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Abstract 
The dry rot fungus Serpula lacrymans is one of the most destructive fungi causing serious 

wood decay in buildings. It is an effective decomposer of wooden houses in the Northern 

Hemisphere and of great concern for homeowners. Previous studies have revealed that 

Norway spruce wood is decomposed faster than Scots pine by the fungus. However the 

genetic mechanisms behind this occurrence is not well known. In attempt to get more 

knowledge, this thesis used RNA-seq in order to identify differentially expressed genes 

(DEGs) between cultures of S. lacrymans grown on spruce and pine wood. RNA were 

extracted from plates with S. lacrymans growing on growth medium (control), in medium 

with pine, and medium with spruce. This RNA was sequenced with the Illumina Nextseq 

technology, which produced short 75 bp reads, used in further analyses by a variety of 

bioinformatics tools. Results showed DEGs encoding oxidative and ferric enzymes like 

oxidoreductases and LMPOs highly upregulated in pine replicates when compared with 

spruce replicates. Various glycosyl hydrolases (GH) were found differentially expressed and 

upregulated in both pine and spruce replicates including: GH1, GH3, GH5, GH6, GH10, 

GH12, GH28. However, pine replicates had higher expression of wood degradation enzymes 

involved in early decay (GH5, GH28, LMPOs, oxidoreductases). The resulting patterns of 

DEGs between the two wood types suggest that decay of pine wood may represent an earlier 

stage of decay after 30 days of growth compared to the fungus growing on spruce. Further, 

genetic responses to wood extractives were discovered for pine replicates when compared to 

spruce replicates, which included high expression of lipases, NMOs, hydrophobins and TLPs. 

The findings in this analysis might suggest that pine is less susceptible to fungal degradation 

by making the lignocellulotic material less available for the fungus. Significant amounts of 

time could have been spent on metabolising extractives from pine wood, thus slowing down 

actual wood degradation. This knowledge could help to prevent infection of dry rot infected 

houses.  
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1 Introduction 

Indoor wood-decay fungi cause extensive economical damage in buildings all over the 

world. Most of the structural damage to buildings in Europe and North America is 

caused by brown-rot fungi that degrade conifer wood (Schmidt 2007). There are several 

species growing on buildings, however only a few fungal species cause serious indoor 

wood decay (Schmidt 2000). Investigations over a period of 17 months showed that 

brown rot fungi was found most frequently (77.4%), with Coniophora puteana (16.3 %) 

and Serpula lacrymans (16%) as the most prevalent species identified in Norwegian 

buildings (Alfredsen et al. 2005). 

 

 

 

The dry rot fungus 

 
Serpula lacrymans is a brown rot species within the order Boletales, an order including 

saprotrophic brown rot wood decay species and symbiotic species forming 

ectomycorrhiza with plant roots (Smith 1949; Binder & Hibbett 2006). The species S. 

lacrymans was a recognised problem causing severe brown rot in European buildings 

and on sailing ships already in 1781 (Jennings & Bravery 1991). The species is known 

to be divided into two main lineages that possibly represent different species (Kauserud 

et al. 2007). One, called S. lacrymans var. shastensis, inhabits natural environments in 

North America, while the other lineage (S. lacrymans var. lacrymans) is mainly found in 

buildings (Kauserud et al. 2007). The Asian mainland is the origin of S. lacrymans var. 

lacrymans lineage, and from there it has migrated worldwide to Europe, North- and 

South America and Oceania followed by local population expansions. Humans have 

created optimal conditions for this species, and it has likely been spread to new 

continents by humans in recent historical times (Kauserud et al. 2007) and made the 

fungus a successful invasive species in temperate regions on a global scale  Due to a 

temperature requirement for maximum growth between 19–21 °C, it does not thrive in 

high temperature environments (Jennings & Bravery 1991). This probably explain why 

it is absent from the tropics and regions with high summer temperatures (Kauserud et al. 

2007).  
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One of the characteristics that make this species efficient in houses is its ability to 

distribute and transport water and nutrients. The species is able to form thick mycelial 

cords that transport significant amounts of water and nutrients within its habitat, making 

it very efficient in wood degradation (Jennings & Bravery 1991). Watkinson et al. 

(2001) reported that cord development occurs in those parts of the hyphal network that 

encounter and colonise fresh nutrient resources. Mycelium not connecting to food 

sources are broken down and reassembled, creating a dynamic process of a continuous 

reshaping of the hyphal network. This process likely involves local activation and 

release of intracellular hydrolases (Watkinson et al. 2001). This ability to transport water 

allows S. lacrymans to gather water from a distant water source and may even grow in 

dry wood (Horisawa et al. 2004) causing what is known as dry rot (Jennings & Bravery 

1991). In addition, the fungus is capable of penetrating and spreading its mycelium 

within non-organic materials or between plaster and brickwork before colonizing wood 

(Schmidt 2000). Serpula lacrymans produce thick and crust-shaped fruit bodies, 

dispersing rust-colored spores during the entire growing season (Kauserud et al.). 

 

 

 

Pine and spruce wood composition 

 

Based on previous research done by Balasundaram et al. (in prep.) it is known that S. 

lacrymans decompose Norwegian Spruce (Picea abies, subsequently called spruce) 

wood more efficiently than Scots Pine (Pinus sylvestris, subsequently called pine) wood 

(Fig. 1.). It has also been discovered that there are slightly more hemicellulose and 

cellulose content in spruce than in pine (Räisänen & Athanassiadis 2013). Cellulose, 

hemicelluloses, and pectin are the main components of plant cell walls representing up 

to 70% of the biomass (Jorgensen et al. 2007). Cellulose consists of linear structures of 

β-1,4-linked D-glucose that is first degraded to oligomers and then to simple glucose 

molecules by a combination of enzymes (Horn et al. 2012). The resulting glucose can be 

either used as energy or to create new biomass by the fungi (Moore et al. 2011). 

However, the degradation of intact cellulose is challenging because it is protected from 

degradation by the complex structures of plant cell walls including both covalent links 
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between cellulose and hemicellulose as well as other macromolecules (Heredia et al. 

1995). Due to this fact, the task of enzymatic breakdown of cellulose is a complicated 

task that depends on degradation of the other components of the plant cell wall before 

cellulose-degrading enzymes can access their substrate (Van Dyk & Pletschke 2012). 

Hemicelluloses are low-molecular weight polysaccharides (Timell 1967) and classified 

according to the main sugar in the backbone of the polymers, i.e., xylans, mannans, 

arabans or galactans (van den Brink & de Vries 2011). The degradation of hemicellulose 

is believed to be an important early reaction in the brow-rot decay (Ritschkoff 1996). 

Pectin contains a range of galacturonic acid-rich polysaccharides (Willats et al. 2001) 

and is less prominently present in most plant biomass compared to cellulose and 

hemicellulose (van den Brink & de Vries 2011). The degradation of pectin has been 

previously correlated to efficient softwood decay; making other lignocellulose 

components more available thus playing part in early wood decay (Green et al. 1996). 

Differences in polysaccharide composition between the two tree species might influence 

its decay rate by S. lacrymans.  

 

There is another difference between pine and spruce. Higher amounts of wood 

extractives are found in pine, being approximately 2.5 times higher than in spruce 

(Fernando et al. 2007). The content of these extractives is generally higher in bark than 

in wood since decay starts where the tree is most exposed to the surrounding 

environment (Hilden & Persson 2007). The major types of wood resin (extractives) 

found in spruce and pine are triglycerides (TG), fatty acids (FA), resin acids, waxes, 

sterols, and their esters (Fernando et al. 2007). The extractives aid trees in resisting 

fungal attacks, thus they are excellent free radical scavengers (antioxidants) that disturb 

the fungal wood decay process (Schultz & Nicholas 2000). Most probably resin acids 

are also important factors in decay resistance because they act as waterproofing layers 

thus inhibiting the entrance of the decay fungi (Gref et al. 2000). This could have an 

impact on how successful S. lacrymans is during decomposition of pine and spruce 

wood. The presence of extractives might make it harder for the fungus to access the 

polysaccharides in the wood. 
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Fig.  1.  A box plot of the ability of Serpula lacrymans (strain SL200) to decompose Norway Spruce 
and Scots Pine based on a previous study where wood blocks were inoculated with the fungus, and the 
weight loss after 60 days was recorded (modified from Balasundaram et al., in prep). Ten wood blocks 
were included for Norway Spruce, and 7 wood blocks for Scots Pine. 
 

 

 

Brown rot decay 

 

Brown rot fungi like S. lacrymans prefer attacking softwoods, which includes conifers 

like pine and spruce (Jennings & Bravery 1991). During the decay, the wood becomes 

discoloured and loses strength, weight, and density. Decay and discolouration caused by 

fungi are major sources of loss in both timber production and wood use. There are a 

variety of decay mechanisms in fungi, but the main types are called white rot and brown 

rot. Brown rot is claimed to be a bigger threat to wood compared to white rot, because it 

quickly reduce wood strength early in the decay process, while white rots cause a more 

slow and gradual decrease in wood strength (Zabel & Morrell 1992). Brown rot fungi 

has a wood decomposition characterised by breaking polysaccharides of the cell wall by 

depolymerisation and leaving the lignin modified, but undigested (Doi & Saito 1980).  

 

 

 
The oxidative Fenton reaction 
 

In the initial phases of brown-rot decay the fungus use a combination of an oxidative 

chemistry known as the Fenton reaction and various oxidoreductases. The oxidative 

10
30

50
Wood decomposition by S. lacrymans strain SL200

wood species

%
 w

ei
gh

t l
os

s

              Norway Spruce                Scots Pine



	5	

Fenton reaction: Fe2++ H2O2 + H+ → Fe3+ + ·OH + H2O act as an initial nonenzymic 

attack on the wood cell wall (Goodell et al. 1997). This generates hydroxyl radicals 

(·OH) which are the most powerful oxidative agents in living cells and causes rapid loss 

of strength in the wood due to selective cleavage (Hyde & Wood 1997). This non-

enzymatic oxidative system is more efficient than using just enzymes because the pores 

of intact wood cell walls are not large enough to allow penetration of wood degrading 

enzymes and require low molecular weight agents (Shimokawa et al. 2004). The free 

radicals produced by this system increase the pore size permitting relatively large 

extracellular fungal enzymes to penetrate into the cell walls and continue the 

degradation (Schultz & Nicholas 2000). To support the fenton reaction it is suggested 

that some species,, as S. lacrymans produce of organic acids (e.g. variegatic acids) 

(Harju et al. 2003). The organic acids are believed to serve as proton donors for 

hydrolytic or electron donors for oxidative (Fenton reaction) cleavages of cellulose 

(Jordan et al. 1996). The oxidoreductases are enzymes that can use oxidative reactions 

to cleave the polymers in the wood, e.g. lytic polysaccharide monooxygenases and 

Aldo-keto reductases (Goodell et al. 1997; Eastwood et al. 2011). 

 
 
 
 
CAZymes 
 
 
After the initial phase, the hydrolytic enzymes are able to diffuse into the wooden 

substrate (Curling et al. 2002). Important extracellular enzymes involved in the 

hydrolysis of polysaccharides includes carbohydrate-active enzymes (CAZymes), 

especially cellulases and hemicellulases (Chen et al. 2013). Cellulases are enzymes that 

target specific cleavage of β-1,4-glucosidic bonds in cellulose, which include endo-

acting (endoglucanases) and exo-acting (exoglucanases) enzymes working in a 

synergistic manner (Dashtban et al. 2010). Regulation of genes encoding 

oxidoreductases and CAZy occurs through the presence or absence of specific inducers. 

For example cellulase is induced by the presence of cellulose, amylase induction by 

(iso)maltose, and peptidase induction by peptides and proteins (Mahon et al. 2009). In 

addition, the presence of hemicellulose-degrading enzymes can prime and accelerate the 

enzymatic hydrolysis of cellulose (Gao et al. 2011). This link is important during 
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degradation because of various resilient structures surrounding cellulose (van den Brink 

& de Vries 2011).  

 
 
 
 
Objectives 
 
 
The differences in the biochemistry of spruce and pine are affecting the rate and 

efficiency of its fungal decomposers. However, why the fungus responds to these 

differences is unknown. Many fungal genomes have been sequenced, and the genomic 

composition of saprotrophic species has been widely investigated (Eastwood et al. 

2011; Riley et al. 2014; Floudas et al. 2015). Moreover, the genetic and expressional 

response of S. lacrymans to wood has been investigated (Eastwood et al. 2011). 

Nevertheless the genetic composition of the species and the expressional response to 

one species does not explain why the fungus responds so differently to two different 

species.  

The main objective in this thesis is to understand why S. lacrymans decompose spruce 

and pine in a different rate by investigate the expressional differences during growth on 

pine and spruce wood. To achieve this, I analysed gene expression data by using 

different bioinformatics tools. This was done to discover differentially expressed genes 

between cultures of S. lacrymans grown on spruce and pine wood. I have compared and 

contrasted my results with previously published studies on the timing/phases of wood 

decomposition and the influence of extractives on enzymatic responses of S. lacrymans 

grown on the different wood substrates. My results support the idea that spruce is more 

susceptible to brown rot decay caused by S. lacrymans compared to pine. 
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2 Methods 
 

Fungal strain and culture conditions 

 

In order to compare gene expression of Serpula lacrymans on different types of wood, 

the fungus was grown on pine and spruce. In this experiment sawdust from Pinus 

sylvestris and Picea abies was placed on Serpula Czapek Dox (SCD) medium 

(Eastwood et al. 2011) without the addition of sucrose. SCD medium contain 30 g 

sucrose, 15 g agar, 1g monosodium glutamate, 1 KH2PO4, 0.5 g MgSO4 *7H2O, 0.01 

g FeSO4 *7H2O pr L H2O, thus sucrose is the main carbon source. These plates where 

then inoculated with S. lacrymans strain SL200 for 30 days. In addition, a control was 

included in the experiment where the same strain was grown on plates with only regular 

SCD medium (i.e. with sucrose) for an identical number of days. Prior to the 

inoculation sawdust was autoclaved three times with 24 hours intervals in order to make 

sure that any dormant spores were effectively eliminated. Media and equipment was 

sterilised in one 30 min cycle. In total, four replicates per condition were set up but did 

not always yield RNA of sufficient quality or quantity. The resulting numbers of 

samples were eleven; four S. lacrymans cultures grown on plates with pine sawdust, 

four S. lacrymans cultures grown on plates with spruce sawdust and three S. lacrymans 

cultures grown on plates with sucrose (control).  

 

 

 

RNA extraction, cDNA library production, and sequencing 

 

Approximately 500 mg of fresh mycelia and sawdust from all wood cultures were 

collected. Regarding S. lacrymans grown on sucrose, only the mycelia were harvested. 

All samples were flash frozen in liquid N2 and ground by using a mortar. The wood 

samples were pre-extracted following the CTAB protocol (Clarke 2009). RNeasy Mini 

Kit protocol (Qiagen, CITY) was used for cleanup and RNA extraction of pure mycelia 

from control samples. Quality and quantity of RNA were profiled using a Nanodrop 

ND-1000 spectrophotometer (Thermo Scientific) and gel electrophoresis on 1% agarose 

gel. Sequencing libraries were prepared from 500 ng of total RNA using the TruSeq 
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RNA Library Prep kit v2 (Illumina). The libraries were sequenced on an Illumina 

NextSeq machine in single end 76 bp configuration. The samples were barcoded and 

sequenced at a maximum of 12 libraries per flowcell by the Norwegian Sequencing 

Centre (NSC) at Ullevål University Hospital (Oslo, Norway: 

https://www.sequencing.uio.no/). The resulting sequencing data followed the RNAseq 

analysis pipeline illustrated in Fig.2 and then functional enrichment analysis was 

performed.  

 
 
 
 
 
 
 

 
 
Fig.  2.  RNAseq analysis pipeline. Flowchart illustrates the bioinformatics pipeline used to analyse the  
RNA-Seq samples sequenced from Serpula lacrymans mycelia grown on Serpula Czapek Dox medium 
with pine or spruce sawdust as treatment condition and positive controls. The pipeline does not include 
the Gene Set Enrichment analysis that was conducted afterwards. Arrows indicate data flow and where 
different bioinformatics tools were applied. The boxes (light grey and white colour) show the input/output 
reads, format and bioinformatics tools used in analysis. Analysis steps are marked 1-4 by grey circles. 
The fragmented line separates the analysis steps done in UNIX and RStudio. The dark grey box shows the 
generated differentially expressed genes and thereafter continuing to the PFAM and GO Enrichment 
analysis.  
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Data pre-processing 
 
 
Quality control was a very important first step during RNA analysis in order to get 

accurate results downstream. I checked for failed sequencing runs or libraries and 

remaining adapter sequences. The Illumina reads in fastq format were quality inspected 

using FASTQC Version 0.11.4 to look for any apparent errors (Andrews 2010). 

Remaining adapter sequences and poor quality bases were trimmed by Trimmomatic-

0.35 tools (Bolger et al. 2014). More specific, ILLUMINACLIP with TruSeq3-SE was 

used in order to remove adapters with MAXINFO set to 30 for target length and 0.4 

concerning strictness, and with a minimum length of 30 bp (Table S1). After 

completing the Trimmomatic pipeline, trimmed reads were visually checked again with 

FASTQC to confirm adapter removal.  

 

 

 
Data analysis 
 
 
Trimmed reads were aligned to the Serpula lacrymans genome S7.9 

(http://fungi.ensembl.org/Serpula_lacrymans_var_lacrymans_s7_9/Info/Index) with 

STAR Version 2.5 (Dobin et al. 2013). STAR is a spliced aligner, which is important 

for RNA and is a tool that performs well in benchmarks. The resulting alignments were 

converted from SAM to BAM format, sorted and indexed by using Samtools (Li et al. 

2009). In order to visually check if reads had aligned to the Serpula lacrymans genome, 

BAM files were uploaded in IGV (Integrative Genomics Viewer) Version 2.3. IGV is a 

visualization tool to explore genomic datasets including next-generation sequence data 

(Thorvaldsdottir et al. 2013). 

 

The CleanSam option in Picard Version 2.7.1 (http://broadinstitute.github.io/picard/) 

had to be u used to clean up soft-clipped alignments from STAR. This was to make sure 

that the alignment files conform to the SAM format specifications in order to use the 

bioinformatics tools downstream. Resulting files in BAM format went through the 

QoRTs Version 1.1.6. pipeline (Hartley & Mullikin 2015). QoRTs is a pipeline that 

quality checks and prepares the data for differential expression analysis by generating 
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counts. QoRTs also produce quality control cross-comparison plots, and analyse results 

by using external utilities like DESeq2.  

 

Before attempting to analyse differential expression, gene based counts was estimated 

and an RNA-Seq counts matrix was generated containing RNA-Seq fragment counts for 

each of the genes for all treatment replicates using QoRTs. Different types of biases 

causing variation in count data across treatment groups had to be taken in to account 

when continuing the RNAseq analysis. Potential biases could be caused by technical 

variability and biological variability, which could be a result of variation in sequencing 

depth (technical variability) and differences in expression levels of transcripts 

(biological variability) (Williams et al. 2014). Technical variation in read counts have 

been showed to follow a Poisson distribution that assumes the variance is equal to the 

mean. However, biological variation in read count data tend to have a negative binomial 

distribution. Therefore, using a Poisson distribution to model the data would not be 

ideal as the RNAseq data exhibit over-dispersion and this could create a lot of type-I 

errors (Bliss & Fisher 1953). Programs testing for differential expression such as 

DESeq2 (Love et al. 2014)  use the negative binomial distribution to model count data 

and determine genes that show significantly different patterns between conditions. 

 

To account for bias and to make treatment groups comparable, the read counts from 

QoRTs were filtered and normalized using the DESeq2 R package (Love et al. 2014). 

Genes with read counts below a threshold of 1 in all samples were filtered out. Low 

counts would cause the testing procedure to call only very high fold changes significant 

(Simon & Wolfgang 2010). During the normalization step, DESeq2 scaled the read 

counts by a reference sample based on the geometric mean of read counts across all 

samples (Love et al. 2014). After normalization, differentially expressed genes (DEGs) 

were identified using the generalized linear model implemented in DESeq2, which 

perform pairwise comparisons among each of the treatment types (pine wood, spruce 

wood and sucrose). Once DEGs for the pairwise comparison were identified, they were 

then declared to be up or down-regulated by looking at the direction of the fold change. 

The command contrast=c("condition", "treatment", "control") was used (see 

Appendix for all scripts). Regarding comparison of the two wood conditions, pine was 

considered as “treatment” and spruce were used as “control”. When the wood types 

were compared to sucrose, sucrose where naturally chosen as the “control”. DEGs 
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would be upregulated in the “treatment” and downregulated in the “control”, always 

being relative to each other based on the comparisons. No up- or down-regulation 

(log2FoldChange = 0) means that the gene expression is identical in both conditions 

compared.  

 

DESeq2 used Benjamin-Hochberg (Benjamini & Hochberg 1995) correction to estimate 

the upper boundary for expected false discovery rate (FDR/padj) during calculation of 

differentially expressed genes (Li et al. 2012). I used an FDR threshold of 0.05. 

 

MA plots, heatmaps and PCA plot were produced in order to highlight important 

properties of the RNAseq data for all treatment groups and the character of the 

normalisation step.  

 

The heatmaps and the PCA included rlog transformed count data generated from the 

DESeq2 normalisation results. Rlog transforms the count data to the log2 scale in a way 

that minimised differences between replicates for rows with small counts, and which 

normalises with respect to library size (Love et al. 2014). The heatmaps extract those 

transcripts that are most differentially expressed (most significant log2fold-changes) 

and cluster the transcripts according to their patterns of differential expression across 

the treatment and control groups. 

 

 

 
Functional enrichment analyses 
 
 
In order to understand the function of the differential expressed genes we investigated 

both GO terms and PFAM domains. For these analyses I chose to test expressional 

differences of log fold change > 1 in order to include genes where the differences were 

large. PFAM analysis was done by using a Fisher exact test, implemented in a 

functional enrichment script in Python 2.7.9 (https://www.python.org/) with a FDR 

threshold of 0.05. The enrichment of GO terms was analysed in Ontologizer (Bauer et 

al. 2008). This tool provided a statistical analysis for overrepresentation of Gene 

Ontology (GO) terms (Consortium et al. 2000) among the differentially expressed 

genes in the dataset. In our analyses these parameters were used for Ontologizer: -c 
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Parent-Child-Union, -m Westfall-Young-Single-Step, -d 0.05, -r 1000. Further 

summarisation and visualisation was done using REVIGO, a program that clusters GO 

terms based on sematic similarities (Supek et al. 2011). GeneIDs with a log fold change 

above 1 was used with corresponding adjusted p-values below 0.05. Allowed similarity 

was set to medium (0.7), database on default setting and sematic similarity measure was 

set to SimRel. In order to check for shared genes and annotated PFAM domains 

between groups, venn diagrams were made by using the online tool Venny 2.1 

(Oliveros 2007). 
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3 Results  
 

Transcriptome sequencing and data processing  

mRNA-seq was used to study the transcriptome of S. lacrymans cultures grown on pine, 

spruce and Serpula Czapek Dox (SCD) medium. Between 36-68 million single-end 

reads were obtained and analysed by the bioinformatics programs (Table 1.). After 

quality checking with FASTQC remaining adapter sequences was discovered within the 

reads, thus trimming was needed. The average number of trimmed reads by 

Trimmomatic were 4487 (pine replicates), 5 (control replicates) and 1960 (spruce 

replicates). STAR mapped between 94-98% of the trimmed reads to the S. lacrymans 

predicted gene model. The summary plots generated by QoRTs showed that all samples 

had similar shapes and trends with no obvious outliners or serious biases (Fig. S4). The 

quality of all the samples was considered good enough for downstream analysis.  

 
 
 
Table 1. Input and output data for the first part of the RNAseq analysis. Overview of sample names, 
conditions, changes in read numbers and amount of mapped genes after using bioinformatics tools 
FASTQC, Trimmomatic, Picard and STAR. Initial read length for all samples had the size of 76 bp. The 
total number of predicted genes in the Serpula lacrymans SL200 genome is 12549. 

 

Sample name Condition Raw reads Filtered 
reads 

Mapped 
reads % Mapped Mapped genes 

11-SWT29 pine 44233940 44230423 42912894 96.73 % 10424 

12-SWT30 pine 49304626 49300623 48236921 94.94 % 10421 

13-SWT31 pine 63970907 63965956 61644601 96.00 % 10431 

14-SWT32 pine 68837148 68831670 67450033 94.04 % 10442 

Hess-RNA1-6 control 42116552 42116547 40073278 94.14 % 10449 

Hess-RNA1-7 control 39519265 39519259 38021621 93.99 % 10472 

Hess-RNA1-12 control 36379253 36379248 35276842 94.40 % 10525 

Hess-RNA1-13 spruce 42351258 42349231 39924995 96.88 % 10361 

Hess-RNA1-14 spruce 40168147 40166146 37908484 97.70 % 10348 

Hess-RNA1-15 spruce 38242173 38240328 36038500 96.23 % 10347 

Hess-RNA1-16 spruce 40694582 40692614 38512719 97.85 % 10347 
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Experiment and normalisation diagnostics 
 
 
Gene counts generated by QoRTs was further filtered and normalised with DESeq2 to 

permit comparison between the different replicates. To visually check for within 

treatment groups variability compared to between treatment groups variability, PCA 

analysis was conducted (Fig. 3). It identified the two directions (PC1 and PC2) along 

which the data have the largest spread. The majority of variation between replicates was 

summarized by the first principal component and explained 56 % of the variation. The 

second principal component summarized the residual variation that was not explained 

by PC1 and represented 36 %. Results showed clear separation between the different 

treatment groups and replicates within the same treatment group clustered together. 

Spruce replicates showed the least variance compared to the two other treatment 

groups. Thus the PCA analysis succeeded in separating the data according to the 

different experimental conditions.  

The heatmaps support the pattern seen in the PCA plot as the replicates cluster together 

and are distinctly different among the treatments (Fig.S5 & Fig.S6). The control 

replicates shows higher levels of variation between replicates than the other two 

treatments in both the PCA and the heatmaps. The genes with highest expression were 

found clustered in replicates treated with pine wood, shown in the heatmap of the 30 

most highly expressed genes.  
                                                                                                                                                                            

Fig.3. Principal component 
analysis (PCA) of rlog 
transformed expression data 
from all eleven RNA 
samples sequenced from 
Serpula lacrymans mycelia 
grown on sucrose medium 
with pine or spruce sawdust 
as treatment condition and 
controls.The gene expression 
profiles from all replicates 
projected onto the first two 
principal components that 
explain most of the variation. 
The x-axis (PC1) is the 
direction that separates the 
replicates the most. The y-
axis (PC2) is the direction 
that separates the data the 
second most. Both axes 
include the percent of the 
total variance. 
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Differentially expressed genes 
 
 
After completing filtering and normalisation with Deseq, differential expression 

analysis was conducted and resulted in various numbers of differentially expressed 

genes (DEGs) among treatments (Fig. 4) DEGs included for the downstream analysis 

had a padj<0.05. The comparison between spruce and the control replicates had the 

highest number of DEGs (3676). The remaining comparisons resulted in between 3117 

and 3256 DEGs.  

 

 
Fig.  4. Number of differentially expressed genes (log2FC>0, padj<0.05) based on RNA 
samples sequenced from Serpula lacrymans mycelia grown on Serpula Czapek Dox medium with 
pine or spruce sawdust as treatment condition and controls. Differentially expressed genes are 
DESeq results based on following treatment comparison: pine vs spruce, pine vs control and 
spruce vs control. 3256 genes were found differentially expressed and upregulated in pine 
replicates when compared to spruce replicates. Comparison between spruce and pine replicates 
gave 3217 upregulated and differentially expressed genes concerning spruce replicates. Pine and 
spruce treated replicates compared to control replicates resulted in 3117 and 3676 differentially 
expressed and upregulated genes respectively.  

 

 

MA plot was produced in order to check if expressed genes were distributed evenly 

across the horizontal axis for each treatment comparison. This represented whether 

there was an even distribution of up-regulation and down-regulation. It could also 

reveal the quality of the normalization of count data before comparing gene expression 
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between treatments and controls. The resulting plots show a lot of significant DEGs 

(|log2FC|>0, padj<0.05) regarding all treatment comparisons (pine vs spruce, pine vs 

control and spruce vs control). Genes were found to be evenly distributed across the 

horizontal axis for all comparisons. When comparing gene expression data between 

replicates grown on pine and spruce wood, the MA plot (Fig. S7A) showed several 

highly expressed genes dominating the top right corner. In addition, there exist some 

extremely downregulated genes in the lower right corner when replicates grown on pine 

wood were compared to the controls (Fig. S7B). No suspicious shapes or strong trends 

could be found in the plots, but one MA plot showed some signs of trend formation 

(Fig. S7C). All the plots were not totally symmetrical, but exhibit no extreme trends. 

Symmetry is wanted based on the assumption that most genes are not extremely 

expressed and should be distributed around line zero.  

The top ten DEGs with the highest log2 fold change between treatments showed a lot of 

genes putatively involved in wood decay, including glycoside hydrolases upregulated in 

the pine treatment compared to the spruce treatment and the control (Table 2 & 3). For 

the spruce treatment, the top ten genes expressed in comparison with either pine or SCD 

were annotated to functions related to redox reactions and glycoside hydrolase genes 

(Table 4 & 5). 
 

 
 
Table  2.  Serpula lacrymans gene expression comparison from cultures grown on pine wood 
compared to spruce wood. 10 genes with the greatest differential expression when grown on pine wood 
compared with spruce cultures based on expression data from DESeq analysis.  

GenID Putative function Comments log2FC padj 

SL200v200009232 Auxiliary Activity Family 9 Lytic polysaccharide 
monooxygenase 11.47 1.04E-85 

SL200v200001603 Auxiliary Activity Family 9 Lytic polysaccharide 
monooxygenase 10.72 5.75E-32 

SL200v200007852 Auxiliary Activity Family 9 Lytic polysaccharide 
monooxygenase 10.62 6.58E-32 

SL200v200005702 Chitin binding domain protein  9.94 1.53E-22 

SL200v200001734 Cellulase (glycosyl hydrolase 
family 5) Fungal cellulose binding domain 9.68 1.30E-30 

SL200v200004696 Glycoside hydrolase family 5 
protein Fungal cellulose binding domain 8.14 1.7E-108 

SL200v200001468 Sugar (and other) transporter The Major Facilitator 
Superfamily (MFS) 7.90             0 

SL200v200001916 Glycoside hydrolase family 6 
protein Fungal cellulose binding domain 7.56 8.39E-67 

SL200v200004761 Lipase (class 3)  7.28 6.79E-53 

SL200v200002407 Carbohydrate-binding module 
family 1 protein Fungal cellulose binding domain 6.93 6.48E-82 
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Table  3. Serpula lacrymans gene expression comparison from cultures grown on pine wood 
compared to sucrose. 10 genes with the greatest differential expression when grown on pine wood 
compared with sucrose cultures (control) based on expression data from DESeq analysis.  

 

 

 
 
 
Table  4.  Serpula. lacrymans gene expression comparison from cultures grown on spruce wood 
compared to pine wood. 10 genes with the greatest differential expression when grown on spruce wood 
compared with pine cultures based on expression data from DESeq analysis.  

 

GenID Putative function Comments log2FC padj 

SL200v200009232 Auxiliary Activity Family 9  11.07               0 

SL200v200001603 Auxiliary Activity Family 9  10.59               0 

SL200v200008385 Hydrophobin  9.87 8.39E-97 

SL200v200009538 Hypothetical protein Sialidase propeller 4 9.43 4.72E-276 

SL200v200005702 Hypothetical protein Chitin binding domain 9.38               0 

SL200v200007852 Auxiliary Activity Family 9  9.28 9.59E-177 

SL200v200007188 Glycoside hydrolase family 12 
protein  9.38             0 

SL200v200001734 Glycoside hydrolase family 5 
protein 

Cellulase and fungal cellulose 
binding domain 9.28             0 

SL200v200000767 Glycoside hydrolase family 5 
protein 

Cellulase and fungal cellulose 
binding domain 8.69 1.43E-174 

SL200v200004696 Glycoside hydrolase family 5 
protein 

Cellulase and fungal cellulose 
binding domain 8.16             0 

GenID Putative function Comments log2FC           padj 

SL200v200008749 Polyprenyl synthetase 
 

6.38 2.59E-31 

SL200v200009879 Cytochrome P450 
 

6.07 5.02E-103 

SL200v200000748 Hypothetical protein Major Facilitator Superfamily 
(MFS) 5.71 2.22E-15 

SL200v200008748 Cytochrome P450  5.61 3.77E-89 

SL200v200009115 Flavin-containing 
monooxygenase 

Rossmann-fold NAD(P)(+)-
binding proteins 5.50 3.22E-54 

SL200v200004284 Fungal fucose-specific lectin 
protein  5.32 1.11E-11 

SL200v200001176 Hypothetical protein Fascin-like domain 5.01 6.09E-57 

SL200v200005192 Hypothetical protein Ras-like superfamily of small 
guanosine triphosphatases  4.88 8.39E-67 

SL200v200008752 Hypothetical protein Isoprene-C2-like reductase 
(ISOPREN C2) like superfamily 4.77 6.79E-53 

SL200v200003552 Hypothetical protein Amino acid permease (GABA 
permease) 4.68 6.48E-82 
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Table  5. Serpula lacrymans gene expression comparison from cultures grown on pine wood 
compared to sucrose. 10 genes with the greatest differential expression when grown on spruce wood 
compared with sucrose cultures (control) based on expression data from DESeq analysis.  

 

 

 

PFAM and GO Enrichment analysis 
 
 
To identify gene classifications with higher expression in S. lacrymans grown on both 

wood substrates and those on sucrose medium, DEGs generated from DESeq were 

analyses with PFAM and Ontologizer. PFAM analysis identified enriched PFAM 

domains within the various treatment groups. Domains were considered enriched at 

padj<0.05. A total of 343 PFAM domains were annotated in genes differentially 

upregulated on pine wood compared with replicates grown on spruce wood. Four out of 

these PFAMs were enriched in pine replicates (Table 6), including sugar transporter 

domains and glycosyl hydrolase domains.   

Six PFAM domains were enriched in genes differentially upregulated on spruce wood 

compared to pine wood, which involved domains with redox properties. (Table 7). 344 

annotated PFAM domains were discovered in genes upregulated on both wood types 

compared to the controls (Table 8 & 9). 13 enriched PFAMs were found in pine 

replicates (Table 8). Concerning replicates grown on spruce wood, 11 PFAM domains 

were found enriched (Table 9). Prevalent enriched domains included various glycosyl 

GenID Putative function Comments log2FC    padj 

SL200v200007188 Glycoside hydrolase family 12 
protein  8.90             0 

SL200v200006317 Carbohydrate esterase family 
16 protein 

Fatty acyltransferase-like subfamily 
of the SGNH hydrolases 7.56 5.31E-103 

SL200v200000766 Glycoside hydrolase family 5 
protein Cellulase 7.23 1.76E-28 

SL200v200009454 Glycoside hydrolase family 5 
protein  7.14 5.27E-214 

SL200v200008134 Glycoside hydrolase family 10 
protein  7.11 3.07E-204 

SL200v200000764 Glycoside hydrolase family 1 
protein  6.56 4.95E-189 

SL200v200005545 Hypothetical protein  6.55             0 

SL200v200000767 Glycoside hydrolase family 5 
protein Fungal cellulose binding domain 6.45 2.72E-115 

SL200v200001747 Hypothetical protein OPT oligopeptide transporter 
protein 6.35 3.08E-62 

SL200v200008908 Hypothetical protein ABC transporter transmembrane 
region 6.31 5.45E-77 
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hydrolases and oxidoreductases for both wood treatments compared to controls. This 

corresponds well with the findings in the top ten most highly expressed genes lists.  

 
 
 
 
 
 
Table 6. Enriched PFAM domains generated from Deseq expression data, using differentially expressed 
and upregulated genes (α = 0.05, log2FC ≤ 1) in pine treatment replicates when compared to replicates 
with spruce treatment. Analysis was done by using the PFAM database.  

 

 
 

 

Table  7.  Enriched PFAM domains generated from Deseq expression data, using differentially expressed 
and upregulated genes (α = 0.05, log2FC ≤ 1) in spruce treatment replicates when compared to replicates 
with pine treatment. Analysis was done by using the PFAM database. 

 

 

 

 

PFAM Description Frequency                pval_adjusted 

PF00083 Sugar (and other) transporter 16/33(48.48%) 8.15E-05 

PF01185 Fungal hydrophobin 9/13 (69.23%) 7.31E-04 

PF00295 Glycosyl hydrolases family 28 5/6 (83.33%) 4.40E-02 

PF00734 Fungal cellulose binding domain 5/6 (83.33%) 4.40E-02 

  PFAM Description Frequency            pval_adjusted 

PF00248 Aldo/keto reductase family 17/42 (40.48%) 3.81E-06 

PF07690 Major Facilitator Superfamily 25/98 (25.51%) 7.57E-05 

PF13147 Amidohydrolase 6/8 (75.00%) 2.54E-03 

PF03169 OPT oligopeptide transporter protein 7/12 (58.33%) 4.70E-03 

PF03810 Importin-beta N-terminal domain 5/7 (71.43%) 2.34E-02 

PF00743 Flavin-binding monooxygenase-like 6/11 (54.55%) 3.38E-02 
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Table 8. Enriched PFAM domains generated from Deseq expression data, using differentially expressed 
and upregulated genes (α = 0.05, log2FC ≤ 1) in pine treated replicates when compared to control 
group. Analysis was done by using the PFAM database. 

 

 

Table  9.  Enriched PFAM domains generated from Deseq expression data, using differentially 
expressed and upregulated genes (α = 0.05, log2FC ≤ 1) in spruce treated replicates when 
compared to control group. Analysis was done by using the PFAM database. 

PFAM Description Frequency      pval_adjusted 

PF00248 Aldo/keto reductase family 20/42 (47.62%) 1.48E-07 

PF00135 Carboxylesterase family 15/25 (60.00%) 3.44E-07 

PF00083 Sugar (and other) transporter 16/33 (48.48%) 6.11E-06 

PF01915 Glycosyl hydrolase family 3 C-terminal domain 8/9 (88.89%) 2.57E-05 

PF07690 Major Facilitator Superfamily 28/98 (28.57%) 5.28E-05 

PF00150 Cellulase (glycosyl hydrolase family 5) 11/19 (57.89%) 1.06E-04 

PF00933 Glycosyl hydrolase family 3 N terminal domain 8/10 (80.00%) 1.17E-04 

PF14310 Fibronectin type III-like domain 7/8 (87.50%) 2.32E-04 

PF01408 Oxidoreductase family, NAD-binding Rossmann 
fold 7/10 (70.00%) 2.91E-03 

PF00106 Short chain dehydrogenase 19/66 (28.79%) 4.60E-03 

PF00067 Cytochrome P450 31/142 (21.83%) 6.19E-03 

PF00295 Glycosyl hydrolases family 28 5/6 (83.33%) 1.80E-02 

PF00734 Fungal cellulose binding domain 5/6 (83.33%) 1.80E-02 

PFAM Description Frequency pval_adjusted 

PF00248 Aldo/keto reductase family 22/42 (52.38%) 5.93E-07 

PF01408 Oxidoreductase family, NAD-binding Rossmann fold 8/10 (80.00%) 1.19E-03 

PF07690 Major Facilitator Superfamily 30/98 (30.61%) 2.20E-03 

PF00326 Prolyl oligopeptidase family 7/9 (77.78%) 7.18E-03 

PF01915 Glycosyl hydrolase family 3 C-terminal domain 7/9 (77.78%) 7.18E-03 

PF01399 PCI domain 8/12 (66.67%) 1.02E-02 

PF03169 OPT oligopeptide transporter protein 8/12 (66.67%) 1.02E-02 

PF00933 Glycosyl hydrolase family 3 N terminal domain 7/10 (70.00%) 2.12E-02 

PF00107 Zinc-binding dehydrogenase 14/36 (38.89%) 3.93E-02 

PF13147 Amidohydrolase 6/8 (75.00%) 4.23E-02 

PF14310 Fibronectin type III-like domain 6/8 (75.00%) 4.23E-02 
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Ontologizer resulted in several enriched GO terms based on the DESeq expression data 

from all comparisons. 681 GO terms in total were annotated for replicates grown on 

pine wood when compared to spruce wood, and 19 out of those were found enriched. 

Comparing spruce treated replicates to pine resulted in 888 GO terms where 8 was 

enriched. Pine replicates compared to controls gave 986 annotated GO terms, out of 

these where 22 enriched. Comparing replicates grown on spruce wood with controls 

resulted in 1281 GO terms including 11 that were enriched. All annotated GO terms for 

both wood treatments and controls were summarized and visualised using Revigo 

(Supek et al. 2011). The interactive graph with “molecular function view” was chosen. 

Results showed five GO terms possessing DEGs related to redox reactions in pine 

replicates when compared to spruce replicates (Fig 5A). Replicates treated with spruce 

wood compared with pine replicates showed linked GO terms that included cofactor 

binding, ion binding and NADP binding (Fig 5B). GO terms based on comparing 

replicates grown on pine and controls showed a tightly connected group of GO terms 

represented in redox reactions. Many of the unlinked GO terms where carbohydrate 

binding and oxidoreductase activity domains (Fig 5C). After comparing spruce 

replicates with controls resulted in both unlinked and linked GO terms like hydrolases 

and oxidoreductases (Fig 5D). 

 

 A 
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Fig. 5. The interactive graph showing molecular function of the enriched GO terms for 
differentially expressed genes in all treatment groups. Data used included GO terms accompanied 
with its adjusted p-values based on upregulated gene expression data for each treatment comparison from 
DESeq; (A) pine vs spruce, (B) spruce vs pine, (C) pine vs control, (D) spruce vs control. The size and 
red colour density of the circles are proportional to the number of upregulated genes associated with the 
specific GO term. Highly similar GO terms are linked by edges in the graph, where the line width 
indicates the degree of similarity. Similar nodes are also placed close together. The interactive network 
were summarized and plotted following published REVIGO protocol (http://revigo.irb.hr). 
 

 

 

Venn diagrams illustrated shared and unique DEGs or PFAM domains (based on 

DEGs) across comparisons. 905 genes found differentially expressed only in replicates 

treated with pine wood when compared with spruce wood (Fig. 6A). Replicates grown 

on spruce wood compared to pine wood resulted in 285 genes being uniquely 

differentially expressed in spruce replicates. 170 genes were found differentially 

expressed only in pine when compared to the controls. Replicates grown on spruce 

wood compared to controls showed 377 genes differentially expressed only in the 

spruce treatment.  

 

The last venn diagram (Fig. 7B). illustrates unique and shared PFAM domains among 

core wood, pine and spruce replicates.  Core wood represents shared PFAM domains 

			D	
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between pine and spruce replicates when both were compared with the controls. 79 

PFAM domains were found in both wood types when compared to core wood. 38 

PFAM domains were uniquely annotated for replicates grown on pine when compared 

to spruce including a lipase domain, 2OG-Fe(II) oxygenase superfamily domain, acyl-

CoA dehydrogenase domain and two ferric reductase domains. A total of 20 shared 

PFAM domains between core wood and pine replicates were discovered. 28 annotated 

PFAM domains were shared between core wood and spruce. 21 annotated PFAMs were 

found on replicates grown on both pine and spruce wood. These included a cerato-

platanin domain and SUR7/PalI family domain. Spruce had the highest amount of 

uniquely annotated PFAM domains (73) when compared with pine replicates and 

represented lots of proteins involved in intracellular processes, and some proteins 

involved in chitin synthesis and defence (thiolase).  

 

 

 

	
	
	
	

	
	
	
	
	
	
	
	
	
	
 
 
 
 
 
 
 

 
 
Fig. 6.  Venn diagram showing shared and uniquely differentially expressed genes and PFAM 
domains across treatment comparisons based on DESeq expression data. (A) Differentially 
expressed and upregulated genes with a log2foldchange above 1 regarding all comparisons. (B) Shared 
PFAM domains between core wood (shared annotated PFAM domains for pine and spruce replicates 
when both compared to controls) and the different wood types replicates (pine and spruce) based on 
differentially expressed genes with a log2foldchange above 1. 

	

A B 
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4 Discussion 
 

The brown rot fungus Serpula lacrymans decomposes spruce wood faster than pine 

wood (Balasundaram et al, in prep). It was suggested that evolving a specifically fast 

decay mechanism on spruce has been part of specialization of this species, making it 

especially successful in houses. However, very little is known about these differences, 

and how this species differentiates between these types of wood. Moreover, 

Balasundaram et al. (in prep), included only genome data in their study, thus how the 

gene expression affects these differences in decomposition of pine and spruce wood-

decay is unknown. In this analysis, I have investigated the genes that are differentially 

expressed during the fungus growth on these different wood substrates, in order to 

understand the importance of specific genes and functions in the process of specializing 

for a specific substrate. 

 

 
 
Quality assessment of data 
 
 
Four replicates of each wood treatment and three controls were included in this study. 

Several replicates of each treatment group were necessary in order to control for 

technical and biological variability that often occur during RNA-seq analysis. One 

paper recommended minimum three replicates per treatment as rule, however it really 

depends on the nature of the experiment (Conesa et al. 2016). S. lacrymans cultures 

were prepared in the same way for each treatment to keep the biological variation 

within groups as small as possible. 

 

Quality control checks were applied at different stages of the analysis to ensure both 

reproducibility and reliability of the results. I looked for obvious technical errors, 

sample swaps or outliers that could indicate that something went wrong during the 

actual sequencing, or during the use of a bioinformatics tool. Remaining adapter 

sequences were found during a visual quality check of the raw sequence data with 

FASTQC. These had to be removed since they do not represent true RNA sequences.  
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I also looked for replicates that stood out as very different from the other replicates 

within the same treatment group, but no obvious outliners were found. This was seen in 

the PCA plot that showed good in-group clustering and good separation between the 

different treatment groups as expected. Therefore the dataset was considered 

good/suitable for testing between condition differences. Heatmaps showed the same 

pattern as the PCA plot. There was good clustering within the various treatment groups, 

although some variation was found among the control replicates.  

 

All the replicates were normalized in order to control for technical and biological 

variation and make them comparable for the differentially gene expression analysis. 

Producing MA plots checked the normalization results and showed it was successful. 

Most genes were close to the horizontal line as expected and not significantly 

differentially expressed. The significantly differentially expressed genes were fewer and 

further away from this line. However, the last MA plot (Fig.S5C) showed some signs of 

trend formation, which is not optimal for this analysis. I chose to continue with the 

analysis in spite of that discovery since the trend was not extreme.  

 

 
 
Radical attack on wood 
 
 
During this experiment, several genes encoding oxidative and ferric enzymes possibly 

involved in iron redox cycling and the Fenton reaction were found differentially 

expressed when comparing pine replicates to spruce replicates. Interestingly, only S. 

lacrymans cultures grown on pine compared with spruce resulted in enriched ferric and 

oxidative PFAM domains (Table S3). These included the two ferric reductase domains 

and one domain representing the 2OG-Fe(II) oxygenase superfamily. In addition, the 

results from the REVIGO analysis that used enriched GO terms for each comparison 

(Fig 5.) showed various enzymes likely to be involved in the Fenton reaction. Serpula 

lacrymans cultures grown on pine compared with both spruce and sucrose resulted in 

iron ion binding, ion binding, oxidoreductase enriched GO terms. Some oxidoreductase 

GO terms were also found on cultures grown on spruce compared to pine, but to a 

lesser degree.  
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Other important oxidative enzymes related to wood decay found in this study were the 

copper-dependent lytic polysaccharide monooxygenases (LMPOs), which part of the 

Auxiliary Activity Family 9 (Hemsworth et al. 2013). Six members of the AA9 family 

were found among the highest upregulated DEGs in cultures grown on pine wood 

compared to both spruce wood and sucrose (Table 2 & 4). These represent key 

cellulolytic enzymes that act at the surface of wood where they mediate oxidative 

cleavage of hemicellulose (Agger et al. 2014) and cellulose (Garajova et al. 2016) 

chains. LMPOs have often been considered to be important for white rot fungi, more 

than brown rot fungi(Riley et al. 2014). However, S. lacrymans have more of these 

enzymes than most other brown rot fungi (Eastwood et al. 2011; Riley et al. 2014) and 

it may be related to its efficient decay rate. 

 

Further oxidoreductase enzymes that were found differentially expressed and PFAM 

enriched in both wood types include Aldo-keto reductases (AKRs) and were 

upregulated in S. lacrymans when grown on both spruce and pine wood when compared 

to sucrose (control) (Table 4 & 5). These enzymes are involved in hemicellulose 

degradation (Kratzer et al. 2006; Penning 2015).  

 

 
 
Cleaving the polysaccharide chains  
 
  
The highest levels of expressed CAZymes were found differentially expressed in 

cultures grown on pine wood compared to both spruce wood and sucrose (Table 2 & 4). 

One of the most frequent glycoside hydrolases detected during this analysis was GH5, 

which is one of the largest of all GH families. Members act on β-linked oligo- and 

polysaccharides (Aspeborg et al. 2012), and include proteins with a variety of 

specificities, including endoglucanases (cellulases), endomannanases and 

exoglucanases (Gilkes et al. 1991). Eastwood et al. (2011) identified eight GH5 genes 

in the S. lacrymans genome when grown on Pinus sylvestris sapwood. In this analysis 

two GH5 genes were found within the ten greatest differentially expressed genes for S. 

lacrymans grown pine wood when compared to spruce wood (Table 2). By further 

investigation using BLAST, these two genes represented endo-1,4-beta-mannosidase 

and endoglucanase proteins. By further investigation using BLAST, these two genes 
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represented endo-1,4-beta-mannosidase and endoglucanase proteins. Endo-1,4-beta-

mannosidase is an hydrolase that degrades hemicellulose (Schmidt 2006), indicating 

more hemicellulase activity by S. lacrymans on the pine wood than the spruce wood in 

this experiment, as suggested above in the oxidoreductase enzymes.  

 

Further, GH28 proteins (PF00295) were significantly enriched for cultures grown on 

pine wood compared with spruce wood and sucrose (Table 6 & 8). Family GH28 are 

polygalacturonases that play a critical role in early pectin degradation (Zhao et al. 

2013).  

 

One GH6 gene was discovered being amongst the list of most highly differentially 

expressed genes following the same comparison, but not as highly expressed as GH5. 

Proteins of the GH6 family are cellobiohydrolases (exoglucanases) and along with 

endoglucanases (one of the GH5 proteins) cleave the β-1,4 glycosidic bonds in 

cellulose. Interestingly the GH6 gene found in this experiment is the only member of 

GH6 family in S. lacrymans, and has previously been suggested to not play an 

important role in wood decay for this fungus (Eastwood et al. 2011). However, that was 

based on a study where the fungus was only grown on pine wood when compared with 

glucose.  

 

Other genes associated with hydrolytic degradation include genes with fungal cellulose 

binding domain and chitin binding domain protein were also represented (Table 2 & 4). 

Chitin has a similar structure to cellulose (Moore et al. 2011)thus enzymes binding to 

chitin might also have affinity to cellulose and contribute to cellulose degradation.  

 

The same pattern concerning GH families was seen for S. lacrymans cultures grown on 

pine when compared to sucrose. Both endoglucanase (one GH12 and two GH5) and 

endo-1,4-beta-mannosidase (one GH5) were greatly differentially expressed (Table 4). 

One GH5 domain (cellulase, hydrolyzing cellulose) was significantly enriched for the 

same comparison during the PFAM analysis (Table 8).   

 

In contrast to Serpula lacrymans grown on pine wood relative to spruce wood, the 

reversed comparison (spruce vs pine) did not result in any CAZy among the ten greatest 

DEGs. Only when spruce replicates were compared to sucrose replicates did it result in 
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differentially express genes encoding CAZy (Table 5). GH family 1, 5, 10 and 12 was 

represented in the ten greatest DEGs. GH5 proteins in this comparison were all 

endoglucanases together with GH12. The most common known enzymatic activities for 

the GH1 family are β-glucosidases degrading cellulose (He & Withers 1997). GH10 

consist of enzymes that are endo-beta-1,4-xylanases and acting on hemicellulose (Tull 

& Withers 1994).  

 

In addition to GH families, one CE16 gene was found, which consist of enzymes active 

on various carbohydrate acetyl esters (Koutaniemi et al. 2013) responsible for 

degradation of wood components including hemicelluloses and pectins (Kuuskeri et al. 

2016). 	This mix of cellulose and hemicellulose degrading enzymes corresponds with 

the findings previously described although only relevant for comparison with sucrose.  

 

The Revigo analysis showed that hydrolase and carbohydrate binding domains were 

frequent as GO terms (Fig. 5B) for spruce replicates compared with pine replicates. 

Possibly indicating later stages during wood decay. Thus, in contrast to pine cultures, 

which had very high expression of hemicellulose-degrading LMPOs and GH5 enzymes, 

spruce cultures resulted in no enriched ferric enzyme domains for the PFAM analysis 

when compared with pine cultures. Instead many enzymes involved in intracellular 

processes and transcription were differentially expressed, which might indicate that the 

fungus were focusing on growth after gaining nutrients. 

 

 

 
Different stages of decay 
 
 
The resulting patterns of DEGs between the two wood types are consistent with a 

hypothesis that decay of pine wood may represent an earlier stage of decay after 30 

days of growth compared to the fungus growing on spruce. In a study examining the 

various stages in of wood degradation of P. placenta, Zhang et al. (2016) were able to 

show that early and later stages of wood decay are determined by differential 

expression of specific sets of enzymes. While the early stage is dominated by 

oxidoreductases and enzymes involved in Fenton chemistry, later stages are 

characterized by the expression of a wide set of GH proteins and sugar transporters. I 
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found differential expression of genes associated with early decay stages such as 

oxidoreductases and LPMOs to be strongly upregulated on pine relative to spruce as 

well as relative to the sucrose control. This was also supported by the significant 

enrichment of GH28 pectinase domains on pine vs spruce. These enzymes were 

particularly highly expressed in the initial phase of degradation in P. placenta (Zhang et 

al. 2016).  

 

Although some oxidative and hydrolytic enzymes, found to be associated with late 

stage decay in P. placenta, for example AKRs or GH5s were upregulated on both 

spruce and pine when compared to sucrose, I found significant upregulation of several 

classes of proteins associated with late stage decay on spruce compared to pine. Those 

include AKRs and transporters. Moreover, differential expression on spruce compared 

to glucose showed significant upregulation of a variety of GH families associated with 

late stage decay (Zhang et al. 2016). 

 

 

 
Breaking down the defense  
 
 
This analysis discovered various enzymes known for being produced as a response to 

wood extractives either as a stress reaction or for defense. One of these was the 

SUR7/PalI family being PFAM enriched for S. lacrymans cultures grown both wood 

types. The family is though to be involved in detecting and responding to stress factors 

(e.g. plant extractives) (Yan et al. 2012). 

 

Cerato-platanin (CP) was also an enriched PFAM domain expressed in both pine and 

spruce replicates. CP proteins are small, secreted proteins that are abundantly produced 

by fungi with all types of lifestyles and are able to induce defence responses in plants 

(Gaderer et al. 2014). The CP protein family includes the phytotoxin cerato-platanin 

that can cause the severe plant disease “canker stain” (Carresi et al. 2006). Some of the 

CP proteins phytotoxic properties (ability to self-assemble, adhere and change polarity 

of surfaces) are similar and possibly related to hydrophobins (Gaderer et al. 2014). 

Hydrophobin were found within the top ten most highly differentially expressed genes 
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in pine compared to control replicates and enriched PFAMs for pine compare to spruce 

(Table 4, 6 & S4). Also thaumatin-like proteins (TLPs) PFAMs were found enriched 

only in pine cultures, which are products of a large gene family involved in host 

defence (Liu et al. 2010). 

 

During this experiment the CP secreted by S. lacrymans inoculated on pine and spruce 

might be a response for weakening the plant. However, even if the exact role of CP in 

wood degradation not clear, it has been shown to weaken cellulose without enzymatic 

activity (Baccelli et al. 2014). It has also shown to have importance for plant-fungi 

interactions and are expressed during the initial contact between plant root and 

mycorrhizal fungi (Baccelli 2014). For S. lacrymans CP has also been previously shown 

to be upregulated when the fungus get into contact with spruce plant roots  (Högberg, 

N. Pers comm). Thus, this may be a communication response to the defence 

mechanisms expressed by the plant. 

 

Hori et al. (Hori et al. 2014) studied the mechanisms by which Phlebiopsis gigantean 

tolerates and metabolizes resinous compounds (extractives) secreted from pine wood. 

Results from that paper showed upregulated genes encoding lipases potentially involved 

in metabolism and/or tolerance to pine wood extractives. Similar findings occurred in 

my experiment where lipases were only found differentially expressed in pine replicates 

when compared with spruce (Table 2 & S4).  I also discovered that genes encoding CP 

proteins, hydrophobins and TLPs have a significantly higher upregulation in pine 

cultures compared to spruce cultures (Table 6 & S4). Nitronate monooxygenase (NMO) 

were enriched in pine replicates compared with spruce replicats during PFAM analysis 

(Table S4). NMO functions are most likely to protect the fungi from the environmental 

occurrence of the metabolic toxin (Francis et al. 2012).  

 

This could suggest that S. lacrymans was very active in metabolising extractives 

secreted from pine wood when compared with spruce. This fits well with the reported 

defence response in pine where Fernando et al. (2007) stated higher amounts of wood 

extractives (ca 2.5 times higher than in spruce) are found in Scots pine.  
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5 Conclusions 
 

This analysis has shown that the two wood species studied here each induce different 

expression responses in S. lacrymans. It seems like it could exist a small time lag 

concerning S. lacrymans wood degradation of pine and spruce, where pine wood exist 

an earlier stage of degradation. The results from this analysis correspond well with the 

discovery of the difference in pine and spruce wood degradation rate done by 

Balasundaram et al. (in prep.). Further analyses, where a time series of expression from 

both spruce and pine are produced can answer this. If this were the case, I would expect 

to find more wood decomposing enzymes associated with early stages of wood decay 

on spruce during earlier time points of the experiment, comparable to the findings on 

pine wood in this thesis. 

 

The findings in this analysis might suggest that pine is less susceptible to fungal 

degradation making the lignocellulotic material less available for the fungus. Therefore 

making it delayed in the degradation process compared with spruce.  Although spruce 

wood contains more hemicellulose and cellulose to degrade, the greater amount 

extractives in pine might play an important role in the decomposition rate. If the fungus 

does not have an early access to the polysaccharides then the total amount of 

hemicellulose and cellulose might matter less. Significant amounts of time could have 

been spent on metabolising extractives thus slowing down actual wood degradation. 

This knowledge could be useful in understanding S. lacrymans preference to various 

wood types and therefore easier protect houses from dry rot decay by this fungus in the 

future. Further research is needed for investigating S. lacrymans genetic responses to 

various types and levels of extractives in wood, which could give more knowledge 

concerning challenges S. lacrymans might face during degradation of various wood 

types. This could help improve treatments of dry rot infected houses.  

 

 

 

 



	33	

6 References 
 

Agger JW, Isaksen T, Varnai A et al. (2014) Discovery of LPMO activity on 

hemicelluloses shows the importance of oxidative processes in plant cell wall 

degradation. Proceedings of the National Academy of Sciences, 111, 6287–6292. 

Alfredsen G, Solheim H, Jenssen KM (2005) Evaluation of decay fungi in Norwegian 

buildings. The International Research Group On Wood Protection, 1–12. 

Andrews S (2010) FastQC: a quality control tool for high throughput sequence data. 

http://www.bioinformatics.babraham.ac.ukprojectsfastqc. 

Aspeborg H, Coutinho PM, Wang Y, Brumer H, Henrissat B (2012) Evolution, 

substrate specificity and subfamily classification of glycoside hydrolase family 5 

(GH5). BMC Evolutionary Biology, 12, 186. 

Baccelli I (2014) Cerato-platanin family proteins: one function for multiple biological 

roles? Frontiers in Plant Science, 5, 769. 

Baccelli I, Luti S, Bernardi R, Scala A, Pazzagli L (2014) Cerato-platanin shows 

expansin-like activity on cellulosic materials. Applied Microbiology and 

Biotechnology, 98, 175–184. 

Bauer S, Grossmann S, Vingron M, Robinson PN (2008) Ontologizer 2.0--a 

multifunctional tool for GO term enrichment analysis and data exploration. 

Bioinformatics, 24, 1650–1651. 

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical and 

powerful approach to multiple testing. J Roy Stat Soc B, 57. 

Binder M, Hibbett DS (2006) Molecular systematics and biological diversification of 

Boletales. Mycologia, 98, 971–981. 

Bliss CI, Fisher RA (1953) Fitting the Negative Binomial Distribution to Biological 

Data. Biometrics, 9, 176. 

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina 

sequence data. Bioinformatics, 30, 2114–2120. 

Carresi L, Pantera B, Zoppi C et al. (2006) Cerato-platanin, a phytotoxic protein from 

Ceratocystis fimbriata: Expression in Pichia pastoris, purification and 

characterization. Protein Expression and Purification, 49, 159–167. 

Chen B, Gui F, Xie B et al. (2013) Composition and expression of genes encoding 

carbohydrate-active enzymes in the straw-degrading mushroom Volvariella 



	 34	

volvacea (Y-S Bahn, Ed,). PLoS ONE, 8, e58780. 

Clarke JD (2009) Cetyltrimethyl ammonium bromide (CTAB) DNA miniprep for plant 

DNA isolation. Cold Spring Harbor protocols, 2009, pdb.prot5177. 

Conesa A, Madrigal P, Tarazona S et al. (2016) A survey of best practices for RNA-seq 

data analysis. Genome Biology, 17, 1. 

Consortium TGO, Ashburner M, Ball CA et al. (2000) Gene Ontology: tool for the 

unification of biology. Nature genetics, 25, 25–29. 

Curling SF, Clausen CA, Winandy JE (2002) Experimental method to quantify 

progressive stages of decay of wood by basidiomycete fungi. International 

Biodeterioration & Biodegradation, 49, 13–19. 

Dashtban M, Schraft H, Syed TA, Qin W (2010) Fungal biodegradation and enzymatic 

modification of lignin. International Journal of Biochemistry and Molecular 

Biology, 1, 36–50. 

Dobin A, Davis CA, Schlesinger F et al. (2013) STAR: ultrafast universal RNA-seq 

aligner. Bioinformatics, 29, 15–21. 

Doi S, Saito M (1980) Conditions for growing S. lacrymans. Journal of the Hokkaido 

Forest Products Research Institute, 13–14. 

Eastwood DC, Floudas D, Binder M et al. (2011) The plant cell wall-decomposing 

machinery underlies the functional diversity of forest fungi. Science, 333, 762–765. 

Fernando D, Hafrén J, Gustafsson J, Daniel G (2007) Micromorphology and 

topochemistry of extractives in Scots pine and Norway spruce thermomechanical 

pulps: a cytochemical approach. Journal of Wood Science, 54, 134–142. 

Floudas D, Held BW, Riley R et al. (2015) Evolution of novel wood decay mechanisms 

in Agaricales revealed by the genome sequences of Fistulina hepatica and 

Cylindrobasidium torrendii. Fungal Genetics and Biology, 76, 78–92. 

Francis K, Nishino SF, Spain JC, Gadda G (2012) A novel activity for fungal nitronate 

monooxygenase: detoxification of the metabolic inhibitor propionate-3-nitronate. 

Archives of Biochemistry and Biophysics, 521, 84–89. 

Gaderer R, Bonazza K, Seidl-Seiboth V (2014) Cerato-platanins: a fungal protein 

family with intriguing properties and application potential. Applied Microbiology 

and Biotechnology, 98, 4795–4803. 

Gao D, Uppugundla N, Chundawat SP et al. (2011) Hemicellulases and auxiliary 

enzymes for improved conversion of lignocellulosic biomass to monosaccharides. 

Biotechnology for Biofuels, 4, 5. 



	35	

Garajova S, Mathieu Y, Beccia MR et al. (2016) Single-domain flavoenzymes trigger 

lytic polysaccharide monooxygenases for oxidative degradation of cellulose. 

Scientific Reports, 6, 28276. 

Gilkes NR, Henrissat B, Kilburn DG, Miller RCJ, Warren RA (1991) Domains in 

microbial beta-1, 4-glycanases: sequence conservation, function, and enzyme 

families. Microbiological reviews, 55, 303–315. 

Goodell B, Jellison J, Liu J et al. (1997) Low molecular weight chelators and phenolic 

compounds isolated from wood decay fungi and their role in the fungal 

biodegradation of wood. Journal of Biotechnology, 53, 133–162. 

Green F, Kuster TA, Highley TL (1996) Pectin degradation during colonization of 

wood by brown-rot fungi. Recent Research Development in Plant Pathology, 1, 83–

93. 

Gref R, Hakansson C, Henningsson B, Hemming J (2000) Influence of wood 

extractives on brown and white rot decay in Scots pine heart-, light- and sapwood. 

Material und Organismen, 33, 119–128. 

Harju AM, Venäläinen M, Anttonen S et al. (2003) Chemical factors affecting the 

brown-rot decay resistance of Scots pine heartwood. Trees, 17, 263–268. 

Hartley SW, Mullikin JC (2015) QoRTs: a comprehensive toolset for quality control 

and data processing of RNA-Seq experiments. BMC Bioinformatics, 16, 224. 

He S, Withers SG (1997) Assignment of sweet almond beta-glucosidase as a family 1 

glycosidase and identification of its active site nucleophile. Journal of Biological 

Chemistry, 272, 24864–24867. 

Hemsworth GR, Davies GJ, Walton PH (2013) Recent insights into copper-containing 

lytic polysaccharide mono-oxygenases. Current Opinion in Structural Biology, 23, 

660–668. 

Heredia A, Jimenez A, Guillen R (1995) Composition of plant cell walls. Zeitschrift fur 

Lebensmittel-Untersuchung und -Forschung, 200, 24–31. 

Hilden L, Persson E (2007) Seasonal extractive variations in tree, chips and TMP.  

International Mechanical Pulping Conference. 

Hori C, Ishida T, Igarashi K et al. (2014) Analysis of the Phlebiopsis gigantea Genome, 

Transcriptome and Secretome Provides Insight into Its Pioneer Colonization 

Strategies of Wood (GP Copenhaver, Ed,). PLoS Genet, 10, e1004759. 

Horisawa S, Sakuma Y, Takata K, Doi S (2004) Detection of intra- and interspecific 

variation of the dry rot fungus Serpula lacrymans by PCR-RFLP and RAPD 



	 36	

analysis. Journal of Wood Science, 50, 427–432. 

Horn SJ, Vaaje-Kolstad G, Westereng B, Eijsink VG (2012) Novel enzymes for the 

degradation of cellulose. Biotechnology for Biofuels, 5, 45. 

Hyde SM, Wood PM (1997) A Mechanism for Production of Hydroxyl Radicals by the 

Brown-Rot Fungus Coniophora Puteana: Fe(III) Reduction by Cellobiose 

Dehydrogenase and Fe(II) Oxidation at a Distance from the Hyphae. Microbiology, 

143, 259–266. 

Jennings DH, Bravery AF (1991) Serpula lacrymans: Fundamental Biology and 

Control Strategies. John Wiley & Sons Ltd, Chichester. 

Jordan CR, Dashek WV, Highley TL (1996) Detection and Quantification of Oxalic 

Acid from the Brown-Rot Decay Fungus, Postia placenta. Holzforschung, 50, 312. 

Jorgensen H, Vibe-Pedersen J, Larsen J, Felby C (2007) Liquefaction of lignocellulose 

at high-solids concentrations. Biotechnology and Bioengineering, 96, 862–870. 

Kauserud H, Knudsen H, Högberg N, Skrede I (2012) Evolutionary origin, worldwide 

dispersal, and population genetics of the dry rot fungus Serpula lacrymans. Fungal 

Biology Reviews, 26, 84–93. 

Kauserud H, Svegarden IB, Saetre G-P et al. (2007) Asian origin and rapid global 

spread of the destructive dry rot fungus Serpula lacrymans. Molecular Ecology, 16, 

3350–3360. 

Koutaniemi S, van Gool MP, Juvonen M et al. (2013) Distinct roles of carbohydrate 

esterase family CE16 acetyl esterases and polymer-acting acetyl xylan esterases in 

xylan deacetylation. Journal of Biotechnology, 168, 684–692. 

Kratzer R, Wilson DK, Nidetzky B (2006) Catalytic mechanism and substrate 

selectivity of aldo-keto reductases: Insights from structure-function studies of 

Candida tenuis xylose reductase. IUBMB Life, 58, 499–507. 

Kuuskeri J, Häkkinen M, Laine P et al. (2016) Time-scale dynamics of proteome and 

transcriptome of the white-rot fungus Phlebia radiata: growth on spruce wood and 

decay effect on lignocellulose. Biotechnology for Biofuels, 9, 1715. 

Li H, Handsaker B, Wysoker A et al. (2009) The Sequence Alignment/Map format and 

SAMtools. Bioinformatics, 25, 2078–2079. 

Li J, Witten DM, Johnstone IM, Tibshirani R (2012) Normalization, testing, and false 

discovery rate estimation for RNA-sequencing data. Biostatistics, 13, 523–538. 

Liu J-J, Sturrock R, Ekramoddoullah AKM (2010) The superfamily of thaumatin-like 

proteins: its origin, evolution, and expression towards biological function. Plant 



	37	

Cell Reports, 29, 419–436. 

Love MI, Wolfgang H, Simon A (2014) Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biology, 15, 31. 

Mahon CS, O'Donoghue AJ, Goetz DH et al. (2009) Characterization of a multimeric, 

eukaryotic prolyl aminopeptidase: an inducible and highly specific intracellular 

peptidase from the non-pathogenic fungus Talaromyces emersonii. Microbiology, 

155, 3673–3682. 

Moore D, Robson GD, Trinci APJ (2011) 21st Century Guidebook to Fungi. Cambridge 

University Press, Cambridge. 

Oliveros JC (2007) Venny. An interactive tool for comparing lists with Venn's 

diagrams. http://bioinfogp.cnb.csic.es/tools/venny/index.html. 

Penning TM (2015) The aldo-keto reductases (AKRs): Overview. Chemico-Biological 

Interactions, 234, 236–246. 

Räisänen T, Athanassiadis D (2013) Chemical compositions of the biomass components 

of Pine, Spruce and Birch. 

http://amazingribs.com/tips_and_technique/zen_of_charcoal.html. 

Riley R, Salamov AA, Brown DW et al. (2014) Extensive sampling of basidiomycete 

genomes demonstrates inadequacy of the white-rot/brown-rot paradigm for wood 

decay fungi. Proceedings of the National Academy of Sciences, 111, 9923–9928. 

Ritschkoff AC (1996) Decay Mechanisms of Brown-rot Fungi. Technical Research 

Centre of Finland (VTT). 

Schmidt O (2000) Molecular Methods for the Characterization and Identification of the 

Dry Rot Fungus Serpula lacrymans. Holzforschung, 54, 221–228. 

Schmidt O (2006) Wood and tree fungi. Springer Science & Business Media. 

Schmidt O (2007) Indoor wood-decay basidiomycetes: damage, causal fungi, 

physiology, identification and characterization, prevention and control. Mycological 

Progress, 6, 261–279. 

Schultz TP, Nicholas DD (2000) Naturally durable heartwood: evidence for a proposed 

dual defensive function of the extractives. Phytochemistry, 54, 47–52. 

Shimokawa T, Nakamura M, Hayashi N, Ishihara M (2004) Production of 2,5-

dimethoxyhydroquinone by the brown-rot fungus Serpula lacrymans to drive 

extracellular Fenton reaction. Holzforschung, 58, 305. 

Simon A, Wolfgang H (2010) Differential expression analysis for sequence count data. 

Genome Biology, 11, R106. 



	 38	

Smith VM (1949) On the mechanism of enzyme action; a comparative study of the 

metabolism of carbohydrates, in the presence of inorganic and organic phosphates, 

by Merulius lacrymans and Marasmius chordalis. Archives of Biochemistry, 23, 

446–472. 

Supek F, Bošnjak M, Škunca N, Šmuc T (2011) REVIGO summarizes and visualizes 

long lists of gene ontology terms (C Gibas, Ed,). PLoS ONE, 6, e21800. 

Thorvaldsdottir H, Robinson JT, Mesirov JP (2013) Integrative Genomics Viewer 

(IGV): high-performance genomics data visualization and exploration. Briefings in 

Bioinformatics, 14, 178–192. 

Timell TE (1967) Recent progress in the chemistry of wood hemicelluloses. Wood 

Science and Technology, 1, 45–70. 

Tull D, Withers SG (1994) Mechanisms of cellulases and xylanases: a detailed kinetic 

study of the exo-beta-1,4-glycanase from Cellulomonas fimi. Biochemistry, 33, 

6363–6370. 

van den Brink J, de Vries RP (2011) Fungal enzyme sets for plant polysaccharide 

degradation. Applied Microbiology and Biotechnology, 91, 1477–1492. 

Van Dyk JS, Pletschke BI (2012) A review of lignocellulose bioconversion using 

enzymatic hydrolysis and synergistic cooperation between enzymes--factors 

affecting enzymes, conversion and synergy. Biotechnology Advances, 30, 1458–

1480. 

Watkinson SC, Burton KS, Wood DA (2001) Characteristics of intracellular peptidase 

and proteinase  activities from the mycelium of a cord-forming wood decay fungus, 

Serpula lacrymans. Mycological Research, 105, 698–704. 

Willats WGT, McCartney L, Mackie W, Knox JP (2001) Pectin: cell biology and 

prospects for functional analysis. In: Plant Cell Walls Plant Cell Walls. (eds Carpita 

NC, Campbell M, Tierney M), pp. 9–27. Springer Netherlands, Dordrecht. 

Williams AG, Thomas S, Wyman SK, Holloway AK (2014) RNA-seq Data: Challenges 

in and Recommendations for Experimental Design and Analysis. Current Protocols 

in Human Genetics, 83, 11.13.1–11.13.20. 

Yan L, Côte P, Li X-X, Jiang Y-Y, Whiteway M (2012) PalI domain proteins of 

Saccharomyces cerevisiae and Candida albicans. Microbiological Research, 167, 

422–432. 

Zabel RA, Morrell JJ (1992) Wood Microbiology (RA Zabel, JJ Morrell, Eds,). 

Academic Press, San Diego. 



	39	

Zhang J, Presley GN, Hammel KE et al. (2016) Localizing gene regulation reveals a 

staggered wood decay mechanism for the brown rot fungus Postia placenta. 

Proceedings of the National Academy of Sciences, 113, 10968–10973. 

Zhao Z, Liu H, Wang C, Xu J-R (2013) Comparative analysis of fungal genomes 

reveals different plant cell wall degrading capacity in fungi. BMC Genomics, 14, 

274. 

	

 



	 40	

7 Appendix 
 

 
Fig.  S1.   Plate set-up of Serpula lacrymans SL200 with sawdust from Pinus sylvestris placed on 
Serpula Czapek Dox (SCD) medium and inoculated for 30 days.  
 

 

 
Fig.  S2.   Plate set-up of Serpula lacrymans SL200 with sawdust from Picea abies placed on 
Serpula Czapek Dox (SCD) medium and inoculated for 30 days.  
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Fig.  S3.  Plate set-up of control replicates consisting of Serpula lacrymans SL200 placed on 
Serpula Czapek Dox (SCD) medium and inoculated for 30 days.  
 

 

 
Table  S1.  Optimisation of trimming parameters for RNAseq data analysis with Trimmomatic-0.35. 

Sample: Hess-RNA1-12  No. reads before trimming No. reads after trimming No. aligned reads 
Parameter value 30:0.2 36379253 36379253 33279599 

Parameter value 30:0.4 36379253 36379248 33342561 

Parameter value 30:0.6 36379253 36379015 33251575 
Parameter value 30:0.8 36379253 36378395 33084148 
Parameter value 40:0.2 36379253 36379253 33275772 
Parameter value 40:0.4 36379253 36379253 33334954 
Parameter value 40:0.6 36379253 36379253 33285498 
Parameter value 40:0.8 36379253 36379253 33181276 
Parameter value 50:0.2 36379253 36379253 33266254 
Parameter value 50:0.4 36379253 36379253 33323264 
Parameter value 50:0.6 36379253 36379253 33288677 
Parameter value 50:0.8 36379253 36379253 33218553 
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Fig.  S4.  Summary plots generated by QoRTs for quality check of the RNAseq data prior to normalization 
and differentially gene expression analysis of the raw counts.  
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Fig.  S5.  Heatmap showing hierarchical clustering of rlog transformed expression data from all 
eleven RNA samples sequenced from Serpula lacrymans mycelia grown on Serpula Czapek Dox medium 
with pine or spruce sawdust as treatment condition and positive controls. The individual expression 
values contained in the matrix are represented as colours. The default colour gradient sets the lowest 
value in the heat map to dark blue, the highest value to light green/white, and mid-range values to 
turquoise, with a corresponding transition (or gradient) between these extremes. 
 
 
 
 
 
 
 

 
 
Fig.  S7.  Heatmap showing hierarchical clustering of rlog-transformed expression data of the 30 
most highly expressed genes for all eleven RNA samples sequenced from Serpula lacrymans mycelia 
grown on Serpula Czapek Dox medium with pine or spruce sawdust as treatment condition and positive 
controls. The individual gene expression values contained in the matrix are represented as colors. Color 
key also includes a z-score. Z-scores are centered and normalized expression values, thus color can be 
interpret as x standard deviations from the mean.   
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Fig.  S5.  MA-plot representing each gene with a dot where the datasets include RNA samples 
sequenced from Serpula lacrymans mycelia grown on Serpula Czapek Dox medium with pine or 
spruce sawdust as treatment condition and positive controls. The MA plot shows all expression 
values from two treatment comparisons. The average log2 expression value is shown on the x-axis, 
ranging from genes expressed at low levels (to the left) to high levels (to the right). The y-axis displays 
difference. For log2 transformed data, a value of zero is obtained for two treatments with equal 
expression levels, while upregulated genes are shown higher on the y-axis and downregulated genes 
lower. For a particular gene, a log2 fold change of −1 for condition treated (pine or spruce) vs untreated 
(control) means that the treatment induces a change in observed expression level of 2^−1 = 0.5 compared 
to the untreated condition. Genes with an adjusted p value below a threshold of 0.05 are shown in red and 
non-significant genes have grey colour.  
(A) Comparison regarding pine vs spruce, where upregulated genes from pine expression data are above 
the middle line. Downregulated genes from spruce expression data are below the middle line. (B) 
Comparison regarding pine vs control, where upregulated genes from control expression data are above 
the middle line. Downregulated genes from pine expression data are below the middle line. (C) 
Comparison regarding spruce vs control, where upregulated genes from control expression data are above 
the middle line. Downregulated genes from spruce expression data are below the middle line. 

 
 
 
Table  S2. Description of the 21 shared PFAM domains between S. lacrymans grown on pine 
and spruce replicates based on Venn diagram B.  

 

 

 

 

 

 

 

 

 

 

 

 

 

PFAM Description 
PF13350 Protein tyrosine phosphatase 
PF07249 Cerato-platanin 
PF13348 - 
PF06687 SUR7/PalI family 
PF00364 Biotin attachment domain 
PF00350 Dynamin (GTPase) 
PF00128 α-Amylase 
PF00289 Biotin carboxylase ( ligases) 
PF02786 Carbamoyl-phosphate synthase L chain, ATP binding domain 
PF01753 MYND zinc finger (transcription factor) 
PF00170 Basic Leucine Zipper Domain (bZIP domain) (transcription factor) 
PF00326 Prolyl oligopeptidase family 
PF01266 FAD dependent oxidoreductase family 
PF02518 GHKL domain (ATP-binding proteins ) 
PF00046 Homeodomain fold 
PF00293 Nudix family (phosphohydrolases) 
PF00644 Poly(ADP-ribose) polymerase catalyses 
PF05729 NACHT domain 
PF13414 TPR repeat 
PF12796 Ankyrin repeat 
PF00270 DEAD/DEAH box helicases 
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Table  S3. Description of the 38 PFAM domains only found expressed in S. lacrymans grown on pine 
replicates based on Venn diagram B.  

 

 

PFAM  Description 
PF01055 Glycosyl hydrolases family 31 
PF11807 - 
PF00441 Acyl-CoA dehydrogenase (Fatty acid degradation) 
PF01764 Lipase (class 3) 
PF03936 Terpene synthase family, metal binding domain 
PF00665 Integrase core domain 

PF00668 
Condensation domain (found in many multi-domain enzymes which synthesise 
peptide antibiotics) 

PF13302 Acetyltransferase 
PF00730 HhH-GPD superfamily base excision DNA repair protein 
PF03060 Nitronate monooxygenase (protection environmental metabolic toxins) 
PF02770 Acyl-CoA dehydrogenase, middle domain 
PF02816 Alpha-kinase family 
PF00314 Thaumatin family 
PF02771 Acyl-CoA dehydrogenase 
PF08030 Ferric reductase NAD binding domain 
PF09994 Uncharacterized alpha/beta hydrolase domain 
PF00098 Zinc knuckle 
PF00160 Cyclophilin type peptidyl-prolyl cis-trans isomerase/CLD 
PF01612 3'-5' exonuclease 
PF01699 Sodium/calcium exchanger protein 
PF02466 Tim17/Tim22/Tim23/Pmp24 family 
PF12874 Zinc-finger of C2H2 type 
PF00488 MutS domain V 
PF00656 Caspase (programmed cell death) 
PF01138 3' exoribonuclease family 
PF05192 MutS domain III 
PF05970 PIF1-like helicase 
PF01794 Ferric reductase like transmembrane component 
PF02666 Phosphatidylserine decarboxylase 
PF05347 Complex 1 protein (LYR family) 
PF08022 FAD-binding domain 
PF13532 2OG-Fe(II) oxygenase superfamily 
PF00035 Double-stranded RNA binding motif 
PF02212 Dynamin GTPase effector domain 
PF00225 Kinesin motor domain 
PF01636 Phosphotransferase enzyme family 
PF06985 Heterokaryon incompatibility protein (HET) 
PF00018 SH3 domain 
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Table S4  . Description of the 73 PFAM domains only found expressed in S. lacrymans grown on spruce 
replicates based on Venn diagram B.  

PFAM Description 
PF03810 Importin-beta N-terminal domain (nuclear protein import cycle) 
PF01425 Amidase 
PF00152 tRNA synthetases class II 
PF00118 HSP60 (Heatshock protein) 
PF00383 Cytidine and deoxycytidylate deaminase zinc-binding region 
PF01336 OB-fold nucleic acid binding domain 
PF01399 PCI domain 
PF00690 Cation transporter/ATPase, N-terminus 
PF03142 Chitin synthase 
PF00899 ThiF family 
PF03144 Elongation factor Tu domain 2 
PF00515 Tetratricopeptide repeat 
PF00348 Polyprenyl synthetase 
PF00389 D-isomer specific 2-hydroxyacid dehydrogenase, catalytic domain 
PF00632 HECT domain (found in ubiquitin-protein ligases) 
PF13513 HEAT repeat domain 
PF00009 Elongation factor Tu GTP binding domain 
PF00063 Myosin head (motor domain) 
PF00689 Cation transporting ATPase, C-terminus 
PF01053 Cys/Met metabolism PLP-dependent enzyme family 
PF13450 NAD(P)-binding Rossmann-like domain 
PF00300 Phosphatase 
PF00975 Thioesterase domain (non-ribosomal synthesis of peptide antibiotics) 
PF08659 KR domain 
PF13086 AAA proteins 
PF14737 - 
PF14765 Polyketide synthase 
PF00168 C2 domain 
PF13087 AAA proteins 
PF00070 Pyridine nucleotide-disulphide oxidoreductase 
PF07992 Pyridine nucleotide-disulphide oxidoreductase 
PF13359 DDE superfamily endonuclease 
PF00091 Tubulin/FtsZ family, GTPase domain 
PF00249 Myb-like DNA-binding domain 
PF00679 Elongation factor G C-terminus 
PF02146 Sir2 family 
PF02854 MIF4G domain 
PF03953 Tubulin C-terminal domain 
PF13519 von Willebrand factor type A domain 
PF00240 Ubiquitin family 
PF00627 UBA/TS-N domain 
PF00675 Coenzyme Q – cytochrome c reductase 
PF01217 Clathrin adaptor proteins 
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PF02463 RecF/RecN/SMC N terminal domain 
PF03151 Triose-phosphate Transporter family 
PF05193 Peptidase M16 inactive domain 
PF08719 - 
PF13516 Leucine-rich repeat 
PF13920 Zinc finger 
PF01553 Acyltransferase 
PF03357 Snf7 

PF00109 
Thiolase, N-terminal domain (assosiation with ACP transacylase in aflatoxin 
biosynthesis) 

PF00291 Pyridoxal-phosphate dependent enzyme 
PF00320 GATA zinc finger 
PF00385 Chromo (CHRromatin Organisation MOdifier) domain 
PF00397 WW domain 
PF00617 RasGEF domain 
PF00698 Acyl transferase domain 
PF00888 Cullin(family of hydrophobic proteins providing a scaffold for ubiquitin ligases) 
PF01031 Dynamin 
PF02801 Beta-ketoacyl synthase, C-terminal domain 
PF13499 EF hand 
PF13921 Myb-like DNA-binding domain 
PF00557 Metallopeptidase family M24 
PF03372 Endonuclease/Exonuclease/phosphatase family 
PF10294 Lysine methyltransferase 
PF00566 Rab-GTPase-TBC domain 
PF00620 RhoGAP domain 
PF00646 F-box domain 
PF07719 Tetratricopeptide repeat 
PF14259 - 
PF00023 Ankyrin repeat 
PF13637 Ankyrin repeat 
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Unix scripts 

 

#Trimmomatic 

java  -jar  trimmomatic-0.35.jar  SE  ~/master_project_backup/data/SL200/scd/Hess-

RNA1-12-ST8_S12_L00X_R1_001.fastq.gz  

~/master_project_backup/analysis/analysis_trimmomatic/Hess-RNA1-12-

ST8_S12_L00X_R1_trimmed_30_04_TrueSeq3-SE.fastq.gz  

ILLUMINACLIP:TruSeq3-SE:2:30:10  MAXINFO:30:0.4  MINLEN:30 

 

#FastQC 

module load fastqc  

fastqc <filename>  

 

#STAR indexing 

STAR  --runThreadN 4  --runMode genomeGenerate  --genomeDir genome_index                             

--genomeFasteFiles  Slac_SL200.fa  --sjdbGTFfile  Slac_SL200_annotation2.0.gtf   

--sjdbOverhang 75 --sjdbGTFfeatureExon CDS  

 

#STAR alignment 

STAR --runThreadN 8 --genomeDir genome_index --readFilesCommand zcat --

outSAMtype BAM SortedByCoordinate  --readFilesIn 

/cluster/home/reneeib/master_project_backup/analysis/analysis_trimmomatic/Hess-

RNA1-12-ST8_S12_L00X_R1_trimmed_30_04_TrueSeq3-SE.fastq.gz --

alignIntronMin 10   

--alignIntronMax 750 

 

module load samtools 

samtools index Aligned.out_30_04.bam 

 

 

 

 

#Picard 

module load picard-tools 



	55	

 

java -jar $PICARD_JAR/picard.jar CleanSam 

I=/cluster/home/reneeib/STAR_SL200/scd_STAR/Hess-RNA1-6-

SRA6_S6_L00X_R1_STAR/Aligned.sortedByCoord.Hess-RNA1-6-

SRA6_S6_L00X_R1_30_04.out.bam O=/cluster/home/reneeib/Picard 

 

samtools view -bS Aligned.sortedByCoord.Hess-RNA1-14-

SWT2_S2_L00X_R1_30_04.cleaned_out.sam > Aligned.sortedByCoord.Hess-RNA1-

14-SWT2_S2_L00X_R1_30_04.cleaned_out.bam 

 

samtools sort -o Aligned-samtools_sorted.12-SWT30_S1_R1_30_04.cleaned_out.bam 

Aligned.sortedByCoord.12-SWT30_S1_R1_30_04.cleaned_out.bam  

 

 

#QoRTs 

java -Xmx1G -jar /cluster/home/reneeib/software/QoRTs/QoRTs.jar QC --singleEnded 

/cluster/home/reneeib/Picard/pine_picard_bam/Aligned.samtools_sorted.15-

SWT34_S4_R1_30_04.cleaned_out.bam 

/cluster/home/reneeib/SL200_annotation2.0/Slac_SL200_annotation2.0.gtf.gz 

/cluster/home/reneeib/QoRTs_SL200 

 

 

RStudio scripts: 

#DESeq2_analysis 

count_directory <-

"/Users/reneebakkemo/Documents/_Master_of_Science_Project/QoRTs_results_data/o

utputdata/countData" 

sampleFiles <- grep(".txt",list.files(count_directory),value=TRUE) 

sampleCondition <- sub(".*_(.*).geneCounts.formatted.for.DESeq.txt", 

"\\1",sampleFiles) 

sampleTable <- data.frame(sampleName = sampleFiles,fileName = 

sampleFiles,condition 

                          = sampleCondition) 
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ddsHTSeq <- DESeqDataSetFromHTSeqCount(sampleTable = sampleTable,directory 

= 

count_directory,design= ~ condition) 

 

dds_filtrert <- ddsHTSeq[ rowSums(counts(ddsHTSeq)) > 1, ] 

 

dds_filtrert$condition <- relevel(dds_filtrert$condition, ref="scd") 

dds_filtrert <- DESeq(dds_filtrert); 

res_all_new <- results(dds_filtrert); 

resultsNames(dds_filtrert) 

 

DESeq2::plotMA(res_all_new, alpha=0.05, ylim=c(-10,10)) 

 

#comparison pine.vs.spruce 

res_pine.vs.spruce_new <- results(dds_filtrert, contrast=c("condition", "pine", 

"spruce")) 

 

#comparison scd.vs.pine 

res_scd.vs.pine_new <- results(dds_filtrert,contrast=c("condition", "scd", "pine")) 

 

#comparison scd.vs.spruce 

res_scd.vs.spruce_new <- results(dds_filtrert,contrast=c("condition", "scd", "spruce")) 

 

#write table 

write.table(res_all_new, 

"/Users/reneebakkemo/Documents/_Master_of_Science_Project/QoRTs_results_data/T

ablesAndPlots/The whole dataset/Deseq/res_all_new.txt", quote = TRUE, sep = "\t", 

row.names = TRUE); 

 

write.table(res_pine.vs.spruce_new, 

"/Users/reneebakkemo/Documents/_Master_of_Science_Project/QoRTs_results_data/T

ablesAndPlots/pine.vs.spruce/Deseq/res_pine.vs.spruce_new.txt", quote = TRUE, sep = 

"\t", row.names = TRUE); 
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write.table(res_scd.vs.pine_new, 

"/Users/reneebakkemo/Documents/_Master_of_Science_Project/QoRTs_results_data/T

ablesAndPlots/pine.vs.spruce/Deseq/res_scd.vs.pine_new.txt", quote = TRUE, sep = 

"\t", row.names = TRUE); 

 

write.table(res_scd.vs.spruce_new, 

"/Users/reneebakkemo/Documents/_Master_of_Science_Project/QoRTs_results_data/T

ablesAndPlots/pine.vs.spruce/Deseq/res_scd.vs.spruce_new.txt", quote = TRUE, sep = 

"\t", row.names = TRUE); 

 

#MAplots 

 

DESeq2::plotMA(res_pine.vs.spruce_new, alpha=0.05, main="Pine vs. Spruce", 

ylim=c(-10,10)) 

 

DESeq2::plotMA(res_scd.vs.pine_new, alpha=0.05, main="Scd vs. Pine", ylim=c(-

10,10)) 

 

DESeq2::plotMA(res_scd.vs.spruce_new, alpha=0.05, main="Scd vs. Spruce", ylim=c(-

10,10)) 

 

#Heatmap no.1  

select <- 

order(rowMeans(counts(dds_filtrert,normalized=TRUE)),decreasing=TRUE)[1:30] 

hmcol<- colorRampPalette(brewer.pal(9, 'GnBu'))(100) 

heatmap.2(counts(dds_filtrert,normalized=TRUE)[select,], col = hmcol, 

          Rowv = FALSE, Colv = FALSE, scale='none', 

          dendrogram='none', trace='none', margin=c(10,10)) 

 

#Heatmap no.2 

rld<- rlogTransformation(dds_filtrert, blind=TRUE) 

heatmap.2(assay(rld)[select,], col = hmcol, 

          Rowv = FALSE, Colv = FALSE, scale='none', 

          dendrogram='none', trace='none', margin=c(10, 10)) 
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#Heatmap no.3 

vsd<-varianceStabilizingTransformation(dds_filtrert, blind=TRUE) 

heatmap.2(assay(vsd)[select,], col = hmcol, 

          Rowv = FALSE, Colv = FALSE, scale='none', 

          dendrogram='none', trace='none', margin=c(10, 10)) 

#Heatmap no.4 

distsRL <- dist(t(assay(rld))) 

mat<- as.matrix(distsRL) 

rownames(mat) <- colnames(mat) <- with(colData(res_all_new), 

                                       paste(condition,sampleFiles , sep=' : ')) 

hc <- hclust(distsRL) 

 

heatmap.2(mat,Rowv=as.dendrogram(hc),cexRow = 0.7, cexCol= 0.7, key=TRUE, 

keysize = 1.5, 

          symm=TRUE, trace='none', col = rev(hmcol), margin=c(16, 16)) 

 

print(plotPCA(rld, intgroup=c('condition'))) 

 

library( "genefilter" ) 

topVarGenes <- head( order( rowVars( assay(rld) ), decreasing=TRUE ), 30 ) 

heatmap.2( assay(rld)[ topVarGenes, ], scale="row",  

           trace="none", dendrogram="column", margin=c(22, 17),  

           col = colorRampPalette( rev(brewer.pal(9, "RdBu")) )(255), 

           ColSideColors = c( scd="blue", pine="green", spruce="yellow" )[ 

             colData(rld)$condition ] ) 

 

 

#PFAM annotation 

 

python  functional_enrichment.py  differentially_expressed_proteins.ids  

all_proteins.ids SL200_PFAM_annotations.tab > PFAM_enriched.res 

 

#Ontologizer 
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java -jar ~/Research/Software/Ontologizer.jar -a SL200_GO_term_associations.tab -g 

go.obo -s differentially_expressed_proteins.ids -p all_proteins.ids -c Parent-Child-

Union -m Westfall-Young-Single-Step -d 0.05 -r 1000 

 

#REVIGO 

revigo.names <- 

c("term_ID","description","frequency_%","plot_X","plot_Y","plot_size","log10_p_val

ue","uniqueness","dispensability"); 

revigo.data <- rbind(c("GO:0003824","catalytic activity",69.295,-1.915,-6.986, 7.516,-

300.0000,0.933,0.000), 

c("GO:0005199","structural constituent of cell wall", 0.008, 5.513,-1.693, 3.571,-

300.0000,0.790,0.000), 

c("GO:0016798","hydrolase activity", 1.609, 0.867, 6.227, 5.881,-

300.0000,0.786,0.000), 

c("GO:0030246","carbohydrate binding", 0.825, 2.678,-5.792, 5.591,-

300.0000,0.732,0.000), 

c("GO:0016491","oxidoreductase activity",14.657, 4.655, 3.276, 6.841,-

0.6968,0.812,0.037), 

c("GO:0001871","pattern binding", 0.035, 0.052,-0.361, 4.214,-300.0000,0.745,0.041), 

c("GO:0046906","tetrapyrrole binding", 1.906,-6.112,-4.534, 5.955,-

300.0000,0.717,0.060), 

c("GO:0043167","ion binding",33.309,-3.876, 5.886, 7.197,-1.5686,0.766,0.103), 

c("GO:0050660","flavin adenine dinucleotide binding", 1.624,-7.168,-0.437, 5.885,-

0.6216,0.695,0.122), 

c("GO:0005506","iron ion binding", 2.467,-6.856, 2.205, 6.067,-0.3261,0.705,0.187)); 

 

one.data <- data.frame(revigo.data); 

names(one.data) <- revigo.names; 

one.data <- one.data [(one.data$plot_X != "null" & one.data$plot_Y != "null"), ]; 

one.data$plot_X <- as.numeric( as.character(one.data$plot_X) ); 

one.data$plot_Y <- as.numeric( as.character(one.data$plot_Y) ); 

one.data$plot_size <- as.numeric( as.character(one.data$plot_size) ); 

one.data$log10_p_value <- as.numeric( as.character(one.data$log10_p_value) ); 
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one.data$frequency <- as.numeric( as.character(one.data$frequency) ); 

one.data$uniqueness <- as.numeric( as.character(one.data$uniqueness) ); 

one.data$dispensability <- as.numeric( as.character(one.data$dispensability) ); 

#head(one.data); 

p1 <- ggplot( data = one.data ); 

p1 <- p1 + geom_point( aes( plot_X, plot_Y, colour = log10_p_value, size = plot_size), 

alpha = I(0.6) ) + scale_size_area(); 

p1 <- p1 + scale_colour_gradientn( colours = c("blue", "green", "yellow", "red"), limits 

= c( min(one.data$log10_p_value), 0) ); 

p1 <- p1 + geom_point( aes(plot_X, plot_Y, size = plot_size), shape = 21, fill = 

"transparent", colour = I (alpha ("black", 0.6) )) + scale_size_area(); 

p1 <- p1 + scale_size( range=c(5, 30)) + theme_bw(); # + scale_fill_gradientn(colours = 

heat_hcl(7), limits = c(-300, 0) ); 

ex <- one.data [ one.data$dispensability < 0.15, ];  

p1 <- p1 + geom_text( data = ex, aes(plot_X, plot_Y, label = description), colour = 

I(alpha("black", 0.85)), size = 3 ); 

p1 <- p1 + labs (y = "semantic space x", x = "semantic space y"); 

p1 <- p1 + theme(legend.key = element_blank()) ; 

one.x_range = max(one.data$plot_X) - min(one.data$plot_X); 

one.y_range = max(one.data$plot_Y) - min(one.data$plot_Y); 

p1 <- p1 + xlim(min(one.data$plot_X)-

one.x_range/10,max(one.data$plot_X)+one.x_range/10); 

p1 <- p1 + ylim(min(one.data$plot_Y)-

one.y_range/10,max(one.data$plot_Y)+one.y_range/10); 

 

 

 


