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ABSTRACT: The smallest fraction of plastic pollution, submicron
plastics (SMPs <1 μm) are expected to be ubiquitous in the
environment. No information is available about SMPs in peatlands,
which have a key role in sequestering carbon in terrestrial
ecosystems. It is unknown how these plastic particles might behave
and interact with (micro)organisms in these ecosystems. Here, we
show that the chemical composition of polystyrene (PS) and
poly(vinyl chloride) (PVC)-SMPs influenced their adsorption to
peat. Consequently, this influenced the accumualtion of SMPs by
Sphagnum moss and the composition and diversity of the microbial
communities in peatland. Natural organic matter (NOM), which
adsorbs from the surrounding water to the surface of SMPs,
decreased the adsorption of the particles to peat and their accumulation by Sphagnum moss. However, the presence of NOM on
SMPs significantly altered the bacterial community structure compared to SMPs without NOM. Our findings show that peatland
ecosystems can potentially adsorb plastic particles. This can not only impact mosses themselves but also change the local microbial
communities.
KEYWORDS: mesocosm, Sphagnum moss, poly(vinyl chloride), polystyrene, gadolinium entrapped particles, accumulation

■ INTRODUCTION
Peatlands are terrestrial wetland ecosystems, where the
production of natural organic matter (NOM) by plants such
as Sphagnum moss exceeds its decomposition by micro-
organisms resulting in the net accumulation of peat.1 The
process of peat formation has resulted in the accumulation of
approximately one-third of world soil carbon in peatlands,
although they cover only 3% of the earth’s surface.2,3 This
indicates the immense importance of these ecosystems in
storing the carbon absorbed by plants from the atmosphere
within peat soils. Therefore, the balance between production
by plants and consumption by bacteria in peatlands is critical
on the global scale.4 Anthropogenic disturbances, such as
pollution, fire, and peat extraction,5 have been reported to
substantially affect peatland ecosystems,6 which make these
ecosystems the most threatened habitats in Europe.7 These
change major ecosystems’ properties, i.e., transform peatlands
from sinks to sources of carbon dioxide (CO2).

5

The physicochemical properties make peat an effective
adsorbent for various anthropogenic chemicals and materials.8

Accumulation of partially decomposed plants in peatlands
forms compact porous structures9 with high polarity and large

surface area.10 Peat also has a high water holding capacity,
typically containing 80−90% water of fresh weight in natural
peatlands.10 For example, it has been documented that peats
have a strong adsorption affinity for oil11 and heavy metals
such as zinc, lead, and mercury.12 Plastic particles are
anthropogenic materials that can potentially adsorb and retain
in peat. Since an increasing number of studies are reporting the
ubiquitous presence of microplastics (1 μm < particle size < 5
mm) and submicron plastic (SMPs: particle size < 1 μm) in
different environmental compartments, from mountain13 to
deep sea14 and from tropical regions to polar areas,15,16 it is
likely that also peatland ecosystems are contaminated with
these anthropogenic materials. Plastic particles may be
transferred to peatland by runoff, effluent discharge, and
atmospheric deposition, as reported for other ecosystems.17−19
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Plastic particles in nature represent a wide variety of polymer
types, including, e.g., polystyrene (PS), polyethylene (PE), and
poly(vinyl chloride) (PVC). In general, plastics have hydro-
phobic surfaces and the degree of hydrophobicity depends on
the type (chemical composition) of the plastics (e.g., PVC <
PS < PE).20 One expects that when SMPs enter the porous
structures of peat, the hydrophobic surfaces and the large
surface area-to-volume ratio of the particles increase their
tendency to adsorb to the surfaces of peats. As a result,
peatlands might act as an important sink for SMPs.21 Very
limited information is available about the presence of
microplastics in peatlands and their effects on the peatland
ecosystem,21,22 and particularly, no information is available on
the possible impact of SMPs in peatlands.
The high free surface energy of SMPs allows the particles to

adsorb NOM from the surrounding water on their surfaces.23

NOM is a mixture of organic compounds with different

molecular sizes, structures, and functional groups, which
originates from the natural decomposition of plants and
organisms in water. The NOM layer on SMPs can act as the
interface of the particles, thus influencing the behavior, fate,
and interaction of the particles with surrounding surfaces.
Since NOM change the particle surface charge, it influences
colloidal stability and particle behavior.24 For example, the
presence of NOM on the surface of SMPs may alter the
sorption of the particles to the peat’s surfaces due to steric
stabilization.23 Lessons learned from nanomaterials fate
assessment studies show that NOM on the surface of copper
and PS nanoparticles can increase their dispersion stability in
freshwater ecosystems.25,26 This is critical for risk assessment
of SMPs in peatland ecosystems because changes in the
dispersion stability of SMPs can alter the bioavailability of the
particles to plants and consequently their impact on (micro)-
organisms.

Figure 1. (a) Schematic representation of the expected SMPs uptake by moss and their transportation in the shoots as a result of particle diffusion
facilitated by capillary forces. The surface of the leaves and the shoots were imaged using SEM to show the pores on the surfaces and the capillaries
in the shoots. (b) Differential phase contrast (DPC) gradient phase of the PS-SMPs and PVC-SMPs in grayscale with the Gd signal in blue
measured using X-ray fluorescence, showing the presence of Gd (blue) in the particle agglomerates. (b) Number of SMP particles measured using
spICP-MS on days 1 and 14 after incubation in distilled water. (c) Hydrodynamic size of the SMP particles measured over time to show the
stability of the particles against agglomeration.
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The microbiomes of peatlands, which greatly differ from the
generally studied bacterial model systems, are of paramount
importance for the ecosystem. Because they not only directly
control the turnover of organic carbon in peatland27 but also
play profound roles in carbon, nitrogen, phosphorus, sulfur,
and metal biogeochemical cycles in peatland ecosystem as well
as vegetation community structure, productivity,27,28 and plant
defense.28 Though the microbial composition of pristine
peatlands is considered relatively stable,29 evidence30,31

shows that changing environmental conditions can affect the
biological diversity of microbial communities. Despite the
important role of the microbiome in the peatland ecosystem
functioning, no information is available on the influence of
SMPs on the microbial community structure and function in
peatlands.
The uptake and accumulation of SMPs by plants can be

influenced by the plant species and the physicochemical
properties of the particles such as size and chemical
composition. Recently, it was documented that Gymnosperm
plants such as lettuce (Lactuca sativa) can take up PS-SMPs by
root from water and accumulate these particles in their
tissues.28,32 Water transport mechanisms in bryophytes, like
the Sphagnum mosses, are fundamentally different from those
of gymnosperm because mosses have neither roots nor leaf
stomata.33 Leaves grow on the stem and the branches and the
lowermost parts of the plant form peat.34,35 Water diffusion in
mosses occurs across the plant surface, which has a simple
structure that is often just one cell thick, and the movement of
the water is facilitated by capillary action (Figure 1a). The
driving force is the low humidity of the air, which leads to
evaporation through exposed leaf surfaces.36 The one-cell-thick
leaves are formed of a regular mesh of photosynthetic green
cells and dead hyaline cells, among which one or both the
upper and lower walls have pores of 4−8 μm in diameter to
allow the free mass flow of water into and out from the cell.36

We expect that the small size of SMPs allows them to diffuse
into the surface of mosses and transfer into the leaves (Figure
1a) through the capillaries (∼20 μm). Yet, it remains unknown
whether bryophytes such as Sphagnum moss can take up (by
uptake in this study, we mean passive diffusion of SMPs in
moss) SMPs from the surrounding environment.
The objective of this study is twofold: (a) to quantify the

adsorption of SMPs to the surfaces of peat in the presence and
absence of NOM and (b) to understand how the chemical
composition of SMPs and the presence of NOM on the
particles influence their uptake by live Sphagnum moss and
their impact on the composition and structure of microbiome.
We use PVC-SMPs and PS-SMPs as model plastic particles. PS
is a nonbiodegradable polymer that is produced for different
applications, such as food packaging, electronics, and toys.
PVC is a nonbiodegradable plastic that is used, e.g., in window
frames, drainage pipes, and water service pipes. PS and PVC
particles have been commonly identified in the environment,37

which are likely to be present also in peatlands. Quantification
of SMPs in complex matrices such as peat and plants is
challenging due to the limitations in the existing analytical
methods to distinguish between synthesized and biogenic
polymers.38 To facilitate tracking and quantification of SMPs
in the culture media and organisms, a rare element, gadolinium
(Gd), was entrapped in the structure of the particles (9.7−
11%). Gd was used as a proxy for the quantification of SMPs
via inductively coupled plasma mass spectrometry (ICP-MS),

making their tracking possible even at the low concentrations39

likely to be present in nature.

■ MATERIALS AND METHODS
Materials. The applied chemicals in this study were of

reagent grade and purchased from Sigma-Aldrich. The SMP
particles, including SP-SMPs (250 nm) and PVC-SMPs (250
nm) dispersed in Tween 20, were purchased from a
commercial supplier CD-Bioparticles (NY 11967). Gd was
entrapped in the particles upon our request. Milli-Q water was
supplied by a Millipore filtration system (RiOs Essential 16
Water Purification System). The particles were originally
stabilized with Tween 20.
Particle Characterization. The hydrodynamic size of the

particles and the zeta potential (ζ) were measured using a
Zetasizer Nanodevice (Malvern Panalytical, Malvern, U.K.).
The shape of the particles was determined using a transmission
electron microscope (TEM), (JEOL JEM-2100F, JEOL Corp.,
Tokyo, Japan) operated at 200 kV. A scanning electron
microscope (SEM), (Zeiss Sigma HD|VP, Carl Zeiss NTS,
Cambridge, U.K.) was used with 4 kV for imaging the SMPs in
plant tissues. Raman spectroscopy (Thermo Fisher Scientific,
Madison, WI) was used to identify the polymer compositions
of the SMPs (see Supporting Information Section 1). The
hydrophobicity of the SMPs was measured after drying a
droplet of the particle dispersion on aluminum surface and
measuring the contact angle (A KSV Cam 200 contact angle)
using Milli-Q (MQ) water at room temperature. The
concentration of Gd ions and the number of particles in the
exposure media (distilled water) and plant tissues were
measured using an ICP-MS (PerkinElmer NexION 350D)40

operating on a single particle and standard mode. To test the
presence of Gd in the particles, PS-SMPs and PVC-SMPs
dispersions were deposited on silicon nitride windows (SiNx)
and measured using X-ray fluorescence, which is a non-
destructive analytical technique used to determine the
elemental composition of materials (Supporting Information
Section 2) at nm resolution.41

Incubation of SMPs in NOM solution. The NOM used
in this study was extracted from natural surface water in
Finland (Lake Hietajar̈vi) as described in a previous study.42

The mixture of the SMPs with NOM was prepared as
described previously.26 Briefly, 1 g of NOM solution was
prepared in 100 mL of MQ water (Supporting Information
Section 3) and used as stock solution. To provide the NOM-
coated SMPs, 10 mg of the particles (PS-SMPs or PVC-SMPs)
was mixed with 50 mg L−1 of NOM solution (pH 8) for 24 h
at 20 °C to pre-condition them. The selected concentration of
NOM represents the highest environmental level, reported by
the FOREGS database for Finland Stream Water (reported as
NPOC in the Stream Water data).43 The mixture was stirred
for 24 h in the dark at room temperature using a magnet
stirring. After 24 h, the dispersion was centrifuged (Multifuge
1S-R, Germany) at 3000g for 30 min at 4 °C to pellet the
particles and to separate the NOM-SMPs from the NOM
solution. The obtained dispersion was used for the experi-
ments.
Sorption Experiments. The adsorption experiments of

SMPs to peat of moss were carried out in glass jars without live
mosses so that 100 g (fresh weight) of dead Sphagnum teres
shoots (peat) was put into every 200 mL glass jar and filled
with distilled water. The dead mosses were collected from the
same location where we sampled the alive mosses. Two more
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control samples were used only for the adsorption experiment,
including SMPs and SMP-NOM in distilled water without peat
to evaluate the sorption of the particles to the glass walls. The
samples were placed under the same condition used for the
moss exposure (see Supporting Information Section 4), which
is described in the next section. Dispersions of approximately
10 mg L−1 SP-SMPs, PVC-SMPs, PS-SMP-NOM, and PVC-
SMP-NOM were added to the system. The concentration of
the particles was ∼10 mg L−1. The samples were gently mixed
every day using a 10 mL pipette to minimize particle
sedimentation. On days 1, 4, 8, 12, and 14, 1 mL of the
water samples was taken from the top of the jars after mixing
the water and then replaced with 1 mL of distilled water. We
selected these time points because the exposure for the uptake
experiment was performed for 14 days. The mass concen-
tration of the Gd and the particle number in the water samples
were measured using ICP-MS and spICP-MS, respectively
(PerkinElmer NexION 350D) (see Supporting Information
Section 5). The concentration of Gd and number of particles
in the control samples without peat were also measured to
ensure that the particles did not sediment or were not
adsorbed to the glass walls. The reduced volume of water due
to evaporation was replaced with distilled water 4 times per
week.
Developing the Mesocosms for Exposure Test.Mosses

(S. teres) were collected from a mesotrophic spruce swamp
forest in south-eastern Finland, middle-boreal zone
(63°8′51.628″, 29°4′25.927′′). This species grows relatively
high from the water table (10−15 cm) in habitats with a pH of
5−6. Mesocosms were constructed using 100 g (fresh weight)
of dead S. teres shoots (peat) in 200 mL glass jars. The live S.
teres (20 individuals) were added on top of the peat, and the
jars were filled with distilled water to create water table above
the peat. Note that the living mosses were washed with tap
water and immediately added to the jars and cultured under
controlled conditions, which represented the boreal summer
conditions (see Supporting Information Section 4). Since the
aim of this study was to compare the impact of SMP particles
(PS-SMPs and PVC-SMPs) as a function of their polymer
types (chemical composition) and presence/absence of NOM,
we used an equal number of both particles in the exposure test.
Since the concentration of SMPs in peatlands is unknown, we
used particle numbers equal to the expected concentration of
SMPs in the environment, which is reported to be ∼5 μg L−1.44

We used 5.1 and 5 μg L−1 of PS-SMPs and PVC-SMPs for the
exposure test, respectively. The measured particle numbers in
the exposure system were 2.0 × 109, 1.5 × 109, 2.5 × 109, and
1.6 × 109 per L of water for PS-SMPs, PS-SMP-NOM, PVC-
SMPs, and PVC-SMP-NOM, respectively. After 1 month of
culturing under controlled conditions, the water of the systems
was replaced by the dispersions of the SMPs in distilled water.
The treatments contain three replicates of each PS-SMPs,
PVC-SMPs, PS-SMP-NOM, PVC-SMP-NOM, and control
(without particles and NOM). The mesocosm-based exposure
tests were performed for 14 days. To minimize the
sedimentation of the particles in the jars, the water of each
mesocosm was gently mixed using a 10 mL pipette every 24 h.
The reduced volume of water due to evaporation was replaced
with distilled water four times per week.
Quantification of SMPs in Mosses’ Tissues. To quantify

the SMPs in the plant tissue, a method was developed and
validated (in-house) to extract the particles from the plants
(see Supporting Information Section 5). Then, we quantified

the concentration of Gd ions and the number of particles in
the samples using spICP-MS (Table S1)
SMPs Observation Using a Scanning Electron Micro-

scope. All of the observations using an electron microscope
have been done on the live moss after exposure. To observe
the SMPs in mosses, the samples were cut into 3−5 μm slices
using a microtome and fixed using 2.5% glutaraldehyde in 0.1
M phosphate buffer pH 7.4. The sections were dehydrated and
coated with a thin layer of gold (30 nm) using an Agar Auto
Sputter Coater, to ensure electrical conductivity on the sample
surfaces and to minimize or eliminate surface charging. A field
emission (Schottky type) SEM was used to observe the
samples and find the particles. During the observation, an
acceleration voltage of 4 kV was used under high vacuum
conditions (pressure, P < 2 mPa). The micrographs were
captured with an InLens secondary electron detector to
maximize the spatial resolution and to visualize all of the
particles of interest.
Bacterial Identification. The dead moss (peat), which

was used as bases for alive mosses to grow, was collected and
washed. Around 500 mg of peat was separated using sterile
scissors into a 50 mg conical vial containing 25 mL of epiphyte
removal buffer (see Supporting Information Section 6). The
samples were centrifuged (10 min at 4 °C, 4000g), and the
supernatants were discarded and stored at −80 °C for DNA
extraction. The extracted DNA was used for high-throughput
DNA sequencing. The distribution and relative abundances of
epiphytic bacteria from root samples were assessed by
sequencing triplicate samples for each treatment. The V3−
V4 hypervariable region of the 16S rRNA genes was amplified,
using primer pair 341F (CCTAYGGGRBGCASCAG) and
806R (GGACTACNNGGGTATCTAAT). Sequencing was
done by Novogene Company Limited (Cambridge, United
Kingdom). The 16S rRNA gene amplicons were selected by
agarose gel electrophoresis (2%), purified, pooled, and
sequenced on paired-end illumina Novaseq. 6000 platform.
Sequences were assigned to samples based on their unique
barcodes. The primer sequences and barcodes were trimmed
from the paired-end reads to remove low-quality regions.
Paired-end reads were merged using FLASH (V1.2.7). Quality
filtering on sequence reads was performed in Qiime, (V1.7.0)
to obtain high-quality clean sequences. UCHIME software was
used for the detection and removal of chimera sequences. The
16S rRNA gene sequence data were submitted to the National
Centre for Biotechnology Information (NCBI) under Bio-
Project ID PRJNA789126.
Data Analysis. SigmaPlot 14 was used to analyze the data.

SigmaPlot 14, Microsoft office 2022, and OriginLab (Origin-
Pro 8.5) were used to plot the graphs. Data were evaluated
statistically for normality using a Shapiro−Wilk test. T-test was
used to determine statistically significant differences between
the number of PS-SMPs and PVC-SMPs in shoot and leaves.
The data was reported as mean ± standard deviation. Bacterial
sequence analysis was performed by Uparse software,45 Uparse
v7.0.1090. Sequences with ≥97% similarity were assigned to
the same operational taxonomic units (OTUs). For each
representative sequence, Qiime in Mothur method was
performed against the database of SILVA138 Database46 for
species annotation. The phylogenetic relationship of all OTUs
representative sequences was obtained by MUSCLE (Version
3.8.31). The biodiversity of each sample was analyzed using
OTUs, and Goods coverage. By principal coordinate analysis
(PCoA), dominance, Simpson, Shannon, and evenness indices
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were calculated using Past 3 software (Version 3.20).47

Common and shared OTUs of epiphytic bacterial commun-
ities between different treatments were identified using the
Venn Diagram package in R.

■ RESULTS AND DISCUSSION
Characterization of SMP Particles. In this study, we used

spherical PS- and PVC-SMPs of 250 nm (polydispersity index:
0.2) particle size stabilized with Tween 20. The PS-SMPs
(contact angle of 80 ± 2) were more hydrophobic than the
PVC-SMPs (contact angle of 60 ± 1) as determined using
their contact angles with water. The hydrodynamic diameter of
the synthesized PS-SMPs and PVC-SMPs particles was 256 ±
6 and 243 ± 8 nm as determined by dynamic light scattering
(DLS), respectively. The measured ζ of the PS-SMPs and
PVC-SMPs in water was −15 ± 1 and −15 ± 3 mV,
respectively.
The hydrodynamic size for NOM-coated SMPs was 453 ±

24 and 416 ± 48 nm for PS-SMP-NOM and PVC-SMP-NOM,
respectively, which shows a significant increase in size (t-test, p
< 0.05) due to the sorption of NOM on the particle surface,
compared to the naked particles. The ζ value of the PS-SMP-
NOM and PVC-SMP-NOM decreased to −17 ± 3 and −19 ±
2 mV, respectively. These negative ζ values can increase the
repulsion between the particles and consequently increase the
particles’ stability in the systems.
Stability of the SMPs. First, we tested the presence of Gd

in the particles. The elemental map of the SMP particles
revealed the presence of Gd (blue color) in the agglomerates
of the particles (Figure 1b).
The cell walls of moss exhibit a high cation exchange

capacity, where cations such as NH4+, Ca2+, Mg2+, and K+ are
absorbed from the surrounding water in exchange for H+. This
mechanism decreases the pH of the surrounding water to a
level as low as 3.3.35 We investigated the stability of the
particles in pH 3.5−4 for 14 days by measuring the number of
the SMPs that contain Gd and the quantity of the released Gd
ions from the particles using single-particle (sp)ICP-MS.48

This technique allows the differentiation between the ionic and
particulate forms of metals.40 No Gd ions could be detected
after 14 days of incubation, and no significant difference (t-test,
p > 0.05) was found between the number of particles on day 1
and the number of particles on day 14 (Figure 1c). This
confirms the stability of the particles against degradation at pH
4.
Agglomeration of particles over time might influence the

uptake and toxicity of the SMPs. To ensure that the particles
were stable against agglomeration, the SMPs were dispersed in
distilled water. The hydrodynamic size of the particles was
measured over 14 days using DLS. The results showed that
both particles were stable against agglomeration in water
(Figure 1d).
Sorption of SMPs to the Peat Surfaces. Before

investigating the adverse effects of SMPs on the plant and
bacteria of the peatland, it is critical to understand the behavior
of the particles in peat structures. This allows us to understand
the stability and bioavailability of the particles in the
ecosystem. We tested the sorption of the particles to the
peat surface. Note that the setup contained peat without live
Sphagnum moss (to avoid uptake by live plants) and
dispersions of 10 mg L−1 of PS-SMPs, PS-SMP-NOM, PVC-
SMPs, or PVC-SMP-NOM in distilled water. This concen-
tration of SMPs was used only for the sorption experiment and

not for the exposure test because it allows measuring small
changes (i.e., μg L−1) in the concentration of Gd (as proxy of
the SMPs) and particle characterization over time. The
measured concentrations by spICP-MS (before the sorption
experiment) for PS-SMP, PS-SMP-NOM, PVC-SMPs, and
PVC-SMP-NOM were 5.3 × 1011, 8.6 × 1011, 5 × 1011, and 3
× 1011, respectively.
The spICP-MS data revealed a decrease in the number of

the PS-SMPs and PVC-SMPs over 14 days of mixing (Figure
2). The total mass concentration of Gd over time showed the

same trend as measured for the particle number (Figure S1,
Supporting Information). These findings suggest that the
particles were adsorbed to the peat surface. To ensure that the
particles were not attached to the glass walls of the mesocosms,
we performed a control experiment without the peat. No
significant decreases were observed for the number of particles
over time in the absence of the peat in the control samples
(Figure S2, Supporting Information). No Gd ion could be
detected in the test samples for both particles, indicating that
no Gd ions were released from the particles in the presence of
peat.
The presence of NOM on the surface of the particles

decreased the sorption of both particles to peat regardless of
the chemical composition of the SMPs (Figure 2). This
confirms our hypothesis that the steric repulsion between the
peat surfaces and NOM-coated SMP decreases the sorption of
the particles to the peat. This is of paramount importance for
environmental risk assessment of plastic because higher
sorption of SMPs (without NOM) to peat might increase
the particle retention time in the peat and turn peatlands to
sink for plastic particles. The retention of SMPs might
influence the uptake of the particles by the alive moss and
the composition of the bacteria (these hypotheses have been
tested in the next sections). It is, however, unlikely that the
SMPs remain pristine without NOM in peatland ecosystems,
which permanently contain a considerable amount of dissolved
NOM.49 From an environmental safety perspective, the
presence of NOM can increase the dispersion of SMPs and
may increase the bioavailability of these particles to (micro)-
organisms as reported for engineered nanomaterials.50,51

Quantifying the Uptake of SMPs by Live Sphagnum
Moss.We further investigated the uptake of SMPs (naked and
NOM-coated SMPs) by the plants (Sphagnum moss). Note
that, in this study, we did not investigate the influence of
particle size on the uptake. We have focused only on particle
chemistry by keeping all other parameters like size equal

Figure 2. Sorption of SMPs to the peat surface over time by
measuring the number of particles in the water on days 1, 4, 8, 12, and
14 using spICP-MS.
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between the two particles (i.e., PS-SMPs and PVC-SMPs).
Water movement in moss is facilitated by capillary action,
which may allow the movement of the particles through the
peat and subsequent uptake of the particles by the plants. The
obtained SEM images confirmed that both PS-SMPs and PVC-
SMPs penetrate the S. teres and occur in the shoots and leaves
(Figure 3a). We determined the quantities of the particles in
each plant tissue, to understand how the polymer type
influences the accumulation of the particles in the tissues.
Accordingly, the SMPs were first extracted from the tissues and
then quantified using spICP-MS to measure the number of
particles in each plant tissue. No particles could be detected in
the control samples (controls with moss but no particles and
NOM and controls with moss and NOM but no particles) and
no Gd ions could be detected in the moss tissues.
Despite being exposed to an equal number of particles, a

significantly (t-test, p < 0.01) higher number of PS-SMPs
accumulated in the moss’ shoots compared to PVC-SMPs
(Figure 3b). On the contrary, the number of PS-SMPs in the
leaves was significantly (t-test, p < 0.01) lower than the number

of PVC-SMPs (Figure 3b). One explanation is that the higher
hydrophobicity20 of PS-SMPs (contact angle of 80 ± 2)
compared to PVC-SMPs (contact angle of 60 ± 1) increases
their interaction with the plant cells, which in turn could lead
to a slower movement and higher retention of PS-SMPs in the
moss shoot while transferring by the capillary force. A previous
study showed that PS-SMPs accumulate in lettuce shoots.39

Our findings confirm that the type of polymer influences the
uptake and distribution of plastic particles in Sphagnum moss.
Although the mass of accumulated PS-SMP has been reported
previously in plants,32,39 this study is the first to report the
uptake of plastic particles in plants on a particle number basis.
The SEM images also confirmed that the NOM-coated

SMPs were taken up by the moss’ shoots (Supporting
Information Figure S3), but we did not observe NOM-coated
SMPs inside the leaves. We, however, observed NOM-coated
PVC-SMPs on the external surface of the leaves close to the
pores (Supporting Information Figure S4). It is likely that the
PVC-SMPs were transferred by water using the capillary force
and excreted from the pores, where they aggregate after

Figure 3. (a) SEM images of PS-SMPs and PVC-SMPs in the shoot and leaves of the moss after 14 days of exposure. The red arrows indicate the
location of the particles. (b) Number of SMPs in the shoot and leaves of moss, as measured by spICP-MS after 14 days of exposure. (c) Number of
PS-SMP-NOM and PVC-SMP-NOM in the shoot and leaves of Sphagnum moss as measured by spICP-MS.
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evaporation of water from the surface of the leaves. This need
to be investigated in more detail in future studies because this
indicates that moss could facilitate the transfer of SMP
particles from water and soil into the atmosphere after
excretion from the pores on their leaves.
When the particles are coated with NOM, the uptake by

moss decreased compared to the naked particles (t-test, p <
0.05) regardless of the chemical composition (type) of the
particles in both tissues (Figure 3c). Previous studies on
metallic nanomaterials have shown that the presence of NOM
on the surface of particles could decrease the uptake of SMP
particles by algae.51 Attachment of NOM to the surface of the
particles can lead to electrostatic and steric repulsion between
the particles and the plant cell wall, reducing the contact
between SMPs and the plant, as reported for metallic
nanoparticles.52 This indicates that despite increasing the
dispersion stability of SMPs, NOM decreased the uptake of the
PS- and PVC-SMPs by moss. This finding might be applicable
to other plant species and algae, which need to be tested in
future studies.
Interestingly, there were no significant differences (t-test, p >

0.05) between the uptake of NOM-coated PS-SMPs and
NOM-coated PVC-SMPs in both shoots and leaves. This
finding shows that NOM coating on the surface of plastic
particles plays an important role in the fate of the particles by
masking the surface properties of SMPs, thus influencing their
uptake and biodistribution.
Effects of SMPs on the Microbiome. Next, we

investigated the influence of the environmentally relevant
concentration of SMPs on the peatland bacterial communities
in the mesocosms. To estimate the α diversity of the bacterial
communities, we calculated the number of OTUs and
dominance, evenness, Shannon, and Simpson indices.
Sequence analyses showed high estimated coverage of 99%
(goods coverage of 0.99) from all samples indicating near-
complete sequencing of the entire bacterial community

members. The saturation of rarefaction curves indicated that
bacterial communities were sufficiently deep sequenced
(Figure S5, Supporting Information). The alpha diversity
analysis highlighted the rich taxonomic diversity in the control
(without particles) and treated samples. The dominance index
of samples ranged from 0.23 to 0.35, showing the dominance
of fewer bacterial groups at higher values. The Simpson index
of samples ranged from 0.66 to 0.76. This shows the presence
of diverse microbial communities in all samples. The Shannon
index varied from 1.45 to 1.80, and the evenness index ranged
from 0.184 to 0.264, emphasizing the richness of bacterial
species in the control and SMP-treated samples (Figure 4a).
Bacterial diversity index and Tukey’s post hoc test within

naked particles, i.e., PS-SMPs and PVC-SMPs and NOM-
coated particles, i.e., PS-SOM and PVC-NOM, did not show
any significant (Tukey’s post hoc test, p < 0.05) variations.
Although, when we compared all of the treatments, higher
Shannon values and significant differences (Tukey’s post hoc
test, p < 0.05) were detected in NOM-coated SMPs (PS-SMP-
NOM and PVC-SMP-NOM) than in the naked particles. This
indicates that bacterial diversity was increased significantly in
the presence of NOM on the surface of SMPs. This is the first
study showing that the presence of NOM on the surface of
plastic particles could influence bacterial diversity. PcoA
confirms that the bacterial community structure is significantly
influenced when exposed to NOM-coated SMPs compared to
naked particles (Figure 4b). There is no information on the
effects of plastic particles on the microbiome in peatland
ecosystems; thus, we compared our findings with results from
other ecosystems. Our findings agree with earlier results53,54

documenting that the richness of microbial communities in
freshwater varies when exposed to PS-SMPs.
We used a Venn diagram to examine the presence of core

bacterial communities, core defined as the shared microbial
communities and represented by overlapping circles at 97%
identity (Supporting Information Figure S6). We identified

Figure 4. (a) Dominance index, Simpson index, Shannon diversity index, and evenness index showing the bacterial diversity in different treatments.
(b) Principal coordinates analysis (PCoA) of the bacterial communities based on OTU levels representing the similarity matrix generated by cluster
analysis.
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1762, 1576, 1766, 1817, and 1796 OTUs in control (without
particles), PS-SMPs, PS-SMP-NOM, PVC-SMP, and PVC-
SMP-NOM, respectively. As shown in Figure S6, 1000 OTUs
were shared among all samples. The unique OTU numbers for
control, PS-SMPs, PS-SMP-NOM, PVC-SMP, and PVC-SMP-
NOM were 87, 83, 155, 184, and 130, respectively. Among all
of the treatments, PVC-SMPs had the highest unique OTUs.
When compared with the treatment within naked particles
(PS-SMPs and PVC-SMPs) and NOM-coated particles (PS-
SMP-NOM and PVC-SMP-NOM), the highest number of
unique OTUs were found in PVC-SMPs and PS-SMP-NOM,
respectively. These findings suggest that both the chemistry of
the particles and the presence of NOM can influence the
bacterial community.
Sequencing analysis detected a total of 23 phyla with 56

classes, 160 orders, and 251 families. Taxonomic affiliation of
bacterial communities at the phylum level revealed a high
abundance of seven major phyla in all samples: Proteobacteria
(46.59−54%), Acidobacteriota (11.63−19.67%), Firmicutes
(5.09−12.59%), Actinobacteriota (5.97−9.89%), Verrucomicor-
biota (2.83−6.07%), Bacteroidota (2.85−4.45%), and Cyano-
bacteria (0.63−3.01%). Our results are in line with previous
studies55,56 which report that bacterial communities of
peatlands are mainly composed of the phyla Proteobacteria,
Acidobacteria, Bacteroidetes, Actinobacteria, and Firmicutes.
Other phyla such as Patescibacteria, Desulfobacterota, Spirochae-
tota, Elusimicrobiota, Planctomycetota, and Armatimonadota
were present in lower numbers and contributed to only 4%
of the total sequence numbers obtained from this study. The
phylum-level relative abundance was further investigated at the
family level (Figures S7, Supporting Information). The top 5
families identified across the whole dataset included
Acetobacteraceae (16.08−21.11%), WD260 (7.54−10.87%),
Acidobacteriaceae (6.38−12.03%), Bif idobacteriaceae (1.56−
6.63%), and Subgroup_2 (2.29−5.46%) with a significant
number of sequences affiliated to unidentified taxa (6.84−
9.94%). At a higher phylogenetic resolution, the diversity of
dominating bacteria increased, but the overall pattern
remained the same (Figures S7, Supporting Information).
Exposure to PS-SMPs (naked and NOM-coated particles)

decreased the relative abundance of Cyanobacteria, Acid-
obacteriota, and Verrucomicorbiota and increased the relative
abundance of Proteobacteria, Actinobacteriota, Firmicutes, and
Bacteroidota. After exposure to PVC-SMPs (naked particles),
the relative abundance of Proteobacteria, Acidobacteriota, and
Bacteroidota decreased and the relative abundance of
Cyanobacteria, Firmicutes, Actinobacteriota, and Verrucomicor-
biota increased compared to the control. After exposure to
NOM-coated PVC-SMPs, the relative abundance of Cyanobac-
teria diminished, whereas abundances of Proteobacteria,
Firmicutes, Actinobacteriota, Verrucomicorbiota, and Bacteroidota
were enhanced in comparison to the control. Our findings
show that there is a certain degree of variation in the
abundance and diversity of bacterial communities when
exposed to SMPs in comparison to the control. Although
some previous studies have reported varying influence of PVC
microplastics on soil microbial community composition57,58

and oligochaete gut samples,59 to our knowledge, none of the
earlier studies have investigated the effect of SMPs of different
chemical compositions and their NOM coating on bacterial
communities in peatlands. Yet, it has been demonstrated54 that
the microbial community richness of freshwater decreased
when exposed to nano-sized PS particles.

We conclude that the physicochemical properties of peat
and SMP facilitate the adsorption of plastic particles. This
suggests that peatland ecosystems could adsorb plastic
particles. The load of plastic particles in peatland ecosystems
is unknown yet. The limitation in analytical techniques might
currently hinder monitoring of the true extent of plastic
pollution in peatland ecosystems. Thus, we recommend future
studies focus more on the possible adverse effects of plastic
pollution in these ecosystems. Although in this study moss was
exposed to similar numbers of PS-SMPs and PVC-SMPs, the
uptake of the particles by the plants and their biodistribution in
the plants’ tissues were different. This suggests that the
generated data on one type of plastic might not be transferable
to other types of plastics because the chemical composition of
plastics influences how they behave in peatland and interact
with (micro)organisms in these ecosystems. Other physico-
chemical properties such as size and shape also may play
important roles in the bioavailability and biodistribution of
SMPs in not only peatland organisms but also organisms from
other ecosystems. This might complicate the risk assessment of
plastic particles, as reported for nanomaterials. Our findings
demonstrate that the transformation of SMPs due to the
sorption of NOM can dramatically change their sorption
behavior, uptake, and biodistribution. Moreover, we recom-
mend future studies consider the aging (e.g., transformation)
process of SMPs for the assessment of different aspects of
environmental risks. Finally, our findings show that the naked
SMPs and the NOM-covered SMP influence the relative
abundance and diversity of the bacterial communities of the
peatland ecosystem, which could possibly influence ecosystem
functioning.
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