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ABSTRACT: Microplastics (MPs) serve as carriers for microbial EPS secretion
community colonization, forming unique ecosystems known as e e SN P CETEERs oS0 =N

plastispheres in urban aquatic ecosystems. However, interactions | €5 | !

among microbes, extracellular polymeric substances (EPS), and : l : :

MPs remain poorly understood. This study investigates microbial | \ R II | Associated !

consortia and their EPS secretion behaviors across various ' e :M:

plastispheres at two representative coastal urban water sites. : : !

Permutational multivariate analysis of variance revealed that MP | i !
\

community

!

Diversity Structure Assembly ,

oo e e e S e

type significantly influenced microbial community structures in 3 ol i 0
reservoir environments (R* = 0.60, p < 0.001), highlighting the S b Seemememo- - 5
pronounced impact of MP types in high-quality urban waters. X TN — NS [

Specific microbial phyla and genera were identified as key
contributors to EPS compositional variations across different
plastispheres. Hierarchical partitioning results identified Acid-
obacteria, Nitrospirae, and Planctomycetes as influential phyla positively affecting EPS composition. Spearman correlation analysis
pinpointed Robiginitialea (positive correlation) and Fimbriiglobus (negative correlation) as critical genera influencing EPS dynamics.
Moreover, EPS-related gene abundance corresponded closely with observed EPS compositional differences. Dominant genes
associated with protein biosynthesis included xapD in reservoirs and glnA in bays, while gImS and eno were predominant for
polysaccharide biosynthesis in bays. This research advances our understanding of microbial-EPS-MP interactions in urban water
systems, offering critical insights into ecological remediation and risk assessment of MP pollution.

Microplastic surface

KEYWORDS: microplastics (MPs), microbial community, temporal succession, extracellular polymeric substances (EPS),
metagenomic sequencing

B INTRODUCTION research has explored the dynamic succession, assembly
processes, and functional characteristics of microbial commun-

With the development of society and the increase of industrial £ _
ities on MPs. For instance, Wang et al. demonstrated that the

production, microplastics (MPs), defined as plastic particles

smaller than 5 mm, have emerged as a widespread pollutant." bacterial community structure on MPs was influenced by both
MPs are extensively dispersed across diverse aquatic temporal and spatial variations, with significant differences
ecosystems, including urban rivers, lakes, reservoirs, and observed in bacterial composition across different types of
bays.” Many studies have reported high abundances of MPs.” Zhang et al. investigated the effects of exposure time,
polyurethane (PE) and polypropylene (PP) in these environ- locations, and MP types, concluding that the exposure time

ments, followed by polystyrene (PS) and polyvinyl chloride played a crucial role in shaping bacterial community

(PVC).™ Tire material (TM) partlcles have also been composition. Their findings revealed that Chaol index of
identified as a notable contributor.” The high prevalence of

prokaryotic communities increased with prolonged exposure,
MPs has led to significant environmental issues in aquatic

and the community assembly was primarily driven by the

environments.
The colonization of microorganisms on MPs warrants -
greater attention due to the environmental challenges posed Received:  March 21, 2025 LU
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by these pollutants. MPs possess a large specific surface area,
high porosity, and a strong ability to adsorb water pollutants.”
These properties make MPs effective carriers for micro-
organisms, providing a stable habitat that forms a unique
ecological niche referred to as the “plastisphere”.® Recent
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homogenization in freshwater lakes.'® However, current
studies focused on different locations within the same urban
aquatic ecosystem, lacking horizontal comparisons across
distinct urban aquatic ecosystems. Moreover, these studies
predominantly examined abiotic factors affecting microbial
community structure, while neglecting the influence of biotic
factors, such as native microorganisms. Consequently, a more
comprehensive understanding of the processes governing
microbial communities” formation on MPs in urban aquatic
ecosystems is essential.

Extracellular polymeric substances (EPS) play an important
role in the microbial colonization process on MPs. EPS
primarily consist of biomolecules, such as proteins, poly-
saccharides, humic acids, and lipids, which provides a stable
framework that enhances the attachment of microorganisms to
the surface of MPs."' Recently, increasing attention has been
directed toward understanding EPS secretion on MPs in urban
aquatic ecosystems. Gong et al. demonstrated that S gm MPs
enhanced the secretion of protein-rich EPS,"? while Huang and
co-workers found that 100—300 mg L~' PE significantly
promoted EPS production, specifically humic acids.”” Despite
these findings, limited research has explored the relationship
between EPS secretion and microbial communities within the
plastisphere. Bridging this knowledge gap is a key focus of this
study.

Based on the above information, it can be inferred that both
MP types and the characteristics of urban aquatic ecosystems
play a significant role in influencing the dynamic succession of
microbial communities and their EPS secretion capacity. To
test this hypothesis, five common MPs (i.e, TM, PS, PE, PP,
and PVC) were exposed in situ to two distinct water
environments (freshwater and brackish water) for 90 days.
The study aimed to elucidate the bacterial succession patterns
at the temporal scale and assembly patterns of the microbial
communities on MPs across different urban aquatic
ecosystems. This study delved into the EPS secretion dynamics
during bacterial colonization on MPs, establishing critical links
between “EPS-microbial communities” and “EPS-biological
functions”.

B MATERIALS AND METHODS

Research Site, Sampling, and Environmental Param-
eter Measurement. Field experiments were conducted in
Zhuhai, China, to investigate microbial—microplastic inter-
actions in aquatic environments. Two representative sites were
selected: a freshwater reservoir and a brackish bay. To
characterize environmental conditions, key water quality
parameters (pH, conductivity, dissolved oxygen, temperature,
and salinity) were measured using a portable analyzer
(HQ4300, HACH, USA). Nutrient levels (ammonia, nitrite,
nitrate, and phosphate), which influence microbial activity,
were determined following standard protocols."* Compared
with the bay, the reservoir had higher pH and dissolved
oxygen, lower salinity, and reduced nutrient concentrations.
Detailed water quality data are presented in Text S6 and Figure
SI.

Microplastic Incubation Experiment Setup. Micro-
plastic (MP) types used included ground tire rubber (TM),
polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), and biodegradable plastic (GB), all
~1 mm in diameter. TM was prepared from tires; other MPs
were sourced from Hongxing Polymer Materials Co., Ltd.
(Dongguan, China). For each MP type, 3 g was placed in 40-

mesh nylon bags and secured in mesh cages deployed at both
sites (Figure S1). Samples were retrieved on Days 0, 15, 30, 60,
and 90, then stored at —20 °C for EPS and DNA analysis.
Triplicate sample sets were collected at each site.

EPS Extraction and Composition Analysis. EPS was
extracted using a modified heat—Na,CO; method." Briefly, 1
g of freeze-dried sample was mixed with 30 mL of extraction
buffer (0.5% Na,COj3, 0.6% NaCl) in centrifuge tubes, heated
at 80 °C for 30 min, and centrifuged at 10,000 g for 15 min.
Supernatants were collected, filtered through 0.45 ym PES
filters (JINTENG, China), and stored at —20 °C. Protein
content was quantified using the Bicinchoninic Acid Kit
(Sigma-Aldrich, USA), polysaccharides via the phenol-sulfuric
acid method,'® and humic substances with a modified Folin—
Lowry assay.17

DNA Extraction, 16S rDNA Amplicon, and Metage-
nomic Shotgun Sequencing. DNA was extracted using the
FastDNA SPIN Kit for Soil (Qbiogene-MP Biomedicals,
USA), with 0.3 g of each sample processed in duplicate.
Sequencing was conducted by Novogene (Tianjin, China). For
16S rDNA amplicon sequencing, the V4—V5 region was
amplified using primers S1SF (5'-GTGY-
CAGCMGCCGCGGTA-3') and 907R (5'-CCGYCAAT-
TYMTTTRAGTTT-3’). PCR products were purified (QIA-
quick Kit, Qiagen, USA), and analyzed using LOTUs2. High-
quality reads (>100 bp, quality score > 25, homopolymers < 6
bp) were retained.

For metagenomics, ~30 yL of DNA was used to construct
libraries with 350 bp inserts. Sequencing was performed on the
Illumina HiSeq 6000 platform (2 X 150 bp), generating ~15
GB of raw data per sample. Clean reads were obtained using
KneadData v0.6.1 (Trimmomatic: “SLIDINGWINDOW:4:20
MINLEN:S50”; Bowtie2: “very-sensitive”). Contigs > 500 bp
were assembled with MEGAHIT v1.2.9.'° ORFs were
predicted using Prodigal v2.6.3 (-p meta)."” Taxonomic
classification and abundance estimation were performed with
Kraken2 v2.0.7 and Bracken v2.0.””*" Functional profiling used
METABOLIC v4.0, aligning ORFs to the KEGG database.””
Contig abundance was normalized to RPKM using CoverM
(github.com/wwood/CoverM). Sequencing data are available
under NCBI BioProject IDs PRJNA1141234 and
PRJNA1215273.

Microbial a-diversity was assessed using Kruskal—Wallis
ANOVA in SPSS 27, with Shannon and Chaol indices
calculated using the vegan package in R 4.4.0.>> f-diversity was
analyzed via NMDS using Bray—Curtis distances, and
PERMANOVA (ADONIS) tested community differences.
Community assembly processes (e.g., selection, dispersal,
drift) were evaluated using the iCAMP package.”* Visual-
izations were produced with Origin 2024.

Statistical Analysis. Variation partitioning analysis (VPA)
using vegan identified the influence of environmental variables,
microbial colonization, and exposure time on microbial
abundance and EPS composition. Hierarchical partitioning
(HP) was conducted using rdacca.hp to quantify the
contribution of individual factors.”> Spearman correlation
(SPSS 27) explored links between microbial taxa and EPS
components. Plots were generated in Origin 2024 and
Cytoscape. Statistical significance was set at p < 0.0S.

Water Quality at Each Research Site. As shown in
Figure Sla—d, both sites were weakly alkaline, with the
reservoir exhibiting consistently higher pH. Dissolved oxygen
in the reservoir declined over time but remained above bay
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Figure 1. Comparative analysis of microbial community structure and diversity across aquatic environments. (a-b) biodiversity metrics: (a)
Reservoir a-diversity indices; (b) Bay a-diversity indices. (c,d) Phylum-level taxonomic stacking diagrams, (e,f) heatmaps of top 40 genera: (c,e)
Freshwater reservoir communities; (d,f) Brackish bay communities. A: mean value. A: statistical outlier. Missing reservoir data labeled with “*”:
Excluded due to insufficient microbial biomass (<10 ng uL™' DNA). PERMANOVA: **#p < 0.001.

levels. Salinity in the reservoir was stable (<0.05%o), while the
bay reached 9.31%0 by Day 90, confirming its brackish nature.
The bay also exhibited higher nutrient levels: ammonia peaked
with a 1.008 mg L™ difference compared to the reservoir;
nitrite remained below 0.1 mg L'; nitrate in the reservoir
briefly exceeded that in the bay on Day 60; phosphate in the
bay was generally 0.1—0.2 mg L™!, with minimal fluctuation in
the reservoir.

B RESULTS

Microbial Community Structures and Diversities.
Microbial diversity patterns demonstrated clear environmental
and MP stratification. The Shannon and Chaol indices (Figure

10556

la,b) revealed MP biofilms maintained elevated a-diversity
compared to planktonic communities throughout exposure.
Freshwater MP consortia exhibited MPs-dependent properties
— PS supported maximum Shannon diversity while TM hosted
peak Chaol richness, suggesting differential habitat special-
ization (Table S1). Brackish systems showed diminished a-
diversity contrast between MPs and water, though MP biofilms
retained marginally higher values, potentially indicating greater
environmental filtering in marine systems. f-diversity analysis
including nonmetric multidimensional scaling (NMDS) and
permutational multivariate analysis of variance (PERMANO-
VA) revealed different ecological drivers: reservoir commun-
ities showed strong MP clustering (R* = 0.60, p < 0.001) with
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PVC forming distinct niche (Figure S2a), while brackish
systems exhibited temporal succession dominance (R* = 0.44,
p < 0.001) with late-stage MP convergence (Figure S2b).

Figure lc,d presents the phylum-level taxonomic composi-
tion of microbial communities in two aquatic environments. In
the freshwater reservoir, Proteobacteria (27.2—57.0%) and
Verrucomicrobiota (12.7—23.0%) constituted the dominant
phyla in water column communities. MP biofilms exhibited
distinct colonization patterns, with Proteobacteria dominant
(32.2—81.9%), alongside high relative abundances of Bacter-
oidetes (1.5—25.4%), Chloroflexi (0.6—26.0%), and Plancto-
mycetes (2.3—18.7%). Temporal analysis revealed dynamic
succession patterns: PVC-associated Proteobacteria peaked at
81.9% by Day 15 before declining to 49.5% on Day 90, while
Chloroflexi demonstrated progressive enrichment on glass
beads (GB), PS, PP, and PE, exceeding 20% abundance by Day
90. Niche-specific colonization was evident as Bacteroidetes
preferentially accumulated on TM substrates (17.6—25.4%),
whereas Verrucomicrobiota and Actinobacteria exhibited
notable depletion relative to planktonic communities. Brackish
bay ecosystems maintained Proteobacteria dominance (44.7—
55.7% in water; 30.3—78.2% on MPs), though with different
secondary colonizers. Water communities featured Bacteroi-
detes (21.0—26.3%) and Actinobacteria (13.2—20.8%), while
microbial communities on MP biofilms reshaped over time. By
the terminal exposure stage, MPs-dependent specific phylum
succession emerged: Actinobacteria predominated on PVC,
while Chloroflexi dominated TM, PS, and PE surfaces. Early
colonizers including Deinococcus-Thermus (ubiquitous across
MPs) and Firmicutes (GB/PS-specific) exhibited transient
dominance, contrasting with the progressive enrichment of
Planctomycetes, Acidobacteria, and Nitrospirae throughout the
colonization period.

Genus-level analysis revealed distinct colonization patterns
between planktonic and MP-associated communities (Figure
lef). In reservoir ecosystems, water communities were
dominated by Pseudomonas (13.4—38.3%), Litorilinea, Deserti-
monas, and Caldilinea, while MP biofilms showed taxonomic
specialization with Aggregatilinea and Fimbriiglobus as core
colonizers. Temporal progression revealed Aggregatilinea’s
competitive dominance through sustained enrichment, con-
trasted by Brevundimonas’s transient colonization (TM/PS/
PE) showing rapid decline after initial establishment. MPs-
specific preferences emerged: Sphingomonas/Sphingobium
exhibited TM specialization, while Phenylobacterium demon-
strated PS/PP/PE affinity. PVC surfaces hosted unique
consortia (Dechloromonas, Aquincola, Hydrogenophaga, Sphin-
gorhabdus, Aquabacterium, Rhodobacter) that underwent
progressive succession despite initial dominance. Brackish
bay communities displayed environmental filtering, with water
communities’ dominance by Acidovorax (3.1—14.9%), Flavita-
lea, Rhodoluna, Aquirufa, and Novosphingobium. Remarkably,
only Desertimonas maintained aquatic environment prevalence,
while Novosphingobium emerged as a versatile MP colonizer.
Early successional taxa (Hymenobacter, Massilia, Deinococcus,
Novosphingobium, Sphingomonas, and Exiguobacterium) dis-
played time-dependent displacement, making way for late-
colonizing specialists (Robiginitialea, Phycicoccus, Litorilinea,
and Nitrospira) that established during prolonged exposure.

Determinants of Microbial Community Assembly on
Microplastics. Null model analysis showed that both
stochastic (dispersal limitation, homogenizing dispersal, and
drift) and deterministic (heterogeneous selection and homoge-

neous selection) processes mediated community assemblies,
but distinct ecological drivers governing MP biofilm assembly
across different environments (Figure 2ab). In freshwater
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9.6% Freshwater 3g 29, Brackish
reservoir bay

45.3% 13.4%

26.5%

Heterogeneous selection
Dispersal limitation Homogenizing dispersal Drift

Homogeneous selection

Physicochemical parameters ~ Native microorganisms
(36.5%)  (48%)

12.0% \Temporal progression

\\\\ (39.2%)

Nutrient availability N.7% < ’

(26.6%)

22.5%

0% /
\ 13% /

/

/.
8.4%

~
Residuals = 8.8%

Figure 2. Community assemblies on MPs in (a) the freshwater
reservoir and (b) the brackish bay. (c) VPA for explaining the relative
abundance of microorganisms with explanatory variables (nutrient
availability, physicochemical parameters, native microorganisms, and
temporal progression).

reservoirs, deterministic processes predominated with homo-
geneous selection accounting for 38.2% of community
assembly, reflecting strong environmental filtering. In contrast,
brackish systems exhibited stochastic dominance (£ = 58.7%)
driven by dispersal limitation (45.3%), suggesting reduced
niche specialization. Variation partitioning analysis (VPA)
demonstrated 91.2% of community variance through biotic-
abiotic factors (Figure 2c). The influence order followed:
native microorganisms (12.0% pure effect) > temporal
progression > physicochemical parameters > nutrient avail-
ability.

Changes in EPS Components on MPs. EPS components
including proteins, polysaccharides, and humic acids on MPs
were analyzed (Figure 3a,b). Significant spatial and temporal
patterns in EPS dynamics were observed. EPS concentrations
were consistently higher in the bay compared to the reservoir,
with humic acids showing the most pronounced increase.
Temporal trends revealed a consistent increase in EPS
components and protein-to-polysaccharide ratios on MPs
over time, highlighting a strong temporal regulation of
microbial activity. MP type had a notable impact on EPS
secretion in conjunction with spatiotemporal dynamics. In the
reservoir, EPS secretion peaked on TM and was lowest on PS.
Specifically, protein secretion was weak on PS and PP, while
polysaccharide secretion remained stable on TM and PE, but
more active on PP. In both environments, humic acid secretion
on MPs was generally low. In the bay, temporal EPS dynamics
were characterized by an initial increase followed by a decline
on TM and PS. Across all MPs, PS consistently exhibited the
lowest EPS secretion, while PP and PE supported the highest
concentrations. By Day 90, EPS concentrations on PP of
proteins, polysaccharides, and humic acids respectively reached
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Figure 3. Dynamics of EPS on MPs across aquatic environments: (a) Freshwater reservoir and (b) Brackish bay. (c) VPA quantifying ecological
drivers of EPS variance. (d) Phylum-level contributions to EPS secretion through hierarchical partitioning analysis.

68.8 +3.2,110.8 & 1.3,and 62.2 + 3.3 mg L™, while those on
PE reached 78.9 + 8.4, 954 + 7.2, and 50.4 + 1.0 mg L7,
respectively. Protein-to-polysaccharide ratios were higher on
TM and PVC in the reservoir, (exceeding 1.0 for PVC), with
PVC in the bay reaching a ratio of 1.5 on Day 90. Differences
among other MPs were negligible.

VPA attributed 41.3% of the variance in EPS concentrations
on MPs to biotic and abiotic factors (Figure 3c). Microbial
community structure was the dominant driver, explaining
27.3% of the variance. Furthermore, hierarchical partitioning
analysis (Figure 3d) revealed that most phyla exerted positive
effects on EPS concentration variation. Acidobacteria (0.23),
Nitrospirae (0.09), and Planctomycetes (0.05) emerged as the
major contributors, indicating their significant roles in EPS
regulation on MPs.

Genus-Specific Associations with EPS Secretion.
Spearman correlation analysis revealed distinct phylogenetic
patterns in EPS regulation across MP substrates (Figure 4a).
Thirty-three genera demonstrated significant EPS correlations
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(p < 0.05), categorized as (1) Unidirectional enhancers (only
positive correlations); (2) EPS suppressors (only negative
correlations); (3) MP-dependent regulators (positive/negative
correlations). Network analysis (Figure 4b) identified
Robiginitialea as the primary EPS promoter (degree = 9)
contrasting with Fimbriiglobus’s inhibitory role (degree = 8).
Substrate specialization emerged strongly: polysaccharide-
associated taxa preferentially colonized TM (degree = 15);
humic acid dynamics showed broader phylogenetic linkages
(PVC/PE/PS/TM: > 10 genera); Protein correlations
exhibited limited taxonomic breadth (<10 genera on each
MP). It is noteworthy that correlations between some genera
(e.g., Oscillochloris, Sphingorhabdus, and Aquincola) and EPS
components differed on different MPs.

Changes in Functional Genes on MPs. In Figure S,
relative abundances of biosynthesis-related genes on MPs in
the bay are generally higher than those in the reservoir,
whereas the pattern is reversed for quorum sensing-related
genes. For protein biosynthesis, the dominant genes in the

https://doi.org/10.1021/acs.est.5c03796
Environ. Sci. Technol. 2025, 59, 10554—10566


https://pubs.acs.org/doi/10.1021/acs.est.5c03796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03796?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c03796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

a

o
Clostridium sensu stricto -
Hyphomicrobium -
* Robiginitalea
Legionella
Terrimicrobium -
Oscillochloris =
Aquirufa -
Brevundimonas -l
Rhodoluna -
Curvibacter -
Phenylobacterium -0
Methylocystis -
aldilinea -
Nocardioides -
Flavilitoribacter -
Pedomicrobium -
Rhodobacter -
Sphingorhabdus -l | |
Hydrogenophaga - | ]
Aquincola -l [
Phycicoccus = [ ]
Desertimonas -0 [ |
Flavitalea- [
Acinetobacter -
Dechloromonas -
Exiguobacterium -
Acidovorax -[]
* Fimbriiglobus -|
Sphingobium -
Litorilinea -l
Aggregatilinea -
Aquabacterium -
Nitrospira -l
Hymenobacter -2 I
Massilia -1l
Altererythrobacter - ||
Sphingomonas -
Deinococcus =[]
Pseudomonas -
Novosphingobium -|

b

[ Positive

Aquinco
Flavilitoribacter o

GB_Polysacchari

Sphingobiur (Wi
PVC_Polysaccharide
stricto \_— ol
A Al
M_ Protéi
Al /
-~ \‘ GB_Protein

e
Hypho.obium \
Altere bakter
Sphil

v

Clostridiul

Hym: cter

onas

einoc

Positive & Negative B Negative

1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80
-1.00

/

' Oscillochloris
-,

PS_Protein s
& Y=<
s \szlz/‘sécg &
arige

ANy

VYK
\:\( ’. PS_Humic acid\ -
X N/ M\ ¥ h

,Q.\\Q A

¥
5 N
RVC_Humic acid’ .-
A}

\ e
Ny

\ INZ NS\
\\\‘\\
\ ¢

' M_Polysaccharid
\

Q)
S

Figure 4. Genus-level associations between EPS components and microbial taxa. (a) Heatmap of Spearman correlations (p). Significant
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reservoir and the bay were xapD (73.2—138.1 RPKM) and
ginA (199.9—227.1 RPKM), respectively. For polysaccharide
biosynthesis, no genes showed clear dominance in the
reservoir, whereas the relative abundances of gim$S (103.4—
118.7 RPKM) and eno (67.8—100.2 RPKM) increased

significantly in the bay. For quorum sensing, the liv operon
genes played a crucial role in the reservoir, particularly for livH
(103.4—163.4 RPKM). Moreover, the genes related to protein
biosynthesis and quorum sensing exhibited differential relative
abundances in response to different MPs. For protein
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Figure S. Relative abundances of functional genes related to protein
biosynthesis, polysaccharide biosynthesis, and quorum sensing,
respectively. Samples were collected on Day 60.

biosynthesis, the relative abundance of glnA (129.1 RPKM) on
PVC was the highest, whereas the total relative abundance of
all key genes was the lowest on TM in the reservoir. In the bay,
the genes on PE exhibited higher abundances, particularly for
metH (135.0 RPKM). For quorum sensing, the relative
abundance of livH (163.4 RPKM) on PS was the highest,
whereas the total relative abundance of all key genes was the
lowest on PVC. Notably, the relative abundance of ddpD was
significantly upregulated on PP in the bay.

B DISCUSSION

Microbial Colonization Dynamics on Microplastics
across Aquatic Ecosystems. MPs serve as selective
substrates for microbial colonization, exhibiting distinct
environmental patterning.”® MP-associated microbial com-
munities showed elevated a-diversity (Shannon/Chaol
indices) compared to planktonic counterparts (Figure 1a,b),
consistent with global plastisphere patterns.”” Microbial
communities on MPs also exhibited significant segregation
from those in the surrounding water (Figure S2a,b), further
reinforcing the plastisphere’s role in shaping unique
community structures. These findings highlight the importance
of deciphering the ecological processes governing the selection
and colonization of microorganisms on MPs in diverse urban
aquatic ecosystems. In the reservoir, MP types significantly
affected microbial community structure, particularly on PVC
(Figure S2a). In contrast, microbial communities in the bay
exhibited less differentiation across MP types, suggesting fewer
substrate-specific effects (Figure S2b). These findings suggest
that MP type plays a more pronounced role in shaping
microbial colonization within higher-quality, less complex

urban aquatic ecosystems (e.g, reservoirs), while the effects
are mitigated in systems with higher environmental complexity
(e.g., bays). Therefore, it is necessary to decipher the screening
processes of various MPs on microorganisms in diverse urban
aquatic ecosystems.

As to microbial communities, Proteobacteria, a well-known
MP colonizer, consistently dominated the microbial commun-
ities on all MP types across both locations (Figure 1c,d), in line
with findings from other plastisphere studies.”® Also, MPs
facilitated the selective enrichment of indigenous micro-
organisms with typically low relative abundance in the
surrounding water including Chloroflexi, Acidobacteria, and
Nitrospirae,””*" particularly in the bay. This phenomenon was
more pronounced at the genus level, where community
composition varied significantly between sites, except for
Novosphingobium, which was consistently abundant in the bay.
Besides, preferences for distinct MP types, indicated a strong
association between microbial colonization behavior and MP
materials. For example, at the phylum level, Actinobacteria,
characterized by high relative abundance, were preferentially
associated with PVC at both locations. As known of PE
degraders via synthetic hydrolases,”" Actinobacteria may
similarly degrade PVC through comparable enzymatic path-
ways, suggesting substrate versatility. At the genus level,
Pseudomonas, a classical plastic-degrading bacterium,”” was not
enriched on MPs, while Acinetobacter exhibited only short-term
colonization on MPs in the bay. Temporal variations in
microbial colonization further complicated the identification of
dominant phyla and genera, highlighting the dynamic and MP-
dependent nature of community assembly on MPs.

Thereafter, we investigated the ecological processes driving
microbial colonization on MPs through community assembly,
revealing significant variation in community assembly mech-
anisms across different aquatic environments. Both stochastic
and deterministic processes were found to mediate microbial
community on MPs at both sites (Figure 2a,b), consistent with
observations of reservoir sediments.”> However, previous
studies have pointed out contrasting roles of these processes
depending on the aquatic system: stochastic processes were
dominated in bays,”* while deterministic processes played a
central role in lakes.'® In the reservoir, homogeneous selection
(38.2%) was the most prominent process shaping microbial
community on MPs, leading to stabilized taxonomic
compositions. This finding aligns with Zhang et al. (2024),
who observed that homogeneous selection as the primary
process influencing MP-associated communities in freshwater
lakes.'” The prevalence of homogeneous selection in the
reservoir reflects consistent environmental conditions and
limited variation. In contrast, the bay exhibited more variable
environmental pressures, leading to an increased role of
heterogeneous selection (27.9%) and a reduced influence of
homogeneous selection (13.4%). Dispersal limitation (45.3%)
dominated community assemblies on MPs in the bay,
highlighting the dominance of stochastic forces in shaping
microbial communities. Environmental disturbances in the bay,
such as fluctuating water flow, amplified dispersal limitation,
and other stochastic processes, as also noted by Zhang et al.*
These findings underscore the significant influence of environ-
mental factors on the ecological processes governing microbial
colonization on MPs. Stable environments, such as reservoirs,
promote deterministic processes like homogeneous selection,
whereas dynamic environments, such as bays, favor stochastic
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mechanisms, primarily dispersal limitation and heterogeneous
selection.

Based on the results of environmental factors affecting
microbial colonization on MPs, native microorganisms in the
surrounding aquatic environment seemed to be the primary
drivers of changes in MP-associated communities (Figure 2c).
This can be attributed to the considerable divergence between
native microbial community structures and those in the
plastisphere. Environmental factors, such as salinity, dissolved
oxygen, and pH, also played critical roles in shaping microbial
communities.** The physicochemical parameters of the water
explained 36.5% of the variation in microbial composition.
Among these, salinity showed the greatest fluctuations during
the experiment and was likely the most influential factor.
Nutrients, essential for microbial metabolism, further influ-
enced microbial colonization and biofilm development. Wang
et al. found that nutrients contributed 63% of the variations in
microbial abundance on tire MPs.”” In this study, the bay,
situated downstream, exhibited higher nutrient levels, leading
to more abundant biofilms on MPs (Figure S1).

Bacterial Succession Patterns at Temporal Scale.
Exposure time played a critical role in shaping microbial
community dynamics in the plastisphere, significantly influenc-
ing microbial succession.” VPA results in Figure 2c indicate
that exposure time accounted for nearly 40% of the variation in
microbial succession. This highlights the necessity of further
temporal-scale analyses to fully understand microbial diversity
and richness over time. Rapid maturation of biofilms was
observed at both sites, accompanied by an increase in diversity
and richness, particularly in the bay. This temporal-scale
difference was further confirmed by PERMANOVA analysis
(R* = 0.44, p < 0.001), while NMDS analysis showed that the
temporal succession of microbial communities on various MPs
varied significantly. However, the effect of MP types was
weakened in the complex urban system.

Microbial communities on MPs exhibited distinct temporal
succession, characterized by shifts between early and late
colonizers throughout the colonization process.”> Alphapro-
teobacteria, recognized as primary colonizers in aquatic
environments, played a key role during the initial exposure
phase.”® At both sites, genera such as Sphingorhabdus,
Novosphingobium, and Sphingomonas were among early
colonizers, exhibiting rapid growth on specific MPs (Sphingo-
rhabdus on PS and PVC in the reservoir, Novosphingobium and
Sphingomonas on all MPs). Additionally, Aquabacterium and
Hydrogenophaga were identified as the early colonizers on PVC
in the reservoir; while in the bay, Hymenobacter, Massilia,
Deinococcus, and Exiguobacterium rapidly colonized the surfaces
of all MPs. Notably, Acinetobacter, Sphingobium and Aqua-
bacterium exhibited similar growth patterns on TM. Although
these genera are less frequently reported as primary colonizers,
it is hypothesized that their strong adaptability to MPs,
coupled with responsiveness to environmental changes,
enhances their capacity for early colonizing MPs. However,
the relative abundances of these early colonizers declined
significantly over time, indicating that while MPs selectively
enrich certain bacterial populations in the short term, these
communities are not stable. Early colonizers were eventually
replaced by late colonizers, reflecting the dynamic nature of
microbial communities on MPs. In the reservoir, the relative
abundances of Fimbriiglobus and Aggregatilinea increased over
time due to their polysaccharide hydrolysis potential’” and
strong biodegradation capacity,”® may benefit from utilizing

EPS secreted by early colonizers. In contrast, the bay exhibited
greater diversity among late colonizers, including Phycicoccus,
Litoritinea, and Nitrospira. Among these, Nitroipira, a nitrifying
bacterium with the MP degradation potential,”” demonstrated
stable colonization over time, likely due to the nitrogen-rich
conditions in the bay. Yet, the colonization mechanisms of
Phycicoccus and Litoritinea remain unclear. Overall, PVC in the
reservoir and TM in the bay exhibited the most pronounced
microbial succession at the genus level. Successional processes
also varied across MP types, particularly among early
colonizers in the reservoir. Furthermore, surface denaturation
of MPs and interactions between microorganisms significantly
influence microbial community succession, presenting a
challenge for analyzing microbial community structures over
time.

Insights into EPS Secretion Behavior of Microorgan-
isms on MPs. MPs serve a conducive environment for
microbial colonization, stimulating the secretion of EPS and
the biofilm formation.” VPA showed that nutrients (24.0%)
and physicochemical parameters (19.4%) played a regulatory
role in bacterial EPS secretion (Figure 3c), leading to a
significantly higher EPS concentration on MPs in the bay
compared to the reservoir during the same exposure period
(Figure 3a,b). The nutrient-rich environment in the bay
enhanced microbial respiration and reproduction, thereby
promoting EPS secretion. Moreover, the bay’s proximity to the
ocean led to high salinity, which induced environmental stress
and further boosted EPS production as a microbial stress
response.’ " Dissolved organic matter was another key factor
influencing EPS secretion, as it is ubiquitously present in urban
aquatic ecosystems and provides available substrates (e.g.,
sugars, amino acids, and organic acids) that promote microbial
growth. Previous studies have shown that DOM enhances EPS
production. For example, Liu et al. used dissolved organic
matter to cultivate algal-bacterial granular sludge, observing
increased ti§htly bound EPS and more active amino acid
metabolism.™ Similarly, Yang et al. found that dissolved
organic matter promoted colony formation by Microcystis-
associated communities and enhanced EPS secretion.*”
Although this study focuses on microbial-EPS-MP interactions
rather than broader environmental conditions, it is evident that
these external factors significantly influence microbial dynam-
ics. Future research will explore their deeper impact on EPS
production.

EPS composition analysis showed that the humic acid levels
increased significantly on all MPs in the bay, driven by the
activities of Acidobacteria and Actinobacteria. These taxa
facilitated the humification of organic matter, leading to the
accumulation of humic acids on MP surfaces.’® Proteins and
polysaccharides, crucial EPS contents, also played various roles
in biofilm formation. Proteins enhanced cell attachment and
flocs formation, while polysaccharides formed network
structures for cell colonization.”” A high protein-to-poly-
saccharide ratio typically promoted microbial accumulation
and aggregation.*" In this study, the protein-to-polysaccharide
ratios were higher in the bay, where polluted environments
stimulated more intensive protein secretion on MPs to
enhance microbial adaptation.

EPS secretion showed variation across MP types: higher EPS
content was observed on TM and PE in the reservoir and on
PP and PE in the bay. During exposure to different aquatic
environments, EPS secretion was more active on PE and less
active on PS, consistent with previous studies.*> Moreover,
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under stress conditions, microorganisms tend to secrete
protein-rich EPS to adapt to unfavorable environments. This
was evident from the higher protein-to-polysaccharide ratios
on TM and PVC in the reservoir, with PVC showing the
highest levels compared to other MPs in the bay due to its
greater chemical toxicity. Capolupo et al. found that leachate
from PVC and TM exhibited greater chemical toxicity relative
to other MPs.*® Additionally, the protein-to-polysaccharide
ratios were above 1.0 only on PVC in most cases. Although
such ratios are typical in other systems, such as wastewater, !’
discrepancies exist in different studies regarding EPS secretion
on MPs,** emphasizing the need for further research.

Biofilm formation and EPS production on MPs developed
with prolonged exposure time. Given the close relationships
between EPS and microbial growth, this study attempted to
quantitatively or qualitatively analyze how EPS concentrations
could link with microbial colonization on MPs. Such
relationships have previously been observed, for instance,
Wang et al. found similar trends in bacterial density and EPS
contents on MPs.*® Correspondingly, similar variation trends
were identified between microbial a-diversity and total EPS
concentrations on MPs (particularly TM, PS, and PE) in the
bay ecosystem (Tables S1 and S3). Here, we hypothesize
preliminarily that the total EPS concentration might
qualitatively predict the microbial a-diversity trends within
the specific plastisphere, even though with varied accuracy
depending on urban aquatic ecosystems and MP types. The
application of EPS components, especially proteins, as biomass
indicators, aligns with prior studies. Kleiner et al. quantified
microbial biomass via macroproteomic protein abundance
measurements,”” and Li et al. similarly used protein
concentration to quantify the biomass on the electrode
surfaces.”” This method displayed advantages over traditional
biomass determination methods, such as adenosine triphos-
phate determination and scanning electron microscope, in
terms of higher efliciency and reduced cost. Our study found
that the predictive effect of proteins was generally consistent
with total EPS concentration, whereas the predictive abilities of
polysaccharides and humic acids were unstable and lacked
sufficient theoretical support from relevant studies. Due to the
complexity of microbial metabolic activities in the plastisphere,
EPS secretion is regulated by various biotic and abiotic factors.
Therefore, further validation of underlying mechanisms is
required.

Microbial community structure on MPs accounted for 27.3%
of the total variance in EPS components (Figure 3c). Phylum-
level analysis indicated that the predominant phyla affecting
the variations of EPS secretion on MPs were: Acidobacteria >
Nitrospirae > Planctomycetes. Different phyla exhibited
component-specific effects. Acidobacteria has been reported
to secrete EPS containing a large number of unique
polysaccharides,”" Nitrospirae abundance correlated positively
with humic-like substances,”” and Planctomycetes secreted the
compact extracellular proteins associated with biofilm for-
mation.”® Genus-level correlation analysis (Figure 4) further
revealed that the correlations between EPS components and
different genera varied across MP types. For example,
polysaccharides and humic acids showed intricate relationships
with genera on TM, while humic acids correlated with genera
on PE and PVC. Correlation patterns were particularly diverse
on PS, but relatively simple on PP. Some genera (e.g,
Robiginitialea, Nitrospira, and Aquirufa) showed significantly
positive correlations with EPS components, while others such

as Fimbriiglobus, Terrimicrobium, and Legionella exhibited
significantly negative correlations with EPS components.
Specifically, Robiginitialea was the most positively correlated
with EPS components across MPs, though its overall impact
was likely limited due to relatively low abundance at both sites.
For Fimbriiglobus, negative correlations with polysaccharides
observed on TM, PS, and PE MPs were likely attributed to its
known polysaccharide-degrading capability (e.g., xylan, lami-
narin, lichenan, and chitin).37

Moreover, some studies have reported the relationships
between EPS components and some genera (e.g, Nitrospira
and Terrimicrobium), e.g, Yang et al. found enhanced EPS
secretion where Nitrospira was the dominant genus.”*
Correspondingly, our results indicated Nitrospira was signifi-
cantly positively correlated with protein and polysaccharides
on TM and PS. Conversely, Terrimicrobium, an anaerobic,
carbohydrate-fermenter, potentially consumes EPS substrates
under anoxic/anaerobic conditions,” explaining its negative
correlation with EPS components. Despite these findings, there
is still a paucity of research examining the interaction
mechanisms between genera and EPS components.

Investigation of EPS Secretion Mechanisms via
Metagenomic Sequencing. Metagenomic sequencing was
applied to investigate the mechanisms of EPS secretion on
MPs. Key genes directly regulating EPS secretion were
identified, providing insight into microbial metabolic responses
in the plastisphere (Figure S). The abundance of biosynthesis-
related genes increased under elevated environmental stress
and bacterial proliferation, consistent with the higher
concentrations of proteins and polysaccharides observed in
the bay compared to the reservoir.

For protein biosynthesis, predominant genes varied between
environments. In the reservoir, xapD, involved in purine
nucleoside metabolism, was associated with the transmem-
brane transport of intracellular compounds and modulated the
transport process of protein.”® In the bay, glnA, associated with
glutamine synthesis, served as the precursor in protein
biosynthesis. Other amino acid-related genes, such as metH,
metK and metE (methionine), glyA (serine and glycine), ltaE
(lysine), argH and argB (arginine), hisG and hisC (histidine),
promoted the synthesis of dipeptides and polypeptides as
protein precursors, ultimately boosting EPS secretion.”” On
PVC in the reservoir, glnA (129.1 RPKM) confirmed that
bacteria tended to biosynthesize protein. Moreover, the
protein on PE might be enriched in methionine by the high
relative abundance of metH (135.0 RPKM) in the bay. These
findings suggest that bacteria exposed to elevated environ-
mental stress may exhibit MP-type-specific tendencies in
amino acid synthesis and protein production.

For polysaccharide biosynthesis, glmS, associated with
peptidoglycan and lipopolysaccharide synthesis, and eno
related to polysaccharide precursors synthesis, were signifi-
cantly upregulated in the plastisphere in the bay. The
upregulation of glmS suggested the enrichment of lip-
opolysaccharide in the carbohydrate composition on MPs.”®
The upregulation of eno enhanced the glycolysis on MPs,
ultimately promoting the polysaccharide biosynthesis and EPS
metabolism.>”

Quorum sensing regulated the microbial metabolism by
providing energy and substrates necessary for EPS secretion as
well. The gene trpE related to metabolite synthesis and the
quorum sensing signaling,”’ and ddpD involved in dipeptide
transport,”’ both exhibited higher relative abundance in the
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bay, particularly on PP. Conversely, the liv operon genes
responsible for amino acid uptake for growth and reproduc-
tion,*” significantly decreased the nutrient-rich bay, likely
because bacteria did not need to self-regulate to adapt to the
aquatic environment. Limited research currently addresses
indirect factors affecting EPS biosynthesis on MPs. For
instance, unexplained biosynthetic phenomena could be
related to other microbial activities in complex natural
environments. A previous study showed that the “cell motility”
pathway resulted in more active microbial movement on MPs,
leading to a more dispersed distribution of microorganisms and
EPS.% In the future, more attention should be directed toward
the indirect pathways that impact EPS distribution.

B ENVIRONMENTAL IMPLICATIONS

Plastisphere, as the colonizing environment, enriched micro-
organisms in various urban aquatic ecosystems. During biofilm
formation, EPS serves as essential mediators of interaction
between microorganisms and the plastisphere, influencing
microbial adhesion, aggregation, and activity. With EPS as a
new perspective, this study comprehensively investigated the
microbial-EPS-MP interactions, providing new insights into
the ecological implications of MPs. The plastisphere fostered
the microbial community structure that differed from that in
the aquatic environment, thereby rendering MPs as micro-
organism carriers with potential biological security risks.
Specific phyla (e.g, Acidobacteria, Nitrospirae, and Plancto-
mycetes) and genera (e.g, Robiginitialea and Fimbriiglobus)
were identified as key contributors to variations in EPS
components across different MPs. Mechanistically, the plasti-
sphere-regulated functional genes, involved in protein biosyn-
thesis (e.g,, glnA and xapD), polysaccharide biosynthesis (e.g.,
glm$ and eno), and biofilm formation (e.g, liv operon genes),
played pivotal roles in mediating microbial EPS secretion.
These interactions were further influenced by environmental
conditions, highlighting the dynamic interplay between
microbial processes, MPs, and their surrounding ecosystems.
For instance, in high-water quality urban aquatic ecosystems
like the reservoir, the impact of MP types (e.g, PVC) on
microbial community structure was further amplified. In
contrast, environments under high selective pressures, such
as the bay, promoted more intense EPS secretion, particularly
in the form of protein-dominant EPS secretion. PVC offered a
distinctive colonization plastisphere for microorganisms in the
aquatic environment. These findings underline the importance
of understanding MP-specific plastisphere dynamics and their
environmental consequences. The outcomes of this study have
far-reaching implications for ecological research and environ-
mental management. Practical applications include the
development of EPS-regulated advanced MP removal tech-
nologies, the construction of biofilm-microbial characteristic
databases, and the establishment of microbial diversity-MP
type/concentration—response models. These will provide
critical references and data support for ecological remediation
and risk assessment of MP pollution. Moreover, given the high
diversity of urban aquatic ecosystems, the site selection
restricted the broader applicability of the conclusions. Future
studies should pay more attention to other urban aquatic
ecosystems.
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