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A B S T R A C T

Discarded plastics are accumulating in the global ocean and posing threats to marine life. The plastisphere - the 
community colonizing plastic surfaces - profoundly influences the environmental behavior of plastic, affecting its 
degradation and entry into marine food webs. Ocean acidification (OA) due to anthropogenic CO2 emissions, is 
also threatening marine ecosystems, but the effect of OA on the structure and ecological functions of plastisphere 
communities remain poorly understood. Here, using a mesocosm experiment, we investigated the effects of OA 
on the plastisphere colonizing floating PET plastic bottles. The study was conducted using subtropical eutrophic 
coastal water from Southern China under two CO2 conditions: increased CO2 to 1000 μatm (HC) and ambient 
CO2 410 μatm (LC). Metagenomic sequencing of the plastic samples, after exposure for 32 days, showed striking 
changes in relative abundance of eukaryotes and bacteria caused by HC. There was a 75.3 % decrease in 
eukaryote read abundances at high CO2, most strikingly a 95.6% decrease in the relative abundance of diatoms. 
In addition, the relative abundance of genes involved in photosystem II light reactions and pigment synthesis 
decreased under high CO2 conditions. This suggests that OA could reduce the photosynthetic potential of the 
plastisphere. Shifts in plastisphere community structure and potentially diminished photosynthesis under OA 
could influence food chains within plastisphere, plastic degradation, transportation, and carbon cycling 
involving plastics. Overall, our results suggest that OA can alter the functional ecology of the plastisphere, with 
potential implications for marine biogeochemical processes and food web dynamics in subtropical eutrophic 
coastal water.

1. Introduction

Among the various global environmental challenges occurring 
simultaneously, the accumulation of plastic debris has become a sig
nificant threat to marine ecosystems (Bergmann et al., 2017; Ryan and 
Moloney, 1993). Each year, about 236,000 metric tons of plastic enter 
the global ocean (Cressey, 2016; Van Sebille et al., 2015), causing 
countless deaths of marine animals (Thompson et al., 2009; Worm et al., 
2017). Due to their physical and chemical durability, marine plastic 
items can last for decades, before being gradually broken down by a 

combination of UV light exposure and microbial activity (Du et al., 
2022; Napper and Thompson, 2020; Worm et al., 2017), with a half-life 
ranging from weeks to years (Lott et al., 2021). Large pieces of plastic 
break down into smaller fragments, known as microplastics and nano
plastics (Franzellitti et al., 2019; Guzzetti et al., 2018; Sharma and 
Chatterjee, 2017; Wright et al., 2013), which pose significant environ
mental threats due to their small size and wide distribution.

Plastic objects in the ocean quickly acquire surface biofilms, known 
as the plastisphere (Amaral-Zettler et al., 2020; Qian et al., 2022). The 
formation of the plastisphere, driven by microbial succession, proceeds 
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through sequential stages: organic conditioning (surface conditioning), 
microbial attachment, extracellular polymeric substances (EPS) pro
duction, and community maturation (De Carvalho, 2018; Qian et al., 
2022; Remple et al., 2021). Plastic as an artificial physical substrate can 
also be bioavailable, in the sense that microorganisms within it can 
metabolize plastics and dissolved organic matter leached from the 
plastic (Vaksmaa et al., 2024), and thus plastic-derived carbon can alter 
the overall concentration and characteristics of stored organic carbon by 
changing the composition of bioavailable carbon, ultimately impacting 
the structure and function of ecosystems (Huang and Xia, 2024).

While plastics build up in the ocean, ocean acidification (OA) is 
simultaneously affecting marine ecosystems. This is caused by 
increasing CO2 in the atmosphere dissolving in seawater to form car
bonic acid, lowering seawater pH (Doney et al., 2020; Gattuso and 
Hansson, 2011). According to the IPCC, pH will decrease by a further 
~0.15 and 0.4 units by 2100 under the medium and high CO2 emissions 
scenario (RCP4.5, RCP8.5) (IPCC et al., 2023). Numerous experiments 
indicate that OA caused by future levels of atmospheric CO2 will have 
profound effects on bacteria, phytoplankton, zooplankton, and animals 
in the ocean (Fabricius et al., 2011; Kroeker et al., 2012; Huang et al., 
2024; Rodolfo-Metalpa et al., 2011). Laboratory studies show that 
phytoplankton responses range from positive and negative to neutral, 
varying by species (Gao et al., 2020). While a mesocosm experiment 
found that OA inhibited the succession of algal blooms from diatoms to 
dinoflagellates, suggesting diatoms benefit more (Huang et al., 2021). 
For marine bacteria, no significant OA impact has been generally 
observed (Joint et al., 2011). Similarly, zooplankton responses are 
species-specific, with OA potentially altering food web dynamics 
through changes in predator-prey interaction (Hammill et al., 2018). 
The plastisphere typically comprises primary producers (e.g., cyano
bacteria and diatoms), predators (e.g., ciliates and hydroids), grazers (e. 
g., ciliates and bryozoans), organisms in symbiotic relationships, and 
heterotrophs (Amaral-Zettler et al., 2020). Understanding how OA af
fects the plastisphere is essential to evaluating the compounded 
ecological consequences of concurrent anthropogenic stressors. How
ever, only a limited number of studies on the effects of OA on the 
plastisphere have been reported to date. Harvey et al. (2020) and Ker
fahi et al. (2023) examined the effects of elevated CO2 on the plasti
sphere using natural CO2 seeps in Japan and revealed significant shifts in 
microbial community structure and functional gene abundance, notably 
a pronounced increase in diatom relative abundance under high-CO2 
conditions. Zhang et al. (2023) carried out a mesocosm experiment in 
eutrophic subtropical seawater in the East China Sea to investigate OA 
impacts on the plastisphere. The findings revealed that the high CO2 
marine environment significantly altered the prokaryotic community, 
with a relative increase in abundance of the phylum Planctomycetes of 
49%, with no significant changes in eukaryotic communities based on 
16S and 18S rDNA gene sequencing, which are widely methods used for 
profiling prokaryotic and eukaryotic microbial communities in envi
ronmental samples (Zhang et al., 2023). These findings diverge from 
earlier mesocosm-based investigations which reported limited effects of 
OA on both phytoplankton and bacterioplankton community composi
tion (Huang et al., 2021; Lin et al., 2018). This highlights the need to 
move beyond taxonomic profiling to decipher the functional mecha
nisms underlying OA-driven changes.

Here, we employed metagenomic sequencing to investigate OA im
pacts on the plastisphere through mesocosm experiments. Global plastic 
production is currently dominated by a few key polymers, including 
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), and 
polyethylene terephthalate (PET), which are ubiquitous in daily life due 
to their durability and flexibility (P.G.C and P. and Amila Sandaruwan, 
2024; Rhodes, 2018). Among these, PET is of particular environmental 
concern as it is the primary material used for single-use drinking bottles, 
making it a prevalent substrate in marine litter (De Vos et al., 2021). By 
utilizing PET as a representative model, we leveraged metagenomics 
primarily to discern shifts in functional profiles under OA conditions, 

while simultaneously characterizing taxonomic changes that might be 
overlooked by conventional amplicon sequencing. This study could 
advance a mechanistic understanding of OA's impact on the plastisphere 
and enable evaluation of the ecological consequences of the combina
tion of OA and plastic pollution.

2. Materials and methods

2.1. Experimental setup

This study was carried out in Wuyuan Bay, Xiamen, China 
(24◦31′48.00″N, 118◦10′04.70″E) from October 9, 2019, over 32 days 
using The Mesocosm Facility for Ocean Acidification Impact Study of 
State Key Laboratory of Marine Environmental Science (MEL, Xiamen 
University) (FOANIC-XMU) platform (Supplementary Figure 1). We 
have successfully conducted six mesocosm experiments since 2013 uti
lizing this platform (Huang et al., 2021; Lin et al., 2018; Liu et al., 2017; 
Zhang et al., 2018, 2023). To simulate seawater conditions with a pro
jected CO2 concentration of 1000 μatm by the year 2100, approximately 
11 L of CO2-saturated seawater (referred to as HC) were added to 
polyurethane mesocosm bags (3 m deep, 1.5 m diameter) each filled 
with 3000 L in situ seawater that had been prefiltered (MU801-4T, 
Midea, China, pore size of 0.01 μm). These mesocosm bags with CO2 
saturated water were numbered 1, 3, 5, 7, and 9 served as high CO2 
controls (HC). Mesocosm bags 2, 4, 6, and 8 served as low CO2 controls 
(LC) were not added with CO2 saturated seawater. To maintain the CO2 
concentrations, both LC and HC bags were aerated with air containing 
410 μatm CO2 and premixed air-CO2 with 1000 μatm CO2 (5 L min− 1) in 
LC and HC treatment, respectively. After the carbonate system had been 
stabilized, and each mesocosm was inoculated with 80 L of in situ 
seawater filtered by a 180 μm mash to exclude large zooplankton, to 
initiate the coastal community (Supplementary Figure 1 a). Inside each 
mesocosm bag, three drinking plastic bottles were attached to the 
aeration tubes, as illustrated in Supplementary Figure 1 b. Seawater 
samples were collected by niskin bottle from 0.5 m depth every 1-3 days 
to measure pHtotal and total alkalinity using an Environmental Water 
Analyzer (iSEA; Ma et al. (2018) and an Automated Spectrophotometric 
Analyzer (Li et al., 2013), respectively. The pH value of HC was 0.15-0.3 
unit lower than that of LC from day 10 until day 32, as illustrated in 
Table 1. The pH was systematically lower in the HC treatment than in 
the LC treatment throughout the entire experiment. The phytoplankton 
community in the mesocosm was initially dominated by diatoms and 
then transitioned to nanoplankton in the late stage of the experiment 
(Rao et al., 2025). There were no significant differences in phyto
plankton biomass and community between the HC and LC treatments 
throughout the experiment (Rao et al., 2025).

Table 1 
The statistical significance of the pH difference between the High CO2 (HC) and 
LowCO2 (LC) groups as assessed by the Welch t-test at different time points.

Day |ΔpH (LC − HC)|(Mean) ΔpH(Sd) p_Value

0 0.038 0.019 0.115
2 0.047 0.0095 0.003
4 0.043 0.012 0.017
6 0.034 0.033 0.349
8 0.080 0.040 0.096
10 0.200 0.089 0.059
12 0.262 0.16 0.150
14 0.230 0.16 0.201
16 0.219 0.12 0.152
20 0.183 0.071 0.070
22 0.150 0.033 0.004
24 0.129 0.023 0.002
26 0.111 0.035 0.032
29 0.137 0.037 0.016
32 0.107 0.035 0.022
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2.2. Sampling, DNA extraction, shotgun metagenome sequencing, and 
data processing

After 32 days, the plastic bottles were taken out of the mesocosm. 
The plastisphere is considered to have entered a relatively mature stage 
following 32 days of incubation (Erni-Cassola et al., 2020; Wright et al., 
2020). Two plastic bottles were randomly selected from a pool of three 
bottles for each bag (Zhang et al., 2023). The samples were washed with 
a lysis buffer (70 ◦C; composition: 100 mM Tris, 40 mM ethyl
enediaminetetraacetic acid, 100 mM NaCl, 1% sodium dodecyl sulfate) 
from plastic bottles. Subsequently, DNA extraction was performed using 
a preheated lysis buffer, followed by phenol-chloroform extraction and 
ethanol precipitation. The extracted DNA from the samples was then 
utilized for further analysis. DNA samples were sequenced for the whole 
metagenome using the Illumina MiSeq PE300 platform (Majorbio 
Bio-pharm Technology Co. Ltd.). Raw FASTQ sequences were 
pre-processed using fastp (v0.20.0) to remove adapter sequences, filter 
low-quality reads, and perform quality control. Clean reads were 
assembled into contigs using Megahit (v1.1.2). All sequencing data have 
been deposited in the NCBI Sequence Read Archive (SRA) under 
accession number PRJNA856479.

2.3. Gene prediction, taxonomy, and functional annotation

Open reading frames (ORFs) were predicted from assembled contigs 
using Prodigal (http://metagene.cb.k.u-tokyo.ac.jp/, v2.6.3), and genes 
with nucleotide lengths ≥100 bp were retained and translated into 
protein sequences using Emboss 6.6.0 (http://emboss.open-bio.org/, 
V6.6.0) and the NCBI translation table. (http://www.ncbi.nlm.nih. 
gov/Taxonomy/taxonomyhome.html/index.cgi?ch 
apter=tgencodes#SG1). All predicted genes from each sample were 
clustered using CD-HIT (http://www.bioinformatics.org/cd-hit/, 
version 4.6.1) with 90% sequence identity and 90% coverage. High- 
quality reads were aligned to the non-redundant gene catalogs to 
calculate gene abundance with 95% identity using SOAPaligner 
(http://soap.genomics.org.cn/, version 2.21). The longest sequence in 
each cluster was selected as the representative to construct a non- 
redundant gene catalog. The non-redundant gene set was aligned 
against the NCBI NR database (nr_v20200604) using DIAMOND 
(BLASTP, e-value ≤ 1e-5). Functional annotation was further performed 
using the KEGG (v94.2) and GO (GO20200604) databases with DIA
MOND (https://github.com/bbuchfink/diamond, version 0.8.35) under 
the same BLASTP parameters. KEGG is an integrated database resource 
that supports the biological interpretation and annotates the molecular 
functions of genes and proteins by associating them with ortholog 
groups (Kanehisa et al., 2016). Gene Ontology (GO) is a standardized 
framework that annotates genes and their products across species by 
hierarchically categorizing their functions into three ontologies: Bio
logical Process, Molecular Function, and Cellular Component (Kanehisa 
et al., 2016).

2.4. Statistical analysis

Differences in pH values between HC and LC groups across different 
time points were assessed using one-way ANOVA in SPSS. Alpha di
versity indices were calculated using mothur (v1.30.1), while beta di
versity was determined based on Bray–Curtis dissimilarity using the 
vegan and stats packages in R (Version 3.3.1) (Dixon, 2003). Group 
differences in community structure were tested with the ANOSIM 
function.

Differences in functional profiles and gene abundance between 
treatment groups were evaluated using the Wilcoxon rank-sum test in R, 
with p-values <0.05 considered statistically significant. Venn diagrams, 
community bar plots, and heatmaps were generated using R, with 
heatmaps plotted via the pheatmap package. Principal Coordinates 
Analysis (PCoA) was performed using Bray–Curtis distances. Taxonomic 

biomarkers were identified using LEfSe analysis, with a default LDA 
score threshold of 2.0 and significance defined as p < 0.05 (Segata et al., 
2011).

3. Results

3.1. The effects of high CO2 on the plastisphere community structure at 
the broad taxonomic level

A total of 507 million raw reads were extracted from plastic samples, 
corresponding to 3.8 million non-redundant genes. Among all non- 
redundant genes, approximately 2.5 million were classified as 
bacteria-derived, 5150 as virus-derived, 277,220 as eukaryote-derived, 
and 8827 as fungal-derived. Proteobacteria, Bacteroidetes, Planctomy
cetes, and Actinobacteria were the four most dominant bacterial phyla, 
constituting 52.3%, 16.1%, 11.5%, and 5.3% of the total bacterial 
abundance, respectively (Fig. 1 a). In the total annotated eukaryotic 
community, Bacillariophyta, Chordata, Ciliophora, and Arthropoda 
were the four most dominant phyla, constituting 53.7%, 8.7%, 8.7%, 
and 3.9% of the total eukaryotic abundance, respectively (Fig. 1 b). 
Ascomycota, Basidiomycota, Mucoromycota, and Chytridiomycota were 
the four most dominant fungal phyla, constituting 37.7%, 22.1%, 
18.5%, and 12.4% of the total fungal abundance, respectively (Fig. 1 c). 
Uroviricota and Nucleocytoviricota were the two most dominant virus 
phyla, constituting 40.8% and 11.5% of the total virus abundance, 
respectively (Fig. 1 d).

The Venn diagram indicated that the HC and LC groups collectively 
contain 20,297 bacterial taxa, 2550 eukaryotic taxa, 395 viral taxa, and 
816 fungal taxa, accounting for 75.6%, 83.0%, 50.3%, and 85.8% of the 
total annotated organisms, respectively (Fig. 2 a, b, c, d). There were 
many more unique species under HC (5,754) compared to LC (945) for 
bacteria (Fig. 2 a). We observed an 75.3% reduction in overall eukary
otic sequence abundance under high CO2 conditions (diatoms) 
(Supplementary Table 1). Notably, a total of 105 diatom taxa were an
notated based on the NR database. The relative abundance of diatoms 
was markedly higher in the LC group (11.02%) than in the HC group 
(0.48%) and the relative abundance of diatoms decreased significantly 
by 95.6% under high CO2 (p < 0.05; Fig. 2e). Among diatom-associated 
reads, Naviculales, Bacillariales, and Thalassiosirales were the dominant 
orders, collectively accounting for 97.1% of total diatom reads, and all 
three orders differed significantly in relative abundance between the HC 
and LC groups (p < 0.05). In addition, 36 diatom taxa showed significant 
differences in relative abundance between the two groups (p < 0.05; 
Supplementary Table 4). In contrast, the abundance of Actinobacteria 
increased markedly, with a 14.25 fold increase under high CO2 (p <
0.05; Fig. 2 e).

The PCoA plot shows that viruses, fungi, bacteria, and eukaryotes all 
exhibit a similar response to high CO2, with the HC samples being 
generally dispersed and the LC samples being relatively clustered 
(Supplementary Figure 2). However, no statistically significant differ
ence in distribution patterns was detected between HC and LC based on 
ANOSIM analysis (Supplementary Fig. 2). LEfSe analysis (LDA >2) 
showed that only the genus Mosigvirus was enriched in the HC group, 
while all other significant taxa were associated with the LC group 
(Supplementary Figure 3).

3.2. The effects of ocean acidification on the gene functions based on 
KEGG database

Based on metagenomic data, the KEGG database enables the anno
tation of genes, assignment of their putative functions, mapping of po
tential functional pathways, and reconstruction of a community's 
functional profile, with strength in characterizing biogeochemical cycles 
and metabolic processes. In our study, using metagenomic data and 
KEGG analysis, we detected changes in microbial functions in plasti
sphere in response to OA. After aligning the genes of all samples to the 
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KEGG database, a total of 14,106 KEGG Orthology (KO) types were 
obtained. The distribution of genes in KEGG Pathway level 2 is shown in 
Fig. 3 a. Most KOs showed no significant differences between HC and LC 

groups, except for Glycan biosynthesis and metabolism, which was 
reduced in LC compared to HC (Supplementary Figure 4). PCoA at the 
KEGG Orthology level revealed less heterogeneous sample distribution 

Fig. 1. The community composition of different samples at the phylum level from four different kingdoms (bacteria a, eukaryotes b, Fungus c, Virus d).

Fig. 2. The Venn diagram of unique species and shared species under HC and LC of the different kingdoms ((bacteria a, eukaryotes b, Fungus c, Virus d). Phyla with 
significant differences in relative abundance between HC and LC in the plastisphere (e).
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under LC than HC, though not statistically significant (Fig. 3 b). The 
Venn diagram showed that the number of shared KOs between the two 
treatment groups was 10,658, accounting for 75.6% of the total KOs, 
and the HC treatment group had many more unique KOs than the LC 
treatment group (Fig. 3 c).

We further analyzed the genes associated with photosynthesis, 
focusing on four categories: photosystems, photosynthetic pigments, 
carbonic anhydrase, and bicarbonate transporters. We identified 10 KOs 
related to light in photosynthesis and 9 KOs related to photosynthetic 
pigments, with 3 KOs overlapping between the two categories (Fig. 4 a). 
In general, the KOs related to light system in photosynthesis and 
photosynthetic pigments were reduced under HC compared to LC 
(Wilcoxon rank-sum test, p < 0.05). The relative contribution of each 
taxon to each KEGG ontology is illustrated in Fig. 4 b. At KEGG Pathway 
level 3, we identified a decrease in the relative abundance of genes 
related to carotenoid biosynthesis at the plastic interface. To further 
investigate the impact of high CO2 on photosynthesis related genes, we 
analyzed genes associated with photosynthesis at the KEGG Module 
level. We identified five pathways related to photosynthesis with sig
nificant differences in gene relative abundance. These pathways include 
photorespiration, photosystem II, photosystem I, beta-Carotene 
biosynthesis, and Cytochrome b6f complex, all of which play crucial 
roles in microbial photosynthesis (Supplementary Table 2). The relative 
abundance of genes in these pathways exhibited a consistent trend, with 
lower gene relative abundance under high CO2 conditions (Wilcoxon 
rank-sum test, p < 0.05) (Supplementary Table 2).

Furthermore, the HC group exhibited a significantly higher relative 
abundance of functional genes related to Glycerophospholipid meta
bolism, Vancomycin resistance, and Zeatin biosynthesis compared to the 
LC group (Supplementary Figure 5). On the other hand, functional genes 
related to Tuberculosis, Carotenoid biosynthesis, and GABAergic syn
apse showed significantly lower abundance in the HC group 

(Supplementary Fig. 5). The top fifteen KEGG Modules with the largest 
differences in gene relative abundance are shown in Supplementary 
Figure 6. Noteworthy, genes involved in nitrate the assimilation was 
lower in the HC treatment group than in the control group at the KEGG 
Module level (Supplementary Fig. 6). Further exploration revealed that 
this phenomenon may be attributed to a decrease in the relative abun
dance of a gene encoding NADH-dependent nitrate reductase 
(EC1.7.1.1).

3.3. The effects of ocean acidification on gene functions based on GO 
database

GO annotations were utilized to categorize the functional genes. At 
GO Term level 1, biological process accounted for 63.8%, cellular 
component accounted for 19.7%, and molecular function accounted for 
16.5%. At Term level 2, there were 23 functional gene categories, and 
the relative abundance of each category is displayed in Fig. 5 a.

Based on LEfSe analysis at GO Term level 3, specific functional cat
egories were associated with either the HC or LC treatment (LDA >2). 
The GO terms involved in RNA catalytic activity and cell wall organi
zation or biogenesis were associated with the HC treatment, while the 
photosynthetic membrane was associated with the LC treatment 
(Supplementary Figure 7).

At GO Term level 4, the HC group had 176 unique terms, the LC 
group had 42 unique terms, and both groups shared 92 terms 
(Supplementary Figure 8). PCoA showed greater divergence in HC 
versus LC samples, though not significant (Fig. 5 b). Significantly higher 
β-diversity at the level 4 hierarchy of GO Terms under HC compared to 
LC was detected (Fig. 5 c). In the HC group, there were significant dif
ferences (Wilcoxon rank-sum test, p < 0.05) in the relative abundance of 
GO terms related to intrinsic components of the plasma membrane, 
transferase activity (transferring glycosyl groups), external 

Fig. 3. Relative abundance of KEGG pathways in each sample (a). PCoA analysis of KO between HC and LC (ANOSIM, p = 0.21, R = 0.063) (b). The Venn diagram of 
unique KO and shared KO under HC and LC (c).
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encapsulating structure organization, cell wall organization, cellular 
aldehyde metabolic process, ribonuclease activity, catalytic activity 
(acting on rRNA), thylakoid part, thylakoid membrane, plastid part, and 
photosynthesis (Fig. 5 d). GO Terms associated with photosynthesis 
showed a decrease in gene abundance under HC (Supplementary Table 
3).

4. Discussion

In this study, we employed metagenomic sequencing within a mes
ocosm experimental framework to investigate OA-induced modifica
tions in both community structure and functional gene repertoire of the 
plastisphere on drinking water bottles made of PET. This controlled 
approach enabled mechanistic analysis of how sustained OA may 
fundamentally reshape plastisphere ecology. Our study revealed that HC 
conditions drastically reduced eukaryotic reads within the plastisphere 
by 75.3%, with a particularly severe decline of roughly 95.6% in diatom 
abundance (Fig. 1, Supplementary Table 4). Moreover, the genes related 
to photosynthetic processes including light capture, light-dependent 
reactions, and pigment biosynthesis were decreased in relative abun
dance under HC (Fig. 3).

Planktonic diatom responses to OA have been found to vary with 
species and environmental conditions (Bach and Taucher, 2019; Gao 
and Campbell, 2014; Li et al., 2017; Shi et al., 2019). However, the 
response of benthic diatoms to OA, which are controlled by their 
microenvironment, protected by biofilms, and endowed with distinct 
life-history adaptations, remains understudied. Previous studies have 
shown that diatoms are the first colonizers of plastic biofilms, particu
larly those exposed to sunlight, and contribute significantly to the 

abundance and biomass of the biofilm (Amaral-Zettler et al., 2020; 
Delacuvellerie et al., 2022; Zhao et al., 2021). As major producers of 
glycoprotein ‘slime’ (Rosic, 2021), diatoms have the potential to affect 
the physical structure and resilience of the biofilm (Wright et al., 2020), 
and to potentially affect the biofilm's attractiveness and palatability to 
marine animals which may swallow the plastics (Savoca et al., 2016). 
Therefore, this dramatic reduction in diatoms within the plastisphere 
under high CO2 (HC) could have profound implications for plastisphere 
dynamics and marine food chains involving plastisphere. Our study 
suggests that OA may potentially influence the dynamics of community 
structure of the plastisphere. Typically, plastisphere succession begins 
with diatom dominance, followed by a gradual decline in their relative 
abundance over time (Amaral-Zettler et al., 2020). However, we 
observed significantly lower relative abundance of diatoms within the 
plastisphere after 32 days under OA, indicating that OA may accelerate 
the transition from a diatom dominated community to one dominated by 
other taxa, thus leading to a more rapid decrease in the relative abun
dance of diatoms within the plastisphere. This shift is likely driven by a 
combination of reduced recruitment and intensified microbial compe
tition. First, the lower abundance of planktonic diatoms in the sur
rounding mesocosm seawater under OA at the late stage may have 
limited the “seed pool” available for plastisphere colonization (Rao 
et al., 2025). Second, we observed a significant increase in Actino
bacteria—a group renowned for degrading complex organic com
pounds, such as polysaccharides and refractory carbon (Sutaria et al., 
2021). We hypothesize that OA potentially altered the bioavailability of 
carbon leached from the plastic substrates (Huang and Xia, 2024), 
creating a metabolic niche that favored these heterotrophic de
composers over autotrophic diatoms. Together, these factors suggest 

Fig. 4. Heatmap showing photosynthetic pathways with significant differences (Wilcoxon rank-sum test, p < 0.05) in relative abundance between HC and LC, 
numbers in the legend represent relative abundance (a). The relative contribution of different taxa to each KEGG ontology as shown in Fig. 5a. The values on the y- 
axis represent the relative contribution, indicating the proportion of functional gene abundance within each KEGG category that is attributed to a given taxon (b).
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that OA accelerated the successional transition of the plastisphere from a 
diatom-dominated community to a heterotroph-dominated one, ulti
mately leading to the observed loss of diatom dominance. However, 
further in-depth research is needed to elucidate the underlying mecha
nisms driving the observed shift.

In contrast to our findings, previous studies have demonstrated that 
elevated CO2 levels increased the abundance of diatoms. Kerfahi et al. 
(2023) found an increase in the relative abundance of diatoms 

colonizing plastic debris at higher CO2 concentrations at a natural CO2 
seep in coastal waters off Japan. Other studies on biofilms or benthic 
mats on natural or artificial substrata also showed an increase in diatom 
relative abundance under OA. In a coastal CO2 gradient around a 
shallow water cold vent system off the island of Vulcano (NE Sicily, 
Italy), high CO2 levels with pH values of 8.05 and 7.49 increased the 
abundance of diatoms in biofilms on perspex slides (Johnson et al., 
2013). A study conducted along natural seawater CO2 gradients in the 

Fig. 5. Relative abundance of GO terms in each sample (a). PCoA analysis of GO terms between HC and LC in level 4 (ANOSIM, p = 0.857, R = 0.113) (b). Difference 
in beta diversity between HC and LC under GO term level 4 (c). The fifteen terms with the largest relative abundance differences between HC and LC under GO term 
level 4 (d).
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north Pacific Ocean basin demonstrated that growth of the large diatom 
Biddulphia biddulphiana - which attaches to benthic substrata and forms 
mats - was markedly enhanced by higher pCO2 levels (Harvey et al., 
2019). These discrepancies may stem from variations in environmental 
conditions, such as light intensity, nutrient availability, and tempera
ture, as well as top-down control (e.g., microzooplankton herbivory). 
For instance, studies have shown that nutrient levels and grazing pres
sure jointly modulate benthic diatom responses to short-term ocean 
acidification and warming (Baure et al., 2024; Johnson et al., 2013). 
Therefore, regional differences in plastisphere responses to ocean acid
ification are a critical factor, making it imperative to expand research 
into different ocean areas and habitats.

Our finding of decreased diatom abundance under high CO2 condi
tions provides a more nuanced perspective compared to our previous 
study (Zhang et al. (2023). While our earlier work detected no signifi
cant OA-induced changes in diatom relative abundance and other major 
eukaryotic groups using 18S rDNA amplicon sequencing 
(Supplementary Figure 9). This discrepancy likely stems from the 
inherent methodological differences between amplicon sequencing and 
metagenomics: the universal 18S V9 primers may reduce efficiency for 
benthic eukaryotes within the plastisphere due to sequence variation 
and database limitations, while metagenomics avoids these PCR biases 
and better captures rare taxa and total diversity (Liu et al., 2021; Rausch 
et al., 2019). Thus, metagenomics might offer a different, and poten
tially more ecologically relevant, perspective on OA-induced commu
nity changes by reflecting shifts in genomic potential and avoiding 
amplification biases.

In addition to changes in taxonomic community composition, met
agenomic sequencing can offer more information in terms of functional 
genes. Our results based on the KEGG annotation showed decreases in 
genes related photosynthetic processes under HC, including light cap
ture, light-dependent reactions, and pigment biosynthesis, indicating a 
potential decline in the photosynthetic light reactions within the plas
tisphere under OA conditions. Furthermore, our results showed that 
plasma membrane and cell wall related genes were reduced under OA 
based on GO database, which were also potentially associated with 
photosynthesis. The reduced abundance of gene related to photosyn
thesis may suggest a potential downregulation of this pathway and could 
be interpreted as a indicating weakening of the photosynthetic capa
bility in the plastisphere community under high CO2 conditions (Fig. 4
a). Under OA, the community appears to be moving away from a pho
totrophic foundation towards a more exclusively heterotrophic state, 
probably driven by the degradation of the plastic polymer and con
sumption of dissolved organic carbon. Consequently, OA may funda
mentally steer the plastisphere more towards a ‘degradation 
consortium’. While a decrease in photosynthesis gene abundance does 
not necessarily equate to reduced activity, this genomic down- 
regulation nonetheless points to a potential contraction in the ener
getic investment toward autotrophy. Concurrently, we also found that 
decreased relative abundance of genes for enzymes related to nitrate 
assimilation decreased, which may be directly linked to reduced 
photosynthetic activity, as lower photosynthetic output diminishes the 
demand for nitrogen-containing compounds (e.g., chlorophyll, photo
synthetic enzymes, and proteins) (Supplementary Figure 6). Taken 
together, these findings support the notion that OA exerts a selective 
pressure shifting the PET plastisphere toward a more heterotrophic 
state. However, whether the reduction of photosynthesis genes under 
OA observed here is a universal phenomenon across other commonly 
used plastics remains an area for future investigation.

In contrast to reported CO2 concentration mechanisms (CCMs) 
downregulation in planktonic diatoms under OA (Gao and Campbell, 
2014; Shi et al., 2019), our study found no significant changes in CCMs 
gene abundance (Fig. 2). This result indicates that the process of inor
ganic carbon assimilation in plastisphere photosynthetic organisms may 
be unaffected by OA. The majority of benthic diatoms within biofilms 
rely on photosynthesis, but some diatoms, such as Cylindrotheca 

closterium within biofilms have the capacity for mixotrophy, which al
lows them to absorb organic matter from their surroundings (Kumar 
et al., 2024; Paterson and Hope, 2021). We speculate that OA influences 
the capacity of diatoms within biofilms to assimilate organic matter, 
potentially resulting in diminished abundance of photosynthetic genes 
associated with light reactions and a reduction in diatom abundance 
under OA. This hypothesis requires further empirical examination in the 
future.

Our study suggests that OA may reduce photosynthesis in the plas
tisphere, which could decrease particulate organic carbon, therefore 
influencing the carbon cycle involving plastics. Additionally, OA trig
gers community shifts within the plastisphere, which might affect the 
buoyancy of plastic particles, potentially influencing their oceanic 
transport and the dispersal of associated organisms (Wright et al., 2020; 
Du et al., 2022). While these modifications could impact nutrient fluxes 
and food web interactions on a broader scale, their ecological signifi
cance remains to be fully quantified. Our findings stem from observa
tions in the subtropical eutrophic coastal waters of the East China Sea. 
For better understanding of the interactions between global change and 
plastic pollution, research is needed in different marine regions, types 
and sizes of plastics, seawater temperatures, and different concentra
tions of CO2.

Our findings should be interpreted within the specific environmental 
and temporal framework of this study. First, while OA is a gradual, long- 
term process, our 32-day experiment utilized an acute pH shift. 
Although this timeframe cannot fully replicate centennial processes, it 
offers a high-pressure scenario to reveal the immediate physiological 
sensitivity of the plastisphere and initial successional responses to pH 
stress. Second, samples were taken solely at the final time point due to 
logistical constraints, precluding a dynamic view of community suc
cession. Third, plastic debris can remain afloat for years or even decades, 
accumulating distinct and diverse plastisphere communities across 
different regions. The long-term successional dynamics and the cumu
lative effects of chronic OA exposure may therefore differ from these 
early-phase observations. Fourth, the removal of macrozooplankton 
(180 μm) inherently reduced top-down grazing pressure in our study, 
which may have caused the community responses to deviate from those 
in natural systems.
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