iFFL)

5. Application of Microbial Cell Factories

Microbial cell factories are becoming a fundamental technology for pharmaceutical,
food, and chemical industries to satisfy the welfare of an increasing global population and
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socio-economic development. Microorganisms are used for the production of various prod-
ucts, including carboxylic acids, amino acids, vitamins, enzymes, plant natural products,
carotenoids, biogas, and other biofuels. About 52% of FDA-approved chemical entities
were naturally derived products during the period of 1981–2006 [85]. The production of
varied value-added macromolecules and metabolites was witnessed in the last decade by
MCFs, with titers changing from µg/L to mg/L. Moreover, the introduction of metabolic en-
gineering approaches improved the rate, titer, and yield of industrially vital compounds by
manipulating the host metabolism, physiology, stress response, carbon–energy balance, and
the annihilation of an undesirable ATP sink [10]. Due to MCFs, the industrial biotechnology
sector is increasing expeditiously, and numerous biocommodities are also in production.
The vast applications of microbial workhorses for generating various industrially relevant
chemicals and products are presented in the section below.

5.1. Carboxylic Acids

Carboxylic acids are considered as appealing bio-renewable chemicals due to their flex-
ibility and utilization as precursors for varied industrial chemicals. Currently, conventional
chemical processes are used to achieve carboxylic acid synthesis from petroleum resources.
However, an excessive reliance on petrochemical-based raw materials and the requirement
of toxic metals, including organic solvents and heavy metal catalysts, have questioned
the proficiency of chemical processes in terms of exacerbating the environmental burden.
As a result of these concerns, deriving carboxylic acids from renewable microbial sources
becomes apparent [86]. Carboxylic acids can be produced by several microbial groups, for
instance, acetic acid production from A. cerevisiae, A. aceti, Gluconacetobacter liquefaciens,
G. entanii, Komagataeibacter intermedius, and K. hansenii [87], and the synthesis of succinic
acid from Anaerobiospirillum succiniciproducens, M. succiniciproducens, and Actinobacillus
succinogenes [88]. Acetic acid bacteria (AAB) play a major role in the production of food and
beverages, such as kombucha and vinegar [74]. Butyric acid also has vast applications in
animal feed, food additives, perfumes, and varnishes. In nature, several Clostridium species
synthesize butyric acid, particularly, C. thermobutyricum, C. butyricum, C. pasteurianum., and
C. acetobutylicum [89].

With the advancements in metabolic engineering, the production of carboxylic acids
from metabolically engineered microbial systems has gained much attention to achieve
the desired yield and titer. Several non-conventionally engineered microbes have been
demonstrated as superior hosts for carboxylic acid biosynthesis. For instance, the enhanced
production of propionic acid, which is widely used as a food additive, antimicrobial
preservative, and an intermediate for producing polymers, pesticides, and flavorings, can
be achieved by engineering P. acidipropionici sp. CGMCC 1.2232 [90], P. freudenreichii subsp.
Shermanii DSM 4902 [91], and P. jensenii sp. ATCC 4868 [92]. The FDA has designated several
Propionibacterium species (derived from dairy goods) as generally regarded as safe (GRAS),
electing them as a suitable approach for producing propionic acid in the food industry [93].
Lactic acid (2-hydroxypropanoic acid) serves as an additive in the food, pharmaceutical,
and textile industries. Moreover, it is also used as a synthetic intermediate to manufacture
biodegradable polymers [94]. Lactic acid bacteria (LAB), including Lactobacilli and Lactococci
sp., are highly favored microbes for lactic acid biosynthesis and have achieved GRAS status
as well [86]. Engineering microbial species of C. utilis [95] and L. lactis LM0230 [96] also
increased lactic acid production. Citric acid is broadly used in the cosmetics, food, and
detergent industries owing to its buffering characteristics, water solubility, and reduced
toxicity. Presently, microbial fermentation using Y. lipolytica and A. niger is being carried
out for citric acid production on an industrial scale [97]. A. succinogens also produce
succinic acid naturally [98]; however, several microbial strains can also be metabolically
engineered for enhanced production, such as engineering L. plantarum sp. NCIMB 8826 [99],
C. glutamicum, [100], and C. synechococcus elongates sp. PCC 7942 [101], which provide higher
succinic acid yields. Succinic acid serves as a precursor for preparing polyester, a surfactant,
and several other valuable derivatives. Notably, succinic acid is among the few examples
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of biosynthesizing carboxylic acids by industrial manufacturers, for instance, Reverdia
and BioAmber successfully commercialized succinic acid, accounting for half of the global
annual production [102].

5.2. Vitamins

Vitamins are essential nutrients that play a crucial role in maintaining optimal health
and metabolic activities. Vitamins show wide-ranging applications in the food, feed, cos-
metics, and pharmaceutical industries. The requirement of pressurized reactors and high
temperatures, along with the safety concerns regarding increased pollution from hazardous
waste, have shifted the focus toward utilizing microbial sources instead of chemical syn-
thesis methods for the production of valuable vitamins [46]. Several microbes serve as
cell factories for this purpose, for instance, E. coli has emerged as a preferred approach
for the production of vitamin B1 (also known as thiamine), which has vast applications in
preventing skin inflammation and eczema [103]. Furthermore, the emergence of synthetic
biology and metabolic engineering approaches has further strengthened the concept of
utilizing microbial cell factories for the production of vitamins, such as the increased yields
of vitamin B1 and vitamin A (β-carotene), which can be attained from A. oryzae and Y. lipoly-
tica by overexpressing genes and heterologous enzymes [43,44], respectively. L-ascorbic
acid (LAA), also known as vitamin C, can also be produced from several microbial species.
Vitamin C is an antioxidant and also acts as a significant co-factor in multiple reactions that
occur in the body. LAA is presently manufactured commercially by utilizing B. megaterium
and G. oxydans [46]. P. shermanii, and P. denitrificans produce cobalamin (vitamin B12), while
vitamin K can be attained from Sinorhizobium meliloti, B. subtilis [104–107]. Recently, MK-7,
which is an effective subtype of vitamin K produced from B. subtilis natto, became an FDA
certified-safe food [107]. From the perspectives of the absorption rate, biological activity,
and safety concerns, the biological synthesis of vitamins by using microbial strains is a
promising approach for achieving a significant yield improvement of vitamins.

5.3. Amino Acids

Amino acids serve as attractive metabolites in the food industry and pharmaceutical
fields. They also play a role in enhancing flavor formation in several fermented foods.
At present, C. glutamicum, P. ananatis, and E. coli are extensively utilized host bacterial
strains for the industrial production of amino acids. Moreover, a glutamate secreting
bacterial isolate, C. glutamicum, is a preferred bacterium to be exploited in engineering
approaches for the increased production of lysine, glutamate, and flavor-active amino
acids at vast scales [108,109]. Lysine and valine are two vital amino acids with varied
applications. Lysine is an essential amino acid and is used as a feed additive, with a market
size reaching around 1 million tons per annum [109], while valine, a branched amino acid, is
an essential nutrient for animals. Valine is also utilized as a raw material for the production
of various herbicides and drugs, with an annual fermentative production of 500 tons [110].
E. coli and C. glutamicum are considered as the most powerful industrial microbes for both
lysine and valine production [111–114]. Considering the fact that industrial processes
often operate at high temperatures, thermotolerant microbes have also been developed.
For instance, thermotolerant bacteria, C. efficiens and B. methanolicus, are being developed
as lysine producers [115]. Another semi-essential amino acid, L-Arginine (L-Arg), has
widespread applications in the pharmaceutical industry as it promotes the secretion of
insulin, growth hormones, and prolactin [108,116]. Several engineered microbes, including
B. subtilis, E. coli, C. glutamicum, S. cerevisiae, and C. crenatum, have been used as model
organisms for achieving L-Arg overproduction [117]. Moreover, L-ornithine has also been
synthesized by a high-glutamate-producing strain, C. glutamicum S9114, through pathway
engineering [118]. L-Ornithine is a non-protein amino acid and is universally used for the
treatment of trauma and liver protection, in addition to strengthening the heart. High-level
L-ornithine production is also achieved by carrying out modular pathway rewiring [119].
Constructing microbial workhorses on a large scale aims at satisfying the demand for
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amino acids as bulk biochemicals. Moreover, amino acid secretion from microbial sources
is economically and industrially relevant to biotechnological fermentation processes, as it
involves the simplified extraction and purification of metabolites.

5.4. Plant Natural Products

Plant natural products exhibit significant pharmacological activities and have
widespread utilization in healthcare products, food additives, and cosmetics. Most PNPs
are extracted from cultivated plants; however, the yield is restricted due to complex pro-
cessing steps, a long growth cycle, climate change, and seasonal availability, making the
process quite unsustainable. Moreover, a complex PNP structure also affects its chemical
synthesis efficiency [120]. With the development of modern approaches, the biosynthesis
of PNPs from microbial alternatives has gained considerable attention. Several microbial
species have been utilized for PNP production, including artemisinin, resveratrol, and
many carotenoids as well. Artemisinin is referred to as an effective pharmaceutical com-
pound for treating malaria. It is naturally synthesized by plant A. annua; however, the
concentration obtained from the plant source is very low, i.e., 0.01–1.1%, and improving
the yield through total organic synthesis or plant breeding remains a contest, shifting the
focus toward production via microbial sources [121]. Several microbial strains have been
genetically engineered for its production. For meeting large-scale demands, the de novo
reconstitution of artemisinin biosynthesis in heterologous microbes, including S. cerevisiae
and E. coli, has noteworthy achievements, for instance, engineering the carbon flux and
genotype of S. cerevisiae yields high quantities of artemisinic acid. Moreover, S. cerevisiae
has also demonstrated itself as a heterologous host for producing artemisinin precursors,
such as artemisinic acid, dihydro-artemisinic acid, and amorphadiene [122].

Resveratrol is a polyphenolic compound and is also found in various plant species,
such as peanuts, grapes, cranberries, and bush berries. It also exhibits wide applications in
the cosmetic, health, and medicine industries, and is reported to reduce the risks of cancer,
heart diseases, and diabetes [123]. It is among the fastest-growing nutritional supplements
in the flavonoid market [124]. Like artemisinin, the resveratrol concentration in plants
is limited and is commercially unsustainable as well. Engineered strains of E. coli and
budding yeast S. cerevisiae result in increased resveratrol titers by the introduction or mod-
ification of STS enzymes (stilbene synthase) [125,126]. Evolva has effectively developed
the production of resveratrol on an industrial scale by utilizing a yeast cell factory [121].
The two strains serve as platform organisms and excellent hosts for the production of
a wide array of PNPs, such as isoprenoids (l-histidine, l-phenylalanine, and l-tyrosine),
phenylpropanoids (flavonoids, coumarins, and lignans), and alkaloids (carotenoids and
sterols) [127]. Although the eco-friendly and resource-conserving synthesis of PNPs has
gained much attention, several challenges are associated with this approach as well, re-
garding their large-scale application. Moreover, a low enzyme catalytic activity, poor
precursor supply, and unknown PNP biosynthesis pathways have limited the heterologous
production of microorganisms due to the high fermentative costs [121].

5.5. Carotenoids

Carotenoids are lipid-soluble, naturally occurring pigments and are widely used in in-
dustries owing to their antioxidant activities and capacity as natural colorants [128]. By the
year 2025, the carotenoids global market is anticipated to reach USD 1.68 billion [129]. Pho-
tosynthetic cyanobacteria serve as natural microbial factories for the synthesis of carotenoid
pigments as cellular antioxidants. Many successful demonstrations have also been re-
ported for genetically engineering cyanobacteria to achieve an improved carotenoid con-
tent [130]. At the industrial scale, the filamentous fungi Phycomyces blakesleeanus and
Blakeslea trispora serve as potential candidates for carotenoid production [131]. Moreover,
other carotenogenic microbes, including Haematococcus pluvialis and X. dendrorhous, have
also been widely exploited in large-scale processes. Moreover, transforming carotenoid
genes in non-carotenogenic microbes, such as C. utilis, E. coli, S. cerevisiae, and Zymomonas
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mobilis, can elevate carotenoid production levels [132]. Several recombinant or engineered
microbes also demonstrated the successful production of carotenoids, including recombi-
nant S. elongatus sp. PCC 7942 [133], Planococcus faecalis [134], Halobacillus halophilus [135],
B. indicus, and B. firmus [136].

Cyanobacteria produce a diverse range of metabolites in the carotenoid biosynthetic
pathway, and zeaxanthin is among these principal carotenoids. Zeaxanthin is a naturally
occurring xanthophyll carotenoid and is widely produced by algae, plants, and microor-
ganisms. It is utilized in the food, nutraceutical, and pharmaceutical industries due to its
antioxidant and anti-cancer properties. Moreover, it also plays a critical role in preventing
cataracts and macular degeneration. Many bacterial isolates, predominantly belonging
to the Paracoccus and Flavobacterium genera, demonstrate the active accumulation of zeax-
anthin. The Flavobacteriaceae family primarily comprises zeaxanthin-producing bacteria,
including Kordia aquimaris sp. CC-AMZ-301T 150 [137], Aquibacter zeaxanthinifaciens sp.
CC-AMZ-304T 151 [138], G. oceani sp. CC-AMSZ-TT 152 [139], and G. planctonica sp. CC-
AMWZ-3T 153 [50]. Also, non-photosynthetic Flavobacterium sp. produces an abundant
amount of zeaxanthin, accounting for 95% of total carotenoid production [140].

Another carotenoid, astaxanthin, can also be produced from microbial workhorses.
Astaxanthin is an ideal source of pigmentation in the food and aquaculture industries. It
also exhibits several health benefits owing to its anti-inflammatory, anti-cancer, antiox-
idant, and neuroprotective activities [141]. Several microbial strains serve as cell facto-
ries for astaxanthin biosynthesis, such as Brevundimonas sp. [142], Paracoccus sp. [143],
and Sphingomonas sp. [144]. Among yeast species, X. dendrorhous is a major astaxanthin
producer [145]. Metabolic engineering has developed potential commercial interests in
enhancing carotenoids’ yield and titer to attain sustainable production. As an instance, E.
coli and S. cerevisiae have also been exploited as cell factories for astaxanthin production
by carrying out modular engineering and the membrane-fused expression of β-carotene
hydroxylase [77,146,147]. Another xanthophyll pigment, i.e., lutein, can also be biosyn-
thesized in S. cerevisiae. The lutein pigment is widely used in aquaculture, healthcare,
food processing, and poultry farming industries [52]. The production of carotenoids by
microbes provides an insight into the economically viable, environmentally friendly, and
renewable production of natural products, depicting the industrial viability of MCFs for
carotenoid biosynthesis.

5.6. Flavors and Fragrances

In addition to several valuable chemicals, flavor and aroma compounds are also syn-
thesized by MCFs, which include indole, terpenoids, β-Ionone, geraniol, 3-phenylpropanol,
vanillin, and patchoulol. The global flavor and fragrance market was valued at USD
28,193.1 million in 2019 and is anticipated to achieve USD 35,914.3 million by 2027 with a
CAGR of 4.7% [148,149]. Moreover, the cosmetic industry has presented an even higher
market value and is expected to reach USD 363.80 billion by 2030 [150]. Thus, the incli-
nation toward utilizing natural and sustainable products drives the focus of ingredient
and fragrance firms toward finding alternative sources to create natural products, i.e.,
microbial biosynthesis [151].

Indole is a nitrogen-containing aromatic compound and is famed for its jasmine-like
floral odor [152]. Corynebacterium strains display the sustainable production of indole
from tryptophan to achieve industrially pertinent indole titers [153]. Terpenoids are vital
aroma components for perfumery and flavor products. β-Ionone, a fragrant terpenoid,
possesses a pleasing floral scent. Microbial fermentation using GRAS species, such as Y.
lipolytica, is an effective approach for β-Ionone production as it is oleaginous, economically
viable, and a sustainable natural aroma compound [154]. Several monoterpenoids can be
generated by using recombinant microbial strains, for instance, the metabolic engineer-
ing of P. putida to produce geranic acid. Geraniol is an acyclic monoterpene alcohol and
it is a standard constituent of many fragrance and flavor products. E. coli engineering
for expressing the heterologous mevalonate pathway can result in an increased titer of
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geraniol [155]. E. coli cells have also been engineered to produce 3-Phenylpropanol and
vanillin. Both flavor compounds are used in the beverages, food, fragrance, and cos-
metic industries [156,157]. Moreover, patchoulol is a naturally occurring sesquiterpene
and is found naturally in Pogostemon cablin. It has a wide range of applications in cos-
metics and daily use products, including shampoo, hair spray, perfumes, and essential
oils. Its limited production from natural resources shifted the focus toward engineered
microbes, such as mitochondria-engineered yeast cells (S. cerevisise), which reported the
elevated production of patchoulol [158]. Thus, a consequential upsurge in aroma chemicals
requires efficient renewable production strategies. For this purpose, biotechnological pro-
duction from microbial sources is regarded as the best alternative to generate flavor and
fragrant molecules [159].

5.7. Bioenergy

Increasing energy and food demands, the deterioration of the environment, and cli-
mate change are the major challenges of this era. Among several other natural sources,
biofuels also have immense potential to harmonize the trilemma of food, energy, and
environment. Using MCFs for the production of bioenergy is not a new concept, yet it has
received great attention for creating novel bioproducts with better productivity rates [160].
Several microbes serve as bioenergy sources, such as the production of 1-butanol, which
is a potential fuel and chemical feedstock, by both native and engineered Clostridium
species [161], and bioethanol production from Pichia stipites sp., C. albicans, and S. cerevisiae
sp. KL17 [162–164]. Apart from fuels, microbes also serve as factories for biogas and biohy-
drogen production. Methanogens are integral to biogas production and high-performance
methanogens include Methanocaldococcoccus jannaschii and the methanococci Methanotor-
ris igneus [165]. Methanogens can also be employed as autobiocatalysts for converting
molecular hydrogen (H2) and carbon dioxide (CO2) to biological CO2-based methane, also
referred to as the CO2-BMP process. This process has varied applications, comprising the
decentralized production of energy, power-to-gas applications, and biogas upgrading [166].
The most studied microbe for this purpose is Methanothermobacter marburgensis. It has
several advantages, including flexibility toward substrate gas impurities and elevated
CH4 productivity rates [167]. Biohydrogen is also an environmentally benign fuel, having
no CO2 emissions during combustion. It can be produced by the biological conversion
processes of photofermentation and dark fermentation. Several microbes can be utilized
for biohydrogen production, including Caldicellulosiruptor saccharolyticus [168], Desulfuro-
coccus amylolyticus DSM 16532, and Rhodobacter sphaeroides [169]. Moreover, biodiesel, a
derivative of fatty acids, such as methyl, ethyl, or propyl esters (fatty acid methyl esters
(FAMEs), fatty acid ethyl esters (FAEEs), and fatty acid propyl esters (FAPEs)) has an
annual consumption rate of 2 billion gallons. Several studies have reported the engineered
E. coli strain as an effective microbial source for producing structurally tailored fatty esters
(i.e., biodiesel) [170–172]

The metabolic engineering of microbes has led to the production of next-generation bio-
fuels. The biofuel molecules with petroleum replica structures exhibit greater advantages
than others as they possess elevated energy densities and can also be utilized as drop-in
fuels because of no modification requirements in the internal combustion engines, destined
for petro-diesel and gasoline [170]. These biofuels are referred to as fourth-generation
(4G) or advanced biofuels. Few microorganisms naturally produce such biofuels, for ex-
ample, the production of butanol from B. subtilis, P. putida, and Clostridium species. [171].
However, at times, these native producers face limitations in terms of their slow growth
rates, low production titers, and the overall yield of the product. Moreover, it is also a
challenge to engineer native microbes because of ineffective genetic elements, the unidenti-
fied endogenous regulation of synthetic pathways, redox potential, cellular toxicity, and
the presence of inhibitors. Metabolic pathway engineering impels the need to reconstruct
biofuel biosynthesis in genetically tractable microbes to carry out the heterologous synthesis
of 4G biofuels [172]. The point mutation of the cydC gene in E. coli has the capacity to
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completely restore the production of D-limonene and biogasoline, along with the platform
chemical isopentenol [173].

MCFs are attracting considerable attention as next-generation energy sources because
of their intended use for recovering energy in the form of electricity. Microbial fuel cells
convert solar or chemical energy to electrical energy by utilizing microbial cell factories as
catalysts [174]. Several electricigens are used for MFCs’ construction as pure cultures, in-
cluding Natrialba magadii, Haloferax volcanii, R. sphaeroides [175], Rhodospirillum rubrum [176],
and Acidiphilium cryptum [177]. However, pure cultures mandate the requirement of strict
operating settings and selective substrates. Therefore, using miscellaneous consortiums as
anodic biocatalysts is a preferred approach, as mixed communities are highly suitable for
complex substrates as well. Several co-cultured electricigens reported high peak densities,
including co-cultures of Geobacter sulfurreducens + C. cellulolyticum [178], Klebsiella pneumonia
+ Lipomyces starkeyi [179], and P. aeruginosa + K. variicola [180], demonstrating the potential
of mixed cultures for effective electricity generation.

6. Industrial Progress, Commercial Limitations, and Future Prospects

The commercialization and industrial applicability of microbial products are very
crucial issues. A number of microbe-based bioproducts are available on the market. For
instance, as mentioned above, Novo Nordisk successfully synthesized recombinant in-
sulin (Insulin Human AF) from S. cerevisiae [181]. Moreover, Quorn also developed Quorn
mycoprotein by utilizing the strain of Fusarium venenatum [182]. Another company, Sun-
sonzymes, synthesized different enzymatic products named heat-stable acid pullulanase
sunson® PUL, acid protease sunson® PRA100, and glucose amylase Sunson® GA. The
former product was synthesized by B. subtilis, while the latter two were produced by A.
niger [183], depicting the potential of MCFs for the manufacturing of industrially vital
products. A range of microbial-based bioproducts that are available on the market are
provided in Table 3.

Table 3. Bio-compounds attained via microbial cell factories: commercially available products and
major manufacturers.

Biocompound/Biochemical Product Name Company Reference

Succinic acid Biosuccinium™ Reverdia [184]

Astaxanthin BioAstin® Cyanotech [185]

Astaxanthin AstaPure® AlgaTech [186]

Fucoxanthin Fucovital™ AlgaTech [187]

Erythritol (flavour/sweetener) Purecane™ Amyris [188]

Monosodium glutamate (MSG) (flavor enhancer) Aji-No-Moto® Ajinomoto [189]

Sesquiterpenoid (fragrance compound) Nootkatone™ Evolva [190]

Bio-1,4-butanediol Geno BDO™ Genomatica [191]

Natural (R)-1,3 Butanediol Avela TM Genomatica [192]

β-Carotene CaroCare® DSM [193]

L-lysine Biolys® Evonik [194]

L-threonine Threamino® Evonik [195]

Despite all the advancements in the field of metabolic engineering, still only a few
microbial products and biotechnological processes have reached the industrial scale. While
industrial biotechnology is currently seen as a key technology for the pharmaceutical
and chemical sectors, microbial production must be economically viable to compete with
the traditional chemical methods. Thus, to boost the production of microbial cell fac-
tories at the industrial level, long-term approaches and the deployment of integration
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strategies are needed. Firstly, the microbial strain should be developed appropriately
in a way that it can efficiently utilize massive substrates for the production of desired
products. Secondly, there should be a careful selection of microorganisms for creating
a particular product [15]. The market development for microbial products is the fore-
most concern. There exists a dire need to establish a new market for commercializing
bioproducts and replacing petroleum-based industries. All the advancements should be
accompanied by market establishments as, even if efficient microbial products are devel-
oped, they will be of no use if there is no willingness regarding the use of bioproducts
due to higher prices or any other reason. For example, 2,3-butanediol (2,3-BDO) has
several applications in the agriculture, cosmetics, food, and polymer industries. The prod-
uct development was challenging on an industrial scale due to the difficult and costly
chemical processes required to derive pure 2,3-BDO from fossil resources. However, opti-
cally pure 2,3-BDO is currently being produced by utilizing engineered microbes, creating
firsthand applications in the cosmetics and agriculture markets. The example clearly val-
idates the necessity of the market establishment of bioproducts for potentially replacing
petroleum-based materials [196].
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