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List of abbreviations
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Agent Orange
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Aryl hydrocarbon receptor nuclear translocator
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Cytochrome P450 monooxygenases
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Gas chromatograph high resolution mass spectrometer
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Hydrogen atom transfer
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Internal transcribed spacer
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Lignin peroxidases
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SDS

Sodium dodecyl sulfate

SSR

Single sequence repeat

Syr

Syringaldehyde

Syz

Syringaldazine

TEF

Toxic equivalency factor
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Toxic equivalents

Van
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VIO

Violuric acid
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Versatile peroxidases

WRF

White-rot fungi
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Chapter 1
1. General background
During the Vietnam-USA War, from 1961 to 1971, 2.6 million hectares in central and
southern Vietnam were sprayed with herbicides coded Agent Orange (AO) containing
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) as one of the main components. From 1966
on, reports appeared indicating that AO was contaminated with 2,3,7,8tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), which was formed as an extremely stable
and toxic byproduct during the manufacturing of 2,4,5-T. A total of 366 kg of 2,3,7,8TCDD was sprayed and this has been caused severe impacts on human health as well as
on the environment of Vietnam (The Aspen Institute, 2012)(United States Agency for
International Development, 2016)(Tran, Nguyen, & Le, 2013). Dong Nai and Thua Thien
Hue were two provinces that were heavily sprayed with dioxin-contaminated herbicides
for 40.9% and 24.6% of their total area, respectively. As a consequence, Ma Da forest in
Dong Nai province and A-Luoi valley in Thua Thien Hue province were deforested heavily
during the war. The two forests have since been undergoing reforestation with the
reintroduction of the native species (The Aspen Institute, 2012). The fauna and flora of
these areas have been restored and developed as well as the diversity of the
microorganism community (Chernov et al., 2021)(T. T. Nguyen, 2009)(Kuznetsov &
Kuznetsova, 2013) (Fig. 1).
The condition of the restored dioxin-contaminated forest is a reservoir of unique
microorganism communities that may contain interesting functional properties and
characteristics. Microorganism isolated or enriched from dioxin-contaminated soils have
been suggested to be implicated in dioxin degradation (H. B. Nguyen & Dang, 2007)(Sinh
et al., 2018). Besides, other xenobiotics such as herbicides, pesticides, and insecticides
may also be broken down by isolated microbes derived from dioxin-contaminated sites
(Dam, Dao, Nguyen, & Dang, 2012)(Lechner et al., 2018). Dioxin degrading microbes that
have been isolated and studied mostly belong to bacteria, there is little information
about basidiomycete fungi from those heavily sprayed forests. The enzymes that have
been suggested to be potentially involved in the biodegradation of dioxin, including
dioxygenase, monooxygenase, dehalogenase, cytochrome P450, and a group of ligninmodifying enzymes (LMEs) (Bhandari et al., 2021)(Karigar & Rao, 2011)(Hiraishi, 2003).
Laccases are an important class of enzymes present in LME; however, little is known
about their potential role in dioxin degradation, even though abundant evidence has
been shown on their ability to biodegrade organic pollutants (Bilal, Rasheed, Nabeel,
Iqbal, & Zhao, 2019)(Strong & Claus, 2011)(Deshmukh, Khardenavis, & Purohit, 2016). In
this PhD-project, we collected fungi from restored dioxin-contaminated forests and other
natural forests in Vietnam, such as Ma Da forest in Dong Nai; A-Luoi forest in Thua Thien
Hue and Ba Vi National Park in Hanoi, as sources of lignin-modifying enzyme producing
fungi. Since they possess important degradative potential for natural and xenobiotic
13
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compounds, they might indicate their usefulness in various bioremediation applications
(Strong & Claus, 2011)(Tobergte & Curtis, 2013)(Noman, Al-Gheethi, Mohamed, & Talip,
2019).

Fig. 1 Vietnam Forest map with A-Luoi, Ma Da forest locations, and fungi in A-Luoi and Ma Da
forests

2. White rot fungi in bioremediation
The term white-rot fungi (WRF) is not the taxonomic unit but refers to a group of fungi
that can break down lignin, causing the white or light-yellow decayed wood after their
colonization. WRF are different from other wood-decaying fungi; they breakdown the
lignin in the wood structure instead of hemicellulose and cellulose as happens in brownrot and soft-rot fungi. They comprise more than 1600 species, that mostly belong to the
Basidiomycetes group. Lignin is broken down by an enzyme system called ligninmodifying enzymes, secreted by WRF extracellularly. In addition to lignin, LME also can
14
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attack other complex organic molecules which makes them promising candidates for
bioremediation applications (Kumar, Thakur, & Shah, 2020). Apart from external
enzymes, WRF also has a cytochrome P450 system that taking part in intracellular
xenobiotic metabolism (Ning & Wang, 2012)(Harms, Schlosser, & Wick, 2011)(Deshmukh
et al., 2016). The principle of xenobiotic bioremediation by fungal enzymes is
demonstrated in figure 2.
WRF have been applied for the bioremediation of several pollutants, both organic and
inorganic. The variety of targeted organic pollutants ranges from agricultural waste to
hazardous compounds such as polycyclic aromatic hydrocarbons (PAH), chlorinated
aromatics, BTEX compounds, pesticides, industrial dyes, and micropollutants (Tobergte
& Curtis, 2013). WRF bioremediation in industries has gained more success and
attention, and accounts for at least 30 % of total myco-remediation research (H. Singh,
2006). The detoxification ability has been used in the pharmaceutical industry to detoxify
pharmaceutical active compounds (PhAC) and in personal care products (Asif, Hai, Singh,
Price, & Nghiem, 2017). Furthermore, in the textile industry, WRF are used as biological
treatment for decolorization of synthesis dyes (Gnanadoss, 2013). Micropollutants in
wastewater, such as endocrine-disrupting chemicals (e.g., bisphenol A/S, nonylphenol),
are removed by WRF, making WRF a promising agent for the remediation of
contaminated water (Grelska & Noszczyńska, 2020). The effective degradation by WRF
of persistent organic pollutants (POPs) such as PAH; 2,4,6-trinitrotoluene; 2,4,5trichlorophenoxyacetic acid; polychlorinated biphenyls; dibenzodioxin, and
dibenzofurans was widely discussed and many achievements (Carvalho et al.,
2019)(Noman et al., 2019).
The fungal representatives in the genera Trametes, Pleurotus, Phanerochaete, Lentinula,
and Irpex have been studied intensively and are currently deployed in practical mycoremediation (Zhuo & Fan, 2021)(Gaur, Narasimhulu, & PydiSetty, 2018). These fungi can
produce LMEs to a different extent, and each strain has its specific types of LMEs, which
play a decisive role in its degradative potential (H. Singh, 2006). By using the whole
culture of Trametes versicolor, 10 PhAC’s were degraded, some of them were entirely
removed after two days of cultivation. In the removal of diclofenac, naproxen, and
indomethacin it was proven that laccase was involved in the degradation process (Covino
et al., 2010). PAH is degraded effectively by Pleurotus Ostreatus, particularly immobilized
P. Ostreatus removed 80 % of total PAH in contaminated soils (Covino et al., 2010).
Moreover, P. Ostreatus showed its ability to degrade biodegradable plastic by forming a
hydroxyl group and carbon-oxygen bond to create cracks and small holes in the surfaces
(da Luz, Paes, Nunes, da Silva, & Kasuya, 2013). Synthetic dyes are prevalent pollutants
for myco-remediation studies; however, decolorization efficiency depends on the dye
structure. Phanerochaete chrysosporium degraded more than 99% of Reactive Orange
15
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16 or Acid Red 88, but did not work with other dyes such as basic Orange II (Ghasemi,
Tabandeh, Bambai, & Sambasiva Rao, 2010). Next to P. chrysosporium, there are
abundant WRF that can decolor industrial dyes completely (Zucca, Cocco, Sollai, &
Sanjust, 2016). As a model WRF, P. chrysosporium showed great potential in the
degradation of phenolic compounds in which 2,4-DCP and 2,7-dichlorodibenzo-p-dioxin
were examples (Chen et al., 2011)(Valli, Wariishi, & Gold, 1992).

Fig. 2 Fungal enzymes involved in organic pollutant degradation (Harms et al., 2011)

Some strategies have been investigated to enhance the performance of fungi in
remediation. First of all, the indigenous fungi in contaminated sites can be employed as
a remediation agent since they have been adapted to the harsh condition of the high
level of pollutants (Akhtar & Mannan, 2020)(Medaura, Guivernau, Moreno-Ventas,
Prenafeta-Boldú, & Viñas, 2021). Secondly, the co-culture of WRF with other
microorganism provides an assembly of advantages of all partners to degrade or even
mineralize targeted pollutants (Ijoma & Tekere, 2017). Next, the inoculation method to
introduce fungal agents to contaminated sites is important, especially with the soil. The
inoculant formulations and optimal conditions of the bioreactor have been tested and
improved to ensure that fungi can make their way to grow and perform their degradative
task productively (Magan, Fragoeiro, & Bastos, 2010)(Akhtar & Mannan, 2020). When it
16

Chapter 1
comes to bioremediation of polluted water such as textile wastewater and
pharmaceutical effluent, fungal immobilization is a promising strategy to overcome the
drawback of low biomass and short retention of fungi in the treatment sites (Asif et al.,
2017)(Rajhans, Sen, Barik, & Raut, 2021). The fungal carrier materials are varied; it could
be conventional matrixes such as chitosan, coconut fiber, biochar, or more improved
materials such as nanoparticles which enhance the stability and degradation yield of
fungi (He et al., 2017).

3. Lignin-modifying enzymes
Lignin-modifying enzymes (LMEs) are enzymes involved in the depolymerization of lignin.
Sometimes they are also called ligninases or lignin-degrading enzymes, or ligninolytic
enzymes. These enzymes are crucial to maintaining the carbon cycle in the natural
environment by breaking down lignin, which releases carbon from lignin’s complex
structure on the one hand; and reveals the inner carbon-rich materials such as
hemicellulose and cellulose for microorganism’s metabolism on the other hand (Lundell,
Mäkelä, & Hildén, 2010). LMEs contain two major groups of enzymes, phenol oxidases
and peroxidases. The former is a copper containing oxidoreductase, with laccase as the
most important representant of delignification. The latter consists of heme containing
peroxidases with lignin peroxidase (LiP), manganese peroxidase (MnP), versatile
peroxidase (VP), and DyP-type peroxidase as the main classes of enzymes (Janusz et al.,
2017). Besides, in order to support the LMEs’ operation, another group of enzymes called
auxiliary enzymes is briefly introduced here as well.

3.1 Laccase
Laccases (EC 1.10.3.2) are multicopper oxidases that have been found all over the
biological kingdoms (Arregui et al., 2019)(Janusz, Pawlik, Świderska, Polak, & Sulej, 2020).
Laccases are considered as the most important LMEs, not only for delignification but also
for other applications, because of their low substrate specificity and they only require
oxygen as electron acceptor, while water is the by-product of the enzymatic reaction
(Alcalde, 2007). The biological function of laccases is diverse, depending on laccase’s
organism origin and location. Plant laccases can catalyze the polymerization of lignin
while, by contrast, laccases from fungi and bacteria degrade lignin. The intracellular
laccases are also involved in the detoxification and transformation of small phenolic
compounds, while extracellular ones participate in delignification or degradation and
membrane laccases form pigment to protect spores (Janusz et al., 2017)(Lundell et al.,
2010).
In laccases, four copper atoms are located in the catalytic site of the enzyme and
coordinate to conserved histidine and cysteine motif. Four copper atoms consist of one
17
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type I Cu (T1), which causes the blue color characteristic of purified laccase. In addition,
a trinuclear cluster including one type 2 Cu (T2), two types of 3 Cu (T3). T1 is the substrate
binding location, and T1 acquires four electrons from substrates, which are then
delivered to the trinuclear cluster by a local electron transfer pathway. At the trinuclear
cluster, the oxygen molecule is reduced to generate two water molecules by four
electrons from substrates (Cagide & Castro-Sowinski, 2020)(Janusz et al., 2020). Most
laccases have three domains; however, laccases from some prokaryotes, e.g.,
Streptomyces versicolor, contain two domains and they are named small laccase or small
laccase-like multicopper oxidases (Saini, Aggarwal, Sharma, & Yadav, 2015)(Cagide &
Castro-Sowinski, 2020).
Laccases are multifunctional biocatalysts which are useful in industrial applications since
they oxidize various types of substrates, from organic to inorganic, both phenolic and
non-phenolic compounds (Cagide & Castro-Sowinski, 2020). Laccases have been applied
in various industrial processes, such as in the paper and pulp industry, textile and food
processing, bioremediation, and pharmaceutical synthesis are the main industrial fields
(Alcalde, 2007)(Hildén, Hakala, & Lundell, 2009). Laccases contribute to the pulp and
paper industry in lignin depolymerization of pulp fibers, bio-bleaching, and detoxifying
dark-black materials from pulp mills which contain chlorinated toxic by-products of the
lignin degradation processes. The performance of laccases can be improved by adding
laccase mediators on account of their oxidized stage, which consecutively oxidizes lignin
subunits (G. Singh, 2019). In textile industry, laccases play a great potential solution
thanks to their dye decolorization abilities; several textile dyes such as Indigo, Azo,
Reactive dyes are decolored by laccases. Besides the decolorization of effluence, laccases
have been used to create the color shade of fabric (Mojsov, 2014). The applications in
food, pharmaceuticals and in the cosmetic industries are based on the polymerization
activity laccases (Mayolo-Deloisa, González-González, & Rito-Palomares, 2020). Laccases
have been employed to synthesize medicinal compounds such as anti-inflammatory
compounds or chemicals with numerous uses in the cosmetic industry (D. Singh & Gupta,
2020)(Chaurasia, Bharati, & Sarma, 2016). Bioremediation is a popular applicable field
for laccases, they are considered as a green agent for pollutant detoxification (Viswanath,
2014). Laccase's role in remediation will be discussed further in the next section of fungal
laccases.

3.2 Lignin peroxidases
Lignin peroxidase (LiP) (EC 1.11.1.14) is a monomeric hemoprotein discovered in 1983 in
the WRF Phanerochaete chrysosporium (Janusz et al., 2017). However, LiPs are less
popular than other LMEs, they have been identified in some WRF, brown rot fungi, and
bacteria such as Trametes versicolor, Phlebia radiata and actinomycetes (Falade et al.,
18
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2017). The protein structure has a globular form consisting of two domains and the active
site at the center with one ferric ion. LiP can break down lignin polymers and oxidize
other phenolic and non-phenolic compounds. The redox potential of LiP is higher than
other LMEs which makes that LiP can oxidize some substrates which are not able to be
oxidized by other LMEs (Lundell et al., 2010). Next to bio-detoxification of chlorophenol
pollutants, recently LiPs have gained more attention in the cosmetic and dermatological
field. An author discovered that LiP could decolorize melanin in 2004 and suggested the
capability of LiP as a skin-lightening agent (Woo, Cho, Lee, & Kim, 2004). Many efforts
have been put into this prospect and have been achieved promising data (Falade et al.,
2017).

3.3 Manganese peroxidase
Another heme peroxidase in LMEs is MnP (EC 1.11.1.13), which is a manganese
depended enzyme. MnP shares a similar tertiary protein structure with LiP, but the redox
potential of MnP is lower than LiP. Phenolic compounds are preferred substrates for MnP
rather than non-phenolic compounds. MnP differ from laccases in their popularity, MnP
features for fungi only as they were discovered in two fungal groups: WRF and litterdecomposing fungi (Hofrichter, 2002)(Pollegioni, Tonin, & Rosini, 2015). The MnP based
oxidation of phenolic compounds is executed by a Mn3+-chelated complex, which is
formed by Mn3+ dissociating from the MnP enzyme and chelating organic acids such as
oxalate, lactate, malonate, and malate. Mn2+ as electron donor is oxidized to Mn3+ in the
heme active site. Mn3+ as oxidant, in turn, attacks phenolic substrates to generate
phenoxy radicals. Mn3+-chelated complex is a very reactive agent with small size and high
redox potential, which can easily approach targeted substrates and are able to oxidize
various phenolic compounds by one-electron abstraction (Janusz et al., 2017). MnP, like
other LMEs shows great potential for the paper and pulp industry and for bioremediation
of aromatic xenobiotics, but MnPs have not gained much focus because of their hydrogen
peroxide requirement and heat-inactivation (Pollegioni et al., 2015) (Cagide & CastroSowinski, 2020).

4. Fungal laccase
4.1 Production
As mentioned above, WRF are known as laccase producers, laccases are secreted
extracellularly into the environment during the secondary metabolism of fungi (Brijwani,
Rigdon, & Vadlani, 2010). Many studies have been focused on optimization to increase
the fungal laccase production yield. This production process is influenced and controlled
by several factors such as the nature of the fungal species, growth medium, type of
cultivation, physicochemical parameters, additional inducers, etcetera. (Rivera-Hoyos et
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al., 2013). Carbon and nitrogen sources and the ratio of C/N are important factors for
both the growth and laccase production of fungi. The common carbon sources for laccase
production are dextrose, maltose, fructose and in some cases cellulose. For example
addition of fructose enhanced laccase production 100 times in Basidiomycete CECT
20197 (Mansur, Suárez, Fernández-Larrea, Brizuela, & González, 1997)(Kunamneni,
Ballesteros, Plou, & Alcalde, 2007). Although depending on the fungal strain, the high
nitrogen concentration or the low C/N ratio have been found to be important for laccase
secretion by fungi (Debnath & Saha, 2020).
Addition of inducers into growing cultures were found to increase the laccase production
yield. The upstream DNA regulators of laccase gene promoters, which include metal
responsive elements and xenobiotic responsive elements, are fundamental for the action
of inducers of laccase (Piscitelli et al., 2011). Several types of inducers have been listed. I
The effect of metal ions such as Cu2+ and Mn2+, as inducers are superior as they co-induce
laccase production as in the study of Pleurotus ostreatus and Flammulina velutipes (An
et al., 2020). Lignin derivatives also improve the laccase production, they are considered
as natural inducers. In addition, other phenolic compounds that share a similar structure
also induce the laccase production by fungi. The presence of phenolic inducers boosts
the laccase yield of Trametes sp. by more than 300 % with a combination of
syringaldazine and 2,5-xylidine (Jang, Ryu, & Cho, 2006). Moreover, some other
chemicals are able to enhance laccase secretion without disturbing laccase activity, such
as antibiotics and alcohol (Debnath & Saha, 2020).

4.2 Characteristics of fungal laccases
Fungal laccases are glycoprotein enzymes that appear in nature in different structures
from monomeric to dimeric or even multimeric forms although monomeric is the most
abundant form. A typical laccase has a molecular mass of around 60 to 70 kD, but it can
range between 50 to 140 kD. This large difference in size range might be caused by the
glycosylation of laccases instead of changes in the actual size of amino acid chains. The
degree of glycosylation depends on the growth conditions and do play an important role
in shaping the laccase structure, function and stability or protect laccases against
proteolysis and attack by radicals (Maestre-Reyna et al., 2015).
Multiple laccase isoforms, transcribed from different genes, have been observed in many
WRF, but isoform patterns are expressed to a different extend. An individual isoform
pattern is unique for a fungal strain and the production conditions which the fungal strain
is growing in (Kunamneni et al., 2007). Fungal isoforms are diverse in their characteristics
caused by the nature of expressed genes or might be caused by glycosylation or
alternative splicing and proteolysis during protein expression (Sharma & Kuhad,
2008)(Glazunova et al., 2019). The study about the influence of culture condition on
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laccase production of single strain Trametes gallica showed that the laccase isoform
number and pattern differed with type of media and incubation condition (Jia, Yong, Ren,
Wei, & Yi, 2005). In Lentinus strigosus 1566 the isoform diversity observed was proven
to be related to glycosylation as the main reason for the peculiar three isoforms, where
differences were observed in molecular mass and physicochemical properties even
though they shared a similar 53 kD molecular mass after deglycosylation (Kolomytseva
et al., 2019).
Almost all of the fungal laccases are blue colored when dissolved in water which is caused
by T1 Cu+ in the active site, as mentioned above. However, fungi exhibit two other
categories of laccases, which are white and yellow laccases (Agrawal, Chaturvedi, &
Verma, 2018). The white laccase show absorbance at 400 nm instead of at 605 nm as for
the blue laccase versions, this can be explained by the incomplete oxidation state of
copper and is responsible for the extra active laccase protein (Zhao, Zhang, Cui, & Zhao,
2012). The yellow laccases have been less studied, but this type displays high redox
potential allowing them to attack non-phenolic compounds. This makes the yellow
version a potent candidate for industrial applications and is worth to further investigate
their potential (Agrawal et al., 2018). So far, few strains have been discovered that show
their ability to synthesize yellow laccases, such as Stropharia aeruginosa (Daroch et al.,
2014) and Sclerotinia sclerotiorum (Moţ et al., 2012).
Fungal laccases have remarkably low substrate specificity. The substrate range varies and
is isoform-specific. The board substrate range of fungal laccases includes phenol,
polyphenols, ketones, aromatic amines, ascorbate and lignin. Laccases have a strong
specificity towards aromatic compounds containing hydroxyl and amine functional
groups (Mehra, Muschiol, Meyer, & Kepp, 2018). The pH optima for laccase catalysis are
substrate dependence, and the activity range varies from pH 2 to 10 (Agrawal et al.,
2018). The optimal temperature is commonly somewhere around 40-50 oC. Fungal
laccases are sensitive towards chelating agents e.g., EDTA; and some ions binding to
copper in active core resulting in inhibition of activity (Kunamneni et al., 2007).

4.3 Laccase mediator system
Despite the fact that fungal laccases take part in depolymerization and mineralization of
lignin, they only oxidize the phenolic lignin moiety, which constitutes about 20 % of the
total lignin polymer (Cañas & Camarero, 2010). The laccase’s natural feature of a
relatively low redox potential, and the complex structure of large substrates e.g., lignin
polymers, which cannot enter the active site of laccase limits laccases effectivity as
compared to substrates of a non-phenolic lignin nature. However, with the aid of certain
small compounds, namely laccase mediators, the substrate range that can be tackled by
laccase is strongly expanded. The mediator plays a role as an electron transporter; once
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it is oxidized by laccase, it becomes an oxidizing reactive intermediate and then diffuses
from the active site of laccase. The reactive form of the mediator will oxidize other
substrates which are not naturally substrates of laccase or are unable to access the
laccase catalytic pocket (Rivera-Hoyos et al., 2013)(Morozova, Shumakovich, Shleev, &
Yaropolov, 2007).
More than 100 laccase mediators have been identified, and they are categorized by their
source or by their mode of electron transportation pathway (Cañas & Camarero, 2010).
An artificial laccase mediator that was firstly studied is 2,2′-azino-bis (3ethylbenzothiazoline-6-sulfonic acid) (ABTS) which helps to oxidize non-phenolic lignin
(Bourbonnais & Paice, 1990). Besides ABTS, 1-hydroxybenzotriazole (HBT), violuric acid
(VIO), and TEMPO are effective artificial mediators. The natural mediators mostly relate
to the lignin degradation process, they are fungal metabolites and products derived from
lignin breakdown. Among the identified mediators, syringaldehyde, acetosyringone,
vanillin, and p-coumaric acid are considered the most effective natural mediators. They
have been tested and have shown the capability to enhance the yield of the breakdown
of non-phenolic pollutants such as PAH or dyes (Johannes, Majcherczyk, & Johannes,
2000) (S. N. Wang et al., 2018). There are three oxidation mechanisms by which laccase
mediator systems oxidize targeted substrates: 1) Electron transfer (ET) with ABTS is a
representative; 2) Hydrogen atom transfer (HAT) which happens when using HBT; and 3)
a non-radical-ionic mechanism of which TEMPO is an example (Fabbrini, Galli, & Gentili,
2002).

5. Biodegradation of 2,3,7,8-tetrachlorodibenzo-p-dioxin
5.1. 2,3,7,8-tetrachlorodibenzo-p-dioxin
Dioxins are one of the most persistent environmental pollutants (POPs) and form a group
of 75 different chemicals of which 17 congeners are highly toxic and which share the
same backbone of dibenzo-p-dioxin, but with a different number and position of chlorine
substituents. Among the possible polychlorinated dibenzo-p-dioxin congeners, seven
have their chlorine substituents in the 2,3,7,8 position illustrating dioxin-like activity
(Schecter, Birnbaum, Ryan, & Constable, 2006) (Fig. 3). 2,3,7,8-tetrachlorodibenzo-pdioxin is the most toxic dioxin congener, and has been assigned a toxic equivalency factor

Fig. 3 Chemical structure of 2,3,7,8-tetrachlorodibenzo-p-dioxin
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(TEF) of 1, which is the highest value of TEF. The toxicity of the other dioxin congeners is
expressed relative to the most toxic dioxin congener and all have TEF values assigned as
indicated in Table 1. In the environment dioxins are always present as complex mixtures
and their toxicity is expressed in toxic equivalents (TEQs), which is calculated based on
the TEF value and concentration of each dioxin congener and then summed up over all
toxic congeners present in the mixture (Van den Berg et al., 2006). Dioxins are normally
not produced intentionally, but are rather a by-product of organic chemical synthesis, or
are formed by incomplete combustion during waste incineration and during forest fires.
They are extremely persistent and bio-accumulative, it binds to soil particles and
organic/inorganic matters and therefore remains in the environment for a very long time
(Kulkarni, Crespo, & Afonso, 2008).
Table 1. WHO 2005 TEF values for toxic dioxin congeners
Chlorinated dibenzo-p-dioxins
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD

WHO 2005 TEF
1
1
0.1
0.1
0.1
0.01
0.0003

5.2 Dioxin degradation by White-rot fungi and their lignin-modifying enzymes
Recently, fungi have gained more and more attention in the field of bioremediation, and
their biodegradation efficiency (6-82%) is higher than that of bacteria (0.13-50%)
(Noman et al., 2019). White rot fungi (WRF) and their lignin modifying enzymes (LMEs)
have been the focus of fungal bioremediation potential and they account for
approximately 30% of all research on myco-remediation. Some WRF models for
xenobiotic myco-remediation studies include Phanerochaete chrysosporium, Pleurotus
ostreatus, Trametes versicolor, Bjerkandera adusta, Lentinula edodes, Irpex lacteus,
Agaricus bisporus, Pleurotus tuberregium, Pleurotus pulmonarius (Noman et al., 2019)(H.
Singh, 2006)(Adenipekun & Lawal, 2012). Some of them have shown an ability toward
dioxin degradation, with varying degradation yields of fungal species (Editors, Murphy,
& Rulkens, 2011).
The non-toxic 2,7-dichlorodibenzo-p-dioxin (2,7-DCDD), has been used as a model dioxin
congener targeted for fungal degradation studies, and a multistep degradation pathway
was proposed revealing the involvement of MnP and LiP. LiP, firstly, catalyzes the
oxidative cleavage of 2,7-DCDD to generate 4-chloro-1,2-benzoquinone and 2-hydroxy1,4-benzoquinone. Subsequently, hydroquinone or catechol are formed by the oxidation
by LiP and MnP. By using P. chrysosporium 50 % of 2,7-DCDD was degraded under
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ligninolytic conditions, while only 10 % degradation was observed during non-ligninolytic
conditions (Valli et al., 1992)(Sato, Watanabe, Watanabe, Harazono, & Fukatsu, 2002).
Phlebia spp. was able to mineralize 2,7-DCDD to a maximum of 6.5 %; however, the
degradation pathway differed from the one of P. chrysosporium, and involved the
formation of hydroxylated and methoxylated intermediates instead (Mori, T.; Kondo,
2002a, 2002b)(Kamei & Kondo, 2005).
Next to 2,7-DCDD, WRF were also found to be able to degrade higher chlorinated dioxins.
Kamei et al., 2005 have tested fungal species of the Phlebia genus for their
transformation potential of 2,3,7-trichlorodibenzo-p-dioxin, 1,2,8,9-tetrachlorodibenzop-dioxin, 1,2,6,7- tetrachlorodibenzo- p-dioxin and 3,6,8-tetrachlorodibenzo-p-dioxin.
Phlebia spp. transformed higher chlorinated dioxins via hydroxylation and
methoxylation, which is similar to the pathway observed with 2,7-DCDD (Kamei & Kondo,
2005)(Kamei, Suhara, & Kondo, 2005). Phlebia brevispora was inoculated in
contaminated soil and this strain was able to degrade 1,3,6,8-TCDD under slurry-state
conditions. The degradation only occurred in the organic-poor soil, but not organic-rich
soil (Kamei et al., 2009). A mixture of polychlorinated dibenzo-p-dioxins and
dibenzofurans present in sawmill soil was reduced by 60 % to 70 % by either Stropharia
rugosoannulata or Phanerochaete velutina, but the enzymatic involvement remained
unclear (Anasonye et al., 2014).
Also, degradation for toxic dioxin congeners, such as 2,3,7,8-TCDD, up to 60 % has been
reported by Phanerochaete sordida under stationary low-nitrogen conditions.
Phanerochaete sordida YK-624 removed not only 2,3,7,8-TCDD but also a mixture of
other PCDD/PCDF congeners containing chlorine at 2-, 3-, 7-, and 8- positions. The
metabolites formed during 2,3,7,8-TCDD and OCDD degradation included 4,5dichlorocatechol and tetrachlorocatechol, respectively (Takada, Nakamura, & Matsueda,
1996). Pleurotus pulmonarius is another promising degradative species since it degraded
polychlorinated dibenzo-p-dioxins and furans in non-sterilized contaminated soil.

6. Bioanalysis of 2,3,7,8-tetrachlorodibenzo-p-dioxin and related dioxins
The quantification of 2,3,7,8-TCDD, or dioxin in general, can be done by several methods,
in which GC/HRMS is the most widely used one. However, there are also methods of
analysis developed based on the principle of the toxic mode of action of dioxins, in the
form of bioassays. An early and well-applied bioassay, DR CALUX® (Chemically Activated
LUciferase eXpression), is a commercially available and regulatory accepted bioassay to
quantify dioxin and dioxin-like compounds with a level of accuracy and sensitivity similar
to GC/HRMS methods (van der Burg et al., 2013). The DR CALUX® bioassay is based on
dioxin aryl-hydrocarbon receptor (AhR) pathway with dioxin and dioxin-like compound
as typical ligands. The cell line used in DR CALUX® is the H4IIe cell line, a stably
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transfected rat hepatoma cell line, containing luciferase gene under the control of dioxin
responsive element (DRE) and Cyp1a1 promoter (Vugt-lussenburg et al., 2013). Figure 4
illustrates the assay mechanism. 2,3,7,8-TCDD as a ligand enters the cell followed by
forming an AhR-ligand complex together with the ARNT nuclear transport protein.
The complex trans-locates into the nucleus, where it binds to the DREs and triggers the

Fig. 4 Principle of DR CALUX® bioassay (Vugt-lussenburg, Besselink, Burg, & Brouwer, 2013). TCDD:
2,3,7,8-tetrachlorodibenzo-p-dioxin; AhR: aryl hydrocarbon receptor; ARNT: aryl hydrocarbon
receptor nuclear translocator; DRE: dioxin responsive element.

luciferase gene expression. The amount of luciferase produced corresponds with the
concentration of dioxin in the culture media of the cells, which can be quantified by
adding luciferin in the lysed cells to emit the light which is then detected using a
luminometer. The bioassay can quantify all dioxins in a complex mixture from an
extracted matrix at once and provides a total bioassay-based dioxin-like activity (BEQ). In
our studies we have used the DR CALUX® assay, to quantify 2,3,7,8-TCDD in the samples
expressed as 2,3,7,8-TCDD toxic equivalents.
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7. Aim, objectives and outline of the thesis
White-rot fungi and their lignin-modifying enzymes have shown great potential in
biotransformation and bioremediation of environmental pollutants. This fungal group
has been shown to be able to degrade herbicides, pesticides, PAH, dyes, pharmaceutical
chemicals, etc. However, regarding 2,3,7,8-TCDD, the most toxic dioxin, there is limited
information available on biodegradation using WRF, let alone the involvement of LMEs,
such as laccase. The main aim of this thesis is to investigate the biodegradation potential
of 2,3,7,8-TCDD by WRF, its LMEs and more specifically the class of fungal laccase
enzymes. The main objectives are 1) Select LMEs producing fungi as potential dioxin
degrading fungal candidates; 2) Determine the participation of laccase enzymes in
2,3,7,8-TCDD degradation process; 3) Investigate dioxin degrading fungi at genomic level
to reveal possible genes involved in dioxin degradation; 4) Characterize the properties of
laccase to get better insights in its future biotechnological application possibilities.
In Chapter 2 the screening for dioxin degrading fungi among a laccase-producing fungi
collection is described. Eight fungal isolates were tested for their LME production in
optimized liquid medium, laccase and MnP were observed. A fungus degrading 2,3,7,8TCDD was identified by cultivating fungi in laccase producing medium spiked with 2,3,7,8TCDD. The promising isolate Rigidoporus sp. FMD21 is the object of the further studies.
Chapter 3 shows the kinetics of degradation of 2,3,7,8-TCDD by Rigidoporus sp. FMD21,
and insight in the enzymatic degradation by using the crude extracellular enzyme extract
(ExE). 2,3,7,8-TCDD residue during degradation was analyzed by DR-CALUX® bioassay and
cross confirmed by GC-HRMS. The main enzymatic degradation product a metabolite of
2,3,7,8-TCDD was identified by LC-MSMS. The effect of laccase mediators on the
degradation yield was examined by comparing the presence or absence of mediators
with positive enzymatic control and negative inactivated-enzymatic control.
In Chapter 4, the genome of the 2,3,7,8-TCDD degrading Rigidoporus fungus was
sequenced using Ion Torrent technology, and LME genes were elucidated. Dioxinpredicted laccase docking analysis was performed on Phyre2 online server. The first
attempt at heterologous expression was carried out using a Pichia pastoris
overexpression system. Fungal laccase enzymatic degradation of 2,3,7,8-TCDD was
verified using the purified laccase isoforms.
Chapter 5 focused on characterization of laccase isoforms secreted by Rigidoporus sp.
FMD21. Laccase isoforms were purified by using an anion exchange column, followed by
separation using a two step of size-exclusion chromatography. The diversity of laccase
isoforms was observed after separation by anion exchange column on a guaiacol
zymogram. The catalytic and physicochemical properties of five purified laccase isoforms
were described.
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General conclusions and future perspectives are discussed in Chapter 6.

8. VN-Basic: an international collaboration between Vietnam Academy of
Science & Technology (VAST) and the BE-Basic Foundation
The research presented in this thesis is part of an International collaboration between
the Vietnam Academy of Science and Technology (VAST) and the BE-Basic Foundation
based in The Netherlands with a focus on research towards development of biobased
solutions in bioremediation of recalcitrant chemical pollutants, and conversion of
lignocellulosic biomass, investigating and combatting parasite-based plant diseases,
studying the presence of bioactive compounds in marine and plants species, including
biomass. The collaboration started in 2014 and is still ongoing today. One aspect of the
collaboration involved the training and exchange of 6 Vietnamese PhD students who
spend most of their PhD works in The Netherlands at several different locations,
Wageningen University (1); VU University Amsterdam (2); BioDetection Systems B.V. (1);
and MicroLife Solutions B.V. (2). The funding for the research and collaboration was
obtained from grants from the Vietnam Ministry of Science and Technology (grant No:
826/QD-BKHCN, DTDLCN 13/14) and from the Dutch Ministry of Economic Affairs (grant
no: FES 0905).
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Chapter 2
Abstract
Ligninolytic fungi contain a number of representative strains consisting of mainly whiterot fungi (WRF) that produce lignin-modifying enzymes (LME) such as laccases and
manganese peroxidases. Lignin-modifying enzymes are multipurpose enzymes which
have potential for application in various fields such as, for example, bioremediation and
biomass conversion. Because of the non-specific nature of these enzymes, they are also
capable of biodegradation and removal of xenobiotic pollutants. In this study we used a
tiered screening process where we screened over 70 Vietnamese WRF fungal isolates for
LME activity and subsequently for the ability to breakdown the dioxin 2,3,7,8-TCDD. After
the initial screening we selected four fungal strains, which belong to the order of
Polyporales, which excreted high laccase enzyme levels. The most active fungus being
isolate FMD21, a species of Rigidoporus, which was isolated from a forest in the South of
Vietnam and which produced both laccase and manganese peroxidase. In the optimized
PDSRb medium, FMD21 laccase levels reaced activities of 238800 U/L after 10 days while
MnP activity showed the highest activity at day 4 of aproximately 40 U/L. 2,3,7,8-TCDD,
which is the most toxic dioxin congener, is a persistent organic pollutant of which few
organisms are known that break it down. After the final screening, FMD21 was the only
fungus capable of degrading 2,3,7,8-TCDD and was able to reach a breakdown
percentage of 73% after 28 days culture with a start concentration of 0.5 pgTEQ/µL
2,3,7,8-TCDD. Co-cultivation experiments of up to three fungi were performed to test for
a synergistic breakdown effect of 2,3,7,8-TCDD but such an effect was not observed.
FMD21 is a fungus that shows a potential to be used as a bioremediation agent to clean
up dioxin contamination in the environment.
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1. Introduction
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs),
more commonly known as dioxins (PCDD/Fs), are persistent organic and toxic
environmental pollutants formed from various sources which include industrial
processes, such as the paper pulping industry and the manufacturing of organochlorinebased herbicides (Chang, 2008). Also, incomplete combustion and the incineration of
municipal and industrial waste can be sources of dioxin emissions into the environment.
Due to their high chemical and thermostability, dioxins are difficult to remove from the
environment by conventional remediation techniques. Bioremediation, in which
(micro)organisms degrade xenobiotic pollutants, may be an alternative and feasible
method to remove dioxins from the environment (Chang, 2008). Here we focus on
mycoremediation, where fungi or fungal enzymes are used for xenobiotic degradation.
Fungi show a wide range in degradation potential for many types of pollutants, from
wrapping paper to hazardous compounds in soil and sediment (Singh, 2006). Wooddegrading fungi, such as white-rot fungi (WRF) have been studied previously and have
shown the ability to breakdown not only complex natural polymers such as lignin and
chitin, but also wide range xenobiotic compounds such as phenols and chlorinated
phenols. They are ubiquitous in the environment and during growth they construct a
wide hyphal network of spreading mycelia which gives them good access to less
bioavailable soil pollutants and low soluble compounds. The actual breakdown of lignin
and xenobiotics is done by the secretion of lignin-modifying enzymes (LMEs). LMEs, such
as laccase, manganese peroxidase and lignin peroxidase, are key enzymes made by fungi
which, in nature, are involved in the wood delignification processes in which
lignocellulose is broken down in order to reach nutrient resources such as cellulose.
Different WRF species produce a different repertoire of LME enzymes at different yields
making not all WRF species suitable for mycoremediation. There have been several
studies focusing on the degradation of persistent organic pollutant by means of wooddegrading fungi (Singh, 2006; Strong and Claus, 2011; Viswanath, 2014). Several strains
of white-rot fungi are used as model organic pollutant degraders, such as Phanerochaete
chrysosporium, Phlebia lindtneri and Pleaurotus ostreatus. However, most studies focus
on polychlorinated biphenyls (PCBs); polycyclic aromatic hydrocarbons (PAH) or
pesticides, while there is limited information on degradation of dioxins, in particular
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Of the dioxin and dioxin-like compounds
TCDD is the most toxic congener to humans, as well as being the most lipophilic and
chemically stable of the different dioxin congeners (EPA, 2010). Takeda et al. (1996) has
shown that TCDD was degraded by Phanerochaete sordida YK-624. Phanerochaete spp.
are known for their metabolic versatility and their effectivity in the degradation of many
recalcitrant pollutants. In the study presented here, isolated fungi from tropical forests
in Vietnam were sampled and screened for the presence of lignin-modifying enzymes
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which may be a key factor for the removal of chlorinated phenolic compounds.
Subsequently, they were screened for their bioremediation potential by degradation of
2,3,7,8-tetrachlorodibenzo-p-dioxin, the most toxic and recalcitrant dioxin, within the
condition in which the fungi can secrete fairly LMEs.

2. Materials and Methods
2.1 Fungal strains
Seventy-six basidiomycete fungi were collected and isolated from different forests
located in Vietnam (for details of the isolates see supplemental table 1). Fungal strains
that showed laccase activity in the form of a reddish colour on potato dextrose agar (PDA)
plates containing 0.01 % of guaiacol as an indicator were selected. These strains were
maintained under paraffin oil for long-term preservation at room temperature. After
reactivation and sub-culturing on PDA plates with 0.01% guaiacol, the fungi were used as
inoculant for further study.

2.2 Chemicals
Laccase substrate 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), buffer
constituents such as sodium acetate, acetic acid, sodium malonate and malonic acid for
enzyme assays in this study were purchased from Sigma-Aldrich (St. Louis, USA). Organic
solvents such as n-hexane, iso-propanol (HPLC grade, suitable for Calux) used for TCDD
extraction and subsequent DR-CALUX® analysis were purchased from Biosolve Chimie
(Dieuze, France) except dimethyl sulfoxide (DMSO) which was purchased from Acros
Organics (New Jersey, USA). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was bought
from the Cambridge Isotope Laboratories (Tewksburry, USA). Ingredients for fungal
cultivation, which included potato dextrose broth was obtained from Sigma-Aldrich (St.
Louis, USA) and soy meal, rice bran were purchased locally, and tap water was supplied
by Waternet (Amsterdam, The Netherlands). Water used in biochemical reactions was
super-demineralized water purified by Elga-purelab FLEX.

2.3 Fungal enzyme assays
Fungal cultural medium was filtrated through a 0.22 μm membrane to obtain crude
extracellular enzymes of which enzyme activities were determined
spectrophotometrically. All assays were performed in triplicate in flat bottom 96 well
microplates and the absorbance were measured by a microplate reader Spark 10M
(TECAN, Männedorf, Switzerland). One unit of activity was defined as the amount of
enzyme that catalysed 1 µmol of substrate per minute at 30 oC. Enzyme activity was
expressed in units per liter (U L-1).
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For laccase activity, the assay mixture contained 0.5 mM ABTS as a substrate; 20 mM
sodium acetate buffer pH 3 and 35 μl of extracellular enzyme to a final volume of 175 μl.
The oxidation of ABTS was monitored by determining the increase of blue-green colour
of the radical cation ABTS (ABTS•+) within two minutes at λ = 420 nm (ε = 36 000 M-1 cm1
), 30 oC (Srinivasan et al., 1995).
The manganese peroxidase (MnP) assay was modified based on Wariishi et al. (1992).
MnP oxidizes Mn2+ to Mn3+, this product combined with malonate to form a stable
complex with an absorbance at λ = 270 nm (ε = 11 590 M-1 cm-1), 30 oC (Wariishi et al.,
1992). The reaction mixture contained 5 mM MnSO4; 0.1 mM H2O2; 50 mM sodium
malonate buffer pH 4.5; and 35 μl extracellular enzyme in a total volume of 175 μl.

2.4 LMEs screening and laccase production
Ligninolytic enzyme producing fungi were initially screened on PDA plates containing
0.01 % guaiacol (Kiiskinen et al., 2004). Fungal strains which were active showed a dark
reddish-brown colour and these were selected to the second step of screening.
Subsequently, three agar plugs of fully grown fungi on PDA were used to inoculate 50 ml
potato dextrose broth (PDB) medium in a 250 ml Erlenmeyer flask and cultivated at 30
o
C and 200 rpm for screening. Laccase activity served as a proxy for LME activity and was
measured daily. Strains that showed the highest activities were selected for LME
production optimization.
LME production of selected fungi was improved by a three-step cultivation procedure.
Firstly, fungal subcultures between the second and fifth passage on 0.01 % guaiacol PDA
plates were used as inoculant and grown for 5-7 days at 30 oC to ensure the highest
laccase enzyme activity and maintain a stable enzyme production. Secondly, fungal
mycelium from the subculture was used for submerged fermentation: three 1 cm agar
plugs were transferred into 150 ml PDB medium in a 250ml Erlenmeyer flask. The third
stage was also conducted in 250 ml Erlenmeyer flasks with 150 ml of PDSRb medium
containing potato dextrose powder 24 g; soy meal 5 g; and rice bran 1 g per liter, pH 7,
3.3 % v/v of inoculant from the previous step. Cultural conditions were at 200 rpm and
30 oC for five days for the second step and ten days for the third step. Tap water (provided
by Waternet, Amsterdam, The Netherlands) was used to carry out every cultivation
without the supplementation of copper. Laccase and MnP activity were measured every
day. All experiments were performed in triplicate. Crude extracellular enzymes were
harvested and filtered through a 0,25 µm membrane prior to its use in TCDD degradation
studies.
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2.5 Fungal classification and molecular typing
Fungal DNA was extracted using the DNeasy plant mini kit (Qiagen, Hilden, Germany).
For phylogenetic analysis, both the ITS1-5.8S-ITS2 region and 18S rDNA genes were
amplified by PCR using fusion DNA polymerase with primers ITS1/ITS4 (White et al.,
1990) and EF4/EF3 (Smit et al., 1999) respectively.
Because of the similarity in phenotype and internal transcribed spacer (ITS) sequences of
some selected fungi, we used an additional fingerprinting technique in order to
distinguish between selected fungi at the genomic level. In this study, retrotransposon
microsatellite amplified polymorphism (REMAP) was applied as a molecular typing
method. Three different combinations out of three primers, including UBC807 for single
sequence repeat (SSR) specific primer; marY1-LTR-L and marY1-LTR-R for outward-facing
long terminal repeat (LTR) primer, were conducted in PCR reaction. PCR fragments were
separated by long agarose gel electrophoresis and we adapted image analysis by
GelCompar II according to the description of Le et al.(2008).

2.6 TCDD analysis by DR CALUX®
TCDD was quantified using the DR-CALUX® assay (Dioxin Responsive-Chemical activated
luciferase gene expression) (Besselink et al., 2004; Hoogenboom et al., 2006; van VugtLussenburg et al., 2013). This assay is based on activation of the Ah-receptor pathway.
AhR is activated by ligands such as dioxin or dioxin-like compounds, specifically, 2,3,7,8TCDD used in this investigation (Denison and Heath-Pagliuso, 1998; Giesy et al., 2002;
van Vugt-Lussenburg et al., 2013). Total residual TCDD in samples was extracted by
shaken-solvent extraction using n-hexane/iso-propanol. Fungal cultivation including fluid
and biomass were transferred to glass extraction bottles, followed by iso-propanol and
n-hexane with the 1:1:2 ratio of volume. The Erlenmeyer itself was rinsed 3 times with
n-hexane which was then incorporated into the cultural fluid and biomass to go into
extraction procedure. After shaking at 250 rpm for 30 minutes, top layer was transferred
into new glass tubes, new n-hexane was added into extraction bottle and repeated the
same for three times. The combined extracts were concentrated by evaporation to a
volume of approximately 1 mL before cleaned up by sulphuric acid silica column which
contains three layers: the top layer of the column is sodium sulphate, second layer of 20
% sulphuric acid silica and the final layer of 33% sulphuric acid silica. TCDD was eluted by
mixture of n-Hexane/DEE (100/3) solution, the solvent after that was evaporated and the
sample was transferred to DMSO for exposure in the DR CALUX® bioassay.

2.7 Experimental setup for TCDD degradation
TCDD degradation studies were performed using four selected fungi FMD21; FBV41;
FBV311 and FBD154 and two combinations: Co-FMD21 consisted of FMD21, FBV311, and
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FBD154; and Co-FBV41 consisted of FBV41, FBV311, and FBD154. Laccase and MnP
activity were measured in the liquid medium at several time points during the whole 28day cultivation process (Fig. 5). TCDD was spiked at the start of the 28-day cultivation
with 0.5 pgTEQ/µL. TCDD was analyzed in fungal cultures after 28 days of cultivation. The
percentage of TCDD degradation was calculated based on the difference between TCDD
following fungal cultivation for 28 days and the control. Two controls were used, i.e.,
control 1: which contained all components, without fungal inoculants and under the
similar conditions, but was analysed at the time zero (0 h incubation), the starting point
of the experiment. In addition, another control, Control_2 was the same as Control_1
but underwent similar cultivation as the fungal samples and was then analysed at 28 days
of incubation. Fungi were cultivated in 50 ml PDSRb medium in triplicate. Moreover, qPCR with strain-specific primers based on the ITS sequence was carried out to detect the
proportion of each strain present in the combination culture. q-PCR was performed using
the iQ SYBR green from Biorad (Hercules, USA) according to the manufacturer’s
instructions. Laccase and MnP were measure daily.

3. Results and Discussion
3.1 Fungal screening for LME production
Fungal fruit body and fungal mycelia were collected from decaying wood and leaf litter
in the forest. Specimens were stored in sterilized containers and transported to the
laboratory at 10 oC within three days after sampling (Fig. 1 A). Collected specimens were
used as material for purification, fungal mycelia on solid PDA were sub-cultured to get
pure strains (Fig. 1 B; C). The majority of the isolates (67 out of 76 isolates) showed the

Fig. 1. Morphology of Rigidoporus sp. FMD21. A: Fungus on decaying tree branch in Dong Nai
biosphere reserve, Vietnam; B: Aerial hyphae on PDA plate; C: Vegetative hyphae on PDA plate
with guaiacol, red-brown colour as an indicator for lignin-modifying enzymes.

oxidation of guaiacol (Supplemental table 1). We selected the eight strains that showed
the highest activity based on the size and shade of the halo of red-brown oxidised
guaiacol (Table 2). We selected two strains from Ba Vi National Park in the North of
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Vietnam (FBV41 and FBV311); two from A Luoi in the Middle of Vietnam (FAL3 and
FAL11) and FBD154 and FMD21 were sampled from Bidoup National Park and Dong Nai
Culture and Nature Reserve respectively (South of Vietnam). The overall laccase activity
of the selected isolates was not correlated to a specific region of sampling (Fig. 2). FBV40
and FBV41 were sampled from the litter layer whilst the others were sampled from
rotting branches.
Subsequently, the eight selected fungi underwent a secondary screening under
submerged conditions. The medium used in this step was potato dextrose broth which is
an ubiquitous basic medium used in laccase production studies (da Silva Coelho-Moreira
et al., 2013; Yang et al., 2014). Laccase activities were measured daily till the activity
started to decline. The highest measured laccase activity of each isolate is depicted in
Fig. 2. The timepoint at which the highest laccase activity was observed was different for
the different strains. FAL3, FAL11 and FBV311 showed the highest laccase activity after
twelve, seven and eight days of cultivation, respectively. For the five other fungi activities
were at their peak after ten days of cultivation. Although high laccase activity was found
on the PDA screening plate of FBD154, this strain secreted the lowest laccase activity
level in the liquid medium e.g., 794 U/L. In contrast, the highest laccase level was
observed in the medium for FMD21 with 71600 U/L, followed by FBV40, FBV41 and FTQ8.
FBV41 and FMD21 were selected as model species to further investigate the culture
conditions in which fungi secreted the highest enzyme concentration and activity.

Fig. 2. Screening of laccase activity excreted in the medium from selected fungal strains in potato
dextrose broth. The laccase activity represents mean and standard deviation, n=3 per fungal strain.
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3.2 Optimization of LME production
LMEs are considered as the main group of enzymes which are involved in the
transformation of a variety of pollutants therefore in order to get sufficient enzyme
activity optimization attempts have been made. Other studies have identified many
fungal strains as laccase producers and these strains have been studied in order to
improve their enzyme secretion efficiency (Brijwani et al., 2010; Yang et al., 2017).
Optimization for laccase production shows that some ingredients can enhance the
laccase yield. Additions such as grain bran, soy meal, lignocellulosic wastes or even
tomato juice can all enhance laccase production and secretion (Lorenzo et al., 2002;
Ramírez-Cavazos et al., 2014; Yang et al., 2017). In our study a similar effect was observed
in which soy meal and rice bran enhanced laccase production when added to the medium
in which potato dextrose powder was the main carbon source. Using PDSRb medium,
several additional factors were tested (Table 1.). There was no difference in laccase
activity between samples that were cultivated entirely in the dark and samples that were
cultured in a natural day-night cycle and also with the type of soy meal and rice bran. We
observed, however a significant difference in laccase levels between tap water (provided
by Waternet, Amsterdam, The Netherlands) and distilled water. Interestingly, when tap
water was used, laccase activity surpassed the distilled water by 8.5 times. The reason
for this may be that some trace elements available in tap water act like inducers for
laccase production (Hendricks et al., 1995; Schmidt et al., 2005).
Table 1. Effect of cultivation conditions on laccase production by Cerrena sp. FBV41
Factors
Type of water
Tap water
Distilled water
CuSO4
Supplementation (0.25 mM)
No supplementation
Light
Natural day-night
In dark
Component sources
Inoculation method
With agar plug
With 3.3 % of fungal liquid culture

Effect on Laccase production
Positive effect
Negative effect
Negative effect
Positive effect
Ineffective
Ineffective
Ineffective
Negative effect
Positive effect

Several previous studies have demonstrated that the Cu2+ concentration can enhance
fungal laccase production (Ramírez-Cavazos et al., 2014; Yang et al., 2017). In this study,
laccase activities were compared with to without 0.25 mM of Cu2+. Data shows however
42

Chapter 2
that additional copper did not enhance the production but even slightly decreased the
activity.
Using the optimized PDSRb medium, the highest laccase activity observed in FBV41 was
65518 U/L after nine days of cultivation. However, no manganase peroxidase (MnP) or
lignin peroxidase (LiP) were detected during the whole cultivation period (15 days). By
contrast, FMD21 secreted both laccases and MnP, but not LiP, although MnP activity was
much lower than laccase (Fig. 3). Laccase activity in the optimized PDSRb medium
increased during the first 10 days and leveled off at 238 800 U/L, which was 3.3 times
higher than found when cultivating in basal PDB medium. After 10 days of culturing the
activity leveled off and showed a slight decrease in laccase activity in the subsequent
days until day 25. MnP activity showed the highest activity at an earlier time point, i.e. at
day 4 the peak in MnP activity of about 40 U/L was observed (Fig. 3.). The difference in
optimal time point of MnP and laccase activity in the FMD21 culture have to be taken
into account when selecting an optimal time period for mycoremediation. This is
important because both laccase and MnP activities are involved in the degradation of
pollutants (Christian et al., 2005; da Silva Coelho-Moreira et al., 2013).

Fig. 3. Laccase and MnP activity excreted by Rigidoporus sp. FMD21 in PDSRb medium. Value of
each point represents the mean of a triplicate analysis and the error bar represents the standard
derivation.

LME producing fungi can be classified according to the types of enzymes they produce
and secrete in the extracellular medium. In our collection, laccase and MnP were
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detectable, but LiP was not detectable in the extracellular medium (data not shown).
However, It is uncertain if our collection of fungal strains do have the ability, or not to
produce LiP as studies have shown that WRF secrete LIP only during solid-state
fermentation or in carbon-limited medium (Hatakka, 2013; Linko and Haapala, 1993). It
is evident that there is apparently no universal growth medium in which all types of LME
enzymes are produced at a high rate simultaneously by fungus.

3.3 Fungal Classification
Fungal classification and nomenclature based on DNA differences as well as on
morphology are still controversial (Jeewon and Kd, 2016). DNA based phylogenies should
be based on strongly phylogenetic signal genes such as the internal transcribed spacer
(ITS) regions of the rRNA complex and combined with rather conserved genes such as
18S rDNA. Also, when classification is based on morphology it should refer to the origin
of the material (culture or specimens, fruit body or vegetative hyphae). Phenotypic
characteristics as different life stages of the same fungus have been classified as different
species in the past (Jeewon and Kd, 2016). Therefore, both DNA and morphological
characteristics have to be determined for a successful fungal classification. ITS regions
consisting of ITS1-5.8S-ITS2, and 18S rDNA sequences of the eight selected fungi in the
current study were sequenced for classification. Sequencing results show that four fungal
isolates: FBV40, FBV41, FTQ8 and FMD21 had a high similarity towards each other and
showed 99 – 100% similarity over the entire length of both the ITS region and 18S rDNA
sequences. These four were clustered in the same branch in the phylogenetic tree (SI
figure 1; 2). Classification of eight fungi based on the alignment of ITS region sequences
with Mycobank database is illustrated in table 2. Seven out of eight isolates belonged to
the order of the Polyporales with only FAL11 being classified in the order of the
Hymenochaetales. Within the Polyporales, the Polyporaceae family is one of the families
that has numerous wood-degrading fungal strains which have been thoroughly
investigated for LME production and their potential for industrial application (Goltapeh
et al., 2013; Riley et al., 2014). Of the seven strains that belonged to the Polyporales
FBV40, FBV41, FBV311, FAL3 and FBD154 were Polyporaceae whilst FTQ8 and FMD21
were identified as Meripilaceae due to their morphologies in natural habitat (Fig. 1. A).
In literature, Cerrena, Polyporus, Rigidoporus and Pycnoporus are representative of
fungal genera that are efficient LME-producing strains and for which it was shown that
they have applicability in biodegradation. For instance, laccase from Cerrena sp. HYB07
can decolorize dye used in the textile industry and degrade pharmaceutical waste (Yang
et al., 2017). Rigidoporus has been studied less intensively but there are studies that have
shown that Rigidoporus lignosus and its laccase combined with mediators can degrade
Poly Aromatic Hydrocarbons (PAHs) (Cambria et al., 2008). Although the fungi in this
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study were derived from different geographical locations, all isolates that belong to the
Polyporales order showed LME activity albeit with a wide variation in activity levels.
Morphologically, FBV40 and FBV41 are different, but DNA sequence results show that
they are synanamorphs of a singular strain. To prevent similar identification issues we
increased resolution by applying an additional technique called REMAP which is a DNAfingerprinting technique to distinguish between fungal isolates genotypically (Le et al.,
2008). Three combinations of primers were used: combination A yielded the best results

Fig. 4. REMAP analysis on eight potential fungi: Electrophoresis band patterns and dendrogram
(by GelCompar II). A, combination of primer UBC807 and marY1-LTR-L; B, combination of primer
UBC807 and marY1-LTR-R; C, combination of primer marY1-LTR-L and marY1-LTR-R. Lane 1, 6 and
10, Marker; lane 2, FAL3; lane 3, FTQ8; lane 4, FAL11; lane 5, FMD21; lane 7, FBV40; lane 8, FBV41;
lane 9, FBV311; lane 11, FBD154. Gray bar at branches: error flag; number at branches: branch
quality; right bar: similarity value.

with the most abundant in terms of DNA band patterns whilst combination C generated
the lowest number of bands (Fig. 4.). The dendrogram showed an identical pattern of
DNA-bands generated from FBV40 and FBV41 in combination C which was less abundant,
in the same combination FTQ8 and FMD21 are also close together. Besides, in
combination B, all those four strains shared the same branch whilst in combination A in
which the most abundance was observed exhibited the same result for a pair of FBV40
and FBV41 but the completely different pattern for the others. Data that were acquired
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from REMAP strongly supported the classification of eight fungi using DNA phylogenetic
markers. Thus, FBV41, FMD21, FBV311 and FBD154 were selected for TCDD degradation
experiments. 28th
Table 2. Classification of selected fungi based on ITS sequences
Fungus
FBV40

Origin
Ba Vi national park

Order
Polyporales

Family
Polyporaceae

Genus
Cerrena

FBV41

Ba Vi national park

Polyporales

Polyporaceae

Cerrena

FBV311

Ba Vi national park

Polyporales

Steccherinaceae

Junghuhnia

FTQ8

Tuyen Quang forest

Polyporales

Meripilaceae

Rigidoporus

FAL3

A Luoi forest

Polyporales

Polyporaceae

Pycnoporus

FAL11

A Luoi forest

Hymenochaetales

Hymenochaetaceae

Inonotus

Polyporales

Polyporaceae

Polyporus

Polyporales

Meripilaceae

Rigidoporus

FBD154
FMD21

Bi-doup Nui Ba
national park
Dong Nai culture and
nature reserve

Best score
Cerrena sp. HYB07
Cerrena sp. isolate
Lyc23
Junghuhnia crustacea
X1127
Rigidoporus vinctus ICA
F02
Pycnoporus sanguineus
CBS 358.63
Inonotus pachyphloeus
CBS 193.37
Polyporus arcularius
DSH92132
Rigidoporus vinctus
NZD-mf190

3.4 Mycodegradation of 2,3,7,8-tetrachlorodibenzo-p-dioxin
Fungi have the potential to be efficient dioxin degraders, especially the ligninolytic fungi.
Several studies have been conducted which show fungal ability to biodegrade dioxin and
many other pollutants (Singh 2006). However, the number of studies focusing on
degrading our target substrate, 2,3,7,8-TCDD is limited. Moreover, the possible
biodegradation mechanism is not understood. Only a few basidiomycetes species with
regard to TCDD degradation have been published. In our current study, fungi were
screened for their potential to degrade TCDD (Fig. 5 and 6).

Fig. 5. Lignin-modifying enzymes secreted during cultivation with TCDD in the PDSRb medium. A:
Laccase; B: Manganese peroxidase; Co-FMD21: Co-cultivation of Rigidoporus sp. FMD21, Polyporus
sp. FBD154 and Junghuhnia sp. FBV311; Co-FBV41: Co-cultivation of Cerrena sp. FBV41, Polyporus
sp. FBD154 and Junghuhnia sp. FBV311; FMD21: Rigidoporus sp. FMD21; FBV41: Cerrena sp.
FBV41; FBD154: Polyporus sp. FBD154; FBV311: Junghuhnia sp. FBV311.
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Based on the previous LME experiment, FMD21 and FBV41 were selected to be studied
for TCDD degradation as they showed the highest LME activity. We chose to focus on
single and combination cultures as a combination of fungi may show a synergistic effect
in TCDD breakdown. For practical reasons we chose the following combinations: FMD21,
FBV311 and FBD154 (Co-FMD21) and the combination FBV41, FBV311 and FBD154 (CoFBV41) as these could be distinguished from each other on the DNA level so fungal
biomass per species could be determined. In single culture FMD21 and FBV311 showed
a stable trend in enzyme production (Fig.5) in both laccase and MnP, followed by FBV311,
however the activity here was much lower than in the optimization, this difference may
be explained by the effect of the present of 2,3,7,8-TCDD in the medium or the difference
in the volume of cultivation between two experiments (100 mL for optimization and 50

Fig. 6. 2,3,7,8-tetrachlorodibenzo-p-dioxin fungal degradation. Control_1: control at the start (day
0); Control_2: control at the end (day 28); Co-FMD21: Co-cultivation of Rigidoporus sp. FMD21,
Polyporus sp. FBD154 and Junghuhnia sp. FBV311; Co-FBV41: Co-cultivation of Cerrena sp. FBV41,
Polyporus sp. FBD154 and Junghuhnia sp. FBV311; FMD21: Rigidoporus sp. FMD21; FBV41: Cerrena
sp. FBV41; FBD154: Polyporus sp. FBD154; FBV311: Junghuhnia sp. FBV311. Data illustrate mean
and standard variation, n=3, p < 0.05.

mL for TCDD degradation). By contrast, low laccase and no MnP were detected in FBV41
culture. FBD154 showed highest laccase activity at the end of the experiment and MnP
was not detected during 28 days. Regarding fungal combinations, there is a noticeable
difference between two combinations in both enzymatic secretion and growth
proportion. In Co-FMD21, laccase activity was almost half of the individual cultivations
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and MnP activity was equal to FMD21 and FBV311 single culture (Fig. 5). MnP activity in
the Co-FMD21 culture however did reach higher levels sooner than in the individual
cultures. When looking at the fungal abundancies in the co-cultures the largest
proportion of biomass in the Co-FMD21 mixture was FMD21 (81%), followed by FBD154
(15%) and FBV311 (4%). Also, Co-FBV41 showed the same pattern but FBV41 dominated
this co-culture alone because of 99.7% was contributed by FBV41 whereas the other two
had negligible quantities.
Analysis of 2,3,7,8-TCDD in cultivation flasks were performed by DR-CALUXx® after 28
days, and for control 1 at day 0. FMD21 degraded TCDD with the largest amount (73 %
as compared to control 1 and 65 % as compared to control 2). The second largest TCDD
degradation was observed in Co-FMD21 which reached 45 % of control 1 and 40 % of
control 2. Although Co-FMD21 contained three fungi which produced laccase and MnP
at considerable levels, degradation occurred less efficiently compared to when there was
only FMD21 in the culture. Moreover, no degradation was observed for the other fungi
when cultivated individually or with the mixture of FBV41; FBV311 and FBD154 (Fig. 6).
This indicates that the ability to breakdown pollutants such as 2,3,7,8-TCDD is not a
ubiquitous characteristic of white-rot fungi. Co-cultivation of different white-rot fungi did
not advance TCDD degradation, and therefore does not seem to be a useful strategy for
enhancement of the mycoremediation potential.
FMD21 alone showed TCDD degrading potential among the fungal isolates. Two
important ligninolytic enzymes were detected in the culture fluid, of which laccase seems
to be the most likely candidate to be involved, because the highest degradation was
observed with FMD21 alone as compared to co-FMD21 incubation. Similarly, the laccase
activity in FMD21 alone is at least twice as high as compared to the co-FMD21 situation.
Further research is needed to investigate the breakdown pathway of 2,3,7,8-TCDD. The
involvement of white-rot fungi along with the presence of its lignin-modifying enzymes
in the breakdown of PCDD/Fs have been shown before in several different studies (Kamei
et al., 2009; Mori and Kondo, 2002; Takada et al., 1996; Valentín et al., 2013). Moreover,
2,7-dichlorodibenzo-p-dioxin as model substrate was intensively investigated by Valli et
al. (1999) who suggested a degradation pathway of 2,7-dichlorodibenzo-p-dioxin
involving LiP and MnP of Phanerochaete chrysosporium. However, there are some
possible pathways through which fungi degrade TCDD. Besides using LMEs, it is true that
cytochrome P450 systems or other enzymes may contribute to the capability for TCDD
degradation of FMD21, but we cannot conclude or identify which one is the major
pathway in this work. We expect that TCDD is degraded by a mixture of enzymes which
include LMEs. Here we present a screening study to investigate the potential of
Vietnamese WRF to degrade TCDD which remains a risk pollutant and contaminant in
agriculture and animal feedstocks. The Polyporale fungus FMD21 showed a high
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potential for TCDD breakdown, the unique characteristics of FMD21 over other fungi in
this study, which may be a potential species used for bioremediation. We carried out
TCDD degradation experiments at mild conditions and with the basic medium for LME
production in order to achieve the potential fungus which only needs minimal and simple
requirements to express its degradation capacities with the outlook for bioremediation
application. Further study needs to be undertaken to investigate the practical
implications for this species as a bioremediation agent.
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Abstract
Ligninolytic fungi secrete extracellular lignin-modifying enzymes (LME) that naturally
degrade plant polymers for fungal nutrition but that are, because of their broad substrate
specificity, also applicable for the degradation of many hazardous pollutants. Laccase is
one of the most well characterized LME and is involved in the removal and degradation
of recalcitrant aromatic compounds on its own or with the assistance of laccasemediators. The ligninolytic fungus Rigidoporus sp. FMD21 can degrade 2,3,7,8tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) with a 2,3,7,8-TCDD half-life of 6.2 days.
Using Rigidoporus sp. FMD21 crude extracellular enzyme extract (ExE) that mainly
consisted of laccase, 77.4% of 2,3,7,8-TCDD was degraded within 36 days. The rate of
enzymatic degradation did not depend on the 2,3,7,8-TCDD concentration in the tested
range between 0.005 and 0.5 pgTEQ/µL with starting activity of laccase in ExE of 80,000
U/L. 2,3,7,8-TCDD was analysed by DR-CALUX® bioassay and the degradation was
confirmed by GC-HRMS. In this study, we found evidence for cleavage of the diaryl ether
bond in the 2,3,7,8-TCDD molecule and here we propose a new degradation mechanism
in which 3,4-dichlorophenol is the main metabolite of 2,3,7,8-TCDD degradation by
Rigidoporus sp. FMD21’s ExE. Six laccase-mediators were tested. Three of them 1hydroxybenzotriazole (HBT), syringaldehyde (Syr) and violuric acid (Vio) all showed an
equipotent added effect on 2,3,7,8-TCDD degradation by ExE, however only in case of
Vio a level of significance was reached. The others showed no effect or negatively
impacted degradation. In conclusion, we have shown that Rigidoporus sp. FMD21
produces extracellular enzymes, mainly laccases that apparently are able to degrade the
highly recalcitrant and most toxic 2,3,7,8-congener of TCDD via diaryl bond cleavage into
3,4-dichlorophenol.
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1. Introduction
White-rot fungi have been shown to have the ability to degrade a variety of persistent
organic pollutants including dioxins. However, only a limited number of studies have
focused on fungal degradation of the most toxic dioxin, 2,3,7,8-tetrachlorodibenzo-pdioxin (2,3,7,8-TCDD) mainly due to the strong resistance to biological breakdown of its
chemical structure. The first evidence of breakdown was already published in 1985 in a
study which used Phanerochaete chrysosporium to mineralise 2,3,7,8-TCDD to 14CO2
(Bumpus et al., 1985), albeit that the degradation yield was very low, i.e., 2.2% after 30
days of fungal treatment. Later, Takada et al (Takada et al., 1996) showed higher 2,3,7,8TCDD degradation rates up to 40% by fungal strains which also belonged to
Phanerochaetes spp. In this study, the author proposed that the breakdown product of
2,3,7,8-TCDD consisted of 4,5-dichlorocatechol (Takada et al., 1996).
While the number of ligninolytic fungi that can degrade 2,3,7,8-TCDD is low, more fungi
have shown the ability to breakdown other chlorodibenzo-dioxins. The most intensively
studied fungal strains including Phanerochaete spp. (Takada et al., 1996; Valli et al., 1992)
and Phlebia spp. (Mori & Kondo, 2002a; Kamei et al., 2009) were able to degrade the less
recalcitrant and toxic 2,7-dichlorodibenzo-p-dioxin (2,7-DCDD) following a similar
breakdown pathway with 4-chlorocatechol as the major metabolite (Valli et al., 1992;
Mori & Kondo, 2002b). The breakdown pathway to chlorocatechol is independent of the
number of chlorine atoms attached to the dioxin molecule. For example, catechol was
formed during the degradation of dibenzo-p-dioxin by P. chrysosporium according to
Joshi & Gold in 1994 (Joshi & Gold, 1994), and 3,4,5,6-tetrachlorocatechol was the
primary metabolite from octachlorodibenzo-p-dioxin degradation (Takada et al., 1996).
Other ligninolytic fungi such as Coprinellus (Suhara et al., 2011), Aleurodiscus and
Ceriporia (Mori & Kondo, 2002a), Bjerkandera (Manji & Ishihara, 2004), and Panellus
stypticus (Sato et al., 2002) share a similar biodegradative capability and the formation
of catechol and chlorocatechol may indicate the prevalent pathway of dioxin breakdown
within the group of ligninolytic fungi.
Despite the fact that ligninolytic fungi can degrade dioxin, the specific enzymatic
mechanism behind the degradation process remains unclear. There are two central
proposed mechanisms for dioxin breakdown. The first proposed mechanism is mediated
through the fungal cytochrome P450 (CYP450) system, which is supported by the
addition of CYP450 inhibitors that caused a decrease in dioxin degradation rates (Yadav
et al., 1995). Kasai and coworkers tested overexpression of CYP450 clones from P.
chrysosporium and the results showed that several CYP450s degraded 2-chlorodibenzop-dioxin, but they found no evidence of 2,3,7,8-TCDD degradation by fungal CYP450
(Kasai et al., 2010). The other proposed mechanism is degradation by lignin-modifying
enzymes (LME) which are extracellular enzymes secreted into the environment by
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ligninolytic fungi in order to digest plant material, so that its nutrients can be absorbed
by the fungal hyphae.
There are three main LME enzyme groups involved in pollutant remediation: lignin
peroxidases (LiP), manganese peroxidases (MnP) and laccases. The link between LME and
dioxin degradation was shown in P. chrysosporium as this strain produced both LiP and
MnP and degrades 2,7-DCDD. During 2,7-DCDD degradation, LiP starts the degradation
process by oxidative cleavage of both C-O-C bonds which is followed by further catalysis
by both LiP and MnP (Valli et al., 1992). LiP however, has not shown any degradative
activity towards 2,3,7,8-TCDD. For xenobiotic degradation, the other group of LMEs,
laccases, currently attracts attention because of their promiscuous substrate specificity
and because of the mild catalysis conditions by which they operate. However, there is
little data available about the ability of laccases to breakdown dioxins even though there
are plenty successful laccase applications with other persistent pollutants (Goltapeh et
al., 2013; Harms et al., 2011; Torres-Duarte et al., 2009).
Laccases are directly involved in the degradation of aromatic pollutants, such as
polyaromatic hydrocarbons, polychlorinated biphenyls, bisphenol A, herbicides and
pesticides with or without the presence of mediators (Pozdnyakova et al., 2006; Majeau
et al., 2010). Mediator molecules can assist laccase in the oxidation of a wider range of
substates. The first step of laccase-mediator catalysis is to generate an organic radical
formed by the abstraction of one electron from the mediator. These organic radicals then
act as a subsequent catalyst which is able to attack targeted substrates, so the range of
laccase substrates is broadened to, for example, recalcitrant pollutants. The laccasemediator system consists of both natural and artificial mediators. Among the long list of
laccase-mediators, 1-hydroxybenzotriazole (HBT), violuric acid (VIO) (Cambria et al.,
2008), acetosyringone (Ace) and syringaldehyde (Syr) (Torres-Duarte et al., 2009) are the
most effective mediators for degradation of halogenated compounds. Due to the
similarity in aromatic structures of natural laccase substrates, dioxin and dioxin-like
compounds have been assumed to be potential laccase substrates although there are no
studies that have confirmed the role of laccase in 2,3,7,8-TCDD degradation so far.
Previously we have demonstrated the ability of the fungus Rigidoporus sp. FMD21 to
degrade 2,3,7,8-TCDD (Dao et al., 2019). The main aim of the present study is to
characterize and clarify the role of ligninolytic fungal extracellular enzymes in 2,3,7,8TCDD degradation. Experiments were designed to focus exclusively on extracellular
enzymes, which mainly consist of laccases, and to avoid the influence of intracellular
enzymes such as CYP450. The presented data in this paper are the first to demonstrate
breakdown of 2,3,7,8-TCDD by ligninolytic fungal extracellular enzymes.
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2. Materials and Methods
2.1 Rigidoporus sp. FMD21, culture conditions and its crude extracellular
enzymes
Wood-decaying Rigidoporus sp. FMD21 fungus was isolated from a tropical forest in
Dong Nai Culture and Nature Reserve in Vietnam and has previously been demonstrated
to possess a unique ability to degrade 2,3,7,8-TCDD as compared to several other fungal
species collected and analysed in the same screening process (Dao et al., 2019).
Rigidoporus sp. FMD21 was cultivated in liquid culture at 30 oC in PDSRb medium while
shaking at 200 rpm. After culturing the liquid phase was collected which contains
extracellular enzymes, growth medium broth, and other secondary metabolites excreted
during the fungal cultivation. In the crude extracellular enzyme extract (ExE), high laccase
activity and manganese peroxidase activity were observed. This ExE was sterilized by
filtration through a 0.2 µm Nalgene rapid-flow filter with a Surface Free Cellulose Acetate
(SFCA) membrane (ThermoFisher Scientific, Massachusetts, U.S.), and was then kept at
4oC until used for degradation studies. ExE consisted mainly of laccases, several protein
bands had laccase activity as showed in the zymogram of ExE on SDS-PAGE and NativePAGE (Fig. S1).

2.2 Fungal laccase and MnP assays
Assays to quantify laccase and MnP activities were carried out according to similar
methods as described previously (Dao et al., 2019), ABTS and Mn2+ were used as
substrates, respectively for laccase and MnP activity assays. Laccase oxidizes ABTS to the
colored ABTS+ which absorbs light at 420 nm in 20 mM sodium acetate buffer pH 3 and
MnP catalyzes the reaction to form Mn3+-malonate complex which was measured at 270
nm in 50 mM sodium manolate buffer pH 4.5. All assays were conducted at 30 oC.

2.3 Experimental setup
2.3.1 2,3,7,8-TCDD degradation by the fungus, Rigidoporus sp. FMD21 in liquid
state
Rigidoporus sp. FMD21 shows the ability to detoxify 2,3,7,8-TCDD in liquid PDSRb
medium in which potato dextrose, soy meal and rice bran are the main components.
Prior to the breakdown experiment, Rigidoporus sp. FMD21 was inoculated in potatodextrose-broth (PDB) medium from a potato-dextrose-agar (PDA) plate using three plugs
of 1 cm diameter to prepare pre-inoculant. After 5-7 days of growth, 3% homogenized
fungal biomass was transferred into fresh PDSRb medium as inoculant for the
degradation study, Erlenmeyer flasks were cultivated at 30 oC and 200 rpm. 2,3,7,8-TCDD
was spiked just prior to fungal inoculation to a final concentration of 0.25 pgTEQ/µL. Two
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controls which contained medium broth and 2,3,7,8-TCDD were used: one which was
stopped and collected at the start right after spiking and another at the final sampling
point.

2.3.2 2,3,7,8-TCDD degradation experiments using crude fungal extracellular
enzymes
Extracellular enzyme extract (ExE), collected from Rigidoporus sp. FMD21 culture, was
used as an enzymatic degradation mixture for 2,3,7,8-TCDD breakdown. This extract
contained high laccase activity as well as moderate MnP activity. 2,3,7,8-TCDD, dissolved
in DMSO, was spiked directly into ExE to a final concentration of 0.5 pgTEQ/µL of 2,3,7,8TCDD and 0.01% of DMSO. The experiment was performed using 2 ml ExE in 10 ml glass
tubes with Teflon layered caps to allow for aeration. We used two experimental
conditions: 1) 2,3,7,8-TCDD enzymatic treatment which contained whole filter-sterilized
crude extracellular enzyme mixture and spiked with 2,3,7,8-TCDD; 2) control incubation
which consisted of heat-inactivated (treated at 121 oC for 15 minutes) crude extracellular
enzyme mixture in which no laccase or MnP activity was observed and also spiked with
2,3,7,8-TCDD. Samples were collected over a time period of 50 days using seven-time
points, right after 2,3,7,8-TCDD spiking and after 4, 8, 22, 36, 43, 50 days of incubation.
At each time point, both treatment and control samples were taken, and laccase was
measured (by using a separate set of samples for enzyme quantification). At the point of
low laccase activity after 36 days of incubation, additional ExE was added. It was also
tested whether enzymatic degradation of 2,3,7,8-TCDD would occur at low substrate
concentrations. Therefore, an additional degradation experiment was performed using
several lower 2,3,7,8-TCDD substrate concentrations (0.5; 0.05 and 0.005 pgTEQ/µL). All
incubation tests were performed in duplicate at 37 oC.

2.3.3 Effect of laccase-mediators on 2,3,7,8-TCDD degradation
Six laccase-mediators were tested in a 2,3,7,8-TCDD breakdown experiment in order to
investigate whether laccase-mediators can enhance the 2,3,7,8-TCDD degradation by ExE
extracts. These mediators included acetosyringone (Ace), 1-hydroxybenzotriazole (HBT),
p-coumaric acid (p-Cou), syringaldehyde (Syr), vanillin (Van) and violuric acid (Vio). The
2,3,7,8-TCDD degradation experiments were conducted at a concentration of 0.5 mM of
mediator to observe the catalytic activity of Rigidoporus sp. FMD21’s ExE in the presence
of mediators. In addition, the mediators were added to the ExE at several concentrations
(from 0.1 mM to 2.5 mM) to observe the effect of mediators on laccase and MnP. In the
mixture of crude culture broth, residual laccase and MnP activities were measured by
standard assay using ABTS and Mn2+. Controls were designed to subtract the interference
of solvent on enzymes, one control contained 0.1% DMSO similar to mediator tests, and
the other control were only ExE.
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After the primary study, 0.5 mM was found to be the optimal mediator concentration to
investigate the effect of mediators on 2,3,7,8-TCDD degradation. The experiment was
conducted in duplicate with a similar setup as the 2,3,7,8-TCDD degradation experiment
described before (2ml Exe in 10 ml tubes). For enzymatic treatment, 2 ml of filtersterilized ExE was used in glass tubes followed by the addition of 2,3,7,8-TCDD to the
final concentration of 0.5 pgTEQ/µL and the appropriate mediator. For control
treatments, inactivated ExE, was used which showed no activity of laccase and MnP. The
mixture of ExE or inactivated ExE, spiked 2,3,7,8-TCDD and additional mediators were
homogenized by vortex thoroughly and kept in the dark at 37 oC.
2,3,7,8-TCDD residues were analyzed at four different time points by the dioxinresponsive reporter gene assay, DR-CALUX® bioassay, from the onset of the experiment
right after mixing and after 4, 8 and 22 days of incubation. For each time point, one set
consisting of all treatments and controls in duplicate was taken. For each incubation the
whole sample content of the tube was extracted to recover as much as possible of the
residues of 2,3,7,8-TCDD. The difference between enzymatic treatments and control at
the final sampling time was considered as the yield of biodegradation.

2.4 Chemical analysis
2.4.1 Rapid UV-VIS spectrographic screening method for the oxidation of
laccase-mediators
The absorbance spectrum of mediators during the catalytic reaction by ExE was
measured using UV-VIS spectrophotometry. A change of absorbance spectrum was
considered as catalytic activity towards the mediator compound of ExE from Rigidoporus
sp. FMD21. The reaction mixture contained mediator and ExE was placed in UVtransparent 96-well plates and scanned using full UV-VIS spectrum (200 nm – 800 nm)
by TECAN Spark®10M multimode microplate reader. The spectral changes of mediator
during the reaction were considered as evidence for laccases or other enzymes in ExE
catalyzing the enzymatic reaction in which mediator compounds were transformed. The
total reaction volume was 100 µL, reaction mixtures were kept at 30oC, and every
measurement was carried out in triplicate.

2.4.2 Extraction and clean-up of 2,3,7,8-TCDD from incubation mixtures
2,3,7,8-TCDD from fungal, enzymatic and enzymatic-mediator treatments was extracted
following the shake-solvent extraction principle which uses an n-hexane/iso-propanol
combination to extract 2,3,7,8-TCDD out of water-based samples. Fungal treatments
which consisted of both culture fluid and biomass were extracted using the procedure
described in Dao et al. (2019). For enzymatic and enzymatic-mediator experiments, the
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extraction was performed in 10 ml glass tubes in which 2 ml of degradation reaction was
incubated. To specify, 2 ml of isopropanol was added to each tube, vortexed for 5
minutes followed by addition of 4 ml of hexane and continuously vortexed at maximum
speed for 10 minutes. The hexane layer was transferred to collection tubes. The hexane
extraction was applied three times to collect all of the 2,3,7,8-TCDD from the tubes. An
additional clean up step using a sulfuric acid silica column was applied to all samples.
Finally, 2,3,7,8-TCDD was dissolved in DMSO for DR CALUX® bioassay analysis or isooctane for GC-MS-MS analysis.

2.4.3 Analysis of 2,3,7,8-TCDD and its breakdown metabolites
2,3,7,8-TCDD residues in extracts from degradation experiments was quantified using
DR-CALUX® bioassay which based on the activation of aryl hydrocarbon receptor by
2,3,7,8-TCDD as a ligand, and analysis was conducted at BioDetection Systems b.v. (BDS),
Amsterdam (Besselink et al., 2004). Confirmation of 2,3,7,8-TCDD analysis and
identification of 2,3,7,8-TCDD breakdown metabolites was performed by Shimadzu
techno-research using GC-HRMS (SIM), Japan. By using GC-HRMS (SIM), apart from
2,3,7,8-TCDD, 2-monochlorodibenzo-p-dioxin (2-MCDD); 2,3-dichlorodibenzo-p-dioxin
(2,3-DCDD); 2,3,7-trichlorodibenzo-p-dioxin (2,3,7-TrCDD) were determined. 2,3,7,8TCDD degradation metabolites were identified by GCMS-TQ8050 triple quadrupole gas
chromatograph mass spectrometer (GC-MS/MS) system (Shimadzu, Japan) employing
Multi-Resonance Mode (MRM) making the analysis very specific for compound
identification (Table S1), analytical compounds 2,4-Dichlorophenol (Fig. S4); 3,4Dichlorophenol and 4,5-Dichlorocatechol (Sigma CAS no. 120-83-2; 95-77-2; 3428-24-8)
were used as standards. Prior to GC injection we added an internal standard (PCB no.
112) to correct for any effects on the response that could be caused by the matrix. After
cleanup, the samples were dissolved in iso-octane and injected into the analysis system,
analysis conditions are shown in the supplemental table 1.

2.5 Calculation and statistical analysis
The degradation rate of 2,3,7,8-TCDD was calculated according to the difference
between the residue at the tested time and the one at the start of the experiment. The
performance was described in percentage of eliminated 2,3,7,8-TCDD by the following
equation: detoxification rate (%) = ((Initial 2,3,7,8-TCDD – residual 2,3,7,8-TCDD)/Initial
2,3,7,8-TCDD) * 100. Degradation curve was generated by one-phase decay model. Data
was statistically analyzed using one of the following tests when it was suitable: the
students t-test, one-way and subsequent two-way ANOVA followed by post-test Dunnett
and Bonferroni respectively. Kinetic parameters were calculated based on the best-fit
model performed. All the data analysis and visualization were done on GraphPad Prism
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5.03 for Windows [GraphPad Software, San Diego California USA,] and presented as
means and standard deviations.

3. Results and Discussions
3.1 Degradation of 2,3,7,8-TCDD by the ligninolytic fugus Rigidoporus sp.
FMD21
Rigidoporus sp. FMD21 belongs to the order of Polyporales which is an order of fungi that
is considered to be one of the most effective fungal orders in delignification by means of
their extracellular enzymes (Winquist, 2014). These enzymes, which include laccase and
MnP, are not only involved in delignification, but can also play an important role in
xenobiotic pollutant degradation (Tobergte & Curtis, 2013; Treu & Falandysz, 2017;
Martínková et al., 2016). We have previously shown that Rigidoporus sp. FMD21 secretes
high levels of laccase activity and has a unique ability to degrade 2,3,7,8-TCDD. In our
previous study, 2,3,7,8-TCDD degradation was only measured at day 0 and day 28 (Dao
et al., 2019). To better understand the kinetics involved in 2,3,7,8-TCDD degradation,
additional fungal breakdown experiments are presented here where degradation was
sampled and analysed at multiple time points (Fig. 1). The time course of LME activity
was demonstrated in supplemental figure 2, the data showed that the similar trend in
the production of two enzymes laccase and MnP during the growth by FMD21 as in
previous study (Dao et al., 2019). This experiment showed that approximately 55% of the
2,3,7,8-TCDD was degraded after 41 days of incubation, and that the highest degradation
rate was found between 0 and 20 days. Kinetic parameters were calculated based on the
best-fit, one-phase decay model and we found that the Half-life of 2,3,7,8-TCDD was 6.19
days which is the time reach half of the total degraded 2,3,7,8-TCDD and rate constant
of 2,3,7,8-TCDD under treatment condition was 0.112 pgTEQ/µL/day. The equation for
one-phase decay is as follow “Y = (Y0 - Plateau) * exp(-K*X) + Plateau”, where Y0 = 0.2874
is starting level of 2,3,7,8-TCDD; Y is concentration of 2,3,7,8-TCDD at the time X; K =
0.112 is the rate constant; plateau = 0.1266 is Y value at infinite times; the function exp(K*X) takes the constant e (2.718…) to the power of (-K*X). Y, Y0 and plateau were
expressed in pgTEQ/µL while K and X in pgTEQ/µL/day and day respectively (Fig. 1). There
are several studies that have shown that white-rot fungi are able to break down different
dioxins. However, there are only a limited number of studies that have focused on the
kinetics of degradation of the highly recalcitrant and toxic 2,3,7,8-TCDD congener
(Rathna et al., 2018). Most of the research on dioxin degradation has focused on
representative model compounds of dioxin such as 2,7-DCDD and 1,2,3,4-TCDD but these
model compounds are however non-toxic and are much easier to break down.
Here we looked at 2,3,7,8-TCDD degradation during culture of Rigidoporus sp. FMD21. In
the non-fungal controls, there was no significant difference in 2,3,7,8-TCDD
62

Chapter 3
concentration between controls taken at the start and the end of the experiment which
shows that the reduction of 2,3,7,8-TCDD in the treatment was a result of fungal
degradation. This data provide convincing evidence for a possible role of white-rot fungi
in mycoremediation of 2,3,7,8-TCDD and also extends the list of dioxin-degrading fungi
which includes fungal models such as Phanerochatete spp. and Phlebia spp. (Takada et
al., 1996; Mori & Kondo, 2002b). Moreover, Rigidoporus sp. FMD21 can be used as a
model for 2,3,7,8-TCDD and related toxic dioxin metabolism studies at laboratory scale
by virtue of its relatively fast degradation rate and simple growth requirements.
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Fig. 1 Kinetic degradation of 2,3,7,8-TCDD by Rigidoporus sp. FMD21 in liquid cultivation. The
equation for one-phase exponential decay is: Y = (0.2879 – 0.1266) * exp(-0.112*X) + 0.1266. The
observed data were presented as mean and standard deviation of triplicates.

3.2 Degradation of 2,3,7,8-TCDD by fungal extracellular enzymes from
Rigidoporus sp. FMD21
2,3,7,8-TCDD degradation using Rigidoporus sp. FMD21-based fungal crude extracellular
enzymes is shown in Fig. 2. The significant difference between control and enzymatic
degradation treatments after 50 days of incubation shows the capability of 2,3,7,8-TCDD
degradation by FMD21 extracellular fungal enzymes under in-vitro conditions (P < 0.001).
The control incubation contained inactivated ExE enzymes which were treated at 121 oC
for 15 minutes and had no discernible activity of either laccase or MnP but contained
similar matters in the cultural fluid as the 2,3,7,8-TCDD-treatment incubations. In the
inactivated enzyme controls we did not observe 2,3,7,8-TCDD degradation (Fig. 2, grey
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line). Hence, it can be inferred that the decrease of 2,3,7,8-TCDD during incubation with
the crude ExE treatment is caused by the Rigidoporus sp. FMD21’s extracellular enzyme
complex. ExE contained high laccase activity of 82.000 U/L and moderate MnP activity at
57 U/L (MnP data is not illustrated in the figure) at the starting point of treatment in the
presence of 2,3,7,8-TCDD (Fig.2). Enzyme activity dropped quickly during the experiment
and after four days a decrease of 51% of laccase and 57% of MnP activity was observed.
At day eight, 24% of laccase activity maintained and MnP activity was completely gone.
However, as enzyme activity decreased over time, 2,3,7,8-TCDD concentration also
decreased by 30 % after 8 days. The lowest 2,3,7,8-TCCD concentration was detected in
day 36 at around 0,08 pgTEQ/µL which shows that ultimately, 77.4% of 2,3,7,8-TCDD was
broken down. From day 36 onwards, the level of 2,3,7,8-TCDD remained stable and no
further breakdown was observed till the end of experimental time course, not even after
more ExE was added on day 36. We also observed an effect of 2,3,7,8-TCDD on laccase
activity during the time course of the degradation experiment. During the first 4 days,
there was no significant difference between incubations with and without 2,3,7,8-TCDD.
But in the following days, the laccase activity declined faster in the presence of 2,3,7,8TCDD than in its absence, until the second batch of ExE was added (Table 1).

Table 1. Alterations in laccase activities during the 2,3,7,8-TCDD degradation process
Sampling time
(day)
0
4
8
22
36
36
43
50

Without
With 2,3,7,8-TCDD
2,3,7,8-TCDD
(0.5 pgTEQ/µL)
P value
Significant
Mean
SD
Mean
SD
81.954
897
85.118
12.047
0.747
47.090
599
41.278
2.003
0.059
44.557
3.527
20.639
1.002
0.012 *
886
26
532
9
0.003 **
438
0.2
198
13
0.002 **
67.488
1.102
57.481
4.262
0.085
37.911
671
35.250
3.764
0.429
6.058
78
5.678
557
0.441
Laccase activities are demonstrated by U/L, ABTS as a substrate

Based on the data in figure 2, we provide supporting data for the fact that laccase, rather
than MnP, from fungus Rigidoporus sp. FMD21 may be involved in an essential part of
the 2,3,7,8-TCDD breakdown. This is based upon the observation that additional 2,3,7,8TCDD was observed after day 8 of the incubation when no MnP activity could be
measured at the remaining time points in the experiment. The crude extracellular
enzyme extract used in the experiments were separated from fungal biomass which
contained intracellular enzymes such as CYP450. This excludes the interference of
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intracellular enzymatic pathways in the breakdown of 2,3,7,8-TCDD under the
experimental conditions used. Moreover, to prevent the activation of peroxidase, we did
not add H2O2 which is an electron acceptor required for MnP catalysis. Therefore, we
argue that the degradation of 2,3,7,8-TCDD observed was mainly caused by laccase
and/or laccase in cooperation with unidentified natural laccase-mediators present in the
ExE, created by Rigidoporus sp. FMD21 itself during the growth. Within the limited group
of dioxin-degrading ligninolytic fungi, each fungus produces its own cocktail of LME.
Some of these fungi secrete both LiP and MnP, which are found to be involved in the
early stage of dioxin metabolism by P. chrysosporium in the study of Valli et al., 1992. The
authors stated that LiP first catalyzes oxidative cleavage of 2,7-DCDD followed by the
consecutive oxidation by both LiP and MnP. In addition, Bjerkandera strains MS325 and
MS1167 also produce MnP and LiP and have the capacity to degrade 1,3,6,8-tetraCDD by
up to 16–21% after seven days of treatment (Manji & Ishihara, 2004). By contrast,
another dioxin-degrading fungus, P. sordida YK-624 only produces MnP and the
mechanism of this ligninolytic enzyme in dioxin degradation has not been elucidated yet
(Takada et al., 1996). Another example is Stropharia rugosoannulata and Phanerochaete
velutina, which secrete not only MnP but also laccase and eliminated 62 – 64% of total
PCDD/F (Anasonye et al., 2014). This illustrates that there does not seem to be a typical
pattern for all white-rot fungi in dioxin degradation as the breakdown route seems to
depend on their individual differences in enzymatic properties, enzyme complex and the
environment they are tested in. Up till now, LiP has been considered as the most effective
LME enzyme in dioxin breakdown. Laccase, on the other hand, has been shown to be
active in the breakdown of a number of xenobiotic chemicals except 2,3,7,8-TCDD
(Majeau et al., 2010).
In our previous experiments we used a relatively high 2,3,7,8-TCDD concentration in the
degradation experiments as compared to environmentally relevant concentrations. Also,
it was shown that degradation did not continue beyond a certain concentration even
though we added a fresh portion of crude ExE. The question was raised if low
concentrations of 2,3,7,8-TCDD could be broken down by ExE as efficiently as high
concentrations of 2,3,7,8-TCDD. Therefore, we performed an additional breakdown
experiment using lower concentrations of 2,3,7,8-TCDD. The results (Fig. 3) showed that
at all tested levels, 2,3,7,8-TCDD was degraded by Rigidoporus’s ExE (Fig. 3a). After 14
days of incubation, similar decreases of approximately 70% were found at all three
2,3,7,8-TCDD concentrations of 0.5; 0.05 and 0.005 pgTEQ/µL. In Fig. 3b the data were
normalized and demonstrated clearly that the rate of enzymatic degradation of 2,3,7,8TCDD does not depend on the level of substrate under these experimental conditions
with a starting activity of laccase in ExE of 80,000 U/L. One possibility to explain this is
that somehow during 2,3,7,8-TCDD breakdown, products are formed that might inhibit
laccase activity, and which may also explain why addition of more ExE did not improve
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2,3,7,8-TCDD degradation further. On the other hand, adding different concentrations of
2,3,7,8-TCDD (substrate) to the ExE resulted in a similar extent of degradation of 2,3,7,8TCDD (Fig.3) rendering the option of product inhibition of laccases less likely. Future
studies are needed to further explain this phenomenon.
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Fig. 2 2,3,7,8-TCDD degradation by fungal crude extracellular enzymes. The enzymatic degradation
curve for 2,3,7,8-TCDD was fitted by a one-phase exponential decay model, the control line was
fitted by a linear regression model. Observed data are presented as mean and standard deviation
of duplicate experiments.

3.3 2,3,7,8-TCDD degradation metabolite
The degradation of 2,3,7,8-TCDD by Rigidoporus sp. FMD21 extracellular enzymes was
confirmed by analysis on GC-HRMS (SIM) which showed that 76.9% of the 2,3,7,8-TCDD
was broken down which was similar to the breakdown measured by the DR-CALUX®
bioassay. The obtained results clearly indicated that 2,3,7,8-TCDD degradation did not
result in formation of Ah receptor active breakdown products. In addition, there was no
evidence for dehalogenation, because of the absence of dioxin-breakdown products with
a lower level of chlorine substitution dioxins such as 2-MCDD; 2,3-DCDD and 2,3,7-TrCDD
caused by 2,3,7,8-TCDD enzymatic degradation. Potential metabolites of 2,3,7,8-TCDD
degradation were analysed and lower chlorinated phenols were found. However, 4,5Dichlorocatechol which is expected chlorinated metabolite was not present in enzymatic
degradation samples. Instead, 3,4-DCP was identified as the main metabolite (Fig. 4b),
the formation of 3,4-DCP was detected by using GC-MS/MS, by co-elution with the 3,466
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DCP standard and based on precursor and product mass spectrum m/z of 164 and 101
respectively as identification ions, 162 and 99 as reference ions. Other isomer 2,4-DCP
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Fig. 3 Enzymatic degradation of 2,3,7,8-TCDD by Rigidoporus sp. FMD21 crude extracellular
enzymes at different substrate concentrations. Blue shade: 0.5 pgTEQ/µL, light blue: enzymatic
treatment, dark blue: control. Green shade: 0.05 pgTEQ/µL, light green: enzymatic treatment,
dark green: control. Red shade: 0.5 pgTEQ/µL, light red: enzymatic treatment, dark red: control.
A) Scatter dot plot of 2,3,7,8-TCDD concentrations, expressed as mean and SD on a Log10 scale.
B) Scatter dot plot of relative 2,3,7,8-TCDD decrease in % whereby the highest concentration in
each treatment is set at 100% and the final concentration after 14 days of incubation as a
percentage of control.

was also tested to confirm the presence of specific 3,4-DCP (Fig. S4), 3,4-DCP was
confirmed and detected in the samples collected during enzymatic treatment (Fig. 4a).
Dichlorophenols also are substrates of laccase as has been demonstrated in many
studies, which showed that, both free and immobilized laccases could degrade
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dichlorophenols (Zhuang et al., 2019; Bhattacharya & Banerjee, 2008; Zhang et al., 2009).
Moreover, there was no detectable level of lower chlorinated PCDDs (mono to triCDDs)
suggested that dechlorination did not occur although some fungal laccases can
dechlorinate as demonstrated in the report of Schultz et al. (2001).

Fig. 4 GC-MS/MS chromatogram of metabolites formed during enzymatic degradation by EXE from
Rigidoporus sp. FMD21. A.3,4-dichlorophenol (peak retention time 11,65 min) was found in the
enzymatically treated sample; B.3,4-dichlorophenol chromatogram and spectrum information
with the full scan of 3,4-DCP in the mass range 25-200 m/z.

Previous evidence shows that chlorocatechol is the prevalent metabolite of chlorinated
dibenzo-p-dioxin microbial degradation. However, in this study, we propose a new
degradation mechanism in which 3,4-DCP is a metabolite of 2,3,7,8-TCDD degradation
rather than chlorocatechol. 3,4-DCP has been considered as a metabolite of 2,3,7,8-TCDD
degradation before by Suzuki et al. (2011), but the difference with our study is that the
authors found that the degradation was catalyzed by the intracellular enzymes of the
Geobacillus sp. UZO bacterium (Suzuki et al., 2011). Chlorocatechol has been considered
as an indicator for aerobic microbial degradation of chlorinated dibenzo-p-dioxin. This
pattern is indicated in most publications which focused on biotransformation by both
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bacteria and fungi (Hong et al., 2002; Nam et al., 2006). A typical angular dioxygenation
in which chlorocatechol is one of the major intermediates was proposed in Hong et al.
(2002) and Nam et al. (2006) when they studied the biotransformation of 2,7-dichloro-;
1,2,3,4-tetrachloro-; 1,2,3-trichloro- and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin by
Sphingomonas wittichii RW1 (Hong et al., 2002; Nam et al., 2006). Cyclic ether degrading
fungus Cordyceps sinensis breaks down DD, 2,3,7-TrCDD and Octachlorodibenzodioxin
generating the corresponding catechol (Nakamiya et al., 2005). And the similarity also is
true for ligninolytic fungi Phanerochaete spp. and Phlebia spp., i.e. P. Chrysosporium
breaks down 2,7-DCDD with 4-chlorocatechol as a metabolite (Valli et al., 1992). The
dioxin degradation pathways generating chlorocatechol involve several enzymes such as
angular dioxygenase of aerobic bacteria or LiP of ligninolytic fungi, although they all
catalyze the oxidative cleavage of the benzene ring in the dioxin molecule. However,
since we have found the cleavage of diaryl ether bond, we suspect that laccases from
Rigidoporus sp. FMD21 are involved in the 2,3,7,8-TCDD breakdown that we observed in
our study. Rigidoporus sp. FMD21’s laccases might act with the assistance of other
molecules in ExE, those molecules could play a role as laccase-mediators. To obtain more
information about the role of laccase mediators, experiments using additional mediators
were carried out.

3.4 The role of laccase-mediators during enzymatic degradation of 2,3,7,8TCDD
Two groups of laccase-mediators were used to test their possible attenuating effect on
2,3,7,8-TCDD degradation by ExE. All five tested mediators were oxidized by ExE (Fig. S3).
Acetosyringone, p-coumaric acid, syringaldehyde and vanillin belong to the group of
natural laccase-mediators, while 1-hydroxybenzotriazole and violuric acid are artificial
ones (Cañas & Camarero, 2010). Both mediator groups show the ability to enhance the
yield or broaden the substrate specificity of laccases such as Poly-Aromatic Hydrocarbons
(PAHs) or other non-phenolic aromatic compounds (Mate & Alcalde, 2017; Astolfi et al.,
2005; Johannes et al., 2000; Sari et al., 2016). Up to date, there is limited evidence for
successful breakdown of dioxin using fungal laccase even with the support of a laccasemediator system. In this study, when compared with the controls, the addition of four of
the tested mediators, i.e., HBT, Syr, Van and Vio showed a significant degradation of
2,3,7,8-TCDD with 77%, 76.7%, 65.7% and 83.9% reduction as compared to controls after
22 days of incubation, respectively (Fig. 5). HBT and Vio are N-OH mediator types, which
generate highly reactive free aminoxyl radical (=N–O˙). Syr and Van, however, are
C6H4(OH)(OCH3) types of mediators, this type generates phenoxyl radicals (C6H5O˙). In
turn, these aminoxyl radicals and phenoxyl radicals will oxidize targeted substrates
(Cañas & Camarero, 2010; Ashe et al., 2016). Nevertheless, when using only ExE to
degrade 2,3,7,8-TCDD a decrease of 60,7% was achieved. Vio significantly increased the
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2,3,7,8-TCDD degradation by EXE with an additional 23% at a concentration of 0.5 mM,
while the other three mediators demonstrated no significant difference in 2,3,7,8-TCDD
degradation as compared to ExE alone. By contrast, the two natural mediators Ace and
p-Cou did not enhance the percentage of enzymatic degradation but rather inhibited the
2,3,7,8-TCDD degradation when compared to the degradation using ExE only (Fig. 5).
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Fig. 5 Effect of addition of mediators on fungal enzymatic 2,3,7,8-TCDD degradation. Bar graph
shows 2,3,7,8-TCDD levels expressed as mean and SD of duplicate tests after enzymatic (EXE)
treatments with different additions of mediators. The control bar represents the average of control
levels at starting point and final sampling (22 days of incubation). One-way ANOVA was used to
analyse the data, Bonferroni posttest was applied to compare all tests with the control, *** p ≤
0.001; **** p ≤ 0.0001.

We suspect that 2,3,7,8-TCDD degradation does not follow the hydrogen atom transfer
(HAT) oxidation mechanism because of its chemical structure, there are no hydrogen
atoms in the benzylic position. According to Fabbrini et al. (2002), Vio being a N-OH
mediator type, this mediator could oxidize targeted substrates by following either a HAT
route or electron transfer (ET) route. Besides, Vio was the mediator which showed the
highest breakdown efficiency in combination with ExE and the Vio radical was stable in
the study of Shiraishi et al. (2013) when different laccase-mediators was compared
during the reaction with nonphenolic lignin model compounds. The efficiency of
degradation of substrates by ExE depends on the combination of the laccase-mediatorsubstrate. Each combination has two stages of oxidations, the overall rate is a synergistic
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achievement of the enzymatic reaction when laccase oxidizes the mediator to generate
active radicals and the non-enzymatic oxidation when the active radical in turn oxidizes
the substrate (Kushch et al., 2019). Vio, in this study, along with ExE obtained from
Rigidoporus sp. FMD21 turned out to be an effective combination to degrade 2,3,7,8TCDD.
Mediator concentration is an important parameter affecting the yield of degradation of
targeted substrates. The appropriate ratios vary between combinations of
mediator/substrate (Margot et al., 2015; Jin et al., 2016; Cantarella et al., 2003). The
change in the mediator-substrate ratio can increase the degradation efficiency or at high
concentration even can lead to new catalysis pathways (Cantarella et al., 2003). HBT and
Syr were selected as representatives of respectively synthetic (HBT) and natural laccase
mediators (Syr), i.e., two types of generated radicals aminoxyl radical and phenoxyl
radicals (Torres-Duarte et al., 2009; Murugesan et al., 2010); to test the dose and time
dependent effect of mediator concentration on 2,3,7,8-TCDD degradation. Too high
mediator concentrations, however, can inhibit the oxidation of substrates. For example
in the study of Kupski (Kupski et al., 2019) at the screening step to optimize LMS for
pesticide removal, mediator concentrations up to 5 mM showed a decline in degradation
efficiency in comparison to lower concentrations of 0.3 mM and 1 mM. The same pattern
was seen in this study with Syr. In this study (Fig. 6), with the presence of 0.05 mM Syr,
the percentage of 2,3,7,8-TCDD degradation was higher than at 0.5 mM after 32 days
onwards (Fig. 6a). But at earlier stages, no significant difference was noticed between
both Syr concentrations. On the other hand, the change of HBT concentration did not
affect the efficiency of 2,3,7,8-TCDD degradation (Fig. 6a).
The maximum degradation of 2,3,7,8-TCDD was observed after 32 days of incubation
where 90% of 2,3,7,8-TCDD was degraded. The 2,3,7,8-TCDD degradation percentages
were similar with and without mediator, except for Syr at high concentration (Fig. 6a).
This data indicates that addition of mediators did not play a role in enhancing the 2,3,7,8TCDD degradation activity of ExE from Rigidoporus sp. FMD21, even though the presence
of HBT and Syr did affect laccase activity, as demonstrated by the remaining activity
towards ABTS in Fig. 6b. There seems to be a relation between concentrations of
mediators and remaining ABTS activity, in particularly for HBT, i.e., the higher the
concentration of mediator, the lower the remaining ABTS activity during incubation. In
the case of Syr at 0.5 mM, the relative inhibition of 2,3,7,8-TCDD degradation might be
explained by the accumulation of inhibitor(s) during oxidation of Syr.
Our study provides evidence to support the potential of ligninolytic fungi in
biodegradation or further application in myco-remediation. Rigidopurus sp. FMD21 and
its extracellular enzymes degraded 2,3,7,8-TCDD effectively at mild conditions and during
degradation, laccases were key enzymes in this biotransformation process. 2,3,7,8-TCDD
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was degraded by using ExE generating 3,4-DCP as the main intermediate product, which
is the first report about 2,3,7,8-TCDD degradation following this mechanism. Deeper
understand about these laccases will be required to shed light on the biodegradation
process, and research at the laccase protein level is underway.
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Supplemental information

Supplemental figure 1. Zymogram of crude extracellular enzyme from Rigidoporus sp.
FMD21. A) Native gel, staining with ABTS; B) Native gel, staining with guaiacol; C) SDS gel,
staining with Coomassie blue.

Supplemental figure 2. Time course of laccase and MnP during the 2,3,7,8-TCDD
degradation by fungus Rigidoporus sp. FMD21 in liquid stage
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Supplemental table 1. GC-MS/MS analysis conditions

GC-MS/MS
Column
[GC]

[MS]
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Injection
temperature
Injection mode
Sampling time
High pressure
injection
Column flow
Flow control mode
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Oven temperature
program
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Measurement
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o
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o
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Abstract
White-rot fungus Rigidoporus sp. FMD21 is a lignin-modifying enzyme producing fungus
that can degrade dioxin. Extracellular enzymes from FMD21 include laccase and
manganese peroxidase which are promising enzymes for myco-remediation because of
their wide substrate specificity and mild catalysis conditions. The FMD21 genome was
sequenced using Ion Torrent technology and consists of 38.98 Mbps with a GC content
of 47.4 %. Gene prediction using Augustus with Basidiomycota reference setting resulted
in 8245 genes. Functional gene annotations were carried out by using several programs
and databases. We focused on laccase and ligninolytic peroxidase genes, which are most
likely involved in the degradation of aromatic pollutants. The genome of FMD21 contains
12 predicted laccase genes (10 out of 12 predicted as full length) and 13 putative
ligninolytic peroxidases which were annotated as MnP or versatile peroxidases. Four
predicted laccases showed a higher than 65% binding chance to 2,3,7,8-TCDD with the
highest at 72% in in silico docking analysis. Heterologous expressed laccases showed
activity towards three tested substrates included ABTS, guaiacol and 2,6-DMP. ABTS
displayed two-stage oxidation which differed from natural FMD21 laccases. 2,3,7,8-TCDD
was degraded by 50 % after two weeks of enzymatic treatment by three out of five
laccase isozymes which were natural laccases secreted by FMD21. In this study, we
provide direct evidence for the 2,3,7,8-TCDD biodegradation capability of fungal
laccases.
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1. Introduction
Myco-remediation, as a bioremediation technology, has gained more attention recently
because of the completion of multiple successful trials. Furthermore, the development
of new technologies to upgrade its feasibility have overcome the practical disadvantages
of on-site performance (Hofman, 2020)(Chaudhary, Agarwal, & Khan, 2018)(Kumar
Gupta & Tuohy, 2016). The main reason that ligninolytic fungi are so effective in
degrading a wide range of xenobiotic contaminants is due to their release of extracellular lignin-modifying enzymes (LME). LME have a low substrate-specificity, which
means that they can act upon various molecules that are broadly similar to lignin.
Ligninolytic fungi and their enzymes are promising agents for myco-remediation, because
of their diverse types of metabolism (Deshmukh, Khardenavis, & Purohit, 2016). The
major catabolic enzymes that play a role in the xenobiotic degradation process can be
classified into three groups, based on their cellular localization and occurrence:
extracellular oxidoreductases and cell-bound/intracellular enzymes. It has been
observed that fungi and their enzymes can metabolize, degrade and even mineralize a
large variety of anthropogenic pollutants such as BTEX (Benzene, Toluene, Ethylbenzene,
Xylenes), endocrine disruptors, polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls, polychlorinated dibenzodioxins (PCDDs), polychlorinated
dibenzofurans, herbicide and pharmaceutical drugs (Harms, Schlosser, & Wick, 2011).
The class of fungal extracellular oxidoreductases contains several enzymes, which
natively are involved in the modification of the complex structure of lignin (Noman, AlGheethi, Mohamed, & Talip, 2019). The main members of the LME group are laccases,
lignin peroxidases (LiP), manganese peroxidases (MnP), versatile peroxidases (VP) and
dye-decolorizing peroxidases. Laccases are interesting, because of their wide variety of
substrates and they are considered to be easy enzymes, as they only require molecular
oxygen for catalysis and the by-product is water. This makes laccases highly suitable for
biotechnological applications. Fungal laccases are a diverse group of enzymes and several
hundreds of laccase genes have been characterized previously (Baldrian, 2006)(Janusz,
Kucharzyk, Pawlik, Staszczak, & Paszczynski, 2013). It is common that a fungus contains
multiple laccase isoforms (Rivera-Hoyos et al., 2013). The variability in laccase isoform
numbers ranges between species from two laccases (lcc1 and lcc2) in Trametes villosa
(Yaver et al., 1996) to more than eight in Cerrena sp. (Yang, Xu, Ng, Lin, & Ye, 2016).
Currently, it is unknown why the number of laccases per fungus varies so much between
different fungal species (Rivera-Hoyos et al., 2013). Fungal laccase genes typically encode
for protein isoforms of 520-550 amino acids which contain four conserved regions for
copper binding in the active site. The number of introns per gene varies between 2 and
19 that range between 50 and 90 bp in size. The location of the introns in the laccase
genes seems to be moderately conserved (Janusz et al., 2013). In contrast, MnPs exist
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only in some of the Basidiomycota genera and are encoded by closely related genes, mnp
genes encode for mature proteins that are normally 330-370 amino acids in length and
are much smaller in comparison with laccase proteins (Janusz et al., 2013).
Other enzymes involved in xenobiotic degradation are Cytochrome P450
monooxygenases (CYP450) and nitroreductases, which are promising intracellular
enzymes produced by fungi. These two enzyme super families, are widespread across the
fungal kingdom and possess complex functions in cell metabolism (Harms et al.,
2011)(Durairaj, Hur, & Yun, 2016). Those two classes of intracellular enzymes have been
shown to be mainly responsible for the detoxification processes within the cell (Akiva,
Copp, Tokuriki, & Babbitt, 2017). CYP450s were shown to mediate the degradation of
pollutants, such as PAHs, PCDDs and many other xenobiotic compounds (Kadri et al.,
2017)(Kasai et al., 2010)(Anzenbacher & Anzenbacherová, 2001). Thus, aromatic
pollutants can be degraded by fungi either extracellularly or intracellularly, or through
both ways together. The products of extracellular degradation can be the further
substrates for intracellular metabolism and vice versa (Harms et al., 2011).
In previous study, Rigidoporus sp. FMD21 showed an unique ability to degrade 2,3,7,8tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) in comparison to hundreds of other
screened laccase-producing fungi (Dao et al., 2019). 2,3,7,8-TCDD was degraded by more
than 73% in 28 days of incubation by FMD21 in liquid culture condition. During its growth,
FMD21 produced an exceptionally high amount of laccase (Dao et al., 2019). We showed
that FMD21 crude extracellular enzyme extract (ExE) contains mainly laccases and this
extract was able to degrade 77.4 % of 2,3,7,8-TCDD in in vitro experiments, with 3,4dichlorophenol as the main metabolite of enzymatic degradation. Therefore, we
hypothesize that laccases play a pivotal role in the breakdown of 2,3,7,8-TCDD (Dao et
al., 2021). In this study we further investigate the potential of laccases from Rigidoporus
sp FMD21 to degrade 2,3,7,8-TCDD by sequencing its genome and by isolating specific
laccase isozymes to study dioxin degradation. FMD21 laccase encoding genes were
heterologous expressed in Pichia pastoris. In this manuscript, we present for the first
time that pure laccase isozymes are able to degrade the most toxic dioxin compound
2,3,7,8-TCDD.

2. Materials and Methods
2.1 Biological materials
The dioxin degrading fungus Rigidoporus sp. FMD21, originating from the forest of Dong
Nai Culture and Nature Reserve (11.2258° N, 107.0776° E) in Lam Dong province,
Vietnam, produces laccase at high level as well as MnP (Dao et al., 2019). Material from
FMD21, which included genomic DNA and total RNA were collected during its growth in
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laccase-producing medium, and laccase isoforms were isolated from crude extracellular
enzyme extracts of FMD21. Fungal DNA and RNA were isolated using the DNeasy Plant
mini DNA isolation kit (Qiagen, Venlo, the Netherlands) and NucleoSpin® RNA Plant and
Fungi (Macherey-Nagel, REF: 740120.50) according to manufacturer’s instructions,
respectively. Ratio of 260/280 was used to check the purity, concentration was estimated
using Qubit fluorescent detection, and quality was also evaluated by gel electrophoresis
on agarose gel or Bioanalyzer.

2.2 Chemicals
For screening and quantification of laccase activity, 2,2′-Azino-bis (3ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), guaiacol, 2,6Dimethylphenol (2,6-DMP) (Sigma-Aldrich, CAS No. 30931-67-0; 90-05-1; 576-26-1
respectively) were used. 2,3,7,8-TCDD was purchased from Cambridge Isotope
Laboratories (Tewksburry, USA) and organic solvents i.e., n-hexane, iso-propanol (HPLC
grade) for dioxin extraction were obtained from Biosolve Chimie (France).

2.3 Genome sequencing and analysis
The genome of the fungal isolate FMD21 was sequenced using Ion Torrent technology
(Life Technology, Carlsbad, United States). 500 ng of isolated genomic DNA was used for
genome sequencing library construction. DNA quality was high with a 260/280 ratio was
above 1.9 and concentration was estimated using Qubit fluorescent DNA detection. The
DNA sequencing Library was constructed using the Ion Xpress Plus Fragment library kit
in combination with the 400 bp Ion PGM Hi-Q OT2 kit and subsequently sequenced on
an Ion PGM sequencing system using a 318 Ion chip all to the manufacturer’s
instructions. No extra DNA fragmentation or shearing step was used prior to the library
preparation. QC on raw sequence reads was performed using fastQC and read quality
trimming was done using Trimmomatic (phred33 quality settings: LEADING:20
TRAILING:20 MINLEN:150) (Bolger, Lohse, & Usadel, 2014). Genome assembly using the
trimmed reads was done using the Mira assembly software (Chevreux et al., 2004) using
the following settings: Job: genome, de-novo, accurate, common settings: -AS:nop=3,
GE:not=8, kpmf=5, amm=no, KS:mnr=yes, ldn=yes. After Mira assembly, the assembly
quality was determined by calculating the N50, total length and total number of contigs.
The de-novo assembled genome and subsequent predicted transcriptome were analyzed
for completeness and duplicity using Benchmarking Universal Single-Copy Orthologs
(BUSCO) (Simão, Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015) and annotated
using Augustus for gene prediction making use of the Basidiomycota reference genome
settings (Stanke & Waack, 2003). Predicted genes were functionally annotated using a
number of programs and databases: BLAST (NCBI nr), Interproscan (PFAM, Panther and
superfamily), carbohydrate-active enzyme database (CAZy) and SignalP (Almagro
86

Chapter 4
Armenteros et al., 2019; Jones et al., 2014; Lombard, Golaconda Ramulu, Drula,
Coutinho, & Henrissat, 2014; O’Leary et al., 2016). Laccase genes were predicted based
on the PFAM database contained in the Interpro software package and verified using
BLASTp analysis against the non-redundant protein (nr) database. Based on the
assembled genome and gene prediction, 9 laccase genes were determined to be full
length (over 500 aa) and one of intermediate length (405 aa) and inspected for signaling
proteins using SignalP. For clustering of the FMD21 predicted laccases to Cerena unicolor
laccases we used the ClustalW algorithm in combination with the FastTree algorithm
which is an adaptation of the Neighbour-joining tree algorithm (Price, Dehal, & Arkin,
2009). For ligand docking analysis, tertiary structure prediction of full length predicted
laccase (>500 aa) was performed on the Phyre2 online server (Kelley, Mezulis, Yates,
Wass, & Sternberg, 2016) and Phyre2 generated Protein Data Bank models were used for
ligand docking studies. Relevant ligand chemical tables files in sdf format were
downloaded from the Chemical Entities of Biological Interest website (www.ebi.ac.uk)
or, if not available, from the RCSB Protein Data Bank (https://www.rcsb.org) (see table 1
for all used ligands). For each predicted laccase protein, the likelihood of binding of the
different ligands to it, was tested using the BindScope protein docking analysis (Skalic,
Martínez-Rosell, Jiménez, & De Fabritiis, 2019) with the default settings and with ligand
docking enabled. Bindscope uses a convolutional neural network to predict binding
likelihood of ligands to proteins and reports back the percentage of likelihood that a
ligand binds to the protein and shows. Raw Ion Torrent sequencing data is stored in
NCBI’s SRA archive and can be downloaded under Bioproject no. PRJNA648814.

2.4 Laccase heterologous expression in Pichia pastoris
Rigidoporus sp. FMD21 was cultivated in Potato Dextrose Soy-mill Rice-bran (PDSRb)
broth medium, which was found to be the optimal medium for laccase production.
Fungal biomass was collected after 5 and 10 days and used for RNA extraction. Total RNA
subsequently went through DNase treatment. Synthesis of the first-strain cDNA was
performed by reverse-transcription primed with oligo(dT) on isolated FMD21 total RNA.
DNase treatment, and cDNA synthesis were conducted according to instructions of the
commercial kits TURBOTM DNase (Ambion, Cat.No. AM2238) and Superscript® III Firststrand system for RT-PCR (Invitrogen, Cat.No. 18080-051), respectively.
Seven predicted laccase genes, based on genome analysis, were selected for
heterologous expression in Pichia pastoris. Primers were developed for each of the 7
selected laccase genes and they were amplified from the generated cDNA. In-Fusion
cloning technique was applied to fuse the laccase PCR fragments and linearized Pichia
expression vector pPICZα B (In-Fusion HD Cloning Kit, Clontech Lab., USA). Primers to
amplify laccase genes from cDNA were designed, so the 5’ end of forward-primers
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contained 22 bases and of reverse-primers included 15 bases which were homologous to
both ends of the linearized pPICZα B vector. The 3’ end of primers contained specific
sequence for targeted laccase genes (Table 1). Recombinant vectors were transformed
into TOP10F’ E. Coli competent cell, then selected on low-salt LB medium with ZoecinTM.
To confirm the desired laccase genes were in frame, the constructs were sequenced
using 5’ AOX1/ 3’ AOX1 primers. Pure plasmid DNA was linearized by Pme I and transform
to Pichia Pastoris X-33 using electroporation after isolation using QIAprep Spin Miniprep
kit (Qiagen, Cat.No. 27106). Transformant selection was done by using functional
screening on buffered minimal methanol medium (BMM) medium with the addition of
CuSO4 0.3 M; ABTS 0.2 mM and MeOH (in the lid of petri dish). Apart from ABTS, other
substrates also were used, such as guaiacol, Azure B and ascorbic acid. Overexpression
of selected clones were carried out in 50 ml buffered methanol-complex medium
(BMMY) with MeOH 0.5% at 30°C, 200 rpm. The detail of practical conduction can be
found in the manufacture’s construction for EasySelectTM Pichia Expression Kit
(Invitrogen, Cat.No. K1740-01). Some characteristics of expressed laccases were studies
using the dish-diffusion method and quantitative measurement by spectrophotometry.

2.5 2,3,7,8-TCDD degradation experimental setup
Five natural laccase isozymes were used to determine the involvement of laccases in
2,3,7,8-TCDD degradation. Those five laccase isozymes were isolated from ExE which was
the liquid phase of growth culture of Rigidoporus sp. FMD21 in laccase producing
medium (Dao et al., 2019). Laccase isozymes were named Lac_MD1; Lac_MD2; Lac_MD3;
Lac_MD8 and Lac_MD9. The specific laccase activities of the five isozymes were 20; 1.7;
1.4; 0.6 and 0.7 U/mg respectively. In a previous study (Dao et al., 2021), FMD21 crude
extracellular enzyme showed the ability to degrade 2,3,7,8-TCDD so the crude
extracellular enzyme was taken along as a positive control. Heat-inactivated crude
extracellular enzyme which consisted of similar components as the positive control, but
all the enzymes were heat denatured, was used as a negative control. The concentrated
crude enzyme which consisted of all components with a molecular weight higher than 10
kDa materials was also tested to compare the efficiency of individual laccase isozymes to
the mixture of all native LME laccases present in the FMD21 extracellular enzyme
mixture.
The 2,3,7,8-TCDD degradation reactions using laccase isoforms were carried out in glass
tubes with Teflon layer closed caps. The incubation mixture included: laccase isoform;
sodium acetate buffer 20 mM, pH 5; albumin; 2,3,7,8-TCDD 0.05 pgTEQ/uL; and dimethyl
sulfoxide (DMSO) 0.5%. 2,3,7,8-TCDD was spiked into the mixture at the last step. The
total protein concentration in all test tubes was normalized using albumin to obtain a
similar concentration of protein equal to 2mg/mL as present in the positive control.
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Therefore, two buffer-albumin negative controls were included to establish a
trustworthy comparison, the controls contained sodium acetate buffer, albumin 2
mg/mL and an amount of 2,3,7,8-TCDD similar to the laccase isoform containing
incubations. This design prevented the 2,3,7,8-TCDD from sticking to glass tubes which
would interfere with the recovery of 2,3,7,8-TCDD during extraction process. One of the
control incubations was taken at the beginning right after 2,3,7,8-TCDD was spiked, the
other underwent a 2-weeks incubation period similar to the incubations involving laccase
isozymes. Laccase enzymatic activity was measured prior to start of the experiment. Test
tubes were incubated at 37 o C for 2 weeks and were vortexed at three times during the
incubation period.
All analyses were performed in triplicate. One-way ANOVA combined with Dunnett posthoc test were used to statistically analyze the enzymatic degradation of 2,3,7,8-TCDD
from the data obtained from the various incubations in comparison to the control
incubations.

2.6 Laccase assay and protein concentration assay
Laccase enzymatic activity was measured by the oxidation of ABTS at pH 3 in sodium
acetate buffer, each measurement was carried out in triplicate in 96 well plates according
to the modification by Dao et al. (Dao et al., 2019). Laccase activity was calculated based
on the increase of ABTS∙+ (absorbent wavelength 420 nm; ε = 36 000 M−1 cm−1) during
two minutes of enzymatic catalysis. One activity unit is as the amount of laccase which
oxidized one µmol of ABTS per minute at 30 oC.
PierceTM BCA Protein Assay Kit (Thermo Scientific, USA) was used to determine the
protein concentration in the enzymatic degradation, microplate procedure and the bestfit curve was applied for data calculation.

2.7 2,3,7,8-TCDD extraction and analysis
The remaining amount of 2,3,7,8-TCDD was extracted after 2 weeks of incubation and
analyzed following the operational procedure as described in Dao et al., 2019. Hexane
and isopropanol were used to extract 2,3,7,8-TCDD by the shake-solvent method. The
ratio of hexane; isopropanol and sample were 2:1:1, the mixture of solvents and sample
were vortexed thoroughly then the top layer which contained 2,3,7,8-TCDD was
collected. This step was repeated three times to ensure total amount of residual 2,3,7,8TCDD was extracted out of the test tubes. Sulphuric acid silica columns were used to
clean up the extracted 2,3,7,8-TCDD (Besselink, Harrie ; Jonas, Arjen ; Pijnappels,
Martijn ; Swinkels, Albert ; Brouwer, 2004; van Vugt-Lussenburg, T. Besselink,
VanderBurg, & Brouwer, 2013). The clean 2,3,7,8-TCDD was dissolved in DMSO and used
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for 2,3,7,8-TCDD quantification the extraction efficiency was checked for each series of
extracts analyzed and ranged between 60-80%.
The level of 2,3,7,8-TCDD was measured using the DR CALUX® bioassay. The assay used
is based on the Aryl hydrocarbon (Ah) receptor-based mode of action of dioxins. Stably
transfected rat H4IIe cells were developed containing the luciferase gene under control
of dioxin-response elements (DREs). When 2,3,7,8-TCDD binds to and activates the Ah
receptor it will bind to DREs and will result in downstream transactivation of the
luciferase gene to produce luciferase enzyme which after transformation of the luciferin
substrate produces light, which can be quantified in highly sensitive way (Besselink,
2004)(Garrison, Tullis, Haan, & Brouwer, 1995)(Murk et al., 1996). The amount of light
produced is proportional to the amount of ligand-specific receptor binding, which is
benchmarked against the relevant reference compounds, i.e., 2,3,7,8-TCDD for DR
CALUX (Dioxin responsive–chemically activated luciferase expression). All extracts and
dilutions were analyzed in triplicate. A full dose-response curve of the reference
compound 2,3,7,8-TCDD was included on each 96-well plate.

3. Results and discussion
3.1 Rigidoporus sp. FMD21 genome sequencing and laccase genes
Ion Torrent genome sequencing of high quality FMD21 DNA (260/280 ratio above 1.9)
produced a total of 4.45M reads of which 89.12% passed the QC threshold set during the
trimming process. Genome assembly on the trimmed reads yielded a genome that
consisted of 1882 contigs with a total length of 38.98 Mbps (N50 of 22,274 bps) and a GC
content of 47.40 %. Both the total length of the genome, as well as the GC ratio were in
line with other genomes from the fungal order of Polyporales (Binder et al., 2013). A
BUSCO (Benchmarking Universal Single-Copy Orthologs) analysis was performed to
assert the completeness of the assembly. BUSCO analysis determines the presence,
duplicity and completeness of a number of single copy orthologues genes (BUSCOs) by
comparing the de-novo assembled genome to a set of reference genomes
(Basidiomycota was used as the reference in this case). Of the total number of BUSCOs
present in the reference (1335), 76.6% was found to be complete and single copy in the
de-novo assembled FMD21 genome, 4.0% were complete but duplicated, 4.7% was
fragmented and 14.7% was missing. The BUSCO results are similar with de-novo genome
assembly of other fungal genomes (Li et al., 2018) and were of reasonable quality
considering the fragmentation that was still present in the assembled genome (1882
contigs) and the relative short read sequencing technique that was used (median read
length of 334 bp).
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Augustus gene prediction software predicted a total of 8245 genes which were
functionally annotated using various programs and databases. 73.24% of the predicted
genes showed homology to either of the three used Interproscan databases (Pfam,
Panther and Superfamily). The Pfam database showed the highest number of hits and
was used to determine gene description and function. The predicted genes were also
annotated against the CAZy database as extracellular fungal delignification enzymes such
as laccases and Mn-peroxidases are contained in the auxiliary activities (AA) parts of this
database (categories AA1 and AA2 respectively). 13.61% of the total predicted genes
were identified as CAZy active enzymes of which most belonged to the glycoside
hydrolase (GH) group (676 out of 1199). The AA group, to which both the laccase (AA1)
and Mn-peroxidase (AA2) enzymes belong, contained 143 genes most of which belonged

Fig. 1 Phylogenetic tree of 10 predicted full length FMD21 laccase genes. Clustering and tree
analysis by ClustalW algorithm in combination with the FastTree algorithm for generation.
Numbers in square brackets present bootstrap values.

to AA groups 3 and 9. We further focused on the ligninolytic enzymes laccase and Mnperoxidase as they are m ost likely involved in the breakdown of recalcitrant xenobiotic
compounds (Lamar, 1992). The genome of FMD21 contains 12 predicted laccase genes
of which 9 are predicted to be over 500 amino acids. One predicted laccase (ORF_3791)
was of intermediate length (402 aa) and included in the clustering for completeness.
Supplemental file (SI. 1) contains the annotation results of the 10 laccase genes which
include amino acid and nucleotide sequences and closest hit. NCBI BLAST analysis on the
91

Fungal laccase genes and 2,3,7,8-TCDD degraded by laccase isoforms
laccase genes consistently revealed the closest fungal species to FMD21 to be Cerrena
sp. HYB07. According to Yang et al, Cerrena sp. HYB07 contains 8 laccase genes (lac1 –
lac8) (Yang et al., 2016). We directly aligned the 10 predicted FMD21 laccase genes to
sequences from the 8 Cerrena laccase genes using ClustalW and plotted the results in a
phylogenetic tree (Fig. 1).
Several FMD21 putative laccase genes clustered with Cerrena laccase genes (lacc2, lacc3,
lacc5, lacc6, lacc7 and lacc8). Cerrena Lac1 and lac4 also had homologous counterparts
in the FMD21 genome but there was more variation between the Cerrena and FMD21
sequences. Finally, two predicted FMD21 laccase genes (FMD21_ORF6702 and
FMD21_ORF7046) did not directly align to Cerrena laccases and, as they did not align
directly to other FMD21 laccases either, we therefor theorize that these two laccases
could be paralogues genes rather than assembly errors because if they would be
duplicates generated during genome assembly, they would be more similar to the other
FMD21 laccase genes. To investigate if these additional two laccase genes produce active
enzymes we investigated if the active site was intact. A ClustalX alignment of the
predicted FMD21 laccases and Cerrena laccases together showed that the histidine
residues at the active site of the FMD21 laccases are conserved. Fungal Laccases
generally employ four conserved histidine rich domains (H-X-H), that interact with
copper atoms to form copper centers which are responsible for the oxidation of the
substrate and subsequent transfer of electrons to oxygen to form water. Because the
copper binding ligands in the predicted laccases are conserved, we expect these two
paralogs to be active enzymes and that the variation in other parts of the protein will
alter substrate specificity rather than activity. This altered substrate specificity may
explain why FMD21 produces laccases that can degrade 2,3,7,8-TCDD as a substrate
which is an unique characteristic for FMD21 (Dao et al., 2019). To further investigate the
breakdown potential of chlorinated dioxins by FMD21 laccases, we performed an in-silico
docking analysis on the predicted laccase proteins using a number of chlorinated dioxins
and standard substrates. In total, 13 ligands were in-silico docked to 9 predicted laccase
proteins. We excluded the one predicted laccase (FMD21_orf_3791) due to its shorter
length. Of the tested ligands, 3 were natural laccase ligands/substrates and 10 were
dioxins with various degrees of chlorination (ranging from 2 to 8 chlorine atoms). By
testing different halogenated compounds, we were able to investigate the influence of
halogenation on the binding affinity to laccase proteins and what the degradation
potential of halogenated dioxins of each predicted laccase may be. Table 1 shows the
likelihood (in percentages) of the ligand binding to each predicted laccase proteins. Three
known laccase substrates (ABTS, guaiacol and 2,6-DMP) were included as positive
controls and did bind well to most of the predicted laccases with over 80% average
binding chance over all laccases for each of the substrates. Exceptions to these were
ORF_4066 which has a far lower binding affinity for guaiacol and 2,6-DMP (27% and 21%
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respectively) and ORF_7070 which shows a lower affinity to ABTS (53%) but not to
guaiacol and 2,6-DMP. Overall, ABTS is the best performing substrate which is natural as
this is also the most used substrate to test for laccase activity in the literature (Yang et
al., 2017). Of the dioxins that were tested the unchlorinated dibenzodioxin showed a
large binding affinity (over 90% chance) too all predicted laccases except for ORF_7070
which was lower (55%). This is striking as these affinity values are similar to the values
for ABTS. Increasing levels of chlorine halogenation of the dibenzodioxin backbone
dramatically lowered the binding affinity for most laccases as compared to the
unchlorinated molecule. Even the 2,7-dichloro dibenzodioxin molecule with only 2
chlorine atoms showed a far lower binding affinity to 6 out 9 laccase proteins. The higher
chlorinated dioxins with 5 to 8 chlorine atoms showed low to no binding affinity to the
laccases in general. It is possible that the relatively large size of the chlorine atoms
prevents docking to the laccase enzymes due to steric hinderance or electronic hindrance
which has also been observed by dehalogenases (Copley, 1997). In this study we have
focused on laccase mediated degradation of the most toxic dioxin congener, 2,3,7,8TCDD. Of the 9 predicted laccase proteins tested four showed a higher than 65% binding
chance to 2,3,7,8-TCDD with the highest (ORF_172) at 72% (Table 1).
Next to laccase enzymes most white-rot fungi also express various types of peroxidases
that are mostly involved in delignification. Compared to multicopper oxidases like
laccase, ligninolytic peroxidases are more difficult to identify based on DNA sequence, as
peroxidases consist of a large extended protein family with a wide range of both
intracellular as well as extracellular functions (Falade et al., 2016). Fungal ligninolytic
peroxidases belong to the group of class II heme-peroxidases and consist of three types:
MnP, LiP and VP. The difference between the various lignin peroxidases is mainly
dependent on the intermediates used to oxidize the lignin molecule. LiP uses H2O2 as an
electron acceptor and reduces the intermediate veratryl alcohol which in turn reduces
and degrades the lignin molecule. MnP uses Mn2+ as an intermediate which, during the
catalytic cycle, is oxidized to Mn3+ to form a redox mediator which non-specifically
attacks organic molecules via hydrogen and one electron abstraction (Hofrichter, 2002).
VP falls somewhere in between MnP and LiP and is often able to perform both reactions
described above (Camarero, Sarkar, Ruiz-Dueñas, Martínez, & Martínez, 1999). The main
difference between the three groups of peroxidases is substrate specificity rather than
DNA or protein sequence dissimilarity which makes it difficult to predict the type of
peroxidase based on DNA sequence. The FMD21 genome contains 13 putative full length
ligninolytic peroxidases all of which are annotated as MnP or VP peroxidases.
Supplementary file (SI. 1) contains the annotation results of the 13 full length peroxidase
genes which include nucleotide sequences, predicted amino acid sequences and closest
hit. This is corroborated by previous analysis on peroxide activity assays which showed
only MnP activity for extracellular enzyme extracts from FMD21 and no LIP activity.
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Finally, the FMD21 genome also contains a predicted glyoxal oxidase gene
(FMD21_pred_orf_3257) which is involved in the extracellular generation of peroxide
which acts as a co-substrate for the peroxidases (Daou & Faulds, 2017).
Table 1. In-silico docking analysis on the predicted laccase proteins using a number of chlorinated
dioxins and standard substrates. The chance of ligand binding to each predicted protein is in
percentage.
Compound

ORF_
172

ORF_
3792

ORF_
3839

Dibenzodioxin

95.72

95.55

97.78

97.55

95.86

95.99

55.30

90.02

95.04

2,7-dichlorodibenzodioxin

86.13

86.28

1.84

13.81

75.84

5.64

4.20

13.33

30.72

72.04

65.99

0.00

3.07

26.46

0.00

68.46

70.93

12.41

0.00

2.68

0.34

0.00

29.14

6.64

5.14

4.81

38.29

0.00

0.64

0.04

0.02

1.74

2.31

19.52

9.32

17.46

0.19

1.86

0.73

0.03

4.62

10.49

2.03

0.01

26.52

0.04

3.24

3.18

0.01

21.52

11.13

1.86

2.13

0.00

0.02

3.36

0.68

0.07

7.60

16.73

3.02

8.65

41.91

19.08

15.80

1.47

0.04

13.19

4.76

6.43

6.12

0.01

ABTS

97.65

92.71

97.34

65.06

70.95

91.71

53.33

95.37

75.63

Guaiacol

94.55

85.43

87.38

27.71

94.81

91.17

83.04

94.17

80.71

2,6-dimethoxyphenol

91.73

87.66

90.75

20.80

90.92

93.86

81.53

90.83

76.22

2,3,7,8tetrachlorodibenzodioxin
1,2,3,7,8Pentachlorodibenzodioxin
1,2,3,4,7,8Hexachlorodibenzodioxin
1,2,3,6,7,8Hexachlorodibenzodioxin
1,2,3,7,8,9Hexachlorodibenzodioxin
1,2,3,4,6,7,8Heptachlorodibenzodioxin
1,2,3,4,6,7,8,9octachlorodibenzodioxin

ORF_
4066

ORF_
6702

ORF_
7046

ORF_
7070

ORF_
7650

ORF_
7666

3.2 Heterologous expression of laccases
Seven predicted laccase encoding genes were selected for overexpression (ORF_3792;
ORF_4066; ORF_6701; ORF_6702; ORF_7650; ORF_7666; ORF_7070 generating
recombinant laccase namely RLac7; RLac5; RLac1; RLac2; RLac6; RLac3; RLac4
respectively). The primers were designed for In-Fusion cloning, as described in
supplementary information (Table A1). In this study, we used the α-factor signal
sequence embedded in pPICZα B vector for all seven laccase genes. Using In-Fusion
primers, we were able to amplify all seven genes from cDNA, and this was confirmed by
the sequences of the constructs.
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Fig. 2 Effect of pH on RLac activity, from pH 3 to pH 8. The tests were carried out in 150 µL total
volume including Mcllvaine buffer, substrate and RLac1 – RLac7. Blank consisted of buffer and
+

substrate. A) ABTS 0.5 mM, green-blue and purple indicate the oxidation of ABTS and ABTS by
overexpressed laccase; B) Guaiacol 0.1%, brown-red indicates that guaiacol was oxidized; C) 2,6DMP 2 mM; yellow indicates that 2,6-DMP was oxidized.

Transformants screening with ABTS in BMM medium showed that four out of seven RLac
transformants, RLac1, RLac5, RLac6 and RLac7, had clear activity towards ABTS. However,
they showed a purple colour instead of the expected green-blue one when ABTS was
oxidized by fungal laccases. With the appearance of a purple oxidation product, we
propose this indicated the presence of an ABTS di-cation (ABTS2+) (Branchi, Galli, &
Gentili, 2005). In BMM medium with guaiacol as an indicator, all seven RLac proteins
showed activity with RLac6 as the strongest (Fig. A1). RLac6 was the only transformant
showing an activity in both the supernatant and the cell lysate and at both pH 3 and pH
6 when the expression was tested in BMMY medium (Fig. A2). This data indicates that all
seven laccase genes were able to be heterologously expressed in P. pastoris, but not all
of them were soluble. Pichia pastoris is considered as the most popular host for
heterologous expression of genes such as laccase and MnP, involved in plant biomass
conversion (Ramoni, Seidl-Seiboth, Bischof, & Seiboth, 2016). However, this is not the
universal host for all types of laccase isoforms even if they originate from the same fungal
strain (Branchi et al., 2005). Also, the laccase DNA sequences were generated using PCR
from the FMD21 cDNA and therefore were not codon optimized for expression in Pichia
pastoris which may have also influenced expression levels and protein solubility.
Supernatant and pellet lysates were pooled for further studies with a variety of different
pH values (pH 3 to pH 8) as well as different substrates (ABTS, guaiacol and 2,6-DMP). Six
out of seven RLacs showed activity with ABTS. RLac1, RLac4, RLac 6 and RLac7 were able
to oxidize guaiacol, and those four RLacs together with RLac2 were active towards 2,6DMP. The pH optimum varied between RLacs and substrates. pH optima for guaiacol
conversion were at pH 4 (RLac4, Rlac7) or pH5 (RLac1, RLac6), while pH optima for
2,6/DMP were at pH 3 (RLac3), pH 4 (RLac1, RLac2 and RLac7) and pH5 (RLac6) (Fig. 2).
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+

Fig. 3 ABTS oxidation by RLac at different pHs and the generation of two products: A) ABTS was
2+

measured at 420 nm and B) ABTS was measured at 560 nm. Analysis by ANOVA, p < 0.0001.

ABTS displayed a more complex oxidation process (Fig. 2) that has not been seen in
natural laccases from Rigidoporus sp. FMD21. ABTS was transformed through two-stage
oxidation. The difference in colour formation of the ABTS diffusion-dishes added another
argument for a two-stage ABTS oxidation, because there was a different pH dependence
for both stages (Fig. A2). It is hypothesized that at the early stage, ABTS was first oxidized
by laccase to generate ABTS radical cation (ABTS+) which was then gradually oxidized to
ABTS2+ (Fig. 2). According to Branchi et al., (2005) the formation of ABTS2+ was supposed
to happen when ABTS+ remains in the laccase active site and consecutively catalyzed to
form ABTS2+ inside the enzyme. The affinity of ABTS2+ for the amino acid in the binding
site could maintain the stability of this oxidized state (Branchi et al., 2005). In our case,
ABTS2+ was relatively stable, and this stability would be an important feature of RLacs
because of the catalytic potential for non-phenolic substrate oxidation. However, the
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role and mechanism of how ABTS2+ might be involved in the degradation of non-phenolic
compounds as well as lignin are not clearly understood (Branchi et al., 2005)(Gramss,
2017). There was a difference in the pH optimal for RLacs to generate ABTS+ and ABTS2+,
pH 3 seems to be the optimal pH for all recombinant laccases except for RLac6. RLac6
effectively oxidized ABTS to ABTS+ within the broader range of pH (3-5) than the others
with a pH optimum of pH 4 (Fig. 3). The formation of ABTS2+ was distinguishable between
RLacs. The second stage of oxidation to form ABTS2+ actively occurred at pH 3 for RLac1
and RLac4, while this was not true for RLac2, 5, 6 and 7. RLac6, similar to what happened
with guaiacol and 2,6-DMP, was active at a wide range of pH, where pH 5 was the
optimum for production of ABTS2+, and the RLac6 recombinant was even active at pH7.
In comparison with the genetically closely resembling recombinant laccases from
Cerrena sp. HYB07, Rigidoporus RLac6 was highly similar (96 %) to Cerrena rLac6 (Yang et
al., 2016). However, the pH optima for ABTS conversion were different between both
isoforms, Rigidoporus RLac6 (pH 5) has higher pH optimum than Cerrena rLac6 (pH 3).
This divergence could be caused by the folding process of the recombination protein
(Ramoni et al., 2016) or a deficiency of glycosylation which plays an important role in the
enhancement of laccase activity as well as other enzymatic properties (Maestre-Reyna
et al., 2015)(Glazunova et al., 2019). Notably, Rlac6 also showed high binding chance of
70 % towards 2,3,7,8-TCDD in in silico docking study (Table 1).

3.3 Degradation of 2,3,7,8-TCDD by Rigidoporus sp. FMD21 laccase isozymes
In our previous study (Dao et al., 2019), Rigidoporus sp. FMD21 demonstrated its capacity
to degrade 2,3,7,8-TCDD. Furthermore, since its crude extracellular enzyme mixture ExE
contained mainly laccases, we proposed that laccases could possibly play a pivotal role
in the 2,3,7,8-TCDD degradation process (Dao et al., 2021). To further investigate this,
laccases secreted by FMD21 were purified in order to confirm the direct involvement of
laccase in 2,3,7,8-TCDD degradation. From the ExE we were able to isolate and purify five
Rigidoporus laccase isoforms. Among these five laccase isoforms, three isoforms,
Lac_MD2, Lac_MD8 and Lac_MD9, showed significant degradation of 2,3,7,8-TCDD
within two weeks of incubation as compared to the negative control (Fig. 4). The rates of
degradation were not statistically different between the three laccase isoforms and for
all three 2,3,7,8-TCDD degrading isoforms, approximately 50 % of 2,3,7,8-TCDD was
eliminated within the two-week incubation period (Fig.4). There was no indication of
2,3,7,8-TCDD degradation after incubation with the other two isoforms Lac_MD1 and
Lac_MD3 even though the laccase activity on ABTS substrate of these two isozymes was
higher than those of the other three isozymes. A similar rate of degradation was
observed for the crude extracellular enzyme fraction of FMD21, even though the specific
activity in concentrated enzyme (CE) (168 U/mg) was higher than positive control (PC)
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(103 U/mg). Negative albumin control (NBC) and negative albumin control starting point
(NBCS) were the negative controls which shared identical components in the incubation
mixture as the incubations involving the laccase isozymes, however albumin was added
instead, to compensate for the concentration of protein, so that equal levels of protein
were present in all tests. Moreover, albumin also was used as a carrier for 2,3,7,8-TCDD
in an aqueous environment, to avoid as much as possible any escape from the aqueous
phase of 2,3,7,8-TCDD because of its hydrophobic nature. In control incubations,
involving heat-inactivated crude enzyme extracts (ExE) and well as in albumin-based
incubations, the concentration of 2,3,7,8-TCDD remained unchanged between
incubations the moment of spiking of 2,3,7,8-TCDD (T=0) and after 14 days of incubation
T=14) indicating that total amount of 2,3,7,8-TCDD remained unchanged during the 2weeks incubation period in the controls. In the experiments with laccase isozyme
incubations and the positive controls, degradation of 2,3,7,8-TCDD was visible by the
extent of removal of 2,3,7,8-TCDD from the incubations by comparing results from T=0
and T=14 days of incubation (Fig. 4), indicating clearly the involvement of laccases in the
2,3,7,8-TCDD breakdown. When the degradation of 2,3,7,8-TCDD by isolated isoforms is
compared to the in-silico docking results of predicted laccases for 2,3,7,8-TCDD, the
results of both analyses are in concordance. The in-silico analysis showed that 4 out of 9
predicted laccases could potentially bind 2,3,7,8-TCDD and we found 3 of the same
isoforms that could degrade 2,3,7,8-TCDD. Based on the total number of predicted
laccases from the genome and the number of laccase isoforms found in the crude extract
we conclude that not all laccases were expressed under the growth conditions used,
which also explains why we only see 3 out of the 4 predicted 2,3,7,8-TCDD degrading
laccases.
There have been several studies that have focused on using lignin-modifying enzymeproducing fungi to degrade dioxins (Viswanath, 2014)(Deshmukh et al., 2016). Some
studies reported a potential involvement of LiP or MnP, but there was no direct evidence
for the involvement of laccases in dioxin degradation (Valli, Wariishi, & Gold,
1992)(Takada, Nakamura, & Matsueda, 1996)(Anasonye et al., 2014)(Manji & Ishihara,
2004). In some earlier studies attempts have been made to degrade 2,3,7,8-TCDD, which
is the most toxic congener of the group of dioxins, by making use of lignin-modifying
enzymes, but up till now no direct results were obtained showing that laccase can
degrade this dioxin congener (Sakaki & Munetsuna, 2010)(Treu & Falandysz,
2017)(Chaudhary et al., 2018). In a recent study we have shown that FMD21 crude
extracellular enzyme is able to degrade 2,3,7,8-TCDD by cleavage of the diaryl bond and
that the main metabolite produced was 3,4-dichlorophenol. However, at that time it
remained unclear whether laccase or laccase in cooperation with other elements in the
mixture was responsible for this degradation (Dao et al., 2021). This study shows, for the
first time, direct proof that fungal laccase isozymes can degrade 2,3,7,8-TCDD
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experimentally. Moreover, the enzymatic degradation was also supported by the in-silico
protein-ligand docking analysis which showed that the FMD21 genome contains laccases
that can bind 2,3,7,8-TCDD. Furthermore, heterologous expression of the laccases
showed that the predicted laccase genes generated active laccase proteins.

Fig. 4 Degradation of 2,3,7,8-TCDD by isolated laccase isozymes. Lac_MD1; Lac_MD2; Lac_MD3;
Lac_MD8; Lac_MD9: five pure laccase isoforms secreted by Rigidoporus sp. FMD21. PC: positive
control, 2,3,7,8-TCDD degraded by crude extracellular enzymes from Rigidoporus sp. FMD21. NC:
negative control, heat-inactivated crude enzymes. CE: concentrated crude enzymes. NBC and
NBCS: Negative albumin controls were sampled after two weeks of incubation and at starting point,
respectively. The bar graph shows the mean of remaining concentration of 2,3,7,8-TCDD and SD of
triplicate after two weeks of enzymatic treatment. One-way ANOVA analysis, p < 0.0001. Dunnett
post-test compares five laccase isozymes with NBC and PC, CE with NC, ** p ≤ 0.01; *** p ≤ 0.001.

We propose that the 2,3,7,8-TCDD degradation ability of FMD21 could depend on the
distinctive characteristics of each laccase isozyme and may further depend on the fungus.
Thus, it can be concluded that the 2,3,7,8-TCDD degradation ability is not a common
feature of laccases and will require further studies to fully understand the isozymespecificity of 2,3,7,8-TCDD degradation by laccases from Rigidoporus sp. FMD21. In
addition, in this paper we have shown, by sequencing the FMD21 genome, that this
fungus holds a significant genetic potential for the degradation of recalcitrant xenobiotic
compounds, such as 2,3,7,8-TCDD, which is further corroborated by the predictions for
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binding to enzyme binding pockets of the various laccase isoforms as observed in the
docking experiment. These findings may indicate that the natural diversity of laccase
isozymes from fungi combined with their substrate non-specificity could offer a wide
range of possibilities for the degradation of other chemical pollutants by laccase
enzymes. Immobilization of these laccases on carriers such as biochar, chitosan or
nanoparticle could be a promising material for the remediation of phenolic pollutants in
soil and water or for decolorization in textile industry (Datta, Veena, Samuel, &
Selvarajan, 2020)(Eibes, Arca-Ramos, Feijoo, Lema, & Moreira, 2015)(Ruggaber & Talley,
2006).
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Supplemental information

Fig. A1 Transformant selection on BMM medium with addition of CuSO4 0,3 M and laccase
substrates as indicators. A) ABTS 0.2 mM as indicator, purple indicates the ABTS was oxidized. B)
+

Guaiacol 0.1 % as indicator, brown-red indicates that guaiacol was oxidized. 1-7: RLac1-RLac7; Mut
control: Pichia “Methanol utilization plus” phenotype with the integrated pPICZα B.

Table A1. In-fusion primer design for selected laccase genes
ORFs
ORF_7046
(RLac1)
ORF_6702
(RLac2)
ORF_7666
(RLac3)
ORF_7070
(RLac4)
ORF_4066
(RLac5)
ORF_7650
(RLac6)
ORF_3792
(RLac7)

Primer
name*

In-fusion primer** sequences

RLac1-F

aggggtatctctcgagaaaagaATGAGATCAAGTTCACGAATCC

RLac1-R

gagtttttgttctagGAAAGCGAGGGCTTCCTTAGGC

Predicted
length
bp
aa
1584
527

Signal
peptide
No

RLac2-F

aggggtatctctcgagaaaagaATGGGGTACAATTGGTCTATTT

1581

526

Yes

RLac2-R
RLac3-F

gagtttttgttctagAATAGCAGTTCCTTTCTTAGGC
aggggtatctctcgagaaaagaATGCCCTCTAACTTCCTTTCA

1596

531

Yes

RLac3-R

gagtttttgttctagGATGGCGGTACCCTTCTTGG
1650

549

Yes

RLac4-F

aggggtatctctcgagaaaagaATGGGGCCCCTTCTACTCTCATT

RLac4-R

gagtttttgttctagCGCTGGCTGAGTGGGAGTGACAA

RLac5-F

aggggtatctctcgagaaaagaATGGGATCAAAAATACCTATAC

1521

506

Yes

RLac5-R
RLac6-F

gagtttttgttctagATTGGTCGTACTGTTGTTGATC
aggggtatctctcgagaaaagaATGGTGCCCGCCCTATCTCTAGT

1629

542

Yes

RLac6-R

gagtttttgttctagTGGAACCAAGTTGTCATTAGG

RLac7-F

aggggtatctctcgagaaaagaATGGCATTCCGTTCAGCCTTCT

1551

516

Yes

RLac7-R

gagtttttgttctagCTTGTCACCATCAGCAAGAGC

*) F: forward primer; R: reverse primer
**) lowercase: homologous to vector sequence; UPPERCASSE: specific sequence for laccase genes
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Fig. A2 ABTS and guaiacol dish-diffusion laccase assay on expressed laccases by Pichia
transformants in BMMY medium induced by MeOH 0.5%. Agarose-based diffusion dish was
prepared with Mcllvaine buffer at pH 3, 6 and 8 added with ABTS 0.5 mM and guaiacol 0.1% as
laccase substrates. Pichia pellet was disrupted and lysed prior to activity test, supernatant was
collected directly from growing culture, 20 µL was used to test on each well. In the supernatant
phase, there were four transformants RLac1, 4, 6, and 7 showing ABTS activity but only the
supernatant fraction of RLac6 was able to oxidize guaiacol. All seven RLacs demonstrated activity
in the cell pellet lysate with both ABTS and guaiacol at pH 6.
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General discussion and future perspective
Widespread pollution of our environment with recalcitrant contaminants has occurred
for many years over the last century and continues to pose a threat to human and
environmental health. A key representative group of well-studied contaminants are the
polychlorinated dibenzo-p-dioxins, shortly called dioxins, which are among the most
toxic and most persistent environmental chemicals. Dioxins cause long-lasting adverse
human health effects and have a continued negatively impact our ecosystems (Rathna,
Varjani, & Nakkeeran, 2018). Dioxins have never been produced on purpose for any kind
of industrial application, but are always unwanted by-products during e.g., organ
halogen-based pesticide/herbicides production, during incineration of wastes and forest
fires. In Vietnam, during the Vietnam-US war, widespread contamination occurred of the
environment with dioxins as a consequence of heavy spraying of herbicides used as
defoliants, such as Agent Orange, which were contaminated with 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD), the most toxic congener of all dioxins. This has
resulted in severe dioxin/herbicide contaminated soils at many locations where the
herbicide was handled and applied, which pose a continuous threat to human health and
environmental impacts (Tran, Nguyen, & Le, 2013)(The Aspen Institute, 2012). Several
clean-up campaigns, using e.g., thermal desorption technologies, were carried out on
dioxin-contaminated hot-spots which have resulted in (partial) improvements of the
dioxin contamination. However, several other contaminated sites still need to be
remediated and it has been suggested to apply more environmentally and economically
friendly cleaning-up methods rather than the conventional thermal desorption
technology as executed before in Danang (https://www.usaid.gov/vietnam/key-factsabout-danang-remediation).
One of the more recently developed innovative remediation methods is bioremediation
where contaminants are broken down by (micro)organisms (Rathna et al., 2018), and it
has been investigated whether this could be a feasible and competitive technology for
widespread application in Vietnam. This study focused on ligninolytic fungi and their
lignin-modifying enzymes taken from Vietnamese nature regarding their bioremediation
potential for recalcitrant contaminants, such as TCDD. The obtained data might present
a possible means for useful application in bioremediation of dioxin/herbicide
contaminated soils in Vietnam, and in other contaminated areas in the World. Our major
and novel finding was that we have shown that several laccase enzymes produced by the
ligninolytic fungus FMD21 was capable of almost complete breakdown of 2,3,7,8-TCDD
under laboratory conditions (Dao, Loenen, et al., 2021; Dao, Smits, Dang, Brouwer, & de
Boer, 2021; Dao et al., 2019). The reaction conditions, enzyme kinetics and 2,3,7,8-TCDD
breakdown pathway by laccases were investigated. The results obtained are discussed
below and offer an interesting outlook for a novel approach for bioremediation of dioxins
and related recalcitrant environmental pollutants. The discussion is structured according
to the 4 main objectives indicated in the introduction chapter: 1) Select LMEs producing
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fungi as potential dioxin degrading fungal candidates; 2) Determine the participation of
laccase in 2,3,7,8-TCDD degradation process. 3) Investigate the dioxin degrading fungus
at genomic level to reveal possible genes involved in dioxin degradation. 4) Characterize
the properties of laccase to get better insights in its future biotechnological application
possibilities.

1. Select lignin-modifying enzyme (LME) producing fungi as potential dioxin
degrading fungal candidates
Ligninolytic fungi are distributed widely across the ecosystem, however, their
communities and lignin-modifying enzymes (LMEs) are not consistently present across
geographical regions (Purahong et al., 2016). Climate is the most important factor
affecting the diversity and functioning of the fungal community in both litterdecomposing and wood-inhabiting fungi (Abrego, Christensen, Bässler, Ainsworth, &
Heilmann-Clausen, 2017)(Osono, 2011)(Rosales-Castillo et al., 2017). Vietnam is
geographically located in both subtropical and tropical climate zones; it comprises a rich
biosphere region and harbors a large diversity of microorganisms within the forests and
National Parks. Therefore, ligninolytic fungi from Vietnamese forests are promising
candidates for mining them for possessing ligninolytic enzyme systems, which might be
beneficial from a bioremediation point of view. From the 76 fungal isolates collected
from Vietnamese forests, 88 % showed the presence of significant LME activity, as based
on colorimetric screening using oxidized guaiacol as an indicator. This fungal collection is
not only a promising source for 2,3,7,8-TCDD degradation, such as in this study but also
for other studies focusing on a wider range of contaminants in soil and environmental
matrices worldwide.
Laccase was the most prevalent LME among the fungal isolates, followed by manganese
peroxidase (MnP). Some fungi produced both laccase and MnP such as Rigidoporus sp.
FMD21 and Junghuhnia sp. FBV311; but others only showed laccase activity. However,
lignin peroxidase was not detected in any of the investigated isolates. The eight highest
laccase activity strains were taxon classified and the result indicated that the order
Polyporales showed highest laccase prevalence in seven out of eight strains. This finding
is consistent with other publications which also illustrated white-rot fungi with efficient
lignin degradation from the order Polyporales (Savinova et al., 2019)(Riley et al., 2014).
The divergence of isolated fungi was demonstrated by means of the difference in LMEproducing profiles and genome finger-printing. Even though isolates share the same
taxon order and morphology, they are different in their genotype revealed by the REMAP
technique (Chapter 2). This distinction indicated that each isolate is unique and may be
of benefit for different purposes.
109

General discussion and future perspective
The screening of fungi for 2,3,7,8-TCDD degradation ability showed that this was not the
common attribute of LME-producing fungi. Rigidoporus sp. FMD21 was the only strain of
the eight tested strains that showed a 2,3,7,8-TCDD degradation ability (Chapter 2). In
chapter 3, the kinetics of the degradation of 2,3,7,8-TCDD by FMD21 was described,
whereby 55 % of spiked 2,3,7,8-TCDD was removed after 41 days of cultivation. The
studies on fungal species of Rigidoporus and their application in the degradation of
pollutants have not been well covered, and only limited information is available in
literature on the degradation of pollutants focusing mainly on polycyclic aromatic
hydrocarbon (PAH) and dye decolorization. For example, R. lignosus RiL K1 was able to
degrade anthracene and 2-methylanthracene and, the degradation yield was increased
by the addition of mediators when using purified laccase to degrade PAH (M. T. Cambria,
Minniti, Librando, & Cambria, 2008). Another example is R. lignosus W1 which
demonstrated decolorization of Remazol Brilliant Blue R and malachite green without the
involvement of redox mediators (Li, Dai, Yu, Zhao, & Qu, 2009).
A co-cultivation strategy was executed to enhance the 2,3,7,8-TCDD degradation rate
and laccase production (Chapter 2). This strategy has been applied by other authors in
the bioremediation of xenobiotic compounds, there are multiple combinations possible
such as bacteria-fungi; Ascomycota-Basidiomycota; and Basidiomycota- Basidiomycota
(Ijoma & Tekere, 2017). However, in the case of the co-culture of Rigidoporus sp. FMD21
with other LME-producing fungi we did not observe enhanced degradation. The coculture experiment resulted in a decrease in production of both enzyme activities
(laccase and MnP) and in 2,3,7,8-TCDD degradation capability. Comparing the proportion
of fungal biomass in the co- culture revealed that Rigidoporus sp. FMD21 represented
the largest proportion (81 % of fungal biomass), but other fungi were growable as well
(15 % and 4 % for FBD154 and FBV311, respectively). This could be an advantageous
feature of Rigidoporus sp. FMD21 for application in contaminated soil remediation as the
co-cultivation situation is more representative of the real-life situation is situations in soil
remediation, whereby the introduced fungi in fact are co-cultivated with indigenous
microorganism. By contrast, some authors have gained successful results using cocultivation with twofold increase of laccase activity when co-culturing Cerrena unicolor
and Phellinus robustus together; and in the combination of Ganoderma lucidum and
Trametes versicolor shortened the malachite green decolorization time and increased
the efficiency compared to the monoculture (Ijoma & Tekere, 2017)(Harry-asobara &
Kamei, 2019). In this study, the finding of 2,3,7,8-TCDD degradationty by FMD21 LMEs is
the first observation of a 2,3,7,8-TCDD degradation capacity observed in the genus
Rigidoporus, and this finding will contribute to expanded biotechnological and field
applications of Rigidoporus sp. and its enzymes.
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2. Determine the participation of laccase in 2,3,7,8-TCDD degradation process
To verify the involvement of laccases in the degradation of 2,3,7,8-TCDD, the degradation
experiments were designed with two consecutive tests. The first test used crude
extracellular enzyme extract (ExE) (Chapter 3), followed by using purified laccase
isoforms to test for the enzymatic degradation (Chapter 4). ExE represents the liquid
phase of the FMD21 growing culture, whereby the fungal cells were carefully removed
to rule out a possible involvement of intracellular detoxification processes, which might
occur by the action of e.g., cytochrome P450 type enzymes (Kasai et al., 2010). Although
both laccase and MnP activities were detected in the ExE used in the degradation
experiments, MnP appeared not to be involved in the 2,3,7,8-TCDD degradation. There
were two reasons for the exclusion of a possible role of MnP in the enzymatic 2,3,7,8TCDD degradation, namely the lack of hydrogen peroxide, which is needed to activate
the initial stage, i.e., to form MnP compound I in the MnP-based catalytic reaction
(Hofrichter, 2002); and the observation of a continued degradation of 2,3,7,8-TCDD even
after the MnP activity reduced to zero during the early stage of the TCDD-degradation
test. On the other hand, laccase was the main LME enzyme activity in the mixture and
likely was the enzyme responsible for the breakdown of 2,3,7,8-TCDD (chapter 3). In
chapter 4, purified laccases were used to confirm the degradation capacity of laccase
towards 2,3,7,8-TCDD. The experiment was designed in such a way that laccases were in
an optimal condition for functioning and by ensuring a good extraction recovery of
2,3,7,8-TCDD from the incubation mixture. One notable point of the design was using
albumin to normalize the concentration of protein and to provide a carrier for 2,3,7,8TCDD. This experimental design may also be useful for other studies investigating similar
hydrophobic pollutants astargeted substrate in fungal EXE degradation experiments.
Three purified laccase isoforms showed 2,3,7,8-TCDD degradation activity, and they
represented the minority of isoforms in the ExE. By contrast, the dominant laccase
isoform Lac_MD1 did not show any 2,3,7,8-TCDD degradation activity. The results
showed that the 2,3,7,8-TCDD degradation activity was unique and distinctive for each
laccase isoform. FMD21 has more than five laccase isoforms (chapter 5), which all were
active in the 2,3,7,8-TCDD degradation test. Therefore, it is possible that more laccase
isoforms may possess the dioxin degradation capacity in addition to the dioxin-degrading
laccase isoforms we discovered in chapter 4.
This is the first-time to show direct evidence for the involvement of laccase in dioxin
enzymatic degradation. This finding is also supported by the in-silico docking analysis
between predicted laccase and 2,3,7,8-TCDD performed in chapter 4. More in depth
research is required to clarify each step in the degradation process and to provide a
structural-chemical explanation (Mehra, Muschiol, Meyer, & Kepp, 2018). In other
studies researchers have also applied ligninolytic fungi and LMEs with the aim to
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breakdown non-toxic dioxin congeners and they came to a different conclusion, whereby
a role of MnP and Lignin peroxidase (LiP) was supported. LiP was likely the most effective
LME to breakdown non-toxic dioxin congeners such as 2,7-DCDD and 1,3,6,7-TCDD (Mori,
T.; Kondo, 2002a)(Valli, Wariishi, & Gold, 1992)(Manji & Ishihara, 2004)(Anasonye et al.,
2014). Model ligninolytic fungi have been used in dioxin degradation studies before, such
as Phanerochaete chrysosporium, Pleurotus spp. and Phlebia lindtneri (Takada,
Nakamura, & Matsueda, 1996)(Kaewlaoyoong et al., 2020)(Mori, T.; Kondo, 2002b).
However, Phanerochaete chrysosporium produced MnP and LiP but not laccase, and MnP
and LiP were found to be involved in the degradation of non-toxic dioxin congeners. In
addition, Pleurotus and Phlebia produced MnP and laccase, only MnP displayed the
relation with non-toxic dioxin degradation, but no correlation was shown with laccase
(Anasonye et al., 2014)(Kaewlaoyoong et al., 2020). Overall, although there are
differences observed in the involvement of different classes of enzymes produced by
white rot fungi in the degradation of various dioxin congeners, in our study we are the
first ones to report on degradation of the most toxic dioxin congener 2,3,7,8-TCDD by
laccases.
Dioxin-degrading microbes include archaea, bacteria and fungi, in which the bacterial
non-toxic dioxin congener degradation pathways have been elaborated thoroughly
(Saibu, Adebusoye, & Oyetibo, 2020). Even though fungi have demonstrated great
potential in dioxin degradation, the mechanism has not been completely clarified and
the missing gaps required fulfillment (Editors, Murphy, & Rulkens, 2011). Ligninolytic
fungi are the main fungal group that possess the non-toxic dioxin congener degrading
activity and these activities have been assigned tor MnP and LiP whereby the prevalent
metabolite formed during degradation is chlorocatechol (Editors et al., 2011)(Hiraishi,
2003). Chlorocatechol was formed by oxidative cleavage of the benzene ring in the dioxin
molecule. However, we have found that 3,4-dichlorophenol was the main metabolite
formed duringenzymatic degradation by FMD21 of the most toxic dioxin congener
2,3,7,8-TCDD (Chapter 3). Therefore, we suggest a toxic dioxin congener degradation
mechanism via the cleavage of the diaryl ether bond. A similar mechanism has been
proposed before for enzymatic catalysis of the non-toxic 2,7-dichlorodioxin congener by
a thermophilic bacterium based enzyme rather than a fungal ligninolytic enzyme (Suzuki
et al., 2011). The diaryl ether cleavage mechanism of breakdown is a new finding
compared to ring-opening mechanism of laccases (D’Acunzo, Galli, & Masci, 2002)(Chen
et al., 2017). We believe that this may be advantageous in degradation of other dioxin
congeners and dioxin-like compounds, like PCBs and halogenated paraffins.
The use of mediators in laccase catalyzed reactions have contributed to enlarging the
diversity and scope of potential laccase substrates, which may include direct substrates
(not requiring a mediator) and indirect substrates (requiring a mediator). The direct
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substrates are oxidized directly by laccase, while the indirect ones are transformed only
by the aid of laccase-mediator. 2,3,7,8-TCDD appeared to be a direct substrate of FMD21
laccase isoforms Lac_MD2, Lac_MD8, and Lac_MD9 (chapter 4). However, addition of
Violuric acid as mediator caused a significant increase in 2,3,7,8-TCDD degradation
performance, which means 2,3,7,8-TCDD is also an indirect substrate and this mediator
has a positive effect on FMD21 laccases towards degradation of 2,3,7,8-TCDD and
probably also other toxic dioxin congeners. A more comprehensive study is needed to
identify more suitable mediators in combination with FMD21 laccases to enhance toxic
dioxin congener degradation rates. On the other hand, the concentration of mediators is
also an important factor such as observed with syringaldehyde, where a high
concentration (0.5 mM) actually inhibited the 2,3,7,8-TCDD degradation activity (Chapter
3). Therefore, mediators can be either a supporting agent or inhibiting substance
depending on the specific laccase-mediator-substrate combination and the reaction
conditions used (Jin et al., 2016)(Du et al., 2020).

3. Investigate the dioxin degrading fungus FMD21 at genomic level to reveal
possible genes involved in dioxin degradation.
Rigidoporus sp. FMD21 showed a great potential of dioxin-degrading activity and its LMEs
played an essential role in the degradation of 2,3,7,8-TCDD (Chapter 3,4), and therefore
the genomic characteristics of FMD21 have been explored (Chapter 4). The FMD21
genome was sequenced to give insight into its LME encoding genes. The genome size is
38.98 Mbps and has a CG content of 47.4%, which resembles other fungal genomes in
the order Polyporales (Binder et al., 2013). A total of 8245 genes were predicted and
functionally annotated, of which 12 laccase and 13 ligninolytic peroxidase putative genes
were identified. Ligninolytic peroxidases were annotated as MnP and versatile
peroxidases (VP), while no LiP were identified. This was consistent with our wet-lab data,
which showed no activity of LiP in the extracellular enzyme extract from FMD21.
Although MnP and VP may not be involved in the degradation of 2,3,7,8-TCDD, they are
FMD21’s resource, making FMD21 a promising candidate for wider industrial application
(Binder et al., 2013).
Ten out of 12 predicted laccase genes showed completeness and contained four
conserved histidine-rich domains: the copper-binding site in the active core. Eight laccase
genes were aligned with eight Cerrena laccase genes of Cerrena sp. HYB07 which is the
closest fungal species to FMD21 (Yang, Xu, Ng, Lin, & Ye, 2016); while the other two
laccase genes are paralogous. The data suggested that all ten predicted laccase genes
may produce active enzymes and that the predicted differences between FMD21 laccase
isozymes mainly depend on variations occurring in other, non-active core parts of
laccase protein (Glazunova et al., 2019)(Agrawal, Chaturvedi, & Verma, 2018; Rivera113
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Hoyos et al., 2013). Heterologous expression of predicted laccase genes was executed in
a Pichia pastoris overexpression system resulting in enzyme proteins which showed
laccase activity towards ABTS, guaiacol and 2,6-dimethylphenol, but with a low activity
level (chapter 4). A striking feature was seen in ABTS oxidation by overexpressed
laccases, ABTS was oxidized through a two-step system to generate ABTS+ followed by
ABTS2+, which is different from natural laccase produced by FMD21. Optimization of the
overexpression strategy should be conducted in the future to increase the yield and the
solubility of expressed laccases (Yang et al., 2017).
The breakdown potential of chlorinated dioxins by FMD21 laccases were anticipated
based on the in-silico docking analysis on the predicted laccase proteins using several
chlorinated dioxins (10 compounds) and laccase-standard substrates (three compounds).
ABTS was predicted to be the best substrate, as is in line with the literature (More et al.,
2011)(Johannes & Majcherczyk, 2000)(Baldrian, 2006). However, interestingly
unchlorinated dibenzodioxin showed a similar binding affinity value to ABTS. In general,
the binding affinity for most FMD21 laccases was lowered with increasing number of
chlorine atoms on the dioxin molecule. 2,3,7,8-TCDD showed a binding affinity higher
than 65 % for the four predicted laccases, while the highest affinity was at 72 % (Chapter
4). The properties and enzyme characteristics of purified laccase isoforms from FMD21
were investigated and described in chapter 5.

4. Characterize the properties of laccase to get better insight in its future
biotechnological application possibilities
At the gene level, fungal laccases are diverse in both gene family and phylogenetic
aspects (Wu, Choi, Asiegbu, & Lee, 2020)(Rivera-Hoyos et al., 2013). FMD21 showed
laccase gene diversity which was accompanied by a large variety in protein structure and
characteristics. According to the predicted laccase genes, the amino acid (aa) lengths are
in the range of 500 to 550 aa except for one ORF with an intermediate length of 402 aa,
while the actual sizes of laccase proteins on SDS-PAGE are quite close to each other. On
the other hand, the active laccase bands on the Native-PAGE were significantly
separated. In fact, a single fungus can secrete several laccase isoforms at the same time
(Glazunova et al., 2019)(Kolomytseva et al., 2019). This is also valid for FMD21 since this
strain produced up to 13 laccase isoforms in the culture medium. The pattern of laccase
isoforms in the zymogram of this study (chapter 5) is representative for FMD21 as it was
cultured in an optimized medium (containing potato dextrose powder, soy meal and rice
bran) at 30 oC, at 200 rpm and collected after ten days of cultivation. This laccase isoform
pattern may alter if the cultural conditions are changed (Savinova et al., 2019). However,
we were only able to purify just five out of 13 isoforms because of the small amount of
the minor isoforms produced and technical limitations associated.
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The characteristics of the five isolated laccase isoforms demonstrated individually
distinctive properties, with differences in pH optimum, thermo stability, kinetic
parameters and the effect of solvents (Chapter 5). Lac_MD9 is the isoform standing out
from others in terms of physicochemical properties, particularly the characteristic
concerning pH which is more alkaline than the others. This Lac_MD9 is the one that
displayed the highest potency of2,3,7,8-TCDD degradation. Based on the similarities in
properties with the overexpressed enzyme, we suspected that isolated isoform Lac_MD9
represents the overexpressed enzyme RLac6, which is encoded by ORF_7650 gene. More
solid evidence is required e.g., by analyzing the protein motif of Lac_MD9 to confirm the
encoding gene; hence we can narrow down the targeted isoforms which possess the
desired 2,3,7,8-TCDD-degrading properties.
The kinetic behaviors of the five isolated laccase isoforms were different towards four
test substrates ABTS, guaiacol, 2,6-DMP and syringaldazine. The standard MichaelisMenten kinetic model was observed using guaiacol and 2,6-DMP as substrate; while
syringaldazine displayed a catalytic pattern indicative of the substrate inhibition
especially, for ABTS which showed allosteric sigmoidal curves for four out of five isoforms
which might belong to the allosteric-regulator kinetic category. The laccase kinetic
patterns presented here are different from other fungal laccase properties described
elsewhere (Zheng et al., 2017)(Navada & Kulal, 2020)(Gianfreda, Sannino, Filazzola, &
Leonowicz, 1998). In comparison with other strains in the genus Rigidoporus, FMD21 has
a greater number of laccase genes, more diversity in laccase isoform pattern and a higher
number of secreted laccase isoforms, and therefore we believe that FMD21 laccases
show novel properties and hold greater potential for fundamental studies (M. Cambria,
Cambria, Ragusa, & Rizzarelli, 2000)(Bonomo, Cennamo, Purrello, Santoro, & Zappalà,
2001)(Li et al., 2009). Moreover, these isoforms are promising for industrial application
since they are alkaline tolerant, active at high temperatures, solvent resistant, and
interestingly enhanced by solvents such as methanol and ethanol.

5. Future perspectives
Both bioremediation in general and myco-remediation has gained more attention over
the last few decades, as a bioremediation method with a promising ability to detoxify
contaminated soil/water to help create a more diversified ecosystem (Chaudhary,
Agarwal, & Khan, 2018). Fungi have the advantages of their mycelial network, resistance
to toxins and producing many bioactive compounds such as fungal enzymes that are
useful for the bioremediation purposes (Treu & Falandysz, 2017). Particularly, WRF are
suitable candidates for myco-remediation since this group is represented in at least 30 %
of total myco-remediation research (Singh, 2006). Rigidoporus sp. FMD21 seems to be
an applicable candidate for myco-remediation as this fungus produces LMEs with
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moderate levels of MnP and a high level of laccases, it grows in the simple medium and
secretes LMEs and laccase isoforms of FMD21 possess a capacity to effectively degrade
and detoxify the most toxic dioxin congener, 2,3,7,8-TCDD.
Next to 2,3,7,8-TCDD, the range of substrates for FMD21 laccases can be broadened to
other pollutants. Firstly, for pollutants sharing a similar chemical backbone structure,
which are likely oxidized by laccase isoforms also degrading 2,3,7,8-TCDD. Other
polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans and polychlorinated
biphenyls belong to dioxin and dioxin-like compounds and are potential substrates to
FMD21 laccases (Urbaniak, 2013). Besides, polybrominated dibenzo-p-dioxin, with a
similar structure but a difference in halogen groups is potentially degraded as well.
Several studies have shown the breakdown of other persistent organic pollutants such
as HCH, lindane, DDT, etc. by WTF and their LMEs so that they could be possible targeted
substrates for FMD21 and its laccases as well (Sadiq et al., 2015)(Fan, Zhao, Mo, Ma, &
Wu, 2013)(Tobergte & Curtis, 2013). Laccases of FMD21 may be suitable for aerobic
wastewater treatment, for micropollutant degradation in pharmaceutical effluents or for
dye decolorization in the textile industry (Asif, Hai, Singh, Price, & Nghiem,
2017)(Rajhans, Sen, Barik, & Raut, 2021).
However, there is still a long way to go from in vitro degradation studies in the laboratory
to the practicable application in field studies. To enable the latter field applications more
studies are needed where FMD21 is applied under field conditions. First of all, the
fundamental knowledge about both major and minor laccase isoforms of FMD21 with
respect to their characteristics should be investigated because they may have unique
activity profiles, since 2,3,7,8-TCDD degradation activity was seen mostly using laccase
minor isoforms but not in the dominant ones. Expanding the study on substrate
specificity will provide a list of potential pollutants as candidate substrates for
bioremediation, which will broaden the industrial application area of FMD21.
Immobilization of fungal FMD21 cells is the next thing to accomplish, since this will
enable maintaining and prolonging the lifetime of fungal cells and its enzyme activity,
using bioreactors or under non-sterile conditions (Mir-Tutusaus, Baccar, Caminal, &
Sarrà, 2018). FMD21 like other WRF carried out the catalytic degradation of pollutants
through a co-metabolism process, that means FMD21 requires additional nutrients for
their initial growth. As FMD21 is a ligninolytic basidiomycete, the additional nutrient
could be lignocellulose materials. However, the nutritional type and material ratio is
specific for fungal strains, growing conditions and targeted pollutants (Mir-Tutusaus et
al., 2018).
The main bottleneck of myco-remediation is the competition of the introduced fungi with
indigenous microorganism. Some authors argue that the interaction of the fungus-agent
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species with the soil organisms needs to be evaluated beforehand, and a fungus-agent
species, which is an indigenous fungus of the local remediation site, is preferential (Treu
& Falandysz, 2017). Thus, FMD21 is a perfect agent for myco-remediation of
dioxin/herbicide contaminated soil in Vietnam, not only in the hot-spot sites but also the
intermediate and mild contaminated sites. Sufficient attention should be paid to the
inoculation method to be used, the interaction with other species and the local
conditions in order to apply FMD21 in the future as a dioxin-degrading agent for
contaminated soils at many sites in Vietnam.
Thanks to the collaboration between VN-basic and BE-Basic Foundation, the research on
dioxin degradation by fungi and ligninolytic enzymes has gained promising and applicable
results in the bioremediation field. Moreover, the finding of a fungus producing is high
laccase activity is beneficial for other fields of application as well, e.g., biosynthesis of
new pharmaceuticals and biopolymers (Sun, Li, Si, & Huang, 2021)(Zerva et al., 2021);
pretreatment and detoxification of lignocellulosic biomass for use in energy and chemical
industries (Fillat et al., 2017)(Malhotra & Suman, 2021).
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White-rot fungi produce extracellular lignin-modifying enzymes (LME) that degrade
lignin, a class of complex organic polymers, for fungal nutrition and growing. Laccase is
the most well-characterized enzyme in the group of LME. Besides, because of their broad
substrate specificity, laccase is also capable of degradation of many hazardous pollutants
such as herbicides, pesticides, PAHs, dyes, pharmaceutical chemicals, polychlorinated
biphenyls, etcetera. The working hypothesis of this study was that ligninolytic fungi and
LME can degrade 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) the most toxic
congener of the group of dioxins. In order to collect scientific evidence supporting the
hypothesis and achieving the main aim of the thesis, which is the investigation into the
2,3,7,8-TCDD biodegradation potential of ligninolytic fungi and lignin-modifying
enzymes, the experiments were conducted using white-rot fungi collected from
Vietnamese forests and 2,3,7,8-TCDD as subjects and object of the research respectively.
Chapter 1 provides a general background of the thesis and literature, based on the
study's hypothesis that was proposed.
In chapter 2, the isolation and screening process for LME producing fungi were described
as well as the selection of 2,3,7,8-TCDD degrading fungi. From the 76 fungal isolates
collected from Vietnamese forests, 70 isolates showed LME activity based on
colorimetric screening using oxidized guaiacol as an indicator. The screening of fungi for
2,3,7,8-TCDD degrading activity showed that this degrading activity was not a common
attribute of LME-producing fungi. Rigidoporus sp. FMD21 (FMD21) was the only strain
that showed a 2,3,7,8-TCDD degradation ability. This strain produced 238 800 U/L of
laccase after ten days while MnP activity showed the highest activity of approximately
40 U/L at day 4 in the PDSRb medium consisting of potato dextrose powder, soy meal,
and rice bran. The 2,3,7,8-TCDD degradation experiments were carried out at mild
conditions and with the basic medium for LME production, and simple conditions for
expression of its degradation capacities with the outlook for application in
bioremediation studies. The kinetics of degradation by the fungus at flask scale was
detailed in chapter 3, where the experiments showed that approximately 55% of the
2,3,7,8-TCDD was degraded after 41 days of incubation, and the highest degradation rate
was found between 0 and 20 days of incubation.
In chapter 3 and chapter 4 the enzymatic degradation of 2,3,7,8-TCDD was characterized,
while the degradation of 2,3,7,8-TCDD was determined using the DR-CALUX® bioassay
which was confirmed by GC-HRMS analysis. The crude extracellular enzyme extract (ExE)
was used to breakdown dioxin in chapter 3, followed by testing of the enzymatic 2,3,7,8TCDD breakdown capacity of purified laccase isoforms in chapter 4. FMD21 ExE, which
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mainly consisted of laccase, degraded 77.4% of 2,3,7,8-TCDD within 36 days, while
starting with an initial concentration of 0.5 pgTEQ/mL. Although both laccase and MnP
activities were detected in the ExE used in the degradation experiments, MnP appeared
not to be involved in the 2,3,7,8-TCDD degradation, and therefore the 2,3,7,8-TCDD
degrading activity was hypothetically assigned to laccase. Thereafter, pure laccase
isoforms of FMD21 were used in the enzymatic degradation of 2,3,7,8-TCDD to confirm
the involvement of laccases in the process. Three pure laccase isoforms Lac_MD2,
Lac_MD8 and Lac_MD9 showed 2,3,7,8-TCDD degradation activity, while they were not
the dominant isoforms in the ExE. The rates of degradation were not statistically different
between the three laccase isoforms tested, and reached the elimination level of
approximately 50 % of 2,3,7,8-TCDD within the two-week incubation time. In this study,
we found evidence for cleavage of the diaryl ether bond in the 2,3,7,8-TCDD molecule,
and based on this observation we propose a new degradation mechanism of 2,3,7,8TCDD in which 3,4-dichlorophenol is the main metabolite formed during the enzymatic
degradation. Addition of laccase-mediators did not show a significant increase in
degradation yield apart from violuric acid. Moreover, the rate of enzymatic degradation
did not depend on the initial 2,3,7,8-TCDD concentration in the tested range between
0.005 and 0.5 pgTEQ/µL.
Chapter 4 also described the FMD21 genome characteristics and ligninolytic enzyme
encoding genes. The FMD21 genome consists of 38.98 Mbps with a GC content of 47.4
% and 8245 genes were predicted. Laccase and ligninolytic peroxidase genes were
focused on since they are most likely involved in the degradation of 2,3,7,8-TCDD and
other aromatic pollutants. The genome of FMD21 contains 12 predicted laccase genes
and 13 putative ligninolytic peroxidases, which were annotated as MnP or versatile
peroxidases. Using in-silico docking analysis, different halogenated compounds were
tested in order to investigate the potential influence of halogenation on the binding
affinity to laccase proteins and the degradation potential of halogenated dioxins of each
predicted laccase. Four predicted laccases showed a higher than 65% binding chance to
2,3,7,8-TCDD with the highest at 72% using in-silico docking analysis. In general, an
increase in number of chlorine substituents on the dibenzodioxin backbone dramatically
lowered the binding affinity for most laccases compared to the unchlorinated molecule.
The first attempt to heterologously overexpress FMD21 laccases was performed using
the Pichia pastoris overexpression system producing the recombinant laccases, which
showed activity towards three tested substrates, including ABTS, guaiacol and 2,6-DMP.
The diversity of FMD21 laccases were not only exhibited at the gene level, but it was also
demonstrated through the complexity of the isoforms as well. In chapter 5, the
purification process and the properties of FMD21 laccase isoforms are illustrated in
detail. There were 13 different laccase isoforms observed in the zymogram of the FMD21
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extracellular extract. The number of isoforms and the pattern on the zymogram were
representative for laccases produced by FMD21 in PDSRb medium after ten days of
cultivation at 30 oC. Five isoforms were isolated with molecular weights from 48 kD to 59
kD, three out of these possessed 2,3,7,8-TCDD degrading activity. Each isoform showed
its distinctive properties, particularly in the catalytic pattern, where the kinetic behavior
appeared to be specific and depending on the combination of isoform and substrate.
Guaiacol and 2,6-dimethylphenol followed the Michaelis-Menten kinetic model,
syringaldazine showed the substrate inhibition catalytic pattern, while the allosteric
sigmoidal curves were seen at ABTS for four out of five isoforms which might belong to
the allosteric-regulator kinetic category. These isoforms are alkaline tolerant, active at
high temperatures, solvent resistant, and even enhanced by solvents such as methanol
and ethanol, making them promising candidates for industrial application.
In Chapter 6, the observed data are discussed more in general and the initial working
hypothesis of this thesis was proven to be true. Our main conclusion is that Rigidoporus
sp. FMD21 appears to be an applicable fungal candidate for myco-remediation as this
fungus produces LMEs with moderate levels of MnP and a high level of laccases, it grows
in the simple medium and secretes LMEs and laccase isoforms that possess a capacity to
effectively degrade and detoxify the most toxic dioxin congener, 2,3,7,8-TCDD. The range
of substrates for FMD21 laccases can be broadened to, for example, pollutants sharing a
similar chemical backbone structure, and possibly other persistent organic pollutants.
However, there is still a long way to go from in vitro degradation studies in the laboratory
to the practicable application in field studies. To enable the latter field applications, more
studies are needed where FMD21 is applied under field conditions and are subjects of
future studies.
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Tóm tắt
Nấm mục trắng sinh tổng hợp các enzyme ngoại bào tham gia vào quá trình phân hủy
lignin, một dạng polyme hữu cơ phức tạp, được gọi là hệ enzyme biến đổi lignin (LME).
Hệ enzyme này có vai trò lớn trong quá trình tiếp cận nguồn dinh dưỡng và quá trình
phát triển của nấm. Laccase là nhóm enzyme được nghiên cứu nhiều nhất trong hệ LME.
Bên cạnh đó, do tính đặc hiệu cơ chất rộng, laccase cũng có khả năng phân hủy nhiều
chất ô nhiễm nguy hiểm khác như thuốc diệt cỏ, thuốc trừ sâu, hydrocarbon đa vòng
thơm, thuốc nhuộm, các chất hóa dược, polychlorinated biphenyls, v.v. Giả thuyết khoa
học của nghiên cứu này là: nấm phân hủy lignin và LME có thể phân hủy 2,3,7,8tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) là đồng loại độc nhất trong nhóm dioxin.
Nhằm thu thập các bằng chứng khoa học ủng hộ giả thuyết và đạt được mục đích chính
của luận án là khảo sát tiềm năng phân hủy sinh học 2,3,7,8-TCDD bởi nấm phân hủy
lignin và các LME, các thí nghiệm đã được tiến hành bằng cách sử dụng nấm mục trắng
được phân lập từ các rừng đã bị rải chất diệt cỏ chứa dioxin tại Việt Nam và 2,3,7,8-TCDD
là các đối tượng nghiên cứu của đề tài.
Chương 1 cung cấp các cơ sở chung về luận án và các tài liệu dựa trên giả thuyết nghiên
cứu đã trình bày phía trên.
Tại chương 2, quá trình phân lập và sàng lọc nấm sinh tổng hợp LME được mô tả cụ thể
cùng với quá trình chọn lọc các chủng nấm có khả năng phân hủy 2,3,7,8-TCDD. Từ 76
chủng nấm được thu thập và phân lập từ rừng Việt Nam, 70 chủng cho thấy khả năng
sinh LME dựa trên phương pháp sàng lọc sử dụng guaiacol làm chất chỉ thị màu. Quá
trình sàng lọc nấm sinh LME có hoạt tính phân huỷ 2,3,7,8-TCDD cho thấy hoạt tính phân
huỷ 2,3,7,8-TCDD không phải là thuộc tính phổ biến trong các chủng nấm sinh LME.
Rigidoporus sp. FMD21 (FMD21) là chủng nấm duy nhất trong nghiên cứu này cho thấy
khả năng phân hủy 2,3,7,8-TCDD. Chủng FMD21 sinh laccase với hoạt tính 238 800 U/L
sau mười ngày nuôi cấy, trong khi hoạt tính MnP đạt cao nhất khoảng 40 U/L ở ngày thứ
4 trong môi trường PDSRb bao gồm bột khoai tây dextrose, bột đậu nành và cám gạo.
Các thí nghiệm phân hủy 2,3,7,8-TCDD được thực hiện ở điều kiện ôn hòa với môi trường
cơ bản cho sinh tổng hợp LME, và dưới các điều kiện đơn giản để các đặc tính phân hủy
được biểu hiện với cách nhìn về khả năng ứng dụng trong các nghiên cứu xử lý sinh học
trong tương lai. Động học của quá trình phân huỷ 2,3,7,8-TCDD bởi chủng FMD21 ở quy
mô phòng thí nghiệm được trình bày tại chương 3, các thí nghiệm cho thấy khoảng 55%
2,3,7,8-TCDD bị phân huỷ sau 41 ngày nuôi cấy, trong đó tốc độ phân huỷ nhanh nhất
được thấy trong khoảng thời gian từ 0 đến 20 ngày đầu của quá trình nuôi cấy.
Trong chương 3 và chương 4, các đặc tính của quá trình phân hủy của 2,3,7,8-TCDD bởi
enzym được xác định và mô tả, hàm lượng 2,3,7,8-TCDD được xác định bằng phương
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pháp phân tích sinh học DR-CALUX® và xác nhận bởi phương pháp phân tích GC-HRMS.
Dịch enzyme ngoại bào thô (ExE) được sử dụng để phân hủy dioxin trong chương 3, tiếp
theo là thí nghiệm phân hủy 2,3,7,8-TCDD bởi các laccase isoform tinh khiết trong
chương 4. FMD21 ExE, trong đó chủ yếu bao gồm laccase, phân hủy 77,4% 2,3,7,8-TCDD
trong vòng 36 ngày với nồng độ ban đầu là 0,5 pgTEQ /mL. Mặc dù hoạt tính của cả
laccase và MnP đều được phát hiện trong ExE sử dụng trong các thí nghiệm phân hủy
dioxin, MnP không tham gia vào quá trình phân hủy 2,3,7,8-TCDD, do đó hoạt tính phân
hủy 2,3,7,8-TCDD theo lý thuyết được cho là bởi laccase. Sau đó, laccase isoform tinh
khiết của FMD21 được sử dụng trong thí nghiệm phân hủy 2,3,7,8-TCDD để xác nhận sự
tham gia của laccase trong quá trình này. Ba laccase isoform tinh sạch Lac_MD2,
Lac_MD8 và Lac_MD9 cho thấy hoạt tính phân hủy 2,3,7,8-TCDD, mặc dù chúng không
phải là các isoform ưu thế trong ExE. Hiệu suất phân hủy không có sự khác biệt về mặt
thống kê giữa ba laccase isoform được thử nghiệm và đạt mức loại bỏ xấp xỉ 50% 2,3,7,8TCDD trong thời gian hai tuần. Trong nghiên cứu này, chúng tôi đã tìm thấy bằng chứng
về sự phân cắt liên kết diaryl ether trong phân tử 2,3,7,8-TCDD, và dựa trên quan sát này,
chúng tôi đề xuất một cơ chế phân hủy mới của 2,3,7,8-TCDD trong đó 3,4dichlorophenol là chất chuyển hóa chính được hình thành trong quá trình phân hủy
2,3,7,8-TCDD bởi enzyme. Việc bổ sung các chất trung gian laccase không cho thấy sự gia
tăng đáng kể năng suất phân hủy ngoài axit violuric. Hơn nữa, tốc độ phân hủy enzym
không phụ thuộc vào nồng độ 2,3,7,8-TCDD ban đầu trong phạm vi được thử nghiệm
giữa 0,005 và 0,5 pgTEQ / µL. Việc bổ sung các chất trung gian-laccase không cho thấy sự
gia tăng đáng kể hiệu suất phân hủy dioxin, ngoại trừ axit violuric. Hơn nữa, hiệu suất
phân hủy không phụ thuộc vào nồng độ 2,3,7,8-TCDD ban đầu trong phạm vi được thử
nghiệm từ 0,005 đến 0,5 pgTEQ /µL.
Chương 4 cũng mô tả các đặc điểm của bộ gen FMD21 và các gen mã hóa cho các enzyme
tham gia vào quá trình phân hủy lignin. Bộ gen FMD21 bao gồm 38,98 Mbps với hàm
lượng GC là 47,4% và 8245 gen đã được dự đoán. Các gen laccase và ligninolytic
peroxidase được tập trung nghiên cứu vì chúng có khả năng liên quan đến sự phân hủy
2,3,7,8-TCDD và các chất ô nhiễm vòng thơm khác. Bộ gen của FMD21 dược dự đoán
chứa 12 gen laccase và 13 gen peroxidase phân hủy lignin giả định được chú giải là MnP
hoặc peroxidase đa năng. Sử dụng phân tích gắn kết mô phỏng phân tử (in-silico), các
hợp chất dioxin chứa halogen khác nhau đã được thử nghiệm để xác định ảnh hưởng của
mức độ halogen hóa đối với ái lực liên kết giữa dioxin với protein laccase và khả năng
phân hủy của dioxin của mỗi protein laccase dự đoán. Bốn laccase dự đoán cho thấy khả
năng liên kết với 2,3,7,8-TCDD cao hơn 65% với tỷ lệ cao nhất là 72% khi phân tích khả
năng gắn kết in-silico. Nhìn chung, sự gia tăng số lượng các nhóm thế clo trên khung
dibenzodioxin đã làm giảm đáng kể ái lực liên kết của hầu hết các laccase khi so với phân
tử không chứa clo. Các thử nghiệm đầu tiên nhằm dị biểu hiện FMD21 laccase được thực
hiện trên hệ thống biểu hiện của Pichia pastoris, nghiên cứu đã tạo ra các laccase tái tổ
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hợp có hoạt tính đối với ba cơ chất được thử nghiệm bao gồm ABTS, guaiacol và 2,6DMP.
Sự đa dạng của FMD21 laccase không chỉ được thể hiện ở cấp độ gen, mà nó còn được
chứng minh thông qua sự phức tạp của các isoform. Tại chương 5, quá trình tinh sạch và
các đặc tính của FMD21 laccase isoform được mô tả và thể hiện một cách chi tiết. Có 13
laccase isoform khác nhau được quan sát thấy trên zymogram của dịch chiết ngoại bào
của FMD21. Số lượng isoform và vị trí trên zymogram là đại diện cho các laccase do
FMD21 tạo ra trong môi trường PDSRb sau mười ngày nuôi cấy ở 30 oC. Năm isoform
được tinh sạch với trọng lượng phân tử từ 48 kD đến 59 kD, ba trong số này có hoạt tính
phân hủy 2,3,7,8-TCDD. Mỗi isoform cho thấy các tính chất riêng biệt, đặc biệt là ở mô
hình xúc tác, trong đó các đặc tính động học là riêng biệt và phụ thuộc vào sự kết hợp cụ
thể của isoform và cơ chất. Guaiacol và 2,6-dimethylphenol tuân theo mô hình động học
Michaelis-Menten, syringaldazine cho thấy mô hình xúc tác ức chế cơ chất, trong khi
đường cong allosteric sigmoidal được nhận thấy với cơ chất ABTS cho bốn trong số năm
isoform, chúng có thể thuộc loại động học điều hòa-allosteric. Các isoform này có khả
năng chịu kiềm, hoạt động ở nhiệt độ cao, bền với dung môi, và thậm chí được tăng
cường hoạt tính bởi các dung môi như metanol và etanol, các đặc tính này khiến chúng
trở thành những ứng cử viên đầy hứa hẹn cho ứng dụng công nghiệp.
Trong Chương 6, các dữ liệu được thảo luận một cách tổng quát hơn và giả thuyết ban
đầu của luận án đã được chứng minh là đúng. Kết luận chính của luận án là Rigidoporus
sp. FMD21 là một chủng nấm tiềm năng, có thể áp dụng trong xử lý sinh học mycoremediation do chủng nấm này tạo ra các LME với cả laccase và MnP, ngoài ra chủng này
phát triển trên môi trường đơn giản và tiết ra LME với hoạt tính cao, và các laccase
isoform có khả năng phân hủy và khử độc hiệu quả đồng loại dioxin độc nhất 2,3,7,8TCDD. Phổ cơ chất cho FMD21 laccase có thể được mở rộng, ví dụ như các chất ô nhiễm
có khung cấu trúc hóa học tương tự như 2,3,7,8-TCDD hoặc có thể là các chất ô nhiễm
hữu cơ khó phân hủy khác v.v. Tuy nhiên, vẫn còn một chặng đường dài để đi từ các
nghiên cứu phân hủy in vitro trong phòng thí nghiệm đến các nghiên cứu thực địa và ứng
dụng trong thực tế. Để các ứng dụng thực địa sau này có thể khả thi, cần có nhiều nghiên
cứu hơn được thực hiện trong đó FMD21 được sử dụng trong các điều kiện thực tế, điều
này là chủ đề của các nghiên cứu trong tương lai.
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Witrot schimmels produceren extracellulaire lignine-modificerende enzymen (LME), die
complexe natuurlijke organische polymeren, zoals lignine kunnen afbreken en benutten
ten behoeve van hun eigen voeding en groei. Laccase is het beste gekarakteriseede
enzym van de groep van LME. Door zijn brede substraatspecificiteit is laccase ook in staat
om vele andere gevaarlijke milieuvervuilende stoffen af te breken, zoals herbiciden,
pesticiden, polycyclische aromatische koolwaterstoffen (PAHs), keurstoffen,
farmaceutica, PCBs etcetera. De werkhypothese van dit promotieonderzoek was dat
“ligninolytische schimmels en hun LME ook mogelijk in staat zijn om 2,3,7,8tetrachlorodibenzo-p-dioxine (2,3,7,8-TCDD) af te breken”. Dit 2,3,7,8-TCDD is de meest
giftige dioxine vorm, die als contaminant in Agent Orange tot massale vervuiling van het
Vietnamese milieu en ecosysteem heeft geleid. Om deze hypothese te onderzoeken zijn
witrot schimmels verzameld uit Vietnamese oerbossen. Deze zijn opgekweekt in het
laboratorium voor de productie van LME en voor het testen van de 2,3,7,8-TCDD
afbraakpotentie van deze schimels en hun LME in uitgevoerde afbraakstudies.
In hoofdstuk 1 wordt een algemene achtergrond gegeven voor de studies uitgevoerd in
dit promotieonderzoek inclusief een overzicht van, voor het onderzoek aan de
hypothese, relevante literatuurgegevens.
In hoofdstuk 2 is de isolatie en screening van LME productie door witrot fungi
beschreven, met name degene met een potentiele 2,3,7,8-TCDD afbraakpotentie. Van
de 76 schimmel isolaten verzameld uit Vietnamese oerbossen, bleken 70 isolaten flinke
hoeveelheden LME te produceren, met behulp van colorimetrie gebruikmakend van
geoxideerd guaiacol als indicator. De screening van schimmels en LME voor 2,3,7,8-TCDD
afbraakpotentie gebeurde met behulp van de DR-CALUX bioassays, i.e., een voor
toxische dioxinen-gevoelige AhR-receptor-gebaseerde reporter gen bioassay, die
luciferase en licht produceert als uitlees. Tijdens dit afbraakonderzoek bleek dat 2,3,7,8TCDD afbraak geen algemene eigenschap was van LME-producerende schimmels, maar
dat Rigidoporus sp. FMD21 (FMD21) de enige stam was die 2,3,7,8-TCDD kon afbreken.
Deze stam produceerde enorme hoeveelheden laccase tot 238.800 U/L na 10 dagen
groei op PDSRb (Potato Dextrose, Soy meal and Rice bran) medium. Ook werd er
mangaanperoxidase (MnP) geproduceerd door deze schimmelstam met een piek op 4
dagen van circa 40 U/l. De condities waaronder 2,3,7,8-TCDD afbraak plaatsvond was
onder geminimaliseerde condities met gebruik van een eenvoudig groeimedium. Onder
deze condities werd een flinke productie van LME-gemedieerde 2,3,7,8-TCDD afbraak
enzymen waargenomen, wat tevens van belang is voor eventuele bioremediatie
toepassingen. De kinetiek van 2,3,7,8-TCDD afbraak onder laboratorium condities door
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de FMD21 schimmel toonde een 55% afbraak na 41 dagen incubatie, met de hoogste
afbraak snelheid in de eerst 20 dagen.
In hoofdstuk 3 en hoofdstuk 4 is de enzymatische afbraak van 2,3,7,8-TCDD verder
gekarakteriseerd en gevolgd met zowel de DR CALUX bioassay als de GC-HRMS analyse.
In hoofdstuk 3 werd het ruwe extracellulaire extract (EXE) van de FMD21 schimmel
gebruikt voor afbraakstudies van 2,3,7,8-TCDD, terwijl in hoofstuk 4 de afbraakstudies
werden uitgevoerd met gezuiverde laccase isozymen geproduceerd door de FMD21
schimmel. Met behulp van het ExE-schimmelextract werd een afbraak niveau van 77,4%
van 2,3,7,8-TCDD bereikt binnen 36 dagen, uitgaande van een startconcentratie van 0,5
pgTEQ/ml medium. Alhoewel, zowel laccase als MnPeroxidase aanwezig waren in het
ExE-extract werden aanwijzingen verkregen dat niet MnP maar laccases betrokken
waren bij de afbraak van 2,3,7,8-TCDD. Dit werd bevestigd in de 2,3,7,8-TCDD
afbraakstudies in hoofdstuk 4 waarbij de afbraakstudies werden uitgevoerd met uit LME
van de FMD21 schimmel-gezuiverde laccase isozymen. De isozymen Lac-MD2; Lac-MD8
en Lac-MD9 vertoonden 2,3,7,8-TCDD afbraakactiviteit. De afbraaksnelheid was niet
significant verschillend tussen deze drie isozymen en er werd een afbraakpercentage van
50% bereikt binnen twee weken incubatie. Onderzoek naar de afbraakroute voor- en
afbraakproducten van 2,3,7,8-TCDD leverde informatie op over een nieuwe afbraakroute
voor 2,3,7,8-TCDD, namelijk door het verbreken van de centrale diaryl ether bindingen
in het 2,3,7,8-TCDD molecuul waarbij 3,4-dichloorphenol als voornaamste metaboliet
werd gevormd gedurende de laccase-gemedieerde enzymatische afbraak. Toevoegen
van laccase-mediators, i.e., hulpmoleculen die sneller geoxideerd kunnen worden en
daardoor zelf een reactant in de reactie kunnen vormen, hadden geen meetbare invloed,
behalve enig effect veroorzaakt door violuric acid. Verder was het opvallend dat de mate
van 2,3,7,8-TCDD afbraak onafhankelijk bleek van de initiele substraat (2,3,7,8-TCDD)
concentratie, want bij verschillende initiele substraat niveaus nl van 0,005 tot 0,5
pgTEQ/ml 2,3,7,8-TCDD werd dezelfde mate van afbraak bereikt. Deze laatste
waarneming is van belang voor eventuele opties voor afbraak van diffuse verontreiniging
van het milieu met dioxinen.
In hoofdstuk 4 is tevens de analyse van het complete genoom van FMD21 beschreven
met een focus op de aanwezigheid van coderende genen voor laccase en andere
ligninolytische enzymen. Het FMD21 genoom heeft een omvang van 38,98 Mbps met
een GC gehalte van 47,4% en een voorspelling van de aanwezigheid van 8245 genen. Wij
hebben ons met name gericht op de aanwezigheid van genen die coderen voor laccases
en ligninolytische peroxidases, omdat deze enzymen het meest waarschijnlijk betrokken
zijn bij de degradatie van recalcitrante stoffen zoals 2,3,7,8-TCDD en andere aromatische
vervuilende stoffen. Genoom annotatie van FMD21 leverde 12 genen die mogelijk
coderen voor laccases en 13 mogelijke ligninolytische peroxidases, met name MnP en
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diverse andere peroxidases. Een aantal van de geannoteerde genen zijn heteroloog tot
expressie gebracht gebruikmakend van het Pichia pastoris overexpressie systeem en de
aldus gevormde laccases bleken functioneel actief, blijkend uit hun afbraakactiviteit van
een aantal modelsubstraten: ANBTS, guaiacol en 2,6-dimethylphenol (2,6-DMP). Via in
silico docking analyse is verder onderzocht welke typen gehalogeneerde verbindingen
een bindingsaffiniteit vertoonden voor de active site en dus mogelijk zouden kunnen
worden afgebroken door de op genoom analyse gebaseerde voorspelde laccases. Vier
van de voorspelde laccases vertoonden een hogere dan 65% bindingskans voor 2,3,7,8TCDD op basis van in silico docking analyse. Naarmate het aantal chloorsubstituenten
toenam op de dibenzodioxine backbone vertoonde de in silico predictie een dramatische
teruggang in bindingsaffiniteit ten opzichte van het niet gehalogeneerde dibenzodioxine
molecuul voor de meeste voorspelde laccases.
In hoofdstuk 5 is het zuiveringsproces en de eigenschappen van de FMD21 laccase
isovormen beschreven. In het zymogram van het FMD21 extracellulaire extract waren 13
verschillende laccase isovormen te zien. Het aantal isovormen en het patroon op het
zymogram waren representatief voor de laccases die door FMD21 werden gevormd na
groei op PDSRb medium voor 10 dagen op 30 oC. Vijf isovormen zijn geisoleerd met een
molecuul massa in de range van 48kD tot 59 kD, waarvan er drie in staat bleken tot
2,3,7,8-TCDD afbraak. Elke isovorm vertoonde zijn onderscheidende eigenschappen, met
name wat betreft het waargenomen katalytische activiteitenpatroon, die specifiek bleek
te zijn voor de verschillende isovorm-substraat combinaties. Bij vier van de vijf isovormen
vertoonden guaiacol and 2,6-DMP een Michaelis-Menten kinetiek model, met
syringaldazine werd een substraat inhibitie kinetiek waargenomen, terwijl voor ABTS als
substraat een allosterisch sigmoidaal model (mogelijk behorende tot de allostericregulator kinetische categorie) werd gevolgd. Alle isozymen bleken alkalische tolerantie
te vertonen, waren actief op hoge temperatuur (55 0C), vertoonden oplosmiddel
resistentie en de activiteit werd in sommmige gevallen zelfs gestimuleerd door
oplosmiddelen, zoals methanol en ethanol. Deze brede resistentie eigenschappen maken
dat deze laccase isozymen belofte-volle kandidaten zijn voor een verscheidenheid aan
industriele toepassingen.
In hoofdstuk 6 worden de waargenomen resultaten bediscussieerd in het licht van
internationale literatuur waarnemingen. De uitgangshypothese, namelijk dat witrot
schimmelenzymen in staat zijn om 2,3,7,8-TCDD af te breken, werd bevestigd door de
waarnemingen. Onze belangrijkste conclusie is dat Rigidoporus sp. FMD21 een geschikte
kandidaatschimmel is die goed te gebruiknen is voor een varieteit aan myco-remediatie
toepassingen. Dit omdat de FMD21 schimmel een hoge LME productie heeft met
redelijke MnP activiteeit en hoge tot zeer hoge laccase activiteit, dat de schimmel groeit
op een eenvoudig medium en LME uitscheidt die laccase isovormen bevat die de
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capaciteit bezitten om effectief 2,3,7,8-TCDD, de meest toxische dioxine congeneer, af
te breken en te ontgiften. De verscheidenheid aan substraten voor FMD21 laccases lijkt
veel ruimer dan 2,3,7,8-TCDD en omvant tenminste alle congeneren met eenzelfde
chemische backbone, en mogelijk vele andere organische stoffen. Echter het is nog een
lange weg van in vitro afbraak studies in het laboratorium naar praktische toepassingen
in situ in veldstudies. Meer onderzoek is nodig om deze stap naar praktische
veldapplicaties mogelijk te maken en is onderwerp van toekomstige studies.
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