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Abstract

Marine microalgae such as Isochrysis sp. and Pavlova sp. are the predominant source of
polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic acid (EPA, 20:5#—3) and
docosahexaenoic acid (DHA, 22:6n—3). EPA biosynthesis pathway is predominant in
lower eukaryotes, and its biosynthetic gene expressions are not well established. Till date,
the C18 elongation enzymes for EPA biosynthesis have not been identified from lower
eukaryote. In the present study, we describe the identification of two microalgal genes
Ao6-elongase and A5-desaturase involved for EPA biosynthesis. By PCR-based tech-
nique, a novel elongase gene (A6Elo-Iso) was isolated from Isochrysis sp., and 654 bp of
full-length sequence was identified, which catalysed the conversion of SDA into ETr in
E. coli. The identified gene displayed unique substrate specificity for both n-3 and n-6
C18-substrates for A6-elongation, with no activity towards A9-elongase. In addition, a
novel AS-desaturase gene (A5Des-Pav) was isolated from Paviova sp. and found an
OREF of 1149 bp in length, which was capable of converting ETr into EPA in omega-3
pathway. For the first time, the heterologous expressions of two novel microalgal genes
were successfully expressed in Escherichia coli. EPA production from E. coli is being
considered as an alternative and economic source for industrial and pharmaceutical
sectors.
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Introduction

Microalgae are unicellular photosynthetic organisms in an aquatic ecosystem, which are
optimistic lipid producers and adopted to grow wide range of environmental conditions with
short doubling times, and they have a higher growth rate than the conventional crops [1, 2].
Microalgae are used in several commercial applications such as protein, pigments, feed in
animal and aquaculture, biofuel, and polyunsaturated fatty acids (PUFAs). Among microalgae
like Pavlova, Isochrysis, and Nannochloropsis are the primary producers of PUFAs in the
aquatic ecosystem. The major PUFAs are arachidonic acid (ARA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA) and are significantly produced from microalgae by
de novo pathway using different desaturase and elongase enzymes. These fatty acids are highly
significant for human growth and metabolisms. DHAs are found abundantly in grey matter of
the brain and retina of the eyes and are essential for cognitive development, especially in
infants. ARA and EPA are potent molecules involved in the production of eicosanoids,
prostaglandin, leukotriene, and thromboxane, which are responsible for inflammatory re-
sponse, reproduction, regulation of blood pressure, blood clotting, and cell signaling [3, 4].
EPA and DHA synthesize intermediate lipid mediators like resolvins (E and D) and protectins
that are involved in anti-inflammatory and immune-regulatory processes and also in the
prevention and treatment of cancer [5].

Fish and marine organisms are not synthesizing EPA and DHA, they are obtained from
microalgae in marine food chain, and they are enriched with EPA and DHA [6]. The global
demand for PUFA has increased from recent years, due to lack of present dietary sources such as
decrease of fish population and ocean contamination of heavy metals (lead, cadmium, mercury,
etc.); modern food habitat looks for the alternative source of PUFA for human use. Microalgae are
considered as a potential alternative source for PUFA. Paviova sp. is a unicellular brown/golden
mircoalga, which is highly enriched with both EPA (18.0 mg g/DW) and DHA (13.2 mg g/DW).
They found nearly 80% of PUFA in their total lipid contents [7, 8]. And also marine microalga
Isochrysis sp. is enriched with high amounts of EPA and DHA [9]. In recent years, both Isochrysis
sp. and Pavlova sp. gained more attention in the aquaculture field as food supplements. They have
been used as a potential source for the isolation and identification of PUFA biosynthetic genes
such as desaturases and elongases. Among them, A6-elongase gene converts the y-linolenic acid
(GLA) into dihomo-gamma-linolenic acid (DGLA) in omega-6 pathway and stearidonic acid
(SDA) into eicosatetraenoic acid (ETr) in omega-3 pathway, respectively. And, A5-desaturase
gene is most important for EPA and ARA biosynthesis, which helps to convert DGLA into
arachidonic acid (ARA) in omega-6 pathway and ETr into eicosapentaenoic acid (EPA) in omega-
3 pathway, respectively (Fig. 1).

From the past few decades, several attempts have been made from different research groups
for the identification and characterization of desaturases and elongases from different organ-
isms such as algae [10, 11], fungi [12], moss [13], higher plants [14], and mammals [15]. But,
the commercial outcomes of PUFA from heterologous systems such as plants, yeast, fungi, and
microalgae are not achieved yet. There are several recombinant products synthesized and
commercialized from Escherichia coli for human use. And the present study also revealed
about the identification and functional characterization of fatty acid A6-elongase and AS5-
desaturase genes from marine microalgae and its heterologous expression analysed in E. coli.
This work is preliminary investigation about algal desaturase and elongase gene expression
and functional characterization in E. coli, which may be useful in the PUFA demand for human
consumption.
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Fig. 1 Polyunsaturated fatty acid (PUFA) biosynthesis from lower eukaryotes by two different pathways (w-3
and w-6). Different enzymes like desaturases and elongases are involved in the biosynthesis of ARA, EPA, and
DHA by two different ways such as classical method mediated by A6-desaturase enzyme and alternative method
mediated by A9-elongase enzyme, respectively

Materials and Method
Organism and Culture Condition

Isochrysis sp. and Pavlova sp. were collected from the Central Marine Fisheries Research
Institute (CMFRI), Tuticorin, Tamil Nadu, India, and cultured in Walne medium [16] with light
intensity of 18.75 + 2.5 umol/m/s at 16:8 h of light and dark cycle at 22 + 2 °C. Escherichia
coli strain DHS o was used for gene cloning, and BL21 (DE3) was used for gene expression
and grown in Luria—Bertani medium containing 100 pg/mL ampicillin at 37 °C.

Effects of Nitrogen Stress on Fatty Acid Gene Expression

Nitrate is one of the major nutrient sources in culture medium, and three different nitrate concen-
trations such as control (100 mg/L), nitrogen-depleted medium (10 mg/L), and nitrogen-repleted
medium (500 mg/L) were used in this study. Primary culture of both Isochrysis sp. and Paviova sp.
was grown for 7 days, and the biomass was harvested by centrifugation at 4,000 x g for 5 min and
inoculated in the stress-induced medium. At different time intervals like 3rd, 5th, and 7th day, the
biomass was harvested from all the treatment cultures. Using this, total RNA was extracted by Tri-
RNA Reagent (Favorgen Biotech, Taiwan), and simultaneously first-strand cDNA was synthesized
using RevertAid Reverse Transcriptase enzyme (Thermo Fisher Scientific, USA). The fatty acid
genes like A6-elongase from Isochrysis sp. and AS-desaturase from Paviova sp. genes expression
were analysed by qRT-PCR (Table 1).

Isolation and Cloning of Fatty Acid Genes

The algal biomass was harvested by centrifugation at 12, 000 x g for 10 min and frozen with
liquid N,. Total RNA was isolated by Tri-RNA Reagent (Favorgen Biotech, Taiwan) as per
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Table 1 A list of primers were used for the isolation and expression of A6Elo-Iso from Isochrysis sp. and
AS5Des-Pav from Paviova sp.

Primer Source Sequence (5'-3") Purpose
name

cDNA - Isochrysis sp. (MK57939) F - ATGGCGACGGAGGCGACCGC AG6Elo isolation from

A6Elo R - TCAGAGCGGAAGCATGGAAT cDNA
A6Des-  Isochrysis sp. (MK57939) F — GAGGATCCATGGCGACGGAGGC  Expression analysis in
Elo GAC pGEX-4T2
R — AAGAATTCTCAGAGCGGAAGCA
TGGA
RTA6Des-  Isochrysis sp. (MK57939) F — ATGGCGACGGAGGCGACCG qRT-PCR analysis
Elo R — TCAGAGCGGAAGCATGGAAT
cDNA — Isochrysis sp. CASA F - CCTCGCTCGACCCCTCCAAG AS5Des Isolation from
A5Des CC101 (KR062001) GAGATGATCA cDNA
R — GTTGGGCATACTCACCCGGA
AACACTCCAG
ASDes-Iso Isochrysis sp. CASA F - GTCGAATTCTCGCTCGACCCCTC Expression analysis in
CC101 (KR062001) CAAGGAGATGATCA pGEX-4T2
R - CACGTCGACGTTGGGCATACTCA
CCCGGAAACACTCCAG
RT Isochrysis sp. CASA F — AGCTCAAGGAGGAGGGCTAC qRT-PCR analysis
ASDes-- CC101 (KR062001) R — AGATTATGCCGCGAAGAAGA
Iso

Note: BamH1 and EcoR1 restriction sites used for gene expression of A6Des- Elo; and EcoR1 and Sall
restriction sites used for A5Des-Iso. The restriction enzymes in the primer list are mentioned in italics

manufacture’s instruction. The RNA quantity and quality were estimated by nanodrop
and 1% MOPS agarose gel electrophoresis, respectively. Using 1 pug RNA, the first-
strand cDNA was synthesized using RevertAid Reverse Transcriptase enzyme (Thermo
Fisher Scientific, USA). Using A6-clongase and AS5-desaturase gene-specific primers
(Table 1), PCR was performed using cDNA as template with initial denaturation at 94 °C
for 4 min followed by 35 cycles of denaturation at 94 °C for 30 sec, annealing at 58 °C
for 30 sec, and extension at 72 °C for 1 min followed by a final extension at 72 °C for 10
min. The PCR products were analysed in 0.8% agarose gel electrophoresis, and the
amplified products were named as A6Elo-Iso for A6-elongase gene and A5Des-Pav for
AS5-desaturase gene, respectively. Further, it was cloned into pXCM vector for A6Elo-
Iso and pGEMT-easy vector for A5Des-Pav; the transformed colonies were screened by
blue/white selection followed by colony PCR and restriction digestion, respectively. The
positive clones were subjected for sequencing analysis.

Computational Analysis of A6Elo-Iso and A5Des-Pav

The sequencing service was performed by Shrimpex Biotech, Chennai, India, and the full-
length sequence result was acquired. Bioinformatics analysis was performed by different tools
such as NCBI-BLAST (www.ncbi.nlm.nih.gov/BLAST), multiple sequence alignment (www.
ebi.ac.uk/Tools/msa/clustal), and ORF finder (www.ncbi.nlm.nih.gov/gorf/gorf.html), and the
transmembrane domain was analysed by TMpred (http://www.ch.embnet.org/cgi-
bin/TMPRED) and was carried out simultaneously. Phylogenetic tree was constructed by
Mega (6.1), and protein 3D structure was predicted by protein-homology/analogy
recognition engine 2 (PHYRE2—http://www.sbg.bio.ic.ac.uk/phyre2).
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Functional Characterization of A6Elo-Iso and A5Des-Pay

The A6Elo-Iso and A5Des-Pav gene expression and functional characterization were
performed in pGEX-4T2, which has isopropyl (3-D-1-thiogalactopyranoside (IPTG)-
inducible tac promoter for heterologous expression. The ¢cDNA of A6Flo-Iso was
amplified with primers having BamH1/EcoR1 restriction sites overhang, and simulta-
neously A5Des-Pav was amplified with primers having EcoR1 and Sa/l restriction sites
overhangs. For gene expression, E. coli BL21 (DE3) was used for transformation, and
the positive clones were screened by colony PCR and restriction digestion. Protein
expression analysis was performed by 1 mM of IPTG, after 4 h cells were harvested
and the protein profile was investigated in SDS-PAGE. Meanwhile with the same
conditions, the functional characterization of A6Elo-Iso was analysed in the presence
of external fatty acid substrates like 50 uM of linoleic acid (LA), alpha-linolenic acid
(ALA), gamma-linolenic acid (GLA), and stearidonic acid (SDA). And simultaneously,
A5Des-Payv activity was performed in the presence of external fatty acid substrates like
25 uM of DGLA and ETr separately. Control samples contain empty pGEX-4T2 plasmid
in E. coli BL21 (DE3). The recombinant E. coli was inoculated as a primary culture
overnight, and 1% inoculum was added to the secondary culture and allowed to grow up
to the ODgyy and reaches 0.4. And the respective fatty acid substrates were added
separately in the culture medium and allowed to grow for 12 h. The biomass was
harvested and the fatty acid profile was analysed in GC-MS.

Fatty Acid Analysis

The total lipid from E. coli was extracted by chloroform/methanol (2/1), and fatty acid
methyl ester (FAME) was prepared using methanol/acetyl chloride (9.5:0.5) by a stan-
dard method [17]. The samples were analysed in GC-MS (MS-QP2020; Shimadzu,
Japan) with a non-polar capillary column RX-5SIL MS (30 m length, 0.25 mm inner
diameter, and 0.25 pm thickness). GC-MS programme was run as started 120 °C and
maintained for 5 min followed by an increase of 5 °C/min and finally peaking at 280 °C
for 10 min.

Results
Identification and Sequence Analysis of A6Elo-Iso

The full length of A6-elongase gene was amplified from cDNA of Isochrysis sp. that gave
amplification at 0.65 kb in size. The PCR amplified product was cloned into pXCM vector, the
recombinant colony was screened by colony PCR, and restriction digestion analysis showed
the gene of interest at 0.65 kb in size (Supplementary Fig. S1). The positive colony was
subjected for sequence analysis, and the full-length sequence was retrieved (NCBI accession
number MK579398). The isolated gene was confirmed as elongase using different bioinfor-
matic tools. Protein BLAST analysis of A6Elo-Iso showed 99% high similarity to elongase of
Isochrysis galbana (ADD51571.1) and 37% identity to A6-elongase of Pyramimonas cordata
(ACR53359.1). Simultaneously, the multiple sequence alignment of A6Flo-Iso protein se-
quence with other available sequences showed that the major conserved domains for
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Fig. 2 Multiple sequence alignment of deduced amino acid sequences of A6-elongase (6E/o) from Isochrysis sp.
(QEP54295.1) with other fatty acid elongase genes like Rebecca salina (AAY15135.1), Physcomitrella patens
(AFU35740.1), Pyramimonas cordata (ACR53359.1), Ostreococcus tauri (AAV67797.1), Phaeodactylum
tricornutum (XP_002179048.1), and Pythium sp. BCC53698 (AIG53905.1). The functional and identical amino
acids of A6-elongase showed four histidine-rich domains KxxExxDT, SFLxxxHH, MYxYY, and QxxQF which
are mentioned as H1, H2, H3, and H4 boxes

elongase are KxxExxDT, SFLxxxHH, MYxYY, and QxxQF (Fig. 2). The single ORF
was detected as 654 bp in length having a polypeptide of 217 amino acids, which is the
functional region of A6-elongase. Generally, elongase gene is a membrane-bound protein
and A6Elo-Iso sequence results also found in the transmembrane domain regions.
Phylogenetic tree analysis of A6Flo-Iso has close association with A6-elongase of
Rebecca salina (AAY15135.1) followed by Phaeodactylum tricornutum
(XP_002179048.1) and Pythium sp. (AIG53905.1) (Supplementary Fig. S2a). These
bioinformatic analyses revealed that the isolated gene belongs to A6-clongase from
Isochrysis sp.

Functional Characterization of A6Elo-Iso

The single ORF of A6Elo-Iso was mobilized into pGEX-4T2 vector, and the recombi-
nant colonies were screened by colony PCR which showed the amplification at 0.65 kb
in size, and further it was confirmed by restriction digestion with BamHI/EcoRI that
released the gene of interest at 0. 65 kb. The A6Elo-Iso protein was induced by 1 mM
IPTG, and the protein profile in SDS-PAGE showed the overexpressed protein nearly at
50 kDa which is not observed in the wild pGEX-4T2 (Supplementary Fig. S3). The
different fatty acid substrates such as LA, ALA, GLA, and SDA were added externally to
the control and recombinant E. coli. The GC-MS analysis showed that GLA-
supplemented culture produced a new peak in the recombinant E. coli that corresponds
to dihomo-gamma-linolenic acid (DGLA) in omega-6 pathway. Even though the func-
tional characterization of A6Elo-Iso was studied by different fatty acids (specific for A6-
elongase and A9-elongase), the isolated gene utilized GLA more favourably and pro-
duced the product, DGLA. This confirms that the isolated gene has A6-elongation

@ Springer



Applied Biochemistry and Biotechnology (2020) 190:1371-1384 1377

(a) GLA (18:3) (b) SDA (18:4)
supplied exogenously supplied exogenously
A
I |
300000 ' . 300000 ’ t 2
< | 2
o

—
—_—

200000 | 200000
100000 | * 100000 &4
i o a
I |\ I &
S - N A
200 200
Retention Time (min) Retention Time (min)
Dihomo-gamma linolenic acid (DGLA) Eicosatetraenoic acid (ETr)

Fig. 3 Functional characterization of PUFA biosynthesis genes in E. coli. GC-MS results for control and
recombinant E. coli cultured supplemented with precursor fatty acid substrates such as GLA (a), SDA (b),
DGLA (c), and ETr (d), respectively. E. coli expression was induced by 1 mM of IPTG. The recombinant E. coli
harbouring A6Elo-Iso plasmids showed A6-elongase activity and produced corresponding fatty acids like
DGLA (a) and Etr (b). Meanwhile, the recombinant E. coli having A5Des-Pav plasmid showed desaturation
activity towards the production of new fatty acids like ARA (c) and EPA (d), respectively. New fatty acids were
marked as asterisk, and its mass fragmentation was analysed by GC-MS

activity. Simultaneously, in the presence of SDA, the A6Elo-Iso was functionally active
and produced eicosatetraenoic acid (ETr) in the recombinant E. coli which is not
observed in the control and that confirms the presence of elongation activity (Fig.
3a, b). The isolated gene A6FElo-Iso from Isochrysis sp. was found in the long-chain
fatty acid production in both omega-6 and omega-3 pathway such as GLA and ETr in
recombinant E. coli.

Identification and Sequence Analysis of A5Des-Pav

The full-length A5-desaturase gene was amplified from microalga Paviova sp. using
respective gene-specific primers, which gave nearly 1.2 kb amplified product. Further, it
was mobilized into pGEMT-easy vector, and the recombinant clones were identified by
colony PCR, and restriction analysis showed the presence of 1.2 kb gene of interest
(Supplementary Fig. S4). The sequence analysis of A5Des-Pav revealed 1169 bp (NCBI
GenBank accession no KR062003) containing an ORF of 1149 bp that encodes 382
amino acids. The different bioinformatic analyses such as protein BLAST of A5Des-Pav
showed 85.2% similarity with A5-desaturase sequence of Isochrysis galbana
(AFD22890), and the multiple sequence alignment detected the functional regions of
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AS5-desaturase conserved histidine motifs (HEGGH, HNKHH, and QIEHH) and cyto-
chrome b5 region (HPGG) (Fig. 4). The phylogenetic analysis of A5Des-Pav has close
association with microalgae Isochrysis galbana (Supplementary Fig. S2b), and the
transmembrane domain analysis of A5Des-Pav sequences was located in the inner, outer,
and in-between the cell membrane regions. Even the protein 3D structure also found that
A5Des-Pav has 70% sequence similarity and 99.9% confidence with human strearoyl
coA-desaturase2 (Supplementary Fig. S5a, b). These bioinformatic analyses confirmed
that the isolated gene AS5Des-Pav belongs to front-end desaturase family.

Functional Characterization of A5Des-Pay

The ORF of ASDes-Pav was amplified from pGEMT vector and further cloned into expression
vector pPGEX-4T2. The recombinant clones were identified by colony PCR and restriction digestion
that showed the gene of interest at 1.2 kb in size (Supplementary Fig. S4). Protein expression of
AS5Des-Pav was induced by 1 mM IPTG, and the result showed the overexpressed protein found at
70 kDa in size (A5Des-Pav is 44 kDa and N-terminal GST protein is 26 kDa in size)
(Supplementary Fig. S6). For the functional characterization of A5Des-Pav, external fatty acid
substrates like DGLA and ETr were supplied to the E. coli culture medium. The fatty acid profile of
recombinant E. coli showed the new fatty acid peaks corresponding to arachidonic acid (ARA) and
eicosapentaenoic acid (EPA), respectively, which is not found in the control (Fig. 3c, d). The
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Fig. 4 Multiple sequence alignment of deduced amino acid sequence of AS5-desaturase from Paviova sp.
(5DPav: ALE15225) with the other available known desaturase sequences from different organisms like
Thraustochytrium sp. FIN-10 (FADS: ACD03117), Thraustochytrium sp. ATCC21685 (FAD52: AAM09687),
Paviova salina (FAD53: ABL96295), Ostreococcus tauri (FAD6: AAW70159), and M. squamata (FAD62:
CAQ30479). A5-desaturase functional and conserved histidine domains (HEGGH, HNKHH, and QIEHH) and
cytochrome bs (HPGG) domain are marked as boxes

AS5Des-Pav functional activity was involved in both omega-3 and omega-6 pathways and produced
significant levels of EPA and ARA in the heterologous system E. coli.

Effects of Nitrogen Stress on A6Elo-Iso and A5Des-Pav Gene Expressions

In the different nitrogen treatments, microalgae Isochrysis sp. and Pavlova sp., were cultured at
100 mg/L as control (nitrogen concentration in the Walne medium). The qRT-PCR results for
A6Elo-Iso described that maximum gene expression was found in both nitrogen-repleted and -
depleted culture. The results showed that nearly 1.7-fold higher gene expression was quanti-
fied under nitrogen treatment cultures at the 3rd day. As well as, the highest ASDes-Pav
expression was detected as 3.3-fold after 500 mg/L nitrate treatment for 3 days (Fig. 5).
However, both the fatty acid genes’ expression levels were gradually decreased with increas-
ing the treatment days. For example, A6Elo-Iso gene expression was showed gradual de-
creases from 3rd to 7th days under both nitrogen-repleted and -depleted treatments. But, in
case of A5Des-Pav, nitrogen-repleted condition was initially decreased at 0.4-fold from 3rd
day culture, and it was gradually increased as 1.2-fold at 7th day treatment. The maximum
fatty acid genes expression was found at early logarithmic phase of culture conditions in both
Isochrysis sp. and Pavlova sp., respectively.
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Fig. 5 Effects of nitrogen stress on A6-elongase and AS5-desaturase gene expressions in microalgae Isochrysis
sp. and Pavlova sp. qRT-PCR analysis for (a) A6Elo-Iso and (b) A5Des-Pav showed under nitrogen repletion
condition maximum gene expression was found on 3rd day culture

Discussion

The role of PUFAs in human growth and development has been well described, and especially
DHA, EPA, and ARA are having many significant roles in several metabolic processes in major
systems including cardiovascular, immune, nervous, reproductive system, etc. For humans, the
present available dietary sources of PUFAs are from marine organisms. But due to pollution and
toxicity nature of marine environment, there is a need of alternative sources. Recombinant strategies
such as heterologous production of PUFA in plants, microalgae, fungi, and yeast have also been
attempted in the recent past, and here we are establishing the heterologous production of PUFAs in
E. coli. We had already collected and identified the marine microalgae species for isolation and
functional characterization of different PUFA genes. We have also described the isolation of A6-
desaturase gene from Isochrysis sp. functionally characterized and successfully expressed in E. coli
for recombinant production of GLA and SDA [10]. For successful recombinant production of
PUFAs from E. coli, several other PUFA biosynthetic genes are needed which are mainly available
in marine microalgae that can be explored for the heterologous production in E. coli.

The present study discusses about the isolation of novel A6Elo-Iso from Isochrysis
sp. and ASDes-Pav from Pavilova sp. which are crucial for EPA biosynthesis. A6-
elongase gene is specific for the conventional PUFA pathway that acts as an intermediate
in the EPA and DHA biosynthesis. Only few C18-elognase genes were identified and
functionally characterized from Ostreococcus lucimarinus [18], Myrmecia incisa [19],
Physcomitrella patens [20], and Pythium sp. [21]. But their expression levels and product
conversion in heterologous system are not fulfilled due to the bottleneck in the gene [22]. And
still isolation and characterization of elongase gene from different organisms are being
attempted in the recent years for PUFA pathway construction and heterologous production.
Microalgae are the major producers of PUFA in marine ecosystem, and especially Isochrysis sp.
is highly enriched with EPA and DHA due to the presence of major PUFA biosynthetic genes.
Using A6-clongase gene-specific primers, the full-length sequence of 0.65 kb was retrieved that
possessed major conserved domains like KxxExxDT, SFLxxxHH, MYxYY, and QxxQF and
has been categorized for typical C18-elongase gene family [23, 24]. These conserved regions
were found in the transmembrane helices that are similar to elongases from microalga
Ostreococus tauri [25] and the oomycetes Pythium sp. [21]. The fatty acids like LA and
ALA (substrate for A9-elongase) and GLA and SDA (substrate for A6-clongase) were
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provided separately, and the functions of isolated gene were evaluated. However, A6Elo-Iso
showed activity towards A6-elongase specific substrates that produced new fatty acids such as
dihomo-gamma-linolenic acid (DGLA) and eicosatetraenoic acid (ETr), which is not present in
control. There were no A9-elongase responsible products found in GC-MS analysis. Similarly,
Jeennor et al. [21] also described the isolation and functional characterization of C18-elongase
gene from Pythium sp., which is more specific for A6-elongase functional activity. Likewise,
Jiang et al. [11] have identified AS5-elongase gene from Phaeodactylum, and its functional
characterization was studied in Pichia pastoris. Identification of A6 and A5-elongase genes
from different organisms showed consistent expression in heterologous system for both w-3
and w-6 fatty acids production. From our knowledge, this is first reported that A6-elongase
gene has been functionally characterized in E. coli, whereas the previous studies were limited to
Saccharomyces cerevisiae [25, 26).

Eicosapentaenoic acid (EPA) and arachidonic acid (ARA) production in E. coli
required an additional enzyme to convert DGLA into ARA in omega-6 pathway and
ETr into EPA in omega-3 pathway. The respective A5-desaturase gene was isolated from
microalga Paviova sp. and characterized in E. coli. The full length 1186 bp of AS5-
desaturase gene was isolated using respective gene-specific primers, which encodes 382
amino acid sequences, and having three conserved histidine domains such as HEGGH,
HNKHH, and QIEHH and cytochrome b5 domain fused to the N-terminal extremity [27].
These results illustrated that the isolated gene has front-end desaturase features with high
similarity to other A5-desaturase genes from Phaeodactylum tricornutum [28] and
Mortierella alpina [29]. Heterologous expression of A5Des-Pav in E. coli confirmed
its functional activity by producing the corresponding fatty acids like EPA and ARA
(Fig. 3c, d) in the presence of external fatty acid substrates. However, the low
desaturation activity was found in the E. coli, due to heterologous expression modulating
factors like formation of inclusion bodies, protein folding, mistargeting, etc. A similar
low activity was found in yeast for the expression of A12 and A5-desaturase genes from
O. tauri and Chlorella vulgaris [30, 31]. The efficiency of AS5Des-Pav expression is
similar in both w-3 and w-6 fatty acid pathway, which does not show any substrate
preference in this study. Domergue et al. [28] also described the identification and
functional characterization of A6 and AS5-desaturase gene from Phaeodactylum
tricornutum, which produced both n-3 and n-6 fatty acid in equal efficiency. Guihéneuf
et al. [8] examined about the biosynthesis of EPA in Paviova sp. through Al7-
desaturation pathway by radiolabeled substrates, and the A5-desaturase gene effectively
converted the radiolabeled eicosatetraenoic acid (ETr) into EPA at higher rate, and
further it extends to produce DHA (see Fig. 1).

Nutrient is one of the major stress factor influences on microalgal growth and metabolism.
As nitrogen plays a significant role in biomass and lipid production, previous reports suggested
that the concentrations of nitrogen affect the proportion of saturated and unsaturated fatty acid
production [32]. This was also confirmed in the present study that Paviova sp. was cultured at
higher nitrogen concentration (500 mg/L) and enhanced the A5Des-Pav expression of 3.3-fold
higher than control. Simultaneously, A6Flo-Iso expression also found to be 1.7-fold higher in
both nitrogen-repleted and -depleted conditions. The maximum gene expression and PUFA
production were observed at 3rd day culture, which showed that the early logarithmic phase is
more suitable for PUFA production, and even microalga Tetraselmis sp. also exhibits the
similar gene expression pattern at early logarithmic phase [33]. Generally, low nitrogen
concentration improves the high lipid production, and high nitrogen concentration helps to
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enhance the PUFA production in the microalgae culturing condition [34]. This also proved from the
previous studies that high EPA production in Phaeodactylum tricornutum was achieved in nitrogen-
rich condition [35].

In the past few decades, several PUFA biosynthetic genes were isolated from Mortierella alpina,
Pythium irregulare, Thraustochytrium sp., Phaeodactylum tricornutum, Parietochloris incise, and
Caenorhabditis elegans, and the PUFA biosynthesis was attempted in Pichia pastoris, Saccharo-
myces cerevisiae, and other fungi and plants. But, PUFA production from these organisms was
limited and requires more time to achieve maximum production. Although, an attempt has been
already made to achieve recombinant production of PUFAs in Yarrowia lipolytica [36], the high cost
effects of PUFA production can be minimized if E. coli may be explored as an alternative source.

Previous studies strongly suggest that E. coli can produce EPA and DHA in their system.
Amiri-Jami et al. [37] reported that a sequence of gene cluster was isolated from bacterium,
Shewanella baltica, and functionally expressed in E. coli Nissle 1917 that produces high
amount of EPA (31.36 mg/g cell dry weight) by polyketide synthase pathway. And also,
Cahoon et al. [38] described that the plant A6-palmitoyl ACP desaturase gene helps to convert
palmitic acid (C16:1) into stearic acid (C18:1) in E. coli by acetyl-CoA fatty acid synthesis.
From these studies, it has been confirmed that E. coli can be used as an alternative organism
for heterologous PUFA production. The previous report from our group successfully expressed
Ao6-desaturase gene from Isochrysis sp. in E. coli and produced GLA and SDA. And the
present study describes the isolation of two new novel genes like A6-elongase and AS5-
desaturase from Isochrysis sp. and Pavlova sp. to extend the PUFA biosynthesis pathway up
to EPA and ARA synthesis in E. coli. In the future, PUFA biosynthetic pathway will be
constructed in E. coli using these microalgal genes, and subsequent optimization is required to
enhance the PUFA level for commercial outcomes and hope that it helps to overcome the
demand of PUFA both in health sector and nutraceutical industries.
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