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ARTICLE INFO ABSTRACT

Keywords: Intensive studies have explored the feasibility of using high CO, concentrations to culture microalgae for carbon

Carbon sequestration capture. Compared to microalgae, macroalgae are easier to be harvested, thereby reducing culture cost. How-

E“e ga? ever, little is known regarding the possibility of using macroalgae to fix and sequester high levels of CO». In this
acroalgae

study, Gracilariopsis lemaneiformis was cultured under low (8 pM) and high (200 pM) nitrate concentrations to
clarify the physiological and molecular responses of carbon fixation and sequestration to a 10 % high CO3
concentration (HC). HC, inducing low pH, inhibited specific growth rate (SGR) and net particulate organic
carbon (POC) production. High nitrate (HN) promoted maximum photochemical efficiency, content of photo-
synthetic pigments and particulate organic nitrogen (PON), but could not relieve the negative effect of HC and
instead led to a further decrease in SGR and net POC production likely by exacerbating cellular C: N imbalances.
HC resulted in increased dissolved organic carbon (DOC) and refractory dissolved organic carbon (RDOC)
accumulation while HN inhibited the accumulation under HC. Transcriptomic analysis revealed that HC
downregulated 56 % of differentially expressed genes (DEGs). Downregulated genes included those involved in
the TCA cycle, Calvin cycle, nitrogen assimilation, protein processing and degradation, consistent with HC-
inhibited growth. Although 41 % of DEGs were upregulated by HN, the combination of HN and HC led to 78
% DEGs being downregulated. The findings in this study indicate that high CO; (10 %) reduces net POC pro-
duction but enhances DOC and RDOC accumulation, with these effects being modulated by nitrate availability.
When using macroalgae to capture flue gas-level CO,, attention should be paid to the appropriate concentrations
of CO2 (<10 %) and nitrate (<200 pM). This research provides crucial insights into using CO3 in flue gas to
culture macroalgae for carbon sequestration.

Marine CO, removal

Nitrate availability

Recalcitrant dissolved organic carbon
Transcriptomic

1. Introduction radiation, leading to lesser heat dissipation (Freese and Cronin, 2021).

Climate change has caused substantial damages to terrestrial, cryo-

Continuous increase of atmospheric CO; concentration arouses
global concerns. Global net anthropogenic greenhouse gas (GHG)
emission has been estimated to be 59 + 6.6 GtCOy-eq in 2019, 54 % (21
GtCO3-eq) higher than that in 1990, with the largest share and growth
occurring in CO» from fossil fuels combustion and industrial processes
(IPCC, 2023). It is unequivocal that continuously superfluous CO,
emission has warmed the atmosphere, ocean and land, leading to
climate change and extreme weather (Baker et al., 2018; Solomon et al.,
2009). Increased COy concentration can trap the outgoing longwave

* Corresponding author.
E-mail address: guang.gao@xmu.edu.cn (G. Gao).

https://doi.org/10.1016/j.envres.2025.122897

spheric, freshwater, and marine ecosystems such as mass coral bleaching
(Griffith and Gobler, 2020; Mourey et al., 2019; Skirving et al., 2019).
Climate change has affected food and water security, human health,
livelihoods, and key infrastructure (Al-Jawaldeh et al., 2022; Schnitter
and Berry, 2019). Extreme weather, such as heatwaves, heavy precipi-
tation, droughts, and tropical cyclones, can lead to even more severe
consequences, including mass mortality events recorded on land and in
the ocean (IPCC, 2023). Global temperature will increase by 4 °C in the
current high-emissions trajectory (Representative Concentration
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Pathway 8.5, RCP8.5), resulting in massive and irreversible impacts on
terrestrial and ocean ecosystems. Therefore, immediate and substantial
reduction of CO, emissions is required. Policies and laws addressing
climate change mitigation have consistently expanded since the IPCC
Fifth Assessment Report. To achieve the temperature goal of the Paris
Agreement “the increase in the global average temperature to well
below 2 °C above pre-industrial levels and strive to limit it within
1.5 °C", GHG emissions must reach net zero by the middle of the 21st
century.

The urge to decrease the atmospheric CO, brings forth various car-
bon dioxide removal (CDR) approaches such as bioenergy with carbon
capture and storage (BECCS), direct air capture (DAC), enhanced
weathering (EW), afforestation, and biochar (Mac Dowell et al., 2022).
However, using chemical and engineering methods would increase the
cost and additional CO5 emissions. Considering that the ocean is the
biggest active carbon pool in the planet, the conception of ocean-based
CDR has been proposed, including coastal restoration, ocean alkalinity
enhancement, ocean fertilization, offshore direct air carbon capture and
storage, and macroalgae nearshore cultivation (Alevizos and Barillé,
2023; Nawaz et al., 2023).

Macroalgae farming is deemed as an effective marine CDR approach
with huge potential, considering its advantages in available area and
culture cost (DeAngelo et al., 2022; Watanabe et al., 2024). Macroalgae
can grow across all parts of the planet’s surface oceans that cover an area
of 360 million km?, while the available cropland is 46.3 million km?
(Gao et al., 2025; Schneider et al., 2022). Consensus reviews reported
the feasible CDR approach using seaweed farming (Froehlich et al.,
2019; Gao et al., 2022; Wang et al., 2023). In China, the seaweed
farming removed 605,830 and sequestrated 344,128 tons of carbon from
2015 to 2019, which is deemed an effective CDR approach (Gao et al.,
2021). Electricity generation in fossil-fuel power plants accounts for
over 40 % of the worldwide CO5 emissions (Cuéllar-Franca and Azapa-
gic, 2015). Therefore, these sources are the main candidates for poten-
tial applications in carbon capture and storage (CCS) or carbon capture
and utilization (CCU). Intensive studies have been conducted to inves-
tigate the possibility of using CO» in flue gas to culture microalgae for
CCU. The findings demonstrate that high CO, concentrations (0.1-30 %)
generally promote microalgal growth and carbon capture, whereas
concentrations exceeding this range exert inhibitory effects, primarily
mediated by acidification stress (Feng et al., 2025). Macroalgae usually
live in coastal waters which experience large pH fluctuations. Therefore,
they are likely to deal better with extreme pH stress compared to
microalgae. Compared to microalgae, macroalgae farming can not only
reduce CO»-eq GHG emission, but also return a profit of $50 per tCO5-eq,
the net profit after all costs (DeAngelo et al., 2022). It is derived from the
dry weight of harvested seaweed, which is converted into the amount of
CO4 removed from the atmosphere. Few studies have investigated the
physiological performance of Ulva under high CO, levels (Gordillo et al.,
2001, 2003). Notably, the high CO, concentration (1 %) employed in
these studies has not reached flue gas CO5 levels, and such research has
yet to address carbon sequestration or underlying molecular mecha-
nisms. The organic carbon can be converted into CO, and returned to the
atmosphere due to the labile components. However, partial labile DOC
can be transformed to RDOC by microorganisms, which could remain for
along time (Jiao et al., 2024). Macroalgae are a promising CDR solution,
but the very conditions of a key application (flue gas CCU) may be
detrimental, a paradox the research confronts. The feasibility of
culturing macroalgae with high-concentration CO; (flue gas level) for
carbon capture and utilization (CCU) remains poorly understood.

In China, the most commercially important macroalgae Gracilaria
lemaneiformis possesses the highest capacity in nitrogen removal and
carbon sequestration, which contributes to the dual economic and
ecological profits (Gao et al., 2021). Furthermore, G. lemaneiformis
cultivation inhibits harmful blooms, increases dissolved oxygen levels
and maintains the phytoplankton community structure (Yang et al.,
2015). Despite its economic and ecological significance, critical
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knowledge gaps persist regarding its carbon fixation and sequestration
capacity when directly cultured with 10 % CO5 concentration (flue gas).
This lack of mechanistic understanding represents a major bottleneck in
advancing CCU strategies that integrate macroalgae cultivation with
industrial CO, sources. The applicability of high CO4 seaweed cultiva-
tion for achieving dual economic and ecological benefits remains un-
clear. Seaweed farming offers dual economic and ecological benefits, yet
optimal carbon removal pathways remain unclear. Direct culture under
flue gas CO; could significantly reduce costs while enhancing carbon
fixation efficiency. Nitrogen availability modulates macroalgal physio-
logical responses to environmental stress, notably by enhancing growth
and biomass accumulation during marine heatwave events (Jiang et al.,
2024). Moreover, nitrogen is easier to be consumed than phosphorus in
algae which is usually a limited factor (Ortega-Blas et al., 2025). The
faster nitrogen consumption may be related to the Redfield ratio (N: P =
16: 1). Therefore, we hypothesized that the low pH resulting from a 10 %
CO5 concentration would inhibit the growth and carbon fixation of
G. lemaneiformis. We further hypothesized that high nitrogen availability
would partially mitigate this acid-induced stress by supporting key
metabolic and protein processing pathways. To test this hypothesis,
G. lemaneiformis was cultured under different CO5 and nitrate concen-
trations and analyzed via the combination of physiological, biochemical,
and transcriptomic methods.

2. Materials and methods
2.1. Seaweed collection and culture conditions

Gracilariopsis lemaneiformis samples were collected from an opera-
tional macroalgal cultivation facility. Seawater was maintained at 17 +
0.5 °C for 30 days under controlled laboratory conditions to allow
sediments to settle and labile DOC to be consumed. Then the preserved
seawater was filtered through a 0.1 pm pore-size ultrafiltration system to
completely remove the particulate matter and microorganisms
(MUF1580-2T, Midea Group Co., Ltd) (Jiang et al., 2024). Prior to
experimentation, G. lemaneiformis was cultured in natural seawater with
two antibiotics (penicillin, 400 U-mL™}; streptomycin, 0.4 mg mL™?) for
two days to reduce bacterial abundance because its proliferation can
affect the growth (Gao et al., 2024). A 7-day nitrogen starvation
pre-treatment standardized the physiological baselines and enhanced
the nitrate responsiveness.

G. lemaneiformis thalli (0.5 g L™!) were cultured in 1 L polycarbonate
bottles, at the temperature of 17 °C and the light intensity of 100
pmol-photons-m 2 s~! with the light: dark cycle of 12 h: 12 h. In this
study, both COy and nitrate concentrations were manipulated as
experimental variables. Considering that coal-fired power plants typi-
cally emit CO2 at concentrations of 10-20 % (Feng et al., 2025), we
chose a conservative starting level of 10 % COs as the high CO, treat-
ment. Thus, two CO; levels were established: 400 ppm (representing
atmospheric CO2 concentration, designated as LC) and 100000 ppm
(equal to 10 % CO; concentration in flue gas, designated as HC), with the
latter supplied from a pure CO; gas cylinder. The 10 % CO; treatment is
a simplification of flue gas from which other co-contaminants (e.g., NOy,
SOy) had been removed. Previous research has demonstrated that a ni-
trate supply of 200 uM can improve the growth rate, photosynthesis and
antioxidant activity of G. lemaneiformis (Jiang et al., 2024). Thus, two
nitrate concentrations were selected: 8 pM (ambient concentration,
designated as LN) and 200 pM (high nitrate concentration, designated as
HN). The experimental design implemented a 2 x 2 factorial structure
with two independent variables: CO5 (LC/HC) and nitrate (LN/HN). Half
of the culture solution was exchanged for fresh filtered seawater with
equivalent nutrients every 4 days, which was appropriate in seaweed
cultivation system (Jiang et al., 2024). Moreover, nutrients were added
to reach the setting levels for each group every two days. CO5 concen-
trations were maintained by aerating ambient air and 10 % CO- that was
supplied by a CO; enricher (CE100C-2, Ruihua, China) monitoring CO4



J. Chen et al.

input in real-time. Before the exchanging of culture media, the fresh
sterilized seawater was fully aerated for 4 h to achieve set CO and pH
values, which were verified by a pH meter (Orion STAR A211, Thermo
Scientific, the USA).

2.2. Measurement of specific growth rate

Before weighing, the thalli were moved out and blotted gently with
tissue paper to remove the surface water until no obvious wetness
remained on the tissue (Gao et al, 2016). The fresh weights of
G. lemaneiformis (days 0, 7, 10, 17, 20, 27, and 30) were measured using
an analytical balance (BSA124S, Sartorius, Germany). The weighed
thalli were washed with distilled seawater and then returned to the
bottle for subsequent cultivation, as drying them would have compro-
mised their viability. The specific growth rate (SGR) was calculated as
follows:

SGR (% d™') =In(W, /W) / (t2-t;) x 100 @)

Note: Wy and W; represent the fresh weight at times tp and t;
respectively.

2.3. Measurement of chlorophyll fluorescence of photosystem II

Fresh G. lemaneiformis (days 0, 10, 20 and 30) with 2 cm long apical
tips were prepared for the determination of photosynthetic parameters
by multi-color pulse amplitude modulation chlorophyll fluorometer
(Multi-Color-PAM, Walz, Germany). Fifteen minutes are sufficient for
full dark adaptation which can consume all electrons in plasmoquinone.
Two photosynthetic parameters, maximum photochemical efficiency
(Fv/Fm) and nonphotochemical quenching (NPQ), were measured after
15 min of dark adaptation, which were consistent with the previous
method (Yang et al., 2021).

2.4. Measurement of pigments and phycobiliproteins

On days O, 10, 20, and 30, approximately 0.05 g (FW) of
G. lemaneiformis samples were collected and preserved at —20 °C untill
extraction. The samples were added with 10 mL 95 % ethanol and
incubated at 4 °C for 24 h in darkness. The pigment contents were
estimated according to the method (Wellburn, 1994). The Chl a and
Carotenoid contents (mg-g~! FW) were calculated by the equations as
follows:

Chla (mg-g ' FW) =13.36 x Aggs — 5.19 X Agao )

Carotenoids (mg-g~' FW) = (1000 x A4z +904.788 x Ages

3
—3138.3245 x Aggo) / 245

Similarly, the phycobiliprotein (PC) and phycoerythrin (PE) contents
were measured according to the previous method (Beer and Eshel,
1985). The samples were gground on ice using a glass grinder and
extracted with 10 mL of 1 x PBS buffer (pH = 6.8). Then, the liquid was
centrifuged (4 °C, 6000 rpm, 10 min) for the separation of the super-
natant. After that, the absorbances of supernatant were measured at 455
nm, 564 nm, 592 nm, 618 nm, and 645 nm. The PC and PE contents were
calculated by the following equations:

PC (mg-g ' FW) = [(Asis — Asss) — (Asoz — Aess) x 0.51] /0.15 4
PE (mg-g ' FW) = [(Asss — Asoz) — (Asss — Asez) x 0.2] /0.12 (5)
2.5. Measurement of POC, PON contents and C: N molar ratio

The G. lemaneiformis samples (days 0, 10, 20, and 30) were collected

and washed with filtered and sterile seawater. After that, the samples
were dried at 60 °C until constant weight. Furthermore, the dried
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samples were fumed with concentrated hydrochloric acid to remove the
inorganic carbon for 24 h. The processed samples were dried again at
60 °C until constant weight. Then, about 0.8 mg samples were pelletized
and placed inside tin capsules for further measurement of particulate
organic carbon (POC) and particulate organic nitrogen (PON) contents
via Elementar Vario EL Cube (Elementar, Germany). The C: N value was
the molar ratio of POC: PON. The net POC and PON production was
calculated by the following equation:

APOC (mg C-g™' FW) = (W, x C; - W x Go) / Wo (6)
APON (mgN-g™! FW) = (W, x Ny - Wy x Np) / Wy )

Note: W, and Wy represent the FW at days t and 0; C;, Ny, Co, and Ng
represent POC and PON contents on days t and 0.

2.6. Measurement of DOC and RDOC concentration

Approximately 30 mL of seawater samples were collected for the
measurement of dissolved organic carbon (DOC) concentration. The
DOC samples were filtered through glass fiber filters (GF/F, 0.7 pym) into
Amber Boston Round glass bottles and stored at —20 °C before mea-
surement. The GF/F and bottles were pre-calcined at 450 °C for 4 h. The
DOC samples were determined using the Shimadzu total organic carbon
analyzer (TOC-LCPH, Shimadzu, Japan) at 680 °C by the combustion
catalytic oxidation method. By comparison, the recalcitrant DOC
(RDOC) samples were the residual DOC samples which had experienced
60 days of dark incubation at constant 17 °C. Even kept at 4 °C, different
concentrations of DOC were easily degraded within 60 days (Liu et al.,
2025). During 30 days of cultivation, the physiological state was not
consistent in the whole period. Thus, we tried to minimize the gap be-
tween different periods. We chose 10 days for the calculation in each
period with two-times of medium exchanges. The DOC production rate
was calculated using the following equation:

DOC production rate (ﬂM g’ldfl) =(DOCy -DOCy) / (Wio x1)  (8)

Note: DOCyy and Wy, represent the DOC concentration and fresh
weight of days 0, 10, 20 and 30; DOCy; represents the DOC concentra-
tion of days 1, 11, 21, and 31. The DOC production rate shows 24 h of
DOC production in different growth stages.

The calculation equation of RDOC transformation rate was put as
follows:

RDOC transformation rate (%) = (DOC; — DOCs;) / (DOCy; — DOCs;)
x100% ©)

Note: DOCy; and DOCy, represent the DOC concentration of culture
liquid before and after dark treatment respectively; DOCs; and DOC;:
represent the DOC concentration of seawater before and after dark
treatment respectively;

The calculation equations of DOC accumulation (ADOC) and RDOC
accumulation (ARDOC) were shown as follows:

apoc=Y"" apoct (10)
1

ARDOC = Zt (ADOCt x [Ryo + (Ri10 — Ro) % (t—to) / 10)) an

1

ADOCt (mgC-g ' FW-d ') =[Py +(Puo—Po) x (t-to) /10] /By x 12 /1000
12)

Note: t represents the day; to and t;o represent the first and the last days
of the section; Ryg and Ryj¢ represent the RDOC transformation rates on
the last day during the section where t locates; Pyg and Py represent the
DOC production rates on the first day and the last day during the section
where t locates; By represent the biomass on the first day during the
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section.
2.7. Measurement of bacterial abundance

Samples (1.6 mL) were collected and mixed with 400 pL 2.5 %
glutaraldehyde, and then preserved in cryovials at —80 °C. Before
measurement, 10 pL of water samples were mixed with 990 pL sterile
water and 5 pL of SYBR Green I working solution (50 x ) for 20 min of
staining in the dark. The bacterial abundance (cells-mL~') was esti-
mated at an excitation spectrum of 488 nm via the flow cytometer (BD
Accuri C6, Accuri Cytometers, the USA) after the dark incubation. To
minimize the background noise interference, the threshold was adjusted
upward to reduce the number of spurious events until a clear bitmap
containing stained bacteria was obtained.

2.8. RNA extraction and library construction

Transcriptomic analysis was conducted at day 30 to assess the
response of G. lemaneiformis after undergoing a full cultivation cycle,
consistent with standard 30-day harvest intervals in Chinese aquacul-
ture practices. The samples were collected, frozen in liquid nitrogen, and
then stored at —80 °C. RNA was extracted from the algal samples using
Trizol Reagent. Then, the quality was determined using the 5300 Bio-
analyser (Agilent) and quantified by the ND-2000 (NanoDrop Technol-
ogies). The low-quality RNA samples were deleted while the high-
quality was kept for the construction of the sequencing library. After
that, the RNA was purified and reversely transcribed. The cDNA library
was constructed and sequenced by Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China).

2.9. Quality control and de novo assembly

The paired-end reads were trimmed using fastp to implement the
quality control (Chen et al., 2018). After that, the Trinity was used for
the de novo assembly of clean data (Grabherr et al., 2011). The assembly
quality was improved by filtration and assessment by CD-HIT (Fu et al.,
2012), TransRate (Smith-Unna et al., 2016) and BUSCO (Benchmarking
Universal Single-Copy Orthologs) (Manni et al., 2021). Furthermore, the
assembled transcripts were searched against the NCBI protein nonre-
dundant (NR), Clusters of Orthologous Groups of proteins (COG), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al., 1999)
databases using Diamond to identify the proteins which that had the
highest sequence similarity.

2.10. DEGs analysis and functional enrichment

The differentially expressed genes (DEGs) between two samples/
groups and gene abundance were calculated and quantified by the
transcripts per million reads (TPM) method and RSEM (Li and Dewey,
2011). The differential expression analysis was performed with DESeq2
(Love et al., 2014). The DEGs with |logaFold change| > 1 and FDR <0.05
were identified as significantly different expressed genes. Moreover, the
KEGG functional-enrichment analysis was performed to analyze meta-
bolic pathways. The sequence data are available in the GEO database
with the accession number GSE280440.

2.11. Statistical analysis

All data were shown as the mean value of three independent bio-
logical replicates + standard deviation (SD). SPSS software (version
25.0) was used for all data analyses. Repeated measures analysis of
variance (RM-ANOVA) and two-way ANOVA (TW-ANOVA) were
employed to analyze the effects of culture time, and the effects of COy
and nitrate at each time point, respectively, followed by post-hoc anal-
ysis (LSD test, p < 0.05 as significant difference) or LSD test (p < 0.01 as
significant difference) if Levene test was not met (Table S1-2). A
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confidence interval of 95 % was set for all tests. The figures were con-
structed using the Origin 8.5, TBtools, and PowerPoint. The quality
control and assembly assessment of transcriptomic data were presented
in Table S3-4.

3. Result and discussion

3.1. Response of growth and photosynthesis to elevated COz and nitrate
levels

During 30 days of cultivation, the time had a significant interactive
effect with CO, concentration on the SGR according to RM-ANOVA
(Table S1). Specific growth rate under the two CO; conditions both
decreased with time, but it had a larger decline under HC (Fig. 1A).
According to the TW-ANOVA, the CO, concentration only had a signif-
icant interactive effect with nitrogen concentration on the SGR at the
17th day (Table S2); HN did not affect the SGR under LC but signifi-
cantly reduced it under HC (one-way ANOVA). In addition, the CO4
concentration exerted a significant effect on the SGR on the 17th, 20th,
27th and 30th days (Table 52). On day 17, HN had no significant effect
on the SGR under LC while it showed significant inhibition under HC.
HN aggravated the negative effect on the SGR under HC. The SGR under
LCLN showed positive values throughout the whole period. Notably,
G. lemaneiformis under LCHN presented the only instance of negative
growth (—0.03 d™!) on day 10. By contrast, G. lemaneiformis under
HCLN and HCHN manifested the negative growth on the 10th day, and
this negative-growth trend persisted until the 30th day.

It is important to note a key limitation of the transcriptomic analysis
presented here: the data were derived from a single sampling point at a
late stage of the experiment. As a result, the observed expression profile
may reflect a senescent state or cellular stress response under prolonged
high-CO5 exposure, rather than capturing dynamic changes across the
acclimation process. Therefore, while the data provide valuable insights
into the metabolic status under extreme conditions, the results should be
interpreted with caution regarding the overarching physiological accli-
mation of G. lemaneiformis to carbon capture and utilization. The
DEGsvaried in three pairs of comparison groups (Fig. 1B). There were
7330 DEGs showing upregulation while 166 showing downregulation
under LCHN compared to LCLN. Conversely, HCLN and HCHN had more
downregulated than upregulated DEGs compared to LCLN. HCHN had
more downregulated and upregulated genes than HCLN. The severe
downregulation observed in HCHN vs LCLN indicates the over-pressure
under HCHN, reflecting a systemic cellular shutdown. Among the mul-
tiple stresses underlying this response, we highlight the C:N imbalance
imposed by high nitrogen (HN) as the primary driver: the dispropor-
tionately low carbon availability directly limits the synthesis of essential
metabolites and structural components, an effect that is exacerbated by
high CO, stress. Principal component analysis (PCA) was used to depict
the response of G. lemaneiformis to different treatments (Fig. S1).
Different treatments distributed in different quadrants except for HCLN
and HCHN, which had an overlap with each other. Metabolic pathway of
TCA cycle is shown in Fig. 1C. There were 58 DEGs related to TCA cycle
between the control (LCLN) and treatments (LCHN, HCLN or HCHN)
(Fig. 1D). Compared to LCLN, there were 13 upregulated DEGs (with
3.0-6.9 log, folds) under LCHN while 31 (3.4-10.3 log; folds) and 51
(3.5-12.6 log, folds) downregulated DEGs under HCLN and HCHN
respectively. All homologous genes of citrate synthase (CS), aconitate
hydratase (ACO), isocitrate dehydrogenase (IDH), and succinate-CoA
ligase (SUC) catalyzing the synthesis of citrate, isocitrate, 2-oxogluta-
rate, and succinate, showed significant downregulation under HCHN.
Compared to LCLN, HCHN exhibited more severe restrain on the TCA
cycle than HCLN.

During 30 days of cultivation, time had a significant interactive ef-
fect with CO2 concentration or nitrogen concentration on Fv/Fm
(Table S1). Fv/Fm under all conditions demonstrated a trend of first
decrease and then rise while there were larger amplitudes under HC
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Fig. 1. (A) Specific growth rate (SGR), (B) Number of differentially expressed genes (DEGs); Note: red and blue columns represent the up and down regulation genes.
(C) Metabolic pathway of TCA cycle. Note: orange and blue fonts represent gene and intermediate metabolites respectively; Red, blue and gray color blocks represent
the representative homology genes with significant upregulation, downregulation and no significant regulation. (D) Heatmap of significant DEGs related to TCA
cycle. Abbreviation: ACO, aconitate hydratase; CS, citrate synthase; DLST, dihydrolipoamide succinyltransferase; FUM, fumarate hydratase; IDH, isocitrate dehy-
drogenase; MDH, malate dehydrogenase; OGDH, 2-oxoglutarate dehydrogenase; PC, pyruvate carboxylase; SDH, succinate dehydrogenase; SUC, succinate-CoA
ligase; The numbers after gene name suggests the homologous genes. Note: LC, low CO, treatment; HC, high CO, treatment; LN, low nitrate level; HN, high ni-
trate level. The value is the mean =+ standard deviation (SD), and different letters indicate that there are significant differences among different treatment groups (p
< 0.05). Note: red and blue color blocks represent significant up and down regulation; Gray color block represents no significant regulation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 2A). CO2 concentration had a significant interactive effect with
nitrogen concentration on the Fv/Fm on the 20th day (Table S2); HN did
not affect the Fv/Fm under LC but significantly reduced it under HC
(one-way ANOVA). By contrast, the CO2 and nitrogen concentrations
had significant effects on the Fv/Fm at 30th day (Table S2); HN signif-
icantly enhanced Fv/Fm at both CO; conditions. Time had a significant
interactive effect with COy and nitrogen concentrations on NPQ
(Table S1). NPQ under all conditions decreased with time, with HCHN
leading to the largest decline and LCHN having the smallest decline
(Fig. 2B). Moreover, CO; concentration had significant interactive ef-
fects with nitrogen concentration on the NPQ on the 20th and 30th day
(Table S2). HN did not affect the NPQ under LC but reduced it under HC
on day 20, while HC enhanced the NPQ under LC but reduced it under
HC on day 30.

During 30 days of cultivation, time had a significant interactive ef-
fect with CO5 or nitrogen concentration on the Chl a content (Table S1).
Chl a content under LCHN showed a rising trend with time while it
decreased with time under HC (Fig. 2C). HN enhanced the Chl a content
on day 20 and 30 (Table S2). However, HC reduced the Chl a content on
the 30th day (Table S2). Time had a significant interactive effect with
CO, or nitrogen concentration on carotenoid content (Table S1).
Carotenoid content under LCHN first decreased, and then had a rising
trend while that under HCHN had a decreasing trend with time
(Fig. 2D). Nitrogen and CO3 concentration had significant effects on the

carotenoid contents on the 20th and 30th day, respectively (Table S2).
Similar to Chl a content, HN enhanced the carotenoid content on the
20th day, while HC significantly reduced it on the 30th day (Table S2).

During the cultivation period, time had a significant interactive ef-
fect with CO5 and nitrogen concentrations on the PC content (Table S1).
PC content under LC showed a trend of first decrease and then increase
while it continuously decreased under HC (Fig. 2E). The CO, concen-
tration had significant effects on the PC content at the 10th and 20th day
(Table S2). HC enhanced the PC content on the 10th and 20th day. The
time had a significant interactive effect with CO, and nitrogen concen-
trations on PE content (Table S1). PE content under HC had a larger
decrease with time compared with that under LC (Fig. 2F). The COq
concentration had significant interactive effects with nitrogen concen-
tration on the 10th and 30th day (Table S2). HC led to a larger decrease
in the PE content under HN compared to LN on day 10; HC did not affect
the PE content under LN but dramatically decreased it under HN on day
30. HC also reduced the PE content on day 20.

Metabolic pathway of photosynthesis—antenna proteins is shown in
Fig. 2G. There were 44 DEGs related to photosynthesis proteins
(Fig. 2H). Compared to LCLN, there were 23 DEGs (3.2-9.1 logs folds)
under LCHN showing significant upregulation while 28 (4.5-10.1 log,
folds) and 30 (5.0-10.3 log, folds) DEGs showed significant down-
regulation under HCLN and HCHN, respectively. There were 15 DEGs of
light-harvesting complex related proteins (LHCA, LHCB and LHCsr), 6
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DEGs of photosystem II repair protein, 2 DEGs of phycoerythrin
biosynthesis related proteins (CPEC and CPED) under LCHN showed
significant upregulation compared to LCLN. In contrast to LCLN, there
was only one DEG related to phycobiliprotein synthesis under HCLN
showed upregulation (CPCB, log; folds = 2.3). There were 11 psb and 17
LHC DEGs under HCLN and 12 psb and 18 LHC DEGs under HCHN
exhibiting significant downregulation.

The PCA showed that HCLN and HCHN group clusters were very
closely, indicateding the overwhelms of HC to HN effects at the tran-
scriptomic level (Fig. S1). Increased COy can commonly stimulate
macroalgal growth due to the sufficient carbon supply in ambient en-
vironments (Vengatesen et al., 2016). However, the high CO5 concen-
tration inhibited growth of G. lemaneiformis, particularly on day 17 and
27 in the present study. Along with increased CO3 availability, high CO2
concentrations can bring about decreased pH. The pH under the high
CO5, condition could be as low as 5.9 while almost 8.1 to 8.2 under LC in
the whole period (Fig. S2). Decreased pH can lead to imbalance in
acid-base and protons between intracellular and extracellular environ-
ments, affecting metabolic activities in cells (Flynn et al., 2012). The

decreased pH would activate the energy consumption to maintain the
cellular pH homeostasis via powering ion pumps which inhibited the
growth (Taylor et al., 2012). Nearly all DEGs of G. lemaneiformis were
downregulated, which suggests the severe inhibition of regular meta-
bolic pathways by HC. Tricarboxylic acid cycle (TCA) and photosyn-
thesis related genes of G. lemaneiformis were significantly inhibited by
HC, which is detrimental to growth. On the other hand, the inhibition of
growth would reduce the demand of energy which may inhibit the TCA
cycle. Environmental stress could block the TCA cycle, followed by
decreased energy metabolism and reduced ATP production (Sun et al.,
2022). The downregulation of CS may reduce the catalytic efficiency for
oxaloacetate and acetyl-CoA which was critical in TCA cycle (Nishii
et al., 2023). The overexpression of IDH enhanced the growth, photo-
synthesis, carbohydrate and lipid content which implied the higher cell
viability (Li et al., 2024a). However, the downregulation of IDH can lead
to weaker capacity in growth and photosynthesis. Thus, the down-
regulation of TCA cycle related genes under HC implied the growth
restrain. HN aggravated the inhibition under HC on SGR. Low C: N of
G. lemaneiformis under HCHN, implied its carbon limitation e.g.
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reducing the lipid, carbohydrate and cellular carbon backbone. Thus,
the carbon limitation may inhibit the synthesis of essential component of
cellular carbon backbone which led to the decrease of SGR. The effects of
high CO; levels (higher than 5 %) on macroalgae were understudied. A
meta-analysis review shows that high CO, concentrations (0.1-30 %)
generally promote microalgal growth (Feng et al., 2025). The physio-
logical traits, e.g., thicker boundary layers and more complex tissues,
enable macroalgae to be better adapters compared to microalgae.
However, the findings in this study suggest that microalgae can accli-
mate to high CO, better than macroalgae, likely due to their short
generation times. The current study suggests G. lemaneiformis cannot
grow well in a CO2 condition of 10 %. Therefore, future study should
identify the optimal COs level for the growth of G. lemaneiformis.

Sufficient nitrogen availability can usually promote photosynthetic
pigment content in macroalgae since nitrogen is an essential element for
nucleic acids, proteins and enzymes (Jiang et al., 2024). HN also
significantly promoted the synthesis of Chl a (day 30), carotenoid (day
20 and 30), and PE (day 10 and 30) in G. lemaneiformis in the present
study. It may be the reason for the promoted Fv/Fm (day 30) and NPQ
(day 30). The inconsistent performance of SGR and Fv/Fm on day 30
was mainly due to partial revival of Fv/Fm in apical tip and overall
inhibition in growth. The decreased NPQ under HC may derived from
the injury of photosynthetic system. Higher NPQ under HN represents
the capacity of stress-response. Similar to the Fv/Fm, CO; had no sig-
nificant interactive effect with nitrogen on the NPQ on day 10 while it
showed significant interactive effect on day 20. These results indicate
that G. lemaneiformis maintained photosynthetic stability against envi-
ronmental stress during the first 10 days but exhibited reduced stress
resistance thereafter. The Chl a and PE contents under HC had similar
variation tendency in the whole period. However, the PE content under
LCHN showed the highest content in the whole period while the Chl a
content was the highest on day 20 and 30. HN did not promote the Chl a
content on day 10 which was inconformity with PE content. Enhanced
SGR, Fv/Fm, photosynthetic pigment contents, and upregulated mech-
anisms for protein processing, carbon fixation etc. indicated the better
health of G. lemaneiformis under LCHN. The PE content under LCHN was
significantly enhanced on day 30. The CPED (phycoerythrin synthesis
related gene) was significantly upregulated under LCHN while no sig-
nificant regulation under HNHN (Fig. 2H). The different expression level
of CPED illustrated the influence of HC under HN. Moreover, the strong
inhibition of energy metabolism under HCHN may influence the syn-
thesis of photosynthesis component.

The transcriptome data in the present study show that the photo-
synthesis and TCA of G. lemaneiformis were significantly promoted by
HN. However, HN did not offset the negative effects of HC but intensi-
fied the inhibition on SGR (day 17) and the TCA cycle. More down-
regulated DEGs including antenna protein related genes further
confirmed the negative effect of HN combined with HC. HC significantly
inhibited the photosynthesis related genes e.g. PS Il repair protein genes
(psb), which implied the impairement of self-regulating ability in
photosynthesis. Previous studies showed that nitrogen enrichment can
alleviate environmental stress on macroalgae (Jiang et al., 2024; Krista
and Peggy, 2001). The present study indicates that the nitrogen
enrichment does not function when environmental stress surpasses a
threshold. Instead, it even generates a synergistically negative effect
with environmental stressors. Transcriptomic analysis revealed that HN
did not mitigate HC-induced adverse effects. The synergistic negative
effects of prolonged extreme low pH exposure compromised
stress-response capacity, limiting adaptation to concurrent challenges
such as C: N imbalance and osmotic stress. On the other hand, the high
energy consumption of pH homeostasis, nitrogen assimilation and C: N
balance may cause cellular energy deficit especially under the inhibition
of energy metabolism (TCA cycle). This phenomenon could be caused by
high nitrogen supply which disrupted the balance of cellular C: N molar
ratio (Fig. 5B). On day 30, the C: N molar ratio under HCHN was
significantly lower than that under LCLN and HCLN. HN further reduced
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the C: N molar ratio under HC. Additionally, high CO, and high nitrogen
concentrations could inhibit the growth of Chlorella sp. respectively,
which implied the additive effect on growth inhibition of
G. lemaneiformis (Li et al., 2014).

3.2. Increased POC content while decreased net POC production under
high CO3

Time had no interactive effect with CO, or nitrogen concentration
but alone had an extremely significant effect on POC content (Table S1).
POC content showed a rising trend with culture time for all conditions
(Fig. 3A). Neither CO5 nor nitrogen had a significant effect on the POC
content (Table S2). Time had no significant interactive effect with CO4
or nitrogen concentration on the net POC production (Table S1). CO4
concentration had significant effects on the net POC production on the
20th and 30th day (Table S2). LC had higher net POC production than
HC during the whole period except for day 10 under HCHN (Fig. 3B); HC
significantly reduced the net POC production on the 20th and 30th day,
while nitrogen did not have any significant effect during the culture
period (Table S2).

Metabolic pathway of Calvin cycle is presented in Fig. 3C. Totally, 89
DEGs related to TCA cycle were detected between the control (LCLN)
and treatment (LCHN, HCLN or HCHN) (Fig. 3D). Compared to LCLN,
there were 38 upregulated DEGs (2.4-6.8 log, folds) under LCHN while
55 (4.7-9.8 logs folds) and 77 (1.4-13.0 log, folds) downregulated DEGs
under HCLN and HCHN respectively. All of the identified homologous
genes of fructose-1,6-bisphosphatase (FBP) in HCLN showed significant
downregulation compared to those in LCLN. By comparison, all the
homologous genes in HCHN of phosphoglycerate kinase (PGK), FBP,
transketolase (TKT), ribose-5-phosphate isomerase (RPI), phosphor-
ibulokinase (PRK), showed significant downregulation compared to
LCLN. HCHN resulted in more downregulation genes than HCLN in the
Calvin cycle. The overexpression of PGK, catalyzing the conversion of 3-
Phosphoglycerate (3PGA) to 1,3-Bisphosphoglycerate (1, 3-BPG) in
Calvin cycle, enhances the stress resistance capacity in Pyropia haita-
nensis (Liao et al., 2023). The overexpression of FBP, which mainly
catalyze the breakdown of fructose-1,6-bisphosphate (1, 6-FBP) and
convert to fructose-6-phosphate (F6P), enhances the fatty acid and
biomass accumulation in Nannochloropsis gaditana (Zhang et al., 2024).
PRK catalyzes the phosphorylation of ribulose-5-phosphate into RuBP,
the substrate of Rubisco, while the loss of PRK function inhibit the
photosynthesis (Boisset et al., 2023). The depression of these key en-
zymes leads to the downregulation of Calvin cycle. These results indicate
that carbon fixation was stimulated under LCHN while suppressed under
HCLN and HCHN.

Sufficient CO5 and nitrogen supply usually promotes POC production
in marine algae (Heiden et al., 2018; Jiang et al., 2024). The rising trend
of POC content with time in all conditions was due to the consistent
supply of CO, and nitrogen. However, HC and HN did not lead to the
accumulation of POC in G. lemaneiformis. Conversely, the net POC pro-
duction of G. lemaneiformis under HC (day 10, 20 and 30) was signifi-
cantly inhibited, which could be attributed to the adverse effect of low
pH. The increased DOC accumulation of G. lemaneiformis under HCLN
and decreased net POC production suggested the cell leakage under
HCLN. The POC content under HN was obviously lower than that under
LN on both CO; concentration on days 30, though no significant dif-
ference. HC obviously inhibited the SGR from day 17-30 (Fig. 1A). The
POC content combined with growth difference led to the net POC pro-
duction difference. High dissolved COy/carbonic acid concentration,
induced by HC input, may enter the cells and change intracellular pH or
directly inhibit the cellular processes.

The net POC production kept a rising trend under LC.
G. lemaneiformis under HCLN had a slight increase from days 10-30.
However, the net POC production of G. lemaneiformis under HCHN
increased from days 10-20 while decreased from days 20-30. It sug-
gested that HN weakened the duration capacity of G. lemaneiformis
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under HC, which led to the net POC loss in latter period. The net POC
production of coastal plankton communities at low pH (pH = 6.0, equal
to the effect of 10 % CO, treatment) was significantly inhibited, which
was similar to our result (Nielsen et al., 2010). Moreover, HN intensified
the negative effect of HC on the C: N molar ratio, net POC production
and Calvin cycle (day 30). It may be due to the unbalance of cellular C: N
molar ratio. G. lemaneiformis under HCLN strived to kept carbon
assimilation while HN broke the balance and led to its drop down. It
concerned about the strong inhibition of growth and carbon fixation.
HCLN-induced net POC losses surpassed the RDOC accumulation, while
POC remineralization leads to the re-enter of CO, to atmosphere. This
necessitates prioritizing synergistic economic-ecological strategies in
seaweed cultivation. The CO5 level of 10 % mightily downregulated the
pH level, which strongly influenced the normal activity of
G. lemaneiformis.

The transcriptomic data revealed that the Calvin cycle of
G. lemaneiformis under HC was significantly downregulated. It implies
that the negative effect of HC on G. lemaneiformis crushed the positive
effect of CO, supply. The RBCL2 (RuBisCO) was significantly upregu-
lated under LCHN while RBCL1 downregulated under HCHN. The
different expression pattern of key enzyme RuBisCO demonstrated the
low pH effect under HC. The TCA and Calvin cycle related genes were
mostly downregulated under HC which demonstrated the inhibition of
net POC production under HC. Thus, a proper CO; level or regulation of
PH could help the net POC production in G. lemaneiformis. The cellular
PON content of G. lemaneiformis was promoted while the C: N molar
ratio was reduced by HC on day 30. HC inhibited the net POC production

while promoted the DOC accumulation. The significant enhancement of
C: N molar ratio under HCLN indicated the larger loss extent of carbon
than nitrogen. The ocean alkalinity enhancement (OAE) can relieve
ocean acidification via mitigating the decrease of pH (Burns and Corbett,
2020; James et al., 2023). The high CO; level coupled with OAE may
help to relieve the pH stress of G. lemaneiformis cultivation. There are
serval potential approaches related to OAE e.g. injection of alkaline
liquid, dispersal of alkaline particles, addition of minerals to coastal
environments and the electrochemical removal of acid from seawater
(Eisaman et al., 2023). Considering the nearshore cultivation of
seaweed, the OAE approach of mineral addition in coastal areas coupled
with high CO; cultivation may achieve an additive effect in CDR. OAE
can alleviate the pH stress of high CO5 while it does not inhibit the
carbon supply.

3.3. Response of DOC and RDOC accumulation to different CO, and
nitrate conditions

Time had a significant interactive effect with nitrogen concentration
on the DOC production rate (Table S1). DOC production rate had a sharp
decline from day 1-11, and the decline amplitude was larger under LN
compared to HN (Fig. 4A). CO, and nitrogen concentrations had a sig-
nificant interactive effect on the first and 31st days (Table S2). HN did
not affect the DOC production rate under LC but reduced it under HC on
day 1. However, HN enhanced DOC production rate under LC but did
not affect it under HC on day 31, indicating that CO, and nitrogen had
different interactive effects on DOC production in different culture
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periods. Time had a significant interactive effect with CO, and nitrogen
concentrations on DOC accumulation (Table S1). DOC accumulation at
all conditions kept a rising trend with time; HC enhanced DOC accu-
mulation under LN; HN reduced DOC accumulation under HC, and the
gap increased with time (Fig. 4B). CO5 and nitrogen concentrations had
significant interactive effects at all time points (Table S2); HC enhanced
DOC accumulation under LN at all time points but did not affect it under
HN or even reduced it on day 30.

Time had a significant interactive effect with COy or nitrogen

concentration on the RDOC transformation rate (Table S1). RDOC
transformation rate under LC did not change significantly with time,
while it showed a trend of first increasing and then decreasing under HC
(Fig. 4C). The highest value of RDOC transformation rate at each
treatment varied with time, and it was detected on days 11, 21 and 31
for LCLN, HC, and LCHN respectively. CO, and nitrogen concentrations
had a significant effect on the RDOC transformation rate on the 31st day
(Table S2); HN stimulated RDOC transformation under LC but did not
affect it under HC. Time had a significant interactive effect with CO, and
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nitrogen concentrations on RDOC accumulation (Table S1). RDOC
accumulation kept relatively stable from day 10-20 and had a signifi-
cant increase by day 30, with the amplitude larger under LN (Fig. 4D).
CO- and nitrogen concentrations had a significant interactive effect on
the RDOC accumulation (Table S2). HC enhanced the RDOC accumu-
lation under LN while reduced it under HN at all time points.

Time had a significant interactive effect with CO2 and nitrogen
concentrations on the bacterial abundance during the culture period
(Table S1). The bacterial abundances at all conditions increased from
day O to day 11 and then demonstrated different patterns, with those
under LCLN and HCHN decreasing with time, that under LCHN first
increasing and then decreasing, and that under HCLN first decreasing
and then increasing (Fig. 4E). CO2 and nitrogen had significant inter-
active effects on the bacterial abundance of culture period on the 21st
and 31st day (Table S2). HN enhanced the bacterial abundance under LC
but did not affect it under HC on the 21st day while HC did not affect the
bacterial abundance under LC but reduced it under HC on the 31st day.

Time had an interactive effect with CO5 concentration on the bac-
terial abundance of dark incubation (Table S1). The bacterial abun-
dances of dark period showed an increasing trend, with those under LC
having a larger extent (Fig. 4F). Neither CO3 nor nitrogen had significant
effects on day 11 or 21. On day 31, HC reduced the bacterial abundance
(Table S2).

Contrast to the inhibition of net POC production of G. lemaneiformis
by HC, the DOC production rate (day 31), DOC accumulation and RDOC
accumulation were significantly improved during the whole cultivation
period. The sharp decline of DOC production in the initial phase could be

10

attributed to increased bacterial abundance, stimulating the microbial
transformation of labile DOC to RDOC. In addition, the low SGR on the
10th day also restrained the DOC production. This suggests that more
fixed carbon was transported from intracellular to extracellular in the
form of DOC when thalli were cultured in the high CO, condition. An
Arctic mesocosm study showed that increased CO, concentration could
promote the DOC release of phytoplankton (Czerny et al., 2013).
However, ocean acidification (850-900 ppm CO- level) had no effect on
the DOC release on seaweed and phytoplankton (Paine et al., 2023; Zark
et al., 2015). The concentration of flue gas CO5 (100000 ppm) is far
higher than that of ocean acidification, which caused more intense
injury to thalli. Intense injury could stimulate stronger defensive sub-
stances or thalli damage which contributed to carbon release. HC did not
promote the photosynthesis and carbon fixation but further impaired the
growth (Figs. 1A, 2A and 3D). The DOC and RDOC accumulation were
mainly due to the injury of frond which led to outflow of cellular organic
carbon. Thus, the adverse effect (mainly low pH) of HC promoted the
DOC and RDOC accumulation. The DOC could be transferred to RDOC
by microbial carbon pump (MCP), catalyzed by microorganisms (Jiao
et al., 2024). The transformation of DOC to RDOC via microbial loop
enhances the microbial abundance and reinput the nutrients to the
ocean. The long time remaining in ocean made RDOC production, via
seaweed cultivation, important in capturing CO,. Moreover, the RDOC
and refractory POC (RPOC) contribution of seaweed fragments were
usually neglected, which occupied a considerable proportion. The liable
organic carbon was mineralized and simultaneously produced RDOC (Li
et al., 2025). Moreover, the mineralization of seaweed fragments



J. Chen et al.

supports the proliferation of bacteria, virus, and phytoplankton etc.
which in turn strengthen the stability of the coastal ecosystem.

Using high COs to culture seaweed could not only harvest blue-food
but also mitigate climate change. The RDOC transformation rates varied
in different treatments and periods. The higher values represent higher
refractoriness of initial produced DOC or the higher transformation rate
of RDOC via microorganism. However, HN reduced DOC accumulation
and RDOC accumulation in G. lemaneiformis under HC in the whole
cultivation period. It suggests that HN inhibited the stimulative effect of
HC on carbon excretion. HN likely enhanced cell health or membrane
integrity sufficiently to mitigate HC-induced carbon secretion. Nitrogen
enrichment caused the lower C: N molar ratio which promoted the
cellular protein accumulation while inhibited the carbohydrate accu-
mulation in Porphyridium purpureum (Li et al., 2020). Thus, HN could
inhibit the carbohydrate accumulation which was main component in
DOC (Rehman et al., 2017). Moreover, HN enhanced cellular PON
content, leading to decreased C: N molar ratio that is lower than the
Redfield ratio (16:1) and that under HCLN. To maintain regular C: N
molar ratio, cells need to reduce carbon excretion. This may explain the
depression of DOC production under HCHN. A similar phenomenon was
also reported for Pyropia haitanensis (Xu et al., 2021). Algae prioritize
the self-growth or net POC production when nutrient replete. However,
the carbon would be diffused outside the membrane when facing
adverse situations.

During the final two-thirds of the culture period, bacterial abundance
under HCLN was significantly increased, a trend consistent with the
accumulation patterns of DOC and RDOC. The elevated bacterial
abundance facilitated the transform of POC to DOC, and ultimately to
RDOC. The bacterial abundance in dark incubation on day 91 was
significantly inhibited by HC, which implied the lesser DOC to be
transformed under HC. It suggested that the DOC was quicker to be
transformed under HC. The bacterial abundance in dark incubation
under HC was significantly lower than LC, implied the faster degrada-
tion or higher proportion of RDOC. RDOC was refractory carboxyl-rich
alicyclic molecules (CRAM) which comprised of a complex mixture of
carboxylated and fused alicyclic structures with a carboxyl-C: aliphatic-
C ratio of 1:2 to 1:7 (Hertkorn et al., 2006). Extracellularly secreted
complex polysaccharides, such as fucoidan, were critical component of
RDOC (Li et al., 2024b).

3.4. Response of PON and C: N to elevated COz and nitrate levels

Time had a significant interactive effect with CO, or nitrogen con-
centration on PON content (Table S1). PON content under LCLN showed
a decreasing trend with time, while the trend under HCLN first
decreased and then increased; PON content under HN kept a rising trend
with time (Fig. 5A). CO; concentration had a significant interactive ef-
fect with nitrogen concentration on the PON content on the 10th day
(Table S2); HN enhanced the PON content under LC but did not affect it
under HC. HN decreased the PON content on day 20 but increased it on
day 30 (Table S2). Time had a significant interactive effect with CO5 or
nitrogen on C: N molar ratio (Table S1); The C: N ratio under LN showed
a rising trend while it maintained relatively stable under HN (Fig. 5B).
HN significantly reduced the C: N molar ratio on the 20th and 30th day
(Table S2). HC reduced the C: N molar ratio on the 30th day (Table S2).

Time had a significant effect with CO or nitrogen concentration on
net PON production (Table S1); Net PON production under LN showed a
decreasing trend while it kept relatively stable under HN; Net PON
production under HC had a decreasing trend when nitrogen was limited
while it kept relatively stable when nitrogen was replete. Nitrogen
concentration had a significant effect on the net PON production during
the whole period (Table S2); HN significantly enhanced the net PON
production under LC during the whole period; HN significantly pro-
moted the net PON production under HC on day 20 and 30 (Fig. 5C). CO2
concentration had a significant effect on the net PON production on day
20; HN enhanced the PON accumulation while HC inhibited the net PON
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production under HN. Metabolic pathway of the nitrate assimilation is
depicted in Fig. 5D. In total, the expression of 43 genes in treatment
groups was found to have significant differences compared to LCLN
(Fig. 5E). Among them, 8 DEGs were upregulated (2.9-7.8 log, folds)
under LCHN while 32 (2.1-10.6 log; folds) and 38 (1.5-12.2 logs folds)
DEGs were downregulated under HCLN and HCHN respectively. All the
homologous genes of nitrate transporter (NRT), nitrate reductase (NR),
and glutamate dehydrogenase (GDH) were significantly downregulated
in HCHN. The homologous genes of NRT and GDH were significantly
downregulated in HCLN. Nitrogen assimilation was slightly stimulated
under LCHN but was inhibited under HCLN and HCHN. NRT catalyzes
the uptake of extracellular nitrate to intracellular, which influences the
nitrogen assimilation rate by controlling the substrate availability.
Moreover, NR and NIR (nitrite reductase) catalyze the reduction of ni-
trate to ammonium which serves as the rate-limiting steps in nitrogen
assimilation (Ali, 2020). The downregulation of NRT, NR and NIR
indicated the inhibition under HC. However, the inhibition of nitrogen
assimilation under HCHN may be due to the inhibition of energy
metabolism and SGR. The PON content and net PON production were
the reflection of nitrogen assimilation throughout the whole cultivation
period. Before day 30, the nitrogen assimilation was activated under
LCHN and HCHN which led to the higher PON content. However, ni-
trogen assimilation was inhibited under HCHN due to excessive cellular
nitrogen accumulation, leading to transcriptional downregulation of
nitrogen assimilation. HN improved nitrogen assimilation in the early
phase, leading to the higher PON contents and lower C: N ratios. How-
ever, after reaching the highest value (close to 0.03 mg mg™~! FW) on day
10, PON content started to decrease, presumably to re-establish a stable
C:N balance. This response is supported by transcriptional data that
reveal a pronounced down-regulation of nitrogen-assimilation genes at
HN on day 30.

3.5. Response of protein processing and degradation

Metabolic pathway of protein processing and degradation pathway is
depicted in Fig. 6A. In total, 35 genes of treatment groups were found to
have significant differences compared to LCLN (Fig. 6B). Compared to
LCLN, there were 33 upregulated DEGs (3.2-9.8 log, folds) under LCHN
while there were 7 (4.2-12.2 logy folds) and 9 (5.8-12.4 logs folds)
downregulated DEGs under HCLN and HCHN respectively. The protein
processing and degradation were activated by HN, but were inhibited by
HC and the combination of HN and HC. HN promoted the nitrate
assimilation which enhanced the cellular PON content and net PON
production (Fig. 5A and C), which is supported by the activation of
protein processing in G. lemaneiformis. The abundant supplies of nitro-
gen element promoted the protein processing while the oversupply
activated the protein degradation mechanism. The protein processing of
G. lemaneiformis under HC was significantly inhibited especially the
genes of key proteins CRT and UGGT in Endoplasmic Reticulum Quality
Control (ERQC). ERQC plays a critical role in correcting misfolded/
unfolded protein caused by stresses (Chen et al., 2022). When ERQC
capacity is overwhelmed, ER stress occurs, subsequently activating the
UPR (Unfolded Protein Response) and ERAD (ER-Associated Degrada-
tion) pathways to eliminate aberrant proteins and restore proteostasis.
The upregulation of UPR and ERAD was considered as the capacity in
handling stress. The downregulation of critical enzymes CRT and UGGT
under HC in ERQC implied its downregulation or impairment which
may cause ER stress. However, the ERAD mechanism was not activated
or depressed under HC, suggesting the strong impairment of handling
misfolded/unfolded proteins. Thus, HC caused strong negative effects on
the G. lemaneiformis on protein processing and degradation.

The inhibition of protein processing and the failed degradation
mechanism caused by the low pH may lead to the growth inhibition and
poor handling of carbon and nitrogen assimilation which influenced the
further carbon flow. The strong inhibition of carbon fixation under
HCHN likely reduced the availability of carbon skeletons, impairing the
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Fig. 6. (A) Metabolic pathway of protein processing and degradation. Notes as in Fig. 1C. (B) Heatmap of significant DEGs related to protein processing and
degradation. Abbreviation: BIP/NEF, Heat shock 70 kDa protein; CNX, calnexin; CRT, calreticulin; Der, derlin; Doal, phospholipase A-2-activating protein; DPM1,
dolichol-phosphate mannosyltransferase; elF2a, translation initiation factor 2 subunit; Npl4, nuclear protein localization protein 4; GRP94, Heat shock 90 kDa
protein; GS I/II, Glucosidase I/1I; HSP40, Heat shock 40 kDa protein; OST, dolichyl-diphosphooligosaccharide protein glycosyltransferase; Otul, ubiquitin thio-
esterase otul; PERK, eukaryotic translation initiation factor 2-alpha kinase; Rad23, UV excision repair protein Rad23; UGGT, UDP-glucose: glycoprotein glucosyl-
transferase; Ubx, UBX domain-containing protein; Ufd, ubiquitin fusion degradation protein; The numbers after gene name suggests the homologous genes. Notes as

in Fig. 1.

biosynthesis of key enzymes essential for nitrogen assimilation and
protein synthesis. Low pH inhibits protein processing and compromises
degradation mechanisms, impairing normal protein function. This
impairment may lead to growth inhibition, poor carbon and nitrogen
assimilation, and ultimately disrupts downstream carbon flux. These
molecular responses of G. lemaneiformis to HC can explain its physio-
logical performance (e.g., growth, POC and net PON production).

4. Conclusion

In this study, a comprehensive array of physiological, biochemical,
and transcriptomic analyses was meticulously carried out to delve into
the responses of carbon fixation and sequestration in the economically
significant seaweed, G. lemaneiformis, to elevated levels of CO, and ni-
trogen. The findings indicate that CO3 concentrations in flue gas can
stimulate the production of DOC and RDOC by G. lemaneiformis, thereby
facilitating carbon sequestration at the expense of POC loss. However,
this is not a beneficial trade-off between DOC and POC because POC
losses exceed DOC accumulation. Furthermore, high CO, concentrations
are unfavorable for the growth of G. lemaneiformis, which can reduce
biomass production when seaweeds are utilized for feed or agar pro-
duction. This study provides novel insight into the response mechanisms
of G. lemaneiformis to the interaction of high CO, and nitrate concen-
trations, as well as the utilization of seaweed farming for capturing CO»
from flue gas. Future studies should establish a gradient of CO; levels to
systematically determine the optimal CO; concentration for the growth
of G. lemaneiformis. An optimal CO, concentration (<10 %) that can
strike a balance between carbon sequestration (DOC and RDOC) and
biomass production (POC) should be investigated in future studies.
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