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Abstract
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Sex chromosomes are useful in elucidating the evolutionary factors affecting diversity and
divergence. In particular, Y chromosome analyses may complement studies using
mitochondrial DNA for inferring sex-specific population genetic processes.

Y chromosome studies have been scarce due to limited access to genetic markers and the
dynamic evolution of Y. Conserved Y-specific primers that could amplify a diverse set of
mammalian species were developed from comparison of gametologous X and Y sequences.
Y-specific sequence, generally more than one kb, was amplified for all 20 species examined.

Intraspecific diversity on mammalian Y was found to be reduced even when male-biased
mutation rate and effective population size were corrected for. A number of factors can cause
this low variation on Y of which selection on a haploid chromosome seems most important.

The field vole (Microtus agrestis), a common and well-studied small mammal in Eurasia,
was examined for X and Y variability. Earlier studies on mtDNA had shown that the field
vole is separated in two distinct lineages in Europe. The X and Y chromosome sequences
confirmed the deep split and suggested that the two lineages of field vole should be
reclassified as two separate species.

Two distinct Y chromosome haplogroups were found in modern European cattle,
distributed among breeds according to a north-south gradient. Ancient DNA analysis of
European aurochsen showed the northern haplogroup to be the most common, possibly
indicating local hybridization between domestic cows and wild aurochs bulls in Europe.
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Why Y?

The Y chromosome is a gene poor, male specific chromosome in species
with male heterogamety like humans. It often determines sex in a dominant
fashion and is inherited clonally from father to son, so it is never present in
females. In many higher organisms (with an X-Y sex determining system), it
is the only chromosome with truly haploid characteristics where no material
is exchanged with a homologue through recombination making all sites
linked to each other. This non-recombining region is called the male-specific
region of the Y chromosome, the MSY, and comprises 95% of the length of
the chromosome in humans. The 5% that is genetically similar to X make up
the pseudoautosomal region, PAR, in the telomere ends of the Y
chromosome and recombine with the X chromosome during meioses. These
unique features make Y very interesting and useful in a wide range of areas,
including evolutionary and population genetic studies and forensic analyses.
In this thesis, development of Y chromosome markers and their application
will be presented and discussed. First, some background to the development

of sex and the Y chromosome.

Sex determination

Sex determination mechanisms have evolved many times among eukaryotes
and include a variety of environmental and genetic systems. The evolution of
sex itself represents one of the major questions in evolutionary biology.
Advantages include, for example, an increased opportunity to adapt to
environmental changes due to favorable recombinant types. Recombination
can also bunch together several deleterious alleles and eliminate them
simultaneously (Crow 1994; Maynard-Smith 1978). Sexual populations can

have a more rapid rate of evolution than an equivalent group of asexual



organisms (Barton and Charlesworth 1998; Crow and Kimura 1965).
Asexual reproduction on the other hand produces twice the number of
offspring compared to a sexually reproducing individual. Hermaphrodites
(being both male and female at the same time) combine the two systems of
asexual and sexual reproduction.

Organisms with male heterogamety, like mammals, are characterized by
XY sex chromosomes in males and XX sex chromosomes in females. Sex
chromosome aneuploidi, in humans and many other mammals, show that the
Y chromosome determines sex since XXY karyotypes provide male
phenotype and X0 female phenotype (Jacobs and Strongs 1959). The gene
that determines sex in most mammals is SRY (sex determining region of the
Y).

In mammals, the X chromosome is large and gene rich, while the Y
chromosome differs in size, from almost the same size as the X in
monotremes, to completely gone in two species of mole vole (Ellobius)
(Graves 1995; Just et al. 1995)

In snakes, birds and some amphibians, females have a ZW karyotype
while males have a ZZ. Different lineages in birds show genetically almost
identical Z chromosomes containing about 6-11% of the genome (Ohno
1967b; Shetty et al. 1999). The size of the avian W chromosome varies
among orders, being almost as large as the Z chromosome in ratites to a very
tiny chromosome in, for example, chicken (Marshall Graves and Shetty
2001; Ohno 1967b).

Alligators and turtles represent groups of organisms that have temperature
dependent sex determination, where the incubation temperature around the

eggs has a strong influence on offspring sex (Kalthoff 1996).

Sex chromosome evolution

The evolution of sex chromosomes from a pair of autosomes involves a
series of steps (Figure 1). Consider a sex-determining locus being located on
a proto-sex chromosome. Genes linked to the sex-determining locus may
acquire sexually antagonistic functions. Selection will then favor a reduced

recombination rate between the sex-determining locus and sexually
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Figure 1. Initiation of sex chromosome evolution from a pair of autosomes. A sex
determining locus includes an allele leading to male development, M. At a linked
locus a sexually antagonistic allele (SAA) favourable to males but not to females
may arise. Selection will favour inhibition of recombination to make “male”
genes be inherited together.

antagonistic genes, as this will make sex-specific alleles be inherited
together (Lahn and Page 1999a). In the absence of recombination, mutations
will accumulate rapidly and degeneration of the non recombining region will
occur fast due to mechanisms like “Muller’s ratchet” (Figure 2)
(Charlesworth and Charlesworth 2000). Muller’s ratchet is the stochastic
elimination of the chromosome class with the fewest deleterious mutations
in the population. In the absence of recombination and back mutation this
“least loaded” class can never be restored when lost (Felsenstein 1974;
Muller 1964).

Degradation of the Y chromosome requires dosage compensation between
the sexes, because dosage differences might be deleterious for many genes.
Marsupials and most placental mammals inactivate the X chromosome genes
with no Y-linked gametologue (sex chromosome genes with a common
origin that have ceased to recombine) in the homogametic sex. This
phenomenon is evident from a “barr body” seen in cytogenetic preparations
in females, featuring the inactivated X chromosome. The particular X
chromosome being inactivated varies between cells and all their mitotic

descendants will have the same X inactivated. A female with a heterozygous



sex linked trait will express the two different alleles in patches throughout
her body, which is evident in calico cats (Fagan 1979) (Figure 3).

In the eutherian lineage a translocation from an autosome to the
undifferentiated region of X and Y occurred after the split from marsupials
and before the main radiation of mammalian orders and is referred to as the
X added region (XAR) (Figure 4). Many of the genes in this region do not
undergo X inactivation. The original genes present on the proto sex
chromosomes in all mammals, including monotremes and marsupials, are
called the X conserved region (XCR) (Graves 1995).

Directed genetic exchange (ectopic gene conversion) has been detected
between the sex chromosomes. A piece of Y chromosome sequence is
replaced by a homologous sequence from X, which has been shown between
the Zfx/Zfy gene pair (Hayashida et al. 1992; Pecon Slattery et al. 2000).
Ectopic gene conversion may be a mechanism for adaptive correction of Y

genes whose X homologues do not undergo X inactivation in females.

0

l Mutation

Figure 2. Muller’s ratchet. For each “turn” indicated by the arrow, the
least loaded class disappears and can then not be restored.



Figure 3.
A calico cat
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Figure 4. Sex chromosome evolution in mammals: A) Male specific Y region (MSY)
emerges by cessation of recombination with the X chromosome in a region including
the SRY =230-350 Myr ago, B) Expansion of the MSY =130-170 Myr ago, C)
Translocation expands the PAR =80-130 Myr ago, D) Further expansion of the MSY
~80-130 Myr ago, E) Yet another expansion of the MSY =30-50 Myr ago. The
expansion of MSY was probably accompanied by inversions preventing
recombination. Numbers on the X chromosome refers to evolutionary strata .Modified
from Lahn and Page (1999a)

Evolutionary strata on the X chromosome

Cessation of recombination between the proto-X and Y chromosome was a

necessary step towards their differentiation (Lahn and Page 1999a; Sandstedt
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and Tucker 2004). In the human lineage, this occurred in at least four steps.
A neutral estimate of divergence between X and Y gametologous can be
obtained by calculating the synonymous substitution rate, Ks, between them.
Lahn and Page used such Ks estimates to provide a measure of evolutionary
time that has passed since recombination ceased in particular regions
(“strata”); the higher Ks (the more divergent X and Y) the older the stratum.
Four distinct groups were found with respect to Ks values and these were
arranged in an orderly sequence on the X chromosome, from Xq to Xp.
Estimated divergence times are for stratum 1 (240-320 Mya) followed by
stratum 2 (130-170 Mya), stratum 3 (80-130 Mya) and stratum 4 where
differentiation began when the New and Old world monkey lineages
diverged (at least 30 Mya) (Figure 4). Strata 1 and 2 correspond to the
original proto-X chromosome present in all mammals (called XCR by
Graves), accordingly strata 3 and 4 correspond to the XAR only present in
placental mammals (Graves 1995). A corresponding relationship was not
found on Y most likely due to chromosomal inversions on the Y

chromosome.

Evolution of the Y chromosome

Most of the genes on the Y chromosome have homologs on the X (Table 1
and Figure 5). However, there are some multicopied, testis-specific genes
that appear to have been acquired by transposition or translocation from
other parts in the genome (Skaletsky et al. 2003). For instance, DAZ was
transposed from DAZL on chromosome 3 (Kuroda-Kawaguchi et al. 2001)
and CDY was retrotransposed (by a processed messenger RNA) from a gene
on chromosome 13 (Lahn and Page 1999b).

A comparison of orthologous Y chromosome genes in different species
reveals a spectrum of functions and various stages of degeneration. One
example is ZFY that in humans is a single copy gene with an X linked
homologue where both the X and Y copy are expressed ubiquitously in the
body. However, in rodents ZFY is a multicopy gene with testis-specific
function (Koopman et al. 1991). Another example is UBE1Y, which is a
putative spermatogenesis gene in marsupials and mouse but is lacking in

primates. Perhaps it was lost in the primate lineage after its function in
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spermatogenesis was taken over by an autosomal ubiquitin activating
enzyme (Mitchell et al. 1998).

The fate of Y chromosome genes seems to follow a predetermined path
when recombination ceases, from active or partially active to degraded and
inactive pseudogene and, finally, to complete loss. This scenario is likely to
have been followed by >1400 X-specific genes whose homologues have
disappeared from the Y (Marshall Graves 2002a) (Figure 6).

The human Y chromosome has only four genes left from the original
1000 genes on the X conserved region and about 20 genes from the original
500 genes on the X added region (Marshall Graves 2002a; Marshall Graves
2002b).
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Figure 5. Gametologous genes on the X and Y chromosome and their
relationship to evolutionary strata (1-4 on the X chromosome), the X
conserved region and X added region. Evidence of inversions on the Y
chromosome can be seen by comparing the gene order on X and Y,
especially the three small gene clusters a,b and c. Modified from Lahn
and Page (1999a)
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Figure 6. Evolution of genes on the Y chromosome from an active copy on the
proto-XY chromosome to unchanged in the PAR of the Y. As Y degrades the gene
can remain active (green), become partially active (pale green), become an
inactive pseudogene or be completely lost. Some genes acquire male-specific
functions (red), these are frequently amplified, and many copies are inactivated. A
few genes are transposed from other parts of the genome. Modified from Marshall
Graves (2002a).

Structure of the human Y chromosome

The MSY is about 60 Mb in humans and consists of heterochromatic
sequences (densely packed and never transcribed DNA) and three classes of
euchromatic sequences: X-transposed, X-degenerate and ampliconic
(palindrome regions). Over 150 transcription units have been found but only

78 seem to encode proteins (Skaletsky et al. 2003).



The X-transposed sequence is a 3.4 Mb transposed region from the long
arm of the X chromosome that exhibits 99% identity to its origin. The
transposition took place 3-4 million years ago in the human lineage and
distinguishes humans from chimpanzees. The region encompasses only two
genes, one testis specific (TGIF2LY) and one expressed in the brain
(PCDHI11Y).

The X-degenerate sequences are remnants of the ancestral pair of
autosomes from which the X and Y chromosomes evolved. Together these
sequences are 8.6 Mb in length and encompass 27 different single copy
genes that are divided in 13 pseudogenes and 14 transcribed functional genes
which have between 60% and 96% nucleotide sequence identity to their
homolog on the X chromosome. The X-degenerate sequences encode 16 of
the MSYs 27 distinct proteins or protein families. Most of the X-degenerate
genes are expressed widely in the body except for SRY, AMELY, TBL1Y and
NLGN4Y (Table 1).

The ampliconic class includes large repeated units, where sequences show
greater than 99.9% identity to each other. The homology is thought to be
maintained by frequent gene conversion (non-reciprocal transfer). The most
prominent features here are eight massive palindromes, at least six of which
contain testis genes. Nine different protein-coding gene families are found in
this class with copy numbers from two to approximately 35 (Table 1). These
genes are expressed predominantly or exclusively in the testis, probably with
a function in spermatogenesis (Rozen et al. 2003).

The X-degenerate and the ampliconic classes dominate the MSY with
38% and 45% of the euchromatic sequences respectively. They are
physically intermingled and neighboring genes display comparable
diversities of male-specific ages. This implies a parallel evolution of the two
classes as parts of a single molecule since the divergence from reptiles, 300

million years ago.
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Table 1 MSY genes their copy numbers, expression and homologues (from
Skaletsky et al. (2003)).

MSY Gene Gene name Number Tissue X-linked Autosomal
sequence symbol of expression homologue  homologue
class copies
X-transposed ~ TGIF2LY TGF (beta)- 1 Testis TGIF2LX
induced
transcription
factor
PCDHI1Y Protocadherin 11 1 Fetal brain, PCDHI1X
Y brain
X-degenerate  SRY Sex detrmining 1 Predominantly ~ SOX
regionY testis
RPS4Y1 Ribosomal 1 Ubiquitous RPS4X
protein S4Y
ZFY Zink finger Y 1 Ubiquitous ZFX
AMELY Amelogenin Y 1 Teeth AMELX
TBL1Y Transducin 1 Fetal brain, TBLIX
(beta)-like 1 prostate
protein Y
PRKY Protein kinase Y 1 Ubiquitous PRKX
USP9Y Ubiquitin- 1 Ubiquitous USP9X
specific protease
9Y
DBY Dead box Y 1 Ubiquitous DBX
ury Ubiquitous TPR 1 Ubiquitous UTx
motif Y
TMSB4Y Thymosin (beta)- 1 Ubiquitous TMSB4X
4Y
NLGN4Y Neuroligin 4 1 Fetal brain, NLGN4X
isoform Y brain,
prostate, testis
CYorfl54 Chromosome Y 1 Ubiquitous CXorfl5
open reading
frame 15A
CYorfl5B Chromosome Y 1 Ubiquitous CXorfl5
open reading
frame 15B
SMCY SMC (mouse) 1 Ubiquitous SMCX
homologue Y
EIF14Y Translation 1 Ubiquitous EIFIAX
initiation factor
1AY
RPS4Y2 Ribosomal 1 Ubiquitous RPS4X
protein S4Y
isoform 2
Ampliconic TSPY Testis-specific ~35 Testis
protein Y
vcy Variable charge 2 Testis 149¢
Y
XKRY XK related Y 2 Testis
CDY Chromodomain 4 Testis CDYL
Y
HSFY Heat shock 2 Testis
transcription
factor Y
RBMY RNA binding 6 Testis RBMX
motif Y
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MSY Gene Gene name Number Tissue X-linked Autosomal

sequence symbol of expression homologue  homologue
class copies

PRY PTP-BL related 2 Testis
Y

BPY2 Basic protein Y2 3 Testis

DAZ Deleted in 4 Testis DAZL
azoospermia

TOTAL ~78

Y chromosome structure in other mammals

Monotremes, the earliest diverging mammalian lineage, have heteromorphic,
but very large, X and Y chromosomes, which pair over the entire short arm
of the X and the long arm of the Y (Murtagh 1977). In contrast, the Y
chromosome of marsupials (a lineage that diverged from eutherians later
than monotremes) is very small, only about 12 Mb, containing a handful of
genes. It lacks a PAR and does not recombine with the X. The X
chromosome is also small in marsupials, about 3% of the haploid genome
(Sharp 1982; Toder et al. 2000b).

In most eutherians, the Y chromosome is one of the smallest
chromosomes in the genome. There are generally a small euchromatic part
and a heterochromatic region that can vary in size between species (Leite-
Silva et al. 2003; Marchal et al. 2003; Nova et al. 2002; Toder et al. 1997,
Wolf et al. 1965). The euchromatic part contains few genes among them the
SRY that is present in most eutherian mammals (Marshall Graves 2002a;
Toder et al. 2000a; Waters et al. 2001) and marsupials (Foster et al. 1992).
DFFRY, SMCY, DBY, ZFY and UTY are five other genes present in many
mammalian orders (Murphy et al. 1999) (Paper I). They seem to have
important male specific functions, since mutations in this region result in
severe early blockage in spermatogenesis (Mazeyrat et al. 1998).

The gene content and the relative location of the genes on the Y
chromosome vary between species. An example is the amelogenin gene that
is located in the PAR of cattle, but outside the PAR in humans (Liu et al.
2002). In mice the amelogenin gene is only present as an X copy (Chapman
et al. 1991) while in monotremes and marsupials, it is an autosomal gene
(Watson et al. 1992).

12



The UBEI gene shows all stages of degeneration in different mammalian
lineages from pseudoautosomal in monotremes to absence in the Old World
monkeys (including humans) and marmoset. In all other mammals analyzed
UBE] is a differentiated X and Y gene (Mitchell et al. 1998).

The number of gene copies can also vary between species. In mice, for
example, two copies of ZFY, Zfyl and Zfy2 have been found while humans
have only one (Mazeyrat et al. 1998) and in the Microtidae family the
numbers of SRY genes can vary from one to fifteen (Bullejos et al. 1997;
Bullejos et al. 1999). Many human genes also exist in multiple copies, and in
cattle, Tspy, is repeated over 1200 times (Matthews and Reed 1992; Vogel et
al. 1997).

Y chromosomal rearrangements are quite common between and within
species (Burgoyne et al. 1998; Cockwell et al. 2003; Glaser et al. 1998;
Quilter et al. 2002). A pericentric inversion of the Y distinguishes the closely
related species Bos taurus and Bos indicus where the position of the
centromere in Bos taurus is metacentric/ submetacentric and in Bos indicus
acrocentric (Potter and Upton 1979) (Figure 7)

In two species of the
mole vole (Ellobius) the
whole Y chromosome has
been lost (Just et al. 2002;
Just et al. 1995; Vogel et al.
1998). In the E. lutescens
both sexes are X0 and in E.

L3
hy
h

LT
Ay

o
(o
e}

tancrei both sexes are XX

with one X inactive. Figure 7. The classification of chromosomes
depend on the position of the centromere, (a)
metacentric, (b) acrocentric or (c)
determining system took felocentric.

Obviously a new sex

over in an ancestor of

Ellobius since the male determining gene, SRY, is lost in these two species.
SRYs controlling function in the sex-determining pathway is probably
overtaken by another gene located on an autosome. Accumulation of new
variants around this new sex-determining gene might have started the
process of sex chromosome differentiation over again (Marshall Graves

2002c).
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Below I will describe Y chromosome structure in one of my study

species, the field vole.

Field vole (Microtus agrestis)

The field voles’ sex chromosomes are extraordinarily large compared to the
autosomes; the X chromosome is three times larger and the Y chromosome
is twice the size of the largest autosome (Matthey 1949; Ohno 1967a). The
size of the field vole sex chromosomes is apparent when compared to the
human sex chromosomes (Figure 8). About three fourths of the field vole
X chromosome constitutes of heterochromatin, accounting for 20% of the
total female haploid genome (Wolf et al. 1965). The Y carries a similar
amount of heterochromatin. The euchromatic portion of the X chromosome
represents about 5% of the genome and corresponds to the “original” X, but
the euchromatic region of the Y chromosome is, as in most mammals, very
small. A striking feature of the field vole sex chromosomes is the absence of
synapses, 1. e.
association between the
X and Y in meiosis, a
prerequisite for crossing
over and recombination
(Ashley et al. 1989).

Relative An unusual finding in
snz.e this species is the
(units) .

] existence of two

karyotypically different

Y chromosomes. The

standard Y is acrocentric

i but in southwestern

Sweden, male field voles

Y X A YoxX oA arry a subtelocentric Y

Field vole Human carty a subtelocentric ¥

This Y chromosome,

Figure 8. Mean size of chromosomes within called the Lund Y, is the

chromosomal classes in field vole and result of a pericentric
humans. White is euchromatin and black is . .

heterochromatin, inversion (Fredga and

Jaarola 1997).
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Y chromosome diversity

Intraspecific diversity as well as interspecific divergence can be estimated by
pi (m) or theta (0). Theta is the proportion of nucleotide sites that are
polymorphic in a sample. Pi is the average number of nucleotide differences
per site between two randomly chosen sequences in the sample. While 6 is a
measure of nucleotide polymorphism in a sample and can be corrected for by
sequence length and sample size, m measures the nucleotide diversity with
regard to frequencies of different alleles. Under neutrality, these estimates
should be the same but selection and population structure will affect the
estimates of m and 0 in different ways (Li 1997).

Levels of genetic variation in the Y chromosome may differ from that of

the rest of the genome for a number of reasons discussed below.

Effective population size

In sexual populations, half of the alleles are derived from females and half
from males. The number of chromosome variants maintained in the
population is, among other things, dependent on the effective population size
(N.) of each chromosome. In an ideal population the relationship between Y,
X and autosomes is N.:3N.:4N, suggesting an expected 1:3:4 relationship in

diversity between the different chromosomes.

Mating systems

Different mating systems can cause differences in effective population size.
Skewed mating systems, for example in polygynous species, where one male
mates with many females, will affect the relative difference in effective
population size between chromosomes. For example; the Y:X:autosome

relationship when one male mates with two females will be 1:5:6. If the ratio
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of females to males is increased to ten (which is common in some species
(McComb and Clutton-Brock 1994; Roed et al. 2002) the relationship would
be 1:21:22.

Selection

New mutations can be neutral, advantageous or disadvantageous. The
probability of fixation or elimination of the mutation in the population
depends on the relative fitness of the new phenotype. Exceptions occur for
balancing selection, overdominance (where heterozygotes are favored) and
in limited populations. Negative selection will tend to eliminate
disadvantageous mutants or genotypes from the population and is the
prevailing type of selection since the majority of non-neutral mutations are
deleterious or slightly deleterious. Positive selection increases the probability
for an advantageous mutation to become fixed in the population (Li 1997).
However, the chance of losing a new advantageous mutation from the
population by random genetic drift (change in allele frequency due to
chance) can still be high (Hartl and Clark 1997).

Selection at a locus will also affect linked sites. In the absence of
recombination, selection will tend to reduce genetic variability at linked sites
to the same extent as at the locus under selection. With recombination, the
effect becomes gradually smaller as the rate of recombination between the
selected locus and linked sites increases. In line with this thinking, levels of
neutral variability have been shown to correlate with recombination rate in
humans (Nachman 2001), mice (Nachman 1997), plants (Stephan and
Langley 1998) and fruit flies (Begun and Aquadro 1992). The Y
chromosome, which lacks recombination (except in the PAR), should be
expected to have reduced variation as compared to recombining
chromosomes. Selective sweeps and background selection may have severe
affects on the MSY where all sites are linked compared to other genomic

regions.
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Selective sweeps

Selective sweep or the hitchhiking effect is an effect of positive selection
where a favorable allele drives through the population to fixation together
with its” linked loci. This will reduce the variation linked to the selected site
and decrease the diversity in the population (Rice 1987). The impact of a
selective sweep depends on the recombination rate and selection coefficient,
the lower the recombination rate and/or the higher the selection coefficient,
the larger is the genomic region affected by the sweep (Figure 9). In the Y
chromosome where 95% of the sites are linked, an advantageous gene
regulating a male specific trait, like one involved in spermatogenesis, may
sweep through the population and eliminate all variation in the MSY
(Roldan and Gomendio 1999; Wyckoff et al. 2000). Selective sweeps can
bring about fixed Y chromosomes within a species and different between
species, while mutations will only slowly produce new variants in a
population. In contrast to the neutralists prediction of a positive correlation
of intraspecific variation and interspecific divergence, positive selection can

lead to uncoupling of levels of polymorphism and divergence (Li 1997).

, Advantageous
} } mutation

—_
l Neutral

mutation

Figure 9. Selective sweep. An advantageous allele will drive
through the population to fixation together with its linked sites.
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Background selection

Background selection is an effect of negative selection where deleterious
mutations will be eliminated from the population together with their linked
loci. This process, as with selective sweeps, will reduce variation in the
region around the selected site (Figure 10). Similar to sweeps the impact of
background selection depends on the recombination rate and the selection
coefficient. Background selection is not thought to alter allele frequencies to
the same extent as selective sweeps; indicating that the two types of
selection can be distinguished from each other (Charlesworth et al. 1995). In
a non-recombining region, mildly deleterious as well as weakly
advantageous alleles will survive linked to each other. In the absence of a
strongly advantageous mutation, a neutral or weakly selected mutation can
only survive on a non-recombining chromosome (like Y) if there is no
strongly deleterious mutation, otherwise it will be eliminated (Charlesworth
1994).

1 } } . %
% , Deleterious
' } mutation

—

Neutral
mutation

Figure 10. Background selection. Neutral mutations will
disappear together with linked deleterious mutations when
these are selected against.
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Sex specific mutation rates

Mutations are generated during DNA replication. The number of germ cell
divisions differs between spermatogenesis and oogenesis. In oogenesis every
mature oocyte has gone through a total of 24 cell divisions irrespective of the
age of the female. In spermatogenesis however cell division is a continuous
process, so the older the male the more cell divisions his sperms have gone
through. For example in a 20 year-old man every sperm has gone through
about 150 cell divisions and at the age of 40, 610 cell divisions (Hurst and
Ellegren 1998).

The male to female mutation rate ratio, o,,, is mostly dependent on the
skewed number of cell division in the germ lines of males and females. As
o, is generally larger than one, meaning that male germ cells mutate more
frequently than female germ cells, more mutations in the Y chromosome
than in other chromosomes can be predicted (Miyata et al. 1987). Estimates
of o, from X and Y comparisons suggest that it co-varies with the mean age
of reproduction; rodent (o,,=2)(Chang et al. 1994) < felidae (o,;=4)(Pecon
Slattery and O'Brien 1998) < primates (0.,,;=6)(Chang et al. 1996).

Other factors affecting Y diversity

Differences in migration between males and females can produce variation
in the patterns of genetic differentiation detected in maternally and
paternally inherited systems. In a patrilocal species, where female migrate
more than males, this will imply less variation in the Y chromosome locally.
In a global perspective, this will lead to higher differentiation in Y
chromosome than in the maternally inherited mitochondrial DNA (mtDNA)
(Seielstad et al. 1998).

Spermatogenesis and sperm mobility are energy demanding processes;
therefore, the function of the mitochondria is vital for reproductive success.
Deleterious mutations in the mtDNA that affect the energy production
negatively would be expected to lead to impaired reproduction and,

consequently, reduced effective population size among males. This will
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lower the effective population size of Y chromosomes and reduce its
diversity (Gemmell and Sin 2002).
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The development of Y markers

Evolutionary or population genetic studies focused at male-specific patterns
obviously require genetic markers from the Y chromosome. This may be in
the form of polymorphic sequences for intraspecific studies, but may in
principle concern any Y chromosome specific sequence.

In human and mouse the genome projects have been advanced producing
a lot of Y chromosome sequence for these species (International Human
Genome Sequencing Consortium 2002; Skaletsky et al. 2003; Waterston et
al. 2002). In the absence of large-scale genome sequence information,
alternative approaches are needed.

The two most popular methods are random amplified polymorphic DNA
(RAPD) and amplified fragment length polymorphism (AFLP). RAPD is a
very fast method with low cost (Hadrys et al. 1992) but hard to reproduce
since the conditions must be exactly the same from time to time. AFLP on
the other hand is very consistent but time consuming and more expensive
than RAPD (Mueller and Wolfenbarger 1999). Both methods can be used
with an almost unlimited set of primers that will render an inexhaustible

source of possibilities to develop Y markers.

Random amplified polymorphic DNA (RAPD)

Random amplified polymorphic DNA-polymerase chain reaction (RAPD-
PCR) uses a single short primer, which will anneal to various places in the
genome and amplify fragments of different length in the PCR (Williams et
al. 1990). These fragments can be separated on an agarose gel and male-
specific bands can be isolated and sequenced to develop locus-specific Y-
linked markers (Gutierrez-Adan et al. 1997; Olivier and Lust 1998; Wardell
etal. 1993).
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Amplified fragment length polymorphism (AFLP)

Double stranded adapters are ligated onto digested DNA. These adapters are
complementary to the primers used in the next step, which is a preselective
amplification step. The complementary primers have an extra base at the 3’
end (P-n), which extends into the genomic DNA, amplifying only one fourth
of the fragments. After this, a second amplification step is performed with
primers similar to the preselective one but with two additional bases at the 3”
end (P-nnn) amplifying only 1/16 of the fragments from the preselective
PCR. The results can then be displayed on a denaturing acrylamide gel either
by silver staining or by radioactive labeled primers (Vos et al. 1995).

Sex linked markers can be identified when comparing AFLP profiles
from a number of males and females. These bands can then be cut from the
gel and sequenced. Although much more time consuming than the RAPD
technique, the AFLP produces about 10 times more visible bands/primer and
thereby greater chance of detecting sex-specific fragments (Griffiths and Orr
1999).

Other techniques

There are other methods that can be used to get Y specific sequence, for
example reduced representation shotgun (RRS) (Altshuler et al. 2000)
together with flow sorting (Mullikin et al. 2000). This is an approach where
the Y chromosome is isolated and digested with a restriction enzyme. The
fragments are then separated on an agarose gel and bands appropriate for
insertion and sequencing from clones are sliced out. This method will pick
up sequence variation, indels and SNPs between individuals, if a number of

individuals were pooled together in the digestion reaction.
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Applications

There are two classes of chromosomal markers with respect to mutation
rates, “unique” and recurrent event markers. The “unique” mutations (with a
mutation rate about 1x10” per site per generation) are considered to occur
only once in the evolutionary history of a species for example, SNPs and
insertion-deletion events (Hammer 1994; Thomson et al. 2000). In the MSY
these binary polymorphisms can be combined into haplogroups with a
monophyletic origin, and the phylogenetic relationship can thus be depicted
in a single most parsimonious tree (a tree with the least mutations to explain
the topology).

Microsatellites or short tandem repeats (STRs) are tandemly repeated
units of 1-6 bp scattered in the genome. They are considered to be recurrent
event markers because of their high mutation rate (about 2x107)(Ellegren
2000; Kayser et al. 2000). Their high level of polymorphism makes STRs
useful in, for example for paternity testing and to detect recent population
differentiation. STRs on the Y chromosome (outside the PAR region) can be
combined into haplotypes, but because of the high level of homoplasy
(identity by state but not by descent) phylogenetic reconstruction is difficult.
Given their different levels of polymorphism, combining information from
the two classes of mutations makes the Y chromosome a powerful tool to
detect male population structure and differentiation on different time-scales
(Jobling and Tyler-Smith 1995; Mitchell and Hammer 1996). Unique and
recurrent mutations can be combined to reveal Y chromosome genealogies.
Unique mutations define deep lineages (haplogroups) while recurrent
mutations define terminal haplotypes (de Knijff et al. 1997). In this way
many recurrent events in a population causing loops in a network can be
resolved if considered in their respective haplogroups because each
haplogroup is founded by a single male with no variation at the multiallelic

loci.
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Anthropology

As the number of Y chromosome studies in mammals other than humans is
limited, this chapter will focus on anthropological studies using the Y

chromosome.

Patterns of migration

In global population studies, more geographic differentiation in the Y
chromosome than in the mtDNA is generally detected (Kayser et al. 2000;
Seielstad et al. 1994; Seielstad et al. 1998; Underhill et al. 1997) (Figure 11).
To explain the higher differentiation on Y than mtDNA, difference in
migration rate between males and females can be invoked. This is consistent
with a patrilocal society where children are mostly brought up at the place
where the father originates if the parents are from different places. To
explain the result an eight times higher prehistoric migration rate of females
than males was estimated. Over many generations this will be observed
globally by genetically homogenous mtDNA but differentiate Y
chromosomes (Seielstad et al. 1998).
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Figure 11. Relationship between genetic distance (Fsy) and geographic distance (km) in
humans for Y chromosome, mtDNA and autosome. Modified from Seielstad et al (1998).

24



Genetic structure in European populations

Genetic studies in European males show a strong correlation between Y
haplogroups and geography but low correlation between Y haplogroups and
language (Malaspina et al. 1998; Poloni et al. 1997; Quintana-Murci et al.
1999; Rosser et al. 2000).

Iceland was one of the last landmasses in Europe to be colonized by
humans. According to the book of settlements (Palsson H 1972), Norse
Vikings settled down in 870-930 A.D. accompanied by some people from
the British Isles. When studying maternal ancestry using mtDNA lineages,
Helgason et al (Helgason et al. 2000a) found a closer relationship between
Icelanders and populations from the British Isles than to the Scandinavian
population. However paternally inherited Y chromosome markers suggested
a main Norwegian origin with only about 20% contribution from the British
Isles (Helgason et al. 2000b). These results could indicate that Norwegian
Vikings (mostly men) took slaves or wives from their colonies in the British

Isles (mostly women) when they colonized Iceland.

Surnames and Y lineages

Surnames are mainly inherited from fathers to children in almost all
societies. This tradition is almost 5000 years old in China, 700 years in
England, but only 68 years in Turkey (Jobling 2001). This social custom
implies a relationship between the Y chromosome genealogies and male
surnames (Figure 12a). The correlation between a specific surname and a Y
chromosome lineage is of course dependent on there having been no
illegitimate matings since this most certainly will introduce chromosomes
from other surname groups (Figure 12b). Other reasons for uncoupling of
surnames and Y chromosome haplotypes are that the surname does not have
a unique origin like our Swedish —son names e.g Svensson or Andersson
(Figure 12¢) and that each establishment of a new surname has not started
with a unique haplogroup (Figure 12d).
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Figure 12. Relationship between Y-chromosomal haplotypes and three different
surnames, represented by blue, yellow and red. Coloured circles represent founders
and the cones represent microsatellite haplotype divergence. a) An ideal situation
where each founders’ haplotype are different from the others and blue founder is
also differentiated by an SNP. The dashed line represent time of surname
establishment and the arrow indicate microsatellite haplotype divergence. b) The
effect of illegitimacy, surname adoption or maternally inherited surname on the
correlation between surname and Y haplotypes ¢) Polyphyletic surname. d) The
effects of close haplotype relationship where yellow and red haplotypes overlap and
can not be distinguished from each other. Modified from Jobling (2001).

The first example of linkage between a surname and a Y chromosome
lineage is a French-Canadian family where the ancestor of 17 men with the
same surname and the same rare Y chromosome translocation could be
traced back to a Canadian immigrant in 1665. Interestingly, another family
with a different surname shared the same Y chromosome translocation
probably through illegitimacy around 1830 (Genest 1973).

The Jewish Cohanim priesthood is supposed to share patrilineal descent
from Aaron who lived 3000 years ago. Y chromosome analyses within this
group showed that the most common Y haplogroup, and its one-step
microsatellite mutation neighbor, was present in more than 60% of the
Cohanim priests but in less than 15% in the control group (Thomas et al.
1998).
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The most famous paternity test is probably that of Thomas Jefferson, the
third president of the United States, who shared a quite uncommon
haplotype with males named Jefferson. The same Y chromosome haplotype
is also present in the descendents of the children of Sally Hemings, Thomas
Jeffersson’s slave. (Foster et al. 1998)

Social structure

Hindu populations are divided into approximately 2000 castes grouped
basically into five varna with different status. This structure decides social
processes such as marriages, which are preferred between individuals from
the same varna. However, a woman can marry a man from a higher varna
but the opposite, that men marry women from a higher status, is strongly
discouraged. The genetic effects of this hierarchic system can be seen
comparing mtDNA and Y chromosome data. Genetic distance in mtDNA is
consistent with “isolation by culture” where varnas with close status are
genetically more similar than varnas from the highest and lowest status in
concordance with women’s limited but upward social mobility. In contrast,
the Y chromosome genetic distance does not show any relationship with
status following men’s inability to move in the hierarchical system
(Bamshad et al. 1998).

Medicine

Infertility

Already in 1976 the deletion of the long arm of the Y chromosome was
known to be associated with spermatogenic failure (Tiepolo and Zuffardi
1976) but the critical regions were not described until 1996 (Vogt et al.
1996). Complete deletion of AZFa (azoospermia factor a) and AZFb in the
proximal and middle Yqll are both correlated with male infertility. The
AZFa region includes for example DBY, UTY, TMSB4Y and USP9Y while
the AZFDb region includes RBMY, PRY and TTY2. However, partial deletions
of these two regions and all types of deletions in AZFc in the distal part of
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Yql1 show a variable phenotype from fertile to infertile, suggesting perhaps
a compensation by X and/or autosomal homologues for these genotypes
(Krausz et al. 2003). Although microdeletions in the Y chromosome are the
most common cause of male infertility other factors such as variations in
repeat sequences in multicopy genes, mutations and chromosomal

rearrangements could all contribute to this phenotype.

Other mammals

The use of Y chromosome sequence analyses in genetic studies of mammals
other than humans fall within a number of categories. Paternal gene flow has
been analyzed in shrew (Lugon-Moulin and Hausser 2002) and wolves
(Sundqvist et al. 2001) and interspecific Y chromosome variation was
investigated in bovids (Edwards et al. 2000). The Y chromosome has also
been used in phylogenetic studies in African buffalos (Van Hooft et al. 2002)
and macaques (Tosi et al. 2003). In the field of conservation genetics Y
chromosome analyses have shed light into hybridization of wolves and dogs
(Vila et al. 2003) and the status of the Przewalski’s horse (Wallner et al.
2003). Different demographic histories between humans and chimpanzees
could be elucidated by analyzing Y chromosome diversities in these species
(Stone et al. 2002). Below are examples of Y chromosome analyses that

have been used to study the process of domestication.

Domestication

Domestic cattle are derived from aurochs, Bos primigenius, that diverged
into two species Bos taurus and Bos indicus (Troy et al. 2001) from which
our domestic cattle are descendants. Paternally and maternally inherited
DNA suggest that most Asian domestic cattle breeds are hybrids between
these two species and may also harbor traces of other bovine species existing
in Asia today, like Bali cattle (Bos javanicus), gaur (Bos gaurus) and yak
(Bos grunniens) (Kikkawa et al. 2003). The Indian breeds have experienced
the least taurine influence especially Ongole and Sahiwal (Kumar et al.
2003).
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It is thought that cattle were first introduced into Africa in the form of
Hamitic Longhorns (B. taurus) arriving in the Nile Delta 6000 BC. A second
introduction was by Shorthorns (B. taurus) around 2500 BC, before the
introduction of Bos indicus (Epstein 1971). Although taurine cattle are most
likely the oldest domesticate on the African continent, the indicine Y
chromosome haplotype dominates the present population (70%) possibly
because indicine cattle are better adapted to heat and drought (Hanotte et al.
2000). The authors suggest three main reasons that prevent the spread of the
indicine allele throughout Africa. First the taurine adaptation to specific
diseases like trypanosomosis carried by tsetse-infested fly, second preference
by farmers for certain phenotypic traits and third geographic isolation
(Hanotte et al. 2000). There has also been some evidence of an African
centre of domestication from archeological (Grigson 1991) and mtDNA
studies (Bradley et al. 1996; Troy et al. 2001).

Cattle were first introduced to America by Spanish conquerors in 1492. In
a few years cattle spread all over the continent and nowadays almost all
North and South American countries have Creole cattle, a native breed
descendant of Iberian cattle (Giovambattista et al. 2000). These first cattle
were of taurine origin, which thus dominates the male population in the
South American countries. An exception is Brazil where zebu males were
introduced in the eighteenth and nineteenth centuries, to improve native

breeds in tropical regions (Giovambattista et al. 2000).
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Summaries of Paper [-IV

In order to obtain Y chromosome markers useful across a range of
mammalian species, | first developed conserved Y chromosome primers and
tested them in 20 different species (Paper I). To study the degree of Y
chromosome variability, I then contrasted levels of nucleotide diversity in
gametologous X and Y chromosome sequences in five mammalian species
(Paper II). The field vole and cattle were finally chosen to apply the Y
chromosome markers, in studies of speciation and domestication

respectively (Paper III and Paper IV).

Paper 1

Y Chromosome Conserved Anchored Tagged Sequences
(YCATYS) for the Analysis of Mammalian Male-specific DNA

The amount of available Y chromosome sequence is scarce in most species.
Most population genetic studies of natural populations of most species have
been based on mtDNA or autosomal markers. In this study, we developed
conserved Y chromosome markers based on comparative anchored tagged
sequences (CATS) (Lyons et al. 1997). The CATS approach identifies
conserved regions in exons from different species, in which primers then are
designed to amplify across a range of species. In Paper I a modified
approach called YCATS (Y chromosome conserved anchored tagged
sequences) was used by aligning genes from X and Y cDNA sequences
available in Genbank, mostly from human and mouse. We chose genes
present in only one copy on Y (Lahn and Page 1997; Lahn and Page 1999a)
to avoid multiple fragments in the PCR reaction. Primers were designed so
that the base(s) at the 3’ end differed between the X and Y sequences but
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were similar within the respective chromosome. The primers were
positioned in the exons flanking a short intron (in most cases less than 1000
bp in size) well suited for PCR.

Results

Forty-eight introns from six different Y chromosome genes were analyzed
and screened in 20 mammalian species, covering 10 orders.

Two different PCR profiles were performed for each primer pair. A
successful Y specific amplification was considered if male(s) showed a
unique band that was not present in female(s).

Thirty-nine (of the 48) Y specific introns could be amplified in one or
more species with a mean of 9.94+4.8 introns per species. On average 5.1+4.2
kb of sequence was obtained per species, which represents over 100
kilobases (kb) of mammalian Y chromosome DNA. Approximately 58 kb of
the derived Y specific fragments were sequenced and compared with human
X and Y sequences, which consistently confirmed Y chromosome origin.
The success rate varied between different species being highest in
chimpanzee (59 %) and field vole (41%) which are close relatives to the

human and mouse whose sequences were used originally for primer design.

Discussion

Our success rate was unexpectedly low. Even for humans, which primers
were designed for, had only 74% success and generally for the other species
below 25%. The low rate in humans could be due to technical and chemical
properties. The low success rate in the other species might be due to the
attribute of the Y chromosome which may make cross-species amplification
difficult. A male-biased mutation rate will obviously lead to higher
synonymous substitution rates on Y-linked compared to autosomal or X-
linked genes (Hurst and Ellegren 1998). A higher mutation rate could thus
make cross-species amplification more difficult.

Another complicating factor is the dynamic evolution of the Y
chromosome. Genes present in one species may be gone in others (Mitchell

et al. 1998) or be duplicated (Mazeyrat et al. 1998). Apart from the species
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where the Y chromosome is mapped, we do not know the genetic content of
the Y chromosomes and failure to amplify a Y specific fragment may be due
to circumstances like deletions or duplications of whole genes.

The Y chromosome genes used in this study have a gametologous copy
on the X chromosome. These gene pairs (the X and Y copy) show different
stages of differentiation. In order to avoid amplifying the X gametologue,
genes from the older strata should be chosen. However, the differentiation of
a non-recombining region is fast and therefore Y genes corresponding to
stratum 1 might be very different between species making cross-
amplification difficult. On the other hand, genes from stratum 4 might still
recombine in some species and should therefore not be considered as

templates for conserved Y markers.

Paper 11

Low Levels of Nucleotide Diversity in
Mammalian Y Chromosomes

Levels of nucleotide diversity are determined by factors such as selection,
effective population size, rate of mutation and recombination. Sex
chromosomes show distinct features in the relative magnitude of these
evolutionary factors. The Y chromosome is subject to male-derived
mutations only, is non-recombining and the effective population size is only
one third of that of the X chromosome, which is present in both sexes and
recombines in females.

Lower than expected intraspecific Y chromosome variation has been
found in humans (Dorit et al. 1995; Shen et al. 2000; The International SNP
Map Working Group 2001), Drosophila (McAllister and Charlesworth 1999)
and plants (Silene) (Filatov et al. 2000). Is this a general trend also across
other mammals and, if so, which factors would be responsible for this? To
address these questions we screened for single nucleotide polymorphisms
(SNP) on X and Y chromosome introns from populations of five different

mammals: lynx, wolf, reindeer, cattle and field vole.
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Results

We surveyed between 1.1-3.0 kb of X chromosome sequence and 0.7-3.5 kb
of Y chromosome sequence per species for intraspecific variation. The
number of segregating sites was lower on the Y chromosome than on the X
for all five species and for three of them (lynx, reindeer and cattle) no
intraspecific variation could be found on the Y chromosome. The other two
species, the wolf and field vole, had two and four segregating sites,
respectively, which corresponds to nucleotide diversities (y) of 0.4x10™ and
1.7x10™. In the X chromosome, 1-7 segregating sites were found per species
and the nucleotide diversity (mx) ranged from 1.6x10™ in lynx to 8.0x10™ in
field voles.

X and Y nucleotide diversity is not directly comparable because of
differences in the effective population size and mutation rates. Since the
effective population size is three times higher for X than Y, in a randomly
mating population, the expected degree of variability should be three times
higher on X than Y. However, this will be counteracted by male-biased
mutation. Taking both effective population size and mutation rates into
account, we still have lower than expected Y chromosome diversity

estimates.

Discussion

Apart from the factors already mentioned, mating systems and mitochondrial
effects are other mechanisms that lower male effective population size and
thereby Y chromosome diversity.

To find out which factor is most important in shaping Y chromosome
variability a comparison with birds is relevant. Birds have a reversed sex
chromosome organization characterized by female heterogamety (female
ZW and males ZZ). Studies on the female-specific W chromosome have
revealed very low levels of intraspecific variability (Berlin and Ellegren
2001; Montell et al. 2001). It thus seems that the sex-limited chromosome (Y
and W) generally experiences reduced levels of variability. Mating systems
(high variance in male reproductive success) cannot explain low levels of
variability in the female-specific W chromosome, nor can mutations in

mtDNA. In birds, these factors would slightly lower the diversity on the Z
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chromosome compared to autosomes and W due to differences in time spent
in the male germ line. This points to selection as an important factor
affecting genetic variation in the sex-limited chromosome (Ellegren 2003).
Whether this is due to selective sweeps or background selection remains to
be elucidated.

Paper 111

Sex-linked Markers Propose a

New Mammalian Species in Europe

The field vole, Microtus agrestis, is a common species with a continuous
distribution range from Portugal in west Europe to Lake Baikal in Asia.
Mitochondrial DNA studies of the cytochrome b gene have revealed three
distinct phylogenetic lineages with largely allopatric distributions (Jaarola
and Searle 2002; Jaarola and Searle 2004). These three populations, named
western, eastern and southern after their geographical distribution, most
likely reflect different glacial refugia and post-glacial recolonization routes.
The eastern and western split is the most recent one and dates back to the last
glacial period 50-83 kya (the last glacial period started 115 kya with a cold
spell at 60-75 kya (Andersen and Borns 1997)). The western and eastern
populations probably derive from refugial areas in the Carpathians and
southern Urals, respectively. These two populations will here be referred to
as the northern population. The southern lineage is more distantly related,
with an approximate separation 0.6-1 Mya. The southern population has thus
remained isolated from the northern population for several glacial periods;
its present distribution probably reflects late glacial expansion from Iberian
refugia.

I investigated paternally (Y chromosome) and biparentally (X
chromosome) inherited sequences to address the phylogenetic relationships
in the field vole. The object of this study was to investigate whether the high
degree of differentiation in mtDNA was matched by nuclear divergence and
whether the two major field vole lineages could be considered separate

species.
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Results

Altogether 27 male field voles were analyzed for 5.1-53 kb of Y
chromosome sequence. In this dataset, 49 wvariable sites were found
distributed on 39 SNPs and 10 indels. These polymorphisms defined 14
haplogroups. A highly polymorphic compound pentanucleotide
microsatellite was also observed and the absence/presence of one of the
motifs was used as an additional bi-allelic character in the maximum
parsimony (MP) analyses.

For the X chromosome 2.7-2.8 kb sequence was surveyed in 25 female
field voles. The thirty polymorphic sites revealed were divided into 26 SNPs
and 4 indels, defining 14 haplogroups. Nucleotide diversity for the X and Y
chromosome was estimated at 2.81x10” (my) and 1.90x10” (my). These
values are higher than published data for mouse, chimpanzee and human.

According to our phylogenetic analyses of the X and Y sequences, using
both maximum parsimony (MP) and distance (neighbor-joining, NJ)
methods, the field vole exhibits two highly divergent lineages. In fact, the
majority of X and Y chromosome variation can be attributed to this split.
The deep phylogenetic breaks in the X and Y chromosome genealogies
display 100% bootstrap support and the divergence in substitutions and
indels between lineages is significantly larger than variation within lineages
(random regrouping 1000 times, P < 0.0001). The genetic structure between
the two groups is also evident from only substitution data (Y Fsr = 0.945
(P <0.0001) and X Fsr=0.894, (P < 0.0001)).

The net divergence between the lineages, defined by the phylogenetic
trees, estimated from intron sequences was 0.68 % for the X chromosome
and 0.70 % for the Y chromosome. The nucleotide diversity within the two
lineages was estimated at 0.16x10” (mx) and 0.15x10 (my) for the southern
lineage and 0.79x107 (mx) and 0.32x107 (y) for the northern lineage.

To better map the distribution range of the two lineages and screen for
possible hybrids, we analyzed an additional 36 individuals for two X
chromosome markers and 28 males for one Y chromosome marker. The
results show that both the X and Y chromosome lineages have distinct
southern and northern geographical distributions. Thus, both systems recover
the two major phylogroups previously described for mtDNA.
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The individuals analyzed for one Y and two X markers (as well as
cytochrome b) included 19 field voles (including 12 males) from a 50 km
transect in the area of contact. These results, although preliminary, indicate
that the contact zone is narrow and that little or no gene flow is occurring

between the two field vole lineages.

Discussion

The slower evolving nuclear sequences from the X and Y chromosome
confirm the deep phylogenetic split of the northern and southern lineages
previously described for mtDNA (Jaarola and Searle 2002).

Thus, the field vole displays two highly divergent lineages genetically
separated by reciprocal monophyly not only in maternally (mtDNA), but
also paternally (Y chromosome) and biparentally (X chromosome) inherited
systems. The fact that monophyly is also evident in the X chromosome,
gives strong support for an ancient separation of the southern and northern
field vole lineages. X-linked genes takes much longer time to reach
reciprocal monophyly because, the effective population size is
approximately three times larger than for Y or mtDNA linked genes (Avise
2000).

The striking similarity of the phylogeographic patterns for all genetic
markers investigated, demonstrates that the southern and northern
phylogroups in the field vole represent independent evolutionary trajectories.

All individuals analyzed in this study were found to be of pure northern or
southern origin. With the three differently inherited markers, we would have
discovered a first generation hybrid directly and past hybridization would
have been detected as recombination in the X chromosome. We did,
however, not find any signs of hybridization even in the area of contact.

According to the reciprocally monophyletic gene trees and the congruent
geographic distributions for all markers investigated, the two lineages
represent phylogenetically defined species. Furthermore, our preliminary
analyses of the area of contact indicate post-reproductive isolation which
according to Mayr (1942), defines biological species. We therefore suggest
that the field vole, Microtus agrestis, should be reclassified as two different

species with northern and southern distributions in Europe.
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Paper IV

Early Cattle Husbandry:
Y Chromosome Haplogroups Indicate

Aurochs Introgression in Europe

Domestication of wild animals and plants is the most important event in
human history and made it possible for people to settle down and develop
sophisticated cultures (Clutton-Brock 1999; Giuffra et al. 2000; Loftus et al.
1994b; Sherratt 1997; Trut 1999; Wang et al. 1999; Vila et al. 2001). Cattle
was a crucial species in these early farmers lifestyle providing meat, milk
and motive power. It was domesticated from its wild progenitor the aurochs
(Bos primigenius), which was once widespread in Europe, northern Africa
and southern Asia (Clutton-Brock 1999).

The archeological evidence available suggest that Bos taurus was
domesticated in the Eastern Mediterranean region about 10 000 years ago.
This is in agreement with genetic data. Maternally inherited mtDNA from
ancient as well as modern cattle breeds suggest at least two independent
domestication events, Bos taurus in Anatolia or the Middle East and Bos
Indicus in Asia. An independent domestication in north of Africa has also
been suggested (Bradley et al. 1996; Loftus et al. 1994a; Troy et al. 2001).

No evidence of independent local domestication or introgression from
aurochs has been detected in mtDNA studies of ancient cattle and aurochs
(Bailey et al. 1996). However, the morphological similarities between some
Neolithic specimens of faurus and primigenius in central Europe and the
occurrence of both species at archeological sites may suggest that
hybridization could occur. Our knowledge of Neolithic cattle keeping also
allows for this to happen. Mitochondrial data would, however, not be
suitable to trace the process, since aurochs bull introgression would not be
visible in maternally inherited DNA. In order to address the question of
hybridization, Y chromosome variation was screened for in modern breeds

and the variants were tested in ancient material from Europe.
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Results

In 3.5 kb of intronic Y chromosome sequence from 20 European bulls, two
haplogroups were found separated by a two bp indel and a transversion
(A/C). The two haplogroups Y1 and Y3 were screened in 149 bulls from 42
different European breeds. A north-south distribution of the haplogroups was
detected with the Y1 haplogroup more common in breeds from northern
Europe and the Y3 haplogroup mostly in breeds from southern Europe.

In the same 3.5 kb of Y chromosome sequence, screened in a bull from
full-bred Sahiwal (Bos indicus), four transitions and a microsatellite length
polymorphism were found to distinguish between indicus and taurus
haplogroup. All the variable sites found in the 3.5 kb Y chromosome
sequence were analyzed in 46 African cattle from six breeds. The three
different haplogroups, indicus, taurus Y1 and taurus Y3, were found with
the same distribution of indicine and taurine haplogroups as in Hanotte et al.
(2000).

Thirty-four ancient Bos samples dated between 5000-10000 BP and
originating from Italy, Austria, Germany and Sweden was analyzed for the
two variable sites found in modern faurus and for two sites distinguishing
indicus and taurus. Not all sites could be typed for all individuals but
considering the age of the material and that it is nuclear DNA, from a
haploid chromosome, the success rate (21) was very good. Out of the
successfully typed samples, five proved to be domesticated Neolithic cattle.
Among the sixteen aurochs samples that were analyzed for at least one site,
fifteen showed haplogroup Y1 or Y2 (an intermediate between Y1 and Y3
could be typed with certainty in one case) and one was consistent with Y3 or
an intermediate between the indicus haplogroup and Y3.

Discussions

Mitochondrial data suggest only a limited number of domestication events,
including the domestication of Bos indicus and Bos taurus. The split
between these two lineages is estimated from mtDNA to be well above
100000 years ago, long before domestication.

The polymorphic sites separating the Y1 and Y3 type in Bos taurus are

both slow evolving changes (transversion and indel) compared to the
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variable sites distinguished between Bos indicus and Bos taurus (transitions
and microsatellite). Thus, it is not possible to say which split is the older, the
one between Y1 and Y3 or the one between Y3 and the indicus haplogroup,
only from the polymorphic sites. All three variants were most certainly
present in the wild population suggesting at least three independent
domestications of bulls or hybridization between domesticates and aurochs
bulls.

Early husbandry of cattle included free roaming herds probably with
someone guarding them instead of fences. This loose husbandry would allow
wild aurochs males to reproduce with the domesticated females. The
geographical distribution of Y1 in modern cattle and its presence in ancient
European aurochs suggest a high frequency of local hybridization between
domesticated cows and wild aurochs bulls in the centre of Europe. This is a
likely scenario, since both farmers and aurochs populated the central of
Europe. The slightly bigger aurochs bull may have reproduced with domestic
cows leaving DNA print to the next generation, while an aurochs cow would
have to be domesticated in order to leave a DNA print to modern breeds.

The presence of Y1 and Y3 type in modern African cattle is complicated
to interpret, it could be the result of trading domestic animals in the last
centuries. Domestic cattle were crucial for the Cape colony, and farmers
from northern Europe (what became the Boer community) may have used
African as well as European cattle to support their life stock. To elucidate
the African cattle history material from indigenous pre-colonial African bulls
are needed.

Our material of aurochs was limited to Europe but introgression could
have occurred where both primigenius and taurus/indicus were present at the

same time.
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The Future

I believe that Y chromosome sequence analyses have just begun in
mammals. The Y chromosome can be used to address many questions such
as; evolution of a male specific chromosome, paternal migration,
phylogenetic reconstruction, paternity and molecular evolution in a haploid
chromosome.

More specifically this thesis has generated two additional Y chromosome
studies concerning Microtus and Bos Taurus as described below.

1. 1 would analyze the Y chromosome genes in the Microtidae
family and look for functional and degenerated haplotypes. In two
Ellobius species and one Tokudaia species, sex is determined
without a Y chromosome or the SRY gene. In the Microtidae
family the number of SRY gene copies varies, from one
functional male-specific copy in the M. agrestis up to 15 different
sequences present in both X and Y chromosome in the
M.cabrerae (Bullejos et al. 1997; Bullejos et al. 1999). My
hypothesis is that since SRY is the male determining gene and
therefore should degenerate last of the genes on the Y
chromosome, it would be interesting to correlate the number of
SRY copies and functionality to other Y specific genes, in order
to find evidence for this hypothesis.

2. It would also be useful to type more European cattle, for the Y
differences, in order to confirm the north and south gradient in
bulls detected in Paper IV. In domestic animals with strict
breeding programs, like cattle, the genetic variation can detect
evidence of origin, breeding strategy, domestication etc. It would
be interesting to screen more cattle breeds from Europe and the
rest of the world to identify the origin and distribution of these

two male lineages. A larger sample would be very valuable in
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order to study the degree of genetic exchange between breeds. An
example of the possible effect of male-biased breeding strategies
in domestic animals is clearly expressed by thoroughbred horses,
where pedigree analyses indicate that one single stallion is
responsible for 95% of all paternal lineages (Lindgren et al.). The
study of Y chromosome diversity in cattle will show the impact
of sex-biased breeding in this domestic species.
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