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Abstract

Polyunsaturated fatty acids (PUFAs) play critical physiological roles in maintaining car-
diovascular health, neurodevelopment, and immune regulation, with continuously grow-
ing market demand. Traditional supply chains based on fish oil and plant oils face severe
challenges including resource depletion, environmental pollution, and sustainability con-
cerns. Single cell oil production via fermentation using filamentous fungi has emerged as
a sustainable and economically viable alternative. This review provides a comprehensive
overview of research progress on PUFA synthesis by filamentous fungi, covering strain
resources, biosynthetic pathways, regulatory mechanisms, major product development,
and industrialization prospects. Filamentous fungi have formed a complete spectrum
from native high-yielding strains (e.g., Mortierella alpina, Mucor circinelloides, Umbelopsis
isabelline, Thamnidium elegans, Cunninghamella echinulata) to genetically tractable chassis
cells (e.g., Aspergillus oryzae). In addition, the oleaginous yeast Yarrowia lipolytica also plays
anon-negligible role in the heterologous synthesis of polyunsaturated fatty acids. Starting
from acetyl-CoA, filamentous fungi synthesize saturated fatty acids via the fatty acid syn-
thase system and subsequently convert them to important PUFAs such as arachidonic
acid (ARA), y-linolenic acid (GLA), and eicosapentaenoic acid (EPA) through the sequen-
tial catalysis of A9-, A12-, A6-, and A5-desaturases and elongases. The SNF1 energy sensor,
the nitrogen metabolism regulator AreA, and environmental factors constitute a complex
multi-layer regulatory network that coordinately modulates fatty acid unsaturation and
yield. The 2A peptide-based multigene co-expression platform, cofactor engineering,
competitive pathway blockade, and fermentation process optimization have synergisti-
cally enabled the targeted accumulation of specific PUFAs. Nevertheless, industrializa-
tion of filamentous fungal PUFA production still faces major bottlenecks. We also provide
a perspective on the industrial potential of filamentous fungi as “lipid cell factories” for
the production of polyunsaturated fatty acids (PUFAs). This review aims to provide a
comprehensive knowledge framework for researchers in related fields and to inform fu-
ture fundamental research and industrial translation.

Keywords: filamentous fungi; polyunsaturated fatty acids; Mortierella alpina; metabolic
engineering; fermentation optimization
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1. Introduction

Polyunsaturated fatty acids (PUFAs) are a class of fatty acids containing two or more
carbon-carbon double bonds in their hydrocarbon chains. Based on the position of the first
double bond, PUFAs are classified into the w-3 series, including a-linolenic acid (ALA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), and the w-6 series, includ-
ing linoleic acid (LA), arachidonic acid (ARA), and vy-linolenic acid (GLA) [1]. Because
humans and most higher animals lack the desaturases required to introduce double bonds
at the n-3 and n-6 positions of fatty acid chains, these PUFAs cannot be synthesized de
novo and must be obtained through the diet, thus being designated essential fatty acids
[2]. PUFAs perform irreplaceable biological functions in maintaining human health. w-3
PUFAs reduce the risk of cardiovascular diseases, DHA plays a critical role in infant neu-
rodevelopment and visual function, and PUFAs and their derivatives, such as eicosanoids,
participate in regulating inflammatory responses and cell signal transduction. Recent
studies have also revealed potential roles for w-3 PUFAs in preventing diabetes, cognitive
decline, depression, and certain cancers [3,4]. Recent studies have also revealed that GLA
produced by the filamentous fungus Cunninghamella elegans using agro-industrial wastes
exhibits immunomodulatory and anti-inflammatory activities, providing an environmen-
tally friendly microbial platform for industrial applications [5]. Owing to these extensive
health benefits, PUFAs have become important raw materials in functional foods, dietary
supplements, and pharmaceuticals [2,3].

Traditional sources of PUFAs are mainly marine fish and their processing byproducts,
as well as plant oils, which suffer from critical drawbacks including resource unsustaina-
bility, unstable yield and quality, environmental pollution, low bioconversion efficiency,
and poor chemical stability [6,7]. Microbial production of PUFAs has emerged as a highly
promising alternative, offering multiple advantages: short production cycles, independ-
ence from geographic and climatic constraints, high purity of microbial oils with no risk
of environmental contaminant accumulation, efficient conversion of inexpensive agricul-
tural and industrial byproducts in line with green and sustainable development principles,
and the ability to tailor specific PUFA profiles through strain screening, metabolic engi-
neering, and fermentation optimization [8-10]. Among PUFA-producing microorganisms,
filamentous fungi have attracted particular attention due to their unique physiological
and metabolic characteristics. Among them, Mortierella alpina is the most extensively stud-
ied species and has been industrially applied to ARA production [11]. Mucor circinelloides
has drawn interest for its efficient GLA synthesis and accumulation [12], and C. elegans
has also been reported to possess substantial GLA content [13,14]. Moreover, many oleag-
inous Zygomycetes possess inherent advantages in lipid accumulation and polyunsatu-
rated fatty acid production, such as Umbelopsis isabellina and Thamnidium elegans [15,16].
Beyond native high-yielding strains, genetically tractable filamentous fungi such as As-
pergillus oryzae can serve as platforms for constructing efficient PUFA production systems
[17]. Thus, filamentous fungi occupy an important position not only in native PUFA pro-
duction but also in synthetic biology-based strain improvement.

In recent years, advances in genomics, metabolomics, proteomics, and CRISPR gene
editing tools have propelled substantial progress in PUFA synthesis by filamentous fungi.
However, a review that comprehensively integrates the entire research chain from “strain
resources” to “molecular mechanisms” to “engineering applications” for PUFA synthesis
in filamentous fungi is still lacking. This review adopts a dual-layer structure of “common
principles plus specific applications” to provide a comprehensive summary of research
progress on PUFA synthesis by filamentous fungi. It first summarizes the strain resources
and their characteristics, then elucidates the biosynthetic pathways and key enzymes, an-
alyzes transcriptional, and metabolic flux regulatory mechanisms, and finally reviews
progress in metabolic engineering and fermentation technology for major PUFA products.
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Through comprehensive integration and critical analysis, this review aims to provide re-
searchers in this field with a comprehensive knowledge map and to inform future funda-
mental research and industrial applications.

2. Filamentous Fungi for PUFA Production
2.1. Mortierellaceae: The Core Family for ARA Production

The family Mortierellaceae is the most representative group of filamentous fungi for
PUFA synthesis, encompassing multiple species with significant industrial value. Among
these, M. alpina is the most extensively studied and widely applied.

2.1.1. Mortierella alpina

The M. alpina 15-4 strain is a model organism in this field, capable of accumulating
large quantities of triacylglycerols rich in C20 PUFAs (Table 1). Its triacylglycerol yield
can reach 20 g/L in culture medium, with ARA (C20:4 w-6) constituting 30-70% of total
fatty acids [18]. ARA-rich oil from M. alpina has received multiple “no questions” letters
from the U.S. FDA in response to GRAS notices (GRN 41, 80, 94, 326, 730, 963, and 1259).
Documentation states that since the early 1990s, fungal oil as a source of ARA has been
used in commercially available infant formula in at least 50 countries. The EU has author-
ized ARA-rich oil from M. alpina as a novel food ingredient for use in infant formula, fol-
low-on formula, and formulae for premature infants, and it has subsequently been in-
cluded in the EU Union list of novel foods (EU 2017/2470) [11]. Research on M. alpina has
established a comprehensive genetic manipulation system. Through mutagenesis breed-
ing, gene functional analysis, and molecular breeding, the functions of PUFA biosynthe-
sis-related enzymes have been elucidated, and engineered strains capable of producing
specific PUFAs (including ARA) have been successfully constructed [18,19]. In recent
years, research focus has shifted toward enhancing fatty acid precursor supply and
NADPH levels to improve lipid yield and fatty acid unsaturation, as well as optimizing
PUFA synthesis pathways through genetic modification to improve fatty acid profiles.
Multi-omics approaches have been applied to reveal the global regulatory mechanisms of
lipid synthesis in M. alpina. However, its filamentous, multinucleate myecelial structure
makes gene transformation, homologous recombination, and monoclonal isolation excep-
tionally difficult. Moreover, its long growth cycle and insufficient carbon-to-lipid conver-
sion efficiency pose challenges for process scale-up [11].

2.1.2. Genus Linnemannia

Beyond M. alpina, several Mortierellaceae species capable of PUFA production have
attracted considerable attention, including Linnemannia elongata (formerly M. elongata), L.
hyalina (formerly M. hyalina) (Table 1) [16]. Species in the genus Linnemannia contain C20
PUFAs and are potential producers of long-chain PUFAs such as ARA and EPA. The ma-
jor PUFA in L. elongata and L. hyalina is ARA, accounting for 14.3-22.8% and 11.3-14.4%
of total fatty acids, respectively [20].

2.2. Mucoromycota: Important Sources of GLA and Diverse PUFAs

Fungi of the order Mucorales represent another important group of PUFA-producing
filamentous fungi, particularly advantageous for GLA (C18:3 w-6) production.

2.2.1. Mucor circinelloides

M. circinelloides is a dimorphic fungus capable of growing as either unicellular yeast-
like cells or filamentous hyphae depending on oxygen availability, and it is a widely used
model microorganism for studying lipid accumulation mechanisms (Table 1) [21]. Since
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the 1980s, researchers have systematically studied M. circinelloides, which was the first
strain used for industrial microbial oil production [22]. In 2007, the USA Department of
Energy Joint Genome Institute sequenced the genome of M. circinelloides CBS 277 49, alt-
hough its lipid content was only 15% [23]. In 2015, Tang et al. [24] isolated a high-lipid
strain, M. circinelloides WJ11, with lipid content reaching 36%, and completed its whole-
genome sequencing. Subsequently, comparative genomics [25], proteomics [26], metabo-
lomics [27], and biochemical activity analyses [24] between the low-lipid strain CBS 277.49
and the high-lipid strain WJ11 elucidated the lipid accumulation mechanisms in M. cir-
cinelloides WJ11. Metabolic engineering of M. circinelloides WJ11 represents a promising
approach for enhancing GLA production.

2.2.2. Cunninghamella echinulata

C. echinulata is another filamentous fungus with GLA production potential (Table 1).
Its GLA yield is significantly influenced by the carbon source: when trehalose is used as
the carbon source, the C. echinulata FR3 strain achieves GLA content of 21% of total lipids,
substantially higher than the 13% observed under glucose cultivation. Transcriptomic and
lipidomic analyses revealed that trehalose upregulates A6-desaturase expression, thereby
increasing the GLA proportion. The elevated GLA is exported to the extracellular envi-
ronment through active phosphatidylinositol (PI) ion channels, reducing intracellular ac-
cumulation. Trehalose may also form trehalose-PUFA complexes that prevent GLA pe-
roxidation [13]. Additionally, C. echinulata can utilize agricultural and industrial wastes
such as corn steep liquor and whey concentrate as nitrogen sources for GLA-rich micro-
bial oil production, with GLA concentrations reaching 800 mg/L when cultured on tomato
waste hydrolysate [14]. Under cultivation with glucose at an initial substrate concentra-
tion of 60 g/L, C. echinulata produced up to 3.9 g/L of lipids, with GLA reaching 19.5%. It
also exhibited good growth characteristics on molasses-based medium, producing signif-
icant amounts of SCO and GLA, accompanied by pronounced substrate decolorization
[28].

2.2.3. Genus Umbelopsis

Species of the genus Umbelopsis have also been found to produce PUFAs, including
Umbelopsis ramanniana (formerly M. ramanniana), U. isabellina (formerly M. isabellina), and
U. vinacea (formerly M. vinacea) (Table 1) [16]. Species in the genus Umbelopsis primarily
produce C18 PUFAs such as GLA and LA. The major PUFA in U. ramanniana, U. isabellina,
and U. vinacea is GLA, accounting for 13.2-31.4%, 6.9-22.9%, and 22.0% of total fatty acids,
respectively [20]. Fatty acid profiles vary significantly among strains within species, mak-
ing strain screening the first step in industrial development. Temperature, pH, carbon and
nitrogen sources, metal ions, and medium supplements all significantly influence fatty
acid composition, and multi-parameter optimization can achieve targeted enrichment of
desired PUFAs [29]. For example, one study reported that U. isabellina ATHUM 2935 pro-
duced 8.5 g/L of lipids, corresponding to 83.3% (w/w) of DCW, under glucose-based, ni-
trogen-limited conditions, with GLA accounting for 3.4% (w/w) of total fatty acids and a
lipid conversion yield of approximately 0.25 g/g glucose consumed. This represents one
of the highest lipid contents ever reported for wild-type strains [30]. The same strain has
also been reported to reach a DCW of 35.9 g/L with a lipid content of 50-55% (w/w) in
nitrogen-limited media with high initial sugar concentrations (e.g., 100 g/L) [31].

2.2.4. Thamnidium elegans

Papanikolaou et al. (2010) cultivated T. elegans CCF-1465 in submerged shake-flask
cultures using low-cost sugars (glucose, fructose, and sucrose) as carbon sources. They
found that lipid production increased significantly with increasing sugar concentration in
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the medium, regardless of the individual sugar used. Maximum lipid production ex-
ceeded 9 g/L, with lipids accounting for 70% (w/w) of dry cell weight and a conversion
yield of more than 20% (w/w) lipid per unit of sugar consumed. The type and concentra-
tion of sugar, as well as fermentation time, appeared to affect the distribution of fatty acids
in the products; overall, GLA accounted for approximately 5.5-12.3% (w/w) of total fatty
acids, and a maximum production of about 510 mg/L. was obtained with sucrose at an
initial concentration of 80 g/L as the carbon source [15]. In addition, when glycerol was
used as the carbon source, 11.6 g/L of oil was produced, with lipids accounting for 71.1%
(w/w) of dry cell weight and a maximum GLA concentration of 371 mg/L [32].

2.3. Other High-Potential PUFA-Producing Strains

Other oleaginous fungi have also been identified within the Entomophthorales, in-
cluding Neoconidiobolus nanodes (formerly Conidiobolus nanodes) and Entomophthora exitalis,
which produce 25% oil containing both w-3 and w-6 PUFAs, with ARA at 16% and 18%,
respectively. Furthermore, the fungus-like Oomycota harbor PUFA-rich potential strain
resources. Pythium irregulare, an oomycete, possesses both w-3 and w-6 synthesis enzyme
systems, including A6-desaturase PiD6 and A5-desaturase PiD5, enabling simultaneous
production of EPA and ARA, making it a promising candidate for co-production of these
two PUFAs [33-36]. Recent studies have also demonstrated that P. irrequlare can utilize
food industry by-products and wastes for fermentative EPA production, achieving a final
concentration of up to 155 mg/L [37]. Saprolegnia parasitica, belonging to the Oomycota
genus Saprolegnia, produces 10% oil containing ARA and EPA at 19% and 18%, respec-
tively [38].

2.4. Genetically Tractable Filamentous Fungal Chassis Cells

Although some filamentous fungi have limited native PUFA synthesis capacity, their
well-established genetic manipulation systems make them ideal chassis cells for heterol-
ogous expression of PUFA synthesis genes.

2.4.1. Aspergillus oryzae

A. oryzae has a long history of application in food fermentation and an excellent safety
record, being generally recognized as safe (GRAS) by the USA FDA and internationally
regarded as edible [39,40]. This strain produces relatively few secondary metabolites
[41,42], making it an ideal host for heterologous production of high-value secondary me-
tabolites [43—45]. Researchers introduced A6-desaturase and A6-elongase genes from M.
alpina into an A. oryzae faaA mutant through heterologous expression, successfully pro-
ducing free dihomo-y-linolenic acid (DGLA) (Table 1) [42]. Through a series of subsequent
modifications, the DGLA titer reached 533 mg [17,46,47]. Additionally, researchers have
investigated the production of high-value fatty acids in esterified fatty acid (EFA) form
and yield improvement through metabolic modification. They first heterologously intro-
duced A6-desaturase and A6-elongase genes from Pythium sp. into A. oryzae BCC7051,
successfully obtaining EFA-form DGLA [48]. Subsequent metabolic engineering further
improved the yield of esterified DGLA [49].

2.4.2. Aspergillus nidulans

A. nidulans is a classical model organism for fungal genetics, possessing abundant
genetic tools and a well-characterized genomic background [50]. Although its native
PUFA yield is low, it can serve as a heterologous expression platform for PUFA produc-
tion research. Recent successful application of fungal artificial chromosome (FAC) tech-
nology in A. nidulans has further expanded its potential as a heterologous expression plat-
form (Table 1) [51,52].
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2.5. Oleaginous Yeast Chassis: Yarrowia lipolytica

In addition, the oleaginous yeast Y. lipolytica plays a non-negligible role in the heter-
ologous synthesis of polyunsaturated fatty acids (PUFAs). It should be noted that Y. lipo-
lytica is a non-conventional dimorphic oleaginous yeast belonging to the subphylum Sac-
charomycotina within the phylum Ascomycota (NCBI Taxonomy ID: 4952). Its typical
growth form is unicellular yeast, rather than filamentous fungi that grow primarily as
mycelia. However, Y. lipolytica possesses excellent intrinsic lipid synthesis capacity, well-
established genetic manipulation tools, and favorable industrial fermentation characteris-
tics, such as the ability to utilize diverse inexpensive carbon sources, tolerate high meta-
bolic loads of acetyl-CoA, and maintain stable cell growth under industrial conditions. It
has therefore been widely used for the production of rare PUFAs, including w-3 EPA,
DHA, and ALA, as well as w-6 ARA and GLA [53].

In EPA production, the high-performance strain Z5567 obtained by DuPont through
a series of genetic modifications harbors 41 copies of 19 different genes; its EPA produc-
tion reaches approximately 50% of fatty acid methyl esters (FAMEs), with a total lipid
content of >50% DCW and EPA at approximately 25% DCW [9]. Another study reported
an engineered Y. lipolytica strain that synthesizes DHA using a PKS-like PUFA synthase
from myxobacteria. In the resulting transformants, DHA reached up to 16.8% of TFAs,
and after fermentation process optimization, the DHA titer reached 350 mg/L [54]. A sep-
arate study used a bifunctional A12/A15 desaturase combined with low-temperature fer-
mentation to achieve ALA accumulation of nearly 1.4 g/L [55].

In addition, Y. lipolytica has been engineered to produce w-6 PUFAs such as GLA and
ARA. Chuang et al. (2010) co-expressed the A6 and A12 bifunctional desaturase genes
from M. alpina in Y. lipolytica, enabling the recombinant strain to synthesize GLA from
endogenous oleic acid (OA) and LA, with GLA accounting for 20% of TFAs [56]. Sun et al.
(2017) overexpressed a codon-optimized A6-desaturase from M. alpina and employed a
temperature-shift strategy (cultivation at 28 °C for 1 day followed by 20 °C for 6 days),
ultimately achieving a GLA titer of 71.6 mg/L in a bioreactor [57]. Liu et al. (2019) recon-
structed the A-9 pathway from Isochrysis galbana in Y. lipolytica through pathway engineer-
ing, achieving an ARA titer of 91.5 mg/L. To further increase the ARA titer, the researchers
designed a novel enzyme fusion strategy combining a A-9 elongase and a A-8 desaturase,
with combinatorial optimization of different linker peptides. Ultimately, using the recon-
structed strain RH-4 containing a rigid linker (GGGGS), combined with pathway engi-
neering and synthetic enzyme fusion, the ARA titer was increased by 29% to 118.1 mg/L
[58]. Wang et al. (2023) systematically explored the optimal biosynthetic route for w6-
PUFAs in Y. lipolytica by comparing the A6 pathway from M. alpina with the A8 pathway
from Isochrysis galbana. Through strategies such as enhancing the supply of fatty acid bio-
synthetic precursors, increasing carriers for fatty acid desaturation, and preventing fatty
acid degradation, the proportion of w6-PUFAs in total fatty acids was effectively increased.
Finally, the customized strain produced GLA, DGLA, and ARA at 22.58%, 46.65%, and
11.30% of TFAs, respectively, with corresponding shake-flask titers of 386.59, 832.00, and
191.76 mg/L. Notably, the DGLA proportion of 46.65% represents the highest level re-
ported in Y. lipolytica [59]. Together, these studies demonstrate that Y. lipolytica, as an ole-
aginous yeast chassis, has exhibited significant production potential for the heterologous
synthesis of rare PUFAs, complementing filamentous fungal platforms.

2.6. Discovery and High-Throughput Screening of Novel Strain Resources

Beyond the well-studied species described above, isolating and screening novel
PUFA-producing filamentous fungi from diverse ecological niches is becoming an im-
portant avenue for expanding strain resources.

https://doi.org/10.3390/fermentation12100462
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Fungi of the phylum Mucoromycota are recognized as good sources of PUFAs and
promising candidates for lipid production using low-value substrates. The establishment
of high-throughput screening methods has greatly accelerated this process. For example,
the Duetz microtiter plate system combined with Fourier-transform infrared spectroscopy
(FTIR) has been shown to enable reproducible high-throughput screening of oleaginous
microorganisms and has successfully identified multiple strains with high-value w-6
PUFA production potential [60].

Extreme environments also represent important sources of novel strains. Psychrotol-
erant strains isolated from low-temperature environments, such as Mucor racemosus AH1
from Egyptian fecal samples, can efficiently produce PUFAs at 10-20 °C [61]. Three fungal
strains isolated from Antarctic environmental matrices with high PUFA proportions
showed increased linolenic acid (C18:3) production when grown at 10 °C [62]. Soil ecosys-
tems also harbor abundant oleaginous fungal resources—12 fungal strains isolated from
soil all accumulated more than 20% lipid on a dry cell weight basis, with one identified as
Gongronella butleri HMA-10 achieving a maximum biomass of 15.8 + 0.8 g/L and lipid con-
tent of 40.6 + 1.7% [62]. Tropical lakes have also been reported as novel sources of oleagi-
nous fungi, with 46.15% of isolates showing lipid yields exceeding 20% of dry biomass
[63]. These newly isolated strains not only enrich the strain diversity for PUFA production
but also provide new biological resources for developing more sustainable fermentation
processes, such as those using waste streams as substrates.

Table 1. Overview of major filamentous fungal strain resources for PUFA production.

Main Lipid Con- Major PUFA Cultur Genetic Tool Industriali-
Microorganism  PUFA tent (% Content (% Titer Con diteions A\eraiial:iliro zation References
Products DCW) TFA) Y Status
Mortierella alpina TAG 20 g/L; Glucose, Well-estab- Commercial-
ARA -607 -709 1
1S-4 50-60% ~ 30-70% ARA 3.0 g/L 10 L fermenter lished ized [18]
Linnemannia elon- ARA Slmlla.r to 143-208% _ Glucose, Limited Laboratory- [29]
gata M. alpina shake-flask scale
Umbelopsis ramann- glycerol, .. Laboratory-
) GLA 24% 9-13% GLA 430 mg/L Limited [64]
iana shake-flask scale
Umbelopsis fsabel- oy 5 833%  34% Lipids 89 g/l C1ucose Limited Laboratory- )
lina 3 L bioreactor scale
Mucor circinelloides o o .. Xylose, Well-estab-  Laboratory-
WJ11 GLA 36% 14.5% Lipids 4.1 g/L shake-flask lished scale [24]
Cunninghamella o o Trehalose, . Laboratory-
echinulata GLA 25.11% 21% GLA 0.52 g/L shake-flask Limited scale [13]
GLA 668 mg/L; stalk hydroly-
Cunninghamella ele- GLA 30.54% 10.77% PUFA 1?06 SZ.lteS, Limited Laboratory- [65]
gans mg/L; biomass nitrogen-excess, scale
20.3 g/L shake-flask
Cunninghamella biomass 5.0 g/L; Glucose, . Laboratory-
LA 419 219 Limited
blakesleeana-]SK2 G & & GLA 430 mg/L.  shake-flask e scale [66]
. Glucose, .. Laboratory-
o, O,
Thamnidium elegans GLA 47.1% 6.76% GLA 1014 mg/L shake-flask Limited scale [67]
Heterolo- Heterolo-
. Glucose, Well-estab-
Aspergillus oryzae  gous ex- — — DGLA 533 mg/L shake-flask lished gous plat-  [17]
pression form
Aspergillus nidulans Hoelizr;)i?_ — — — — Well-estab-  Research [50]
pers & . lished platform
pression

DCW: dry cell weight; TFA: total fatty acids; titer: fatty acid volumetric concentration; laboratory-
scale: shake-flask or small bioreactor studies only; commercialized: products currently on the mar-

ket or with regulatory approval. “—” indicates data not reported.
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3. Biosynthetic Pathways of PUFAs

In oleaginous microorganisms, PUFA biosynthesis proceeds through two distinct bi-
ochemical routes: the aerobic desaturase/elongase pathway and the oxygen-independent
polyketide synthase (PKS) pathway. The oxygen-independent pathway is named because
the introduction of double bonds does not require oxygen for desaturation; instead, dou-
ble bonds are formed directly during acyl chain elongation. This pathway is catalyzed by
a single PUFA synthase, a multidomain enzyme complex analogous to PKS [68]. The mul-
tiple catalytic domains of PUFA synthase act in concert to synthesize VLCPUFAs through
repeated cycles of four reactions: condensation catalyzed by KS, ketoreduction catalyzed
by KR, dehydration catalyzed by DH, and enoyl reduction catalyzed by ER. This pathway
introduces cis double bonds through DH with specific activity and then periodically skips
the enoyl reduction step, thereby retaining cis double bonds in the acyl chain [69]. This
pathway is mainly found in some marine bacteria (e.g., Shewanella sp. and Moritella sp.)
and marine protists (e.g., Schizochytrium sp. and Thraustochytrium sp.). Notably, although
these organisms employ the oxygen-independent PUFA synthase pathway for DHA or
EPA synthesis, their fermentation processes are typically still conducted under aerobic
conditions [70]. In M. alpina, the aerobic desaturase/elongase pathway is responsible for
PUFA biosynthesis. PUFA biosynthesis initiates from acetyl-CoA and proceeds through a
series of reactions catalyzed by fatty acid synthase (FAS), desaturases, and elongases, ul-
timately yielding PUFAs with varying chain lengths and degrees of unsaturation (Figure
1). These reactions require not only the coordinated action of multiple enzymes but also
an adequate supply of NADPH [2,71,72]. Next, the aerobic desaturase/elongase pathway
will be introduced using PUFA synthesis by filamentous fungi as an example.

/ w-3 PUFAs I A6- A5- \
desaturase C18:4 elongase C20:4 desaturase C20:5
ic acid > Stearidonic.acid ——— Eicosatetraenoic acid  =e—————————)p  Eicosapentaenoic acid
(SDA) (ETA) (EPA)
A15- A15- Al17-
desaturase desaturase desaturase /
C18:3 C20:3 C20:4
—_ —_ —
Linoleic acid y-linolenic acid di-homo-y- Arachidonic acid
A6- (GLA) A6- linolenic acid A5- (ARA)
desaturase elongase (DGLA) desaturase
\_ w-6 PUFAs )

Figure 1. Biosynthetic pathway of PUFAs in Mortierella alpina. This schematic diagram illustrates
the complete biosynthetic route from acetyl-CoA to the final PUFA products in M. alpina. The path-
way comprises two functional modules: (i) de novo fatty acid synthesis via the type-I fatty acid
synthase (FAS) system, converting acetyl-CoA and malonyl-CoA to palmitic acid (C16:0) and stearic
acid (C18:0); (ii) oleic acid (C18:1A9) is sequentially desaturated and elongated through LA — GLA
— DGLA — ARA for the w-6 series, and through ALA — SDA — ETA — EPA for the w-3 series.
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3.1. The De Novo Fatty Acid Synthesis Pathway

The de novo fatty acid synthesis pathway in filamentous fungi is evolutionarily con-
served. This pathway comprises three key stages: acetyl-CoA generation, malonyl-CoA
synthesis, and chain elongation with modification.

3.1.1. Acetyl-CoA Supply

Acetyl-CoA is the primary starting substrate for fatty acid synthesis. In oleaginous
fungi, sufficient acetyl-CoA supply is a prerequisite for efficient lipid accumulation. In
eukaryotes, the mitochondrial pyruvate dehydrogenase (PDH) complex irreversibly de-
carboxylates the glycolytic product pyruvate to generate acetyl-CoA in the mitochondria,
serving as the rate-limiting enzyme in this reaction [73-75]. Subsequently, acetyl-CoA and
pyruvate are sequentially converted to citrate-by-citrate synthase (CS), and citrate is then
transported to the cytosol by citrate transporter (CT) or the mitochondrial citrate-a-ke-
toglutarate transporter (YHM), where ATP: citrate lyase (ACL) cleaves it to regenerate
acetyl-CoA. Alternatively, acetyl-CoA can be generated from acetate in the cytosol by ac-
etyl-CoA synthetase (ACS) or released from fatty acid and amino acid oxidation in mito-
chondria [76]. Acetyl-CoA carboxylase (ACC) catalyzes the conversion of acetyl-CoA to
malonyl-CoA, which is another rate-limiting step in fatty acid synthesis [76].

3.1.2. Fatty Acid Synthase (FAS) System

Fatty acid synthesis in fungi is primarily catalyzed by the type-I fatty acid synthase
(type-1 FAS) system. FAS is a multi-domain enzyme complex composed of eight different
catalytic domains that utilizes acetyl-CoA and malonyl-CoA as substrates and NADPH as
the reducing power to progressively elongate the carbon chain, ultimately generating
C16:0 (palmitic acid) or C18:0 (stearic acid) saturated fatty acids [77-79]. Following de
novo synthesis, C16:0 and C18:0 saturated fatty acids serve as substrates for subsequent
desaturation and elongation. In the oleaginous fungus M. alpina, FAS activity is closely
correlated with lipid accumulation capacity [80]. Recent comparative genomic studies
have identified two novel types of fatty acid synthases in the Mortierellaceae, providing
new perspectives on the molecular basis of the high oleaginicity of this family [81].

3.2. PUFA Desaturation and Elongation Pathways

In oleaginous microorganisms such as Mortierellaceae species, the PUFA synthesis
pathway includes one fatty acid A5-desaturase (FADS5), one Al2-desaturase (FADS12),
one w-3 desaturase (FADS15), two genes encoding A6-desaturase (FADS6), two A9-de-
saturases (FADS9), and three fatty acid elongases (ELO). Unsaturated fatty acid synthesis
in M. alpina begins with the introduction of a double bond into stearic acid (C18:0) to gen-
erate the monounsaturated fatty acid oleic acid (OA, C18:1), a reaction catalyzed by
FADS9. FADS9 plays a key role in maintaining the balance between saturated and unsatu-
rated fatty acids and provides substrates for subsequent desaturation and elongation
pathways [82].

3.2.1. w-6 Series PUFA Synthesis

w-6 series PUFA synthesis begins with OA. First, A12-desaturase introduces a double
bond at the A12 position of oleic acid to generate LA, a key intermediate in w-6 series
PUFA synthesis. Subsequently, A6-desaturase (FADS6) introduces a double bond at the
A6 position of LA to generate GLA, which itself is a biologically active PUFA and a pre-
cursor for long-chain PUFA synthesis. Next, the elongase GLELO (also known as C18-A6-
polyunsaturated fatty acyl-CoA elongase) catalyzes the elongation of GLA, adding two
carbon atoms at the carboxyl end to generate DGLA. Finally, A5-desaturase introduces a
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double bond at the A5 position of DGLA to generate ARA. ARA is one of the most im-
portant long-chain PUFAs in the w-6 series and the primary target product of industrial
M. alpina fermentation [11].

3.2.2. w-3 Series PUFA Synthesis

w-3 series PUFA synthesis proceeds in parallel with the w-6 pathway. ALA is gener-
ated from LA by Al5-desaturase (FADSI5, also known as w3-desaturase). ALA then se-
quentially undergoes A6-desaturation, GLELO-catalyzed elongation, and A5-desatura-
tion to generate stearidonic acid (SDA, 18:4 A6,9,12,15), eicosatetraenoic acid (ETA,
20:4A8,11,14,17), and EPA, respectively. As the most important w-3 desaturase in M. alpina,
FADS15 converts w-6 PUFAs to w-3 PUFAs [11]. Notably, the native EPA yield in M. alpina
is low, and efficient EPA production is primarily achieved through genetic engineering
introducing heterologous w3-desaturase or A17-desaturase genes [83].

3.3. Cofactor Requirements and Metabolic Supply

PUFA synthesis depends not only on enzyme catalysis but also critically on cofactors,
particularly an adequate supply of NADPH. NADPH serves as the reducing power in
fatty acid synthesis, with each two-carbon elongation consuming two molecules of
NADPH and each double bond introduction also consuming NADPH. Therefore, the
NADPH supply capacity directly limits the rate and yield of PUFA synthesis. In M. alpina,
the pentose phosphate pathway is the primary contributor of NADPH for fatty acid syn-
thesis, with glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.49) playing a key role in
NADPH generation [84-86]. Beyond this, NADPH can also be generated through multiple
other pathways. For example, malic enzyme (ME) is considered an important source of
NADPH in oleaginous microorganisms, with its activity closely correlated with lipid ac-
cumulation levels. Additionally, the glutamate metabolism pathway can provide NADPH
for de novo fatty acid synthesis [87-89]. The tricarboxylic acid cycle is also an important
source of NADH in mitochondria and NADPH in the cytosol [87]. Understanding the rel-
ative contributions of different NADPH supply pathways is of great significance for im-
proving PUFA yields through metabolic engineering.

3.4. Ex Novo Lipid Accumulation and Biomodification of Fatty Substrates

Oleaginous microorganisms can accumulate lipids through two biochemical pro-
cesses: the “de novo” pathway, which uses hydrophilic substrates such as sugars and re-
lated compounds (e.g., glucose, glycerol) as carbon sources; and the “ex novo” pathway,
which uses hydrophobic substrates such as oils, fats, and fatty acids. In the ex novo pro-
cess, fatty acids in the medium are incorporated at different rates and serve as “substrates”
for intracellular biotransformation, being modified and subsequently stored in the form
of triacylglycerols [90]. The main genera employed in ex novo lipid production include
Mucor, Mortierella, Thamnidium, Cunninghamella, and Rhizopus. These fungi possess active
hydrolytic and modifying enzyme systems (e.g., lipases, desaturases, elongases), enabling
them to efficiently utilize hydrophobic substrates [91].

The ex novo process may generate “new” fatty acid profiles that do not exist in the
substrate, thereby converting low-value fatty materials into high-value oils through bio-
modification. When fungi are cultivated on fatty substrates (e.g., sunflower oil, olive oil,
animal fats), in some strains they not only accumulate exogenous fatty acids but also syn-
thesize new fatty acids that were originally absent from the substrate through desatura-
tion and elongation reactions [90]. For example, M. alpina CCF-185 can synthesize 465
mg/L of ARA on sunflower oil medium [92]; C. echinulata CCF-103 can produce 373 mg/L
of GLA under the same conditions. However, it should be noted that the activities of
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desaturase and elongase systems are strain-specific and may be inhibited by exogenous
fatty acids in certain fungi [93].

When fats are used as co-substrates with glucose, the order of carbon source utiliza-
tion varies depending on the strain and substrate type. Some strains can simultaneously
utilize glucose and fats, carrying out both de novo and ex novo lipid synthesis [90]. In
other strains, exogenous fatty acids may inhibit key enzymes in the de novo pathway, but
glucose can still be partially utilized and converted into unsaturated fatty acids. Overall,
co-substrate cultivation typically results in significantly higher total lipid accumulation
than the use of hydrophilic substrates alone. Furthermore, exogenous fatty acids regulate
the expression and activity of desaturases and elongases, manifesting as inhibition in
some filamentous fungi, while under certain conditions upregulating the expression of
specific desaturase genes, thereby altering the degree of unsaturation and chain length of
the final lipid products [94].

4. Regulatory Mechanisms of the Biosynthetic Pathways
4.1. Transcriptional Regulation
4.1.1. SNF1-Mediated Transcriptional Regulation of Lipid Metabolism

Sucrose non-fermenting protein 1 (SNF1, known as AMPK in mammals) is a highly
conserved energy sensor in eukaryotes that plays a central role in carbon source utilization
and lipid metabolism regulation. SNF1 is a heterotrimeric complex composed of a-cata-
lytic, B-regulatory, and y-regulatory subunits, and its activity is finely regulated by cellu-
lar energy status [95]. The regulatory role of SNF1 in lipid accumulation has been prelim-
inarily elucidated in oleaginous filamentous fungi (Figure 2). In M. circinelloides cultured
on xylose under nitrogen limitation, increasing the carbon-to-nitrogen (C/N) ratio led to
decreased xylose consumption and cell growth while lipid accumulation progressively
increased, with optimal lipid yield of 4.1 g/L at a C/N ratio of 160:1. The two SNF1 subu-
nits Snf-al and Snf-f participate in lipid metabolism regulation in response to nutritional
signals triggered by different exogenous nitrogen sources [96]. The Snf-{3 subunit signifi-
cantly enhances lipid accumulation through ACCI regulation in response to xylose or
mixed glucose-xylose sugars, with effects far exceeding those observed with glucose alone
[97].

In M. alpina, SNF1 complex transcriptional regulation is also influenced by carbon
and nitrogen concentrations in the culture medium, suggesting that SNF1 may be a key
node linking nutritional signals to lipid accumulation. The SNF1-y subunit (MaSnf4) is
responsible for energy sensing, and its knockout completely abolishes energy conserva-
tion mode. In low-glucose medium, the MaSnf4 knockout strain showed fatty acid content
similar to that in high-glucose medium, reaching 16 + 1.17% of dry cell weight after 96 h
of culture [98]. Overexpression of the SNF1{ subunit (MaSip2) significantly promoted glu-
cose uptake, increasing total biomass by 34.1% and ARA yield by 44.8% [99].

4.1.2. The Nitrogen Metabolism Regulator AreA

AreA is a global GATA transcription factor that regulates nitrogen metabolism and
plays a central role in nitrogen metabolite repression [100]. Recent studies have revealed
that AreA not only regulates nitrogen metabolism but also influences PUFA synthesis
through cross-talk with lipid metabolism. In M. circinelloides, AreA knockout strains
showed significantly increased lipid yields, while AreA overexpression suppressed lipid
synthesis (Figure 2) [100]. Further studies demonstrated that AreA regulates nitrogen up-
take and metabolism by modulating MEP2 gene expression (encoding an ammonium
transporter), thereby indirectly regulating lipid biosynthesis [101]. AreA knockout re-
duces sensitivity to nitrogen availability, promotes lipid synthesis, and high C/N ratios
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further enhance lipid accumulation [102]. AreA may regulate lipid metabolism through
uga2, which encodes succinate semialdehyde dehydrogenase in M. circinelloides. Deletion
of uga2 may cause carbon-nitrogen metabolic imbalance, shifting carbon flux toward lipid
synthesis [103]. These findings reveal important regulatory nodes between nitrogen and
lipid metabolism, providing new targets for improving PUFA yields through genetic
modification.

//\

Env1ronmental Temperature,
sionals C/N ratio,
oxygen,

Ca2+

Slgnal SNF1,
perceptlon and Calcineuri
transduction alcineurin

Transcriptional
control

PUFA
production and
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Figure 2. Multi-layered regulatory network governing PUFA synthesis in filamentous fungi. This
signaling pathway diagram integrates the regulatory architecture from environmental signals to
final PUFA output across four hierarchical levels. Level 1 (environmental signals): temperature, C/N
ratio, dissolved oxygen, and Ca?" concentration. Level 2 (signal perception and transduction): the
SNF1 energy sensor, Ca?/calcineurin signaling. Level 3 (transcriptional regulation): downstream
target genes of SNF1, the nitrogen metabolism global regulator AreA. Level 4 (metabolic flux regu-
lation): nutritional distribution (partitioning of carbon between lipid and carbohydrate synthesis),
NADPH supply, as well as triacylglycerol (TAG) cycling. The final output is PUFA yield and com-
position. The color shades represent different regulatory levels, with lighter colors indicating lower

regulatory levels.

4.2. Environmental Regulation
4.2.1. Temperature

Temperature is one of the most important environmental factors affecting PUFA
composition in filamentous fungi. As mesophilic fungi, Mortierellaceae species have op-
timal growth temperatures of 25-28 °C, within which biomass accumulation and most
enzymatic reactions involved in PUFA biosynthesis are promoted [104]. Although low
temperatures reduce fungal metabolic activity and biomass accumulation, the conversion
of ARA to EPA catalyzed by w-3 desaturase is more favorable at temperatures below 20 °C
(Figure 2) [105]. In addition, Zygomycetesefilamentous fungus C. elegans also exhibits a
preference for lower temperatures for GLA accumulation. A study showed that when
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strain NRRL Y-1392 was cultured at 12 °C, the GLA content increased to 15.5% w/w, com-
pared with only 12.8% w/w at 28 °C; however, the yield decreased significantly with pro-
longed cultivation time [106]. This underscores the importance of monitoring the fermen-
tation process to determine the optimal harvesting point during fermentation process op-
timization.

4.2.2. Oxygen

PUFA biosynthesis in filamentous fungi is an aerobic process, with biomass and lipid
yields significantly affected by aeration, agitation, dissolved oxygen concentration, and
cell morphology. Oxygen distribution must be rationally regulated to control mycelial
morphology and avoid shear stress (Figure 2) [107]. Dissolved oxygen (DO) concentration
is a critical parameter for PUFA biosynthesis, as desaturation reactions require molecular
oxygen as an electron acceptor. Under standard fermentation conditions (25-28 °C, 1 atm),
the saturation concentration of DO in aqueous media is approximately 8.5-9.0 ppm. The
optimal DO range for lipid accumulation in M. alpina has been reported to be 10-15% of
air saturation (equivalent to approximately 1-1.5 ppm) [108,109]. In industrial production
of unsaturated fatty acids by aerobic oleaginous microorganisms, high cell density is es-
sential for ensuring high yields because lipids are intracellular products. However, high
biomass concentrations reduce mass transfer efficiency, affecting oxygen transfer and
slowing desaturation reaction rates. While increasing agitation, aeration flow rates, and
pressure can improve dissolved oxygen (DO) supply efficiency, this approach has limita-
tions due to potential mycelial damage [110]. As a process parameter, the volumetric ox-
ygen transfer coefficient plays a fundamental role in lipid synthesis and scale-up, being
related to the combination of agitation intensity, gas surface velocity, and effective liquid
viscosity [111,112]. Agitation and aeration directly influence mycelial morphology in
stirred tank reactors, causing the morphology to range from dense spherical pellets to vis-
cous mycelium [113]. An increase in agitation intensity and aeration rate can shift pellet
morphology from rough to smooth, with a concomitant decrease in mycelial roughness.
In several filamentous fungi, agitation intensity has been confirmed to be negatively cor-
related with pellet size, while in Ganoderma lucidum, the aeration rate was found to have
no significant effect on pellet size [114,115]. Pellet morphology further affects fermentation
performance. First, it limits oxygen transfer; studies have shown that dense my-celial struc-
tures impede the diffusion of oxygen and nutrient substrates into the pellet interior. In
addition, mycelia of filamentous fungi are highly sensitive to shear stress generated by
mechanical agitation, and excessive agitation intensity can lead to hyphal fragmentation
and pellet breakage, severely compromising cell viability and product synthesis capacity
[116]. To resolve this conflict, researchers have developed various morphology control
strategies. For example, in ARA fermentation by M. alpina, a multi-stage fermentation
strategy combined with continuous feeding culture and precise control of agitation and
aeration transformed the pellet morphology into “rice-grain-like” pellets, a morphology
conducive to oxygen transfer and biomass accumulation, increasing ARA yield by 7.8%
[117]. Other studies have shown that adjusting the osmotic pressure of the medium or
adding mineral microparticles to the medium (microparticle-enhanced cultivation, MPEC)
can effectively promote changes in mycelial morphology, thereby enhancing the produc-
tion of secondary metabolites and enzymes; however, this technique is species- and par-
ticle-specific [118]. Still other studies have employed airlift bioreactors (ALRs) for culti-
vating filamentous fungi to maintain optimal gas holdup and volumetric oxygen transfer
coefficient [119]. An oxygen carrier such as n-hexadecane can act as a surfactant, reducing
water surface tension and increasing the specific interfacial area of gases. Addition of 4%
n-hexadecane has been reported to significantly increase dissolved oxygen levels in M.
alpina and promote biomass accumulation, lipid content, and oil yield [120]. Additionally,
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high dissolved oxygen levels can be achieved through genetic engineering. Introduction
of the Vitreoscilla hemoglobin (VHb) gene into M. alpina enhances oxygen utilization effi-
ciency under hypoxic conditions, effectively alleviating oxygen limitation in large-scale
fermentation and significantly increasing ARA and total lipid yields [121]. These strate-
gies provide feasible technical approaches for mycelial morphology optimization and ox-
ygen balance in PUFA fermentation by filamentous fungi.

423.pH

pH is another important parameter affecting cell growth and intracellular metabolite
stability in Mortierellaceae [122]. pH changes in the culture medium affect the charge state
of cell membranes, thereby influencing enzyme activities, particularly membrane-bound
enzymes such as elongases and desaturases (Figure 2). Another pH-sensitive enzyme is
ME, which participates in NADPH generation [104]. Typically, pH values in Mortierel-
laceae cultivation range from 5.5 to 6.5 [117,123,124]. Li et al. (2015) [125] demonstrated
that a two-stage pH control strategy effectively improved lipid yield: maintaining pH at
5.5 for the first 48 h, then gradually increasing to 6.5 until the end of cultivation, resulting
in a lipid yield of 15.5 g/L for the M. alpina strain.

4.2.4. Carbon and Nitrogen Sources and Nutritional Signals

The type and concentration of carbon and nitrogen sources are core nutritional fac-
tors affecting lipid accumulation in oleaginous fungi (Figure 2) [126]. In M. alpina, a mix-
ture of yeast extract (YE) and sodium nitrate optimized ARA accumulation, with sodium
nitrate serving as the primary nitrogen source [127]. Subsequently, similar strategies have
been applied to M. alpina cultivation. For example, using approximately 10 g/L. YE and 3
g/L sodium nitrate achieved ARA yields of 6.9 g/L [128], 8.1 g/L [125], and 13.5 g/L [117]
in different studies. The C/N ratio is an important parameter affecting PUFA synthesis.
Lipid accumulation in oleaginous microorganisms is typically triggered when nitrogen
sources are depleted while carbon sources remain abundant [107,127,129]. This phenom-
enon is closely related to SNF1 signaling pathway perception of nutritional status [130].
Nitrogen depletion activates AMP deaminase activity to compensate for nitrogen defi-
ciency [131]. This is because when the nitrogen source in the medium is exhausted, amino
acid synthesis is blocked, the AMP consumption pathway becomes imbalanced, and AMP
deaminase is subsequently activated to catalyze the deamination of AMP to inosine mono-
phosphate (IMP) and free ammonium ions, leading to a rapid decrease in intracellular
AMP concentration. However, AMP is an activator of mitochondrial NAD*-dependent
isocitrate dehydrogenase (NAD*IDH), and a decrease in AMP concentration directly in-
hibits IDH activity, resulting in citrate accumulation in the mitochondria. The accumu-
lated citrate is then transported to the cytoplasm, where it is cleaved by ATP:citrate lyase
(ACL) to generate acetyl-CoA, providing sufficient precursors for fatty acid synthesis.
Meanwhile, the elevated AMP/ATP ratio activates the AMP-activated protein kinase
(AMPK/SNF1) pathway, which subsequently enhances lipid accumulation by regulating
the activity of ACC [131-133]. These effects have been observed during cultivation of the
filamentous oleaginous fungi M. circinelloides [134] and M. alpina [107]. Generally, C/N
ratios below 10 favor microbial growth, while higher C/N ratios slow growth and redirect
metabolism toward lipid synthesis [135]. In M. alpina cultivation, higher lipid yields are
achieved at C/N ratios between 15 and 32 [135]. Under nitrogen limitation, C. elegans
NRRL Y-1392 also exhibits high lipid accumulation capacity, producing oleic acid-rich
lipids that account for up to 48% (w/w) of dry cell weight [65]. However, recent findings
indicate that under certain conditions or in specific strains, nitrogen excess can promote
PUFA biosynthesis and increase their proportion. For instance, when C. elegans NRRL Y-
1392 was cultivated under nitrogen-excess conditions on a medium-resembling stalk
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hydrolysates, higher production values for biomass, PUFAs, and GLA were observed
(20.3 g/L, 1906 mg/L, and 668 mg/L, respectively), accompanied by high productivity due
to short cultivation periods. Furthermore, when the fungus was cultivated on a medium
derived from hot water extraction of mushroom stalks supplemented with organic nitro-
gen sources, the dry biomass reached 14.5 g/L, lipid content reached 1.8 g/L, and GLA
accounted for 15% (w/w) of cellular lipids [65].

The utilization of organic industrial wastes for microbial cultivation to produce high-
value-added metabolites is of great significance for achieving sustainable resource utili-
zation. Glycerol is the principal by-product of biodiesel production. For most filamentous
fungi, glucose is a superior substrate to glycerol because of the poor regulation of key
enzymes involved in glycerol assimilation (e.g., glycerol kinase and 3-phosphate glycerol
dehydrogenase) [90]; however, several Zygomycete strains have shown notable excep-
tions. Studies have demonstrated that T. elegans, C. elegans, and U. ramanniana can grow
efficiently on glycerol as the sole carbon source and accumulate GLA-rich lipids at levels
comparable to or even higher than those obtained on glucose. For the C. elegans NRRL Y-
1392 strain, under nitrogen-excess conditions, GLA production was highest, reaching
224.0 mg/L (productivity equivalent to 2.0 mg/L/h); under low-nitrogen conditions, lipid
accumulation was higher (0.59 g/g dry biomass), but the production of PUFAs and GLA
did not increase. By optimizing the carbon-to-nitrogen ratio to 18.3 mol/mol, higher pro-
duction of PUFAs (600 mg/L) and GLA (243 mg/L) was achieved. When the fungus was
cultivated at 12 °C, the GLA content increased from 12.8% w/w at 28 °C to 15.5% w/w;
however, due to prolonged cultivation time, the production value decreased significantly.
In bioreactor experiments at laboratory scale (working volume Vw = 1.8 L; C/N = 18.3
mol/mol) and semi-pilot scale (Vw = 15.0 L; C/N = 110.0 mol/mol), stable and consistent
results were obtained, indicating that this bioprocess has potential for industrial applica-
tion [106]. T. elegans cultivated on untreated glycerol produced a lipid content exceeding
40% (w/w), of which GLA accounted for 7.3% (w/w), with a GLA yield of 664.3 mg/L [136].
Another study reported that T. elegans produced 11.6 g/L of oil in glycerol medium, with
a lipid content of 71.1% (w/w) and a maximum GLA content of 371 mg/L [32]. U. ramann-
iana was flask-cultivated under carbon-limited conditions with approximately 35 g/L glyc-
erol; glycerol was rapidly consumed, and the final total dry cell weight was approximately
16 g/L, with a lipid content of approximately 24% w/w and a GLA concentration of 9-13%
w/w, with a maximum GLA concentration of approximately 430 mg/L [64]. These findings
demonstrate that glycerol can serve as an efficient and economically feasible substrate for
the production of GLA-rich SCO by specific Zygomycetes, and that strain selection is cru-
cial for efficient glycerol utilization.

Food-processing residues, such as cheese whey, are low-cost and abundant sub-
strates for SCO production by Zygomycetes. However, many fungi metabolize lactose,
the principal compound in whey, poorly, and therefore the efficient utilization of cheese
whey is also strain-specific. Among the Zygomycetes tested, U. isabellina stands out for its
exceptional capacity to consume lactose and its high biomass and lipid yields. Vamvakaki
et al. (2010) [137]compared three Zygomycetes, U. isabellina, T. elegans, and Mucor sp., for
their ability to produce GLA-containing lipids during cultivation on cheese whey. The
results showed that U. isabellina completely consumed all available lactose and signifi-
cantly degraded proteins, whereas the other two fungi appeared unable to continue uti-
lizing lactose after protein exhaustion. In a second series of experiments, supplementation
of U. isabellina cultures with lactose increased the C/N ratio and enhanced fat production.
On cheese-whey-based medium, U. isabellina ATHUM 2935 achieved the highest DCW of
32.00 g/L, with a lipid content of approximately 25% and a maximum GLA production of
301 mg/L. This DCW value is among the highest levels ever reported for oleaginous Zy-
gomycetes cultivated on cheese whey. For T. elegans and Mucor sp., the addition of
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ammonium sulfate was necessary to promote lactose consumption and biomass produc-
tion. These findings reveal the strain-specific nature of lactose utilization and indicate that
U. isabellina is a promising candidate for converting cheese whey into GLA-rich SCO.

Lignocellulosic sugars are a collective term for various sugars obtained from ligno-
cellulosic biomass through hydrolysis and separation, representing an abundant and low-
cost substrate for bioconversion. Studies have shown that oleaginous Zygomycetes (e.g.,
U. isabellina, C. echinulata and T. elegans) can utilize lignocellulosic sugars (mainly xylose)
to produce GLA-rich SCO, but carbon flux from xylose can also be diverted toward xylitol
production [94,138-140]. For example, in both U. isabellina and T. elegans, xylitol secretion
has been observed when xylose is used as the sole carbon source or in mixtures with glu-
cose. One study investigated the role of glucose and xylose in GLA-rich lipid production
by T. elegans and found that glucose was the best carbon source in terms of lipid produc-
tion (15.0 g/L), lipid content (47.1% DCW), and GLA production (1014 mg/L). When glu-
cose and xylose were mixed at a 50:50 ratio, GLA-rich lipid production was optimal, with
GLA production reaching 974.9 mg/L, close to the level obtained with pure glucose, and
xylitol secretion significantly reduced (only 3.4 g/L), indicating that the presence of glu-
cose effectively suppressed the metabolic diversion of xylose to xylitol. In bioreactors,
substrate consumption was faster, and metabolism was more biased toward biomass pro-
duction [67]. One study found that for U. isabellina ATHUM 2935, the lipid yield on xylose
(0.10 g/g) was significantly lower than that on glucose (0.22 g/g) [94]. However, another
study reported that for U. isabellina ATCC 42613, the lipid yields on glucose and xylose
were 0.41-0.44 g/g and 0.39-0.43 g/g, respectively, showing little difference [141]. Taken
together, these studies indicate that xylose is an alternative carbon source for lipid pro-
duction, but in most cases it is less efficient. Metabolic flux analysis suggests that enhanc-
ing xylitol dehydrogenase activity to promote the conversion of xylitol to xylulose, or
overexpressing the phosphoketolase pathway to bypass the xylitol intermediate, may re-
direct carbon flux toward lipid accumulation [142]. These findings provide a basis for the
process design of GLA-rich SCO production using lignocellulosic hydrolysates.

4.3. The Cofactor NADPH

NADPH is the essential reducing power for fatty acid synthesis and desaturation re-
actions (Figure 2). Multiple enzymatic reactions can generate NADPH [80,143]. Overex-
pression of key enzymes involved in NADPH supply pathways in M. alpina, including
G6PD, 6-phosphogluconate dehydrogenase (PGD) [84], isocitrate dehydrogenase (IDH)
[144], and ME [88], showed that cytosolic IDH increased both total fatty acid and ARA
content by 20%, similar to PGD. Among these, G6PD2 had the most significant effect on
fatty acid synthesis, increasing total fatty acid content by 1.7-fold, while ME was more
effective in desaturation, increasing ARA content by 1.5-fold compared with the control.
Co-overexpression of G6PD2 and ME simultaneously promoted fatty acid synthesis and
desaturation. Using continuous fermentation over 96 h, the co-overexpressing strain
achieved ARA accumulation of 1.9 + 0.2 g/(L-d), which was 7.2-fold higher than the M.
alpina control cultured in flasks [85]. This study confirmed that the pentose phosphate
pathway is the primary NADPH donor during fatty acid synthesis in M. alpina.

4.4. Calcium Signaling Pathway

Calcium signaling (Ca?*) plays a central role in cellular metabolism and participates
in regulating multiple physiological processes, mediated by calcineurin—a calcium/cal-
modulin-dependent phosphatase composed of catalytic subunit A (Cna) and regulatory
subunit B (CAR1). The regulatory role of calcium signaling in lipid accumulation in ole-
aginous filamentous fungi has attracted increasing attention in recent years (Figure 2).
Different calcium concentrations significantly affect biomass formation and lipid yield in
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M. circinelloides, indicating that calcium is a key metabolic regulator. Calcium deficiency
has been shown to trigger lipid accumulation in Mucorales fungi. The CAR1 plays an im-
portant regulatory role in growth and lipid accumulation in M. circinelloides. Overexpres-
sion and knockout studies showed that CAR1 overexpression increased biomass by 31%
and lipid accumulation by 22%, while CAR1 knockout reduced both parameters. Further-
more, CAR1 expression altered the fatty acid profile, revealing a strong negative correla-
tion between palmitic acid and GLA. These results indicate that CAR1 plays an important
role in connecting calcium signaling with lipid biosynthesis [145,146].

5. Research Progress on Major PUFA Products
5.1. ARA
5.1.1. Metabolic Engineering Strategies

ARA is the most industrially mature and intensively studied PUFA product from
filamentous fungi. Its production chassis is almost entirely dependent on M. alpina, par-
ticularly the 1S-4 strain. Metabolic engineering for ARA has evolved from “single-gene
overexpression” to “systematic modular reconstruction”. Early studies focused on over-
expressing A6- and A5-desaturases, but with limited efficacy. Zhang et al. (2023) reor-
ganized the elongase/desaturase pathway in M. alpina based on its functional roles in ARA
synthesis into a “Push” module (responsible for precursor LA and GLA supply, involving
A12- and A6-desaturases) and a “Pull” module (responsible for DGLA-to-ARA conversion,
involving GLELO and A5-desaturase). Using a 2A peptide-mediated multigene co-expres-
sion platform, they achieved synergistic optimization of both modules, balancing inter-
mediate production and consumption. The engineered strain MA5 showed approximately
5-fold improvement in ARA yield in shake-flask fermentation, reaching a final titer of 4.4
g/L, with lipid content increased by 1.2-fold and ARA content increased by 77.6% [147].

ARA synthesis is highly dependent on NADPH. The metabolic pathways involving
G6PD, PGD, IDH, and ME all supply NADPH. Overexpression of these enzymes effec-
tively increased intracellular NADPH levels and promoted ARA accumulation. Among
these, G6PD2 had the most significant effect on fatty acid synthesis, increasing total fatty
acid content by 1.7-fold, while ME was more effective in desaturation, increasing ARA
content by 1.5-fold. Co-overexpression of G6PD2 and ME simultaneously promoted fatty
acid synthesis and desaturation, achieving an ARA yield of 1.9 + 0.2 g/(L-d) [85]. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) is a highly conserved enzyme in glycol-
ysis that catalyzes the conversion of glyceraldehyde-3-phosphate to 1,3-bisphospho-
glycerate while generating NADH. Overexpression of GAPDH1 or silencing of GAPDH?2
both increased the NADPH/NADP ratio, increasing lipid content by approximately 13%
and 23%, respectively [148]. Overexpression of GTP cyclohydrolase I (GTPCH) increased
tetrahydrobiopterin (BH4) levels by 7-fold. BH4 then increased NADPH levels through
the phenylalanine hydroxylase (PAH) and nitric oxide synthase (NOS) pathways, ulti-
mately enhancing cellular fatty acid synthesis and polyunsaturation [149].

5.1.2. Fermentation Process Optimization

M. alpina ARA fermentation is primarily conducted in submerged fermentation
(SmF), with multi-stage environmental control as the core strategy. A two-stage aeration
rate strategy (1.0 vvin during growth phase, 1.4 vvm during ARA accumulation phase)
achieved an ARA yield of 4.7 g/L, representing a 38.2% improvement. A dynamic temper-
ature control strategy (25 °C during growth phase, linear cooling to 16 °C during ARA
accumulation phase) increased ARA content by 37.1%. Combining two-stage aeration rate
control with dynamic temperature control achieved the highest ARA yield of 5.8 g/L [150].
A fed-batch fermentation strategy reduced the fermentation period from 7 to 5 days while
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increasing ARA productivity from 0.9 to 1.3 g/(L-d). Moreover, four cycles of repeated fed-
batch fermentation shortened the total fermentation period from 40 to 26 days, demon-
strating that this strategy is a convenient and economical process for commercial ARA-
rich oil production [151].

5.2. GLA

GLA is a C18 PUFA of the w-6 series, synthesized from stearic acid (C18:0) through
A9-, A12-, and A6-desaturation reactions via a relatively simple pathway. GLA-producing
strains mainly include M. circinelloides, C. echinulata, U. ramanniana, U. isabellina and T.
elegans [12-14,20]. M. circinelloides WJ11 has available genomic, proteomic, and metabo-
lomic information and well-established genetic tools, making it a valuable model for stud-
ying lipid accumulation mechanisms, but its lipid content (36% dry weight) is still sur-
passed by several other oleaginous Zygomycetes, particularly U. isabellina ATHUM 2935
(83.3% dry weight) and T. elegans CCF-1465 (47.1% dry weight) [24].

5.2.1. Metabolic Engineering Strategies

In M. circinelloides WJ11, overexpression of A6-desaturase alone significantly in-
creased GLA content (to 21% of total fatty acids); simultaneous overexpression of A6- and
Al12-desaturases (two genes), and overexpression of A6-, A12-, and A9-desaturases (three
genes), increased GLA yields by 1.5-fold and 1.9-fold, respectively, compared with the
control strain [152]. Overexpression of the autophagy-related protein ATG8 (atg8-1 and
atg8-2) was also confirmed to promote lipid accumulation and GLA production [153].
Overexpression of two cytosolic malic enzyme genes, cmalA and cmalB, increased total
GLA content by 11.42% and 16.85%, respectively [154]. Overexpression of two mitochon-
drial malic enzyme genes, malC and malD, increased total GLA content by 16.73% and
46.76%, respectively [155]. Furthermore, transcriptomic and lipidomic analyses of C. echi-
nulata revealed that when trehalose was used as the carbon source, A6-desaturase expres-
sion was significantly upregulated, and GLA content reached 21% of total lipids, far ex-
ceeding the 13% observed under glucose cultivation [13].

5.2.2. Fermentation Process Optimization

In M. circinelloides, lipid yield reached 4.1 g/L with xylose as the carbon source under
optimized C/N ratio (160:1) [96]. Analysis of fermentation conditions identified optimal
abiotic conditions including pH 6.5, temperature 25-26 °C, inoculum 15% (v/v), agitation
500 rpm, dissolved oxygen 20-30%, and 120 h of fermentation. Glucose co-feeding pro-
vided important reference for developing efficient lipid production fermentation strate-
gies [156].

Aerated and agitated bioreactors are often considered essential for achieving high
lipid contents in oleaginous Zygomycetes; however, for several oleaginous Zygomycetes
(including U. isabellina ATHUM 2935, T. elegans CCF-1465, and C. elegans NRRL Y-1392),
shake-flask cultivation and bioreactor cultivation show little difference in lipid yield and
productivity. For example, when C. elegans NRRL Y-1392 was used for GLA production
with glycerol as the substrate, the results from shake-flask experiments (working volume
Vw =18 L; C/N =18.3 mol/mol) were consistent with those from semi-pilot-scale bioreac-
tor experiments (Vw =15.0 L; C/N = 110.0 mol/mol) [106]. When T. elegans CCF-1465 was
cultivated in a 3-L submerged bioreactor with glucose as the sole carbon source, the lipid
and GLA concentrations reached 13.9 g/L and 742 mg/L, respectively, which were com-
parable to the shake-flask results [67]. When U. isabellina ATHUM 2935 was scaled up in
a 3-L bioreactor with glucose as the substrate, the biomass obtained was 17.5 g/L, with a
lipid content of 12.7 g/L [28]. In shake flasks, this strain achieved a DCW exceeding 35.9
g/L, demonstrating high-cell-density cultivation [157]. These results indicate that for
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many oleaginous Zygomycetes, shake-flask cultivation remains an effective and econom-
ical tool for screening and process development. However, in industrial production, es-
pecially when process intensification is required, bioreactor cultivation remains a key
means for precise control of dissolved oxygen, pH, and feeding strategies.

5.3. EPA
5.3.1. Metabolic Engineering Strategies

EPA (20:5n-3) is a representative w-3 long-chain polyunsaturated fatty acid with ben-
eficial effects in the treatment of cardiovascular diseases and in anti-inflammatory re-
sponses. However, the synthetic capacity of filamentous fungi is extremely limited due to
the lack of efficient w-3 desaturases. Therefore, introducing exogenous w3-desaturases
through genetic engineering has become a core strategy for achieving efficient EPA pro-
duction. A study isolated a w-3 fatty acid desaturase gene, PaD17, from P. aphanidermatum
that exhibits strong A-17 desaturase activity and a clear substrate preference for ARA.
After transforming PaD17 into M. alpina, the conversion rate of ARA to EPA increased to
49.8%. The recombinant strain produced 617 mg/L EPA at room temperature, and after
medium optimization the EPA yield increased to 1.73 g/L, with dry cell weight and total
fatty acid content reaching 16.55 g/L and 6.46 g/L, respectively [83]. Okuda et al. (2015)
expressed the heterologous Al17-desaturase gene sdd17m from Saprolegnia diclina in M. al-
pina ST1358 (a mutant defective in w3-desaturase activity), achieving EPA accumulation
at ambient temperature (28 °C). In a 5-L fermenter, EPA accounted for 26.4% of total fatty
acids, with an EPA yield of 1.8 g/L. This study was the first to report EPA accumulation
in M. alpina at ambient temperature, providing a platform technology for industrial EPA
production [158]. In addition to the two enzymes mentioned above, w-3 desaturases from
Phytophthora parasitica (PPD17) and from oomycetes (psulw3 and pmd17) have also been
found to enable efficient conversion in recombinant M. alpina strains [159,160]. These stud-
ies collectively demonstrate that heterologous expression of w3-desaturases with high
ARA preference is an effective approach for efficient EPA synthesis in M. alpina.

5.3.2. Fermentation Process Optimization

The core challenge in optimizing EPA fermentation processes lies in resolving the
conflict between insufficient dissolved oxygen supply and pH mismatch. EPA synthesis
involves multiple desaturation reactions and has a high demand for molecular oxygen;
however, the dissolved oxygen generated by aeration and agitation in fermenters is insuf-
ficient to support cell growth and EPA synthesis. Meanwhile, the optimal pH conditions
for cell growth and EPA accumulation are inconsistent. Huang et al. (2020) applied a com-
bined strategy of two-stage pH control and oxygen-enriched air to promote EPA produc-
tion in the recombinant strain M. alpina CCFM698 (capable of EPA production at ambient
temperature). After 10 days of fermentation in a 7.5-L fermenter, the biomass reached 41.2
g/L, lipid content was 31.5%, EPA accounted for 26.7% of total lipids, and the final EPA
yield reached 3.47 g/L, which is the highest EPA yield reported to date for M. alpina [161].

P. irregulare is a promising co-producer of EPA and ARA. Russo et al. (2023) system-
atically optimized the cultivation conditions for P. irrequlare using food-industry by-prod-
ucts and wastes as inexpensive nutrient sources, testing various substrates including sug-
arcane molasses, spent brewere yeast, cheese whey, and expired orange juice. The results
showed that the combination of spent brewere yeast as the nitrogen source and expired
orange juice as the organic carbon source was most effective, with optimized biomass
productivity of 14.22 g/L, lipid yield of 2.23 g/L, and EPA concentration of 155 mg/L [37].
This study provides a feasible path for sustainable EPA production using low-cost feed-
stocks.
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5.4. DHA
5.4.1. Metabolic Engineering Strategies

DHA (22:6 n-3) is the longest-chain and most highly unsaturated PUFA in the w-3
series and plays an important role in infant neurodevelopment and maintenance of retinal
function. DHA synthesis requires additional A4-desaturase and C22-elongase, which are
naturally absent or exhibit extremely low activity in most filamentous fungi [162]. There-
fore, heterologous expression is the core strategy for DHA production. However, reports
on heterologous DHA synthesis in filamentous fungi are extremely limited, and multiple
challenges remain. For example, DHA has the longest carbon chain and the highest degree
of unsaturation, and its synthesis requires multiple elongation and desaturation steps,
each of which is constrained by the catalytic efficiency of specific enzymes. Screening for
enzyme combinations that can be heterologously expressed, achieve high conversion effi-
ciency, and coordinate metabolic flux remains difficult. In addition, the high degree of
unsaturation makes DHA extremely sensitive to oxidative degradation, and measures to
protect it from loss during fermentation and downstream processing still need to be ex-
plored.

5.4.2. Fermentation Process Optimization

Currently, research on DHA synthesis by filamentous fungi (e.g., Mortierella) has
mainly focused on strain screening, metabolic pathway elucidation, and optimization of
basic culture conditions (e.g., temperature, carbon and nitrogen sources). For example, a
study isolated M. alpina CFR-GV15 from soil in the Western Ghats of India and found that
it could accumulate DHA at 4.09 + 0.1% of total fatty acids in a lipid production basal
medium, without involving fermentation process optimization specifically for DHA [163].

Current experience in DHA fermentation process optimization comes mainly from
Schizochytrium, the dominant platform for commercial DHA production, including high-
density fed-batch fermentation, staged dissolved oxygen control, and scale-up strategies
based on the volumetric oxygen transfer coefficient (kLa) [112,164,165]. These experiences
are instructive for developing DHA fermentation processes in filamentous fungi; however,
they cannot be directly applied because of fundamental differences between filamentous
fungi and Schizochytrium in cell morphology and hydrodynamic properties. Future work
should, on the basis of breakthroughs in strain engineering, simultaneously develop DHA
fermentation processes tailored to the morphological characteristics of filamentous fungi.

5.5. DGLA
5.5.1. Metabolic Engineering Strategies

DGLA (20:3 n-6) is the direct precursor of ARA biosynthesis and also possesses anti-
inflammatory and anti-proliferative bioactivities, making it a useful raw material for the
synthesis of eicosanoid drugs. However, DGLA accumulation in natural microorganisms
is generally low because it is rapidly converted to ARA by A5-desaturase. Tamano et al.
(2019) integrated the enzyme genes involved in DGLA synthesis from M. alpina as a gene
cluster into the chromosome of an A. oryzae strain with a disrupted acyl-CoA synthetase
gene, and knocked out the A5-desaturase gene that converts DGLA to ARA. The con-
structed engineered strain produced 145 mg/L of free DGLA after 5 days of cultivation.
Upon addition of 1% Triton X-100 surfactant to the culture, more than 80% of the free
DGLA was released extracellularly without affecting cell growth. This was the first report
of microbial production of free DGLA and its extracellular release [42]. Subsequently, on
this basis, overexpression of a predicted transketolase gene and disruption of the a-1,3-
glucan synthase gene further increased DGLA production to 533 mg/L, significantly en-
hancing the capacity of the A. oryzae cell factory for DGLA production [17].
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5.5.2. Fermentation Process Optimization

Surfactant-assisted product release is a key strategy for optimizing DGLA fermenta-
tion in A. oryzae. The addition of 1% Triton X-100 achieved an extracellular release rate of
more than 80% without inhibiting cell growth, greatly simplifying the downstream pro-
cessing and avoiding the use of lipases to release free DGLA from triacylglycerols. In ad-
dition, fed-batch fermentation and carbon-to-nitrogen (C/N) ratio optimization based on
this strain are under further investigation [42].

6. Challenges and Future Directions
6.1. Current Major Technical Bottlenecks

Industrialization of filamentous fungal PUFA production is constrained by three core
bottlenecks: Genetic manipulation difficulties include the multinucleate/heterokaryotic
nature and low homologous recombination efficiency of filamentous fungi make it diffi-
cult to achieve homozygous mutations through precise gene editing, restricting system-
atic strain improvement [166-168]; low synthesis efficiency of very long-chain PUFAs (es-
pecially DHA, C22:6 w-3)—some filamentous fungi naturally lack w-3 pathway enzyme
systems [169] or can only be weakly induced to produce w-3 PUFAs under specific envi-
ronmental stress [170], and DHA titers in filamentous fungi remain substantially lower
than those achieved with commercial Schizochytrium platforms, a thraustochytrid strame-
nopile that employs an oxygen-independent PUFA synthase pathway and is currently the
dominant microbial source of commercial DHA [171]; prominent fermentation engineer-
ing challenges—the non-Newtonian fluid properties and shear sensitivity of mycelia
make it difficult to balance oxygen mass transfer and cell viability in large-scale fermen-
tation [119], and the long fermentation cycle significantly increases production costs and
operational risks [151].

6.2. Emerging Technologies and Future Research Directions

Optimization of CRISPR gene editing technology is the core breakthrough for over-
coming genetic manipulation bottlenecks, requiring the development of delivery systems
better suited for filamentous fungi and multi-round homozygosis strategies [172]. Multi-
omics integration and systems metabolic engineering can systematically identify rate-lim-
iting nodes and reconstruct complex metabolic pathways by integrating genomic, tran-
scriptomic, proteomic, and metabolomic data, combined with genome-scale metabolic
models and the 2A peptide multigene co-expression platform [147,173,174]. Development
of sustainable feedstocks and solid-state fermentation focuses on reducing carbon source
costs using agricultural and industrial wastes as inexpensive substrates, while exploiting
the unique advantages of solid-state fermentation in enhancing PUFA content [175,176].
Discovery and domestication of novel strains aims to transform under-explored PUFA-
producing filamentous fungi from nature into industrial platform strains through high-
throughput screening and systematic genetic domestication [60,177].

Beyond their direct use as nutritional supplements in food, health products, feed, and
other applications, GLA-rich SCOs produced by oleaginous Zygomycetes can also be con-
verted into fatty acid potassium or lithium salts (FAPs/FALs). These fatty acid alkali salts
are water-soluble and bio-assimilable, overcoming the limitation of poor aqueous solubil-
ity of PUFAs and enabling their application in pharmaceutical formulations. Studies have
shown that FALS from C. echinulata (containing 11-18% GLA) exhibit cytotoxic and gen-
otoxic effects against HL-60 leukemia cells, inducing DNA fragmentation at high concen-
trations [178]. FALS from glycerol-cultured C. elegans (containing ~9.5% GLA) are cyto-
toxic to PC-3 and DU-145 prostate cancer cells, as well as TPC-1 and K1 thyroid cancer
cells, with ICso values of ~58-61 pg/mL [179]. FAPS from T. elegans (containing 6.5% GLA)
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exhibit marked lethal effects against MCF-7 breast cancer cells with an ICso of 0.3 pg/mL
[180]. FALS from T. elegans and M. alpina suppress the proliferation and migration of PC-
3 and DU-145 prostate cancer cells [181]. The anticancer mechanisms of FAPs/FALs in-
volve multiple pathways, including induction of oxidative stress, lipid peroxidation, and
modulation of cell signaling cascades. The conversion of FAPs/FALs utilizes crude SCOs
(rather than purified GLA), offering a promising and cost-effective route for producing
high-value-added pharmaceuticals from microbial oils.

6.3. Industrialization Prospects and Sustainability Considerations

Successful industrialization of filamentous fungal PUFAs depends on the coordi-
nated achievement of three economic indicators: product value, productivity, and feed-
stock cost [104]. Compared with traditional fish oil and algal oil, the filamentous fungal
platform offers competitive advantages including year-round production, low contami-
nation risk, substrate flexibility, and relatively simplified downstream processing, but still
faces severe cost pressures in large-scale competition [72,182,183]. Future competitiveness
enhancement will rely on continuous strain performance iteration, fermentation process
engineering innovation, and product differentiation strategies such as targeted produc-
tion of specific PUFA components [19,150,151]. Furthermore, regulatory approval and
safety assessment of novel strains and products—including toxicological, allergenicity,
and genetic stability evaluations—are necessary safeguards for industrialization [11,184].
With continuously growing global demand for sustainable PUFA sources and supportive
biomanufacturing policies, filamentous fungal PUFAs are expected to achieve broader ap-
plications in food, pharmaceutical, and feed sectors, and to provide a transferable para-
digm for microbial synthesis of other high-value lipid compounds.

7. Conclusions

PUFAs play critical physiological roles in cardiovascular health, neurodevelopment,
and immune regulation, with continuously growing market demand. However, tradi-
tional fish oil and plant-based PUFA supply chains face severe challenges including re-
source depletion, environmental pollution, and sustainability crises. Against this back-
drop, using filamentous fungi for single cell oil (SCO) production through microbial fer-
mentation has emerged as a sustainable and economically viable alternative. This review
provides a comprehensive overview of research progress on PUFA synthesis by filamen-
tous fungi, covering strain resources, biosynthetic pathways, regulatory mechanisms, de-
velopment status of major PUFA products, and industrialization prospects, outlining a
comprehensive landscape from fundamental biological understanding to engineering ap-
plications.

In terms of key research advances, filamentous fungi have formed a complete spec-
trum from native high-yielding strains to genetically tractable chassis cells: ARA-rich oil
derived from M. alpina has been authorized by the FDA and the EU as a food ingredient;
M. circinelloides is a model strain for GLA production; and A. oryzae provides an ideal
chassis for heterologous expression. Regarding biosynthetic pathways, filamentous fungi
begin with acetyl-CoA, synthesize saturated fatty acids through the FAS system, and then
generate ARA, EPA, and other PUFAs through sequential catalysis by A9-, A12-, A6-, and
Ab5-desaturases and elongases. At the regulatory level, the SNF1 energy sensor perceives
carbon and nitrogen nutritional status, AreA links nitrogen metabolism with lipid synthe-
sis, temperature and other environmental factors modulate fatty acid unsaturation by in-
fluencing desaturase gene expression, and carbon allocation and NADPH supply collec-
tively affect PUFA yields. In metabolic engineering, genetic modification has evolved
from single-gene manipulation to systematic engineering, with the 2A peptide-based mul-
tigene co-expression platform increasing ARA production approximately 5-fold, and
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cofactor engineering and competitive pathway blockade enabling targeted production of
specific PUFAs, while A. oryzae cell factory modification ultimately achieved a DGLA titer
of 533 mg. In fermentation technology, fed-batch fermentation and multi-stage strategies
with segmented temperature, oxygen, and agitation control significantly improved target
product yields.

Nevertheless, industrialization of filamentous fungal PUFA production still faces
three core challenges: genetic manipulation difficulties, low synthesis efficiency of DHA
and other very long-chain PUFAs, and prominent fermentation engineering challenges.
Looking forward, continued optimization of CRISPR gene editing will overcome genetic
modification bottlenecks; multi-omics integration and systems biology will provide com-
prehensive metabolic regulatory insights; systems metabolic engineering and synthetic
biology tools will enable a paradigm shift from “single-gene manipulation” to “systematic
reconstruction”; and sustainable feedstock utilization and novel strain discovery and do-
mestication will fundamentally improve economic viability. With synergistic advance-
ment of these directions, the potential of filamentous fungi as “lipid cell factories” for
PUFAs will be further unlocked.
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