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Abstract: Microplastics (MPs), ubiquitous environmental pollutants, pose substantial threats to
aquatic ecosystems and organisms, including the model species Daphnia magna. This study
examined the effects of polyethylene (PE) and polystyrene (PS) MPs on D. magna, focusing on
ingestion, epigenetic alterations, and transcriptional responses. Exposure experiments revealed a
concentration-dependent accumulation of MPs, with PS particles showing higher ingestion rates
due to their higher density and propensity for aggregation. Epigenetic analyses demonstrated that
exposure to PE MPs significantly reduced global DNA methylation (5-mC), suggesting
hypomethylation as a potential stress response. Conversely, DNA hydroxymethylation (5-hmC)
displayed variability under PS exposure. Transcriptional analysis identified a marked
downregulation of Vitellogenin 1 (v1) and upregulation of Ecdysone Receptor B (ecr-b), highlighting
stress-related and adaptive molecular responses. These findings enhance our understanding of the
molecular and epigenetic effects of MPs on aquatic organisms, offering critical insights for
developing effective environmental management and conservation strategies in the face of
escalating MP pollution.

Keywords: Nanoplastic; Toxicity pathway; Environmental concentration; DNA methylation

1. Introduction

Microplastics (MPs), plastic particles smaller than 5 mm [1], have emerged as significant
environmental pollutants, particularly in aquatic ecosystems. MPs originate from diverse sources,
including urban runoff, wastewater discharges and agricultural practices [2-6]. The presence of MPs
in freshwater environments poses significant threats to various organisms, including Daphnia magna,
a widely used model organism in ecotoxicological research due to the ecological importance and
sensitivity to environmental changes [7,8].

D. magna is particularly vulnerable to MPs because it filter-feed on microalgae and other small
particles [9,10]. The ingestion of MPs can adversely affect feeding efficiency, digestion, growth,
reproduction, and survival of D. magna populations [11-14], potentially impacting population
dynamics and community structures in aquatic ecosystems [9,15]. These observations highlight the
urgent need to investigate the underlying biological mechanisms driving the effects [9,16-18].

While the physiological and individual-level effects of MPs are increasingly well-documented
[14], knowledge about their molecular impacts, particularly on gene expression and epigenetic
modifications, remains limited. Emerging evidence suggests that MPs may influence the epigenetic
landscape of D. magna. Recent studies have begun investigating the role of DNA methylation and
hydroxymethylation in response to environmental stressors, including MPs exposure [18-20].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Epigenetic modifications, such as DNA methylation, can regulate gene expression without
changing the underlying DNA sequence, potentially leading to adaptive or maladaptive stress
responses to environmental pollutants [21-23]. Examining global DNA methylation (5-mC) and
hydroxymethylation (5-hmC) in D. magna exposed to MPs could reveal how these pollutants induce
epigenetic changes that affect gene expression and compromise organismal health and fitness [24,25].
Moreover, such epigenetic modifications are increasingly recognized as sensitive biomarkers of
environmental stress, aiding in the assessment of MPs impact on aquatic organisms [26,27].

This study investigates the epigenetic and gene expression responses of D. magna to
polyethylene (PE) and polystyrene (PS) MP exposure, focusing on global DNA methylation and
hydroxymethylation, as well as stress- and development-related gene expression. The findings aim
to provide novel insights into the molecular mechanisms of MP pollution effects, enhancing
understanding of MPs' ecotoxicological impacts and informing future conservation and management
strategies.

2. Results

2.1. Microplastic Ingestion by D. magna

Microplastic ingestion by D. magna was systematically assessed under varying concentrations of
PE and PS particles (Figure. 1). Under control conditions, minimal ingestion was observed, with an
average of 0.18 particles per individual, indicative of baseline contamination. Exposure to 100 ug/L
of PE resulted in a marked increase in ingestion rates, with an average of 2.44 particles per individual.
This rate escalated significantly at a higher concentration of 1000 pg/L PE, reaching 20.24 particles
per individual. A similar trend was observed for PS exposure: at 100 pg/L, the average ingestion rate
was 11.03 particles per individual, which increased dramatically at 1000 ug/L, peaking at 50.03
particles per individual.

75
0 Opg/L @ 100pg/L [ 1000 pg/L

Kok

= (=)
V] <
1 |

@
(=]
1

MPs per individual

T &

T T

T
Control PE PS

o
W
1

0

Figure 1. Average number of residual MPs ingested per individual D. magna after 7 days of exposure.
Measurements were taken at the end of the exposure period (n=3). Each replicate consisted of 8 to 11
animals. Asterisks indicate statistically significant difference from control group (* p < 0.05; ** p <
0.001).

These findings underline a clear concentration-dependent accumulation of MPs by D. magna,
with ingestion rates significantly increasing at higher concentrations of both PE and PS particles.
Similar with our results, previous studies have also reported an increase in MPs accumulation in D.
magna with increasing concentration of MPs [28-31]. A notable observation is the higher ingestion
rate of PS particles compared to PE particles under the same concentration conditions. This tendency
may be attributed to differences in the physiochemical properties of PE and PS, which could influence
the interaction between particles and D. magna. These findings underscore the need for further
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research into the role of MPs material properties in determining ingestion and accumulation
dynamics in aquatic organisms.

The density of PS MPs, approximately 1.05 g/cm? [32] is notably higher than that of PE MPs,
which ranges from 0.88 to 0.96 g/cm? [33]. This difference allows PS MPs to remain suspended in the
water column, whereas PE MPs are more prone to floating on the water surface. The buoyancy
disparity influences the likelihood of ingestion, as D. magna, which primarily feed below the water
surface, are more likely to encounter suspended PS particles [13,17]. Similarly, Luangrath et al. (2024)
observed higher bioconcentration of polylactic acid (PLA) MPs (1.24 g/cm?®) compared to PE MPs
(0.95 g/cm?®) in D. magna exposed to MPs [30].

In addition, PS MPs exhibit a stronger tendency to aggregate, a characteristic attributed to their
hydrophobic nature and capacity to form strong interactions with organic matter and
microorganisms in the marine environment [34-36]. This aggregation leads to the formation of larger
clusters , increasing the likelihood of encounter and ingestion by filter feeders like Daphnia [37].
Moreover, the interaction of MPs with organic matter enhances the bioavailability as the adsorption
of nutrients and the development of biofilms on MPs make them more attractive to the filter feeders.
[17,31,38]. In contrast, PE MPs typically remain as smaller, less aggregated particles, which may
reduce their likelihood of being consumed by D. magna [39,40].

Despite regular stirring of the medium during the exposure experiments (every 8h) to ensure an
even distribution of particles, the physiochemical characteristics of the MPs differentially affected
their ingestion by D. magna.

2.2. Epigenetic Responses to Microplastic Exposure in D. magna

Global DNA methylation (5-mC) and DNA hydroxymethylation (5-hmC) are pivotal epigenetic
modifications involved in regulating gene expression, mediating cellular stress responses, and
facilitating adaptation to environmental changes [41,42]. These epigenetic markers have been linked
to various environmental exposures, including heavy metals such as lead, antimony, and arsenic
[43,44], airborne particulate matter (PM10) [45], and crude oil spills [46]. In this study, 5-mC and 5-
hmC levels were analyzed to evaluate the epigenetic responses of D. magna to MP exposure. The
ability of D. magna to reproduce asexually make it an invaluable model for studying epigenetic
dynamics [47,48].

The results in this study indicate that exposure to MPs, specifically PE and PS, resulted in
changes in DNA methylation levels in D. magna. Significant decreases in DNA methylation were
observed at higher concentrations of PE (100 and 1000 ug/L), indicative of a hypomethylation
response (Figure. 2a). These finding contrast with the study of Song et al. (2022), which demonstrated
no significant changes in global DNA methylation in D. magna exposed to PE fragments (16.68 + 7.04

pm; 4.35 mg/L).
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Figure 2. (a) Global DNA methylation and (b) global DNA hydroxymethylation in D. magna exposed
to PE and PS MPs at different concentrations (100 pg/L and 1000 ug/L). *Asterisks indicate significant
difference from control group (p < 0.05).

A decrease in DNA methylation, or hypomethylation, is commonly associated with increased
gene expression and activation of stress response pathways (Athanasio et al, 2018). The
hypomethylation observed in D. magna exposed to PE MPs may reflect a stress response mechanism.
Similar epigenetic changes have been reported in response to environmental pollutants like heavy
metals, where global DNA methylation decreases as organisms reallocate resources to cope with
stress, potentially at the expense of growth and reproduction [21,50,51].

The interplay between DNA methylation and oxidative stress is critical for understanding the
biological impact of MPs. Oxidative stress, induced by MPs, can influence DNA methylation patterns
as a cellular response to environmental stressors. Tang et al. (2019) demonstrated that PE MPs
upregulate genes involved in oxidative defense mechanisms, such as thioredoxin reductase (TRxR),
which play a critical role in mitigating reactive oxygen species (ROS). This oxidative stress may
contribute to the observed hypomethylation in D. magna exposed to PE MPs [53].

In contrast to PE, exposure to PS MP particles at both 100 and 1000 pg/L did not result in
significant changes in DNA methylation levels in this study (Figure 2a). This lack of significant
change may result from a counterbalance between hyper- and hypomethylation, as suggested by
Jeremias et al. 2018 [22].

Environmental stressors like MP exposure can induce transgenerational changes in D. magna,
potentially affecting the resilience of subsequent generations to future environmental challenges. For
instance, Jeremias et al. (2018) [22] demonstrated that salinity stress -induced hypomethylation in
DNA could be inherited by offspring. Similarly, MPs may influence DNA methylation patterns that
affect D. magna's ability to adapt and survive in polluted environments [18].

DNA hydroxymethylation, a distinct epigenetic modification implicated in gene regulation,
showed notable variability in the PS 1000 ug/L [54] (Figure 2b). While not statistically significant, this
increased variability suggests potential effects of high PS concentrations on hydroxymethylation
patterns. Further investigation is warranted to validate these trends and address experimental
variability [55,56].

2.3. Transcriptional Response to MP Exposure in D. magna

To elucidate the biological impact of MP exposure, we assessed the transcriptional responses of
a panel of genes (v1, v2, gst, cyp, atp, cat, cutl2, ecr-b, usp). Significant downregulation of v1 and
upregulation of ecr-b were observed in D. magna exposed to high concentrations of both PE and PS
MPs (1000 ug/L; P < 0.05) (Fig. 3). These transcriptional changes are indicative of a stress response
associated with the presence of high concentrations of MP particles.
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Figure 3. Relative changes in expression of target genes in response to PE and PS MPs exposures at
different concentrations (100 pg/L and 1000 pg/L). Vitellogenin 1 (v1), Vitellogenin 2 (v2),
Glutathione-s-transferase (gst), Cytochrome P450 (cyp), ATPase Na*/K* (atp), Catalase (cat) Cuticle
protein 12 (cut12), Ecdysone receptor b (ecr-b) and universal stress protein (usp). Asterisks indicate
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The downregulation of the v1 gene suggests a potential stress response mechanism triggered by
MP exposure. The vl gene is noteworthy, as it is associated with physiological processes such as
growth, development, and metabolic pathways regulating vitellogenin (Vtg) synthesis, which is a
precursor to yolk proteins critical for reproduction. This downregulation suggest that D. magna may
be reallocating resources from reproductive functions to cope with the stress induced by MP
exposure. This resource reallocation aligns with the observed decrease in DNA methylation, further
supporting the hypothesis of a stress-response mechanism prioritizing survival over growth and
reproduction [51].

The upregulation of the ecr-b gene, which is involved in ecdysone receptor signaling pathways,
suggests a potential adaptation or compensatory mechanism in response to MP exposure. Molting, a
pivotal process in crustacean growth, is predominantly regulated by the ecdysteroids, with the
cytochrome P450 subfamily member Cyp314 playing a critical role in synthesizing the molting
hormone ecdysone. This hormone is subsequently converted into its active form, 20-
hydroxyecdysone (20E), which is regulated by the ecdysone receptor, ecr-b. The ecr-b gene plays a
crucial role in crustacean development, including molting and adaptation to environmental stressors
[57]. The upregulation of ecr-b observed in MP-exposed groups suggests an adaptive response aimed
at enhancing resilience to MP-induced stress. This response aligns with the critical role of ecr-b in
facilitating molting and stress adaptation. However, despite this upregulation, body length in MP-
exposed groups—particularly in the PE 1000 ug/L and PS 100 ug/L groups—was significantly
reduced (Fig. 4). This discrepancy indicates that while ecr-b upregulation may support molting and
stress resilience, the inability of D. magna to allocate sufficient resources for growth under MP-
induced stress results in smaller body size. Resource reallocation may prioritize survival and stress
adaptation mechanisms over growth, as observed in previous studies on stress responses in aquatic
organisms [58]. In addition, Genes like cut12, responsive to 20-hydroxyecdysone (20E), are
responsible for producing cuticle proteins essential for the formation of the new exoskeleton [59], but
did not show significant changes in the expression. This lack of significant change in cut12 expression
suggests that while the molting process is partially supported by ecr-b upregulation, other factors or
gene expressions critical for exoskeleton development may remain unaffected, potentially limiting
the organism's growth and structural integrity.
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Figure 4. Body length of D. magna exposed to PE and PS microplastic particles at different
concentration (100 ug/L and 1000 ug/L). Asterisks indicate statistically significant differences
compared to the control group (*p <0.5).
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3. Materials and Methods

3.1. Microplastic Ingestion by D. magna

To evaluate the effects of MPs on D. magna, each experimental vessels were each stocked with
25 neonates less than 24 hours old, with experiments conducted in triplicate. D. magna were exposed
to two concentrations of PE and PS MPs (100 pg/L and 1000 pg/L) over a 7-day period. A control
group, free of MPs exposure, was included for comparison. Each vessel contained 500 mL of M4
medium, which was refreshed every 48 hrs to maintain optimal water quality. The vessels were
gently stirred every 8 hrs to ensure uniform suspension of MP particles.

Chlorella vulgaris (a freshwater alga provided by Aquanet, South Korea) was daily added at a
concentration of 5 x 10° cells mL-' to provide a consistent food source.

After the exposure period, seven D. magna individuals per replicate were collected for mRNA
extraction, and another seven were used to measure global DNA methylation (5-hmC) and
hydroxymethylation (5-hmC) levels. All samples were immediately frozen at -80 °C for subsequent
molecular analysis. These stored samples were used to analyze gene expression and investigate
epigenetic changes in D. magna. The expression levels of genes involved in stress response and
development were measured to assess the impact of MPs exposure on D. magna at the molecular
level. Gene expression levels were measured for genes involved in stress response and development,
including Vitellogenin 1 (v1), Vitellogenin 2 (v2), Glutathione-S-Transferase (gst), Cytochrome P450
(cyp), ATPase Na+/K+ (atp), Catalase (cat), Cuticle Protein 12 (cut12), Ecdysone Receptor B (ecr-b), and
Universal Stress Protein (usp). Remaining organisms were used for body length measurements and
stored at -20 °C for MP ingestion analysis.

Standard pristine PE and PS MPs were selected to investigate the polymer-specific effects of
MPs. Both types of MPs were chosen to have similar physical characteristics to minimize variability
attributed to shape (refer to Fig. 5). PE MPs, with a mean particle size of 40-48 um, were procured
from Sigma Aldrich (CAS No. 9002-88-74), while PS MPs, with a mean particle size of 3848 um were
sourced from the Korea Institute of Analytical Science. Zeta potential (mV) of the MPs was measured
using a Dynamic Light Scattering (DLS) analyzer (Zetasizer Nano ZSP, Malvern, England) to
characterize their surface charge. This systematic approach ensured consistency across experiments
and allowed for robust analysis of the effects of PE and PS MPs on D. magna at molecular,
physiological, and behavioral levels

(a) (b)
Figure 2. Scanning electron microscope (SEM) images of (a) PE MPs and (b) PS MPs exposed to D.

magna.

3.2. Test Organisms

The D. magna test clones used in this study were provided by the Korea Institute of Toxicology
(KIT), South Korea, in 2021 for research purposes. The daphnids were cultured under controlled
conditions of a 16-hrs light and 8-hrs dark cycle at a temperature of 20 + 1 °C, in accordance with the

d0i:10.20944/preprints202502.1822.v1
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Organization for Economic Cooperation and Development (OECD) Test Guideline 211 (OECD, 2012).
The organisms were maintained in Elendt M4 medium, with a pH of 7.8 + 0.2 and water hardness of
250 + 30 mg L' CaCOs. Chronic exposure experiments were conducted using third-brood female
neonates, all of which were less than 24 hrs old at the time of exposure.

3.3. Gene Expression Analysis (RT-qPCR)

Total RNA was extracted from D. magna whole-body tissue samples utilizing the Total RNA Kit
(Cosmogenegech co, Ltd., South Korea). RNA quantity and quality were assessed with a Nano-drop
spectrophotometer. Complementary DNA (cDNA) synthesis was perfomred using M-MuLV Reverse
Transcriptase (Cosmogenegech co, Ltd., South Korea), followed by PCR amplification using a Bio-
Rad thermal cycler. Real-time PCR (RT-PCR) was conducted on an AriaMx Real-time PCR System
(Agilent, Santa Clara, CA) with the EvaGreen Q Master mix (Cosmogenegech co, Ltd., South Korea).
Primers were designed using Primer3plus (refer to Table 1) and based on sequences obtained from
National Center for Biotechnology Information (NCBI) database. Primer sets were synthesized by
Cosmogenetech (Seoul, South Korea) and optimized for qRT-PCR conditions to ensure high
efficiency and sensitivity. All samples were analyzed in triplicate, and mean values were calculated.
Control reactions, including those without RT and template, were included to rule out DNA
contamination. The housekeeping reference gene B-Actin was utilized for normalization of gene
expression levels.

3.4. Global DNA methylation (5-mc) and DNA hydroxymethylation (5-hmc) Analysis

Genomic DNA was extracted from the whole-body tissues of D. magna using the LaboPass™
Tissue Genomic DNA Isolation Kit Mini (Cosmogenegech co, Ltd., South Korea). DNA integrity and
concentration were evaluated using a Nanodrop spectrophotometer. Global DNA methylation and
hydroxymethylation levels were assessed using the MethylFlash Global DNA Methylation (5-mC)
ELISA Easy Kit and the MethylFlash Global DNA Hydroxymethylation (5-hmC) ELISA Easy Kit
(Colorimetric), following the manufacturer's protocols (Epigentek Group Inc., NY, USA). In brief, 1-
8 pL of DNA (equivalent to 100 ng) was introduced into the assay wells. The DNA was then incubated
at 37 °C for a period of 90 minCapture and detection antibodies were subsequently applied, and
absorbance was measured at a wavelength of 450 nm. A standard curve was created using the optical
density (OD) values of positive samples, allowing quantification of methylation and
hydroxymethylation levels.

3.5. Statistical Analysis

All statistical analyses were performed using SAS software (version 9.4; SAS Institute Inc., Cary,
USA). Homogeneity of variances and normality of data were evaluated using Levene’s test and the
Shapiro-Wilk test, respectively, at a significance level of p < 0.05. Differences among multiple
treatment groups were analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s
post hoc test (p <0.05). For comparisons between two groups, Student’s t-test was employed to assess
statistical significance (p < 0.05).

3.6. Microplastic Ingestion by D. magna

3.6.1. Sample Preparation

To identify and quantify MPs accumulated in D. magna, 8-11 of individuals were collected per
condition. The collected organisms were stored in a freezer, upon to the sample preparation of
Fourier Transform Infrared Spectroscopy (FTIR) analysis. To isolate MPs ingested and accumulated
by D. manga, the samples were digested using a 30% H20: solution at 60 °C to remove organic matter.
The digested samples were filtered through Anodisc filters (Al2Os, pore size 200 pm) using a vacuum
infiltration device. The filters were stored in a desiccator to remove residual moisture prior to FTIR
analysis.
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3.6.2. Micro-FTIR Analysis

Identification and enumeration of the MPs collected on the 25 mm Anodisc filter (Al20s, 0.2 pm
pore size, Whatman) were conducted using p-FTIR spectroscopy (Nicolet iN10MX, Thermo Fisher
Scientific, US), following previously established. Chemical image mapping was used to automatically
generate spectral information by scanning 16 sectors of the filter area simultaneously. The analysis
covered a wavelength range of 1300-4000 cm™, with a collection time of 3 seconds (16 scans), an
aperture size of 60 x 60 um, and a resolution of 8. Spectra were acquired from the entire area of a 25
mm Anodisc filter where MPs were collected. A background spectrum of the pristine Anodisc filter
was collected at the reference position of the sample holder. Analysis was performed on a quarter of
the filter area individually, and the data from all four quarters were summed up to present MPs
amount in the corresponding sample. The acquired spectra from the entire area of Anodisc filter were
correlated with MPs reference spectra in the library (e.g., PE and PS), with each being presented with
a false-color image based on the matching hierarchy to the corresponding reference spectrum. After
examining individual IR spectrum of the particles with false-color images, particles meeting both the
criteria of having a representative IR peak of the reference and over a 65% matching rate to the
reference, were identified and counted as MPs.

The limit of the detection (LOD) for particle size in micro-FTIR is 20 pum, due to the limit of lateral
resolution of the IR source. The limit of the quantity (LOQ) of the micro-FTIR is determined by
optimal condition for counting MPs particle on one filter and the distribution of particles deposited
on the filter. Manual counting becomes challenging for particle numbers exceeding a few hundred.
Thus, the LOQ is few hundred particles per filter.

Contamination of MPs in chemicals, filters and other lab consumables were minimized by using
glassware for sample storage. Regular blank tests were conducted during the experiment, confirming
the absence of MPs.

4. Conclusions

This study highlights the profound impact of MPs pollution, specifically PE and PS, on
freshwater zooplankton D. magna, demonstrating the potential of MPs to disrupt physiological,
epigenetic, and transcriptional processes. MP ingestion showed concentration-dependent pattern,
with PS particles accumulating at higher rates, likely due to the physicochemical properties such as
density and aggregation behavior. Epigenetic analyses revealed significant reductions in global DNA
methylation levels in response to PE exposure, suggesting hypomethylation as a stress response.
Although no consistent changes in DNA hydroxymethylation were observed, the variability seen in
PS-exposed groups warrants potential effects that merit further investigation. Transcriptional
analysis underscored the complex molecular responses to MP exposure, with the downregulation of
the vl gene, associated with compromised reproductive capacity, and the upregulation of ecr-b,
linked to molting and stress adaptation. These responses reflect adaptive mechanisms employed by
D. magna to cope with environmental stressors. However, despite these adaptations, the observed
reduction in body size across MP-exposed groups underscores a resource trade-off that may
ultimately compromise organismal fitness.

Overall, the study highlights the intricate interplay between microplastic exposure, epigenetic
alterations, and gene regulation in aquatic organisms. These findings highlight the pressing need for
further research to elucidate the long-term and transgenerational effects of MPs, alongside robust
efforts to mitigate plastic pollution and its ecological consequences.
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Abbreviations

The following abbreviations are used in this manuscript:

MP Microplastic particle

PE polyethylene

PS polystyrene

TRxR Thioredoxin reductase

SEM Scanning electron microscope

RT-PCR  Real-time PCR

DLS Dynamic Light Scattering

FTIR Fourier Transform Infrared Spectroscopy
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