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Abstract

Background: Nano- and microplastics (N/MPs) are widespread pollutants in aquatic
ecosystems and may interfere with the physiology of diatoms. However, the underly-
ing molecular mechanisms remain poorly understood. Methods: Cultures of the diatom
species Skeletonema marinoi, a key contributor to marine primary production and biogeo-
chemical cycles, were exposed for 10 days to polyethylene (PE) N/MPs (25 and 75 pg/mL).
Growth, morphology, and cell viability were monitored, while gene expression of stress,
inflammation, programmed cell death (PCD), and extracellular polymeric substance (EPS)
biosynthesis markers was assessed by RT-qPCR. Results: Growth was not significantly
affected. Gene expression showed biphasic regulation of antioxidant enzymes, induc-
tion of HSP70/90, transient modulation of prostaglandin-related genes, and dose- and
time-dependent activation of PCD markers. Selected CAZymes possibly involved in EPS
synthesis were downregulated at early stages, suggesting impaired aggregation potential.
Conclusions: Exposure to PE N/MPs elicited subtle yet multifaceted effects in S. marinoi,
including oxidative stress, inflammatory-like responses, modulation of EPS pathways, and
PCD activation. Despite apparent growth resilience, the molecular alterations observed
may impact bloom dynamics and carbon export.

Keywords: Skeletonema marinoi; diatom; nanoplastics; microplastics; polyethylene;
CAZymes; prostaglandins; plastic pollution

1. Introduction

Plastic pollution has become one of the most pressing environmental challenges of
the 21st century, with microplastics (MPs, <5 mm) and nanoplastics (NPs, <1 pm) now
recognized as ubiquitous contaminants in the world’s oceans [1]. Their persistence, small
size, and ability to adsorb and transport other pollutants make them a complex threat
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to marine ecosystems. Once released into the water column, these particles can interact
with a wide variety of organisms, ranging from bacteria and phytoplankton to higher
trophic levels up to humans, potentially altering ecological processes and compromising
ecosystem functioning [1]. The Mediterranean Sea, due to its semi-enclosed nature, intense
anthropogenic activities, and limited water exchange with the Atlantic Ocean, is considered
one of the global hotspots for plastic pollution [2]. Recent surveys have reported high
concentrations of MPs and NPs in both surface waters and sediments, raising concerns
about their impact on organisms’ physiology, marine biodiversity and the sustainability
of this already vulnerable basin [3]. Among plastic polymers, polyethylene (PE) is one
of the most persistent and widely produced types, accounting for a substantial fraction
of global plastic output and being extensively used in packaging, consumer goods, and
industrial applications [4]. Owing to its low density and high resistance to degradation, PE
is particularly prone to dispersion and long-term persistence in marine environments. Its
ubiquity across diverse habitats, including freshwater and terrestrial ecosystems, enhances
its potential for interactions and bioaccumulation across multiple trophic levels, possibly
posing risks also to human health [5,6]. Addressing the accumulation of PE in such ecosys-
tems is therefore an urgent environmental priority. Diatoms (class Bacillariophyceae) are
unicellular photosynthetic microalgae that represent one of the most important groups of
marine phytoplankton. They are responsible for an estimated 20-25% of global primary
production and play a pivotal role in the cycling of carbon and silicon [7]. Their distinctive
silica-based cell wall, or frustule, provides structural protection and contributes to species-
specific ecological interactions. Within this diverse group, the genus Skeletonema (order
Thalassiosirales) is widely distributed in coastal waters and is characterized by cells forming
chains through delicate intercalary processes [8]. This chain-forming morphology favors
buoyancy and bloom formation, allowing Skeletonema species to dominate highly dynamic
and nutrient-rich environments. Among them, Skeletonema marinoi is one of the most abun-
dant and ecologically significant species in temperate and coastal regions, including the
Mediterranean Sea, the Baltic Sea, and the North Atlantic [8]. It frequently forms seasonal
blooms that strongly influence coastal food webs and carbon fluxes [9]. S. marinoi exhibits
remarkable ecological plasticity, being able to tolerate fluctuations in light, temperature,
and nutrient availability [10,11]. Moreover, it produces resting stages (benthic cysts) that
ensure survival under unfavorable conditions and contribute to the long-term persistence
and genetic diversity of populations [12]. Because of its dominance, ecological importance,
and well-studied physiology and genomics, Skeletonema has become a model diatom for
investigating the effects of environmental stressors, including emerging contaminants such
as N/MPs at the primary producer level [13]. The present study investigates the responses
of S. marinoi to PE N/MPs, focusing on growth performance, morphological alterations,
stress-related gene expression, and extracellular polymeric substance (EPS) production,
a microalgae component that is essential for chain integrity, ecological interactions, and
global biogeochemical cycles, especially carbon sequestration. By combining physiological
and molecular endpoints, this study seeks to explore potential effects of plastic exposure on
diatoms and to contribute to understanding how plastic pollution might influence phyto-
plankton physiology and ecology. Beyond advancing our mechanistic understanding, the
outcomes of this research may help refine ecological risk assessments of plastic pollution
and support the development of more effective strategies for preserving the integrity and
resilience of marine ecosystems.
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2. Materials and Methods
2.1. Cell Culturing and Harvesting

Two replicate Skeletonema marinoi (CCMP2092) cultures (Bigelow NCMA, National
Center for Marine Algae and Microbiota, East Boothbay, ME, USA), with initial cell con-
centrations of 5000 cells/mL, were grown in two-liter polycarbonate bottles filled with
sterile filtered oligotrophic seawater at 36 ppt salinity amended with f/2 nutrients, vitamins
and metals [14], under gentle bubbling with sterile-filtered ambient air and maintained at
18-20 °C, 12:12 h light:dark photoperiod under 100 umol photons m? s~! irradiance. In
total, 1 mL culture, fixed with Lugol’s iodine solution (final concentration ~2%), was used
to follow the growth of each replicate by daily cell enumeration in a Sedgewick-Rafter
counting chamber (Hausser Scientific, Horsham, PA, USA) under an Axioskop 2 light
microscope at 20x magnification (Carl Zeiss GmbH, Jena, Germany). Microscopic images
of a sample were acquired daily at 40 x magnification using the EVOS XL Core Imaging
System (Thermo Fisher Scientific, Waltham, MA, USA) to monitor cell morphology. At
established timepoints (day 3, 5, 7, and 10), 250 mL from each culture was harvested
by filtration onto 0.22 um nitrocellulose membranes (RAWP047, Millipore, Merck KGaA,
Darmstadt, Germany).

2.2. Nano/Microplastics and Reagents

PE N/MPs, with a size range of 200 nm to 9900 nm (Cospheric LLC, Santa Barbara, CA,
USA), were suspended in 1% Tween20 solution (Dako, Agilent Technologies, Santa Clara,
CA, USA) to prepare a 100 mg/mL stock, according to the manufacturer’s instructions. This
stock suspension was directly added to S. marinoi cultures to achieve final concentrations
of 25 pg/mL (PE 25) and 75 ug/mL (PE 75). The final concentration of Tween20 in the
algal cultures was kept below 0.01% to minimize any potential surfactant-induced toxicity.
The stock solution was thoroughly vortexed prior to each use. A vehicle (Veh) control
containing an equivalent amount of Tween20 (as present in the highest PE N/MP treatment)
was included to exclude any confounding effects of the dispersant. Cultures of S. marinoi
were exposed to Veh, PE 25 and PE 75 for a continuous 10-day period, with treatments
initiated on day 0. Each condition was tested in three biological replicates.

2.3. Selection of Candidate CAZyme Genes Implicated in EPS Biosynthesis

To identify candidate genes potentially involved in EPS production in S. marinoi, a com-
parative in silico strategy was adopted. As S. marinoi is not currently represented in the Car-
bohydrate Active enZymes (CAZy) database (www.cazy.org, accessed on 15/09/2025) [15],
we selected Thalassiosira pseudonana—a phylogenetically related diatom species-as the refer-
ence organism. From the CAZy database, all amino acid motifs annotated for T. pseudonana
were retrieved, and the corresponding mRNA sequences were identified. These sequences
were subsequently queried against the S. marinoi transcriptome to search for homologous
sequences [16]. Matches were identified for two CAZyme motifs assigned to the GT2 (gly-
cosyltransferases) and GH31 (glycoside hydrolases) protein families. Further exploration of
these CAZyme families within the CAZy database provided a list of associated protein func-
tions and putative enzymes. This list was used to screen the functional annotations of the
S. marinoi transcriptome, aiming to identify matches with protein functions characteristic of
the GT2 and GH31 families. Given the high number of matches, only sequences plausibly
involved in EPS biosynthesis were retained, as not all CAZymes are implicated in this pro-
cess. A general literature review on EPS production in microalgae and diatoms highlighted
fucosyltransferases and galactosyltransferases as the most frequently involved CAZymes in
this context [17]. Most of the sequences identified by transcriptome annotation in S. marinoi
corresponded to enzymes involved in N-glycosylation of proteins, a process not directly
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linked to EPS production [18]. Therefore, primers were designed and synthesized for only
three selected sequences related to the functions of interest (Supplementary Material).

2.4. RNA Extraction, Reverse Transcription, and RT-qPCR Analysis

Cells collected on filters (as previously described) were lysed using 1.5 mL of TRIsure
reagent (Meridian Life Sciences, Memphis, TN, USA), supplemented with glass beads
(Sigma-Aldrich, St. Louis, MO, USA) to facilitate mechanical disruption. The mixture was
incubated on a thermo-shaker (Eppendorf, Hamburg, Germany) at 60 °C for 10 min at
1200 rpm. Following cell disruption, filters and beads were removed by a brief centrifuga-
tion step, and RNA extraction proceeded according to the TRIsure protocol. To eliminate
residual genomic DNA, samples were treated with recombinant DNase I (Norgen Biotek
Corp., Thorold, ON, Canada) following the manufacturer’s instructions. The efficiency of
DNA removal was verified via conventional PCR using DNA-targeted primers; the absence
of amplification confirmed successful digestion. PCR products were analyzed via agarose
gel electrophoresis. Following DNase treatment, RNA was purified and concentrated using
the RNA Clean-Up and concentration kit (Norgen Biotek Corp., Thorold, ON, Canada) and
eluted in 30 uL of RNase-free water. RNA concentration was measured by absorbance at
260 nm using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA), and integrity was assessed by agarose gel electrophoresis. One microgram of
purified RNA per sample was reverse transcribed into complementary DNA (cDNA) using
the SensiFAST™ cDNA Synthesis Kit (Meridian Life Sciences, Memphis, TN, USA), accord-
ing to the manufacturer’s protocol. Gene expression was evaluated by SYBR Green-based
real-time quantitative PCR (RT-qPCR), using specific primers (Table 1) [19,20]. Amplifica-
tions were performed on a QuantStudio 1 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). Gene expression levels were calculated using the 2~22CT method, and
results are expressed as fold changes relative to untreated control cells for each time point.
Each reaction was carried out in technical triplicate, with a minimum of three independent
biological replicates.

Table 1. Candidate reference genes and genes of interest used for RT-qPCR. Primer sequences and
correlation factor (R?) are reported.

Gene Forward Primer (5’ — 3’) Reverse Primer (5" — 3') R? Value
ABC TCGATGTCAAGCAGAGGTTG AACACCGTATGCTCCAGGAC 0.999
ACT CCGTTTGTTGGGTATGGTTC GCACAAATCTTTGCCAACTG 0.9626
ALDH2 GTGATGAAGGATGAAATCTTTGG TGGTGAACAGATAAAGATTTAATGG 0.9998
AP AACTACCGCACAGGGATGTC ATCACTCAATCCCTCGCATC 0.9997
B4GALT1 CAACCGGATGTGAGTGAGTG TCCGACCCATTGTATCCCAC 0.9915
CAT CCGGTAATATTCGCCTAGCA GGATTCAATTGCCACATTCC 0.9776

COX1 TCAGAGGCCATGACCAAGTT TTCCAAACGTCTCCTCACCA 0.99

DCD GCACTCACCACTGCACAGAT TGCTTGGGACACAGTGAGAG 0.9688
DSP TGACCTCATCAAATCCTTCG CGTTCACATCTGCCCTATCA 0.957
EFla GAACGTGCCAAGGGTAAGAC TCACCCTTACGTGCAGAGATG 0.9738
FT CTCAACGACACAAGAGCTGG CTGCCGCTCATGATTCCATC 0.9981
GOX GTGGACGAGGACTTGATGGT GTAAATTGACCACCGCGTTT 0.9985
GPX AATCAGTTCGGAGAGCAGGA ACAGTACCATCAGGGCGAAC 0.9986
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Table 1. Cont.
Gene Forward Primer (5’ — 3) Reverse Primer (5" — 3') R? Value
GR CCACCGTGGTCTTTTCTCAT CATAACCGTCTTGGGCTTGT 0.9984
GSH-S TTCGTCTACCTGCTGCAATG CGACGGTATTCGTTTCGTTIT 0.9987
H4 CGGAAGAGGAAAAGGAGGC GAGACCGGAGATACGCTTGAC 0.9967
HSP70 TGCGCATATCACTGAGGAAG ACCGTAACAGCAGGGTCAAC 0.9931
HSP90 CAACAAGCGTCTTGTGAGGA GGCGTACTCTTCTCCACTGC 0.9979
MC AACGAATTTCACCTGCATCC GCTCACTGTTCGTCCCAAAT 0.9977
PDCD4 GGACCAAGTGCCTACGATG CCAAACTAATCGCCCTCTT 0.9755
PTGDS AAAGAATGGCGGAGTGGGA GTCGCCACAATACCCGCATA 0.99
PTGES GAGTTGAAACCATGGTCAGGAG TGTGTATCAAGTAGCGCATCG 0.98
PTGTR GGAGAGCATTGGAGTCAGCA TTCGCCACCCTCTGAAATGT 0.98
RAB7A ATGGTGGTGTGAGGATGGTT CTACCTGCAACTTCGTCAGC 0.9587
RPS GAAATCATCTCTGCCGTTGAC CGGCAACTTGGTATTCAGG 0.986
SOD CTCTACCCCTTCGAGGCTCT AAGGCGTGGTTGTAGTGTCC 0.9985
TBP CAGCATGTTCCAAGTCTCGC GATTAAATTCAGTGTTGCGGC 0.9935
TSG101 CATCATCGCAATCATCCAAG ACTGTAAACTGCCGCTTGCT 0.9965
UB GTGATCGAAAATGGGATGATG CACGCGCTTCACTCAACTG 0.9741

2.5. Data Analysis and Statistics

Gene expression levels were quantified relative to the control condition (Veh) for each
timepoint using the Relative Expression Software Tool (REST, v2) [21]. For normalization,
we tested Actin (ACT), Elongation Factor 1 Alpha (EF1la), Histone H4 (H4), Ribosomal
Protein S (RPS), TATA-box Binding Protein (TBP), and Ubiquitin (UB) as reference genes.
Three different software tools—BestKeeper (v1) [22], NormFinder (v21) [23], and geNorm
(v3.4) [24]—were used to identify the most suitable reference genes in each experimental
set, following the approach described by Orefice et al. [19]. As regards the growth curve
experiment, the data obtained were plotted in a semi-logarithmic scatter plot (logjg), where
cell concentration (number of cells/mL) was reported as a function of time (days). For each
experiment, at least three replicates were performed, and all results are expressed as the
mean 3 SEM. Statistical significance was calculated with GraphPad Prism 8.0.1 (GraphPad
Software Inc., San Diego, CA, USA) using Student’s t-test, and p-values less than 0.05 were
considered statistically significant.

3. Results
3.1. Effects of PE N/MP Exposure on the Growth and Morphology of S. marinoi

Both concentrations of PE, PE 25 and PE 75, did not impair the growth of S. marinoi, as
all the cultures had comparable growth rates. The growth curves resulted in an exponential
phase lasting 5 days, followed by 2 days of stationary phase until day 7, when cells started
to exhibit a decline in viability. However, a statistically significant difference was observed
at day 6, when PE 25-exposed cultures reached a higher cell concentration compared to
both the Veh and PE 75 groups (Figure 1A). Microscopic inspection of S. marinoi cultures
exposed to PE N/MPs did not reveal clear or consistent morphological alterations when
compared to the Veh control (Figure 1B). Throughout the 10-day exposure period, cells
largely maintained their typical chain organization and chloroplast morphology. While
occasional variations in cell shape or chain length were observed, these appeared within
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the range of normal variability for the species. Overall, the optical microscopy observations
suggest that the treatments did not induce significant morphological effects under the
tested conditions.

Day 3

Day 7 Day 5

Day 10

Figure 1. Growth and Morphology of S. marinoi under PE N/MP Exposure: (A) Growth curve of
S. marinoi cultures exposed to 25 ug/mL (PE 25; blue) and 75 ug/mL (PE 75; red) of PE N/MPs, or
control Vehicle (Veh; green). Data are shown on a logjg scale. Statistical analyses were conducted
by unpaired two-tailed Student’s t-test (n = 3; mean £ SEM) with ** p < 0.05. (B) Representative
40x micrographs of S. marinoi collected at four key time points. Scale bar = 10 um.

Despite these findings, gene expression analyses revealed clear trends of molecular
responses to PE N/MP exposure, although statistical significance was reached only for a
subset of data points.

3.2. Stress and Inflammation Gene Responses in S. marinoi Exposed to PE N/MPs

Antioxidant and stress-related genes, including glutathione peroxidase (GPX), glu-
tathione oxidase (GOX), and glutathione reductase (GR), exhibited dynamic regulation in
response to PE N/MP exposure (Figure 2A).

Initially, these genes were suppressed at day 3 with respect to Veh (zero-line), followed
by a significant induction during the transition to the stationary phase (days 5-7), and
a partial return to baseline levels by day 10. Notably, exposure to PE 75 led to more
pronounced and significant changes in GPX, GOX, and GR activities, suggesting that the
higher concentration imposed a stronger oxidative challenge. In contrast, PE 25 induced
only limited or less consistent modulation, indicative of a milder stress response.

https://doi.org/10.3390/microplastics5010033


https://doi.org/10.3390/microplastics5010033

Microplastics 2026, 5, 33 7 of 16

>

GOX

o

o
o

|
o
o

Log, Normalized expression
)
°
Log, Normalized expression
Log, Normalized expression

N
)

4 T T T T T T T T
Da‘y 3 Da‘y 5 Da‘y 7 Day‘ 10 Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10

SOD GSH-S
§ . PE25
= PE75

«»

Log, Normalized expression
v L e 4 v W
L T 1 h ]
j *
r o
m
Log, Normalized expression
N
«

§
L § |

E

Log, Normalized expression

2 T T T T - T T T T -2 T T T T
Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10
B ALDH2
s . ABC AP
s Y mm PE25
52 5 2 . 5 29 = PET5
2 . s 2
2 8 1 & 15
s 1 S s
3 3 3
- 5 0 © 107
80 X I
T © — ‘© 4
g E 1 g 0.5
S - S S
2 s Z - : EXE
g 8 5 g
= -2 T T T T — = T T T T —-05 T T T T
Day3 Day5 Day7 Day10 Day3 Day5 Day7 Day10 Day3  Day5 Day7  Day 10
C HSP90 HSP70
@ PE 25
= PET75

Log, Normalized expression

Lo 4o v o
)

Log, Normalized expression

5 &

0.5
0.0
-2 T T T T -05 T T T T
Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10
D cox1 PTGES PTGDS
4 §
3

§§

w
24 1

1

1T

-10 -1 T T T T
T T T T T T T T
Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10

Log, Normalized expression
L o - ~
| T 1
‘
Log, Normalized expression
b o o 3
Log, Normalized expression

PTGTR

§ mm PE25

ﬁ,%i -

T T T T
Day 3 Day 5 Day 7 Day 10

®
]

o
1

IS
I

N
h

o
I

Log, Normalized expression

0
N}

Figure 2. RT-qPCR analysis of stress- and inflammation-related genes in S. marinoi exposed to PE
N/MPs. Gene expression changes are presented in panels grouped according to their main biological
functions: (A) Antioxidant defense: Glutathione peroxidase (GPX), Glutathione oxidase (GOX),
Glutathione reductase (GR), Catalase (CAT), Superoxide dismutase (SOD), Glutathione synthetase
(GHS-S); (B) Detoxification and transport: Aldehyde dehydrogenase 2 (ALDH2), ATP-binding
cassette (ABC), Alkaline phosphatase (AP); (C) Protein stress response/chaperones: Heat shock
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protein 70 (HSP70), Heat shock protein 90 (HSP90); (D) Prostaglandin metabolism and signaling:
Cyclooxygenase-1 (COX1), Prostaglandin D synthetase (PTGDS), Prostaglandin E synthetase (PTGES),
Prostaglandin transporter (PTGTR). In the histograms, black bars represent PE 25 and gray bars
represent PE 75. Values are reported on a logy scale, with the zero-line set as the Veh reference. All the
statistical analyses were conducted by unpaired, two-tailed Student’s t-test (n > 3; mean + SEM) with
*p <0.05,** p <0.005 and *** p < 0.001 for Veh vs. condition (black); § p < 0.05 and §§ p < 0.005 and
§8§ p < 0.001 for timepoint vs. timepoint (blue); # p < 0.05 and ## p < 0.005 for PE 25 vs. PE 75 (green).

Among anti-oxidative stress genes, catalase (CAT) transcripts were strongly induced
at days 3 and 5, with the highest expression observed under PE 75 exposure, followed
by a gradual decline toward or below Veh levels by day 10. Superoxide dismutase (SOD)
exhibited a similar pattern, with pronounced upregulation at day 5 under PE 75, decreas-
ing markedly at day 7, and reaching significant downregulation by day 10. Glutathione
synthetase (GSH-S) showed early and strong induction under PE 75 exposure, decreasing
below basal levels at days 5-7, and partially recovering by day 10 (Figure 2A). Physio-
logically, SOD serves as the first line of defense by converting superoxide radicals into
hydrogen peroxide (H,O;), which is then detoxified by both CAT and the glutathione
system [25]. In our PE N/MP-exposed samples, CAT was induced earlier than SOD. This
suggests that PE N/MP exposure may generate hydrogen peroxide or other ROS inde-
pendently of superoxide, prompting an immediate activation of CAT to neutralize these
reactive species. While HyO, could theoretically also arise from abiotic/photo-oxidation
of PE or interactions with the culture medium, under the experimental conditions used
(10-day exposure under standard artificial light), such abiotic contributions are expected to
be minimal. Therefore, the early CAT induction most likely reflects a cellular response to
ROS generated by the algal metabolism in response to PE N/MP exposure.

Detoxification-related genes, such as Aldehyde dehydrogenase 2 (ALDH2), showed
an early induction at day 3 under PE 75, suppression at days 5 and 7, and partial recovery
at day 10 (Figure 2B). Moreover, ATP-binding cassette (ABC) transporter and alkaline
phosphatase (AP) mirrored the temporal patterns observed in other gene categories. ABC
transporter was strongly induced at day 3 under PE 75 exposure, with PE 25 showing
expression levels close to Veh, followed by a steady decline over days 5-7, indicating
downregulation. AP expression remained largely unchanged, with only minor and variable
increases under PE 75 exposure (Figure 2B).

Heat shock protein 90 (HSP90) and Heat shock protein 70 (HSP70) are molecular
chaperones that assist in protein folding and protect cells from stress-induced damage.
HSP90 displayed modest increases from day 5 onward, becoming significantly different
from Veh only at day 10. HSP70 showed a consistent trend of upregulation over time,
although without attaining statistical significance (Figure 2C).

Prostaglandin-related genes, involved in inflammation and immune responses, in-
cluding cyclooxygenase-1 (COX1), prostaglandin E synthase (PTGES), prostaglandin D
synthase (PTGDS), and prostaglandin transporter (PTGTR), also displayed dynamic regu-
lation (Figure 2D). COX1 remained stable across all treatments and time points. PTGES
was transiently induced at day 3 under PE 75 exposure but showed high variability and no
consistent modulation at later time points. PTGDS was strongly upregulated at day 3 in PE
75-exposed cultures compared to both Veh and PE 25 groups, followed by a progressive
decline to near baseline levels by day 10. PTGTR exhibited a delayed response, peaking at
day 7, particularly under PE 75 exposure, before sharply decreasing by day 10.

Overall, these findings suggest that PE N/MPs elicit a concentration-dependent,
transient stress response in S. marinoi, occurring alongside the diatom’s natural growth
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cycle. High-dose exposure triggers robust but temporally limited defense mechanisms,
likely limited by the diatom’s intrinsic physiological trajectory.

3.3. Differential Expression Dynamics of Programmed Cell Death-Related Genes in Response to PE
N/MP Exposure

Expression analyses of programmed cell death (PCD)-related genes highlighted dis-
tinct molecular trajectories in response to PE N/MP exposure (Figure 3).

DCD MC
5 1.54
c 3 S
g 107
£2 &
I3 s 0.5
o K j T
O @ |
& i g 800 L
T g E -0.5-
= o
(e}
Z 0 Z-10-]
j=2)
8 S 5
T T T T — -1 - - T 1 —-15 T T T T
Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10 Day 3 Day 5 Day 7 Day 10
PDCD4 TSG101
5 4 Hm PE 25
@ §§
§88 @ 3 - = PE75
8§ 3
3
< 2 5
8 % #t
HE R
wx £ 4 .
Z 04 -
** ~ | L‘J T
D
§ S

T
Day 3

T
Day 5

*
T T T T T T
Day 7 Day 10 Day 3 Day 5 Day 7 Day 10

Figure 3. RT-qPCR analysis of PCD-related genes in response to PE N/MPs. In the histograms, black
bars represent PE 25 and gray bars represent PE 75. Values are reported on a log, scale, with the
zero-line set as the Veh reference. All the statistical analyses were conducted by unpaired, two-tailed
Student’s t-test (n > 3; mean = SEM) with * p < 0.05 and ** p < 0.005 for Veh vs. condition (black);
§p <0.05 and §§ p < 0.005 and §§§ p < 0.001 for timepoint vs. timepoint (blue); # p < 0.05 and
## p < 0.005 for PE 25 vs. PE 75 (green).

Development and Cell Death Domain protein (DCD) expression remained largely
stable, with the only notable change being a transient downregulation at day 5 in PE 75. At
later time points (days 7-10), both PE 25 and PE 75 showed a trend toward upregulation,
although differences did not reach statistical significance. Death-specific protease (DSP)
showed a significant induction at day 7, reaching comparable levels in both PE 25 and
PE 75 relative to Veh. By day 10, DSP remained elevated in PE 75 (even if not statistically
significant), whereas PE 25 tended toward the Veh baseline. Metacaspase (MC) expression
showed modest fluctuations, with a slight induction at day 7 in both treatments, followed
by repression at day 10, consistent with the observed culture decline. Programmed cell
death 4 (PDCD#4) followed a distinct biphasic trend, characterized by downregulation at
day 3—particularly under PE 75—followed by a progressive increase that culminated in a
moderate—though not statistically significant—upregulation by day 10, coinciding with
higher levels of aging-related stress. Finally, Tumor Susceptibility Gene 101 (TSG101) was
initially repressed at day 3 in both treatments and significantly upregulated at day 7 under
PE 25, with respect to Veh. Notably, by day 10, TSG101 exhibited a further increase, although
not statistically significant, possibly reflecting persistent late-stage activation. Collectively,
these profiles suggest that moderate exposure (PE 25) supports a more coordinated and
transient activation of PCD-related pathways, whereas high exposure (PE 75) elicits an
unbalanced response, with delayed and sustained activation of pro-death signals during
the terminal growth phase.

https://doi.org/10.3390 /microplastics5010033


https://doi.org/10.3390/microplastics5010033

Microplastics 2026, 5, 33 10 of 16

3.4. Expression Analysis of Candidate CAZyme Genes Implicated in EPS Biosynthesis

RT-qPCR analysis revealed that exposure of S. marinoi cultures to PE N/MPs sig-
nificantly affected the expression of putative genes possibly involved in EPS secretion
pathways (Figure 4).
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Figure 4. RT-qPCR expression profiles of candidate CAZyme genes related to EPS biosynthesis. In
the histograms, black bars represent PE 25 and gray bars represent PE 75. Values are reported on a
logy scale, with the zero-line set as the Veh reference. All the statistical analyses were conducted by
unpaired, two-tailed Student’s t-test (n > 3; mean &+ SEM) with * p < 0.05 and ** p < 0.005 for Veh vs.
condition (black); § p < 0.05 for timepoint vs. timepoint (blue).

Fucosyltransferase (FT) showed a downregulation trend at early time points, with
statistical significance at Days 7 and 10 for PE 25, whereas Beta-1,4-galactosyltransferase 1
(B4GALT1) exhibited a decrease at Day 3, which reached significance at Day 7 for PE 75.
Overall, both genes showed a recovery trend toward baseline expression by Day 10. Given
their role in glycosylation and elongation of complex carbohydrates, this repression sug-
gests an initial impairment in the biosynthetic machinery for EPS, which in diatoms is
crucial for aggregation, biofilm formation, and particle interactions. The observed down-
regulation may thus reflect a stress response leading to reduced EPS production in the early
stages of PE N/MP exposure. In contrast, Ras-related protein Rab-7a (RAB7A), a regulator
of vesicular trafficking, displayed high variability without clear significant changes, yet
its role in endosomal transport suggests that subtle modulation of trafficking processes
cannot be excluded, potentially affecting the delivery of EPS-related enzymes or polysac-
charides to the cell surface. It should be noted that, among the genes analyzed, only FT and
B4GALT1 can be classified as bona fide CAZymes directly implicated in glycosylation. In
contrast, RAB7A, while not a glycosyltransferase, may indirectly affect EPS production by
modulating vesicular transport and secretion of EPS-related enzymes or polysaccharides.
Interestingly, RAB7A displayed a deregulation pattern similar to PDCD4 and TSG101 genes,
which are involved in vesicular trafficking and cellular stress responses, suggesting a possi-
ble activation of membrane remodeling and autophagy-related pathways at later exposure
stages. Together, these data support the view that PE N/MP exposure might transiently
disrupt glycosylation and secretion pathways, potentially impairing EPS production and
remodeling in S. marinoi.

4. Discussion

Diatoms of the genus Skeletonema, including S. marinoi, play a pivotal role in primary
carbon fixation and in regulating oceanic biogeochemical cycles. Increasing evidence indi-
cates that these diatoms are sensitive to perturbations induced by N/MPs [26,27]. Similar
stress responses occur under environmental drivers like nutrient or silicate limitation [28,29].
These observations highlight the interplay between plastic stress and natural environmental
constraints in shaping diatom responses. Within this context, our study investigated the
physiological and molecular effects of exposure to PE N/MPs in S. marinoi. Continuous
exposure for 10 days did not significantly alter overall growth trends and morphology, yet
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transcriptional signatures emerged. Growth curves showed no persistent inhibition, but a
transient increase in cell number was observed on day 6 at the lower concentration (PE 25).
This finding is consistent with reports that moderate N/MP exposure often spares growth
in microalgae [30]. A plausible explanation is that a mild oxidative challenge triggered a
timely activation of antioxidant defenses, transiently enhancing resilience in a hormetic-like
manner-a phenomenon also described in other microalgae under sublethal stress. How-
ever, this short-lived “physiological boost” was followed by a decline, consistent with the
natural transition toward the stationary and death phases. Microscopy has previously
revealed shorter chains, irregular chloroplasts, and cell shrinkage in microalgae exposed
to N/MPs [31,32]. In contrast, in our S. marinoi cultures, no significant morphological
alterations were detected under optical microscopy. However, optical microscopy provides
limited resolution and may not capture fine-scale structural changes, such as alterations in
frustule ultrastructure or subcellular features. More detailed imaging techniques, such as
electron microscopy, would be required to fully assess subtle morphological responses to
PE N/MP exposure.

Interestingly, at the molecular level, PE N/MP exposure interfered with stress- and
antioxidant-related pathways in a concentration-dependent fashion. Key enzymes such as
CAT, SOD, and glutathione-related proteins (GPX, GOX, GR, GSH-S) displayed biphasic
expression patterns, with early induction followed by attenuation or downregulation. This
dynamic mirrors responses reported in Thalassiosira pseudonana exposed to PS MPs [33],
supporting the idea of a conserved oxidative stress program across diatoms. Heat shock
proteins (HSP70, HSP90) were progressively induced, consistent with proteostatic adjust-
ments. The timing of these responses, coinciding with the transition from exponential to
stationary growth, suggests that PE exposure amplifies the physiological stress already
imposed by nutrient depletion and population density.

Beyond antioxidant defenses, the regulation of prostaglandin-related genes (COX1,
PTGES, PTGDS, PTGTR) points to an inflammatory-like signaling dimension in S. marinoi.
Their transient upregulation strengthens the emerging view that diatoms employ oxylipin-
based pathways as part of stress and defense responses [34] and that plastics may act as
bioactive stressors rather than inert pollutants. Furthermore, oxidative stress in diatoms can
drive the accumulation of lipid peroxidation products such as isoprostanoids, as reported
in Phaeodactylum tricornutum. Even in species lacking canonical prostaglandin synthesis
pathways, these non-enzymatic compounds accumulate, underscoring the chemical com-
plexity of diatom stress responses [35]. Interestingly, exposure to PE N/MPs resulted in
specific upregulation of PTGDS, whereas COX1 expression remained unchanged. This
pattern suggests that the regulation of prostaglandin biosynthesis in this case may occur
primarily at the level of the terminal synthase rather than the upstream cyclooxygenase.
COX1, often constitutively expressed, may provide sufficient substrate (PGH,) for PTGDS
activity, while the selective induction of PTGDS could represent a rapid mechanism to
increase PGD; production in response to PE N/MP-induced stress, without the need to
modulate COX1 transcription.

An interesting outcome of this study is the transcriptional modulation of programmed
cell death (PCD)-related genes, which followed distinct temporal trajectories. At high
exposure (PE 75), late upregulation of PDCD4 and TSG101 was observed, coinciding with
culture decline. Although these increases were not statistically significant, they suggest a
trend whereby PE N/MPs may accelerate senescence and promote maladaptive activation
of cell death programs. Conversely, the moderate exposure (PE 25) produced a more
transient and coordinated activation of PCD markers, resembling an adaptive strategy to
cope with stress. Similar dysregulation of PCD has been reported in other microalgae under
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plastic exposure [36], highlighting the ecological relevance of PCD in bloom termination
and carbon export.

A novel important aspect of our study is the downregulation of candidate CAZyme
genes, particularly FT and B4GALT1, during the initial phases of PE N/MP exposure
(days 3-7), suggesting impaired EPS biosynthesis. EPS underpins diatom ecology by me-
diating aggregation, biofilm stability, and particle interactions [37,38]. Their repression
under early PE N/MP exposure could collectively reduce aggregation capacity and hinder
vertical fluxes, thereby weakening the biological carbon pump. From an ecological per-
spective, reduced EPS production may also alter colony morphology and chain formation,
potentially influencing grazing susceptibility and predator-prey interactions. Previous
work has shown that plastics can modulate EPS quantity and composition, altering hetero
aggregation with particles and the sinking flux of organic carbon [39,40]. It should also be
noted that abiotic factors can enhance EPS productivity in several microalgal species, since
EPS secretion can function as a protective response to environmental stress [41]. Based
on this framework, one might have expected to observe an increase in EPS production
under PE N/MP exposure as well. This apparent discrepancy highlights the complexity
of EPS regulation in diatoms. Moreover, only three CAZyme genes were analyzed in our
study; while they are very likely to be directly involved in key steps of glycosylation and
EPS biosynthesis and provide insight into core molecular responses, they do not represent
the full EPS biosynthetic network. Importantly, CAZymes have never been functionally
characterized in S. marinoi, nor, to our knowledge, in diatoms in general. This study, there-
fore, represents the first targeted analysis of EPS-related CAZymes in S. marinoi. These
three genes were among the few with reliable annotation and robust expression in the
transcriptome available at the time of the study. With the recent sequencing of the S. marinoi
genome, more comprehensive and accurate annotation will soon allow a deeper exploration
of the full EPS biosynthetic network. Additionally, the study relied exclusively on molec-
ular analyses to infer EPS production, as direct biochemical quantification in S. marinoi
is technically challenging due to its small size, dynamic EPS secretion, and the lack of
established protocols. Consequently, extrapolation of gene expression patterns to actual
EPS output should be made with caution. Broader transcriptomic or enzymatic analyses
will be addressed to describe the complete complexity of EPS production in diatoms and to
clarify the impact of PE N/MP exposure on S. marinoi.

Taken together, our findings indicate that PE N/MPs elicit subtle yet multifaceted
effects in S. marinoi. Although population growth was not strongly inhibited, plastic
pollution modulated stress and detoxification pathways, inflammatory signaling, PCD
activation, and EPS biosynthesis. These responses were concentration-dependent and tran-
sient, reflecting both the plasticity of diatom stress responses and the risk of maladaptation
under sustained or high-intensity exposure. Future work should integrate transcriptomic,
proteomic, metabolomic, and live-cell imaging approaches to validate the functional and
biological impact of the transcriptional changes and to assess whether similar responses are
conserved across diatom taxa. Finally, it is important to acknowledge the main limitations
of this study. Firstly, the concentrations of PE N/MPs we employed might be higher
than those typically occurring in the marine environment; however, given the current
lack of precise quantification of N/MP levels in the Mediterranean Sea and their expected
variability between more and less polluted areas, we deliberately adopted elevated concen-
trations to highlight the potential effects on the diatom. Moreover, we focused on spherical,
well-characterized PE particles to ensure reproducibility and mechanistic clarity. How-
ever, plastics in the environment occur in diverse and irregular forms, such as fibers and
fragments, which may interact differently with diatom frustules and EPS matrices. These
heterogeneous shapes, common in real-world matrices, could elicit distinct or complemen-
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tary responses, and future research should address their ecological relevance. Moreover,
investigating the combined effects of plastics with other environmental stressors—such
as nutrient limitation, metal contamination, or ocean acidification—will be essential to
capture the complexity of diatom responses in natural systems. Finally, short-term expo-
sure limits our understanding of potential long-term or evolutionary effects, and findings
from S. marinoi may not be directly generalizable to other diatom species or phytoplankton
groups. Future studies integrating biochemical, physiological, and ecological endpoints
over longer time scales and under more realistic environmental conditions are needed to
fully assess the implications of PE N/MP exposure for diatoms.

5. Conclusions

This study demonstrates that S. marinoi exhibits a multifaceted response to continuous
exposure to PE N/MPs. While overall growth and morphology were not markedly af-
fected, PE N/MP exposure induced modulation of antioxidant and stress-related pathways,
transient impairment of EPS biosynthesis, and activation of PCD markers. These effects
were concentration-dependent and largely dynamic, highlighting both the resilience and
the vulnerability of diatoms when coping with plastic-induced stress. Given the ecological
importance of S. marinoi in primary production, aggregation processes, and carbon export,
such responses may have broader implications for bloom dynamics and biogeochemical
cycles in plastic-polluted oceans. Future studies should address environmentally realistic
plastic morphologies and their interactions with additional stressors to better predict the
fate of marine diatom populations under global change scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

ABC ATP-binding cassette

ACT Actin

ALDH2 Aldehyde dehydrogenase 2
AP Alkaline phosphatase
B4GALT1 Beta-1,4-galactosyltransferase 1
CAT Catalase

CAZy Carbohydrate Active enZymes
COX1 Cyclooxygenase-1

DCD Cell Death Domain protein
DSP Death-specific protease

EFla Elongation Factor 1 Alpha

EPS Extracellular polymeric substance
FT Fucosyltransferase

GOX Glutathione oxidase

GPX Glutathione peroxidase

GR Glutathione reductase

GSH-S Glutathione synthetase

H4 Histone H4

HSP70 Heat shock protein 70
HSP90 Heat shock protein 90

MC Metacaspase

MPs Microplastics

NPs Nanoplastics

PDCD4 Programmed cell death 4
PE Polyethylene

PS Polystyrene

PTGDS Prostaglandin D synthase
PTGES Prostaglandin E synthase
PTGTR Prostaglandin transporter
RAB7A Ras-related protein Rab-7a

ROS Reactive oxygen species
RPS Ribosomal Protein S
RT-gPCR  Real-time quantitative PCR
SOD Superoxide dismutase
TBP TATA-box Binding Protein
TSG101 Tumor Susceptibility Gene 101
UB Ubiquitin
Veh Vehicle
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