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Abstract

Artemisinin, a potent antimalarial compound, is traditionally extracted from the plant Artemisia annua.
Due to low yield and high cultivation costs, alternative methods for artemisinin production have been
explored. Metabolic engineering of yeast has emerged as a promising approach to produce artemisinin
at high yield. This review provides a comprehensive overview of advancements in the metabolic
engineering of yeast for artemisinin production. We discuss the biosynthetic pathway, key genetic
modifications, optimization strategies, and future perspectives. The integration of synthetic biology and
metabolic engineering has significantly improved production efficiency, making yeast a viable platform
for large-scale artemisinin production.
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Introduction

Artemisinin is a sesquiterpene lactone endoperoxide derived from the plant Artemisia annua,
commonly known as sweet wormwood. It is the cornerstone of artemisinin-based
combination therapies (ACTSs), which are the most effective treatments available for malaria,
particularly for strains resistant to other antimalarial drugs. Despite its critical importance in
global health, the traditional extraction of artemisinin from Artemisia annua is fraught with
challenges. These include the low vyield of artemisinin in the plant, the labor-intensive
cultivation process, and significant fluctuations in supply and price due to agricultural and
market variables. These challenges have driven the search for alternative methods to produce
artemisinin more efficiently and cost-effectively.

Metabolic engineering of microorganisms, particularly yeast (Saccharomyces cerevisiae), has
emerged as a promising approach to address these issues. Yeast offers several advantages as
a production host, including its well-characterized genetics, ease of genetic manipulation,
rapid growth, and scalability for industrial fermentation processes. By genetically modifying
yeast to express the artemisinin biosynthetic pathway, researchers aim to create a reliable and
scalable platform for artemisinin production.

The biosynthesis of artemisinin involves a complex pathway that begins with the precursor
compound farnesyl pyrophosphate (FPP). The pathway can be divided into two main
sections: the upstream pathway that produces amorpha-4,11-diene from FPP and the
downstream pathway that converts amorpha-4,11-diene into artemisinic acid,
dihydroartemisinic acid, and finally, artemisinin. Engineering yeast to produce artemisinin
requires the introduction and optimization of multiple genes encoding enzymes that catalyze
these reactions.

The upstream pathway involves the conversion of FPP to amorpha-4,11-diene by the enzyme
amorpha-4,11-diene synthase (ADS). This step is crucial as amorpha-4,11-diene serves as the
key intermediate for the downstream biosynthetic steps. Previous studies have shown that the
introduction of the ADS gene from Artemisia annua into yeast can successfully redirect the
metabolic flux towards amorpha-4,11-diene production. Ro et al. (2006) demonstrated that
expressing ADS in yeast led to the accumulation of significant amounts of amorpha-4,11-
diene, establishing the foundation for further pathway engineering. The downstream pathway
involves several oxidation and reduction reactions. Amorphadiene oxidase (CYP71AV1)
converts amorpha-4,11-diene to artemisinic acid via artemisinic alcohol and artemisinic
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aldehyde. This step is catalyzed by cytochrome P450
enzymes, which require electron transfer partners for
activity. CYP71AV1, identified from Artemisia annua, has
been extensively studied for its role in converting amorpha-
4,11-diene to artemisinic acid. Paddon et al. (2013) reported
that co-expression of CYP71AV1 with its associated
reductase in yeast significantly increased the production of
artemisinic acid, highlighting the importance of efficient
electron transfer in the pathway. The final steps of the
pathway involve the conversion of artemisinic acid to
dihydroartemisinic acid, followed by spontaneous oxidation
to form artemisinin. These steps occur naturally in the plant
and are less well-characterized in microbial systems.
However, researchers have successfully engineered yeast to
produce artemisinic acid, which can then be chemically
converted to artemisinin, offering a practical route for
industrial production. Several genetic modifications have
been implemented in yeast to enhance the production of
artemisinin and its precursors. These modifications focus on
optimizing the expression of key enzymes, improving
precursor availability, and enhancing overall metabolic flux
through the biosynthetic pathway. For instance,
overexpressing ADS and CYP71AV1 in yeast, along with
their associated reductase, has been a key strategy.
Enhancing the supply of the precursor FPP is also critical.
This involves the overexpression of genes involved in the
mevalonate pathway, which produces FPP. Key enzymes
such as HMG-CoA reductase (HMG1) and mevalonate
kinase (ERG12) are commonly overexpressed to boost FPP
levels. Additionally, adaptive laboratory evolution (ALE)
has been utilized to evolve yeast strains with improved
tolerance to pathway intermediates and enhanced production
of artemisinic acid. Optimization strategies have been
employed to maximize artemisinin production in yeast.
These strategies aim to fine-tune metabolic pathways,
improve enzyme activities, and enhance overall cell factory
performance. Using strong, constitutive promoters to drive
the expression of key biosynthetic genes can significantly
increase enzyme levels and boost product yield. Ensuring a
balanced expression of all enzymes involved in the
biosynthetic pathway is crucial to avoid bottlenecks.
Metabolic flux analysis helps identify bottlenecks and
guides targeted genetic modifications to enhance flux
towards artemisinin  production. Compartmentalizing
different steps of the biosynthetic pathway into distinct
cellular compartments can minimize metabolic interference
and enhance overall efficiency. Recent advances in synthetic
biology and metabolic engineering have significantly
improved the production of artemisinin in yeast. The
integration of advanced genetic tools, high-throughput
screening methods, and computational modelling has
accelerated the development of high-yielding yeast strains.
The use of CRISPR-Cas9 for precise genome editing has
enabled rapid and efficient modification of yeast genomes.
Synthetic biology platforms, such as modular cloning
systems and genome-scale metabolic models, facilitate the
systematic engineering of yeast for artemisinin production.
Combining  metabolic  engineering  with  advanced
fermentation technologies, such as fed-batch and continuous
fermentation, has further enhanced artemisinin production.
The successful implementation of yeast-based artemisinin
production has the potential to significantly reduce
production costs and ensure a stable supply of this vital
antimalarial drug. Additionally, this biotechnological
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approach is more environmentally sustainable compared to
traditional plant extraction methods. Future research should
focus on further enhancing production vyields, reducing
costs, and scaling up the process for industrial applications.
The integration of metabolic engineering with fermentation
technology and synthetic biology platforms will continue to
drive progress in this field, ultimately contributing to a more
reliable and sustainable supply of artemisinin.

Objective of the study

The objective of the study is to review and summarize the
advancements in metabolic engineering of yeast for the
high-yield production of artemisinin.

Biosynthetic pathway of artemisinin

The biosynthesis of artemisinin involves a complex pathway
that begins with the precursor compound farnesyl
pyrophosphate (FPP). The pathway can be divided into two
main sections: the upstream pathway that produces
amorpha-4,11-diene from FPP and the downstream pathway
that converts amorpha-4,11-diene into artemisinic acid,
dihydroartemisinic acid, and finally, artemisinin. The
upstream pathway involves the conversion of FPP to
amorpha-4,11-diene by the enzyme amorpha-4,11-diene
synthase (ADS). This step is crucial as amorpha-4,11-diene
serves as the key intermediate for the downstream
biosynthetic steps [*l. Previous studies have shown that the
introduction of the ADS gene from Artemisia annua into
yeast can successfully redirect the metabolic flux towards
amorpha-4,11-diene  production. Ro et al. (2006)
demonstrated that expressing ADS in yeast led to the
accumulation of significant amounts of amorpha-4,11-diene,
establishing the foundation for further pathway engineering
2

The downstream pathway involves several oxidation and
reduction reactions. Amorphadiene oxidase (CYP71AV1)
converts amorpha-4,11-diene to artemisinic acid via
artemisinic alcohol and artemisinic aldehyde. This step is
catalyzed by cytochrome P450 enzymes, which require
electron transfer partners for activity. CYP71AV1,
identified from Artemisia annua, has been extensively
studied for its role in converting amorpha-4,11-diene to
artemisinic acid. Paddon et al. (2013) reported that co-
expression of CYP71AV1 with its associated reductase in
yeast significantly increased the production of artemisinic
acid, highlighting the importance of efficient electron
transfer in the pathway B,

The final steps of the pathway involve the conversion of
artemisinic acid to dihydroartemisinic acid, followed by
spontaneous oxidation to form artemisinin. These steps
occur naturally in the plant and are less well-characterized
in  microbial systems. However, researchers have
successfully engineered yeast to produce artemisinic acid,
which can then be chemically converted to artemisinin,
offering a practical route for industrial production.

Genetic modifications

Several genetic modifications have been implemented in
yeast to enhance the production of artemisinin and its
precursors. These modifications focus on optimizing the
expression of key enzymes, improving precursor
availability, and enhancing overall metabolic flux through
the biosynthetic pathway. One primary strategy involves the
overexpression of ADS and CYP71AV1 in yeast. By
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introducing genes encoding these enzymes into the yeast
genome, researchers have successfully redirected the
metabolic flux towards the production of artemisinic acid.
For example, the study by Ro et al. (2006) showed that
overexpressing ADS in yeast led to significant production of
amorpha-4,11-diene . Further, Paddon et al. (2013)
enhanced artemisinic acid production by co-expressing
CYP71AV1 and its reductase, highlighting the importance
of coordinated expression of pathway enzymes [,
Enhancing the supply of the precursor FPP is critical for
increasing artemisinin production. This involves the
overexpression of genes involved in the mevalonate
pathway, which produces FPP. Key enzymes such as HMG-
CoA reductase (HMG1) and mevalonate kinase (ERG12)
are commonly overexpressed to boost FPP levels. Westfall
et al. (2012) demonstrated that engineering yeast to
overproduce FPP by overexpressing HMGL1 significantly
increased the yield of amorpha-4,11-diene and downstream
artemisinin precursors .,

Efficient electron transfer is necessary for the activity of
cytochrome P450 enzymes such as CYP71AV1. Co-
expression of cytochrome P450 reductase (CPR) alongside
CYP71AV1 has been shown to enhance the conversion
efficiency of amorpha-4,11-diene to artemisinic acid. Chang
et al. (2007) reported that expressing both CYP71AV1 and
CPR in yeast improved the overall yield of artemisinic acid,
demonstrating the importance of balanced electron transfer
in the engineered pathway I,

Adaptive laboratory evolution (ALE) involves subjecting
yeast cultures to selective pressures that favor strains with
enhanced artemisinin production. This approach can lead to
the identification of beneficial mutations that improve
metabolic efficiency and overall yield. Zhou et al. (2016)
utilized ALE to evolve yeast strains with improved tolerance
to pathway intermediates and enhanced production of
artemisinic acid, showcasing the potential of evolutionary
approaches in metabolic engineering [,

Optimization strategies

To maximize artemisinin production in yeast, various
optimization strategies have been employed. These
strategies aim to fine-tune metabolic pathways, improve
enzyme activities, and enhance overall cell factory
performance.

Using strong, constitutive promoters to drive the expression
of key biosynthetic genes can significantly increase enzyme
levels and boost product yield. Promoters such as TEF1 and
PGK1 are commonly used in yeast metabolic engineering.
Curran et al. (2014) demonstrated that using a strong
promoter for ADS expression resulted in higher levels of
amorpha-4,11-diene, indicating that promoter strength plays
a crucial role in maximizing pathway flux "1,

Ensuring a balanced expression of all enzymes involved in
the biosynthetic pathway is crucial to avoid bottlenecks.
Strategies such as tuning gene copy numbers and using
different promoters for each gene have been employed to
achieve optimal pathway flux. Anthony et al. (2009)
reported that balancing the expression of mevalonate
pathway genes and downstream enzymes led to improved
production of amorpha-4,11-diene and artemisinic acid,
highlighting the importance of pathway balancing in
metabolic engineering (1.

Metabolic flux analysis involves quantifying the flow of
metabolites through the biosynthetic pathway. This analysis
helps identify bottlenecks and guides targeted genetic
modifications to enhance flux towards artemisinin
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production. Meadows et al. (2016) utilized metabolic flux
analysis to identify key control points in the engineered
yeast pathway and implemented targeted modifications that
significantly increased artemisinic acid production 1.
Segregating different steps of the biosynthetic pathway into
distinct cellular compartments can minimize metabolic
interference and enhance overall efficiency. For example,
targeting certain enzymes to mitochondria or peroxisomes
can improve precursor availability and product formation.
Zhou et al. (2016) showed that compartmentalizing the early
steps of the mevalonate pathway in yeast mitochondria
enhanced FPP production and downstream artemisinin
precursor synthesis [0,

Recent Advances and Future Perspectives

Recent advances in synthetic biology and metabolic
engineering have significantly improved the production of
artemisinin in yeast. The integration of advanced genetic
tools,  high-throughput  screening  methods, and
computational modeling has accelerated the development of
high-yielding yeast strains. The use of CRISPR-Cas9 for
precise genome editing has enabled the rapid and efficient
modification of yeast genomes. This technology allows for
the targeted insertion, deletion, or modification of genes
involved in artemisinin biosynthesis, leading to improved
production strains. Siddiqui et al. (2017) demonstrated the
use of CRISPR-Cas9 to knock out competing pathways and
enhance the production of artemisinin precursors in yeast,
showcasing the potential of genome editing in pathway
optimization 4,

The development of synthetic biology platforms, such as
modular cloning systems and genome-scale metabolic
models, has facilitated the systematic engineering of yeast
for artemisinin production. These platforms allow for the
rapid assembly and testing of genetic constructs,
streamlining the optimization process. Awan et al. (2016)
reported the use of a modular cloning system to construct
and test multiple pathway variants, leading to the
identification of high-yielding yeast strains for artemisinic
acid production 12,

Combining  metabolic  engineering  with  advanced
fermentation technologies, such as fed-batch and continuous
fermentation, has further enhanced artemisinin production.
Optimizing fermentation conditions, such as pH,
temperature, and nutrient supply, is critical for maximizing
yield. Farhi et al. (2011) demonstrated that optimizing fed-
batch fermentation conditions significantly increased the
production of artemisinic acid in engineered yeast,
highlighting the importance of fermentation process
optimization 131,

The successful implementation of yeast-based artemisinin
production has the potential to significantly reduce
production costs and ensure a stable supply of this vital
antimalarial drug. Additionally, this biotechnological
approach is more environmentally sustainable compared to
traditional plant extraction methods. Peplow (2013) reported
that the use of engineered yeast for artemisinin production
could provide a cost-effective and scalable alternative to
plant extraction, contributing to global efforts to combat
malaria 41,

Conclusion

Metabolic engineering of yeast for high-yield production of
artemisinin represents a promising alternative to traditional
plant-based extraction methods. Advances in genetic
modifications, optimization strategies, and synthetic biology
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have significantly improved the production efficiency of
artemisinin in yeast. Future research should focus on further
enhancing production yields, reducing costs, and scaling up
the process for industrial applications. The integration of
metabolic engineering with fermentation technology and
synthetic biology platforms will continue to drive progress
in this field, ultimately contributing to a more reliable and
sustainable supply of artemisinin.
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