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+ Multi-omics, computational, and imaging approaches advance mechanism exploration.
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Plastic pollution has emerged as one of the most pressing environ-
mental challenges of the Anthropocene. It is estimated that
approximately 12,000 million metric tons of plastic waste will be
accumulated globally by 2050, with soils and sediments serving as
major long-term reservoirs for these persistent materials!. As plastics
fragment, they generate microplastics (MPs), i.e., particles smaller than
5 mm, which have become widespread contaminants in terrestrial
ecosystems!?. Increasing evidence shows that soils and sediments
serve as major reservoirs of these particlesi®l. Key pathways introducing
MPs into soils include agricultural practices such as plastic mulching,
application of sewage sludge and compost, irrigation with reclaimed
water, and atmospheric depositiont. MPs pose growing eco-
toxicological risks by being ingested through the food chain and
acting as vectors for the adsorption and transfer of other pollutants
across food webs®l. Recently, growing evidence suggests that their
persistent presence in soils can influence soil ecosystem functions by
altering soil microbial communities and associated functional genes.
However, a comprehensive understanding of how microplastics
regulate soil microbial processes remains limited, thereby constraining
our predication of the impacts of MPs on soil ecosystem functions.

MPs provide novel surfaces for microbial colonization and directly
interact with soil microbiomes, thereby altering the abundance and
activity of functional genes related to biogeochemical cycles” 8. For
example, long-term exposure to residual plastic mulch in farmland
soils has been associated with reduced abundance of carbon-
cycling genes, including f-glu and chiA, and shifts in nitrogen-
related genes such as nifH, nirS, and nirk®1%, In addition, as MPs act
as carriers that facilitate the co-transport of heavy metals and antibi-
otics, they promote the dissemination of antibiotic resistance genes
(ARGs)[""L. This is exemplified by a recent study showing that bio-
based polylactic acid (PLA) microplastics significantly enriched and
disseminated ARGs under the combined pressure of zinc and sulfa-
diazine in marine environments, serving as a more potent vector
than traditional polyethylene (PE)['Z. Similarly, MPs have been

when combined with co-contaminants that exert selective
pressurel®l, Importantly, microplastic effects vary with polymer type,
particle size, aging state, and concentration, resulting in variable
responses in functional gene profilestl. Even biodegradable plastics,
such as polylactide and polybutylene succinate, can disrupt carbon
and nitrogen cycling by altering microbial gene expression through
changes in carbon availability or nutrient stoichiometryl!314],
Against this background, a functional gene-centered perspective
has emerged as a useful approach for synthesizing microplastic
impacts on soil ecosystems.

Emerging evidence suggests that MPs create distinct microhabi-
tats, such as the plastisphere, i.e., the microbial biofilm formed on
microplastic surfaces*'], and soil fauna gut microbiomes, which
can act as hotspots for functional gene enrichment and horizontal
gene transferl’®l. Soil fauna, including earthworms and collem-
bolans, can ingest MPs, potentially altering gut microbial functions
and facilitating the transport of resistance genes through food
websl'>171 In parallel, global environmental changes, including
climate warming, drought, and altered precipitation patterns, are
likely to interact with MP pollution and modulate microbial func-
tional gene responses!'819, However, most studies to date rely on
short-term laboratory experiments under controlled conditions,
limiting our ability to capture the complexity of real soil systems and
multi-stressor interactions!l,

Despite growing interest in microplastic effects on soil ecosys-
tems, current understanding remains fragmented. Microbial func-
tional genes provide a powerful lens for examining how microplas-
tics influence soil biogeochemical processes. They serve as sensitive
and valuable indicators for assessing soil health and its responses to
management measures2l, Existing studies have largely empha-
sized changes in soil physicochemical properties, microbial commu-
nity composition, or bulk biogeochemical processes, while micro-
bial functional gene responses have not been systematically synthe-
sized. In addition, plastisphere-associated communities often repre-
sent a small fraction of total soil biomass, leading to signal dilution
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in bulk-soil analyses; moreover, functional redundancy among soil
microbes and co-occurring environmental stressors further compli-
cate attribution of gene-level responses specifically to microplastic
exposure.

To address these limitations, this review adopts a functional gene-
centric perspective and focuses on three major gene categories
most relevant to microplastic pollution research: carbon cycling
genes, nitrogen cycling genes, and ARGs. These functional gene
groups underpin key ecological functions and risks, including green-
house gas emissions (e.g., CO,, N,O, and CH,), nitrogen transforma-
tion efficiency, and the dissemination of ARGs. Together, they offer
an integrative framework for organizing current evidence on
microplastic-microbe interactions in soil systems. By synthesizing
functional gene-based evidence across diverse soil contexts, this
review identifies key knowledge gaps and outlines priorities for
long-term field studies and mechanistic investigations under global
change scenarios.

Effects of MPs on carbon and nitrogen
functional genes

MPs exert profound and complex effects on soil carbon and nitrogen
cycling by altering key biochemical processes and microbial
functions?’=24, These effects are mediated through multiple inter-
connected pathways, including exogenous carbon input, surface-
mediated interactions, and the selective shaping of microbial
communities, which collectively reprogram the transformations of soil

carbon and nitrogen, and the expression of related functional genes
(Fig. 1). Regarding the carbon cycle, MPs can alter the content of
dissolved organic carbon (DOC)*>~?), These alterations occur through
multiple pathways, including the sorption of DOC and other soil
metabolites onto MPs surfaces to form an eco-corona, which can
reduce the bioavailability of sorbed DOC, and compete for surface
adsorption sites?®). Concurrently, MPs can serve as a source of labile
DOC through the leaching of plastic additives and polymer
degradation products, which directly stimulate microbial activity upon
release into the environment??, Collectively, these processes influence
soil and aquatic carbon cycling. MPs can also accelerate soil organic
matter (SOM) mineralization®”, and stimulate soil respirationt",
leading to increased CO, emissions. For instance, PE MPs at 5% (w/w)
significantly increased CO, emissions by 24%-28.67%, primarily
attributed to the increased relative abundance of Mycobacterium,
Aeromicrobium, Amycolatopsis, and Mortierella speciesP?. A global
meta-analysis further confirms that MP exposure significantly
enhances the abundance of functional genes governing soil carbon
decomposition (e.g., abfA, manB, sga), thereby accelerating the
mineralization of soil organic carbon and leading to a substantial
increase in soil CO, emissions (by 54.3% on average)t?.. In addition to
promoting CO, emissions, MPs can also profoundly influence methane
(CH,) dynamics, a potent greenhouse gas. A study revealed that the co-
occurrence of PE (0.5%, w/w), and hydrochar (1%, w/w) significantly
enhanced the abundance of the methanogen gene mcrA and
increased soil CH, emissions and greenhouse gas intensity by 83.5%
and 36.5%, respectively, compared to the application of hydrochar
alonel**., Conversely, other research indicates that MPs, especially after
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Fig. 1 Microplastics affect soil carbon and nitrogen cycling and related gene expression through multiple pathways. In the carbon cycle, MPs serve as an
exogenous carbon input (1) and selectively enrich microbial communities capable of degrading MPs (2). These changes alter the abundance of functional
genes involved in carbon metabolism, such as those for carbon degradation (abfA, sga, manB) and methane emission (mcrA), collectively influencing
carbon turnover and methane release. In the nitrogen cycle, the carbon input disrupts the soil C:N balance (1), while MP surfaces adsorb ammonium ions
(2). These processes jointly alter nitrogen availability and regulate the expression of genes associated with nitrogen fixation (nifH), nitrification (amoA),
and denitrification (nirS, nirK, nosZ). Furthermore, MPs selectively shape microbial communities by adsorbing heavy metals and organic pollutants (3), and
mediate electron transfer and redox reactions (4). Together, these mechanisms reshape microbial metabolic activity and the expression of genes related

to carbon and nitrogen transformations.
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aging, can suppress CH, emissions. For example, in paddy soils, aged
PLA MPs were found to act as an electron shuttle, diverting electrons to
nitrate and iron reduction instead of methanogenesis. This redirection
was corroborated by a significant down-regulation of the key methano-
genic gene mcrA alongside an up-regulation of genes involved in
anaerobic methane oxidation (e.g., fdh, frmB), thereby inhibiting
methanogenesis and reducing overall CH, flux®°.

Alterations in the carbon cycle induced by MPs further regulate
nitrogen transformation rates and pathways by altering microbial
energy supply and the stoichiometric balance between carbon and
nitrogen. As MPs are inherently carbon-rich, they function as exoge-
nous carbon sources that reshape soil carbon and energy
dynamics!3¢], where polybutylene adipate terephthalate (PBAT) and
PE stimulate significant DOC accumulation, whereas polyethylene
terephthalate (PET) consistently suppresses DOC availability36l,
Microplastic contamination alters carbon cycling by increasing soil
organic carbon and dissolved organic carbon, subsequently regulat-
ing microbial energy dynamics through enhanced microbial bio-
mass carbon and nitrogen!'9l. This process modulates the C/N ratio
(e.g., a 19% reduction in ammonium nitrogen under biodegradable
MPs) and ultimately affects nitrogen transformation rates via
enhanced nirK gene abundance and nitrous oxide emissions!'937], In
addition to this indirect mechanism, MPs can also directly alter nitro-
gen availability through the physical adsorption of nitrogenous ions
(e.g., NH,*) from the soil solution!38l. Within nitrogen cycling pro-
cesses, MPs interfere with key processes including nitrogen
fixationB3249, nitrification!*'42), and denitrification[*344l, Biological
nitrogen fixation responds variably to polymer type and concentra-
tion. Low concentrations of polyvinyl chloride (PVC) or low-density
PE (LDPE) may increase nifH gene abundance and N-fixing bacteria,
while higher concentrations often inhibit these groups“54¢l, Addi-
tionally, a long-term field study found that more than ten years of
residual plastic film exposure increased the abundance of nitrogen
fixation (nifH), nitrite reductase (nirS), and N,O reductase (nosZ)
genes, but decreased the abundance of nitrite reductase (nirK), indi-
cating a shift in nitrogen transformation potentiall'®. Nitrification
exhibits distinct sensitivity to MP contamination, with ammonia-
oxidizing bacteria (AOB) and archaea (AOA) showing varied
responses to different polymersi647], For instance, LDPE at 7% (w/w)
increased AOB-amoA gene abundance, whereas PVC-MP reduced
it[4546], MPs can alter the abundance and composition of denitrifica-
tion functional genes, thereby affecting the denitrification process
and N,O production[*8-59, For example, exposure to polyethylene
and polylactide MPs has been reported to significantly increase the
relative abundance of key denitrification genes, including nirS, nirK,
and nosZ®, indicating a potential shift in microbial nitrogen trans-
formation capacity. Moreover, a meta-analysis confirmed that MPs
increase denitrification rates by 17.8%, and significantly elevate N,O
emissions by 140.6% while reducing soil available nitrogen pools
(e.g., NO3;~ and NH,")“31, Collectively, MPs alter the structure and
function of soil microbial communities, leading to disrupted carbon
and nitrogen cycling through altered gene expression and
metabolic activity. These perturbations pose a growing threat to
agricultural sustainability by potentially reducing soil nutrient use
efficiency and amplifying greenhouse gas emissions.

Effects of MPs on antibiotic resistance
genes

The co-occurrence of ARGs and MPs in agricultural soils has been
increasingly reported, largely driven by the application of organic

fertilizers and sewage sludge®?. As a result, soil ecosystems have
become important reservoirs of both ARGs and MPs, raising global
concerns about their combined environmental and health risks>3->!,
MPs alter soil biophysical properties and microbial communities,
thereby reshaping the soil resistome and elevating ARG abundancel®!.
Long-term plastic film contamination has been shown to significantly
increase ARG levels across Chinese farmland, with the highest
abundance observed in Xinjiang, where mulching histories are
longestt”). Interestingly, a recent study revealed that the
biodegradable PBS particles significantly increased the abundance of
ARGs in the soil compared to the control and conventional MPs
treatments, owing to the broadened bacterial hosts (i.e., the relative
abundance of Proteobacteria as a host increased from 38.5% in the
control soils to 58.2%)". These findings highlight the necessity of
further exploring the ecological risks and mechanisms of
biodegradable MPs.

Beyond their direct effects, MPs act as vectors for co-contami-
nants such as heavy metals, antibiotics, and pesticides, generat-
ing complex co-selection pressures that further promote ARG
proliferation(>¢l. For example, PE increased the bioavailable tetracy-
cline and copper, intensifying ARG enrichment under co-selection
by these pollutants in manured soils>%, Addressing the transmis-
sion of ARGs in such combined pollution contexts is therefore vital
for sustainable soil management(6%,

Once in soil, MPs are rapidly colonized by microorganisms, form-
ing biofilms that create a 'plastisphere’, whose physicochemical
properties and microbial community structure differ markedly from
those of the surrounding soil matrix('. This renders it a 'hotspot' for
microbial colonization and metabolic activity®?l. Metagenomic anal-
yses have demonstrated that plastispheres selectively enrich ARGs
to a greater extent than the surrounding bulk soil, with enrichment
patterns varying by polymer type and soil characteristics(®3l. For
instance, plastispheres of low-density LDPE, polypropylene (PP), and
polystyrene (PS) exhibit threefold increases in genes conferring
resistance to fluoroquinolones, multidrug efflux pumps, rifamycins,
and tetracyclines®¥, Specific bacterial taxa, such as Pseudomonas
spp. identified in biofilms on both polyethylene terephthalate and
polyhydroxyalkanoate particles were the predominant carriers of
glycopeptide and multidrug resistance determinants, whereas
Desulfovibrio spp. emerged as the principal hosts of macrolide-
lincosamide-streptogramin (MLS) resistance genes on polyethylene
terephthalate surfaces®?l. This selective enrichment is tightly
coupled to plastisphere-specific shifts in microbial community struc-
ture: particular taxa occupy dominant ecological niches on plastic
surfaces, serve as the primary ARGs hosts, and mediate horizontal
gene transfer (HGT) events6466], The plastisphere also sorbs diverse
pollutants, intensifying selective pressure, and accelerating ARG
accumulation7],

Concomitantly, virulence factor genes (VFGs) exhibit a synergistic
enrichment pattern within the plastisphere, raising additional
ecological risks!%. Compared with PE-MPs, the PBAT/PLA-MPs show
higher abundances of offensive VFGs and co-localization of ARGs
and VFGs within shared microbial hosts®. This dual enrichment
indicates that MPs can simultaneously enhance resistance dissemi-
nation and traits of pathogen virulence potential, thereby amplify-
ing their ecological risks to soil health and higher trophic
organismsl©8],

Overall, evidence is mounting that MP pollution is contributing to
the development, transmission, and spread of ARGs. This facilitation
operates through several key mechanisms (Fig. 2), including the
induction of bacterial membrane permeability, the activation of
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Fig. 2 Mechanisms by which microplastics (MPs) facilitate the dissemination of ARGs. MPs promote ARGs dissemination through five primary
mechanisms: (1) increasing bacterial membrane permeability; (2) enhancing the SOS response; (3) facilitating biofilm formation; (4) promoting

conjugation-mediated gene transfer; and (5) selectively enriching ARGs-carrying bacteria.

cellular stress responses, the promotion of biofilm formation, and
conjugation events, and the selective enrichment of resistant bacte-
rial hosts. However, most of these studies were carried out in
controlled laboratory settings, and further work is needed to better
understand the processes of ARG dissemination in more complex
soil fields. In addition, a lack of knowledge on potential mechanisms
underlying the effects of MPs on ARGs is one of the top challenges
in environmental risk assessment.

Soil animal gut microbiome: a hotspot of
influence

Soil animals occupy important positions in terrestrial ecosystems and
participate in most below-ground ecological processes. Soil fauna guts,
normally colonized by numerous microorganisms, are important
reservoirs of biodiversity. It has been confirmed in many faunal groups,
such as nematodes, mites, and earthworms, that dominant gut
bacterial taxa included Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes were identified®2%’], These gut microbes contribute to
host metabolism and health, as they are involved in processes such as
the decomposition of organic matter, maintenance of biodiversity, and
nutrient cycling of nitrogen and carbon, and degradation of
pollutants’?. Nowadays, the hidden functional genes and microbes in
the soil fauna gut have largely been reported. For example, some
denitrification genes, such as narG, napA, nirS, and nosZ, which were
positively correlated with N,O emissions, are widely observed in the
worm gut bacteria”". In addition, the fact that soil fauna are sensitive
to changes in soils and can be used as valuable bio-indicators of soil
quality, in particular in ecological assessment research, is widely
recognizedV?. Recently, the gut microbiota of soil fauna has generally
been suggested as a biomonitor in ecotoxicological studies?’>~"., For
instance, evidence shows that exposure to silver nanoparticles
disturbed gut bacterial communities of the collembolan but not its
survival or reproduction, suggesting that the gut microbial community
of soil fauna could be a sensitive bio-indicator of changes in
contaminated soils!”®!,

Geophagous soil fauna residing in the soil are in direct contact
with soil pollutants. Thus, residual MPs in soils can not only cause
decreases in soil quality but also constitute a threat to soil animals.
The concrete evidence that various soil fauna, such as
earthwormsl’7l, nematodes’8], and snailsl’?, ingest diverse MPs,
contributing to accumulation in their body tissues and gut, has been
reported in several studies. Crucially, this ingestion directly reshapes
the functional gene repertoire within the gut. Studies on the gut
microbiome reveal that MPs can act as selective filters for microbial
functional genes. For example, exposure to PVC microplastics in a
soil-earthworm system was found to significantly increase the abun-
dance and diversity of ARGs in the earthworm gut, with pronounced
enrichment of specific genes conferring resistance to aminoglyco-
sides (aadA) and sulfonamides (sul1)€%. Beyond the microbiome,
MPs also directly perturb the host's own gene expression. In the
nematode Caenorhabditis elegans, ingestion of PS-MPs strongly up-
regulated oxidative-stress-related genes (e.g., sod-1, ctl-1, gst-4)
while down-regulating key genes required for intestinal develop-
ment and barrier function (e.g., act-5, lin-7), thereby linking MP
ingestion to genotoxic and structural damage in the host
intestinel', In addition, the gut microbiota dysbiosis of soil fauna
due to exposure to micro/nano plastics has recently aroused public
concernl’l, Micro-polyvinyl chloride and nano-polystyrene expo-
sure disturbed the bacterial diversity and composition in the meso-
fauna (collembolan and Enchytraeus crypticus) gut!8283, Similarly,
tire tread particles containing a lot of pollutants led to microbial
dysbiosis, and also caused an enrichment of pathogen genera in the
gut of E. crypticus'®, The functional genes within the soil fauna gut
are an emerging research focus. Increasing evidence indicates that
MPs can disrupt soil fauna metabolism by altering the expression of
these gut microbial genes. For instance, a metagenomic study
revealed that exposure to polystyrene microplastics significantly
altered the abundance and profile of ARGs in the earthworm gut,
demonstrating a direct impact of MPs on the functional gene reper-
toire of the gut microbiotal'”l. Moreover, MPs act as vectors, altering
the impact of co-existing pollutants on the gut functional genes of
soil fauna. For instance, co-exposure to low-density polyethylene
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microplastics and the fungicide pyraclostrobin significantly
increased the relative abundance of antibiotic resistance genes in
both soil and earthworm guts by up to 2.15 times, compared to
exposure to the fungicide alonel®®l, Conversely, the presence of
nano-plastics could mitigate the toxicity of arsenic to earthworm
gut microbiota by reducing arsenic bioaccumulation and modifying
the profiles of arsenic biotransformation genes!8,

In turn, the fate of MPs in soil ecosystems is influenced by soil
fauna activity8”l. Several studies clearly showed that earthworms
and collembolans could contribute to the migration and redistribu-
tion of MPs88l, Given that soil fauna occupy key positions of soil
food webs, MPs ingested and accumulated in soil animals could be
transferred to higher trophic levels through the food chain®?, and
this deserves special attention in future studies. In addition, plastics
could be fragmented or degraded by soil animals®%. For example, in
the mealworm gut, the gut microbiome, especially Citrobacter sp.
and Kosakonia sp., has the ability to chemically degrade plastics®'l.
The earthworm gut has been reported to be a neglected but im-
portant micro-environment for microplastic degradation due to
special microbiota and function gene activity in the gut. Recently,
the sizes of LDPE plastics were observably decreased after passing
through the earthworm gut, and researchers also screened some
functional microorganisms, such as Rhodococcus jostii, Mycobac-
terium vanbaalenii, and Streptomyces fulvissimus, that can degrade
MPs from the gut of earthwormsl®2931, However, for these functional
degrading microbes that are known to be present in animal guts,
much remains unclear about the specific related degradation func-
tional genes, and thus, this limits our ability to predict how gut
microbiota and genes respond to the changes induced by plastics.

Global change alters the effects of MPs on
functional genes

Global environmental change is increasingly recognized as an
important driver shaping the environmental fate and ecological
impacts of MPs. Due to their persistence, mobility, and widespread
distribution, MPs can be transported across terrestrial and aquatic
systems through processes such as rainfall runoff and soil erosion,
facilitating long-distance migration and redistribution®®4, Climate-
related factors, including altered precipitation regimes, warming, and
drought, have been shown to modify the physical behavior of MPs and
their interactions with biota. For instance, Chang et al. used regression
random forest models incorporating multiple microplastic charac-
teristics and predicted that a 10 °C increase in global temperature
could be associated with an increase in microplastic concentrations,
from ~12,500 to ~13,400 particles m—P°L Drought conditions can
amplify the effects of plastic fragments on plant growth, while
environmental changes may also promote the release of additives and
sorbed contaminants from MPs, thereby enhancing their ecological
risks!%6=%1,

More importantly, MP-driven shifts in soil microbial carbon and
nitrogen cycling may be further reshaped under global change
conditions. Microbial communities are highly sensitive to global
change drivers, such as warming and drought. Experimental warm-
ing has been shown to rapidly alter microbial community structure
and enrich functional genes involved in carbon decomposition and
nitrogen cycling, potentially accelerating soil carbon loss in diverse
ecosystems, including permafrost and temperate grasslandst®®100],
The presence of microplastics may further modify and amplify the
effects of global change drivers on microbial communities. For
example, under drought conditions, MPs have been shown to shift

microbial community composition by favoring specific taxa and
reducing bacterial diversity, thereby altering genes and enzyme
activities associated with carbon degradation, methane metabolism,
and phosphorus cycling, leading to enhanced N,O emissions!'0'l,
MPs altered microbial functional genes involved in carbon and nitro-
gen cycling (e.g.,, amoA, amoC, and nirK) primarily under elevated
temperature (30 °C), whereas effects at ambient temperatures were
not statistically significant, indicating that warming conditions
modulate microplastic-driven genomic responses!'92, In some cases,
microplastics may even reverse the direction of global change
effects on soil microbial processes, as evidenced by contrasting
responses of litter decomposition and ecosystem multifunctionality
under well-watered conditions!8l.,

Global change impacts the temperature, precipitation, and nutri-
ent availability in soil ecosystems, causing potential shifts in micro-
bial communities that commonly raise the risk of pathogens, antibi-
otic resistome, and horizontal gene transferl’03-191. Many novel
pathogenic microbes or ARGs were observed in permafrost thawing
due to global warming changel'%l, Furthermore, the extreme
weather, such as flooding and global warming events, can intro-
duce some pollutants (e.g., metal[loid]ls and antibiotics) and resis-
tant microorganisms to the environments worldwide, and this will
undoubtedly increase the enrichment and dissemination of
ARGs!85:105] [t is noted that MPs can become a hotspot and habitat
for microbiota that play an important role in ecosystem
functions!'97], Concurrently, microplastics act as selective vectors
that concentrate specific ARGs and promote their dissemination
across environmental compartments!’®l. This synergy ultimately
elevates the risk of human exposure, notably through potential
transmission along the food chain.

Soil ecosystems are concurrently affected by multiple global envi-
ronmental change factors, but most studies focus on one or two
factors. The interactive effects of multiple, co-occurring stressors
therefore, remain largely unexplored. Recent research addressing
multiple anthropogenic pressures reveals that combinations of
global change factors create substantial uncertainty yet drive
consistent directional shifts in soil biodiversity and ecosystem func-
tions['99, Given the growing prevalence of MPs in terrestrial environ-
ments and their documented effects on various functional genes,
combined global change factors may modify how MPs influence
environmental functional genes. However, information on these
interactions in soil ecosystems remains scarce, which limits our
understanding of the ecological consequences of MP-climate inter-
actions.

Methodological advances to improve
understanding of effects of MPs on
functional genes

Understanding how MPs influence the distribution, expression, and
mobility of functional genes in soil microbiomes requires compre-
hensive and multidisciplinary approaches. Recent methodological
advances have significantly enhanced our ability to unravel these
mechanisms. Three core methodological directions are emerging:
Recent advancements in multi-omics technologies have signifi-
cantly enhanced our understanding of how MPs affect soil micro-
bial functional genes. Metagenomic and metatranscriptomic se-
quencing allow for comprehensive profiling of both the taxonomic
structure and the functional potential of soil microbial communities
exposed to MPs!''9, Tools such as KEGG, CAZy, and SARG have
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enabled high-resolution annotation of genes related to metabolism
and resistance, revealing MP-induced alterations in nutrient cycling
pathways, xenobiotic degradation capacity, and resistome configu-
rations'""), Additionally, high-throughput quantitative PCR (HT-
gPCR), and functional gene arrays such as GeoChip facilitate precise
quantification of functional gene families across environmental
gradients['19-112] providing deeper insights into how MPs impact
the expression of key functional genes. Importantly, microbial
carbon use efficiency (CUE) is increasingly recognized as a key indi-
cator for evaluating the effects of MPs on microbial carbon meta-
bolism and soil carbon storage. Changes in CUE reflect shifts in how
microbes allocate carbon between growth and respiration, thus
offering insights into the broader impact of MPs on soil carbon
dynamics!''3l, These omics-based approaches have shifted the
research focus from taxonomic profiling to functional capacity and
activity, offering a more systemic understanding of MP-induced
microbial alterations.

Another key direction involves tracing mobile genetic elements
(MGEs), and virus-associated functions in the plastisphere. This
approach focuses on tracking MGEs and virus-encoded auxiliary
metabolic genes (AMGs), which are key mediators of HGT in MP-
affected soils. MPs may serve as physical hotspots for genetic
exchange. Computational tools such as VIBRANT, DramV, and
CheckV have been developed to identify phage genomes, pro-
phages, and their encoded AMGs, which often play roles in nutrient
uptake or host stress responsesl67.114115], These functions provide
evidence of virus-mediated microbial adaptation to MP-induced
stress. Moreover, tools like MobileOG-db and DefenseFinder allow
researchers to detect MGEs and classify host defense systems,
including CRISPR-Cas and restriction-modification systems[68.1151,
These systems not only regulate HGT but also modulate microbial
immunity, potentially influencing the dissemination of ARGs or
carbon metabolism-related functions within plastisphere-associ-
ated communities. Tracing these mobile elements provides a mech-
anistic understanding of how MPs facilitate gene flow and microbial
co-evolution in soil ecosystems.

In addition, experimental and imaging techniques have advanced
the validation of functional shifts in situ. These methods bridge the
gap between genomic inference and actual functional verification
in microplastic-contaminated soils. Confocal laser scanning micro-
scopy and scanning electron microscopy (SEM) provide direct visual
evidence of microbial colonization and biofilm formation on MP
surfaces, confirming MPs as microbial niches!'¢l. Furthermore,
advanced isotopic labeling techniques such as Raman-D,0 probing
and stable isotope probing (SIP) allow identification of metaboli-
cally active microbes in MP-amended soils, enabling the direct link-
age between gene presence and microbial function(''7), Raman-D,0
probing identifies metabolically active microbial cells based on
deuterium incorporation, and when integrated with stable isotope
probing, single-cell sorting, and downstream genomic analyses, it
enables the direct linkage of active microbial populations to their
functional gene repertoires and metabolic pathways in microplastic-
amended soilsl''8119], Experimental platforms such as soil micro-
cosms incorporating synthetic microbial consortia or gnotobiotic
systems are increasingly used to simulate realistic environmental
conditions, including drought or nutrient enrichment, under micro-
plastic exposurel''2, These controlled systems provide reproducible
settings that are essential for validating predictions derived from
multi-omics analyses and for elucidating how MPs shape microbial
functional traits and ecological strategies.

Despite substantial progress, several methodological challenges
persist. Omics-based approaches largely infer functional potential

rather than confirming in situ microbial activity, and the link
between functional gene abundance and realized ecosystem
processes remains uncertain in MP-contaminated soils. Advanced
single-cell strategies combining stable isotope probing with Raman-
activated cell sorting have demonstrated the power to directly
connect microbial activity, genomes, and metabolic pathways at the
single-cell level, yet their application in soils is constrained by tech-
nical complexity, limited throughput, and strong spatial hetero-
geneity. Consequently, integrating high-throughput community-
scale omics with targeted single-cell validation remains a key
challenge for advancing mechanistic understanding of microplastic
effects on soil functional genes.

Conclusions and perspectives for future
research

MPs have emerged as pervasive contaminants in terrestrial ecosys-
tems, where soils act as major reservoirs and long-term sinks. By
reshaping microbial communities and altering functional gene
repertoires, MPs influence central soil biogeochemistry processes,
including carbon decomposition, nitrogen transformation, pollutant
detoxification, and resistance to abiotic stress. Evidence now points to
their impacts extending beyond bulk soils into specialized niches, such
as the plastisphere and soil animal gut microbiomes, which serve as
hotspots for functional gene enrichment, horizontal gene transfer, and
pollutant co-selection. These findings underscore that MPs, both
conventional and biodegradable, not only modify microbial ecology
but also mediate broader ecosystem functions under interacting
global change pressures. Despite rapid progress, critical knowledge
gaps still remain. Current insights are largely derived from short-term
laboratory experiments that fail to capture the complexity of field
conditions, long-term exposures, and the co-occurrence of multiple
stressors such as drought, warming, and heavy metal pollution.
Moreover, the functional implications of MPs are still inferred primarily
from taxonomic or metagenomic data, with limited mechanistic
validation linking gene-level changes to ecosystem-scale processes.
The ecological roles of plastisphere-associated viruses are also poorly
understood, despite their potential to accelerate gene flow and
microbial adaptation.

Future research should pursue several directions. First, long-term
and multi-factorial field studies across spatial scales are essential to
comprehensively disentangle microplastic effects under realistic
environmental scenarios. Second, the distinct impacts of biodegrad-
able and conventional MPs must be systematically elucidated.
Emerging evidence reveals a fundamental dichotomy between
conventional MPs and their biodegradable counterparts. Conven-
tional MPs can destabilize soil aggregates and redistribute organic
carbon, whereas biodegradable MPs often maintain aggregate
structure and enhance carbon content across size classes!®l. These
contrasting outcomes likely arise from divergent microbial and viral
responses. Biodegradable MPs tend to enrich copiotrophic taxa and
upregulate genes for glycolysis and amino acid metabolism, while
conventional MPs favor oligotrophic communities and enhance
genes for complex carbohydrate metabolism!('3], Critically, these
microbial shifts may be reinforced by distinct virus-host interac-
tions. Soils amended with conventional MPs exhibit an increased
proportion of lytic viruses and a decrease in microbial CUE, whereas
biodegradable MP amendments foster lysogenic viruses, AMGs, and
stable CUE['3), Future work should therefore explicitly compare
these MP categories by integrating field carbon monitoring with
mechanistic studies targeting microbial functional genes, viral
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dynamics, and key physiological parameters like CUE. Third, advanc-
ing active microbiome approaches (e.g., Raman-D,0 probing, meta-
transcriptomics) in combination with metagenomics will allow more
precise exploration of the mechanisms by which MPs alter soil
microbial functions. The functional gene profiling should be inte-
grated with isotopic tracing and experimental validation to directly
link it to real soil carbon and nitrogen fluxes, thereby enabling more
quantitative attribution of microplastic impacts to soil biogeochemi-
cal processes. Fourth, integration of viral dynamics into microplastic
research will be critical for elucidating how viruses, as key regula-
tors of microbial communities, shape functional gene enrichment
and metabolic potentials in plastic-associated environments. Future
efforts must scale from local experiments to global assessments,
embedding microplastic-microbe interactions and their ecological
consequences within the broader context of climate change. Such
insights are vital for guiding plastic governance, maintaining soil
biogeochemical functions and resilience under escalating micro-
plastic pressures in the Anthropocene.

Author contributions

The authors confirm their contributions to the paper as follows:
Hongtao Wang: funding acquisition, conceptualization, methodology,
investigation, writing-original draft. Lijuan Ma: conceptualization,
investigation, visualization, writing-original draft. Lihong Xie: investi-
gation, visualization. Ting Xie: investigation. Sha Zhang: investigation,
writing-review & editing. Tiangui Cai: investigation. Lu Wang: funding
acquisition, conceptualization, supervision, project administration. All
authors reviewed the results and approved the final version of the
manuscript.

Data availability

Data sharing is not applicable to this article as no datasets were
generated or analyzed during the current study.

Funding

This work was financially supported by the Postgraduate Education
Reform and Quality Improvement Project of Henan Province
(YJS2026YBGZZ36), Natural Science Foundation of Henan Province
(252300421833) and National Natural Science Foundation of China
(42207013).

Declarations

Competing interests
The authors declare that they have no conflict of interest.

Author details

College of Geographical Sciences, Faculty of Geographical Science
and Engineering, Henan University, Zhengzhou 450046, China; 2State
Key Laboratory of Regional and Urban Ecology, Ningbo Observation
and Research Station, Institute of Urban Environment, Chinese
Academy of Sciences, Xiamen 361021, China; 3College of Life Science,
Hebei University, Baoding 071002, China; *Zhejiang Key Laboratory of
Pollution Control for Port-Petrochemical Industry, CAS Haixi Industrial
Technology Innovation Center in Beilun, Ningbo 315830, China;
National Key Laboratory of Agricultural Microbiology, Huazhong
Agricultural University, Wuhan 430070, China

References

[1] Sun Y, Xie S, Zang J, Wu M, Tao J, et al. 2024. Terrestrial plastisphere
as unique niches for fungal communities. Communications Earth &
Environment 5:483

[2] LiY, Yan Q, Zou C, Li X, Wang J, et al. 2025. Microplastic-induced alter-
ations in soil aggregate-associated carbon stabilization pathways:
Evidence from §'3C signature analysis. Environmental Science & Tech-
nology 59:5545-5555

[3] Nizzetto L, Bussi G, Futter MN, Butterfield D, Whitehead PG. 2016. A
theoretical assessment of microplastic transport in river catchments
and their retention by soils and river sediments. Environmental
Science-processes & Impacts 18:1050—-1059

[4] Rillig MC, Kim SW, Zhu YG. 2024. The soil plastisphere. Nature Reviews
Microbiology 22:64—74

[5] Klein S, Worch E, Knepper TP. 2015. Occurrence and spatial distribu-
tion of microplastics in river shore sediments of the Rhine-Main area
in Germany. Environmental Science & Technology 49:6070—-6076

[6] Li Y, Zhang J, Xu L, Li R, Zhang R, et al. 2025. Leaf absorption
contributes to accumulation of microplastics in plants. Nature
641:666—673

[7] Piotrowska-Dtugosz A, Kobierski M, Diugosz J. 2021. Enzymatic activ-
ity and physicochemical properties of soil profiles of luvisols. Materi-
als 14:6364

[8] Rillig MC, Ingraffia R, de Souza Machado AA. 2017. Microplastic incor-
poration into soil in agroecosystems. Frontiers in Plant Science 8:1805

[9] Dong W, Zhang Z, Chen B, Sun D, Liu E. 2024. Plastic mulch stimu-
lates denitrification by interaction between soil environment and
denitrifying bacteria. Plant and Soil 499:155-171

[10]  Qian H, Zhang M, Liu G, Lu T, Qu Q, et al. 2018. Effects of soil residual
plastic film on soil microbial community structure and fertility. Water,
Air, & Soil Pollution 229:261

[11]  Lu XM, Lu LB, Huang XC, Liu XP. 2025. Co-transport of polyethylene
microplastics and antibiotic resistance genes in soil: influencing
factors, mechanisms, and control strategies. Journal of Environmental
Chemical Engineering 13:116635

[12]  Chu WC, Wu YX, Liu FF. 2025. Bio-based microplastics as vectors of
resistance genes under combined pressure of antibiotics and heavy
metals in marine environment. Journal of Hazardous Materials
497:139698

[13] Bandopadhyay S, Martin-Closas L, Pelacho AM, DeBruyn JM. 2018.
Biodegradable plastic mulch films: Impacts on soil microbial commu-
nities and ecosystem functions. Frontiers in Microbiology 9:819

[14]  Sintim HY, Flury M. 2017. Is biodegradable plastic mulch the solution
to agriculture's plastic problem? Environmental Science & Technology
51:1068—-1069

[15]  VaccariF, Forestieri B, Papa G, Bandini F, Huerta-Lwanga E, et al. 2022.
Effects of micro and nanoplastics on soil fauna gut microbiome: an
emerging ecological risk for soil health. Current Opinion in Environ-
mental Science & Health 30:100402

[16]  Zhang S, Cui L, Zhao Y, Xie H, Song M, et al. 2024. The critical role of
microplastics in the fate and transformation of sulfamethoxazole and
antibiotic  resistance genes within vertical subsurface-flow
constructed wetlands. Journal of Hazardous Materials 465:133222

[17]  Xu G, Yu Y. 2021. Polystyrene microplastics impact the occurrence of
antibiotic resistance genes in earthworms by size-dependent toxic
effects. Journal of Hazardous Materials 416:125847

[18] Lozano YM, Aguilar-Trigueros CA, Onandia G, Maa3 S, Zhao T, et al.
2021. Effects of microplastics and drought on soil ecosystem func-
tions and multifunctionality. Journal of Applied Ecology 58:988—996

[19] Yu Z, Wang J, Wang S, Jiang Y, Liu J, et al. 2025. Mechanisms of
polyethylene microplastics on microbial community assembly and
carbon-nitrogen transformation potentials in soils with different
textures. Environmental Research 286:122942

[20]  Jia J, de Goede R, Li Y, Zhang J, Wang G, et al. 2025. Unlocking soil
health: are microbial functional genes effective indicators? Soil Biol-
ogy and Biochemistry 204:109768

page8of11

Wang etal. | Volume2 | 2026 | 008


https://doi.org/10.1038/s43247-024-01645-8
https://doi.org/10.1038/s43247-024-01645-8
https://doi.org/10.1021/acs.est.4c09242
https://doi.org/10.1021/acs.est.4c09242
https://doi.org/10.1021/acs.est.4c09242
https://doi.org/10.1039/C6EM00206D
https://doi.org/10.1039/C6EM00206D
https://doi.org/10.1039/C6EM00206D
https://doi.org/10.1039/C6EM00206D
https://doi.org/10.1038/s41579-023-00967-2
https://doi.org/10.1038/s41579-023-00967-2
https://doi.org/10.1021/acs.est.5b00492
https://doi.org/10.1038/s41586-025-08831-4
https://doi.org/10.3390/ma14216364
https://doi.org/10.3390/ma14216364
https://doi.org/10.3389/fpls.2017.01805
https://doi.org/10.1007/s11104-022-05754-1
https://doi.org/10.1007/s11270-018-3916-9
https://doi.org/10.1007/s11270-018-3916-9
https://doi.org/10.1016/j.jece.2025.116635
https://doi.org/10.1016/j.jece.2025.116635
https://doi.org/10.1016/j.jhazmat.2025.139698
https://doi.org/10.3389/fmicb.2018.00819
https://doi.org/10.1021/acs.est.6b06042
https://doi.org/10.1016/j.coesh.2022.100402
https://doi.org/10.1016/j.coesh.2022.100402
https://doi.org/10.1016/j.coesh.2022.100402
https://doi.org/10.1016/j.jhazmat.2023.133222
https://doi.org/10.1016/j.jhazmat.2021.125847
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.1016/j.envres.2025.122942
https://doi.org/10.1016/j.soilbio.2025.109768
https://doi.org/10.1016/j.soilbio.2025.109768
https://doi.org/10.1016/j.soilbio.2025.109768
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003

https://doi.org/10.48130/ebp-0026-0003

Environmental and
Biogeochemical Processes

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[401]

Wang X, Xing Y, Lv M, Zhang T, Ya H, et al. 2022. Recent advances on
the effects of microplastics on elements cycling in the environment.
Science of The Total Environment 849:157884

Zeb A, Liu W, Meng L, Lian J, Wang Q, et al. 2022. Effects of polyester
microfibers (PMFs) and cadmium on lettuce (Lactuca sativa) and the
rhizospheric microbial communities: a study involving physio-
biochemical properties and metabolomic profiles. Journal of
Hazardous Materials 424:127405

Dai Z, Zhang N, Ma X, Wang F, Peng J, et al. 2024. Microplastics
strengthen nitrogen retention by intensifying nitrogen limitation in
mangrove ecosystem sediments. Environment International
185:108546

Huang W and Xia X. 2024. Element cycling with micro(nano)plastics.
Science 385:933-935

Zhang X, Li Y, Lei J, Li Z, Tan Q, et al. 2023. Time-dependent effects of
microplastics on soil bacteriome. Journal of Hazardous Materials
447:130762

Meng F, Yang X, Riksen M, Geissen V. 2022. Effect of different poly-
mers of microplastics on soil organic carbon and nitrogen - a meso-
cosm experiment. Environmental Research 204:111938

Ren X, Tang J, Liu X, Liu Q. 2020. Effects of microplastics on green-
house gas emissions and the microbial community in fertilized soil.
Environmental Pollution 256:113347

Yao S, Li X, Wang T, Jiang X, Song Y, et al. 2023. Soil metabolome
impacts the formation of the eco-corona and adsorption processes
on microplastic surfaces. Environmental Science & Technology
57:8139-8148

Romera-Castillo C, Pinto M, Langer TM, Alvarez-Salgado XA, Hernd|
GJ. 2018. Dissolved organic carbon leaching from plastics stimulates
microbial activity in the ocean. Nature Communications 9:1430

Lin J, Chen B, Dong H, Zhang W, Kumar A, et al. 2025. Effects of soil
moisture fluctuation and microplastics types on soil organic matter
decomposition and carbon dynamics. Soil Biology and Biochemistry
205:109781

Wang J, Tanentzap AJ, Sun Y, Shi J, Tao J, et al. 2025. Microplastic-
derived dissolved organic matter regulates soil carbon respiration
via microbial ecophysiological controls. Environmental Science & Tech-
nology 59:17334—-17348

Gao B, Yao H, Li Y, Zhu Y. 2021. Microplastic addition alters the micro-
bial community structure and stimulates soil carbon dioxide emis-
sions in vegetable-growing soil. Environmental Toxicology And Chem-
istry 40:352-365

Su P, Bu N, Liu X, Sun Q, Wang J, et al. 2024. Stimulated soil CO, and
CH,4 emissions by microplastics: a hierarchical perspective. Soil Bi-
ology and Biochemistry 194:109425

Han L, Zhang B, Li D, Chen L, Feng Y, et al. 2022. Co-occurrence of
microplastics and hydrochar stimulated the methane emission but
suppressed nitrous oxide emission from a rice paddy soil. Journal of
Cleaner Production 337:130504

Wang L, Lu X, Yao Y, Liu X, Ge T, et al. 2025. Mechanisms associated
with lower methane emissions from paddy soil by aged polylactic
acid  microplastics.  Environmental ~ Science &  Technology
59:27378-27392

Rillig MC. 2018. Microplastic disguising as soil carbon storage. Envi-
ronmental Science & Technology 52:6079-6080

Lan G, Huang X, Li T, Huang Y, Liao Y, et al. 2025. Effect of microplas-
tics on carbon, nitrogen and phosphorus cycle in farmland soil: a
meta-analysis. Environmental Pollution 370:125871

Li X, Jiang X, Song Y, Chang SX. 2021. Coexistence of polyethylene
microplastics and biochar increases ammonium sorption in an aque-
ous solution. Journal of Hazardous Materials 405:124260

Fei Y, Huang S, Zhang H, Tong Y, Wen D, et al. 2020. Response of soil
enzyme activities and bacterial communities to the accumulation of
microplastics in an acid cropped soil. Science of The Total Environ-
ment 707:135634

Zhu F, Yan Y, Doyle E, Zhu C, Jin X, et al. 2022. Microplastics altered
soil microbiome and nitrogen cycling: the role of phthalate plasti-
cizer. Journal of Hazardous Materials 427:127944

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[63]

[54]

[565]

[56]

[57]

(58]

[59]

Huang S, Guo T, Feng Z, Li B, Cai Y, et al. 2023. Polyethylene and
polyvinyl chloride microplastics promote soil nitrification and alter
the composition of key nitrogen functional bacterial groups. Journal
of Hazardous Materials 453:131391

Seeley ME, Song B, Passie R, Hale RC. 2020. Microplastics affect sedi-
mentary microbial communities and nitrogen cycling. Nature
Communications 11:2372

Su P, Gao C, Zhang X, Zhang D, Liu X, et al. 2023. Microplastics stimu-
lated nitrous oxide emissions primarily through denitrification: A
meta-analysis. Journal of Hazardous Materials 445:130500

Pold G, Saghai A, Jones CM, Hallin S. 2025. Denitrification is a commu-
nity trait with partial pathways dominating across microbial
genomes and biomes. Nature Communications 16:9495

Sun X, Zhang X, Xia Y, Tao R, Zhang M, et al. 2022. Simulation of the
effects of microplastics on the microbial community structure and
nitrogen cycle of paddy soil. Science of The Total Environment
818:151768

Rong L, Zhao L, Zhao L, Cheng Z, Yao Y, et al. 2021. LDPE microplas-
tics affect soil microbial communities and nitrogen cycling. Science of
The Total Environment 773:145640

Shen M, Song B, Zhou C, Almatrafi E, Hu T, et al. 2022. Recent
advances in impacts of microplastics on nitrogen cycling in the envi-
ronment: A review. Science of The Total Environment 815:152740
Kuypers MMM, Marchant HK, and Kartal B. 2018. The microbial nitro-
gen-cycling network. Nature Reviews Microbiology 16:263—-276
Throbéck IN, Enwall K, Jarvis A, and Hallin S. 2004. Reassessing PCR
primers targeting nirS, nirk and nosZ genes for community surveys of
denitrifying bacteria with DGGE. FEMS Microbiology Ecology
49:401-417

Liu N, Liao P, Zhang J, Zhou Y, Luo L, et al. 2020. Characteristics of
denitrification genes and relevant enzyme activities in heavy-metal
polluted soils remediated by biochar and compost. Science of The
Total Environment 739:139987

Fang C,Yang Y, Zhang S, He Y, Pan S, et al. 2024. Unveiling the impact
of microplastics with distinct polymer types and concentrations on
tidal sediment microbiome and nitrogen cycling. Journal of
Hazardous Materials 472:134387

Zhu YG, Johnson TA, Su JQ, Qiao M, Guo GX, et al. 2013. Diverse and
abundant antibiotic resistance genes in Chinese swine farms.
Proceedings of the National Academy of Sciences of the United States of
America 110:3435-3440

Niu L, Liu W, Juhasz A, Chen J, Ma L. 2022. Emerging contaminants
antibiotic resistance genes and microplastics in the environment:
Introduction to 21 review articles published in CREST during
2018-2022. Critical Reviews in Environmental Science and Technology
52:4135-4146

Zhao Y, Li L, Huang Y, Xu X, Liu Z, et al. 2025. Global soil antibiotic
resistance genes are associated with increasing risk and connectivity
to human resistome. Nature Communications 16:7141

Wang C, Zhao J, Xing B. 2021. Environmental source, fate, and toxic-
ity of microplastics. Journal of Hazardous Materials 407:124357

Sun M, Ye M, Jiao W, Feng Y, Yu P, et al. 2018. Changes in tetracycline
partitioning and bacteria/phage-comediated ARGs in microplastic-
contaminated greenhouse soil facilitated by sophorolipid. Journal of
Hazardous Materials 345:131-139

Zhang QQ, Ma ZR, Cai YY, Li HR, Ying GG. 2021. Agricultural plastic
pollution in China: Generation of plastic debris and emission of
phthalic acid esters from agricultural films. Environmental Science &
Technology | 55:12459-12470

Song R, Sun Y, Li X, Ding C, Huang Y, et al. 2022. Biodegradable
microplastics induced the dissemination of antibiotic resistance
genes and virulence factors in soil: a metagenomic perspective.
Science of The Total Environment 828:154596

Wang Y, Wang X, Li Y, Liu Y, Sun Y, et al. 2021. Effects of coexistence
of tetracycline, copper and microplastics on the fate of antibiotic
resistance genes in manured soil. Science of the Total Environment
790:148087

Wang etal. | Volume 2 | 2026 | e008

page9of11


https://doi.org/10.1016/j.scitotenv.2022.157884
https://doi.org/10.1016/j.jhazmat.2021.127405
https://doi.org/10.1016/j.jhazmat.2021.127405
https://doi.org/10.1016/j.envint.2024.108546
https://doi.org/10.1126/science.adk9505
https://doi.org/10.1016/j.jhazmat.2023.130762
https://doi.org/10.1016/j.envres.2021.111938
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1021/acs.est.3c01877
https://doi.org/10.1038/s41467-018-03798-5
https://doi.org/10.1016/j.soilbio.2025.109781
https://doi.org/10.1021/acs.est.5c07544
https://doi.org/10.1021/acs.est.5c07544
https://doi.org/10.1021/acs.est.5c07544
https://doi.org/10.1002/etc.4916
https://doi.org/10.1002/etc.4916
https://doi.org/10.1002/etc.4916
https://doi.org/10.1016/j.soilbio.2024.109425
https://doi.org/10.1016/j.soilbio.2024.109425
https://doi.org/10.1016/j.soilbio.2024.109425
https://doi.org/10.1016/j.jclepro.2022.130504
https://doi.org/10.1016/j.jclepro.2022.130504
https://doi.org/10.1021/acs.est.5c11590
https://doi.org/10.1021/acs.est.8b02338
https://doi.org/10.1021/acs.est.8b02338
https://doi.org/10.1016/j.envpol.2025.125871
https://doi.org/10.1016/j.jhazmat.2020.124260
https://doi.org/10.1016/j.scitotenv.2019.135634
https://doi.org/10.1016/j.scitotenv.2019.135634
https://doi.org/10.1016/j.scitotenv.2019.135634
https://doi.org/10.1016/j.jhazmat.2021.127944
https://doi.org/10.1016/j.jhazmat.2023.131391
https://doi.org/10.1016/j.jhazmat.2023.131391
https://doi.org/10.1038/s41467-020-16235-3
https://doi.org/10.1038/s41467-020-16235-3
https://doi.org/10.1016/j.jhazmat.2022.130500
https://doi.org/10.1038/s41467-025-65319-5
https://doi.org/10.1016/j.scitotenv.2021.151768
https://doi.org/10.1016/j.scitotenv.2021.145640
https://doi.org/10.1016/j.scitotenv.2021.145640
https://doi.org/10.1016/j.scitotenv.2021.152740
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1016/j.femsec.2004.04.011
https://doi.org/10.1016/j.scitotenv.2020.139987
https://doi.org/10.1016/j.scitotenv.2020.139987
https://doi.org/10.1016/j.jhazmat.2024.134387
https://doi.org/10.1016/j.jhazmat.2024.134387
https://doi.org/10.1073/pnas.1222743110
https://doi.org/10.1073/pnas.1222743110
https://doi.org/10.1080/10643389.2022.2117847
https://doi.org/10.1038/s41467-025-61606-3
https://doi.org/10.1016/j.jhazmat.2020.124357
https://doi.org/10.1016/j.jhazmat.2017.11.036
https://doi.org/10.1016/j.jhazmat.2017.11.036
https://doi.org/10.1021/acs.est.1c04369
https://doi.org/10.1021/acs.est.1c04369
https://doi.org/10.1016/j.scitotenv.2022.154596
https://doi.org/10.1016/j.scitotenv.2021.148087
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003

Environmental and
Biogeochemical Processes

https://doi.org/10.48130/ebp-0026-0003

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[78]

[76]

[77]

[78]

[79]

[80]

Li K, Xu L, Bai X, Zhang G, Zhang M, et al. 2024. Potential environmen-
tal risks of field bio/non-degradable microplastic from mulching
residues in farmland: Evidence from metagenomic analysis of plasti-
sphere. Journal of Hazardous Materials 465:133428

Rochman CM. 2018. Microplastics research—from sink to source.
Science 360:28—-29

Sun M, Chao H, Zheng X, Deng S, Ye M, et al. 2020. Ecological role of
earthworm intestinal bacteria in terrestrial environments: a review.
Science of The Total environment 740:140008

Zhu D, Ma J, Li G, Rillig MC, Zhu YG. 2022. Soil plastispheres as
hotspots of antibiotic resistance genes and potential pathogens. The
ISME Journal 16:521-532

Yang Y, Li T, Liu P, Li H, Hu F. 2022. The formation of specific bacterial
communities contributes to the enrichment of antibiotic resistance
genes in the soil plastisphere. Journal of Hazardous Materials
436:129247

Sun'Y, Cao N, Duan C, Wang Q, Ding C, et al. 2021. Selection of antibi-
otic resistance genes on biodegradable and non-biodegradable
microplastics. Journal of Hazardous Materials 409:124979

Wang J, Peng C, Dai Y, Li Y, Jiao S, et al. 2022. Slower antibiotics
degradation and higher resistance genes enrichment in plastisphere.
Water Research 222:118920

Xia R, Yin X, Balcazar JL, Huang D, Liao J, et al. 2025. Bacterium-phage
symbiosis facilitates the enrichment of bacterial pathogens and
antibiotic-resistant bacteria in the plastisphere. Environmental Science
& Technology 59:2948—-2960

Luo G, Fan L, Liang B, Guo J, Gao SH. 2025. Determining antimicro-
bial resistance in the plastisphere: lower risks of nonbiodegradable vs
higher risks of biodegradable microplastics. Environmental Science &
Technology 59:7722-7735

Hao C, Chen TW, Wu D. 2022. A review on gut microbial diversity of
soil animals. Acta Ecologica Sinica 42:3093-3105

Wang D, Ren J, Tan Z, You J. 2020. Gut microbial profiles in nereis
succinea and their contribution to the degradation of organic pollu-
tants. Environmental Science & Technology 54:6235-6243

Wu J, Bai Y, Lu B, Zhao W, Forstner C, et al. 2020. Silver sulfide
nanoparticles reduce nitrous oxide emissions by inhibiting denitrifi-
cation in the earthworm gut. Environmental Science & Technology
54:11146-11154

Zhang W, Fu S. 2021. Special issue on the biodiversity and ecological
functions of soil fauna. Soil Ecology Letters 3:83—83

Gomes S, Scott-Fordsmand JJ, and Amorim MJ. 2021. Alternative test
methods for (nano) materials hazards assessment: Challenges and
recommendations for regulatory preparedness. Nano Today
40:101242

Ding J, Lv M, Wang Q, Zhu D, Chen QL, et al. 2023. Brand-specific toxi-
city of tire tread particles helps identify the determinants of toxicity.
Environmental Science & Technology 57:11267-11278

Wang YF, Qiao M, Zhu D, and Zhu YG. 2020. Antibiotic resistance in
the collembolan gut microbiome accelerated by the nonantibiotic
drug carbamazepine. Environmental Science &  Technology
54:10754-10762

Zhu D, Zheng F, Chen QL, Yang XR, Christie P, et al. 2018. Exposure of
a soil collembolan to Ag nanoparticles and AgNOs disturbs its associ-
ated microbiota and lowers the incidence of antibiotic resistance
genes in the gut. Environmental Science & Technology
52:12748-12756

Huerta Lwanga E, Gertsen H, Gooren H, Peters P, Salanki T, et al. 2016.
Microplastics in the terrestrial ecosystem: implications for Lumbricus
terrestris (Oligochaeta, Lumbricidae). Environmental Science & Tech-
nology 50:2685-2691

Fueser H, Mueller MT, Weiss L, Hoss S, Traunspurger W. 2019. Inges-
tion of microplastics by nematodes depends on feeding strategy and
buccal cavity size. Environmental Pollution 255:113227

Panebianco A, Nalbone L, Giarratana F, Ziino G. 2019. First discover-
ies of microplastics in terrestrial snails. Food Control 106:106722
Zhang H, Zhang X, Sun H, Ling H, Xie R, et al. 2025. Polyvinyl chloride
microplastic triggers bidirectional transmission of antibiotic

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[99]

[96]

[97]

(98]

[99]

[100]

resistance genes in soil-earthworm systems. Environment Interna-
tional 198:109414

Yu Y, Chen H, Hua X, Dang Y, Han Y, et al. 2020. Polystyrene
microplastics (PS-MPs) toxicity induced oxidative stress and intesti-
nal injury in nematode Caenorhabditis elegans. Science of The Total
Environment 726:138679

Zhu BK, Fang YM, Zhu D, Christie P, Ke X, et al. 2018. Exposure to
nanoplastics disturbs the gut microbiome in the soil oligochaete
Enchytraeus crypticus. Environmental Pollution 239:408—415

Zhu D, Chen QL, An XL, Yang XR, Christie P, et al. 2018. Exposure of
soil collembolans to microplastics perturbs their gut microbiota and
alters their isotopic composition. Soil Biology and Biochemistry
116:302-310

Ding J, Zhu D, Wang HT, Lassen SB, Chen QL, et al. 2020. Dysbiosis in
the gut microbiota of soil fauna explains the toxicity of tire tread
particles. Environmental Science & Technology 54:7450—7460

Li W, Huang T, Liu C, Wushouer H, Yang X, et al. 2025. Changing
climate and socioeconomic factors contribute to global antimicro-
bial resistance. Nature Medicine 31:1798-1808

Wang H-T, Ma L, Zhu D, Ding J, Li G, et al. 2022. Responses of earth-
worm Metaphire vulgaris gut microbiota to arsenic and nanoplastics
contamination. Science of the Total Environment 806:150279

Zhang Y, Zhang X, Li X, He D. 2022. Interaction of microplastics and
soil animals in agricultural ecosystems. Current Opinion in Environ-
mental Science & Health 26:100327

Yu M, Van Der Ploeg M, Lwanga EH, Yang X, Zhang S, et al. 2019.
Leaching of microplastics by preferential flow in earthworm (Lumbri-
cus terrestris) burrows. Environmental Chemistry 16:31-40

Carlin J, Craig C, Little S, Donnelly M, Fox D, et al. 2020. Microplastic
accumulation in the gastrointestinal tracts in birds of prey in central
Florida, USA. Environmental Pollution 264:114633

Kwak JI, An YJ. 2021. Microplastic digestion generates fragmented
nanoplastics in soils and damages earthworm spermatogenesis and
coelomocyte viability. Journal of Hazardous Materials 402:124034
Brandon AM, Gao SH, Tian R, Ning D, Yang SS, et al. 2018. Biodegrada-
tion of polyethylene and plastic mixtures in mealworms (larvae of
Tenebrio molitor) and effects on the gut microbiome. Environmental
Science & Technology 52:6526—6533

Huerta Lwanga E, Thapa B, Yang X, Gertsen H, Salanki T, et al. 2018.
Decay of low-density polyethylene by bacteria extracted from earth-
worm's guts: A potential for soil restoration. Science of the Total Envi-
ronment 624:753-757

Zhang Y, Li X, Xiao M, Feng Z, Yu Y, et al. 2022. Effects of microplas-
tics on soil carbon dioxide emissions and the microbial functional
genes involved in organic carbon decomposition in agricultural soil.
Science of The Total Environment 806:150714

Helmberger MS, Tiemann LK, Grieshop MJ. 2020. Towards an ecology
of soil microplastics. Functional Ecology 34:550—560

Chang M, Sun P, Zhang L, Liu Y, Chen L, et al. 2024. Changes in char-
acteristics and risk of freshwater microplastics under global warming.
Water Research 260:121960

Krehl A, Schollkopf U, Majekova M, Tielborger K, Tomiolo S. 2022.
Effects of plastic fragments on plant performance are mediated by
soil properties and drought. Scientific Reports 12:17771

Xiang Q, Zhu D, Chen QL, O'Connor P, Yang XR, et al. 2019. Adsorbed
sulfamethoxazole exacerbates the effects of polystyrene (~2 um) on
gut microbiota and the antibiotic resistome of a soil collembolan.
Environmental Science & Technology 53:12823—-12834

Li HQ, Shen YJ, Wang WL, Wang HT, Li H, et al. 2021. Soil pH has a
stronger effect than arsenic content on shaping plastisphere bacte-
rial communities in soil. Environmental Pollution 287:117339

Xue K, M. Yuan M, J. Shi Z, Qin Y, Deng Y, et al. 2016. Tundra soil
carbon is vulnerable to rapid microbial decomposition under climate
warming. Nature Climate Change 6:595-600

Guo X, Gao Q, Yuan M, Wang G, Zhou X, et al. 2020. Gene-informed
decomposition model predicts lower soil carbon loss due to persis-
tent microbial adaptation to warming. Nature Communications
11:4897

page 100f 11

Wang etal. | Volume2 | 2026 | 008


https://doi.org/10.1016/j.jhazmat.2024.133428
https://doi.org/10.1126/science.aar7734
https://doi.org/10.1016/j.scitotenv.2020.140008
https://doi.org/10.1038/s41396-021-01103-9
https://doi.org/10.1038/s41396-021-01103-9
https://doi.org/10.1016/j.jhazmat.2022.129247
https://doi.org/10.1016/j.jhazmat.2020.124979
https://doi.org/10.1016/j.watres.2022.118920
https://doi.org/10.1021/acs.est.4c08265
https://doi.org/10.1021/acs.est.4c08265
https://doi.org/10.1021/acs.est.5c00246
https://doi.org/10.1021/acs.est.5c00246
https://doi.org/10.5846/stxb202009182433
https://doi.org/10.1021/acs.est.9b07854
https://doi.org/10.1021/acs.est.0c01241
https://doi.org/10.1007/s42832-021-0079-1
https://doi.org/10.1016/j.nantod.2021.101242
https://doi.org/10.1021/acs.est.3c02885
https://doi.org/10.1021/acs.est.0c03075
https://doi.org/10.1021/acs.est.8b02825
https://doi.org/10.1021/acs.est.5b05478
https://doi.org/10.1021/acs.est.5b05478
https://doi.org/10.1021/acs.est.5b05478
https://doi.org/10.1016/j.envpol.2019.113227
https://doi.org/10.1016/j.foodcont.2019.106722
https://doi.org/10.1016/j.envint.2025.109414
https://doi.org/10.1016/j.envint.2025.109414
https://doi.org/10.1016/j.envint.2025.109414
https://doi.org/10.1016/j.scitotenv.2020.138679
https://doi.org/10.1016/j.scitotenv.2020.138679
https://doi.org/10.1016/j.envpol.2018.04.017
https://doi.org/10.1016/j.soilbio.2017.10.027
https://doi.org/10.1021/acs.est.0c00917
https://doi.org/10.1038/s41591-025-03629-3
https://doi.org/10.1016/j.scitotenv.2021.150279
https://doi.org/10.1016/j.coesh.2022.100327
https://doi.org/10.1016/j.coesh.2022.100327
https://doi.org/10.1016/j.coesh.2022.100327
https://doi.org/10.1071/EN18161
https://doi.org/10.1016/j.envpol.2020.114633
https://doi.org/10.1016/j.jhazmat.2020.124034
https://doi.org/10.1021/acs.est.8b02301
https://doi.org/10.1021/acs.est.8b02301
https://doi.org/10.1016/j.scitotenv.2017.12.144
https://doi.org/10.1016/j.scitotenv.2017.12.144
https://doi.org/10.1016/j.scitotenv.2017.12.144
https://doi.org/10.1016/j.scitotenv.2021.150714
https://doi.org/10.1111/1365-2435.13495
https://doi.org/10.1016/j.watres.2024.121960
https://doi.org/10.1038/s41598-022-22270-5
https://doi.org/10.1021/acs.est.9b04795
https://doi.org/10.1016/j.envpol.2021.117339
https://doi.org/10.1038/nclimate2940
https://doi.org/10.1038/s41467-020-18706-z
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003

https://doi.org/10.48130/ebp-0026-0003

Environmental and
Biogeochemical Processes

[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]

[109]

[110]

[111]

Wang J, Liu H, Zeb A, Wang Q, Mo F, et al. 2025. Drought limits
microplastic effects on soil greenhouse gas emissions by reducing
microbial  diversity. Journal of Environmental ~Management
392:126843

Li S, Zhong L, Zhang B, Fan C, Gao Y, et al. 2024. Microplastics
induced the differential responses of microbial-driven soil carbon
and nitrogen cycles under warming. Journal of Hazardous Materials
465:133141

De Vries FT, Griffiths R, Bailey M, Craig H, Girlanda M, et al. 2018. Soil
bacterial networks are less stable under drought than fungal
networks. Nature Communications 9:3033

Burnham JP. 2021. Climate change and antibiotic resistance: a deadly
combination. Therapeutic Advances in Infectious Disease 8:1—7

Nnadi NE, Carter DA. 2021. Climate change and the emergence of
fungal pathogens. PLoS Pathogens 17:e1009503

Miner KR, D’Andrilli J, Mackelprang R, Edwards A, Malaska MJ, et al.
2021. Emergent biogeochemical risks from Arctic permafrost degra-
dation. Nature Climate Change 11:809-819

Lear G, Kingsbury J, Franchini S, Gambarini V, Maday S, et al. 2021.
Plastics and the microbiome: impacts and solutions. Environmental
Microbiome 16:2

Zarean M, Dave SH, Brar SK, Kwong RWM. 2025. Environmental
drivers of antibiotic resistance: synergistic effects of climate change,
co-pollutants, and microplastics. Journal of Hazardous Materials
Advances 19:100768

Yang G, Ryo M, Roy J, Lammel DR, Ballhausen MB, et al. 2022. Multi-
ple anthropogenic pressures eliminate the effects of soil microbial
diversity on ecosystem functions in experimental microcosms. Nature
Communications 13:4260

Chen JY, Niu SH, Li HY, Liao XD, Xing SC. 2024. Multiomics analysis of
the effects of manure-borne doxycycline combined with oversized
fiber microplastics on pak choi growth and the risk of antibiotic resis-
tance gene transmission. Journal of Hazardous Materials 475:134931
Miao LZ, Guo S, Wu J, Adyel TM, Liu ZL, et al. 2022. Polystyrene
nanoplastics change the functional traits of biofilm communities in
freshwater environment revealed by GeoChip 5.0. Journal of
Hazardous Materials 423:127117

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Zhang H, Zhu W, Zhang JB, Mdiller C, Wang LF, et al. 2024. Enhancing
soil gross nitrogen transformation through regulation of microbial
nitrogen-cycling genes by biodegradable microplastics. Journal of
Hazardous Materials 478:135528

Domeignoz-Horta LA, Pold G, Liu XA, Frey SD, Melillo JM, et al. 2020.
Microbial diversity drives carbon use efficiency in a model soil. Nature
Communications 11:3684

Chen XP, Zhu D, Liu SY, Sun MM, Ye M, et al. 2025. Unique plasti-
sphere viromes with habitat-dependent potential for modulating
global methane cycle. Nature Communications 16:8098

Wang L, Lin D, Xiao KQ, Ma LJ, Fu YM, et al. 2024. Soil viral-host inter-
actions regulate microplastic-dependent carbon storage. Proceed-
ings of The National Academy of Sciences of The United States of
America 121:€2413245121

Wang Q, Liu W, Zhou Q, Wang S, Mo F, et al. 2024. Planting enhances
soil resistance to microplastics: evidence from carbon emissions and
dissolved organic matter stability. Environmental Science & Tech-
nology 58:21327-21338

Li HZ, Bi QF, Yang K, Zheng BX, Pu Q, et al. 2019. D,0-isotope-label-
ing approach to probing phosphate-solubilizing bacteria in complex
soil communities by single-cell Raman spectroscopy. Analytical
Chemistry 91:2239-2246

Li J, Cai X, Li M, Zhang D, Li B, et al. 2025. In situ degradation of 2-
methylnaphthalene by a soil Penicillium strain associated with
fungal-bacterial interactions. The ISME Journal 19:wraf260

Li J, Zhang D, Luo G, Li B, and Zhang G. 2023. In situ discrimination
and cultivation of active degraders in soils by genome-directed culti-
vation assisted by SIP-Raman-activated cell sorting. Environmental
Science & Technology 57:17087—17098

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Wang etal. | Volume 2 | 2026 | e008

page 110f11


https://doi.org/10.1016/j.jenvman.2025.126843
https://doi.org/10.1016/j.jhazmat.2023.133141
https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.1177/2049936121991374
https://doi.org/10.1371/journal.ppat.1009503
https://doi.org/10.1038/s41558-021-01162-y
https://doi.org/10.1186/s40793-020-00371-w
https://doi.org/10.1186/s40793-020-00371-w
https://doi.org/10.1016/j.hazadv.2025.100768
https://doi.org/10.1016/j.hazadv.2025.100768
https://doi.org/10.1038/s41467-022-31936-7
https://doi.org/10.1038/s41467-022-31936-7
https://doi.org/10.1016/j.jhazmat.2024.134931
https://doi.org/10.1016/j.jhazmat.2021.127117
https://doi.org/10.1016/j.jhazmat.2021.127117
https://doi.org/10.1016/j.jhazmat.2024.135528
https://doi.org/10.1016/j.jhazmat.2024.135528
https://doi.org/10.1038/s41467-020-17502-z
https://doi.org/10.1038/s41467-020-17502-z
https://doi.org/10.1038/s41467-025-63215-6
https://doi.org/10.1073/pnas.2413245121
https://doi.org/10.1073/pnas.2413245121
https://doi.org/10.1073/pnas.2413245121
https://doi.org/10.1021/acs.est.4c07189
https://doi.org/10.1021/acs.est.4c07189
https://doi.org/10.1021/acs.est.4c07189
https://doi.org/10.1021/acs.analchem.8b04820
https://doi.org/10.1021/acs.analchem.8b04820
https://doi.org/10.1093/ismejo/wraf260
https://doi.org/10.1021/acs.est.3c04247
https://doi.org/10.1021/acs.est.3c04247
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003
https://doi.org/10.48130/ebp-0026-0003

	Introduction
	Effects of MPs on carbon and nitrogen functional genes
	Effects of MPs on antibiotic resistance genes
	Soil animal gut microbiome: a hotspot of influence
	Global change alters the effects of MPs on functional genes
	Methodological advances to improve understanding of effects of MPs on functional genes
	Conclusions and perspectives for future research
	Author contributions
	Data availability
	Funding
	Declarations
	Competing interests

	References

