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A B S T R A C T

Industrial flue gas serves as a major source of CO2 emissions. Currently, the exploration on how to use microalgae 
to absorb it and produce more lipids and polyunsaturated fatty acids (PUFAs) has emerged as a promising 
research direction. However, maintaining microalgal growth rates under high CO2 concentrations remains a key 
bottleneck in research. In response to this, we pioneered a stepwise CO2 acclimation approach, whereby 
Phaeodactylum tricornutum—a model diatom isolated from the South China Sea with rapid growth and high PUFA 
content—were sequentially acclimated to 2 %, 5 % and 7.5 % CO2. The results demonstrated that this approach 
enabled more stable growth. Furthermore, after acclimation, larger cell diameter, more carbon accumulation, 
higher carbon capture rate and lipid production were attained. The coupling of 7.5 % CO2 and nitrogen defi
ciency (HCLN) resulted in 69.1 % higher carbon capture rate at 6 h and induced higher lipid productivity by 32 
%, 46 % and 44 % at 6 h, 12 h and 24 h, respectively compared to 0.04 % CO2 & high nitrogen (ACHN). In 
addition, the production of PUFAs was also promoted, especially for eicosapentaenoic acid (EPA) and docosa
hexaenoic acid (DHA). The maximum promoting effect of HCLN on EPA and DHA appeared at 6 h with increases 
of 64 % and 280 % respectively compared to ACHN. This study suggests that the stepwise CO2 acclimation 
strategy is an effective approach for microalgae to capture CO2 and produce lipid and PUFAs, which is beneficial 
for the combination of flue gas treatment and product markets (e.g., biofuel and health care).

1. Introduction

The increasing concentration of CO2 in the atmosphere leads to more 
and more serious climate change and extreme weather, such as global 
warming, ocean acidification and marine heat waves, which is affecting 
the economic development and health of human [1,2]. It is well known 
that the main factors for the increasing CO2 are the rapid development of 
heavy industry and the extensive use of fossil fuels [3]. CO2 in flue gas 
has traditionally been absorbed through chemical and physical, 
methods, which are effective but costly and ecologically damaging. 
Microalgae-based biological approaches are a more environmentally 
friendly and sustainable alternative for flue gas treatment and renew
able biofuel production [4]. In addition, in order to reduce CO2 emission 
at source, the feasible and effective approach is to replace fossil fuels 
with carbon-zero bioenergy [5].

As the third-generation biofuel, algae have many advantages 
compared to the first and second generation, such as faster growth rate, 

higher photosynthesis effectivity, without competing for arable land 
with crops and easy extraction [6–8]. There are a variety of researches 
on algae suitability for use as biofuels, including macroalgae and 
microalgae, freshwater and seawater species [9–11]. Among them, 
Chlorella, Dunaliella, and Nannochloropsis have received much more 
attention thanks to their high growth rates and lipid content [12,13]. 
Currently, there is increasing attention to diatom species, which con
tributes 40 % of the marine’s primary productivity [1,14]. In addition to 
biofuel, lipid produced by microalgae can be an ideal source for 
generating valuable polyunsaturated fatty acids (PUFA), such as doco
sahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which are 
beneficial for human health [15,16]. It was well known that human 
cannot synthetize DHA and EPA in vivo, and regular consumption of 
EPA and DHA supplements has been shown to reduce inflammation and 
prevent cardiovascular disease [17], so they must depend on food. 
However, by far the majority of DHA and EPA comes from marine fish 
oil, which can lead to overfishing. Although more and more attention 
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has been paid to the production of PUFA by diatoms, the understanding 
on the combination of flue gas treatment and PUFA production with 
diatom remains limited.

Lipid synthesis in microalgae is often increased under environmental 
stress, including high CO2 conditions. CO2 assimilation by microalgae 
serves as a critical determinant for the biosynthesis of cellular lipids and 
fatty acids. Microalgae absorb CO2 from seawater and concentrate it 
intracellularly via the CO2 concentrating mechanism (CCMs) to facili
tate carbon fixation. The fixed carbon is subsequently allocated to lipid 
and fatty acid biosynthesis [18–21]. Consequently, elevated environ
mental CO2 levels could enhance lipid and fatty acid accumulation in 
microalgae. For instance, compared to the ambient CO2 (0.04 % CO2), 
lipid content of Skeletonema costaum was enhanced by 70 % and 87 % at 
5 % and 10 % CO2 concentration, respectively [1]. Lipid productivity of 
S. costaum was increased by 42.7 % and 113.7 % for 12 h induction 
under Si-limitation and N-Si-limitation, respectively [7]. Xie et al. 
demonstrated that carbon removal rate and lipid content of S. costaum 
were increased by 28.9 % and 26.8 % under 5 % CO2, respectively [14]. 
However, previous studies had promoted lipid the expense of growth 
rates, although an effective two-stage culture model had been adopted to 
address this challenge. How to domesticate acid-resistant microalgae to 
maintain stable growth and promote the accumulation of lipids and fatty 
acids still faces great challenges.

Currently, the production of biomass from flue gas primarily relies on 
freshwater algae, with limited research focusing on marine diatoms 
[4,22]. However, marine diatoms offer distinct advantages for cultiva
tion in coastal regions. Notably, diatoms exhibit remarkable adaptability 
the intense fluctuations of outdoor light intensity, making them highly 
suitable for outdoor cultivation. Among marine diatoms, P. tricornutum 
stands out as a unicellular species capable of accumulating a large 
amount of EPA, positioning it as a promising candidate for industrial 
production of EPA [23]. Considering the challenges in maintaining 
stable growth and promoting the accumulation of lipids and fatty acids 
in high CO2 conditions for marine diatoms, this study pioneered a 
stepwise CO2 domestication approach to culture P. tricornutum. The 
primary objectives were to evaluate its potential for CO2 capture and its 
capacity for polyunsaturated fatty acid (PUFA) production. This work 
aims to bridge the gap in understanding the applicability of marine di
atoms for both environmental remediation and high-value compound 
synthesis. Specifically, it focuses on answering a critical question: How 
can marine diatoms acclimate to high CO2 environments and simulta
neously achieve the dual goals of rapid CO2 removal and high PUFA 
production? The rapid societal development has brought increasing 
challenges in balancing economic growth with environmental protec
tion, particularly in managing industrial emissions. This study addresses 
these dual challenges by developing an eco-efficient system for (1) flue 
gas reutilization remediation through microalgal cultivation and (2) 
concurrent production of lipid-based biofuels. Our study demonstrates 
how carbon capture and utilization (CCU) technologies can transform 
industrial exhaust streams into valuable bioenergy resources, offering a 
sustainable pathway for China’s carbon neutrality initiatives.

2. Materials and methods

2.1. Algae culture and experimental design

The strain of Phaeodactylum tricornutum was Pt11 (CCMA106), iso
lated and purified from the South China Sea, China. The cells exhibited a 
typical fusiform shape, with a length of 12–16 μm and a width of 3–4 μm 
(Supplementary Fig. 1). They were cultured in 500 mL PC bottles at 
20 ◦C with sterilized artificial seawater, and the light intensity was set at 
100 μmol photons m− 2 s− 1 (light: dark = 16: 8) using an incubator 
(HP200G-3 light incubator, Ruihua, Wuhan, China). The f/2 medium 
was supplemented into sterilized artificial seawater, resulting in final 
concentration of 882.35 μmol L− 1 nitrate (NO3

− ) and 36.23 phosphate 
(PO4

3− ) in the algal culture medium. The cells were diluted every 4 days 

by semi-continuous culture, and the initial concentration of cells was 
maintained at 200 × 104 cell mL− 1.

CO2 concentration in flue gases can range from 3 % to 15 % [24,25]. 
In this study, we aimed to culture P. tricornutum under 7.5 % CO2. A 
stepwise domestication approach was employed since cells were unable 
to grow when they were cultured under 7.5 % CO2 directly (Supple
mentary Fig. 2). Cells were at 2 %, 5 % and 7.5 % CO2 sequentially. 
P. tricornutum was first cultured in 2 % CO2 for 16 days, and then in 5 % 
CO2 for 138 days to adapt the high CO2 concentration. Finally, the cells 
were transferred to 7.5 % CO2 concentration and cultured for 24 days. 
To induce more lipid and PUFA, a high CO2 (7.5 %) combined with 
nitrogen deficiency (0 μmol L− 1) experiment was carried out. Cells were 
cultured in four conditions: ambient CO2 & high N (ACHN), ambient 
CO2 & low N (ACLN), high CO2 & high N (HCHN), high CO2 & low N 
(HCLN) respectively. The high N concentration was 882.35 μmol L− 1. 
ACHN was set as the control in this experiment. All experiments were 
conducted in triplicate. The CO2 concentrations of control (0.04 % CO2, 
AC) and treatment (2 % CO2, 5 % CO2, 7.5 % CO2, HC) groups were 
maintained by bubbling outdoor air and/or CO2 enricher (CE100C-2, 
Ruihua, Wuhan, China), and the ventilated gases were filtered through a 
0.2 μm HEPA filter membrane with an aeration rate of 500 mL/min, 
controlled by a flowmeter.

2.2. Measurement of carbonate chemistry

The pH and total alkalinity (TA) were measured before the dilution. 
Ten mL of algal solution was taken for pH using a pH meter (310P-01 A, 
Thermo Fisher, USA), and the pH meter was calibrated using NBS buffer 
prior to sample determination. An automated system (AS-ALK2, 
APOLLO SCITECH, USA) was used to measure TA. The pH was measured 
every day during the CO2 acclimation experiment (2 %, 5 % and 7.5 % 
CO2). Since daily variations in pH was minimal, only day 4 data were 
presented. As for the experiment of 7.5 % CO2 & N deficiency, the 
samples were measured at 6 h, 12 h and 24 h. Known values of pH and 
TA were used to derive the dissolved inorganic carbon (DIC), HCO3

− , 
CO3

2− and dissolved CO2 (CO2aq) using CO2SYS (Supplementary 
Table 1&2).

2.3. Measurement of growth rate and cell diameter

Z-2TM Coulter (Z2, Backman Coulter, USA) was used to measure the 
cell concentrations and diameter before and after dilution. The specific 
growth rate (SGR) was calculated by the equation [14]: 

SGR =
ln(Nn/N0)

tn − t0
(1) 

where Nn and N0 represent the cell numbers at time tn and t0, respec
tively. The cell diameter was read directly by Z-2TM Coulter.

2.4. Measurement of photochemical performances

The photosynthetic parameters, including the maximum photo
chemical efficiency (Fv/Fm) of photosystem II and the non- 
photochemical quenching (NPQ), were determined by multi-excitation 
wavelength chlorophyll fluorescence analyzer (XE-PAM, Walz, Effel
trich, Germany) after dark adaptation for 15 mins. The saturation pulse 
was set to 5000 μmol photons m− 2 s− 1, and the actinic light was set the 
same as culture light intensity, Fv/Fm and NPQ were calculated ac
cording to the following formula [26,27]: 

Fv
/

Fm =
Fm − F0

Fm
(2) 

NPQ =
Fm − Fʹ

m
Fḿ

(3) 
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where Fm and F0 are maximum and minimum chlorophyll fluorescence 
of cells after 15 mins dark adaptation, respectively, and Fm’ is the 
maximum fluorescence yield under actinic light.

2.5. Measurement of photosynthetic pigments

Fresh cells were filtered onto GF/F membrane (Whatman, 25 mm) 
within a pressure of 0.02 MPa, extracted with 5 mL methanol (100 %) 
under 4 ◦C overnight, and centrifuged at 8000g for 10 mins. The su
pernatant was measured using a spectrophotometer (TU-1810DASPC, 
Persee, China). And then, the chlorophyll a (Chl a) and carotenoid were 
calculated according the following equations [28]: 

Chl a
(
pg cell− 1)

= 13.2654 × (A665 − A750) − 2.6839 × (A632 − A750)

(4) 

Car
(
pg cell− 1)

= 7.6 × [(A480 − A750) − 1.49 × (A510 − A750) ] (5) 

where A480, A510, A632, A665, and A750 represent the absorbances of the 
methanol extracts at 480, 510, 632, 665, and 750 nm respectively.

2.6. Measurement of particular organic carbon (POC) and carbon 
capture rate

POC sample was harvested onto GF/F membrane (Whatman, 25 
mm), which was pre-burned by muffle furnace with 450 ◦C for 4 h, and 
then stored at − 20 ◦C. Before determination, samples were fumigated 
with HCl (12 mol L− 1) for 24 h to remove inorganic carbon, and then 
dried in an oven (DHG-9146 A, Jing Hong, China) for another 24 h. POC 
were then measured with the Elementar Vario EL Cube (Elementar, 
Germany).

Based on POC and cell concentrations, carbon capture rate was 
calculated, and the formula was as follows [14]: 

Carbon capture rate
(
pg cell− 1d− 1) =

(Ct × POCt − C0 × POC0)

C0
× t (6) 

where Ct and C0 represent the cell concentrations after culture (t) and 
the initial cell concentration, respectively. Similarly, POCt and POC0 
represent the POC content after culture (t) and the initial POC content, 
respectively.

2.7. Measurement of total lipid and lipid productivity

At the time of sampling, a quantitative volume of algal solution was 

filtered onto a 0.12 μm PC membrane and stored at − 20 ◦C. The cells 
were rinsed from the membrane samples into centrifuge tubes using 
artificial seawater before the assay, and the supernatant was removed by 
centrifugation (8960 g, 10 mins, 4 ◦C) and dried in an oven at 60 ◦C to 
make algal powder. Algae powder was weighed, and 6 mL of 
chloroform-methanol solution (v:v = 2:1) and 1 mL of NaCl solution 
(0.88 %) were added to each sample of algal powder, which was mixed 
with a multi-tube vortex mixer (DMT-2500, China) at 2000 rpm for 20 
mins, and after mixing, centrifugation (8960 g, 10 mins, 4 ◦C) was 
performed to remove the supernatant, and 6 mL of methanol-water so
lution (v:v = 2:1) was added. The supernatant was removed, and then 6 
mL of methanol-water solution (v:v = 1:1) was added to the supernatant 
(2000 rpm, 20 min), and centrifuged again (8960 g, 10 min, 4 ◦C). The 

lower layer of chloroform layer was taken into a glass tube with a Pas
teur pipette, and then blown to dryness using a nitrogen blowing ma
chine (NDK200-1 N, MIULAB, China), then weighed, and the percentage 
of the lipid content, total lipid content, and lipid content of the algal 
powder was calculated. The percentage of total lipid content and lipid 
productivity were calculated as follows [7]: 

Lipid (%DW) =
m1

ma
(7) 

Lipid productivity (pg/cell/d) =
mt × Ct/Ct × Vt − m0 × C0/C0 × V0

C0 × t
× 109

(8) 

where ml, ma, mt and m0 represent the weight of lipid extracted, algae 
powder, lipid extracted from the sample at incubation time and initial 
weight of lipid extracted from the sample, respectively. Ct and C0 
represent the cell concentration at incubation time t and the beginning 
time, respectively. Vt and V0 represent the sampling volume at incuba
tion time t and initial sampling volume, respectively. The incubation 
time was t (h or d).

2.8. Measurement of fatty acid and fatty acid productivity

The extracted total lipid samples were methylated with fatty acids, 2 
mL of sulfuric acid-methanol solution (v:v = 2.0 %) was added, the 
centrifuge tube was capped with 20 s of nitrogen, and the samples were 
mixed with a multitube vortex mixer (2000 rpm, 10 mins), heated in a 
water bath at 80 ◦C for 1 h, and then 1 mL of saturated sodium chloride 
solution and 2 mL of n-hexane were added and mixed (2000 rpm, 10 
mins). After centrifugation (3000 g, 5 mins), the supernatant was filtered 
through 0.22 μm organic filter membrane into the injection bottle, and 
stored at − 20 ◦C under the condition of light protection. The online 
determination of fatty acids was carried out by a gas chromatograph 
Agilent 5977B (Agilent, USA) with a 10 μL injection, and analysed on an 
Agilent HP-5 (30 m × 0.25 mm × 0.25 μm) chromatographic column 
(Agilent, USA). Purified helium was used as the carrier gas with a total 
flow rate of 15.1 mL/min, a purge flow rate of 3 mL/min, an inlet 
temperature of 260 ◦C, a split ratio set at 10:1 and a split flow rate of 11 
mL/min. Fatty acid contents and yields were calculated according to the 
following equations [7]: 

FA (μg/mg DW) =
FAt × V/Vt

ma/Vt
(9) 

where FAt and FA0 represent the fatty acid content at induction time t 
and initial fatty acid content, respectively. Vt, V0 and V represent the 
sampling volume at induction time t and initial and the fatty acid sample 
volume, respectively. The weight of algal powder at induction time was 
represented by ma, and the concentration of cells at the initial was 
represented by C0. The incubation time was t (h).

2.9. Statistical analysis

The data in this study was all expressed by the mean ± sd and sta
tistical analysis was performed using SPSS 26 and/or R language 
(version 4.3.1). The data conformed to a normal distribution (Shapiro- 

FA productivity (fg/cell/h) =
FAt × V/(Ct × Vt) × Ct − FA0 × V/(C0 × V0) × C0

C0 × t
× 109 (10) 
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Wilk, p > 0.05) and the variances could be considered equal (Levene’s 
test, p > 0.05). For high CO2 experiment, one-way ANOVA and gener
alized additive models (GAMs) were used to analysis the significance of 
difference between different treatments and the patterns of parameters 
over time. For 7.5 % CO2 & N limitation experiment, the three-factor 
analysis of variance was used to determine whether there was an 
interaction between the three factors (CO2, nitrogen and time), and then 
LSD was used for post hoc comparisons by SPSS 26.

3. Results

3.1. Carbonate chemistry

As shown in Supplementary Table 1, HC significantly decreased pH 
and CO3

2− , and significantly increased DIC, HCO3
− and CO2aq at each CO2 

concentration. For instance, pH was reduced by 3.1, 3.4 and 3.7 by 2 % 
CO2, 5 % CO2, and 7.5 % CO2 concentration, respectively. In addition, 
high CO2 concentration significantly increased the concentrations of DIC 
and HCO3

− by 245 %–393 % and 1188 %–1915 %, respectively. The 
CO2aq concentration of AC was almost zero (0.02–0.06 μM), whereas the 
range of HC was 530–1910 μM. However, the TA was stable under high 
CO2 concentration except for 7.5 % CO2. For the two-factor experiment 
(7.5 % CO2 & N limitation), the variation trend of the parameters of the 
seawater carbonate system was similar to that of the high-CO2 experi
ment, as shown in the Supplementary Table 2.

3.2. Specific growth rate at different CO2 concentrations

Different effects were shown at different CO2 concentration on 
growth. At 2 % concentration, the specific growth rate (SGR) was always 
higher than that of AC, especially on the 8th and 16th days, with a 
significant increase of 19.6 % (ANOVA, p < 0.05) and 10.6 % (ANOVA, 
p < 0.05), respectively (Fig. 1A). However, when the CO2 concentration 

increased to 5 %, its effect fluctuated with culture time (Fig. 1B). 
Differently, there was no significant effects for 7.5 % CO2 concentration 
(ANOVA, p > 0.05) on growth (Fig. 1C). Based on the analysis of 
generalized additive models (GAMs), the stimulative effect 2 % CO2 
reached the peak during middle of culture period and then decreased 
with time. In contrast, the negative effect reached the maximum around 
day 90 and then returned to neutral by day 130. In terms of 7.5 % CO2, 
although its positive effect seems decreasing with time, this trend was 
not statistically significant (p = 0.559) during the culture period 
(Fig. 1F).

3.3. Cell diameter at different CO2 concentrations

Cell diameter was all increased at high CO2 concentrations on 
average, but the degree of promotion was different (Fig. 2A-C). At the 
three CO2 concentrations, the cell diameter of P. tricornutum was 4.5 (2 
% CO2), 5.2 (5 % CO2) and 5.6 (7.5 % CO2) μm on average, and was 
promoted by 3.8 %, 22.0 % and 32.0 %, respectively. GAMs indicated 
that the three CO2 concentrations significantly promoted the cell 
diameter during culture (all p < 0.05). In the initial stage of 2 % CO2 
culture (Days 0–2), the cell diameter was significantly decreased by 
about 0.5 μm, and then gradually increased, but the increase was always 
within 0.5 μm (Fig. 2D). The range of cell diameter increased at 5 % CO2 
(0–1.5 μm, Fig. 2E) was wider than that at 7.5 % CO2 (1–1.5 μm, Fig. 2F) 
during the whole culture period.

3.4. Fv/Fm at different CO2 concentrations

At 2 % CO2 concentration, the Fv/Fm of P. tricornutum was reduced 
by 2.7 % (ANOVA, p < 0.05), 4.1 % (ANOVA, p < 0.05), and 6.6 % 
(ANOVA, p < 0.05) on days 0, 4, and 16, respectively (Fig. 3A), and the 
average reduction was 3.6 %. When CO2 concentration rose to 5 %, the 
average inhibition rate was 7.0 %, higher than 2 % CO2, and the 

Fig. 1. Specific growth rate of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value 
is mean ± standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 
7.5 % CO2 (F) on specific growth rate of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the 
significant differences between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.
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Fig. 2. Cell diameter of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value is 
mean ± standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 7.5 
% CO2 (F) on cell diameter of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant 
differences between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.

Fig. 3. Fv/Fm of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value is mean ±
standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 7.5 % CO2 (F) 
on Fv/Fm of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant differences 
between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.
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maximum reduction was 19.8 % on day 113 (Fig. 3B). At 7.5 % CO2 
concentration, Fv/Fm was significantly reduced by 21.3 % (ANOVA, p <
0.05) and 7.4 % (ANOVA, p < 0.05) on day 4 and day 12, respectively, 
with an average reduction of 10.5 % (Fig. 3C), which was the largest 

reduction among the three CO2 concentrations. According to GAMs 
analysis, Fv/Fm at all three CO2 concentrations was reduced during the 
whole culture period except for the middle stage of culture at 5 % CO2 
concentration, but the range and trend of reduction were different. The 

Fig. 4. NPQ of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value is mean ±
standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 7.5 % CO2 (F) 
on NPQ of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant differences 
between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.

Fig. 5. Chl a content of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value is 
mean ± standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 7.5 
% CO2 (F) on Chl a content of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant 
differences between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.
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negative effect at 2 % and 5 % CO2 was less than that at 7.5 % CO2 
concentration, and the negative effect was weakened at 7.5 % CO2 (from 
0.3 to 0) with the extension of culture time (Fig. 3D-F).

3.5. NPQ at different CO2 concentrations

As depicted in Fig. 4, NPQ of P. tricornutum exhibited an increase 
under all three CO2 concentrations. Moreover, the degree of increase 
was found grow with the rise in CO2 concentration. For example, the 
increase in NPQ ranged from 7.3 % to 125.3 % under 2 % CO2 (Fig. 4A), 
14.0 %–480.6 % under 5 % CO2 (Fig. 4B), and 130.5 %–193.5 % under 
7.5 % CO2 (Fig. 4C). Based on GAMs analysis, the promoting effect of 2 
% CO₂ presented a trend of initially increasing and then decreasing 
(Fig. 4D). In contrast, the promoting effect of 5 % CO₂ showed a trend of 
first decreasing and then increasing. (Fig. 4E). Moreover, the positive 
effect of 7.5 % CO2 weakened with the extension of culture time (from 
2.0 to nearly 0, Fig. 4F).

3.6. Chl a content at different CO2 concentrations

The 2 % CO2 had a negative effect on Chl a of P. tricornutum, espe
cially on days 4, 8 and 16, which decreased significantly by 41.8 %, 44.4 
% and 36.2 %, respectively (ANOVA, all p < 0.05, Fig. 5A). However, the 
negative effect gradually weakened at 5 % CO2 concentration and began 
to transform into a positive effect by day 16, with a maximum increase of 
54.0 % on the 101st day (Fig. 5B). With the increase of CO2 concen
tration to 7.5 %, the positive effect of CO2 on Chl a of P. tricornutum 
became more and more significant, promoting 36.5 %–85.0 % on days 8 
to 24 (Fig. 5C). GAMs analysis revealed concentration-dependent tem
poral dynamics in CO2 effects (Fig. 5D-F). The 2 % CO2 treatment 
exhibited a triphasic inhibitory pattern: an initial augmentation phase 
(days 0–8), followed by progressive attenuation (days 8–12), and ter
minating with a marginal resurgence (Fig. 5D). In contrast, 5 % CO2 
displayed a biphasic response: its initial mild suppression transitioned 
into a stimulatory effect that escalated progressively, reaching peak 

efficacy by day 60 before declining thereafter (Fig. 5E). The negative 
effect of 7.5 % CO2 decreased with the extension of culture time and 
changed to a positive effect after day 4 (Fig. 5F).

3.7. Carotenoid content at different CO2 concentrations

As shown in Fig. 6A, the response of carotenoid content to 2 % CO2 
concentration was similar to that of Chl a, with an average inhibition 
rate of 34.2 %. In the first 12 days of culture at 5 % CO2 concentration, 
carotenoid content was significantly reduced by 32.4 %, 25.7 % and 
28.6 % on days 4, 8 and 12 (ANOVA, all p < 0.05) respectively, after 
which this negative effect was insignificant until day 130 (23.2 % 
reduction, ANOVA, p < 0.05, Fig. 6B). When the CO2 concentration was 
increased to 7.5 %, the negative effect of CO2 was still significant on the 
4th day (ANOVA, p < 0.05), but changed to a positive effect after the 8th 
day, with significant increases of 87.1 %, 60.1 % and 53.0 %, respec
tively (ANOVA, all p < 0.05), on the days 8, 12 and 24 (Fig. 6C). Based 
on GAMs analysis, the variation trends of carotenoid content of 
P. tricornutum cultured under three CO2 concentrations over time were 
similar to that of Chl a (Fig. 6D-F).

3.8. Particulate organic carbon (POC) content at different CO2 
concentrations

On days 4 and 12, POC content was significantly increased by 24.9 % 
and 30.6 % (ANOVA, all p < 0.05), however, it was significantly reduced 
by 19.0 % on day 16 under 2 % CO2 concentration (ANOVA, p < 0.05, 
Fig. 7A). In addition, the POC content was always significantly promoted 
(ANOVA, all p < 0.05), ranging from 24.2 % to 247.4 %, with an average 
of 85.5 %, throughout the 138 days’ culture period at 5 % CO2 con
centration (Fig. 7B). And then, the promotion effect reached 112.4 % on 
average, which between 93.0 % to 120.1 % at 7.5 % CO2 concentration 
(ANOVA, all p < 0.05, Fig. 7C). GAMs analysis showed that the pro
moting effect of 2 % CO2 fluctuated with culture time (p < 0.05, Fig. 7D). 
The promotion degree of 5 % CO2 on POC was stronger than 2 % CO2, 

Fig. 6. Carotenoid content of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value 
is mean ± standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 
7.5 % CO2 (F) on carotenoid content of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the 
significant differences between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.
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from about 2.5 pg cell− 1 on day 0 to about 20 pg cell− 1 on day 90, and 
then it decreased (p < 0.05, Fig. 7E). Moreover, the promoting effect of 
7.5 % CO2 on POC was more gradual than that of 5 % CO2, ranging 
between 7 and 11 pg cell− 1 during the 24-day culture period (p < 0.05, 
Fig. 7F).

3.9. Carbon capture rate at different CO2 concentrations

As shown in Fig. 8, the carbon capture rate of P. tricornutum was 
promoted by all three CO2 concentrations, which were increased by 
33.4 %, 50.8 % and 149.9 % at 2 %, 5 % and 7.5 % CO2 concentrations 

Fig. 7. POC content of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value is mean 
± standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 7.5 % CO2 
(F) on POC content of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant 
differences between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.

Fig. 8. Carbon capture rate of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) 2 % CO2, (B) 5 % CO2 and (C) 7.5 % CO2. The value 
is mean ± standard deviation (SD), and * indicates that there is a significant difference between the HC and AC (p < 0.05). Effects of 2 % CO2 (D), 5 % CO2 (E) and 
7.5 % CO2 (F) on carbon capture rate of P. tricornutum based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the 
significant differences between the HC and AC are justified by the intersection lack of 95 % confidence intervals and the x-axis.
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on average, increasing with the increase of CO2 concentration. Based on 
GAMs analysis, during the entire culture period at 2 % CO2 concentra
tion, the promotion of carbon capture rate reached a maximum on day 8 
(an increase of nearly 8 pg cell− 1 d− 1), and then weakened (Fig. 8D). The 
promoting effect of 5 % CO2 on carbon capture rate showed a fluctuating 
upward trend (Fig. 8E). The initial promoting effect of 7.5 % CO2 
decreased with the extension of culture time, and there was a small in
crease after day 12 (Fig. 8F).

3.10. Total lipid and lipid productivity at different CO2 concentrations

Total lipid was increased by all high CO2 concentrations, ranged 
from 38 %–157 % and the strongest promoting effect occurred at 5 % 
CO2 on day 138. Although HC always showed a trend of promotion, total 
lipid was decreased with extension of the culture time (Fig. 9 A-C). For 
instance, the total lipid of AC and HC on day 8 was 16.8 % and 28.9 % 
respectively, while it was 6.6 % and 16.9 % on day 138 at 5 % CO2 
concentration (Fig. 9B). Similar trend was appeared in lipid productiv
ity, there were significant positive effects at all CO2 concentrations 
(ANOVA, all p < 0.05), and it was enhanced by 93.6 %, 96.9 % and 
124.7 % on average at 2 % CO2, 5 % CO2 and 7.5 % CO2 concentration, 
respectively (Fig. 9D-F).

3.11. Fv/Fm, NPQ, and photosynthetic pigments at 7.5 % CO2 & N 
limitation

CO2, N and time interacted on the Fv/Fm (ANOVA, all p < 0.05, 
Supplementary Table 3). With the prolongation of culture time, the in
hibition effects of high CO2 or nitrogen deficiency became increasingly 
intense (Fig. 10A). For instance, the inhibition rates of high CO2 (HCHN) 
were 4.4 %, 7.1 %, 6.1 % and 10.2 % respectively at 0 h, 6 h, 12 h and 24 
h (LSD, all p < 0.05) compared to ACHN. In addition, the inhibition rates 
of N deficiency (ACLN) were 6.3 %, 8.6 % and 16.9 % respectively at 6 h, 
12 h and 24 h (LSD, all p < 0.05) compared to ACHN. The combination 
of high CO2 and N deficiency (HCLN) led to further decrease in Fv/Fm 
and the inhibition rate reached the maximum of 27.4 % at 24 h (LSD, all 

p < 0.05, Fig. 10A) compared to ACHN.
As for NPQ, the interaction between any two factors was significant 

among the three factors (CO2, N limitation and time, ANOVA, all p <
0.05, Supplementary Table 3). NPQ under all condition increased with 
induction time, with that under HCLN increasing most rapidly 
(Fig. 10B). Contrast to Fv/Fm, high CO2 and N deficiency (HCLN) 
enhanced NPQ and their combination resulted in further increases. The 
highest NPQ occurred at 24 h under the combination of high CO2 and N 
deficiency, which was 270 % higher than the control (ACHN).

The three factors had a significant interaction on Chl a content of 
P. tricornutum (ANOVA, p < 0.05, Supplementary Table 3). Chl a content 
under high CO2 (HCHN) or N deficiency (ACLN) showed a pattern of first 
increase and then decrease with induction time while it continuously 
increased under the combination of high CO2 and N deficiency 
(Fig. 10C). High CO2 and N deficiency reduced Chl a content by 26.1 % 
and 47.3 % respectively at 24 h while their combination increased it by 
36.8 % at 24 h (Fig. 10C) compared to ACHN.

The interaction effect of three factors also appeared on carotenoid 
content (ANOVA, p < 0.05, Supplementary Table 3). The patterns of 
carotenoid content under different conditions were similar to those of 
Chl a content (Fig. 10D). The highest carotenoid content (0.22 pg cell− 1) 
was found under HCLN at 24 h, which was 43.3 % higher than that 
under control (ACHN).

3.12. POC, carbon capture rate, total lipid and lipid productivity at 7.5 % 
CO2 & N limitation

CO2, N and time had an interactive effect on POC content (ANOVA, 
Supplementary Table 3). POC content under ambient CO2 showed a 
trend of first increase and then decrease with induction time while it 
continually increased under high CO2 (Fig. 11A). High CO2 (HCHN) 
significantly improved POC content by 26.5 %, 69.8 % and 80.8 % 
respectively at 6 h, 12 h and 24 h (LSD, all p < 0.05) compared to ACHN. 
Nitrogen deficiency had insignificant effects on POC at any time point. 
However, when high CO2 and nitrogen limitation were superimposed, 
the promotion effect was greater, which was 52.6 %, 77.2 % and 107.6 

Fig. 9. Total lipid content (% DW) and lipid productivity of P. tricornutum cultured under ambient (AC) and elevated CO2 (HC) conditions. (A) and (D) for 2 % CO2, 
(B) and (E) for 5 % CO2, (C) and (F) for 7.5 % CO2. ACHN is the control in this experiment. The value is mean ± standard deviation (SD), and * indicates that there is 
a significant difference between the HC and AC (p < 0.05).
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% at 6 h, 12 h and 24 h, respectively (LSD, all p < 0.05, Fig. 11A) 
compared to ACHN.

CO2 and interacted with time or N carbon capture rate (ANOVA, all p 
< 0.05, Supplementary Table 3). The effect of high CO2 (HCHN) 
changed from a positive effect at 6 h (44.7 %) to a neutral effect at 12 h, 
and to a negative effect at 24 h (44.4 %) for high nitrogen condition 
(LSD, all p < 0.05, Fig. 11B) compared to ACHN. However, when cells 
were cultured under nitrogen deficiency (HCLN), the CO2 effects were 
all positive and increased by 56.6 % (LSD, p < 0.05), 4.9 % (LSD, p =
0.059) and 108.1 % (LSD, p < 0.05) respectively at 6 h, 12 h, and 24 h 
compared to ACLN. Moreover, the coupling of high CO2 and nitrogen 
deficiency resulted in a synergistic promoting effect at 6 h. HCLN 
improved carbon capture rate by 69.1 % (LSD, p < 0.05), which was 
16.3 % higher than the sum of separate HC and LN effects (Fig. 11B) 
compared to ACHN.

The interactive effect of all three factors was significant on total lipid 
content (ANOVA, all p < 0.05, Supplementary Table 3). Lipid content 
under HN showed a trend of first increase and then decrease with in
duction time while it continually increased under LN (Fig. 11C). High 
CO2 (HCHN) enhanced lipid content by 118.7 % at 0 h and 46.1 % at 6 h 
while the effect was insignificant at 12 h or 24 h compared to ACHN. On 
the contrary, the positive effect of nitrogen deficiency (HCLN) on total 
lipid increased with induction time from 4.7 % at 6 h, to 110.8 % at 24 h 
compared to HCHN. With the prolongation of culture time, the total 
lipid of HCLN showed an increasing trend, with the highest (20.8 % DW) 
occurring at 24 h (Fig. 11C).

CO2, N and time interacted on lipid productivity (ANOVA, Supple
mentary Table 3). Lipid productivity under each condition decreased 
with induction time (Fig. 11D). Both high CO2 and N deficiency 
enhanced lipid productivity at 6 h but their combination did not impose 
any significant effect. At 12 h, only N deficiency increased lipid pro
ductivity. At 24 h, there was no significant difference between any two 

conditions (Fig. 11D).

3.13. Fatty acid content and productivity at 7.5 % CO2 & N limitation

The quality of biodiesel can be reflected by its fatty acid composition. 
Any two factors interacted on SFA and MUFA while a three-factor 
interaction on PUFA was found (ANOVA, all p < 0.05, Supplementary 
Table 3). High CO2 (HCHN) increased the SFA content by 54.9 % (LSD, p 
< 0.05) at 6 h and did not significantly affect it at 12 h or 24 h under at 
HN compared to ACHN, while high CO2 (HCLN) showed the negative 
effects under nitrogen deficiency condition ranged from 24.5 % to 36.5 
% (Table 1) compared to ACLN. N deficiency (ACLN) enhanced SFA 
content under ambient CO2 by 111.4 %, 124.0 % and 290.4 % respec
tively at 6 h, 12 h and 24 h (LSD, all p < 0.05) while it only enhanced SFA 
content under high CO2 by 147.9 % at 24 h compared to ACHN. High 
CO2 enhanced the content of monounsaturated fatty acids (MUFA) at HN 
by 138.4 %, 51.6 % and 97.4 % respectively at 6 h, 12 h and 24 h (LSD, 
all p < 0.05) while it did not affect MUFA content at LN and even 
reduced it at 24 h compared to 0.04 % CO2. N deficiency enhanced 
MUFA content regardless of CO2 level at all time points except for 6 h. 
Different from SFA and MUFA, high CO2 enhanced the content of 
polyunsaturated fatty acids (PUFA) at each N condition and timepoint 
(LSD, all p < 0.05). N deficiency did not affect PUFA content at 6 h but 
increased it at 12 h and 24 h. For each timepoint, the maximum PUFA 
content always occurred in the HCLN group (Table 1).

CO2, N and time interacted on SFA productivity (Supplementary 
Table 3). High CO2 enhanced SFA productivity at HN but reduced it at 
LN for each timepoint (Table 2). N deficiency increased SFA productivity 
at AC but did not affect it at HC for each timepoint. CO2 interacted with 
N or time on MUFA productivity (Supplementary Table 3). High CO2 
increased MUFA productivity at HN for each timepoint. At LN, CO2 
increased MUFA productivity at 6 h, did not affect it at 12 h and reduced 

Fig. 10. Combined effects of high CO2 concentration and nitrate deficiency on (A) Fv/Fm, (B) NPQ, (C) Chl a content and (D) carotenoid content of P. tricornutum at 
different induction times. AC = ambient CO2 (0.04 % CO2); HC = higher CO2 (7.5 % CO2); LN = lower nitrate (0 μmol mL− 1); HN = higher nitrate (882.35 μmol 
mL− 1). ACHN is the control in this experiment. The value is mean ± standard deviation (SD), and different letters in each panel indicate that there is a significant 
difference between the treatments (p < 0.05).
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it at 24 h. N deficiency stimulated MUFA productivity at AC but did not 
affect it at HC for each timepoint. CO2 interacted with time on PUFA 
productivity (Supplementary Table 3). High CO2 significantly increased 
PUFA productivity regardless of N level. The stimulative effect was 
weakened with induction time. The highest values for the productivity 
of SFA, MUFA and PUFA all appeared under HC at 6 h. (Table 2). Similar 
to PUFA, CO2 also interacted with time on the productivity of EPA and 
DHA. High CO2 significantly increased their productivity regardless of N 
level. The stimulative effect was weakened with induction time. The 
highest values for EPA and DHA productivity were also found at HC after 
6 h induction.

4. Discussion

4.1. Response of specific growth rate and cell diameter to high CO2

Due to the slow diffusion rate of dissolved CO2 in seawater, the 
concentration of CO2 (10–25 μM) is lower than the half-saturation 
constant of ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco), the rate-limiting enzyme in the Calvin cycle [24,29]. To 
overcome these challenges, diatoms, as well as other phytoplankton in 
marine, evolved the carbon dioxide concentrating mechanisms (CCMs) 
to take up more inorganic carbon to increase the CO2 concentration 
around Rubisco [25]. However, the growth of P. tricornutum was still 
enhanced by the elevated CO2 concentration (2 % CO2), which may 
result from down-regulated CCMs and the saved energy from that being 
used for growth. In contrast to the positive effect of elevated CO2, 
reduced pH can impose negative effects on microalgae because it can 
disturb the acid-base balance both at the cell surface and within cells 
[30]. Therefore, the specific growth rate was significantly reduced in 5 
% CO2 concentration at many time points since the seawater pH was as 
low as 6.38. Although CO2 concentrations of 1 %–10 % were commonly 
tested in diatoms, their maximum CO2 tolerance threshold remained 
uncharacterized, and different species exhibited varying tolerance 
ranges. Our preliminary experiment demonstrated that an abrupt in
crease to 7.5 % CO2 inhibited the growth of P. tricornutum (Supple
mentary Fig. 2). Therefore, the observed pH-driven stress under sudden 
CO2 increases highlights the methodological advantage of stepwise 

Fig. 11. Combined effects of high CO2 concentration and nitrate deficiency on (A) POC content, (B) carbon capture rate, (C) total lipid and (D) lipid productivity of 
P. tricornutum at different induction times. AC = ambient CO2 (0.04 % CO2); HC = higher CO2 (7.5 % CO2); LN = lower nitrate (0 μmol mL− 1); HN = higher nitrate 
(882.35 μmol mL− 1). ACHN is the control in this experiment. The value is mean ± standard deviation (SD), and different letters in each panel indicate that there is a 
significant difference between the treatments (p < 0.05).
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acclimation [1,14,31]. P. tricornutum owns the characteristics of fast 
generation renewal rate and strong adaptability [32,33]. Therefore, 
after stepwise domestication, it showed a stronger acclimation to high 
CO2 concentrations, and the negative effect on growth rate disappeared 
by the end of 5 % CO2 culture and during 7.5 % CO2 culture compared to 
0.04 % CO2. High CO2 concentrations might have altered the residence 
time of each phase of the cell cycle, for instance, increasing the residence 
time of the G1 phase made it easier to observe larger cell diameter at the 
same time every day. And the increased cell diameter might provide 
preparation for the accumulation of carbon and lipids, fatty acids, etc.

4.2. Response of photosynthesis and carbon assimilation to high CO2

High CO2 could enhance photosynthesis, which was manifested in 
the increase of Fv/Fm [34]. Given the high CO2 concentrations of 
800–1000 ppm in previous studies [34,35], the positive effects of 
increased CO2 may dominate. In our study, high CO2 was set to well 
above 1000 ppm (2–7.5 % CO2), so the negative effects of pH reduction 
dominated, resulting in Fv/Fm reduction in photosynthesis. In addition, 
higher energy dissipation (NPQ) is usually induced when cells suffer 
from environmental stress [36,37], and elevated NPQ at high CO2 
concentrations (2–7.5 %) in this study also supports this conclusion. As 
CO2 concentration increased from 5 % to 7.5 %, P. tricornutum began to 
activate their self-protection mechanisms to resist environmental stress 
by synthesizing more pigments. The increased content of Chl a could 
increase the rate of light energy absorption and transfer in microalgae 
photosynthesis, increase the rate of light reaction and synthesize more 
ATP and NADPH [38,39]. Studies had shown that high CO2 levels could 
increase the sensitivity of algae to high light intensity, and increasing 
carotenoid content could help reduce the occurrence of light inhibition 
of P. tricornutum [40,41]. The increase of light-harvesting pigments was 
conducive to the photoreaction process of photosynthesis, and thus to 
the enhancement of the carbon fixation process in the dark reaction 
[42]. Therefore, high CO2 increased carbon assimilation (indexed by 
POC content) of P. tricornutum at all three high CO2 levels. The increased 
particulate organic carbon resulted in increased carbon capture rate of 
P. tricornutum cultured under the three high CO2 levels (33.4 %–149.9 
%), which could improve the degree of carbon capture and reduce CO2 
emission from industrial waste gases [14]. After the stepwise domesti
cation from 2 % to 7.5 % CO2 concentration, it was found that both 
carbon assimilation and carbon capture rates were highest at 7.5 % CO2, 
which might be related to the trends of photosynthesis and pigments.

When nitrogen was deficient, the overall trends of photosynthesis, 
pigment contents and carbon assimilation of P. tricornutum were 
consistent with those mentioned above, except for carbon capture rate. 
The inhibitory effect of nitrogen deficiency on growth became more 
obvious with the prolongation of culture time, which indirectly affected 
the contribution of P. tricornutum to carbon capture. Therefore, after 
weighing various parameters, it is particularly important to choose a 
suitable culture time of P. tricornutum to achieve the maximum carbon 
capture.

4.3. Increased total lipid and lipid productivity by high CO2

The necessary conditions for lipid biosynthesis are ATP and carbon 
skeleton, which depend on light and dark reactions of photosynthesis 
[7,15]. Previous studies have shown that enhanced photosynthesis by 
increasing CO2 concentrations could improve lipid synthesis. For 
instance, the lipid content of S. costatum was enhanced by 87 % at 10 % 
CO2 concentration compared to 0.04 % CO2 concentration [1]. In this 
study, 5 % and 7.5 % CO2 stimulated lipid content of P. tricornutum by 
96 % and 157 %, respectively, showing a greater enhancement 
compared to S. costatum (26.8–87 %). However, the Fv/Fm of 
P. tricornutum was slightly reduced by high CO2 concentration. There
fore, for P. tricornutum, the increased lipid content could not be attrib
uted to photosynthesis but rather to enhanced provision of intracellular Ta
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carbon skeletons. In simple terms, diatoms uptake dissolved inorganic 
carbon (DIC, including CO2 and HCO3

− ) from seawater via passive 
diffusion or active transport. HCO3

− is then converted to CO2 by carbonic 
anhydrase (CA) for use in the dark reactions (Calvin cycle), which is 
powered by ATP and NADPH generated in the photosynthesis. To 
compensate for the high CO2 half-saturation constant (Km, 23–68 μmol 
L− 1) of Rubisco, the key rate-limiting enzyme in the Calvin cycle for 
carbon fixation, diatoms activate their CCMs. During the Calvin cycle, 
CO2 is fixed into 3-phosphoglycerate (3-PGA) and subsequently reduced 
to glyceraldehyde-3-phosphate (G3P), which involved in glycolysis to 
produce pyruvate. Subsequently, pyruvate is converted into acetyl- 
CoA—a key precursor for lipid biosynthesis—catalyzed by pyruvate 
dehydrogenase [18–21]. With the increasing of CO2 concentration, the 
Rubisco carboxylation activity could be stimulated, promoting carbon 
fixation and subsequently elevating the production of lipid precursors 
such as acetyl-CoA. Therefore, high CO2 can provide an abundant car
bon source for lipid biosynthesis [18]. And the increased cell size and 
POC content also contributed to lipid accumulation in cells.

In addition to lipid content, lipid productivity is also a key index for 
biodiesel production [7,43], as it relates to the maximum economic 
benefit. At 2 % CO2 concentration, enhanced lipid productivity can be 
attributed to both increased specific growth rate and POC content. 
Although the growth rate of P. tricornutum was decreased at 5 % CO2 
concentration, lipid productivity was still increased, which could result 
from a 96 % increase in POC content. As P. tricornutum gradually 
acclimated to high CO2 concentrations, the promoting effect on lipid 
productivity reached a maximum (116 %) at 7.5 % CO2 concentration 
compared to control. Therefore, after the gradual domestication of 
P. tricornutum, more lipid content and higher lipid productivity will be 
obtained, which not only saves economic costs but also helps algae to 
absorb more CO2.

To improve lipid content and productivity, nitrogen limitation is 
usually adopted to culture algae because nitrogen has been found to be a 
critical factor that affects lipid content [7]. The results of the acclimation 
experiments indicate that increasing cell size contributed to the increase 
in lipid content of each cell under high CO2 concentrations. When ni
trogen was limited, algae could still synthesize lipids, although the rate 
of cell division decreases, so more lipids would be accumulated in algae 
[30]. When high CO2 was coupled with nitrogen deficiency, the positive 
effects of them on lipids and lipid productivity could be synergistic. In 
this study, the synergistic effect was clearly observed in terms of lipid 
content that had the highest value under the condition of high CO2 and N 
deficiency. And for lipid productivity, the promoting effects of high CO2 
and N deficiency decreased with the culture time. The combination of 
high CO2 and N deficiency did not result in further increase in lipid 
productivity, which could be attributed to the negative effect of nitrogen 
deficiency on growth. Therefore, for economic cost and time cost con
siderations, in order to obtain more lipids and higher lipid production at 
the same time, we recommend that the induction time be controlled 
between 6 and 12 h in future industrial production.

4.4. Effects of 7.5 % CO2 & N limitation on fatty acids

The content and proportion of different types of fatty acids affect the 
quality of biodiesel. Long chain SFA and MUFA have a positive effect on 
the oxidation stability of biodiesel, but PUFA has a negative effect on the 
oxidation stability as bisallylic hydrogens are susceptible to free radical 
attack [7]. The effects of nitrogen limitation and high CO2 on fatty acid 
compositions have been widely reported. For example, the proportions 
of SFA and MUFA were increased, and PUFA was decreased in 
P. tricornutum [44], S. menzelii SM-2 [15] and S. costatum [7] under N 
limitation. And high CO2 increased MUFA and PUFA but decreased SFA 
in S. costatum, S. obliquus and C. pyrenoidosa [1,45]. However, the study 
indicated that within 12 h after CO2 and nitrogen deficiency coupling, 
the proportion of SFA and PUFA only decreased slightly, ranging from 
2.13 % to 4.34 %, while the proportion of MUFA increased by 5.31 % to 

8.45 %. In addition, the productivity promotion extents of MUFA and 
PUFA were higher than that of SFA productivity, which indicated that 
HCLN not only had a slight effect on the quality of P. tricornutum bio
diesel, but also greatly improved the productivity and saved the pro
duction cost, especially for unsaturated fatty acids at 6 h of culture. In 
addition, HCLN also significantly promoted the accumulation of lipid 
contents. Under environmental stress, particularly under nitrogen defi
ciency, protein synthesis was halted, redirecting intracellular carbon 
flux from protein production toward the synthesis of either lipid or 
carbohydrate [30]. Compared to carbohydrates, lipid and fatty acids 
exhibit higher energy density, making them the preferred biosynthetic 
products for fueling post-stress cellular recovery and reconstruction 
[30,46]. However, this energy conservation strategy can lead to trade- 
offs between lipids and cellular components. For instance, light- 
harvesting components (such as photosynthetic pigments) and related 
physiological performance (e.g., Fv/Fm) were reduced in this study to 
meet the material and energy demand of lipid synthesis. Meanwhile, HC 
environments can supply adequate carbon skeleton for lipid synthesis, 
potentially enhancing lipid content in microalgae [47]. Previous studies 
have demonstrated that both high CO2 and nitrogen limitation signifi
cantly upregulated enzymes associated with lipid and fatty acid syn
thesis, such as acetyl-CoA carboxylase—the first rate-limiting enzyme in 
fatty acid biosynthesis, which was benefit to increase in lipid and fatty 
acid accumulation in microalgae [48–50]. Therefore, different envi
ronmental pressures can induce microalgae to produce different fatty 
acid compositions and productivity, which provides guiding suggestions 
for the future production of different types of fatty acids by microalgae.

PUFA contains two fatty acids that are crucial for aquaculture and 
human health, namely eicosapentaenoic acid (EPA) and docosahexae
noic acid (DHA) [51]. As global demand for omega-3 fatty acids grows, 
researchers are increasingly focusing on microalgae-recognized as 
highly productive and sustainable sources of EPA and DHA for com
mercial production [52,53]. Here, we present an innovative, eco- 
friendly strategy to enhance EPA and DHA biosynthesis in 
P. tricornutum under combined stress of hypercapnia (high CO₂) and 
nitrogen (N) limitation. Our findings demonstrate that dual stress con
ditions significantly elevated both EPA/DHA content and productivity. 
Specifically, at 6-, 12-, and 24-h time points, the promotion effect 
diminished over culture duration—with the notable exception of EPA 
content, which remained stable (59–64 %). Optimization analysis 
revealed that the 6-h cultivation period yielded optimal results 
compared to control: EPA content (59 % increase) and productivity (64 
% increase), alongside DHA content (246 % increase) and productivity 
(280 % increase). The promoting effects of high CO2 on EPA and DHA 
were stronger than those occurring in EPA (18.4 %) and DHA (74.2 %) 
content of S. costatum under non‑nitrogen-limited condition [1]. These 
outcomes represent substantial improvements over baseline metrics. 
This study establishes a novel, cost-effective protocol for scalable pro
duction of omega-3 fatty acids, addressing both commercial demands 
and environmental imperatives. For instance, a key advantage of marine 
microalgae over freshwater species lies in their innate salt tolerance. 
Seawater-based cultivation circumvents freshwater dependency and 
generates synergistic sustainability gains by alleviating pressure on 
dwindling freshwater supplies [54,55]. More importantly, for industrial- 
scale production, both high concentration CO2 and nitrogen limited 
conditions can be readily achieved without substantial additional costs, 
which makes marine microalgae cultivation using industrial flue gas 
more economical, significantly reducing production expenses [56,57]. 
Furthermore, existing EPA/DHA production technologies have reached 
considerable maturity, combined with their high values and market 
demands, providing both technical feasibility and economic justification 
for microalgae-derived EPA/DHA manufacturing [58–60]. Notably, in
dustrial flue gases comprise multiple components besides CO2. Prior to 
large-scale algal cultivation, these non-CO2 gases must be removed—a 
process that simultaneously enables their recovery and potential reuse 
in other industrial applications. By leveraging microalgal stress 
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physiology, we achieve rapid biosynthesis under resource-efficient 
conditions, positioning P. tricornutum as a promising chassis for sus
tainable aquaculture feed and nutraceutical production.

5. Conclusion

In this study, the model of stepwise CO2 acclimation (2 %–7.5 % 
CO2) was firstly employed to obtain optimal lipid and fatty acid pro
ductivity from P. tricornutum. Following acclimation, P. tricornutum 
demonstrated exceptional carbon capture rate and lipid production ca
pacity. The coupling of nitrogen limitation and high CO2 further 
enhanced lipid accumulation and biodiesel productivity. The levels of 
valuable polyunsaturated fatty acids (PUFAs), including DHA and EPA, 
were also enriched. These findings indicate that the stepwise CO2 
acclimation strategy is an effective approach for achieving simultaneous 
CO2 mitigation and high-value product synthesis using microalgae. 
While P. tricornutum has been proved effective for CO2 capture and PUFA 
production, further research is needed to evaluate the universality and 
scalability of this approach across a broader range of microalgal species. 
Moreover, substantial mechanistic investigations remain to be explored. 
For instance, identification of key regulatory genes governing micro
algal adaptation to industrial waste gas, and potential development of 
CRISPR-engineered strains with enhanced CO2 resilience. Beyond ni
trogen limitation, identifying additional factors that can enhance 
microalgal lipid and fatty acid biosynthesis will be critical to optimizing 
carbon capture and utilization efficiencies. Such studies would provide 
critical insights into the potential for large-scale industrial applications.
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