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Plastisphere provides a unique ecological
niche for microorganisms in Zostera

marina seagrass meadows
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Seagrass meadows are renowned for their associated ecosystem services and carbon sequestration
capacity, with microorganisms playing a crucial role. However, the invasion of microplastics may
disrupt these processes. Here, we conducted a one-month in-situ incubation of three prevalent types
of microplastics in the seagrass meadow of Swan Lake, China. The results showed significant
differences in microbial communities between the plastisphere and natural matrices. Cyanobacteria
exhibited a strong preference for polyethylene terephthalate, and microplastic shape and their contact
area with water may be key factors in shaping microbial communities. Meanwhile, microplastic
invasion can shift carbon- and nitrogen-fixing microbes and related genes, thereby changing seagrass
meadows’ carbon and nitrogen cycles. This may impact the carbon sequestration capacity of
seagrass meadows and pose potential risks of water blooms. Additionally, the potential ecological
risks posed by the large number of resistance genes adsorbed by microplastics in the ecosystem are

also worthy of attention.

Seagrass meadows provide critical ecological services, including habitat
provision, substrate stabilization, water purification, and biodiversity
maintenance'’. Notably, these ecosystems have emerged as pivotal players
in climate change mitigation, exhibiting exceptional capacity for long-term
blue carbon sequestration™. They store approximately twice as much car-
bon per hectare as terrestrial ecosystems, with an estimated global soil
organic carbon of 19.9 billion tons, representing a carbon stock of equivalent
magnitude to the tidal marshes and mangroves*®. However, seagrass mea-
dows are currently degrading at an alarming rate, with an annual loss rate of
about 1.5%, which greatly impairs their carbon storage capacity’. Human
activities, littering, habitat destruction, typhoons, climate change, and the
invasion of alien species are all contributing to the rapid degradation of
seagrass meadows’ . Among these, human activities have the most sig-
nificant impact on the degradation of seagrass meadows, including water
pollution, overdevelopment, and habitat destruction'’. In recent years,
microplastics (MPs) pollution has emerged as a pressing issue in marine
environmental contamination, increasingly infiltrating coastal vegetation
ecosystems. A critical review by Li et al." reveals that MPs are widely
distributed in global seagrass beds, including within seagrass tissues, sedi-
ments, and organisms inhabiting these ecosystems, with pollution levels

likely to intensify in the future. MPs contamination can impair seagrass
photosynthesis, alter water and sediment conditions, and consequently
disrupt ecological functions such as carbon sequestration'”". However,
these potential adverse effects and their underlying mechanisms have not
yet been comprehensively assessed. Therefore, paying attention to and
protecting the health of seagrass meadows is crucial for maintaining their
capacity to provide ecosystem services.

Seagrass meadows predominantly sequester organic carbon through
autochthonous and allochthonous sources, with the majority stored in
soils"*'®. Autochthonous carbon originates primarily from seagrass bio-
mass and associated epibionts via photosynthesis and chemosynthesis,
subsequently buried in sediments through detrital deposition and
mortality”. Allochthonous carbon consists of exogenous organic matter
intercepted and sedimented by seagrass canopies, derived from terrestrial
inputs, marine detritus, and other aquatic vegetation“‘. Additionally, the
relative contribution of these carbon sources in soil organic carbon pools
is strongly influenced by meadow properties, habitat geomorphology and
bioregion'*”. The storage capacity of autochthonous carbon in seagrass
meadows primarily relies on two mechanisms: the Biological Pump (BP)**
and the Microbial Carbon Pump (MCP)”. Seagrasses assimilate dissolved
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CO; of water column into organic carbon via high photosynthetic rates,
resulting in substantial primary productivity and biomass accumulation™.
Seagrass tissues exhibit high concentrations of recalcitrant structural
compounds (cellulose and lignin), which confer strong resistance to
microbial mineralization under anaerobic sedimentary conditions. When
coupled with rapid burial dynamics, this biochemical persistence enables
multi-millennial carbon sequestration in coastal sediments™.

The microbial-driven MCP utilizes organic carbon in the water col-
umn to produce refractory dissolved organic carbon (RDOC), which resists
degradation and accumulates in ecosystems over the long term®™. This
process is a crucial pathway for enhancing oceanic carbon storage, due to its
exceptional carbon sequestration capacity, it has been described by Science
magazine as the invisible hand behind a vast carbon reservoir’’. Compared
to the BP, the influence of the MCP on the carbon sequestration capacity of
the entire seagrass meadows ecosystem may be more significant. Further-
more, microorganisms play an equally critical role in the functioning of BP.
In nitrogen-depleted waters, the ability to fix nitrogen is key to the successful
continuation of seagrass meadows”. Nitrogen-fixing microorganisms
attached to seagrass leaves and present in the rhizosphere can alleviate
ammonia limitation in seagrass ecosystems through microbial nitrogen
fixation (MNF), thereby enhancing ecosystem productivity”*. Some studies
have shown that up to 50% of the ammonia required in seagrass meadows is
supplied by MNF”. Additionally, research by Patriquin and Knowles has
demonstrated that, in oligotrophic environments, MNF in seagrass mea-
dows can provide 1-1.5 times the ammonia necessary for plant growth
(6.9-23 mg N per g)*. Bacteria are the main components of microorgan-
isms in the environment™, and nitrogen-fixing microorganisms are also
primarily composed of bacteria, such as cyanobacteria, photosynthetic
bacteria, and some symbiotic bacteria, etc”’. For example, Wiebke et al.”
reported a symbiotic relationship between seagrass meadows and nitrogen-
fixing rhizobia (Candidatus Celerinatantimonas neptuna), suggesting that
seagrasses have independently evolved a mechanism to cope with nitrogen
limitation. Similar to many terrestrial plants, the ancestors of Ca. C. neptuna
and its relatives likely enabled marine flowering plants to invade and thrive
in nitrogen-poor marine habitats, their descendants form the foundation of
highly efficient blue carbon ecosystems™. Thus, ammonia-fixing bacteria
and their symbionts play an important role in the sustainability of nitrogen
supply and productivity in seagrass meadows, and are the main contributors
to new productivity in nutrient-poor seas.

Admittedly, the essential functions of seagrass meadows and their
associated microbial communities are increasingly being recognized.
However, the extensive intrusion of MPs may be disrupting these functions.
Acting as the first barrier to land-based MPs entering marine environments,
seagrass meadows, with their high biomass and strong hydrodynamic
buffering capacity, have effectively become sinks for MPs***. Similar to
carbon sequestration capacity, this enrichment effect can also vary due to
differences in meadow type, tides, and geographical location™*". In addition
to the MPs themselves, the land-based pollutants they carry, such as heavy
metals, antibiotics, and resistance genes, may also adversely affect seagrass
meadows and their microbial communities” ™. Additionally, emerging
research also demonstrates that novel pollutants, such as sunscreens, can
disrupt photosynthetic systems and induce microbiome shifts of seagrasses
(Cymodocea nodosa), leading to profound perturbations in carbon meta-
bolism pathways*. Our team has previously reviewed the mechanisms by
which MPs may affect carbon sequestration in seagrass meadows, focusing
primarily on how MPs influence the MCP and indirectly impact the BP".
Through our review, we found that studies on the effects of MPs on seagrass
meadows are highly limited, particularly concerning their impact on
microbial communities. To address this gap, we designed a one-month
in situ experimental study focusing on three prevalent MP polymers found
in seagrass ecosystems—polypropylene (PP), polyethylene (PE), and poly-
ethylene terephthalate (PET)"". Although numerous studies have investi-
gated the impacts of MPs on aquatic ecosystems, most have remained
focused on a single dimension (e.g., microbial communities or functional
genes). In this study, we conducted a comprehensive multidimensional

analysis comparing MPs with their native substrates (water and sediment)
using multiple indicators and analyzed their interactions. These indicators
include: (1) Material variation (structure, hydrophobicity, functional
groups, biofilms); (2) Microbial community diversity and stability (e.g.,
Shannon, Chaol, network topology features, robustness, community
variability, vulnerability, etc.); (3) Community composition (e.g., relative
abundance, absolute abundance, Metagenomic gene sets (MGS), differential
taxa, LEfSe analysis, specificity, and occupancy); (4) Carbon and nitrogen
cycling genes (e.g., gene composition, structure, pathways, and contribu-
tions); (5) Antibiotics resistance genes (ARGs), metal resistance genes
(MRGs) and biocide resistance genes (BRGs) (composition, structure, and
contributions). This multidimensional analysis aims to comprehensively
and accurately evaluate the impact of massive MPs intrusion on microbial
communities and functional genes in seagrass meadow ecosystems. The
findings will provide insights for accurate evaluation of the ecological
functions and carbon - sink capacity of seagrass meadows.

Results and discussion

Material changes and biofilm enrichment

By integrating the results of scanning electron microscopy (SEM) and
biofilm optical density (OD) measurements, we found that the biofilm
content adhered to PET was significantly higher than that on PP
(approximately 3-fold higher, p < 0.05), while that on PP was in turn sig-
nificantly higher than that on PE surfaces (approximately 2-fold higher,
p<0.05) (Fig. 1). This may be due to their different shapes, resulting in
different specific surface areas, which affects the biofilm content*"*. As seen
from Fig. la2-c2 and a3-c3, PET predominantly exhibits a grid-like
structure, which provides a large specific surface area, a characteristic that
stems from the mask’s need for effective barrier properties. In contrast, the
structural complexity and specific surface area of PP films are moderate,
whereas PE ropes exhibit the lowest structural complexity and provide fewer
attachment points for microorganisms, leading to lower biofilm adhesion.
The hydrophilicity results demonstrated that all three MPs were highly
hydrophobic prior to in situ incubation, with hydrophobicity ranked as PET
(104°) > PP (98°) > PE (95°), but the differences were statistically insignif-
icant. After in situ incubation, the hydrophobicity of PET was greater than
that of PE, which was greater than that of PP (Details on the hydrophobicity
test and criteria are in Fig. S1 and its note). This change in hydrophobicity is
likely the result of the combined effects of wave impact, chemical corrosion,
UV aging, and biofilm attachment™ .

Fourier-transform infrared (FTIR) analysis revealed that after in situ
incubation, the three types of MPs shared some similar features. For
instance, their characteristic peaks at about 466 cm™ and 1020 cm™ were all
enhanced. These peaks are associated with molecular skeletal deformation
vibrations and C-H rocking vibrations, respectively””*’. The intensity
changes indicate alterations in the plastic surface structure, which may be
due to wave impact, light aging, or partial microbial degradation’®. Unlike
PET, PE and PP MPs exhibited new characteristic peaks at about 1640 cm™
and 3300-3500 cm. These peaks are likely related to oxidative or biological
degradation**. Ultraviolet radiation or certain enzymes and other meta-
bolites secreted by microorganisms might lead to the oxidative degradation
of PE and PP*"”. During the degradation process, the polymer chains may
break, resulting in the formation of structures containing carbonyl,
hydroxyl, or other oxidative products™. As the hydrological and other
environmental conditions of the placement sites are basically the same, the
differences are mainly in the samples themselves. It is probably the beha-
vioral differences of the microbe communities attached to the samples that
have resulted in the differences in those characteristic peaks™.

Differences in microbial diversity and community composition
among samples

Bacteria are the main part of the sample’s microbes. In water, they account
for 88.88%-91.28% of microbial community copies per unit sample. On
sediments and MPs, their proportion is significantly higher (p <0.05),
exceeding 95.87% (Fig. S2). This is mainly because biofilms readily form on
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Fig. 1 | Plastic processing workflow and changes in material properties and
biofilm accumulation before and after in situ incubation. al-a3 PET mask, PP
film, PE rope; b1-b3 Trimmed; c1-c3 SEM images before incubation; d1-d3 After

incubation; el1-e3 SEM images after incubation; f1-f3 FTIR before and after incu-
bation; g Biofilm content (OD values). The error bars in the bar charts represent the
standard deviation.

and between solid particles, favoring bacterial enrichment™. The bacterial
diversity and stability in different samples also show significant differences
(Fig. 2). Firstly, regarding diversity, we analyzed the differences in bacterial
diversity among the samples from multiple dimensions, including unique
amplicon sequence variants (ASVs), richness, diversity, and community
distance (Fig. 2a—f). From the perspective of unique ASVs, the MPs had
fewer unique ASVs (500-907) compared to water (1231) and sediment
(1334), with PET (907) exhibiting more unique ASV's than PE (768), and PE
having more than PP (500). Regarding alpha diversity, the richness (Chaol)
of PE and PP was similar to that of sediment, while PET was more similar to
water and significantly lower than PP, PE, and sediment. The diversity
indices (Shannon and Simpson) showed that water had significantly lower
diversity than the other samples, followed by PET and sediment, while PE
and PP exhibited slightly higher diversity than sediment. The rank-
abundance curve further confirms the above findings. -diversity analysis
(Fig. 2f) shows that the bacterial community compositions of the samples
are significantly different (ADONIS, R =0.956, p <0.001). The microbial
communities of PE and PP are similar to each other, while those of the other
samples differ greatly in species composition.

Overall, these different indicators reflect similar characteristics,
namely, there are significant differences in microbial diversity among dif-
ferent samples. Among them, the diversity features of water and PET MPs
are more unique, while sediment, PP and PE MPs exhibit more similar
diversity. These differences may be caused by various factors, such as
additives, surface charge, functional groups, shape, roughness, hydro-
phobicity, and biological affinity of MPs* . For example, regarding unique

ASVs, water and sediment, as natural samples, tend to have higher microbial
affinity compared to MPs, and their surface may have a relatively higher
number of unique ASVs®. PET MPs, due to their complex surface structure
and higher specific surface area, have a larger contact area with water,
making their microbial community characteristics more similar to those of
water. The hydrophobicity, surface functional groups, and roughness of PE
and PP are similar, while PET surfaces exhibit greater differences in func-
tional groups, hydrophobicity, and surface roughness (Fig. 1 and Fig. S2).
These factors may be the primary reasons for the differences in microbial
diversity on the surfaces of different MPs. For instance, research by
Sun etal.*, indicates that the higher hydrophobicity of MPs is a key factor in
their ability to carry a variety of microorganisms and differing hydro-
phobicities may result in the transport of different microbial communities.
Different functional groups also affect the microbial adsorption
characteristics”. For instance, the study by Zettler et al.** indicated that
microorganisms of the phylum Proteobacteria and Bacteroidetes are more
inclined to attach to the surface of MPs rich in polar groups, such as PET. In
contrast, microorganisms of the phylum Actinobacteria and Firmicutes
show a higher preference for non-polar MPs, such as PP and PE.

We analyzed the stability of bacterial communities from multiple
perspectives, including average variation degree (AVD), network char-
acteristics, robustness, and vulnerability (Fig. 2g-j). From the network
diagram, PET and sediments show more node clustering (Fig. 2i). In terms
of AVD, water has the highest value, followed by PET, with sediments, PE,
and PP being relatively lower (Fig. 2g). Regarding network vulnerability,
PET is the most fragile (0.00186), while other samples are quite similar
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Fig. 2 | Differences in bacterial community diversity and stability based on ASV-
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(Fig. 2f). The robustness of the networks was evaluated by randomly
removing ASVs from the samples. Under different analysis methods
(weighted/unweighted), except for PET, the robustness of other samples was
relatively similar (weighted: 0.24-0.28, unweighted: 0.28-0.32), and the
difference between the two methods did not exceed 0.06. PET’s robustness
shows a unique pattern, with significant differences between weighted and
unweighted methods. Under the weighted method, PET’s robustness (0.20)
drops sharply. Overall, PET has the weakest stability, with other samples
being similar.

The analysis of community stability is even more interesting because it
takes into account more factors (such as ASV count, diversity, species
abundance, etc.) and considers the relationships between them. Overall,
water’s fluidity makes its microbial community composition relatively even,
giving it a larger AVD®. PET’s porous structure allows extensive water
contact, increasing its community AVD. PET’s microbial network shows
serious clustering, higher modularity, and greater fragility, possibly due to
multiple factors. Under similar conditions, different substrates, their phy-
sical/chemical properties, and nutrient availability can cause varying

network modularities, impacting AVD, robustness, and vulnerability***".
PET’s unique fence-like structure and surface functional groups may lead to
significant heterogeneity in microbial community distribution***'. This
reduces richness and diversity but increases the abundance of certain sig-
nature microbial communities, creating unique network features. This was
confirmed by our subsequent community composition analysis, which
found that PET enrichment of high-abundance cyanobacteria. These highly
interconnected, dominant species are crucial for network stability. If they’re
removed or fail, network function collapses quickly, reducing robustness®’.
The significant differences in robustness between the two analysis methods
also support this.

At the same time, we used a neutral model to quantify the impact of
random pr Meanwhile, neutral-model results show (Fig. S3) that, as before,
PET exhibited characteristics similar to water (0 < R*<0.4), and its com-
munity assembly process was less influenced by random factors”. In con-
trast, sediment, PP, and PE showed negative R? values, indicating that
random processes are not essential in driving the community assembly
ecological process, and their community assembly is likely primarily driven
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are marked in blue, while genera related to nitrogen and carbon fixation within the
specialized genera are marked in other colors, information on these genera is detailed
in Fig. S5).

by deterministic processes’’. Overall, microbial communities on MPs are
driven by deterministic processes, yet PET’s good water contact partly
dilutes this result.

The community composition of the three types of MPs differs sig-
nificantly from that of water and sediment at various taxonomic levels,
unlike their diversity patterns (Fig. 3a-c). At the phylum level (Fig. 3a),
Cyanobacteriota dominates on PET, while Pseudomonadota dominates on
PP and PE, with their proportions being similar to those in water but much
higher than in sediment. This is similar to the previous study, where
Pseudomonadota dominate seagrass phyllosphere microbes’'. Moreover,
the nitrogen—fixing partner in seagrass rhizosphere, Candidatus Celer-
inatantimonas neptuna, also belongs to the Pseudomonadota®. At the order
level (Fig. 3b), the characteristic taxa on PET primarily include Sphingo-
monadales, Leptospirales and Pleurocapsales, etc., while the characteristic
taxa on PP and PE are mainly Rhodobacterales, Sphingomonadales and
Hyphomicrobiales, etc. At the genus level (Fig. 3¢), the characteristic taxa on
PET primarily include Leptolyngbya, Erythrobacter, Phormidesmis and
Winogradskyella, etc. The characteristic taxa on PP and PE include Wino-
gradskyella, Altererythrobacter, Roseovarius and Woeseia, etc. These dif-
ferential taxa are commonly dominant in the respective samples. On PET,

Cyanobacteriota is mainly related to photosynthesis’. The genera under
Pseudomonadota on PP and PE are widely involved in the carbon and
nitrogen cycles of the entire ecosystem”.

The differential taxa analysis results for various samples are similar to
the descriptions of relative abundance composition. At the phylum level,
overall (Fig. 3d), the relative abundance distribution patterns of PET are
more similar to water, while PE and PP are more alike. Specifically (Fig. S4a-
i), the relative abundance of Cyanobacteriota on PET is significantly higher
than in other samples, while Pseudomonadota is significantly higher on PP
PE and Wav than in other samples. The analysis of specialized genera in
different samples (Fig. 3e) shows that the number of specialized genera
ranks as follows: Wav (419) > Sed (333) > PET (166) > PP (62) > PE (61).
The proportion of specialized genera related to carbon and nitrogen cycling
was highest on PET and lowest in sediment. LEfSe analysis (Fig. S4j, k) also
confirms the above conclusion. The differential taxa in PE and PP mainly
belong to Pseudomonadota, while those in PET mainly belong to
Cyanobacteriota.

To verify the above conclusion, we carried out differential MGS and
absolute quantification analyses (Fig. S5-S8). Cluster analysis assembled 37
MGS (Fig. S6). Consistent with previous results, orders such as
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Rhodobacterales, Flavobacteriales, and Leptolyngbyales exhibited the
highest relative abundances on PET, and strong interactions were observed
among these MGS. Based on the absolute quantification results (Fig. S7), the
top 30 families in terms of absolute abundance largely belonged to the class
Pseudomonadota (Fig. S7a). The class with the strongest interaction rela-
tionships was Cyanophyceae (Fig. S7b). There were two genera with abso-
lute  abundances exceeding 2x10” copies g, namely
unclassified_Deltaproteobacteria and Leptolyngbya (Fig. S7c). The copy
number per sample was highest in sediment, ~1.18 x 10** copies g, fol-
lowed by PET at ~6.53 x 10" copies g' (Fig. S8a). Although the copy
number per sample was higher in sediments than in PET, the absolute
abundance of Cyanobacteriota was higher on PET than in sediments
(Fig. S8b), indicating the absolute dominance of Cyanobacteriota on PET.

Overall, analyses across multiple levels—including bacterial relative
abundance, specialized genera, differential taxa, LEfSe, LDA, absolute
quantification, and MGS—consistently conclude that MPs host distinct
bacterial communities compared to water and sediments. These distinct
communities are predominantly associated with carbon and nitrogen
cycling within seagrass meadow ecosystems. Specificity-occupancy analysis
further reveals that MPs harbor more active taxa related to carbon and
nitrogen cycling, such as cyanobacteria and rhizobia. For instance, PET MPs
are enriched with cyanobacteria, which are typical primary producers
playing a crucial role in seagrass meadow ecosystems. Cyanobacteria can
establish a degree of symbiosis with seagrasses and eukaryotic organisms,
enabling strong photosynthetic and nitrogen-fixing capabilities. These
activities contribute extensively to the carbon and nitrogen cycles in seagrass
meadows while also facilitating the adsorption of environmental pollutants,
such as heavy metals”**”*”*. In addition, the adsorption of heavy metals by
MPs themselves, as well as their extensive adsorption of cyanobacteria, may
further intensify the impact of heavy metal pollution in the habitat’’. The
complex structure of PET masks enhances water flow and sunlight exposure
on their surfaces, providing favorable conditions for cyanobacterial growth
by ensuring ample light, CO,, and essential nutrients such as nitrogen and
phosphorus””®, In contrast, PE and PP MPs are characterized by dominant
taxa from the class Pseudomonadota, including genera such as Wino-
gradskyella, Altererythrobacter, and Roseovarius. These genera are com-
monly involved in microbial processes of the carbon and nitrogen cycles
within seagrass meadow ecosystems’*'. Compared to sediments, the lower
density of MPs allows them to float with water currents, making their
surfaces more accessible to sunlight, CO,, and nutrients. Furthermore,
compared to free-floating microbes in water, MPs provide a stable habitat,
leading to more distinct microbial community compositions®****. The

unique surface dynamics of MPs—including surface charge, hydro-
phobicity, and the presence of polar functional groups—are also significant
factors driving biofilm formation and community differentiation® ™.
Absolute quantification results further support this, showing that PET
masks with more complex structures have higher microbial copy numbers
and biofilm content per unit sample.

Differences in carbon-nitrogen cycling genes and resistance
genes among samples

Microbial carbon and nitrogen metabolism exhibit significant differences
across different samples (Fig. 4). From the perspective of the carbon cycle,
genes associated with fatty acid synthesis and metabolism, such as dapL,
cbiX, troB, and faaH, showed significantly higher expression levels on PET
compared to water and sediment samples, potentially linked to surface
biosynthetic activities. On PP, the expression of the mlaD gene was relatively
higher, while on PE, genes related to carbohydrate and heavy metal ion
metabolism and transport, including pckA, mtlK, malK, mntD, comE, and
bchP, displayed elevated expression levels (Fig. 4a). Regarding the compo-
sition of genes involved in carbon cycle pathways, significant differences
were observed between samples (ADONIS, R = 0.961, p < 0.001), with PET
being most distinct from other samples, while PP and PE also showed gene
compositions distinct from water and sediment samples (Fig. 4b). Further
clarification of these differences at the pathway level revealed that genes
involved in the CBB cycle and glycolysis exhibited higher expression levels
on PET, whereas genes involved in CO, conversion to CH, and subse-
quently to CH;OH were more prominently expressed on PP and PE
(Fig. 4e, f).

In the nitrogen cycle, genes related to N,O and nitrate reduction, such
as nirD, glsA, nirA, narB, and ureB, were more highly expressed on PET,
while genes such as amoA_A, narJ, and amoA_B, associated with ammonia
oxidation and nitrite reduction, exhibited higher expression on PP and PE
(Fig. 4c). Differences in gene composition among samples were also highly
significant (ADONTS, R = 0.953, p < 0.001), with PET remaining the most
distinct sample, although sediment, PP, and PE displayed highly similar
compositions. Across the entire nitrogen cycle pathway, genes involved in
the full denitrification process (e.g., narB, nr, nasAB, nirK, nirS, norBC, and
nosZ) exhibited higher expression levels on MPs. Additionally, PET
demonstrated significantly higher expression levels of genes involved in
nitrogen reduction (e.g., NIT-6, nirA, nirBD, and nrfAH) compared to other
samples (Fig. 4g, h). These findings collectively suggest that microorganisms
on MPs possess unique carbon and nitrogen metabolic characteristics
compared to those in water and sediment. Through influencing microbial
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community composition and the expression of genes related to carbon and
nitrogen cycles, MPs could impact the carbon sequestration potential of
seagrass meadows and the emission of greenhouse gases.

We analyzed the functional differences and contributions of carbon
and nitrogen cycling at different levels. For the carbon cycle, the analysis
focused on two main aspects: carbon fixation and transport. Functional
genes related to carbon fixation exhibited the highest expression levels on
PET, with key representatives including Carbon Fixation, Photosynthesis,
and the Cytochrome b6f complex (Fig. S10a-c). The primary taxa con-
tributing to these differences were predominantly Cyanobacteria, including
genera such as Leptolyngbya, Phormidium, Synechococcus, and Pleurocapsa
(Fig. S10al, bl). In contrast, functional genes associated with transport
showed the highest expression levels on PE, primarily including Transport
and ABC Transport (Fig. S10a-c). The main taxa contributing to these
differences were genera such as Roseovarius, Ruegeria, Roseobacter, and
Rhodophyticola (Fig. S10a3), many of which are known to form close
symbiotic relationships with plants”~*. Additionally, functional genes
associated with organic transformation and xenobiotic metabolism also
exhibited the highest expression levels on PE. For the nitrogen cycle,
nitrogen fixation and assimilatory nitrate reduction were more pronounced
on PET (Fig. S10d), enabling a greater transfer of nitrogen into organisms.
The primary taxa contributing to these differences included Leptolyngbya,
Phormidium, Waterburya, Erythrobacter, Rivularia and Calothrix
(Fig. S10d1, d2). Most of them belong to Cyanobacteria and exhibit strong
symbiotic relationships with plants, collaborating with them to facilitate
nitrogen fixation*”".

Overall, compared to water and sediment, the plastisphere harbors
microorganisms with distinctive carbon and nitrogen metabolic char-
acteristics. Specifically, carbon and nitrogen fixation processes are more
active on PET, while denitrification is more pronounced on PE and PP.
These processes are closely linked to the carbon and nitrogen cycles within
the seagrass meadow ecosystem. Contribution analysis indicates that the
differences in functional genes related to carbon and nitrogen cycling are
predominantly driven by cyanobacteria, whose relative abundance on the
three types of MPs is generally higher than in water and sediment (Fig. S6).
This suggests that differences in species composition across samples drive
variations in microbial community functions™. From the absolute quanti-
fication results, although the per-sample gene copy number in sediments is

significantly higher than in MPs, the absolute abundance of certain genera
and genes related to carbon and nitrogen cycling in PET samples is com-
parable to that in sediments (Fig. S5, S9). All evidence points to more intense
microbial activity related to carbon and nitrogen cycling on MPs. As pre-
viously reviewed, substantial MPs inputs may impact the carbon seques-
tration capacity of seagrass meadows'. On the one hand, plastisphere, as
unique carriers of these blue carbon microorganisms, could weaken the
cooperative relationships between nitrogen-fixing microbes and plants,
reducing the nitrogen-fixing capacity of plant root systems and thereby
affecting the primary productivity of the entire seagrass meadow”. On the
other hand, the intense carbon and nitrogen metabolic activities of micro-
organisms on these unique carbon spheres may enhance their role as
microbial carbon pumps (MCP), facilitating the fixation of more refractory
dissolved organic carbon (RDOC) on the seabed™.

The distribution of ARGs, MRGs, and BRGs across different samples
exhibited significant differences (all R>0.8, p <0.001) (Fig. 5a—f). Most
ARGs showed higher relative abundances on MPs. Specifically, ARGs
related to Zolifodacin-like antibiotics, Aminocoumarin antibiotics, Strep-
togramin antibiotics, and Fusidane antibiotics were relatively more abun-
dant on PET, with the primary contributing genera being
Sphingomicrobium, — unclassified_Burkholderiaceae, Roseovarius, and
Sphingomonas (Fig. 5b1, b2). In contrast, ARGs associated with Mono-
bactam, Penem, Cephalosporin, and Penam antibiotics were most abundant
on PE, with key contributing genera including Dankookia, Salmonella,
Hoeflea, and Alcanivorax (Table S2). The taxa driving ARG variations on
PET were predominantly Cyanobacteria, which are well-known for their
strong interactions with ARGs™. In contrast, the taxa driving ARG varia-
tions on PE were mostly pathogenic bacteria. Among them, Dankookia,
Alcanivorax, and Hoeflea are associated with various diseases and infections.
These bacterial groups frequently encounter penicillin and cephalosporin
antibiotics and carry a large number of resistance genes™. The unique
capacity of bacterial taxa to carry ARGs, combined with their preference for
specific MPs, contributes to the observed differences among samples.

For MRGs and BRGs, most BRGs exhibited relatively higher expres-
sion levels in sediments, while MRGs were more abundant on MPs.
Representative examples include Ni, Zn, and Ag resistance genes on PET,
Cu resistance genes on PP, and V resistance genes on PE. The primary
genera driving these differences were Cyanobacteria, including
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Leptolyngbya, Rivularia, Xenococcus, and Waterburya (Figs. 5d, e, el, e2).
Previous studies have demonstrated that Cyanobacteria can adsorb heavy
metals through multiple mechanisms”. Their cell walls are rich in poly-
saccharides, proteins, and lipids, which contain functional groups such as
hydroxyl, carboxyl, and amino groups that form coordination bonds with
metal ions, facilitating heavy metal adsorption. Additionally, the secretion of
extracellular polymeric substances (EPS) significantly enhances metal-
binding capacity, further strengthening the adsorption of heavy metals™.
These factors likely contribute to the higher abundance of heavy metal-
related genes on PET MPs.

Drivers and implications of plastisphere as a unique ecological
niche for microorganisms in seagrass meadows

Through path analysis using partial least squares path model (PLS-PM), we
comprehensively considered the relationships among diversity, stability,
differential taxa, carbon-nitrogen cycle-related genes, and resistance genes
(Fig. 6; Table S3, S4). The results showed that microbial community dif-
ferences between samples were the primary driving factor for both carbon-
nitrogen cycle-related genes and resistance genes, with inconsistent impacts
from diversity and stability. Specifically, diversity and stability were posi-
tively correlated with carbon-nitrogen cycle-related genes, while negatively
correlated with resistance genes. This may be because microbial activity in
the carbon-nitrogen cycle typically requires a more stable and suitable
environment, during which microbial diversity and stability are relatively
high™. In contrast, a large accumulation of resistance genes usually indicates
that the community is under stress from certain pollutants, leading to lower
microbial diversity and stability'**'”". Overall, compared to water and

sediment, the plastisphere exhibits distinctive characteristics in terms of
microbial community diversity (alpha and beta), stability (network topo-
logical features, robustness, vulnerability, and AVD), community compo-
sition (relative abundance, absolute abundance, MGS, differential taxa,
specificity, and occupancy), as well as functional genes related to carbon
and nitrogen cycling and resistance genes (composition, structure, path-
ways, and contributions). These differences were primarily driven by
microbial community differences across samples, and such differences in
microbial communities depend on a series of conditions, including matrix
structure, hydrophobicity, charge, functional groups, and other character-
istics. These features of MPs are markedly different from those of water and
sediment, especially their unique structure and higher hydrophobicity™.
At the same time, the structure and hydrophobicity of PET fragments differ
significantly from those of PE and PP (Fig. 1 and S1), which may be the main
reason for the microbial community differences between different
MPs. Additionally, plastic additives, such as functional additives, colorants,
fillers and reinforcements, are incorporated into plastics during manu-
facturing to enhance their durability, flexibility, and other functional

properties'”. Over time, these additives can leach into the surrounding
environment due to weathering, UV radiation, and microbial
degradation'”. The gradual release of plastic additives is also a factor that

cannot be ignored, as it may affect the assembly process of microbial
communities over a longer period of time'**. Taken together, these findings
underscore that plastisphere represent a unique ecological niche for
microbes in seagrass meadows.

However, with the continuous influx of MPs, this unique ecological
niche may have negative impacts on the entire seagrass meadow
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ecosystem. On one hand, MPs alter the original microbial community
structure in the ecosystem, affecting normal metabolic activities of
microorganisms and exacerbating greenhouse gas emissions'**'®.
Additionally, the impact on microbial carbon pumps (MCPs) may
impair the carbon sequestration capacity of coastal blue carbon eco-
systems, which is particularly concerning'”. On the other hand, the
impact of MPs on microorganisms may affect various aspects of the
entire seagrass meadow ecosystem. Firstly, MPs may disrupt the
synergistic carbon and nitrogen fixation between microorganisms and
plants, potentially threatening both carbon sequestration capacity and
the survival of seagrass communities'”*'”. Secondly, microorganisms
within the plastisphere harbor a high abundance of heavy metals, metal
resistance genes (MRGs), and antibiotic resistance genes (ARGs), which
could pose ecological risks when ingested by marine organisms. These
risks may extend through the food chain, potentially impacting human
health'®""". Thirdly, the large quantities of cyanobacteria adsorbed on
MPs surfaces may release harmful algal toxins''>'"". These toxins not
only impair the physiological development and viability of fish, shellfish,
and other aquatic species, but also present a cross-boundary con-
tamination through buoyant MPs that facilitate long-distance transport
via ocean currents''*'”’. This could exacerbate the proliferation and
spread of harmful algal blooms (HABs), further destabilizing aquatic
ecosystems and impairing their long-term functionality''’. Moreover,
the accumulation of these microorganism-rich plastispheres in sedi-
ments may also have unknown impacts on the structure and function of
the sediments. Therefore, while our study provides new insights and
research opportunities regarding the impacts of the plastisphere on
marine microbial ecology and ecotoxicology, the associated negative
effects on environmental health and ecosystem services require further
investigation. Furthermore, effective management measures must be
implemented to mitigate these potential risks.

Conclusions

Through this study, we identified the plastisphere as a unique ecological
niche within seagrass meadows, exhibiting distinctive characteristics in
microbial community diversity, stability, species composition, as well as
functional genes related to carbon and nitrogen cycling and resistance
genes. Specifically, regarding diversity, bacterial alpha diversity on PET
was lower and more similar to that of water, while PP and PE exhibited
higher diversity, resembling sediment more closely. In terms of stability,
microbial correlation networks on PET were more complex, with higher
AVD and greater vulnerability. Consequently, these networks are more
prone to functional collapse and a rapid decline in robustness under
external disturbances. Conversely, microbial networks on PP and PE
demonstrated greater stability, characterized by lower AVD and vul-
nerability. In terms of community composition, the characteristic taxa
on PET were predominantly cyanobacteria, whereas PP and PE sup-
ported denitrifying bacteria and pathogenic bacteria. These unique
microbial community structures drive the active carbon and nitrogen
cycling processes observed on MPs and the elevated enrichment of
resistance genes. These differences are collectively attributed to a range
of factors, including the hydrophobicity, structure, surface charge, and
functional groups of MPs. However, structural characteristics and
hydrophobicity likely play a pivotal role in determining these variations.
Additionally, it is important to note that, although Zostera marina is
widely recognized as the most extensive marine plant in the world'", its
growth characteristics and microbial community composition may still
vary from other seagrass species. Consequently, evaluating the impact of
MPs intrusion on microbial communities in a wider variety of seagrass
beds could be the subsequent objective. These studies enable us to
accurately assess the impact of MPs intrusion on seagrass meadow
ecosystems, particularly concerning their carbon sequestration capacity.
At the same time, the potential risks associated with heavy metals and
resistance genes carried by MPs should not be underestimated, as these
risks have yet to receive sufficient attention.

Materials and methods

Sample placement and collection

In September 2024, a 30-day in situ incubation experiment was carried out
in the Zostera marina seagrass meadow at Swan Lake (Fig. S11) in Rong-
cheng City, Shandong Province, China (37°21'38"N, 122°33'30"E). After
extensive preliminary research and literature review, we selected the three
most common types of plastics found in seagrass meadows for in situ
simulation studies'’. When procuring the plastics, we considered the
common forms found in seagrass meadows, such as masks (PET), films
(PP), and ropes (PE). These plastics were procured from Alibaba Group
(Hangzhou, China). The polymer types were determined by a micro-
Fourier transformed infrared spectrometer (u-FTIR, Thermo Nicolet iN10)
in a transmission mode. The plastics were cut into small fragments ~1 mm
in size (Fig. 1), sterilized with 70% ethanol for 30 min, and sterilized by
autoclaving, followed by thorough rinsing with sterile water. To minimize
the impact of metal containers on MRG results, 3 g of MPs samples were
wrapped in double-layered cotton cloth, which was also sterilized. The
samples were secured with ropes and rocks near the sediment at the base of
the seagrass meadow, and the connection points between the ropes and the
samples were further secured with stones (Fig. S12). Each representative
sample was placed in three adjacent seagrass beds (approximately 20 meters
apart), forming three parallel sample groups. Based on the studies by Yang
et al. "' and Li et al.'", the incubation period was set to one month. After
incubation, the MPs samples were collected. Near each MPs sample site,
100 g of surface sediment and 1 L of water were collected. These served as
natural matrix controls that had directly contacted the MPs samples. All
samples were stored in sterile glass containers, transported on dry ice, and
stored at —20°C for further analysis. Environmental parameters (e.g.,
temperature, salinity) were recorded during sampling using a portable YSI
meter and summarized in Table S1.

Biofilm content and material characterization

According to previous studies, the OD is proportional to the biofilm content
on the surface of MPs'*""*, The detailed protocol for OD measurement is
provided in Text S1. Biofilm formation was observed through the SEM and
FTIR spectroscopy was used to analyze changes in functional groups on the
MPs before and after incubation. The changes in the hydrophobicity of the
MPs before and after in situ incubation were calculated using contact angle
measurements (measured at the moment when the liquid was completely
separated from the needle).

DNA sequencing, quality control, and annotation analysis

The metagenomic sequencing and quality control part of this study is
essentially consistent with Feng et al.'”, the specific methods are detailed in
Text S2. In addition, we also performed absolute quantification of pairs of
metagenomic data by using the internal standard method (the specific
method is detailed in Text S3).

Data analysis and visualization

The AVD analysis was conducted following the method of Chen et al."** and
Xun et al.”, while network vulnerability and robustness analysis were
conducted following the method of Cornell et al.'”. Specificity-occupancy
analysis was conducted following the method of Gweon et al."”’. PLS-PM
was used to analyze the interactions among bacterial community differential
taxa, diversity, stability, carbon-nitrogen cycle-related genes, and resistance
genes. The network diagram and neutral models were drawn using an online
platform (cloudtutu.com.cn). To quantify variation, standard deviations
(SD) were calculated for parametric data.

In addition to the analyses mentioned above, Rank-Aundance, PCoA,
Venn diagrams, relative abundance bar plots (threshold >0.01), LEfSe
(threshold > 2), LDA, box plots, heatmaps, bubble charts, cycle pathway
plots and circos plots, were all generated using R (v4.4.3, 2024), based on the
ASV table (phylum, family, and genus levels). Except for the pairwise
comparisons of MGS that used the Wilcoxon test, all significant differences
were determined based on ANOVA variance analysis (p < 0.05), and the 20
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most significant differences were selected when screening for differential
genes. Maps were created using Ocean Data Viewer (ODV, v5.1.7). Gra-
phical Abstract figure was drawn using Adobe Illustrator (v2025) and the
Canva platform. FTIR plots were generated with Origin (v2021).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are present in the
paper and the Supplementary Materials and available at https://doi.org/10.
5281/zenodo.15272707.
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