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ABSTRACT: The “plastisphere,” which comprises microplastics (MPs)-associated — '5 R
microbial communities, is an emerging component of urban river ecosystems. c L | ?/ﬁ(;/ ‘ i
H'owev_er, its seasonal dynamlcst remain poorly understood, especially compared with 2 e I L \//-:
microbiomes on natural particles (NPs). We therefore conducted a year-long § - Lo
metagenomic study at 15 sites across 10 major urban rivers in Hong Kong to compare el = e \7}/ D /3%
MP- and NP-associated microbiomes across four seasons. Representative high-quality Yooy ) Divergence
metagenome-assembled genomes revealed significant seasonal variations in both & .

taxonomic and functional compositions across particle types, with water temperature 4} =~~~ ~— B
identified as the primary environmental driver. As temperatures increased, both MP 8 | | PO Qm‘m ) (20N (e play )
and NP microbiomes exhibited increased taxonomic and functional diversity but 2l ?/X\ ‘\ 2 />\<\‘\1§ /\%W %
reduced functional redundancy and network stability. Compared to NPs, MP Natural particles ~ © =
microbiomes exhibited higher taxonomic and functional turnover, more complex and Winter S

connected cooccurrence networks, and distinct taxonomic and functional traits along

the temperature gradient. In MP microbiomes, warmer conditions were associated with a higher abundance of pollutant-degrading
and putatively virulent taxa (particularly from Firmicutes and Actinobacteria), along with enhanced biosynthetic functions and
increased potential microbial sharing and horizontal gene transfer with surrounding aquatic microbiomes. These findings highlight
the temperature-dependent ecological impacts of MP microbiomes and underscore the need to consider climatic factors when
assessing the long-term ecological risks of MPs in urban riverine ecosystems.
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B INTRODUCTION

Urban rivers provide crucial ecological services' but are
threatened by anthropogenic pollution.” Microbial commun-
ities essential for ecosystem functioning and biodiversity are
especially sensitive.” Microplastics (MPs), defined as synthetic
plastic particles <5 mm, in urban rivers are a major emerging
concern.”” MP accumulation introduces novel surfaces for
microbial colonization and biofilm formation, collectively
known as the “plastisphere®”. MPs have physicochemical
properties distinct from those of natural particles (NPs)” and
host microbiomes with unique taxonomic and functional
traits,® which can influence the ecological fates of MPs and
broaden their environmental impacts in riverine ecosystems.’

Alongside anthropogenic disturbances, urban rivers are
shaped by natural seasonal cycles that alter environmental
conditions, including water temperature, flow regimes, and
nutrient availability.'”"" These shifts affect microbial activity,
community composition, and interactions, with important
implications for microbiome dynamics'’ and ecosystem
health.””~"> Although the seasonal dynamics of microbiomes
on MPs'® and NPs'” have been studied independently, direct
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comparisons are lacking. Given their distinct physicochemical
properties, MPs may exhibit differing seasonal microbiome
variability compared to NPs—an important distinction for
identifying MP-specific ecological impacts amid broader
environmental changes. Moreover, the plastisphere remains
connected to the surrounding river water (RW) through
continuous microbial sharing at the water—particle interface,"®
which may facilitate the sharing of plastisphere-specific
taxonomic and functional traits with the broader riverine
microbiome, potentially amplifying MP-specific impacts.
However, the mechanisms and extent of such trait sharing
under seasonal dynamics remain poorly understood, high-
lighting the need to investigate plastisphere—environment
interactions across seasons.
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Figure 1. Map of the 15 sampling sites across 10 urban rivers in Hong Kong. Multiple sites within the same river are labeled numerically from
upstream to downstream. Reproduced from ref8. Copyright 2025 American Chemical Society.

We hypothesize that seasonal shifts shape microbial
assemblages on both MPs and NPs; however, the distinct
physicochemical properties of MPs modulate the plastisphere’s
responses, resulting in season-dependent trait profiles and
potential downstream effects on RW through microbial trait
sharing. We conducted a year-round metagenomic study of 10
major urban rivers in Hong Kong with pronounced seasonal
environmental variations. We reconstructed high-quality
representative metagenome-assembled genomes (rMAGs)
from MPs, NPs (100—5000 pm), and RW collected at the
same locations across the seasons to represent their associated
microbial communities, hereafter referred to as microbiomes.
We compared seasonal variations in rMAG composition,
functional potential, and interrelationships between MPs and
NPs; identified season-specific taxonomic and functional traits;
and examined the extent and mechanisms of potential trait
sharing between particle-associated microbiomes and RW.
This study reveals how seasonal dynamics shape MP-
associated microbiomes and underscores the importance of
climatic variability when assessing MP pollution in riverine
ecosystems.

B MATERIALS AND METHODS

Two S0-L surface water samples (depth: 0—20 cm) were collected
from 15 sites across 10 major urban rivers in Hong Kong at
approximately 3-month intervals throughout 2023, corresponding to
the four meteorological seasons (Figure 1, Table S1), and were
filtered on-site using stainless steel sieves. Retained particles (100—
5000 um) and filtered RW were used for (1) MP, NP, and RW
microbiome analysis and (2) MP and NP characterization and
quantification. Detailed sample collection, particle characterization,
and physicochemical analysis procedures are provided in Text S1. For
microbiome analysis, MPs and NPs were nondestructively sorted
under a stereomicroscope (SMZ1270i; Nikon, Tokyo, Japan),
confirmed via optical photothermal infrared (O-PTIR) spectroscopy
(mIRage IR microscope; Photothermal Spectroscopy Corp., Santa
Barbara, CA, USA), and then pooled (>30 particles per sample) to
represent MP and NP microbiomes. RW microbiomes were collected
on 02 wum poly(ether sulfone) filters (Pall Corporation, Port
Washington, NY, USA). For characterization, NPs were visually

counted and categorized by type and size under a stereomicroscope.
For MP characterization, a separate set of particles underwent
chemical digestion, after which the remaining particles were analyzed
for polymer composition via u-Raman spectroscopy (inVia confocal
Raman microscope; Renishaw, Wotton-under-Edge, UK). MP shapes
and sizes were measured under a stereomicroscope, and plastic
additives and aging signs were assessed using O-PTIR spectroscopy
with a quantum cascade laser microscope.'”*° Particle surface
roughness was examined using a 3D laser microscope (VK-X200,
KEYENCE Corporation, Itasca, IL, USA). Concentrations are
reported as the number of particles per liter. Field controls showed
no evidence of airborne contamination, while laboratory controls
indicated minimal background contamination (100—5000 ym; 0.015
+ 0.05 particles/L) and high recovery rates from spike-in experiments
for 50-um (95.0 + 2.5%) and 500-um MPs (96.7 + 2.7%).

The site and seasonal environmental conditions were characterized
by using total MP concentrations and 11 physicochemical factors:
water temperature, velocity, average daily precipitation, dissolved
oxygen, salinity, pH, turbidity, chemical oxygen demand (COD), total
phosphorus (TP), total nitrogen, and sulfate. Analytical methods and
results are provided in Table SI.

Genomic DNA was extracted from 180 samples (60 each for MP,
NP, and RW microbiomes, collected at 15 sites across four seasons)
and sequenced. The raw sequences were deposited in the NCBI
Sequence Read Archive (BioProject Accession Numbers
PRJNA1159715 and PRJNA1330252) and processed for downstream
bioinformatic analysis (see Text S2). Key scripts for bioinformatic
processing are publicly available at https://github.com/yingyu-best/
microplastic-and-natural-particle-microbiome. High-quality reads
were obtained through quality control, followed by contig assembly
and metagenome-assembled genome (MAG) reconstruction. High-
quality MAGs (>90% completeness, <5% contamination) from all
samples were dereplicated at a 99% average nucleotide identity (ANI)
threshold to generate rMAGs, which were taxonomically and
functionally annotated. Unless otherwise stated, all downstream
analyses were based on rMAG-resolved microbiomes.

To investigate microbial interrelationships, rMAG cooccurrence
networks of MP and NP microbiomes were constructed for each
season (see Text S3). Taxonomic traits were identified through
indicator analysis; functional traits were characterized using functional
indicators to infer life-history strategies (Y—A—S framework)*' and
ecological roles related to biochemical cycling, plastic degradation,
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Figure 2. Seasonal variation in the taxonomic and functional compositions of MP and NP microbiomes. (a) Phylogenic tree of high-quality
representative metagenome-assembled genomes (rMAGs) at the phylum level (class level for Proteobacteria). Branch colors indicate phylum/class;
the heatmap shows the average relative abundance of each rMAG in MP, NP, and RW microbiomes across seasons. (b, c) Principal coordinate
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Figure 2. continued

analysis (PCoA) of (b) taxonomic and (c) functional composition based on Bray—Curtis dissimilarity. Boxplots show sample distributions along
PCoAl and PCoA2 by season and microbiome type, respectively. Two distinct color schemes are used to differentiate microbiome types, while the
color intensity (from dark to light) indicates seasonal progression, corresponding to increasing temperatures. Ellipses represent 95% confidence
intervals. (d, e) Partial regression analyses showing relationships between water temperature and the (d) taxonomic and (e) functional diversity
indices in MP and NP microbiomes after controlling for confounding variables. Shaded areas indicate 95% confidence intervals from linear
regression models. (f, g) Effects of water temperature on the relative abundance of (f) each phylum (class for Proteobacteria) and (g) functional
categories in MP and NP microbiomes, based on linear mixed models. Color indicates the direction of association with water temperature (positive

or negative) (***P < 0.001; **P < 0.01; *P < 0.0S; -P < 0.1).

and antibiotic resistance and putative virulence (see Text S4). rMAGs
with a population-level ANI >99.999% between MPs or NPs and RW
at the same site or river were interpreted as evidence of microbial
sharing;zz’23 potential horizontal gene transfer (HGT) events were
predicted among taxonomic indicators and other shared rMAGs (see
Text SS). The effects of water temperature, particle type, and
microbiome attributes (diversity, stability, trait abundance) on trait
sharing between particles and RW were evaluated via partial least-
squares path model (PLS-PM) analysis (see Text S6).

All data analyses and statistical tests were performed in R
(v4.1.1)** (see Text S7). Taxonomic and functional compositions
were visualized using principal coordinate analysis (PCoA), and
compositional differences between two microbiome types or seasons
were assessed using pairwise permutational multivariate analysis of
variance (PERMANOVA) and permutational analysis of multivariate
dispersion (PERMDISP). Associations between rMAG and short-read
taxonomic compositions were evaluated via Procrustes analysis.23
Associations between environmental factors and microbial composi-
tion were evaluated via distance-based redundancy analysis (db-RDA)
and multiple regressions (MR). Relationships between pairwise
similarities in MP characteristics and taxonomic compositions were
assessed using Mantel tests. Partial regressions (PR) were used to
quantify the individual effects of environmental factors on taxonomic
diversity, functional diversity, and redundancy while controlling for
confounding variables. Linear regressions (LR) tested relationships
between pairwise microbial similarity and temperature differences and
between water temperature and network topology in particle
microbiomes. Linear mixed-effects models (LMMs), with a sampling
site as a random intercept, evaluated the effects of water temperature
and particle type on microbiome attributes and shared rMAG
numbers. Generalized linear models (GLMs) assessed differences in
the presence of functional genes across specific rMAG groups,
including taxonomic indicators and shared rMAGs between particle
microbiomes. Statistical significance was determined using 999
permutations, with false discovery rate correction. Quantitative results
are reported as means =+ standard deviations.

B RESULTS

Seasonal Variations in Environmental Conditions and
Particle Characteristics in Urban Rivers

MP, NP, and RW samples were collected from urban rivers in
Hong Kong during four seasons (February, May, August, and
October). The average water temperature was lowest in winter
(20.2 + 1.3 °C), increased through spring (26.3 + 2.1 °C) to a
summer peak (29.9 + 1.0 °C), then decreased in autumn (26.6
+ 1.7 °C) (Figure S1, Table S1). Daily average precipitation
was significantly higher in spring and summer than in winter
and autumn (Wilcoxon test, all P < 0.01). Other environmental
factors remained relatively stable across seasons, except for
COD, which was significantly higher in winter than in summer
and autumn (Wilcoxon test, all P < 0.05).

Across seasons, four MP polymer types—polypropylene
(PP), polyethylene (PE), polystyrene (PS), and polyethylene
terephthalate (PET)—were consistently detected. Average
total MP concentrations ranged from 0.9 + 0.5 (autumn) to

2.5 & 1.9 particles/L (winter), with a significant difference only
between winter and autumn (Wilcoxon test, P = 0.025)
(Figure S1, Table S1). MPs predominantly comprised PP, in
fragment form, with sizes of 100—200 ym across most sites and
seasons (Figure S2a—c). Significant seasonal variation in MP
composition (polymer type, shape, size) was detected only
between winter and other seasons (pairwise PERMANOVA, all
F > 3.829, R> > 0.120, P < 0.01) (Table S2a). NP
concentrations remained stable across seasons and were
approximately 5—20 times higher than MP concentrations
(Table S1), consistent with previous studies.”® NP composi-
tion (type, size) showed no significant seasonal variation
(pairwise PERMANOVA, all F < 1.846, R < 0.062, P > 0.05)
(Table S2a). Plant remnants, mosses, and sand (typical size:
200—1000 ym) were the dominant NP types across sites
(Figure S2d,e).

Surface analysis revealed plastic additives, including
phthalates, slip agents, antioxidants, and hindered amine light
stabilizers, across all four MP polymer types (Figure S3a), with
stronger signals in warmer seasons (summer and autumn).
Seasonal variation in environmental aging was evident and
polymer-specific (Figure S3b). In summer, PET exhibited
slightly reduced crystallinity, and PS showed signs of surface
oxidation, suggesting accelerated aging under warmer con-
ditions. PE and PP showed slight increases in crystallinity in
warmer seasons, indicating potential resistance to oxidative
degradation. MPs consistently exhibited significantly greater
surface roughness than NPs (Wilcoxon test, all P < 0.05).
Surface roughness varied significantly with season for both
particle types (Kruskal—Wallis test, all P < 0.01), with higher
values in warmer seasons, especially summer (Figure S4).
These results highlight the consistently distinct seasonally
variable physicochemical properties of MPs and NPs.

Seasonal Variations in MP and NP Microbiomes

To support genome-resolved analyses, we recovered 577 high-
quality taxonomically and functionally representative rMAGs
across all seasons and microbiome types (Figure 2a); see
detailed genome quality statistics and taxonomic and func-
tional assessments in Text S8 and Table S3. Taxonomic and
functional compositions were characterized exclusively from
these rMAGs, representing rMAG-resolved microbiomes. In
both MP and NP microbiomes, the dominant phyla—
Proteobacteria, Actinobacteria, and Bacteroidota—and key
metabolism-related functional categories (e.g., proteins,
carbohydrates, amino acids, and derivatives) and clustering-
based subsystems (statistically inferred gene groups with
poorly characterized functions) remained consistent across
seasons (Figures SS, S6). However, taxonomic and functional
compositions varied significantly across seasons and between
particle types. Season had a stronger influence on the
microbiome taxonomic and functional structure than the
particle type (PERMANOVA, all F > 3.512, R* > 0.080, P =
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Figure 3. Variations in microbial cooccurrence network topology and taxonomic/functional indicators in MP and NP microbiomes across the
water temperature gradient. (a) Seasonal cooccurrence networks of MP and NP microbiomes. The eight largest modules are color-coded; smaller
modules are shown in gray. (b, d) Shared and unique (b) taxonomic and (d) functional indicators of MP and NP microbiomes. (c) Average relative
proportion of taxonomic indicators at the phylum level (class level for Proteobacteria) based on their relative abundance among all indicator taxa in
each microbiome type. Colors indicate different phyla or classes. (e) Average relative proportions of life-history strategies inferred from rMAG-
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Figure 3. continued

derived functional indicators, based on their relative abundance among all indicator functions in each microbiome type. Different color schemes
denote subcategories within each life-history strategy. Within each panel, seasons are indicated by the color scheme shown at the top of the figure.

0.001), although the latter also had a significant effect
(PERMANOVA, all F < 3.186, R? < 0.023, P < 0.01) (Table
S2b). This pattern was reflected in PCoA: sample separation
along the first axes (explaining the most variance) differed
significantly by season (Kruskal-Wallis test, all P < 0.001),
while the second axes captured particle-type differences
(Wilcoxon test, all P < 0.05) (Figure 2b,c). Significant
interactive effects between season and particle type (PERMA-
NOVA, all F > 1.493, R* > 0.034, P < 0.010) further indicate
seasonal variance in the magnitude and nature of microbiome
differences between MPs and NPs. Taxonomic and functional
diversity and functional redundancy differed significantly
across seasons (Kruskal—Wallis test, all P < 0.01) but were
comparable between particle microbiomes (Wilcoxon test, all P
> 0.05), reinforcing the dominance of seasonal variation. In
contrast, RW microbiomes exhibited seasonal stability
(pairwise PERMANOVA, all F < 2.363, R* < 0.078, P >
0.0S; pairwise PERMDISP, all P > 0.05) and compositions
distinct from particle-attached microbiomes (pairwise PER-
MANOVA, all F > 2.352, R > 0.085, P < 0.05; pairwise
PERMDISP, all P > 0.05) (Table S2b). Hence, subsequent
analyses focused on seasonally variable particle microbiomes.

Water Temperature Drove Distinct Seasonal Variations in
MP and NP Microbiomes

To identify environmental drivers of seasonal microbiome
variation, 11 measured factors were analyzed using multiple
statistical approaches. db-RDA identified water temperature as
the strongest predictor of seasonal variations in both particle
microbiomes, explaining the largest proportion of taxonomic
(multiple regression, all R* > 0.569, P < 0.001) and functional
variation (all R* > 0.251, P < 0.001) (Table S4), with sample
distributions aligning along the water temperature gradient
(Figure S7). Other environmental factors made lesser
contributions: in both particle microbiome types, taxonomic
variation was associated with precipitation, COD, and TP (all
R* < 0.275, P < 0.05), while functional variation was influenced
by precipitation and turbidity in MPs (all R* < 0.241, P <
0.05), and by sulfate in NPs (R* = 0.140, P = 0.012) (Table
S4). In MP microbiomes, taxonomic and functional
compositions varied significantly with total MP concentration
(multiple regression, all R* > 0.105, P < 0.05) (Table S4), but
not with the relative MP type, shape, or size composition
(Mantel test, r: —0.149 to 0.086, all P > 0.05) (Table S5).
a-Diversity was also strongly influenced by water temper-
ature, the only factor significantly and positively correlated
with taxonomic diversity in both particle microbiomes after
controlling for other variables (partial regression, all partial R*
> 0.059, P < 0.05) (Figures 2d, S8) and the primary driver of
functional diversity in MPs (partial R* = 0.076, P = 0.034)
(Figures 2e, S9). Functional redundancy declined significantly
with increasing water temperature in both particle micro-
biomes (all partial R* > 0.068, P < 0.05) (Figure S10). Water
velocity also influenced functional diversity and redundancy in
MPs, although its effects were minor (all partial R* < 0.076, P <
0.05) (Figures S9, S10). These results identify water
temperature as the independent primary environmental driver
of seasonal variations in diversity, taxonomic composition, and

functional potential in both particle microbiomes. Subsequent
analyses focused on microbial responses to water temperature.
Although both particle microbiomes varied with water
temperature, MP microbiomes exhibited steeper taxonomic
and functional turnover (LR, R*: 0.033—0.075, slope: —0.009
to —0.003, P < 0.001) across a 13.9 °C temperature range,
indicating greater compositional shifts along the water
temperature gradient (Figure S11). NP microbiomes exhibited
milder changes, with lower taxonomic and functional turnover
(R*: 0.013—0.024, slope: —0.005 to —0.002, P < 0.001). Water
temperature effects also varied across microbial taxa and
functional categories. In MP microbiomes, the relative
abundances of Gammaproteobacteria and Bacteroidota
declined significantly with increasing water temperature
(LMM, all f<—0.082, P < 0.05) while that of Firmicutes
increased (LMM, f = 0.077, P = 0.018) (Figure 2f). These
temperature-associated trends were absent in NP micro-
biomes: only Chlamydiota declined significantly with increas-
ing water temperature (LMM, §§ = —0.065, P = 0.046) (Figure
2f). Functionally, stress responses increased with water
temperatures only in MP microbiomes (LMM, f = 0.077, P
= 0.018) (Figure 2g); metabolism-related categories (e.g.,
nitrogen, aromatic compounds, and amino acids and
derivatives) increased only in NP microbiomes (LMM, all 3
> 0.068, P < 0.05) (Figure 2g). These results highlight the
distinct taxonomic and functional responses of MP and NP
microbiomes along the water temperature gradient.

Water Temperature Distinctly Influenced MP and NP
Microbiome Network Structure and Stability

Water temperature-driven compositional variations in particle
microbiomes may influence their interrelationships and
stability. We constructed cooccurrence networks for each
microbiome type across seasonal water temperature ranges
(Figure 3a). All networks exhibited scale-free, small-world
properties, with power-law exponents of 0.685—0.812 and
higher modularity and connectivity than those in random
networks (Z-test, all P < 0.05) (Table S6).

Particle microbiomes exhibited distinct cooccurrence
responses to water temperature (LMM, f: —0.978 to 0.892,
P < 0.001) (Figure S12a). In MP microbiomes, subnetwork
connectivity and complexity increased with water temperature,
indicated by more nodes and links, higher connectance and
average node degrees, and shorter diameter and average path
lengths (LR, all R* > 0.063, P < 0.05) (Figure S13a). NP
subnetworks exhibited the opposite trends (except for total
node number) (Figure S13a), indicating reduced complexity at
higher water temperatures.

In both microbiomes, subnetwork stability declined with
increasing water temperature, reflected by reduced robustness
(random and targeted; LMM, all #<—0.284, P < 0.001) and
increased vulnerability (LMM, § = 0.319, P = 0.004) (Figures
S12b, S13b). The absolute ratio of negative-to-positive
cohesion, which proxies for competitive versus cooperative
interactions, declined with increasing water temperature in
both particle microbiomes (LMM, = —0.271, P < 0.001),
supporting reduced stability. Although these trends did not
differ significantly between particle types (LMM, f: —0.252 to
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Figure 4. Microbial sharing and horizontal gene transfer (HGT) in MP and NP microbiomes across the water temperature gradient. (a) Shared
rMAGs between MPs or NPs and RW across the water temperature gradient. The width of each band connecting two environments represents the
number of shared rMAGs; the color indicates whether they are taxonomic indicators. (b) Independent and interactive effects of water temperature
and particle type on the numbers of shared tMAGs and shared taxonomic indicators, based on linear mixed models. (c) Seasonal taxonomic
compositions of IMAGs uniquely shared between MPs and RW (unique-MP—RW-shared) and NPs and RW (unique-NP—RW-shared). Filled and
unfilled symbols represent taxonomic indicators and non-indicators, respectively, with colors indicating phylum (class level for Proteobacteria). (d)
Differences in ecological roles between unique-MP—RW-shared and unique-NP—RW-shared rMAGs based on generalized linear models. Dots to
the left or right of the vertical dashed line denote functions enriched in unique-NP—RW-shared or unique-MP—RW-shared rMAGs, respectively
(*** P < 0.001; ** P < 0.01; * P < 0.05). (¢) HGT networks among shared rMAGs and taxonomic indicators, identified within each season. The
node shape denotes the shared rMAG type; fill color denotes the indicator type. Arrows indicate the gene transfer direction. (f) Counts of genes
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Figure 4. continued

horizontally transferred from taxonomic indicators to other shared rMAGs, identified within each season. Arrows indicate the gene transfer
direction, and colors represent functional groups. (g) Representative examples (n = 4) of MP functional indicators identified in summer that were
transferred via HGT from taxonomic indicators to other shared rMAGs; full details are provided in Table S10. ARGs: antibiotic resistance genes;
VFs: virulence factors; MGEs: mobile genetic elements; PDEs: putative plastic degradation enzymes; CAZymes: carbohydrate-active enzymes.

0.258, P > 0.05), absolute negative cohesion decreased
significantly only in MP microbiomes (LR, R*> = 0.050, P =
0.047), suggesting that MP microbial networks may be more
vulnerable to water temperature-driven destabilization than NP
networks.

Varying Taxonomic and Functional Traits of MP
Microbiomes along the Water Temperature Gradient

To identify traits along the water temperature gradient,
taxonomic and functional indicators distinguishing particle
microbiomes within each season were identified based on
differences in relative abundance and occurrence frequency
(Figure 3b,d, Tables S7, S8). In both microbiome types, few
indicators overlapped across seasons, reflecting a strong
seasonal variation. The numbers of taxonomic and functional
indicators increased with water temperature, peaking in
summer, decreasing in autumn and spring, and reaching the
lowest levels in winter. MP microbiomes consistently exhibited
more taxonomic and functional indicators than NP micro-
biomes across most seasons, indicating greater divergence with
a rising water temperature in the former.

The taxonomic indicator composition in both particle
microbiomes shifted with the water temperature gradient
(Figure 3¢, Table $7). In MP microbiomes, warmer conditions
drove a transition from Gammaproteobacteria to Firmicutes
and Actinobacteria (Figure 3c), with enrichment of fecal
indicators and putative pathogens (e.g., Enterococcus, Escher-
ichia, and Staphylococcus)”” and pollutant-tolerant or degrading
taxa (e.g, Gordonia,”® Nocardioides,”® and Corynebucterium”)
commonly associated with wastewater treatment systems
(Figure S14). Despite seasonal variations, MP taxonomic
indicators consistently included potential plastic degraders,
with dominant genera (e.g., Massilia,30Pseudomonas,3lAcineto-
Acinetobacter,”> and Exiguobacterium33) shifting between
seasons (Figure S14). NP taxonomic indicators shifted from
Actinobacteria to Alphaproteobacteria and then Gammapro-
teobacteria with increasing water temperature (Figure 3¢).
Although dominant NP indicator genera varied seasonally
(e.g, Microlaaci.‘erium,MSphingomonas,‘5 and Sphaerotilus36), all
were functionally linked to carbohydrate utilization (Figure
S14).

Functional indicators also reflected water temperature-
driven shifts in life-history strategies (Figure 3e, Table S8).
With warming, both particle microbiomes transitioned from A-
strategies (resource acquisition) to Y-strategies (growth yield),
indicating enhanced growth potential (Figure 3e). At higher
water temperatures, MP microbiomes invested more in
biosynthesis (e.g., amino acids, proteins, cofactors), whereas
NP microbiomes favored central metabolic respiration. These
distinct Y-strategy functions highlight divergent resource
allocation: MP and NP prioritize cellular synthesis and energy
production, respectively (Figures 3e, S15). A-strategy functions
(e.g., carbohydrate and amino acid utilization, iron acquisition)
remained more prevalent in MP microbiomes across all water
temperatures (Figure 3e), but their relative proportions among
all functional indicators declined with warming (Figure S15).

S-strategy functions (stress tolerance) were dominated by cell
homeostasis in both microbiomes, with MP microbiomes
showing greater enrichment in DNA repair and resistance to
antibiotics and other bioactive compounds (Figures 3e, S15).
In summer, the biofilm-related functions quorum sensing and
regulation and EPS biosynthesis and modification contributed
differently to S-strategy functions in MP and NP microbiomes,
and both increased with water temperature (LR, all R? > 0.035,
P < 0.1) (Figure S16). Notably, 27.1—58.6% of functional
indicators in MP and 17.0—50.0% in NP microbiomes were
significantly more frequently carried by their corresponding
taxonomic indicators (GLM, all I8l > 0222, P < 0.05),
highlighting how taxonomic shifts drive functional divergence
(Figure S17).

Beyond indicator-based functional traits, several microbiome
functions crucial for riverine ecosystem function and health
were significantly shaped by water temperature and/or particle
type (Figure S18). Functions related to putative virulence,
complex carbohydrate degradation, denitrification, organic
carbon oxidation, and fermentation increased significantly
with water temperature in both particle microbiomes (LMM,
all § > 0.189, P < 0.01), with the first three slightly more
abundant in MP microbiomes (LMM, all # > 0.264, P < 0.1).
Those related to antibiotic resistance and plastic degradation
were consistently more abundant in MP microbiomes (LMM,
all # > 0378, P < 0.05) but unaffected by water temperature
(LMW, all §# < 0.207, P > 0.1), suggesting persistent functional
specialization in MP microbiomes across the water temper-
ature gradient.

Water Temperature Influenced Potential Trait Sharing
between MP and RW Microbiomes

Given the distinct water temperature-driven shifts in particle
microbiomes, we compared their potential to share microbes
with RW microbiomes along the water temperature gradient.
We identified 122 and 160 potentially shared rMAGs between
MPs and RW (i.e, MP—RW-shared) and between NPs and
RW (ie, NP—RW-shared), respectively, based on cooccur-
rence within the same sampling site or river (Table S9); these
corresponded to 240 MP—RW and 365 NP—RW sharing
events across all sites and rivers along the water temperature
gradient (Figure 4a). The number of shared tMAGs per site or
river increased significantly with water temperature for both
microbiome types (LMM, 8 = 0.376, P < 0.001) (Figure 4b).

Despite comparable numbers of MP—RW-shared and NP—
RW-shared rMAGs per site (LMM, f = —0.309, P = 0.080)
(Figure 4b), their taxonomic and functional compositions
differed markedly. Over half of the shared rMAGs were either
unique-MP—RW-shared (n = 45) or unique-NP—RW-shared
(n = 83); only 77 rMAGs were shared by both microbiomes
(i.e, MP/NP—RW-shared). Unique-MP—RW-shared rMAGs
included members found exclusively in Deinococcota, Nitro-
spirota, and Planctomycetota (Figure 4c). Functionally,
unique-MP—RW-shared rMAGs carried significantly more
antibiotic resistance genes (ARGs), virulence factors (VFs),
and organic carbon oxidation-related genes than their NP
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Figure S. Potential mechanisms underlying trait sharing between MP- or NP-associated and RW microbiomes. (a) Partial least-squares path model
(PLS-PM) illustrating the relationships among water temperature, particle type, microbial assemblage attributes, and trait sharing with RW. Solid
and dashed arrows indicate significant and nonsignificant paths, respectively. Arrow colors denote positive or negative effects, and line thickness
reflects the standardized effect size. (b) Standardized total effects (sum of direct and indirect effects) derived from the PLS-PM.

counterparts (GLM, f > 0.334, P < 0.0S), along with
marginally higher levels of mobile genetic elements and
putative plastic-degrading enzymes (PDEs; GLM, f > 0.31S,
P < 0.1) (Figure 4d).

To investigate potential sharing of temperature-specific
microbial traits, we identified taxonomic indicators shared
between MPs or NPs and RW within each seasonal water
temperature range. Although these accounted for a small
fraction of total sharing events (Figure 4a), their contributions
increased significantly with water temperature (LMM, f =
0.288, P < 0.001), suggesting enhanced trait-sharing potential
under warmer conditions. Importantly, MP microbiomes
contributed significantly more unique taxonomic indicators
to RW than NP microbiomes (15 MP indicators versus 1 NP
indicator; Figure 4b). The number of trait-sharing events also
increased with water temperature (Figure 4c). These findings
suggest that MPs have a greater capacity to share unique
microbial traits with RW microbiomes, particularly at elevated
water temperatures.

MPs and NPs also may facilitate the transfer of functional
traits to RW microbiomes via HGT between taxonomic
indicators and other shared rMAGs within each seasonal water
temperature range. The highest number of HGT events was
associated with particle taxonomic indicators under high
temperatures (summer, n = 386), followed by moderate
(autumn: n = 16S; spring: n = 159) and low temperatures
(winter, n = 62) (Figure 4e). Across all seasons, MP taxonomic
indicators contributed more HGT events to other MP—RW-
shared rMAGs (n = 17 to 46) than NP indicators did to other
NP—RW-shared tMAGs (n = 1-33) (Figure 4f). Transferred
MP functional traits included functional indicators primarily
linked to metabolism (e.g., carbohydrates, phosphorus, amino
acids, and derivatives), stress responses (e.g., heat shock, cold
shock, oxidative stress), and putative PDEs, VFs, and ARGs,
mainly contributed by MP taxonomic indicators under warmer
conditions (Figure 4f,g, Table S10). In contrast, HGT of NP
functional traits was limited and occurred exclusively from
taxonomic indicators under warm conditions (Figure 4f).

Mechanisms Driving Trait Sharing between MP and RW
Microbiomes

To investigate trait-sharing mechanisms between particle-
associated and RW microbiomes, including taxonomic

indicator sharing and gene transfer from taxonomic indicators
to other shared rMAGs, a PLS-PM incorporating water
temperature, particle type, and microbiome attributes (i.e.,
microbial diversity, stability, relative abundance of unique
taxonomic and functional traits) was constructed. The PLS-
PM yielded good performance (goodness-of-fit = 0.487) and
standardized effect sizes (ff) comparable to those from a
structural equation model accounting for the sampling site as a
random effect (Figures Sa, S19¢,d), indicating minimal site-
specific influence and supporting model robustness.

The PLS-PM results reveal that water temperature was the
primary driver of microbiome attributes in both particle
communities (Figure Sa, Table S11). As water temperature
increased, microbial diversity (f = 0.36S, P < 0.001) and trait
abundance (# = 0.398, P < 0.001) increased, while microbial
stability decreased (f = —0.495, P < 0.001). Particle type
significantly influenced only trait abundance, with MPs
supporting a higher abundance of unique traits than NPs (f
= 0.275, P < 0.001). Microbiome attributes were interrelated:
diversity negatively affected stability (f = —0.232, P = 0.004),
while stability was negatively associated with trait abundance
(f = —0.304, P = 0.001). Overall, the potential for trait sharing,
measured using the number of taxonomic indicators involved,
was significantly influenced by all assessed factors (f: —0.184
to 0.348, all P < 0.05), with water temperature and particle
type exerting the strongest total effects (Figure Sb). Water
temperature had a stronger indirect (f = 0.341) than direct
effect (f = 0.205), while the particle type had a stronger direct
(f = 0.348) than indirect effect (f = 0.107) (Figure Sb),
highlighting the greater indirect influence of temperature on
microbial community composition.

B DISCUSSION

Seasonal environmental variability, modulated by the persis-
tence of MPs and urban river dynamics, shapes the
plastisphere.”” Despite reports of distinct taxonomic and
functional traits in the plastisphere (vs NPs),” it remains
unclear whether these differences are seasonal. Seasonal
dynamics are key to distinguishing MP-specific microbial
responses from those driven by broader environmental factors.
We seasonally analyzed MP- and NP-associated microbiomes
in 10 urban rivers in Hong Kong for one year. Seasonal
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variation, particularly in water temperature, was the primary
driver of taxonomic and functional shifts in both particle types,
which responded similarly in terms of diversity, stability, and
extent of rIMAG sharing with RW microbiomes. Significant
interactive effects between water temperature and particle type
were observed: compared with NP microbiomes, as water
temperatures increased, MP microbiomes exhibited greater
taxonomic uniqueness, distinct life-history strategies, and a
higher potential for microbial sharing and HGT with RW
microbiomes.

The increased taxonomic and functional diversity in both
particle-associated microbiomes is likely to be due to the
dominance of rising water temperatures in expanding
ecological niches,* although other factors (e.g., water velocity)
may have contributed. These temperature-driven changes were
accompanied by a shift from A- to Y-strategic taxa, consistent
with reduced nutrient limitation.”' This pattern may reflect
enhanced riverine primary productivity under warmer
conditions,® which increases nutrient availability and supports
the metabolic activity and growth of diverse taxa in both
microbiomes.*”*" In Hong Kong, warmer periods typically
coincide with increased rainfall driven by the summer
monsoon, which introduces exogenous microbes from
tributaries and wastewater runoff,* enrichin§ sewage-associ-
ated taxonomic indicators (e.g., Firmicutes™ in MP micro-
biomes, Bacteroidota®’ in NP microbiomes) and elevating VF
abundances. However, higher water temperatures also promote
niche partitioning, evidenced by decreasing functional
redundancy in both microbiomes, which may weaken the
ability to buffer taxon loss and decrease stability and stress
resilience.”* Lower redundancy may also reduce competitive
interactions,” indicated by decreasing absolute negative-to-
positive cohesion ratios.”® Negative cohesion helps contain
environmental disturbances within microbial networks;* its
decline suggests destabilized interrelationships and reduced
robustness under warmer conditions. Such conditions also may
have enhanced microbial movement in search of favorable
habitats."*** Reduced microbiome stability may have facili-
tated particle colonization by exogenous RW microbes,*
causing both particle microbiomes to increase microbial
sharing with RW, with potential long-term impacts on riverine
microbial composition and function.

Although water temperature influenced both particle-
associated microbiomes, the extent and nature of their
taxonomic and functional shifts differed, reflecting particle-
specific microbial responses. Compared with NP microbiomes,
MP microbiomes exhibited greater taxonomic and functional
turnover and more indicator taxa and functions across the
water temperature gradient. Network analysis revealed distinct
patterns of increased connectivity and reduced modularity in
MP microbiomes under warmer conditions, suggesting greater
theoretical susceptibility to disturbance, as perturbations may
propagate more readily across highly interconnected microbial
networks.*”*" These patterns align with pronounced composi-
tional shifts in MP microbiomes, suggesting stronger environ-
mental filtering, likely driven by temperature-dependent
changes in MP surface properties. Increases in water
temperatures and sunlight accelerate MP weathering and
surface oxidation:>"” surface analyses have confirmed
increased aging in specific polymer types and increased
roughness across all MPs, causing polar functional group
(e.g., hydroxyl, carbonyl) introduction and increasing surface
hydrophilicity and chemical reactivity.”’ Under warmer

conditions, therefore, MP microbiomes favor thermotolerant,”*
hydrophilic surface-associated taxa commonly found on
weathered plastics (e.g., Firmicutes and Actinobacteria),”>*°
while cooler conditions favor hydrophobic surface-adapted taxa
(e.g, Gammaproteobacteria).”” Enhanced surface reactivity at
higher temperatures promotes organic pollutant (e.g., poly-
cyclic aromatic hydrocarbons,™ antibiotics®) adsorption and
plastic additive leaching.”” These potential substrates or
stressors”' may favor microbes with functional traits involving
complex carbon metabolism and resistance to environmental
stresses. In contrast, NPs, which are primarily plant-derived,
tend to present more nutrient-rich surfaces (e.g., cellulose and
hemicellulose),”>** which may support more consistent
microbial communities across the temperature gradient.
These findings suggest that interactions between MP
physicochemical properties and water temperature contribute
to the unique composition of MP microbiomes and their
divergence from those of NP microbiomes under warmer
conditions.

PLS-PM analysis revealed that increasing water temperature
increased the potential for both particle types to share
microbial traits with RW, with MPs consistently showing a
greater trait-sharing capacity. Warmer conditions enhanced the
overlap of taxonomic indicators between MPs and RW, which
frequently involved HGT to MP—RW-shared rMAGs and
possibly altered native riverine microbiome compositions and
functions. Several MP taxonomic indicators, including
Leuconostoc spp. with known antibiotic resistance,”* were
uniquely shared with RW. Functional indicators related to
stress tolerance, VFs, and ARGs were horizontally transferred
from MP taxonomic indicators to MP—RW-shared rMAGs,
suggesting the spread of MP-derived functional traits into RW
ecosystems. These traits may be favored under warmer
conditions as adaptive responses to temperature-induced
changes in MP-specific surface properties,”>*® promoting
MP—RW trait sharing. In contrast, NP microbiomes shared
fewer taxonomic and functional traits with RW, highlighting
the unique role of MPs in shaping microbial and functional
exchanges.

While this study highlights the temperature-dependent
divergence between MP and NP microbiomes, several
limitations should be acknowledged. First, we captured key
spatial and seasonal trends in microbial dynamics at 15
representative sites in major subtropical urban rivers while
controlling for site effects. However, the 1-year sampling
duration hindered the evaluation of interannual variability and
validation of the consistency of year-to-year observed seasonal
trends across years. In addition, limited replication reduced the
resolution for evaluating the within-site consistency. Future
studies could broaden temporal and geographic coverage,
including other climate zones, and incorporate within-site
replication to more robustly assess seasonal dynamics and their
generality. Second, water temperature emerged as the primary
driver of microbiome divergence; however, other covarying
environmental factors may also have contributed.”” We also
analyzed MPs and NPs as pooled groups without accounting
for physicochemical properties (e.g., polymer type and particle
size), possibly masking particle-specific microbial responses.
Future studies should incorporate broader temperature ranges
and control for particle characteristics to improve the
generalizability. Third, although rMAGs provided important
insights into microbial taxonomy, functional potential, and
potential sharing, they are a small fraction of the total
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metagenome and may not capture the full genomic and
functional diversity. Deeper sequencing, short- and long-read
integration, and optimized assembly strategies, combined with
complementary classification and annotation approaches, are
needed to enhance genome recovery and microbiome
characterization resolution.®® Lastly, microbial viability,
activity, and ecological roles require experimental validation
through complementary approaches, such as flow cytometric
cell viability analysis,”” antimicrobial susceptibility testing,”’
virulence assays,71 and integrative omics (e.g., metatranscrip-
tomics, metabolomics).”” Additionally, quantitative methods
(e.g, qPCR and flow cytometry) could be applied to enable
absolute quantification of particle-associated microbial taxa and
functional genes.””> Experimental tracing of microbial dispersal
through incubating fluorescently labeled cells with MPs, NPs,
and in RW’* would elucidate microbial sharing in aquatic
environments.

Environmental Implications

Seasonal plastisphere dynamics must be understood to assess
the long-term ecological impacts under changing environ-
mental conditions.”” Through year-round sampling of MPs
and NPs in major urban rivers in densely populated Hong
Kong, we identified water temperature as the primary driver of
seasonal shifts in plastisphere composition. The observed
temperature range (18—32 °C) reflects typical subtropical river
conditions, underscoring the broader relevance of these
findings for warm climates. These data also are a useful
reference for temperate or continental regions with broader
water temperature fluctuations (e.g,, ~0—25 °C’*””), where
microbial shifts may be even more pronounced, although
patterns could vary with geographic and climatic contexts.”®
While we also observed temperature-driven changes in NP
microbiomes, the unique physicochemical properties of MPs
appeared to amplify the effects, increasing microbial divergence
with warming and suggesting temperature-dependent ecolog-
ical impacts of MPs in riverine ecosystems. Under warmer
conditions in urban rivers, the plastisphere was enriched in taxa
carrying pollutant degradation and putative virulence functions
and metabolic capacities for diverse substrate utilization, which
may influence aquatic nutrient cycling’”*" and increase aquatic
organisms’ health risks through MP ingestion.””" MPs
consistently harbored higher putative PDE and ARG levels
across the temperature gradient, suggesting that they act as
stable reservoirs for specialized microbial functions® and
facilitate the dissemination of these functions within aquatic
ecosystems. These findings underscore the importance of
incorporating thermal context, environmental variability, and
long-term monitoring, particularly season-specific MP risk
assessments in regions with fluctuating water temperatures,
when evaluating plastispheres’ ecological impacts. The data
further suggest that prevailing studies, which often treat MPs as
static isolated niches, may not fully capture their dynamic
environmental interactions.**™

We show that warming enhanced the spread of unique
microbial traits, particularly putative virulence and antibiotic
resistance, beyond MPs through microbial sharing and HGT,
potentially reshaping the taxonomic and functional composi-
tions of aquatic microbiomes. Warming also promoted
microbial sharing between NPs and RW, suggesting that the
more abundant NPs*® may play an underrecognized ecological
role. Nevertheless, MP-specific ecological risks may be
exacerbated by continuing plastic pollution®” and projected

river warming (0.02—0.5 °C per decade).*® Overall, our
findings highlight temperature-dependent ecological risks
unique to MPs and the plastisphere and provide key insights
into the potential impacts of MP pollution on aquatic
ecosystems under climate warming.
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