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Chapter 2

Innovative polypropylene biodegradation by fungal laccase
reveals microalgae as emerging biofactories for sustainable
bioremediation
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Chapter 4

Green microalgae mediated Polyethylene terephthalate (PET)
oxidation under light and dark conditions revealed
bioremediation potential
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General conclusions

This research work has extensively explored the potential of green microalgae as
innovative agents in the biotransformation of synthetic plastics, with particular focus on
polyolefin polymers (PP), polyethylene terephthalate (PET), and the enzymatic activity
of laccases. Through a multidisciplinary approach integrating molecular biology,
bioinformatics, physiology, biochemistry, and advanced material characterization
techniques, various aspects of the complex interactions between microalgae and polymer
surfaces were analyzed, contributing substantially to the advancement of knowledge on
the biological mechanisms underlying microalgae-based bioremediation.

In the first chapter, the study investigated the capacity of 35 freshwater green microalgae
to produce extracellular laccases, enzymes renowned for their versatility in the oxidative
degradation of various xenobiotic compounds, including plastic polymers (Geyer et al.
2017; Rodriguez et al. 2006). Bioinformatic analyses conducted on Chlamydomonas
reinhardtii (#103) and Botryococcus braunii (#131) identified several putative genes
encoding for laccase-like multicopper oxidases (LMCOs), with conserved copper-
binding domains and signal peptides suggesting extracellular secretion. Phylogenetic
analyses revealed a noteworthy evolutionary proximity of C. reinhardtii LMCOs to
fungal laccases from Pleurotus ostreatus, indicating functional similarities in substrate
specificity and catalytic stability (Janusz et al. 2017; Ramamurthy et al. 2024). Enzymatic
activity assays performed at different time points confirmed strain-dependent variability
in laccase production, highlighting Desmodesmus communis (#126), Chlamydomonas
acidophila (#100), Heterochlorella luteoviridis (#124) and Botryococcus braunii (#131)
as promising producers of extracellular laccase activity. These findings provide a solid
foundation for developing microalgae biotechnological platforms for industrial enzyme
production and subsequent application in plastic bioremediation (Shafana et al. 2023).
Further studies could focus on heterologous expression of the identified LMCO genes in
robust microbial or algal hosts, enzyme purification, and structural-functional
characterization to optimize their catalytic properties for industrial-scale applications.

The second chapter experimentally addressed the interaction between five selected
microalgae and polypropylene (PP) surfaces, a highly widespread and plastic material.
The exposure of microalgae to PP substrates revealed significant physiological and
pigment-related responses correlated with polymer presence. Notably, carotenoid
accumulation, particularly in early exposure phases, suggested activation of antioxidant
mechanisms to counteract oxidative stress induced by contact with the plastic surface
(Sharma et al. 2023). ATR-FTIR analysis of polymer surfaces revealed the introduction
of oxidative functional groups (hydroxyl, carbonyl, and vinyl), consistent with surface
oxidation processes mediated by microalgae metabolites or extracellular enzymatic
activities (Hock et al. 2024). In particular, C. acidophila (#100), C. reinhardtii (#103),
and D. communis (#126) demonstrated the most pronounced modifications on PP
surfaces, indicating differential biotechnological potential among the tested accessions.
These results reinforce the hypothesis that certain microalgae, properly selected, can
serve as innovative biotechnological tools for the biotransformation of recalcitrant
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plastics in contaminated environments (Johnnie et al. 2021). Future work should aim to
unravel the exact molecular mechanisms driving the observed oxidative modifications,
including potential roles of reactive oxygen species (ROS), biofilm-associated
microenvironments, and the contribution of other secreted oxidative enzymes, such as
peroxidases or cutinases, in synergistic pathways.

In the third chapter, the investigation extended to polyethylene terephthalate (PET), a
widely used polymer of growing environmental concern. Twenty-seven microalgae
accessions were initially screened to evaluate their growth tolerance in the presence of
PET. Based on growth inhibition rates, six strains were selected for further analysis under
light and dark conditions. PET exposure, particularly under phototrophic conditions,
induced adaptive pigment responses, with compensatory increases in chlorophyll and
carotenoids observed in several strains (Barone et al. 2024; Shoaf et al. 1976). ATR-FTIR
analysis confirmed surface modifications of PET, with the formation of hydroxyl and
vinyl groups attributable to metabolically active algal biofilms (Moog et al. 2019;
Taniguchi et al. 2019). These findings support the role of microalgae not only as
colonizers of plastic surfaces but also as facilitators of early oxidative processes, opening
promising perspectives for integrated environmental bioremediation strategies (Kim et al.
2020; Vijayan et al. 2024). Given the strong influence of light exposure on pigment
dynamics and oxidative capacity, future studies could investigate photobioreactor
optimization, modulation of light regimes, and the potential combinatorial effects of
microalgae-bacteria consortia on enhancing PET degradation pathways. Additionally,
bioinformatic and structural analyses performed in this study provided the first evidence
that certain hydrolases from C. reinhardtii and Scenedesmus spp. exhibit domain
architectures and structural homology to known PET-degrading enzymes. Specific
sequences clustered phylogenetically with bacterial PETases and displayed conserved
a/B-hydrolase domains, suggesting a possible enzymatic basis for PET biotransformation.
These in silico insights reveal previously unrecognized metabolic potential in green
microalgae and reinforce their value as targets for biotechnological engineering and
screening.

Taken together, both experimental and in silico findings converge to highlight the
multifaceted potential of green microalgae in plastic bioremediation. From strain-specific
tolerance and oxidative surface modification to the presence of putative PETase-like
enzymes, microalgae emerge as both passive modulators and active participants in
polymer transformation. Overall, the results of this research demonstrate that green
microalgae, thanks to their metabolic plasticity, rapid growth, ease of cultivation, and
adaptability to environmental stress, represent promising candidates for the development
of sustainable approaches to mitigate plastic pollution. Although the observed processes
primarily reflect early stages of polymer surface oxidation and modification, they
constitute a crucial step in promoting subsequent degradation and fragmentation
processes, potentially integrable with heterotrophic microbial consortia or synergistic
enzymatic treatments. Further investigations should focus on long-term degradation
kinetics, environmental field trials, scaling up of microalgae-bioreactor systems, and life
cycle assessments (LCA) to fully validate the environmental viability and economic
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sustainability of microalgae-based plastic bioremediation technologies. Moreover,
advances in synthetic biology and metabolic engineering may allow the construction of
tailor-made algal strains with enhanced enzyme secretion profiles, increased tolerance to
plastic-associated pollutants, and superior colonization capabilities, thereby significantly
boosting their efficiency as biotechnological platforms in real-world scenarios.

This study provides compelling evidence that green microalgae can induce oxidative
surface modifications on synthetic polymers such as polypropylene (PP) and polyethylene
terephthalate (PET), However, several limitations must be acknowledged to appropriately
contextualize these findings within the broader framework of plastic biodegradation
research.

Although ATR-FTIR analyses revealed the formation of oxidized functional groups (such
as hydroxyls, carbonyls, and vinyl groups), these chemical changes were confined to the
polymer surface and should not be interpreted as indicators of complete depolymerization
or mineralization. As gravimetric weight measurements and CO> quantification were not
performed under the experimental conditions, these finding can only support that
microalgae-mediated transformation represents an initial step in plastic weathering rather
than full degradation. This observation aligns with findings from Zampolli et al. (2023),
who demonstrated that oxidative modifications by laccase-like multicopper oxidases do
not necessarily lead to substantial polymer weight loss in early degradation stages.

The modest laccase-like enzymatic activities detected in microalgal cultures align with
previous reports highlighting the limited yet specific action of microbial oxidative
enzymes on recalcitrant polyolefins and polyesters (Chow et al. 2022). These enzymes
facilitate the introduction of polar functional groups, such as carbonyl, and hydroxyl,
which enhance the hydrophilicity of the polymer surface, thereby promoting microbial
colonization and enhancing enzymatic accessibility. Although enzymatic activity remains
low, even minimal transformation may be ecologically relevant over extended
environmental exposure, particularly in synergistic systems involving bacteria or fungi
(Restrepo-Florez et al. 2014).

Abiotic photo-oxidation was rigorously controlled in this study. Control samples
containing only plastic substrates exposed to identical light and temperature conditions
did not exhibit comparable FTIR spectral changes, suggesting that the observed oxidative
modifications are primarily biologically mediated potentially through microalgal
exudates or associated microbiota. This finding underscores the importance of
distinguishing abiotic from biotic photo-oxidation mechanisms in environmental
contexts, as emphasized by Gewert et al. (2015).

Collectively, these results support the hypothesis that green microalgae may serve as
early-stage modulators in the biotransformation of plastics, initiating oxidative surface
alterations that render polymers more susceptible to subsequent microbial or enzymatic
degradation. Integrative approaches combining microalgae with specialized bacteria or
fungi as recently explored by Tao et al. (2023) using Rhodococcus strains may hold the
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key to enhancing depolymerisation rates and revealing synergistic degradation pathways.
Integrative approaches that combine microalgae with specialized bacteria or fungi, such
as those recently explored by Tao et al. (2023) using Rhodococcus strains, may prove
instrumental in enhancing depolymerization rates and uncovering synergistic degradation
pathways.

To accurately position these findings within the broader degradation continuum, it is
essential to differentiate between biofouling, biofragmentation, and biodegradation, as
these represent sequential yet mechanistically distinct stages in microbial plastic
transformation (Peng et al. 2024). Biofouling involves microbial colonization and biofilm
formation on plastic surfaces, often without altering the polymer structure (Dussud et al.
2018). Biofragmentation refers to enzymatic or oxidative cleavage of polymer chains into
oligomers, while biodegradation is confirmed only when these fragments are metabolized
into inorganic molecules such as CO: or CHa (Cao et al. 2024). Our findings suggest that
microalgae primarily contribute to the first two stages, acting as initiators of surface
activation rather than agents of complete biodegradation.

145



Bibliography

Barone, Giovanni Davide, Andrés Rodriguez-Seijo, Mattia Parati, Brian Johnston, Elif
Erdem, Tomislav Cernava, Zhi Zhu, Xufeng Liu, Ilka M. Axmann, Peter Lindblad,
and Iza Radecka. 2024. “Harnessing Photosynthetic Microorganisms for Enhanced
Bioremediation of Microplastics: A Comprehensive Review.” Environmental
Science and Ecotechnology 20.

Cao, Yiqi, Baiyu Zhang, Xing Song, Guihua Dong, Yuanmei Zhang, and Bing Chen.
2024. “Polyhydroxybutyrate Plastics Show Rapid Disintegration and More
Straightforward Biogeochemical Impacts than Polyethylene under Marine
Biofragmentation.” Environmental Science and Technology 58(32):14496-505.
doi:10.1021/acs.est.4c04639.

Chow, Jennifer, Pablo Perez-Garcia, Robert Dierkes, and Wolfgang R. Streit. 2023.
“Microbial Enzymes Will Offer Limited Solutions to the Global Plastic Pollution
Crisis.” Microbial Biotechnology 16(2):195-217.

Dussud, Claire, Cindy Hudec, Matthieu George, Pascale Fabre, Perry Higgs, Stéphane
Bruzaud, Anne Marie Delort, Boris Eyheraguibel, Anne Leila Meistertzheim, Justine
Jacquin, Jingguang Cheng, Nolwenn Callac, Charléne Odobel, Sophie Rabouille, and
Jean Frangois Ghiglione. 2018. “Colonization of Non-Biodegradable and
Biodegradable Plastics by Marine Microorganisms.” Frontiers in Microbiology
9(JUL). do0i:10.3389/fmicb.2018.01571.

Geyer, Roland, Jenna R. Jambeck, and Kara Lavender Law. 2017. Production, Use, and
Fate of All Plastics Ever Made.

Hock, Ong Ghim, Wong Kok Kee, Rowan Diaaeldin Ahmed Hussein Ahmed, Joelene
K’Ng Zi Ying, Wong Rui Rui, Loh Khye Er, and Tawatchai Tanee. 2024.
“Degradation of Polypropylene Using Fungal Enzyme As A Sustainable Approach
To Management Plastic Waste.” Malaysian Applied Biology 53(2):93-100.
doi:10.55230/mabjournal.v53i2.2819.

Janusz, Grzegorz, Anna Pawlik, Justyna Sulej, Urszula Swiderska-Burek, Anna Jarosz-
Wilkolazka, and Andrzej Paszczynski. 2017. “Lignin Degradation: Microorganisms,
Enzymes Involved, Genomes Analysis and Evolution.” FEMS Microbiology
Reviews 41(6):941-62.

Johnnie, D. Alwin, Reya Issac, and M. Lakshmi Prabha. 2021. “Bio Efficacy Assay of
Laccase Isolated and Characterized from Trichoderma Viride in Biodegradation of
Low Density Polyethylene (LDPE) and Textile Industrial Effluent Dyes.” Journal of
Pure & Applied Microbiology 15(1).

146



Kim, Ji Won, Su Bin Park, Quynh Giao Tran, Dae Hyun Cho, Dong Yun Choi, Yong Jae
Lee, and Hee Sik Kim. 2020. “Functional Expression of Polyethylene Terephthalate-
Degrading Enzyme (PETase) in Green Microalgae.” Microbial Cell Factories 19(1).
doi:10.1186/s12934-020-01355-8.

Moog, Daniel, Johanna Schmitt, Jana Senger, Jan Zarzycki, Karl Heinz Rexer, Uwe
Linne, Tobias Erb, and Uwe G. Maier. 2019. “Using a Marine Microalga as a Chassis
for Polyethylene Terephthalate (PET) Degradation.” Microbial Cell Factories 18(1).
doi:10.1186/s12934-019-1220-z.

Peng, Bo Yu, and Wen Xiong Wang. 2024. “Microplastics Biofragmentation and
Degradation Kinetics in the Plastivore Insect Tenebrio Molitor.” Environmental
Science and Technology. doi:10.1021/acs.est.4c05113.

Ramamurthy, Karthikeyan, N. Paul Thomas, Sanjay Gopi, Gokul Sudhakaran, B.
Haridevamuthu, Karthick Raja Namasivayam, and Jesu Arockiaraj. 2024. “Is
Laccase Derived from Pleurotus Ostreatus Effective in Microplastic Degradation? A
Critical Review of Current Progress, Challenges, and Future Prospects.”
International Journal of Biological Macromolecules 276.

Restrepo-Florez, Juan Manuel, Amarjeet Bassi, and Michael R. Thompson. 2014.
“Microbial Degradation and Deterioration of Polyethylene - A Review.”
International Biodeterioration and Biodegradation 88:83—90.

Rodriguez Couto, Susana, and José Luis Toca Herrera. 2006. “Industrial and
Biotechnological Applications of Laccases: A Review.” Biotechnology Advances
24(5):500-513.

Shafana Farveen, M., Thirumurthy Madhavan, and Rajnish Narayanan. 2023.
“Association of Laccase from Bacillus Cereus O2-B and Pseudomonas Aeruginosa
O1-P with the Bio-Degradation of Polymers: An in Vitro to in Silico Approach.”
Biodegradation 34(4):383—403. doi:10.1007/s10532-023-10028-3.

Sharma, Nikita, and Suneetha Vuppu. 2023. “In Silico Study of Enzymatic Degradation
of Bioplastic by Microalgae: An Outlook on Microplastic Environmental Impact
Assessment, Challenges, and Opportunities.” Molecular Biotechnology.

Tao, Xuanyu, Huanrong Ouyang, Aifen Zhou, Dongyu Wang, Hagan Matlock, Josiah S.
Morgan, Abigail T. Ren, Dashuai Mu, Chongle Pan, Xuejun Zhu, Arum Han, and
Jizhong Zhou. 2023. “Polyethylene Degradation by a Rhodococcous Strain Isolated
from Naturally Weathered Plastic Waste Enrichment.” Environmental Science and
Technology 57(37):13901-11. doi:10.1021/acs.est.3c03778.

Shoaf, W. Thomas, and Bruce W. Lium. 1976. “Improved Extraction of Chlorophyll a
and b from Algae Using Dimethyl Sulfoxide.” Limnology and Oceanography
21(6):926-28.

147



Taniguchi, Ikuo, Shosuke Yoshida, Kazumi Hiraga, Kenji Miyamoto, Yoshiharu Kimura,
and Kohei Oda. 2019. “Biodegradation of PET: Current Status and Application
Aspects.” ACS Catalysis 9(5):4089-4105. doi:10.1021/acscatal.8b05171.

Vijayan, Siji, Ruby Liu, Saji George, and Sinilal Bhaskaran. 2024. “Polyethylene
Terephthalate Nanoparticles Induce Oxidative Damage in Chlorella Vulgaris.” Plant
Physiology and Biochemistry 215. doi:10.1016/j.plaphy.2024.108987.

Yao, Congyu, Wei Xia, Mingde Dou, Yanyi Du, and Jing Wu. 2022. “Oxidative
Degradation of UV-Irradiated Polyethylene by Laccase-Mediator System.” Journal
of Hazardous Materials 440. doi:10.1016/j.jhazmat.2022.129709.

Zampolli, Jessica, Marco Mangiagalli, Daniele Vezzini, Marina Lasagni, Diletta Ami,
Antonino Natalello, Federica Arrigoni, Luca Bertini, Marina Lotti, and Patrizia Di
Gennaro. 2023. “Oxidative Degradation of Polyethylene by Two Novel Laccase-like
Multicopper Oxidases from Rhodococcus Opacus R7.” Environmental Technology
and Innovation 32. doi:10.1016/j.eti.2023.103273.

148



