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Abstract

Harmful algal blooms (HABs) and marine heatwaves (MHWs) are occurring with increasing frequency, posing
significant threats to marine ecosystems. Macroalgae cultivation has been demonstrated to inhibit the
occurrence of HABs. However, how MHWs affect the interactive dynamics between toxigenic microalgae
and cultivated macroalgae remains poorly understood. In this study, an economically important macroalga
Cracilariopsis lemaneiformis and a globally distributed bloom-forming toxigenic microalga Heterosigma
akashiwo were grown in monoculture and coculture systems under a simulated MHW event to bridge this
gap. Co-culture with G. lemaneiformis significantly reduced the relative growth rate of H. akashiwo. This
inhibitory effect could be attributed to allelochemicals secreted by G. lemaneiformis, which decreased the
photosynthetic efficiency (Fv/Fm) of the microalga. Notably, heatwave conditions exacerbated these
inhibitory effects, and H. akashiwo showed no signs of recovery even after the post-heatwave recovery
period. In the co-culture system, increased microalgal toxicity reduced the phycobiliprotein content in G.
lemaneiformis. Despite increased metabolic activity in the macroalga, its overall relative growth rates
ultimately decreased, with heatwaves exacerbating this reduction. Metabolomic analysis revealed that both
the heatwave and co-cultivation with toxic microalgae significantly disrupted the metabolic homeostasis of C.
lemaneiformis, particularly its carbon and nitrogen, lipid and nucleotide metabolisms, ultimately forcing the
macroalgae to reallocate energy resources toward essential survival functions. These findings indicate that
MHWs could intensify competition between H. akashiwo and G. lemaneiformis, providing novel insights into
the potential ecological risks posed by toxigenic microalgae and MHWs to aquaculture.
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aas INTRODUCTION

Harmful algal blooms (HABs) have emerged as a
critical environmental problem in coastal waters
worldwide in recent decades (Dai et al. 2023). In
particular, HABs caused by toxigenic microalgae
pose detrimental effects on aquaculture, marine
ecosystems and human health (Hallegraeff et al
2021). Algal toxin production results not only in
mass mortality of fish in coastal areas (Mardones et al.
2023) but also negative impacts on the physiology
and growth of macroalgae (Pflugmacher et al. 2010;
Wu et al. 2025b). More alarmingly, these algal toxins
can bioaccumulate through the food web, ultimately
posing substantial health risks to humans (Li et al
2021). These environmental impacts escalate during
the decay phase of algal blooms by depleting
dissolved oxygen and releasing toxic substances,
thereby accelerating environmental deterioration and
potentially triggering ecosystem collapse (O’Boyle
et al. 2016; Wang et al. 2021).

Macroalgae play a vital role in aquatic
environments as important primary producers and
make substantial contributions to the marine
economy (Garcia-Poza et al. 2022). The scale of
macroalgae cultivation is continuously expanding
(Xiong et al. 2023), and they also demonstrate
tremendous potential for carbon sequestration (Gao
et al. 2022; Li et al. 2022). In addition, accumulating
evidence suggests that macroalgae employ diverse

R

mechanisms to effectively suppress HABs. For
instance, macroalgae directly compete with red tide
microalgae for nutrients, thereby limiting the
proliferation of HABs (Sylvers and Gobler 2021). In
addition, macroalgae can produce and release
various bioactive allelopathic compounds into the
surrounding environment. These compounds not
only can inhibit HAB growth and reproduction
(Accoroni et al. 2015; Gao et al. 2019) but also can
enhance overall phytoplankton biodiversity by
preventing the dominance of particular species,
thereby promoting the stability of coastal
ecosystems (Chai et al. 2018).

Marine heatwaves (MHWSs) are defined as
prolonged periods of anomalously warm ocean
waters (Hobday ef al. 2016) and cause significant
threats to marine ecosystems (Frolicher and
Laufkotter 2018). Over recent decades, MHWSs have
been documented globally with increasing
frequency, duration and intensity, primarily driven
by continuous greenhouse gas emissions (Laufkotter
et al. 2020; Oliver et al. 2018). The ecological
impacts of MHWs are complex and multifaceted.
The response of HABs to MHWSs varies with
nutrient availability: in nutrient-poor waters,
MHWs are associated with weaker HABs
development, whereas in nutrient-rich waters, they
can promote more intense bloom events (Hayashida
et al. 2020). A MHW event, which promoted blooms
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of the diatom Chaetoceros coarctatus, led to widespread
mortalities of marine organisms (Roberts ef al. 2019).
Furthermore, MHWs may initially facilitate the
bloom formation of the harmful dinoflagellate
Cochlodinium  polykrikoides, but ultimately have
negative effects on bloom maintenance (Lim et al.
2021). A multi-year heatwave in the North Pacific
Ocean produced the most toxic, most persistent and
most widespread bloom of the HAB diatom
Pseudonitzschia spp. ever recorded (McCabe et al.
2016; Zhu et al. 2017). Beyond its effects on
phytoplankton communities, MHWSs significantly
impact the growth and survival of macroalgae.
MHWSs can disrupt the physiological metabolism of
macroalgae along the coastal waters of China,
inhibiting their growth and increasing the risk of
decay and mortality (Gao et al. 2024; Jiang et al.
2022; Sheng et al. 2025). At broader scales, MHWSs
reduce the productivity of macroalgal forests and
alter their carbon budgets in the Mediterranean Sea
(Bulleri et al. 2025) and can also drive large-scale
shifts in kelp forest structure along the coast of
California, with cascading impacts on ecosystem
functioning (McPherson et al. 2021).

Heterosigma akashiwo (Raphidophyceae) is a
globally distributed harmful microalga that produces
ichthyotoxins, causing substantial economic losses in
aquaculture due to fish mortality (Mardones et al.
2023). H. akashiwo has also been shown to benefit
more from warming relative to some other microalgae
(Fu et al 2008). The macroalga Gracilariopsis
lemaneiformis (Gracilariaceae, Rhodophyta) is an
economically important marine crop, as it exhibits the
merits of robust temperature adaptability and rapid
growth. Therefore, it is the most extensively farmed
macroalga along the China coast (Fei 2004; Gao et al.
2022). Traditionally, macroalgal cultivation areas have
demonstrated lower frequencies of HABs, primarily
due to the natural inhibitory properties of macroalgae.
However, recent evidence suggests an increasing
frequency of red tide events in these areas, potentially
related to global climate change (Hu et al. 2026).
While studies have investigated how
heatwaves affect the ability of G. lemaneiformis to
inhibit red tide microalgae (Gao et al. 2024; Zhao et al.
2025), two critical knowledge gaps remain: (i) how
MHWs influence the toxicity of toxigenic microalgae
and (ii) the complex interactions between toxigenic
microalgae and G. lemaneiformis during MHWsS.
Blooms of H. akashiwo have been reported in the East
China Sea where G. [lemaneiformis is extensively
cultivated (Ji et al. 2018; Xiong et al. 2023). Therefore,

several

in the present study, H. akashiwo and G. lemaneiformis
were grown in monoculture and coculture systems
under simulated MHW conditions, and their
physiological responses, the macroalgal metabolome
and microalgal hemolytic activity were analyzed to
explore the potential mechanisms underlying the
evolution of their interplay.

MATERIALS AND METHODS

Algal collection and culture

The HAB raphidophyte  Heterosigma  akashiwo
(CCMA369) was provided by the Center for
Collections of Marine Algae at Xiamen University. It
was isolated from the Yangtze Estuary in the East
China Sea, a region adjacent to where G. lemaneiformis
is cultivated (Cheng et al. 2024). The cultures were
inoculated in 1000 mL modified f/2 without silica
medium prepared with sterile natural seawater. The
algal cultures were incubated at 22 °C, under a
photoperiod of 12h light: 12h dark, with a light
intensity of 100 umol photons m™2 s™'. Before the
experiment, H. akashiwo was treated with
Penicillin-Streptomycin solution (Procell, China) for
24 h, to reduce bacterial impacts on algae as much as
possible. The final concentration was 200 U-mL™'
penicillin and 0.2 mg-mL™" streptomycin (Gao et al.
2024), and the antibiotic treatment had no detectable
effect on H. akashiwo (Supplementary Fig. S1). The
medium was renewed in semi-continuous mode
every 3 days before the experiment to keep the cells
in the exponential growth phase.

Gracilariopsis lemaneiformis was obtained from a
macroalgal culture area in Sansha Bay (119.31°E,
26.39°N), Ningde City, Fujian Province in
November 2023. The sample was transported back
to the laboratory under low temperature, dark
conditions. The thalli were cleaned using natural
seawater using 0.22 um pore size filter. Thalli with
similar branch length and thickness were selected,
and other attached algae were removed by gently
wiping the surfaces of thalli with degreased cotton in
alcohol, and this treatment was confirmed to cause
no damage to the thalli through pre-experiment
(Supplementary Fig. S2a and b). G. lemaneiformis was
also treated with antibiotics (400 U-mL™" penicillin
and 0.4 mg-mL™' streptomycin) for 48 h, and then
washed repeatedly with sterilized seawater to wash
off the antibiotics (Chai et al 2021; Zhao et al.
2025). Preliminary experiments confirmed that this
antibiotic exposure caused no physiological damage
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to the thalli (Supplementary Fig. S2c and d). The
culture temperature, light and other conditions were
consistent with those used to grow H. akashiwo, and
the culture medium was renewed every 3 days to
maintain the growth and activity of the thalli.

Experimental design

The experimental design was based on modifications
of methods used in previous studies (Gao et al. 2024;
Zhao et al. 2025). Co-cultures of both species

together and monoculture systems of each species
alone were used in the experiment (Fig. 1a). The
experimental culture containers were 1 L
transparent glass conical bottles. The culture was
bubbled with outdoor air filtered by 0.22 um filter
membrane. To maintain sufficient nutrient supply
and reduce potential nutrient-mediated effects,
50% of the culture medium was renewed every
3 days under a semicontinuous cultivation system
(Supplementary Fig. S3). Every treatment has four
repetitions. The initial density of H. akashiwo and

*
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Figure 1: The experimental design of the study. (a) mono- and co-culture systems with four repetitions for each treatment.
aqQ2o (D) stages and temperature change of the simulated marine heatwave.
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G. lemaneiformis were 1 x 10* cellsmL™" and 1 g L™",
respectively, which represent a common density for
ared tide of H. akashiwo (Baohong ef al. 2021) and a
typical culture density of G. lemaneiformis in the
aquaculture area (Gao et al. 2024).

The experiment included the following temperature
treatments: a control group (22 °C, Baseline) and a
heatwave treatment group (26 °C, Heatwave). The
East China Sea experiences frequent occurrences of
red tides in April (spring), with mean monthly
temperatures of 22 °C (Bao and Ren 2014; Li 2021).
According to temperature monitoring data, a 4 °C
MHW can occur in the coastal waters of China (Li
et al. 2019). To investigate the impact of a 4 °C spring
heatwave event on both red-tide microalgae and
macroalgae, we simulated MHW conditions by
elevating temperatures from baseline (22 °C) to 26 °C
in the treatment group. The temperature design in the
heatwave treatment group consisted of four sequential
phases: (i) a heating phase where temperature
increased from 22 °C to 26 °C at a rate of 1 °C d™*, (ii)
a heatwave period when temperature was kept at
26 °C for a week, (iii) a cooling phase where
temperature decreased to 22 °C at a rate of 1 °C d™*
and (iv) a recovery period when temperature was
held constant at 22 °C until the end of experiment
(Fig. 1b). The experiment lasted for 24 days in total.

Determination of relative growth rate

The cell density was measured every 3 days. 15—
20 mL of samples were collected for cell density
measurement. The cell density was determined
using a particle counter and size analyzer (Z2
Coulter, Beckman, USA). The measurement of
relative growth rate of G. lemaneiformis was done in
an ultra-clean workbench. Thalli were taken from
the culture bottles, wiped with absorbent paper and
their fresh weight was measured with an analytical
balance (HZK-FA110, HZ, USA) calibrated to a
sensitivity of 0.1 mg. The relative growth rates
(RGRs) of H. akashiwo and G. lemaneiformis were
calculated according to the formula:

RGR (d7!) = (InN;-InNg)/ (t;-to)

where N; and Ng represent the cell concentrations of
H. akashiwo or the fresh weight of G. lemaneiformis at t
and to, respectively.

Estimation of photosynthetic activity

The maximal quantum vyield of PSII (Fv/Fm), the
effective quantum vyield of PSII (Y(II)) and

non-photochemical  quenching (NPQ)  were
determined wusing a Multi-color PAM (Walz,
Germany) to assess the photosynthetic activity of
the algae. For H. akashiwo, cells from different
treatments were sampled in a 10 mL sterilized
centrifuge tube and placed at the culture
temperature for dark adaptation for 15 min to
ensure that PSII reaction centers were fully open.
The saturated pulse for Fv/Fm measurements was
set at 4500 pmol photons m™2 s™' (0.8s). The
measurement system employed 440-nm white light,
and the actinic light intensity was maintained at
identical levels to the experimental growth
conditions after the saturated pulse. For
G. lemaneiformis, the thalli were placed in a sterilized
10 mL centrifuge tube with seawater from the
corresponding culture bottle. Afterward, dark
adaptation and measurement processes were
consistent with the previous description.

Determination of photosynthetic pigments

For G. lemaneiformis, approximately 0.02 g (FW) thalli
were collected and extracted in 5 mL absolute
methanol at 4 °C in darkness for 24 h. Before the
measurement, the extract was shaken evenly, then
centrifuged at 8000 rpm/min at 4 °C for 10 min by
using a high-speed refrigerated centrifuge (Universal
320R, Hettich, Germany). The supernatant was
taken and measured with an ultraviolet
spectrophotometer (TU-1810DASPC, China) with
absolute methanol as reference. For H. akashiwo,
10 mL of the sample was filtered on 25 mm GF/F
filters (Whatman, USA) and extracted in 5 mL
absolute methanol at 4 °C in darkness for 24 h. The
extract was centrifuged, measured as described
above.

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

Chla(ug mL™') =16.29 X (Aggs—A7s0)—8.54
X (Ass2—A7s0)

Carotenoids (ug mL™1) =7.6 X (Aggo—A7s0)—1.49
X (As10—A750)

To determine phycoerythrin (PE) and phycocyanin
(PC) in G. lemaneiformis, about 0.05 g (FW) thalli
were collected and disrupted by grinding with a
glass homogenizer in an ice bath and extracted in
0.1 M PBS buffer (pH=6.8). The final volume of
extract was 10 mL. The extract was then centrifuged
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at 9000 rpm/min at 4 °C for 10 min in a high-speed
refrigerated centrifuge (Universal 320R, Hettich,
Germany). The supernatant was taken and
measured with an ultraviolet spectrophotometer
(TU-1810DASPC, China) with PBS buffer as blank
control.

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

PE (ug mL™")
= [(Asea—As92)—(Ags5—As92) X 0.2] X 0.12

PC (ug mL™")
= [(As18—As45)—(As92—Agas) X 0.51]1 X 0.15

where A7so, Ages, Agsa, Asio, Aago, Acas, Asrs Asoa,
As¢q and Ayss are the absorbance wavelength at
750, 665, 652, 510, 480, 645, 618, 592, 564 and
455 nm, respectively. The results were expressed as
pg-cell™" for H. akashiwo and mgg~' FW for
G. lemaneiformis.

Hemolytic activity of H. akashiwo

Hemolytic activity was determined according to
modified protocols from Eschbach ef al. (2001) and
Ling and Trick (2010). Detailed procedures for algal
sample preparation, erythrocyte handling and
erythrocyte lysis assays are described in
Supplementary Text S1. Hemolytic activity of each
treatment was expressed as the percentage
hemolysis relative to both the blank control
(reagent absorption), positive control (erythrocyte
complete lysis) and negative control (erythrocyte
autolysis), according to the following equation:

Hemolytic activity (%)
= [(B414—B414—Na14)/ P414] X 100%

Where E414, B414, Ng14 and P4y, are absorption of the
experimental treatment, blank control, negative
control and positive control, respectively. The
hemolytic activity unit was converted into X107’ %
cell™*. The values above zero were considered
hemolytic, whereas the values at or below zero
were considered non-hemolytic.

Metabolomic analysis of G. lemaneiformis

Due to the suppressed biomass of H. akashiwo falling
below the required threshold (107 «cells) for
metabolomics, we focused the analysis on G.
lemaneiformis. Approximately 0.1 g (FW) thalli of G.
lemaneiformis from each culture were collected in a

sterilized 2 mL cryotube on the last day of the
heatwave (Day 12) and recovery period (Day 24),
frozen with liquid nitrogen and stored at —80 °C
(Gao et al. 2024). Detailed procedures for sample
preparation, LC-MS detection, data preprocessing
and statistical analysis were provided in
Supplementary Text S2. The differentially expressed
metabolites (DEMs) in different treatments were
detected with variable importance in the projection
>1, P<0.05. The metabolic pathways of differential
metabolites were annotated by the KEGG database
(Gao et al. 2024).

Statistical analysis

The experimental data were statistically analyzed
using SPSS 26 and R (version 4.4.1), and plotted by
Origin 2024 and R. The generalized additive mixed
models (GAMMs) were used to analyze the patterns
of treatment effects over time, and GAMMs were
performed using the ‘mgcv’ package in R. Prior to
ANOVA, data were tested for normality using the
Shapiro—Wilk test and for homogeneity of variances
using Levene’s test. The data were confirmed to
have a normal distribution and the variances were
equal for all treatments (P> 0.05). Two-way
ANOVA was used to examine the effects of
heatwave and co-culture on physiological traits of
algae. One-way ANOVA was used to establish the
significance of differences among treatments on the
same day. Fisher’s least significant difference of post
hoc testing was analyzed, and the significance level
was set as P < 0.05.

RESULTS

Growth responses of H. akashiwo
and G. lemaneiformis

The RGR of H. akashiwo was lower in coculture than
in monoculture during most of the experimental
period, except for Day 21 (Supplementary
Table S1). During the heatwave period, the lowest
RGR values were observed in the co-heatwave
treatment (Fig. 2a). On Day 9, RGR in co-baseline
and co-heatwave treatments was 92% and 196%
lower than that in the mono-baseline treatment,
respectively (P=0.018). During the recovery period
(Day 21), relative to the mono-baseline treatment,
RGR still decreased by 69% in the co-baseline
treatment and increased by 58% in the co-heatwave
treatment (P=0.004). The GAMM analysis further
revealed that the inhibitory effect of co-baseline
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Figure 2: Growth responses of Heterosigma akashiwo and Gracilaria lemaneiformis under different treatments. The RGR of H.
akashiwo (a) and G. lemaneiformis (b). Values represent mean =+ standard deviation (SD), with different letters indicating
statistically significant differences among treatments on the same day (P < 0.05). Normalized effects of treatment groups
on RGR relative to the mono-control treatment based on GAMM analysis for H. akashiwo (c) and G. lemaneiformis (d).
Treatments are colored with blue (co-baseline), yellow (mono-heatwave) and red (co-heatwave). Solid lines and
shadows are predicted values with 95% confidence intervals, and the significant differences between the different
treatment groups and the mono-baseline are justified by the lack of intersections of 95% confidence intervals and the
AQ21 X-axis. Heating, heatwave, cooling and recovery represent the four phases of experiment.
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treatment strengthened over time (P=0.004),
whereas the negative effect of the co-heatwave
treatment increased during the heatwave period
and weakened during the recovery period (P=
0.008) (Fig. 2¢).

For G. lemaneiformis, coculture treatment markedly
reduced its RGR during the heatwave period
(Supplementary Table S2). Specifically, on Day 9,
RGR decreased by 181% and 116% in co-baseline
and co-heatwave treatments, respectively (Fig. 2b,
P=0.008). Similarly, on Day 12, the corresponding
reductions were 97% and 116%, respectively (P=
0.022). At the end of recovery period (Day 24), RGR
of G. lemaneiformis was still decreased by 58% in the

mono-heatwave treatment compared to
mono-baseline (P=0.013). GAMM  analysis
revealed that the negative effects of both

mono-heatwave (P=0.003) and co-heatwave (P<
0.001) treatments intensified over time, and the
inhibitory effect of the co-baseline treatment
increased during the heatwave phase and declined
during recovery period (P =0.003) (Fig. 2d).

Photosynthetic activity of H. akashiwo
and G. lemaneiformis

Heatwave and coculture treatment significantly
affected Fv/Fm and Y(II) of H. akashiwo, with
coculture mode treatment also showing a significant
effect on NPQ on Day 12; by Day 24, only
co-culture treatment maintained significant effects
on Fv/Fm and Y(II) (Supplementary Table S3). In
the coculture system, Fv/Fm was significantly lower
compared to the monoculture system on Days 12 (P
<0.001) and 24 (P<0.001) (Fig. 3a). Under
co-heatwave treatment, Fv/Fm was 58% lower than
that under co-baseline treatment on Day 12 (P<
0.001). Y(II) was similar tendency with Fv/Fm
(Fig. 3c¢). The co-heatwave treatment showed
significantly lower NPQ compared to the
mono-control on Day 12 (Fig. 3e, P=0.027). By
Day 24, NPQ in all treatments demonstrated no
difference (Fig. 3e).

For G. lemaneiformis, heatwave had significant
effects on Fv/Fm and NPQ on Day 12, and it
interacted with coculture treatment on NPQ on Day
24 (Supplementary Table S4). Fv/Fm in heatwave
treatment was higher than that in baseline
treatment on Day 12 (Fig. 3b, P=0.082). On Day
12, relative to mono-baseline treatment, NPQ
increased by 51% and 146% in mono- and
co-heatwave treatments, respectively, while it

decreased by 48% in co-baseline treatment
(P=0.024, Fig. 3f). After recovery period, no
significant differences were observed in Fv/Fm or
Y (IT) among treatments (Fig. 3b, d), whereas NPQ in
co-baseline and mono-heatwave treatments
remained higher than in the mono-baseline
treatment (P = 0.046, Fig. 3f).

Photosynthetic pigments of H. akashiwo
and G. lemaneiformis

For H. akashiwo, coculture treatment significantly
affected on photosynthetic pigments (Chl a4 and
carotenoids) on Day 12 (Supplementary Table S3);
the mono-heatwave treatment demonstrated the
highest contents of Chl ¢ (P=0.015) and carotenoids
(P<0.001) (Fig. 4a, b). Due to the extremely low cell
density of H. akashiwo during the recovery period,
photosynthetic pigment analysis could not be reliably
conducted in the coculture system.

In G. lemaneiformis, no significant differences were
detected among treatments in Chl a or carotenoids
during cultivation time (Fig. 4c, d). On Day 12,
coculture reduced PE and PC contents, and
co-heatwave treatment led to the lowest levels
compared to other treatments (Supplementary
Table S4, Fig. 4e, f). However, no significant
differences were observed in either PE or PC
contents among treatments after recovery period
(Fig. 4e, 1).

The production of hemolytic toxin under heatwave
and coculture

Hemolytic activity was notably altered by both
heatwave and coculture treatment, with an
interaction between these factors on Day 12
(Supplementary Table S3). On Day 6, both
coculture and heatwave treatments significantly
enhanced hemolytic activity, with the heatwave
treatment showing a 21% increase compared to the
baseline treatment in the coculture system (Fig. 5a,
P<0.001). Following the heatwave period,
hemolytic activity in heatwave-treated samples
remained elevated across different culture systems.
The co-heatwave treatment resulted in the highest
hemolytic activity on Day 12 (Fig. 5a, P<0.001).
Therefore, when exposed to both heatwave and G.
lemaneiformis,  the  hemolytic  activity = was
significantly enhanced (Fig. 5b). GAMM analysis
indicated that the positive effect of mono-heatwave
treatment diminished over time (P=0.025)
(Supplementary Fig. S4). Hemolytic activity
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Figure 3: Photosynthetic traits of H. akashiwo and G. lemaneiformis under different treatments. Maximal photochemical
efficiency of PSII (Fv/Fm) of H. akashiwo (a) and G. lemaneiformis (b); effective quantum yield of PSII (Y(II)) of H.
akashiwo (c) and G. lemaneiformis (d); non-photochemical quenching (NPQ) of H. akashiwo (e) and G. lemaneiformis (f).
Data are presented as boxplots, where white rectangles denote treatment means and whiskers extend to 1.5x the
interquartile range. Different letters indicate statistically significant differences among treatments on the same day (P <
aqQ22 0.05). Heating, heatwave, cooling and recovery represent the four phases of experiment.
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Figure 4: Photosynthetic pigment concentrations of H. akashiwo (a-b) and G. lemaneiformis (c—f) under different treatments.
Data are presented as boxplots, where white rectangles denote treatment means and whiskers extend to 1.5X the
interquartile range. ‘ND’ means no detected, where the cell density of H. akashiwo was too low for reliable detection.
Different letters indicate statistically significant differences among treatments on the same day (P<0.05). Heating,
heatwave, cooling and recovery represent the four phases of experiment.

measurements in the cocultures during the recovery ~ Metabolic profile changes of G. lemaneiformis

period were not conducted due to previously
mentioned reason.

Metabolomic analysis was performed to reveal the
mechanisms underlying the effects of coculture
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Figure 5: Hemolytic activity of H. akashiwo under different treatments. (a) Quantitative analysis of hemolytic activity across
treatment groups. Data represent mean + SD (z = 3), with ‘ND’ indicating samples where activity was not detected due to
low cell density of H. akashiwo. Different letters denote statistically significant differences between treatments on the
same day (P <0.05). Heating, heatwave, cooling and recovery represent the four phases of experiment. (b) Schematic
representation of hemolytic activity dynamics in H. akashiwo under different experimental conditions: with and without

heatwave exposure and G. lemaneiformis coculture.

and/or heatwave exposure on G. lemaneiformis. Partial
least squares-discriminant analysis demonstrated
clear discrimination among the four treatments in
the heatwave period (Day 12) (Fig. 6a), but with
considerable overlap observed among treatment
groups in the recovery period (Day 24) (Fig. 6b).
These results indicate that coculture and/or
heatwave significantly altered the metabolic profiles
of G. lemaneiformis in the heatwave period, while
their effects converged in the recovery period.

A total of 1810 metabolites were identified in G.
lemaneiformis. Compared to mono-baseline, 314, 138
and 258 differentially expressed metabolites (DEMs)
were altered under co-baseline, mono-heatwave
and co-heatwave treatments during the heatwave
period (Supplementary Fig. S5a). In the recovery
period, the corresponding DEM counts were 442, 83
and 84, respectively (Supplementary Fig. S5b).
KEGG enrichment analysis of these DEMs during the
heatwave period (Day 12) identified three pathways
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Figure 6: Metabolomics profiling of G. lemaneiformis during heatwave (Day 12) and recovery (Day 24) periods. Panels a and
b show partial least squares-discriminant analysis of different treatment groups in the heatwave (a) and recovery (b) periods.
Panels ¢ and d present the relative abundances and hierarchical clustering for fatty acids (c) and amino acids (d) in G.

lemaneiformis in heatwave and recovery periods.

shared across all treatments: nucleotide metabolism,
purine  metabolism and ABC  transporters
(Supplementary Table S5, Supplementary Fig. S6).
Hierarchical clustering analysis was performed on
the abundances of fatty acids and amino acids in G.
lemameiformis across treatments during heatwave
and recovery periods (Fig. 6¢, d). In contrast to the
monoculture treatment, the coculture treatment led
to reduce abundances of most fatty acids (e.g.
a-linolenic acid, linoleic acid) in G. lemaneiformis
during the heatwave period (Fig. 6¢). Notably, the
co-baseline treatment maintained consistently lower
fatty acid levels during the recovery period. Most
amino acid levels declined during the heatwave
period compared to recovery period, except for

citrulline, proline, phenylalanine, homocysteic acid
and glutamine (Fig. 6d). In the recovery period,
fatty acid levels in the co-heatwave treatment
showed partial recovery but remained low in the
co-baseline treatment. Meanwhile, antioxidant
levels gradually restored, though maintaining lower
abundances in co-baseline treatment and amino
acid profiles demonstrated opposite patterns
compared to those observed in the heatwave period.

The metabolic response patterns of G. lemaneiformis
during heatwave period were illustrated in Fig. 7.
Compared to mono-baseline treatment, G.
lemaneiformis in co-heatwave treatment displayed
profound metabolic suppression. This suppression
was characterized by significant down-regulation of
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Figure 7: Metabonomic response of G. lemaneiformis to H. akashiwo during heatwave period (Day 12). Panel a shows the
integrated metabolic network analysis revealing key pathways affected by heatwave and H. akashiwo. Panel b represents
the changes of nucleotide metabolism pathways exposure to heatwave stress. Solid and dotted arrows indicate direct and
indirect biochemical interactions. The red and blue rectangles represent significantly upregulated and downregulated
metabolites, respectively, while brown rectangles indicate metabolites with no significant changes.

key intermediates in both glycolysis (glycerate-3P,
phosphoenolpyruvate) and the TCA cycle (citrate,
isocitrate, 2-oxoglutarate) (Fig. 7a). Simultaneously,
membrane-associated  lipids showed  marked
reduction in the coculture system. This decline
encompassed essential fatty acids, including both
saturated fatty acids (e.g. dodecanoic acid and

myristic acid) and unsaturated fatty acids
(e.g. linoleic acid, a-linolenic acid, arachidonic
acid, eicosapentaenoic acid), as well as multiple
phospholipid classes such as phosphatidate
(PA), phosphatidylethanolamine (PE) and
phosphatidylserine (PS) (Fig. 7a). Furthermore,
nucleotide metabolites (GMP, dAMP, dTMP,
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indicate significantly upregulated and downregulated
metabolites with no significant change.

dCMP, cytosine) exhibited significant down-
regulation in the coculture system during the
heatwave period (Fig. 7b).

During the recovery period, compared to the
heatwave period, the levels of energy metabolism
metabolites (glycerate-3P and phosphoenolpyruvate)
and amino acids (e.g. lysine, serine, leucine) were
significantly elevated. Conversely, glutamine and
proline levels decreased (Fig. 8). Concurrently,
upregulation of various metabolites associated with
nucleotide  metabolism  were also observed
(Supplementary Fig. S8).

DISCUSSION

Physiological responses of H. akashiwo to heatwave
and G. lemaneiformis

The growth of H. akashiwo was only marginally
affected by the heatwave in monoculture system.
This is possibly due to its high adaptability to a wide
range of temperatures (18-30 °C), with an optimal

metabolites, respectively, while brown rectangles indicate

growth temperature of 24.11 +£0.35 °C (Ye et al
2023). The experimental heatwave temperature of
26 °C falls near the optimum growth temperature
for H. akashiwo. However, when cocultured with
G. lemaneiformis, H. akashiwo suffered pronounced
growth suppression that became even more severe
under heatwave conditions. The coculture
treatment reduced both photosynthetic efficiency
(Fig. 3a) and cellular pigment contents, particularly
photoprotective carotenoids (Fig. 4b). These
changes led to decreased NPQ capacity (Fig. 3e),
compromising the cell’s ability to scavenge reactive
oxygen species (ROS) under stress (Pérez-Galvez
et al. 2020; Rezayian et al. 2019). In the coculture
system, H. akashiwo exhibited reduced
photoprotective capacity (decreased NPQ and
carotenoids) coupled with impaired photosynthetic
efficiency (reduced Fv/Fm and Y(II)), which
collectively contributed to its growth inhibition.
Heatwave exposure further intensified these
negative effects. The decline in photosynthetic
performance was likely associated with allelopathic
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interactions from G. lemaneiformis. The a-linolenic acid
and linoleic acid have previously been reported as
potential allelopathic compounds and were shown to
inhibit H. akashiwo by triggering mitochondrial
apoptosis and impairing its antioxidant and
photosynthetic systems (Sun et al. 2021; Wang and
Liu 2022). In this study, the decreased intracellular
abundances of a-linolenic acid and linoleic acid in G.
lemaneiformis during heatwave period (Supplementary
Fig. S5b) suggested they might be released into
medium in the coculture system. These compounds
could have contributed to the observed suppression of
photosynthetic activity in H. akashiwo. However, this
inference is based on metabolomic results and
literature evidence, and direct verification of their
release and allelopathic effects in the medium
warrants further investigation.

Post-heatwave, H. akashiwo in the coculture system
maintained a low cell density insufficient for algal
blooms. Under stress, H. akashiwo can form cysts
that remain viable for years (Imai and Itakura
1999), and these can rapidly transform into active
planktonic cells when conditions improve (Shikata
et al. 2007). The observed cell size reduction after
the heatwave might be associated with cyst
transformation (Supplementary Fig. S9), pending
further microscopic evidence of morphological
changes. Despite the observed low biomass,
monitoring remains essential due to the risk of rapid
recovery via potential cyst germination.

Hemolytic activity of H. akashiwo under heatwave
and coculture conditions

Our findings revealed that heatwave conditions
enhanced the hemolytic activity of H. akashiwo,
particularly  during co-cultivation with G.
lemaneiformis (Fig. 5b). Environmental factors, such
as temperature, light and nutrients, strongly affect
production of algal toxins and algal hemolytic
activity (Boer et al. 2004; Kuroda et al. 2005;
Vidyarathna et al. 2020). Specifically, H. akashiwo
exhibited peak hemolytic activity at 25 °C compared
to 22 °C and 30 °C (Vidyarathna et al. 2020).
Additionally, previous research has demonstrated
that ROS can enhance the effects of hemolytic
agents in Chattonella marina, a related Raphidophyte
species (Marshall et al. 2003). Elevated temperatures
can increase ROS levels in microalgae (Li et al.
2025). This explains the higher hemolytic activity
observed in the heatwave treatments compared to
the non-heatwave treatments.

Interspecific interactions, particularly competition,
can also influence algal toxin production (Cui et al.
2024). For instance, when Microcystis aeruginosa was

co-cultured with  Scenedesmus  obliquus, both
intracellular and extracellular microcystin
concentrations showed marked increases (Wang

et al. 2025). Given the high metabolic costs of toxin
synthesis, algae typically release only under
significant competitive stress (Kearns and Hunter
2000). In our study, the hemolytic compounds (a
form of algal toxins) showed higher hemolytic
activity in the coculture system on Day 6 compared
to monoculture, indicating intense competition
between H. akashiwo and G. lemaneiformis during the
early cultivation phase. However, by Day 12, both
hemolytic activity and algal growth declined in
co-baseline treatment. This suggests that under
prolonged competitive stress, H. akashiwo prioritizes
survival over secondary metabolite production,
reallocating energy from hemolytic compound
synthesis to essential cellular functions.

Notably, the combined effects of heatwave
exposure and co-cultivation with G. lemaneiformis
significantly enhanced the hemolytic activity of H.
akashiwo during the heatwave period, with peak
levels on both Days 6 and 12, resulting in the
highest hemolytic activity among the four treatment
groups. This finding warrants attention, since
hemolytic activity can exert severe threats on
aquaculture and marine ecosystems.

Growth responses of G. lemaneiformis to heatwave
and H. akashiwo

Exposure to heatwave stress induced a minor decline
in the growth rates of G. lemaneiformis under
monoculture. The adverse effects of heatwaves
intensified over time and persisted through the
recovery period. This inhibitory effect was further
exacerbated when cocultured with H. akashiwo,
leading to negative growth rates. These growth
variations were closely linked to heatwave and H.
akashiwo exposure.

High temperatures inhibit the growth rates of G.
lemaneiformis (Zou and Gao 2014), and, more
critically, induce ROS accumulation in G.
lemaneiformis (Zhang et al. 2024), triggering multiple
protective mechanisms. The elevated biliverdin
levels in heatwave treatments (Supplementary Fig.
S7d). Biliverdin maintains chloroplast redox
homeostasis through NADPH consumption and
serves as a precursor for the antioxidant bilirubin,
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thus playing a dual role in oxidative stress defense
(Ishikawa et al. 2023). Its increase indicated a
disruption of chloroplast redox homeostasis in G.
lemaneiformis. Furthermore, phycobiliproteins
demonstrated a notable decrease among treatments
during the heatwave period (Day 12) (Fig. 4). This
reduction weakened light-harvesting capabilities,
which decreases ROS generation at photosynthetic
source. This represents an important adaptive
mechanism in G. lemaneiformis.

Heterosigma akashiwo can secrete allelopathic
compounds that inhibit the growth of other algal
species (Ji et al. 2024; Yamasaki et al. 2007).
Therefore, the observed growth suppression of G.
lemaneiformis in this study may be closely related to
the allelopathic effects of H. akashiwo. The elevated
temperatures likely enhance these allelopathic
effects (Altman-Kurosaki ef al. 2025; Ma et al. 2015),
as higher temperatures often increase the production
and potency of inhibitory compounds. Additionally,
harmful algal toxins can act as allelopathic
compounds with inhibitory effects (Wang et al. 2025;
Wu et al. 2025b). For instance, okadaic acid from
Prorocentrum lima inhibited Pyropia yezoensis growth by
disrupting photosynthesis, causing oxidative stress,
interfering with nitrogen metabolism and reducing in
transcriptional efficiency (Wu et al. 2025b). Similarly,
the hemolytic compounds from H. akashiwo likely act
as allelopathic substances, inducing oxidative stress
and consequently inhibiting the growth of G.
lemaneiformis. The present study demonstrated that
heatwave conditions significantly increased hemolytic
activity, while the observed growth recovery of G.
lemaneiformis following the decreased hemolytic
activity in the co-baseline treatment further supports
the inhibitory role of these hemolytic compounds.

After a recovery period at 22 °C, the co-baseline
treatment showed normal growth rates comparable
to mono-baseline treatment, while heatwave-treated
groups demonstrated only minor recovery of growth.
G. lemaneiformis exhibited distinct physiological and
metabolic adjustments under different treatments. In
the co-baseline treatment, reduced stress from
H. akashiwo allowed the macroalga to maintain a
stable growth state, which was accompanied by
lower abundances of compounds, such as fatty acids
and amino acids (Fig. 6c, d). In contrast,
physiological performance revealed higher levels of
photosynthetic ~ pigments compared to the
mono-baseline treatment, indicating elevated
photosynthetic potential and energy capture. These
changes were supported by metabolic upregulation

of key metabolites in glycolysis and the TCA cycle
(Fig. 8), as well as increased levels of fatty acids and
amino acids, which are essential for energy
production and cellular repair processes.

While stable Fv/Fm and phycobiliprotein levels
suggested maintenance of photosystem efficiency,
higher NPQ demonstrated active photoprotection
against oxidative damage. Despite the gradual
restoration of photosynthetic function and
antioxidant systems, heatwave-treated groups
showed persistent negative effects on growth. These
can be attributed to a metabolic trade-off, where
substantial energy resources were allocated to
repairing damaged tissues and maintaining basic
metabolic functions, delaying the recovery of
growth. As cellular processes continue to normalize,
growth recovery is expected to ensue.

Metabolic perturbation of G. lemaneiformis and its
association with physiological response

Metabolomic analysis revealed metabolic
reprogramming in G. lemaneiformis under heatwave
stress and co-cultivation with H. akashiwo. These
treatments significantly altered key metabolic
pathways, primarily involving carbon, nitrogen,
lipid and nucleotide metabolism.

Carbon and nitrogen metabolism

Stress inhibited glycolysis and the TCA cycle, leading
to the downregulation of key metabolites, such as
glycerate-3-phosphate, phosphoenolpyruvate, citrate
and 2-oxoglutarate (Fig. 7a). This restricted the
carbon supply and energy production, and ultimately
reduced growth in G. lemaneiformis. Leucine and
valine, which can be catabolized to acetyl-CoA, play
a key role in energy metabolism by entering the TCA
cycle for energy production (Liang et al 2019).
During the heatwave period, the observed reduction
in leucine and valine levels suggested increased
catabolic activity to meet elevated energy demands
during stress, compensating for the suppressed
glycolytic and TCA pathways.

Meanwhile, nitrogen metabolism also exhibited
compensatory adjustments under stress. Proline
accumulation acts as a protective mechanism,
providing antioxidative defense and osmotic balance
(Matysik et al. 2002; Szabados and Savouré 2010).
During heatwaves, elevated proline levels were
likely critical for enhancing the survival of thalli
under adverse conditions (Fig. 6d). Similarly,
glutamine, a key intermediate in nitrogen
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metabolism, plays essential roles in amino acid
synthesis and nitrogen storage. These adaptive
changes in C/N metabolism illustrate how
macroalgal cells strategically allocate resources
toward survival under stress, prioritizing protective
mechanisms over growth to endure environmental
challenges such as heatwaves.

Lipid metabolism and membrane integrity

The adjustment of fatty acid composition represents a
crucial response mechanism in algae adapting to
environmental changes (Zhang et al. 2020). In this
study of G. lemaneiformis, co-culture with H.
akashiwo induced significant alterations in lipid
metabolism, characterized by reduced levels of both
fatty acids and phospholipids compared to the
monoculture system (Fig. 7a). The lower fatty acid
contents in co-cultivation treatments might be
attributed to increased energy demands under
competitive pressure, where fatty acids were
converted to acetyl-CoA for energy metabolism.
This metabolic shift likely serves as a compensatory
mechanism  for downregulated TCA  cycle
metabolites, providing essential energy resources
during stress conditions.

Phospholipids are essential components of
membranes, maintaining cellular structural integrity
(Wang et al. 2020). Sustain elevated NPQ is enabled
to protect membrane structures under stress
(Malnoé et al. 2018). Phycobilisomes are anchored
to the thylakoid membrane surface (Samsonoff and
MacColl 2001). The observed decrease in
phospholipids indicated membrane damage. This
membrane deterioration induced a protective increase
in NPQ, leading to a loss of phycobiliproteins.
Consequently, these physiological disruptions led to
suppressed growth of G. lemaneiformis. Furthermore,
the compromised membrane integrity intensified the
release of allelopathic substances (particularly
a-linolenic acid and linoleic acid), thereby enhancing
the growth inhibition of H. akashiwo, resulting in
mutual growth suppression between macroalgae and
microalgae.

Nucleotide metabolism

Alterations in nucleotide metabolism, particularly
within the purine and pyrimidine pathways, play a
fundamental role in DNA/RNA synthesis and repair
(Santos ef al. 2024). The noticeable change of purine
and pyrimidine metabolism pathways across all
three treatments during the heatwave period

(Fig. 7b), suggests impaired nucleic acid synthesis
and repair processes in G. lemaneiformis under
heatwave stress and H. akashiwo co-cultivation.
Furthermore, purine metabolism is closely associated
with energy metabolism (Liao et al. 2025). The
upregulation of ATP degradation products (adenine,
adenosine and inosine), indicated increased ATP
consumption in response to heightened energy
demands under pressures. This metabolic shift led to
the accumulation of degradation products and
ultimately resulted in negative growth of G.
lemaneiformis during heatwave period.

To summarize, G. lemaneiformis exhibited three key
metabolic responses under stress: (i) Carbon and
nitrogen metabolism showed suppressed glycolysis and
the TCA cycle, compensated by amino acids catabolism
and proline accumulation for stress protection; (ii) lipid
metabolism alterations, characterized by reduced fatty
acids and phospholipids, reflected increased energy
demands and membrane damage and (iii) nucleotide
metabolism disruption, evidenced by ATP degradation
product accumulation, indicated impaired cellular
repair and elevated energy consumption. These
metabolic adaptations collectively demonstrated how
G. lemaneiformis dynamically allocated resources and
prioritized survival mechanisms over growth under
environmental stress.

The metabolomic analysis was performed with four
biological replicates per treatment. While this sample
size is comparable to many previous studies (Liu and
Lin 2020; Slaveykova et al. 2021; Wu et al. 2025a),
it is lower than the replicate numbers (7> 6)
often recommended in metabolomics. Therefore,
although the major metabolic patterns observed are
considered reliable, caution is warranted when
interpreting subtle variations, particularly for
low-abundance metabolites. In addition, this
study focused only on the metabolic responses of
G.  lemaneiformis.  Metabolomic profiling of
H. akashiwo under similar conditions would help
provide a more comprehensive understanding of the
bidirectional metabolic interactions between the
two species and represents an important direction
for future research.

Competition of two species under MHWs

MHWs significantly intensified the interspecific
competition between H. akashiwo and the cultivated
macroalga G. lemaneiformis by amplifying their
bidirectional inhibitory interactions. The differential
thermal sensitivity of the two species shapes the
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competitive dynamic—H. akashiwo shows
tolerance to 26 °C MHW conditions
G.  lemaneiformis  exhibits inherent thermal
vulnerability. Heatwaves further enhance the
macroalga’s allelochemical-mediated suppression
of microalgal growth and the microalga’s
stress-induced hemolytic toxin production, leading
to a mutual growth-inhibition pattern where
both species reallocate energy from growth to
survival-related  physiological and metabolic
processes. This competitive dynamic has important
ecological and practical implications. Ecologically, it
reveals the altered interspecific interaction
mechanisms of coastal primary producers under
climate change-driven extreme thermal stress, and
enriches our ecological understanding of how
harmful algal bloom-macroalgae symbiotic systems
respond to MHWs in coastal aquaculture areas
(Zhao et al. 2025). In practice, it provides key
insights for marine macroalgae aquaculture and
HAB ecological control. On one hand, it confirms
that G. lemaneiformis can still effectively control H.
akashiwo biomass and prevent HAB outbreaks under
MHW conditions, which supports the sustainability
of using macroalgae cultivation for HAB mitigation
in a warming ocean. On the other hand, it alerts
that MHWs will cause severe productivity losses in
G. lemaneiformis aquaculture, and the elevated
hemolytic toxicity of H. akashiwo at low biomass
poses a hidden ecotoxicological risk to coastal
aquaculture ecosystems. Overall, these findings
offer critical scientific insights for the adaptive
management of economically important macroalgae
aquaculture, as well as the comprehensive risk
assessment of toxigenic microalgae in coastal waters
under future extreme climate scenarios (Seymour
and McLellan 2025).

high
while

CONCLUSION

This study investigated the growth dynamics and
interspecific interactions between H. akashiwo and
G. lemaneiformis, including hemolytic activity under
coculture and/or heatwave conditions. The results
demonstrated differential thermal sensitivity
between species, with G. lemaneiformis showing
greater vulnerability to heatwave stress compared to
H. akashiwo. G. lemaneiformis exhibited significant
inhibitory effects on microalgal growth. Under
heatwave conditions, this inhibitory effect was
further intensified. Despite experiencing reduced
growth rates, H. akashiwo maintained elevated

hemolytic activity during heatwave exposure,
potentially  amplifying  environmental  risks.
Meanwhile, interactions with H. akashiwo disrupted
macroalgal physiological performances (NPQ,
phycobiliprotein) and key metabolic processes (C/N,
lipid and nucleotide metabolism), ultimately
resulting in growth inhibition. Although G.
lemaneiformis showed signs of metabolic restoration
during the post-heatwave period, the sustained
negative impact on its growth continued to persist.
Notably, even with compromised growth, G.
lemaneiformis retained sufficient regulatory capacity
to maintain H. akashiwo populations below harmful
levels, demonstrating the robust mnature of
macroalgal control over harmful algal proliferation.
These findings provide novel insights into the
interactive relationship between toxic microalgae
and commercially vital macroalgae in present day
and future extreme weather scenarios. The
enhanced inhibitory effects during heatwaves
suggest new possibilities for harmful algal bloom
management, while greater attention should be paid
to the ecotoxicological risks to macroalgae in
biological control applications.

Supplementary Material

Supplementary material is available at Journal of Plant
Ecology online.

Text S1: Detailed protocols of hemolytic activity
assay.

Text S2: Detailed protocols of metabolomic profiling.
Table S1: Two-way ANOVA analysis of variance for
the effects of heatwave and culture on RGR of H.
akashiwo.

Table S2: Two-way ANOVA analysis of variance for
the effects of heatwave and culture on RGR of G.
lemaneiformis.

Table S3: Two-way ANOVA analysis of variance for
the effects of heatwave and culture on Fv/Fm, Y(II),
NPQ, Chl g, carotenoids and hemolytic activity of H.
akashiwo.

Table S4: Two-way ANOVA analysis of variance for
the effects of heatwave and culture on Fv/Fm, Y(II),
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Table S5: The key pathways compared to the
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Figure S1: The effects of antibiotic treatment on H.
akashiwo.
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