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• Growth and photosynthesis of 
G. lemaneiformis was greatly reduced by 
heatwave. 

• G. lemaneiformis did not recover even 
after one week recovery. 

• Growth of S. costatum was also reduced 
but returned to normal after the 
heatwave. 

• The decline in S. costatum was related to 
allelochemical release from the 
seaweed. 

• S. costatum responded to the stressful 
environment by forming aggregates.  
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A B S T R A C T   

Seaweed cultivation can inhibit the occurrence of red tides. However, how seaweed aquaculture interactions 
with harmful algal blooms will be affected by the increasing occurrence and intensity of marine heatwaves 
(MHWs) is unknown. In this study, we run both monoculture and coculture systems to investigate the effects of a 
simulated heatwave on the competition of the economically important macroalga Gracilariopsis lemaneiformis 
against the harmful bloom diatom Skeletonema costatum. Coculture with G. lemaneiformis led to a growth decrease 
in S. costatum. Growth and photosynthetic activity (Fv/Fm) of G. lemaneiformis was greatly reduced by the 
heatwave treatment, and did not recover even after one week. Growth and photosynthetic activity of S. costatum 
was also reduced by the heatwave in coculture, but returned to normal during the recovery period. S. costatum 
also responded to the stressful environment by forming aggregates. Metabolomic analysis suggests that the 
negative effects on S. costatum were related to an allelochemical release from G. lemaneiformis. These findings 
show that MHWs may enhance the competitive advantages of S. costatum against G. lemaneiformis, leading to 
more severe harmful algal blooms in future extreme weather scenarios.   
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1. Introduction 

Marine heatwaves (MHWs) are extreme warm water events that have 
been defined as the daily sea surface temperature (SST) exceeding the 
90 % threshold relative to a 30-year historical baseline period, and 
lasting at least 5 days (Hobday et al., 2016). The intensification of global 
warming makes the occurrence of MHWs more frequent and intense 
with longer duration (Viglione, 2021). From 1925 to 2016, the fre
quency and duration of global average MHWs increased by 34 % and 17 
% respectively, and the number of days of global average annual MHWs 
increased by 54 % (from 26 days to 40 days) (Oliver et al., 2018). China 
is suffering from severe MHWs. The frequency of MHWs in China's 
marginal seas is nearly twice higher than the global average (Yao et al., 
2020). 

The impacts of MHWs on the marine ecosystem are receiving 
increased attention. MHWs are an important driver that leads to coral 
bleaching (Donovan et al., 2021), and can also have a profound impact 
on marine biological community structure (Wernberg et al., 2013), 
biodiversity (Wernberg et al., 2016), marine carbon fixation and storage 
capacity (Barton et al., 2020; Gao et al., 2021; Jiang et al., 2024), 
ecosystem services and aquaculture (Barbeaux et al., 2020; Evans et al., 
2020; Pershing et al., 2018). Some of these effects of MHWs can have 
irreparable consequences for the marine environment (Smale and 
Wernberg, 2013; Wernberg, 2021). 

Harmful algal blooms (HABs) or “red tides” represent environmen
tally or economically damaging microalgal blooms that can occur when 
conditions are favorable. The worldwide occurrence of HABs shows a 
rising trend, due mainly to eutrophication and climate change (Dai et al., 
2023; Fu et al., 2012). The decay of a dense HAB can often deplete the 
oxygen in seawater, forming hypoxic or anoxic ‘dead zones’ that can 
cause the death of fish and invertebrates, resulting in ecosystem 
degradation (Heil and Muni-Morgan, 2021). In addition, the toxins 
produced by some HAB species can accumulate in the food web, causing 
illness or mortality of marine species (Hoagland et al., 2020) and leading 
to the closure of fisheries and aquaculture as well as negative effects on 
the tourism industry (Bechard, 2020). 

Seaweed cultivation has a long history in Asia, and the scale of 
macroalgal aquaculture continues to rise to meet increased demand 
from the food and feed industries (Hwang et al., 2019). In addition, trials 
of seaweed culture are also being conducted in America and Europe to 
test its possible role in biofuel production and carbon sequestration 
(Duarte et al., 2022). In addition to the applications mentioned above, 
seaweed cultivation has been proven to decrease the occurrence of HABs 
via nutrient competition (Chai et al., 2018; Gao et al., 2019a). Previous 
studies have shown that macroalgae can also inhibit growth of harmful 
species by secreting allelochemicals (Accoroni et al., 2015; Jeong et al., 
2000; Nan et al., 2004). Therefore, seaweed cultivation may be a natural 
solution to deal with HABs. However, it was reported that red tides 
could occur in seaweed cultivation areas in recent years (Li et al., 2023). 
Whether this change was caused by MHWs and how MHWs would affect 
the inhibitory activity of seaweed cultivation on harmful blooms remain 
unknow. 

Based on previous studies, we hypothesize that MHWs may weaken 
the inhibition of HAB species by cultivated seaweeds, given their dif
ferential responses to thermal stress. G. lemaneiformis is an important 
cultivated seaweed in China, having a production of 610,824 t DW in 
2022 (CFSY, 2023). S. costatum is a widespread HAB species and ac
counts for the highest occurrences of diatom HABs in China (Feng et al., 
2024). Although it does not make toxins, S. costatum's blooms can cause 
severe environmental harm and economic losses (Shen et al., 2012). 
Previous study shows that G. lemaneiformis can significantly inhibit the 
occurrence of S. costatum HABs (Yang et al., 2015). In this study, 
G. lemaneiformis and S. costatum were grown in a simulated MHW in 
different culture systems to test the hypothesis mentioned above. Both 
physiological and molecular responses were analyzed to contribute to 
our limited current understanding of the interactions between cultivated 

seaweeds and HABs under MHWs. 

2. Materials and methods 

2.1. Algal collection and algae culture 

G. lemaneiformis was collected from a seaweed farm at Ningde 
(119.31◦E, 26.39◦N), Fujian province of China in November 2022. After 
being transported back to the laboratory, G. lemaneiformis was thor
oughly washed with 0.22 μm filtered natural seawater to remove surface 
attachments. The macroalgae were precultured in a laboratory incu
bator (HP200G-3 light incubator, Ruihua, Wuhan, China) for two weeks 
at 20 ◦C and a light intensity of 100 μmol photons m− 2 s− 1 (L:D = 12:12). 
The 40 % f/2 medium (Guillard and Ryther, 1962) was renewed half 
every three days for a semicontinuous culture to supply enough nutri
ents (Fig. S1). For experiments, G. lemaneiformis with similar side 
branches were selected, and the thalli were gently wiped with degreased 
cotton dipped in sterilized natural seawater to remove other algae that 
might attach to the surface of the thallus. 

Skeletonema costatum (Cleve 1900) was obtained from the Center for 
Collections of Marine Algae (CCMA) at the State Key Laboratory of 
Marine Environmental Science of Xiamen University. Before the exper
iment, it was also treated with double antibiotics (200 U mL− 1 penicillin 
and 0.2 mg mL− 1 streptomycin) for 24 h, to remove bacteria as much as 
possible because bacterial proliferation can affect growth of S. costatum. 
The culture temperature, light, and other conditions were consistent 
with G. lemaneiformis, and the medium was renewed every 2–3 days 
according to the cell concentration before the experiment to keep cells in 
the exponential growth phase. 

2.2. Experimental design 

Both coculture and monoculture systems were set up in this study. 
Coculture system included G. lemaneiformis and S. costatum, while the 
monoculture system only contained S. costatum as a control treatment. 
Thus, the effects of G. lemaneiformis on S. costatum were tested by 
comparing both culture systems. Monoculture of G. lemaneiformis was 
not set because this study aimed to investigate the inhibition of 
G. lemaneiformis on S. costatum rather than S. costatum on 
G. lemaneiformis under MHWs to test our hypothesis proposed above. 
Previous studies also show that microalgae, including S. costatum and 
harmful dinoflagellates, cannot inhibit adult seaweeds (Gao et al., 
2019a; Liu, 2015). In addition, physiological, morphological, and 
metabolic performances of both G. lemaneiformis and S. costatum need to 
be measured at different time points during 24 days of culture. An 
additional monoculture will greatly increase the difficulty of measuring 
the same parameter of different samples in a short time, and decrease the 
quality of data. The culture container used in the experiment was a 1 L 
transparent glass conical bottle. The initial density of G. lemaneiformis 
was set to 1 g L− 1, similar to the culture density of G. lemaneiformis in the 
aquaculture facility, and the initial cell density of S. costatum was set to 
1 × 104 cell mL− 1, similar to cell densities when S. costatum causes a 
harmful algal bloom (Gao et al., 2019a). 

The experiment used a baseline temperature group (20 ◦C Baseline, 
20 ◦C BL) and a heatwave treatment group (25 ◦C Heatwave, 25 ◦C HW). 
The baseline temperature represents the mean temperature in the 
seaweed farm of Ningde in April and May when HABs usually occur (Li, 
2021). The simulated marine heatwave temperature was set based on 
local temperature monitoring from 1982 to 2018 and maximum sea 
surface temperature anomaly could achieve 5 ◦C (Li et al., 2019; Yao 
et al., 2020). The baseline temperature was kept at 20 ◦C throughout the 
culture period. In heatwave treatment group, temperature was first 
increased from 20 ◦C to 25 ◦C at a rate of 1 ◦C per day (heatwave heating 
period), then maintained at 25 ◦C for one week (heatwave maintenance 
period), and decreased to 20 ◦C at a rate of 1 ◦C per day (heatwave 
cooling period). The cultures were then maintained at 20 ◦C for one 
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week (recovery period), for a total experimental period of 24 days 
(Fig. S2). Three replicates were included in the baseline group and the 
heatwave group. 

2.3. Measurement of relative growth rate 

The fresh weight of G. lemaneiformis was measured using an analyt
ical balance (HZK-FA110, HZ, USA) in an ultra-clean workbench. Before 
weighing, the water on the surface of the thallus was blotted by absor
bent paper until the color of the tissue paper did not change and the fresh 
weight (g) of G. lemaneiformis was recorded every three days. The cell 
density of S. costatum was measured using a spectrophotometer at 680 
nm. The medium without algal cells was used as the blank reference 
solution (Doan et al., 2011). A calibration curve was constructed (R2 >

0.999) to calculate cell concentrations (Fig. S3). 
The relative growth rates (RGR) of G. lemaneiformis and S. costatum 

were calculated according to the formula: 

RGR
(
%d− 1)

= (lnWt − lnW0)
/
t× 100%,

where Wt and W0 are fresh weight for G. lemaneiformis or cell density for 
S. costatum on day t and day 0 respectively. 

2.4. Measurements of chlorophyll fluorescence parameters 

The maximum photochemical efficiency (Fv/Fm) of photosystem II 
(PSII) was measured by multi-color pulse-amplitude-modulation (Walz, 
Germany) to evaluate the photosynthetic activity of the algae. For 
G. lemaneiformis, the whole thallus was placed in a sterilized 10 mL 
centrifuge tube, and seawater from the corresponding culture bottle 
(filtered by a 0.45 μm cellulose acetate membrane) was added. The 
thallus was then put in an incubator for dark acclimation for 15 min 
before determination of Fv/Fm. For S. costatum, the algae cells from each 
treatment condition were placed in a 5 mL centrifuge tube, and were 
also placed in the original incubator for 15 min dark acclimation before 
Fv/Fm measurement. The saturation pulse intensity set by the instrument 
was 8000 μmol photons m− 2 s− 1 (800 ms), and the measuring wave
length was 440 nm white light. The intensity of actinic light was 
consistent with that in the experimental incubator. 

2.5. Measurements of photosynthetic pigments 

For G. lemaneiformis, the contents of Chl a, carotenoids, phycoery
thrin (PE) and phycocyanin (PC) were measured during the culture 
period. To better represent the whole thallus, both tip (50 % in weight) 
and base (50 % in weight) parts of the thallus were collected. About 
0.02 g (FW) of thalli were placed in a 15 mL centrifuge tube and incu
bated in the dark at 4 ◦C for 24 h after adding 5 mL 100 % methanol. 
Afterwards, the solution was centrifuged at 8000 r/min at 4 ◦C for 10 
min using a high-speed freezing centrifuge (Universal 320R, Hettich, 
Germany). The supernatant was taken and measured with an ultraviolet 
spectrophotometer (TU-1810DASPC, China). The contents of Chl a and 
carotenoids were calculated according to the formulas of Porra et al. 
(1989) and Strickland and Parsons (1972) respectively: 

Chl a
(
μg mL− 1) = 16.29×(A665 − A750) − 8.54×(A652 − A750)

Carotenoids
(
μg mL− 1) = 7.6× [(A480 − A750) − 1.49×(A510 − A750) ]

To determine PE and PC contents in G. lemaneiformis, about 0.05 g 
(FW) thalli and 2.5 mL of 0.1 mol L− 1 phosphate buffer (pH = 6.8) were 
added to a glass homogenizer, which were repeatedly ground in an ice 
box to completely extract phycobiliprotein. The extract with a final 
volume of 10 mL was transferred to a 15 mL centrifuge tube and 
centrifuged at 10,000g at 4 ◦C for 10 min by a high-speed freezing 
centrifuge. The supernatant was taken and the absorption value at a 
fixed wavelength was determined with phosphate buffer as a blank 

control. The contents of PE and PC were calculated by the formulas (Beer 
and Eshel, 1985): 

PE
(
mg mL− 1) = [(A564 − A592) − (A455 − A592)×0.2 ] ×0.12,

PC
(
mg mL− 1) = [(A618 − A645) − (A592 − A645)× 0.51 ] ×0.15,

where A750, A665, A652, A645, A618, A592, A564, A510, A480, and A455 are 
the absorbance wavelength at 750, 665, 652, 645, 618, 592, 564, 510, 
480, and 455 nm, respectively. The pigment content units were then 
converted into mg g− 1 FW. 

For S. costatum, Chl a and carotenoid contents were determined 
during the culture period. About 10 mL of the sample was filtered onto 
25 mm GF/F filters (Whatman, USA) and then transferred to a 15 mL 
centrifuge tube. Five mL of 100 % methanol was added, and the solution 
was stored it in the dark at 4 ◦C for 24 h. Afterwards, the extract was 
centrifuged, measured, and calculated as described above. Chl a and 
carotenoid contents were expressed as pg cell− 1. 

2.6. Measurements of cell aggregation 

During the experiment it was observed that there was an obvious 
aggregation phenomenon for S. costatum and thus the number of ag
gregates of S. costatum under different treatment conditions were 
recorded (Fig. S4). About 2 mL samples were collected and then pre
served with Lugol's iodine solution (iodine solution: algae solution 
=1:100). The aggregates number in 100 μL algal solution, was counted 
under a microscope using a 100-grid plankton counting frame. To 
specify the aggregates, the agglomerated particle size of S. costatum was 
divided into three ranges: 50–100 μm, 100–200 μm, and >200 μm. Each 
sample was counted at least three times, and the average value was 
taken as the result. 

2.7. Measurement of non-targeted metabonomics of G. lemaneiformis 

About 0.1 g (FW) thalli of G. lemaneiformis were collected with a 
sterilized 2 mL freezing tube near the highest temperature (14th day), at 
the end of the heatwave (18th day) and one week after the end of the 
heatwave (24th day, the last day of the experiment), frozen with liquid 
nitrogen, and immediately transferred to − 80 ◦C for storage. 

The metabolites of the collected samples were extracted and detected 
by LC-MS (Vanquish Horizon system, Thermo Scientific). In this LC-MS 
analysis, a UHPLC-Q Exactive HF-X system (Thermo Scientific) was used 
for non-targeted metabonomics analysis. In addition, 20 μL supernatant 
was taken from each sample and used as a quality control sample. In the 
process of instrumental analysis, a QC sample was inserted every 5–15 
analysis samples to investigate the stability of the whole detection 
process. After the completion of the measurement, the original data of 
LC-MS were imported into the metabonomics processing software Pro
genesis QI (Waters Corporation, Milford, USA) for baseline filtering, 
peak identification, integration, retention time correction, peak align
ment, etc. A data matrix of retention time, mass-to-charge ratio and peak 
intensity was obtained, and then the software was used to identify the 
characteristic peaks. The mass spectrometry information was matched 
with metabolic databases HMDB (http://www.hmdb.ca/), Metlin 
(https://metlin.scripps.edu/) and Majorbio Database, and the metabo
lite information was identified. 

Principal component analysis (PCA) and orthogonal least partial 
squares discriminant analysis (OPLS-DA) were performed on all sam
ples. In addition, student's t-test and difference fold analysis were per
formed. The selection of differential metabolites was determined based 
on the variable importance in the projection (VIP) obtained from OPLS- 
DA model and the p-value of student's t-test. The metabolites with VIP >
1, p < 0.05 were defined as differential metabolites. The metabolic 
pathways of differential metabolites were annotated by KEGG database 
(https://www.kegg.jp/kegg/pathway.html). 
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2.8. Data processing and statistical analysis 

The experimental data were all expressed by the mean ± standard 
deviation, statistically analyzed by SPPS 25, and plotted by Origin 
2019b software. First, repetitive measure analysis of variance (ANOVA) 
was used to evaluate the influence of culture time on the measured 
physiological parameters G. lemaneiformis and S. costatum. Two-way 
ANOVA was used to examine the effects on G. lemaneiformis and heat
wave on physiological parameters of S. costatum. Two-tailed t-tests were 
performed to evaluate significant differences in on physiological pa
rameters of G. lemaneiformis between heatwave and baseline groups. 
Least-Significant difference (LSD) was used for post hoc analysis, and the 
significance level was set at 0.05. 

3. Results 

3.1. Growth and photosynthesis of G. lemaneiformis and S. costatum 

The relative growth rates (RGR) of both algae were first measured 
(Fig. 1). The RGR of G. lemaneiformis grown at baseline and heatwave 
temperatures showed different pattern with the culture time (p =
0.012), with that at baseline temperature declining initially and then 
having a stable RGR after day 6, while that at heatwave temperature 
showed a serious decline in RGR until day 21 (Fig. 1a). Therefore, the 
RGR at heatwave temperature was significantly lower than that at 
baseline temperature except for days 3, 6 and 12. 

As for S. costatum (Fig. 1b), the RGR under different conditions also 
demonstrated differential patterns (p = 0.001). For monoculture and 
coculture without heatwave, the RGR decreased with culture time till 
day 12 and then was stable, while it continuously decreased till day 21 
and recovered by day 24 for coculture with heatwave treatment. On day 
3, the heatwave treatment increased the RGR of S. costatum in the 
monoculture system but did not affect it in coculture system, probably 
because the negative effect of the coculture system offset the stimulative 

effect of heatwave. By day 9, the heatwave condition significantly 
decreased the RGR of S. costatum in the coculture system but not in the 
monoculture system. The similar pattern was detected on days 18 and 
21. By day 24, there were no significant differences between heatwave 
and non-heatwave treatments. 

The maximum photochemical efficiency (Fv/Fm) of G. lemaneiformis 
decreased with culture time, with the heatwave treatment leading to a 
larger decrease (p = 0.049, Fig. 1c). Therefore, the heatwave signifi
cantly decreased Fv/Fm of G. lemaneiformis on days 12, 18 and 24. In 
terms of S. costatum, its Fv/Fm also varied with culture time, with that 
under heatwave in coculture having the largest fluctuation (p < 0.001, 
Fig. 1d). On day 6, coculture reduced Fv/Fm by 6 % at baseline tem
perature and 11 % under heatwave treatment. On day 18, coculture and 
heatwave had an interactive effect; heatwave did not affect Fv/Fm in 
monoculture but reduced it in coculture. Coculture led to the decrease of 
Fv/Fm on day 24. 

3.2. Photosynthetic pigment content of G. lemaneiformis and S. costatum 

RM-ANOVA analysis showed that Chl a content of G. lemaneiformis 
did not change significantly in the baseline treatment with culture time 
(p = 0.151, Fig. 2a). However, the heatwave reduced Chl a content on 
days 18 (p = 0.010) and 24 (p = 0.041). A similar trend was found for 
carotenoids, although heatwave reduced their content only on day 18 
(Fig. 2b). PE (p < 0.001) and PC (p = 0.001) contents both decreased 
with culture time in both temperature treatments (Fig. 2c & d). The 
heatwave treatment reduced PE content on day 18 (p = 0.041) and PC 
content on days 6 (p = 0.035) and 18 (p = 0.017). 

The Chl a content of S. costatum did not change significantly by day 
18, but under coculture+heatwave it was enhanced greatly on day 24 (p 
= 0.001, Fig. 2e). Coculture increased Chl a content on day 6, although it 
was not statistically significant at the baseline temperature. Coculture 
also increased Chl a content on day 12 for both baseline and heatwave 
temperatures. Coculture and heatwave had an interactive effect on Chl a 

Fig. 1. The relative growth rate (a & b) and Fv/Fm (c & d) of G. lemaneiformis and S. costatum under heatwave. The value is mean ± standard deviation (SD), * 
indicates that there is a significant difference between the baseline group and the heatwave group (p < 0.05), and different letters indicate that there is a significant 
difference among different treatment groups (p < 0.05). 
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content on day 18. Heatwave did not affect Chl a content in monoculture 
and reduced it in coculture. Both coculture and heatwave increased Chl 
a content on day 24. Carotenoids content also fluctuated with culture 
time, with the largest increase occurring under coculture+heawave 
treatment (p < 0.001, Fig. 2f). The heatwave increased carotenoids 
content in monoculture, but did not have a significant effect in coculture 
on day 6. A similar trend was detected on day 12. On day 18, the 
heatwave did not affect carotenoids content in monoculture but reduced 
it in coculture. On day 24, an opposite effect was found; heatwave did 
not change carotenoids content in monoculture, but enhanced it 
dramatically in coculture. 

3.3. The agglomeration of S. costatum 

Aggregation numbers of S. costatum under different treatments 
increased with culture time until day 12 and then showed a decreasing 
trend (p < 0.001). For 50–100 μm aggregates (Fig. 3a), the heatwave 
increased aggregation number in coculture but did not affect it in 

monoculture on day 6. On day 12, there was no significant difference 
among treatments. On day 18, heatwave decreased aggregation number 
in coculture but did not affect it in monoculture. On day 24, neither 
coculture nor heatwave affected algal aggregation. The numbers of ag
gregates 100–200 μm also varied with culture time but reached the peak 
at different times for different conditions (p = 0.004, Fig. 3b). Both 
coculture and heatwave stimulated algal aggregation on day 6, while 
heatwave increased aggregation in monoculture but not in coculture on 
day 12. In contrast, heatwave reduced algal aggregation in coculture on 
day 18 and in monoculture on day 24. For aggregates >200 μm (Fig. 3c), 
aggregation numbers in monoculture increased with culture time but 
they increased first and then decreased for coculture (p = 0.009). 
Heatwave also enhanced aggregation for both culture systems on day 6. 
There were no significant differences among treatments on day 12. 
Heatwave reduced aggregation in coculture, but not in monoculture on 
day 18. By day 24, coculture and heatwave seemed to reduce algal ag
gregation but they were not statistically significant. 

Fig. 2. The photosynthetic piment content of G. lemaneiformis (a-d) and S. costatum (e & f) in baseline group and heatwave groups. The value is the mean ± standard 
deviation (SD), * indicates that there is a significant difference between the baseline group and the heatwave group (p < 0.05), and different letters indicate that there 
is a significant difference among different treatment groups (p < 0.05). 

L. Gao et al.                                                                                                                                                                                                                                      



Science of the Total Environment 947 (2024) 174345

6

3.4. Classification of differential metabolites 

Differential metabolites were analyzed in G. lemaneiformis between 
heatwave and baseline temperatures. On day 14, there were 95 differ
ential metabolites detected, with 26 significantly up-regulated and 69 
significantly down-regulated (Fig. 4a). The first three types of differ
ential metabolites were organic acids and derivatives, lipids and lipid- 
like molecules, and organoheterocyclic compounds, which accounted 
for 27 %, 26 % and 21 % of total metabolites (Fig. 4b). On the 18th day, 
comparing the heatwave group with the baseline group, there were 122 
differential metabolites detected with 36 significantly up-regulated and 
86 significantly down-regulated in the heatwave (Fig. 4c). The first three 
types of differential metabolites were lipids and lipid-like molecules, 
organoheterocyclic compounds, organic acids and derivatives，which 
accounted for 29 %, 24 % and 23 % of total metabolites respectively 
(Fig. 4d). On the 24th day, there were 118 differential metabolites be
tween heatwave and baseline groups, with 85 significantly up-regulated 
and 33 significantly down-regulated (Fig. 4e). The first three types of 
differential metabolites were lipids and lipid-like molecules, organo
heterocyclic compounds, organic acids and derivatives, which accoun
ted for 51 %, 16 % and 10 % of total metabolites respectively (Fig. 4f). 

3.5. Analysis of KEGG pathway of differential metabolites 

To clearly understand the effects of MHWs on the metabolic path
ways of G. lemaneiformis, KEGG enrichment and pathway analysis of 
different metabolites in G. lemaneiformis were carried out at the three 
sampling points. It turned out that the heatwave significantly affected 
ABC transporters (p = 0.016) and tryptophan metabolism (p = 0.023) on 
the 14th day (Fig. 5a). Indole-3-acetaldehyde and 6-hydroxymelatonin 
in the tryptophan metabolic pathway were significantly up-regulated 
by the heatwave, while 5-hydroxyindoleacetate was significantly 
down-regulated (Fig. 5b). N-succinyl-L,L-2,6-diaminopimelate in the 

lysine biosynthesis pathway and dihydrophaseic acid in the carotenoid 
synthesis pathway showed a down-regulation trend (Fig. 5c & d). 

On the 18th day, the heatwave significantly affected ABC trans
porters (p = 0.010) and tryptophan metabolism (p = 0.002) (Fig. 6a). 
Indole-3-acetaldehyde, 3-methoxyanthranilate and 6-hydroxymelatonin 
in the tryptophan metabolic pathway were significantly up-regulated, 
while 5-hydroxyindoleacetate and 3-hydroxy-L-kynurenine were 
significantly down-regulated (Fig. 6b). N-succinyl-L,L-2,6-dia
minopimelate in lysine biosynthesis pathway and dihydrophaseic acid in 
the carotenoid synthesis pathway showed a down-regulation trend in 
the heatwave (Fig. 6 c & d). In addition, D-maltose in the starch and 
sucrose metabolism pathway and galactosylglycerol in the galactose 
metabolism pathway were also down-regulated (Fig. 6e & f). 

On the 24th day, compared with the baseline group, the metabolic 
pathway of arachidonic acid in the heatwave group was extremely 
different (p < 0.001) (Fig. 7a), with seven different metabolites (TXB2, 
20-COOH-LTB4, LXB4, 14,15-DHET, 11,12-DHET, 11(R)-HETE, Hepox
ilin A3) being significantly up-regulated (Fig. 7b). 3-Oxo-2-(2-entenyl) 
cyclopentaneoctanoic acid (OPC8) in α-linolenic acid metabolism and 
9(S)-HPODE, 9,12,13-TriHOME in linoleic acid metabolism also showed 
up-regulation (Fig. 7c & b). 

4. Discussion 

4.1. Physiological responses of G. lemaneiformis to MHWs in coculture 

The experimental results showed that the occurrence of MHWs in the 
coculture system caused great damage to G. lemaneiformis. The thalli 
showed negative relative growth rates under thermal stress. This dam
age to algal growth did not disappear even during the recovery period. 
This destructive influence on growth could be attributed to decreased 
photosynthetic pigment content and activity of PSII. Thalli also became 
bleached due to the loss of photosynthetic pigments (Fig. S5), similar to 

Fig. 3. Aggregation number of S. costatum during culture period. (a) Aggregates 50–100 μm, (b) aggregates100–200 μm, and (c) aggregates >200 μm. The value is 
the mean ± standard deviation (SD), and different letters indicate that there are significant differences among different treatment groups (p < 0.05). 
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our previous study (Jiang et al., 2022). MHW damage to the photo
synthetic activity of macroalgae has been commonly reported, which 
could be caused by increased ROS under thermal stress (Gao et al., 2021; 
Nepper-Davidsen et al., 2019). Phycobiliproteins have antioxidative 
activity and can be induced to scavenge ROS under stressful environ
ments (Cao et al., 2016; Gao et al., 2019b). The contents of PE and PC in 
this study were reduced under the heatwave condition, which may 
contribute to increased harm to the photosynthetic activity of 
G. lemaneiformis. The effects of MHWs on relative growth rate of 
G. lemaneiformis can be divided into two stages. In the first stage (days 
1–9), the relative growth rate decreased rapidly while the decline trend 
slowed down with fluctuations in the second stage (days 10–24). These 
two stages indicate the acclimation of G. lemaneiformis to MHWs. The 
significant recovery of carotenoids, PE and PC contents during the re
covery period also supports this acclimation. Whether a longer recovery 
period can result in a complete recovery of G. lemaneiformis remains 

unknown and needs to be investigated in future. 

4.2. Molecular responses of G. lemaneiformis to MHWs in coculture 

The enrichment of KEGG pathway showed that G. lemaneiformis in 
the heatwave group had significant changes in ABC transporter and 
tryptophan metabolism pathways on the 14th and 18th day. ABC 
transporters are a family of membrane proteins that mediate a variety of 
ATP-driven transport processes (Locher, 2016). They participate in a 
variety of cellular transport processes for molecules such as ions, sugars, 
amino acids, vitamins, peptides, polysaccharides and hormones (Jones 
and George, 2004). Among various ABC transporters, L-Histidine 
(Holecek, 2020), L-Phenylalanine (Mohy El-Din and El-Ahwany, 2016; 
Yadavalli et al., 2022) and taurine (Aruoma et al., 1988) have direct or 
indirect antioxidant effects. The above metabolites were significantly 
down-regulated in the heatwave group (Tables S1–2), indicating that 

Fig. 4. The scatter plot of different metabolites of G. lemaneiformis between the baseline group and the heatwave group on the 14th day (near the highest temperature 
of the heatwave, a), 18th day (at the end of the heatwave, c) and 24th day (after heatwave recovery, e). Red indicates a significant up-regulation and blue indicates a 
significant down-regulation. Also shown are the compound classification diagrams of the differential metabolites in G. lemaneiformis in the baseline heatwave groups 
on the 14th (b), 18th (d) and 24th (f) days. 
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Fig. 5. KEGG analysis of differential metabolites in G. lemaneiformis on the 14th day (near the highest temperature of the heatwave). (a) Bubble diagram of KEGG 
pathway enrichment analysis of differential metabolites. (b) Tryptophan metabolism pathway. (c) Lysine synthesis pathway. (d) Carotenoid synthesis pathway. The * 
indicates that the differential metabolites in this metabolic pathway are significantly enriched (p < 0.05). Red indicates a significant up-regulation and blue indicates 
a significant down-regulation. 
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heatwaves might damage the antioxidant capacity of G. lemaneiformis. In 
addition, the down-regulation of dihydrohexaenoic acid in the synthetic 
pathway of carotenoids that have antioxidant activity was also detected 
on the 14th and 18th days. The physiological results also showed that 
the carotenoids content of G. lemaneiformis in the heatwave group was 
lower than that in the baseline group, indicating that the antioxidant 
capacity of G. lemaneiformis decreased at the maximum temperature and 
at the end of the heatwave. The decreased antioxidant capacity could 
contribute to the reduced photosynthetic performance and growth of 
G. lemaneiformis. 

The adjustment of fatty acid composition is an important response 

mechanism of algae to environmental change (Sanina et al., 2008; 
Schmid et al., 2020). The classification analysis in this study also showed 
that the changes of metabolites in G. lemaneiformis were mainly 
concentrated in lipids and lipid-like molecules. Many previous studies 
have shown that temperature changes directly affect the fatty acid 
composition of macroalgae and thus their growth and development 
(Santos et al., 2017; Tala and Chow, 2014; Uji et al., 2013). When 
subjected to MHWs stress, algae usually increased the content of satu
rated fatty acids (SFA) and decreased the content of polyunsaturated 
fatty acids (PUFA), so as to reduce the membrane fluidity to resist the 
negative effects of temperature rise (Britton et al., 2020; Svenning et al., 

Fig. 6. KEGG analysis of differential metabolites in G. lemaneiformis on the 18th day (at the end of heatwave). (a) Bubble diagram of KEGG pathway enrichment 
analysis of differential metabolites. (b) Tryptophan metabolism pathway. (c) Lysine synthesis pathway. (d) Starch and sucrose metabolism pathway. (e) Carotenoid 
synthesis pathway. (f) Galactose metabolism pathway. The ** indicates that the differential metabolites in this metabolic pathway are extremely significantly 
enriched (p < 0.01). Red indicates a significant up-regulation and blue indicates a significant down-regulation. 
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2019). In this study, the degradation of PUFA including arachidonic 
acid, α-linolenic acid and linoleic acid was also detected on day 24. The 
decrease of cell membrane fluidity may lead to the weakening of elec
tron transfer in photosystems and the decrease of photosynthesis of 
G. lemaneiformis, which was supported by the decreased Fv/Fm of 
G. lemaneiformis in the heatwave group. 

4.3. Effects of MHWs on S. costatum and its competition with 
G. lemaneiformis 

For S. costatum, at most timepoints in the monoculture system the 
occurrence of MHWs increased its relative growth rate and its pigment 
content also increased slightly, indicating that the simulated MHW had a 
positive impact on S. costatum. Previous studies also show that high 
temperature during heatwaves could aggravate phytoplankton blooms 
and cause serious consequences to the ecosystem (Huang et al., 2021; 
Kling et al., 2020; Kelly et al., 2023; Lopes et al., 2023; Roberts et al., 
2019). On the other hand, MHWs led to a significant decrease in relative 
growth rate of S. costatum in coculture on days 9, 18 and 21. Considering 
the contrary effects of MHWs on S. costatum between monoculture and 
coculture, this decrease in growth should be related to the presence of 
G. lemaneiformis. Meanwhile, Fv/Fm and photosynthetic pigment content 
of S. costatum were also reduced on day 18 in coculture. It seems that 
G. lemaneiformis inhibited the growth of S. costatum by damaging its 
photosynthetic activity. However, relative growth rate of 
G. lemaneiformis was also reduced by MHWs on days 9, 18 and 21. How 
did G. lemaneiformis impose negative effects on S. costatum? Previous 
studies show that both fresh and dried G. lemaneiformis can inhibit 
photosynthesis and growth of HAB algae by allelopathic effects (Wang 
et al., 2007; Ye et al., 2014). Therefore, both healthy and unhealthy 
thalli of G. lemaneiformis can impose negative effects on microalgae by 
releasing allelochemicals actively or passively. D-galactose is a soluble 

substance involved in cell wall formation of many red algae (Li et al., 
2002), and it is also a protective agent for maintaining cell osmotic 
balance (Hoef-Emden, 2014). Meanwhile, maltose has the ability to 
protect the cytomembrane at physiologically relevant concentrations 
(Kaplan and Guy, 2004). In this study, both D-galactose and maltose 
were down-regulated in the heatwave treatment, suggesting damage to 
the cell wall and cytomembrane. Therefore, there is high possibility that 
a lot of intracellular substances in G. lemaneiformis, including alle
lochemicals, were released to the water environment, inhibiting 
photosynthetic activity and growth of S. costatum. 

After one-week recovery period, relative growth rate of S. costatum 
cultured under heatwave in coculture recovered to the same level as that 
without heatwave treatment. This recovery could be due to the 
decreased inhibition by G. lemaneiformis. On the other hand, the relative 
growth rate of G. lemaneiformis did not recover by the end of the 
experiment, maintaining negative growth rates. This suggests that the 
heatwave caused severe damage to G. lemaneiformis. This damage can 
potentially affect both the synthesis of some metabolites and accelerate 
their degradation. As shown in the metabolome analysis, synthesis of 
arachidonic acid, α-linolenic acid and linoleic acid in G. lemaneiformis 
was up-regulated, suggesting that these three compounds were trans
formed to other substances. Arachidonic acid is the main poly
unsaturated fatty acid in red algae (Al-Hasan et al., 1991; Khotimchenko 
et al., 1991; Santos et al., 2017). Previous studies have shown that 
linolenic acid in Sargassum fusiforme had significant allelopathic effects 
on the HAB raphidophyte Heterosigma akashiwo. High concentrations of 
linolenic acid reduced the activities of antioxidant enzymes such as 
superoxide dismutase (SOD) and peroxidase (POD) in Heterosigma aka
shiwo, and the photosynthetic pigment content, Fv/Fm and rETRmax of 
microalgae also gradually decreased with the increase of linolenic acid 
concentration (Sun et al., 2021). After the heatwave, the degradation of 
linolenic acid was intensified and the content of polyunsaturated fatty 

Fig. 7. Analysis of differential metabolites of G. lemaneiformis on the 24th day (after heatwave recovery). (a) Bubble diagram of KEGG pathway enrichment analysis 
of differential metabolites. (b) Arachidonic acid metabolism pathway. (c) α-Linolenic acid metabolism pathway. (d) Linoleic acid metabolism pathway. The *** 
indicates that the differential metabolites in this metabolic pathway are significantly enriched (p < 0.001). Red indicates a significant up-regulation and blue in
dicates a significant down-regulation. 
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acids was reduced, which indicated that the allelochemicals of 
G. lemaneiformis which have inhibitory effects on S. costatum were 
significantly reduced, leading to the recovery of S. costatum. 

An interesting phenomenon is that coculture and heatwave treat
ments could affect aggregation of S. costatum. Aggregation is a strategy 
for microalgae to respond to stressful environments (Calla, 2022). For 
instance, the unicellular green alga Chlamydomonas reinhardtii forms 
aggregates in response to predation and chemical exposure (Herron 
et al., 2019). In this study, coculture resulted in significant aggregation 
of S. costatum compared to monoculture by day 6. This suggests that 
coculture with G. lemaneiformis induced this aggregation phenomenon. 
However, this phenomenon disappeared on days 12, 18 and 24 and 
coculture with the heatwave even led to decreased aggregation, 
particularly on days 12 and 18. This may be caused by allelochemicals 
released by G. lemaneiformis. Allelochemicals could reduce cell aggre
gation of S. costatum and thus increase the inhibitory effect on it. The 
heatwave also induced more aggregation on day 6, which could be 
attributed to its stimulative effect on growth of S. costatum or stickier cell 
surface on higher temperatures since high cell density can also result in 
cell aggregation (Thornton and Thake, 1998). 

4.4. Differential responses of G. lemaneiformis and S. costatum to MHWs 

G. lemaneiformis maintained a negative relative growth rate after day 
15, and did not recover even after one-week. It seems that the heatwave 
imposed permanent damage on G. lemaneiformis. It has been found that 
high-intensity MHWs could led to species extinctions when they exceed 
the thermal thresholds of seaweeds (Hereward et al., 2020; Smale and 
Wernberg, 2013). On the other hand, the relative growth rate of 
S. costatum turned from negative to positive and recovered to a similar 
level with that without heatwave by the end of the recovery period, 
showing a strong resilience. Patil et al. (2020) found that Pyropia hai
tanensis can significantly inhibit the growth of S. costatum, but some of 
S. costatum cells still survived at very low density. Compared with 
macroalgae, microalgae can be deemed as r-strategists (Gao et al., 
2019a). r-strategists generally have small sizes and short life spans but 
can survive unstable and drastic environments due to a large number of 
individuals. They can also thrive again via rapid reproduction when the 
environment is back to normal (Gao et al., 2019a; Papanikolopoulou 
et al., 2018). Therefore, the differential responses of G. lemaneiformis 
and S. costatum to heatwaves can be attributed to their inherent features 
and survival strategies. Based the findings in the present study, MHWs 
can weaken the competition of G. lemaneiformis against S. costatum, and 
may lead to more severe harmful algal blooms in future climate change 
scenarios. 

5. Conclusion 

Seaweed cultivation can impose an inhibitory effect on the occur
rence of harmful bloom algae through competition and allelopathy. This 
study investigates the effects of MHWs on these competitive interactions 
of cultivated seaweeds and red tide microalgae. The simulated heatwave 
led to a growth decrease of G. lemaneiformis and thallus bleaching. The 
likely release of allelochemicals from G. lemaneiformis caused the sig
nificant inhibition of photosynthetic activity and growth in S. costatum. 
After the simulated heatwave disappeared, S. costatum was able to 
recover its growth and thrive, while G. lemaneiformis continued to decay. 
The findings in this study indicate that the reduced inhibition of mac
roalgae on microalgae caused by MHWs may lead to more severe 
harmful algal blooms in future extreme weather scenarios. 
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