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1. Introduction
1.1 Soil Biodiversity

Soil biodiversity is fundamental to supporting terrestrial life, extending its importance across local
and global scales through the provision of essential ecosystem services (ES) (Guerra et al., 2022;
O’Riordan et al., 2021). These services can be broadly categorized as provisioning (yielding tangible
products like food, fiber, and medicinal plants), regulating (controlling ecological processes such as
climate regulation, flood mitigation, and waste decomposition), and supporting (underpinning all
other functions, primarily through nutrient cycling, soil fertility, and maintaining structure) (Telo
Da Gama, 2023). Playing a vital role in climate stability, soils act as significant carbon (C) sinks and
contribute to the mitigation of greenhouse gas emissions (Bach et al., 2020; O'Riordan et al., 2021).
Furthermore, soils with their biodiversity hosts over 25% of the Earth's total biological diversity
(Bach et al., 2020), which is crucial for ecological resilience and pest control (Guerra et al., 2022).
Beyond ecological benefits, access to healthy soils and green spaces directly supports human well-
being, including mental and physical health (O'Riordan et al., 2021). However, the multifaceted
functions of soil are highly vulnerable to anthropogenic disturbances, necessitating robust protective
measures to ensure these critical services are maintained (Guerra et al., 2022). Soil contamination,
one of the main anthropogenic soil threats, can significantly impair soil biodiversity and its
ecological functions, reducing ecosystem service delivery (Bach et al.,, 2020; FAO et al., 2020).
Furthermore, the contamination can negatively influence key processes such as decomposition and
humification. This alteration compromise overall ecosystem functioning and represent a major
threat to both taxonomic and functional diversity, as well as to the long-term sustainability of soils
(Ceci et al., 2019; Spina et al., 2018). Land degradation poses a serious threat to human well-being

and is a key factor contributing to climate change and biodiversity loss (Fig. 1.1.1) (Bach et al., 2020).
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Fig. 1.1.1. Soil organisms support multiple ecosystem services, which underpin global sustainability agendas. The
coloured circles next to each organism type represent which of the four overarching parts of sustainable development the

organism contributes to directly. (Bach et al., 2020)



1.2 Mycoremediation

Fungi constitute the predominant component of microbial biomass across most soil environments
and play a crucial role in sustaining microbial biodiversity and driving the biochemical processes
essential to soil ecosystem functioning (Harms et al., 2017). Due to their distinct functional roles,
fungi contribute to vital ecosystem services that support human well-being. Among their various
functions, they are involved in the degradation and detoxification of environmental pollutants (Ceci
et al., 2018; Spina et al., 2018). This remarkable ability of fungi is attributed to their peculiar cellular
structure, diverse metabolic capabilities, and the secretion of powerful, non-specific extracellular
enzymes, including those that break down lignin and cellulose-features that make them highly
effective for bioremediation applications (Akpasi et al., 2023; Harms et al., 2011; Russo et al., 2019).
Moreover, the hyphal growth of filamentous fungi allows them to penetrate soil structures, and
reach pollutants lodged in micropores (Marco-Urrea and Reddy, 2012; Ul¢nik et al., 2012). Together
with the ability to degrade several chemical compounds simultaneously, all these above-mentioned

traits make them especially valuable organisms for soil bioremediation (Komorowicz et al., 2023).

Fungi, both individually and in symbiotic relationships, play a crucial role in key soil
processes. Their contribution is vital to maintaining essential soil ecosystem services that support
environmental sustainability and human well-being (Akter et al., 2025; Runnel et al., 2025). Fungal
communities in contaminated soils have been widely studied for their ability to tolerate and
transform both organic and/or inorganic pollutants (Ceci et al., 2018; Dey et al., 2024; Wang et al.,
2018) among which white rot fungi (WRF), mainly belonging to the Basidiomycota, are known for
their unique ability to degrade lignin, a complex organic polymer found in woody plants. This
ability is attributed to their production of ligninolytic enzymes, including lignin peroxidase (LiP),
manganese peroxidase (MnP), and laccase, which catalyse the breaking of stable chemical bonds in
recalcitrant organic compounds (Ellouze and Sayadi, 2016). These enzymes generate free radicals
capable of non-specifically attacking the chemical bonds of pollutants, allowing their degradation
(Thirumalaivasan et al., 2024). WRFs have been extensively studied for their ability to degrade a
wide range of organic contaminants (Fig. 1.2.1), including polycyclic aromatic hydrocarbons (PAHs),
pesticides, phenolic compounds, synthetic dyes, and pharmaceuticals (Bending et al., 2002;

Komorowicz et al., 2023; Sista Kameshwar and Qin, 2018).
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Fig. 1.2.1. Principal methods used by fungi to degrade organic chemicals (Harms et al., 2011)

In particular, the use of WRF for the degradation of pesticides has shown encouraging
results, highlighting the potential of these fungi in the treatment of contaminated soils (Bending et
al., 2002; Gouma et al., 2019). Although WREF possess an efficient enzyme system, they are very slow
growing species and also require oxygen rich environment for their growth (Nagpal et al., 2008). To
address the slow growth limitations of WREF, it is important to identify fast-growing non-white rot
fungal strains that can quickly and fully break down persistent pollutants, such as chlorinated
pesticides (Sagar and Singh, 2011). Whereas to a lesser extent than WRF, brown rot fungi can
incidentally mineralize environmental pollutants by using hydroxyl radicals generated through
extracellular Fenton-type reactions, which non-specifically oxidize various organic compounds. This
mechanism primarily serves to degrade lignocellulose and access cellulose for growth. In
saprotrophic fungi, cometabolic transformation of pollutants is more common and mainly functions

as a detoxification process. The toxic compounds involved are often of natural origin and arise from
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lignocellulosic material decomposed by fungi or from plant defence chemicals (Arantes and

Goodell, 2014; Harms et al., 2017; Jellison et al., 1997; Liu et al., 2023).

The capabilities of fungi are fundamental for the application of the mycoremediation. The
mycoremediation is a bioremediation strategy that leverages the metabolic ability of fungi to
degrade, transform or immobilize organic and/or inorganic contaminants occurring in the
environment, particularly in soils (Dinakarkumar et al., 2024; Roy et al., 2025). This approach has
shown great potential in remediating contaminated environments by targeting a wide range of
pollutants, including heavy metals, pesticides, and others organic pollutants (Roy et al., 2025). The
efficiency of mycoremediation is influenced by biotic factors, including the composition of plant and
fungal species, plant—soil interactions, and abiotic factors such as soil physico-chemical parameters.
For example, moisture content, carbon-to-nitrogen ratio, oxygen availability, temperature, and pH
can significantly affect fungal enzyme production and activity, ultimately impacting pollutant
degradation (Daassi et al., 2025; Kumar et al., 2021). Two main approaches are recognized: in situ
treatment, where the contaminated material remains at the original site, and ex situ treatment, which
involves removing the material for remediation elsewhere (Dinakarkumar et al., 2024; Moore et al.,
2020). The mechanisms involved in mycoremediation generally include biotransformation,
biosorption, biomineralization, bioaccumulation precipitation, natural attenuation, surface
sequestration (Akpasi et al., 2023; Kumar et al., 2021; Pujiati et al., 2024). Based on these findings, in
several studies that have focused on the application of mycoremediation, particular attention is
given to the use of indigenous fungi in long-contaminated soil (Akhtar and Mannan, 2020; Russo et
al., 2019). The use of native strains shows a better efficacy, reduced potential ecological risk, and
long-term sustainability of bioremediation interventions, particularly in complex matrices such as
soils contaminated by persistent pollutants (Pujiati et al., 2024). Furthermore, indigenous fungi are
naturally adapted to the specific environmental conditions of the contaminated site (Khan et al,,
2019). Compared to non-native strains, native fungi often demonstrate higher survival rate in
stressful environments, including those with high levels of toxicity (Awasthi et al., 2017; Ceci et al.,
2018; Daassi et al., 2025; Spina et al., 2018). Importantly, the use of native fungal strains also helps to
minimize the ecological risks potentially associated with the introduction of non-native strains,
which could otherwise alter existing microbial communities (Rossman, 2009). Similarly, the use of
native soil organisms reduces the risk of biodiversity alteration caused by the introduction of non-

native strains into ecosystems (Medaura et al., 2021).



Beyond the inherent degradation capabilities of individual fungal strains, research has
demonstrated that microbial interactions play a fundamental role in enhancing bioremediation
processes. In this context, attention is also focusing towards studying microbial consortia and their
synergistic application with other organisms, such as in assisted phytoremediation. Microbial
consortia represent associations of microorganisms with synergistic and more powerful metabolic
capabilities compared to single strains. This synergy enables more effective degradation of
pollutants by leveraging the so-called "division of labor" among the various members of the
consortium (Massot et al., 2022; Roy et al., 2023). A practical application of this strategy is assisted
phytoremediation, which integrates the use of plants and microorganisms to remediate
contaminated environments. In this approach, microbial consortia are introduced to enhance the
plants' ability to absorb and degrade pollutants, offering an eco-friendly and more efficient solution

than traditional methods (Massot et al., 2022; Roy et al., 2025).
1.3 Hexachlorocyclohexane

Among the various pollutants that can be treated with fungal-based remediation,
Hexachlorocyclohexane (HCH) is of particular concern due to its persistence, toxicity, and complex
properties in the environment. Hexachlorocyclohexane is a persistent chlorinated organic pollutant
of significant environmental concern whose synthesis involves the photocatalytic chlorination of
benzene. Its isomers (e.g. a-, B-, Y-, O-, and e-HCH) differ in the spatial arrangement of chlorine
atoms around the cyclohexane ring (Fig. 1.3.1), resulting in distinct chemical and environmental
properties. However, the isomeric distribution in the final product may vary depending on

operational conditions (Liu et al., 2022; Wactawek et al., 2019a).

Axial chlorines
Equatorial chlorines

H

a-HCH p-HCH y-HCH 3-HCH

Fig. 1.3.1. Molecular structure of the hexachlorocyclohexane isomers. Modified image (Wactawek et al., 2019a).

HCH was available in two main formulations: technical HCH and lindane. Typically, technical HCH

(t-HCH) consists of a mixture of HCH isomers (HCHs) in the following proportions: 55-80% alpha
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(a), 5-14% beta (3), 8-15% gamma (y), 2-16% delta (), and 3-5% epsilon (¢) (Vijgen et al., 2022).
Given that the gamma is the only isomer possessing insecticidal properties, it was extensively used
as lindane in agriculture, as well as in human and veterinary medicine (Ceci et al., 2015; Homolkova
et al., 2015; Pefia-Alvarez et al., 2025). The production of lindane, obtained by separation from the t-
HCH mixture, has historically generated high amount of unwanted waste isomers, especially f3-
HCH, which is the most stable isomer in the environment, being the least volatile and the most
recalcitrant in terms of microbial degradation (Ceci et al., 2015). The environmental persistence of
beta as well as other isomers is related to their high lipophilicity and low solubility in water (Chaos
et al., 2024; Waclawek et al., 2019a). This is also influenced by HCHs adsorption onto soil particles
and sediments, and by a higher affinity for organic matter, determining the reduction of their
bioavailability and the increase of their persistence in the environment (Kai et al., 2025; Tzanetou

and Karasali, 2022).

Due to their persistence, bioaccumulative potential, toxicity, and concerning environmental
legacy, the a-, 8-, and y-isomers of HCH were listed as Persistent Organic Pollutants (POPs) under
the Stockholm Convention (Vijgen et al., 2011). In the European Union, y-HCH has been banned
since 2007 under EC Regulation No. 850/2004 (éernﬂ( et al., 2024; Vijgen et al., 2022). As a POP, it is
characterized by extreme chemical stability, long-range transport potential, bioaccumulation, and
biomagnification (Bhatt et al., 2009; Malik et al., 2023; Schuster et al., 2021; Wong et al., 2021). Its
stability contributes to its persistence and facilitates its diffusion through various environmental
compartments. It can be transported through surface and groundwater systems (Sobral et al., 2024;
Wactawek et al., 2022) and, due to its volatility, is also subject to long-range atmospheric transport
(Estellano et al., 2012), contributing to the contamination of even remote regions, including Arctic
ecosystems (Luarte et al., 2024; Wong et al., 2021), where it accumulates in organisms that play a

crucial role in the food chain (Rios et al., 2017).

Biologically and chemically, HCH isomers undergo several transformation processes. For
instance, substituting chlorine with fluorine in certain HCH molecules has shown enhanced
biodegradability, suggesting that structural modifications may influence both their biological
activity and fate (Martins and Freitas, 2023). Additionally, photoisomerization processes can convert
v-HCH to a-HCH (Liu et al., 2022; Wactawek et al., 2019a). Microbial bioisomerization has also been
documented: under anaerobic conditions, the conversion of y-HCH to a-HCH in soil, as reported in
a study by Vonk and Quirijns (1979) (cited in Wactawek et al., 2019a). Similarly, Lodha et al. (2007)
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observed this conversion under aerobic conditions, in a pesticide-contaminated industrial dump
site. Among these, a wide range of chemical approaches have been explored throughout the years:
adsorption is a widely used method for removing both organic and inorganic pollutants from
wastewater, with different adsorbents demonstrating optimal performance for specific HCH isomers
(Adithya et al., 2021). Another common technique involves advanced oxidation processes (AOPs),
such as ozonation, Fenton oxidation, and photolysis, which use hydroxyl radicals to degrade -
HCH. These methods, including ozonation and UV photolysis, have shown effective reduction of {3-
HCH concentrations in aqueous solutions (Cruz-Gonzadlez et al., 2018; Wactawek et al., 2019a).
Ferrate oxidation, using high-valence iron species (Fe(IV), Fe(V), Fe(VI)), has also been employed, at
high pH levels enhancing B-HCH degradation (Homolkova et al., 2015). Several studies have
explored the use of zero-valent iron nanoparticles (nZVI) for degrading organic pollutants,
including HCH. The technique involves electron transfer from nZVI to chlorinated compounds,
breaking carbon-halogen bonds and reducing pollutant toxicity in soil and groundwater
applications (Pefia-Alvarez et al., 2025; Tosco et al., 2014). For y-HCH, photocatalytic oxidation using
nano-photocatalysts has been applied, where hydroxyl radicals formed in the presence of water
molecules enable effective breakdown (Khaydarov et al., 2013). Additionally, chemical reduction has
proven more efficient than oxidation for HCH degradation (Wactawek et al., 2019a). This method
involves electron donation by reducing agents, leading to chlorine or oxygen removal and hydrogen
addition (Leal-Duaso et al., 2025), through processes such as metal-mediated dihaloelimination and
hydrogenolysis (Wactawek et al., 2019a). In a context of particular attention towards the application
of sustainable and low-cost strategies, mycoremediation turns out to be an ecofriendly remediation
strategy since it exploits the activity of fungi to degrade, transform or immobilize environmental

pollutants, including organochlorine pesticides such as HCH.
1.4 Mycoremediation studies: an overview of the last 25 year of research
1.4.1 Biodegradation by filamentous fungi

Before the development of more advanced mycoremediation approaches, early studies investigated
the degradation of lindane by some WREF, revealing promising results. The initial studies were from
Bumpus et al. (1985) which investigated the capability of Phanerochaete chrysosporium to degrade
lindane. Aust (1990), also focused on the same fungus. In both studies, degradation depended on the

extracellular lignin-degrading enzyme system of this fungus. Arisoy (1998) also studied



Phanerochaete chrysosporium, as well as other WRF such as Pleurotus sajor-caju, Pleurotus florida, and

Pleurotus eryngii, which demonstrated the capacity to degrade lindane.

Biodegradation efficiency is closely related to the biological and ecological traits of fungi.
White-rot fungi, known for their ability to degrade wood decay as discussed above, are reported to
be effective candidates for HCH degradation. Indeed many studies have reported high degradation
efficiency by these fungi. One strains with an high degradation efficiency is Cyathus bulleri 195062
(Singh and Kuhad, 2000). This fungal strain, obtained from the Canadian National Collection of
Fungal Cultures, achieved near-complete degradation (~98%) of 0.27 uM lindane in 28 days, slightly
surpassing Phanerochaete sordida HHB-8922-50 with 95% removal. The other strain that reached 98%
of degradation is Trametes versicolor ZIM L which was tested with a starting concentrations of 30
uM lindane in 16 days (Ulcnik et al., 2013, 2012). A slightly lower but still remarkable degradation
efficiency was reported for Bjerkandera adusta ATCC 90940 in a study that highlighted its versatility
in degrading all HCH isomers in a slurry batch bioreactor, with an efficiency up to 94.5% for y-HCH,
with a starting concentrations of 25 mg/kg for each isomer in soil (Quintero et al., 2007). Another
species of interest for HCH degradation is Pleurotus ostreatus, which has been investigated in
multiple studies. Indeed P. ostreatus ZIM L was tested in liquid culture with 30 uM lindane, and
consistently achieve high removal rates exceeding 90% (Ul¢nik et al., 2013, 2012). The investigation
by Hidalgo et al. (2023) evaluated the mycoremediation potential of P. ostreatus using two distinct
substrates: inoculated mushroom substrate (IMS) and spent mushroom substrate (SMS). Both
substrates were manually integrated into soils artificially co-contaminated by y-HCH, standardized
at a final concentration of 100 mg/kg DW soil, and Lead (Pb) at two distinct concentrations: the lower
concentration (“350-Pb soil”) averaged 347 + 29 mg/kg DW, while the higher concentration
(treatment “1930-Pb so0il”) showed a mean value of 1930+ 91 mg/kg DW. The results highlighted a
strong effectiveness of the P. ostreatus IMS in degrading the organic pollutant, achieving a y-HCH
concentration reduction of 88.9% in the 1930-Pb soil and 54.4% in the 350-Pb soil, respectively. The
study by Rigas et al. (2009) tested P. ostreatus AMRL 141 in clay-loam soil, wheat straw, and sawdust.
The optimal biodegradation rate was 0.48 pg/day and the optimal biodegradation/biomass ratio was
0.08 ug/mg, both achieved at a lindane concentration of 15 ppm. An effective white-rot fungus in the
degradation of lindane, Hypoxylon fragiforme, was reported by Ul¢nik et al. (2012). It demonstrated a
very high efficacy in liquid culture, degrading 90% of lindane at a concentration of 30 uM, which

was consistent with the concentration used for the other fungi mentioned previously in the same
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study. Xiao and Kondo (2020) demonstrated the degradation ability of two fungi: Phlebia lindtneri
GB1027 and Phlebia brevispora TMIC34596. These fungi were sourced from the Forest Products
Laboratory of the United States Department of Agriculture and a butt rot of Japanese cypress,
respectively. In liquid cultures with a final lindane concentration of 0.1 mM, was observed that
lindane reduction in low-nitrogen (LN) and high-nitrogen (HN) cultures began after five days of
incubation, followed by a sustained and rapid degradation process until the 25-day endpoint. P.
brevispora degraded 87.2% of lindane in LN and 75.8% in HN medium, while P. lindtneri achieved
73.3% and 64.9% degradation, respectively. Besides demonstrating the efficiency of these two strains
considered, this study also demonstrated that LN medium is more favourable than HN medium for
the fungal degradation of lindane by these two strains. Significant degradation percentages were
also observed in the study by Tekere et al. (2002), which focused on the ability of a subtropical white
rot fungal strain, DSPM95, isolated from forests in Zimbabwe, to degrade the pesticide lindane. To
test its effectiveness, two different experimental setups were used in this particular case: stationary
batch cultures, where experiments were conducted using lindane concentrations of 5, 10, 20, and 40
ppm. Additionally, tests in a packed bed bioreactor were performed using lower concentrations of
1, 2, 5, and 10 ppm. The results demonstrated that the fungus was able to extensively degrade
lindane in both systems. In batch cultures, degradation of approximately 82% was achieved at
concentrations of 5 and 10 ppm. In the packed bed bioreactor, degradation values were also high,
reaching 81% at concentrations of 1 and 2 ppm. A study by Rigas et al. (2007) tested Ganoderma
australe, a polypore fungus isolated from a Pinus pinea stump, for lindane (y-HCH) degradation in a
sandy soil and wheat straw solid-state system. The study showed that the fungus was able to
degrading lindane in a soil-straw system. The authors introduced the parameter
"Biodegradation/biomass”, which represents the fungus's degradation efficiency per unit of mass
produced. This new model showed that the fungus's degradation efficiency is optimal under specific
environmental conditions, reaching a maximum value of 56.9 ug of lindane degraded per gram of
fungal biomass, for a lindane concentration of 13 ppm. Based on the analysis of the Dritsa et al. (2009)
study, the fungus Ganoderma australe showed efficiency in degrading lindane in a liquid culture
system. This study identified a "specific biodegradation" value of 3.11 mg of lindane per gram of
biomass as the maximum achieved under optimal conditions (i.e., 3110 ug/g). The ideal conditions
included an initial lindane concentration of 7.0 ppm. Despite the two studies used different
methodologies leading to results that are not directly comparable, both confirmed the effectiveness

of G. australe in lindane bioremediation. Kaur et al. (2016) evaluated the white-rot fungus Ganoderma
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lucidum GL-2, isolated and grown on a rice bran substrate, to degrade lindane at a concentration of
4 ppm. The research compared its effectiveness in two different culture systems: liquid and solid.
The results showed that liquid-state fermentation is the most efficient method for lindane
degradation, reaching a maximum rate of 75.50% in 28 days. In contrast, solid-state fermentation
showed lower efficiency, with a maximum degradation rate of 37.50%. This trend is analogous to
that of previous studies on G. australe: liquid culture systems allow for greater fungal degradative
activity compared to solid culture. Quintero et al. (2008) investigated the biodegradation of main
HCH isomers, including lindane, by several white-rot fungi after 10 days of incubation. The study
was conducted in liquid cultures, using an initial HCH isomer concentration of 2.5 mg/L. Pleurotus
eryngii and Bjerkandera adusta were the most effective fungi at degrading the tested isomers. P. eryngii
showed the highest degradation rates for d-HCH (70.8%) and y-HCH (lindane, 48.5%) and is the
only one to show a degradation rate for a-HCH (23.9%), albeit low. B. adusta achieved the maximum
degradation among the tested fungi, for B-HCH (56.6%), which proved to be the most resistant
isomer. It also showed good percentual values for the other two isomers: 42.4% for y-HCH and 54.2%
for -HCH. Other fungi showed lower but still noteworthy effectiveness: Irpex lacteus degraded o-
HCH by 53.8% and y-HCH by 33.7%. Lentinus tigrinus and Stereum hirsutum showed lower
degradation rates for y-HCH (15.1% and 24.6%, respectively) and d-HCH (39.5% and 29.9%,
respectively), with null or negligible degradation of B-HCH. Polyporus ciliatus showed a 3-HCH
removal of 26.5%, while the degradation of d- and y-HCH isomers were 32.5% and 60.4%
respectively. Phanerochaete chrysosporium and P. sordida showed null or negligible degradation for all

the isomers, while Phlebia radiata showed very low (25%) degradation of o-HCH.

Among these studies about the WREF, others species showed high degradation efficiency. One
of the highest removal rate was observed in the study by Nagpal et al. (2008), where Conidiobolus 03-
1-56, isolated from litter, completely degraded lindane (100%) in liquid culture after only 5 days. The
experiment was conducted with a lindane concentration of 5 mg/L, which the fungus utilized as its
sole carbon source. Others two studies by Dey et al. (2024, 2020) reported exceptionally high removal
rates for Aspergillus fumigatus PD-18. In liquid culture co-contaminated with a heavy metal mixture
comprised of a total of 30 mg/L (5 mg/L of each of the individual elements, i.e. Cd, Cr, Cu, Ni, Pb
and Zn), the fungus degraded 96% of the lindane (30 mg/L) in 72 hours in the first study. The removal
was accompanied by biosorption and bioaccumulation of the metals. The study by Kaur et al. (2023)

examined various Ascomycetes species isolated from HCH-contaminated soil. The degradation
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percentages, measured in liquid culture after 14 days with 1 mg/L of lindane, varied widely.
Pleurostoma richardsine MT804595 and Alternaria alstroemerizge MT804603 showed the highest
efficiency, removing 87% and 81%, respectively. The other tested species displayed significant
removal percentages: Penicillium tanzanicum MT804597 (73%), Aspergillus terreus MT804596 (70%),
Scedosporium apiospermum MT804593 (58%), and Pseudallescheria ellipsoidea MT800941 (45%). The
genus Penicillium has been widely studied for its degradation capabilities. Tageli (2006) studied the
degradation of lindane (0.001 M) by Penicillium camemberti in a liquid medium with acetate (0, 0.2
and 0.5 g/L) as primary carbon source, in shaking and static conditions. After 10 days P. camemberti
degraded lindane was 53% in static condition and 58% in shaking condition, reaching up to 70% in
absence of acetate, 57% with 0.5 g/L and 62% with 0.2 g/L of acetate. The study highlighted that the
presence of acetate reduced the efficiency of lindane removal and degradation of lindane were
higher in shaking condition. Both conditions influenced significatively the fungal metabolism
related to lindane degradation: in particular the author suggested that the presence of acetate shift
fungal metabolism to aerobic respiration. Subsequent studies on Penicillium griseofulvum FBL 500
isolated from HCH-contaminated soil, showed residual concentrations ranged from 18.6% to 58.2%
after 26 days at 1 mg/L of B-HCH in liquid medium with addition of saccharose at different
concentrations (Ceci et al., 2015), and approximately 65% after 23 days, for a mixture of HCH isomers
(a-, B, Y-, and 0-HCH) at 4 mg/L in liquid medium (Ceci et al., 2018). Regarding the genus Fusarium,
Sagar and Singh (2011) reported significant degradation percentage determined by strains isolated
in enrichment conditions. Fusarium solani LTF7 degraded approximately 59.4% of lindane, while
Fusarium poae LTF4 reached 56.7% in liquid culture with 100 pg/mL of lindane. Another study by
Guillén-Jiménez et al. (2012) on Fusarium verticillioides AT-100 in liquid culture medium amended
with 50 mg/L of lindane, showed a lower degradation percentage of 29.9%, suggesting that efficiency

can vary depending on the species and concentration.

Fungi are known for their ability to remove HCH, from the environment, not only through
biodegradation, but also via other mechanisms such as bioadsorption, and bioaccumulation. Some
fungi, on the other hand, are able to efficiently tolerate high concentrations of HCH. These processes
are essential for the survival of fungi in contaminated environments and for their ability to act as
bioremediation agents. The study by Ghosh et al. (2009) stands out for the highest removal
percentages. By testing lindane concentrations from 20 to 1000 ug/L, the authors showed that the

biomass of Rhizopus oryzae MTCC 262 could adsorb lindane from aqueous solutions with a
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percentage of adsorpion from 63% to 90%, depending on the culture's age. The removal was very
rapid, reaching equilibrium within just 60 minutes, and it was found that hydrophobic interactions,
linked to the biomass's lipid content, played a crucial role in this process. Indeed, the removal of
lipids reduced the adsorption capacity by 55-68%. Another work, by Cliff et al. (2003), investigated
the bioadsorption ability of Rhizopus arrhizus. The research was conducted by adding 2 mg of lindane
to batch cultures after 4 days. The study confirmed its ability to bind lindane to its surface, detecting
a quantity of 174 pg of lindane per microgram of dry biomass. This work emphasizes the importance
of adsorption as a mechanism complementary to biodegradation in lindane removal. Ul¢nik et al.
(2013, 2012) examined also the brown-rot fungus Gloeophyllum trabeum ZIM L017, which showed no
capacity for lindane degradation in liquid culture when tested at concentrations of 30uM. This study
emphasized how, in the absence of biodegradation, adsorption onto the myecelial biomass can
represent an important removal mechanism. The adsorption resulted an efficient mechanism for
HCH removal also by the white-rot Chondrostereum purpureum as reported in the study by Ul¢nik et
al. (2012). They examined the removal of lindane in the liquid cultures with a concentration of 30
uM. Although degradation was limited, the authors hypothesized that a significant portion of the
removal occurred via adsorption, suggesting that this mechanism contributed to reducing the final

lindane concentration

Shifting to HCH bioaccumulation, the study by Gatgowska and Pietrzak-Fiecko (2021)
analysed the lindane concentration in three species of wild edible fungi. The highest concentration
was detected in Cantharellus cibarius (7.19 ug/kg lipids), followed by Boletus edulis (4.55 pg/kg lipids)
and Boletus badius (4.51 pg/kg lipids). These results highlight that lindane accumulates particularly
in the lipid fraction of these organisms, reflecting their ability to concentrate persistent organic
pollutants from the environment. Finally, the study by Galgowska et al. (2012) reported lower
bioaccumulation rates for the species Xerocomus badius and Boletus edulis. The detected lindane
concentrations ranged between 0.10 and 0.14 pg/kg, well below established safety thresholds.
Although there were no statistically significant differences between the species, Xerocomus badius

tended to accumulate a slightly higher amount (0.125 pg/kg) compared to Boletus edulis (0.11 ug/kg).

The ability of fungi to absorb and accumulate lindane is intrinsically linked to their tolerance
for this pollutant. This tolerance is a prerequisite for fungi to thrive in contaminated environments
and to employ alternative removal mechanisms like bioadsorption and bioaccumulation, which
complement biodegradation. A study by Russo et al. (2019) provides direct evidence of this tolerance
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by isolating twelve fungal strains from HCH-contaminated soil. These strains, including Cadophora
fastigiate FBL 557, Harzia acremonioides FBL 571, Metarhizium sp. FBL 568, Mucor hiemalis f. hiemalis
FBL 572, Penicillium simplicissimum FBL 573, Phialocephala dimorphospora FBL 636, Sphaeropsidales sp.
FBL 570, Talaromyces sp. FBL 574, Trichoderma sp. FBL 575, T. harzianum FBL 576, Westerdykella sp.
FBL 568, and Zopfiella latipes FBL 567, displayed high tolerance to a mixture of HCH isomers at a
concentration of 4 mg/L. The majority of the fungi showed high tolerance with Rt:Rc ~0.66-1.02 and
Tolerance Index (TI) >50%. Ceci et al. (2015) investigated the tolerance abilities Penicillium
griseofulvum against the most recalcitrant 3-HCH isomer at a concentration of 1 mg/L. Specifically,
the presence of B-HCH did not significantly inhibit growth; the biomass yield was not strongly
reduced (TI > 50%), achieving average TI values ranging from 61.19% to 74.01%. This robust
performance confirms the suitability of this species for bioremediation strategies targeting aged
HCH contamination. Another study by Ceci et al. (2018) investigated the microbial response to the
co-occurrence of HCH mixture and heavy metals (Vanadium and Lead). P. griseofulvum FBL 500 was
tested to evaluate its TI, both when exposed to the HCH mixture alone and in co-occurrence with
the metals. The addition of the 4 mg/L isomeric HCH mixture to liquid medium resulted in no
obvious adverse effects on the growth. The biomass yield was not strongly reduced (TI greater than
50%) by the HCH mixture alone, yielding a robust average TI value of 87.2%. Interestingly, when
HCH was combined with the metals, the biomass yields were stimulated (TI greater than 100%). The
highest TI value, signifying maximum metabolic stimulation, was recorded in the presence of 2.5
mM of NHsVO:s. These findings are consistent with research that highlights the role of alternative

removal mechanismes.

Fungal degradation of HCH is a complex process involving a variety of enzymes and
biological mechanisms. Concerning the enzymes involved in the biodegradation of HCH, based on
these studies it appears that the ligninolytic enzymes play a key role. Indeed, ligninolytic enzymes
(laccase, MnP, LiP) produced by Ganoderma lucidum GL-2 were involved in lindane degradation,
even though the production of these enzymes was partially inhibited by the presence of the
contaminant (Kaur et al., 2016). Manganese peroxidase (MnP) and laccases were released by the
white-rot fungus DSPM95 (Tekere et al., 2002). Also Conidiobolus 03-1-56, tested in the study by
Nagpal et al. (2008), showed the production of ligninolytic enzymes, including lignin peroxidase
(LiP), although its enzymatic activity was lower than WRF such as Pleurotus ostreatus and Trametes

versicolor. The study by Ul¢nik et al. (2013) confirmed that the degradation of lindane by white-rot
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fungi like Trametes versicolor and Pleurotus ostreatus is linked to ligninolytic enzymes, unlike brown-
rot fungi such as Gloeophyllum trabeum, which showed no degradative activity. However, the authors
suggested that laccases group are not the only enzymes involved in fungal lindane degradation.
Moreover, Dey et al. (2024), through a proteomic analysis, found out that Aspergillus fumigatus PD-
18, under co-contamination with heavy metals, showed an upregulation of key enzymes including
haloalkane dehalogenase and homogentisate 1,2-dioxygenase, that are directly involved in the
mineralization of lindane. In this context, among other important intracellular enzymes, cytochrome
P450 monooxygenase enzymes are reported. For example, Xiao and Kondo (2020) reported that
these were the main responsible enzymes in the degradation of lindane by WRFs Phiebia brevispora
TMIC34596 and Phlebia lindtneri GB1027. In this study the authors also investigated the production
of secondary metabolites produced by these species and identified some dechlorinated and
hydroxylated secondary metabolites. In Penicillium griseofulvum FBL 500 some dealogeneated
intermediate metabolites like pentachlorocyclohexene and trichloro- and dichlorobenzenes were
also observed, with and without the co-occurrence of vanadium and lead, suggesting the
involvement of unisolated oxidative and hydrolytic enzymes in HCH degradation activity (Ceci et
al., 2018). Similarly, Kaur et al. (2023) identified various degradation metabolites in Ascomycota
strains (such as Pleurostoma richardsiae MT804595 and Alternaria alstroemeriae MT804603), indicating
an oxidative dechlorination mechanism. Intermediate dealogeneated metabolites of HCH
transformation, such as pentachlorocyclohexene (PCCH) and trichlorobenzene (TCB), were also
observed in twelve species studied by Russo et al. (2019), suggesting that dechlorination is a key
mechanism of HCH biotransformation. Finally, the available data demonstrate that fungal
degradation of HCH is a complex process involving several specific or unspecific enzymes,
including peroxidases and laccases, determining transformations such as hydrolysis and

dichlorination.
1.4.2 Degradation by yeast strain and fungi-bacteria consortia

The use of yeasts for the bioremediation of lindane in soil results to be a limited area of research,
with some studies that demonstrated the potential of yeast strains to tackle high values of y-HCH
concentrations. For instance, Rhodotorula sp. VIT]zNO3 achieved complete degradation of 600 mg/L
lindane in 8 days when using it as the sole carbon source (Salam et al., 2013). This efficiency can be
significantly enhanced via metabolic optimization: the induction of biosurfactants (e.g., using olive

oil) accelerated the complete removal time for the same strain to just 5 days (Salam and Das, 2013a).
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Similarly, the biosurfactant strategy accelerated Pseudozyma sp. VIT]zNO1's degradation of 700 mg/L
v-HCH to 6 days in liquid medium, and significantly enhanced removal in soil slurry (Salam and
Das, 2013b). Furthermore, a groundbreaking bio-nano hybrid system combining Candida sp.
VITJzN04 with zinc oxide nanoparticles achieved the most rapid removal, completely degrading 600
mg/L lindane in just 3 days (reducing the half-life to 9 hours), attributed to enhanced enzymatic

activity and photocatalytic dechlorination (Salam and Das, 2015).

Another study area regard the use of microbial consortia as reported in different studies,
which leverage the synergy between different species of microorganisms. Obtained under
enrichment conditions from soil and sewage, a consortium composed of the bacterial species,
Pseudomonas fluorescens CFR1002, Pseudomonas diminuta CFR1003, Burkholderia pseudomallei CFR1004,
Pseudomonas putida CFR1005, Pseudomonas aeruginosa CFR1006, Pseudomonas stutzeri CFR1007,
Pseudomonas fluorescens CFR1008, Acinetobacter haemolyticus CFR1009, and one fungal species
Fusarium sp. CFR217, was studied by Manonmani et al. (2000). It was the most performant, achieving
complete degradation of 100 pug/mL of the a-HCH isomer in just 72 hours. Another consortium
isolated from HCH-contaminated soil, by Elcey and Kunhi (2010), also showed high HCH
degradation efficacy. This consortium, composed of the bacterial species Pseudomonas putida
CFR1021, Pseudomonas fluorescens CFR1022, Pseudomonas aeruginosa CFR1023, CFR1024, Burkholderia
cepacia CFR1025, CFR1026, Pseudomonas stutzeri CFR1027, Vibrio alginolyticus CFR1028, Acinetobacter
lwoffii CFR1029, and one fungal species Fusarium sp. CFR225, also isolated under enrichment
conditions, achieved complete mineralization up to 300 pg/mL of y-HCH, with a maximum
degradation rate for y-HCH of 216 ug mL* day?. This consortium was able to near-complete
degradation (over 95% chloride release) of all major HCH isomers: 10 pg/mL of B-HCH in 48 h, 25
pg/mL of O-HCH in 72 h, and 25 ug/mL of a-HCH in 96 h. Another consortium, proved to be a
promising candidate for bioremediation, was tested by Saez et al. (2018) for bioaugmentation of
biomixtures composed of silty loam soil, sugarcane bagasse, and peat. This consortium was
composed of Trametes versicolor SSNG1 and several actinobacteria species of Streptomyces. After 66
days, the removal of 100 mg/kg of lindane reached 81-87%, reducing its half-life to approximately
24 days. Finally, the study by Khan et al. (2023) investigated a consortium composed of the fungal
species Fusarium equiseti K3 and the bacterial species Sphingobium sp. S8, both isolated from HCH
contaminated soil. Although the fungal species alone was not able to degrade HCH, its presence

was able to enhance the HCH biodegradation activity of the bacterium. This co-occurrence led to
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different percentage values of HCH degradation after 10 days: 81% for 0-HCH, 75% for y-HCH, 71%
for a-HCH, and 57% for $-HCH. The analyses also identified the co-metabolic activity of the
bacterium stimulated by fungal metabolites, a mechanism supported by the presence of the key

enzymes LinB and LinC.
1.5 Mycoremediation in the One Health Framework

According to the One Health High-Level Expert Panel (OHHLEP), One Health is defined as “an
integrated, unifying approach that aims to sustainably balance and optimize the health of people,
animals and ecosystems” (WHO, FAO, UNEP & WOAH, 2021). This perspective underscores the
interconnectedness of environmental integrity, animal welfare, and human well-being (Fig.1.5.1), an
interdependence particularly evident in the case of POPs, such as HCH. Wang et al. (2024) discuss
emerging contaminants, including POPs like HCH, and argue that effective remediation requires
interdisciplinary coordination, including source control, environmental monitoring, and health
policy integration. Arnesano et al. (2023) highlighted the diverse toxicological effects of lindane (y-
HCH) in human, including neurological, hepatic, haematological, and carcinogenic impacts, and
explicitly advocate for its management as a One Health issue due to its persistence in ecosystems
and the resulting health implications. Soil contamination by organochlorine pesticides represents a
serious threat to ecosystems, food chains, and public health due to mechanisms such as
bioaccumulation and chronic exposure (Kopittke et al., 2024). A case in Italy’s Sacco River Valley,
where 3-HCH contaminated bovine milk due to industrial pollution, highlights the One Health
relevance of HCH exposure, linking environmental contamination to risks for both animal and
human health (Battisti et al., 2013). The use of fungi for the degradation of HCH and other POPs fits
well within the One Health framework, which emphasizes the interdependence between
environmental, animal, and human health (Destoumieux-Garzoén et al., 2018). Fungi, in addition to
their biodegradative potential, play a key role in maintaining soil structure, a factor that significantly
influences environmental health and ecosystem functioning (Yiallouris et al., 2024). Through the
reduction of toxic effects, mycoremediation may reduce the spread of pollutants to crops, livestock,
and water sources, thus limiting human exposure. Integrating fungal bioremediation strategies into
pollution control efforts not only supports ecosystem recovery but also contributes to safer
agricultural practices and healthier living environments (Dinakarkumar et al., 2024), fully aligning

with One Health objectives.
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1.6 Worldwide distribution of HCH

Between 1950 and 2000, global lindane use is estimated at approximately 450,000 tonnes for
agricultural purposes, with an additional 150,000 tonnes used in non-agricultural applications (e.g.,
livestock, forestry, pharmaceuticals), bringing the total to around 600,000 tonnes (Vijgen et al., 2006),
(European Commission et al., 2022). Europe accounted for the major share of global consumption
(about 63%), even though its use was banned in several countries as early as the 1970s (Homolkova
et al., 2015; Vijgen et al., 2011, 2006). Lindane production, as mentioned above, has led to the
generation of high quantities of HCH isomer waste (mainly «, 3, 9, and ¢). Early estimates suggested
a total of around 4.8 million tonnes of such waste, while more recent assessments have revised this
figure upward to between 4.8 and 7.2 million tonnes, based on historical data from multiple sources.
In Europe, over 300 HCH-related sites have been identified, including 54 classified as high-risk
locations (Fig. 1.6.1) (Vijgen et al., 2022) and these include former production and processing
companies, storage depots, landfills, and facilities that managed technical HCH (t-HCH), lindane,
or related waste. Also Wactawek et al. (2019) documented the widespread occurrence of HCH and
its isomers across several continents. In Africa, environmental contamination has been detected in
air and surface waters; in Asia, particularly in India, multiple soils have been recorded as
contaminated by HCH; and in North America, residues of HCH and a-HCH have been found in
rivers and marine environments. These findings confirm the existence of HCH waste hotspots
worldwide. The vast scale of HCH waste exceeds that of other obsolete pesticide stockpiles and
underscores the urgent need for coordinated remediation efforts, especially in regions where

contamination persists (Vijgen et al., 2011).
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1.7 Distribution of HCH in Italy

The issue of HCH contamination remains a significant environmental and public health concern
across Italy, which ratified the Stockholm Convention on Persistent Organic Pollutants (POPs) in
2022 (Law n. 93/2022). This ratification acknowledges the seriousness of widespread contamination
by HCH, whose application in Europe has been banned for decades. As mentioned above, scientific
investigations confirm the persistence of HCH isomers in multiple environmental compartments,
resulting from both unaddressed historical industrial waste and, critically, potential ongoing illegal
use (Vijgen et al., 2022). In the soil matrices of contaminated areas, high total HCH concentrations
(mainly «, 3, v, and 6-HCH isomers) are reported to be widespread, indicating the long-term legacy
of past technical HCH application, particularly in agricultural and rural areas (Thiombane et al.,
2018). Specifically, the B-HCH isomer is consistently reported as the most abundant HCH
contaminant in soils across central and southern Italy, often followed by a-HCH and linked to
historical industrial discharge, such as the contamination found in the Frosinone district, Valle del
Sacco (Qu et al., 2019; Thiombane et al., 2018). This presence extends beyond surface contamination:
-HCH and d-HCH have also been detected in groundwater within major contaminated areas,
highlighting the pervasive nature of the pollution in the hydrogeological system (Confalonieri et al.,
2019). Furthermore, atmospheric monitoring has revealed HCH isomers to be abundant in the
atmospheric compartment at both agricultural and urban sites. This suggests ongoing sources of
contamination, due to the volatilization of old stocks. In the air, the most frequently detected isomers
are typically a-HCH and y-HCH (Estellano et al., 2012). Collectively, these findings confirm that
HCH contamination is a deeply rooted, multi-matrix environmental problem throughout Italy,

necessitating sustained and comprehensive cleanup efforts.
1.8 The National Priority Site “Bacino del Fiume Sacco”

The necessity for specialized intervention in severely polluted areas across Italy is governed by the
designation of National Priority Site (NPS; Italian: Siti di Interesse Nazionale, SIN), which are
identified based on the nature, quantity, and toxicity of contaminants, alongside the projected
health, ecological, and cultural risks to the surrounding environment (ISPRA, 2025) reported in Fig.

1.8.1.
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With 42 such sites nationwide, the NPS “Bacino del Fiume Sacco” is an example of significant
importance for HCH contamination within this framework. Situated in the heart of Southern Lazio,
this large area encompasses approximately 7,200 hectares and 60 km along the Sacco River,
involving 19 municipalities, including Colleferro in the Metropolitan City of Rome (Fig. 1.8.2). The
environmental crisis came to the forefront in May 2005 with the detection of (B-HCH at
concentrations exceeding legal thresholds in bovine milk samples from the Gavignano municipality,

leading to the immediate interdiction of a large agricultural area (MASE, 2019; Bianconi et al., 2011).

Sito & Interesse Nazionale &

BACINO IDROGRAFICO del

FIUME SACCO
Legpe 2 dicembxe 2005, n. 248

Fig.1.8.2 Geographical and environmental context of Bacino del fiume Sacco. Source: Ministero dell’'ambiente e della

sicurezza energetica (MASE). Available online https://bonifichesiticontaminati.mite.gov.it/sin-51/ Accessed on 26/10/2025

Following the declaration of environmental emergency, officially formalised in the Prime Ministerial
Decree of 19 May 2005, actions were taken by the Commissioner's Office starting in 2005 with the
aim of addressing the situation in the Valle del Sacco. These actions involved the perimeter of the
site (industrial and agricultural areas), environmental characterisation to define the nature and
extent of the contamination, safety measures and the start of remediation work, epidemiological
investigations for the protection of public health, and compensation and support for the affected
agricultural and livestock farms (Ufficio Commissariale., 2011) (Fig. 1.8.3). On 2 December 2005, the
NPS “Valle del Sacco” was established (Law No. 248 of 02/12/2005) and biomonitoring for f-HCH

contamination was planned.
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Fig. 1.8.3. Progress status of emergency safety work (Ufficio Commissariale., 2011)

The root cause of the prolonged environmental contamination is linked to historical industrial
activities—including chemical, aviation, and armaments sectors—many of which operated in close
proximity to or directly bordering the Sacco River, as reported in the DGR n. 119 of 6 march 2019 of
Lazio Region and Ministry of the Environment, Land and Sea Protection (MATTM). Subsequent
scientific investigations confirmed that the primary contamination source was a large industrial
conglomerate, particularly a chemical plant in Colleferro that produced the insecticide lindane since
the 1950s (Porta et al., 2013). This manufacturing process generated HCH isomers
(a,B,y, and ® HCH) which infiltrated the environment, particularly from illegal waste dumps and
landfills operating within the industrial area since the 1960s (Battisti et al., 2017; Bianconi et al., 2011).
The mechanism of dispersion involved continuous chemical leakage and runoff contaminating the
nearby river, which then served as the primary dispersal vector, affecting the environment up to
30 km downstream (Battisti et al., 2013). River water, subsequently used for crop irrigation, and
periodic winter flooding spread contaminated sediments across a substantial stretch of agricultural
land (Bianconi et al., 2011; Porta et al., 2013). The contamination was subsequently found in the soil,
the local food chain, and the human population through consumption of contaminated food (meat,

milk, and dairy products) and potentially the use of water from private wells prevalent in the rural
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area (Battisti et al., 2017; Porta et al., 2013). The resulting health risks and significant economic losses
to the farming community underscored the necessity for the NPS designation (Bianconi et al., 2011).
The area’s inclusion and definitive perimeter were officially formalized in 2016, including 19
municipalities, with a total of approximately 200,000 residents, covering an area of approximately
7,000 hectares, stretching along the Sacco River for about 50 kilometres (ISPRA, 2025). In response
to this complex and multi-layered crisis, the institutional commitment to remediation was
established with the approval of specific Operational and Administrative Guidelines in 2017,
followed by the signing of a Program Agreement between the Ministry of the Environment and the
Lazio Region in 2019, aimed at implementing essential safety and cleanup interventions (MASE,

2019).
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