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Abstract: The accumulation of microplastics (MPs) in the environment has been a bottleneck for
scientific society. Several approaches have been described as possibilities for reducing MPs in aquatic
and terrestrial ecosystems; however, most of them are not environmentally friendly. Filamentous
fungi (Ff) cells are currently considered a promising solution as a treatment for MPs. Therefore, the
present study reports the potential ability of Ff isolated from mangrove sediments to biodegrade
low-density polyethylene MPs (LDPEyps). Six Ff strains were grown in batch cultures for 28 days,
and one of them, Aspergillus sp. (AQ3A), showed the most prominent profile to biodegrade polymeric
compounds. After morphological and molecular analysis, all strains were identified as belonging
to the genera Aspergillus (MQ1C, AQ2A and AQ3A), Penicillium (MQ1A), and Trichoderma (MQ1B
and MQ2A). The strain Aspergillus sp. (AQ3A) showed the most promising results with a LDPEyps
reduction rate of 47% and biomass formation of 0.0890 g-mL~!. Complementary studies with As-
pergillus sp. (AQ3A) using Fourier-transform infrared spectroscopy (FTIR) highlighted changes in the
molecular structure of LDPEyps. These results indicate that Ff can contribute to the biodegradation
of LDPE)ps. However, other parameters, mainly associated with the enzymes that are involved in
this biodegradation process, need to be explored.

Keywords: mangrove filamentous fungi; microplastics; low-density polyethylene; biodegradation;
Aspergillus
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Plastic pollution is among the worst environmental disasters caused by humans.
According to their size, these polymers are classified as megaplastics (>1 m), macroplastics
4.0/). (1 m to 25 mm), mesoplastics (25 to 5 mm), microplastics (5 mm to 1 um), and nanoplastics
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(<1 pm). Microplastics (MPs) are generated during the manufacturing of products on an
industrial scale (primary MPs, usually as pellets and granules) or by the fragmentation of
plastic materials (secondary MPs, usually fragments, fibers, films, and foams) [1]. According
to Liu et al. [2], by the year 2060, MPs will correspond to 13.2% of plastic pollutants in
the world. MPs waste is long-lasting and accumulates rapidly in terrestrial and aquatic
environments. MPs residues are long-lasting and accumulate rapidly in terrestrial and
aquatic environments. Most of the MPs found in terrestrial environments are polyethylene
(PE), polypropylene (PP), polyethylene terephthalate (PET), and polyvinyl chloride (PVC).
However, in aquatic environments (ocean beds, river sediments, and beaches), in addition
to PE and PP, polystyrene (PS) and expandable polystyrene (EPS) are more frequently
detected [3].

Although MPs are mainly produced, used, and disposed of in the terrestrial environ-
ment [4], aquatic ecosystems are more vulnerable. According to Madhumitha et al. [5],
rivers, lakes, estuaries, and coastal and marine sediments serve as reservoirs of MPs. Cur-
rently, rivers are considered the main focus of MPs concentration due to their proximity
to sources of plastic pollution, such as cities and industries [6]. MPs can be ingested by
aquatic organisms belonging to different trophic levels, and their impact expands through
both the aquatic and terrestrial food chains [7]. Ziajahromi et al. [8] observed a negative
impact of polyethylene microplastics (PEyps) on the survival, growth, and emergence of
dipterans after exposure to different material sizes. Détréee and Gallardo-Escarte [9], as
well as Solomando et al. [10], identified damage to homeostasis, stress-related processes,
and the immune system in mussels exposed to PEyps. Moreover, they observed the in-
duction of antioxidant enzymes, hepatic and plasma oxidative damage, and elevations in
plasma lysozyme levels and myeloperoxidase activity in plasma. Oxidative stress induced
in human brain cells exposed to PEyps for 24 h was also reported by Schirinzi et al. [11].

Physical, chemical, or biological methods can be used in the MP degradation process.
However, in recent years, biological degradation, also called biodegradation, has been
receiving special attention since it is an ecological approach and covers the sustainable
development goals 12 (responsible consumption and production), 14 (water life), and
15 (terrestrial life) of the 2030 Agenda for Sustainable Development proposed by the United
Nations. The biodegradation method applies microorganisms as cellular biocatalysts [12,13].
Microorganisms, as described by Miri et al. [14] and Thakur et al. [15], degrade the long
chains of MPs into oligomers, dimers, and monomers using extracellular enzymes. This
process provides a carbon source for their growth and metabolism. Additionally, in an
aerobic environment, they release water (H,O) and carbon dioxide (CO;), while under
anaerobic conditions, the mineralization process results in the production of methane
(CHy4) and CO, [15-17]. Recently, Kumar et al. [18] highlighted that the microbial enzymes
involved in the biodegradation of MPs can be categorized into two groups: (a) surface-
modifying enzymes (These include lipases, cutinases, proteases, and esterases. While
they do not directly break complex polymer bonds, they facilitate the condition for active
colonization by degrading organisms. Also, they increase the hydrophilicity of MPs.), and
(b) depolymerizing enzymes (These break down the polymer chains, producing monomeric
residues for subsequent microbial metabolism. Examples include hydrolases, laccases,
oxidases, amidases, and peroxidases).

Filamentous fungi (Ff) stand out as promising microorganisms due to their recognized
ability to mineralize recalcitrant compounds and xenobiotics. According to Sanchez [19]
and Bacha et al. [12], Ff mycelia can penetrate hydrophobic surfaces, expanding the ac-
tion of several extra- and intracellular enzymes, presenting activities superior to those of
bacteria. Among fungal phyla, Ascomycota, Basidiomycota, and Mucoromycota are the
most promising for MPs degradation, with the genera Penicillium and Aspergillus being the
most referenced [20]. Zhang et al. [21] reported that the fungus Aspergillus flavus PEDX3
effectively degraded high- and low-density PEyps after 28 days of incubation. The results
indicated that two laccase-like multicopper oxidase enzymes reached a peak of activity on
the 21st day of incubation, and Fourier-transform infrared spectroscopy (FTIR) analysis re-
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vealed new functional groups (hydroxyl (3500-3100 cm™1), ether (1113 cm 1), and carbonyl
(1647-1716 cm™ 1)), indicating the bio-oxidation effect by A. flavus PEDX3. Paco et al. [22]
described the efficiency of the marine fungus Zalerion maritimum in degrading PEyps. The
authors observed an inversely proportional relationship between Z. maritimum biomass
formation and PEyps mass reduction, resulting in a 43% removal of polymeric material. In
fact, Ff produce exoenzymes that create intermediate compounds with modified properties,
increasing cellular assimilation. These compounds are then used by the cells as carbon
sources, being decomposed into HyO and CO;, or CHy to complete the mineralization
process [23]. Thus, selecting new fungal strains capable of biodegrading MPs and opti-
mizing the biodegradation processes of these polymeric materials are essential steps for
their effective large-scale application. Moreover, bioprospecting Ff in mangroves is crucial
due to their significant microbial diversity and the potential discovery of novel species
with unique enzymatic capabilities [24], which can be harnessed for the biodegradation of
microplastics, thereby contributing to the mitigation of plastic pollution in these threatened
ecosystems. Due to the lack of comprehensive studies on the performance of fungal MPs
degradation, this study presents a screening to identify mangrove Ff with the ability to
degrade low-density polyethylene (LDPE).

2. Materials and Methods
2.1. Low-Density Polyethylene Microplastics Morphological Characterization and Sterilization

The low-density polyethylene (LDPE) MPs (LDPEyps) were obtained from local com-
merce in Sao Vicente, Brazil. Twenty-five grams of LDPE)p; were added to a mechanical
shaker equipped with sieves of different mesh sizes (500, 355, 250, 180, 125, and 63 um).
They were separated by size and, with the aid of a stereoscope, categorized by morpho-
logical type [25]. The LDPEMPs were then submerged in 70% alcohol for 15 min and
subsequently irradiated under ultraviolet (UV) light for 30 min.

2.2. Sample Collection and Isolation

Surface mangrove sediment samples were collected at six sampling sites (one sample
per site) at a depth of 30 cm (Figure 1): MQ1 (24°26'2.30” S, 47°5'57.9" O), MQ2 (24°26'1.9" S,
47°5'57.7" O), MQ3 (24°26'1.1" S, 47°5'57.6"” O), AQ1 (24°25'58.9" S, 47°5'56.5" O), AQ2
(24°25'58.2"" S, 47°5'57.6" O), and AQ3 (24°25'58" S, 47°5'56.8"" O). These collections were
made at the Ecological Station of Juréia-Itatins, Peruibe, Brazil, in February 2018. The
sediment samples were aseptically taken into 50 mL sterile Falcon tubes and stored at
4 °C. A fungal isolation protocol was followed as previously described by [26,27]. One
gram of each sediment sample was diluted in 9 mL of sterile minimal medium (MM)
containing (grams per liter of distilled water): NaNOs, 2.0; KHyPOy, 0.7; K;HPO4, 0.3;
KCl, 0.5; MgSO4-7H,0, 0.5; FeSO4-7H,0, 0.1; and, incubated at 30 °C, 50 rpm, for 1 h. A
volume of 100 uL of the inoculum, obtained from serial dilution technique (until 10~°), was
aseptically incorporated into Petri plates containing solid MM (SMM, with incorporation
of agar 15 g/L) and potato dextrose agar (PDA, Merck, Millipore, Burlington, MA, USA),
and then incubated at 30 °C for 7 days. Axenic cultures were obtained after approximately
6 weeks. Strains were kept as conidial suspensions in 20% glycerol at —80 °C, and in PDA
plugs suspended in sterile water at room temperature. Seven days before the assays, fungi
were activated on PDA at 30 °C.
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Figure 1. Location of the sampling site at the Ecological Station of Juréia-Itatins, Peruibe, Brazil.

2.3. Morphological Identification

The macroscopy and microscopy analysis of fungal morphology was assessed by previ-
ously defined protocols [28,29]. The fungal isolates were inoculated into PDA and incubated
at 30 °C for 7 days. Macroscopic features such as conidial color, reverse color, and texture of
colonies were observed and noted. Microscopic features (conidiophores, stipes, and ornamen-
tation) were analyzed using an optical microscope. Briefly, a loopful culture was picked up
with the help of a sterile inoculation loop, and semi-permanent slides were prepared using
lactophenol cotton blue. The slides were gently heated in a spirit lamp to release any air
bubbles trapped between the coverslip and the slide. The excess stain was removed by using
tissue paper and the cover glass was sealed with nail polish.

2.4. Molecular Identification

Genomic DNA extraction of fungal isolates was performed from the biomass of each
strain. Thus, the fungal strains were cultivated in a 250 mL Erlenmeyer flask containing
50 mL of mycobacterial methylglucose liposaccharide medium (10 g-L~! glucose, 3 g-L ™!
malt extract, 3 g-L~! yeast extract, and 5 g-L~! bacteriological peptone), incubated at 30 °C
under agitation at 150 rpm, for 5 days. Amplification of the internal transcribed spacer (ITS)
region of the ribosomal nuclear DNA (700-1400 bp) was performed using the primer pair
ITS1F/1TS4 (CTTGGTCATTTAGAGGAAGTAA /TCCTCCGCTTATTGATATGC), except
for the samples MQ1B and MQ2A, which used the primer pair ITS5/1TS4 (GGAAG-
TAAAAGTCGTAACAAGG/TCCTCCGCTTATTGATATGC) [30,31] due to amplification
issues with the ITS1F/ITS4 pair. The polymerase chain reaction (PCR) was performed in a
thermal cycler with the following mixture: 0.2 pL of Tag DNA Polymerase GE Healthcare™,
0.5 puL of ANTP MIX (Promega Corporation™, Madison, WI, USA) 100 parts mol-puL~1
of each primer, 1 uL of DNA template in a solution of 2.5 uL of 10X PCR Buffer (GE
Healthcare™, Chicago, IL, USA), and 18.8 uL of MilliQ water, in a final volume of 25 pL.
The amplification program comprised one cycle at 95 °C for 4 min, 35 cycles at 94 °C for
30,52 °C for 30 s, and 72 °C for 1 min, with a final extension cycle at 72 °C for 8 min. The
amplified fragments were checked by electrophoresis in 1% agarose gel. The PCR products
were purified with the PureLink™ PCR Purification KIT (Invitrogen™, Carlsbad, CA, USA)
and sequenced at the Center for Human Genome and Stem Cell Studies of the Institute of
Biosciences of the Sao Paulo University, Brazil.

The forward and reverse sequences were examined and aligned using the BioEdit 7.0.9
software [32] to obtain consensus sequences for subsequent analyses. The ITS sequences
obtained were deposited in the Genbank® database [33] (accession numbers indicated in
Table 1) and compared with those available at the same database of the National Center for
Biotechnology Information (NCBI) using the Basic Local Alignment Search Tool (BLAST)
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software (version + 2.16.0) [34]. Sequences from type and reference materials of species
previously recorded in Brazil were selected (Table 1), considering the genera identified with
the highest identity (%) in the BLAST analysis. This sequence and sequences of species from
other orders of the phylum Ascomycota (Diaporthales and Glomerellales) used as outgroups
were downloaded for subsequent analyses.

Table 1. Internal transcribed spacers (ITS) sequences of representative taxa were included in the
phylogenetic analysis and their Genbank accession numbers. * Sequences obtained in this study.

Order Species GB Accession

Aspergillus sp. AQ2A PP980750 *

Aspergillus sp. AQ3A PP980751 *

Aspergillus sp. MQ1C PP980748 *

Aspergillus candidus Link NR077149

Aspergillus elegans Gasperini NRO077196

Aspergillus flavipes (Bainer and R. Sartory), Thom and Church NR135397

Aspergillus flavus Link NR111041

Aspergillus japonicas Saito NR131268

Aspergillus niveus Blochwitz NR137476

Aspergillus tamari Kita NR135325

Aspergillus terreus Thom NR131276

Aspergillus terricola Marchal and E.J. Marchal NR151785

Eurotiales Aspergillus wentii Wehmer NR077152
Penicillium aff. chrysogenum MQI1A PP980746 *

Penicillium aurantiogriseum Dierckx NT121247

Penicillium brevicompactum Dierckx NR121299

Penicillium canescens Scopp NR121256

Penicillium chrysogenum Thom NRO077145

Penicillium commune Thom NR111143

Penicillium griseofulvum Dierckx NR103692

Penicillium jensenii KM. Zalessky NR121297

Penicillium lanosum Westling NR163539

Penicillium olsonii Bainier and Sartory NR163546

Penicillium raistrickii G.Sm. NR119493

Penicillium turbatum Westling NR121257

Trichoderma aff. pseudokoningii MQ1B PP980747 *

Trichoderma aff. pseudokoningii MQ2A PP980749 *

Hypocreales Trichoderma aureoviride Rifai NR144877
Trichoderma koningii Oudem NR138456

Trichoderma pseudokoningii Rifai NR120296

Diaporthales Diaporthe ambigua Nitschke NR119434
Glomerellales Colletotrichum gloesporioides (Penz.) Penz. and Sacc. NR160754

The sequences were organized into a matrix and subjected to alignment using the
ClustalW application [35] implemented in BioEdit software (version 7.2.5) [30]. The final
aligned matrix with an extension of 577 bp was subjected to analysis to select the best-fit
model of nucleotide substitution using the ModelTest application in the online platform
FindModel [36]. Phylogenetic analysis was performed in MrBayes 3.2.7a software [37] using
the general time reversible model with gamma distribution (GTR+G) previously selected. Two
independent runs (nruns = 2) with four Metropoli Coupled Markov chains (nchains = 4) [38]
were performed for 1 x 10° generations, sampling one tree every 1000 trees and discarding
the first 25% of trees as burn-in after reaching convergence (standard deviation = 0.01). The
posterior probabilities were evaluated from the 50% majority rule consensus tree and the final
tree was visualized and edited in FigTree 1.4.4 [39].

2.5. Microorganisms and Culture Conditions

Six different filamentous fungi strains (coded as MQ1A, MQ1B, MQ1C, MQ2A, AQ2A,
and AQ3A) were selected to grow in batch cultures to assess their abilities to biodegrade
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LDPEpps. From the stock cultures grown in PDA, 1 culture disk (6 mm diameter) of
each strain was individually transferred to a Petri dish containing SMM [26,27]. All
Petri dishes were incubated for 7 days at 30 °C. Then, five plugs of 6 mm from these
cultures were incorporated into 250 mL Erlenmeyer flasks containing 50 mL of MM [22]
and 0.05 g LDPE)yps. Cultures were incubated in an orbital shaker (NT712, Novatecnica,
Piracicaba, Brazil) at 30 °C and 150 rpm for 28 days. In order to compare the variation
in biomass formation and biodegradation of LDPEyps, controls were performed under
identical conditions in the absence of inoculum or LDPEyps. Samples for analysis were
collected in the 7th, 14th, 21st, and 28th days of incubation. All samples were measured
in duplicate.

2.5.1. Biomass Concentration

The fungal biomass was initially separated from the LDPEps using a 500 um mesh
sieve. Biomass formation was determined by dry cell weight per volume (g-L~!). The
biomass was obtained by filtration of the fermentation broth, then washed with distilled
water, and finally dried at 105 °C for 4 h.

2.5.2. Low-Density Polyethylene Microplastics Biodegradation

LDPEyps attached to fungal biomass were exposed to 30% hydrogen peroxide [40,41].
Subsequently, the LDPEyps were sieved using mesh sizes of 250, 180, 125 and 63 pm.
After this treatment, the LDPEps were washed with distilled water, followed by vacuum
filtration with qualitative filter paper (45 pm), and dried at 30 °C for 24 h.

2.5.3. Fourier-Transform Infrared Spectroscopy

The LDPEyps were analyzed by Fourier-transform infrared spectroscopy (FTIR) using
the equipment Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA, USA), operated from
450 to 4000 cm ™.

2.6. Laccase Activity Assay

Laccase activity was determined by the changes in the absorbance at 420 nm, related
to the rate of oxidation of 1.5 mM 2,2’-azinobis-[3-ethyltiazoline-6-sulfonate] (ABTS) in a
100 mM sodium acetate buffer (pH 4.0) [42]. The assay reaction mixture was measured in a
cuvette using a spectrophotometer (600S, FEMTO, Industria e Comércio de Instrumentos,
Sao Paulo, Brazil). One unit of enzyme activity was defined as the amount of enzyme
required to oxidize 1 pmol of ABTS per minute (¢420 = 3.6 x 10* M~1.cm™1) under the
chosen experimental conditions.

3. Results
3.1. LDPEps Size and Morphology

The sizes of the LDPEps ranged from 500 to <63 pm. The most frequently occurring
granulometric classes were 250 pm (29%) and 355 um (23%), followed by 125 um (20%),
180 um (19%), 63 um (7%), with both 500 pm and <63 pm each accounting for only 1%.
According to Figure 2, the polymer samples were mainly composed of microspheres;
however, microfragments and microfibres were also found.
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Figure 2. Morphology of low density polyethylene microplastics: (A) microfiber, (B) microfragments,
and (C) microsphere.

3.2. Morphological and Molecular Identification

Fifty-eight fungal colonies from mangrove sediments were isolated in PDA medium.
Six of these isolates were evaluated for their ability to degrade LDPEyps. Microscopic
analyses allowed the identification of the genera Aspergillus, Penicillium and Trichoderma. As
shown in Table 2, the microorganisms were characterized macroscopically and microscop-
ically. The strains of the genus Aspergillus (MQ1C, AQ2A and AQ3A) presented septate
hyphae, biseriate conidiophores containing two palisades of compacted cells of metulae and
phialides, as well as colonies with a velvety surface and high sporulation. Penicillium sp.
(MQ1A) exhibited slow growth with a white mycelium, converting into a colony with a
bluish-green velvety surface. The strains of Trichoderma aff. pseudokoningii (MQ1B and
MQ2A), were characterized by initially exhibiting a white mycelium and rapid growth,
becoming cottony and compact with green pigmentation. The single strain of the genus
Penicillium (MQ1A) showed velvety white features followed by a bluish-green coloration.

Table 2. Macroscopic and microscopic fungal colonies characteristics on potato dextrose agar (PDA).
Petri dishes in the “macroscopic appearance” column had a diameter of 90 mm, and “microscopic
appearance” images were obtained using a 40x objective.

Macroscopic

Macroscopic Microscopic

Strain Code Characteristics Appearance Microscopic Characteristics Appearance Species
- ‘.'./ " . T
3% P N el Yt T ? .
/.é"’. “Onp e ¥«
Vel b . Hyaline and septate hyphae w 9 %
MOIA fe KEty V; blte’ ® Long conidia %974 Penicillium aff.
Q b? _OKE y . Conidiophores elongated - chrysogenum
wish-green and thick
»
- .‘ ‘ g

Cottony teal or
MQI1B dark green with
concentric rings

& Trichoderma aff.
. Whorled conidiophores branching s | 3 pseudokonigii
at 90° 1 5. ”
-

. Hyaline and septate hyphae ‘ *
@ Globose to subglobose conidia | -\

&
C
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Table 2. Cont.
Strain Code Macrosct.)pl.c Macroscopic Microscopic Characteristics Microscopic Species
Characteristics Appearance Appearance
. Hyaline and septate hyphae
Furfuraceous . Spherical conidia with finely
MQIC blue-green roughened walls Aspergillus sp.
mycelium . Conidiophores enlarging into a
pyriform vesicle
"‘ ::\!’Qx"v-? - :'}, \ ‘ O‘
. Hyaline and septate hyphae
MO2A dCOLtOHY teal 0; . Globose to subglobose conidia - Trichoderma aff.
Q . s;ceirti?:r‘;:;s . Whorled conidiophores branching pseudokonigii
at 90°
Velvety white . Hyaline and septate hyphae
m.ylcelium With . Conidia strongly wrinkled .
AQ2A whitish to pinkish . Elongated conidiophores with Aspergillus sp.
ljldeioua ?rlld dark color near the vesicle
ack vesicles
. Hyaline and septate hyphae
Velvety white, . Globose to subglobose conidia,
AQ3A quickly becoming brown with warts Aspergillus sp.
powdery black . Elongated conidiophores with

dark color near the vesicle

The fungal isolates belong to the phylum Ascomycota and are distributed in three
genera: Aspergillus (AQ2A, AQ3A, MQ1CQC), Penicillium (MQ1A) and Trichoderma (MQ1B,
MQ2A). In the tree (Figure 3), they were grouped into two monophyletic groups represent-
ing the genera Penicillium and Trichoderma. However, the Aspergillus species included in the
analysis do not appear as a monophyletic group because they resulted in a polytomy with
the isolate MQ1C, the species A. ventii, and the Penicillium clade. These two genera belong
to the same order Eurotiales, and the results suggest that the ITS marker or the inclusion of a
few species is not sufficient to obtain monophyletic groupings of these genera or to identify
the isolates to the species level. Isolates AQ2A and AQ3A were recognized as belonging to
the genus Aspergillus; however, they did not group with any of the species included in the
analysis, which may indicate that they belong to other species of the genus not represented
in Genbank® or to species not yet recorded in Brazil. The results of the analysis suggest
that isolate MQ1A represents the species Penicillum aff. chrysogenum, and isolates MQ1B
and MQ2A represent the species Trichoderma aff. pseudokoningii with posterior probabilities
of 0.71 and 0.99, respectively.
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Figure 3. Bayesian tree of internal transcribed spacers (ITS) sequences, obtained from fungal isolates
(AQ2A, AQ3A, MQ1A, MQ1B, MQ1C, and MQ2A) and related species previously recorded in Brazil.
Numbers above the branches indicate posterior probabilities, and the bar indicates the number of
nucleotide substitutions per site.

3.3. Microplastic Biodegradation

The strains AQ3A, MQ1B, and AQ2A showed stronger growth in the presence of
LDPEpps (Table 3). After 28 days of treatment, the final biomass values for AQ3A, MQ1B,
and AQ2A were 0.0890 g-mL~!, 0.0695 g-mL~!, and 0.0575 g-mL~!, respectively. In
contrast, the MQ1A, MQI1C, and MQ2A strains showed a decrease in biomass between the
14th and 21st day of the assay. The residual weight of LDPE)sps was dependent on both
time and fungal strain. The strains AQ3A, MQ1C, and MQ1B demonstrated the highest
degradation rates, at 47%, 41%, and 38%, respectively. The control without inoculum
showed a weight loss reduction of up to 0.005 g. Based on biomass formation and LDPEjpq
reduction, the strain AQ3A, identified as Aspergillus sp., was considered the most promising,.

Table 3. Biodegradation of microplastics (MPs) exposed to mangrove-isolated fungal strains.

Biomass LDPEwps
Identified :
Fungal Strain . i ; Degradation
& Genera/Species Imtlail1 Flnal1 Contrf)} Initial (g) Final (g) S
(gmL-1) (gmL-1) (gmL-1) Weight (g) %
MQI1A Penicillium aff. 0 0.0500 0.0465 0.0515 0.0405 0.0110 21
crzsogenum
MQ1B Trichoderma aff. 0 0.0695 0.0720 0.0505 0.0315 0.0190 38
pseudokoningii.
MQ1C Aspergillus sp. 0 0.0415 0.0405 0.0530 0.0315 0.0215 41
MQ2A Trichoderma aff. 0 0.0360 0.0565 0.0535 0.0445 0.0090 17
pseudokonongii.
AQ2A Aspergillus sp. 0 0.0575 0.0395 0.0510 0.0325 0.0185 36
AQ3A Aspergillus sp. 0 0.0890 0.0450 0.0520 0.0275 0.0245 47
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3.4. FTIR Analysis

According to the FTIR spectra obtained, it was possible to observe structural changes from
the 21st day of incubation of LDPEyps in the presence of the AQ3A fungus (Figure 4). These
peaks were detected in the regions of 10001250 cm~?, 1750~1500 cm !, and 3500-3250 cm !
and indicate the addition of hydroxide groups and folding changes in the side chains. The
change in intensity and formation of these new peaks at different wavelengths indicate that
LDPEpps became more hydrophilic. The control samples did not present structural changes
throughout the test period.
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Figure 4. Fourier-transform infrared spectroscopy (FTIR) analysis of low-density polyethylene
microplastics (LDPEyps), before and after biodegradation test, using AQ3A strain. (A) Treatment
after seven days, (B) treatment after 14 days, (C) treatment after 21 days, (D) treatment after 28 days,
(E) control containing only LDPEyps after 7 days, and (F) control containing only LDPEypg after
28 days.
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3.5. Laccase Activity

Although the laccase (Lcc) enzyme assists in the oxidation of hydrocarbon structures,
its activity in the supernatant was not detected. The absorbance variations observed by
the ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) method for enzymatic
testing of Lcc was considered non-existent. However, given the observed weight reduction
of LDPEjps, it is necessary to evaluate underlying mechanisms and other oxidoreductase
enzymes for their potential contribution to the biodegradation process, particularly due to
the ability to make LDPEyps hydrophilic.

4. Discussion
4.1. Low-Density Polyethylene Microplastics and Marine Aquatic Pollution

Approximately one-third of global plastic production involves polyethylene (PE).
Among the main types of PE available on the market, LDPE is considered one of the most
important due to its low cost and wide applicability, especially in the food packaging
and agricultural sectors [43]. According to the literature, the presence of LDPE in aquatic
environments has been found both in the water column and in sediments. Under continu-
ous exposure to biotic and abiotic factors, these polymers fragment into smaller particles,
either MPs or nanoplastics (NPs) [44]. These can be classified into different morphological
categories, including fragments, fibers, films, foam, and beads [45].

Turra et al. [46] and Izar et al. [47] reported the presence of 13,138 microbeads/m? in
coastal regions of Sao Paulo State and 29,775.75 microbeads/ m? in Santos Bay. Crew et al. [48]
observed that 95% of the MPs found in benthic sediment in the Saint Lawrence River,
Canada, were composed of microbeads smaller than 400 pm. Scherer et al. [49] detected a
rate of 20% microbeads in the water column and 35.5% in sediments of the Elbe River, Ger-
many. Regarding PEpps, Renzi et al. [50] conducted studies on Salinan Island, Italy, and de-
tected 20% PE in the sediment. This same percentage of PE was detected by Abassi et al. [51]
in Fars, Iran, with MP sizes ranging from 1 to 100 um. Sarkar et al. [52] analyzed sediments
from the banks of the Ganges River, India, and found that approximately 30% of the MPs
analyzed were identified as PE.

These findings underscore the pervasive presence and persistence of LDPEyp; in vari-
ous aquatic environments worldwide. The significant concentrations of MPs, particularly
in coastal and river sediments, highlight the urgent need for comprehensive strategies to
mitigate plastic pollution. Future research should focus on the long-term ecological impacts
of these pollutants and the development of effective biodegradation methods to address
this growing environmental challenge.

4.2. Fungal Isolates Identification

The isolation of Ff has been primarily focused on their biotechnological applications,
especially those isolated from marine ecosystems, which have unique physiological proper-
ties distinct from terrestrial fungi. Ameen et al. [53] isolated 45 Ff from mangrove sediments
to test their potential to biodegrade LDPE in a medium containing 20 g-L~! of glucose
as a carbon source. The study highlighted that the genera Aspergillus, Penicillium, and
Candida were the most representative. Saénz et al. [54] isolated strains exclusively from
the Aspergillus genus, from Ecuadorian mangroves and saline intertidal zones. The iso-
lated species Aspergillus niger and A. terreus demonstrated the ability to biodegrade LDPE.
Sangale et al. [55] isolated 109 Ff from Indian mangroves, but only A. awamori, A. niger,
A. terreus, A. sydowii, Meyerozima guillermondii, and Penicillium chrysogenum showed the
ability to biodegrade PE. Devi et al. [56] isolated Aspergillus tubingensis VRKPT1 and
Aspergillus flavus VRKPT2 from plastic waste in the coastal area of the Gulf of Mannar, India.
According to the authors, A. tubingensis and A. flavus promoted a reduction in high-density
polyethylene (HDPE) film by 6.02 & 0.2% and 8.51 % 0.1%, respectively.

In recent years, there has been a significant increase in studies related to the biodegra-
dation of microplastics using fungi (Table 4).
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Table 4. Recent advances in microplastic (MP) degradation using filamentous fungi (Ff).

Funei Medium Microplastic Incubation Time Weight Loss References
8 Carbon Source (um) (days) (%)
N . N

Penicillium brevicompactum LCM Printed circuit boards (PCB) 28 75 [57]
Glucose 1-2mm
) LCM * (PDB **) LDPE ***

Cladosporium sphaerospermum Dextrose (above 50 microns) 7 15.12 [58]
) . LCM * LDPE ***

Aspergillus niger DL-1 Glucose film (2 x 2 cm) 30 7.65 £ 0.92 [59]

Penicillium citrinum LDPE *** LDPE *** 90 47.22 4 2.04% [60]

. polylactic acid (PLA) 34.35%
Phanerochaete chrysosporium Glucose polystyrene (PS) 35 19.71% [61]

* LCM: Liquid culture medium, ** PDB: potato dextrose broth, *** LDPE: low-density polyethylene.

4.3. Microplastic Mycodegradation

Ojha et al. [62] evaluated the species Penicillium oxalicum and P. chrysogenum for their
ability to biodegrade LDPEyps over 90 days. The LDPEyps samples showed reductions of
36.6% and 34.55% for P. oxalicum and P. chrysogenum, respectively. The biomass formed by
P. oxalicum was 0.034 g-L ™!, while that for P. chrysogenum was 0.043 g-L~!. Munir et al. [63]
identified that the fungus Trichoderma viride, isolated from a landfill, reduced the LDPEjy;ps
by 5.13% after 45 days of incubation. Hikmah et al. [64] found that up to 7.51% of LDPEjyps
were reduced in the presence of different strains of Trichoderma over a period of 35 days.
The authors described a slow and reduced rate of biomass formation, similar to our study
with MQ2A, which showed the lowest biomass formation. In the present study, the
biodegradation rates obtained for the Trichoderma aff. pseudokoningii strains MQ2A and
MQ1B were 17% and 38%, respectively.

Muhonja et al. [65] analyzed 20 different Ffs over 112 days. Aspergillus oryzae and
A. fumigatus were the microorganisms that presented the highest rates of LDPE)ps biodegra-
dation, at 36.4% and 24.1%, respectively. Taghavi et al. [66] verified the action of A. flavus on
HDPEps over 100 days, obtaining a 5.5% weight loss of MPs. El-Sayed et al. [67] achieved
39.1% biodegradation in a consortium of A. carbonarius and A. fumigatus over 112 days of
incubation. In short, the biodegradation rates observed in different studies are comparable
to those in this study, except for Trichoderma strains. However, despite the similarity in
values, the morphological differences of PEyps used should be considered. While most
studies use microfilms as the target polymer, this study aimed to use PE microspheres,
which can provide a larger surface area for fungal mycelium interaction with the polymeric
material. Additionally, the varying conditions of the culture medium and concentration of
MPs in each evaluation must be considered, as they directly influence the biodegradation
capacity of each strain.

4.4. Polymeric Chains Disruption

Plastic biodegradation processes can be assessed through changes in crystallinity,
molecular weight, tensile properties, extent of fragmentation, and functional groups found
on the plastic surface [19]. Cernosa et al. [68] selected potential plastic-degrading fungi.
According to the authors, results obtained by attenuated total reflectance (ATR)-FTIR
spectra of LDPE exposed to the fungus Rhodotorula sp. EXF-10630 showed characteristic
bands corresponding to -CHj- stretching (st, 2915 and 2840 cm 1), in-plane bending (bd-ip,
1463 and 1377 cm~! 319), and C-H rocking (rk, 718 cm™~! 320).

The reduction of LDPE hydrophobicity indicates that the fungal strain secreted en-
zymes and polysaccharides, specifically exopolysaccharides, which aid in strong adhesion
to the plastic surface [18]. According to Kirstein et al. [69], exopolysaccharides act as surfac-
tants, favoring the reduction of hydrophobicity and consequent penetration rate of species
of microorganisms in the plastic polymer [18,69]. Hydrophilicity also allows different
oxidoreductase enzymes to catalyze hydrolytic cleavage, depolymerizing the molecular
structure of LDPE, which favors the assimilation process [70]. The potential occurrence of
chain scission and oxidation reactions was observed in the FTIR spectra obtained in a study
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conducted by Ferreira-Filipe et al. [57] when they exposed complex mixtures of electronic
waste polymers (EWP) to the fungus Penicillium brevicompactum for a period of 28 days.
According to the authors, the peaks obtained at 1449 cm ™! and 1385 cm ™! can be attributed
to the C-H deformation of CH, and CHj3 and to the CHj3 deformation of C-(CHjz). This
set of evidence strongly suggests the ability of the fungus to biodegrade EWP, inducing
changes in functional groups and increasing physical deterioration.

4.5. Enzymatic Activities Associated with Microplastic Degradation

Kang et al. [71] inferred that the yield of Lcc may increase depending on the presence
of inducing substances in fungal cultures during the biodegradation process. Likewise,
studies reveal that the production of Lcc during the biodegradation process of PEypg occurs
when glucose becomes a limiting factor [72]. However, considering that in our study,
the presence of Lcc was not detected in the reduction process of the polymeric material,
underlying mechanisms and other oxidoreductase enzymes need to be evaluated for their
possible contribution to the involvement of the biodegradation process or the increase in
the hydrophilicity of the material [73]. Microbial enzymes such as manganese peroxidase
and lipase, for example, are capable of degrading PEyps by activating their hydrolytic
cleavage [73]. Kang et al. [71] also suggest that lipase production may be higher when
compared to Lcc and manganese peroxidase.

5. Conclusions

This study highlights the potential of mangrove-isolated fungi in degrading LDPEjp;.
The most effective reduction of LDPEyps was achieved with three isolates of Aspergillus sp.
(AQ3A, MQ1C, and AQ2A). However, these isolates could not be identified at the species
level due to the limited resolution of the Aspergillus clade in the phylogenetic analysis.

Among all isolates, Aspergillus sp. AQ3A showed the most promising results, with
a 47% reduction of LDPEyps and biomass formation of 0.0890 g-mL_l. The other two
Aspergillus strains, MQ1C and MQ1B, also demonstrated significant reductions of 41% and
38%, respectively, with corresponding biomass formations of 0.0415 and 0.0695 g-mL ™.
Despite the inability to identify the strains at the species level, complementary studies
using FTIR with Aspergillus sp. AQ3A highlighted changes in the molecular structure of
LDPEyps. Furthermore, the absence of Lcc activity in the extracellular extract suggests that
other enzymatic mechanisms are at play.

These results suggest a viable solution to the environmental threat posed by LDPEyps,
with the possibility of implementing bioremediation actions using Ff with a particular focus
on Aspergillus species. Future studies will focus on identifying these isolates at the species
level and further investigating their action on LDPEyps and other potential pollutants.
Additionally, further exploration of the enzymes involved in this process is necessary to
fully understand and optimize their biodegradation capabilities.
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