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Abstract 
 
In order to better understand the evolution of the human sex chromosome one can study mating-type 
chromosomes of fungi. This work investigates the post fire ascomycete Neurospora tetrasperma 
mating-type chromosome where there has been found a recombination block which cover over 60% of 
the whole chromosome. Suggested position of gene Mus-42 is at the end of the recombining 
chromosome. This hypothesis is tested using analyzes of offspring originating from segregants of 
parental strains. With the help of enzymes cutting at SNPs digested products could show possible cross 
over event for Mus-42. This would place the gene Mus-42 outside the suppressed region. Results also 
show that the suggested position of the linkage group Ser-3, Leu-4 and Cys-5 remains conserved in the 
N. tetrasperma mating chromosomes.  
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Introduction 
 
Evolution of the mating chromosome 
The human mating chromosomes consist of the two sex variants X and Y. These two chromosomes are 
different and the Y chromosome is smaller (Charlesworth, 1991). Most likely, these two chromosomes 
looked more or less the same at an early stage in evolution (Skaletsky et. al. 2003). One might wonder 
what process that led to the decrease of the size of the Y chromosome. There are several processes that 
can affect the sex chromosome; recombination, chromosomal translocation, inversion, gene conversion, 
gene duplication and Muller’s ratchet (fig 1-6). There are also several ways for the DNA to protect 
itself from changes, one way is to allow over crossing to the opposite chromosome, synchronizing the 
sequences and deleting changes. However, the differences between X and Y suppresses such a cross-
over for a large region of the genome. 

 

 
Fig 1 - Genetic recombination result in offspring with a different combination of genes compared to 
their parents. Recombination occurs when a DNA strand is broken and recombines with another. 
 

 
Fig 2 - Chromosomal translocation is when two different chromosomes exchange parts of DNA. 
 

 
Fig 3 - Chromosomal inversion is a change within one chromosome that makes a segment reversed. 
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Fig 4 - Gene conversion is a process were one strand come in contact with another strand, causing 
changes in that sequence but not necessarily a copy of the sequence from the unchanged contacting 
strand.  
 

 
Fig 5 - Gene duplication leads to a copy of a gene on the region that is less sensitive to selection, it can 
therefore have many mutations. 
 
 

 
Fig 6 – Muller’s ratchet is the term that refers to changes not able to repair caused by blocked 
recombination.  This picture shows deletion, one of the processes involved in Muller’s ratchet, a 
mutation that leads to loss of one or many nucleotides. 
 
It is hard to determine which of these processes, if any, that has led to this difference that we see today. 
The fact that there are more X chromosomes than Y chromosomes in the population, together with the 
slow generation rates of humans and sex specific genes make any of these processes hard to study 
(Berlin and Ellergren, 2004). 
 
The model organism Neurospora tetrasperma 
In this study a post-fire mould ascomycete named Neurospora tetrasperma is used. The Neurospora 
genus is often used in science as model organisms due to their fast growth rate. The most famous 
species in the genus is N. crassa, that has been used to show the circadian rhythm and that now its 
genome also has been completely sequenced (Broad Institute, 2003). Ascomycetes unlike other fungi 
produce asci in which the sexual spores are produced, most Neurospora species produce 8 spores in 
each ascus (Davis, 2000). 
 
The mating chromosomes in fungi are merely autosomes with a mating type locus. For the Neurospora 
genus these chromosomes have either mat a or mat A. There is seven chromosomes totally in the 
Neurospora species, and the mating-type chromosome is the largest one (Fig 7). In N. tetrasperma 
however, there is a recombination block between a major part of the two mating type chromosomes 
(Gallegos, et al., 2000). Therefore, this specific fungus might be very suitable for studies for 
understanding the general phenomenon of sex chromosome evolution. 
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Fig 7 – N. tetrasperma contains six pairs of autosomes and one pair of mating-type chromosomes, one 
can also see that the mating type chromosome is larger and where the suppressed region is located 
 
N. tetrasperma has a special life strategy with both out-crossing and self-crossing mating. It differs 
from N. crassa in the sense that it almost always only produces half as many ascospores per asci. This 
is due to a special life cycle with a meiosis that results in spores with nuclei of both mating types. A 
spore can therefore be heteroallelic with both mat a and mat A type, or more rarely it could be 
homoallelic with only one mating type (Fig 8). In the case of homoallelism there are more than four 
spores per asci. This life-style strategy is called pseudohomothallism (Davis, 2000). 
 

 
Fig 8 – The N. tetrasperma meiosis, resulting in both hetero- and homoallelic spores. 
 
To ensure that spores obtain both mating-types N. tetrasperma mating-type chromosomes seem to have 
a suppressed region between the mat locus and the centromere, making a cross over between the two 
chromosomes impossible in that area (Gallegos, et al., 2000). Other studies suggest that suppressed 
regions such as this also could be growing (Fraser et. al., 2004); a process that in time will lead to 
formation of strata and differences between the two mating chromosomes. The chromosome that 
contains the mat A is the one changing for N. tetrasperma, causing suppression of recombination to the 
other chromosome containing mat a. Just outside the suppressed region lies a region with obligate 
cross-over (Gallegos et al. 2000). Within the obligate region a cross-over occurs in each meiosis. In this 
work we try to find the gene on the suppressed region bordering to the obligate cross-over region. The 
gene Mus-42 was suggested to be such gene based on ds-values (Johannesson and Menkis, 
unpublished), this work will investigate if it is. The ds-value is based on the amount of synonymous 
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changes on the DNA sequence, that is, changes that do not lead to production of a different amino acid. 
In the area of recombination, the two chromosomes will not diverge and the ds-value will be zero. In 
the area of blocked recombination the ds-value will accumulate over time. A high ds-value means a 
longer time has elapsed since recombination last took place on the gene. 
 

Fig 9 – The result of Menkis and Johannesson’s investigation showing ds-values 
for some of the genes between the mating chromosome, Mus-42 with very low 
ds-value stands out as possible end gene. The gene Cys-5 also have a low value 
to be situated at the suggested postion, a zero should mean it is placed outside 
the suppressed region. 
 
Mapping 
Based on the complete sequence of N. crassa it is possible to find gene order in 
the genome. It is, however, not possible to tell if they have been rearranged in a 
different order in N. tetrasperma or how they are located in relation to the 
centromere. To do this one must either investigate some sort of mapping for the 
genes within the region or make complete sequencing. 
 
One approach when investigating mapping is to estimate the gene locations by 
looking on the number of over crossings. There should naturally be very few 
over crossings close to the centromere and relatively many at the ends of the 
chromosome. More importantly, the distance between two genes can be 
estimated based on the number of over crossings in between them. This process 
is not feasible to apply on the blocked region of the N. tetrasperma mating 
chromosome, since no over-crossings would exist. D. Jacobsson (Jacobsson, 
2005) solved this problem by creating a N. crassa strain introgressed with a N. 
tetrasperma mat a chromosome, using mutations to track the chromosome. This 
new strain was able to mate with another N. crassa, a mating with no 
recombination block. Their offspring could then be amplified and identified as 
either N. crassa or N. tetrasperma carriers. If cross-over has taken place in 
between two genes that were supposed neighbors, based on the N. crassa 
complete sequence, there is a very large possibility that the genes are not 
neighbors in the N. tetrasperma genome.  
 

It is not as complex as described above to set where the suppressed region ends at both sides of the 
centromere. One can simply test the gene supposed at the very edge for any cross-over events in an 
ordinary cross with isolated mycelia from the two mating types. 
 
Aims 
This work aims to investigate potential cross-over in Mus-42 which might serve as edge gene of the 
suppressed region. Also, to put further light on the mapping of the changing N. tetrasperma mating 
chromosome using offspring from the introgression cross. Can the genes Ser-3, Leu-4 and Cys-5 be 
identified as a linkage group in N. tetrasperma as suggested by the N. crassa sequence? 
 
 
Materials & Methods 
 
Fungal strains & Crosses 
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Segregates of mat A (2508) and mat a (2509) were obtained from the wild strain FGSC P581 by David 
Jacobson at Stanford University, California. Crosses were made on synthetic cross (SC) medium (1.5% 
agar, 2% sucrose) in 9 cm Petri dishes. To set lab standards for N. tetrasperma crosses different 
treatments were tested. Half of the crossings were placed in room temperature and half in a heated 
room with 37 °C. These two halves were then divided into two new groups, one with normal light 
condition and one with complete darkness. This means that there were four different treatments of the 
crossings in the end. After 14 days the perithecia produced and shoot ascospores onto the Petri dish lid. 
The spores were incubated for seven days in 28 °C to mature before heat shocked in a water bath with 
60 °C for 20 minutes. After the heat shock most spores started to grow and could easily be picked from 
the agar into a separate tube (Perkins, 2005). A total of 61 spores were isolated using microscope and 
spore picking instrument attached to the microscope. An additional 100 offspring were also sent in 
form of conidia from David Jacobson at Stanford University, California. These 100 offspring and the 
61 separated spores from our crosses were then grown in tubes with liquid Vogel’s medium until 
harvested. The total number of offspring used was thus 161. 
 
For the mapping, 85 offspring were sent from David Jacobson at Stanford University, California. These 
are the progeny of the N. tetrasperma and N. crassa crossing series 1 (Jacobson, 2005), the cross in 
which no recombination block has been made possible by introgression of the N. tetrasperma mating 
chromosome into a N. crassa strain. 
 
Confirmation crosses to detect mating type were made on plates of mycelia from 2508 or 2509. On 
each plate conidia from the offspring investigated were placed in a marked area. If perithecia were 
produced in that area that cross was considered positive for the opposite mating type (Fig 11). 
 
DNA Extraction 
Mycelia were frozen in 2 ml micro tubes with screw cap together with 10-20 glass beads. 0.8 ml CTAB 
(3%) was added to each tube before masorating the mycelia in a FastPrep machine. After FastPrep the 
tubes were stored at 65 °C in water bath for 1-2 hours. The tubes were then centrifuged at 8000 rpm for 
5 minutes, 700 µl supernatant of each tube was transferred to a new tube together with 700 µl phenol 
chloroform. Centrifugation was then repeated for the new tubes at 13000 rpm for 8 minutes, then 
moving 600 µl of that supernatant into another new tube together with 600 µl chloroform. The tubes 
were shaken to mix supernatant with chloroform before repeating centrifugation at 13000 rpm for 8 
minutes. After this 500 µl of the supernatant was transferred to the final tube in which 1000 µl iso-
propanol was added, then the final tubes were centrifuged at 13000 rpm for 30 minutes. All liquid was 
then poured out and the remaining pellet was cleaned with ethanol in an additional centrifuge at 13000 
rpm for 5 minutes. Finally the ethanol was removed and the pellet left to air dry for 30 minutes, when 
the pellet was dry 50 µl of TE-buffer was added before cold storage. To estimate the DNA extraction 
success concentrations were measured using Nanodrop, a photo spectrometer that measures absorption 
of light with wavelength 260 nm. 
 
DNA Amplification 
PCR was used to amplify DNA. The reaction volume was 12.465 µl with final concentrations of 
Expand High Fidelity buffer with 15mM MgCl2 (1x), MgCl2 (1.5 mM), upstream primer (0.3 mM), 
downstream primer (0.3 mM), dNTP (0.2 mM), DNA sample (1.2 ng/µl), and High-fidelity polymerase 
(0.0525 U/µl). The termal cycle was initiated with 94 °C for 2 minutes then followed by 35 cycles with 
denaturation at 94 °C for 15 seconds, the primer specific annealing temperature (Table 1) 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. Primers for Mus-42, Ser-3, Leu-4 and Cys-5 were designed using Primer select in 
the program suit Lasergene (DNAstar Inc. 2007). The primers were designed to contain as large region 
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of the gene possible, but also to produce products that could be digested into recognizable bands. The 
primers for mat a and mat A were designed by Lotta Wik (Johannesson, et.al., unpublished) (Table 1). 
 
Table 1 – Primers used for PCR 
Gene Primer Name Primer Sequences Anealing Tempatur e (°C) 

mus-42 TF1 5' -GCGGCCTGCTGGTTCTCGTC- 3' 60.4 

mus-42 TR1 5' -CGCCTACTGGGTTGTGCCTTCATT- 3'  

mus-42 F2 5' -TGGAAGGCACAGCTCAAGTCTCG- 3' 59.6 

mus-42 R2 5' -GAAGCGGATGCCCCAGTTTACC- 3'  

cys-5 F 5' -CATCCATCCATCCATCTTCAACAT- 3' 58.8 

cys-5 R 5' -TTTTACCTCCTTTTCTTCTTTCAA- 3'  

leu-4 F1 5' -GTCACAACGTCGGGCACTCTTT- 3' 60.1 

leu-4 R1 5' -CCTTCTCGCGCTCGGTAATGTT- 3'  

ser-3 F-a 5' -AAAAGCAATACCGCCCGAGTTCAA- 3' 62.4 

ser-3 R-a 5' -GTTCCACGCGACACCCAGACC- 3'  

mat A F1 5' -AAATCTCGGCWGCACTWCCTCA- 3' 57 

mat A R4 5' -CTTTTCGCCCYCGCTTTGTATG- 3'  

mat a F1 5' -CCTCCGTCWACATCGCAACAAT- 3' 57 

mat a R9 5' -CTGAWRMTGWTGCTGAACTGCA- 3'   

 
 
Digestion 
Digestion enzymes were chosen based on SNP(single nucleotide polymorphisms)-sites so that digested 
products of Mus-42 could be used to separate spores with a cross-over event from the other offspring. 
The SNPs made it possible to differentiate a gene of one mating type region from the other (Fig 10). 
When the enzyme locates the specific polymorphism it cuts the strand in two. Since SNPs can have 
different positions on the same gene of different mating types, it means that this gene is cut in different 
ways for the two types, resulting in different lengths of DNA strands. For the linkage group of Ser-3, 
Leu-4 and Cys-5 digested products were designed to separate offspring with N. crassa content from 
those with N. tetrasperma content. Enzymes were chosen using MapDraw in the program suit 
Lasergene (DNAstar Inc. 2007). The reaction volume was 9.1 µl with varying final concentrations of 
specific buffer and enzyme (Table 2). 
 

 
Fig 10 – When the restriction enzyme cut at the different polymorphism sites it will create different 
products. On this gel it is easy to see how one can separate products of A from a and that A + a looks 
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the same as most of the digested DNA from the offspring. The bright band at well ten shows how an 
undigested product looks like, it has not been cut in two and is therefore larger. 
 
Table 2 – Restriction enzymes used for digestion 

Gene Enzyme name Final concentration Buffer name Bu ffer final concentration Recognition site 

Leu-4 EheI 1 unit / µg DNA 10x buffer tango 0.7x 5 '-GGC^GCC- 3' 

Cys-5 FspBI 10 units / µl 10x buffer tango 0.7x 5' -C^TAG- 3' 

Ser-3 HincII 0.1 units / µl 10x buffer tango 0.7x 5' -GTPy^PuAC- 3' 

Mus-42 Tsp45I 0.1 units / µl 10x buffer R 0.7x 5' -^GTGAC- 3' 

 
Gel electroforesis 
Gel electroforesis was used to separate digested products as well for PCR confirmation. In both cases 
2% agarose gel was loaded with 4µl of DNA together with 1µl loading dye. For PCR confirmation the 
gel was run at 140 volts for 20 minutes and for digested products at 80 volts for 125 minutes. To 
visualize results the gels were stained in ethidium bromide and then photographed in UV-light. 
 
Statistical analysis 
A one-tailed t-test was used to test the 1:1 ratio of the linkage group test result. (Perkins 1994) 
 
 
Results 
 
Crossings 
Crossings showed to produce spores at the same time in all treatments. However, the highest amount of 
spores could be observed in the plates exposed to outside light conditions and room temperature (data 
not shown). 
 
DNA extraction 
DNA was obtained from 153 offspring. DNA concentration in the samples ranged between 400 ng/µl 
to 5000 ng/µl. All samples were then diluted to15 ng/µl. 
 
PCR, Digestion and electroforesis 
Out of the 153 spores 139 could be successfully amplified and digested. Spores number 155 and 161 
show the pattern of a Mus-42 A allele only (Fig 11). A mating type PCR shows that spore 161 only has 
A mating type (Fig 12), thus no over crossing but only a rare event caused by the N. tetrasperma life 
cycle (Fig 8). This was also confirmed when growing it on plates with single mating type mycelia. It 
means that out of 139 spores that were successfully digested there is only one cross-over that could be 
detected. 
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Fig 11 – Electroforesis gel with digested products of Mus-42, the arrow point at single banded product 
that could indicate an over-cross, in this case spore number 161 

 
Fig 12 – Electroforesis gel with PCR products for mat-gene A and a 
 

 
Fig 13 – The Petri dishes contain single mating-type mycelia, 2508 (A) to the left and 2509 (a) to the 
right. When mycelium containing the opposite mating-type is inoculated to the plate perithecia will 
form (black dots). If an offspring is heteroallelic there will be perithecial formation in both plates 
which is the case for 155, or if it has only A mating-type there will only be perithecial formation on the 
2509 (a) mating-type dish which is the case for 161. 
 
Out of 85 offspring for each gene 55 worked for Leu-4, 69 for Cys-5 and 77 for Ser-3. The number of 
over crossings are shown in the picture below (Fig 14). The ratio of N. tetrasperma carriers and N. 
crassa carriers was shown not to be 1:1 in the statistical test. 
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Fig 14 – Crossing over results of series 1 offspring for the linkage group Ser-3, Leu-4 and Cys-5. The 
line illustrates a very simple model of the mating chromosome with the genes mentioned in this project 
and the centromere in the middle. The genes ro-10 and mep are included to put things in perspective, 
their cross-over rate is a result of Jacobson, 2005. 
 
 
Discussion 
 
The single cross-over event (Fig 10) excludes the possibility of Mus-42 being within the suppressed 
region. It thereby also tells us that it can not be positioned as the edge gene, but it might have any 
position outside the suppressed region. Most probably it is located in between the suppressed region 
and the obligate cross-over region. Could this be an indication to that the suppressed region is growing? 
 
If the spore 155 would have been heteroallelic it would not affect this result further, a single cross-over 
event is enough to abandon the hypothesis that Mus-42 is within the non recombining region. For the 
Mus-42 cross-over test no statistics is needed in this study since it is a yes or no result based on 
presence or absence. One shall not forget however, that the number of offspring affects the power of 
the test. A similar study with only ten spores would probably not show any cross-over events, but 
would it be accepted as a serious test? The test size used in this study is value based on amount of time 
available, other studies and the assumption of normal distribution. 
 
The linkage group seems to have suffered a relatively high number of over crossings. As written in the 
introduction, this might mean that they are not linked together on the N. tetrasperma region. A cross-
over event on only one of the genes, especially the one in the middle, would have a very low 
probability if the three genes would be grouped together. The statistical test of the ratio of N. 
tetrasperma carriers and N. crassa carriers show no significant 1:1 relation. This might be caused by a 
random effect in unsuccessful amplification of offspring. If a high number of spores from the 
underrepresented carrier are unsuccessful, they would affect the statistical test. That is, if we could se 
digestion results from all 85 spores for each gene there might have been a significant 1:1 ratio. 
 
One can also question the reliability of using mutants to show mating results. Differences can be 
detected in the mutated parent, such as slower growth rate and inability to produce proper conidia. 
Conditions might therefore not be representative for wild-strain behaviour. 
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To come back to the X and Y chromosome, it is important to remember that since there are no detected 
phylogenetical differences between the fungal mating chromosomes the process of divergence is slow. 
A positive selection on one of the genes on the chromosomes linked to e.g. male mating success causes 
these changes to go faster. The question emerges, is the case with the human Y chromosome is a rare 
event in eukaryotes? Are we basing sex chromosome evolution on something that can not be applied 
for all animals? Studies of mice show that they too share this evolutionary trait, a strong indication that 
similar evolution rather be common than a rare event (Fraser and Heitman, 2005). 
 
The processes described in the introduction part (above) may all have been active in the sex 
chromosome evolution. Fraser and Heitman, 2005, suggest that inversion (Fig 3) first created the initial 
small region of suppressed recombination; the region then expanded, accumulated transposons and 
acquired more sex specific genes by translocation (Fig 2) and duplication (Fig 5). Expansion would 
then continue by forces of gene conversion (Fig 4). 
 
Hopefully, this work has put further light on the situation regarding the N. tetrasperma mating 
chromosome. The work continues to find out more about how sex chromosome evolution works, not 
only in N. tetrasperma but also in other fungi (Fraser and Heitman, 2004). Even though fungi are 
haploid, have no sexes and hold a much smaller chromosome they still stand out as good examples of 
what is going on. I believe model organisms, especially fungi, can and will be used more in the field of 
evolutionary biology. 
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