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Harmful algal blooms can impose severe harm to aquatic ecosystems. Macroalgae cultivation has been
demonstrated to inhibit the occurrence of harmful algal blooms. However, our understanding of how marine
heatwaves (MHWs) affect the competition dynamics between cultivated macroalgae and bloom-forming
microalgae remains limited. In this study, a widely cultivated macroalga Gracilariopsis lemaneiformis and a
common bloom-forming microalga Skeletonema costatum were co-cultured under a simulated MHW event. The
negative effects of MHW on relative growth rate (RGR) and net photosynthetic rate (NPR) of G. lemaneiformis
increased with culture time until the end of one week of recovery. MHW also induced higher dark respiration rate
(DRR) in G. lemaneiformis. Transcriptome analysis shows that only several genes involved in fatty acid degra-
dation (HADH, echA), glycolysis (PFK) and carotenoid biosyenhtesis (PSD) were significantly upregulated in
G. lemaneiformis which was insufficient to deal with the stress caused by MHW. In contrast, the RGR and NPR of
S. costatum fully recovered from the negative influences of MHW by the end of recovery period. Most genes
involved in the pathways of oxidative phosphorylation (a process of generating ATP), glycolysis, TCA (tricar-
boxylic acid) cycle, fatty acid degradation, Calvin cycle (carbon fixation process) and nitrogen metabolism were
significantly upregulated in S. costatum, indicating a robust self-regulation and repairing capability to cope with
environmental stress. These findings suggest that when co-cultured with G. lemaneiformis, S. costatum exhibited
greater resilience to MHW, conferring it a competitive advantage and enhancing the likelihood of harmful algal
blooms in areas where macroalgae are cultivated.

carbon fixation and sequestration (Remy et al., 2017; Du and Peterson,
2018). In addition, harmful algal blooms (HABs) can be promoted by

1. Introduction

Continuous CO emission is exacerbating global warming and trig-
gering ocean acidification. In tandem with the rise in global tempera-
tures, the incidence of extreme weather events, such as marine
heatwaves (MHWs), is escalating in frequency, duration, and intensity
(Oliver et al., 2018; Laufkotter et al., 2020; Yao and Wang, 2022).
Intense and recurrent MHWSs have been particularly observed along the
coastal regions of China, the western South China Sea, and the south-
western Luzon Strait (He et al., 2023). These extreme and frequent
MHWs pose a grave threat to marine ecosystems (Pecl et al., 2017). For
example, MHWs can cause widespread coral bleaching, severely
damaging coral reef ecosystems (Donovan et al., 2021). Both in situ
investigation and laboratory experiments showed that MHWSs could lead
to variation of algal community composition, potentially affecting
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MHWs, imposing a threat to global biodiversity (Hayashida et al., 2020;
Takagi et al., 2022; Kelly et al., 2023). About a month after MHWs in the
Northwest Pacific in 2021, unprecedented large-scale HABs were
observed for the first time in the waters near Japan, even extending to
coastal shelf waters, and persisted for three months (Kuroda and Setou,
2021).

Harmful Algal Blooms (HABs) have emerged as a global concern and
toxins in toxic species can be transferred to higher trophic levels
including zooplankton, shellfish, fish, marine mammals, and humans
(Wells et al., 2015). Consequently, HABs exert a variety of detrimental
impacts on marine ecosystems, fisheries, aquaculture, local economies,
and human health and well-being (Takagi et al., 2022). Over the past
two decades, there has been a notable increase in frequency, severity,
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and geographic spread of HABs (Anderson et al., 2021).

Macroalgae, mainly inhabit in intertidal zones, as the most important
producers in coastal waters, play an essential role in coastal ecosystem
maintenance and carbon sequestration (Gao et al., 2022). In addition,
studies shows that some macroalgae have an inhibitory effect on HABs.
For example, many species of Gracilaria endemic to Asian waters could
inhibit the growth of many species of red tide algae through allelopathy
(Ye et al., 2013; Ye et al., 2014; Yang et al., 2015). The inhibition of
macroalgae on bloom-forming microalgae can also improve phyto-
plankton diversity (Chai et al., 2018). Asia has a long history of seaweed
aquaculture. Red tides seldom occur in seaweed aquaculture areas due
to the competition and allelopathic inhibition of macroalgae. However,
it was reported that red tides occurred in seaweed aquaculture areas in
recent years (Li et al., 2022). Whether MHWs led to the competitive
changes between macroalgae and bloom-forming microalgae warrants
further investigation. Previous studies have predominantly centered on
individual responses to MHWs (Jiang et al., 2022; Smith et al., 2023;
Fischer et al., 2024). While a recent study indicated that MHWs might
augment the competitive edge of S. costatum over G. lemaneiformis, the
underlying molecular mechanisms remain elusive (Gao et al., 2024).
Concurrently, how the co-cultured macroalgae and microalgae respond
to MHWs needs to be further studied.

As a red macroalga with extensive economic and ecological resto-
ration values, G. lemaneiformis exhibits the merits of robust temperature
adaptability and rapid growth, so it is widely cultured along the coasts of
China, spanning from North to South (Fei, 2004; Gao et al., 2022). As a
representative phytoplankton species with global distribution, large-
scale blooms are dominated by S. costatum under certain environ-
mental conditions (Wang et al., 2006). It is also the most frequent red
tide diatom in China (Feng et al., 2024). Previous studies show that
G. lemaneiformis has a substantial inhibitory effect on S. costatum (Yang
et al., 2015; Gao et al., 2024). We hypothesize that this competition
dynamic could be altered by MHW. In this study, G. lemaneiformis and
S. costatum were cocultured under a simulated MHW, and both physi-
ological and transcriptome data were analyzed to test the hypothesis and
to explore the potential mechanisms.

2. Materials and methods
2.1. Algal collection and algae culture

Gracilariopsis lemaneiformis was collected from a macroalgae culture
area in Sansha Bay, Ningde City, Fujian Province in February 2022
(119.31°E, 26.39°N), and transported back to the laboratory in the
condition of low temperature (around 15 °C) and dark. After that, nat-
ural seawater filtered by a 0.22 pm pore size filter was used to repeatedly
clean the algae to remove surface attachments. The cleaned thalli were
placed in an incubator (HP200G-3 light incubator, Ruihua, Wuhan,
China), with the temperature set at 17 °C and the light intensity set at 70
pmol-photons-m™~2s~! (light: dark = 12: 12), and cultivated with f/2
medium for at least one week. Before the experiment, G. lemaneiformis
thalli with similar branch length were selected and attached other algae
were removed as much as possible with degreased cotton. Subsequently,
the thalli were treated with 4 % streptomycin antibiotics (400 U-mL ™!
penicillin and 0.4 mg-mL™! streptomycin), and placed in a light incu-
bator for at least 48 h to reduce pollution of microalgae and bacteria,
and then washed repeatedly with sterilized seawater to wash off the
antibiotics.

Skeletonema costatum (Cleve 1900) was taken from the Center for
Collections of Marine Algae (CCMA), the State Key Laboratory of Marine
Environmental Science of Xiamen University. Skeletonema costatum was
also treated with double antibodies (streptomycin, the final concentra-
tion was 200 U-mL™" penicillin, 0.2 mg-mL~" streptomycin) for 24 h
before the experiment, and the conditions of temperature and light were
consistent with those of G. lemaneiformis culture.
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2.2. Experimental design

The seawater used in the experiment was natural seawater collected
from coastal area of Jinjiang city (118.60°E, 24.52°N), Fujian province
of China, which was filtered by a 0.22 pm filter membrane and then
sterilized by an autoclave at 106 °C. The concentrations of dissolved
inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) in
natural seawater were 10 pmol-L ™! and 0.5 pmol-L ™}, respectively. The
G. lemaneiformis and S. costatum were simultaneously cultured in a tri-
angle conical bottle with a capacity of 1 L filled with 1 L sterilized
seawater, f/2 medium was added, and outdoor air filtered by a 0.22 ym
filter membrane was filled for culture. Medium was renewed half every
three days for a semicontinuous culture to supply enough nutrients
(Fig. S1). Light intensity was 70 pmol-photons-m 25! with a light: dark
cycle of 12 h: 12 h. Original concentrations of G. lemaneiformis and
S. costatum were 1 g-L™! and 1 x 10* cell.mL™! respectively, which
represented the culture density of G. lemaneiformis and the biomass
density of S. costatum when it bloomed (Gao et al., 2024). The control
group (17 °C Baseline, 17 °C BL) and the heatwave treatment group
(20 °C Heatwave, 20 °C HW) were set in the experiment. Four repeti-
tions were set for each treatment. The baseline temperature represents
the spring temperature in the G. lemaneiformis cultivation area and the
3 °C heatwave can occur in coastal waters of China (Yao and Wang,
2022; Jiang et al., 2024). The control group's temperature was set at
17 °C, which was fixed, while the heatwave treatment group simulated
the process of marine heatwave by artificially regulating the tempera-
ture (Fig. 1). The heatwave group increased from 17 °C to 20 °C at a rate
of 0.5 °C per day. The heating process lasted for 6 days, which was
termed heating period. Then it was kept at 20 °C for one week, which
was termed maintenance period, and then it dropped to 17 °C at a rate of
0.5 °C per day. The cooling process also lasted for 6 days, which was
termed cooling period. Afterwards it continued to be cultured at 17 °C
for one week, which was the heatwave recovery period. Therefore, the
total culture period was 24 days.

2.3. Measurement of relative growth rate

As for the measurement of relative growth rate of G. lemaneiformis,
thalli were taken out from the culture bottles, wiped with absorbent
paper and weighed by an analytical balance (HZK-FA110, HZ, USA) in
an ultra-clean workbench.

The cell number of S. costatum was measured by spectrophotometer
at 680 nm, and the measured light absorption value was substituted into
the linear relationship between the cell number (cellmL™ Y and light
absorption value of S. costatum. The weight of G. lemaneiformis and the
biomass of S. costatum were measured every three days.

The relative growth rate (RGR) of G. lemaneiformis and S. costatum
were calculated according to the following formula:

RGR (%d ') = (InW, — InWo) /t x 100%,

where Wy and W; represent the weight of G. lemaneiformis on day
0 and day t or the cell number of S. costatum on day O and day t,
respectively.

2.4. Measurements of net photosynthetic rate and dark respiration rate

The net photosynthetic rate (NPR) and dark respiration rate (DRR) of
algae were measured by Clark-type oxygen electrode (Oxygraph+,
Hansatech, UK) during the culture. A constant temperature circulator
was used to maintain the temperature during measurement, which was
consistent with the culture temperature set in the experiment. And the
light intensity was adjusted by moving the distance between the light
source and the measuring chamber, which was consistent with the light
intensity in the growth incubator. For G. lemaneiformis, in order to
eliminate the physiological differences of different algae segments, we
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Fig. 1. Stages and temperature change of the simulated marine heatwave.

cut three sections of thalli with a length of 1-2 cm and a total weight of
about 0.02 g, and then the thalli were transferred to a centrifuge tube
filled with 2 mL of filtered original culture water. At the same time,
before the determination, we put it under experimental conditions for at
least 1 h to reduce the influence of mechanical damage on the deter-
mination of algae. As for S. costatum, 2 mL of cultured water was added
to the measuring chamber for measurement. The NPR and DRR of two
algae were both measured for 10 min. The net photosynthetic rate and
dark respiration rate were expressed as pmol Oy-g 'FW-h™! for
G. lemaneiformis, and pmol Oy-cell *-h™?! for S. costatum.

2.5. Measurements of photosynthetic pigments

In this experiment, the contents of Chl a and carotenoid in two kinds
of algae were determined. For G. lemaneiformis, we weighed about 0.02 g
(FW) of thalli in a 15 mL centrifuge tube, added 5 mL 100 % methanol to
completely immerse the thalli, and stored it in the dark at 4 °C for 24 h.
During the measurement, the extract was shaken evenly, then centri-
fuged at 8000 r/min at 4 °C for 10 min by using a high-speed freezing
centrifuge (Universal 320R, Hettich, Germany). After that, the super-
natant was taken and measured with an ultraviolet spectrophotometer
(TU-1810DASPC, China) with 100 % methanol as reference solution.

For S. costatum, about 5 mL of the sample was filtered on 25 mm GF/
F filters (Whatman, USA) and transferred to a 15 mL centrifuge tube.
After adding 5 mL of 100 % methanol solution to immerse the mem-
brane sample, stored it in the dark at 4 °C for 24 h. The extract was
centrifuged, measured as described above.

The contents of Chl a and carotenoids were calculated according to
the formulas of Porra et al. (Porra et al., 1989) and Strickland et al.
(Strickland and Parsons, 1972) respectively:

Chla (ug'mL ") = 16.29 x (Asss — Ayso) — 8.54 X (Agsz — Aso)

Carotenoids (ug-mL™") = 7.6 x [(A4s0 — Azso) — 1.49 x (As10 — Aso) ]

where A7so, Agss, Ags2, Asig, and Aygy are the absorbance wave-
length at 750, 665, 652, 510, and 480 nm, respectively. For
G. lemaneiformis, the pigment content units were converted into mg-g !
FW. As for S. costatum, the values were converted to pg-cell L.

2.6. Measurements of POC, PON, C/N

Gracilariopsis lemaneiformis was cut off at the base and end, rinsed
with sterilized seawater to wash off S. costatum which might be attached
to the surface of the algae, and the water on the surface of the algae was
absorbed by absorbent paper, then transferred to a 2 mL centrifuge tube
and stored in a refrigerator at —20 °C. As for S. costatum, about 5 mL of
cultured water was filtered on GF/F membrane that was pre-burned by
muffle furnace with 450 °C for 6 h, and the pressure was controlled
within 0.01 MPa to avoid the breakage of algae cells. Then it was

transferred to a 2 mL centrifuge tube and stored in a refrigerator at
—20 °C. Before determining the POC and PON contents of the sample,
the sample was dried in an oven at 60 °C for 24 h to remove water, then
putin a closed container containing concentrated hydrochloric acid with
a concentration of 12 mol-L~! for 24 h to remove particulate inorganic
carbon (PIC), and then dried in an oven at 60 °C for 24 h to remove HCI.
POC and PON contents were then analyzed using an elemental analyzer
(vario EL cube, Germany).

2.7. Measurements of transcriptomics of G. lemaneiformis and
S. costatum

The samples of G. lemaneiformis and S. costatum in the control group
and the heatwave group were collected at the end of the heatwave (D18)
and one week after the end of the heatwave (D24) for transcriptome
determination and analysis. The two sampling points were both in the
middle period of photoperiod (around 2 p.m.). About 0.1 g (FW) of
G. lemaneiformis were collected, transferred into a sterilized 2 mL
freezing tube, and immediately put in liquid nitrogen for quick freezing.
For S. costatum, 10 mL of algae solution was filtered on a 3 pm PC
membrane (25 mm, Millipore) by a vacuum pump (the pressure was
controlled within 0.01 MPa), transferred to a sterilized 2 mL freezing
tube, and immediately put into liquid nitrogen for quick freezing. Af-
terwards, both algae samples were transferred to an ultra-low temper-
ature refrigerator at —80 °C for storage.

Both G. lemaneiformis tissue and S. costatum cell samples were sent to
BGI (Shenzhen, China) for mRNA separation, enrichment, fragmenta-
tion and synthesis of double-stranded cDNA to construct a cDNA library,
which was inspected by Agilent 2100 Bioanalyzer, and then sequenced
by DNBSEQ platform. Clean reads were obtained by filtering out low
quality, linker pollution and high content of unknown base N in the
original sequenced data. Clean reads were assembled to get unigene, and
then the unigene was annotated and detected by SSR, and the clean
reads were compared to the reference genome sequence by Bowtie2
(v2.2.5) (Langmead and Salzberg, 2012). Then, the gene expression
level of each sample was calculated and quantified using RSEM (v1.2.8)
(Li and Dewey, 2011). The differential expression gene (DEG) between
different samples was detected according to the method described by
Michael et al. with |logz Fold Change| > 1 and Q value < 0.05 (Jiang
et al., 2024). Further cluster analysis, functional enrichment analysis
and KEGG pathway analysis were carried out with the “phyper” package
in R software.

2.8. Data processing and statistical analysis

The experimental data were all expressed by the mean and standard
deviation (X + SD), statistically analyzed by SPPS 25 and/or R language
(version 4.3.1), and plotted by Origin 2019b software and/or R lan-
guage. One-way ANOVA was used to evaluate the significance of
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differences between different treatments using SPSS 25. Least-
Significant difference (LSD) of post hoc testing was analyzed, and the
significance level was set at 0.05. Generalized additive models (GAMs)
were used to emphasize patterns of physiological parameters over time
by using the ‘mgcv’ package in R.

3. Results
3.1. Relative growth rate of G. lemaneiformis and S. costatum

The relative growth rates of G. lemaneiformis and S. costatum were
monitored during a simulated heatwave (Fig. 2A&B). No significant
effect of heatwave on growth of G. lemaneiformis was found at any time
point (ANOVA, p > 0.05) while heatwave reduced growth of S. costatum
on day 15 (ANOVA, p = 0.046) (Fig. 2A&B). Based on the analysis of
generalized additive models (GAMs), the effects of heatwave on growth
of G. lemaneiformis and S. costatum during the whole culture period were
not significant (Fig. 2C&D, p > 0.05). However, the effect patterns were
different between G. lemaneiformis and S. costatum. The effect of heat-
wave on G. lemaneiformis was always negative and the negative extent
increased with time until the end of one-week recovery (Fig. 2C).
Different from G. lemaneiformis, heatwave less affected the RGR of
S. costatum was less affected by the end of heatwave and showed a
positive effect after the recovery period (Fig. 2D).

3.2. Photosynthesis comparisons between G. lemaneiformis and
S. costatum

Net photosynthetic rates of G. lemaneiformis and S. costatum were
also measured on different days during the simulated MHW (Fig. 3A&B).
Heatwave reduced net photosynthetic rate of G. lemaneiformis on day 24
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while it reduced net photosynthetic rate of S. costatum on days 6 and 18
(ANOVA, p < 0.05). Based on GAMs analysis, the heatwave had negative
effects on both G. lemaneiformis (p = 0.070) and S. costatum (p < 0.001)
during the whole culture period, but the effect patterns were different
(Fig. 3C&D). The negative effect of heatwave on G. lemaneiformis
increased with the incubation time, and the negative effect became
significant after the cooling period, with the highest inhibition rate
reaching 30 % (Fig. 3C). In contrast, the negative effect of MHW on
S. costatum showed a trend of first increase and then decrease. The
largest negative effect (34 %) occurred on day 6 (beginning of MHW
maintenance period) and then decreased to 16 % by the end of recovery
period (Fig. 3D).

MHW  significantly stimulated dark respiration rate of
G. lemaneiformis on days 6 and 12 but reduced dark respiration rate of
S. costatum on day 18 (Fig. 4 A&B, ANOVA, p < 0.05). Based on GAMs
analysis (Fig. 4 C&D), heatwave significantly affected dark respiration
rate of G. lemaneiformis (p < 0.001) while its effect on S. costatum was
insignificant (p = 0.849). The stimulative effect of heatwave on dark
respiration rate of G. lemaneiformis increased first, reached the
maximum on day 9 and then decreased with culture time (Fig. 4C).
Different from G. lemaneiformis, the effect of MHW on S. costatum dark
respiration rate turned from positive at beginning of MHW to negative at
the end of MHW (Fig. 4D). The effect range (—5 %-10 %) for S. costatum
was narrower than that (0-25 %) for G. lemaneiformis, suggesting that
MHW had more severe effects on G. lemaneiformis than S. costatum.

3.3. Photosynthetic pigments content

Heatwave reduced Chl a content in G. lemaneiformis on day 24
(ANOVA, p = 0.022) but did not show significant effect on Chl a content
in S. costatum (Fig. 5A&B). Based on GAMs analysis, the effect of MHW
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Fig. 2. The relative growth rate (RGR) of G. lemaneiformis (A) and S. costatum (B) under control and heatwave conditions. The value is mean + standard deviation
(SD), and * indicates that there is a significant difference between the control and the heatwave groups (p < 0.05). Effects of heatwave on RGR of G. lemaneiformis (C)
and S. costatum (D) based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant differences between the
heatwave treatment and the control are justified by the lack of intersections of 95 % confidence intervals and the x-axis.
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Fig. 3. The net photosynthetic rate of G. lemaneiformis (A) and S. costatum (B) under control and heatwave conditions. The value is mean + standard deviation (SD),
and * indicates that there is a significant difference between the control and the heatwave groups (p < 0.05). Effects of heatwave on net photosynthetic rate of
G. lemaneiformis (C) and S. costatum (D) based on GAMs analysis. Solid lines and shadows are predicted values with 95 % confidence intervals, and the significant
differences between the heatwave treatment and the control are justified by the lack of intersections of 95 % confidence intervals and the x-axis.

on G. lemaneiformis turned from positive to negative and the negative
effect increased with culture time (Fig. 5C). Different from
G. lemaneiformis, MHW did not impose significant effects on Chl a con-
tent in S. costatum during 24 days of culture (Fig. 5D). MHW did not
affect carotenoids content in G. lemaneiformis or S. costatum at any time
point (Fig. 6A&B). The effect patterns of MHW on carotenoids content in
G. lemaneiformis and S. costatum were similar to those for Chl a content
(Fig. 6C&D).

3.4. POC, PON content and C/N

Heatwave did not significantly affect POC content in G. lemaneiformis
or S. costatum at any time point (ANOVA, p > 0.05, Fig. 7A& B). How-
ever, GAMs analysis showed that the responses of the two algae's POC
content to the heatwave were different with time. During the heating
phase, the POC content of G. lemaneiformis continued to be negatively
affected, increasing from 2 % to 7 %, but the negative effect was alle-
viated during the heatwave maintenance phase, and gradually changed
to a positive effect after the cooling period (Fig. 7C). Differently, the
POC content of S. costatum was continuously negatively affected by the
heatwave, which the highest inhibition rate reached about 20 %, and it
was not relieved even during the recovery period (Fig. 7D). Heatwave
did not significantly affect PON content in G. lemaneiformis or S. costatum
at any time point, either (ANOVA, p > 0.05, Fig. 7E& F). The effects of
heatwave on PON of both species showed a trend of continuous inhi-
bition, but the degree of inhibition was different. The inhibition rate of
heatwave on PON of G. lemaneiformis was less than 5 %, while that of
S. costatum reached about 20 % (Fig. 7G&H).

In terms of C/N, heatwave did not affect it for G. lemaneiformis at any
time point but increased it for S. costatum on day 24 (ANOVA, p = 0.017,
Fig. 8A&B). The effect of heatwave on C/N in G. lemaneiformis varied
from negative to positive with culture time while its effect on S. costatum
was always positive and became larger with culture time (Fig. 8C&D).

3.5. Transcriptional response of G. lemaneiformis under MHW

After heatwave ended (D18) and heatwave recovered (D24), the
transcriptome samples of G. lemaneiformis were sequenced and
analyzed. The results showed that 59 DEGs were detected on the 18th
day (end of the heatwave). Compared with the control group (17 °C BL),
there were 39 (66 %) significantly up-regulated genes and 20 (34 %)
significantly down-regulated genes in the heatwave group (20 °C HW)
(Fig. 9A). On the 24th day (end of the recovery period), 116 DEGs were
detected. Compared with the control group, there were 109 (94 %)
significantly up-regulated genes and 7 (6 %) significantly down-
regulated genes in the heatwave group (Fig. 9B).

In order to clarify the effect of heatwave treatment on the metabolic
pathway of G. lemaneiformis, KEGG pathway enrichment analysis of
DEGs was carried out. The analysis results showed that at the end of the
heatwave (D18), the gene of 6-phosphofructokinase (PFK) involved in
glycolysis pathway, a key enzyme for catalyzing fructose-6-phosphate to
fructose-1,6-diphosphate, was significantly up-regulated by 5.67 logs
folds (Fig. 10A). However, the gene of pyruvate dehydrogenase complex
(PDHA), which plays an important role in the conversion of pyruvate to
Acetyl-CoA, was significantly down-regulated by 6.55 logy folds. In
addition, the gene of nitrate reductase (NR) that reduces nitrate to nitrite
in nitrogen metabolism was up-regulated by 0.57 log; folds (Fig. 10A).

After the recovery period of heatwave (D24), the genes of fatty acid
acyl coenzyme hydratase (echA) and 3-hydroxy coenzyme A dehydro-
genase (HADH) involved in fatty acid degradation pathway were both
significantly up-regulated by 3.04 log, folds, and phytoene dehydroge-
nase gene (PSD) in carotenoid biosynthesis pathway was significantly
up-regulated by 1.13 log, folds (Fig. 10B).

3.6. Transcriptional response of S. costatum under MHW

In order to analyze the molecular responses of S. costatum to MHW,
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the gene expression of the control group and the heatwave group were
compared. On the 18th day (at the end of the heatwave), a total of 3862
DEGs were detected. Compared with the control group (17 °C BL), there
were 2665 (69 %) significantly up-regulated genes and 1197 (31 %)
significantly down-regulated genes in S. costatum in the heatwave group
(20 °C HW) (Fig. 11A). And on the 24th day (after the heatwave re-
covery period), 5498 DEGs were detected. Compared with the control
group, S. costatum had 5240 (95 %) significantly up-regulated genes and
258 (5 %) significantly down-regulated genes (Fig. 11B).

On the 18th day, the enrichment results of KEGG pathway showed
that the NADH dehydrogenase related genes (Ndufs4, Ndufs7, Ndufs8,
Ndufvl, Ndufv2, Ndufa6, Ndufa9, Ndufal2) involved in oxidative phos-
phorylation biological oxidation process of S. costatum in heatwave
group were significantly up-regulated by 4.41-6.45 log, folds compared
with the control group. At the same time, genes related to succinate
dehydrogenase/fumarate reductase (SDHC, SDHD, SDHA) were signifi-
cantly up-regulated by 5.56-7.25 log, folds, genes related to cytochrome
¢ reductase (ISP, Cytl, QCR7) were significantly up-regulated by
3.58-7.39 log, folds, and genes related to cytochrome c oxidase (COX5B,
COX6B) were significantly up-regulated by 4.29 and 6.12 log» folds,
respectively. F-type ATPase-related genes (alpha, beta, gamma, delta,
OSCP) were up-regulated by 0.54-7.08 logs folds, while V-type ATPase-
related genes (A, B, E, H, a, ¢, d) were significantly up-regulated by
0.58-5.58 log, folds (Fig. 12A). The related genes of phosphoribokinase
(PRK) and fructose diphosphate aldolase (ALDO) involved in Calvin
cycle were up-regulated by 0.33-0.37 log, folds, but the related genes of
Sedoheptulose-1,7-bisphosphate (gIX-SEBP) and ribulose-diphosphate
carboxylase chain (rbcL) were down-regulated by 0.87 and 1.24 logs
folds, respectively (Fig. 12B). In addition, the genes related to key en-
zymes in glycolysis pathway, such as glucose phosphate isomerase (PGI),
fructose-6-phosphate kinase (PFK), aldolase (ALDO), phosphoglycerate
mutase (PGAM), enolase (ENO) and pyruvate kinase (PK), were up-
regulated by 0.50-6.89 logs folds. The related genes of most enzymes

(gltA, IDH2, OGDH, LSC1, SDHA, FH) in TCA cycle pathway were
significantly up-regulated by 3.88-8.14 log, folds. In the meantime,
most enzymes (fadD, ACADM, HADH) in fatty acid degradation pathway
were also up-regulated. In nitrogen metabolism, the genes related to
glutamine synthetase (GLUL) which converted ammonia into i-gluta-
mine are significantly up-regulated by 5.50 logy folds, while those
related to glutamate synthetase (GLU) which subsequently converted 1-
glutamine into L-glutamate acid were significantly down-regulated by
2.00 log, folds (Fig. 12C).

On the 24th day (after the recovery period of heatwave), compared
with the control group, most enzymes related to glycolysis, TCA cycle,
fatty acid degradation, Calvin cycle and nitrogen metabolism pathway
were significantly up-regulated. The genes related to NADH dehydro-
genase (Ndufsl, Ndufs4, Ndufs7, Ndufv8, Ndufvl, Ndufv2, Ndufa2,
Ndufa5, Ndufa9, Ndufabl, Ndufal2, Ndufb7, Ndufb9) involved in
oxidative phosphorylation were significantly up-regulated by 6.29-8.20
log, folds. Genes related to succinate dehydrogenase/fumarate reduc-
tase (SDHC, SDHD, SDHA, SDHB, SdhA) were significantly up-regulated
by 7.63-9.01 log, folds, genes related to cytochrome c reductase (ISP,
Cytl, QCR6, QCR7) were significantly up-regulated by 5.18-8.65 logs
folds, genes related to cytochrome c oxidase (COX5B, COX6B) were
significantly up-regulated by 7.05-7.53 logs folds, and genes related to
cytochrome ¢ (CYC) was significantly up-regulated by 8.64 logs folds. F-
type ATPase-related genes (beta, gamma, delta, OSCP) were significantly
up-regulated by 7.28-9.37 log, folds, and V-type ATPase-related genes
(A,B,C, D, E,F, G, H, a, c) were significantly up-regulated by 5.31-7.83
log, folds (Fig. 13A). The enzymes related to Calvin cycle (rpiA, PGK,
GAPDH, ALDO, FBP, tktA, glx-SEBP) were significantly up-regulated by
5.31-8.29 log, folds (Fig. 13B). Furthermore, the related genes of
various enzymes involved in glycolysis (PGI, PFK, ALDO, GAPDH, PGK,
PGAM, ENO, PK) were significantly up-regulated by 5.47-8.29 log»
folds, and various enzymes involved in TCA cycle (gltA, ACO, IDH2,
OGDH, LSC1, SDHA, FH, MDH2) were significantly up-regulated by
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7.18-9.01 log, folds. Genes of related enzymes (fadD, ACADM, echA,
HADH) involved in fatty acid degradation pathway were significantly
up-regulated by 6.25-8.49 log, folds, and genes of related enzymes (NR,
GLUL, GLU) were also significantly up-regulated in nitrogen metabolism

(Fig. 13C).

4. Discussion

4.1. Physiological responses of G. lemaneiformis and S. costatum to
MHW

In this study, the heatwave with a temperature increase of 3 °C from
the baseline temperature of 17 °C caused damages to G. lemaneiformis.
The negative effects of MHW on RGR of G. lemaneiformis increased with
time. The previous study also showed that a 3 °C heatwave with the
baseline temperature of 20 °C severely inhibited the growth of
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G. lemaneiformis (Jiang et al., 2022). Moreover, the partial bleaching of
G. lemaneiformis showed that the drastic change of temperature during
heatwave would cause sublethal pressure on G. lemaneiformis (Straub
etal., 2019; Jiang et al., 2022). The negative effects of MHW on growth
of G. lemaneiformis could be attributed to photosynthesis. The negative
effects of MHW on net photosynthetic rate of G. lemaneiformis also
increased with time, indicating that photosynthetic activity was signif-
icantly reduced even after a one-week recovery period. The inhibition of
MHW on net photosynthetic rate was supported by reduced photosyn-
thetic pigment, e.g., Chl a. Different from the physiological parameters

mentioned above, MHW stimulated dark respiration rate of
G. lemaneiformis, particularly during heatwave maintenance period.
Increased dark respiration rate represents stronger metabolic activity
that can benefit growth (Geider and Osborne, 1989). On the other hand,
it is also a sign of cells dealing with environmental stress (Gao et al.,
2017). In this study, relative growth rate was not enhanced under MHW
and therefore the energy from increased dark respiration rate was used
to confront thermal stress rather than for growth.

Previous studies have showed that the optimal growth temperature
for S. costatum is around 25 °C and the increase from 17 to 20 °C should
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stimulate growth of S. costatum (Yan et al., 2002; Kaeriyama et al.,
2011). However, the MHW (from 17 to 20 °C) in this study did not
significantly increase growth of S. costatum and it even reduced relative
growth rate of S. costatum on day 15. This is supported by the perfor-
mance of net photosynthetic rate that was significantly reduced by
MHW on days 6 and 18. We therefore presume that the inhibitions on
growth and photosynthesis were from allelopathy of G. lemaneiformis
rather than thermal stress since a 3 °C increase from 17 to 20 °C should
be harmful for S. costatum. Our previous study also demonstrates that
MHW could lead to the synthesis and release of allelochemicals in
G. lemaneiformis (Gao et al, 2024). Allelochemicals from
G. lemaneiformis can damage photosynthetic apparatus and activity of
S. costatum (Gao et al., 2024). Dark respiration rate of S. costatum also

decreased in heatwave group compared the control, indicating that
allelochemicals from G. lemaneiformis could also negatively affect
respiration related metabolic processes (e.g., glycolysis and TCA cycle).

4.2. Molecular responses of G. lemaneiformis and S. costatum to MHW

For G. lemaneiformis, at the end of the heatwave (D18), the PFK in
glycolytic pathway of G. lemaneiformis was significantly increased,
indicating that G. lemaneiformis may generate more energy to resist the
stress of heatwave by accelerating glycolysis in response to heatwave.
After one-week recovery from heatwave (D24), the transcriptome results
showed that the degradation pathway of fatty acids was promoted,
which indicates the influence of heatwave continued even after

10
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heatwave had ended. In addition, the change of temperature would
affect the photosynthesis and respiration of algae, thus inducing the
production of reactive oxygen species (ROS) (Graiff and Karsten, 2021),
which would activate the antioxidant defense mechanism of algae to
reduce the oxidative damage of algae (Lesser, 2006). But when the
formation of ROS exceeded the antioxidant defense ability of organisms,
such as the drastic temperature change caused by heatwave, it may lead
to oxidative damage of protein and DNA. On the 24th day, the tran-
scriptome results showed that p-carotene with antioxidant activity (Bai
et al.,, 2005) was significantly up-regulated in its synthesis pathway
(Fig. 10B), indicating that G. lemaneiformis actively responded to MHW
stress. However, the carotenoid content of G. lemaneiformis in heatwave
group was still slightly lower than that in control group, which may
indicate that the detrimental effects of MHW had exceeded the capa-
bility of G. lemaneiformis to repair oxidative damage and thus destroyed
the redox balance of cells, leading to the decrease of its RGR
(Geigenberger and Fernie, 2014). It was verified by the physiological
results of the continuous decrease of its RGR.

By contrast, at the end of heatwave, many enzymes related to
oxidative phosphorylation pathway in S. costatum were significantly up-
regulated (Fig. 12A), indicating that S. costatum strengthened energy
metabolism to deal with the stress of MHW. Signal pathway mediated by
ROS affected the transcription and translation of genes and regulated

11

carbon metabolism and energy metabolism pathway of algae to resist
oxidative damage (Zhang et al., 2022). The TCA cycle was a symbolic
energy generation pathway, which was responsible for oxidizing respi-
ratory substrates to drive ATP synthesis (Sweetlove et al., 2010). Tran-
scriptome results showed that most enzymes related to oxidative
phosphorylation, glycolysis and TCA cycle were significantly up-
regulated (Fig. 12A&C). It indicates that S. costatum could cope with
the stress of MHW and G. lemaneiformis through various energy meta-
bolism pathways, so the accumulation of POC and PON in cells was
reduced, which was also consistent with the measured physiological
results. The contents of POC and PON in S. costatum in heatwave group
were slightly lower than those in control group (Fig. 7B&F). At the same
time, rbcL and gIX-SEBP in Calvin cycle was significantly decreased when
the heatwave ended (D18) (Fig. 12B), which supports the decreased net
photosynthetic rate. It seems that S. costatum did not address the stress
from MHW and G. lemaneiformis by the end of heatwave, indicated by
net photosynthetic rate and relative growth rate, although it enhanced
its responses in oxidative phosphorylation, glycolysis and TCA cycles.
After the recovery period of heatwave, more enzymes related to
oxidative phosphorylation, glycolysis and fatty acid degradation in
S. costatum were significantly increased (Fig. 13), which accelerated the
energy flow and improved its own nitrogen metabolism pathway. Pre-
vious studies had shown that plants could improve the biosynthesis of
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nitrogen-containing compounds such as amino acids, protein and
nucleic acids to stabilize the cell morphology and protein structure,
promote the synthesis of chlorophyll, strengthen photosynthesis
(Alipanah et al., 2015), and reduce the production of ROS in the cell to
affect the ability of plants to resist environmental stress (Khoshbakht
et al., 2018). The significant up-regulation of NR, GLUL and GLU related
genes in nitrogen metabolism pathway of S. costatum indicated that it
had strong resistance to MHW stress and self-repair ability. At the same
time, most enzymes in Calvin cycle pathway were significantly up-
regulated (Fig. 13B), indicating that S. costatum used ATP produced by
TCA cycle and other ways to improve its photosynthetic carbon fixation,
so as to repair the damage caused by MHW and G. lemaneiformis. Due to
more up-regulated genes compare to those at the end of heatwave, the
net photosynthetic rate and dark respiration rate of S. costatum were
completely repaired by the end of heatwave recovery period. Conse-
quently, the relative growth rate was even higher under MHW
treatment.

4.3. Differential responses of two algae to MHW and potential
implications

Physiological responses of G. lemaneiformis and S. costatum to MHW
were different. The negative effect of MHW on relative growth rate of
G. lemaneiformis increased with culture time even after a one-week
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recovery period. On the other hand, the negative effect of MHW on
relative growth rate of S. costatum was smaller than G. lemaneiformis and
relative growth rate of S. costatum was even higher under MHW treat-
ment compared to control after a one-week recovery period. Similar to
relative growth rate, net photosynthetic rate of G. lemaneiformis was
lower under MHW treatment even by the end of recovery period while
there was no significant difference between MHW and control groups for
S. costatum. A similar trend also occurred in Chl a content. In addition to
physiological performances, G. lemaneiformis and S. costatum also
showed differential molecular responses to MHW. The numbers of DEGs
in G. lemaneiformis were 59 and 116 on the 18th and 24th days
respectively. Only several genes involved in fatty acid degradation,
glycolysis and carotenoid biosyenhtesis were up-regulated, indicating
that the self-regulation ability of G. lemaneiformis to acclimate to the
heatwave was weak. By contrast, the numbers of DEGs in S. costatum
reached 3862 and 5498 on the 18th and 24th days respectively. A
multitude of genes involved in oxidative phosphorylation, glycolysis,
TCA cycle, fatty acid degradation, Calvin cycle and nitrogen metabolism
were significantly up-regulated. This robust response signifies that
S. costatum possesses a formidable capacity for self-regulation and
repair, enabling it to effectively manage and acclimate to environmental
stressors.

Combing physiological and molecular responses, S. costatum showed
a stronger capacity to deal with MHW compared to G. lemaneiformis.
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Therefore, S. costatum may gain competitive advantages against
G. lemaneiformis in future MHW scenarios. In seaweed cultivation areas,
there is usually no HABs due to the inhibition of high-density seaweed
biomass (Yang et al., 2015; Gao et al., 2019). The findings in this study
indicate that the competition advantages may shift from seaweed to
bloom-forming algae, leading to the occurrence of HABs in seaweed
cultivation areas in MHW increasing future. Intense HABs can rapidly
exhaust essential nutrients including DIN and DIP in cultivation
seawater and diminish the light intensity accessible to seaweeds,
thereby inhibiting growth of seaweeds. Therefore, the direct negative
effects of MHWSs on growth of G. lemaneiformis combined with increased
competition from bloom-forming microalgae, are likely to result in
substantial consequences. This will ultimately lead to losses of seaweed
production and associated industries, e.g., abalone culture and agar
processing, impairing local economy. The limited transcriptional re-
sponses in G. lemaneiformis to MHWs are prone to induce the declines in
the net photosynthetic rate and an elevation in the dark respiration rate.
Such alterations can subsequently give rise to a reduction in carbon
fixation and sequestration by seaweed cultivation. Moreover, it will also
undermine the capacity of seaweed cultivation to alleviate ocean acid-
ification and deoxygenation, thereby diminishing its positive ecological
role in these aspects (Xiao et al., 2021; Gao et al., 2022). In the face of
the potential losses in seaweed cultivation caused by MHWSs, the
development of heat-resistant strains or species is of utmost importance
for the future. Sustainable seaweed cultivation and its scale expansion
will be crucial in reducing and preventing the occurrence of red tides. In
addition, the modified clay method is considered as an effective emer-
gency treatment technology for red tides (Yu et al., 2023) and it can be
employed in seaweed cultivation areas to reduce the competitive
advantage of bloom-forming microalgae under MHW conditions.
Meanwhile, strict measures for greenhouse gas emission reduction and
removal must be implemented to mitigate climate change and extreme
weather.

5. Conclusion

Marine heatwaves (MHWs) are occurring with increasing frequency
and severity due mainly to global warming. Despite this, the competition
dynamics between cultivated seaweeds and bloom-forming microalgae
under MHW remains unclear. This study carried out a coculture of
G. lemaneiformis and S. costatum under a simulated MHW to address this
knowledge gap. Under the simulated heatwave, physiological parame-
ters such as relative growth rate, net photosynthetic rate and photo-
synthetic pigment of the macroalga G. lemaneiformis were continuously
reduced, and did not recover even after a one-week recovery period.
However, by modulating its energy metabolism and upregulating the
expression of relevant genes, S. costatum could deal well with MHW and
competition stress, gaining competitive edge over G. lemaneiformis.
Consequently, under the projected stress of extreme weather events in
the future, the inhibition of G. lemaneiformis on S. costatum may
diminish, potentially escalating the risk of HABs in seaweed cultivation
areas. However, it is uncertain whether these responses can be gener-
alized to other macroalgae and bloom-forming microalgae. To further
elucidate the impacts of MHWSs on algal competition and community
structure, forthcoming research should encompass a broader range of
algal species. This should involve not only cultivated species such as
Saccharina and Pyropia but also bloom-forming cyanobacteria and di-
noflagellates. Furthermore, investigations should be extended to include
the seasonal impacts of MHWSs and the synergistic effects of MHWs in
combination with other environmental elements, such as nutrients and
light.
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