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ABSTRACT

Constructed wetlands (CWs) have been proven to effectively immobilize plastic particles. However, little is
known about the differences in the impact of varying sized plastic particles on nitrous oxide (N2O) release, as
well as the intervention mechanisms in CWs. Here, we built a lab-scale wetland model and introduced plastic
particles of macro-, micro-, and nano-size at 100 pg/L for 370 days. The results showed that plastic particles of all
sizes reduced N,O release in CWs, with the degrees being the strongest for the Nano group, followed by Micro
and Macro groups. Meanwhile, °N- and ®0-tracing experiment revealed that the ammoxidation process
contributed the most N2O production, followed by denitrification. While for every NyO-releasing process, the
contributing proportion of N3O in nitrification-coupled denitrification were most significantly cut down under
exposing to macro-sized plastics and had an obvious increase in nitrifier denitrification in all groups, respec-
tively. Finally, we revealed the three mechanism pathways of N2O release reduction with macro-, micro-, and
nano-sized plastics by impacting carbon assimilation (RubisCO activity), ammonia oxidation (gene amo abun-
dance and HAO activity), and N-ion transmembrane and reductase activities, respectively. Our findings thus

provided novel insights into the potential effects of plastic particles in CWs as an eco-technology.

1. Introduction

Plastic particles are an emerging plastic pollutant that is widely
dispersed in various environments (Ivleva, 2021; MacLeo et al., 2021).
Municipal wastewater treatment plants (WWTPs) are the primary sink
and key point source of plastic particles entering natural water bodies
(Xu et al., 2023; Simon et al., 2018). While most plastic particles in the
wastewater influent (61-1189 pg/L) can be removed from final effluent

(0.5-11.9 pg/L), these persistent pollutants pose a serious threat to
biosafety due to their sizes (macro- or micro-sized plastics: 1000 nm < ¢
< 5 mm, nano-sized plastics: ¢ < 1000 nm) characteristics and physi-
cochemical properties (Koelmans et al., 2022). Particularly, in terms of
migration trends in wastewater treatment systems (Sun et al., 2019),
impacts on the efficiency of wastewater treatment systems (Wang et al.,
2022), and interference with the downstream water ecosystem (Sulis-
tyowati et al., 2022). However, the mechanism by which the
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accumulation of plastic particles interferes with the nitrogen cycling and
nitrous oxide (N2O) release in water treatment systems is still unclear.

Constructed wetlands (CWs) are a green water-purifying system, in
which biofilm system is the core unit of pollutant degradation (Wu et al.,
2023). In the wetland biofilm system, the huge nitrification/deni-
trification potentials can remove most of ammonia and nitrate/nitrite
and reduce the downstream eutrophication (Vymazal, 2007). Further-
more, CWs possess an excellent capacity to retain particle pollutants,
thanks to the presence of abundant biofilms, and previous research
indicated that over 90 % of metal(oxide) nanoparticles and
micro/nano-sized plastics were captured in CWs (Ma et al., 2021; Yang
et al., 2020). These trapped particle pollutants remain within CW sys-
tem, preventing migration or outflow due to increased infiltration vol-
ume and concentration (O’Connor et al., 2019). Consequently, CWs
serve as an effective barrier against plastic particles entering the aquatic
environment.

Despite the prominent role of CWs as an important barrier of plastic
particles to the natural aquatic ecosystem, recent studies have showed
that plastic size-dependent effects in the CWs may affect nitrogen-
removing process via altering microbial community structure and key
enzyme activities with the long-term accumulation (Yang et al., 2020,
2022, 2022). However, whether and how the plastic size-dependent
effects disturb NyO production and release in nitrogen-removing pro-
cesses of CWs are unclear at present. As we known, N5O is a byproduct of
nitrification and a medial-product of denitrification (Law et al., 2012),
and the amount of N3O released in the normal nitrogen removal process
is up to 2.3 x 102 - 7.9 x 10° mg N,0/(kg N) in each type of CWs
(Vymazal et al., 2006; Ouyang and Lee, 2020). Consequently, CWs are
an important hot spot for NoO emission, and controlling N,O release in
CWs is conducive to alleviating the global warming potential (GWP, the
GWP; of N2O is about 265 times that of CO5 for 100-year time horizons
(IPCC, 2014)) and is of great significance for ecosystem stability.
Furthermore, due to their large biofilm system, CWs can also trap up to
90 % of plastic particles (Ma et al., 2021; Yang et al., 2022). Regrettably,
there have been few reports on how the retained plastic particles
interfere with the function of biofilm system and how they affect the
production and release of NoO during nitrogen transformation process in
CWs.

The traditional understanding of formation of microbial community
in CWs reside in the attached phase biofilm (up to 80 %) on the surface
of substrate (Penesyan et al., 2021). At present, the differences in mi-
crobial abundance, community structure, and metabolic processes in the
biofilms have been analyzed, along with individual and community
changes of microorganisms caused by substrate materials (Fu et al.,
2020), seasons and climates (Liang et al., 2017), hydraulic conditions
(Zeng et al., 2021), and aquatic plants (Zhao et al., 2015) in CWs.
However, the effects of plastic particles on wetland biofilms have not
been systematically studied. Although previous studies demonstrated
that plastic particles changed the oxygen mass transfer capacity and
microbial community structure in wetland systems (Yang et al., 2022,
2022), the impacts of plastic particles accumulation on the function of
biofilm system in CWs have not been comprehensively explored, espe-
cially in nitrogen metabolisms, carbon metabolisms, and electro-
n/energy transfer efficiency. In addition, the changes in the metabolic
level of nitrogen transformation of core microorganisms, can also affect
the N5O release, and all need to be more fully known.

In order to address the knowledge gap, we designed and conducted
experiments using 12 CW devices fed with simulated municipal waste-
water over a year, during which the nitrogen removal efficiency and
N5O release under the accumulation of different sizes (50-100 nm,
50-100 pm, and 500-1000 pm) of plastic particles were investigated.
Under the influence of plastic particles, we aimed to answer three key
questions: (1) How do different nitrogen conversion processes
contribute to N2O production from CWs? (2) How does the functional
status of biofilms respond? (3) To what extent do plastic particles with
different sizes regulate the NoO release processes and functional
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microorganisms? Answering these questions will improve the under-
standing of the accumulative effects of plastic particles on the biofilm
system and GWP in the wetland wastewater-purifying systems.

2. Materials and methods
2.1. Preparation of micro(nano)plastics and synthetic wastewater

The raw macro- (500-1000 pm) and micro- (50-100 pm) sized
polystyrene (PS) plastics were obtained by grinding and sieving the non-
additive parental PS columns (Beisile, Tianjin, China). The nano-sized
(50-100 nm) PS plastic particles were purchased with the suspension
state (CAS: 9003-53-6, 5 % w/v) (Aladdin, Shanghai, China). The
detailed preparation procedures of plastic particles were supplied in our
previous studies (Yang et al., 2020, 2022). In order to simulate the actual
plastic particles concentrations in wastewater (26.23-1189 pg/L) > *, PS
powder and suspension were dispersed and diluted to 100 pg/L in the
synthetic wastewater. The compositions of synthetic wastewater were
approximately 200 mg/L COD, 30 mg/L TN, and 20 mg/L. NH}-N ac-
cording to simulating the wetland systems mainly used to treat the
municipal wastewater and stormwater runoff. The initial pH of synthetic
wastewater was adjusted to 7.0-7.1 by injecting 4 M NaOH or 4 M HCl
solution. Details of the composition profile are provided in the Sup-
porting Information (Text S1).

2.2. Experimental design and procedures

The saturated vertical flow wetland microcosms were rectangular
shaped boxes constructed of treated toughened plastics with a length of
0.3 m, a width of 0.3 m and a depth of 0.5 m depth. The total of twelve
wetland microcosms were filled with gravel (diameter: 8-10 mm),
planted with the aquatic cattail (Typha latifolia), and were kept in an air-
conditioned greenhouse (25 °C and 425 pmol m~2 s~ ! light intensity).
We conducted the sequencing batch experiment for 370 days [including
74 batches, hydraulic retention time (HRT) is 5 days] and divided the
whole experiment period into three stages (S1: day 0-5, S2: day
175-180, S3: day 365-370) according to the change of nitrogen-
removing performance. To ensure the accuracy of results, the water
level at the beginning and at the end of each batch was recorded, which
was taken into account the deviation caused by evaporation when
calculating the effluent concentration. Artificial wastewater was fed into
the reactor via the pipe and drained via a tap on the bottom, and the
water level was attuned to be 5 cm below the gravel bed surface (Yang
et al., 2022; China, S. E. P. A. 0. 2002) and were supplied in Supporting
Information.

2.3. Contribution assessment of N2O release

The washed-off biofilm samples were transferred to 30 mL brown
headspace bottles with 10 mL of synthetic wastewater containing the
isotopes of 1°N and 20 and placed in a 25 °C water-bathing shaker at
100rpm for 1 h. Each group needs to complete the small-scale isotope
labeling experiment according to the following four incubation groups
(Table S1). After incubation, headspace gas from each bottle were
collected using a syringe and transferred into gas collection bags, while
the liquid is filtered through a 0.22 pm filter membrane and placed into
5 mL centrifuge tubes. The isotopic content of all test products was
determined using the isotope ratio mass spectrometer (MAT-253,
Thermo Fisher Scientific, USA). The contributing value of each process
in different pathway to N,O was illustrated in Fig. 2D and calculated
using the following formulas (Wrage et al., 2005):

N2Onep = (¢"NoOmva / ¢°NO3 1) x ¢°NO3 13 (0]
N2Oap = ¢°’NoOne (€1)

N>Onp = (€N O x cf = 2/3 NoOnep) X 2 (I
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N2Omp = ¢”NoOmi — N2Oap — NoOnep — NoOnp av)

Where:

I: Nitrification-coupled denitrification process (NCD);
II: Autotrophic denitrification process (AD);

III: Nitrifier denitrification process (ND);

IV: Heterotrophic denitrification process (HD);

cf: A conversion factor (3.7) to account for the application of H%so at1l
atom % excess ‘20 while °N-labelled NH4NO3 was applied at 10 atom %
excess 1°N.

2.4. Biofilm assays

2.4.1. LDH and ROS assays

A total of 10 g gravel sample was used to assess lactate dehydroge-
nase (LDH) release and reactive oxygen species (ROS) production,
following our prior procedures (Yang et al., 2020). Briefly, 15 mL of PBS
(pH = 6.8) was added to a conical flask containing 10 g of gravel, which
was thoroughly shaken (150 rpm) for 5 min at 25 °C, the supernatant
was used to determine the LDH release according to the instructions of
the LDH kit (Nanjing Jiancheng Technology Co., Jiangsu, China). For
ROS assay, the biofilm was separated from gravel or plastic particles,
and then it was re-suspended in NaCl solution and incubated with 20
pmol/L HyDCF-DA (Molecular Probes, Invitrogen) for 30 min. The
mixed liquor was transferred into 96-well microtiter plates for fluores-
cence spectroscopy at excitation/emission wavelengths of 495/525 nm.

2.4.2. Electron transport system activity, NADH and ATP assays

Approximately 10 g gravels were also sampled to measure electron
transport system activity (ETSA) by reducing 2-(p-iodophenyl)-3-(pni-
trophenyl)-5-phenyl tetrazolium chloride (INTC) to formazan according
to a previous protocol with minor modifications (Su et al., 2019).
Absorbance of the orange-like formazan was immediately detected at
490 nm against a solvent blank. After the long-term exposure experi-
ment, NADH was detected using the enzymatic cycling assay (San et al.,
2002). In brief, 10 g of the gravel samples were put into 50 mL conical
flasks and washed thrice with 100 mM PBS (pH = 7.8). Then, 10 mL of
0.2 M NaOH were added to the conical flasks, and the flasks were placed
in a water bath at 50 °C for 10 min and in ice water to cool to 4 °C. The
samples were neutralized by adding 0.2 M HCl, and after centrifugation
at 16,000 rpm for 5 min, the supernatants were immediately collected to
measure the NADH content (details about the process are presented in
our previous study (Yang et al., 2020)). The ATP level was measured
using the ATP Assay Kit (Nanjing Jiancheng Biological Engineering,
China), according to the manufacturer’s instructions.

2.4.3. Nitrification and denitrification rates

Nitrification and denitrification rates were assessed according to our
previous study (Yang et al., 2022). Briefly, nitrification rate was
expressed using the slope of the first-order function of total NO5-N and
NO3-N concentrations in solution and time. Denitrification rate was
detected using isotope labeling technology and were calculated by 2°Ny
and 3°N, content in the gaseous product (\°N pairing technique).

2.4.4. DNA extraction, library construction, and metagenomic sequencing

Extraction of DNA from each biofilm sample was performed using
FastDNA SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA) according
to the manufacturer’s instructions. DNA extract was fragmented to an
average size of about 300 bp using Covaris M220 (Covers, USA) for
paired-end library construction. Paired-end library was constructed
using NEB Next® Ultra™ DNA Library Prep Kit for Illumina (NEB, USA).
Paired-end sequencing was performed on Illumina Hiseq™ 2500 plat-
form (Illumina, USA) using TurSeq PE Cluster Kit according to the
manufacturer’s instructions. The bioinformatic procedures are
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described with more details in our previous study (Yang et al., 2022).
The sequence data were deposited into CNGB Sequence Archive (CNSA)
China National GeneBank DataBase (CNGBdb) (Chen et al., 2020) with
accession number CNP0001921.

2.5. Microbial metabolism analysis

2.5.1. Enzyme activity assay

Key enzyme activities involved in microbial metabolism and deni-
trification process can reflect the pollutant-induced potential effects. At
the end of each stage during exposure experiment, approximately 250 g
of gravels were collected from three depths (10, 25, and 40 cm) and
subjected to tests for ammonia monooxygenase (AMO), Hydroxylamine
oxidoreductase (HAO), nitrate reductase (NAR), nitrite reductase (NIR),
nitric reductase (NOR), nitrous oxide reductase (NOS), ribulose 1,5-
bisphosphate carboxylase (RubisCO), hexokinase (HK),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate kinase
(PK), phosphofructose kinase (PFK). The details of these procedures
were conducted as in our previous studies (Su et al., 2019; Yang et al.,
2018). The final value was the average value of samples collected at
three depths.

2.5.2. Metagenomic analysis

The raw data of metagenomic sequencing was checked for quality
and treated using FastQC (version 0.11.7) (Andrews, 2010) and Fastp
(version 0.19.7) (Chen et al., 2018), respectively, to get the clean reads.
Because a specialized reference database of functional genes coding the
key proteins involving the biofilm-forming proteins, N-ion transporters,
and key C metabolic enzymes is limiting, a core gene (CGs) dataset was
self-created. The description and sequence constituent of each core gene
was summarized in Dataset 1. To enable fast and accurate quantification
of biofilm-forming protein and N-ion transporter genes in metagenomic
data, a two-step successive annotation strategy was deployed to quantify
reads. This strategy successively aligns each metagenomic read against
the customized CGs database using DIAMOND (Buchfink et al., 2021).
For N metabolic gene annotation, the clean reads of shotgun meta-
genomes were searched against NCyc database (Tu et al., 2019). Then,
the best-hit reads assigned to each gene were counted and used for
further calculation of normalized relative abundance (see the next sec-
tion for details).

To predict the microbial hosts of functional genes (Dataset 1)
involved in microbial N cycle, carbon metabolism, and biofilm forma-
tion, the metagenomic reads assigned to the functional genes in NCyc
and CGs database were extracted and then subjected to the taxonomic
assignment using Kraken 2 (Wood et al., 2019). The taxonomic profiles
for each functional gene involved in microbial N cycle and
biofilm-formation were generated by calculating the relative abundance
of each assigned taxon (Dataset 2).

The relative abundance (RA) of genes we focused in our analysis was
computed as the reads per kilobase (RPK) of the gene divided by the sum
of RPK of all sequenced 16S rRNA gene pre-determined by ARG-OAP
database (Rognes et al., 2016) with the alignment identity cutoff of
0.9, referenced to the general taxonomic thresholds to distinct phyla
(Yarza et al., 2014), against the 16S rRNA gene sequence dataset of
SILVA SSU Ref 138.1 with 90 % identity criterion (Quast et al., 2013).
The following equation that deploys the above calculation method for
the 16S-normalized relative abundance (gene copy/16S rRNA gene
copy, GP168S) of a gene in a metagenome (Ju et al., 2019) were expressed
as follows:

n
> Nuucteobase mapped / L read tengih

RPK =
L gene length / 1000

W)

RA = RPK(Gene) / i:RPK(]éS) (VD
1
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Where:

>~ Nnycleobase mapped : The number of all nucleobases mapped to the
gene;

L read lengtn: The length of the read;

L gene lengn: The length of the gene;

RPK (16S): RPK of 16S rRNA gene reference sequence.
2.6. Statistical analysis

The assays of all experiments were conducted in triplicate, and the
results were presented as the mean + standard deviation. Analysis of
variance (ANOVA) was used to compare results by group. All description
of significant differences in this paper were conducted the statistically
significant test (meaning P < 0.05, SPSS 22.0, IBM).

3. Results
3.1. Plastic particles affecting the CW performance

3.1.1. Change in N-removing performance

In a 370-day nitrogen-removing efficiency test on CWs, three stages
(early, middle, and late) were observed based on the trend of treatment
performance. As shown in Fig. 1, introducing plastic particles of
different sizes resulted in stable outflow NH4-N concentrations of 2.89
+ 0.75 mg/L (86.5 = 0.04 % removal rate) and no NO3()-N accumu-
lation during the first stage (Fig. 1A). At the middle stage, NH-N con-
centrations varied across groups, with only the Nano group showing
NO3(2)-N accumulation (Fig. 1B). In the late stage, NHZ-N concentra-
tions significantly increased in the Nano and Micro groups, along with
NO3(2)-N accumulation in Nano group (Fig. 1C). Overall, long-term
accumulation of plastic particles in CWs had different degrees of
impacted NH4-N removal (Micro- < Micro- < Nano-sized plastics), but
the only nano-sized particles were found to hinder NO3(2)-N reduction.
Intriguingly, large-sized particles even exhibited a promoting effect on
NO3(2)-N removal during the whole experiment.

3.1.2. Change in N0 emission

As shown in Fig. 2A-C, N,O release in the early-stage of the three
treatment groups did not differ from the control group except that the
N»O concentration fluctuated during a batch for the Macro group. Yet, in
later stages, a size-dependent trend emerged, with suppression observed
in the Nano group. Furthermore, we found that the long-term accumu-
lation of plastic particles changed the contribution pattern of NyO in
different nitrogen-removing processes in CWs (Fig. 2D and E). Detailly,
during nitrification-coupled denitrification, large size groups showed
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reduced N0 release contribution, with the Macro group leading (61.3 %
reduction, Table S2). In the hydroxylamine reduction process, though
the release contribution of N,O as the byproduct in ammoxidation in all
groups had no difference, the release capacity significantly decreased in
all groups, with the Nano group leading (66.2 % reduction), followed by
Macro (55.6 %) and Micro (41.1 %) (Table S2). For nitrifier denitrifi-
cation, the release contribution of N3O in all groups had significantly
increase, meanwhile Micro and Nano groups increased N2O release by
77.2 % and 39.9 % (Table S2), respectively. For denitrification, the
release contribution of N3O showed a decrease trend in large size
groups, while all groups saw significant N,O release reductions (ranging
from 47.0 % to 65.2 %, Table S2).

3.2. Responses of biofilm function to plastic particles

In our study, we assessed biofilm responses to plastic particle accu-
mulation by measuring reactive oxygen species (ROS) and lactate de-
hydrogenase (LDH) release. Fig. S1A shows that ROS decreased with
plastic accumulation in the Macro and Micro groups but rose signifi-
cantly in the Nano grou, which also displayed the highest LDH release,
indicating microbial membrane damage due to ROS (Cordeiro, 2014).
We also quantified electronic transfer efficiency (ETE) activity, energy
(ATP) and electron (NADH) carrier levels within the biofilm (Fig. S1B),
and larger plastic particles enhanced these indicators, while nano-sized
plastic accumulation significantly inhibited ETE activity (by 77.8 %),
along with ATP (by 74.5 %) and NADH (by 83.7 %) content, compared
to the control group. These changes impacted N-removing bacterial
activity and N-removing efficiency. For instance, the Nano group’s
denitrification rate was only 79.8 % of the control, and all plastic par-
ticle sizes hindered the nitrification rate by 52.1 % (Macro group) to
21.7 % (Nano group) (Fig. S1C), thus possibly explaining the reduced
N-O release in the treatment groups.

3.3. Chronic effects of plastic particles on microbial metabolism

3.3.1. Nitrogen ion transmembrane transport

Our study investigated the impact of plastic particle accumulation on
microbial N-ion transmembrane transport in CWs through gene abun-
dance analysis. In Fig. 3A, ATP-binding protein-coding genes nrtD and
cynD, part of the nitrate/nitrite transport system, declined in all treat-
ment groups, with the most significant drop in the Nano groups.
Conversely, nrtC and nasD increased in the Macro and Micro groups but
decreased only in the Nano group (Fig. 3B). Genes encoding osmotic
enzyme proteins (nrtB, nask, and cynB) remained consistent with the
change of nrtC and nasD among treatments (Fig. 3C). However, genes
nrtA, nasF, and cynA decreased by 66.1 % in the Nano group (Fig. 3D).
The key ammonium transporter gene (amt) also declined in all groups,
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Fig. 3. Changes of the key gene abundance involving in the transmembrane transport of nitrogen ions between the intra- and extra-cellular region under exposing to
the 370-day accumulation of plastic particles in CWs (A: nrtD and cynD encoding to the nitrate/nitrite transport system ATP-binding protein, B: nrtC and nasD
encoding to the nitrate/nitrite transport system ATP-binding protein. C: nrtB, nasE, and cynB encoding to the nitrate/nitrite transport system permease protein, D:
nrtA, nasF, and cynA genes encoding to the nitrate/nitrite transport system substrate-binding protein, and E: amt gene encoding to ammonium transporter). Asterisks

(*) indicate significant differences from the control group (P < 0.05).

especially in the Nano group (Fig. 3E). Prolonged plastic particle
exposure negatively affected microbial nitrogen ion absorption capacity
in CWs, with the most significant impact from Nano-sized particle.

3.3.2. Nitrogen metabolism

Key genes for ammonia oxidation (amoA/B/C) were more abundant
in the Micro groups but significantly lower in the Nano group. Both
Macro and Micro groups showed increased AMO activity, while the

Nano group exhibited a 40 % decrease (Fig. 4A). Concerning key gene
hao and enzyme HAO in hydroxylamine oxidation, all groups down-
regulated hao abundance, while the Micro group exhibited a significant
decrease, and HAO activity was significantly inhibited in all treatment
groups (Fig. 4B). In the denitrification process, nitrate reductase genes
(narG/H/1) decreased in abundance in all groups, with NAR activity
increasing in the Macro group but decreasing in the Micro and Nano
groups (Fig. 4C). Nitrite reductase NIR gene abundance increased in all



X. Yang et al.

Water Research 255 (2024) 121506

Denitrification

NIR | + NO:R
) | [3 Y x
v £ !
___________ NADH 2| INAR i NOR QH: NADH
AMOJ‘ ar DH. : ‘ ‘ ( DA B QHz ) X DH.
| | TSI
NAD* ; + NADH
Az ¥ B Dz,
2004 2E 24
2800 % * E-Ewa : .
;gznoz gg“ gg
Eéﬁﬁéj_D_I_i 200 féél_ﬂ_._l
2 amo# 225 2
gow : g g5 7, @20
£ . [ H g
g’om i g : §2 £1 'gw
I’UD? 0.

Control Macm Mmro Nano Control Macro Micro Nano
Group

Control Macro Micro Nano
Gre

5 5
Confrol Macro Wicro Nano Control Macro Micro Nano Control Macm M|cro Nano
Grot Group
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groups, but NIR activity decreased in the Nano group by 35 % (Fig. 4D).
Nitric oxide reductase NOR gene abundance increased, while NOR ac-
tivity significantly decreased in all treatment groups (Fig. 4E). In the
final denitrification stage, nosZ gene abundance increased in all groups,
but N2OR activity was notably inhibited, especially in the Nano group
with a 48.3 % decrease (Fig. 4F).

3.3.3. Carbon metabolism

Carbon metabolism is essential for microbial physiological activities,
including energy (ATP) and electron (NADH) production. In Fig. S2, the
average abundance of rbcL/S genes encoding the RubisCO enzyme
decreased in the treatment groups, and RubisCO enzyme activity
significantly dropped by 43.6 % in the Macro group and by 66.9 % in the
Nano group (Fig. S2A). The gap gene, which produces NADH during
glycolysis, decreased in the Macro, Micro, and Nano groups, and GAPDH
enzyme activity also notably decreased by 67.3 % and 58.2 % (Fig. S2B).
The gene hk, responsible for converting glucose to small carbon sources
during glycolysis, also declined in the Macro, Micro, and Nano groups
(Fig. S2C). The genes encoding PFK (pfk) and PK (pk) enzymes, involved
in ATP production during glycolysis, increased in all three treatment
groups (Fig. S2D). Although no significant difference appeared in pk
gene abundance, the activities of PFK and PK enzymes decreased by 39.2
% and 61.5 % in the Nano group (Fig. S2E). PDH enzyme, a critical link
between glycolysis and the citric acid cycle, significantly affects mi-
crobial energy and electron generation. The abundance of pdhA/B and
aceE genes showed no significant differences among the groups, while
PDH enzyme activity significantly dropped by 51.3 % in the Nano group
(Fig. S2F).

3.4. Plastic particles altering the main species composition

Fig. S3 illustrates how long-term plastic particle accumulation may
impact nitrogen cycling in CWs by reshaping the community structure of
core species with key functional genes. Core species encoding genes
involved in nitrogen metabolism, such as amoA/B/C, hao, and pmo, were
mainly Nitrosomonas across all groups. However, their proportion was
lowest in the Nano group and significantly varied. Core species related
to amoA/B/C genes, like Nitrosospira and Nitrosomonadaceae for hao, and
Methylocystis for pmo, exhibited substantial abundance changes, partic-
ularly in the Nano group. In the nitrification process, core host species
for the key enzyme nitrite oxidoreductase (NXR) included Nitrobacter
and Nitrospira, with decreased abundance in all treatment groups, most
notably in the Nano group, where Nitrospira was affected the most. The
nitrate reduction process saw variations in core species involved in
assimilatory and dissimilatory pathways. Thauera, Streptomyces, Pseu-
domonas, and Proteobacteria were core hosts for genes narB and nasA/B.
Their abundance was higher in the Macro and Micro groups but

significantly lower in the Nano group, particularly Thauera and Pseu-
domonas. Similarly, Actinobacteria, Streptomyces, Tessaracoccus, and
Pseudomonas were main hosts for both nirB/nrfA and nirA genes, while
Arthrobacter, Micromonospora, Mycobacteriaceae, Nitrospira, Azoarcus,
Burkholderiales, Microbacterium, and Thauera were main hosts with
either assimilatory or dissimilatory nitrite reduction genes, showing
higher abundance in the Macro and Micro groups but significantly lower
in the Nano group. During denitrification, key genes such as nirK/s,
norB/C, and nosZ were primarily hosted by Proteobacteria, Pseudomonas,
Azoarcus, Anaeromyxobacter, Azoarcus, Dechloromonas, and Thauera.
These denitrifiers increased significantly in the Macro and Micro groups,
especially Dechloromonas, Pseudomonas, and Thauera, while most de-
nitrifiers decreased in abundance in the Nano group. The nifH gene,
encoding the nitrogenase, was mainly hosted by Desulfovibrio, Dechlor-
omonas, and Geobacter, with different abundances among groups. In
conclusion, long-term plastic particle accumulation led to significant
changes in the core species composition and function in the nitrogen
cycling process of CWs, potentially affecting nitrogen removal efficiency
and N,O release.

4. Discussion

Our previous research demonstrated that, compared to plastic con-
centration, the size of plastic particles has a more pronounced impact on
the self-assembly of microbial communities and denitrification effi-
ciency in CWs during the accumulation process (Yang et al., 2022).
However, the mechanisms underlying the effect differences of varying
sized plastics on microbial N,O release in nitrogen-removing processes,
have not been addressed. This study building upon our previous research
provides a detailed exploration and analysis of these mechanisms, where
we concluded the three mechanism pathways of N3O release reduction
as depicted in Fig. 5. Pathway A: Macro-sized plastics, serving as carriers
for biofilms (Fig. 5A), diminish the activity of autotrophic microbial CO4
assimilation, which weaken the metabolic capacity of ammoxidation, as
well as finally reduced the release of N»O as a byproduct (path II in
Fig. 2D); Pathway B: Microbes adhere to micro-sized plastics without
forming biofilms (Fig. 5B), decreasing amo genes abundance and HAO
activity in ammoxidation process and consequently lowering nitrifica-
tion capacity and reduced the production of N2O (path III in Fig. 2D);
Pathway C: Nano-sized plastics can adhere to microbial surfaces and
penetrate cell membranes (Fig. 5C), affecting periplasmic N-ion trans-
membrane and reductase activities (Fig. 3), which ultimately impacts
the N2O production and release in nitrification and denitrification pro-
cesses (all of paths in Fig. 2D).

Our study has the same conclusion as He et al. (2022), and further
refined the microbial pathway of mitigation and the possible metabolic
change mechanism. Meanwhile, our findings also challenge the previous
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Fig. 5. Mechanisms schematic diagram involving in the reduction of N,O emissions in CWs caused by different-sized plastic particles. Pathway A: macro-sized
plastics form attached biofilms, weakening inorganic carbon (i.e., CO») assimilation in the nitrification process, which, in turn, reduces carbon energy meta-
bolism, ultimately lowering N,O emissions. Pathway B: Bacteria extensively adhere to micro-sized plastics, reducing key gene abundance in ammonia oxidation and
subsequently lowering nitrous oxide emissions as a byproduct of nitrification. Pathway C: Nano-sized plastics accumulate on microbial membrane and intercellular
region, influencing N-ion transmembrane and reductase activities, which diminished N,O release in nitrogen cycle.

notions of severely promoting effects from microplastics or nanoplastics
on N5O release in environmental medium (Yu et al., 2021; Chen et al.,
2022). Previous studies often followed in-situ sampling and
laboratory-scale experiments when observing the introduction of plastic
particles or biodegradable plastics (Nelson et al., 2022; Seeley et al.,
2020). Not only that, previous researches focused solely on denitrifica-
tion processes and ignored microbial interactions with microplastics and
varied nitrogen metabolism contribution in realistic environmental
conditions (Su et al., 2022; Zhou et al., 2023). Hence, these might result
in conflicting conclusions regarding the effect of microplastic accumu-
lation on N2O release. Additionally, the fungal denitrification typically
results in N5O as a final product, while in CWs the fungal denitrification
is relatively weak and not sufficient to impact overall N,O release, which
explain the differences with the research of estuarine sediment reported
by Su et al. (2022). Subsurface flow wetlands, with abundant liquid
water and free-living microbes alongside biofilms, enhance microbial
organic matter utilization and denitrification efficiency. Furthermore,
larger plastic particles typically have negatively charged surfaces and
can effectively adsorb positively charged ions like copper and iron (Prata
et al,, 2019) as essential core elements of key enzymatic sites in
nitrogen-removing microbes (AMO, NAR, and NIR) (Zumft, 1997), as
well as crucial components of cytochromes and quinone pool proteins
being responsible for the electron transfer (Simon et al., 2000), which
enhanced electron transfer efficiency and microbial activity in large-size
treated CWs. All of these processes can enhance NO conversion to Ny
during denitrification, as well as assisting to reduce the byproduct NoO
of nitrification, which also explains the decrease in the ratio of NoO
release in heterotrophic denitrification and N»O reduction in Macro and
Micro groups.

Importantly, in order to prove the weaken of NH,OH transforming to
N2O in nitrification caused by the decreased assimilation ability of
inorganic carbon in large-sized groups, we, for the first time, focused on
the carbon metabolism process of ammonia-oxidizing microorganisms

assimilating inorganic carbon. The results revealed a significant reduc-
tion in the activity of the carbon-fixing enzyme RubisCO in all groups,
leading to organic carbon source blockade for chemolithoautotrophic
nitrifiers and a marked decrease in ammoxidation activity. Eminently,
nano-sized plastics significantly inhibited almost all of key enzyme ac-
tivities in the Calvin cycle, glycolysis, and tricarboxylic acid cycle pro-
cesses (Fig. S2), which also explains the direct link between reduced
nitrogen transformation efficiency and carbon metabolism blockage.
Previous research on microbial stress caused by particle pollutants has
explained that those possess unique physicochemical properties,
including a large specific surface area, which can adsorb various ions
and organic substances, exerting toxicity on microorganisms (Liu et al.,
2023). Especially, nanomaterials often feature superoxide radical
groups with oxidative and antibacterial effects. Similarly, nano-sized
plastics produce similar functional groups under light or aging condi-
tions (Du et al., 2023), further diminishing microbial activity. Moreover,
nano-sized plastics raise the concentration of reactive oxygen species in
microorganisms, indirectly disrupting microbial metabolic processes (N
and C metabolisms) (Yang et al., 2020). Nano-sized plastics adhering to
microbial cell membranes not only reduce microbial metabolic activity
but also interfere with cell membrane formation and function (i.e.,
N-ions transmembrane transport) (Tan et al., 2020; Zhu et al., 2022).
This study provides a mechanistic understanding on how varying
sized plastic particles influence N,O release in CWs via mediation on the
various nitrogen transformation processes. It uncovers the response
mechanisms in CWs to the long-term accumulation of plastic particles,
considering macroscopic changes in biological processes and micro-
scopic alterations in key enzyme activity and functional gene abundance
in microbial N and C metabolisms. The findings reveal that plastic
particles inhibited the hydroxylamine reductase activity and COg
assimilatory capacity in the ammoxidation process reducing nitrogen
removal efficiency and N,O release. Differently, nano-sized plastics
disrupt crucial microbial metabolic processes, leading to the decrease in



X. Yang et al.

N-ion and electron transfer capacity and N-reductase activities. In
summary, over the long-term accumulation, all sized plastics in CWs
ultimately will weaken N3O release with the different influencing
mechanisms, and importantly it was with the extent of influence
inversely related to particle sizes. Our study can be basis to inspire this
innovative work on the mechanisms for affecting N,O release.

Overall, in this study, we utilized 15N and %0 isotope tracing to
discern alterations in pathways contributing to N3O release in CWs
under plastic particle interventions. Through microbial analysis, we
identified the factors underlying differences in N2O release contribu-
tions. Starting from the surface-level detection of N,O release to an
exploration of inherent microbial metabolic mechanisms, our findings
revealed that plastic particles of varying sizes decreased NoO production
and release in CWs through diverse influencing pathways. The degree of
intervention is inversely proportional to particle size. Simultaneously,
our conclusion provides pivotal information challenging the prevailing
negative stereotype of plastic particles in ecosystems.

Plastic particle, as emerging environmental pollutant, has garnered
extensive attention and research interest. Without exception, reports on
plastic particle have been predominantly negative, citing concerns such
as deformities in aquatic animals, the dissemination of additional pol-
lutants, and decreased efficiency in water treatment systems. These
unfavorable reports have ingrained a stereotypical perception that
microplastics can only exert adverse effects on the environment, dis-
rupting ecosystem stability. However, our study offers a counterintuitive
conclusion. The accumulation of plastic particle in wetland systems in-
tervenes in the metabolism of nitrogen-cycling microorganisms, ulti-
mately reducing N2O production and release. Globally, diverse wetland
systems stand as significant sources of N3O. The current global envi-
ronmental emphasis lies in regulating nitrogen cycling in wetland sys-
tems to curtail NO release, a crucial pathway toward achieving the
global "double carbon" goals. Drawing upon our study’s findings, we
posit that particles of equivalent size in wetland systems may trigger
analogous intervention mechanisms. Strategically employing inorganic
particles that pose no harm to ecological wetland systems to mitigate
N0 release could potentially yield substantial environmental benefits.
This, fundamentally, constitutes the overarching environmental signif-
icance of our study.
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