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Abstract
Omega-3 fatty acids, including docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and α-linolenic acid (ALA), 
are essential polyunsaturated fatty acids with diverse health benefits. The limited conversion of dietary DHA necessitates its 
consumption as food supplements. Omega-3 fatty acids possess anti-arrhythmic and anti-inflammatory capabilities, contribut-
ing to cardiovascular health. Additionally, DHA consumption is linked to improved vision, brain, and memory development. 
Furthermore, omega-3 fatty acids offer protection against various health conditions, such as celiac disease, Alzheimer’s, 
hypertension, thrombosis, heart diseases, depression, diabetes, and certain cancers. Fish oil from pelagic cold-water fish 
remains the primary source of omega-3 fatty acids, but the global population burden creates a demand–supply gap. Thus, 
researchers have explored alternative sources, including microbial systems, for omega-3 production. Microbial sources, par-
ticularly oleaginous actinomycetes, microalgae like Nannochloropsis and among microbial systems, Thraustochytrids stand 
out as they can store up to 50% of their dry weight in lipids. The microbial production of omega-3 fatty acids is a potential 
solution to meet the global demand, as these microorganisms can utilize various carbon sources, including organic waste. The 
biosynthesis of omega-3 fatty acids involves both aerobic and anaerobic pathways, with bacterial polyketide and PKS-like 
PUFA synthase as essential enzymatic complexes. Optimization of physicochemical parameters, such as carbon and nitrogen 
sources, pH, temperature, and salinity, plays a crucial role in maximizing DHA production in microbial systems. Overall, 
microbial sources hold significant promise in meeting the global demand for omega-3 fatty acids, offering an efficient and 
sustainable solution for enhancing human health.
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Introduction

Omega-3 fatty acids belong to the family of polyunsaturated 
fatty acids with significant types, including docosahexae-
noic (DHA), eicosapentaenoic (EPA, and α-linolenic acid 
(ALA). The DHA is a vital nutrient that cannot be synthe-
sized by the body but has valuable health benefits in the 
growth and development of the human body. The conversion 
of dietary DHA in the human body is gender dependent, and 

desaturation and elongation of carbon chains may result in 
the transformation of ALA into DHA (Sheikh et al. 2019). 
In contrast, men convert only 12% of the ALA they consume 
into EPA, DPA, and DHA, while females convert 21% of the 
ALA into EPA and DHA (Burns-Whitmore et al. 2019). The 
limited conversion of dietary DHA is insufficient to meet 
the human body's daily dietary demands and needs to be 
consumed as food supplements. Omega-3 fatty acids pos-
sess anti-arrhythmic and anti-inflammatory capabilities and 
help maintain cardiovascular health (de Abreu Silva et al. 
2021). The consumption of DHA improves vision, brain, 
and memory development in infants and adults.

Moreover, omega-3 fatty acids aid in limiting the symp-
toms associated with celiac disease, Alzheimer's, hyper-
tension, thrombosis, heart diseases, depression, diabetes, 
and several cancers (Hashimoto et al. 2015). Fish oil from 
pelagic cold-water fish species like tuna and salmon is the 
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primary source of omega-3 fatty acids. Approximately one 
million metric tons of fish oil are produced worldwide annu-
ally. The omega-3 fatty acids from this fish oil are currently 
used in medicines, foods, and the nutraceutical industry 
(Karageorgou et al. 2023). However, the global population 
burden creates a gap between the production and consump-
tion of nutraceutical oils due to the rising demand for fish 
and fish oil containing omega-3 fatty acids (Turchini et al. 
2009). Different manufacturing strategies and sources of 
omega-3 production are explored to meet the world's reli-
ance on omega-3. Traditional methods of omega-3 produc-
tion are more laborious and offer various technical difficul-
ties and limitations.

Interestingly, omega-3 fatty acids obtained from micro-
bial systems have an identical composition to those found 
in plants and animals, such as organic waste (Alfio et al. 
2021). Several microbial systems have been studied for the 
industrial and commercial scale production of omega-3 oil, 
which includes oleaginous actinomycetes, microalgae for 
omega-3 production Nannochloropsis and tricornutum capa-
bilities (Cui et al. 2021), Fig. 1. Regarding categorization, 
Thraustochytrids are classified as algae and fungi. Thraus-
tochytrids may store up to 50% of the entire dry weight in 
lipids. Health professional associations recommend the daily 

consumption of 500 mg of omega-3 oils, which equates to 
1.3 million metric tons of human consumption every year 
(Papanikolaou and Fulgoni III 2019). When considering 
the worldwide regulatory authorities’ recommendations for 
daily DHA intake, the consumption needs to reach 500 mg/
day (Mun et al. 2019). The average recommended consump-
tion of omega is only followed in coastline countries like 
Japan and some Scandinavian countries with diets rich in 
marine species than the rest of the world (Wang et al. 2022).

Health benefits of DHA

Omega-3 fatty acids play a pivotal role as an anti-arrhyth-
mic, anti-inflammatory, anti-thrombotic, anti-atheroscle-
rotic, anti-fibrotic, and endothelial relaxant which aid in 
preventing cardiovascular diseases. Moreover, it can pre-
vent or treat atherosclerosis, hypertriglyceridemia, high 
blood pressure, rheumatoid arthritis, asthma, lupus erythe-
matosus, diabetes, migraine, nephritis, and psoriasis (Siri-
wardhana et al. 2012). PUFAs have become a crucial part 
of the maternal diet due to their benefits on fetal develop-
ment. Pregnant or lactating women should eat 8–12 ounces 
of seafood per week, 300–900 mg DHA + EPA per day 

Fig. 1  Primary sources of omega-3 polyunsaturated fatty acids (PUFAs) and health benefits for consumers
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(Horrocks and Yeo 1999). This helps in the development 
of the fetal brain and eyes. DHA and EPA also prevent pre-
term birth, widely known as a severe cause of infant mor-
tality. Circulatory system disorders are linked with plaques 
(lipid or calcium) building up in the arteries, which may 
tend to cause atherosclerosis and blood clots.

Similarly, myocarditis (heart muscle inflammation) 
accelerates plaque formation in the arteries, creates blood 
clots, and may result in cardiovascular events (Zhang et al. 
2019). Decreasing inflammatory cytokine (i.e., Interleu-
kins IL-6, IL-1b) and the production of tumor necrosis 
factor (TNF) in such a way that ameliorates its protective 
role and deteriorates its harmful effects. The high con-
centration of PUFAs in synaptic neuronal membranes is 
crucial in neurodegenerative diseases. This modifies vas-
cular and immunological systems, which affects the CNS 
(Li et al. 2021). PUFAs are essential for embryonic cell 
growth and neurological development. Research has linked 
apoptosis to low PUFAs. DHA promotes brain growth, 
especially in the newborn brain, and protects against apop-
totic cell death when consumed during pregnancy (Li et al. 
2021). It is a mental health problem characterized by a 
lower interest in everyday activities or poor performance 
at work, which is frequently expressed as rage, a sense of 
loss and sorrow. Hypertension is a rise in blood pressure 
within the arteries because of enhanced insulin resist-
ance, endothelial dysfunction, and peripheral vascular 
resistance. Alzheimer's disease (AD) is a common type 
of dementia, especially in older adults (Liu et al. 2022). 
Plasmogens, a neuronal lipid, and DHA, which function 
as neurotransmitters containing vesicles, are both found in 
synaptosomes and are essential for efficient neurotransmis-
sion. Lower levels of plasmogen and DHA are observed in 
the hippocampus of people diagnosed with Alzheimer's, 
which has been found to interrupt the neurotransmission 
process (Chen et al. 2022a). Skin protection, homeostasis, 
and omega-3 FAs (notably EPA and DHA) are well syn-
chronized. Several skin-related disorders, such as skin can-
cer, photoaging, allergies, and dermatitis, are improved. 
Fish oil PUFAs may reduce cutaneous inflammation and 
improve wound healing by regulating cytokine activity. 
The previous research, thus, highlights the crucial role 
of polyunsaturated fatty acids as a therapeutic approach 
(Ferreira et al. 2022). According to studies, co-microen-
capsulating probiotic strains with omega-3-rich tuna oil 
help to maintain high levels of omega-3 FAs in the diges-
tive system, which increases microbial survival and adhe-
sion to the intestines (Zhou and Wei 2023). The genetic 
engineering of these organisms holds immense potential to 
enable the more affordable manufacturing of customized 
oils. Consequently, it will be pertinent for researchers from 
various fields to investigate the further potential of marine 
microorganisms for biotechnological applications shortly.

Natural sources of omega‑3 fatty acid 
production

DHA are abundant in fish-derived lipids, and their quantity 
varies by species and location. Marine fish has abundant 
DHA, which grazes primarily on zooplankton, a good 
source of omega-3 fatty acids (Simonato et  al. 2023). 
Recent research has shown the remarkable capability of 
Camelina sativa, which has excellent oil content with 
more than 35% PUFAs like DHA and EPA at amounts 
similar to that found in fish oil, thanks to genetic modifi-
cation (Betancor et al. 2021). Genetically modified plants 
are a source of PUFAs; however, their DHA levels are 
often low than those of oleaginous microbes (West et al. 
2021). In seeds, transgenic plants generated up to 15% 
eicosapentaenoic and up to 1.5% DHA; studies have been 
conducted about the omega-3 production pathway from 
transgenic plants, ranging from diverse host systems to 
oilseed plants (Petrie et al. 2020).

Microbial production of omega‑3 fatty acid

Despite the challenges, efforts to find new, sustainable 
sources for synthesizing Omega-3 fatty acids are ongoing. 
Table 1 presents data on genetically modified microbes and 
plant for enhanced production of DHA. The biomass titer, 
total fatty acid (TFA) content, and lipid content of vari-
ous microbes are involved in the production of omega-3 
fatty acids. Schizochytrium sp. stands out after overexpres-
sion of ATP citrate lyase (ACL), acetyl CoA-carboxylase 
(ACC), as one of the top-performing microorganisms, 
achieving biomass titers ranging from 14.0 g/L to 47.4 g/L 
with TFA content ranging from 42.9 g/L to 54.5 g/L and 
lipid content from 26.0% to 30.5% (Han et al. 2020) (Li 
et al. 2018; Guo et al. 2018; Guo et al. 2018; Sun et al. 
2018). In P. tricornutum, the expression of Δ5-desaturase 
and Δ6-desaturase gene resulted in boosting the DHA 
production to many folds. (Hamilton et al. 2014). Simi-
larly, Aurantiochytrium sp. demonstrates promising results 
with biomass titers of 4.8 g/L to 12.5 g/L, TFA content 
of 23.9 g/L to 52.5 g/L, and lipid content of 13.2% to 
28.9% (Heggeset et al. 2019; Ma et al. 2015; Nazir et al. 
2018).Crypthecodinium cohnii also exhibits potential with 
biomass titers from 2.7 g/L to 13.1 g/L, TFA content of 
24.2 g/L to 54.0 g/L, and lipid content of 13.5% to 33.0% 
(Diao et al. 2018; Diao et al. 2019; Liu et al. 2018). Nota-
bly, Myxobacteria spp. and Pseudomonas putida have 
lower TFA content but still play a role in the production 
of omega-3 fatty acids. These findings emphasize the 
diversity of microbial sources and their capabilities in the 
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production of omega-3 fatty acids, providing promising 
alternatives to meet the global demand for these essential 
nutrients (Gemperlein et al. 2019; Gemperlein et al. 2016).

Algal production

Photosynthetic organisms utilize energy produced in cell 
division, enhancing bio productivity and not requiring a 
large surface area for growth. In contrast, microalgae grow 
in a variety of ways, including phototrophic (using carbon 
dioxide as a carbon source and sunlight as an energy source), 
heterotrophic (using organic carbon sources), and myco-
trophic (using both organic and inorganic–organic carbon 
as substrates), which involves both organic and inorganic 
carbon sources to carry out photosynthesis (Malik et al. 
2023). Various parameters influence the microalgae's cel-
lular development rate, including lipid accumulation, dis-
solved oxygen levels, light intensity, pH, temperature, nutri-
ent concentration, and carbon dioxide levels (Chandrasekhar 
et al. 2022). The synthesis of TAGs and the assembly of 
glycerol lipids occur in the microalgae through a series 
of enzymatic reactions in the endoplasmic reticulum and 
chloroplasts, respectively (Xu et al. 2020). The synthesis 
of significant amounts of lipids, specifically neutral fats in 
the form of TAGs/oil bodies, which may be used as carbon 
and energy storage sources, is thought to be triggered by 

physical, chemical, and environmental stresses (Xu 2022). 
The Dinoflagellate Crypthecodinium cohnii and the Thraus-
tochytrids (Schizochytrium, Thraustochytrium, and Auranti-
ochytrium) are notable heterotrophic organisms that collect 
substantial amounts of DHA (Bagul and Annapurna 2021a). 
Despite being categorized as microalgae, these bacteria no 
longer possess the capacity for photosynthesis and now live 
in the water as saprophytes that aid in the breakdown of 
organic debris.

Microalgae; Aurantiochytrium 
and Schizochytrium

The practical cell factories for DHA generation are Schiz-
ochytrium spp. For more than 25 years, unique strains have 
been employed in the commercial manufacture of meals and 
DHA (Zhong et al. 2023). The bacteria had anaerobic and 
aerobic PUFAs, but lacked D12-desaturase, implying that 
DHA is produced anaerobically. Recently, it was discovered 
the effectiveness of oxygen in DHA production. When ascor-
bic acid is added as an antioxidant, intracellular ROS levels 
are decreased, and DHA titer is increased to 38.3 g/L (Ortiz-
Sanchez et al. 2023). The mutant ALE-TF30 was created 
using adaptive laboratory evolution. It accumulated 38.1 g/L 
of DHA, 57% more than the parent strain, and had lower 
lipid peroxidation (Jovanovic et al. 2021). The quantity of 

Table 1  Microbial synthesis of omega-3 PUFA through genetic engineering for enhancing DHA production

Microbe Biomass titer TFA content Lipid content References

Phaeodactylum tricornutum – – 10.4% (Hamilton et al. 2014)
Schizochytrium sp. 47.4 g/L 42.9 g/L 26.0% (Li et al. 2018)

39.2 g/L 42.9 g/L 30.5% (Guo et al. 2018)
38.3 g/L 54.5 g/L 30.1% (Guo et al. 2018)
38.1 g/L 53.3 g/L 30.0% (Sun et al. 2018)
14.0 g/L 50.9 g/L 26.7% (Zhao et al. 2018)
– – 37.9% (Han et al. 2020)

Aurantiochytrium sp. 12.5 g/L 23.9 g/L 13.2% (Heggeset et al. 2019)
10.0 g/L 52.5 g/L 28.9% (Ma et al. 2015)
4.8 g/L 52.0 g/L 25.0% (Nazir et al. 2018)

Crypthecodinium cohnii 13.1 g/L 52.4 g/L 26.2% (Diao et al. 2018)
9.6 g/L 24.2 g/L 13.5% (Liu et al. 2018)
2.7 g/L 54.0 g/L 33.0% (Diao et al. 2019)

Myxobacteria sp. – 11.9 g/L – (Gemperlein et al. 2019)
Yarrowia lipolytica 3.50 g/L 16.8 g/L 1.7% (Garcia et al. 2016)
Pseudomonas putida 3.0 g/L – – (Gemperlein et al. 2016)
Escherichia coli 20.0 g/L 31.7 g/L – (Giner–Robles et al. 2018)

20.0 g/L 7.0 g/L – (Peng et al. 2016)
Thraustochytrium aureum and M. alpine – – 5.6% (Wang and Pan 2019)
Aetherobacter fasciculatus and Minicystis rosea 30.0 g/L – 16.8% (Gemperlein et al. 2019)
Brassica napus – – 9.7% (Petrie et al. 2020)
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reactive oxygen species (ROS) has decreased due to super-
oxide dismutase's overexpression. Recent bioprocess inves-
tigations have demonstrated that media have been improved, 
and DHA synthesis at a scale of 7000L has been accom-
plished with 14 DHA g/L created via room temperature 
plasma mutagenesis and atmosphere (coupled with suscep-
tibility against malonic acid and zeocin) (Jovanovic et al. 
2021)(Du et al. 2021). The internal levels of acetyl-CoA and 
NADPH necessary for PUFA biosynthesis were increased 
by heterologous production of C16/18 FAs elongase and 
malic enzymes. However, to meet the dietary recommen-
dations for EPA and DHA, recent advances have focused 
on increasing the amount of these fatty acids (Tocher et al. 
2019). A fascinating reconstruction of the PUFA PKS was 
made by substituting a homologue from the EPA-producing 
bacteria Shewanella sp. for the native acyltransferase (AT) 
domain; the lipid composition was significantly modified 
(Ogawa et al. 2020). EPA and DHA up to 2.3 and 28.8 g/L 
were then produced using these homologues. Malonyl-CoA 
ACP transacylase overexpression also changed the carbon 
flow to PUFA synthesis.

Crypthecodinium cohnii

DHA is solely present in the lipids of C. chronic, while some 
evolved strains were also discovered by molecular-based 
ALE. Reportedly, DHA production has increased to 7.8 g/L 
by increasing oxygen availability and optimizing nitrogen 
feeding (Zhang et al. 2023).

Phaeodactylum tricornutum

The P. tricornutum, a photosynthetic diatom, cumulates 
about 36% EPA in its total fatty acids. The glucose trans-
porter was introduced by advancing tropic growth on glucose 
in dark environments using cultures without light (Archer 
et al. 2019). Moreover, a mutant strain accumulating 23.6% 
DHA and 36.5% EPA has been developed using a combi-
nation of glucose transporter and D5 elongase. Recently, 
it has been studied that overexpression of endogenous D6 
denaturize and native gene 1-acyl-sn glycerol-3-phosphate 
improved the selectivity of EPA and primary metabolism, 
respectively. Furthermore, P. tricornutum was modified in 
the fish industry to produce dual types of phytases along 
with polyunsaturated fatty acids. One such example is the 
development of a strain which produces 40,000 phytases and 
EPA, DPA, and DHA with high percentages of total fatty 
acids (Branco-Vieira et al. 2020). These developments pro-
vide a promising future for enhancing the nutritional value 
of vegetables for aquacultures.

Fungal and yeast production

Mortierella alpina, Mucor circinelloides, and Yarrowia lipo-
lytica are dimorphic fungi and yeast that benefit from built-
in protection against the hazardous side effects of PUFA 
production and inherently efficient lipid metabolism (Wang 
et al. 2023). Yeasts are another type of microorganism that 
may be used to make nutraceutical PUFA. Yeasts have a 
fast growth rate and do not require light to thrive, unlike 
microalgae (Kothri et al. 2020). As a result, they may be 
scaled up to industrial manufacturing levels. Furthermore, 
because their lipid composition is influenced by the carbon 
source used in growing, they may be modified to produce 
specific lipid profiles. Researchers discovered that just two 
fungus cultures, Aspergillus niger and Trichoderma spp. 
could produce significant amounts of EPA and DHA (Nop-
paratmaitree et al. 2022).

Yarrowia lipolytica

In recent years, Y. lipolytica can grow in hydrophobic envi-
ronments and accumulate significant amounts of lipids 
with unsaturated fatty acid content; this potential has been 
effectively harnessed. The commercialization of strains that 
generates EPA was a significant milestone for this purpose; 
various combinations of heterologous enzymes from vari-
ous native producers that belong to the alternative aerobic 
D8-EPA were introduced and assessed. As a result of the 
research, EPA accounted for above 56.6% of TFAs and 15% 
of cell dry weight, while saturated fatty acids were restricted 
below 5% (Eltanahy and Shehatta 2022). By eliminating the 
PEX10 gene and enhancing the fermentation process, perox-
isome biogenesis was suppressed, and as a result, 25.0% of 
EPA was synthesized (Penno et al. 2020). Further research 
demonstrated yeast's incredible capacity to synthesize vari-
ous PUFAs for this purpose. Additionally, the bifunctional 
D12/D15-desaturase and low-temperature fermentation 
formed about 1.4 g/L ALA. Recent studies have revealed 
that genetically altered Y. lipolytica can produce DHA from 
scratch using a PKS-like PUFA synthase (Chi et al. 2022).

PUFA accumulation through Saccharomyces 
cerevisiae

Monounsaturated and saturated fatty acids are produced 
from S. cerevisiae, but no polyunsaturated fatty acids 
(PUFAs) have been reported to produce from it. Recent 
research has demonstrated that recombinant S. cerevisiae 
can produce LA, ALA, and EDA, although the production 
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percentage is much lower than other microorganisms 
(Dawood et  al. 2021). When S. cerevisiae expresses 
PUFAs, it becomes intoxicated, displaying caspase-medi-
ated cell death, damaged lipid peroxides, and proteins. 
Significant engineering appears necessary to produce 
high-level PUFA from the yeast (Jovanovic et al. 2021).

Bacterial production

Compared to microalgae and fungi, bacteria are consid-
ered ineffective EFA producers. Certain barophilic and 
psychrophilic organisms present in the ocean's depths, 
such as members of the Shewanella genus, are significant 
PUFA producers. Acinetobacter calcoaceticus, Bacillus 
acidophilus, Arthrobacter sp., and Rhodococcus opacus 
are other bacteria that generate PUFA. BRI 35 (Coccoid 
Actinobacteria, Gram-positive, Micrococcaceae) was 
isolated from a sample of Antarctic seawater (Alvarez 
et al. 2021). Their ability to utilize a range of substrates 
throughout the production process, including organic sub-
strates, i.e., by-products and wastes, is one of the benefits 
that microbial PUFAs provide over fish oils (Fu et al. 
2021).

Biosynthesis of omega‑3 fatty acids

A multi-enzyme complex catalysis, the bacterial polyke-
tide method of DHA biosynthesis, is regulated by proteins 
expressed by five (5) PFA genes which include pfaB, pfaA, 
pfaC, pfaE, and pfaD (Chaudhary et al. 2022). Numerous 
cloning studies using these genes have been conducted; 
the most well-known was carried out in the Shewanella sp. 
strain SCRC-27. Because of their high degree of unsatu-
ration, PUFAs are quickly oxidized. Reactive oxygen spe-
cies (ROS), produced during peroxidation, that induce sig-
nificant oxidative damage to the produced cells, diminish 
product titer, making peroxidation undesirable. The aerobic 
PUFA biosynthesis route is found in mammals, plants, and 
eukaryotic microbes (at least in part) (Sun 2020), dimorphic 
fungi, marine microalgae, i.e., dinoflagellates, heterotrophic 
protists and photosynthetic haptophytes make up the final 
category (Wang et al. 2020). The traditional fatty acid (FA) 
synthesis machinery creates a saturated acyl intermediate, 
which is then extended to 16 carbon fatty acids, including 
palmitic acid (PA) and polyunsaturated fatty acids (PUFAs) 
Fig. 2 (Dietzen et al. 2022).

The discovery of a particular anaerobic route for bacterial 
PUFA production and the cloning of EPA biosynthetic genes 
were considered significant advancements in PUFA research 
(Qiu et al. 2020). The aerobic and anaerobic pathways are 

Fig. 2  The aerobic pathway for the production of PUFAs is intricately incorporated into the fatty acid synthesis (FAS) machinery within ani-
mals, certain plants, and eukaryotic microbes
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different. It is not linked to FAS and instead synthesizes 
PUFAs by Lenovo from scratch using an enzyme complex 
which resembles polyketide synthase (PKS)-PUFA synthase 
(Řezanka et al. 2020). The mechanism comprises repeated 
cycles of condensation and dehydration followed by keto-
reduction and length regulation by the chain length factor 
(Fig. 3). In unicellular microalgae and bacteria, anaerobic 
PUFA production has been found. It takes almost half of 
NAD (P) H as in the aerobic pathway, making it appealing 
for PUFA overproduction (Deeba et al. 2020).

Purification methods

Omega-3 fatty acids from natural sources have been con-
centrated and purified using a variety of chromatography 
processes. This has been accomplished using high-perfor-
mance liquid chromatography, silver resin chromatography, 
and supercritical fluid chromatography. For instance, using 
silica gel columns loaded with silver nitrate, researchers 

were able to separate pure DHA and EPA from fish oils. The 
procedure includes saponification, urea treatment, methyl 
ester conversion, and a final washing step with mobile 
phases. Depending on the precise technique utilized, these 
chromatographic techniques produced high-purity omega-3 
products with various EPA/DHA ratios, offering a variety 
of recovery percentages (Perretti et al. 2007a, b). Utiliz-
ing the various fatty acids' different melting points, low-
temperature fractional crystallization is a simple process 
for producing refined omega-3 fatty acids. To get pure frac-
tions with particular omega-3 fatty acids, including EPA and 
DHA, numerous crystallization and separation operations 
are necessary when the combination comprises many dif-
ferent types of fatty acids (Shahidi 2006). Traditional physi-
cal and chemical separation technique used for large-scale 
concentration of omega-3 fatty is by hydrolysis processes, 
lipases can be employed to enhance omega-3 fatty acids in 
oils. They demonstrate substrate selectivity by hydrolyzing 
polyunsaturated fatty acid (PUFA) esters more slowly than 
more saturated fatty acid esters. In place of distillation and 

Fig. 3  Anaerobic pathway utilizing PKS-like PUFA synthases and the corresponding pfa gene clusters, eukaryotic microalgae, and bacteria 
employ an anaerobic pathway for the fresh production of PUFAs through de novo synthesis
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chromatographic techniques, enzyme concentration provides 
a safe environment for reactions (Akoh 2017).

Optimization of physicochemical parameters

Oleaginous bacteria develop lipid accumulation due to nutri-
ent imbalances in the growth medium. Nitrogen deficiency 
and elevated amounts of carbon sources in the medium favor 
the buildup of lipids in these organisms.

Carbon sources

The most significant nutrient for microbe development 
is carbon, which includes sugars, hexoses, pentoses, sac-
charides, glycosides, organic acids, and alcohols. Pyruvic 
acid converts the most prevalent carbon sources, like sugar 
molecules, i.e., including (Chen et al. 2020) glucose, fruc-
tose, and glycerol, into fatty acid, which is converted into 
acetyl-CoA via the citric acid cycle. The molecule acetyl-
CoA serves as a building block for the synthesis of lipids. 
Carbon substrate concentrations in culture medium range 
from 5 to 70 g/L in most studies, with a tolerance of up to 
150 g/L (Oliver et al. 2020). The effect of carbon sources 
on the synthesis of DHA in Thraustochytrium aureum led 
to a maximum production of 511 mg/L in cultures contain-
ing 2.5% light-exposed starch. The effect of carbon input 
on DHA production by Thrausfochytrium sp. was investi-
gated in shake-flask cultures maintained at 25 °C for 5 days. 
Equivalent biomass and lipid yields were produced using 
glucose, starch, and linseed oil. Most research has shown 
carbon substrate concentrations in the culture medium rang-
ing from 5 to 70 g/L, with a tolerance of up to 150 g/L.

DHA synthesis was 15.24% higher in the mixed substrate 
conditions in the fed-batch culture with continuous air sup-
ply than glucose as the only carbon source. They evaluated 
the growth of A. limacinum with 10 g/L glucose and 83% 
glycerol. They found identical net biomass, growth rates, and 
DHA production (Chen et al. 2022b). Using the response 
surface approach, they optimized Aurantiochytrium SW1's 
lipid and DHA synthesis, and they found that 250 rpm agita-
tion speed, 70 g/L fructose, and 10 g/L monosodium gluta-
mate were the ideal conditions (Keegan et al. 2019).

Nitrogen sources

In the first phase of fermentation, nitrogen is essential for 
cell development, as well as the synthesis of proteins. When 
the fermentation medium is deprived of nitrogen, algae-
like organisms produce fatty acids using a carbon source. 
The impact of nitrogen sources on DHA production by T. 
aureum was reported. This was accomplished using peptone, 
tryptone, yeast extract, malt extract, and sodium glutamate. 
The medium of sodium glutamate produced the highest 

level of DHA (269 mg/L), accompanied by 247.7 mg/L of 
yeast extract. The effects of nitrogen (N) sources on DHA 
synthesis by (ATCC 20692) Thraustochytrium sp., were 
investigated using tryptone, malt extract, peptone, sodium 
glutamate and amino acids. The most effective nitrogen 
sources were peptone and sodium glutamate 419 mg/L and 
482 mg/L, respectively (Heggeset et al. 2019).

pH

An optimum biomass content and DHA production level 
were found when T. aureum ATCC 34304 was cultivated at 
an initial pH of 6.0 (Bajpai et al. 1991). Subsequently, the 
effect of starting pH on DHA synthesis in a basal medium 
containing 2% glucose was also observed (Verma et al. 
2020), according to which, Thraustochytrium sp. ATCC 
20892 should have a pH of 7.0. In a controlled batch fer-
menter culture in glucose and maltose medium, we exam-
ined the effects of pH and aeration on the synthesis of doco-
sahexaenoic acid by T. aureum. We discovered that pH 5.5 
was optimal for DHA production. They discovered how the 
growth medium's initial pH affected the DHA production 
by Thraustochytrium roseum ATCC 28210 in basal media 
supplemented with 2.5% starch. They discovered that an ini-
tial pH of 6.0 was the most favorable condition. At pH 6.0, 
Aurantiochytrium species produce the most DHA (Furlan 
et al. 2019; Verma et al. 2020).

Temperature

Investigating two Thraustochytrids strains, Schizochytrium 
sp. and Thraustochytriidae sp., it found that the best tem-
perature for obtaining maximum DHA production is 28 ℃ 
for both. They also concluded lower temperatures promote 
increased DHA output but lower cell biomass (Hu et al. 
2021). T. aureum ATCC 34304 produces DHA at a tem-
perature of 28 ℃; according to studied Thraustochytrium 
sp. ATCC 20892, it was found that 25 ℃ is the optimal tem-
perature for DHA production. The T. roseum generated the 
highest DHA at 25 ℃ temperature. S. limacine (OUC88) 
shows the optimal temperature for cell growth, and DHA 
production is at 23 ℃; the ideal temperature range for the 
synthesis of DHA in Aurantiochytrium sp. SD116 is between 
20 °C and 28 ℃. According to Aurantiochytrium sp., strain 
mh0186 produces the most DHA at temperatures between 
15 and 20 °C. (Bagul and Annapure 2021b).

Salinity

At all saline levels, 50% seawater content is optimal for S. 
limacine SR21 cell development; it was found that DHA 
synthesis at salinity level was 25% like that of seawater. 
The T. aureus strain could not be grown on a zero-salinity 
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medium or at significantly higher saline conditions. The fin-
est level of salinity was half the level of seawater. C. cohn 
thrives at a comparable salinity suitable for cultivation and 
lipid production (Yokochi et al. 1998).

Conclusion

The review emphasizes the increasing global demand for 
omega-3 fatty acids, particularly DHA, and the challenge 
of meeting this demand through traditional fish oil sources. 
Advances in genetic engineering and metabolic engineering 
techniques have enabled researchers to modify microorgan-
isms for higher DHA yields, improved productivity, and 
reduced production costs. The findings of the review suggest 
that microbial sources hold significant promise in meeting 
the global demand for omega-3 fatty acids, offering an effi-
cient and sustainable solution for enhancing human health. 
Microbial systems offer the potential to produce customized 
oils and hold promise for future biotechnological applica-
tions. In conclusion, the exploration of microbial systems as 
a source of omega-3 fatty acids opens up new possibilities 
for enhancing economic productivity and providing a sus-
tainable solution to address the increasing demand for these 
essential nutrients. By leveraging the potential of microbial 
sources, we can contribute to improving human health while 
reducing the pressure on traditional fish oil sources. Fur-
ther research and technological advancements in this field 
will likely pave the way for innovative solutions to meet the 
nutritional needs of a growing global population. Further 
research and development in this field are essential to unlock 
the full potential of marine microorganisms for biotechno-
logical applications in the nutraceutical industry.
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