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ABSTRACT
Soils that are contaminated with organic aromatic compounds such as polyaromatic
hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) and 2,4,6-trinitrotoluene (TNT) have previously been treated by
combustion at elevated temperatures. Although, combustion is effective, it is
expensive due to high energy and equipment requirements. However, innovative
technologies such as the use of fungi and/or biochar can offer an alternative option
that is friendly to the environment in treating such soils. This thesis evaluates three
treatment options to treat these contaminants in soil: 1) the use of fungi growing on
pine bark, 2) the use of fungal enzymes, and 3) treatment with both fungi and wood
derived biochar.

Fungal treatment of TNT-contaminated soil was applied in both laboratory and in
pilot  scale  experiments.  In  the  laboratory  experiments,  fungi  were  tested  for  their
capability to grow in soil contaminated with the explosive 2,4,6-trinitrotoluene
(TNT) and to accelerate its degradation. TNT concentration in the soil was 1000 mg
kg-1. White-rot fungi, Gymnopilus luteofolius, Kuehneromyces mutabilis, and
Phanerochaete velutina grew in the contaminated soil and produced a significant
amount of manganese peroxidase (MnP) in TNT contaminated soil during that
incubation, but no laccase. The most efficient fungus, P. velutina, degraded 80% of
TNT in 2.5 months. The soil treatment process was scaled-up in a 0.56 m3 reactor
with  0.3  t  of  TNT-contaminated  soil  and P. velutina grown on pine bark. TNT
concentration in the soil was 1000 mg kg-1 and the soil:fungal inoculum ratio was
30:1. P. velutina degraded 70% of TNT in 49 days, and no further degradation
occurred during the next 58 days of incubation. TNT metabolites, namely 4-amino-
2,6-diaminotoluene and 2-amino-4,6-diaminotoluene, accounted for less than 0.5%
of the original TNT concentration at the end of the incubation.

For PCDD/F-contaminated soil, the approach was to treat the soil with either fungal
inoculum or crude MnP. Treatment with fungal inoculum proved to be an effective
treatment  option  as  PCDD/Fs  were  degraded  62%  and  64%  of  the  WHO-TEQ
(World Health Organisation Total Equivalent) value by Stropharia rugosoannulata
and P. velutina, respectively, compared to a control where no degradation was
observed. However, when PCDD/F-contaminated soil was treated with crude MnP,
no degradation was observed even though significant levels of MnP activity were
detected in the soil.
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Treatment of PAH-contaminated soils (humus-poor soil named sloam and humus-
rich  forest  soil)  were  studied.  Pyrene-contaminated  soil  was  amended  with  wood
derived  biochar,  and  the  ability  of  fungi  to  grow  in  the  amended  soil  was  tested.
Agrocybe praecox and P. velutina survived  well  in  the  amended  soil  and  were
selected  for  further  studies.  In  addition,  the  role  of  fungi  in  pyrene  sorption  to
amended soil was investigated. Fungal treatment of pyrene-contaminated soil
amended with biochar increased the sorption of pyrene up to 47–56% to biochar
amended forest soils compared to the controls (13–25%) incubated without fungi.
Strong fungal/biochar synergistic effects were observed in cases of the sorption of
pyrene in the amended soils. In non-sterile contaminated forest soil amended with
biochar and incubated with one fungus, higher levels of pyrene (50%) was sorbed to
the soil compared with a mere 13% in a similar soil without the fungus. In humus-
poor sloam amended with biochar and incubated with fungus, only 9–12% pyrene
was sorbed to amended soil. Similar results were obtained for both fungi used in the
study. They had significant impact on forest soil with a higher organic matter content
compared with sloam.

Fungal treatment provides a viable treatment option and an alternative to traditional
treatment  options  such  as  combustion  of  soils  that  are  contaminated  with  organic
aromatic contaminants. Fungi have shown strong potential to degrade these
contaminants in soil. The addition of biochar and fungi to PAH-contaminated soil
may help to reduce the risk of leaching of contaminants to ground water and above
all to promote remediation of contaminated soils.



5

TIIVISTELMÄ (Abstract in Finnish)
Polttokäsittely on perinteisesti polyaromaattisten hiilivetyjen (PAH),
polykloorattujen dibentso-p-dioksiinien ja dibentsofuraanien (PCDD/Fs)
hävittämiseksi käytetty menetelmä. Vaikkakin kyseinen keino on tehokas, sen
energia- ja laitevaatimukset tekevät siitä kalliin. Uudet innovatiiviset tekniikat, kuten
sienten ja biohiilen käyttö voivatkin osoittautua varteenotettaviksi ja
ympäristöystävällisiksi vaihtoehdoiksi maan puhdistuksessa. Tässä väitöskirjassa
arvioidaan seuraavien kolmen erilaisen vaihtoehdon soveltuvuutta maan
puhdistukseen: 1) männyn kaarnalla kasvavien sienten käyttö, 2) sienistä eristettyjen
entsyymien käyttö ja 3) sienten sekä puuperäisen biohiilen käyttö.

Tässä väitöskirjatutkimuksessa toteutettiin TNT:lla pilaantuneen maan
sienikäsittelyjä sekä laboratoriossa että pilot-mittakaavan kokeissa.
Laboratoriokokeissa seurattiin, miten sienet kykenevät kasvamaan 2,4,6-
trinitrotolueenilla (TNT) pilaantuneessa maassa ja kykenevätkö ne edesauttamaan
TNT:n hajoamista maassa, jossa räjähteen pitoisuus on 1000 mg kg-1.
Valkolahosienet Gymnopilus luteofolius, Kuehneromyces mutabilis ja
Phanerochaete velutina kasvoivat hyvin pilaantuneessa maassa ja tuottivat
merkittävän määrän mangaaniperoksidaasia (MnP). Tehokkain sieni, P. velutina
hajotti jopa 80% TNT:sta kahden ja puolen kuukauden aikana. Suuremman
mittakaavan koe toteutettiin 0,56 m3 bioreaktorissa, joka sisälsi 0,3 tonnia TNT:lla
pilaantunutta maata. Kyseisessä kokeessa TNT:n hajotus toteutettiin lisäämällä
reaktoriin männyn kaarnalla kasvava P. velutina. Maan ja sienisiirroksen suhde oli
30:1. P.velutina kykeni hajottamaan jopa 70% TNT:sta 49 päivässä, mutta kokeen
jatkuessa vielä 58 päivää TNT ei enää hajonnut enempää. Kokeen lopussa TNT:n
haitallisia hajotustuotteita, 4-amino-2,6-diaminotolueenia ja 2-amino-4,6-
diaminotolueenia oli maassa vain alle 0,5% alkuperäisestä TNT-määrästä.

PCDD/F-yhdisteillä pilaantunutta maata puhdistettiin sienikäsittelyllä tai sienen
tuottamalla MnP-entsyymillä. Sekä Stropharia rugosoannulata että P. velutina
hajottivat tehokkaasti PCDD/F:ja maassa. WHO-TEQ (World Health Organisation
Total Equivalent) asteikolla S. rugosoannulata hajotti  62 %  ja P. velutina 64 %
PCDD/F-yhdisteistä kun taas kontrollimaassa ilman sientä hajotusta ei tapahtunut.
Huolimatta siitä, että sienet tuottivat suuria määriä MnP:ia maassa hajottaessaan
PCDD/F:ja, ei entsyymi yksinään kyennyt hajottamaan dioksiineja.

Maan puhdistusta PAH-yhdisteistä tutkittiin kahdessa erilaisessa maalajissa, jotka
poikkesivat humuspitoisuutensa suhteen. Pyreenillä pilaantuneseen maahan lisättiin
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puusta valmistettua biohiiltä, ja sienten kykyä kasvaa maassa seurattiin. Agrocybe
praecox ja P. velutina kasvoivat hyvin biohiiltä sisältävässä maassa, ja ne
valikoituivat jatkokokeisiin. Kokeessa tutkittiin myös sienten vaikutusta pyreenin
adsoboitumiseen biohiileen. Sienen lisäys biohiililtä ja pyreeniä sisältävään maahan
auttoi pyreenin adsorptiota, jolloin yhteensä 47–56% pyreenistä imeytyi biohiileen.
Ilman sienikäsittelyä vastaava luku oli 13–25%. Synergistinen vaikutus biohiilen ja
sienen välillä oli merkittävä. Epästerilissä humuspitoisessa metsämaassa sienen ja
biohiilen yhteisvaikutuksesta 50% pyreenistä saatiin puhdistettua verrattuna 13%
ilman sienikäsittelyä. Maassa, jossa humuspitoisuus oli alhainen, vastaavassa
käsittelyssä vain 9-12% pyreenistä imeytyi biohiileen. Molemmilla sienilajeilla
saatiin samansuuntainen tulos: sienikäsitelyllä oli merkittävä vaikutus pyreenin
adsorptioon etenkin paljon orgaanista ainesta sisältävässä metsämaassa.

Orgaanisilla yhdisteillä pilaantuneen maan käsittely sienillä on varteenotettava
vaihtoehto polttokäsittelyn sijasta. Sienet ovat osoittautuneeet näiden yhdisteiden
tehokkaiksi hajottajiksi. Biohiilen ja sienten lisääminen yhdessä PAH-
pilaantuneeseen maahan voi pienentää haitallisten yhdisteiden huuhtoutumista
pohjavesiin ja ennen kaikkea mahdollistaa pilaantuneen maan puhdistamisen.



7

Table of Contents
ABSTRACT ......................................................................................................................... 3
TIIVISTELMÄ (Abstract in Finnish)...................................................................................... 5

List of original publications ............................................................................................... 9

Author’s contribution ..................................................................................................... 10

Abbreviations ................................................................................................................. 11

1. INTRODUCTION ....................................................................................................... 13

2. LITERATURE REVIEW ............................................................................................... 15

2.1 Soil environment ............................................................................................. 15

2.2 Soil contamination........................................................................................... 16

2.3 Biological treatment of contaminated soil ....................................................... 16

2.3.1 Use of fungi in bioremediation ................................................................. 17

2.4 Wood-degrading fungi ..................................................................................... 17

2 . 5 Lignin-modifying enzymes of fungi................................................................... 18

2.6 Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans ............ 22

2.6.1 PCDD/F-toxicity estimation ...................................................................... 23

2.6.2 Biodegradation of PCDD/Fs ...................................................................... 24

2.7 2,4,6-trinitrotoluene ........................................................................................ 27

2.7.1 Biodegradation of TNT ............................................................................. 28

2.8 Polyaromatic hydrocarbons (PAHs) .................................................................. 29

2.8.1 Biodegradation of PAHs ........................................................................... 32

2.9 Biochar ............................................................................................................ 35

2.9.1 Characteristics of biochar......................................................................... 36

2.9.2 Remediation of polluted environment with biochar ................................. 36

3. OBJECTIVES OF THE STUDY ...................................................................................... 37

4. MATERIALS AND METHODS ..................................................................................... 38

4.1 Experimental soils ........................................................................................... 38

4.2 Fungal strains .................................................................................................. 40

4.3 Biodegradation of PCDD/Fs with fungal inoculum in the laboratory ................. 40

4.4 Biodegradation of TNT in laboratory scale experiment .................................... 41



8

4.5 Sorption/degradation of 14C-pyrene................................................................. 41

5. RESULTS AND DISCUSSION ...................................................................................... 44

5.1 Soil screening experiments in the laboratory (Papers I, II, and III) .................... 44

5.2 Fungal enzymes activities in contaminated soil (I, II, additional data) ............... 45

5.3 Degradation of organic aromatic compounds in soils ....................................... 49

5.3.1 Degradation with fungal inoculum (Paper I, II) ......................................... 49

5.3.2 Degradation by fungi or cell-free enzyme (Paper I) ................................... 51

5.3.3 Pilot-scale experiment (Paper II) .............................................................. 52

5.4 Sorption/degradation of PAHs in soil with fungi ............................................... 54

5.4.1 PAH sorption/degradation (Paper III) ....................................................... 54

6. CONCLUSIONS AND FUTURE PROSPECTS ................................................................. 58

Acknowledgements ........................................................................................................ 60

References ...................................................................................................................... 62



9

List of original publications

This thesis is based on the following publications and a manuscript, which are
referred to in the text by their Roman numerals I-III.

I Anasonye F., Winquist E., Kluczek-Turpeinen B., Räsänen M., Salonen K.,

Steffen K.T., Tuomela M. (2014) Fungal enzyme production and

biodegradation of polychlorinated dibenzo-p-dioxins and dibenzofurans in

contaminated sawmill soil. Chemosphere 110:85-90. doi:

10.1016/j.chemosphere.2014.03.079.

II Anasonye F.,  Winquist  E.,  Räsänen M.,  Kontro J.,  Björklöf K.,  Vasilyeva G.,
Jørgensen  K.S.,  Steffen  K.T.,  Tuomela  M.  (2015)  Bioremediation  of  TNT
contaminated soil with fungi under laboratory and pilot scale condition.
International Biodeterioration and Biodegradation. 105:7–12.
doi:10.1016/j.ibiod.2015.08.003

III Anasonye F., Tammeorg P., Parshintsev J., Riekkola M-L., Tuomela M. Role

of fungi on PAH sorption to biochar and soil rich in humic substances

(Manuscript)



10

Author’s contribution

I Festus Anasonye designed and executed the experimental work together with the
coauthors. The author was responsible for the screening studies as well as for
the PCDD/F-degradation experiments with fungal inoculum, where fungal
enzyme activities in the soil was measured. Erika Winquist executed the
PCDD/F-degradation experiments with fungal inoculum where CO2 production
by fungi was measured, and Beata Kluczek-Turpeinen executed the PCDD/F-
degradation experiments with fungal enzymes. The author participated in the
writing of the paper together with the other authors. The author and the second
and corresponding author, Erika Winquist, contributed equally to the work.

II Festus Anasonye was responsible for the experimental work on the laboratory
scale. The design and execution of experimental work on the pilot scale was
done together with the other authors. Jussi Kontro and Galina Vasilyeva were
responsible for sample analysis with UPLC, Katarina Björklöf was responsible
for microbiological analysis.  The author wrote the paper together with the other
authors and is the corresponding author.

III Festus Anasonye designed the experiment together with coauthors, conducted
the experimental work and wrote the manuscript with the other coauthors, and
is the corresponding author.



11

             Abbreviations

ABC Activated biochar
ADNTs Aminodinitrotoluenes
BC Biochar
BRF Brown-rot fungi
CPO Chloroperoxidase
DANTs Diaminonitrotoluenes
DW Dry weight
EU European Union
EC European Commission
GLOX Glyoxal oxidase
HADNT Hydroxylaminodinitrotoluene
HpCDF Heptachloro-dibenzo-p-dioxin
LDF Litter-decomposing fungi
LiP Lignin peroxidase
LME Lignin modifying enzyme
MnP Manganese peroxidase
PAH Polyaromatic hydrocarbon
PCDD Polychlorinated dibenzo-p-dioxin
PCDF Polychlorinated dibenzofuran
PCDD/F Polychlorinated dibenzo-p-dioxin/dibenzofuran
POP Persistent organic pollutant
SOM Soil organic matter
TEF Toxic equivalent factor
TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin
TNT 2,4,6-trinitrotoluene
UPO Unspecific peroxygenase
VP Versatile peroxidase
WHO-TEQ World Health Organisation-Total Equivalent
WRF White-rot fungi



12



13

1. INTRODUCTION
The era of industrialization ushered in invention involving a variety of chemicals for
agricultural and industrial use. Although most of these chemicals were genuinely
produced to serve a particular purpose, they often end up in the environment and
mostly  in  the  soil  as  contaminants  (Valentín  et  al.,  2013a).  Some  chemical
compounds found in these chemicals interact strongly with soil organic matter
leading to their persistence in soil. The continuous presence of these compounds in
soil have negative impacts on human and the entire ecosystem (Valentín et al.,
2013a).

Of special interest in this thesis are contaminated soil and possible treatment options.
According to data submitted by Finnish Environmental Institute to European
Environment Information and Observation Network (EIO-NET, 2011), there are
over 20,000 potentially contaminated sites in Finland (EC, Report, 2014). Most of
the contamination (over 50%) are caused by past industrial and commercial activities
(EC, Report, 2014). In Europe, the European Environmental Agency (EPA)
estimates that there are about 2.5 million potentially contaminated sites, out of which
250,000 sites may need urgent remediation (EC, Report, 2014). The European
Environmental Agency (EPA) estimates that the management of contaminated soil
in Europe will cost around 6 billion Euros (€) annually and that sustainable treatment
options are needed (EC, Report, 2014). Soils contaminated with these organic
aromatic compounds namely; polyaromatic hydrocarbons (PAHs), polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and 2,4,6-trinitrotoluene (TNT)
are the focus of this thesis.

In  Finland,  contaminated  soils  are  mostly  treated  by  excavation  and  disposal  to
landfills which are often considered to be a safe option (Pyy et al., 2013). For some
organic contaminants such as persistent organic pollutants (POPs) this is not the most
desired treatment option. Landfilling involves contaminant containment rather than
the destruction or transformation of contaminants into non-toxic forms as demanded
by the Stockholm Convention for POPs (Stockholm Convention, 2001).
Containment by landfilling ends up leaving contaminant problems for future
generations which is not in line with the principle of sustainability in contaminated
land management (Sorvari et al., 2009). Contaminated soils such as POPs and TNT
soils have been treated by combustion in incinerators (Kulkarni et al., 2008; EPA,
2011). Although effective in treating organic contaminants in soil, it is expensive as
it requires high energy input and a lot of equipment. Bioremediation offers a more
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environmental friendly approach for treating contaminated soil as it has reduced
impact on the environment compared to physical-chemical methods (Magan et al.,
2010). Bioremediation uses less energy and preserves soil structure.

In the work described in this thesis the degradation of PCDD/Fs and TNT as well as
immobilization  of  PAHs  to  biochar  amended  soil  have  been  studied.  The  use  of
fungal inoculum, as eco-friendly option to treat TNT, and PCDD/F-contaminated

amended soil was explored. Soils from a former sawmill and from a shooting range
were chosen for this study. Various analytical techniques were used to monitor
PAHs,  PCDD/Fs  and  TNT  in  different  experimental  conditions:  laboratory  scale
degradation/sorption experiments, and degradation experiment on a pilot scale.

soils has  been  developed.  The  possibility  to  immobilize  PAHs  in  biochar
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2. LITERATURE REVIEW
2.1 Soil environment

Soil is a complex matrix composed of various components such as soil minerals, soil
organic matter (SOM), water, air and living organisms. It occupies the outermost
part of the earth’s crust. Soil holds up to 80% of total carbon in the terrestrial
ecosystem (Lal, 2004). Compared to the atmospheric carbon pool, the soil carbon
pool is over 3 times larger (Oelkers and Cole, 2008). Soil provides homes for billions
of diverse organisms which include bacteria, archaea, fungi, algae, invertebrates, and
plants. The soil provides several ecosystem services (Haygarth and Ritz, 2009).
These services include: storage of water, which can later be used by plants and
microbes in the soil, the production of food and biomass and storage for later use,
filtration and transformation of many substances including water, carbon, and
nitrogen (European Commission, 2016; Haygarth and Ritz, 2009).

Microorganisms living in soil are central to most of the ecosystem services provided
by soil as well as in soil formation. For example, microorganisms cause the
breakdown of  dead  plants  and  animals  residue  to  form soil  aggregates.  They  also
release nutrients for plants’ use while gaining energy and carbon for their cell
formation and growth (Needelman, 2013). SOM greatly affects the soil’s physical,
chemical, and biological properties. SOM improves soil quality by increasing the
rate  at  which  soil  retains  water  and  nutrients  which  in  turn  help  to  increase
productivity. In addition, SOM reduces erosion by improving soil structure which in
the  long  run  helps  to  improve  the  quality  of  surface  and  ground  water  (Ontl  and
Schulte, 2012). Maintaining the SOM stock in soil will guarantee increased food
production, while suppressing factors that are capable of impacting negatively on the
whole ecosystem (Ontl and Schulte, 2012).

In spite of the unique roles of microorganisms and SOM in maintaining the sanctity
of soils, they are still increasingly being degraded. Increased human activities on soil
such as mining have caused disturbances in soil structure with the depletion of the
SOM resulting in soil degradation. Other activities leading to soil degradation
include soil erosion, decreased soil porosity, salinization, landslides and
contamination by anthropogenic chemicals (Needelman, 2013). These factors can
decrease soil quality and have negative impacts on human health, natural ecosystem,
climate and the economy (Needelman, 2013; European Commission, 2016).
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Soils have mechanisms to deal with any pollutants within them. For example,
microbes in the soil can degrade organic chemicals in soil. Although in most cases,
microbial defence or regeneration mechanisms are overwhelmed by excessive
amounts of these contaminants or simultaneous contamination by several substances
in the soil. When a soil’s capacity to deal with agents causing its degradation fails,
the soil ecosystem is damaged which usually has critical health effects for the soil’s
inhabitants.

2.2 Soil contamination
Soil contamination is defined as the introduction of xenobiotic compounds into the
environment at amounts that disrupts its normal functioning or that which poses an
unacceptable risk to humans or other organisms that are involved in that environment
(Scullion, 2006). Soil is therefore said to be contaminated only when the
concentrations of contaminants are above the values set by regulatory authorities,
and these guidelines are agreed upon after considering the risks involved (Scullion,
2006).

Soil contamination can result from the improper use of farming chemicals such as
pesticides and fertilizers, spillage of liquids such as oil and leakages of pollutants
from landfills and waste treatment plants into the surrounding soil (Rao et al., 2010;
Anaya-Romero et al., 2016). Contaminants in soil may pose a health risk to humans,
animals, plants and the environment in several ways. They may accumulate in the
body over a period of time when they can interfere with many life processes, they
can cause cancer and birth defects in human. The yield of crops as well as the quality
of crops may be reduced, if they are planted in the contaminated soils. (Rao et al.,
2010).

2.3 Biological treatment of contaminated soil
Biological treatment of contaminated soil involves the use of microorganisms to
degrade contaminants in soil, this is known as bioremediation. Bioremediation may
involve the addition of microorganisms such as bacteria and fungi that are capable
of degrading contaminants in soil (Bioaugumentation). It may involve just
monitoring the activity of native organisms in a contaminated soil (monitored natural
attenuation). Bioremediation may also involve the addition of nutrients so as to
improve the activities of the indigenous microbial population in soil
(Biostimulation).  In  some  situations,  plants  can  also  be  used  to  degrade  soil
contaminants (Phytoremediation) (Scullion, 2006).
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2.3.1 Use of fungi in bioremediation
The use of fungi in bioremediation processes stems from the fact that fungi especially
the white-rot and litter-decomposing basidiomycetous fungi, are excellent organisms
with unique capabilities that are not commonly found in other organisms. These
capabilities include the ability to mineralize a wide variety of toxic organic pollutants
using non-specific extracellular enzymes. Bacteria, can equally degrade organic
pollutants, but with less efficiency especially when the compound is not available
for uptake. The same can be seen when a polluting compound occurs at a very low
concentration. It is difficult for bacteria to act when the pollutant is very toxic or to
degrade compounds that are highly oxidized and therefore cannot be attacked by the
bacterial enzymes. Examples of such compounds include PCDD/Fs and TNT
(Reddy, 1995).

Also, fungi are the organisms of choice in cases where there needs to be the
translocation of essential factors (nutrients, and water) that are needed for the
transformation of environmental pollutants. Fungi in their natural environment have
been adapted to cope with the uneven distribution of resources by translocating
resources between parts of their mycelium (Harms et al., 2011). Translocating
resources within the habitat also stimulates pollutant degradation by bacteria, which
uses the tips of fungal hyphae to penetrate through soil aggregates which otherwise
would obstruct their movement in soils (Harms et al., 2011).

2.4 Wood-degrading fungi
Wood-degrading fungi belong to the phylum Basidiomycota and are further
classified according to their ecophysiology group, namely white-rot and brown-rot
fungi. White-rot fungi (WRF) secrete powerful oxidative lignin-modifying enzymes
(LMEs) that are nonspecific in action and are capable of degrading and mineralizing
lignin and lignin-related compounds. This capability of their fungal enzymes has
been exploited and used to degrade organic compounds in soils (Hatakka and
Hammel, 2011; Kües, 2015).

White-rot fungi get their name from the white appearance of the residual wood after
being attacked by them (Rytioja et al., 2014). They do not gain energy from lignin
but  rather  from  the  degradation  of  celluloses  and  hemicelluloses  inside  the  wood
fibres (Blanchette, 1995). Most of the wood-rotting fungi belonging to the WRF are
found on hard woods (Gilbertson, 1980). Analysed sequence data revealed that the
WRF are the oldest wood-rotting basidiomycetes in existence and that brown-rot and
mycorrhizal species evolved from them through loss of some genes that are involved
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in cell wall degradation (Floudas et al., 2012). LMEs produced by WRF are
manganese peroxidases (MnP), lignin peroxidase (LiP), versatile peroxidase (VP),
and laccases. These enzymes are effective in degrading a wide range of aromatic
compounds. As such, WRF have been used to detoxify or remove various aromatic
contaminants such as PAHs, Polychlorinated biphenyls (PCBs), PCDD/Fs,
nitroaromatics, pesticides and herbicides in soil (Rabinovich et al., 2004).

Brown-rot fungi (BRF) degrade celluloses and hemicelluloses.  They are unable to
degrade lignin but are able to modify it through a Fenton-type reaction to generate a
reactive hydroxyl radical that aids in wood degradation (Kerem et al., 1999). Lignin
modification by BRF allows enzymes to access cellulose for degradation (Kües,
2015). Unlike the WRF, most BRF do not produce lignin-modifying enzymes that
are capable of degrading organic/aromatic compounds in soils.

Litter-decomposing fungi (LDF) inhabit the topmost part of the soil that is mostly
occupied by plant litter especially in forest areas (Steffen et al., 2002a; Steffen,
2003). Like the WRF, most of them which have been studied so far have the ability
to  degrade  lignin  as  well  as  wood  polysaccharides  (Hofrichter  et  al.,  2010).  LDF
degrade lignin in a similar way as that discussed above for the WRF (Kües, 2015).
Analyses of sequenced data (genome and transcriptome) revealed that LDF are well
adapted to inhabiting environments that are rich in humic substances (Morin et al.,
2012). They have adapted well to humic substances in their environment by
extensively developing genes that code for aromatic peroxygenases,
chloroperoxidases and -esterases, which are essential for the degradation of lignin-
like compounds and substituted fatty acids (Morin et  al.,  2012).  With a variety of
LMEs such as MnPs, and laccases, the LDF play an important role in forest ecology
as they are involved in wood and litter decomposition, and the humification and
mineralization of soil organic matter (Anastasi et al., 2013). The LDF have been
reported to degrade several recalcitrant organic contaminants such as PAHs,
methylated PAHs and dibenzofurans (Anastasi et al., 2013). The potential
application of the LDF to soil bioremediation for the degradation of PAHs and
PCDD/Fs has been demonstrated and MnP has been proposed to be the responsible
enzyme (Steffen at al., 2007; Valentín et al., 2013b).

2. 5 Lignin-modifying enzymes of fungi
Basidiomycetous fungi secrete typically several extracellular enzymes that are
necessary for lignin degradation and mineralization (Pointing, 2001). They are often
referred to as lignin-modifying enzymes or LMEs and they play a significant role in
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lignin degradation. LMEs include peroxidases, such as manganese peroxidases (EC
1.11.13), lignin peroxidase (EC 1.11.1.14), versatile peroxidase (EC 1.11.1.16) and
laccase (EC 1.10.3.2). LMEs are produced by many white-rot, as well as many litter-
decomposing basidiomycetes. They can oxidize phenolic compounds thereby
creating phenoxy radicals, while nonphenolic compounds are oxidized via aryl
radical cations (Kirk and Farrell, 1987). Other fungal enzymes, which participate in
lignin degradation, include the following H2O2 producing enzymes: aryl alcohol
oxidase (AAO), pyranose oxidase and glyoxal oxidase (GLOX). The products of
these enzymes serve as substrate for peroxidases involved in lignin degradation (LiP,
VP and MnP) (Hatakka, 2001).

Manganese dependent peroxidase or MnP is a haeme-containing oxidoreductase that
requires H2O2 or organic hydrogen peroxide (R-OOH) as the electron acceptor to
oxidize its substrate Mn2+ to Mn3+ (Hofrichter et al., 2010). MnP belongs to sub-class
II of the peroxidase super family which is dedicated to haeme peroxidases of fungal
origin (Hofrichter et al., 2010, Tuomela and Hatakka, 2011). Sequence information
shows that the MnP pre-mRNA produced during MnP RNA transcription is
alternatively spliced resulting in the formation of two mRNA variants of the enzyme
and the two variants are known as the long MnP and short-type hybrids (Hofrichter
et al., 2010). The MnP short-type hybrid closely resembles the versatile peroxidases
and lignin peroxidase (Hofrichter et al., 2010). MnP catalysis is initiated by the
binding of H2O2 to the ferric enzyme and this association leads to the formation of
an iron-peroxide complex which on cleavage, forms compound I. The compound I
thus  formed is  then  reduced  to  compound II  with  the  help  of  Mn2+ serving as an
electron donor to be reduced to Mn3+. Compound II can also be reduced resulting in
the formation of the native ferric enzyme leading to the completion of the catalytic
cycle (Hofrichter, 2002). In other words, H2O2 or organic hydrogen peroxide (R-
OOH)  acting  as  the  primary  oxidant  abstracts  two  electrons  from  the  substrate
molecules and is reduced as it releases two water molecules (Lundell et al., 2010).
The Mn3+ produced during catalysis of MnP is stabilized by organic acids such as
malonic acid and oxalic acid and it is this chelated Mn3+ that attacks many organic
compounds nonspecifically by abstracting a hydrogen ion and an electron in the
process (Hofrichter, 2002). The roles of MnP in the biodegradation of organic
pollutants include the degradation of lignin, bleaching of pulp, degradation of
nitroaromatics, PAHs, and polychlorinated compounds like PCDD/Fs (Tuomela and
Hatakka, 2011). The activity of the enzyme can be enhanced by addition of mediator
compounds like glutathione and unsaturated fatty acids which help to generate thiyl
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and peroxyl radicals, which can attack high redox compounds that otherwise cannot
be degraded by the enzyme alone (Hofrichter, 2002, Tuomela and Hatakka, 2011).

Lignin peroxidase (LiP) belongs to the class II peroxidase super family. LiP requires
H2O2 or an organic hydroperoxide (R-OOH) as an electron acceptor when oxidizing
its substrate, veratryl alcohol (Hofrichter et al., 2010). LiP is a glycosylated haeme-
containing protein with a molecular mass of about 40 kilo Dalton (kDa) (Hatakka,
2001). The catalytic cycle of LiP is similar to MnP, but the difference lies in their
substrates (Hatakka, 2001). The substrate of LiP is veratryl alcohol while the
preferred electron donor of MnP is Mn3+. LiP oxidizes its substrate leading to the
generation of a radical that is capable of oxidizing many organic compounds
(Hofrichter et al., 2010). Because of its high redox potential, LiP can also oxidize
non-phenolic structures by removing an electron to generate an aryl cation radical
(Pointing, 2001). LiP can directly oxidize the lignin-model compound -O-4 and has
also been shown to degrade synthetic lignin, oxidize and convert persistent organic
pollutants such as PAHs, chlorophenols, nitroaromatics and other explosives
(Hofrichter et al., 2010).

Versatile peroxidase (VP) is a class II  peroxidase with a high redox potential.  VP
was first discovered from the genus Pleurotus (eryngii)  and  later  it  was  found  in
Bjerkandera, Lepista, Trametes, and Panus (Martinez et al., 1996; Mester and Field,
1998; Rodakiewicz-Nowak et al., 2006). This peroxidase combines the catalytic
properties of both MnP and LiP as its molecular structure contains a Mn-oxidation
site as well as a catalytic tryptophan (Ruiz-Dueñas et al., 1999; Pérez-Boada et al.,
2005). Based on this dual catalytic ability, VP has both low and high redox potentials.
VP has a wider substrate specificity and a huge biotechnology application potential
as it can oxidize phenolic and non-phenolic aromatic compounds, as well as different
industrial dyes (Mart nez, 2002; Pérez-Boada et al., 2005; Ruiz-Dueñas et al., 2009;
Hofrichter et al., 2010).

Apart from these known fungal peroxidases, other fungal enzymes such as fungal
haeme-thiolate peroxidases have been characterized (Hofrichter and Ullrich, 2014).
Fungal haeme-thiolate peroxidases (HTP) are stable extracellular enzymes that
contain a cysteine-ligated haeme at their active sites (Hofrichter and Ullrich, 2014).
Two forms of HTPs have been characterized; chloroperoxidase (CPO; EC 1.11.1.10)
and unspecific peroxygenase (UPO; EC 1.11.2.1). UPO may play a key role in the
oxidation of natural and man-made aromatic compounds in the environment due to
its broad substrate range (Kinne et al., 2010). To date, the only reported role of UPO
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in soil is in a forest soil where UPO from the litter-decomposing fungus, Mycena
galopus is believed to be involved in the transformation of litter aromatics and in
formation of organic matter (Kellner et al., 2014). Dye peroxidases (DyP; EC
1.11.1.19) belong to a new superfamily of haeme peroxidases found in fungi and
bacteria. They lack the haeme-binding region and have little sequence similarity to
classical fungal peroxidases (MnP and LiP) (Anastasi et al., 2013). They oxidize
various dyes and nitrophenols (Hofrichter et al., 2010; Büttner et al., 2015). Their
potential in soil bioremediation have not been reported so far.

Laccase, a multi-copper containing enzyme, is now the most common of the LMEs
produced by fungi (Baldrian, 2006). Laccase is an extracellularly glycosylated,
multi-copper oxidase that contains 10–30% carbohydrate and has a molecular mass
of 60–80 kDa (Lundell et al., 2010). Laccase uses molecular oxygen as an oxidant
to generate a radical that can attack a wide range of organic compounds leading to
their degradation (Lundell et al., 2010). It does this by abstracting an electron couple
from an organic compound with the reduction of molecular oxygen to water
(Baldrian, 2006; Tuomela and Hatakka, 2011). Laccase alone does not oxidize non-
phenolic compounds because of its low redox potential but with the help of mediator
compounds (Pointing 2001). These mediators include 2,2'-azino-bis (3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), organic acid 1-
hydroxybenzotriazole (HBT), N-hydroxyphthalimide (HPI), violuric acid (VLA)
and N-hydroxyacetanilide (NHA) (Cañas and Camarero, 2010; Tuomela and
Hatakka, 2011). The mediators act as co-oxidants or as activators of laccase enzyme
in the process (Tuomela and Hatakka, 2011). Unlike peroxidases that use H2O2,
laccase uses molecular oxygen which is readily available in most environments, and
the by-product of the reaction, H2O, is considered to be safe. LMEs thus, can be used
in industry. There are several applications of laccase enzyme in biotechnology.
Laccase has been studied for treating industrial effluents containing persistent
organic pollutants and in waste water containing endocrine disrupting compounds
such as bisphenol A and tributyltin (Tuomela and Hatakka, 2011).

The application of laccase enzyme in bioremediation is not limited to water treatment
alone as it has been studied for bioremediation of contaminated soils. In soil, laccase
has been shown to decontaminate phenolic compounds by immobilizing them
through oxidative coupling (Bollag et al., 1992). Laccase can use unsaturated fatty
acids in fungal hyphae as a natural mediator to form peroxyl lipid radicals which can
degrade a variety of recalcitrant contaminants in soils (Cañas and Camarero, 2010).
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In soils contaminated with nitro aromatic compounds such as TNT, laccase has been
reported to enhance the humification of TNT metabolites (Lewis et al., 2004).

2.6 Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs) are a group of toxic chlorinated aromatic chemicals that share a similar
chemical structure and mechanism of action (Van den Berg et al., 2006).
Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) contain two
aromatic rings fused together with two to eight chlorine atoms. PCDDs have 75
possible positional isomers usually referred to as congeners while PCDFs have 135
(Srogi,  2008).  Among  the  PCDD/Fs  congeners,  those  with  chlorine  atoms  at
positions 2, 3, 7 and 8 are reported to be toxic to organisms (Srogi, 2008). They
include 7 PCDDs and 10 PCDFs. The structures of PCDD/Fs can be seen in Figure
2.1 below.

Figure 2.1: Chemical structure of PCDD/Fs.

PCDD/Fs have never been produced intentionally for industrial purposes but rather
result from industrial processes as impurities (Lindén et al., 2010; Urbaniak, 2013).
Examples of industrial processes leading to the production of PCDD/Fs are
sawmilling and wood preservation, incineration of municipal waste, metal smelting,
the manufacture of some pesticides and herbicides, and pulp and paper treatment
with chlorine (Urbaniak, 2013). They are also produced at low concentrations during
forest  fires  and  volcanic  eruptions.  In  Finland,  the  major  source  of  PCDD/F-
contamination comes from the use of the chemical Ky-5 (Laine et al., 1997).
Although the main active ingredients in Ky-5 are the chlorophenols, it also contains
PCDD/Fs as an unintentional by-product. Ky-5 was used as a preservative against
fungal attack of wood in sawmills between 1940 and 1970 (Laine et al., 1997). Long
after its ban, the soil around sawmills are still contaminated with PCDD/Fs and most
of  them  requiring  immediate  remediation  (Valentín  et  al.,  2013b).  The
physicochemical properties of PCDD/Fs are shown in Table 2.1. PCDD/Fs have very
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low water solubility, a low vapour pressure, and high melting points. Due to their
hydrophobic nature shown by their high octane-water partition coefficient values
(Kow, Table 2.1),  the  highest  concentrations  of  PCDD/Fs  are  found  in  soil  and
sediment and lower levels are found in water and air (Lindén et al., 2010). PCDD/Fs
are toxic and persistent in the environment and are among the 12 dirty compounds
named as persistent organic pollutants (POPs) at the United Nation Environmental
Protection (UNEP) organized convention in Stockholm in 2001. According to the
UNEP, PCDD/Fs constitute major and increasing threats to human health and the
environment.

Table 2.1: Physicochemical properties of PCDD/F (adopted from Srogi, 2008)

Homologue group Vapour pressure
(mmHg at 25 °C)

Log Kow Solubility (mg L-1

at 25 °C)
TCDD 8.1 x 10–7 6.4 3.5 x 10–4

PeCDD 7.3 x 10–10 6.6 1.2 x 10–4

HxCDD 5.9 x 10–11 7.3 4.4 x 10–6

HpCDD 3.2 x 10–11 8.0 2.4 x 10–6

OCDD 8.3 x 10–13 8.2 7.4 x 10–8

TCDF 2.5 x 10–8 6.2 4.2 x 10–4

PeCDF 2.7 x 10–9 6.4 2.4 x 10–4

HxCDF 2.8 x 10–10 7.0 1.3 x 10–5

HpCDF 9.9 x 10–11 7.9 1.4 x 10–6

OCDF 3.8 x 10–12 8.8 1.4 x 10–6

2.6.1 PCDD/F-toxicity estimation
PCDD/F compounds have their own degrees of toxicity (Van den Berg et al., 1998).
To express the overall toxicity of the mixture as a single number, a concept of Toxic
Equivalents (TEQ) has been adopted. TEQ consider the toxicity of the congener as
a proportion of the toxicity of the most toxic congener, 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (2,3,7,8-TCDD). In this situation, each congener is given a specific Toxic
Equivalent Factor (TEF). TEF for PCDD/Fs indicates the degree of toxicity of each
congener compared to 2,3,7,8-TCDD, which is given a reference value of 1. To
calculate the TEQ of a PCDD/Fs mixture, the concentration of each toxic congener
is multiplied by its toxic equivalent factors and then all are added together (Van den
Berg et al., 1998). The World Health Organization total equivalent factors (WHO-
TEF) can be seen in Table 2.2.
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Table 2.2: Summary of WHO 2005 Toxic Equivalent Factor (TEF) values for polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/F) (adopted from Van den Berg
et al., 2006).

Compound WHO 2005 TEF
Chlorinated dibenzo-p-dioxins
2,3,7,8-TCDD 1
1,2,3,7,8-PeCDD 1
1,2,3,4,7,8-HxCDD 0.1
1,2,3,6,7,8-HxCDD 0.1
1,2,3,7,8,9-HxCDD 0.1
1,2,3,4,6,7,8-HpCDD 0.01
OCDD 0.0003
Chlorinated dibenzofurans
2,3,7,8-TCDF 0.1
1,2,3,7,8-PeCDF 0.03
2,3,4,7,8-PeCDF 0.3
1,2,3,4,7,8-HxCDF 0.1
1,2,3,6,7,8-HxCDF 0,1
1,2,3,7,8,9-HxCDF 0.1
2,3,4,6,7,8-HxCDF 0.1
1,2,3,4,6,7,8-HpCDF 0.01
1,2,3,6,7,8,9-HpCDF 0.01
OCDF 0.0003

(T = tetra, Pe = penta, Hx = hexa, Hp = hepta, O = octa).

2.6.2 Biodegradation of PCDD/Fs
The degradation of PCDD/Fs by microorganisms has been studied for many years
and the results have been well documented (Field and Sierra-Alvarez, 2008;
Urbaniak, 2013). Aerobic bacteria possessing aromatic ring hydroxylating
dioxygenase enzyme and belonging to the genera of Rhodococcus, Burkholderia,
Beijerinckia, Pseudomonas, and Sphingomonas are capable of degrading lower
chlorinated PCDD/Fs (Field and Sierra-Alvarez, 2008; Urbaniak, 2013). Anaerobic
bacteria of the genus Dehalococcoides are also capable of degrading PCDD/Fs
(Adriaens et al., 1995; Bunge et al., 2009; Pöritz et al., 2015).

Fungi producing oxidative enzymes such as LiP and MnP are capable of PCDD/F-
degradation. Phanerochaete chrysosporium degraded 2,3,7,8-TCDD and 2,7-DCDD
in separate experiments providing evidence of fungal capacity to degrade PCDD/Fs
(Figure 2.2)  (Bumpus  et  al.,  1985;  Valli  et  al.,  1992).  A  good  number  of  WRF
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possessing LMEs and belonging to the genera of Phlebia (Phl. brevispora, Phl.
lindtneri) and Phanerochaete,  (P. chysosporium, P. sordida) are capable of
degrading PCDD/Fs (Table 2.3). Some WRF are able to degrade all congeners of
PCDD/Fs (Takada et al., 1996; Valentín et al., 2013b). It is also important to point
out that the degradation of PCDD/Fs by fungi take place as a co-metabolism where
an additional source of carbon is required and under aerobic conditions. Apart from
LMEs, other fungal enzymes such as cytochrome P450 enzyme have been linked
with PCDD/F-degradation. Evidence of cytochrome P450 enzyme involvement in
PCDD/F-degradation was provided by Kasai et al. (2010). Recombinant yeasts
expressing human or rat cytochrome P450 enzymes degraded mono-, di- and tri-
chloro-dibenzo-p-dioxins in vitro (Kasai et al., 2010).

Table 2.3: Degradation of various chlorinated dibenzo-p-dioxins (CDDs) by white rot fungi
(adopted from Marco-Urrea and Reddy, 2012)

Compound Fungus/enzyme Reference
2-monoCDD P. chrysosporium Valli et al., (1992)
2,7-diCDD Phl. lindtneri Mori and Kondo

(2002)
Phlebia spp. Kamei et al., (2005)

2,3,7-diCDD Phl. lindtneri Kamei and Kondo
(2005)

Phlebia spp. Kamei et al., (2005)
P. chrysosporium Bumpus et al., (1985)
P. sordida Takada et al., (1996)

2,3,7,8-tetraCDD Phl. brevispora Kamei et al., (2005)
1,3,6,8-tetraCDD Phl. lindtneri Kamei and Kondo

(2005)
1,2,3,7,8-pentaCDD Phlebia spp. Kamei et al., (2005)
1,2,3,4,7,8-hexaCDD P. sordida Takada et al., (1996)
1,2,3,4,7,8,9-
octaCDD

P. sordida Takada et al., (1996)
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Figure 2.2: Pathway for degradation of 2,7-dichlorodibenzo-p-dioxin (2,7-diCDD) by P.
chrysosporium, LiP: lignin peroxidase, MnP: manganese peroxidase (adopted from Valli et
al., 1992).
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2.7 2,4,6-trinitrotoluene
2,4,6-trinitrotoluene (TNT) (Figure 2.3) is a chemical that is widely used by the
military as an explosive material because of its insensitivity to shock and friction
which minimizes the chances of accidental explosion. (Lewis et al., 2004). TNT
has a melting point of 80o C which is far below the temperature at which it can
detonate (Lewis et al., 2004). The physical and chemical properties of TNT are
shown in Table 2.4.

Figure 2.3: Chemical structure of TNT.

TNT contamination results from improper handling which can cause contamination
of both soil and water sources (U. S. Environmental protection Agency, 2008). Long
use of TNT and other explosives by the military have led to contamination of soil
and water around military facilities Areas that are contaminated by TNT include
explosive storage sites, disposal areas and shooting ranges. In the US alone, over 1.2
million tons of soil are estimated to be contaminated with explosives and similar
estimates have been reported in major European countries (Lewis et al., 2004). In
Finland, however, the detected TNT concentrations in soil have been low and have
not required remediation activities (Aalto, 2016). Efforts are being made through
investigations like this study, to prevent soil contamination by TNT and to be better
prepared to deal with such situations in the future if soil is contaminated with TNT.
The fate of TNT in the soil is determined by its physico-chemical properties, soil
properties, such as pH, redox, and biological factors including the presence and/or
absence of explosives-degrading microorganisms (Kalderis et al., 2011). TNT is
poisonous even at minute concentrations and is listed as a possible human carcinogen
(Letzel et al., 2003).
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Table 2.4: Physical and chemical properties of TNT (adopted from Kalderis et al., 2011).

Chemical formula C7H5N3O6

Melting point (°C) 80–82

Solubility in water (mg L-1) 130

Mass density  (g cm-3) 1.5–1.6

Vapor pressure p (1 bar, 20 °C) 7.2 × 10–9 5.3 × 10–12

Henry’s Law constant kH (bar m3 mol–1) 4.57 × 10–7 to 6.3 × 10–8

Octanol/water partitioning coefficient
(Kow)

1.86

Appearance Yellow flakes with a bitter almond
odour

2.7.1 Biodegradation of TNT
Many studies over the last decades, have demonstrated the ability of microorganisms
to transform nitroaromatic compounds (Kalderis et al., 2011). Microorganisms use
their enzyme systems to catalyse the reduction of one nitro group to an amino group.
TNT-degradation by bacteria may occur under aerobic or anaerobic conditions
through cometabolism where an additional substrate serves as the carbon and energy
source (Kalderis et al., 2011).

Fungi are able to degrade TNT and the degradation process starts with reduction of
nitro groups. The reduction enables the aromatic structure to be attacked. A few
fungi, wood-rotting and litter-decomposing, that produce highly reactive
oxidoreductases such as manganese peroxidase (MnP) and laccase are capable of
degrading TNT (Scheibner et al., 1997). These extracellular enzymes break the
aromatic structure of hydroxylaminodinitrotoluene (HADNT) and
aminodinitrotoluenes (ADNTs), to form radicals. These radicals attack the aromatic
structure and can completely mineralize the compound (Scheibner et al., 1997). TNT
degradation pathways are shown in Figure 2.4.
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Figure 2.4: TNT degradation pathways by fungi (adopted from Thomas and Gerth, 2005).
Abbreviations: ADNTs: aminodinitrotoluenes, DANTs: diaminodinitrotoluenes, HADNT:
hydroxylaminodinitrotoluene.

Many TNT-degrading white rot fungi have been discovered but only a few such as
Irpex lacteus, Stropharia rugosa-annulata DSM11372 and Clitocybula dusenii
TMb12 have been shown to significantly mineralize TNT by 30.57%, 36% and 42%,
respectively (Scheibner et al., 1997; Kim and Song, 2003). The amino transformation
products from TNT degradation by fungi can be bound to the functional groups of
the soil humic substances, a process that is called humification (Thomas and Gerth,
2005). Humification is believed to be mediated by fungal enzymes (Lewis et al.,
2004).

2.8 Polyaromatic hydrocarbons (PAHs)
Polyaromatic hydrocarbons (PAHs) are hydrophobic organic contaminants with two
or more fused rings that are commonly found in the environment. PAHs are formed
by incomplete combustion of biomass. Natural sources of PAHs include volcanic
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eruptions and forest fires. Creosote, a coal-tar distillate used as a preservative for
power lines and crossties is a major source of PAH-contamination in soil (Murphy
and Brown, 2005). Creosote contains about 85% PAHs, 10% phenolic compounds
and 5% N-, S- and O- heterocyclics (Mueller et al., 1989). In Finland, creosote was
used for many years as a wood preservative in sawmills which resulted in
contamination of soil around the sawmill areas with many of them requiring
remediation (Suni, 2006).  Up to 6% of total contaminated soil in Finland results
from creosote contamination (Suni, 2006). PAHs contain mainly carbon and
hydrogen.  However,  in  soils  the  benzene  rings  of  PAHs  can  be  substituted  with
nitrogen, oxygen, and sulphur atoms and sometimes with one or more alkyl groups
to form heterocyclic aromatic hydrocarbons (Lundstedt, 2003). There are over 100
known PAH compounds and they differ in their physicochemical properties
(Lundstedt, 2003). However, emphasis is mainly placed on 16 PAHs (Figure 2.5) that
are classified by the United States-Environmental Protection Agency (US-EPA) as
priority pollutants based on their known adverse effect towards human health and
the environment. The properties of the 16 US-EPA PAH compounds are shown in
Table 2.5.

Among the US-EPA PAH compounds, hydrophobicity depicted by octanol-water
partition coefficient (Log KOW) increases with increasing numbers of benzene rings
in the PAH-molecule (Duan et al., 2016). Similarly, aqueous solubility decreases
with  increasing  numbers  of  benzene  rings.  Aging,  a  term  used  to  explain  what
happens in soil when contact times between organic compounds such as PAHs and
soil constituents increases, affects PAH-availability and degradation. As contact time
increases, PAHs may be sorbed or sequestered into small pores of soil aggregate and
are no longer available for degradation by soil microorganisms (Semple et al., 2003).
They can also be partitioned into soil organic matter where they can no longer be
extracted (non-extractable fractions) with aging (Semple et al., 2003). Aging can
help to reduce the toxicity of PAHs in soil by decreasing the amount that is available
to organisms in the soil. Nearly all PAH are highly toxic; they are of concern to all
life forms in soil (Chen and Liao, 2006).



31

Naphthalene Fluorene

Phenanthrene

Anthracene
Pyrene

Acenaphthene Acenaphthylene

FluoranthreneBenzo[a]pyrene
Chrysene

Benzo[b]fluoranthene Dibenzo[a,h]anthracene

Indeno[1,2,3-cd]pyrene

Benzo[ghi]perylene

Benzo[a]anthracene Benzo[k]fluoranthene

Figure 2.5: Structures of United States Environmental Protection Agency (US-EPA) 16 PAH
compounds
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Table 2.5: Properties of 16 US-EPA PAHs (Adopted from Mackey at al., 1992).

Number of
rings

Molecular
weight (g
mol-1)

Aqueous
solubility
(mg l-1)

Log
KOW

Naphthalene 3 128 31 3.37
Acenaphthylene 3 152 16 4.00
Acenaphthene 3 154   3.8 3.92
Fluorene 3 166   1.9 4.18
Phenanthrene 3 178   1.1 4.57
Anthracene 3 178   0.045 4.54
Pyrene 4 202   0.13 5.18
Fluoranthene 4 202   0.26 5.22
Benzo[a]anthracene 4 228   0.011 5.91
Chrysene 4 228   0.006 5.91
Benzo[b]fluoranthene 5 252   0.0015 5.80
Benzo[k]fluoranthene 5 252   0.0008 6.00
Benzo[a]pyrene 5 252   0.0038 5.91
Dibenzo[a,h]anthracene 6 278   0.0006 6.75
Indeno[1,2,3-cd]pyrene 6 276   0.00019 6.50
Benzo[ghi]perylene 6 276   0.00026 6.50

2.8.1 Biodegradation of PAHs
The environmental fate of PAHs includes degradation by microorganisms, sorption
to soil and other adsorbents in soil, volatilization, photo-oxidation and chemical
oxidation (Haritash and Kaushik, 2009). Bacteria are capable of degrading mostly
low molecular weight PAHs (Haritash and Kaushik, 2009), although some bacteria
species have recently been shown to degrade high molecular weight PAHs (Kweon
et al., 2010; Kunihiro et al., 2013; Maeda et al., 2014). PAH-degradation by bacteria
can proceed under both aerobic and anaerobic conditions (Johnsen et al., 2005;
Haritash and Kaushik, 2009).

Many fungi can metabolize low and high molecular weight PAHs. Depending on
fungal species and condition of growth, PAHs can be transformed through many
metabolic pathways by fungal enzymes. Fungal enzymes involved in PAH-
transformation include LiP, MnP, laccase, cytochrome P450, and epoxide hydrolase.
Lignin-modifying fungi use peroxidases and/or laccases to oxidize PAHs to form
quinones which are further metabolized (Cerniglia and Sutherland, 2010) (Figure 2.6).
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Figure 2.6: Pathways for the metabolism of PAHs by fungi and bacteria (adapted from
Cerniglia and Sutherland, 2010).

Non-ligninolytic fungi can also metabolize PAHs using cytochrome P450 and
epoxide hydrolase to transdihydrodiols, phenols, and other water soluble
intermediates. These water soluble PAH intermediates such as glucuronides,
glucosides, xylosides, and sulphates, can be taken inside the cell, and be degraded
by fungal enzymes such as cytochrome P450 (Pozdnyakova, 2012). In soil, PAHs
have been degraded by several fungal species belonging to WRF and LDF (Table
2.6). Fungi use mostly LMEs such as LiP, MnP and laccase to degrade and mineralize
both, low and high molecular weight PAHs in the soil (Kästner, 2000a). Fungi can
also incorporate degraded PAH fractions into soil humus (Bogan et al., 1999;
Kästner, 2000b). PAH-contaminated soil has also been treated by a combination of
biodegradation by microorganisms and Fenton’s reaction (Palmroth et al., 2006).
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Table 2.6: PAH degradation in soil by fungi (adopted from Pozdnyakova, 2012)

Fungus PAH Enzymes References
Agrocybe
aegerita

PYR ND Steffen et al.,
2007

Bjerkandera sp. FLA; PYR; CHR ND Valentín et al.,
2007

Irpex lacteus FLU; PHE; ANT; FLA;
PYR; CHR; B[a]A;
B[a]P;
benzo[k]fluoranthene

LiP; MnP;
laccase

Novotný et al.,
2000; Bhatt et
al., 2002; Borràs
et al., 2010

Kuehneromyces
mutabilis

PYR ND Steffen et al.,
2007

Phanerochaete
chrysosporium

FLU; CHR; ANT;
PHE; PYR

MnP Bogan et al.,
1996; George
and Neufeld,
1989

Pleurotus sp
Florida

PYR; CHR; B[a]A;
B[a]P;
benzo[b]fluoranthene;
benzo[k]fluoranthene;
dibenzo[a,h]anthracene;
benzo[ghi]perylene

ND Wolter et al. ,
1997

Pleurotus
ostreatus

FLU; FLA; ANT; PHE;
PYR; B[a]A; B[a]P;
benzo[b]fluoranthene;
benzo[k]fluoranthene;
dibenzo[a,h]anthracene;
benzo[ghi]perylene

MnP; laccase Baldrian et al.,
2000; Bhatt et
al., 2002;
Zebulun et al.,
2011; Baldrian,
2006

Stropharia
rugosoannulata

B[a]A; B[a]P;
dibenzo[a,h]anthracene

ND Anastasi et al.,
2009

Trametes
versicolor

ANT; PHE; PYR MnP; laccase Baldrian, 2006

Stropharia
coronilla

B[a]A; B[a]P;
dibenzo[a,h]anthracene

ND Anastasi et al.,
2009
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Table 2.6: PAH degradation in soil by fungi (adopted from Pozdnyakova, 2012) (continued)

Phanerochaete
velutina

FLU;FLA; ANT; PHE;
PYR; B[a]A; CHR;
B[a]P;
benzo[b]fluoranthene;
benzo[k]fluoranthene;
dibenzo[a,h]anthracene;
benzo[ghi]perylene

ND Winquist et al.,
2014

ANT = Anthracene; B[a]A = Benzo[a]anthracene; B[a]P = Benzo[a]pyrene; CHR =
Chrysene;  FLA  =  Fluoranthene;  FLU  =  Fluorene;  PHE  =  Phenanthrene;  PYR  =
Pyrene; ND = Not detected; MnP = Manganese peroxidase; LiP = Lignin peroxidase.

2.9 Biochar
Biochar (BC) is produced by the pyrolysis of biomass such as wood, crop residues
and animal manure either with little or no oxygen supply for use as a soil amendment.
The use of BC as a soil amendment predates several decades in different parts of the
world (Glaser et al., 2001). However, the increased consciousness in understanding
the exact role of BC in soil has only increased recently (Anyika et al., 2015;
Ogbonnaya et al., 2016). The finding that a black carbon rich soil in the western
Amazon had shown a sustained fertility towards agricultural crops compared to
adjacent soil was the catalyst for this renewed interest in BC studies (Glaser et al.,
2001). The application of BC to soil may offer some advantages such as carbon
sequestration as carbon from BCs are recalcitrant in the soil and can act as a CO2

sink (Woolf et al., 2010) and can reduce N2O emissions from the soil (Angst et al.,
2013). BC can improve soil fertility by improving soil water holding capacity, pH,
and bulk density (Major et al., 2010; Jones et al., 2012; Tammeorg et al., 2014) In
addition, BC can help the soil retain its nutrients (Lehmann et al., 2003). BCs have
shown a capacity to sorb organic contaminants due their increased surface area and
pore volume. With an increase in nutrient availability and utilization following BC
addition to soil, microbial population and microbial diversity are increased in
amended soil (Lehmann et al, 2011). Apart from BC, other organic amendments that
have been applied to soil include activated carbon, compost, peat and manure. The
production  of  BC from a  variety  of  biomasses  in  the  environment  can  help  in  the
recycling of agricultural and forest waste (Luo et al., 2011).
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2.9.1 Characteristics of biochar
The two major factors affecting the properties of biochar are: 1) temperature, 2)
biomass type. These factors should be carefully considered in the light of what the
biochar will be used for. Increasing pyrolysis temperature (300–700 °C) will increase
biochar’s surface area which will increase its sorption capacities for heavy metals,
and organic pollutants (Tang et al., 2013). Other studies have reported increases in
pore volume and carbon content during pyrolysis at elevated temperatures and have
linked them with enhanced BC capacities to sorb chemicals in both aqueous and soil
environments (Uchimiya at al., 2011; Anyika et al., 2015). Biomass or feedstock
type affects the physicochemical properties of produced biochar. For example, there
are variations in the compositions of porosity, surface area and the amount of surface
functional groups in BCs produced under the same condition from rice straw, soot
and fly ash (Luo et al., 2011). Changes in the properties of biochar have been shown
to be related to their functions (Uchimiya et al., 2011). Uchimiya et al., (2011)
showed that properties of biochar such as volatile matter, oxygen contents and pH
control its contaminant sequestration ability in soils, and concluded that the selection
of biochar as a soil amendment must be made based on each biochar characteristic,
soil property, and the target function.

2.9.2 Remediation of polluted environment with biochar
The movement of pollutants in soil may affect the entire ecosystem especially when
they move through soils and transfer to crops/biota or leach into surface and
groundwater (Tang et al., 2013). The idea of using biochar in soil remediation is to
sorb and restrict pollutants movement in the soil and thus reduce their toxicity.
Several studies have shown that biochar can be used in the remediation of organic
contaminants such as PCDD/Fs, PAHs, and pesticides (Chen and Yuan, 2011; Chai
et al., 2011; Uchimiya et al., 2012). For example, the bioavailable PAH fraction in
soil was reduced following biochar addition to contaminated soil (Gomez-Eyles et
al., 2011). The bioavailability of contaminants in the soil environment have been
defined in many ways (National Research Council, (NRC), 2003; Semple et al.,
2007) but in this study, the terms bioavailability or bioavailable fraction refer to
amount of compound that is available to interact with the biota. The bioavailability
of contaminants has often been used to evaluate its risk towards living organisms in
the environment (Ogbonnaya et al., 2016). The use of biochar in soil remediation is
therefore seen as a cheap method to reduce the risk of exposure to contaminants in
the environment (Ogbonnaya et al., 2016).
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3. OBJECTIVES OF THE STUDY
The task in this study was to evaluate the potential of treating soils contaminated
with organic compounds namely: polyaromatic hydrocarbons (PAHs),
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and 2,4,6-
trinitrotoluene  (TNT)  with  1)  fungal  inoculum,  2)  cell  free  fungal  enzymes  or  3)
biochar with or without fungi

Specific objectives

 To  screen  fungal  strains  for  capability  to  grow  on  PCDD/F-  and  TNT-
contaminated non-sterile soil and non-sterile PAH-contaminated soil
amended with biochar (Papers I, II, and III).

 To  measure  PCDD/F  and  TNT  degradation  after  incubation  with  fungi  or
fungal enzymes in soil (by measuring the concentrations of the contaminants
in the soil) (Paper I and II).

 To study the activity of lignin-modifying enzymes in soil and correlation with
degradation efficiency of the contaminants (Paper I and II).

 To test the capability of biochar to sorb PAHs in soil (Paper III).
 To study the role of fungi in PAH sorption to soil amended with or without

biochar (Paper III).
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4. MATERIALS AND METHODS
The materials, methods, and fungal strains used in this study are summarized here.
Detailed descriptions are available in the papers (I, II, and III).

4.1 Experimental soils
In most of the experiments non-sterile soil was used. After collection, the soils were
air-dried, sieved and stored at 4 °C. The dry matter content of the composted green
waste as well as that of the soils were determined by drying the fresh sample at 105°C overnight. The organic matter content of the same samples was determined as the
loss on ignition (mass% of dry mass (dm)) by placing the dried soil  sample in an
oven at 550 °C for 5 hours (Table 4.1).

PCDD/F-contaminated soils were collected from three former sawmill areas in
Finland where sawmilling activities had gone on for several decades and they were
designated sawmills 1, 2 and 3 (Table 4.1). For sawmill 2 soil, two batches designated
sawmill 2A and 2B were used. The soils were contaminated with different levels of
PCDD/Fs ranging from 500–89000 ng World Health Organization-Toxic Equivalent
(WHO-TEQ) per kg of soil. In addition, two commercially available (Maxit Oy) non-
contaminated sands were used as controls in the PCDD/F degradation experiments.
For the TNT degradation experiment, TNT-contaminated soil from a military storage
area provided by the Construction Establishment of the Finnish Defence
Administration was used. In addition, composted green waste from Helsinki
Regional Environmental Service Authority, Finland was used to dilute the TNT-
contaminated soil as the soil was found to be very toxic to all fungal strains. For PAH
sorption/degradation experiments, three non-contaminated soils named sloam, sand
and forest soil and a PAH-contaminated soil were used. The sloam and sand names
were coined to reflect the texture classes of the soil. Sloam was used for soil with
sandy loam texture and sand for soil with sand texture. Details of the origins of the
sloam, sand and forest  soils are given in Paper III  chapter 2.  The sloam, sand and
forest soils were spiked with a stock solution of PAH compounds to obtain a total
concentration of 100 mg kg-1 (Table 4.1). PAH-contaminated soil was collected from
a former sawmill area (chapter 2 in Paper III).
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4.2 Fungal strains
The fungal strains used in the experiments were obtained from the Fungal
Biotechnology Culture Collection (FBCC) of the Department of Food and
Environmental Sciences, University of Helsinki, Helsinki, Finland, and were grown
on 2% malt extract or on potato dextrose agar plates at 4 °C before being used in the
experiments. Six fungal strains each were selected to evaluate the ability of fungi to
grow in either PCCD/F or TNT-contaminated soils. Afterwards, three fungal strains
were selected for the experiment in order to test for fungal PCDD/F degradation
potential and enzyme activity in soils. For the TNT degradation experiment under
laboratory scale, three strains were selected while only Phanerochaete velutina was
selected for the pilot scale experiment. Two fungal strains were selected for the PAH
sorption/degradation experiment based on a screening experiment on PAH
contaminated soil amended with biochar and our previous knowledge about PAH
degradation by the selected fungi. The selected fungi that were used in various
experiments conducted in this study are shown in Table 4.2.

Table 4.2: All  the  fungi  used  in  the  experiments  (WRF  =  white  rot  fungus,  LDF  =  litter-
decomposing fungus).

Fungi (old name) FBCCa number
(old number)

Ecophysiological
group

Paper

Agrocybe dura 476 (Tm70.84) LDF III
Agrocybe praecox 478 (Mw 71-2) LDF III
Gymnopilus luteofolius 466 (X9) LDF I, II
Kuehneromyces mutabilis 508 (K22) WRF I, II
Mycena galericulata 598 (K175) LDF I, II
Phanerochaete velutina 941 (T244i) WRF I, II, III
Obba rivulosa
(Physisporinus rivulosus)

939 (T241i) WRF I, II, III

Rhodocollybia butyracea 626 (K209) LDF III
Stropharia coronilla 480 (Stock gram B) LDF III
Stropharia
rugosoannulata

475 (11372) LDF I, II

aFungal Biotechnology Culture collection (FBCC)

4.3 Biodegradation of PCDD/Fs with fungal inoculum in the laboratory
Two separate laboratory experiments were conducted for degradation of PCDD/Fs.
In  the  first  experiment,  the  emphasis  was  on  the  production  of  lignin-modifying
enzymes in soil by fungi, while in the second, CO2 production by fungi during their
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growth was monitored as an indication of their activity in the contaminated soil.
PCDD/F degradation was measured at the end of both experiments. Based on these
aims, the design of the experiment varied in both experiments. In the first
experiment, fungi were incubated with PCDD/F-contaminated soil and soil samples
were taken at different time points for enzyme activity measurement as described in
detail in Chapter 2.3.2 in Paper I. The fungi were incubated in non-sterile PCDD/F-
contaminated sawmill 2A (Table 4.1). In the second degradation experiment, the
fungi were incubated with 800 g non-sterile PCDD/F-contaminated soil (Sawmill
2B, Table 4.1) in 2 litre glass bottles. In the bottle, 150 g of vermiculite was placed at
the bottom followed by a layer of moist soil (400 g), fungal inoculum growing on
bark (100 g), and a top layer of moist soil (400 g). The control bottles had the same
amounts of soil and vermiculite but without the fungal inoculum. CO2 production by
fungi was measured on-line from exhaust air by a CO2 analyser (eLabs Engineering
Oy, Finland). Unlike during the first experiment, no samples were taken during the
experiment because taking samples might have disturbed mycelial growth and CO2

production. CO2 production was measured throughout the 3-month incubation
period.

4.4 Biodegradation of TNT in laboratory scale experiment
Fungi were incubated in non-sterile TNT-contaminated soil diluted with composted
green waste (1:20) in 500 ml glass bottles (Schott Duran laboratory glassware,
Mainz, Germany). First, 100 g of vermiculite was placed at the bottom of the bottle
followed by a plastic net to minimize mixing of vermiculite with soil and a tube in
the middle of the bottle containing 10 g of fungal inoculum on Scots pine bark and
finally the tube was surrounded with 350 g of diluted non-sterile contaminated soil.
The inlet air tube was placed in the vermiculite layer at the bottom so that air would
spread evenly and move up through the contents of the bottle. The bottles were
properly sealed and continuously aerated with moist air. The incubation period was
70–77 days. All the incubations were performed at room temperature (21 °C) with
two replicate bottles. Enzyme activities were measured from the incubated soil from
samples taken at 14-day intervals. Two methods (filter centrifugation and buffer
extraction)  were  used  to  monitor  the  activity  of  fungal  enzymes  in  soil  (Paper  I
Chapter 2.4).

4.5 Sorption/degradation of 14C-pyrene
Non-sterile sloam or forest  soil  (10 g) was placed in a 100 ml glass bottle (Schott
Duran laboratory glassware, Mainz, Germany) and spiked with 14C-labelled pyrene
(the radioactivity was 2,100 Bq/bottle) and thoroughly mixed to ensure
homogeneous mixing. The soil was amended with either BC or activated biochar
(ABC), 1% for sloam and 2% for forest soil (w/w), respectively. Soil moisture
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content was adjusted to 40% of maximum water holding capacity using deoinized
water. The amended soil was incubated with fungus growing on 5 g of pine bark.
Besides, four sets of control bottles were prepared: 1) Unamended nonsterile spiked
soil incubated with 5 g of uninoculated bark, 2) BC or ABC-amended sterile spiked
soil incubated with 5 g of uninoculated bark, 3) Amended sterile spiked soil
incubated with 5 g of uninoculated bark, 4) Unamended nonsterile spiked soil
incubated with 5 g of inoculated bark. Abiotic control bottles 2 and 3 were included
to account for the impact of indigenous microorganisms on pyrene sorption and
degradation. Control bottles 1 and 4 were included to account for the impact of BC
or ABC addition on pyrene sorption and degradation. For an abiotic control, a soil
sample was autoclaved before spiking and adsorbent amendments. All the treatments
with the three replicates were incubated at 21°C in the dark for 60 days. The bottles
were flushed with moist air for 15 minutes once a week. The mineralized fraction,
i.e., evolved 14CO2 was trapped during the aeration period into 10 ml of 1 M NaOH.
The radioactivity in NaOH-trapping solution was measured from 1 ml of trapping
solution mixed with 10 ml of scintillation cocktail (OptiPhase “HiSafe”). After
incubation, bark with or without fungus was separated from the soil by sieving.
Pyrene was extracted from the soil with accelerated solvent extractor (ASE, details
in Paper III, Section 2.5). The radioactivity was measured with a liquid scintillation
counter from 1 ml of toluene extract mixed with 10 ml of the scintillation cocktail.
After toluene extraction, the soil and sieved bark were combusted separately with
Junitek Oxidizer (Junitek Oy, Turku, Finland). During combustion, all the carbon in
the sample formed CO2, which was trapped with a mixture of 16 ml Lumasorb2 II
and Carboluma2 scintillation liquids (1:1 v/v; Lumac LSC, Belgium) and the
radioactivity was measured. The mass balance of 14C-pyrene was determined as in
Valentín et al., (2013) with modifications: (1) toluene extraction (available fraction),
(2) fraction bound to soil (unavailable fraction), and (3) fraction bound to bark.

A summary of the methods, analyses undertaken as well as instruments used for
sample analyses is shown below (Table 4.3).
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Table 4.3: Methods, analyses and instruments used in this study.

Method/Analysis Instrument used Study involved

Soil characterizations for
dry and organic matter
contents

Heating oven I, II, III

Biochar characterizations
for surface area and
elemental (carbon,
hydrogen, nitrogen and
oxygen) composition

Gas adsorption analyser and
elemental analyser

III

Cultivation of fungi in
liquid and in soil media

Erlenmeyer flasks and Petri
dishes

I, II, III

Enzymes (manganese
peroxidase and laccase)
production in soil

spectrophotometer I, II

Measurement of fungal
CO2 production in soil

Measured on-line with
spectrometry, and off-line
with CO2 sensor

I, II

Fungal DNA
quantification in soil by
qPCR

DNA purification kit and
qPCR machine

II

Determination of PAH
concentrations in biochar
and in soil

Gas Chromatography-Mass
Spectrometry (GC-MS)

III

Determination of PCDD/F
concentrations in soil

High resolution  capillary
column gas chromatography
(HRGC)/high resolution
mass spectrometry (HRMS)

I

Determination of TNT
concentrations in soil

Ultra-performance liquid
chromatography (UPLC)

II



44

5. RESULTS AND DISCUSSION
5.1 Soil screening experiments in the laboratory (Papers I, II, and III)

In  total,  10  fungal  strains  were  screened  in  either  TNT,  PAH  or  PCDD/F-
contaminated non-sterile soils for their capabilities to grow in soil, compete with
indigenous microorganisms and tolerate the contaminants (Table 5.1). In PAH-
contaminated soil amended with biochar, fungi also had to deal with alterations to
soil physico-chemical properties such as pH, moisture content and cation exchange
capacity. Apart from O. rivulosa all  the  other  fungi  (five)  screened  on  PAH
contaminated soil amended with biochar grew in the soil. However, only two strains,
P. velutina and A. praecox were selected for further experiments based on their
proven capability to degrade PAHs in previous studies (Steffen et. al., 2002a;
Winquist  et.  al.,  2014).  Among  the  six  fungal  strains  screened  on  PCDD/F-
contaminated soil, P. velutina and S. rugosoannulata showed the strongest growth
in the soil as well as in control soil and were selected for further studies. In the TNT-
contaminated soil, none of the fungi (six) screened grew in TNT soil or diluted TNT
soil with a dilution ratio 1:1. G. luteofolius, P. velutina and S. rugosoannulata were
able to grow and survive in all other dilutions. Interestingly, K. mutabilis, which
could not grow and survive in non-contaminated composted green waste, grew
poorly in TNT soil diluted at a ratio of 1:40, but grew and survived well in a more
toxic TNT-contaminated soil diluted at a ratio 1:20. G. luteofolius, K. mutabilis, and
P. velutina, were selected for further experiments.

Screening assays performed with soil contaminated with different organic aromatic
compounds  (TNT,  PAHs  or  PCDD/Fs)  on  a  Petri  dish  proved  to  be  efficient  in
selecting active fungi for further remediation studies (Papers I, II and III). Several
species of WRF and LDF demonstrated their ability to colonize non-sterile
contaminated soil (Table 5.1, also in Papers I, II and III). Similar results have been
reported in the literature showing that different species of WRF and LDF have the
ability to significantly colonize non-sterile contaminated soil in screening
experiments (Lang et al., 1997; Marten and Zadrazil, 1998; Valentín et al., 2009;
Winquist et al., 2014). Of all the fungi screened, the most successful fungus was P.
velutina. This fungus belonging to WRF ecophysiology classification group was able
to colonize completely soils contaminated with TNT, PAHs and PCDD/Fs (Table 5.1,
Paper I, II and III). The significance of this result is that in reality, contaminated soils
often contain a mixture of organic compounds (Magan et al., 2010). A fungus that is
capable of colonizing and degrading various organic compounds in a natural soil
ecosystem will be a strong candidate for in situ bioremediation in such an
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environment. Based on this result, P. velutina was  a  very  good  candidate  for  all
bioremediation studies conducted in this thesis and it is safe to say that P. velutina
may be the appropriate isolate for in situ bioremediation of soil contaminated with
mixtures of organic aromatic compounds.

Table 5.1: Growth of inoculated fungi in non-sterile PAH, PCDD/F or TNT-contaminated soil
during 40–90 day incubation periods at 25 °C in the laboratory. TNT-contaminated soil was
diluted with composted green waste using a dilution ratio of 1:20. PAH-contaminated soil
was amended with 2% (w/w) wood-derived biochar.

Fungus              Contaminated soil
PAH PCDD/F TNT Study

involved
Agrocybe dura +++ nda nd III
Agrocybe praecox +++ nd nd III
Gymnopilus luteofolius nd + +++ I, II
Kuehneromyces
mutabilis

nd – ++++ I, II

Mycena galericulata nd (+) (+) I, II
Phanerochaete velutina +++ +++ +++ I, II, III
Obba rivulosa (+) (+) – I, II, III
Rhodocollybia butyracea +++ nd nd III
Stropharia coronilla +++ nd nd III
Stropharia
rugosoannulata

nd ++ +++ I, II

Evaluation: – = no growth; (+) = fungal growth only on the bark; ++ = weak growth
in the soil; +++ = fungus clearly grew into soil; ++++ = fungus grew into soil over
the entire Petri dish. aFungus not used in the screening experiment for that
contaminated soil (nd = not determined).

5.2 Fungal enzymes activities in contaminated soil (I, II, additional data)
The level of extracellular LME activity of various fungal strains in soil was
monitored, as the idea of using fungi for bioremediation of contaminated soil is in
part based on the activity of these enzymes (Paper I, II; Magan et al., 2010; Meysami
and Baheri, 2003). LMEs produced by fungi are believed to be responsible for
contaminant degradation in soil (Magan et al., 2010; Meysami and Baheri, 2003).
For a fungus to qualify as a good candidate for bioremediation of contaminated soil,
it should maintain strong growth in soil and above all produce and maintain LME
activities in soil.
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Two different methods (filter centrifugation and buffer extraction) were used to
monitor  the  activities  of  LMEs  (laccase  and  MnP)  in  PCDD/F  and  TNT-
contaminated soils as well as in the control soils incubated with fungi (Paper I,
chapter 2.4). PCDD/F-contaminated soil was incubated with G. luteofolius, P.
velutina, and S. rugosoannulata (Paper I). TNT-contaminated soil was incubated
with G. luteofolius, P. velutina, and K. mutabilis (Paper II). In both contaminated
soils, fungi were incubated with the soil for two and a half months. Enzyme activity
levels measured with the buffer extraction method, was significantly higher and with
smaller variations than the parallel enzyme activities measured directly from the soil
in both contaminated soils (data not shown). MnP and laccase activities measured
from PCDD/F and TNT-contaminated soil were higher than that obtained from their
corresponding control soil (Table 5.2).  Fungi  colonizing  PCDD/F  and  TNT-
contaminated soils predominantly produced MnP as no laccase activity was
measured in both studies (Table 5.2).  Therefore,  the  rest  of  the  discussion  about
enzyme activity is focussed on MnP. There were high levels of variability in the data
set obtained from measuring the activities of LMEs in the various soil types used in
this experiment (Table 5.2). This is in line with some of the previous findings that
noted that considerable levels of variability exist due to spatial variations in soil
moisture content (Fragoeiro and Magan 2008, Baldrian et al., 2010). Soil moisture
may affect microbial biomass as well as the metabolic status of the fungi in the soil
(Baldrian et al., 2010). Enzyme activities tend to decrease under drier conditions
(Šnajdr et al., 2008, Baldrian et al., 2010). In this study, the activity of MnP was
found to  increase  with  the  increased  moisture  content  in  the  studied  soil  samples.
MnP activity was highest in TNT-contaminated soil with a soil moisture content of
44% compared with PCDD/F-contaminated soil with a moisture content of 20%
(only the maximum activity shown in Table 5.2
influences the amounts of fungal biomass as well as MnP production in soils
(Winquist et al., 2009, Valentín et al., 2009). Soil containing lignocellulosic substrate
supports the growth of fungi in the soil as they are used as substrate to degrade
contaminants therein by secreting extracellular MnP in the process. High activities
of MnP in TNT-contaminated soil were most probably produced due to the high
organic matter content of the (diluted) soil. TNT-contaminated soil used had 15%
organic matter content compared to 5% (measured as loss of ignition) of PCDD/F-
contaminated soil (Table 4.1).

Interestingly, the studies highlight the difficulty in trying to establish a direct link
between the activity of fungal enzymes and contaminant degradation in soil. For

). Soil organic matter usually
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example, MnP activity measured in TNT soil colonized by P. velutina was only half
of that colonized by G. luteofolius (Table 5.2) whereas P. velutina showed a higher
capacity to degrade TNT in soil compared with G. luteofolius (Paper II, Table 3). A
possible explanation for this could be that some other enzymes such as LiP,
cytochrome P450 or unspecific peroxygenase (UPO), which were not measured,
were involved. Eilers et al. (1999) demonstrated the involvement of the fungal
intracellular enzyme cytochrome P450 in TNT degradation. Another reason for this
may be due to the heterogeneous nature of the soil matrix. Some of the secreted
enzymes in the soil could be bound to soil components and therefore may not be
available for the degradation process (Stursova and Baldrian, 2011; Baldrian, 2014)
and are possibly not captured during the enzyme activity measurement process.

Fungi can only maintain strong growth and produce sufficient amounts of LMEs in
soils if the inoculation conditions are good (Moredo et al., 2003). The enzyme
production capabilities of the WRF P. chrysosporium and T. versicolor were
monitored while growing on different solid nutrient sources, including grape seeds,
barley bran, and wood shavings. P. chrysosporium and T. versicolor grown on grape
seeds and barley bran, but not on wood shaving produced significant amounts of
LMEs under the growth conditions best suited to them (Moredo et al., 2003). In this
study, pine bark was used as the nutrient source to introduce various fungi into soils.
Its strong growth in soils and the production of high MnP activity suggest that pine
bark as an inoculum may have provided conducive conditions for fungi during
incubation (Moredo et al., 2003). A previous study by Valentín et al. (2010) has
shown that Scots pine bark is a suitable substrate for fungi as it provides sufficient
nutrients and supports enzyme production. Hence, pine bark has been used as the
fungal substrate in many bioremediation studies and can be a good option for in situ
application of fungal technology (Valentín et al., 2009; Winquist et al., 2009;
Winquist et al., 2014; Papers I and II).
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5.3 Degradation of organic aromatic compounds in soils
5.3.1 Degradation with fungal inoculum (Paper I, II)

Based on the screening of fungi on TNT and PCDD/F-contaminated soil, G.
luteofolius, P. velutina and K. mutabilis were selected for laboratory scale TNT
degradation experiments. For PCDD/F degradation experiment G. luteofolius, P.
velutina and S. rugosoannulata were selected. TNT-contaminated soil diluted
with composted green waste (1:20) and PCDD/F-contaminated soil (sawmill soil
2B) were incubated for two and a half months with fungal inoculum in a 500 ml
glass bottle using a 35:1 soil:pine bark + fungi ratio. P. velutina and G. luteofolius
were able to degrade 80% and 54% TNT in non-sterile soil, respectively (Paper
II, Table 3). This study showed that inoculation of non-sterile TNT soil with G.
luteofolius, and P. velutina enhanced TNT degradation in soil compared to the
control without fungal inoculum contrary to what has been reported in a previous
work  by  Axtell  et  al.  (2000).  With K. mutabilis, no TNT degradation was
observed. A possible explanation could be that this fungus inhibited other
indigenous microorganisms in the contaminated soil from degrading TNT in the
soil. Fungi have been shown to respond to the presence of other microbes in soil,
especially bacteria, by forming antibiotics (Eggert, 1997), or by producing toxic
hydroxyl radicals (Tornberg and Olsson, 2002). Although, the exact mechanism
used by K. mutabilis, in suppressing other microbes in soil from degrading TNT
is not known, what is clear is that the fungus hindered TNT degradation as the
contaminant was degraded (50%) by indigenous microorganisms in non-sterile
control soil without the fungus (Paper II, Table 3). Fungal TNT metabolites such
as 2-amino-4,6-dinitrotoluene (2-ADNT) and 4-amino-2,4-dinitrotoluene (4-
ADNT) were identified. These metabolites, 2-ADNT and 4-ADNT have
previously been shown to be formed by fungi during the initial step of TNT
degradation (Van Aken et al., 1999, Schreiber et al., 1997). The third metabolite,
1,3,5-trinitrobenzene, has not been reported to be a metabolite of fungal
degradation  of  TNT but  rather  as  a  product  of  photolytic  oxidation  of  TNT in
soils (Reddy et al., 1997). Interestingly, the amount of this metabolite produced
in TNT-contaminated soil incubated with fungi varied according to the fungal
strains used in the experiment (Figure 5.1, unpublished data). The highest amounts
of this metabolite were observed with P. velutina (1.80 mol-% of initial TNT)
which was twice the amount detected in the non-incubated soil and with any other
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fungi used in the study. Thus, raising the question of whether fungi may have a
role in the production of the metabolite in contaminated soil.

Figure 5.1: Transformation of TNT to 1,3,5-trinitrobenzene in non-sterile contaminated
soil over two and a half months of incubation with fungi. The data represents (mol-%
kg-1) percentages of initial TNT (1000 mg kg-1) concentration in soil. The bars represent
average and standard deviations of two replicates (additional data).

For PCDD/F-contaminated soil, two separate laboratory experiments were
conducted (for details see Chapter 4.3). In both experiments, G. luteofolius, P.
velutina and S. rugosoannulata degraded significant amounts of PCDD/Fs (61–
70%) in soil (sawmill A and B) during incubation (Paper I, Table 3, Fig. 1). The
use of fungal inoculum to treat PCDD/F-contaminated soil (not spiked) has only
previously been done in a few studies (Kamei et al., 2009; Valentín et al., 2013b).
In control soil without fungi no PCDD/F degradation was observed (Paper I, Fig.
1). The result thus confirms that fungi were responsible for PCDD/F degradation
in soil and not the indigenous microbes in soil. The results also show that
PCDD/F degradation in the soil was not affected by soil sampling for enzyme
activity measurements during the incubation period as similar levels of PCDD/F
degradation were observed in both soils (Paper I, Table 3). PCDD/F congener,
1,2,3,4,6,7,8-HpCDF was the major pollutant of the both soils used in the study.
This PCDD/F congener constituted 82–90% of the total PCDD/Fs in both
contaminated soils (data not shown). Treatment of PCDD/F-contaminated with
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S. rugosannulata resulted in degradation of the main PCDD/F congener,
1,2,3,4,6,7,8-HpCDF by 65% in both sawmill soils in 10–12 weeks. G.
luteofolius, and P. velutina also degraded 1,2,3,4,6,7,8-HpCDF by 74% and 68%,
respectively, in sawmill A soil. In the study conducted by Valentín et al. (2013),
S. rugosannulata degraded 1,2,3,4,6,7,8-HpCDF by 14% in 15 weeks. In addition
to 1,2,3,4,6,7,8-HpCDF degradation, fungi degraded all other PCDD/F
congeners in the soil. Previous studies have shown that fungi possessing
oxidative enzymes such as LiP and MnP are capable of PCDD/F degradation
(Bumpus et al., 1985; Valli et al., 1992). However, the capability of fungi to
degrade all congeners of PCDD/F has only been shown in a few studies (Takada
et al., 1996; Valentín et al., 2013b).

Usually fungi growing in soil degrade wood and other carbon containing
materials  in  their  search  for  carbon leading  to  their  production  of  CO2. In this
study,  the  amount  of  CO2 produced by fungi was monitored throughout the
incubation period in order to follow the activity of fungi in the treated soil. The
level of CO2 produced in PCDD/F-contaminated soil increased remarkably when
compared with the control without fungi throughout the period (Paper I, Fig. 1).
This shows that the fungi used in the study were active throughout the incubation
period and in doing so degraded PCDD/Fs in soil.

5.3.2 Degradation by fungi or cell-free enzyme (Paper I)
When PCDD/F-contaminated soil was incubated with cell-free fungal enzyme,
the level of PCDD/F degradation in soil was studied. Crude enzyme from the
liquid culture of fungus, Kuehneromyces mutabilis with high MnP activity failed
to degrade PCDD/Fs in the soil (Paper I). An earlier study by Sack et al. (1997)
with PAHs had shown that crude MnP could not only degrade PAHs but to some
extent mineralize it. Cell-free enzyme preparations of peroxygenases or LiP has
been shown to degrade non-chlorinated PCDD/Fs in liquid media (Hiratsuka et
al., 2005; Aranda et al., 2010). Hiratsuka et al. (2005) showed the involvement
of intracellular cytochrome P450 enzymes in the degradation of dibenzofuran.
Purified LiP of Phanerochaete chrysosporium was only able to degrade dibenzo-
p-dioxin and not dibenzofuran. On one hand, living mycelia of the fungus were
able to degrade dibenzofuran. On the other hand, the fungus failed to degrade
dibenzofuran when cytochrome P450 enzyme inhibitor was added to the culture
media. The synergistic actions of different fungal enzymes rather than the activity
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of a single enzyme may be required to effectively degrade PCDD/Fs in soil. In
this  study,  only  cell-free  MnP  was  used  and  that  could  be  the  reason  why
PCDD/Fs were not degraded in the soil during the study.

5.3.3 Pilot-scale experiment (Paper II)
A pilot-scale experiment of the fungal soil treatment technology was carried out
with  a  white  rot  fungus, P. velutina. P. velutina was selected because of the
outstanding results obtained with the fungus in the laboratory experiment (Paper
II, Table 2 and 3). The level of growth in the soil clearly demonstrated the ability
of this fungus to tolerate organic aromatic compounds such as TNT in a non-
sterile soil. The experimental set-up is described in Paper II, chapter 2.9. The
growth of the fungus in soil corresponded well with the fungus ITS region DNA
copy number (Paper II, Table 4). To understand the fungal activity inside the box,
the level of CO2 production was monitored during the incubation which lasted
for 107 days (Paper II, Figure 1). It is important to mention that between day 16
and day  29,  the  soil  was  not  aerated  due  to  a  technical  problem with  the  CO2

sensor. The ability of the fungus to degrade TNT in soil was monitored by taking
soil samples at days 0, 49 and 107 from the bottom, middle and top positions of
the incubation box. Irrespective of the position in the incubation box where soil
sample was collected, the amount of TNT degraded by the fungus was the same
(data not shown). This was possibly due the outstanding ability of the fungus
involved. P. velutina demonstrated an outstanding growth in the contaminated
soil throughout the incubation period as its thick mycelia were clearly seen in the
colonized soil. P. velutina degraded 70% of TNT in soil in 49 days, and no further
degradation of TNT was observed later, although the experiment lasted for
another 58 days (Paper II, Figure 1). TNT metabolites, namely 2-ADNT and 4-
ADNT, were formed during fungal degradation accounting for less than 1% of
the original TNT concentration after 49 days. They were further degraded to less
than 0.5% at the end of the incubation.

One of the lessons learned from this scale-up fungal treatment is the resilience of
the fungus, P. velutina. The fungus maintained strong growth in the soil even
when there was no aeration of the soil raising the hope that the fungus can be
applied in the field with little or no aeration. This is interesting as the whole idea
of developing fungal treatment technology is to apply it to in situ treatment of
contaminated fields. Only the study by Herre et al. (1998) have achieved success
with fungal treatment of TNT in soil on a large scale after an extended incubation
period. The results of this study were compared to those of Herre et al. (1998)
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(Table 5.3). In this study, we obtained high levels of TNT degradation with a much
lower inoculum:soil ratio (1:30). Our fungus P. velutina also tolerated a much
higher level of TNT contamination in the soil as we had a higher initial TNT
concentration (over ten-fold).

Table 5.3: Comparison of large-scale fungal treatment of non-sterile TNT-contaminated
soil.

Compared parameters of the experiments Herre et al.
(1998)

This work

TNT concentration (mg/kg) 76 1000
Amount of soil (m3) 0.3 0.3
Co-substrate Wheat straw Pine bark
Co-substrate + fungi : soil  ratio 1:2 1:30
Total incubation period, days 600 107
TNT degradation after 50 days (% to initial)
ADNTsa remaining in soil after 50 days (% to
what is theoretically possible)

80
10a

70
1

a TNT metabolites, namely 2-ADNT and 4-ADNT, formed during fungal
degradation as a percentage of the original TNT concentration.

A critical step in the use of fungi in bioremediation of organic aromatic
compounds contaminated soils is how and in what formulation the fungi are
introduced to the soil. Previous studies have shown that identifying a suitable
substrate is the first step (Baldrian; 2008; Magan et al., 2010). The second is
determining the appropriate inoculum:soil ratio required to achieve the desired
degradation target (Baldrian, 2008). The larger the amount of inoculum used, the
faster the fungi become established in the soil (Holmes and Stenlid, 1993, 1996;
Boddy, 2000). The size of the inoculum used will have an impact on overall costs
of the remediation process and could make its application unattainable (Magan
et. al., 2010). Different inoculum:soil ratios have been used ranging from 10:90
to 50:50 (Morgan et al., 1991; Canet et al., 2001; Novotny et. al., 2003) and some
of the formulations may be difficult to apply in large areas of contaminated soil.
In this pilot-scale study, 300 kg of TNT-contaminated soil was treated with 3%
inoculum which represents a fraction of what has been reported in the literature.
The treatment of organic aromatic compounds contaminated soil with reduced
amounts of fungal inoculum as has been used in this study has been shown to be
realistic from a practical and economic point of view. Considering the fact that
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contaminated soil in a field could run into several tonnes and effort to produce
fungal inoculum, for example a 50% inoculum to match the amount of
contaminated soil could make the whole process unrealistic. Even though most
of the substrates used are from inexpensive plant materials such as wood chips,
corn, wheat barns and straw, having to provide several tonnes of them may be
too labour intensive. The production of liquid fungal inoculum, inoculation of the
substrate and transportation to the site where they are used may make the costs
of applying fungal treatment to a contaminated field unattainable.

55.4 Sorption/degradation of PAHs in soil with fungi
5.4.1 PAH sorption/degradation (Paper III)

The first part of the PAH sorption/degradation experiment involved sets of
experiments aimed at testing the capability of soil types (sloam, sand and forest
soil) with varying amount of soil organic matter contents and amended with 1-
2% biochar to sorb spiked PAHs during 3 and 60-day incubation periods (Paper
III, Table 3). The idea behind this study was that the sorption of PAHs to biochar
amended soil should help to reduce the bioavailability of the compound in soil
and hence to reduce the risk of PAHs to all forms of life. In addition, the sorption
capacity of biochar was compared with that of activated carbon and activated
biochar (Paper III, Table 3). Also, the stability of PAH sorption to biochar was
studied during the incubation period as it is known that prolonged incubation may
affect PAH in biochar amended soil (Cheng and Lehmann, 2009). Activated
biochar showed an enhanced capacity to sorb PAHs but was unable to retain most
of the sorbed PAHs in soil  over the aging process (Paper III,  Table 3).  On the
other  hand,  biochar  (not  activated)  showed  stability  towards  sorbed  PAHs
throughout the incubation period. From this preliminary experiment, it became
clear that soil organic matter content was the most important soil component
influencing sorption as was seen in sorption pattern of the various soil types used
in the study (Paper III, Tables 3 and 4).

In the second part of the experiment, the ability of fungi to grow in soil amended
with biochar was tested. Most of the tested fungi grew well in the soils amended
with biochar (Table 5.1). A similar result has been reported by García-Delgado et
al. (2015). As the study continued, only two soil types were used, one with very
low soil organic matter content (sloam) and the other with very high organic
matter content (forest soil). Also only 14C-labelled pyrene was used. The two soil
types  were  spiked  with 14C-labelled pyrene, amended with either biochar or
activated biochar and incubated with a fungus (P. velutina or A. praecox) which
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is capable of degrading PAHs in soil (Paper III, chapter 2.11). The idea here is
that the fungus can use its powerful oxidative enzymes to degrade loosely bound
or unbound PAH in amended soil thereby eliminating completely the risk from
PAH in the previously contaminated soil. The presence of native microbes in
both soils had no significant impact on pyrene sorption to the amended soil
(Figure 5.2). The two fungal strains used had similar effect in the amended soil.
They had significant impact on forest soil with higher organic matter content
compared with sloam. The study revealed that addition of fungus to forest soil
amended with biochar increased the sorption of pyrene to the soil so that the
bound fraction was approximately half of the total pyrene (Fig. 5.2). Previous
studies had shown that powerful oxidative enzymes produced by white-rot and
litter-decomposing fungi bind organic compounds to soil humus (Berry and
Boyd, 1984; Richnow et al., 1997; Zavarzina et al., 2011). The result of this study
agrees with the findings from other studies as that was only possible on forest
soils with higher organic matter content compared with sloam (Rhodes et al.,
2008; Kumari et al., 2014). Strong fungal/biochar synergistic effects were
observed in the case of sorption of pyrene to biochar amended forest soil. Forest
soil amended with biochar and incubated with fungus sorbed more pyrene (50%)
than  unamended soil  (13%).  Therefore,  in  order  to  efficiently  bind  PAHs to  a
humus-rich soil like forest soil used in this study may require both the biochar
and fungus. A fungus by itself may not be sufficient to enhance PAH sorption to
the soil (Figure 5.2 forest soil treatment F and G).

Pine bark used in this study as a substrate for fungus ended up serving as a sink
for pyrene in the soil  especially in sloam. Soil  type influenced whether pyrene
sorbed to the soil residue or bark (Figure 5.2). Forest soil retained more pyrene in
the  soil  residue  than  the  sloam.  In  sloam with  a  low sorption  capacity,  pyrene
gained access to the binding sites on the bark as has been observed in previous
studies (Olivella et al., 2013; Winquest et al. 2014). Pine bark with unique PAH
sorption potential as shown in this study may in the future be used to sorb non-
bound PAHs from soil with low organic matter content.

The sorption of pyrene, a 4-ring PAH, to BC-humus complex mediated by fungi
could help reduce the migration and toxicity of pyrene in the soil. Leaching of
PAHs, especially 3- and 4-ring PAHs, from biochar-amended soil into the depth
of the soil profile has been observed (Quilliam et al., 2013; Ku mierz et al., 2016)
which highlights the issue of the stability of bound compounds in soil. The
stability  of  the  bound  compounds  is  very  important  as  slow  and  continuous
leaching to groundwater poses a constant risk to the environment (Bollag, 1992).
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The addition of fungus to biochar amended soil may help to increase the stability
of  the  bound PAHs.  In  this  study,  the  stability  of  bound pyrene  was  tested  by
subjecting the incubated soil to a strong extraction procedure with organic solvent
to obtain the freely available fraction. The 14C-pyrene fraction remaining in the
soil after strong chemical treatment may likely be bound to the soil for a very
long time. Khan et al. (1978) showed that aromatic compounds may be bound to
soil through van der Waals forces, hydrogen forces, hydrophobic interactions and
covalent bounds. Complexes formed through covalent bonds are the most
resistant to extraction and degradation. The resistance of the bound fraction in
our study with fungus to extraction shows that 14C-pyrene may be bound to
adsorbents-soil humus complexes through covalent bonds (Khan et al., 1978).

Mineralization of PAHs in soil is affected by the sorption of the compounds to
the added organic amendment such as biochar (Rhodes et al., 2008). In the
experiment with contaminated soil amended with biochar and incubated with
fungi, we measured no evolution of 14CO2 in soil during the entire incubation
period. Amendment of soil with material that is rich in organic matter has been
reported to have contrasting effects on overall soil respiration. Kuzyakov et al.
(2000) reported that such addition inhibits mineralization. Coban et al. (2015)
observed that addition of carbon-rich biogas residues to soils enhanced
mineralization which was indicated by high respiration levels. Rhodes et al.
(2008) also reported a reduction in 14C-phenanthrene mineralization rate in
amended soil and attributed the reduction to sorption and decrease in pore water
concentration of phenanthrene. Sorption of 14C-pyrene to biochar and a decrease
in pore water concentration may not be the only reason for the failure of 14C-
pyrene mineralization in soil as there was also no mineralization in unamended
soil incubated with fungi.
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Figure 5.2: Mass balance of 14C (as % of added total 14C) in either non-sterile or sterile
sloam or forest pyrene- contaminated soil amended with or without biochar (BC) and
incubated with or without fungus after 60 days of incubation. The fractions are: (1)
available fraction extracted with toluene (blue), (2) fraction bound to bark (red) and (3)
the unavailable fraction which is the residual 14C bound to BC or soil (green). Treatments
are (A) non-sterile contaminated soil with no biochar and fungus addition (B) sterile
contaminated soil amended with biochar, no fungus (C) non-sterile contaminated soil
amended with biochar, no fungus (D) non-sterile contaminated soil amended with
biochar and incubated with A. praecox (E) non-sterile contaminated soil amended with
biochar and incubated with P. velutina (F) non-sterile contaminated soil (no biochar
amendment) incubated with A. praecox (G) non-sterile soil contaminated soil (no
biochar amendment) incubated with P. velutina.
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6. CONCLUSIONS AND FUTURE PROSPECTS
Two innovative treatment options were developed in this thesis, both with a
potential to be applied to soil remediation in the field.

The first technology was the use of fungal inocula or enzymes to treat
contaminated soil. Fungi degraded organic aromatic contaminants in soil with
their enzymes. As a requirement for a fungus to be a strong candidate for a field
study application, selected fungi used in this study extensively colonized the soil,
tolerated high concentrations of contaminants in soil, and competed very well
with indigenous microorganisms in soil. The most efficient fungus, P. velutina,
belonging to the WRF ecophysiology classification group was able to colonize
completely soils contaminated with TNT,  PAHs  and  PCDD/Fs.  The  fungus
successfully degraded TNT and PCDD/Fs in soil in this study and PAHs in a
previous study (Winquist  et  al.,  2014).  The significance of this result  is  that  in
reality, contaminated soils often contain a mixture of organic compounds (Magan
et al., 2010). A fungus that is capable of colonizing and degrading various organic
compounds in natural soil ecosystem will be a strong candidate for in situ
bioremediation in such an environment. P. velutina may be the appropriate isolate
for in situ bioremediation of soil contaminated with mixtures of organic aromatic
compounds.

In the other treatment option, soil was treated by increasing the sorption of
contaminant to soil amended with biochar and incubated with fungi. Fungal
growth in the soil was not affected by biochar addition. Fungi played a significant
role in the sorption of contaminant to the soil. The following conclusions were
reached from the results:

 Selected fungi belonging to white-rot or litter-decomposing fungi
ecophysiology groups grew extensively in non-sterile soils, tolerated high
concentrations of contaminant and competed well with indigenous
microbes in the soils.

 The growth of selected fungi to contaminated soil was not affected by
wood-derived biochar addition to the soil.

 Fungal technology to treat organic aromatic contaminants in soil was
developed  and  was  later  scaled  up  with  the  most  efficient  fungus,
Phanerochaete velutina.
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 The main enzyme produced by the selected fungi degrading organic
aromatic compounds in soil was MnP.

 No correlation was found between the degradation of organic aromatic
contaminant and the production of fungal enzymes in soil.

 Crude MnP added to organic aromatic contaminant soil failed to degrade
the contaminants in soil.

A lack of correlation between contaminant degradation and fungal enzyme
production in soils remains an issue to be resolved. Efforts in the future should
be directed towards clarifying the actual enzyme involvement in the degradation
process. The use of an enzyme inhibitor to verify the decrease of degradation has
been suggested (Tigini et al., 2009). Findings from this study and other studies
suggest that traditional fungal enzymes such as MnP, LiP, and laccase can work
together to degrade contaminants in soils. A recent study by Kellner et al. (2014)
showed the involvement of these enzymes and versatile peroxidase and
unspecific peroxygenase in aromatics degradation in forest soil. Therefore,
developing a robust method that is capable of capturing the activities of all these
enzymes together may help resolve the question in the future.

The role of fungi in the sorption of organic contaminants to biochar amended soil
is believed to be mediated by its oxidative enzymes. Measuring the activities of
fungal enzymes in amended soil in the future could help in understanding their
exact role in contaminant sorption to soil. Resolving the fate of the contaminant
in  the  amended  soil  remains  a  challenge  for  the  future.  What  part  of  the
contaminant is degraded by fungi, and what part is bound to biochar, native
adsorbents in soils and to soil organic matter? It is possible to apply this treatment
option in contaminated fields if the stability of sorption of contaminants to
biochar or other adsorbents in soil can be ascertained.
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