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ABSTRACT: Arachidonic acid (ARA) is an integral constituent of cell
structures and is instrumental for the nervous, muscular, and immune
systems’ functions. The sore need for this nutrient may be fulfilled via
production based on the fungus Mortierella alpina. The identity of the M.
alpina culture obtained from Assiut University, Egypt, was confirmed based
on internal transcribed spacer DNA barcoding and elongation enzyme RNA
sequencing. Liquid media glucose and peptone as carbon and nitrogen
sources, respectively, and diverse micronutritional factors were adjusted for
optimal biomass and ARA production. Shake flask cultivation at 25 °C for 7
days produced around 0.570 g of ARA per liter of culture. M. alpina
treatment using mutagen 5-fluorouracil and octyl gallate-supplemented
glucose−yeast−agar screening plates and shake-flask incubation at 25 °C,
then at 20 °C, followed by aging at 10 °C, led to >3 g ARA/liter culture, a
yield considered suitable for potential commercial production.

■ INTRODUCTION
Arachidonic acid (ARA), a 20 carbon (C), omega-6
polyunsaturated fatty acid (PUFA), is an essential nutrient.1

The cis four double bonds confer on the FA a hairpin-like
structure and, functionally, give the molecule the flexibility
required to keep the fluidity of the cell membrane intact at
physiological temperatures, explaining its abundance in
phospholipids of cell membranes and its importance for
signaling pathways.2,3 ARA is the precursor of biological
hormones known as eicosanoids, which are responsible for vital
physiological processes such as inflammation, wound healing,
mood, and appetite.3,4 The free, unesterified form of ARA is
also of great importance in fighting against microbes,
schistosome invasion, and cancer.5−9 ARA consumption was
claimed to be mandatory for infants and toddlers for its
contribution to brain development, visual acuity, and the
immune system’s proper function,10,11 and for improving
cognitive functions, notably in the elderly.12,13

Marine animal sources of PUFAs include many endangered
species without efficient yields to satisfy market needs. Hence,
a major orientation is aimed at producing some of these
PUFAs (including ARA) from alternate microbial sources,14

predominantly using the filamentous fungus Mortierella alpina,
which has the ability to produce ARA-rich oil up to 70% of its
biomass.15 M. alpina is certified by the US Food and Drug
Administration as the only source for dietary ARA.16

Accordingly, a source for production of the sorely needed

nutrient, ARA, is available in developed and developing
countries.17

Taxonomic identification at the species level is required to
ensure the reproducibility of industrial production.18 Identi-
fication based solely on morphological analysis is misleading
due to convergent evolution, cryptic speciation, and hybrid-
ization.19−21 Accordingly, DNA sequence-based identification
is used to detect fungal species. Commonly, the untranslated
internal transcribed spacer (ITS) DNA regions are used for
Zygomycetes identification.22 The ITS regions can detect the
difference between closely related species as they are highly
variable and considered the fastest-evolving part of the rRNA
(rRNA) cistron.18,23,24 The mRNA sequence of protein-coding
genes could be invaluable in the identification of fungus
species. The present study is the first in confirming M. alpina
isolate identity via checking the sequence of the GLELO gene,
which encodes an endoplasmic reticulum-bound enzyme
involved in FA biosynthetic pathways, elongase 2, or δ 6
elongase. It predominantly catalyzes the elongation of 18:n −
3, γ-linolenic acid to 20:n − 3, dihomo γ linolenic acid and is a
rate-limiting step in ARA synthesis.25−27
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Several attempts were carried out to maximize M. alpina
biomass and ARA production, whether through media
optimization15,17,28,29 or through strain mutation and genetic
manipulation.27 Culture optimization encompasses not only
media ingredients but also the concentrations and ratios of
added nutrients in a given medium. There are two main
methods to study media optimization. First, empirical methods
included changing one factor at a time, referring to basal media
ingredients from previous literature and relying mainly on
observational skills.29−31 Second, statistical methods used
mathematical approaches for the determination of the best
concentration and combination of media ingredients.32,33

However, neither empirical nor statistical methods provide
us with a consensus on what basal media ingredients should be
included to achieve the maximum production of ARA. Experts
may agree on glucose as the C source, but nitrogen (N),
bivalent metals, minerals, and other ingredients differ from one
experiment to another, especially in scale-up production. In the
present study, knowledge of the requirements for M. alpina
ARA biosynthesis16,34−42 dictated the selection of culture
media and conditions. However, the ARA yield was not
satisfactory for industrial production. Creating mutant isolates
following established procedures27,39,43,44 and cultivating the
produced mutants using the user-friendly protocols recently
defined17 opened a road for ARA commercial production by
start-up companies and groups.

■ MATERIALS AND METHODS
M. alpina Source and Maintenance. M. alpina was

obtained from Assiut University Mycological Centre (AUMC)
Assiut, Egypt (https://www.aun.edu.eg/sp_units/en/
aumcenter; https://www.aun.edu.eg/sp_units//sites/default/
files/pdf/AUMC%20Catalog%202010.pdf), courtesy of Pro-
fessor Ahmad Moharram, and grown on different media,
potato dextrose (PDA) or sucrose (PSA) agar (infusion from
200 g unpeeled and washed potatoes/L. 20 g/L dextrose or
sucrose and 20 g/L agar. pH 5.6), and Sabouraud dextrose agar
(SDA; 40 g/L dextrose, 10 g/L peptone, 20 g/L agar. pH 5.6)
supplemented with 100 mg of chloramphenicol (bacteriostatic
agent) for 7 days at 28 °C.M. alpina was further maintained on
PDA and SDA, stored at 4 °C and subcultured regularly.
Fungal Strain Identification. Morphological identifica-

tion was thoroughly performed, whereby morphological
characteristics of the fungus were observed on different
nutritional agar media in 9 cm Petri dishes. Mycelial hyphae
were examined using a light microscope. Molecular identi-
fication was based on an ITS. A transcriptional unit composed
of three nuclear ribosomal genes (rRNA) (18S, 5.8S, and 28S)
and an untranslated ITS region (ITS1 and ITS2) is commonly
used in fungal identification (Figure S1). In order to confirm
morphology-based identification of M. alpina, six universal
primers (forward and reverse) were designed for the ITS1 and
ITS2 regions (Figure S1) and synthesized at IDT (Integrated
DNA Technologies, Coralville, IA, USA). Primers’ sequences
are shown in Table S1, and location, in Figure S2. Additional
molecular identification was based on the GLELO gene
product. The primer pair (forward and reverse, Table 1)
generated for cloning GLELO mRNA was synthesized at IDT.
DNA/RNA Extraction. For DNA extraction, approximately

0.1 g of freshly grown mycelium (7−10 days old) was ground
in 400 μL 50 mM Tris-HCl, pH 7.2-based lysis buffer, and
DNA extracted using the chloroform−phenol−isoamyl alcohol
(24:25:1) (Sigma, St. Louis, MO, USA) method, as

described,45 and detailed in Supporting Information 1.
Approximately 0.1 g of mycelium was harvested from a 7 to
10 days-old culture, ground in 1 mL PureZOL reagent (Bio-
Rad, Hercules, CA, USA), and RNA extracted, as described
previously46 and detailed in Supporting Information 1. The
purity and concentration of extracted DNA and RNA were
spectrophotometrically determined by using triplicate OD260−
OD280 absorbance values (GeneRay, Biometra, Göttingen,
Germany).
Polymerase Chain Reaction Amplification. The ITS1

and ITS2 regions were amplified in four different reactions
using the GoTaq Flexi DNA Polymerase polymerase chain
reaction (PCR) kit (Promega, Madison, WI, USA) according
to the manufacturer’s instructions and details shown in
Supporting Information 2. Reverse transcription PCR was
used for elongase-2 mRNA reverse transcription and
amplification using the GeneAmp EZ rTth RNA PCR Kit
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions and details shown in Supporting
Information 2.
Agarose Gel Electrophoresis. Amplicon products were

separated on a 2% agarose gel. The AmpliSize molecular ruler
was used as a ladder (10 ng/band/μL) (50 to 2000 bp) (Bio-
Rad). DNA gel extraction and purification were performed
using the Quantum Prep Freeze ’N Squeeze DNA Gel
Extraction kit (Bio-Rad) according to the manufacturer’s
instructions and as described previously.47

Sanger Sequencing. Amplicon products were sequenced
bidirectionally at MCLAB (South San Francisco, CA, USA).
Media for Optimum ARA Production. Media compo-

nents and M. alpina cultivation conditions were adjusted,
aiming for optimal ARA production. Chemicals were
purchased from Sigma-Merck (Darmstadt, Germany). MEM
Eagle Vitamin Mixture (100×) was obtained from Lonza
Bioscience (Verviers, Belgium). Batches were carried out in
duplicates or triplicates. The selection of culture media
ingredients was based on the biochemistry of lipid accumu-
lation in oleaginous micro-organisms.16,34−42 Culture media
ingredients were added in a cumulative manner, as shown in
Table 2. To peptone, yeast extract (SERVA Electrophoresis
GmbH, Heidelberg, Germany), glucose, chloramphenicol,
ferric chloride, NaHPO4, magnesium sulfate heptahydrate, L-
glutamine (Sigma), and MEM Eagle Vitamin Mixture (100×)
were added. Each 100 mL of prepared culture medium was
inoculated with 1 agar fungal disk and incubated for 7 days at
25 °C and 150 rpm.
Fatty Acid Determination. Fatty acid percentages and

content were determined by gas chromatography−mass
spectroscopy, as described.48,49

Mutagenesis and ARA Output. Spores were collected
from freshly subcultured M. alpina, suspended in 10 mL
Dulbecco phosphate-buffered saline, pH 7.1, and incubated
with 20 μg/mL 5-fluorouracil (Ebewe Pharma, Unterach am
Attersee, Austria) at room temperature with slight shaking for
0, 3, 7.5, and 18 h before spreading on glucose (20 g/L), yeast
(10 g/L) (agar 20 g/L), and chloramphenicol (100 mg/L)

Table 1. Primer Sequences Used for GLELO RNA Cloning
and Reverse Transcription-Amplification

name sequence

elongase forward 5′ ATG GAG TCG ATT GCG CAA TTC 3′
elongase reverse 5′ CAG TCC ATA GTT GGC CTG GT 3′
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plates, supplemented with 15 mg/L octyl gallate. Octyl gallate
is a strong inhibitor of M. alpina δ-6 front-end desaturase,
which converts linoleic acid (18:n2) to γ linoleic acid (18:n3)
and thus selects cultures overexpressing the enzyme.44,50 Octyl
gallate was prepared by acid-catalyzed esterification of octyl
alcohol and gallic acid equimoles at 70 °C for 4 h at pH 5.4
maintained by the dropwise addition of 1 N HCl. The solid
product was recrystallized in 96% ethanol and checked for
purity by measuring the melting point (100 °C). The yield was
about 82%. The cultures were maintained at 25 °C for 7 days.
Disks were cultivated in duplicates. Shake flask cultivation
conditions, including stationary aging at 10 °C for 7 days, and
extraction of lipids using the Folch method were exactly as
described.17

■ RESULTS
Fungal Strain Identification. Cultures showed cottony

colonies with a milky appearance (Figure 1A). The
examination of mycelial hyphae by light microscopy revealed
that the mycelia are coenocytic (contains multiple nuclei) and
do not contain septate cells (Figure 1B,C). Based on the
phylogenetic analysis and morphological features, the fungal
strain is preliminarily characterized and indicated as M. alpina.
Three primers, ITSF1, ITS1, and ITS5, were used as forward

primers, with ITS2 as the common reverse primer, to amplify
the ITS1 region situated between the small-subunit rRNA
genes and the 5.8S region, producing three PCR products of
between 257 to 295 bp. Searches using the Basic Local
Alignment Search Tool for nucleotide (BLASTn) database
sequences revealed the alignment of the amplicon (query) with
the ITS1 region of M. alpina isolates, with similarities up to
97% (Figure S3). The primer pair (ITS3 + ITS4) enabled the
amplification of the ITS2 region situated between the 5.8S

region and the large-subunit rRNA genes, generating a 418 bp
long PCR product. Alignment of the product with the
published ITS2 region of M. alpina isolates revealed >95%
similarity, confirming the successful identification of the fungus
of interest as M. alpina (Figure S3).
In the present study, a novel technique for fungal species

detection was developed using the mRNA of the GLELO gene.
Following RNA extraction from 0.1 g of fresh mycelium, the
mRNA of the GLELO gene was successfully amplified using a
primer pair (Table 1) designed based on the published NCBI
sequence for GLELO mRNA (EU639657). The generated
PCR product was 408 bp long, as predicted. BLAST searches
showed alignment of the amplicon with GLELO mRNA of M.
alpina isolates with 91 and 94% identity at the DNA (Figure
S4) and RNA (Figure 2) levels, respectively.
Effect of Cultivation Conditions on M. alpina Biomass

and Fatty Acid Production. The evaluation of cumulative
media, as dictated by the fungus metabolism requirements, was
examined by two factors: the fungus biomass and percent yield
of saturated (palmitic and stearic) and unsaturated (oleic,
linoleic, dihomo-γ linoleic, and arachidonic) FA. The
consensus basal medium of glucose, peptone, and yeast extract
was supplemented with vitamins and then with ferric chloride,
glutamate, and minerals in a sequential manner. Data based on
duplicate or triplicate cultures for each addition showed that
M. alpina biomass production increased by 1.7 fold following
the cumulative addition of vitamins, FeCl3, glutamate, and
minerals into the basal growth medium (Figure 3).
Group B vitamin supplementation to the culture medium

stimulated a slight increase in the biomass (15 g/L) and
engendered the balanced production of arachidonic (20:4),
palmitic (16:0), and oleic (18:1) acids (551, 495, and 498 mg/
L respectively). The yield of biomass continued to increase
with the addition of Fe3+ reaching 17 g/L. However, Fe3+ ions
showed exclusive increased oleic acid yield (18:1). The
positive effects on biomass and oleic acid (18:1) were not
associated with an increase in ARA (20:4) levels (365 mg/L).
The addition of glutamate to the culture did not further modify
the biomass yield but favored the production of palmitic,
stearic (18:0), and oleic acids (Figure 4, Tables 2 and 3). The
biomass (18.7 g/L) and oleic acid (810 mg/L culture) levels
reached a maximum value following the addition of minerals to
vitamins and glutamate, supporting the validity of adhering to
the fungus metabolism requirements upon selection of culture
ingredients (Figures 3 and 4; Table 3). The final culture
medium enhanced the production of dihomo-γ linoleic acid
compared to the basal medium added with vitamins, Fe3+, and
glutamates, and elicited an increase in ARA percentage to
around 15% (Figure S5).
Mutagenesis Impact on M. alpina Fatty Acids

Percentage and Yield. Analysis of duplicate cultures with

Table 2. Culture Media Cumulative Components and Their
Concentrations in 100 mL

0.5 g
peptone

0.5 g
peptone

0.5 g peptone 0.5 g peptone 0.5 g
peptone

0.3 g yeast
extract

0.3 g yeast
extract

0.3 g yeast
extract

0.3 g yeast
extract

0.3 g yeast
extract

3 g glucose 3 g glucose 3 g glucose 3 g glucose 3 g glucose
2 mL vitamin
mixture

vitamins vitamins vitamins

1 μL
FeCl3·6H2O

a
1 μL
FeCl3·6H2O

100 mg
glutamic
acid

100 mg
glutamic
acid

0.3 g
NaH2PO4

0.03 g
MgSO4

aFeCl3·6H2O final concentration is 2 mg/L and is added on the third
day (late log phase).

Figure 1. Showing (A) cottony colonies with milky appearance and (B,C) magnified snaps of coenocytic and not septate mycelial hyphae of two
culture generations, ×400.
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similar results indicated the remarkable increase in ARA
percent (Table 4) and content (up to 3.1 g/L, Figure 5) in the
M. alpina culture derived from spores exposed to 5-fluorouracil
for 3 h. Spores longer exposure to 5-fluorouracil led to cultures
showing increases in palmitic and stearic acid percentages at
ARA expense (Table 4).

■ DISCUSSION
ARA is a fundamental cog in the life machine, which is a
conditional essential FA for the human body. It is integrated
into numerous and diverse physiological functions, including
membrane fluidity, ion channels, apoptosis induction,
receptors, and enzyme activity. It regulates cell membrane
fluidity, thus maintaining cell integrity and vascular perme-
ability. Additionally, ARA influences many integral proteins
involved in fundamental cellular signaling, ensuring the
maintenance of cell vitality. The importance of ARA has
further extended to encompass psychological functions,
including supporting neural plasticity, enhancing memory,
and learning hippocampal capabilities.4,7,13 Recently, ARA has
been advocated as a potential tumoricide and schistosomi-
cide.5,6,8,9 It is thus of importance to provide the market with
its growing requirements and needs in the form of edible and
affordable ARA supplementation based on the fungus M.
alpina.
Taxonomic identification was a prerequisite step before the

cultivation processes. The fungus taxonomy was confirmed
based on morphological observation of the milky−cottony
appearance of the fungal growth and the observation of
microscopic snaps of coenocytic (not septate) mycelial hyphae,
which are the hallmarks of Zygomceytes.51 From the molecular
aspect, the fungus species was confirmed through DNA
barcoding based on the ITS regions, considered one of the
most suitable methods for molecular fungal identification.22,23

Indeed, the ITS region was selected rather than the 18S

Figure 2. Protein BLAST confirms the similarity of the isolate amplicon with the PUFA elongation enzyme, partially from M. alpina. Sequence ID:
AJD76153.1, with 94% identities and 96% positives.

Figure 3. Graphical representation of the influence of the cumulative
addition of nutrients to basal media on fungal biomass. Vertical bars
denote the SE around the mean biomass g/L of replicate cultures.

Figure 4. Each point represents the mean mg/L predominant saturated and unsaturated fatty acids content of three cultures in response to basal
culture medium (1), and to the addition on the basal medium of vitamins (2), FeCl3 (3), glutamate (4), and minerals (5), with negligible SE values
around the mean, shown in Table 3.
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because the level of variability in the M. alpina ITS region is
higher than that of 18S rDNA.22,24 ITS sequencing of the ITS
region is additionally more user-friendly and cost-effective than
other molecular tools, such as DNA−DNA hybridization. Of
interest is the alignment of the amplicons withM. alpina isolate

from Korea (KJ92160652) and Libya (MZ298831.145)
revealed 96 and 98% identity, respectively. Nevertheless, it
was herein proposed that further proof for accurate
identification should involve the enzyme RNA sequence. The
elongation enzyme RNA was cloned, reverse transcribed into
DNA, and sequenced. BLAST studies revealed 94% identity at
the amino acid level with the elongation enzyme of M. alpina
species, thus providing definitive evidence regarding the
identity of the isolate used in the present study.
Processes of ARA production from M. alpina are well-

known, as there is a consensus on some basic needs for the
fungus to proliferate and promote FA production. However,
the know-how of inducing the optimum amount of biomass
and ARA accumulation is challenging due to the number of
variables that control the fungal lipid fermentation in
oleaginous microorganisms. The complexity begins with the
variability in M. alpina strains, place of origin, regulation of
environmental conditions (including pH, temperature, and
incubation period), and ends with the nutrients and supple-
ments added to the growth media, including carbon and
nitrogen source and ratio, and other factors such as minerals,
vitamins, glutamate, and iron, which play a crucial role in
microbial activities. The choice of culture medium ingredients
was based on studying the lipid biosynthesis pathway in
oleaginous microorganisms, in addition to literature consensus
and basic experimental trials observing the fungal strain
preferences.15,16,34−42 The basal medium provided a C/N
ratio of 6, deemed optimal for fungal growth and PUFA
production.17,53,54 Besides peptone, the addition of yeast
extract, which is rich in proteins,55 was necessary because N is

Table 3. Cultures Predominant Fatty Acids Content

basal media +vitamins +vitamins + FeCl3 +vitamins + FeCl3 + glutamate +vitamins + FeCl3 + glutamate + minerals

mean mg/L culture ± SE

palmitic acid, 16:0 234 ± 0.07 495 ± 0.21 395 ± 0.10 715 ± 0.07 555 ± 0.04
stearic acid, 18:0 92 ± 0.05 218 ± 0.08 209 ± 0.11 315 ± 0.03 295 ± 0.04
oleic acid, 18:1 322 ± 0.05 498 ± 0.21 558 ± 0.10 775 ± 0.07 810 ± 0.12
dihomo-γ LA, 20:3 113 ± 0.05 136 ± 0.03 138 ± 0.04 132 ± 0.09 177 ± 0.07
arachidonic acid, 20:4 340 ± 0.06 551 ± 0.12 365 ± 0.11 461 ± 0.06 571 ± 0.06

Table 4. Percentage Fatty Acids in M. alpina Cultures
Derived from Spores Exposed to 5-Fluorouracila

area sum percentage following h exposure

fatty acid/exposure hour 0 3 7.5 18

myristic, 14:0 2.25 0.13 1.19 2.39
pentadecanoic, 15:0 0.61 0.52 0.43 0.92
palmitic, 16:0 18.55 18.66 28.63 27.5
margaric, 17:0 0.51 0.45 0.47 0.7
stearic acid, 18:0 7.07 7.49 12.15 11.87
oleic acid, 18:n − 1 25.28 15.1 15.05 20.01
linoleic, 18:n − 2 7.36 6.56 6.22 6.58
γ-linolenic, 18:n − 3 6.02 2.98 2.68 5.08
linolenic, 18:n − 3 0.32 0.36 0.5 0.54
arachidic, 20:0 0.34 0.37 0.39 0.21
cis-11-eicosenoic, 20:n − 1 5.72 6.11 9.74 5.77
cis-11,14-eicosadienoic 0.18 0.66 0.11 0.18
homo-γ-linolenic, 20:n − 3 4.07 3.09 1.61 2.54
arachidonic, 20:n − 4 17.28 30.02 16.89 12.45
behenic, 22:0 0.47 0.76 0.38 0.18
erucic, 22:n − 1 1.14 1.32 1.71 0.88
eicosapentaenoic, 22:n − 5 ND ND 0.21 0.21
aThe data are typical of two independent experiments. ND = not
detectable.

Figure 5. Fatty acid content (g/L culture) following 5-fluorouracil/octyl gallate mutagenesis. Each point represents the mean FA content obtained
in two independent experiments, and vertical bars denote SE around the mean.
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a limiting factor for fungal growth.53,56,57 The basal medium
and 7-day shake cultivation at 25 °C produced fungal biomass
and ARA levels suitable for a cost-effective start-up. However,
the addition of expensive and difficult-to-obtain vitamin
mixtures led to a remarkably larger biomass and ARA yield,
in accordance with Zeng et al.,58 who suggested that the group
B-vitamins are cofactors for ARA synthesis key enzymes. It was
recently shown that vitamin addition was dispensable, provided
that 0.6 g (versus 0.3 g) of yeast extract/100 mL were
incorporated in the cultivation medium,17 as yeast extract is a
rich source of group B vitamins.55,57

Focusing on the ARA level, it kept increasing throughout the
addition of nutrients, except in the case of iron supplementa-
tion. The addition of iron is a crucial requirement for the
fungus’ desaturases. Desaturases are membrane-bound, iron-
containing enzymes which are involved in the lipid
accumulation process.59 However, FA analysis in the current
study showed a high proportion of oleate at the expense of
ARA levels following iron supplementation. Surprisingly, the
coexistence of iron with vitamins reduced levels of palmitic
acid and ARA, counteracting the positive effect of vitamins. It
is worth mentioning that a previous study observed a
correlation between the increase in Fe3+ with the increase in
oleic and linoleic acid in Mortierella ramanniana, while >40
mg/L of Fe3+ showed an unfavorable effect on Mortierella sp.,
leading to ARA inhibition.60 The glutamate restored the
capacity for accumulating ARA by 1.2-fold and favored
palmitic acid levels by 1.8 fold. The glutamate works on
activating acetyl-CoA carboxylase, the backbone of FA
elongation processes,61−63 and thus is considered a crucial
ingredient for M. alpina cultivation media.17

The addition of NaHPO4 and magnesium sulfate led to a
considerable increase in biomass and ARA yield as compared
with cultures in basal medium. The addition of bivalent cations
and minerals acts as cofactors for many enzymes (e.g., acetyl-
CoA carboxylase) involved with the lipid accumulation
process. The most used inorganic minerals are calcium,
phosphorus, magnesium, sodium, sulfur, iron, manganese,
zinc, and copper in minute amounts in the media.31,38,59,60,64

The complete medium ARA yield was in the range of 500 mg/
L, which is considered to be unsuitable for commercial
production. Accordingly, the culture medium ingredients and
cultivation conditions were modified. Cultures in shake flasks
were incubated for 7 days at 25 °C, then for 7 days at 20 °C,
followed by stationary aging at 10 °C, leading to a threefold
higher ARA yield.17

To further increase the ARA content for potential
commercial uses, mutagenesis of the isolate was attempted as
recommended.27,39,43,44,50 The procedures described by Zhang
et al.44 were followed with modifications leading to a further
threefold increase in ARA percentage and content in cultures
of spores exposed to 5-fluorouracil for 3 h, likely due to
excessive activation of desaturase enzymes as octyl gallate
screening selects mutants with exceptionally high FA
desaturase activity.44,66 Longer exposure of spores to 5-
fluorouracil apparently stimulated the activity of FA synthase
more than elongase 1 (MALCE1) or desaturases, leading to
the accumulation of palmitic acid and an increase in stearic
acid percentage and content at ARA expense (Table 4, Figure
5). Longer exposure to the mutagen impaired ARA yield,
indicating that fungus mutant frequency decreases with
increasing mutant exposure time, not only dosage,65 likely as
a result of increased 5-fluorouracil-mediated inhibition of DNA

and some RNA synthesis. The achieved high ARA yield
support Chang et al.16 recommendation toward combining
mutation breeding with culture optimization to enhance the
ARA level in M. alpina, whereby the achieved ARA yield was
comparable to that obtained in fermenters for industrial
production.15,44,49 Additionally, the M. alpina oil obtained
compares well in FA composition with commercial oils, such as
ARASCO, SUNTGA 40S, and RAO,15 which are not available
in developing countries because the production hardly supplies
the demand in Europe, Australia, and North America. The
present study may help promote ARA production on a
commercial level in developing countries to meet at least the
requirements of infant formulas.

■ CONCLUSIONS
The present study provides an additional method for
confirming the identity of M. alpina cultures via GLELO
gene product sequencing, which can be used independently or
along with the ITS regions. The adjustment of growth media
constituents led to an increase in biomass and ARA
production. Improvement of culture parameters and a
successful mutagenesis trial paved the road for commercial
production of a cost-effective supplement, aiming for an
improved life quality for children, the elderly, vegans,
vegetarians, and residents of developing countries.
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