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TOM TAT

Mot $6 vi sinh vat quang hop va khong quang hop nhu vi tdo, sinh vat nguyén sinh hodc ném, duoc biét
dén nhur 1a ngudn san xuét tu nhién cua cac axit béo khong bao hoa da chudi dai (LC-PUFA). Trong d6, mot s6
loai duge biét dén nhu 1a nhitng sinh vat di dudng bét budc, hop dudng hoac quang ty dudng bét budc. Tuy nhién,
ngay cang c6 nhiéu loai vi tao, trude diy dwoc biét 1a sinh vt quang tu dudng bat bude, nhung nay dugc xac dinh
1a sinh vat hop dudng hodc di dudng. Cac con duong sinh tong hop va diéu kién nudi cdy ciia cic vi sinh vat nay
dugc so sanh dé 1am ndi bat cac yéu td anh huong dén qua trinh san xuat va phan phdi LC-PUFA trong té bao. San
xudt LC-PUFA di dugc cai thién bang cach Iya chon quy trinh nudi cdy va ching vi sinh vat. Cac phan tich vé san
lugng chuyén ddi va ning suat ciia LC-PUFA trong nudi cdy quang tu dudng, hop dudng va di dudng lam sang to
hiéu suat san xuat LC-PUFA béi céc sinh vat quang hop va khong quang hop.

Tw khéa: Vi tdo, axit béo khong bdao hoa da (PUFA), sinh truong quang tw dudng, sinh tricong hop dwong, sinh
truong di dudng.
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ABSTRACT

Some photosynthetic and non-photosynthetic microorganisms such as microalgae, stramenopiles or fungi,
are known as natural producers of long chain polyunsaturated fatty acids (LC-PUFAs). Among those, some species
are known as obligate heterotrophs, mixotrophs or obligate phototrophs. However, more and more microalgal
species, previously reported as obligate photo-autotrophs, are now identified as mixotrophs or heterotrophs. The
biosynthetic pathways and cultivation conditions of these microorganisms are compared to highlight the factors
influencing production and distribution of LC-PUFAs in the cells. LC-PUFA production has been improved by the
choice of cultivation processes and microorganism strains. Analyses of the conversion yields and productivities
of LC-PUFAs in photo-autotrophic, mixotrophic and heterotrophic cultivation elucidate the performance of LC-
PUFA production by photosynthetic and non-photosynthetic organisms.

Keywords: Microalgae, polyunsaturated fatty acid (PUFA), photoautotrophic growth, mixotrophic growth,
heterotrophic growth.

Abbreviations: LC-PUFAs: long chain polyunsaturated fatty acids;, GLA: gamma-linolenic acid; ARA: arachidonic
acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid; H: heterotrophic growth, M: mixotrophic growth;
P: photoautotrophic growth; DO: dissolved oxygen; PKS: polyketide synthase; ROS: reactive oxygen species;
TAG: triacylglycerol; MAG: monoacylglycerol;, PC: phosphatidylcholine; PE: phosphatidylethanolamine;
MGDG: monogalactosyldiacylglycerol; DPG: diphosphatidylglycerol; SQ: sulfoquinovosyldiglyceride;, mg/L/d:
milligram.liter”.day.

1. INTRODUCTION flaxseed oils.> These sources are dependent on

During last decades, there was growing interest seasonal variations or the availability of natural

in supplying unsaturated lipids to animal and
human.! Indeed, some particular unsaturated
lipids have been shown to benefit to animal
and human health.>* These lipids are provided
either by food intake or by extracts e.g. fish

oils, olive oils, soybean oils, canola oils,

*Corresponding author.

Email: tnvu@hcmus.edu.vn
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resources. Moreover, fish oils are dependent
on risks of contamination by xenobiotics®’ and
of unpleasant smell and taste. Therefore, these
drawbacks were the reason why relatively recent
bioprocesses for production by microorganisms
in bioreactors have been developed.®® One of
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the first industrial applications was the DHA
production by a microalga Crypthecodinium
cohnii.'® Other photosynthetic and non-
photosynthetic microorganisms were also found
to produce unsaturated lipids.'!?

The unsaturated lipids having 18 carbons
or more in length with two or more double
bonds were characterized as LC-PUFAs.
Gamma-linolenic acid (GLA), arachidonic
acid (ARA), eicosahexaenoic acid (EPA) and
docosahexaenoic acid (DHA) are the essential
LC-PUFAs which have been found in different
sources as plant, fish, egg... In recent years,
these essential LC-PUFAs have been produced
by microorganisms.! These microorgnisms
include some microalgae, lower fungi, and
bacteria which were grown in photoautotrophic,
mixotrophic or heterotrophic condition (aerobic
or anaerobic condition). These conditions also
affect LC-PUFA content in the cells.”® LC-
PUFAs produced by microorganisms were
naturally esterified as glycolipids, phospholipids,
and neutral lipids which were constituted of
membrane compositions.

Oxygen plays an important role for most
life on the earth because all higher organisms
are aerobioses. Oxygen 1is indispensable for
aerobioses. In cells, oxygen can transform into
more reactive forms, Reactive Oxygen Species
(ROS) which are toxic to cells. Under oxidative
stresses, cells have to maintain the balance of
the production between ROS and antioxidant
enzymes. However, when the generation of ROS
overtakes antioxidant enzymes, the damage
of lipids, proteins and nucleic acids occurs.'*
Besides the effects of cell component damage,
oxygen also participates in biosynthesis and
metabolism of cell compositions. During
biosynthesis of LC-PUFAs, oxygen plays a role
as an electron acceptor in reduction of fatty acids
to form the double bonds.

In cultivation, some factors were useful
for overproduction of LC-PUFAs such as
temperature, pH, salinity, light,’>'® oxygen
tension.'” Besides the environmental factors,
nutritional factors also affect LC-PUFA

biosynthesis. Organisms used in culture can be
photoautotrophs, mixotrophs or heterotrophs.
Photoautotrophs are organisms that obtain
energy from light and carbon source from CO,
to synthesize organic compounds in the cells
while mixotrophs can use energy from light
and carbon sources from organic compounds.'®
Heterotrophs obtain energy and carbon sources
from organic compounds.

Forimprovement of LC-PUFA production,
many different types of bioreactors were used
from pilot to industrial scales.”!*?° Depending on
the value of the desired products, photosynthetic
production can be carried out in open systems
and closed systems (photobioreactor).!® For
heterotrophic culture, the classical enclosed
bioreactors were used. Industrial reactors and
data are available for some photoautotrophic
and heterotrophic processes but a lesser point for
mixotrophic process.

The objective of this review is to compare
the performance of LC-PUFA production
by photosynthetic and non-photosynthetic
microorganisms.

2. MICROBIAL SOURCES OF LC-PUFA

LC-PUFAs are produced by various
microorganisms, from  prokaryotes  to
eukaryotes. They could be also classified either
as non-photosynthetic microorganisms or
photosynthetic microorganisms (Table 1).

Non-photosynthetic LC-PUFA producers
constitute a large group of microorganisms
that obtain energy and carbon from organic
compounds. This group includes bacteria,
fungi, fungus-like microorganisms and some
microalgae. Some bacteria have been shown
to produce EPA?' or DHA.?? These bacteria
are Shewanella’* and Moritella.?> Some
fungi can produce GLA, ARA or EPA. GLA-
producing fungi include genera Mortierella.>”
Cunninghamella,'*** Pythium* and Mucor.'**3
ARA-producing  fungi  include  genera
Mortierella®®’ and Pythium.*® These fungal
genera are also able to produce EPA.*-4! Other

groups include fungus-like microorganisms,
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known as Stramenopiles, characterized as
particularly marine stramenopilan protists
belonging to the class Labyrinthulomycetes. They
differ from fungi in composition of their cell walls
(absence of chitin) and rhizoids.** Stramenopiles
produce high levels of DHA up to 65.9% of total
fatty acids.”® The genera Thraustochytrium,**
Schizochytrium®>° and Aurantiochytrium
are representatives for DHA production. Finally,
the microalga Crypthecodinium is included in
the non-photosynthetic microorganisms, as it
is an obligate heterotroph. This microalga can
produce high amounts of DHA up to 63.2% of
total fatty acids.™

51,52

Photosynthetic microorganisms are the
microorganisms for which energy is provided
by light and carbon either by inorganic
carbon (photoautotrophy) or by organic
(mixotrophy). This group
includes cyanobacteria and microalgae. Some

carbon sources

of them can grow mixotrophically and/or
heterotrophically.**” Cyanobacterium Spirulina
only biosynthesizes GLA while some other
microalgae can biosynthesize ARA, EPA or
DHA. Not all cyanobacteria or microalgae
species can produce LC-PUFAs, only certain
cyanobacteria or microalgae can biosynthesize
these LC-PUFAs. Microalgae can produce ARA
such as Porphyridium,® Parietochloris,>**'
Euglena® and Galdieria.®® Microalgae produce
EPA such as Monodus,**% Porphyridium,>*°
Phaeodactylum % Nannochloropsis,”*"
Navicula,”>™* Nitzschia,””’® Skeletonema.” Some
microalgae such as Rhodomonas,® Isochrysis®!
or Pavlova®* contain both EPA and DHA in their
cells. Porphyridium produces both ARA and
EPA.%® Nannochloropsis,™ Nitzschia laevis" can
produce EPA in 3 modes of nutrition. Spirulina
can also grow and produce GLA in 3 modes of
nutrition.’”#

Table 1. Distribution of LC-PUFAs in microorganisms.

Microorganisms

Strains (¥)

GLA

ARA

EPA

DHA

Bacteria

Shewanella oneidensis
ATCC 700550%

Shewanella putrefaciens MAC1%*

Shewanella baltica®

+

Shewanella morhuae®

Moritella marina
ATCC 15381%*

Non-
photosynthetic

Fungi

Mucor circinelloides’

Mucor mucedo'

Mucor rouxii*

Mucor inaquisporus®

+l+]+]+

Cunninghamella elegans
CCF1318'

+

Cunninghamella echinulata
CCRC 31840

Pythium debaryanam

Pythium ultimum?®

Pythium irregulare®

+

Mortierella elongata NRRL 55134

Mortierella isabellina®

Mortierella ramanniana
MM15-1%

Mortierella alpina
ATCC 16266%

M. alpina ATCC 322224

https://doi.org/10.52111/qn;js.2024.18109
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Fungus-like

protists

Thraustochytrium aureum
ATCC 34304*

Thraustochytrium roseum
ATCC 28210%

Schizochytrium mangrovei FB3%

Schizochytrium limacinum SR21%

Aurantiochytrium mangrovei MP2%!

Aurantiochytrium limacinum
mh0186>

Microalgae

C. cohnii

ATCC 3077288

Cyanobacteria

Spirulina platensis
UTEX 1928

Photosynthetic

Microalgae

Porphyridium cruentum
SAG 1380-1a%

Parietochloris incisa®-°!

Skeletonema costatum’

Monodus subterraneus Petersen
UTEX 151¢%

Nitzschia laevis™

Nannochloropsis sp.”

Navicula saprophila™™

Phaeodactylum tricornutum
UTEX 640

Glaucocystis nostochinearum®

Cyanophora paradoxa®

Euglena gracilis®

Galdieria sp. USBA-GBX-832%

Rhodomonas salina®

Paviova lutheri SMBA 60%?

|+ |+ |+ ]+

Isochrysis galbana
UTEX LB 9878

(*) Representative strains associated with applied biotechnological studies.

3.0XYGENANDLC-PUFABIOSYNTHESIS

There are two different biosynthetic pathways
of LC-PUFAs in microorganisms: anaerobic and
aerobic pathways (Figure 1).% This classification
is based on the oxygen dependence of PUFA
biosynthesis reactions.

The term ‘““anaerobic pathway” does not
mean that the pathway only occurs in anaerobic
condition. It can operate in the presence of
oxygen but oxygen was not used for formation
of double bonds. The formation of double bonds
in this pathway is carried out by a dehydration to

https://doi.org/10.52111/qnjs.2024.18109
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remove a water molecule from hydroxyacyl-acyl
carrier protein (ACP).

The anaerobic pathway was found in some
non-photosynthetic microorganisms such as
some bacteria and fungus-like microorganisms.
LC-PUFA biosynthesis in some bacteria is
generally carried out by PKS-like system.” To
date, intermediates of this pathway have not yet
been determined in detail. Some fungus-like
microorganisms such as Thraustochytrium and
Schizochytrium carried out two pathways for
LC-PUFA biosynthesis: Polyketide Synthase
(PKS) anaerobic pathway and aerobic pathway.”!
Results of studies in C. cohnii indicated that DHA
biosynthesis by this microalga was not catalyzed
by the desaturases and elongases in aerobic
pathway®? but would be made by anaerobic PKS
pathway.”

In aerobic pathway, molecular oxygen
is required in biosynthesis of unsaturated fatty
acids. It acts as an electron acceptor for double
bond formation in the unsaturated fatty acids. This
process is catalyzed by the desaturase enzymes
which remove two H atoms from saturated or
unsaturated fatty acids to form double bonds in
these fatty acids. These two H atoms combine
with the O atom of O, to form H,O. The other O
atom is reduced by cytochrome b_.***

The aerobic pathway occurs in
microorganisms such as cyanobacteria, fungi and
microalgae. Desaturases use molecular oxygen
to form double bonds for unsaturated fatty acids
production. This biosynthetic pathway has
been studied in photosynthetic microorganisms
by using “C labelled intermediates. In the
red microalga P. cruentum, it was shown that
externally supplied unsaturated fatty acids were
assimilated in mixotrophic cultures. Two routes

of EPA biosynthesis from linoleic acid (C18:2,

https://doi.org/10.52111/qn;js.2024.18109

n-6) precursors have been suggested: one
route along n-6 pathway and another along n-3
pathway.”” In diatom P. tricornutum, four routes
of EPA biosynthesis were revealed by use the
radiolabeled intermediates. Two routes pass along
n-3 pathway, one route pass along n-6 pathway
and other route pass along both n-3 and n-6 fatty
acids as intermediates.’® In Parietochloris incisa,
ARA biosynthesis is carried out in cytoplasm
and in chloroplast.”” In Paviova and Isochrysis,
DHA was synthesized by aerobic pathway. Gene
1gASE1 which encoded an elongating enzyme
in aerobic pathway was identified in /. galbana
and expressed in yeast.!” In addition, the genes
pavELO (Pavlova), which catalysed conversion
of EPA into DPA and IgD4 (Isochrysis) catalysed
conversion of DPA into DHA, were also identified
and transformed into yeast cells. The yeast cells
were cultured with exogenously supplied EPA
and they can synthesize DHA from EPA.!"
Many desaturase and elongase genes in M.
alpina have been isolated and characterized.!®
This indicated that PUFA biosynthesis in this
fungus is carried out by aerobic pathway. Other
proof showed that when using SAN 9785, the
inhibitor of desaturases, GLA content in the cells

of Spirulina was significantly influenced.®’

Using intermediates of the biosynthetic
pathways seems to increase the content of
LC-PUFAs. The ARA content of Porphyridium
was 23.2% of total fatty acids after addition of
linoleate to the culture medium compared with
16.8% in the control.”” Similarly, GLA content
was 36.0% of total fatty acids when Spirulina
was grown with linoleate, against 20.4% in the
control.'® In the culture of Mortierella for EPA
production, linseed oil contains a-linolenic acid
(precursor for EPA biosynthesis) as a major fatty
acid (58%) was supplemented in the medium,
resulted in an increase of EPA content.*

106 | Quy Nhon University Journal of Science, 2024, 18(1), 101-126



QUY NHON UNIVERSITY
AT\ SCIENCE

l

MD P}'TLI\'GI e

ACS

X

| Citrate |4—| Oxal oacetate |

ACL

Malonyl-CoA

Aerobic pathway o  Anaerobic pathway
\ ‘s
DS KR
EL DH
| Gi.-\. || EE.A. | | Era -
ARA DHA DHA
(n-6) (0-3) (PKS)
MD: Malate dehydrogenase ) KS : 3-ketoacyl synthase
ACS: Acetyl-CoA synthetase Ds : Desaturase KR : 3-ketoacyl reductase
ACL: ATP citrate lyase EL : Elongase DH : Dehydatase

PC : Pyruvate carboxylase

Figure 1. Pathway of LC-PUFA biosynthesis.

4. FACTORS AFFECTING LC-PUFA
PRODUCTION

4.1. Nutritional factors
4.1.1. Carbon sources

Carbon constitutes from 49 to 57% of biomass
and about 80% of the LC-PUFAs, provided
either by inorganic forms such as CO, or HCO,
for carbon skeletons in photoautotrophic growth
or by organic forms as energy sources and
carbon skeletons in mixotrophic or heterotrophic
growth.

Glucose is the most commonly used
carbon source for heterotrophic growth of
microorganisms. However, the suitable carbon
sources for growth and LC-PUFA production

ER :Enoyl reductase

wouldbe differentamong microorganisms. Starch
and maltose were the suitable carbon sources for
DHA production by 7. aureum ATCC 34304.%
Starch was also the preferred carbon source for
GLA production by C. echinulata CCRC 31840
or for ARA production by M. alpina ATCC
322222 whereas glucose was optimal for DHA
production by Thraustochytrium sp. KK17-3.1%
Glucose was also the suitable carbon source for
growth and EPA production by P irregulare
ATCC 10951* or for GLA production by
Mucor hiemalis M4." Glucose and starch were
suitable carbon sources for ARA production by
Mortierella alliacea YN-15.% Although ARA
yield was highest with glycerol, ARA content in
lipids was quite low. Thus, glucose was the best
choice for ARA production by M. alpina ATCC

https://doi.org/10.52111/qnjs.2024.18109
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16266.%7 In M. alpina CBS 528.72, glucose gave
the optimal growth and total lipid content but
rhamnose gave a higher ARA content in total
fatty acids.!”” The complexe sources as rice bran,
wheat bran, peanut meal, sweet potato, linseed
oil, soybean oil,... were also investigated for
ARA production by M. alpina ATCC 32222.%
Marine microalga C. cohnii could utilize
acetic acid,'® ethanol,” carob pulp'® for DHA
production.

Some microalgae as N. laevis UTEX 2047
could mixotrophically grow with glucose'® or
Nannochloropsis sp. could utilize glucose or
ethanol” for EPA production. P. tricornutum
UTEX-640 could also grow and produce EPA
in mixotrophic conditions with various carbon
sources. Glycerol was found as the most suitable
carbon source for growth and EPA production
by this microalga.>*>¢ Navicula saprophila could
grow with acetate in mixotrophic condition.”

In the photoautotrophic culture of
P, tricornutum UTEX 640, the different
concentrations of CO, were examined for
growth and EPA production. The optimal
biomass and EPA yield were 2.5 g/L and 87.5
mg/L, respectively, obtained at 1% CO,.** In
the 4-day cultivation of Nannochloropsis sp.,
2% CO, was supplied 12 h prior to the end of
the exponential growth gave the highest EPA
yield and productivity which were 340 pg/L
and 126 pg/L/d, respectively. This productivity
was twice as high as that in ambient air.'"’ The
elevation of CO, concentration (350 to 2800
uL/L CO,) in photoautotrophic culture resulted
in an increase of EPA content (21.9% to 25.3%
of total fatty acids) in Nannochloropsis sp.""' M.
subterraneus UTEX 151 was cultured at two
different concentrations of CO, (1% and 5%).
EPA content in total fatty acids obtained at 1%
CO, was higher than that obtained at 5% CO,.**

4.1.2. Nitrogen sources - nitrogen starvation

Nitrogen constitutes from 8 to 12% of biomass.
LC-PUFA producing microorganisms can grow
on organic or inorganic nitrogen sources. 7.

https://doi.org/10.52111/qn;js.2024.18109

aureum ATCC 34304 could utilize organic
nitrogen sources as tryptone, peptone, malt
extract, yeast extract and sodium glutamate.
Cells were grown with yeast extract gave 5.0 g/L
biomass and 247.7 mg/L DHA yield while those
were 3.8 g/L (biomass) and 269.6 mg/L (highest
DHA yield) with sodium glutamate.* Tryptone
was the most suitable for DHA production by
Thraustochytrium sp. KK17-3 with 232.8 mg/L
DHA.'"™ M. alpina LPM 301 was grown in the
medium with urea or potassium nitrate as nitrogen
sources for ARA production. ARA yield was 4.5
g/L after 189 h of cultivation with potassium
nitrate and 4.2 g/L after 210 h with urea.''> Some
other strains of Mortierella fungi have been
studied with the inorganic and organic nitrogen
sources. Yeast extract was found as the best
nitrogen source for growth and ARA production
by M. alpina.'® Furthermore, combination of
soluble starch 120% and the mixture (2:1, wt/wt)
of KNO, and yeast extract were the best nitrogen
sources for ARA production by M. alpina ATCC
3222228 Ammonium hydroxide was used in the
culture of M. alpina DSA-12 as the nitrogen
source and pH control.'"* Ammonium nitrate
was found as suitable nitrogen source for GLA
production by C. echinulata.®® N. laevis UTEX
2047 was heterotrophically cultivated with
glucose. Nitrate, ammonium and urea were
investigated for growth and EPA production.
Biomass and EPA yield were over 4 g/L and
90 mg/L, respectively, obtained with nitrate or
urea but only 1.24 g/L. biomass and 21.58 mg/L
EPA with ammonium.” Combination by the
ratio 32:1 of glucose and mixture (1:2.6:1.3) of
nitrate, tryptone and yeast extract was optimal
for EPA production by N. laevis UTEX 2047.7

Mixotrophic cultivation was carried out
with P. tricornutum UTEX 640 in the presence
of glycerol with urea or nitrate. The best results
were 1.52 g/L/d biomass and 43.13 mg/L/d EPA
obtained with 0.01 M urea in fed-batch.>®

In the photoautotrophic cultivation of
P. tricornutum UTEX 640, urea was the optimal
nitrogen source for EPA production.®® Nitrate,
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nitrite and urea were utilized in the culture of
1 galbana. DHA content in total fatty acids
was highest (14.13%) obtained with urea at
early stationary phase.'” (NH,),HPO, was the
suitable source of nitrogen for growth and GLA

production by S. platensis."

L galbana CCAP 927/1 was cultivated
in nitrate starvation, DHA content in total fatty
acids increased from 1.19 to 4.52% from 2™ day
to 5% day of cultivation.!"” Nitrogen starvation
induced an increase in ARA content over 60% of
total fatty acids in P. incisa.*®

4.1.3.  Phosphorus sources - phosphorus
Starvation

Phosphorus participates in the energy transfer
within cells and constitutes about 5-6% of
phospholipids.

In fungus P irregulare ATCC 10951,
optimal EPA production (about 31 mg/L) was
obtained at 0-3 mM phosphate. The increase of
phosphate concentrations (6 — 24 mM) resulted
in a decrease of EPA yield.*

Effects of phosphate (0.05 - 0.5 g/L)
were also examined on the growth and EPA
production by P. tricornutum UTEX 640. Little
change in biomass was observed in this range
of phosphate concentrations but EPA yield was
higher at phosphate levels of 0.1 — 0.5 g/L.%

Phosphorus starvation was studied by
7-day cultivation of P tricornutum in the
phosphorus-deficient medium (no phosphate
was added). A comparative control was made
in parallel with 6.9 mg/L NaH,PO,. Results
indicated that EPA content in total fatty acids
decreased from 26.8% to 6.9% in the condition
of phosphorus deficiency.'"® Other study showed
that EPA content decreased from 28.2 to 15.5%
mol of fatty acids when decreasing phosphate
concentration (K.HPO,) from 175 to 0 uM in the

4-day cultivation of M. subterraneus."’

4.1.4. Silicate

Silicate is an essential nutrient for diatom growth
because cells need silicate to form their frustules.

N. laevis UTEX 2047 was heterotrophically
grown with glucose and silicate. The highest
EPA yield (131 mg/L) was obtained at 20 g/L
glucose and 32 mg/L silicate while the highest
EPA productivity was 15.1 mg/L/d at 20 g/L
glucose and 64 mg/L silicate.”

In photoautotrophic conditions, the range
of silicate from 8.8 — 176 uM has been examined
for EPA production in the culture of Nitzschia
inconspicua. Results showed that there was not
significantly change in EPA content (about 4.0%
of total fatty acids) and EPA yield (about 0.2
mg/L)."?° Similarly, the photoautotrophic growth
of P, tricornutum was not significantly different
in the levels of 0 to 50 mg/L silicate. Increase
of silicate levels from 50 to 500 mg/L resulted
in reducing growth (2.6 to 1.8 g/L biomass) and
EPA content (72.5 to 35.0 mg/L EPA).®

4.2. Environmental factors
4.2.1. Temperature

Optimal temperature for growth is often
different from optimal temperature for LC-
PUFA accumulation. The increase of LC-PUFA
contents at low temperature is attributed to the
cells maintaining fluidity of membranes by
biosynthesizing more LC-PUFAs.

Effect of temperature on production
of ARA and EPA was studied in P. ultimum.
The optimal temperature for ARA and EPA
production was 25 °C.*® This temperature was
also found as the most suitable temperature for
ARA accumulation in M. alpina'” and T. roseum
ATCC 28210 for DHA production.* Highest
DHA content in total fatty acids was found
when S. limacinum OUC88 was cultured at 16 —
23 °C."2 In Aurantiochytrium sp. strain mh0186,
cells grew well at 15 — 30 °C, but weakly at
10 °C. The amount of DHA in total fatty acids
was highest at 10 °C. The DHA yield was similar
at 15 — 30 °C and was significantly higher than
those at 10 and 35 °C.'?? Similarly, Shewanella
was cultivated at 10, 15 and 25 °C. The cells
accumulate with the highest concentration of
EPA (6.3% of total lipids) at 10 °C. At 25 °C,
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EPA concentration in dry weight is lower (1.5%
of total lipids).” Galdieria cells accumulate
higher concentrations of PUFAs at 25 °C when
compare to 45 °C.%

A range of temperature from 10 to 30 °C
was investigated in the culture of P. tricornutum
2038. Growth was inhibited at 30 °C, slow at
25 °C and optimal at 20 °C. EPA content in dry
weight was highest at 10 °C.'? However, optimal
temperature for biomass and EPA production
by P tricornutum UTEX 640 was found at
21.5 — 23 °C in the study of Yongmanitchai and
Ward (1991).%® The effect of temperature on
GLA content was also studied in S. platensis
UTEX 1928. The suitable temperature for
GLA accumulation was from 25 to 33 °C.'*
The optimal EPA production was obtained at
8 °C in the culture of Porphyridium purpureum
1380-1b.'*

4.2.2. pH

Generally, heterotrophic cultures were related to
acid pH conditions. pH in the range of 5.5 — 6.5
was suitable for biomass and ARA production
by M. alpina. Maximal ARA content in total
fatty acids was obtained at initial pH 6.5.'” ARA
yield was highest at initial pH 6.0.'* Initial pH
6 was also favourable for DHA production by
Thraustochytrium.** Optimal growth and EPA
production were obtained at initial pH 6 — 7
in culture of P. irregulare.’® The highest DHA
content in total fatty acids was 56.8% at initial
pH 7.2 in C. cohnii ATCC 30556.'

In R. salina, the concentrations of EPA and
DHA accumulated in dry weight when cultivated
at pH 8.5 are 0.8% and 0.3%, respectively,
compare to 0.6% and 0.2% at pH 7.%

Yongmanitchai and Ward have found the
maximal EPA yield (93.1 mg/L) at initial pH 7.6
in the photoautotrophic culture of P. tricornutum
UTEX 640. The range of pH from 5.0 to 8.5
was tested for EPA production in P. purpureum
1380-1b. The highest EPA yield (1.79 mg/L) was
obtained at pH 7.6.'%

https://doi.org/10.52111/qn;js.2024.18109

4.2.3. Salinity

Some studies relating to effects of salinity on
growth and LC-PUFA production have been
investigated. A wide tolerance to salinity was
found in S. limacinum when this fungus-like
microorganism was cultured in the salinity
range from 0% to 200% that of seawater. In the
optimal range of salinity for growth (50 — 200%
of seawater), there was little change in dry cell
weight. Although this strain could grow at 0%
of salinity, the growth was lower than those at the
optimal range of salinity.* Thraustochytrium sp.
showed a slight resistance to high salinity, up
to 200% that of seawater. The optimal salinity
for growth and DHA production was 75% that
of seawater.!® Sea salt from 2 — 50 g/L was
also examined for growth and DHA production
by Thraustochytrium sp. The highest biomass
(24.7 g/L) and DHA yield (4.6 g/L) were obtained
at 2 g/L NaCl.* The optimal concentration of
NaCl for DHA production by C. cohnii ATCC
30556 was 9 g/L.1%#

In P. lutheri SMBA 60, NaCl concentrations
from 5 to 45 g/LL were examined for EPA and
DHA production. The highest EPA (about 4.7
mg/L) and DHA yield (about 2.6 mg/L) were
obtained at 5 — 15 g/L NaCl.'® P. tricornutum
UTEX 640 gave the highest EPA yield at 0 —
10 g/L NaCl.®® Spirulina was cultivated in the
range 0 — 3.5 g/L NaCl, GLA content increased
as NaCl level was raised to 0.6 g/L and then it
decreased. GLA yield was highest (27 pg/mL) at

130

0.2 g/L NaCl concentration.
4.2.4. Light

Light also stimulates the growth and DHA
production in 7. aureum. Biomass and DHA
yield in light exposed cultures were 70.4 g/L
and 269.6 mg/L, respectively, higher than those
in dark cultures.** After that, some cultivations
of Thraustochytrium for DHA production were
carried out under light by other authors.**"*!

Light affects growth and fatty acid
composition of microorganisms, especially the
photosynthetic ones. P. lutheri SMBA 60 was
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grown in semi-continuous cultures at the different
light intensities 9, 19 and 30 W/m?. The highest
EPA and DHA productivities were obtained at 19
W/m?2.132 Effects of intensities and photoperiods
on fatty acid production by /. galbana have also
been studied.!** Percentage of EPA in total fatty
acids and in dry weight were 35.7% and 4.4%,
respectively when M. subterraneus was grown
at 90 pmol photon/m?/s, which was higher than
those at 170 pmol photon/m?/s.%* GLA content
in total fatty acids of S. platensis increased from
31.1 to 36.0% when increased the light intensity
from 860 to 1400 umol photon/m?/s.'?*

4.2.5. Culture age

Effect of culture age on ARA production by
M. alpina 1,-N  was investigated. ARA yield
increased and was maximal at the 6" day, and
then decreased."® The GLA yield was also
maximal after 5 — 6 days in the culture of
C. echinulata CCRC 31840.%°

In photoautotrophic culture of Paviova
viridis, EPA and DHA content in late exponential
phase (4 days) were 22.1 and 3.5 mg/g biomass,
respectively, and decreased in linear phase
(7 days) and stationary phase (13 days)."**

4.2.6. Dissolved oxygen

Oxygen constitutes from 27 to 32% of biomass
and about 10% of the LC-PUFAs. The levels of
DO affected growth and LC-PUFA production in
heterotrophic culture of various microorganisms.
C. cohnii gave higher DHA yield when cultured
at DO of 10 — 50% of air saturation level.!” In
S. limacinum SR21, the culture was carried out in
two stages, the first stage for biomass production
where concentration of dissolved oxygen at
50% whereas at 10% for DHA production in the
second stage.* DHA content of total fatty acids
was 30.6% and 40% at 40% DO and 5% DO,
respectively.'*> Mucor rouxii ATCC 24905 was
shifted from anaerobic to aerobic conditions
resulted in an increase of biomass and fatty
acid content. Oxygen induced the expression of
A°-, AP- and A°- desaturase genes resulted in an
increase of unsaturated fatty acids.!'¥

5. DISTRIBUTION OF LC-PUFAS IN LIPID
CLASSES

Distribution of LC-PUFAs in lipid classes is
various among microorganisms. The nutritional
and environmental factors affect the distribution
of LC-PUFAs in the cells. Information on
LC-PUFA localization in the lipid classes is
determinant for the purification process.

In C. echinulata ATHUM 4411, GLA
distribution depended on developmental stages.
GLA content in PC remained over 20% of total
fatty acids in mid exponential, late exponential
and stationary phase whereas that was changed
in other lipid classes. ARA content in dry weight
increased in non-polar lipids but decreased
in polar lipids through growth phases.*> The
distribution of LC-PUFAs in lipid classes in M.
alpina SC9 was influenced by salinity. TAG was
the dominant lipid class of the cells (261.16 mg/g)
which contained the highest proportion of ARA
(30.29% of total fatty acids). When the cells were
cultured at 20 g/L NaCl, TAG content increased
296.55 mg/g but ARA content decreased
21.24%.%7 In N. laevis UTEX 2047, neutral
lipids (78.6%) were the major component of the
total lipids, in which TAG was the predominant
component (87.9%) of neutral lipids. EPA was
present 37.44% in TAG, 22.49% in MAG and
15.91% in PC."*® EPA content increased in polar
lipids but decreased in neutral lipids at 10 — 30
g/L NaCL'** When increasing the temperature
from 15 to 23 °C, EPA content slightly decreased
in TAG but increased in glycolipids. EPA content
in phospholipids at 19 °C was higher than that at
15 °C and 23 °C." In S. mangrovei FB3, TAG
was the predominant component with 97.2% of
neutral lipids. Neutral lipids constitute 95.9% of
total lipids. PC was the major polar lipids which
accounted for 47.78% of phospholipids. DHA
was found as the main polyunsaturated fatty
acid since it was 29.74% in TAG and 39.61% in
PC.3 PC in C. cohnii was the major component
(63.6%) of polar lipids in which 57.2% were
DHA.'*' However, it was stated that DHA
accumulated predominantly in C. cohnii cells as
TAG, the neutral lipid fraction.'”
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N. saprophila was mixotrophically
grown with acetate in which PC was the major
component (55.7% of lipids) and EPA was
concentrated 28.2% in PC whereas PC was only
47.9% of lipids and EPA was 19.0% of PC in

photoautotrophic culture.”

In the photoautotrophic culture of P
incisa, TAG was the dominant lipid with 42.9%
of fatty acids in the logarithmic phase and
77% in the stationary phase. ARA was mainly
present in TAG with 43% in logarithmic phase
and 47% in stationary phase.” Under nitrogen
starvation, neutral lipids and ARA content in
neutral lipids were 86.8% and 63.7% of total
fatty acids compared to 62.1% and 50.8% in the
control, respectively.®® In P. lutheri, TAG was the
major component of nonpolar lipids and MGDG
was the main component of polar lipids. EPA
was present 45% in MGDG and 33% in TAG.
DHA was distributed 27% in TAG, 22% in
DPG and 21% in betaine lipids.® Light affected
distribution of EPA in lipid classes. Under low
light intensity (9 W/m?), EPA accumulated in
polar lipids was higher than that in non-polar
lipids whereas it was conversely when cultured
at 19 and 30 W/m?. At these conditions of light,

Table 2. Distribution of LC-PUFAs in lipid classes.

DHA content in non-polar lipids was higher
than that in polar lipids. When increasing light
intensity from 9 to 30 W/m? EPA and DHA
contents in polar lipids decreased while EPA
and DHA contents in non-polar lipids at 19 W/m?
were higher than those at 9 and 30 W/m?.'*
Galactolipid fraction contained 92% GLA in S.
platensis 2340.' Nitrogen starvation affected
distribution of ARA and EPA in P. cruentum.
ARA content in total fatty acids increased from
19.9% to 30.7% in the neutral lipids and from
46.3% to 61.2% in PC whereas EPA decreased
from 43.2% to 16.9% in MGDG, 29.4% to 8.6%
in SQ and 17.4% to 2.9% in PC.3

Formation of lipid bodies was revealed
by using fluorescent staining of endoplasmic
reticulum (ER). Lipid bodies surrounded ER in
oleaginous fungus M. ramanniana TFO 8187.'4
The same result was observed in S. limacinum
SR21. The lipid bodies often contact with ER in

all stages of the cells.!*

In the photosynthetic microorganisms,
the lipid body formation occurred in the inner
thylakoid spaces of the chloroplast structure in
Isochrysis'® or M. subterraneus UTEX 151.%

LC-PUFAs
. . Modes of .
Microorganisms . LC-PUFAs (mg/g dry weight)
nutrition
Polar lipids Non polar lipids
Cunninghamella echinulate
H GLA 0.93 7.04

ATHUM 4411 (a)
M. alpina SC9' (b) H ARA 1.22 84.95
N. laevis UTEX 2047'% (c) H EPA 9.81 61.19
N. laevis UTEX 204738 H EPA 5.87 9.11
S. mangrovei FB3% H DHA 9.00 193.17
P. lutheri SMBA 60% P EPA 8.41% 4.95%
P lutheri SMBA 60% P DHA 6.39% 2.26%*
P. lutheri SMBA 60'** (d) P EPA 526.94* 170.77*
P, lutheri SMBA 60'* (d) P DHA 69.77* 177.99%

*Unit: mg/g ash free dry weight (AFDW); (a) late exponential phase; (b) 0 % NaCl; (c¢) 10 g/L NaCl; (d) 9 W/m?

https://doi.org/10.52111/qn;js.2024.18109
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6. LC-PUFA YIELD AND PRODUCTIVITY
OF PHOTOSYNTHETIC AND NON-
PHOTOSYNTHETIC MICROORGANISMS

Non-photosynthetic ~ microorganisms  only
grow and produce LC-PUFAs in heterotrophic

condition while photosynthetic microorganisms

can grow LC-PUFAs in
photoautotrophic, mixotrophic and heterotrophic
conditions (Table 4). The LC-PUFA producers
for high productivity have been selected to
compare the performance of their production
(Table 3).

and produce

Table 3. Comparison of LC-PUFA yield and productivity of selected microorganisms.

LC-PUFA
LC- . X Modes of Biomass | LC-PUFA yield .
PUFAs Microorganisms nutrition (@) (@L) productivity
(mg/L/d)
M. rouxii CBS 416.77% H 24.0 0.532 336.0
GLA C. echinulata CCRC 31840%! H 38.1 1.349 269.8
M. ramanniana CBS 112.08% H 12.0 0.451 112.8
S. platensis M2% P - - 26.4
M. alpina DSA-12'"* H 72.5 18.800 1504.0
ARA M. alpina ME-1"% H 39.8 19.020 3396.4
P, incisa comb. nov'*’ P 21.0 2.667 70.2
M. alpina 20-17'# H 24.5 1.350 103.8
N. laevis UTEX 20477 H - - 174.6
P, irregulare® H 14.22 0.176 -
EPA P, tricornutum UTEX 640 M 15.4 0.436 43.1
P, tricornutum UTEX 640'% M - - 56.0
P, tricornutum UTEX 640% P 1.7 0.083 25.1
M. subterraneus UTEX 1516 P - - 58.9
C. cohnii ATCC 30772% H 109 11.700 1276.4
DHA S. limacinum ATCC 13814 H 48.1 13.300 3325.0
Schizochytrium'® H 178 33.286 16560.0
1. galbana UTEX LB 2307'% P - - 43

6.1. Heterotrophic production

Until now, numerous data of heterotrophic
LC-PUFA production by non-photosynthetic
microorganisms have been published.

For GLA production, fungi were found as
producers in high GLA productivity. M. rouxii
CBS 416.77 was cultivated with glucose and Difco
yeast extract. Biomass and GLA productivity
were 24 g/L and 336 mg/L/d, respectively.®

Higashiyama et al. has compared
productivity of ARA production by Mortierella,
in which strain M. alpina 1S-4 gave high ARA
productivity (1300 mg/L/d).>* However, Hwang

et al. cultivated M. alpina DSA-12 in fed-batch

by using NH,OH as a nitrogen source and pH
control which obtained 1504 mg/L/d ARA,
higher than former productivity in the culture
of Higashiyama et al.''"* M. alpina ME-1 was a
UV-mutant of ATCC 16266 gave 19020 mg/L
ARA at 5.6 days which was highest found in the
reports. !4

EPA production has been reviewed
by Bajpai and Bajpai.'”> High EPA yield and
productivity were 1350 mg/L and 103.8 mg/L/d
in the culture of M. alpina 20-17."*% N. laevis
UTEX 2047 was grown in perfusion culture
with cell bleeding. EPA productivity obtained in
this cultivation (174.6 mg/L/d) was highest EPA
productivity found.”

https://doi.org/10.52111/qnjs.2024.18109
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Stramenopiles were utilized as DHA
producing microorganisms. DHA yield and
productivity have been compared among various
strains. S. limacinum SR21 gave the highest
DHA yield and productivity with 13300 mg/L
and 138 mg/L/h DHA.""'** The other strain
of Schizochytrium which has been studied by
Bailey ef al. produced a very high concentration
of DHA 23.45 g/L in 42 h." C. cohnii was also
a DHA producing microalga. The parameters
of culture and DHA production were collected
in the review of Mendes et al.'” The fed-batch
cultivation on ethanol produced 11700 mg/L
DHA in 220 h was the highest productivity in
this microalga.®’

6.2. Mixotrophic production

Mixotrophic  production was found in
photoautotrophic microorganisms which have
growth capacity with organic compounds under
light. Up to now, most of LC-PUFA producing
microorganisms in mixotrophic condition were
EPA producing microalgae and GLA producing
cyanobacteria (Table 4). P. tricornutum UTEX-
640 was cultivated with carbon sources to
evaluate growth and EPA production. Glycerol
was found as the most suitable source of
carbon.’*® Fed-batch culture with 0.1 M
concentration of glycerol and the successive
additions of ammonium chloride gave 16.2 g/L
biomass concentration, 61.5 mg/L/h biomass
productivity and 33.5 mg/L/d EPA productivity.
This EPA productivity was 10-fold greater
than the maximum productivity obtained in the

photoautotrophic control culture.” Additionally,
fed-batch with glycerol and urea gave 43.13 mg/
L/d EPA productivity which was 13-fold higher
than the maximum EPA productivity obtained in
photoautotrophic culture of the control.>® Other
result of P. tricornutum UTEX-640 indicated that
EPA productivity (56 mg/L/d) in mixotrophic
culture (with glycerol) was approximately 3-fold
higher than that in photoautotrophic culture.'* N.
saprophila was mixotrophically cultivated with
acetate. EPA content obtained in this condition
was 19.2 mg/g biomass that was higher than those
obtained in photoautotrophic and heterotrophic
conditions.”” EPA content in biomass was 34.6
mg/g when N. saprophila was cultured with 2
mM acetate and 2% CO,.* Performance of
EPA production in three nutritional modes was
compared in the culture of N. laevis UTEX
2047. Growth and EPA production were
highest in mixotrophic culture. EPA yield and
productivity were 52.32 mg/L and 10.46 mg/
L/d, respectively."* Nannochloropsis sp. also
showed that they can grow and produce EPA in
3 nutritional modes. Glucose and ethanol were
utilized as carbon sources for EPA production
which gave 23.4 mg/L and 23.0 mg/L EPA,
respectively, in mixotrophic cultivation after 8
days.” An increase of EPA yield up to 56 mg/L
was obtained in 10 days of fed-batch culture with
an addition of glucose and nitrate.'”> S. platensis
KCTC AG20590 was mixotrophically cultivated
with the long or short chain carbon sources.
Results indicated that GLA content increased
when compared with the control.®

Table 4. Comparison of LC-PUFA productivity between the nutritional modes.

LC-PUFA productivity (mg/L/d)
Strains LC-PUFAs

PA M H
Nannochloropsis sp.” EPA 3.13 3.34 1.44
N. laevis UTEX 2047 EPA 3.39 10.46 6.37
P, tricornutum UTEX-640% EPA 3.35 43.13 -
P, tricornutum UTEX-640'¥ EPA 18.0 56.0 -
N. saprophila™ EPA 4.93 14.8 -
S. platensis KCTC AG20590% GLA 0.43 1.70 -

https://doi.org/10.52111/qn;js.2024.18109
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6.3. Photoautotrophic production

Photoautotrophic production was only found
in photosynthetic microorganisms. Table 5
presented performance of essential LC-PUFAs
from photosynthetic microorganisms.

GLA productivity was 26.4 mg/L/d
obtained from S. platensis M2 in outdoor culture.®

147 153

Parietochloris' and Porphyridium'> were
ARA-producing microalgae. EPA productivity

was 70.2 mg/L/d and 6.5 mg/L/d, respectively.

For EPA production, Phaeodactylum
was known as photoautotrophic EPA producer.
Meiser et al. cultivated P. tricornutum UTEX

640 under continuous light in batch culture.'s*
Maximal EPA productivity 118 mg/L/d were
obtained. Nannochloropsis sp. was cultivated in
flat plate reactor under 1000 umol photon/m?*/s
gave 127.9 mg/L/d EPA."™!

Until now, Rhodomonas, Paviova and
Isochrysis  were found as photosynthetic
microalgae  produced DHA.  However,
productivity of DHA production by these
microalgae was less than that by non-
photosynthetic microorganisms (Table 3). The
highest DHA productivity was 4.3 mg/L/d,
obtained when cultured 1. galbana in optical
fiber photobioreactor.'*

Table 5. LC-PUFA productivity of photoautotrophic production.

LC-PUFAs Strains LC-PUFA productivity (mg/L/d)
S. platensis M2% 26.4
GLA -
S. platensis KCTC AG20590% 0.4
P. incisa comb. nov'" 70.2
ARA
P. cruentum 1AM R-3'3 6.5
S. putrefaciens MAC1%* 58.3
P. cruentum IAM R-3'3 3.6
M. subterraneus UTEX 151 56.0
M. subterraneus UTEX 151 25.7
M. subterraneus UTEX 151 58.9
P. tricornutum UTEX 640% 19.0
P. tricornutum UTEX 640% 25.1
P. tricornutum UTEX 640" 50.0
P. tricornutum UTEX 640'% 13.0
EPA P. tricornutum UTEX 640! 118.0
P. tricornutum UTEX 640" 47.8
P. tricomutum TFX-1"% 6.0
Nannochloropsis sp.™ 32.0
Nannochloropsis sp.” 127.9
Nannochloropsis sp. PP983!!! 1.2
P. lutheri SMBA 60'%° 0.5
P. lutheri SMBA 603 1.3
L. galbana Parke'® 4.8
L. galbana'®' 15.3
L galbana'® 7.2
P. lutheri SMBA 60'° 0.2
P. lutheri SMBA 603 0.7
L. galbana UTEX LB 2307'! 4.3
DHA
1. galbana CCMP 1324163 0.6
L. galbana CCAP 927/1'% 0.2
L. galbana'®* 3.1
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7. YIELD CONVERSION OF LC-PUFA
PRODUCTION

Conversion yield is calculated on the ratio of
production to substrate. It permits to evaluate

productivity economically. Table 6 showed
conversion yield of biomass and LC-PUFAs in
some LC-PUFA producers.

Table 6. Biomass and LC-PUFAs conversion yield of microorganisms.

Missorganens Vo | e | vorss | eaey | s
M. circinelloides CBS 203.28% Acetic acid 0.30 GLA 10.00 H
C. cohnii ATCC 30772'% Acetic acid 0.12 DHA 30.00 H
M. isabellina ATHUM 29353 Glucose 0.50 GLA 7.70 H
M. alpina DSA-12"* Glucose 0.44 ARA 95.40 H
Schizochytrium G13/2S'% Glucose 0.39 DHA 64.02 H
Aurantiochytrium limacinum mh01863 Glucose 0.38 DHA 71.67 H
Thraustochytrid G136 Glucose 0.46 DHA 56.25 H
C. cohnii ATCC 30556'% Glucose 0.50 DHA 38.59 H
C. cohnii ATCC 30772% Glucose 0.37 DHA 21.27 H
Nannochloropsis sp.” Glucose 0.20 EPA 8.75 M
N. laevis UTEX 2047" Glucose 0.42 EPA 10.46 M

X: biomass; Y: conversion yield

8. IMPROVEMENT FOR LC-PUFA
PRODUCTION

Microalgae cultivation in large volume increases
the productivity of biomass and LC-PUFAs.
Nowadays, a lot of photobioreactors were
invented for microalgae culture.

Cultivation of  non-photosynthetic
microorganisms was carried out in the closed
and sterile systems with the sources of organic
carbon. Because of heterotrophic culture, light
was not necessary in this system. Source of
carbon is usually one of the factors influencing
production. Thus, fed-batch or continuous
culture were often used to improve LC-PUFA

production.

Conversely, light was necessary in
cultivation of photosynthetic microorganisms.'¢’
Thus, bioreactors can be designed to obtain light
effectively. By using a new type of enclosed
photobioreactor in which light was efficiently

distributed by light diffusing optical fibers, DHA

https://doi.org/10.52111/qn;js.2024.18109

from Isochrysis was obtained 4.3 mg/L/d (Table 3),
twofold greater than that obtained using flat glass
bottles.!® Nannochloropsis sp. was cultured in a
flat plate reactor with a narrow (1 — 2 cm) light
path and rigorous stirring exposed to high photon
flux densities (1000-3000 umol photons/m?/s).
Biomass and EPA yield were obtained 40.6 g/L
and 2302 mg/L, respectively.”!

Culture in two stages of temperature
is a strategy for improvement of LC-PUFA
production: the first stage for biomass production
and the second for LC-PUFA production. In the
second stage, temperature was usually decreased
to produce more LC-PUFAs.

In P. irregulare ATCC 10951, cells were
initially grown at 25 °C for 1, 2 or 3 days and
then shifted to 12 °C for 6, 8, 9 days. The best
combination was 2 days at 25 °C, followed by
6 days at 12 °C, which gave 93.1 ug/ml EPA.*
M. alpina ATCC 32222 was cultured for 8
days at 25 °C gave a high biomass (52.4 g/L)
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and ARA yield (9.1 g/L). Then, the culture
was incubated at 15 °C. The maximal ARA
content was obtained (11.1 g/L) in 11 days of
fermentation.'® An increase in cellular DHA
content by 19.9% and productivity by 6.5% was
observed when the temperature in the culture
of C. cohnii ATCC 30556 was shifted from
25 °C for 2 days to 15 °C for 1 day compared
with that maintained at 25 °C for 3 days.”*® A
shift of temperature from 30 °C for 32 h to 20 °C
for 12 h in the culture of Schizochytrium sp.
HX-308 resulted in an increase of DHA content
which is present 6.05% in dry cell weight and
51.98% in total fatty acids.'*” In C. cohnii CCMP
316, n-dodecane was added in the culture as an
oxygen vector. The DHA content in total fatty
acids, the DHA content in biomass and DHA
yield increased by 16, 39 and 22%, respectively,
at 0.5% n-dodecane.*

The increase of DHA content (15.7 to 17.8
mg/g biomass) was also found when /. galbana
LB 2307 was shifted from 24 °C to 17 °C for
24 h."° In the culture of P. tricornutum 2038,
cells were cultivated at 25 °C and then shifted
to 20, 15, 10 °C. An increase of EPA content
per dry mass was observed after 12 h, 24 h and
48 h at 10 °C, 15 °C and 20 °C, respectively.
The highest EPA yield was 6.6 mg/LL when
temperature was shifted from 25 °C to 10 °C
for 12 h, which raised by 120% compared with
the control.'”® After decantation, biomass of S.
costatum was obtained and incubated at 15 °C
for 15 h, resulted in an increase in EPA content
from 11 mg/g to 19 mg/g of dry weight.”

9. CONCLUSION

The limitation of essential LC-PUFA sources
originating from animals and plants has
promoted the research on other sources.
Microorganisms were found as potential
sources for LC-PUFA production because
they could grow fast on culture media and
contain high LC-PUFA content in their cells.
Besides heterotrophically LC-PUFA producing
microorganisms, many microalgae have been
discovered as LC-PUFA producers. Among

these microalgae, some strains could produce
LC-PUFAs in 2 or 3 modes of nutrition. Among
nutritional modes, heterotrophy was found as a
mode of high productivity production. However,
mixotrophy has also potential for improvement
of LC-PUFA productivity in photosynthetic
microorganisms. Further researches need to
focus on new microalgal strains to diversify
LC-PUFA sources.

REFERENCES

1. O. P. Ward, A. Singh. Omega-3/6 fatty acids:
alternative sources of productions, Process
Biochemistry, 2005, 40, 3267-3652.

2. C. H. Ruxton, S. C. Reed, M. J. Simpson, K.
J. Millington. The health benefits of omega-3
polyunsaturated fatty acids: a review of the
evidence, Journal of Human Nutrition and
Dietetics, 2004, 17, 449-459.

3. A. Molfino, M. I. Amabile, M. Monti, S.
Arcieri, F. F. Rossi, M. Muscaritoli. The role of
docosahexaenoic acid (DHA) in the control of
obesity and metabolic derangements in breast

cancer, International Journal of Molecular
Science, 2016, 17, 505.

4. K. Christina, F. Maria, S. Anastasis, P. Ioannis.
DHA/EPA (Omega-3) and LA/GLA (Omega-6)
as bioactive molecules in neurodegenerative
diseases, International Journal of Molecular
Sciences, 2023, 24, 10717.

5. W. S. Harris. Fish oil supplementation: evidence
for health benefits, Cleveland Clinic Journal of
Medicine, 2004, 71, 209-221.

6. U. Varanasi, J. E. Stein. Disposition of xenobiotic
chemicals and metabolites in marine organisms,
Environmental Health Perspectives, 1991, 90,
93-100.

7. 1. S. Christiansen, R. A. Dalmo, K. Ingebrigtsen.
Xenobiotic excretion in fish with aglomerular
kidneys, Marine Ecology Progress Series, 1996,
136, 303-304.

8. N. T. Eriksen. The technology of microalgal
culturing. Biotechnology Letters, 2008, 30,
1525-1536.

https://doi.org/10.52111/qnjs.2024.18109

Quy Nhon University Journal of Science, 2024, 18(1), 101-126 [117



QUY NHON UNIVERSITY

JOURNAL OF

9.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

SCIENCE

C. U. Ugwu,
Photobioreactors for mass cultivation of algae,
Bioresource Technology, 2008, 99, 4021-4028.

H. Aoyagi, H. Uchiyama.

A. Mendes, A. Reis, R. Vasconcelos, P. Guerra,
T. L. D. Silva. Crypthecodinium cohnii with
emphasis on DHA production: a review, Journal
of Applied Phycology, 2009, 21, 199-214.

W. R. Barclay, K. M. Meager, J. R. Abril.
Heterotrophic production of long-chain omega-3
fatty acids utilizing algae and algae-like
microorganisms, Journal of Applied Phycology,
1994, 6, 123-129.

I. K. Goldberg, U. Iskandarov, Z. Cohen.
LC-PUFA from photosynthetic microalgae:
occurrence, biosynthesis, and prospects in
biotechnology, Applied Microbiology and

Biotechnology, 2011, 91, 905-915.

Z. Y. Wen, E. Chen. Production potential of
eicosapentaenoic acid by the diatom nitzschia
laevis, Biotechnology Letters, 2000, 22, 727-733.

U. Bandyopadhyay, D. Das, R. K. Banerjee.
Reactive oxygen species: oxidative damage and
pathogenesis, Current Science, 1999, 77, 658-666.

P. Bajpai, P. K. Bajpai. Eicosapentaenoic acid
(EPA) production from microorganisms: a
review, Journal of Biotechnology, 1993, 30,
161-183.

Z. Y. Wen, F. Chen. Heterotrophic production
of eicosapentaenoic acid by microalgae,
Biotechnology Advances, 2003, 21, 273-294.

D. J. Kyle, S. E. Reeb, V. J. Sicotte. Production
of docosahexaenoic acid by dinoflagellates,
United States Patent, US 5407957, 1995.

A. L. Reysenbach, S. L. Cady. Microbiology
of ancient and modern hydrothermal systems,
Trends in Microbiology, 2001, 9, 79-86.

L. Xu, P. J. Weathers, X. R. Xiong, C. Z.
Liu. Microalgal bioreactors: challenges and
opportunities, Engineering in Life Sciences,
2009, 9, 178-189.

B. Wang, C. Q. Lan, M. Horsman. Closed
photobioreactors for production of microalgal
biomasses, Biotechnology Advances, 2012, 30,
904-912.

https://doi.org/10.52111/qn;js.2024.18109
118 | Quy Nhon University Journal of Science, 2024, 18(1), 101-126

21.

22.

23.

24,

25.

26.

27.

28.

29.

D. S. Nichols, J. L. Brown, P. D. Nichols, T. A.
McMeekin. Production of eicosapentaenoic acid
and arachidonic acids by an antarctic bacterium:
response to growth temperature, FEMS
Microbiology Letters, 1997, 152, 349-354.

K. Watanabe, C. Ishikawa, I. Ohtsuka, M.
Kamata, M. Tomita, K. Yazawa, H. Muramatsu.
Lipid and fatty acid compositions of a novel
docosahexaenoic acid-producing marine

bacteria, Lipids, 1997, 32, 975-978.

Y. S. Jeong, S. K. Song, S. J. Lee, B. K. Hur.
The growth and EPA synthesis of shewanella
oneidensis MR-1 and expectation of EPA
biosynthetic pathway, Biotechnology and
Bioprocess Engineering, 2006, 11, 127-133.

N. Houshang, G. Mansel. Production of EPA
by shewanella putrefaciens MACI1 in selected
culture media, Journal of Food Science and
Technology, 2008, 5, 75-81.

E. D. Frank, E. M. Joseph, J. J. Brittany, S.
Sydney, P. L. James, J. D. Kellen, P. R. Michael,
B. M. James. The microbiota of freshwater fish
and freshwater niches contain omega-3 fatty
acid-producing shewanella species, Applied and
Environmental Microbiology, 2016, 82, 218-231.

N. Morita, M. Tanaka, H. Okuyama. Biosynthesis
of fatty acids in the docosahexaenoic acid-
producing bacterium moritella marina strain
MP-1, Biochemical Society Transactions, 2000,
28, 943-945.

G. Molin.
and glucose

Effect of
supply on the

A. M. Lindberg,
temperature
production of polyunsaturated fatty acids by
the fungus mortierella alpina CBS 343.66 in
fermentor cultures, Applied Microbiology and
Biotechnology, 1993, 39, 450-455.

O. Hiruta, Y. Kamisaka, T. Yokochi, T.
Futamura, H. Takebe, A. Satoh, T. Nakahara, O.
Suzuk. Gamma-linoleic acid production by a
low temperature-resistant mutant of mortierella

ramanniana, Journal of Fermentation and
Bioengineering, 1996, 82, 119-123.

M. Xian, J. Nie, Q. Meng, J. Liu, C. Zhou, Y.
Kang, K. Zhen. Production of y-linolenic acid
by disrupted mycelia of mortierella isabellina,



QUY NHON UNIVERSITY

JOURNAL OF

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

SCIENCE

Letters in Applied Microbiology, 2003, 36,
182-185.

H. C. Chen, C. C. Chang. Production of
y-linolenic acid by the fungus cunninghamella
echinulata CCRC 31840,
Progress, 1996, 12, 338-341.

Biotechnology

H. C. Chen, T. M. Liu. Inoculum effects on
the production of y-linolenic acid by the shake
culture of cunninghamella echinulata CCRC
31840, Enzyme and Microbial Technology,
1997, 21, 137-142.

H. Gema, A. Kavadia, D. Dimou, V. Tsagou, M.
Komaitis, G. Aggelis. Production of y-linolenic
acid by cunninghamella echinulata cultivated on
glucose and orange peel, Applied Microbiology
and Biotechnology, 2002, 58, 303-307.

K. C. Naveena, Ramalingappa. Production
of polyunsaturated fatty acids (PUFAs) from
microbes and their secondary metabolites,
International Journal of Current Microbiology
Applied Sciences, 2018, 7, 2680-2689.

A. M. Lindberg, L. Hansson. Production of
y-linolenic acid by the fungus mucor rouxii on
cheap nitrogen and carbon sources, Applied
Microbiology and Biotechnology, 1991, 36,
26-28.

E. V. Emelyanova. Lipid and y-linolenic acid
production by mucor inaquisporus, Process
Biochemistry, 1997, 32, 173-177.

P. K. Bajpai, P. Bajpai, O. P. Ward. Arachidonic
acid production by fungi, Applied and
Environmental Microbiology, 1991, 57, 1255-1258.

K. Higashiyama, S. Fujikawa, E. Y. Park, S.
Shimizu. Production of arachidonic acid by
mortierella fungi, Biotechnology and Bioprocess
Engineering, 2002, 7, 252-262.

S. R. Gandhi, J. D. Weete. Production of
the polyunsaturated fatty acids arachidonic
acid by the
fungus pythiumultimum, Journal of General
Microbiology, 1991, 137, 1825-1830.

acid and eicosapentaenoic

E. E. Stinson, R. Kwoczak, M. J. Kurantz.
Effect of cultural conditions on production of
eicosapentaenoic acid by pythium irregulare,
Journal of Industrial Microbiology, 1991, &,
171-178.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

P.Bajpai, P.K. Bajpai, O. P. Ward. Eicosapentaenoic
acid (EPA) production by mortierella alpina ATCC
32222, Applied Biochemistry and Biotechnology,
1991, 31,267-272.

P. K. Bajpai, P. Bajpai, O. P. Ward. Optimisation

of culture conditions for production of
eicosapentaenoic acid by mortierella elongata
NRRL 5513, Journal of Industrial Microbiology,

1992, 9, 11-18.

L. Bongiorni, R. Jain, S. Raghukumar, R.
Aggarwal. Thraustochytrium gaertnerium sp. nov.:
a new thraustochytrid stramenopilan protist
from mangroves of Goa, India, Protistologia,
2005, 756, 303-315.

A.Singh, S. Wilson, O.P. Ward. Docosahexaenoic
acid (DHA) production by thraustochytrium sp.
ATCC 20892, World Journal of Microbiology
and Biotechnology, 1996, 12, 76-81.

P. K. Bajpai, P. Bajpai, O. P. Ward. Optimization
of production of docosahexaenoic acid (DHA)
by thraustochytrium aureum ATCC 34304,
Journal of the American Oil Chemists’ Society,
1991, 68, 509-514.

Z. Y. Li, O. P. Ward. Production of
docosahexaenoic acid by thraustochytrium
roseum, Journal of Industrial Microbiology,

1994, 13, 238-241.

A. Singh, O. P. Ward. Production of high yields
of docosahexaenoic acid by thraustochytrium
roseum ATCC 28210, Journal of Industrial
Microbiology, 1996, 16, 370-373.

A. M. Burja, H. Radianingtyas, A. Windust,
C. J. Barrow. Isolation and characterization
of polyunsaturated fatty acid producing
thraustochytrium species: screening of strains
and optimization of omega-3 production,
Applied Microbiology and Biotechnology, 2006,

72,1161-1169.

T. Yaguchi, S. Tanaka, T. Yokochi, T. Nakahara,
T. Higashihara. Production of high yields
of docosahexaenoic acid by schizochytrium
sp. strain SR21, Journal of the American Oil
Chemists’ Society, 1997, 74, 1431-1434.

T. Yokochi, D. Honda, T. Higashihara, T.
Nakahara. Optimization of docosahexaenoic

https://doi.org/10.52111/qnjs.2024.18109

Quy Nhon University Journal of Science, 2024, 18(1), 101-126 [119



QUY NHON UNIVERSITY

JOURNAL OF

50.

51.

52.

53.

54.

55.

56.

57.

SCIENCE

acid production by schizochytrium limacinum
SR21, Applied Microbiology and Biotechnology,
1998, 49, 72-76.

Z.Chi, Y. Liu, C. Frear, S. Chen. Study of a two-
stage growth of DHA-producing marine algae
schizochytrium limacinum SR21 with shifting
dissolved oxygen level, Journal of Applied
Phycology, 2009, 81, 1141-1148.

M. K. M. Wong, C. M. K. Tsui, D. W. T.Au, L. L.
P. Vrijmoed. Docosahexaenoic acid production
and ultrastructure of the thraustochytrid
aurantiochytrium mangrovei MP2 under high
glucose concentrations, Mycoscience, 2008, 49,

266-270.

N. Nagano, Y. Taoka, D. Honda, M. Hayashi.
Optimization of culture conditions for growth
and docosahexaenoic acid production by a marine
thraustochytrid, aurantiochytrium limacinum
mh0186, Journal of Oleo Science, 2009, 56,
623-628.

T.L.D. Silva, A. Reis. The use of multiparameter
flow cytometry to study the impact of n-dodecane
additions to marine dinoflagellate microalga
crypthecodinium cohnii batch fermentations
and DHA production, Journal of Industrial
Microbiology and Biotechnology, 2008, 35,
875-887.

C. K. Tan, M. Johns. Screening of diatoms for
heterotrophic eicosapentaenoic acid production,
Journal of Applied Phycology, 1996, 8, 59-64.

M. C. C. Garcia, J. M. F. Sevilla, F. G. A.
Fernandez, E. M. Grima, F. G. Camacho.
Mixotrophic  growth of phaeodactylum
tricornutum on glycerol: growth rate and fatty
acid profile, Journal of Applied Phycology,

2000, /2, 239-248.

M. C. C. Garcia, A. S. Miron, J. M. F. Sevilla, E.
M. Grima, F. G. Camacho. Mixotrophic growth
of the microalga phaeodactylum tricornutum,
influence of different nitrogen and organic
carbon sources on productivity and biomass
composition, Process Biochemistry, 2005, 40,
297-305.

M. Miihling, A. Belay, A. B. Whitton. Variation in
fatty acid composition of arthrospira (spirulina)
strains, Journal of Applied Phycology, 2005, 17,
137-146.

https://doi.org/10.52111/qn;js.2024.18109
120 | Quy Nhon University Journal of Science, 2024, 18(1), 101-126

58.

59.

60.

61.

62.

63.

64.

65.

66.

Z. Cohen. The
eicosapentaenoic and arachidonic acids by the
red alga porphyridium cruentum, Journal of
the American Oil Chemists’ Society, 1990, 67,
916-920.

production potential of

C. Bigogno, I. K. Goldberg, S. Boussiba,
A. Vonshak, Z. Cohen. Lipid and fatty acid
composition of the green oleaginous alga
parietochloris incisa, the richest plant source
of arachidonic acid, Phytochemistry, 2002, 60,
497-503.

1. K. Goldberg, C. Bigogno, P. Shrestha, Z. Cohen.
Nitrogen starvation induces the accumulation
of arachidonic acid in the freshwater green
alga parietochloris incisa (trebouxiophyceae),
Journal of Phycology, 2002, 38, 991-994.

A. E. Solovchenko, I. K. Goldberg, S. D. Cohen,
Z. Cohen, M. N. Merzlyak. Effects of light
intensity and nitrogen starvation on growth,
total fatty acids and arachidonic acid in the
green microalga parietochloris incisa, Journal of
Applied Phycology, 2008, 20, 245-251.

V. L. Angélica, A. Felipe, N. Karla. Microalgae,
a potential natural functional food source — a
review, Polish Journal of Food and Nutrition
Sciences, 2017, 67, 251-263.

G. Lopez, C. Yate, F. A. Ramos, M. P. Cala,

S. Restrepo, S. Baena. Production of
polyunsaturated fatty acids and lipids from
autotrophic, mixotrophic and heterotrophic
cultivation of galdieria sp. strain USBA- GBX-

832, Scientific Reports, 2019, 9, 10791.

Z. Cohen.
eicosapentaenoic acid by monodus subterraneus,
Journal of the American Oil Chemists’ Society,
1994, 71, 941-945.

Production  potential ~ of

H. Qiang, H. Zhengyu, Z. Cohen, A. Richmond.
Enhancement of eicosapentaenoic acid (EPA)
and y-linolenic acid (GLA) production by
manipulating algal density of outdoor cultures
of monodus subterraneus (eustigmatophyta) and
spirulina platensis (Cyanobacteria), European
Journal of Phycology, 1997, 32, 81-86.

C. P. Liu, L. P. Lin.
eicosapentaenoic acid production by monodus
subterraneus UTEX 151, Micron, 2005, 36,
545-550.

Morphology and



QUY NHON UNIVERSITY

JOURNAL OF

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

SCIENCE

Z. Cohen, S. Didi, Y. M. Heimer. Overproduction
of y-linolenic and eicosapentaenoic acids by
algae, Plant Physiology, 1992, 98, 569-572.

W. Yongmanitchai, O. P. Ward. Growth of and
omega-3 fatty acid production by phacodactylum
tricornutum under different culture conditions,
Applied Microbiology and Biotechnology, 1991,
57,419-425.

O. P. Ward. Growth
and eicosapentaenoic acid production by
in batch and
continuous culture systems, Journal of the
American QOil Chemists’ Society, 1992, 69,
584-590.

W.  Yongmanitchai,

phacodactylum tricornutum

G. C. Zittelli, F. Lavista, A. Bastianini, L. Rodolfi,
M. Vincenzini, M. R. Tredici. Production of
eicosapentaenoic acid by nannochloropsis sp.
cultures in outdoor tubular photobioreactors,
Journal of Biotechnology, 1999, 70, 299-312.

N. Zou, C. Zhang, Z. Cohen, A. Richmond.
Production of cell mass and eicosapentaenoic
acid (EPA) in ultrahigh cell density cultures
of nannochloropsis sp. (Eustigmatophyceae),
European Journal of Phycology, 2000, 35,
127-133.

F. Xu, W. Cong, Z. L. Cai, Ouyang. Effects
of organic carbon sources on cell growth
and eicosapentaenoic
nannochloropsis  sp. Journal
Phycology, 2004, 16, 499-503.

content of
of Applied

acid

M. Kitano, R. Matsukawa, 1. Karube. Changes
in eicosapentaenoic acid content of navicula
saprophila, rhodomonas salina and nitzschia
sp. under mixotrophic conditions, Journal of
Applied Phycology, 1997, 9, 559-563.

M. Kitano, R. Matsukawa, I. Karube. Enhanced
eicosapentaenoic acid production by navicula
saprophila, Journal of Applied Phycology, 1998,
10, 101-105.

Z.Y. Wen, F. Chen. Heterotrophic production of
eicosapentaenoic acid by the diatom nitzschia
laevis: effects of silicate and glucose, Journal
of Industrial Microbiology and Biotechnology,
2000, 25, 218-224.

Z. Y. Wen, F. Chen. Optimization of nitrogen

sources for heterotrophic production of

7.

78.

79.

80.

81.

82.

3.

84.

eicosapentaenoic acid by the diatom nitzschia
laevis, Enzyme and Microbial Technology, 2001,
29,341-347.

Z. Y. Wen, F. Chen. A perfusion-cell bleeding
culture strategy for enhancing the productivity
of eicosapentaenoic acid by nitzschia laevis,
Applied Microbiology and Biotechnology, 2001,
57,316-322.

Z.Y. Wen, Y. Jiang, F. Chen. High cell density
culture of the diatom nitzschia laevis for
eicosapentaenoic acid production: fed-batch
development, Process Biochemistry, 2002, 37,
1447-1453.

A. Blanchemain, D. Grizeau. Increased

production of eicosapentaenoic acid by
skeletonema costatum cells after decantation
at low temperature, Biotechnology Techniques,

1999, 13, 497-501.

L. Christos, W. Eric, M. Tanja, C. Bert, R. Johan,
V. R. Sandra, B. Leen, V. H. Jasper, R. T. Klaas.
Effect of pH on rhodomonas salina growth,
biochemical composition, and taste, produced
in semi-large scale under sunlight conditions,
Journal of Applied Phycology, 2022, 34,
1215-1226.

R. Vazhappilly, F. Chen. Eicosapentaenoic acid
and docosahexaenoic acid production potential
of microalgae and their heterotrophic growth,
Journal of the American Oil Chemists’ Society,
1998, 75, 393-397.

L. A. Meireles, A. C. Guedes, F. X. Malcata.
Lipid class composition of the microalga pavlova
lutheri: eicosapentaenoic and docosahexaenoic

acids, Journal of Agricultural and Food
Chemistry, 2003, 51, 2237-2241.

E. K. Kim, G. G. Choi, H. S. Kim, C. Y. Ahn,
H. M. Oh. Increasing y-linolenic acid content in
spirulina platensis using fatty acid supplement
and light-dark illumination, Journal of Applied
Phycology, 2012, 24, 743-750.

L. R. Giovanni, L. L. Antonio, M. G. Beatriz, V.
Vito, R. Raffaele, S. Raffaele, M. Paolo. New
Biotechnological production of EPA by pythium
irregulare using alternative sustainable media
obtained from food industry by-products and
waste, Sustainability, 2023, 15, 1147-1162.

https://doi.org/10.52111/qnjs.2024.18109

Quy Nhon University Journal of Science, 2024, 18(1), 101-126 (121



QUY NHON UNIVERSITY

JOURNAL OF

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

SCIENCE

K. W. Fan, Y. Jiang, Y. W. Faan, F. Chen. Lipid
characterization of mangrove thraustochytrid -
schizochytrium mangrovei, Journal of Agricultural
and Food Chemistry, 2007, 55, 2906-2910.

M. E. D. Swaaf, T. C. D. Rijk, G. Eggink, L.
Sijtsma. Optimisation of docosahexaenoic
batch
by crypthecodinium cohnii,

Biotechnology, 1999, 70, 185-192.

cultivations
Journal of

acid production in

M. E. D. Swaaf, J. T. Pronk, L. Sijtsma. Fed-
batch cultivation of the docosahexaenoic-
acid-producing marine alga crypthecodinium
cohnii on ethanol, Applied Microbiology and

Biotechnology, 2003, 61, 40-43.

A. Chalimaa, A. Hatzidakia, A. Karnaouri, E.
Topakas. Integration of a dark fermentation
effluent in a microalgal-based biorefinery for the
production of high-added value omega-3 fatty
acids, Applied Energy, 2019, 152, 102-109.

X. Qiu. Biosynthesis of docosahexaenoic acid
(DHA, 22:6-4, 7, 10, 13, 16, 19): two distinct
pathways, Prostaglandins Leukotrienes and
Essential Fatty Acids, 2003, 68, 181-186.

J. G. Metz, P. Roessler, D. Facciotti, C.
Levering, F. Dittrich, M. Lassner, R. Valentine,
K. Lardizabal,
Production of polyunsaturated fatty acids by
polyketide synthase in both prokaryotes and
eukaryotes, Science, 2001, 293, 290-293.

F. Domergue, A. Yamada.

J. C. Lippmeier, K. S. Crawford, C. B. Owen,
A. Rivas, J. G. Metz, K. E. Apt. Characterization
of both polyunsaturated fatty acid biosynthetic
pathways in schizochytrium sp, Lipids, 2009,
44, 621-630.

M. E. D. Swaaf, T. C. D. Rijk, P. V. D. Meer, G.
Eggink, L. Sijtsma. Analysis of docosahexaenoic
acid biosynthesis in crypthecodinium cohnii
by "C labelling and desaturase
experiments, Journal of Biotechnology, 2003,
103,21-29.

inhibitor

C. Ratledge. Fatty acid biosynthesis in
microorganisms being used for single cell oil
production, Biochimie, 2004, 86, 807-815.

J. G. Jaworski. Biosynthesis of monoenoic
and polyenoic fatty acids. The biochemistry of
plants, Academic Press, Orlando, 1987.

https://doi.org/10.52111/qn;js.2024.18109
122 | Quy Nhon University Journal of Science, 2024, 18(1), 101-126

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

B. Behrouzian, P. H. Buist. Mechanism of fatty
acid desaturation: a bioorganic perspective,
Prostaglandins, Leukotrienes and Essential
Fatty Acids, 2003, 68, 107-112.

D. U. Antonio. Biosynthesis of polyunsaturated
fatty acids in lower eukaryotes, Life, 2006, 58,
563-571.

D. Shiran, 1. Khozin, Y. M. Heimer, Z. Cohen.
Biosynthesis of eicosapentaenoic acid in the
microalga porphyridium cruentum: the use of
externally spplied fatty acids, Lipids, 1996, 31,
1277-1282.

T. Arao, M. Yamada.
polyunsaturated fatty acids in the marine diatom,

Biosynthesis  of

Phaeodactylum Tricornutum, Phytochemistry,
1994, 35, 1177-1181.

C. Bigogno, I. K. Goldberg, D. Adlerstein,
Z. Cohen. Biosynthesis of arachidonic acid in
the oleaginous microalga parietochloris incisa
(chlorophyceae): radiolabeling studies, Lipids,
2002, 37,209-216.

B. Qi, F. Beaudoin, T. Fraser, A. K. Stobart,
J. A. Napier, C. M. Lazaru. Identification of a
c¢DNA encoding a novel C18-A? polyunsaturated
fatty acid-specific elongating activity from
the docosahexaenoic acid (DHA)-producing
microalga isochrysis galbana, FEBS Letters,
2002, 510, 159-165.

S. L. Pereira, A. E. Leonard, Y. S. Huang, L. T.
Chuang, P. Mukerji. Identification of two novel
microalgal enzymes involved in the conversion
of the w3-fatty acid, eicosapentaenoic acid, into

docosahexaenoic acid, Biochemical Journal,
2004, 384, 357-366.

E. Sakuradani, A. Ando, J. Ogawa, S. Shimizu.
Improved production of various polyunsaturated
fatty acids through filamentous fungus mortierella
alpina breeding, Applied Microbiology and
Biotechnology, 2009, 84, 1-10.

Q. K. Pham, H. D. Chastel. Method for
mixotrophic culture of spirulinas for producing
a biomass rich in omega-6 polyunsaturated
fatty acids and/or in sulpholipids, United States
Patent, US 0017558, 2003.

J. Huang, T. Akia, K. Hachida, T. Yokochi,
S. Kawamoto, S. Shigeta, K. Ono, O. Suzuki.



QUY NHON UNIVERSITY

JOURNAL OF

105.

106.

107.

108.

109.

110.

111.

112.

SCIENCE

Profile of polyunsaturated fatty acids produced
by thraustochytrium sp. KK17-3, Journal of
the American Oil Chemists’ Society, 2001, 78,
605-610.

S. M. T. Tornisielo, J. M. Vieira, M. Cecilia,
V. S. Carneiro, J. S. Govone. Fatty acid
production by four strains of mucor hiemalis
grown in plant oil and soluble carbohydrates,
African Journal of Biotechnology, 2008, 0,
1840-1847.

T. Aki, Y. Nagahata, K. Ishihara, Y. Tanaka,
T. Morinaga, K. Higashiyama, K. Akimoto, S.
Fujikawa, S. Kawamoto, S. Shigeta, K. Ono,
O. Suzuki. Production of arachidonic acid by
filamentous fungus, mortierella alliacea strain
YN-15, Journal of the American Oil Chemists’
Society, 2001, 78, 599-604.

A. Nisha, G. Venkateswaran. Effect of culture

variables on mycelial arachidonic acid
production by mortierella alpine, Food and

Bioprocess Technology, 2008, 4, 232-240.

C. Ratledge, K. Kanagachandran, A. J. Anderson,
D. J. Grantham, J. C. Stephenson. Production
of docosahexaenoic acid by crypthecodinium
cohnii grown in a pH-auxostat culture with
acetic acid as principal carbon source, Lipids,
2001, 36, 1241-1246.

A. Mendes, P. Guerra, V. Madeira, F. Ruano,
T. L. Silva, A. Reis. Study of docosahexaenoic
acid production by the heterotrophic microalga
CCMP 316 wusing
carob pulp as a promising carbon source, World

crypthecodinium cohnii

Journal of Microbiology and Biotechnology,
2007, 23, 1209-1215.

H. Hoshida, T. Ohira, A. Minematsu, R. Akada,
Y. Nishizawa. Accumulation of eicosapentaenoic
acid in nannochloropsis sp. in response to
elevated CO, concentrations, Journal of Applied
Phycology, 2005, 17, 29-34.

H. Hu, K. Gao. Response of growth and fatty
acid compositions of nannochloropsis sp. to
environmental factors under elevated CO,
concentration, Biotechnology Letters, 2006, 28,
987-992.

V. K. Eroshin, A. D. Satroutdinov, E. G.
Dedyukhina, T. I. Chistyakova. Arachidonic acid
production by mortierella alpina with growth-

113.

114.

115.

116.

117.

118.

119.

120.

121.

coupled lipid synthesis, Process Biochemistry,
2000, 35, 1171-1175.

C. Yuan, J. Wang, Y. Shang, G. Gong, J. Yao,
Z. Yu. Production of arachidonic acid by
mortierella alpina I,-N ., Food Technology and

Biotechnology, 2002, 40, 311-315.

B. H. Hwang, J. W. Kim, C. Y. Park, C. S. Park,
Y. S. Kim, Y. W. Ryu. High-level production
of arachidonic acid by fed-batch culture of
mortierella alpina using NH,OH as a nitrogen
source and pH control, Biotechnology Letters,
2005, 27, 731-735.

J. P. Fidalgo, A. Cid, E. Torres, A. Sukenik, C.
Herrero. Effects of nitrogen source and growth
phase on proximate biochemical composition,
lipid classes and fatty acid profile of the marine
microalga isochrysis
1998, 766, 105-116.

galbana, Aquaculture,

B. K. De, S. Chaudhury, D. K. Bhattacharyya.
Effect of nitrogen sources on y-linolenic acid
accumulation in spirulina platensis, Journal of
the American Oil Chemists’ Society, 1999, 76,
153-156.

K. J. Flynn, J. L. Garrido, M. Zapata, H. Opik,
C. R. Hipkin. Changes in fatty acids, amino
acids and carbon/nitrogen biomass during
nitrogen starvation of ammonium and nitrate
grown isochrysis galbana, Journal of Applied
Phycology, 1992, 4, 95-104.

R. Siron, G. Giusti, B. Berland. Changes in
the fatty acid composition of phaeodactylum
tricornutum and dunaliella tertiolecta during
growth and under phosphorus deficiency, Marine
Ecology Progress Series, 1989, 55, 95-100.

I. K. Goldberg, Z. Cohen. The effect of
phosphate starvation on the lipid and fatty acid
composition of the freshwater eustigmatophyte
monodus subterraneus, Phytochemistry, 20060,
67, 696-701.

W.L.Chu, S.M. Phang, S. H. Goh. Environmental
effects on growth and biochemical composition
of nitzschia inconspicua grunow, Journal of
Applied Phycology, 1996, 8, 389-396.

L. Zhu, X. Zhang, L. Ji, X. Song, C. Kuang.
Changes of lipid content and fatty acid
composition of schizochytrium limacinum in

https://doi.org/10.52111/qnjs.2024.18109

Quy Nhon University Journal of Science, 2024, 18(1), 101-126 (123



QUY NHON UNIVERSITY

JOURNAL OF

122.

123.

124.

125.

126.

127.

128.

129.

130.

SCIENCE

response to different temperatures and salinities,
Process Biochemistry, 2007, 42, 210-214.

Y. Taoka, N. Nagano, Y. Okita, H. Izumida, S.
Sugimoto, M. Hayashi. Influences of culture
temperature on the growth, lipid content and
fatty acid composition of aurantiochytrium sp.
strain mh0186, Marine Biotechnology, 2009, 11,
368-374.

K. Gao. Effects
temperature during culture on the production of

H. Jiang, of lowering
polyunsaturated fatty acids in the marine diatom
phaeodactylum tricornutum (bacillariophyceac),
Journal of Phycology, 2004, 40, 651-654.

M. A. Tedesco, E. O. Duerr. Light, temperature
and nitrogen starvation effects on the total
lipid and fatty acid content and composition
of spirulina platensis UTEX 1928, Journal of
Applied Phycology, 1989, 1,201-209.

A. M. Nuutila, A. M. Aura, M. Kiesvaara,
V. Kauppinen. The effect of salinity, nitrate
concentration, pH and temperature on
eicosapentaenoic acid (EPA) production by the
red unicellular alga porphyridium purpureum,

Journal of Biotechnology, 1997, 55, 55-63.

P. K. Bajpai, P. Bajpai, O. P. Ward. Production
of arachidonic acid by mortierella alpina ATCC
32222, Journal of Industrial Microbiology,
1991, 8, 179-186.

Y. Jiang, F. Chen. Effects of medium glucose
concentration and pH on docosahexaenoic acid
content of heterotrophic crypthecodinium cohnii,
Process Biochemistry, 2000, 35, 1205-1209.

Y.Jiang, F. Chen, S. Z. Liang. Production potential
of docosahexaenoic acid by the heterotrophic
marine dinoflagellate crypthecodinium cohnii,
Process Biochemistry, 1999, 34, 633-637.

A.P.Carvalho,I. Pontes, H. Gaspar, F. X. Malcata.
Metabolic relationships between macro - and
micronutrients, and the eicosapentaenoic acid
and docosahexaenoic acid contents of pavlova
lutheri, Enzyme and Microbial Technology,
2006, 38, 358-366.

G. Mahajan, M. Kamat.
production from spirulina platensis, Applied
Microbiology and Biotechnology, 1995, 43,
466-469.

y-Linolenic acid

https://doi.org/10.52111/qn;js.2024.18109
124 | Quy Nhon University Journal of Science, 2024, 18(1), 101-126

131.

132.

133.

134.

135.

136.

137.

138.

139.

J. D. Weete, H. Kim, S. R. Gandhi, Y.
Wang, R. Dute. Lipids and ultrastructure of
thraustochytrium sp. ATCC 26185, Lipids, 1997,
32, 839-845.

A. C. Guedes, L. A. Meireles, H. M. Amaro,
F. X. Malcata. Changes in lipid class and fatty
acid composition of cultures of pavlova lutheri,
in response to light intensity, Journal of the
American QOil Chemists’ Society, 2010, 87,
791-801.

I. Tzovenis, N. D. Pauw, P. Sorgeloos.
Optimisation of T-ISO biomass production rich
in essential fatty acids II, effect of different
light regimes on the production of fatty acids,

Aquaculture, 2003, 216, 223-242.

Z. Xu, X. Yan, L. Pei, Q. Luo, J. Xu. Changes
in fatty acids and sterols during batch growth of
pavlova viridis in photobioreactor, Journal of
Applied Phycology, 2008, 20, 237-243.

R. B. Bailey, D. DiMasi, J. M. Hansen, P. J.
Mirrasoul, C. M. Ruecker, G. T. Veeder, T.
Kaneko, W. R. Barclay. Enhanced production
of lipids containing polyenoic fatty acid by very
high density cultures of eukaryotic microbes
in fermenters, United States Patent, US
8216812B2, 2006.

R.Ruenwai, S. Cheevadhanarak, S. Rachdawong,
M. Tanticharoen, K. Laoteng. Oxygen-induced
expression of A%, A°- and A'>-desaturase genes
modulates fatty acid composition in mucor
rouxii, Applied Microbiology and Biotechnology,
2010, 86, 327-334.

S. Y. Ho, F. Chen. Lipid characterization of
mortierella alpina grown at different NaCl

concentrations, Journal of Agricultural and
Food Chemistry, 2008, 56, 7903-7909.

G. Q. Chen, Y. Jiang, F. Chen. Fatty acid and
lipid class composition of the eicosapentaenoic
acid-producing microalga nitzschia laevis, Food
Chemistry, 2007, 104, 1580-1585.

G. Q. Chen, Y. Jiang, F. Chen. Salt-induced
alterations in lipid composition of diatom
nitzschia laevis (bacillariophyceae) under
heterotrophic culture condition, Journal of

Phycology, 2008, 44, 1309-1314.



QUY NHON UNIVERSITY

JOURNAL OF

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

SCIENCE

G. Q. Chen, Y. Jiang, F. Chen. Variation of
lipid class composition in nitzschia laevis as a

response to growth temperature change, Food
Chemistry, 2008, 109, 88-94.

R. J. Henderson, J. W. Leftley, J. R. Sargent.
Lipid composition and biosynthesis in the

marine dinoflagellate crypthecodinium cohnii,
Phytochemistry, 1988, 27, 1679-1683.

Z. Cohen, M. Reungjitchachawali, W. Siangdung,

M. Tanticharoen. Production and partial
purification of y-linolenic acid and some
pigments from spirulina platensis, Journal of

Applied Phycology, 1993, 5, 109-115.

Y. Kamisaka, N. Noda, T. Sakai, K. Kawasaki.
Lipid bodies and lipid body formation in an
oleaginous fungus, mortierella ramanniana var.
angulispora, Biochimica et Biophysica Acta,
1999, 7438, 185-198.

E. Morita, Y. Kumon, T. Nakahara, S. Kagiwada,
T. Noguchi. Docosahexaenoic acid production
and lipid-body formation in schizochytrium
limacinum SR21, Marine Biotechnology, 2006,
38,319-327.

C. P. Liu, L. P. Lin. Ultrastructural study and
lipid formation of isochrysis sp. CCMP1324,
Botanical Bulletin of Academia Sinica, 2001,
42,207-214.

M. J. Jin, H. Huang, A. H. Xiao, Z. Gao, X. Liu,
C. Peng. Enhancing arachidonic acid production
by nortierella alpina ME-1 using improved
mycelium aging technology, Bioprocess Biosyst
Eng, 2009, 32, 117-122.

Z.C.Wu,Z.Cohen, I. K. Goldberg, A. Richmond.
Characterization of growth and arachidonic acid
production of parietochloris incisa comb. nov
(trebouxiophyceae, chlorophyta), Journal of
Applied Phycology, 2002, 14, 453-460.

S. Shimizu, H. Kawashima, Y. Shinmen,
K. Akimoti, H. Yamada. Microbial conversion
of an oil containing y-linolenic acid to an oil
containing eicosapentaenoic acid, Journal of
the American Oil Chemists’ Society, 1989, 66,
342-347.

J. M. F. Sevilla, M. C. C. Garcia, A. S.
Miron, E. H. Belarbi, F G. Camacho, E. M.

150.

151.

152.

153.

154.

155.

156.

Grima. Pilot-plant-scale outdoor mixotrophic
cultures of phaeodactylum tricornutum using
glycerol in vertical bubble column and airlift
photobioreactors: studies in fed-batch mode,
Biotechnology Progress, 2004, 20, 728-736.

J. G. Burgess, K. Iwamoto, Y. Miura, H. Takano,
T. Matsunaga. An optical fibre photobioreactor
for enhanced production of the marine
unicellular alga isochrysis aft. galbana T-Iso
(UTEX LB 2307) rich in docosahexaenoic acid,
Applied Microbiology and Biotechnology, 1993,

39, 456-459.

T. E. Lewis, P. D. Nichols, T. A. McMeekin. The
biotechnological potential of thraustochytrids,
Marine Biotechnology, 1999, 1, 580-587.

F. Xu, Z. L. Cai, W. Cong, F. Ouyang. Growth
and fatty acid composition of nannochloropsis
sp. grown mixotrophically in fed-batch culture,
Biotechnology Letters, 2004, 26, 1319-1322.

M. Akimoto, A. Shirai, K. Ohtaguchi, K. Koide.
Carbon dioxide fixation and polyunsaturated
fatty acid production by the red alga
porphyridium cruentum, Applied Biochemistry

and Biotechnology, 1998, 73, 269-278.

F. G. A. Fernandez, F. G. Camacho, J. A. S.
Pérez, J. M. F. Sevilla, E. M. Grima. Modeling
of eicosapentaenoic acid (EPA) production from
phaeodactylum tricornutum cultures in tubular
photobioreactors, effects of dilution rate, tube
diameter and solar irradiance, Biotechnology &
Bioengineering, 2000, 68, 173-183.

E. M. Grima, J. A. S. Pérez, F. G. Camacho,
J. U. Cardona, J. M. F. Sevilla, F. G. A.
Fernandez. Biomass and eicosapentaenoic acid
productivities from an outdoor batch culture
of phaeodactylum tricornutum UTEX 640
in an airlift tubular photobioreactor, Applied
Microbiology and Biotechnology, 1995, 42,
658-663.

A. Meiser, U. S. Staiger, W. Trosch. Optimization
of eicosapentaenoic acid production by
phaeodactylum tricornutum in the flat panel
airlift (FPA) reactor, Journal of Applied

Phycology, 2004, 16, 215-225.

https://doi.org/10.52111/qnjs.2024.18109

Quy Nhon University Journal of Science, 2024, 18(1), 101-126 [125



QUY NHON UNIVERSITY

JOURNAL OF

157.

158.

159.

160.

161.

162.

163.

SCIENCE

E. M. Grima, F. G. G. Camacho, J. A. S.
Pérez, J. U. Cardona, F. G. A. Fernandez,
J. M. F. Sevilla. Outdoor chemostat culture
of phaeodactylum tricornutum UTEX 640 in
a tubular photobioreactor for the production

of eicosapentaenoic acid, Biotechnology and
Applied Biochemistry, 1994, 20, 279-290.

A. Reis, L. Gouveia, V. Veloso, H. L. Fernandes,
J. A. Empis, J. M. Novais. Eicosapentaenoic
acid-rich biomass production by the microalga
phaeodactylum tricornutum in a continuous-
flow reactor, Bioresource Technology, 1996, 55,
83-88.

A. P. Carvalho, F. X. Malcata. Effect of culture
media on production of polyunsaturated fatty
acids by pavlova lutheri, Cryptogamie Algologie,
2000, 217, 59-71.

E. M. Grima, J. A. S. Pérez, J. L. G. Sanchez, F.
G. Camacho, D. L. Alonso. EPA from isochrysis
galbana, growth conditions and productivity,
Process Biochemistry, 1992, 27, 299-305.

E. M. Grima, J. A. S. Pérez, F. G. Camacho,
J. M. F. Sevilla, F. G. A. Fernandez. Effect of
growth rate on the eicosapentaenoic acid and
docosahexaenoic acid content of isochrysis
galbana in chemostat culture, Applied Microbiology
and Biotechnology, 1994, 41, 23-27.

E. M. Grima, J. A. S. Pérez, F. G. Camacho,
J. L. G. Sanchez, D. L. Alonso. N-3 PUFA
productivity in chemostat cultures of microalgae,
Applied Microbiology and Biotechnology, 1993,
38, 599-605.

Y. H. Lin, F. L. Chang, C. Y. J. Y. Tsao, Leu.
Influence of growth phase and nutrient source

https://doi.org/10.52111/qn;js.2024.18109
126 | Quy Nhon University Journal of Science, 2024, 18(1), 101-126

164.

165.

166.

167.

168.

169.

on fatty acid composition of isochrysis galbana
CCMP 1324 in a batch photoreactor, Biochemical
Engineering Journal, 2007, 37, 166-176.

L. Poisson, F. Ergan. Docosahexaenoic acid
ethyl esters from isochrysis galbana, Journal of
Biotechnology, 2001, 91, 75-81.

E. Ganuza, M. S. Izquierdo. Lipid accumulation
in schizochytrium G13/2S produced in
continuous culture, Applied Microbiology and
Biotechnology, 2007, 76, 985-990.

R. D. Bowles, A. E. Hunt, G. B. Bremer,
M. G. Duchars, R. A. Eaton. Long-chain
n-3 polyunsaturated fatty acid production
by members of the marine protistan group
the thraustochytrids: screening of isolates
and optimisation of docosahexaenoic acid
production, Journal of Biotechnology, 1999, 70,

193-202.

A. P. Carvalho, S. O. Silva, J. M. Baptista,
F.  X. Malcata. Light
microalgal photobioreactors: an overview of

requirements  in

biophotonic aspects, Applied Microbiology and
Biotechnology, 2011, 89, 1275-1288.

A. Singh, O. P. Ward. Production of high yields
of arachidonic acid in a fed-batch system
by mortierella alpina ATCC 32222, Applied
Microbiology and Biotechnology, 1997, 48, 1-5.

Y. Zeng, X. J. Ji, M. Lian, L. J. Ren, L. J.
Jin, P. K. Ouyang, H. Huang. Development
of a temperature shift strategy for efficient
docosahexaenoic acid production by a marine
fungoid protist, schizochytrium sp. HX-308,
Applied Biochemistry and Biotechnology, 2011,
164, 249-255.



