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ABSTRACT: The threat and predominance of microplastics Can Alternaria alternata remove (and degrade) microplastic (MP)?
(MPs) in marine environments has prompted a growing interest , I
in their interactions with microorganisms that naturally colonize i °”°eﬂtratign analysig

: .. 24hr

them (ie., the plastisphere). This study investigates the interaction
of Alternaria alternata—a fungus native to the Mediterranean ge?
Sea—with polystyrene (PS) MPs, focusing on the potential of the ¢ ¢®:
fungus to remove and degrade MPs in seawater. We first designed
and constructed a custom laboratory setup in which an
immobilized benthic fungal mat, contained in temperature-
cont'rollefl gle.lss vials, was exposed to ~1.7. pHm Weatchered MPs A
ranging in size from 0.45 to 30 pm. This scenario emulates em? \
environmental conditions occurring in the benthic layer of seagrass

habitats. We observed a 96% reduction in PS MP particle
concentration within 24 h in the presence of a live fungus, which was significantly higher than the removal of the MP from
sedimentation or exposure to inactivated fungus. Micro- and nanoscale visualizations illustrate the capture and entrapment of MPs
within the fungal biomass. The fungus displayed selectivity, favoring PS over polyethylene terephthalate (PET) and polypropylene
(PP). Further analyses indicated the formation of a transformation product following interaction between the fungus and PS MPs,
indicating that active fungal interaction, rather than gravitational settling, was the dominant driver of MP removal. In addition,
thermogravimetric analysis revealed structural alterations within the fungal cell wall upon exposure to PS-based MPs, further
supporting the hypothesis of PS utilization by the fungus. Overall, this study offers new insights into the use of the fungus A.
alternata for the biological decomposition of PS MPs and serves as an effective natural method for removing MP from seawater
without disrupting the ecological balance.
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1. INTRODUCTION (PP), and polyethylene terephthalate (PET).® The substantial
presence of plastic waste in the marine environment raises
critical questions about plastic’s fragmentation, transport, and
overall ecological impact."”

In marine environments, plastic debris undergoes a range of
protracted weathering processes, including ultraviolet (UV)-
driven photodegradation, mechanical abrasions (e.g, wave-
induced fragmentation), thermal degradation, and biodegrada-
tion.” The confluence of these weathering processes leads to
the breakdown of larger plastic pieces into progressively
smaller particles, ultimately yielding microplastics (MPs) and
nanoplastics (NPs) within the micro- and nanosize ranges,

Plastic, prized for its versatility, tunability, lightweight nature,
durability, and affordability, has become ubiquitous across
numerous applications." However, these same advantageous
traits also contribute to plastic’s pervasive environmental
accumulation due to widespread consumption paired with its
slow decomposition.”” The ocean serves as the principal global
sink for plastic pollution. Plastic waste commonly enters water
sources and accumulates in oceanic regions, especially in those
with limited circulation and turnover.” In 2020, global oceanic
plastic accumulation ranged from 18 to 385 million metric
tonnes, with 9.8% of that accumulation settling to various
depths, including the seabed.” The Mediterranean Sea is

particularly vulnerable to plastic pollution due to its semi- Received: March 13, 2025
enclosed nature, heavily populated and busy coastline, and Revised:  June 7, 2025
limited outlets.® Annually, the Mediterranean accumulates up Accepted:  June 10, 2025
to 610,000 tonnes of plastic, with 94% sized within the micron Published: June 20, 2025

range.” Among the main classes of plastic polymers identified
in the Mediterranean Sea are polystyrene (PS), polypropylene
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respectively.'’ Environmental weathering alters plastic proper-
ties. Specifically, physical abrasion changes the plastic surface
texture, resulting in increased roughness and cracking, while
photodegradation results in oxidative surface functionalities. As
a result, weathered MPs disperse more widely than non-
weathered MP, facilitating the transport of these pollutants
throughout aquatic environments."'

In seawater, MPs interact with a diverse range of marine
organisms, from microorganisms to large fish and mammals,
serving as a substrate for microorganism colonization and
biofilm formation. This microbial community in close
proximity to plastic particles, termed the “plastisphere”,
constitutes a unique ecosystem characterized by reciprocal
interactions and influences on both plastic properties and
microbial activity."> While fungal interactions with plastics in
aquatic environments are of considerable interest, the
intricacies of the interactions within the plastisphere remains
understudied. However, limited field experiments have
suggested the strong impact of the fungal phyla Ascomycota
and Basidiomycota on PS and PE substrates in marine
environments. ”'* Once fungi colonize a plastic surface, both
intracellular and extracellular fungal enzyme systems may aid in
plastic breakdown.'”

The fungus Alternaria alternata, belonging to the Ascomy-
cota phylum (family Pleosporaceae), thrives in both terrestrial
and aquatic environments and is commonly found in the
plastisphere.'® Notably, this fungus demonstrates remarkable
adaptability to diverse conditions, including the Mediterranean
Sea, where it has been identified as a significant component of
the seagrass microbiome. Characterized by septate hyphae—
thread-like structures divided by cross-walls—A. alternata plays
a crucial role in microbial communities across various
ecosystems.'”'® Its adaptability enables it to survive and
colonize on substrates like plastic debris'” and studies have
demonstrated its potential for degrading PE and polylactic acid
(PLA) in marine settings.”’ Although its enzymatic capabilities
suggest a potential to degrade a broader range of plastics, its
efficacy on other plastics, particularly PS, remains unknown.
Additionally, interactions of marine fungi in general—and A.
alternata specifically—with MPs are rarely researched, despite
the greater abundance and wider distribution of MPs in the
marine environment compared to plastic waste. Such
interactions may lead to both accelerated plastic degradation
(due to the higher surface area-to-volume ratio of MPs) and
the entrapment of these plastic particles within fungi networks.
Interestingly, given A. alternata’s prevalence in seafloor
sediments, its interactions with aged MPs are more likely
than interactions with floating plastic debris,”" because aged
MPs are more readily dispersed throughout the water column
due to their oxidative surface modifications and reduced
hydrophobicity.”

This study investigated the potential of A. alternata in
removing PS MPs from seawater with a strong emphasis on
ensuring the environmental relevancy of the examined
conditions. A novel, custom-designed laboratory setup was
used, utilizing modified glass bottles with roughened bottoms
to enhance fungal adhesion and simulate natural marine
conditions. Weathered PS MPs were engineered using an
accelerated weathering protocol to mimic the environmental
properties of environmental MPs approximately one year old.
Removal of PS MPs by A. alternata was measured over time,
comparing results to removal by both sedimentation and
inactivated fungus (to decouple physical and biological
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phenomena). Biodegradation potential was assessed using
multiple indirect measures. Additionally, the fungus’s selectiv-
ity for different plastic types was evaluated. Our findings
highlight A. alternata’s potential as an effective, natural agent
for reducing MP concentrations and biodegrading PS MPs in
aquatic environments.

2. METHODS

2.1. Engineered Microplastic—Weathering Process
and Characterization. Polystyrene (PS)-based microplastics
(MP)—which will be named in short PS MP—were generated
following a top-down protocol outlined by Sarkar et al.”* PS
single-use forks were frozen overnight at —80 °C, mechanically
ground (Ika Werke M20, Germany), and sieved through a 100
pm stainless steel mesh. To simulate thermal effects, the
particles were heated to 70 °C for 24 h in a lab oven
(Carbolite, MRC, China). To induce photodegradation,
batches of 100 mg of MP powder were treated in a UV—
ozone chamber (ProCleaner, BioForce Nanosciences, USA)
for 5 h, with the powder mixed hourly to ensure uniform
oxidation across all particles. Lastly, the oxidized particles were
placed in a glass bottle containing S0 mL of deionized distilled
water (DDW) from Milli-Q Direct (Merck Millipore,
Germany) and subjected to probe sonication (QSonica, LLC
Q 125, USA) in an ice bath for 1 h, alternating 7 s on (70%
amplitude) and 3 s off. The same protocol was also applied to
polypropylene (PP)-based plastic and polyethylene tereph-
thalate (PET)-based plastic for the generation of PP MPs and
PET MPs (Figure S1 in the Supporting Information).

The resulting particles were size fractionated by sequential
filtration using 30 pm (Whatman, UK) and 0.45 ym nylon
filters (Merck KGaA, Germany). This procedure removed
particles larger than 30 ym and particles smaller than 0.45 pm,
including nanoparticles, which fall below the particle counter’s
lower detection limit of 1 gm. The resultant three size-
differentiated MP populations were disinfected in 100%
ethanol for 1 h, rinsed in DDW to remove any residual
ethanol, and then suspended in filter-sterilized artificial
seawater (ASW). ASW was made by mixing DDW with living
reef Red Sea salt, autoclaving the solution, and filtering
through a 022 um filter (Corning, USA). The resulting
particle solution was stored at 4 °C until used.

Surface oxidation was assessed using Fourier transform
infrared (FT-IR) attenuated total reflectance (ATR) spectros-
copy (Tensor 27, Bruker, USA). Spectra were recorded for the
particles in the range of 400—4000 cm™' with a spectral
resolution of 4 cm™! over 16 scans. For each measurement, 10
mg of oxidized particles were placed and compressed on the
ATR diamond, and the spectrum was normalized to the
background correlation spectrum. The degree of surface
oxidation was evaluated by calculating the carbonyl index
(CI), defined as the ratio of the absorbance of the carbonyl
group (1730 cm™') to that of the methylene group (1450
cm™"), following the method of Halle et al?

Particle morphology was assessed across multiple character-
ization methods. Changes in surface morphology were
examined using high-resolution scanning electron microscopy
(HR-SEM) (ZEISS, Gemini SEM 300, Germany). Prior to
HR-SEM imaging, the particles were placed on carbon tape
and sputter-coated with chromium (Quorum-150TS plus; UK)
for S min. To determine the surface charge of the particles, the
zeta potential of each sample was measured twice at 25 °C
using a zeta-sizer system (Malvern Instruments, UK). Particle
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size distribution and concentration were determined using a
Multisizer 4e particle sizer and counter (Beckman Coulter,
USA) equipped with a S0 ym aperture. To do so, a 500 uL
particle suspension was first diluted with 9.5 mL of ISOTON II
(Beckman Coulter, USA) to fit within the range of
quantification. Contact angle was measured by placing a
water droplet on the macroplastic surface and analyzing the left
and right contact angles from digital images.

2.2. Fungus Isolation and Identification. The fungus
was first observed and successfully isolated following a one-
year exposure of a PS MP slurry—originating from the same
ground-fork stock described above—in a seawater solution
subjected to natural environmental conditions on a rooftop.
The seawater was neither sterilized nor filtered, and the
samples were sealed. Therefore, the most likely source of the
fungus is the unprocessed sea salt used to prepare the seawater
solution. Significant growth of suspected filamentous fungus
was observed, and genomic sequencing using Operational
Taxonomic Unit (OTU) clustering against the SILVA database
(18S) identified the microorganism as A. alternata with 97%
sequence similarity. As plastic was the only carbon source
during the one year of environmental exposure, it is
hypothesized that the fungus used the plastic for energy.
Fungal isolates were purified through successive subcultures on
potato dextrose agar (PDA) supplemented with 0.5 mg/mL
chloramphenicol to inhibit bacterial growth. The fungus was
stored in 40% glycerol and 60% phosphate buffer at —80 °C.
The fungus’s zeta potential was determined from streaming
potential measurements with the analyzer SurPASS 3 electro-
kinetic (Anton Paar GmbH, Austria) equipped with a
conductivity probe and a pH electrode. Images of the fungus
were captured using an optical microscope (Eclipse LV100ND,
Nikon, Japan).

2.3. Experimental System. To achieve experimental
conditions that closely simulate the fungus’s natural habitat
in seagrass on the seabed and to facilitate its attachment to the
surface, a unique custom-made sterile bottle system was
developed. We modified 100 mL borosilicate glass bottles by
fusing S g of borosilicate glass shards onto the bottles’ inner
bottom surface using a technique known as tack fusing,
conducted at approximately 900 °C. This was followed by slow
annealing in a controlled oven environment, with a gradual
temperature decrease from 560 to 60 °C over a total duration
of 3 h. After removal of excess material, approximately 2.5 g
(£1.1) of fused glass remained in each bottle (Figure S3). This
system facilitated the repeatability of experiments and ensured
consistent conditions throughout the study. Additionally, a 3.5-
in,, 22 G needle was embedded in the bottle’s cork, securely
positioned at a uniform height in the center, to enable
consistent sampling of the solution from the bottles while
incurring limited disturbance to the experimental environment.

2.4. Fungal Culture Conditions. Fungus retrieved from
—80 °C freezer storage was cultured for 10—14 days on Petri
dishes containing 15 mL of PDA and supplemented with 0.5
mg/mL chloramphenicol to prevent bacterial contamination.
Once full growth was achieved, the fungal biomass was
collected using a scalpel, then vortexed in DDW and filtered
through a 100 pm filter. A mixture comprising 3 mL of the
fungal solution (0.335 g/L), 2 mL of potato dextrose broth
(PDB), and 15 mL of ASW (40 g/L salt) was prepared. This
mixture was placed in the custom-made sterile bottle system
and placed on a shaker incubator (LOM-80, mrc, UK) at 140
rpm at a controlled temperature of 25 °C. Within 10 days, the
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fungal filaments adhered to the bottom surfaces of the bottle
system, forming a biofilm and reaching an average mass of 2.11
+ 0.19 g per bottle. An illustration of the conditions of the
fungal culture is provided in Figure S4.

2.5. Microplastic Removal Experiments. Two exper-
imental groups were conducted in triplicate for testing removal
of each MP type: one group consisted of live fungus and the
other consisted of inactivated fungus. Inactivation of the
fungus was accomplished by immersing fungus within the
bottle system in 1 mL of bleach and 20 mL of DDW water
overnight, followed by thorough washing with sterile DDW to
remove any residual bleach and biomass. The bleach treatment
denatures cellular proteins and degrades extracellular poly-
meric substances through oxidative damage, effectively
eliminating fungal viability and associated organic matter.”
Additionally, three control groups were established in
duplicate: one with live fungus without MPs (to evaluate
leaching of particulate matter by the fungi), another with
inactivated fungus without MPs, and a third with PS MPs
alone (to assess gravitational settling). Before the onset of the
experiment, all bottles were rinsed with 20 mL of ASW. Each
experimental group received 70 mL of an ASW solution
containing 1.1 X 10° particles/mL of PS MPs, while control
groups without MPs were filled with 70 mL of sterile ASW.

Five sampling points were established at various time
intervals to assess particle removal and removal rates. A 500 uL
sample was extracted using the needle fixed within the system
(described above), diluted with 9.5 mL of ISOTON II
(Beckman Coulter, USA), and analyzed for particle size
distribution and concentration utilizing a Multisizer 4e particle
sizer and counter (Beckman Coulter, USA) equipped with a S0
pum  aperture. Particle concentration was also measured
indirectly by a turbidity meter (2100Q, HACH, USA). A 10
mL sample was taken from each bottle for turbidity
measurements and subsequently returned to its original
container. A calibration curve was generated to establish the
correlation between turbidity (in NTU) and concentration
(mL™') as measured by the particle counter, revealing a
proportional and linear relationship between turbidity and the
solution’s concentration (Figure S7).

2.6. Indications for Dual Fungus-Microplastic Inter-
actions. Capture and entrapment of MPs by the fungus was
imaged using HR-SEM. Before imaging, the fungus was
thoroughly washed multiple times with DDW to remove any
residual salt. The samples were then placed on a carbon tape
and sputter-coated with chromium prior to HR-SEM analysis.
Thermogravimetric analysis (TGA) was performed in a
temperature range from 40 to 650 °C at a heating rate of S
°C min~ in a nitrogen atmosphere (QS000 TA Instruments)
to analyze thermal changes that may occur to the fungus in the
presence of MPs.

Supernatants from a two-month experiment with PS MPs
and fungus (as well as control experiments of fungus alone and
PS MPs alone at similar conditions) were analyzed to account
for the generation of any MP degradation products. First, the
samples were diluted and examined with a UV-—visible
spectrophotometer (Shimazu 2600) in the 185—400 nm
range. Then, the same samples were analyzed using high-
performance liquid chromatography (HPLC, Agilent 1260
Infinity Series) coupled with a photodiode array UV—VIS
detector. A sample volume of 100 yL was injected into a
Poroshell 120 EC C18 (250 mm X 4.6 mm, 4 um) column
(Agilent Technologies, USA) at 30 °C. HPLC-grade MeOH
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Figure 1. (A) Fourier transform-infrared (FT-IR) spectroscopy of both weathered and pristine polystyrene (PS) microplastic (MP). (B) Scanning
electron microscope micrographs of weathered and pristine (inset) PS MP. (C) Particle size distribution of weathered and pristine PS MP
populations.
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Figure 2. (A) Removal kinetics of polystyrene (PS) microplastic (MP) from simulated seawater in isolation (purple) and in the presence of
inactivated fungi (red) and live fungi (black). Two additional control experiments were conducted to assess the particulate biomass contribution of
live (blue) and inactivated (green) fungi. (B) Removal kinetics measured indirectly via turbidity measurements. Inset provides a visual indication of
turbidity loss in the presence of the fungi compared to control sample of PS MPs only. (C) PS particle mean diameter at the onset and after 24 h of
interaction with a live fungus (black) and inactivated fungus (red) as well as in isolation (purple). (D) Light microscopy image of live fungus, (E)
PS MPs suspended in seawater solution, and (F) fungus with PS MPs in seawater (inset: close-up on fungus hyphae with adhered microplastic).
Removal kinetic experiments were conducted in triplicates, and error bars represent the standard deviation of particle count (or turbidity) results.

(Bio-Lab Ltd., Israel) and DDW with 0.1% acetic acid (Merck MPs. The inlet temperature was set to 250 °C with a splitless

KGaA, Germany) were used as the mobile phase. The elution injection for 1 min. A DB-S ms UI column (Agilent),
program started at 70% MeOH for 1 min, at which point the measuring 30 m X 250 gym X 0.25 um film thickness, was
70% MeOH decreased linearly to 50% MeOH over 9 min. The employed with a constant helium flow rate of 1.2 mL/min. The
flow rate was 1 mL min~". The absorption wavelength was set column oven temperature program began at 60 °C for 2 min,
to 270 nm. followed by linearly increasing the temperature by 10 °C/min
A gas chromatography—mass spectrometry (GC—MS) to 70 °C (maintained for 0 min) and then linearly increasing
system (Agilent 7890B GC coupled with 5977A MSD) by 20 °C/min to 320 °C (maintained for 0 min). The mass
equipped with a 7693 automatic liquid sampler was used to spectrometer operated in the scan mode from 45 to 450 amu at
investigate the potential emergence of new molecules in the a rate of 3.5 scans per second, with an ion source temperature
solution resulting from interaction between the fungus and PS of 250 °C. Extraction was performed by mixing the sample
4082 https://doi.org/10.1021/acsestwater.5c00299
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with hexane at a ratio of S mL of sample to 0.5 mL of hexane.
The mixture was vortexed for 30 s and subsequently
centrifuged at 4000 rpm for 5 min.

3. RESULTS AND DISCUSSION

3.1. Microplastic Characteristics. Polystyrene (PS)-
based plastic sourced from disposable plastic forks was
processed into environmentally relevant microplastic (MP)
particles using an accelerated weathering protocol which
utilizes laboratory instrumentation to apply mechanical,
thermal, and oxidative degradation mechanisms, based on
Sarkar et al.”* Figure 1 illustrates the surface physicochemical
characteristics of PS particles before and after weathering. The
Fourier-transform infrared (FT-IR) spectra (Figure 1A) of the
weathered particles illustrate a peak at wavelength 1730 cm™,
which is not present in the spectrum for the untreated
particles. This peak signifies the formation of carbonyl
functional groups in the polymer during the particle oxidation
within the weathering process.”® The carbonyl index (CI) is
used to evaluate the extent of polymer photodegradation and
aging and is determined by calculating the ratio between the
absorbance area of the 1730 cm™" wavelength peak and that of
the reference peak at 1450 cm™ associated with CO,. Here,
the CI showed an increase of 0.43 after weathering, which
signifies advanced stages of oxidation, slightly lower than that
of semienvironmental PS plastic which has degraded for 11
months, as showed in other studies.”>** In addition, weathered
PS was more hydrophilic compared to pristine PS (Figure S2)
which stands in line with the oxidation effect on the MP
physicochemical characteristics.

Figure 1B illustrates a scanning electron microscopy (SEM)
micrograph of a treated MP particle, characterized by a rough
and cracked surface from the weathering protocol. In contrast,
the inset depicts a pristine, smooth-surface particle derived
from ground polystyrene forks (no weathering protocol). The
formation of microcracks and fragmentation found on the
treated MP particles increased their surface area, which—
combined with the presence of functional groups such as
carbonyls—closely resembles characteristics of MPs in marine
environments. This similarity enhances the relevance of this
research to environmental studies."' Furthermore, these
characteristics increase the susceptibility of the particles to
further degradation mechanisms and creates favorable
conditions for the attachment of microor§anisms and
subsequent potential biological decomposition.”” Size distri-
bution analysis (Figure 1C) indicates a mean particle diameter
of 1.75 pm of the weathered PS MP, confirming that the
particles were sieved properly, as this study focuses on the
interaction between fungi and microparticles within the
targeted size range of 0.45 to 30 pm.

3.2. PS Microplastic Removal Experiments. The
efficacy of MP removal from water by the fungus A. alternata
was examined kinetically. Figure 2A shows a 96% reduction in
PS particle concentration within 2 h of interaction with live
fungus, decreasing to 0.44 X 10° particles per mL after 24 h (a
kinetic constant of 2.14 h™, Figure SS and Table S1). The
control groups, on the other hand, had much lower kinetic
rates; the fungus alone incurred a negligible contribution of
particles at the size range measured, while PS MPs alone
resulted in 36.8% removal of particles within 24 h probably due
to gravitational sedimentation (kinetic constant of 0.22 h™,
Figure S5 and Table S1). This MP sedimentation rate exceeds
the theoretical prediction by Stokes’ Law, likely due to non-
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spherical shapes and heterogeneous size distribution. Con-
versely, an 85% decrease in particle concentration was
observed in the presence of inactivated fungus (0.66 h7',
Figure SS and Table S1), likely reflecting passive physical
interactions such as surface entrapment or adhesion to residual
cell structures. Since the inactivation process included
oxidative bleaching, which removes both fungal viability and
extracellular organic matter, this condition serves as a stringent
control for nonbiological MP removal, allowing clear evidence
for the active biological removal obtained with the live fungus
treatment.

Not surprisingly, the mean size of MPs remaining in the
supernatant (~1.7 ym) did not decrease following the control
experiments (i.e., in the presence of PS MPs alone, Figures 2C
and S6). The presence of fungus (live or inactivated) resulted
in a decrease in mean size diameter in the supernatant (1.17
and 1.26 um, respectively), which suggests preferential
interaction with a larger MP population. This comparative
analysis of the groups suggests that genuine biological
processes are occurring, and the fungi are actively removing
particles from the water by attachment to the fungal biomass.

Quantifying particle concentration to evaluate MP removal
might often be a challenging task outside of a laboratory
setting. Therefore, we explored indirect turbidity measure-
ments as an indicator of MP concentration over longer time
frames. The calibration curve correlating concentration values
to turbidity measurements is presented in the Supporting
Information (Figure S7). The presence of live fungus resulted
in a 95.2% reduction in turbidity after 6 days (Figure 2B),
corroborating the decreases in concentration observed in the
removal experiments. In contrast, existence of particles alone
(no fungus) exhibited only a 27% decrease in turbidity over the
same period, due to gravitational settling. The inactive fungus
also drove a decrease in turbidity, though at a slower rate,
achieving 88% removal of the PS MPs. Even after 9 days, a
substantial disparity in turbidity was observed between the
sample containing inactive fungus and the one with live fungus,
highlighting the superior particle removal capabilities of the
living fungal biomass. Notably, the solutions that included
fungus and PS MPs were markedly clear, as visually depicted in
the inset of Figure 2B. One should note that while the turbidity
measurements offer a faster and simpler technique than
quantifying concentrations directly, technical aspects of
measuring turbidity (such as the need for large volumes of
solution) may require adjustments in the setup and online
sampling. Moreover, turbidity can also result from non-MP
sources such as spores, bacterial cells, or other particulates, and
should not be overinterpreted as a direct measure of MP
concentration without proper validation. While this study
accounted for such variables, future applications should include
complementary methods to ensure specificity.

Qualitative analysis using an optical microscope visualizes
the MP-capturing phenomenon. The fungus in isolation
displays typical branched filamentous hyphae (Figure 2C).
The PS MP population suspended in the solution (Figure 2D)
illustrates a size range between 0.45 and 30 ym and a mean
particle diameter of 1.9 um, similar to the particle distribution
in Figure 1C. Following a 24 h experiment interacting the
fungus with the PS MPs, there is clear evidence of the presence
of particles along the fungus filamentous hyphae (Figure 2F),
which effectively capture and retain the scattered particles, as
illustrated in the high-magnification inset image.
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Figure 3. (A) Comparison of weathered microplastic (MP) removal across common plastic types, including polystyrene (PS), polypropylene (PP),
and polyethylene terephthalate (PET), by measuring MP concentrations at the onset of experimentation and again after 24 h. (B) Zeta potential of
a live fungus, as well as weathered PS MP, weathered PP MP, and weathered PET MP. (C) Contact angle of weathered PS (blue), PP (green) and

PET (red) macroplastics.

3.3. Plastic-Type Selectivity. The selectivity of the fungus
toward various plastic types was investigated in a comparative
experiment involving three types of polymeric bases commonly
found in the marine environment: PS, polypropylene (PP),
and polyethylene terephthalate (PET). Each type of plastic was
subjected to the same accelerated weathering protocol used for
PS MPs (Figures S1 and S8 illustrates PP and PET MP
characteristics before and after weathering). Figure 3A
illustrates the concentration of remaining particles in a
seawater solution after 24 h, both in the presence of the
fungus and in its absence. The results, as shown in Figure 3A,
indicate that PS MPs exhibit the highest removal rate of 95%,
similar to the kinetics experiment, followed by PET MPs with
86% removal, and PP MPs with 46% removal.

To assess the influence of gravitational sedimentation or
flotation on these results in the absence of fungal activity,
control groups containing only particles were also tested for
particle removal. In the control groups, PS, PET, and PP
particle removal rates were 33%, 65%, and 67%, respectively.
The high removal rate observed for PP MPs is primarily
attributed to their low density (0.83 to 0.85 g/cm’), which
causes them to float on the water surface rather than settle.
This buoyancy minimizes their interaction with the fungus
residing at the bottom. Thus, only 46% removal was observed
for PP MPs in the live fungi condition, reflecting the two
competing mechanisms—fungal activity and flotation—and
the dominance of the latter. In contrast, while PET MPs
exhibit a relatively high gravitational settling rate (due to their
high specific density, 1.37—1.45 g/cm®), the enhanced
likelihood of passive interaction with the fungal biomass was
not expressed in removal rates by the fungus (86% compared
to 95% for PS MPs). PS MPs—with a density of 1.04—1.08 g/
cm?, which closely matches that of seawater (1.03 g/cm?®)**—
were in fact the ones that were most effectively removed by the
live fungus. These findings underscore the specificity of fungal-
mediated MP removal toward PS MPs.

Zeta potential analysis (Figure 3B) was conducted to
investigate potential electrostatic interactions between the
fungus and the three types of plastics examined, aiming to
further explain the observed selectivity in the experiment. The
results indicated that PS and PET MPs carry a significantly
more negative charge compared to PP MPs. While the neutral
charge of the fungus suggest that electrostatic interactions are
not the main drivers for the selectivity phenomena, literature
suggest that such neutral zeta potential on the fungus reflects a
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balance of positively and negatively charged surface compo-
nents, allowing localized cationic regions (e.g., proteins or
amine-rich molecules) to possibly engage in microscale
electrostatic interactions with negatively charged plastics.”” ™"

Hydrophobic interactions were also hypothesized as a
possible factor in fungal-MP interactions. Contact angle
analysis shows that PP MPs are more hydrophobic compared
to PS and PET MPs. However, while this trend follows the
settling trends observed, it cannot explain the (hydrophobic)
fungus selectivity. Since neither surface hydrophobicity nor
overall zeta potential fully accounts for the preferential removal
of PS MPs, we propose that the experimental setup—which
mimics natural and realistic conditions in the ocean—is driving
selectivity, limiting effective contact between buoyant particles
and the benthic fungal biomass, thereby restricting bioactive
removal.

3.4. Microplastic Removal Mechanism. The removal of
PS MPs by the fungus was found to be affected by the fungus
viability (i.e., lower removal rates with inactivated fungus as
compared to active fungus), but the removal mechanism
should be further explored. As the PS MPs removal was most
significant as compared to the other plastics, the mechanistic
study was conducted with PS. The first visual indication by
SEM micrographs (Figure 4) substantiates the conclusions
drawn from the removal experiments, demonstrating that the
fungus actively captures PS MPs by trapping them within the
fungal biomass, comprising both the fungal body and its
secretions. In Figure 4A, the fungal filaments envelop the
particle, while Figure 4C presents a close-up view of PS MP
particles embedded and entirely encapsulated by a proteina-
ceous substance secreted by the fungus, which is most likely
part of the extracellular enzymatic system.”” A. alternata is
known to produce a complex array of extracellular enzymes,
including laccases and peroxidases, which have been suggested
to be involved in the degradation of synthetic polymers such as
polyethylene.”** These oxidative enzymes are suggested to
initiate the breakdown of the polymer chains and facilitate
further degradation.” Additionally, A. alternata secretes
hydrolytic enzymes like esterases and hydroxylases, which
play roles in the depolﬁymerization and assimilation of plastic
degradation products.’

Beyond enzymatic activity, the fungus produces extracellular
polymeric substances (EPS), comprising polysaccharides,
proteins, lipids, and nucleic acids. These EPS components
contribute to biofilm formation and enhance the fungus’s
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Figure 4. Scanning electron microscope (SEM) micrographs of a
typical interaction between polystyrene (PS) microplastic and live
fungi (A—C) and inactivated fungi (D).

ability to adhere to and interact with hydrophobic plastic
surfaces.”” The EPS matrix not only facilitates the physical
entrapment of MPs but also creates a microenvironment
conducive to enzymatic degradation.’®

Figure 4D show a representative SEM image of a PS MPs
particle lying on the surface of an inactivated fungus. The

particle appears to rest arbitrarily on the fungal body structure
and is not encased in a network of proteins or enzymes. This
observation supports the assertion that the living fungus traps
particles within its biomass, facilitating MP decomposition. It
should be noted that in order to capture SEM images of the
samples, numerous washings with distilled water were
performed to eliminate salt. Despite extensive washing, the
persistence of particles within the matrix of live fungus
indicates strong adhesion. Conversely, after washing the
inactivated fungus, it was challenging to identify particles
that remained attached.

Due to the small, microscopic particle size (mean of 1.75
um), direct separation of particles from fungal biomass
presented significant challenges. Therefore, plastic decom-
position and its use by fungus as a carbon source were
investigated through indirect analyses. In particular, we
investigated the potential emergence of new molecules in the
seawater solution resulting from fungal exposure to PS MPs
and analyzed the changes in fungal composition.

Gas chromatography—mass spectrometry (GC—MS) anal-
ysis revealed the presence of dissolved organic molecules in a
fungal solution spiked with PS MPs. As illustrated in the
chromatogram in Figure S9, two peaks emerged following the
interaction between the plastic and the fungus, which were
absent in solutions containing either PS MPs or fungus alone.
The first peak at S.1 min (Figure S10) could not be
unambiguously identified and was not matched to a specific
molecule. However, it can be asserted with high confidence
that its molecular peak is at 176 m/z, and it likely contains one

o Fungi alone
w0 o -
- PS MP only
e Fungi + PS MP
100+ 133
/O
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50+
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51 79 91
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. LI T AT | W R TR | R BN
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Figure 5. (A) Gas chromatography—mass spectrometry (GC—MS) chromatogram of extracted ion m/z = 134 with a peak at 7.48 min observed
only in samples with fungus and polystyrene (PS) microparticles (MPs) together. (B) Electron ionization mass spectrometry (EIMS) spectrum of
the peak at 7.48 min for the fungus with PS MPs sample shows a 90% match with the NIST library, identifying the compound as

dimethylbenzaldehyde.
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or two silicon atoms, which may have originated from the
borosilicate bottles. The peak at a retention time of 7.485 min
(Figure SA) was identified (as a 90% match) as dimethylben-
zaldehyde with 134 m/z as the molecular peak (Figure SB).
While benzaldehyde is a well-established oxidative degradation
product of polystyrene, typically formed via thermo-oxidation
or, its methylated derivative—dimethylbenzaldehyde—result
from a biologically mediated transformation.

The methylation reaction of benzaldehyde requires very
specific conditions such as enzymatic mediation, and it is
possible that benzaldehyde could function as a starting point in
a complex multistep biosynthetic pathway within the fungus.
This pathway may involve various enzymatic transformations
leading to the formation of dimethylbenzaldehyde,™ which is
observed following the fungal interaction with PS MPs.

Certain fungal species within the Ascomycota phylum have
demonstrated the ability to metabolize aromatic aldehydes,
utilizing them as carbon sources and energy. This metabolic
capability is especially prominent in fungi isolated from
environments subjected to hydrocarbon pollution.*” Numer-
ous aromatic aldehydes, such as dimethylbenzaldehydes, are
involved in various biological processes, functioning as
signaling molecules, intermediaries in metabolic pathways, or
constituents of more complex molecules with biological
functions. Consequently, the emergence of this molecule
upon fungal exposure to PS MPs likely represents a partial step
in a more extensive biological process. This suggests a chemical
interaction between the fungus and the particles, indicating the
potential for further biodegradation.

Spectrophotometric analysis provided additional evidence of
the existence of dissolved organic molecules in a fungus
solution spiked with PS MPs, as an adsorption peak appeared
around 270 nm following the interaction of the fungus with PS
MPs, in contrast to solutions containing PS MP alone or
fungus alone (Figure S11). High-performance liquid chroma-
tography (HPLC) analysis also revealed a prominent
absorptive peak at 270 nm at a retention time of 6 min that
was exclusively observed in the water sample containing A.
alternata fungus and PS MPs together (Figure S12). In
contrast, this peak was absent in samples containing either the
fungus or the PS MPs alone. This peak suggests the presence
of molecules potentially released following a chemical
interaction between the fungus and the plastic, providing a
preliminary indication of decomposition products in the
solution.

Thermogravimetric analysis (TGA) was used to show
variations (measured as a function of increasing temperature)
in the physical and chemical properties of the fungus in the
presence of MPs. In a separate experiment, the fungus was
exposed to a higher concentration of PS MPs (6 X 10° particles
per mL) over a duration of two months to allow for
measurable thermal analysis. Calculations (eq S1) estimate
that PS MPs composed approximately 0.04% of the treated
fungal sample. This negligible mass contribution of the MPs,
together with the plastic degradation at relatively high
temperatures (~300 °C, blue curve in Figure 6), allows us
to refer to the thermal changes occurring at lower temperatures
as changes within the fungal biomass rather than additive
thermal effects.

As illustrated in Figure 6, the highlighted temperature range
exhibits a notable difference between the fungus treated with
PS MPs and the untreated fungus. The decrease in mass in the
25—120 °C range is mostly related to the release of adsorbed
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Figure 6. Thermogravimetric analysis (TGA) of the fungus alone

(black), fungus that has interacted with polystyrene (PS) micro-
plastics (MPs, red), and PS MPs only (blue).

water that is present even in dried samples. The second
decrease in mass within the 120—250 °C range is related to the
degradation of polysaccharide side chains alone (such as a-
glucans) or in glycoproteins, mainly branched glucomannan.*!
The changes observed suggest an alteration in the cellular
structure of the fungus following PS exposure, indicating a
potential active interaction with the particles and the possibility
of their assimilation by the organism. These components are
critical for various functions, contributing to the overall
strength and flexibility of the fungal cell wall, and are essential
for fungal survival, environmental interactions, adhesion, and
biofilm formation.*” A reduction in the thermal stability of
polysaccharide side chains within a fungal sample may indicate
changes in its structural characteristics and chemical
composition.

These alterations may reflect a biological response to MP
exposure—such as stress-induced remodeling of the cell wall
or metabolic adaptation—rather than direct degradation of the
MPs themselves. However, we acknowledge that TGA alone
cannot fully resolve this distinction. Therefore, we interpret
these results as complementary to the other mechanistic
evidence presented in this study (e.g, surface interaction
imaging, leachate profiling, and particle size reduction), which
collectively support the biological interaction between A.
alternata and PS MPs.

4. CONCLUSIONS

In this study, we investigated the capability of A. alternata
fungus to entrap, remove, and biodegrade microplastics (MPs)
in seawater, with emphasis on polystyrene (PS) MPs. The
experimental conditions were designed to reflect oceanic
environmental scenarios, including fungal fixation, wave-like
conditions, elevated salt concentration, and the presence of
weathered MPs. In our experiments, living fungus in 24 h
achieved 96% PS MP removal, which was higher than both
natural gravitational sedimentation of the particles and physical
removal by inactivated fungus.

Results from this study indicate that biological activity plays
a crucial role in enhancing MP removal. Microscopic
examination revealed that the MPs were trapped and bonded
to the fungal biomass. Furthermore, we examined the
selectivity of the fungus toward three different types of
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common plastic in marine plastic debris: PS, polypropylene
(PP), and polyethylene terephthalate (PET). PS MPs had the
highest removal percentage compared to PP and PET MPs,
which was mostly attributed to the environmental conditions
which allow interaction of the benthic fungus with suspended
particles rather than settled or floated ones. Given its hyphal
and fibrous morphology, A. alternata may function effectively
as a trap for MP particles in aquatic environments. Moreover,
advanced characterization provided a preliminary indication of
the interaction mechanism between the fungus and PS MPs,
suggesting a potential bioremediation process. Gas chromatog-
raphy—mass spectrometry (GC—MS) analysis detected the
emergence of molecules likely arising from the chemical
interaction between the fungus and the particles, suggesting
the potential for enhanced biodegradation processes of the PS
MPs by the fungus. Furthermore, thermogravimetric analysis
(TGA) demonstrated structural modifications within the
fungal cell wall following exposure to PS MPs, providing
preliminary support for the hypothesis regarding the utilization
of PS MP by the fungus.

This study presents novel findings in both subject matter
and experimental approach, offering valuable insight into the
behavior of marine fungal biomass—specifically the native
Mediterranean fungus A. alternata—within the dynamic and
microbially rich environments of the plastisphere. The results
suggest that benthic fungi like A. alternata may play an
underexplored ecological role in capturing, retaining, and
potentially transforming MPs within sediment layers at the
seafloor, where long-term environmental effects are likely to
manifest. Overall, the study is laying the groundwork for
further research into natural, fungi-based bioremediation
strategies. One such avenue includes deploying fungal cages
in MP-rich marine zones, proposing an innovative, ecologically
grounded method to mitigate plastic pollution in open marine
environments.
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