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Omega-3 fatty acids, including alpha-linolenic acids (ALA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA), have shown major health benefits, but
the human body’s inability to synthesize them has led to the necessity of dietary
intake of the products. The omega-3 fatty acid market has grown significantly, with
a global market from an estimated USD 2.10 billion in 2020 to a predicted nearly
USD 3.61 billion in 2028. However, obtaining a sufficient supply of high-quality
and stable omega-3 fatty acids can be challenging. Currently, fish oil serves as the
primary source of omega-3 fatty acids in the market, but it has several drawbacks,
including high cost, inconsistent product quality, and major uncertainties in its
sustainability and ecological impact. Other significant sources of omega-3 fatty
acids include plants and microalgae fermentation, but they face similar challenges
in reducing manufacturing costs and improving product quality and sustainability.
With the advances in synthetic biology, biotechnological production of omega-3
fatty acids via engineered microbial cell factories still offers the best solution
to provide a more stable, sustainable, and affordable source of omega-3 fatty
acids by overcoming the major issues associated with conventional sources. This
review summarizes the current status, key challenges, and future perspectives for
the biotechnological production of major omega-3 fatty acids.
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1. Introduction

Each fatty acid molecule has two ends: the methyl end (or omega end) and the carboxyl end
(or alpha end). Omega-3 fatty acids are long-chain polyunsaturated fatty acids (LC-PUFAs) that
have first double bonds at the third carbon from the omega end of the fatty acid chain. Major
omega-3 fatty acids studied in this paper include alpha-linolenic acid (ALA, C18:3),
eicosapentaenoic acid (EPA C20:5), and docosahexaenoic acid (DHA C22:6) (Shahidi and
Ambigaipalan, 2018; Figure 1). The unique chemical structure of long carbon chains and
multiple double bonds gives omega-3 fatty acids, especially the EPA and DHA, distinctive
properties that may lead to significant health benefits. After esterification, EPA and DHA can
insert into the membrane phospholipid bilayer, interact with the surrounding phospholipid,
alter lipid rafts, influence the rate of oxidation and signal transduction pathway, and decrease
cholesterol accumulation in the cell membrane (Hashimoto et al., 1999; Mason and Jacob, 2015;
Mason et al., 2016; Sherratt et al., 2021).

As essential parts of the human cellular structure (Sherratt et al., 2021), omega-3 fatty acids
are primarily found in the central nervous system, testes, heart, retina, and immune system
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FIGURE 1
The molecular structure of three major omega-3 fatty acids: alpha-linolenic acid (ALA, C18:3), eicosapentaenoic acid (EPA, C20:5), and
docosahexaenoic acid (DHA, C22:6).

(Hashimoto et al., 1999; Cholewski et al., 2018). There is solid evidence
demonstrating that omega-3 fatty acids can be used as anti-cancer and
anti-inflammation agents (Mason and Jacob, 2015; Mason et al., 2016),
improve the cardiovascular, mental, and immune systems, and provide
other health benefits in nerves, eyes, bones, and muscles (Molfino
et al., 2014; Djuricic and Calder, 2021).

Yokoi-Shimizu et al. (2022) have shown that EPA and DHA can
affect melatonin, a hormone crucial for sleep regulation. They can
modulate melatonin production by modifying the pineal gland’s cell
membrane structure, the organ tasked with producing this hormone.
This alteration, in turn, influences human sleep patterns. Furthermore,
evidence exists that both EPA and DHA can treat and even prevent
anxiety and depression in adults. Therefore, the evidence strongly
supports the idea that an increased intake of EPA and DHA can
enhance both nervous and mental health (Kiecolt-Glaser et al., 2011;
Appleton et al., 2015). EPA and DHA can also counteract the harmful
impacts of muscle atrophy and hasten neuromuscular adaptation
(Jeromson et al., 2015; Ochi and Tsuchiya, 2018). They can intervene
in the signal transduction pathway in various cell types and thus play
a preventive role in pathological calcification, like vascular calcification
and microcalcification in cancer tissues. In parallel, these fatty acids
improve bone quality by preventing bone decay and augmenting bone
mineralization (Sharma and Mandal, 2020).

Consequently, EPA and DHA safeguard and enhance bone and
muscle health. Regarding the visual system, omega-3 fatty acids may
offer notable benefits as they have been shown to treat dry eye disease
(Pellegrini et al., 2020) and help manage myopia effectively (Pan et al.,
2021). It has also been reported that consumption of EPA and DHA
can lower the risk of various types of cancer, including colon and
breast cancer (Fabian et al., 2015; Augimeri and Bonofiglio, 2023). For
cancer patients, omega-3 fatty acids can interact with G protein-
coupled receptors GPR40/FFA1 and GPR120/FFA4 as agonists to
alleviate cancer-related complications like paraneoplastic syndromes,
pain, depression, and anorexia-cachexia syndrome (Freitas and
Campos, 2019). Further studies showed that EPA and DHA can alter
phosphate fatty acid distribution and lipid raft position, inhibit the
inflammation transcript factor, and activate the anti-inflammation
factor (Calder, 2017), allowing them to provide anti-inflammation
benefits. Therefore, native Eskimos from Greenland and Japanese
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people who consume high amounts of omega-3 fatty acids from
seafood have lower incidences of myocardial infarction and chronic
inflammatory or autoimmune disorders (Simopoulos, 2002). In
addition, it is believed that EPA and DHA can reduce cardiovascular
disease risk in general. Research indicates that a daily intake of 2-4 g
of combined EPA and DHA decreases cardiovascular events in
individuals with cardiovascular disease (Elagizi et al., 2021). The
consumption of these fatty acids can notably assist in mitigating
cardiovascular ailments. Specifically, omega-3 fatty acids have been
shown to reduce atherosclerotic cardiovascular disease and lower
blood pressure in individuals with hypertension (Bercea et al., 2021;
Patel and Busch, 2021).

However, due to the lack of delta-12 desaturase (D12Des), the
human body is not able to synthesize linoleic acid (LA, C18:2) and
alpha-linoleic acid (ALA, C18:3) from palmitic acid (PA, C16:0) and
oleic acid (OLA, C16:1) (Lupette and Benning, 2020), and the pathway
to synthesize EPA and DHA from LA or ALA is ineflicient in humans.
Therefore, the conversion rate from ALA to EPA and DHA is only
0.2-0.8% and <4% in men, 21, and 9% in women, respectively (Childs
etal, 2014). It is suggested that individuals include EPA and DHA in
their daily dietary intake to promote better health, and the American
Heart Association suggests that 4 g/day of EPA and DHA or EPA only
be used as daily supplements (Siscovick et al., 2017; Skulas-Ray et al.,
2019), which leads to a substantial demand for EPA and DHA on the
market. Currently, the major source of omega-3 fatty acids is fish oil,
which costs an average of 14 dollars/kg wholesale price. It is estimated
that the global market for omega-3 fatty acids was 2.10 billion USD in
2020, and with an annual growth rate of 7.8%, it will reach 3.61 billion
in 2028 (Benvenga et al., 2022).

Fish (mainly sardine fish) consume microalgae in ocean water
(Wen and Chen, 2003), which leads to the accumulation of
microalgae-produced omega-3 fatty acids in fish bodies (Calder,
1996). However, the sustainability of fish oil-based omega-3 fatty acids
is in question due to overfishing, inconsistency of omega-3 contents,
and potential contamination in the ocean (Kris-Etherton et al., 2002).
Wild-type and engineered microalgae can also be used to produce
omega-3 fatty acids. For example, Martek used microalgae to produce
DHA as the major omega-3 ingredient for infant formula (Morrow,
2003; Spolaore et al., 2006; Arterburn et al., 2007). It is still challenging
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FIGURE 2

The metabolic pathway is for synthesizing omega-3 fatty acids, which consists of the Central Carbon Metabolic (CCM) pathway, fatty acid synthesis
(FAS) pathway, and the lipid synthesis pathway (LPS). (1) The CCM pathway, including Glycolysis (EMP), Pentose Phosphate pathway (PP), and
Tricarboxylic Acid Cycle (TCA), contributes the precursor for omega-3 fatty acids synthesis and converts various heterology organic carbon sources,
such as glucose, acetate, and xylose glycerol..., into a building block, electro carrier, and energy for fatty acids synthesis. (2) The FAS pathway includes
the Saturated Fatty Acids Synthesis (SFAS) pathway, the Unsaturated Fatty Acids Synthesis (UFAS) pathway, and an alternative polyketide synthesis (PKS)
pathway. The acetyl coenzyme A (Ac-CoA) can be further converted to omega-3 fatty acids using the electro carrier (NADPH) generated from the PP

TAG, omega-3 triglyceride.

pathway. However, the fatty acids can convert to Acetyl-CoA through the Fatty Acid Beta-Oxidation pathway (FAQO). (3) The LPS pathway involves
attaching all the omega-3 fatty acids to the glycerol backbone. G6P, Glucose 6-Phosphate; GA3P, Glyceraldehyde 3-Phosphate; R5P, Ribose
5-phosphate; DHAP, Dihydroxyacetone phosphate; G3P, Glycerol 3-phasphate. SFA, Saturated Fatty Acids; omega-3 FA, omega-3 fatty acids; omega-3

to produce EPA or both EPA and DHA at high yields using a
microalgae-based fermentation process. Recently, DuPont has
developed a land-based source of omega-3 by using yeast fermentation
technology (Xie et al., 2015). Specifically, the yeast Yarrowia lipolytica
was metabolically engineered to use sugars from agriculture feedstocks
to produce omega-3 EPA via large-scale fermentation processes. The
conversion yield from sugar(s) to the omega-3 fatty acids is still a
major challenge for yeast fermentation to lower the manufacturing
cost further. In addition to the efforts above, plants such as canola can
also be engineered to produce omega-3 fatty acids in seeds, but it takes
months to harvest and purify the omega-3 fatty acids from the plant
oil (Abbadi et al., 2004; Venegas-Calerén et al., 2010; Chen et al.,
2014). Overall, scientists have made significant progress in the
biotechnological production of omega-3 fatty acids, but major
challenges remain to overcome the current supply shortage to meet
the increased demand for the product.

This review aims to provide a detailed insight into the current
status of biotechnology production of omega-3 fatty acids and project
future trends and opportunities in this rapidly evolving field. First, the
current major sources and manufacturing technologies for omega-3
fatty acids are reviewed, and the main challenges are summarized.
After that, the microbial production of omega-3 fatty acids and the
main feedstocks or their alternatives for microbial production of
omega-3 are discussed. To understand the potential new strategies for
biotechnological production of omega-3 fatty acids, major metabolic
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engineering strategies for improving the yield of omega-3 fatty acids
are reviewed, which include the principal molecular and synthetic
biology tools employed to optimize fatty acid biosynthesis pathways
in microbial hosts. Finally, future perspectives in new strain
engineering and biomanufacturing strategies are suggested for high-
yield, low-cost, and large-scale biomanufacturing of omega-3
fatty acids.

2. Current major sources for omega-3
fatty acids and their limitations

2.1. General metabolic pathways for
biosynthesis of omega-3 fatty acids

The general metabolic pathway map (Figure 2) from different
carbon sources to omega-3 fatty acids (Geddes and Oresnik, 2014)
helps better understand the biosynthesis of omega-3 fatty acids in
various organisms.

The synthesis of omega-3 fatty acids involves multiple metabolic
pathways, including:

(1) Central carbon metabolism (CCM), including:

(a) Glycolysis pathway (EMP)
(b) Pentose phosphate pathway (PP)
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(¢) Tricarboxylic acid cycle (TCA)
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Each pathway works synergistically for omega-3 fatty acids
synthesis. Some pathways provide crucial intermedia
metabolites like NADPH and acetyl-CoA for omega-3 fatty
acids synthesis, but some pathways may consume too much
carbon to generate byproducts like ethanol, acetate, and citrate.
Up-regulating the pathway synthesizing important

intermediate metabolites can “pull” the carbon flow to the
omega-3 fatty acids. Evidence shows that producing enough
NADPH is the primary limiting step during the fatty acid
synthesis processing (Qiao et al., 2017). So, increasing the
amount of NADPH is crucial for lipid and omega-3 fatty acids
accumulated inside the cells. Down-regulating by blocking the
branch of the pathway toward the byproduct to “push” the
carbon flow to the product. These modifications of metabolic
pathways may increase the titer and productivity of omega-3
fatty acids biomanufacturing. Thus, understanding each
pathway related to omega-3 fatty acids synthesis is essential
for biomanufacturing.

Several carbon sources can directly or indirectly enter the omega-3
synthesis metabolic pathway for omega-3 fatty acids biosynthesis, such
as glucose, glycerol, acetate, xylose, and CO,. Here is an example of the
synthesis of omega-3 fatty acids from glucose. Glucose goes through
the EMP and is degraded to glucose-6-phosphate (G6P) (Taymaz-
Nikerel et al., 2018). While part of G6P, produced during glycolysis,
enters the PP and converts the NADP* to NADPH, the NADPH can
provide the electron for fatty acid synthesis as an electron carrier (Xie
etal., 2015). Afterward, under glycolysis, part of G6P is converted to
acetyl-CoA. The acetyl-CoA can also be directed to the TCA cycle for
energy generation within mitochondria, which is essential for cell
survival and other activities (Xu, 2022).

Additionally, acetyl-CoA can enter the SFAS pathway, serving as
the carbon source for synthesizing the carbon chain of omega-3 fatty
acids. Once acetyl-CoA is converted into short-chain to medium-chain
fatty acids through UFAS, these saturated fatty acids can enter the
endoplasmic reticulum (ER) and be desaturated to form long-chain
omega-3 fatty acids. It is important to note that these fatty acids can
be degraded back to acetyl-CoA through FAO, which contains high
energy and can serve as an energy source. Omega-3 fatty acids in the
form of free fatty acids (FFA) need to be converted to the triglyceride
format for cell storage through the lipid synthesis pathway (LPS).

Currently, the main source of omega-3 fatty acids is provided by
fish oil. Other sources include the lipids/oils obtained from plants/
vegetables, microalgae, fungi/yeast, and bacteria. Table 1 summarizes
the current status of the major omega-3 fatty acid sources and their
limitations in meeting the increased demand for omega-3 products.

2.2. Omega-3 fatty acids from fish
Marine organisms, including fish, algae, shellfish, etc., usually

contain relatively higher concentrations of omega-3 fatty acids than
land animals or plants. For example, salmon contains 35.5 g of
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omega-3 fatty acid per 100g of fish oil, but corn only contains 0.9 g per
100g of corn oil (Rubio-Rodriguez et al., 2010). Although most marine
animals, including fish, have limited omega-3 fatty acids biosynthesis
ability, they can enrich omega-3 fatty acids from microalgae through
the food chain (Wen and Chen, 2003). Therefore, marine animals at a
relatively higher ecology niche can enrich omega-3 fatty acids at a
relatively higher content by predating other creatures at a lower trophic
level (Calder, 1996). Fish at a high trophic level have relatively high
concentrations of omega-3 fatty acids in their body among all marine
organisms, such as microalgae, shellfish, and squid. Moreover, fish is
more accessible to pretreat than other organisms like shellfish, shrimp,
and crabs with hard shells. Overall, fish oil extraction from fish is the
leading source for humans to obtain omega-3 fatty acids from nature
currently, especially for producing EPA and DHA products.

However, producing omega-3 fatty acids from fish may not
necessarily be the best option due to several major limitations: (1) The
omega-3 fatty acid content in fish fillet or oil is influenced by a wide
range of factors, including fish species, the diet of the fish,
environmental temperature, age and sexual maturity of the fish, part
of the fish processed, health of the fish, season, geometrical location
and weather, and farming or wild-caught (Strandberg et al., 2020;
Alfio etal,, 2021). (2) Ocean and lake contamination affects the safety
of omega-3 fatty acids in fish (Domingo, 2007; Tocher, 2009). Easton’s
studies revealed that methylmercury and polychlorinated biphenyls
were detected in four kinds of wild-caught or farm-raised salmon
(Easton et al., 2002). Mercury in fish could negate cardioprotective
effects, and exposure to other organic pollutants remains a concern
for human health (Domingo et al., 2007). (3) Vitamins A and D
extracted with omega-3 fatty acids from fish oil are another concern.
It was suggested that excessive intake of vitamins A and D may
be associated with other related diseases, such as elevated cholesterol
and other saturated fatty acid absorption (Dave and Routray, 2018).
Additionally, the absolute omega-3 fatty acids content in fish
(2.51g/100g in salmon) (Shahidi and Ambigaipalan, 2018) is low and
is a barrier to lowering the cost of industry-scale manufacturing.

Three main steps are required to extract omega-3 fatty acids from
fish: (1) processing raw material (fish or fish waste), (2) extraction
from processed raw material, and (3) refining of the extracted oil.
Despite over 200years of technological development, the current
manufacturing cost remains high (Rubio-Rodriguez et al., 2010).
While the demand for fish-based omega-3 fatty acids increases
continuously, overfishing may become another concern (Lenihan-
Geels et al,, 2013), which may disrupt marine ecosystems, as
evidenced by Frank et al’s research on the Atlantic shelf ecosystem
(Frank et al., 2005; Scheffer et al., 2005). Consequently, However, the
regulation and limitation and the imbalance between demand and
supply lead to a further increase in the production cost omega-3
from the fish (Oliver et al., 2020). The omega-3 fatty acids
manufactured from fish are also not desired by vegetarians.
Considering the health requirement of vegetarians, the omega-3 fatty
acids market for vegetarians is growing, notable, and substantial
(Leahy et al., 2010).

2.3. Omega-3 fatty acids from plants
As an essential part of agriculture, with more than thousands of

years of development, growing plants on land are stable and with
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TABLE 1 Biomanufacturing of omega-3 fatty acids from various organisms.

. EPA DHA Gene
Organisms TFA/pcw D References
Era  Elocw  Diwa  Dlocw Hodification
Microalgae V. vischeri 8.24 - - - - N Yakoviichuk et al. (2023)
M. subterraneus 329 3.8 - - 11.6 N Qiang et al. (1997)
N. oceanica 61.9 23 - - 3.8 N Patil et al. (2007)
N. oculata 18.7 - - - - N Aussant et al. (2018)
Stauroneis sp. 27.0 0.4 - - - N Archer et al. (2019)
Chlorella sp. - - - 0.7 - N Rasheed et al. (2020)
P. shiwhaense 19.0 0.2 36.0 0.4 1.0 N Jang et al. (2017)
G. smaydae 8.4 0.4 43.0 2.1 4.9 N Sivakumar et al. (2022)
Phaeothamnion sp. 12.0 1.2 7.0 0.3 - N Archer et al. (2019)
Schizochytrium sp 50 - - - - N Lopes Da Silva et al. (2019)
Nannochloropsis salina 16.3 35 - - - N Hoffmann et al. (2010)
Diacronema sp. 2.0 0.2 4.0 0.2 - N Archer et al. (2019)
Fungi P irregulare 0.3 - 0.5 - - Y O’brien et al. (1993)
Aurantiochytrium sp. 10.4 - 40.2 - - Y Lietal. (2015)
M. alpina 26.4 - - - - Y Okuda et al. (2015)
Y. lipolytica 56.6 15.0 - - 26.5 Y Xue et al. (2013) and Xie et al. (2015)
Mortierella sp. 6.7 - 4.9 - - Y Vadivelan and Venkateswaran (2014)
M. alpina 315 - - - 12.7 Y Tang et al. (2018)
A. limacinum - - 15.0 - - Y Abad and Turon (2015)
S. limacinum - - 15.8 - - Y Chi et al. (2009)
C. guilliermondii 2.8 - 6.7 - - Y Guo and Ota (2000)
Bacteria Myxobacteria spp. 10.3 - 11.9 - - Y Garcia et al. (2016)
E. coli - - 31.7 - - Y Giner-Robles et al. (2018)
E. coli 0.4 - - - - Y Thiyagarajan et al. (2021)
L. lactis - 0.01 - 0.1 - Y Amiri-Jami et al. (2014)
Plants B. napus 0.3-0.5 - 6.5— - 23.9-35.8 Y Maclntosh et al. (2021)
10.3
C. sativa 24.0 - 8.0 - - Y Ruiz-Lopez et al. (2014)
A. hypogaea L. 68.0 - - - - Y Wang C. et al. (2019)
B. napus - - 9-11 - - Y Petrie et al. (2020)
Arabidopsis 2.5 - 0.4 - - Y Graham et al. (2007)
Brassica juncea 15 - 1.5 - - Y Wau et al. (2005)
Glycine max 19.6 - 33 - - Y Chen et al. (2014)
Brassica carinata 25 - - - - Y Cheng et al. (2010)
Brassica napus - - 10 - - Y Maclntosh et al. (2021)
Camelina sativa 24 - - - - Y Ruiz-Lopez et al. (2014)
Camelina sativa 8 - 11 - - Y Ruiz-Lopez et al. (2014)

E/1ra» EPA content in Total fatty acids (%); Epcws EPA content in Dry Cell Weight (%); D/rg, DHA content in Total fatty acids (%); D;pcws DHA content in Dey Cell Weight (%).

consistent yields. Producing omega-3 fatty acids by land plants is a While plants can be the primary food source and synthesize oil
possible alternative to fish production. Although plants have a limited  efficiently, they natively lack the genes necessary for synthesizing the EPA
metabolic pathway to synthesize omega-3 fatty acids, like EPA and  and/or DHA fatty acids. Transgenic plants, which have been genetically
DHA, with the development of molecular biotechnology, integrating ~ modified, could potentially provide the backbone for omega-3 fatty acids
the hetero omega-3 fatty acids synthesis pathway from microalgae,  production. Several research groups that transformed the completed
yeast, or bacteria to plants to produce omega-3 is more accessible  biosynthesis pathway of aerobic fatty acid desaturation/elongation
(Adarme-Vega et al., 2014). pathway to several land plants increased their omega-3 fatty acids content.
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(1) Arabidopsis (Mouse-ear cress), after hetero-gene integration,
the EPA and DHA content improved to 2.5 and 0.4%,
respectively (Graham et al., 2007).

(2) Brassica juncea (Indian mustard) reached 15% EPA and 1.5%
DHA after modification (Wu et al., 2005).

(3) Transgene soybean can accumulate 19.6% EPA and 3.3% DHA
(Kinney et al., 2004; Chen et al., 2014).

(4) Brassica carinata, after inserting three different desaturases and
two elongases for omega-3 synthesis, successfully produced
seeds with a composition of 25% EPA (Cheng et al., 2010).

(5) Expressing seven genes on a vector control under seed-specific
promoters in Brassica napus generated one of the first land-
based DHA production systems. This transgenic DHA canola
seed contains 10% DHA (Maclntosh et al., 2021).

(6) After gene modification in Camelina sativa, One iteration for
EPA production can accumulate 24% EPA in the seed; another
iteration for DHA and EPA production can accumulate 8%
DHA and 11% EPA in the seed (Ruiz-Lopez et al., 2014).

The molecular biology technology used on plants makes the
plants successfully produce omega-3 fatty acids.

However, plants have a nonnegligible bottleneck: the elongation
and desaturation of the fatty acid happen in a substrate in a parallel
format. The desaturase prefers the acyl-PC, and the elongase prefers
the acyl-CoA (Domergue et al., 2003). Acyl-PC and acyl-CoA each
have their pools for synthesizing omega-3 fatty acids. Given the
different preferences of desaturase and elongase enzymes, there is a
requirement for the efficient transfer from acyl-PC to acyl-CoA. This
transfer is an additional step in the synthesis of omega-3 fatty acids.
Therefore, these characteristics of plants contribute to their
inefficiency in synthesizing omega-3 fatty acids. Another bottleneck
is that after the synthesis, omega-3 fatty acids are in acyl-PC and
acyl-CoA formats. These two acyl formats use different enzymes to
synthesize triglycerides. One synthesis pathway is through the
Kennedy pathway, while the other involves catalyzation by enzymes
such as LPCAT and PDAT. Ensuring both pathways are efficient is
vital for triglyceride synthesis. However, this means the process might
not be as efficient as in other microbes, which primarily use one
pathway for lipid synthesis (Abbadi et al., 2004; Chen et al., 2014).

2.4. Omega-3 fatty acids from microalgae

Microalgae are unicellular species containing eukaryotes and
prokaryotes (Wen and Chen, 2003). The smallest microalgae are only
a few microns, while the larger ones can reach a hundred microns and
are widely distributed in the ocean and freshwater (Ryckebosch et al.,
2012). As the only creature that can de novo synthesize omega-3 fatty
acids efficiently in nature, historically, humans have commercially
used microalgae for a long time as food, fodder, and a chemical of high
value. Early Chinese references from 2,700 BC highlight the health
benefits of microalgae for humans (Patil et al., 2005). Microalgae
exhibit a faster growth rate than animals and plants, which are
considered the conventional sources of omega-3 fatty acids (Perdana
et al,, 2021). They contain high lipid levels, with total lipids content
per dry cell weight between 20-70% (Lowrey et al., 2016; Sun et al.,
2017). In addition, the omega-3 fatty acids from microalgae are
cholesterol-free, contamination-free, and fishy-odorless (Mendes
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etal,, 2009). These properties make microalgae a potential alternative
omega-3 fatty acid manufacturing source. Microalgae are adaptable
microorganisms that can grow in phototrophic, heterotrophic, and
mixotrophic (Barta et al., 2021), differentiating them using light,
inorganic, and organic carbon sources. Photoautotrophic processing
involves the de novo generation of omega-3 fatty acids from inorganic
carbon sources (CO,) using light as an energy source through
photosynthesis. This processing with a low carbon footprint is
sustainable and cost-effective for omega-3 fatty acids production, but
the light requirement leads to a high requirement of the
photobioreactor design, which limits its development. Open ponds
could serve as ideal environments for phototrophic microalgae.
However, they are susceptible to environmental fluctuations and are
costly to start (Russo et al., 2021).

Conversely, the heterotrophic process uses organic carbon
sources, such as glucose, xylose, acetate, wastewater, and crop flour, to
produce omega-3 fatty acids. All these inexpensive organic carbon
sources can be used to manufacture omega-3 fatty acids through high-
cell-density fermentation in stainless steel vessels without light. The
high cell density will decrease the cost of producing omega-3 fatty
acids (Winwood, 2013).

2.4.1. Lipid and omega-3 synthesis in microalgae

As an alternative source of biomanufacturing omega-3 fatty acids
to fish oil, microalgae offer a prospective future in non-polluted,
sustainable, arable, land-free, and fast-growing operations (Couto et al.,
2021). Microalgae are the initial omega-3 producers in the marine food
chain and can grow faster under different trophic cultivation conditions
(Adarme-Vega et al., 2012; Chen et al., 2023). Due to their fast-doubling
time, for omega-3 fatty acids biomanufacturing, harvesting microalgae
every 4-6days is a typical turnover time, but it can only harvest land
plants 2-3 times annually (Rittmann, 2008). Consequently, the
accumulation of omega-3 fatty acids in microalgae and their high
turnover rate make them a highly efficient and sustainable source of
omega-3 fatty acids biosynthesis (Barone et al., 2020). Easy harvesting
is another unique advantage of microalgae (Abidizadegan et al., 2021).
As unicellular creatures, microalgae can accumulate omega-3 fatty
acids evenly in each of their single cells. However, the concentration of
omega-3 fatty acids is usually concentrated in some specific tissues or
organisms of animals or plants. For instance, a high concentration of
omega-3 fatty acids can be found in fish liver and plant seeds. Extra
steps to separate specific tissues of animals or plants for omega-3 fatty
acids harvesting may increase the manufacturing cost and generate
unnecessary waste. This feature makes microalgae a more favorable
source for omega-3 fatty acids product harvesting than plants or
animals. The global food crisis is a critical topic. The production of
omega-3 fatty acids from land plants relies on arable land, which
potentially competes with food production.

Nevertheless, microalgae cultivation offers a promising alternative
to circumvent these challenges (Rittmann, 2008). The aquatic
environments for microalgae cultivation often provide more stable and
consistent conditions than terrestrial ecosystems. Thus, the growth of
microalgae and omega-3 fatty acid production is influenced less by
seasonal and climate variation (Barta et al., 2021), ensuring a reliable
production of omega-3 fatty acids. Furthermore, certain heterotrophic
microalgae species can utilize sustainable, renewable carbon sources as
substrate, saving the cost for omega-3 fatty acids biosynthesis and
contributing to carbon balance. As a result, microalgae represent a
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potentially more consistent and environmentally friendly source for
omega-3 fatty acids biomanufacturing.

Lipids accumulate inside microalgae cells or cell membranes
under severe conditions against environmental change, especially the
accumulation of omega-3 fatty acids. For example, omega-3 fatty acids
will increase when the nutrients, such as nitrogen and phosphorus but
light (Ramesh Kumar et al., 2019), are limited (Adarme-Vega et al.,
2012). The accumulation of omega-3 fatty acids is not only because of
their high energy but also because of their unique ability, such as good
flow and antioxidizing ability, for cellular membrane function (Cohen
et al., 2000). Because of the excellent fluid ability of omega-3 fatty
acids, increasing omega-3 fatty acids content in cell membranes can
maintain the fluidity of the membrane at low temperatures (Tatsuzawa
and Takizawa, 1995; Jiang and Gao, 2004; Aussant et al., 2018). In
some harsh conditions, like exposure to UV, which will generate free
radicals and damage the membrane, the omega-3 fatty acids show
great anti-oxidization ability to repair the cell membrane, consequently
increasing the omega-3 fatty acids content in the cell membrane
(Liang et al., 2006). These features that can lead to omega-3 fatty acid
accumulation can be utilized for omega-3 fatty acid production. For
example, purposely applying pressure to cultivate Nannochloropsis
salina by decreasing the culture temperature tends to synthesize more
EPA (Increased 40% EPA/dry cell weight) (Hoffmann et al., 2010).

Nevertheless, stress can induce the accumulation of omega-3 fatty
acids; meanwhile, it also reduces growth rate and biomass, which leads
to low lipid productivity (Ramesh Kumar et al., 2019) Thus, two-stage
cultivation is considered a solution for this controversial scenario. The
first stage is cultivation to increase biomass, then apply pressure in the
second stage to produce omega-3 fatty acids (Lu et al., 2021).

Microalgae exhibit various trophic behaviors, including
photoautotrophic, heterotrophic, and mixotrophic modes. Each mode
presents unique advantages and disadvantages when biomanufacturing
omega-3 fatty acids.

2.4.2. Phototrophic cultivation

Most high EPA-content microalgae in nature thrive under a
phototrophic mode. In the phototrophic mode, microalgae utilize the
inorganic carbon source, CO2, and light as an energy source to
photosynthesize carbohydrates. These carbohydrates subsequently
enter the central carbon metabolic pathway, generating energy
necessary for cellular survival. The energy derived from carbohydrates
and the carbohydrates themselves are involved in synthesizing the
biomass and omega-3 fatty acids (Barbosa et al., 2023).

Open systems (open ponds) and closed systems (photobioreactors,
PBR) are applied in most of the microalgae phototrophic cultivation
on an industry scale (Xia et al., 2020; Magoni et al., 2022). Most
commercial microalgae cultivation is in the phototrophic mode in an
open system. For example, several microalgae, such as Scenedesmus
sp., Chlorella sp., and Dunaliella sp., are well-established commercially
cultivated in ponds through autotrophic mode (Borowitzka, 1999).
The major open-air systems include big shallow ponds, tanks, circular
ponds, and raceway ponds, which directly utilize sunlight, leading to
a more remarkable net energy ratio than a closed system (Jorquera
et al,, 2010). Thus, open ponds have significant economic efficiency
and relatively lower operational costs (Sivakumar et al., 2022).
Meanwhile, raceway systems are preferred in areas with high land
costs to maximize cell density and minimize pond area
(Borowitzka, 1999).
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Open systems for microalgae come with their challenges. The
unstable growth conditions of the open system are due to temperature
and light exposure fluctuations. Additionally, the risk of contamination
is higher in open systems, affecting both the microalgae’s development
and the final products quality. Open-air systems often compromise
between light availability, CO2 availability, and the need to maintain
water depth for mixing and avoiding ionic composition changes due
to evaporation (Borowitzka, 1999).

Nevertheless, a closed system can conquer part of the challenges
in the phototrophic cultivation open system, even though the cost may
be higher than the open system. Due to the enclosed system, the PBR
system can control environmental parameters like temperature,
nutrition concentration, and salinity, reduce contamination chances,
and generate higher biomass (Santin et al., 2022). Also, they enable the
cultivation of a more comprehensive range of species and operation
over a broader climatic range. They allow for better control over
culture conditions, ensuring consistent product quality. These systems
can also operate in continuous culture mode, reducing harvesting
costs and land requirements. However, the volume-to-surface ratio of
PBR is limited, which restricts the lighting requirements when
cultivating microalgae and consequentially restricts the scale-up
(Martins et al., 2013). Meanwhile, oxygen will be the by-product of
photosynthesis when phototrophic macroalgae cultivation. The
accumulation of high oxygen in PBR affects the titers of biomass and
omega-3 fatty acids (Mendes et al., 2009).

2.4.3. Heterotrophic cultivation

Although phototrophic growing is more energy efficient than
heterotrophic, it lowers the titer of biomass and lipids and the
productivity of biomass and lipids (Davis et al., 2021). For instance,
Chlorella vulgaris demonstrates higher biomass and lipids productivity
under heterotrophic conditions than phototrophic conditions (Barone
et al.,, 2020; Couto et al.,, 2021). In phototrophic cultivation, the
maximum cell density reached so far has been observed in the
cultivation of M. salina in thin-layer cascade photobioreactors,
resulting in a dry cell weight of only 30gL™" dry cell weight and
biomass productivity of 3.1gL™ D™ (Schédler et al, 2020). In
contrast, the highest reported cell density in heterotrophic cultivation
has been achieved with S. acuminatus grown in a 7.5-L batch
fermenter, producing a dry cell weight of 286 gL — 1 dry cell weight
and biomass productivity of 91.4gL™' D (Jin et al., 2020).

Certain microalgae demonstrate the remarkable ability to use
sustainable and low-cost organic carbon sources as their carbon
sources, thus allowing them to thrive in dark environments (Lopes Da
Silva et al., 2019). This approach presents a distinct advantage over
light-dependent phototrophic methods, as it is not restricted by the
daily light cycle or geographical location. Moreover, it enables the
growth of specific algal species that might not otherwise flourish in
traditional phototrophic conditions (Saini et al., 2021). The growth
under heterotrophic conditions employs fermenters, a well-understood
technology extensively applied in various industries. As a result, this
familiarity offers cost advantages as it reduces the complexity and
financial burden associated with the design, operation, and subsequent
scaling-up of production facilities. In addition to these benefits, the
high productivity achieved in heterotrophic cultivation significantly
shortens the culture time (Karageorgou et al., 2023). It also increases
cell density cultures, greatly simplifying harvesting and downstream
purification processes (Morales-Sanchez et al., 2013). A remarkable
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aspect of this approach is the continuous, day-and-night production of
omega-3 fatty acids due to the independence from light, resulting in
more consistent and predictable production. For instance, DSM, a
global enterprise that acquired Martek Biosciences Corporation in
2010, leads the global production of DHA derived from algae. The
company employs a heterotrophic microorganism, Schizochytrium sp.,
to produce algal oils marketed under LifésDHATM and LifesTM
OMEGA. Remarkably, these algal oils contain a substantial 50%
composition of EPA/DHA (Lopes Da Silva et al., 2019).

2.5. Omega-3 fatty acids from fungi

Using fungi as an omega-3 fatty acids production platform offers
distinct advantages. Fungi can typically grow on several different
carbon sources, making it a flexible choice for omega-3 fatty acids
production. This multi-carbon source option allows the use of cost-
effective resources like acetate, xylose, and glycerol. Furthermore,
fungi can undergo high-density cell fermentation for omega-3
biomanufacturing, which has a higher titer of omega-3 fatty acids in
a single bioreactor. This process saves a considerable amount of space
and volume for fermentation. Fungi also have relatively high native
lipid synthesis abilities, making them an ideal candidate for omega-3
fatty acids synthesis. For instance, Yarrowia lipolytica, engineered by
DuPont, can produce EPA, comprising 50% of total lipids (Xue et al.,
2013; Xie et al., 2015).

Three standards are necessary to value the cost efficiency of
synthesizing omega-3 fatty acids: the dry cell weight of the microbe,
the lipid content, and the omega-3 fatty acid content within the lipids
(Zhang X.-Y. et al,, 2022). The cells must synthesize and store the
omega-3 fatty acids before harvesting and extraction. The dry cell
weight determines the maximum lipid storage capacity; the lipid
content dictates the maximum omega-3 synthesis potential; and the
omega-3 fatty acids within the lipids represent the efficiency of
omega-3 fatty acid synthesis. Oleaginous fungi, which can accumulate
more than 20% of lipids within their cells (Patel et al., 2020), offer an
alternative microbe type for consideration as a potential cell factory
for omega-3 fatty acid synthesis. A recent research paper, represented
in Table 1, reports the omega-3 fatty acids produced by fungi. Table 1
shows the omega-3 fatty acids produced by fungi in a recent
research paper.

However, current omega-3 fatty acids manufacturing by fungi still
faces major challenges and limitations, several of which are listed below:

(1) Compared to bacteria (oguax ~ 2 h™"), fungi have a relatively
low growth rate (tmax < 0.2 ~ 0.3 h™), leading to a relatively
lower productivity due to the lower growth rate (Lynch and
Harper, 1974; Allen and Waclaw, 2019)

(2) Harvesting and purifying omega-3 fatty acids from oleaginous
fungi present challenges limiting their development. The impurity
of hydrophobic byproducts, such as omega-6 fatty acids, increases
the difficulty of purification. The current primary purification
method involves transesterifying fatty acids from freeze-dried
cells, an energy-inefficient and costly process. Moreover, the
harsh conditions may degrade the omega-3 fatty acids during
processing. The product of this method can only be fatty acid
methyl ester (FAME). The variability in cell membranes can also
reduce the efficiency of this method (Gorte et al., 2020).

Frontiers in Microbiology

10.3389/fmicb.2023.1280296

(3) In a typical scenario, aerobic fermentation necessitates a high
oxygen uptake rate (OUR). Concurrently, high cell density and
aerobic fermentation demand an elevated OUR. However, this
requirement might exceed the capacity of most commercial-
scale fermenters in terms of oxygen transfer rate (OTR) or
cooling capacity. The latter is particularly important for
temperature maintenance, as excessive heat generation could
disrupt the process (Xie et al., 2017b).

(4) The low yield of lipids significantly limits the potential for
industrial biomanufacturing of omega-3 fatty acids from fungi.
Y. lipolytica, as an Oleaginous fungus, for example, can only
theoretically yield 0.271 g of stearidonic acid (SA) per g of glucose.
This limitation arises primarily because the synthesis of SA
requires a sufficient supply of ATP and NADPH energy cofactors
from the anabolic of glucose (Figure 2). Even if a metabolic
engineering method can convert all NADH to NADPH, the
theoretical yield only increases to 0.351g per g of glucose (Qiao
etal., 2017). Also, citric acid is usually produced as a byproduct
during lipids synthesis, consuming 35% carbon source, which is
a nonnegligible number (Liu et al., 2021). Moreover, more than
50% of carbon is lost as CO2 due to the need for ATP generation.

(5) Utilizing glucose as the primary carbon source has significant
limitations. The sourcing of glucose, often derived from
terrestrial plants, can compete with the demand for arable land
for food crop production, potentially exacerbating global food
crises. Additionally, converting glucose to omega-3 fatty acids is
lengthy and inefficient, involving more than 20 steps. The low
conversion yield, low productivity, and high capital costs
associated with the batch or fed-batch process hinder the
advancement of biomanufacturing omega-3 fatty acids from
fungi. The product purification process, which involves the
extraction of EPA/DHA from yeast biomass, is complex and
costly. It necessitates a series of operations, including biomass
harvesting by centrifugation and filtration, biomass drying,
biomass disruption techniques such as extrusion, lipid extraction
using hexane solvents, and distillation of DHA/EPA from the
extracted lipids. These complexities and costs further increase
the production cost of omega-3 fatty acids from fungi, decreasing
its competitiveness. The new opportunities for omega-3 fatty
acid biomanufacturing using fungi (Vasconcelos et al., 2018).

2.6. Omega-3 fatty acids from bacteria

Bacteria also present a viable host for biosynthesis of omega-3
fatty acids synthesis. Even though bacteria lack a native pathway for
synthesizing omega-3 fatty acids, the molecular biology tools for
engineering bacteria strains are mature, making it potentially easier to
explore and develop more efficient omega-3 fatty acids synthesis
pathways (Giner-Robles et al., 2018). Additionally, bacteria grow
quickly, suggesting the potential for a shorter culture time to obtain
omega-3 fatty acids products. However, bacteria face difficulty
accumulating enough lipids within their cells, leading to low efficiency
in producing omega-3 fatty acids.

The gene cluster for EPA/DHA expression was expressed in E. coli
after removing redundant genes. It was demonstrated that EPA
increased 3.5 to 6.1-fold. The optimized EPA/DHA expression cluster
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TABLE 2 Comparison between biomanufacturing of omega-3 fatty acids from various organisms.

General information

Specific information

Growth Omega-3 Gene .
9 o Advantage Disadvantage
rate content editing
« Can accumulate substantial lipids. o Grow very slowly.
« Great potential for omega-3 production « Require large lands, Competes with food.
post-gene-editing. « High extraction cost due to the production
« Phototrophic organisms capable of of omega-3 in seeds.
Plants Very low High Hard Very high
recycling CO, back into omega-3 » Major bottleneck in the native metabolic
production. pathway for further improving omega-3
« Environmentally friendly and cost- production.
effective process. « Relatively hard to engineer the plants.
« Can natively produce omega-3 fatty acids. « Low cell density.
« Can accumulate high levels of omega-3. o Alarge area is required for omega-3
« Mature technologies are available to production by phototrophic process.
Microalgae | Low High Easy High cultivate them effectively. « Light is necessary for phototrophic
« Relatively easy to conduct gene editing. microalgae, necessitating a well-designed
« The unicellular structure facilitates easier bioreactor with a higher surface area to
extraction of omega-3 fatty acids. accept light.
« Grow rapidly in bioreactors and achieve
« Grow relatively slower than bacteria.
very high cell density
« Substantial amounts of omega-6 fatty acids
« Require less space for industrial
as by-products in fungi may increase the
production.
cost of purification processing.
Fungi High Very high Easy Low « Easy to conduct gene editing.
« Require a large amount of oxygen during
« Oleaginous fungi can store high levels of
fermentation processing.
lipid bodies.
« Relatively low yield of omega-3 from
« Capable of high omega-3 fatty acids
glucose.
production inside cells.
« Fastest growth rate among all organisms.
» Have shallow omega-3 content inside the
« Most mature gene editing technology is
cells due to the absence of an organelle
Bacteria Very high Low Easy Low available.
structure that can accumulate sufficient
« Do not require too much space for
lipids for omega-3 fatty acid production.
industrial manufacturing.

was inserted into L. lactic produced DHA at 0.135% of dry cell weight
and EPA at 0.05% of dry cell weight (Amiri-Jami et al., 2014).
Successfully producing EPA/DHA from L. lactis provides a faster and
safer platform for EPA/DHA production. Although these bacterial
hosts grow faster and can produce EPA and DHA, the relatively low
yield prevents them from being ideal hosts for commercial omega-3
fatty acid manufacturing.

Presently, the production of omega-3 fatty acids by other bacteria,
as detailed in Table 1, suffers from similar limitations. Owing to their
low capability to accumulate lipids within cells and inefficiency in
metabolizing lipids, the yield and titer of omega-3 fatty acids produced
by bacteria are unsatisfactory. While there have been reports of
bacteria-based production of omega-3 fatty acids, the resulting yield
and concentration have not met acceptable standards.

2.7. Advantage and disadvantage of various
organism

Based on the organisms, including microalgae, plants, fungi, and
bacteria, discussed in this review, Table 2 summarizes the advantages
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and disadvantages of different organisms for omega-3 fatty
acid production.

3. Metabolic pathways and
engineering strategies for biosynthesis
of omega-3 fatty acids

One key strategy to enhance the performance of microbial factories
is by expanding the pathways that contribute to product synthesis and
blocking those that may waste carbon, thereby directing carbon flow
toward the desired product. Also, it is essential to ensure that energy
blocks, such as ATP, NADH, and NADPH, balance with the energy
required for product synthesis. Advancements in modern molecular
biology make precise and delicate engineering of metabolic pathways
within cells feasible. Among these tools, CRISPR is the most notable
one. It can edit genes through targeted insertion, targeted knockout,
gene expression activation, and gene expression inhibition. Protein
engineering can also enhance an enzymess efficiency, directing reactions
toward the desired outcome. These efficient molecular biology tools
make the design of metabolic pathways more rational and productive.
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FIGURE 3

An overview of the general fatty acid synthesis process. The malonyl-CoA can add to acetyl-CoA every cycle of the FAS pathway to increase two
carbons on the Acyl-CoA carbon chain. ACP, Acyl Carrier Protein; AT, Acetyltransferase; MPT, Malonyl/Palmitoyl Transferase; KS, Ketoacyl Synthase; KR,
NADPH-dependent ketoacyl Reductase (KR); DH, dehydratase; ER, NADPH/FMN-dependent Enoyl Reductase.

3.1. Fatty acid synthesis and metabolism

3.1.1. Fatty acid synthesis

The synthesis of fatty acids starts with acetyl-CoA, with each cycle
adding two carbons to the fatty acid chain through malonyl-CoA,
eventually synthesis of long-chain saturated fatty acids (Palmitic acids,
C16:0) after multiple cycles, which mainly happened in the cytoplasm
(Figure 3).

The yeast Fatty Acid Synthase (FAS) is a multi-enzymatic complex
containing all necessary catalytic domains for producing a fully
saturated C16 fatty acid from acetyl-CoA, malonyl-CoA, and
NADPH. These domains, including acetyltransferase (AT), NADPH/
FMN-dependent enoyl reductase (ER), dehydratase (DH), malonyl/
palmitoyl transferase (MPT), NADPH-dependent ketoacyl reductase
(KR), and ketoacyl synthase (KS), are distributed across two
polypeptide chains. The cyclical fatty acid elongation process starts
with AT transferring an acetyl group from acetyl-CoA to the Acyl
Carrier Protein (ACP). A malonyl group from malonyl-CoA is then
added to the ACP by the MPT. Then, the subsequent stages, occurring
while intermediates remain attached to the ACP, involve:

(1) Combining malonyl-ACP with the acetyl primer that is
attached to the KS to form acetoacetyl-ACP in an
irreversible reaction.

(2) Reduction by KR.

(3) Dehydration by DH.

(4) Another reduction phase by ER.

The saturated fatty acid, now elongated by two carbon atoms, is
transferred back to KS for the next cycle. Adding two carbons to the
carbon chain even times, The MPT transfers the C, (palmitoyl) from
ACP to CoA and releases it to the cytoplasm (Maier et al., 2010). The
fatty acid synthesis pathway requires substantial amounts of NADPH,
as every two-carbon added to the carbon chain needs two NADPH
molecules (Wu S. G. et al,, 2016).
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3.1.2. General fatty acid degradation pathways

As a high-efficiency energy and carbon resource stored in cells,
the fatty acids can degrade to acetyl-CoA for energy or carbon
utilization (Figure 4). Beta-oxidation is the primary pathway for
fatty acid degradation. However, as the final product of omega-3
fatty acids biomanufacturing, beta-oxidation is unfavorable for
omega-3 fatty acids accumulation. Consequently, a deeper
understanding of beta-oxidation can guide us in designing highly
effective metabolic pathways within organisms and optimizing
fermentation parameters in biomanufacturing omega-3 fatty acids.

The beta-oxidation mainly happens in the peroxisome. After the
fatty acids are activated to form acyl-CoA by acyl-CoA synthesis
(ACS), the long-chain acyl-CoA can transfer to peroxisome by ABC
transporter, and the short-chain to medium-chain acyl-CoA entering
peroxisome by free diffusion (Van Roermund et al., 2012). Three
major enzymes inside the peroxisome catalyze the rest of beta-
oxidation processing, including acyl-CoA dehydrogenase (ACDH)
encoded by POX genes, Multifunctional enzyme (MFE) encoded by
MFE genes (Matsuoka et al., 2003), and p-keto thiolase (KACAT)
encoded by POT1 gene. The MFE is a big enzyme complex with
several domains with different catalyze centers, including enoyl CoA
hydratase (ECH) and 3-hydroxyacyl-CoA dehydrogenase (HADH)
function. The acyl-CoA can then be degraded in the following
four steps:

(1) Dehydrogenated by ACDH generate a, 3-enoyl-CoA.

(2) Forming B-hydroxyacyl-CoA by catalyzing by MFE.

(3) Converting p-hydroxyacyl-CoA to p-ketoacyl-CoA by MFE
(Wang et al., 2022).

(4) Releasing one molecule of acetyl-CoA and an acyl-CoA with
two carons decreased.

The shortened acyl-CoA can continue to go through beta-

oxidation processing until it fully converts to acetyl-CoA (Werner and
Zibek, 2017).
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FIGURE 4

An overview of the beta-oxidation process, which is also a reverse
reaction of the fatty acid synthesis. Every beta-oxidation cycle can
release an acetyl-CoA and shorten the carbon chain of acyl-CoA by
two carbons. ACS, acyl-CoA synthesis; KACAT, B-keto thiolase; MFE,
Multifunctional enzyme; ACDH, acyl-CoA dehydrogenase.

Most beta-oxidation occurs within the peroxisome, making this
organelle crucial for the beta-oxidation process (Tan et al., 2019). The
PEX genes encode peroxisomal membrane proteins (PMPs) and are
essential for peroxisome formation. It is widely accepted that
peroxisomes originate from the endoplasmic reticulum, with the
expression of Pex3p and Pex16p proteins encoded by PEX3 and
PEX16 inserted into the endoplasmic reticulum, respectively, initiating
the formation of peroxisomes. Subsequently, other peroxisomal
membrane proteins begin to synthesize and insert into
pre-peroxisomes, signifying the maturation of the peroxisome
(Dansen et al., 2001). Pex10p, among all other peroxisomal membrane
proteins, can significantly influence lipid degradation and synthesis.
Xue etal. (2013) report that in the knockout of the PEX10 gene in the
omega-3 fatty acids biomanufacturing strain of Yarrowia lipolytica, the
EPA content nearly doubled, demonstrating that the deletion of

PEX10 resulted in a beta-oxidation defect.

3.2. Omega-3 synthesis pathway

For omega-3 fatty acid biosynthesis, two major metabolic
pathways are considered possible to utilize for omega-3 fatty acid
manufacturing: the aerobic fatty acid desaturation pathway and the
anaerobic polyketide synthase pathway.

3.2.1. Aerobic unsaturated fatty acids synthesis
pathway for omega-3 fatty acid

The aerobic unsaturated fatty acid desaturation/elongation
pathway is a conventional metabolic route that involves several
different desaturases and elongases of fatty acids for adding double
bonds or carbon to different positions or lengths of fatty acids
(Figure 5).

After eight cycles of the fatty acid synthesis, stearic acid (SA,
C18:0) is transferred into the endoplasmic reticulum and undergoes
the first unsaturation step. Stearic acid can be desaturated by A9
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desaturase, which forms a double bond from the 9th carbon away from
the ACP side, resulting in oleic acid (OA, C18:1%°) (Jonasdottir, 2019).
Subsequently, oleic acid can be further desaturated by A12 desaturase
at the 12th carbon away from the ACP side, yielding linoleic acid (LA,
C18:24%12) (Zhuang et al., 2022). Linoleic acid can be further
desaturated by A15 desaturase at the 15th carbon away from the ACP
side, resulting in alpha-linolenic acid (ALA, C18:3**'>%). Both LA and
ALA can be further desaturated by A6 desaturase at the 6th carbon
away from the ACP side, producing gamma-linolenic acid (GLA,
C18:34%%12) and stearidonic acid (SDA, C18:4%%%12%), respectively.
These compounds can then undergo the addition of an acetyl-CoA to
the ACP side, which elongates two carbons on the main carbon chain
by A5 elongase, resulting in dihomo-gamma-linolenic acid (DGLA,
C20:3881114) (ETA, C20:428111417)
respectively. Dihomo-gamma-linolenic acid can be desaturated to ETA

and eicosatetraenoic acid

by A17 desaturase. LA and ALA can also enter another pathway where
an acetyl-CoA is added to the ACP side to elongate two carbons on the
main carbon chain by A9 elongase, yielding eicosadienoic acid (EDA,
C20:24") and eicosatrienoic acid (ERA, C20:24'>*'), respectively.
EDA and ERA can be further desaturated by A6 desaturase at the 8th
carbon away from the ACP side, producing DGLA and ETA,
respectively. These compounds can then be further desaturated by A5
desaturase at the 5th carbon away from the ACP side, resulting in
arachidonic acid (ARA, C20:4%>*'"'*) and eicosapentaenoic acid (EPA,
C20:5481L1417) ' respectively. ARA can be desaturated to EPA by A17
desaturase. In following pathway, ARA and EPA can have an
acetyl-CoA added to the ACP side to elongate two carbons on the main
carbon chain through the action of A5 elongase, resulting in
docosatetraenoic acid (DTA, C22:4%7'1>1¢) and docosapentaenoic acid
(DPA, C22:54710131619) "regpectively. DTA can then be desaturated to
DPA by A19 desaturase. Finally, DTA and DPA can be further
desaturated by A4 desaturase at the 4th carbon away from the ACP
side, yielding DPA and docosahexaenoic acid (DHA, C22:64+710131619),
respectively. DPA can be desaturated to DHA by A19 desaturase. The
aerobic pathway advantage has been more extensively researched and
understood, simplifying the process of genetic manipulation for fatty
acid production. However, it can have a drawback of lower yield and
efficiency due to the stepwise and complex nature of the process (Ruiz-
Lopez et al., 2015).

3.2.2. Anaerobic polyketide synthase pathway for
omega-3 fatty acid

The anaerobic polyketide synthesis pathway can synthesize very
long-chain fatty acids, starting directly from acetyl-CoA. This pathway
employs a large multifunctional enzyme, polyketide synthase (PKS),
with eight different protein domains. These domains work in concert
to extend the fatty acyl chain, simultaneously introducing a double
bond every two carbons during the extension process (Figure 6; Metz
et al,, 2001; Hayashi et al., 2016). The primary advantage of the PKS
pathway is that it potentially offers a more efficient and direct way to
synthesize EPA or DHA, as it condenses the desaturation and
elongation processes into a single reaction cycle.

The PKS pathway presents an alternative for synthesizing omega-3
fatty acids from acetyl-CoA in an anaerobic environment (Li Z. et al.,
2018). It bears considerable similarity to the fatty acid synthesis
pathway, which initiates with acetyl-CoA coupling to KS and
subsequent binding with malonyl-CoA to form alpha-ketoacetyl-ACP,
concurrently releasing one CO, molecule.
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FIGURE 5

Malonyl-CoA .

The general metabolic pathway for the synthesis of omega-3 fatty acids. After the saturated fatty acid is generated in the FAS pathway, it is further
desaturated by the unsaturated fatty acid synthesis pathway by several different desaturases and elongases. PA, Palmitic acids; SA, Stearic acid; OA,
Oleic acid; LA, Linoleic acid; ALA, Alpha-Linolenic acid; GLA, Gamma-Linolenic acid; SDA, Stearidonic acid; DGLA, Dihomo-Gamma-Linolenic acid;
ETA, Eicosatetraenoic acid; EDA, Eicosadienoic acid; ERA, Eicosatrienoic acid; ARA, Arachidonic acid; EPA, Eicosapentaenoic acid; DTA,
Docosatetraenoic acid; DPA, Docosapentaenoic acid; DHA, Docosahexaenoic acid; A9D, A9 desaturase; A12D, A12 desaturase; A15D, A15 desaturase;
A6D, A6 desaturase; A5SE, A5 elongase; A17D, Al17 desaturase; A9E, A9 elongase; A19D, A19 desaturase; A4D, A4 desaturase.

Acetyl-CoA
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Unsaturated Fatty Acid Synthesis (UFAS)

FIGURE 6

DH,, isomerase.

The polyketide synthesis (PKS) pathway for the synthesis of omega-3 fatty acids. The malonyl-CoA can be added to acetyl-CoA every cycle of the PKS
pathway to increase two carbons on the Acyl-CoA carbon chain. However, the major difference between the PKS and FAS pathways is that 2,3-trans-
enoyl-CoA can isomerize by DH, thus generating a cis double bond during the carbon chain elongate processing without one NADPH consuming.

ClnB) SCoA

DH then reduces the alpha-ketoacetyl-ACP to yield enoyl-ACP
and H,O. Enoyl-ACP can undergo further reduction or isomerization
to generate an acyl-ACP with an increased chain length by two
carbons or an acyl-ACP with an expanded carbon chain and a cis
double bond.

This newly formed saturated or unsaturated acyl-ACP can
proceed into the lipid synthesis pathway, primarily incorporating into
the sn-2 position of LPA (Ma et al., 2022). Alternatively, it may bind
with another malonyl-CoA molecule, reentering the PKS synthesis
cycle to continue the elongation of the carbon chain and the
introduction of additional double bonds. Each cycle of the PKS
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pathway can add two carbons and one double bond to an acyl-CoA
(Gemperlein et al., 2014).

The pathway clearly illustrates that the initial three steps closely
parallel the processes involved in the FASs. The primary divergence
occurs in the fourth step, where an isomerase facilitates the
transformation of the trans double bonds in enoyl-ACP into cis
double bonds. PKSs and FASs demonstrate shared evolutionary traits,
yet PKSs lack one or more catalytic sites necessary for fatty acid
elongation. This results in a longer acyl chain that a keto group, a
double bond, or a secondary alcohol group characterizes (Blasio and
Balzano, 2021). This unique aspect enables direct bond formation
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Formation of omega-3 triglycerides. The synthesized omega-3 acyl-CoAs can enter the lipid synthesis process to form a more stable compound, lipid
triglyceride. GPD, Glyceraldehyde-3-phosphate dehydrogenase; GPAT, Glycerol-3-phosphate acyltransferase; LPAT, 1-acyl-sn-glycerol-3-phosphate
acyltransferase; PAP, 1,2-diacyl-sn-glycerol 3-phosphate phosphohydrolase; DGAT, 1,2-diacyl-sn-glycerol O-acyltransferase; GPAT 4/6, Glycerol-3-
phosphate 2-O-acyltransferase 4/6; MGAT, Monoacylglycerol O-acyltransferase; LPCAT, Lysophosphatidylcholine acyltransferase; PDCT,
phosphatidylcholine diacylglycerol choline phosphotransferase; PDAT, phospholipid diacylglycerol acyltransferase; LPA, Lysophospholipid; PA,
phospholipid; DAG, di-glyceride; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; 2-LPA, 2-lysophospholipid; MAG, Monoglyceride.

without necessitating the consumption of NADPH for double bond
reduction. This strategy also conserves a redox equivalent, providing
a significant advantage in the subsequent desaturation stages of the
double bonds.

Intriguingly, the PKS pathway notably reduces NADPH
requirements for synthesizing EPA and DHA. To illustrate,
synthesizing EPA and DHA from malonyl-CoA and acetyl-CoA
through the FAS and desaturase/elongase pathways necessitates 21
and 26 units of NADPH, respectively. Specifically, it uses 8 and 12
moles less NADPH than the FASs for forming EPA and DHA,
respectively (Jia et al., 2022). NADPH is typically a limiting component
in omega-3 fatty acid synthesis, and the enhanced redox efficiency of
the PKS pathway makes it a highly competitive alternative for omega-3
fatty acid biomanufacturing (Gemperlein et al., 2019).

However, The PKS pathway involves a complex set of enzymes and
requires precise regulation. The exact mechanisms of this pathway are
still under investigation, making it a challenging candidate for genetic
engineering, which poses a challenge in exploiting this pathway for
large-scale production.

3.2.3. FFA and TAG formation and conversion
pathways

The free fatty acid accumulation inside cells is toxic to cells. FFAs
can integrate into cell membranes, altering their fluidity, functionality,
and integrity, disrupting normal cellular processes (Figure 7). It also
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can lead to an overload of fatty acid beta-oxidation in the
mitochondria. The increase of H202 due to excess free fatty acids
under the beta-oxidase process leads to the increased production of
reactive oxygen species (ROS) (Egnatchik et al., 2014). These ROS can
damage cellular structures and lead to cell death. Accumulation of
FFAs can induce endoplasmic reticulum (ER) stress, which can also
trigger cell death if the stress is too severe or prolonged (Ly et al., 2017).

Thus, it is crucial for omega-3 fatty acids to be stored in an
appropriate format. Triglyceride is a generally stable format for storing
fatty acids. Once the omega-3 fatty acids are synthesized through the
fatty acid synthesis pathway, they attach to a glycerol backbone to
form triglycerides under the lipid synthesis pathway (Jiang et al.,
2022). The primary lipids synthesis pathway, the Kennedy pathway,
happens in the endoplasm reticulum (Arhar et al, 2021). The
acyl-CoA can be added to Glycerol-3-phosphate is activated by GPD1
from DHAP by following steps (Klug and Daum, 2014):

(1) An acyl-CoA is added to the sn-1 position of G3P to form
lysophospholipid (LPA) by GPAT (Jain et al., 2007).

(2) Another acyl-CoA is added to the sn-2 position of the LPA to
form phospholipid (PA) by LPAT.

(3) The phosphate group is removed from the sn-3 position of the
PA to form di-glyceride (DAG) by PAP.

(4) The last acyl-CoA is added to the sn-3 position of the DAG to
form triglyceride (TAG) by DGAT (Wang et al., 2012).
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Other pathways can also add acyl-CoA to the glycerol backbone
from TAG:

(1) G3P can add an acyl-CoA to the sn-2 position and generate a
2-lysophospholipid (2-LPA) by GPAT4/6.

(2) The 2-LPA releases the phosphate group to form a
Monoglyceride (MAG) by GPAT4/6.

(3) MAG adds another acyl-CoA by MGAT to produce a DAG,
thereby entering the Kennedy pathway (Petrie et al., 2012;
Radulovic et al., 2013).

Through the phosphatidylcholine synthesis pathway, the
phosphatidylcholine (PC) can transfer an acyl group to DAG to form
a TAG and a lysophosphatidylcholine (LPC) by PDAT (Benghezal
et al., 2007; Batra, 2023). Meanwhile, the LPC can receive an acyl
group catalyzed by LPCAT (Chen et al., 2007; Zheng et al., 2012), and
the PC can enter the Kennedy pathway by converting to DAG
by PDCT.

4. Perspectives for future
blqénanufacturlng of omega-3 fatty
acids

4.1. Increasing NADPH availability such as
recycling NADH back to NADPH for lipid
synthesis

NADPH is a significant requirement in the de novo biosynthesis
of omega-3 fatty acids, which require 21 and 26 NADPH units for EPA
and DHA biosynthesis, respectively, from acetyl-CoA via the
FAS pathway.

Wasylenko et al. (2015) in a metabolic flux analysis, determined
that the pentose phosphate (PP) pathway is the primary source of
NADPH for lipogenesis. A model developed by Qiao et al. (2017) to
analyze the global metabolic network during lipid accumulation
found that a limited supply of NADPH restricts lipogenesis. This
suggests that lipid accumulation could be enhanced by increasing the
supply of NADPH. Qiao et al. engineered four pathways to convert
glycolytic NADH into cytosolic NADPH to address this issue. They
employed various strategies, including the overexpression of NADP*-
dependent G3P dehydrogenases, activation of the POM cycle, and
activation of the NOG pathway. These strategies significantly increased
lipid yield. Co-expression of a heterologous GapC and a heterologous
MCE2 further boosted the lipid yield. In an optimized bioreactor, the
highest lipid yield reached was 0.279 g/g, with a productivity of 1.2 g/
(L'h) and a lipid titer of 99.3 g/L (Wang J. et al., 2020). Therefore, a
better design of the NADPH metabolic pathway in fatty acids synthesis
is crucial for omega-3 fatty acid biomanufacturing in the future.

4.2. The production of omega-3 fatty acids
in yeast as an extracellular product has
been pursued its potential to yield higher
titer

Conventionally producing omega-3 fatty acids in vivo entails
harvesting and purifying the oil from the cells. This approach imposes
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a boundary on production potential, as the cell volume limits the
maximum yield. The omega-3 fatty acids are synthesized within and
then secreted outside the cells, enabling the rate of omega-3 fatty acids
over the dry cell weight to exceed 100%. This strategy might not only
increase the titer of the omega-3 fatty acids, but it could also decrease
the cost of downstream harvesting and processing. Ledesma-Amaro
et al. developed two approaches to secrete FA out of cells.

The first approach to this innovative method sought to increase
the FFA flux by overexpressing genes involved in TAG synthesis and
degradation (DGA2, TGL4, and TGL3). Concurrently, genes
associated with FFA activation and degradation (FAAI and MFEI)
were deleted. The result was an accumulation and subsequent
secretion of FFA. The second approach aims to entirely prevent lipid
body (LB) formation and redirect FA synthesis to the cytosol by
emulating bacterial pathways with relocated acyl-CoA thioesterases.
This redirection was achieved by deleting four genes (ARE1, DGAI,
DGA2, and LROI) that inhibit the formation of neutral lipids (TAG
and SE), in combination with FAA1 and MFE1 deletion, and the
overexpression of RuTEII to enhance FA secretion (Ledesma-Amaro
et al., 2016). When these methods were employed in an optimized
bioreactor, a fatty acid titer of 10.4 g/L was achieved, yielding 0.20 g/g
and a total equivalent lipid content of 120.4% of the dry cell weight
(DCW) (Wang J. et al., 2020). This surpassed the storage capacity of
individual cells. These groundbreaking strategies disentangle
production from biomass formation and simplify product extraction,
offering a potential breakthrough for overcoming existing constraints
in microbial lipid production. Thus, considering secret the omega-3
fatty acids out of cells for omega-3 fatty acids biomanufacturing have
great potential.

4.3. New gene editing tools to accelerate
the metabolic engineering research

Synthetic biology has dramatically promoted the biological
production of omega-3 fatty acids, in which the advancement of
molecular biology tools has played a critical role. An increasing
number of molecular biology tools are becoming available to aid in
implementing designs from metabolic engineering (Bredeweg
etal., 2017).

4.3.1. CRISPR gene-editing tools

Gene-editing tools such as CRISPR can precisely insert or delete
targeted genes and tune gene expression levels (Liu et al., 2015).
CRISPR-Cas technology is one of the most cutting-edge gene editing
technologies developed in molecular biology. Its emergence has
provided scientists with a precise method for gene editing in model
and non-model organisms. It is especially effective for gene editing in
non-model species where traditional methods are ineficient. This gene
editing technology can not only precisely knock out and insert genes
into target species, but it can also utilize its accurate gene targeting
function to perform gene editing tasks such as gene activation
(CRISPRa) (Bikard et al., 2013), interference (CRISPRi) (Qi et al.,
2013), and point mutation (CRISPR-nCas9) (Li X. et al., 2018). This
precise gene editing of the target species allows for subtle adjustments
of carbon and energy flow (Jeong et al., 2023), balancing the carbon-
energy balance within the organism, thereby enhancing the high yield
and high-productivity production of omega-3 fatty acids.
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4.3.2. Enzyme engineering

Increasing or decreasing the expression of key enzymes in
metabolic pathways at the genetic level to drive carbon flow toward
product direction and thereby increase product yield. However, for
some heterologous enzymes, integrating them into hosts may decrease
their catalytic activities or even cause a loss of function. Therefore,
improving enzymatic activity is a key goal. Protein engineering can
enhance an enzyme’s catalytic abilities, thus increasing the conversion
efficiency of a metabolic pathway. Several approaches have been used
to achieve this, including using artificial enzymes, direct enzyme
evolution, and enzyme immobilization (Proschel et al., 2015; Mateljak
etal, 2019; Li et al., 2020). As part of protein engineering, directly
modifying or immobilizing key enzymes to enhance their enzymatic
activity, co-localizing enzyme complexes, and improving protein
stability is cutting-edge biotechnology that can increase the titer and
productivity in ®-3 fatty acids biomanufacturing.

Sellés Vidal et al. (2021) introduce a novel artificial selection
method that improves enzymes by connecting their properties to the
growth of E. coli cells. The process exploits enzymes using cofactors
NAD" or NADP* to compensate for faulty NAD* regeneration induced
by inactivating specific genes in E. coli, causing a conditional growth
defect. However, this defect can be remedied by foreign enzymes,
provided their substrates are present. The researchers successfully used
this principle to isolate beneficial variants of alcohol dehydrogenase,
imine reductase, nitroreductase, and a high-performing isopropanol
metabolic pathway from large libraries of variants in single-round
experiments. This artificial selection approach provides an efficient
pathway for developing enhanced enzymes with potentially wide-
ranging applications in omega-3 fatty acids bio-manufacturing.

Assembling metabolic pathways with multiple enzymes results in
flux imbalance, limiting overall conversion efficiency and
accumulating intermediates that can be toxic to host cells. Research
has focused on improving pathway efficiency through both the design
of artificial enzyme complexes and the spatial arrangement of these
complexes (Seo and Schmidt-Dannert, 2021). For instance, a fusion
enzyme combining yeast’s Erg20p and Bts1p was created to enhance
diterpene production. It effectively channeled key substrates into
diterpene products. Combining two such fusion enzymes increased
miltiradiene production in a 15L bioreactor with 365 mg/L (Zhou
etal,, 2012). Moreover, fusion enzymes have been developed to reduce
substrate diffusion, minimize intermediate toxicity, and increase
carbon flux. These have been used to improve production in a variety
of pathways significantly.

One notable strategy is physically bringing enzymes that catalyze
consecutive reactions closer together, using synthetic ‘scaffold’
structures inspired by naturally occurring protein binding domains.
This approach has achieved significant increases in production in
various pathways. Synthetic nucleic acid scaffolds have also been used
to enhance natural product bioconversion, such as using Zif268 and
PBSII zinc-finger domains in resveratrol biosynthesis, increasing the
tier by three fold (Conrado et al., 2011).

An alternative method for optimizing enzyme assembly is to
mimic bacterial microcompartments (BMCs), moving enzymes to a
subcellular space. While this technique holds great potential, it is
currently hindered by a limited understanding of assembly and
functionalization mechanisms and several other challenges (Li et al.,
2020). As a multiple-enzyme catalyzed pathway, it has great potential
to use all these methods to increase omega-3 fatty acids production.
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4.3.3. Multi-omics analyses

Multi-omics ~ analyses,  incorporating  metabolomics,
transcriptomics, and proteomics, can provide a comprehensive
understanding of the fungal factory after engineering. Such in-depth
knowledge is helpful for subsequent design stages and can

be employed for in silico calculations using the gathered data.

4.4, Using alternative/economical
feedstocks to increase yield and reduce
material cost

Using other coast-efficiency carbon source, including lipids
from waste cooking oil, cellulose and hemicellulose from
lignocellulose, starch, sucrose from molasses, other than glucose for
omega-3 fatty acids manufacturing have several advantage including
decreasing the cost of manufacturing, increase the titer of omega-3
fatty acids, and environment friendly (Ledesma-Amaro and
Nicaud, 2016).

For some of these low-cost carbon sources, cells may not utilize
them naturally. Thus, engineering the cells to degrade them is the first
step to switching from a high-cost carbon source to a low-cost one.
Here are examples of Y. lipolytica utilization of different carbon
sources (See also Table 3).

4.4.1. Waste plant oils/animal fats

Based on the native Y. lipolytica theoretically yields show that it
needs 3.69kg glucose to synthesize 1kg stearic acids (C18:0) (Qiao
et al.,, 2017), then the stearic acids be further used for EPA and DHA
synthesis. Directly using lipids as the carbon source for omega-3
synthesis is much more efficient for the omega-3 synthesis (Soong
etal., 2023). The oil price is only twice that of glucose, but oil synthesis
needs almost four times that of glucose. As a result, using oil as a
feedstock for omega-3 synthesis may help cut the total cost by nearly
half compared to using glucose.

4.4.2. Cellulose

Cellulose, a linear polysaccharide comprising glucose subunits,
requires at least three classes of cellulases to break it down:
endoglucanases, cellobiohydrolases, and beta-glucosidases. Through
the overexpression of endogenous or heterologous beta-glucosidases,
Y. lipolytica can grow in cellobiose (Guo et al., 2015b). Strains were
engineered to express one of three genes: Trichoderma reesei EGII,
T. reesei CBHIIL, or a T. reesei-Talaromyces emersonii chimeric
CBHI. The most successful growth and cellulose consumption occurred
when all three strains were combined, though the conversion efficiency
remains low at 23%, indicating room for improvement (Wei et al., 2014).

4.4.3. Starch

Despite being an abundant carbohydrate, Y. lipolytica cannot
naturally metabolize starch due to its lack of alpha-amylase and
glucoamylase. A strain has been engineered to express and secrete
both enzymes to address this. This advancement allowed it to
grow on soluble starch (post-liquefaction) and raw starch. The
genetic construct with these two genes was introduced into a
genetically modified strain that accumulated large amounts of
lipids, enabling biodiesel production from starch (Ledesma-
Amaro et al., 2015).
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TABLE 3 Examples of using alternative substrates for lipids and lipid-derived products.

Substrate

Yarrowia lipolytica (YIB6, YIC7 and

Waste cooking oil
YIE1 mutants)

Titer/Rate/Yield
Pr t Referen
oduc (TRY) eferences
C16 and C18 SFAs and 0.062, 0.044, and
Katre et al. (2017)
MUFAs 0.041g/L/h

Waste plant oils | Pork lard Yarrowia lipolytica (W29)

or animal fats

Microbial lipids, citric
Lipid: 58% (w/w) Lopes et al. (2018)

acid, and lipase

Olive mill wastewater Yarrowia lipolytica (ACA-YC 5033)

Microbials lipids, citric

acid, phenolic Lipid: 48% of DCW Sarris et al. (2017)

compound removal

Yarrowia lipolytica (ZetaB 1 and

Cellobiose Microbial lipids 0.8g/L Guo et al. (2015a)
ZetaB 2)
0.08g/h and 0.18 g/h
Cellulose g/h anq g/
Wheat straw Saccharomyces cerevisiae, Lipomyces Microbial ipids and lipid production rates
Brandenburg et al. (2018)
hydrolysate starkeyi, and Rhodotorula babjevae ethanol for L. starkeyi, and R.
babjevae, respectively
Raw starch Yarrowia lipolytica (JMY5196) Microbial lipids 27% of DCW Ledesma-Amaro et al. (2015)
Coculture of anaerobic sludge and Hydrogen and microbial
Starch wastewater 0.36g/L Ren et al. (2015)
microalga Scenedesmus sp. lipids
Starch
Coculture Rhodosporidium toruloides
Cassava starch and amylases-producing yeast Single cell oil 64.9% (w/w) Gen et al. (2014)
Saccharomycopsis fibuligera
Cocoulture of Chlorella pyrenoidosa Microbial lipids and
Sucrose up to 30% (w/w) Wang et al. (2016)
and Rhodotorula glutinis citric acid
Ogataea polymorpha Free fatty acids 15.9¢/L Gao et al. (2022)
Methanol
Pichia pastoris Free fatty acids 23.4g/L Cai et al. (2022)
CO, Chlorococcum littorale Free fatty acids 47.8wt % of DCW Ota et al. (2015)
CO, Chlorella vulgaris Microbial lipids 38+2.6% of DCW Jain et al. (2019)
Omega-3 fatty acids and
CO, Haematococcus pluvialis 171 mg/L Yu et al. (2021)
astaxanthin
C,/C, chemicals
Acetic acid obtained Moorella thermoacetica and Yarrowia
C16-C18 TAGs 18g/L Hu et al. (2016)
from syngas lipolytica
Acetic acid Rhodosporidium toruloides Microbial lipids 48.2% of DCW Huang et al. (2016)
Acetic acid in both salt
Yarrowia lipolytica TAG 115g/L Xu et al. (2017)
and acid forms
Acetate Cryptococcus curvatus Microbial lipids 73.4% of DCW Gong et al. (2015)

4.4.4. Sucrose

Yarrowia lipolytica cannot utilize sucrose as it lacks an
invertase-encoding gene. However, researchers have manipulated
Suc + strains to express the SUC2 gene from S. cerevisiae. SUC2 has
been expressed under the control of the promoter and secretion
signal of alkaline extracellular protease (XPR2), enabling it as a
selection marker in genetic engineering (Fukuda, 2013).
Additionally, SUC2 expression has been employed to produce citric
acid from sucrose. The strongest expression has been achieved
using the strong TEF promoter, resulting in strains displaying 7.5
times more invertase activity than previous strains (Lazar
etal., 2013).

4.4.5. CO,-derived C,/C, chemicals
C,/C, chemicals such as formic acid, methanol, acetic acid, and
ethanol can be obtained from the CO, fixation process via an
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electrochemical catalysis process. This will not only help improve the
lipid and omega-3 fatty acid biosynthesis yield but also help address
the issues of CO, capturing and fixation related to climate change and
the sustainability of biomanufacturing (Xu et al., 2017; Yishai et al.,
2018; Zhong et al., 2020). In many fermentation processes, only a
small portion of the carbon source is used for biosynthesis of the
target product(s), about half or more portion of the carbon source is
wasted as off-gas CO, generation (Xu et al., 2021). The released CO,
from the fermentation can be fixed into C,/C, chemicals via different
electrochemical, photochemical, and catalytic processes (Mustafa
etal,, 2020). In that case, the C,/C, chemicals can be brought back to
fermentation to significantly improve the overall biomanufacturing
yield (Figure 8). Many microbial cells, including methylotrophs,
industrial strains, and yeasts, have succeeded considerably in this field.

C, chemicals are deemed as potential feedstocks for bioproduction
due to their ubiquitous nature and cost-effectiveness. This interest is
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Multi-step reactions are presented by dashed arrows.

Potential metabolic pathways for using C,/C, chemicals for biosynthesis of lipids and omega-3 fatty acids. THF, Tetrahydrofolate; G3P, glyceraldehyde
3-phosphate; G6-P, glucose-6-phosphate; F6-P, fructose 6-phosphate; PEP, phosphoenolpyruvate; RuBisCo, ribulose-1,5-bisphosphate carboxylase.

further motivated by the urgency to alleviate global warming and
reduce dependency on fossil fuels (Zhang et al., 2018; Liu Z. et al,,
2020). Nonetheless, using these C, compounds in biomanufacturing
poses challenges, including low utilization pathway efficiency, high
energy demands, and reduced power (Cotton et al., 2018). Several
efforts are underway to optimize these utilization pathways.
Microorganisms, such as yeasts and microalgae, have been engineered
to utilize these C, substrates effectively. Methylotrophic organisms,
capable of using C, compounds as their sole carbon source, are
pioneering this advancement. One instance is the engineering of
Ogataea polymorpha, an industrial yeast, to produce free fatty acids
solely from methanol. This process initially had adverse effects,
including inhibition of cell growth and potentially cell death. However,
through adaptive laboratory evolution (ALE) and the modification of
gluconeogenesis pathways, a strain capable of synthesizing fatty acids
from methanol was created, achieving a substantial titer of 15.9g/L
(Gao et al., 2022). Similarly, researchers used the methanol utilization
pathway of the natural methylotrophic yeast, Pichia pastoris, to
2018). The supply of
acetyl-CoA was boosted, and NADPH regeneration was intensified to

increase fatty acid synthesis (Pefia et al,

fulfill the large requirement for these components in fatty acid
synthesis, which can be directed toward the omega-3 fatty acid
production through further genetic modifications. Formaldehyde
assimilation was further strengthened, resulting in a strain that could
synthesize 23.4g/L of fatty acids from methanol (Cai et al., 2022).
Under methanol cultivation, the cells of Pichia pastoris amplify their
peroxisomes, thus exhibiting potential as a host for producing
oleochemicals, like lipids and omega-3 fatty acids (Zhou et al., 2016).
Moreover, this yeast can be converted into an autotrophic strain,
utilizing CO, as a carbon source and methanol as an energy source.
This is achieved by engineering the methanol assimilation pathway,
known as the xylose monophosphate (XuMp) or dihydroxyacetone
(DHA) cycle, into a CO, fixation pathway (Gassler et al., 2020). The
thermotolerant methylotrophic yeast, Hansenula polymorpha, due to
its effective CRISPR-Cas9 mediated genome editing toolkit, presents
another promising host for oleochemical production using methanol
(Wang et al., 2018). To enhance methanol utilization in other yeasts
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like S. cerevisiae and Yarrowia lipolytica, the XuMP cycle from
P, pastoris has been incorporated into it, leading to slow but progressive
growth and pyruvate production (Dai et al., 2017). However, the poor
cell growth and slow methanol utilization highlight the need for more
sophisticated engineering (Vartiainen et al., 2019).

The utilization of C, compounds is not limited to yeasts.
Microalgae are recognized as a significant biofuel feedstock, as these
photosynthetic organisms can transform CO, into carbon-rich lipids.
Certain CO,-tolerant algae, such as Chlorococcum littorale, had
intracellular fatty acid up to 47.8% DCW using low concentration
CO2 (5% v/v) as a carbon source and light as reducing power (Ota
et al., 2015). Another microalga, Chlorella vulgaris, can directly fix
CO,; however, fatty acid production is low due to the low solubility of
CO, even though the CO2 concentration fed was high up to 20% at a
, 2019). To resolve this,
constructing a carbonic anhydrase complex increased CO, solubility

continuous flow rate of 0.5 vvm (Jain et al.

by rapidly converting it into bicarbonate (HCO3-), enhancing
malonyl-CoA synthesis capacity and ultimately increasing fatty acid
production (You et al., 2020). Freshwater microalga, Haematococcus
pluvialis, already commonly used for industrial astaxanthin
production, was proposed to produce omega-3 fatty acids and
astaxanthin simultaneously by fixing CO, in calcium-supplemented
media (Yu et al., 2021).

Despite the potential, the commercialization of biofuel production
from CO, through algal biomass is facing economic hurdles. The cost
of producing algal oils and biodiesel from CO2 ranges from 9 to 40
US$/per gallon, making it economically challenging (Salehizadeh
etal., 2020). However, with technological advances in cell properties,
bioreactor design, and nutrient and energy use, a tenfold reduction in
production cost and significant scale-up can be achieved in the
coming decade (Khan et al., 2018).

Applying two-carbon (C,) chemicals like acetate and ethanol to
produce lipids and omega-3 fatty acids has also drawn significant
2021). Since ethanol
assimilation has not been explored for lipid and/or lipid-derived

attention in biomanufacturing (Kim et al,

products, studies focused mainly on acetate. Acetate serves as a precursor
for the biosynthesis of crucial biomolecules like amino acids, ketoacids,
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polyphenols, and fatty acids (Kiefer et al., 2021). Additionally, it is an
appealing substrate for this purpose due to its abundance from low-cost
sources such as anaerobic digestion and syngas (Hu et al, 2016).
However, challenges arise from the low acetate concentration when
sourced from upstream waste utilization processes. This issue has been
addressed by developing advanced feed strategies and process setups,
such as continuous bioreactors and cell recycling units (Xu et al., 2017).

Microorganisms are crucial in these processes, with various natural
hosts and industrial strains being studied. The oleaginous yeasts
Rhodosporidium toruloides, Yarrowia lipolytica, and Trichosporon
cutaneum are particularly interesting. These yeasts have been investigated
for lipid production solely from acetate (Zhang C. et al., 2022). For
instance, an engineered strain of Y. lipolytica grown on 30% (v/v) acetic
acid yielded a lipid titer of 51 g/L and lipid accumulation of 61%. The
yeast’s efficacy was further demonstrated by applying a cell recycling
scheme using 3% (v/v) acetic acid media. This led to a lipid titer of 46 g/L
and a lipid accumulation of 59% (Hu et al., 2016). Integrating multi-step
bioprocesses and microbial consortia can drastically increase
productivity and reduce costs. A two-step biosynthetic system that
combines coculture systems with industrial and nonconventional strains
may also have promising results (Du et al., 2020). Under optimized
feeding conditions and combining this with a semi-continuous process,
the previous result has improved to accumulate triacyl glycerides
(TAGsS), intracellular products in the bioreactor, more than twofold over
the earlier results, achieving a TAG titer of 115g/L and a TAG
productivity of 0.8 g/L/h (Xu et al,, 2017). This means the effect of using
different organisms is broader than individual cultures.

However, the use of acetate as a sole carbon source poses several
challenges, including its low concentration when produced from
many upstream waste utilization processes and the necessity of
deriving NADPH from the pentose phosphate pathway (PPP), which
requires a long pathway to be connected to acetate. Solutions to these
challenges have been explored, such as using a continuous bioreactor
with a cell recycling unit to maximize productivity and minimize the
effluent’s acetate concentration and the development of a synergistic
substrate co-feeding strategy providing gluconate as a secondary
substrate. This method enhances acetate-driven lipogenesis via
obligatory NADPH synthesis through the PPP without causing carbon
catabolite repression that would inhibit acetate assimilation (Park
et al, 2019). Another challenge is that acetate metabolism is
ATP-costly due to the proton export requirement to prevent
acidification when acetate is used in acetic acid form, and this acetic
acid is deprotonated at neutral cytosol (Kiefer et al., 2021). Various
industrial strains, such as Cryptococcus curvatus, have demonstrated
promising results in lipid production by using acetate as a carbon
source. In batch cultures with 30 g/L acetate, this strain showed 73.4%
lipid accumulation and a titer of 4.2 g/L. When grown with corn stover
hydrolysate containing multiple substrates, it accumulated a lipid titer
of 9g/L while metabolizing glucose and acetate simultaneously,
showing a potential for further improvements with increased access
to genetic engineering tools (Gong et al., 2015).

The manipulation of environmental factors such as medium pH,
oxygen level, and temperature control also contributes to the success
of microbial fermentation. For example, increasing the medium pH
from 6 to 8-9 drastically improves cell biomass growth and metabolite
production, allowing high acetate loading and yielding much higher
cell mass and lipid titers (Gao et al,, 2020). At the same time, an
optimal temperature is crucial for the fermentation of methanol and
ethanol due to the significant heat they generate (Zhang C. et al., 2022).
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In summary, significant advancements have been made in C, and
C,-biomanufacturing, particularly in producing lipids and omega-3
fatty. The roles of natural hosts, environmental parameters, system
integration, and genetic engineering tools are pivotal in overcoming
challenges and maximizing productivity. Further developing and
refining these strategies could lead to an even more efficient and cost-
effective bio-production process as we move forward. Despite the
challenges, the industrial utilization of C, and C, chemicals for lipid
and fatty acid production continues to evolve, offering promising
sustainable solutions.

45, Innovative fermentation and
bioprocess engineering.

The continuous quest for efficient and sustainable lipid production
has driven researchers to delve deeply into microbial capabilities.
Triglycerides in many microbes serve as energy storage, mainly when
nitrogen is scarce, facilitating their survival under harsh conditions.
Interestingly, this nitrogen limitation of oleaginous microbes becomes
a pivotal factor in producing omega-3 fatty acids. The two-stage
continuous fermentation process can be a solution to balance cell
growth and lipid accumulation (Jovanovic et al., 2021). However, for
these microbes” production of omega-3 fatty acids, the omega-3 fatty
acids are stored in the lipid body inside the cells and require enough
nitrogen to grow to a high cell density. Consequently, more supplies
of nitrogen sources can be necessary for both the titer and productivity
of omega-3 fatty acids. The two-stage continuous fermentation process
is a method that can address this issue (Figure 9).

In a two-stage continuous fermentation, cell growth is promoted
in the first bioreactor with a sufficient nitrogen supply during the first
stage. When the cell density reaches an optimal level in this bioreactor,
the cells are transferred to a second bioreactor with a limited nitrogen
supply. A minimal nitrogen supply environment triggers the cells to
begin accumulating lipids. This strategy balances maintaining
adequate cell density and creating a nitrogen-limited environment
beneficial for omega-3 production (Xie, 2017). For instance, an
engineered Yarrowia lipolytica for EPA production was used in a
two-stage continuous fermentation, resulting in 25% EPA in the yeast
biomass. It was demonstrated that the two-stage process increased
overall EPA productivity by 80% and EPA concentration by 40% while
maintaining similar conversion yields from glucose compared to the
standard fed-batch process (Xie et al., 2017a).

However, there are still some challenges in continuous
biomanufacturing. Ensuring a contamination-free environment
consistently poses a formidable challenge for extended continuous
fermentation processes that span several weeks or even months. Over
such lengthy fermentation durations, there is a potential for cells to
adapt in ways that promote quicker growth but at the expense of
reduced product output, often due to factors like mutations or the loss
of plasmids. A notable observation from previous and ongoing
continuous fermentation methods is the concurrent struggle to
achieve high product titer, rate/productivity, and yield (TRY). This is
primarily attributed to the intertwined nature of cell growth and
product generation in single-stage continuous fermentation, despite
each ideally demanding distinct optimal conditions for medium and
processing. Moreover, the research endeavors associated with
continuous fermentation tend to be quite labor-intensive and
drawn-out. Achieving a stable state can be protracted, necessitating
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FIGURE 9

A schematic diagram for a two-stage continuous fermentation process that decouples the growth and production phases. In stage 1 (for nitrogen-rich
cell growth), sufficient nitrogen and carbon sources are provided to the bioreactor to support for fast cell growth. In stage 2 (nitrogen-limited for
product formation), the bioreactor receives the high-cell-density broth from stage 1 and provides only a carbon source for product formation. The
nitrogen-limited environment induces the production of omega-3 fatty acids without further cell growth. Each stage is maintained at its own optimal
pH, pO2 (partial pressure of oxygen), and T (Temperature) values during the continuous operation.

persistent daily oversight of the culture. The field needs more refined
research techniques to expedite these continuous processes’
development. Lastly, there needs to be more alignment between the
generation and retrieval of products in continuous fermentation. The
pivotal nature of downstream recovery in these processes needs to
be emphasized. Therefore, there is a pressing need for product
extraction methodologies synergized with continuous fermentation
and adept at handling flow and concentration variances (Xie, 2022).

Synthetic biology technologies have advanced to track continuous
fermentation and provide the optimum media contents for
maximizing the product TRY, with numerous tools available for
creating microbial cell factories. While these factories can be intricate,
synthetic organisms might display unwanted characteristics (Check
Hayden, 2015). Thus, computational strain design and high-
throughput methods are used to screen these organisms. Techniques
such as omics analyses and 13C-metabolic flux analysis help map and
measure cellular processes, forming a cycle of design-build-test-learn
(DBTL) (Liu et al., 2016; Wu G. et al,, 2016). Machine learning (ML)
offers an alternative, data-driven approach (Lawson et al., 2021). ML
is adept at integrating features ranging from minute elements to
larger-scale factors. This capability has shown great potential across
numerous crucial aspects of systems metabolic engineering (Volk
et al., 2020). These include predicting protein functions and their
physiochemical characteristics (Ryu et al., 2019), designing promotors
(Wang Y. et al., 2020), designing synthetic pathways (Jang et al., 2022),
reconstructing and optimizing metabolic pathways (Kim et al., 2020;
Zhang et al., 2020), and applying reinforcement learning to oversee
fermentation (Treloar et al., 2020).
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Optimization of the fermentation media takes the first place of
designing the whole process. It requires conducting a plethora of
experiments regardless of the chosen medium. This process is
labor-intensive and needs a defined conclusion. Interestingly, data
from shake flask experiments often need to align better with
fermenter-based studies. Four main shortcomings present in shake
flask studies: uncontrollable pH levels, limited oxygen transfer rate,
insufficient mixing, and notable evaporation. Commonly, it is
assumed that a media performing well in shake flask culture will
similarly excel in the fermenter. Furthermore, these media face
various challenges on an industrial level, including inconsistencies
between batches, year-round availability issues, price fluctuations,
transportation stability concerns, and problems tied to bulk storage
and duration. However, an in-depth comparing medium
performance across different scales could be more extensive (Singh
etal., 2017).

For the fermentation process, optimization is also essential.
Different ML techniques have been employed to manage fermentation
parameters such as temperature, pH, dissolved oxygen, aeration rate,
feeding rate, and agitation speed. For instance, Gaussian process
regression (GPR) was implemented to forecast the biomass
concentration of S. cerevisiae based solely on substrate flow rate, given
that certain variables could not be measured in real-time (Masampally
etal,, 2018). Similarly, the challenge of optimum growth temperature
(OGT) detection in non-conventional microorganisms has been
solved using the amino acid composition as input for employing six
different ML models since amino acid composition is strongly related
to the OGT (Li et al., 2019).
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For the downstream processes, biomass harvesting is one of the
most critical steps constituting 20-30% of total production costs
(Rashid et al., 2014). Its main challenge is the efficient separation of
low-rate and small-sized cells (Nitsos et al., 2020). The goal is to
produce a slurry suitable for lipid extraction and, if feasible, recycling
of water and nutrients. Centrifugation, flocculation, filtration, and
flotation are among the primary techniques utilized for harvesting,
and combinations of these methods are also frequent (Sakarika and
Kornaros, 2019). Besides, Yin et al. (2020) recently conducted a study
collating a variety of flocculants used across multiple microalgae
species in the harvesting phase.

Another strategy is employing Adaptive Laboratory Evolution
(ALE) to enhance microbial oil. By continuously cultivating cells
under specific conditions, ALE enhances its capacity to process
custom feedstocks or generate desired metabolites (Arora et al.,
2020). It has been particularly useful in boosting the production of
commercially significant lipids in oleaginous microbes (Wang
X. etal., 2019) —for instance, Tisochrysis lutea and Schizochytrium
sp. HX-308 saw lipid DHA level improvements through one-factor
and two-factor ALE, respectively (Sun et al., 2018; Gachelin et al,,
2021). Despite its potential, ALE is time-consuming, yet its
efficiency can be heightened when paired with tools like high-
throughput screening. Notably, strains developed via ALE may
revert to their original metabolic profiles, prompting cryogenic
storage to prevent such reversions (Uprety et al., 2022). In a broader
context, microbial lipids currently face economic challenges in
competing with traditional lipid sources, mainly due to the low
productivity of oleaginous microorganisms and associated high
costs. Presently, only premium Single Cell Oils (SCOs) are
industrially produced, even as agro-industrial waste has been
explored as a substrate to cut expenses (Bellou et al., 2016).
Consequently, there is a push toward optimizing these
microorganisms’ lipogenic capabilities, primarily via genetic
engineering. Nonetheless, ALE emerges as a promising, cost-
effective method to enhance oleagenicity, either as a standalone
approach or in tandem with genetic engineering, with significant
research undertaken using both heterotrophic and autotrophic
microorganisms (Mavrommati et al., 2022).

Cells and microbes are inherently dynamic, possessing
numerous internal control mechanisms. However, many
optimization studies either oversimplify these organisms, treating
them as data-generating entities or relying exclusively on empirical
data. Future media optimization strategies should incorporate
insights from metabolic pathway regulatory systems (Liu Y. et al.,
2020). Furthermore, it is essential to consider the mutation rates in
specific media influenced by media components. It should
be assumed that such mutations affect the yield or quality of the
microbial lipids, potentially paving the way for innovative processes
using cost-effective media.

5. Conclusion

The crucial role of omega-3 fatty acids as a primary source of
pharmaceutical and nutritional components is indisputable, pointing
to their significant market potential. Utilizing various microbes as cell
factories to produce these essential fatty acids was a method with
room for enhancement. Optimizing the biosynthesis of omega-3 fatty
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acids by increasing carbon yield, balancing cofactors, and reducing
by-product formation can increase the product quality of omega-3
fatty acids and lower the cost of biomanufacturing processing.
Investigating alternative carbon sources, such as affordable sugars,
waste oils/fats, and C,/C, chemicals derived from CO,, provides an
opportunity for additional product yield improvement and cost
reduction. Utilizing advanced molecular biology tools can further
refine metabolic engineering, increasing the yield of biomanufacturing
omega-3 fatty acids from upstream. Moreover, continuous
fermentation, Al-controlled fermentation, and other cutting-edge
technologies can improve downstream process engineering, elevate
productivity, and reduce operational and capital expenses. Collectively,
these integrated strategies can serve as a roadmap for elevating the
production of omega-3 fatty acids in a manner that is efficient, cost-
effective, and sustainable.

Author contributions

JQ: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing — original draft, Writing -
review & editing. EK: Conceptualization, Investigation, Writing -
original draft, Writing - review & editing. TL: Investigation,
Writing - review & editing. LS: Writing - review & editing. DX:
Conceptualization, Funding acquisition, Investigation, Project
administration, Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the U.S. National Science Foundation (Award No.
1911480 and 2133660).

Acknowledgments

We would like to thank Carl Lawton and Jin Xu from the
Massachusetts Biomanufacturing Center for their suggestions and
support during the research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Qin et al.

References

Abad, S., and Turon, X. (2015). Biotechnological production of docosahexaenoic acid
using Aurantiochytrium limacinum: carbon sources comparison and growth
characterization. Mar. Drugs 13, 7275-7284. doi: 10.3390/md13127064

Abbadi, A., Domergue, E, Bauer, J. R., Napier, J. A., Welti, R., Z&Hringer, U, et al.
(2004). Biosynthesis of very-long-chain polyunsaturated fatty acids in transgenic
oilseeds: constraints on their accumulation. Plant Cell 16, 2734-2748. doi: 10.1105/
tpc.104.026070

Abidizadegan, M., Peltomaa, E., and Blomster, J. (2021). The potential of Cryptophyte
algae in biomedical and pharmaceutical applications. Front. Pharmacol. 11:618836. doi:
10.3389/fphar.2020.618836

Adarme-Vega, T. C,, Lim, D. K. Y., Timmins, M., Vernen, F, Li, Y., and Schenk, P. M.
(2012). Microalgal biofactories: a promising approach towards sustainable omega-3
fatty acid production. Microb. Cell Factories 11:96. doi: 10.1186/1475-2859-11-96

Adarme-Vega, T. C., Thomas-Hall, S. R., and Schenk, P. M. (2014). Towards
sustainable sources for omega-3 fatty acids production. Curr. Opin. Biotechnol. 26,
14-18. doi: 10.1016/j.copbio.2013.08.003

Alfio, V. G., Manzo, C., and Micillo, R. (2021). From fish waste to value: an overview
of the sustainable recovery of Omega-3 for food supplements. Molecules 26:1002. doi:
10.3390/molecules26041002

Allen, R. J., and Waclaw, B. (2019). Bacterial growth: a statistical physicist’s guide. Rep.
Prog. Phys. 82:016601. doi: 10.1088/1361-6633/aae546

Amiri-Jami, M., Lapointe, G., and Griffiths, M. W. (2014). Engineering of EPA/DHA
omega-3 fatty acid production by Lactococcus lactis subsp. cremoris MG1363. Appl.
Microbiol. Biotechnol. 98, 3071-3080. doi: 10.1007/s00253-013-5381-0

Appleton, K. M., Sallis, H. M., Perry, R., Ness, A. R., and Churchill, R. (2015).
Omega-3 fatty acids for depression in adults. Cochrane Database Syst. Rev.
2015:CD004692. doi: 10.1002/14651858.CD004692.pub4

Archer, L., Mc Gee, D., Paskuliakova, A., Mccoy, G. R., Smyth, T., Gillespie, E., et al.
(2019). Fatty acid profiling of new Irish microalgal isolates producing the high-value
metabolites EPA and DHA. Algal Res. 44:101671. doi: 10.1016/j.algal.2019.101671

Arhar, S., Gogg-Fassolter, G., Ogrizovi¢, M., Pa¢nik, K., Schwaiger, K., Zganjar, M., et al.
(2021). Engineering of Saccharomyces cerevisiae for the accumulation of high amounts of
triacylglycerol. Microb. Cell Factories 20:147. doi: 10.1186/s12934-021-01640-0

Arora, N., Yen, H.-W.,, and Philippidis, G. P. (2020). Harnessing the power of
mutagenesis and adaptive laboratory evolution for high lipid production by oleaginous
microalgae and yeasts. Sustainability 12:5125. doi: 10.3390/su12125125

Arterburn, L. M., Oken, H. A., Hoffman, J. P, Bailey-Hall, E., Chung, G., Rom, D,
etal. (2007). Bioequivalence of docosahexaenoic acid from different algal oils in capsules
and in a DHA-fortified food. Lipids 42, 1011-1024. doi: 10.1007/5s11745-007-3098-5

Augimeri, G., and Bonofiglio, D. (2023). Promising effects of N-Docosahexaenoyl
ethanolamine in breast Cancer: molecular and cellular insights. Molecules 28:3694. doi:
10.3390/molecules28093694

Aussant, J., Guihéneuf, E, and Stengel, D. B. (2018). Impact of temperature on fatty
acid composition and nutritional value in eight species of microalgae. Appl. Microbiol.
Biotechnol. 102, 5279-5297. doi: 10.1007/500253-018-9001-x

Barbosa, M. ], Janssen, M., Siidfeld, C., D’adamo, S., and Wijffels, R. H. (2023). Hypes,
hopes, and the way forward for microalgal biotechnology. Trends Biotechnol. 41,
452-471. doi: 10.1016/j.tibtech.2022.12.017

Barone, R., De Napoli, L., Mayol, L., Paolucci, M., Volpe, M. G., Delia, L., et al. (2020).
Autotrophic and heterotrophic growth conditions modify Biomolecole production in
the microalga Galdieria sulphuraria (Cyanidiophyceae, Rhodophyta). Mar. Drugs
18:169. doi: 10.3390/md18030169

Barta, D. G., Coman, V., and Vodnar, D. C. (2021). Microalgae as sources of omega-3
polyunsaturated fatty acids: biotechnological aspects. Algal Res. 58:102410. doi:
10.1016/j.algal.2021.102410

Batra, N. (2023). Optimisation of Trierucin content in oilseed rape. M. Sc. Thesis.
Germany: RWTH Aachen University.

Bellou, S., Triantaphyllidou, I.-E., Aggeli, D., Elazzazy, A. M., Baeshen, M. N., and
Aggelis, G. (2016). Microbial oils as food additives: recent approaches for improving
microbial oil production and its polyunsaturated fatty acid content. Curr. Opin.
Biotechnol. 37, 24-35. doi: 10.1016/j.copbio.2015.09.005

Benghezal, M., Roubaty, C., Veepuri, V., Knudsen, J., and Conzelmann, A. (2007).
SLC1 and SLC4 encode partially redundant acyl-coenzyme A 1-Acylglycerol-3-
phosphate O-acyltransferases of budding yeast. J. Biol. Chem. 282, 30845-30855. doi:
10.1074/jbc.M702719200

Benvenga, S., Fama, E, Perdichizzi, L. G., Antonelli, A., Brenta, G., Vermiglio, F.,
et al. (2022). Fish and the thyroid: A Janus Bifrons relationship caused by pollutants
and the Omega-3 polyunsaturated fatty acids. Front. Endocrinol. 12:891233. doi:
10.3389/fend0.2022.891233

Bercea, C. L, Cottrell, G. S., Tamagnini, F, and Mcneish, A. J. (2021). Omega-3
polyunsaturated fatty acids and hypertension: a review of vasodilatory mechanisms of
docosahexaenoic acid and eicosapentaenoic acid. Br. J. Pharmacol. 178, 860-877. doi:
10.1111/bph.15336

Frontiers in Microbiology

10.3389/fmicb.2023.1280296

Bikard, D., Jiang, W., Samai, P, Hochschild, A., Zhang, E, and Marraffini, L. A. (2013).
Programmable repression and activation of bacterial gene expression using an engineered
CRISPR-Cas system. Nucleic Acids Res. 41, 7429-7437. doi: 10.1093/nar/gkt520

Blasio, M., and Balzano, S. (2021). Fatty acids derivatives from eukaryotic microalgae,
pathways and potential applications. Front. Microbiol. 12:718933. doi: 10.3389/
fmicb.2021.718933

Borowitzka, M. A. (1999). Commercial production of microalgae: ponds, tanks,
tubes and fermenters. J. Biotechnol. 70,313-321. doi: 10.1016/S0168-1656(99)00083-8

Brandenburg, J., Poppele, 1., Blomgyvist, J., Puke, M., Pickova, J., Sandgren, M., et al.
(2018). Bioethanol and lipid production from the enzymatic hydrolysate of wheat straw
after furfural extraction. Appl. Microbiol. Biotechnol. 102, 6269-6277. doi: 10.1007/
500253-018-9081-7

Bredeweg, E. L., Pomraning, K. R., Dai, Z., Nielsen, J., Kerkhoven, E. J., and Baker, S. E.
(2017). A molecular genetic toolbox for Yarrowia lipolytica. Biotechnol. Biofuels 10:687.
doi: 10.1186/513068-016-0687-7

Cai, P, Wu, X,, Deng, J., Gao, L., Shen, Y., Yao, L., et al. (2022). Methanol
biotransformation toward high-level production of fatty acid derivatives by engineering
the industrial yeast Pichia pastoris. Proc. Natl. Acad. Sci. 119:¢2201711119. doi: 10.1073/
pnas.2201711119

Calder, P. C. (1996). Immunomodulatory and anti-inflammatory effects of n-3
polyunsaturated fatty acids. Proc. Nutr. Soc. 55, 737-774. doi: 10.1079/PNS19960069

Calder, P. C. (2017). Omega-3 fatty acids and inflammatory processes: from molecules
to man. Biochem. Soc. Trans. 45, 1105-1115. doi: 10.1042/BST20160474

Check Hayden, E. (2015). Synthetic biologists seek standards for nascent field. Nature
520, 141-142. doi: 10.1038/520141a

Chen, Q., Kazachkov, M., Zheng, Z., and Zou, J. (2007). The yeast acylglycerol
acyltransferase LCA1 is a key component of lands cycle for phosphatidylcholine
turnover. FEBS Lett. 581, 5511-5516. doi: 10.1016/j.febslet.2007.10.061

Chen, W, Li, T, Du, S., Chen, H., and Wang, Q. (2023). Microalgal polyunsaturated
fatty acids: hotspots and production techniques. Front. Bioeng. Biotechnol. 11:1146881.
doi: 10.3389/fbioe.2023.1146881

Chen, Y., Meesapyodsuk, D., and Qiu, X. (2014). Transgenic production of omega-3
very long chain polyunsaturated fatty acids in plants: accomplishment and challenge.
Biocatal. Agric. Biotechnol. 3, 38-43. doi: 10.1016/j.bcab.2013.08.007

Cheng, B., Wu, G., Vrinten, P, Falk, K., Bauer, J., and Qiu, X. (2010). Towards the
production of high levels of eicosapentaenoic acid in transgenic plants: the effects of
different host species, genes and promoters. Transgenic Res. 19, 221-229. doi: 10.1007/
511248-009-9302-z

Chi, Z., Liu, Y., Frear, C,, and Chen, S. (2009). Study of a two-stage growth of DHA-
producing marine algae Schizochytrium limacinum SR21 with shifting dissolved oxygen
level. Appl. Microbiol. Biotechnol. 81, 1141-1148. doi: 10.1007/500253-008-1740-7

Childs, C. E., Kew, S., Finnegan, Y. E., Minihane, A. M., Leigh-Firbank, E. C,,
Williams, C. M., et al. (2014). Increased dietary a-linolenic acid has sex-specific effects
upon eicosapentaenoic acid status in humans: re-examination of data from a randomised,
placebo-controlled, parallel study. Nutr. J. 13:113. doi: 10.1186/1475-2891-13-113

Cholewski, M., Tomczykowa, M., and Tomczyk, M. (2018). A comprehensive review
of chemistry, sources and bioavailability of Omega-3 fatty acids. Nutrients 10:1662. doi:
10.3390/nul10111662

Cohen, Z., Khozin-Goldberg, I., Adlerstein, D., and Bigogno, C. (2000). The role of
triacylglycerol as a reservoir of polyunsaturated fatty acids for the rapid production of
chloroplastic lipids in certain microalgae. Biochem. Soc. Trans. 28, 740-743. doi:
10.1042/bst0280740

Conrado, R. J., Wu, G. C, Boock, J. T., Xu, H., Chen, S. Y., Lebar, T., et al. (2011).
DNA-guided assembly of biosynthetic pathways promotes improved catalytic efficiency.
Nucleic Acids Res. 40, 1879-1889. doi: 10.1093/nar/gkr888

Cotton, C. A., Edlich-Muth, C., and Bar-Even, A. (2018). Reinforcing carbon fixation:
CO2 reduction replacing and supporting carboxylation. Curr. Opin. Biotechnol. 49,
49-56. doi: 10.1016/j.copbio.2017.07.014

Couto, D., Melo, T., Conde, T. A., Costa, M,, Silva, J., Domingues, M. R. M,, et al.
(2021). Chemoplasticity of the polar lipid profile of the microalgae Chlorella vulgaris
grown under heterotrophic and autotrophic conditions. Algal Res. 53:102128. doi:
10.1016/j.algal.2020.102128

Dai, Z., Gu, H., Zhang, S., Xin, F, Zhang, W., Dong, W., et al. (2017). Metabolic
construction strategies for direct methanol utilization in Saccharomyces cerevisiae.
Bioresour. Technol. 245, 1407-1412. doi: 10.1016/j.biortech.2017.05.100

Dansen, T., Eward, W, Wanders, R., and Wirtz, K. (2001). Targeted fluorescent probes
in peroxisome function. J. Mol. Histol. 33, 65-69. doi: 10.1023/a:1017927728892

Dave, D., and Routray, W. (2018). Current scenario of Canadian fishery and
corresponding underutilized species and fishery byproducts: A potential source of
omega-3 fatty acids. J. Clean. Prod. 180, 617-641. doi: 10.1016/j.jclepro.2018.01.091

Davis, D., Mordo, A., Johnson, J. K., and Shen, L. (2021). Life cycle assessment of
heterotrophic algae omega-3. Algal Res. 60:102494. doi: 10.1016/j.algal.2021.102494

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/md13127064
https://doi.org/10.1105/tpc.104.026070
https://doi.org/10.1105/tpc.104.026070
https://doi.org/10.3389/fphar.2020.618836
https://doi.org/10.1186/1475-2859-11-96
https://doi.org/10.1016/j.copbio.2013.08.003
https://doi.org/10.3390/molecules26041002
https://doi.org/10.1088/1361-6633/aae546
https://doi.org/10.1007/s00253-013-5381-0
https://doi.org/10.1002/14651858.CD004692.pub4
https://doi.org/10.1016/j.algal.2019.101671
https://doi.org/10.1186/s12934-021-01640-0
https://doi.org/10.3390/su12125125
https://doi.org/10.1007/s11745-007-3098-5
https://doi.org/10.3390/molecules28093694
https://doi.org/10.1007/s00253-018-9001-x
https://doi.org/10.1016/j.tibtech.2022.12.017
https://doi.org/10.3390/md18030169
https://doi.org/10.1016/j.algal.2021.102410
https://doi.org/10.1016/j.copbio.2015.09.005
https://doi.org/10.1074/jbc.M702719200
https://doi.org/10.3389/fendo.2022.891233
https://doi.org/10.1111/bph.15336
https://doi.org/10.1093/nar/gkt520
https://doi.org/10.3389/fmicb.2021.718933
https://doi.org/10.3389/fmicb.2021.718933
https://doi.org/10.1016/S0168-1656(99)00083-8
https://doi.org/10.1007/s00253-018-9081-7
https://doi.org/10.1007/s00253-018-9081-7
https://doi.org/10.1186/s13068-016-0687-7
https://doi.org/10.1073/pnas.2201711119
https://doi.org/10.1073/pnas.2201711119
https://doi.org/10.1079/PNS19960069
https://doi.org/10.1042/BST20160474
https://doi.org/10.1038/520141a
https://doi.org/10.1016/j.febslet.2007.10.061
https://doi.org/10.3389/fbioe.2023.1146881
https://doi.org/10.1016/j.bcab.2013.08.007
https://doi.org/10.1007/s11248-009-9302-z
https://doi.org/10.1007/s11248-009-9302-z
https://doi.org/10.1007/s00253-008-1740-7
https://doi.org/10.1186/1475-2891-13-113
https://doi.org/10.3390/nu10111662
https://doi.org/10.1042/bst0280740
https://doi.org/10.1093/nar/gkr888
https://doi.org/10.1016/j.copbio.2017.07.014
https://doi.org/10.1016/j.algal.2020.102128
https://doi.org/10.1016/j.biortech.2017.05.100
https://doi.org/10.1023/a:1017927728892
https://doi.org/10.1016/j.jclepro.2018.01.091
https://doi.org/10.1016/j.algal.2021.102494

Qin et al.

Dijuricic, I, and Calder, P. C. (2021). Beneficial outcomes of Omega-6 and Omega-3
polyunsaturated fatty acids on human health: an update for 2021. Nutrients 13:2421. doi:
10.3390/nu13072421

Domergue, E, Abbadi, A., Ott, C., Zank, T. K., Zahringer, U., and Heinz, E. (2003).
Acyl carriers used as substrates by the desaturases and Elongases involved in very long-
chain polyunsaturated fatty acids biosynthesis reconstituted in yeast. J. Biol. Chem. 278,
35115-35126. doi: 10.1074/jbc.M305990200

Domingo, J. L. (2007). Omega-3 fatty acids and the benefits of fish consumption: is all
that glitters gold? Environ. Int. 33, 993-998. doi: 10.1016/j.envint.2007.05.001

Domingo, J. L., Bocio, A., Falcd, G., and Llobet, J. M. (2007). Benefits and risks of fish
consumption: part I. A quantitative analysis of the intake of omega-3 fatty acids and
chemical contaminants. Toxicology 230, 219-226. doi: 10.1016/j.tox.2006.11.054

Du, Y., Zou, W, Zhang, K., Ye, G., and Yang, J. (2020). Advances and applications of
Clostridium co-culture Systems in Biotechnology. Front. Microbiol. 11:560223. doi:
10.3389/fmicb.2020.560223

Easton, M. D. L., Luszniak, D., and Von Der Geest, E. (2002). Preliminary examination
of contaminant loadings in farmed salmon, wild salmon and commercial salmon feed.
Chemosphere 46, 1053-1074. doi: 10.1016/S0045-6535(01)00136-9

Egnatchik, R. A., Leamy, A. K., Noguchi, Y., Shiota, M., and Young, J. D. (2014).
Palmitate-induced activation of mitochondrial metabolism promotes oxidative stress
and apoptosis in H4IIEC3 rat hepatocytes. Metabolism 63, 283-295. doi: 10.1016/j.
metabol.2013.10.009

Elagizi, A., Lavie, C. J., O’keefe, E., Marshall, K., O’keefe, J. H., and Milani, R. V.
(2021). An update on Omega-3 polyunsaturated fatty acids and cardiovascular health.
Nutrients 13:204. doi: 10.3390/nu13010204

Fabian, C. J., Kimler, B. F, and Hursting, S. D. (2015). Omega-3 fatty acids for breast
cancer prevention and survivorship. Breast Cancer Res. 17:62. doi: 10.1186/
513058-015-0571-6

Frank, K. T, Petrie, B., Choi, J. S., and Leggett, W. C. (2005). Trophic cascades in a
formerly cod-dominated ecosystem. Science 308, 1621-1623. doi: 10.1126/science.1113075

Freitas, R., and Campos, M. M. (2019). Protective effects of Omega-3 fatty acids in
Cancer-related complications. Nutrients 11:945. doi: 10.3390/nu11050945

Fukuda, R. (2013). Metabolism of hydrophobic carbon sources and regulation of it in
n-alkane-assimilating yeast Yarrowia lipolytica. Biosci. Biotechnol. Biochem. 77,
1149-1154. doi: 10.1271/bbb.130164

Gachelin, M., Boutoute, M., Carrier, G., Talec, A., Pruvost, E., Guihéneuf, E, et al.
(2021). Enhancing PUFA-rich polar lipids in Tisochrysis lutea using adaptive laboratory
evolution (ALE) with oscillating thermal stress. Appl. Microbiol. Biotechnol. 105,
301-312. doi: 10.1007/500253-020-11000-4

Gao, J., Li, Y., Yu, W,, and Zhou, Y. J. (2022). Rescuing yeast from cell death enables
overproduction of fatty acids from sole methanol. Nat. Metab. 4, 932-943. doi: 10.1038/
§42255-022-00601-0

Gao, R, Li, Z., Zhou, X., Bao, W, Cheng, S., and Zheng, L. (2020). Enhanced lipid
production by Yarrowia lipolytica cultured with synthetic and waste-derived high-
content volatile fatty acids under alkaline conditions. Biotechnol. Biofuels 13, 1-16. doi:
10.1186/s13068-019-1645-y

Garcia, R., Stadler, M., Gemperlein, K., and Miiller, R. (2016). Aetherobacter
fasciculatus gen. Nov., sp. nov. and Aetherobacter rufus sp. nov., novel myxobacteria with
promising biotechnological applications. Int. J. Syst. Evol. Microbiol. 66, 928-938. doi:
10.1099/ijsem.0.000813

Gassler, T., Sauer, M., Gasser, B., Egermeier, M., Troyer, C., Causon, T., et al. (2020).
The industrial yeast Pichia pastoris is converted from a heterotroph into an autotroph
capable of growth on CO2. Nat. Biotechnol. 38,210-216. doi: 10.1038/s41587-019-0363-0

Geddes, B. A., and Oresnik, I. . (2014). Physiology, genetics, and biochemistry of
carbon metabolism in the alphaproteobacterium Sinorhizobium meliloti. Can. J.
Microbiol. 60, 491-507. doi: 10.1139/cjm-2014-0306

Gemperlein, K., Dietrich, D., Kohlstedt, M., Zipf, G., Bernauer, H. S., Wittmann, C.,
et al. (2019). Polyunsaturated fatty acid production by Yarrowia lipolytica employing
designed myxobacterial PUFA synthases. Nat. Commun. 10:12025. doi: 10.1038/
541467-019-12025-8

Gemperlein, K., Rachid, S., Garcia, R. O., Wenzel, S. C., and Miiller, R. (2014).
Polyunsaturated fatty acid biosynthesis in myxobacteria: different PUFA synthases and
their product diversity. Chem. Sci. 5:1733. doi: 10.1039/c3sc53163e

Gen, Q., Wang, Q., and Chi, Z.-M. (2014). Direct conversion of cassava starch into
single cell oil by co-cultures of the oleaginous yeast Rhodosporidium toruloides and
immobilized amylases-producing yeast Saccharomycopsis fibuligera. Renew. Energy 62,
522-526. doi: 10.1016/j.renene.2013.08.016

Giner-Robles, L., Lzaro, B., De La Cruz, E, and Moncalién, G. (2018). fabH deletion
increases DHA production in Escherichia coli expressing Pfa genes. Microb. Cell Factories
17:88. doi: 10.1186/s12934-018-0928-5

Gong, Z., Shen, H., Zhou, W.,, Wang, Y., Yang, X., and Zhao, Z. K. (2015). Efficient
conversion of acetate into lipids by the oleaginous yeast Cryptococcus curvatus.
Biotechnol. Biofuels 8, 1-9. doi: 10.1186/s13068-015-0371-3

Gorte, O., Hollenbach, R., Papachristou, I, Steinweg, C., Silve, A., Frey, W,, et al.
(2020). Evaluation of downstream processing, extraction, and quantification strategies

Frontiers in Microbiology

10.3389/fmicb.2023.1280296

for single cell oil produced by the oleaginous yeasts Saitozyma podzolica DSM 27192
and Apiotrichum porosum DSM 27194. Front. Bioeng. Biotechnol. 8:355. doi: 10.3389/
fbioe.2020.00355

Graham, I. A,, Larson, T., and Napier, J. A. (2007). Rational metabolic engineering of
transgenic plants for biosynthesis of omega-3 polyunsaturates. Curr. Opin. Biotechnol.
18, 142-147. doi: 10.1016/j.copbio.2007.01.014

Guo, Z., Duquesne, S., Bozonnet, S., Cioci, G., Nicaud, J.-M., Marty, A, et al.
(2015a). Development of cellobiose-degrading ability in Yarrowia lipolytica strain
by overexpression of endogenous genes. Biotechnol. Biofuels 8:109. doi: 10.1186/
513068-015-0289-9

Guo, X., and Ota, Y. (2000). Incorporation of eicosapentaenoic and
docosahexaenoic acids by a yeast (FO726A). J. Appl. Microbiol. 89, 107-115. doi:
10.1046/j.1365-2672.2000.01084.x

Guo, Z., Wu, R,, Gong, J., Zhu, W, Li, Y., Wang, Z., et al. (2015b). Altered microRNA
expression in inflamed and non-inflamed terminal ileal mucosa of adult patients with
active Crohn's disease. J. Gastroenterol. Hepatol. 30, 109-116. doi: 10.1111/jgh.12644

Hashimoto, M., Hossain, M. S., Yamasaki, H., Yazawa, K., and Masumura, S. (1999).
Effects of eicosapentaenoic acid and docosahexaenoic acid on plasma membrane fluidity
of aortic endothelial cells. Lipids 34, 1297-1304. doi: 10.1007/s11745-999-0481-6

Hayashi, S., Satoh, Y., Ujihara, T., Takata, Y., and Dairi, T. (2016). Enhanced
production of polyunsaturated fatty acids by enzyme engineering of tandem acyl carrier
proteins. Sci. Rep. 6:35441. doi: 10.1038/srep35441

Hoffmann, M., Marxen, K., Schulz, R., and Vanselow, K. H. (2010). TFA and EPA
productivities of Nannochloropsis salina influenced by temperature and nitrate stimuli
in turbidostatic controlled experiments. Mar. Drugs 8, 2526-2545. doi: 10.3390/
md8092526

Hu, P, Chakraborty, S., Kumar, A., Woolston, B., Liu, H., Emerson, D., et al. (2016).
Integrated bioprocess for conversion of gaseous substrates to liquids. Proc. Natl. Acad.
Sci. 113, 3773-3778. doi: 10.1073/pnas.1516867113

Huang, X.-F, Liu, J.-N., Lu, L.-J,, Peng, K.-M., Yang, G.-X., and Liu, J. (2016). Culture
strategies for lipid production using acetic acid as sole carbon source by Rhodosporidium
toruloides. Bioresour. Technol. 206, 141-149. doi: 10.1016/j.biortech.2016.01.073

Jain, D., Ghonse, S. S., Trivedi, T., Fernandes, G. L., Menezes, L. D., Damare, S. R., et al.
(2019). CO2 fixation and production of biodiesel by Chlorella vulgaris NIOCCV under
mixotrophic cultivation. Bioresour. Technol. 273, 672-676. doi: 10.1016/j.
biortech.2018.09.148

Jain, S., Stanford, N., Bhagwat, N., Seiler, B., Costanzo, M., Boone, C., et al. (2007).
Identification of a novel Lysophospholipid acyltransferase in Saccharomyces cerevisiae.
J. Biol. Chem. 282, 30562-30569. doi: 10.1074/jbc.M706326200

Jang, S. H., Jeong, H. J., and Kwon, ]. E. (2017). High contents of eicosapentaenoic acid
and docosahexaenoic acid in the mixotrophic dinoflagellate Paragymnodinium
shiwhaense and identification of putative omega-3 biosynthetic genes. Algal Res. 25,
525-537. doi: 10.1016/j.algal.2017.06.020

Jang, W. D,, Kim, G. B., Kim, Y., and Lee, S. Y. (2022). Applications of artificial
intelligence to enzyme and pathway design for metabolic engineering. Curr. Opin.
Biotechnol. 73, 101-107. doi: 10.1016/j.copbio.2021.07.024

Jeong, S. H., Lee, H. J., and Lee, S. J. (2023). Recent advances in CRISPR-Cas
Technologies for Synthetic Biology. J. Microbiol. 61, 13-36. doi: 10.1007/
$12275-022-00005-5

Jeromson, S., Gallagher, L., Galloway, S., and Hamilton, D. (2015). Omega-3 fatty acids
and skeletal muscle health. Mar. Drugs 13, 6977-7004. doi: 10.3390/md13116977

Jia, Y.-L., Wang, L.-R., Zhang, Z.-X., Gu, Y., and Sun, X.-M. (2022). Recent advances
in biotechnological production of polyunsaturated fatty acids by Yarrowia lipolytica.
Crit. Rev. Food Sci. Nutr. 62, 8920-8934. doi: 10.1080/10408398.2021.1937041

Jiang, H., and Gao, K. (2004). Effects of lowering temperature during culture on the
production of polyunsaturated fatty acids in the marine diatom Phaeodactylum
tricornutum ~ (BACILLARIOPHYCEAE)1. J. Phycol. 40, 651-654. doi:
10.1111/j.1529-8817.2004.03112.x

Jiang, W., Li, C., Li, Y., and Peng, H. (2022). Metabolic engineering strategies for
improved lipid production and cellular physiological responses in yeast Saccharomyces
cerevisiae. J. Fungi 8:427. doi: 10.3390/jof8050427

Jin, H., Zhang, H., Zhou, Z., Li, K., Hou, G., Xu, Q,, et al. (2020). Ultrahigh-cell-
density heterotrophic cultivation of the unicellular green microalga Scenedesmus
acuminatus and application of the cells to photoautotrophic culture enhance biomass
and lipid production. Biotechnol. Bioeng. 117, 96-108. doi: 10.1002/bit.27190

Jonasdottir, S. (2019). Fatty acid profiles and production in marine phytoplankton.
Mar. Drugs 17:151. doi: 10.3390/md17030151

Jorquera, O., Kiperstok, A., Sales, E. A., Embirugu, M., and Ghirardi, M. L.
(2010). Comparative energy life-cycle analyses of microalgal biomass production
in open ponds and photobioreactors. Bioresour. Technol. 101, 1406-1413. doi:
10.1016/j.biortech.2009.09.038

Jovanovic, S., Dietrich, D., Becker, J., Kohlstedt, M., and Wittmann, C. (2021).
Microbial production of polyunsaturated fatty acids — high-value ingredients for
aquafeed, superfoods, and pharmaceuticals. Curr. Opin. Biotechnol. 69, 199-211. doi:
10.1016/j.copbio.2021.01.009

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/nu13072421
https://doi.org/10.1074/jbc.M305990200
https://doi.org/10.1016/j.envint.2007.05.001
https://doi.org/10.1016/j.tox.2006.11.054
https://doi.org/10.3389/fmicb.2020.560223
https://doi.org/10.1016/S0045-6535(01)00136-9
https://doi.org/10.1016/j.metabol.2013.10.009
https://doi.org/10.1016/j.metabol.2013.10.009
https://doi.org/10.3390/nu13010204
https://doi.org/10.1186/s13058-015-0571-6
https://doi.org/10.1186/s13058-015-0571-6
https://doi.org/10.1126/science.1113075
https://doi.org/10.3390/nu11050945
https://doi.org/10.1271/bbb.130164
https://doi.org/10.1007/s00253-020-11000-4
https://doi.org/10.1038/s42255-022-00601-0
https://doi.org/10.1038/s42255-022-00601-0
https://doi.org/10.1186/s13068-019-1645-y
https://doi.org/10.1099/ijsem.0.000813
https://doi.org/10.1038/s41587-019-0363-0
https://doi.org/10.1139/cjm-2014-0306
https://doi.org/10.1038/s41467-019-12025-8
https://doi.org/10.1038/s41467-019-12025-8
https://doi.org/10.1039/c3sc53163e
https://doi.org/10.1016/j.renene.2013.08.016
https://doi.org/10.1186/s12934-018-0928-5
https://doi.org/10.1186/s13068-015-0371-3
https://doi.org/10.3389/fbioe.2020.00355
https://doi.org/10.3389/fbioe.2020.00355
https://doi.org/10.1016/j.copbio.2007.01.014
https://doi.org/10.1186/s13068-015-0289-9
https://doi.org/10.1186/s13068-015-0289-9
https://doi.org/10.1046/j.1365-2672.2000.01084.x
https://doi.org/10.1111/jgh.12644
https://doi.org/10.1007/s11745-999-0481-6
https://doi.org/10.1038/srep35441
https://doi.org/10.3390/md8092526
https://doi.org/10.3390/md8092526
https://doi.org/10.1073/pnas.1516867113
https://doi.org/10.1016/j.biortech.2016.01.073
https://doi.org/10.1016/j.biortech.2018.09.148
https://doi.org/10.1016/j.biortech.2018.09.148
https://doi.org/10.1074/jbc.M706326200
https://doi.org/10.1016/j.algal.2017.06.020
https://doi.org/10.1016/j.copbio.2021.07.024
https://doi.org/10.1007/s12275-022-00005-5
https://doi.org/10.1007/s12275-022-00005-5
https://doi.org/10.3390/md13116977
https://doi.org/10.1080/10408398.2021.1937041
https://doi.org/10.1111/j.1529-8817.2004.03112.x
https://doi.org/10.3390/jof8050427
https://doi.org/10.1002/bit.27190
https://doi.org/10.3390/md17030151
https://doi.org/10.1016/j.biortech.2009.09.038
https://doi.org/10.1016/j.copbio.2021.01.009

Qin et al.

Karageorgou, D., Rova, U., Christakopoulos, P.,, Katapodis, P., Matsakas, L., and
Patel, A. (2023). Benefits of supplementation with microbial omega-3 fatty acids on
human health and the current market scenario for fish-free omega-3 fatty acid. Trends
Food Sci. Technol. 136, 169-180. doi: 10.1016/j.tifs.2023.04.018

Katre, G., Ajmera, N., Zinjarde, S., and Ravikumar, A. (2017). Mutants of Yarrowia
lipolytica NCIM 3589 grown on waste cooking oil as a biofactory for biodiesel
production. Microb. Cell Factories 16:176. doi: 10.1186/s12934-017-0790-x

Khan, M. L, Shin, J. H., and Kim, J. D. (2018). The promising future of microalgae:
current status, challenges, and optimization of a sustainable and renewable industry for
biofuels, feed, and other products. Microb. Cell Factories 17, 1-21. doi: 10.1186/
$12934-018-0879-x

Kiecolt-Glaser, J. K., Belury, M. A., Andridge, R., Malarkey, W. B., and Glaser, R.
(2011). Omega-3 supplementation lowers inflammation and anxiety in medical students:
a randomized controlled trial. Brain Behav. Immun. 25, 1725-1734. doi: 10.1016/j.
bbi.2011.07.229

Kiefer, D., Merkel, M., Lilge, L., Henkel, M., and Hausmann, R. (2021). From acetate
to bio-based products: underexploited potential for industrial biotechnology. Trends
Biotechnol. 39, 397-411. doi: 10.1016/j.tibtech.2020.09.004

Kim, G. B., Kim, W.J., Kim, H. U,, and Lee, S. Y. (2020). Machine learning applications
in systems metabolic engineering. Curr. Opin. Biotechnol. 64, 1-9. doi: 10.1016/j.
copbio.2019.08.010

Kim, Y., Lama, S., Agrawal, D., Kumar, V,, and Park, S. (2021). Acetate as a potential
feedstock for the production of value-added chemicals: metabolism and applications.
Biotechnol. Adv. 49:107736. doi: 10.1016/j.biotechadv.2021.107736

Kinney, A. J., Cahoon, E. B,, Damude, H. G., Hitz, W. D., Kolar, C. W, and Liu, Z. B.,
(2004). Production of very long chain polyunsaturated fatty acids in oilseed plants. US
Patent Application. US20040172682A1.

Klug, L., and Daum, G. (2014). Yeast lipid metabolism at a glance. FEMS Yeast Res.
14, 369-388. doi: 10.1111/1567-1364.12141

Kris-Etherton, P. M., Harris, W. S., and Appel, L. J. (2002). Fish consumption, fish oil,
Omega-3 fatty acids, and cardiovascular disease. Circulation 106, 2747-2757. doi:
10.1161/01.CIR.0000038493.65177.94

Lawson, C. E., Marti, J. M., Radivojevic, T., Jonnalagadda, S. V. R., Gentz, R.,
Hillson, N. ., et al. (2021). Machine learning for metabolic engineering: A review. Metab.
Eng. 63, 34-60. doi: 10.1016/j.ymben.2020.10.005

Lazar, Z., Rossignol, T., Verbeke, J., Crutz-Le Coq, A.-M., Nicaud, J.-M., and
Robak, M. (2013). Optimized invertase expression and secretion cassette for improving
Yarrowia lipolytica growth on sucrose for industrial applications. J. Ind. Microbiol.
Biotechnol. 40, 1273-1283. doi: 10.1007/s10295-013-1323-1

Leahy, E., Lyons, S., and Tol, R. S. J. (2010). An estimate of the number of vegetarians
in the world. Dublin: Economic and Social Research Institute (ESRI).

Ledesma-Amaro, R., Dulermo, T., and Nicaud, J. M. (2015). Engineering Yarrowia
lipolytica to produce biodiesel from raw starch. Biotechnol. Biofuels 8:148. doi: 10.1186/
513068-015-0335-7

Ledesma-Amaro, R., Dulermo, R., Niehus, X., and Nicaud, J.-M. (2016). Combining
metabolic engineering and process optimization to improve production and secretion
of fatty acids. Metab. Eng. 38, 38-46. doi: 10.1016/j.ymben.2016.06.004

Ledesma-Amaro, R., and Nicaud, J.-M. (2016). Metabolic engineering for expanding
the substrate range of Yarrowia lipolytica. Trends Biotechnol. 34,798-809. doi: 10.1016/j.
tibtech.2016.04.010

Lenihan-Geels, G., Bishop, K., and Ferguson, L. (2013). Alternative sources of
omega-3 fats: can we find a sustainable substitute for fish? Nutrients 5, 1301-1315. doi:
10.3390/nu5041301

Li, Z., Chen, X,, Li, J., Meng, T., Wang, L., Chen, Z., et al. (2018). Functions of PKS
genes in lipid synthesis of Schizochytrium sp. by gene disruption and metabolomics
analysis. Mar. Biotechnol. 20, 792-802. doi: 10.1007/s10126-018-9849-x

Li, J., Liu, R., Chang, G., Li, X., Chang, M., Liu, Y., et al. (2015). A strategy for the
highly efficient production of docosahexaenoic acid by Aurantiochytrium limacinum
SR21 using glucose and glycerol as the mixed carbon sources. Bioresour. Technol. 177,
51-57. doi: 10.1016/j.biortech.2014.11.046

Li, G., Rabe, K. S., Nielsen, J., and Engqvist, M. K. (2019). Machine learning applied
to predicting microorganism growth temperatures and enzyme catalytic optima. ACS
Synth. Biol. 8, 1411-1420. doi: 10.1021/acssynbio.9b00099

Li, X., Wang, Y., Liu, Y., Yang, B., Wang, X., Wei, ], et al. (2018). Base editing with
a Cpfl-cytidine deaminase fusion. Nat. Biotechnol. 36, 324-327. doi: 10.1038/
nbt.4102

Li, C., Zhang, R., Wang, J., Wilson, L. M., and Yan, Y. (2020). Protein engineering for
improving and diversifying natural product biosynthesis. Trends Biotechnol. 38,
729-744. doi: 10.1016/j.tibtech.2019.12.008

Liang, Y., Beardall, J., and Heraud, P. (2006). Effect of UV radiation on growth,
chlorophyll fluorescence and fatty acid composition of Phaeodactylum tricornutum and
Chaetoceros muelleri (Bacillariophyceae). Phycologia 45, 605-615. doi: 10.2216/04-61.1

Liu, R., Chen, L., Jiang, Y., Zhou, Z., and Zou, G. (2015). Efficient genome editing in
filamentous fungus Trichoderma reesei using the CRISPR/Cas9 system. Cell Discov.
1:15007. doi: 10.1038/celldisc.2015.7

Frontiers in Microbiology

10.3389/fmicb.2023.1280296

Liu, N., Qiao, K., and Stephanopoulos, G. (2016). 13C metabolic flux analysis of
acetate conversion to lipids by Yarrowia lipolytica. Metab. Eng. 38, 86-97. doi: 10.1016/j.
ymben.2016.06.006

Liu, N,, Soong, Y. H. V,, Mirzaee, I, Olsen, A., Yu, P, Wong, H. W, et al. (2021).
Biomanufacturing of value-added products from oils or fats: A case study on cellular
and fermentation engineering of Yarrowia lipolytica. Biotechnol. Bioeng. 118, 1658-1673.
doi: 10.1002/bit.27685

Liu, Y., Su, A,, Li, J., Ledesma-Amaro, R., Xu, P,, Du, G, et al. (2020). Towards next-
generation model microorganism chassis for biomanufacturing. Appl. Microbiol.
Biotechnol. 104, 9095-9108. doi: 10.1007/s00253-020-10902-7

Liu, Z., Wang, K., Chen, Y., Tan, T, and Nielsen, J. (2020). Third-generation
biorefineries as the means to produce fuels and chemicals from CO2. Nature Catalysis
3,274-288. doi: 10.1038/s41929-019-0421-5

Lopes Da Silva, T., Moniz, P, Silva, C., and Reis, A. (2019). The dark side of microalgae
biotechnology: A heterotrophic biorefinery platform directed to ®-3 rich lipid
production. Microorganisms 7:670. doi: 10.3390/microorganisms7120670

Lopes, M., Gomes, A. S, Silva, C. M., and Belo, I. (2018). Microbial lipids and added
value metabolites production by Yarrowia lipolytica from pork lard. J. Biotechnol. 265,
76-85. doi: 10.1016/j.jbiotec.2017.11.007

Lowrey, J., Armenta, R. E., and Brooks, M. S. (2016). Nutrient and media recycling in
heterotrophic microalgae cultures. Appl. Microbiol. Biotechnol. 100, 1061-1075. doi:
10.1007/500253-015-7138-4

Lu, Q. Li, H,, Xiao, Y, and Liu, H. (2021). A state-of-the-art review on the synthetic
mechanisms, production technologies, and practical application of polyunsaturated fatty
acids from microalgae. Algal Res. 55:102281. doi: 10.1016/j.algal.2021.102281

Lupette, J., and Benning, C. (2020). Human health benefits of very-long-chain
polyunsaturated fatty acids from microalgae. Biochimie 178, 15-25. doi: 10.1016/j.
biochi.2020.04.022

Ly, L. D., Xu, S., Choi, S.-K., Ha, C.-M., Thoudam, T., Cha, S.-K., et al. (2017).
Oxidative stress and calcium dysregulation by palmitate in type 2 diabetes. Exp. Mol.
Med. 49:e291. doi: 10.1038/emm.2016.157

Lynch, J. M., and Harper, S. H. T. (1974). Fungal growth rate and the formation of
ethylene in soil. J. Gen. Microbiol. 85, 91-96. doi: 10.1099/00221287-85-1-91

Ma, W, Liu, M., Zhang, Z., Xu, Y., Huang, P,, Guo, D,, et al. (2022). Efficient co-
production of EPA and DHA by Schizochytrium sp. via regulation of the polyketide
synthase pathway. Commun. Biol. 5:1356. doi: 10.1038/s42003-022-04334-4

Macintosh, S. C., Shaw, M., Connelly, M., and Yao, Z. J. (2021). Food and feed safety
of NS-B50@27-4 Omega-3 canola (Brassica napus): A new source of long-chain
Omega-3 fatty acids. Front. Nutr. 8: 716659. doi: 10.3389/fnut.2021.716659

Magoni, C., Bertacchi, S., Giustra, C. M., Guzzetti, L., Cozza, R., Ferrari, M., et al.
(2022). Could microalgae be a strategic choice for responding to the demand for
omega-3 fatty acids? A European perspective. Trends Food Sci. Technol. 121, 142-155.
doi: 10.1016/j.tifs.2022.01.030

Maier, T., Leibundgut, M., Boehringer, D., and Ban, N. (2010). Structure and function
of eukaryotic fatty acid synthases. Q. Rev. Biophys. 43, 373-422. doi: 10.1017/
$0033583510000156

Martins, D., Custédio, L., Barreira, L., Pereira, H., Ben-Hamadou, R., Varela, J., et al.
(2013). Alternative sources of n-3 long-chain polyunsaturated fatty acids in marine
microalgae. Mar. Drugs 11, 2259-2281. doi: 10.3390/md11072259

Masampally, V. S., Pareek, A., and Runkana, V. (2018). Cascade gaussian process
regression framework for biomass prediction in a fed-batch reactor. 2018 IEEE
Symposium Series on Computational Intelligence (SSCI): IEEE), Bangalore, India.
128-135.

Mason, R. P, and Jacob, R. E (2015). Eicosapentaenoic acid inhibits glucose-
induced membrane cholesterol crystalline domain formation through a potent
antioxidant mechanism. Biochim. Biophys. Acta 1848, 502-509. doi: 10.1016/j.
bbamem.2014.10.016

Mason, R. P, Jacob, R. E,, Shrivastava, S., Sherratt, S. C. R., and Chattopadhyay, A.
(2016). Eicosapentaenoic acid reduces membrane fluidity, inhibits cholesterol
domain formation, and normalizes bilayer width in atherosclerotic-like model
membranes. Biochim. Biophys. Acta 1858, 3131-3140. doi: 10.1016/j.bbamem.
2016.10.002

Mateljak, I., Monza, E., Lucas, M. E, Guallar, V., Aleksejeva, O., Ludwig, R., et al.
(2019). Increasing redox potential, redox mediator activity, and stability in a fungal
laccase by computer-guided mutagenesis and directed evolution. ACS Catal. 9,
4561-4572. doi: 10.1021/acscatal. 9b00531

Matsuoka, S., Saito, T., Kuwayama, H., Morita, N., Ochiai, H., and Maeda, M. (2003).
MFEL, a member of the Peroxisomal Hydroxyacyl coenzyme A dehydrogenase family,
affects fatty acid metabolism necessary for morphogenesis in Dictyostelium spp.
Eukaryot. Cell 2, 638-645. doi: 10.1128/EC.2.3.638-645.2003

Mavrommati, M., Daskalaki, A., Papanikolaou, S., and Aggelis, G. (2022). Adaptive
laboratory evolution principles and applications in industrial biotechnology. Biotechnol.
Adv. 54:107795. doi: 10.1016/j.biotechadv.2021.107795

Mendes, A., Reis, A., Vasconcelos, R., Guerra, P,, and Lopes Da Silva, T. (2009).
Crypthecodinium cohnii with emphasis on DHA production: a review. J. Appl. Phycol.
21, 199-214. doi: 10.1007/s10811-008-9351-3

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.tifs.2023.04.018
https://doi.org/10.1186/s12934-017-0790-x
https://doi.org/10.1186/s12934-018-0879-x
https://doi.org/10.1186/s12934-018-0879-x
https://doi.org/10.1016/j.bbi.2011.07.229
https://doi.org/10.1016/j.bbi.2011.07.229
https://doi.org/10.1016/j.tibtech.2020.09.004
https://doi.org/10.1016/j.copbio.2019.08.010
https://doi.org/10.1016/j.copbio.2019.08.010
https://doi.org/10.1016/j.biotechadv.2021.107736
https://doi.org/10.1111/1567-1364.12141
https://doi.org/10.1161/01.CIR.0000038493.65177.94
https://doi.org/10.1016/j.ymben.2020.10.005
https://doi.org/10.1007/s10295-013-1323-1
https://doi.org/10.1186/s13068-015-0335-7
https://doi.org/10.1186/s13068-015-0335-7
https://doi.org/10.1016/j.ymben.2016.06.004
https://doi.org/10.1016/j.tibtech.2016.04.010
https://doi.org/10.1016/j.tibtech.2016.04.010
https://doi.org/10.3390/nu5041301
https://doi.org/10.1007/s10126-018-9849-x
https://doi.org/10.1016/j.biortech.2014.11.046
https://doi.org/10.1021/acssynbio.9b00099
https://doi.org/10.1038/nbt.4102
https://doi.org/10.1038/nbt.4102
https://doi.org/10.1016/j.tibtech.2019.12.008
https://doi.org/10.2216/04-61.1
https://doi.org/10.1038/celldisc.2015.7
https://doi.org/10.1016/j.ymben.2016.06.006
https://doi.org/10.1016/j.ymben.2016.06.006
https://doi.org/10.1002/bit.27685
https://doi.org/10.1007/s00253-020-10902-7
https://doi.org/10.1038/s41929-019-0421-5
https://doi.org/10.3390/microorganisms7120670
https://doi.org/10.1016/j.jbiotec.2017.11.007
https://doi.org/10.1007/s00253-015-7138-4
https://doi.org/10.1016/j.algal.2021.102281
https://doi.org/10.1016/j.biochi.2020.04.022
https://doi.org/10.1016/j.biochi.2020.04.022
https://doi.org/10.1038/emm.2016.157
https://doi.org/10.1099/00221287-85-1-91
https://doi.org/10.1038/s42003-022-04334-4
https://doi.org/10.3389/fnut.2021.716659
https://doi.org/10.1016/j.tifs.2022.01.030
https://doi.org/10.1017/S0033583510000156
https://doi.org/10.1017/S0033583510000156
https://doi.org/10.3390/md11072259
https://doi.org/10.1016/j.bbamem.2014.10.016
https://doi.org/10.1016/j.bbamem.2014.10.016
https://doi.org/10.1016/j.bbamem.2016.10.002
https://doi.org/10.1016/j.bbamem.2016.10.002
https://doi.org/10.1021/acscatal.9b00531
https://doi.org/10.1128/EC.2.3.638-645.2003
https://doi.org/10.1016/j.biotechadv.2021.107795
https://doi.org/10.1007/s10811-008-9351-3

Qin et al.

Metz, J. G., Roessler, P, Facciotti, D., Levering, C., Dittrich, E, Lassner, M., et al.
(2001). Production of polyunsaturated fatty acids by polyketide synthases in both
prokaryotes and eukaryotes. Science 293, 290-293. doi: 10.1126/science.1059593

Molfino, A., Gioia, G., Fanelli, E, and Muscaritoli, M. (2014). The role for dietary
Omega-3 fatty acids supplementation in older adults. Nutrients 6, 4058-4072. doi:
10.3390/nu6104058

Morales-Sanchez, D., Tinoco-Valencia, R., Kyndt, J., and Martinez, A. (2013).
Heterotrophic growth of Neochloris oleoabundans using glucose as a carbon source.
Biotechnol. Biofuels 6:100. doi: 10.1186/1754-6834-6-100

Morrow, A. L. (2003). What's new in infant formulas? J. Pediatr. Health Care 17,
271-272. doi: 10.1016/S0891-5245(03)00152-4

Mustafa, A., Lougou, B. G., Shuai, Y., Wang, Z., and Tan, H. (2020). Current
technology development for CO2 utilization into solar fuels and chemicals: A review. J.
Ener. Chem. 49, 96-123. doi: 10.1016/j.jechem.2020.01.023

Nitsos, C., Filali, R., Taidi, B., and Lemaire, J. (2020). Current and novel approaches
to downstream processing of microalgae: A review. Biotechnol. Adv. 45:107650. doi:
10.1016/j.biotechadv.2020.107650

O’brien, D. J., Kurantz, M. J., and Kwoczak, R. (1993). Production of eicosapentaenoic
acid by the filamentous fungus Pythium irregulare. Appl. Microbiol. Biotechnol. 40,
211-214. doi: 10.1007/BF00170368

Ochi, E., and Tsuchiya, Y. (2018). Eicosapentaenoic acid (EPA) and Docosahexaneoic
acid (DHA) in muscle damage and function. Nutrients 10:552. doi: 10.3390/nu10050552

Okuda, T., Ando, A., Negoro, H., Muratsubaki, T., Kikukawa, H., Sakamoto, T., et al.
(2015). Eicosapentaenoic acid (EPA) production by an oleaginous fungus Mortierella
alpina expressing heterologous the A17-desaturase gene under ordinary temperature.
Eur. J. Lipid Sci. Technol. 117, 1919-1927. doi: 10.1002/¢j1t.201400657

Oliver, L., Dietrich, T., Marafién, L, Villardn, M. C., and Barrio, R. J. (2020). Producing
Omega-3 polyunsaturated fatty acids: A review of sustainable sources and future trends
for the EPA and DHA market. Resources 9:148. doi: 10.3390/resources9120148

Ota, M., Takenaka, M., Sato, Y., Smith, R. L. Jr., and Inomata, H. (2015). Variation of
photoautotrophic fatty acid production from a highly CO 2 tolerant alga, C hlorococcum
littorale, with inorganic carbon over narrow ranges of p H. Biotechnol. Prog. 31,
1053-1057. doi: 10.1002/btpr.2099

Pan, M., Zhao, F, Xie, B.,, Wu, H.,, Zhang, S., Ye, C,, et al. (2021). Dietary ®-3
polyunsaturated fatty acids are protective for myopia. Proc. Natl. Acad. Sci.
118:2104689118. doi: 10.1073/pnas.2104689118

Park, J. O., Liu, N., Holinski, K. M., Emerson, D. F,, Qiao, K., Woolston, B. M., et al.
(2019). Synergistic substrate cofeeding stimulates reductive metabolism. Nat. Metab. 1,
643-651. doi: 10.1038/s42255-019-0077-0

Patel, D., and Busch, R. (2021). Omega-3 fatty acids and cardiovascular disease: A
narrative review for pharmacists. J. Cardiovasc. Pharmacol. Ther. 26, 524-532. doi:
10.1177/10742484211023715

Patel, A., Karageorgou, D., Rova, E., Katapodis, P., Rova, U., Christakopoulos, P,, et al.
(2020). An overview of potential oleaginous microorganisms and their role in biodiesel
and Omega-3 fatty acid-based industries. Microorganisms 8:434. doi: 10.3390/
microorganisms8030434

Patil, V., Killgvist, T., Olsen, E., Vogt, G., and Gislerod, H. R. (2007). Fatty acid
composition of 12 microalgae for possible use in aquaculture feed. Aquac. Int. 15, 1-9.
doi: 10.1007/5s10499-006-9060-3

Patil, V., Reitan, K. I, Knutsen, G., Mortensen, L. M., Killgvist, T., Olsen, E., et al.
(2005). Microalgae as source of polyunsaturated fatty acids for aquaculture. Curr. Topics
Plant Biol. 6, 57-65.

Pellegrini, M., Senni, C., Bernabei, E, Cicero, A. F. G., Vagge, A., Maestri, A., et al.
(2020). The role of nutrition and nutritional supplements in ocular surface diseases.
Nutrients 12:952. doi: 10.3390/nu12040952

Pena, D. A., Gasser, B., Zanghellini, J., Steiger, M. G., and Mattanovich, D. (2018).
Metabolic engineering of Pichia pastoris. Metab. Eng. 50, 2-15. doi: 10.1016/j.
ymben.2018.04.017

Perdana, B. A., Chaidir, Z., Kusnanda, A. J., Dharma, A., Zakaria, L. ], Syafrizayanti, B.,
et al. (2021). Omega-3 fatty acids of microalgae as a food supplement: A review of
exogenous factors for production enhancement. Algal Res. 60:102542. doi: 10.1016/j.
algal. 2021.102542

Petrie, . R., Vanhercke, T, Shrestha, P, El Tahchy, A., White, A., Zhou, X.-R,, et al. (2012).
Recruiting a new substrate for triacylglycerol synthesis in plants: the Monoacylglycerol
acyltransferase pathway. PLoS One 7:¢35214. doi: 10.1371/journal.pone.0035214

Petrie, J. R,, Zhou, X.-R., Leonforte, A., Mcallister, ]., Shrestha, P, Kennedy, Y., et al.
(2020). Development of a Brassica napus (canola) crop containing fish oil-like levels of
DHA in the seed oil. Front. Plant Sci. 11:727. doi: 10.3389/fpls.2020.00727

Proschel, M., Detsch, R., Boccaccini, A. R., and Sonnewald, U. (2015). Engineering of
metabolic pathways by artificial enzyme channels. Front. Bioeng. Biotechnol. 3:168. doi:
10.3389/fbioe.2015.00168

Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., and
Arkin, A. P. (2013). Repurposing CRISPR as an RNA-guided platform for sequence-
specific control of gene expression. Cells 152, 1173-1183. doi: 10.1016/j.
cell.2013.02.022

Frontiers in Microbiology

10.3389/fmicb.2023.1280296

Qiang, H., Zheungu, H., Cohen, Z., and Richond, A. (1997). Enhancement of
eicosapentaenoic acid (EPA) and y-linolenic acid (GLA) production by manipulating
algal density of outdoor cultures of Monodus subterraneus (Eustigmatophyta) and
Spirulina  platensis  (Cyanobacteria). Eur. J. Phycol. 32, 81-86. doi:
10.1080/09541449710001719395

Qiao, K., Wasylenko, T. M., Zhou, K., Xu, P,, and Stephanopoulos, G. (2017). Lipid
production in Yarrowia lipolytica is maximized by engineering cytosolic redox
metabolism. Nat. Biotechnol. 35, 173-177. doi: 10.1038/nbt.3763

Radulovic, M., Knittelfelder, O., Cristobal-Sarramian, A., Kolb, D., Wolinski, H.,
and Kohlwein, S. D. (2013). The emergence of lipid droplets in yeast: current status
and experimental approaches. Curr. Genet. 59, 231-242. doi: 10.1007/
500294-013-0407-9

Ramesh Kumar, B., Deviram, G., Mathimani, T., Duc, P. A., and Pugazhendhi, A.
(2019). Microalgae as rich source of polyunsaturated fatty acids. Biocatal. Agric.
Biotechnol. 17, 583-588. doi: 10.1016/j.bcab.2019.01.017

Rasheed, R., Saadaoui, I., Bounnit, T., Cherif, M., Al Ghazal, G., and Al Jabri, H.
(2020). Sustainable food production and nutraceutical applications from Qatar Desert
Chlorella sp. (Chlorophyceae). Animals 10:1413. doi: 10.3390/ani10081413

Rashid, N., Rehman, M. S. U,, Sadiq, M., Mahmood, T., and Han, J.-I. (2014). Current
status, issues and developments in microalgae derived biodiesel production. Renew. Sust.
Energ. Rev. 40, 760-778. doi: 10.1016/j.rser.2014.07.104

Ren, H.-Y, Liu, B.-E, Kong, E, Zhao, L., and Ren, N. (2015). Hydrogen and lipid
production from starch wastewater by co-culture of anaerobic sludge and oleaginous
microalgae with simultaneous COD, nitrogen and phosphorus removal. Water Res. 85,
404-412. doi: 10.1016/j.watres.2015.08.057

Rittmann, B. E. (2008). Opportunities for renewable bioenergy using microorganisms.
Biotechnol. Bioeng. 100, 203-212. doi: 10.1002/bit.21875

Rubio-Rodriguez, N., Beltrdn, S., Jaime, I, De Diego, S. M., Sanz, M. T., and
Carballido, J. R. (2010). Production of omega-3 polyunsaturated fatty acid concentrates:
A review. Innovative Food Sci. Emerg. Technol. 11, 1-12. doi: 10.1016/j.ifset.2009.10.006

Ruiz-Lopez, N., Haslam, R. P, Napier, J. A., and Sayanova, O. (2014). Successful high-
level accumulation of fish oil omega-3 long-chain polyunsaturated fatty acids in a
transgenic oilseed crop. Plant J. 77, 198-208. doi: 10.1111/tpj.12378

Ruiz-Lopez, N., Usher, S., Sayanova, O. V., Napier, J. A., and Haslam, R. P. (2015).
Modifying the lipid content and composition of plant seeds: engineering the production
of LC-PUFA. Appl. Microbiol. Biotechnol. 99, 143-154. doi: 10.1007/s00253-014-6217-2

Russo, G. L., Langellotti, A. L., Oliviero, M., Sacchi, R., and Masi, P. (2021). Sustainable
production of food grade omega-3 oil using aquatic protists: reliability and future
horizons. New Biotechnol. 62, 32-39. doi: 10.1016/j.nbt.2021.01.006

Ryckebosch, E., Bruneel, C., Muylaert, K., and Foubert, I. (2012). Microalgae as an
alternative source of omega-3 long chain polyunsaturated fatty acids. Lipid Technol. 24,
128-130. doi: 10.1002/lite.201200197

Ryu, J. Y, Kim, H. U, and Lee, S. Y. (2019). Deep learning enables high-quality and
high-throughput prediction of enzyme commission numbers. Proc. Natl. Acad. Sci. 116,
13996-14001. doi: 10.1073/pnas.1821905116

Saini, R. K., Prasad, P, Sreedhar, R. V., Akhilender Naidu, K., Shang, X., and Keum, Y.-
S.(2021). Omega—3 polyunsaturated fatty acids (PUFAs): emerging plant and microbial
sources, oxidative stability, bioavailability, and health benefits—A review. Antioxidants
10:1627. doi: 10.3390/antiox10101627

Sakarika, M., and Kornaros, M. (2019). Chlorella vulgaris as a green biofuel factory:
comparison between biodiesel, biogas and combustible biomass production. Bioresour.
Technol. 273, 237-243. doi: 10.1016/j.biortech.2018.11.017

Salehizadeh, H., Yan, N., and Farnood, R. (2020). Recent advances in microbial CO2
fixation and conversion to value-added products. Chem. Eng. J. 390:124584. doi:
10.1016/j.cej.2020.124584

Santin, A., Balzano, S., Russo, M. T., Palma Esposito, F., Ferrante, M. L, Blasio, M.,
etal. (2022). Microalgae-based PUFAs for food and feed: current applications, future
possibilities, and constraints. J. Marine Sci. Eng. 10:844. doi: 10.3390/jmse10070844

Sarris, D., Stoforos, N. G., Mallouchos, A., Kookos, I. K., Koutinas, A. A., Aggelis, G.,
et al. (2017). Production of added-value metabolites by Yarrowia lipolytica growing in
olive mill wastewater-based media under aseptic and non-aseptic conditions. Eng. Life
Sci. 17, 695-709. doi: 10.1002/elsc.201600225

Schidler, T., Neumann-Cip, A.-C., Wieland, K., Gléckler, D., Haisch, C., Briick, T.,
et al. (2020). High-density microalgae cultivation in open thin-layer Cascade
Photobioreactors with water recycling. Appl. Sci. 10:3883. doi: 10.3390/app10113883

Scheffer, M., Carpenter, S., and Young, B. D. (2005). Cascading effects of overfishing
marine systems. Trends Ecol. Evol. 20, 579-581. doi: 10.1016/j.tree.2005.08.018

Sellés Vidal, L., Murray, J. W., and Heap, J. T. (2021). Versatile selective evolutionary
pressure using synthetic defect in universal metabolism. Nat. Commun. 12. doi: 10.1038/
541467-021-27266-9

Seo, M.-J., and Schmidt-Dannert, C. (2021). Organizing multi-enzyme systems into
programmable materials for biocatalysis. Catalysts 11:409. doi: 10.3390/catal11040409

Shahidi, E, and Ambigaipalan, P. (2018). Omega-3 polyunsaturated fatty acids and
their health benefits. Annu. Rev. Food Sci. Technol. 9, 345-381. doi: 10.1146/annurev-
food-111317-095850

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1126/science.1059593
https://doi.org/10.3390/nu6104058
https://doi.org/10.1186/1754-6834-6-100
https://doi.org/10.1016/S0891-5245(03)00152-4
https://doi.org/10.1016/j.jechem.2020.01.023
https://doi.org/10.1016/j.biotechadv.2020.107650
https://doi.org/10.1007/BF00170368
https://doi.org/10.3390/nu10050552
https://doi.org/10.1002/ejlt.201400657
https://doi.org/10.3390/resources9120148
https://doi.org/10.1002/btpr.2099
https://doi.org/10.1073/pnas.2104689118
https://doi.org/10.1038/s42255-019-0077-0
https://doi.org/10.1177/10742484211023715
https://doi.org/10.3390/microorganisms8030434
https://doi.org/10.3390/microorganisms8030434
https://doi.org/10.1007/s10499-006-9060-3
https://doi.org/10.3390/nu12040952
https://doi.org/10.1016/j.ymben.2018.04.017
https://doi.org/10.1016/j.ymben.2018.04.017
https://doi.org/10.1016/j.algal.2021.102542
https://doi.org/10.1016/j.algal.2021.102542
https://doi.org/10.1371/journal.pone.0035214
https://doi.org/10.3389/fpls.2020.00727
https://doi.org/10.3389/fbioe.2015.00168
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1080/09541449710001719395
https://doi.org/10.1038/nbt.3763
https://doi.org/10.1007/s00294-013-0407-9
https://doi.org/10.1007/s00294-013-0407-9
https://doi.org/10.1016/j.bcab.2019.01.017
https://doi.org/10.3390/ani10081413
https://doi.org/10.1016/j.rser.2014.07.104
https://doi.org/10.1016/j.watres.2015.08.057
https://doi.org/10.1002/bit.21875
https://doi.org/10.1016/j.ifset.2009.10.006
https://doi.org/10.1111/tpj.12378
https://doi.org/10.1007/s00253-014-6217-2
https://doi.org/10.1016/j.nbt.2021.01.006
https://doi.org/10.1002/lite.201200197
https://doi.org/10.1073/pnas.1821905116
https://doi.org/10.3390/antiox10101627
https://doi.org/10.1016/j.biortech.2018.11.017
https://doi.org/10.1016/j.cej.2020.124584
https://doi.org/10.3390/jmse10070844
https://doi.org/10.1002/elsc.201600225
https://doi.org/10.3390/app10113883
https://doi.org/10.1016/j.tree.2005.08.018
https://doi.org/10.1038/s41467-021-27266-9
https://doi.org/10.1038/s41467-021-27266-9
https://doi.org/10.3390/catal11040409
https://doi.org/10.1146/annurev-food-111317-095850
https://doi.org/10.1146/annurev-food-111317-095850

Qin et al.

Sharma, T., and Mandal, C. C. (2020). Omega-3 fatty acids in pathological calcification
and bone health. J. Food Biochem. 44:e13333. doi: 10.1111/jfbc.13333

Sherratt, S. C. R,, Juliano, R. A., Copland, C., Bhatt, D. L., Libby, P., and Mason, R. P.
(2021). EPA and DHA containing phospholipids have contrasting effects on membrane
structure. J. Lipid Res. 62:100106. doi: 10.1016/j.jlr.2021.100106

Simopoulos, A. P. (2002). Omega-3 fatty acids in inflammation and autoimmune
diseases. J. Am. Coll. Nutr. 21, 495-505. doi: 10.1080/07315724.2002.10719248

Singh, V., Haque, S., Niwas, R., Srivastava, A., Pasupuleti, M., and Tripathi, C. K. M.
(2017). Strategies for fermentation medium optimization: an in-depth review. Front.
Microbiol. 7:2087. doi: 10.3389/fmicb.2016.02087

Siscovick, D. S., Barringer, T. A., Fretts, A. M., Wu, J. H. Y, Lichtenstein, A. H.,
Costello, R. B., et al. (2017). Omega-3 polyunsaturated fatty acid (fish oil)
supplementation and the prevention of clinical cardiovascular disease. Circulation 135,
e867-€884. doi: 10.1161/cir.0000000000000482

Sivakumar, R., Sachin, S., Priyadarshini, R., and Ghosh, S. (2022). Sustainable
production of eicosapentaenoic acid-rich oil from microalgae: towards an algal
biorefinery. J. Appl. Microbiol. 132, 4170-4185. doi: 10.1111/jam.15508

Skulas-Ray, A. C., Wilson, P. W. F,, Harris, W. S., Brinton, E. A., Kris-Etherton, P. M.,
Richter, C. K., et al. (2019). Omega-3 fatty acids for the management of
Hypertriglyceridemia: A science advisory from the American Heart Association.
Circulation 140, e673-e691. doi: 10.1161/cir.0000000000000709

Soong, Y.-H. V., Coleman, S. M., Liu, N,, Qin, J., Lawton, C., Alper, H. S, et al. (2023).
Using oils and fats to replace sugars as feedstocks for biomanufacturing: challenges and
opportunities for the yeast Yarrowia lipolytica. Biotechnol. Adv. 65:108128. doi: 10.1016/j.
biotechadv.2023.108128

Spolaore, P, Joannis-Cassan, C., Duran, E., and Isambert, A. (2006). Commercial
applications of microalgae. J. Biosci. Bioeng. 101, 87-96. doi: 10.1263/jbb.101.87

Strandberg, U., Bhavsar, S. P, and Arts, M. T. (2020). Interspecific differences in
omega-3 PUFA and contaminants explain the most variance in suggested Great Lakes’
fish consumption when risks/benefits are considered together. J. Great Lakes Res. 46,
549-559. doi: 10.1016/j.jglr.2020.03.019

Sun, X.-M.,, Ren, L.-J,, Bi, Z.-Q,, Ji, X.-J., Zhao, Q.-Y,, Jiang, L., et al. (2018).
Development of a cooperative two-factor adaptive-evolution method to enhance lipid
production and prevent lipid peroxidation in Schizochytrium sp. Biotechnol. Biofuels 11,
1-16. doi: 10.1186/513068-018-1065-4

Sun, D., Zhang, Z., Mao, X., Wu, T, Jiang, Y., Liu, J., et al. (2017). Light enhanced the
accumulation of total fatty acids (TFA) and docosahexaenoic acid (DHA) in a newly
isolated heterotrophic microalga Crypthecodinium sp. SUN. Bioresource Technol. 228,
227-234. doi: 10.1016/j.biortech.2016.12.077

Tan, H. W. S., Anjum, B., Shen, H.-M., Ghosh, S., Yen, P. M., and Sinha, R. A. (2019).
Lysosomal inhibition attenuates peroxisomal gene transcription via suppression of
PPARA and PPARGCIA levels.  Autophagy 15, 1455-1459. doi:
10.1080/15548627.2019.1609847

Tang, X., Chen, H., Mei, T., Ge, C., Gu, Z., Zhang, H., et al. (2018). Characterization
of an Omega-3 desaturase from Phytophthora parasitica and application for
Eicosapentaenoic acid production in Mortierella alpina. Front. Microbiol. 9:1878. doi:
10.3389/fmicb.2018.01878

Tatsuzawa, H., and Takizawa, E. (1995). Changes in lipid and fatty acid
composition of Paviova lutheri. Phytochemistry 40, 397-400. doi: 10.1016/0031-
9422(95)00327-4

Taymaz-Nikerel, H., Karabekmez, M. E., Eraslan, S., and Kirdar, B. (2018).
Doxorubicin induces an extensive transcriptional and metabolic rewiring in yeast cells.
Sci. Rep. 8:13672. doi: 10.1038/s41598-018-31939-9

Thiyagarajan, S., Khandelwal, P,, Senthil, N., Vellaikumar, S., Arumugam, M.,
Dubey, A. A, etal. (2021). Heterologous production of polyunsaturated fatty acids in E.
coli using A5-desaturase gene from microalga Isochrysis Sp. Appl. Biochem. Biotechnol.
193, 869-883. doi: 10.1007/s12010-020-03460-1

Tocher, D. (2009). Issues surrounding fish as a source of omega-3 long-chain
polyunsaturated fatty acids. Lipid Technol. 21, 13-16. doi: 10.1002/lite.200800079

Treloar, N. J., Fedorec, A. J., Ingalls, B., and Barnes, C. P. (2020). Deep reinforcement
learning for the control of microbial co-cultures in bioreactors. PLoS Comput. Biol.
16:€1007783. doi: 10.1371/journal.pcbi.1007783

Uprety, B. K., Morrison, E. N., Emery, R. J. N., and Farrow, S. C. (2022). Customizing
lipids from oleaginous microbes: leveraging exogenous and endogenous approaches.
Trends Biotechnol. 40, 482-508. doi: 10.1016/j.tibtech.2021.09.004

Vadivelan, G., and Venkateswaran, G. (2014). Production and enhancement of
Omega-3 fatty acid from Mortierella alpina CFR-GV15: its food and therapeutic
application. Biomed. Res. Int. 2014, 1-9. doi: 10.1155/2014/657414

Van Roermund, C. W. T., Ijlst, L., Majczak, W., Waterham, H. R., Folkerts, H.,
Wanders, R. J. A, et al. (2012). Peroxisomal fatty acid uptake mechanism in
Saccharomyces cerevisiae. J. Biol. Chem. 287, 20144-20153. doi: 10.1074/jbc.
M111.332833

Vartiainen, E., Blomberg, P, Ilmén, M., Andberg, M., Toivari, M., and Penttild, M.
(2019). Evaluation of synthetic formaldehyde and methanol assimilation pathways in
Yarrowia lipolytica. Fungal Biol. Biotechnol. 6:27. doi: 10.1186/s40694-019-0090-9

Frontiers in Microbiology

10.3389/fmicb.2023.1280296

Vasconcelos, B., Teixeira, J. C., Dragone, G., and Teixeira, J. A. (2018). Optimization
of lipid extraction from the oleaginous yeasts Rhodotorula glutinis and Lipomyces
kononenkoae. AMB Express 8:126. doi: 10.1186/513568-018-0658-4

Venegas-Caler6n, M., Sayanova, O., and Napier, J. A. (2010). An alternative to fish oils:
metabolic engineering of oil-seed crops to produce omega-3 long chain polyunsaturated
fatty acids. Prog. Lipid Res. 49, 108-119. doi: 10.1016/j.plipres.2009.10.001

Volk, M. J., Lourentzou, I., Mishra, S., Vo, L. T., Zhai, C., and Zhao, H. (2020).
Biosystems design by machine learning. ACS Synth. Biol. 9, 1514-1533. doi: 10.1021/
acssynbio.0c00129

Wang, L., Deng, A., Zhang, Y., Liu, S., Liang, Y., Bai, H., et al. (2018). Efficient
CRISPR-Cas9 mediated multiplex genome editing in yeasts. Biotechnol. Biofuels 11:277.
doi: 10.1186/s13068-018-1271-0

Wang, J., Ledesma-Amaro, R., Wei, Y., Ji, B., and Ji, X.-J. (2020). Metabolic engineering
for increased lipid accumulation in Yarrowia lipolytica - A review. Bioresour. Technol.
313:123707. doi: 10.1016/j.biortech.2020.123707

Wang, X, Luo, S.-W.,, Luo, W, Yang, W.-D,, Liu, ].-S., and Li, H.-Y. (2019). Adaptive
evolution of microalgal strains empowered by fulvic acid for enhanced polyunsaturated
fatty acid production. Bioresour. Technol. 277, 204-210. doi: 10.1016/j.
biortech.2018.12.116

Wang, C., Qing, X., Yu, M., Sun, Q,, Liu, E, Qi, B, et al. (2019). Production of
eicosapentaenoic acid (EPA, 20:5n-3) in transgenic peanut (Arachis hypogaea L.)
through the alternative A8-desaturase pathway. Mol. Biol. Rep. 46, 333-342. doi:
10.1007/s11033-018-4476-1

Wang, L., Shen, W., Kazachkov, M., Chen, G., Chen, Q., Carlsson, A. S., et al. (2012).
Metabolic interactions between the lands cycle and the Kennedy pathway of Glycerolipid
synthesis in Arabidopsis developing seeds[W]. Plant Cell 24, 4652-4669. doi: 10.1105/
tpc.112.104604

Wang, K., Shi, T.-Q., Lin, L., Wei, P, Ledesma-Amaro, R., and Ji, X.-J. (2022).
Engineering Yarrowia lipolytica to produce tailored chain-length fatty acids and their
derivatives. ACS Synth. Biol. 11, 2564-2577. doi: 10.1021/acssynbio.2c00305

Wang, Y., Wang, H., Wei, L., Li, S., Liu, L., and Wang, X. (2020). Synthetic promoter
design in Escherichia coli based on a deep generative network. Nucleic Acids Res. 48,
6403-6412. doi: 10.1093/nar/gkaa325

Wang, S., Wu, Y, and Wang, X. (2016). Heterotrophic cultivation of Chlorella
pyrenoidosa using sucrose as the sole carbon source by co-culture with Rhodotorula
glutinis. Bioresour. Technol. 220, 615-620. doi: 10.1016/j.biortech.2016.09.010

Wasylenko, T. M., Ahn, W. S., and Stephanopoulos, G. (2015). The oxidative pentose
phosphate pathway is the primary source of NADPH for lipid overproduction from
glucose in Yarrowia lipolytica. Metab. Eng. 30, 27-39. doi: 10.1016/j.ymben.2015.02.007

Wei, H., Wang, W., Alahuhta, M., Vander Wall, T., Baker, J. O., Taylor, L. E., et al.
(2014). Engineering towards a complete heterologous cellulase secretome in Yarrowia
lipolytica reveals its potential for consolidated bioprocessing. Biotechnol. Biofuels 7:148.
doi: 10.1186/513068-014-0148-0

Wen, Z.-Y.,, and Chen, F. (2003). Heterotrophic production of eicosapentaenoic acid
by microalgae. Biotechnol. Adv. 21, 273-294. doi: 10.1016/S0734-9750(03)00051-X

Werner, N., and Zibek, S. (2017). Biotechnological production of bio-based long-chain
dicarboxylic acids with oleogenious yeasts. World J. Microbiol. Biotechnol. 33:194. doi:
10.1007/s11274-017-2360-0

Winwood, R. J. (2013). Recent developments in the commercial production of DHA
and EPA rich oils from micro-algae. OCL 20:D604. doi: 10.1051/0cl/2013030

Wu, G., Truksa, M., Datla, N., Vrinten, P, Bauer, J., Zank, T, et al. (2005). Stepwise
engineering to produce high yields of very long-chain polyunsaturated fatty acids in
plants. Nat. Biotechnol. 23, 1013-1017. doi: 10.1038/nbt1107

Wu, S. G, Wang, Y, Jiang, W,, Oyetunde, T,, Yao, R., Zhang, X., et al. (2016). Rapid
prediction of bacterial heterotrophic Fluxomics using machine learning and constraint
programming. PLoS Comput. Biol. 12:e1004838. doi: 10.1371/journal.pcbi.1004838

Wu, G, Yan, Q, Jones, J. A., Tang, Y. ]., Fong, S. S., and Koffas, M. A. (2016). Metabolic
burden: cornerstones in synthetic biology and metabolic engineering applications.
Trends Biotechnol. 34, 652-664. doi: 10.1016/j.tibtech.2016.02.010

Xia, Y., Zhang, Y.-T., Sun, J.-Y.,, Huang, H., Zhao, Q,, and Ren, L.-]. (2020). Strategies
for enhancing eicosapentaenoic acid production: from fermentation to metabolic
engineering. Algal Res. 51:102038. doi: 10.1016/j.algal.2020.102038

Xie, D. (2017). Integrating cellular and bioprocess engineering in the non-
conventional yeast Yarrowia lipolytica for biodiesel production: A review. Front. Bioeng.
Biotechnol. 5:65. doi: 10.3389/fbioe.2017.00065

Xie, D. (2022). Continuous biomanufacturing with microbes — upstream progresses
and challenges. Curr. Opin. Biotechnol. 78:102793. doi: 10.1016/j.copbio.2022.102793

Xie, D., Jackson, E. N., and Zhu, Q. (2015). Sustainable source of omega-3
eicosapentaenoic acid from metabolically engineered Yarrowia lipolytica: from

fundamental research to commercial production. Appl. Microbiol. Biotechnol. 99,
1599-1610. doi: 10.1007/500253-014-6318-y

Xie, D., Miller, E., Sharpe, P, Jackson, E., and Zhu, Q. (2017a). Omega-3 production
by fermentation of Yarrowia lipolytica: from fed-batch to continuous. Biotechnol. Bioeng.
114, 798-812. doi: 10.1002/bit.26216

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/jfbc.13333
https://doi.org/10.1016/j.jlr.2021.100106
https://doi.org/10.1080/07315724.2002.10719248
https://doi.org/10.3389/fmicb.2016.02087
https://doi.org/10.1161/cir.0000000000000482
https://doi.org/10.1111/jam.15508
https://doi.org/10.1161/cir.0000000000000709
https://doi.org/10.1016/j.biotechadv.2023.108128
https://doi.org/10.1016/j.biotechadv.2023.108128
https://doi.org/10.1263/jbb.101.87
https://doi.org/10.1016/j.jglr.2020.03.019
https://doi.org/10.1186/s13068-018-1065-4
https://doi.org/10.1016/j.biortech.2016.12.077
https://doi.org/10.1080/15548627.2019.1609847
https://doi.org/10.3389/fmicb.2018.01878
https://doi.org/10.1016/0031-9422(95)00327-4
https://doi.org/10.1016/0031-9422(95)00327-4
https://doi.org/10.1038/s41598-018-31939-9
https://doi.org/10.1007/s12010-020-03460-1
https://doi.org/10.1002/lite.200800079
https://doi.org/10.1371/journal.pcbi.1007783
https://doi.org/10.1016/j.tibtech.2021.09.004
https://doi.org/10.1155/2014/657414
https://doi.org/10.1074/jbc.M111.332833
https://doi.org/10.1074/jbc.M111.332833
https://doi.org/10.1186/s40694-019-0090-9
https://doi.org/10.1186/s13568-018-0658-4
https://doi.org/10.1016/j.plipres.2009.10.001
https://doi.org/10.1021/acssynbio.0c00129
https://doi.org/10.1021/acssynbio.0c00129
https://doi.org/10.1186/s13068-018-1271-0
https://doi.org/10.1016/j.biortech.2020.123707
https://doi.org/10.1016/j.biortech.2018.12.116
https://doi.org/10.1016/j.biortech.2018.12.116
https://doi.org/10.1007/s11033-018-4476-1
https://doi.org/10.1105/tpc.112.104604
https://doi.org/10.1105/tpc.112.104604
https://doi.org/10.1021/acssynbio.2c00305
https://doi.org/10.1093/nar/gkaa325
https://doi.org/10.1016/j.biortech.2016.09.010
https://doi.org/10.1016/j.ymben.2015.02.007
https://doi.org/10.1186/s13068-014-0148-0
https://doi.org/10.1016/S0734-9750(03)00051-X
https://doi.org/10.1007/s11274-017-2360-0
https://doi.org/10.1051/ocl/2013030
https://doi.org/10.1038/nbt1107
https://doi.org/10.1371/journal.pcbi.1004838
https://doi.org/10.1016/j.tibtech.2016.02.010
https://doi.org/10.1016/j.algal.2020.102038
https://doi.org/10.3389/fbioe.2017.00065
https://doi.org/10.1016/j.copbio.2022.102793
https://doi.org/10.1007/s00253-014-6318-y
https://doi.org/10.1002/bit.26216

Qin et al.

Xie, D., Miller, E., Tyreus, B., Jackson, E. N., and Zhu, Q. (2016). “Sustainable
production of Omega-3 Eicosapentaenoic acid by fermentation of metabolically
engineered Yarrowia lipolytica” in Quality living through Chemurgy and Green chemistry.
ed. P. C. K. Lau (Berlin, Heidelberg: Springer Berlin Heidelberg), 17-33.

Xie, D., Soong, Y, Liu, N., Qin, J., and Chen, S. (2017b). A new biomanufacturing
platform for bioconversion of plant oils into high-value products. Adv. Biochem.
Biotehcnol. 149:49. doi: 10.29011/2574-7258.000049

Xu, Y. (2022). Biochemistry and biotechnology of lipid accumulation in the microalga
Nannochloropsis oceanica. ]. Agric. Food Chem. 70, 11500-11509. doi: 10.1021/acs.
jafc.2c05309

Xu, J., Liu, N., Qiao, K., Vogg, S., and Stephanopoulos, G. (2017). Application of
metabolic controls for the maximization of lipid production in semicontinuous
fermentation. Proc. Natl. Acad. Sci. 114, E5308-E5316. doi: 10.1073/pnas.1703321114

Xu, J., Zhou, L., Yin, M., and Zhou, Z. (2021). Novel mode engineering for p-alanine
production in Escherichia coli with the guide of adaptive laboratory evolution.
Microorganisms 9:600. doi: 10.3390/microorganisms9030600

Xue, Z., Sharpe, P., Hong, S.-P, Yadav, N., Xie, D., Short, D., et al. (2013). Production
of omega-3 eicosapentaenoic acid by metabolic engineering of Yarrowia lipolytica. Nat.
Biotechnol. 31, 734-740. doi: 10.1038/nbt.2622

Yakoviichuk, A., Krivova, Z., Maltseva, S., Kochubey, A., Kulikovskiy, M., and
Maltsev, Y. (2023). Antioxidant status and biotechnological potential of new Vischeria
vischeri (Eustigmatophyceae) soil strains in enrichment cultures. Antioxidants 12:654.
doi: 10.3390/antiox12030654

Yin, Z., Zhu, L, Li, S., Hu, T, Chu, R., Mo, E, et al. (2020). A comprehensive review
on cultivation and harvesting of microalgae for biodiesel production: environmental
pollution control and future directions. Bioresour. Technol. 301:122804. doi: 10.1016/j.
biortech.2020.122804

Yishai, O., Bouzon, M., Déring, V., and Bar-Even, A. (2018). In vivo assimilation of
one-carbon via a synthetic reductive Glycine pathway in Escherichia coli. ACS Synth.
Biol. 7, 2023-2028. doi: 10.1021/acssynbio.8b00131

Yokoi-Shimizu, K., Yanagimoto, K. and Hayamizu, K. (2022). Effect of
docosahexaenoic acid and Eicosapentaenoic acid supplementation on sleep quality in
healthy subjects: A randomized, double-blinded, placebo-controlled trial. Nutrients
14:4136. doi: 10.3390/nu14194136

You, S. K., Ko, Y. J., Shin, S. K., Hwang, D.-H., Kang, D. H., Park, H. M., et al.
(2020). Enhanced CO2 fixation and lipid production of Chlorella vulgaris through

Frontiers in Microbiology

26

10.3389/fmicb.2023.1280296

the carbonic anhydrase complex. Bioresour. Technol. 318:124072. doi: 10.1016/j.
biortech.2020.124072

Yu, B. S, Sung, Y. J., Choi, H. L, Sirohi, R., and Sim, S. J. (2021). Concurrent
enhancement of CO2 fixation and productivities of omega-3 fatty acids and
astaxanthin in Haematococcus pluvialis culture via calcium-mediated homeoviscous
adaptation and biomineralization. Bioresour. Technol. 340:125720. doi: 10.1016/j.
biortech.2021.125720

Zhang, X.-Y,, Li, B., Huang, B.-C., Wang, E-B., Zhang, Y.-Q., Zhao, S.-G., et al. (2022).
Production, biosynthesis, and commercial applications of fatty acids from oleaginous
Fungi. Front. Nutr. 9:873657. doi: 10.3389/fnut.2022.873657

Zhang, C., Ottenheim, C., Weingarten, M., and Ji, L. (2022). Microbial utilization of
next-generation feedstocks for the biomanufacturing of value-added chemicals and food
ingredients. Front. Bioeng. Biotechnol. 10:874612. doi: 10.3389/fbioe.2022.874612

Zhang, J., Petersen, S. D., Radivojevic, T., Ramirez, A., Pérez-Manriquez, A.,
Abeliuk, E., et al. (2020). Combining mechanistic and machine learning models for
predictive engineering and optimization of tryptophan metabolism. Nat. Commun.
11:4880. doi: 10.1038/s41467-020-17910-1

Zhang, W, Song, M., Yang, Q., Dai, Z., Zhang, S., Xin, F, et al. (2018). Current advance
in bioconversion of methanol to chemicals. Biotechnol. Biofuels 11, 1-11. doi: 10.1186/
513068-018-1265-y

Zheng, Q., Li, J. Q., Kazachkov, M., Liu, K., and Zou, J. (2012). Identification of
Brassica napus lysophosphatidylcholine acyltransferase genes through yeast
functional screening. Phytochemistry 75,21-31. doi: 10.1016/j.phytochem.2011.11.022

Zhong, M., Tran, K., Min, Y., Wang, C., Wang, Z., Dinh, C.-T., et al. (2020). Accelerated
discovery of CO2 electrocatalysts using active machine learning. Nature 581, 178-183.
doi: 10.1038/s41586-020-2242-8

Zhou, Y. J., Buijs, N. A., Zhu, Z., Gémez, D. O., Boonsombuti, A., Siewers, V., et al.
(2016). Harnessing yeast peroxisomes for biosynthesis of fatty-acid-derived biofuels and
chemicals with relieved side-pathway competition. . Am. Chem. Soc. 138, 15368-15377.
doi: 10.1021/jacs.6b07394

Zhou, Y. ., Gao, W, Rong, Q,, Jin, G., Chu, H., Liu, W, et al. (2012). Modular pathway
engineering of Diterpenoid synthases and the Mevalonic acid pathway for Miltiradiene
production. J. Am. Chem. Soc. 134, 3234-3241. doi: 10.1021/ja2114486

Zhuang, X.-Y.,, Zhang, Y.-H., Xiao, A.-F, Zhang, A.-H., and Fang, B.-S. (2022). Key
enzymes in fatty acid synthesis pathway for bioactive lipids biosynthesis. Front. Nutr.
9:851402. doi: 10.3389/fnut.2022.851402

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1280296
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.29011/2574-7258.000049
https://doi.org/10.1021/acs.jafc.2c05309
https://doi.org/10.1021/acs.jafc.2c05309
https://doi.org/10.1073/pnas.1703321114
https://doi.org/10.3390/microorganisms9030600
https://doi.org/10.1038/nbt.2622
https://doi.org/10.3390/antiox12030654
https://doi.org/10.1016/j.biortech.2020.122804
https://doi.org/10.1016/j.biortech.2020.122804
https://doi.org/10.1021/acssynbio.8b00131
https://doi.org/10.3390/nu14194136
https://doi.org/10.1016/j.biortech.2020.124072
https://doi.org/10.1016/j.biortech.2020.124072
https://doi.org/10.1016/j.biortech.2021.125720
https://doi.org/10.1016/j.biortech.2021.125720
https://doi.org/10.3389/fnut.2022.873657
https://doi.org/10.3389/fbioe.2022.874612
https://doi.org/10.1038/s41467-020-17910-1
https://doi.org/10.1186/s13068-018-1265-y
https://doi.org/10.1186/s13068-018-1265-y
https://doi.org/10.1016/j.phytochem.2011.11.022
https://doi.org/10.1038/s41586-020-2242-8
https://doi.org/10.1021/jacs.6b07394
https://doi.org/10.1021/ja2114486
https://doi.org/10.3389/fnut.2022.851402

	Biotechnological production of omega-3 fatty acids: current status and future perspectives
	1. Introduction
	2. Current major sources for omega-3 fatty acids and their limitations
	2.1. General metabolic pathways for biosynthesis of omega-3 fatty acids
	2.2. Omega-3 fatty acids from fish
	2.3. Omega-3 fatty acids from plants
	2.4. Omega-3 fatty acids from microalgae
	2.4.1. Lipid and omega-3 synthesis in microalgae
	2.4.2. Phototrophic cultivation
	2.4.3. Heterotrophic cultivation
	2.5. Omega-3 fatty acids from fungi
	2.6. Omega-3 fatty acids from bacteria
	2.7. Advantage and disadvantage of various organism

	3. Metabolic pathways and engineering strategies for biosynthesis of omega-3 fatty acids
	3.1. Fatty acid synthesis and metabolism
	3.1.1. Fatty acid synthesis
	3.1.2. General fatty acid degradation pathways
	3.2. Omega-3 synthesis pathway
	3.2.1. Aerobic unsaturated fatty acids synthesis pathway for omega-3 fatty acid
	3.2.2. Anaerobic polyketide synthase pathway for omega-3 fatty acid
	3.2.3. FFA and TAG formation and conversion pathways

	4. Perspectives for future biomanufacturing of omega-3 fatty acids
	4.1. Increasing NADPH availability such as recycling NADH back to NADPH for lipid synthesis
	4.2. The production of omega-3 fatty acids in yeast as an extracellular product has been pursued its potential to yield higher titer
	4.3. New gene editing tools to accelerate the metabolic engineering research
	4.3.1. CRISPR gene-editing tools
	4.3.2. Enzyme engineering
	4.3.3. Multi-omics analyses
	4.4. Using alternative/economical feedstocks to increase yield and reduce material cost
	4.4.1. Waste plant oils/animal fats
	4.4.2. Cellulose
	4.4.3. Starch
	4.4.4. Sucrose
	4.4.5. CO2-derived C1/C2 chemicals
	4.5. Innovative fermentation and bioprocess engineering.

	5. Conclusion
	Author contributions

	References

