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A Autosome 

PAR Pseudoautosomal region 

c Male-to-female ratio of germ cell 

divisions
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rate

N Population size 

Ne Effective population size 

MYA Million years ago 

MSY Male specific Y 

K Substitution rate 

µ Mutation rate 
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Introduction

Sex chromosome evolution 

Genetic sex determination 

In organisms with genetic sex determination, genes inherited from the 

parents determine the sex. For example in some strains of house flies (Musca 

domestica), one gene that is present on an undifferentiated chromosome pair 

is responsible for male development (Hilfiker-Kleiner et al., 1994). A range 

of species including mammals, birds, snakes, lizards, frogs and salamanders, 

fruit flies, flatworms and plants show distinct karyotypical differences 

between the sexes. Common to these systems is the development of sex 

chromosomes, where one of the proto-sex chromosomes (an ordinary 

homologous autosomal pair) has become differentiated from the other and is 

gradually degenerated. This means that one of the sexes has two copies of 

the non-degenerated sex chromosome (XX/ZZ; homogametic) while the 

other sex has one copy of the non-degenerated and one copy of the 

degenerated chromosome (XY/ZW; heterogametic).

In mammals, fruit flies and some plants (Rice, 1996; Marshall Graves 

and Shetty, 2001; Charlesworth, 2002), males are the heterogametic sex, 

with genotype XY, while birds, snakes and lepidoptera have female 

heterogamety with genotype ZW (Ohno, 1967; Marshall Graves and Shetty, 

2001). Frogs and salamanders have examples of both systems (Kalthoff, 

1996). The segregation of the sex chromosomes between the two sexes in 

male and female heterogamety is shown in Figure 1. 
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Some systems, for example mammals (Marshall Graves and Shetty, 2001), 

have a dominant factor on the sex specific chromosome (Y) that causes male 

development. In other cases, such as in the fruit fly, Drosophila 

melanogaster (Estrada et al., 2003), the ratio of X (or Z) chromosomes to 

autosomes (A) determines sex: males X/A=0.5, females X/A=1. 

Because all the organisms that have sex chromosomes do not form a 

monophyletic group, it appears that sex chromosomes have evolved 

independently many times (Marshall Graves and Shetty, 2001). The 

similarities between the independently evolved sex chromosome systems 

indicate however that once the process is started, sex chromosome evolution 

Figure 1.  Time spent in male and female germ line by autosomes and sex 
chromosomes in a. male and b. female heterogamety
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follows similar pathways. This thesis focuses mainly on avian sex 

chromosomes. 

A general model of sex chromosome evolution 

A general model of sex chromosome evolution is presented in Figure 2. 

According to this model, this process starts with a dominant sex determining, 

autosomal gene, as is currently seen in the housefly, or a cluster of tightly 

linked genes. For example, consider a hypothetical sex-determining locus 

where M+ is a dominant allele that causes male development. Hence, males 

and females have the genotypes M+M- and M-M-, respectively. Genes that 

are advantageous for males but not for females (sexually antagonistic genes) 

then accumulate close to M+, either via translocations or by mutations in 

already existing genes.1 Unless there is recombination between M+ and these 

genes, they will be inherited only from father to son. This would lead to a 

situation where suppression of recombination presents a selective advantage, 

because it keeps these genes from being present in females. When 

recombination has ceased completely, a male specific region is created, 

containing genes never inherited by a female. The process of accumulation 

1 In for example guppy, 17 out of 18 ornamental genes, beneficial for the male but not for the 
female, were found close to the male determining factor (Winge, 1927). 

Figure 2. The development of dimorphic sex chromosomes from a pair of 
autosomes In addition, inversions may contribute to inhibition of 

recombination. SAG = sexually antagonistic gene.
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of sexually antagonistic genes can then proceed in regions linked to this 

male specific region, eventually leading to recombination being restricted to 

small regions at the tips (telomeres) of the chromosomes (pseudoautosomal 

regions; PARs). Chromosomes carrying the M- allele will keep recombining 

and exchanging material in females, but the M+ allele and its linked genes on 

the male specific chromosome will form a completely separate unit and the 

genes on it will no longer be able to exchange material with their 

homologues on the M- chromosome (Rice, 1996). This special case of 

homologous genes with one copy on each of the sex chromosomes is often 

referred to as gametologues (Garcia-Moreno and Mindell, 2000). 

Factors affecting the sex specific DNA 

The lack of recombination in the sex specific region leaves it vulnerable to a 

number of evolutionary processes that lead to accumulation of slightly 

deleterious mutations and degeneration. Firstly, alleles on the sex specific 

chromosome (Y/W) with a gametologue on the other sex chromosome (X/Z) 

are never in homozygous form. Because of this, Y/W may accumulate 

deleterious mutations, which are sheltered by the gametologue on X/Z. 

Although sufficient loss of function mutations to prevent complete sheltering 

will occur in the X-linked copy in large populations, this process might be 

contributing to the degeneration of Y/W (Rice, 1996). 

There is also the effect of the reduction in effective population size. An 

autosomal gene is present in two copies in a diploid genome, and in 2N 

copies (where N is the number of individuals) in the whole population. 

Given that genes on the sex specific chromosomes (Y/W) are present in only 

one copy in one of the sexes, they have only ¼ the population size of an 

autosomal gene in a population with even sex ratio (Charlesworth and 

Charlesworth, 2000). This reduction of effective population size will render 

the sex-specific chromosome more susceptible to genetic drift (Rice, 1996), 

a random process where deleterious alleles may be fixed in the population by 

chance (Aquadro, 1992). Thus, the rate of deleterious mutation may be 

accelerated on the sex specific chromosome. 
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Another effect is that of the Müller’s ratchet, which is the stochastic loss 

of the least mutated class of chromosomes. Because recombination 

scrambles genes within chromosomes and facilitates the fixation of 

favourable, or removal of unfavourable, alleles from the population by 

selection, a non-recombining region of DNA will be left with its 

unfavourable mutations.  

Related to Müller’s ratchet are the Hill-Robertson effect and background 

selection. In the Hill-Robertson effect, closely linked sites interfere with 

each other, inhibiting both the elimination of deleterious alleles and the 

spread of advantageous ones. This is expected to negatively affect the fitness 

of a non-recombining chromosome, but even for Drosophila miranda, with 

five generations/year, a 10% decline in fitness is expected to take five 

million years, indicating that the Hill-Robertson effect is of minor 

importance for the degeneration of sex specific DNA (Charlesworth and 

Charlesworth, 2000). Background selection, the removal of unfavourable 

mutations, reduces the effective population size of the linked region. In the 

non-recombining sex chromosome, Müller’s ratchet together with 

background selection can cause mildly deleterious mutations to accumulate 

at significant rates, and therefore cause a decline in mean fitness in a short 

evolutionary time (Gordo et al., 2002). 

Some deleterious mutations will also be fixed due to genetic hitchhiking. 

The fixation of an advantageous mutation can lead to the fixation of linked 

deleterious alleles. The lack of recombination in the sex specific DNA will 

cause a hitchhiking event to affect the whole region. 

Taken together, all these processes will reduce the fitness of the sex 

specific, non-recombining chromosome by the fixation of deleterious alleles 

(Charlesworth and Charlesworth, 2000). 

Dosage compensation 

As the non-recombining chromosome loses functional genes, the level of 

expression of these genes is halved in the heterogametic sex. This presents a 

problem, since most genes with general functions normally have the same 

optimal expression levels in males and females (Marin et al., 2000). To 
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avoid deleterious effects due to the differential expression patterns in males 

and females, there has to be a dosage compensation acting in one of the 

sexes.

In different species, different mechanisms have evolved to solve this 

problem. In Drosophila melanogaster, the expression of genes on the single 

X chromosome is up-regulated in males to reach the same levels as from the 

two female copies (Cline and Meyer, 1996), while the nematode 

Caenorhabditis elegans down-regulates the expression of both X 

chromosomes in hermaphrodites (XX) to match the expression in male (X0) 

(Cline and Meyer, 1996; Blackwell and Walker, 2002), where 0 denotes the 

lack of a homologous chromosome. Mammals down-regulate the expression 

of X-linked genes in females by almost completely inactivating one X 

chromosome (or all except one of the X chromosomes in sex chromosome 

aneuploids; Meller, 2000; Plath et al., 2002).  

In birds, which are in focus in this thesis, the situation is not yet clear. 

One study of expression patterns of Z-linked genes in chickens showed 

equivalent expression in females and males for six out of nine genes 

(McQueen et al., 2001). On the other hand, there is evidence of both copies 

of several Z-linked genes being expressed, including three of the genes 

shown to be dosage compensated by McQueen et al (IREBP, ALDOB, and 

CHRNB3; Kuroda et al., 2001; Kuroiwa et al., 2002). From this, it can be 

concluded that although there seems to be a difference in expression levels 

for at least some genes, in comparison to mammals, the underlying 

mechanism is not inactivation of one of the Z chromosomes. This is also 

supported by lack of asynchronous replication of the two Z chromosomes in 

homogametic males (Schmid et al., 1989). Dosage compensation might 

instead be attained by either differentially regulated transcription rates or by 

mechanisms operating after transcription (Mizuno et al., 2002). 

One region suggested to be involved in dosage compensation in birds is 

the male hypermethylated region (MHM; Teranishi et al., 2001). This is a 

region on the Z chromosome of tandemly repeated 2.2 kb BamH1sequences 

units. In females, the MHM is hypomethylated, and when transcribed 

produces a ~9.5 kb long RNA, which accumulates in the region around 
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MHM. This transcription does not occur in males, probably due to the 

extensive methylation of MHM CpG sites. 

While there is no direct evidence of the MHM being involved in dosage 

compensation in birds, there are some similarities between the MHM and 

dosage compensation systems in mammals and Drosophila (summarised by 

Ellegren, 2002). Xist, the gene responsible for silencing of all but one X 

chromosomes in a mammalian cell, produces heterogeneous, non-coding 

high molecular mass RNA that coats the X chromosome, just as the MHM 

does. Similarly, in Drosophila, roX1 and roX2 produces large non-coding 

RNAs that are incorporated into the dosage compensation-ribonucleoprotein 

complex. However, there are also differences. Unlike the MHM, Xist is 

spliced, poly-adenylated and coats genes more or less over the whole X 

chromosome. In addition, methylation is a consequence, not a regulator, of 

Xist activity. 

In the MHM, methylation and transcription is not dependent on the 

number of Z chromosomes, but on the presence/absence of a W chromosome 

(Teranishi et al., 2001). An additional interesting fact is that DMRT1,

suggested to trigger male development through dosage (Shetty et al., 2002), 

is located very close to the MHM on the Z chromosome (Teranishi et al., 

2001). What this means for dosage compensation and sex determination in 

birds is yet to be determined. 

Will Y and W disappear? 

The degeneration of the Y and W chromosomes might indicate a future 

where these chromosomes have completely disappeared. In fact, two species 

of the mole vole (Ellobius lutescens and E. tancrei) have already lost their Y 

chromosome, and have XX females and X0 or XX males (Vogel et al., 1998; 

Marshall Graves, 2002). These species also lack SRY, the gene responsible 

for sex determination in most other mammals, and a new gene must have 

taken over the sex determining process, possibly acting through dosage. 

Flatworm hermaphrodites and males have the genotypes XX/X0, also 

indicating a potential loss of the male-specific chromosome (Kalthoff, 1996). 

This might give a hint about the future of all Y and W chromosomes. 
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The X and Y sex chromosomes of mammals 

Evolution of X and Y 

The described model of sex chromosome evolution (Rice, 1996) is supported 

by evidence from studies of the sex chromosomes of mammals. In this group 

of organisms, most genes found on the non-recombining Y chromosomes 

have been shown to have a homologue on the X chromosome (Lahn et al.,

2001; Skaletsky et al., 2003).  However, some genes on Y seem to have an 

autosomal origin other than from the ancestral proto-sex chromosome 

(Skaletsky et al., 2003), and may be the result of translocation events. Many 

genes on Y have male specific functions (Lahn et al., 2001), which is in 

accordance with the theory of accumulation of genes advantageous to males 

on the Y chromosome2.

Different mammalian species have different subsets of X genes left on 

their Y chromosome, indicating a random degradation. An example is the 

RSP4Y gene, which is present on the Y in humans but not in mice, while the 

opposite is true for UBE1Y. AMELY is functional and expressed in humans 

but a pseudogene in mice and ZFY is a single copy gene in humans and 

present in multiple copies in mice (Marshall Graves and Shetty, 2001). 

Human X chromosome genes can be divided into four groups 

(evolutionary “strata”), in which genes with similar values of genetic 

distance to their Y-linked gametologue are situated together on the X, with 

the oldest group comprising the long (q) arm, and the younger three strata 

localised on the short (p) arm. This indicates that recombination between X 

ans Y ceased at about the same time for all genes within each stratum and 

that recombination was disrupted independently four times during the course 

of mammalian sex chromosome evolution. The fact that the genes from the 

2 In Drosophila, however, none of the 16 known genes present on the Y chromosome have 
been shown to have a homologue on X, but nearly all have their closest paralogue on an 
autosome (Carvalho, 2002). The Y chromosome of Drosophila might be an accessory 
chromosome, a B chromosome, which has started to pair and segregate with the X 
chromosome and acquire male functions, or it might be a former homologue to the X that has 
lost all its original genes and only contains recently acquired genes. 
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four groups are scrambled on the Y chromosome indicates that events on the 

Y chromosome, possibly large inversions, contributed to the cessation of 

recombination between the male determinant and male-favourable genes 

(Lahn and Page, 1999). The gradual degeneration of Y chromosomes over 

time is also supported by the placement of most X-linked genes that still 

have a functional homologue on the Y chromosome in younger strata (Lahn 

and Page, 1999).  

Different stages of sex chromosome differentiation can be seen in the 

different groups of mammals. Monotremes (egg laying mammals), the oldest 

mammalian group, have X and Y chromosomes of similar size that pair over 

the whole long arm of the X and short arm of the Y chromosome (Marshall 

Graves and Shetty, 2001). Next in mammalian evolution is the split between 

marsupials and placental mammals. Marsupial sex chromosomes are 

heteromorphic, but the Y is extremely tiny and there is no recombination 

between X and Y in male meiosis (Marshall Graves and Shetty, 2001). 

Humans and other placental mammals show a large difference in size 

between the X and Y and the two pair only over two PARs at the tips of the 

chromosomes (Marshall Graves and Shetty, 2001). 

Additions to X and Y 

All three main mammalian lineages appear to have sex chromosomes of the 

same origin, since genes on the long arm of the human X chromosome map 

to X in both marsupials and monotremes. However, genes on the short arm 

of the human X chromosome map to two different autosomal clusters in the 

marsupials and monotremes (Graves, 1995). Since it is unlikely that there 

have been two translocation events to different autosomes involving the 

same genes in these two lineages, this region has probably been added to the 

X chromosome of placental mammals. Most genes present on the human Y 

chromosome originate from these recently added regions (Graves, 1995). 
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The X chromosome 

The human X chromosome is large, comprising 160 Mb (~5% of a haploid 

genome). It contains about 3000-4000 genes (Marshall Graves and Shetty, 

2001), with an overrepresentation of genes involved in reproduction and sex-

related traits (Reinhold, 1998; Pizzari and Birkhead, 2002), and of genes 

with male specific expression (Saifi and Chandra, 1999; Wang et al., 2001; 

Lercher et al., 2003)3.

The gene content of the X chromosome is highly conserved among 

different placental mammals (Ohno, 1967; Boyd et al., 2000; Marshall 

Graves and Shetty, 2001; Everts et al., 2002; Raudsepp et al., 2002), 

probably because translocation of a gene from the X chromosome to an 

autosome would lead to escape from the dosage compensation system. This 

would disturb the balance of gene products between autosomes and X and 

have deleterious effects on the individual (Brown, 2001). 

While the human X chromosome represents 5% of the haploid genome, it 

contains only 3% of the genes (Venter et al., 2001). On the other hand, genes 

on X are on average 3 times longer than autosomal genes when introns are 

included (Giannelli and Green, 2000).  

The Y chromosome 

While the X is one of the larger chromosomes, the human Y chromosome is 

very small (only 60 Mb or ~2% of a haploid genome), and gene poor. 95% 

of the Y chromosome is male specific (MSY; also often referred to as NRY, 

the non-recombining part of Y), and does not recombine with the X in 

meiosis. The distal part of Yq is heterochromatic and repeat rich, while 14.5 

Mb on the proximal part of Yq and 8 Mb on Yp is euchromatic. All known 

Y-linked genes are found in the euchromatin (Skaletsky et al., 2003). The 

human MSY euchromatin can, in turn, be divided into three sequence 

groups: X-degenerate, X-transposed and ampliconic sequences as described 

by Skaletsky et al (2003).  
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The X-degenerate sequences are the remains of the former autosomal 

homologues to the present X chromosome (gametologues). Found in the X-

degenerate sequences are 13 pseudogenes and 16 transcribed functional 

genes, with 60-97% nucleotide identity to the X-linked homologue. All X-

degenerate genes are expressed ubiquitously in the body, with the exception 

of the sex-determining gene SRY, which is expressed predominantly in the 

testis.

The X-transposed sequences come from a 3.4 Mb sequence block 

transposed from the X chromosome to the Y chromosome in the human 

lineage 3-4 million years ago, after the split from chimpanzee. The 

transposed sequence was later split into two blocks by an inversion on the Y 

chromosome. These sequences share 99% identity to their X homologues 

and are rich in repeats. Only two genes are found in the X-transposed 

sequence; one is expressed in the brain, the other is expressed in the testis. 

Finally, the ampliconic sequences are sequences that share up to 99.9% 

identity to other sequences on the Y chromosome. 25% (5.7 Mb) of the MSY 

euchromatin is made up of 8 palindromes with arm lengths of 9 kb to 1.54 

Mb (Rozen et al., 2003) and another 4.5 Mb are made up of five sets of more 

widely spaced inverted repeats. The symmetrical arms of six of the 

palindromes contain functional genes, and six Y-linked gene families are 

only found in palindrome arms. All genes found in ampliconic sequences are 

expressed solely in the testis and of the 11 genes with expression patterns 

limited to the testis, all but two are found in palindromes or inverted repeats.  

Because they are found in the arms of palindromes or repeats, these genes 

are multicopy (2-35 copies) and might vary in copy number between 

different individuals. Some of the genes found in amplicons are X-

degenerate genes that have acquired new, male-specific functions. Two other 

genes, DAZ and CDY, have been transposed or retrotransposed from 

autosomes to the MSY (Lahn et al., 2001; Skaletsky et al., 2003). While Y-

linked in primates, these genes are still autosomal in other mammals. 

3 Contrastingly, the X chromosome is deficit of genes with male-biased expression but may 
be enriched for genes with female-specific expression in D. melanogaster (Parisi et al., 2003) 
and in C. elegans (Reinke et al., 2000). 
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The function of Y chromosome amplicons remains to be determined. It 

may be that the higher copy numbers give higher levels of expression of 

genes essential for male functions, or the palindrome structure may facilitate 

conservation of gene function through gene conversion. In fact, to explain 

the nucleotide similarity between the palindrome arms, ~600 nucleotides are 

suggested to be involved in conversion events every generation in humans 

(Rozen et al., 2003). By this mechanism, amplicons might provide the 

human Y chromosome with a protective system to avoid degeneration. 

The Z and W sex chromosomes of birds 

Evolution of Z and W 

In birds, which are not as extensively studied as mammals, only five 

functional genes have been found so far on the W chromosome, all of which 

have functional gametologues on Z (Fridolfsson et al., 1998; Carmichael et 

al., 2000; Hori et al., 2000; Itoh et al., 2001; Lawson-Handley et al., 2003). 

This supports the hypothesis of a common autosomal origin of the two sex 

chromosomes.  

Similar to humans, there is evidence of stepwise cessation of 

recombination in the evolution of avian sex chromosomes. Divergences of 

the five known gametologous gene pairs indicate that the cessation of 

recombination between Z and W has taken place in at least two steps (Figure 

3). CHD1Z, SPINZ and PKCIZ all map to Zq and fall within the older of the 

two strata. In this region, recombination seems to have been disrupted 102-

170 MYA, before the split of the Neoaves and Eoaves. The second stratum 

contains two genes located on Zp (ATP5A1Z and AD012Z), which diverged 

from W 58-85 MYA (Lawson-Handley et al., 2003). Interestingly, while 

only a few percent of the genes on the human X have gametologues on the Y 

chromosome, 5 out of 25 genes on Z have a gametologue on W (Ellegren, 

2000; Schmid et al., 2000). Although this might be an effect of an active 
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search of genes on W, it could reflect a difference between the avian and 

mammalian sex chromosomes (Lawson-Handley et al., 2003). 

The avian sex determining process is still unclear. It seems that both the 

presence of a W chromosome and dosage of Z chromosome play a role in 

sex determination, since 3A + ZZW chicken embryos develop ovotestes (Lin

et al., 1995). So far, there is one candidate gene for male determination 

through dosage present on Z, and one candidate gene for a dominant female 

determining function on W (Ellegren, 2001). Recently, one additional W-

specific gene has been discovered, with a potential role in ovarian 

development (Reed and Sinclair, 2002). 

Stages of differentiation 

As in mammals, different bird lineages show different degrees of sex 

chromosome differentiation. In ratites and tinamous (Paleognathe), which 

are considered by most to represent the basal split in the radiation of extant 

Figure 3. Phylogenetic relationship of Z and W-linked gametologous genes 
from four bird orders in the two evolutionary strata on the Z chromosome. 
Map positions from chicken (Gallus gallus; GGAL). (Figure kindly provided by 
Lori Lawson-Handley.) 
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avian lineages (Mindell, 1997), the Z and W chromosomes are virtually 

indistinguishable, while in most carinate birds, the Z and W are highly 

differentiated (Fridolfsson et al., 1998; Ogawa et al., 1998). One known 

exception is the raptors (Falconiformes: Accipitridae), where in some 

species the Z and W chromosomes are similar in size (Boer and Sinoo, 1984; 

Bed'Hom et al., 1998; Bed'Hom et al., 2003)4.

A sign of ongoing differentiation is provided by the observation that one 

of the genes located on avian W, ATP5A1W, has been lost from the W 

chromosome in some bird species (de Kloet, 2001). All other genes found on 

W to date are present in all examined species: CHD1Z/W (Fridolfsson and 

Ellegren, 1999); AD012Z/W and SPINZ/W (Lawson-Handley et al., 2003) 

and PKCIZ/W (Hori et al., 2000; O'Neill et al., 2000).  

Independent origin of avian and mammalian sex chromosomes 

Mapping studies have shown that genes on the mammalian X chromosome 

are found on chicken chromosomes 1 and 4 (Nanda et al., 2002). In chicken, 

most of the genes on the Z chromosome have orthologues on human 

chromosome 9, although the gene order is not conserved (Nanda et al., 1999; 

Nanda et al., 2002). Therefore, sex chromosomes have evolved 

independently in birds and mammals (Fridolfsson et al., 1998). Some Z-

linked genes also map to other human chromosomes, including chromosome 

5, 8 and 18 (Nanda et al., 2002), indicating chromosomal rearrangements in 

the mammalian or the avian lineage. 

The Z chromosome 

Like the human X, the Z chromosome is a large chromosome. In most birds, 

Z is a medium sized macrochromosome, for example representing 8.4% of 

the haploid genome in chicken (Smith and Burt, 1998). The Z is also highly 

conserved with respect to gene content between different species (Shetty et 

4 The snake sex chromosomes, also with female heterogamety, show a difference between the 
more primitive boid snakes, which have almost identical Z and W, and higher snakes such as 
vipers, with differentiated sex chromosomes (Marshall Graves and Shetty, 2001). 
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al., 1999). However, all nine macrochromosomes show remarkable 

homology between for instance chicken and emu (Shetty et al., 1999) and 

the rate of chromosomal rearrangement in the chicken is low compared with 

mammals (Burt et al., 1999), so it is not clear if the degree of conservation 

on Z is unusual for birds. The chicken genome has not been as extensively 

studied as in the human and, while many morphological traits have been 

assigned to the Z by classical linkage analysis, not many genes have yet been 

mapped to the chicken Z chromosome (Schmid et al., 2000, Nanda, 2002 

#801).  

Only one candidate gene with possible sex determination function has so 

far been found on the Z chromosome; DMRT1 (Nanda et al., 1999). In 

humans, DMRT1 is found on chromosome 9 and XY embryos with only one 

functional copy of this region (e.g. because of deletion) develop into females 

(Raymond et al., 1999). DMRT1 is also related to sexual regulators in C.

elegans and Drosophila melanogaster (Raymond et al., 1998). Interestingly, 

in emus, DMRT1 has been shown to be one of the few genes absent from the 

almost undifferentiated W chromosome, suggesting a role in avian sex 

determination (Shetty et al., 2002). The sex determining system in birds 

would thus be more similar to Drosophila than to mammals, with DMRT1,

present on the Z but not on the W chromosome, acting through the double 

dose in males. 

In chicken, the recombination rate is reduced on the Z chromosome (1.3 

cM/Mb) compared to the autosomes (2.5-5 cM/Mb) (Levin et al., 1993; 

Smith and Burt, 1998; Groenen et al., 2000; Schmid et al., 2000). This is in 

contrast to humans, where the X recombines at approximately the same sex-

average rate as the autosomes (Kong et al., 2002). 

The W chromosome 

In chickens, W is 34-54 Mb (Smith and Burt, 1998; Itoh and Mizuno, 2002) 

and represents 2.8% of the haploid genome (Smith and Burt, 1998). A large 

proportion (>60%) of the chicken W chromosome is made up of repetitive 

sequences, occupying most of the long arm and about half the short arm 

(Mizuno and Macgregor, 1998; Itoh and Mizuno, 2002). Assuming a similar 
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gene density as that found around SPINW (one gene in 480 kb of non-

repetitive sequence; Itoh et al., 2001), approximately 20 genes would be 

expected to be located on the W chromosome (Mizuno et al., 2002). 

The first gene discovered on the avian W chromosome, CHD1W

(Ellegren, 1996; Griffiths et al., 1996; Griffiths and Korn, 1997; Fridolfsson 

et al., 1998), is a chromo-helicase-DNA binding protein, probably affecting 

chromatin structure (Stokes and Perry, 1995). CHD1W from any non-ratite 

bird species is more similar to its orthologue in other non-ratite species than 

to its gametologue on Z (Ellegren and Carmichael, 2001), indicating 

independent evolution since before the radiation of non-ratite birds. The two 

gametologues, present on Zq and the distal part of one of the W arms 

(Fridolfsson et al., 1998), probably still retain the same function. 

Comparisons of CHD1Z and CHD1W from different avian species show that 

the Z- and W-linked copies are highly conserved (97% identity) at the amino 

acid level (Fridolfsson and Ellegren, 2000). However, there seem to be a 

slightly elevated non-synonymous substitution rate on CHD1W compared to 

CHD1Z (Fridolfsson and Ellegren, 2000), indicating the accumulation of 

non-synonymous substitutions on W chromosome due to the lower 

population size and the lack of recombination.  

The second gene to be mapped to the avian W chromosome was 

ATP5A1W, with the Z-linked gametologue ATP5A1Z, which is an avian 

homologue of the human ATP syntase -subunit (Dvorák et al., 1992; 

Fridolfsson et al., 1998). ATP5A1Z is present close to the telomere on Zp 

(Fridolfsson et al., 1998). While the Z- and W-linked copies of CHD1 ceased 

to recombine early in avian evolution, the cessation of recombination 

between ATP5A1Z and ATP5A1W seem to have occurred much later. 

Comparisons between bird orders show that ATP5A1W is more similar to its 

Z-linked gametologues from the same bird order than to W-linked 

orthologues from other orders (Ellegren and Carmichael, 2001).

By sequencing of genomic clones covering the terminal part of the short 

arm of the W chromosome, a chicken homologue of the spindlin gene 

(SPINW) was discovered (Itoh et al., 2001). This gene was shown to have a 

gametologue (SPINZ) on the long arm of the Z chromosome, near the 
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centromere. In chicken, SPINZ/W is associated with the chromatin in mitosis 

(Itoh et al., 2001). While the similarity between them is as high as for 

CHD1Z/W, SPINZ and SPINW have been shown to have differing expression 

patterns (Itoh et al., 2001). SPINZ is expressed in various tissues in the adult 

chicken, while SPINW is expressed in the ovarian granulosa and theca cells.  

Next, two independent groups reported another W-linked gene under the 

names ASW (O'Neill et al., 2000) and Wpkci (Hori et al., 2000), respectively. 

To follow the nomenclature for other sex-linked genes, the gene is hereafter 

referred to as PKCIW (Ellegren, 2001). PKCIW has a gametologue on Z 

(PKCIZ, sometimes also called HINT), but unlike the other genes shared 

between the Z and W chromosome, the two gametologues are not very 

similar (65% amino acid identity on average; spanning from 16% to 91% in 

different regions). This is in contrast to the 87% similarity between PKCIZ

and human PKCI (Hori et al., 2000).  

Since it is the only gene found on W with a function distinctly different 

from its gametologue, PKCIW has been suggested as a candidate for a 

dominant sex determining gene on W (Ellegren, 2001), especially since 

PKCIW (as well as PKCIZ) is expressed in high levels in early 

embryogeneis, prior to gonadal development (Hori et al., 2000). While it 

lacks the Histidine triad (HIT; His His His  where  is a hydrophobic 

amino acid) motif, found in PKCIZ and important for normal PKCI function, 

PKICW has retained an -helix which is responsible for dimerisation (Hori 

et al., 2000). By this, PKCIW might dimerise with PKCIZ and inhibit its 

function (Pace and Brenner, 2003). In fact, a comparison of chicken and 

quail showed that while the regions of PKCIW involved in the dimerisation 

are under negative selection, other parts show evidence of positive selection 

(Ceplitis and Ellegren, 2003). Ratites lack a differentiated PKCIW,

indicating that, at least in these species PKCIW is not responsible for sex 

determination.  

Furthermore, unlike other W-linked genes, PKCIW is present in multiple 

tandemly repeated copies in different bird species (Hori et al., 2000; O'Neill 

et al., 2000). This amplification could be driven by sexual selection (Ceplitis 

and Ellegren, 2003) or, as suggested for some genes on the Y chromosome 



18

(Lahn et al., 2001; Skaletsky et al., 2003), it might be a way of avoiding 

accumulation of deleterious mutations in an important female specific gene.  

Another gene with a potential role in ovarian development in chicken is 

Female Expressed Transcript 1 (FET-1; Reed and Sinclair, 2002).  FET-1 is 

found within the PKCIW tandem repeats on the W chromosome, and is 

transcribed in the gonads, nervous system and waste collection ducts of 

female chicken embryos. FISH analysis of FET-1 showed no signal from Z 

or any autosome.  

Two additional genes on the W chromosome are AD012W, which has a 

gametologue (AD012Z) situated close to ATP5A1Z near the telomere on Zp 

(Lawson-Handley et al., 2003), and MADH2 (Mizuno et al., 2002). The 

function and expression pattern of these genes are not yet known, neither is 

there any information about a possible MADH2 gametologue on Z. 

Finally, EE0.6 is a non-repetitive sequence found on the W chromosome 

in 16 species from eight different bird orders and on the Z chromosome in 

some of the species (Ogawa et al., 1997). Although it has splice signals, it 

also contains stop codons in all possible reading frames, indicating a loss of 

function.

While carinate W chromosomes only recombines with Z in a small 

pseudoautosomal region, located at the tip of the short arm (Fridolfsson et 

al., 1998), the Z and W chromosomes in the ratite species rhea recombine 

over most of their lengths (Pigozzi and Solari, 1997) and there is only a 

small female specific region near the centromere of the W chromosome 

(Shetty et al., 2002: Nishida-Umehara, 1999 #814). In ratites, most genes 

present on Z are also present on W and to date no W-specific gene has been 

found.
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Mutation rates 

Factors affecting the mutation rate 

Mutations are changes in the DNA, for instance small changes, such as a 

single nucleotide being exchanged for another (i.e. a point mutation) or 

deletions and insertions of nucleotides from 1 nucleotide up to several 

thousands. Larger changes such as rearrangements of whole chromosome 

arms or are alterations in the number of chromosomes, are also possible 

(Vogel and Motulsky, 1996). This thesis will deal with mainly with point 

mutations but also with deletion /insertion mutations.  

The mutation rate is affected by a number of factors. When the DNA is 

replicated, there is the risk of incorporation of erroneous nucleotides. The 

number of mutations occurring in each cell division will be affected by the 

efficiency of the replication enzymes. External factors such as radiation can 

introduce mutations, as can oxygen free radicals produced by the cellular 

metabolism. Higher levels of metabolism will lead to higher concentrations 

of free radicals, and cause a higher mutation rate. The efficiency of repair 

enzymes will affect the mutation rate, independent of the original source of 

mutation. 

In humans, the mutation rate is estimated to be approximately 2*10-8

mutations per base per generation (Drake et al., 1998; Nachman and 

Crowell, 2000; Kondrashov, 2003). With a total of 3.2*109 nucleotides in the 

human genome, this would mean that each offspring receives on average 

more than 50 new mutations (Drake et al., 1998). 

According to the nearly neutral theory most mutations are neutral or 

nearly neutral, a smaller proportion are deleterious and a very small 

proportion advantageous (Li, 1997). Since deleterious mutations are more 

common than advantageous ones, there has to be a trade off between the cost 

of receiving deleterious mutations and the cost of having an efficient repair 

system. The optimal level of efficiency may be different in different 

organisms, leading to different mutation rates.  
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Comparisons of mutation rates of different species have shown great 

variation in mutation rates. Mutation rates vary for example both with 

generation time and metabolic rate (Martin and Palumbi, 1993). 

Estimation of mutation rates 

Since mutations are rare and the genome is very large, it is normally not 

possible to directly study the mutation rate (µ). Instead, the substitution rate, 

that is, the number of mutations going to fixation in a population over a 

period of time, can be used. The probability of fixation of a new mutation 

(P) in a diploid population is the same as the allele frequency of the mutation 

 P = 1/2N   (1) 

where N is the number of individuals in the population. Consequently, the 

substitution rate (K) depends on the probability of fixation and the number 

of mutations occurring in the population as follows 

 K = 2NµP = µ   (2) 

From combining (1) and (2), it follows that under neutrality, the substitution 

rate is only dependent on the mutation rate (Li, 1997). 

With knowledge of the time since the split between two species, for 

example from fossil record, and the degree of sequence divergence between 

the species, it is possible to estimate the mutation rate. Alternatively, the 

divergence can be used as a timescale for evolutionary events, a molecular 

clock. In species such as birds, for which the fossil record is often 

fragmentary and difficult to interpret, the molecular clock offers help in 

dating avian splits (van Tuinen and Hedges, 2001). However, the molecular 

clock might not always be reliable in the absence of allowances for 

evolutionary rate variation between lineages (Bromham and Penn, 2003). 
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Mutation rate variation within genomes 

There is increasing evidence of mutation rate variation between and within 

chromosomes and even within genes (Casane et al., 1997; Smith et al., 2002; 

Waterston et al., 2002; Hardison et al., 2003; Malcom et al., 2003; 

Subramanian and Kumar, 2003), although there are dissenting opinions 

(Kumar and Subramanian, 2002). Mutations must be caused by factors 

acting differently on different parts of the genome.  

The mutation rate has been shown to correlate, for example, with GC 

content. The mammalian genome contains regions with contrasting GC 

content, so called isochores, which have been shown to have different 

mutation rates. CpG sites are highly mutable, due to methylation of cytosine, 

spontaneous deamination of which may result in a transition to thymine 

(Bird, 1980). The positive correlation found between the rate of synonymous 

substitutions and GC content is at least partly due to CpG  TpG mutations 

(Hurst and Williams, 2000). 

Lately, recombination has also been suggested as a source of mutations. 

Some studies have shown that regions with higher recombination also 

experience higher mutation rates (Lercher and Hurst, 2002; Hellmann et al.,

2003), although not all studies give the same result (Nachman, 2001). A 

correlation between recombination and divergence would indicate 

recombination as a mutagenic process. 

Male bias 

In humans, female primordial germ cells develop into oogonia and primary 

oocytes during gestation and rest until puberty, at which time one egg 

undergoes the last stage of meiosis in each menstrual cycle. At fertilisation, 

each egg cell is estimated to have gone through 22 cell divisions, 

independent of female age (Vogel and Motulsky, 1996). Male germ cells are 

constantly dividing after the onset of puberty. The first stages of male germ 

cells are produced from 30 cell divisions during gestation, but after puberty 

these primary spermatocytes divide approximately 23 times each year 

(Vogel and Motulsky, 1996) and produce ~200 million sperm cells per day 
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(Rhoades and Tanner, 1995). One daughter cell divides into four sperm cells 

through meiotic divisions and the other keeps dividing, producing new 

sperm. Assuming puberty at 13 years, at the age of x years (x > 13), each 

sperm cell is the result of 30+(x-13)*23 cell divisions. Hence, at an age of 

25, this corresponds to approx. 300 cell divisions, which would lead to a 

male-to-female ratio of germ line cell divisions (c) of approximately 14. The 

ratio would also be positively correlated with male age.  

Already in the 1940s, Haldane suggested that males pass on new 

mutations to the offspring more often than females, based on indirect 

evidence from pedigrees of haemophilia patients. Because genetic analyses 

available at that time did not allow tracking of mutations to either parent 

directly, the X-linked haemophilia provided a good study system. Haldane 

studied male patients and found that mutations causing disease were 

inherited more frequently from heterozygous carrier mothers than from non-

carrier mothers, showing that the mutation had occurred in an earlier 

generation. From this data, the ratio of male-to-female mutations ( m) was 

inferred to be 10 (Haldane, 1947).  

Since then, direct evidence for a male-biased mutation rate has been 

obtained rate from many more diseases, where the de novo mutation has 

been directly attributed to one parent. In a number of X-linked and 

autosomal diseases caused by point mutations, for example Rett syndrome 

(Mimault et al., 1999; Girard et al., 2001), achondroplasia (Wilkin et al.,

1998) and Apert syndrome (Moloney et al., 1996), males have been shown 

have a higher mutation rate than females (summarised by Li et al., 2002). 

However, the variation among estimates of the male biased mutation rate is 

high, possibly due to small sample sizes (5 to 57 mutations). Methylation 

may also be contributing to the observed variation in male-bias. In some, but 

not all, of the diseases discussed above, methylation might be responsible, 

since the mutation causing the disease is a CpG site (Li et al., 2002). Taken 

together, the results from different diseases also suggest a male bias of ~10 

(Li et al., 2002), lower than the ratio of male and female germ cell divisions 

(assuming a generation time of 25 years). This suggests that there could be 

other factors than the number of germ cell replications affecting the ratio. 
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However, the variability among the estimates from different diseases 

indicates that this approach may not be an appropriate way to study the 

overall relationship between male and female mutation rates.  

Mammalian sex chromosomes tell us about male bias 

While the mammalian Y chromosome spends all its time in male germ line, 

the X chromosome spends  of its time in the female and  in the male 

germ line. This provides an opportunity to study the ratio of male-to-female 

mutation rates. Gametologous sequences are particularly suited for this kind 

of comparison, since they evolve separately but have the same origin. This 

makes it possible to avoid biases due to different characteristics of the 

sequences used to estimate m. Non coding sequences are compared in the 

same species and the substitution rates of the different sex chromosomes can 

be calculated.  

From estimates of the substitution rate for Y- and X-linked sequences (KY

and KX), the relationship between male and female mutation rate can be 

deduced by applying our knowledge of the time each chromosome spends in 

each sex (Miyata et al., 1987). 

m = ½*(3*KY/KX -1)  (3) 

Studies of humans and higher primates have reported higher mutation 

rates in Y than X-linked sequences, and m has been estimated to between 

1.8 and 10 (Shimmin et al., 1993; Shimmin et al., 1994; Chang et al., 1996; 

Li et al., 1996; Huang et al., 1997; Bohossian et al., 2000). With a human 

generation time of 25 years (Eyre-Walker and Keightley, 1999), these 

estimates are lower than expected from the ratio of cell divisions in the male 

and female germ lines (c 14). In some cases, the low estimate of m might 

be caused by ancient polymorphisms leading to an underestimate, but since 

the lower than expected m seems to be a general phenomenon, it indicates 

that other factors have to affect the mutation rates. An example of such a 

factor could be a more efficient repair system in male germ cells.  
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To a certain extent, methylation might be involved in creating a male 

bias. If the level of methylation is different in the male and female germ 

cells, it would lead to more CpG  TpG mutations in males than in females. 

In at least one of the studies listed above, all CpG mutations seem to have 

occurred in males (McVean, 2000). On the other hand, in a comparison of 

CpG transitions in autosomal and X-linked pseudogenes in humans and 

chimpanzees, no male bias was found (Nachman and Crowell, 2000), and it 

is not clear if there is a difference in methylation between males and females 

(El-Maarri et al., 1998; Huttley et al., 2000). 

Comparisons of evolutionary rates of X and Y in other mammalian 

species have all shown a male biased mutation rate (mouse and rat (Chang et 

al., 1994; Shimmin et al., 1994; Chang and Li, 1995; Li et al., 1996), cats 

(Pecon Slattery and O'Brien, 1998), sheep and goats (Lawson and Hewitt, 

2002)).

High mutation rate in Y or low in X sequences? 

The observations of higher substitution rates in Y- than in X-linked 

sequences could potentially be explained not only by a male biased mutation 

rate, but also by a specifically reduced mutation rate of the X chromosome. 

Since the X is hemizygous in males, recessive deleterious mutations will be 

exposed and thereby affect fitness negatively. A reduced mutation rate of X-

linked sequences would then be of selective advantage. This idea is 

supported by empirical data from comparisons of X chromosomes and 

autosomes in rodents (McVean and Hurst, 1997) but not in humans 

(Nachman and Crowell, 2000).  

There are two ways of investigating the relative importance of a male 

biased mutation rate and a reduced mutation rate of X. The first is to 

compare evolutionary rates of Y-linked and autosomal homologous 

sequences. In primates, the substitution rate in an ~11 kb region translocated 

to Y from chromosome 3 supports an m close to the estimates from X-Y 

comparisons ( m=5.3; Makova and Li, 2002).  
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Male bias deduced from avian sex chromosomes 

The other way of testing the male bias theory is to use a female 

heterogametic system, as found in birds. Some approximate values of the 

ratio of male-to-female germ cell divisions have been obtained also in birds. 

Kahn & Quinn (1999) calculated c based on Galliformes (chicken and 

Japanese quail) and Anseriformes (sage grouse and snow goose), where 

approximately 20 mitotic divisions take place during oogenesis, while 

spermatogenesis is estimated to involve 29 mitotic divisions during the 

embryonic development and subsequently ~28 divisions each year after 

sexual maturation. Assuming a generation time of a little more than 2 years, 

the male-to-female ratio of germ cell divisions would be ~4.4 in Galliformes, 

and probably lower in more short lived birds (Kahn and Quinn, 1999).  

If the mutation rate is male biased, the Z chromosome, spending  of its 

time in male germ line, is expected to evolve faster than the female-specific 

W chromosome. On the other hand, as Z is the avian equivalent of the 

mammalian X, the suggested reduction in the mutation rate would affect the 

Z chromosome. The expected results in mammals and birds based on the two 

different theories are presented in Table 1. 

Table 1. Predictions of the relative mutation rates of the sex chromosomes in 

mammals and birds based on the theories of male biased mutation and reduced 

mutation rate of the hemizygous chromosome. 

As can be seen in the table, the hypotheses of male-biased mutation rate and 

reduced mutation rate of the hemizygous chromosome cannot be 

distinguished as causative factors from the analysis of a system with male 

heterogamety. This therefore advocates the use of the avian system to 

 Male bias of 

mutation rates 

Reduced mutation rate of 

hemizygous chromosome 

Mammalian sex 

chromosomes 

Y > X  Y > X 

Avian sex 

chromosomes 

Z > W Z < W 
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distinguish between the two hypotheses. However, because there is the 

possibility of a combined effect, the predictions will in reality be more 

complex and results indicating a male bias in the mutation rate cannot 

exclude an effect of a reduced mutation rate on Z. This can be resolved by a 

comparison of estimates of m based on Z-W, Z-autosomes and W-

autosomes comparisons. If the difference is due only to a male biased 

mutation rate, the different comparisons would be expected to give the same 

estimate of m, while an effect of a reduced mutation rate of Z would result 

in discrepancies between the estimates. 

From the comparison of Z and W substitution rates (KZ and KW), it is 

possible to calculate m for birds (Miyata et al., 1987). 

m = ½*(3*KZ/KW -1)  (4)  

Comparisons of the mutation rates in Z and W sequences in different orders 

of birds have clearly shown that Z-linked sequences evolve faster than their 

W-linked homologues. In studies of avian sex chromosomes, m has been 

estimated to be 2-4 in Galliformes and Anseriformes (Kahn and Quinn, 

1999; Carmichael et al., 2000; Bartosch-Härlid et al., 2003), 5 in 

Charadriiformes and Procellariiformes (Bartosch-Härlid et al., 2003) and 

Ciconiiformes (Carmichael et al., 2000), and 3-6 in Passeriformes (Ellegren 

and Fridolfsson, 1997; Bartosch-Härlid et al., 2003). One additional study of 

a number of bird species has shown a slightly (20%) elevated evolutionary 

rate in Z compared with W (Garcia-Moreno and Mindell, 2000). There is 

considerable variation among different studies and different species that is 

probably mainly due to sampling effects, although some differences might 

be due to effects of generation time or sexual selection (Bartosch-Härlid et 

al., 2003). 

Male bias in other species 

In D. melanogaster and D. simulans, the X and Y chromosomes evolve at 

similar rates, which is in accordance with the fact that the number of germ 

cell divisions is similar in males and females (Bauer and Aquadro, 1997). 
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Thus, data from these species support the number of germ cell divisions 

being important for the mutation rate. 

There is also an indication of a male bias in the mutation rate in fish. For 

instance, m was estimated to be ~6 in a comparison of the evolutionary rates 

of intronic sequences from the autosomal GH-2 gene and its homologous Y-

linked pseudogene in salmon (Oncorhynchus) species (Ellegren and 

Fridolfsson, 2003).  

In the dioeceous plants Silene latifolia and S. dioica, substitution rates are 

higher in a Y-linked than in an X-linked gametologue. However, the ratio of 

substitution rates in Y and X is higher than the expectation based on the 

number of germ cell divisions in males and females, so the ratio is probably 

also affected by differences in per-replication mutation rates in males and 

females (Filatov and Charlesworth, 2002). A study of mitochondria and 

chloroplasts in a number of Gymnosperm families showed that both 

organelles experienced higher mutation rates when inherited paternally than 

when inherited maternally (Whittle and Johnston, 2002), which also 

indicates a higher mutation rate in males. 

Life history effects on 

Because the number of cell divisions a germ cell has undergone depends on 

male but not female age, we also expect m to be higher in species with 

longer generation times. In mammals, this appears to be true. Rodents, with 

their short generation times, show a quite weak male bias ( m = 2; Chang et 

al., 1994), while cats, sheep and goats with longer generation times also have 

stronger male bias ( m = 4; Pecon Slattery and O'Brien, 1998; Lawson and 

Hewitt, 2002). Finally, the species with the longest generation time, humans 

& primates, have the strongest male bias ( m = 6; Chang et al., 1996).  

Moreover, a similar correlation has also been found in birds (Bartosch-

Härlid et al., 2003). In 31 species from five different bird orders m co-varied 

with both sexual selection, in the form of extra pair paternity, and generation 

time.
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Insertions and deletions (indels) 

Not all mutations are the result of the exchange of one nucleotide for 

another. Some are insertions or deletions of DNA (indels). Even though 

indel mutations occur less frequently than substitutions, they affect large 

proportions of DNA (Anzai et al., 2003; Britten et al., 2003) and might be a 

significant source of evolutionary change. Indels change the length of DNA 

and may have an effect on the total genome size. Many studies have shown 

that for small unique indels, there is a bias towards deletions (Graur et al.,

1989; Gu and Li, 1995; Ophir and Graur, 1997), and that the degree of bias 

correlate with genome size in different species (Petrov et al., 2000; 

Comeron, 2001). Other studies have suggested a correlation between the 

deletion-insertion ratio and intron lengths (Comeron and Kreitman, 2000; 

Ptak and Petrov, 2002; Schaeffer, 2002).  

Is the rate of indel mutations male biased? 

Not all diseases show the paternal bias of inheritance seen for point 

mutations. In some diseases, de novo mutations are inherited at equal 

frequency from both parents. Examples of such diseases are the dominant 

autosomal disorders neurofibromatosis type 1 (Lazaro et al., 1996) and 

William’s syndrome (Perez Jurado et al., 1996). Two X-linked recessive 

disorders, haemophilia B (Ketterling et al., 1994; Sommer et al., 2001) and 

Duchenne’s muscular dystrophy (Grimm et al., 1994), even show maternal 

bias. All of these diseases are caused by indels (Vogel and Motulsky, 1996; 

Crow, 1997; Crow, 2000). 

The mechanism introducing indel mutations is not clear, although some 

authors have suggested recombination as the main process (Vogel and 

Motulsky, 1996; Crow, 2000). If recombination is the cause of indel 

mutations, the male bias in the number of germ cell divisions is not expected 

to affect the mutation rate. Recombination occurs mainly in meiotic cell 

divisions, although gene conversion and recombination-like processes can 

also occur in mitosis. Each germ cell, both male and female, has undergone 

only one meiosis before fertilization, independent of the age. Therefore, if 
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recombination is the main cause of indels, this might explain the equal 

contribution by males and females in some diseases (Crow, 2000). The cases 

with female bias are often caused by large deletions involving several exons, 

and the mutation rate is perhaps influenced by the long period of time that 

female germ cells spend in ‘suspended’ meiosis (Crow, 2000).  

Contradicting recombination as the sole mechanism behind indel 

mutations, enzyme studies have shown that slippage during replication of 

DNA might cause small indels (Kunkel and Soni, 1988; Kunkel, 1990; 

Kunkel and Bebenek, 2000). This could be an indication that replication also 

plays a role in the indel mutation process.  

Genetic diversity 

DNA polymorphism 

A nucleotide site having more than one variant within a population is usually 

referred to as a polymorphic or segregating site. Normally, this represents 

the intermediate step between the generation of a new mutation and fixation 

or loss of the mutation in the population. Without factors acting to preserve 

variation in a sequence, a segregating site will ultimately go to fixation.  

The amount of polymorphism in a sequence can simply be measured as 

the number of alleles or different sequences in the sample. Under the 

infinite-sites model, each new mutation is assumed to create a new allele. 

However, since the number of alleles depends both on sequence length and 

sample size, this is not convenient for comparisons among populations or 

loci.

Another way of measuring DNA polymorphism is by calculating the 

number of segregating sites in a sequence ( W). W can be corrected for 

sample size and sequence length, but does not consider the respective 

frequencies of the variants at each segregating site. For this a third 

measurement; nucleotide diversity ( ) can be used.  is the average number 

of differences per site between two randomly chosen sequences in the 



30

sample. If there are no effects of population structure or selection,  and W

should be the same (Li, 1997).  

Since new alleles are created by mutation, the mutation rate is vital for 

the diversity in a sequence. Other factors such as the effective population 

size and selection also affect the diversity and together these factors will 

cause the degree of diversity to vary both within a genome and between the 

genomes of different species. 

Effective population size

For neutral mutations, the probabilities of fixation or loss depend on the 

allele frequencies (1), and the average time to fixation is 4N generations 

(Hartl and Clark, 1997). Changes in neutral allele frequencies over 

generations are not predetermined, but occur by random sampling from one 

generation to the next (random genetic drift). In large populations, where 

many mutations occur and slowly drift to fixation or loss, levels of diversity 

are usually high. In small populations, where fewer mutations occur and drift 

is faster, diversity is normally reduced (Aquadro, 1992). The expected 

diversity ( ) at equilibrium depends on the mutation rate µ and the 

population size N (Li, 1997): 

 = 4Nµ   (5) 

The reasoning above is based on ideal populations, which have equal 

numbers of breeding males and females, no fluctuations in population size 

over time, no age structure and no skewed distributions in family size (Hartl 

and Clark, 1997). To correct for the fact that not all individuals reproduce, 

the effective population size (Ne) is used. This is the size of an ideal 

population having the same degree of genetic drift as the study population. 

Generally, Ne is much smaller than the number of individuals in the 

population and is influenced for example by the mating system (Li, 1997). 

For example, in humans, the average difference per site between two 

random sequences is quite low,  = 0.074% corresponding to approximately 

one polymorphic site in 1000 bp (Sachidanandam et al., 2001). In contrast 
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Drosophila melanogaster has a much larger population size and is 8-13 

times as diverse (Tenaillon et al., 2001). Preliminary results from chickens 

show in intermediate diversity of 1 polymorphic site in 60-500 bp of 

sequence (Schmid et al., 2000; Smith et al., 2000; Smith et al., 2001; 

Parsanejad et al., 2002; Liu et al., 2003). In plants, the out-crossing maize 

(Zea mays) is more diverse than the inbreeding soybean (Glycine max) and 

Arabidopsis thaliana (Zhu et al., 2003). 

Selection

Under neutrality, diversity is dependent only on the mutation rate and the 

effective population size while for sites under selective constraints, the 

diversity depends also on the strength of selection. Compared to a neutral 

mutation, an advantageous mutation will have a higher and a 

disadvantageous mutation a lower probability of fixation (higher probability 

of loss). Although positive selection strives towards fixation of an allele and 

negative selection towards removal, both will tend to reduce the levels of 

diversity in a sequence (Li, 1997).  

Not all kinds of selection reduce the diversity. In sequences under 

balancing selection, either rare alleles or heterozygotes are favoured and 

fixation of any allele is prevented by overdominant selection. Examples of 

such sequences are the MHC genes (Hedrick, 1998), which encode proteins 

involved in the recognition of foreign antigens and are critical to immune 

response.

Diversity at a site is not only affected by whether a mutation confers a 

selective advantage or disadvantage. Sites that are physically close to each 

other are inherited together in a non-random fashion only being uncoupled 

by occasional cases of recombination. When there is no recombination 

between a neutral site and a linked site under selection, the neutral site will 

experience the same effects on diversity as the selected site in terms of 

diversity. The effect of positive selection on linked sites is often referred to 

as hitchhiking, while background selection is the effect of negative selection. 

In Lycopersicon plants (Stephan and Langley, 1998), Drosophila 

melanogaster (Begun and Aquadro, 1992), mice (Nachman, 1997) and 
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humans (Nachman, 2001), levels of neutral variability have been shown to 

correlate with recombination rate.  

Hitchhiking 

An advantageous mutation may rapidly spread in the population and become 

fixed, a process referred to as hitchhiking or a selective sweep (Figure 4a). 

The size of the linked region that is dragged to fixation together with the 

advantageous mutation depends on the intensity of selection and the 

recombination rate. If the recombination rate is low, or the selection 

coefficient is high, the region that hitchhikes with the selected mutation will 

be larger.

During a short period of time after a selective sweep, the allele frequency 

spectrum will be skewed towards rare alleles (Braverman et al., 1995). This 

is because after the fixation of one allele, new variation will arise solely 

through the input of new mutations and new variants are initially at low 

frequencies in the population. The ability to detect past events of selective 

sweeps based on polymorphic data depends on the rate at which sweeps 

Figure 4. The effects on diversity of a. genetic hitchhiking and b.
background selection.
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occur and the mutation rate obscuring the traces of the sweep. If mutation 

rate is high, selective sweeps have to occur at a high rate to be visible in the 

levels of diversity (Payseur and Nachman, 2002).  

The Tajima’s D test of neutrality can be used to detect selective sweeps. 

Tajima’s D is based on a comparison between the W and  estimates of 

(Li, 1997). Many low frequency alleles will affect  more than W and, after 

a sweep, this will result in negative values of Tajima’s D. Neither in humans 

nor in Drosophila has any significant skew been found (Andolfatto, 2001a; 

Nachman, 2001; Jensen et al., 2002), although there is a weak positive 

correlation between Tajima’s D and recombination rate, indicating the 

possible effects of selective sweeps in humans (Nachman, 2001). Hence, the 

importance of selective sweeps in shaping genome diversity is not well 

understood.

Background selection 

Background selection (Figure 4b) is, in a way, the opposite of genetic 

hitchhiking. In this process, deleterious mutations are removed from the 

population by negative selection and polymorphisms at linked sites will be 

removed with them. In effect, this means that the diversity depends on the 

mutation rate and the proportion of sequences free of deleterious mutations 

rather than the effective population size (Charlesworth and Charlesworth, 

2000).

As for genetic hitchhiking, the size of the region affected by background 

selection depends on the recombination rate and the selection coefficient. 

The higher the recombination rate, or lower the selection coefficient, the 

smaller the region affected by the removal of the deleterious mutation. The 

process of background selection is not expected to change the allele 

frequency spectrum (Charlesworth et al., 1995), and hence it is possible to 

distinguish between background selection and genetic hitchhiking. 

Related to background selection is also the Hill-Robertson effect. If many 

linked mutations are weakly selected, for example when there is a codon 

bias, they will interfere with each other, causing difficulties in the removal 

of deleterious mutations and the fixation of advantageous mutations. 
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Simulations have shown that the interference will slightly reduce the 

diversity (McVean and Charlesworth, 2000). The Hill-Robertson effect on 

weakly selected mutations will have less effect on diversity than background 

selection, but might be important in non-recombining regions with a large 

number of mutations and small selection coefficients (McVean and 

Charlesworth, 2000). 

Effects on sex chromosomes 

Sex chromosomes may offer a useful context for the study of the relative 

importance of different population genetic factors in shaping the levels of 

genetic diversity.

Firstly, as indicated above, sex chromosomes typically differ in mutation 

rates, Y having a higher mutation rate than X and Z a higher rate than W. 

From this, we should expect a higher diversity on Y than on X in mammals, 

and in birds, a higher diversity in Z than in W sequences (Li et al., 2002). 

Secondly, the effective population size differs between the sex 

chromosomes.  In a population with an even sex ratio and random mating, 

the Y and W chromosomes will have one-third the effective population size 

of the X and Z chromosomes from the same population. Rephrased for the 

avian sex chromosomes, (5) would be 

 Z = 3*Ne*µZ   (6) 

for the Z chromosome and  

 W = Ne*µW   (7) 

for the W chromosome. The same formulae can be applied to the 

mammalian X and Y, respectively. Everything else being equal, the W and Y 

chromosomes are expected to have only  the diversity of Z and X, 

respectively. 

Thirdly, selection has different effects on the sex chromosomes than on 

the autosomes. Both background selection and genetic hitchhiking are 

expected to drastically reduce the diversity on non-recombining W and Y 
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chromosomes, but the two mechanisms have different effects on the Z (X) 

chromosomes and the autosomes (Nachman, 2001). Background selection is 

expected to lead to higher levels of diversity on the Z (X) chromosome than 

on autosomes. Because the efficient selection in the hemizygous sex leads to 

a larger proportion of Z chromosomes free of deleterious mutations. Under 

hitchhiking, levels of diversity are expected to be higher on autosomes due 

to the efficient fixation of advantageous alleles reducing the diversity on Z 

and X. 

Diversity in sex chromosomes 

In the human genome (Sachidanandam et al., 2001), the Y chromosome 

shows very little diversity (  = 1.5*10-4), while the X chromosome is more 

diverse (  = 4.5*10-4). Other studies of the human Y chromosome confirms 

the low levels of diversity compared to the rest of the genome (Dorit et al.,

1995; Whitfield et al., 1995; Altshuler et al., 2000; Underhill et al., 2000), 

and results from other species also support a low diversity in the Y 

chromosome (Burrows and Ryder, 1997; McAllister and Charlesworth, 

1999; Bachtrog and Charlesworth, 2000; Filatov et al., 2000; Hellborg and 

Ellegren, 2003).  

Because the mutation rate is not equal for the both sex chromosomes, the 

higher mutation rate in Y than in X sequences counteracts the difference in 

effective population size (Li et al., 2002). This suggests that the patterns of 

diversity are not shaped primarily by the mutation rate, and that processes 

such as hitchhiking and background selection are important. 

Differences between the X chromosome and the autosomes are not as 

well studied, but in humans the X chromosome is less diverse than the 

autosomes (  = 8.0*10-4). Most studies of Drosophila indicate reduced 

diversity on the X chromosome (Moriyama and Powell, 1996; Begun and 

Whitley, 2000), although there are differences between populations 

(Andolfatto, 2001b). This can be interpreted as support for genetic 

hitchhiking as the most important process for shaping diversity. 
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Is mtDNA driving Y chromosome evolution? 

The low diversity in the Y chromosome is often explained by selective 

sweeps and background selection having a large effect on a non-recombining 

chromosome. However, the low diversity has also been suggested to be 

caused by mutations in mitochondrial DNA (Gemmell and Sin, 2002). Since 

sperm have extreme energy demands, the function of their mitochondria is 

vital for their fertilisation success. Therefore, mutations in the mitochondrial 

DNA would tend to lead to impaired reproduction and reduced effective 

population size among males. This would affect Y chromosome diversity in 

particular (Gemmell and Sin, 2002). 

In the avian chromosome system, this theory would lead to a different 

prediction. Since the W chromosome is found in females, it would not be 

affected by the energy demands of sperm (Ellegren, 2003). In birds, the Z 

chromosome would instead be affected by a slightly lowered diversity 

compared to autosomes due to the difference in time spent in the male germ 

line.

Conclusion

Clearly, sex chromosome evolution is mediated by an intricate interplay of 

many different population genetic factors. Due to their special mode of 

inheritance, the varying numbers of cell divisions in the male and female 

germ line affects them differently. They experience different levels of 

recombination, with the main part of the W and Y chromosomes not 

recombining at all, which leaves them vulnerable to processes like selective 

sweeps and background selection. Also, due to their mode if inheritance, 

they differ in effective population sizes. By studying inter- and intra-specific 

variation of sex-linked sequences, we can learn about the effects population 

genetic factors in shaping genome divergence and diversity.  



37

Research aims 

To study the degree of genetic diversity in avian sex chromosomes, 

and the population genetic factors affecting this. 

To study the mutation rate of the avian Z chromosome and a 

possible reduction in this rate. 

To study the rate of indel mutations in avian and mammalian sex 

chromosomes, thereby investigating the role of replication and 

recombination in the generation of indels. 
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Summaries of papers including discussion 

Paper I 

Contrasting levels of diversity on the avian Z and W 

chromosomes.

Studies of several species have shown the diversity of the Y chromosome to 

be lower than that of the X chromosome (Dorit et al., 1995; Whitfield et al., 

1995; Burrows and Ryder, 1997; McAllister and Charlesworth, 1999; 

Altshuler et al., 2000; Bachtrog and Charlesworth, 2000; Filatov et al., 2000; 

Hellborg and Ellegren, 2003). However, all these studies are restricted to 

organisms with male heterogamety. It should be of interest to contrast these 

findings with data on the levels of genetic variability in the sex 

chromosomes of an organism with female heterogamety (ZW), since this 

chromosome organisation implies several population genetic differences 

compared to XY systems. 

Therefore, in paper I we screened introns from the gametologous CHD1Z

and CHD1W genes in seven bird species (Ficedula hypoleuca, F. albicollis,

Hirundo rustica, Phylloscopus trochilus, Parus caeruleus, Tetrao tetrix and 

Falco tinnunculus) using SSCP analysis of population samples of unrelated 

individuals.  

Results

All species taken together, about 3.4 kb of W sequence from, on average, 22 

chromosomes and 3.8 kb of Z sequence from, on average, 39 chromosomes 

was obtained. The difference in diversity was striking – while CHD1Z
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sequences contained 37 segregating sites (  = 0.0020), CHD1W sequences 

were all monomorphic within each species. All species contained at least one 

polymorphic site in CHD1Z sequences. Re-sampling of individuals and sites 

confirmed that the difference is not due to the sampling of longer sequences 

or a higher number of screened chromosomes for the CHD1Z sequences.  

A signs test shows that the difference in diversity (Z > W) is statistically 

significant (p=0.0078), but since the CHD1W sequences were monomorphic, 

it is not possible to quantify the difference. Neither Tajima’s D nor HKA 

tests showed any departure from neutrality in any of the introns.  

Discussion

There are several possible explanations to the contrasting levels of diversity 

observed between Z and W introns. 

The effective population size (Ne) is lower for W-linked than for Z-linked 

sequences. If the numbers of breeding males and females are equal, the Z 

chromosome has an Ne 3 times larger than the W chromosome, and is 

therefore expected to have 3 times the diversity.  

The mutation rate has been shown to be higher on the Z chromosome 

than on the W chromosome, probably due to the difference in number of 

male and female germ cell divisions (Ellegren and Fridolfsson, 1997; Kahn 

and Quinn, 1999).  This difference would also contribute to the observed 

difference in diversity between Z and W. In mammals, the situation is the 

opposite – the higher male mutation rate (Li et al., 2002) is expected to raise 

the diversity on Y compared to X, which is not observed. 

Finally, selection might be affecting the diversity on W. Because W does 

not recombine with the Z chromosome outside of the pseudoautosomal 

region (PAR), all sites in the non-recombining part are in complete linkage 

disequilibrium. By this, the effects of both background selection and 

hitchhiking extend over the whole W chromosome.  

Both W and Y are gene poor, and the possible effects of background 

selection are uncertain. On the other hand, on the Y chromosome there are 

many genes important for spermatogenesis that show signs of fast evolution 

(Torgerson et al., 2002), indicating that positive selection is a potential 
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mechanism shaping diversity on the Y chromosome. Recently, one W-linked 

gene, PKCIW, has been found to be under positive selection in chicken and 

quail (Ceplitis and Ellegren, 2003). Hence, PKCIW provides a possible 

candidate locus for selective sweeps on the W.  

The problems associated with the lack of diversity in the W sequences 

make it impossible to evaluate the relative importance of the possible 

explanations listed above. The lower effective population size together with 

the lower mutation rate of W sequences could be enough to explain the 

difference between Z and W, but we cannot rule out that background 

selection and/or hitchhiking could also have an effect. 

Paper II 

Reduced variation on the chicken Z chromosome and the 

role of selective sweeps in sex chromosome evolution

Following the comparison of diversity in Z and W chromosome sequences 

presented in paper I, the next logical step was to contrast the levels of 

variability in autosomes and the Z chromosome. To get as high power as 

possible, we decided to use a diverse set of chicken breeds for the 

comparison. To account for regional variation in the mutation rate, we chose 

to use introns from several genes spread in the genome. 

By comparing the levels of variability on the Z chromosome and the 

autosomes, we assessed the effects of mutation rate, effective population size 

and selection on diversity. 

Results

In total, we sequenced 14 autosomal (8316 bp) and 13 Z-linked introns 

(6856 bp) from 25 male chickens. In the Z-linked introns, there were 44 

segregating sites ( W=1.4±0.4*10-3), while the diversity in autosomes was 

much higher, with 214 segregating sites found ( W=5.8±0.8*10-3). The ratio 
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of autosomal to Z chromosome diversity is 3-4. An HKA test showed that 

the difference in diversity levels is significant (p=0.006). 

Tajima’s and Fu & Li’s test statistics showed no evidence of departure 

from neutrality. HKA tests also revealed heterogeneity in diversity levels 

among Z-linked introns (p=0.024), while no such trend was shown for 

autosomal introns (p=0.673). 

Discussion

Possible explanations for the reduction of diversity in Z-linked introns are 

differences in mutation rate, effective population size and/or selection. From 

the differences in time spent in male germ line, Z-linked sequences are 

expected to evolve slightly faster than autosomal sequences, which would 

lead to the expectation of higher levels of diversity on the Z chromosome 

(Miyata et al., 1987; Li et al., 2002). As this is opposite to what we observed, 

mutation rate variation cannot explain the low levels of Z chromosome 

variability.  

A difference in the number of breeding males and females in chicken 

could reduce the effective population size of Z compared to autosomes 

beyond the theoretical three-quarters. However, a twofold excess of 

polymorphism on autosomes compared to Z is the maximum possible 

difference. The relative effective population size of autosomes to Z 

approaches 2 as the bias in the sex ratio of reproducing birds become severe. 

Hence, we favour the hypothesis that selection is causing the observed 

reduction in diversity on Z. Because the recombination rate of Z is reduced 

compared to the autosomes (Levin et al., 1993; Smith and Burt, 1998; 

Groenen et al., 2000; Schmid et al., 2000), effects of selection on linked 

neutral sites would extend much further on Z from a locus under selection. 

The observation of rate heterogeneity among Z-linked introns is compatible 

with a role of positive selection through the action of a selective sweep. 

Moreover, the pattern and frequency of selection may differ between the Z 

chromosomes and the autosomes. Further support for selective sweeps 

playing a key role in shaping diversity on Z comes from the prediction of 

accumulation of sexually antagonistic genes on Z/X (Rice, 1984). Empirical 
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data from various organisms show frequent X/Z-linkage of sexually selected 

characters.  

Paper III 

Mutation rate variation in the avian genome 

The contrasting rates of sequence evolution between the avian sex 

chromosomes lend support to the idea of male-biased mutation (Ellegren and 

Fridolfsson, 1997; Kahn and Quinn, 1999; Bartosch-Härlid et al., 2003). 

However, a reduced mutation rate of the Z chromosome cannot be excluded 

from the comparison of Z and W sequences. A reduced mutation rate of the 

X chromosome has been suggested from rodent (McVean and Hurst, 1997) 

but not human data (Nachman and Crowell, 2000). To investigate a possible 

Z reduction in birds, we estimated the substitution rate of the Z chromosome, 

the W chromosome and autosomes by sequencing orthologous introns from 

chicken (Gallus gallus) and turkey (Meleagris gallopavo). A potential 

reduction should be evident from contrasting estimates of m in the Z-W, Z-

A and A-W comparisons. 

Results

A total of 44 kb sequence was analysed from 34 autosomal, 36 Z-linked and 

17 W-linked introns. The substitution rate was found to be almost twice as 

high on the Z (10.66±0.28%) and autosomes (9.93±0.26%) than on the W 

chromosome (5.49±0.24%). There were discrepancies among estimates of 

m from A/W, A/Z and Z/W, suggesting a 6.5% reduction of substitution rate 

on the Z chromosome (p=0.038). However, the reduction does not remain 

statistically significant after bootstrapping by both introns and sites (12.4% 

reduction, p=0.093). This double bootstrapping approach seemed justified by 

the finding of significant rate heterogeneity within the chromosomal classes, 

indicating local variation in the substitution rates. Although there are 

differences in GC content between the chromosome classes (A = 46.7%; Z = 
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36.3%; W = 33.1%), there is no relationship between GC content and 

substitution rates within each chromosome class.  

Discussion

Although we find a slight reduction in the mutation rate of the Z 

chromosome, we cannot exclude the possibility that male bias is the only 

factor contributing to the observed differences in mutation rate between Z, 

W and autosomes. 

We expect ancient polymorphisms to have a minimal effect our results, 

since divergences are high compared to polymorphism levels. Neither do we 

expect selective constraints on introns to differ among the three chromosome 

classes and, in any case, we allowed for variation among sites in our 

analysis. If intronic sites are subject to weak negative selection, we could 

expect a reduced substitution rate on the Z chromosome compared to the 

autosomes, but to obtain a 12% reduction in Z-linked substitution rates 

selection coefficients would have to be unrealistically high.  The discrepancy 

observed between estimates of m could, in theory, also be explained by a 

reduction of the substitution rate of W. However, the strength of selection 

for a reduced mutation rate would be expected to be much higher on Z than 

on W. 

Importantly, the mutation rate heterogeneity within the chromosomal 

classes cannot be explained by germ line cell divisions. This means that 

other factors must be affecting the mutation rates in avian genomes. One 

possible such factor is GC content that has been shown to correlate with 

mutation rates in mammals (Casane et al., 1997; Hardison et al., 2003). 

Although the average GC content varies between the chromosomes, we find 

no relationship between GC content and mutation rate among the introns 

from each of the chromosomes. 
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Paper IV 

Is the rate of insertion and deletion mutation male biased? 

Molecular evolutionary analysis of avian and primate sex 

chromosome sequences 

While there is a clear paternal bias of new mutations in hereditary diseases 

caused by point mutations, no such bias is seen for disorders caused by indel 

mutations. This indicates that point mutations and indels arise through 

different mechanisms and it has been suggested that it is recombination, 

rather than replication, that plays an important role for the generation of 

indels (Vogel and Motulsky, 1996; Crow, 2000). As the effects of 

recombination and replication vary in a predicable manner between sex 

chromosomes (table 2) we sought to address their relative roles in generating 

indels by comparing the rates of indel mutations in gametologous introns 

from Z and W introns and from X and Y. 

In addition, a comparison of the ratio of deletions to insertions in sex 

chromosomes may indicate the mechanisms behind the decay of non-

recombining chromosomes.  

Table 2. The effect of recombination and replication on the rate of indel mutations 

on mammalian and avian sex chromosomes 

 Recombination Replication 

Mammalian sex chromosomes Y < X Y > X 

Avian sex chromosomes Z > W Z > W 

Results

Seven gametologous introns from two different genes were available for 

analysis in birds. A total of 11,065 bp of Z chromosome sequence and 

10,435 bp of W chromosome sequence were analysed from eight bird orders, 

in 20 alignments. In the Z sequences, 234 indels were found (2.1% per bp), 

while in the W sequences 113 indels were found (1.1% per bp; p<0.001, 
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Fisher’s exact test). In 18 out of the 20 alignments, the rate of indel mutation 

was found to be higher in Z than in W (p<0.001, Signs test). 

Eight introns from 5 gametologous genes, comprising 6215 bp of X and 

5232 bp of Y chromosome sequence, were used for the primate analysis. Six 

of the alignments were based on human and marmoset sequence, while the 

other two were based on sequences from human and other primates. No 

difference was found between the X and Y sequences in terms of incidence 

of indel mutation (X=1.0; Y=1.2; p=0.47, Fisher’s exact test). Five of the 

introns showed more indels on Y and three showed more on X (p=0.438, 

signs test). 

We also analysed 1 bp indels and >1 bp indels separately. In birds, 1 bp 

indels showed a significantly higher Z/W ratio of indels mutations (2.72) 

than >1 bp indels (1.49; p=0.025, Fisher’s exact test). In mammals, there 

was a similar, let non-significant, difference between 1 bp indels (Y/X = 

1.54) and >1 bp indels (Y/X = 0.52; p=0.204, Fisher’s exact test). 

Since six out of the eight primate introns were based on only two 

sequences, it was not possible to determine the direction of mutation. In 

birds, however, we could determine the direction of most mutations by 

parsimony principles. This showed a higher ratio of deletions to insertions 

overall (2.57; 2=19.78, p<0.001). We also found a higher ratio of deletions 

to insertions in W (7.25) than in Z (1.85; p=0.019, Fisher’s exact test).  

Discussion

Because indels were not infrequent on the non-recombining Y and W 

chromosomes, we can exclude recombination as the sole mechanism behind 

this type of mutation. Instead, the equal number of indel mutations in X and 

Y chromosomes, indicates that both recombination and replication are 

causing indels. On X, a combination of the factors may be important for the 

generation of indel mutations, while on Y, the main factor should be 

replication. The higher rate of indel mutations on Z than on W is expected 

under both hypotheses. As it is not possible to quantitatively assess the 

relative importance of the two mechanisms, we cannot reach any conclusion 

about a possible male bias of indel mutations. 
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It has been suggested that replication may cause some indel mutations, 

particularly very short ones, due to replication slippage (Kunkel, 1990). Our 

observations are consistent with the idea, since we found a high rate of 1 bp 

indels on the Z chromosome of birds and the Y chromosome of mammals, 

which both go through a larger number of DNA replications than the other 

sex chromosome in the respective organism. 

The difference in the ratio of deletions to insertions between the avian sex 

chromosomes indicates that the W chromosome is more prone to deletion 

mutations than the Z chromosome. Perhaps there is a difference in the 

mutational mechanism between the two chromosomes. 
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Future prospects 

One question that warrants further investigation is the relative diversity on Z 

and autosomes. Studies of species with different degrees of sex differences 

in the effective population size could provide insights into how differences 

in mating systems contribute to differences in diversity levels between Z and 

autosomes. Related to this, the study presented in paper II should be repeated 

in a wild bird species, which has not been subject to domestication. 

The low diversity found in avian W sequences also needs further study. 

Species expected to be more diverse than the ones investigated in paper I, for 

example the chicken breeds used in paper II, could provide insight into the 

level of reduction of diversity on the W chromosomes. 

The question of mutation rate heterogeneity is obviously complex. With 

more detailed information on recombination rates in the avian genome it 

would be possible to study local effects of recombination on divergence. By 

adding a third species to the chicken – turkey comparison, it would also be 

possible to investigate the direction of mutations in different regions, for 

example regions with different GC content.  

The results from our study of indel mutation rates indicate a difference 

between the insertion/deletion ratio of Z and W chromosomes, which might 

suggest a mechanism causing the W chromosome to shrink. By comparison 

of deletion/insertion ratios in avian autosomes, it can be revealed whether it 

is the ratio on W that is high or that on the Z that is low. It would also be of 

interest to make a similar study in organisms with male heterogamety. 

Of the functional genes found on avian W, only one has not been found 

in all examined bird species. This could be taken as evidence of these genes 

being of evolutionary importance. With information from more W-linked 

genes and from more species, the generality of the observed pattern can be 

investigated and important knowledge on potential differences between the 

processes of sex chromosome evolution in mammals and birds can be 

gained.



48

Acknowledgements

Johan, my wonderful husband. Thank you for all your support and 

encouragement, and for not allowing me to take this whole thing too 

seriously. Soon we have the important stuff to deal with. Älskar dig. 

Hans, I would like to thank you for encouraging me to become independent 

and trust my own judgement and for always being enthusiastic about my 

projects. Thank you also for allowing me to teach as much as you did. You 

made this thesis possible. 

Katrin, Anki, Gunilla and Anneli, thanks for excellent sequencing.  

Matt, thanks for always being helpful with data analyses. 

The “bird group” – Anna-Karin, Sofia, Anna, Helene, Lori, Erik and 

Nicklas, thank you for lots of useful discussions.  

My roommates Jesper and Linda, thank you for putting up with me and my 

mess and for always being there to discuss scientific and other matters. 

Jenny, Linda and Lori, a special thanks to you for your help with this thesis 

manuscript.

Mom, Dad, Niklas and Christian, thank you for always being there for me. 

And finally, thanks to all the people in the lab (you are to many to mention 

individually!) for being such excellent co-workers.  



49

References

Altshuler, D., Pollara, V. J., Cowles, C. R., Van Etten, W. J., Baldwin, J., 

Linton, L. and Lander, E. S. 2000. An SNP map of the human 

genome generated by reduced representation shotgun sequencing. 

Nature 407: 513-516. 

Andolfatto, P. 2001a. Adaptive hitchhiking effects on genome variability. 

Curr Opin Genet Dev 11: 635-641. 

Andolfatto, P. 2001b. Contrasting patterns of X-linked and autosomal 

nucleotide variation in Drosophila melanogaster and Drosophila 

simulans. Mol Biol Evol 18: 279-290. 

Anzai, T., Shiina, T., Kimura, N., Yanagiya, K., Kohara, S., Shigenari, A., 

Yamagata, T., Kulski, J. K., Naruse, T. K., Fujimori, Y. et al. 2003. 

Comparative sequencing of human and chimpanzee MHC class I 

regions unveils insertions/deletions as the major path to genomic 

divergence. Proc Natl Acad Sci U S A 100: 7708-7713. 

Aquadro, C. F. 1992. Why is the genome variable? Insights from 

Drosophila. Trends Genet 8: 355-362. 

Bachtrog, D. and Charlesworth, B. 2000. Reduced levels of microsatellite 

variability on the neo-Y chromosome of Drosophila miranda. Curr

Biol 10: 1025-1031. 

Bartosch-Härlid, A., Berlin, S., Smith, N. G. C., Moller, A. P. and Ellegren, 

H. 2003. Life history and the male mutation bias. Evolution in press. 

Bauer, V. L. and Aquadro, C. F. 1997. Rates of DNA sequence evolution are 

not sex-biased in Drosophila melanogaster and D. simulans. Mol 

Biol Evol 14: 1252-1257. 

Bed'Hom, B., Coullin, P., Guillier-Gencik, Z., Moulin, S., Bernheim, A. and 

Volobouev, V. 2003. Characterization of the atypical karyotype of 

the black-winged kite Elanus caeruleus (Falconiformes: 



50

Accipitridae) by means of classical and molecular cytogenetic 

techniques. Chromosome Res 11: 335-343. 

Bed'Hom, B. T., Darre, R. and Fillon, V. 1998. Chromosome banding 

studies in the Bateleur (Terathopius ecaudatus, Aves, Accipitridae). 

Chromosome Res 6: 437-440. 

Begun, D. J. and Aquadro, C. F. 1992. Levels of naturally occurring DNA 

polymorphism correlate with recombination rates in D.

melanogaster. Nature 356: 519-520. 

Begun, D. J. and Whitley, P. 2000. Reduced X-linked nucleotide 

polymorphism in Drosophila simulans. Proc Natl Acad Sci U S A

97: 5960-5965. 

Bird, A. 1980. DNA methylation and the frequency of CpG in animal DNA. 

Nucl Acids Res 8: 1499-1504. 

Blackwell, T. K. and Walker, A. K. 2002. Getting the right dose of 

repression. Genes Dev 16: 769-772. 

Boer, L. E. M. D. and Sinoo, R. P. 1984. A karyological study of 

Accipitridae (Aves: Falconiformes), with karyotypic descriptions of 

16 species new to cytology. Genetica 65: 89-107. 

Bohossian, H. B., Skaletsky, H. and Page, D. C. 2000. Unexpectedly similar 

rates of nucleotide substitution found in male and female hominids. 

Nature 406: 622-625. 

Boyd, Y., Blair, H. J., Cunliffe, P., Masson, W. K. and Reed, V. 2000. A 

phenotype map of the mouse X chromosome: models for human X-

linked disease. Genome Res 10: 277-292. 

Braverman, J. M., Hudson, R. R., Kaplan, N. L., Langley, C. H. and 

Stephan, W. 1995. The hitchhiking effect on the site frequency 

spectrum of DNA polymorphisms. Genetics 140: 783-796. 

Britten, R. J., Rowen, L., Williams, J. and Cameron, R. A. 2003. Majority of 

divergence between closely related DNA samples is due to indels. 

Proc Natl Acad Sci U S A 100: 4661-4665. 

Bromham, L. and Penn, D. 2003. The modern molecular clock. Nat Rev 

Genet 4: 216-224. 



51

Brown, C. J. 2001. Equality of the sexes: mammalian dosage compensation. 

Semin Reprod Med 19: 125-132. 

Burrows, W. and Ryder, O. A. 1997. Y-chromosome variation in great apes. 

Nature 385: 125-126. 

Burt, D. W., Bruley, C., Dunn, I. C., Jones, C. T., Ramage, A., Law, A. S., 

Morrice, D. R., Paton, I. R., Smith, J., Windsor, D. et al. 1999. The 

dynamics of chromosome evolution in birds and mammals. Nature

402: 411-413. 

Carmichael, A. N., Fridolfsson, A. K., Halverson, J. and Ellegren, H. 2000. 

Male-biased mutation rates revealed from Z and W chromosome-

linked ATP synthase alpha-subunit (ATP5A1) sequences in birds. J

Mol Evol 50: 443-447. 

Carvalho, A. B. 2002. Origin and evolution of the Drosophila Y

chromosome. Curr Opin Genet Dev 12: 664-668. 

Casane, D., Boissinot, S., Chang, B. H., Shimmin, L. C. and Li, W. 1997. 

Mutation pattern variation among regions of the primate genome. J

Mol Evol 45: 216-226. 

Ceplitis, H. and Ellegren, H. 2003. Adaptive molecular evolution of PKCIW,

a female-specific gene in birds. Molecular Biology and Evolution in 

press.

Chang, B. H. and Li, W. H. 1995. Estimating the intensity of male-driven 

evolution in rodents by using X-linked and Y-linked Ube 1 genes 

and pseudogenes. J Mol Evol 40: 70-77. 

Chang, B. H., Shimmin, L. C., Shyue, S. K., Hewett-Emmett, D. and Li, W. 

H. 1994. Weak male-driven molecular evolution in rodents. Proc

Natl Acad Sci U S A 91: 827-831. 

Chang, B. H.-J., Hewett-Emmett, D. and Li, W.-H. 1996. Male-to-female 

ratios of mutation rate in higher primates estimated from intron 

sequences. Zoological Studies 35: 36-48. 

Charlesworth, B. and Charlesworth, D. 2000. The degeneration of Y 

chromosomes. Philos Trans R Soc Lond B 355: 1563-1572. 

Charlesworth, D. 2002. Plant sex determination and sex chromosomes. 

Heredity 88: 94-101. 



52

Charlesworth, D., Charlesworth, B. and Morgan, M. T. 1995. The pattern of 

neutral molecular variation under the background selection model. 

Genetics 141: 1619-1632. 

Cline, T. W. and Meyer, B. J. 1996. Vive la difference: males vs females in 

flies vs worms. Annu Rev Genet 30: 637-702. 

Comeron, J. M. 2001. What controls the length of noncoding DNA? Curr

Opin Genet Dev 11: 652-659. 

Comeron, J. M. and Kreitman, M. 2000. The correlation between intron 

length and recombination in Drosophila. Dynamic equilibrium 

between mutational and selective forces. Genetics 156: 1175-1190. 

Crow, J. F. 1997. The high spontaneous mutation rate: is it a health risk? 

Proc Natl Acad Sci U S A 94: 8380-8386. 

Crow, J. F. 2000. The origins, patterns and implications of human 

spontaneous mutation. Nat Rev Genet 1: 40-47. 

de Kloet, S. R. 2001. Loss of the gene for the alpha subunit of ATP synthase 

(ATP5A1) from the W chromosome in the African grey parrot 

(Psittacus erithacus). J Mol Evol 53: 135-143. 

Dorit, R. L., Akashi, H. and Gilbert, W. 1995. Absence of polymorphism at 

the ZFY locus on the human Y chromosome. Science 268: 1183-

1185. 

Drake, J. W., Charlesworth, B., Charlesworth, D. and Crow, J. F. 1998. 

Rates of spontaneous mutation. Genetics 148: 1667-1686. 

Dvorák, J., Halverson, J. L., Gulick, P., Rauen, K. A., Abbott, U. K., Kelly, 

B. J. and Shultz, F. T. 1992. cDNA cloning of a Z-linked and W-

linked gene in the Gallinaceous birds. J Hered 83: 22-25. 

Ellegren, H. 1996. First gene on the avian W chromosome (CHD) provides a 

tag for universal sexing of non-ratite birds. Proc R Soc Lond B 263:

1635-1641. 

Ellegren, H. 2000. Evolution of the avian sex chromosomes and their role in 

sex determination. Trends in Ecology and Evolution 15: 188-192. 

Ellegren, H. 2001. Hens, cocks and avian sex determination. A quest for 

genes on Z or W? EMBO Rep 2: 192-196. 



53

Ellegren, H. 2002. Dosage compensation: do birds do it as well? Trends

Genet 18: 25-28. 

Ellegren, H. 2003. Levels of polymorphism on the sex-limited chromosome: 

a clue to Y from W? Bioessays 25: 163-167. 

Ellegren, H. and Carmichael, A. 2001. Multiple and independent cessation of 

recombination between avian sex chromosomes. Genetics 158: 325-

331.

Ellegren, H. and Fridolfsson, A. K. 1997. Male-driven evolution of DNA 

sequences in birds. Nat Genet 17: 182-184. 

Ellegren, H. and Fridolfsson, A. K. 2003. Sex-specific mutation rates in 

salmonid fish. J Mol Evol 56: 458-463. 

El-Maarri, O., Olek, A., Balaban, B., Montag, M., van der Ven, H., Urman, 

B., Olek, K., Caglayan, S. H., Walter, J. and Oldenburg, J. 1998. 

Methylation levels at selected CpG sites in the factor VIII and 

FGFR3 genes, in mature female and male germ cells: implications 

for male-driven evolution. Am J Hum Genet 63: 1001-1008. 

Estrada, B., Casares, F. and Sanchez-Herrero, E. 2003. Development of the 

genitalia in Drosophila melanogaster. Differentiation 71: 299-310. 

Everts, R. E., van Wolferen, M. E., Versteeg, S. A., Zijlstra, C., Engelen, J. 

J., Bosma, A. A., Rothuizen, J. and van Oost, B. A. 2002. A radiation 

hybrid map of the X-chromosome of the dog (Canis familiaris).

Cytogenet Genome Res 98: 86-92. 

Eyre-Walker, A. and Keightley, P. D. 1999. High genomic deleterious 

mutation rates in hominids. Nature 397: 344-347. 

Filatov, D. A. and Charlesworth, D. 2002. Substitution Rates in the X- and 

Y-Linked Genes of the Plants, Silene latifolia and S. dioica. Mol Biol 

Evol 19: 898-907. 

Filatov, D. A., Moneger, F., Negrutiu, I. and Charlesworth, D. 2000. Low 

variability in a Y-linked plant gene and its implications for Y-

chromosome evolution. Nature 404: 388-390. 

Fridolfsson, A. K., Cheng, H., Copeland, N. G., Jenkins, N. A., Liu, H. C., 

Raudsepp, T., Woodage, T., Chowdhary, B., Halverson, J. and 

Ellegren, H. 1998. Evolution of the avian sex chromosomes from an 



54

ancestral pair of autosomes. Proc Natl Acad Sci U S A 95: 8147-

8152. 

Fridolfsson, A. K. and Ellegren, H. 2000. Molecular evolution of the avian 

CHD1 genes on the Z and W sex chromosomes. Genetics 155: 1903-

1912. 

Fridolfsson, A.-K. and Ellegren, H. 1999. A simple and universal method for 

molecular sexing of non-ratite birds. J Avial Biol 30: 116-121. 

Garcia-Moreno, J. and Mindell, D. P. 2000. Rooting a phylogeny with 

homologous genes on opposite sex chromosomes (gametologs): a 

case study using avian CHD. Mol Biol Evol 17: 1826-1832. 

Gemmell, N. J. and Sin, F. Y. 2002. Mitochondrial mutations may drive Y 

chromosome evolution. Bioessays 24: 275-279. 

Giannelli, F. and Green, P. M. 2000. The X chromosome and the rate of 

deleterious mutations in humans. Am J Hum Genet 67: 515-517. 

Girard, M., Couvert, P., Carrie, A., Tardieu, M., Chelly, J., Beldjord, C. and 

Bienvenu, T. 2001. Parental origin of de novo MECP2 mutations in 

Rett syndrome. Eur J Hum Genet 9: 231-236. 

Gordo, I., Navarro, A. and Charlesworth, B. 2002. Muller's ratchet and the 

pattern of variation at a neutral locus. Genetics 161: 835-848. 

Graur, D., Shuali, Y. and Li, W. H. 1989. Deletions in processed 

pseudogenes accumulate faster in rodents than in humans. J Mol 

Evol 28: 279-285. 

Graves, J. A. 1995. The evolution of mammalian sex chromosomes and the 

origin of sex determining genes. Philos Trans R Soc Lond B 350:

305-311. 

Griffiths, R., Daan, S. and Dijkstra, C. 1996. Sex identification in birds using 

two CHD genes. Proc R Soc Lond B Biol Sci 263: 1251-1256. 

Griffiths, R. and Korn, R. M. 1997. A CHD1 gene is Z chromosome linked 

in the chicken Gallus domesticus. Gene 197: 225-229. 

Grimm, T., Meng, G., Liechti-Gallati, S., Bettecken, T., Muller, C. R. and 

Muller, B. 1994. On the origin of deletions and point mutations in 

Duchenne muscular dystrophy: most deletions arise in oogenesis and 



55

most point mutations result from events in spermatogenesis. J Med 

Genet 31: 183-186. 

Groenen, M. A., Cheng, H. H., Bumstead, N., Benkel, B. F., Briles, W. E., 

Burke, T., Burt, D. W., Crittenden, L. B., Dodgson, J., Hillel, J. et al.

2000. A consensus linkage map of the chicken genome. Genome Res

10: 137-147. 

Gu, X. and Li, W.-H. 1995. The size distribution of insertions and deletions 

in human and rodent pseudogenes suggestes the logarithmic gap 

penalty for sequence alignment. J Mol Evol 40: 464-473. 

Haldane, J. B. S. 1947. The rate of mutation of the gene for hemophilia and 

its segregation in males and females. Ann Eugen 13: 262-271. 

Hardison, R. C., Roskin, K. M., Yang, S., Diekhans, M., Kent, W. J., Weber, 

R., Elnitski, L., Li, J., O'Connor, M., Kolbe, D. et al. 2003. 

Covariation in frequencies of substitution, deletion, transposition, 

and recombination during eutherian evolution. Genome Res 13: 13-

26.

Hartl, D. L. and Clark, A. G. (1997). Principles of population genetics,

Sinauer Associates, Sunderland, Mass. 

Hedrick, P. W. 1998. Balancing selection and MHC. Genetica 104: 207-214. 

Hellborg, L. and Ellegren, H. 2003. Low levels of nucleotide diversity in 

mammalian Y chromosomes. Mol Biol Evol in press. 

Hellmann, I., Ebersberger, I., Ptak, S. E., Paabo, S. and Przeworski, M. 

2003. A neutral explanation for the correlation of diversity with 

recombination rates in humans. Am J Hum Genet 72: 1527-1535. 

Hilfiker-Kleiner, D., Dubendorfer, A., Hilfiker, A. and Nothiger, R. 1994. 

Genetic control of sex determination in the germ line and soma of the 

housefly, Musca domestica. Development 120: 2531-2538. 

Hori, T., Asakawa, S., Itoh, Y., Shimizu, N. and Mizuno, S. 2000. Wpkci,

encoding an altered form of PKCI, is conserved widely on the avian 

W chromosome and expressed in early female embryos: implication 

of its role in female sex determination. Mol Biol Cell 11: 3645-3660. 



56

Huang, W., Chang, B. H. J., Gu, X., Hewett-Emmett, D. and Li, W. 1997. 

Sex differences in mutation rate in higher primates estimated from 

AMG intron sequences. J Mol Evol 44: 463-465. 

Hurst, L. D. and Williams, E. J. 2000. Covariation of GC content and the 

silent site substitution rate in rodents: implications for methodology 

and for the evolution of isochores. Gene 261: 107-114. 

Huttley, G. A., Jakobsen, I. B., Wilson, S. R. and Easteal, S. 2000. How 

important is DNA replication for mutagenesis? Mol Biol Evol 17:

929-937. 

Itoh, Y., Hori, T., Saitoh, H. and Mizuno, S. 2001. Chicken spindlin genes 

on W and Z chromosomes: transcriptional expression of both genes 

and dynamic behavior of spindlin in interphase and mitotic cells. 

Chromosome Res 9: 283-299. 

Itoh, Y. and Mizuno, S. 2002. Molecular and cytological characterization of 

SspI-family repetitive sequence on the chicken W chromosome. 

Chromosome Res 10: 499-511. 

Jensen, M. A., Charlesworth, B. and Kreitman, M. 2002. Patterns of genetic 

variation at a chromosome 4 locus of Drosophila melanogaster and

D. simulans. Genetics 160: 493-507. 

Kahn, N. W. and Quinn, T. W. 1999. Male-driven evolution among Eoaves? 

A test of the replicative division hypothesis in a heterogametic 

female (ZW) system. J Mol Evol 49: 750-759. 

Kalthoff, K. (1996). Analysis of biological development, McGraw-Hill, New 

York.

Ketterling, R. P., Vielhaber, E. L., Lind, T. J., Thorland, E. C. and Sommer, 

S. S. 1994. The rates and patterns of deletions in the human factor IX 

gene. Am J Hum Genet 54: 201-213. 

Kondrashov, A. S. 2003. Direct estimates of human per nucleotide mutation 

rates at 20 loci causing Mendelian diseases. Hum Mutat 21: 12-27. 

Kong, A., Gudbjartsson, D. F., Sainz, J., Jonsdottir, G. M., Gudjonsson, S. 

A., Richardsson, B., Sigurdardottir, S., Barnard, J., Hallbeck, B., 

Masson, G. et al. 2002. A high-resolution recombination map of the 

human genome. Nat Genet 31: 241-247. 



57

Kumar, S. and Subramanian, S. 2002. Mutation rates in mammalian 

genomes. Proc Natl Acad Sci U S A 99: 803-808. 

Kunkel, T. A. 1990. Misalignment-mediated DNA synthesis errors. 

Biochemistry 29: 8003-8011. 

Kunkel, T. A. and Bebenek, K. 2000. DNA replication fidelity. Annu Rev 

Biochem 69: 497-529. 

Kunkel, T. A. and Soni, A. 1988. Mutagenesis by transient misalignment. J

Biol Chem 263: 14784-14789. 

Kuroda, Y., Arai, N., Arita, M., Teranishi, M., Hori, T., Harata, M. and 

Mizuno, S. 2001. Absence of Z-chromosome inactivation for five 

genes in male chickens. Chromosome Res 9: 457-468. 

Kuroiwa, A., Yokomine, T., Sasaki, H., Tsudzuki, M., Tanaka, K., 

Namikawa, T. and Matsuda, Y. 2002. Biallelic expression of Z-

linked genes in male chickens. Cytogenet Genome Res 99: 310-314. 

Lahn, B. T. and Page, D. C. 1999. Four evolutionary strata on the human X 

chromosome. Science 286: 964-967. 

Lahn, B. T., Pearson, N. M. and Jegalian, K. 2001. The human Y 

chromosome, in the light of evolution. Nat Rev Genet 2: 207-216. 

Lawson, L. J. and Hewitt, G. M. 2002. Comparison of substitution rates in 

ZFX and ZFY introns of sheep and goat related species supports the 

hypothesis of male-biased mutation rates. J Mol Evol 54: 54-61. 

Lawson-Handley, L.-J., Ceplitis, H. and Ellegren, H. 2003. Evolutionary 

strata on the chicken Z chromosome: Implications for sex 

chromosome evolution. Genetics in press. 

Lazaro, C., Gaona, A., Ainsworth, P., Tenconi, R., Vidaud, D., Kruyer, H., 

Ars, E., Volpini, V. and Estivill, X. 1996. Sex differences in 

mutational rate and mutational mechanism in the NF1 gene in 

neurofibromatosis type 1 patients. Hum Genet 98: 696-699. 

Lercher, M. J. and Hurst, L. D. 2002. Human SNP variability and mutation 

rate are higher in regions of high recombination. Trends Genet 18:

337-340. 



58

Lercher, M. J., Urrutia, A. O. and Hurst, L. D. 2003. Evidence that the 

human X chromosome is enriched for male-specific but not female-

specific genes. Mol Biol Evol 20: 1113-1116. 

Levin, I., Crittenden, L. B. and Dodgson, J. B. 1993. Genetic map of the 

chicken Z chromosome using random amplified polymorphic DNA 

(RAPD) markers. Genomics 16: 224-230. 

Li, W.-H. (1997). Molecular evolution, Sinauer Associates Inc, Sunderland, 

Mass.

Li, W. H., Ellsworth, D. L., Krushkal, J., Chang, B. H. and Hewett-Emmett, 

D. 1996. Rates of nucleotide substitution in primates and rodents and 

the generation-time effect hypothesis. Mol Phylogenet Evol 5: 182-

187.

Li, W. H., Yi, S. and Makova, K. 2002. Male-driven evolution. Curr Opin 

Genet Dev 12: 650-656. 

Lin, M., Thorne, M. H., Martin, I. C., Sheldon, B. L. and Jones, R. C. 1995. 

Development of the gonads in the triploid (ZZW and ZZZ) fowl, 

Gallus domesticus, and comparison with normal diploid males (ZZ) 

and females (ZW). Reprod Fertil Dev 7: 1185-1197. 

Liu, W., Kaiser, M. G. and Lamont, S. J. 2003. Natural resistance-associated 

macrophage protein 1 gene polymorphisms and response to vaccine 

against or challenge with Salmonella enteritidis in young chicks. 

Poult Sci 82: 259-266. 

Makova, K. D. and Li, W. H. 2002. Strong male-driven evolution of DNA 

sequences in humans and apes. Nature 416: 624-626. 

Malcom, C. M., Wyckoff, G. J. and Lahn, B. T. 2003. Genic mutation rates 

in mammals: local Similarity, chromosomal heterogeneity, and X-

versus-autosome disparity. Mol Biol Evol 20: 1633-1641. 

Marin, I., Siegal, M. L. and Baker, B. S. 2000. The evolution of dosage-

compensation mechanisms. Bioessays 22: 1106-1114. 

Marshall Graves, J. A. 2002. Sex chromosomes and sex determination in 

weird mammals. Cytogenet Genome Res 96: 161-168. 



59

Marshall Graves, J. A. and Shetty, S. 2001. Sex from W to Z: Evolution of 

vertebrate sex chromosomes and sex determining genes. J Exp Zool

290: 449-462. 

Martin, A. P. and Palumbi, S. R. 1993. Body size, metabolic rate, generation 

time, and the molecular clock. Proc Natl Acad Sci U S A 90: 4087-

4091. 

McAllister, B. F. and Charlesworth, B. 1999. Reduced sequence variability 

on the Neo-Y chromosome of Drosophila americana americana.

Genetics 153: 221-233. 

McQueen, H. A., McBride, D., Miele, G., Bird, A. P. and Clinton, M. 2001. 

Dosage compensation in birds. Curr Biol 11: 253-257. 

McVean, G. 2000. Evolutionary genetics: what is driving male mutation? 

Curr Biol 10: 834-835. 

McVean, G. A. and Charlesworth, B. 2000. The effects of Hill-Robertson 

interference between weakly selected mutations on patterns of 

molecular evolution and variation. Genetics 155: 929-944. 

McVean, G. T. and Hurst, L. D. 1997. Evidence for a selectively favourable 

reduction in the mutation rate of the X chromosome. Nature 386:

388-392. 

Meller, V. H. 2000. Dosage compensation: making 1X equal 2X. Trends

Cell Biol 10: 54-59. 

Mimault, C., Giraud, G., Courtois, V., Cailloux, F., Boire, J. Y., Dastugue, 

B. and Boespflug-Tanguy, O. 1999. Proteolipoprotein gene analysis 

in 82 patients with sporadic Pelizaeus-Merzbacher Disease: 

duplications, the major cause of the disease, originate more 

frequently in male germ cells, but point mutations do not. The 

Clinical European Network on Brain Dysmyelinating Disease. Am J 

Hum Genet 65: 360-369. 

Mindell, D. P. (1997). Avian molecular evolution and systematics,

Academic, San Diego; London. 

Miyata, T., Hayashida, H., Kuma, K., Mitsuyasu, K. and Yasunaga, T. 1987. 

Male-driven molecular evolution: a model and nucleotide sequence 

analysis. Cold Spring Harb Symp Quant Biol 52: 863-867. 



60

Mizuno, S., Kunita, R., Nakabayashi, O., Kuroda, Y., Arai, N., Harata, M., 

Ogawa, A., Itoh, Y., Teranishi, M. and Hori, T. 2002. Z and W 

chromosomes of chickens: studies on their gene functions in sex 

determination and sex differentiation. Cytogenet Genome Res 99:

236-244. 

Mizuno, S. and Macgregor, H. 1998. The ZW lampbrush chromosome of 

birds: a unique opportunity to look at the molecular cytogenetics of 

sex chromosomes. Cytogenet Cell Genet 80: 149-157. 

Moloney, D. M., Slaney, S. F., Oldridge, M., Wall, S. A., Sahlin, P., 

Stenman, G. and Wilkie, A. O. 1996. Exclusive paternal origin of 

new mutations in Apert syndrome. Nat Genet 13: 48-53. 

Moriyama, E. N. and Powell, J. R. 1996. Intraspecific nuclear DNA 

variation in Drosophila. Mol Biol Evol 13: 261-277. 

Nachman, M. W. 1997. Patterns of DNA variability at X-linked loci in Mus 

domesticus. Genetics 147: 1303-1316. 

Nachman, M. W. 2001. Single nucleotide polymorphisms and recombination 

rate in humans. Trends Genet 17: 481-485. 

Nachman, M. W. and Crowell, S. L. 2000. Estimate of the mutation rate per 

nucleotide in humans. Genetics 156: 297-304. 

Nanda, I., Haaf, T., Schartl, M., Schmid, M. and Burt, D. W. 2002. 

Comparative mapping of Z-orthologous genes in vertebrates: 

implications for the evolution of avian sex chromosomes. Cytogenet

Genome Res 99: 178-184. 

Nanda, I., Shan, Z., Schartl, M., Burt, D. W., Koehler, M., Nothwang, H., 

Grutzner, F., Paton, I. R., Windsor, D., Dunn, I. et al. 1999. 300 

million years of conserved synteny between chicken Z and human 

chromosome 9. Nat Genet 21: 258-259. 

Ogawa, A., Murata, K. and Mizuno, S. 1998. The location of Z- and W-

linked marker genes and sequence on the homomorphic sex 

chromosomes of the ostrich and the emu. Proc Natl Acad Sci U S A

95: 4415-4418. 

Ogawa, A., Solovei, I., Hutchison, N., Saitoh, Y., Ikeda, J. E., Macgregor, H. 

and Mizuno, S. 1997. Molecular characterization and cytological 



61

mapping of a non-repetitive DNA sequence region from the W 

chromosome of chicken and its use as a universal probe for sexing 

carinatae birds. Chromosome Res 5: 93-101. 

Ohno, S. (1967). Sex chromosomes and sex-linked genes, Springer, Berlin 

New York. 

O'Neill, M., Binder, M., Smith, C., Andrews, J., Reed, K., Smith, M., Millar, 

C., Lambert, D. and Sinclair, A. 2000. ASW: a gene with conserved 

avian W-linkage and female specific expression in chick embryonic 

gonad. Dev Genes Evol 210: 243-249. 

Ophir, R. and Graur, D. 1997. Patterns and rates of indel evolution in 

processed pseudogenes from humans and murids. Gene 205: 191-

202.

Pace, H. C. and Brenner, C. 2003. Feminizing chicks: a model for avian sex 

determination based on titration of Hint enzyme activity and the 

predicted structure of an Asw-Hint heterodimer. Genome Biol 4:

R18.

Parisi, M., Nuttall, R., Naiman, D., Bouffard, G., Malley, J., Andrews, J., 

Eastman, S. and Oliver, B. 2003. Paucity of genes on the Drosophila 

X chromosome showing male-biased expression. Science 299: 697-

700.

Parsanejad, R., Zadworny, D. and Kuhnlein, U. 2002. Genetic variability of 

the cytosolic phosphoenolpyruvate carboxykinase gene in white 

leghorn chickens. Poult Sci 81: 1668-1670. 

Payseur, B. A. and Nachman, M. W. 2002. Natural selection at linked sites 

in humans. Gene 300: 31-42. 

Pecon Slattery, J. and O'Brien, S. J. 1998. Patterns of Y and X chromosome 

DNA sequence divergence during the Felidae radiation. Genetics

148: 1245-1255. 

Perez Jurado, L. A., Peoples, R., Kaplan, P., Hamel, B. C. and Francke, U. 

1996. Molecular definition of the chromosome 7 deletion in 

Williams syndrome and parent-of-origin effects on growth. Am J 

Hum Genet 59: 781-792. 



62

Petrov, D. A., Sangster, T. A., Johnston, J. S., Hartl, D. L. and Shaw, K. L. 

2000. Evidence for DNA loss as a determinant of genome size. 

Science 287: 1060-1062. 

Pigozzi, M. I. and Solari, A. J. 1997. Extreme axial equalization and wide 

distribution of recombination nodules in the primitive ZW pair of 

Rhea americana (Aves, Ratitae). Chromosome Res 5: 421-428. 

Pizzari, T. and Birkhead, T. R. 2002. The sexually-selected sperm 

hypothesis: sex-biased inheritance and sexual antagonism. Biol Rev

77: 183-209. 

Plath, K., Mlynarczyk-Evans, S., Nusinow, D. A. and Panning, B. 2002. Xist

RNA and the mechanism of X chromosome inactivation. Annu Rev 

Genet 36: 233-278. 

Ptak, S. E. and Petrov, D. A. 2002. How intron splicing affects the deletion 

and insertion profile in Drosophila melanogaster. Genetics 162:

1233-1244. 

Raudsepp, T., Kata, S. R., Piumi, F., Swinburne, J., Womack, J. E., Skow, L. 

C. and Chowdhary, B. P. 2002. Conservation of gene order between 

horse and human X chromosomes as evidenced through radiation 

hybrid mapping. Genomics 79: 451-457. 

Raymond, C. S., Parker, E. D., Kettlewell, J. R., Brown, L. G., Page, D. C., 

Kusz, K., Jaruzelska, J., Reinberg, Y., Flejter, W. L., Bardwell, V. J.

et al. 1999. A region of human chromosome 9p required for testis 

development contains two genes related to known sexual regulators. 

Hum Mol Genet 8: 989-996. 

Raymond, C. S., Shamu, C. E., Shen, M. M., Seifert, K. J., Hirsch, B., 

Hodgkin, J. and Zarkower, D. 1998. Evidence for evolutionary 

conservation of sex-determining genes. Nature 391: 691-695. 

Reed, K. J. and Sinclair, A. H. 2002. FET-1: a novel W-linked, female 

specific gene up-regulated in the embryonic chicken ovary. Mech

Dev 119: S87-90. 

Reinhold, K. 1998. Sex linkage among genes controlling sexually selected 

traits. Behav Ecol Sociobiol 44: 1-7. 



63

Reinke, V., Smith, H. E., Nance, J., Wang, J., Van Doren, C., Begley, R., 

Jones, S. J., Davis, E. B., Scherer, S., Ward, S. et al. 2000. A global 

profile of germline gene expression in C. elegans. Mol Cell 6: 605-

616.

Rhoades, R. A. and Tanner, G. A. (1995). Medical physiology, Little, 

Brown, Boston, Mass. 

Rice, W. R. 1984. Sex chromosomes and the evolution of sexual 

dimorphism. Evolution 38: 735-742. 

Rice, W. R. 1996. Evolution of the Y sex chromosomes in animals. 

BioScience 46: 331-343. 

Rozen, S., Skaletsky, H., Marszalek, J. D., Minx, P. J., Cordum, H. S., 

Waterston, R. H., Wilson, R. K. and Page, D. C. 2003. Abundant 

gene conversion between arms of palindromes in human and ape Y 

chromosomes. Nature 423: 873-876. 

Sachidanandam, R., Weissman, D., Schmidt, S. C., Kakol, J. M., Stein, L. 

D., Marth, G., Sherry, S., Mullikin, J. C., Mortimore, B. J., Willey, 

D. L. et al. 2001. A map of human genome sequence variation 

containing 1.42 million single nucleotide polymorphisms. Nature

409: 928-933. 

Saifi, G. M. and Chandra, H. S. 1999. An apparent excess of sex- and 

reproduction-related genes on the human X chromosome. Proc R Soc 

Lond B 266: 203-209. 

Schaeffer, S. W. 2002. Molecular population genetics of sequence length 

diversity in the Adh region of Drosophila pseudoobscura. Genet Res

80: 163-175. 

Schmid, M., Enderle, E., Schindler, D. and Schempp, W. 1989. 

Chromosome banding and DNA replication patterns in bird 

karyotypes. Cytogenet Cell Genet 52: 139-146. 

Schmid, M., Nanda, I., Guttenbach, M., Steinlein, C., Hoehn, M., Schartl, 

M., Haaf, T., Weigend, S., Fries, R., Buerstedde, J. M. et al. 2000. 

First report on chicken genes and chromosomes 2000. Cytogenet Cell 

Genet 90: 169-218. 



64

Shetty, S., Griffin, D. K. and Graves, J. A. 1999. Comparative painting 

reveals strong chromosome homology over 80 million years of bird 

evolution. Chromosome Res 7: 289-295. 

Shetty, S., Kirby, P., Zarkower, D. and Graves, J. A. 2002. DMRT1 in a 

ratite bird: evidence for a role in sex determination and discovery of 

a putative regulatory element. Cytogenet Genome Res 99: 245-251. 

Shimmin, L. C., Chang, B. H. and Li, W. H. 1993. Male-driven evolution of 

DNA sequences. Nature 362: 745-747. 

Shimmin, L. C., Chang, B. H. and Li, W. H. 1994. Contrasting rates of 

nucleotide substitution in the X-linked and Y-linked zinc finger 

genes. J Mol Evol 39: 569-578. 

Skaletsky, H., Kuroda-Kawaguchi, T., Minx, P. J., Cordum, H. S., Hillier, 

L., Brown, L. G., Repping, S., Pyntikova, T., Ali, J., Bieri, T. et al.

2003. The male-specific region of the human Y chromosome is a 

mosaic of discrete sequence classes. Nature 423: 825-837. 

Smith, E., Shi, L., Drummond, P., Rodriguez, L., Hamilton, R., Powell, E., 

Nahashon, S., Ramlal, S., Smith, G. and Foster, J. 2000. 

Development and characterization of expressed sequence tags for the 

turkey (Meleagris gallopavo) genome and comparative sequence 

analysis with other birds. Anim Genet 31: 62-67. 

Smith, E. J., Shi, L., Drummond, P., Rodriguez, L., Hamilton, R., Ramlal, S., 

Smith, G., Pierce, K. and Foster, J. 2001. Expressed sequence tags 

for the chicken genome from a normalized 10-day-old White 

Leghorn whole embryo cDNA library: 1. DNA sequence 

characterization and linkage analysis. J Hered 92: 1-8. 

Smith, J. and Burt, D. W. 1998. Parameters of the chicken genome (Gallus

gallus). Anim Genet 29: 290-294. 

Smith, N. G., Webster, M. T. and Ellegren, H. 2002. Deterministic mutation 

rate variation in the human genome. Genome Res 12: 1350-1356. 

Sommer, S. S., Scaringe, W. A. and Hill, K. A. 2001. Human germline 

mutation in the factor IX gene. Mutat Res 487: 1-17. 

Stephan, W. and Langley, C. H. 1998. DNA polymorphism in lycopersicon 

and crossing-over per physical length. Genetics 150: 1585-1593. 



65

Stokes, D. G. and Perry, R. P. 1995. DNA-binding and chromatin 

localization properties of CHD1. Mol Cell Biol 15: 2745-2753. 

Subramanian, S. and Kumar, S. 2003. Neutral substitutions occur at a faster 

rate in exons than in noncoding DNA in primate genomes. Genome

Res 13: 838-844. 

Tenaillon, M. I., Sawkins, M. C., Long, A. D., Gaut, R. L., Doebley, J. F. 

and Gaut, B. S. 2001. Patterns of DNA sequence polymorphism 

along chromosome 1 of maize (Zea mays ssp. mays L.). Proc Natl 

Acad Sci U S A 98: 9161-9166. 

Teranishi, M., Shimada, Y., Hori, T., Nakabayashi, O., Kikuchi, T., 

Macleod, T., Pym, R., Sheldon, B., Solovei, I., Macgregor, H. et al.

2001. Transcripts of the MHM region on the chicken Z chromosome 

accumulate as non-coding RNA in the nucleus of female cells 

adjacent to the DMRT1 locus. Chromosome Res 9: 147-165. 

Torgerson, D. G., Kulathinal, R. J. and Singh, R. S. 2002. Mammalian sperm 

proteins are rapidly evolving: evidence of positive selection in 

functionally diverse genes. Mol Biol Evol 19: 1973-1980. 

Underhill, P. A., Shen, P., Lin, A. A., Jin, L., Passarino, G., Yang, W. H., 

Kauffman, E., Bonne-Tamir, B., Bertranpetit, J., Francalacci, P. et al.

2000. Y chromosome sequence variation and the history of human 

populations. Nat Genet 26: 358-361. 

van Tuinen, M. and Hedges, S. B. 2001. Calibration of avian molecular 

clocks. Mol Biol Evol 18: 206-213. 

Wang, P. J., McCarrey, J. R., Yang, F. and Page, D. C. 2001. An abundance 

of X-linked genes expressed in spermatogonia. Nat Genet 27: 422-

426.

Waterston, R. H., Lindblad-Toh, K., Birney, E., Rogers, J., Abril, J. F., 

Agarwal, P., Agarwala, R., Ainscough, R., Alexandersson, M., An, 

P. et al. 2002. Initial sequencing and comparative analysis of the 

mouse genome. Nature 420: 520-562. 

Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., Mural, R. J., Sutton, 

G. G., Smith, H. O., Yandell, M., Evans, C. A., Holt, R. A. et al.

2001. The sequence of the human genome. Science 291: 1304-1351. 



66

Whitfield, L. S., Sulston, J. E. and Goodfellow, P. N. 1995. Sequence 

variation of the human Y chromosome. Nature 378: 379-380. 

Whittle, C. A. and Johnston, M. O. 2002. Male-driven evolution of 

mitochondrial and chloroplastidial DNA sequences in plants. Mol 

Biol Evol 19: 938-949. 

Wilkin, D. J., Szabo, J. K., Cameron, R., Henderson, S., Bellus, G. A., 

Mack, M. L., Kaitila, I., Loughlin, J., Munnich, A., Sykes, B. et al.

1998. Mutations in fibroblast growth-factor receptor 3 in sporadic 

cases of achondroplasia occur exclusively on the paternally derived 

chromosome. Am J Hum Genet 63: 711-716. 

Winge, O. 1927. The location of eighteen genes in Lebistes reticulata.

Jornal of Genetics 18: 1-43. 

Vogel, F. and Motulsky, A. G. (1996). Human genetics - problems and 

approaches, Springer-Verlag, Berlin Heidelberg New York. 

Vogel, W., Jainta, S., Rau, W., Geerkens, C., Baumstark, A., Correa-Cerro, 

L. S., Ebenhoch, C. and Just, W. 1998. Sex determination in Ellobius 

lutescens: the story of an enigma. Cytogenet Cell Genet 80: 214-221. 

Zhu, Y. L., Song, Q. J., Hyten, D. L., Van Tassell, C. P., Matukumalli, L. K., 

Grimm, D. R., Hyatt, S. M., Fickus, E. W., Young, N. D. and 

Cregan, P. B. 2003. Single-nucleotide polymorphisms in soybean. 

Genetics 163: 1123-1134. 





Acta Universitatis Upsaliensis
Comprehensive Summaries of Uppsala Dissertations

from the Faculty of Science and Technology

Editor: The Dean of the Faculty of Science and Technology

Distribution:
Uppsala University Library

Box 510, SE-751 20 Uppsala, Sweden
www.uu.se, acta@ub.uu.se

ISSN 1104-232X
ISBN 91-554-5776-2

A doctoral dissertation from the Faculty of Science and Technology, Uppsala
University, is usually a summary of a number of papers. A few copies of the
complete dissertation are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the series Comprehensive

Summaries of Uppsala Dissertations from the Faculty of Science and Technology.
(Prior to October, 1993, the series was published under the title “Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science”.)


	Abstract
	List of thesis papers
	Contents
	Abbreviations
	Introduction
	Sex chromosome evolution
	Genetic sex determination
	A general model of sex chromosome evolution
	Factors affecting the sex specific DNA
	Dosage compensation
	Will Y and W disappear?

	The X and Y sex chromosomes of mammals
	Evolution of X and Y
	Additions to X and Y
	The X chromosome
	The Y chromosome

	The Z and W sex chromosomes of birds
	Evolution of Z and W
	Stages of differentiation
	Independent origin of avian and mammalian sex chromosomes
	The Z chromosome
	The W chromosome

	Mutation rates
	Factors affecting the mutation rate
	Estimation of mutation rates
	Mutation rate variation within genomes
	Male bias
	Mammalian sex chromosomes tell us about male bias
	High mutation rate in Y or low in X sequences?
	Male bias deduced from avian sex chromosomes
	Male bias in other species
	Life history effects on
	Insertions and deletions ( indels)
	Is the rate of indel mutations male biased?

	Genetic diversity
	DNA polymorphism
	Effective population size
	Selection
	Hitchhiking
	Background selection
	Effects on sex chromosomes
	Diversity in sex chromosomes
	Is mtDNA driving Y chromosome evolution?
	Conclusion


	Research aims
	Summaries of papers including discussion
	Paper I
	Results
	Discussion

	Paper II
	Results
	Discussion

	Paper III
	Results
	Discussion

	Paper IV
	Results
	Discussion


	Future prospects
	Acknowledgements
	References

