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ABSTRACT

Saccharomyces cerevisiae, an extensively studied model yeast has received significant attention largely due to its
well-characterised genomic materials, ease of genetic manipulation, and usefulness in the production of steroidal
compounds.. Steroids are essential molecules used extensively in pharmaceuticals, cosmetics, and agricultural
industries. However, chemical synthesis and extraction techniques for steroids are often inefficient and
environmentally taxing. Advances in metabolic engineering and synthetic biology have facilitated the
reprogramming of Saccharomyces cerevisiae to enhance the biosynthesis of both steroid precursors and specific
steroid hormones. This review aimed to explore and consolidate advances in the metabolic engineering of S.
cerevisiae for enhanced steroid synthesis. The content of this article also provides an in-depth review that focuses
on enzyme overexpression, gene knockouts, heterologous pathway integration, and utilisation of synthetic biology
devices such as CRISPR-Cas9. Metabolic flux analysis and omics integration were also assessed for their role in
improving biosynthetic efficiency. In conclusion, S. cerevisiae is a promising biofactory for steroid production;
however, to achieve commercial viability, it will require further work on strain optimisation, process scale-up, and
regulatory compliance. Future research should focus on refining synthetic pathways, reducing metabolic burdens,
and aligning biotechnological innovations with industrial and environmental standards.
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1.0 INTRODUCTION
Saccharomyces  cerevisiae ~ possesses  numerous

Consequently, there is an urgent need for alternative
methods to produce steroids sustainably and

advantageous traits, including a well-characterised
genome, robust growth, and a versatile metabolism,
making it an ideal microorganism for metabolic
engineering and biotechnological applications (Jimoh et
al., 2012a; Lacerda et al., 2020). Steroids are a class of
natural compounds with diverse physiological functions
and commercial applications which have gained
substantial interest due to their pharmaceutical,
agricultural, and industrial significance (Dembitsky,
2023). Traditionally, steroids are obtained through
natural synthesis or chemical extraction, which can be
costly and inefficient (Almazrouei et al, 2023).
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economically.

The potential of S. cerevisiae as a microbial platform for
steroid biosynthesis has been explored due to its well-
established genetic manipulation techniques and
versatile metabolic pathways (Nevoigt, 2008; Parapouli
et al., 2020). Leveraging on the inherent metabolic
activities of S. cerevisiae and engineering its pathways
offer the possibility of developing efficient and
sustainable processes for steroid production (Hande
Tekarslan-Sahin, 2021). Advances in metabolic
engineering and synthetic biology have permitted the
manipulation of S. cerevisiage metabolic pathways,
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allowing the redirection of carbon flux toward desired
products (Jimoh et al., 2013a; Jimoh et al., 2013b; Chen
et al, 2020), thus engineering natural pathways
involved in the steroid precursors’ biosynthesis and the
introduction of heterologous enzymes or pathways
increases steroid production (Batth et al., 2020).
Despite the progress achieved in the metabolic
engineering of S. cerevisiae for steroid production,
challenges such as fine-tuning the metabolic flux,
ensuring proper regulation of enzyme activities,
addressing substrate availability, and optimising
fermentation conditions for efficient steroid production
still remain (Nevoigt, 2008; Jimoh et al., 2012a; Jimoh et
al., 2012b; Hande Tekarslan-Sahin, 2021). By modifying
the expression levels of main enzymes and regulating
the metabolic flux, researchers have successfully
engineered S. cerevisiae strains capable of producing
specific steroid compounds (Chu et al,.2020; Riley and
Guss, 2021). This article intends to review the metabolic
activities of S. cerevisiae in steroid production and the
genetic engineering strategies employed to enhance
steroid biosynthesis. Furthermore, it also discusses the
prospects and challenges associated with harnessing S.
cerevisiae for sustainable and economically viable
steroid production.

2.0 GENETIC ENGINEERING APPROACHES FOR
STEROID BIOSYNTHESIS BY Saccharomyces cerevisiae
Saccharomyces cerevisiae can be engineered to
enhance steroid biosynthesis through various strategies
of genetic manipulation. These approaches involve
modifying indigenous pathways, introducing
heterologous genes, optimising metabolic flux, and
integrating omics technologies during steroid synthesis.
2.1 Manipulation of Indigenous Pathways
Manipulating native pathways in S. cerevisiae is an
important strategy for enhancing steroid biosynthesis.
By overexpression vital enzymes or knocking
out/downregulating competitive pathways, it is possible
to redirect metabolic flux towards steroid production.
a. Overexpression of Essential Enzymes
Overexpression of core enzymes involved in
steroid biosynthesis is a common strategy to boost
steroid synthesis in S. cerevisiae. These core
enzymes are:

i.  3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMGR or HMG-CoA reductase): Overexpression of
HMG-CoA reductase, a rate-limiting enzyme in the
mevalonate pathway, increases the synthesis of
sterols and steroid precursors in S. cerevisiae (Nora
et al., 2019). Yeast cells have two (2) HMGRs
encoded by paralogous genes (namely, HMG1 and
HMG?2). Although substituting for one another in
generating sufficient HMGR activity when the other
gene is deleted is possible, their regulation varies
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significantly (Jorda and Puig, 2020). A stable protein
(Hmglp) is controlled at the transcriptional and
translational levels, whereas Hmg2p is regulated at
the post-translational level. Overexpression of
HMG1 and HMG2 genes in S. cerevisiae yields a
significant improvement in the production of
amorpha-4,11-diene, , a precursor of the
antimalarial drug artemisinin compared to the
control strain (Westfall et al,, 2012; Karaca et al.,
2024); while overexpression of HMG1 gene
enhanced the production of ergosterol (Hu et al.,
2017).
Ergosterol Biosynthesis Genes: The overexpression
of genes involved in the ergosterol biosynthesis
pathway can enhance the production of sterols
and provide more precursors for steroid
biosynthesis (Ruan et al., 2017). The expression of
the ERG9 gene, which encodes squalene synthase,
occurs at the first dedicated step after farnesyl
diphosphate in ergosterol biosynthesis. This
contrasts with the ERG20 gene, which encodes
farnesyl  pyrophosphate  synthetase  (FPP
synthase), a cytosolic enzyme that possesses
geranyl transferase and dimethylallyltransferase
activities (Parks et al., 1995; Jorda and Puig, 2020).
The FPP synthase catalyses the sequential 1-4
coupling of isopentenyl diphosphate (IPP) with
geranyl diphosphate and dimethylallyl
diphosphate, forming C15 farnesyl pyrophosphate
units for sterol and isoprenoid biosynthesis in
yeast, whereas ergosterol is the product of the
sterol biosynthetic pathway (Bhattacharya et al.,
2018). Overexpression of the ERG9 and ERG20
genes in S. cerevisiae increased intracellular
steroid yields (Callari et al., 2018) and sterol
synthesis, such as ergosterol. Additionally, the
overexpression of ERG9 resulted in a significant
rise in steroid titer compared to the control strain
(Ma et al., 2018).
Knockout or Downregulation of Competitive

Pathways
Knocking out or downregulating competing
pathways boosts steroid biosynthesis in S.

cerevisiae by reducing the activity of competing
metabolic pathways, thus directing the flux
towards steroid production. Knockout or
downregulation of the ergosterol biosynthesis
pathway increases the availability of sterol
precursors for steroid production through the use
of:

Knockout of Ergosterol Biosynthesis Genes:
Inhibiting or reducing the activity of the ergosterol
biosynthesis pathway redirects metabolic flux
towards steroid production (Bhattacharya et al.,
2018). The ERG3 is the structural gene in S.
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cerevisiae for sterol delta-5-desaturase, which
generates the C5 = C6 unsaturation in ergosterol
synthesis (Smith and Parks, 1993). Knocking out of
S. cerevisiae ERG3 and ERG5 genes increases the
availability of sterol precursors, where knockout
strains exhibit improved squalene synthesis, with a
maximum squalene concentration than the control
strain (Xia et al., (2022); while knocking out of
ERG20 and ERGY9 genes also increases the
availability of sterol precursors compared to the
control strain (Lv et al.,, 2016; Hu et al., 2017). A
cytochrome P-450 enzyme (C-22  sterol
desaturase) encoded by ERG5 catalyses the
formation of the C-22(23) double bond in the
sterol side chain in ergosterol synthesis.

ii. Downregulation of Competing Pathways: Recent
studies have demonstrated the effectiveness of
knocking out or downregulating competing
pathways, such as the ergosterol biosynthesis
pathway and acetyl-CoA synthetase, for enhancing
steroid biosynthesis in S. cerevisiae, thus reducing
the activity of these pathways, increasing
precursor availability and improving the
production of sterols and steroidal compounds.
Downregulation of the expression of the gene
encoding acetaldehyde dehydrogenase (ALD6) in
S. cerevisiae increases the availability of acetyl-CoA
and improves steroid synthesis (Ostergaard et al.,
2019; Paramasivan and Mutturi, 2022). The
downregulation of the acetyl-CoA synthetase gene
(ACS1) results in a 2.3-fold increase in steroid
synthesis (Hou et al, 2017), while the
downregulation of the ACS1 gene led to a 2.4-fold
increase in ergosterol synthesis compared to the
control strain (Sun et al., 2021).

2.2 Introduction of Heterologous Pathways

Introducing heterologous pathways and incorporating

genes from other organisms or constructing hybrid

pathways in S. cerevisiae are effective strategies for
enhancing its metabolic capabilities to improve the
production of specific steroid compounds mainly

through: .

i Heterologous expression of pathway genes:
Introducing genes from other organisms involved
in steroid biosynthesis facilitates the production of
specific steroid compounds in S. cerevisiae. The

expression of heterologous genes from
Mycobacterium neoaurum in S. cerevisiae
increases the vyield of multiple steroidal

intermediates, demonstrating the potential of
introducing new biosynthetic pathways for steroid
production (Fernandez-Cabezon et al., 2018; Wang
etal., 2022 and Zao et al., 2023).

ii. Hybrid pathway engineering: Construction of a
hybrid pathway by integrating genes from
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Saccharomyces cerevisiae and Yarrowia lipolytica
enhances steroid production with improved titers
and yields compared to the indigenous pathway in
S. cerevisiae, showcasing the potential of
combining heterologous elements for enhanced
steroid biosynthesis (Chae et al., 2017). Also, a
hybrid pathway combining elements from S.
cerevisiae and plants has been constructed to
produce specific steroids (Zhang et al., 2022).
2.3 Optimisation of Metabolic Flux
Optimising metabolic flux is crucial for improving steroid
biosynthesis in S. cerevisige. Integrating omics
technologies, including metabolomics, transcriptomics,
and proteomics, can provide significant insights into
cellular responses and guide metabolic engineering
strategies (Mende et al., 2017). Balancing the supply of
precursor metabolites [(acetyl-COA and isopentenyl
pyrophosphate (IPP))]increases precursor availability
achieved through the manipulation of relevant
pathways, such as increasing carbon flux towards acetyl-
CoA production (Jimoh et al., 2022). Furthermore,
modulating the expression levels of transcription
factors, regulatory elements, and promoters involved in
steroid biosynthesis can fine-tune metabolic flux and
improve steroid production. These regulatory elements
were also optimised through promoter engineering or
synthetic biology approaches (Ham et al., 2008).
24 Integration of Omics Technologies in Strain
Engineering
Metabolic  engineering  through  Omics-guided
approaches requires integrating transcriptomics,
proteomics, and metabolomics data, enabling a
comprehensive understanding of cellular responses and
identifying targets for strain engineering. Omics-guided
approaches aid in identifying gene targets for
overexpression, knockout, or downregulation, leading
to improved steroid production (Asadollahi et al., 2008).
This can be achieved through:

i Systems biology and metabolic modelling:
Integrating omics data with genome-scale
metabolic models aids the prediction and

optimisation of metabolic fluxes, guiding
metabolic engineering efforts (Sen and Oresic,
2023). A systems biology approach combining
transcriptomics, proteomics, and metabolic
modelling has been employed to boost steroid
synthesis in S. cerevisioe by integrating
transcriptomic and proteomic data with a genome-
scale metabolic model to identify metabolic

challenges and engineer key enzymes and
pathways (Lopez-Barbera et al., 2024). This
integration  significantly  increased  steroid

production by redirecting metabolic flux towards
the desired products (Ko et al., 2020; Rainha et al.,
2020). These studies demonstrated the power of
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integrating omics technologies with systems
biology and metabolic modelling approaches to
optimise metabolic flux and enhance steroid
production in S. cerevisiae. By leveraging these
tools, it becomes possible to gain comprehensive
insights into cellular responses, identify key targets
for strain engineering, and improve the production
of steroids.
Omics-guided target identification: Integration of
transcriptomics, proteomics, and metabolomics
data helps identify potential targets for strain
engineering to enhance metabolite production (Fu
et al.,, 2024). Also, Guo et al. (2018) integrated
multi-omics data to identify the main regulatory
genes and metabolic pathways involved in S.
cerevisiae steroid biosynthesis, thus successfully
engineering the identified targets, significantly
improving steroid production (Chen et al., 2020).
Combination of transcriptomics and metabolomics
analyses in investigation of metabolic response of
S. cerevisiae showed improved steroid production
(Lopez-Barbera et al., 2024); thus, the omics-
guided approach enabled the identification of
main metabolic nodes, which led to the
engineering of strain-specific modifications,
resulting in the significant improvement in steroid
production (Mendes et al.,2017).
Metabolic modelling and omics integration:
Integrating omics data with genome-scale
metabolic models permits the prediction and
optimisation of metabolic fluxes, aiding strain
engineering efforts. According to Zhang et al.,
(2022), transcriptomics and metabolomics data
integrated  with  genome-scale © metabolic
modelling of S. cerevisiae facilitated the
identification of key genetic targets and metabolic
engineering strategies which enhance steroid
titers and vyields by the engineered strains
compared to the wild strain.

Future Perspectives and Challenges

The utilisation of S. cerevisiae for steroid production
holds significant promise but also presents specific

future perspectives and challenges.

These future

perspectives and challenges highlight reasons for
continual research and development to unlock the

complete potential

of S. cerevisiae for steroid

production. Focus should be on:

a.

Advances in Synthetic Biology and Metabolic
Engineering

Advancements in synthetic biology have
contributed significantly to metabolic engineering
and the production of steroids in S. cerevisiae.
Recent years have witnessed significant advances
in synthetic biology and metabolic engineering,
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which have revolutionised the field of steroid
production in S. cerevisiae. These include;
Development of novel genetic tools: Synthetic
biology has led to novel genetic tools that precisely
control gene expression and metabolic pathways.
For example, the clustered regularly interspaced
short palindromic repeats (CRISPR-Cas9) system
has revolutionised genome editing in S. cerevisiae,
allowing for efficient gene knockout, gene
integration, and targeted modifications
(Jakocitinas et al., 2015). The use of CRISPR-Cas9
for multiplex genome engineering in S. cerevisiae
enabled the simultaneous modification of multiple
genes involved in steroid biosynthesis, and this
approach provided a powerful tool for strain
engineering and optimisation of steroid
production (Wu et al., 2025). Also, Bao et al.,
(2015) also reported using the CRISPR-Cas9 system
for efficient multiplex'genome engineering in S.
cerevisiae, achieving simultaneous modifications
of multiple genes involved in steroid biosynthesis,
enabling precise control over metabolic pathways.
Design and construction of synthetic pathways:
Synthetic biology facilitates the design and
construction of synthetic pathways to produce
desired compounds. Through the de novo design
and synthesis of enzyme-encoding genes, novel
biosynthetic pathways can be engineered in S.
cerevisiae. Ro et al. (2006) constructed a synthetic
pathway for synthesising hydrocortisone, a
valuable steroid, in S. cerevisiae, thus designing
and assembling a pathway consisting of multiple
enzymatic reactions that result in the production
of hydrocortisone from simple carbon sources. The
construction of a synthetic mevalonate pathway in
S. cerevisiae for enhanced production of
isoprenoid intermediates, including steroid
precursors, by integrating multiple heterologous
genes, also led to a significant increase in precursor
production and overall steroid titers (DeLoache et
al.,, 2015; Smith and Chekan, 2023; Kim et al.,
2024). These examples highlight synthetic
biology's significant contributions to advancing
steroid production in S. cerevisiae. The
development of novel genetic tools and the design,
and construction of synthetic pathways offer
powerful approaches for strain engineering and
the optimisation of steroid biosynthesis.

Systems and synthetic biology approaches:
Advances in systems and synthetic biology have

provided comprehensive  approaches for
understanding and engineering  metabolic
networks. Integration of omics data,

computational modelling, and high-throughput
screening has enabled the design and optimisation
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of metabolic pathways. Systems and synthetic
biology methods were employed to engineer S.
cerevisiae using computational modelling to
identify primary genetic targets and optimise
metabolic flux, substantially improving steroid
production (Zhang et al., 2021). The development
of genetic tools, construction of synthetic
pathways, and integration of systems biology
approaches have paved the way for enhanced
control over metabolic networks and improved
production of steroids (Wang et al., 2014).
b. Regulatory and Safety Considerations

As the field of steroid production in S. cerevisiae
progresses, it is essential to address regulatory and
safety considerations for successful
implementation. Developing sustainable and safe
bioprocesses, compliance  with  regulatory
frameworks, and thorough risk assessments are
crucial to successfully implement steroid
production in an industrial setting (Wang et al.,
2014). Implementing regulatory frameworks for
synthetic biology is important in metabolic
engineering. Synthetic biology applications,
including engineered microbial production of
valuable compounds such as steroids, must
comply with regulatory frameworks to ensure
safety and public acceptance. Standardised
regulatory frameworks are crucial for the reliable
and sustainable deployment of synthetic biology
technologies (Bohua et al, 2023). Establishing
global regulatory standards and governance
mechanisms for synthetic biology justifies the
need for risk assessment, biosafety measures, and
effective communication between stakeholders to
ensure the safe and effective use of synthetic
biology in various applications is essential (Rainha
et al., 2020).

CONCLUSION

Saccharomyces cerevisiae has emerged as a versatile
yeast for steroid =production through metabolic
engineering and synthetic biology approaches. The
metabolic  capabilities of S. cerevisiae and
advancements in genetic manipulation tools and
pathway optimisation strategies have enabled the
biosynthesis of steroid precursors and specific steroids.
Significant improvements in steroid production have
been achieved through the overexpression of key
enzymes, knockout or downregulation of competitive
pathways, and integration of heterologous pathways.
Furthermore, optimising metabolic flux and integrating
omics technologies have further enhanced the
efficiency of steroid biosynthesis in S. cerevisiae.
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However, several challenges and considerations should
be addressed for the productive implementation of S.
cerevisiae for steroid production. Regulatory
frameworks and safety assessments are crucial in
ensuring the effective use of genetically modified
organisms. Though economic viability is a key factor that
requires optimising production processes, efficient
feedstock utilisation, and careful scale-up
considerations, synthetic biology and metabolic
engineering prospects will offer exciting opportunities
for further enhancing the production of steroids in S.
cerevisiae. Advances in genetic tools, synthetic pathway
design, and systems biology approaches will contribute
to the development of a more economical and
sustainable steroid production processes.
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