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Abstract: The importance of microalgal lipids for the survival and growth of shrimp postlarvae
has been recognized in a range of studies. Microalgae with fast growth rates and high levels of
polyunsaturated fatty acids (PUFA) are considered vital to maximise production and minimise
cost in shrimp larviculture. The lipid content and fatty acid composition of microalgae used in
shrimp production varies substantially between the algal classes and species being used in Vietnam.
This study aims to characterise microalgal lipid and fatty acid (FA) profiles and evaluate the most
promising species under growth conditions that are most suitable for shrimp aquaculture. Here,
we report that the highest lipid contents were obtained in the Haptophyta microalgae, Tisochrysis
lutea and Isochrysis galbana, at 90.3 and 61.1 mg/g, respectively. In contrast, two of the most popular
diatom species being used for shrimp larval cultivation in Vietnam, Thalassiosira pseudonana and
T. weissflogii, displayed the lowest lipid contents at 16.1 mg/g. Other microalgal species examined
showed lipid contents ranging from 28.6 to 55 mg/g. Eicosapentaenoic acid (EPA, 20:5ω3) ranged
from 0.6 to 29.9% across the species, with docosahexaenoic acid (DHA, 22:6ω3) present at 0.01 to
11.1%; the two omega (ω)–3 long-chain (LC, ≥C20) LC-PUFA varied between the microalgae groups.
Polar lipids were the main lipid class, ranging from 87.2 to 97.3% of total lipids, and triacylglycerol
was detected in the range of 0.01 to 2.5%. Saturated fatty acids (SFA) and monounsaturated fatty
acids (MUFA) increased and PUFA decreased with increasing growth temperatures. This study
demonstrated the differences in the lipid contents and FA profiles across 10 microalgal species and
the effect of the higher temperature growing conditions encountered in Vietnam.
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1. Introduction

Microalgae are microscopic organisms that can be found in all kinds of terrestrial,
marine, and freshwater environments and are responsible for approximately half of global
primary production [1,2]. They are known as a widely diverse group of primary photosyn-
thetic microorganisms that include either eukaryotes (Rhodophytes, Chlorophytes, and
Chromophytes) or prokaryotes (Cyanobacteria). Many microalgae are also characterized
by their fast growth, flexibility, and adaptability to various environmental conditions.
Being such a rich source of lipids, essential amino acids, pigments, carbohydrates, proteins,
vitamins, and other bioactive compounds in cells, microalgae can be widely applied in
several industries such as human food, aqua- and livestock feed, pharmaceuticals, and
cosmetics [3–5].

The biomass of microalgae can rapidly double in periods as short as several hours [6–8].
Generally, the percentage of lipid content per dry weight of most microalgae is in the range
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of 1 to 50%, and Chlorophyta displays the most abundant number of species with a wide
range of lipid concentrations reported in various studies [7,9,10]. Moreover, it is well
known that one of the most significant nutritional values of certain microalgae lies in
their rich source of the long-chain (LC, ≥C20), LC-PUFA-eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA). The ω–3, 6, and 9 FAs also appear to be key for many appli-
cations [9,11,12]. The PUFA content reaches an extremely high level in some microalgal
species such as Rhodomonas sp. 56–72% total fatty acids (TFA).

Being a rich source of lipids, as well as containing diverse fatty acid compositions, the
use of microalgae as a live feed becomes a crucial factor in regulating the growth, devel-
opment, and survival of aquatic animals. Studies have shown that many physiological
disorders and morphological abnormalities of visual and neural tissues in many fishes
and crustacean larvae have occurred due to deficiencies in essential fatty acids, including
linoleic acid, linolenic acid, DHA, and EPA [13,14]. In addition to the high lipid content in
cells, the essential fatty acid composition of the diet also has a considerable positive effect
on diet digestibility in aquatic animals, especially in the early, relatively weak larval stages,
which are highly sensitive and have an underdeveloped digestive systems [15–18]. The for-
mation and development of membranes in aquatic larvae requires optimal phospholipids
in their feed. The triacylglycerol content in microalgal lipid provides a major energy source
for aquatic larvae during key periods of development, in osmoregulation and in protection
against environmental stresses. Sterols can be found in many microalgae that are of further
importance as hormone precursors [15,19,20]. The optimization of microalgae live feed is
therefore one of the most important nutritional concerns in shrimp larval cultivation.

Shrimp seedstock production in Vietnam, mostly white leg shrimp, has had a remark-
able increase in the last decade, with annual production of more than 2000 hatcheries
estimated at around 120–140 billion postlarvae in 2018 to 2019. In the process of shrimp
larviculture in Vietnam, microalgae have been used as the feedstock. The marine diatom
Thalassiosira weissflogii is often used for larviculture in large-scale hatcheries. Smaller
hatcheries either purchase live diatoms or use dried Spirulina (Arthrospira sp) as feeds
due to the lack of availability and high production cost of alternative live microalgae [21].
Despite the rising demand for high-quality microalgae as live feed, several challenges, in-
cluding the high capital cost of large-scale cultivation systems and a lack of understanding
of microalgal species or strains, have made commercial production economically unfeasible.
This study aims to provide the lipid content and FA profiles of key microalgal species
available to the expanding Vietnamese shrimp industry, including when cultured under
conditions suitable for use by the local industry, as an important first step to characterize
and select specific species or strains. Subsequent research and development will aim to
then achieve an efficient and effective cultivation system for shrimp larval production in
Vietnam [11,22,23].

2. Materials and Methods

Microalgal species used in this study are sourced from the Australian National Algae
Culture Collection (http://www.csiro.au/ANACC, accessed on 2 July 2021) with details
shown in Table 1 and Figure A1. Each 60-mL culture was inoculated with 4 mL of starter
culture in 100-mL Erlenmeyer flasks. All cultures were grown in f/2 medium. The flasks
were incubated for 14 days in controlled environment rooms, with light provided by cool
white fluorescent tubes (80–100µmol photonsm−2s−1PAR) under a 12:12 light dark cycle
at 3 different temperatures: 20 ◦C, 25 ◦C, and 30 ◦C. Light microscope images were taken
on a ZeissAxioplan microscope using ×1000 differential interference contrast (DIC) optics
and a Zeiss Axiocam HRc model digital camera. The data for the 10 species (n = 2 analyses)
at the end of the 14-day screening trial are presented in this paper.

Samples (10 mg) were extracted quantitatively by the modified dichloromethane
(DCM)-methanol (MeOH)–water Bligh and Dyer (1959) method [24]. After phase sepa-
ration, the lipids were recovered in the lower DCM layer, and a second extraction was
performed to maximise lipid recovery. Solvents were removed in vacuo. Lipid recovery
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was determined gravimetrically. An aliquot of the total lipid was made up to a known
volume for thin-layer chromatography-flame ionization detection (TLC-FID) analysis.

Table 1. Microalgal species investigated in this study; CS number refers to strains deposited in the Australian National
Algae Culture Collection.

Genus Plus Species Class Class Vernacular Source Country

CS-5 Cylindrotheca closterium Bacillariophyceae Diatom Australia
CS-29 Phaeodactylum tricornutum Bacillariophyceae Diatom United Kingdom

CS-176 Chaetoceros muelleri Coscinodiscophyceae Diatom USA
CS-178 Chaetoceros calcitrans Coscinodiscophyceae Diatom Japan
CS-252 Skeletonema pseudocostatum Coscinodiscophyceae Diatom Australia
CS-173 Thalassiosira pseudonana Coscinodiscophyceae Diatom USA
CS-871 Thalassiosira weissflogii Coscinodiscophyceae Diatom USA
CS-186 Isochrysis galbana Coccolothophyceae Prymnesiophyte USA
CS-177 Tisochrysis lutea Coccolothophyceae Prymnesiophyte Tahiti
CS-179 Nannochloropsis oceanica Eustigmaophyceae Eustigmatophycea Japan

2.1. Lipid Class Composition

Aliquots of each of the diluted oils were analysed using an Iatroscan MK V TLC-
FID analyser (Iatron Laboratories, Japan) to determine the abundance of individual lipid
classes. Samples were applied to silica gel SIII chromarods (5 µm particle size) using 1-µL
disposable micro pipettes. The chromarods were developed in a glass tank lined with pre-
extracted filter paper. The solvent system used for the lipid separation was hexane-diethyl
ether-acetic acid (60:17:0.2 v/v), a mobile phase providing good resolution between non-
polar compounds such as wax ester, triacylglycerol, and free fatty acid. After development
(30 min), the chromarods were oven dried (8 min) and analysed immediately to minimise
adsorption of atmospheric contaminants. Data presented are for qualitative percentages of
individual lipid classes. Iatroscan results have been previously shown to be reproducible
to ±10% or better [25].

2.2. Methylation and Analysis of Fatty Acid Methyl Esters (FAME)

The extracted lipids were transesterified with methanol/dichloromethane/HCl (10:1:1
v/v/v) to convert fatty acids from the complex lipids into FAME, as described in detail
previously [26]. A known volume of dichloromethane containing the internal injection
standard (19:0 FAME) was then added to each sample vial. Individual fatty acids are
expressed as a percentage of the total fatty acids (TFA). Gas chromatography (GC) was
used to identify and quantify the fatty acids and was performed on an Agilent Technologies
7890A GC (Palo Alto, CA, USA) equipped with a nonpolar Equity-1™ fused silica capil-
lary column (15 m × 0.1 mm i.d., 0.1 mm film thickness), flame ionization detector, and
split/splitless injector. Samples were injected in splitless mode at an oven temperature of
120 ◦C, and after injection, the oven temperature was increased to 270 ◦C at 10 ◦C/min and
then to 310 ◦C at 5 ◦C/min. Retention times of individual FAME were compared to those
of commercial and laboratory standards. Peaks were quantified with Agilent Technologies
ChemStation software (Palo Alto, CA, USA).

GC-mass spectrometry (GC-MS) analysis of FAME was performed to confirm individ-
ual component identifications and was carried out on a ThermoScientific 1310 GC coupled
with a TSQ triple quadruple. Samples were injected using a Tripleplus RSH auto sampler
with analyses performed using a non-polar HP-5 Ultra 2 bonded-phase column (50 m ×
0.32 mm i.d. × 0.17 µm film thickness). The HP-5 column was of very similar polarity
to the column used for the GC analyses. The initial oven temperature of 45 ◦C was held
for 1 min, followed by an increase in temperature of 30 ◦C per minute to 140 ◦C, then at
3 ◦C per minute to 310 ◦C, where it was held for 12 minutes. Helium (He) was used as
the carrier gas. The operating conditions of the GC-MS were as follows: electron impact
energy 70 eV; emission current 250 µamp, transfer line 310 ◦C; source temperature 240 ◦C;
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scan rate 0.8 scan/sec and mass range 40 to 650 Da. Thermo Scientific XcaliburTM software
(Waltham, MA, USA) was used to acquire and process mass spectra.

3. Results
3.1. The Lipid and Fatty Acid Profiles of 10 Microalgal Species

To investigate the suitability of microalgae for shrimp larviculture, we cultured all of
the 10 selected species under the most commonly used local culture conditions (generally
at a higher temperature than used in temperate aquaculture operations) for an incubation
period of around 14 days depending on their growth rates. The results in Table 2 indicated
the lipid content and percentages of the most abundant FAs in the 10 microalgal species.

Generally, the lipid content obtained in the 10 microalgal species ranged from 16 to
90 mg/g (dry weight). The Haptophytes, Tisochrysis lutea and Isochrysis galbana, displayed
the highest lipid content at 90.3 and 61.1 mg/g, respectively. They were followed by the
Eustigmatophyte, Nannochloropsis oceanica, containing total lipids at 55 mg/g. The lowest
lipid content was found in the marine diatoms, especially in both species of Thalassiosira
weissflogii and T. pseudonana, at 16 mg/g. Polar lipids were the main lipid class ranging
from 87.2 to 97.3% total lipids in most of the studied microalgae. The results also showed
that triacylglycerol was detected in all 10 microalgal species, ranging from 0.01 to 2.5%
total lipids. Table 2 shows that the most common FA found in the 10 microalgae were
those containing 16 (C16) and 18 (C18) carbon atoms that comprised from 50 to 70% of
the TFA. The long-chain fatty acids (≥C20, LC) were found in all 10 microalgal species,
although generally with a low proportion of C22 FA. All C20 fatty acids found in this
study were PUFA. The proportions of C20 FA were extremely low (less than 1% TFA)
in the Coccolithophyceae, T. lutea and I. galbana. Both flagellated Coccolithophyceae are
characterized with relatively high 18:4ω3 (15–21% TFA) and C22 such as DHA 22:6ω3
(ranging from 10–11%).

In contrast, the Bacillariophyceae and Coscinodiscophyceae diatoms and the Eustig-
matophyte displayed a high capacity of C20 FA accumulation (especially 20:5ω3). For
example, the C20 PUFA of Nannochloropsis oceanica, Phaeodactylum tricornutum, and Cylin-
drotheca closterium constituted over 30% of the TFA. Moreover, the SFA were found in this
study to mostly include 14:0 (myristic acid), 16:0 (palmitic acid), and 18:0 (stearic acid). The
percentage of SFA was less variable among the microalgal species, ranging from 16.5 to
31.3% of TFA (Table 2). The PUFA were found in all microalgae at relatively high levels. In
some diatoms, such as Thalassiosira weissflogii and C. closterium, the percentage of PUFA
reached 54.5 and 53.8% of the TFA, respectively. The lowest proportion of PUFA was found
in the marine diatom Chaetoceros muelleri, which was 35.1% of the TFA (Table 2). The EPA
and DHA have been found in most of the selected microalgal species and are recognized as
crucial markers for algal strain selection in the application of live feed for aquatic animals.
In particular, the microalgae, for example, N. oceanica, showed an extremely high proportion
of EPA at 30% of the TFA, and a trace amount of DHA (at <0.01% of the TFA). In contrast,
while the two Haptophytes T. lutea, and I. galbana displayed a low accumulation capacity
for EPA, they produced much higher DHA than all other species, thereby contributing to a
high proportion of total PUFA. Lastly, Phaeodactylum tricornutum, Cylindrotheca closterium,
and Nannochloropsis oceanica contained the highest relative levels ofω-3 LC -PUFA in cells,
which were about 30% of the TFA (Table 2).

3.2. The Effect of Temperature on Fatty Acid Profiles in 10 Microalgal Species

The investigation of the effect of temperature on FA composition of the 10 microal-
gae was conducted via a separate experiment at 3 temperatures: 20, 25, and 30 ◦C. The
results showed that temperature strongly influenced FA composition in all species. More
specifically, the degree of SFA in TFA was higher at 30 ◦C. This pattern occurred in almost
all treatments of the microalgae (Figure 1). The only exception was the marine flagellate
Isochrysis galbana, in which the SFA proportion was the highest at 43.0% of TFA in the
middle temperature of 25 ◦C compared to 28.7% at 20 ◦C and 31.9% at 30 ◦C.
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Table 2. The fatty acid profile (percentage of total fatty acid, ± SD, n = 2), lipid class composition (as percent of total lipid), and total lipids (as mg/g, dry weight) of 10 microalgal species.

Species Tisochrysis
lutea

Isochrysis
galbana

Cylindrotheca
closterium

Phaeodactylum
tricornutum

Skeletonema
pseudocostatum

Thalassiosira
pseudonana

Thalassiosira
weissflogii

Chaetoceros
muelleri

Chaetoceros
calcitrans

Nannochloropsis
oceanica

CS-177 CS-186 CS-5 CS-29 CS-252 CS-173 CS-871 CS-176 CS-178 CS-179

14:0 16.8 ± 2.6 10.2 ± 5.2 8.1 ± 0.1 5.6 ± 0.9 14.3 ± 7.6 11.3 ± 4.5 6.9 ± 5.4 10.1 ± 1.2 13.1 ± 4.9 5.3 ± 0.6
C16 PUFA 0.3 ± 0.1 0.1 ± 0.1 14.2 ± 10.1 10.8 ± 7.7 11.8 ± 5.9 13.0 ± 9.2 25.8 ± 18.2 21.3 ± 10.6 13.0 ± 7.5 0.8 ± 0.3

16:1ω7c 8.3 ± 2.1 3.5 ± 2.5 16.4 ± 11.6 19.4 ± 13.7 36.4 ± 18.2 27.8 ± 19.6 15.1 ± 10.7 24.5 ± 12.3 26.9 ± 15.5 20.2 ± 7.6
16:0 11.4 ± 2.2 17 ± 6.1 8.3 ± 1.5 11.6 ± 2.2 8.2 ± 8.1 10.0 ± 1.9 8.1 ± 2.4 15.1 ± 7.3 7.2 ± 3.0 21.8 ± 6.7

18:3ω6 +
18:5ω3 2.6 ± 0.7 6.6 ± 4.7 0.6 ± 0.4 0.5 ± 0.4 0.4 ± 0.2 0.1 ± 0.1 1.0 ± 0.7 0.5 ± 0.2 0.1 ± 0.0 1.0 ± 0.4

18:4ω3 21.0 ± 4.4 15.4 ± 10.9 3.2 ± 0.4 0.4 ± 0.5 0.9 ± 0.3 4.3 ± 1.5 0.6 ± 0.7 0.9 ± 0.6 0.7 ± 0.3 0.1 ± 0.1
18:2ω6 4.4 ± 3.9 3.1 ± 2 0.6 ± 0.1 1.3 ± 0.5 0.7 ± 0.5 0.4 ± 0.1 2.1 ± 2.1 0.6 ± 0.1 0.5 ± 0.3 1.9 ± 0.9
18:3ω3 5.5 ± 1.7 5.2 ± 3.7 Tr 0.2 ± 0.1 0.6 ± 0.4 0.2 ± 0.1 0.1 ± 0.2 0.1 ± 0.1 0.3 ± 0.3 0.1 ± 0.0
18:1ω9c 7.7 ± 1.9 11.6 ± 8.2 0.6 ± 0.4 5.6 ± 3.9 3.6 ± 1.8 1.0 ± 0.7 2.2 ± 1.5 0.6 ± 0.3 0.5 ± 0.3 6.1 ± 2.3
18:1ω7c 1.8 ± 0.5 4.1 ± 2.9 0.1 ± 0.0 0.3 ± 0.2 1.0 ± 0.5 0.2 ± 0.1 0.3 ± 0.2 0.8 ± 0.4 0.2 ± 0.1 0.3 ± 0.1

18:0 0.3 ± 0.2 4.1 ± 4.1 0.2 ± 0.1 0.4 ± 0.2 0.3 ± 0.3 0.7 ± 0.1 2.2 ± 3.1 1.9 ± 2 0.4 ± 0.4 0.4 ± 0.2
20:4ω6 ARA 0.1 ± 0.1 Tr 4.8 ± 1.2 1.2 ± 0.5 0.5 ± 0.6 0.2 ± 0.1 1.3 ± 1.1 10.6 ± 10.7 2.3 ± 2.9 6.5 ± 1.5
20:5ω3 EPA 0.6 ± 0.2 0.5 ± 0.1 26.9 ± 19.0 29.0 ± 7.8 18.0 ± 4.1 23.9 ± 6.1 17.2 ± 9.9 0.7 ± 0.3 21.2 ± 11.3 30.0 ± 7.4
22:6ω3 DHA 11.1 ± 2.8 10.1 ± 0.8 3.4 ± 1.4 1.7 ± 1.2 3.3 ± 1.3 3.5 ± 0.6 6.2 ± 3.5 0.5 ± 0.2 0.8 ± 0.0 Tr

∑SFA 28.5 31.3 16.5 17.6 22.9 22.0 17.2 27.2 20.7 27.5

∑MUFA 17.8 19.2 17.0 25.3 41.0 29.0 17.5 25.9 27.6 26.6

∑PUFA 45.4 41.1 53.8 45.1 36.1 45.7 54.5 35.1 38.9 40.4

∑ω-3LC-
PUFA 11.7 10.6 30.3 30.7 21.3 27.4 23.5 1.1 22.0 30.0

Wax ester 0.0 2.2 0.9 0.4 0.3 0.4 0.8 0.2 Tr Tr

Triacylglycerol 1.8 2.5 2.2 1.4 Tr 1.8 1.6 2.0 Tr Tr

Free fatty acid 3.0 0.0 8.3 0.0 6.3 5.1 1.8 5.7 2.5 2.5

Sterol 0.9 0.9 1.5 0.9 1.7 1.3 3.0 1.3 1.1 1.1

Polar lipids 94.3 94.4 87.2 97.3 91.6 91.4 92.7 90.8 96.3 96.3

Total lipids
mg/g 90.3 61.1 28.6 45.5 43.5 16.1 16.1 43.7 51.9 55.0

C16 PUFA includes: 16:2ω4, 16:2ω6, 16:2ω7, 16:3ω3, 16:3ω4, 16:4ω1, 16:4ω3. Tr denotes trace FA component at <0.01% of TFA.
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bana, and Cylindrotheca closterium (Figure 1). High levels of MUFA were only observed at 
20 °C in Skeletonema pseudocostatum and Chaetoceros muelleri. Secondly, the growth at 30 °C 
resulted in a greater proportion of MUFA in Tisochrysis lutea. 

The lower temperature of 20 °C regulated the high capacity of PUFA accumulation, 
including LC-PUFA such as EPA and DHA, in almost microalgae in this study (Figure 1). 
There were some exceptions revealed in some species, such as T. weissflogii, S. pseudocosta-
tum, and C. muelleri, in which the higher percentage of PUFA in the TFA was found in the 
culture condition of 25 °C. 

Figure 1. The groups of fatty acids present at various temperatures. (a) Phaeodactylum tricornutum, (b) Thalasiosira pseudonana,
(c) Thalassiosira weissflogii, (d) Cylindrotheca closterium, (e) Isochrysis galbana, and (f) Nannochloropsis oceanica.

In addition, the MUFA proportion was higher at 25 ◦C for 6 out of the 10 examined
microalgal species, including P. tricornutum, T. pseudonana, T. weissflogii, N. oceanica, I.
galbana, and Cylindrotheca closterium (Figure 1). High levels of MUFA were only observed at
20 ◦C in Skeletonema pseudocostatum and Chaetoceros muelleri. Secondly, the growth at 30 ◦C
resulted in a greater proportion of MUFA in Tisochrysis lutea.

The lower temperature of 20 ◦C regulated the high capacity of PUFA accumulation,
including LC-PUFA such as EPA and DHA, in almost microalgae in this study (Figure 1).
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There were some exceptions revealed in some species, such as T. weissflogii, S. pseudocosta-
tum, and C. muelleri, in which the higher percentage of PUFA in the TFA was found in the
culture condition of 25 ◦C.

4. Discussion

In addition to proteins, amino acids, carbohydrates, vitamins, pigments, and sterols,
the FA content and composition are key controlling factors in the selection of optimized
microalgae species for shrimp larval cultivation [27,28]. Moreover, the ω3 LC-PUFA, espe-
cially EPA and DHA, are well known as essential regulators for shrimp larval growth and
development [15,27–29]. Glencross (2009) reported that the FA composition of the diet also
has a considerable effect on the digestibility of neutral lipids within the diet and concluded
that the SFAs 14:0, 16:0, and 18:0 are the least digestible and LC-PUFA (arachidonic acid,
ARA–20:4ω6, EPA, and DHA) are the most digestible of the fatty acids [14]. The digestibil-
ity of specific FAs increases as chain length decreases and also as the level of unsaturation
of the FA chain increases in crustaceans, due to the lack of bile salts and underdeveloped
lipid digestive capability that produce emulsifiers [14]. Therefore, these species will be
promising to provide high proportions of dietary phospholipids that can improve the
emulsification potential in the digestive tract. Hence, the digestibility of neutral lipids by
crustaceans can be enhanced.

These results were similar to results provided in previous studies [19,30,31]. In our
study, the stearidonic acid level of I. galbana was relatively high at 15.4% of TFA, which is
in the same range as in some previous studies, such as (17.7%) [31] and (12.5%) [30], but
lower than reported in one other study (17.6–25.8% [27]). This proportion of 18:4ω3 was
the highest in the taxonomically closely related species of T. lutea at 21.01% TFA. Another
essential PUFA found in both these microalgae was DHA, with relatively high percentages
at 10.1% (I. galbana) and 11.1% (T. lutea). These results were also very similar to those
reported in previous studies (14.1–15.8% TFA) described by Fidalgo (1998) [32] and Patil
(2007) [30]. In this study, the total PUFA and LC-PUFA levels of T. lutea CS-177 were 45.4%
and 11.1% of the TFA, which were much lower than one earlier study examining different
nutrient sources using a clone of the same strain (CCMP1324 reported as I. galbana prior to
reidentification as T. lutea: PUFA at 61.1–62.3% and LC-PUFA at 43.4–46.9% TFA) [31,32]
but similar to values achieved in another study [30] using a different strain with PUFA at
39.9% and LC-PUFA at 16.6% TFA.

In our study, the oleaginous microalga N. oceanica displayed EPA, palmitic acid, and
palmitoleic acid (16:1ω7c) levels at 29.99%, 21.78%, and 20.22% of the TFA, respectively.
This level of EPA was similar to that reported in [30] (23.4%). Other studies [33,34] indicated
a lower range of EPA occurring in N. oceanica, from 1.16 to 10.12% of the TFA, depending
on the culture medium. Consequently, the total PUFA and LC-PUFA levels of N. oceanica
were high at 40.4%, and 30.0% of TFA in this study, respectively. The presence of DHA
at a low level of around 2% of the TFA in this species has been reported [34], with our
results also consistent with prior reports [35,36] of zero or trace only amounts of DHA in
the microalgal class Eustigmatophyceae, including Nannochloropsis.

The FA profile of Bacillariophyceae has been examined in many previous studies [37–43].
In our study, the major fatty acids of the diatoms were myristic acid (14:0), palmitic acid
(16:0), palmitoleic acid (16:1ω7-cis), EPA, and DHA. Myristic and palmitic acid were the
main SFAs in all the tested microalgal species. The results from our study indicated that
the SFA levels of the diatoms were in the range 16.5% (in C. closterium) to 27.2% TFA (in
C. muelleri). These results were similar to many previous studies, for example, the total SFA
of P. tricornutum was 27.6% TFA [30], of Thalassiosira sp. was 27.3%, and of Cylindrotheca
sp. was 22.2% [44]. Palmitoleic acid was the most abundant FA in some diatoms in this
study, including in S. pseudocostatum (36.4% TFA), T. pseudonana (27.7%), C. calcitrans (26.9%),
and C. muelleri (24.5% TFA). The profile of T. pseudonana provided by Brown et al. (1996)
also showed a similar result for palmitoleic acid in a range from 12.6 to 29.7% TFA [45].
Moreover, the EPA and DHA proportion was high in most diatoms in this study, except for
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C. muelleri, where EPA and DHA were present at only 0.7 and 0.5% of the TFA, respectively.
These results for C. muelleri were similar to a previous study [43], however, they were much
lower than those in the study by Brown et al. (1996) [45]. Chaetoceros is a morphologically
diverse genus, but in this study, we chose the two relatively similar species C. muelleri and C.
calcitrans as they are both frequently used in aquaculture. The PUFA variation between these
species shows that, despite broad characterization at the class level, there can be important
biochemical diversity within a single genus. It is known that C. calcitrans is more susceptible
to culture failure compared with the more resilient C. muelleri (Australian National Algae
Culture Collection-Supply Service), so, while biochemistry is critically important to species
selection, other factors play into optimizing actual strain deployment.

An extremely high percentage of EPA in the TFA from 17.2 to 29% was revealed in
some diatoms such as P. tricornutum, T. pseudonana, T. weissflogii, and C. closterium. Jarunan
Pratoomyot et al. reported that the EPA proportion of Nitzschia cf. ovalis was 26.7% and
Thalassiosira sp. was 16.7% of the TFA [44]. In addition, two further studies indicated
that P. tricornutum maintained an EPA percentage of around 22.8–30.7% of the TFA [43,46].
Lastly, Brown et al. (1996) stated the EPA level of T. pseudonana was 17.5–32.7% of the
TFA [45]. Interestingly, aside from the high cellular EPA levels in these four diatom species,
they also displayed DHA at levels between 1.7 and 6.2%. This results in the notably
high total PUFA levels and resultant positive consideration of these microalgae for larval
prawn production.

The lipid content and FA composition vary greatly with species and specific culture
conditions [8,9,46–49]. With respect to environmental factors which influence the FA profile
of microalgae, the nutrient form, salinity, light, and temperature have all been considered
to be key determinants [46,50–52]. In this study, the SFA proportion was highest under
the high temperature of 30 ◦C in 9 of the 10 tested microalgae. These results were similar
to several previous studies which have described increased SFA and MUFA proportions
under increasing temperatures [46,53–55]. In addition, most microalgae examined in the
present study also followed a pattern of increased proportion of PUFA with decreasing
growth temperatures. In contrast to the manipulation of single environmental variables,
the effect of temperature and light combined has shown no clear trends [46,50–52]. Most of
the selected species are temperate microalgae, and the physiological change and logistical
energy cost of adapting to tropical growth conditions is not fully understood.

This study clearly demonstrated the variation in the FA profiles across 10 microalgal
species. Both Coccolithophyceae species, T. lutea and I. galbana, are characterised with
high lipid-producing potential and fatty acid distribution with high 18:4ω3 and C22
such as DHA 22:6ω3 and less C20 PUFA. All Bacillariophyceae and Coscinodiscophyceae
have compositions typical of other diatoms with low C18 and C22 but high C20 PUFA
(especially 20:5ω3) producers. The N. oceanica is characterised with very high 16:0, 16:1ω7,
and 20:5ω3 trace level (<0.01% of TFA) of C22 PUFA detected, which is typical of other
reports for eustigmatophytes. The study also indicates that SFA and MUFA were increased
and PUFA was decreased with increasing growth temperatures from 20 ◦C to 30 ◦C,
with the latter higher temperature pertinent to Vietnamese production systems. Future
research will evaluate the growth and survival of shrimp postlarvae and include targeting
microalgae, including endemic Vietnamese strains with high PUFA yield with different
growth parameters examined in order to optimise the quantity and quality of the biomass
and oil yield. The inclusion of proximate analysis can also enhance our understanding of
specific dietary requirements during shrimp postlarvae production. In turn, such research
and development will provide growers with the opportunity to better meet the specific
dietary requirements of shrimp postlarvae production in Vietnam.
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