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Over the past decade, the focus on omega (w)-3 fatty acids from microalgae has
intensified due to their diverse health benefits. Bioprocess optimization has nota-
bly increased w-3 fatty acid yields, yet understanding of the genetic architecture
and metabolic pathways of high-yielding strains remains limited. Leveraging geno-
mics, transcriptomics, proteomics, and metabolomics tools can provide vital
system-level insights into native w-3 fatty acid-producing microalgae, further
boosting production. In this review, we explore ‘omics’ studies uncovering alterna-
tive pathways for w-3 fatty acid synthesis and genome-wide regulation in response
to cultivation parameters. We also emphasize potential targets to fine-tune in order
to enhance yield. Despite progress, an integrated omics platform is essential to
overcome current bottlenecks in optimizing the process for w-3 fatty acid produc-
tion from microalgae, advancing this crucial field.

Carbon skeleton with myriad benefits: w-3 fatty acids

The carboxylic acids of hydrocarbon chains with the occurrence of more than one double bond
are referred to as polyunsaturated fatty acids (hereafter referred to as ‘PUFAS’). These PUFAs
can be further classified into two groups: PUFAs with the first double bond at the third carbon
from the methyl end (w carbon) are w-3 fatty acids, whereas fatty acids with a double bond at
the sixth position are w-6 fatty acids [1]. Linoleic acid (LA; C18:2) and alpha-linolenic acid (ALA,
C18:3) are essential fatty acids (see Glossary) (w-6 and w-3, respectively) and are recom-
mended in dietary supplements. As suggested by the National Institutes of Health (NIH) Office of
Dietary Supplements, an adult human should intake 1.1-1.6 g of ALA daily'. By contrast, adult
humans are recommended 3-6 g per day of LA, which is desaturated to y-linolenic acid by A-6
desaturase and further converted to another w-6 fatty acid, arachidonic acid (ARA; C20:4) [2].
ARA can be further metabolized by three distinctive sets of enzymes [cyclooxygenases (COXs),
lipoxygenases (LOXs), and cytochrome P450 (CYP)] to generate prostaglandins, leukotrienes,
hydroxyeicosatetraenoic acids (HETs), among others, which act as therapeutics in cancers, car-
diovascular and inflammatory diseases [3]. ALA, eicosapentaenocic acid (EPA; C20:5), and
docosahexaenoic acid (DHA; C22:6) are the major w-3 fatty acids. In humans, the rate of conver-
sion of ALA to EPA or DHA is limited (<8% to EPA and <4% to DHA) [4,5]. Thus, along with ALA,
EPA and DHA are also recommended as part of a healthy diet, with a daily intake of 200-500 mg of
EPA and DHA combined'".

ALA is involved in ameliorating obesity, diabetes, cardiovascular diseases, and cancers [6]. Addi-
tionally, w-3 fatty acids are structural constituents of the cell membrane, regulating fluidity and
permeability [7,8]. DHA is a major structural component of neurons and outer segments of retina
and, therefore, is essential for normal neurotransmission and visual function [9]. Similarly, high-
dose administration of EPA was found to improve cognitive symptoms in patients with attention
deficit hyperactivity disorder (ADHD) [10]. Deficiencies in EPA or DHA result in altered flexibility of
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Long-chain polyunsaturated fatty acids
comprising omega (w)-3 and w-6 are
essential fatty acids with myriad health
benefits.

Marine  microalgae, such  as
Phaeodactylum, Nannochloropsis, and
Crypthecodinium, have emerged as a
potential source of w-3 fatty acids,
which comprise 50-70% of their total
fatty acid content.

Although there is a plethora of studies on
bioprocess optimization, the system-
level information of these microalgae re-
mains restricted to model microalgae.

Omics studies have moonlighted the
bioprocess optimization by identifying
the presence of CAZymes, xylose isom-
erase, and other pathways for utilization
of unconventional carbon sources, such
as glycerol.

Similarly, transcriptomics and metabo-
lomics studies have aided understand-
ing of the effect of various abiotic
factors, enabling the unraveling of
several molecular mechanisms for w-3
fatty acid production.
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the cell membrane, which affects the function of membrane proteins, such as voltage-gated
ion channels and enzymes, subsequently attenuating neurotransmission [11]. During the recent
coronavirus 2019 (COVID-19) pandemic, one of the clinical features of the disease in patients
was the ‘cytokine storm’ [12]. EPA and DHA were found to be effective in modulating the
concentrations of interleukin (IL)-6, IL-1, or tumor necrosis factor (TNF)a, key cytokines provoking
cytokine storms. Both these w-3 fatty acids are converted by LOX and COX enzyme systems
to generate anti-inflammatory metabolites, which further bind to their receptors and elicit anti-
inflammatory changes in cells [13].

With the increasing awareness and demand for, w-3 fatty acids, the market value of these
nutraceuticals reached US$ 4.1 billion in 2019 and is expected to grow at a compound annual
growth rate (CAGR) of 13%, reaching US$8.5 billion by 2025". Plant oils, such as flaxseed,
soybean, and canola oils are rich in ALA [14], whereas the major sources of EPA and DHA
are fish and other seafood [15]. However, to meet the increasing demand for w-3 fatty
acids and maintain aquatic ecosystems, microbial platforms have been repeatedly evaluated
for production of PUFAs. Studies suggest that fish enriched in PUFAs obtain them through
feeding on microalgae and other protists [16]. Thus, over the past few years, several reviews
highlighting the microbial potential of synthesizing w-3 have been published (summarized in
Table 1).

The major w-3 fatty acid-producing microalgae among the Chromista are marine diatoms,
dinoflagellates, and Eustigmatophyceae. For example, DHA and EPA account for 0.7-1% and
13.0-34.1%, respectively of the total fatty acid (TFA) content of Phaeodactylum tricornutum; by
contrast, Crypthecodinium cohniii contains only DHA (up to 60% of TFAs) [17], whereas
Nannochloropsis species have only EPA (14-30% of TFASs) [18]. Emiliania huxleyi and Isochrysis
galbana are members of the Coccolithophyceae and are DHA-producing strains, accounting for
9.2% and 13.1% of TFAs, respectively [19,20].

Among Chlorophyta, which are more closely related to land plants, the most promising strains
reported for EPA production are Dunaliella (21.4% of TFAs), Chlamydomonas (19.2%),
Haematococcus (5.8 mg g~'), and Botryococcus (6.2 mg g~') [20-23]. By contrast, ALA is
commonly found in most microalgal species, including Chlorella and Scenedesmus [24-26]. In
thraustochytrids, such as Aurantiochytrium and Schizochytrium, which are often misidentified
as microalgae, DHA comprises ~50% of their total lipid [27,28]. Modulating cultivation parame-
ters, such as CO,, organic carbon supplementation and nutrient deprivation, enhances the
w-3 fatty acid content; however, hurdles remain on the path to attaining w-3 fatty acid yields at
a commercial level. Using multi-omics to gain insights into the microalgal system could overcome
these hurdles by providing a holistic understanding of biosynthetic routes, crosstalk among
various metabolic pathways, and the relevant regulatory nodes. These regulatory targets could
then be modified to further enhance the biosynthesis of these nutraceuticals.

w-Fatty acid biosynthesis: the elongation and desaturation cycle

Acetyl CoA carboxylase (ACCase) and type-Il fatty acid synthase (FAS) are conserved enzymes
responsible for de novo fatty acid synthesis in plastids [29]. The acetyl-CoA poolin plastids is car-
boxylated by ACCase to generate malonyl CoA, which is then loaded to the acyl carrier protein
(ACP) via enzyme malonyl acetyl transferase (MAT) to form malonyl-ACP, which serves as a sub-
strate for FAS (Figure 1, Key figure). Type-Il FAS is an iterative multi-enzyme protein comprising
ketoacyl-ACP synthase (KAS), ketoacyl-ACP reductase (KAR), hydroxyacyl-ACP dehydratase
(HAD), and enoyl-ACP reductase (EAR) [30]. Either palmitic acid (C16:0) or stearic acid (C18:0)
is formed as the end product of iterative cycles by FAS. Stearic acid can be converted to oleic
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Glossary

Biofuel: fuel obtained from biomass
derived from either plants or agricultural
waste, such as molasses and bagasse.
Calvin—-Benson-Bassham (CBB)
cycle: involves carbon fixation by
RuBisCO to generate glyceraldehyde-3-
phosphate, which then enters into
gluconeogenesis to generate glucose.
cDNA libraries: collections of cloned
cDNA from a sample generated using
mMRNA as template.

Cytokine storm: physiological
response in humans during which the
immune system releases an excessive
number of small proteins, called
cytokines, which are involved in cell
signaling.

De-epoxidation: reverse of the
epoxidation reaction (conversion of
carbon—carbon double bonds to
epoxide, an ether molecule with a
three-membered ring).

Desaturation: removal of hydrogen
atoms from two adjacent carbon
atoms in a fatty acid to generate a
double bond.
Digalactosyldiacylglycerol (DGDG):
glycerolipid with acyl chains bonded to
glycerol at the first and second carbons
along with a polar carbohydrate head
comprising two galactose units linked
via a (1—6) bond.

Essential fatty acids: fatty acids that
are not synthesized by the human body
and are recommended to be included in
a healthy diet.

Genomics: study of the total or part of
the genomic sequence of an organism.
Metabolic modeling: mathematical
model that comprises all the reactions,
genes, proteins, and metabolites of an
organism; metabolic models can be
simulated to predict desired fluxes in a
pathway.

Metabolomics: the study of
metabolites (small molecules, such as
organic acids, cofactors, lipids, and
sugar) and their interaction within a cell
or an environment.

Phenomics: the systematic study of
traits that comprise a phenotype.
Phylogenetically: evolutionary
relatedness of organisms, as
determined by phylogenomics, the
study of evolutionary relatedness among
a group of organisms determined using
traits, morphology, or DNA and protein
sequences.

Proteomics: the study of the
interactions, function, composition, and
structures of proteins in an organism.


CellPress logo

Trends in Plant Science

acid (C18:1) by stearoyl-acyl carrier protein (ACP) A9-desaturase or acyl-CoA A9-desaturase,
which is transferred from chloroplasts to the endoplasmic reticulum (ER) to undergo
desaturation and elongation [31]. Initial desaturation in ER occurs via A12-desaturase for the
formation of LA, the first w-6 fatty acid, which may be further desaturated by A15-desaturase,
generating ALA (w-3). These fatty acids are dehydrogenated by A6-desaturase and diverted
into w-6 and w-3 pathways to undergo elongation and desaturation to form either ARA
or EPA[32]. In the pennate diatom P. tricornutum, intermediates from both w-pathways contrib-
ute to the formation of EPA [33]. However, in certain EPA-accumulating strains, such as
Nannochloropsis spp., Monodus subterraneus, and Porphyridium cruentum, the w-6 pathway
dominates and, thus, A17-desaturase mediates conversion of ARA to EPA [34-36]. EPA is
further converted to docosapentaenoic acid (DPA; C22:5) and DHA via A5 elongase and A4
desaturase enzymes [37].

In contrast to microalgae, bacteria and thraustochytrids utilize an additional oxygen-independent

fatty acid synthase [i.e., polyketide synthase (PKS)] for production of PUFA [38]. The anaerobic
PKS comprises multiple catalytic domains, such as ketoacyl synthase, ketoacyl reductase,

Table 1. Highlights from published reviews discussing relevance of microalgal-derived w-3 fatty acids

Title Journal Year Topics covered

Biotechnological production of Frontiers in Microbiology 2023 Relevance, potential source, overview of

omega-3 fatty acids: current status lipid synthesis pathway, and genetic tools

and future perspectives

New perspectives of omega-3 fatty Systems Microbiology 2023 Current state of production, sources, and

acids from diatoms and Biomanufacturing market trends

Recent advances in enhancing the Critical Reviews in Food 2023 Bioprocess optimization and genetic

production of long chain omega-3 Science and Nutrition engineering

fatty acids in microalgae

Benefits of supplementation with Trends in Food Science & 2023 Relevance to human health, bioprocess

microbial omega-3 fatty acids on Technology optimization, and genetic engineering

human health and the current market

scenario for fish-free omega-3 fatty

acid

Could microalgae be a strategic Trends in Food Science & 2022  Bioprocess optimization and genetic

choice for responding to the demand Technology engineering

for omega-3 fatty acids? A European

perspective

Emerging prospects of microbial Bioresource Technology 2022 Bioprocess optimization and genetic

production of omega fatty acids: engineering

recent updates

Microalgae as sources of omega-3 Algal Research 2021 Bioprocess optimization, downstream

polyunsaturated fatty acids: processing, and genetic engineering

biotechnological aspects

Cellular engineering strategies toward Biotechnology Advances 2020  Genetic engineering

sustainable omega-3 long chain

polyunsaturated fatty acids

production: state of the art and

perspectives

Engineering microbes to produce Trends in Biotechnology 2019  Relevance, potential source, overview of

polyunsaturated fatty acids lipid synthesis pathway, and genetic
engineering

Microalgal biofactories: a promising Microbial Cell Factories 2012 Health benefits, potential source,

approach towards sustainable
omega-3 fatty acid production

extraction, and metabolic engineering

¢? CellPress

RNA.I: a biological process in which
RNA molecules are involved in
sequence-specific suppression of gene
expression by double-stranded RNA,
through translational or transcriptional
repression.

Triacylglycerol (TAG): neutral lipid
with fatty acids attached to all three
carbons of the glycerol molecule.
Transcriptomics: the study of the
abundance of MRNA expressed within
an organism (i.e., its transcriptome).

Omics  Host Refs
No Plants, yeast, [116]
bacteria,
microalgae
No Diatoms [117]
No Microalgae [118]
No Microalgae [119]
No Microalgae [18]
No All microbes [120]
No Microalgae [121]
No Fungi and [1]
microalgae
No All microbes [122]
No Microalgae [123]
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Key figure

Schematic of the routes of omega (w)-fatty acid biosynthesis in
microalgae
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Figure 1. Conventional C16:0 and 18:1 fatty acids are synthesized in the chloroplast and then exported to the endoplasmic
reticulum (ER) for elongation and desaturation. Elongation/desaturation varies significantly among different microalgae and
occur via the w-3, w-6, or w-8 pathways. An additional polyketide synthase (PKS) system is present in some microalgae,
which produces eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) through iterative cycles of elongation and
desaturation in the cytoplasm. Red lines indicate the presence of different pathways in the specified microalgae, blue
boxes indicate specific pathways in microalgal species, dashed arrows indicate multi-step reactions, whereas (?) indicates
unknown routes for import of EPA/DHA into ER. Abbreviations: ACCase, acetyl CoA carboxylase; ACP, acyl carrier
protein; ALA, a-linolenic acid; ARA, arachidonic acid; DES, desaturase; DGLA, dihomo-y-linolenic acid; DPA,
docosapentaenoic acid; EDA, eicosadienoic acid; ELO, elongase; ENR/ER, enoyl reductase; ETA, eicosatetraenoic acid;
FAS, fatty acid synthase; GLA, y-linolenic acid; HAD/DH, hydroxyacyl dehydratase; KAR/KR, ketoacyl reductase; KAS/KS,
ketoacyl synthase; LA, linoleic acid; MAT, malonyl/acetyl transferase; PAD, palmitoyl ACP-A9 desaturase; PtA12 DES,
plastidial A12 desaturase; SDA, stearidonic acid. Figure created with BioRender (biorender.com).
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dehydratase, and enoyl reductase (Figure 1). Although PKS is similar to FAS, it lacks one or more
catalytic subunits, leading to the formation of a longer acyl chain [39]. This pathway for w-3 fatty
acid utilizes less reducing power and energy as the intermediates are simultaneously desaturated
and elongated, generating PUFAs efficiently [40].

Genomics: identification of alternative routes for w-fatty acid synthesis

Along with accumulation of EPA and DHA, the marine haptophyte alga E. huxleyi also synthesizes
octadecapentaenoic acid (OPA; C18:5) and stearidonic acid (SDA; C18:4), which are not gener-
ally reported for related microalgal strains. This suggests that C-18 fatty acids are first elongated
and then desaturated at A8, followed by introduction of a double bond at A5 positions [41].
Genomics analysis and functional characterization identified five putative genes in E. huxleyi
encoding elongases and desaturases responsible for DHA synthesis [42]. Thus, in an alternative
pathway, ALA is converted to C20:3 by the catalytic activity of A9-elongase, followed by two sub-
sequent desaturation events by A8 and A5 desaturases to form EPA (Figure 1). Final chain elon-
gation and desaturation by A5 elongase and A4 desaturase, respectively, leads to the formation
of DHA [43]. The C18 A9-elongase has also been identified in the DHA-accumulating microalgae
I. galbana and Paviova salina using cDNA libraries [44,45]. Additionally, both microalgae have a
functional AB-desaturase, with accumulation of intermediate fatty acids from both A9-elongase
and A6-desaturase suggesting that EPA synthesis occurs via both conventional and alternative
routes. P. tricornutum has a unique plastidial A12 desaturase that contributes to formation of
the unique hexadecatrienoic acid (16:3 2%°®'2) in chloroplasts, which is further extended to
C16:4 by w-3 fatty acid desaturase (FAD) [46].

Although PKS for PUFA production is functionally characterized in bacteria and thraustochytrids,
functional annotation of the marine heterokont Nannochloropsis oceanica CCMP1779 genome
identified a homolog of PKS [46], which was phylogenetically similar to fungal PKS [47]. Further-
more, Balzano et al. identified 22 putative genes encoding PKS across Nannochloropsis sp.,
which can be classified into four clades on the basis of the sequence alignment of the KAS-PKS
domain [48]. Clade-I PKS comprises iterative multidomain enzymes, which might be involved in
PUFA production, whereas clade-Il enzymes have only acyl transferase and KAS domains and
are involved in formation of long-chain hydroxylated fatty acids [48]. The nonphotosynthetic
microalga C. cohnii has both aerobic desaturation pathways and genes encoding PKS clusters
[17]. Interestingly, A12 and A15 desaturases are absent in C. cohnii and studies with inhibitors
targeting A5 and A6 desaturases did not find any alteration of the fatty acid profile. This evidence
suggests that C. cohnii uses PKS for production of DHA, although further research is required to
support this hypothesis [49]. Apart from identifying alternative routes, omics studies have also
identified various transcription factors regulating PUFA biosynthetic genes (Box 1).

‘Omics’ technologies and w-fatty acid synthesis

Using omics tools has revolutionized various research fields, such as identifying cancer markers,
novel therapeutic targets in antimicrobial resistance, or generation of stress-tolerant plants
[60-52]. Microalgal omics has mainly focused on biofuel production and is used for understand-
ing the effect of climate change, such as ocean acidification, on microalgal physiology [53].
However, integrated omics studies focused on w-3 fatty production remain in the development
stage. Table 2 details omics studies identifying key genes responsible for w-3 fatty acid produc-
tion in microalgae.

Photosynthesis-mediated remodeling of w-fatty acids
A major proportion of w-fatty acids is allocated to galactolipids [monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG)] in the thylakoid membrane. These lipids
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Box 1. Transcriptional regulation of w-fatty acid synthesis

Transcription factors (TFs) regulate gene expression by binding to cis elements through their DNA-binding domains and
either activating or repressing transcription. Rapidly advancing omics technologies have identified several TFs that regulate
metabolic genes in microalgae [108]. Various TF families, such as bZIP and MYB, have been identified to be involved in
modulating lipid pathways. For example, in Chlamydomonas reinhardtii, the bZIP2 expression profile was positively corre-
lated with diacylglycerol acyltransferase during nitrogen deprivation, suggesting its role in TAG accumulation [109]. bZIP77
was also found to regulate blue light-mediated TAG accumulation in Nannochloropsis oceanica [110]. Another family,
MYB, was found to regulate transport of fatty acids from chloroplast to ER in C. reinhardtii during nitrogen deprivation
by targeting fatty acid exporters, acyl-ACP thioesterase, and long-chain acyl-CoA synthetase [111]. Hu et al. identified
30 TFs involved in lipid pathways in N. oceanica IMET1 through gene mining and coexpression analysis [112]. Ajjawi
et al. generated RNAi-mediated knockdown of the ZnCys TF, and found upregulation of several elongases and
desaturases in mutant Nannochloropsis gaditana. This suggests either a direct transcriptional control or indirect regulation
of conventional elongase-desaturase pathways by ZnCys [113]. MYB modulates the transcription of fatty acid desaturase
(FAD8 and FADS) and its overexpression resulted in a lower PUFA content and reduced membrane fluidity in arabidopsis
(Arabidopsis thaliana) [114]. Transcriptomic studies revealed homologs of MYB (i.e., MYB106 and MYB94) in
Phaeodactylum tricornutum, which were found to be downregulated during the EPA accumulation stage [115]. However,
our understanding of the TF-mediated regulation of elongases/desaturases and the PKS pathway for w-fatty acid produc-
tion remains in its infancy and requires further experimental investigation.

serve as a matrix for the photosynthetic complexes [i.e., photosystem Il (PSll) and | (PSI)] and ATP
synthase embedded in the thylakoid membrane. Environmental cues such as temperature and
light, significantly alter the lipid composition of the thylakoid membrane, thereby affecting
oxygenic photosynthesis [54]. Low light intensities, such as 90 pmol m™ s™" increased the EPA
content in M. subterraneus [55]. In P. tricornutum, high light intensities (750 umol m™ s™")
were reported to decrease the PUFA content, whereas low irradiance increased it, resulting in
EPA comprising 5.7 % of the TFA. A decreased EPA content as well as decreased total PUFA
content upon high light irradiance can be attributed to downregulation of A6 desaturase, the key
enzyme in w-fatty acid biosynthesis [56]. By contrast, proteomic insights into P. tricornutum
exposed to dark stress identified upregulation of A9 desaturase and EAR, resulting in a higher overall
lipid and EPA content [57].

Higher plants and microalgae prevent photodamage resulting from high irradiance through de-
epoxidation of violaxanthin in the xanthophyll cycle [58]. MGDG in the thylakoid membrane
acts as a solvent for these xanthophyll cycle pigments, regulating the conversion of violaxanthin
to zeaxanthin [59]. Apart from varying light intensities, w-fatty acids are significantly altered by
light wavelength. For instance, multichromatic white light (150 pmol m= s~') was identified
to increase the EPA content in Nannochloropsis spp, because red light enhanced the absorption
ability of PSII, while PSI was improved by blue light. The highest EPA productivity for N. oceanica
CY2 (13.24 mg I"" per day) was achieved in a photobioreactor equipped with both blue and red
light-emitting diodes [60]. Transcriptomic studies identified upregulation of A6 and A9
desaturases in the presence of blue light (20 pmol m=2 s™), further supporting the enhanced
EPA accumulation in Nannochloropsis gaditana [61]. Blue light is sensed by aureochrome proteins,
which contain a light-oxygen voltage-sensing domain along with a DNA-binding domain, thereby
modulating gene transcription in response to light. Reduced expression of aureochrome genes
was associated with lower transcript abundance of blue light-induced A12, A9, A6 and A5
desaturases in N. oceanica CCMP1779 [62].

Omics to identify key players of abiotic factor-mediated w-fatty acid synthesis

Modulation of various parameters, such as carbon, nitrogen, light, and temperature, has been re-
ported to affect PUFA production in microalgae. Figure 2 highlights all the relevant nodes augmenting
w-3 fatty acid production under the influence of various abiotic factors. Photosynthetic microalgae
fix atmospheric CO, using the Calvin—-Benson-Bassham (CBB) cycle to glyceraldehyde-3-
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Table 2. Omics studies to identify relevant hubs for w-fatty acid production®
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Microalga Culture condition Omics platform Identified targets Refs
Nannochloropsis gaditana Blue light Transcriptomics A6 and A12 desaturase [61]
Metabolomics Malic acid
Nannochloropsis oceanica Blue light Transcriptomics ~ Aureochrome 3 [62]
Chlamydomonas sp. ICE-L Cold stress Transcriptomics A9 desaturase [124]
N. oceanica IMET1 Nitrogen starvation Transcriptomics  Acyl-ACP thioesterase, A9-FAD, pyruvate decarboxylase, [125]
pyruvate kinase
Nitzschia laevis Mixotrophy (glucose) Metabolomics o-Ketoglutarate, pyruvate, valine [79]
Transcriptomics KAS, HAD
Scenedesmus sp. NREL 46B-D3  Cold stress Metabolomics Fumarate, arginine, ornithine [69]
Scenedesmus sp. NREL Cold stress, nitrogen Transcriptomics ~ ENR, A7 desaturase, Myb, A6 and A5 desaturase, elongase  [57]
46B-D3, Lobosphaera bisecta starvation
Phaeodactylum tricornutum Light Transcriptomics A5, A6, and A12 desaturase [126]
Neodesmus sp. UTEX 2219-4 Osmotic stress Transcriptomics ~ ACCase, A15 desaturase, pyruvate dehydrogenase, triose [127]
phosphate isomerase
P. tricornutum Dark conditions Proteomics Pyruvate dehydrogenase, ENR [128]
Isochrysis galbana Nitrogen starvation and Proteomics A9 and A12 desaturase [129]
acetate supplementation
N. gaditana Nitrogen and phosphorus Proteomics A5 desaturase [71]
starvation
P. tricornutum Dark conditions Proteomics Enoyl ACP reductase, A9-desaturase [67]
Nannochloropsis oculata Chemical mutagenesis Proteomics Fatty acid desaturase type 2, lipid droplet surface protein [130]
P. tricornutum Nutrient deprivation Proteomics TAG lipase [75]
Stearoyl-ACP desaturase, malonyl-CoA:ACP transacylase, [74]
3-oxoacyl-[acyl-carrier-protein] synthase
Lipid droplet protein [131]
Crypthecodinium cohnii Adaptive laboratory evolution Proteomics Medium-chain acyl-(acyl-carrier-protein) hydrolase, [132]
fructose-bisphosphate aldolase
Nitzschia lagvis Silica supplementation Metabolomics Citrate, isocitrate, malate [128]
Nitzschia closterium Red light and mixotrophy Metabolomics Glucose-6-phosphate, pyruvate, acetyl-CoA [129]
(glucose)
1. galbana Temperature stress Metabolomics Oxaloacetic acid, citric acid, a-ketoglutaric acid, succinic [133]
acid, fumaric acid, and malic acid
Nannochloropsis oceanica Gibberellic acid, salicylic Metabolomics ATP, NADPH, NADP, and NADH [134]
acid, and malic acid
C. cohnii Nitrogen feeding Metabolomics D-ribose-5-phosphate [135]
I. galbana Temperature and light Metabolomics Homarine, dimethylsulfoniopropionate, and glycerol [133]
C. cohnii Starch-deficient mutant Metabolomics Tagatose [136]
Nannochloropsis salina Cold stress Metabolomics Isocitrate, glutamate [137]
Skeletonema marinoi Temperature stress Phenomics Chloroplast fatty acid transporter [138]

#Abbreviations: ACCase, acetyl CoA carboxylase; ACP, acyl carrier protein; ENR, enoyl reductase; FAD, w-3 fatty acid desaturase; HAD, hydroxyacyl-ACP dehydratase;
KAS, ketoacyl-ACP synthase.

phosphate, which is further converted to acetyl-CoA and directed toward lipid synthesis [63].
Microalgae can survive at a CO, concentration of 0.02% and certain species are able to grow effi-
clently at high CO, concentrations (e.g., 5%) [64]. Therefore, an optimal CO, concentration is required
for attaining a maximum carbon-to-biomass conversion efficiency. High CO, (HC) supplementation
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Figure 2. Metabolic cues identified for omega (w)-fatty acid biosynthesis under different cultivation parameters.
Microalgae modulate their physiology in the presence of various abiotic factors. The schematic highlights the relevant genes and
the crosstalk among various pathways that modulate w-fatty acid production under the influence of light, mixotrophy, CO»

supplementation, nutrient stress, and temperature stress. Abbrevi
ACCase, acetyl-CoA carboxylase; acl, ATP-citrate lyase; ACP, acyl
acid; CBB, Calvin-Benson-Bassham; DAG, diacylglycerol; des,

ations: 6pgdh, 6-phospho-gluconate dehydrogenase;
carrier protein; ALA, a-linolenic acid; ARA, arachidonic
desaturases; DGLA, dihomo-y-linolenic acid; DHAP,

dihydroxyacetone phosphate; DPA, docosapentaenoic acid; ENR/ER, enoyl reductase; ETA, eicosatetraenoic acid; F6P,

(Figure legend continued at the bottom of the next page.)
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(i.e., 30000 ppm) was reported to enhance biomass productivity (up to twofold) in . gaditana with an
increase in the PUFA content. Analysis of the fatty acid composition identified ALA and LA as the
major contributors to the elevated PUFA content in this species [65]. Similarly, in Paviova lutheri, a
positive correlation between CO, concentration, ALA, and ARA was observed, whereas a negative
correlation was found for EPA and DHA [66]. An accumulated pool of acetate in HC as identified
by gas chromatography-mass spectrometry (GC-MS) metabolomics suggests the flux of carbon
toward lipid synthesis in M. gaditana. Additionally, increased PSII efficiency was observed in HC,
which leads to higher NADPH production required for desaturases involved in PUFA production
[65]. Apart from directly influencing the lipid biosynthesis and desaturation pathways, CO, supple-
mentation was also found to increase the mRNA expression of glucose-6-phosphate dehydrogenase
(GBPDH) and 6-phosphogluconate dehydrogenase (6PGDH) in P. tricornutum [67]. GBPDH and
B6PGDH are NADPH-generating enzymes of the oxidative pentose phosphate pathway in the cytosol,
thereby providing reducing equivalents for lipid pathways.

Nutrient starvation has been extensively used in several microalgal strains to enhance triacylglycerol
(TAG) accumulation [68]. However, in contrast to biofuel, nitrogen starvation was found to decrease
w-3 fatty acid content in several native producers. The expression profile of various desaturases, such
as A5 and A6 desaturases, were lower under nitrogen-limited conditions in Eustigmatos vischeri
JHsu-01, Chromochloris zofingiensis, N. gaditana, and Neodesmus sp. 2219-4, thereby reducing
the w-3 fatty acid content [69-73]. Several proteins involved in central energy metabolism and
photosynthesis were differentially abundant during nitrogen starvation in the proteomic data sets of
P. tricornutum [74]. A multi-omics analysis of nitrogen-starved P. tricornutum revealed regulation at
each level (i.e., transcript, protein, and metabolite). Upregulation of transcripts for A6 and A9
desaturases coupled with abundant TAG lipase protein and an accumulated pool of betaine lipids
and hydroxylated EPA suggest remodeling of membrane lipids to TAG during periods of nitrogen
starvation [75].

The unsaturation level of MGDG imparts fluidity to the membrane, which enables the microalgae
to thrive in a wide temperature range. Proteomics analysis revealed upregulation of A9
desaturase at low temperature (i.e., 7°C), in accordance with enhanced EPA production for
Xanthonema hormidioides [76]. By contrast, PUFAs along with several elongases, pyruvate dehy-
drogenase, and PKS, were abundant at 28°C (at both the transcript and protein level) in
Auxenochlorella protothecoides UTEX 2341 [77].

Mixotrophic supply of additional carbon skeletons for w-fatty acid production

A major bottleneck faced by w-fatty acid production from photosynthetic microalgae is the lower
biomass compared with that of heterotrophic hosts, such as C. cohnii and Schizochytrium
limacinum. Supplying additional organic carbon along with photosynthesis can boost biomass
production and make the process economically viable. Compared with autotrophy, supplementa-
tion with acetic acid was found to enhance EPA productivity in Navicula saprophila, Rhodomonas
salina, and Nitzschia sp. The maximum EPA content was observed for N. saprophila, which was
41% higher compared with an autotrophic model [78]. In the marine diatom Nitzschia laevis, addi-
tion of 5 g I”" glucose substantially enhanced the EPA yield. Metabolomic profiing in the presence

fructose-6-phosphate; gépdh, FAS, fatty acid synthase; G6P, glucose 6-phosphate; glucose-6-phosphate dehydrogenase;
GAP, glyceraldehyde-3-phosphate; gk, glycerol kinase; GLA, y-linolenic acid; icdh, isocitrate dehydrogenase; KAR/KR,
ketoacyl reductase; KAS/KS, ketoacyl synthase; LA, linoleic acid; LPA, lysophosphatidic acid; me, malic enzyme; PA,
phosphatidic acid; pdc, pyruvate decarboxylase; PC, plastocyanin; pdh, pyruvate dehydrogenase; PEP, phosphoenol
pyruvate; pepck, phosphoenolpyruvate carboxykinase; pk, pyruvate kinase; PS, photosystem; RuBP, Ribulose-1,5-
bisphosphate; SDA, stearidonic acid; TAG, triacylglycerol; tpi, triose phosphate isomerase. Figure created with BioRender
(biorender.com).
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of glucose identified accumulation of pyruvate, a-ketoglutarate, and valine, which might contribute
to the enhanced biomass [79]. Furthermore, transcriptomics revealed significant upregulation of
KAS, KAR, HAD, Elongation of Very Long Chain Fatty Acid Proteins (ELOVL), and 3-ketoacyl-
CoA synthase (KCS), in the presence of glucose. The latter two enzymes are responsible for
extending palmitoyl-CoA and stearoyl-CoA to PUFAs [79].

Although glucose is an ideal carbon source, which can be metabolized by all species, it may ele-
vate the input cost. Therefore, alternative carbon sources are frequently screened for microalgal
cultivation. The pennate diatom P. tricornutum was reported to utilize variable carbon sources,
such as fructose, mannose, lactose, and glycerol. The biomass, lipid, EPA, and pigment content
were higher when glycerol and fructose were used as carbon sources [80]. Villanova et al.
extensively studied the effect of mixotrophy with glycerol on P. tricornutum using multi-omics
and metabolic modeling [81-83]. Glycerol was found to mimic responses similar to nitrogen
limitation, thereby increasing TAG accumulation, although both photosynthetic activity and
biomass were unaffected. Flux balance analysis predicted enhanced fluxes in the reaction asso-
ciated with the oxidative pentose phosphate pathway, tricarboxylic acid (TCA) cycle, and glycol-
ysis upon glycerol uptake [82]. Furthermore, accumulation of pyruvate suggests enhanced
respiration in the presence of glycerol in P. tricornutum [82]. Although no significant difference
was observed in the efficiency of PSlI (i.e., F./F.,) in P. tricornutum, in Chlamydomonas reinhardltii
and Chromochloris zofingiensis, photosynthetic pigments, thylakoid membrane proteins, and
PSII efficiency were reduced in the presence of organic carbon substrates. Thus, the microalgal
cells rely significantly on organic carbon substrates during mixotrophic growth and channel these
sugars toward lipid synthesis [82,84,85].

An evolved glucose-tolerant strain of the heterotrophic microalga C. cohnii that can utilize 45 g I”*
glucose was characterized by the abundance of glycerol, glutamic acid, malonic acid, and
succinic acid compared with an unevolved strain. These metabolites are reported to maintain
the redox balance in cells and prevent substrate inhibition in C. cohnii [86]. During the DHA accu-
mulation stage of C. cohnii fermentation, transcription of the genes encoding PKS and A9 and A4
desaturase was upregulated, as was that for mitochondrial pyruvate dehydrogenase and ATP-
citrate lyase, generating an acetyl-CoA pool for lipid synthesis. Additionally, transcription of
genes encoding enzymes involved in generating reducing power, such as malic enzyme and
isocitrate dehydrogenase, was substantially higher during the lipid synthesis stage [17].

Challenges in integrated omics ‘iOMICS’

Although the generation of large data sets using omics has advanced over the past few years,
utilizing a single platform fails to provide a complete understanding of the biological system
[87]. For instance, the abundant lipid precursor acetyl CoA observed in the metabolomics data
sets might highlight upregulation of glycolysis, followed by pyruvate dehydrogenase or the fatty
acid oxidation pathway. Additionally, there are several other pathways, such as branched-chain
amino-acid metabolism, that generate acetyl CoA. Thus, to understand the dynamics of acetyl
CoA metabolism, it is relevant to integrate metabolomics data sets with the transcriptome and
proteome. Furthermore, these transcripts are induced by several cultivation parameters and
are tightly regulated by transcription factors or other epigenetic modifications. Thus, transcripto-
mics coupled with ChiP-seq or identifying methylation at CpGs using lllumina's MethylationEPIC
BeadChip arrays will provide a complete picture [88]. Understanding regulation at the protein level
using phosphoproteomics, protein—protein interactions, and allosteric regulation could correlate
with the metabolomic data, thus aiding the unveiling of phenotypic outcomes [89]. Integration
of these multivariate omics data sets is insightful, yet several challenges, such as missing values
and variable distribution in single omics or among different data sets, exist [90]. Furthermore,
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heterogeneity in data sets with large differences in measured biomolecules, compared with the
number of samples along with complex and noisy biological data, are additional challenges
[91]. Several machine learning algorithms have eased the data integration process and been suc-
cessfully used for various clinical studies [92]. Several user-friendly tools, such as Mapman,
MixOmics, and 30mics, have been developed for understanding interactive multi-omics data
sets [93-95]. Additionally, this information can be utilized for generating models that can be
trained and modulated to obtain a particular phenotype, such as high w-3 fatty acid yields.

Boosting w-fatty acid synthesis by fine-tuning regulatory nodes

In this review, we highlight how multi-omics platforms have been used to identify the key players
involved in w-fatty acid synthesis and have identified new directions to enhance the production of
these nutraceuticals. Furthermore, using synthetic biology approaches to fine-tune the produc-
tion by overexpression of a positive regulator or knockout of a repressor can enhance yields in
native w-fatty acid-producing strains [96]. For instance, as discussed previously, transcriptomics
identified high correlation among A6 desaturase and EPA content in the presence of blue light in
N. gaditana and N. oceanica. Yang et al. overexpressed this lipogenic desaturase and reported
enhanced EPA content and photosynthetic efficiency in N. oceanica [97]. Alternatively, heterolo-
gous expression of certain regulatory genes can enrich the PUFA content in the fatty acid profile
of high-yielding strains. In Dunaliella salina, heterologous expression of A6 desaturase from
Thalassiosira pseudonana increased the EPA yield to 21.3 mg I”!, which was 13 times higher
compared with wild type [24]. In native w-fatty acid-producing strains, overexpression of the
gene identified using omics platform, encoding for A5 desaturase, resulted in enhanced EPA
yields in P. tricornutum and N. oceanica [98,99]. Heterologous expression of A5 elongase and
A6 desaturase derived from Ostreococcus tauri, resulted in an altered fatty acid profile of
P. tricornutum and increased the DHA content up to eightfold [100]. Alternatively, overexpression
of endogenous DGAT in P. tricornutum enhanced the DHA content along with its partitioning in
TAG [101].

Apart from the lipid pathways, multi-omics studies highlight crosstalk among other metabolic
pathways, which can be engineered to enhance w-fatty acid production. For instance, decarbox-
ylation of oxaloacetate to phosphoenolpyruvate by phosphoenolpyruvate carboxykinase
(PEPCK) can be regulated by RNAi-mediated knockdown of pepck, which redirects carbon
flux toward lipid synthesis in P. tricornutum [102]. Malic enzyme (ME) supplies additional
NADPH, which is required for lipid synthesis. Thus, overexpression of ME increased lipid yield in
N. salina and A. protothecoides [103,104]. Furthermore, reconstructing lipid pathways in Brassica
napus (canola) by introducing synthetic expression cassettes comprising Schizochytrium sp.
ATCC 20888 PKS along with phosphopantetheinyl transferase (PPTase) from Nostoc sp.
resulted in grains containing 0.7 % EPA and 3.7 % DHA [105]. Additionally, introduction of metabolic
genes, such as those encoding xylose isomerase and [3-glucosidases, filled the gap between
sustainable production and input cost by enabling the use of cost-effective substrates [84,85].

Economic viability of microalgal OMEGAs

Large-scale cultivation of microalgae for w-3 fatty acids can provide a sustainable alternative to
commercial fish-oil and reduce the aquatic load. However, there are several bottlenecks in the
scale-up process, such as high input cost of cultivation, maintaining optimal growth conditions,
harvesting, and downstream processing [18]. Furthermore, compared with heterotrophic
hosts, such as C. cohnii and thraustochytrids, microalgae are slow growing and have a relatively
lower w-3 fatty acid content [106]. Exploiting the potential of microalgae to valorize waste efflu-
ents into these PUFAs will lower the input cost. Captivating these attributes of microalgae, several
companies, such as MiAlgae, are utilizing coproducts from distilleries for sustainable production
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of w-3 fatty acids". Several other commercial suppliers of microalgal-derived w-3 fatty acids in-
clude Life’s DHA (DSM)” and AlgaPrime™ DHA (Corbion)"', which are generally used as dietary
supplements and aquafeed. Nannochloropsis-derived Aimega®PL oil contains 25% EPA and
was clinically validated to enhance the w-3 fatty acid index and decrease the cholesterol level
in ~120 patients [107].

Concluding remarks and future perspectives

The ability to modulate their cellular physiology under the influence of various abiotic factors and their
ability to grow mixotrophically as well as in dark conditions make microalgae an ideal candidate for
commercial w-3 fatty acid production. The complex architecture of the biosynthesis of these value-
added fatty acids, with the presence of alternative routes, suggests the need to better understand
the crosstalk among the metabolic pathways involved (see Outstanding questions). Although alterna-
tive pathways have been identified through genomics, the preferred route for w-fatty acid production
still needs further research. Here, we have highlighted the major regulation at the pyruvate node
(Figure 2) under the influence of various factors, suggesting it as the relevant target for synthetic
modulation of w-fatty acid production. However, the number of relevant omics studies for native
high-yielding strains, such as Phaeodactylum and C. cohnii, is relatively low. In addition, to address
regulation at the post-transcriptional or post-translation level, integration of multiple omics data sets
is required to obtain a holistic picture of the microalgal cell. Additionally, establishing a genome-
scale metabolic model for w-fatty acid production could suggest routes to maximize production
from these microalgae. Thus, omics tools could revolutionize the sustainable production of
nutraceutically relevant w-fatty acids using microalgal cell factories.
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Outstanding questions

Understanding why marine microalgae
synthesize PUFAs, such as EPA and
DHA, while freshwater strains primarily
produce ALA, is crucial. Investing the
competitive advantages of marine
over fresh strains due to their ability to
synthesis PUFAs will further advance
our understanding of the response of
microalgae to various factors.

What is the evolutionary significance
of the presence of more than one
conventional route for the production
of EPA or DHA? This could further
highlight the adaptability of microalgae
to different environmental conditions
or redundancy in metabolic pathways.

Microalgae, such as Nannochloropsis,
have additional PKS clusters, similar
to thraustochytrids. Do they participate
in EPA production?

Identifying the transcription factors
that regulate enzymes involved in
PUFA synthesis, such as elongases,
desaturases, and PKS, is fundamental
to understanding the genetic control of
these pathways.

Elongation of C18:0 to C20:5 or C22:6
occurs in ER, after which these PUFAs
are exported back to the chloroplast
membrane. How is EPA imported back
to the thylakoid membrane? Despite it
being an energy-intensive process, in-
vestigating the mechanism behind EPA
import back to the thylakoid membrane
could reveal specific advantages or con-
straints to microalgae metabolism.

Import of 20:5 might be an ATP-
consuming process; why do microalgae
use this energy-intensive process rather
than extending fatty acids in ER itself?
Such information will provide insights
into the metabolic compartmentalization
of biosynthetic pathway.
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