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General Introduction

Casado López S, Sietiö OM, Hildén K, de Vries RP, Mäkelä MR. 2016. 
Homologous and heterologous expression of basidiomycete genes 
related to plant biomass degradation. p 119-160. In Schmoll M, 
Dattenböck C (ed), Gene Expression Systems in Fungi: Advancements 
and Applications. Springer International Publishing, Switzerland. 
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Fungi
Fungi are one of the five kingdoms proposed by the ecologist Whittaker to classify 
biodiversity (1, 2). The current tree of life is a new concept, where the main backbone has 
been rearranged based on molecular phylogenetics (3, 4) and the kingdoms have become 
supergroups or branches that are in movement instead of being closed and stable groups 
(Fig. 1). Together with plants and animals, fungi form part of the Eukaryota domain and 
they are closer relatives to animals than plants. In the new classification, animals and fungi 
belong to the same group known as Opisthokonta (Fig.1B) (5). 

The fungal kingdom is a, large, varied and versatile group of millions of fungal species. A 
realistic number of the existing species of fungi is difficult to estimate. In 1991, Hawksworth 
proposed 1.5 million fungal species, based on a fungus to plant ratio of 6:1. This number 
increased up to 5.1 million species since the use of molecular methods (8). The real number 
of fungal species on Earth remains understudied, and is hard to evaluate due to the existence 
of numerous potential and extreme habitats that are difficult to reach to harvest samples 
(9). The broad range of compounds on which fungi can grow and degrade includes not only 
those existing in their common habitats such as in soil, plants and aqueous biotopes, but also 
plastics (10), contaminated waters (11) and pollutants like polycyclic aromatic hydrocarbons 
(12). Some fungi can tolerate and live at extreme conditions like high or low temperature 
and pH (13), and high pressure such as deep in the oceans (14-16). 

The fungal kingdom includes edible mushrooms such as the white button mushroom 
Agaricus bisporus and Shiitake (Lentinula edodes), molds (e.g. Aspergillus sp., Penicillium 
sp.), yeasts (e.g. Saccharomyces cerevisiae), puffballs (e.g. Calvatia giantea), truffles or 

Figure 1. A) Five kingdom classification proposed by Robert Whittaker (2). B) The current view of the relationships 
between organisms depicted as a tree of life (6), where fungi are closer to animals in the category known as 
Opisthokonta and plants are in a separate group (7).
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1edible subterranean fungi (e.g. Tuber sp.), polypores (e.g. Phanerochaete chrysosporium), 
plant pathogens, rusts and smuts (e.g. Pyricularia oryzae, Ustilago maydis), and marine 
fungi (e.g. Cephalosporium acremonium).

Medicinal fungi

Many fungi live as saprobes, but others are symbionts and form complex interactions with 
other fungi, bacteria and viruses. These also include pathogens of plants and animals. Some 
fungal species live as symbionts in human body, like e.g. Candida yeasts that live in human 
gut (17), or Malassezia sp. that live on skin (18). However, these fungi can also behave as 
opportunistic pathogens causing dangerous diseases and even death (19). In medicine, since 
the accidental discovery of penicillin by Fleming (20, 21), one of the most used antibiotics, 
many other fungal compounds have been investigated, tested and proven to function as 
medicines for a large variety of infections and diseases (22-24). Penicillin helped to reduce 
the number of deaths and amputations of soldiers during World War II (25) and is now 
used to treat formerly severe and life-threatening illnesses, such as bacterial endocarditis, 
meningitis, pneumococcal pneumonia, gonorrhea and syphilis.

Industrially relevant fungi 

The industrial potential of fungi is mainly focused on the enzymes and metabolites they 
produce. Fungi, as well as animals and plants, need a carbon source to grow and propagate, 
but they do not ingest food like higher eukaryotes or perform photosynthesis like plants. 
Instead, they secrete enzymes to digest their substrate outside the cell and import the 
resulting nutrients into their cells. Fungi are mainly responsible for recycling of dead plants 
and animals, and therefore their role is crucial in the global carbon cycle. 

Some fungal species are particularly relevant for industry and therefore well-studied, 
like the previously mentioned Penicillium sp., Aspergillus niger, Aspergillus nidulans and 
Trichoderma reesei (26). These fungi are efficient producers of enzymes, relatively easy to 
genetically manipulate and they grow well in fermenters. Saccharomyces cerevisiae and 
Schizosaccharomyces pombe are yeasts used in industry for various applications, such as 
bread baking and alcohol production. 

Plant biomass as renewable material
The necessity to move towards a bio-based economy creates many challenges for industry 
and academia. Industries dedicated to supplying the population with food, feed, detergents, 
textile and other products collaborate with researchers to develop efficient biological tools. 
This includes the development of optimal enzyme sets to convert plant biomass into valuable 
products. Recently there has been a strong increase in the demand of these enzymes due to 
their increasing biotechnological significance (27). 
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Plant biomass is one of the main renewable materials on Earth. Natural forests, forest 
plantations and agroforestry plantations are recognized as an important carbon reservoir 
(28). Fungi play an important role in plant biomass degradation; therefore improving the 
production of fungal enzymes is of great interest for biotechnology. Fungal enzymes have 
been mainly studied in saprobic ascomycetes, and much less extensively in basidiomycetes. 
This is largely caused by the better manageability of ascomycetes in industrial fermentations 
and the availability of transformation systems for many ascomycetes as mentioned above, 
while these aspects are still a major challenge in basidiomycetes. Despite this, basidiomycetes 
form a promising source of novel enzymes with different biochemical properties than 
ascomycete enzymes.

Plant biomass consists mainly of polysaccharides, proteins and lignin (29) (Fig. 2).

 

The exact proportion of the polymers differs in each plant species. Moreover, it can change 
during the seasons and even in different tissues of the same plant. Ascomycete enzyme 
systems focus largely on the polysaccharide fraction but they rarely modify the aromatic 
lignin polymer, due to the absence of lignin-modifying peroxidases in their genomes 
(30). They do produce laccases, which have been implicated to potentially modify lignin 
(31). In contrast, basidiomycetes include the most efficient lignin decomposers, but they 
also degrade polysaccharides. The lignin-degrading enzymes of basidiomycetes are of 
fundamental importance for efficient bioconversion of plant residues that are rich in 

Figure 2. Plant biomass composition. Schematic representation of the main polymers of the plant cell wall.
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1lignin, such as wheat straw. They are therefore highly relevant for various biotechnological 
applications, for example pulp and paper and textile industries, bioremediation, and the 
production of biofuels and bio-chemicals (32, 33).

Wood decay fungi

With respect to plant biomass degradation, basidiomycetes have traditionally been 
classified either as white-rot, brown-rot or litter decomposing fungi. White- and brown-rot 
refer to the appearance of wood after fungal decomposition. Brown-rot fungi efficiently 
degrade wood polysaccharides but are only slightly capable of modifying lignin, resulting in 
a brownish and cubical residue of partly decayed wood. In contrast, white-rot fungi are able 
to decompose all wood polymers including lignin, resulting in a white residue that mainly 
consists of cellulose (34-36). The differentiation of these two groups has been challenged 
after the genome study of 33 wood rotting fungi, which revealed species with a genomic 
potential in between classical white-rot and brown rot species, now referred to as grey rot 
species (37). The ligninolytic enzymes of wood rot fungi are also able to attack recalcitrant 
environmental pollutants and therefore white-rot fungi have been pointed out as important 
microorganisms for bioremediation because of their potential to degrade such compounds 
(38). 

Plant polysaccharides and fungal enzymes degrading them

Cellulose is the most abundant polysaccharide in plant biomass. This polymer gives rigidity 
to the plant cell wall and is formed by chains of β-1,4-linked D-glucose molecules that create 
linear crystalline structures (microfibrils) and less crystalline, amorphous region (39).

Several types of hemicelluloses are present in plant biomass: xyloglucan, xylan, mannan, 
glucomannan and β-1,3/1,4-glucans. They are named after the monosaccharides that form 
their backbone (40). In addition, they contain various branches consisting of monomers and 
short oligomers. 

Pectin is a heteropolysaccharide mainly composed of three principal structures (41). 
The simplest one is homogalacturonan, a galacturonic acid based linear polysaccharide, 
with only acetyl and methyl groups as decorations. Xylogalacturonan is modified form of 

Table 1. Fungal CAZymes involved in plant biomass degradation. Based on (42, 46). 

CAZy families Enzyme 
code Enzyme EC number Substrate

Glycoside hydrolases

GH1,3 BGL β-1,4-D-Glucosidase 3.2.1.21 Cellulose, xyloglucan, 
galactoglucomannan

GH2,35 LAC β-1,4-D-Galactosidase 3.2.1.23 Xylan, xyloglucan, 
galactomannan, pectin
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Table 1. (Continued). 

CAZy families Enzyme 
code Enzyme EC number Substrate

GH2 MND β-1,4-D-Mannosidase 3.2.1.25 Galactomannan

GH3,39,43 BXL β-1,4-D-Xylosidase 3.2.1.37 Xylan, pectin

GH5,7,12,61,131 EGL β-1,4-D-Endoglucanase 3.2.1.4 Cellulose

GH5,26, 134 MAN β-1,4-d-Endomannanase 3.2.1.78 Galactomannan

GH5 GLN β-1,6-Endogalactanase 3.2.1.164 Pectin

GH6,7 CBH Cellobiohydrolase 3.2.1.91 Cellulose

GH10,11 XLN β-1,4-D-Endoxylanase 3.2.1.8 Xylan

GH12,74 XEG Xyloglucan-active β-1,4-D-en-
doglucanase 3.2.1.151 Xyloglucan

GH13 AMY α-Amylase 3.2.1.1 Starch

GH13, 31 AGD α-1,4-d-Glucosidase 3.2.1.20 Starch

GH15 GLA Glucoamylase 3.2.1.3 Starch

GH27,36 AGL α-1,4-D-Galactosidase 3.2.1.22 Xylan, xyloglucan, 
galactomannan

GH28 PGA Endopolygalacturonase 3.2.1.15 Pectin

GH28 PGX Exopolygalacturonase 3.2.1.67 Pectin

GH28 RGX
Rhamnogalacturonan gala-
turonohydrolase/
exorhamnogalacturonase

3.2.1.40 Pectin

GH28 RHG
Rhamnogalacturonan 
hydrolase/
endorhamnogalacturonase

3.2.1.171 Pectin

GH28 XGH Xylogalacturonase 3.2.1.– Pectin

GH29,95 AFC α-L-Fucosidase 3.2.1.51 Xyloglucan

GH30 XBH Xylobiohydrolase 3.2.1.– Xylan

GH31 AXL α-D-Xylosidase 3.2.1.– Xyloglucan

GH32 INU Endoinulinase 3.2.1.7 Inulin

GH32 INX Exoinulinase 3.2.1.80 Inulin

GH32 SUC Invertase/
fructofuranosidase 3.2.1.26 Inulin

GH43,51,54 ABF α-L-Arabinofuranosidase 3.2.1.55 Xylan, xyloglucan, 
pectin

GH43 ABN Endoarabinanase 3.2.1.99 Pectin

GH43 XTG β-1,3-Exogalactanase 3.2.1.145 Pectin

GH53 GAL β-1,4-Endogalactanase 3.2.1.89 Pectin
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1Table 1. (Continued). 

CAZy families Enzyme 
code Enzyme EC number Substrate

GH62 AXH Arabinoxylan 
arabinofuranohydrolase 3.2.1.55 Xylan

GH67,115 AGU α-Glucuronidase 3.2.1.139 Xylan

GH78 RHA α-Rhamnosidase/rhamnoga-
lacturonan rhamnohydrolase 3.2.1.40 Pectin

GH88 UGH D-4,5-Unsaturated glucuronyl 
hydrolase 3.2.1.– Pectin

GH93 ABX Exoarabinanase 3.2.1.– Pectin

GH105 URH Unsaturated rhamnogalac-
turonan hydrolase 3.2.1.– Pectin

GH133 AMG Amylo-α-1,6-glucosidase 3.2.1.33 Starch

Carbohydrate esterases

CE1,2,3,4,5,16 AXE Acetyl xylan esterase 3.1.1.72 Xylan

CE1 FAE Feruloyl esterase 3.1.1.73 Xylan, pectin

CE8 PME Pectin methyl esterase 3.1.1.11 Pectin

CE12 RGAE Rhamnogalacturonan acetyl 
esterase 3.1.1.– Pectin

CE12 PAE Pectin acetyl esterase 3.1.1.– Pectin

CE15 GE Glucuronoyl esterase 3.1.1.– Xylan

– GMAE Galactomannan acetyl 
esterase – Galactomannan

– XGAE Xyloglucan acetylesterase – Xyloglucan

Polysaccharide lyases

PL1 PEL Pectin lyase 4.2.2.10 Pectin

PL1,3,9 PLY Pectate lyase 4.2.2.2 Pectin

PL4,11, 26 RGL Rhamnogalacturonan lyase 4.2.2.– Pectin

Auxiliary activities

AA1_1 LCC Laccase 1.10.3.2 Lignin

AA2 MnP Manganese peroxidase 1.11.1.13 Lignin

AA2 VP Versatile peroxidase 1.11.1.16 Lignin

AA2 LiP Lignin peroxidase 1.11.1.14 Lignin

AA3,8 CDH Cellobiose dehydrogenase 1.1.99.18 Cellobiose

AA9,10,13 LPMO Lytic polysaccharide 
monooxygenase

Cellulose , xylan, 
xyloglucan, starch
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homogalacturonan that contains xylose branches. Rhamnogalacturonan I has a backbone of 
alternating galacturonic acid and rhamnose residues, with arabinan and (arabino-)galactan 
side chains attached to the rhamnose residues.

Each plant polysaccharide degrading fungus has a specific set of carbohydrate-active enzymes 
(CAZymes) (42) involved in the degradation of the polysaccharide backbone and branching 
structures (43, 44). The different enzymes involved in this process are listed in Table 1. While 
some enzymes act only on a single polysaccharide (e.g. cellobiohydrolase on cellulose), 
others are involved in the degradation of several polysaccharides (e.g. β-galactosidase for 
xylan, pectin, xyloglucan and galactomannan). An overview of the available knowledge on 
plant polysaccharide degrading enzymes from basidiomycetes has been presented (45).

Lignin and fungal ligninolytic enzymes 

Lignin is a complex heterogeneous aromatic polymer that is among the most abundant 
natural materials on Earth (47). Lignin is present in all woody cell walls and is composed of 
three monomers: coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol. Plant laccase and 
peroxidase enzymes polymerize these monomers to guaiacyl-, syringyl- and hydroxyphenyl-
type of lignin subunits (48). The most common linkage between the subunits is a β-aryl-
ether linkage (49), but other linkages also occur (50). The structure and composition of 
lignin varies significantly depending on the plant species (51, 52). Lignin is an undesirable 
component e.g. in the pulp and paper industry and removal of lignin is a major step in the 
paper manufacture process (53). 

White-rot basidiomycetes are studied for their efficient and complete degradation of woody 
plant cell walls (54). In contrast to other fungi and bacteria they are capable of mineralising 
lignin to carbon dioxide and water by producing extracellular lignin-modifying enzymes. 
These include class II heme-containing peroxidases (AA2 in the CAZy database), i.e. 
manganese-peroxidases (MnPs), lignin peroxidases (LiPs) and versatile peroxidases (VPs), 
which catalyse H2O2-dependent unspecific radical reactions (Table 1) (55). Various phenolic 
compounds and aromatics are oxidized to organic radicals via the action of MnPs, while 
LiPs are able to oxidise non-phenolic lignin substructures. VP is a hybrid type of peroxidase 
combining the activities of both MnP and LiP (56, 57).

Fungal laccases (AA1_1 in the CAZy database) belong to the widely distributed family of 
multicopper oxidases, and participate in many processes from fungal morphogenesis 
to melanin synthesis (58, 59). Laccases catalyze the oxidation of phenolic compounds 
and aromatic amines coupled to the reduction of molecular oxygen to water (58). In the 
presence of small molecular weight mediator molecules laccases can also oxidise non-
phenolic compounds. Although the role of laccases in lignin degradation is still debatable, 
they are usually regarded as lignin-modifying enzymes (60). Laccases can be used in various 
biotechnological processes. For example, the white-rot species Trametes pubescens is 
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1considered an excellent producer of industrial laccases (61). Applications and potential 
applications of laccases include bleaching of textiles and wood pulp (62), clearing of fruit 
juice, beer and wine (63), biosensors (64), degradation of plastics and decontamination of 
soils (65). 

Despite the huge biotechnological potential of fungal lignin-modifying enzymes, the 
production of both laccases and peroxidases to levels required by industry using homologous 
and heterologous expression remains a challenge and has been the topic of numerous 
research projects.

Dichomitus squalens 
D. squalens is a white-rot basidiomycete commonly found in Europe, America and Asia. 
It grows mainly on softwoods, but is also able to utilize hardwoods. Its genome encodes 
a broad range of enzymes for polysaccharide and lignin degradation and its ligninolytic 
properties have been investigated in detail in the last years (66, 67). D. squalens produces 
predominantly MnPs and laccases (68) both in submerged liquid cultures (67) and solid 
state cultures (69). Previous studies showed its potential for decolorizing a great variety of 
synthetic dyes used in textile and other industries (70), mineralization of polycyclic aromatic 
hydrocarbons that are toxic and carcinogenic molecules commonly found in hazardous 
waste sites (71), and soil bioremediation (69).

D. squalens is also a potential source of biocontrol compounds, as three new sesquiterpenes 
(dichomitol, 2β,13-dihydroxyledol and dichomitone) were isolated from D. squalens fruiting 
bodies, which were reported to have nematicidal activities (72). An industrially relevant 
enzyme that has been isolated from the mycelial extracts of D. squalens as well as other 
white-rot fungi is oxalate decarboxylase (73, 74), which is able to remove oxalic acid e.g. 
from wastewater (75). In addition, the D. squalens genome contains a broad set of genes 
involved in the degradation of plant based polysaccharides and lignin (30, 45), which makes 
this species an interesting source of industrial enzymes. Mainly for that reason, D. squalens 
has received increasing attention over recent years, including several (post-)genomic studies 
(76). As part of this, genomes from four different strains of D. squalens have been sequenced 
and annotated, and they are available in the JGI Mycocosm portal (https://genome.jgi.doe.
gov/portal/, (77)). Three of these genomes, CBS464.89, CBS463.89 and OM18370.1, were 
generated as part of the study presented in this thesis.

D. squalens presents the typical life cycle of a basidiomycete fungus. The sexual cycle is 
present as a tetrapolar mating system (78) in which the fungus is present in both haploid 
and monokaryotic stages as well as dikaryotic stages (Fig. 3). When suitable substrate 
and environmental conditions are present, haploid (n) spores germinate and a primary 
mycelium (monokaryon) is formed. When this monokaryon find another monokaryon of 
a compatible mating type, they can make contact and form a dikaryotic (n+n, unfused 
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nuclei from different parents) secondary mycelium (dikaryon) through clamp connections, 
which are the structures involved in dikaryon formation and cell division.  In the case of 
D. squalens only compatible mating types (79) resulted in fusions that produced clamp 
connections (Chapter 2) (80), suggesting that these are true dikaryons. Whether the other 
mating types also resulted in fusion (without clamp production) is not clear at this point. 
This dikaryon produces fruiting bodies where fusion of two haploid nuclei occurs in basidia 
to give diploid nuclei (2n). Meiosis follows and each basidium bears haploid basidiospores 
(81). Therefore, the offspring of two different monokaryons can fuse and produce a new 
dikaryon with a different genetic make-up then either parent, which could have implications 
for its physiological abilities. 

Mating type genes regulate sexual compatibility and sexual reproduction in fungi. These 
mating systems include many conserved components, such as gene regulatory polypeptides 
and pheromone/receptor signal transduction cascades. Some species are known for having 
thousands of different mating type options (82). D. squalens has a tetrapolar mating 
system where two loci, A and B pheromone and pheromone receptor located on different 
chromosomes, are present in two different alleles (A/a, B/b) (78). Compatible monokaryons 
must present opposite alleles in both genes to fuse and generate a fertile dikaryon. 

Figure 3. A) Sexual cycle of D. squalens. (Based on (83)). Fertile dikaryon forms fruiting bodies with basidia in which 
the two nucleus fuse (2n) and produce haploid (n) basidiospores through meiosis. The spores germinate forming 
monokaryons with diverse genetical information, which can fuse with another compatible monokaryon to form a 
new dikaryon. B) Picture of a fruiting body like structure of D. squalens formed in the laboratory on solid spruce 
wood stick.
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1Outline of the thesis
The aim of this PhD thesis was to extend the knowledge of wood degradation by white-rot 
basidiomycetes, using D. squalens as a reference species. For this purpose, we analyzed 
genetical and physiological variation among different D. squalens strains in relation to plant 
biomass utilization and analyzed various aspects of the wood degradation process. 

One D. squalens strains is included in all studies of this thesis: the dikaryon FBCC312, which 
is the strain that has been most commonly used in studies so far.

In Chapter 2 a group of eleven strains, including eight monokaryotic progeny of one of 
the dikaryons, another non-related dikaryon and a new laboratory-created dikaryon, 
was analyzed using growth profiling on 37 carbon sources, Amplified Fragment Length 
Polymorphisms (AFLP) and enzyme activity profiling in different culture media. This 
demonstrated high diversity between the strains, including the monokaryotic progeny.

The main objective of Chapter 3 was to identify inducers of genes encoding plant cell wall 
degrading enzymes in D. squalens. Several monosaccharides and one oligosaccharide 
derived from plant biomass were tested, resulting in the identification of two potential 
inducers, cellobiose and L-rhamnose, in the dikaryotic strain. These two compounds also 
appear to act as inducers in a related monokaryotic strain. However, the results revealed 
differences in the molecular response to L-rhamnose between the mono- and dikaryon, 
with respect to the set of genes that was expressed in response to this compound.

An extensive and detailed study of intraspecies diversity is presented in Chapter 4, including 
transcriptomics, exoproteomics, metabolomics and microscopic visualization of seven 
strains (mono- and dikaryons) of the D. squalens grown on solid Norway spruce wood. This 
study demonstrated differences in the plant biomass degradation approach between mono- 
and dikaryotic strains, as well as between geographically different lineages of the fungus.

In Chapter 5 the response of a dikaryotic strain of D. squalens during growth on softwood 
(Norway spruce) and hardwood (Birch) was analyzed using a combination of transcriptomics, 
proteomics, metabolomics, NMR and enzyme activities. This demonstrated a partial 
adaptation of D. squalens to the different composition of these two types of wood. 

Chapter 6 provides a general discussion in which the insights from the earlier chapters are 
combined and reflected to knowledge present in literature.
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Abstract
Dichomitus squalens is a white-rot fungus that colonizes and grows mainly on softwood and 
it is commonly found in the northern parts of Europe, North America and Asia. In this study, 
we analyzed the genetic and physiological diversity of eight D. squalens monokaryons derived 
from a single dikaryon. In addition, an unrelated dikaryon and a newly established dikaryon 
from two of the studied monokaryons were included. Both growth and lignocellulose acting 
enzyme profiles were highly variable between the studied monokaryotic and dikaryotic 
strains, demonstrating a high level of diversity within the species. 

Introduction
Basidiomycete fungi are essential in forest ecology, due to their ability to degrade wood (1). 
Wood degrading basidiomycetes have traditionally been divided in two subgroups, white-
rot and brown rot fungi, according to their method of wood decay, although the existence 
of intermediate species has been suggested (2). White-rot fungi are unique in possessing 
an array of extracellular lignin-modifying enzymes and are therefore able to completely 
mineralize recalcitrant aromatic lignin polymers (3). In addition, they typically harbor a full 
repertoire of genes encoding enzymes that are targeted for depolymerization of different 
plant cell wall polysaccharides (4). 

Most basidiomycetes have a sexual reproduction cycle. When suitable substrate and growth 
conditions are present, haploid (n) spores germinate and a primary mycelium is formed. The 
primary mycelium can fuse with another primary mycelium of a compatible mating type 
and form dikaryotic (n+n, unfused nuclei from different parents) secondary mycelium. The 
secondary mycelium produces fruiting bodies where fusion of two haploid nuclei occurs in 
basidia to give diploid nuclei (2n). After that, meiosis follows and each basidium bears four 
haploid basidiospores (5). Therefore, the offspring of two different dikaryons can produce a 
dikaryon with a different genetic make-up than either parent, which can result in different 
physiological abilities of the offspring. There are different systems of mating compatibility 
in fungi. In agaricomycetes, mating is regulated by either a bipolar or a tetrapolar system. 
Tetrapolar behavior consists of two unlinked genetic complexes, A and B, with four potential 
mating interactions between spores from one basidiome. In the bipolar case, only compatible 
or incompatible interactions are found (6). In both cases, when hyphae from two compatible 
mating types find each other and make contact, fusion of the mycelia usually occurs through 
clamp connections and a dikaryon is formed (7, 8).

In this study, we aimed to dissect the variations in genetic profile, growth and enzyme 
production in different monokaryotic strains derived from a dikaryon of the white-rot 
basidiomycete Dichomitus squalens. This species is commonly found in North America and 
northern regions of Europe and Asia (9), and it usually grows on softwood, but is also able 
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to grow and degrade hardwood (10, 11). D. squalens has a tetrapolar mating system and in 
a previous study 20 monokaryotic progeny derived from a single wild type dikaryon of D. 
squalens (FBCC312, CBS 432.34) were isolated and their growth rate, cellulose and lignin 
degrading ability, and isoenzyme patterns were compared (12). We performed a more 
detailed analysis of these strains by studying their genetic variation using amplified fragment 
length polymorphisms (AFLP), and their ability to grow on different carbon sources and to 
produce extracellular lignocellulolytic enzymes. In addition, we generated a new dikaryon 
from two of the monokaryons and compared that to the original parent. The results of this 
study provide insight into the functional diversity that exists within a single basidiomycete 
species in nature and how this can evolve in fungi that contain a sexual cycle. 

Materials and Methods

Fungal strains and cultivations

D. squalens strains obtained from the CBS collection (Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands) and the Fungal Biotechnology Culture Collection (FBCC, 
Department of Food and Environmental Sciences, University of Helsinki) were used in this 
study (Table 1) and maintained on 2% (w/v) malt extract 1.5% (w/v) agar (MEA) plates. 

Liquid pre-cultures were performed in 250 ml Erlenmeyer flasks with 50 ml low-nitrogen 
asparagine-succinate medium (LN-AS) minimal medium (13), pH 4.5, amended with 0.05% 
glycerol as a carbon source. The medium was inoculated with 5 agar plugs (0.5 cm in diameter) 
from MEA plates that were covered with fresh fungal mycelium and incubated for 7 days at 
28°C stationary. From the pre-cultures, 4 mL of homogenized mycelium (14) was transferred 
to 250 mL Erlenmeyer flasks containing 100 ml LN-AS with 2% powdered wheat bran or 
Norway spruce (Picea abies) sawdust as carbon source. These cultures were incubated 
for 16 days at 28°C under agitation (120 rpm). All cultures were performed in duplicate. 
Culture medium samples were harvested after 9 and 16 days of growth, centrifuged at 4°C 
to remove residual biomass and stored at -20°C as 2 mL aliquots. 

The ability of D. squalens strains to grow on 37 different carbon sources was tested on plates 
containing LN-AS agar (1.5% agar-agar (w/v)) amended with: (1) monomeric and oligomeric 
sugars: D-glucose, D-fructose, D-galactose, D-mannose, D-ribose, D-xylose, L-arabinose, 
L-rhamnose, D-galacturonic acid, D-glucuronic acid, cellobiose, maltose, lactose, raffinose 
or sucrose; (2) polymeric substrates: arabinogalactan, beechwood xylan, birchwood xylan, 
arabic gum, guar gum, soluble starch, apple pectin, citrus pectin, inulin, calcium lignin, 
casein, cellulose or sodium lignin; and (3) powdered complex substrates: wheat bran, sugar 
beet pulp, citrus pulp, soybean hulls, rice bran, cotton seed pulp, alfalfa meal or spruce 
sawdust. All monomeric and oligomeric carbon sources were added to a final concentration 
of 25 mM, while pure polymeric and complex substrates were added to a final concentration 
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of 1% and 3%, respectively. The pH of the medium was adjusted to 4.5. Monosaccharides 
and cellobiose were filter sterilized and added to the medium after autoclaving, while the 
other substrates were added before autoclaving. LN-AS agar plates without any carbon 
source were used as control.

The strains were inoculated by placing mycelium-covered agar plug (0.5 mm in diam) 

Table 1. Mating type assigned to D. squalens strains described in Pham et al. (1990) related 
to their corresponding incompatibility group.

Strain no. Mating type Strain no. Incompatibility groupᵃ

(in CBS and/or FBCC collection) (Pham et al. 1990)  (Pham et al. 1990)

CBS 453.89
AB

DS 1
I

CBS 471.89 DS 19

CBS 455.89

ab

DS 3

II

CBS 456.89 DS 4

CBS 458.89 DS 6

CBS 459.89 DS 7

CBS 462.89 DS 10

CBS 467.89 DS 15

CBS 468.89 DS 16

CBS 454.89

Ab

DS 2

III

CBS 460.89 DS 8

CBS 461.89 DS 9

CBS 463.89 DS 11

CBS 466.89 DS 14

CBS 469.89 DS 17

CBS 470.89 DS 18

CBS 472.89 DS 20

CBS 457.89

aB

DS 5

IVCBS 464.89 DS 12

CBS 465.89 DS 13

FBCC312 (CBS 432.34) AaBb

CBS 141873 

AaBb(cross of CBS 463.89 and CBS 
464.89)

FBCC184 AaBb
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obtained from the edge of 1-wk-old MEA plates in the center of the plates. Incubation time 
was established for 3 days at 28°C according to the growth of the first strain reaching the 
edge of the plate. After this period, pictures were taken and the diameter of the fungal 
hyphae was measured for every plate in duplicate.

To obtain dikaryons, two agar plugs (0.5 mm in diam) covered by the mycelia of the 
monokaryons of compatible mating type CBS 463.89 (Ab) and CBS 464.89 (aB) were placed 
on a MEA plate at 3 cm distance. After 3 days of growth at 28˚C, the mycelia of the different 
strains made contact, and successful crosses were confirmed by microscopy (Zeiss Axioplan 
Microscope) by staining a sample of the common mycelium with lactophenol cotton blue 
(15).

Table 2. Substrates assayed for polysaccharide degrading enzymatic activities, corresponding 
enzymes and their abbreviation, and suppliers of the substrates.

Substrate Enzyme Abbreviation Supplier

4-Nitrophenyl α-L-arabinofuranoside α-L-Arabinofuranosidase  ABF Sigma

4-Nitrophenyl α-D-galactopyranoside α-1,4-D-Galactosidase  AGL Sigma

4-Nitrophenyl β-D-glucopyranoside β-1,4-D-Glucosidase  BGL Sigma

4-Nitrophenyl β-D-xylopyranoside β-Xylosidase  BXL Sigma

4-Nitrophenyl β-D-cellobioside Cellobiohydrolase  CBH Sigma

4-Nitrophenyl α-D-glucopyranoside α-1,4-D-Glucosidase  AGD Koch-light

4-Nitrophenyl β-D-galactopyranoside β-1,4-D-Galactosidase  LAC Sigma

4-Nitrophenyl β-D-mannopyranoside β-Mannosidase  MND Sigma

4-Nitrophenyl maltoside Glucoamylase  GLA Acros
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Enzymatic activity assays

Liquid pre-cultures and transfer conditions were performed according to (16), but in this 
study 2 g of powdered wheat bran and spruce sawdust were used for 100 mL LN-AS cultures, 
respectively. The cultures were performed as two biological replicates and sampled after 
9 d and 16 d. All p-nitrophenol (pNP) assays (Table 2) were performed in triplicate in 96-
well plates using a FLUORstar OPTIMA microplate reader (BMG). For pNP assays, 0.1% of 
the corresponding substrate was used in 50 mM sodium acetate buffer (pH 5.0). Reaction 
mixtures for α-L-arabinofuranosidase (ABF), α-1,4-D-galactosidase (AGL), β-1,4-D-
glucosidase (BGL) and β-1,4-D-galactosidase (LAC) activity were incubated for 1 h, while 
reaction mixtures for β-xylosidase (BXL), cellobiohydrolase (CBH) and β-mannosidase (MND) 
activity were incubated for 4 h. All reactions were incubated at 28°C and were stopped by 
adding 100 μL 0.25 M sodium carbonate. A pNP standard curve was generated to calculate 
the concentration of the released pNP. The activities are expressed in nmol/min/mL.

Laccase and manganese peroxidase (MnP) activities were measured by following the 
oxidation of 2,2 -azino-bis (3-ethylbenzothiazoline-6-sulfonate) (ABTS); ϵ420=36×104 M−1 
cm−1; Sigma) at 440 nm using a Biochrom Libra S22 UV/Vis Spectrophotometer. Laccase 
activity was determined in 50 mM sodium malonate buffer (pH 4.5) for 30 seconds at 25°C 
(17). After this first measurement 0.5 mM manganese sulfate and 0.1 mM hydrogen peroxide 
were added to the same reaction to start the MnP reaction, and change of absorbance was 
followed again for 30 s (18, 19). Three technical replicates were performed on biological 
duplicates and these were averaged in the graphs.

SDS-PAGE 

Protein profiles were obtained from the same culture liquids that were used to measure 
enzyme activities. Sixteen µL of each culture liquid sample was fractionated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10% (wt/vol) acrylamide/30% 
bisacrylamide gels and a molecular weight marker (Bio-Rad unstained marker) was used 
to identify the molecular mass of the protein bands. The gels were stained using the Silver 
staining method (20) and documented using the HP scanner 4400c.

AFLP

To describe how related the D. squalens strains are at the genetic level, they were clustered 
in a phylogenetic tree based on amplified fragment length polymorphisms (AFLPs). 
DNA isolation from mycelium grown on MEA plates was performed with the Microbial 
DNA isolation kit (MO BIO Laboratories, Carlsbad, USA) according to the manufacturer’s 
recommendations. The experimental procedure was adapted from (21). To each AFLP-
reaction 0.2 μL of Orange DNA size standard (MCLAB, DSMO-101) was added and samples 
were processed on a 3730xl DNA Analyzer (Applied Biosystems). Raw data was normalized 
and further analyzed with Bionumerics (version 4.61, Applied Maths, Belgium) using the 
Pearson correlation coefficient and UPGMA clustering method. 
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Results 

Growth profiling and mating type determination

Most D. squalens strains used in this study have previously been described (12), but their 
genotypes and phenotypes have not been analyzed in detail. The mating type of the strains 
was verified by crossing them with each other, and resulted with strains of mating type AB, 
ab, Ab and aB fitting in the previously suggested groups I, II, III and IV, respectively (Table 1). 

All strains from the study of Pham et al. (1990) were initially tested by growth on glucose, 
fructose, xylose, galacturonic acid, cellobiose, beechwood xylan, guar gum, apple pectin 
and citrus pectin (data not shown). Based on phenotypic differences that suggested 
different carbon source utilization abilities and compatibility of mating types, a selection 
of eight monokaryotic strains was made that included all mating types (AB, Ab, aB and ab). 
In addition, the parental dikaryotic strain (FBCC312) of the monokaryons was included, and 
a dikaryon FBCC184, which is a separate natural isolate, were included. Finally, another 
dikaryon, D. squalens CBS 141873, was formed by successfully crossing the compatible 
monokaryons CBS 463.89 and CBS 464.89 (Fig. 1), and was included in the study. 

Figure 1. Clamp connections of the Dichomitus squalens compatible monokaryons (CBS 463.89 and CBS 464.89) 
crossing to form the dikaryon (CBS 141873) as visualized by lactophenol cotton blue stainning. Clamp connections 
are indicated by arrows (A-D).
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Growth profiling of all the studied monokaryotic and dikaryotic strains was performed on 
37 carbon sources to reveal the phenotypic differences between them (Supplementary 
material Fig. 1). Monokaryon CBS 471.89 (AB) resulted in a larger colony diameter than the 
other monokaryons and dikaryons on all monosaccharides, but not on complex substrates, 
where both the parental strain FBCC312 and monokaryon CBS 471.89 (AB) showed a more 
similar pattern of good growth. On some substrates, such as alfalfa meal, the best growth 
was observed for the dikaryon FBCC312 (Supplementary material Fig. 1). Monokaryons CBS 
462.89 (ab), CBS 463.89 (Ab) and CBS 464.89 (aB) also showed relatively good growth in 
most of the substrates compared to the other monokaryotic strains. Conversely, CBS 453.89 
(AB), CBS 465.89 (aB) and CBS 466.89 (Ab) showed poor growth in all substrates. The new 
dikaryon formed in this study (CBS 141873) had a similar growth profile to the monokaryons  
from which it was generated (CBS 463.89 and CBS 464.89). The parental dikaryon (FBCC312) 
grew better on most of the carbon sources than the newly formed dikaryon (CBS 141873) 
(Supplementary material Fig 1). These two dikaryons (FBCC312 and CBS 141873) both grew 
overall better than the non-related dikaryon FBCC184.

AFLP analysis reveals high genetic variation between the monokaryotic strains

AFLP analysis was conducted to analyze the relationship and genetic variability between the 
D. squalens monokaryotic strains and also between the three dikaryons (Fig. 2). 

Figure 2. Clustering of AFLP patterns of Dichomitus squalens isolates. Similarity of the patterns is given in percentage.

Two batches of a single dikaryon from two culture collections, FBCC312 and CBS 432.34, 
clustered together confirming that they are in fact the same strain, which is the parent of 
the progeny. Monokaryons CBS 463.89, CBS 463.89, CBS 464.89 and CBS 471.89 that showed 
good growth on most carbon sources (Supplementary material Fig. 1) were clustered close 
to each other and to the parental dikaryon FBCC312. Monokaryons that showed poor 
growth were clustered more distantly to the other monokaryons and the dikaryon FBCC312. 
The dikaryon FBCC184 positioned further away from the monokaryons and their parental 
dikaryon (FBCC312), which reflects its origin as it is a separate isolate of this fungal species.
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Monokaryotic progeny demonstrated high diversity in their enzyme activity 
profile

Since D. squalens uses wood as its main carbon source in nature, several enzyme activities 
related to plant biomass degradation were measured in the cultures of the strains grown 
on spruce sawdust or powdered wheat bran containing liquid medium. The conditions were 
chosen to compare the behavior of the fungus growing in wheat bran, which is rich in easily 
degradable polysaccharides, to spruce, which in addition to polysaccharides contains high 
amount of lignin and is the natural substrate of D. squalens. These two substrates were also 
compared in detail in a recent study of FBCC312 (16) and conditions were chosen to mimic 
those of the previous study.

In spruce medium, most of the enzyme activities related to polysaccharide degradation 
increased from 9 to 16 days of cultivation (Fig. 3B, D, H, J). The only exceptions were AGL 
(Fig. 3F), for which the monokaryons CBS 467.89 and CBS 471.89 and dikaryon FBCC312 
presented higher activity at the earlier time point, and MND (Fig. 3N), for which monokaryon 
CBS 462.89 and dikaryon FBCC312 showed higher activity at the earlier time point. In 
contrast, more variation in the production of the hydrolytic polysaccharide active enzyme 
activities between the strains was observed during growth on wheat bran. Interestingly, 
the variation in activity was larger for some enzymes (e.g. ABF, LAC, Fig. 3C-D and 3K-L) 
than for others (e.g. BGL, CBH, Fig 3A-B and 3G-H), suggesting a different fine tuning of the 
regulation in the different strains. Comparing both media, in wheat bran all the activities 
measured were much higher (from 4 to 10 times higher depending on the enzyme) than in 
spruce sawdust, including the ligninolytic enzymes (laccase and MnP). 

The activity patterns of the ligninolytic activities differed from those of the polysaccharide 
active enzymes (Fig. 3). On both wheat bran and spruce sawdust amended cultures, the 
laccase and MnP activities were higher at the earlier time point for most of the strains (Fig. 
3O-R). However, a more notable difference was detected on wheat bran cultures, where 
much higher activity levels of these two enzymes were produced by the dikaryons than the 
monokaryons, reaching 3-fold higher in some cases, e.g. dikaryon CBS 141873 at the early 
time point compared to monokaryons CBS 453.89, 462.89 and 463.89 (Fig. 3P, R). 

The activities detected for the newly made dikaryon (CBS 141873) differed from those of 
FBCC312, which was especially evident for AGL where CBS 141873 had significantly higher 
activity in wheat bran medium at both time points (Fig. 3E-F). Also in spruce sawdust it 
demonstrated a much higher increase of activity over time compared to FBCC312 for which 
AGL activity decreased. For laccase and MnP the difference was more evident in Norway 
spruce sawdust where CBS 141873 showed higher activity at the earlier time point (Fig. 
3P-R). This indicates that the two monokaryons derived from FBCC312 did not re-combine 
to a strain with the same capabilities as FBCC312. Differences were observed in the activity 
level as well as the relative activity between the two time points studied. Finally, there was
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Figure 3. Extracellular enzyme activities detected in the culture liquids of the D. squalens strains after 9 and 16 
days of growth. BGL in wheat bran (A) and Norway spruce (B); ABF in wheat bran (C) and Norway spruce (D); AGL 
in wheat bran (E) and Norway spruce (F); CBH in wheat bran (G) and Norway spruce (H); BXL in wheat bran (I) and 
Norway spruce (J); LAC in wheat bran (K) and Norway spruce (L); MND in wheat bran (M) and Norway spruce (N); 
laccase in wheat bran (O) and Norway spruce (P); MnP in wheat bran (Q) and Norway spruce (R). Vertical bars 
represent standard deviation of at least four replicate measurements.

generally higher ligninolytic activity for five of the monokaryons (except CBS 464.89, CBS 
465.89 and CBS 466.89) and the three dikaryons at the early time point compared to 
polysaccharide active enzymes.
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Discussion

Fungi with a sexual reproduction cycle have the possibility to alter their genetic information 
through recombination during meiosis (22). Therefore, dikaryotic species, such as D. squalens 
can produce monokaryotic offspring with diverse genetic combinations. Strain improvement 
by cycles of basidiome production and crosses, without the need for mutagenesis, is a feasible 
approach to improve the ability of white-rot fungi to degrade lignin (23). In this study, we 
explored this variation by analyzing the genetic variation, carbon source usage profile and 
enzyme activity profile of eight monokaryotic strains derived from a single dikaryon of D. 
squalens and compared these to the parental dikaryon, a new dikaryon generated from two 
of these monokaryons and an unrelated dikaryon that was isolated in nature.

Figure 3. (Continued).
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Regarding the growth profile, D. squalens monokaryon CBS 471.89 (AB) seems to have 
inherited an improved system to use mono- and oligosaccharides compared to all the other 
tested strains, including the dikaryons, which is especially evident for the disaccharide 
cellobiose. This observation is in agreement with a previous study on another white-rot 
species, Trametes versicolor, which demonstrated that a monokaryon presented a better 
growth rate than its parental dikaryon on glucose-soy and hardwood kraft pulp (24). 
However, the monokaryotic strains of the white-rot fungus Pleurotus ostreatus have been 
reported to grow markedly slower than their dikaryotic parental strains (25). No correlation 
between the mating type, appearance of the colony and the production of ligninolytic 
enzyme activity was detected between the P. ostreatus monokaryons (25). This is in line 
with our observations, since D. squalens strains did not have an apparent relation between 
the improved ability for carbon source utilization and mating type genes since the strains 
showing better growth on different carbon sources belong to all four mating types: CBS 
471.89 (AB), CBS 462.89 (ab), CBS 463.89 (Ab) and CBS 464.89 (aB). These strains are 
clustered close to each other in AFLP analysis and close to the parental strain (FBCC312), 
suggesting that they inherited common genetic abilities that cause the improved growth. 
Moreover, monokaryon CBS 453.89 (AB) showed poor growth in all carbon sources and, to a 
lesser extent this was also observed for monokaryons CBS 465.89 (aB) and CBS 466.89 (Ab), 
indicating that poor growth is also not linked to the mating type. These strains also clustered 
more distant from the parental strain in the AFLP analysis. Despite the improved ability 
to utilize mono- and oligosaccharides by the monokaryon CBS 471.89 (AB), its abilities to 
grow on complex substrates were similar to the parental strain. The newly made D. squalens 
dikaryon (CBS 141873) showed different enzyme activity profile than its parental dikaryon 
FBCC312. Previously, significantly improved properties, including enzyme activity, growth 
rate and chemical conversion abilities, compared to parental dikaryon have been reported 
from white-rot fungal dikaryons derived from compatible monokaryons (25).

In addition to lignin-active enzymes, white-rot fungi also possess a full arsenal of enzymes 
that decompose the other wood polymers (26). This was also evident from our data, since 
during growth in liquid media with wheat bran (low lignin content) the D. squalens strains 
produced much higher levels of polysaccharide-related enzymes compared to liquid medium 
with spruce sawdust (high lignin content). The observation confirms previous report that 
lignin can be a barrier for the utilization of the polysaccharides, and that initially the energy 
of the fungus is directed towards enzymes necessary to degrade the lignin to enable access to 
polysaccharides (16). Partial degradation of easily accessible hemicelluloses likely provides 
the energy for lignin degradation (27), while production of polysaccharide degrading 
enzymes increases gradually when these polysaccharides become more accessible by 
removal of lignin (28). This has also been observed for other basidiomycete white-rot fungi 
(29, 30). The results of our study clearly show that also white-rot fungi in both monokaryotic 
and dikaryotic forms use similar strategy for plant biomass degradation. 
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Our results also suggest a highly diverse ability of the mono- and dikaryotic strains of D. 
squalens to degrade plant biomass related substrates. This is in line with the results on the 
monokaryotic strains of the white-rot fungi Pycnoporus cinnabarinus (31) and Pycnoporus 
sanguineus (32) producing higher laccase activity, and P. ostreatus (33) and Trametes 
hirsuta (34) producing higher laccase and MnP activity than the parental dikaryon. This not 
only has implications for the efficiency of different strains of a fungal species in biomass 
decomposition in natural biotopes, but also indicates the importance of strain selection for 
biotechnological applications (35). This has been shown in previous studies by demonstrating 
that, for example, isolates of the White-rot fungus Cerioriopsis subvermispora were 
superior to those of Phanerochaete chrysosporium for biopulping (36). In fact, isolation of 
basidiospore-derived monokaryotic strains has been to be an efficient method to obtain 
new white-rot fungal strains with high variation in the production of enzymes involved in 
lignin modification and degradation (37, 38). In future studies, we plan to further dissect 
the mechanisms underlying these differences by analyzing genomes, transcriptomes and 
proteomes of selected D. squalens strains. This will reveal whether the observed differences 
are mainly at the level of genome content, for example differences in plant cell wall active 
enzyme encoding gene repertoire, or at the post-genomic or regulatory level. The number 
of genome sequenced white-rot fungi has increased significantly in the last years (4, 26, 39, 
40) and in several, but not all, cases monokaryotic strains have been sequenced. However, 
the variation between two genome-sequenced monokaryotic strains of Pleurotus ostreatus 
that were produced by dedikaryotization of the parental strain was exemplified in their 
transcriptome analysis. The functionally annotated genes were categorized into groups of 
unknownfunctions, glycoside hydrolases and redox enzymes, and the relative importance 
of these groups was shown to differ between the monokaryotic strains (41). However, none 
of these or the subsequent transcriptome or proteome studies addressed the differences in 
abilities between monokaryotic and dikaryotic strains in-depth.
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Abstract 
Fungi can decompose plant biomass to small oligo- and monosaccharides to be used as 
carbon sources. Some of these small molecules may induce metabolic pathways and 
production of extracellular enzymes targeted for degradation of plant cell wall polymers. 
Despite extensive studies in ascomycete fungi, little is known about the nature of inducers 
for the lignocellulolytic systems of basidiomycetes. In this study, we analyzed six sugars, 
known to induce expression of lignocellulolytic genes in ascomycetes, for their role as 
inducer in the basidiomycete white-rot fungus Dichomitus squalens using a transcriptomic 
approach. This identified cellobiose and L-rhamnose to be the main inducers of cellulolytic 
and pectinolytic genes, respectively, of D. squalens. Our results also identified differences 
in gene expression patterns between a dikaryotic and monokaryotic strain of D. squalens 
cultivated on plant biomass derived monosaccharides and the disaccharide cellobiose. This 
suggests that despite conservation of the induction between these two genetic forms of 
D. squalens, the fine-tuning in gene regulation of lignocellulose conversion is differently 
organized in these strains.

Importance 
Wood-decomposing basidiomycete fungi have a major role in the global carbon cycle and 
are promising candidates for lignocellulosic biorefinery applications. However, information 
on which components trigger enzyme production is currently lacking, which is crucial for 
efficient use of these fungi in biotechnology. In this study, transcriptomes of the white-rot 
fungus Dichomitus squalens from plant biomass derived monosaccharide and cellobiose 
cultures were studied to identify compounds that induce the expression of genes involved 
in plant biomass degradation.

Introduction 
Plant biomass is an emerging source of fuels and chemicals since it is the most abundant 
renewable organic material on earth (1, 2). However, its depolymerization is usually 
required before it can be used in biotechnological applications. White-rot fungi are a group 
of basidiomycetes whose natural substrate is wood (3), and therefore they produce a set of 
enzymes that is ideally suited for depolymerization of components present in wood. 

Wood cell walls consists mainly of four different polymers, cellulose, hemicellulose, pectin 
and lignin, with cellulose being the major structural component (4). All these polymers form 
a complex and compact lignocellulose network. White-rot fungi have the unique ability 
to efficiently degrade all the polymeric components of the plant cell walls, including the 
recalcitrant aromatic lignin. This makes them attractive candidates for various applications in 
the bio-based economy (5). The polysaccharide fraction of plant biomass, which comprises 
cellulose, hemicellulose and pectin, is composed of several different monomeric sugars. 
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While cellulose consists solely of D-glucose, hemicelluloses (xylan, xyloglucan or mannan) 
and pectin consist of various sugar monomers, such as D-glucose, D-galactose, D-mannose, 
D-xylose, L-arabinose, L-rhamnose, D-galacturonic acid, D-glucuronic acid and L-fucose (6). 

Fungi produce a broad range of extracellular enzymes to facilitate depolymerization of 
plant biomass (7), most of which are classified in the Carbohydrate Active Enzyme database 
(CAZy, www.cazy.org) (8). The CAZy database divides the enzymes and associated modules 
in families and subfamilies and provides genomic, structural and biochemical information 
on them. Action of CAZy enzymes results in the formation of monomeric and small 
oligomeric components that are taken up into the fungal cells and catabolized for growth 
and reproduction. 

The expression of the genes encoding plant biomass degrading enzymes is tightly controlled 
to ensure efficient utilization of the carbon and energy sources available in fungal habitats 
(9). Production of the most suitable set of enzymes is achieved by inducing or repressing 
regulatory systems. Monosaccharides or oligosaccharides from plant biomass can trigger 
signaling pathways resulting in the activation of a transcriptional regulator. Several 
transcriptional activators and repressors related to lignocellulose degradation have been 
characterized from ascomycete fungi (10, 11), but except for Ace3 and CRE1, none of 
these have orthologs in basidiomycete fungi (12). Interestingly, the sets of genes that are 
expressed in response to specific plant biomass substrates appear to be highly similar 
between ascomycetes and basidiomycetes, despite the absence of orthologous regulators 
(13, 14). This similarity in the expression profiles of the CAZyme encoding genes together 
with the absence of orthologous regulators suggests parallel evolution of corresponding 
regulatory systems in these two fungal phyla (14).

Uncovering regulatory systems driving wood degradation in the white-rot basidiomycetes 
is crucial to understanding the abilities of this group of fungi and to fully exploit them in 
biotechnological applications. A first step is the identification of the low molecular mass 
inducers of these regulators. In this study, the white-rot fungus Dichomitus squalens was 
cultivated on six monosaccharides derived from cellulose, hemicellulose and pectin, as well as 
on a disaccharide cellobiose. Transcriptomics was used to identify which of these compounds 
induce the expression of genes encoding plant cell wall polymer degrading enzymes. In nature, 
the predominant form of D. squalens is dikaryotic, but colonization of wood initiates from a 
spore that forms monokaryotic mycelium until it encounters a compatible mate. Previously, 
mono- and dikaryotic strains of D. squalens were suggested to have highly diverse abilities to 
degrade plant biomass (Chapter 2) (15). To evaluate if the diversity between these forms is due 
to regulatory level differences, comparative transcriptomics of a monokaryotic progeny of the 
dikaryotic D. squalens strain was performed on the three carbon sources that were observed 
to induce plant biomass degrading enzymes encoding genes in the dikaryon. 
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Materials and Methods

Fungal strains and cultivation

A dikaryotic D. squalens strain FBCC312 (the Fungal Biotechnology Culture Collection, 
FBCC, Department of Microbiology, University of Helsinki) and a monokaryotic D. squalens 
strain CBS 464.89 (the CBS collection, Westerdijk Fungal Biodiversity Institute, Utrecht, The 
Netherlands), which is a direct offspring of the dikaryon FBCC312, were maintained on 2 % 
(w/v) malt extract 1.5% (w/v) agar (MEA) plates. The strains were grown on low-nitrogen 
asparagine-succinate (LN-AS) medium (16) 1.5% (w/v) agar plates supplemented with 
main monosaccharides derived from plant biomass polysaccharides, i.e. 25 mM D-glucose, 
D-glucuronic acid, D-galacturonic acid, L-rhamnose, D-galactose, D-xylose, D-mannose or 
L-arabinose, or 25 mM disaccharide cellobiose. For growth profiling, an agar plug (diam. 0.5 
cm) from MEA plate that was covered with fresh fungal mycelium was placed at the center 
of the LN-AS plate and incubated at 28°C. As the mycelium of the dikaryon FBCC312 reached 
the edge of the D-glucose supplemented plate after 5 d, this was chosen as incubation time 
for all the plates. 

RNA isolation

Based on the growth profiling, six plant cell wall polysaccharides derived monosaccharides 
and cellobiose were selected to be used as carbon sources to test the fungal response at 
gene expression level. The dikaryon FBCC312 was cultivated as mentioned before on 25 
mM D-glucose, L-rhamnose, D-galactose, D-xylose, D-mannose, L-arabinose or cellobiose, 
but this time using a polycarbonate membrane (Maine manufacturing, LCC) on the top of 
the agar plate to facilitate harvesting of the mycelium. The monokaryon CBS 464.89 was 
cultivated similarly with L-rhamnose, D-xylose and cellobiose as carbon sources. After 5 days 
of growth at 28°C, the most external mycelium from the edge of the colony (1.5 cm) of each 
plate was harvested and transferred to 2 ml eppendorf tubes containing two carbon steel 
balls (size 3/16”) and frozen in liquid nitrogen. The tubes were placed in pre-cooled adapters 
(Qiagen) and ground for 1 min at a frequency of 25 s-1 using a Tissuelyser II (Qiagen). Trizol 
(Ambion) and Nucleo spin RNA extraction kit (Macherey-Nagel) were used for RNA isolation 
according to the instructions of the manufacturers. RNA was eluted using RNAase-free H2O 
and stored at –45°C.

RNA sequencing analysis

The quantity and quality of RNA was checked with a RNA6000 Nano Assay using the Agilent 
2100 Bioanalyzer (Agilent Technologies). RNA samples were single-end sequenced using 
Illumina HiSeqTM 2000 platform (http://illumina.com). Purification of mRNA, synthesis of 
cDNA library and sequencing were conducted in the BGI Tech Solutions Co., Ltd. (Hong Kong, 
China).
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Raw reads were produced from the original image data by base calling. After data filtering, 
the adaptor sequences, highly ‘N’ containing reads (>10% of unknown bases) and low 
quality reads (more than 50% bases with quality value of <5%) were removed. After data 
filtering, on average 99.9% clean reads remained in each sample. Clean reads were then 
mapped to the genome of D. squalens CBS 464.89 (http://genome.jgi.doe.gov/Dicsqu464_1) 
using Bowtie2 (17) and BWA software (18). In average, 64.9% total mapped reads to the 
genome was achieved. The gene expression level was measured in “fragments per kilobase 
of exon model per million mapped reads” (FPKM) (19) using RSEM tool (20). Differential 
expression was identified by the DESeq2 (21) with a cut-off value of fold change ≥2.5, 
FPKM  ≥10 and adjusted p-value ≤0.01. The RNA-seq data have been submitted to Gene 
Expression Omnibus (GEO) (22) with accession number GSE105076. For the comparison 
of the plant cell wall CAZy genes considered highly expressed with previous parameters, 
a Venn diagram was constructed using the online tool (23). For CAZy annotations, the JGI 
Mycocosm online website was used (https://genome.jgi.doe.gov/mycocosm/proteins-
browser/browse;qLeIA4?p=Dicsqu464_1).

Results
Transcriptome analysis reveals cellobiose and L-rhamnose as main inducers 
of CAZy genes in a D. squalens dikaryon 

The dikaryotic and monokaryotic strains of D. squalens showed varied morphologies after 
five days of growth on the main plant polysaccharide derived monomers and cellobiose (Fig. 
1) (15). Both strains grew well on D-glucose, D-galactose, D-mannose, D-xylose, L-arabinose 
and L-rhamnose.  

Figure 1. Growth profiles of D. squalens dikaryon FBCC312 and monokaryon CBS 464.89 on different sugars that 
were considered as potential inducers of plant cell wall degrading CAZymes, based on studies in ascomycetes (12). 
The plate cultures that were subsequently used for transcriptomics in FBCC312 are in bold, and in CBS 464.89 in 
bold and underlined. 
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While mycelium of the dikaryon FBCC312 fully covered those plates, radial growth of the 
monokaryon CBS 464.89 was overall slower, except on L-rhamnose, and it formed a less 
dense mycelium. Compared to the dikaryon, the colony diameter of the monokaryon 
was smaller also on cellobiose, but the mycelium was denser, thus possibly indicating a 
better ability of the CBS 464.89 to convert this carbon source. In contrast, compared to the 
monokaryon CBS 464.89, growth of the dikaryon FBCC312 was slow on D-galacturonic acid 
and especially poor on D-glucuronic acid. Most possibly due to the poor growth, extraction 
of high-quality RNA was not successful from these cultures, which were therefore omitted 
from the RNAseq analysis. 

When the putative plant biomass degrading CAZyme encoding genes induced by the different 
sugars in D. squalens FBCC312 were compared to D-glucose (fold change ≥2.5 and p-value 
≤0.01), 83 significantly upregulated genes were detected among all the sugars (Fig. 2, Suppl. 
Table 1A-F). Of these, 26 were unique to L-rhamnose and 27 to cellobiose. In contrast, 28 were 
shared at least in two different sugars. On L-arabinose, D-xylose, L-rhamnose, D-galactose 
and D-mannose, a smaller number of upregulated genes were present (Fig. 2). On one of 
the two pentoses studied, L-arabinose, 18 genes were upregulated and all of them were 
also present in some of the other tested sugars. Similarly, none of the 13 genes upregulated 
in D-galactose were unique to this sugar. The growth of D. squalens on D-xylose, the other 
pentose studied, resulted in 16 upregulated CAZy genes with only one gene unique to this 
monosaccharide. On the hexose D-mannose only three genes were upregulated, and two of 
them were also found on D-xylose or L-rhamnose. No upregulated CAZy genes common to 
all the sugars were detected (Fig. 2). Down regulated-genes were not analyzed.

The proportion of the induced genes encoding CAZymes putatively acting on different 
polymeric components of plant biomass was determined from the transcriptome data (Fig. 
2, Tables 1-3). Cellobiose induced 34 CAZy genes of which most (68%) encode enzymes 
that putatively act on cellulose (Table 1, Suppl. Fig. 1A, Suppl. Table 1A). CAZy family GH6 
and GH7 cellobiohydrolase encoding genes were highly expressed on cellulose, with cel7c 
(Protein Id: 944872) showing 27-fold higher expression compared to D-glucose (Table 1, 
Suppl. Table 1A). In contrast, the only highly expressed cellulolytic genes on other sugars 
were cellobiohydrolase genes cel6a (Protein Id: 803735) on L-arabinose (Fig. 2, Suppl. Table 
1A, C) and cel7a (Protein Id: 918783) on L-rhamnose, D-xylose (Tables 1-3) and L-arabinose 
(Fig. 2, Suppl. Table 1). 

On L-rhamnose, 38% of the 49 induced genes encoded enzymes putatively involved in 
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Table 1. Expression of genes encoding putative plant biomass polysaccharide degrading enzymes 
during the growth of D. squalens dikaryon FBCC312 on cellobiose compared to D-glucose. Only genes 
of which the expression was at least 2.5 fold higher compared to D-glucose with p-value ≤0.01 and had 
a FPKM value >10 are included.

Protein Id Enzyme 
code

Gene 
name

Fold change 
over 
D-glucose 

p-value over 
D-glucose 

FPKM 
cellobiose Putative substrate CAZy family

829728 BGL 18.7 1.32E-75 229.2 cellulose GH1

1001790 BGL 7.2 5.90E-30 38.5 cellulose CBM1-GH3

922530 BGL 3.5 1.79E-15 44.3 cellulose GH3

931309 BGL 3 4.16E-20 96.5 cellulose GH3

944872 CBH cel7c 27.3 3.19E-88 969.9 cellulose GH7

918783 CBH cel7a 14.6 1.83E-19 203 cellulose GH7

803735 CBH cel6a 9.6 7.73E-46 451.4 cellulose CBM1-GH6

946952 CBH cel7b 8.6 3.96E-11 252.4 cellulose GH7

1015695 CDH 12.4 6.64E-47 107.7 cellulose AA8-AA3_1

931204 EGL 19.7 7.98E-44 182.3 cellulose GH131-CBM1

830363 EGL 18.1 6.75E-69 199.8 cellulose CBM1-GH5_5

955303 EGL 9.6 1.09E-63 426.1 cellulose CBM1-GH5_5

946842 EGL 8.2 5.82E-23 52.8 cellulose CBM1-GH5_5

991840 EGL 5 3.33E-12 140.6 cellulose GH45

399056 LPMO lpmo2 20.3 1.86E-56 417.2 cellulose AA9

815832 LPMO 14.3 5.92E-34 99.1 cellulose AA9-CBM1

948592 LPMO 14.2 1.73E-45 269.7 cellulose AA9-CBM1

465156 LPMO 9.1 1.09E-33 340.1 cellulose AA9

816464 23.8 3.88E-40 160.6 cellulose CBM1

1017331 LPMO 20.7 8.23E-52 280.7 (hemi-)cellulose AA9

512221 LPMO 18.3 3.22E-54 417.8 (hemi-)cellulose AA9

928670 LPMO 12 6.85E-26 195.7 cellulose/xylan AA9

972934 LPMO 2.8 0.003 17.6 cellulose/xyloglucan AA9

38831 EXPN 2.8 0.000 24.5 expansin-like

1040576 AXE/GMAE 16.2 1.08E-33 79.1 hemicellulose CBM1-CE16

938389 AGL 3.4 5.43E-13 109.6 mannan GH27

825072 MAN 3.5 8.65E-18 82.4 mannan CBM1-GH5_7

811661 MAN 2.8 1.99E-11 134.1 mannan GH5_7

938021 BXL 7 4.32E-22 101.1 xylan GH5_22

945667 XLN 9.7 9.97E-34 82.2 xylan CBM1-GH10

810461 XLN 6.4 7.48E-7 11.5 xylan CBM1-GH10

725679 XG-EGL 36 7.12E-53 200.8 xyloglucan GH12

805675 XG-EGL 13.8 5.31E-48 243.5 xyloglucan GH74-CBM1

417119 XG-EGL 3.8 8.38E-7 67.7 xyloglucan GH12
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pectin degradation (Table 2, Suppl. Fig. 1B, Suppl. Table 1B). The number of genes with 
increased expression on D-xylose was lower (16) and thus its role as an inducer was less 
evident compared to cellobiose and L-rhamnose. 

However, 25% of the CAZy genes induced on D-xylose were related to xylan degradation 
(Table 3, Suppl. Fig. 1C, Suppl. Table 1D). Lignin degradation related enzymes encoding CAZy 
genes were induced only on L-rhamnose (27%) and D-xylose (25%) cultures of D. squalens 
FBCC312, but not on cellobiose (Fig. 2, Tables 1-3). 

Figure 2. Comparison of the number of the plant cell wall degrading CAZy genes induced by the tested sugars in D. 
squalens FBCC312. The total number of induced CAZy genes by each sugar is listed in the bar graph below the Venn 
diagram. CAZy genes considered to be induced had a fold change ≥2.5 compared to D-glucose with p-value ≤0.01 
and had a FPKM value >10. See Suppl. Material 1 for explanation of the enzyme codes. 



51

Induction of CAZy genes in Dichomitus squalens

3

Table 2. Expression of genes encoding putative plant biomass polysaccharide degrading enzymes 
during the growth of D. squalens dikaryon FBCC312 on L-rhamnose compared to D-glucose. Only 
genes of which the expression was at least 2.5 fold higher compared to D-glucose with p-value ≤0.01 
and had a FPKM value >10 are included.

Protein Id Enzyme 
code Gene name

Fold change 
over 
D-glucose 

p-value over 
D-glucose

FPKM 
L-rhamnose

Putative 
substrate CAZy family

972434 BGL 2.7 5.64E-9 36.4 cellulose GH3

1001790 BGL 3.7 5.41E-13 18.1 cellulose CBM1-GH3

918783 CBH cel7a 3.3 1.66E-4 33.5 cellulose GH7

882755 EGL 7.5 3.31E-68 714.4 cellulose GH45

993254 EGL 3.4 7.38E-5 21.6 cellulose GH45

214438 EXPN 2.7 5.02E-13 543.1 expansin-like

904543 EXPN 4 1.56E-6 130.5 expansin-like

38831 EXPN 2.8 1.44E-4 22.4 expansin-like

920797 AXE/GMAE 3.5 1.67E-11 93.9 hemicellulose CE16

932464 AXE/GMAE 2.6 1.64E-7 69.8 hemicellulose CE16

863600 AXE/GMAE 3.6 1.05E-4 15.5 hemicellulose CE16

818957 CRO 22.6 2.94E-65 567.6 lignin AA5_1

455342 CRO 11 1.85E-49 432.9 lignin AA5_1

819102 CRO 5.9 1.18E-19 186.2 lignin AA5_1

551897 CRO 40.8 5.43E-63 153 lignin AA5_1

930013 GMC 3.3 3.20E-6 20.1 lignin AA3_2

823531 LCC lcc8 2.6 2.79E-5 19.9 lignin AA1_1

979936 MnP mnp7_short 76.4 2.19E-153 3594.2 lignin AA2

808604 MnP mnp4_
extralong 7.2 4.16E-14 2539.5 lignin AA2

825018 MnP mnp5_short 6.6 1.04E-10 2001.9 lignin AA2

578774 MnP mnp2_
extralong 2.8 6.53E-3 560 lignin AA2

577408 MnP mnp3_
extralong 7.2 2.31E-26 153.4 lignin AA2

934487 MnP mnp1_
extralong 2.7 1.19E-3 13.9 lignin AA2

928470 AOX 6.2 1.09E-65 4376.5 lignin AA3_3

939846 AGL 7.2 7.47E-40 448.6 mannan GH27

918405 MND 3.3 4.75E-8 14.2 mannan GH2

191860 ABN 6 6.28E-34 744.9 pectin GH43

972003 BXL 7.6 2.06E-41 142.4 pectin GH43-CBM35

928226 ABN 2.5 1.53E-3 16.5 pectin GH43

1040936 LAC 11.1 4.39E-104 1101.3 pectin GH35

841467 PGA 4 2.30E-7 49.1 pectin GH28
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Table 2. (Continued)
960291 PGX 3.7 1.68E-9 59.3 pectin GH28

929479 PME 2.8 7.92E-8 50.6 pectin CE8

978188 RGAE 2.7 7.88E-4 26.2 pectin CE12

929528 RGAE 3.5 1.66E-4 21.7 pectin CE12

961557 RGX 3.7 5.27E-13 89.4 pectin GH28

973573 RGX 4 6.67E-10 27.6 pectin GH28

937177 RHA 2.9 5.64E-8 23.4 pectin GH78

816118 RHA 3.1 2.31E-8 21.5 pectin GH78

50651 PGA 2.9 2.11E-6 39.6 pectin GH28

849572 ABF 2.6 1.78E-10 75.9 pectin/xylan GH51

501043 FAE 3.1 1.59E-16 211.5 pectin/xylan

723513 FAE 3.2 1.82E-18 208 pectin/xylan

829508 FAE 4.5 2.20E-34 152.1 pectin/xylan

912876 AMY 3 1.16E-23 296.9 starch GH13_1

933193 GE 20.4 8.94E-50 94.5 xylan CBM1-CE15

513778 XLN 31.9 2.07E-66 161.1 xylan CBM1-GH10

933288 XLN 14.4 2.35E-17 33.3 xylan GH10

815375 AFC 2.5 2.04E-17 275.5 xyloglucan GH95

Table 3. Expression of genes encoding putative plant biomass polysaccharide degrading enzymes during the 
growth of D. squalens dikaryon FBCC312 on D-xylose compared to D-glucose. Only genes of which the expression 
was at least 2.5 fold higher compared to D-glucose with p-value ≤0.01 and had a FPKM value >10 are included.

Protein 
Id 

Enzyme 
code Gene name

Fold change 
over 
D-glucose 

p-value 
over 
D-glucose

FPKM D-xylose Putative 
substrate CAZy family

918783 CBH cel7a 4 3.10E-5 44.5 cellulose GH7

949690 EXPN 3.5 9.30E-4 21.5 expansin-like EXPN

920797 AXE/GMAE 2.6 2.20E-6 72.8 hemicellulose CE16

932464 AXE/GMAE 2.5 2.50E-6 70.8 hemicellulose CE16

930013 GMC 4.2 5.60E-8 27.8 lignin AA3_2

979936 MnP mnp7_short 4 5.50E-15 177.3 lignin AA2

952617 AOX 2.8 2.10E-8 346.1 lignin AA3_3

928470 AOX 2.8 2.50E-20 2079.2 lignin AA3_3

939846 AGL 3.4 7.30E-15 221.7 mannan GH27

1040936 LAC 3.2 5.70E-24 335.4 pectin GH35

973573 RGX 2.5 2.60E-4 17.9 pectin GH28

191860 ABN 3.1 1.80E-13 409.2 pectin GH43

829508 FAE 3 2.00E-17 107.6 pectin/xylan

933193 GE 4.2 2.40E-10 19.2 xylan CBM1-CE15

513778 XLN 5.5 7.20E-15 27.5 xylan CBM1-GH10

945667 XLN 2.7 4.10E-6 22.1 xylan CBM1-GH10
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L-Rhamnose resulted in significant differences in gene expression of mono- 
and dikaryotic strains of D. squalens 

To compare possible regulatory differences in plant cell wall degradation between mono- 
and dikaryotic strains of D. squalens, the D. squalens monokaryon CBS 464.89 was cultivated 
on cellobiose, L-rhamnose and D-xylose. When the transcriptomes from the three sugars 
were analyzed, a considerably lower amount of highly expressed (fold change ≥2.5, p-value 
≤0.01 and FPKM ≥10) CAZy genes were detected in D-xylose (7-11) (Suppl. Table 2) in 
comparison to cellobiose (21) and L-rhamnose (45) (Suppl. Tables 3B and 4B), and therefore 
the D-xylose transcriptome was excluded from further analyses. When the putative plant 
biomass degrading CAZyme encoding genes induced by cellobiose (FPKM >10) were 
compared to those induced by L-rhamnose (fold change ≥2.5 and p-value ≤0.01) in the two 
D. squalens strains, 20 genes were highly expressed in the dikaryon, from which 11 (55%) 
are related to cellulose degradation (Suppl. Table 3A). In the monokaryon, the number of 
genes (21) induced by cellobiose as well as the proportion of the genes putatively targeted 
for cellulose degradation was similar (12, 57%), but 1/3 of these were different genes in the 
two strains (Fig. 3, Suppl. Table 3B). Overall, when the CAZy gene expression of the mono- 
and dikaryotic strains on cellobiose was compared to L-rhamnose, no large differences were 
detected in the number of highly expressed genes targeting different putative plant cell wall 
compounds (Fig. 3).

Figure 3. Plant biomass degradation related CAZy genes induced by cellobiose in comparison to L-rhamnose in the 
D. squalens dikaryon FBCC312 and monokaryon CBS 464.89. CAZy genes considered to be induced by cellobiose 
were expressed at 2.5-fold higher level (p-value ≤0.01) compared to cellobiose and FPKM >10. 
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 When the putative plant biomass degrading CAZyme encoding genes of D. squalens induced 
by L-rhamnose (FPKM >10) were compared to those induced by cellobiose (fold change 
≥ 2.5 and p-value ≤0.01), the differences between the mono- and dikaryotic strains were 
evident. The number of the expressed genes was higher in the dikaryon (55) than in the 
monokaryon (45) (Fig. 4, Suppl. Table 4). Also, the proportion of the induced pectinolytic 
genes was higher in the monokaryon (44%) than in the dikaryon (25%) (Fig. 4, Suppl. Table 
4). Nearly all pectinolytic genes upregulated in the dikaryon were also upregulated in the 
monokaryon, indicating that in the monokaryon an additional set of genes responds to 
L-rhamnose. Interestingly, the proportion of the lignin degradation related genes varied 
notably between the strains, as 31% and 18% of the induced genes in the dikaryon and 
the monokaryon, respectively, were putatively involved in lignin modification (Fig.4). Here 
the opposite pattern was observed as for the pectinolytic genes, as all induced genes in 
the monokaryon were also induced in the dikaryon, suggesting that in the dikaryon an 
additional set of ligninolytic genes responds to L-rhamnose.

Figure 4. Common and strain-specific plant cell wall degradation related CAZy genes of D. squalens dikaryon 
FBCC312 (purple) and monokaryon CBS 464.89 (green) induced by L-rhamnose in comparison to cellobiose. The 
genes considered to be induced by L-rhamnose were expressed at 2.5 fold higher level (p ≤0.01) compared to 
cellobiose and FPKM value >10. See Suppl. Material 3 for explanation of the enzyme codes. 
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The largest difference in gene expression between the mono- and dikaryon was observed on 
L-rhamnose, since despite similar number of genes induced by L-rhamnose in comparison 
to cellobiose, only 36 of those genes were common in the both strains. From the nine genes 
unique for the monokaryon, seven (78%) were related to pectin degradation, whereas 
almost half (47%) from the 19 unique dikaryotic genes were related to lignin degradation 
(Fig. 4, Suppl. Table 4). 

Discussion
Gene regulation has been extensively studied in fungi, especially in the representatives 
from phylum Ascomycota (10, 11). In contrast, the understanding of gene regulation in 
basidiomycetes is less extensive, largely due to the lack of characterized regulators and 
complications with gene transformation systems in these fungi. With the recent development 
of a transformation system (24), the white-rot fungus D. squalens has become an interesting 
species to study regulation of plant biomass degradation in basidiomycetes. This species 
can degrade both hard- and softwood (3) and several dikaryotic and related monokaryotic 
strains are available (Chapter 2) (15), as well as genome sequences for four monokaryotic 
strains (25). 

In response to different conditions, fungi have the ability to up- or downregulate the 
expression of specific genes in order to adapt to their environment. Since the two major 
fungal phyla, Ascomycota and Basidiomycota, separated 500 million years ago (26), we may 
expect different responses in their gene expression. In addition, that dichotomy is possibly 
a reason for the scarcity of orthologous transcriptional regulators between ascomycetes 
and basidiomycetes (12, 14). The present study reveals detailed insights into the induction 
system of plant cell wall polymer degradation in D. squalens. 

Similar to what has been observed in ascomycetes (27), genes encoding enzymes acting on 
a variety of plant polymers were upregulated in D. squalens when cultivated on cellobiose, 
L-rhamnose and D-xylose. However, the distribution of these genes revealed a clear pattern 
for two of these compounds. On cellobiose, more than half of the upregulated genes encode 
enzymes acting on cellulose, while on L-rhamnose more than 1/3 of the upregulated genes 
encoded enzymes acting on pectin. In contrast, on D-xylose, a more randomly distributed 
set of genes was upregulated, including a very small number of cellulolytic genes. At this 
point, it is not clear whether a specific inducer for (subsets of) hemicellulolytic genes exists 
in D. squalens.

Therefore, our results demonstrate that the dimer cellobiose is the primary inducer for 
cellulose degradation in D. squalens, while L-rhamnose is an inducer for pectin degradation. 
This role for cellobiose was previously suggested for the basidiomycete brown-rot fungus 
Postia placenta where cellulases were induced by soluble sugars, especially cellobiose, after 
repression of oxidoreductases (28). 
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In the well-studied white-rot fungus Phanerochaete chrysosporium, cellotriose and 
cellotetraose, but not cellobiose, were suggested to result in the strongest induction of 
cellulases (29). In light of the results of our study, we had a closer look at the data from 
Suzuki et al. (29) and do not think that those results exclude a role for cellobiose as 
inducer. In that study, cellobiose is accumulating after 1 h cultivation of P. chrysosporium 
on cellotriose and cellotetraose. This is also the time point at which high induction of the 
cellobiohydrolase encoding genes cel7C, cel7D, cel7F/G and cel6A is observed on cellotriose 
and cellotetraose cultures (29), suggesting that in fact the accumulated cellobiose may 
have caused induction of these genes. Microscrystalline cellulose (Avicel) has been found 
to upregulate the expression of cellobiohydrolase encoding genes in D. squalens FBCC312, 
with the strongest effect on the gene cel7c (Protein Id: 944872) (30, 31). This observation is 
in agreement with our results of this particular gene in the cellobiose cultures of D. squalens 
FBCC312 , indicating that the results from the Avicel cultures may in fact also reflect the 
induction by cellobiose released from this substrate. Cellobiose has also been proposed as 
an inducer for several, but not all, ascomycete species (12), suggesting that there possibly 
are some similarities in the signaling mechanism of ascomycete and basidiomycete fungi, 
even if no orthologs for ascomycete cellobiose-responsive regulators were identified in 
basidiomycete genomes.

Considering the broad range of pectinolytic genes that were upregulated in the presence of 
L-rhamnose, this sugar appears to be a main inducer for pectinolytic gene expression in D. 
squalens. An L-rhamnose responsive pectinolytic regulator (RhaR) has been identified in the 
ascomycete fungus Aspergillus niger (32), but this regulator seems to have a narrower role 
in activating pectinolytic genes than our data suggests for D. squalens (33). Furthermore, 
D. squalens does not have an ortholog of RhaR, nor of the other two A. niger pectinolytic 
regulators GaaR and AraR (12), indicating significant differences in pectinolytic regulation 
in D. squalens. In A. niger, genes encoding pectinolytic enzymes have recently been shown 
to be induced mainly by D-galacturonic acid (33), while L-rhamnose and L-arabinose affect 
smaller sets of pectinolytic genes (34). Although we were not able to assess the role of 
D-galacturonic acid as a pectinolytic inducer in D. squalens due to the low quality of RNA 
extracted from those cultures, our results demonstrated L-rhamnose induction for a wide 
set of pectinolytic genes, especially from the Glycoside Hydrolase (GH) families. Considering 
the low percentage of pectin in wood (35), the development of an efficient regulatory 
system for pectin degradation in D. squalens may seem less important than that for cellulose 
degradation. However, it has been previously reported that pectin in wood is particularly 
present at high levels in bordered pits, which connect adjacent xylem parenchyma cells, and 
are often the point of entry for basidiomycete hyphae to the wood cell walls (36). Therefore, 
this polysaccharide may still be a significant target for white-rot fungi during the onset of 
wood colonization. 

Differences of gene expression between the D. squalens mono- and dikaryon were observed 
especially on L-rhamnose. This effect was not limited to pectinolytic genes, but observed 
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across all CAZy genes. When both strains were exposed to L-rhamnose, the dikaryon showed 
higher upregulation for genes encoding lignin-modifying enzymes than the monokaryon. The 
monokaryon instead, showed higher upregulation for pectinolytic genes than the dikaryon. 
The proportion of induced ligninolytic genes during growth on L-rhamnose correlated with a 
previously reported comparison of enzymatic activities in mono- and dikaryotic strains of D. 
squalens (Chapter 2) (15). In addition, the dikaryon had a broader set of upregulated genes 
encoding CAZymes, like those active on starch and xyloglucan, which were not expressed 
in the monokaryon, as well as a larger number of genes involved in mannan degradation.

On cellobiose, the strains showed a similar pattern of CAZy gene expression, both having 
a large proportion of cellulolytic genes upregulated, but showing differences between 
individual genes. However, genes encoding mannanases and expansin-like proteins were 
only induced in the dikaryon. The broader induction of CAZyme encoding genes in the 
dikaryon indicates that this form of the fungus has better ability to grow or utilize plant 
biomass in nature compared to the monokaryon. This was not only observed during growth 
on plant biomass substrates for D. squalens (Chapter 2) (15), but also for another white-rot 
species (Pleurotus ostreatus), a litter-degrading species (Agaricus bisporus) and a brown-rot 
species (Serpula lacrymans) (www.fung-growth.org). 

The results of this study are an important step towards dissecting the regulatory network 
driving the expression of genes encoding plant biomass degrading enzymes in the white-rot 
fungus D. squalens and possibly other basidiomycetes. Together with the recent development 
of a transformation system for D. squalens (24) this species is a good candidate as a model 
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system for the molecular biological analysis of wood decay by white-rot fungi.
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Abstract
The basidiomycete white-rot fungus Dichomitus squalens is commonly found in Europe, 
Asia and North America. It degrades mainly softwood, but has also been isolated from 
hardwood, indicating that D. squalens has a broad substrate range. The presence of a sexual 
cycle implies the possibility of significant genetic variation among strains of the species, 
which may affect the ability of individual strains to degrade their wood substrate.

In this study, we compared the wood degradation approach of seven D. squalens strains, 
consisting of two unrelated natural isolates (dikaryons), three monokaryons derived 
from their basidiospores, and two laboratory-made dikaryons generated from different 
combinations of these three monokaryons. The strains were grown on Norway spruce 
sticks to resemble the natural situation and samples were taken after two and four weeks 
of cultivation. Comparison of the plant biomass degradation related transcriptome and 
proteome response of the strains revealed differences between lineages as well as between 
dikaryons and their related monokaryons, suggesting a high level of diversity in their wood 
decay approach. The two newly made dikaryons differed from the original isolates, indicating 
that sexual crosses are likely an important aspect of the evolution of the abilities of the 
species, combined with natural selection of the individual offspring in the natural biotope. 
Metabolome analysis confirmed the difference between the isolates and also provided 
evidence for simultaneous conversion of polysaccharide- and lignin-derived monomers. This 
variation in response between the isolates calls into question genomic species comparisons 
where only a single strain per species is used, and suggests that it should first be tested how 
representative a strain is for the species.

The results also suggested a more extensive wood degradation approach by the dikaryons 
compared to their related monokaryons. This was supported by microscopic evaluation of 
wood colonization, when one dikaryon and one monokaryon were compared, revealing 
penetration of the wood only for the dikaryon, while the monokaryon appeared to grow 
exclusively on the surface of the wood.

Introduction

To reduce our dependence on fossil-based resources there is a global move towards 
a sustainable bio-based economy. Plant biomass, e.g. waste residues from agriculture 
and forestry, is an interesting renewable resource for the production of bio-energy and 
biochemicals. However, due to its chemical and structural complexity, complete conversion 
of this substrate remains a major challenge. 

Cellulose, hemicelluloses, pectin and lignin are the main polymers of the plant cell walls. 
Cellulose is a homopolysaccharide of linear D-glucose chains, whereas hemicelluloses and 
pectin are branched heteropolysaccharides composed of varying sugar monomers (1). 



65

Wood degradation approach of Dichomitus squalens shows lineage-specific variations

4

Together with the aromatic polymer lignin, these polysaccharides form the lignocellulose 
complex in plant cell walls. Fungi are the most efficient organisms in nature to decompose 
plant biomass (2). They produce a broad set of extracellular enzymes classified in the 
carbohydrate-active enzymes database (www.cazy.org) (3) to depolymerize plant biomass 
and use it as carbon and energy source for growth and reproduction (4). Up to now, fungi from 
the phylum Ascomycota have been most often the sources of plant biomass depolymerizing 
industrial enzymes. Nevertheless, basidiomycete fungi are emerging as promising sources of 
enzymes for biotechnological conversion of lignocellulose. Wood degrading white-rot fungi 
are a particularly interesting group of basidiomycetes, since they have the unique ability 
to depolymerize all plant biomass polymers, including the recalcitrant lignin (5, 6). This 
is due to their powerful set of extracellular enzymes for lignin decomposition, including 
class II heme peroxidases (manganese peroxidases (MnPs), lignin peroxidases (LiPs) and 
versatile peroxidases (VPs)), laccases and auxiliary enzymes (e.g. H2O2 supplying oxidases). 
In addition, like most other plant biomass degrading fungal groups, white-rot fungi possess 
a full set of enzymes for depolymerization of crystalline cellulose (e.g. cellobiohydrolases 
(CBHs), endoglucanases (EGLs) and lytic polysaccharide monooxygenases (LPMOs)) as well 
as other polysaccharide components of plant biomass, which render them very competitive 
fungi to study. However, the development of white-rot fungi as useful tools for the industry 
requires a deeper understanding of their physiology, enzymatic abilities and the regulatory 
mechanisms that control enzyme production. An overview of the enzyme activities involved 
in plant biomass degradation is presented in Table 1.

Table 1. Overview of enzymes involved in plant biomass degradation by fungi. Enzymes are ordered 
alphabetically based on the enzyme code. Modified from (7).
Enzyme 
code Enzyme activity Substrate CAZy Family

ABF α-arabinofuranosidase galacto(gluco)mannan, xyloglucan, 
pectin GH51, 54

ABN endoarabinanase pectin GH43

ABX exoarabinanase pectin GH93

AFC α-fucosidase xyloglucan GH29, 95

AGL α-1,4-galactosidase galacto(gluco)mannan, xylan GH27, 36

AGU α-glucuronidase xylan GH67, 115

AOX/MOX aryl acohol oxidase lignin AA3_3

AXE acetyl xylan esterase xylan CE1, 5

AXH arabinoxylan arabinofuranohydrolase xylan GH62

AXL α-xylosidase xyloglucan GH31

BGL β-1,4-glucosidase cellulose GH1, 3

BXL β-1,4-xylosidase xylan, pectin GH3, 43

CBH cellobiohydrolase cellulose GH6, 7

CDH cellobiose dehydrogenase cellulose AA3_1, AA8
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Table 1. (Continued).
Enzyme 
code Enzyme activity Substrate CAZy Family

CRO copper radical oxidase lignin AA5_1

EGL β-1,4-endoglucanase cellulose GH5, 7, 9, 12, 45

FAE feruloyl esterase xylan, pectin CE1, non-CAZy families

FET ferroxidase lignin AA1_2

GAL β-1,4-endogalactanase pectin GH53

GMAE galactomannan acetyl esterase galacto(gluco)mannan CE16

GMC glucose-methanol-choline 
oxidoreductases lignin AA3_2

LAC β-1,4-galactosidase galacto(gluco)mannan, pectin, 
xylan, xyloglucan GH2, 35

LCC laccase lignin AA1_1

LiP lignin peroxidase lignin AA2

LPMO lytic polysaccharide monooxygenase cellulose AA9

MAN β-1,4-endomannanase galacto(gluco)mannan GH5, 26

MND β-1,4-mannosidase galacto(gluco)mannan GH2

MnP manganese peroxidase lignin AA2

PAE pectin acetyl esterase pectin unknown

PEL pectin lyase pectin PL1

PGA endopolygalacturonase pectin GH28

PGX exopolygalacturonase pectin GH28

PLY pectate lyase pectin PL1, 3, 9

PME pectin methyl esterase pectin CE8

RGAE rhamnogalacturonan acetyl esterase pectin CE12

RGL rhamnogalacturonan lyase pectin PL4, 11

RGX exorhamnogalacturonase pectin GH28

RHA α-rhamnosidase pectin GH78

RHG endorhamnogalacturonase pectin GH28

UGH unsaturated glucuronyl hydrolase pectin GH88

URH unsaturated rhamnogalacturonan 
hydrolase pectin GH105

VP versatile peroxidase lignin AA2

XBH xylobiohydrolase xylan GH30

XEG xyloglucan active β-1,4-
endoglucanase xyloglucan GH12, 74

XGH xylogalacturonan hydrolase pectin GH28

XLN β-1,4-endoxylanase xylan GH10, 11, 30
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In the current -omics era, the use of genomic, transcriptomic, and proteomic methodologies 
is providing a better understanding of fungal mechanisms of enzyme production among 
other aspects of fungal biology. However, most studies involve only a single strain per 
species, ignoring the diversity that exists within a species. We recently demonstrated the 
high diversity between mono- and dikaryotic strains of D. squalens (Chapter 2) (8), indicating 
that a single strain is not likely to represent the full potential and ability of a species. Genome 
sequencing of four monokaryons, LY-AD-421, CBS 464.89, CBS 463.89 and OM18370.1, from 
three independent dikaryons of D. squalens revealed differences in their CAZy genome 
content, which may in part explain the observed phenotypic differences (unpublished 
data). Therefore, in this study, we aimed to decipher the variability of a set mono- and 
dikaryotic strains of D. squalens from two geographically different lineages with respect 
to their approaches to colonize and degrade wood by using transcriptomics, proteomics, 
metabolomics and high-resolution microscopy.

Material and methods

Fungal strains and cultivations

D. squalens strains (Table 2) were maintained on 2% (w/v) malt extract 1.5% (w/v) agar 
(MEA) plates. The mating type of the monokaryon f1 (OM_18370_mk1) was determined by 
crossing it with the four possible mating types from known monokaryons (CBS 463.89 Ab, 
CBS 464.89 Ab, CBS 471.89 AB and CBS 462.89 ab) described in a previous study (Chapter 
2) (8, 9). The detection of abundant clamp connections between the monokaryon f1 

Table 2. Description of the D. squalens strains and their abbreviations used in this study. The dikaryotic 
and monokaryotic strains are depicted with upper and lower case letters, respectively, and the letters 
refer to the geographical origin of the strains. For the newly made dikaryons, the abbreviations of the 
corresponding monokaryons were combined.

Strain in the culture 
collection

Monokaryons forming dikaryons 
in the laboratory Abbreviation Mono-/dikaryon Geographical origin

FBCC312 PP Dikaryon Poland

CBS 463.89 p1 Monokaryon Poland

CBS 464.89 p2 Monokaryon Poland

CBS 141873 CBS 463.89 x CBS 464.89 P1P2 Dikaryon  (Chapter 2)(8)

OM_18370 FF Dikaryon Finland

OM_18370_mk1 f1 Monokaryon Finland

CBS 141874 CBS 464.89 x OM_18370_mk1 F1P2 Dikaryon This study
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(OM_18370_mk1) and the strain CBS 464.89 with mating type aB and, and the absence of 
these clamps when it was crossed with the other monokaryons (CBS 463.89 Ab, CBS 471.89 
AB and CBS 462.89 ab), revealed the compatibility between the strains and the subsequent 
opposite mating type Ab of the Finnish monokaryon f1. The dikaryon F1P2 (CBS 141874) 
was made for this study by crossing those two monokaryons. 

Static liquid pre-cultures were performed in 250 mL Erlenmeyer flasks containing 50 mL 
low-nitrogen asparagine-succinate (LN-AS) minimal medium (10), adjusted to pH 4.5 
and supplemented with 0.05% (w/v) glycerol. The pre-cultures were inoculated with five 
mycelium-covered agar plugs (0.5 cm in diameter) taken from MEA plates and incubated for 
7 d at 28°C. Mycelia from two of the static pre-cultures were fished out with an inoculating 
loop to minimize the presence of pre-culture medium and homogenized in 50 mL LN-AS 
medium that was not amended with vitamins and glycerol using a Waring blender for 10 
s at 8,000 rpm for three times with a 30 s pause in between. This harvesting process was 
repeated until the required total volume of homogenized mycelium was obtained. Two g 
(dry weight) of Norway spruce (Picea abies) wood sticks (approx. 2 × 0.2 × 0.2 cm) were 
autoclaved before transferring them onto 1% (w/v) water agar. Four mL of the mycelium 
homogenate was pipetted onto these wood sticks. Triplicate cultures were incubated at 28°C 
in dark for 2 and 4 weeks for each set of biomolecules’ extractions, i.e. RNA, extracellular 
proteins for proteomics  extra- and intracellular metabolites and samples of wood sticks with 
fixed fungal mycelium for microscopy. Non-inoculated spruce stick cultures were prepared 
as controls.

Extraction of biomolecules for transcriptomics, proteomics and 
metabolomics

For RNA extraction, the mycelium-covered wood sticks were ground using steel chambers 
with a steel ball in a TissueLyser (Qiagen) and RNA from the ground powder was extracted 
as previously described A. Patyshakuliyeva et al. (11). 

For extraction of extracellular proteins and metabolites, the wood sticks were transferred 
to 20 mL cold water in 100 mL Erlenmeyer flasks and incubated at 4°C and 200 rpm for 2 h. 
The extract was filtered through Miracloth in a Büchner funnel, after which the filtrate was 
frozen in liquid nitrogen, freeze-dried and re-solubilized in 0.5 mL milli-Q H2O and split over 
two 1.5 mL Eppendorf tubes for subsequent separation with chloroform:methanol (2:1) 
added at 5:1 (v/v) ratio over sample volume. After five minutes on ice, the samples were 
vortexed 10 s and centrifuged at 10,000 x g for 10 min at 4°C. This resulted in three well-
defined phases, two of which were isolated separately for subsequent analysis: the upper 
layer or aqueous phase with the soluble metabolites and the protein interphase. Each phase 
was pipetted to a new Eppendorf tube, air dried and stored at -80°C.

For extraction of intracellular metabolites and proteins, the mycelium-covered spruce 
sticks from the inoculated cultures and non-inoculated control cultures were ground using 
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a pre-cooled IKA A11 basic analytical mill. The ground cultures were transferred to 20 mL 
extraction buffer (50 mM potassium phosphate, pH 7.0, 5 mM MgCl2, 0.5 mM EDTA and 5 
mM 2-mercaptoethanol) in 100 mL Erlenmeyer flasks and incubated at 4°C, 200 rpm for 
at least 2 h. The extracts were filtered through Miracloth in a Büchner funnel and frozen 
in liquid nitrogen. Subsequent separation was performed similarly as described above for 
extracellular proteins and metabolites.

Transcriptomics

Plate-based RNA sample prep was performed on the PerkinElmer Sciclone NGS robotic 
liquid handling system using Illumina’s TruSeq Stranded mRNA HT sample prep kit utilizing 
poly-A selection of mRNA following the protocol outlined by Illumina in their user guide: 
http://support.illumina.com/sequencing/sequencing_kits/truseq stranded mrna ht sample 
prep kit.html, and with the following conditions: total RNA starting material was 1 µg per 
sample and eight cycles of PCR was used for library amplification. The prepared libraries 
were quantified using KAPA Biosystem’s next-generation sequencing library qPCR kit and 
run on a Roche LightCycler 480 real-time PCR instrument. The quantified libraries were then 
multiplexed with other libraries, and the pool of libraries was prepared for sequencing on 
the Illumina HiSeq sequencing platform utilizing a TruSeq paired-end cluster kit, v4, and 
Illumina’s cBot instrument to generate a clustered flow cell for sequencing. Sequencing of 
the flow cell was performed on the Illumina HiSeq2500 sequencer using HiSeq TruSeq SBS 
sequencing kits, v4, following a 1x100 indexed run recipe.

Raw RNA-Seq reads were filtered and trimmed using the JGI QC pipeline. Using BBDuk 
(https://sourceforge.net/projects/bbmap/), raw reads were evaluated for artifact sequence 
by kmer matching (kmer=25), allowing one mismatch and the detected artifact was trimmed 
from the 3’ end of the reads. RNA spike-in reads, PhiX reads, and reads containing any Ns 
were removed. Quality trimming was performed using the phred trimming method set at 
Q6. Finally, following trimming, reads under the length threshold were removed (minimum 
length 25 bases or 1/3 of the original read length - whichever is longer). 

Filtered reads from each library were aligned to the reference genome using HISAT 
version 0.1.4-beta (12). FeatureCounts (13) was used to generate the raw gene counts 
file using genome annotations. Only primary hits assigned to the reverse strand were 
included in the raw gene counts (-s 2 -p --primary options). Raw gene counts were 
used to evaluate the level of correlation between biological replicates using Pearson’s 
correlation and determine which replicates would be used in the DGE analysis.  
DESeq2 (14) was subsequently used with p-value < 0.05 to determine which genes were 
differentially expressed between pairs of conditions.
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Bioinformatic analysis

Principal component analysis (PCA) the complete transcriptome in D. squalens was 
performed in the R software using the “FactoMineR” package (15) based on the selected 
gene expression values (Fragments Per Kilobase of exon model per Million fragments 
mapped, FPKMs) of the different samples. The matrix analyzed contained 15,295 rows of 
genes and 42 columns of conditions corresponding to seven strains measured at two time 
points and in triplicate.

Proteomic analysis

Protein digestion

The protein pellets were dissolved into a solution of 8 M urea in 50 mM NH4HCO3 (pH 8.0) 
with 10% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate hydrate (CHAPS) 
and the protein concentration was estimated using a BCA protein assay. The proteins were 
then denatured and reduced with 5 mM DTT for 30 minutes at 60°C in a thermomixer. The 
protein solution was then diluted 10-fold with 50 mM NH4HCO3 (pH 8.0), CaCl2 was added 
at a concentration of 1 mM, and trypsin was added at a ratio of 1:50 enzyme-to-protein 
prior to incubation for 3 hours at 37°C in a thermomixer. The digestion was quenched with 
a solution of trifluoroacetic acid (1%) before flash freezing and storing at -80°C. The salts 
and detergents were removed using an SCX SPE column (Supelco, St. Louis, MO). Before 
use, the columns were conditioned with 3 mL of MeOH and rinsed twice with 2 mL of 
0.1% and 2 ml of 1% TFA (trifluoroacetic acid) solution. The peptide solutions were slowly 
loaded onto the column (not faster than 1 mL min21), washed with 4 mL of 70% methanol 
in 0.1% TFA in water and eluted with 1 mL of 5% NH4OH in 30% methanol in water. Peptides 
were concentrated to dryness, reconstituted to 100 mL in nanopure water and centrifuged 
at 10 000 x g for 5 min to remove any particulates. The final peptide concentration was 
determined using a BCA assay to ensure that the samples were diluted to 0.1 µg/µL for LC-
MS/MS processing.

Mass Spectrometry

All data were collected on a hybrid Velos linear ion trap coupled Orbitrap mass spectrometer 
(Thermo Electron, Waltham, MA) coupled to a NexGen 3 high performance liquid 
chromatography system (Agilent Technologies, Santa Clara, CA) through 75 µm x 70 cm 
columns packed with Phenomenex Jupiter C-18 derivatized 3 µm silica beads (Phenomenex, 
Torrance, CA). Samples were loaded onto columns with 0.05% formic acid in water and 
eluted with 0.05% formic acid in acetonitrile over 99 minutes. Ten data-dependent MS/
MS scans were recorded for each survey MS scan using normalized collision energy of 35, 
isolation width of 2.00, and rolling exclusion window of +1.55/-0.55 Th lasting 60 seconds 
before previously fragmented signals are eligible for re-analysis.
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Only peptides that were a match to a single protein (i.e. unique peptides) from Dicsqu464_1 
were used for subsequent analysis. The peptide abundance values were summed to 
the protein level and then the protein abundance values were normalized to correct for 
differences in total abundance by adjusting the values in a sample so that every sample had 
the same mean abundance value.

For a protein to be considered identified, the requirements were a minimum of two peptides 
(unique to that protein) identified in the dataset and an abundance measurement in at 
least two of the replicates for that condition. For an identified protein to be considered 
significantly different in abundance, the requirements were a two-fold change of the mean 
abundance values and p < 0.05 from a two-tailed heteroscedastic (assuming unequal 
variances) t-test of the log2 transformed abundance values. Proteins were categorized as 
higher (or only present) in the spruce cultures, not significantly different or not present. 
Proteins considered to be conventionally secreted were those with a SignalP (16) HMM 
probability (hmm_signalpep_probability) > 0.5 using the annotations from http://genome.
jgi.doe.gov/Dicsqu464_1/Dicsqu464_1.home.html.

Microscopy sample preparation and imaging

Interactions of fungal hyphae and spruce wood cells were analysed by Helium Ion (HIM) 
and Confocal Laser Scanning (CLSM) microscopy. From each strain, three representatives 
of mycelium-wood sticks from the three biological replicate flask were inspected and 
the images taken were representative of their entire (respective) sample. For HIM, the 
mycelium-wood stick was fully submerged in glutaraldehyde 2.5% to fix it and preserved 
at 4°C until processed. The wood sticks were dissected with a scalpel to the dimensions of 
approximately 1 x 2 x 2 mm, washed three times in 1% phosphate-buffered saline (PBS), 
and gradually dehydrated in an ethanol series (25%, 33%, 50%, 75% and three times at 
100%, 15 min each). The samples were then placed in the chamber of a critical point dryer 
(CPD) (Tousimis, Autosamdri - 815) and processed according to an automated CPD scheme, 
with CO2 as a transitional fluid. The samples were then mounted on standard carbon tape-
covered aluminum SEM stubs (Ted Pella, Redding, CA), and sputter-coated with carbon. The 
samples were imaged with a FEI Helios NanoLab DualBeam SEM (Thermo Fisher Scientific, 
Hillsboro, OR) at 2 KeV, and also with a high-resolution Orion Helium ion microscope, (Zeiss, 
Peabody, MA) at 30 keV. For CLSM, the samples were fixated for 20 minutes in PBS buffered 
4% paraformaldehyde solution, followed by three 5 minutes washing steps of PBS and 
kept in PBS at 4°C until processed. The paraformaldehyde-fixed fungal biofilm was gently 
removed from the wood stick allowing visualization of the hyphal penetration. The samples 
were stained for 60 minutes with 10 µg/mL propidium iodide (ThermoFisher) in PBS buffer 
for plant cells and 20 min with 5 µg/mL FM 1-43 (ThermoFisher) in PBS buffer to visualize 
fungal structures. Samples were then washed with PBS, and placed in a 35-mm culture plate 
containing sufficient volume of PBS to cover the stick. Images were acquired at 1.81 mm 
z-steps on a Zeiss LSM 710 scanning head confocal microscope (Carl Zeiss MicroImaging 
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GmbH, Jena, Germany) with a Zeiss W Plan-Apochromat 20x/1.0 DIC M27 75mm objective. 
Excitation lasers were 458 and 561 nm for the green and red emission channels, respectively. 
FM 1-43 was detected at 510-597 nm and propidium iodide was detected at 627-719 
nm. Laser dwell times were 0.79 ms for both channels. Image analysis (2D and 3D) was 
conducted using Volocity (Perkin Elmer). Images were processed to determine penetration 
of the hyphae in to the wood stick.

Results and discussion
To compare the wood degradation approach of the various D. squalens strains, they were 
grown on Norway spruce stick cultures in triplicate. Samples were taken after two and 
four weeks and used for transcriptome, proteome and metabolome analyses. Initially, the 
transcriptome data of the three replicate cultures of the seven strains at two time points were 
clustered in a principal component analysis (PCA). All the genes of the D. squalens reference 
genome (CBS 464.89) were included to identify a dominant variable among the conditions. 
The mono- and dikaryotic D. squalens strains grouped according to their geographical origin 
(Fig. 1), with the Polish (PP, p1, p2, P1P2) and Finnish strains (FF, f1) separating into two 

Figure 1. Principal component analysis of the complete transcriptome in D. squalens. The distribution of seven 
D. squalens strains at two time points and in triplicate biological replicate cultures grown on Norway spruce wood 
sticks are shown in a bi-dimensional matrix. Strains originally from Poland are grouped on the right and highlighted 
in yellow, strains originally from Finland are grouped on the left and highlighted in blue, and the strain formed by 
crossing the strains from the other two groups are grouped in the middle and highlighted in green.
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distinct groups. The dikaryon made from a Finnish and a Polish monokaryon (F1P2) was 
located between them in the PCA. No clear patterns distinguishing the two- and four-week 
samples or mono- and dikaryons were detected.

Temporal transcriptome and proteome profiles of the D. squalens strains

In order to determine temporal changes in the molecular response of D. squalens during 
growth on spruce, we compared the transcriptome and proteome at two and four weeks 
of growth for each strain, focusing on plant biomass degradation related Carbohydrate 
Active Enzymes (CAZymes) and their corresponding genes. Differential gene expression and 
protein production were considered for fold change ≥2.5 when two-week cultivations were 
compared to four-week cultivations.

In most of the D. squalens strains, only a small proportion of CAZy genes, up to 5%, was up-
regulated from two to four weeks of cultivation on spruce (Fig. 2A-B). The only exception was 
the monokaryotic strain D. squalens f1, which showed more variation after four weeks of 
growth. Moreover, a higher abundance of proteins was detected after two weeks compared 

Figure 2. Expression of CAZy genes and production of CAZymes related to plant biomass degradation in the D. 
squalens strains after two and four weeks of growth on Norway spruce sticks. The genes have been divided 
according to the plant biomass polymers they are predicted to act on, and the top panel shows the distribution 
of the total number of known plant biomass degradation related CAZy genes in the genome of D. squalens CBS 
464.89. A) Proportion of CAZy genes expressed at ≥2.5 fold change, p-value <0.05 at two weeks compared to four 
weeks (2w), and four weeks compared to two weeks (4w) in each strain. B) Summary of the proportion of the 
differentially expressed genes in each strain. The abbreviations of the strains are described in Table 2. C) Total 
percentage of differentially produced proteins (≥2.5 fold change) in exoproteomics data after two and four week 
cultivation of the different D. squalens strains on spruce sticks.
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to four weeks cultivation for all the strains (Fig. 2C). Therefore, we decided to focus our 
analysis on the two-week time point for detailed analyses where the strains were compared 
in different sets.

The geographically distinct dikaryons and their related monokaryons 
showed a different CAZyme response on solid Norway spruce cultures

To determine the difference in transcriptomic and exoproteomic response between 
the original D. squalens dikaryons from Poland (PP) and Finland (FF) and their derived 
monokaryons (p1, p2, f1), we compared differentially expressed/produced (≥2.5 fold change, 
p-value <0.05) transcripts/proteins. This revealed that more genes were higher expressed 
in the dikaryons compared to the monokaryons and the same trend was observed for the 
exoproteomic results, however with some notable differences between the lineages (Tables 
3 & 4). The more extensive plant biomass degrading response in the dikaryons was further 
supported by the fact that higher expressed genes in the dikaryons also were mainly highly 
expressed genes, while higher expressed genes in the monokaryons were mainly lowly 
expressed genes (Suppl. Table 1A-C).

Table 3. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway spruce. 
The Polish dikaryon PP (FBCC312) is compared to the monokaryons p1 (CBS 463.89) and p2 (CBS 464.89) derived 
from it. X indicates that the gene/protein is differentially expressed/produced. Enzyme codes refer to Table 1.

Protein Id CAZy family Putative 
substrate

Enzyme 
code

Higher than 
p1

Higher than 
p2 Lower than p1 Lower than p2

TS EP TS EP TS EP TS EP

59186 AA1_1 lignin LCC X

927490 AA1_2 lignin FET X

578774 AA2 lignin MnP X X

808604 AA2 lignin MnP X X

825018 AA2 lignin MnP X X

934487 AA2 lignin MnP X X

577408 AA2 lignin MnP X

832573 AA2 lignin MnP X

825366 AA2 lignin VP X X

888448 AA3_2 lignin GMC X X

811056 AA3_2 lignin GMC X

256547 AA3_2 lignin GMC X

861268 AA3_2 lignin GMC X X

979202 AA3_2 lignin GMC X

46625 AA3_2 lignin GMC X

916894 AA3_2 lignin GMC X X

932354 AA3_2 lignin GMC X X

1026424 AA3_2 lignin GMC X



75

Wood degradation approach of Dichomitus squalens shows lineage-specific variations

4

Table 3. (Continued).

Protein Id CAZy family Putative 
substrate

Enzyme 
code

Higher than 
p1

Higher than 
p2 Lower than p1 Lower than p2

TS EP TS EP TS EP TS EP

911643 AA3_2 lignin GMC X

960508 AA3_2 lignin GMC X

1012285 AA5_1 lignin CRO X X

818957 AA5_1 lignin CRO X

455342 AA5_1 lignin CRO X X X X

980293 AA5_1 lignin CRO X

551897 AA5_1 lignin CRO X

812633 AA5_1 lignin CRO X

911527 AA8 cellulose CDH X

156471 GH1 cellulose BGL X X X

829728 GH1 cellulose BGL X

931309 GH3 cellulose BGL X X

803735 GH6 cellulose CBH X X

918783 GH7 cellulose CBH X X X

944872 GH7 cellulose CBH X

946952 GH7 cellulose CBH X X

955303 GH5_5 cellulose EGL X X

830363 GH5_5 cellulose EGL X

946842 GH5_5 cellulose EGL X

993254 GH45 cellulose EGL X

935884 GH131 cellulose EGL X X

931204 GH131 cellulose EGL X

465156 AA9 cellulose LPMO X

948592 AA9 cellulose LPMO X

399056 AA9 cellulose LPMO X X X

1017331 AA9 (hemi-)cellulose LPMO X X X

972934 AA9 cellulose/xyloglucan LPMO X X

928670 AA9 cellulose/xylan LPMO X

917886 AA9 cellulose/xylan LPMO X

981294 GH3 cellulose/xylan BGL/BXL X

804815 GH27 mannan AGL X

939846 GH27 mannan AGL X

918405 GH2 mannan MND X

915337 GH2 mannan MND X

417119 GH12 xyloglucan XEG X

725679 GH12 xyloglucan XEG X

934973 GH12 xyloglucan XEG X

912782 GH31 xyloglucan AXL X

805675 GH74 xyloglucan XEG X X
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Table 3. (Continued).

Protein Id CAZy family Putative 
substrate

Enzyme 
code

Higher than 
p1

Higher than 
p2 Lower than p1 Lower than p2

TS EP TS EP TS EP TS EP

815375 GH95 xyloglucan AFC X

920795 CE16 hemicellulose AXE/GMAE X X

932464 CE16 hemicellulose AXE/GMAE X

932473 CE16 hemicellulose AXE/GMAE X

938021 GH5_22 xylan BXL X X

933288 GH10 xylan XLN X X

810461 GH10 xylan XLN X

932722 GH10 xylan XLN X

513778 GH10 xylan XLN X X

945667 GH10 xylan XLN X

1038213 GH115 xylan AGU X

853555 GH115 xylan AGU X

933193 CE15 xylan GE X

937833 CE15 xylan GE X

849572 GH51 pectin/xylan ABF X

922833 GH51 pectin/xylan ABF X X

501043 None pectin/xylan FAE X X

197845 None pectin/xylan FAE X X

927948 None pectin/xylan FAE X X X

841467 GH28 pectin PGA X X X X

1040936 GH35 pectin LAC X X X X

191860 GH43 pectin ABN X

928226 GH43 pectin ABN X

809376 GH53 pectin GAL X X

937177 GH78 pectin RHA X

940727 GH88 pectin UGH X X

929528 CE12 pectin RGAE X

978188 CE12 pectin RGAE X

814419 GH13_25-GH133 starch AMG X X

214438 EXPN expansin-like EXPN X

949690 EXPN expansin-like EXPN X

150036 EXPN expansin-like EXPN X

811649 EXPN expansin-like EXPN X

803581 EXPN expansin-like EXPN X

912622 EXPN expansin-like EXPN X

806662 EXPN expansin-like EXPN X

572714 EXPN expansin-like EXPN X X

829196 EXPN expansin-like EXPN X
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The set of cellulolytic transcripts/proteins that was more abundant in the Polish dikaryon 
contained nearly all activities known to be needed for complete cellulose degradation (CBH, 
EGL, BXL/BGL, LPMO), but interestingly most BGLs were more highly expressed/produced 
in the monokaryons (Table 3), although expressed at relatively low levels (Suppl. Table 1A). 
Recently, we showed that cellobiose is the inducer for most cellulolytic genes, including 
several BGLs, in D. squalens (Chapter 3) (17). This suggests the presence of a dikaryon/
monokaryon-related regulatory system that modulates the expression of subsets of 
cellulolytic genes. 

The newly made dikaryon of the Polish lineage (P1P2) had a higher abundance of two 
BGLs that were not differentially produced between the original dikaryon (PP) and the 
monokaryons (p1 and p2) (Table 4). However, it had a lower abundance of a GH7 CBH and an 
AA9 LPMO than the monokaryons (Table 4) or the original dikaryon (Table 3). This suggests 
that recombination of the monokaryons has resulted in a rewiring of cellulase regulation.

Table 4. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway 
spruce. The newly made dikaryon P1P2 (CBS 141873) is compared to the monokaryons p1 (CBS 463.89) and p2 
(CBS 464.89) it was generated from. X indicates that the gene/protein is differentially expressed/produced.

Protein Id CAZy 
family

Putative 
substrate Enzyme code

Higher than p1 Higher than p2 Lower than p1 Lower than p2

TS EP TS EP TS EP TS EP

909981 AA3_3 lignin AOX/MOX X

551897 AA5_1 lignin CRO X

812633 AA5_1 lignin CRO X

888448 AA3_2 lignin GMC X

1026424 AA3_2 lignin GMC X

811056 AA3_2 lignin GMC X

911643 AA3_2 lignin GMC X X

46625 AA3_2 lignin GMC X

826990 AA3_2 lignin GMC X

919258 AA3_2 lignin GMC X

1007674 AA3_2 lignin GMC X

930743 AA1_1 lignin LCC X

49524 AA1_1 lignin LCC X

59186 AA1_1 lignin LCC X

934487 AA2 lignin MnP X

577408 AA2 lignin MnP X

578774 AA2 lignin MnP X X

832573 AA2 lignin MnP X

952617 AA3_3 lignin AOX/MOX X X

921510 GH1 cellulose BGL X X

972434 GH3 cellulose BGL X X

946952 GH7 cellulose CBH X



Chapter 4

78

Table 4. (Continued).

Protein Id CAZy 
family

Putative 
substrate Enzyme code

Higher than p1 Higher than p2 Lower than p1 Lower than p2

TS EP TS EP TS EP TS EP

399056 AA9 cellulose LPMO X

156471 GH1 cellulose BGL X

512221 AA9 (hemi-)cellulose LPMO X

931159 AA9 (hemi-)cellulose LPMO X X

917886 AA9 cellulose/xylan LPMO X

939846 GH27 mannan AGL X

804815 GH27 mannan AGL X

815375 GH95 xyloglucan AFC X

725679 GH12 xyloglucan XEG X X

805675 GH74 xyloglucan XEG X

932464 CE16 hemicellulose AXE/GMAE X X X X

932473 CE16 hemicellulose AXE/GMAE X

937833 CE15 xylan GE X X

933193 CE15 xylan GE X

513778 GH10 xylan XLN X

933288 GH10 xylan XLN X

927948 None pectin/xylan FAE X

501043 None pectin/xylan FAE X

809376 GH53 pectin GAL X X

1040936 GH35 pectin LAC X

841467 GH28 pectin PGA X

978188 CE12 pectin RGAE X

912876 GH13_1 starch AMY X

803581 EXPN expansin-like EXPN X

912622 EXPN expansin-like EXPN X

214438 EXPN expansin-like EXPN X

806662 EXPN expansin-like EXPN X

829196 EXPN expansin-like EXPN X

572714 EXPN expansin-like EXPN X

The set of cellulolytic transcripts/enzymes that were more highly expressed/produced in the 
Finnish dikaryon than its derived monokaryon was narrower compared to the Polish lineage 
(Table 5). Interestingly, this set also included the two BGLs that in the Polish lineage were 
more abundant in the monokaryon (Table 3). In addition, only one CBH and one EGL were 
more abundant in the Finnish dikaryon than in the Finnish monokaryon (Table 5), while this 
was the case for four CBHs and three EGLs in the Polish lineage (Table 3). 
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Table 5. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway 
spruce. The Finnish dikaryon FF (OM_18370) is compared to the monokaryon f1 (OM_18370_mk1) derived from 
it. X indicates that the gene/protein is differentially expressed/produced.

Protein Id CAZy family Putative 
substrate enzyme code

Higher than f1 Lower than f1

TS EP TS EP

909981 AA3_3 lignin AOX/MOX X

818957 AA5_1 lignin CRO X

819102 AA5_1 lignin CRO X

977190 AA5_1 lignin CRO X

455342 AA5_1 lignin CRO X

979202 AA3_2 lignin GMC X

163347 AA3_2 lignin GMC X

911643 AA3_2 lignin GMC X

919258 AA3_2 lignin GMC X

929151 AA3_2 lignin GMC X

930013 AA3_2 lignin GMC X

916894 AA3_2 lignin GMC X

825018 AA2 lignin MnP X

952617 AA3_3 lignin AOX/MOX X

928470 AA3_3 lignin AOX/MOX X

829728 GH1 cellulose BGL X

931309 GH3 cellulose BGL X

972434 GH3 cellulose BGL X

944872 GH7 cellulose CBH X

911527 AA8 cellulose CDH X

1015695 AA8-AA3_1 cellulose CDH X

946842 GH5_5 cellulose EGL X

399056 AA9 cellulose LPMO X

156471 GH1 cellulose BGL X

1023488 AA9 (hemi-)cellulose LPMO X

917886 AA9 cellulose/xylan LPMO X

920352 GH27 mannan AGL X

811661 GH5_7 mannan MAN X

908162 GH2 mannan MND X

981883 GH2 mannan MND X

725679 GH12 xyloglucan XG-EGL X X

417119 GH12 xyloglucan XG-EGL X

911315 CE16 hemicellulose AXE/GMAE X X

853555 GH115 xylan AGU X

945667 GH10 xylan XLN X

513778 GH10 xylan XLN X X

933288 GH10 xylan XLN X
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The CBH encoding gene cel7c (Protein Id 944872, GH7) was the highest expressed cellulolytic 
gene in both lineages (Suppl Table 1), which confirms the results from previous studies 
with D. squalens FBCC312 (PP) on cellobiose (Chapter 3) (17) and microcrystalline cellulose 
(Avicel) (18). The EGL (Protein Id 955303, GH5) and LPMOs (Protein Ids 928670 and 399056, 
AA9) induced by cellobiose (Chapter 3) (17) showed very high differential expression in the 
Polish lineage in the present study (Table 3), but not in the Finnish lineage. 

Five class II heme peroxidase transcripts/enzymes involved in lignin degradation were more 
highly expressed/produced in the Polish dikaryon compared to its derived monokaryons (p1, 
p2), with the exception of one MnP (Protein Id 832573, AA2) and one VP (Protein Id 825366, 
AA2) (Table 3). However, the expression of these family AA2 peroxidase genes was very 
low, while the expression of the AA2 genes that were more abundant in the dikaryon was 
much higher (Suppl. Table 1A). The abundance pattern in the newly made dikaryon (P1P2) 
(Table 4) was highly similar to that of the original dikaryon (PP). In contrast, only one MnP 
(Protein Id 825018, AA2) was expressed at a higher level in the Finnish dikaryon compared 
to its derived monokaryon (Table 5). An opposite pattern was observed for different classes 
of H2O2 producing enzymes putatively related to lignin degradation in both lineages. While 
AA3_2 GMCs were more abundant in the monokaryons of both lineages, AA5_1 CROs were 
more abundant in the dikaryon of both lineages.

Overall, level of hemicellulolytic and pectinolytic transcripts/proteins was also higher in the 
Polish dikaryon (PP) compared to the monokaryons derived from it, covering a diverse set 
of xylan-related (XLN, BXL/BGL, AXE, LPMO, FAE, AGU), mannan-related (GMAE, AGL, MAN, 
MND), xyloglucan-related (LPMO, XEG) and pectin-related (PGA, LAC, ABN, GAL, RGAE, 
ABF, FAE) activities (Table 3). However, exceptions to this were also observed. Interestingly, 
similar to what was observed for BGL, a BXL (Protein Id 938032, GH5) was more abundant 
in the Polish monokaryon p1 (Table 3), but not in the Finnish monokaryon f1. This could 
indicate that xylobiose is the real inducer of xylanolytic genes in D. squalens, similar to what 

Table 5. (Continued).

Protein Id CAZy family Putative 
substrate enzyme code

Higher than f1 Lower than f1

TS EP TS EP

927948 None pectin/xylan FAE X X

191860 GH43 pectin ABN X

841467 GH28 pectin PGA X

929528 CE12 pectin RGAE X X

981588 GH31 starch AGD X

871124 GH31 starch AGD X

814419 GH13_25-GH133 starch AMG X

845075 CBM20 starch GLA X

150036 EXPN expansin-like EXPN X
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was reported for cellobiose and cellulolytic genes (Chapter 3) (17). As suggested above 
for cellulolytic genes, this induction could then be modulated by a dikaryon/monokaryon-
related regulatory system to express different sets of genes. Other activities that were more 
abundant in the Polish monokaryons compared to the Polish dikaryon PP were LPMO, MND, 
AGU, XEG, AXL, UGH, RHA, ABF and FAE, but most of these were expressed or produced 
at low levels (Suppl. Table 1A). An opposite pattern between the original (PP) and the 
newly made (P1P2) dikaryon was observed for a pectin-related RGAE (978188) and two 
xyloglucan-related XEGs, which were more abundant in the dikaryon PP, but less abundant 
in the dikaryon P1P2 compared to the monokaryons p1 and p2 (Tables 3 & 4). However, the 
expression/production pattern of xylanolytic transcripts/proteins was highly similar in P1P2 
compared to PP.

Interestingly, some clear differences were observed for several mannanolytic, pectinolytic 
and amylolytic transcripts/proteins between the two lineages. The mannanolytic transcripts/
proteins that were more abundant in the Polish lineage did not have this pattern in the 
Finnish lineage (Table 3). Instead, a different set of mannanolytic transcripts/proteins was 
differently expressed/produced between the monokaryon f1 and the dikaryon FF (Table 5). 
The pectinolytic PGA (Protein Id 841467, GH28), which was more abundant in the Polish 
dikaryon than in its related monokaryons (Table 3), was more abundant in the Finnish 
monokaryon compared to the Finnish dikaryon (Table 3), while the opposite was observed 
for a FAE (Protein Id 927948). The Finnish lineage had a higher number (4) of differently 
expressed/produced amylolytic transcripts/proteins than the Polish lineage (1), but a lower 
number of xyloglucanolytic transcripts/proteins (2 vs 6) and xylanolytic gene/proteins (4 vs 
10), although their abundance pattern was similar in both lineages (Tables 3 & 5). 

The D. squalens genome contains 20 putative expansin-like proteins encoding genes, several 
of which were highly expressed in a previous study in which D. squalens was grown in 
liquid cultures containing various plant biomass substrates (19). These proteins have been 
suggested to loosen plant cell walls (20), promoting cell enlargement and stress relaxation 
presumably through disruption of non-covalent interactions between carbohydrate 
polymers (21). This role has been confirmed in vitro for an expansin-like protein from the 
basidiomycete fungus Schizophyllum commune, which also enhanced the liberation of 
reducing sugars from cellulose and chitin (22). In our study, expression of several of these 
genes was higher in the Polish dikaryons (PP and P1P2) than the related monokaryons (Tables 
3 & 4), suggesting that the dikaryotic growth form of D. squalens is more likely to aim for 
complete degradation of the wood cell walls. This is supported by the expression of (hemi-)
cellulolytic, pectinolytic and ligninolytic genes mentioned above. Some other expansin-like 
genes were higher expressed in the Polish monokaryons, however at lower levels than those 
that were more abundant in the dikaryon. Interestingly, only one expansin-like gene (Protein 
Id 150036) was differentially expressed in the Finnish lineage, being more abundant in the 
monokaryon (f1) (Table 5), while it was more abundant in the dikaryon in the Polish lineage. 
Expression/production of expansin-like transcripts/proteins on woody substrates has also 
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been observed for the white-rot fungus Phanerochaete carnosa (21) and S. commune (23). 
The abundance pattern of the plant polymer degrading CAZys transcripts/proteins of the 
dikaryon generated from monokaryons of both lineages resembled a mixture of the Polish 
and the Finnish lineage (Table 6, Suppl. Table 1D), indicating the rewiring of gene expression 
occurred during the sexual crossing of these two lineages.

In summary, some clear differences in the levels of gene expression and/or protein production 
of CAZy transcripts/proteins related to plant biomass degradation were observed between 
the mono- and dikaryotic strains of both D. squalens lineages, as well as indications for 
differences between the lineages, which is discussed in more detail below. 

Table 6. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway 
spruce. The newly made dikaryon F1P2 (CBS 141874) is compared to the monokaryons f1 (OM_18370_mk1) and 
p2 (CBS 464.89) it was generated from. X indicates that the gene/protein is differentially expressed/produced.

Protein 
Id

CAZy 
family

Putative 
substrate

Enzyme 
code

Higher than f1 Higher than p2 Lower than f1 Lower than p2

TS EP TS EP TS EP TS EP

909981 AA3_3 lignin AOX/MOX X

1012285 AA5_1 lignin CRO X

455342 AA5_1 lignin CRO X

455342 AA5_1 lignin CRO X

977190 AA5_1 lignin CRO X

818957 AA5_1 lignin CRO X

1026424 AA3_2 lignin GMC X

861268 AA3_2 lignin GMC X

960508 AA3_2 lignin GMC X

888448 AA3_2 lignin GMC X

979202 AA3_2 lignin GMC X

1026424 AA3_2 lignin GMC X

911643 AA3_2 lignin GMC X

960508 AA3_2 lignin GMC X

888448 AA3_2 lignin GMC X

163347 AA3_2 lignin GMC X

929151 AA3_2 lignin GMC X

930013 AA3_2 lignin GMC X

59186 AA1_1 lignin LCC X

59186 AA1_1 lignin LCC X

952617 AA3_3 lignin AOX/MOX X
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Table 6. (Continued).

Protein 
Id

CAZy 
family

Putative 
substrate

Enzyme 
code

Higher than f1 Higher than p2 Lower than f1 Lower than p2

TS EP TS EP TS EP TS EP

928470 AA3_3 lignin AOX/MOX X

825366 AA2 lignin VP X

911527 AA8 cellulose CDH X

399056 AA9 cellulose LPMO X

399056 AA9 cellulose LPMO X

465156 AA9 cellulose LPMO X

156471 GH1 cellulose BGL X

512221 AA9 (hemi-)cellulose LPMO X

512221 AA9 (hemi-)cellulose LPMO X

1017331 AA9 (hemi-)cellulose LPMO X

1023488 AA9 (hemi-)cellulose LPMO X

512221 AA9 (hemi-)cellulose LPMO X

917886 AA9 cellulose/xylan LPMO X

917886 AA9 cellulose/xylan LPMO X

917886 AA9 cellulose/xylan LPMO X

917886 AA9 cellulose/xylan LPMO X

939846 GH27 mannan AGL X

939846 GH27 mannan AGL X

804815 GH27 mannan AGL X

918405 GH2 mannan MND X

725679 GH12 xyloglucan XG-EGL X X X X

417119 GH12 xyloglucan XG-EGL X

932464 CE16 hemicellulose AXE/GMAE X

933193 CE15 xylan GE X

937833 CE15 xylan GE X

513778 GH10 xylan XLN X

927948 None pectin/xylan FAE X

927948 None pectin/xylan FAE X X X

501043 None pectin/xylan FAE X X

829508 None pectin/xylan FAE X

809376 GH53 pectin GAL X

1040936 GH35 pectin LAC X

1040936 GH35 pectin LAC X

856119 GH35 pectin LAC X

841467 GH28 pectin PGA X

841467 GH28 pectin PGA X

978188 CE12 pectin RGAE X

871124 GH31 starch AGD X

822418 EXPN expansin-like EXPN X
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Comparison of the transcriptome and proteome response of the dikaryons 
revealed lineage dependent differences 

The original Polish and Finnish dikaryon displayed clear differences in their transcriptome 
and proteome response during growth on Norway spruce sticks (Table 7, Suppl. Table 1E). 

Table 6. (Continued).

Protein 
Id

CAZy 
family

Putative 
substrate

Enzyme 
code

Higher than f1 Higher than p2 Lower than f1 Lower than p2

TS EP TS EP TS EP TS EP

803581 EXPN expansin-like EXPN X

912622 EXPN expansin-like EXPN X

214438 EXPN expansin-like EXPN X

949690 EXPN expansin-like EXPN X

150036 EXPN expansin-like EXPN X

Table 7. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway 
spruce. The Polish dikaryon PP (FBCC312) is compared to the Finnish dikaryon FF (OM_18370). X indicates that the 
gene/protein is differentially expressed/produced.

Protein Id CAZy family Putative substrate Enzyme code
Higher than FF Lower than FF

TS EP TS EP

1012285 AA5_1 lignin CRO X

455342 AA5_1 lignin CRO X X

1026424 AA3_2 lignin GMC X

911643 AA3_2 lignin GMC X

960508 AA3_2 lignin GMC X

888448 AA3_2 lignin GMC X X

163347 AA3_2 lignin GMC X

964816 AA1 lignin LCC X

577408 AA2 lignin MnP X

825366 AA2 lignin VP X

1001790 CBM1-GH3 cellulose BGL X

972434 GH3 cellulose BGL X

918783 GH7 cellulose CBH X X

803735 CBM1-GH6 cellulose CBH X

946952 GH7 cellulose CBH X

935884 GH131 cellulose EGL X X

830363 CBM1-GH5_5 cellulose EGL X

931204 GH131-CBM1 cellulose EGL X

972433 GH131 cellulose EGL X

991840 GH45 cellulose EGL X

993254 GH45 cellulose EGL X
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Table 7. (Continued).

Protein Id CAZy family Putative substrate Enzyme code
Higher than FF Lower than FF

TS EP TS EP

465156 AA9 cellulose LPMO X X

399056 AA9 cellulose LPMO X X

815832 AA9-CBM1 cellulose LPMO X

948592 AA9-CBM1 cellulose LPMO X

156471 GH1 cellulose BGL X

512221 AA9 (hemi-)cellulose LPMO X X

931159 AA9-CBM1 (hemi-)cellulose LPMO

928670 AA9 cellulose/xylan LPMO X X

938389 GH27 mannan AGL X

939846 GH27 mannan AGL X

915337 GH2 mannan MND X

815375 GH95 xyloglucan AFC X

912782 GH31 xyloglucan AXL X

417119 GH12 xyloglucan XG-EGL X

725679 GH12 xyloglucan XG-EGL X X

805675 GH74-CBM1 xyloglucan XG-EGL X X

1040576 CBM1-CE16 hemicellulose AXE/GMAE X X

920795 CE16 hemicellulose AXE/GMAE X X

932464 CE16 hemicellulose AXE/GMAE X

920797 CE16 hemicellulose AXE/GMAE X

853555 GH115 xylan AGU X

970297 GH5_22 xylan BXL X

938021 GH5_22 xylan BXL X

810461 CBM1-GH10 xylan XLN X X

932722 GH10 xylan XLN X X

513778 CBM1-GH10 xylan XLN X

922833 GH51 pectin/xylan ABF X

501043 None pectin/xylan FAE X X

927948 None pectin/xylan FAE X

723513 None pectin/xylan FAE X

917597 None pectin/xylan FAE X

928226 GH43 pectin ABN X

809376 GH53 pectin GAL X

1040936 GH35 pectin LAC X

978188 CE12 pectin RGAE X

940727 GH88 pectin UGH X

871124 GH31 starch AGD X

981588 GH31 starch AGD X

814419 GH13_25-GH133 starch AMG X
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The Polish dikaryon (PP) had a stronger cellulolytic response than the Finnish dikaryon (FF), 
with 15 transcripts/proteins showing a higher expression/production than in the Finnish 
dikaryon (Table 7). Only one BGL (Protein Id 156471, GH1) had a higher production in the 
Finnish dikaryon. A similar pattern was detected for the expansin-like transcripts/proteins, 
of which three were more highly expressed in the Polish dikaryon and only one was more 
highly produced in the Finnish dikaryon, and for the xyloglucanolytic transcripts/proteins, of 
which three were more abundant in the Polish dikaryon and none in the Finnish dikaryon.

Two mannanolytic proteins were produced at higher level in the Finnish dikaryon, while 
only one mannanolytic gene was higher expressed in the Polish dikaryon (Table 7). Similarly, 
of the amylolytic transcripts/proteins, three and two were more abundant in the Finnish 
and Polish dikaryon, respectively. Interestingly, for the xylanolytic genes, the endo-acting 
XLN transcripts/proteins (GH10) and acetyl-removing transcripts/proteins (GH16) were 
expressed/produced at higher level in the Polish dikaryon, while the exo-acting BXL (GH5_22) 
and AGU (GH115) transcripts/proteins were more abundant in the Finnish dikaryon. 

The ligninolytic response of the two strains was more mixed (Table 7), with one CRO (Protein 
Id 1012285, AA5_1) being more abundant in the Polish dikaryon and another (Protein Id 
455342, AA5_1) more abundant in the Finnish dikaryon. Four GMCs (AA3_2) were more 
highly expressed/produced in the Polish dikaryon, while only one was expressed at higher 
level in the Finnish dikaryon. Most AA2 ligninolytic peroxidases had similar expression/
production levels in the two dikaryons, but one MnP (Protein Id 577408) and one VP (Protein 
Id 825366) were more abundant in the Polish and Finnish dikaryon, respectively. A more 
diverse expression/production pattern was also observed for the pectinolytic transcripts/
proteins, but with a less consistent pattern with respect to the type of enzyme they encode 
(Table 7).

In conclusion, while many plant biomass degradation related CAZy transcripts/proteins 
occurred at similar levels in the two dikaryons, significant differences observed between the 
strains may suggest a different approach to plant biomass degradation.

Table 7. (Continued).

Protein Id CAZy family Putative substrate Enzyme code
Higher than FF Lower than FF

TS EP TS EP

942748 GH13_1 starch AMY X

825142 GH15 starch GLA X

822418 EXPN expansin-like EXPN X

803581 EXPN expansin-like EXPN X

912622 EXPN expansin-like EXPN X

214438 EXPN expansin-like EXPN X
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Comparison of the newly made and original dikaryons demonstrated the 
role of sexual crossing in strain evolution

The D. squalens dikaryon (P1P2) generated from the two monokaryons (p1 and p2) was 
compared to the original Polish dikaryon (PP), from which these two monokaryons were 
derived, demonstrating some clear differences in gene/protein abundance (Table 8, Suppl. 
Table 1F), but covering a much smaller gene/protein set than in the comparison to the 
monokaryons (Tables 3 & 4). 

The original dikaryon (PP) expressed/produced seven cellulolytic transcripts/proteins at a 
higher level than the generated dikaryon (P1P2), covering all main cellulolytic activities, with 
the exception of BGL. A similar pattern was observed for pectinolytic and xyloglucanolytic 
transcripts/proteins as well as one expansin-like gene (Table 8). 

Table 8. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway 
spruce. The Polish dikaryon PP (FBCC312) is compared to the newly made dikaryon P1P2 (CBS 141873). X indicates 
that the gene/protein is differentially expressed/produced.

Protein Id CAZy family Putative substrate Enzyme code
Higher than P1P2 Lower than P1P2

TS EP TS EP

455342 AA5_1 lignin CRO X X

1026424 AA3_2 lignin GMC X

916894 AA3_2 lignin GMC X

932354 AA3_2 lignin GMC X

59186 AA1_1 lignin LCC X

825018 AA2 lignin MnP X

934487 AA2 lignin MnP X

829728 GH1 cellulose BGL X

931309 GH3 cellulose BGL X

972434 GH3 cellulose BGL X

946952 GH7 cellulose CBH X

935884 GH131 cellulose EGL X X

955303 CBM1-GH5_5 cellulose EGL X

465156 AA9 cellulose LPMO X

399056 AA9 cellulose LPMO X X

815832 AA9-CBM1 cellulose LPMO X

948592 AA9-CBM1 cellulose LPMO X

156471 GH1 cellulose BGL X

512221 AA9 (hemi-)cellulose LPMO X X

1017331 AA9 (hemi-)cellulose LPMO X

931159 AA9-CBM1 (hemi-)cellulose LPMO X

972934 AA9 cellulose/xyloglucan LPMO X

915337 GH2 mannan MND X
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Interestingly, two GH1 and two GH3 BGL transcripts/proteins were more abundant in the 
generated dikaryon, indicating that its approach to cellulose degradation is more similar to its 
related monokaryons, rather than the original dikaryon. In addition, the generated dikaryon 
expressed/ produced one mannanolytic (MND, GH2), one xylanolytic (BXL, GH5_22) and 
three amylolytic transcripts/proteins at higher level (Table 8). Differences in the ligninolytic 
response were also observed. One CRO (AA5_1), one LCC (AA1_1) and one MnP (AA2) were 
more highly expressed/produced in the original dikaryon, while three GMCs (AA3_2) and 
one MnP (AA2) were more abundant in the generated dikaryon. 

This demonstrated that the sexual crossing resulted in a rewiring of the plant biomass 
degrading machinery of D. squalens. This was also demonstrated in a previous study in 
which the physiological characteristics of several monokaryotic and dikaryotic D. squalens 
strains were compared (Chapter 2) (8), which included PP (FBCC312) and P1P2 (CBS 141873) 
strains. The original dikaryon PP grew especially better on starch and alfalfa meal, while the 
newly generated dikaryon grew better on citrus pulp (Chapter 2: Suppl. Fig. 1). Alfalfa meal 
consists mainly of cellulose and glucuronoarabinoxylan, while citrus pulp consists mainly of 
cellulose and pectin (data not shown). The difference in their composition together with the 
rewired degradation system in the two strains likely caused these growth effects. A more 
detailed regulatory study will be needed to reveal the molecular mechanisms underlying 
these differences.

An even more clear change in this was observed when comparing the dikaryon generated 
from monokaryons of both lineages (P1F1) to the two original dikaryons (PP and FF) (Table 
9, Suppl. Table 1G). Very little difference in abundance of the cellulolytic transcripts/proteins 

Table 8. (Continued).

Protein Id CAZy family Putative substrate Enzyme code
Higher than P1P2 Lower than P1P2

TS EP TS EP

912782 GH31 xyloglucan AXL X

417119 GH12 xyloglucan XG-EGL X

725679 GH12 xyloglucan XG-EGL X

911315 CE16 hemicellulose AXE/GMAE X

932464 CE16 hemicellulose AXE/GMAE X

938021 GH5_22 xylan BXL X

501043 None pectin/xylan FAE X X

1040936 GH35 pectin LAC X

978188 CE12 pectin RGAE X

854872 GH31 starch AGD X

814419 GH13_25-GH133 starch AMG X

825142 GH15 starch GLA X

150036 EXPN expansin-like EXPN X
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was observed between the newly generated dikaryon (P1F1) and the Finnish dikaryon (FF). 
However, in general there was a higher amount of cellulolytic transcripts/proteins in the 
Polish dikaryon (PP) compared to the generated dikaryon (P1F1, Table 9). This indicates that 
the cellulolytic response of the generated dikaryon resembles closely that of the Finnish 
dikaryon , suggesting that this response is passed on to the new dikaryon by the Finnish 
monokaryon. However, this was not the case for transcripts/proteins related to degradation 
of other plant polymers, and several different patterns could be observed. 

Table 9. Differentially expressed genes and produced proteins (≥2.5 fold change and p-value <0.05) in the 
transcriptome (TS) and exoproteome (EP) of D. squalens, respectively, after two weeks of growth on Norway 
spruce. The newly made dikaryon F1P2 is compared to the original Polish (PP, FBCC312) and Finnish (FF, OM_18370) 
dikaryons. X indicates that the gene/protein is differentially expressed/produced.

Protein Id CAZy family Putative substrate Enzyme code
Higher than 

PP
Lower than 

PP Higher than FF Lower than FF

TS EP TS EP TS EP TS EP

909981 AA3_3 lignin AOX/MOX X X

818957 AA5_1 lignin CRO X X X X

1012285 AA5_1 lignin CRO X

455342 AA5_1 lignin CRO X

888448 AA3_2 lignin GMC X X X

916894 AA3_2 lignin GMC X

932354 AA3_2 lignin GMC X

960508 AA3_2 lignin GMC X X X

1026424 AA3_2 lignin GMC X X

861268 AA3_2 lignin GMC X

911643 AA3_2 lignin GMC X X

59186 AA1_1 lignin LCC X X

577408 AA2 lignin MnP X

578774 AA2 lignin MnP X

808604 AA2 lignin MnP X X X

825018 AA2 lignin MnP X X X

825366 AA2 lignin VP X

928470 AA3_3 lignin AOX/MOX X

829728 GH1 cellulose BGL X

931309 GH3 cellulose BGL X X

803735 CBM1-GH6 cellulose CBH X

918783 GH7 cellulose CBH X X

944872 GH7 cellulose CBH X

1015695 AA8-AA3_1 cellulose CDH X

935884 GH131 cellulose EGL X

830363 GH5_5 cellulose EGL X

931204 GH131 cellulose EGL X

946842 GH5_5 cellulose EGL X
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Table 9. (Continued).

Protein Id CAZy family Putative substrate Enzyme code
Higher than 

PP
Lower than 

PP Higher than FF Lower than FF

TS EP TS EP TS EP TS EP

972433 GH131 cellulose EGL X

991840 GH45 cellulose EGL X

993254 GH45 cellulose EGL X

465156 AA9 cellulose LPMO X

399056 AA9 cellulose LPMO X X

948592 AA9 cellulose LPMO X

156471 GH1 cellulose BGL X X

512221 AA9 (hemi-)cellulose LPMO X X X X

931159 AA9 (hemi-)cellulose LPMO X

981294 GH3 cellulose/xylan BGL/BXL X

928670 AA9 cellulose/xylan LPMO X

972934 AA9 cellulose/xyloglucan LPMO X

804815 GH27 mannan AGL X X

939846 GH27 mannan AGL X

915337 GH2 mannan MND X

815375 GH95 xyloglucan AFC X

912782 GH31 xyloglucan AXL X

417119 GH12 xyloglucan XG-EGL X

725679 GH12 xyloglucan XG-EGL X X

805675 GH74 xyloglucan XG-EGL X X

934973 GH12 xyloglucan XG-EGL X

920795 CE16 hemicellulose AXE/GMAE X X

1040576 CE16 hemicellulose AXE/GMAE X

911315 CE16 hemicellulose AXE/GMAE X

932464 CE16 hemicellulose AXE/GMAE X

853555 GH115 xylan AGU X X

938021 GH5_22 xylan BXL X

970297 GH5_22 xylan BXL X

933193 CE15 xylan GE X

810461 GH10 xylan XLN X

932722 GH10 xylan XLN X X

513778 GH10 xylan XLN X X X X

945667 GH10 xylan XLN X

933288 GH10 xylan XLN X X

849572 GH51 pectin/xylan ABF X

922833 GH51 pectin/xylan ABF X

829508 None pectin/xylan FAE X X X X

501043 None pectin/xylan FAE X
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In one case, for a hemicellulose-related AA9 LPMO (Protein Id 512221), the expression/
production of a gene/protein was higher in P1F1 than in FF and lower than in PP, suggesting 
that the original expression/production level of the two strains has been averaged. In more 
cases, the pattern was similar for the comparison to either original dikaryon. The transcripts/
proteins that were more abundant in the original dikaryons than in the new dikaryons are 
a CE16 AXY/GMAE (Protein Id 920795), two AA2 MnPs (Protein Ids 808604 & 825018), an 
AA1_1 LCC (Protein Id 59286), a GH27 AGL (Protein Id 804815), a GH35 LAC (Protein Id 
1040936), a CE12 RGAE (Protein Id 929528), a FAE (Protein Id 829508), and a GH10 XLN 
(Protein Id 513778). A smaller set of transcripts/proteins were more abundant in the new 
dikaryon compared to both original dikaryons, consisting of a GH1 BGL (Protein Id 156471) 
and three AA3_2 GMCs (Protein Ids 888448, 960508 & 1026424). However, by far the largest 
number of differently expressed/produced transcripts/proteins were only observed in the 
comparison with a single original dikaryon, suggesting that the altered regulation is not 
following a general pattern, but is strongly dependent on the specific combination of traits 
inherited from both parents. In nature, likely only those new combinations that have an 
advantageous combination of traits for the available carbon sources will persist, providing 
a natural selection on the genetic diversity encoded in the genomes of the different D. 
squalens strains/lineages. 

Table 9. (Continued).

Protein Id CAZy family Putative substrate Enzyme code
Higher than 

PP
Lower than 

PP Higher than FF Lower than FF

TS EP TS EP TS EP TS EP

723513 None pectin/xylan FAE X

928226 GH43 pectin ABN X

191860 GH43 pectin ABN X

1040936 GH35 pectin LAC X X X

929528 CE12 pectin RGAE X X

978188 CE12 pectin RGAE X X

981588 GH31 starch AGD X

871124 GH31 starch AGD X

814419 GH13_25-GH133 starch AMG X

845075 GH15 starch GLA X X

825142 GH15 starch GLA X

949690 EXPN expansin-like EXPN X

150036 EXPN expansin-like EXPN X

572714 EXPN expansin-like EXPN X

822418 EXPN expansin-like EXPN X

803581 EXPN expansin-like EXPN X

912622 EXPN expansin-like EXPN X
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Metabolomics revealed lineage and mycelial-form related differences 
during growth on Norway spruce

Both intra- and extracellular metabolites were analyzed using metabolomics after two and 
four weeks of growth of the D. squalens strains on Norway spruce sticks. However, it should 
be noted that due to cell lysis, the extracellular fraction likely contains also intracellular 
metabolites. Similarly, extracellular metabolites may attach to the fungal cell wall, resulting 
them to be part of the intracellular fraction. Relative abundance between extracellular 
and intracellular metabolites was used to comment on the difference between these two 
samples. As the absolute values of different metabolites cannot be directly compared to 
each other, for all detected metabolites, the amount present in non-colonized wood sticks 
was set as 100% and the amounts in the other samples were compared to this value.

The analyses focused on detected metabolites that could be related to the conversion of 
plant cell wall polysaccharides or lignin (Fig. 3). Xylose and xylobiose, glucose and cellobiose, 
mannose, and galacturonic acid are hydrolysis products of xylan, cellulose, mannan and 
pectin, respectively. Mannitol (24) and oxalic acid (25) are well-known conversion products of 
primary metabolism in basidiomycetes. Benzoic acid, p-hydroxybenzoic acid, protocatechuic 
acid, syringic acid and vanillic acid are all part of fungal aromatic metabolism and can be 
produced from lignin degradation products (26).

Despite relatively high variation for some of the replicates, clear differences in the 
metabolite profiles of the strains can be observed. High variation in intracellular and 
extracellular xylobiose levels was observed between the strains. For some strains (PP, P1P2, 
p2, FF) the intracellular xylobiose level increased from two to four weeks, but this was not 
always reflected in an increase in extracellular xylobiose. In contrast, xylose levels remained 
close to the level of non-incubated spruce sticks, suggesting that xylose is converted as 
soon as it has been taken up into the cell. The increase in intracellular xylobiose levels, but 
not xylose levels could indicate that D. squalens mainly releases xylobiose extracellularly, 
which is then taken up into the cell and hydrolysed to xylose intracellularly. This correlates 
with previous observations of low extracellular β-xylosidase activity for this species during 
growth on wood (8, 18). It could also indicate that xylobiose, rather than xylose itself, is 
the inducer of the xylanolytic system in D. squalens. Previously it was shown that xylose 
only results in a limited xylanolytic response in D. squalens (Chapter 3) (17). This study also 
presented evidence for cellobiose as the inducer of the cellulolytic system, and demonstrate 
that mannose did not induce the mannanolytic systems, suggesting that disaccharides may 
be the typical inducer compounds for the plant biomass degrading system of this species.

Interestingly, two strains (P1P2 and p2) accumulated high levels of xylitol, both intra- and 
extracellularly (Fig. 3). This may indicate that the pentose catabolic pathway is not working 
very efficiently in these strains. Accumulation of extracellular xylitol and L-arabitol has 
been demonstrated previously by blocking this pathway at the final step (D-xylulokinase) 
in the ascomycete fungus Aspergillus niger (27). In addition, extracellular accumulation of 
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L-arabitol was observed for an L-arabitol dehydrogenase mutant of Aspergillus nidulans 
(28), indicating that extracellular accumulation of intermediates of the pentose catabolic 
pathway typically occurs when this pathway is not working well. 

Similarly, glucose levels remained highly similar to the non-incubated spruce sticks, but 
accumulation of cellobiose was observed both intra- and extracellularly, but again with 
strong variation between the strains (Fig. 3). Mannose levels showed some increase in some 
strains, but at a much lower level than cellobiose and xylobiose (Fig. 3). While a similar 
pattern was observed for intracellular galacturonic acid, accumulation of extracellular 
galacturonic acid was observed after four weeks for strains p1 and f1, and to a lesser extent 
for p2, which are all monokaryotic strains. D. squalens has two genes (Protein Id 920919 & 
242770) with relatively high amino acid sequence similarity (44-47%, expect value 1.61E-
096 and 5.23E-136, respectively) to the published A. niger galacturonic acid transporter, 
GatA (29), but both genes were expressed at low levels under our growth conditions 
(data not shown), which may explain the extracellular accumulation of galacturonic acid. 
Mannitol accumulated strongly after four weeks in PP, P1P2 and p2, but not in the other 
strains, suggesting that the metabolic fluxes of central carbon metabolism differs in the D. 
squalens strains under our growth conditions. This was also apparent from the variation in 
oxalic acid levels, although an increase in oxalic acid was mainly observed extracellularly 
(Fig. 3). This is consistent with previous findings showing that another Finnish dikaryon, D. 
squalens FBCC184, secretes oxalic acid throughout 30-day cultivation on solid spruce wood 
(30). In addition, D. squalens FBCC312 has been shown to effectively regulate its intra- and 
extracellular oxalic acid levels by oxalate decarboxylases (ODCs) that work consecutively 
with formate degrading formate dehydrogenases (FDHs) when the fungus grows on 
spruce (25). Consistent with the previous expression study of D. squalens FBCC312 (25), 
the transcriptome data demonstrated that mainly odc1 and fdh3 were expressed in all the 
strains (Suppl. Fig. 1), although with significant variation between the strains. Levels of fdh3 
reduced from two to four weeks for most strains, while odc1 levels remained similar or 
increased. While expressed at much lower levels, larger difference was detected between 
the strains for the expression of the other odc genes. In particular, odc4 and odc5 were 
higher in f1 compared to the other strains (Suppl. Fig. 1). Similarly, expression of fdh1 was 
higher in this strain than in the others, while the expression of fdh2 was more variable. 
These differences in the expression levels of both the major and minor odc and fdh genes 
likely explain at least in part the variation in the oxalic acid levels observed for the strains 
(Fig. 3).

Variation in the levels of the aromatic compounds was also observed (Fig. 3), but to a 
somewhat lesser extent than observed for the sugar compounds. While extracellular 
benzoic acid levels remained similar to the non-incubated spruce sticks, intracellular levels 
decreased, suggesting conversion of this compound. In contrast, reduction of p-hydroxy 
benzoic acid was observed extracellularly, while this compound remained more constant 
intracellularly (Fig. 3). Intracellular vanillic acid levels increased in nearly all strains, 
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Figure 3. Relative metabolite levels in the different D. squalens strains during 2- and 4- weeks of 
growth on Norway spruce sticks. Levels in uncultured sticks were set as 100%.
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Figure 3. (Continued).
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while this was only observed in some strains for syringic acid. In contrast, extracellular 
levels of syringic acid increased in all strains, but little variation was observed for vanillic 
acid extracellularly. These four compounds have all been suggested to be converted to 
protocatechuic acid in fungal aromatic metabolism (26). Protocatechuic acid accumulated 
in all strains intracellularly, especially after four weeks, but only p2 showed a high increase 
in the extracellular level of this compound, even though its intracellular level was similar to 
PP. As this is an intracellular conversion product of lignin-derived aromatics, this suggests 
that p2 exports protocatechuic acid out of the cell, while its related dikaryon, PP, does this 
to a much lower extent. 

Overall, the variation in levels of sugar and aromatic compounds suggests a significant 
difference in the efficiency of and the flux through the aromatic pathways in the D. squalens 
strains, resulting in accumulation of different levels of the intermediate compounds as 
observed in this study.

Microscopic imaging supports more significant wood degradation by the 
dikaryon compared to the monokaryon

The transcriptome and proteome data suggest a more extensive expression/production of 
plant biomass degradation related CAZy transcripts/proteins in the D. squalens dikaryons 
compared to the monokaryons (see previous sections). To evaluate this in more detail, the 
colonization of wood by the Polish original dikaryon (PP, FBCC312) and one of its derived 
monokaryons (p2, CBS 464.89) was examined by HIM (Fig. 4) and confocal microscopy (Fig. 
5). HIM microscopy demonstrated that both strains are able to colonize spruce wood and 
erode tracheid cells during the four-week growth. However, confocal microscopy revealed 
deeper penetration of the wood cell walls by the hyphae of the dikaryon, but not by the 
monokaryon. This further indicates more extensive wood degradation by the dikaryon than 
by the monokaryon, which supports the overall results of the transcriptome/proteome 
analysis. A possible explanation for this could be that the monokaryon mainly colonizes 
the surface of the wood. When a compatible monokaryon lands on the wood, a dikaryon is 
formed that proceeds to degrade the wood cells more completely to generate carbon and 
energy for the formation of fruiting bodies. Such an approach would avoid the utilization 
of most of the wood substrate before the fungus is capable of reproduction. Increased 
expression of plant biomass degradation related genes was also previously observed for the 
white-button mushroom Agaricus bisporus during fruiting body formation in commercial 
growth conditions (31), hinting at a similar strategy in this fungus. 
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Figure 4. Helium Ion Microscope (HIM) images of Norway spruce tissue after growth of D. squalens dikaryon (PP, 
FBCC312) and monokaryon (p2, CBS 464.89). A) and B) Transverse sections of non-inoculated spruce wood sticks. 
A) Less dense earlywood and denser latewood cells are indicated by the arrows. Transverse sections of spruce 
tissue after C) two-week and D) four-week growth of the D. squalens dikaryon. C) Abundant colonization of cell 
lumen by fungal hyphae and thinning of spruce secondary cell wall are pointed out by the arrows. D) The arrow 
indicate separation of spruce tracheids after degradation of middle lamellas and primary cell walls. E) Longitudinal 
section of spruce tissue after two-week and F) transverse section of spruce tissue after four-week growth of the 
D. squalens monokaryon. E) Colonization of wood tracheids by the hyphae of the monokaryon and bordered pits 
present in the tracheids are indicated by the arrows. F) Tracheid cells have started to separate due to eroded middle 
lamellas and primary cell walls as indicated by the arrow.



Chapter 4

98

Conclusions
In this study, we aimed to explore the intraspecies diversity of the basidiomycete white rot 
fungus D. squalens with respect to wood degradation. Therefore, the molecular response of 
two natural, geographically distinct D. squalens dikaryons, three monokaryons derived from 
them and two new dikaryons generated from these monokaryons was compared during 
growth on Norway spruce sticks. Transcriptome and proteome analyses revealed significant 
differences between the dikaryons and their related monokaryons, but also between the 
different dikaryons. This provided not only insights into the natural diversity by comparing 
the two natural lineages, but also in the evolution of the abilities of this fungus by crossing 
the monokaryons and generating new dikaryons. It should be noted that in our experiment 
no natural selection was performed on the newly generated dikaryons, which may explain 
why they appear to have a reduced wood degrading ability compared to the original 
dikaryons. 

The differences between mono- and dikaryons, which were in part supported by the 
microscopic analysis of the colonization of the wood sticks, suggests a pioneering role for 
the monokaryon that grew predominantly on the wood surface. In contrast, the dikaryon 
penetrated deeper the wood tissue and activated a larger set of plant biomass degradation 
related genes.

The strain-specific differences observed in this study indicate a large intraspecies variation 
in terms of wood degrading ability of the white-rot fungi. This suggests that comparing 
basidiomycete species using only a single strain as a representative of each species, may 
result in a much larger difference between the species that is truly the case. Careful selection 
of the fungal strains used for interspecies comparison, e.g. by a comparative analysis of 
several strains, can avoid such misinterpretations.

Figure 5. Confocal fluorescence microscopy images of D. squalens A) dikaryon (PP,FBCC312) and B) monokaryon 
(p2,CBS 464.89 ) after two weeks of growth on Norway spruce wood sticks. The wood sticks are stained red, while 
the fungal mycelium is stained blue.
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Originality-Significance Statement 

In the white-rot fungus D. squalens, we identified a set of molecular responses that were 
partially tailored to the composition of different wood types. Mimicking natural conditions 
using solid wood uncovered tailoring in the fungal response that can otherwise be masked 
by unnatural experimental conditions such as the use of shake-flasks or powdered woods.

Summary

White-rot fungi, such as Dichomitus squalens, degrade all wood components and inhabit 
mixed-wood forests containing both soft- and hardwood species. In this study, we evaluated 
how D. squalens responded to the compositional differences in softwood (guaiacyl (G) lignin 
and higher mannan content) and hardwood (syringyl/guaiacyl (S/G) lignin and higher xylan 
content) using semi-natural solid cultures. Spruce (softwood) and birch (hardwood) sticks 
were degraded by D. squalens as measured by oxidation of the lignins using 2D-NMR. The 
fungal response as measured by transcriptomics, proteomics and enzyme activities showed 
a partial tailoring to wood composition. Mannanolytic transcripts and proteins were more 
abundant in spruce cultures, while a proportionally higher xylanolytic activity was detected 
in birch cultures. Both wood types induced manganese peroxidases to a much higher level 
than laccases, but higher transcript and protein levels of the manganese peroxidases were 
observed on the G-lignin rich spruce. Overall, the molecular responses demonstrated 
a stronger adaptation to the spruce rather than birch composition, possibly because D. 
squalens is mainly found degrading softwoods in nature which supports the ability of the 
solid wood cultures to reflect the natural environment.

Introduction

White-rot fungi can degrade both wood polysaccharides and lignin by secreting hydrolytic 
and oxidative enzymes (1). Dichomitus squalens is a white-rot fungus that in nature is 
mainly found on softwoods (2, 3), but can also grow on hardwoods (4). Whether white-
rot fungi such as D. squalens can tailor their molecular responses (i.e. gene expression, 
protein production and enzymatic activities) to woods of different composition has not been 
well-established. This knowledge could indicate how wood-rotting fungi may adapt to the 
changes in the diversity of wood species in their environment, e.g. by human intervention 
or global warming. D. squalens is found in boreal forest ecosystems (5) that are often mixed 
forests (6). Climate change may alter which wood types are dominant in these forests. 
Understanding this adaptation in a changing climate is important because degradation of 
wood by the wood-rotting fungi is a critical contribution to the global carbon cycle (5, 7). The 
analysis of the molecular responses of D. squalens to different wood types offers suggestions 
of whether the fungus could have a fitness advantage as the proportion of wood types in a 
mixed forest change.
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Soft- and hardwood differ in both their polysaccharide and lignin composition. The major 
hemicelluloses in softwood and hardwood are galactoglucomannan and glucuronoxylan, 
respectively, while each is a minor component in the opposite wood type (8). White-rot 
fungi produce mannanolytic enzymes to degrade galactomannan and xylanolytic enzymes 
to degrade glucuronoxylan, including enzymes that cleave the side-chain decorations 
particular to each hemicellulose polymer (9).

Softwood lignin is composed almost entirely of aromatic guaiacyl (G) sub-units, whereas 
both syringyl (S) and G sub-units are present in hardwood lignin (10). White-rot fungi 
degrade lignin by high redox potential class II heme-peroxidases, i.e. lignin, manganese 
and versatile peroxidases (MnPs and VPs), and possibly by laccases (11), but there is no 
evidence for enzyme specificity towards lignin sub-unit composition. Fungi catabolise the 
wood carbohydrates for energy and growth, while the aromatic breakdown products are 
mainly converted to less toxic intermediates (12-14).

Previously, in submerged cultures of D. squalens amended with aspen or spruce, no clear 
tailoring of both the transcriptome and exo-proteome to the wood composition was 
detected (15). In addition, in previous studies using submerged cultures with other white-
rot fungal species Phanerochaete chrysosporium (16), Phanerochaete carnosa (17) and 
Pycnoporus coccineus (18) no compositionally related response to both wood types was 
reported. In addition, P. coccineus also did not adjust its transcriptomes and proteomes 
to both powdered wood types in solid-state cultures (19). As both submerged cultures 
and powdered wood are significantly different to what white-rot fungi experience in their 
natural environment, these effects may mask differences in more natural conditions.

The regulatory basis for adaptation to plant biomass composition in wood rotting 
basidiomycetes is poorly understood as no transcriptional activators of carbohydrate active 
enzymes (CAZymes) have been characterised. In contrast, the sugar inducers and regulators 
that adjust the response of various ascomycetes to hemicellulose composition are known 
(20-22). Production of lignin modifying enzymes (LMEs) can be regulated by e.g. carbon and 
nitrogen concentrations, metals, and aromatic and xenobiotic compounds (23). Recently, 
Nakazawa et al. (24) identified a transcriptional regulator of LMEs but little otherwise is 
known of these regulators, and there are none related to lignin sub-unit composition.

D. squalens is a promising reference species for studying wood degradation by white-
rot fungi and in addition it also has a potential for biotechnology applications, such 
as in bioremediation of environmental pollutants (25). The recent establishment of a 
transformation system (26) facilitates genetic modification to study the underlying molecular 
mechanisms of wood decay.

In this study, we explored the ability of D. squalens to grow on and degrade wood sticks 
from a hardwood (birch) and a softwood (spruce) and analysed its molecular responses 
to the two wood types. Birch and spruce are commonly found in boreal forests and they 
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represent the compositional diversity of wood types (Table 1 and Table S1). We used several 
complementary techniques, transcriptomics, proteomics and enzyme activity assays, to 
understand how these woods are modified and whether D. squalens tailored its response 
to wood type compositional differences during cultivation that mimic natural conditions of 
the fungus. 

Results and discussion 

D. squalens degraded both birch and spruce wood sticks over four-week 
period 

To mimic natural conditions, D. squalens was cultivated on wood sticks over a four-week 
period with a visible increase in amount of mycelium (Fig. 1). Helium Ion Microscopy (HIM) 
demonstrated that after two weeks, D. squalens had colonised the lumen of the birch and 
spruce cell walls and there was evidence for wood degradation from thinning of the cell 
walls in both wood types, especially after four weeks (Fig. S1). Thinning of birch wood cell 
walls by D. squalens was observed previously using scanning electron microscopy (SEM) 
(4) and another analysis at higher magnification suggested a selective degradation strategy 
when they found a less degraded polysaccharide layer forming around the lumen of poplar 
(27). Using NMR, modification of lignin was detected in both soft- and hardwood (Table 1 

Figure 1. Images of wood-stick cultures of D. squalens on spruce or birch at two (2w) and four (4w) weeks.
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and Fig. S2). After four weeks, a small but significant increase in the amount of oxidised S 
units (S’) in birch and G units (G’) in spruce was detected (p < 0.05) in the NMR spectra of 
the whole wood cell walls. Concurrently, a small reduction in the amount of inter-unit lignin 
bonds (β-O-4, β-β and β-5) was observed in the wood sticks indicating that D. squalens may 
have oxidatively cleaved these linkages. Additionally, xylan degradation by D. squalens was 
evaluated by analysing the ratio of xylan internal residues to reducing end groups (Xi:Xr) 
(Table 1 and Fig. S2). The decrease in this value after fungal growth indicates partial de-
polymerisation of xylan chains had occurred. Overall, the changes observed by NMR analysis 
were relatively small, but still significant.

The limited extent of the wood stick degradation may be due to the relatively short cultivation 
time curtailing the mycelial penetration of the wood combined with the small proportion 
of the stick surface exposed to the fungus. Limited lignin degradation, as measured by 
pyrolysis–GC/MS, was also reported from similar solid spruce stick cultures after six weeks 
cultivation of the white-rot fungus Phlebia radiata (28). Similar to the D. squalens cultures, 
the increase in xylan reducing end groups was observed by NMR when the white-rot fungus 

Table 1. Gel-state 2D-HSQC NMR analysis of the lignin and xylan components of wood samples after 
decay by D. squalens.

spruce sticks birch sticks

non-inoculated controls D. squalens cultures non-inoculated controls D. squalens cultures

units or 
bonds A B C A B C p value A B C A B C p value

S - - - - - - - 62.8 63.6 65.2 55.8 60.3 59.8 0.04

G 96 96.9 95.8 94.6 94.6 94 0.02 28 28.7 27.3 25.5 26 26.1 0.05

S’ - - - - - - - 9.2 7.7 7.5 18.7 13.7 14.1 0.02

G’ 4 3.1 4.2 5.4 5.4 6 0.02 - - - - - - -

β-O-4 34.3 34.1 35.3 31.8 32.4 32.9 0.01 52.6 56.3 54 51.8 44 46.4 0.17

β-β 2.8 2.1 2.3 2.5 1.9 2.2 0.07 4.9 4.6 4.6 4.6 4 4 0.04

β-5 11.8 11.6 11.5 11.2 11.2 11.2 0.04 2.6 2.3 1.8 2 1.9 1.7 0.13

Xi:Xr 31.7 52.4 39.8 26 38.5 19.4 0.09 18.8 24.6 21.9 15.3 19.5 21.7 0.18

Gel-state whole cell wall 2D-HSQC NMR analysis of changes in the lignin sub-unit and major inter 
unit bond composition in spruce and birch sticks after four-week incubation with D. squalens. The 
lignin S/G sub-units are expressed as a percentage of the total units and the inter unit linkages as ‘per 
100 lignin C9 units’. The abundances of linkages were calculated relative to the S/G units by volume 
integration of the characteristic a (benzylic) cross peaks in the HSQC spectra, except for the β-O-4 
units in birch samples which were quantified using the β cross peak due to overlap of the α cross peak 
with acetylated xylan residues. The samples are matched pairs where, for example, for spruce the “A” 
replicate for the control and that incubated with D. squalens were milled concurrently. The p value was 
calculated from a paired two-tailed t-test and those with p < 0.05 are shaded in grey. S’ = oxidized S 
units; G’ = oxidized G units; Xi:Xr = Xylan internal:Xylan reducing end groups. “-” = below detection limit. 
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Pleurotus ostreatus was cultivated on small poplar (hardwood) chips (particle size < 4 mm) 
for three weeks (29). However, no increase in S’ units of lignin was detected. Compared 
to our study, the shorter cultivation time of P. ostreatus could indicate weaker ligninolysis 
during the early degradation phase, while on the other hand the smaller-sized poplar wood 
chips may have already been more extensively degraded including release of the S’ units 
from lignin.

Transcriptomes and extracellular proteomes showed broad-based wood 
type dependent patterns

With clear evidence for degradation of the wood sticks by D. squalens, the molecular 
responses of the fungus were investigated. The clustering pattern of all expressed 
transcripts as well as the expressed plant biomass degrading (PBD) CAZy transcripts in 
a principal component analysis (PCA) demonstrated differences in the responses of D. 
squalens to wood substrates, i.e. birch and spruce, as well as to time (Fig. S3). In the exo-
proteomes, one of the striking wood type-dependent patterns was an approximately three-
fold higher relative abundance of proteins containing a putative signal peptide amongst the 
total detected proteins in spruce compared to birch cultures at two weeks (Table S2A). The 
same trend was also detected in the four-week cultures. The lower relative abundance of 
proteins with a signal peptide in birch cultures indicated that there was less signal peptide 
mediated secretion, more non-classical secretion and/or more proteins released by cell 
lysis. Extracellular proteins of diverse functions have been annotated with a non-classical 
secretion signal in basidiomycetes although the mechanism of non-classical secretion is 
not understood (30, 31). These proteins without a signal peptide were also included in the 
analysis, as they were potentially part of the natural extracellular response of D. squalens 
to the studied wood substrates. In contrast, in the submerged aspen and spruce cultures of 
D. squalens, the majority of the detected proteins contained a putative signal peptide (15). 
Proteins without a putative signal peptide have also been detected in submerged aspen 
and pine cultures of P. chrysosporium, and they were speculated to originate from cellular 
lysis (16). The proportion of these proteins increased over time, but no wood type related 
differences were reported.

Mannan but not xylan degrading CAZy response was tailored to the wood 
type

D. squalens has a full repertoire of enzymes required to degrade mannan and xylan (9), 
the most abundant hemicellulose polysaccharides in spruce and birch, respectively – with 
13 mannanolytic CAZymes (MC) and 15 xylanolytic CAZymes (XC) (see Table S3 for full list 
of activities). Approximately half of the MC transcripts and proteins that were expressed 
and produced by D. squalens positively correlated with the wood composition by being 
higher in spruce cultivations (Fig. 2A). About a fifth of the MC transcripts and proteins were 
not induced by either of the wood types under the studied conditions and time points. In 
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contrast to the positive correlation of the MCs, none of the XC transcripts nor most of the 
XC proteins correlated with the wood type as their expression/production was generally  
higher on spruce (Fig. 2B). Exceptions to this were two β-xylosidases that were detected 
in higher abundance in the birch cultures at two weeks. The correlation between the fold 
changes in transcript abundance and protein production for the XCs at both time-points 
were reasonably high (R2 > 0.6) indicating that D. squalens was regulating protein levels 
at least partly if not predominantly by transcription (Fig. 2B). While most of the MC and 

Figure 2. Abundance of CAZy transcripts and proteins involved in the degradation of (A) mannan or (B) xylan. The 
Pearson correlation (R2) of log2 fold changes in transcript (y-axis) or protein (x-axis) abundance is shown adjacent 
to a particular comparison. Each of the transcripts or proteins in each comparison was categorised according to 
the colour legend. Abbreviations: 2w(s) and 4w(s) = two-week and four-week spruce cultivation, 2w(b) and 4w(b) 
= two-week and four-week birch cultivation, AGL = α-galactosidase, AGU = α-glucuronidase, BXL = β-1,4-xylosidase, 
GE = glucuronoyl esterase, LPMO = lytic polysaccharide monooxygenase, MAN = β-1,4-endo- mannanase, MND = 
β-1,4-mannosidase and XLN = β-1,4-endoxylanase.
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XC proteins identified were produced at significantly (p < 0.05) higher levels on spruce, 
substantial amounts of these MC and XC proteins were also detected in the birch cultures, 
in which these proteins still comprised 0.6 - 3.6% of the total exo-proteome abundance.
The xylanolytic and mannanolytic activities in the extracellular filtrates of D. squalens were 
measured using a purified xylan and two purified mannans. The ratio of birch xylan to carob 
galactomannan degrading activity was approximately three-fold higher in the two-week 
birch cultures compared to the two-week spruce cultures (Fig. 3) – a shift which correlates 
positively with the higher xylan content in birch. A similar shift was not found in the four-
week culture filtrates, as the ratio of the two activities in birch and spruce cultures was more 
variable. In addition, a similar trend was achieved when a galactoglucomannan purified 
from spruce instead of commercially available carob storage galactomannan was used as 
a mannanase substrate (Fig. S4B). In the exo-proteome, in contrast to the proportionally 
higher xylanolytic activity in the two-week birch cultures, the abundance of the majority 
of the endo-xylanase proteins was lower on birch (Fig. 2B). However, the two GH5_22 
β-xylosidases with higher abundance in birch cultures at two weeks may be contributing 

Figure 3. Extracellular activities of D. squalens for degradation of xylan and galactomannan. (A) Relative amounts 
of released sugars from the extracellular filtrates of the three biological replicate cultures towards birchwood xylan 
(xylose and xylobiose) or carob galactomannan (mannose and mannobiose). (B) The ratios to the release of sugars 
from xylan and galactomannan from the extracellular filtrates. Error bars represent standard errors of biological 
replicates.
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to the higher xylan degradation. Previously, low β-xylosidase activity has been reported for 
D. squalens in comparison to other sugar monomer releasing CAZyme activities (Chapter 2) 
(32). The adjustment of the polysaccharide degrading response observed at the gene and 
protein level was not reflected on the expression of relevant intracellular catabolic enzymes 
encoding genes (Table S4). Several catabolic pathways have been described in ascomycetes 
for the sugars that differ in abundance between birch and spruce (galactose, mannose, xylose 
and arabinose) (13). None of the 18 genes identified in D. squalens as putatively part of 
these pathways were differentially expressed between the two wood types in the two-week 
cultures. In the four-week cultures, only two differentially expressed genes were detected, 
i.e. a xylulokinase encoding gene (Dicsqu464_1_PID_821081) with higher expression on 
spruce cultures and a phosphoglucomutase gene (Dicsqu464_1_PID_951479) with higher 
expression on birch cultures (Table S4). However, their expression did not correlate with the 
compositional differences of the wood substrates.

Spruce and birch had an approximately five-fold difference in mannose content, but only a 
three-fold difference in xylose content (Table S1). The higher mannan content may partly 
explain the MC response detected in the D. squalens spruce cultures. Some differences of 
xylanolytic activities were detected that positively correlated with the wood composition, 
although XC transcript and protein abundance were in general higher in the spruce cultures 
(Fig. 2B). Small molecule inducers other than those derived from mannan or xylan could 
be inducing the MCs and XCs in different wood types participating in regulation of gene 
expression. We recently reported cellobiose as a potent inducer of a broad range of CAZymes, 
including XCs and MCs, in the same strain of D. squalens (Chapter 3)(33). Cellobiose, which is 
released during degradation of cellulose, was detected in the exo-metabolomics (Table S5). 
However, induction by individual sugars can only partially explain induction on crude plant 
biomass, as multiple sugars are present at varying concentrations.

Some contrasting trends, especially in the respective exo-proteomes than transcriptomes, 
were detected in the D. squalens solid cultures compared to the previous submerged 
cultures. While a higher subset of MC transcripts was also detected in the submerged spruce 
cultures, the same trend was not found in the exo-proteome (15). The spruce cultures had 
higher XC transcript abundance, but the production of the XC proteins was higher in the 
aspen cultures, particularly at the earlier time point where most XC proteins were not 
detected in the spruce cultures (15). These contrasting trends could be explained by growth 
differences of D. squalens in submerged cultures compared to solid cultures and the use of 
powdered wood. Other factors such as amount and composition of extractives from birch 
and aspen may play a role in the response of D. squalens. Physiological variability in one 
fungal strain with respect to a wood species and culturing condition further emphasises the 
complexity to compare the results of the other white-rot species from diverse cultivation 
conditions (16-19). Of note however, in P. coccineus cultures on powdered wood agar, there 
was a subset of XC transcripts higher on hardwood (aspen) but no MCs transcripts high on 
softwood (pine) (19).
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MnPs are the main LMEs induced on solid wood and more so on spruce 
than birch

In addition to differences in polysaccharide composition, spruce lignin consists almost 
entirely of G units, while birch lignin is a mixture of S and G units in an approximately 2:1 
ratio (Table 1). NMR analysis showed that lignin was oxidised by D. squalens during the 
course of the cultivations (Table 1). Furthermore, in exo-metabolomics, vanillic acid and 
syringic acid were identified in the D. squalens cultures, which are aromatic breakdown 
products of G and S lignin, respectively (34, 35). In line with the composition of the birch 
lignin, syringic acid was 50 to 100-fold more abundant in the birch control and cultures 
(Fig. 4A). However, the abundance of the vanillic acid was similar on birch and spruce (both 

Figure 4. Lignin degradation related transcript, protein or metabolite abundance. (A) Abundance (exo-
metabolomics analysis) of two aromatic compounds with the ring methoxylation pattern found in either G or 
S lignin sub-units. (B) Abundance of AA1_1 laccase (LCC) and AA2 manganese peroxidase (MnP) and versatile 
peroxidase (VP) transcripts and proteins in each of the cross-substrate comparisons. (C) Abundance of cytochrome 
P450 transcripts and proteins that were different in abundance (or only present on one substrate) in either the 
transcriptome or exo-proteome. Each of the transcripts or proteins in each comparison was categorised according 
to the colour legend. Abbreviations: 2w(s) and 4w(s) = two-week and four-week spruce cultivation and 2w(b) and 
4w(b) = two-week and four-week birch cultivation.
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controls and cultures) with the largest difference being a four-fold higher level in the birch 
compared to spruce cultures at four weeks. Vanillic acid has been previously identified in the 
breakdown products from spruce degraded by the white-rot fungus P. chrysosporium (35), 
while syringic acid has been detected from white-rot degraded birch (34). The response 
of D. squalens to the birch and spruce lignin was analysed using the transcript and protein 
abundances of the LMEs and cytochrome P450s (cytP450) that could be metabolising lignin 
breakdown products (12).

D. squalens has 12 putative AA1_1 family laccases and 12 putative AA2 family Class II 
peroxidases of which 10 are manganese peroxidases (MnPs) and two are versatile peroxidases 
(VPs) (15) (Fig. 4B). In all cultures, the majority of the laccases were lowly expressed and 
their corresponding proteins were absent in the exo-proteomes. Furthermore, the overall 
transcript levels of the laccases were much lower in the solid cultures of our study (<40 
fragments per kilobase of exon model per million reads mapped (FPKM)) than in the 
previously reported submerged cultures, where several laccases have been highly expressed 
(>1000 FPKM) (15). This is corroborated by the exo-proteomes where half as many laccases 
were identified in the solid cultures compared to those reported from the submerged 
wood cultures (15). At four weeks, one laccase encoding gene (Dicsqu464_1_PID_845680) 
was expressed at a higher level in the birch compared to the spruce cultures and the 
corresponding protein was only identified in the four-week birch cultures. Conversely, 
another laccase (Dicsqu464_1_PID_59186) had higher protein abundance in the two-
week spruce compared to birch cultures, while the corresponding transcripts were more 
abundant after four weeks on spruce. Laccases can also be developmentally regulated, 
as was shown in the compost cultures of the white-rot causing litter decomposing fungus 
Agaricus bisporus (36). D. squalens did not fructify in the wood stick cultures, and this lack 
of development may explain why some of the laccases were lowly expressed and their 
corresponding proteins were not detected. A future analysis in a fructifying condition could 
further build on this study.

In contrast to laccases, D. squalens expressed and produced the majority of the MnPs on the 
solid wood cultures. Thus, MnPs possibly have a greater role in lignin degradation during the 
growth of D. squalens on solid wood compared to the submerged powdered wood containing 
cultures (15). The MnP transcript levels were higher on spruce, but the production of two 
extra-long MnP proteins (Dicsqu464_1_PID_934487 and Dicsqu464_1_PID_577408) was 
higher on birch. Both VPs were lowly expressed and the proteins were absent in all cultures. 
However, a VP (Dicsqu464_1_PID_825366/Dicsq1_PID_155734) has been identified in the 
exo-proteome in the submerged spruce and aspen cultures (15). This may indicate that more 
Mn3+ chelates produced by MnPs, which can penetrate the wood structure, are required 
for lignin degradation in solid wood compared to the powdered wood in the submerged 
cultures. Furthermore, the higher transcript and protein levels of the MnPs on spruce could 
be due to a need for greater amounts of Mn3+ chelates for degradation of denser G-rich 
lignin in spruce as was suggested by Couturier et al. (19). There is limited understanding of 
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how wood type affects the LME production. The lack of a pattern of higher transcript and 
protein abundance of MnPs and VPs on birch may indicate that a tailored LME production 
is not needed for the degradation of S lignin. In addition, less redox potential is required to 
oxidise the lignin S units (37) and therefore a smaller subset of the LMEs may be sufficient. 
The lower expression of the MnP encoding genes on birch could support this hypothesis of 
a tailoring of the level of redox potential to lignin composition. 

D. squalens has 200 putative cytP450 oxidoreductases that are generally located 
intracellularly and have diverse roles in the conversion of small molecules (12). The expansion 
of the number of P450s in wood-rotting fungi was hypothesised to be due to the need for 
the detoxification of lignin breakdown products (Morel et al., 2013). In the two-week and 
four-week cultivations of D. squalens, 24 cytP450s with differential transcript and/or protein 
levels were detected (Fig. 4C). Of the 14 that were higher on birch at one or both time points, 
these were annotated as members of nine cytP450 families. Five of the cytP450 families 
(CYP512, CYP5035, CYP5037, CYP5144 and CYP5150) were previously found to be enriched 
in a set of model basidiomycete species and there is evidence for activity from members of 
these families towards aromatic and flavonoid compounds (38). Two of the cytP450s were 
found in higher abundance in the birch exo-proteomes although they likely originate from 
cellular lysis during the cultivation. The cytP450s with higher gene expression or protein 
production in the D. squalens birch cultures could have a role in metabolising breakdown 
products from S-lignin and warrant future analysis of their individual and combinatorial 
activities towards S-lignin breakdown products. In the P. coccineus solid cultures, a small 
subset of cytP450 genes were also found to be differentially expressed between aspen and 
pine plate cultures (19).

Conclusions
This study expands the understanding of the molecular level responses of white-rot fungi 
to wood through the use of solid wood stick cultures mimicking their natural growth 
environment. D. squalens partially tailors its molecular responses to wood composition 
when grown on solid hardwood and softwood sticks. The quantitative rather than 
qualitative differences in the wood polysaccharides are likely contributing to the limited 
adjustment detected for the sets of the CAZymes. Other softwoods than spruce with lower 
xylan content should be analysed to possibly identify a better tailoring of the enzymatic 
machinery matching to the composition of a hardwood (e.g. Pettersen (39)) compilation 
of wood composition highlights several of such softwoods). D. squalens is more commonly 
found on softwoods in nature and this is possibly contributing to the stronger adaptation 
in the solid cultures to the composition of spruce. This reflection of the natural preference 
of D. squalens for softwood supports the use of the solid cultures to mimic the natural 
environment. In an increasing spruce-rich forest, D. squalens could have a fitness advantage 
through its higher MC transcripts and protein production on spruce compared to birch but 
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may be at a disadvantage in an increasingly birch-rich forest. Whether the white-rot fungal 
responses are adjusted to the qualitative compositional differences in the lignin, requires 
deeper understanding of the mechanisms of white-rot fungal lignin degradation.

Experimental procedures

Growth conditions

The D. squalens dikaryotic strain FBCC312 was maintained on 2% (w/v) malt extract 1.5% 
(w/v) agar (MEA) plates. Static liquid pre-cultures in 250 mL Erlenmeyer flasks containing 
50 mL low-nitrogen asparagine-succinate (LN-AS) minimal medium (40), adjusted to pH 
4.5 and supplemented with 0.05% (w/v) glycerol, were inoculated with five agar plugs (0.5 
cm diameter) and incubated for 7 d at 28°C. The plugs were from fresh fungal mycelium 
taken from MEA plates, which had been incubated at 28°C. Mycelium from two of the 
static precultures was fished out with an inoculating loop and transferred to a blender cup 
that was filled with approximately 50 mL LN-AS medium (without vitamins and glycerol) 
and blended on a Waring blender for 10 s at 8,000 rpm three times with a 30 s pause in 
between each blending. From the required number of pooled blended precultures, 4 mL 
was distributed evenly across the surface of each wood stick culture by pipetting. Wood 
stick cultures were prepared in 250 mL flasks with 100 mL of 1.5% (w/v) water agar. Norway 
spruce (Picea abies) or silver birch (Betula pendula) sticks (~ 2 cm length, ~ 0.2 cm width 
and ~ 0.2 cm height) were autoclaved before transferring 2 g of the sticks onto the set water 
agar. Triplicate cultures for each time-point (two-week and four-week) and for each set of 
biomolecule extractions (RNA, exo-proteins and exo-metabolites, and enzyme assays) were 
incubated at 28°C in the dark.

RNA, protein and metabolite extractions

For RNA extraction, the wood sticks and mycelium were ground using steel chambers with a 
steel ball in a TissueLyser followed by CsCl gradient ultracentrifugation (41). For exo-protein 
and exo-metabolite extraction, the inoculated sticks (as well as non-inoculated control 
sticks for exo-metabolites) were transferred to 20 mL of cold water in 100 mL conical flasks 
and incubated at 4°C and 200 rpm for 2 h. The contents of each of the flasks were filtered 
through a Büchner funnel fitted with a layer of Miracloth where the filtrate was then frozen 
in liquid nitrogen, freeze dried and resolubilized for subsequent separation. Cold 2:1 (v/v) 
chloroform:methanol was added as a 5:1 (v/v) ratio over the previous collected or extracted 
samples. The mixture was let stand for 5 min then vortexed for 10 s and centrifuged at 
10,000 x g for 10 min at 4°C. The upper aqueous layer was collected for metabolite analysis, 
while the protein interphase was brought to the bottom of the tube by discarding the lower 
phase. The protein fraction was then air-dried and stored at -80°C.
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RNA library preparation, sequencing and data processing

Plate-based RNA sample preparation was performed on the PerkinElmer Sciclone NGS 
robotic liquid handling system using Illumina’s TruSeq Stranded mRNA HT sample prep kit, 
which utilizes poly-A selection of mRNA, following the protocol outlined by Illumina in their 
user guide: http://support.illumina.com/sequencing/sequencing_kits/truseq_stranded_
mrna_ht_sample_prep_kit.html. mRNA was purified from 1 µg of total RNA using magnetic 
beads containing poly-T oligos and was subsequently fragmented and reverse transcribed 
using random hexamers and SSII (Invitrogen) followed by second strand synthesis. The 
fragmented cDNA was treated with end-pair, A-tailing, Illumina compatible adapter ligation, 
and eight cycles of PCR was used for library amplification and enrichment. The prepared 
libraries were quantified using KAPA Biosystem’s next-generation sequencing library qPCR 
kit and run on a Roche LightCycler 480 real-time PCR instrument. The quantified libraries 
were multiplexed into pools of 12 libraries each, and the pools were prepared for sequencing 
on the Illumina HiSeq sequencing platform utilizing a TruSeq paired-end cluster kit, v4, and 
Illumina’s cBot instrument to generate a clustered flow cell for sequencing. Sequencing of 
the flow cell was performed on the Illumina HiSeq2500 sequencer using HiSeq TruSeq SBS 
sequencing kits, v4, following a 1x100 indexed run recipe.

For the read pre-processing, raw fastq file reads were filtered and trimmed using the JGI QC 
pipeline. Using BBDuk (https://sourceforge.net/projects/bbmap), raw reads were evaluated 
for artifact sequence by kmer matching (kmer=25), allowing one mismatch and detected 
artifact was trimmed from the 3’ end of the reads. RNA spike-in reads, PhiX reads and 
reads containing any Ns were removed. Quality trimming was performed using the phred 
trimming method set at Q6. Finally, following trimming, reads under the length threshold 
were removed (minimum length 25 bases or 1/3 of the original read length - whichever is 
longer). Filtered reads from each library were aligned to the reference genome (https://
genome.jgi.doe.gov/Dicsqu464_1/Dicsqu464_1.home.html) using HISAT version 0.1.4-beta 
(42). FeatureCounts (43) was used to generate the raw gene counts using gff3 annotations. 
Only primary hits assigned to the reverse strand were included in the raw gene counts (-s 
2 -p --primary options). Raw gene counts were used to evaluate the level of correlation 
between biological replicates using Pearson’s correlation (Fig. S5) and determine which 
replicates would be used in the DGE analysis. DESeq2 (version 1.10.0) (44) was subsequently 
used to determine which genes were differentially expressed between pairs of conditions. 
The parameters used to call a gene DE between conditions were adjusted to p-value < 0.05. 
Raw gene counts, not normalized (FPKM) counts were used for DGE analysis as DESeq2 uses 
its own internal normalization. The reads from each of the RNAseq samples were deposited 
with the Sequence Read Archive at NCBI with individual sample BioProject Accession 
numbers (PRJNA411449 to PRJNA411460).
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RNAseq data analysis

Genes were considered differentially expressed if the DESeq2 fold change was > 2 or < 0.5 
and Padj < 0.05. Genes whose expression was < 10 FPKM were considered lowly expressed 
and genes whose expression was < 10 FPKM in all four conditions were excluded from 
analysis. The PCA was performed on the expressed plant biomass degrading CAZy and all 
expressed genes using FactoMineR version 1.39 (45) in R version 3.4.3 where the replicates 
from a condition clustered together into distinct groupings.

Gene annotations

CAZy (46) annotations for Dicsqu464_1 were from https://genome.jgi.doe.gov/mycocosm/
annotations/browser/cazy/summary;VQfPgv?p=Dicsqu464_1. The PBD CAZy were 
annotated based on Rytioja et al. (15) and updated where required based on the characterized 
fungal enzymes at http://www.cazy.org/. The PBD subset is listed in Table S3. These PBD 
CAZy include as well as the polysaccharide degrading CAZymes, the LMEs and other auxiliary 
activity (AA) enzymes related to lignin degradation. The relevant carbon catabolism genes 
in D. squalens were identified by bidirectional BLAST using the carbon catabolism genes 
from ascomycetes listed in Patyshakuliyeva et al. (47) or from Khosravi et al. (13) (Table S4). 
CytP450s were those with the InterPro accession IPR001128 (InterPro accessions were also 
used for the sub-categories for groups and classes) from the InterProScan (48) annotations 
of the Dicsqu464_1 proteins from the JGI. The CYP family annotations were those assigned 
to Dicsq1 gene models in the Fungal Cytochrome P450 Database (http://p450.riceblast.snu.
ac.kr/index.php?a=view) (49, 50).

Previous published work on D. squalens used the only available D. squalens genome 
annotation (LYAD-421 SS1, Dicsq1), but here for read mapping and peptide matching the 
annotation of a monokaryotic strain (CBS464.89; Dicsqu464_1) was used. CBS464.89 is a 
monobasidiospore isolate from the dikaryotic strain FBCC312 (CBS 432.34) (51) used for 
the birch and spruce cultures. To facilitate comparisons with previous D. squalens studies, 
the orthologs between the two D. squalens strains (Dicsqu464_1(https://genome.jgi.doe.
gov/Dicsqu464_1/Dicsqu464_1.home.html) and Dicsq1(http://genome.jgi.doe.gov/Dicsq1/
Dicsq1.home.html)) were identified using a bidirectional best hit (BBH) method (52, 53). 
The two proteomes were used for all-against-all BLAST searches. Pairs with reciprocal best 
scores were assigned as putative orthologs and are listed in Table S3.

Proteomic sample preparation and analysis

The protein pellets were dissolved into a solution of 8 M urea in 50 mM NH4HCO3 (pH 
8.0) with 10% CHAPS and the protein concentration was estimated using a BCA protein 
assay. The proteins were then denatured and reduced with 5 mM DTT for 30 min at 60°C 
in a thermomixer. The protein solution was then diluted 10-fold with 50 mM NH4HCO3 (pH 
8.0), CaCl2 was added at a concentration of 1 mM, and trypsin was added at a ratio of 1:50 
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enzyme-to-protein prior to incubation for 3 h at 37°C in a thermomixer. The digestion was 
quenched with a solution of trifluoroacetic acid (1%) before flash freezing and storing at 
-80°C. The salts and detergents were removed using SCX SPE as described in Kowalczyk et 
al. (54)and the final peptide concentration was determined using a BCA assay to ensure the 
samples were diluted to 0.1 μg·μL-1 for LC-MS/MS processing.

All data were collected on a hybrid Velos linear ion trap coupled Orbitrap mass spectrometer 
(Thermo Electron, Waltham, MA) coupled to a NexGen 3 high performance liquid 
chromatography system (Agilent Technologies, Santa Clara, CA) through 75 μm x 70 cm 
columns packed with Phenomenex Jupiter C-18 derivatized 3 μm silica beads (Phenomenex, 
Torrance, CA). Samples were loaded onto columns with 0.05% formic acid in water and 
eluted with 0.05% formic acid in acetonitrile over 99 min. Ten data-dependent MS/MS scans 
were recorded for each survey MS scan using normalized collision energy of 35, isolation 
width of 2.00, and rolling exclusion window of +1.55/-0.55 Th lasting 60 s before previously 
fragmented signals are eligible for re-analysis. For the MS/MS data search, the MS/MS spectra 
from all LC-MS/MS datasets were converted to ASCII text (.dta format) using DeconMSn (55) 
which more precisely assigns the charge and parent mass values to an MS/MS spectrum. 
The data files were then interrogated via target-decoy approach (56) using MSGFPlus (57) 
using a +/- 20 ppm parent mass tolerance, partially tryptic enzyme settings, and a variable 
posttranslational modification of oxidized methionine. As part of this processing a target-
decoy based Q-Value is calculated for each identification within each dataset scaled such 
that its value roughly reflects the peptide to spectrum match false discovery rate (PSM FDR).

For peptide quantification, MS/MS search results were imported into a Microsoft SQL 
Server relational database that stores peptide and related protein information, recalculates 
peptide mass based on IUPAC values, and tracks relative elution times for peptides (58) 
normalized between roughly zero and one (Normalized Elution Time, or NET, (59). Each 
unique peptide, including post-translational if there are any, is considered a Mass Tag. LC-
MS data were deisotoped using Decon2LS (60), and eluting LC-MS features were grouped 
using MS Feature Finder (61) with abundance information for each feature extracted as the 
sum of monoisotope abundances for each grouped feature. LC-MS features were matched 
to a filtered list of Mass Tags (<=5% PSM FDR via Q-Value) based on mass (+/- 6ppm) and NET 
(+/- 0.025). Mass and NET tolerances were dynamically refined based on histogram width. 
False matching events between Mass Tags and LC-MS features were controlled via STAC 
score >=0.60 (~6% FDR, (62)) and the final list of all Mass Tags and their related abundance 
values combined across all data and exported to Microsoft Excel.

Only peptides that were a match to a single protein (i.e. unique peptides) from Dicsqu464_1 
were used for subsequent analysis. The peptide abundance values were summed to 
the protein level and then the protein abundance values were normalized to adjust for 
differences in total abundance by adjusting the values in a sample so that every sample had 
the same mean abundance value. For a protein to be considered identified, the requirements 
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were a minimum of two peptides (unique to that protein) identified in the dataset and an 
abundance measurement in at least two of the replicates for that condition. For an identified 
protein to be considered significantly different in abundance, the requirements were a two-
fold change of the mean abundance values and p < 0.05 from a two-tailed heteroscedastic 
(assuming unequal variances) t-test of the log2 transformed abundance values. Proteins 
were categorised as higher (or only present) in the birch or spruce cultures, not significantly 
different or not present. Proteins considered to be conventionally secreted were those with 
a SignalP (63) HMM probability (hmm_signalpep_probability) > 0.5 using the annotations 
from https://genome.jgi.doe.gov/Dicsqu464_1/Dicsqu464_1.home.html. For the analysis 
of cytP450s, a higher five-fold change in abundance threshold, only considering cytP450s 
that were identified in both of the wood type cultures was used to control artefacts caused 
by possible differences in the levels of cellular lysis in the cultures.

Metabolomics

Metabolomics analysis was performed as reported previously (64). Extracted metabolites 
were completely dried under speed-vacuum and chemically derivatized as reported 
previously (65). Briefly, equivalent volumes of the extracted metabolites from all samples 
were derivatized by methoxyamination and trimethylsilyation (TMS), then the samples were 
analysed by GC-MS. GC-MS raw data files were processed using the Metabolite Detector 
software, version 2.5 beta (66). Briefly, original data files were converted to netCDF format 
using vendor’s software, followed by conversion to binary files using Metabolite Detector. 
Retention indices of detected metabolites were calculated based on analysis of the fatty acid 
methyl esters mixture (C8 - C28), followed by chromatographic alignment across all analyses 
after de-convolution. Metabolites were initially identified by matching experimental spectra 
to an in-house GC-MS metabolomics database, containing spectra and validated retention 
indices for over 850 metabolites, then unknown peaks were additionally matched with the 
NIST14 GC-MS library. All metabolite identifications were validated to reduce deconvolution 
errors during automated data-processing and to eliminate false identifications.

Enzyme assays with mannan and xylan polysaccharides

For enzyme assays, the extracellular proteins were collected from triplicate two-week and 
four-week cultures as described previously. However, the filtrate instead of freeze drying, 
was centrifuged at 3,220 x g, 4°C for 10 min to pellet any solids before concentrating the 
supernatant approximately10-fold using Vivaspin (GE Life Sciences) columns with a 5,000 
molecular weight cut-off by centrifuging at 4°C and 3,220 g. Enzyme assays were performed 
in 96-well plates in a total volume of 200 µL containing 50 mM sodium acetate buffer pH 
5 with shaking at 600 rpm on a plate shaker at 40°C for 16 h. As substrates 0.5% (w/v) of 
galactomannan (carob) (Megazyme), galactoglucomannan from spruce (prepared according 
to (67)) or birchwood xylan (Sigma) were used. The reactions were terminated by heating at 
99°C for 5 min. Enzymatic reactions with a particular concentration of filtrate were performed 
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in duplicate in the 96-well plate and were pooled. The sugars released (xylose, xylobiose, 
mannose and mannobiose) were measured using a Dionex HPAEC-PAD (Dionex ICS-5000+ 
system; Thermo Scientific) system with the program for measuring the monosaccharides 
as Mäkelä et al. (68) and the program for the disaccharides as Mäkelä et al. (69). For the 
disaccharides, the Dionex system used the same CarboPac PA1 column (2×250 mm with 
2×50 mm guard column; Thermo Scientific) using a linear gradient of 0-400 mM sodium 
acetate in 100 mM NaOH, 45 min followed by an isocratic elution of 900 mM sodium acetate 
in 100 mM NaOH for 10 min in 100 mM NaOH (20°C, flow rate: 0.30 mL·min-1). The column 
was cleaned with 1 M NaOH for 5 min followed by 10 min equilibration using 100 mM NaOH. 
Five to 250 μM xylobiose and mannobiose (Megazyme) were used as standards. Controls 
without substrate or filtrate were also performed. Volumes of each of the extracellular 
filtrates were assayed in a range where a particular sugar could be measured when the 
release was increasing (i.e. not plateaued) (mannobiose (2.5 μL and 5 μL), mannose (5 μL and 
10 μL), xylobiose (0.25 μL and 1 μL) and xylose (10 μL)). Based on the amounts of monomers 
and dimers released, not more than approximately 10% of the polysaccharides had been 
saccharified. The μmole amount of a sugar released in a reaction was expressed per volume 
of filtrate. The μmole · μL-1 release of the respective monomers and dimers were summed 
(i.e. mannose plus mannobiose and xylose plus xylobiose) and the ratio of the respective 
monomer plus dimer release from each filtrate was calculated to indicate changes in the 
relative proportions of mannan and xylan degrading activities in the extracellular filtrate. 
The calculation of this ratio aided in controlling for varying levels of total secreted protein, 
cellular lysis and proteolysis in different solid-state cultures.

NMR analysis

The wood sticks from the four-week cultures for NMR analysis were collected as by the 
method for extracellular proteins whereby the sticks that were captured by the Büchner 
funnel were air-dried in a 60°C oven for 7 d. Triplicate non-inoculated control cultures were 
incubated under the same conditions as the fungal cultures. NMR analysis was performed 
following Kim and Ralph (70). Briefly, air dried wood sticks were manually reduced to 
approximately < 5 mm in all dimensions using scissors. Approximately 400-500 mg of this 
material was then placed in a 50 mL centrifuge tube and extracted sequentially with water 
(2 x 40 mL), 80% ethanol (2 x 40 mL) and acetone (2 x 40 mL) by ultrasonication for 30 min, 
with the supernatant being removed by decantation each time. The extractive free wood 
chips were allowed to air dry (24 h) before a 250 mg portion was finely milled in a planetary 
ball mill for 15 h using a 50 mL agate jar containing 1 x 20 mm, 1 x 15 mm and 6 x 10 mm 
agate balls. The samples were milled using a ‘vintage style’ Fritsch ‘Pulverisette 7’ mill at 
speed setting 7.5. Under these conditions sample heating was negligible. Approximately 
70 mg of milled cell wall material was transferred directly to a 5 mm NMR tube and evenly 
distributed up the sides of the tube (bottom ~5 cm). 600 mL of premixed d6-DMSO:d5-Pyrdine 
(4:1) solution was then carefully introduced directly to the bottom of the tube using a long 
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needle and syringe. The sample was mixed by vigorous shaking followed by ultrasonication 
for 30 min forming a uniform gel.

NMR spectra were acquired on a 6000 MHz Bruker Advance II spectrometer equipped with 
a 1H-13C/15N/2H CPTCI Cryoprobe. 2D 1H–13C HSQC spectra were acquired using a standard 
Bruker pulse program (hsqcetgpsisp2). The NMR spectra were acquired from 13 to -1 
ppm in F2 (1H) using 2048 data points for an acquisition time (AQ) of 122 ms, an interscan 
delay (D1) of 1 s, 47–137 ppm in F1 (13C) using 144 increments and 64 scans. The spectrum 
was processed using squared cosinebell in both dimensions and LPfc linear prediction 
(18 coefficients) in F1. Interactive integrations of contours in 2D HSQC plots were carried 
out using Bruker’s TopSpin 3.5 (Windows) software, as was all data processing. Lignin and 
carbohydrate assignments were made based on literature reports (70-72).

Semi-quantitative analysis of the lignin components was accomplished by integration and 
comparison of the S2/6 and G2 resonances in the aromatic region and the characteristic signals 
for each structural unit in the oxygenated alkyl region. Abundances of the lignin linkages are 
expressed as the number of linkages per 100 C9 units. Relative amounts of hemicellulose 
components were calculated by a similar comparison of the integrals using the anomeric 
carbohydrate resonances as a reference. Figures were produced using Adobe Illustrator. A 
two-tailed paired t-test was used to determine significant differences in the NMR data.

Microscopy sample preparation and imaging

Interactions of fungal hyphae and wood cells were analysed by Helium Ion microscopy 
(HIM). Three representatives of mycelium-wood sticks from every flask were inspected 
and the images taken were representative of their entire (respective) sample. The 
mycelium-wood stick was fully submerged in glutaraldehyde 2.5% to fix it and preserved 
at 4°C until processed. The wood sticks were dissected with a scalpel to the dimensions of 
approximately 1 x 2 x 2 mm, washed three times in 1% phosphate-buffered saline (PBS), 
and gradually dehydrated in an ethanol series (25%, 33%, 50%, 75% and three times at 
100%, 15 min each). The samples were then placed in the chamber of a critical point dryer 
(CPD) (Tousimis, Autosamdri - 815) and processed according to an automated CPD scheme, 
with CO2 as a transitional fluid. The samples were then mounted on standard carbon tape-
covered aluminum SEM stubs (Ted Pella, Redding, CA), and sputter-coated with carbon. The 
samples were imaged with a high-resolution Orion Helium ion microscope, (Zeiss, Peabody, 
MA) at 30 keV.
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Figure S2. Gel-state 2-D heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) 
spectra plots showing changes in the spruce and birch wood after culturing for four weeks with D. squalens. 
The spectra are from the “A” replicates from Table 1.
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Figure S3. Principal component analysis (PCA) of (A) expressed plant biomass degrading (PBD) CAZy (191 genes; 
>10 FPKM in at least one condition) and (B) expressed genes (9,215 genes; >10 FPKM in at least one condition) 
in the two- and four-week D. squalens cultures in spruce and birch. The PCA was performed with the log2 FPKM 
values (first increased by 0.01 to remove any zero values) using the PCA function from the FactoMineR package in 
R. W = week.
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Figure S4. Extracellular activities for the degradation of xylan and mannan from the two- and four-week D. squalens 
cultures in spruce and birch. (A) Xylose and xylobiose release from birchwood xylan and mannose and mannobiose 
release from carob galactomannan using each of the biological replicate extracellular filtrates from the two- and 
four-week birch or spruce cultures. Error bars represent standard errors of two technical replicates from the 
enzymatic assays. This data was presented in Fig. 3(A) as proportions of the combined sugars released from the two 
polysaccharides. (B) The relative amounts of sugars released from xylan and galactoglucomannan from the pooled 
extracellular filtrates from the three biological replicate cultures along with an accompanying graph showing the 
quantities of each of the individual sugars released. W = week.

Figure S5. Heatmap showing the Pearson’s correlation between the raw gene counts from the three biological 
replicates of the two- and four-week D. squalens cultures in spruce and birch. The libraries are ordered as groups of 
replicates. The cells containing the correlations between replicates have a purple border around them. W = week.
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Table S2. Exo-proteome dataset of the two- and four-week D. squalens cultures in spruce and birch. (A) 
Overview of the exo-proteome dataset showing the total number of proteins identified, the proportion 
of identified proteins annotated with a putative signal peptide (SignalP) and the relative abundance of 
proteins annotated with a putative signal peptide in the exo-proteome in each replicate culture and 
(B) normalised abundances, fold changes and p values for exo-proteome dataset. Abbreviations: W = 
week, XC = xylanolytic CAZymes, MC = mannanolytic CAZymes, LME = lignin modifying enzymes and 
N/A = not applicable. Available from author upon request.

Table S3. RNAseq dataset from the two- and four-week (2w and 4w) D. squalens cultures in spruce 
and birch showing the FPKM value for each replicate, the mean and standard error of the FPKM for a 
condition and the DESeq fold changes and padj values. Various annotations for the Dicsqu464_1 genes 
are included. Abbreviations: W = week, XC = xylanolytic CAZymes, MC = mannanolytic CAZymes, LME 
= lignin modifying enzymes and N/A = not applicable. Available from author upon request.

Table S4. Transcript abundance from the two- and four-week D. squalens cultures in spruce and 
birch for genes putatively involved in carbon catabolic pathways of galactose, mannose, xylose and 
arabinose (sugars that differ in abundance between spruce and birch). The genes are listed as part 
of the pathways identified in ascomycetes as described in the review of Khosravi et al. (2015). The 
ortholog(s) in ascomycetes are also listed. W = week. Available from author upon request.

Table S5. Exo-metabolomics dataset. Abundance (peak area) of 64 identified metabolites from the 
two- and four-week D. squalens cultures in spruce and birch and non-inoculated controls. The same 
volume of extracted metabolites was analysed for each sample. W = week. Available from author 
upon request.

Table S1. Sugar composition of the spruce and birch wood as measured from acid hydrolysates from residues. 
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Introduction

White-rot basidiomycete fungi are well known because of their unique ability to decompose 
all wood polymers including the recalcitrant lignin by secreting hydrolytic and oxidative 
enzymes (1). This ability has raised the interest in white-rot fungi, since lignin removal from 
plant biomass remains a challenge in industry and academia during the production of e.g. 
biofuels and biochemicals (2). Even though ascomycetes remain the main phyla used in 
industry for enzyme production, the potential of white-rot fungi is being evaluated. The 
current limitations of basidiomycetes reside mainly in the lack of transformation systems for 
homologous and heterologous overproduction of enzymes, and poor behavior in fermenters 
compared to exiting industrial (ascomycete) species (3). To expand the knowledge of the 
mechanisms underlying wood decay by white-rot fungi, an increasing amount of research 
into these basidiomycetes is being performed (4).

This PhD thesis deepens our knowledge of the white-rot basidiomycete D. squalens and its 
ability to degrade plant biomass and provides insights into how this species responds to 
its environment. It also points out the genetic and physiological variability within a single 
fungal species to take into consideration for future applications and strain selection. 

Dichomitus squalens strains display a high variability

Chapters 2 and 4 focus on comparing the abilities of different strains of D. squalens, 
including several progeny of a single dikaryon (two lineages in Chapter 4) and dikaryotic 
strains made in the laboratory with compatible monokaryons from the study. These studies 
were performed to evaluate the variability in physiology and biomass degradation within 
one white-rot species. Chapter 2 describes a study in which the general characteristics of 
a set of D. squalens strains were compared at the level of growth on plant biomass related 
mono-, oligo- and polymeric compounds, genetic variability using amplified fragment length 
polymorphisms (AFLP) and enzymatic ability by analyzing a range of enzymatic activities in 
shaking liquid cultures. Chapter 4 aimed to trace the molecular differences between the 
D. squalens strains and included generation of large sets of transcriptome, exoproteome 
and metabolome data on solid Norway spruce cultures. This study includes dikaryons and 
monokaryons of two independent lineages of D. squalens to enable growth form and lineage 
comparisons. Preliminary results from the growth profiles from Chapter 2 already pointed 
out the better abilities of the parental dikaryon FBCC312 with respect to plant biomass 
utilization, compared to its monokaryotic offspring. The three dikaryons included in that 
study also demonstrated a higher relative activity of enzymes related to lignin degradation, 
i.e. laccases and manganese peroxidases (MnPs), than the monokaryons (Chapter 2) (5). In 
Chapter 4 this higher efficiency, especially in relation to lignin modifying enzymes, was also 
observed for the two dikaryons used in that study. Clustering the complete transcriptome 
data of all strains of D. squalens in this Chapter using principal component analysis (PCA), 
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resulted in a separation of two groups according to their geographical origin and lineage, 
Poland and Finland. However, both lineages showed a higher expression of ligninolytic 
manganese peroxidase (MnP) encoding genes as well as cellulolytic cellobiohydrolase 
(CBH), endoglucanase (EGL) and lytic polysaccharide monooxigenase (LPMO) encoding 
genes in the dikaryon compared to their respective monokaryons. This differential gene 
expression and protein production pattern was less pronounced in the Finnish lineage than 
in the Polish lineage. One of the CBHs encoding gene, cel7c, was the highest expressed 
of the cellulolytic genes in both lineages during growth on spruce sticks, which confirms 
results of other studies in which this gene was induced by cellobiose (Chapter 3) (6) and 
microcrystalline cellulose (7).

Interestingly, in both Chapter 2 and 4, the dikaryon FBCC312 was shown to have the best 
abilities and adaptation to its natural wood substrate, even though the other isolated 
dikaryons had better abilities than their related monokaryons. The two dikaryons that were 
made in the laboratory (Chapter 4) appeared to be less able to degrade wood, which could 
be due to the fact that they did not go through natural selection, and therefore may not 
have been able to be competitive if they had occurred in a natural biotope.

Preliminary results suggested that the D. squalens strains from Europe and Asia may in fact 
be a different species than the strains from North America (Fig. 1). 

Figure 1. Clustering of AFLP patterns of Dichomitus squalens isolates. Similarity of the patterns is given in percentage.

To verify this, a larger collection of D. squalens strains from diverse global locations, were 
genetically analyzed by sequencing the ITS (Internal Transcribed Spacer) locus and grouped 
in a phylogenetic cladogram (Fig. 2). This demonstrated that the strains from Europe and Asia 
indeed clustered in a different group than the North American strains. This could indicate 
that different adaptation/evolution of the species in the two continents has resulted in 
genetic differences, or that they are actually two different species of the genus Dichomitus. 
We are currently performing additional studies (AFLP, sequencing of other loci) to clarify 
this.
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Figure 2. Evolutionary relationships of D. squalens strains from North America, Europe and Asia. The evolutionary 
history was inferred using the Neighbor-Joining method (8). The optimal tree with the sum of branch length = 
0.15922065 is shown. The percentage of replicate trees in which the associated taxa clustered together in the 
bootstrap test (500 replicates) are shown next to the branches (9). The tree is drawn to scale, with branch lengths 
in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary 
distances were computed using the Maximum Composite Likelihood method (10) and are in the units of the 
number of base substitutions per site. The analysis involved 24 nucleotide sequences. All positions containing gaps 
and missing data were eliminated. There were a total of 509 positions in the final dataset. Evolutionary analyses 
were conducted in MEGA7 (11).
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Differences among strains from the same species have also been observed in other 
basidiomycetes and some examples are mentioned below. Two compatible monokaryotic 
strains (S7.9 (A2B2) and S7.3 (A1B1)) from the brown-rot fungus Serpula lacrymans var 
lacrymans presented poor growth on several carbon sources, including simple and complex 
sugars, in comparison to its related dikaryon S7. This was evident for most substrates (glucose, 
fructose, mannose, xylose, maltose, starch, guar gum, citrus pectin), while for some others 
(arabinose, sucrose, inulin, birchwood xylan) the differences were less evident. However, 
these were typically the substrates on which poor growth was observed (12). In a study 
addressing detoxification of wastewater, strains of the white-rot Pleurotus pulmonarius 
showed variability in reduction of phenolics, with the best performing strains converting 
3-fold more phenolics than the least well performing strains (13). Investigation of the effect 
of Cu2+ on the level of laccase activity produced by several Pycnoporus coccineus strains 
demonstrated upregulation of laccase activity in five strains, while there was no effect in 
two other strains (14).

However, differences between strains of the same species were not observed in all cases. A 
recent study in the white-rot fungus Pleurotus ostreatus, revealed a highly similar number 
of CAZy genes in the genome of two monokaryotic strains (PC9 and PC15), and also the 
transcriptome was highly similar under static conditions. (15). Interestingly, the transcriptome 
under shaking conditions revealed a higher difference between the strains, but the reason 
for that is not clear. Coprinellus disseminatus was studied in solid state fermentation, to test 
xylanase production and optimization in two strains. Both showed very similar pattern in all 
conditions (temperature, pH, cultivation period), but the highest activities were detected 
for strain SH-1 (16). A comparison of the commercial strain A15 and three other wild-type 
strains of the white button mushroom Agaricus bisporus demonstrated similar behavior in 
compost conversion through proteome and transcriptome analysis (17). Despite differences 
in mushroom production of the strains, they overall use the same enzymatic strategy to 
obtain carbon from compost.

Comparison of the growth profile of dikaryotic and related monokaryotic strains from the 
three previously described basidiomycete species A. bisporus, P. ostreatus and S. lacrymans 
demonstrated that the dikaryotic strains appear to be the most efficient degraders of plant 
biomass compared to their monokaryons (Fig. 3).
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Induction of genes involved in wood decay in white-rot basidiomycetes

In Chapter 3 we analyzed the response of D. squalens FBCC312 to the presence of mono- 
and oligomers derived from plant biomass to identify inducers of CAZyme gene expression 
related to lignocellulose degradation. Two compounds were identified as inducers of gene 
expression in the dikaryotic strain FBCC312: cellobiose for cellulolytic genes and L-rhamnose 
for pectinolytic genes. These compounds were also tested for induction in the monokaryon 
CBS 464.89, demonstrating a very similar pattern for gene expression as in the parental 
dikaryon FBCC312, with regards to the number of genes that are upregulated. Most of 
them were predicted to degrade cellulose. However, for L-rhamnose induction the response 
was different, with a larger set of genes with different expression profiles. While the more 
specifically expressed genes in the dikaryon on L-rhamnose were mainly predicted to be 
involved in lignin degradation, for the monokaryon they were mainly involved in pectin 
degradation. 

Figure 3. Growth profile of monokaryotic (mk) and dikaryotic (dk) strains of the basidiomycetes A. bisporus, P. 
ostreatus and S. lacrymans on minimal medium supplemented with different sugars and lignin (R.P. de Vries & A. 
Wiebenga, Unpublished data).
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Based on sequenced genomes of wood-rotting fungi, white rot basidiomycetes harbor an 
extensive set of genes encoding putative cellulolytic enzymes (https://genome.jgi.doe.gov/
portal/ (18)), including CBHs from the CAZy families GH6 and GH7 which are absent from the 
genomes of most of the brown-rot fungi (19). It could be extrapolated from this that brown 
rot fungi are unlikely to produce similar levels of cellobiose as CBH is the main enzyme 
releasing this oligosaccharide. Therefore this may imply that cellobiose is not the inducer for 
cellulolytic genes in brown-rot fungi. However, the role of cellobiose as inducer of cellulolytic 
genes has been suggested for the brown-rot fungus Postia placenta that lacks CBHs and 
where cellulases were induced by soluble sugars, especially cellobiose, after repression of 
oxidoreductases (20). In the white-rot fungus Phanerochaete chrysosporium, cellotriose 
and cellotetraose, but not cellobiose, were suggested to result in the strongest induction of 
cellulases (21), although the data in that study actually does not exclude cellobiose being 
the true inducer.  If indeed cellobiose is the common cellulolytic inducer for white-rot and 
brown-rot fungi, it is currently unclear which enzyme releases cellobiose from cellulose in 
brown-rot fungi. Brown-rot fungi do contain GH5, GH7 and/or GH45 endoglucanases (19), 
some of which may be able to release not only larger oligosaccharides, but also cellobiose. 
The important role of Fenton chemistry in wood degradation by brown-rot fungi (22),  may 
affect how production of the smaller set of hydrolytic and oxidative enzymes of these fungi 
is induced.

The results in Chapter 3 revealed differences in mono- and dikaryotic strains of D. squalens 
with respect to the genes that are induced by L-rhamnose, which was reflected not only in 
pectinolytic genes, but across all CAZyme encoding genes. This could suggest that the role 
of L-rhamnose is dependent on the growth form of D. squalens. In addition, it suggests that 
L-rhamnose may have a broader role as an inducer in white-rot fungi than in ascomycetes, 
where based on a study in Aspergillus niger its role appears to be limited to the L-rhamnose 
catabolic pathway and a small subset of pectinolytic genes (23-25).

Monosaccharides or oligosaccharides from plant biomass can trigger signaling pathways 
resulting in the activation of a transcriptional regulator. Several transcriptional activators 
and repressors related to lignocellulose degradation have been characterized from 
ascomycete fungi (26, 27), but except for Ace3 and CRE1, none of these have orthologs in 
basidiomycete fungi (28). Interestingly, the sets of genes that are expressed in response 
to specific plant biomass substrates appear to be highly similar between ascomycetes and 
basidiomycetes, despite the absence of orthologous regulators (29, 30). This similarity in the 
expression profiles of the CAZyme encoding genes together with the absence of orthologous 
regulators suggests parallel evolution of corresponding regulatory systems in these two 
fungal phyla (30). Examples of parallel evolution of regulators have also been reported 
for different groups of ascomycetes. An example of this is the L-arabinose responsive 
arabinanolytic regulator in Eurotiomycetes and Sordariomycetes. In Eurotiomycetes, AraR 
is the arabinanolytic regulator and appears to have originated from gene duplication of 
the (hemi-)cellulolytic regulator XlnR (31). AraR is unique to the Eurotiomycetes and has 
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no ortholog in other ascomycetes. More recently an arabinanolytic regulator (Ara1) was 
identified in the Sordariomycetes Pyricularia oryzae (formerly Magnaphorte oryzae) (32) 
and Trichoderma reesei (33). Ara1 has no significant sequence similarity to AraR, but 
regulates almost an identical set of genes compared to AraR. In light of this and the much 
larger evolutionary distance between basidiomycetes and ascomycetes, it can therefore be 
expected that the regulators in basidiomycetes related to plant biomass degradation are 
unlikely to be identified by homology to known ascomycete regulators. A better approach 
would be to identify them based on transcriptome or proteome studies in basidiomycete 
fungi themselves. 

Indications for a link between wood composition and wood decay approach

Chapter 5 contained no strain comparison aspect, but instead aimed to analyze the 
molecular response of D. squalens to two different type of wood, softwood and hardwood. 
In previous studies of D. squalens (34) and other white-rot fungi like Phanerochaete sp. 
(35, 36) and Pycnoporus coccineus (37) no adaptation at the level of transcriptome and 
proteome responses to different types of wood was reported. 

In this chapter, D. squalens performed lignin modification of both softwood and hardwood. 
After four weeks a small but significant increase in the amount of oxidized S units (S’) in 
birch and G units (G’) in spruce was detected. There was a small reduction in the internal 
unit lignin bonds (β-O-4, β- β and β-5’) measured by NMR. In relation to polysaccharide 
utilization, since the main difference in composition resides in hemicellulose portion (being 
mannan the main type in spruce and xylan in birch), D. squalens showed a partial tailoring 
to the hemicellulose composition. Approximately half of the mannanolytic CAZymes 
transcripts and proteins expressed and produced were positively correlated with the wood 
composition being higher in spruce cultures. The white-rot fungus Phlebia radiata has been 
studied in similar spruce stick cultures, but lignin degradation after six weeks measured by 
pyrolysis was limited (38). When P. ostreatus was cultivated for three weeks on small poplar 
(hardwood) chips an increase in xylan reducing end groups was observed by NMR, but no 
increase of S’ units of lignin was detected (39). This could indicate weak ligninolysis during 
the early degradation phase for this species.

Since multiple sugars are present in crude plant biomass and at different concentrations, 
the regulatory system during growth on wood is likely much more complex than during 
growth on pure sugars. Our results in Chapter 5 confirm this, as all of the genes that were 
identified to be induced by cellobiose, L-rhamnose and D-xylose (Chapter 3) were similarly 
expressed in both soft- and hardwood (Chapter 5). Since cellulose is the most abundant 
component of both soft- and hardwood, it is not surprising that D. squalens similarly 
expresses the cellobiose-induced genes in both wood types. The amount of D-xylose (12.4 
and 36.3 mol% in Norway spruce and Silver birch, respectively) and L-rhamnose (0.4 and 0.8 
mol% in Norway spruce and Silver birch, respectively) differ in the two wood types (Chapter 
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5). However, based on the results of Chapter 5, it suggests that the amounts are sufficient in 
both wood types to result in expression of genes responding to these inducers. It has been 
previously shown in ascomycetes that inducers at concentrations of 1 mM or lower are 
sufficient to result in activation of the regulators and subsequent expression of the target 
genes of the plant biomass degradation related regulators (40, 41). Our results suggest that 
the same is true for basidiomycetes.

The mechanism underlying wood decay in white-rot basidiomycetes

The increasing number of fungal genome sequences revealed a variety of genes encoding 
for enzymes targeted to lignocellulose conversion in wood decaying basidiomycetes (18). 
While the expression of such genes is similar between basidiomycetes and ascomycetes 
the regulatory that controls that must be different, based on the absence of orthologs 
for nearly all ascomycete lignocellulose related regulators in basidiomycetes. This lack of 
similarity complicates the identification of regulators in basidiomycetes, and requires us to 
develop our understanding of this process from the bottom up. The results from Chapter 5 
provide one step towards elucidating the regulatory system of lignocellulose degradation 
from basidiomycetes, by identifying some of the inducing compounds involved in plant 
biomass depolymerization. The next step will be to identify the regulators responding to 
these inducers.

We can hypothesize that basidiomycetes respond to a large number of molecules derived 
from plant biomass acting as inducers of genes encoding for CAZymes, and that their set 
of transcription factors  is similarly large than what is currently known and characterized in 
ascomycetes (26-28). Significant efforts are needed to dissect the components of regulation 
of lignocellulose degradation in basidiomycetes. The higher level of understanding in 
ascomycetes is directly related to the availability of efficient transformation systems in 
ascomycetes, the lack of which is still limiting studies to understand the regulatory basis 
for adaptation to plant biomass in many wood-rotting fungi (42). However, progress is 
being made also in this direction. Recently a transcriptional regulator of lignin modifying 
enzymes was identified in the white-rot fungus P. ostreatus (43), using the well-developed 
transformation system in this species. D. squalens is also emerging as a promising candidate 
to study wood decay molecular mechanisms since we recently developed a transformation 
system for this species (44) which facilitates genetic modification. 

The recent implementation of the new genetic tool CRISPR/Cas9 (Clustered Regularly 
Interspaced Short Palindromic Repeats, associated protein Cas9) across bacteria, fungi and 
higher eukaryotes has led to its widespread use in many biological research areas including 
development of model cell lines, discovering mechanisms of disease, development of 
transgene animals and plants, and transcriptional modulation (45). In filamentous fungi, 
CRISPR/Cas9 genome-editing technology has emerged as a revolution in research due 
to its efficiency, versatility, and easy to use to facilitate the discovery and exploitation of 
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many new natural products (46) including CAZy enzymes for various applications including 
biofuels and chemicals. Implementation of this technology in basidiomycete research could 
significantly increase the progress towards understanding the molecular mechanisms 
driving lignocellulose conversion.

References

1. Floudas D, Binder M, Riley R, Barry K, Blanchette RA, Henrissat B, Martinez AT, 
Otillar R, Spatafora JW, Yadav JS, Aerts A, Benoit I, Boyd A, Carlson A, Copeland 
A, Coutinho PM, de Vries RP, Ferreira P, Findley K, Foster B, Gaskell J, Glotzer D, 
Gorecki P, Heitman J, Hesse C, Hori C, Igarashi K, Jurgens JA, Kallen N, Kersten P, 
Kohler A, Kües U, Kumar TK, Kuo A, LaButti K, Larrondo LF, Lindquist E, Ling A, 
Lombard V, Lucas S, Lundell T, Martin R, McLaughlin DJ, Morgenstern I, Morin E, 
Murat C, Nagy LG, Nolan M, Ohm RA, Patyshakuliyeva A, et al. 2012. The Paleozoic 
origin of enzymatic lignin decomposition reconstructed from 31 fungal genomes. 
Science 336:1715-1719.

2. Harris PV, Xu F, Kreel NE, Kang C, Fukuyama S. 2014. New enzyme insights drive 
advances in commercial ethanol production. Curr Opin Chem Biol 19:162-170.

3. Gibbs PA, Seviour RJ, Schmid F. 2000. Growth of filamentous fungi in submerged 
culture: problems and possible solutions. Crit Rev Biotechnol 20:17-48.

4. Meyer V, Andersen MR, Brakhage AA, Braus GH, Caddick MX, Cairns TC, de Vries 
RP, Haarmann T, Hansen K, Hertz-Fowler C, Krappmann S, Mortensen UH, Peñalva 
MA, Ram AFJ, Head RM. 2016. Current challenges of research on filamentous fungi 
in relation to human welfare and a sustainable bio-economy: a white paper. Fungal 
Biol Biotechnol 3:6.

5. Casado López S, Theelen B, Manserra S, Issak TY, Rytioja J, Mäkelä MR, de Vries RP. 
2017. Functional diversity in Dichomitus squalens monokaryons. IMA Fungus 8:17-
25.

6. Casado López S, Peng M, Issak TY, Daly P, de Vries RP, Mäkelä MR. 2018. Induction 
of plant cell wall degrading CAZyme encoding genes by lignocellulose-derived 
monosaccharides and cellobiose in the white-rot fungus Dichomitus squalens. Appl 
Environ Microbiol 84:e00403-00418.

7. Rytioja J, Hildén K, Hatakka A, Mäkelä MR. 2014. Transcriptional analysis of selected 
cellulose-acting enzymes encoding genes of the white-rot fungus Dichomitus 
squalens on spruce wood and microcrystalline cellulose. Fungal Genet Biol 72:91-
98.

8. Saitou N, Nei M. 1987. The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. Mol Biol Evol 4:406-25.

9. Felsenstein J. 1985. Confidence limits on phylogenies: an approach using the 



145

Summary and General Discussion

6

bootstrap. Evolution 39:783-791.

10. Tamura K, Nei M, Kumar S. 2004. Prospects for inferring very large phylogenies by 
using the neighbor-joining method. Proc Natl Acad Sci U S A 101:11030.

11. Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary genetics 
analysis version 7.0 for bigger datasets. Mol Biol Evol 33:1870-1874.

12. Eastwood DC, Floudas D, Binder M, Majcherczyk A, Schneider P, Aerts A, Asiegbu 
FO, Baker SE, Barry K, Bendiksby M, Blumentritt M, Coutinho PM, Cullen D, de Vries 
RP, Gathman A, Goodell B, Henrissat B, Ihrmark K, Kauserud H, Kohler A, LaButti K, 
Lapidus A, Lavin JL, Lee YH, Lindquist E, Lilly W, Lucas S, Morin E, Murat C, Oguiza JA, 
Park J, Pisabarro AG, Riley R, Rosling A, Salamov A, Schmidt O, Schmutz J, Skrede I, 
Stenlid J, Wiebenga A, Xie X, Kues U, Hibbett DS, Hoffmeister D, Hogberg N, Martin 
F, Grigoriev IV, Watkinson SC. 2011. The plant cell wall-decomposing machinery 
underlies the functional diversity of forest fungi. Science 333:762-765.

13. Ntougias S, Baldrian P, Ehaliotis C, Nerud F, Antoniou T, Merhautová V, Zervakis 
GI. 2012. Biodegradation and detoxification of olive mill wastewater by selected 
strains of the mushroom genera Ganoderma and Pleurotus. Chemosphere 88:620-
626.

14. Park J-W, Kang H-W, Ha B-S, Kim S-I, Kim S, Ro H-S. 2015. Strain-dependent response 
to Cu2+ in the expression of laccase in Pycnoporus coccineus. Arch Microbiol 
197:589-596.

15. Alfaro M, Castanera R, Lavín JL, Grigoriev IV, Oguiza JA, Ramírez L, Pisabarro AG. 
2016. Comparative and transcriptional analysis of the predicted secretome in 
the lignocellulose-degrading basidiomycete fungus Pleurotus ostreatus. Environ 
Microbiol 18:4710-4726.

16. Singh S, Tyagi CH, Dutt D, Upadhyaya JS. 2009. Production of high level of cellulase-
poor xylanases by wild strains of white-rot fungus Coprinellus disseminatus in solid-
state fermentation. N Biotechnol 26:165-170.

17. Aguilar Pontes MV, Patyshakuliyeva A, Post H, Jurak E, Hildén K, Altelaar M, Heck 
A, Kabel MA, de Vries RP, Mäkelä MR. 2018. The physiology of Agaricus bisporus 
in semi-commercial compost cultivation appears to be highly conserved among 
unrelated isolates. Fungal Genet Biol 112:12-20.

18. Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, Riley R, Salamov A, Zhao 
X, Korzeniewski F, Smirnova T, Nordberg H, Dubchak I, Shabalov I. 2014. MycoCosm 
portal: gearing up for 1000 fungal genomes. Nucleic Acids Res 42:D699-D704.

19. Rytioja J, Hildén KS, Yuzon J, Hatakka A, de Vries RP, Mäkelä MR. 2014. Plant-
polysaccharide-degrading enzymes from basidiomycetes. Microbiol Mol Biol Rev 
78:614-649.

20. Zhang J, Schilling JS. 2017. Role of carbon source in the shift from oxidative to 



Chapter 6

146

hydrolytic wood decomposition by Postia placenta. Fungal Genet Biol 106:1-8.

21. Suzuki H, Igarashi K, Samejima M. 2010. Cellotriose and cellotetraose as inducers 
of the genes encoding cellobiohydrolases in the basidiomycete Phanerochaete 
chrysosporium. Appl Environ Microbiol 76:6164–6170.

22. Arantes V, Jellison J, Goodell B. 2012. Peculiarities of brown-rot fungi and 
biochemical Fenton reaction with regard to their potential as a model for 
bioprocessing biomass. Appl Microbiol Biotechnol 94:323-38.

23. Gruben BS, Zhou M, Wiebenga A, Ballering J, Overkamp KM, Punt PJ, de Vries 
RP. 2014. Aspergillus niger RhaR, a regulator involved in L-rhamnose release and 
catabolism. Appl Microbiol Biotechnol 98:5531-5540.

24. Khosravi C, Kun RS, Visser J, Aguilar-Pontes MV, de Vries RP, Battaglia E. 2017. In 
vivo functional analysis of L-rhamnose metabolic pathway in Aspergillus niger: a 
tool to identify the potential inducer of RhaR. BMC Microbiol 17:214.

25. Kowalczyk JE, Lubbers RJM, Peng M, Battaglia E, Visser J, de Vries RP. 2017. 
Combinatorial control of gene expression in Aspergillus niger grown on sugar beet 
pectin. Scientific Reports 7:12356.

26. Kowalczyk JE, Benoit I, de Vries RP. 2014. Regulation of plant biomass utilization in 
Aspergillus. Adv Appl Microbiol 88:31-56.

27. Daly P, van Munster J, Raulo R, Archer D. 2015. Transcriptional regulation and 
responses in filamentous fungi exposed to lignocellulose, p 82-127. In Silva RN (ed), 
Fungal Biotechnology for Biofuel Production, vol 1. Bentham ebooks.

28. Benocci T, Aguilar-Pontes MV, Zhou M, Seiboth B, de Vries RP. 2017. Regulators of 
plant biomass degradation in ascomycetous fungi. Biotechnol Biofuels 10:152.

29. Rytioja J, Hildén K, Mäkinen S, Vehmaanperä J, Hatakka A, Mäkelä MR. 2015. 
Saccharification of lignocelluloses by carbohydrate active enzymes of the white rot 
fungus Dichomitus squalens. PLoS ONE 10:e0145166.

30. Todd RB, Zhou M, Ohm RA, Leeggangers HA, Visser L, de Vries RP. 2014. Prevalence 
of transcription factors in ascomycete and basidiomycete fungi. BMC Genomics 
15:214.

31. Battaglia E, Visser L, Nijssen A, van Veluw J, Wösten HAB, de Vries RP. 2011. Analysis 
of regulation of pentose utilisation in Aspergillus niger reveals evolutionary 
adaptations in Eurotiales. Stud Mycol 69:31-38.

32. Klaubauf S, Zhou M, Lebrun MH, Vries Ronald P, Battaglia E. 2016. A novel l-
arabinose-responsive regulator discovered in the rice-blast fungus Pyricularia 
oryzae (Magnaporthe oryzae). FEBS Letters 590:550-558.

33. Benocci T, Aguilar‑Pontes Maria V, Kun Roland S, Seiboth B, de Vries Ronald P, Daly 
P. 2017. ARA1 regulates not only l-arabinose but also d-galactose catabolism in 
Trichoderma reesei. FEBS Letters 592:60-70.



147

Summary and General Discussion

6

34. Rytioja J, Hildén K, Di Falco M, Zhou M, Aguilar-Pontes MV, Sietiö O-M, Tsang 
A, de Vries RP, Mäkelä MR. 2017. The molecular response of the white-rot 
fungus Dichomitus squalens to wood and non-woody biomass as examined by 
transcriptome and exoproteome analyses. Environ Microbiol 19:1237-1250.

35. Vanden Wymelenberg A, Gaskell J, Mozuch M, BonDurant SS, Sabat G, Ralph J, 
Skyba O, Mansfield SD, Blanchette RA, Grigoriev IV, Kersten PJ, Cullen D. 2011. 
Significant alteration of gene expression in wood decay fungi Postia placenta and 
Phanerochaete chrysosporium by plant species. Appl Environ Microbiol 77:4499-
507.

36. Macdonald J, Doering M, Canam T, Gong Y, Guttman DS, Campbell MM, Master 
ER. 2011. Transcriptomic responses of the softwood-degrading white-rot fungus 
Phanerochaete carnosa during growth on coniferous and deciduous wood. Appl 
Environ Microbiol 77:3211-8.

37. Miyauchi S, Navarro D, Grisel S, Chevret D, Berrin J-G, Rosso M-N. 2017. The 
integrative omics of white-rot fungus Pycnoporus coccineus reveals co-regulated 
CAZymes for orchestrated lignocellulose breakdown. PLOS ONE 12:e0175528.

38. Kuuskeri J, Häkkinen M, Laine P, Smolander OP, Tamene F, Miettinen S, Nousiainen 
P, Kemell M, Auvinen P, Lundell T. 2016. Time-scale dynamics of proteome and 
transcriptome of the white-rot fungus Phlebia radiata: growth on spruce wood and 
decay effect on lignocellulose. Biotechnol Biofuels 9:192.

39. Fernández-Fueyo E, Ruiz-Dueñas FJ, López-Lucendo MF, Pérez-Boada M, Rencoret 
J, Gutiérrez A, Pisabarro AG, Ramírez L, Martínez AT. 2016. A secretomic view 
of woody and nonwoody lignocellulose degradation by Pleurotus ostreatus. 
Biotechnol Biofuels 9:49.

40. de Vries RP, Visser J, de Graaff LH. 1999. CreA modulates the XlnR-induced 
expression on xylose of Aspergillus niger genes involved in xylan degradation. Res 
Microbiol 150:281-5.

41. Mach-Aigner AR, Omony J, Jovanovic B, van Boxtel AJ, de Graaff LH. 2012. D-xylose 
concentration-dependent hydrolase expression profiles and the function of CreA 
and XlnR in Aspergillus niger. Appl Environ Microbiol 78:3145-55.

42. Casado López S, Sietiö O-M, Hildén K, de Vries RP, Mäkelä MR. 2016. Homologous 
and heterologous expression of basidiomycete genes related to plant biomass 
degradation, p 119-160. In Schmoll M, Dattenböck C (ed), Gene Expression Systems 
in Fungi: Advancements and Applications doi:10.1007/978-3-319-27951-0_5. 
Springer International Publishing, Cham.

43. Nakazawa T, Izuno A, Kodera R, Miyazaki Y, Sakamoto M, Isagi Y, Honda Y. 2016. 
Identification of two mutations that cause defects in the ligninolytic system through 
an efficient forward genetics in the white-rot agaricomycete Pleurotus ostreatus. 
Environ Microbiol 19:261-272.



Chapter 6

148

44. Daly P, Slaghek GG, Casado López S, Wiebenga A, Hilden KS, de Vries RP, Mäkelä 
MR. 2017. Genetic transformation of the white-rot fungus Dichomitus squalens 
using a new commercial protoplasting cocktail. J Microbiol Methods 143:38-43.

45. Lino CA, Harper JC, Carney JP, Timlin JA. 2018. Delivering CRISPR: a review of the 
challenges and approaches. Drug Deliv 25:1234-1257.

46. Shi T-Q, Liu G-N, Ji R-Y, Shi K, Song P, Ren L-J, Huang H, Ji X-J. 2017. CRISPR/Cas9-
based genome editing of the filamentous fungi: the state of the art. Appl Microbiol 
Biotechnol 101:7435-7443.



Nederlandse samenvatting

List of publications

Curriculum Vitae

Acknowledgments

Appendix 



Nederlandse samenvatting

150

Planten biomassa is één van de belangrijkste hernieuwbare materialen op de aarde. Het 
wordt in de industrie als substraat gebruikt voor de productie van nuttige producten, zoals 
biobrandstoffen en chemicaliën. Natuurlijke bossen en bos en landbouw/bos plantages 
worden gezien als een belangrijk reservoir van hernieuwbare koolstof. Schimmels spelen 
een belangrijke rol in de afbraak van planten biomassa, ook in bos ecosystemen. Het ver-
beteren van de productie van enzymen van schimmels die planten biomassa af kunnen 
breken is daarom van groot belang voor biotechnologie. Deze enzymen zijn voornamelijk 
bestudeert in saprobe ascomyceten, en in veel mindere mate in basidiomyceten. De reden 
hiervoor is voornamelijk dat ascomyceten beter in industriële fermentaties te beheren zijn, 
evenals de beschikbaarheid van genetische transformatie systemen voor veel ascomyceten. 
Beide aspecten zijn nog steeds een grote uitdaging in basidiomyceten. Desalniettemin, ba-
sidiomyceten zijn een veelbelovende bron van nieuwe enzymen met mogelijk andere bio-
chemische eigenschappen dan enzymen van ascomyceten. 

Planten biomassa bestaat voornamelijk uit polysachariden, lignine en eiwitten, die samen 
een interactief netwerk vormen. Wit-rot basidiomycete schimmels staan bekend om hun 
unieke eigenschap om alle hout polymeren af te kunnen breken, inclusief het recalcitrante 
lignine, en scheiden daarvoor hydrolytische en oxidatieve enzymen uit. Hierdoor is er een 
sterke interesse in deze schimmels, aangezien het verwijderen van lignine uit planten bio-
massa nog steeds een grote uitdaging is voor zowel academia als de industrie. 

In dit proefschrift focus ik op de wit-rot schimmel Dichomitus squalens als een basidiomy-
ceet model voor de afbraak van planten biomassa, en vergelijk mijn resultaten met andere 
wit-rot schimmels. Gedurende de laatste jaren is het vermogen van deze schimmel om in-
dustrieel relevante enzymen te produceren aangetoond, evenals de brede set van genen die 
coderen voor enzymen die polysachariden en lignine afbreken die in het genoom aanwezig 
zijn. Daarnaast is het lignolytische potentieel van deze schimmel bevestigd in zowel natte als 
droge fermentaties. Dit proefschrift richt zich op de genetische en fysiologische variatie tus-
sen D. squalens stammen in relatie tot het gebruik van planten biomassa en de verschillen in 
de aanpak van het hout afbraakproces. Ik heb moderne moleculaire en omics technologieën 
gecombineerd met ‘amplified fragment length polymorphisms’ (AFLP), fylogenie, microsco-
pie en enzymactiviteiten. Hiermee heb ik verschillen in de planten biomassa afbraak aanpak 
aangetoond tussen mono- en dikaryote stammen, evenals tussen geografisch verschillende 
lijnen van deze schimmel. De resultaten lieten ook een partiele aanpassing zien van D. squal-
ens aan verschillende houttypes (loof- en naaldhout).

Daarnaast heb ik de moleculaire reactie bestudeerd van D. squalens op de aanwezigheid 
van mono- en oligomeren afkomstig van planten biomassa en twee inducerende suikers 
geïdentificeerd voor CAZyme genexpressie, gerelateerd aan de afbraak van lignocellulose. 
Deze suikers hadden deze functie in zowel mono- als dikaryote stammen, maar het regulatie 
patroon toonde ook verschillen aan tussen deze stammen.



151

Curriculum Vitae

Sara Casado López was born on April the 3rd, 1984 in Sevilla, Spain. After high school, she 
followed her second education at the University of Sevilla, Spain in General Biology. The last 
year of the Bachelor's degree (2009/2010) she got an Eramus grant to follow her studies of 
Genetics and Microbiology at the University of Catania in Sicily, Italy. In 2010 she received 
her BSc degree. She continued with the Master training in 2012 at the University of Sevilla, 
with specialization in Microbiology. As part of her Master, she did first internship at the 
company NewBiotechnic S.A. in Sevilla, Spain and the second internship at the company 
PharmaMar in Madrid, Spain. During the second internship she could work with marine 
microorganisms in the department of Microbiology in PharmaMar, learning the process from 
the screening of interesting strains from the deep sea, until the identification of metabolites 
with anticancer activity. Sara obtained her diploma in March 2013. In December of the same 
year, she started her PhD in Fungal Physiology group, at the Westerdijk Fungal Biodiversity 
Institute (formerly CBS-KNAW), under the supervision of Prof. Dr. Ronald P. de Vries.



List of publications

152

List of publications

Casado López S, Sietiö OM, Hildén K, de Vries RP, Mäkelä MR. 2016. Homologous and 
heterologous expression of basidiomycete genes related to plant biomass degradation. p 
119-160. In Schmoll M, Dattenböck C (ed), Gene Expression Systems in Fungi: Advancements 
and Applications. Springer International Publishing, Switzerland. 

Casado López S, Theelen B, Manserra S, Issak TY, Rytioja J, Mäkelä MR, de Vries RP. 2017. 
Functional diversity in Dichomitus squalens monokaryons. IMA Fungus 8:17-25.

Daly P, Slaghek G, Casado López S, Wiebenga A, Hilden KS, de Vries RP, Makela MR (2017). 
Genetic transformation of the white-rot fungus Dichomitus squalens using a new commercial 
protoplasting cocktail. J Microbiol Meth 143:38-43.

Casado López S, Peng M, Issak TY, Daly P, de Vries RP, Mäkelä MR. 2018. Induction of plant 
cell wall degrading CAZyme encoding genes by lignocellulose-derived monosaccharides and 
cellobiose in the white-rot fungus Dichomitus squalens. Appl Environ Microbiol 84: e00403-
00418. 

Daly P†, Casado López S†, Peng M, Lancefield CS, Purvine SO, Kim YM, Zink EM, Dohnalkova 
A, Vasanth R. Singan, Lipzen A, Dilworth D, Wang M, Vivian Ng, Robinson E, Orr G, Baker 
SE, Bruijnincx PCA, Hilden KS, Grigoriev IV, Mäkelä MR, de Vries RP. Dichomitus squalens 
partially tailors its molecular responses to the composition of solid wood: under-review in 
Environmental Microbiology (2018).

Casado López S, Daly P, Peng M, Purvine SO, Kim YM, Galya Orr, Errol Robinson, Singan VR, 
ALipzen A, Dilworth D, Wang M, Vivian Ng, Hildén KS, Baker SE, Grigoriev IV, Mäkelä MR, 
de Vries RP. The wood degradation approach of the white-rot basidiomycete Dichomitus 
squalens shows lineage-specific variations. Manuscript in preparation for Genome Biology 
(2018).



153

Posters and oral presentations

Sara Casado López, Mao Peng, Paul Daly,  William B. Chrisler, Samuel Purvino, Alice 
Dohnalkova, Galya Orr, Errol Robinson, Erika Zink, Scott Baker, Kristiina Hildén, Miia R. 
Mäkelä, Ronald P. de Vries. BSPP-BMS joint presidential meeting on Fungal control and 
Exploitation, 11th-13th September 2017, Nottingham, UK (Oral presentation).

Sara Casado López, Mao Peng, Paul Daly,  William B. Chrisler, Samuel Purvino, Alice 
Dohnalkova, Galya Orr, Errol Robinson, Erika Zink, Scott Baker, Kristiina Hildén, Miia R. 
Mäkelä, Ronald P. de Vries. The 2nd Symposium on Plant Biomass Conversion by Fungi, 28th-
29th August 2017, Utrecht, The Netherlands (Poster presentation). 

Sara Casado López, William B. Chrisler, Samuel Purvino, Alice Dohnalkova, Galya Orr, Errol 
Robinson, Erika Zink, Scott Baker, Kristiina Hildén, Miia R. Mäkelä, Ronald P. de Vries. The 
29th Fungal Genetics Conference, 14th-19th March 2017, Pacific Grove, California, USA (Poster 
presentation).

Sara Casado López, William B. Chrisler, Samuel Purvine, Alice Dohnalkova, Galya Orr, Errol 
Robinson, Erika Zink, Scott Baker, Kristiina S. Hildén, Miia R Mäkelä, Ronald P. de Vries. The 
13th European Conference on Fungal Genetics (ECFG13), 3rd-6th April 2016, Paris, France 
(Poster presentation).

Sara Casado López, Serena Manserra, Ad Wiebenga, Alexa Patyshakuliyeva, Johanna Rytioja, 
Ronald P. de Vries, Miia R. Mäkelä. The 12th European Conference on Fungal Genetics 
(ECFG12), 23rd-27th March 2014,  Sevilla, Spain (Poster presentation).



Acknowledgments

154

This PhD thesis has been the biggest academic and personal challenge until now and it could 
not be possible without the help and support of many people. During this tough journey I 
had the opportunity to learn and grow both personal and professionally, if I could come back 
in time, I would definitely repeat this chapter of my life, step by step, no doubts. 

I am very proud to have chosen the Fungal Physiology group to develop my PhD and 
very thankful to my promotor and supervisor Ronald de Vries who gave me this unique 
opportunity. I have learnt many things from you Ronald and, I admire you, especially 
your capacity to be involved in those many projects and being able to manage everything 
satisfactorily and always with that positive attitude. You helped me a lot, especially at the 
end when I needed the most. 

I will continue thanking my group, keep in mind that the order of mentioning you does not 
alter the gratitude I have for all of you.

My paranymphs Claire and Joanna, together with Tiziano and Vicky, actually I wish I could 
have four paranymphs, it would have been easier: it has been a pleasure to work and share 
all this time with you, you have been my colleagues, friends and family here. Joanna, the 
president, what can I tell you! You are my example to follow and how to become in such a 
great scientist. I am impressed with your speeches and your ingenious way to make jokes, 
you made me laugh a lot, crazy Polish. Claire, my frenchy, my friend. You are the most 
organized person I have ever met in my life, it is crazy to see all the time how you can 
manage thousand of things at the same time, that is why you found your great job and you 
still organize things for us to keep spending time together even if we are now in different 
places. You are my example to follow in how to be such a productive person, and super 
anticipated to everything, even with some years in advance and dangerously increasing... I 
will always remember the heritage of my first apartment here 148. Tiziano, my Italian, you 
were my first support here when I just came and I could hardly express myself in English… 
thank you for all the good moments and for making me laugh that much with your loud 
and funny Italian proverbs (maremma cane lurida tempestata!) It is great to have had the 
opportunity to share with you all the good and bad moments but even better to see how 
amazing researcher you are, I am sure you have a brilliant future after your defense (which 
is coming… . Vicky, you came the last but you became part of this family and a crucial one. 
You are always willing to help us, and everybody, sharing your professional bioinformatic 
knowledge and your help in many ways, it could not be possible to do many of the tasks that 
I did here without you, thank you for being here and for helping me every time I needed it. 

All my other colleagues in Fungal Physiology during the first years and the last: Diogo, Daniel, 
April, Alexandra, Miao Miao, Evy, Joost, Ad, Eline, Guillermo & Blanca, Tania, Sandra... It was a 
great pleasure to start learning and share the time with you. Serena and Tedros, my students, 
it was amazing to learn how to work with you and to see all that you learnt during your 
internships with me and in the group. Ad, thank you for your technical support, you have been 
all the time here and helping in and out the lab and many thanks for taking care of me when I 
fell from the bike . Ronnie and Roland, when you came as students I had the feeling that you 



155

Acknowledgments

were special, and here you are! Doing your PhD in the group, I was very happy when I knew 
you were chosen to be the next generation of PhDs in Fungal Physiology, I am sure you will 
do great here and you will keep increasing the quality of the group. Adiphol, Paul and Mao, 
I admire you so much, you are such wise post docs, always with many different solutions to 
varied issues, always giving your time to us (PhDs) and the students, I wish one day I could 
be at least a bit of professional as you are… so many things to learn still. 

Special thanks to Miia, my co-promotor, you did correct my manuscripts with lot of 
dedication and I learnt a lot from the comments and suggestions you gave to improve the 
quality of each chapter, it was a very enriching interaction. I also thank Kristiina Hildén and 
Johanna Rytioja for their collaboration as well as Otto Miettinen for supplying some strains.

To my collaborators from JGI-EMSL institutes: Scott, William, Alice and Samuel and many 
others, many thanks for your input in Chapters 4 and 5, the material you processed and 
analyzed to include in the chapters, are of great quality.

Jaap Visser, even if I met you later and maybe I did not spend all the time talking (learning) 
that I would have liked, I cannot explain the admiration I have to you, I hope we will have 
more conversations in the future, you are an amazing scientist, great person and very fun .

My Spanish corner! Yasi! Margarita! Os quiero, me habéis hecho sentir como en casa (y tú 
Marga, literal jejeje, Vincent! gracias por tu gran ayuda en mi recta final) sois dos locas de 
cuidao, mi vida aquí sin vosotras no hubiera sido ni la mitad de increíble de lo que ha sido 
y es, y espero vivir muchísimos más momentos locos con vosotras. Todavía queda mucha 
carretera. Rubia, criaturita del señor, nos vemos en Portugal, miedo me da!         

Alejandra y Marcelo, también habéis estado conmigo durante esta etapa, ha sido un placer 
compartir momentos con vosotros y con el pequeño Nicolás, os deseo lo mejor!

The borrel community: Martin, Bart (the second, the third and the fourth), Ronnie, Roland, 
Dora, Tom, Valerie, Balázs, Leandro, Ivan, Anna, Karolina, Michel, Elena and all the others, 
thank you for the amazing Friday borrels to disconnect from work and all the fun moments. 
Martin, even if at the beginning you were not easy...now I am very happy for your help,  
support and friendship during these years . Sylvia and Frank, you are amazing. Sylvia you 
are my reference to follow step by step to succeed in my career. Frank, keep telling all those 
“fantastic” jokes, borrels without your jokes would not be borrels anymore, you are a funguy 
 and, a brilliant future career is waiting for you just around the corner. Olga, my russian 
friend, you came the last but you have also a spot in my thesis, it has been super nice to 
have you next to me the last months. The best of luck for your PhD! Unbareable! Спасибо.

Sebastian and Simon, what do you think that I would forget you? Aha! Eggh! You are also 
part of my journey, and you will be still. Thank you for your help with my thousand movings, 
my homeless moments and for being always my happy-crazy friends in the good and the bad 
moments. Parasitism must go on... We will keep celebrating many other events with wine 
tasting... they are coming.



Acknowledgments

156

Elroy! Who is going to tell me good morning at 4 p.m. now? You are the craziest person I 
have met here, and it was a tough competition, not easy to win… Thank you for being there 
and for making me laugh so hard all these years, you are the best, I am so happy to know 
that there are people like you in the world, and I am very lucky to have you as my friend.

Manon, you still impress me with your multilingual and multitasking abilities, thank you for 
your master classes at editing with Adobe InDesign at the end, without you, it would have 
been quite complicated to fit all the thesis in such an small amount of time, I am super 
grateful.

Pedro, the director of this amazing institute, very nice place to work, you are doing a great 
job here. I will always remember all your fun speeches and big smile (the new year's, 
Monday seminars, etc.)

A mi familia: mamá y Victor, muchas gracias por vuestra paciencia y comprensión todo 
el tiempo, sobre todo por entender y apoyarme en mi decisión de venir aquí a pesar del 
tiempo que suponía estar viviendo lejos y no estar presente en momentos muy importantes. 
Siempre os estoy agradecida por todo lo que hacéis por mí. Elena, también agradecerte tu 
apoyo, comprensión y conversaciones en la distancia, y a mis sobris que aunque nacieron 
estando ya fuera nunca es tarde para recuperar el tiempo perdido, tengo los mejores 
sobrinos del mundo. Os quiero a todos muchísimo. Abuela, eres mi ejemplo de vida a seguir, 
qué suerte tenemos de tenerte. Giuseppe (more), mira lo que hecho! gracias por enseñarme 
mis primeros pasos en Photoshop y por mucho más, ahora todo eso está aquí en mi primer 
libro! no ha quedao mal eh .

Isa, Maribel, Margari y toda la familia Casado, también habéis estado presente durante 
estos años y siempre es una alegría poder veros en mis visitas fugaces a España.

A mis españolas en Utrecht: Ana, Laura, Mar y Anna. Muchas gracias por los momentazos 
vividos, me lo he pasao genial con vosotras y me habéis apoyao muchísimo. 

A todos mis amigos de toda la vida: Dani, Javi, Rau, Marisa, Caty, Borja, Rocío, Llans, Lola y 
Alba y todos los demás que siguen por ahí. Aunque nos veamos poco os quiero mucho y sé 
que estáis ahí cada vez que vuelvo a casa por navidad y tambien en la distancia. Gracias a 
todos por aportarme tantas cosas buenas durante mi vida, habéis estado presente en todo 
este duro camino del doctorao de una manera u otra. Raquel y Diego, más de lo mismo, 
gracias por estar ahí siempre y hacerme reír tanto. Un honor teneros en mi vida, este libro 
también es para vosotros, espero que llegue a Chile y con un fuerte abrazo!


