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enzymes that degrade or modify 
lignocellulose. This thesis focuses on the 
production and applications of fungal lignin-
modifying enzymes laccase and manganese 
peroxidase. Solid-state cultivation is 
evaluated for the production of the enzymes. 
In addition, two fungal laccases are studied 
for decolorizing textile industry effluents 
and to improve enzymatic hydrolysis of 
thermally pre-treated spruce and giant reed 
to produce platform sugars. 
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Abstract 
Lignocellulosic plant biomass is composed of three main polymers: cellulose, hemicelluloses, 

and lignin. These components are bound together tightly forming a resistant structure. In 
nature, wood-rotting fungi efficiently decompose plant biomass by secreting extracellular 
enzymes that degrade or modify carbohydrates and lignin. 

This thesis focuses on the production and application of lignin-modifying enzymes. The 
enzymes were produced in solid-state cultivations on a lignocellulosic substrate. High enzyme 
activities were observed when the white-rot fungus Cerrena unicolor was cultivated in a larger 
laboratory-scale bioreactor (20 L), with which manganese peroxidase activity (340 nkat g-1 
DM) was higher than what was obtained in submerged or solid-state cultures of the same scale 
and laccase activity (470 nkat g-1 DM) was comparable to activities reported previously. 
Production of the two enzymes appeared to be at least partially associated with growth and the 
enzyme production pattern indicated the formation of several isoforms of the enzymes. 

Laccases are oxidative enzymes that have a broad substrate range and thus can be utilized 
in several applications. In this study, two fungal laccases, from C. unicolor and Trametes 
hirsuta, were used for decolorizing textile dye baths and improving enzymatic hydrolysis of 
lignocellulosic feedstocks. Textile dye solutions were treated with laccases, leading to up to 
75% color removal already in 7.5 h. When industrial textile dye effluents were simulated, the 
added, potentially inhibitory components slowed down the decolorization. Nevertheless, a 50 
to 90% color removal was reached with C. unicolor laccase in 19.5 h. The addition of mediators 
enhanced the action of T. hirsuta laccase to a remarkable degree. Notably, C. unicolor laccase 
did not require mediators to degrade all the tested dyes satisfactorily. 

Laccases and mediators were studied for the modification of lignin and cellulose to enhance 
the saccharification yields of lignocellulosic substrates. It was demonstrated that laccase 
treatment alone increased the hydrolysis of steam pre-treated spruce (SPS) but decreased that 
of steam pre-treated giant reed. With added mediators, the hydrolysis of SPS was increased 
even further and saccharification yields improved by more than 50%. In addition, it was shown 
that one of the most common laccase mediators, TEMPO, oxidized cellulose when applied 
together with laccase, but that the oxidation impaired the enzymatic hydrolysis of cellulose. 
Finally, it was demonstrated for the first time that the increased hydrolysis of SPS, treated with 
laccases and mediators, was caused by reduced non-productive binding of cellulose-degrading 
enzymes on lignin, which enabled more efficient hydrolysis of cellulose. 
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Tiivistelmä 
Lignoselluloosaa sisältävä kasvibiomassa koostuu pääasiassa kolmesta polymeeristä: 

selluloosasta, hemiselluloosasta ja ligniinistä. Toisiinsa tiukasti sitoutuneina nämä kompo-
nentit muodostavat mikrobien hajotukselle vastustuskykyisen rakenteen. Lahottajasienet 
hajottavat kasvibiomassaa erittämällä solunulkoisia entsyymejä, jotka joko hajottavat tai 
muokkaavat hiilihydraatteja ja ligniiniä. 

Tässä väitöskirjassa keskityttiin ligniiniä muokkaavien entsyymien tuotantoon ja 
sovelluksiin. Entsyymejä tuotettiin kiinteillä lignoselluloosaa sisältävillä kasvatusalustoilla 
Kun Cerrena unicolor -valkolahosientä kasvatettiin laboratoriomittakaavan (20 l) bio-
reaktorissa, saavutettiin korkeita entsyymiaktiivisuuksia. Mangaaniperoksidaasiaktiivisuus 
(340 nkat g-1 ka) oli korkeampi kuin aiemmin raportoiduissa kiinteäalusta- tai neste-
kasvatuksissa. Lakkaasiaktiivisuus (470 nkat g-1 ka) oli samaa tasoa kuin aiemmin saavutetut. 
Näiden entsyymien tuotto oli ainakin osittain riippuvaista kasvusta ja entsyyminmuodostus 
viittasi useiden isoentsyymien erittymiseen. 

Lakkaasit ovat hapettavia entsyymejä, joita voidaan laajan substraattivalikoimansa vuoksi 
hyödyntää useissa sovelluksissa. Tässä työssä käytettiin kahden valkolahosienen (C. unicolor 
ja Trametes hirsuta) lakkaaseja tekstiiliteollisuudessa syntyvien jätevesien värinpoistossa ja 
lignoselluloosaa sisältävien raaka-aineiden entsymaattisen hydrolyysin tehostamisessa. 
Tekstiilivärien liuoksia käsiteltiin lakkaaseilla, mikä johti jopa 75 %:n värinpoistoon jo 7,5 
tunnissa. Tekstiiliteollisuuden jätevesiä simuloitaessa väriliuoksiin lisättiin useita lakkaaseille 
mahdollisesti haitallisia aineita, mikä hidasti värinhajotusta. Siitä huolimatta 50-90 %:n värin-
poisto saavutettiin 19,5 tunnissa. T. hirsuta -lakkaasin suorituskyky parani huomattavasti 
mediaattoreita lisäämällä, kun taas C. unicolor -lakkaasi ei tarvinnut mediaattoreita riittävän 
värinpoiston saavuttamiseen. 

Lakkaasien ja mediaattorien käyttöä tutkittiin termisesti esikäsiteltyjen lignoselluloosa-
raaka-aineiden entsymaattisen hydrolyysin tehostamisessa. Pelkkä lakkaasikäsittely paransi 
kuusen, mutta huononsi jättiruo'on hydrolyysiä. Mediaattorien lisäys kasvatti kuusen sokeri-
saantoa entisestään yli 50 %:lla. Lisäksi havaittiin, että TEMPO, joka on yksi käytetyimmistä 
lakkaasin mediaattoreista, hapetti lakkaasin avulla selluloosaa. Hapetus kuitenkin heikensi 
selluloosan entsymaattista hydrolyysiä. Lisäksi osoitettiin ensimmäistä kertaa, että lakkaasi-
mediaattorikäsittelyjen aiheuttama kuusen hydrolyysisaannon kasvu johtui selluloosaa 
hajottavien entsyymien vähäisemmästä sitoutumisesta ligniiniin, mikä mahdollisti selluloosan 
tehokkaamman hydrolyysin. 
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1. Introduction 

Lignocellulosic plant biomass is an abundant source of solar energy stored in 
chemical form. It is comprised principally of three types of polymers: cellulose, 
hemicelluloses, and lignin. Cellulose and hemicelluloses are carbohydrates 
assembled from diverse sugar units, whereas lignin is a complex, aromatic 
substance. These components are tightly bound together, forming a structure 
that is resistant to microbial degradation (Himmel et al., 2007).  

In nature, wood-rotting fungi are capable of decomposing plant cell walls by 
secreting extracellular enzymes that degrade or modify lignocellulose (Hatakka 
and Hammel, 2011). These enzymes are now studied and used in several 
applications to modify or break down recalcitrant plant biomass into 
monomeric sugar components. Lignocellulose-based biorefineries are 
analogous to oil refineries, but instead of oil, various renewable lignocellulosic 
feedstocks (agricultural, forestry, industrial, or municipal residues, as well as 
dedicated energy crops) are utilized to produce a wide spectrum of products: 
fuels, chemicals, and materials (Cheng and Wang, 2013). Considerable 
research efforts are being targeted at developing lignocellulose-based 
biorefineries. According to IEA Bioenergy, there are already several 
operational biorefineries that convert lignocellulosic feedstocks biochemically 
into liquid fuels or chemicals. Of these, 14 are pilot, 19 demonstration, and 9 
commercial facilities (Anon., 2014a). 

This thesis focuses on fungal lignin-modifying enzymes, which are oxidative 
enzymes that participate in the fungal lignocellulose degradation. In addition 
to modifying or degrading lignin, these enzymes can break down xenobiotic 
and toxic compounds such as chlorophenols or textile dyes (Kudanga et al., 
2011). In this work, the lignin-modifying enzymes laccases and manganese 
peroxidases were produced in solid-state cultivations on a lignocellulosic 
substrate, and the application of laccases for the decolorization of textile 
industry dyes was assessed. Finally, the impact of laccase-induced 
lignocellulose modification on the enzymatic degradation of softwood and 
energy crop was examined. 
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1.1 Lignocellulose 

Lignocellulosic plant cell walls consist of three major components: cellulose, 
hemicelluloses, and lignin. The ratios and the chemical structures of these 
main polymers vary depending on plant species, tissue type within a plant,  cell 
age, and cell wall layers (Mohnen et al., 2008) In addition, plant cell walls may 
include various amounts of pectins, glycoproteins, other polymers, and 
minerals (Ding and Himmel, 2008). Plants contain two types of cell walls, 
primary and secondary (Figure 1). The primary cell walls are formed in the 
early stages of cell growth and in many cell types like parenchyma remain the 
only cell walls. They consist mostly of polysaccharides and are typically non-
lignified when formed (Harris and Stone, 2008). Secondary walls, on the other 
hand, are produced by specialized cells such as xylem and fiber cells (Mohnen 
et al., 2008); they support the plant’s structure and are deposited on the 
primary wall when cell growth has ceased. The cellulose microfibrils are more 
densely packed and more highly organized in secondary than in primary cell 
walls. The secondary wall can be divided into three distinct layers (S1, S2, and 
S3), which differ in their cellulose microfibril orientation. The layers are 
typically lignified. The primary walls also frequently become lignified once 
cells reach maturity. The middle lamella, which is located in the area between 
the adjacent cells, is highly lignified as well (Harris and Stone, 2008). 
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Figure 1. A) The structure of the primary cell wall (Smith, 2001). B) The plant cell wall of 
structural cells such as xylem and fiber cells. Adapted from Anon. (2007). 

1.1.1 Cellulose 

Cellulose is one of the most abundant biopolymers in the world. It is a linear 
polysaccharide consisting of β-1,4-linked glucose units with an average degree 
of polymerization varying from 500 to 14,000 (Mohnen et al., 2008). The 
β-D-glucose units are rotated 180° with respect to each other, making 
cellobiose the repeating unit in cellulose chains (Figure 2). Parallel cellulose 
chains are assembled into microfibrils, (known as elementary fibrils) by intra- 
and intermolecular hydrogen bonds and Van der Waals forces. The 
microfibrils contain highly-ordered crystalline regions and less-ordered 

A
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amorphous regions. As a result of the fibrous structure and strong interaction 
of hydrogen bonds, cellulose has a high tensile strength (Sjöström, 1993).  

 

 

Figure 2. Structure of cellulose. 

1.1.2 Hemicelluloses 

Hemicelluloses are heteropolysaccharides that can be extracted from plant cell 
walls by alkali (Mohnen et al., 2008). They are typically highly branched and 
heterogeneous, containing pentoses (β-D-xylose and α-L-arabinose), hexoses 
(β-D-mannose, β-D-glucose, and α-D-galactose), and/or uronic acids 
(α-D-glucuronic, α-D-4-O-methylgalacturonic, and α-D-galacturonic acids) 
(Decker et al., 2008; Gírio et al., 2010). Other sugars such as α-L-rhamnose 
and α-L-fucose may also be present in low amounts. The sugars are frequently 
acetylated and linked through glycosidic or ester bonds with a degree of 
polymerization of 40 to 600 (Gírio et al., 2010). Hemicelluloses are classified 
by the main sugar residue present in the backbone to for example mannans, 
xylans, or galactans. The composition of hemicelluloses varies among both cell 
types and plant species (Mohnen et al., 2008). Softwoods contain mostly 
mannans (glucomannan, galactomannan, and galacto(gluco)mannan). In 
contrast, the hemicelluloses of hardwoods and herbaceous plants contain 
mostly xylans, with glucurunoxylan and arabinoxylan predominating, 
respectively. Moreover, other hemicelluloses such as xyloglucan and β-glucan 
can be found in many plant cell walls. Hemicelluloses are highly cross-linked 
to the other main plant cell wall components: to cellulose by inter-chain 
hydrogen bonding, and to other hemicelluloses by covalent and hydrogen 
bonds (Decker et al., 2008). Hemicelluloses are also linked to lignin, forming 
lignin carbohydrate complexes (LCCs), which are described in more detail in 
the next subsection. 

1.1.3 Lignin 

Lignin is a complex, heterogeneous, and optically inactive mixture of aromatic 
polymers (Achyuthan et al., 2010; Vanholme et al., 2010). It is the most 
abundant form of aromatic hydrocarbon in the world (Hofrichter, 2002). 
Furthermore, lignin acts as glue binding tightly to the cell wall polysaccharides 
of vascular plants, thus strengthening and rigidifying the cell walls, enabling 
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water transport. In addition, lignin is one of the most difficult biopolymers to 
degrade, making it an ideal barrier against pathogens and pests (Davin et al., 
2008; Weng and Chapple, 2010). Lignin content depends on the type of the 
plant: for wood lignin the contents are 26% to 32% for softwood and 20% to 
28% for hardwood (Sjöström, 1993). Agricultural residues such as corn stover 
and wheat straw contain 15% to 21% and 5% to 17% lignin, respectively 
(Buranov and Mazza, 2008). 

Lignin is derived principally from three monolignols known as 
phenylpropane units: p-coumaryl alcohol, coniferyl alcohol, and sinapyl 
alcohol, which differ in their degree of methoxylation (Figure 3A). The 
corresponding constituents in the lignin polymer are p-hydroxyphenyl (H), 
guaiacyl (G), and syringyl (S) units (Achyuthan et al., 2010; Vanholme et al., 
2010). The amount and chemical structure of lignin varies among plant 
species, among individual plants of a given species, within each plant, within a 
single tissue or cell, and even within a given cell wall. Moreover, 
environmental stress can contribute to variations in different lignins 
(Campbell and Sederoff, 1996). In general, softwood lignins consist mostly of 
G-type lignin, while hardwood lignins are usually GS-lignin and grasses 
contain all three lignin units (GSH-lignin) (Faix, 1991). In addition, non-
woody plant lignin units can be acylated by acetate, p-coumarate, and/or 
p-hydroxybenzoate. Small amounts of ferulic acids may also be present 
(Buranov and Mazza, 2008). The lignin units are linked together by oxidative 
coupling reactions with various types of linkages, primarily β-O-4 and β-5 
(mostly from monomer-oligomer couplings), 5-5 and 4-O-5 (from oligomer-
oligomer couplings), and β-β and β-1 couplings (Ralph et al., 2004). In 
addition, the 5-5 subunit can undergo further coupling with a monolignol, 
producing dibenzodioxocin structures (Figure 3B) (Karhunen et al., 1995; 
Ralph et al., 2004). Lignins contain several types of functional groups: 
carbonyl groups (~20%), carboxyl groups (<2%), ester groupings (present only 
in non-woody lignins in concentrations depending on botanical origin), 
ethylenic groups (0.05-0.1 groups per phenylpropane unit), methoxy groups 
(present in G- and S-units), and hydroxyl groups (1.3-1.5 groups per 
phenylpropane unit). Softwood lignin is estimated to be comprised of 19% to 
26% phenolic units, whereas the corresponding proportion in hardwood is 14% 
to 18% (Brunow and Lundquist, 2010). 

Numerous studies indicate that covalent bonds exist between lignin and 
hemicelluloses or lignin and pectin, forming LCCs. The linkages proposed are 
ester, benzyl ether, and glycosidic bonds (Brunow and Lundquist, 2010). In 
herbaceous crops LCCs are formed through ferulic bridges between lignin and 
carbohydrates, where ferulic acid is linked to lignin with ether bonds and to 
carbohydrates with ester bonds (Buranov and Mazza, 2008). 

After decades of research, the exact structure of native lignin is still not fully 
known. Because of the complex and varying structure of lignin and its close 
association with polysaccharides, the isolation of intact lignin from the plant 
cell wall without altering its structure considerably has thus far proven to be 
almost impossible (Achyuthan et al., 2010). Lignin has traditionally been 
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thought to be a cross-linked network polymer, but more recently it has been 
suggested to be a linear oligomer (Davin et al., 2008; Crestini et al., 2011). 

 

 

Figure 3. A) Monolignols, the precursors of polymeric lignin. B) Main structural units in native 
lignin; the bolded bonds are those formed in radical coupling reactions. Adapted from Ralph et 
al. (2004). 
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1.2 Lignocellulose-degrading fungi 

Fungi are the most efficient lignocellulose degraders found in nature and thus 
play an important role in global carbon recycling (Hatakka, 2001). Wood-
degrading fungi colonize dead or dying tree trunks and stumps, whereas litter-
decomposing fungi live in the uppermost layer of the soil and hummus of 
forests and grasslands (Steffen et al., 2002). These fungi degrade or modify 
lignocellulose by secreting extracellular cellulolytic, hemicellulolytic, and 
lignin-modifying enzymes (Hatakka and Hammel, 2011). 

Wood-degrading fungi can be divided into white-rot, brown-rot, and soft-rot, 
depending on their ability to degrade or modify different components of wood. 
White-rot fungi and some related litter-decomposing fungi are the only 
organisms capable of mineralizing lignin efficiently (Kirk and Cullen, 1998; 
Hatakka, 2001). White-rot fungi are a heterogeneous group of predominantly 
basidiomycetous fungi. Most white-rot fungi degrade simultaneously all the 
major components of lignocellulosic cell walls: lignin, cellulose, and 
hemicelluloses. On the other hand, some white-rot fungi degrade lignin and 
hemicelluloses more selectively than cellulose (Blanchette, 1995; Hatakka, 
2001). This type of wood decay leaves a very light, almost white, fibrous 
residue (Carlile et al., 2001). 

Brown-rot fungi are basidiomycetes that degrade cellulose and 
hemicelluloses from wood while partially modifying lignin (Hatakka and 
Hammel, 2011). This type of decay results in a dark brown shrunken wood that 
cracks into cubical pieces. Only around 7% of wood-decaying basidiomycetes 
belong to the group of brown-rot fungi (Eriksson et al., 1990; Hatakka and 
Hammel, 2011). 

Soft-rot fungi are ascomycetes and deuteromycetes that usually attack wet 
wood and leave a soft, brown residue (Carlile et al., 2001; Hatakka and 
Hammel, 2011). Compared with basidiomycetes, very little is known regarding 
ascomycetous lignocellulose degradation in nature, especially the mechanism 
by which they degrade lignin (Nilsson and Daniel, 1989; Hatakka and 
Hammel, 2011). Nevertheless, the mesophilic soft-rot fungus Trichoderma 
reesei, an anamorph of Hypocrea jecorina, is a widely utilized industrial strain 
for the production of cellulases and hemicellulases (Hatakka and Hammel, 
2011). 
  



Introduction 

16 

1.3 Lignocellulose-degrading and lignocellulose-modifying 
enzymes 

1.3.1 Lignin-modifying enzymes 

Laccase 
Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) are multi-copper 
oxidases that catalyze the oxidation of various phenolic compounds with a 
concomitant reduction of molecular oxygen to water (Thurston, 1994; 
Solomon et al., 1996). In nature, laccases have been found in plants, fungi and 
bacteria (Mayer and Staples, 2002). In higher plants, laccases are presumed to 
be involved in the lignification process. On the other hand, fungal laccases are 
involved in lignin biodegradation and in the detoxification of lignin 
degradation products (Thurston, 1994; Hatakka and Hammel, 2011). 
Moreover, laccases play a role in morphogenesis and pigmentation and are 
also important virulence factors in many plant diseases caused by pathogenic 
fungi (Thurston, 1994; Mayer and Staples, 2002). Most white-rot 
basidiomycetes secrete laccases, usually producing more than one laccase 
isoenzyme (Hatakka, 2001). Laccase production has also been observed in 
some plant pathogenic ascomycetes, soil ascomycetes, wood-degrading 
ascomycetes, and litter-decomposing fungi, and in some rare cases in brown-
rot fungi (Baldrian, 2006). 

In the substrate oxidation catalyzed by laccase, the four copper ions in the 
active site transfer the electrons involved in the reaction. The “blue” copper (T1 
site) is thought to accept electrons from reducing substrates, and the electrons 
are subsequently transferred to the three-nuclear copper cluster (T2/T3 site), 
where oxygen is reduced to water. Thus, the net result is the oxidation of four 
substrate molecules into four radicals, while one oxygen molecule is reduced 
into two water molecules (Figure 4) (Morozova et al., 2007a). In contrast to 
most enzymes, laccases are able to employ a wide range of substrates, such as 
polyphenols, methoxy-substituted phenols, diamines, and heterocyclic 
compounds (Thurston, 1994; Call and Mücke, 1997). The range of substrates 
suitable for laccases, however, is limited by the low redox potential of the 
enzymes, since the oxidation of the substrate depends on the redox potential 
difference between that substrate and the T1 copper of laccase (Xu, 1996). The 
redox potentials of the T1 coppers vary from 0.4 V to 0.8 V vs. a normal 
hydrogen electrode (NHE) (Xu et al., 1996; Garzillo et al., 2001; Morozova et 
al., 2007a). In addition, steric hindrance of some compounds can hamper their 
docking and thus prevent them from being employed as substrates (Tadesse et 
al., 2008). 
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Figure 4. A simplified reaction mechanism of laccase oxidation of p-coumaryl alcohol. Adapted 
from Kudanga et al. (2011) and Sitarz et al. (2014). 

Laccases are typically extracellular glycosylated enzymes with a molecular 
mass ranging from 60 to 70 kDa, of which carbohydrates comprise 10% to 25% 
(Baldrian, 2006). Glycosylation has been proposed to protect laccases against 
proteolysis and inactivation at elevated temperatures (Yoshitake et al., 1993). 
Laccases usually have an isoelectric point around 4.0 and a pH optimum in the 
acidic pH range (Baldrian, 2006). Typically the pH optima for phenolic 
substrates are higher than for the non-phenolic substrates. It has been 
suggested that the redox potential of phenols decreases with increasing pH 
while the redox potential of the laccases decrease much less with a pH 
increase. On the other hand, at higher pH-values the hydroxide ions bind to 
the T2/T3 coppers of laccases, interrupting the internal electron transfer (Xu, 
1997). The temperature optima of laccases vary usually from 50°C to 70°C. The 
temperature stability, however, varies considerably from 2 to 3 h at 50°C to up 
to 50 to 70 h for Trametes species (Baldrian, 2006). 

Laccases are known to be involved in fungal lignin biodegradation, but the 
mechanisms of lignin oxidation by laccases have been studied primarily with 
lignin model compounds. Of the lignin subunits, laccases can oxidize only low 
redox potential phenolic units, whereas high redox potential (>1.5 V) non-
phenolic units cannot be directly oxidized by laccases (Galli and Gentili, 
2004). The phenolic substrates are oxidized to phenoxyl radicals that can 
undergo further enzymatic oxidation or non-enzymatic reactions (Sitarz et al., 
2014). Oxidation of phenolic compounds by laccases often leads to 
demethylation, polymerization, and formation of quinones (Lundquist and 
Kristersson, 1985) but can also lead to Cα–Cβ cleavage, Cα–oxidation, or 
alkyl–aryl cleavage (Kawai et al., 1988; Sitarz et al., 2014). A possible lignin 
degradation mechanism is represented in Figure 5. 
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Figure 5. Possible mechanism of lignin degradation by laccase, with a phenolic β-1 lignin model 
compound used as an example. The degradation reactions include A) Cα–Cβ cleavage, B) Cα–
oxidation, and C) alkyl–aryl cleavage. Adapted from Kawai et al. (1988) and Sitarz et al. (2014).  

The substrate range of laccases can be extended by using low molecular weight 
substrate molecules known as mediators. After being oxidized by laccases, 
these redox mediators diffuse away from the active site and in turn oxidize the 
target substrate, thus functioning as an electron shuttle. The substrate can be a 
compound that due to its size or steric hindrance does not fit into the active 
center of laccase, or it can be a high redox potential compound, such as a non-
phenolic lignin unit, which the mediator is able to oxidize because it uses a 
different oxidation mechanism than the enzyme (Bourbonnais and Paice, 
1990; d'Acunzo et al., 2002). Some examples of mediator structures are shown 
in Figure 6 and their redox potentials are presented in Table 1. 
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Figure 6. Examples of laccase mediators: 2,2,’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS); 1-hydroxybenzotriazole (HBT); 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 
(Publication IV). 

Table 1. Redox potentials of selected mediators. 

Mediator E0 vs. NHE (V) Reference E0 vs. SCE (V) Reference 

ABTS 0.69 and 1.1 Fabbrini et al., 
2002 0.44 and 0.84 Fernández-Sánchez 

et al., 2002 

HBT 1.08 Fabbrini et al., 
2002 - - 

TEMPO 0.73 Astolfi et al., 
2005 0.49 Fernández-Sánchez

et al., 2002 

AS - - 0.53 Fernández-Sánchez 
et al., 2002 

NHE = normal hydrogen electrode; SCE = saturated calomel electrode 

Of the redox mediators, ABTS (2,2,’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)) was discovered first by Bourbonnais and Paice (1990). ABTS 
is thought to act via an electron transfer (ET) mechanism by removing one 
electron from the substrate (Bourbonnais and Paice, 1990; Bourbonnais et al., 
1998). Laccase performs a fast reversible one-electron oxidation of ABTS to 
ABTS + (with E0 = 0.69 V vs. NHE), which can be oxidized further by laccase 
to ABTS++. The second oxidation is much slower than the first due to the 
higher redox potential of ABTS++ (with E0 = 1.1 V vs. NHE) (Figure 7). In 
lignin, ABTS++ is most likely able to oxidize non-phenolic lignin units up to a 
redox potential of 1.8 V vs. NHE, whereas ABTS + can only react with phenolic 
lignin units (Fabbrini et al., 2002; Morozova et al., 2007b). 

On the other hand, N-OH type mediators such as HBT 
(1-hydroxybenzotriazole) apparently employ a radical hydrogen atom transfer 
(HAT) route. In the HAT route, a hydrogen atom is transferred from the 
substrate to the mediator, in contrast to the ET mechanism, where only the 
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electron is transferred to the mediator and the H+-ion from the substrate is 
released into the medium. With the HAT mechanism, the laccase-oxidized 
mediator radical can oxidize a substrate with higher redox potential than that 
of the mediator itself (Figure 7). HBT has a high redox potential (1.08 V vs. 
NHE) and is therefore oxidized slowly by laccases (Li et al., 1998; Fabbrini et 
al., 2002). 

  

 

Figure 7. Oxidation of redox mediators by laccases. A) The oxidized states of ABTS. Adapted 
from Fabbrini et al. (2002). B) Oxidation of the lignin model compound 4-methoxybenzalcohol 
by laccase and mediator using electron transfer (ET) route when the mediator is ABTS or using 
radical hydrogen atom transfer route (HAT) when the mediator is HBT. Adapted from Fabbrini et 
al. (2002) and Sitarz et al. (2014).  
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The third type of mediators, including TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxyl), apparently employ an ionic mechanism for substrate oxidation, in 
which laccase oxidizes TEMPO to a reactive oxoammonium ion, which in turn 
oxidizes the primary hydroxyl via a base attack. As with the HAT mechanism, 
the ionic mechanism does not depend on the redox potential of the substrate 
(Figure 8) (De Mico et al., 1997; Cecchetto et al., 2001; Fabbrini et al., 2002; 
Galli and Gentili, 2004). The search for laccase mediators has now shifted 
from synthetic to natural mediators, which are either fungal phenolic 
metabolites or lignin-derived phenols. Natural mediators have the purported 
advantages of lower toxicity and lower production costs than synthetic 
mediators, and some of them already exist in the raw material. Natural 
phenolic mediators are believed to employ the HAT route for substrate 
oxidation (Cañas and Camarero, 2010). 
 

 

Figure 8. Oxidation of benzyl alcohols by an oxoammonium ion form of TEMPO. Adapted from 
Astolfi et al. (2005). 

Laccase and mediator treatments (LMTs) have been shown to oxidize both 
phenolic and non-phenolic lignin model compounds at the same rate 
(Srebotnik and Hammel, 2000). Laccase-ABTS treatment of β-O-4-linked 
lignin model dimer was observed to be oxidized at Cα, forming a ketone 
(Bohlin et al., 2005). When β-O-4-linked and β-1-linked lignin model dimers 
were oxidized with laccase and HBT, observation revealed not only that most 
of the products were again Cα-oxidized ketones but also degradation of the 
compounds (Srebotnik and Hammel, 2000). In another study, laccase-HBT 
treated β-O-4-linked lignin model dimer oxidation products were analyzed in 
more detail, with the observation that in addition to Cα-oxidation, the 
treatment caused β-ether cleavage, Cα-Cβ cleavage, and aromatic ring cleavage 
(Kawai et al., 2002). 

Peroxidases 
The peroxidases involved in lignin modification include manganese peroxidase 
(MnP, EC 1.11.1.13), lignin peroxidase (LiP, EC 1.11.1.14) (Hatakka, 1994), and 
versatile peroxidase (VP, EC 1.11.1.16) (Ruiz-Dueñas et al., 2009; Hofrichter et 
al., 2010). They are extracellular heme-containing glycoproteins that employ 
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hydrogen peroxide as their natural electron acceptor (Gold et al., 1989; 
Martínez, 2002; Ruiz-Dueñas et al., 2009). MnP oxidizes Mn2+ ions to Mn3+. 
The catalytic cycle of MnP contains the native ferric enzyme and two reactive 
intermediates of the enzyme, Compound I and Compound II (Figure 9). First, 
H2O2 binds to the ferric enzyme. To cleave the oxygen-oxygen bond, the heme 
transfers two electrons, forming Compound I (Fe4+-oxo-porphyrin-radical 
complex). Reduction of the activated center to Compound II proceeds via one 
electron oxidation of Mn2+ to Mn3+. The Compound II is further reduced to the 
native form of the enzyme by Mn2+ oxidation and the second water molecule is 
released (Hofrichter, 2002). Fungi stabilize the unstable Mn3+ by secreting 
organic chelators such as oxalic acid. The chelated Mn3+ functions as a low-
molecular weight diffusible redox-mediator that oxidizes phenolic lignin units, 
leading to the formation of phenoxyl radicals (Gold et al., 1989; Hofrichter, 
2002). MnP can oxidize non-phenolic lignin structures only in the presence of 
oxygen and certain co-oxidants such as glutathione or unsaturated fatty acids, 
which are oxidized to reactive thiyl and peroxyl radicals by the MnP system 
(Wariishi et al., 1989; Bao et al., 1994; Hofrichter et al., 1998; Kapich et al., 
1999). The catalytic cycle of LiP resembles that of MnP, expect instead of 
oxidizing Mn2+, LiP preferably oxidizes non-phenolic aromatic compounds 
(Kirk and Farrell, 1987; Hammel and Cullen, 2008). VP, on the other hand, is 
a hybrid peroxidase that has both MnP and LiP activities (Mester and Field, 
1998; Camarero et al., 1999; Ruiz-Dueñas et al., 2009). 

 

 
 

Figure 9. The catalytic cycle of manganese peroxidase (MnP). Adapted from Hofrichter (2002). 
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The molecular weights of MnP, LiP and VP usually vary between 38 to 62 kDa, 
35 to 48 kDa, and 42 to 45 kDa, respectively. The isoelectric points of the 
lignin-modifying peroxidases are typically acidic around 3.0 to 4.0 (Hatakka, 
2001). MnP is produced by most of the white-rot basidiomycetes studied and 
some litter-decomposing basidiomycetes (Steffen et al., 2000; Hatakka, 2001). 
In contrast, LiP is secreted only by some of the white-rot basidiomycetes. 
Thus, many efficient lignin degraders do not appear to produce LiP (Hatakka, 
1994). So far VP has been found in various Bjerkandera and Pleurotus species 
(Mester and Field, 1998; Camarero et al., 1999). According to the peroxidases 
database PeroxiBase, 131 MnPs from 16 genera, 77 LiPs from eight genera, and 
55 VPs from 12 genera have been sequenced partially or completely (Fawal et 
al., 2013; Anon., 2014b). In addition, some extracellular oxidases such as 
glyoxal oxidase (EC 1.2.3.5) and aryl-alcohol oxidase (EC 1.1.3.7) are involved 
in fungal lignin degradation (Kersten and Kirk, 1987; Muheim et al., 1990) 
consuming either glyoxal or aromatic alcohol as their substrate to produce the 
hydrogen peroxide required by peroxidases (Hatakka, 2001). 

1.3.2 Cellulases 

Native cellulose is a highly resistant polymer because of its crystallinity and 
insolubility. Even though cellulose has only one type of linkage (β-1,4), a wide 
array of enzymes, known collectively as cellulases, are required for efficient 
degradation to glucose. In nature, cellulose is decomposed principally by fungi 
and bacteria, though termites and some other insects are also able to break it 
down (Wilson, 2008). Cellulose-degrading microorganisms can be both 
aerobic and anaerobic (especially bacteria). Aerobic microorganisms secrete 
individual extracellular cellulases, a free enzyme system, whereas anaerobic 
bacteria produce extracellular multienzyme complexes, cellulosomes, for 
cellulose degradation (Lynd et al., 2002; Bayer et al., 2008). 

The cellulases of the free enzyme system degrade cellulose in synergy with 
three types of hydrolytic enzymes: cellobiohydrolases (exoglucanases, 
EC 3.2.1.91), endoglucanases (EC 3.2.1.4), and β-glucosidases (EC 3.2.1.21). A 
new group of enzymes that also participates in cellulose degradation, lytic 
polysaccharide mono-oxygenases (LPMOs), was recently discovered (Figure 
10) (Horn et al., 2012). The hydrolytic enzymes catalyze the cleavage of β-1,4 
bonds with the concomitant addition of a water molecule. The 
cellobiohydrolases hydrolyze primarily the crystalline regions of cellulose 
chains, releasing cellobiose as their end product. The most studied and utilized 
strain for production of cellulose-degrading enzymes, T. reesei, secretes two 
types of cellobiohydrolases, Cel6A (CBHII) and Cel7A (CBHI), that hydrolyze 
cellulose chains from the non-reducing or reducing ends, respectively (Teeri, 
1997). By contrast, endoglucanases act on the amorphous regions of cellulose 
chains by cleaving internal β-1,4 bonds and thus generating new chain ends for 
the cellobiohydrolases. β-glucosidases further hydrolyze the solubilized 
cellodextrins and cellobioses into glucose, thus preventing end-product 
inhibition, especially of cellobiohydrolases (Lynd et al., 2002; Medie et al., 
2012). LPMOs, meanwhile, catalyze the oxidative cleavage of crystalline 
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cellulose creating two new types of chain ends for the cellobiohydrolases, 
oxidized and non-oxidized. The glucose units in the oxidized chain ends are 
oxidized at the C1 or C4 position. In addition to oxidative cleavage, oxidation 
of C6 position has been observed (Vaaje-Kolstad et al., 2010; Phillips et al., 
2011; Quinlan et al., 2011). LPMOs need an electron donor to function. The 
donor can be a reducing agent derived from lignin, an externally added 
compound such as ascorbic acid, or an enzyme, cellobiose dehydrogenase 
(Dimarogona et al., 2013). Cellobiose dehydrogenase couples the oxidation of 
cellobiose to reductive activation of LPMOs (Phillips et al., 2011). 

T. reesei expresses at least two cellobiohydrolases and five endoglucanases 
(Karlsson et al., 2002), of which Cel6A, Cel7A, and Cel5A (EGII) are the main 
components, corresponding to 20%, 60%, and 12% of the enzymes secreted, 
respectively (Teeri, 1997; Zhang and Lynd, 2004). All the main T. reesei 
enzymes have a modular structure consisting of a catalytic module connected 
to a carbohydrate-binding module (CBM) via a flexible peptide linker (Gilkes 
et al., 1991). Cellobiohydrolases have a tunnel-shaped active site that enables a 
processive type of hydrolysis of cellulose chains; the enzyme does not desorb 
from the cellulose between catalytic events (Divne et al., 1994; Teeri et al., 
1998). The active site of endoglucanases, on the other hand, is a cleft-like 
structure that makes catalysis in the middle of the chain possible (Davies and 
Henrissat, 1995). 
 

 

Figure 10. Schematic view of enzymatic cellulose degradation with cellobiohydrolases (CBHI 
and CBHII), endoglucanase (EG), β-glucosidase (β-G), lytic polysaccharide monooxygenase 
(LPMO), and cellobiose dehydrogenase (CDH). Adapted from Medie et al. (2012).  

1.3.3 Hemicellulases 

Due to the complex and heterogeneous structure of hemicelluloses, a broad 
selection of hemicellulases is required for their complete hydrolysis. 
Hemicellulases can be divided into two categories: depolymerizing and 
debranching (i.e. accessory). Depolymerizing enzymes act on the backbone of 
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sugar chains and include xylanases, mannanases, β-glucanases, and 
xyloglucanases. Both endo- and exo-acting enzymes, and enzymes with both 
types of activity, participate in depolymerization. In addition, certain enzymes 
such as β-glucosidase, β-xylosidase, and β-mannosidase degrade the oligomers 
formed by depolymerizing enzymes (Wyman et al., 2005; Decker et al., 2008). 
Debranching enzymes cleave the side groups connected to hemicellulose 
backbones. Glycosidic side groups are removed primarily by α-glucuronidase, 
α-arabinofuranosidase, and α-D-galactosidase, whereas acetyl and 
hydroxycinnamic acid substituents are removed by acetyl xylan esterases and 
ferulic/coumaric acid esterases (Decker et al., 2008). In addition to the 
enzymes classified as hemicellulases, some cellulases, notably endoglucanases, 
may possess xylanolytic or mannanolytic side activities (Lawoko et al., 2000; 
Vlasenko et al., 2010). 

1.4 Solid-state cultivation 

Solid-state cultivation (SSC) is defined as a cultivation method in which 
microorganisms grow on solid material in the absence or near-absence of free 
water (Cannel and Moo-Young, 1980; Pandey, 2003). SSC is particularly 
suited to fungi because in nature they grow on relatively dry and solid 
substrates, so SSC has been studied for the production of several fungal 
enzymes like lignin-modifying enzymes and metabolites. The solid substrate 
used in the cultivations can be either a natural material or an inert support 
impregnated with liquid medium (Barrios-González and Mejýa, 2008). The 
natural material is typically starch or lignocellulose containing agro-industrial 
residue and functions both as a support and a source of nutrients (Krishna, 
2005). 

SSC techniques have already been employed for hundreds or even thousands 
of years. For example, fungus-processed cheese, vinegar, and gallic acid have 
traditionally been produced with SSC, which has also long been used to 
preserve animal and fish products. Many of these age-old methods of food 
processing are in wide use: for instance, the koji process that uses Aspergillus 
oryzae to ferment steamed rice remains popular in Asia and applies the same 
principles as discovered in the seventh century (Krishna, 2005). 

1.4.1 SSC vs. submerged cultivation 

The advantage of SSC over submerged cultivation (SmC) is that it simulates 
the natural environment of many higher filamentous fungi (Hölker and Lenz, 
2005). Studies have demonstrated that many fungal enzymes and secondary 
metabolites are produced in higher yields with SSC than SmC (Acuña-
Argüelles et al., 1995; Maldonado and Strasser de Saad, 1998; Fujian et al., 
2001; Robinson et al., 2001a). It has been observed that some genes are 
expressed differently in the two methods. When performing a high-throughput 
RNA-sequencing of the transcriptome of A. oryzae, Wang et al. (2010) found 
that 2,355 genes were upregulated and 2,273 genes were down-regulated in 
SSC compared with SmC. In addition, SSC usually decreases catabolite 
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repression (Hölker et al., 2004) and is claimed to be economically competitive, 
since the amount of water required is decreased, leading to reduced reactor 
space, investments costs, and energy expenditure (Hölker and Lenz, 2005). 

On the other hand, SSC has many disadvantages, related largely to scaling 
up. At larger scale, the buildup of different gradients – such as temperature, 
pH, moisture, pO2, and substrate concentration – poses problems (Hölker et 
al., 2004; Hölker and Lenz, 2005). Due to considerable metabolic heat 
generated during cultivation, removal of heat is critical in SSC but is difficult 
because of the low thermal conductivity of the solid substrates (Pandey, 2003). 
Heat can be removed by evaporative, convective, or conductive cooling, of 
which evaporative cooling of the substrate bed is the most effective (Mitchell et 
al., 2000). However, that can cause drying of the substrate, which in turn leads 
to reduced nutrient diffusion, resulting in poor microbial growth. Thus, the 
evaporating water has to be replaced, bearing in mind that high moisture 
content leads to decreased substrate porosity and therefore reduced oxygen 
transfer, which in turn might promote bacterial contamination (Pandey, 2003; 
Hölker and Lenz, 2005; Krishna, 2005). Even though excessive heat can be 
removed, temperature gradients are difficult to avoid, which limits the 
thickness of the bed. Mixing of the substrate bed can help but can also reduce 
substrate porosity due to tighter packing of particles. In addition, the shear 
forces of the mixing can damage the microorganisms (Hölker and Lenz, 2005; 
Krishna, 2005). Furthermore, in situ pH control is practically impossible in 
SSC as the fungi used frequently produce organic acids causing a drop in pH 
(Krishna, 2005). 

1.4.2 SSC bioreactors 

Various bioreactor types have been designed for SSC, including tray reactors, 
packed-beds, and rotating drums. Tray reactors contain solid medium at a 
maximum depth of 15 cm and the trays are stacked one above another in 
chambers or rooms (Durand, 2003; Krishna, 2005; Thomas et al., 2013). 
Temperature is controlled by circulating air or spraying water (Krishna, 2005). 
The disadvantages of using tray reactors are the need for large space and 
separate sterilization of the substrate, difficulties in temperature control, and a 
labor-intensive operation (Durand, 2003; Krishna, 2005; Thomas et al., 2013).  

In packed-bed reactors, the substrate is usually loosely packed in a column 
above a perforated bottom through which air is forced. Its advantages are 
simple use and design, superior process control, and deeper substrate beds 
than in tray reactors. In addition, aseptic conditions can be maintained better 
in a closed system, which also allows measurement of exhaust gases (Krishna, 
2005; Thomas et al., 2013). On the other hand, temperature gradients between 
the bed’s top and bottom are unavoidable. Moreover, the majority of the heat 
is removed through evaporation and convection, which can lead to the bed’s 
drying. To avoid temperature gradients and drying, intermittently mixed bed 
bioreactors can be employed, which are similar to packed-beds except that an 
agitation device is switched on periodically together with water addition, if 
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necessary (Durand, 2003). The disadvantage of mixing is that fungal mycelia 
can be damaged due to shear stress (Hölker and Lenz, 2005). 

In rotating drums, mixing is gentler because it is caused by the tumbling 
motion of the solid medium. Mixing may be aided by internal lifters and air is 
blown across the top of the substrate bed. The drawback of this type of reactor 
is that the metabolic heat is difficult to remove and thus the substrate bed can 
occupy as little as 10% to 40% of the bioreactor volume. In addition, the 
substrate particles tend to agglomerate during mycelial growth, which makes 
temperature control and oxygen transfer problematic (Durand, 2003; Krishna, 
2005). 

1.4.3 Modeling 

Mathematical modeling is essential when designing, scaling up, or 
optimizing the operation of bioreactors. Models describing SSC are either 
macro-scale or micro-scale. Macro-scale or bioreactor models describe mass 
and heat transport processes across the substrate bed, whereas micro-scale 
models describe the phenomena occurring on and within individual particles 
(Mitchell et al., 2003). However, accurate models describing the different 
phenomena are difficult to construct due to problems that prevent reliable 
online measurement of key variables such as biomass and nutrient 
concentrations, caused by the heterogeneous nature of the substrate used in 
SSC (Gelmi et al., 2002; Pandey, 2003). 

Growth kinetics of SSC are often described with a logistic equation: 
 

    (1), 

 
where X is microbial biomass, t is time, μ is the specific growth rate constant, 
and Xmax is the maximum microbial biomass. Since direct biomass 
measurement is often impossible when fungi are cultivated in SSC, indirect 
measurements of growth such as O2 consumption or glucosamine content are 
frequently used (Mitchell et al., 2004). The effect of growth on the 
environment can be modelled using the Luedeking-Piret model (Luedeking 
and Piret, 1959; Mitchell et al., 2004): 

 
    (2) 

 
    (3), 

 
where R is a reactant, P is a product, YXR and YPX are growth-associated yield 
coefficients, and mR and mp are maintenance coefficients. The reactant can be 
O2 or nutrients and the product can be waste metabolic heat, water, CO2, 
enzymes, etc. (Mitchell et al., 2004). 
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1.4.4 Production of fungal enzymes in SSC 

The production of various industrially important enzymes has been studied in 
SSC, including proteases, amylases, glucoamylases, cellulases, lignin-
modifying enzymes, xylanases, and pectinases (Krishna, 2005). Lignin-
modifying enzymes have been produced on multiple agro-industrial wastes, 
such as brans, straws, bagasses, leaves, seeds, and sawdust, using several 
strains of white-rot fungi (Rodríguez Couto and Sanromán, 2005). High 
enzyme activities have been reported in small-scale studies. For example 
Gassara et al. (2010) reached a laccase activity of 12,300 nkat g-1 dry matter 
(DM) when using brewery waste as substrate and Cu2SO4 as inducer. 
Maximum MnP activity (10,500 nkat g-1 DM) was gained with pomace as 
substrate and veratryl alcohol as inducer. The cultivations were performed 
with 40 g of substrate, a quite common size for most of the SSC studies. At 
such a small scale, however, the limitations of SSC do not appear. Only a few 
studies have focused on production of lignin-modifying enzymes at larger 
laboratory scale. Meza et al. (2006) designed an 18-L packed-bed bioreactor, 
where Pycnoporus cinnabarinus was grown on sugar cane bagasse and laccase 
production was induced with vaporized ethanol; the maximum laccase activity 
reached was 1,500 nkat g-1 DM. MnP production appears to have been studied 
only in semi solid-state conditions at larger scale and the results are thus not 
easily comparable with the activities gained at smaller scale. For example 
Rivela et al. (2000) produced MnP in an immersion bed bioreactor where 
Phanerochaete chrysosporium was grown on inert support in a wire mesh 
basket that was dipped every 90 s in liquid cultivation medium containing 
Tween 80 and veratryl alcohol as inducers. The maximum MnP activity 
reported (16.5 nkat L-1) was measured from the liquid medium. Both laccase 
and MnP activities reported in the larger scales were considerably lower than 
at smaller scale. These results thus highlight the importance of studying the 
production of enzymes at larger laboratory scale to gain practical knowledge 
about the production of enzymes in SSCs. 

1.5 Applications of laccases  

Laccases or laccase and mediator treatments (LMTs) can be utilized in diverse 
applications due to their broad substrate range and ability to either polymerize 
or depolymerize substrates. The applications of laccases that have been studied 
so far cover fields ranging from forest products to food and effluent treatment 
to organic synthesis and nanobiotechnology. Applications for the forest 
products industry have been most extensively studied, with research dating to 
the 1970s, when the first biopulping experiments were undertaken (Ander and 
Eriksson, 1977; Blanchette, 1984). In biopulping, LMTs or white-rot fungi that 
selectively degrade lignin (pre)treat wood chips or other lignocellulosic 
material for conserving energy or pulping chemicals (Petit-Conil et al., 2002; 
Widsten and Kandelbauer, 2008). The related application of biobleaching has 
also been studied extensively. In biobleaching, pulp is (pre)treated by enzymes 
with the aim of delignifying or modifying pulp lignin or hemicelluloses to 
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facilitate the subsequent chemical bleaching; high pulp brightness can be 
obtained by simultaneously retaining the pulp strength values (Bourbonnais et 
al., 1995; Call and Mücke, 1997; Nelson et al., 1998; Nelson et al., 1998; 
Poppius-Levlin et al., 1999; Chakar and Ragauskas, 2000; Paice et al., 2002; 
Petit-Conil et al., 2002; Barreca et al., 2003; Lund et al., 2003; Camarero et 
al., 2004; Aracri et al., 2009). It has been shown with lignin model compounds 
that LMTs oxidize primarily non-phenolic lignin units to uncleaved ketones, 
which presumably improves the bleaching process because the ketones are 
susceptible to cleavage by alkali in subsequent treatments (Srebotnik and 
Hammel, 2000). 

In addition to modifying or degrading pulp lignin, LMTs have been studied 
for oxidizing cellulose in pulp. The oxoammonium ion form of TEMPO is 
known to oxidize the primary hydroxyl groups in cellulose (Bragd et al., 2004). 
Instead of chemically oxidizing TEMPO, the oxidation can be performed with 
laccases in milder conditions less harmful to the pulps (Viikari et al., 1999). 
Improvement in the wet strength of papers made from laccase-TEMPO treated 
sisal pulps has been reported (Aracri et al., 2011) and ascribed to the formation 
of carbonyl groups by the treatment, which leads to interfiber hemiacetal 
linkages between the carbonyls and hydroxyl groups in cellulose (Saito and 
Isogai, 2004; Aracri et al., 2011). In addition, laccases and LMTs have been 
studied in terms of their potential to increase the strength properties of papers 
by oxidizing pulp lignin, to overcome the problems caused by wood-derived 
extracts in papermaking, and to de-ink recycled secondary fibers, as reviewed 
by Widsten and Kandelbauer (2008). 

Recently, the focus of oxidative enzyme research in the forest products 
industry has shifted towards laccase-mediated grafting and cross-linking 
reactions. In grafting reactions, small molecules are linked to polymers with 
the aid of a catalyst, whereas cross-linking binds polymer chains together 
(Kudanga et al., 2011). Fibers have been functionalized by laccase mediated 
grafting; the fiber is activated by laccase, yielding phenol groups oxidized to 
the phenoxyl radicals in fiber lignin. Laccase is also used to oxidize the 
molecules to be grafted. The resulting radicals and the phenoxyl radicals in the 
fiber then react via a coupling reaction (Grönqvist et al., 2003; Grönqvist et al., 
2006; Suurnäkki et al., 2010). Grafting of low molecular weight lignin, amino 
acids, or gallic acid on fibers has led to increased pulp or paper strength 
(Chandra et al., 2004; Elegir et al., 2007; Witayakran and Ragauskas, 2009). 
In addition, antimicrobial properties of fibers have been enhanced by grafting 
several phenolic compounds such as ferulic acid, caffeic acid, 
p-hydroxybenzoic acid, isoeugenol, dopamine, and tannins on the fibers 
(Schroeder et al., 2007; Elegir et al., 2008; Widsten et al., 2010). Moreover, 
hydrophobicity of lignocellulosic materials has been increased with long chain 
alkylamine, fluorophenol, and lauryl gallate grafting (Kudanga et al., 2010a; 
Kudanga et al., 2010b; Garcia-Ubasart et al., 2012; Reynaud et al., 2013). The 
ability of laccases to create reactive radicals in wood fibers or other wood 
particles has been also utilized to produce composite boards. Thus, the toxic 
synthetic adhesives currently employed could be replaced by laccase 
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treatments (Felby et al., 1997; Kharazipour et al., 1997; Felby et al., 2004; 
Widsten et al., 2004; Álvarez et al., 2011). Furthermore, laccases have been 
studied for improving the production of lignocellulosic platform sugars and of 
biofuels, which is covered in more detail in Chapter 1.5.2 below. 

Laccases are also excellent candidates for food industry applications since 
many of the laccase substrates like unsaturated fatty acids, phenols, and thiol-
containing proteins are present in various foods and beverages (Osma et al., 
2010). Thus, laccases have been studied for the removal of undesired phenolics 
that cause browning, haze, or flavor changes in fruit juices, beer, and wine 
(Salgues et al., 1986; Cantarelli et al., 1989; Giovanelli and Ravasini, 1993; 
Minussi et al., 2007; Schroeder et al., 2008; Neifar et al., 2011; Dhillon et al., 
2012). The positive effects are apparently due to laccase-catalyzed 
polymerization of the phenolic compounds, which could then be removed by 
filtration (Giovanelli and Ravasini, 1993). Moreover, in baking, laccases can 
oxidize biopolymers in dough. Laccase is thought to cross-link primarily the 
ferulic acids esterified to wheat arabinoxylan, resulting in a strong 
arabinoxylan network. The mechanisms of laccase treatments are complicated, 
however, since in theory laccase could catalyze the formation of linkages in or 
between polysaccharides, in or between proteins by oxidizing the tyrosyl 
residues of glutens, and between polysaccharides and proteins. Nevertheless, 
changes such as harder and less extensible dough, softer bread crumb, and 
increased bread volume have been reported to result from laccase treatments 
(Labat et al., 2000; Selinheimo et al., 2007). In addition, laccases have been 
used in the gelation of sugar beet pectins. Pectins from apple pomace and 
citrus peels are used as gelling agents in food products like yogurts and jams. 
Sugar beet pectin could be a potential source of pectins if the gelling properties 
can be improved. Laccase-catalyzed cross-linking of ferulic acid moieties in 
pectins have been shown to produce heat-stable gels (Micard and Thibault, 
1999; Norsker et al., 2000; Kuuva et al., 2003; Zaidel et al., 2012; Zaidel et al., 
2013). 

A further promising application area of laccases is wastewater treatment, 
because laccases can catalyze polymerization and improve the removal of 
colored phenolic compounds present in various effluents. In addition, several 
xenobiotics, including chlorophenols and endocrine disruptors such as 
bisphenol A, can be detoxified by laccases (Bollag et al., 1988; Milstein et al., 
1988; Roy-Arcand and Archibald, 1991; Roper et al., 1995; Tsutsumi et al., 
2001; Uchida et al., 2001; Bollag et al., 2003; Kim and Nicell, 2006; Cabana et 
al., 2007; Bolli et al., 2008; Zhang et al., 2008; Gaitan et al., 2011; Gaitan et 
al., 2011). Consequently, several researchers have studied the use of laccases in 
bioremediation of various industrial effluents such as pulp and paper mill 
effluents and food industry wastewaters like olive mill effluents (Davis and 
Burns, 1992; D’Annibale et al., 2000; Attanasio et al., 2005; Berrio et al., 
2007; Iamarino et al., 2009; Ko and Fan, 2010). Moreover, extensive research 
has been focused on the laccase-catalyzed decolorization of dyes in textile 
industry effluents. The topic is described in more detail in the next subsection 
(1.5.1). 
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In organic synthesis, laccases can catalyze reactions such as dimerization, 
polymerization, oxidation, and amination to produce fine chemicals and 
biologically active compounds including amino acids, antibiotics, and 
antioxidants (Agematu et al., 1993; Niku-Paavola and Viikari, 2000; Hosny 
and Rosazza, 2002; Kurisawa et al., 2003; Manda et al., 2006; Mikolasch et 
al., 2008; Mogharabi and Faramarzi, 2014). In addition, laccases can be 
employed in nanobiotechnology applications, such as biosensors and biofuel 
cells. In biosensors, immobilized laccases can be used to detect various 
phenolic compounds (Freire et al., 2001; Haghighi et al., 2003; Gomes et al., 
2004; Gamella et al., 2006; Liu et al., 2006; Di Fusco et al., 2010). The 
principle of laccase-based biosensors is founded on the ability of laccase to 
catalyze oxidation of a phenolic target compound and concomitantly to reduce 
molecular oxygen to water. The oxidized phenolic compound is then 
electrochemically reduced on an electrode surface and the resulting current, 
which correlates to the concentration of the phenolic compound, is measured 
(Cummings et al., 1998). In biofuel cells, meanwhile, chemical energy is 
transformed into electrical energy via electrochemical reactions involving 
enzymatic catalysis. Laccases could thus be used on the cathode to reduce 
dioxygen to water (Tarasevich et al., 1979; Palmore and Kim, 1999; Smolander 
et al., 2008; Schaetzle et al., 2009; Rincón et al., 2011; Karaśkiewicz et al., 
2012). 

1.5.1 Decolorization of textile industry effluents by laccases 

The production of dyes is estimated at 2.3 million tons per year globally, with 
an expected increase of 3.5% in production volume annually through at least 
2018. The textile industry is the largest consumer of dyes, using a wide array of 
synthetic dyes with different fixation techniques on several types of fabrics 
(Wood, 1988; Singh, 2006; The Freedonia Group Inc., 2014). Dyes contain 
chromophores, arrangements of alternating double bonds that often appear in 
aromatic systems, which are responsible for the color. The configuration of 
electrons in the chromophore enables absorption of light in the visible range 
(400 to 700 nm) (Kiernan, 2001). Figure 11 shows some structures of typical 
dye chromophores. Dyes can be classified in several ways, for example 
according to their chemical structure (to azo, arylmethane, xanthene, polyene, 
etc.) or according to the technique used in dyeing (to direct, acid, basic, vat, 
reactive, etc.) (Kiernan, 2001; Nassau, 2001). 
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Figure 11. The chromophores of certain dyes. Azo dyes contain one or more azo groups in their 
chromophore. 

The textile industry consumes large quantities of water and chemicals, leading 
to wastewaters containing salts, detergents, and organic acids. Dyes are also 
released, although in much lower quantities. Of the dyes consumed for textile 
dyeing, up to 60% ends up in waste streams. The amount depends on the dye 
type; reactive dyes are not fixed efficiently on the fabric, leading to a release of 
up to 60% of the dyes consumed, whereas almost no basic dyes are released 
during the dyeing process. Nevertheless, even small amounts of dyes can color 
the effluents and may reduce light transmission necessary to aquatic life 
(Hessel et al., 2007). In addition, some dyes can react to form carcinogenic 
amines and metal-containing dyes can populate the effluents with heavy metal 
ions (Golka et al., 2004; Singh, 2006). For all these reasons, dyes must be 
removed from the effluents. Unfortunately, the synthetic origin and complex 
aromatic molecular structures of the dyes make them difficult to degrade, 
especially since they are developed to withstand light, water, and oxidizing 
agents (Banat et al., 1996). Several techniques have been studied for treatment 
of dye effluents. Chemical treatments usually oxidize, while physical 
treatments adsorb the dyes from wastewaters to materials such as activated 
carbon, peat, or wood chips. Chemical methods, however, can consume high 
amounts of energy and chemicals, whereas the disadvantage of adsorption is 
that dyes may have poor fixation rates (Robinson et al., 2001b). 

The use of laccases may offer an alternative to traditional methods of effluent 
treatment. Laccases or LMTs have been shown to decolorize dyes with diverse 
chemical structures (Abadulla et al., 2000; Camarero et al., 2005; Rodríguez 
Couto et al., 2005; Yang et al., 2009). As with laccase-catalyzed lignin 
degradation, redox potential difference and steric effects define the ability of 
laccase to oxidize different dyes (Nyanhongo et al., 2002). A linear relationship 
between the redox potential of azo dyes and the decolorization efficiency of the 
enzyme has been observed (Zille et al., 2004). Electron-donating methyl and 
methoxy substituents decrease the redox potential of a dye and thus facilitate 
laccase-catalyzed decolorization, whereas chloro, fluoro, and nitro substituents 
might inhibit oxidation (Chivukula and Renganathan, 1995; Kandelbauer et 
al., 2004). Of the textile dyes, azo dyes are the largest group and therefore 
have received the most study (Kandelbauer and Gübitz, 2005). Laccase from 
Pyricularia oryzae has been shown to degrade azo dyes and release the azo 
linkage as molecular oxygen, thus preventing the formation of carcinogenic 
amines (Chivukula and Renganathan, 1995). In addition, laccases have been 



Introduction 

33 

observed to degrade indigo dye, yielding isatin that could be decomposed 
further into anthranilic acid. This process can be applied industrially to bleach 
indigo-dyed denim fabrics and give the fabric a stone-washed appearance 
(Campos et al., 2001). Furthermore, laccases have been shown to degrade a 
third class of dyes, triarylmethanes. It was observed that the degradation 
mechanisms and end products were different for reactions catalyzed by laccase 
alone than for reactions with added mediators (Chhabra et al., 2009). On the 
other hand, laccase-catalyzed coupling reactions of dyes have also been 
reported; Zille et al. (2005) observed that degradation products of azo dyes 
coupled with each other or with unreacted dye when laccase treatment was 
continued over 72 h. Toxicity analyses performed on decolorized dyes have 
shown variable results. Laccase (and mediator) treatments have been shown to 
decrease the toxicity of many dyes substantially, but some dyes have remained 
toxic even after laccase treatment. There does not appear to be a strict 
correlation between the extent of decolorization and detoxification (Abadulla 
et al., 2000; Chhabra et al., 2009; Benzina et al., 2013). 

Despite the ability of laccases to catalyze efficient decolorization of textile 
dye effluents, several problems such as enzyme cost, reusability, stability, 
sensitivity to high ionic strengths or to denaturants like surfactants and 
chelating agents must still be resolved before laccases can be utilized in large-
scale effluent treatment (Bollag and Leonowicz, 1984; Leonowicz et al., 1988; 
Ba et al., 2013). The immobilization of laccases has been suggested as a 
solution to overcome these limitations (Ba et al., 2013). 

1.5.2 Improvement of lignocellulosic ethanol production by laccases 

The production of ethanol from lignocellulosic materials consists of four major 
unit operations: pre-treatment, (enzymatic) hydrolysis, fermentation, and 
product separation/purification. Pre-treatment is applied to make the 
lignocellulosic feedstock more accessible to hydrolytic enzymes by increasing 
the available particle surface area. Partial removal of hemicelluloses or lignin 
or both, and decreasing the cellulose crystallinity and its degree of 
polymerization have been found to improve hydrolysis efficiently (Cheng and 
Wang, 2013). Steam pre-treatment is a commonly used method in which 
biomass is treated with high-pressure steam at high temperature for a few 
minutes (Hendriks and Zeeman, 2009). The treatment increases the accessible 
surface area by partially hydrolyzing hemicelluloses. In addition, during the 
treatment, lignin depolymerizes and repolymerizes, leading to changes in its 
chemical structure (Shevchenko et al., 1999; Li et al., 2007). Steam pre-
treatment can be applied to agricultural residues and hardwoods. For 
softwoods, a more severe treatment is required, which can be accomplished by 
impregnating lignocellulose with acid (usually SO2 or H2SO4) (Ramos, 2003). 

The pre-treated biomass is converted to monomeric sugars by acid or 
enzymatic hydrolysis. To degrade cellulose by acid, severe conditions would be 
required, and therefore enzymatic hydrolysis is usually preferred (Sun and 
Cheng, 2002). Tailored cocktails of cellulases and hemicellulases for each type 
of feedstock are required to guarantee a high hydrolysis yield (Margeot et al., 
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2009; Banerjee et al., 2010). Even though the majority of pre-treatment 
methods remove most of the hemicelluloses, some usually remain tightly 
bound to cellulose fibrils. It has been shown that even small amounts of 
residual hemicelluloses inhibit enzymatic hydrolysis and that the addition of 
appropriate hemicellulases facilitates efficient hydrolysis by acting in synergy 
with the cellulases (Berlin et al., 2007; Várnai et al., 2011a). In addition to 
residual hemicelluloses, other factors, one of which is lignin, also limit the 
enzymatic hydrolysis. Lignin impairs enzymatic hydrolysis by three 
mechanisms: it physically shields the cellulose surface (Mooney et al., 1998; 
Ding et al., 2012; Kumar et al., 2012); it binds hydrolytic enzymes non-
productively (Chernoglazov et al., 1988; Palonen et al., 2004; Berlin et al., 
2006); and the soluble phenolic compounds released from lignin during pre-
treatments inhibit enzyme activities (Ximenes et al., 2011). The extent of the 
inhibition caused by enzyme binding on lignin depends on the hydrolysis 
temperature, the feedstock, and the enzymes used. Increasing the hydrolysis 
temperature increases the non-productive binding (Pareek et al., 2013; 
Rahikainen et al., 2013), although enzyme structures responsible for 
thermostability may also protect proteins more efficiently from inhibition 
caused by lignin (Rahikainen et al., 2013). The origin of lignin has been shown 
to influence the binding: softwood lignin adsorbs enzymes to the greatest 
degree, followed by hardwood, and herbaceous crops (Nakagame et al., 2010). 
In addition to lignin, the rigid structure of cellulose decreases the rate of 
enzymatic hydrolysis. The degree of crystallinity and the degree of 
polymerization are significant elements of cellulose recalcitrance (Puri, 1984; 
Zhu et al., 2008; Hall et al., 2010). Moreover, high solid loading of the biomass 
and end-product inhibition also impair enzymatic hydrolysis (Holtzapple et 
al., 1990; Jørgensen et al., 2007). 

Subsequent to hydrolysis, microorganisms are used to ferment the sugar 
monomers into ethanol or other chemicals. Hexose sugars (glucose, mannose, 
and galactose) are fermented easily by traditional ethanol-producing yeast 
strains like Saccharomyces cerevisiae. In contrast, pentose sugars (xylose and 
arabinose) are not readily fermented by most of the strains. Thus, considerable 
research activity is presently focused on developing genetically engineered 
yeasts and bacteria that ferment pentoses efficiently (Margeot et al., 2009; 
Scully and Orlygsson, 2014). In addition, some byproducts formed during the 
pre-treatments of the feedstocks are known to inhibit the fermenting 
organisms; thermal and acid pre-treatments can generate furfural (from 
pentoses), hydroxymethyl furfural (from hexoses), and phenols that are 
formed by solubilization and hydrolytic or oxidative cleavage of lignin 
(Palmqvist and Hahn-Hägerdal, 2000; Klinke et al., 2004).  

Different process configurations can be applied in ethanol production. 
Hydrolysis and fermentation can be performed as separate hydrolysis and 
fermentation (SHF) or as simultaneous saccharification and fermentation 
(SSF). In SSF, the fermenting organism removes the hydrolyzed sugars 
continuously, thus reducing the end-product inhibition of the hydrolytic 
enzymes (Wright et al., 1988). On the other hand, in SHF, optimum conditions 
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can be used for both hydrolysis and fermentation and the recycling of the 
fermenting organism is possible (Roca and Olsson, 2003; Tomás Pejó et al., 
2008). 

Laccases or LMTs can be utilized in several parts of the ethanol production 
process. LMTs have been used as a pre-treatment method in combination with 
other methods, such as alkaline extraction, to facilitate the efficient removal or 
modification of lignin of several feedstocks. As a result, enzymatic hydrolysis 
and ethanol yields have been improved by 12% to 61% and 10% to 95%, 
respectively (Gutiérrez et al., 2012; Plácido et al., 2013; Heap et al., 2014). In 
addition, laccases or LMTs have been shown to enhance the enzymatic 
hydrolysis of steam pre-treated feedstocks. Saccharification yields were 
improved by 17% to 75%,  with the positive effects attributed to oxidation of 
the phenolic units of lignin, loosening of the lignin-carbohydrate complex, 
increase in the negative surface charge of lignin leading to electrostatic 
repulsion of cellulases, or partial delignification (Palonen and Viikari, 2004; 
Qiu and Chen, 2012; Sitarz et al., 2013). The most frequently studied 
application of laccases in ethanol production is the detoxification of 
hydrolysates prior to fermentation. Laccase treatment removes soluble 
phenolic compounds formed during pre-treatments by polymerization from 
the hydrolysates and thus improves ethanol productivity (Jönsson et al., 1998; 
Jurado et al., 2009; Moreno et al., 2012; Ludwig et al., 2013). 
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2. Aims of the thesis 

Lignin-modifying enzymes have several potential applications. To reduce the 
costs of these novel applications, more efficient production systems are 
needed. One solution for feasible enzyme production could be the use of SSC. 
Thus, this thesis evaluates the possibility of using SSC for the production of 
laccase and MnP. In addition, the application of two fungal laccases (Cerrena 
unicolor and Trametes hirsuta) for decolorization of textile dye baths and 
improving enzymatic hydrolysis of lignocellulosic feedstocks is studied. 

More specifically, the aims of this thesis are: 
1. To develop SSC techniques and study the production of lignin-

modifying enzymes (laccase and MnP) in solid-state cultivations. 
Moreover, to examine how the composition of the lignocellulosic 
substrate and the cultivation technique or apparatus affects the enzyme 
production; 

2. To compare the efficiencies of C. unicolor and T. hirsuta laccases in 
decolorizing dyes of chemically different classes and to study the effect 
of several additives present in real dye baths on the decolorization;  

3. To examine the effects and mechanisms of laccase treatments on the 
enzymatic hydrolysis of pre-treated lignocellulosic feedstocks (spruce 
and giant reed), and more precisely: 

a. To investigate the oxidation of cellulose by LMTs and how the 
oxidation affects enzymatic hydrolysis yields; 

b. To study the modifications of lignin by laccases and LMTs and 
the consequent changes in the non-productive binding of 
cellulases on the lignins. 
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3. Materials and methods 

3.1 Lignocellulosic substrates 

Microcrystalline cellulose Avicel (Fluka, Ireland) was used as a model 
crystalline cellulose substrate for cellulose hydrolysis, while phosphoric acid 
swollen cellulose (PASC) was used as a model for amorphous cellulose 
substrate in cellulose oxidation experiments. The PASC was prepared from 
Avicel by a modified Wood’s method (1988) as described in Publication IV. Of 
the lignocellulosic substrates, oat husks (Rapion Tuote Inc., Finland) were 
used as media for solid-state cultivations. Two fractions were separated from 
oat husks: sieved husks and a fines fraction (FF) containing oat flower and 
finely ground husks. Steam pre-treated spruce (SPS, Picea abies) and steam 
pre-treated giant reed (SPGR, Arundo donax) were used for enzymatic 
hydrolysis experiments or lignin isolations. SPS was received from Sekab 
E-Technology and SPGR from Chemtex Italia srl. (currently Biochemtex). The 
pre-treatment conditions are described in Publication III. SPS and SPGR 
lignins were isolated from the substrates by an extensive enzymatic hydrolysis 
of polysaccharides and the bound hydrolytic enzymes were removed by a 
protease treatment (Publication III). The isolated lignins were used for enzyme 
adsorption studies. The compositions of the substrates are summarized in 
Table 2. 
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3.2 Dyes and laccase mediators 

The textile dyes used in Publication II are listed with selected characteristics in 
Table 3. The structures of the dyes are shown in Figure 1 in Publication II. 

Table 3. Dyes used in Publication II. 

Commercial name CI name λmax 
(nm) Manufacturer 

Remazol Brilliant Blue R (RBBR) Reactive Blue 19 595 Sigma Aldrich, USA 

Congo Red Direct Red 28 495 Merck, Germany 

Poly R-478 - 520 Sigma Aldrich, USA 

Lanaset Grey* - 580 DyeStar, Portugal 

*Contains chromium(III) (2.5%) and cobalt (0.79%) as organometallic complexes 
(Romero et al., 2006). 

The laccase mediators used were TEMPO (purchased from Aldrich, Poland 
and used in Publication IV), HBT (purchased from Sigma, Japan and used in 
Publication IV), ABTS (purchased from Sigma, Canada and used in 
Publications II and IV), and acetosyringone i.e. AS (purchased from Aldrich, 
India and used in Publications II and IV). The structures of the mediators are 
shown in Figure 6 (Introduction, p. 19). 

3.3 Enzymes and enzyme assays 

The enzymes used in this work are listed in Table 4 along with the production 
strains, production and purification methods, and the publications in which 
they were used. 
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Table 4. Enzymes used in this work. 

Enzyme Strain Production/purification Used in 

Laccase 
C. unicolor 
PM170798 
(FBCC 387) 

Crude enzyme produced in this 
work in SSC, concentrated by 
ultrafiltration 

I-III 

Laccase T. hirsuta 
(BT 2566) 

Crude enzyme produced and 
concentrated according to 
Almansa et al. (2004), provided 
by TU-Graz, Austria 

II 

Laccase T. hirsuta 
VTT D-443 

Produced and purified according 
to Rittstieg et al. (2002), provided 
by VTT, Finland 

III, IV 

Cellulases 
(Celluclast 1.5L) 

T. reesei 
ATCC 26921 

Commercial mixture of cellulases, 
provided by Novozymes, 
Denmark 

III, IV 

Cellobiohydrolase 
Cel7A T. reesei 

Produced and purified according 
to Suurnäkki et al. (2000), 
provided by VTT, Finland 

IV 

Endoglucanase 
Cel5A T. reesei 

Produced and purified according 
to Suurnäkki et al. (2000), 
provided by VTT, Finland 

IV 

β-glucosidase 
(Novozym 188) Aspergillus niger 

Commercial preparation, 
provided by Novozymes, 
Denmark 

III, IV 

β-glucosidase 
Cel3A A. niger 

Purified from Novozym 188 
according to Sipos et al. (2010), 
provided by VTT, Finland 

IV 

 
The details of enzyme activity assays are listed in Table 5. The oxidative 
enzyme activities (laccase and MnP) were measured kinetically and the other 
enzyme activities with an endpoint method. Laccase oxidizes ABTS into a dark 
green cation radical. MnP oxidizes Mn(II) into Mn(III), H2O2 acts as an 
electron acceptor, and malonate stabilizes the Mn(III), forming 
Mn(III)-malonate, which is measured. In the cellobiohydrolase analysis, the 
formation of 4-methylumbelliferone is measured. Cellobiohydrolase, 
endoglucanase, and β-glucosidase are all able to hydrolyze the substrate 
4-Methylumbelliferyl-β-D-lactoside (MUL). In the assay, possible β-
glucosidase activity is however inhibited by the addition of excess glucose. 
Cellobiohydrolase and endoglucanase activities are distinguished from each 
other by making two measurements, the first with both active enzymes and the 
second by inhibiting cellobiohydrolase activity with excess cellobiose. In the 
endoglucanase and xylanase activity measurements, the enzymes hydrolyze 
the polymeric substrates and the reducing sugars released are measured 
subsequent to reacting with the DNS-reagent. In the β-glucosidase analysis, 
the enzyme cleaves the substrate to form p-nitrophenol. 
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Table 5. Enzyme activity assays. 

Enzyme Substrate WL (nm) Reference Used in 

Laccase ABTS 436 Niku-Paavola et al., 
1988 I-IV 

MnP MnCl2, H2O2 270 Wariishi et al., 1992; 
Hofrichter et al., 1998 I 

CBH 4-Methylumbelliferyl-
β-D-lactoside (MUL) 370 van Tilbeurgh et al., 

1988 III 

EG Hydroxyethyl cellulose 
(HEC) 540 Bailey and Nevalainen, 

1981 III 

Xylanase Birchwood xylan 540 Bailey et al., 1992 III 

βG 4-Nitrophenyl-
β-D-glucopyranoside 400 Bailey and Nevalainen, 

1981 III 

WL = wave length; CBH = cellobiohydrolase; EG = endoglucanase; 
βG = β-glucosidase. 

The absolute protein concentrations of enzymes were determined by the Lowry 
method (1951) subsequent to precipitation and redissolving the proteins (in 
Publications III and IV). Bovine serum albumin (BSA) was used as standard. 
SDS-PAGE with band quantification by the Bio-Rad’s Criterion Stain Free 
Imaging System was used for the determination of relative protein 
concentrations (in Publication IV) as described in Várnai et al. (2011b). 

3.4 Lignin analysis 

The lignin content of solid substrates and solid samples was determined by the 
Klason lignin method according to Sluiter et al. (2011). It is a gravimetric 
analysis of the solid residue after sulfuric acid hydrolysis (acid-insoluble 
lignin, AIL). In addition, the acid-soluble lignin (ASL) was measured 
spectrophotometrically from the acid hydrolysate (Publications I, III, IV). 

The phenolic substances dissolved from lignin were analyzed with high-
performance size exclusion chromatography (HPSEC, method described in 
Publication III) or by measuring the UV absorption spectrum (220 to 400 nm) 
spectrophotometrically (method described in Publication IV). 

3.5 Carbohydrate analysis 

The carbohydrate contents of solid substrates were analyzed from the Klason 
lignin hydrolysis filtrates subsequent to neutralization, and the 
monosaccharides were determined from the liquid fractions of the enzymatic 
hydrolysis samples. The solids and the liquids were separated by 
centrifugation. The sugars were analyzed either by reducing sugars with a 
dinitrosalisylic acid (DNS) reagent according to Miller’s method (1959) (used 
in Publication III) or using the high-performance anion exchange 
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chromatography with pulsed amperometric detection (HPAEC-PAD) system 
described in Publication III and also used in Publications I and IV. The 
cellulose oxidation products were also analyzed with a HPAEC-PAD system 
according to the method described by Rantanen et al. (2007) for analyzing 
oligosaccharides (used in Publication IV). 

3.6 Solid-state cultivations 

Solid-state cultivations were performed in four different apparatuses: plastic 
jars, a plastic bag, and two solid-state packed-bed bioreactors. In bioreactor 1 
it was possible to mix the substrate bed and the temperature was controlled 
with an inner heat exchanger. The temperature of the other bioreactor 
(bioreactor 2) was controlled by varying the temperature of the inlet air 
saturated with water. Details of the bioreactor designs are shown in Figure 12. 
 

 

Figure 12. Schematic diagrams of the solid-state bioreactors. A) Packed-bed with mixing 
(bioreactor 1): (1) reactor glass wall, (2) perforated intermediate bottom, (3) air inlet, (4) 
condensate outlet, (5) inoculation ring, (6) screw conveyor, (7) cylindrical heat exchanger, (8) 
blade, (9) guide element, (10) sampling port, and (11) temperature probe (Publication I). B) 
Packed-bed (bioreactor 2): (1) sampling port, (2) exhaust air coupling, (3), inoculation ring, (4) 
support for a perforated top, (5) reactor glass wall, (6) reactor leg, (7) perforated intermediate 
bottom, (8) support for the perforated bottom, (9) cover for air inlet, (10) inlet air coupling, and 
(11) condensate outlet (used in Publication III, unpublished Figure by Kalle Salonen).  

All the solid-state cultivations were inoculated with a liquid inoculum of 
homogenized C. unicolor PM170798 (FBCC 387) mycelia as explained in 
Publication I. In the jars and in the plastic bag, the inoculum was mixed into 
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the cultivation medium manually, whereas in bioreactor 1 the inoculum was 
mixed using the screw conveyor. In bioreactor 2 the inoculum was diluted with 
water (2.75 times) to ensure an even distribution of the inoculum. The main 
substrate of sieved oat husks was used alone (Publication I) or replaced by 
50% (Publications I to III) or 75% (Publication I) of FF. The DM content of the 
substrates was adjusted to 33% with water. All the cultivations were aerated 
with air saturated with water; in the jars and in the plastic bag the air was 
blown into the headspace, whereas in the reactors, the air was forced through a 
perforated intermediate bottom. In the jar cultivations each jar represented 
one sample. In bioreactor 1 the samples were withdrawn through a sampling 
port. DM content and laccase and MnP activities were determined from the 
samples. The enzymes were extracted to sodium phosphate buffer (pH 6.5) 
prior to activity analysis. In addition, carbohydrate and lignin contents were 
determined from the jar samples when 50% oat husks and 50% FF were used 
as substrate. The plastic bag and bioreactor 2 cultivations were performed to 
produce and harvest laccase for further application studies, so samples were 
not taken during the cultivations but the enzyme activities and DM contents 
were determined during harvesting. CO2 was measured online from the outlet 
air of the bioreactors with a mass spectrometer (OmniStar GSD 301; Pfeiffer 
Vacuum GmbH, Germany). Selected details of the different cultivations are 
collected in Table 6. Further details can be found in Publications I to III.  

Table 6. Cultivation conditions in the solid-state cultivations. 

Cultivation 
apparatus 

Amount of 
moist 
substrate (g) 

Height of the 
bed (mm) 

Relative size 
of liquid 
inoculum (%) 

Aeration rate 
(L min-1) 

Used 
in 

Plastic jar 100 60 3.0 0.1 I 

Plastic bag 2,000 50 12.5 3.0 II 

Bioreactor 1 4,000 160 15 6.0 I 

Bioreactor 2 4,000 300 10 10 III 

3.7 Dye decolorization 

The dye decolorization of four structurally different dyes, RBBR, Congo Red, 
Poly R-478, and Lanaset Grey, was studied with crude concentrated laccases 
from C. unicolor PM170798 (FBCC 387) and T. hirsuta (BT 2566) (Table 3). 
Three series of experiments were carried out: first, with the parent forms of the 
dyes dissolved in water; second, with simulated textile dye effluents; and third, 
with simulated textile dye effluents and laccase mediators (ABTS and AS). The 
effluents contained from 12.5 to 100 mg L-1 NaOH hydrolyzed dye, 
2,900 mg L-1 NaOH hydrolyzed starch, 150 mg L-1 NaCl, 530 mg L-1 acetic acid, 
and 2,000 mg L-1 NaHCO3 (modified from O'Neill et al., (2000)). The pH 
values of the reaction mixtures were adjusted to 4.5. Laccase was added to 
obtain a final activity of 8,300 nkat L-1 and mediator concentration 100 μM (in 



Materials and methods 

44 

the third experiment). The decolorization was followed spectrophotometrically 
by measuring the absorbance spectrum from 470 to 700 nm and the 
decolorization percentage was calculated as the change in the area under the 
absorbance curve. More detailed information on the experimental setup is 
presented in Publication II. The values reported are the mean decolorization 
percentages of at least two parallel samples. The errors were calculated as 
standard errors of the means. 

3.8 LMTs and enzymatic hydrolysis 

Laccase treatments with or without mediators were performed on Avicel, 
washed SPS, or washed SPGR at a substrate loading of 2% (w V-1) DM, at pH 5 
in 50 mM sodium-citrate (Publication III) or 100 mM sodium-acetate 
(Publication IV) buffer in 2 mL (Publication IV) or 5 mL (Publication III) 
reaction volumes, at 45°C, and 200 rpm (Publication III) or 250 rpm 
(Publication IV) shaking for 24 h. C. unicolor laccase (Publication III) or T. 
hirsuta laccase (Publication IV) was added to a dosage of 1,000 nkat g-1 DM. 
The mediators – ABTS, AS, TEMPO, and HBT – were added at concentrations 
of 0.5, 1, 3, or 10 mM (Publication IV). Untreated (Publications III and IV), 
denatured C. unicolor laccase treated, BSA treated (Publication III), and 
mediator treated (Publication IV) samples were used as controls. Subsequent 
to treatment, laccase activity was terminated by boiling (10 min) and the 
hydrolytic enzymes and NaN3 (0.02% final concentration) were added. The 
hydrolysis was performed with the commercial enzyme mixture Celluclast 1.5L 
at a loading of 10 mg g-1 DM (Publication IV) or 18 mg g-1 DM (Publication III), 
with supplementary β-glucosidase (Novozym 188) at a loading of 
500 nkat g-1 DM. The hydrolysis was continued for 24 h and terminated by 
boiling (10 min). An additional hydrolysis experiment was performed with 1% 
DM Avicel supplemented with 1% DM isolated lignin (SPS, laccase-treated 
SPS, SPGR, or laccase-treated SPGR). The Celluclast 1.5L loading used was 
18 mg g-1 DM. In all experiments, liquid fractions containing the released 
sugars were separated from solid residues by centrifugation. The released 
sugars were analyzed using the DNS method or with HPAEC-PAD and the 
results were calculated as the degree of hydrolysis (as a percentage) of the 
theoretical maximum carbohydrate yield. The values reported are the means of 
triplicate experiments and the errors were calculated as standard errors of the 
means. 

3.9 Cellulose oxidation 

The oxidation of cellulose by LMTs was studied using PASC as substrate. LMTs 
were performed as described in Chapter 3.8 above. T. hirsuta laccase was 
added to a dosage of 5,000 nkat g-1 DM and the mediator concentration was 
10 mM. For the identification of carbonyl groups formed by the treatment, 
some of the samples were further chemically oxidized to the corresponding 
carboxyls with NaClO2 by a method modified from Saito and Isogai (2004) and 
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described in Publication IV. The oxidized products were analyzed with 
HPAEC-PAD. For the analysis, LMT samples before and after subsequent 
NaClO2-oxidation were hydrolyzed enzymatically into soluble compounds with 
Celluclast 1.5L (40 mg g-1 DM of substrate) and Novozym 188 
(1,000 nkat g-1 DM). The enzymatic hydrolysis was performed as described in 
Chapter 3.8 above. In addition, any possible oligomeric compounds remaining 
were degraded to monomeric units with dilute sulfuric acid hydrolysis by a 
method modified from Sluiter et al. (2011) and described in Publication IV. 
D-Gluconic acid sodium salt (Sigma, France) and D-glucuronic acid (Sigma, 
Switzerland) were used as standards and untreated, mediator-treated, laccase-
treated, and NaClO2-oxidized PASC were used as controls. 

3.10 Adsorption experiments 

Enzyme adsorption experiments were performed on isolated lignins. For 
studying the impact of C. unicolor laccase treatment on the adsorption of 
hydrolytic Celluclast 1.5L enzymes, untreated SPS and SPGR lignins were used 
as references. C. unicolor laccase treatment was performed on SPS and SPGR 
prior to lignin isolation as described in Chapter 3.8 above (Publication III). For 
assessing the effect of T. hirsuta laccase treatment and LMTs on the 
adsorption of purified hydrolytic enzymes, untreated SPS lignin was used as a 
reference and LMTs were performed on the isolated SPS lignin (Publication 
IV). The treatment was carried out at a lignin concentration of 1% (w V-1) DM, 
with a laccase dosage of 2,000 nkat g-1 DM and mediator concentration of 10 
mM. Otherwise the treatment conditions were as described in Chapter 3.8 
above. 

The adsorption experiments were carried out at a lignin concentration of 1% 
(w V-1) DM in 50 mM sodium-citrate (Publication III) or 100 mM sodium-
acetate (Publication IV) buffer, a reaction volume of 1.5 ml, pH 5, 4°C 
(Publication III) or 45°C (Publication IV), and mixed with magnetic stirring 
(Publication III) or in a shaker at 250 rpm (Publication IV) for 90 min. The 
lignins were incubated with 200 mg g-1 DM of Celluclast 1.5L (Publication III) 
or with 50 mg g-1 DM of a mixture of purified enzymes containing 70% 
T. reesei Cel7A, 25% T. reesei Cel5A, and 5% A. niger Cel3A by weight. 
Controls lacking lignins or enzymes were used. The solids and liquids were 
separated by centrifugation and the enzymatic activities and protein contents 
were measured from the supernatants. The total protein content was measured 
with the Lowry method (Publication III) and the relative protein contents of 
the individual purified enzymes were measured with SDS-PAGE using band 
quantification (Publication IV). The values reported are the means of triplicate 
experiments and the errors were calculated as standard errors of the means. 
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4. Results and discussion 

4.1 Production of lignin-modifying enzymes in solid-state 
cultivations 

4.1.1 Comparison of the SSC methods used 

In this thesis, solid-state cultivation (SSC) techniques at different scales were 
used: small-scale cultivations (100 g of moist medium) were performed in 
plastic jars, medium-scale cultivation (2,000 g) in a sealed plastic bag, and 
larger laboratory-scale cultivations (4,000 g) in two different packed-bed 
bioreactors (bioreactor 1 and bioreactor 2). It is important in SSC to be able to 
control the major technical parameters, temperature and aeration (pO2). 
Thus, in the design of the packed-bed bioreactors two approaches for 
temperature control were taken: a heat exchanger in bioreactor 1 and 
controlling the inlet air temperature in bioreactor 2. The heat exchanger 
controls the temperature by conduction, while the controlling of inlet air 
temperature affects the bed temperature by convection and evaporation. The 
temperature of the bed in bioreactor 1 was obviously also altered by the inlet 
air, which was kept at a constant 23°C. Temperatures of the jar and the bag 
cultivations were controlled by keeping the surrounding air temperature 
constant (28°C). The plastic bag and bioreactor 2 cultivations were performed 
to produce and harvest laccase for further application studies, whereas the jars 
and bioreactor 1 were used to study in more detail the production of laccase 
and MnP in solid state: the effect of adding FF to the main substrate of oat 
husks was examined, as was the impact of different scales on the production of 
the enzymes. Samples were taken from the jars and bioreactor 1 during 
cultivation and analyzed for laccase and MnP activity and for DM content. In 
addition, carbohydrate and lignin analysis was performed for the jar samples 
and CO2 production from the bioreactors was measured. The plastic bag 
cultivation was continued for nine days and the bioreactor 2 cultivation for 
eight days, after which the enzymes were extracted and concentrated. The 
results of different cultivation methods are shown in Figure 13, where laccase 
and MnP activities from cultivations on medium containing 50% oat husks and 
50% FF are compared. 
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Figure 13. A) Laccase and B) manganese peroxidase (MnP) activity measured from solid-state 
cultivations performed in different cultivation systems. [Open square] small-scale jars 
(Publication I), [open circle] bioreactor 1 (Publication I), [closed triangle] bioreactor 2 
(unpublished results), and [closed diamond] plastic bag (unpublished results). The values 
reported for the small-scale samples are means of triplicate experiments and the errors were 
calculated as standard errors of the mean. Other reported values are from single experiments. 
The cultivation medium used was 50% oat husks and 50% fines fraction. 

The profiles of the enzyme activities followed the same type of two-stage 
excretion of enzymes discussed in Chapter 4.1.2 below. Laccase activity (Figure 
13A) was highest in the small-scale cultivations (618 nkat g-1 DM), followed by 
bioreactor 1 (471 nkat g-1 DM). For comparison, activities at one time point 
were measured for the bioreactor 2 (391 nkat g-1 DM) and the plastic bag 
(37 nkat g-1 DM) cultivations. MnP activity was highest in bioreactor 1 
(338 nkat g-1 DM) but similar activities were also measured in the small-scale 
cultivations (304 nkat g-1 DM). The production of MnP was impaired in 
bioreactor 2 (102 nkat g-1 DM) and in the plastic bag (11 nkat g-1 DM). It is 
evident that the change from small scale (jars) to medium scale (plastic bag) 
was not beneficial for enzyme production. Even though the height of the bed 
was kept constant, the temperature control was not adequate in the plastic 
bag, where the temperature was regulated solely by controlling the 
surrounding air temperature. Thus, the plastic bag cultivation resembled a tray 
reactor, which is already known to have difficulties in temperature control 
(Krishna, 2005). In addition, other possible gradients, such as moisture and 
pO2, may have affected the cultivations (Hölker et al., 2004; Hölker and Lenz, 
2005).  

From the preliminary tests it was already obvious that the temperature 
control was more efficient in bioreactor 2 than in bioreactor 1. Even though the 
bed height in bioreactor 2 was almost twice the height of the bed in bioreactor 
1, the vertical temperature gradient increased to a maximum of 4.9°C 
(unpublished result), which is similar to the gradient observed in bioreactor 1 
(4.5°C). Due to the low thermal conductivity of oat husks, the temperature 
control by conduction only (bioreactor 1) was not as efficient as temperature 
control by convection and evaporation (bioreactor 2). In bioreactor 1, inlet air 
temperature was kept constant at 23°C, while in bioreactor 2, inlet air 
temperature was varied to keep the bed temperature constant. This approach 
led to a shorter lag period of CO2 production (i.e. growth) in bioreactor 2 
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(Figure 14). Furthermore, the aeration rate used in bioreactor 2 (10 L min-1) 
was higher than the one used for bioreactor 1 (6 L min-1), enabling a more 
efficient removal of excess heat during the period of exponential growth. 

 

 

Figure 14. CO2 production in the [solid line] bioreactor 1 (Publication I) and [dashed line] 
bioreactor 2 (unpublished result) cultivations using media containing 50% oat husks and 50% 
fines fraction. 

Another difference between the reactors was the method for distributing the 
liquid inoculum to the solid medium. In bioreactor 2, the inoculum was diluted 
to enable a more even distribution to all parts of the reactor. On the contrary, 
in bioreactor 1 the liquid inoculum was undiluted and mixed with the substrate 
by the screw conveyor. During cultivation, however, mixing could not be used 
because C. unicolor did not tolerate even intermittent mixing. The adverse 
effect of mixing on fungal viability has been observed previously. When A. 
oryzae was grown on an artificial gel-based substrate in a rotating drum 
bioreactor, high rotational speeds damaged the fungus and led to poor protein 
production (Stuart et al., 1999). Furthermore, van de Lagemaat and Pyle 
(2001) described lower biomass production, enzyme (tannase) activities, and 
sporulation rate of Penicillium glabrum in a rotating culture compared with a 
static culture. Nevertheless, in the present study it was observed that mixing 
during inoculation is required to spread the inoculum homogeneously 
throughout the reactor. In bioreactor 1, the fungus grew uniformly throughout 
the reactor, whereas in bioreactor 2, the growth was uneven. After seven days 
of cultivation in bioreactor 2, the top of the substrate bed was completely 
penetrated by fungal mycelium, while mycelium was just starting to reach the 
bottom of the bed. The irregular spread of inoculum led to an uneven growth 
in the reactor tank. On the top of the tank the mycelium was most likely 
already mature and partially dying and on the bottom young mycelial tips were 
extending to the fresh substrate. This resulted in a slower growth rate than in 
bioreactor 1 (Figure 14). An additional factor contributing to the slower growth 
rate and lower enzyme production in bioreactor 2 could be the smaller size of 
the inoculum (10%) used compared with bioreactor 1 (15%). This was also 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

0 2 4 6 8 10 12 14 16 18 20

C
O

2 p
ro

du
ct

io
n 

(g
 g

-1
 D

M
 h

-1
) 

Time (d) 

x 10-3 



Results and discussion 

49 

evident when comparing the bioreactor 1 cultivation with the small-scale 
cultivations. In the bioreactor 1 cultivation, the maximum enzyme activities 
were reached much earlier (days eight and nine) than in the small-scale 
cultivations, where the activity peak was reached on day 14. At small scale, a 
mere 3% inoculum size was used. 

In conclusion, when comparing the different SSC methods and apparatuses 
used, it is obvious that efficient temperature control is essential to production 
of high enzyme activities in larger laboratory-scale bioreactors. It was observed 
that controlling the moist inlet air temperature was the better choice for 
temperature control over using a heat exchanger. In addition, an efficient 
mixing of the liquid inoculum to the solid substrate was necessary. Thus, a 
bioreactor combining the two features would probably be optimal for 
production of enzymes in SSC. In addition, both the size of the liquid inoculum 
and the aeration rate should be optimized. 

When comparing the laccase (471 nkat g-1 DM) and MnP (338 nkat g-1 DM) 
activities of the present study to other bench-scale bioreactor cultivations, it 
can be concluded that laccase activity reached a satisfactory level. The highest 
laccase production reported so far (1,500 nkat g-1 DM) in SSCs was reached 
with P. cinnabarinus grown on sugar-cane bagasse in an 18-L packed-bed 
bioreactor (Meza et al., 2006). MnP has only been produced in semi solid-state 
conditions in larger scale with activities reaching 0.02 nkat mL-1 measured 
from the liquid fraction. If the enzyme activities of this work are converted to 
per liter of working volume, the laccase activity (71 nkat mL-1) is comparable to 
submerged cultivations (SmCs). For example Fenice et al. (2003) reported an 
activity of 77 nkat mL-1 when P. tigrinus was cultivated in a 2-L stirred tank 
bioreactor using olive-mill wastewater-based medium as substrate. Hong et al. 
(2002) optimized the heterologous expression of T. versicolor laccase in 
Pichia pastoris, performing cultivations in a 2.5-L bioreactor (working 
volume) with a basal salt medium containing glycerol as carbon source. The 
laccase production was induced with methanol reaching activities of 2,300 
nkat mL-1. The MnP activity (47 nkat mL-1) in this study is also the highest 
compared to the best SmCs, where activities such as 34 nkat mL-1 have been 
reported in 5-L stirred tank cultivation of Nematoloma frowardii (Nüske et 
al., 2002). 

4.1.2 Nutrients and inducers in the production of laccase and MnP 

In the small-scale (100 g) cultivations, the composition of the substrate was 
varied by changing the proportion of added FFs (0% to 75%). It was observed 
that the increase in the proportion of FF increased the production of laccase 
and MnP (Figure 2 in Publication I). The differences in observed enzyme 
activities can be explained by the differences in the substrate compositions. 
Firstly, compared with oat husks, FF contained almost four times more 
manganese (Table 2), which is known to induce fungal laccase and MnP 
production (Papinutti and Forchiassin, 2003). Secondly, the compositions of 
the carbon sources for the fungus were different: FF carbohydrates were 
composed of 23% starch glucose, 31% cellulose glucose, and 12% xylose, 
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whereas oat husks contained 41% cellulose glucose and 36% xylose. It has been 
demonstrated in SmCs of C. unicolor that an easily digestible carbon source 
such as cellobiose or mannitol increases the production of laccase when 
compared with crystalline cellulose (Elisashvili et al., 2002). In the present 
study, the easily metabolized substrate in FF was starch. Lastly, the 
concentration of nitrogen was about two times higher in FF than in oat husks 
(Table 2); a non-limiting nitrogen supply has been found to increase laccase 
production in C. unicolor (Janusz et al., 2007). On the other hand, it has also 
been demonstrated that production of laccase and MnP in C. unicolor 
increases significantly when a lignocellulosic solid substrate is added to the 
cultivation medium (Elisashvili and Kachlishvili, 2009). Thus, it appears that 
the combination of oat husks and FF was an optimal substrate for laccase and 
MnP production because of the rich nutrient content and the presence of 
lignocellulosic and manganese inducers. 

As the cultivation continued, all the freely available starch was consumed 
(Figure 3 in Publication I), growth of the fungus was decelerated (Figure 14), 
and inactivation of laccase and MnP exceeded the production of the enzymes. 
Notably, the enzyme activities began to rise again at this point, which could be 
a stress response of the fungus to nutrient limitation. In addition to reports on 
enhancing effect of high concentrations of carbon and nitrogen sources, 
contrary results have also been demonstrated; fungal laccase production has 
been reported to be induced by carbon or nitrogen limitation (Jeffries et al., 
1981; Rodríguez Couto et al., 2003; Tavares et al., 2005). It is probable that 
different isoforms of laccase and MnP were produced at different stages of 
cultivation and that these isoforms were induced by different mechanisms. In 
support of this view, C. unicolor 137 is known to secrete two laccase isoforms 
when grown in SmC in modified Kirk medium (Michniewicz et al., 2006). 
Information regarding the secretion of MnP isoforms in C. unicolor is not 
available. However, according to the Uniprot database (Anon., 2015), 
C. unicolor has three MnP genes. Moldes et al. (2004) investigated the 
production of laccase isoenzymes by T. versicolor grown in SmC with added 
lignocellulosic inducers and demonstrated that the proportions of two laccase 
isoenzymes changed depending on which lignocellulosic substrate was used as 
inducer and on the age of the culture. Vares et al. (1995) also reported a change 
in the isoform profiles of laccase and MnP produced by Phlebia radiata in SSC 
of wheat straw. Thus, it is possible that the two enzyme peaks observed in the 
present study contained different concentrations of laccase and MnP isoforms 
of C. unicolor and that the production of those isoforms was triggered by 
different signals in the cultivation medium. It is apparent that the enzyme 
production of the first peaks was associated with growth, although the 
maximum enzyme activities appeared one to two days after the maximum CO2 
evolution rate. Similarly, Thiruchelvam and Ramsay (2007) reported that the 
laccase production of T. versicolor in SmC was related to growth and was not 
stimulated by nutrient limitation. 
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4.2 Treatment of colored textile industry effluents by laccases 
and LMTs 

The ability of C. unicolor PM170798 (FBCC 387) and T. hirsuta (BT 2566) 
laccases to catalyze the decolorization of textile dyes was assessed. The four 
dyes (RBBR, Congo Red, Poly R-478, and Lanaset Grey) used had chemically 
different chromophoric groups (Table 3 in this thesis and Figure 1 in 
Publication II). The decolorization was followed spectrophotometrically by 
measuring the absorbance spectrum from 470 to 700 nm. The results of 
decolorization by C. unicolor laccase are demonstrated in Table 7 and by 
T. hirsuta laccase in Table 8. 

In the first experiment, the dyes were dissolved in water and laccase was 
added to the diluted solutions. Of the dyes tested, both laccases were able to 
decolorize high concentrations (72 to 76 mg L-1) of RBBR in only 7.5 h. Thus, 
over 70% of the initial dye was decolorized. Other studies have also 
demonstrated efficient RBBR decolorization by different fungal laccases 
(Mechichi et al., 2006; Murugesan et al., 2007; Osma et al., 2007). In addition, 
C. unicolor laccase decolorized Congo Red to a great extent (75%), while T. 
hirsuta laccase was able to decolorize that dye with 53% final color removal. 
Decolorization yields from 15% to 55% of Congo Red without mediator 
addition have been reported, although higher initial dye concentrations that 
might affect the performance of laccases have been used (Birhanli and 
Yesilada, 2006; Suwannawong et al., 2010). C. unicolor laccase was able to 
decolorize 19 mg L-1 (38%) of Poly R-478 and 17 mg L-1 (22%) of Lanaset Grey, 
whereas T. hirsuta laccase was clearly not able to decolorize Poly R-478; the 
color removal of Lanaset Grey was also very low (8%). Alcalde et al. (2002) 
also observed that Poly R-478 decolorization with T. versicolor laccase was 
insignificant without added mediators. 

C. unicolor and T. hirsuta laccases obviously differ in their substrate 
specificities. C. unicolor laccase was able to use all the tested dyes as 
substrates, whereas T. hirsuta was only able to decolorize the anthraquinone 
dye RBBR and the azo dye Congo Red. Since both of the laccases are known to 
be high redox potential enzymes (Shleev et al., 2005), the differences are 
probably due to differences in their active centers. The amine groups of RBBR 
and Congo Red were readily oxidized by both enzymes, but the structure of 
Poly R-478 might have prevented it from fitting into the active center of T. 
hirsuta laccase. On the other hand, the crude laccase solution produced in SSC 
of C. unicolor may have contained some small soluble compounds (metabolites 
of C. unicolor or solubilized phenolic compounds derived from oat husk lignin) 
that acted as laccase mediators. The reason for the poor performance in 
Lanaset Grey decolorization is more difficult to assess because the structure of 
the dye is not available. Nevertheless, it is known to contain chromium(III) 
(2.5%) and cobalt (0.79%) as organometallic complexes (Romero et al., 2006). 
When the dye is degraded, these metal ions are released into the solution, 
which could inhibit laccase activity. Rodríguez Couto et al. (2005) observed 
that even small concentrations of chromium(VI) inhibited the activity of 
T. hirsuta laccase and Mechichi et al. (2006) reported that the presence of 
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cobalt ions reduced the decolorization of RBBR by Trametes trogii laccase by 
20%. 

Table 7. Decolorization of dyes by Cerrena unicolor crude laccase. The values reported are the 
mean decolorization percentages of at least two parallel samples. The errors were calculated as 
standard errors of the means. The concentrations in mg L-1 of decolorized dye are shown in 
parentheses. The original concentrations of the dyes were 100 mg L-1 RBBR, 50 mg L-1 
Poly R-478, 75 mg L-1 Lanaset Grey, and 12.5 mg L-1 Congo Red (Publication II). 

Dye Dyes in water 
(%) 

Simulated 
effluents* 
(mg L-1) 

Simulated 
effluents + 
ABTS (mg L-1) 

Simulated 
effluents+ 
AS (mg L-1) 

RBBR 72.1 ± 0.1 
(72 mg L-1) 

37.5 ± 4.0 
(37 mg L-1) 

40.3 ± 1.7 
(40 mg L-1) 

23.2 ± 0.0 
(23 mg L-1) 

Congo Red 75.1 ± 1.0 
(9 mg L-1) 

36.8 ± 2.7 
(5 mg L-1) n.d. n.d. 

Poly R-478 37.5 ± 1.6 
(19 mg L-1) 

28.5 ± 0.6 
(14 mg L-1) 

19.8 ± 0.3 
(10 mg L-1) 

-1.8 ± 0.1 
(-1 mg L-1) 

Lanaset Grey 22.1 ± 2.4 
(17 mg L-1) 

19.2 ± 0.5 
(14 mg L-1) n.d. n.d. 

*The values were estimated using linear interpolation between the 2 h and 19.5 h 
points; n.d. = not determined 

Table 8. Decolorization of dyes by Trametes hirsuta crude laccase. The values reported are the 
mean decolorization percentages of at least two parallel samples. The errors were calculated as 
standard errors of the means. The concentrations in mg L-1 of decolorized dye are shown in 
parentheses. The original concentrations of the dyes were 100 mg L-1 RBBR, 50 mg L-1 
Poly R-478, 75 mg L-1 Lanaset Grey, and 12.5 mg L-1 Congo Red (Publication II). 

Dye Dyes in water 
(mg L-1) 

Simulated 
effluents* 
(mg L-1) 

Simulated 
effluents + 
ABTS (mg L-1) 

Simulated 
effluents+ 
AS (mg L-1) 

RBBR 75.8 ±0.5 
(76 mg L-1) 

30.7 ± 3.5 
(31 mg L-1) 

75.2 ± 1.6 
(75 mg L-1) 

61.6 ± 0.9 
(62 mg L-1) 

Congo Red 53 ± 0.8 
(7 mg L-1) 

48.2 ± 3.9 
(6 mg L-1) n.d. n.d. 

Poly R-478 4.4 ± 11.8 
(2 mg L-1) 

2.0 ± 0.2 
(1 mg L-1) 

40.2 ± 1.5 
(20 mg L-1) 

9.5 ± 3.9 
(5 mg L-1) 

Lanaset Grey 8.2 ± 0.1 
(6 mg L-1) 

3.5 ± 1.0 
(3 mg L-1) n.d. n.d. 

*The values were estimated using linear interpolation between the 2 h and 19.5 h 
points; n.d. = not determined 

Real dyehouse effluents contain various compounds in addition to the 
dissolved dyes (Hessel et al., 2007). Therefore, the ability of the two laccases to 
decolorize simulated textile dye effluents was tested in conditions mimicking 
the industrial processes. The dyes were hydrolyzed with NaOH. Under alkaline 
conditions, reactive dyes such as RBBR form covalent bonds with the textile 
fibers. The reactive group (-SO2CH2CH2OSO3H) of the dye readily dissociates 
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in high pH and forms reactive vinyl sulfones (-SO2CH=CH2) that bond with the 
target fiber. The problem with reactive dyes is that instead of bonding with the 
fiber, the dye can also react with the hydroxyl group of water. These 
hydrolyzed dyes are not reactive with the fibers and end up in waste streams 
(Zollinger, 2003). In addition to the dyes, NaOH-hydrolyzed starch, NaCl, 
acetic acid, and NaHCO3 were added to the simulated effluents. The simulation 
of real effluent conditions clearly affected the color removal by both enzymes. 
The decolorization of the dyes, especially of RBBR and Congo Red, by C. 
unicolor laccase was significantly reduced (Table 7). Nevertheless, it appears 
that the effluent simulation only decelerated the color removal, since final 
decolorization results after 19.5 h treatment were higher (80% for RBBR, 91% 
for Congo Red, 69% for Poly R-478, and 48% for Lanaset Grey) than after 7.5 h 
treatment of the corresponding dyes dissolved in water (Figure 5 in 
Publication II). By comparison, the T. hirsuta laccase decolorized Congo Red 
almost as efficiently as when the dye was dissolved in water (Table 8). In 
contrast, RBBR decolorization was strongly impaired by the simulation 
treatment and did not reach the high decolorization even after 19.5 h (Figure 4 
in Publication II). As in the present work, Cristóvão et al. (2009) treated 
simulated textile dye effluent with a commercial laccase and found that the 
effluent simulation impaired decolorization by 3% to 40%, depending on the 
dye. The reasons for the declining performance of the enzymes in simulated 
effluents might be due to two factors: firstly, the structure of RBBR was 
changed in the hydrolysis, which likely affected the ability of the laccases to 
decolorize it. Secondly, the addition of NaCl likely inhibited the oxidation 
reactions by laccases, since halides are known laccase inhibitors (Xu, 1996). 
Enaud et al. (2011) demonstrated that the oxidation of the anthraquinone dye 
Acid Blue 62 by T. versicolor laccase was inhibited by the addition of chloride 
ions. Similar results have been reported for the decolorization of RBBR with T. 
versicolor and Ganoderma lucidum laccases (Zilly et al., 2011; Champagne et 
al., 2013). 

The addition of mediators (ABTS or AS) did not significantly improve the 
decolorization of RBBR or Poly R-478 by C. unicolor laccase (Table 7); in fact, 
the addition of AS impaired the color removal. It appears that the C. unicolor 
laccase was susceptible to inactivation by the oxidized redox mediator radicals. 
Inactivation of laccase by several mediators has been reported and different 
laccases are known to tolerate radicals to different extents (Li et al., 1999; 
Kurniawati and Nicell, 2007). On the other hand, the mediators clearly 
improved decolorization when T. hirsuta laccase was used (Table 8). ABTS 
was especially effective in decolorization and Poly R-478 was also decolorized 
(40%) by the treatment. Decolorization of various dyes by laccases from 
Trametes species has been reported to be improved by the addition of ABTS or 
AS (Wong and Yu, 1999; Camarero et al., 2005; Rodríguez Couto et al., 2005). 
In contrast to the present study, Camarero et al. (2005) observed that AS was a 
superior mediator to ABTS for decolorization of several synthetic dyes by the 
Pycnoporus cinnabarinus laccase. Thus, laccases differ both in their specific 
effect on various dyes and in their preferred mediators.  
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4.3 Laccases and LMTs in the enzymatic hydrolysis of 
lignocellulosic feedstocks 

The effect of laccase treatment on the enzymatic hydrolysis of steam pre-
treated spruce (SPS) and steam pre-treated giant reed (SPGR) was studied 
with crude C. unicolor laccase. The hydrolysis was performed with a 
commercial enzyme mixture (Celluclast 1.5L) supplemented with β-
glucosidase (Novozym 188). The laccase treatment improved the enzymatic 
hydrolysis of SPS by 22% compared with the control samples (Figure 15A). The 
improvement could be due to modification of lignin by laccase or by the 
binding of laccase to lignin preventing the non-productive binding of cellulases 
on lignin. The contribution of the laccase binding on lignin was assessed by 
treating the substrates with BSA, a model of an inactive protein, or thermally 
denatured laccase prior to enzymatic hydrolysis. The addition of the inactive 
proteins increased the enzymatic hydrolysis of SPS by 7% to 11%. Thus, part of 
the hydrolysis increase was indeed brought about by laccase binding on the 
lignin surface, thus decreasing or preventing the non-productive binding of 
cellulases. The addition of BSA (over 120 mg g-1 substrate) has been 
demonstrated to improve the degradation of lignin-rich steam pre-treated 
Douglas fir dramatically (Kumar et al., 2012). In the present study, however, 
the added protein amount was far too low (4.7 mg g-1 DM substrate) to block 
the lignin surface completely. The improvement of SPS degradation was also 
observed when purified T. hirsuta laccase was used for the SPS treatment 
(Figure 16). Again, a similar increase in saccharification yield was reached 
(19%) even though only 0.6 mg g-1 DM of protein was added. Thus, the 
experiment with the purified laccase verified the fact that the enhancement in 
the degree of enzymatic hydrolysis was due to laccase activity, and no other 
active component of the crude C. unicolor laccase preparation was involved in 
the alteration of the effects observed on hydrolysis. Previously, Palonen and 
Viikari (2004) also noted a 13% improvement in the enzymatic hydrolysis of 
SPS when treated with T. hirsuta laccase prior to hydrolysis. They analyzed the 
laccase-treated substrate with electron spectroscopy for chemical analysis 
(ESCA) and observed that the laccase treatment increased the number of 
carbonyl and carboxyl groups, indicating that oxidative reactions on the G-type 
spruce lignin had taken place. 

In contrast to the improvement of SPS degradation, the saccharification yield 
of SPGR decreased by 16% after laccase treatment in the present study (Figure 
15B). The reduction was caused entirely by laccase-activated modification of 
the substrate, since the addition of BSA or denatured laccase slightly improved 
the degree of hydrolysis. Giant reed lignin is a typical grass lignin containing 
all three lignin units (G, S, and H) and hydroxycinnamic acids (Seca et al., 
2000). There are no studies reporting the effects of laccase treatment on giant 
reed, but experiments on pre-treated wheat straw, which contains similar type 
of lignin (Buranov and Mazza, 2008) showed that laccase treatment, whether 
sequential or simultaneous with enzymatic hydrolysis, impaired enzymatic 
hydrolysis, although the overall ethanol yield increased due to detoxification of 
the liquid fraction (Jurado et al., 2009; Moreno et al., 2012). Thus, it is 



Results and discussion 

55 

probable that laccase catalyzes different reactions on SPS and SPGR lignin 
moieties, which differ in their chemical compositions. 

 

 

Figure 15. The effect of Cerrena unicolor laccase treatment on enzymatic hydrolysis of A) 
steam pre-treated spruce (SPS) and B) steam pre-treated giant reed (SPGR). Treatment with 
buffer (control), bovine serum albumin (BSA), and thermally denatured laccase were also 
assessed. The results are means of triplicate experiments and the errors were calculated as 
standard errors of the mean (Publication III). 

Since laccase treatment modifies only the phenolic units in lignin 
(Bourbonnais and Paice, 1990) the addition of mediators was studied to 
enhance the modification of lignin in SPS further and to increase the yields of 
enzymatic hydrolysis. SPS was treated with purified T. hirsuta laccase and one 
of the mediators ABTS, HBT, TEMPO, or AS prior to enzymatic hydrolysis. 
The mediators were added at various concentrations (0.5, 1, 3, and 10 mM). All 
the mediators tested improved the degree of enzymatic hydrolysis (Figure 16). 
ABTS was the best mediator, with a 54% enhancement of the hydrolysis yield 
when applied together with laccase at a concentration of 10 mM. AS at the 
highest dose (10 mM) increased the conversion by 49%. TEMPO also improved 
the hydrolysis at lower dosages (0.5 to 3 mM) but at a 10 mM concentration 
the hydrolysis yield was decreased compared with the laccase control without 
added mediators. On the contrary, HBT addition did not significantly increase 
the hydrolysis compared with the laccase control. 

Palonen and Viikari (2004) used N-hydroxy-N-phenylacetamide (NHA) with 
T. hirsuta laccase to improve the degradation of SPS. They reported a 21% 
increase in the saccharification yield, which could result from lignin removal 
or modification of the surface lignin structure. In addition, Gutiérrez et al. 
(2012) used laccase-HBT treatment as a pre-treatment in combination with 
alkaline peroxide extraction for finely ground eucalyptus and elephant grass. 
The combined treatment increased the glucose yields of enzymatic hydrolysis 
by 12 and 61%, respectively. The improvement was ascribed to a decrease of 
22% and 34% in the lignin contents. In addition, the chemical structure of the 
residual lignin was observed to change. The S/G ratio was increased and 

0

20

40

60

80

100

D
eg

re
e 

of
 h

yd
ro

ly
si

s 
(%

) B

0

20

40

60

80

100

D
eg

re
e 

of
 h

yd
ro

ly
si

s 
(%

) A



Results and discussion 

56 

oxidation of S-units was observed. Heap et al. (2014) used pre-treated straw as 
substrate for laccase-HBT treatment and enzymatic hydrolysis. Notably, even 
though a mediator was added, the degree of hydrolysis of straw was decreased. 
When the treatment was combined with lignin-removing alkaline extraction, 
however, the hydrolysis improved. The LMT-induced oxidation of lignin 
increased the extraction of lignin, leading to higher hydrolysis yields. 

In light of previous studies it appears that the reasons for the changes 
observed in the degrees of enzymatic hydrolysis of SPS and SPGR could be due 
to lignin removal or oxidative modification of the lignin structure. Therefore, 
the lignin fractions of the solid samples were studied in more detail. The 
results and discussion of the subject are presented in Chapter 4.5 below. A 
further factor that could influence hydrolysis is cellulose modification. Can the 
LMTs modify the structure of cellulose and how does the modification 
influence the enzymatic hydrolysis? This question will be considered in the 
next chapter. 

 

 

Figure 16. Improvement of enzymatic hydrolysis of steam pre-treated spruce (SPS) after 
treatments with Trametes hirsuta laccase and various mediators. The results are means of 
triplicate experiments and the errors were calculated as standard errors of the mean 
(Publication IV). 

4.4 Cellulose oxidation by LMTs 

Cellulose oxidation by LMTs was studied with T. hirsuta laccase and the 
mediators ABTS, HBT, TEMPO, or AS at 10 mM concentration. Phosphoric 
acid swollen cellulose (PASC) was used as a model substrate because of its 
large surface area and better accessibility for oxidation compared to crystalline 
cellulose. After the LMTs, the oxidized PASC was degraded to monomeric 
units with enzymatic hydrolysis and subsequent mild acid hydrolysis and 
analyzed with HPAEC-PAD. Of the LMTs studied, only the laccase-TEMPO 
treatment oxidized PASC, which was observed as peaks not present in the 
reference samples in the HPAEC-PAD chromatograms (Figure 17). Thus, the 
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ionic oxidation performed by the oxoammonium ion form of TEMPO appears 
to be the sole mechanism of the laccase mediators that is able to oxidize 
cellulose. Coseri et al. (2013) discovered that HBT can also oxidize cellulose 
when the oxidized >N-O  intermediate is oxidized further chemically with 
hypobromide ions to the oxoammonium form (>N=O+). Laccase, however, is 
unable to oxidize HBT further from the >N-O  since the high redox potential of 
the oxoammonium ion (>1.3 V) exceeds the oxidation capacity of laccase 
(Astolfi et al., 2005). 

After laccase-TEMPO treatment and the subsequent enzymatic and acid 
hydrolysis, three clear peaks eluting at 13, 15, and 18 min were observed in the 
chromatogram (Figure 17A) that were not present in the laccase-free control 
(Figure 17C). The 15-min peak was identified as D-glucuronic acid by a 
standard (Figure 17D). Laccase-TEMPO treatment is known to oxidize the 
primary hydroxyl groups of cellulose to carbonyl groups and partially further 
to carboxyl groups, yielding 6-aldehydo-D-glucose and D-glucuronic acid units 
(Viikari et al., 1999; Bragd et al., 2004; Patel et al., 2011). Thus, the largest 
peak eluting at 13 min was hypothesized to be 6-aldehydo-D-glucose. To 
confirm this, the samples treated with laccase-TEMPO were further oxidized 
by NaClO2-oxidation prior to hydrolytic degradation. NaClO2-oxidation 
oxidizes carbonyl groups to carboxyl groups selectively (Saito and Isogai, 
2004). After the chemical oxidation, the height and area of the D-glucuronic 
acid peak at 15 min increased and the 13-min peak disappeared, indicating that 
the 13-min peak was indeed 6-aldehydo-D-glucose. 
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Figure 17. Oxidation products after Trametes hirsuta laccase-TEMPO treatment of phosphoric 
acid swollen cellulose (PASC) analyzed by high-performance anion-exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) (Publication IV). A) laccase-TEMPO 
treatment, enzymatic hydrolysis, and mild acid hydrolysis; B) laccase-TEMPO treatment, 
NaClO2 oxidation, enzymatic hydrolysis, and mild acid hydrolysis; C) TEMPO treatment, NaClO2 
oxidation, enzymatic hydrolysis, and mild acid hydrolysis; D) D-glucuronic acid standard; and E) 
D-gluconic acid standard. 

The size of the third peak eluting at 18 min also increased, suggesting that it 
was a compound with a higher degree of oxidation. To explain this result, the 
possible oxidation products of laccase-TEMPO treatment should be 
considered; in addition to oxidizing the primary hydroxyl groups (in C6) of the 
D-glucose units in cellulose, laccase-TEMPO treatments could also oxidize the 
unprotected carbonyl groups in the reducing ends (in C1) of the cellulose 
chains to carboxyl groups. Then, the oxidized products formed from the 
reducing-end D-glucose units would be 6-aldehydo-D-glucose (oxidized at C6 
position), D-glucuronic acid (oxidized at C6 position), D-gluconic acid 
(oxidized at C1 position), L-guluronic acid (oxidized at C1 and C6 positions), 
and a dicarboxylic acid D-glucaric acid (oxidized at C1 and C6 positions). The 
scheme of the possible oxidations is shown in Figure 18. These products would 
explain all the peaks of the chromatograms. In the NaClO2-oxidized samples a 
peak eluting at 8 min (Figure 17B) was observed that was identified as 
D-gluconic acid by a standard (Figure 17E). Unsurprisingly, the same peak also 
appeared in the laccase-free reference, because NaClO2 oxidizes the 
unprotected carbonyls from the reducing ends of cellulose chains without 
laccase-TEMPO treatment. In addition, the 15-min peak assigned to 
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D-glucuronic acid was observed to split into two overlapping peaks, indicating 
that another compound co-eluted. The other compound could be L-guluronic 
acid, since it has a similar structure to D-glucuronic acid and would thus be 
expected to have a very similar elution. Furthermore, the compound with a 
higher degree of oxidation eluting at 18 min could then be D-glucaric acid. 
When re-examining the chromatogram of the sample treated with laccase-
TEMPO lacking NaClO2-oxidation (Figure 17A), it is observed that in this 
sample there was also a small elevation at 8 min, suggesting that laccase-
TEMPO treatment also produced D-gluconic acid units. However, the signal-
to-noise ratio of the peak was too low to confirm unambiguously the presence 
of D-gluconic acid. On the other hand, the D-glucaric acid peak (18 min) was 
clearly visible in this sample, which appears to confirm the hypothesis that in 
addition to oxidizing the primary hydroxyls, laccase-TEMPO treatment 
oxidized the carbonyls of the reducing-end D-glucose units to carboxyls. 

On the whole, laccase-TEMPO treatment was observed to oxidize largely the 
primary hydroxyl groups of cellulose to carbonyl groups and partially further 
to carboxyl groups. The concentration of D-glucuronic acid in the sample 
treated by laccase-TEMPO was 1.16 μmol ml-1; after further oxidation with 
NaClO2 the concentration increased to 3.16 μmol ml-1. Thus, the carbonyl-to-
carboxyl ratio was 1.7. Ratios from 1.1 to 4.7 were reported when sisal cellulose 
fibers and cotton linters pulp were oxidized with Trametes laccases and 
TEMPO (Patel et al., 2011; Aracri and Vidal, 2012). 
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Figure 18. The oxidation of D-glucose units of cellulose by laccase-TEMPO treatment 
(Publication IV). 

To study the impact of cellulose oxidation on enzymatic hydrolysis of cellulose, 
Avicel was oxidized with laccase and TEMPO and subsequently hydrolyzed 
with a commercial cellulase preparation. Cellulose oxidation impaired 
enzymatic hydrolysis (Figure 4 in Publication IV). Increasing the mediator 
concentration decreased the degree of hydrolysis, likely due to an increasing 
number of oxidation sites. With the highest mediator concentration (10 mM) 
the sugar yield was reduced by 36%. The oxidized groups can be expected to 
inhibit cellulases, especially cellobiohydrolases and β-glucosidases as they act 
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on chain ends and cello-oligomers, respectively. In addition, the new carbonyl 
groups likely formed inter-fiber hemiacetal linkages with hydroxyl groups, 
thus increasing the strength of the cellulose (Saito and Isogai, 2004). However, 
cellulose oxidation does not always impair enzymatic hydrolysis. LPMOs are 
known to oxidize cellulose and improve the saccharification. In that case, the 
enzymes oxidize the C1 or C4 position in the D-glucose units, which causes a 
cleavage of the β-1,4 linkage in the cellulose chain (Horn et al., 2012). Thus, 
the oxidation forms two new cellulose chain ends, one oxidized and one non-
oxidized, increasing the number of sites available for cellobiohydrolases. 

4.5 Action of laccases and LMTs on lignin 

Cellulose was not oxidized by laccase alone or when laccase was supplemented 
with ABTS, HBT, or AS. Therefore, the effects observed on the enzymatic 
hydrolysis of SPGR and SPS (Figure 15 and Figure 16) must be due to laccase 
or LMT action on lignin. On the other hand, laccase-TEMPO treatment 
oxidized cellulose, which led to impaired cellulose degradation. Notably, 
though, laccase-TEMPO treatment also increased the degree of hydrolysis of 
SPS until a high concentration (10 mM) of the mediator was used. Thus, 
laccase-TEMPO treatment probably also oxidized lignin, which caused the 
overall positive effect on enzymatic hydrolysis. It is also possible that the 
oxidative system might have displayed a preference to attack lignin when a 
lignocellulosic substrate was used. Laccase-TEMPO treatment has also been 
reported to oxidize galactomannan (Lavazza et al., 2011), but since there were 
merely trace amounts of hemicelluloses left in SPS (Table 2) it is very unlikely 
that oxidation of hemicelluloses affected the changes observed in the degree of 
SPS hydrolysis. Thus, the structure and oxidative modifications of lignin 
appear to be the key factors in determining the degree of hydrolysis in most of 
the treatments studied. The influence of lignin treatments with laccases and 
mediators on cellulose degradation, on the adsorption of cellulases on lignin, 
and on the lignin content are contemplated below. 

4.5.1 The influence of SPS and SPGR lignins on enzymatic hydrolysis of 
cellulose 

To study the role of SPS and SPGR lignins in enzymatic hydrolysis, lignins 
were isolated enzymatically from the lignocellulosic feedstocks and the 
hydrolytic enzymes were removed from the lignin surfaces by a protease 
treatment. Avicel was supplemented with the isolated SPS or SPGR lignin and 
hydrolyzed with the commercial cellulase mixture. The Avicel-to-lignin ratio 
was 1:1 and Avicel alone was used as a reference. As Figure 19 shows, both 
lignins impaired enzymatic hydrolysis. SPS lignin was clearly more inhibitory, 
decreasing the degree of 24-h Avicel hydrolysis by 41%, whereas the 
impairment caused by SPGR lignin was only 27%. Since the hydrolysis 
inhibition was assumed to be due to adsorption of the hydrolytic enzymes on 
the lignins, the enzyme adsorption was studied in more detail on the isolated 
lignins, using the commercial cellulase mixture (Figure 20). It was observed 
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that SPS lignin adsorbed more hydrolytic enzymes than SPGR lignin did. With 
the SPS lignin, 48% of total proteins were bound, whereas with SPGR the 
share of bound proteins was 34%. 

 

 

Figure 19. The effect of steam pre-treated spruce (SPS) and steam pre-treated giant reed 
(SPGR) lignins and the corresponding Cerrena unicolor laccase-treated (LT) lignins on the 
enzymatic hydrolysis of Avicel. The results are means of triplicate experiments and the errors 
were calculated as standard errors of the mean (unpublished results). 

The differences observed in the adsorption of the enzymes and the resulting 
differences in the saccharification of Avicel could be due either to the 
structural differences of the lignins in the plant materials studied or to the pre-
treatments used. Lignins from different botanical origins have been observed 
to inhibit enzymatic hydrolysis and bind hydrolytic enzymes to different 
degrees. Nakagame et al. (2010) reported that lignin isolated from pre-treated 
lodgepole pine impaired the degradation of Avicel, whereas the lignin isolated 
from pre-treated corn stover did not affect the degradation. In a further study 
by the same group, it was suggested that the reason for the differences was 
that, unlike the pine lignin, the corn stover lignin contained carboxyl groups 
originating from p-coumaric and ferulic acids (Nakagame et al., 2011a). The 
increase in carboxyl groups increases the hydrophilicity of lignin, which 
decreases hydrophobic interaction between the hydrolytic enzymes and lignin. 
Additionally, the net charge of lignin becomes more negative, increasing the 
electrostatic repulsion between the enzymes and lignin because most of the 
cellulases are negatively charged at pH 5. As with corn stover lignin, giant reed 
lignin also contains p-coumaric and ferulic acids that could contribute to 
enzyme adsorption (Seca et al., 2000).  

Pre-treatment severity is the other factor that could be partly responsible for 
the differences observed in the enzyme adsorption of the lignin preparations 
studied and the Avicel degradation. The steam pre-treatment of giant reed was 
performed at lower temperature (207°C) than the steam pre-treatment of 
spruce (212°C). Furthermore, spruce was impregnated with SO2 prior to the 
steam pre-treatment, whereas giant reed was treated without acid addition. 
Thus, pre-treatment of giant reed was milder than that of spruce. Increasing 
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the severity of pre-treatment has been demonstrated to change the structure of 
the substrate lignin (Shevchenko et al., 2001). In addition, when the pre-
treatment severity of spruce was increased, the binding of cellulases on the 
lignins isolated from the differently pre-treated spruces was increased. 
Furthermore, a decrease in the saccharification of Avicel in the presence of 
those isolated lignins was reported (Nakagame et al., 2011b). 

 

 

Figure 20. The effect of laccase treatment on the binding of Celluclast 1.5L enzyme 
components on enzymatically isolated lignins of A) steam pre-treated spruce (SPS) and B) 
steam pre-treated giant reed (SPGR). The bars represent the amount of unbound enzymes. 
[White bar] untreated lignin controls and [grey bar] lignins treated with laccase prior to isolation. 
EG = endoglucanase, CBH = cellobiohydrolase, XYL = xylanase, and βG = β-glucosidase. The 
results are means of triplicate experiments and the errors were calculated as standard errors of 
the mean (Publication III). 

4.5.2 Laccase modification of lignins affect the degradation of cellulose 
and enzyme adsorption on lignins 

The impact of C. unicolor laccase treatment on cellulose degradation and on 
binding of hydrolytic enzymes was assessed with isolated lignins. The laccase 
treatment was performed on the substrates prior to lignin isolation and the 
untreated isolated lignins were used as controls. The C. unicolor laccase 
treatment of SPS increased the yield of Avicel saccharification compared with 
the untreated sample (Figure 19) and decreased the binding of the enzymes on 
lignin (Figure 20A). The decreased enzyme adsorption on SPS lignin after 
laccase treatment was also observed when purified T. hirsuta laccase was used 
for the lignin modification and the adsorption study was performed with the 
monocomponent T. reesei enzymes (Figure 21). Laccase treatment of SPGR 
did not affect the Avicel degradation (Figure 19) but the binding of the 
enzymes was slightly increased after the treatment (Figure 20B). Thus, laccase 
treatment clearly catalyzed different reactions on the chemically varying 
substrates. The laccase treatment of SPS likely increased the carboxyl groups 
on lignin, as observed by Palonen and Viikari (2004) when treating SPS with 
T. hirsuta laccase, which led to reduced enzyme binding. SPGR lignin did not 
inhibit the Avicel degradation as much as SPS lignin did. In fact, the 
concentration of the SPGR lignin used in the Avicel degradation study 
exceeded the concentration present in the real SPGR substrate (Table 2). 
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Therefore, the actual hydrolysis inhibition caused by the adsorption of 
cellulases on SPGR lignin was probably even smaller than observed here. 
Instead, it appears that rather than affecting the surface properties of lignin, 
the laccase treatment strengthened the lignin carbohydrate complex, 
rendering the substrate more difficult to hydrolyze enzymatically. This was 
observed as a difference in the residual carbohydrate amounts of the isolated 
lignins (Table 2 in Publication III). Even after extensive hydrolysis to remove 
cellulose from the substrates, the laccase-treated SPGR lignin contained 30% 
more residual carbohydrates than the untreated SPGR lignin, indicating that 
the carbohydrates in the laccase treated SPGR were more tightly bound to 
lignin. 

4.5.3 LMTs on SPS lignin affect the binding of cellulases on lignin 

The effect of LMTs on binding of cellulases on LMT-treated and reference SPS 
lignins was studied with purified monocomponent enzymes. A mixture of 
enzymes (50 mg g-1 DM, consisting of 70% T. reesei Cel7A, 25% T. reesei 
Cel5A, and 5% A. niger Cel3A) was incubated at hydrolysis temperature (45°C) 
with the lignins treated with T. hirsuta laccase and 10 mM mediators. The 
protein concentrations, relative to the reference lacking lignin, were analyzed 
from the supernatants with SDS-PAGE band quantification.  

 

 

Figure 21. The effect of laccase and mediator treatments of steam pre-treated spruce lignin on 
adsorption of purified cellulases: A) Cellobiohydrolase Cel7A and B) endoglucanase Cel5A. The 
results are means of triplicate experiments and the errors were calculated as standard errors of 
the mean (Publication IV). 

When examining the differences in binding of the individual enzymes on the 
reference lignin, it is clear that the enzymes bound to very different degrees. 
Endoglucanase Cel5A was bound most substantially; only 22% of the enzyme 
was recovered from the supernatant (Figure 21B). Cellobiohydrolase Cel7A 
also bound quite extensively on lignin with 44% free protein (Figure 21A), 
whereas the β-glucosidase Cel3A remained almost completely unbound, with 
89% of the original protein loading remaining in the liquid fraction (Figure 5C 
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in Publication IV). As in the present study, Várnai et al. (2011b) observed that 
during hydrolysis of lignin-rich SPS T. reesei Cel5A was bound more on the 
substrate than Cel7A was. In addition, Börjesson et al. (2007) studied the 
adsorption of T. reesei Cel7A and another T. reesei endoglucanase, Cel7B, on 
lignin. They also found that the endoglucanase was bound more on SPS lignin 
than the cellobiohydrolase was. In contrast, Palonen et al. (2004) observed 
that T. reesei Cel7A was bound slightly more on lignin than Cel5A. The reason 
for the difference compared with the present study might be that Palonen et al. 
studied adsorption with individual enzymes whereas a mixture of the three 
enzymes was used here. Palonen et al. demonstrated that the adsorption of 
Cel7A was decreased by the addition of Cel5A, but unfortunately the 
adsorption of Cel5A was not measured when added together with Cel7A. In 
addition, Palonen et al. performed the adsorption at 4°C, whereas a hydrolysis 
temperature of 45°C was used in the present study and higher temperature 
might affect the binding of endoglucanase more than cellobiohydrolase. The 
differences in endoglucanase and cellobiohydrolase binding on SPS lignin have 
been explained by the more hydrophobic character of the endoglucanase CBM 
and by the differences of the active sites of the enzymes. Cel5A has a more 
open active site compared with a tunnel-shaped active site of Cel7A. The more 
open structure might render the hydrophobic residues more exposed and 
result in hydrophobic interaction and stronger binding (Palonen et al., 2004). 
A. niger β-glucosidase Cel3A has also been observed to adsorb to a very low 
degree in previous studies (Tu et al., 2007; Várnai et al., 2011b). One reason 
might be that Cel3A does not contain CBM and CBMs have been shown to 
increase enzyme binding on lignin (Palonen et al., 2004). 

As was observed with the C. unicolor laccase, the T. hirsuta laccase 
treatment also decreased the binding of both T. reesei cellulases (by 27% for 
Cel7A and 79% for Cel5A, Figure 21). When mediators were added with 
laccases, the changes were even more pronounced. Laccase-ABTS treatment 
increased the share of free enzymes most considerably; the Cel5a binding was 
especially affected and an increase of 251% compared with the untreated 
reference in unbound enzymes was observed. The laccase-AS and laccase-
TEMPO treatment also modified the lignin and the resulting increases in free 
enzymes were 131% and 169%, respectively. The binding of Cel7A on lignin was 
altered similarly to Cel5A, although the changes were not as marked. Laccase-
HBT treatment was the only treatment that did not affect the binding of any of 
the enzymes in the mixture compared with the mediator-free laccase control. 
This accords with the results of SPS degradation after laccase-HBT treatment, 
where it was observed that the addition of HBT did not improve the 
saccharification yield much when compared with a reference laccase treatment 
(Figure 16). Furthermore, the treatments did not have a significant effect on 
Cel3A adsorption, which was to be expected since Cel3A was hardly adsorbed 
even on the reference lignin (Figure 5C in Publication IV). 
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4.5.4 The impact of LMTs on the lignin content of SPS 

To study the changes caused by laccase treatments and LMTs on the lignin 
fraction, the lignin contents of the treated samples were analyzed with the 
Klason lignin method (Table 9). In addition, the modification of the soluble 
aromatic compounds was evaluated by HPSEC analysis (Table 3 in Publication 
III) or by measuring the UV absorbance spectrum (220 to 400 nm) from the 
liquid fractions of enzymatically-hydrolyzed SPS samples treated first with 
laccase and 3 mM mediators (Figure 6 in Publication IV). Laccase treatment 
increased the amount of SPS lignin by polymerizing soluble aromatic 
compounds on lignin. This was detected as an increase in Klason lignin 
content and a decrease in the UV-absorbance spectrum. No marked change 
was observed in the molecular weights or the polydispersity of the liquid 
fractions by HPSEC analysis. Meanwhile, after the laccase treatment the 
concentration of SPGR lignin declined slightly, the polydispersity increased, 
and the average molecular weight decreased, indicating that laccase catalyzed 
a minor solubilization of lignin. Thus, distinct phenomena again were 
observed with laccase treatments of SPS and SPGR. 

Table 9. Lignin contents in steam pre-treated spruce (SPS) after Trametes hirsuta laccase and 
10 mM mediator treatments. Errors were calculated as standard errors of the means of triplicate 
experiments (Publication IV). 

 Acid-insoluble lignin (%) Acid-soluble lignin (%) 

Control 44.4 ± 0.7 1.0 ± 0.0 

Laccase 45.9 ± 0.2 0.9 ± 0.1 

Laccase + ABTS 42.5 ± 0.5 1.6 ± 0.0 

Laccase + AS 47.7 ± 0.6 1.5 ± 0.1 

Laccase + TEMPO 43.9 ± 0.4 1.0 ± 0.1 

Laccase + HBT 44.2 ± 0.2 1.3 ± 0.0 

 
When laccase was supplemented with a mediator, some changes in the lignin 
contents and liquid fractions were observed. Laccase-ABTS treatment was the 
only treatment that solubilized lignin (by 4%), which was also detected when 
comparing the UV spectrum of the treated sample with the control, as an 
increase of the absorbance at 245-295 nm. In other studies that have used 
LMTs to improve enzymatic hydrolysis, significant lignin removal from the 
feedstocks has been observed only when the treatment has been combined 
with alkali extraction (Gutiérrez et al., 2012; Rico et al., 2014). Thus, in the 
present study, the modifications of lignin that led to improved saccharification 
occurred more on the surface of lignin and were not a result of lignin 
dissolution. 

Notably, laccase-AS treatment increased the lignin content of the solid 
fraction even more than laccase treatment lacking a mediator. In addition, a 
decrease of aromatic compounds was observed in the UV spectrum, which 
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indicates that AS was removed from the liquid fraction. Thus, laccase probably 
grafted AS on the surface of lignin. It can be hypothesized that the 
improvements induced by the laccase-AS treatment on enzymatic hydrolysis 
(Figure 16) and on enzyme adsorption (Figure 21) were due to S-type AS 
covering the G-type spruce lignin surface, which thus contained a higher 
portion of S-type moieties after the treatment. Studer et al. (2011) studied the 
enzymatic hydrolysis of 47 Populus trichocarpa tree samples. The trees were 
selected out of 1,100 individuals on the basis of the content and ratio of S- and 
G-units in lignin. They reported that the saccharification was improved with 
increasing S/G ratios. 

Treatment with laccase-TEMPO or laccase-HBT did not change the amount 
of lignin or the soluble aromatic compounds significantly. Obviously the 
laccase-TEMPO treatment modified the surface of the lignin, since fewer 
enzymes were bound on the isolated lignin and improved saccharification 
yields were observed. The improvement of the enzymatic hydrolysis by lignin 
modification becomes even more evident, as the oxidation of cellulose caused 
by the treatment simultaneously impaired the enzymatic hydrolysis of 
cellulose. 
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5. Conclusions and future prospects 

Lignin-modifying enzymes are oxidative enzymes that have a broad substrate 
range and thus can be utilized in several applications, including pulp 
bleaching, functionalization of lignocellulosic materials, organic synthesis, and 
remediation of contaminated effluents. This thesis focused on the production 
and application of lignin-modifying enzymes. The enzymes (laccase and MnP) 
were produced in solid-state cultivation (SSC) on a lignocellulosic substrate. 
The application research included a study of two laccases from C. unicolor and 
T. hirsuta in the treatment of colored textile industry effluents. Furthermore, 
the laccases and four mediators were used to modify lignin and cellulose in 
pre-treated lignocellulosic feedstocks and the resulting changes in enzymatic 
hydrolysis and enzyme adsorption on lignin were investigated. 

In the SSCs, high enzyme activities were detected when C. unicolor was 
grown on oat husks, a cheap lignocellulosic waste material. The production of 
the two oxidative enzymes seemed to be at least partially growth associated, 
and the enzyme production pattern indicated formation of several isoforms of 
the enzymes. Manganese peroxidase activity (338 nkat g-1 DM) was higher 
than those obtained in submerged or solid-state cultures of the same scale and 
laccase activity (471 nkat g-1 DM) was comparable to most of the activities 
reported earlier. Furthermore, SSC techniques were developed and compared. 
Two solid-state bioreactors were built and it was observed that a reactor design 
including a possibility of mixing the liquid inoculum and a temperature control 
based on controlling the inlet air temperature would be optimal for enzyme 
production in the solid state. In addition to enzyme production, the techniques 
developed could be exploited for other SSC applications such as production of 
spores to be used as biological plant protection agents or for bioremediation 
processes. 

Textile dye solutions were treated with C. unicolor and T. hirsuta laccases, 
which led to efficient color removal. When industrial textile dyeing effluents 
were simulated, the dyes were treated with NaOH and the components 
hydrolyzed starch, NaCl, acetic acid, and NaHCO3 were added to the solutions. 
As a result, decolorization was decelerated because of the inhibiting 
conditions, but a sufficient color removal level was nevertheless reached. The 
addition of mediators enhanced the action of T. hirsuta laccase remarkably. 
Notably, C. unicolor laccase did not require mediators to degrade all the tested 
dyes satisfactorily. It is important to find laccases with high redox potential 
and broad substrate specificity to avoid the addition of further colored 
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components to the effluents. The results observed in this study are a good 
starting point for further research in which decolorization could be optimized 
and immobilized laccases might be used. In addition, the substrate range, 
inhibiting compounds, and the degradation products and their toxicity should 
be analyzed more closely. 

The treatment of pre-treated lignocellulosic substrates with laccases and 
mediators was also studied. It was demonstrated that laccase treatment 
increased the degradation of SPS but decreased that of SPGR. When mediators 
were added, the enzymatic hydrolysis of SPS was increased even further and 
saccharification improvements above 50% were observed. There are only a few 
studies covering the use of laccases and mediators for enhancing enzymatic 
hydrolysis of lignocellulosic feedstocks. In addition, the mechanisms of these 
oxidative treatments on cellulose and therefore on enzymatic hydrolysis, has 
not been studied widely. In this study, it was observed that one of the most 
common laccase mediators, TEMPO, oxidized cellulose when applied together 
with laccase, though the oxidation impaired the enzymatic hydrolysis of 
cellulose. Finally, it was demonstrated for the first time that the treatments of 
SPS with laccases and mediators reduced the non-productive binding of 
cellulose-degrading enzymes on lignin. Thus, this study increases the 
understanding of the role of different lignins in enzymatic hydrolysis and 
stands for a step forward in controlling the binding of cellulases on lignin and 
increasing the mobility, action, and recyclability of hydrolytic enzymes. In 
future studies, it would be valuable to analyze the modified lignins in more 
detail to reveal the structural modifications caused by the treatments.  
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