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the acetyl-CoA and glutamate metabolism and resulted in an increased squalene
production. Through the integration of bioprocess technology and transcriptomics, this
report provides the first evidence of the possible mechanisms underscoring increased
squalene production by NaCl.
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INTRODUCTION

Squalene (2,6,10,15,19,23-hexamethyltetracosa-2,6,10,14,18,22-hexaene), an acyclic triterpene
hydrocarbon (C;Hs), is an important precursor in the biosynthesis of triterpenoids, sterol,
and hopanoid (Spanova and Daum, 2011). Squalene is known for its beneficial properties,
including natural antioxidant, anti-inflammatory, anti-atherosclerotic (Lou-Bonafonte et al., 2018),
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skin hydration (Huang et al., 2009), and adjuvant (Fox, 2009).
The wide applications of squalene in cosmetics, pharmaceuticals,
and nutraceutical products have led to its increasing demand
in recent years. As a natural product, squalene is mainly derived
from shark liver oil, but plant oils, such as olive oil (De
Leonardis et al, 1998), palm oil, and rice bran oil (Huang
et al., 2009) are also its common sources. However, environmental
concerns of shark fishing and the low squalene content of
plant oils have led to the global search for a sustainable and
eco-friendly source.

Microbial sources of squalene have attracted much attention
for their fast growth rates, controllable fermentation, and high
production yield (Rude and Schirmer, 2009; Ghimire et al.,
2016). Among the microbial sources, the unicellular, fungus-
like marine, heterotrophic protists (thraustochytrids) are one
of the most promising candidates for future exploration owing
to their well-established fermentation technology for mass
production (Fan et al, 2010). Some thraustochytrid strains
have great potential for high-yield production of squalene
(Hoang et al., 2014; Zhang et al., 2019). However, the squalene
production in thraustochytrids can vary widely among strains
and across culture conditions (Bhattacharjee et al., 2001; Chen
et al,, 2010). For example, the optimization of nitrogen and
carbon sources has been reported to enhance squalene production
(Chen et al., 2010; Fan et al., 2010; Nakazawa et al., 2012;
Zhang et al., 2019). In a previous study, a drop in squalene
production along with the increasing concentration of carbon
and nitrogen was observed (Zhang et al.,, 2019). Furthermore,
a low amount of NaCl in the culture medium has been reported
to be beneficial for squalene production in several thraustochytrid
strains (Nakazawa et al., 2012; Hoang et al., 2014; Zhang et al.,
2019). Sodium has been suggested to play a role in osmotic
adjustment in thraustochytrid cells without affecting cell
physiology and polyunsaturated fatty acids production (Shabala
et al., 2009, 2013). As culture conditions have differentiating
effects on squalene production, it is important to identify the
key factor that shows a significant influence on squalene
metabolism.

Certain environmental factors have been reported to affect
terpenoid biosynthesis through protein translation, transcription,
and post-transcriptional regulation (Liu et al, 2017). For
example, NaCl was an important factor of terpenoids biosynthesis
(Bursy et al., 2008; Pade et al., 2016) and showed its effects
on the physiological response and metabolism in some
microorganisms (Klahn and Hagemann, 2011; Pade and
Hagemann, 2014; Yan et al,, 2015). In recent work, NaCl was
found to have a role in the regulation of squalene biosynthesis
in a thraustochytrid strain (Zhang et al., 2021). Thermodynamic
analysis revealed that a low concentration of NaCl (5g/L)
could drive biosynthesis through enhanced energy generation.
It was, therefore, important to understand further whether
an optimal level of NaCl affects the transcriptome of
thraustochytrids, particularly, the expression levels of genes
related to the terpenoid biosynthesis.

In this study, various culture conditions were first investigated
to identify the most effective factor that enhances the squalene
content of a thraustochytrid strain—ATCC 26185. The influence

of the most effective factor (NaCl) was then evaluated at the
transcriptome level and the differential expressions of the
key metabolic genes were analyzed. This study provides
information about the mechanisms of NaCl-driven enhanced
squalene content in thraustochytrids and key targets for future
metabolic engineering efforts towards the improvement of
squalene production.

MATERIALS AND METHODS

Strain and Seed Culture

Thraustochytrium sp. ATCC 26185 was purchased from American
Type Culture Collection (Manassas, VA, United States). The
strain was maintained on an agar plate containing an SQU
medium (Zhang et al., 2019). Seed culture was prepared by
inoculating a single colony from the agar plate into a 150ml
Erlenmeyer flask containing 50ml of SQU medium. The
inoculated culture flask was incubated for 2days in a shaker
incubator set at 28°C and 170rpm.

Flask Culture Experiments

Experiments were performed in shake flasks to evaluate the
growth and squalene production under different culture
conditions. The seed culture (10% w/v) was transferred to a
100ml Erlenmeyer flask containing 50ml of fresh medium.
The effects of cultivation time (1-8days), temperature (18°C-
33°C), carbon source (glucose, fructose, sucrose, glycerin, lactose,
and cornstarch), nitrogen source [yeast extract, tryptone, peptone,
(NH,),SO,, KNO;, monosodium glutamate (MSG), and urea],
and NaCl concentration (0-30 g/L) were investigated sequentially
by the one-factor-at-a-time (OFAT) experimental design
(Supplementary Table S1). In addition, experiments were
carried out to study the effects of the various concentrations
of the best carbon and nitrogen sources. All experiments were
conducted in triplicates.

Based on the OFAT experimental results, an orthogonal
design (nine-run) with glucose, yeast extract, and NaCl at
three different levels was formulated. The concentrations of
glucose were 25g/L (level 1), 30g/L (level 2), and 35g/L (level 3),
while for yeast extract and NaCl these were 2.5g/L (level 1),
5g/L (level 2), and 7.5g/L (level 3). The orthogonal experiment
was designed in SPSS Statistic 19 software and the results
were analyzed using ANOVA. To verify the optimized squalene
production, the strain was cultured in a 150ml Erlenmeyer
flask with 50ml of the optimal medium at 28°C, 170rpm
for 3days.

Quantification of Cell Mass and Squalene

For the quantification of cell mass and squalene, the cells
(10 ml culture) were first harvested by centrifugation at 8,000 rpm
for 5min and then washed twice with double distilled water
and lyophilized for 48h in a freeze dryer (Christ, Germany).
These lyophilized cells were stored at —80°C until further
processing. The cell mass and squalene concentration of the
lyophilized cells were measured by the gravimetric method
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and previously described method (Hoang et al, 2014),
respectively. Squalene was extracted from the lyophilized cells
after saponification. For saponification, a mixture of 1.5ml
chloroform:methanol (2:1, v/v) was added to the lyophilized
cells and vortexed for 1min. The cells were then transferred
into a glass tube containing 4ml of 15% (w/v) KOH-methanol:
H,O (4,1, v/v), and the tube was incubated at 60°C in a water
bath for 2h. After cooling down the tube to room temperature,
the unsaponifiable fraction containing squalene was extracted
in 2ml n-hexane. The upper hexane layer was used for squalene
quantification by GC (Agilent 7890B, United States) equipped
with a DB-WAX column (60mx320pmx0.15pm). The
temperature of the flame ionization detector port was set to
250°C and that of the oven was held at 50°C for 1min. The
oven temperature was first increased to 180°C at the rate of
20°C/min, then to 250°C at the rate of 15°C/min, and finally,
hold down at 250°C for 13 min.

Transcriptome Analysis

To understand the possible mechanisms of how NaCl affects
squalene biosynthesis, the transcriptome of the strain ATCC
26185 was analyzed between the cultures grown in optimal
medium with 0g/L (NaCl-0) and 5g/L (NaCl-5) of NaCl
Triplicate culture samples were analyzed for each group. Cells
were harvested from the 54-h culture sample and their total
RNA was extracted for mRNA isolation. The isolated mRNA
was then reverse transcribed to cDNA for next-generation RNA
sequencing (RNA-Seq). RNA-Seq was performed by Biomarker
Technologies Co. Ltd. (Beijing, China). The clustering of the
index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina)
according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an
Mlumina Hiseq 2000 platform and paired-end reads were
generated. The raw reads were trimmed and filtered using the
Trimmomatic platform (Bolger et al., 2014). The resulting clean
reads were then mapped de novo. A total of 30,490
transcripts with an average length of 1360.75 and 22,869
unigenes with an average length of 1254.13 were obtained
after assembly using the Trinity platform (Grabherr et al., 2011;
Supplementary Table S2).

The gene expression was quantified using the RSEM software
(Li and Dewey, 2011). Benjamin Hochberg method was used
to correct the significance value of p obtained from the original
hypothesis test, and the corrected value of p, namely false
discovery rate (FDR), was used as the key index for differential
gene expression (DGE) analysis. An FDR<0.01 and the log,
fold change (log,FC)>2 were used for screening differentially
expressed genes (DEGs). Enrichment factor was used to analyze
the enrichment degree of the pathway, and Fisher’s exact test
was used to calculate the enrichment significance. Gene function
was annotated based on the following databases: NR (NCBI
non-redundant protein sequences), Pfam, KOG/COG/eggNOG,
Swiss-Prot, KEGG, nr, and GO. A total of 10,357 unigenes
were annotated on these databases. GO annotation identified
2,763 unigenes, 44 processes, and 123 DEGs related to biological
process, cellular component, and molecular function

(Supplementary Figure S1). Of the total DEGs, 63, 56, and
57 were functionally associated with the cellular process, cellular
component, and catalytic activity, respectively. No significantly
enriched KEGG pathways were found (Supplementary
Figure S2).

Statistical Analysis

The group means of biomass and squalene concentration and
yield were statistically analyzed at the alpha level of 0.05 using
ANOVA. When the ANOVA F test was significant, the specific
differences between the group means were analyzed using the
Duncan post hoc test. All statistical tests were conducted in
SPSS Statistic 19 software.

RESULTS AND DISCUSSION

Effects of Culture Conditions on Squalene
Production

The flask culture experiments to study the effect of the incubation
period and culture temperature revealed 3days and 28°C as
the optima for maximum yield of squalene (66.97mg/L and
5.37mg/g; Figure 1). The concentration of squalene decreased
significantly after 3 days of incubation despite high and uniform
biomass (Figure 1A). Similar effects of incubation period on
biomass and squalene production have been reported previously
(Fan et al., 2010; Zhang et al., 2019), suggesting rapid oxidation
of squalene to squalene epoxide and/or its utilization as a
carbon source (Bhattacharjee et al., 2001). Furthermore, the
biomass and yield of squalene did not change significantly
between 23 and 33°C (Figure 1B). Therefore, 3 days of incubation
and 28°C were used in further optimization experiments.

Among the tested carbon sources, glucose was the best for
high biomass (5.62g/L) and squalene production (82.14mg/L,
5.62mg/g; Figure 2A). Furthermore, the concentration and
yield of squalene increased along with the glucose concentration
range of 10-30g/L and decreased when the glucose concentration
was more than 30g/L (Figure 2B). A similar pattern of squalene
production along with an increasing concentration of glucose
was observed for Aurantiochytrium sp. TWZ-97 (Zhang et al.,
2019). The drop in squalene production with glucose
concentration above 30g/L could be due to the high osmotic
stress generated by the excess glucose concentration (Singh
et al., 2016). With 30g/L of glucose, the ATCC 26185 culture
produced the maximum biomass (5.74g/L) and squalene
(96.15mg/L, 16.76mg/g). Similar glucose concentration also
yielded high squalene production in the TWZ-97 strain (Zhang
et al.,, 2019).

Nitrogen is an important factor that affects the growth of
thraustochytrids and their squalene production (Chen et al,
2010). In this study, the ATCC 26185 culture produced
significantly (p <0.05) higher biomass and squalene with tryptone,
peptone, or yeast extract compared with the other nitrogen
sources (Figure 3A). Particularly, with the addition of yeast
extract, the culture achieved the maximum biomass (5.12g/L)
and squalene concentration (70.25mg/L). Furthermore, a low
concentration of yeast extract (5g/L) produced the maximum
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FIGURE 1 | Effect of (A) incubation time and (B) incubation temperature on
the biomass and squalene production in ATCC 26185 culture. (a—c): ANOVA
of squalene concentration (mg/L), («, B): ANOVA of squalene yield (mg/g), and
(A,B): ANOVA of biomass (g/L).

squalene (168.34mg/L, 37.53 mg/g; Figure 3B), while the addition
of a large concentration of yeast extract (10-30g/L) reduced
the squalene production. Previous studies have reported yeast
extract as the best nitrogen source for squalene production
in thraustochytrids (Wang et al, 2018; Zhang et al., 2019).
However, under excess nitrogen the productivity of fatty acids
has been found to drop (Heggeset et al, 2019). Our study
demonstrates that an excess of yeast extract (>5g/L) can also
significantly lower the squalene production in ATCC 26185 strain.

The ATCC 26185 culture produced the maximum biomass
with 5g/L of NaCl while it produced the minimum biomass
with 30 g/L of NaCl (Figure 4). These observations are consistent
with the previous reports on the effect of seawater concentration
on the growth of Aurantiochytrium strains, namely 18W-13a
(Nakazawa et al., 2012), mh0186 (Nagano et al., 2009), and
SR21 (Yokochi et al.,, 1998). In addition, the culture showed
a considerable amount of biomass without any addition of
NaCl, which suggested that Na* ions are not essential for the
growth of the ATCC 26185 strain. In the presence of other
ions such as Cl~ and K* in the medium, thraustochytrid cells

A
100 l:lSquxlene concentration 20 710
[_ISqualene yield
[ Biomass
% 80 - {' 18
415
g ®
g 2| -
S L E ¢ 2
E 60 T = 6 )
H I {10 £, Z
£ 2 £
S 40t S H4 £
P ] -]
= =
35 3
s 45
& 20 12
ala b(B b(B dlc c B d|c
L
ol [ 0 Jo
Glucose Fructose Sucrose Glycerin Lactose Starch
Carbon sources
B
140 25 110
—l— Squalene concentration
Squalene yield
=) 120 [ Biomass
) 420 18
E oo} 2 .
g g ~
=} S {63
£ 80 = )
= 2 @2
3 > E
D
§ 60 £ 14 E
o —g' -]
5 40 =
‘E wn
£ 42
@ 20+
Al
0 -0
30 40 50
Glucose concentration (g/L)
FIGURE 2 | Effect of (A) carbon source and (B) glucose concentration on
the biomass and squalene production in ATCC 26185 culture. (a—e): ANOVA
of squalene concentration (mg/L), (A-E): ANOVA of squalene yield (mg/g), and
(o—e): ANOVA of biomass (g/L).

undergo osmotic adjustments upon hypoosmotic stress (Shabala
et al., 2009). As the SQU medium contained both these ions
(Supplementary Table S1), the requirement for Na* in osmotic
adjustment was perhaps not vital for the growth of the ATCC
26185 strain. Furthermore, an optimal concentration of NaCl
(5g/L) was found to boost the squalene concentration and
yield by up to 405.41 mg/L and 54.18 mg/g, respectively. These
findings are in agreement with the previous study where an
optimal concentration of NaCl (7.5 g/L) was reported to enhance
the squalene production by a thraustochytrid strain TWZ-97
(Zhang et al, 2019). More importantly, the major advantage
of an optimal NaCl concentration is that it is favorable to the
biotechnological industry because it can reduce the corrosive
effects of chloride on fermentation equipment (Barclay, 2002).

Overall, the OFAT experimental results indicate that culture
conditions can significantly influence the growth and squalene
production of the ATCC 26185 strain. The addition of glucose
(30g/L), yeast extract (5g/L), NaCl (5g/L), and cultivation at
28°C for 3days are the most favorable culture conditions to
maximize the squalene production. Although the achieved
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squalene yield was somewhat lower compared with that of
the reported high-yielding thraustochytrids strains (Patel et al.,
2019, 2020), our study provides the first comprehensive report
on the effects of a wide range of culture conditions on squalene
production by ATCC 26185 strain.

Optimal Conditions to Maximize Squalene
Production

To further determine the best combination of glucose, yeast extract,
and NaCl levels for a maximum yield of squalene, an orthogonal
experiment [Ly(3%)] was performed (Tables 1, 2). The mean analysis
revealed that the optimal concentrations of glucose, yeast extract,
and NaCl for squalene production were 30, 2.5, and 5g/L, respectively
(Supplementary Table S2). Under these optimal conditions, the
ATCC 26185 culture yielded 456.3 mg/L of squalene. Further batch
experiments were conducted for verification of the results obtained
with the orthogonal experimental design. The verification
experiments showed 2.9g/L of biomass, 160mg/L of squalene,

and 55.2mg/g squalene yield at 72h of fermentation under optimized
culture conditions with 0g/LNaCl (Supplementary Figure S3A).
Conversely, the biomass, squalene content, and squalene yield
were 6.3g/L, 428 mg/L, and 67.7 mg/g, respectively, under optimized
culture conditions with 5g/L (Supplementary Figure S3B). Overall,
the optimal culture conditions described in our study suggest a
significant improvement in the cell growth of the ATCC 26185
strain and its squalene production.

The orthogonal experimental results also revealed glucose
and NaCl as the significant (p<0.05) factors affecting the
concentration and yield of squalene (Table 3). However, NaCl
showed the highest R level (Table 1) and significance (p=0.008),
which suggested that between glucose and NaCl, the latter
was the most influential factor in improving the squalene
production. Our results support the importance of an optimal
NaCl medium in maximizing the growth of thraustochytrids
(Shabala et al, 2009) and also suggest its possible role in
squalene biosynthesis.

Differential Gene Expression Under
Optimal NaCl Condition
In this study, a total of 167 DEGs were annotated on the
KEGG database with no significantly enriched KEGG pathways.
However, six key metabolic genes were identified, namely, IDI,
FAS-a, FAS-b, ALDH3, GS, and NDUFS4, which were differentially
(FDR<0.01, absolute value of log,FC>1) expressed between
the NaCl-0 and NaCl-5 groups (Table 4). The IDI gene of
the mevalonate pathway was significantly upregulated in the
NaCl-5 group with an expression level 2.47-fold that of the
NaCl-0 group. IDI gene encodes isopentenyl-diphosphate
isomerase, which catalyzes the conversion of isopentenyl
diphosphate into dimethylallyl diphosphate—the bottleneck step
in terpenoid biosynthesis (Berthelot et al, 2012). The
co-overexpression of isopentenyl-diphosphate isomerase and
triterpene synthase has been proved to be an effective strategy
for increasing triterpene production (Choi et al., 2016).
FAS-a and FAS-b genes involved in fatty acid biosynthesis
were significantly downregulated in the NaCl-5 group by 0.46-
fold and 0.37-fold, respectively (Table 4). These genes encode
the fatty acid synthase subunits o (FAS-a) and f (FAS-p),
respectively. Therefore, the significant downregulation of these
two genes could reduce the consumption of acetyl-CoA in
the fatty acid biosynthesis pathway, which may be beneficial
to squalene biosynthesis. Furthermore, the ALDH3 gene was
significantly upregulated by 2.29-fold in the optimal NaCl
medium. The product of the ALDH3 gene catalyzes the generation
of acetyl-CoA from acetaldehyde (Eglinton et al., 2002). Previous
studies have reported that acetyl-CoA acts as the precursor
for both fatty acid and squalene biosynthetic pathways (Morabito
et al, 2019). As a precursor for squalene biosynthesis, the
acetyl-CoA pool has an essential role in the squalene production
by oleaginous microorganisms (Huang et al., 2018; Liu et al,,
2020). Our findings suggest that the upregulation of genes
involved in the biosynthesis of acetyl-CoA in an optimal NaCl
medium could have a possible role in the improved squalene
accumulation in ATCC 26185 strain.
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TABLE 1 | Orthogonal experimental design and analysis for glucose, yeast
extract, and NaCl as the factors.

Runs Factor levels Squalene
(mg/L)*
Glucose Yeast NaCl
extract

1 1 1 1 285.8
2 2 2 1 300.7
3 3 3 1 263.6
4 2 1 2 456.3
5 3 2 2 364.7
6 1 3 2 371.2
7 3 1 3 282.3
8 1 2 3 200.4
9 2 3 3 303.8
R 67.81 52.87 135.24

*Squalene concentration at 72 h of fermentation is provided.

The GS gene expression in the NaCl-5 group was found to
be significantly downregulated by 0.49-fold (Table 4). GS gene
encodes glutamine synthetase, which catalyzes the condensation
of glutamate to glutamine. The low expression level of this
gene could increase the glutamate pool, which can enter the
TCA cycle and contribute to ATP production eventually. In
addition, as a compatible solute for osmotic adjustment, the
possible glutamate build-up may contribute to osmotic stress
resistance (Kang and Hwang, 2018; Zhang et al., 2021).

The expression level of NDUFS4 gene in the NaCl-5 group
was 2.08-fold that of the NaCl-0 group (Table 4). This gene

TABLE 2 | Factors and respective levels of the orthogonal experimental design.

Levels Factors
A B C
NaCl Yeast extract Glucose (g/L)
(g/L) (g/L)
1 2.5 2.5 25
2 5 5 30
3 7.5 7.5 35

encodes NADH dehydrogenase, which belongs to proton
translocation complex I and is an important component of
the electron transport chain. The increased expression level of
the NDUFS4 gene perhaps indicates that NaCl can influence
ATP generation in the ATCC 26185 strain. Previous studies
have shown that the enhancement of ATP synthesis contributes
to greater squalene synthesis since the mevalonate pathway
contains  three = ATP-dependent phosphorylation and
decarboxylation steps (Yang et al, 2016). Moreover, the
accumulation of ATP may provide a strong thermodynamic
driving force for the mevalonate pathway constrained by the
ACAT-catalyzed reaction (Zhang et al, 2021), eventually
contributing toward terpene biosynthesis in thraustochytrids.

Overall, the transcriptomics data possibly suggest that an
optimal NaCl medium may elevate the fluxes of acetyl-
CoA and compatible solutes, which eventually contribute
toward squalene biosynthesis and osmotic adjustments
in thraustochytrids.
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TABLE 3 | ANOVA output of the orthogonal experiment with glucose, yeast
extract, and NaCl as the factors.

Factors SS df MS F value p value
Modified 43360.79 6 7226.80 56.43 0.018
model

Intercept 889123.27 1 889123.27  6942.599 0
Glucose 7417.98 2 3709.00 28.96 0.034
Yeast 4202.44 2 2101.22 16.27 0.058
extract

NaCl 31745.72 2 15872.86 122.87 0.008
Error 258.37 2 129.19

TABLE 4 | Expression level and fold change of DEGs (FDR<0.01) in ATCC
26185 strain cultivated with and without NaCl (5 g/L).

Gene KO Expression quantity Fold Log, (fold
(RPKM) change change)
NaCl-0 NaCl-5
DI K01823 88.49 218.97 2.47 1.2695
FAS-a K00667 258.24 105.00 0.41 -1.2823
FAS-p K00668 163.87 57.45 0.37 —1.4093
ALDH3 K00129 30.54 69.84 2.29 1.1746
GS K01915 36.77 17.99 0.49 —1.0203
NDUFS4 K03937 174.16 362.35 2.08 1.0328

Nevertheless, fluxomics is essential to provide direct evidence
to reveal the metabolic fluxes in an optimal NaCl medium.
Interestingly, the identification of key genes in our study would
provide valuable information for future metabolic engineering
of thraustochytrids strains toward better squalene production.

CONCLUSION

In this study, ATCC 26185 strain showed a significant increase
in its squalene content under optimized culture conditions.
Although glucose and NaCl were both significant factors for
squalene production in ATCC 26185 culture, the role of NaCl
was pivotal. Furthermore, comparative transcriptomics revealed
that an optimal NaCl medium might induce acetyl-CoA flux,
resulting in increased squalene biosynthesis. In addition, an
optimal NaCl medium also downregulates the metabolic gene
that converts glutamate to glutamine, thereby increasing the
glutamate pool in the cells. The increased glutamate level could
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