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A B S T R A C T

The effects of sunscreen on scleractinian corals have garnered widespread attention; however, the toxic effects 
and mechanisms remain unclear. This study investigated the toxicological effects of two common inorganic 
filters used in sunscreens, nano zinc oxide and titanium dioxide (nZnO and nTiO₂), on the reef-building coral 
Galaxea fascicularis, focusing on the phenotypic, physiological, and transcriptomic responses. The results showed 
that after exposure to 0.8 mg/L of nZnO and 30 mg/L of nTiO₂ for 48 h, all coral polyps exhibited retraction. Zn 
and Ti ions were detected in coral tissues at concentrations of 67.18 and 24.87 μg/g, respectively, indicating the 
accumulation of nZnO and nTiO2 in coral tissues. The zooxanthellae density, Fv/Fm, and chlorophyll-a content 
decreased significantly. The activity of antioxidant enzymes showed an increasing trend. Meanwhile, glutamine 
synthetase and glutamate dehydrogenase activities exhibited a decreasing trend. The health status of corals was 
impacted as a result of nZnO and nTiO2 stress. Transcriptomic analysis showed that the toxicity mechanisms of 
nZnO and nTiO2 differed in corals. Following exposure to nZnO, differentially expressed genes (DEGs) in corals 
were mainly enriched in signaling pathways related to immune response. The genes related to innate immunity, 
such as MASP1, MUC5AC, TLRs, and C2, were significantly upregulated, indicating that nZnO exposure induces 
an innate immune response in corals. Meanwhile, following nTiO2 exposure, the upregulated DEGs were mainly 
enriched in signaling pathways related to transporter activity. In contrast, the downregulated DEGs were mainly 
enriched in energy metabolism pathways, indicating that nTiO2 disrupted the energy supply of corals, thereby 
leading to an increased demand for nutrient transport. This study reveals the toxic effects of nZnO and nTiO2, and 
their mechanisms of action on scleractinian corals, providing a reference for further assessing the toxicity of 
sunscreen on corals.

1. Introduction

Over the past few decades, the global production and use of sun-
screen have been increasing annually (Roberto et al., 2008). However, 
the negative effects of sunscreen on coral reef ecosystems have attracted 
widespread attention (Roberto et al., 2008). Approximately 6000 tons of 
sunscreen are released into the coral reef environment annually, and 
approximately 10% of coral reefs are threatened by sunscreen-induced 
coral bleaching (He et al., 2023; Roberto et al., 2008). Coral reef 
areas, such as Hanauma Bay in Hawaii, Maya Bay in Thailand, and Playa 
Delfines in Mexico, receive 2000–15,000 visitors daily during the peak 
tourist season, resulting in a sharp increase in the sunscreen components 

in the sea over relatively short timescales (Downs et al., 2011, 2021, 
2022; Sendra et al., 2017). The concentration of sunscreen agents in the 
waters of the coral reef area in the US Virgin Islands reached 1.4 mg/L, 
leading to impaired coral larvae settlement, adult tissue regeneration 
and the death of juvenile corals (Downs et al., 2016; Vuckovic et al., 
2022). By 2030, the number of global tourists visiting coastal regions is 
expected to exceed 3 billion, with 70 million visiting coral reefs. This 
increase in tourism activities poses a significant threat to the fragile 
coral reef ecosystems (Glaesser et al., 2017). Therefore, to protect coral 
reef ecosystems, some popular coral reef tourist attractions, such as 
Hawaii, Palau, and Mexico, have banned the use of sunscreens con-
taining specific components, such as oxybenzone, ethylhexyl 
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methoxycinnamate, and octocrylene (BBC, 2018).
Ultraviolet filters (UVFs), the main components of sunscreen, are 

used for protection against ultraviolet radiation (Downs et al., 2022). 
They include active organic filters, such as benzophenones, camphor 
derivatives, and cinnamates, and inorganic filters, such as nanosize zinc 
oxide (nZnO) and titanium dioxide (nTiO2). Some organic UVFs, such as 
oxybenzone and octinoxate are dangerous to marine ecosystems and 
have been forbidden in several countries (Moeller et al., 2021; Jiang 
et al., 2024). Due to their stable composition and broad-spectrum 
anti-UV effects, inorganic UVFs have replaced organic UVFs as the 
main components of sunscreen and other sun-protection products 
(Schneider and Lim, 2019; Yuan et al., 2022). Two metal oxide nano-
particles (NPs), nZnO and nTiO2, are extensively used as inorganic UVFs 
and have been certified under applicable product safety regulations 
(Sanchez-Quiles and Tovar-Sanchez, 2014; Sendra et al., 2017). As 
micropollutants, UVFs can enter the marine environment directly 
through coastal activities, such as swimming, surfing, and diving, or 
indirectly through sewage treatment plant discharges, land runoff, and 
atmospheric deposition. The widespread presence of UVFs can harm 
marine ecosystems (Moeller et al., 2021; Roberto et al., 2008; San-
chez-Quiles and Tovar-Sanchez, 2014; Vuckovic et al., 2022). Due to 
direct application and indirect discharge, the concentration of nTiO2 in 
aquatic environments can reach hundreds of thousands of μg/L in 
wastewater and several to dozens of μg/L in surface water (Li et al., 
2022). It was found that TiO₂ and ZnO in the surface waters of French 
Mediterranean beaches were detected at concentrations of 900 and 15 
μg/L, respectively (Labille et al., 2020), and the accumulated concen-
tration of TiO₂ in surface sediments reached 40 mg/kg (Sun et al., 2016).

Previous studies have mainly focused on the toxic effects of organic 
UVFs on corals. However, there are few studies on the toxic effects of 
inorganic UVFs in sunscreen, such as nZnO and nTiO₂ on corals. nZnO 
and nTiO₂ have been labeled as “coral-safe” and “green” sunscreen in-
gredients; however, this is due to insufficient toxicity studies on corals 
(Yuan et al., 2023). Indeed, some studies have revealed that nZnO and 
nTiO₂ can cause significantly negative effects on marine ecosystems. It 
was found that 10 mg/L nTiO₂ or 1 mg/L nZnO significantly reduced the 
growth rate of phytoplankton communities (Takasu et al., 2023) and 
that ZnO in sunscreen can impact embryonic survival of the purple sea 
urchin (Strongylocentrotus purpuratus) by interfering with skeleton for-
mation and axial determination (Cunningham et al., 2020). Further-
more, Wu et al., 2022 found that exposure to 100 μg/L nZnO caused 
oxidative injury to proteins and lipids and induced a marked apoptotic 
response in mussels (Mytilus edulis). Furthermore, there is concern that 
inorganic UVFs may accumulate in organisms and potentially undergo 
biomagnification through the marine food chain (Marcellini et al., 
2024). With the increasing prevalence of coastal activities, a growing 
number of sunscreens containing nZnO and nTiO2 are being introduced 
into coral reef waters. Therefore, it is necessary to further examine the 
toxic effects of nZnO and nTiO₂ on scleractinian corals. In addition, there 
is currently a lack of whole-genome assembly data on the toxic molec-
ular mechanisms of nZnO and nTiO₂ in corals. Transcriptome analysis 
may provide new insights into the molecular mechanisms underlying 
inorganic UVFs toxicity in reef-building corals.

Galaxea fascicularis, a typical scleractinian coral, usually inhabits 
shallow waters (2–15 m deep) in tropical and subtropical regions. It is 
widely distributed in the Indo-Pacific region and plays a vital role in 
maintaining coral reef ecosystem functionality (Wang et al., 2022; Yu 
et al., 2021). Galaxea fascicularis has a relatively high tolerance and is 
readily grown and reproduced in aquariums. The polyp has a relatively 
large morphology, enabling easy separation and observation. Therefore, 
it is an excellent model species for research (Puntin et al., 2022). In the 
present study, we aimed to elucidate the toxic effects of inorganic 
UVF-induced acute stress on corals. We assessed the toxic effects of two 
typical sunscreen ingredients, nZnO and nTiO₂, on G. fascicularis 
through phenotypic, physiological, biochemical, and transcriptomic 
analyses and examined the key functional genes and signaling pathways.

2. Materials and methods

2.1. Particle characterization of nZnO and nTiO2

nTiO2 (purity >99.9%) and nZnO (purity >99.9%) powders were 
purchased from Shanghai Aladdin Biochemical Technology Co. Ltd. The 
following analyses were conducted on nZnO and nTiO2: a morphological 
analysis using scanning electron microscopy (SEM) and a size distribu-
tion analysis using a laser diffraction particle size analyzer. The hydro-
dynamic size, degree of polymerization, and separation coefficient of the 
nZnO and nTiO2 suspensions in Milli-Q water were measured using a 
multi-angle particle size and highly sensitive zeta potential analyzer 
(NanoBook Omni, Brookhaven, USA), and the zeta potentials of nZnO 
and nTiO2 were determined using the same analyzer. The stock solution 
was sonicated using an ultrasonicator (kHz, 30 min, Qsonica Q700, 
Newtown, CT, U.S.A.) until the nanoparticles were well distributed and 
diluted to the desired concentration. This assay was performed as 
described previously (Wan et al., 2019).

2.2. Coral sample collection and experimental exposure

Galaxea fascicularis colonies were collected from Weizhou Island in 
the Beibu Gulf of China and temporarily maintained at the Coral Reef 
Research Center of Guangxi University, China. Sample collection was 
approved by the Management Office of the Beihai National Coral Reef 
Nature Reserve in China. Clones from the same isolate of G. fascicularis 
were selected to minimize potential individual and genetic variability. A 
larger colony of G. fascicularis was divided into fragments, each 
approximately 10 cm2 in size, and then transferred into a 300-L aquar-
ium illuminated with aquarium light consisting of a 250 W metal 
halogen lamp and four T5HO lamps that mimicked natural light with a 
12 h light/12 h dark cycle. The corals were acclimated at 26 ◦C for 14 
d before the experiment. During the experiment, the lighting and 
aquarium conditions remained unchanged. Galaxea fascicularis were fed 
freshly hatched Artemia salina nauplii (brine shrimp) twice weekly. The 
corals were given time to recover from fragmentation prior to the 
initiation of the pollution stress experiment.

Before the experiment, we conducted concentration gradient ex-
periments to determine the stress-related concentrations of nZnO and 
nTiO. Coral polyp retraction, a sublethal effect, was used to evaluate the 
toxic concentrations. When the theoretical concentrations of nZnO and 
nTiO₂ reached 0.8 and 30 mg/L respectively, after 48 h of exposure, all 
coral polyps retracted, thereby confirming toxic effects at these con-
centrations. The retraction of coral polyps is an abnormal morphology 
displayed by corals when stimulated by the outside world and can be 
used to reflect growth inhibition in corals (Aminot et al., 2020; Yuan 
et al., 2023).

2.3. Measurement of nZnO and nTiO2 in coral tissues and experimental 
water

Waterpik (Waterpik™, 3–5 kgf cm− 2) was used to separate coral 
tissue and mucus from the skeleton. The coral tissue was separated from 
the water through sedimentation and filtration. The filtrate contained 
coral mucus and opaque colloidal substances. The weight of the tissue 
was quantified before and after filtration using a filter membrane. It was 
then dried and weighed again to obtain the dry weight. The samples 
were digested with 30% nitric acid, 5% hydrochloric acid, and 5% hy-
drofluoric acid and then subjected to pressurized microwave digestion at 
120–195 ◦C for 3 h. After digestion, the samples were diluted and 
analyzed using ICP-MS following the procedures outlined by Jovanovic 
and Guzman (2014) and Gondikas et al. (2014). The Zn and Ti ion 
contents were calculated based on the dry weight of the tissue (Han 
et al., 2020; Zhang et al., 2019).

During the exposure experiment, to detect the contents of ZnO and 
TiO2, 1 mL of experimental water was collected at 0, 2, 6, 12, 24, and 48 
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h after exposure. Then, 30% nitric acid, 5% hydrochloric acid and 5% 
hydrofluoric acid were added to the samples. Subsequently, the samples 
were transferred to digestion tubes and placed in a microwave oven for 
digestion at 148 ◦C for 2 h. After digestion, the samples were diluted and 
analyzed by ICP-MS following the procedures outlined by Jovanovic and 
Guzman (2014) and Gondikas et al. (2014). The Zn and Ti ion concen-
trations were detected on the instrument, and the oxide concentrations 
were calculated.

2.4. Density determination of symbiotic zooxanthellae

The density of symbiotic zooxanthellae was measured after exposure 
to nZnO and nTiO2 using a method described by Tang et al. (2018) and 
Qin et al. (2019). First, seawater was filtered to collect coral tissues 
using a 0.45 μm pore size filter. The initial volume of the tissue ho-
mogenate was measured in a graduated cylinder and 2 mL was centri-
fuged to separate the supernatant for further analysis of enzyme activity 
and reactive oxygen species (ROS) content. The symbiotic zooxanthellae 
were resuspended and then counted using a hemocytometer. Zooxan-
thellae density (ZD) was calculated by averaging the hemocytometer 
counts (n = 8–14); the surface area was determined based on the weight 
of the aluminum foil used to represent the coral nubbins; and the sym-
biotic zooxanthellae count per unit surface area was calculated as cells 
per cm− 2.

2.5. Measurement of Chl a content and Fv/Fm

Three aliquots of 15 mL each were collected from the remaining 
slurry to analyze the Chl a content. Each aliquot was centrifuged at 
4000×g for 5 min and the resulting sediment was stored at 4 ◦C. Sub-
sequently, the sedimented algae were suspended in 100% acetone for 24 
h, ruptured, and then re-centrifuged at 4000×g for 5 min. Absorbances 
at 750, 664, 647, and 630 nm were measured using a spectrophotometer 
(UV-2700, Japan), and the Chl a content was calculated using the 
equations formulated by Huang et al. (2022).

The maximum quantum yield (Fv/Fm) of photosystem II (PS II) of the 
coral symbionts was measured according to the method described by 
Akther et al. (2020). Briefly, corals were kept in the dark for 30 min prior 
to conducting measurements using a diving-PAM underwater fluorom-
eter (WalzHeinzGmbH, Effeltrich, Germany).

2.6. Measurement and imaging of the ROS level

According to the manufacturer’s recommendations, the intracellular 
ROS levels were determined using the DCFH-DA fluorescence probe 
method (Wan et al., 2019; Yin et al., 2010). Briefly, the supernatant of 
coral tissues was incubated in 10 μL of DCFH-DA (1 mM) for 2 h. During 
this time, intracellular esterases convert DCFH-DA into 2′,7′-dichlor-
odihydrofluorescein (H2DCF), which is then converted to fluorescent 2′, 
7′-dichlorofluorescein (DCF) by intracellular ROS. To quantify the levels 
of intracellular ROS, the absorbance at 600 nm and relative luciferase 
activity (RLU), with excitation and emission wavelengths of 485 and 
530 nm, respectively, were measured using a Varioskan Lux plate reader 
(Thermo Scientific, UK).

2.7. Antioxidant and metabolism-related enzyme activity

Coral samples were taken at 0, 6, 12, 24, and 48 h after exposure to 
detect enzyme activity. The activities of antioxidant enzymes (super-
oxide dismutase (SOD), catalase (CAT), glutamate dehydrogenase 
(GDH), and glutamate synthase (GOGAT)) were measured using com-
mercial kits, following the manufacturer’s instructions (Nanjing Jian-
cheng Bioengineering Institute in Nanjing, China). The total enzyme 
activity was determined, and the total protein concentration in the su-
pernatant was quantified using the bicinchoninic acid method. The 
enzyme activities were then normalized to U mg− 1 protein by dividing 

them by the total protein concentration.

2.8. High-throughput sequencing of G. fascicularis holobiont meta- 
transcriptome

2.8.1. RNA-seq analysis
The coral nubbins were finely ground and combined with 1 mL of 

TRIzol reagent (Invitrogen). The resulting mixture was centrifuged at 
2397×g for 5 min at 4 ◦C to eliminate the coral skeleton. Total RNA was 
purified according to a previously documented protocol (Cai et al., 
2021; Tang et al., 2018), and 9 cDNA libraries were constructed. These 
transcriptome libraries were sequenced using the Illumina HiSeq 2500 
platform at BGI in Shenzhen, China. All the sequencing reads obtained 
were deposited in the Sequence Read Archive of the National Center for 
Biotechnology Information (Accession number: PRJNA961310).

2.8.2. Transcriptome assembly and separation of coral versus symbiont 
transcripts

Following our previous study, raw reads were filtered and high- 
quality reads retained (Huang et al., 2022). The resulting clean reads 
from each library were combined to assemble the transcripts using 
Trinity software. The transcripts corresponding to the coral host and 
symbiotic zooxanthellae were separated using BLAST. Raw data were 
compared with the G. fascicularis host genome. The remaining data were 
compared to the zooxanthellae Symbiodinium minutum and Symbiodinium 
kawagutii C1 (available at www.gfas@reefgenomics: genome of Galaxea 
fascicularis). DEGs were identified by comparing them to the untreated 
control, with a significance threshold of Q-value (Adjusted P-value) less 
than or equal to 0.05 (Aranda et al., 2011; Love et al., 2014).

2.8.3. Transcript profiles and annotation
The internationally recognized gene ontology (GO) classification 

system (www.geneontology.org) was used. The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database, accessible at www.kegg.jp, was 
utilized to determine the high-level biological system functions and 
processes (Kanehisa et al., 2008). We identified significantly enriched 
metabolic or signaling pathways that were abundant in genes using 
KEGG pathway analysis and compared the results with a reference gene 
background using a hypergeometric test.

2.9. Quantitative real-time PCR (qRT-PCR) validation of mRNA 
expression patterns

To confirm the accuracy of the transcriptome data, 12 randomly 
selected DEGs were validated using quantitative real-time PCR (qRT- 
PCR), with three replicates for each group. The primers used in this 
study are listed in Table S1. The expression level of candidate genes was 
analyzed using the 2− ΔΔCt calculation method and reported as mean ±
standard error. qRT-PCR was performed using SYBR premix ExTaq 
(Takara Bio Inc., Kusatsu, Japan) on a QuantStudio™ Plus fluorescence 
qPCR instrument, and the gene Gadph was used as an internal control.

2.10. Statistical analysis

Data were presented as mean ± standard deviation (SD). Prior to 
analysis, the assumptions of normality and homogeneity of variances 
were verified using the Shapiro–Wilk test and Levene’s test, respec-
tively. Independent sample t-tests were employed to assess the statistical 
differences in Fv/Fm, Chl a, and ZD between the experimental and 
control groups. Differences in physiological parameters (antioxidant 
enzyme activities) were determined by one-way analysis of variance 
(ANOVA). A threshold of P < 0.05 was set to determine statistical 
significance.
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3. Results

3.1. Characterization of nZnO and nTiO2

The morphology of nZnO and nTiO2 was determined using SEM. 
nTiO2 was spherical with a size of approximately 40–60 nm, whereas 
nZnO was packaged in short rods of approximately 20–40 nm (Fig. S1). 
nZnO and nTiO2 displayed a slight negative charge with zeta potentials 
of − 38.28 ± 0.08 and − 38.44 ± 0.15 mV, respectively (Table S2). The 
hydrodynamic diameters of nZnO and nTiO2 in water were 1783.53 ±
56.53 and 287.37 ± 9.35 nm, respectively (Table S3).

3.2. Phenotypic and physiological changes in G. fascicularis after nZnO 
and nTiO2 exposure

Through concentration grading experiments, we found that 
exceeding 0.8 mg/L nZnO and 30 mg/L nTiO2 could cause coral polyp 
retraction (Table S4). Therefore, subsequent experiments were con-
ducted using these concentrations. The polyps of G. fascicularis retracted 
significantly after exposure to nZnO and nTiO₂, respectively (Fig. 1). 
Furthermore, the Fv/Fm, ZD, and Chl a contents of G. fascicularis were 
evaluated after exposure to nZnO and nTiO2 for 48 h (Fig. 2). Compared 
with the control group (CK), significant decreases in the Fv/Fm, ZD, and 
Chl a content of 28.46, 22.97, and 25.88%, respectively, were noted 
after exposure to nZnO and similar changes were observed after expo-
sure to TiO2 for 48 h.

3.3. nZnO and nTiO2 concentrations in water and coral tissues

The actual concentrations of nZnO and nTiO2 in the experimental 
water vary over time (0, 2, 6, 12, 24, and 48 h) and are shown in Fig. 3A 
and B. Due to the potential sedimentation of nanoparticles in water, the 
concentrations of nZnO and nTiO2 measured in the aqueous phase 

decreased gradually with increased exposure time. After a 48-h exposure 
period, the actual concentrations in the water were determined to be 
628 μg/L for nZnO and 1.65 mg/L for nTiO2, representing reductions of 
21.87 and 94.51% from their initial concentrations, respectively.

Compared with CK, the levels of Zn and Ti ions in the coral tissue of 
G. fascicularis significantly increased (P < 0.05) after exposure nZnO and 
nTiO2 (Fig. 3C). The quantity of Zn ions was approximately 38 times that 
of the CK (67.18 versus 1.78 μg/g), and the Ti ion concentration was 
24.87 μg/g when compared to 0.43 μg/g for CK. Therefore, the amount 
of Ti ions accumulated in the tissue of G. fascicularis was approximately 
1.5 times higher than that of Zn ions.

3.4. Immunofluorescence staining and activity measurement of ROS in 
coral polyps

Fluorescence staining was used to show the expression and distri-
bution of ROS in coral polyps and examine the impact of nZnO and 
nTiO2 on oxidative stress (Fig. 4), and a ROS assay kit was used to 
measure the ROS content at various exposure times (Fig. S2A). Dihy-
droethidium can enter living cells freely and is oxidized by ROS to form 
oxyethidium, and ingested oxides can mix with chromosomal DNA to 
produce red fluorescence. Both nZnO and nTiO2 caused a rapid increase 
in coral ROS levels, reaching a maximum value of 12–24 h after expo-
sure and then decreasing with exposure time. Compared with nTiO2, 
exposure to nZnO resulted in higher ROS production in corals.

3.5. Oxidative stress and metabolism-related enzyme activity after nZnO 
and nTiO2 exposure

After exposure to nZnO or nTiO2, the SOD activity in coral gradually 
increased with exposure time and reached maximum values of 157.36 
and 145.40 U/mg prot, respectively, after 48 h. Compared with expo-
sure to nTiO₂, nZnO caused greater SOD activity in corals. Following 

Fig. 1. Coral morphology after nTiO2 and nZnO exposure: A1 and A2 indicate before and after TiO2 exposure, respectively; B1 and B2 represent before and after 
exposure to ZnO, respectively.
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exposure to nZnO and nTiO2, CAT activity first showed an increasing 
and then decreasing trend, reaching peak levels of 21.06 and 14.51 U/ 
mg prot, respectively, at 12 h. However, the activities of GDH and 
GOGAT decreased with increasing exposure time (Figs. S2B–E).

3.6. Transcriptomic responses of G. fascicularis to nZnO and nTiO2 
exposure

Transcriptomic analysis was carried out after cultivation to explore 
the mechanisms behind the physiological response of G. fascicularis. At 
this point, 9 cDNA libraries were constructed and sequenced using the 
DNBSEQ platform. Briefly, we obtained 387.30 million clean counts, 
with 95.43% of raw reads from nine host samples, with a Q20 value of 
over 97.54% and GC content ranging from 43.92 to 48.07%. The host 
mapping rates ranged from 40.22 to 52.42% (Table S5). Principal 
component analysis (PCA) and correlation analyses showed that both 
nZnO and nTiO2 treatments profoundly influenced the transcriptome of 
G. fascicularis (Figs. S3 and S4). RNA-seq identified 1888 DEGs in corals 
following nZnO exposure, including 789 upregulated and 1099 down-
regulated DEGs. A total of 462 DEGs were identified in corals after nTiO2 
exposure, including 202 upregulated and 260 downregulated DEGs, as 
depicted in the CK volcano plot (Fig. 5A and B). In the comparison be-
tween CK and ZnO, 1697 DEGs were found that specifically reacted to 
ZnO stress. In the comparison between CK and TiO2, 271 specific DEGs 
were identified that specifically responded to TiO2 stress. A total of 191 
DEGs were discovered when comparing CK vs. ZnO and CK vs. TiO2; 
these represented genes that responded to both stressors. Compared to 
CK, the number of DEGs in corals exposed to nZnO was significantly 
greater than that in corals exposed to nTiO2 (Fig. 5C and D).

3.7. GO enrichment analysis of DEGs

The DEGs were categorized into three major Gene Ontology cate-
gories: cellular component, biological process, and molecular function. 
In the comparison between ZnO and CK, the top three terms with the 
most enriched genes were as follows: cellular anatomical entity, bind-
ing, and catalytic activity, which were similar for TiO2 and CK (Fig. S5). 
A GO enrichment analysis of the DEGs was conducted to examine their 
biological significance. In the nZnO group, upregulated DEGs were 
significantly involved in the regulation of immune system processes 
(GO: 0002682), immune response (GO: 0006955), regulation of immune 
response (GO: 0050776), and immune system processes (GO: 0002376), 
and downregulated DEGs were involved in the extracellular matrix 
structural constituent GO:0005201 and extracellular region 
GO:0005576. However, in the nTiO2 group, upregulated DEGs were 
significantly associated with active transmembrane transporter activity 
(GO: 0015291), symporter activity (GO: 0015293), and transporter ac-
tivity (GO: 0005215), and downregulated DEGs were involved in 
oxidoreductase activity (GO: 0016491), generation of precursor me-
tabolites, and energy (GO: 0006091) (Fig. 6 and Table S6).

3.8. Transcriptomic responses of symbiotic Symbiodiniaceae to nZnO and 
nTiO2 exposure

In the coral symbiotic Symbiodiniaceae, we constructed 9 cDNA li-
braries yielding 387.3 million high-quality reads, with a Q30 value of 
over 91.53% and a clean reads ratio between 94.03 and 96.53%. The 
mapping rates for zooxanthellae C1 varied from 12.40 to 23.36%. Count 
the number of original sequencing sequences obtained from each sample 
and the number of sequences obtained after quality control (Table S7). 
After expression analysis, 0 and 5 differentially expressed symbiont 
genes were identified in ZnO vs. CK and TiO2 vs. CK, respectively 

Fig. 2. Fv/Fm, density of symbiotic zooxanthellae, and chlorophyll a concentrations of G. fascicularis. Note: *P < 0.05, **P < 0.01.

Fig. 3. ZnO and TiO2 concentrations in water and coral tissues: A and B represent the actual concentration of nZnO and nTiO2 in the experimental water. C represents 
the accumulation of Zn and Ti in coral tissue.
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(Table S8). GO enrichment analyses of the DEGs revealed that they were 
involved in cytoskeleton, zinc ion binding, and transition metal ion 
binding after nTiO2 exposure (Fig. S6).

3.9. Identification of DEGs related to ROS, immune, and energy 
metabolism

The DEGs involved in ROS production were analyzed. We screened 
genes participating in ROS including glutathione S-transferase (GST), 
SOD, catalase (CAT), glutathione peroxidase (GPX), glutaredoxin (GLX), 
thioredoxin (TRXA), and serum paraoxonase/arylesterase (PON) genes. 
We identified the DEGs in G. fascicularis that are pivotal to energy 
metabolism, including pyruvate carboxylase (PC), glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH), malate dehydrogenase (MDH), 
enolase (ENO), and phosphoenolpyruvate carboxykinase (PEPCK). 
Furthermore, in the nZnO group, we observed a significant upregulation 
of DEGs associated with immune system processes, including toll-like 
receptors (TLRs), mucin-5ac-like (MUC5AC), mucin-5B (MUC5B), 
myeloid differentiation primary response protein (MYD88), toll-like 
receptor 2 (TLR2), and complement C2-like (C2) (Table S9 and 
Fig. S7). A heat map of these genes, representing their transcriptional 
levels, was constructed by FPKM values of the samples (Fig. 7A). The PPI 
(Protein-Protein Interaction) network results showed that GPX and ENO 
genes had the highest betweenness centrality, indicating that they had 
the strongest relationship with other genes (Fig. 7B and C).

3.10. Validation of gene expression patterns using qRT-PCR

The expression levels of the 12 genes were validated using qRT-PCR. 
The results showed that the expression patterns obtained from qRT-PCR 
and RNA-Seq were largely consistent. The expression levels of the genes 
often showed either an upward trend followed by a downward trend or 
vice versa (Fig. 8). Discrepancies in expression levels can be attributed to 
the distinct calculation methods of qRT-PCR and RNA-Seq. This 
concordance substantiates the fidelity of the transcriptomic profiles.

4. Discussion

4.1. Impact of inorganic UVF bio-concentration on coral health

Upon exposure to different concentrations of nZnO and nTiO₂, coral 
polyp retraction appeared to be distinctly dose-dependent. All polyps 
retracted with nZnO and nTiO₂ concentrations of 0.8 and 30 mg/L, 
respectively. Upon initial exposure to UV filters, we observed a consis-
tent and reproducible polyp retraction response, indicating a reliable 
biological reaction to these substances. The uniformity of this response 
across individuals suggests a common sensitivity to the presence of UV 
filters, highlighting the potential for this reaction as a bioindicator of 
exposure. Polyp retraction is a direct and rapid physiological response of 
corals to environmental stress and toxicant exposure and is also a sub-
lethal effect of coral exposure to pollutants (He et al., 2019; Stien et al., 
2019). Polyp retraction is an intuitive behavioral manifestation of corals 
in response to environmental stress, and its mechanism is related to 
physiological regulation. When corals are exposed to pollutants, they 

Fig. 4. ROS immunofluorescence staining images of cross-sections of coral tentacles. Dihydroethidium (DHE) can enter cells freely through living cells and undergo 
oxidation by ROS in cells to form oxyethidium; ingot oxide can be mixed into chromosome DNA to produce red fluorescence. 
The amount and changes in ROS content within cells can be assessed based on the intensity of the red fluorescence. Panels A, B, and C represent the control group 
(CK), while panels D, E, and F represent the nTiO2 exposure group, and panels G, H, and I represent the nZnO exposure group. "ex" denotes the external environment, 
"tl" denotes the tissue layers, and "gc" denotes the gastric cavity. (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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close their gastrodermal cavity through polyp retraction; this may be a 
self-protection method to reduce or delay the toxic effects (May et al., 
2020). Different sunscreen components (BP-1, BP-3, BP-4, and BP-8) 
cause different levels of coral polyp retraction, indicating that corals 
have different sensitivities to different UVFs (He et al., 2019). Polyp 
retraction upon exposure to nZnO and nTiO₂ in this study indicated that 
these components exerted stress on coral growth.

Upon exposure to nZnO and nTiO₂, the concentrations of Zn and Ti in 
coral tissues increased by 38 and 58 times, respectively; this may have 
been due to the capture of nZnO and nTiO₂ particles by G. fascicularis 
and their accumulation in coral tissues. A recent study also observed 
ZnO and TiO₂ particles from physical sunscreen in the tissues of button 
corals and detected Zn and Ti at concentrations reaching 327.4 and 
701.3 μg/g DW in the tissues (Yuan et al., 2023). This study found high 
ROS concentrations in coral tissues (Fig. 4 and Fig. S2A). nZnO and 
nTiO₂ in 1 g of sunscreen can generate up to 463 Nm/h of hydrogen 
peroxide in seawater, and nZnO and nTiO₂ are the primary oxidants 
entering coastal waters, directly impacting the ecosystem 
(Sanchez-Quiles and Tovar-Sanchez, 2014). This indicates that the 
excessive ROS in coral tissues may be generated due to the entry of nZnO 
and nTiO₂ into coral tissues. ROS are highly reactive substances that play 

a crucial role in the oxidative stress process and are regarded as the 
engines of the oxidative stress response (Matyas et al., 2021). An in-
crease in ROS concentration can lead to cell wall or cell damage, lipid 
peroxidation, and growth inhibition, thereby harming organisms 
(Jovanovic and Guzman, 2014; Li et al., 2021; Luo et al., 2020; 
Schneider and Lim, 2019). In this study, nZnO and nTiO₂ bio-
accumulated in coral tissues and generated large amounts of ROS, which 
may have led to a decrease in ZD, Chl a, and Fv/Fm in relation to the 
inorganic UVFs. Photosynthetic characteristics, such as ZD, Chl a, and 
Fv/Fm, are important autotrophic indices of corals and are crucial in-
dicators for assessing the health of coral symbiosis systems (Pei et al., 
2022b; Saskia et al., 2013). The decline in ZD, Chl a, and Fv/Fm indicates 
that the enrichment of nZnO and nTiO₂ harms corals.

4.2. nZnO exposure: activating coral immune system and excessively 
consuming coral physiological functions

For corals living in tropical waters, the immune response is among 
the most crucial physiological processes in stress response (Tang et al., 
2018). The innate immune system of corals is responsible for main-
taining the integrity and stability of the internal environment and is also 

Fig. 5. Analyses of differentially expressed genes (DEGs) in G. fascicularis after nZnO and nTiO2 exposure: A and B represent the volcano plots of DEGs after ZnO and 
TiO2 exposure, respectively. Genes with -log10(P-value)≥20 are labeled with gene names in the figure. C and D represent the number of DEGs in G. fascicularis 
exposed to CK vs. ZnO and CK vs. TiO2 groups, respectively.
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an important defense mechanism for corals to respond to external 
pathogens and environmental stress (Mansfield and Gilmore, 2019). The 
toll-like receptors and complement systems constitute innate defense 
systems against pathogens. The complement system also recognizes and 
opsonizes non-self-particles, including nanomaterials and damaged host 
cells (Chen et al., 2018; Hajishengallis and Lambris, 2010; Wu et al., 
2024). In this study, we found that the expression levels of innate 
immunity-related genes, such as TLRs, MUC5AC, and C2, were signifi-
cantly upregulated upon exposure to nZnO (Fig. S7). These genes are 
related to innate immunity factors such as TLR, lectins, and integrins 
(Palmer and Traylor-Knowles, 2012). Similar findings were reported by 
Wu et al. (2024). Exposure to nZnO led to upregulated gene expression 
of the complement system (C1 and C3) and toll-like receptors TLRb and 
TLRc in mussels, thereby activating the innate immune response of 
mussels. In Di et al. (2019), the MUC5AC protein identified in Babylonia 
areolata was significantly involved in maintaining the immune homeo-
stasis of invertebrates. Alpha-L-fucosidase (AFU) has immunomodula-
tory effects and is a marker of chronic inflammation. AFU cleaves fucose 
during decomposition and its deficiency can cause pathological re-
actions (Sobkowicz et al., 2014). Wei et al. (2009) found that C2 plays a 
key role in the immune response of fish (Pseudosciaena crocea) to bac-
terial attacks. TLRs are key components of the immune system and can 
induce innate immunity by recognizing pathogen-associated molecular 
patterns in various microorganisms and activating signaling cascades 
(Rauta et al., 2014). This indicates that nZnO exposure affects the im-
mune system of reef-building corals and can activate their innate im-
munity by regulating the expression of TLR, lectins, and integrins. 
Activation of the coral immune system by nZnO exposure may cause 
excessive consumption of the physiological functions of corals, impact 

their normal growth and metabolism, and negatively affect the health 
status of corals.

4.3. nTiO2 exposure: blocking coral energy supply and increasing 
nutritional requirements

The transcriptome results showed that the toxicity mechanism of 
nTiO2 in corals may differ from that of nZnO. Upon nTiO2 exposure, 
corals contained 462 DEGs, including 202 significantly upregulated 
genes mainly enriched in transporter activity and 260 significantly 
downregulated genes mainly enriched in the generation of precursor 
metabolites and energy (Fig. 6D). Further analysis showed that these 
downregulated DEGs were related to energy metabolism, such as carbon 
metabolism, citric acid cycle (TCA), pyruvate metabolism, and glycol-
ysis/gluconeogenesis (P < 0.05) (Fig. S8). Some of the genes related to 
glycolysis/gluconeogenesis, such as glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), phosphoenolpyruvate carboxykinase (PEPCK), 
enolase (ENO), pyruvate carboxylase (PC) and TCA, malate dehydro-
genase (MDH), and succinate dehydrogenase (ubiquinone) cytochrome 
b560 subunit (SDHC) were significantly downregulated (Fig. S7).

Upon nTiO2 exposure, some transporter genes in corals, such as 
monocarboxylate transporter 4-like isoform X1 (MCT4) and major 
facilitator superfamily domain-containing protein (MFSD2A), were 
significantly upregulated (Fig. S7). The transporters encoded by these 
genes have significant roles in regulating material transportation and 
cell metabolism. MCT4 mainly mediates the transmembrane transport of 
substances such as lactic acid, pyruvate, and ketone bodies (Halestrap 
and Meredith, 2004). This type of transport is important for cellular 
energy metabolism and pH regulation (Halestrap and Meredith, 2004; 

Fig. 6. GO enrichment analysis of up-and down-regulated expressed genes after nZnO and nTiO2 exposure: A and B represent upregulation and downregulation of 
expression after nZnO exposure, respectively; C and D represent upregulation and downregulation of expression after nTiO2 exposure, respectively.
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Fig. 7. Differential clustering and PPI network analysis of genes related to ROS, energy metabolism, and immunity. 
(A) Heatmap of expression profiles for genes. (B–C) The PPI network of genes. Each dot represents a gene, and the connecting line indicates the interaction between 
the two genes. The size and color of each point reflect the number of interaction connections: larger points indicate more connections, while the color transitions from 
white to red, with deeper red indicating a greater number of connections. (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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Zhang et al., 2021). MFSD2A can transport a variety of important 
metabolism-related substances, such as glucose, fatty acids, pyruvate, 
and specific amino acids (Berger et al., 2012). In organisms, membrane 
transporters are highly significant in maintaining the balance inside and 
outside cells as they can selectively allow small molecules, such as ions 
and nutrients, to pass through the plasma membrane (Wang et al., 
2021). In this study, the upregulated expression of transporter activity 
genes enhanced the transport ability of transmembrane transport, 
indicating that nTiO₂ exposure may prompt corals to respond to the 
pressure of nTiO2 by regulating the expression of these transporter genes 
to maintain intracellular material balance and normal metabolism.

As key pathways for cells to generate energy (ATP), glucose meta-
bolism and the TCA cycle guarantee the life of organisms and promote 
normal physiological activities (Kaniewska et al., 2015; Pei et al., 
2022a). The enzyme encoded by GAPDH plays a key role in glycolysis; it 
converts glyceraldehyde-3-phosphate into 1,3-bisphosphoglycerate, 
generating NADH and ATP to provide energy to cells (Molina et al., 
2017). PEPCK catalyzes the conversion of oxaloacetate to phospho-
enolpyruvate during gluconeogenesis (Polato et al., 2010) and can 
catalyze the reverse reaction as part of the succinate/propionate/acetate 
pathway to generate anaerobic energy in some facultative anaerobic 
invertebrates (Bollati et al., 2022). In corals, the transcription level of 
PEPCK changes due to stressful conditions such as high temperatures 
and bacterial attacks, which affect coral metabolism (Sun et al., 2022; 
Wright et al., 2017). PC catalyzes the conversion of pyruvate into 
oxaloacetate, and this step occurs directly before the step catalyzed by 

PEPCK during gluconeogenesis. In mammals, PC plays a vital role in 
gluconeogenesis and lipogenesis, the biosynthesis of neurotransmitter 
substances, and islet glucose-induced insulin secretion (López-Alonso 
et al., 2022). It is therefore likely that nTiO₂ exposure inhibits the 
expression of genes related to energy production and material meta-
bolism in corals, which may impact their energy supply and material 
synthesis, thereby affecting their normal physiological functions and 
survival ability. Changes in the transcription levels of some transporters 
reflect the metabolic regulation of corals in adverse environments, such 
as nTiO2 exposure. In conclusion, nTiO2 disrupts the energy supply of 
corals, leading to an increased demand for nutrient transport.

4.4. Comparing toxicity following G. fascicularis exposure to nZnO and 
nTiO₂

nZnO and nTiO2 are the major components in many sunscreens. To 
make sunscreen transparent and more comfortable, ZnO and TiO2 are 
usually present in nanoparticles with sizes less than 100 nm (Bocca 
et al., 2018; Jeon et al., 2016). Non-specific oxidative stress is likely an 
important factor in the toxicity of nanoparticles (Nel et al., 2006); when 
organisms are stressed by environmental pollution, the ROS levels in the 
body increase and excessive ROS disrupts the redox balance, triggers 
lipid peroxide oxidation and DNA damage, and affects organisms (Zhang 
et al., 2023). CAT and SOD are important antioxidant defense systems in 
organisms. They catalyze the generation of H2O and O2 from ROS 
(Asagba et al., 2008; Zhang et al., 2023), and GSH-Px cooperates with 

Fig. 8. qRT-PCR analysis of genes for the validation of RNA-Seq data.
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SOD to scavenge free radicals, convert lipid peroxides, and reduce 
oxidative damage (Lin et al., 2018). In this study, nZnO and nTiO2 
exposure significantly increased ROS activity. As the exposure time 
increased, high concentrations of ROS inhibited CAT activity (Fig. S2), 
which indicated that nZnO and nTiO2 destroyed the antioxidant defense 
system of corals.

GOGAT plays a key role in the nitrogen metabolism process. The 
reduction in its activity may lead to interference in nitrogen assimilation 
and circulation processes and affect the synthesis of nitrogen-containing 
compounds, such as amino acids and proteins (Lu et al., 2011). GDH 
catalyzes the oxidative deamination of glutamic acid to generate 
α-ketoglutaric acid and ammonia, which is important for regulating the 
ammonia level and nitrogen metabolism balance in cells (Liu et al., 
2024; Ma et al., 2019). In the present study, the activities of GOGAT and 
GDH were significantly reduced, indicating that nitrogen metabolism in 
corals was affected upon exposure to the two UVFs. Corals and marine 
invertebrates can improve their survival ability by slowing down the 
metabolic rate in response to the pressure caused by seawater warming 
or acidification (Basile et al., 2005; Yu et al., 2020).

nZnO triggered an innate immune response in corals. The innate 
immune system plays a crucial role as the first line of defense for or-
ganisms to resist the invasion of external pathogens (Diamond and 
Kanneganti, 2022). Genes related to innate immunity, such as MASP1, 
MUC5AC, TLRs, and C2, were significantly upregulated, indicating that 
after the corals were exposed to nZnO, they could recognize potential 
threats and quickly activate immune defense mechanisms. This indicates 
that nZnO is recognized by corals as a similar pathogen or harmful 
stimulus, triggering an immune response. However, nTiO2 primarily 
affects the energy supply and demand relationships of corals; this may 
be due to nTiO2 affecting mitochondrial function or the activity of en-
zymes related to energy production. An insufficient energy supply af-
fects various physiological activities in corals, including feeding, 
growth, and maintenance of basic life functions (Beck et al., 2024). The 
DEGs enriched in the precursor metabolite pathways indicated that 
nTiO2 interfered with the material metabolism of corals. Therefore, 
corals may not be able to normally synthesize the required biomolecules, 
and disorders in material metabolism will further affect the overall 
health and survival of corals.

nZnO and nTiO2 have different toxicity mechanisms in corals, which 
is likely due to differences in the chemical properties of the nZnO and 
nTiO2 particles. Unlike the almost insoluble nTiO2, nZnO can dissolve in 
water and release zinc ions, leading to its toxicity to aquatic organisms 
(Ates et al., 2013; Brun et al., 2014; Yuan et al., 2023). Therefore, the 
ions released after the dissolution of the nZnO and nTiO2 particles may 
have different toxicity mechanisms in corals. In addition, the shapes and 
sizes of the nZnO and nTiO2 used in this study differed, with the nZnO 
particles being dendritic and smaller than the nTiO2 particles (Fig. S1). 
Such differences in the shapes and sizes of nZnO and nTiO2 may be 
another reason for different toxicity mechanisms. The smaller the par-
ticle size, the greater the potential of penetrating organisms and cells 
and the greater the toxicity (Ispas et al., 2009; Mironava et al., 2010; 
Xiong et al., 2011). Dendritic and clustered nanoparticles are known to 
be more toxic than spherical NPs (Ispas et al., 2009). Therefore, the 
differences in chemical properties, such as ion release, shape, and size of 
the nZnO and nTiO2 particles, likely attribute to their different toxicity 
mechanisms, providing an important clue to understanding the impact 
of sunscreens on coral ecosystems. Therefore, when evaluating the 
environmental risks of sunscreens, the specific toxicity mechanisms of 
different sunscreens must be considered to take targeted protection 
measures. To better protect the health and stability of coral reef eco-
systems, further studies are required to determine the interactions be-
tween sunscreens and corals.

5. Conclusion

Our study provides a comparative analysis of the physiological and 

transcriptomic responses of G. fascicularis to inorganic UVFs, nZnO and 
nTiO2. We observed that nZnO and nTiO2 exert distinct toxic effects on 
coral health, with nZnO demonstrating a more pronounced impact on 
the coral immune system and oxidative stress indicators, such as ROS, 
SOD, and CAT activities. Notably, nZnO upregulated key immune- 
related genes like TLRs, MUC5AC, and C2, suggesting a direct influ-
ence on coral immunity. In contrast, nTiO2 primarily downregulated 
metabolic genes including GAPDH, PEPCK, PC, ENO, and SDHC, 
potentially inhibiting energy metabolism and material synthesis in 
corals. These findings underscore the differential mechanisms of toxicity 
and provide a comprehensive reference for assessing the risks of inor-
ganic UVFs to scleractinian corals.
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