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"Es gibt in der ganzen Natur keinen wichtigeren, keinen der Betrachtung
würdigeren Gegenstand als den Boden! Es ist der Boden, welcher die Erde zu
einem freundlichen Wohnsitz der Menschen macht; er allein ist es, welcher das
zahllose Heer der Wesen erzeugt und ernährt, auf welchem die ganze Schöpfung
und unsere Existenz letztlich beruhen."

(There is nothing in the whole of nature which is more important than or deserves as
much attention as the soil. Truly, it is the soil which makes the world a friendly
environment for mankind. It is the soil which nourishes and provides for the whole of
nature; the whole of creation depends on the soil which is the ultimate foundation of
our existence.)

- Friedrich Albert Fallou

"Claude Bernard avait raison; le microbe n'est rien, c'est le terrain qui est tout"
(Claude Bernard was right; the microbe is nothing, the soil is everything.)

- Louis Pasteur



Abstract

Lignin, a recalcitrant compound, is one of the main components of wood, gramineous
plants, and products made of these, such as mechanical pulp. The most efficient lignin
degraders in nature are white-rot fungi, and their ability to degrade complex and
recalcitrant organic molecules also makes them attractive microorganisms for
bioremediation of soil contaminated by organic pollutants. These xenobiotics, some of
which may remain undegraded for a long time in nature, can be degraded by the
unspecific extracellular ligninolytic enzymes that white-rot fungi produce. Hence,
lignin degradation capability in soil indicates the bioremediation capability of the
fungus. The degradation of 14C-labelled synthetic lignin (14C-DHP) was studied in soil
by nine white-rot fungi to establish whether these fungi are able to grow and remain
active in soil, and would therefore be feasible in bioremediation. Of these fungal
species, which included Abortiporus biennis, Bjerkandera adusta, Dichomitus squalens,
Phanerochaete chrysosporium, Phanerochaete sordida, Phlebia radiata, Pleurotus
ostreatus, Trametes hirsuta, and Trametes versicolor, T. versicolor was the most
efficient lignin degrader in soil. Its capability to degrade pentachlorophenol (PCP) − a
typical pollutant of old saw mill areas − in soil was also studied.

Composting, as a common treatment method for municipal solid waste, and the
development of biodegradable plastics have created a need for biodegradability testing.
The European standard for the controlled composting test defines biodegradation by
carbon dioxide formation from the test material. Carbon dioxide production is
measured from compost with a sample and from compost without a sample, and
mineralization of the compost organic matter is assumed to be the same in both
composts. A limitation of the test may be a "priming effect", i.e. either excessive or
depressed carbon dioxide evolution after substrate addition, which gives an erroneous
result for biodegradation. Lignin-containing materials, on the other hand, are not
extensively mineralized during composting, but are converted to humus, lignin being
the main precursor of humic substances. Thus, paper, which contains up to 20% lignin,
may appear non-biodegradable. Little is known about lignin degradation by a mixed
microbial population in compost. By contrast, lignin degradation by white-rot fungi,
which do not grow in composts of municipal solid waste, has been extensively studied
in recent years. 

The mineralization of 14C-DHP in soil by white-rot fungi varied from 4% (P. sordida)
to 23% (T. versicolor), and the optimal wheat straw-to-soil ratio for mineralization was
1:5. The mineralization of 14C-PCP by T. versicolor was 29%. In compost, lignin
mineralization by a mixed microbial population varied according to temperature. At
58°C, the mineralization of 14C-DHP was significantly lower (8%) than mineralization
observed at a lower temperature of 35°C or 50°C (23-24%). Thermophilic fungi are
probably the most important organisms for lignin degradation in a compost
environment, and the optimum temperature for lignin degradation in compost is likely
close to the typical optimum temperature of thermophilic fungi, namely 45°C.

Lignin was mostly bound to humic substances in soil and compost. White-rot fungi
were apparently able to degrade and mineralize humic-bound lignin and PCP, as they



seemed to constantly produce water-soluble degradation products from humic-bound
lignin during the incubation. However, the mixed population of compost was
presumably unable to degrade humic-bound 14C-DHP because no water-soluble
degradation products were formed from 14C-DHP during composting. T. versicolor
was found to be an efficient degrader of PCP, and it produced only insignificant amounts
of chlorinated anisoles, the toxic metabolites that some white-rot fungi produce during
degradation of PCP.

The priming effect was studied with 14C-labelled and non-labelled glucose together
with compost inocula of varying ages and stabilities. The composts differed from each
other not only by the amount of non-degraded waste but also by the microbial
population. In stable composts (age 6 months or more), mineralization of labelled
glucose was high and equal to the biodegradation of non-labelled glucose, i.e. no
priming effect was observed. Biodegradation of glucose in unstable composts (age 6
months or less) was negative and mineralization of labelled glucose was poor,
although the respective composts without glucose produced relatively high amounts of
carbon dioxide. The more the compost inoculum itself produced carbon dioxide, the
more apparent the priming effect. Thus, a negative priming effect occurred in unstable
composts, and in one case, a positive priming effect was observed at the end of the
incubation, indicating that test results in unstable composts were unreliable.

To conclude, white-rot fungi, especially T. versicolor, have potential for
bioremediation, however, their survival with the native soil population must be
established. The compost mixed population mineralized lignin surprisingly efficiently
at temperatures suitable for thermophilic fungi, although lignin was mostly bound to
humic substances. Compost stability turned out to be a very important factor for
controlled composting test; and to avoid a priming effect during the test, it is essential
to ensure that the compost inoculum used is sufficiently stable. Because the
fundamental difference in results with stable and unstable composts was probably
caused by the difference in microbial populations, population dynamics during various
phases of composting should be clarified to better explain the priming effect.



ABBREVIATIONS

APPL acid-precipitable polymeric lignin

CDH cellobiose dehydrogenase

CEN European standardization organization

DGGE denaturing gradient gel electrophoresis

DHP dehydrogenation polymer (synthetic lignin)

DOC dissolved organic carbon

DP degree of polymerization

G guaiacyl

GC gas chromatography

GPC gel permeation chromatography

H p-hydroxyphenyl

LiP lignin peroxidase

MnP manganese peroxidase

MSW municipal solid waste

MWL milled wood lignin

NMR nuclear magnetic resonance

PAH polyaromatic hydrocarbon

PCA pentachloroanisole

PCP pentachlorophenol

PI priming index

S syringyl

TCP trichlorophenol

TeCA tetrachloroanisole

TNT trinitrotoluene

VS volatile solids

WRF white-rot fungi
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1. INTRODUCTION

1.1. Background

White-rot fungi have been widely studied because of their efficient lignin degradation
mechanism and possible applications in the pulp and paper industry (Akhtar et al.
1997, Hatakka 2001, Scott and Akhtar 2001). The ligninolytic enzymes of white-rot
fungi are unspecific, and thus, these fungi are considered to be potential
microorganisms for bioremediation of polluted soils (Orth et al. 1994, Paszczynski and
Crawford 1995, Hatakka 2001, Pointing 2001). Indeed, the capability of white-rot
fungi to degrade organic pollutants has been confirmed in many studies (e.g. reviewed
recently by Pointing 2001). Determination of the maximal lignin-degradation activity
of white-rot fungi in soil indicates the capability of fungi to degrade pollutants in soil.
Because white-rot fungi degrade lignin by a secondary metabolism, they need also a
primary carbon source (Kirk and Farrell 1987, Hatakka 2001). In this work, the lignin-
degradation activity of various white-rot fungi in soil and the optimal amount of co-
substrate were verified. Trametes versicolor was found to be the most efficient lignin
degrader in soil, and its pentachlorophenol (PCP)-degrading capability was also
examined. Because some organisms produce toxic metabolites from pollutants (Leštan
and Lamar 1996), the ultimate fate of PCP was also studied, and T. versicolor was
found to be a promising fungus for bioremediation. In these studies, autoclaved soil
was used, and thus, competition between the fungus and the native microorganisms of
soil and soil treatment to overcome the competition remain subjects of further studies.

Lignin degradation in a compost environment has been studied to a limited extent, and
the only in-depth study dates back to 1939 (Waksman et al. 1939b). A need for general
knowledge about lignin degradation in compost was elucidated in this work first by a
literature review, followed by experiments in a compost environment studying the
degradation of lignin and lignin-containing materials (also Vikman et al. 2002).

Standard tests for determining biodegradability of various materials have been
developed (Sawada 1998, Pagga 1999). One of the tests is the European standard for
ultimate biodegradation in controlled composting conditions, which is based on carbon
dioxide production of the material (European Standard prEN 14046, 2000). This test
has been already in use in many laboratories, e.g. in VTT Biotechology in Espoo,
Finland (Vikman et al. 1995, Itävaara and Vikman 1996). The main purpose of these
tests was first to establish the true biodegradability of new-generation biodegradable
plastics (Vikman et al. 1995, Itävaara and Vikman 1996). Based on test performance
results, lignin-containing materials appear to be non-degradable. However, the most
important lignin degraders in a compost environment are probably thermophilic fungi,
which do not normally survive at 58°C, the temperature at which the test is run (V,
European Standard prEN 14046, 2000). Lignin is also the main precursor for humic
substances (Tate 1987, Shevchenko and Bailey 1996), and it is mainly humified, not
mineralized, during degradation in soil or compost. At temperatures lower than 58°C,
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namely at 35°C and 50°C, lignin was mineralized surprisingly efficiently, although it
was mostly bound to humic substances at all temperatures. "Priming effect", a
phenomenon in which compost or soil microorganisms start to produce excess or
reduced amount of carbon dioxide after substrate addition (Tate 1987, Shen and Bartha
1996, Kuzyakov et al. 2000), is another possibe limitation of the biodegradation test.
Because the test is based on mineralization of a test material, a priming effect in
compost would give an erroneous result for biodegradation. A priming effect did occur
with unstable compost inocula, and unreliable test results followed. No priming effect
was, however, observed with stable compost inocula. This underlines the necessity of
proper test conditions.

1.2. Lignocellulose

Wood, grasses, and most of the plant litter represent the major part of the biomass in
nature and are collectively called lignocellulose (Kuhad et al. 1997). Lignocellulose is
mainly composed of cellulose, hemicellulose, and lignin (Sjöström 1993). Fengel and
Wegener (1989) and Argyropoulos and Menachem (1997) estimate that there is
2.5−4×1011 tons of cellulose and 2−3×1011 tons of lignin in the earth, representing 40%
and 30% of organic matter carbon, respectively, with other polysaccharides comprising
26%. Because cellulose, hemicellulose, and lignin are closely associated in plants,
isolating these compounds to a pure state is virtually impossible (Fengel and Wegener
1989). They are not uniformly distributed in the plant cell wall; the S2-layer of the
secondary wall has the highest percentage of cellulose, and the middle lamella has the
highest percentage of lignin, but all three compounds can be found in every cell wall
layer (Sjöström 1993, Kuhad et al. 1997, see Fig. 1 for cell wall layers). Distribution in
the different parts of the plant is not uniform either (Kuhad et al. 1997). Gramineous
plants have more variation than woody plants (Table 1). In addition, some grasses
contain considerable amounts of pectin in the middle lamella, whereas wood contains
only small quantities of extractives, inorganic compounds, and pectin compounds
(Fengel and Wegener 1989, Hatfield 1989, McDougall et al. 1993, Kuhad et al. 1997). 

Photosynthesis and degradation of lignocellulose are essential for the global carbon
cycle (Brown 1985, Colberg 1988, V/Fig. 1). The degradation rate is governed by
temperature, moisture content, and type of lignocellulose (Rayner and Boddy 1988,
Kuhad et al. 1997). A warm, wet environment in contrast to a cold, dry one enhances
degradation (Rayner and Boddy 1988), and herbaceous litter degrades considerably
faster than wood (Kuhad et al. 1997).
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Fig. 1 Structure of a wood cell (Fengel and Wegen
1995).

S3  = secondary wall 3
S2  = secondary wall 2
S1  = secondary wall 1
P   = primary wall
ML = middle lamella

Table 1 Cellulose, hemicellulose, and lignin co
materials (Fengel and Wegener 1989, M
wood species and the method used in th
variation in results.

Plant material Cellulose (%) Hemicellulose (%)

Wood 40-50 15-35
Bark 20-50 10-20
Wheat 51-54 26-30
Flax 57 15
Hemp 67 16
Ramie 69 13
Mosses 25-30 ?

S3
S2
S1
P

ML
er 1989, Dix and Webster

ntent in selected plant
cDougall et al. 1993). The
e analysis can cause some

Lignin (%)

20-40
35-50
16-18

2
3.3
0.6

none
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Lignocellulose, either wood or various grasses, is the main raw material of pulp. The
proportional amounts of carbohydrates and lignin in the end-product vary due to
different pulping and bleaching processes. Chemical pulping with bleaching removes
lignin almost completely, while mechanical pulping leaves the composition of the pulp
close to that of wood (Gullichsen 2000).

1.2.1. Carbohydrates

All plant cell walls contain cellulose, which is mostly crystalline in the native stage
and is surrounded by a mixture of amorphous cellulose, hemicellulose, and lignin
(Fengel and Wegener 1989, Eaton and Hale 1993). Cellulose is a linear homopolymer,
consisting of repeating stereochemical units of cellobiose, or in other words repeating
units of β-D-glucopyranose, which are linked together by β-1,4-glycosidic bonds
(Sjöström 1993). The molecular mass is high, and the degree of polymerization (DP) is
up to 15 000, although this varies according to the source of the cellulose (Fengel and
Wegener 1989, Eriksson et al. 1990, Broda 1992, Sjöström 1993, Kuhad et al. 1997).
In crystalline cellulose, 30 cellulose molecules are linked by hydrogen bonds, forming
microfibrils, which give strength to the wood (Fengel and Wegener 1989, Eaton and
Hale 1993, Kuhad et al. 1997, orientation of microfibrils in each cell wall layer can be
seen in Fig. 1). Microfibrils form macrofibrils and finally fibres (Sjöström 1993,
Kuhad et al. 1997). 

Crystalline cellulose is highly resistant to microbial degradation, and amorphous
cellulose is attacked first and degraded much faster than crystalline cellulose (Eriksson
et al. 1990, Béguin and Aubert 1994). Nevertheless, the cellulose-degrading ability of
microorganisms, especially fungi, is widespread, with a synergistic action produced by
several enzymes or microorganisms acting in concert (Eriksson et al. 1990, Béguin and
Aubert 1994, Carlile and Watkinson 1994). The most efficient cellulose degraders are
filamentous fungi (Teeri et al. 1992). Typically, endoglucanases and
cellobiohydrolases first hydrolyse crystalline cellulose to cellobiose, and β-
endoglucanase degrades cellobiose to glucose. Chaetomium thermophilum, for
instance, produces sugar from native cellulose, and Thermomyces lanuginosus utilizes
this sugar (Rayner and Boddy 1988, Teeri et al. 1992, Carlile and Watkinson 1994).
Finally, aerobic fungi and bacteria oxidize cellulose to carbon dioxide (Béguin and
Aubert 1994). During anaerobic degradation glucose originating from cellulose is first
fermented to hydrogen, carbon dioxide, and simple organic compounds, then these
compounds are converted to acetate and carbon dioxide, and finally, acetate is
converted to methane and carbon dioxide (Béguin and Aubert 1994). Microbial co-
cultures of anaerobic fungi and bacteria are needed for the various steps (Béguin and
Aubert 1994). Cellulose-degrading fungi include basidiomycetous (white-rot and
brown-rot), ascomycetous, deuteromycetous (soft-rot), and anaerobic (rumen) fungi, of
which brown-rot fungi are capable of degrading crystalline cellulose only together
with the lignocellulose matrix (Rayner and Boddy 1988, Gordon and Phillips 1989,
Eriksson et al. 1990). Although woody materials are mostly degraded by fungi, several
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aerobic and anaerobic bacteria, especially bacteria living in soil and compost,
frequently degrade cellulose and hemicellulose (Colberg 1988, Eriksson et al. 1990,
McCarthy and Williams 1992). Actinomycetes attack cellulose in a way similar to
fungi, but the attack by anaerobic bacteria, such as Clostridium spp. and Ruminococcus
spp., is fundamentally different (Eriksson et al. 1990, Béguin and Aubert 1994).
Anaerobic bacteria may have stable multi-enzyme cellulase complexes called
cellulosomes (Béguin and Aubert 1994, Teeri 1997). However, synergistic interactions
between anaerobic microorganisms, such as between Clostridium thermocellum and
Methanobacterium thermoautotrophicum, also exist (Béguin and Aubert 1994).

Hemicelluloses are a mixed group of both linear and branched heteropolymers mainly
comprising five monomeric sugars, namely D-glucose, D-mannose, D-galactose, D-
xylose, and L-arabinose (Fengel and Wegener 1989, Kuhad et al. 1997). They are
linked together mostly by β-1,4-glycosidic bonds, but β-1,3-, β-1,6-, α-1,2-, α-1,3-, and
α-1,6-glycosidic bonds can also be found (Eriksson et al. 1990, Sjöström 1993). The
degree of polymerization (DP) of hemicelluloses is 100-200, which is much less than
that of cellulose (Fengel and Wegener 1989, Kuhad et al. 1997). Hemicelluloses and
lignin are covalently bound together, and this binding provides additional strength for
the plant (Sjöström 1993, Kuhad et al. 1997). The major hemicelluloses of hardwoods
and gramineous plants are xylans, which interact with lignin and cellulose probably
more than other hemicelluloses (Hatfield 1989, Kuhad et al. 1997).
Galactoglucomannans, arabinoglucuronoxylan, and arabinogalactan are the main types
of softwood hemicelluloses (Sjöström 1993). In hardwoods and in gramineous plants,
the main types are glucuronoxylan and glucomannan in both, as well as
galactoglucomannans, arabinoxylans, and glucuronoarabinoxylans in gramineous
plants (Hatfield 1989, Eriksson et al. 1990, Sjöström 1993). 

Due to a lower degree of polymerization and their amorphous nature, hemicelluloses
are degraded more easily than cellulose (Kuhad et al. 1997). Nevertheless, a complex
enzymatic system, such as different xylanolytic and mannan-degrading enzymes, is
still required because the structure of hemicelluloses is variable and branched
(Sjöström 1993, Kuhad et al. 1997). The ability to degrade hemicellulose is probably
even more common than the ability to break down cellulose, although hemicellulase
producing microbes commonly also produce cellulase (Eriksson et al. 1990, Dix and
Webster 1995). 

1.2.2. Lignin

Lignin is a natural composite material in all vascular plants, providing the plant with
strength and ridigity (Brown 1985, Argyropoulos and Menachem 1997). By decreasing
water permeation across the cell wall, lignin renders the plant resistant to
biodegradation as well as to environmental stresses (Eriksson et al. 1990,
Argyropoulos and Menachem 1997). Lignin is an amorphous, aromatic, water-
insoluble, heterogeneous, three-dimensional, and cross-linked polymer with low 
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viscosity (Fengel and Wegener 1989, Sjöström 1993, Brunow 2001, Fig. 2). The
molecular mass of lignin is high (600–1000 kDa), although not uniform, varying greatly
within isolated samples (Kirk and Farrell 1987, Fengel and Wegener 1989, Brunow 2001).
The molecular mass of lignin is thus difficult to determine, and use of a conventional
formula is not possible (Brunow 2001). Lignin is highly reduced and its carbon content is
50% higher than that of polysaccharides, which makes lignin energy-rich (Brown 1985).
Lignin is distributed throughout the cell wall, although, again, not uniformly; the highest
lignin content is in middle lamella, however, the greatest amount of lignin is in the
secondary wall (Fengel and Wegener 1989, Eriksson et al. 1990). According to
Argyropoulos and Menachem (1997), lignin of the middle lamella is probably different
from that of the secondary wall.

Fig. 2 Lignin polymer of softwood (Karhunen et al. 1995a, Brunow 2001). Note
that the figure is only a limited part of the lignin macromolecule, a
schematic example which is qualitative, not quantitative. The dibenzo-
dioxocin moiety is indicated with an arrow.
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The primary precursors for p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units
of lignin are p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, respectively
(Fengel and Wegener 1989, Brunow 2001, Fig. 3). The monomers couple with the
phenolic end groups of the growing lignin polymer, not with each other (Sjöström
1993). Peroxidase and laccase catalyse the random polymerization (Brown 1985,
Eriksson et al. 1990, Argyropoulos and Menachem 1997). Lignin has no single
repeating bond; phenylpropanoid units are linked together by more than ten different
types of aryl ether and carbon-carbon linkages (Brown 1985, Sjöström 1993, Brunow
2001). The predominant type of linkage in wood lignin is the arylglycerol-β-aryl ether
(β-O-4) bond (45-60% of all bonds), and the next most common bonds are β-5 (6-
12%), and 5-5 (4.5-17%) (Brown 1985, Sjöström 1993, Argyropoulos and Menachem
1997, see Fig. 3 for corresponding numbers and Greek alphabet). Recently, a new type
of linkage in softwoods forming dibenzodioxocin moiety, was discovered by G.
Brunow’s group (Karhunen et al. 1995a, 1995b, Brunow 2001, Fig. 2). The lignin
content of wooden plants, especially softwoods, is higher than that of gramineous
plants (Fengel and Wegener 1989, McDougall et al. 1993). The G-type of lignin
dominates in softwoods and the middle lamella of hardwoods, the G-S type in
hardwoods, and the G-S-H type in gramineous plants (Brown 1985, Besle et al. 1989,
Sjöström 1993, Brunow 2001, see Fig. 3 for precursors). In addition to methoxyl
groups that distinguish various lignin types, lignin has other functional groups,
including phenyl hydroxyl, benzyl alcohol, and carbonyl groups (Sjöström 1993,
Brunow 2001).

Fig. 3 A phenylpropanoid unit and precursors of lignin (Buswell and Odier
1987, Dean and Eriksson 1992). Names in parentheses refer to the
corresponding phenylpropanoid units in a lignin molecule.
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The secondary reactions of polymerization link lignin with hemicelluloses, thus, lignin
and polysaccharides form a lignin-polysaccharide complex, from which the
components cannot be totally separated from each other (Kirk and Farrell 1987, Fengel
and Wegener 1989, Argyropoulos and Menachem 1997, Monties and Fukushima
2001). The bonds between lignin and hemicellulose are formed mainly with the
arabinose part of arabinoxylan or the galactose part of galactoglucomannan both in
wood and in gramineous plants, but these interactions remain inadequately understood
(McDougall et al. 1993, Sjöström 1993, Monties and Fukushima 2001). 

Microorganisms do not gain energy from lignin degradation, but the degradation
enables efficient utilization of carbohydrates (Eriksson et al. 1990). Thus,
microorganisms, which utilize polysaccharides, often possess ligninolytic capability.
Lignin is finally degraded to carbon dioxide, water, and humus. Lignin degradation is
discussed in section 1.3. and various lignin preparations in a review article (V). 

Dehydrogenation polymers (DHPs) are synthetic lignins that are widely used in
biodegradation studies (V). DHP is usually synthesized from coniferyl alcohol, and the
corresponding G-type lignin - both natural and synthetic - is more recalcitrant than
other types of lignins (Faix et al. 1985). Most of the known structural units of lignin
have been found in DHP, and the degradation pattern of natural and synthetic lignins
by various white-rot fungi is of the same order of magnitude (e.g. Hatakka et al. 1984),
although differences have been observed in physical and chemical properties (Kirk et
al. 1975, Ede et al. 1990, Terashima et al. 1995, Sipilä et al. 1996). Milled wood lignin
(MWL) is usually considered to be most similar to natural lignin, and comparison of
MWL and DHP by nuclear magnetic resonance (NMR) techniques has revealed that
the ratio of the most abundant bonds, namely β-O-4 to β-5, is practically the same in
MWL (4:1) and DHP (3:1) (Ede et al. 1990, Sipilä et al. 1996).

1.3. Other recalcitrant organic compounds

Man-made organic compounds, xenobiotics, are often aromatic, and thus, resemble
lignin or the degradation products of lignin. The microorganisms that degrade lignin
are also able to degrade xenobiotics because their enzyme system is unspecific due to
the heterogeneous nature of the lignin polymer (Orth et al. 1994, Paszczynski and
Crawford 1995, Pointing 2001, Fig. 2). White-rot fungi have been found to degrade or
oxidize polycyclic aromatic hydrocarbons, chlorinated organic compounds,
polychlorinated biphenyls, nitro-substituted compounds, fluorinated aromatic
compounds, munitions waste, such as trinitrotoluene (TNT), synthetic dyes, synthetic
polymers (plastics), and humic-bound synthetic compounds (e.g. Fernando and Aust
1994, Orth et al. 1994, Paszczynski and Crawford 1995, Pointing 2001, Fig. 4).
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Fig. 4 Some examples of xenobiotic compounds that white-rot fungi have
been able to degrade (Hofrichter et al. 1999d, Hatakka et al. 2001).

Pentachlorophenol (PCP, Fig. 5) was used extensively in several countries as a wood
preservative to prevent the growth of blue stain fungi, and to a lesser extent in
agriculture as a bactericide, fungicide, or herbicide (Fernando and Aust 1994,
McAllister et al. 1996). In Japan, Sweden, and Finland since 1988, the use of PCP has
been prohibited for environmental reasons (McAllister et al. 1996, Pointing 2001).
Many old sawmill areas are, however, still polluted by PCP, and it continues to pose a
threat groundwater, lakes, sediments, and soils (McAllister et al. 1996, Pointing 2001).
Its environmental impact may also extend outside the polluted region through
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migration in the food chain (Laine et al. 1995). PCP is a suspected carcinogen and a
highly embryotoxic compound (McAllister et al. 1996).

Fig. 5 Structure of pentachlorophenol (PCP).

1.4. Lignin-degrading microorganisms

Lignin degradation by white-rot fungi has been studied intensively to safeguard the
commercial interests of the pulp and paper industry (Akhtar et al. 1997, Scott and
Akhtar 2001). Lignin degradation requires unspecific and extracellular enzymes
because of the random structure and high molecular mass of the lignin molecule (Kirk
and Farrell 1987). Lignin usually cumulates during the degradation of lignocellulose,
and white-rot fungi are the only organisms that are able to degrade lignin selectively
(Blanchette 1995). In nature, lignin is probably degraded by an array of
microorganisms, although abiotic degradation may also occur in special environments,
such as those due to alkaline chemical spills (Blanchette et al. 1991) or UV radiation
(Vähätalo et al. 1999). The environment governs which lignocellulose-utilizing
organisms dominate, and thus, the speed of the degradation (Blanchette 1995). In
aqueous or other anaerobic environments, polymeric lignin is not degraded, and wood
may persist in non-degraded form for several hundred or thousand years (Blanchette
1995).

The most efficient wood degraders are basidiomycetous white- and brown-rot fungi,
which are taxonomically so close to each other that both types may sometimes appear
in the same genus (Hatakka 2001). However, less than 10% of wood-degrading
basidiomycetous fungal species are brown-rot fungi (Eaton and Hale 1993, Dix and
Webster 1995). Wood-rotting Ascomycotina and Deuteromycotina, i.e. microfungi, are
considered to be soft-rot fungi, while Basidiomycotina are either white-rot or brown-
rot fungi (Daniel and Nilsson 1998, Hatakka 2001).
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1.4.1. White-rot fungi

White-rot fungi and related litter-decomposing fungi can degrade lignin more rapidly
and extensively than any other microorganisms (Kirk and Farrell 1987, Hatakka 2001).
Their growth substrates are cellulose and hemicelluloses, but lignin degradation occurs
at the end of primary growth by secondary metabolism in deficiency of nutrients, such
as nitrogen, carbon, or sulphur (Kirk and Farrell 1987, Hatakka 2001). Fungal attack is
an oxidative and non-specific process, which decreases methoxy, phenolic, and
aliphatic content of lignin, cleaves aromatic rings, and creates new carbonyl groups
(Kirk and Farrell 1987, Hatakka 2001). These changes in the lignin molecule result in
depolymerization and carbon dioxide production (Kirk and Farrell 1987).

White-rot fungi degrade lignin either selectively or non-selectively (i.e. simultaneous
decay) (Blanchette 1995, Hatakka 2001). In selective white-rot decay (e.g.
Ceriporiopsis subvermispora, Dichomitus squalens, Phanerochaete chrysosporium,
Phlebia radiata), lignin and hemicellulose are degraded significantly more than
cellulose, while in non-selective decay (e.g. Trametes versicolor and Fomes
fomentarius), equal amounts of all components of lignocellulose are degraded (Rayner
and Boddy 1988, Blanchette 1995, Hatakka 2001). Selective lignin degradation occurs
under special conditions or at the beginning of decay, and is followed by hemicellulose
and cellulose degradation (Dix and Webster 1995). Some fungi, such as Ganoderma
applanatum, Heterobasidion annosum, and Phellinus pini, are capable of carrying out
both types of decay (Rayner and Boddy 1988, Blanchette 1995). Nutritional factors
may control the type of attack, thus, the fungus may degrade wood both selectively
and simultaneously in the very same wood stem (Rayner and Boddy 1988, Eaton and
Hale 1993). The majority of white-rot fungi grow on hardwoods, but certain species
grow on softwoods, such as Heterobasidion annosum, Phellinus pini, and Phlebia
radiata (Blanchette 1995). 

White-rot fungi produce various enzymes involved in lignin degradation (Table 2), but
also produce cellulases, xylanases, and other hemicellulases (Hatakka 1994, 2001).
Almost all white-rot fungi produce manganese peroxidase (MnP) and laccase, but only
some of them produce lignin peroxidase (LiP) (Hatakka 1994, 2001). LiP oxidizes
non-phenolic units of lignin by removing one electron and creating cation radicals,
which will then decompose chemically (Kirk and Farrell 1987, Hatakka 2001). LiP
preferentially cleaves the Cα-Cβ bond in the lignin molecule but is also capable of ring
opening and other reactions (Kirk and Farrell 1987, Hatakka 2001). MnP oxidizes
Mn2+ − which can always be found in wood and soil − to Mn3+ (Hatakka 2001,
Hofrichter 2002). Highly reactive Mn3+ in turn oxidizes phenolic rings of lignin to
unstable free radicals and decomposition follows spontaneously (Hatakka 2001,
Hofrichter 2002). Laccase oxidizes phenolic rings to phenoxyl radicals (Hatakka
2001).
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Table 2 Ligninolytic enzymes produced by white-rot fungi (modified from
Hatakka 2001).

Enzyme Type of enzyme Proposed role in lignin
degradation

Acts together with/
co-factor

LiPa

(EC 1.11.1.14)

Peroxidase Degradation of
non-phenolic units

H2O2

MnPb

(EC 1.11.1.13)

Peroxidase Degradation of phenolic
units, and non-phenolic
units with lipids

H2O2, lipids

Laccase

(EC 1.10.3.2)

Phenol oxidase Oxidation of phenolic
units, and non-phenolic
units with mediators

O2, mediators, such as
3-hydroxybenzotriazole
(3-HBT)

Others Various H2O2
generating oxidases

H2O2 production Peroxidases

alignin peroxidase
bmanganese peroxidase

Some litter-decomposing fungi produce similar enzymes (e.g. MnP) to those of wood-
degrading fungi (Steffen et al. 2000, Hofrichter 2002), but less is known about their
lignin degradation efficiency (Hatakka 2001). Oxygen stimulates lignin degradation by
some white-rot fungi, and these fungi are able to mineralize up to 75% of lignin
(Hofrichter et al. 1999b). Recently, Hofrichter et al. (1999a, 1999b, 1999c) and Kapich
et al. (1999) showed that MnP produced by the white-rot fungus Nematoloma
frowardii or Phlebia radiata alone can mineralize lignin. Thus, MnP is probably the
most important enzyme for lignin mineralization (Hofrichter et al. 1999b, Hatakka
2001). Under some conditions, lignin is not mineralized, although fungi degrade lignin
to water-soluble compounds (Hatakka 2001).

1.4.2. Brown-rot fungi

Brown-rot fungi degrade cellulose and hemicellulose from wood very efficiently with
a degradation mechanism that is different from all other organisms, involves non-
enzymatic reactions, and lacks exoglucanses (Eriksson et al. 1990, Blanchette 1995).
The presence of lignin stimulates cellulose degradation of brown-rot fungi, although
lignin is degraded to a lesser extent, mainly by demethylating and partly by degrading
the lignin-rich middle lamella (Blanchette 1995, Hatakka 2001). A brown-rot fungus
Polyporus ostreiformis has been found to produce MnP and LiP, similar to white-rot
fungi, but its lignin degradation capability is significantly lower than that of the white-
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rot fungus Phanerochaete chrysosporium (Dey et al. 1994). Wood degraded by brown-
rot fungi is mainly modified non-degraded lignin (Blanchette 1995). This brown
residue of heavily decayed wood may remain in the forest for long periods of time
without further degradation, although it is more reactive than native lignin (Kirk and
Farrell 1987, Blanchette 1995, Hatakka 2001). Brown-rot fungi grow more frequently
in softwood than in hardwood, particulary favouring top-layer coniferous forest soils
(Rayner and Boddy 1988, Blanchette 1995). The best studied brown-rot fungi Serpula
lacrymans and Gloephyllum trabeum destroy wooden structures and buildings (Eaton
and Hale 1993, Blanchette 1995). Lenzites trabea (syn. Gloephyllum trabeum)
mineralized 30% of the methoxyl groups of 14C-DHP, but only 10% of ring-labelled
14C-DHP (Haider and Trojanowski 1980). Demethylation activity of lignin by brown-
rot fungi is stimulated in the presence of wood (Niemenmaa et al. 1992).

1.4.3. Soft-rot fungi

Soft-rot fungi predominate only in environments that are too severe for
basidiomycetous wood-rotting fungi, such as excessively wet or dry environments, and
in substrates rich in heartwood extractives or preservatives (Blanchette et al. 1991,
Blanchette 1995, Daniel and Nilsson 1998). Soft-rot fungi also better tolerate wider
ranges of temperature, pH, and oxygen limitation than white- or brown-rot fungi
(Blanchette et al. 1991, Blanchette 1995, Daniel and Nilsson 1998). Soft-rot fungi
grow in soil, compost, piles of woodchips, hay, or straw, and both marine and
freshwater species of soft-rot fungi exist (Daniel and Nilsson 1998). Nitrogen addition
increases the rate of attack, contrary to with white- or brown-rot fungi (Daniel and
Nilsson 1998). Particularly in arable soil and in composts, microfungi are the most
important lignin degraders (Haider and Trojanowski 1980, Eaton and Hale 1993,
Daniel and Nilsson 1998). Typical soil-inhabiting cellulolytic microfungi are in genera
Aspergillus, Chaetomium, Penicillium, and Trichoderma (Eaton and Hale 1993, Daniel
and Nilsson 1998). Most cellulolytic microfungi are able to degrade grass lignin, and
wood lignin to a limited extent; nevertheless, relatively little is known about the lignin
degradation capability of microfungi (Rodriguez et al. 1996, Daniel and Nilsson 1998).
Soft-rot fungi degrade all wood components, but lignin removal is slow and partial
with demethylation (Rayner and Boddy 1988, Eaton and Hale 1993). 

In a few studies, lignin degradation capability of soft-rot fungi has been evaluated with
radiolabelled compounds (Haider and Trojanowski 1975, 1980, Falcón et al. 1995,
Rodriguez et al. 1996). The mineralization of grass lignin was over 20% compared
with less than 3% mineralization of pine lignin and 2-9% of 14C-DHP by Fusarium
and Penicillium species (Falcón et al. 1995, Rodriguez et al. 1996). Chaetomium
piluliferum mineralized 1.5-3.9% of 14C-DHP and 21-26% of corn stalk lignin (Haider
and Trojanowski 1975, 1980). 

Limited data are available on the enzymatic mechanism of soft-rot decay; however,
Fusarium oxysporum (Fakoussa and Frost 1999), Xylaria sp., and Altenaria sp.
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produce peroxidases (Hofrichter and Fritsche 1996), and Botrytis cinerea,
Myceliophthora thermophila (Li et al. 1999), Chaetomium thermophilium (Chefetz et
al. 1998), and Paecilomyces farinosus (Fakoussa and Frost 1999) produce laccase. The
activity of laccases produced by soft-rot fungi is lower than that of Basidiomycetes (Li
et al. 1999, Tanaka et al. 2000), and according to Tanaka et al. (2000), laccase activity
does not correlate with wood decay. Despite peroxidase production, Xylaria sp. and
Altenaria sp. could not decolorize coal humic acids as did basidiomycetous
peroxidase-producing fungi (Hofrichter and Fritsche 1996), and laccase produced by
Botrytis cinerea and Myceliophthora thermophila was not as effective for oxidation
lignin model compounds as laccase produced by white-rot fungi Trametes villosa and
Pycnoporus cinnabarinus (Li et al. 1999). Paecilomyces farinosus, however,
decolorized coal humic acids as efficiently as did some white-rot fungi, such as
Pleurotus ostreatus (Fakoussa and Frost 1999).

The ligninolytic capacity of all thermophilic fungi, which are important compost
microorganisms, remains obscure (V/Table 2). However, most of them are known to
be able to degrade lignocellulosic materials (Kuhad et al. 1997), and Thermoascus
aurantiacus has been demonstrated to have high ligninolytic capacity (Machuca et al.
1995). Thermomyces lanuginosus in pure culture degraded 4.2% of lignin at 50°C,
however, the natural microbial population of a manure compost degraded 11.5%
(Waksman et al. 1939a). Thermophilic fungi and their ligninolytic capacity are
discussed in more detail in a review article (V).

1.4.4. Aerobic bacteria

Wood-degrading bacteria have primarily cellulolytic and pectinolytic activities, and
pure bacterial cultures are unable to perform efficient lignin degradation (Blanchette
1995, Daniel and Nilsson 1998). The lignin degradation mechanism of bacteria is more
specific than that of fungi; one bacterial species is able to cleave only one type of bond
in the lignin polymer (Vicuña et al. 1993). Thus, bacteria degrade lignocellulose in
mixed cultures, either in mixed bacterial cultures, or more commonly, in bacterial and
fungal cultures together (Vicuña et al. 1993, Daniel and Nilsson 1998). Electron
microscopic techniques have revealed evidence of bacterial degradation of wood,
however, no pure bacterial cultures have thus far been isolated, and their taxonomy is
uncertain (Daniel and Nilsson 1998). 

Wood-degrading bacteria have a wider tolerance of temperature, pH, and oxygen
limitations than fungi (Daniel and Nilsson 1998). Thus, bacterial degradation can be
observed when the growth of fungi is repressed in extreme environment or substrate
conditions, such as wood saturated with water, oxygen limitation, high extractive
content, high concentration of lignin, or wood treated with chemical preservatives
(Blanchette 1995, Daniel and Nilsson 1998). A bacterial population alone degrades
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wood extremely slowly, and only in water-logged wood is bacterial attack the major
form of decay (Blanchette et al. 1991, Blanchette 1995).

Actinomycetes live in environments rich in lignocellulose, such as soil, compost,
heaps of hay, straw, or wood chips (Lacey 1988). Actinomycetes frequently degrade,
modify, or solubilize lignin polymer, especially lignin of gramineous plants, to acid-
precipitable polymeric lignin (APPL) (Crawford et al. 1983, Adhi et al. 1989, Ball et
al. 1989, Pasti et al. 1991, Spiker et al. 1992). APPL is a high molecular mass (≥
20000), water-soluble, heterogenous mixture that contains minor amounts of
carbohydrates, proteins, organic nitrogen, and inorganic material, in addition to lignin
(Crawford et al. 1983). Polyphenolic and polymeric lignin fragments have a lower
molecular mass and lower methoxyl content than native lignin, and they are associated
with bacterial protein or hemicellulosic carbohydrates (Crawford et al. 1983, Crawford
1988, Zimmermann 1990). While degrading the lignocellulosic complex,
actinomycetes may also polymerize lignin fragments (Crawford 1988) or mineralize
lignin to some extent (Haider and Trojanowski 1980). Although lignin mineralization
by actinomycetes is not as efficient as by fungi, it is still more efficient than by
unicellular bacteria; various Nocardia species mineralized up to 10% of 14C-DHP,
while mineralization by Pseudomonas species was 1% or lower, which may even have
resulted from impurities of 14C-DHP (Haider and Trojanowski 1980).

Actinomycetes have been claimed to produce extracellular peroxidase (Ramachandra
et al. 1988, Adhi et al. 1989, Pasti et al. 1991, Godden et al. 1992, Spiker et al. 1992,
Mercer et al. 1996), which was first considered to be lignin peroxidase (Ramachandra
et al. 1988, Adhi et al. 1989). However, according to Mercer et al. (1996), the
peroxidase activity of actinomycetes is neither lignin peroxidase nor manganese
peroxidase, and recently it has been discovered that the peroxidase of actinomycetes is
not a heme peroxidase and probably not ligninolytic at all (Mason et al. 2001).
Berrocal et al. (2000) suggested that phenol oxidase produced by Streptomyces
cyaneus would participate in lignin degradation much more than the peroxidase
produced.

Lignin degradation by unicellular bacteria has been studied by Haider and Trojanowski
(1980), Perestelo et al. (1989, 1994, 1996), and Morii et al. (1995). Lignin
mineralization by Pseudomonas putida was only 1.4-2.1% (Perestelo et al. 1996), and
by Serratia mascescens up to 2%, although it solubilized 44% of lignin (Perestelo et
al. 1994). Bacteria isolated from compost or soil, namely Azotobacter, Bacillus
megaterium, and Serratia mascescens, were capable of decolorizing, or solubilizing
lignin (Perestelo et al. 1989, 1994, Morii et al. 1995). Serratia marcescens produced
laccase and the activity had a positive correlation with lignin mineralization and
solubilization (Perestelo et al. 1994).
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1.4.5. Anaerobic conditions

In nature, most lignocellulose is degraded by aerobic microorganisms, but a substantial
amount is also degraded under anaerobic conditions, such as in soil and compost
microenvironments (Atkinson et al. 1996b, Durrant 1996). Hackett et al. (1977) and
Odier and Monties (1983) observed no degradation of lignin in anaerobic conditions.
However, in the study of Benner and Hodson (1985), a mixed population isolated from
compost mineralized 2-4% of lignin and 14-22% of Kraft lignin under anaerobic
conditions at 55°C. According to Colberg and Young (1985), a mixed population
isolated from activated sludge was able to cleave the β-O-4 linkage of low molecular
mass lignin in anaerobic conditions, producing monoaromatic compounds.
Mineralization of lignin was 6% (Colberg and Young 1985). 

In rumen, up to 50% of lignin is either solubilized or transformed into a soluble lignin-
carbohydrate-complex and a variable amount is digested, although the biochemical
pathways are unknown (Susmel and Stefanon 1993). Anaerobic fungi discovered in
rumen, such as Neocallimastix frontalis, often produce cellulases and xylanases, and
probably also have some lignin degradation ability (Joblin and Naylor 1989, Susmel
and Stefanon 1993, McSweeney et al. 1994, Durrant 1996). Because pure cultures of
anaerobic fungi only solubilize lignin, synergistic action by a mixed population
(anaerobic and facultative anaerobic bacteria, protozoa, and fungi) is required for more
efficient lignin degradation under anaerobic conditions (Joblin and Naylor 1989,
Susmel and Stefanon 1993, McSweeney et al. 1994, Kato et al. 1998). Lignin
degradation seems to be very slow compared with aerobic conditions, but is
nonetheless significant (Benner and Hodson 1985, Joblin and Naylor 1989,
McSweeney et al. 1994, Kato et al. 1998).

Bacteria and fungi, which are facultative, anaerobic, or grow under microaerophilic
conditions, are competitive in environments of low oxygen levels, where other
lignocellulose-degrading microbes are unable to grow (Blanchette et al. 1991, Durrant
1996). Durrant (1996) isolated from soil a facultative microaerophilic fungus that
produced laccase, and thus, may have ligninolytic capability. Aquatic environments
and termite guts are also anaerobic environments where lignin degradation occurs
(Butler and Buckerfield 1979, Colberg 1988, Blanchette et al. 1991). An experiment
where labelled lignins have been fed to termites showed that the microflora of the
termite gut demethylates and depolymerizes lignin, and the mineralization of 14C-ring-
labelled lignins was as high as 15-17%, and methoxyl-14C-labelled lignins was up to
63% (Butler and Buckerfield 1979). Hackett et al. (1977) and Benner and Hodson
(1985), by contrast, observed no demethoxylation in anaerobic conditions.
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1.4.6. Mixed populations

The lignin degradation studies of pure microbial cultures have a limited value in
understanding the process of mixed populations in soil and in compost because the
complex populations involve several interactions that may either stimulate or inhibit
the lignin-degrading organisms (Rayner and Boddy 1988, Carlile and Watkinson
1994). In forest soil, lignocellulose and lignin are mainly degraded by basidiomycetous
litter-decomposing fungi, whereas in arable soil and in compost, microfungi are mostly
responsible for the lignin degradation since Basidiomycotina are not able to compete
with other organisms in these environments (von Klopotek 1962, Brown 1985, V). In
wood chip or sawdust piles, thermophilic microfungi and bacteria usually dominate,
but white-rot fungi, such as Phanerochaete chrysosporium and Pleurotus ostreatus,
have been found as well (Rayner and Boddy 1988, Eaton and Hale 1993). In mixed
populations of soils and composts, actinomycetes are important for lignin degradation,
especially at temperatures too high for fungi, but also because they stimulate lignin
degradation of some fungi (Waksman and Cordon 1939, Waksman et al. 1939a,
1939b, Crawford 1988, Rüttimann et al. 1991). Bacteria and yeasts in wood may
stimulate wood degradation and growth of white- and brown-rot fungi because fungi
use these organisms as a source of vitamins, or as a growth substrate (Blanchette and
Shaw 1978). Actinomycetes and fungi produce antibiotics to inhibit the growth of
other organisms; however, soil organisms often tolerate antibiotics (Blanchette et al.
1981, Rayner and Boddy 1988, Carlile and Watkinson 1994).

Lignin degradation in soil by native populations has been investigated by K. Haider
and co-workers (Haider et al. 1977, Martin and Haider 1979, 1980, Haider and
Kladivko 1980, Martin et al. 1980). After one year, 14C-DHP mineralization had
reached 27%, and after two years 41% (Martin and Haider 1979, Martin et al. 1980).
During a shorter time period of 17-28 weeks, lignin was mineralized between 19% and
37% by native populations (Haider et al. 1977, Haider and Kladivko 1980, Martin and
Haider 1980). Hackett et al. (1977) incubated various soil samples with 14C-labelled
synthetic lignin, and lignin was mineralized by mixed populations between 3% and
22% in 41 days, except for one sample from a geyser basin, which mineralized as
much as 42% of lignin at 35°C in 78 days. Several bacteria are capable of degrading
lignin-related aromatic compounds (Rüttimann et al. 1987, Zimmermann 1990,
Godden et al. 1992, Perestelo et al. 1996). Bacteria probably consume mainly fungal
by-products in mixed cultures (Vicuña et al. 1993, Lang et al. 2000).

1.5. Humic substances

Humus is the most important fraction of soil organic matter, consists of relatively inert
humic substances originating mainly from photosynthetic plants (Aiken et al. 1985,
Tate 1987). While the definitive structure of humic substances is still unknown, these
high molecular mass compounds are assumed to form mixtures of various blocks, not
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following the classical molecular formula, and the formula to vary according to origin
(Shevchenko and Bailey 1996, De Nobili and Chen 1999, González-Vila et al. 1999).
Humic substances associate covalently with metal ions, clay, and other non-ionic
components in soil (Shevchenko and Bailey 1996, Shen 1999). The extraction
procedures remove only a fraction of the chemically complex organic matter.
However, the insoluble fraction of humic substances can be studied with the aid of
non-destructive methods, such as nuclear magnetic resonance (NMR) spectroscopy
(Inbar et al. 1990, Almendros et al. 1992, González-Vila et al. 1999), mass
spectrometry (González-Vila et al. 1999), and infrared spetroscopy (Inbar et al. 1990,
Tseng et al. 1996, González-Vila et al. 1999).

Humic substances are traditionally divided into three groups on the basis of chemical
fractionation: humin (insoluble in water at any pH), humic acids (insoluble in water
under acidic conditions), and fulvic acids (soluble in water under all pH conditions)
(Aiken et al. 1985, Stevenson 1985, Shevchenko and Bailey 1996). The definitions of
humic acids, fulvic acids, and humin are rather non-specific and fuzzy, with some
overlap occurring between the fractions of humic acids and fulvic acids (Kontchou and
Blondeau 1990). Variation within the group can also be high (González-Vila et al.
1999, Veeken et al. 2000). Nevertheless, all of these groups are formed mainly from
lignin directly, but probably from different lignin fractions (Kontchou and Blondeau
1990, Almendros and Sanz 1991, Shevchenko and Bailey 1996). 

During humification 70% of organic carbon from plants is mineralized, and
simultaneously, lignin and other recalcitrant materials are accumulated and stabilized
by covalent linkage to humic substances (Tate 1987, Almendros and Sanz 1991,
Shevchenko and Bailey 1996, Almendros et al. 2000). Carbohydrates are mostly
mineralized, but a small fraction is humified because of their close association with
lignin (Tate 1987, Shevchenko and Bailey 1996). Lignin is bound to soil humic
substances as large fragments, and depolymerization of lignin and condensation to
humic acids occur simultaneously without disbanding of the polymeric structure
(Haider et al. 1977, Tate 1987, Shevchenko and Bailey 1996, Veeken et al. 2000).
Thus, lignin-derived stuctures are well preserved in soil and compost humic acids
(Inbar et al. 1990, Shevchenko and Bailey 1996). Clay and other non-ionic
components, metal ions, and phenoloxidase-like enzymes analogous to laccase in soil
may also catalyse humus formation by oxidative coupling, and the soil macroflora
enhance humification (Sulfita and Bollag 1981, Tate 1987, Scheu 1993, Shen 1999).
Humic substances consist of aromatic rings connected by flexible, rather long aliphatic
chains (Shevchenko and Bailey 1996). This structure is formed by oxidative ring
opening of lignin, loss of phenolic and methoxyl groups, and an increase in carboxyl
and carbonyl groups (Inbar et al. 1992, Chefetz et al. 1996, Shevchenko and Bailey
1996). Thus, humic substances are less aromatic and have fewer methoxyl and more
carboxyl groups than lignin, but all types of humic substances in soil have similarities
to lignin, and especially to oxidized lignins of various industrial processes
(Shevchenko and Bailey 1996). 

The degradation pattern of lignocellulose is highly specific according to the plant or
the waste material; thus, the starting material governs humification more than any rule
of degradation processes (Chefetz et al. 1996, Almendros et al. 2000). Lignin content
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of the organic matter and the heterogeneity of lignin affect the composition of humic
substances (Miikki et al. 1994, Chen et al. 1996). High aromaticity was detected in
humus when composted waste had high lignin content (Chen et al. 1996). Also
environmental factors, such as aeration, affect the composition of humic substances
(Tate 1987, Shevchenko and Bailey 1996). Humification in compost is different from
humification in soil because compost lacks the minerals that exist in soil, thus, the
degradation is influenced more heavily by the chemical composition of the plant waste
(Almendros et al. 2000). Soil humic substances are more uniform and have less
detailed spectra than humic substances of composted materials (Miikki et al. 1994).
Compost humic acids are less aromatic, have lower molecular mass, lower carboxyl
content, and less oxygen-containing functional groups than soil or ‘model’ humic acids
(Inbar et al. 1990, 1992, Chen et al. 1996). Compost humic acids resemble humic acids
in plant residues, peat, or fresh, poorly oxidized soil (Inbar et al. 1990, 1992, Chen et
al. 1996). Fulvic acids of compost are more similar to ‘model’ fulvic acid (Chen et al.
1996).

In arable soil and compost, actinomycetes and microfungi are mostly responsible for
lignin degradation and thus humification, whereas litter-decomposing and white-rot
fungi, known to enhance humic acid formation, are the most important organisms in
forest soil (Kakezawa et al. 1990, Shevchenko and Bailey 1996). 

Humic substances are very stable and the covalent linkages to soil minerals make them
even more recalcitrant (Tate 1987, Dehorter et al. 1992, Shevchenko and Bailey 1996).
Thus, old humus may stay non-degraded for more than 1000 years (Shevchenko and
Bailey 1996). However, newly formed humus in active soil is degraded faster (from
one to five years), with the typical turnover rate varying from 20 to 40 years (Dehorter
et al. 1992, Kästner and Hofrichter 2001). Lignin-degrading microorganisms, such as
white-rot fungi and actinomycetes, are also able to degrade humic substances (Martin
and Haider 1980, Dehorter et al. 1992, Kästner and Hofrichter 2001). White-rot fungi
degrade and modify humic substances with extracellular enzymes, and their
degradation mechanism is more efficient than that of actinomycetes, which degrade
humic substances by primary not secondary metabolism (Dehorter et al. 1992,
Kontchou and Blondeau 1992). Humic substances often inhibit the growth and activity
of fungi or bacteria (Yokoi et al. 1999, Steffen et al. 2000), but may also stimulate
their organic matter degradation activities (Ortega-Calvo and Saiz-Jimenez 1998). 

1.6. Bioremediation of contaminated soil by white-rot fungi

In addition to lignin, white-rot fungi are able to degrade various xenobiotics, such as
polyaromatic hydrocarbons and chlorinated aromatic compounds (Pointing 2001), and
also pollutants which are covalently bound to humic substances (Haider and Martin
1988, Wunderwald et al. 2000, I). Thus, white-rot fungi have potential capability for
bioremediation of contaminated soils (Pointing 2001). In the earliest studies, the
pollutant degradation ability of the white-rot “model” fungus Phanerochete



20

chrysosporium was investigated in liquid cultivations (Paszczynski and Crawford
1995), but experiments were also performed in soil with other fungi, including
Bjerkandera sp. (Leštan and Lamar 1996), Phanerochaete sordida (Lamar et al. 1994,
Leštan and Lamar 1996), Pleurotus ostreatus (Eggen 1999, Novotný et al. 1999,
Eichlerová et al. 2000), and Trametes versicolor (Morgan et al. 1993, Leštan and
Lamar 1996, Leštan et al. 1996, Novotný et al. 1999, III).

The non-specific extracellular lignin-degrading enzymes, namely LiP, MnP, and
laccase, have been thought to be responsible for degradation of pollutants, and the
degradation of TNT, polyaromatic hydrocarbons (PAHs), PCP, bleach-plant effluents,
and synthetic dyes has been distinctly correlated with the production of MnP or laccase
in many experiments (see Table 3, Pointing 2001). However, the activity of these
enzymes has not always correlated with the degradation (Eggen 1999, Leontievsky et
al. 2001, Pointing 2001, Table 3). The other enzymes produced by white-rot fungi,
such as cellobiose dehydrogenase (CDH), may also participate in the degradation of
xenobiotics, but their role is still unclear (Cameron et al. 2000). Cytochrome P-450
monooxygenase produced by Pleurotus ostreatus has been shown to participate in the
initial oxidation of phenantrene (Bezalel et al. 1997). The production of enzymes by
fungi may decline in contaminated soil since P. ostreatus produced significantly less
laccase and MnP in PAH-contaminated soil than in straw (Novotný et al. 1999). Some
LiP-producing fungi apparently do not produce LiP in soil, although Irpex lacteus did
generate LiP in soil (Novotný et al. 1999, 2000, Leontievsky et al. 2001). According to
Blondeau (1989), humic substances may inactivate peroxidases but do not seem to
affect laccase activity of Cerrena unicolor (Filazzola et al. 1999). T. versicolor and P.
tigrinus produced both laccase and MnP while degrading 2,4,6-trichlorophenol (2,4,6-
TCP), but only MnP activity correlated with the degradation in cultures of P. tigrinus,
and only laccase activity in cultures of Trametes (Coriolus) versicolor (Leontievsky et
al. 2001). For efficient degradation, laccase needs a mediator such as 1-hydroxy
benzotriazol (Hatakka 2001). White-rot fungi may secrete natural mediators while
degrading lignocellulose, although this has been reported only in the case of
Pycnoporus cinnabarinus (Eggert et al. 1995). However, during degradation of
xenobiotics mediators may be absent, which may explain the unclear correlation
between laccase activity and pollutant degradation (Johannes and Majcherczyk 2000).
A mediator may also prevent polymerization of degradation products (Leontievsky et
al. 2001). The enzymes in vitro are also able to degrade and MnP even to mineralize
xenobiotics, such as PAHs, 2,4,6-TCP, and PCP (Sack et al. 1997, Hofrichter et al.
1999d, Johannes and Majcherczyk 2000, Ullah et al. 2000, Leontievsky et al. 2001).

Some metabolites from xenobiotics are persistent or toxic themselves, e.g. fungi from
the genus Phanerochaete methylate PCP to the even more toxic pentachloroanisole
(PCA) (Leštan and Lamar 1996). Lang et al. (2000) did not observe any accumulation
of intermediates produced by white-rot fungi during lignocellulose degradation in soil
with a mixed population of native soil bacteria. They assumed that soil bacteria would
also degrade toxic intermediates possibly formed during bioremediation (Lang et al.
2000). 
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Table 3 Correlation between enzyme production by white-rot fungi and
degradation of pollutant (+=correlation observed, −=no correlation
observed).

Fungus Pollutant Laccase MnPa Reference

N. frowardii Fluorinated
humic acid

− + Wunderwald et al. 2000

T. versicolor PAHs + (m)b ndc Johannes and Majcherczyk 2000

T. versicolor 2,4,6-TCP + − Leontievsky et al. 2001

P. tigrinus 2,4,6-TCP − + Leontievsky et al. 2001

T. versicolor PCP + nd Ullah et al. 2000

Various fungi TNT nd + Scheibner et al. 1997

P. ostreatus PAHs of
creosote

− − Eggen 1999

amanganese peroxidase
b(m) = together with mediator
cnd = not determined or discussed

Because white-rot fungi usually grow in wood, they compete poorly with soil
microorganisms, and soil humic substances inhibit their growth (Rayner and Boddy
1988, Steffen et al. 2000). Recently, the potential of agaric wood degraders and litter-
decomposing basidiomycetous fungi has been studied. They possess similar oxidative
enzymes and colonize, grow, and survive more likely in soils, competing better with
soil native microorganisms than white-rot fungi (Eichlerová et al. 2000, Steffen et al.
2000, Andersson et al. 2001). Scheibner et al. (1997) screened TNT degradation
capability of 91 fungal strains from wood-degrading and litter-decomposing
basidiomycetes and saprophytic micromycetes. Poor degraders occurred in every
ecophysiological group, but of the 14 most efficient degraders, ten were wood-
degrading basidiomycetes, four were litter-decomposing basidiomycetes, and none
were saprophytic micromycetes (Scheibner et al. 1997). Pleurotus ostreatus has
frequently been studied for its ability to colonize soil and degrade lignin in the
presence of native soil microorganisms as efficiently as in sterile straw (Lang et al.
1997, 2000, Novotný et al. 1999, Eichlerová et al. 2000). Dichomitus squalens was a
less efficient competitor, and P. chrysosporium and T. versicolor were poorer soil
colonizers than P. ostreatus. The latter fungus produces antibiotics, a highly
hydrophobic mycelium, and maintains a low pH in the environment. This
biosuppressive mechanism inhibits bacterial growth and prevents soil microbes from
penetrating straw colonized by the fungus (Lang et al. 1997, 2000, Novotný et al.
1999).
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During the degradation of xenobiotics, white-rot fungi often polymerize or convert
substantial amounts of compounds to humic-bound products (Dec and Bollag 1990,
1994b). This also occurred with PCP degradation by P. chrysosporium and P. sordida
(Lamar and Dietrich 1990). Although covalent binding with humic substances
decreases mineralization, white-rot fungi are able to degrade humic-bound pollutants
(Haider and Martin 1988, Wunderwald et al. 2000). Even MnP from Nematoloma
frowardii alone degraded humic substances and halogenated humic substances
(Wunderwald et al. 2000). The binding to humic substances inactivates the pollutant,
and is therefore a desired result (Dec and Bollag 1994a).

1.7. Composting

Composting is an aerobic exothermic waste treatment method where a mixed
microbial population degrades heterogeneous organic matter. The main end-products
of composting are CO2, biomass, and humic substances (Crawford 1983, Haug 1993).
The humified and stabilized end-product can be used as a fertilizer (Crawford 1983).
During the composting process pH, temperature, and structure of the organic matter
alter along with the ongoing succession in the microbial population (Paatero et al.
1984). Addition of a bulking agent is usually needed, and water addition occasionally
(Paatero et al. 1984, Haug 1993). Either forced aeration or frequent turning ensures
efficient oxygen transfer to the compost pile. Agitation is always needed to ascertain
uniform degradation (Biddlestone and Gray 1985, Haug 1993).

Degradation of the waste in compost proceeds in three phases (V/Fig. 3). The duration
of the phases depends on the composition of the organic matter and the efficiency of
the process, which can be determined by oxygen consumption (Haug 1993).

1) The first mesophilic phase 

At the beginning of composting, mesophilic bacteria and fungi degrade soluble
and easily degradable compounds of organic matter, such as monosaccharides,
starch, and lipids. Bacteria produce organic acids, and pH decreases to 5-5.5.
Temperature starts to rise spontaneously as heat is released from exothermic
degradation reactions. The degradation of proteins leads to release of ammonia,
and pH rises rapidly to 8-9. This phase lasts from a few hours to a few days
(Crawford 1983, Paatero et al. 1984).

2) Thermophilic phase

The compost enters the thermophilic phase when the temperature reaches 40ºC.
Thermophilic bacteria and fungi take over, and the degradation rate of the waste
increases. If the temperature exceeds 55º-60ºC, microbial activity and diversity
decrease dramatically. After peak heating, the pH stabilizes to a neutral level. The
thermophilic phase can last from a few days to several months (Waksman et al.
1939a, 1939b, Strom 1985a, 1985b).
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3) Cooling and maturation phase

After the easily degradable carbon sources have been consumed, the compost
starts to cool. After cooling, the compost is stable. Mesophilic bacteria and fungi
reappear, and the maturation phase follows. However, most of the species are
different from the species of the first mesophilic phase. Actinomycetes often grow
extensively during this phase, and some protists and a wide range of
macroorganisms are usually present. The biological processes are now slow, but
the compost is further humified and becomes mature. The cooling and maturation
phase lasts for several months or even years (Biddlestone and Gray 1985,
McKinley and Vestal 1985, Strom 1985a, 1985b).

The important parameters of composting are temperature, pH, moisture content, and
oxygen transfer, which is regulated by aeration, free airspace, and agitation. The main
properties of feed materials include the C/N ratio, particle size, rigidity, and nutrient
and lignin content (Crawford 1983, Paatero et al. 1984, Biddlestone and Gray 1985,
Haug 1993). These parameters are often closely linked together, e.g. moisture content
and oxygen transfer (Crawford 1983). Under optimal conditions, residence time is
minimized and a good end-product is achieved (Golueke 1992).

Self-heating commences and a sufficiently high temperature is reached when moisture
content, nutrient level, and particle size of the waste are adequate, but temperature can
also be artificially kept at a high level for a longer time to intensify the degradation
(Crawford 1983, Horwath and Elliot 1996a). A maximal degradation rate is achieved
at temperatures from 45°C to 60°C, but excessive temperature suppresses
decomposition (Waksman et al. 1939b, MacGregor et al. 1981, Strom 1985a).

Control of pH is not normally needed. However, if the level of nitrogen in waste
material is high, there may be excessive ammonia production, resulting in an odour
problem (Eklind and Kirchmann 2000).

Microorganisms need water to maintain their activity, but if moisture content is too
high, the free airspace is easily filled with water, and anaerobic conditions and a
decreased degradation rate follow (Haug 1993). The optimum moisture range in
compost is usually 50-70%, but it is highly dependent on the feed material (Haug
1993). Moist materials can be composted if they are sufficiently rigid or a bulking
agent, which absorbs excess water, is added (Haug 1993). During composting the
organic material dehydrates as heat together with vapour escapes the compost
(MacGregor et al. 1981). Dry unstable compost may behave like cooled, stabilized
compost, but by re-wetting this “pseudostable” compost, reheating can be induced
(MacGregor et al. 1981, Haug 1993, Itävaara et al. 2002).

Aerobic conditions are essential for efficient degradation. One option is forced
aeration, but turning or intermittent agitation is adequate for aeration in many cases.
Air can reach the inner parts of the heap because the gaps between the particles
constitute free airspace (Fig. 6). Sufficient porosity is achieved by using a rigid, slowly
degradable material, such as wood chips, bark, or some other lignocellulosic
substance, as a bulking agent (Crawford 1983, Paatero et al. 1984, Haug 1993). If
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aeration is overly efficient, cooling and a decrease in degradation may follow (Suler
and Finstein 1977).

Fig. 6 The microbial cell in a compost environment (Paatero et al. 1984,
Haug 1993).

Microorganisms require a carbon source as a major energy source, macronutrients,
such as nitrogen, phosphorous, and potassium, and certain trace elements for their
growth. Lack of nitrogen could retard the composting process. The optimal C/N ratio
has been reported to be 25-50, but this seems to have marked variation depending on
the substrate, because nitrogen addition can increase (Inbar et al. 1988), decrease
(Horwath and Elliott 1996b) or have no effect at all (Inbar et al. 1988) on the
degradation rate in compost. Thus, the chemical composition of nitrogen in feed
material and the structure of the waste have been suggested to be more important for
composting performance than the C/N ratio (Crawford 1983, Golueke 1992, Horwath
and Elliott 1996b). Excess nitrogen is lost from compost as ammonia or other gaseous
nitrogen compounds (Eklind and Kirchmann 2000). During the decomposition of
waste two-thirds of carbon is released as carbon dioxide and the rest is accumulated as
compost organic matter (Horwath and Elliott 1996b, Eklind and Kirchmann 2000).
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Fungi, actinomycetes, and unicellular bacteria form the majority of compost
microorganisms, and algae, viruses, protozoa, and macroorganisms make up the
minority (Finstein and Morris 1975, Biddlestone and Gray 1985, see Table 4). Bacteria
are mostly heterotrophic, but denitrifying and nitrogen-fixing bacteria, hydrogen-
oxidizing bacteria, and sulfur-oxidizing bacteria are also present (Diaz-Raviña et al.
1989, Beffa et al. 1996, Bess 1999). Actinomycetes often grow extensively during the
cooling and maturation phase (Biddlestone and Gray 1985). Fungi grow in compost in
all phases but may disappear temporarily during peak heating (Thambirajah et al.
1995). The percentage of fungi and actinomycetes relative to the whole population is
lower in compost than in soil, while the actual density of these organisms is much
higher (Diaz-Raviña et al. 1989). A small but significant number of anaerobic bacteria
has also been found in a compost environment (Diaz-Raviña et al. 1989, Atkinson et
al. 1996b, Ueno et al. 2001). Anaerobic microenvironments may develop, especially
during the thermophilic phase, when oxygen is rapidly consumed (Haug 1993). The
isolated anaerobic bacteria have either been cellulolytic or saccharolytic (Atkinson et
al. 1996b, Ueno et al. 2001).

Table 4 Examples of compost microorganisms (Eastwood 1952, Finstein and
Morris 1975, Strom 1985a, 1985b, Andrews et al. 1994, Beffa et al.
1996, Pedro et al. 2001).

Fungus Actinomycete Other bacteria

Aspergillus fumigatus Nocardia spp. Bacillus spp.

Chaetomium globosum Steptomyces spp. Flavobacterium spp.

Chaetomium thermophilum Thermoactinomyces spp. Hydrogenobacter spp.

Coprinus spp. Thermomonospora spp. Methylobacterium exotorquens

Fusarium spp. Propionibacterium spp.

Penicillium spp. Pseudomonas spp.

Thermoascus aurantiacus Serratia spp.

Thermomyces lanuginosus Thermus spp.

Trichoderma viride Xanthomonas maltophilia

During the maturation phase protists and a wide range of macroorganisms, including
mites, springtails, ants, millipedes, centipedes, spiders, beetles, and worms, appear in
the compost. These animals eat plant material or other animals, and their physical
action is beneficial to the compost structure and to the microorganisms due to the
surface area of organic matter increasing, and thus, becoming more accessible
(Biddlestone and Gray 1985). The feed material determines which microorganisms
appear or vanish during the natural succession in compost, but the total number of
microorganisms does not change significantly (Andrews et al 1994, Atkinson et al.
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1996a). According to Golueke et al. (1954), no inocula intensified the degradation in
compost or improved the end-product, which means that either the inoculated bacteria
fail to survive or they were already naturally present. The final product is clearly
different from degradation products produced by any pure cultures due to the synergy
between organisms. The interactions can be symbiotic or antagonistic, such as
production of antibiotics (Biddlestone and Gray 1985, Golueke 1992).

The microbial population of the compost has traditionally been studied by isolation of
microbes (Waksman et al. 1939a, 1939b, Eastwood 1952, Henssen 1957). However,
some microorganisms taking part in the degradation of waste may be less active, or
nearly dormant. All important microbes probably cannot be isolated from compost,
and thus, new methods, such as carbon source analysis (Andrews et al. 1994, Insam et
al. 1996) and fatty acid analysis (Herrmann and Shann 1997, Klamer and Bååth 1998)
have been developed to study microbial community diversity. DNA and RNA
techniques utilizing polymerase chain reaction (PCR) (Kowalchuk et al. 1999, LaPara
et al. 2000, Peters et al. 2000) and the denaturing gradient gel electrophoresis (DGGE)
method in particlular (LaPara et al. 2000, Pedro et al. 2001; Ueno et al. 2001), have
also been applied to the microbial community analysis of compost.

Waste material often contains pathogens, such as enteric pathogens, which are heat-
sensitive, and thus, are killed during the thermophilic phase, although some mesophilic
bacteria may survive along the cooler edges of the compost heap (Droffner et al.
1995). However, the suppressive properties of fungi and actinomycetes prevent the
infectivity of human and plant pathogens, or destroy them together with larvae and
weed seeds, partly due to the high temperature and partly to the antibiotic compounds
(Finstein and Morris 1975, Paatero et al. 1984, Mandelbaum et al. 1988, Hardy and
Sivasithamparam 1991). Only spore-forming bacterial pathogens Clostridium
botulinum and C. tetani, which are also common in soil, can survive in compost (Haug
1993).

1.7.1. Controlled composting test

The development of biodegradable plastics has prompted the need for a test method to
evaluate true biodegradability (Itävaara and Vikman 1996). New test methods have
been standardized by the International Standardization Organization (ISO), the
German Standardization Organization (DIN), and recently, the European
Standardization Organization (CEN; European Standard EN 13432, 2000) (Sawada
1998, Pagga 1999). The European test scheme includes characterization of packaging
materials and their components, and two test methods for the evaluation of
biodegradability, one based on mineralization measurement, and the other on the
determination of disintegration under actual composting conditions (European
Standard prEN 14046 and 14045, 2000). Ecotoxicological evaluation of compost
quality is also included (Pagga et al. 1996).
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Prior to final standardization in Europe, preliminary tests to study Kraft paper and
starch-based plastics were run at a constant temperature of 58°C or with a temperature
profile (Pagga et al. 1995, Vikman et al. 1995, Itävaara and Vikman 1996). The test
method shows the ultimate biodegradation, i.e. mineralization of the material to be
tested, to distinguish truly biodegradable materials from products that only disintegrate
into tiny particles without real biodegradation. However, disintegration is also an
essential requirement for biodegradability (Itävaara and Vikman 1996, Pagga 1999,
European Standard prEN 14046, 2000). The average biodegradation achieved in
preliminary composting tests was 80% for unbleached Kraft paper, 88% for poly-β-
hydroxybutyrate (PHB), and 84% for cellulose powder (Pagga et al. 1995).

The standard for ultimate biodegradation in the controlled composting test includes the
following criteria (European Standard prEN 14046, 2000):

- Carbon dioxide production is measured during the test from a compost
containing a test sample and from a background compost

- A constant temperature of 58°C

- Test sample to compost ratio is 1:6 on a dry weight basis

- Incubation time is 45 days or up to six months if the degradation has not ceased

- Only stable compost should be used. Carbon dioxide production should be
between 50 and 150 mg g-1 compost volatile solids (VS)

- Biodegradation is calculated according to Equation (1)

Biodegradation =
−m m

m th e o r

1 0 1 0 0 %
.

* (1)

, where

m1 = mass of CO2 produced by bottles with compost and a test sample
m0 = mass of CO2 produced by background bottles
mtheor. = mass of CO2 evolved from a test sample, if 100% is mineralized

The test has a few limitations due to the ultimate biodegradability being based on
carbon dioxide production. If the test material extensively attaches to humic
substances during biodegradation, the test result gives an impression of non-
biodegradable material. Extensive carbon dioxide production of the background
compost, or the test material stimulating the compost inocula to produce excess carbon
dioxide can also cause inaccurate results.
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1.7.2. Priming effect

The priming effect has been explained as a phenomenon where humified material of
soil or compost starts to degrade at an accelerated or retarded rate after substrate
addition (Tate 1987, Shen and Bartha 1996, Kuzyakov et al. 2000). Humus is always
mineralized to some extent by native microbial populations, but contradictory evidence
exists as to whether substrate addition to soil is actually stimulating, inhibiting, or has
no effect at all on mineralization (Jenkinson 1971, Tate 1987, Haug 1993). According
to the majority of earlier studies reviewed by Jenkinson (1971) and Tate (1987),
priming effect has no practical meaning under field conditions. Global atmospheric
change and elevated CO2 could theoretically cause a priming effect in native soils, but
the interactions between soil organic matter, microorganisms, and plants are so
complicated that no consensus about the consequences exists (Cheng 1999).

Recently, priming effect has been explained as a triggered activity or an accelerated
death of microbial biomass, not originating from humified material in any case (De
Nobili et al. 2001). The soil microbial population is normally near dormancy, and
triggered activity would follow substrate addition as a result of normal survival
strategy, with excess carbon dioxide originating from endocellular reservoirs. The
other possibility is that substrate addition results in the death of microbial cells, which
are further degraded to carbon dioxide excessively (De Nobili et al. 2001). The
experimental data of Wu et al. (1993) confirms the theory of a positive priming effect
originating from dead cells, and a negative priming effect would result when the death
of native microorganisms is extensive (Wu et al. 1993, De Nobili et al. 2001, IV).
Triggered activity only occurs upon addition of substrates containing simple carbon
sources, such as glucose, while cellulose does not cause a priming effect (Sharabi and
Bartha 1993, Shen and Bartha 1996, 1997, De Nobili et al. 2001). 

Priming effect can be studied by adding labelled and non-labelled substrate to soil or
compost and comparing substrate biodegradation, i.e. net CO2 evolution (or net
evolution of gaseous nitrogenous compounds), with 14CO2 evolution (Shen and Bartha
1996). Shen and Bartha (1996) designate this ratio as a priming index (Equation 2).
When the priming index equals one, no priming effect has been observed. In the case
of a positive priming effect, the priming index is over one, and for a negative priming
effect, the priming index is less than one. Another posibility is labelling the soil humic
substances or the microbial population (Jenkinson 1971, Wu et al. 1993).

%100*
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A
A

PI = (2)

, where

PI = priming index
Biodegradation = according to Equation 1
A1 = radioactivity of evolved 14CO2
A2 = total radioactivity of added substrate
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2. AIMS OF THE STUDY

Polluted soils rank among major environmental problems. Bioremediation by white-rot
fungi is one option for soils contaminated by organic chemicals, such as polycyclic
aromatic hydrocarbons (PAH) or chlorophenols. To study the feasibility of selected
white-rot fungi for bioremediation, the efficiency of lignin degradation in soil by these
fungi was determined (I). While ligninolytic enzymes are thought to be mostly
responsible for degradation of pollutants, the performance of white-rot fungi in soil is
inadequately known. Wheat straw was selected as the co-substrate needed as an energy
source, and the optimal straw-to-soil ratio was determined (I). Furthermore, PCP
degradation capability of the most efficient lignin-degrading fungus in soil was studied
(III).

Landfilling has traditionally been the main treatment method for solid waste. However,
not only is potential raw material lost, but degradation of waste is slow and
uncontrolled. Thus, interest in other treatment methods, such as composting, is
increasing. Moreover, the legislation of the European Union, which classifies
composting as organic recycling, requires more recycling and less landfilling. All
biodegradable waste can be composted, but the biodegradability of materials needs to
be verified, especially with regard to new materials. Recently, the European
Standardization Organization (CEN) designed one set of standard tests, including a
controlled composting test, to study biodegradablity of materials. It was necessary to
study how lignin and lignin-containing materials decompose in the controlled
composting test because this test is designed especially for biodegradable plastics. In
addition, we were interested in general as well as more specific knowledge about
lignin degradation by a compost mixed population. Several lignin degradation studies
have been carried out with 14C-labelled compounds in soil (Crawford et al. 1980,
Haider and Trojanowski 1980, Martin and Haider 1980), but lignin degradation in a
compost environment has received less attention, and to our knowledge, has not
studied with labelled compounds according to a literature review (V). Thus,
experiments to follow lignin degradation with 14C-labelled synthetic lignin during a
controlled composting test and the impact of temperature on degradation were carried
out (II). Biodegradation according to the test is based on carbon dioxide production of
the test material. If the compost itself starts to produce an excess or reduced amount of
carbon dioxide (priming effect), the test result would be unreliable. The accuracy of
test results was studied by determining whether the priming effect takes place in
composts of various ages (IV).
14C-labelled compounds were used in all experiments, and in addition to
mineralization, the ultimate fate of the compounds was measured by applying an
extraction procedure (I-IV). PCP and possible toxic metabolites of PCP were also
measured by gas chromatography (GC) from extracts (III).
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More specifically, the aims of the study were:

• to study how soil affects the lignin-degradation capability of white-rot fungi (I)

• to determine the optimal straw-to-soil ratio (I)

• to study lignin degradation in compost, especially with regard to temperature
(II, V)

• to study PCP degradation by white-rot fungus Trametes versicolor (III)

• to determine whether any toxic metabolites are produced from PCP (III)

• to evaluate the accuracy of controlled composting test results by studying the
priming effect phenomenon with composts of various ages (IV)
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3. MATERIALS AND METHODS

3.1. Microorganisms

The fungal cultures and their origins studied in soil experiments are listed in Table 5.
Composts and one soil control, neither of which were autoclaved or inoculated,
contained native microbial populations.

Table 5 Fungal strains used in the experiments.

Fungus Origin Experiment

Abortiporus biennis 
(Bull. ex Fr.) Sing 231

Institute of Microbiology, Academy of
Science of Byelorussia, Minsk, Byelorussia

DHP

Bjerkandera adusta 
(Willd.:Fr.) P. Karsten 213

Department of Applied Chemistry and
Microbiology, University of Helsinki,
Helsinki, Finland

DHP

Dichomitus squalens 
(P. Karsten) D.A. Reid A-670

Culture collection of the Department of
Forest Products, Swedish University of
Agricultural Sciences, Uppsala, Sweden

DHP

Phanerochaete chrysosporium
Burds. F1767 (ATCC 24725)

Obtained through M. Leisola,
Eidgenössische Technische Hochschule
(ETH), Zürich, Switzerland (present
address: Helsinki University of Technology,
Espoo, Finland)

DHP

Phanerochaete sordida 
(Karst.) Erikss. & Ryv. 
HBB-8922-Sp

Center for Forest Mycology Research,
United States Department of Agriculture,
Forest Service, Forest Products Laboratory,
Madison, Wisconsin, USA

DHP

Phlebia radiata 
(Fr.) 79 (ATCC 64658)

Department of Applied Chemistry and
Microbiology, University of Helsinki,
Helsinki, Finland

DHP

Pleurotus ostreatus 
(Jacq.:Fr.) P. Kumm.
IBP no. 53

Culture collection of the Department of
Forest Products, Swedish University of
Agricultural Sciences, Uppsala, Sweden

DHP

Trametes hirsuta 
(Fr.) Pilat 212

Institute of Microbiology, Academy of
Science of Byelorussia, Minsk, Byelorussia

DHP

Trametes versicolor 
(L. ex Fr.) Pilat PRL 572

Dr. T. Johansson, University of Lund,
Lund, Sweden

DHP, PCP
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3.2. Soil and compost

Two soils and 12 composts were used in the experiments (Table 6). The soils were
obtained from Dr. M. Yli-Halla, Division of Agricultural Chemistry and Physics,
Department of Applied Chemistry and Microbiology, University of Helsinki, Helsinki,
Finland (Yli-Halla 1993). Soils were air-dried, sieved (2-mm mesh), and stored at 4°C
in the dark. In the study with 14C-DHP, the composts were stable according to the
criteria of the European standard, hence they produced carbon dioxide between 50-150
mg g-1 compost VS during a ten-day period (European Standard prEN 14046, 2000).

Table 6 Soils and composts used in the experiments.

Soil/Compost (origin) Type Age Experiment

Soil Loam − DHPe in soil with WRFf

Soil Fine sand − PCPg in soil with
T. versicolor

Compost (VTT) Vegetables 7 mob DHP in compost

Compost (VTT) Vegetables 7.5 mo DHP in compost

Compost (VTT) Vegetables 4 mo DHP in compost

Compost (VTT) Vegetables 6 mo Priming effect

Compost (Ämmässuo) MSWa 2 wkc Priming effect

Compost (Ämmässuo) MSW 3 mo Priming effect

Compost (Ämmässuo) MSW 6 mo Priming effect

Compost (Ämmässuo) MSW 7 mo Priming effect

Compost (Ämmässuo) MSW 1.5 yrd Priming effect

Compost (Biolan) Chicken manure 2 mo Priming effect

Compost (Biolan) Chicken manure 3 mo Priming effect

Compost (Biolan) Chicken manure 6 mo Priming effect
aMSW = municipal solid waste eDHP = dehydrogenation polymer
bmo = months fWRF = white-rot fungi
cwk = weeks gPCP = pentachlorophenol
dyr = years

Three types of composts were used: vegetable and fruit waste was composted with
bark, peat, and wood shavings at VTT Biotechnology, Espoo, Finland, municipal solid
waste (MSW) with wood chips at the Ämmässuo composting plant, Espoo, Finland,
and chicken manure with peat at the Biolan composting plant, Kauttua, Finland.

For details on composts and the controlled composting test, see Vikman et al. (2002).
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3.3. 14C-labelled compounds and radiorespirometric methods

Two synthetic lignin preparations were used. In soil experiments, 14C-ring-labelled
dehydrogenation polymer (14C-ring-DHP) with a molecular mass of 4-10 kDa was used.
The preparation was obtained from Dr. E. Odier, Institut National de la Recherche
Agronomique, Laboratoire de Microbiologie-lignine, Paris, France. Gel permeation
chromatography (GPC) of 14C-ring-DHP has been described by Eriksson et al. (1990). In
the compost experiment, we used 14C-β-labelled dehydrogenation polymer (14C-β-DHP),
which was synthesized according to Brunow et al. (1998) with some modifications. The
average molecular mass of 14C-β-DHP was 3.1 kDa. A stock suspension of 14C-DHP for
addition to incubation flasks was made as described by Vares et al. (1994) in both cases.
Specific activity of the stock solution was approximately 6.6 kBq ml-1.

Uniformly labelled 14C-pentachlorophenol, purity >98%, from Sigma Chemical Co., St.
Louis, MO, USA, was dissolved in ethanol (99%) to obtain a stock solution with a
specific activity of approximately 12 kBq ml-1.

Uniformly labelled 14C-D-glucose, purity >97%, in an ethanol water solution (9:1)
from NEN Life Science Products, Inc., Boston, MA, USA, was dissolved in
deionized water to obtain a stock solution with a specific activity of approximately 7.4
kBq ml-1.

Soil experiments were performed in 100-ml, and compost experiments in 250-ml conical
flasks. The amount of soil was constant, 5 g, and the straw-to-soil ratio was principally
1:5. However, Trametes hirsuta was also grown without soil, and Bjerkandera adusta
and T. hirsuta were also grown with straw-to-soil ratios of 1:2.5, 1:10, and 1:25. The
straw-soil mixture was autoclaved in the flasks (20 min, 121°C), except for the three non-
autoclaved control flasks. In compost experiments, the ratio of compost to tested material
was 6:1 by dry weight (European Standard prEN 14046, 2000). In experiments with
DHP, the amount of compost mass in each flask was 75 g wet weight (dry weight varied
between 16.1 and 20.2 g). In priming effect experiments, 2.9 g of non-labelled glucose
was applied to each flask, and the amount of compost was 17.4 g by dry weight (wet
weight varied between 29 and 75 g). Controlled composting conditions according to the
European standard (prEN 14046, 2000) were applied with the following modifications:
the volume of the compost had to be reduced due to insertion of radioactive material, and
incubation temperatures were 35°C, 50°C, and 58°C in the experiment with 14C-DHP,
and 50°C in the experiment with 14C-glucose.

The total radioactivity in each compost flask was approximately 5000-7000 Bq, and
approximately 650 Bq in each soil flask. Soil flasks, except soil control flasks, were
inoculated with either homogenized fungal mycelium or a spore suspension of
Phanerochaete chrysosporium. Water-retaining capacity of the soil was adjusted to 60%
(WRC60) with sterile deionized water. If moisture content of the compost and the tested
material together was below 50%, non-sterile tap water was added to adjust the moisture
content to 50-55%.

The incubation flasks, which were kept in a water bath and equipped with flushing
stoppers, were aerated constantly with humified air in compost experiments, and for 3
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hours a day, 5 days a week in soil experiments. Soil experiments were finished after 56
days, and compost experiments after 32, 45, or 48 days. To follow the fate of radiolabel
over the incubation time in compost with 14C-DHP and in the 14C-PCP experiment, the
incubation in certain flasks was terminated earlier. The incubation temperature was 28°C
for soil experiments, 35°C, 50°C or 58°C for compost experiments with DHP, and 50°C
for the priming effect experiment. Evolved 14CO2 was trapped and counted as explained
by Hatakka and Uusi-Rauva (1983), with the exception of the priming effect experiment.
In this experiment, potassium hydroxide (KOH) was selected as the trapping liquid, and
the total CO2 concentration in trapping liquid was determined by titrating the liquid with
hydrochloric acid (HCl). A special procedure was created for liquid scintillation counting
to subtract the background radioactivity caused by 40K isotopes of the KOH solution. In
all experiments, radioactivity was counted with a liquid scintillation counter (model 1411,
Wallac Oy, Turku, Finland) either from the whole trapping liquid (Hatakka and Uusi-
Rauva 1983) or from duplicate samples of 2 ml of the KOH trapping liquid. After
incubation, all flasks were stored at -20°C until the residual compost or soil were
extracted.

Biodegradation of non-labelled glucose was calculated according to Equation (1) (page
27) and the priming index was calculated according to Equation (2) (page 28) (Shen and
Bartha 1996). The final number of replicate flasks was mostly four, with some variation
due to problems in aeration throughout the length of the experiments.

3.4. Extraction of residual 14C-labelled compounds

Successive extractions and combustion of the residue were carried out in all
experiments in the following order:

1. Water

2. Dioxane

3. Alkali

4. Combustion

In soil experiments, the total mass of each flask was extracted, while in compost
experiments, three or four samples, each 3.5-10 g from the total mass in the flasks,
were extracted. These samples together represented nearly the total mass. The amount
of the solvents was approximately 30 ml, and the precise volume was measured after
extraction and centrifuging. The number of extractions was not the same in all
experiments. Each sample was extracted with the solvents successively one to four
times, depending on the experiment (Table 7).

Water was chosen for the extraction of any water-soluble degradation products possibly
formed. In the case of DHP, a small part of the original compound is already water-
soluble. Artificial fresh water was used for the extraction because it was assumed to break



35

any weak electrostatic bonds present between PCP or its transformation products and the
surface of the soil particles. Dioxane was used for PCP extraction because of its
incapability to extract humic substances, and for DHP extraction since it can specifically
extract unmodified lignin (Reid 1991). KOH-methanol was chosen for alkali extraction
because of the best recovery obtained for chlorophenolics in spiked sediments
(Lyytikäinen et al. 1997), and sodium hydroxide (NaOH) in other experiments since it is
most widely used for extraction of humic substances (Stevenson 1985).

Table 7 Number of extractions in various experiments.

Number of extractions

Solvent DHP - soil DHP - compost PCP - soil Glucose - compost

Water 4a 2b 1b 2b

1,4-dioxane 2 1 2 1

Alkali 3c 1d 1e 1d

adistilled water d1 M NaOH
bartificial fresh water e6 M KOH-methanol (4:1)
c0.5 M NaOH

Water and dioxane extracts were light yellow and alkali extracts dark brown before
dilution. Thus, two protocols were created for the liquid scintillation counter by adding
14C-labelled standard to non-radioactive extracts, and the quenching effect of colour was
measured with a liquid scintillation counter (Wallac 1411).

The straw-soil or compost residue was air-dried and combusted to CO2 (Junitek Oxidizer,
Junitek Oy, Turku, Finland). Formed 14CO2 was trapped (LUMASORB II,
CARBOLUMA, Lumac LSC B.V.) and radioactivity counted with a liquid scintillation
counter (Wallac 1411).

3.5. Analytical methods

Extracts from four compost samples with 14C-DHP were analysed to determine the
molecular mass of degradation products by gel permeation chromatography (GPC) (see
Paper II for more detail). Pentachlorophenol and chlorinated anisoles from all extracts
with 14C-PCP were analysed using gas chromatography (GC) (see Paper III for more
detail).
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3.6. Statistical analysis

Statistical methods were chosen according to Ranta et al. (1989). In the compost
experiment with 14C-DHP, significant differences between the temperatures of mass
balance extractions were tested by analysis of variance using Scheffe's pairwise
comparisons of means (rejection level = 0.05).

In the soil experiment with 14C-DHP and in the priming effect experiment, significant
differences between mass balance extractions were tested by analysis of variance using
Tukey's pairwise comparisons of means (rejection level = 0.05). Before analysis of
variance by Tukey’s method, data were transformed according to Equation (3) to
equalize variances (Ranta et al. 1989).

XX arcsin'= (3)

4. RESULTS AND DISCUSSION

4.1. Fractions of 14C-labelled compounds

All 14C-labelled compounds used in experiments were fractionated with an equivalent
extraction procedure. Table 8 provides a summary of the most probable interpretations
for the fractions according to literature (Martin et al. 1974, Haider et al. 1977, Haider
and Kladivko 1980, Stevenson 1985, Reid 1991).

Table 8 Summary of descriptions of 14C-fractions for various radiolabelled
compounds added to soil or compost.

Radiolabelled compound

Fraction 14C-DHP 14C-PCP 14C-glucose

14CO2 Mineralized 14C-DHP Mineralized 14C-PCP Mineralized 14C-glucose

Water 20% of original 14C-DHP
Degradation products

Degradation products Non-degraded
14C-glucose

Dioxane 80% of original 14C-DHP Original 14C-PCP Not known

Alkali 14C bound to humic
and fulvic acids
(polymerized 14C-DHP)

14C bound to humic
and fulvic acids
≤10% of original 14C-PCP

14C bound to humic
and fulvic acids

Residue 14C bound to humin
(and soil minerals)

14C bound to humin
(and soil minerals)

14C bound to humin
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4.2. Mineralization of 14C-lignin and 14C-PCP

The maximum mineralization of 14C-DHP in soil by all nine white-rot fungi tested
occurred between days 8 and 15. A lag phase was found, presumably because most
white-rot fungi degrade lignin during secondary metabolism (Kirk and Farrell 1987),
but the presence of soil also caused a delay in mineralization; without soil, Trametes
hirsuta mineralized lignin at a maximal rate already between days 4 and 8 (Fig. 7B, I).
Thermophilic microfungi, which are probably the most important agents of lignin
degradation in mixed populations of compost (V), started mineralization without a lag
phase at all temperatures (Fig. 7A, II/Fig. 2). PCP apparently also inhibited the growth
of Trametes versicolor in the soil-straw mixture. Thus, the toxic effect of PCP may
have delayed mineralization of 14C-PCP, which peaked between incubation days 14
and 23 (Fig. 7B, III/Fig. 2). However, enzymes produced by secondary metabolism,
especially laccase from T. versicolor (Ullah et al. 2000, Leontievsky et al. 2001), but
also MnP (Hatakka et al. 2001), have been shown to take part in degradation of
chlorophenols.

The degree of mineralization of the radiolabelled compound varied depending on the
compound itself, the organisms, and the medium used in the experiments (Table 9).
White-rot fungi are the most effective lignin degraders (Hatakka 2001), but soil clearly
inhibited the mineralization of 14C-DHP. Somewhat unexpectedly, the mixed microbial
population in compost at 35°C and 50°C mineralized 23-24% of 14C-DHP, which was
as much as the mineralization by the most efficient white-rot fungus in soil, namely T.
versicolor (Fig. 7A). T. hirsuta mineralized 30% of 14C-DHP in straw without soil, i.e.
significantly more than the mineralization of 13% found with soil (Table 9). With
prolonged incubation, mineralization of 14C-DHP as high as 75% has been observed in
a straw medium by the white-rot fungus Nematoloma frowardii (Hofrichter et al.
1999b). 

According to literature, pure cultures isolated from compost are able to mineralize
lignin only to a limited extent; microfungi mineralize softwood lignin less than 3%
(Rodriguez et al. 1996), while grass lignins are mineralized more efficiently, by
microfungi up to 27% (Haider and Trojanowski 1980, Rodriguez et al. 1996), by
actinomycetes up to 15% (Crawford and Sutherland 1980, Vicuña 1988, Zimmermann
1990), but by non-filamentous bacteria only up to 2% (Rüttimann et al. 1991, Perestelo
et al. 1996). Consequently, the lignin-degrading capacity of mixed populations of
compost or soil is higher than that of any pure culture isolated from these
environments, as also observed by Waksman and Cordon (1939), Haider and
Trojanowski (1980), and Adhikary et al. (1992). According to studies by K. Haider's
group (Haider et al. 1977, Martin and Haider 1979, 1980, Haider and Kladivko 1980,
Martin et al. 1980), native populations of soil mineralize 7-28% of 14C-ring-labelled
synthetic lignin during a time equivalent to that used in our experiment, while Hackett
et al. (1977) observed an even higher variation (3-38%), with maximum mineralization
occurring at elevated temperatures. 
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Fig. 7 Cumulative mineralization of 14C-labelled compounds by mixed populations of
compost or white-rot fungi: A. 14C-DHP, B. 14C-DHP and 14C-PCP, C. 14C-
glucose. Results are means of four or more replicate samples, with the
exception of native soil, which represents three replicate samples (I-IV, and
additional data of native soil; Fig. 7A.). Mineralization of 14C-DHP in compost
represents average values of three separate experiments (detailed values in
II/Fig. 2). Mineralization of 14C-DHP by white-rot fungi is presented here
throughout the experiment (final mineralization in I/Table 2).
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The native population of soil in our experiment mineralized only 1.5% of 14C-DHP
(Fig. 7A, Table 9, this data is not presented in Paper I). The storage of soil at 4ºC for
several years may have caused retarded microbial activity, resulting in low
mineralization. However, the molecular mass of ring-labelled 14C-DHP was 4000-
10000 Da (Eriksson et al. 1990), which is relatively high for synthetic lignin, and
probably higher than that used by K. Haider’s group (Haider and Trojanowski 1975).
The molecular mass of 14C-DHP used by Hackett et al. (1977) was only 1490-1600
(Kirk et al. 1975). Some bacteria are able to completely degrade tetrametric lignin
model compounds, but as the molecular mass of lignin preparations increases to 1460
or more, the same bacteria are able to carry out only very limited degradation, and
thus, higher molecular mass lignins are considerably more recalcitrant than tetrametric
lignin model compounds (Jokela et al. 1985, Pellinen et al. 1987). However,
contradictory evidence exists about the influence of the molecular mass of DHP
preparations on mineralization efficiency. High and low molecular mass fractions of
G-type 14C-ring-DHP were mineralized at the same rate by Phanerochaete
chrysosporium (Faix et al. 1985), but the same strain of Phlebia radiata mineralized
71% of G-type 14C-ring-DHP synthesized by Kirk et al. (1975), but only 47% of
higher molecular mass G-type 14C-ring-DHP described by Eriksson et al. (1990)
(Hatakka et al. 1983, Vares et al. 1994, respectively). Therefore, the low
mineralization by native populations may be partly explained by the high molecular
mass of the 14C-DHP preparation in this study. Nevertheless, two synthetic lignin
preparations used in the experiments, 14C-ring-DHP (soil) and 14C-β-DHP (compost),
have been compared in parallel with the white-rot fungus Phlebia radiata, which
mineralized equal amounts of both (T. Hakala, unpublished results). Thus, the
mineralization of 14C-DHP in these two experiments should be comparable. The
difference in molecular masses had no notable influence in this experiment.

The high temperature of 58°C in the controlled composting test suppressed the
mineralization of 14C-DHP, which was only 8% (Fig. 7A, II/Fig. 2). Therefore, the
optimum temperature of lignin-degrading organisms in a compost environment is
probably between 35°C and 50°C, or the same as for thermophilic fungi (V).
According to Waksman et al. (1939b), the optimum temperature for lignin degradation
in a compost environment is 50°C, but temperatures between 28°C and 50°C were not
studied by these authors.

In soil, the mineralization of 14C-DHP by white-rot fungi varied from 4% by P.
sordida to 23% by T. versicolor (Table 9, I/Table 2), and T. versicolor mineralized
29% of 14C-PCP (Table 9, III/Fig. 2). Even higher mineralization of 14C-PCP would
probably have been achieved with a longer incubation time because mineralization did
not totally cease after 42 days (III/Fig. 2). It is difficult to compare the mineralization
of 14C-PCP with results from other studies (reviewed by McAllister et al. 1996) due to
wide variation in conditions, media, and PCP concentrations. According to Lamar and
Dietrich (1992), T. hirsuta mineralized 27% of 14C-PCP on wood chips, and according
to Lamar et al. (1990), P. sordida and P. chrysosporium mineralized 16% and 9% of
14C-PCP in liquid cultures, respectively. In our study, T. versicolor mineralized 14C-
PCP even more than this, although visual examination showed that PCP inhibited
fungal growth. Thus, T. versicolor has potential for bioremediation.
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White-rot fungi do not gain energy from lignin degradation. Thus, they need a co-
substrate, such as straw, while degrading lignin or pollutants by secondary
metabolism. However, excess straw may render pollutants less accessible to the fungi,
while an optimal straw-to-soil ratio results in maximal degradation. An optimal straw-
to-soil ratio for B. adusta was found to be 1:5, while T. hirsuta mineralized more 14C-
DHP with a straw-to-soil ratio of 1:2.5 than 1:5, but the difference was not significant
(I/Fig. 1). Thus, the best wheat straw-to-soil ratio is probably 1:5. This is in agreement
with Morgan et al. (1993), who reported that 1:4 was the optimal ratio. Use of alfalfa
straw instead of wheat straw may have caused the lower optimum of 1:29 observed by
Boyle (1995). Abiotic mineralization of 14C-DHP and 14C-PCP was insignificant: 0.2%
and 0.1%, respectively (I/Fig. 1, III/Fig. 1).

All white-rot fungi in this study are known to produce manganese peroxidase (MnP),
but all do not produce LiP, and in addition, P. chrysosporium does not usually produce
laccase like the other white-rot fungi (I/Table 3, Hatakka 2001, Hofrichter 2002).
Capability for LiP production did not seem to affect mineralization efficiency since P.
radiata, which produces LiP, mineralized only 7% of 14C-DHP, while Dichomitus
squalens, which does not produce LiP, mineralized 15% (I/Table 2). At present, MnP
is considered the most important enzyme for lignin degradation (Hofrichter et al.
1999b, Hatakka 2001), and MnPs from N. frowardii and P. radiata are able to mineralize
up to 16% 14C-DHP in vitro (Hofrichter et al. 1999b, Kapich et al. 1999).

Laccase from T. versicolor degrades PCP and 2,4,6-TCP in vitro (Ullah et al. 2000,
Leontievsky et al. 2001). According to Blondeau (1989), humic substances may
inactivate peroxidases; however, when MnP from N. frowardii is applied to soil, more
than 50% of MnP is still active after four days (Hofrichter et al. 1999d). Laccase also
remains active in the presence of humic precursors (Filazzola et al. 1999). Moreover,
high peroxidase levels has been detected in soil (Kästner and Hofrichter 2001). The
enzymes produced by white-rot fungi do not only mineralize lignin and pollutants but
may also polymerize lignin and catalyse binding to humic substances (Reid 1991, Dec
and Bollag 1994b). However, they also mineralize compounds which are bound to humic
substances (Haider and Martin 1988, Reid 1991, Dec and Bollag 1994b). Consequently,
soil humic substances may not unequivocally be said to inhibit enzymatic action and
bioremediation by white-rot fungi.

To conclude, the mineralization of 14C-DHP and 14C-PCP by Trametes versicolor, the
most efficient fungus studied, was 23% and 29%, respectively. Soil inhibited the
mineralization of 14C-DHP by white-rot fungi, and somewhat unexpectedly, the mixed
microbial population of compost at 35°C and 50°C mineralized as much as 23-24% of
14C-DHP, although pure cultures of compost microorganisms are known to degrade
lignin only to a very limited extent. However, at the high temperature of 58°C, 14C-
DHP mineralization was only 8%, which indicates that thermophilic fungi are the most
important organisms for lignin degradation in compost. The optimal straw-to-soil ratio
for lignin mineralization by white-rot fungi was found to be 1:5.
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Table 9 Mass balance of representatives from all experiments (I-IV, and
additional data of native soil). Figures represent percentages of total
radioactivity applied ± standard deviations.

14C-DHP CO2 Water Dioxane Alkali Residue Total

Phanerochaete
sordida

3.8 ± 0.6 32.8 ± 6.6 4.8 ± 0.7 47.2 ± 5.7 11.5 ± 1.9 106.2 ± 6.1

Trametes versicolor 22.9 ± 3.8 17.2 ± 1.7 0.7 ± 0.2 21.0 ± 4.3 3.0 ± 1.1 64.9 ± 3.2
Trametes hirsuta 12.7 ± 4.1 21.7 ± 3.8 2.9 ± 0.5 45.1 ± 6.5 7.9 ± 3.2 87.9 ± 9.8
Trametes hirsuta
no soil

29.6 ± 5.6 16.2 ± 1.6 0.7 ± 0.3 5.3 ± 3.7 1.9 ± 1.3 53.7 ± 3.4

Trametes hirsuta  1:25 1.6 ± 0.1 12.4 ± 2.1 2.7 ± 0.3 62.2 ± 4.2 24.0 ± 3.1 102.8 ± 5.5
Native soil 1.5 ± 0.3 21.1 ± 9.0 4.5 ± 0.7 46.7 ± 4.5 15.8 ± 3.9 89.6 ± 2.0
Non-incubated soil 0 18.2 ± 1.1 14.9 ± 1.4 56.7 ± 5.8 7.6 ± 1.3 92.8 ± 5.9
Compost  35°C 22.7 ± 5.2 9.4 ± 4.7 15.4 ± 4.1 13.8 ± 2.9 29.7 ± 7.0 91.1 ± 10.2
Compost  50°C 29.4 ± 5.0 5.5 ± 1.2 10.1 ± 2.9 13.6 ± 4.2 32.5 ± 7.3 91.2 ± 11.1
Compost  58°C 5.9 ± 1.1 4.2 ± 2.5 20.9 ± 5.1 12.4 ± 1.9 38.1 ± 3.8 81.6 ± 9.2
Non-incubated
compost

0 22.6 ± 9.5 49.0 ± 3.2 17.3 ± 1.8 10.9 ± 0.8 99.8 ± 12.1

14C-PCP CO2 Water Dioxane Alkali Residue Total

Trametes versicolor 28.6 ± 3.5 7.0 ± 1.6 7.0 ± 1.3 5.7 ± 2.6 1.9 ± 1.5 59.9 ± 7.0
Incubated soil 0.1 ± 0.0 1.2 ± 0.1 79.7 ± 1.2 13.0 ± 2.6 0.4 ± 0.1 94.5 ± 1.6
Non-incubated soil 0 1.0 ± 0.2 86.3 ± 4.8 8.8 ± 1.9 0.6 ± 0.1 96.7 ± 5.7

14C-glucose CO2 Water Dioxane Alkali Residue Total

Compost (ÄSa) 2 wk 6.2 ± 3.1 70.8 ± 6.4 7.4 ± 0.4 3.4 ± 0.7 7.3 ± 0.7 95.1 ± 7.7
Compost (Bb) 2 mo 13.4 ± 6.2 56.2 ± 14.3 4.1 ± 1.4 4.2 ± 1.1 6.0 ± 1.4 83.9 ± 23.5
Compost (VTTc) 6 mo 72.4 ± 2.3 0.1 ± 0.1 0.1 ± 0.0 0.4 ± 0.3 2.8 ± 0.2 75.7 ± 2.0
Compost (ÄS) 7 mo 74.0 ± 3.4 0.5 ± 0.7 0.4 ± 0.1 0.0 ± 0.0 4.9 ± 0.4 79.8 ± 3.0

aÄmmässuo compost 
bBiolan compost
cVTT compost 
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4.3. Mass balance and humification of radiolabelled carbon
(14C)

Water and dioxane fractions together and the dioxane fraction alone on day 0 represent
the original 14C-DHP and 14C-PCP, respectively. The alkali fraction and the residue
together represent 14C bound to humic substances. In non-incubated controls, i.e.
samples on day 0, 64% of 14C-DHP was bound to humic substances of soil, but only
9% of 14C-PCP was immediately bound to humic substances, while 86% of 14C-PCP
remained in the dioxane fraction (Table 9, I/Fig. 1, III/Fig. 1). Approximately 20% of
14C-DHP in controls ended up in the water fraction both in compost and soil
experiments (Table 9). However, in other studies with the same 14C-ring-DHP
preparation, only 2-6% of 14C-DHP has been reported to be water-soluble, apparently
due to a considerably shorter extraction time (Hofrichter et al. 1999b, Steffen et al.
2000, Steffen, personal communication). Thus, the water solubility of 14C-DHP may
be interpreted to vary between 2% and 20% according to the extent of water
extraction. In compost, 49% of 14C-DHP remained in the dioxane fraction before
incubation, while the corresponding proportion in soil was only 14% (Table 9, I/Fig. 1,
II/Fig. 3). After composting at various temperatures, the amount of radiolabel had
decreased to 4-9% and 10-21% in the water and dioxane fractions, respectively (II/Fig.
3). The distribution of 14C-DHP in soil remained unchanged during incubation of
abiotic controls (I/Fig 1). These controls were autoclaved, and apparently no microbial
action was observed. The mineralization and distribution of 14C-DHP were
significantly different in autoclaved and non-autoclaved controls (Table 9, the data of
non-autoclaved controls is not presented in Paper I).

White-rot fungi, which are efficient lignin degraders, can constantly produce water-
soluble degradation products from humic-bound lignin during incubation. Indeed, 14C
in the water fraction did not decrease with any white-rot fungi, and at the end of
incubation, up to 33% of 14C remained in water fraction (I/Table 2). However, the
mixed microbial population of compost possibly was unable to degrade humic-bound
14C-DHP because no water-soluble degradation products were formed from 14C-DHP
during composting, and thus, the mineralized 14C-DHP probably originated only from
the water and dioxane fractions (II/Fig. 3).

The molecular mass of the substances ending up in the water fraction is lower than that
in the dioxane fraction, and according to gel permeation chromatography (GPC) data,
the water fraction of 14C in compost contained mainly monomers and dimers (II, Reid
1991). However, the molecular mass within the fractions may change during
incubation. Reid (1991) observed that the molecular mass of water-soluble degradation
products of 14C-DHP increases during the incubation with Phlebia tremellosa. After
composting, the average molecular mass in the dioxane fraction was only 1.4-1.8 kDa,
whereas the average molecular mass of the 14C-β-DHP preparation was 3.1 kDa (II).
The more recalcitrant the compound, the more likely it is that it will be bound to humic
substances (Tate 1987). Thus, the higher molecular mass fraction of 14C-DHP was
probably bound to humic substances, and the lower molecular mass fraction was either
mineralized or was retained in the dioxane fraction.
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Haider et al. (1977) found that a substantial amount of corn stalk and synthetic DHP
lignin was bound to humic substances of soil immediately after the addition of the
preparation, a phenomenon also observed in both our soil and compost experiments.
However, in soil as much as 62-64% of 14C-DHP was bound to humic substances
without microbial action, while in compost only 28% of 14C-DHP was bound to humic
substances on day 0 (Table 9). The difference in results may arise from fundamental
differences between soil and compost humic acids (Inbar et al. 1989, 1990, González-
Vila et al. 1999) and from the notable proportion of minerals catalysing and enhancing
humification that are present in soil but not in compost (Shen 1999). Humification of
14C-DHP did not proceed in autoclaved controls, but humic-bound 14C-PCP increased
from 9% to 13%, and 14C-PCP in the dioxane fraction decreased from 86% to 80%
(I/Fig.1, III/Fig.1). Remote abiotic humification of 14C-PCP may have occurred,
although the differences between the figures are nearly insignificant.

White-rot fungi were apparently able to degrade and mineralize humic-bound lignin
and PCP since the amount of radiolabel in the alkali fraction decreased during
incubation with all the fungi, and also in residue with most of the fungi, although a
minority of fungi, including P. sordida, enhanced binding to humin (see Table 10 on
page 48, I/Table 2). However, 14C-PCP was originally bound to humic substances
significantly less than synthetic lignin, and during incubation with T. versicolor,
humic-bound fractions of 14C-PCP peaked at 33%, but started to decrease after three
weeks, finally stabilizing at 16% of the radiolabel (III/Fig. 3). In compost, substantial
binding to humic substances, as well as mineralization of lignin, proceeded during the
first two weeks of incubation, but after 14 days no significant change occurred in
humus fractions (II). At the end of the incubation, 44-51% of lignin was bound to
humic substances of compost, of which 30-38% was to humin, in contrast to soil,
where 47-59% of lignin was bound to humic and fulvic acids, and only 3-12% to
humin (Table 9, Table 10, I/Table 2, II/Fig. 3). With the native microbial population of
soil, less than 5% of 14C-DHP remained in the dioxane fraction, and humin-bound 14C-
DHP doubled during incubation, while the fraction bound to humic and fulvic acids
decreased (Table 9, the data of non-autoclaved controls is not presented in Paper I), in
accordance with observations by Haider et al. (1977).

When T. hirsuta was grown in a straw medium, i.e. in the absence of humic
substances, only 7% of 14C-DHP ended up in the alkali and residue fractions together
(Table 9, I/Fig. 2). This was probably polymerized lignin, because enzymes of white-
rot fungi, which catalyse binding to humic substances, may also polymerize lignin
(Reid 1991, Dec and Bollag 1994b). When mineralization of lignin decreased due to a
lower amount of straw, fungi seemed to enhance humification. Thus, the radical
reactions caused by non-specific enzymes of white-rot fungi have many roles: they
may mineralize, polymerize, or couple lignin to humic substances.

To conclude, lignin was mostly bound to humic substances both in soil and in
compost, but PCP was bound much less to humic substances. White-rot fungi were
apparently able to degrade humic-bound lignin and PCP, whereas mixed populations
of compost were unable to degrade humic-bound lignin. In soil, lignin was mostly
bound to humic and fulvic acids, and in compost to humin.
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4.4. Degradation of PCP and formation of metabolites

Approximately 0.2 mg of non-labelled PCP g-1 soil was applied together with 14C-
PCP, and chlorophenols and chlorinated anisoles were analysed by gas
chromatography. On average, 70% of the non-labelled PCP was detected in the
dioxane fraction of controls, while total recovery was 80%, and no change was
observed in the concentration of PCP during incubation (III/Fig. 4). Thus, PCP was not
degraded without microbial action, in contrast to the remaining 4% of PCP after
incubation with T. versicolor (III/Fig. 4).

Chlorinated anisoles, which are toxic and more recalcitrant than chlorophenols, are
produced by certain white-rot fungi in nature (de Jong et al. 1994, Field et al. 1995), or
while converting chlorophenols (Leštan and Lamar 1996). Thus, an investigation of
whether chlorinated anisoles are metabolites during PCP degradation would be
necessary. T. versicolor produced only traces of chlorinated anisoles
(pentachloroanisole, PCA, and 2,3,4,6-tetrachloroanisole, TeCA), which represented at
most 0.07% of the original PCP. At the end of incubation, the concentration of
chlorinated anisoles was 0.02% of the original PCP (Fig. 8, III/Fig. 5). In controls,
2,3,4,6-TeCA was also detected on day 7, and PCA on day 28 (approximately 0.01% of
the original PCP) (III/Fig. 5). Other chlorophenols, chlorinated anisoles, chlorocatechols,
or chloroguaiacols were not detected in soil. The degradation mechanism of Trametes
spp. is probably different from that of Phanerochaete spp., which convert PCP to PCA
(Lamar and Dietrich 1990, Leštan and Lamar 1996). Laccase is produced by T. versicolor
but normally not by P. chrysosporium (Hatakka 1994), and laccase from T. versicolor
alone is able to degrade PCP (Ullah et al. 2000). On the other hand, another
Phanerochaete, namely P. sordida, also converts PCP to PCA, although this fungus
produces laccase (Rüttimann-Johnson et al. 1994, Leštan and Lamar 1996). Trametes sp.
also degrades anthracene by another mechanism than Phanerochaete chrysosporium and
Bjerkandera sp., which produce anthraquinone as a metabolite (Field et al. 1992).

When T. hirsuta was cultivated without soil, the total recovery of radiolabel was only
54% of the applied 14C-DHP, and for T. versicolor in soil, the recovery was 65% and
60% of applied 14C-DHP and 14C-PCP, respectively (I, III). Polyurethane traps, which
were introduced to capture any volatile organic compounds formed from PCP, and which
efficiently trap PCA according to Badkoubi et al. (1996), contained no radioactivity,
although traces of chlorinated anisoles, phenols, and catechols were detected by gas
chromatography. However, fungi from the genus Trametes may have produced other
volatile organic compounds that the polyurethane traps failed to capture, resulting in low
recovery of radiolabel. White-rot fungi have been observed to produce various volatile
and chlorinated compounds in nature, such as chloromethane, and the production of
these compounds is highly variable depending on fungal species (Field et al. 1995).
Thus, the low recovery of radiolabel with T. hirsuta and T. versicolor may have
resulted from production of some volatile compounds. Only 0.7-1.3% of volatile
compounds were produced by various litter-decomposing fungi and by the white-rot
fungus N. frowardii in other studies from the same ring-labelled 14C-DHP as in our
experiment, but no Trametes spp. were included in these studies (Hofrichter et al.
1999b, Steffen et al. 2000).
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Fig. 8 Degradation of non-labelled PCP by Trametes versicolor and
autoclaved controls, and formation of chlorinated anisoles by T.
versicolor. Results are means (± standard deviations) of four replicate
samples for T. versicolor, and three replicate samples for controls (III).

To conclude, no abiotic degradation of PCP was observed, but the white-rot fungus
Trametes versicolor degraded PCP efficiently, producing only insignificant amounts of
chlorinated anisoles. Other chlorophenols, chlorinated anisoles, chlorocatechols, and
chloroguaiacols were not detected in soil. However, trace amounts of chlorocatechols and
other chlorophenols had been volatilized together with an insignificant amount of
chlorinated anisoles since they were found from polyurethane traps.

4.5. Mineralization of glucose and the "priming effect"
phenomenon during composting

To study the "priming effect" phenomenon, non-labelled glucose (0.17 g g-1 compost
dry weight) was applied together with 14C-glucose to composts of various maturation
stages. A substantial proportion of 14C-glucose was mineralized in stable composts
(age ≥ 6 months) during the first days of the experiment, and the final mineralization
(43-74%) was equivalent to the biodegradation of non-labelled glucose (41-93%)
according to Equation (1) (on page 27), and to mineralization in soil as reported by
Martin et al. (1974, 1978) and Martin and Haider (1979) (Table 9, IV/Fig. 2).
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However, the mineralization of 14C-glucose in unstable composts (age ≤ 6 months)
was significantly lower (5-15%), and the biodegradation was negative (between -126%
and -4%) since CO2 evolution from background composts was higher than that from
composts with glucose (Table 9, IV/Fig. 1). In the studies of Sharabi and Bartha
(1993) and Shen and Bartha (1997), only 18-28% of 14C-glucose in soil was
mineralized, but simultaneously, a positive priming effect was observed, contrary to
the negative priming effect observed in our experiment (IV/Fig. 1). The priming index
(PI) of stable composts according to Equation (2) (on page 28) varied between 0.8 and
1.1, indicating no priming effect (IV/Fig. 2). The negative PI of unstable composts
(between -22 and -0.3) indicated a negative priming effect (IV/Fig. 1), and correlated
negatively with background CO2 production (IV). 14C-glucose in these composts
remained mostly non-degraded in the water fraction (55-72%) and did not bind to
humic substances (IV/Table 3). In stable composts, only 3-8% of 14C-glucose
remained non-mineralized, 3-5% of which was bound to humin during incubation
(IV/Table 3).

Priming effect has been reviewed by Jenkinson (1971), Tate (1987), and Kuzyakov et
al. (2000), but no consensus has been reached about the cause of the phenomenon, and
contradictory evidence exists as to whether this effect has any relevance in nature, or
even for that matter in laboratory conditions (Jenkinson 1971, Tate 1987). In most
studies, priming effect – either positive or negative − has been negligible (Bingeman et
al. 1953, Jenkinson 1971, Sørensen 1974, Dalenberg and Jager 1981, Tate 1987),
although significant positive priming effects have also been reported (Sharabi and
Bartha 1993, Wu et al. 1993, Shen and Bartha 1996, 1997, De Nobili et al. 2001). 

According to Wu et al. (1993) and De Nobili et al. (2001), a positive priming effect
may originate from dead biomass after a toxic effect, if the remaining population
recovers. Glucose probably killed a substantial number of microorganisms in unstable
composts, resulting in both reduced respiration and reduced CO2 production (IV/Table
2). The microbial population recovered in the three-month-old Ämmässuo compost,
but only with a volume of 5 l, and biodegradation of 102% followed, indicating a
positive priming effect (IV/Fig. 3). Thus, the volume of the test system also had an
influence on mineralization because with the smaller volume no recovery was
observed (IV/Fig. 1). De Nobili et al. (2001) presented the theory that priming effect
always originates from microorganisms, and not from humus. This theory is in
accordance with our data and results presented by Wu et al. (1993), who observed that
a large addition of glucose kills half of the native soil population, and a positive
priming effect originates from the dead biomass. However, no priming effect was
observed in stable composts of our study, and therefore, the microbial community
structure is probably fundamentally different between stable and unstable composts.

Population dynamics in compost has been studied to measure the maturation process,
e.g. by phospholipid fatty acids (PLFAs) analysis (Hellmann et al. 1997, Herrmann
and Shann 1997, Carpenter-Boggs et al. 1998, Klamer and Bååth 1998) and by carbon
substrate utilization tests analysis (Insam et al. 1996, Carpenter-Boggs et al. 1998), and
large changes in compost populations during maturation were observed in all of these
studies. The unstable compost samples in our study were taken soon after peak heating
or somewhat later during the cooling phase. After peak heating, the microbial
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population is dominated by fast-growing Gram-positive bacteria (Hellmann et al.
1997, Klamer and Bååth 1998), and thermophilic fungi reappear (V). In the cooling
phase, the total biomass declines due to a diminishing number of Gram-positive
bacteria, but the number of fungi, actinomycetes, and Gram-negative bacteria begins to
increase (Herrmann and Shann 1997, Klamer and Bååth 1998). Finally, in mature
compost, a stable microbial community exists which is specialized in lignocellulose
degradation by slow processes and is restricted by the type and availability of substrate
(Hellmann et al. 1997, Herrmann and Shann 1997, Klamer and Bååth 1998). However,
little is known about the compost populations and the differences between various
populations during composting, and more studies are required to reveal why the
priming effect is unique to unstable composts. Nevertheless, young unstable composts
proved to be unsuitable for the controlled composting test, and the stability of the
compost inocula should be ensured to obtain reliable test results.

Many quality criteria and maturity parameters for compost have been developed, but
composted material may cause variation in parameters, and parameters based on humic
substances are often unreliable (Inbar et al. 1993, González-Vila et al. 1999, Itävaara et
al. 2002). Furthermore, priming index correlated with background CO2 production and
the age of compost, but it did not correlate with parameters representing the amount of
dissolved nutrients, such as conductivity and dissolved organic carbon (DOC), which
are often considered to be maturity parameters (IV). Thus, PI may be an indicator of
compost maturity and could be used as a maturity parameter.

To conclude, negative priming effect occurred in unstable composts after glucose
addition, but in stable composts no priming effect was observed. In unstable composts,
glucose remained non-degraded and PI correlated negatively with background CO2
production, while in stable composts glucose was degraded extensively. Therefore, the
diversity and activity of the microbial community are probably fundamentally different
between stable and unstable composts.
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5. CONCLUSIONS AND FUTURE PROSPECTS

Trametes versicolor was the most efficient lignin degrader in soil (23%), also
degrading PCP efficiently (29%). However, lignin was mostly bound to humic
substances, as expected, since lignin is the most important precursor of all humic
substances. Nevertheless, T. versicolor appeared to be a potential fungus for
bioremediation because degrading also humic-bound lignin and PCP.

Temperature was an important factor for the degradation of lignin and lignin-
containing materials, and the standard temperature of 58°C in the controlled
composting test was shown to be too high for efficient lignin degradation. The most
important lignin degraders were apparently thermophilic fungi, with optimum
temperature typically occurring at 45°C. In the controlled composting test, the ultimate
biodegradation is based on CO2 production from test materials. Consequently,
materials that are not extensively mineralized, but instead are humified, appear non-
biodegradable, which is a severe limitation of the test. Compost stability turned out to
be very important factor in this test. In stable composts, no priming effect was
observed, but a negative priming effect occurred in unstable composts after glucose
addition, indicating that test results in unstable composts are unreliable. Thus, it is
essential to ensure that the compost inoculum used for the test is sufficiently stable.
The priming index of unstable composts correlated negatively with background CO2
production, and hence, might be used as a maturity index.

The main conclusions were:

• soil inhibited lignin mineralization by white-rot fungi

• mixed populations of compost mineralized lignin surprisingly efficiently

• 58ºC was too high a temperature for efficient lignin degradation in compost

• lignin was mostly bound to humic substances in soil and in compost

• biodegradation (mineralization) of lignin-containing materials in compost is
poor compared with most other materials because lignin and compounds that
are closely associated with lignin are substantially humified

• in compost, lignin was mostly bound to humin, and in soil to humic and fulvic
acids

• the optimal straw-to-soil ratio was 1:5 for lignin mineralization by white-rot
fungi

• white-rot fungi were able to degrade humic-bound lignin and PCP

• T. versicolor produced no chlorinated anisoles as metabolites from PCP

• in stable composts, no priming effect was observed

• in unstable composts, either a negative or in one case a positive priming effect
was observed, and thus, these composts turned to be unsuitable for the
controlled composting test
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Although our study suggested that white-rot fungi have potential for bioremediation,
there are many aspects that must be further studied. Firstly, the capability of fungi to
compete with native microbial populations of soil should be examined, taking into
account the simultaneous development of a suitable inoculation technique. Secondly it
may be worthwhile to screen the degradation capability of those litter-decomposing
fungi that produce the same enzymes as white-rot fungi since they grow readily in soil.
Thirdly, because contradictory evidence exists about the importance of ligninolytic
enzymes in the degradation of pollutants, the role of the enzymes should be clarified in
more detail. Finally, the degradation efficiency of various pollutants might be
enhanced by adapting a suitable fungus to the chemicals.

The mixed population of compost proved to mineralize lignin surprisingly efficiently,
and indirect evidence suggests that thermophilic fungi are the most important
degraders. However, little is known about the lignin degradation capability of these
organisms in pure cultures. Thus, isolation of fungi from compost, and determining
their ligninolytic capability and the enzymes they produce could also be aims of future
studies. The fundamental difference between stable and unstable composts after
glucose addition was probably caused by the difference in microbial populations.
Thus, dominating microorganisms and population dynamics during various phases of
composting should be studied more closely, to clarify the priming effect phenomenon
and to evaluate whether it has any true significance in nature or in laboratory
experiments.
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6. TIIVISTELMÄ

Puu, ruohokasvit ja näistä tehdyt tuotteet kuten mekaanisesta massasta valmistettu
sanomalehtipaperi sisältävät ligniiniä, joka hajoaa yleensä hyvin hitaasti luonnossa.
Valkolahosienet hajottavat ligniiniä tehokkaimmin, ja koska niiden tuottamat
entsyymit hajottavat myös muita vaikeasti hajoavia yhdisteitä, voidaan
valkolahosienten avulla mahdollisesti puhdistaa saastuneita maita. Tässä työssä
haluttiin selvittää, säilyttävätkö valkolahosienet (Abortiporus biennis, Bjerkandera
adusta, Dichomitus squalens, Phanerochaete chrysosporium, Phanerochaete sordida,
Phlebia radiata, Pleurotus ostreatus, Trametes hirsuta ja Trametes versicolor)
aktiivisuutensa ja kasvavatko ne maassa. Aktiivisuutta mitattiin seuraamalla sienten
synteettisen ligniinin (14C-DHP) hajotuskykyä. T. versicolor (silkkivyökääpä)
osoittautui tehokkaimmaksi ligniinin hajottajaksi ja sen pentakloorifenolin (PCP)
hajotuskykyä tutkittiin erillisessä kokeessa. Entiset tai pitkään käytössä olleet saha-
alueet ovat yhä saastuneet puun käsittelyaineista peräisin olevilla kloorifenoleilla.

Biohajoavien muovien kehitystyö sekä kompostoinnin yleistyminen jätteiden
käsittelymenetelmänä ovat luoneet tarpeen materiaalien biohajoavuuden
määrittämiseen. Euroopan standardisoimisjärjestön (CEN) kontrolloidussa
kompostitestissä biohajoavuus määritetään materiaalin hajoamisen aikana
muodostuvan hiilidioksidin perusteella. Hiilidioksidin tuotto mitataan sekä näytettä
sisältävästä kompostista että kompostista ilman näytettä, ja tällöin oletetaan, että
kompostin orgaaninen aines molemmissa komposteissa (tausta) tuottaa yhtä paljon
hiilidioksidia. Testin puutteeksi saattaa osoittautua kompostissa tai maassa esiintyvä
“priming effect”. Tällä tarkoitetaan materiaalin lisäämisen jälkeen esiintyvää
epänormaalin suurita tai pientä hiilidioksidin muodostusta, minkä seurauksena testin
tulosksena saatava biohajoavuus on virheellinen. Ligniinin hajotessa muodostuu
enemmän humusta kuin hiilidioksidia, koska ligniini on humuksen tärkein lähtöaine.
Näin ollen ligniiniä sisältävät paperituotteet saattavat testin mukaan vaikuttaa
biologisesti hajoamattomilta.

Valkolahosienet hajottivat 4-23% ligniinistä hiilidioksidiksi ja T. versicolor 29%
PCP:sta. Kompostissa ligniini hajosi hiilidioksidiksi 58°C:ssa huomattavasti
vähemmän (8%) kuin lämpötiloissa 35°C ja 50°C (23-24%). Kompostin
todennäköisesti tärkeimpien ligniinin hajottajien, termofiilisten sienten, tyypillinen
optimilämpötila on 45°C, eivätkä ne ole enää aktiivisia 58°C:ssa. Sekä maassa että
kompostissa ligniini sitoutui kuitenkin suurimmaksi osaksi humukseen.
Valkolahosienet hajottivat sekä humukseen sitoutunutta ligniiniä että PCP:ia, mutta
kompostin sekapopulaatio ei tähän pystynyt, ja ligniiniä sitoutui humukseen yhä
enemmän kompostoinnin aikana. T. versicolor hajotti PCP:ia tehokkaasti, eikä se
tuottanut myrkyllisiä kloorianisoleja, joita jotkut valkolahosienet saattavat muodostaa
kloorifenoleista.

Priming effect ilmiötä tutkittiin eri ikäisissä ja kypsyydeltään erilaisissa komposteissa.
Kompostit erosvat toisistaan myös hajoamattoman jätteen määrän ja
mikrobipopulaation suhteen. Negatiivinen priming effect havaittiin kaikissa
epästabiileissa komposteissa (ikä enintään 6 kk), ja sen lisäksi yhdessä näistä
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komposteista positiivinen priming effect kokeen lopussa. Stabiileissa komposteissa
(ikä vähintään 6 kk) ilmiötä ei sen sijaan havaittu. Epästabiileissa komposteissa
biohajoavuudelle saadut tulokset eivät siis ole luotettavia.

Työn tulosten perusteella valkolahosienet, ja erityisesti T. versicolor, ovat lupaavia
saastuneen maan puhdistukseen, joskin sienirihmaston mahdollisuudet säilyä
aktiivisena maan alkuperäisen mikrobipopulaation kanssa täytyy vielä selvittää.
Kompostin sekapopulaatio, joka ei sisällä valkolahosieniä, hajotti ligniiniä yllättävän
tehokkaasti termofiilisille sienille sopivissa lämpötiloissa, vaikka ligniini sitoutuikin
pääasiallisesti humukseen. Kompostin kypsyys osoittautui tärkeäksi tekijäksi
kontrolloidun kompostitestin onnistumisen kannalta. Priming effect ilmiön
välttämiseksi on varmistettava, että testissä käytetty komposti on riittävän kypsä.
Kompostien mikrobipopulaation koostumusta kompostoinnin eri vaiheissa tulisi
tarkemmin selvittää, koska stabiilien ja epästabiilien kompostien ero aiheutui
todennäköisesti populaatioiden rakenteessa vallitsevista eroista. Näin myös priming
effect ilmiön syyt voitaisiin selittää paremmin.
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