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Abstract:

The growth, squalene content and fatty acid profile of Aurantiochytrium sp. produced at 26 and 30°C, two salinities
(1.5 and 3.5 %) and three initial glucose concentrations (2, 3, and 4 %) were investigated. This study aimed to simulta-
neously analyse and compare the production of squalene and DHA, offering an uncommon integrated overview of the
production possibilities of this microorganism. The highest biomass production was achieved after 72 or 96 hours at
both temperatures and higher biomass productivity at 72 hours was recorded in the growth media with lower salinity.
Total lipid content of dried biomass was ca. 35% and triacylglycerols accounted for about 65% of total lipids. Satu-
rated and polyunsaturated fatty acids accounted for almost all fatty acids. The sum of DHA and DPA n-6 percentages
represented about 90% of total PUFA. The presence of a high percentage of odd fatty acids (ca. 30%) is another typical
feature of thraustochytrids. The highest production of squalene (7.3 g/100 g and 250 mg/L) was achieved in the trial
with 1.5% salinity, 3% of initial glucose concentration, at 26°C and after 48 hours of growth. On the other hand, the
highest productivity of PUFA, DHA and DPA n-6 was achieved in the growth medium with low salinity and 3% of
initial glucose concentration at 30°C after 96 hours of growth. Accordingly, there is a possibility to combine culture
conditions in a way that both maximizes squalene and DHA production, thereby providing cues for an environmentally
sustainable bio-refinery approach.
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Introduction
polyunsaturated fatty acids or squalene which are synthesized

Some thraustochytrid strains, particularly those of the
Thraustochytriaceae family, have been recognized as a prom-
ising alternative for the production of squalene C, Hy)). This
triterpene is commercially produced from the liver oil of deep-
sea sharks, plant seed oils or wastes from olive oil production.
However, the continuous supply of these raw materials is un-
certain as a result of several factors. Squalene and squalane, its
hydrogenated form, are currently used in the cosmetic industry
as moisturising agent and emollient. It is also applied in me-
dicinal products!! and it was demonstrated that squalene can
inhibit chemically induced skin, lung and colon tumorigenesis
in rodents®? and as the major factor in the cancer risk-reducing
effect?®!. Thraustochytrid strains are also known as producers of
microbial oils particularly rich in docosahexaenoic acid (DHA)
M. The importance of DHA derives from its health benefits par-
ticularly in the development of neural and retinal functions?®! and
to improve the learning capacity of school-aged children, inhib-
itor of carcinomas and exhibiting chemo-protective activities.

The growth conditions of thraustochytrid strains have
been studied™ but their nutritional requirements are species spe-
cific. Besides these studies have focused on the production of
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by two different metabolic pathways which present differences
in their nutrient requirements. Thus, it was objective of the cur-
rent study to investigate the effect of different growth conditions
(glucose concentration, salinity, and temperature) on the produc-
tion of squalene by Aurantiochytrium sp. and also to evaluate its
performance on the production of DHA, thereby yielding an in-
tegrated overview of the production possibilities of Aurantioch-
ytrium sp. for a maximal valorization of its biomass.
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Materials and Methods

The strain Aurantiochytrium sp. ATCC® PRA-276™
was provided by the American Type Culture Collection (ATCC
Manassas, VA, USA). Seed cultures were grown in Erlenmeyer
flasks (250 mL) containing 50 mL of ATCC medium no. 790 (1.0
g/L yeast extract; 1.0 g/L peptone; 5.0 g/L glucose), with a sea-
water concentration of 1.5%, at 30°C with rotational shaking at
150 rpm for 2.5 days. After this incubation period, the microor-
ganism culture was mixed with glycerol at a ratio of 3:1 and kept
at -80°C. The culture was also maintained on Potato Dextrose
Agar (PDA) slants at 4°C and monthly subcultured.

Culture conditions

Aurantiochytrium sp. was cultivated in heterotrophic
conditions in Erlenmeyer flasks (250 mL) with the culture me-
dium consisting of (per liter) 0.1 g NaHCO,, 1 g KCI, 5 g Mg-
SO,.7H,0, 0.3 g KH,PO,, 0.2 g (NH,),SO,, 0.3 g CaCl,. 2H,0,
2 g monosodium glutamate, 2 g yeast extract and 20, 30 or 40 g
glucose solubilized in seawater with salinity 1.5% (LS) or 3.5%
(HS). The growth medium was inoculated with 5% (v/v) of an
exponentially growing inoculum. The inoculum was prepared in
an Erlenmeyer flask with 50 mL of ATCC medium no. 790 for
60 h in an orbital shaker at 150 rpm. Cultures were incubated
at 26 and 30°C in an orbital shaker at 150 rpm in the dark. The
majority of microalgae growth was stopped after 168 hours but
for others the growth period was shortened to 96 hours. The re-
sults are average values based on the simultaneous cultivation of
three replicates.

Evaluation of growth

The biomass growth was followed by measuring the
optical density of the culture medium at 600 nm every 24 hours.
For the determination of Dry Weight (DW) the biomass was
centrifuged at 9800xg for 15 min, at 4°C, washed twice with
distilled water and lyophilized over 24 hours.

Glucose and lipid content determination

Residual glucose concentration in culture media was
determined by the 3,5-dinitrosalicylic acid method!”. The lipid
content was evaluated after extraction by the Bligh and Dyer
method™®.

Lipid class separation and determination of fatty acid profile
The lipids classes were separated by thin-layer chroma-
tography and identified as described by Costa et al.). Fatty acid
profile was determined in lyophilized cells. Fatty acids methyl
esters were prepared by transesterification according to Lepage
and Roy!'” as modified by Cohen et al.l'V). The analysis of meth-
yl esters was performed as previously described?. Fatty acid
methyl esters were identified by chromatographic comparison
with authentic standards (Sigma Chemical Co.). The quantities
of individual FAMEs were estimated from the peak areas on the
chromatogram using 23:0 fatty acid as the internal standard.

Determination of squalene content

The method followed in the quantification of squalene
was done as described by Chen et al.[) Squalene quantification
was calculated by comparison with a calibration curve made
with a Sigma squalene standard.

Statistical analysis

Data were analyzed using STATISTICA 6 software
(Statsoft, Inc., Tulsa, OK74104, USA). One-way ANOVA was
used to determine significant differences ( p < 0.05) due to tem-
perature for each set of salinity/initial glucose and a factorial
ANOVA was applied to determine significant differences (p <
0.05) between salinity (low and high) and initial glucose (20,
30, and 40 g/L) levels for each temperature. Each ANOVA was
followed by Tukey HSD test. When data did not meet normal
distribution and homoscedasticity, differences were tested by a
non-parametric comparisons testst'*,

Results

Effect of culture conditions on growth

The evolution of Aurantiochytrium sp. biomass pro-
duced at three different levels of glucose and two salinities at
26°C and 30°C is presented in figure 1. At both temperatures the
highest biomass production was attained after 72 or 96 hours.
The results obtained also evidenced the highest biomass produc-
tion achieved in the growth media with the lower salinity. Ac-
cordingly significant lower productivity was achieved after 72
hours in the higher salinity growth media as shown in [Table 1].
On the other hand, in the low salinity media similar productivi-
ties were obtained at 26°C regardless the initial glucose content.
However, at 30°C significant differences were recorded being
the highest productivity attained in the 3GLS trial.

Table 1: Productivity and glucose consumption as a function of initial glucose concentration and salinity in growth experiments at 26 and 30°C.

Productivity (g/L.h) Glucose consumption (g/L.h)
Temperature (°C) | Initial glucose concentration (%) Low salinity High salinity Low salinity High salinity
26 2.0 0.066 = 0.001% - 0.156 £ 0.008« -
3.0 0.064 +0.001® 0.047 +0.002¢ 0.176 £0.010% 0.143 £0.001¢
2.0 0.055 + 0.004° 0.046 =0.0014 0.197 £ 0.008* 0.157 £ 0.003¢<
30 3.0 0.070 £ 0.002° 0.040 + 0.005¢ 0.225 +0.002* 0.202 +£0.010%
4.0 0.060 + 0.002° 0.042 + 0.003¢ 0.196 = 0.008° 0.164 £ 0.023

Different lower case letters correspond to statistical differences between the different trials
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Figure 1: Evolution of biomass in Aurantiochytrium sp. cellular growth
in trials with 2 % (2G), 3 % (3G), and 4 % (4G) of glucose and salinity
of 1.5 % (LS) and 3.5 % (HS) at 26 °C (A) and 30 °C (B).

A general increase of pH values was recorded in all ex-
periments during cellular growth. The initial pH values were be-
tween 6.1 and 6.2 and a fast increase was recorded up to 6.9 - 7.0
after 48 hours during the growth phase. After this growth period
the pH values levelled off (high salinity at both temperatures)
or only a small increase (7.1 - 7.4) was recorded (low salinity
at 30°C). At the same temperature and after 72 hours, lower pH
was recorded in the trials with high salinity, which is generally
in line with the lower biomass recorded in these trials. The cel-
lular growth at 30°C showed a higher pH then at 26°C for the
lower salinity medium, but this effect of temperature was not so
evident in the high salinity growth medium. On the other hand,
no trend between the initial glucose concentration and pH values
was observed during the experimental growth.

Effect of growth conditions on squalene production

The lipid content of this strain produced at the two sa-
linities was similar (35.0 = 0.7 g/100 g for the 1.5% salinity and
33.8+£3.9 g/100 g for the 3.5% salinity). Triacylglycerols (TAG)
was the most abundant lipid fraction (66.6 £ 0.6% and 64.5 +
0.9% for 1.5% and 3.5% salinity respectively). Squalene (17.8 +
0.6% and 16.1 £ 0.9% for 1.5% and 3.5% salinity respectively)
was the second most important lipid constituent and its percent-
age in the oil was generally in accordance with its concentration
determined in the biomass. The percentage of monoacylglycer-
ols was 4.5+ 0.3% and 5.3 = 1.1% for 1.5% and 3.5% salinity re-
spectively and that of diacylglycerols plus sterols accounted for
5.6 £ 0.3% and 6.5 + 1.8% for 1.5% and 3.5% salinity respec-
tively. In both microalgae biomass non-polar lipids represented
more than 93% of'total lipids. Free fatty acids were also detected
but with very low percentage (0.8 + 0.6% and 0.9 + 0.4% for
1.5% and 3.5% salinity respectively) whereas the percentage of
PL was 4.7 £ 0.7% and 6.6 = 0.8% for 1.5% and 3.5% salinity
respectively and represented 16.5 mg/g and 22.3 mg/g of cell dry
weight of biomass respectively.

The maximum squalene content was achieved after
48 hours [Figure 2A] but its decrease was more evident in the
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biomass obtained in the growth media presenting lower salinity.
At 26°C [Figure 2B], the highest production of squalene was
achieved in the trial with low salinity, 3% of glucose concentra-
tion after 48 hours. The highest squalene yields [Figure 2C] were
registered in the trials of 1.5% salinity as a result of the higher
biomass achieved and its higher squalene content after 48 hours.
Conversely, the maximum yield obtained in trials of 3.5% sa-
linity was lower and attained after 72 hours. On the other hand,
the maximum yield productivity obtained at 26°C [Figure 2D]
was about 1.5 times higher than the maximum value achieved at
30°C. These results suggest that 26°C and 1.5% salinity are the
most appropriate conditions for the production of squalene by
this strain.
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Figure 2: Evolution of biomass squalene content produced in trials at
30°C (A) and 26°C (B) and squalene yield at 30°C (C) and 26°C (D).

Effect of culture conditions on fatty acids production

As can be seen in [Table 2], saturated fatty acids and
PUFA account for almost all fatty acids and monounsaturated
fatty acids are only residual. The main saturated fatty acids were
14:0, 15:0, 16:0, and 17:0 where the odd fatty acids represented
more than 50 % of this group. Within polyunsaturated fatty ac-
ids 22:5n6 (DPA n-6) and 22:6n-3 were the most representative.
The sum of the percentages of DHA and DPA n-6 is about 90%
of the total PUFA and the percentage of DHA is almost the dou-
ble of that of DPA n-6. A regular increase of the biomass PUFA
content occurred until 96 hours followed by a levelling off until
the end of the experiment [Figure 3A]. For instance, the PUFA
content of biomass obtained in trials 2GLS, 3GLS, and 4GHS
after 168 hours was 332 mg/g, 361 mg/g, and 258 mg/g, respec-
tively. At 96 hours of growth the highest concentration of PUFA
was recorded in trials 3GLS and 2GHS [Figure 3A] which was
significantly higher than that recorded in the trial 4GHS. The
lowest DHA and DPA n-6 concentration was also obtained in
trial 4GHS [Figures 3C and E]. Accordingly, the highest PUFA
productivity was observed in trial 3GLS and the lowest in the tri-
al 4GHS [Figure 3B]. In summary, it may be concluded that the
highest productivity of PUFA, DHA and DPA n-6 [Figures 3B,
D, and F] was recorded in the growth medium with low salinity
and 3% of initial glucose concentration.

page no: 16/20


https://www.ommegaonline.org

Short title:
Production of Squalene and Fatty Acids

Table 2: Fatty acid profile (% total fatty acids) of Aurantiochytrium sp.
cultured at 30°C in different growth conditions after 96 hours. Bor C 1 1200 b .%a
I 000
Fatty acids 2GLS | 2GHS | 3GLS | 3GHS | 4GHS 50 s 1800
Y G | ) | ) | ) | ) | | 2
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Figure 4: Evolution of the content and productivity of PUFA (A and
B), DHA (C and D) and DPA n-6 (E and F) in trials with 2% and 3% of
glucose, salinity of 1.5% (LS) and 3.5% (HS) produced at 26°C.

Discussion

The effect of salinity on the growth of Aurantiochy-
trium species have been reported in several works. Thus, small
changes of the cell growth of Schizochytrium limacinum SR21
in the range between 50% and 200% of artificial seawater were
observed!'. In a later work!'*! was reported that a mutant of that
strain grew better and the biomass remained fairly constant with
salinity at 1.8-3.6% (w/v) but the growth of cells was inhibited
for salinities below 0.9%. Aurantiochytrium limacinum mh0186
presented good growth in artificial seawater with concentra-
tions between 12.5-200% but it was suppressed in 0% seawater
treatment!'". The Aurantiochytrium sp. 18W-13a strain showed
no significant changes at 25-100% natural seawater concentra-
tions!'”). Similarly, a stable biomass production of 4. mangrovei
strain BL10 across salinity levels from 0.2% to 3.0% was ob-
tained.4 Conversely, the highest biomass production of Thraus-
tochytrium aureum was achieved at a salinity of 0.5 times the
salinity of seawater!'® or the maximum dry cell weight was re-
corded at a NaCl concentration of 15 g/L in artificial seawater!'?).

No significant differences in the biomass produced in
the trials performed at the two temperatures was recorded but a
maximum biomass production of S. limacinum at 25°C and a salt
concentration 50% of artificial seawater was reported!'¥. On the
other hand, the biomass of S. limacinum OUC88 presented only
slight fluctuations when growing at 16-30°C but at 37°C the cell
growth was considerably limited!"*. Similarly, it was observed
that the cultures of an Aurantiochytrium sp. strain grew well at
15-30°C but not at 5 and 40°C (20). Other Aurantiochytrium sp.
Strain'” grew well at a temperature range from 10°C to 30°C but
at 35°C its growth sharply declined and the authors considered
that the optimum temperatures were 15°C for the yield and 30°C
for the growth rate.

A linear decrease of the glucose consumption was re-
corded during cellular growth with exception of trials 2GLS and
3GLS where fast glucose consumption was recorded after 48
hours of growth. As shown in Table 1 the highest glucose con-
sumption was recorded in trial 3GLS (30°C) although it was not
significantly different from those recorded in trials 2GLS and
3GHS performed at the same temperature. This high glucose
consumption in 3GHS trial is also in accordance with the higher
productivity recorded in this trial. Increasing biomass produc-
tion of Schizochytrium sp. strain with glucose concentrations
between 60 and 150 g/L were obtained®'. Some delay in the
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growth of this strain was only observed at the highest glucose
concentration. A maximum biomass production of S. limacinum
at 9% glucose and a growth inhibition at 12% glucose was re-
ported™. Other authors have observed that an increase of the
initial glucose concentration in the growth medium generally
increased the biomass production of different Schizochytrium
strains?? or A. Mangrovei™. A gradual increase of the latter bio-
mass strain with increasing glucose concentration was reported
but it levelled off at 10%™%. The pH increase observed during
growth of Aurantiochytrium sp. TC20 strain may result from
the de-amination of amino acids such as it has been suggested
that these species co-metabolize glucose and amino acids®®*. Mi-
croorganisms have the capacity of accumulating large amounts
of oil and in the case of thraustochytrids it has been reported
lipid contents from 17.1%' until levels above 50% of their
dried biomass®?®l. The presence of high percentages of TAG is
common in single cell o0il®®! but considerably high percentages as
93.2 have been reported®®. This abundance of TAG observed in
microalgae and other microorganisms during the resting phase
has been associated with nitrogen deficiency or ending of cel-
lular division™!, The percentage of monoacylglycerols obtained
in the current work was similar to that reported by Fan et al.[*]
but these authors obtained a diacylglycerol percentage almost
three fold higher. The percentage of PL was overestimated be-
cause they were not separated from pigments under the elution
conditions followed in the lipid class separation. However, they
were of the same order of magnitude of the value reported by
Fan et al.®*! for the PL percentage. On the other hand, the PL
levels in the biomass were of the same order of magnitude (23.4
mg/g) of that also reported®. The occurrence of a maximum
squalene content followed by a decline due to its conversion to
other compounds was also reported by several authors???*], Pre-
vious work!® has reported the production of biomass with the
highest squalene content of 0.72 mg/g and 5.90 mg/L in shaking
flasks with 3% of initial glucose concentration. More recently it
was reported®! the production of S. mangrovei biomass with a
squalene content of 33.04 mg/g and a yield of 1.019 g/L. How-
ever, the highest reported squalene concentration was 198 mg/g
with a yield of 1.29 g/LP¢l.

Similar fatty acid profile was reported in several
works!'>1627] but it is quite noticeable the high percentage (ca.
30%) of odd fatty acids produced by Aurantiochytrium sp.
These differences of fatty acid composition within thraustoch-
ytrids may result from a variety of factors including the thraus-
tochytrid strain, growth conditions, and age of culture as men-
tioned?”!. The high percentages of DHA and DPA n-6 obtained is
typical of thraustochytrids and it is considered a signature fatty
acid of Labyrinthulomycetes®”. Higher DHA production with
increasing levels of glucose was also reported '*. However, in
the current work a reversal trend was observed in the higher sa-
linity growth media where the highest productivity of PUFA was
achieved in the trial 2GHS. These results may be due to a salt
adaptation process of this microorganism as also mentioned by
Zhu et al.". Concerning the effect of temperature on the pro-
duction of PUFA, the results obtained agree with those reported
by other authors!'3*! who also obtained a decrease of DHA and
an increase of DPA n-6 production with temperature rise. For
these authors the increase of DHA content at lower temperatures
is a result of an adaptation process to temperature, as well as to
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salinity to maintain the normal membrane lipid physical state.

Current study brings together the study of squalene and
DHA and represents a first step towards a more thorough utili-
zation of the microrganism’s biomass, which would be favoured
by striking an adequate balance between both important com-
pounds. Though further studies in the direction of the application
of a holistic bio-refinery concept to the culture of Aurantiochy-
trium sp are warranted, it seems that this more environmentally
sustainable approach is viable, given the high observed squalene
and DHA biomass productivities.

Conclusions

This study has investigated the effect of salinity, initial
glucose concentration and temperature on the growth, squalene
content and fatty acid profile of Aurantiochytrium sp. The highest
biomass productivity was achieved after 72 hours of growth in
the medium with 1.5% salinity and 2.0 or 3.0% of initial glucose
concentration. Triacylglycerols was the main lipid class (65%)
followed by squalene (17%). Saturated fatty acids and PUFA
represented about 98% of total fatty acids and PUFA accounted
for about 38%. Residual amounts of monounsaturated fatty ac-
ids were recorded and the odd fatty acids were ca. 30%. DHA
and DPA n-6 were the most abundant PUFA and the sum of their
percentages was about 90% of PUFA. The maximum squalene
content was achieved in the biomass produced in the growth me-
dium with 1.5% salinity, 3.0% of initial glucose concentration
at 26°C after 48 hours. The highest production of PUFA was
attained after 96 hours of growth followed by a leveling off until
the end of the experiment. The growth medium with 1.5% sa-
linity and 3.0% of initial glucose concentration at 30°C after 96
hours led to the highest productivity of PUFA, DHA, and DPA
n-6. On the basis of the favourable conditions for squalene and
DHA production, it seems possible to choose culture conditions
in a way that improves squalene and DHA productivity.
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