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A B S T R A C T   

The effects of polyethylene terephthalate micro-nanoplastics (PET-MNPs) were tested on the model freshwater 
species Spirodela polyrhiza (L.) Schleid., with focus on possible particle-induced epigenetic effects (i.e. alteration 
of DNA methylation status). MNPs (size ~ 200–300 nm) were produced as water dispersions from PET bottles 
through repeated cycles of homogenization and used to prepare N-medium at two environmentally relevant 
concentrations (~0.05 g L− 1 and ~0.1 g L− 1 of MNPs). After 10 days of exposure, a reduction in fresh and dry 
weight was observed in treated plants, even if the average specific growth rate for both frond number and area 
was not altered. Impaired growth was coupled with a MNP-induced decrease of chlorophyll fluorescence pa-
rameters (i.e. ΨETo and Piabs, indicators of photochemical efficiency) and starch concentration, as well as with 
alterations in plant ionomic profile and oxidative status. The methylation-sensitive amplification polymorphism 
(MSAP) technique was used to assess possible changes in DNA methylation levels induced by plastic particles. 
The analysis showed unusual hypermethylation in 5′-CCGG sites that could be implicated in DNA protection from 
dangerous agents (i.e. reactive oxygen species) or in the formation of new epialleles. This work represents the 
first evidence of MNP-induced epigenetic modifications in the plant world.   

1. Introduction 

The last 70 years have seen the human society generating a global 
plastic crisis and prompting one of the most severe transboundary 
threats to the environment (Rivas et al., 2022). Based on available data 
(OECD, 2022), only 9 % of plastic waste is well taken over and recycled, 
while the rest is incinerated (19 %), landfilled (50 %) or ends up in 
natural ecosystems (22 %). In addition, the recent Covid-19 pandemic 
crisis has elicited the consumption of personal protective kits and other 
disposable items, furtherly bolstering plastics dispersion all over the 
globe (Kiran et al., 2022; Patrício Silva et al., 2021; Wang Q. et al., 
2023). Nearly all of terrestrial, freshwater and marine ecosystems is 
contaminated by different types of plastic materials (i.e. polystyrene, 
polyethylene terephthalate, polyvinyl chloride etc.) that are degraded 
very slowly in nature, thus creating new emerging threats: microplastics 

(particles with a size <5 mm) and nanoplastics (size <0.1 μm) (Cui Q. 
et al., 2023; Wu et al., 2017; Yin et al., 2021). The ubiquitous presence of 
micro-nanoplastics (MNPs) and their potential availability to living or-
ganisms have attracted the attention of the scientific community, lead-
ing to many publications concerning their toxic or harmful effects 
(Anbumani and Kakkar, 2018). 

Research has been mostly focused on animals in marine or tidal 
ecosystems (see e.g., Egbeocha et al., 2018; Miller et al., 2020 etc.) and 
only recently on terrestrial plants and animals (see e.g., Dey et al., 2023; 
Ilechukwu et al., 2022 etc.). More attention should be given to fresh-
water environments, which act as sinks for plastic particles by accu-
mulating and transporting them from lands to seas and oceans (Besseling 
et al., 2017; van Weert et al., 2019). In this framework, aquatic vege-
tation has fundamental ecological functions, since it provides a habitat 
for different organisms and is implicated in vital processes, such as 
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nutrient cycling, water cleaning, etc. (Bornette and Puijalon, 2009). In 
2020 (a), (Kalčíková, 2020a) stated that these organisms are “a 
forgotten piece of nature” in the field of MNP research, paving the way 
for new efforts to bridge this knowledge gap. From that moment on, the 
impact of MNPs, alone or in combination with other contaminants, on 
various submerged macrophytes was considered, emphasizing their ef-
fects on growth and physiology (see e.g., Senavirathna et al., 2022; 
Wang L. et al., 2021; Yu et al., 2022; Zhou et al., 2022). Concurrently, 
information on free floating macrophytes is increasing (i.e., Lemna sp. 
and Spirodela polyrhiza), and these systems are often used in laboratory 
toxicity tests because of their small size, simple structure, asexual 
reproduction and short generation time (OECD, 2006). Polyethylene 
(PE) and polystyrene (PS) MNPs have been shown to adhere directly on 
the surfaces of the roots of Lemna minor and Spirodela polyrhiza without 
impairing growth, whereas their effective absorption has still to be 
confirmed (Dovidat et al., 2020; Mateos-Cárdenas et al., 2019). Similar 
results have been obtained by Kalčíková et al. (2020b) on L. minor 
exposed to PE-MNPs extracted from a proprietary body scrub. Wang Y. 
et al. (2023a) have reported that high doses (0.1 g L− 1 and 1 g L− 1) of 
polyvinyl chloride (PVC)-MNPs can affect biometric and physiological 
traits of S. polyrhiza and these effects are coupled with relevant changes 
in primary and secondary metabolism. Interestingly, a long-term (12 
weeks) exposure experiment of L. minor to cosmetic-derived PE-MNPs 
(0.1 g L− 1) has demonstrated that plastic particles alter the protein 
content and total antioxidant capacity of plants only during the first 
week of the test, thus highlighting a subsequent adaptation to the 
presence of pollutants (Rozman et al., 2022). Since plant adaptation to 
stressful conditions is mediated at the molecular level through differ-
ential gene expression that aims to reduce the adverse effects of stress 
and increase their tolerance (Raza et al., 2020), this last outcome raises 
exciting new questions about the biological processes implicated in the 
modulation of phenotypic plasticity to respond to such new generation 
of contaminants. Actually, the presence of MNPs has been reported to 
induce transcriptomic changes in vascular plants (see e.g., Martín et al., 
2023; Teng et al., 2022; Wang J. et al., 2022; Wang Y. et al., 2022; Wang 
Y. et al., 2023b; Xiao et al., 2022) and hence an impact of plastic par-
ticles on the regulation of gene expression is expected. Various mecha-
nisms may govern this process, including epigenetic regulation, a 
common trait among plants and other living organisms, which plays an 
important role in their adaptation to different environmental conditions 
(Thiebaut et al., 2019). Epigenetic modifications do not refer to changes 
in DNA sequence, but include DNA methylation, histone modifications 
and RNA interference (Thiebaut et al., 2019). Among these three factors, 
DNA methylation of cytosines at position 5 of the pyrimidine ring 
(5-Me-C) is widespread in the plant world, also helping to maintain 
genome stability (Vanyushin and Ashapkin, 2011; Zhang et al., 2018). 
DNA methylation is part of a complex interacting epigenetic network 
that controls gene activation or deactivation (Zhao et al., 2015). In this 
respect, accumulating evidence has demonstrated that DNA methylation 
can be altered at individual loci or across the entire genome under stress 
conditions (Zhang et al., 2018; Sun et al., 2021). To the best of our 
knowledge, MNP-induced alteration of DNA methylation patterns has 
been demonstrated only in animals (see e.g. Farag et al., 2023; Im et al., 
2022) and the same holds true for other epigenetic mechanisms (López 
de las Hazas et al., 2022), highlighting the need to study how plant 
organisms cope with plastic particles through the modulation of DNA 
methylome. 

Considering the above-reported importance of macrophytes in 
maintaining a good ecological balance in freshwater environments, 
Spirodela polyrhiza was used as a model plant to study MNP phytotox-
icity. Moreover, any changes in the DNA methylation levels of this 
species would be of particular significance since its epigenome has an 
extremely low level of global DNA methylation (around 9 % of the 
genome) if compared to other species (e.g. Arabidopsis thaliana = 32 %) 
(Cao and Vu, 2020; Michael et al., 2017). 

This work aims to evaluate the impacts of polyethylene terephthalate 

(PET)-MNPs at environmentally relevant concentrations (≈0.05 and 0.1 
g L− 1, see e.g. Li C. et al., 2020) on the growth and physiology of 
S. polyrhiza with unprecedented attention to DNA methylation profiles. 
For this purpose, the methylation-sensitive amplification polymorphism 
(MSAP) technique was used, which is an approach based on specific 
isoschizomers differing for sensitivity with the methylation state of the 
cut site (i.e. 5′-CCGG sites) and allowing the comparison of large 
amounts of methylation-sensitive regions across the whole genome 
(Schrey et al., 2013). To the best of our knowledge, this is the first study 
that explores plastic-induced epigenetic changes in the plant world. 

2. Materials and methods 

2.1. Production and characterization of MNPs 

Polyethylene terephthalate (PET) plastics were obtained by breaking 
down water bottles from an Italian producer using the protocol devel-
oped by Ekvall et al. (2019) with modifications. The bottle surface was 
previously washed with standard detergent for glassware to avoid con-
taminations (bacteria, proteins, nucleic acids, etc.), cut with scissors into 
pieces of 0.5 mm2 each, and then flushed abundantly with deionized 
water. After drying and sterilizing by UV-C rays (250–280 nm; net 
irradiance 2280 W m− 2) for 1 h, 4 g of pieces were put in a beaker 
(Volume 1L) with 150 mL of distilled water. An immersion blender 
(Bosch ErgoMixx 600W -E-nr: MSM66020/1-, Robert Bosch GmbH) was 
used to break the plastic in water for 2 min at maximum speed. 50 mL of 
the solution were collected with a sterile syringe (Pentaferte Italia) and 
then filtered through a Miracloth filter (Calbiochem®) with pore size 
22–23 μm. This cycle was repeated 20 times with 2 min pause after each 
cycle and 5 min after the 5th, 10th and 15th cycles, to avoid over-
heating. After collecting 1 L, each MNPs suspension was stored in a glass 
bottle at +4 ◦C. The amount of plastic in solution was calculated by 
subtracting the weight of debris collected at the end to the weight of the 
plastic at the beginning of the preparation. The size distribution of the 
particles was investigated by Dynamic Light Scattering (DLS) on a 
Malvern Zetasizer Nano ZS (ZEN 1600 model, Malvern Instruments 
Southborough, MA), equipped with He–Ne 633, 4 mW laser with 
backscattering detection. Detector attenuation was set at 10 to allow 
quantitative comparison among different samples. DLS measurements 
were performed over 11 runs and in duplicate and showed that the mean 
size of the MNPs was in the range 180–250 nm. Fig. S1 and Table S1 
reports the results obtained for two independent specimens from the 
same preparation. The polydispersity index (PDI) was between 0.4 and 
0.5. This revealed a broad size distribution, which was however mon-
omodal and allowed an estimate of the item number as 1.5 x 107 par-
ticles/mL. Such value was obtained by approximating the particle shape 
to spheres and can be considered adequate for this kind of experiments 
(Song et al., 2020). Zeta Potential (ζ) measurements were performed on 
a Zetasizer (Zetasizer Pro, Malvern Panalytical Co. Ltd., Malvern, UK) in 
DTS1070 cells, at 25 ◦C. The ζ values were measured in a mixed mode, 
using phase analysis light scattering (M3-PALS). Each measurement was 
repeated two times, and values are reported as the mean with their -
standard deviation over 15 runs. The surface of the MNPs obtained was 
negatively charged. In particular, the average ZP values were around 
− 10 mV (Table S1). This indicated moderate, but not negligible, 
absorbing capability toward different chemical species, as it is widely 
reported in the literature for particles with similar surface charge (My 
Tran et al., 2021; Sitko et al., 2013). Moreover, the measured surface 
charge of the submicron plastic particles, though not very high in ab-
solute value, ensured the stability of water dispersions by electrostatic 
repulsion. 

2.2. Plant growth and experimental conditions 

The effects of the above-described PET-MNP solution were tested on 
the freshwater floating plant species Spirodela polyrhiza (L.) Schleid. 
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following the OECD guidelines for the testing of chemicals (Test n◦221, 
2006) with slight modifications. S. polyrhiza strain 9509, gently pro-
vided by the University of Jena (Germany), was acclimated for two 
weeks before testing in a climate chamber with the following controlled 
conditions: 24/16 ◦C day/night, light intensity 300 μmol m− 2 s − 1, 16-h 
(day) photoperiod and relative humidity 60–65 %. The vessels used for 
axenic cultivation were 100 mL Erlenmeyer flasks with cotton wool 
stoppers containing 50 mL of the N-medium growing solution (Appen-
roth et al., 1996). After acclimation, one flask was used as inoculum 
culture (hereafter T0) and one colony (2–4 fronds) was randomly 
transferred from it to each test vessel. The latter were the same kind of 
Erlenmeyer flasks with cotton wool stoppers mentioned before. Three 
different treatment conditions were applied: i) control (C), 50 mL 
N-medium prepared in distilled water; ii) 50 mL N-medium prepared in 
PET-MNP solution diluted 1:2 (v/v) with distilled water (PET ½, MNP 
concentration ≈ 0.05 g L− 1); iii) 50 mL N-medium prepared in pure 
PET-MNP solution (PET, approximative MNP concentration ≈ 0.1 g 
L− 1). The number of replicates per treatment group was 16, for a total of 
48 test vessels. The particle concentrations used in this experiment were 
comparable to those reported for contaminated freshwaters (see e.g. 
Gupta et al., 2022; Li C. et al., 2020). No contamination was observed 
during the exposure test that lasted 10 days from inoculation in static 
conditions. As for growth parameters, total frond area (expressed in 
cm2) and total frond number of S. polyrhiza were monitored at the 
beginning and at the end of the test. A digital camera (Canon PowerShot 
SX100 IS), placed at a distance of 5 cm from the top of the flasks, was 
used to take pictures of the colonies. The images were then analysed 
with Fiji software of ImageJ (Schindelin et al., 2012) and the average 
specific growth rate (μ) for both growth parameters was calculated ac-
cording to OECD (2006) with the following formula: μi-j = (ln (Nj) – ln 
(Ni))/t, where t is the time period from time i (day 0 from inoculation) to 
time j (day 10 from inoculation) and Ni/Nj are the measurable variables 
in the test or control vessel at time i and time j. At the end of the 
treatments, plants were carefully washed three times with MilliQ water 
and blotted dry on filter paper. Fresh and dry weights of all plants from a 
subset of test flasks (8 per treatment group) were also determined, while 
the rest of the material was used for the analysis described in sections 
2.3, 2.5 and 2.6. 

2.3. Chlorophyll fluorescence analysis 

Chlorophyll a fluorescence was measured on one colony per flask at 
day 10 after inoculation using a portable fluorimeter (HandyPEA, 
Hansatech Instruments Ltd, Norfolk, UK). HandyPEA leafclips were used 
to dark-adapt S. polyrhiza for 15 min, taking care that the plants did not 
dry out by placing them on absorbent paper wetted with distilled water. 
A 1-s long saturating light pulse (3500 μmol m− 2 s− 1, 650 nm) was then 
applied by the sensor of the fluorimeter and the fluorescence emission 
recorded, thus obtaining OJIP transients to be analysed. These transients 
were analysed according to Stirbet and Govindjee (2011) after double 
normalization between F0 (step O, minimum fluorescence value at 20 μs) 
and FM (plateau P, maximum fluorescence value at plateau). Double 
normalized transients were used to calculate basic selected parameters 
(listed and described in Table S2) with the Biolyzer software (Fluo-
romatic Software, Geneva, Switzerland) and to coherently compare the 
different treatment groups. 

2.4. Starch concentration determination 

Starch concentration was determined with the colorimetric method 
proposed by Appenroth et al. (2010). Briefly, 200 mg of fresh plant 
material was manually crushed and homogenised in 4 mL 18 % (w/v) 
HCl with the aid of glass mortar and pestle. The mixture was then shaken 
for 1 h at 4 ◦C and immediately centrifuged at 12.000 rpm for 20 min. 
The supernatant was mixed with Lugol’s solution (KI 0.5 % w/v and I2 
0.25 % w/v in distilled water) in 1:1 ratio and the absorbance was 

measured at 605 nm and 530 nm with a UV/Vis spectrophotometer 
(Lambda 35, PerkinElmer). The amount of starch per fresh weight (S%, 
w/w) was calculated with the formulae reported and described by 
Appenroth et al. (2010) and Rana et al. (2021). Starch concentration was 
determined on 6 replicates per treatment group at the end of the test and 
on 3 replicates from the inoculum culture. 

2.5. Ionome analysis 

The elemental profile of S. polyrhiza plants was determined accord-
ing to already standardized methodologies (i.e. Bettarini et al., 2019). 
Oven-dried plant material (50 ◦C for 48 h) was acid-digested using 10 
mL of 69 % HNO3 in a microwave digestion system (Mars 6, CEM) with 
maximum temperature of 200 ◦C for 20 min. Element concentrations (K, 
Ca, Mg, Fe, Zn, Mn, Na, Cu and Ni) were measured by atomic absorption 
spectroscopy (PinAAcle 500, PerkinElmer) verifying the reliability (<10 
% RSD) and accuracy (<5 % RSD) of the method with certified reference 
materials (grade BCR, Fluka Analytical, Sigma-Aldrich). Macro- and 
micronutrient concentrations were then expressed on a dry weight basis 
as mg g− 1 and μg g− 1 respectively. 

2.6. Hydrogen peroxide, malondialdheyde and antioxidants 
quantification 

Plant material was sampled (5 replicates of about 200 mg per 
treatment group) and extracted in trichloroacetic acid (TCA) after 
powderization in liquid nitrogen. The extracts were then used to 
determine hydrogen peroxide (H2O2), malondialdheyde (MDA) and 
antioxidants (glutathione and ascorbic acid). The method proposed by 
Alexieva et al. (2001) was used for H2O2 determination and consisted in 
a reaction with 1 M potassium iodide (KI) in the presence of 10 mM 
potassium phosphate buffer (pH 7.8). The reaction mixture was incu-
bated for 1 h in the dark and then the absorbance at 390 nm was 
recorded. H2O2 concentration was calculated using a calibration curve 
prepared with known H2O2 concentrations and the results were 
expressed as μg g− 1 fresh weight. Thiobarbituric acid (TBA) method 
(Heath and Packer, 1968) was employed to determine MDA concen-
tration: an aliquot of TCA extracts was mixed with the same amount of 
0.5 % TBA in 20 % TCA and immediately heated at 95 ◦C for 30 min. The 
reaction was then stopped by rapidly cooling down the mixture at 
− 20 ◦C for 5 min. The absorbance of the supernatant obtained after 
centrifugation at 10.000×g for 10 min was measured at 532, 600 and 
450 nm in order to calculate MDA concentration with the following 
formula: C (μmol L− 1) = 6.45 (A532 – A600) - 0.56 A450. The results were 
expressed in μmol g− 1. As for glutathione (GSH), the absorbance of the 
extracts was read at 412 nm after reaction with 0.01 M Ellman’s reagent 
(5,5′-dithiobis-(2-nitrobenzoic acid) or DTNB) in the presence of 
Tris-EDTA buffer (pH 8.2), following the method by Sedlak and Lindsay 
(1968) with slight modifications. A standard curve was prepared with 
known GSH concentrations and the results were expressed as μg g− 1 

fresh weight. Ascorbic acid (AsA) concentration was measured with an 
assay that is based on the reduction of Fe3+ to Fe2+ in acidic solution 
(Law et al., 1983); the reduced form reacts with bipirydyl giving a 
specific colour with a maximum absorbance at 525 nm. AsA concen-
trations (μg g− 1 fresh weight) were determined by comparison with a 
standard curve, as was done for H2O2 and GSH. All measurements were 
performed with a UV/Vis spectrophotometer (Lambda 35, PerkinElmer). 

2.7. DNA extraction and Methylation Sensitive Amplified Polymorphism 
(MSAP) analysis 

A total of 32 samples (about 200 mg fresh weight per sample) was 
collected for genomic DNA extraction and includes: i) 8 samples from 
the T0 inoculum culture, collected at the beginning of the exposure test 
(0 days from inoculation); ii) 8 samples for each treatment group (C, PET 
½ and PET), collected at the end of the exposure test from different flasks 
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(10 days from inoculation). 
Genomic DNA was extracted, within one week from collection time, 

from plant tissues, dried in silica gel at room temperature, with Quick- 
DNA™ ZR Plant/Seed Miniprep Kit (Zymo Research, California, USA) 
following the manufacturer’s protocol. Quality and quantity control of 
extracted DNA were estimated by using Bio-Photometer (Eppendorf, 
Germany). 

MSAP protocol is similar to that of traditional Amplified Fragment 
Length Polymorphism (AFLP) technique (Vos et al., 1995), but requires 
the use of two methylation-sensitive isoschizomeric enzymes, MspI and 
HpaII. They both recognize 5′-CCGG sequences, but differ in their 
sensitivity to the methylation state of the internal and external cytosine 
residues (Chwialkowska et al., 2017; Schrey et al., 2013; Thiebaut et al., 
2019). Standard MSAP protocol is usually performed combining these 
two enzymes with the classical rare cutter EcoRI in two separate am-
plifications, in which appropriate adaptors and primers are used ac-
cording to each restriction enzyme. In this way it’s possible to compare 
the resulting fragment profiles and detect the methylation state of 
different 5′-CCGG sites (loci) (Schrey et al., 2013; Schultz et al., 2013). 
However, since EcoRI enzyme is partially sensitive to methylation and 
may show reduced cleavage in some cases, we decided to use MseI, 
whose cleavage site does not contain any cytosine residue, as suggested 
by Medrano et al. (2014). 

Therefore, in the first reaction, genomic DNA (200 ng) of each 
sample was digested with 20 units of MseI (NEB, United States) and 25 
units of MspI (NEB) for 2 h at 37 ◦C in a total volume of 25 μL, using the 
manufacturer’s buffer. In the second digestion reaction, HpaII was used 
instead of MspI. All digested fragments were then ligated with 50 pmol 
double-strand oligonucleotide adapters (MseI and HpaII/MspI) for 2 h at 
20 ◦C. Amplification was performed by using 5 μL of 1:2 diluted ligation 
mixture in a final volume of 25 μL containing 2.5 μl of 10x reaction 
buffer (Dynazyme II; Finnzyme, Espoo, Finland), 1.5 mM MgCl2, 200 μM 
of deoxynucleoside triphosphates, 1U of Taq DNA polymerase (Dyna-
zyme II; Finnzyme) and 10 pmol of each of primer. As a first step, four 
primer-pair combinations (Table S3) were tested on four samples (one 
from each treatment group) to assess the combination that produced the 
most readable and informative profiles. Through this, two combinations 
of primers, hex_HM-TTC/MseI-ATG and fam_HM-TAA/MseI-ATG, were 
selected for the final analysis since they produced highly repeatable 
MSAP profiles (error rates 0.9–1 %) from 21 samples (ca. 65 % of the 
entire data set). PCR reactions were performed with the following pro-
file: 94 ◦C for 1 min, followed by 12 cycles of 94 ◦C for 30 s, 65 ◦C for 30 
s, and 72 ◦C for 1 min, followed by further 23 cycles of 94 ◦C for 30 s, 
56 ◦C for 30 s, 72 ◦C for 1 min, and final extension at 72 ◦C for 2 min. No 
preselective PCR reaction was performed before amplification with se-
lective primers, following MSAP protocols by Alonso et al. (2016) and 
Medrano et al. (2014). This choice was supported by the high repeat-
ability of MSAP profiles and the good number of obtained fragments 
with the above-mentioned combinations of primers. The amplification 
products were separated by capillary electrophoresis using the ABI310 
Genetic Analyzer (Applied Biosystem, FosterCity, CA, USA). 

2.8. MSAP data analysis 

MSAP profiles generated by capillary electrophoresis (please see 
Supplementary Material_1, Fig. S2) were analysed using GeneMarker 
v1.5 (SoftGenetics LLC, State College, PA, United States). A cut-off value 
(5 % of the maximum profile in the chromatograms) for band attribution 
was fixed after analysis of replicate samples, considering only bands 
present in all replicates. Densitometric profile of each chromatogram 
was then inspected to check and correct the detected bands. The MSAP 
raw data (Supplementary Material_2) were scored following the proto-
col proposed by Schulz et al. (2013). Four different conditions could be 
identified for each fragment: i) unmethylated state (U, i.e. fragment is 
present in both HpaII-MseI and MspI-MseI products); ii) hemimethylated 
external cytosine (HMeCCG, i.e. fragment is present only in HpaII-MseI 

products) iii) full- or hemimethylated internal cytosine (MeCG and 
HMeCG, i.e. fragment is present only in MspI-MseI products) and iv) 
uninformative state (i.e. absence of fragment in both HpaII-MseI and 
MspI-MseI products) (Alonso et al., 2016; Schulz et al., 2013). This last 
condition could be caused by either hypermethylation or mutation of the 
restriction site and, being uninformative, was not considered in the 
comparisons of MSAP profiles (Alonso et al., 2016; Schulz et al., 2013). 

The transformation and scoring of data were performed using the 
model “Mixed Scoring 2” and the MSAP raw data table (Supplementary 
Material_2) as input, following Schulz et al. (2013). Using the R script 
MSAP_calc, each locus of the raw data table was split into one to three 
subloci (i.e. markers) according to the different states in which it ap-
pears through the samples, allowing a separate analysis for each of the 
above-mentioned conditions. The generated epigenetic data matrices 
(one for each of the conditions) are included in Supplementary Mate-
rial_3. The epigenetic diversity metrics (Table 2) were obtained using 
the R script MSAP_calc as well, while the number and the relative per-
centage (number of markers per sample/total number of markers; %) of 
loci in different conditions (U-loci, HMeCCG-loci, MeCG- and HMeCG-loci) 
for each sample was calculated manually from the output data matrices 
in Supplementary Material_3. 

2.9. Statistics 

Concerning growth parameters (i.e. average specific growth rates, 
fresh and dry weight) and physiological parameters (i.e. chlorophyll 
fluorescence, starch and element concentration, H202, MDA, GSH and 
AsA concentration), the One-way ANOVA was used to check the sig-
nificance of differences (P < 0.05) among means of treatment groups, 
using GraphPad Prism 7 (GraphPad Software, San Diego, CA). Data 
normality was checked with the Shapiro-Wilk test, whereas the Bar-
tlett’s test was used for checking homogeneity of variances. 

Differences among treatment groups in terms of epigenetic diversity 
metrics were evaluated with the same statistical test. In addition, pat-
terns of epiloci differentiation were tested by the Analysis of Molecular 
Variance (AMOVA), using Arlequin software (Excoffier and Lischer, 
2010). 

3. Results 

3.1. Effects of MNPs on plant growth and photosynthesis 

The presence of PET-MNPs in the growing medium did not impair the 
growth of S. polyrhiza in terms of variation in average specific growth 
rate of both frond number and area (Fig. 1a and b). Despite this, plants 
treated with both MNP concentrations showed significantly reduced 
values of fresh and dry weight (Fig. 2a and b, F = 7.325, P = 0.0041 and 
F = 7.418, P = 0.0039 for fresh and dry weight, respectively). Chloro-
phyll fluorescence analysis demonstrated that most of the considered 
OJIP-test parameters (Table 1, F0, ΦPo, ΨREo, Sm and ABS/RC) did not 
significantly change upon plant growth in MNP solutions, with the only 
exception of ΨETo (i.e. the probability of which a PSII-trapped electron 
is transferred beyond reduced QA, or estimate of the oxidized- 
plastoquinone size; Bussotti et al., 2012; Colpo et al., 2023; Strasser 
et al., 2000; Table S1) and Piabs (i.e. the potential ability for energy 
conservation, from absorbed photons in PSII to the reduction of electron 
acceptors; Bussotti et al., 2012; Colpo et al., 2023; Strasser et al., 2000; 
Table S1) values that were significantly reduced in samples treated with 
the highest PET concentration (Table 1, F = 7.004, P = 0.0047 and F =
4.735, P = 0.0207 for ΨETo and Piabs respectively). 

3.2. Effects of MNPs on starch and element concentration 

Starch concentration (% dry weight) was significantly reduced in 
MNP-treated plants (C = 4.69 ± 0.19, PET ½ = 3.79 ± 0.38, PET = 3.06 
± 0.71; F = 18.53, P < 0.0001), by about a fifth in PET ½ plants and a 
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third in PET plants in respect to control samples. 
Concerning macro-elements, K and Ca concentration was not 

significantly changed after the exposure to PET-MNPs (Tables S4 and F 
= 1.527, P = 0.2402 and F = 0.6613, P = 0.5266 for K and Ca respec-
tively). Magnesium (Mg) was the only macronutrient that showed an 
increase in concentration in MNP-exposed plants with respect to control 
plants, significantly for PET ½ plants with respect to control plants 
(Tables S4 and F = 9.803, P = 0.0010). Regarding micro-elements, Mn 
and Na concentration was significantly higher in MNP-treated plants as 
compared with control plants (Tables S4 and F = 6.553, P = 0.0061 and 
F = 18.76, P < 0.0001 for Mn and Na respectively), whereas Zn con-
centration did not change among treatments. No significant differences 
between control and MNP-treated plants were reported also for Fe, Cu 

and Ni concentrations. 
Fig. 3 represents the amplitude heatmap of the MNP-treatment- 

induced increase/decrease in element concentration. Overall, the ion-
ome of PET ½ plants was more altered than that of PET plants, with a 
notable increase in Mg, Mn and Na levels. In general, the differences 
were more marked for micro-elements with respect to macro-elements. 

3.3. Effects of MNPs on plant oxidative status 

Plants grown with PET-MNPs in the culture medium at the highest 
concentration showed a significantly higher amount of H2O2 and GSH 
(Fig. 4a and b, F = 9.320, P = 0.0023 and F = 31.01, P < 0.0001 for 
H2O2 and GSH respectively). Conversely, MDA concentration was 

Fig. 1. Average specific growth rate (μT10-T0) of a) frond number and b) area of S. polyrhiza plants grown in absence (C) or in presence of MNPs at different con-
centrations (PET ½ and PET). Values are mean of 16 replicates ± standard deviation. Lower case letters indicate significant differences among the samples (at least p 
< 0.05). 

Fig. 2. a) Fresh and b) dry weight of S. polyrhiza plants grown in absence (C) or in presence of MNPs at different concentrations (PET ½ and PET) for ten days. Values 
are mean of 8 replicates ± standard deviation. Lower case letters indicate significant differences among the samples (at least p < 0.05). 

Table 1 
Values of OJIP-test parameters of S. polyrhiza plants grown in absence (C) or in presence of MNPs at different concentrations (PET ½ and PET) for ten days. Values are 
mean of 8 replicates ± standard deviation. Letters indicate the significant differences among the treatments (at least p < 0.05).  

OJIP-test parameter Treatments 

C PET 1/2 PET 

F0 573.571 ± 42.442 a 583.000 ± 31.541 a 577.250 ± 32.473 a 
ΦPo 0.752 ± 0.018 a 0.752 ± 0.012 a 0.745 ± 0.013 a 
ΨETo 0.517 ± 0.017 b 0.509 ± 0.017 b 0.486 ± 0.016 a 
ΨREo 0.256 ± 0.024 a 0.268 ± 0.021 a 0.252 ± 0.014 a 
Sm 30.179 ± 3.206 a 31.189 ± 2.511 a 29.259 ± 2.113 a 
ABS/RC 4.331 ± 0.280 a 4.078 ± 0.318 a 4.124 ± 0.284 a 
Piabs 8.343 ± 1.206 b 7.780 ± 0.816 ab 6.779 ± 0.980 a  
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significantly lower in PET ½ and PET plants with respect to control 
plants (Fig. 4c–F = 12.57 and P = 0.0006). Concerning AsA, treated 
plants showed a higher total concentration (reduced plus oxidized form; 
Fig. 4d–F = 8.097 and P = 0.0041) in respect to control samples. 
Considering only the reduced form, its concentration was significantly 
higher in PET ½ plants (Fig. 4d–F = 8.511 and P = 0.0034), while the 
amount of the oxidized form was significantly higher in PET plants 
(Fig. 4d–F = 7.288 and P = 0.0061), always as compared to control 
samples. 

3.4. MSAP results 

Table 2 shows all the parameters describing the epigenetic markers 
found in the treatment groups for each of the conditions, all together or 
individually (Section 2.8). Using the R script MSAP_calc, the 196 loci of 
the MSAP raw data table (Supplementary Material_2) were transformed 
and scored into 497 subloci, representing the total informative markers 
for the three different conditions (U; HMeCCG; MeCG and HMeCG) 
considered together (Supplementary Material_3). Generally, PET ½ 
treated plants showed the highest percentage of polymorphic loci (63.8), 
followed in order by PET (59.4), C (55.7) and T0 (51.7). A total of 177 
unmethylated loci (U-loci) were identified among the treatment groups. 
Significantly higher values (F = 14.63 and P < 0.0001) were detected for 
T0 (mean number of U-loci = 107; 60.5 %) and C (mean number of U- 

loci = 103; 58.0 %) with respect to PET ½ (mean number of U-loci = 84; 
47.2 %) and PET (mean number of loci = 74; 42 %), Fig. 5a. The total 
number of loci with hemi-methylation of external cytosine (HMeCCG- 
loci) were 172. The highest mean number was in PET 1/2 (mean number 
of HMeCCG-loci = 39; 22.7 %). This mean value was significantly higher 
(F = 5.038 and P = 0.0065) than that of T0 (mean number of HMeCCG- 
loci = 16; 12.3 %) and C (mean number of HMeCCG-loci = 21; 9.6 %), 
Fig. 5b. The total number of loci with full- or hemi-methylation of in-
ternal cytosine (MeCG- and HMeCG-loci) was 148. The highest mean 
number was in T0 (mean number of MeCG- and HMeCG-loci = 19; 12.7 
%), whereas the lowest number on average was in PET (mean number of 
MeCG- and HMeCG-loci = 11; 7.4 %); T0 mean value was significantly 
higher (F = 5.680 and P = 0.0040) than that of PET ½ and PET (Fig. 5c). 

AMOVA showed that the most considerable portion of epigenetic 
differentiation was described within treatment groups (67.1 %; 
Table S5a). Nevertheless, a significant fraction of differentiation was 
described also by the differences among treatment groups (32.9 %). 
Dividing the treatment groups into two sub-groups (T0 and C versus PET 
½ and PET), AMOVA showed that the most considerable amount of 
epigenetic variation among groups (31.1 %, Table S5b) can be attributed 
to the presence of PET-MNPs in the growth medium. 

Fig. 3. Heatmap showing ionome variation of S. polyrhiza plants grown in presence of MNPs at different concentrations (PET ½ and PET) for ten days. Colour scale 
indicates decreased (red), unchanged (white) or increased (green) element concentration in respect to the control. The percentage of variation is reported, together 
with asterisks indicating the significant difference between the element concentrations in treated and control plants (at least p < 0.05). 

Fig. 4. Concentration of a) H2O2 (μg g− 1), b) GSH (μg g− 1), c) MDA (μmol, g.1) and d) AsA (μg g− 1), total, oxidized (O) and reduced (R), in S. polyrhiza plants grown 
in absence (C) or in presence of MNPs at different concentrations (PET ½ and PET) for ten days. Values are mean of 6 replicates ± standard deviation. Lower case 
letters indicate significant differences among the samples (at least p < 0.05). 
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4. Discussion 

4.1. MNP exposure impacts on plant growth and physiological parameters 

The average specific growth rate, for both frond number and frond 
area, was not impaired by the presence of environmentally realistic 
concentrations of PET particles. The lack of MNP effect on such bio-
metric parameters was in accordance with other works in which 
S. polyrhiza was exposed to PS-MNPs of 50 and 500 nm (102 - 106 par-
ticles mL− 1, Dovidat et al., 2020) and PE-MNPs of 40–48 μm (0.4 g L− 1, 

Iannilli et al., 2023), and in contrast with exposure to PVC-MNPs of 
about 4 μm (0.01–1 g L− 1, Wang Y. et al., 2023a), probably due to the 
higher harmfulness of this last polymer to plants (Colzi et al., 2022; 
Dainelli et al., 2023; Falsini et al., 2022). Despite this apparent negli-
gible toxicity of the plastic particles on plant development, PET-MNPs 
induced a significant decrease in both fresh and dry weight (mean % 
reduction = 24 % and 23 %, respectively) irrespective of the particle 
concentration. This result indicated that the effects of the tested 
pollutant can be variable depending on the considered growth param-
eter, and therefore that multiple biometric traits must be taken into 

Table 2 
Epigenetic metrics obtained with the R script MSAP_calc for all, HMeCCG (h), HMeCG & MeCG (m) and unmethylated loci (u). N_samples =
number of samples per treatment group; N_markers_total = total number of markers in data set; N_markers_pop = number of markers present 
(with at least one “1”-score) per treatment group; N_markers_poly = number of polymorphic markers per treatment group; Pc_markers_poly 
= percentage polymorphic markers per treatment group; Mean_N_1scores = mean number of marker presence (“1”-scores) per treatment 
group; N_private_markers = number of private markers per treatment group, i.e. markers that only occur in this treatment group. 

Fig. 5. Ratio (number of markers per sample/total number of markers; %) of a) unmethylated loci (U-loci), b) loci with hemi-methylation of external cytosine 
(HMeCCG-loci) and c) loci with full- or hemi-methylation of internal cytosine (MeCG- and HMeCG-loci) in the DNA of S. polyrhiza plants from the inoculum culture (T0) 
and after ten days of growth in absence (C) or in presence of MNPs at different concentrations (PET ½ and PET). Values are mean of 8 replicates ± standard deviation. 
Lower case letters indicate significant differences among the samples (at least p < 0.05). 
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account when evaluating MNP toxicity on plants, as already demon-
strated by Dainelli et al. (2023). In any case, the MNP-imposed decrease 
in S. polyrhiza weight might be partially explained by an impairment of 
the photosynthetic process in presence of plastic particles in the culture 
medium. If considering OJIP-test parameters like F0, FM, ΦPo and 
others, no significant variations were observed among the treatment 
groups, coherently with a recent study by Cui R. et al. (2023) in which 
another duckweed species (i.e. L. minor) was exposed for different times 
to PET-MNPs of various sizes. However, the mean values of ΨETo and 
Piabs (see Table S2 for definitions) appeared reduced in treated plants, 
suggesting a decline in the functionality of the photosynthetic electron 
chain with an unavoidable expected decrease in organic matter accu-
mulation (Bussotti et al., 2012; Colpo et al., 2023; Strasser et al., 2000). 
Accordingly, the concentration-dependent reduction of starch concen-
tration reported in plants grown in presence of PET-MNPs confirmed a 
lower availability of photosynthates, thus limiting their polymerization 
in insoluble grains. This decline in starch levels could result dangerous 
to the reproductive potential of S. polyrhiza over long periods. In fact, 
this species survives to the unfavourable seasons by forming vegetative 
propagules, called turions, that accumulate a great quantity of starch 
granules (Xu et al., 2018). These dormant structures germinate in spring 
and the degradation of starch supports the rapid spread of the new 
fronds on the water surface (Appenroth et al., 2011). The MNP-induced 
decrease in starch concentration, already reportable in a short time 
exposure experiment like ours (i.e. 10 days), could suggest that longer 
exposures, encompassing the entire annual life cycle as it happens in 
nature, may result in a more profound alteration in starch storage, even 
in turions. Thereby, their germination rate and their capability to sup-
port the growth of novel vegetative tissues could be affected, thus 
amplifying the threat that plastic particles pose to such macrophytes and 
to the whole ecosystem. 

Concerning element concentrations in MNP-treated samples, a few 
available studies report variable ionome alterations in plants exposed to 
plastic particles, in both pot and hydroponic systems, due to still unclear 
mechanisms (see for example Colzi et al., 2022; Dainelli et al., 2023; Fu 
et al., 2022; Tang et al., 2022). Regarding free floating macrophytes, 
information is not yet available; nonetheless, our result suggested that in 
such plants the effects of MNP pollution on the ionomic profile could be 
limited, at least in the short time. Actually, the only significant changes 
imposed by the presence of PET-MNPs was an increase in the accumu-
lation of Mn, Na and, only for the lowest treatment concentration, Mg. 
Spirodela polyrhiza has a particular nutritional strategy in which the 
abaxial surface of the fronds performs nutrient and water uptake, while 
roots are mainly involved in floating and anchoring (An et al., 2019). 
Since most plastic particles have been shown to adhere to S. polyrhiza 
roots and not to the fronds (Dovidat et al., 2020; Wang Y. et al., 2023a), 
their impact on nutrient accumulation can be expected to be restricted. 
Moreover, PET particles are not supposed to massively float on the water 
surface due to their high density (>1.2 g cm− 3) (Monteiro and Pinto da 
Costa, 2022), thus probably not fully interfering with the abaxial surface 
of the fronds. In confirmation of this, the measured concentration of all 
the elements in all the treatment groups was comparable to those re-
ported by Oláh et al. (2023) in different duckweed species under 
controlled conditions. Besides, the MNP-driven increase in the plant 
concentration of Na, Mg and Mn could be attributed to the 
co-occurrence of multiple factors, from the capacity of plastics to adsorb 
metals on their surface, acting thus as vectors (Squadrone et al., 2021; 
Zhang et al., 2021), to their imposed changes in the activity of ion 
transporters (Lian et al., 2022). Regarding the impact of a high tissue 
concentration of Mg and Mn, even if S. polyrhiza has been shown to be 
able to tolerate and accumulate high amounts of such elements (Liu 
et al., 2017; Schreinemakers, 1984), their probable further increase at 
longer exposure times could become limiting for plant growth. The same 
applies for a high tissue Na concentration, in accordance with Tang et al. 
(2022) who showed a similar increment in seedlings of Oryza sativa L. 
treated with PE-MNPs in hydroponics, and suggested an accumulation of 

this element to be of potential danger for the maintaining of the Na/K 
cellular equilibrium. In any case, the PET-imposed simultaneous excess 
of Na, Mg and Mn, cumulated to the still not significant variations in the 
other tested elements, could have thus concurred to determine the 
limitation in S. polyrhiza growth. 

Regarding oxidative stress markers, MNP treatment induced an in-
crease in H2O2 concentration, as already reported for other polymers 
and other free floating macrophytes with an extensive assessment of the 
ability of plastic particles to trigger reactive oxygen species (ROS) pro-
duction, even though with still uncertain mechanisms (see e.g. Arikan 
et al., 2022; Gomes et al., 2023; Xiao et al., 2022). Contrarily to the just 
mentioned studies, in S. polyrhiza the increase in H2O2 was not coupled 
to an increase in MDA concentration, but to a significant decrease. The 
lack of oxidative stress damage could indicate that the presence of 
MNP-induced ROS, like H2O2, was triggering an excessive antioxidative 
response that resulted in a lower degree of lipid peroxidation in treated 
plants, at least for the plastic particle concentrations and exposure times 
used for this experiment. The increase in the concentration of reduced 
glutathione and total and reduced ascorbate found in S. polyrhiza treated 
plants could be one of the causes of these ameliorated conditions of 
membrane peroxidation in presence of MNPs, as the production and the 
regeneration of the pool of such non-enzymatic antioxidants is funda-
mental in determining the cellular redox state (Noctor and Foyer, 1998). 
In addition, the lower MDA concentration of MNP-exposed plants could 
imply a better functionality of the plasma-membrane itself, thus prob-
ably concurring to the previously mentioned increase in the acquisition 
of some nutrients. Nonetheless, these MNP-affected traits were only 
apparently positive, as S. polyrhiza treated plants showed a lower fresh 
and dry weight in respect to control plants as reported above. 

4.2. MNP exposure triggers DNA methylation 

PET particles at both concentrations induced a significant decrease in 
the number of U-loci, indicating that S. polyrhiza was undergoing DNA 
hypermethylation in presence of the studied contaminants. A similar 
response to MNPs have been found in animal in a recent study by Farag 
et al. (2023), while on plants the increase in methylations have been 
investigated and reported only in the case of other kinds of stress, such as 
heavy metals (Sun et al., 2021), salinity (Al-Lawati et al., 2016) and 
drought (Li R. et al., 2020). Interestingly, the PET-induced hyper-
methylation was mainly due to hemi-methylation (i.e. methylation of 
only one DNA strand) of the external cytosine of 5′-CCGG sites (i.e. one 
of the –CHG sites, where H = A, T or C; Muyle et al., 2022; Schulz et al., 
2013), while no significant changes were reported between control and 
treated plants regarding hemi- or full methylation of the internal cyto-
sine (i.e. –CG sites). A similar increase (about 50 %) in hemi-methylation 
was detected with MSAP technique in S. polyrhiza exposed to abscisic 
acid (ABA) for 5 days (Zhao et al., 2015). Considering that ABA is a 
broad-spectrum phytohormone that controls various stress responses 
(Agarwal and Jha, 2010) and induces the formation of turions in 
duckweeds (Wang and Messing, 2012), this result may suggest that the 
stressful PET-MNP exposure could prepare S. polyrhiza for dormancy 
possibly through a hormone-mediated pathway. 

In addition, an increase in the methylation levels of –CHG contexts as 
a mechanism linked to the prevention of DNA damage has been pro-
posed for S. polyrhiza when forming turions, as DNA-repairing enzymes 
are less active during dormancy (Pasaribu et al., 2023). Even if MSAP 
technique allowed us to study only one of the –CHG contexts (i.e. 
hemi-methylation of the external cytosine of 5′-CCGG sites), our results 
suggest that the general hypothesis of an increase in DNA methylation as 
a strategy to protect the genome from possible damages caused by 
dangerous products (i.e. ROS) (Sun et al., 2022) may be extended to the 
case of MNP stress. Since the cyto/genotoxicity of MNPs on higher plants 
has already been demonstrated (Giorgetti et al., 2020; Kaur et al., 2022; 
Maity et al., 2020) and linked to oxidative stress (Maity et al., 2023), 
DNA hypermethylation after PET-MNP exposure in S. polyrhiza could 
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have been triggered by the particle-imposed alteration of oxidative 
status, with the above mentioned aim of genome protection. Alternative 
hypothesis regarding the causes of this epigenetic modification should 
be developed following more comprehensive investigations in which the 
methylation-subjected genomic regions or genes could be identified (i.e. 
through MSAP-seq, Chwialkowska et al., 2017). 

In any case, the molecular mechanisms responsible for de-novo 
methylation remain to be elucidated, considering that the canonical 
RNA-directed DNA methylation (RdDM) pathway has been lost by 
S. polyrhiza during evolution (Harkess et al., 2020). Considering the fast 
reproduction time of S. polyrhiza, the hemi-methylation here reported 
can be interpreted as full methylation on its way to completion. In fact, 
hemi-methylation is usually a result of DNA replication of a fully 
methylated DNA molecule (Kalisz and Purugganan, 2004) and full 
methylation is likely to be restored since the mechanism involved in its 
maintenance is normally present in the studied strain (i.e. 9509) 
(Harkess et al., 2020). This mechanism relies on a feedback loop be-
tween di-methylation of lysine 9 on histone 3 (H3K9me2) and the DNA 
methyltransferase CMT3 (Du et al., 2015; Harkess et al., 2020). 

The here reported marked increase in the percentage of hemi- 
methylated external cytosines of 5′-CCGG sites in the presence of plas-
tic particles could be implicated also in the creation of epialleles (i.e. 
alleles that differ in their degree of methylation (Kalisz and Purugganan, 
2004). In fact, a variety of biotic and abiotic stresses can induce new 
epialleles (Srikant and Tri Wibowo, 2022), whose functions are not 
completely understood, since there is a complex relationship between 
changes in phenotype and changes in DNA methylation patterns 
(Medrano et al., 2014). In the case of S. polyrhiza, clonal reproduction 
allows an easy transmission of MNP-induced epigenetic modifications 
(e.g. hypermethylation) that might improve long-term resistance to 
these new generation pollutants. Recently, Van Antro et al. (2023) 
demonstrated that temperature stress-induced hypermethylation in 
-CHG contexts was maintained even after 3–12 generations in Lemna 
minor cultivated in controlled conditions. Transgenerational stress 
memory from exposure to MNPs could be thus expected and future 
long-term molecular studies are needed to confirm this hypothesis. 
Moreover, sequence-based identification of MNP-induced changes in 
DNA methylation are necessary to go further the MSAP screening of 
anonymous loci without specifying genomic regions or genes (Schrey 
et al., 2013). 

5. Conclusions 

The presence of PET-MNPs caused alterations in the growth and 
physiology of Spirodela polyrhiza, including reduction in fresh and dry 
weight, oxidative stress, photosynthesis impairment, changes in starch 
and element concentration. In addition, MNP-induced DNA hyper-
methylation was revealed through MSAP technique, indicating that this 
freshwater species was protecting its genome and/or creating new epi-
alleles to counteract these xenobiotic stressing agents. This work rep-
resents the first demonstration that MNPs can have an impact on the 
epigenetic mechanisms in plant organisms. Long term studies are 
needed to understand the role of epigenetic modifications in MNP 
response and transgenerational stress memory. 
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