
Nuclear         Behaviour         In         Root         Rot         Fungi

Stina         Johansson

Degree         project         in         biology,         2007
Examensarbete         i         biologi,         20p,         2007
Centre         of         Evolution         Biology
Supervisors:         Timothy         Yong         James         and         Hanna         Johannesson



 1 

Individbegreppet i en svamp 
 
Svampen rottickans “fria sexliv” rubbar våra gamla normer om vad en individ 
är. Är det generna, kroppens “ritning” som förtjänar att kallas individ, eller är 
det själva kroppen, det vi ser, som är individen? Varför skilja på de två, de hör 
ju så tätt ihop kan man tycka. Men i svamparnas värld gäller inte våra vanliga 
mönster. Gener kan byta kropp, en kropp kan förlora sina gamla gener eller 
samla på sig gener från andra svampkroppar. Den intima relationen mellan 
gener och kroppen som vi är så vana att se i alla livsformer verkar inte existera i 
rottickan.   
 
Rottickan är en svamp som orsakar stora skador på nordliga skogar. På stubbar och 
under rötter kan vi se dess fleråriga fruktkroppar, tickorna. Till skillnad från 
människor kan en svamp dela på sig och växa vidare som kloner. Det är en sak som 
gör individen mer svårfattlig när det gäller svamp. En annan sak är att svampar kan 
byta gener med varandra friare än människor. Mötet mellan två svampar kan resultera 
i ett utbyte av gener. Den ena svampen skickar över ett genpaket och kan i gengäld ta 
emot ett från den andre. I motsats till människor som hela livet har samma gener, så 
kan en svamp byta gener vid möten med artfränder.  
 
Genom att låta dessa möten mellan svampar ske i laboratorium har jag kunnat tillföra 
en del i diskussionen om vad en individ är, när det gäller svampen rotticka. 
 
Det viktigaste som experimenten har gett är att genpaketen inte verkar höra till någon 
speciell “svampkropp”. En svamp verkar kunna ta emot gener från flera artfränder, så 
att gener från minst tre svampar finns samtidigt i en och samma svamp. Men svampen 
tar inte bara emot gener, den kan förlora sina ursprungliga gener också! När nya 
genpaket tas emot, kan samtidigt de egna generna försvinna. Om detta beror på att de 
utkonkurreras av de nya generna eller om det finns någon annan orsak kan vi än så 
länge bara gissa.  
 
I flera aspekter verkade genpaketen skilja sig från varandra. T.ex. var vissa bättre på 
att samarbeta med andra genpaket, medan andra oftare var ensamma i svampen. 
Genpaketen verkar även föredra vissa genpaket framför andra att samlexistera med. 
 
Med den här kunskapen kan vi inte längre påstå att gener och kroppen alltid är 
oskiljaktiga. Säger vi att individen är kombinationen av de två så förändras individen 
varje gång den möter en “villig” artfrände. Genpaketen flyttar mellan kroppar och 
samexisterar eller utkonkurrerar andra genpaket i samma kropp. Om en människa är 
förebilden för vad en individ är, kan genpaketen med sitt rastlösa flyttande och 
“personliga” förmåga att leva ihop med andra mest passas in på den individmodellen. 
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Abstract 
 
The concept of an individual is not always obvious to explain. To find the unit that 
can be defined as an individual in - as in my project - a fungus, several approaches 
can be done. When working with the root rot fungus Heterobasidion annosum, I have 
asked the questions “do the nuclear types differ in their ability to form heterokaryons, 
one of the vegetative stages of the fungi?” and “does mitochondrial genotype affect 
the behaviour of nuclei?”, to get closer the answer of what an individual is.  
With two main experiments, one using conidiospores from homokaryons and the 
other perform pairings between homokaryons and heterokaryons, the following results 
were obtained. Nuclei of different genotype differ in their ability to form 
heterokaryons. They have different capacity to invade other homokaryotic mycelia, 
and coexist with other nuclei in different amount; they even seem to have partner 
preferences. The mitochondrial genotype did not affect the invasive rate of nuclei or 
the behaviour of the invaded homokaryon. There is however one example that argues 
that a nucleus behaves differently as a homokaryon (acceptor) or as an invading 
nucleus.  
Observations of possible trikaryons were done in a big part of my samples, a 
challenging fact that has not been proven in previous research. The definition of an 
individual is not clearly given by those results, but the previous concept that the 
heterokaryon defines the individual is dubious for the root rot fungus. Instead my 
results argued that the individual is represented by the nucleus, which often acts 
independently as well as individualistic.    
 
 
Sammanfattning 
 
Betydelsen av konceptet “individ” är inte alltid uppenbar. Uppgiften att finna den 
enhet som representerar en individ i –som i mitt projekt- en svamp, kan närmas på 
flera olika sätt. I mitt arbete om rottickan, Heterobasidion annosum, har jag ställt 
följande frågor: varierar olika cellkärn-typer i kapaciteten att forma heterokaryoter, en 
av rottickans vegetativa stadier? Påverkar mitokondrien cellkärnans beteende? Med 
dessa frågor vill jag komma närmare svaret på vad en individ är. 
Genom att utföra två experiment, ett där jag använde mig av asexuella konidiesporer 
och ett där de två vegetativa stadierna homokaryoter och heterokaryoter parades, 
vanns följande resultat: Cellkärn-typer varierar i sin kapacitet att bilda heterokaryoter, 
på flera sätt. De migrerar olika ofta in i ett främmande mycel och de samexisterar 
olika ofta med andra cellkärn-typer, de verkar till och med föredra vissa partners 
framför andra. Mitokondrien påverkar inte cellkärnornas emigrering eller den 
invaderade homokaryotens beteende. Däremot fann jag ett exempel där cellkärnan 
reagerade olika i form av en invaderad homokaryon och som en emigrerande kärna. 
Observationer av möjliga trikaryoter gjordes i en stor del av proven, ett utmanande 
resultat som inte bevisats i tidigare forskning.  
Definitionen av en individ kan inte ges av mina resultat, men den tidigare teorin om 
att heterokaryoten utgör individen är tveksam. Mina resultat förespråkar en ny teori, 
där individen definieras av cellkärnan, som ofta agerar såväl oberoende som 
individuellt.  
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Introduction 
 
The fungus 
Within the kingdom of fungi there are a number of phyla, one of them is 
Basidiomycota, (http://www.tolweb.org/Basidiomycota) including 30000 known 
species. The species can be found within symbiotic relationship with trees 
(mycorrhiza), as diseases on human or pathogens and decay fungi on wood and seed. 
Decaying of wood is a necessary part of the cycle of life, were carbon and nutrients 
get released to be used again by other plants. Fungi represent a big part of plant 
decomposition. Some fungi that live on decaying dead wood can also attack living 
trees. One example is the basidiomycet Heterobasidium annosum, the root rot fungus. 
Root rot produces perennial fruit bodies on the trunk of its host tree, or under ground 
on the roots of the host tree (Woodward 1998).  
 
Life cycle of root rot 
Root rot has two vegetative stages (figure 1). (Woodward 1998) In the homokaryotic 
stage one type of nucleus exists in the cells. This stage is not very aggressive, and 
does not produce fruit bodies, but can produce asexual spores, conidiospores. A more 
virulent life stage is the heterokaryotic, where two genetically different nuclear types 
co-exist in the same cell. In this stage the fungus can infect living trees and spread by 
sexual basidiospores from a fruit body. Cases have been reported when even four 
nuclear types has existed in the same mycelia (Johannesson and Stenlid, 2004). 
 
Conidiospores are produced by both homo- and heterokaryons. (Woodward 1998) 
While basidiospores spread actively from a shoot-mechanism, the conidiospores are 
dependent of other forces to spread. Since these spores with few exceptions are 
produced under ground, cracks in earth and movement of water is essential for them 
to spread. 
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Figure 1. The life cycle of root rot fungi. Two homokaryotic strains (1 N)mate to form 
a heterokaryon (2 N). Both homokaryons and heterokaryons produce asexual 
conidiospores, symbolized by the club like structures. Only the heterokaryon forms 
fruit bodies (shown in the photo) in which sexual spores (basidiospores) are produced 
through meiosis. A sexual basidiospore has one type of nucleus, from which a 
homokaryon develops. Conidiospores from a homokaryon can only result in a 
homokaryon. Conidiospores from a heterokaryon can result in two types of 
homokaryons or in a heterokaryon.     
 
Homokaryons and heterokaryons 
For a heterokaryon to be formed two mating compatible homokaryotic strains have to 
meet. (Woodward 1998) In contrast with animals which have gender, fungi have 
several compatibility groups, or mating types. Root rot has more than 100 mating 
types. If two mating types that are different meet, they are able to mate. If they do, 
nuclei migrate between the hyphae of the homokaryons. This creates two 
heterokaryons with identical nuclear composition. There is, however, a difference 
between the two; the cytoplasm and mitochondria, generally, do not emigrate 
(Casselton and Condit 1972). This results in two heterokaryons with identical nuclei 
but different mitochondria DNA. The theory of the selfish mitochondria, proposed by 
Aanen et.al. (2004), say that a mitochondrion may stop the nucleus to emigrate to a 
foreign mycelia. This benefits the mitochondria, but restrain the nucleus’ spread. 
 
Matings can also occur between a homokaryon and a heterokaryon. Here one or both 
of the nuclei in the heterokaryon may move into the cells of the homokaryon. Further, 
when two heterokaryons meet, a “somatic incompatibility” reaction typically ensues 
due to Rayner (Woodward 1998). The same author says that no nuclear exchange is 
occurring between the heterokaryons.  
 
A sign that two strains have started to mate is the formation of an “interaction zone”. 
This is a line of dense hyphal growth between the original strains (figure 5). Nuclei 
are transported over the interaction zone between the two strains. 
 

A way to recognize a heterokaryon by 
microscopic studies is by a special structure on 
the cells called a clamp connection. This 
structure is unique for basidiomycetes 
(http://www.tolweb.org/Basidiomycota). It 
looks like a small, slightly bended hypha that 
connects two cells with each other (figure 2). 
On H. annosum they occur quiet sparsely, 
compared with other basidiomycetes.  

Figure 2. schematic picture of a  
clamp connection between two cells  
of a basidiomycete 
 
Nuclear behaviour 
The knowledge about the interactions between the partner nuclei in a heterokaryon is 
limited. Ramsdale and Rayner (1993) found that nuclei within a heterokaryon can 
show numerical dominance over each other in a kind of dominance hierarchy. They 
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suggest that less-related nuclei compete with each other when co-existing in the same 
conidiospore, indicated by lower germination rates of the spores.  
 
Whether there is a difference in emigration rate between the partner nuclear types in 
matings between heterokaryons and homokaryons is not clearly understood. However, 
in the related fungus Stereum, Coates and Rayner (1985) demonstrated that often only 
one of the two heterokaryotic nuclei would emigrate to the homokaryon. They 
showed that nuclei that were less related to the recipient homokaryon were more 
likely to emigrate. 
 
Aims         
The main purpose with this project was to learn more about the individual concept, by 
investigating how nuclear types differ in their ability to form heterokaryons, and 
determining if mitochondria have any effect on the nuclear behaviour. This is 
illustrated in two experiments. The first examines what new combinations of nuclei 
are formed when nuclei travel from a heterokaryon into the cells of a homokaryon, 
and if identical heterokaryons with different mitochondrial genomes differ in the 
nuclear combinations that are formed.   
The second experiment investigates what nuclei combinations appear when 
conidiospores from three strains are mixed and grown together.  
 
Earlier research has looked into proportions of nuclear types obtained when mating 
homokaryons with homokaryons or heterokaryons (Ramsdale and Rayner 1993 and 
1995, Coates and Rayner 1984). In this project it is only reported if a nuclei exist or 
not in the mycelium. Nuclei proportions within the cells are not considered. 
 
For further work about this phenomenon this project also includes growth rate studies 
on different pH and metal concentrations. The optimal pH for root rot varies between 
4-5,7. (Woodward 1998) When growing in high concentration (0,01%-0,05%) of zinc 
and copper the growth is sharply inhibited. There are suggestions that different strains 
perform differently in different environment (Woodward 1998). 
 
Individual concept 
What is an individual? The definition of species and higher taxa is a current subject of 
great debate. The whole field of taxonomy is a result of humanity’s obsession to order 
and categorize things. The term individual is more seldom discussed. But how can an 
individual be defined? An individual cat is undoubtedly a distinct individual. An 
aspen tree is harder to separate from its neighbouring trees, since several stems can 
originate from the same root. A fungus is even harder to distinguish, since the mycelia 
can spread modular (as clones) under ground. This is one problem in defining the 
individual. But there are more perspectives; consider a single fungal cell (figure 3). It 
has a nucleus (or several nuclei) surrounded by the cytoplasm, where the 
mitochondria exist. The nucleus consists of the genetic information that decides what 
the fungi look like and how it works. The mitochondria take care of the metabolism in 
the cell, and have their own genome. Who is the individual, the cell with all its 
contents, the nucleus or the mitochondria (or all three)? This question gets even more 
relevant when we consider that the cell may have two or more nuclear types with 
different DNA that behave differently, and that the mitochondria may affect this 
behaviour.  
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Figure 3. A heterokaryotic cell. Two nuclear types are represented by blue resp. 
yellow colour. The mitochondria is represented by an “M”. The mitochondria 
originates from one of the nuclear types. 
 
The individualistic mycelium concept of Rayner (1991) explains how the 
heterokaryon is the individual unit of basidiomycetes. He argues that when two 
heterokaryons of different nuclear composition meet, an incompatibility zone is 
produced. This is a border between the heterokaryons with no nuclear exchange. The 
homokaryons are only a temporary state before a heterokaryon, the individual, is 
formed. There are however studies that show nuclear exchange between 
heterokaryons, or in fact the homokaryotic hyphae tips of the heterokaryons 
(Woodward, 1998). The possibility of trikaryons or tetrakaryons that is indicated in 
the work of Johannesson and Stenlid (2004) could also put doubt to the 
“individualistic mycelium” hypothesis. 
 
 
Materials and methods 
 

Starting material and 
preparation 
My starting fungi material 
consisted of seven 
homokaryotic strains of 
H. annosum. The strains 
originated from Russia, 
East and west Italy and 
Sweden: Norrland, Skåne 
and two strains from 
Ultuna, Uppland (figure 
4). The strains were 
grown on plates with 
MEA/10 (malt extract 
agar with 0,2 g malt 
extract per 100ml water). 
All plates in the 
experiments were grown 
in room temperature, 
ambient (normal) light. 

 
Figure 4.The origin of the root rot fungi strains that were 
used in the experiments. Strain Br-518-c2 from Norrland,  
strains Ult 1.73 and Ult 1.5 from Uppland, strain RB-48-9 from Skåne, 
strain 95191 from Russia, strains A358r and 87074/1 from Italy. 
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Homokaryotic matings 

One week old cultures were used to establish 
matings in all combinations of homokaryons on 
agar plates. The pieces transferred to the mating 
plates were about 4 x 4 mm and positioned 1-2 cm 
apart in the centre of the plate (figure 5). Two 
kinds of agar plates were used: MEA (2 g malt 
extract per 100ml water) and MEA/10.  
 
Pieces from the homokaryotic mating plates were 
transferred to new plates 11, 17 and 32 days after 
the inoculation day. The piece was taken about 1 
cm from both sides of the interaction zone.  
 

Figure 5. Two paired homokaryons of root rot fungi.  
A heterokaryon is created in the interaction between 
the two homokaryotic strains.  
 
It was assumed that the mitochondria did not migrate  
over the interaction zone. If clamp connections were found on the transferred piece it 
was considered to be a heterokaryon. Table 1 shows the strains that mated 
successfully (formed a heterokaryon) with each other. 
                            
Table 1. Pairings between homokaryotic strains. The strains that formed 
heterokaryons are marked with a “+”. Strains with an “M” (mitochondria) is the 
accepting homokaryon, and strain without is the nuclear donator.  
 acceptor       

donator 
87074/1 
M ult 1.5 M 

ult 1.73 
M 

rb-48-9 
M 95191 M 

Br-518-c2 
M A358r M 

87074/1    + + + + + + 
ult 1.5  +   +  + + + 
ult 1.73  +    + + + 
rb-48-9  +  +   + + + 

95191 + + +    + + 
Br-518-
c2  + + +  +    
A358r + + + + + +   

 
From the results from table 1 four strains were chosen for further experiments: 
87074/1 (Italy), Ult 1.5 (Uppland, Sweden), Br-528-c2 (Norrland, Sweden) and 
95191(Russia) because they demonstrated reciprocal nuclear migration.  
  
Heterokaryotic- homokaryotic matings 
Pairings between the heterokaryons and the homokaryon were performed on MEA 
plates in all compatible combinations shown by table 2. Six replicates of each 
combination were used. The inoculum plugs were placed with approximate distance 
of 2 cm in the centre of the plate. After 22 days a 4*20 mm a strip was transferred 
from each mating plate to new MEA plates. The strip was taken 4 mm behind the 
homokaryotic inoculum plug (figure 6). When the strips had grown for 15-16 days 
they were examined; if the growth was even and lacked interaction structures, one 
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small (4*4 mm) piece was transferred to a MEA/10 plate. If the growth seemed to be 
intersected, two pieces were transferred to separate plates. The definition of 
intersections was regions separated by either a line with sparse growth or a border of 
dense growth. However, it was not always clear if an uneven structure was due to 
intersections of genetically distinct mycelia or simply from differential outgrowth 
from the inoculum strip. For example the growth from the ends of the strip was more 
vigorous than from the middle.  
   

Figure 6. Matings  between the  
two vegetative stages of root rot  
fungus; a homokaryon and a   
heterokaryon. The inoculum strip   
was taken from the homokaryotic  
side of the interaction zone.   
The interactions zone is visible  
as a ring around the homokaryon.   
   
After about a week, pieces were transferred once 
more to MEA/10 plates overlaid with cellophane. 
All hetero-homo matings were used, even if no 
clamp connections were found.  

 
Table 2. The white cells show the combinations that were paired for the homokaryon-
heterokaryon experiment. The paired partner was completely unrelated, i.e. no 
heterokaryon was mated with a parental homokaryon. 
 homokaryon   
heterokaryon Br-518-c2 95191 Ult 1.5 87074/1 
M Br+95       
M Br+ult       
M Br+87       
M 95+Br       
M 95+ult       
M 95+87        
M ult+Br       
M ult+95       
M ult+87       
M 87+Br       
M 87+95       
M 87+ult       

 
Conidia germination rates 
Germination rates of conidia from the chosen four strains (87074/1, Ult 1.5, Br-528-
c2 and 95191) were estimated. Two original plates, 24 and 34 days old, were used for 
each strain. The spores were harvested from the plate with 1% tween solution 
(detergent effect) and gentle scraping with a bent glass pipette. The spores were 
counted in a microscope with a hemocytometer. At least 100 spores were counted. 
The number of spores/square was divided by 4*10^6, to get the spore amount per ml. 
Two concentrations were germinated: 10 spores/plate and 100 spores/plate. Three 
replicate of each concentration were made. After three, five and six days the plates 
were searched and the germinated spores were counted.  
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Conidia matings 
Matings with conidiospores from the four strains were performed from two-week old 
plates. The strains were combined in groups of three, resulting in four combinations. 
These combinations were replicated six times. The spores used were harvested from 
different plates for each replicate. 
 
An estimated 1000 germinating spores from each strain were mixed together in a tube 
before plating. This could be done using the knowledge from the earlier germination 
rate experiment. A droplet of 0,1ml from the mixture was placed on one edge of a 
MEA plate, which resulted in totally 1000 germinating spores on each plate.  

After three weeks growth a small piece 
(ca 4*4 mm) was transferred from the 
opposite edge of the plate, to new 
MEA/10 plates (figure 7). These were 
searched for clamp connections. Even 
thought only three of the 24 plates 
showed clamp connections, all 
germinations were transferred to 
cellophane covered MEA/10 plates. 
From these DNA was extracted for 
further investigation of nuclear content 
through molecular methods. 
  

Figure 7. Schematic picture of conidia matings. Conidiospores from three 
homokaryotic strains were mixed and inoculated on one edge of the plate. A piece 
was taken from the opposite side when mycelia had grown to the edges. 
 
DNA extraction 
All DNA extractions followed the same procedure. The mycelia was scraped from the 
cellophane covered plates and put into tubes with glass beads and 2X CTAB buffer 
(Zolan and Pukkila, 1985). The samples were macerated in a fast-prep machine, and 
put into a 65 degrees water bath for 1 hour. Chloroform for extraction was added, the 
tubes were centrifuged and the upper phase was put into new tubes. This was repeated 
two times. 2/3 volume of isopropanol was added to precipitate the DNA. The tubes 
were stored in freezer overnight. Next step was to centrifuge so that a pellet of DNA 
was formed, and take away the supernatant. To clean the pellet from salt 70 % ethanol 
was added, centrifuged and taken away. The dry pellet was dissolved with TE buffer 
and genomic DNA was tested on an electrophoresis gel.    
 
DNA analysis 
Two primer pairs (forward and reverse) were used for the amplification of the 
microsatellite loci; ms 1(F&R) and ms 10 (F&R) (Johannesson and Stenlid 2004). 
The PCR program followed the procedure: denaturing step of 3 min at 94°C, 30 
cycles of 45 s at 94°C, 45 s at 52°C, 45 s at 72°C and an elongation step at 72°C at 7 
min. Expand High fidelity Taq polymerase (Roche) was used in the amplification of 
the loci. The reverse PCR primers were labelled with the fluorescent dyes HEX for 
ms1 and TET for ms10. The amplified samples were analyzed on a Megabace 
capillary sequencer (Amersham) to investigate the DNA contents of the samples. The 
nuclear content in the sample could be recognized by comparing the known base pair 
number of the homokaryons (example in figure 8) with the base pair number in the 
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samples (example in figure 9). The two loci were used as controls of each other; if 
one nucleus was observed at one locus, it should also be observed in the other. 

Figure8. A megabace output for one of the homokaryotic strains, Br-518-c2. This 
strain has a 160 base pairs allele at this locus, shown on the x-axis.     
 

Figure9. One of the samples from the homokaryon-heterokaryon mating experiment. 
Two peaks are visible, of base pair 156 and 160. With the knowledge how many base 
pairs the four strains had at the two loci, these peaks could be recognized as the 
strains Ult 1.5 and Br-518-c2. 
 
Metal and pH tolerance 
H.annosum’s tolerance to the metals copper and zinc was tested. The metal sources 
used were ZnSO4 and CuSO4. MEA/10 plates were prepared with different 
concentrations of the metals. The concentrations used were 0,005% and 0,001%. Each 
strain was grown three times on each concentration and metal. All strains were also 
grown on neutral MEA/10 plates. The inoculum piece was circular with a diameter of 
5mm, and placed in the centre of the plate. 
 
A similar experiment with different pH: 4, 5, 6 and 7 was performed. The pH was 
based on the published range of viable pH values for H. annosum (Woodward 1998). 
Three replicates on plates with MMN were used (Marx DH, 1969). The 5mm round 
pieces of culture were inoculated in the centre of the plate. The pH 4 and 5 plates 
were calibrated with HCl and pH 7 was calibrated with NaOH. pH 6 had not to be 
calibrated. The pH meter was not completely exact, 0,05 higher than it should. 
 
After 3 days the growth from the centre to the longest hyphal tip was measured on 
two linear transects from the centre of on the plate. When this had been repeated one 
or two times the growth rates could be calculated. Two of the replicates of the strains 
germinated on metal media were kept in a fridge room for four days before the first 
measurement. Therefore the first measurement of these was done after six days.  
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Results 
 
Conidia germination rates 
The conidiospores from strain 87074/1 germinated at 19,8%. Conidia spores from 
strain Ult 1.5 grew with 42,9%, from strain Br-518-c2 20,2% and strain 95191 grew 
with 18,6%. The variation, though, was very big for Br-518-c2. Statistically this mean 
value can not be trusted. See table 7 in appendix. 
 
Conidia matings 
The results are given in table 5. In all combinations where conidia spores from the 
strain Ult 1.5 existed, it has competed out the two other strains, without mating with 
them. The strain 95191 has been out competed in all cases, while 87074/1 and Br-
518-c2 coexist in the most replicates. Clamp connections were (only) found on 
8+9+Br, replicate 3, 5 and 6.  
 
Tabel 5. In this table the results of the conidia spore matings are shown. The 
combinations are abbreviated: “8” is the strain 87074/1, “Br” is Br-518-c2, “U” is 
Ult 1.5 and “9” is 95191. The cell with an “-” was missing data.  
  combination   
replicate 8+Br+U 8+9+U 8+9+Br 9+U+Br 

1 Ult Ult Br+87 Ult 
2 Ult Ult 87 Ult 
3 Ult Ult - Ult 
4 Ult Ult Br+87 Ult 
5 Ult Ult Br+87 Ult 
6 Ult Ult Br+87 Ult 

 
Homokaryn-homokaryon pairings 
The pairings were performed both on MEA and MEA/10. The media with highest 
nutrient composition, MEA, showed more clearly the interaction behaviour. The 
border between the two homokaryons was stronger and the difference in the 
homokaryons growth was more obvious, compared to the matings on MEA/10. 
 
The matings between the homokaryons created the heterokaryons needed for the next 
experiment. To be sure that the matings had been successful clamp connections had to 
be observed. The mating plates with no clamp connections were considered as 
unmated homokaryons and were not used for further experiments. The strains 
87074/1, 95191 and Ult 1.5 could all mate reciprocally with each other. A358r and 
Br-518-c2 could both mate with the other three, but not with each others. Since A358-
r originated from Italy, and one Italian strain (87074/1) already had been chosen, the 
north Swedish strain Br-518-c2 was selected.  
 
Heterokaryon- homokaryon pairings 
Both mitochondria types of 95191*Br-518-c2 and the heterokaryon M Br-518-c2 * 
87074/1 paired with Ult 1.5 had to be excluded because of some mistakes. 
 

• Invasive capacity of heterokaryotic nuclei 
The ability to invade a homokaryon differed between the nuclei (figure 10). Ult 1.5 
invaded a homokaryon 61,4 %, 95191 invaded 24 %, 87074/1 invaded 18,2% and Br-
518-c2 invaded 61,2% of all possible chances to invade. For more detailed data, see 
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table 6 in appendix. The difference between the two frequent invaders and the two not 
frequent is significant (p-value in a fisher exact test is lower than 0,001), while the 
difference within the frequent and the not so frequent is not significant.  

 
Figure 10. This graph 
shows how often the 
nuclei invade into a 
homokaryotic mycelia, 
given in percentage of 
all possible chances to 
invade. The columns 
marked with ”a” are 
statistically significantly 
separated from the ones 
marked with ”b”. 
 

• Behaviour of invaded homokaryons 
When the plates inoculated with a strip from the mating plates were searched for 
clamp connections, an interesting fact was observed. Out of 36 plates in which Ult 1.5 
were mated with heterokaryons, 27 (75%) had no clamp connections. The strain 
87074/1 had 23 (64%) clamp free plates, Br-518-c2 14 (39%) plates and 95191 only 7 
(19%) clamp free plates. With the assumption that lack of clamp connections is a sign 
of a homokaryon, the plates with no clamps had not let any nuclei from the 
heterokaryon enter the mycelia.  
 
When analysing the DNA of the cultures derived from homokaryotic-heterokaryotic 
matings, a similar disproportion between the invaded homokaryons was recognized 
(see figure 11). In only one of 17 cases Ult 1.5 accepted nuclei from another fungus, 
strain 95191. In the opposite pattern, strain 95191 was found unmated just in one 
case, and appeared in combination with all the other three strains. In 7 of 39 cases 
95191 was not even present in its own mycelia, the invading heterokaryon had taken 
it over. 87074/1 was alone in 10 cases, together with one or two of the heterokaryotic 
nuclei in 10 cases and out competed in 5 cases. The strain Br-518-c2 was alone 16 
times, co exist 28 times and was out competed 3 times. Figure 11 show these results 
in a percentage of the total sample of the homokaryon. 
 
Note: In further text the terms dikaryon and trikaryon is used. This refers to when two 
respectively three nuclei were found in the same sample. This means that the nuclei 
could be in the same cell or just in the same mycelia. To simplify the text the terms 
are used even if it’s not proved that the nuclei exist in the same cell.  
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Figure 11. A graph of how the homokaryons reacted to the heterokaryotic nuclei. Ult 
1.5 was the strain most often appearing alone, while 95191 formed the most 
dikaryons with the invading nuclei. 
 
The number of samples was different for each homokaryons. Therefore a percentage 
value was used to compare the strains with each other. The percentages were counted 
from the number of samples in each group divided by the total number of samples for 
the homokaryon.  
 

• Behaviour of invading nuclei 
Figure 12 show the result from a different view. In contrast to figure 11 where the 
behaviour of the homokaryon is considered, figure 12 shows how the nucleus acted as 
an invader. The strain Ult 1.5 that almost only was alone in its own mycelia, is as an 
invader a common partner in dikaryotic relationships. The difference between Ult 1.5 
as a homokaryon and as an invader is highly significant (p-value=0,000) in a chi-2 
test. Only the strains 95191 and Ult 1.5 was found alone in the mycelia of the invaded 
homokaryon. 

 
Figure 12. 
The 
heterokaryotic
, invasive 
nuclei were 
found in the 
homokaryons 
either alone, 
as dikaryons 
or trikaryons. 
Percentage of 
opportunities 
the nuclei had 
to invade.  
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• Cooperation ability 
To illustrate the cooperation between nuclei within the homokaryotic mycelia three 
graphs were constructed (figures 13-15). The data for these are found under appendix, 
table 8. All times when a certain pair of nuclei has coexisted is given both in 
combination with a third nuclei (trikaryon) as well as in dikaryotic relationship. A 
total of these two groups are also illustrated.  

 
Figure 13. The total times when a 
certain combination of two nuclei 
coexist in the homokaryotic 
mycelia. Percentage of all 
possible chances to coexist. 
Columns marked with “a” is 
statistically different from 
columns marked with “b” 
 
 
 
Figure 14.  The times when two 
nuclei coexist in form of a 
dikaryon, of all possible chances 
to coexist. Columns marked with 
“a” is statistically different from 
columns marked with “b” 
 
 
 
 

 
Figure 15.  There is no 
significant difference between 
how often two specific nuclei 
coexist in form of a trikaryon. 
Percentage of all possible 
chances to coexist. 
 
 
 
 
 

• Mitochondria effect 
The two types of heterokaryons that resulted from the mating between two 
homokaryons were compared in two ways. The thing that separated the two 
heterokaryons was the mitochondria, one for each homokaryotic origin. First, I 
compared what was formed in the homokaryon when heterokaryotic nuclei from both 
mitochondria types invaded (table 3). No statistically significance difference could be 
seen between the mitochondria types in a fisher exact test (p-values over 0,05). There 
is however a difference between the mitochondrial types of Ult 1.5 * Br-518-c2 mated 
with the homokaryon 87074/1, but this is not repeated when 95191 is the 
homokaryon.  
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Table 3. The table shows in following order how many trikaryons, dikaryons and 
monokaryons are formed in the homokaryotic mycelia when paired with the 
heterokaryons. The accepting homokaryons is shown in the row, invading 
heterokaryons in the column. The mitochondria type of the heterokaryon is shown by 
an M. Filled cells show the unpaired combinations. Missing data is represented by a 
“-“. 

trikaryons Br-518-c2 87074/1 95191 Ult 1.5 
M 95191*87074/1 0     0 
M 87074/1*95191 3     0 
M ult 1.5*87074/1 0   0   
M 87074/1*ult 1.5 0   0   
M 95191*ult 1.5 2 0     
M ult 1.5*95191 0 2     
M br-518-c2*87074/1     4 - 
M 87074/1*br-518-c2     3 0 
M br-518-c2*ult 1.5   0 3   
M ult 1.5*br-518 -c2   6 3   
     
dikaryons Br-518-c2 87074/1 95191 Ult 1.5 
M 95191*87074/1 2     0 
M 87074/1*95191 1     1 
M ult 1.5*87074/1 5   4   
M 87074/1*ult 1.5 5   4   
M 95191*ult 1.5 5 0     
M ult 1.5*95191 5 2     
M br-518-c2*87074/1     4 - 
M 87074/1*br-518-c2     2 0 
M br-518-c2*ult 1.5   0 1   
M ult 1.5*br-518 -c2   0 0   
     
monokaryons Br-518-c2 87074/1 95191 Ult 1.5 
M 95191*87074/1 5     4 
M 87074/1*95191 2     6 
M ult 1.5*87074/1 3   0   
M 87074/1*ult 1.5 6   1   
M 95191*ult 1.5 0 2     
M ult 1.5*95191 0 1     
M br-518-c2*87074/1     0 - 
M 87074/1*br-518-c2     1 6 
M br-518-c2*ult 1.5   6 1   
M ult 1.5*br-518 -c2   1 0   
     
out competed Br-518-c2 87074/1 95191 Ult 1.5 
M 95191*87074/1 0     0 
M 87074/1*95191 1     0 
M ult 1.5*87074/1 1   0   
M 87074/1*ult 1.5 0   0   
M 95191*ult 1.5 0 3     
M ult 1.5*95191 1 2     
M br-518-c2*87074/1     0 - 
M 87074/1*br-518-c2     0 0 
M br-518-c2*ult 1.5   0 2   
M ult 1.5*br-518 -c2   0 5   



 16 

I also tested if the emigrating nuclei differed between the two mitochondria types 
(table 4). No significant difference was seen in a fisher exact test (p-values over 0,05). 
For example the nucleus 87074/1 did emigrate similar amount of times from both 
mitochondria types of Br-518-c2 * 87074/1. 
 
Tabel 4. Number of emigrated nucleus from both mitochondria types. The acceptor 
homokaryons is shown in the row, invading heterokaryons in the column. An M before 
a heterokaryon shows that this represents the mitochondria type. Filled cells show not 
paired combinations. 
 87074/1 Br-518-c2 95191 Ult 1.5 
M br-518-c2 * 87074/1 4 7     
M 87074/1 * br-518-c2 4 5     
M 95191 * 87074/1 2   0   
M 87074/1 * 95191 4   5   
M br-518-c2 * ult 1.5   5   6 
M ult 1.5 * br-518 -c2   13   14 
M 87074/1 * ult 1.5 0   9   
M ult 1.5 * 87074/1 0   10   
M 95191 * ult 1.5     5 10 
M ult 1.5 * 95191     5 11 

 
Conidia germination rates 
The conidiospores from strain 87074/1 germinated with 19,8%. Conidia spores from 
strain Ult 1.5 grew with 42,9%, from strain Br-518-c2 20,2% and strain 95191 grew 
with 18,6%. The variation, thought, was very big for Br-518-c2. Statistically this 
mean value can not be trusted. See table 7 in appendix. 
 
Growth rate 
In the growth rate experiment, the strain Ult 15 was statistically significant separated 
from the four slowest ones, marked with a “b” (figure 16). The growth rate of Br-518-
c2 and Ult 1.73 could not be separated from any of the other strains statistically.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. The growth rates on the seven strains, grown on the low nutrient agar 
MEA/10. The strains has been divided into groups (a and b) to show which is 
significantly different from each other. The columns marked with the same letter can’t 
be separated with a 95% confidence interval (p-value over 0,05). 
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Metal and pH tolerance 
The diagrams are to be seen in the appendix, figure 17-19. Graphs that show the 
statistically significance between the strains in a given metal concentration is shown 
in figure 20-23.  
The pH tolerance did not seem to differ between the strains; the relationship between 
the strains growth rate did not change much due to different pH. There was however 
one exception; strain 87074/1 decreased more in growth rate on pH 7 than the other 
strains did.  
In the metal experiment a general pattern in both the copper and zinc test was that the 
growth rate increased slightly on the low concentration from neutral, but made a big 
dip at the high concentration. Some of the strains acted however otherwise; the strains 
95191 and Br-518-c2 did decrease in growth rate on the low concentration of zinc, 
and strain 95191 did the same at the low concentration of cupper.  
With an 95% confidence interval (p-value under 0,05) the strains Ult 1.5 and Br-518-
c2 can be separated from each other on 0,001 % Zn, but not on 0,005% Zn. Br-518-c2 
differ from 87074/1 on 0,005% zinc but not on 0,001% zinc. The strains 87074/1 and 
RB-48-9 separates from 95191 on 0,001% zinc but not on 0,005% zinc. Ult 1.5 grew 
faster than all other strain on 0,001% zinc, but do not differ from the rest strains on 
the high concentration. A similar scenario is seen on cupper; Ult 1.5 differ from all 
strains except Br-518-c2 on 0,001% cupper, but do only separate from 95191 on 
0,005% cupper, which in fact grow faster on this concentration. 
 
Other observations 
The plates with a transferred strip from the homokaryon-heterokaryon plates were 
searched for intersections of genetically distinct mycelia. If there were two sections in 
the plate that seemed to be separated from each other, both sections were used for 
further investigations. Some of the sections separated clearly from each other, but in 
many cases it was unclear to see. When analysing the DNA in the sections 11 section 
pairs appeared to be a homokaryon and a heterokaryon with the same homokaryotic 
nucleus in it, 3 were two heterokaryons together, 4 were a homokaryon with a 
trikaryon, 3 a dikaryon with a trikaryon and 3 appeared to be the same dikaryon, i.e. 
they were in fact not intersections. 
 
 
Discussion 
 
I have found that nuclei differ in their ability to form heterokaryons, in a number of 
ways. The mitochondria did not seem to have any general effect in my experiment; 
invading nuclei did not differ between the two types of heterokaryons, and 
homokaryons reacted similar on both mitochondria types.  
 
Conidia matings 
Ult 1.5 is the fastest, while 95191 is the slowest growing of the four strains. 95191 did 
often let heterokaryotic nuclei into its mycelia, while Ult 1.5 didn’t let other nuclei in 
easily, in the homokaryotic-heterokaryotic matings. These facts indicate that the speed 
of growth is a main factor in inter-nuclear competition or cooperation. The difficulty 
to estimate growth rate of the conidiospores make the results of this experiment a bit 
unstable. More replicates on the growth rate could confirm if these results is proper. 
However, even thought the growth rate experiment was not reliable, disproportionate 
amount of conidia may not affect the outcome; since Ult 1.5 was estimated with the 
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highest germination rate (double as high as the others) the conidia from this strain was 
added in a lower amount. The Br-518-c2 should probably been added in a lower 
amount than it was, because the zero germination values was included when 
calculating the growth rate. In spite of this likely over dozing, this strain was out 
competed by Ult 1.5, or cooperating with 87074/1.  
The strain 95191 was not present in any case. The facts about this strain could explain 
the results; It is slower than both Br-518-c2 and Ult 1.5 (see figure 16), and it do not 
seem to be very aggressive, looking at the invading rates (figure 10) and is often out 
competed (figure 11). The strain 87074/1 is however even more often out competed 
and has about the same invasive rate and growth rate. The data in table 8 (appendix) 
suggest that 95191 and Br-518-c2 cooperate better than 87074/1 and Br-518-c2. With 
this information it is likely that conidia from 95191 were added in too small amount. 
But we must also consider that conidia may behave differently than what mycelia do. 
 
Heterokaryotic- homokaryotic pairings 
A number of questions could be evaluated in this experiment. The main question, “do 
nuclei differ in their ability to form heterokaryons” is divided into ability to invade 
and cooperative abilities.  
 

• Invasive capacity of heterokaryotic nuclei 
Due to the statistical test the invasive rates between the strains vary. Ult 1.5 and Br-
518-c2 is more invasive than 87074/1 and 95191. They are also more fast growing 
than the later ones. That makes Ult 1.5 and Br-518-c2 more aggressive in two ways. 
The term “invade” could also be turned in the other direction, meaning that the 
invaded homokaryon is in fact the one that decides who is going to enter, (as Coates 
and Rayner (1985) put it, the “choice” of the homokaryon). Common invaders are in 
this case popular partners of the homokaryon. This argument becomes a bit doubtful 
when you see that homokaryotic nuclei are sometimes out concurred. The risk to be 
out competed could be a reason why some homokaryons is so restrictive in letting 
other nuclei in. This risk has to be weight to the benefits that the homokaryon gains of 
becoming a heterokaryon, with the possibility to reproduce sexually. (That is the risk 
with every relationship). 
 

• Behaviour of invaded homokaryons 
The differences between the homokaryons are mainly described in figure 11. A quick 
look gives that Ult 1.5 strongly separates from the others, Br-518-c2 and 87074/1 act 
quite similar to each other and 95191 is seldom found alone. The differences could be 
explained by different strategies, where Ult 1.5 not as often as the others takes the risk 
of being out competed by an invader. The disadvantage of this strategy is the lost 
opportunity to form a virile, fruit body producing heterokaryon.  
 

• Behaviour of invading nuclei 
An interesting difference could be seen in the strain Ult 1.5. As a homokaryon it did 
not let invading nuclei in more than once of 17 opportunities. On the opposite, as an 
invading nucleus free from influences from mitochondria and cytoplasm, it coexisted 
58 of 60 opportunities. This is the only possible effect from the mitochondria that I 
have seen in my study.   
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• Cooperation ability 
Look at the figures 13, 14 and 15 in the results. The nuclei Br-515-c2 and Ult 1.5 is 
the most common combination in total as well as in dikaryons. These strains are the 
most aggressive of the four strains; they have the highest growth rate (thought Br-
518-c2 do not differ significantly from the slower strains) and are significantly more 
invasive than the two others. An important fact could also be the geographical origin 
of these. They are both from Sweden, so the genetic variation should be less between 
those than the others, and they may therefore have more easy to cooperate. The Italian 
strain, 87074/1, is the most uncommon partner. It is, as we see in figure 11 and 12, not 
often alone either. This means that 87074/1 is an ineffective invader and is easily out 
competed as a homokaryon. A good guess is that this Italian strain is most far related 
from the other three strains. The Swedish strains should be closer related with each 
other, and the Russian strain, 95191, is more related to the two other northern strains 
than what the Italian strain is. The conclusion of this is that relatively close related 
cooperate better than far related strains. The conidia experiment did however not 
show the same pattern. There the Swedish strain BR-518-c2 mated with the Italien 
strain 87074/1. Reasons for this could be different behaviour of conididiospores 
respective mycelia. 
 

• mitochondria effect 
There is no difference in homokaryotic behaviour due to the mitochondria type of the 
invading heterokaryon. This means that the nuclear composition that is formed in the 
homokaryon is not affected by the mitochondria type.  
One example, however, suggests a difference. It is when the homokaryon 87074/1 is 
invaded by nuclei from the heterokaryon formed by Br-518-c2 and Ult 1.5. When Br-
518-c2 is the mitochondrial type, no trikaryons were formed, but the homokaryon 
87074/1 is alone (not invaded) 6 times. In the opposite, when Ult 1.5 is the 
mitochondrial parent, 6 trikaryons were formed and the invaded homokaryon was 
alone only one time. No dikaryons or out competed homokaryotic nuclear is present 
for any mitochondria types in this case. 
How could a difference like this be explained? Could the mitochondria from Br-518-
c2 have stopped its nucleus to emigrate? Do the mitochondria loose in some way, for 
example get less energy if the cell is occupied in emigrating nuclei? With this point of 
view it may be speculated that the mitochondria from Ult 1.5 is weak, and the one 
from Br-518-c2 is strong.  
Aanen et.al. (2004) come up with some possible explanations of the mitochondria 
behaviour. Emigration of nuclei from a heterokaryon to a foreign homokaryotic 
mycelia results in a new heterokaryon being formed. A heterokaryon is fast growing 
and can produce fruit bodies for sexual reproduction. This gains the emigrated 
nucleus, but not the mitochondria, since the mitochondria do not emigrate. Instead, 
the mitochondria get a strong and virile opponent to compete with.   
 
The additional question to explain is how did Ult 1.5 and Br-518-c2 react in other 
combinations of heterokaryotic partner and opposite homokaryon. The data collected 
do not show any similar disproportions between the same heterokaryon and the 
homokaryon 95191; when the same heterokaryon was mated with 95191 the 
difference was little or not existing. This indicates that the mitochondria do not 
influence nuclear migration, or do it only occasionally, driven by predictions not 
known.  
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If the invasion differ between which homokaryon that is invaded, there might be 
worth even discuss the homokaryons advantages and disadvantages of being invaded 
by certain nuclei. Coates and Rayner (1985) talk about the homokaryons choice of 
partner nucleus. They say that if one of the invading nuclei is a sibling; the other one 
is often preferred as a partner. Other choices were also observed that could not be 
explained by this sibling-thesis.  
 
The big difference between Ult 1.5 as a homokaryon and as an invading nucleus could 
be explained by mitochondria influence. As a homokaryon it didn’t accept other 
nuclei in its mycelia, but as an independent nucleus it often coexisted with other 
nuclei. This could be due to some strategy of the mitochondria. 
 

• Do the heterokaryotic nuclei invade separated or together?  
Two samples were taken from 27 plates, resulting in 54 samples. Of these samples 17 
had intact heterokaryons. The rest, 37 samples, had just one or none of the 
heterokaryotic nuclei in it (see table 5 in appendix). These data could indicate that 
nuclei in general emigrate alone. If we instead look at all samples, not just the paired 
ones, the numbers look a bit different. In 40 samples only one heterokaryotic nucleus 
had invaded. In 36 samples both nuclei had invaded together. Whatever the 
proportions is, it is shown by this experiment that nuclei can invade separate, and do 
that at least as often as together with it’s partner.  
 

• Trikaryons, is it true? 
As mentioned in the results, there is not conclusive evidence that the samples referred 
to as trikaryons really are trikaryon. A trikaryon would occur when a cell consists of 
three nuclei with different genotype. The previous research has not proved that 
trikaryons exist in Heterobasidium. Johannesson and Stenlid found four nuclei types 
in the same mycelia of heterobasidium annosum, 2004. In my mating experiments I 
never picked out a single cell, but took pieces of mycelia.  Pieces of mycelia were 
transferred three times, first as a strip from the inoculum plate. When the strip had 
grown enough for intersections to be seen, small pieces, 4*4mm, was transferred to a 
new plate. When those had grown to the edges of the plate, a new small piece was 
transferred to the final plate from where the DNA was extracted. It is possible that 
mycelia with different nuclear contents overlapped each other in the plates. But the 
more they grew the more chance they had to either homogenize the mycelia, or 
separate in the different nuclear combination visible by intersections. For every time a 
piece was transferred the chance grew that only one type of mycelia was picked. 
 

• Are there some combinations of trikaryons that do not occur? 
Mitochondria that do not support trikaryon?  

All the four possible trikaryon compositions are found in my samples.  
Both mitochondria types of the heterokaryon 87074/1 * Ult 1.5 did not form any 
trikaryons, while all other heterokaryons did that with at least one of the two 
homokaryons. In fact 87074/1 did not emigrate at all in combination with Ult 1.5. As 
visible on figure 10, 87074/1 is the weakest invader of all strains. Due to this data the 
ability to form trikaryons is most likely to be linked to invading capacity. 
 

• Partial nuclear transfer (recombination)? 
When looking at the megabase output for the heterokaryotic homokaryotic matings, 
the two loci did not always show the same thing; the indication of a certain nucleus 
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was only visible on one of the loci. Could this indicate a partial transfer of DNA? 
Previous research has showed that in some matings only a part of the DNA of one 
nucleus is transported to the new mycelia (Beeching et al. 1989). 
 
Metal and pH tolerance 
The knowledge gained from this experiment may be used when looking at nuclear 
behaviour in different environment. For example the strain 87074/1 grows faster than 
the strain A358r in pH 6, while in pH 7 strain A358r has the highest growth speed of 
the two.  
The strain Ult 1.5 is on both neutral media and the low metal concentrations the, or 
one of the fastest growing strains. But when the metals are in a higher concentration 
other strains perform better. The strain 95191 is significant faster in growth rate on 
0,005% cupper. This strain is one of the slowest in other conditions. This results show 
that the environmental conditions may affect the performance on strains differently. 
The behaviour of a strain is therefore not locked, but can be reversed when the 
growing conditions change. If the performance of the strains reflects the nuclear 
performance you could suggest that the nuclei in a heterokaryon may complement 
each other in different environment. 
 
More knowledge about how the strains react in different environment can help set up 
experiments investigating: Do nuclei complement each other or even compete each 
other in different environment? Is the emigration of certain nucleus affected of 
environmental factors? Are homokaryons more or less accepting of invading nuclei in 
different pH or metal concentrations?   
 
Individual concept 
The individualistic mycelium concept of Rayner (1991) says that the individual in 
basidiomycetes is represented by the heterokaryon. The possibility of an existing 
trikaryon that my results strongly suggest makes the concept of Rayner doubtful when 
it comes to H.annosum. If trikaryons exist, are those also defined as individuals? 
Johannesson and Stenlid 2004 found four nuclei types in the same mycelia, a possible 
tetrakaryon. If these tri- and tetrakaryons are as stable and virile as the heterokaryon 
remains to be proved.  My opinion is that if a fungus can exist as a monokaryon, 
dikaryon, trikaryon and maybe even tetra- and pentakaryon, the individual can not be 
defined by only one of these states. It should be more proper to look at the mycelia as 
a container for nuclei of different genotype to use and coexist in. Nuclei can move in 
and out from different mycelia, live alone, in pairs or even in bigger groups. I would 
suggest another definition of the individual, where the nucleus is the individual unit.  
There are a lot of things to learn about the relationship between the partner nuclear 
types in the cell. My results show that they act differently, in a number of ways. 
Further questions to be asked are if they cooperate or compete with each other. For 
example I have shown that certain nuclear types perform better in a certain pH. Does 
the partner nucleus get some kind of support from the best performer, or is it 
competed by the other? What is strongest, selection of a nucleus that compete others 
to be the only one left, or a cooperative nucleus that gain the benefits of reproduce 
sexually with its partner? 
The mitochondria was once a free living organism, but has been living in the cell for 
so long that the boundaries between the mitochondria and the cell has become hard to 
define. However, it has its own DNA, and could similar to the nucleus be defined as 
an individual unit.  
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Further research 
To test the effect of the mitochondria the experiment could be preformed in another 
way. There is a small chance that mycelia had grown over the interaction zone. If this 
is the case the mitochondria is actually mixed, and the two heterokaryons is identical. 
To prevent this one could pick out the inoculum piece further away from the 
heterokaryon. 
The indication of trikaryons in my experiment brings up the urge to prove if it really 
is three nuclei in the same mycelia or if it’s the mycelia that is mixed. To test this, 
single cells in form of hyphae tips may be picked and germinated. Alternatively 
conidia spores from the possible trikaryon could be grown. 
 
 
Conclusions 
 
Yes, the nuclei do differ, in terms of: 

• Ability to form heterokaryons 
• Invasive ability 
• Partner preferences 
• Growth rate 
• Behaviour of the homokaryon when invaded by heterokaryotic nuclei  

 
No, the mitochondria have no effect on homokaryons behaviour when invaded or the 
emigrating nuclei. The big difference between the strain Ult 1.5 as a homokaryon or 
as an invading nucleus may however indicate some mitochondria effect. 
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APPENDIX 
 
Biography of the strains 
Ult 1.5: The strain from Uppsala is fastest besides Br-518-c2, its closest neighbour. 
This nucleus is aggressive and do not let other nuclei enter its mycelia. On the other 
hand it does not deny company when invading a new mycelia, no matter if the 
company is the invading partner or the invaded homokaryon. As a bunch of spores 
this strain compete all others, due to its growth speed and its lonely habits. Its best 
playmate is the strain in the north, Br-518-c2. When these two are together they are 
most often alone and don’t let a third part in.   
 
Br-518-c2: As mentioned before neighbouring playmate of Ult 1.5. Though this strain 
is similar with Ult 1.5 in growth speed and invading capacity, it has better ability to 
cooperate with others. For example as a homokaryon it invites invaders almost as 
often as it denies them to enter.  
 
87074/1: From far Italy this strain might be a bit maladjusted in company with the 
north strains. This could explain why it’s the most often out concurred homokaryon. It 
spends as much time alone as in pair or in a group of three. The slow growth rate goes 
hand in hand with it’s disinclination to move outside it’s mycelia and into others. 
 
95191: The Russian strain likes company but is often out concurred. Especially does it 
not make the pressure of two other competing conidia spore bunches, but is totally out 
concurred. It seems to prefer the two Swedish strains above the Italian, but accept any 
company. 95191 is a slow growing strain, and is a weak invader. Maybe this is a 
reason why it prefers the more virile Swedish strains as company. Weak is drawn to 
strong, as they say. 
 
Table 5. Raw data. U is Ult 1.5, 9 is 95191, 8 is 87074/1 and Br is Br-518-c2. The 
cells with an “-“ are samples that failed in the genotyping process. The fields filled 
with colour are the not attempted combinations. Cells with an “x” simply show that 
just one sample was taken from that combination, because no intersections were seen. 
The blank cells are missing data from technical difficulties. The yellow squares is 
showing that clamp connections were found. 
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  A B A B A B A B 

  ult 1.5 ult 1.5 95191 95191 87074/1 87074/1 
br-518-
c2 

br-518-
c2 

M br-518-c2 * 
87074/1 1    9 8 9 Br         
 2    9 Br x         
 3    9 Br 8 x         
 4    9 Br x         
 5    9 Br 8 x         
 6     9 Br 9 Br 8         
M 87074/1 * br-
518-c2 1 U x 9 8   x         
 2 U x 9 Br x         
 3 U x 9 8 Br x         
 4 U x 9 9 8 Br         
 5 U x 9 Br x         
 6 U x 9 8 Br x         
M 95191 * 87074/1 1 - x         Br Br 8 
 2 U x         Br Br 8 
 3 U x         Br x 
 4 - x         Br x 
 5 U x         - x 
 6 U x         Br x 
M 87074/1 * 95191 1 U x         9 x 
 2 U x         Br 8 9 x 
 3 U x         Br 8 9 Br 8 
 4 U x         Br 8 9 x 
 5 U 9 U         Br x 
 6 U x         Br x 
M br-518-c2 * ult 
1.5 1     - x 8 x     
 2     9 Br U 9 8 x     
 3     9 Br U x 8 x     
 4     Br U 9 Br U 8 x     
 5         8 x     
 6     Br U 9 U 8 -     
M ult 1.5 * br-518 -
c2 1     9 U Br U Br 8 U Br x     
 2     - U Br 8 U Br x     
 3     U Br x 8 U Br x     
 4     U Br U 8 U Br x     
 5     9 U Br x 8 8 U Br     
 6       9 U Br 9?? 8 U Br     
M 87074/1 * ult 1.5 1     9 U x     Br U Br 
 2             Br  x 
 3     9 x     Br Br U 
 4     9 U x     Br U Br 
 5     9 U x     Br U Br 
 6     9 U 9 U     Br U Br 
M ult 1.5 * 87074/1 1     - x     Br U Br 
 2     9 U x     Br U Br 
 3     9 U x     Br U x 
 4     - x     Br Br U 
 5     9 U x     Br U U 
 6     9 U 9 U         
M 95191 * ult 1.5 1         8 x     
 2         9U x Br U Br U 
 3         9 U x Br 9 U Br U 
 4         9 U x Br 9 U Br U 
 5         8 x Br U x 
 6             - x 

M ult 1.5 * 95191 1         8 U U 9   
 2            Br U x 
 3         U 9 8 U 9 U 9 Br U 
 4         8 U 9 x   
 5         8 U x Br U - 
 6         8 x Br U x 
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Tabel 6. This table shows how the nuclei invaded different homokaryons, in both real 
numbers and percentage of all possibilities to invade.  
 87074/1   % 
 inv not inv tot inv 
Br-518-c2 6 7 13 46 

95191 5 8 13 38 
Ult 1.5 12 13 25 48 
     
     
 Ult 1.5   % 
 inv not inv tot inv 
87074/1 0 17 17 0 

95191 1 10 11 9 
Br-518-c2 0 6 6 0 
     
     
 Br-518-c2   % 
 inv not inv tot inv 
87074/1 6 28 34 18 

95191 6 20 26 23 
Ult 1.5 22 10 32 69 
     
     
 95191   % 
 inv not inv tot inv 
87074/1 8 18 26 31 
Br-518-c2 24 6 30 80 
Ult 1.5 17 9 26 65 

 
Table 7. The number of germinated spores from two replicates of each of the four 
strains is written in the white cells. Percentage of germinated spores is given in the 
cells named “percent”. A total percentage from both replicates is written below. One 
of the replicates of the strain Br-518-c2 did not grow, but was still included 
days old 24 34 24 34 24 34 24 34 

 87074/1 87074/2 Ult 1.5 Ult 1.6 
Br-518-
c2 

Br-518-
c3 95191 95191 

100 
spores 21 32 40 39 38 0 17 28 
 26 39 35 42 40 0 21 31 
 15 34 41 58 44 0 27 39 
average: 20.7 35.0 38.7 46.3 40.7 0.0 21.7 32.7 
10 spores 3 0 2 6 2 0 3 0 
 2 1 3 8 1 0 2 0 
 1 0 4 3 9 0 1 0 
average: 2.0 0.3 3.0 5.7 4.0 0.0 2.0 0.0 
percent: 20.3 19.2 34.3 51.5 40.3 0.0 20.8 16.3 
tot. 
percent:  19.8  42.9  20.2  18.6 

 
 
Tabel 8. This is one way of looking at the heterokaryon homokaryon mating 
experiment. The data of which nuclei coexist with who is given both as real numbers, 
and in percent of total possibilities to coexist. Amounts in dikaryons, trikaryons as 
well as a total amount is shown.  
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 8 + U 8 + 9 8 + Br 9 + U 9 + Br U + Br 
dik. 3 2 3 16 5 25 
trik. 15 11 15 8 17 14 
total 18 13 18 24 22 39 
possible 71 61 68 61 56 66 
%       
dik. 4.2 3.3 4.4 26.2 8.9 37.9 
trik. 21.1 18.0 22.1 13.1 30.4 21.2 
total 25.4 21.3 26.5 39.3 39.3 59.1 

 
 
Metal and pH tolerance 

 
Figure 17. This graph show 
the growth rate of the 
strains on different 
concentrations of cupper. 
The difference between 
neutral and the lowest 
concentration is low. All 
strains are slower on the 
highest concentration. 
 
 
 
 
 
Figure 18. Growth rates on 
different concentrations of 
zink. All strains grow 
slower on the highest 
concentration. Br-518-c2, 
RB-48-9 and 95191 shows 
no difference in growth 
between neutral and 0.001 
Zn, while the other is more 
or less faster when growing 
on 0.001 Zn. 
 
Figure 19.This diagram 
show the growth rates on 
different pH. All strains 
grow fastest at pH 5 except 
RB-48-9 that is fastest at 
pH 6. The difference 
between the strains is in 
general bigger than the 
variance within one strain. 
The most extreme strain is 
87074/1, which is much 
slower at pH 7. 
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Figure20-23.This four 
diagrams compare the 
strains in a given metal 
concentration. The letters a, 
b and c tell which strains 
that is statistically 
significant separated, with 
a 95% confidence interval.  
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Glossary 
amplification copying of a locus in the DNA 
base pair the units that build the DNA sequence 
basidiomycet one of the phylum in the kingdom fungi 
Clamp connection a small cell that connects two cells in basidiomycetes 
cytoplasm the fluid content of the cell that surrounds the nucleus 
dikaryon a cell with two nuclear types 
DNA deoxyribonucleic acid, were genetic information is stored 
genotype a given genetic composition 
hemocytometer a microscope glass with squares of a given area 
heterokaryon the vegetative stage of root rot with two nuclear types 
homokaryon the vegetative stage of root rot with one nuclear type 
hyphae a chain of cells that builds the mycelium 
inoculate to start a germination by add a growing material to a grow substrate 
interaction zone a zone were nuclear exchange may occur between two fungi strains 

intersection 
a area in the mycelia that is separated from the surrounding mycelia by some kind of 
border 

locus, loci a specific site in the DNA 
mating types compatibility groups, similar to gender 
microsatellite locus a locus with a couple of repeating base pairs, used to recognize a genome 
mitochondria the energy producing organelle in the eukaryotic cell 
modular a modular fungi spread by fragments of mycelia 
monokaryon a cell with one nuclear type 
mycelia a network of hyphae that builds the fungus 
nuclear type genotype, nuclear with a given genetic content 
PCR Polymerase Chain Reaction, copying of a certain locus on the DNA  
precipitate make unsoluable 
primer a marker that tells on which locus the DNA shall be copied during PCR 
somatic 
incompatibility The phenomenon that separates heterokaryons (the individuals) from each other 
strain in root rot: a genetically distinct mycelium 
supernatant the liquid that remains when a pellet of DNA has formed during DNA extraction 
trikaryon a cell with three nuclear types 
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