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ABSTRACT 

Interactions are all around us, and as humans we may use words and gestures to 

communicate our intentions. At the micro level of fungi, communications are 

replaced by chemical signals and structure. These interactions fall into three 

distinctive categories: synergistic, where organisms help each other, as is the case 

with ectomycorrhizal fungi and tree roots, deadlock, or combat, where organisms 

fight for or defend a resource. When it comes to fungi-tree interactions, the fungi 

group of basidiomycetes fall into the latter category. At the onset of fungal infection, 

a living tree defends itself by producing resinous substances such as terpenes. These 

compounds are frequently found in hydrodistilled turpentine, which makes 

turpentine a prime source of antifungal compounds. A D-optimal design of 

fractionated turpentine together with gas chromatography (GC) coupled to a mass 

spectrometer was employed to find the most biologically active constituent of 

turpentine. Growth rate of Coniophora puteana was used to assess the efficacy of the 

mixed fractions. The partial least squares projection model had an excellent 

predictive power (R2 = 0.988, Q2 = 0.825) and validity. A putative sesquiterpene was 

identified as the most active compound for inhibiting fungal growth. The model was 

corroborated by an external validation assay employing preparative GC. After the 

death of a tree, fungi are no longer hindered by secondary metabolites from the tree. 

Instead, other interspecies interactions and intraspecies interactions, such as fungi-

fungi interactions, occur. We found that when the white-rot fungus Heterobasidion 

parviporum and brown-rot fungus Gloeophyllum sepiarium interact with each other, 

amino acids are used to a higher extent. Amino acids may be used to produce 

antifungal compounds to hinder the other species from growing. Lysine in 

particular was utilized to a greater extent during interaction. Glutamine was the only 

amino acid that increased in concentration. Glutamine might be exuded or 

converted by enzymes from already existing glutamic acid. Dry weights suggest that 

the fungi were in a deadlock and that nutrient limitation might be a determining 
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factor. It seemed that H. parviporum was favoured by a decrease in pH while the 

opposite pattern may be true for G. sepiarium. 

 

Keywords: biologically active compounds, bioactive, fungi-fungi interaction, fungi 

co-culture, extracellular amino acids. 

 

SAMMANDRAG 

Som människor använder vi bland annat ord och gester för att uttrycka våra 

intentioner till omvärlden. På svampars mikronivå har dessa uttryck bytts ut mot 

kemiska signaler och fysiska strukturer. Interaktioner mellan två arter kan antingen 

vara till gagn för båda, skapa ett dödläge där ingen tar någon större skada, eller 

utmynna i försvar/kamp om resurser. Basidiomyceter är en grupp svampar som 

oftast hamnar i den senare kategorin vid svamp-träd interaktioner. Vid en 

svampinfektion börjar ett träd producera terpener som försvar. Dessa återfinns i 

terpentin, och terpentin är således en ypperlig källa till föreningar som har förmågan 

att hindra tillväxt av svamp. Första delen av studien är en metodstudie som 

kombinerar ett reduktionistiskt tillvägagångssätt med ett holistiskt för att undersöka 

vilken terpentinmolekyl som har den bästa förmågan att hindra tillväxt av 

källarsvamp, Coniophora puteana. Detta gjordes genom att använda en D-optimal 

experimentell design med destillerade fraktioner av terpentin och en 

gaskromatograf kopplad till en masspektrometer. Resultaten visar med hög 

tillförlitlighet (R2 = 0.988, Q2 = 0.825) på att en förmodad sesquiterpen har störst 

inhibitorisk förmåga på svampen. Om trädet är dött är det däremot andra 

interaktioner som är av betydelse; interaktioner med andra arter som bakterier eller 

andra svampar. Vitrötaren Heterobasidion parviporum och brunrötaren Gloeophyllum 

sepiarium har tillsynes ett ökat behov av aminosyror då de interagerar med varandra 

in vitro. Särskilt aminosyran lysin användes i större utsträckning och kan möjligen 

användas för att producera sekundära metaboliter designade för att hindra den 

andra svampen från att växa. Glutamin var den enda aminosyran som ökade i 

koncentration; troligen genom en konvertering av glutaminsyra. Torrvikter efter 

fyra månader av interaktion pekar på att svamparna var i ett dödläge med varandra 

och att den totala näringen i odlingsmediet var den avgörande faktorn för den 

observerade vikten av svamparna. Ett lågt pH verkade vara till fördel för H. 

parviporum och ett högt pH verkade vara till fördel för G. sepiarium. 
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”In the beginning there was nothing, which exploded” 
Terry Pratchett 
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1 AIMS 

The main objectives of the thesis are: 

 

 To study fungi inhibition of turpentine’s individual constituents. 

 To study amino acid turnover when saproxylic fungi interact. 

 

Other objectives: 

 

 Find a topical antifungal agent derived from turpentine. 

 Determine the winner, by dry weight, when Heterobasidion parviporum and 

Gloeophyllum sepiarium interact at the near-contact level. 

 Elucidate if there is a leakage of amino acids during the interaction. 

 

2 INTRODUCTION 

As a major decomposer of wood, saproxylic fungi are ecologically important for the 

release of sequestered carbon and nitrogen. However, to gain access to carbon from 

a living tree is no easy accomplishment. The outer bark provides a nearly 

impregnable barrier for most fungi, which is the main reason why most saproxylic 

fungi are opportunistic in nature and cannot infect its host without prior damage to 

the tree; with the exception of parasitic fungi. Following damage to the tree, fungi 

need to combat the chemical response from their host. Trees have evolved a defense 

against fungal infection; they produce resin type compounds, i.e. phytoalexins, a 

group of compounds that include terpenoids, alkaloids and glycosteroids. It has 

been suggested that this response in Norway spruce (Picea abies) is related to the 

non-specific defense of angiosperms (Arnerup et al., 2011). The third obstacle and 

final goal of saproxylic fungi is the interconnected structure of a tree’s main macro 

biomolecules: cellulose, hemicellulose and lignin. The complex structure of these 

biomolecules provides an adequate challenge for any fungi. Fungi exude a plethora 

of different enzymes, e.g. laccases, cellulases, xylanases, glucanases, endo- and 

exotype hydrolases (Baldrian, 2008), polysaccharide monooxygenases (Zifcakova 

and Baldrian, 2012), and organic molecules to degrade and ultimately obtain energy 

from this intricate network of biopolymers.  

 

Although their ability to degrade and utilize wood as a carbon source is important 

in nature, it is detrimental to poorly protected man-made wooden structures e.g. 

houses, logs, outdoor furniture. If left unprocessed, this kind of wood has lost two 

of its most important defensive mechanisms, its outer bark and chemical response. 

Chromium copper arsenate, line seed oil and other essential oils have been used 
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frequently as a topical or impregnated defense against wood-rotting fungi. 

However, some of the treatments are toxic for humans and/or the environment. In 

addition, line seed oil has the added hazard of spontaneous combustion due to 

improper handling. There is a need for safer, more potent and natural protective 

measures. 

 

Fungal-fungal interactions in forests are extensive and some fungi must engage in 

combat to survive. Previous research has shown that some fungi release amino acids 

during their growth cycle (Dijkstra, 1976). A low amount of amino acids are present 

in the standard malt-glucose liquid medium, down to the µM level. Should amino 

acids levels increase in the growth medium where fungi interact, it is possible that 

they could be used for interspecies crosstalk. We wanted to study the utilization and 

release of amino acids when fungal mycelia were physically separated.  

 

 

3 FUNGI SPECIES 

Fungi are nature’s main recyclers of carbon and nitrogen due to their ability to 

degrade wood. They have a diverse ecology and it is estimated that there are 

between 3.5 and 5.1 million species of fungi in the world (O'Brien et al., 2005). There 

are even certain species that have adapted to high temperatures, and it is believed 

that these fungi are responsible for the primary recapture of resources and 

colonization after forest fires (Carlsson et al., 2012). Within the fungi kingdom the 

primary wood rotters are the basidiomycetes.  

 

3.1 Basidiomycetes 

Over the course of evolution, fungi have found ways to overcome the challenges of 

the complex process of wood degradation. Wood is a combination of fibres, vessels 

and parenchyma cells made of the polymers cellulose, hemicellulose and lignin. The 

complex network of these three constituents of wood each present a different 

challenge for saproxylic fungi, which made fungi diverge and specialize in different 

parts of the constituents. The wood-decaying fungi that mainly degrade cellulose 

and hemicelluloses are called brown-rot fungi, due to their inability to efficiently 

degrade the brown component lignin. Brown-rot fungi are predominant on conifers. 

Fungi with the ability to degrade lignin are called white-rot fungi. They mainly 

attack the lignin and hemicellulose, but also cellulose. Removal of the brown lignin 

causes a decolourization of the wood and hence the name white-rot fungi. In contrast 

to brown-rotters, white-rotters’ preferable wood is that of deciduous trees that have 

a higher lignin content than conifers (Tuor et al., 1995). 
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3.1.1 Coniophora puteana 

The brown-rot fungus Coniophora puteana, also known as the cellar fungus, is a 

detrimental causer of decay in the woodwork of buildings. As the common name 

suggests, it can usually be found in cellars where it attacks moist wood and beams. 

As many other basidiomycetes, C. puteana can relocate water through its mycelium 

to increase its decay effectiveness (Stienen et al., 2014).  

 

3.1.2 Heterobasidion parviporum 

Species from the Heterobasidion genus is perhaps the most extensively studied white-

rot forest fungi. The S, F and P intersterility types of Heterobasidion was found to 

prefer (S)pruce, (F)ir and (P)ine respectively. H. parviporum is now recognized as the 

S-type of Heterobasidion annosum and is considered an economically damaging 

fungus. It is prevalent in a large area: Europe, North America, North-Eastern China 

and Japan (Dai and Korhonen, 1999; Dai et al., 2003).    

 

3.1.3 Gloeophyllum sepiarium 

Gloeophyllum sepiarium has brown bracket shaped fruit bodies with a yellow outer 

ring. Due to its rather high temperature optimum, G. sepiarium is able to cause 

brown-rot on manmade sunlit wooden structures, such as benches (as noted on a 

bench outside the University) window frames, electricity poles etc..  

 

3.2 Fungal Identification 

The studied species were collected in the field and following morphological 

identification the species identity was confirmed by sequencing the internal 

transcribed spacer (ITS) region. DNA from mycelia growing on agar was extracted 

from 1 or 2 plates with ZR Fungal/Bacterial DNA MiniPrep™ (Zymo Research) 

according to the manufacturer’s instruction with β-mercaptoethanol 0.5 % (v/v) 

supplemented to the DNA Binding Buffer. Extracted DNA concentration was 

measured on a NanoDrop 2000 (Thermo Scientific) with DNA 50 standard settings. 

Yields ranged from 13.1-120 ng/µl extracted from 30-255 mg fungi material – wet 

weight. For 50 µl PCR reactions, the kit and primer pair used were TopTaq Master 

Mix (Qiagen) and primer ITS1-F (5’-CTT GGT CAT TTA GAG GAA GTA A-3’) 

paired with ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’) (Eurofin). At least 2 ng 

DNA/reaction was used for each amplification reaction. Touchdown PCR reaction 

program was: 95 °C for 5 min followed by 40x(95 °C - 20s, 58 °C - 20s: -0.5 °C▼, 72 

°C-30s) with a 1 minute final extension at 72°C and 4°C hold time. The ITS region of 

Gloeophyllum sepiarium was successfully amplified with this program as confirmed 

by 10 µl of PCR reaction mixture developed on a 2 % TBE agarose gel post-stained 

with ethidium bromide. Mycelium of Coniophora puteana was amplified with a 



4 

gradient program 46-58 °C for 35 cycles with otherwise the same conditions as the 

touchdown program without a temperature descent per cycle. Amplification at the 

relatively low temperature of 52.6 °C was selected for PCR product purification. 

Heterobasidion parviporum was re-inoculated onto 5 agar plates and extracted in the 

same way as above. ITSOF-T (5’-ACT TGG TCA TTT AGA GGA AGT-3’) and ITS4-

B1 (5’-CAA GRG ACT TRT ACA CGG TCC A-3’) (Metabion) and TopTaq Master 

Mix was used to amplify the ITS region of H. parviporum with the touchdown 

program above. Amplicons were purified with a QIAquick PCR purification kit 

(Qiagen). Purified PCR products were sent to GATC (Germany) for both forward 

and reverse sequencing. Primers were shortened to be in accord with GATC optimal 

requirements with forward primer Li-ITSOF-T (5’-CTT GGT CAT TTA GAG GAA 

G-3’) and reverse primer Li-ITS4-B1 (5’-AAG RGA CTT RTA CAC GGT C-3’) 

(Metabion. Sequences were assembled and their respective contig were manually 

curated with CodonCode Aligner (v 4.0.4). Contigs were searched using nucleotide 

(nr/nt) megablast, which confirmed their identities.   

 

 

4 FUNGAL INTERACTION 

Many different parameters influence interactions between fungal species. Abiotic 

factors like temperature, moisture, substrate (dead wood) and biotic factors like live 

trees, mammals, insects, microbe environment and all the way down to the gene 

level have an impact on interaction characteristics and their outcome. 

Hypothetically, combative interactions may be the most common type of interaction 

because a resource is rarely a sterile environment. Other fungi, bacteria, or moulds 

are usually already present when a foraging fungus arrives at the resource. When 

fungi tries to outcompete existing species in an effort to obtain this resource, it is 

termed secondary resource capture (Boddy, 2000). A primary resource capture, 

however, may ensue after storms or forestry actions, where living trees have fallen 

and stumps have been made available for fungal colonization. In some parts of the 

world’s managed forests stumps are, in fact, regularly sprayed with a solution of 

Phlebiopsis gigantea to prevent butt-rot from Heterobasidion species (Meredith, 1959) 

(Terhonen et al., 2013).  
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It is clear that interactions may have different outcomes and, indeed, synergistic 

(Sundman and Näse, 1972), deadlock (Rayner and Todd, 1980) and antagonistic 

effects have been observed. These effects may be mediated through: 

 

 Secondary metabolites left by a preceding species (Heilmann-Clausen and 

Boddy, 2005; Holmer et al., 1997). 

 Volatiles at a distance (Evans et al., 2008; Hynes et al., 2007). 

 By water and diffusion of enzymes (Score et al., 1997), toxins and other 

fungal metabolites. 

 Hypal contact (Ikediugwu et al., 1970). 

 Direct contact at the gross mycelial level (Boddy, 2000). 

 

In Paper II we were concerned with amino acid utilization of H. parviporum and G. 

sepiarium when they were interacting at the near contact level. Earlier experiments 

in our lab had shown that a pigmented interaction zone formed when the two fungi 

species were in close proximity. A pigmentation, as a sign of interaction between 

fungi, can usually be seen during degradation of wood in natural conditions 

(Rennerfelt, 1949).  

 

Fungal-fungal interactions on dead-wood are highly substrate (Dowson et al 1988), 

species (Woods et al., 2005), environment, temporal and succession dependent. An 

adaptation to the multiple factors over the millennia have created a niche for fungi 

and it is well known that most fungi prefer a specific substrate in a particular 

environment. G. sepiarium is frequently found on spruce stumps and wood in clear-

cuts due to its ability to withstand dry conditions and high temperatures, with a 

temperature optimum of 32-35 ˚C. The occupied area or volume of an occupied 

resource have been shown to influence the outcome of fungal interactions (Holmer 

and Stenlid, 1993). After germination of a fungal spore, the occupied area is 

consequently influenced by numerous random factors e.g. the relative 

competiveness against other spores in the vicinity or location. The intricacy of 

interactions poses some implications when in vitro studies are used to assume any 

relevant correlation with natural conditions. Any findings in vitro may, however, 

have biotechnological applications. 
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5 TURPENTINE 

Turpentine is an essential oil from trees, mainly conifers. Essential oils are complex 

mixtures with congenic substances and are known for their fragrance, and in some 

cases their use as an antiseptic agent in traditional medicine and food preservatives 

(Bakkali et al., 2008). In addition, it is evident from modern research that essential 

oils from various sources exhibit inhibitory or biocidal effects on an array of different 

organisms: parasites (Izumi et al., 2012), bacteria (Miladinovic et al., 2012), moulds 

(Akgül and Kivanç, 1989), insects (Boulogne et al., 2012) and filamentous fungi 

(Inouye et al., 1998). Turpentine is detrimental to the paper process and is removed 

by hydrodistillation of wood chips. We obtained Norway spruce (Picea abies) 

turpentine from the thermo-mechanical pulp and paper mill SCA Ortviken 

(Sundsvall, Sweden). 

 

Many of the elements of turpentine are already known. Its main constituents are the 

bicyclic isomers α- and β-pinene monoterpenes, and to a lesser extent, 

sesquiterpenes, higher terpenes and terpenoids (Lindmark-Henriksson, 2003). 

Terpenes are formed from isoprene units with the chemical formula C5H8 and a 

monoterpene is made by a linear or cyclic combination of two isoprene units. The 

highest order terpene analysed in paper I was a putative diterpene with four 

isoprene units.  

 

 

Isoprene Monoterpene Sesquiterpene 

Figure 1. Terpenes – The isoprene unit is the main building block of terpenes. A mono 

terpene is made with two isoprenes and sesquiterpens are formed with 

three isoprene units. The monoterpene is pinene. 
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6 METHODS 

6.1 Design of Experiment 

Historically, a lot of research and industrial optimization has been performed using 

a Change-One-Separate-factor-at-a-Time (COST) where one variable, parameter or 

factor was optimized and then the next until the last factor. The abbreviation COST 

hints that it is associated with a higher cost than varying all factors at once, or 

varying them in such a way that the effect of each factor can be estimated with a 

certain error residual. In addition, COST might also miss the optimum if the 

parameters have any kind of covariation. The main goals of Design Of Experiments 

(DOE) are to maximize the variation between variables, preferably in a controllable 

and efficient manner, and the elucidation of how the variations and their interactions 

affect a specific treatment. It is also used to minimize the number of runs required 

to estimate the optimum, or when the optimum cannot be found. DOE can be used 

to specify a direction in which the next set of experiments should be performed 

outside the model. 

 

The standard reference point in DOE is called a centre-point and is at least 

performed in triplicates to determine the replicate error, which tells us something 

about other experimental errors that could not be controlled, such as random noise, 

or any random errors caused by the researcher. Centre-points in Paper I is 

represented by all fractions mixed in equal proportions.  

 

DOE is an integral part in chemometrics (discussed further in 7.1) and a number of 

different designs have been devised, e.g. full factorial, composite (axial nodes are 

added) and D-optimal (Chan, 2000). However, not all designs are suitable for 

mixture designs because of a relationship between the factors. If one is changed in a 

mixture the others must also change to add up to 100 %. Not all designs are able to 

cope with such a constraint, but with a D-optimal design an experimenter can set 

the sum of the ratios to 1. In addition, a D-optimal design has a lower number of 

runs, compared to full factorial designs when using six factors: a full factorial design 

has 64 runs while a D-optimal design has 28 runs. The difference where the factors 

are changed is shown in the figure below. In our case we added the corners of the 

six-dimensional space to be able to compare results with previous experiments. 
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Figure 2. Experimental designs – The square on the left depicts an experimental 

design with centre points and two factors, in the middle is an 

example of a composite centre faced design and the square on the 

right is a D-optimal design with one corner excluded and the centre 

point shifted accordingly. 

 

6.2 Gas Chromatography – Mass Spectrometry 

Gas chromatography (GC) is a technique to separate volatile compounds according 

to boiling point and/or partial pressure. Congenic molecules such as those found in 

turpentine are primarily separated by boiling point. There are a couple of 

chromatographic columns to choose from and each has a particular phase most 

suited for a particular type of analyte. A hydrophobic column might be used to 

retain hydrophobic compounds. Terpenes and terpenoids are generally separated 

on such columns due to their non-polar nature. We used a DB-5 column in Paper I, 

which is only slightly polar, to separate terpenoids that have few polar groups 

attached to a terpene skeleton. The method of detection is also important, and while 

a flame ionization detector might be used, it does not provide any insight as to what 

compounds are in the mixture unless the compounds are already known and a 

retention library of Kovat’s indices is available. Instead, a mass spectrometer (MS) 

gives additional information about the molecule. The molecular mass of the 

compound might be elucidated and a fragmentation pattern is generally acquired, 

which relates to the ease of bond-breakage within the molecule. A fragmentation 

pattern is both instrument and molecule specific with a certain overlap between the 

main mass spectrometers for GC, the quadrupole and the ion-trap analyzers, due to 

the specific fragmentation pattern of a molecule. A search for the fragmentation 

pattern in a fragmentation database of known substances may also give the 

researcher a suggestion of the compound’s identity. Together with the mass, this 

technique was used to make a putative determination of monoterpenes, 

sesquiterpenes, terpenoids and diterpenes in Paper I. 
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6.3 Liquid Chromatography – Mass Spectrometry 

Most organic molecules are not suited for vaporization and therefore not suited for 

GC-MS. High pressure liquid chromatography (HPLC) works in the liquid phase 

instead of the gas phase, yet the goal is the same; to separate compounds from a 

mixture. In Paper II, amino acids were separated from each other by this 

chromatographic method. As with GC, HPLC is can be hyphenated with MS 

detection. There are many different parameters to optimize for one analyte inside 

the analyzer and when other compounds from a complex mixture are present at the 

same time in the ionization chamber, matrix effects such as ion suppression may 

occur. It is therefore important that we have a good separation by the 

chromatographic column and optimized parameters in the MS to mitigate the true 

quantification of our sample – Paper II. 

 

7 DATA ANALYSIS 

The advent of computers in science signified a huge leap in calculating power. 

Researchers were no longer bound by pen and paper and could perform complex 

calculations many times faster than previously possible. Today, we can perform 

multivariate statistical analysis with well over 100 000 variables, possibly even 

millions of variables. This computational power in combination with chemistry gave 

birth to a field called chemometrics.  

 

7.1 Chemometrics 

After it was coined by Svante Wold in 1974, chemometrics have steadily gained 

ground within life science research. Especially metabolomics and indeed other 

'omics' have found good use for chemometrics as a way of handling complex 

datasets and extracting valuable information. This is the essence of chemometrics; 

extracting interesting information from large amounts of data. There is, in principle, 

a plethora of different algorithms for the analysis of multivariate datasets but 

perhaps two of the most commonly used techniques are Principal Component 

Analysis (PCA) and Partial Least Squares or Projection to Latent Structures (PLS) 

and its extensions orthogonal PLS (OPLS) and bidirectional PLS (O2PLS) (Hotelling, 

1933; Trygg, 2002; Trygg and Wold, 2002; Wold et al., 2001). This is done by 

summarizing the observations and separating signal from noise into scores and 

summarizing the variables into loadings. Loadings tell us about the correlation 

between the variables, whether they are positively correlated, uncorrelated or 

negatively correlated.   
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PCA is used to maximize the variance explained by the X variables and project the 

scores of the principal components in a graphical representation suitable for human 

interpretation. Commonly used key parameters are R2 and Q2 (eq. 1), where the 

former points to the explained variance of the model and the latter is referred to as 

the cross-validated R2 and used to assess the predictive power of the model. In the 

multivariate analysis program Simca+, Q2 is calculated by randomly excluding 1/7 

of the observations and building a new model from the remaining 6/7 and the 

excluded observations are predicted and compared with the full model until the 

entire dataset has been excluded once. This procedure produces a number called 

Predicted Residual Sum of Squares (PRESS), where a lower value signifies a high 

predictability. By convention, the PRESS-value is converted to resemble R2 into Q2 

by Equation 1, and so a value closer to 1 represents a higher predictive power of the 

model. As a general rule of thumb, a good model should have R2 > 0.8 and Q2 > 0.6. 

These parameters also exist for PLS and variants of the same, but whereas PCA tries 

to explain the variance in X, PLS is used to explain the variance between X and Y. In 

this thesis, PLS was used for Paper I. The diametrical growth rate of the fungi was 

used as the response variable, Y, and relative peak areas from GC-MS of mixed 

turpentine fractions were used as X variables.  

 

 Equation (1)  𝑄2 = 1 −
𝑃𝑅𝐸𝑆𝑆

𝑆𝑆
 = 1 −  

∑ ||𝑥𝑖−�̂�𝑖||2𝑖
𝑖=1

∑(𝑥𝑖−�̅�)2  

  

Centering and scaling are important aspect of data analysis and the choice of which 

type to use can influence the interpretation of results (van den Berg et al., 2006). If 

units (cm, absorbance, m/z, time) for all variables are the same, centering is usually 

employed. When centering, each variable is centered around zero. As a result, 

centering focuses on covariances i.e. on the shifting parts of the variables and 

thereby the variation between the samples.  

 

While the emphasis is on covariances when centering, other types of scaling focuses 

primarily on correlations. A complete survey of the different ways of scaling is 

beyond the scope of this thesis and only the investigated types of scaling will be 

discussed here. Scaling may have the effect of giving variables with a different 

abundance the same importance or boosting the importance of compounds present 

at lower concentrations. One regularly used type of scaling is unit variance (UV) or 

autoscaling (eq. 2). UV scaling is primarily used when two variables do not have the 

same magnitude of variation or if the importance of the variables are unknown. This 

is usually the case when units differ, e.g. when measurements are done on 
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temperature (K) and pressure (Pa). Pareto scaling is useful if medium and small 

features are important and may be viewed as an intermediate between no scaling 

and UV scaling. Pareto scaling (eq. 3) is also the gold standard for metabolomics 

because a low concentration in a biological setting might not imply a low bioactivity, 

as is the case with poisons. 

 

Equation (2)  �̃�𝑖𝑗 =
𝑥𝑖𝑗−�̅�𝑖

𝑠𝑖
  UV scaling 

 

Equation (3)  �̃�𝑖𝑗 =
𝑥𝑖𝑗−�̅�𝑖

√𝑠𝑖
  Pareto scaling 

 

The choice of scaling method and if normalization should be applied can have a 

large impact on the predictive ability of the model and should be tested in each case. 

Each type of the scaling methods above was tested for Paper I and centering was 

found to give slightly more reliable results than both UV and Pareto scaling.   

 

Variables are usually assumed to be normally distributed around a certain number, 

usually the average. However, when a PCA on untransformed data show a clustered 

collection of points with a few scattered outliers or when the normal distribution of 

data is skewed it may be prudent to perform a log transformation of the x variables. 

Peak areas for compounds with retention times above 18.5 minutes were all skewed 

but no gain in the predictive power of the model with a log transformation of 

variables could be seen for Paper I. 

8 RESULTS AND DISCUSSION 

8.1 Paper I 

Fractions of turpentine and PLS analysis was used to investigate which turpenic 

compound(s) that has the highest inhibition on C. puteanea. Fractions from 

turpentine (Table 1) that had a varying relative concentration between fractions 

(Appendix A) were obtained through vacuum distillation. By mixing these fractions 

with each other according to a quadratic D-optimal design (Appendix B) a scenario 

was created where the relative concentrations and, by proxy, the absolute 

concentration of different compounds was altered when the same total amount of 

material was applied in a growth inhibition assay. In this way, we were able to 

predict a dose dependent response for each peak based on the % area under the 

curve from GC-MS. However, it is important to note that compounds at both ends 

of the mass chromatogram are underrepresented in the model, given that their 

concentrations could not be altered to the same extent as compounds in the middle. 
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The concentration was first determined to give the most variation between the 

fractions in standalone experiments, but in hindsight, the concentration could have 

been added to the experimental design. It was at this point in the experiment that 

the intermistic approach was devised. The intermistic approach is a combination of 

a reductive and holistic approach where a complex mixture is divided into separate 

fractions and later recombined using a D-optimal design as explained above. Added 

benefits of analyzing biological activity in this way is that we still have the 

opportunity to investigate the effect of compounds present in low concentrations, in 

the original sample, as well as synergistic effects. The intermistic approach exhibited 

excellent PLS values (R2X = 0.988, R2Y(cum) = 0.88, Q2(cum) = 0.825) and 

permutation test for validity also corroborated a valid model.  

 

Table 1. Fractions of turpentine – The table shows what temperature and pressure the 

fractions were collected at. Starting volume was 1 litre. 

Fraction Bp (°C) at P mbar P (mbar) 
Bp (°C) at 1010 

mbar 
Volume 

(ml) 

1-15 20-53 18.6-0.8 135-240 756.5 

16 52-55 0.5 280-290 13 

17 55-64 0.5 290-300 18 

18 61-74 0.5 297-315 26 

19 70-79 0.5 308-320 18 

20 79-87 0.5 320-335 33 

21 89-95 0.5 340-347 23 

22 100-111 0.5 350-370 10 

23 111-117 0.5 370-380 10 

Residue > 117 0.5 > 380 92.5 
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Figure 3 demonstrates the relation between each chromatographic peak and its 

coefficient in a PLS model (Q2 = 0.658) – modeled from the mass chromatograms 

and separate from Paper I. A lower Q2 than in Paper I is attributed to the fact that 

injections were only roughly standardized and all nonsensical variables (noise) are 

retained for illustrative purposes. Positive coefficients are implied as growth 

inducing while negative coefficients are growth inhibiting. It is clear that 

compounds that elute later have a better efficacy than early eluters but this model 

also identifies some compounds as potential growth inducers.  

 

 
Figure 3. Inhibition per peak – This figure is provided to show the general concept of 

the method. Fraction 18 and 23 were merged together (see Appendix A) to 

span the entire range of molecules in the method (red). Coefficients of the 

PLS model (black) are overlaid on top of the compounds to show the 

modeled effect of each compound. Values are normalized so that values 

above 0 are growth inducing and those below are growth inhibiting. 
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Figure 3 was produced as such: files from MS Data Review were exported into 

MATLAB where a new time vector was created. This vector was chosen so that it 

oversamples the temporal vector from the GC run. Total Ion Current (TIC) values 

from each GC run was projected onto this x-vector. This procedure puts all the y-

variables on a discrete x-axis which makes it possible the x-vector for the regression 

analysis in Simca 13+. See Appendix C for the MATLAB function.  
 

Preparatory GC was used as an external validation of the model. Fraction 23 was cut 

in 7 sections (see Appendix D) and tested one-by-one at the same concentration and 

conditions as the main experiment. 

 

8.2 Paper II 

The ability to sense other fungi by water-mediated communication was assessed by 

pitting H. parviporum and G. sepiarium against each other. Fungal mycelia was 

separated from each other by a glass wool interface in custom H-flasks and three 

different parameters were investigated: pH, final dry weight, and amino acid 

utilization analyzed by HPLC-MS in multiple-reaction-mode.  

 

We could show that the two interaction chambers were different by measuring the 

pH. It was significantly different in the two chambers of the same H-flask. This 

posed a small challenge in interpreting the results as the media volume/mycelia 

was roughly half of the positive controls. Both pH and dry weights had a high 

variation that could be explained by the multiple processes that may occur during 

communication between the species. It also shows that interactions are complex 

processes and that we need to study metabolites, proteins and gene expression to 

get a clearer picture of how these interactions are mediated. 

 

An apparent lower release or conversion of glutamic acid to glutamine was noticed 

in the interaction chambers. This might indicate that the fungi are in need of 

producing nitrogen containing secondary metabolites or that it suffers from nitrogen 

deprivation due to the lower media volume/mycelia in the chamber. 
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9 CONCLUSIONS 

9.1 Paper I 

 The combination of a reductionistic and holistic approach into an intermistic 

approach can be used to find the compounds responsible for growth 

inhibition of C. puteana on agar plates without testing the compounds one-

by-one  

 Out of 36 compounds, one putative sesquiterpene, two other sesquiterpenes 

and a putative diterpene were found to be the most active compounds to 

inhibit fungal growth of C. puteana. 

 

9.2 Paper II 

 Strong depletion of amino acids when they were grown together. 

 The concentration of glutamine had increased after one month of 

inoculation and was thereafter gradually reduced. The production may be a 

conversion from glutamic acid. 

 Lysine was rarely used when fungi were growing alone. When H. 

parviporum and G. sepiarium were interacting, however, lysine may have 

been used to produce secondary metabolites. 

 It seemed that a higher pH favours the growth of G. sepiarium while a lower 

pH favours H. parviporum. 

 Possibly except glutamine, no leakage of amino acids could be seen, it is, 

however, possible that the turnover of these amino acids was too rapid to 

be evaluated. 

 

10  FUTURE PERSPECTIVES 

The studies open new questions for future exploration. If the turpentine compounds 

responsible for fungi inhibition could be identified, it may be possible to test these 

in different combinations for synergetic effects. Identification could either be done 

by purchase of reference compounds, synthesizing compounds or MS/MS on the 

peaks of interest. It would also be possible to purify the compounds by preparative 

LC/GC and identify them using nuclear magnetic resonance techniques. 

 

The mode of action of these terpenes has not been completely understood, but one 

possible answer is the partitioning model where the compounds destroy the 

building of the mycelial membrane. It would be interesting to study this inhibition 

by synthesizing isotopically labelled terpenes and see if they are translocated to a 

particular compartment of the mycelium. 
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We suggest that lysine may be used as a precursor to a secondary metabolite due to 

the increased utilization of this amino acid when H.parviporum and G. sepiarium are 

interacting. More advanced LC-MS methods with isotopically labelled lysine may 

be used to understand if lysine was used as a building block when they were 

interacting. Such an analysis may also shed some light as to the identity of the agent 

causing the drop in pH in interaction replicate 1 from Paper II. It would also be 

interesting to investigate the samples with solid phase micro extraction and extract 

the final growth medium with different solvents to get a more complete picture of 

the interaction between the two. In addition, it could also be of interest to perform a 

proteomics study in a more comprehensive omics approach to increase our 

knowledge of the interaction at the protein level as well. Proof of the absence of 

chitinases and other mycelium degrading enzymes could support our claim that 

fungi were in a deadlock state.  

 

11  ACKNOWLEDGEMENTS 

Not even in my wildest dreams did I think about continuing my studies after 

graduation. I was a little weary of the whole academic process of "publish or perish" 

but I am glad that I could not have been more wrong! A huge part in that equation 

is all the people at Mid Sweden University. It has been a wonderful four years with 

all of you. Thank you for all our fine moments together. 

 

I would like to give my supervisors an especially big thank you because they gave 

me the opportunity to work and study together with such caring and brilliant minds. 

 

Bege - you are one of the most decent and righteous guys I know. Thank you for all 

the discussions about statistics and general input. 

 

Erik - It is a pleasure working with you and you always have another project up 

your sleeve. I'm sure I will not be standing with my hands in my pockets when I 

continue my research. 

 

Dan - I would like to extend my sincere gratitude for taking the time to discuss 

chemometrics with me. 

 

I am also grateful to Håkan Norberg and Torborg Jonsson for helping me with 

everything in the lab. Without you here, I would probably still be looking for some 

lab equipment, material, solvents, instrument, etc.  

 



17 

I would also like to direct a big thank you to Mattias Fredriksson for valuable 

comments on this thesis, Mattias Edman for sharing his extensive knowledge about 

fungi, Fredrik Andersson for being a solid friend and; whisky and golf aficionado, 

the always snappy Sara Öhmark, Jennie Sandström for talks about life and also the 

tennis that we played, Rizan Rahmani for teaching me Farsi and putting up with my 

antics while delivering some of your own, and Saba Hagos for cheerful assistance 

with laboratory work. 

 

Thank you Hannah for your tremendous support. It means a lot that you have been 

there for me and stayed with me every step of the way. If we had not met each other 

I probably would not have written this thesis at all. When all this is “in the bag”, I 

look forward to spending more time at home with you and Love. French Fries! 

 

To all co-workers at Mid Sweden University: 

We will see each other again, very soon.                                      

 

 

 

 

 

To be continued…  



18 

12  APPENDICIES 

12.1 Appendix A 

Mass chromatograms - Fraction 18-23. 

  

FRACTION 18 

FRACTION 19 

FRACTION 20 

FRACTION 21 

FRACTION 22 

FRACTION 23 
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12.2 Appendix B 

Sample 18 19 20 21 22 23 

1 0.75 0.25     

2 0.75  0.25    

3 0.75   0.25   

4  0.75 0.25    

5  0.75   0.25  

6  0.75    0.25 

7   0.75 0.25   

8   0.75  0.25  

9    0.75 0.25  

10  0.25  0.75   

11     0.75 0.25 

12 0.25    0.75  

13   0.25   0.75 

14    0.25  0.75 

15     0.42 0.58 

16    0.58  0.42 

17    0.42 0.58  

18   0.58   0.42 

19   0.42  0.58  

20   0.42 0.58   

21  0.42    0.58 

22  0.42   0.58  

23  0.58  0.42   

24  0.42 0.58    

25 0.42     0.58 

26 0.58    0.42  

27 0.42   0.58   

28 0.42  0.58    

29 0.42 0.58     

30 0.17 0.17 0.17 0.17 0.17 0.17 

31 0.17 0.17 0.17 0.17 0.17 0.17 

32 0.17 0.17 0.17 0.17 0.17 0.17 

33 1      

34  1     

35   1    

36    1   

37     1  

38      1 

39       

 

D-optimal design - in Paper I with mixture proportions. Sample 39 is the control, 

with no fraction added. 
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12.3 Appendix C 

 

Import of CSV-files and correction of GC retention times in order to put all data 

points on the same time axis. 

 

CSVimport 

---------------------------------------------------------------------------------------------  
function data = CSVimport(fileToRead1) 

%IMPORTFILE(FILETOREAD1) 

% Imports data from the specified file 

% FILETOREAD1: file to read 

% Auto-generated by MATLAB on 12-Feb-2013 15:31:26 

% Import the file 

data = importdata(fileToRead1); 

newData1 = importdata(fileToRead1); 

% Create new variables in the base workspace from those 

fields. 

vars = fieldnames(newData1); 

for i = 1:length(vars) 

assignin('base', vars{i}, newData1.(vars{i})); 

end 

----------------------------------------------------------------------------------------------  

 

correctRetentionTimes 

----------------------------------------------------------------------------------------------  
function [files, chromatograms] = 

correctRetentionTimes(samp_rate) 

%Author: Joel Ljunggren 

%Affiliation: Mid Sweden University 

%E-mail: joel.ljunggren@miun.se 

%samp_rate = an estimate of the needed sample rate. 

if nargin ~= 1 

disp('Using default sample rate of 0.02') 

samp_rate = 0.02; %Use default sample rate 

end 

files = dir( '*.csv' ); %# list all *.csv files 

files = {files.name}'; %'# file names 

dataarray = {}; 

disp('Importing Files...') 

for i=1:numel(files) 

temp = CSVimport(files{i}); 

d = temp.data; 

dt = transpose(d); 

dataarray{i,1} = dt; 

dataarray{i,2} = files{i}; 

end 

disp('Finished import') 

%Find the maximum retention time 

maxRT = 0; 

for j = 1:numel(files) 

chromatogram = dataarray{j,:}; 
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v = chromatogram(1,:); 

maxTemp = max(v); 

if maxTemp > maxRT 

maxRT = maxTemp; 

end 

end 

maxRT = floor(maxRT - 1); %Chromatograms are expected to have 

the same maximum run disp(['Using retention max as: ', 

num2str(maxRT), ' minutes']); 

%Put everything on the same time axis 

x=samp_rate:0.01:maxRT; %start och run: increment 

(resolution) : end of run 

chromatograms = []; 

t = cputime; 

disp('Correcting retention times...') 

for k=1:numel(files) 

%extract the time from a chromatogram 

chromatogram = dataarray{k,:}; 

chrom_time = chromatogram(1,:); 

temp_y = zeros(1,length(x)); 

for i = 1:length(x) 

c = abs(chrom_time-x(i)); 

[point,ix] = sort(c); 

%Retrieve coordinates 

x1 = chrom_time(1,ix(1)); 

1 
x2 = chrom_time(1,ix(2)); 

y1 = chromatogram(2,ix(1)); 

y2 = chromatogram(2,ix(2)); 

%Calculate line and y values 

line = (y2 - y1) / (x2 - x1); 

m = y1-line*x1; 

y1 = line * x(i) + m; 

temp_y(i) = y1; 

end 

chromatograms = [chromatograms; temp_y]; 

end 

e = cputime-t; 

disp(['Finished correction in ', num2str(e), ' seconds']) 

end 

Published with MATLAB® 7.10 
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12.4 Appendix D 
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