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High CO, increases lipid and polyunsaturated fatty acid productivity
of the marine diatom Skeletonema costatum in a two-stage model
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Abstract

Lipid and polyunsaturated fatty acids (PUFA) from microalgae can be used as biodiesel and health care products. How to
enhance their productivity is crucial for successful commercial production. In this study, a two-stage model was used to
stimulate the production of lipids and PUFA in a bloom-forming marine diatom Skeletonema costatum. Cells were cultured
in ambient air (0.04% CO,) in the first stage and transferred to two high CO, levels (5% and 10%) in the second stage. The
medium CO, level (5%) increased both specific growth rate and lipid content and hence almost doubled lipid productivity
compared to 0.04% CO, level. Although a 10% CO, level induced the highest lipid content, it had negative effects on the
specific growth rate and soluble carbohydrate synthesis, and the lipid productivity was not as high as 5% CO,. Neither CO,
level affected the cell size, chlorophyll a content, or soluble protein content. High CO, levels also increased the synthesis of
PUFA, e.g., eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Although high CO, levels increased iodine value
and decreased the cetane number of oil exacted from S. costatum, they fall in the range of the European standard, suggesting
its suitability for biodiesels. These findings indicate that a two-stage model with high CO, induction is an effective approach
for the production of biodiesel and PUFA from S. costatum, which could be used in both biofuel and health care markets.
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Introduction

Increasing CO, due mainly to anthropogenic activities is
causing a series of environmental problems, including
global warming, ocean acidification, marine heatwaves, etc.
These climate change and extreme weather events are lead-
ing to severe ecological risks and social problems, such as
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biodiversity loss, species extinction, harmful algal blooms,
food security, and even human mortality (IPCC 2018). To
reduce carbon emission, the use of carbon-zero bioenergy
to replace fossil fuels is deemed as a feasible and effective
approach (Reid et al. 2020).

Biofuels have developed to the 3rd generation that iden-
tifies the viability of microalgae due to their high yield
of biofuel and easy extraction apart from without com-
peting for arable land with crops (Subhadra and Edwards
2010; Gao et al. 2019a). A variety of microalgae, includ-
ing freshwater and seawater species, have been examined
for biofuel production suitability and even some macroal-
gae have been considered (Adeniyi et al. 2018; Gao et al.
2020). After reviewing previous studies, we found that
chlorophyte microalgae, such as Chlorella and Dunaliella,
and the eustigmatophyte Nannochloropsis, have received
much more attention thanks to their advantages in growth
rates and lipid content (Dickinson et al. 2017; Peng et al.
2020). Diatoms, in spite of their rich diversity and high
contribution to marine primary production, receive lit-
tle attention in the field of biofuel though recent studies
show the potential and advantages of diatoms in bioenergy
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sources (Levitan et al. 2014; Gao et al. 2019a). In addi-
tion to biofuel, lipids from microalgae could be an ideal
source to supply polyunsaturated fatty acids (PUFA) that
are broadly known for their beneficial effects on human
health (Jiang et al. 2016; Saini and Keum 2018). Humans
must ingest DHA and EPA from food since they cannot
synthetize these long-chain PUFA in vivo. The majority
of supplements of DHA and EPA are from marine fish oil
until now, while the rising demand has led to overfish-
ing (Boelen et al. 2013). Therefore, increasing attention
is played to microalgae that have high PUFA contents
and rapid growth rates apart from their environmental
favorability.

Enhancing lipid content is essential for obtaining high
lipid productivity. Microalgae usually increase the synthesis
of lipids under stressful environments (Jaiswal et al. 2020).
For instance, nitrogen or silicon deficiency has been proven
to be an efficient technique to induce lipid accumulation
in diatoms (Brennan and Owende 2010; Jiang et al. 2016;
Gao et al. 2019a). The disadvantage of stress stimulus
is that it can commonly reduce growth rates in spite of
its stimulation in lipid synthesis (Jiang et al. 2016). To
balance the growth rates and lipid content is a challenge
for lipid production. Accordingly, a two-stage culture
model is proposed to address this challenge, in which algae
are cultured in favorable conditions in the first stage to
maintain high growth rates and suffer from environmental
stress, including nutrient, temperature, salinity, metal ions,
irradiance, to induce lipid accumulation in the second
stage (Su et al. 2011; Sibi et al. 2016; Gao et al. 2019a).
The culture period for the second stage is usually very short
to reduce its negative effects on growth. Therefore, a two-
stage model has higher lipid productivity compared to the
regular one-stage culture method (Su et al. 2011; Gao et al.
2019a). The two-stage culture model has been successfully
used for Nannochloropsis oculata (Aléman-Nava et al.
2017) and Chlorella sp. (Nayak et al. 2019). Our recent
study also applied this model to Skeletonema costatum with
co-limitation of nitrogen and silicon used in the second
stage (Gao et al. 2019a). However, little is known whether
high CO, levels would induce more lipid accumulation in
S. costatum.

Skeletonema costatum is a bloom-forming alga, with
high growth rates when nutrients are abundant (Gao et al.
2018a). Furthermore, it has high tolerance against harsh
culture conditions, suggesting an ideal biofuel source
according to the strain selection criteria (Dickinson et al.
2017). Here, we proposed that the two-stage model with
high CO, treatment in the second stage would enhance
the productivity of lipid and PUFA in S. costatum. In this
study, we test the hypothesis via growing S. costatum in
a two-stage model and assessing its growth rates, lipid
content, and fatty acid profile.
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Materials and methods
Species collection

Skeletonema costatum was originally isolated from coastal
waters of the Yellow Sea (34°42'36.55"N, 119°2924.37"E),
China. Before the experiment, cells of S. cotatum were
cultured with natural seawater enriched with F/2 medium
at 20 °C in an incubator (GXZ-500B, Ningbo, China) for
7 days, and the light density was 200 pmol photons m™2 s~
with a 12-h:12-h light—dark cycle. Then the cells in the
exponential growth phase were collected for the following
experiment.

Experimental design

A two-stage culture model was designed in this study. The
cells were first cultured in a semi-continuous mode for
5 days and a stable growth rate (~0.92 day~!) was obtained
(the first stage). The culture was aerated with the ambient
air (0.04% CO,) that was filtered through a 0.22-pm filter
(Millipore, USA) during this stage. Then partial cells were
transferred to 5% and 10% CO, conditions for 6 h induction
(the second stage). The period of 6 h was chosen because
longer periods of stress induction would lead to significant
decreases in growth, which hinder the enhancement of lipid
productivity (Gao et al. 2019a). The enriched CO, was sup-
plied by a CO, enricher (CE100C-2, Ruihua, China) that
could output CO, levels with a variation less than 3% of set-
ting values. The cells kept in ambient air were set as control,
termed one-stage model. The initial cell density for each
CO, condition was 1x 10° cells mL ™!, and there were three
replications under each CO, condition. All physiological
and biochemical parameters in the following sections were
measured after 6 h induction.

Measurement of growth and cell size

Cell density was measured by a spectrophotometric method.
Two milliliters of algal suspensions from each CO, condi-
tion were scanned with a microplate reader (Thermo, Multi-
skan GO, USA), and the OD value at 680 nm was recorded.
The cell density was determined with the OD value and a
standard curve (Gao et al. 2019a). The cell size was meas-
ured with a graticule under a microscope (DM500, Leica,
Germany).

Measurement of photosynthetic pigments

The contents of chlorophyll a (Chl a) and carotenoid were
determined according to Gao et al. (2009). Specifically,



Journal of Applied Phycology

50 mL of algal suspensions were filtered onto a GF/F mem-
brane (25 mm, Whatman, UK) and then extracted by 5 mL
of methanol overnight at 4 °C under darkness. After cen-
trifugation (5000 X g, 10 min), the supernatant was scanned
by a microplate reader (Thermo, Multiskan GO, USA). The
optical density values at 480 nm, 510 nm, 632 nm, 665 nm,
and 750 nm were used to calculate the concentrations of
Chl a and carotenoid according to the following equations:

Chla(ugmL™") = 13.2654 x (A665 — ATS0) — 2.6839 X (4632 — A750);
Carotenoid(ugmL™") = 7.6 x ((A480 — A750) — 1.49 X (A510 — A750));

The contents (pg cell™!) of Chl ¢ and carotenoid were
determined by cell density and pigment concentration (pg
mL™h).

Measurement of biochemical composition

The soluble protein content of the algae was determined by
the modified Bradford method (Bradford 1976). Algal cells
were collected via centrifuging (5000 X g, 10 min) 5 mL of
algal suspensions and broken via freezing—thawing three
times. Then 5 mL of PBS buffer (0.143 mol L~' NaH,PO,
and 0.013 mol L™! Na,HPO,) was added, and the solution
was shaken in an ultrasonic cleaner for 1 h before the cen-
trifugation (5000 X g, 10 min). Four milliliter Coomassie
Brilliant Blue solution (100 mg G-250, dissolved in 50 mL
of 95% ethanol solution, mixed with 100 mL of 85% phos-
phoric acid, and added with water to 1000 mL) was added
to 1 mL of the supernatant. After mixing, the mixture was
kept at room temperature for 3 min before being measured
at 595 nm with a microplate reader (Thermo, Multiskan GO,
USA). The soluble protein concentration (ug mL™") of the
algae was determined according to a protein standard curve.
The soluble protein content (% DW) was calculated from the
dilution factor, cell concentration, and dry weight (DW).
The soluble carbohydrate was determined by a modified
anthrone-sulfuric acid colorimetric method (Deriaz 1961).
Algal cells were collected by centrifuging (5000 g, 10 min)
5 mL of algal suspensions and broken by freezing—thawing
three times. Then 5 mL of PBS buffer (0.143 mol L~! NaH,PO,
and 0.013 mol L™ Na,HPO,)) were added, and the solution was
shaken in an ultrasonic cleaner for 1 h and boiled for another
hour. After centrifugation (5000 g, 10 min), 1 mL supernatant
was added to 4 mL of sulfuric acid-anthrone (0.2 g anthrone
dissolved in 100 mL of concentrated sulfuric acid). After boiling
for 10 min, the mixture was rapidly cooled to room temperature,
and the absorbance was measured at 620 nm with a microplate
reader (Thermo, Multiskan GO, USA). The soluble carbohydrate
concentration is determined according to a standard curve. The
soluble carbohydrate content (% DW) was calculated from the
dilution factor, cell concentration, and dry weight (DW).

The contents of lipids and fatty acids (FA) were meas-
ured according to Gao et al. (2019a). Lipid productivity is
the production of lipid during 6 h culture. Quantification of
FA was based on peak areas of individual peaks identified,
expressed as a percentage of the total peak areas for total
fatty acid methyl esters (FAME).

Properties of oil from S. costatum

Physical characteristics of oil exacted from S. costatum were
assessed based on the number of double bonds, chain length,
and proportion of each fatty ester component in total fatty
acids. As important indexes for physical characteristics of
diesel, iodine value (IV) and cetane number (CN) are used
to assess the quality of biodiesel from S. costatum according
to Gao et al. (2019a).

Statistical analysis

Results in this study were expressed as means of three rep-
licates + standard deviation. Data were analyzed with the
software SPSS v.23. The data conformed to a normal distri-
bution (Shapiro-Wilk, P> 0.05) and variances were equal
(Levene’s test, P> (0.05). One-way univariate analysis of var-
iance (ANOVA) was conducted to analyze the effects of CO,
on biomass density, cell diameter, Chl a content, carotenoid
content, soluble protein content, soluble carbohydrate con-
tent, total lipid content, lipid productivity, iodine value, and
cetane number. One-way multivariate ANOVA (MANOVA)
was conducted to assess the effect of CO, on the composi-
tion of fatty acids. The least significant difference (LSD) was
conducted for post hoc investigation. A confidence interval
of 95% was set for all tests.

Results

The effects of CO, on the growth and cell size of S. costatum
were first investigated (Fig. 1). CO, had a significant effect
on biomass density (ANOVA, F(Z,ﬁ) =31.326, P=0.001).
Post hoc LSD comparison (P=0.05) showed that cells cul-
tured at 5% CO, had the highest biomass density and 10%
CO, reduced growth although the decrease was not statisti-
cally significant (Fig. 1A). Compared to control, 5% CO,
enhanced biomass density by 52.60%. In contrast, CO, did
not affect cell diameter (ANOVA, F 2.6=0.929, P=0.445)
that showed a narrow range (5.00-5.12 um) under different
CO, conditions (Fig. 1B).

Photosynthetic pigments of S. costatum under different
CO, levels were also measured (Fig. 2). CO, (ANOVA,
F56,=0.100, P=0.906) did not affect Chl a content that
ranged from 0.14 to 0.15 pg cell~! under different conditions
(Fig. 2A). Carotenoid content varied with CO, concentration
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Fig. 1 Effects of CO, concentrations on biomass density (A) and cell
diameter (B) of S. costatum after 6 h induction culture. The initial
cell density was 1Xx 10° cells mL~", and the air culture was set as the
control, representing the one-stage culture model. Different lower-
case letters represent significant differences among treatments (LSD,
P <0.05). The error bars indicate standard deviations (n=3)

0.25
1 (A)

= 0.20 4 a
2T 0.15 ] @ ;
c = 0. -
g 8 ]
© 20.10 1
c 4
O 0.054

0.00

0.15 )
- 1 (B
g 0.12-
% _ ] a a
; '@0.0Q—_ b
<]
= g0.0G—_
S 0.037
O B

0.00

Control 5% CO, 10% CO,
Treatments

Fig.2 Effects of CO, concentrations on the contents of Chl a (A) and
carotenoid (B) of S. costatum after 6 h induction culture. The air cul-
ture was set as the control, representing the one-stage culture model.
Different lowercase letters represent significant differences among
treatments (LSD, P <0.05). The error bars indicate standard devia-
tions (n=3)
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(ANOVA, F(;6,=7.598, P=0.023) and the lowest value
(0.07 pg cell™") occurred at 5% CO, level, with the differ-
ence between control and 10% CO, insignificant (Fig. 2B).
Compared to control, the carotenoid content was reduced by
25.43% when cells were cultured at 5% CO,.

The biochemical composition of S. costatum cultured at
various CO, levels was also estimated (Fig. 3). Content of
soluble protein ranged from 4.23 to 5.82% DW, although the
change among CO, treatments was not statistically signifi-
cant (ANOVA, F 2.6)= 2.863, P=0.134). In contrast, CO,
significantly affected the content of soluble carbohydrate
(ANOVA, F(2!6)=21.187, P=0.002). Post hoc LSD com-
parison (P =0.05) showed that 10% CO, reduced the con-
tent of soluble carbohydrate by 30.89% compared to control,
while 5% CO, did not have a significant effect.

In terms of the content of total lipids (Fig. 4A), it
increased with CO, level (ANOVA, F(2’6) =140.799,
P<0.001), from 12.18 under control to 20.71% DW at 5%
CO, and then to 22.74% DW at 10% CO,. CO, also affected
lipid productivity (ANOVA, F,4 =191.641, P<0.001,
Fig. 4B). Different from lipid content, the highest value for
lipid productivity (18.43+0.19 mg L™!) occurred at 5%
CO,, followed by that (15.71+0.97 mg LY at 10% CO,,
which were, respectively, 92.94% and 64.44% higher than
that under control.
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Fig.3 Effects of CO, concentrations on the contents of soluble pro-
tein (A) and carbohydrate (B) of S. costatum after 6 h induction cul-
ture. The air culture was set as the control, representing the one-stage
culture model. Different lowercase letters represent significant dif-
ferences among treatments (LSD, P <0.05). The error bars indicate
standard deviations (n=3)
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Fig.4 Effects of CO, concentrations on total lipid content (A) and
productivity (B) of S. costatum after 6 h induction culture. The air
culture was set as the control, representing the one-stage culture
model. Different lowercase letters represent significant differences
among treatments (LSD, P <0.05). The error bars indicate standard
deviations (n=3)

The fatty acid composition of S. costatum cultured
under different CO, conditions was further investigated
(Table 1). Among the identified 11 fatty acids, C16:0 is
the dominant one, accounting for 33.82-41.98% of total
FAME. C14:0 is the second most abundant fatty acid, fol-
lowed by C16:1 and C18:0. C20:5(n-3) is the most abun-
dant PUFA, having a proportion of 5.75-9.35% of total
FAME. CO, did not affect the content of C12:0, C18:1(n-
9¢) or C18:2(n-6¢) (Table 2). Compared to control, 5%
CO, increased the contents of C14:0, C15:0, C16:1,
C18:3(n-3), C20:5(n-3), C22:6(n-3), monounsaturated
fatty acids (MUFA), and PUFA but reduced the contents
of C16:0, C18:0, and saturated fatty acids (SFA); 10%
CO, increased the contents of C15:0, C16:1, C20:5(n-3),
C22:6(n-3), MUFA, and PUFA.

To assess the characteristics of lipid as biodiesel, iodine
value and cetane number of lipid under different con-
ditions were investigated (Fig. 5). lodine value ranged
37.41-58.81 g1, 100 g~! oil and cetane number varied from
62.42 to 68.11. CO, affected both iodine value (ANOVA,
F(2,6)=75.211, P <0.001) and cetane number (ANOVA,
F(2,6)=94.397, P <0.001). Post hoc LSD comparison
(P=0.05) showed that 5% CO, resulted in the highest iodine
value, followed by 10% CO,. On the other hand, 5% CO, led
to the lowest cetane number and 10% CO, also reduced it
compared to control.

Table 1 Effects of different CO, on fatty acid composition (% of total
FAME) of S. costatum after 6 h induction culture. Values are means
of three replicates + standard deviation. The air culture was set as the
control, representing the one-stage culture model. Significant differ-
ences (P <0.05) among the treatments are indicated by different low-
ercase letters (n=3). SFA, saturated fatty acids; MUFA, monounsatu-
rated fatty acids; PUFA, polyunsaturated fatty acids

Fatty acid Control 5% CO, 10% CO,
C12:0 0.11+0.01*  0.10£0.01*  0.10+0.01*
C14:0 1824+1.19° 2541+0.12° 18.54+0.70"
C15:0 0.90+0.05°  1.18+0.01*  1.04+0.04°
C16:0 41.98+1.45° 33.82+0.27° 41.50+0.45°
cl16:1 9.56+0.52°  12.03+02*  11.71+0.18*
C18:0 8.53+1.49°  430+029°  8.51+0.64°
C18:1(n-9¢) 027+0.31*  0.16+£0.01*  0.34+0.31°
C18:2(n-6¢) 0.36+0.35*  0.21+0.01*  0.45+0.35
C18:3(n-3) 0.10£0.02°  021+0.01*  0.16+0.06®
C20:5(n-3) 575+032°  9.35+0.28"  6.80+0.04°
C22:6(n-3) 0.93+0.06°  1.97+0.09°  1.62+0.13°
Unknown fatty acids ~ 13.30+0.14*  11.25+0.06" 9.22+0.29°
SFA 69.75+1.71*  64.81+0.50° 69.7+0.56
MUFA 9.82+0.83°  12.19+0.19° 12.04+0.25°
PUFA 7134075 11754035 9.04+0.53°
Discussion

Seawater is CO,-limited for diatoms because CO, levels
are around 10 pmol L™! (20 °C) that is lower than half the
saturation constant of ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) for most marine diatoms (Hopkinson
et al. 2011). Therefore, the modest increase of CO, could
commonly enhance algal photosynthesis and growth (Singh
and Singh 2014; Hu et al. 2018; Lei et al. 2020). In this
study, 5% CO, also increased the growth of S. costatum
compared to the ambient air. This finding combined with
our previous study (Gao et al. 2019b) indicates that S.
costatum would benefit from rising CO,, which is favorable
for biofuel production from this species in future scenarios.
However, further increases in CO, levels led to the decrease
of growth in S. costatum. In addition to the positive effect
of CO, enrichment, increased CO, can lead to the decrease
of seawater pH, which can disturb the acid—base balance
between extracellular and intracellular environments and thus
impose negative effects on algal growth (Gao et al. 2018c).
Increased CO, levels did not affect the cell size of S. costatum
in the present study, and this finding is consistent with the
result of Phaeodactylum tricornutum cultured at 1000 ppm
CO, for 20 generations (Li et al. 2017). However, 1000 ppm
CO, increased the cell volume of the coccolithophore
Gephyrocapsa oceanica after 10 generations of acclimation.
Therefore, the response of cell size to increased CO, may be
species-dependent.

@ Springer
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Table 2 Multivariate analysis of variance of the effects of CO, on the
fatty acid content of S. costatum after 6 h induction. DF means degree
of freedom, F means the value of F statistic, and Sig. means p-value

Source Fatty acid DF F Sig
C12:0 2 1.032 0.412
Cl14:0 2 77.23 <0.001
C15:0 2 49.264 <0.001
C16:0 2 79.665 <0.001

Co, Cle:1 2 48.02 <0.001
C18:0 2 19.748 0.002
C18:1(n-9¢c) 2 0.354 0.716
C18:2(n-6¢) 2 0.517 0.621
C18:3(n-3) 2 6.648 0.030
C20:5(n-3) 2 168.95 <0.001
C22:6(n-3) 2 91.756 <0.001
Unknown fatty acids 2 354.103 <0.001
SFA 2 20.854 0.002
MUFA 2 20.343 0.002
PUFA 2 49.687 <0.001
C12:0 6
C14:0 6
C15:0 6
C16:0 6

Error Cl6:1 6
C18:0 6
C18:1(n-9c) 6
C18:2(n-6c) 6
C18:3(n-3) 6
C20:5(n-3) 6
C22:6(n-3) 6
Unknown fatty acids 6
SFA 6
MUFA 6
PUFA 6

High CO, could usually reduce Chl a content because
high CO, levels could enhance the sensitivity of algae to
high light (Gao et al. 2016). Decreased light-capture pig-
ments could avoid the overexcitation of electron transport
and hence photoinhibition. However, high CO, did not affect
Chl a content of S. costatum in this study, although 5% CO,
did reduce carotenoid content. The different results from the
previous studies may be due to the shorter exposure period
used in this study. Increased CO, usually enhances carbohy-
drate content in algae because of the stimulating effects on
photosynthesis (Mercado et al. 1999; Xu et al. 2017). Mean-
while, the mute effect of high CO, on carbohydrate content
was also found in Ulva rigida and Skeletonema marinoi
(Olofsson et al. 2015; Gao et al. 2017). In this study, 5%
CO, did not affect carbohydrate content and 10% CO, even
reduced it. High CO, may inhibit the photosynthetic carbon

@ Springer

1(A)

lodine value

80

60

40

20 H

Cetane number

Control 5% CO,

Treatments

10% CO,

Fig.5 Effects of CO, concentrations on iodine value (A) and cetane
number (B) of biodiesels from S. costatum after 6 h induction cul-
ture. The air culture was set as the control, representing the one-stage
culture model. Different lowercase letters represent significant dif-
ferences among treatments (LSD, P <0.05). The error bars indicate
standard deviations (n=3)

fixation of S. costatum through the decreased pH, which led
to the decreased growth.

In contrary to carbohydrates, increased CO, induced lipid
accumulation in S. costatum. Lipid biosynthesis requires car-
bon skeleton and ATP that could be supplied by photosyn-
thesis. Therefore, increased CO, could stimulate lipid syn-
thesis through increased photosynthetic rates. For instance,
0.2% CO, increased lipid content in U. rigida by 17-34%
under different nitrate and temperature conditions compared
to 0.07% CO, (Gao et al. 2017). High CO, (1%) increased
total lipids in Dunaliella viridis from 1.83 to 2.06 pg cell™!
under n-limited conditions (Gordillo et al. 1998). In this
study, although 10% CO, had negative effects on carbohy-
drate synthesis and growth of S. costatum, it induced the
highest lipid content. Therefore, the increased lipid synthe-
sis may not come from photosynthesis but from carbon and
energy diversion from protein and carbohydrate, because
the contents of protein and carbohydrate were reduced at the
highest CO, level. Compared to protein and carbohydrates,
the lipid is preferentially synthesized in stressful environ-
ments because it is cost-optimal for rebuilding cells after the
stress (Rodolfi et al. 2009; Gao et al. 2018b).

Lipid productivity is a critical index for biodiesel pro-
duction (Griffiths and Harrison 2009; Gao et al. 2019a)
as it integrates two key desirable characteristics: growth
rate and lipid content. In this study, two higher CO, levels
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resulted in enhanced lipid productivity, particularly for 5%
CO, that almost doubled lipid productivity compared to con-
trol. Although 10% CO, led to the decrease of algal growth,
the lipid productivity was still higher compared to control
due to higher lipid content. The highest lipid productivity
(18.43+0.19 mg L™!) of S. costatum induced by 5% CO,
in this study is lower than that (41.76-64.71 mg L~! day™)
in Nannochloropsis sp. but higher than that (9-13 mg
L~ day™") in some Chlorella strains (Gu et al. 2012; Zheng
et al. 2021). It is worth noting that the lipid productivity in
this study is based on 6 h rather than 24 h used by previous
studies. Therefore, the lipid productivity would be further
enhanced if the culture period is considered.

Higher CO, level (5%) increased MUFA and PUFA but
reduced SFA in S. costatum. A similar trend was also found
in Scenedesmus obliquus and Chlorella pyrenoidosa (Tang
et al. 2011). The possible reason for this phenomenon is that
higher CO, concentrations could stimulate enzymatic desat-
uration and hence increase the content of unsaturated fatty
acids but reduce saturated fatty acids (Vargas et al. 1998;
Tang et al. 2011). The finding in this study combined with
previous studies indicates that high CO, cultured microal-
gae are favorable for supplying PUFA for humans. In terms
of biodiesel quality, lower iodine values and higher cetane
numbers are desirable for biodiesels (Francisco et al. 2010;
Gao et al. 2019a). The European standard (EN 14,214)
defines a maximum of 120 g I, (100 g)~! oil for iodine
value and a minimum of 51 for cetane number. In the present
study, the increased synthesis of unsaturated fatty acids in S.
costatum cultured under higher CO, levels led to the higher
iodine value and lower cetane number. However, even the
highest iodine value and the lowest cetane number conform
to the European standard, indicating that oil exacted from
S. costatum cultured at higher CO, levels is still suitable to
be used as biodiesels.

Conclusions

This study investigated the effects of high CO, levels on the
production of lipid and fatty acids of a bloom-forming dia-
tom in a two-stage model for the first time. The medium CO,
level (5%) is proved to be optimal for lipid and PUFA pro-
duction as it enhanced both the specific growth rate and lipid
content. Further increase in CO, level had negative effects
on the specific growth rate of S. costatum and then reduced
the lipid productivity compared to 5% CO,. The lipid from
S. costatum cultured at higher CO, levels is favorable for
PUFA production and also suitable for biodiesel.
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