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Abstract

Polychlorinated biphenyls (PCBs) are widespread persistent pollutants deleterious for
environment and very dangerous for human kind. As the bioremediation of PCB polluted sites
by model white-rot fungi is still unsatisfactory, the use of efficient native strains which have
the natural capacity to develop on polluted sites may constitute a relevant alternative strategy.
In this study, we isolated 12 fungal strains from PCB contaminated soil and sediment, improved
the screening method to obtain the most efficient ones in biodegradation and detoxification of
PCBs and characterized potential underlying enzymatic activities. Four strains Penicillium
chrysogenum, P. citreosulfuratum, P. canescens and Aspergillus jensenii, showed remarkable
biodegradation capacities, greater than 70%. The remaining PCB-toxicity of their culture,
including that of Trametes versicolor and Acremonium sclerotigenum, which present interesting
ecological and metabolic properties, was studied. Only P. canescens was able to significantly
reduce the toxicity related to PCBs and their metabolites. The enzymatic activities induced by
PCBs were different according to the strains, namely laccases in 7. versicolor and peroxidases
in Ac. sclerotigenum. Our promising results show that the use of native fungal strains can

constitute an effective strategy in the depollution of PCB polluted sites.

Keywords: Polychlorinated biphenyls; Native fungal strains, Biodegradation; Toxicity;

Enzymatic activities.



1. Introduction

Remediation of soil contaminated with organic pollutants has become one of the major
challenges of our modern society in recent years. Industrial processes, agricultural practices and
the use of chemicals in many areas of daily life are responsible for the deliberate or accidental
release of potentially toxic molecules into the environment. These organic compounds are
found in the atmosphere, in water and in many cases in soils. PCBs are part of these organic
pollutants. They are organochlorine compounds consisting of a biphenyl ring substituted by one
or more chlorine atoms with 209 possible congeners differing in the number of chlorine atoms
and their position on the biphenyl ring. They have been used worldwide for a variety of
applications since the 1930s in industry, particularly because of their electrical resistance, low
reactivity and are currently at the root of many localized or diffuse contaminations (Liu et al.,
2015; Passatore et al., 2014). PCBs belong to the most common and persistent organic
pollutants (UNEP, 2017).They are deleterious to environment through their bioaccumulation
and biomagnification potential (Fagervold et al., 2007) and very toxic to humans (ATSDR,
2000; Ross, 2004; Svobodova et al., 2009) as for instance the dioxin-like PCBs which were
classified as carcinogenic by the International Agency for Research on Cancer (IARC).

Current strategies for the cleanup of PCB-contaminated matrices are based primarily on
thermal desorption or incineration at high temperatures (Liu et al., 2015; Stella et al., 2017).
Since these methods are expensive, energy-consuming and capable of generating toxic
degradation products, alternative biological methods using plant or microorganisms with a real
effectiveness and environmentally friendly are needed.

Fungal strains represent interesting biological resources for PCB remediation because
of their remarkable ecological and metabolic properties. They represent about 75% of soil

microbial biomass, colonize any type of habitat and are able to tolerate extreme environmental



conditions characterized among others by significant changes in pH, temperatures, presence of
water stress or environmental pollutants ( Harms et al., 2011). They have various low specificity
enzymes including extracellular (peroxidases, phenol oxidases such as laccases) and
intracellular (cytochrome P450 monooxygenases, nitroreductases) enzymes capable of
degrading a wide range of environmental pollutants (Baldrian, 2008; De et al., 2006; Harms et
al., 2011). Although they exhibit real effectiveness in PCB removal under laboratory conditions
in liquid medium, their use in solid substrates remains unsatisfactory. This stumbling block,
observed in both ligninolytic Basidiomycetes fungi and filamentous Ascomycetes fungi, may
be due to the very nature of the used fungal strains that is, less effective strains in biodegradation
(Elangovan et al., 2019; Tomasini and Hugo Ledn-Santiesteban, 2019), the lack of information
regarding their enzymes involved in PCB biodegradation (Harms et al., 2011; Tigini et al.,
2009) and the nature of the contaminated substrates including the presence of antagonistic
microorganisms regarding the used fungal strains, the concentration of PCBs and their low
bioavailability (Baldrian, 2008).

While the issue due to the nature of substrates can be overcome by treating them
adequately using appropriate surfactants, by sterilizing them or by adding additional nutrients
(Baldrian, 2008; Steffen et al., 2007), the use of efficient fungal strains requires both the
isolation of native fungal strains potentially adapted to the substrates to be depolluted, the
establishment of effective screening methods and the characterization of enzymes induced by
PCBs that may be involved in their biodegradation.

So far, most of the screening methods performed on fungal strains to characterize the
most effective ones in PCB biodegradation are essentially based on the disappearance of PCBs
in their culture media which may be resulting from PCB biosorption or biodegradation without
taking into account the presence of metabolites derived from PCBs or the decrease in toxicity

of their culture media. Although some metabolites resulting from the fungal biodegradation of



PCBs have been described in literature (Cvanéarové et al., 2012; Kamei et al., 2006), their
research in culture media can prove to be tedious (Tigini et al., 2009) and is not facilitated by
the fact that they differ according to the strains since the mechanisms of PCB biodegradation,
not yet clearly elucidated, seem to depend on the studied strains or the PCB congeners (Chun
et al., 2019; Fujihiro et al., 2009). Regarding the ecotoxicity of fungal culture media, only few
studies have been reported, but they have shown a link between the effectiveness of the fungal
strains in degrading PCBs and their capacity to suppress the toxicity associated to PCBs in their
culture media throughout the incubation period (Cvanéarové et al., 2012; Sadafioski et al.,
2019). Hence, bioassay tests seem to be an interesting alternative to complete and improve the
screening method. Moreover, they are easy to develop and have shown in many cases that PCBs
adversely affect the development of numerous organisms including species belonging to the
Basidiomycetes fungi of the Ganoderma genus (Sadafioski et al., 2018).

The aim of this study was to obtain indigenous efficient fungal strains in the
biodegradation of PCBs and to characterize the enzymatic activities potentially involved in their
biodegradation. Fungal strains were isolated from PCB polluted sediment and soil and
identified using morphological and molecular criteria. Their capacity to degrade PCB congeners
was investigated in liquid cultures. The ecotoxicity of the cultures of most efficient strains as
well as the laccase and peroxidase activities were assessed in the liquid cultures of the most

efficient strains.



2. Materials and methods

2.1 PCBs
The 7 PCB congeners PCB 28, 52, 101, 118, 138, 153, and 180 were obtained from Sigma
Aldrich Corp. (St. Louis, MI, USA). A stock solution containing 57.5 pg/mL of each PCB in

DMSO (99.99%) was prepared.

2.2 Fungal strains

The strains used in this study were isolated both from PCB-contaminated soil (concentration of
7 PCB indicators: 800 mg/kg, organic matter: 3.61%, pH = 8.21) sampled from a former
industrial site (GPS: 46°17'54.0"N 6°1823.6"E), supplied by SERPOL (groupe SERFIM) and
from PCB contaminated sediment (concentration of 7 PCB indicators: 3 mg/kg, total carbon:
10.50%; total nitrogen: 0.28%; pH = 6.9) sampled from the Bourget Lake near Annecy (France,
GPS: 45°43'23.5"N 5°52'06.3"E). From the PCB polluted soil, the strains were isolated by the
suspension / dilution method (Périgon et al., 2019). Briefly, 1 g of contaminated soil was added
to 9 mL of sterile water containing 0.05% of sodium dodecyl sulfate (w/v). After stirring,
aliquots of the suspension were serially diluted and spread onto Petri dishes containing malt
extract agar (1.5% w/v). Cultures were incubated at 26°C. After isolation, fungal strains were
identified by microscopic approach according to their vegetative apparatus and their asexual
reproductive features (Booth, 1977a, 1977b; Domsch et al., 1980; Ellis, 1971). Regarding the
Bourget lake sediment, a fragment of carpophore developing on this substrate was isolated and
cultured onto Petri dishes containing malt extract agar (1.5% w/v). All these strains are
conserved in the culture collection of the University Grenoble Alpes (CMPG Collection

Mycology Pharmacy Grenoble).



2.3 DNA extraction and PCR

Total DNA of each strain was extracted using a Fast DNA Spin Kit (QBIOgene, Germany)
according to the manufacturer’s recommendations. The PCRs were carried out according to the
conventional protocols using Ampli Taq Gold DNA polymerase (Applied Biosystems, USA)
and the primers ITS4 and ITS5 (White et al., 1990) synthesized by Eurogentec (Seraing,
Belgium) were used to amplify the fungal ITS regions. Amplifications were carried out in 50

uL reaction mixtures as described by Mouhamadou et al. (2013).

2.4 Sequencing and sequence analysis

The PCR product of each strain was sequenced by Genewiz (Leipzig, Germany). Comparisons
with sequences from the GenBank databases were made using the BLAST search algorithm
(Altschul et al., 1990). Phylogenetic analyses were carried out using the neighbor-joining
method (Saitou and Nei, 1987), based on Clustal W alignments and the robustness of tree
topologies was evaluated by performing bootstrap analysis of 10000 data sets using MEGA 3.1

(Tamura et al., 2007).

2.5 Analyses of PCB degradation

The mycelium of each strain, grown in malt extract (1.5% w/v), was introduced into Erlenmeyer
flasks containing 20 mL of modified GS liquid medium (Galzy and Slominski, 1957)
supplemented with glucose (5 g/L) and incubated at 26°C on a rotary shaker (100 rpm). After
48 h incubation, the culture of each strain was spiked with 400 uL of a stock solution of PCB
mix giving 1 pg/mL of each of the 7 congeners and incubated for 5 days at 26°C with agitation
(100 rpm). Abiotic cultures (culture medium with only PCBs) and heat killer controls “HKC"
(culture medium with PCBs, inoculated with the mycelium treated by 2 autoclaving cycles at

110°C, 10 min) were performed under the same conditions. Each experiment was performed in



triplicate. After 5 days incubation, the mycelium was separated from the culture medium by

filtering through Whatman 40 filter. Abiotic controls were analyzed as they were.

2.6 PCB extraction and HPLC analyses

Culture medium and fungal mycelium were extracted separately. Culture medium was extracted
three times with 20 mL of hexane:acetone (60:40 v/v) with agitation (250 rpm, at room
temperature) for 30 min. To minimize the phenomenon of PCB biosorption, mycelium was first
homogenized in the serum bottles with a Potter homogenizer in 20 mL of hexane, vigorously
agitated for 10 min and incubated 24 h at room temperature with agitation (250 rpm). The
organic phases from culture medium (used for the extraction of PCBs from the liquid medium)
and mycelium (used for the extraction of PCBs from mycelium) were evaporated after
extraction under vacuum using a rotary evaporator and adjusted to a volume of 5 mL
(Mouhamadou et al., 2013). After evaporation of both organic phases, PCBs were analyzed in
the “Institut de Chimie Moléculaire of Grenoble”. Aliquots of 1uL from culture medium or
from mycelium were analyzed using a gas chromatograph (5977-7890B), equipped with a HP-
SMS 5 phenyl methyl silox column (ID: 0.25 mm, Length: 30 m, Film: 0.25 mm) and a
quadrupole detector (Agilent Technologies USA). The carrier gas was helium. The injector
temperature and the transfer line temperature were 250°C and 280°C, respectively. The initial
column temperature was 65°C held for 2 min. The gradient setting was 30°C/min to 240°C,
held for 2 min at 240°C then 10°C/min to 340 °C. The final temperature was 340°C held for 5
min. The applied method of PCB analysis was validated on the basis of an internal standard,

PCB 138 (2,2',3,4,4',5'-hexachlorobiphenyl).

The level of PCBs biodegraded by the fungal strains was determined by comparing the
residual PCB level of HKC (residual PCBs of the culture medium and of the killed mycelium)

and that of alive mycelium.



2.7 Extracellular enzymatic activities
Laccase and peroxidase activities were monitored in the culture medium of the strains of
interest. The mycelium of each strain, grown in malt extract (1.5% w/v), was introduced into
Erlenmeyer flasks containing 20 mL of modified GS liquid medium (Galzy and Slominski,
1957) supplemented with glucose (5 g/L) and incubated at 26°C on a rotary shaker (100 rpm).
After 48 h incubation, the culture of each strain was spiked with 400 uL of a stock solution of
PCB mix in DMSO (99.99%) giving 1 pg/mL of each of the 7 congeners and incubated for 5
days at 26°C with agitation (100 rpm). In parallel, control cultures were carried out by replacing
the PCB solution by 400 uL of DMSO (99,99%) or 400 ul of H>O, respectively. 20 mL of
culture medium were harvested from the culture of each strain as in the biodegradation test and
concentrated using Macrosep Advance centrifugal filters (VWR) with omega membrane 10K
(MWCO 10 kD). Protein content was estimated by the Bradford procedure (Bradford, 1976).
Laccase activities were investigated by determining the oxidation of both guaiacol and ABTS
(2,2’-Azinobis (3-Ethylbenzthiazoline-6-Sulfonate)) (Abd El Monssef et al., 2016; Karp et al.,
2012). For guaiacol (€470= 6400 M'cm™), reaction mixtures (300 uL) contained 0.1 M acetate
buffer (pH 4), 10 mM of guaiacol in 96% ethanol and 60 puL of an aliquot of the concentrated
culture liquid corresponding to 0.6 ug of total protein. For ABTS (€420 = 36 000 M 'em™),
reaction mixtures (1 mL) contained 1 M acetate buffer (pH 4), 20 mM of ABTS and 20 uL of
an aliquot of the concentrated culture liquid. Laccase activities were measured
spectrophotometrically every 5 min during 3 h using Varioskan (Thermoscientific, USA) for
guaiacol and every 2 min during 16 min using spectrophotometer (Ultrospec 3100 pro,
Amersham Biosciences) for ABTS.

Peroxidase activities were determined under the same conditions as those for laccases
with ABTS as substrate but in the presence of H>O> (30% v/v) and were calculated by

subtracting ABTS oxidation without H>O».



2.8 Ecotoxicity tests

The ecotoxicity tests were performed overall according to the protocol described by Sadafioski
et al (2019) with modifications. Each alive or heat-killed fungal strain was incubated in the
presence of the 7 PCBs for 7 days under the same conditions as in the biodegradation test.
Culture medium and mycelium were extracted with hexane:acetone (60:40 v/v) and hexane,
respectively, as described above. Both extracts, combined to obtain the totality of residuals
PCBs and their metabolites, were evaporated at room temperature before being suspended in
500 pL of absolute ethanol. For the toxicity test of products resulting from PCB biodegradation,
100 uL of extracts in ethanol were spread on the surface of Petri dishes containing 25 mL of
malt extract agar (1.5% w/v) and one agar plug (25 mm?) of Ganoderma lucidum (BRFM 1601),
provided by UMR 1163 Biodiversité et Biotechnologie Fongiques Marseille, France,
previously cultivated in malt extract agar (1.5% w/v) was placed in the center of Petri dishes.
After 4 days’ incubation, we performed four measurements from the center of each dish (G.
lucidum inoculation point) to the limit of the growth zone and averaged these measurements to
estimate the growth rate of G. lucidum. In parallel, for each strain, we used two independent
controls consisting only of the culture of the alive or heat-killed fungal strain without PCB,
performed according to the same protocol described above, allowing us to deduce the toxicity
linked only to PCBs and/or their metabolites in ethanol. Finally, the growth rate of G. lucidum
(determined based on the colony diameter) linked only to PCBs and/or their metabolites was
obtained by comparing it with that obtained from a control (solvent control) in which G.
lucidum was incubated in malt extract agar (1.5% w/v) containing only 100 pL of ethanol. All

these experiments were carried out in four replicates.



2.9 Statistical analyses

Normality of the data was tested by Shapiro-Wilk test. Accordingly, PCB biodegradation was
analyzed by Welch test (unequal variances); laccase activity and ecotoxicity tests were analyzed
by one-way ANOVA test followed by Tukey test; fungal biomass was analyzed by Kruskal
Wallis test and peroxidase activities were analyzed by Kruskal Wallis test followed by pairwise
Wilcox test. The analyses of PCB biodegradation by class of congeners according to the strains
were assessed by Permanova. All statistical analyses were performed using R package version

3.6.1.

3. Results

3.1 Identification and phylogenetic characteristic of the studied strains

Fungal strains were isolated from PCB contaminated soil by the suspension / dilution method.
Eleven strains exhibiting different macroscopic and microscopic features were found and first
identified by their morphological characteristics using microscopic observations. Molecular
analysis showed that the 11 strains were distributed into six Ascomycota genera Penicillium,
Aspergillus, Acremonium, Stachybotrys, Fusarium and Trichoderma thus confirming their
taxonomic identification (Fig 1). The carpophore isolated from the Bourget Lake sediment

belonged to the Basidiomycota Trametes versicolor (Fig 1).
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Fig. 1. Consensus trees obtained using the neighbour-joining method based on aligned ITS sequences.
Bootstrap values are shown on the branches. The accession numbers of reference sequences which have been
recovered from GenBank are indicated. The strains isolated in this study and their accession numbers are

indicated in bold.



3.2 Biodegradation potential of the isolated strains
Screening to obtain effective fungal strains in PCB biodegradation was carried out on 12 strains

(Table 1).

Quantity of residual Quantity of residual

Strains from the culture of from heat treated % PCB
X X ) removal
live mycelium (pg) mycelium (ug)
P. chrysogenum 3.30 + 017 96.03 = 17.07 96.56**
P, citreosulfuratum 5.63 + 3.79 113.94 = 2613 95.06*
A. jensenii 1446 =+ 313 9069 = 314 84.06*
P. canescens 1735 = 1.76 7450 = 1092 76.72*
A. ochraceus 1813 = 0.33 56.70 = 3.41 68.02**
Ac. sclerotigenum 5997 = 17.74 1M1.74 = 1.45 46.33
T. versicolor 2956 = 3.29 41.04 = 1.44 27.97
P. sumatrense 6350 = 11.00 8520 = 2194 25.47
Tr. hazarnium 1313 = 1.26 1480 = 0.78 11.28
F. oxysporum 3964 <+ 504 4352 = 980 8.92
S. chartarum 4502 =+ 342 4781 = 310 5.83
A. fumigatus 6421 =+ 312 4065 = 10.31 -

Table 1. Quantity of residual PCBs in fungal cultures and corresponding percentage

of removal after 7 days of incubation. The results are expressed as means + standard

deviation (n=3). (Welch test; p-value: * < 0.05 and **: < 0.01).
Results on PCB biodegradation were variable according to the strains. Four strains showed
significant levels of biodegradation, greater than 70%. They were P. chrysogenum, P.
citreosulfuratum, A. jensenii and P. canescens. The biodegradation rate was intermediate
between 70% and 20% in A. ochraceus, Ac. sclerotigenum, T. versicolor and P. sumatrense and
low, not significantly exceeding 20% in Trichoderma harzanium, F. oxysporum, S. chartarum
and A. fumigatus.

The four strains showing biodegradation rates greater than 70% were considered in our
study as effective strains in PCB degradation; they were used for further analyses. We also
included T. versicolor, a ligninolytic species widely described as able to efficiently degrade
PCBs and various environmental pollutants (Cajthaml et al., 2009; Ruiz-Aguilar et al., 2002;
Zeddel et al., 1993) and Ac. sclerotigenum usually described as plant endophyte fungus (Lo
Piccolo et al., 2015; Prathyusha et al., 2015) whose PCB degradation capacity has never been

shown.



3.3 Tolerance and biodegradation according to the PCB congeners

The tolerance of each of the six selected strains towards PCBs was assessed by comparing the
mycelial dry weight of each strain incubated in presence or in absence of PCBs. There were no
statistically significant differences in growth of any fungal strains when grown in the presence

or absence of PCBs (Fig 2).
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Fig. 2. Mycelium dry mass of six selected strains after 7 days of incubation in
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presence or absence of PCBs. Bars indicate mean + standard deviation (n=4).
Al : Aspergilus jensenii, AS : Acremonium sclerotigneum, PC : Penicillium
canescense, PCH : Penicillium chrysogenum, PCl : Penicillium

citreosulfuratum, TV : Tramestes versicolor.

The biodegradation rate of each class of PCB congeners grouped according to their
number of chlorine was determined. Each strain was able to significantly degrade PCBs from
tri- to hexachlorinated PCB and there were no significant differences in biodegradation rates

according to the class of congeners (Fig 3).
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Fig. 3. Percentage of degradation of each type of congeners of six selected strains after 7 days
of incubation. Bars indicate mean + standard deviation (n=3). Different small letters indicate
significant differences between strains but not between type of congeners within strains
(Permanova analysis; p-value < 0.05). Al
sclerotigneum, PC : Penicillium canescense, PCH : Penicillium chrysogenum, PCI : Penicillium

citreosulfuratum, TV : Tramestes versicolor.

3.4 Extracellular enzymatic activities

The laccase and peroxidase activities described as involved in the biodegradation of various
environmental pollutants were assessed in the culture medium of selected strains. As for laccase
activity, for both guaiacol and ABTS substrates, it was only detected in 7. versicolor culture
medium and was strongly expressed, about 10 times greater compared to the controls (enabling
to determine the basal activity (H20) or that induced by DMSO (Fig. 4A, 4B). Regarding the

peroxidase activity, it was detected only in Ac. sclerotigenum (Figure 4C) and P. canescens
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Fig. 4. Laccase and peroxidase activities in liquid media after 7 days of incubation in presence or absence
of PCB. A : Laccase activity of T. versicolor with guaiacol, B : Laccase activity of T. versicolor with
ABTS, C : Peroxidase activity of Ac. slerotigenum, D : Peroxydase activity of P. canescens. Controls,
H>O and DMSO enable the determination of basal activity or activity induced by DMSO, respectively.
Bars indicate mean + standard deviation (n=4). Values sharing different small letters are significantly
different (Tukey test; p-value < 0.05) for laccase activity and (Wilcox test; p-value < 0.05) for peroxydase

activity.

3.5 Toxicity of residual PCBs and their metabolites

The toxicity of the residual PCBs and their metabolites in the cultures of the 6 selected strains
were analyzed in solid culture using G. lucidum as the sensitive fungal strain. Two strains
showed significantly different results (Fig 5). While in P. canescens, a higher growth rate of G.

lucidum with extracts from the alive strain (5.2% higher in comparison to the killed strain) was



obtained suggesting a decrease in the toxicity of PCBs and their metabolites by this strain, in
P. chrysogenum, the opposite results were obtained with a lower growth rate of G. lucidum
(9.2% weaker) with extracts from the alive strain. The results obtained in A. jensenii, Ac.
sclerotiginum, P. citreosulfuratum and T. versicolor did not show significant differences in the
growth rate of G. lucidum depending on whether the extracts arose from the alive strain or the

heat-killed strain (Fig 5).
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Fig. 5. Box-plots showing the toxicity of the culture of the six selected strains. The lower and upper
boundaries of each box enclose 25+75% of the data. The line within the box shows the median
value, the bar lines above and below the boxes indicate minimum and maximum values. EtOH:
ethanol; KS + PCB: Killer strain incubated with PCBs; AS + PCB: Alive strain incubated with PCB.

Different small letters indicate significant differences between values (Tukey test; p-value < 0.05).



4. Discussion

While ligninolytic fungi have been thoroughly studied in PCB mycoremediation and have
shown a high capacity for biodegradation in liquid medium, their application to contaminated
soils has remained unsatisfactory (Baldrian, 2008; Chun et al., 2019; Harms et al., 2011). The
use of native strains able to grow in the polluted substrate could constitute an interesting
alternative if they were endowed with a real capacity to degrade PCB and detoxify polluted
sites under appropriate environmental conditions. In this respect, we isolated fungal strains from
PCB polluted soil and sediment and improved a screening protocol to characterize the most
effective ones in the biodegradation of PCBs both by quantifying the residual PCBs in the
culture medium and in the mycelium of each strain (Mouhamadou et al., 2013), the latter being
caused by the PCB biosorption, by developing and using heat-killed controls to better taking
into account the biosorption process (Tigini et al., 2009) and by supplementing the screening
methods with the ecotoxicity tests of the culture of the most efficient fungal strains (Sadafioski
et al., 2018). No study to our knowledge has combined such strategies for characterizing
efficient native fungal strains in the PCB biodegradation. Eleven species of Ascomycetes were
obtained from soil reflecting a low fungal diversity of the PCB-polluted soil as reported
elsewhere (Mouhamadou et al., 2013; Tigini et al., 2009). The high concentration of pollutant
(>800 mg/kg) and the soil deficiency in nutritive substances may probably explain this low
fungal diversity (Baldrian, 2008; D’ Annibale et al., 2006; Di Toro et al., 2006).

The ability of the 12 studied strains including 7. versicolor, isolated from a polluted
sediment, to biodegrade PCBs was different and varied considerably between strains. While it
was insignificant in A. fumigatus, all the PCBs that had disappeared in the culture medium being
due to biosorption, it was remarkable in four strains resulting in biodegradation rates greater

than 70%. The biodegradation capacity of P. chrysogenum displaying here the highest rate of



PCB biodegradation, has already been reported Tigini et al., 2009) (SM 1) and the variations
reported in different studies may be due to the specificity of each strain or to the extraction
procedure. Conversely, for the three other species P. citreosulfuratum, P. canescens and A.
Jjensenii, these are innovative results. To our knowledge, apart from model ligninolytic fungi,
only 7 species of filamentous fungi isolated from PCB polluted substrates and able to degrade
PCBs at rates > 70% have been described in the literature (SM 1), highlighting the interest of
searching new native strains in the biodegradation of PCBs.

To identify which ones, among the four efficient strains, were able to detoxify PCBs
and/or produce less toxic metabolites and to characterize the potential underlying enzymatic
activities, we studied the growth of G. lucidum in the presence of products resulting from the
biodegradation of these strains and characterized the extracellular enzymes induced by PCBs.
We included Ac. sclerotigenum and T. versicolor, which admittedly showed lower rates of
biodegradation, but presented the interesting features described above.

Only P. canescens was able to reduce the toxicity related to PCBs, confirming its
biodegradation capacities and suggesting that the metabolites generated were less toxic than the
corresponding parent PCBs. These results are comparable to those obtained with the white-rot
fungal Basidiomycetes Pleurotus ostreatus and Pleurotus sajor-caju for example, efficient
strains in PCB removal, which showed a reduction in the toxicity of PCBs and their metabolites
in their culture (Cvanéarové et al., 2012; Sadafoski et al., 2019). The opposite results were
observed in P. chrysogenum demonstrating that the generated metabolites were different from
those obtained in P. canescens and were more toxic than the corresponding PCBs (Bhalla et al.,
2016; Blasco et al., 1997). The toxicity of certain PCB metabolites to several organisms such
as hydroxyl-PCBs has been reported (Carlson and Williams, 2001; Fiangstrom et al., 2002;
Mortensen et al., 2007). As far as the other strains were concerned, no change of toxicity was

observed in their culture suggesting that the metabolites they produced in 7 days of incubation



were as toxic as the PCBs whose potential degradation had been observed. Consequently, our
results also suggest that the biodegradation pathways of PCBs by the studied strains are
different and involve various enzymatic activities as reported by numerous studies (Cvandarova
et al., 2012; Harms et al., 2011; Périgon et al., 2019). Interestingly, laccase activity, was
detected only in 7. versicolor and was relatively strongly induced by these pollutants suggesting
that this enzyme could be involved in the biodegradation of PCBs and their metabolites by this
strain as described in literature (Keum and Li, 2004; Takagi et al., 2007). This induction rate
(10% compared to the control) was intermediate when comparing to those described by other
studies (Supplementary material 2) and seemed to depend on the studied strains. Likewise, the
peroxidase activity potentially involved in the biodegradation of PCBs was observed in Ac.
sclerotigenum and seemed different from that observed in P. canescens possibly not involved
in the biodegradation of PCBs in this species. For the other strains, we were unable to detect
these extracellular enzyme activities and the biodegradation of PCBs by these strains could
involve other enzyme systems, especially intracellular ones (Harms et al., 2011). The presence
of toxic metabolites in P. chrysogenum that could correspond to hydroxyl-PCB supports this
hypothesis as these metabolites seem to be produced by cytochrome Psso enzymes (Kamei et
al., 2006; Matsuzaki and Wariishi, 2005). Nevertheless, despite these different activities
according to the strains, they all share a common property, the potential to degrade PCBs
independently of their degree of chlorination. This property is an important advantage of the
fungal system in the biodegradation of PCBs compared to e.g. bacterial systems described as

ineffective on highly chlorinated PCBs (Ohtsubo et al., 2000; Passatore et al., 2014).



Conclusion

Our study shows that the native filamentous strains present interesting potentials for the
depollution of sites polluted by PCBs, a major deleterious pollutant for environment and very
dangerous for human kind. They are insensitive to the PCB-linked toxicity as described by
Federici et al., (2012) and naturally have the advantage to develop easily on PCB-polluted
substrates conversely to white-rot basidiomycetes fungi (Baldrian, 2008). They also have the
ability to degrade PCBs through their enzymatic systems specific to each strain. P. canescens
is additionally able to detoxify PCBs and their metabolites, making it a choice candidate for the
PCB contaminated soil depollution. It would be interesting to characterize the metabolic
pathways of PCB degradation by this strain and to use it alone or in consortium with other

effective strains for the bioremediation of PCB polluted sites.
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