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ABSTRACT 
 
To understand the evolution of different sexual life styles within the two genera 
Gelasinospora and Neurospora this study aimed to make a phylogenetic tree with good 
resolution. In order to do so proteinkinase C (pkC) of 62 strains from both genera were 
sequenced and compared on genetic level. These strains contained species both with 
homothallic(self-fertile)- and heterothallic(outcrossing) life style. The genetic marker used for 
the study, pkC, had been tested in an earlier study with good resolution. All species had 
several informative characters in their DNA that could be used to group closely related 
species and separate them from others. A program then calculated how a possible 
phylogenetic tree would look like, with the different species groups as branches. The tree 
produced in this study suggested that heterothallism was the ancestral life style for both 
Gelasinospora and Neurospora. 
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INTRODUCTION 
 
Since the discovery of the circadian rhythm in the ascomycete Neurospora crassa, the family 
Sordariacae has been well studied by biologists all over the world (Davis and Perkins, 2002). 
Not only are they one of the fastest growing fungi among the true fungi, but also good model 
organisms for evolutionary research (Perkins, 1992). To be able to fully understand how this 
family evolved, (and how the selection of different characters in the genome can be proved), 
one must first learn about the species and their genealogy within the family. This study aims 
to clarify the phylogeny of some of these species. 
 
Homothallism, heterothallism and presudohomothallism 
The Sordariacae family consist of many genera such as Neurospora, Gelasinospora and 
Sordaria. These genera are not very different from each other (Dettman et al, 2003) and the 
species within them can therefore be mixed up easily. Some characters though separate some 
species from the other distinctively. Species can be homothallic, heterothallic or 
pseudohomothallic, using different strategies of sexual reproduction. Homothallic species 
form homokaryotic mycelia that are self fertile, whereas the homokaryotic mycelia of the 
heterothallic species must fuse with mycelia of the other mating type. The homothallic species 
also lack production of the vegetative spore called conidia. Pseudohomothallic species mostly 
need to have two different mating types for sexual reproduction, but sometimes ascospores 
are produced with both mating types. Also different is that they only produce half as many 
spores per perithecia as the heterothallic species do in the sexual cycle (see fig1). It is 
suggested that pseudohomothallism has evolved independently several times from species 
with heterothallic life style (Raju and Perkins 1994). It is not known which life style that is 
the ancestral one for Gelasinospora or Neurospora. Even though Yun et al (1999) showed 
that homothallism had evolved from heterothallism in Cochliobolus, it must not necessarily 
have been that way for species within Sordariacae. 
 
 

 
Figure 1 – Neurospora ascus development. In this picture it is described how the 
pseudohomothallic life style (lover part) differs from the heterothallic (upper part). (Davis, 
2000) 
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PkC 
In this study proteinkinase C is used as a marker to find genetic characters that can help to 
form the phylogeny. PkC is a single copy nuclear gene, with a better resolution than the 
commonly used ITS-region (Dettman et al, 2001), but more appropriate than micro satellites 
for this kind of phylogeny. It has already been proved to be a good gene for markers in the 
fungus Daldinia loculata (Johannesson and Stenlid, 2000). 
 
 
Other studies 
Dettman et al (2001) showed that ascospore morphology was not good enough as a character 
for distinguishing between the two genera Neurospora and Gelasinospora. The heterothallic 
species in the Neurospora genus tree were then reconstructed in two papers published 2003 in 
Evolution. The papers aimed to try the multilocus genealocical method against the biological 
method with crossing experiments. In their work they found three phylogenetic species not 
earlier separated from the other species (Dettman et al, 2003) (Garcia et al, 2004) did a similar 
study with Gelasinospora, reconstructing that genus. Their aim was to compare analyses of 
DNA sequences with morphological features. In their study they confirmed that 
Gelasionspora and Neurospora should not be separated from each other. 
Recently a paper was published in Mycological Research that compared the old species 
recognition method using spore characters with the new DNA marker recognition method. 
Their work showed that the old method failed to separate some species where this relatively 
new method did not (Cai et al 2006). Neither of these studies had resolution good enough so 
that could be used to explain how the evolution of homothallism and heterothallism has taken 
place. This question was discussed by concerning other fungal species back in 1999, they 
found that homothallism had evolved from heterothallism whithin the Cochliobolus species 
(Yun et al, 1999). 
 
 
AIM 
The aim of this study is to reconstruct a phylogenetic tree of the species shown below, using 
genetic markers. The tree should have good resolution enough to see how many times 
homothallic and heterothallic life style has evolved and disappeared within the two genera. 
Another aim is to learn how to work with fungal DNA in lab and with sequences on 
computer, and also how to grow Sordariacae fungi and prepare them for PCR. 
 
 
MATERIALS AND METHODS 
 
Primers and gene markers 
The primers used in this study were developed in an earlier study when testing pkc as a 
possible genetic marker in Daldinia loculata (Johannesson and Stenlid, 2000). 
 
Table 1: The primer sequences used in this study 
Primer Sequence Tm value 
PkC 
forward 

AAGATCGAGCGCGAAAAGGCTCTGA
TC 

67,64 

PkC 
reverse 

TATCTCTTSARTGCCTGCTTCAAGA 63,80 
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Fungal isolates and growth medium 
36 strains came from Fungal Genetics Stocks Center, Kansas City (FGSC) and 26 strains 
came from the Facultad de Medicina, Reus (FMR) (see table 2). They were generally grown 
on Westergaard’s minimal medium, but some difficult species had to be cultivated with richer 
media such as Westergaard’s salts with sucrose or with oatmeal agar. Westergaard’s solution 
contains salts KNO3 (1,0g), KH2PO4 (1,0g), MgSO4 (1,025g), CaCl2 (0,2g), and NaCl (0,1g), 
per one litre water. Also added were trace elements (0,1ml), biotin (2,5mg) and fructose 
(20g). The oatmeal agar is only a very simple agar made of oatmeal that shall be mixed with 
water (1 litre H2O per 72,5g dry agar). All isolates that did not work with their original 
substrate were given a special treatment with the richer media described above. Each difficult 
species was grown with four different methods. First, half of the tubes with a liquid 
Westergaard’s solution were put on a shaker and in 37°C. Second, the other half of the tubes 
was placed in room temperature. Third and fourth, strains were also grown on two petri plates 
each, one with Oatmeal agar and one with common agar containing Westergaard’s salts. All 
plates were placed in room temperature. 
 
Table 2: Fungal strains used in this study 
species name isolat number mating strategy 
G. calospora FGSC 0958 homothallic 
G. cerealis FGSC 0959 homothallic 
N. dodgei FGSC 1692 homothallic 
N. galapagosensis FGSC 1739 homothallic 
N. africana FGSC 1740 homothallic 
N. terricola FGSC 1889 homothallic 
N. lineolata FGSC 1910 homothallic 
S. fimicola FGSC 2918 homothallic 
N. sublieolata FGSC 5508 homothallic 
G. calospora FGSC 6536 homothallic 
G. reticulospora FGSC 6537 homothallic 
Gelasinospora sp. FGSC 6877 homothallic 
G. indica FGSC 7793 homothallic 
G. hapsidophora FGSC 7797 homothallic 
G. dichtyophora FGSC 7798 homothallic 
Gelasinospora sp. FGSC 8238 heterothallic 
Gelasinospora sp. FGSC 8239 heterothallic 
Gelasinospora sp. FGSC 8240 homothallic 
Gelasinospora sp. FGSC 8241 homothallic 
Gelasinospora sp. FGSC 8242 heterothallic 
Gelasinospora sp. FGSC 8243 homothallic 
G. santi-florii FGSC 8330 homothallic 
G. santi-florii FGSC 8331 homothallic 
G. hapsidophora FGSC 8332 homothallic 
G. hapsidophora FGSC 8333 homothallic 
N. sitophila FGSC 8770 heterothallic 
N. tetrasperma FGSC 8774 pseudohomothallic 
N. discreta FGSC 8780 heterothallic 
Phylogenetic Species 1 FGSC 8817 heterothallic 
N. crassa FGSC 8830 heterothallic 
Phylogenetic Species 3 FGSC 8838 heterothallic 

continued   
N. intermedia FGSC 8844 heterothallic 
Phylogenetic Species 2 FGSC 8847 heterothallic 
N. crassa FGSC 8858 heterothallic 
N. crassa FGSC 8900 heterothallic 
N. intermedia FGSC 8901 heterothallic 
G. indica FMR 5491 homothallic 
G. retispora FMR 5513 homothallic 
N. tetrasperma FMR 5545 pseudohomothallic 
G. santi-florii FMR 5556 homothallic 
G. nigeriensis FMR 5963 homothallic 
N. dodgei FMR 7125 homothallic 
G. endodonta FMR 7127 homothallic 
N. sublineolata FMR 7128 homothallic 
G. reticulata FMR 7129 homothallic 
N. lineolata FMR 7268 homothallic 
G. novoguinensis FMR 7269 homothallic 
G. stellata FMR 7270 homothallic 
G. cerealis FMR 7271 homothallic 
G. kobi FMR 7272 homothallic 
G. uniporata FMR 7273 homothallic 
G. retispora FMR 7276 homothallic 
N. terricola FMR 7279 homothallic 
G. retispora FMR 7280 homothallic 
G. hapsidophora FMR 7282 homothallic 
N. uniporata FMR 7283 homothallic 
G. amorphoporeata FMR 7366 homothallic 
G. pseudoreticulata FMR 7367 homothallic 
G. stellata FMR 7368 homothallic 
N. africana FMR 7370 homothallic 
G. retispora FMR 7510 homothallic 
G. dichtyophora FMR 7511 homothallic 
Unknown species FMR 7512 homothallic 

 
 
 



7 

 
DNA Extraction 
The mycelium was harvested, mortared together with 600 µl CTAB 3% until fully 
homogenized and then put into tubes with screw caps. The tubes were then filled with 600 µl 
chloroform and stored in 65°C for one and a half hour. After the heat storage was finished 
they were centrifuged for 15 minutes at 13000 rpm. The centrifugation was then repeated for 
10 minutes after moving the supernatant to another tube and adding one volume of 
chloroform. That supernatant was then moved to a new tube together with two volumes of 
isopropanol and then stored in the freezer at -20°C for half an hour. After the cold storage the 
tubes were centrifuged again at 13000 rpm for 30 minutes. The pellet was then dried and 
washed with 200µl ethanol 70% by centrifugation for five minutes at 13000 rpm. The final 
washed and dried pellet was then dissolved in water. 
 
DNA Amplification 
PCR was used to amplify the DNA. The reaction volume was 25 µl with final concentrations 
of PCR buffer (20µM), MgCl2 (1,25µM), upstream primer (0,5µM), downstream primer (0, 
5µM), dNTP (2µM), DNA sample (3µM) and the polymerase Thermo-White (0,0063µM). It 
was amplified with a thermal cycle initiated with 95°C for 2 minutes then followed by 35 
cycles with denaturation at 95°C for 30 seconds, annealing at 52°C for 30 seconds and 
elongation at 72°C for 30 seconds, and then extended at 72°C for 7 minutes and finishing at 
4°C for eternity. 
 
Another polymerase was also used. That mix had final concentrations of PCR buffer (20µM), 
MgCl2 (1,5µM), upstream primer (0,75µM), downstream primer (0,75µM), dNTP (2µM), 
DNA sample (4µM) and the polymerase High-Fidelity (0,0037µM). It was amplified with a 
thermal cycle initiated with 94°C for 2 minutes then followed by 35 cycles with denaturation 
at 94°C for 15 seconds, annealing at 52°C for 30 seconds and elongation at 72°C for 45 
seconds, and then extended at 72°C for 7 minutes and finishing at 4°C for eternity. 
 
Electrophoreses was used to ensure that the amplification was successful. This was done on 
an agarose gel 2% at 45 volts for one hour. The gel was then stained with ethidium bromide 
and studied in UV-light. 
 
Purification was done using the QIAquick PCR Purification Kit. The DNA was bound to the 
column using binding buffer PB and centrifugation at 13000 rpm for one minute, then cleaned 
with PE buffer containing ethanol, centrifugation was done twice at 13000 rpm for one minute 
each to ensure that the PE buffer was fully removed from the column. Then last the DNA was 
eluted from the column using elution buffer EB (10mM, Tris x Cl, pH 8.5) and centrifugation 
for one minute at 13000 rpm. 
 
Sequencing 
After measuring the concentration with Nanodrop the purified samples with respectively 
primers were sent to the Macrogen Company in Seoul, Korea for sequencing. Results were 
sent back to the lab using e-mail. 
 
 
 
Sequence alignment 
All sequences were opened and matched in Sequencher (Gene Codes corp.) to create 
consensuses. Each consensus was constructed out of the data from both the forward and the 
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reverse sequence from that isolate. If more sequences had been produced from the same 
isolate all of them were used to construct the consensus. All consensuses were then opened in 
Bioedit (www.mbio.ncsu.edu) and aligned with Clustal W. To be able to find errors more 
easily the alignment was manually adjusted. 
 
Phylogenetic Analyses 
To generate the cladistic trees most plausible, important and significant characters on the 
sequences must be selected. All species differed from each other when you look on their 
sequences, an A on the one strain could be a T on the other and so on. Only those differences 
that had been observed on more than one species could be called an informative character. 
The characters were also controlled manually with the raw data files. Using the alignment 
created in Bioedit, these characters were then imported into PAUP (paup.csit.fsu.edu), a 
program commonly used for creating cladistic trees. PAUP can generate the 100 most 
probable trees, based on the characters selected. In this study heuristic search was used. The 
intron in the region used contained a very chaotic area leading to an ambiguous alignment. To 
save work, this small area was excluded for all species. All the 100 trees are equally probable 
according to that analysis. Each branching on the trees also has a probability, which could be 
calculated with Bootstrap in PAUP. The trees used in the results are based on both some of 
the hundred trees and the Bootstrap calculation. 
 
 
 
RESULTS 
 
In the growth experiment, almost all species grew and produced mycelia enough for DNA 
preparations. Only one strain appeared to be dead, but seemed to have been so even before 
starting the cultivation. Westergaard’s salts medium showed to be most effective, after only 
24 hours half the Petri plate was covered with mycelium for some species. The tubes that 
were placed in 37°C grew faster than the other tubes growing in room temperature. 
 
The reconstruction work proceeded almost completely without trouble. The cladistic tree 
shown below illustrates the results of the marker study. 
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Figure 2 – Cladistic tree of the phylogeny suggested by this study. The tree is one of 
hundred generated using heuristic search (thus not a consensus tree), and with 
probability numbers calculated with bootstrap. The different branches selected with 
black lines show how the different life styles are distributed in the tree. 
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DISCUSSION 
 
In the tree above we can see three branches with only homothallic species that are supported 
by bootstrap. They also match with earlier reconstructions made (Dettman et al 2003) (Garcia 
et al, 2004), but with better resolution. One branch of Gelasinospora containing the 
heterothallic species FGSC 8238, FGSC 8239 and FGSC 8242 stand outside, suggesting that 
heterothallic life style actually could be the ancestral life style for these genera. When looking 
further in the tree we can see how homothallism seems to have evolved in three steps, and 
how heterothallism has been conserved for the species in the branch with the heterothallic 
Neurospora. Also possible would be that homothallism was gained in one step, creating the 
upper part of the tree, then returned only to the species in the branch with N. crassa and N. 
tetrasperma etc. If any of these theories are more plausible than the theory with homothallism 
as the ancestral life style, is hard to say. A path that would have meant that heterothallism 
would have evolved many times, independently. To fully understand the evolution of 
homothallism and heterothallism, data from this study is to be combined with data contained 
from other single copy nuclear genes. It would also be good to include more outgroups with 
species from different sister genera. 
 
Homothallism, when all ascospores contain both mating types, can possibly arise when uneqal 
crossovers occure for heterothallic species. There could be another way of this change to take 
place as well, it is not known right now, but there are indications of such events. A special 
kind of homothallism has evolved for the species N. lineolata, N. dodgei, N. galapagosensis 
and N. africana. These species lack the mating type a and are left with only mating type A. In 
the tree produced in this study it is possible to see how all these species branch up. 
 
The species N. uniporata and G. uniporata both ended up on the same branch ending on our 
tree. This is not very probable since Gelasinospora species differ from most Neurospora 
species in their sexual life style, homothallic species should not be that closely related with 
heterothallic ones. So this must be some kind of error caused by misnaming. Most probable 
would be that both species are Neurospora uniporata or Gelasinospora uniporata. 
 
This reconstruction seems basically to have come the same results as earlier studies. Even so, 
it must be reconsidered what it would have meant if it would have differed greatly from the 
hypothesis. Most likely would then be that the gene and the marker were not suitable for 
studies of phylogeny. Furthermore, an issue could be all the possible errors that could occur 
during the sensitive work with DNA, such as contamination, degradation and measure errors. 
In this work however, only one species ended up on a strange position on the tree. That strain 
was then examined and it seemed to have been contaminated by an other species. Since there 
was not time at that stage to create a new sequence for that species, it was excluded from the 
tree. 
 
What a correct tree would look like is not possible to say, it is only possible to make an 
assessment of what it could look like using all the results available. This means that it might 
be better to create a consensus tree and display that in the results if you want the real picture. 
Although, this work is only a small piece in a greater study and it is therefore more interesting 
to show a tree generated solely from the data found in this study. 
 
Some interesting species from the family Sordariacae were not included in this study. The 
reason is that there was not enough time to do all species available in the lab. Some of the 
species have been tried in PCR a couple of times before we decided to not include them. 
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There could be many reasons for why they did not work, to be able to say more about that we 
should have made optimised runs on the PCR machine or changing the proportions in the 
master mix. For some of the difficult species we tried another polymerase, High-Fidelity, with 
another master mix described earlier. That experiment was no success however, not a single 
strain could be observed on the gel, and no products were produced. 
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