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A B S T R A C T

Microplastic (MP) pollution poses a growing threat to coral reef ecosystems, yet its direct effects on symbiotic 
Symbiodiniaceae remain poorly characterized. In this study, we investigated the size-dependent toxicity and 
underlying mechanisms of polystyrene microplastics (PS-MPs; 0.1, 1, and 10 μm) on three Symbiodiniaceae 
species-Cladocopium goreaui, Durusdinium trenchii, and Symbiodinium natans-representing distinct ecological 
niches. Among the tested sizes, 10 μm PS-MPs induced the most pronounced toxicity, significantly reducing algal 
growth rate, photosynthetic efficiency, and Chlorophyll a (Chl-a) content. These effects were accompanied by 
increased cell volume and enhanced accumulation of carbohydrates and lipids. Notably, S. natans exhibited 
partial recovery at later stages, whereas C. goreaui showed persistent inhibition. Exposure to 10 μm PS-MPs also 
elicited marked oxidative stress in all species, as evidenced by elevated superoxide dismutase (SOD) and 
malondialdehyde (MDA) levels, along with enhanced production of extracellular polymeric substances (EPS) and 
soluble proteins. Morphological analyses revealed PS-MP adhesion to algal surfaces, leading to membrane 
disruption, chloroplast damage, and stimulated EPS secretion. Transcriptomic profiling demonstrated size- and 
species-specific responses: under 0.1 μm PS-MPs, D. trenchii upregulated oxidative phosphorylation and the TCA 
cycle, whereas S. natans responded to 1 μm PS-MPs by activating purine metabolism and oxidative phosphor
ylation. In contrast, 10 μm PS-MPs downregulated ribosomal and photosynthetic genes, while upregulating fatty 
acid biosynthesis and antioxidant defense pathways. Collectively, these findings reveal that PS-MP toxicity is 
both size- and species-dependent, providing mechanistic insights into how MPs disrupt coral-algal symbiosis and 
undermine reef ecosystem resilience.

1. Introduction

Coral reef ecosystems are among the most biologically diverse and 
productive marine systems on Earth, despite developing in oligotrophic 
tropical and subtropical waters. This paradoxical productivity is largely 
sustained by the symbiotic association between reef-building corals and 
photosynthetic dinoflagellates of the family Symbiodiniaceae (Davy 
et al., 2012). These dinoflagellates, belonging to the order Suessiales 

(class Dinophyceae), have diversified into multiple genera, including 
Symbiodinium, Breviolum, Cladocopium, Durusdinium, Effrenium, Fuga
cium, and Gerakladium (LaJeunesse et al., 2018). Within coral tissues, 
Symbiodiniaceae fix inorganic carbon through photosynthesis and 
translocate up to 95% of their photosynthates to the coral host, thereby 
supporting host metabolism, calcification, and reef accretion (Torda 
et al., 2017; Putnam et al., 2017). Beyond their role as endosymbionts, 
Symbiodiniaceae also exist as abundant free-living populations in reef 
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waters, sediments, and biofilms, where they function as primary pro
ducers and serve as a critical reservoir for symbiont acquisition by corals 
(Baird et al., 2009; Ali et al., 2019). Because most reef-building corals 
acquire their symbionts horizontally from the environment rather than 
through vertical transmission, the physiological condition and envi
ronmental persistence of free-living Symbiodiniaceae are essential for 
successful symbiosis establishment, coral recruitment, and post- 
disturbance recovery (Okubo et al., 2018). Consequently, stressors 
that impair the growth, photosynthesis, or stress tolerance of Symbio
diniaceae at the algal level may have cascading effects on coral health 
and reef ecosystem stability.

In recent decades, coral reef ecosystems have been increasingly 
threatened by a range of anthropogenic stressors, among which plastic 
pollution has emerged as a pervasive and growing concern. Global 
plastic production has increased nearly 200-fold since the 1950s, 
reaching approximately 368 million tonnes by 2019 (Gao et al., 2021). 
As plastics fragment and degrade, large quantities of microplastics (MPs; 
typically defined as plastic particles ranging from 100 nm to 5 mm) are 
released into marine environments (Collignon et al., 2014; Sana et al., 
2020). Owing to their small size, persistence, and high surface-area-to- 
volume ratio, MPs can adsorb chemical contaminants and interact 
directly with microorganisms across multiple trophic levels, inducing 
oxidative stress, metabolic disturbance, growth inhibition, and altered 
community structure (Thompson et al., 2004; Rochman et al., 2014; 
Cole et al., 2016). Coral reef environments are recognized as hotspots of 
microplastic contamination. MPs have been widely detected in reef- 
associated waters, sediments, and coral tissues in regions such as the 
Great Barrier Reef, the Maldives, and the South China Sea (Rahman 
et al., 2023). Recent estimates suggest that shallow reefs in the Asia- 
Pacific region already contain billions of plastic particles, with pro
jections indicating a rapid increase in the coming decades (Pinheiro 
et al., 2023). Previous studies have documented multiple adverse effects 
of MPs on corals, including tissue damage, reduced fertilization success, 
altered metabolism, impaired calcification, and increased disease sus
ceptibility (Reichert et al., 2018, 2019; Lamb et al., 2018; Zhang et al., 
2023). Importantly, these impacts are often size-dependent, with 
smaller particles penetrating tissues and larger particles causing phys
ical abrasion, shading, and energetic stress (Berry et al., 2019).

Growing evidence indicates that MPs can also exert direct toxic ef
fects on Symbiodiniaceae, independent of the coral host. Experimental 
studies have demonstrated that polystyrene microplastics (PS-MPs) and 
nanoplastics can inhibit algal growth, disrupt photosynthetic electron 
transport, induce oxidative stress, and alter gene expression profiles in 
multiple Symbiodiniaceae taxa (Ripken et al., 2020; Su et al., 2020; 
Marangoni et al., 2022; Jiang et al., 2025; Liang et al., 2025). Because 
Symbiodiniaceae underpin coral energy supply and stress tolerance, such 
algal-level impairments may reduce symbiont availability, weaken 
coral–algal mutualism, and increase reef vulnerability to additional 
stressors such as warming and eutrophication. Despite these advances, 
several critical knowledge gaps remain. In particular, the size-dependent 
toxicity mechanisms of microplastics on different Symbiodiniaceae spe
cies with contrasting ecological strategies are still poorly understood. 
Particle size influences not only cellular uptake and surface adhesion but 
also light availability, physical interference, and oxidative stress gen
eration. Moreover, species-specific physiological traits may mediate 
differential sensitivity and adaptive responses to microplastic exposure, 
with important implications for coral resilience.

To address these gaps, the present study systematically investigates 
the size-dependent effects of polystyrene microplastics (0.1, 1, and 10 
μm) on three representative Symbiodiniaceae species: Cladocopium gor
eaui, a dominant and widely distributed coral symbiont; Durusdinium 
trenchii, a stress-tolerant taxon often associated with thermally resilient 
corals; and Symbiodinium natans, a cosmopolitan free-living species 
(Hansen and Daugbjerg, 2009; Chen et al., 2020; Saad et al., 2022). By 
integrating physiological measurements, ultrastructural observations, 
and transcriptomic analyses over an 18-day exposure period, this study 

aims to elucidate the cellular and molecular mechanisms underlying 
microplastic toxicity in Symbiodiniaceae. The results provide mechanistic 
insights into how microplastic pollution may compromise algal health, 
disrupt coral–algal symbiosis, and ultimately threaten the resilience of 
coral reef ecosystems.

2. Materials and methods

2.1. Microalgae cultivation and reagents

C. goreaui, D. trenchii and S. natans used in this study were isolated 
from Acropora pruinose in Weizhou Island, Galaxea fascicularis and 
Acropora tenuis from Xisha Islands (Qin et al., 2023). Microalgae culti
vation procedures are described in detail in the Supplementary materials 
(Text S1). PS-MPs suspensions with three sizes (0.1, 1, and 10 μm; 2.5% 
w/v) were purchased from Besle Technology Research Center (Tianjin, 
China). The PS-MPs were uniformly dispersed in water. The size and 
morphology of the PS-MPs are shown in Fig. S1.

2.2. Exposure experiment

The experiment comprised four groups: one control and three 
exposure groups treated with PS-MPs of 0.1 μm, 1 μm, and 10 μm in 
particle size, each conducted in triplicate. Symbiodiniaceae cultures in 
the logarithmic growth phase were transferred to 500 mL Erlenmeyer 
flasks for an 18-day exposure experiment. This study selected a particle 
size range of 0.1–10 μm, ranging from small particle size to particle size 
similar to all three algal cells (Qin et al., 2023; Liang et al., 2025), to 
comprehensively explore the toxic effects of microplastic particle size on 
Symbiodiniaceae. The initial theoretical cell density was set at 1.0 × 105 

cells/mL, and the PS-MPs concentration was 25 mg/L. This exposure 
level was selected based on reported environmental concentrations 
(Shruti et al., 2021; Abinandan et al., 2023), which are likely under
estimated in reality (Covernton et al., 2019; Lindeque et al., 2020), as 
well as previous experimental studies (Wang et al., 2023; Li et al., 2024). 
Most studies have employed concentrations ranging from 10 to 100 mg/ 
L, showing that low concentrations (≈5 mg/L) of MPs can stimulate 
algal growth and photosynthesis, whereas higher concentrations (≈50 
mg/L) inhibit both growth and photosynthetic activity (Podbielska and 
Szpyrka, 2023). Moreover, higher concentrations facilitate the obser
vation of significant changes within a short period, enabling an effective 
assessment of the toxic effects arising from color differences in PS-MPs 
(Niu et al., 2026). Therefore, relatively higher concentrations facilitate 
the observation of significant changes within a short period, enabling an 
effective assessment of the toxic effects arising from particle sizes dif
ferences in PS-MPs (Thompson et al., 2024). Following inoculation, 
cultures were incubated on an illuminated growth rack at 25 ± 1 ◦C, 
with a light intensity of 90 μmol⋅m− 2⋅s− 1 under a 14 h:10 h light-dark 
cycle. To prevent algal sedimentation, flasks were manually agitated 
three times daily.

2.3. Parameter measurement

2.3.1. Cell density and size
Cell density and size were measured every 3 days throughout the 18- 

day experiment. Cell density was determined using an inverted optical 
microscope (ECLIPSE Ni-E, Nikon Corporation, Tokyo, Japan) and the 
hemocytometer counting method (n = 8–12). Cell size was assessed 
using the same inverted optical microscope, with 30 randomly selected 
cells measured per sample, and the average value was calculated (Lim 
et al., 2022).

2.3.2. Photosynthetic pigments and photochemical efficiency
To analyze changes in photosynthetic activity, photosynthetic pig

ments and photochemical efficiency (Fv/Fm) were measured every three 
days. Chl-a determination was conducted using the method described 
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(Ritchie, 2006); further details are provided in Supplementary materials 
Text S2. After dark adaptation for 30 min, the Fv/Fm of Symbiodiniaceae 
was measured using a PAM fluorometer (PAM-2500, Walz GmbH, 
Effeltrich, Germany).

2.3.3. Antioxidant enzyme activity and soluble protein levels
Antioxidant enzyme activity and soluble protein levels were 

measured on days 3, 9, and 15 of the exposure. A 15 mL sample was 
collected into a centrifuge tube, and crude enzyme extracts were pre
pared following the method described (Su et al., 2020). Superoxide 
dismutase (SOD) activity, malondialdehyde (MDA) concentration, and 
soluble protein (BCA) content in the supernatant were measured using 
commercial kits (A001, A003, and A045; Nanjing Jiancheng Bioengi
neering Institute, Nanjing, China), according to the manufacturer's in
structions (Yang et al., 2022). Further details are provided in 
Supplementary materials Text S3.

2.3.4. Extracellular polymeric substances (EPS), total sugar and total lipid 
content

On the 3rd, 9th, and 15th days of the experiment, 10 mL of algal 
suspension was collected for the measurement of EPS. The EPS quanti
fication was performed following previously reported methods (Li et al., 
2020a). Additional details are provided in Supplementary materials Text 
S4.

After 18 days of MPs exposure, 10 mL of algal suspension was 
collected into a centrifuge tube, centrifuged to remove the supernatant, 
and the total sugar content of the samples was measured using the sul
furic acid-anthrone method (Yemm and Willis, 1954). To measure total 
lipid content after 18 days of MPs exposure, 100 mL of algal suspension 
was centrifuged at 4000 ×g for 5 min at 4 ◦C using a refrigerated 
centrifuge (Avanti J-26S XP, Beckman Coulter, Brea, CA, USA) 
(Ryckebosch et al., 2012). Further details are provided in Supplemen
tary materials Text S5.

2.4. Ultrastructural analysis

On the 18th day of the experiment, algal suspensions were collected 
for morphological examination. Scanning electron microscopy (SEM) 
was employed to analyze the interactions between algal cells and PS- 
MPs, as well as to observe the surface morphology of C. goreaui, 
D. trenchii, and S. natans, using a field-emission scanning electron mi
croscope (SU8010, Hitachi High-Tech Corporation, Tokyo, Japan). 
Transmission electron microscopy (TEM) was utilized to examine the 
internal structural morphology of C. goreaui, D. trenchii, and S. natans 
cells using a transmission electron microscope (JEM-1400Plus, JEOL 
Ltd., Tokyo, Japan). Detailed procedures are provided in Supplementary 
materials Text S6.

2.5. RNA extraction and transcriptomic analysis

Cells of C. goreaui, D. trenchii, and S. natans exposed to PS-MPs (0.1, 
1, and 10 μm) for 18 days were collected by centrifugation. The control 
group was designated as Control, while the PS-MPs-treated groups were 
labeled as TR01 (0.1 μm), TR1 (1 μm), and TR10 (10 μm). The samples 
were immediately flash-frozen in liquid nitrogen and sent to Majorbio 
Biopharm Technology Co., Ltd. (Shanghai, China) for sequencing. 
Among them, C. goreaui and S. natans were analyzed with reference to 
high-quality genomes, whereas D. trenchii was not. Detailed tran
scriptomic analysis methods are described in Supplementary materials 
Text S7.

2.6. Statistical analysis

Raw data were processed using Excel, and significance among 
different groups on the same day was analyzed using SPSS. All datasets 
were first subjected to a normality test (Shapiro–Wilk test) and a 

homogeneity of variance test (Levene's test). When these assumptions 
were satisfied, a one-way analysis of variance (ANOVA) was conducted 
to assess overall differences among treatments. If the ANOVA revealed 
significant effects, Tukey's HSD post hoc test was applied for pairwise 
comparisons (p < 0.05). Figures were generated with Origin, and all 
results are presented as the mean ± standard error of the mean (SEM).

3. Results

3.1. Effects of PS-MPs on the growth and photosynthesis of C. goreaui, 
D. trenchii, and S. natans

3.1.1. Growth performance
The growth rate provides a straightforward indicator of algal cell 

damage. During the 18-day exposure experiment, PS-MPs of 0.1 μm and 
1 μm exerted no detectable effects on the growth of the three algal 
species (Fig. 1A–C). In contrast, 10 μm PS-MPs resulted in significant 
growth inhibition across all species (p < 0.05), although the magnitude 
of this effect was clearly species dependent. C. goreaui exhibited the most 
severe response, with cell density reduced by more than 90% by day 18, 
followed by D. trenchii (approximately 70% reduction), whereas 
S. natans showed a comparatively moderate decline (approximately 
30%). In addition to growth suppression, 10 μm PS-MPs induced a sig
nificant enlargement of algal cell size in all three species (p < 0.05; 
Fig. 1D–F), with clear interspecific differences in both the timing and 
extent of this response. The mean cell size of C. goreaui peaked at 9.82 ±
0.06 μm on day 12 (vs. 8.32 ± 0.18 μm in the control), D. trenchii 
reached 14.07 ± 0.81 μm on day 15 (vs. 10.56 ± 0.68 μm in the control), 
and S. natans attained 12.76 ± 0.04 μm on day 12 (vs. 10.81 ± 0.44 μm 
in the control). Scatter plots based on random measurements of 100 cells 
from the 10 μm PS-MPs treatment, together with optical microscopy 
observations, further revealed that approximately half of the algal cells 
exhibited an enlarged morphology (Fig. 1G–I).

3.1.2. Photosynthetic capacity
Photosynthesis in Symbiodiniaceae plays a pivotal role in maintaining 

symbiotic functionality. During the 18-day stress experiment, no sig
nificant differences in Maximum quantum yield of photosystem II (Fv/ 
Fm) were observed between the control and the 0.1 μm or 1 μm PS-MPs 
treatments (Fig. 2A–C). In contrast, exposure to 10 μm PS-MPs signifi
cantly suppressed Fv/Fm in all three algal species (p < 0.05), with the 
most pronounced reduction detected in the environmentally sensitive 
species C. goreaui.

Photosynthetic pigments are essential for sustaining photosynthetic 
capacity. Throughout the 18-day exposure, 0.1 μm and 1 μm PS-MPs 
initially enhanced chl-a content in C. goreaui and D. trenchii, whereas 
no significant effect was observed in S. natans (Fig. 2D–F). However, 
exposure to 10 μm PS-MPs led to a marked decline in chl-a content 
across all species, albeit with distinct temporal patterns. In C. goreaui, 
chl-a levels dropped significantly below the control from day 3 onward 
and continued to decline throughout the exposure period (Fig. 2D). By 
contrast, D. trenchii and S. natans exhibited significant decreases during 
the early and mid stages, but chl-a content recovered to control levels by 
day 18 (Fig. 2E–F).

3.2. Oxidative stress induced by PS-MPs exposure in C. goreaui, 
D. trenchii, and S. natans

When algal cells are exposed to a toxic environment, their oxidative 
defense mechanisms are activated, while oxidative damage begins to 
accumulate. Compared with the control, exposure to 0.1 μm and 1 μm 
PS-MPs did not significantly affect SOD activity in C. goreaui, D. trenchii, 
or S. natans (Fig. 3A–C). In contrast, 10 μm PS-MPs markedly increased 
SOD activity in all three algae. Specifically, SOD activity in C. goreaui 
and S. natans remained significantly higher than the control throughout 
the exposure period, whereas in D. trenchii, a significant increase was 
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observed only on day 15.
MDA content increased in all PS-MP treatments relative to the con

trol (Fig. 3D–F). Notably, exposure to 10 μm PS-MPs induced a rapid and 
sustained elevation of MDA levels. In C. goreaui, MDA reached 14.58 ±
1.52 nmol⋅7/cell on day 15, 6.33-fold higher than the control. In 
D. trenchii, the peak MDA was 111.98 ± 24.94 nmol⋅7/cell (4.07-fold), 
while S. natans reached 177.60 ± 5.08 nmol⋅7/cell (3.61-fold). These 
results indicate that PS-MPs of 0.1 μm, 1 μm, and 10 μm can induce 
oxidative damage in C. goreaui, D. trenchii, and S. natans, with 10 μm PS- 
MPs causing more severe lipid peroxidation and sustained oxidative 
stress, suggesting that the antioxidant defense system could not effi
ciently scavenge excessive reactive oxygen species (ROS) in algal cells.

EPS plays a protective role against toxic compound invasion. 
Although EPS content slightly increased in D. trenchii and S. natans 
exposed to 0.1 μm and 1 μm PS-MPs, 10 μm PS-MPs exposure resulted in 
more than a twofold increase in EPS content (Fig. 3G–I).

3.3. Impact of PS-MPs exposure on intracellular metabolites of 
C. goreaui, D. trenchii, and S. natans

Soluble proteins are essential cellular nutrients and play a key role in 

osmotic regulation. Although exposure to 0.1 μm and 1 μm PS-MPs 
initially stimulated C. goreaui and D. trenchii to produce more soluble 
proteins, overall, exposure to 10 μm PS-MPs led to a several-fold in
crease in soluble protein content across all three algal species 
(Fig. 4A–C). Compared with the control, soluble protein levels in the 10 
μm group increased by 3.08-fold in C. goreaui on day 9, by 3.98-fold in 
D. trenchii on day 15, and by 2.66-fold in S. natans on day 9.

After 18 days of exposure, only 10 μm PS-MPs significantly (p < 0.05) 
enhanced the total sugar and lipid contents in all three algal species 
(Fig. 4D, E). Specifically, the total sugar content in C. goreaui, D. trenchii, 
and S. natans increased by 751.86%, 77.38%, and 48.85%, respectively, 
relative to the control, while total lipid content increased by 654.86%, 
362.83%, and 277.48%, respectively.

3.4. Ultrastructural analysis

SEM and TEM images clearly reveal both the surface and internal 
morphology of the algal cells. After 18 days of cultivation, PS-MPs 
aggregated with C. goreaui, D. trenchii, and S. natans, forming substan
tial amounts of EPS (Fig. 5). These EPS not only contained PS-MPs and 
high-molecular-weight substances such as extracellular polysaccharides 

Fig. 1. Effects of PS-MPs of different particle sizes on the growth of C. goreaui, D. trenchii, and S. natans. (A–C) Cell density over the 18-day exposure period: (A) 
C. goreaui; (B) D. trenchii; (C) S. natans. (D–F) Changes in cell size: (D) C. goreaui; (E) D. trenchii; (F) S. natans. (G–I) Scatter plots of cell size and representative cell 
morphology images: (G) C. goreaui; (H) D. trenchii; (I) S. natans. Data points and bars represent the mean ± standard error of three biological replicates. The sig
nificance between the experimental group and the control group is indicated by asterisks (**: p < 0.01, ***: p < 0.001).
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but also encapsulated a large number of symbiotic bacteria.
TEM analysis showed that 0.1 μm and 1 μm PS-MPs had minimal 

effects on the internal morphology of C. goreaui, D. trenchii, and S. natans 
cells (Fig. 6). In contrast, exposure to 10 μm PS-MPs caused notable 
damage to the chloroplasts of all three algae and induced phenomena 
such as cell shrinkage, deformation, and plasmolysis (Fig. 6D, H, L). In 
particular, the sensitive C. goreaui cells exhibited disintegration of both 
chloroplasts and nuclei. Furthermore, all three algal species displayed 
varying degrees of cytoplasmic vesicle proliferation. In addition, starch 
accumulation within the cells increased across all three algae 
(Fig. S2D–F).

3.5. Transcriptomic analysis

3.5.1. RNA-seq quality control
The quality control of the transcriptome sequencing data yielded 

95.28 Gb, 88.28 Gb, and 87.79 Gb of high-quality data for C. goreaui, 
D. trenchii, and S. natans, respectively, with each sample containing at 
least 6.56 Gb of high-quality reads. The sequencing error rate ranged 
from 0.0117% to 0.0121% (all <0.1%), and the proportion of Q30 bases 
exceeded 95.91%, indicating that the sequencing data were of high 
quality and suitable for subsequent analyses (Tables S1-S3).

3.5.2. Venn diagram analysis of differentially expressed genes (DEGs) and 
gene ontology (GO) functional annotation

After 18 days of exposure to PS-MPs, the 10 μm treatment group 
exhibited the highest number of DEGs in C. goreaui, D. trenchii, and 
S. natans. Notably, D. trenchii and S. natans predominantly showed 
downregulated DEGs, whereas C. goreaui primarily displayed upregu
lated DEGs (Fig. S3). C. goreaui shared 4 DEGs across the 0.1 μm, 1 μm, 
and 10 μm groups, with 1575 DEGs being unique to the 10 μm group 
(Fig. 7A). D. trenchii exhibited 58 shared DEGs among the three groups 
and 48,433 DEGs unique to the 10 μm group (Fig. 7B). S. natans had 1 
shared DEG across the three groups and 1142 DEGs unique to the 10 μm 
group (Fig. 7C). The gene expression patterns induced by 0.1 μm and 1 

μm PS-MPs were relatively similar, whereas exposure to 10 μm PS-MPs 
resulted in more pronounced transcriptional differences.

GO functional annotation of DEGs in the three algal species encom
passed biological processes, cellular components, and molecular func
tions, with a substantial number of DEGs enriched in “response to 
stimulus” and “catalytic activity” (Fig. 7D–F). Notably, in the 10 μm 
treatment groups of C. goreaui and S. natans, most DEGs within the 
cellular component category were enriched in “cellular anatomical en
tity”; however, DEGs related to detoxification were predominantly 
enriched in C. goreaui, whereas those associated with antioxidant ac
tivity were mainly enriched in S. natans (Fig. 7D, F). For D. trenchii, a 
larger proportion of DEGs in the cellular component category of the 10 
μm group were enriched in “membrane,” “organelle,” “organelle part,” 
and “membrane part” (Fig. 7E).

3.5.3. KEGG enrichment analysis of DEGs
For C. goreaui exposed to PS-MPs, the 0.1 μm and 10 μm treatment 

groups exhibited KEGG pathways that were either uniquely upregulated, 
uniquely downregulated, or showed both up- and downregulated DEGs, 
with significant enrichment observed in lipid metabolism-related path
ways (Fig. 8A, C). In contrast, in the 1 μm treatment group, the up- and 
downregulated DEGs were distributed across different KEGG pathways, 
and no significantly enriched pathways were detected (Fig. 8B). Spe
cifically, the 0.1 μm group showed marked enrichment in glycine, serine 
and threonine metabolism, fatty acid elongation, as well as valine, 
leucine, and isoleucine biosynthesis pathways (Fig. 8A). In contrast, the 
10 μm group exhibited significant enrichment in pathways related to 
ribosome, photosynthesis, and fatty acid biosynthesis (Fig. 8C).

For D. trenchii, exposure to PS-MPs did not result in any KEGG 
pathways enriched exclusively by uniquely downregulated DEGs across 
the three treatment groups (Fig. 8D–F). The 0.1 μm and 1 μm groups 
contained pathways enriched solely by upregulated DEGs (Fig. 8D, E), 
whereas the 10 μm group exhibited pathways with both up- and 
downregulated DEGs (Fig. 8F). Notably, the 0.1 μm group was also 
significantly enriched in oxidative phosphorylation and the 

Fig. 2. Effects of PS-MPs of different particle sizes on the photosynthesis of C. goreaui, D. trenchii, and S. natans. (A–C) Maximum quantum yield of photosystem II 
(Fv/Fm); (A) C. goreaui; (B) D. trenchii; (C) S. natans. (D–F) Chlorophyll a (Chl-a) content; (D) C. goreaui; (E) D. trenchii; (F) S. natans. Bars represent the mean ±
standard error (n = 3 biological replicates). Different letters (a, b, c, d) indicate statistically significant differences between groups (p < 0.05).
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tricarboxylic acid (TCA) cycle pathways (Fig. 8D). The 1 μm group 
showed significant enrichment in endocytosis, histidine metabolism, 
cofactor biosynthesis, proteasome, pyrimidine metabolism, ribosome 
biogenesis in eukaryotes, and nitrogen metabolism (Fig. 8E). The 10 μm 
group was significantly enriched in starch and sucrose metabolism, fatty 
acid biosynthesis, and aminoacyl-tRNA biosynthesis (Fig. 8F). In addi
tion, Gene Set Enrichment Analysis (GSEA) of the 10 μm group is pre
sented in Fig. S4.

For S. natans, after exposure to PS-MPs, only the 1 μm group 
exhibited pathways enriched solely by upregulated DEGs (Fig. 8H). The 
0.1 μm group contained only three downregulated pathways (Fig. 8G), 
while the 10 μm group included both exclusively downregulated path
ways and pathways containing both up- and downregulated DEGs 
(Fig. 8I). In addition, DEGs in all three treatment groups were signifi
cantly enriched in carbohydrate metabolism pathways. The 1 μm group 
was significantly enriched in purine metabolism (Fig. 8H), while the 10 
μm group showed pronounced enrichment in ribosome and photosyn
thesis pathways (Fig. 8I).

4. Discussion

4.1. Growth inhibition of C. goreaui, D. trenchii, and S. natans under PS- 
MP exposure

In recent years, with the severe degradation of coral reefs and the 
pivotal role of Symbiodiniaceae in reef ecosystems, increasing attention 
has been paid to the mechanisms underlying their responses to envi
ronmental stressors. As MP pollution intensifies, the toxic effects of MPs 
on Symbiodiniaceae have become a research focus. In this study, 
although the three algal species exhibited slightly different strategies in 
response to PS-MPs stress, they shared a consistent particle size–toxicity 
pattern—larger PS-MPs exerted stronger toxic effects. Consistent with 
the stronger inhibitory effects of large-sized PS-MPs (10 μm) on the 
growth of the three algal species in this study, Xiao et al. (2020) also 
reported that 5 μm PS-MPs (10 mg/L) exerted greater toxicity on Euglena 
gracilis growth compared with 0.1 μm particles. Similarly, Li et al. 
(2023) demonstrated that larger PS-MPs (0.3 and 0.5 μm) exhibited 
stronger toxicity to Chlamydomonas reinhardtii than smaller ones (50 
nm). Wu et al. (2021) observed that 1 μm PS-MPs promoted the growth 
of Microcystis aeruginosa more strongly than 0.1 μm PS-MPs. Similarly, in 
this study, although the relatively environmentally sensitive C. goreaui 

Fig. 3. Effects of PS-MPs of different particle sizes on the antioxidant system of C. goreaui, D. trenchii, and S. natans. (A–C) SOD activity: (A) C. goreaui, (B) D. trenchii, 
(C) S. natans. (D–F) MDA content: (D) C. goreaui, (E) D. trenchii, (F) S. natans. (G-I) EPS content: (G) C. goreaui, (H) D. trenchii, (I) S. natans. Bars represent the mean ±
standard error (n = 3 biological replicates). Different letters (a, b, c, d) indicate statistically significant differences between groups (p < 0.05).
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and S. natans showed slight recovery in growth during the later stages, 
overall, 10 μm PS-MPs still exerted severe toxic effects on all three algal 
species. On the other hand, several studies have shown that smaller- 
sized MPs elicit stronger toxicity in microalgae (Chae et al., 2019; Li 
et al., 2020b), highlighting that algal responses to MP particle size are 

species-dependent. The interactions between MPs and microalgae, 
including shading effects and oxidative stress, are affected by factors 
such as increased negative charge and surface roughness, which can 
enhance growth inhibition (Xu et al., 2024). The observed loss of cyto
plasmic ribosomal proteins in transcriptomic data could contribute to 

Fig. 4. Effects of PS-MPs of different particle sizes on intracellular metabolites in C. goreaui, D. trenchii, and S. natans. (A–C) Soluble protein content: (A) C. goreaui, 
(B) D. trenchii, (C) S. natans; (D) total carbohydrate content; (E) total lipid content.

Fig. 5. Effects of PS-MPs of different sizes on the cell surfaces of C. goreaui, D. trenchii, and S. natans. (A–D) C. goreaui: (A) control; (B) 0.1 μm; (C) 1 μm; (D) 10 μm. (E- 
H) D. trenchii: (E) control; (F) 0.1 μm; (G) 1 μm; (H) 10 μm. (I–L) S. natans: (I) control; (J) 0.1 μm; (K) 1 μm; (L) 10 μm. Red arrows indicate algal cells, yellow arrows 
indicate symbiotic bacteria, and blue arrows indicate PS-MPs. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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reduced growth rates (Szakonyi and Byrne, 2011). Downregulation of 
multiple ribosomal protein-encoding genes within the ribosome 
pathway is likely to suppress cellular growth (Fig. 9).

In addition, Su et al. (2020) found that 1 μm PS-MPs (5 mg/L) 
reduced C. goreaui cell size on days 6–7. Similarly, in this study, 
C. goreaui cells exposed to 1 μm PS-MPs for 9 days exhibited a significant 

Fig. 6. Effects of PS-MPs of different sizes on the ultrastructure of C. goreaui, D. trenchii, and S. natans cells. (A–D) C. goreaui: (A) Control; (B) 0.1 μm; (C) 1 μm; (D) 10 
μm. (E–H) D. trenchii: (E) Control; (F) 0.1 μm; (G) 1 μm; (H) 10 μm. (I–L) S. natans: (I) Control; (J) 0.1 μm; (K) 1 μm; (L) 10 μm. Abbreviations: n, nucleus; c, 
chromosome; Ch, chloroplast; Py, pyrenoid; m, mitochondrion; s, starch; L, lipids; w, cell wall (paired arrows indicate cell wall thickness); v, vesicle.

Fig. 7. Venn diagrams and GO functional annotation of DEGs in C. goreaui, D. trenchii, and S. natans following exposure to PS-MPs. (A–C) Venn diagrams of DEGs: (A) 
C. goreaui, (B) D. trenchii, (C) S. natans. (D–F) GO functional annotation of DEGs: (D) C. goreaui, (E) D. trenchii, (F) S. natans.
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reduction in cell size. In contrast, Hazeem et al. (2020) reported a slight 
increase in Chlorella vulgaris cell size after exposure to 20 nm PS parti
cles, while Chae et al. (2019) showed that 180–212 μm PS-MPs at 150 
mg/L enlarged Dunaliella salina cells. Cheng et al. (2024) further 
demonstrated that MPs of PP, PE, and PET (100 mg/L) increased 
C. vulgaris cell size. Long et al. (2017) proposed that MP exposure may 
increase algal cell volume by promoting growth while suppressing di
vision, which aligns with the present findings. In our study, exposure to 
10 μm PS-MPs significantly enlarged cells of C. goreaui, D. trenchii, and 
S. natans. The concomitant decrease in cell density with cell volume 
expansion is consistent with observations by Gao et al. (2024). The 
pronounced cell enlargement induced by 10 μm PS-MPs is likely 
attributable to inhibited cell division, in agreement with previous 
studies showing that MPs increase cell diameter and membrane 
permeability, thereby disturbing division and material exchange and 
ultimately suppressing proliferation (Ye et al., 2023; Cheng et al., 2024).

Cell enlargement may also result from reduced light penetration 
under 10 μm PS-MP exposure, which could drive algae to expand their 
light-harvesting surface area for enhanced photon capture. Moreover, 

the rough surfaces of 10 μm PS-MPs may induce physical damage, 
triggering osmotic swelling under hypotonic conditions (Li et al., 2020a; 
Jiang et al., 2025). TEM observations, including nuclear disintegration, 
cytoplasmic vacuolization, and increased membrane permeability, 
further corroborate impaired algal growth and development. To main
tain osmotic balance, algal cells increase water uptake into vacuoles, 
which in turn leads to vacuolar swelling (Xiao et al., 2020; Jiang et al., 
2025).

4.2. Photosynthetic inhibition of C. goreaui, D. trenchii, and S. natans 
under PS-MPs exposure

Excessive MPs can induce shading effects through cell aggregation, 
thereby reducing light availability and altering the transcriptional ac
tivity of photosynthesis-related genes. Previous studies have shown that 
1 μm PS-MPs can form dense EPS-MP complexes on the surface of 
Chlorella pyrenoidosa, significantly impairing its light-harvesting capac
ity (Cao et al., 2022). Under light-limited conditions, algal cells can 
upregulate chlorophyll biosynthesis to enhance photosynthetic 

Fig. 8. KEGG pathway enrichment analysis of C. goreaui, D. trenchii, and S. natans in response to PS-MP exposure. (A–C) Bubble plots showing KEGG pathway 
enrichment in C. goreaui: (A) 0.1 μm vs. Control; (B) 1 μm vs. Control; (C) 10 μm vs. Control. (D–F) Bubble plots showing KEGG pathway enrichment in D. trenchii: (D) 
0.1 μm vs. Control; (E) 1 μm vs. Control; (F) 10 μm vs. Control. (G–I) Bubble plots showing KEGG pathway enrichment in S. natans: (G) 0.1 μm vs. Control; (H) 1 μm 
vs. Control; (I) 10 μm vs. Control.
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efficiency and maintain photostability (Falkowski and Owens, 1980). In 
corals, symbiotic brown algae transform from a single-layer arrange
ment to a multilayer structure under low-temperature, low-light winter 
conditions to improve light capture efficiency, whereas during high- 
temperature, high-light summer conditions, their cell density and 
photosynthetic pigment content decrease markedly (Venn et al., 2008). 
These seasonal adaptations indicate that algal symbionts can maintain 
photosynthetic homeostasis by modulating pigment composition.

In this study, exposure to 10 μm PS-MPs significantly reduced Fv/Fm 
in all three algal species, likely due to the shading effect of microplastics 
impairing photosynthetic activity. Previous studies have suggested that 
light obstruction is the primary toxic mechanism for larger microplastic 
particles (Liu et al., 2019; Li et al., 2023). As particulate pollutants, 10 
μm PS-MPs may hinder light transmission around microalgal cells, 
reducing light availability and consequently limiting photosynthetic 
autotrophic growth (Huang et al., 2024). SEM and TEM images 
confirmed that after PS-MPs exposure, all three algae exhibited exten
sive EPS production and severe cellular damage, including cell 
shrinkage and chloroplast disintegration, leading to diminished photo
synthetic capacity. However, the heterogeneous aggregation between 
microalgae and PS-MPs may represent one of the mechanisms by which 
microalgae mitigate the toxicity of PS microplastics in aquatic envi
ronments (Su et al., 2022). As the number of aggregates increases, PS- 
MPs are more likely to settle to the bottom, potentially providing a 
relatively favorable growth environment for the algae. This also explains 
the gradually recovering trend in photosynthetic activity observed in the 
three algal species during the later stages of exposure. Changes in Chl-a 
content may reflect the algal response to reduced light availability, a 
phenomenon previously observed in similar studies (Liang et al., 2025). 
Furthermore, the subsequent decline in chlorophyll content may be 
associated with intracellular ROS accumulation, which can damage 
cellular structures and inhibit chlorophyll biosynthesis (Wu et al., 2019; 
Jiang et al., 2025). Transcriptomic analysis also revealed that pathways 
related to pigment biosynthesis and photosynthetic performance were 
substantially affected.

It should be noted that while the flasks were manually agitated daily 
to mitigate sedimentation, the actual exposure dynamics could be 

influenced by particle aggregation and interactions with EPS over the 
18-day period. Microplastics, particularly the 10 μm PS-MPs, may un
dergo settle-down or hetero-aggregation with algal cells and their 
secreted EPS, leading to temporal variations in effective exposure con
centrations and particle distribution. Such dynamics might have 
contributed to the observed ‘recovery’ trends in the later stages by 
reducing the suspended concentration of stressors, a common limitation 
in static exposure experiments that warrants further investigation using 
semi-continuous or flow-through systems.

4.3. Oxidative damage and metabolic dysfunction in C. goreaui, 
D. trenchii, and S. natans following PS-MPs exposure

Pollutants often stimulate the production of antioxidant enzymes in 
microalgal cells. SOD plays a critical role in scavenging ROS induced by 
oxidative stress and mitigating the potential toxicity of pollutants to 
organisms (Chae et al., 2019). The significant increase in SOD levels 
observed in the 10 μm PS-MPs groups across the three algal species in
dicates that large-sized PS-MPs can induce oxidative stress and activate 
their antioxidant defense systems. Oxidative stress is a crucial response 
of microalgae to environmental stressors, and previous studies have 
extensively investigated the toxicity of microplastics from the perspec
tive of oxidative stress (Li et al., 2024). To counteract ROS generated 
under oxidative stress, microalgae upregulate antioxidant enzymes to 
protect cells from damage (Zhu et al., 2023). However, excessive ROS 
accumulation can promote lipid peroxidation of cellular membranes. 
MDA, a major end product of lipid peroxidation, serves as a biomarker of 
oxidative stress in organisms (Khoubnasabjafari et al., 2015). In this 
study, exposure to 0.1 μm, 1 μm, and 10 μm PS-MPs all led to increased 
MDA levels, indicating varying degrees of oxidative damage in the three 
algal species. Moreover, lipid peroxidation was particularly pronounced 
in the 10 μm PS-MPs treatment, with MDA content continuing to rise 
over time, suggesting that the antioxidant defense system was insuffi
cient to eliminate excessive ROS in the algal cells.

Under stress conditions, such as when MPs adhere to the cell wall, 
microalgae can be stimulated to produce large amounts of EPS (Hazeem 
et al., 2020). EPS are complex high-molecular-weight polymers secreted 

Fig. 9. Schematic diagram of the toxicity mechanism of PS-MPs exposure to Symbiodiniaceae. ACCase: acetyl-CoA carboxylase; CAT: catalase; GPx: glutathione 
peroxidase; GSH: glutathione, reduced form; GSSG: glutathione disulfide.
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by microorganisms, primarily composed of proteins and polysaccharides 
(Zhao et al., 2024). The significant increase in EPS content observed in 
three algal species upon exposure to 10 μm PS-MPs indicates that PS- 
MPs can stimulate microalgae to enhance EPS production (Mao et al., 
2018; Su et al., 2022). EPS can facilitate heteroaggregation between 
microalgae and microplastics, as well as homoaggregation among algal 
cells (Long et al., 2017). Moreover, EPS may act as a biological barrier, 
maintaining cell integrity and limiting microplastic internalization, 
thereby mitigating their toxicity (Gao et al., 2018). However, despite the 
elevated levels of EPS and antioxidant enzymes, the significant de
creases in Fv/Fm values and cell density suggest that these defense 
mechanisms are insufficient to fully counteract the damage caused by 
high concentrations of 10 μm PS-MPs (Huang et al., 2024).

Proteins, carbohydrates, and lipids are essential intracellular com
ponents in microalgae, involved in energy supply, structural mainte
nance, and various metabolic processes (Jiang et al., 2024). Li et al. 
(2020a) reported that exposure to PS microplastics increased the soluble 
protein content in C. reinhardtii, likely due to physical damage to the 
algal surface that alters cellular osmotic pressure. The accumulation of 
soluble proteins may enhance water retention, thereby protecting vital 
cellular components and biomembranes (Guzman-Murillo et al., 2007). 
Consistently, our results indicate that long-term exposure to PS-MPs of 
all three particle sizes promoted an increase in soluble protein content in 
C. goreaui, D. trenchii, and S. natans. The increased starch content 
observed in TEM analysis, together with the differential expression of 
metabolic functions in the transcriptome, provides strong evidence 
supporting this mechanism.

The increase in total carbohydrate and lipid content observed in the 
10 μm group of the three algal species may represent an energy storage 
strategy employed by algal cells to resist toxic stress. Previous studies 
have shown that oxidative stress can lead to increased starch accumu
lation in algae (Hazeem et al., 2020), and microalgae tend to synthesize 
more lipids under environmental stress to sustain survival (Sun et al., 
2023; Xu et al., 2024). Cheng et al. (2024) reported that PET and PP 
significantly induced an increase in total carbohydrate content in 
C. vulgaris. Similarly, Ansari et al. (2021) found that high-density 
polyethylene (HDPE) at concentrations of 5–150 mg/L increased the 
carbohydrate content of Acutodesmus obliquus by 0.65–7.5%. Lagarde 
et al. (2016) observed that C. reinhardtii exposed to PP and HDPE for 
over 70 days exhibited significant overexpression of genes related to 
carbohydrate synthesis, indicating that microplastics can promote 
excessive intracellular carbohydrate accumulation. These findings sug
gest that exposure to 10 μm PS-MPs may impose survival pressure on 
algal cells (Zhu et al., 2023), prompting them to enhance lipid synthesis 
as a means of energy storage and stress alleviation (Zhang et al., 2018). 
Reduced photosynthetic activity redirects carbon flux toward storage 
molecules such as starch and neutral lipids, rather than supporting cell 
division or growth (Li et al., 2011). This phenomenon is generally 
associated with adjustments in cellular energy allocation (Burlacot et al., 
2022), which enable algae to survive under stress and provide energy 
and carbon reserves for subsequent recovery and regeneration 
(Hildebrand et al., 2013; Adesanya et al., 2014).

Although the integrated physiological and transcriptomic data pre
sented here provide a comprehensive overview of the PS-MP impact, it is 
important to clarify that most observed responses—such as oxidative 
stress, photosynthetic impairment, and gene expression changes—are 
based on strong correlations. While these findings strongly suggest a 
size-dependent toxicity mechanism, the direct causal linkage between 
specific transcriptomic shifts and physiological failure remains to be 
definitively proven through functional validation, such as the use of 
targeted inhibitors or gene knockout studies. Thus, the proposed 
mechanisms should be interpreted as a potential toxicity pathway that 
requires further experimental verification to isolate individual causal 
drivers.

4.4. Ecological implications of size-dependent PS-MP toxicity for 
Symbiodiniaceae

Although this study focuses on cellular, physiological, and tran
scriptomic responses of Symbiodiniaceae to polystyrene microplastics, 
the observed size-dependent toxicity has important ecological implica
tions for coral reef ecosystems. As the primary photosynthetic partners 
of reef-building corals, Symbiodiniaceae underpin coral energy acquisi
tion, stress tolerance, and long-term reef accretion. Therefore, distur
bances at the algal level can propagate across biological scales, 
ultimately influencing coral health and ecosystem resilience. Our results 
demonstrate that larger-sized PS-MPs (10 μm) induced the most pro
nounced adverse effects on Symbiodiniaceae, including growth inhibi
tion, photosynthetic suppression, oxidative damage, and extensive 
metabolic reprogramming. These responses are ecologically relevant 
because free-living Symbiodiniaceae populations constitute the main 
environmental reservoir for symbiont acquisition, particularly for coral 
species that rely on horizontal transmission (Baird et al., 2009; Ali et al., 
2019). Impairment of algal growth and photosynthetic capacity in the 
surrounding environment may reduce symbiont availability and quality, 
thereby constraining coral recruitment, symbiosis establishment, and 
post-disturbance recovery.

Photosynthetic inhibition observed under 10 μm PS-MP exposure is 
especially critical from an ecological perspective. Reduced Fv/Fm 
values, chloroplast damage, and downregulation of photosynthesis- 
related genes collectively indicate compromised photochemical effi
ciency and carbon fixation. In coral-algal symbioses, such reductions 
directly translate into decreased translocation of photosynthates to the 
host, weakening coral energy budgets and increasing susceptibility to 
additional stressors such as thermal anomalies and nutrient imbalance 
(Putnam et al., 2017). Even in free-living stages, reduced photosynthetic 
performance may limit algal persistence in oligotrophic reef waters, 
thereby indirectly affecting symbiont supply dynamics.

Oxidative stress represents another key ecological link between 
microplastic exposure and coral reef vulnerability. Elevated SOD activ
ity and sustained MDA accumulation under 10 μm PS-MPs indicate that 
Symbiodiniaceae experience chronic oxidative pressure that exceeds 
their antioxidant buffering capacity. Oxidative stress has long been 
recognized as a central mechanism driving coral bleaching, as excessive 
reactive oxygen species can disrupt cellular homeostasis and trigger 
symbiosis breakdown. Although bleaching was not directly assessed in 
this study, the observed oxidative responses at the algal level suggest 
that microplastic exposure may lower the oxidative stress threshold of 
Symbiodiniaceae, rendering coral–algal associations more fragile under 
co-occurring environmental stressors.

Furthermore, the marked increase in EPS production and hetero
aggregation between Symbiodiniaceae and PS-MPs has dual ecological 
implications. On the one hand, EPS secretion may represent an adaptive 
defense strategy that limits direct particle contact and internalization. 
On the other hand, excessive EPS production can promote particle ag
gregation, alter light microenvironments, and increase sedimentation 
rates. In reef systems, such aggregation processes may modify particle 
residence times and spatial distribution, potentially enhancing micro
plastic accumulation in benthic habitats where many coral recruits and 
symbionts reside.

4.5. Implications for coral health and reef ecosystem resilience

Beyond immediate algal-level effects, the size-dependent toxicity of 
PS-MPs observed in this study has broader implications for coral health 
and reef ecosystem resilience. The pronounced toxicity of 10 μm PS- 
MPs, despite their larger size, highlights the importance of physical in
teractions, shading effects, and surface-mediated damage in particle- 
rich reef environments. In natural settings, reef waters frequently 
experience elevated turbidity due to sediment resuspension, storm 
events, and anthropogenic disturbances, conditions under which larger 
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microplastic particles may exert disproportionate ecological impacts.
The observed metabolic reprogramming toward carbohydrate and 

lipid accumulation under severe PS-MP stress further suggests a shift in 
carbon allocation from growth and division toward survival and energy 
storage. While such metabolic adjustments may enhance short-term 
stress tolerance of Symbiodiniaceae, they may also reduce the effi
ciency of carbon translocation to coral hosts once symbiosis is estab
lished. Over time, this could weaken coral energy budgets, impair 
calcification, and slow reef accretion processes.

Species-specific responses observed among C. goreaui, D. trenchii, and 
S. natans provide additional ecological insight. The relatively higher 
sensitivity of C. goreaui—a dominant and widely distributed coral 
symbiont—suggests that microplastic pollution may selectively disad
vantage symbionts that support many reef-building corals. In contrast, 
the greater metabolic plasticity observed in D. trenchii may partially 
explain its association with stress-tolerant coral hosts. Such differential 
sensitivities could contribute to shifts in symbiont community compo
sition under chronic microplastic exposure, with unknown long-term 
consequences for coral performance and reef biodiversity.

Taken together, these findings indicate that microplastic pollution, 
particularly involving larger microplastic particles, should be consid
ered an emerging factor influencing coral–algal symbiosis stability. By 
impairing Symbiodiniaceae physiology, altering stress tolerance, and 
reshaping symbiont availability, microplastics may act synergistically 
with climate-driven stressors to accelerate reef degradation. Under
standing these algal-mediated pathways is therefore essential for accu
rately assessing the ecological risks of microplastic pollution in coral 
reef ecosystems.

5. Conclusion

Our study reveals that the toxicity of polystyrene microplastics (PS- 
MPs) on symbiotic Symbiodiniaceae is strongly dependent on both par
ticle size and species identity. Among the tested sizes, 10 μm PS-MPs 
elicited the most severe adverse effects, including inhibition of cell 
proliferation and photosynthesis, cell enlargement, and enhanced 
accumulation of carbohydrates and lipids. Morphological and tran
scriptomic analyses indicated that these effects are primarily mediated 
through membrane and chloroplast disruption, extracellular polymeric 
substance (EPS) formation, and downregulation of ribosomal and 
photosynthetic genes. Importantly, different species exhibited distinct 
detoxification strategies: D. trenchii alleviated 0.1 μm PS-MPs stress by 
upregulating oxidative phosphorylation and the TCA cycle, whereas 
S. natans countered 1 μm PS-MPs toxicity via activation of purine 
metabolism and oxidative phosphorylation. In response to 10 μm PS- 
MPs, all species enhanced fatty acid biosynthesis and antioxidant de
fenses, partially mitigating stress. Collectively, these findings provide 
mechanistic insights into the size- and species-specific toxicity of PS-MPs 
on coral-algal symbiosis and underscore the urgent need for effective 
mitigation strategies to preserve coral reef ecosystem resilience.
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