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ABSTRACT
The mammalian Y chromosome evolved from an undifferentiated autosomal pair of
chromosomes. An allele arose on this proto-Y chromosome that conferred a selective
advantage to males and further genes accumulated in this region that .also were
advantageous to males. Recombination in this region was suppressed to keep this malespecific package together. Lack of recombination allows deletions, insertions and
mutations to accumulate on the Y chromosome, resulting in a Y that is much smaller
than its X counterpart. Eutherian sex chromosomes have had at least one autosomal
addition to them, while marsupials have not. All that remains of the homology between
the proto-X and -Y chromosomes and the autosomal additions is a small region at the
termini of each chromosome arm, known as the pseudoautosomal regions, which still
pair during male meiosis and undergo recombination. The marsupial Y is considered the
minimal mammalian Y chromosome, as there have had no large autosomal additions.
The human Y chromosome is particularly exciting, as it is the only heterochromatic
chromosome in the genome, and only males have it, meaning it can only contain genes
in male-specific functions and nothing essential to life. Using comparative genomics to
compare the Y chromosomes of different mammals will determine the minimal set of
conserved male-specific Y-borne genes. Only genes and other functional elements that
are being strongly selected for will survive the rapid degradation of the Y, and if these
genes still exist today, it can be assumed that their role in a male-specific function will
be a very important one.
I therefore constructed a BAC library from the model marsupial Macropus eugenii
(tammar wallaby), and screened it with DNA amplified from flow sorted and
micro dissected tammar Y chromosomes, and also with gene specific pro bes. Three
BAC clones containing the RBMY, ATRY and SRY genes, which mapped to the generich short arm of the tammar Y chromosome, were sequenced, and three new genes
have been discovered. These genes are marsupial specific and it is expected that they
will have a role in the sex determination of the tammar wallaby.
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CHAPTER

1

INTRODUCTION

The human genome has been sequenced, and is possibly the greatest scientific
achievement of our time. The sequencing of the genomes of many other vertebrate
species has followed, and it is now imperative for these immense amounts of data to be
used wisely. Novel genes need to be identified, and the function on those genes
established. The complete sequencing of the human Y chromosome was accomplished
just over a year ago, and investigation of the genes on the Y is just beginning.
Comparative genomics is a perfect tool for this analysis. Homologous regions from both
closely and distantly related species can be aligned, and those sequences that have been
retained between different species for long evolutionary distances must be important.
These conserved sequences can be coding regions of genes, or non-coding regulatory
signals in non-coding DNA.
There is now an enormous interest in sequencing the genomes of other mammals and
vertebrates. Several of these have been completed, such as the mouse and chicken, or
near completion, such as the chimpanzee and opossum. A vast amount of work is being
done comparing the genomes of humans and mice, and many important discoveries
have been made. However, since humans and mice are relatively closely related (having
diverged only 50-80 million years ago), much of the genome aligns and it is what is
different about these genomes that is interesting. Comparisons between humans and
more distantly related species (such as birds and reptiles, which diverged from
mammals more than 300 million years ago) can miss sequences important to mammals.
Marsupials diverged from humans ,..., 180 million years and provide a perfect
intermediate to these two extremes.
The human Y_chromosome is particularly exciting, as it is the only heterochromatic
chromosome in the genon1e, and only males have it, meaning it can only contain genes
in male-specific functions and nothing essential to life. Its genetic isolation means that
the evolutionary forces acting on the Y are different than other chromosomes, and for
decades it has been the focal point for studies of genome evolution and gene function.
Using comparative genomics to compare the Y chromosomes of different mammals will
determine the minimal set of conserved male-specific Y-borne genes. Only genes and
other functional elements that are being strongly selected for will survive the rapid
degradation of the Y, and if these genes still exist today, it can be assumed that their
role in a male-specific function will be a very important one.
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In humans, the X chromosome is 165Mb, and contains 1,098 genes, while the Y is only
66Mb and contains 45 genes and lots of repetitive DNA. These chromosomes evolved
from an autosomal pair, and the only remaining homology is the tiny pseudoautosomal
regions (P ARs) at their termini, via which they pair and recombine. The Y chromosome
has degraded and only retained genes that acquired male-specific functions, such as the
testis determining factor SRY and the spermatogenesis gene REMY, both of which
evolved from genes on the X that have functions in the brain. Even some genes essential
for spermatogenesis is marsupials have been lost in humans, such as UBE] Y and ATRY.
The mole vole has lost its Y chromosome entirely, including the sex-determining gene

SRY that has presumably been usurped by other genes elsewhere in the genome.
The ,._,12Mb marsupial Y chromosome represents a minimal mammalian Y (Toder et al,
2000). The genes that it shares with human have been there for 180 million years and
therefore must have an important male-specific function. In the tammar wallaby
(Macropus eugenii), these genes all map close together on the short arm of the Y, which

seems relatively free of repetitive sequences. Complete genomic sequencing of this
gene-rich region of the tammar Y chromosome may reveal more genes shared with the
human Y, and there may be other marsupial-specific genes. By sequencing and
characterising the gene-rich region of a marsupial Y and identifying any novel
conserved regions, it will be possible to identify all genes on this chromosome.

1.1 MAMMALIAN SEX CHROMOSOMES
Vertebrates are a subphylum that includes mammals, fish, birds and reptiles. Fish
diverged from the mammalian lineage approximately 450 mya, while birds and reptiles
diverged approximately 310 mya (Figure 1.1 ). Mammals themselves are divided into
three groups: eutherians, marsupials and monotremes. Monotremes diverged from the
eutherian lineage approximately 210 mya, and marsupials approximately 180 million
years ago (Woodburne, 2003). Differences and similarities between the chromosomes
of these distantly related mammals allow a wealth of information about the evolution of
mammalian chromosomes to be inferred.
All three mammalian groups are furry animals that suckle their young with milk. The
primary difference between different mammalian groups is the mode of reproduction:
eutherian (or placental) mammals give birth to live young, metatheria (or marsupials)
12

have a less developed placenta and give birth to undeveloped young that are suckled on
a teat until further developed, and prototheria (or monotremes) lay eggs.

Fish

Birds. and
Reptiles
Monotremes Marsupials

Euthedans

18.0Mya
Theria

210 Mya
Mammals

'letrapods

FIGURE 1.1

Vertebrate phylogeny.

Prototheria consists of only a single Order (Monotremata), consisting of two species of
echidna and one of platypus, all of which are confined to Australasia. Eutheria are
widespread and diverse, with human and mouse having been the most intensely studied
of the group. Metatheria are found in Australia where there are more than 200 species in
13 families and two orders, and also in North and South America, where there are 70
species in three families and a single order. The model marsupial used in this study is
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Macropus eugenii (tammar wallaby), which has the best-studied genome of all
Australian marsupials.
In mammals, the sex chromosomes are a heteromorphic pair, differing greatly in size
and gene content. XX specifies females and XY males. The Y chromosome harbors the

SRY gene, the primary male-determination gene. The mammalian X-Y pair arose ,. __,300
mya from an autosomal pair of chromosomes. A male determining allele appeared on
one of these chromosomes, and other alleles with an advantage to males would have
accumulated nearby, and created a male-specific package that would have caused
suppression of recombination with its partner chromosome. Once recombination was
suppressed, the Y could no longer repair itself by recombination with the X, and any
mutations, deletions or insertions that occur on the Y chromosome have no way to be
repaired. Various evolutionary forces, such as genetic drift ('Muller's ratchet') and
genetic hitchhiking (Charlesworth, 1991) act on the Y chromosome, meaning the Y
degraded rapidly, and most genes were lost.
Studies of the sex chromosomes of the other vertebrate classes distantly related to
mammals show that XX/XY male heterogametic sex chromosomes of mammals is only
one of many chromosomal sexual determination systems occurring in vertebrates. Other
systems include female heterogamety, such as the ZZ male: ZW f~male system in birds
and snakes. Some species of reptiles and fish have no obvious heteromorphic sex
chromosomes, and an allele, a gene, or an environmental stimulus sex may determine
sex (reviewed in Graves & Reed, 1993). This suggests that a common ancestor to all
vertebrates had undifferentiated sex chromosomes and that sexual differentiation
evolved differently in different vertebrate lineages. As the avian Z and the mammalian
X do not show any evidence of homology (Schmid et al, 2000), it would seem that
different autosomes were involved in each case. This has come into question recently
however, with the finding that the platypus meiotic sex chromosome chain, which
contains five X chromosomes and 5 Y chromoso1nes which line up alternately in male
meiosis, contains chromosomes with homology to both the eutherian X chromosome
and the avian sex Z (Grlitzner et al, 2004), suggesting an evolutionary link between
them.
Evidence that mammalian sex chromosomes evolved from a pair of autosomes is that
the X and Y chromosomes retain vestiges of this ancient homology. The organization of
14

the sex chromosomes of both eutherians and marsupials will be discussed, focusing
primarily on those of human and tammar respectively.

1.1.1

EUTHERIAN SEX CHROMOSOMES
The human X chromosome is 165Mb, accounts for 5% of the entire genome, and the
latest count of genes on the X was 1,098 (Ross et al, 2005). The Y is much smaller
(66Mb), accounting for only 2% of the genome (Lander et al, 2001) and contains only
45 unique, protein coding genes (Skaletsky et al, 2003). A representation of the human
X and Y chromosome can be seen in Figure 1.2.

y
165Mb
1098 genes

PAR I
2.6Mb, 14 genes

66Mb
45 genes

Y-Specificf

23Mb, 27 genes

X-Specific

Heterochromatin

162Mb, 1080 genes

40Mb, 0 genes

PAR II
0.6Mb, 4 genes

FIGURE

Adapted from Graves, 2004

1.2 The human X and Y chromosomes.
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All that remains of the once extensive homology of the human sex chromosomes are
two small regions found at the termini of each chromosome. These are known as
'pseudoautosomal regions' (PAR), as the 18 genes located there act in an autosomal
fashion. These genes pair and recombine during male meiosis, and are therefore not
subject to the evolutionary forces acting on the rest of the Y.
Deletion of PAR I results in sterility due to· inability of the chromosomes to pair during
male meiosis, in both human (Mohandas et al, 1992) and mouse (Burgoyne et al, 1992).
Gene content of PAR I differs between mammalian species (reviewed in Graves et al,
1998a) indicating that the genes borne on PAR I are not crucial to its function. The fact
that some rodents do not have PAR I at all indicates that it is not essential for fertility.
PAR II (Freije et al, 1992) contains only four genes in humans, and pairs only
occasionally during male meiosis. It is suggested that PAR II is an intermediate between
a true autosomal region and the sex-linked region (i.e. partial sex linkage), and as
pairing only occurs in 2% of male meiosis, the significance of this is unknown (Li &
Hamer, 1995).
The rest of the X chromosome is made up of a region that no longer recombines with
the Y chromosome and contains 1080 genes. The human Y chromosome has a large
region of heterochromatin, seemingly largely made up of two simple repeats (Skaletsky
et al, 2003), and a euchromatic region containing both genes and repetitive sequences.
Most genes within this region have known X homologs.
1.1.1.1 THE EUTHERIAN X CHROMOSOME
The human X chromosome constitutes 5% of the genome, and the last count of genes on

the X totaled 1098 (Ross et al, 2005). Most genes on the X have nothing at all to do
with sex, however, compared to the rest of the genome, there are an increased number
of genes involved with sex and reproduction (SRR genes; Saifi & Chandra, 1999; Wang
et al, 2001 ). Several explanations have been proposed to account for these genes. It is
possible that the proto-X had a large number of SRR genes already on it, and for this
reason was chosen as a sex chromosome. Alternatively, SRR genes may have
accumulated on the X from the rest of the genome after the Y degenerated; or, genes
already on the X may have taken on a SRR function (Graves & Delbridge, 2001). Only
a few of these genes retain a Y homo log, and therefore males are hemizygous for these
genes.
16

It was noted as early as 1967 that the eutherian X chromosome was conserved across
species (Ohno, 1967) and this has been further confirmed by comparative gene mapping
between vertebrate species (Wakefield & Graves, 1996). Although there have been
internal rearrangements in some lineages (e.g. Blair et al, 2000), the arrangement of
genes is also highly conserved. Ohno (1967) proposed that the X chromosome was
subject to an X-inactivation mechanism to counteract dosage issues of degraded Y
genes and proposed that any disruption to this mechanism would be strongly selected
against. X-inactivation is thought to have evolved to counteract X chromosome dosage
differences between XY males and XX female. In eutherians, X inactivation is random,
with the X chromosome of either parental origin becoming inactivated.
1.1.1.2. THE EUTHERIAN Y CHROMOSOME
Skaletsky et al (2003) found that the human Y chromosome contains 18 genes in the

PARs, and 78 genes in the male-specific region that encode 27 unique protein coding
genes. As females have no Y chromosome, these genes cannot be essential for life, as
females are perfectly fine without them. Genes on the Y are known to have functions in
sex-determination, spermatogenesis, gonadoblastoma and stature.
In contrast to the highly conserved gene content and order on the eutherian X
chromosome, the content and order of those genes still harbored on the eutherian Y
chromosome has been scrambled. Even when looking at closely related species, it is
very difficult to envision the events that would have led to the current gene order
(Glaser et al, 1998). The Y is highly rearranged in eutherian lineages, indicating
multiple internal rearrangements. Even the gene content is poorly conserved between
the Y chromosomes of different eutherian lineages. The human Y harbors some genes
no longer on the mouse Y, and lacks genes found on the Y chromosome of other

.

species.
Lahn and Page (1997) divided the genes on the human Y chromosome into two classes,
termed Class I and II. Class I genes were purported to be single copy, ubiquitously
expressed genes with X homo logs, while Class II genes were multicopy, Y-specific and
expressed only in the testis (Lahn & Page, 1997). This classification has broken down
with the finding that several of the Class II genes had X homo logs, such as the repeated
spermatogenesis gene REMY and the testis-specific TSPY (Delbridge et al, 1997;
Delbridge et al, 2004) and again with the finding that some Class I genes had testisspecific expression in other species, such as ZFY (Koopman et al, 1991a).
17

The gene content of the Y chromosome differs between different lineages, and there are
even some rodent species with no Y chromosome at all. It is known that the Y
chromosome harbors the SRY gene, the gene without which you are female. So how do
the males of some species get by with no Y chromosome? One species of mole vole has
an XY system, and has SRY. However, two closely related mole voles lack a Y
chromosome and have no evidence of SRY (Just et al, 1995), and it is supposed that a
gene working upstream or downstream of SRY, or in a different pathway altogether, has
mutated to take on the sex-determining function. So far, several candidate genes have
been examined without success (Just et al, 2002).
The non-recombining region of the human Y chromosome accounts for 90% of the
euchromatic region of the chromosome (Hurles & Jobling, 2003). Up to 40% of the Y
sequences are duplications, which exist as tightly spaced palindromes, as lack of a
meiotic pairing partner leaves the Y chromosome to fold back onto itself The high
sequence similarity of the two arms of these suggests gene conversion has homogenized
sequence. The hypothesis put forward is that gene conversion protects against the
degeneration brought about by the haploid state of the Y chromosome. Even though the
Y chromosome lacks a meiotic pairing partner, palindromic regions within it containing
two or more copies of a gene can loop back on themselves, allowing recombination
between DNA strands on either side of the loop; this may permit the repair of
mutations.
The counter argument is that while palindromes on the Y chromosome may allow for
recombination, and will no doubt increase the genetic variation of the Y, gene
conversion is non-directional, so will inactivate genes as often as rescue them (Rens et

al, 2003). It is unlikely to result in a more functional Y chromosome, and in fact, could
also explain some of the degeneration of the Y chromosome, as the presence of
palindromes can result in the accumulation of deletions, duplications and inversions.

1.1.2 MARSUPIAL SEX CHROMOSOMES
Marsupials have a smaller X chromosome than eutherians, and it accounts for only 3o/o
of the genome, and have a tiny Y (Hayman and Martin, 1974). Before the present study
was undertaken, only five genes were known to map to the Y chromosome in various
marsupials. Figure 1.3 shows a representation of marsupial X and Y chromosomes.

18
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1.3 The marsupial X and Y chromosome.

There is very little remaining of the ancient homology between the marsupial X and Y.
Marsupial X and Y chromosomes attach to a protein basal plate during male meiosis
(Page et al, 2003). It is thought that this basal plate allows the chromosomes to line up
end to end and maintain their association throughout male meiosis, but it seems unlikely
that this region acts as a PAR because no chiasmata are seen (Sharp, 1982).
Chromosome painting has also indicated that there is no homology between the X and
the Y in dasyurid marsupials, although there are shared sequences between the short
arm of the X and the long arm of the Y chromosome in the tammar (Toder et al, 1997).
The sex chromosomes of macropodid marsupials, which include the tammar, have a
heterochromatic nucleolus organizer region (NOR) containing ribosomal DNA genes,
on the short arm of the X chromosome and in one species, also on the Y. As these
regions are not on the X or Y chromosome in eutherians or other marsupials, it can be
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assumed that they were an independent autosomal addition to the ancient PAR shared
between the X and Y chromosomes of an ancestral macropodid, and that this cross
hybridization of chromosome paints is evidence of the remaining vestiges of homology.
It is assumed that this addition was transferred to both the X and the Y, as the NOR is

still present on the Y in one macropodid species, Macropus parryi. Ribosomal DNA
sequences were detected by florescent in situ hybridisation on the X in tammar, but not
on the Y· (Toder et al, 1997). Heterochromatic regions don't usually pair in meiosis and
the lack of chiasmata indicates it is unlikely these shared sequences act as a PAR in the
tammar X and Y.
There are only five known genes on the tammar Y, all clustered on the short arm; the
rest of the chromosome is made up of heterochromatin. All known genes have
homologs on the X chromosome.
1.1.2.1 THE MARSUPIAL X CHROMOSOME
It is unknown how many genes reside on the marsupial X chromosome; however, we

can calculate from homology with human Xpl 1.22 to Xqter that there should be 757
genes. The ARC center for Kangaroo genomics aims to product detailed maps and
ultimately sequence of the tammar X chromosome. A total of approximately twenty
genes from the long arm of the human X chromosome have been mapped to the long
arm of the tammar X, indicating extensive homology between the X chromosomes of
these two species. Painting a tammar flow-sorted X chromosome onto human
chromosomes reveals homology with the whole long arm and the proximal short arm of
the human X (Glas et al, 1999) further confirming the homology of these chromosomes.
The majority of the short arm of the human X chromosome shows no homology to the
tammar X chromosome paint, and genes from this region in human map to autosomes in
tammar, largely to Sp (Graves, 1995) indicating that an autosomal addition to the X
occurred in the eutherian lineage after it diverged from marsupials.
The region known to be present in both eutherians and marsupials is known as the X
conserved region (XCR), as this region would have been conserved from the X
chromosome of the common ancestor of mammals. The region present on the X only in
eutherians is known as the X added region (XAR). The XAR and XCR in humans are
mostly intact, with only one small inversion around Xp 11.23 (Wilcox et al, 1996).
Figure 1.4 depicts those regions of the human X chromosome that show homology to
the tammar X chromosome and to tammar autosomes.
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1.4 The human X chromosome. The blue regions also lie on the X chromosome

of the tammar, while the green regions are found mainly on tammar Sp, indicating they
have been added to the eutherian X chromosome, or alternatively lost from the
marsupial lineage.

It can be supposed then, that the gene content of the conserved region of the tammar X

chromosome will be the same as the human X. It is not known whether the same bias
for sex and reproduction genes will be evident.
The marsupial X chromosome also undergoes X-inactivation in females. However,
unlike eutherians, this is a not a random process, as the X of paternal origin is always
the inactivated chromosome. X-inactivation in marsupials is incomplete and tissuespecific, and is less stable than in eutherians, perhaps related to the absence of DNA
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methylation (Cooper et al, 1993). However, the most recent data on the human X
(Carrel & Willard, 2005) revealed that the X-inactivation might be less complete and
more variable than had been supposed.
1.1.2.2 THE MARSUPIAL Y CHROMOSOME
As can be seen in Figure 1.5, three of the five genes on the tammar Y chromosome,
SMCY, SRY & REMY, are known to exist on the human and mouse Y chromosomes. All

have X homologs (Waters et al 2001; Foster et al, 1992; Delbridge et al, 1997), while
UBE] Yis present on the mouse but not the human Y (Mitchell et al, 1998) and ATRY is

not present on the Y chromosome of humans or mouse, and is therefore marsupialspecific (Pasket al, 2000). A report of a male-specific band for RSP4Y in the opossum
indicates that there may be a Y-linked copy in marsupials (Jegalian and Page, 1998) but
this is yet to be confirmed. The long arm is entirely heterochromatin, and contains no
genes.
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1.5 The Y chromosome of mouse, human and tammar showing Y chromosome

genes shared between the different species.
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1.2

EVOLUTION OF MAMMAL SEX CHROMOSOMES

The process of the evolution of the X and Y chromosome is fascinating. Based on
studies of snake sex chromosome variation, Ohno (1967) first put forward the theory
that the heteromorphic chromosome (Y in mammals and W in snakes and birds)
degrades progressively. The X and Y acquired a male-specific locus on what would
become the Y. This would attract other male advantageous genes, and recombination in
the area would abate. The Y would then be open to degradation, and only genes with a
highly selectable function would be retained (reviewed in Charlesworth, 1991 ).
The Y chromosome is much smaller than its counterpart and contains many fewer
genes. This implies that the Y chromosome is a relic of its former self, whereas the X
has retained its integrity. This is because the X is present in two copies in females and
can therefore undergo recombination. In some mammalian lineages, there have been
autosomal translocations to these chromosomes, while in other lineages they are
representative of the ancestral state.
The mammalian Y chromosome is unique in its limitation to males, its genetic isolation
and

degeneration,

and

its

functional

coherence

in

determining

sex-specific

characteristics. The sequencing of the human Y chromosome was completed only a year
ago, and the emphasis is now on identifying novel genes, establishing gene functions,
and exploring gene regulation. The much smaller marsupial Y chromosome represents a
minimal mammalian Y chromosome (Toder et al, 2000), so it will share with the human

Y only genes that have an important male-specific function.
The comparative mapping done so far shows that the small marsupial Y chromosome
shares some conserved and therefore important male-specific genes with the human Y.
In the wallaby, these genes all map to the short arm of the Y, and complete genomic
sequencing of this region may reveal more genes shared with the human and mouse Y,
as well as potential elements involved in the regulation of these genes.
Studying the evolution of the sex chromosomes of mammals allows researchers to
reconstruct the sex chromosomes of a common mammalian ancestor, and to hypothesize
about events that may have occurred throughout the evolution of the sex chromosome
parr.
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1.2.1

EVOLUTION OF THE X CHROMOSOME
Ohno (1967) observed a striking conservation of mammalian X chromosomes, and
suggested that the integrity of the X chromosome was conserved because rearrangement
would disrupt sex determination and dosage compensation in eutherians and would be
strongly selected against. He was correct in that the X chromosomes of all extant
mammalian groups do have a large conserved region, although there is evidence from
comparative gene mapping that one or more autosomal regions were added recently to
the X and Y chromosomes in the eutherian lineage.
The eutherian X chromosome is made up of a region that has been conserved from the
proto-X and -Y (XCR) and a region that has been added since the divergence of
marsupials (XAR). The XCR amounts for approximately 3% of the haploid genome
(Watson et al, 1993), and in humans encompasses Xq and the pericentric region of Xp
(Graves, 1996). In marsupials, the XCR accounts for the entire X chromosome. The
remainder of the eutherian X chromosome consists of regions of DNA that have been
shown to map to marsupial and prototherian autosomes (Watson et al, 1991; Spencer et

al, 1991 ). Figure 1.6 shows the additions that have been made to the sex chromosomes
of the three mammalian lineages.
Autosomal additions have been made to the sex chromosomes in both the eutherian and
prototherian lineages, while in marsupials there was no autosomal additions, although in
macropodids the NOR region was added to the X and Y chromosomes. Different
autosomes were translocated to the different lineages, as made evident by eutherian
XAR genes mapping to autosomes in prototherians and vice versa. It is evident that the
marsupial, rather than the eutherian, sex chromosomes represent the ancestral sex
chromosomes, because for the eutherian sex chromosomes to be the ancestral state
would require the independent loss of exactly the same region in both marsupials and
prototherians, which is unlikely. Additions made to the sex chromosomes in the
eutherian lineage were after the divergence of marsupials but before the eutherian
radiation. Since the genes in Xpl 1.23-Xpter largely map to tammar 5p, the XAR in
eutherians may have originated from a single autosomal translocation to the sex
chromosomes.
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The different additions made to the three mammalian lineages.

The presence of homology of XAR genes on the Y indicates that an autosomal block
was translocated to one sex chromosome (e.g. the proto-X) and recombined to the other
(e.g. the Y), increasing the size of the PAR. The Y chromosomal addition was then
subject to the same degradation that affects the rest of the Y, reducing the size of the
PAR (Graves, 1995). This may have happened more than once, increasing and then
deceasing the size of the PAR each time. This has been termed the 'addition-attrition'
theory: the 'addition' refers to the autosomal translocations, and the 'attrition' refers to
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the degradation that continually affects the Y chromosome due to a lack of
recombination with the X. The process is depicted in Figure 1. 7.
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II
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FIGURE

1. 7 The addition/attrition hypothesis of the Y chromosome of eutherian

mammals.

Genes in the human XAR therefore map to an autosomal location while genes within
the human XCR map to the marsupial X. The human X chromosome has retained the
integrity of the XCR and XAR, with the exception of an inversion on the fusion point of
the XCR and XAR (Wilcox et al, 1996).
The Y chromosome, however, has been subject to degeneration and rearrangement, and
therefore the YCR and Y AR are scrambled. The origins of large regions of the human Y
chromosome have not yet been determined. However, a study by Waters et al (2001a)
showed that most human Y genes map to tammar Sp, indicating that most of the human
Y chromosome originated from a recent autosomal addition. Only four genes on the

human Y map to the tammar Y, which implies that that very little remains of the YCR.
The same study also indicated that there was one major inversion within the Y
chromosome, which split the remaining YCR into two smaller regions (Waters et al,
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2001). Tammar homologs of genes in human PAR I also map to tammar Sp, implying
that PAR I was also a relic of the autosomal addition (Toder & Graves, 1998). As genes
within the PAR on the Y chromosome were degraded, they were moved into the nonrecombining region and the PAR was reduced in size.
Lahn & Page (1999) found that the level of nucleotide divergence is highly correlated to
the position of the gene on the X chromosome, with those genes on the distal long arm
being the most diverged and those on the distal short arm the least diverged. The X
chromosome was divided into four 'evolutionary strata', and it was suggested that at
least 4 major events occurred to genes on the Y (most probably major inversions) to
isolate it from the X while not disturbing the conservation of the X chromosome (Lahn
& Page, 1999). However, three of these 'strata' are now found to represent three
original autosomal blocks, revealed by comparative mapping between eutherians,
marsupials, birds and fish (Kohn et al, 2004). It should be noted, however, that if a gene
has been lost entirely from the Y chromosome, that stratum would be missed entirely on
theX.
As genes on the Y chromosome mutate and either take on a new function or become
inactive, problems arise in regard to dosage of these genes in females. To counteract the
effect of males only having the one copy of an X chromosome gene while females have
two, a process known as X-inactivation has evolved, in which one X in females is
effectively turned off, limiting the expression of these genes to the one allele.

1.2.1.1 EVOLUTION OF DOSAGE COMPENSATION
As genes are progressively degraded and lost from the Y chromosome, dosage problems
between males and females arise. The evolution of X-inactivation has compensated for
these differences in gene dosage between XX females and XY males. As degradation
occurs to genes on the Y, their X homologs are recruited into the X-inactivation system
(discussed in Graves et al, 1998b).
In mammals, dosage compensation occurs by a process by which one X chromosome is
silenced in the somatic cells of females so that there is equal dosage of active X-borne
genes in males and females (Lyon, 1961). In eutherians this is a random process, with
either the maternally or paternally derived X chromosome being inactivated in different
cell lineages, while in marsupials it is always the paternal X chromosome. Dosage
compensation is widespread across other animals. Drosophila achieves the same result
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by upregulating the genes on the single X chromosome in males (Baker et al, 1994),
while in C. elegans the expression of genes on both X chromosomes in females is
halved to equal that of the one X in the XO hermaphrodite (Cline and Meyer, 1996).
Eutherian X-inactivation has been thought to affect the whole X chromosome.
However, genes except that still have a Y-bome homolog (including genes within the
PARs) escape X-inactivation (Disteche, 1995). If two copies of the gene are present,

dosage in males and females is equal, and there is no need to inactivate one allele. As
genes on the Y chromosome degrade, their X homolog is recruited into the Xinactivation system. This is illustrated in mice and humans, where several X-borne
genes in humans that still have a Y homolog do not undergo X-inactivation; the same
X-borne genes in mice, whose Y copies have been degraded, have been recruited into
the X-inactivated region. The most comprehensive study of X-inactivation in humans
shows that 15% of genes escape being inactivated, and an additional 10% of genes
show variable patterns of inactivation (Carrel & Willard, 2005).
There is evidence that the processes of gene degradation on the Y and the subsequent
X-inactivation on the X homolog are not synchronous. For instance, in humans, UBEJX
has avoided X-inactivation and STS is only partially inactivated (Migeon et al, 1982)
even though both appear to have no Y homolog. This suggests that dosage differences
between males and females may be tolerated for some time, and that X-inactivation may
take a few million years to catch up with the rapid rate of Y degradation (Graves,
1998b).
The course of recruitment is illustrated by UBE] X, which resides within the differential
region of the X chromosome in both humans and mice, and retains a Y homo log in mice
and marsupials, while the Y homolog of UBEJX is a pseudogene in some primates
(Mitchell et al, 1998) and it has been lost altogether in humans. This may be an example
of a gene illustrating every step of the evolution of genes on the Y chromosome and the
effects these steps have on the X-bome homologs. The demonstration of X genes that
escape inactivation even though they have lost their Y partner indicates that Y
degradation that causes X inactivation and not the reverse.
The alternate possibility would be supported by findings of genes that are in the Xinactivation system, although still have Y homo logs. There are a number of genes with
Y homologs that are inactivated, including the mouse gene Zfx; however, these Y
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homologs have a male-specific function and no longer complement the X homolog.
This may be enough to select for its recruitment into the X-inactivation center (Graves
et al, 1998c).
Degradation of the genes on the Y chromosome and subsequent recruitment of the X
homologs into the inactivation center is a primary reason why the X chromosome is
highly conserved in mammalian species. Any disruption to X inactivation would be
stringently selected against to protect the dosage compensation mechanism (Ohno's
Law).

1.2.2

EVOLUTION OF THEY CHROMOSOME
It has been assumed that, since birds and reptile sex chromosomes are not homologous
to the mammalian X and Y pair that they must have evolved from an autosomal pair at
most 310 mya. Lahn and Page's analysis (1999c) of XY gene pairs in different
mammals suggested that the X and Y-chromosome pair was a homologous pair of
autosomes approximately 240-320 million years ago. However, recent work on the
platypus sex chromosomes (Grlitzner et al, 2004) suggest that the XY pair evolved from
a bird and snake ZW system, and this baseline could be pushed back considerably. So
how has the Y chromosome become isolated from the X chromosome since then?
Based on the variation of snake sex chromosomes, it was first suggested that the
acquisition of a sex-determining locus on an autosomal pair of chromosomes was the
first requirement for differentiation of such a pair into the sex chromosomes (reviewed
in Charlesworth, 1991 ). The presence of one sex-determining allele predisposes the
accumulation of other alleles that are advantageous to males, and neutral or even
disadvantageous to females (Rice, 1987), so further genes advantageous to males would
have accumulated in the region. Recombination was suppressed between these proto-X
and -Y chromosomes to maintain the male-specific region. The accumulation of yet
more male-specific genes extended this region of suppressed recombination
(Charlesworth, 1991 ).
Studies of synonymous and non- synonymous nucleotide substitution rates in both mice
and primates show that the Y-borne copies of X/Y shared genes mutate much more
rapidly than the X copy (Wyckoff et al, 2000). The nucleotide sequence of the X and Y
copy of six genes in humans were aligned and the numbers of transitions and
transversions calculated using an ortholog of the gene as an outgroup. In all cases, the
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rates of substitution were higher in the Y copy of the gene than the X (Wyckoff et al,
2002). It has been suggested that most new mutations originate in the male (Crow,
2000; Makova & Li, 2002) because a spermatagonia cell has to undergo many more cell
divisions than its female counterpart, increasing the chances of mutation (Miyata et al,
1987). This, and the high oxidative rate and lack of repair enzymes found in sperm cells
(Aitken & Graves, 2002) all act on the defenseless Y chromosome to cause mutations
that are not able to be repaired by recombination. The finding that the mutation rate of
the bird W is slower than that of the Z (Ellegren & Fridolfsson, 1997) implies that
events in male gametogenesis are to blame, as the W is the heterogametic chromosome
and is only in females.
Suppression of recombination in any chromosomal region is extremely destabilizing to
that region, as it precludes repair damage by recombining with the other member of the
pair, which is a very effective genomic proofreading mechanism. With the exception of
rare back mutations, there is no way for a non-recombining entity to repair damage,
leaving the proto-Y chromosome open to mutations, deletions, insertions of
retrotransposons and amplification of Y sequences.
Figure 1.8 shows the series of events thought to have occurred to a pair of ancestral
autosomes to allow them to evolve into the sex chromosomes we see today.
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1.8 Degradation of the mammalian Y chromosome
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Once the Y chromosome is no longer able to recombine with the X, any mutations that
arise on the Y chromosome cannot be repaired or eliminated by recombination
(Charlesworth, 1991 ), resulting in a Y chromosome that inexorably accumulates
potentially deleterious mutations. Genes are eliminated rapidly, and only genes with
sex-specific or other important functions are retained.
1.2.2.1 THE PROTO-X AND -Y
Cytogenetically distinguishable sex chromosomes are rare. In the case of mammals, the

divergence of the X and Y chromosomes has almost reached its limit (Charlesworth &
Charlesworth, 2000), with little genetic recombination over the length of the
chromosome and very few genes left intact on the Y. Other lineages in which the sex
chromosomes are at a much younger stage of evolution can be used to shed light on the
development of mammalian sex chromosomes (Charlesworth, 2004).
There are no visible heteromorphic sex chromosomes in frogs of the genus Rana
(Schempp & Schmid, 1981 ). However, a region on chromosome 4 shows asynchronous
replication patterns between males and females. This may be the first sign that one
member of an autosomal pair has acquired a male-determining allele, and could
represent an early stage of sex chromosome differentiation in amphibians.
A further example is found in the stickle back bony fish. Sex determination varies within
the stickleback genus, with some species having obvious sex chromosomes while in
others none are visible.

In one species with no visible sex chromosomes, linkage

mapping has revealed a region responsible for male or female development (Peichel et

al, 2004). In this region, males are consistently heterozygous for unique alleles,
recombination is reduced in male meiosis, sequencing has revealed a sequence
similarity of only 64% between clones from each chromosome, and one chromosome
has accumulated transposable elements and local duplications (Peichel et al, 2004).
These chromosomes may be evolving into heteromorphic X and Y chromosomes.
The Medaka fish also has no visible sex chromosomes, although a region has been
identified that contains a male-determining factor (Kondo et al, 2001 ). Excitingly, when
this region was partially sequenced, it was found to contain a homo log of mammalian
DMRTJ, a gene known to be involved in sex-determination in mammals. Similar events

may have occurred in the mammalian lineage.
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The independent evolution of sex chromosomes in both animals and plants has long
fascinated evolutionary biologists. Despite their independent origins, sex chromosomes
from many different lineages have similar properties including suppression of
recombination in the heterogametic sex, and the degeneration of the male (or female)
limited chromosome. Organisms with younger sex chromosomes than our own provide
clues as to events that may have happened in the mammalian lineage, and looking at the
sex chromosomes of other vertebrate species helps to shed light onto the evolution of
mammalian sex chromosomes.
1.2.2.2 EVOLUTIONARY FORCES ACTING ON THEY CHROMOSOME
There are several non-exclusive models as to the causes of degradation of the Y
chromosome, including Muller's Ratchet, genetic hitchhiking, background selection and
adaptive evolution.
Muller's Ratchet In 1918, Muller offered the first theory of Y degeneration, and

described the serial random loss of the Y chromosome with the fewest mutations from a
finite population. Maynard Smith termed this model 'Muller's ratchet' (reviewed in
Charlesworth and Charlesworth, 1997).
If there is a distribution of Y chromosomes in a population with differing numbers of
deleterious mutations, the sub-population of Y chromosomes with the fewest
deleterious mutations may be irreversibly lost from the population by genetic drift. Lack
of recombination means this haplotype can no longer be regenerated, leaving only those
Y chromosomes with more deleterious mutations. The sub-population of Y
chromosomes with the next-fewest deleterious mutations now faces the same risk and
can also be lost, leaving only those chromosomes with yet more mutations. Each loss of
that sub-population of Y chromosomes with the fewest mutations is one turn of
Muller's ratchet. Clearly, the effect of Muller ' s ratchet over time is to accumulate more
and more mutations in an evolving population of Y chromosomes.
Charlesworth and Charlesworth (2000) judge that for mammalian genomes, Muller' s
ratchet is a plausible way of explaining the rapid loss of the Y chromosome. The model
works best if the effective population size is relatively low, so in species such as flies,
where the effective population size is usually much larger, it is doubtful whether
Muller's ratchet could be effective.
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Genetic Hitchhiking Rice (1987) proposed a model for the evolution of the Y
chromosome based on 'genetic hitchhiking', in which strong selection for a new allele
on the Y has an effect on other genes, even when those other genes have no advantage
to the fitness of the individual (Maynard Smith & Haigh, 1974). As the Y chromosome
undergoes no recombination, natural selection acts on the whole chromosome rather
than on individual loci. If deleterious mutations are present on a Y chromosome that
also carries an advantageous mutation, and if the advantage to the individual outweighs
the disadvantage, this Y chromosome will be selected for, allowing the deleterious
mutation to 'hitchhike' along with the advantageous one (Rice, 1987). Strong selection
of loci providing an advantage to males will therefore cause other deleterious mutations
to become fixed in the population, and will result in a rapidly degenerating Y
chromosome. If the selection for the advantageous mutation were strong enough, it
could result in a selective sweep that eliminates all other Y chromosome haplotypes.
This model is most effective when coupled with Muller's ratchet, but is also a viable
model in larger populations where Muller's ratchet may not be effective (Rice, 1987).

Background Selection An opposite effect is that of background selection. If a new
advantageous mutation occurs on a Y chromosome, it has a chance of fixation in the
population only if it has occurred on a chromosome with no overwhelming deleterious
mutations. The Y chromosome is rife with deleterious mutations, and as these are lost
from the population, they may take with them any advantageous mutations that may
have arisen (Charlesworth, 1996), rapidly reducing the fitness of the Y chromosome.
Whether hitchhiking or background selection dominates on a given chromosome
depends on the strength of selection of the favorable mutation compared to that of the
deleterious ones (Charlesworth, 1996).

Adaptive Evolution A process known as the adaptive model suggests that since most
favorable mutations on the Y chromosome have no chance of fixation in the population,
the fitness of the Y must be much lower than the rest of the genome (Orr & Kim, 1998).
The inability of the Y chromosome to evolve adaptively leads to a higher rate of
degradation than the autosomes and the X. Orr and Kim (1998) calculate that this
process acts much faster than hitchhiking, and at least as fast as the deleterious
mutations becoming fixed in the population.

33

1.2.2.3 EVIDENCE FROM OTHER SPECIES
Once again, species with younger sex chromosomes than our own can help shed light
on which of the different models may have played a role in the degradation of the Y
chromosome. Examination of these younger sex determination systems can help to
estimate the relative effect of each degradation model on emerging Y chromosomes
(Charlesworth & Charlesworth, 2000).
For instance, studies of a 2 million year old neo-Y chromosome in Drosophila miranda
have been informative. In this species, autosomal element C translocated to the Y
chromosome, forming a neo-Y that immediately began to undergo the same forces that
caused degeneration of the original Y (Bachtrog & Charlesworth, 2001). DNA sequence
comparisons suggest that the neo-X and -Y have been diverging for only about one
million years (Yi & Charlesworth, 2000), compared to the proposed 240-320 million
years ago of the mammalian sex chromosomes. The neo-X and neo-Y now do not
recombine. The neo-X undergoes complete dosage compensation, and there are few
active genes remaining on the neo-Y. The relative protein sequence evolution rate for
the Cyclin B gene with copies on the neo-X and -Y is higher for the X copy than the Y,
which supports the adaptive model of Y chromosome degradation. However, other
genes close by show the opposite effect, supporting the background selection model
(Bachtrog & Charlesworth, 2001 ). Transposable elements are present in high numbers
on the neo-Y (Steinemann & Steinemann, 1998), and while this has been explained
previously as being an effect of Muller's ratchet (Charlesworth & Langley, 1991), it is
not the only process that causes the accumulation of transposable elements.
The rapid rate of degeneration of the Y chromosome is hardly surprising when so many
processes are operating in this direction. None of the models proposed claim to be
mutually exclusive; rather a combination of some or all of them is likely to be affecting
the Y chromosome in different lineages. Pinpointing exactly which process is acting
when and where is a difficult task, so looking at both newly emerging Y chromosome
and neo-Y chromosome systems should help to shed some light on the complex puzzle
of Y chromosome degeneration.

1.2.3 ORIGIN OF Y CHROMOSOME GENES
A major area of controversy surrounds the origin of genes on the Y chromosome. The
human Y contains few genes, many of which have male-specific functions, including
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one gene that controls sex determination and at least three different genes involved in
spermatogenesis functions (Vogt et al, 1996).
There are two ongoing views on the origin of genes .on the Y chromosome. The first,
based on Ohno's (1967) theory that the Y is a degraded X, and that genes on the Y are
relics of genes originally on a proto-X and -Y. Some have acquired male-specific
functions by selection. Genes on the Y were subject to mutation and loss, and some
either had, or took on, a male-specific function whose retention was selected for, while
other genes were inactivated and eliminated. An extension of Ohno ' s prediction is the
addition-attrition hypothesis (Graves, 1995), a corollary of which is that some of the Y
chromosome genes originated from autosomal translocations onto the Y after the
radiation of marsupials, and that these regions were subjected to the same genetic forces
as the ancestral region. Graves (1998b) argues that the degradation of the conserved
region and the added region results in loss of most genes carried on the Y, and that only
genes with male-specific functions or those that are dose sensitive are selected for.
Hurst (1994) presents an alternative explanation for how sex determination genes were
acquired by the Y, which provides the basis of ideas put forward by Lahn and Page
(1997). The argument is that a ' selfish Y' chromosome accumulated genes already
involved in sex determination or spermatogenesis from autosomal locations. Lahn and
Page (1997) suggest that genes on the Y chromosome sort into two discrete types. Type
I genes are single-copy housekeeping genes with X homologs that escape Xinactivation (Lahn & Page, 1997), and are proposed to be relics of a degraded ancestral
Y as proposed by Ohno (1967). These genes remain on the Y either because they have
dosage sensitive alleles, or because they were part of the latest addition, and have not
yet had time to degrade. In contrast, Type II genes are Y-specific, present in multiple
copies and expressed only in the testis. Lahn and Page propose that the Y chromosome
selectively retained those genes that enhance male fitness.
An example of a Type II gene is DAZ (deleted in azoospermia), which lies in a region of
the human Y shown by deletion analysis to be associated with severe spermatogenic
defects. DAZ is not on the mouse Y, or even the chimp Y, so was an autosomal gene
recently transposed to the Y chromosome (Saxena et al, 1996). According to Lahn and
Page (1997), the Y chromosome acquired and retained DAZ because the sex-specific
function of the gene. Saunders et al (2003) showed that an autosomal gene DAZL (for
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DAZ-like) is expressed in germ cells, and in a DAZL knockout mouse, germ cells were

not able to progress past the leptotene stage of meiotic prophase I. It is proposed that
DAZ was transposed to the Y from the DAZL gene due to its male-specific function.

However, many other genes with male-specific functions were not acquired though
autosomal translocations, as proposed by Lahn and Page

(1997), but were already

present on the sex chromosomes of the common ancestor of mammals. Mapping human
genes to marsupial chromosomes helps to define the origin of Y borne genes, and can
be used to test Lahn and Page's proposal that eutherian Y chromosome genes with a
sex-specific function should not have an X homolog.
Comparative mapping of this sort has revealed several violations of Lahn and Page's
theory, and provides evidence supporting Ohno (1967) and Graves' (1998b) theory that
most Y-borne genes are relics of ancestral genes originally located in the proto X/Y or
the added region, which have been degraded and acquired sex-specific functions.
A challenge to Lahn and Page's definitions of Type I and Type II genes was posed, to
demonstrate that some Type II genes on the Y have X homologs, so must therefore have
originated on the proto-X and -Y chromosomes or autosomal additions to them. The
first and most dramatic of these is SRY, a single copy gene determined to be the testisdetermining factor (Sinclair, 1990), which was found to have an X homolog in
marsupials, mice and humans (Foster, 1994), indicating a proto-X origin. Thus, SRY
was retained on the Y chromosome as it acquired a male-specific role. Another typical
Type II gene is the testis-specific, multi-copy RBMY, which was cloned from a region
required for spermatogenesis (Ma et al, 1993). RBMY was found on the marsupial Y
chromosome (Delbridge et al, 1997) placing it on the ancestral Y chromosome.
Delbridge et al (1999) subsequently found a homolog, RBMX, on the human X,
indicating that the gene was on the proto-X and -Y chromosomes. RBMX is
ubiquitously expressed, and is thought to have a role in brain development because
morpholeno knockdown in zebrafish causes brain abnormalities (Tsend-Ayush et al,
2005). A homologous gene was also found on the mouse X (Mazeyrat et al, 1999) and
like SRY, RBMY took on a male-specific role from its new home on the Y, rather than
being acquired by the Y due to an existing male-specific function. More recently,
Delbridge et al (2004) have shown that another multicopy testis-specific gene on the
human Y, TSPY, also has a copy on the X in humans and mouse. The discovery of
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ATRY in marsupials further discredits the Lahn and Page hypothesis of the selfish
acquisition of genes on the Y. ATRY, a testis specific gene on the Yin marsupials has a
widely expressed homolog ATRX on the indicating a proto-X and -Y origin.
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1. 9 The spectrum of degradation and loss of genes on the mammalian Y.

Figure 1.9 shows the spectrum of degradation and loss of genes on the mammalian Y.
Pseudoautosomal genes have homologs on both the X and Y and remain intact and
active. Some genes, such as SMCY, have moved into the non-recombining region but
have managed to remain intact and active on the Y chromosome while the X copy
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escapes inactivation. Other genes, including RSP4 Y, remain partially active on the Y
chromosome. The X homologs of genes of this type show differing levels of
inactivation, indicating they are being recruited into the X-inactivation system at
different rates. Most genes on the mammalian X chromosome have no Y homolog,
which must have been completely degraded and lost forever, and most of these genes
are subject to X-inactivation. The suite of genes that fall into this category differs
between species, as some are retained on the Yin some species, and lost in others.
Many Y-bome genes with a male-specific function (such as REMY) have been
amplified on the Y chromosome. Some copies retain their function while others join in
the ubiquitous degeneration of the Y chromosome. For instance, of the 28 copies of
REMY on the human Y, only two appear to be transcribed. Genes in this category

include several with X homologs, so they were present on the proto-X and -Y. Some
genes with an origin from the proto-X and -Y are amplified only in some species, for
example ZFY, and even SRY in some old world mice. The theory is that amplification is
selected when the gene becomes partly inactive (Graves et al, 1998c).
Before the present study, only five genes were known to lie on the marsupial Y
chromosome. All are known to have X homologs in marsupials and/or humans,
indicating that they were part of the ancestral mammalian sex chromosomes. ATRY,
REMY and SRY all have a male-specific function, and therefore violate the selfish Y

hypothesis. Comparative mapping of human Y chromosome genes in marsupials has
indicated that most genes on the human Y chromosome ·are relics of either ancient sex
chromosome ho1nology or of the autosomal additions to them. There is very little
evidence to suggest that genes have been acquired due to a previous male-specific
function. Only two genes have been found that do seem to have been acquired by a
selfish human Y is DAZ (Saxena et al, 1996) and CDY (Lahn & Page, 1999b), and were
presumably retrotransposed to the Y chromosome as they have no X homologs.
Discovery of genes with sex-specific functions on the tammar Y with homologs on
human autosomes will substantiate this theory.

1.2.4 FUNCTIONS OF Y CHROMOSOME

GENES
The Y chromosome determines only a few phenotypes, and none necessary for survival.
XO mice are infertile, however they are alive and well, indicating that genes on the
mouse Y may confer maleness and the ability to make sperm but nothing that a mouse
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cannot live without. In humans, XO are females with Turner Syndrome (which includes
short stature, infertility and poor viability in utero ).
The Y is unique in showing functional coherence of male-specific phenotypes including
sex determination, spermatogenesis, gonadoblastoma and tall stature. Figure 1.10 shows
the different regions of the human Y chromosome that confer different phenotypes.
Genes on the minimal mammalian Y chromosome may have been reduced to only a
basic set of sex-determining genes and a few genes involved in spermatogenesis.
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1. 10 The human Y chromosome showing the different regions that confer

different phenotypes, as determined by deletion analysis, and the genes that fall within
those regions.
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Sex Determination The primary function of the Y chromosome is to determine the sex
of the individual. After many years of searching, SRY was discovered to be the testisdetermining gene in humans (Sinclair et al, 1990) and also in marsupials (Foster et al,
1992). Even if the rest of the Y chromosome is absent, an individual harboring SRYwill
be male; likewise, the presence of a Y chromosome with a deleted SRY or mutated SRY
results in a female phenotype (Berta et al, 1990).
Male and female eutherian embryos are indistinguishable until the development of
gonads, and expression of SRY has been shown to coincide with the onset of testicular
development (Koopman et al, 1990). The presence of SRY causes a testis to differentiate
in transgenic mice (Koopman et al, 1991 b), and the presence of gonadal hormones
produced by the testis causes masculization of the embryo. The absence of SRY allows
the formation of ovaries and a female phenotype.
How SRY functions is still not understood. Presumably it activates the sex-determining
pathway by interacting with other genes or proteins, but its target is unknown. As only
15% of human XY females have a mutation in SRY (Berta et al, 1990), it follows that
genes other than SRY lie in the sex-determining pathway. Some of these have been
characterized by analysis of sex reversed patients and most do not reside on the Y, but it
is still not clear how many other genes lie in the pathway or how they interact with each
other and SRY.
ATRY, the latest gene to be discovered on the marsupial Y chromosome, has already
been shown to have testis-specific expression in the tammar wallaby (Pask et al, 2000).
Interestingly, its X homolog, the widely expressed ATRX, also has a role in male sex
differentiation at least in humans, as mutations in this gene results in differing levels of
sex-reversal, as well as a-thalassemia and mental retardation. It is thought to act
downstream of SRY, since ATRX patients do have some testis development. In
marsupials, ATRX is expressed everywhere but the testis. This complementary pattern
of expression of diverged homo logs of an X/Y gene pair is unique.

Spermatogenesis The second major function associated with the eutherian Y
chromosome is spermatogenesis. The human Y chromosome has been divided into
intervals based on overlapping naturally occurring deletions in infertile and sub-fertile
patients (Vollrath et al, 1992) and Vogt et al (1996) showed through deletion analysis
that there are at least three regions bearing loci involved in spermatogenesis. These have
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been labeled Azoospermia Factors a, b and c (AZFa, b and c). Deletions within the
AZFc region are the most common cause of spermatogenic failures. It has been
proposed that each locus is active during a different phase of male germ cell
development (Vogt et al, 1996). There are several genes located within these regions,
which are all candidates for a function in spermatogenesis. The likely candidates for
genes that play key roles in spermatogenesis are those that are expressed exclusively in
the testis; however ubiquitously expressed genes from both the Y and autosomes are
also linked to sperm production (Kent-First, 2000).
Searches have been undertaken for spermatogenesis genes that have testis-specific
expression and fall within one of these AZF deletion intervals. The Y homolog of a
human X/Y shared gene REM (Ma et al, 1993) is a prime candidate for spermatogenesis
for one of these loci, as the absence of this in gene in sterile men with deletions of the Y
suggests that REMY has an essential function in spermatogenesis (Ma et al, 1993).
REMY is expressed in the testis, and is most prominent in spermatocyte cells lining the

walls of the testis tubules (Elliot et al, 1998). Both marsupial and eutherian Y
chromosomes harbor REMY (Delbridge et al, 1997). In humans, expression of REMY is
localized to the germ cells, in particular, the nuclei of the spermatagonia, primary
spermatocytes, and round spermatids (Osterlund et al, 2001 ).
UBE] Y is present on the mouse Y, and is thought to be involved in spermatogenesis as

it is expressed specifically in the testis and brain (Xu et al, 2002) and has been mapped
to a deletion interval on the mouse Y that encodes a spermatogenesis factor (Levy et al,
2000). Mouse Ube] Y is an example of an X/Y shared gene whose Y homolog has been
amplified several times, leaving one functional gene and six pseudogenes. A homolog
of Ube] Y is on the marsupial Y. Its expression pattern has not been investigated in
marsupials, and determining the expression profile of this gene in marsupials may help
to discover the function of UBE] Y.
There are several known spermatogenesis genes located on the eutherian Y
chromosome but are located on chromosome Sp of marsupials. This implies that were
part of the autosomal additions to the sex chromosomes, For example, human DFFRY
(also known as USP9Y) maps to the AZFa region, and is expressed in a wide range of
adult and embryonic tissues whereas in mice, this gene is expressed only in the testis
(Brown et al, 1998). It has been showed that in some azoospermic men, DFFRY is
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deleted from the Y chromosome, indicating that it is a player in the pathway of sperm
development (Sun et al, 1999; Brown et al, 1998).
DEY, TE4Yand UTYare all candidates from AZFa. DAZ (for 'deleted in azoospermia')

is also a spermatogenesis candidate, as it is within one of the AZF intervals often
deleted in infertile men. It is related to a Drosophila gene called boule, mutations in
which cause male sterility (Eberhart et al, 1996). DAZ is transcribed in the adult testis.
ZFY is a thoroughly characterized gene in humans, as it was once considered the most

likely candidate for the testis-determining factor. ZFY is male-specific, and its
expression in mice is associated with the migration of primordial germ cells (Koopman
et al, 1989).
Stature Another phenotype ascribed to the Y chromosome is stature. XY females are

generally taller than XX females, XY males are taller than XX males and XYY males
are taller again (de la Chapelle, 1972), leading to the idea that there is at least one gene
on the Y chromosome controlling growth. This locus has been termed GCY, for growth
control genes on the Y chromosome, and deletion mapping has defined a 700bp GCY
candidate region (Kirsch et al, 2002). This region contains DFFRY, DEY and UTY;
however, FISH mapping of human Y chromosome cosmids containing these genes in
individuals with short stature has excluded them as candidate genes (Kirsch et al, 2000).
Gonadoblastoma Gonado blastoma is a rare tumor that develops in high frequency in

XY females but not XX females, leading to the hypothesis that there are
gonadoblastoma genes on the Y chromosome (GBY) that are responsible (Page, 1987).
It was proposed that the gene acted as an oncogene only in a dysgenic gonad (such as

that of an XY female). GBY was localised to a 1-2Mb region on the short arm of the Y
by deletion analysis (Tsuchiya et al, 1995).
TSPY falls with in the GBY region (Deschend et al, 2000). It has a role in directing

spermatogonial cells to enter meiosis (Schneiders et al, 1996) and shares strong
homology to cyclin B proteins, which are implicated in carcinogenesis (reviewed in
Lau, 1999). TSPY is expressed preferentially in germ cells of tumor aggregates in
gonadoblastoma (Tsuchiya et al, 1995; Lau et al, 2000). This indirect evidence suggests
that TSPY as a candidate gene for GBY. Other genes falling into the region, PRY and
PRKY, are yet to be excluded as GBY candidates.
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Unknown Function The remaining human Y chromosome gene known to map to the
marsupial Y is SMCY. SMCY is unusual in that it is ubiquitously expressed in mice as
well as humans, suggesting that it does not have a male-specific function even though it
is conserved across mammalian taxa on the Y chromosome. It is hypothesized that

SMCY may be part of an ancient gene family whose original function was related to cell
cycle regulation and not directly to gender differentiation (Kent-First et al, 1999).
Therefore although the mammalian Y chromosome contains no genes essential to the
survival of the individual, it quickly becomes apparent that there are several genes
essential to the survival of the species. Mammals are not able to do without sperm, so
the testis determining gene and spermatogenic genes on the Y are vital. Loss of these Y
genes as degeneration continues could therefore put the species at risk.

1.2.5 SO WHAT HAPPENS TO THEY NEXT?
Over the last 300 million years, the human Y chromosome has lost 1053 of its original
(

1098 genes. Given the mere 45 genes it has left, the human Y chromosome will only be
around for another 10 million years (Graves, 2004). So what happens to men when SRY
and the Y chromosome disappear altogether? There are several examples in which
exactly this has occurred.
XX male patients with no SRYare of particular interest. In karyotypically normal males,
expression of SRY initiates the differentiation of testicular tissue by interacting with
other genes. It is possible that one of these downstream genes has mutated and allowed
the rest of the cascade to continue as usual. For instance, approximately 1 in 20-25 ,000
newborn males are born with a 46, XX karyotype (De La Chapelle, 1972), and of those
with no genital ambiguity, 90% are found to have SRY somewhere else in the genome
(Boucekkine et al, 1994). Valetto et al (2005) reported a case of a 46, XX SRY-negative
man with a complete masculine phenotype with differentiated testicles and complete
virilization; however, he was infertile due to azoospermia, had small and partially
undescended testicles and short stature. No evidence of SRY or the rest of the Y
chromosome was found in this individual, suggesting that another gene or genes
downstream of SRY might play a more important role in sex determination than had
previously been thought. His short stature can be explained by the absence of Y-specific
growth gene GCY (Kirsch et al, 2002) while deletion of AZFa, b and c (Vogt et al,
1996) results in azoospermia.
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It has been noted in one marsupial species Isoodon macrourus (Watson et al, 1998) that

the Y chromosome is eliminated entirely in several somatic tissues, indicating that there
are no genes harbored on the Y chromosome that are essential to general functions. In
two species of mole voles, Ellobius lutescens and E. tancrei, there is no evidence of
either a Y chromosome or SRY (Just et al, 1995), and it is supposed that a gene working
downstream of SRYhas mutated to take on the sex-determining function. Discovery of a
new heteromorphic region on another pair of proto-X and -Y chromosomes, denoting a
new cycle of Y chromosome degeneration, is anticipated although no evidence of this is
apparent as yet. Another Ellobius species have a normal Yanda normal SRY gene.
Comparing the sex chromosomes of vertebrate species has shown that the mammal XY
evolved from an ancestral homologous proto-X and -Y chromosome pair after the Y
took on a sex-specific function. This made the Y less able to pair with the X, causing it
to be isolated and unable to recombine. This led to the slow degradation of the Y,
leaving us with a dimorphic pair of sex chromosomes. It is becoming clearer that many
male-specific genes on the human Y chromosome were originally housekeeping genes,
either present on the proto-X and - ·y, or brought to the Y by autosomal translocations.
They were subject to mutation and survived by taking on sex-specific functions. Others
were degraded beyond redemption, and ultimately lost. As a consequence of
degradation, the Xis left with dosage differences between the two sexes in mammalian
species and has evolved the X-inactivation system to compensate for this. Genes that no
longer have a functional homo log on the Y come under the influence of X-inactivation,
thereby creating equilibrium of gene dosage between the sexes. The X is conserved and
retains its original gene complement so as not to disrupt dosage compensation. Only
those genes with a highly selectable function or those that have yet to be degraded have
been retained on the Y chromosome.

1.3 GENOME ANALYSIS
1.3.1 GENOME SEQUENCING
The sequencing of complete genomes of species represents one of the largest endeavors
in the history of science. The technology has advanced by several orders of magnitude
since the first published DNA sequence, that of the sticky ends of the A bacteriophage,
by Wu and Kaiser in 1968. Although they used a method that was applicable only to the
few specific residues of this phage, it was a very important step.
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The modern history of genome sequencing began with Frederic Sanger' s invention over
25 years ago of methods to separate labeled molecules according to their length on a
polyacrylamide gel, with subsequent identification of the base at the end of each
fragment by specific reactions with different dyes (Sanger et al, 1977). This was
originally a time- and labor-intensive process, but over the intervening decades has been
almost completely automated so that large-scale genome sequencing centers now
sequence millions of base pairs of DNA each month.
A further invention of Frederic Sanger's is the method of 'shotgun' sequencing, a
strategy based on the random shearing of genomic DNA into small fragments which are
ligated into vectors where they are sequenced (Sanger et al, 1977; Maxam and Gilbert,
1977). Overlapping regions from these sequenced :fragments are used to assemble ·
contiguous regions, or 'contigs'. This method has allowed sequencing projects to
proceed much faster, and has expanded the scope of realistic sequencing ventures.
Today, sequencing of large clones such as BAC clones is generally done by the shotgun
approach (Anderson et al, 1980).
The first genome to be completely sequenced was that of the bacteriophage ~xl 74, a
tiny viral genome of only 5,375bp (Sanger, 1977). Five years later, using the shotgun
approach, the much larger (48,502bp) bacteriophage A genome was sequenced (Sanger

et al, 1982). In 1989, the first multi-laboratory consortium was established to sequence
the budding yeast Saccharomyces cerevisiae, which has a genome six times larger
(12.5Mb) than any other any organism previously attempted. Most laboratories in this
consortium utilized the Sanger shotgun method (Sanger, 1977), and the project was
completed in 1997 (Goffeau et al, 1997).
There have also been privately funded efforts to sequence various genomes. A team
headed by Craig Venter from The Institute for Genomic Research (TIGR, Rockville,
USA) first sequenced the 1.8Mb genome of the bacterium Haemophilus influenza using
new computational methods they developed to

assemble shotgun sequences

(Fleischmann et al, 1995). Previous sequencing projects had been limited by the
insufficient computational power required to assemble large amounts of random
sequence. Previously, the genome was broken down into smaller :fragments of
approximately 40kb, and these were shotgun cloned into smaller :fragments of about
3kb. These 3kb fragments were assembled into contigs representing the larger clones,
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and only then were these contigs assembled to reconstruct the whole genome. Venter' s
team developed powerful new software called the TIGR Assembler (Fleischmann et al,
1995) that allowed them to shotgun the entire genome directly, by reassembling 24,000
DNA shotgun fragments into the whole genome. The whole project took just 13 months
and cost half that of conventional sequencing. It was shown that with sufficient oversampling, the sequence of the target could be inferred by piecing together the sequence
reads into a complete assembly. This new method of sequencing led to a multitude of
completed sequences over the following years using the TIGR Assembler.
The method relies heavily on the use of paired-end sequences, otherwise known as
mate-pairs. The size of each shotgun clone is uniform, so the distance between the
forward and reverse sequence reads of any one clone is known. When the shotgun reads
are reassembled, the distances between forward and reverse reads are taken into
account, and misassembled regions are easily identified because these mate pairs are not
the correct distance apart. Mate-pairs are also used to join contigs, as if one mate lies in
one contig, and the other mate lies in another, it indicates that those contigs are
neighbors separated by only a small gap.
The first metazoan genome was sequenced using this method. Collaboration between
Craig Venter and the Berkeley Drosophila Genome project resulted in determination of
the 120Mb sequence of Drosophila melanogaster (Adams et al, 2000; Rubin et al,
2000; Myers et al, 2000). Two important findings emerged from this project: that the
algorithms of TI GR assembler could generate accurate order and orientation of
sequence with less than 10-fold coverage of the genome, and that, according to the
Venter group, undertaking multiple interim assemblies instead of one huge assembly
was of no value (Adams et al, 2000). They did, however, use BAC end sequences and
chromosomal markers to help anchor scaffolds to chromosomal locations, and BAC
clone based sequencing was used in areas of highly repeated DNA.
A project with the end goal of obtaining the complete nucleotide sequence of the human
genome was first proposed as early as 1985 (Sinsheimer, 1989), and in 1990 the
monumental Human Genome Project was instigated, as a joint effort of the US
Department of Energy and the National Institute of Health. The human sequence was
completed ahead of schedule in 2001 (Lander et al, 2001 ), using the conventional BACby-BAC approach to assemble.
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The Venter team also began a rival human sequencing project, finishing in the same
year as the publicly funded project (Venter et al, 2001 ). They employed their wholegenome shotgun sequencing methods, along with regional chromosome assemblies
using the publicly available data from the Human Genome Project. Contigs were then
mapped to chromosomes using known markers. This project resulted in a 2.91-billion
bp consensus sequence of the euchromatic part of the human genome from 27,271,853
individual sequence reads, which is greater than a 5-fold coverage of the human genome
(Venter et al, 2001 ). There is much opposition to this private enterprise, as these groups
choose not to make their results available to the public in the hope of financial gain.
Sanger (2001) argues that the genome is a vital part of us, and that information about it
should be freely available rather than becoming the private property of anyone.
The full sequencing of the human genome has answered many questions posed over
decades, as well as generating a lot more questions. The number of genes it takes to be a
human has always been controversial, with estimates ranging from twenty thousand to
two hundred thousand. Both human genome efforts have estimated between thirty and
forty thousand genes in the human genome, with a more recent consensus of twentyfour thousand.
By late 2004, the genomes of more than 180 organisms had been fully sequenced
(reviewed in Shendure et al, 2004), and more than 140,000 taxonomic species had some
part of their genome sequenced (Benson et al, 2004). Fully sequenced genomes include
those of Caenorhabditis elegans (The C. elegans Sequencing Consortium, 1998), a sea
squirt Ciona intestinalis (Dehal et al, 2002), the salt-water pufferfish Fugu rubripes
(Aparicio et al, 2002), the freshwater pufferfish Tetraodon nigroviridis (Jaillon et al,
2004), the mouse Mus musculus (Waterston et al, 2002), the rat Rattus norvigicus
(Gibbs et al, 2004), the dog Canis familiaris (Kirkness et al, 2004), and most recently,
the chicken Gallus gal/us (International Chicken Genome Sequencing Consortium,
2004).
Excitingly, work has begun on one of the closest relatives to humans, the chimpanzee

Pan troglodytes (Rozen et al, 2003), and the full genome is expected to be fmished in
2005. Any differences between the human and chimp will be closely analyzed as they
may hold the key to the phenotypic differences between humans and chimpanzees.
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A novel approach to sequencing genomes is that of ' environmental sampling ' . It has
been suggested that those prokaryotes that can be cultured in the laboratory are only a
small percentage of the species actually in existence (Hugenholtz, 2002), so all research
is biased towards species able to be grown in a laboratory. Environmental sampling
involves taking a sample of an environment (e.g. water, soil or air), preparing DNA and
using it to construct BAC libraries. These ' megagenomic libraries' are then shotgun
sequenced, and reassembled into larger fragments. An exciting venture by Rondon et al
(2000) showed that five grams of soil from Wisconsin contained DNA from a wide
diversity of microbes, so that researchers were able to access genomic information from
many previously uncultured organisms. These studies will give some idea of the
diversity and complexity of many different environments, and will no doubt increase
the total number of known phyla.
Nearly three decades have passed since the invention of DNA sequencing (Sanger,
1977). The exponential growth of the field has been driven by automating the Sanger
sequencmg method and also by numerous refinements of the process. Various
completely novel sequencing technologies are being developed, in an endeavor to
reduce costs and decrease the time involved. It has been predicted that by the year
2058, the technology will have advanced to the point where it would be possible to
sequence every person on the planet (E. Rubin, Keynote Lecture, Berkeley PG A
Genomics in Biomedical Research Workshop, Lawrence Berkeley National Laboratory,
Berkeley, CA)
Unfortunately, the poor Y chromosome has been somewhat left out of the sequencing
revolution. The repetitive nature of the Y poses several difficulties when sequencing.
Sequencing through repeats can cause slippage of polymerases, resulting in low quality
reads, and assembly of sequences in these regions is difficult. Additionally, sequencing
a male results in only half the coverage of the both the X and the Y compared to the
autosomes. The human and mouse Y has been completed, but for other species,
including the only marsupial being sequenced, a female individual was used to avoid
these problems.
As the genomes are fully sequenced from more and more species, the research field of
comparative genomics is becoming more important as a way of analyzing genomes and
discovering novel genes and other functionally important parts of the human genome.
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1.3.2 COMPARATIVE GENOMICS
The major principles of comparative genomics are very straightforward. DNA sequence
that encode proteins and performs other functions will be conserved due to natural
selection for those functions. Conserved sequences ultimately are derived from a
common ancestor and are retained in contemporary related species. It is assumed that
conserved sequences have been retained because of selection for function. By
comparing DNA from two distantly related species, regions that have been conserved
over large evolutionary distances will be highlighted by their similarity in both lineages.
Sequences with no function will not be under selective pressure, so will accumulate
changes, and will be poorly conserved between distantly related lineages.
Genomes continually undergo mutation, but the outcome of each mutation depends on
its phenotypic effect. Mutations that are deleterious will generally be eliminated by
natural selection and those with a positive effect will be retained by positive selection.
Those with no phenotypic effect (i.e. are neutral) are subject to genetic drift and can
also become fixed by chance in the population. This means that mutations accumulate
much faster in non-functional DNA. Thus any sequence that is highly conserved over
long evolutionary timescales is likely to have some biological function. Such functions
include protein-coding sequences, sequences that code for untranslated RNA's, and
sequences controlling the expression of genes. Identification of conserved coding
regions will lead to the discovery of genes, while identification of conserved regions in
non-coding DNA may lead to the discovery of essential regulatory elements in the
genome.
1.3.2.1 SEQUENCE ALIGNMENT
Alignment of homologous sequence is therefore the key in comparative genomics. An

alignment is the matching of the nucleotides in one sequence to the nucleotides of
another, introducing gaps in one or both sequences to maximize the number of positions
with matching nucleotides. Several algorithms have been developed to align two or
more sequences. The main limiting factor in sequence alignments is the amount of
computer power needed to align billions of nucleotides. As genomes of more species
being fully sequenced, need for computer power is constantly growing.
Several research groups have made available online pre-computed alignments for
genomes of model organisms. These alignments include human, mouse, chimp, rat,
frog, and chicken genomes at VISTA (Mayor et al, 2000; Couronne et al, 2003), the
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conservation tracks at the University of California at Santa Cruz (UCSC) Genome
browser (Kent et al, 2002) and Ensembl (Clamp et al, 2003). These browsers all allow
researchers to compare their query sequence with the pre-computed alignments of
model organisms. This pre-alignment greatly reduces the amount of computer power
needed to undertake searches with novel sequences. All of these sequence browsers are
constantly adding newly sequenced species as they become available.
Two approaches can be taken to obtain the alignment of two or more sequences. Global
alignment algorithms produce a single alignment that is optimized across the entire
length of the sequences, and is appropriate for comparing regions of genomic DNA that
are expected to share similarity over their entire length. Local alignments are computed
to produce optimal similarity scores between subregions of the sequences, and will find
all of the high quality alignments between the two sequences regardless of order or
orientation. If there are differences in the sequences that don't allow full alignment, a
local alignment algorithm will identify all those regions that do match up if they are
considered as separate segments. There are advantages and disadvantages to both
methods, so using both can be informative.

1.3.2.2 WHAT SPECIES TO COMPARE?
Different questions can be addressed by different genomic comparisons. Comparison of
two closely related species can identify the regions of the genome that account for the
differences between the two species. Closely related species, such as humans and
chimps with a divergence time of approximately 5 million years, will have most
sequence in common, so it is the differences between their genomes that are
informative. The comparison of species that are moderately close will highlight
functional regions of the genome, as sequences that are necessary for the survival of the
species will be highly conserved. Comparison of distantly related species, such as
Drosophila and humans, separated by more than 1 billion years, only a core set of genes

or sequences will have remained that are basic to life. Comparing more than two
genomic sequences from species separated by different evolutionary distances can lead
to even better resolution. Figure 1.11 shows the phylogenetic relationship between
model vertebrate species routinely used for comparative analysis.
Comparative genomics is a relatively new field, but it has already been used to generate
exciting results. For instance, comparison of the genomes of mouse and human
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The phylogenetic relationship of some vertebrate model organisms.

(diverged 80 million years ago) shows conservation of large-scale gene organization
and gene order (Waterston et al, 2002), such that about 90% of the mouse genome
shares large blocks of homology with human. Nearly all mouse protein-coding genes
align with homologs in humans, and intron-exon structures are usually highly
conserved. At the nucleotide level, approximately 40% of the human genome aligns
with the mouse genome (Waterston et al, 2002), while 60% comprises repetitive
elements, 24o/o of which arose by transposition in humans and do not occur in the mouse
genome. Some of the ambiguity of the remaining 36% may be explained by limitations
of the alignment software, which can have trouble with diverged orthologous
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sequences, or by the deletion of these orthologs in mice (Waterston et al, 2002). It is
anticipated that as more and more closely related mammalian species are fully
sequenced, these non-aligning regions of mouse and human will be explained. Some
sequences with no obvious functions, such as relics of transposons, still align in human
and mouse. This implies that not all sequence that can be aligned represents functional
DNA. Some sequence may be retained because it has not yet had time to diverge. This
background 'noise' level can hinder identification of functional regions, as the signal to
background noise ratio can be low in comparisons of closely related species.
The chicken genome is also valuable for comparative genomic analysis. With an
evolutionary distance of 310 million years from mammals (reviewed in Hedges, 2002)
it represents the obvious outgroup. Even before the full genome sequence was
completed, comparisons of mammal and chicken genomes produced a signal-to-noise
ratio that allowed for the detection of functional elements (e.g. Duret and Bucher, 1997)
both in coding and non-coding DNA.
The chicken genome is only one third the size of the human genome (Tiersch and
Wachtel, 1991). The small chicken genome seems to have resulted from a reduction in
the amount of repetitive elements, pseudo genes and duplications (International Chicken
Genome Sequencing Consortium, 2004) allowing for functional elements to be
distinguished more easily from non-functional DNA. The relative scarcity of
pseudogenes allows for a much simpler classification of the gene content in chickens,
which will help be a guide in the classification of the gene content of other species.
Initial analysis of a human-chicken sequence comparison has already identified clusters
of conserved non-coding regions far from genes (International Chicken Genome
Sequencing Consortium, 2004 ), indicating they have some function that is under
positive selection.
However, the greater evolutionary distance of chickens from humans may result in
important elements in mammalian genomes being missed, as they may not be conserved
as far back in time as the chicken, and will not identify mammal-specific products (such
as milk) or regulatory signals
The salt-water pufferfish Fugu rubripes is also good model reference species because
its genome is small (only ,__,350Mb compared to 3,300Mb in humans) but it contains
roughly the same set of genes as other vertebrates (Aparicio et al, 2002). The
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evolutionary distance of 450 million years between fish and mammals guarantees that
only essential functional elements have been conserved (Elgar et al, 1996). The
pufferfish genome has very few repeats (only 10%; Brenner et al, 1996), indicating that
repeat regions in humans and other mammals are not essential for vertebrate life.
As for chicken, the pufferfish genome proved useful in the discovery of new genes and
other conserved regions even before it was fully sequenced. In just one 85kb region
initially sequenced, 17 genes with homologous loci in humans were identified and three
human genes were discovered that had been missed by other gene prediction methods
(Gilligan et al, 2002). Several non-coding regions were also identified that have been
conserved for 450 million years, implying that these regions will prove to be involved
with the regulation of a gene or genes in the vicinity (Gilligan et al, 2002).
The full genome sequence of the pufferfish revealed no pufferfish homologs of
approximately one quarter of human protein coding sequences (Aparicio et al, 2002), a
measure of the extent to which the gene content of the genome has changed in 450
million years. The high level of conserved linkages between human and pufferfish
chromosomes allows for inference on the chromosomal structure of the common
ancestor of these species, although the gene order has been considerably scrambled
(Aparicio et al, 2002).
As can be seen in Figure 1.11, marsupials occupy a perfect phylogenetic position with
respect to human, intermediate between mouse and chicken, having diverged from
eutherian mammals approximately 170 Mya (Woodburne et al, 2003). Comparisons of
sequence between humans and marsupials will have a smaller noise-to-signal ratio than
mouse, but may still retain some similarity that has been lost in chickens and fish.
With this in mind, the first effort to fully sequence a marsupial began in 2004 with the
sequencing of the North American opossum, Didelphis virginiana, which is now
complete. Sequencing of the Australian tammar wallaby, Macropus eugenii, has just
commenced. Marsupials have proved to be invaluable in comparative genomics. For
instance, comparing the genomic region of the tammar wallaby to eutherian mammals,
birds and fish has provided new information on the large complex ATRX protein that is
sex-reversing in humans (Pask et al, 2004), and identified neuron-specific transcription
factor binding sites 5' of the human prion gene (Premzl et al, 2004 ).
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The opossum sequence will also no doubt lend itself to many exciting discoveries.
Unfortunately, as is usual for mammal genomes, it was a female opossum that was
sequenced thus there is no Y chromosomal sequence available. Having another
marsupial Y chromosome to use as a comparison to the tammar and human Y
chromosome would be invaluable in understanding the structure and evolution of the
mammalian Y chromosome. It is unknown how much similarity has been retained on
the Y chromosome of different marsupial species, but as the Y has undergone so much
degradation, it would be of great interest to see if there is indeed any remaining
similarity. Previous work showed that flow-sorted Y chromosome paints to not show
hybridisation to even closely related marsupials (De Leo et al, 1999).

The tammar wallaby (Macropus eugenii) was chosen as the model marsupial for this
project. Tammars are easily bred in captivity, and tammar chromosomes are a
cytologists dream (Figure 1.12). With the exception of chromosomes three and four, all
are easily identifiable by eye, and markers have been developed to allow for
discrimination between chromosomes three and four when doing mapping experiments.
The X and Y chromosomes are a heteromorphic pair, differing greatly in size and gene
content.
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1.12 The male 2n=l 6 karyotype of Macropus eugenii.

Extracting relevant information from the vast amount of sequence data being generated
today is a major challenge to biologists. One of the first steps is to identify the genes
embedded within the sequence, and then to elucidate their functions by comparison with
known genes and identifying known motifs. Identifying the regulatory elements
required for the correct expression of genes is an essential step. This is difficult to do in
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large eukaryotic genomes like those of humans and other mammals as these are replete
with non-coding DNA, most of which is presumed to be functionless. For this reason,
there are now computational tools available to help identify both genes and regulatory
elements associated with genes. These tools make up what is a relatively new field in
biology, known as bioinformatics.

1.3.3 BIOINFORMATICS
The rapid proliferation of biological information in the form of genome sequences has
been the motivating factor in the creation of the field of bioinformatics, which has
become an integral part of biological research. Bioinformatics focuses on the
acquisition, annotation, storage, access, analysis and modeling of the many types of
information embedded in DNA sequences. It now has an essential role in organizing the
information generated from sequencing projects.
Integral to bioinformatics are databases of biological information, which can be
described as a representation of some aspect of the real world. In this case, the databases
are a representation of all known DNA and protein sequences. To be of use, a database
should have a broad coverage of the topic, be up-to-date, and have a good query
interface, so users can search the database at will.

The main databases utilized in this project were the National Centre of Biotechnology
Information (NCBI) GenBank databases (Benson et al, 2003). The GenBank databases
are an annotated collection of all the publicly available known nucleotide sequences and
their protein translations, and also all known protein sequences. Produced by N CBI in
collaboration with the European Molecular Biology Laboratory (EMBL), the European
Bioinformatics Institute (EBI) and the DNA Data Bank of Japan (DDBJ), they are the
most comprehensive databases of sequences publicly available (Benson et al, 2003).
Although all of these collaborating institutes have their own search interfaces to access
the databases, they all exchange all submitted sequences, so all the databases are, in
theory, identical.
The GenBank database accepts sequence submissions from any individual researcher or
laboratory, and also from the public genome sequencing centers. High-throughput
automatic whole-genome sequencing projects have exponentially increased over the last
10 years, vastly increasing the amount of sequence data available but also increasing the
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diversification in the types of data available and what researchers are able to do with it.
The advent of the Internet has played a huge role in public access to biological data.
Public sequencing projects typically put their trace sequences into the public databases
within hours of the sequence being generated, allowing instant access by researchers
around the world. Sequences submitted to GenBank are manually checked and assigned
an accession number before the sequences are made available to the public. In February
2003 there were 23 million sequences in the database totaling 29.3 billion nucleotides.
Computational algorithms have been developed both for retrieval of data from
databases such as GenBank and subsequent analysis of all this data. These algorithms
include similarity search algorithms to identify similar sequences in other genomes, and
gene prediction algorithms to discover any previously unknown coding sequences.
The value of any DNA or protein sequence is based upon the annotation of that
sequence, which identifies key features; primarily genes, but also conserved non-coding
sequences that might include regulatory elements. Eukaryotic genomes are rife with
fragments of viral and prokaryotic genomes, mobile elements, pseudogenes and
repetitive elements, so the annotation of repetitive elements is also essential to the full
understanding of the genome of any species. Genome annotation can be done at three
different levels; the nucleotide level, the protein level, and the functional, or process,
level. Due to time constraints, the present study has only gone as far as nucleotide level
annotation, and only this level will be described in detail.
1.3.3.1 GENE DISCOVERY USING A COMPARATIVE APPROACH
Identification of genes contained within a newly sequenced region of DNA is usually

the first task. The most straightforward way to do this is to find what other known genes
are significantly similar to the query sequence. High levels of similarity indicate a
homolog of a known gene in another species, or a related gene in the same species. To
find these homologs, the query sequence is compared to the databases of known DNA
sequences, ESTs, cDNAs and protein sequences in other mammals and even other
vertebrate genomes, even those that are not fully annotated. Simple database searches of
whole genomes with the new query sequence will highlight any conserved sequences.
Thus genes and other functional elements in both genomes can be identified even with
no previous knowledge of either genome.
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A database search involves pairwise comparison of the query sequence against each
sequence in the database, using a global alignment approach or a local alignment
approach. The traditional approach to database searching is to do a global alignment of
the query sequence to each sequence in the database, maximizing the number of
matched sequence bases. A more optimal alignment can be found by using a local
alignment approach, which uses a 'dynamic programming' algorithm (Smith and
Waterman, 1981 ). This requires much more computing power, which is often the
limiting factor when undertaking these database searches. A common way to alleviate
this problem is to use a global alignment approach to do a rough search for matched
areas, and then use a local alignment approach only on these smaller areas.
These database searches are carried out using a database search tool, one of the most
important tools of which is BLAST (Basic Local Alignment Search Tool) (Altschul et

al, 1990). BLAST is a local alignment program that finds common patterns shared
between the two sequences being aligned, and then extends outwards from these to
obtain longer matches (Altschul et al, 1990). BLAST breaks the given query sequence
up into small 'words' of a size chosen by the user and searches all database entries for
these words. When a word is found, it attempts to initiate an outward extension,
allowing for gaps in both the query and subject sequences. The user presets the number
of gaps and mismatched bases allowed, and those database hits with significant
similarity to the query sequence are reported to the user.

BLAST assigns an "expect" or E value and also a "bit" score to each match. The E
value is a measure of the estimated probability that the given sequence would be found
by chance in a database of the size currently searched. Thus the lower the E value, the
more significant the hit. The bit score is an indication of how good the alignment is,
taking into account the alignment of any identical or similar residues, and any gaps
introduced to the sequences to allow for the best match. Calculation of the bit score
relies on a substitution matrix that assigns a positive or negative score for each
individual matched or unmatched residue, each gap opening, and each gap extension.
These scores are then totaled to give an overall bit score for the match. The higher the
bit score, the better the alignment.
The BLAST algorithm can be used in a variety of ways, including DNA and protein
database searches, motif searches, and in the analysis of multiple regions of similarity in
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long DNA sequences (Altschul et al, 1997). It is an order of magnitude faster than other
similar sequence comparison tools available (Altschul et al, 1990), and is available on
the NCBI website to do searches of the GenBank database.
There are several problems with this comparative approach. A significant problem is the
presence of pseudogenes, which may show a high sequence similarity with coding
genes in databases, and may also be predicted by the gene prediction programs
discussed below. Unless the pseudogene is significantly degraded compared to the
original gene, it may be taken for a functional gene. A further problem is that cDNA
copies of alternatively spliced transcripts in the databases may align poorly with
genomic sequence, so can appear to be an incomplete gene or be missed entirely by the
BLAST algorithm. Repetitive elements in cDNA's can result in spurious matches
between unrelated genes. Another major problem is of course that the DNA and cDNA
databases can never be complete. There will always be genes that have not been
discovered because they are expressed at very low concentrations, or only in very
particular conditions, that will be missed when isolating transcripts from different
tissues. Gene prediction algorithms, as described below, can sometimes reveal these
genes.
At this stage, any other known markers can also be included in the annotation. This
includes features such as known genetic markers, radiation hybrid markers, restriction
fragment length polymorphisms (RFLP's) and sequence tagged sites (STS ' s). This step
is important if the entire sequence of a genome is available, as it will link the new
genomic sequence to any existing physical, cytogenetic or linkage maps for the species.

1.3.3.2 GENE DISCOVERY USING A PREDICTION APPROACH
As well as looking for known genes in a new sequence, a further task is to predict any
other potential coding regions. This could lead to the discovery of novel genes not as
yet found in other species. There are many algorithms available to predict genes using
methods based on compositional signals that are found in the DNA sequence. These
algorithms detect characteristic signals of genes, such as splice sites and coding regions,
and then use this information to speculate on the location of genes.
These methods usually produce many false positives, overestimating the number of
genes, and cannot be used confidently for the annotation of sequence. They also do not
work well with unfinished sequence that has gaps and errors, as genes may be disrupted
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by frameshifts due to the addition or absence of bases. Several gene prediction
pro grams also attempt to assign a statistical likelihood that the predicted gene is indeed
a true gene, allowing the researcher to make informed decisions as to how much
confidence to put into any predicted gene.

Even when genes have been predicted, there is no way to state definitively that these
genes are indeed true genes. In humans, a very small percentage of the genome is
coding, and gene prediction is further complicated by the presence of post-translational
splicing and also alternative splicing. There is no clear designation of intergenic regions
between genes, or of intragenic regions between exons of a single gene.
Various studies have been carried out on known data sets (reviewed in Stein, 2001) to
test the accuracy of different gene prediction programs. The study included 12 different
gene prediction algorithms, and it was shown that on the fruitfly genome, accuracy was
quite high in predicting whether a given nucleotide was part of an exon (90-95%);
however, this accuracy dropped off significantly when trying to identify the boundaries
of an exon, and dropped as low as 40% when trying to establish the structure of an
entire gene. Up to 15% of genes were missed entirely by all algorithms in this study
(reviewed in Stein, 2001 ). As genomes get more complicated with higher noise-tosignal ratios, such as mammalian genomes, the accuracy of these programs drops
significantly again.
Experimentation can help to confirm these predictions, as isolation of the mRNA or the
protein of the gene from the species will allow you to confidently ascertain that a
predicted gene is indeed a true gene. Additionally, similarity to an already known
transcribed gene in the public databases is additional confirmation that a predicted gene
is real.
As different species can have subtly different characteristics for genes, different
prediction programs have been developed for different species. Since there is
unfortunately no completed program available specifically for marsupials, the present
study relies on programs developed for humans and other mammals. This situation is
less than ideal, and to compensate for it I have chosen to use multiple programs and
compare the results of these. Comparing the output of different gene prediction
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programs as well as using a comparative gene discovery approach works well for gene
discovery.

1.3.3.3 CONSERVATION OF HOMOLOGY IN NON-CODING DNA
Although the search for genes in a new sequence is a very important task, there is no
correlation between the number of genes a species has and its overall complexity
(reviewed in Baltimore, 2001). For example, vertebrate genomes have about twice as
many genes as an invertebrate genome, but the increase in gene number is due mainly to
the duplication of existing genes rather than the invention of new ones. The simple
nematode worm has nearly 20,000 genes, but has fewer cell types and tissues than
Drosophila, which has only 14,000 genes. Therefore, there must be elements within the
non-coding sequence that contributes to the complexity of the organism. Like coding
regions, these can be discovered by a comparative approach known as phylogenetic
footprinting (Tagle et al, 1998).
Complexity can arise from the way genes are regulated, by variations in timing,
abundance and localization of expression, as well as alternative splicing and transport of
mRNAs (reviewed in Levine and Tijan, 2003). Therefore, there must be a mechanism in
place that allows complexity to be derived at the genetic level. It is cis regulatory
elements found in non-coding DNA that are responsible, and it is an important task to
annotate these elements in new sequences. Every gene with a phenotypic impact is
presumed to be flanked by cis regulatory sequences that act in conjunction with proteins
encoded elsewhere to regulate when expression occurs, at what level, under what
conditions, and in which tissues and cells.

Levine and Tijan (2003) argue that up to a third of the human genome are cis regulatory
elements, controlling such processes as chromosome replication, condensation, pairing
and segregation, and gene expression.

These cis regulatory elements include gene

pro1noters, enhancers, silencers and insulators. Regulatory sequences are as important
for gene function as the protein coding sequences are, and all eukaryotes share highly
conserved mechanisms of transcriptional regulation (Ptashne, 1988).
A comparative genomics approach is a useful way of identifying these elements. Like
coding regions, cis regulatory elements with a functional role in the organism will be
under selective pressure, as mutations within these elements may result in a deleterious
phenotype. Thus, any sequences that are conserved in non-coding DNA are candidate -
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sequences for cis regulatory elements and may have a conserved role in the control of
the expression of a gene. The function of these conserved non-coding sequences can be
inferred by comparison with known regulatory elements, or by experimental methods.
This comparative method has been successfully used to identify regulatory elements
conserved between related species. By aligning homologous sequences of the Mej2c
gene in both closely and distantly related species, Verzi et al (2002) were able to
identify 12 different regions of significant homology up to 120kb upstream from the
gene. These were each cloned into a transgenic reporter plasmid, and it was shown that
one of these, a 44bp highly conserved block of homology, was responsible for the
expression of Mej2c. Knocking out this region in mouse resulted in a complete loss of
expression of this gene, indicating that this 44bp region has complete control over the
expression of Mef2c (Verzi et al, 2002). It is anticipated with more and more species
being fully sequenced, this method for determining regulatory elements will become
more significant.
The only defmitive way to conclude that any given sequence is a cis regulatory element
is to conduct functional experiments, by knocking out that sequence and measuring
phenotypic effect. Before whole genome sequencing was possible, it was necessary to
test large segments of DNA in functional experiments with transgenic mice, in order to
determine the components that drive gene expression. Now researchers are able to use
comparative genomics methods first to identify smaller candidate regions involved in
gene regulation and concentrate on these regions for functional studies, dramatically
decreasing the amount of experimental work involved.

Another important component of non-coding DNA is sequence that encodes for RN As,
including tRNAs, rRNAs, and small nucleolar and nuclear RNAs. rRNAs can be found
in the same way as coding genes, as they are large and will be found by undertaking
similarity searches of the databases of known sequences. The other RNA types are
smaller, can have highly divergent sequences, and are often missed by this approach.
For this reason, programs have been developed specifically to search for these smaller
RNAs (Lowe and Eddy, 1997). These programs use several different algorithms to look
for characteristic signals of tRNAs such as hairpin loops, and can distinguish between
functional tRNAs and pseudogenes. It is not anticipated that these RNA sequences will
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be present on the mammalian Y chromosome; because Y is male-specific and females
also need these sequences, they will presumably reside elsewhere in the genome.

1.3.3.4 REPETITIVE ELEMENTS
Repetitive elements account for a large portion of mammalian genomes, and therefore
the identification of these elements is an important part of sequence annotation. For
example, 44% of the human genome is made up of repetitive elements (Lander et al,
2001 ). Identification of these repetitive elements is usually one of the first steps in the
annotation of sequence, as the 'masking ' of these sequences can make other steps such
as gene prediction more straightforward. Masking is a process where by repetitive
sequences are identified by similarity with known repetitive sequences, and are
effectively 'masked', which usually means they are replaced with N's, indicating an
unknown base. Subsequent algorithms that are used on the sequence basically ignore
those masked regions, allowing the researcher's efforts to be concentrated on the novel
regions of the sequence. Programs exist that have been designed to mask repetitive
sequence and also identify what those masked sequences are (Smit et al, 1996-2004).
Identification of repetitive sequence is also fascinating in itself, as the study of these
repeats gives interesting insight into the evolution of genomes. The number of
mutations accumulated in the repeat can deduce the apparent age of each family of
repeats. If there are fewer mutations than seems reasonable, the repeat may in fact be
under positive selection, indicating that it may be an essential part of the genome.
1.3.3.5 GENE FUNCTION
As mentioned above, annotation at the protein level is an important step. The aims at
this point are to compile a list of proteins present in a species, to name them, and to
identify what their function may be.

Comparative approaches can be used to try to infer the function of a new gene. As with
nucleotide sequence, there are databases available of known protein sequences and their
function. Predicting the sequence and structure of the protein from the nucleotide
sequence of the new gene makes it possible to search databases of known protein
structures and their functions. From their similarity to known structures, potential
functions can be assigned to conserved domains of the new gene.
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It must be stressed at this stage that conserved domains between two proteins do not
necessarily indicate a common ancestry of those proteins or the genes that code for
them. Completely unrelated genes can both evolve proteins with domains that have
similar functions, and conversely, related genes can evolve proteins with highly
divergent functions. This step merely indicates which domains of the novel protein may
have a particular function, and these potential functions would, of course, have to be
tested experimentally.

1.4 THE PRESENT STUDY
The aim of this study was to characterise the marsupial Y chromosome by undertaking a
comparative analysis of mammalian Y chromosomes.
The mammalian Y chromosome is a relic of its former self, and only genes under strong
selection are retained on the degrading Y. Those genes that remain are of great interest
as they are only present in males. Genes on the Y cannot be essential to life, but are
vital to the reproductive success of the species. The marsupial Y is considered the
minimal mammalian Y chromosome, as there have been no large autosomal
translocations to them, as there has been in the eutherian lineage. Genes on the
marsupial Y are therefore the minimal set of male-specific Y-borne genes.
Comparative genomics is a perfect tool for this analysis. Sequencing regions of the
tammar Y chromosome and undertaking a direct comparison the eutherian Y
chromosome rapidly reveals any conserved regions between them, and these conserved
regions are strong candidates for male-specific functions. The genes present on both
marsupial and eutherian Y chromosomes have been retained for 180 million years and
discovery of these genes may lead to a better understanding of the processes of sexdetermination and spermatogenesis.
The origin of male-specific genes retained on the human Y chromosome is hotly
contested. The prevailing hypothesis is that the Y is a degraded copy of the X and
therefore genes that lie on the Y are remnants of this ancient homology. They either
already had a male-specific function, or have taken on role in a male-specific pathway
after being isolated from X homolog. The alternative hypothesis is that a 'selfish' Y
chromosome accumulated genes from elsewhere in the genome that already had malespecific functions. There are currently several genes on the human Y to support each
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hypothesis. All genes currently known on the marsupial Y chromosome have X
homologs, and therefore were present on the proto-X and -Y, and are remnants of
homology from this ancestral pair of chromosomes.
Any previously unknown genes discovered on the tammar Y chromosomes are strong
candidates for a role in a male-specific role such as sex-determination or
spermatogenesis. Finding novel genes on the tammar Y chromosome with X and/or Y
homologs in humans or other mammals will further support the theory of that malespecific genes are remnants of ancient homology. Finding genes on the tammar Y that
have autosomal homo logs in other mammals will support the selfish Y hypothesis.
In order to characterise a marsupial Y chromosome, I constructed a Bacterial Artificial
Chromosome (BAC) library from male genomic DNA of the Australian model
marsupial, Macropus eugenii. BAC libraries are invaluable due to their large genomic
inserts, low levels of chimaerism and stability of inserts over multiple generations. The
library represented a 2.2 times coverage of the genome, and to date, has yielded 25
single copy genes from a variety of chromosomes, and has failed for only 2 genes. The
clones all map to a single location in the genome, indicating none are chimeric.
A Y chromosome specific BAC sub-library was created from the genomic library. This
was achieved by using a novel technique of screening the BAC library with both DNA
amplified from a microdissected Y chromosome and a flow-sorted Y chromosome, and
resulted in a sub-library that is highly enriched for Y chromosome derived BAC clones.
The genomic BAC library was also screened for genes known to reside on the tammar
Y chromosome using gene-specific pro bes.
Three BAC clones containing tammar Y chromosome genes REMY, ATRY and SRY
were sequenced and assembled at the DOE Joint Genome Institute in Walnut Creek,
California. The GenBank databases were searched for homology to the BAC clone
sequences, and it was determined that the clones contained the REMY, ATRY and SRY
genes. Excitingly, three previously unknown tammar Y chromosome genes were
discovered. Two of these genes, UREEJ Y and P HF6Y have homo logs on the human and
mouse X chromosome, but not on the Y, meaning they have been retained from a protoX and -Y chromosome, but have been lost from the eutherian Y. The third gene,

GKAP 1LY, has no introns and has a homo log on chromosome 9 in humans, and has
been shown to be testis-specific in mice. GKAP 1LY supports the selfish Y hypothesis.
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Two gene prediction programs were used to define the exact intron/exon boundaries of
the six genes, and to reveal any further genes not found by homology.
Characterising regions of the marsupial Y chromosome has led to the discovery of three
new Y chromosome genes in tammar, and has provided further support for both views
as to the origin ofY chromosome genes.
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CHAPTER

2

CONSTRUCTION AND
ANALYSIS OF A
BACTERIAL ARTIFICIAL
CHROMOSOME
LIBRARY

2.1

INTRODUCTION

With the dawning recognition of the power of comparative genomics, there is now
enormous interest in sequencing the genomes of other species. Large-scale genome
sequencing and analysis has been greatly facilitated by the availability of large insert
clone libraries, which permit isolation of entire genes, and more importantly, of the
sequences that regulate their function. Of these large insert clones, Bacterial Artificial
Chromosomes (BACs) are perhaps the most valuable and useful, as the bacterial
plasmid is able to clone up to 300kb of genomic sequence. BAC clones are ideal, as
they have very low rate of chimeras, the DNA is stable over generations, and the DNA
is easy to manipulate and prepare. BAC clones are also suitable for shotgun cloning,
which, as discussed in Chapter 1, have played an important role in some whole genome
sequencing projects. BAC clones were critical for sequencing the human genome, and
are currently playing a large part in other mammalian genome sequencing efforts.
Large insert clone libraries are useful for creating a representation of an entire genome.
The most important characteristic of a large insert library primarily is the size of the
inserts, minimising the amount of assembly required. However, it is also important that
the inserts are stable over multiple generations and that rates of chimaerism are low.
Being certain that clones contain contiguous lengths of sequence is imperative to having
confidence in the final assembly. The library must also represent an adequately large
coverage of clones from throughout the entire genome. The vector harboring the
genomic DNA and the host are the most important aspects of any library and there are
various systems available depending on the application. The ease of construction of the
libraries and the later isolation of the cloned DNA are also important factors, as this
reduces the time and expense involved in library manipulation.
The first type of large insert library developed were cosmid libraries, in which genomic
DNA is packaged into a lambda phage heads containing cos replication origins and then
infected into a bacterial host (Collins and Hohn, 1978). This allows for sections of
genomic DNA 35-45kb to be easily cloned. However, quality control tests indicated that
the clones are somewhat unstable (Yokobata et al, 1991 ), as the phage is present in the
bacterial host in multiple copies, allowing for recombination to occur within the insert
in the host. A summary of the features of different large insert library systems is
available in Table 2.1.
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A further type of large insert clone developed was that of Yeast Artificial Chromosomes
(YA Cs) (Burke et al, 1987). YA Cs use yeast telomeric and centromeric sequences to
create an artificial linear chromosome that contains the necessary elements to replicate
the inserted DNA and are propagated in host yeast cells (Burke et al, 1987). Y ACs are
capable of carrying genomic inserts of up to 1000kb and can span large regions of the
genome quickly. However, they have been shown to have high levels of chimaerism,
can be unstable (Green et al, 1991), and isolation of DNA from yeast cells is
complicated. Although YACs do have their problems, they are still used in current
sequencing projects, as it has been demonstrated that sequences that are unstable in a
bacterial hosts can often be cloned successfully in Y ACs (Kouprina et al, 2003).
Sequences such as long inverted repeats, AT-rich sequences, and those with structures
such as Z-DNA are extremely unstable in bacterial hosts and can be underrepresented in
these libraries. These sequences can be recovered in Y AC clones and are being used to
fill in the gaps in large sequencing projects.
P 1 Artificial Chromosomes (PACs) (Sternberg, 1990) are similar to cosmids in that they
are a bacteriophage-based system, utilising the Pl-based vector system and propagated
in a bacterial host. The use of the Pl bacteriophage rather than A bacteriophage, has
allowed for up to 100kb of genomic sequence to be cloned. Attributes of P ACs include
easier isolation of DNA, low levels of chimaerism, and stability over several
generations: however, the library construction process proved to be quite particular and
demanding, and these libraries never gained a strong foothold.
Using bacterial F factor based vector systems have proved to result in improved large
insert clone libraries. F factor based plasmids can exist in the bacterial host in a single
copy, minimising any recombination within genomic inserts. Two bacterial plasmidhost systems have been developed. The first, fosmids (Kim et al, 1992), are able to
stably clone up to 40kb in a single copy vector based on the F factor replicon of E. coli.
This vector is present in a low copy number, and as such, levels of chimaerism and
instability are lower than previous systems. However, the small insert size of fosmids
led to the development of a similar system able to handle significantly larger insert
sizes. These were termed Bacterial Artificial Chromosomes (BACs) (Shizuya et al,
1992) and are distinctive in that the vector containing a large segment of genomic DNA
(> than 300kb) is introduced into a bacterial host strain by electroporation rather than
transfection, allowing for much larger inserts and a higher transformation rate. The ease
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of construction of these libraries mean that much less DNA is needed to create a library
with adequate coverage of the genome. The development of BAC vectors with colorbased screening (Kim et al, 1996) has increased BAC cloning efficiency and ease of
selection of clones containing inserts. The vector is present in a single copy, preventing
much of the chimaerism present in other systems. Stability is high, even after 100
generations (Shizuya et al, 1992); however, some BAC clones do show evidence of
instability. Tests done on early libraries by Fluorescent In Situ Hybridisation (FISH)
mapping analysis, demonstrated that, at most, 5% of BAC clones were chimaeric by
mapping to more than one location in the genome. Importantly, BAC clones were
evenly distributed over the genome, including telomeric and centromeric regions.
Unlike Y ACs that are linear, BACs exist as supercoiled circular plasmids, permitting
easy isolation and much lesser propensity of the DNA to break during the isolation
process. BACs can be isolated by standard plasmid preparation procedures, which
makes them very adaptable to large scale automated DNA purification and sequencing
procedures.

System

Host

Lambda phage
Cosmids head in bacterial
host

Isolation
Potential
Levels of
Stable?
Insert size Chimaerism
ofDNA
35-45kb

High

No

Medium

Reference
Collins and
Hohn, 1978

YACs

Yeast host

1000kb

High

No

Difficult Burke et al, 1987

PACs

Pl phage in
bacterial host

100kb

Low

Yes

Medium

Sternberg, 1990

Fosmids

Bacterial host

40kb

Low

Yes

Easy

Kim et al, 1992

BACs

Bacterial host

300kb

Low

Yes

Easy

Shizuya et al,
1992

TABLE

2.1 A summary of the different large insert library systems.

A BAC library is essentially a representation of all of the genome of a species cloned
into a vector host. To prepare the library, the genomic DNA of the species is subjected
to partial digestion to break the DNA into a clonable size and size fractionated using
pulse field gel electrophoresis. DNA fragments of a suitable size are cloned into a BAC
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vector and transformed into an E. coli host by electroporation. Transformants are
arrayed in 384-well plates and printed onto high-density replica filters to allow for
screening of the library.
As part of this project, male tammar BAC library was constructed using pRazorBAC
vector. The library contains 55,296 clones with an average insert size of 108kb,
representing 2.2 times coverage of the wallaby genome (based on an estimated 2. 7 x
109bp genome size). The library was arrayed in 3 84-well plates, and spotted in duplicate
onto nylon membranes. The quality of the library was determined by the isolation of
several genes of interest from throughout the genome. It has yielded clones containing
25 single copy genes distributed over the genome, while it has failed for only 2 genes.
Each single gene probe isolated between 1 and 12 BAC clones, and to date, no chimeric
clones have been found. This BAC library constitutes an invaluable resource for
creating physical maps, positional cloning of genes and other sequences in the tammar,
as well as general comparative mapping studies in mammals. It is the first critical step
in an attempt to completely sequence the genome of an Australian model marsupial.
Fluorescent In situ hybridisation (FISH) played an important role in the mapping of
BAC clones in this project. FISH is a technique by which a DNA sequence can be
assigned its physical location along a chromosome. The basic premise of FISH is that a
denatured, labeled DNA probe binds to denatured chromosomes at the sequence to
which it is most similar (e.g. Telenius et al, 1992; Langer-Safer et al, 1982).
FISH is now routinely used for mapping DNA sequences to their physical location on
metaphase chromosomes and for the identification and characterisation of chromosomes
or chromosome segments. Large insert clones such as BACs can be mapped to
metaphase chromosomes. For greater resolution, it is possible to use extended
chromatin fibers to order clones in the range of 50-IOOkb to resolve overlapping BAC
clones. Whole chromosomes, or total genomic DNA, can be used as a FISH probe in to
identify chromosomes and chromosomal segments of different origin. This allows
researchers to characterise the genomes and chromosomes of hybrid animals, and is
used in cancer genetics to detect amplifications and reduction in chromosome numbers
in tumors with aberrant chromosome numbers, while

individual flow-sorted

chromosomes can be used as probes for analysing chromosome abnormalities (reviewed
in Raap, 1998).
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2.2 MATERIALS AND METHODS
2.2.1 BUFFERS, SOLUTIONS, ENZYMES AND BACTERIAL MEDIA
Commonly used buffers and solutions were prepared according to Sambrook et al
(1989). These includes TE, 20 x SSC, 1xTBE, Tris-Cl (ICN Biomedical), EDT A
(Ajax), Proteinase K (Roche Applied Science), MgCb (BDH), CaCh, NaOH (BDH),
PBS (Sigma) and 20% SDS (Amresco ). Bacterial strains were cultured in liquid LB
(10% w/v tryptone (Oxoid), 5% w/v yeast extract (Oxoid), 10% w/v NaCl (BDH),
pH7.5 with NaOH (BDH)) or on solid agar (LB with 1.5% w/v agar (Oxoid)). All
bacterial cultures were grown for at least 18h at 3 7°C.
Antibiotics, enzymes, and other selective reagents were prepared according to
Sambrook et al (1989) and added to the media as appropriate at the following
concentrations: 50µg/ml ampicillin (Sigma); 50µg/ml tetracycline (Sigma); 50µg/ml
kanamycin

(Sigma);

thiogalactoside

12µg/ml

(IPTG)

chloramphenicol

(Stratagene );

40ug/ml

(Sigma);

lmM

isopropyl-6-D-

5-Bromo-4-chloro-2-indolyl-~D-

galactoside (X-gal) (Stratagene); lµg/µl RNase (Sigma), lOmM MgS0 4 (BDH); and
0.2% maltose (Sigma). Roche Applied Science, Promega, or New England Bio labs .
manufactured all restriction enzymes and corresponding buffers.
Autoradiograph film used was X-OMAT AR (XAR) (Kodak) and all films were
developed in Ilfotec LC29 Film Developer (Illford) and fixed in Hypam Rapid Fixer
(Illford) according to manufacturer's instructions.
Throughout this project, microtubes were centrifuged in an Eppendorf 5415D benchtop
centrifuge at room temperature (RT) or in a Sigma 1K15 centrifuge at 4°C. An
Eppendorf 5804 Centrifuge was used to spin 15ml, 50ml tubes and 96-well plates, and
10ml tubes used in cell culture were centrifuged in a MSE Centaur II. The
concentrations of DNA samples were determined using an Eppendorf Biophotometer
spectrophotometer, or by running on a 1% agarose gel against known standards.
Information on all suppliers can be found in Appendix 1.
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2.2.2

DNA PREPARATION AND ANALYSIS

2.2.2.1 PLASMID PREPARATIONS
Except where stated in the relevant sections, plasmid DNA was prepared by the
following method: Bacteria were grown for 18h in 2ml of LB at 37°C with selection by
the appropriate antibiotic. Tubes were centrifuged for 5min at 14, OOOrpm and the
supernatant drained thoroughly. Cells were resuspended in 100µ1 of Solution I (50mM
glucose (Ajax), lOmM EDTA pH8, 25mM TrisCl pH8, 2mg/ml lysozyme (Roche
Applied Science)) and incubated on ice for 30mins before adding 200µ1 of Solution II
(0.2M NaOH, 1% SDS), then incubated for a further 5min on ice before adding 200µ1
of Solution III (3M NaAcetate pH5.2). Preparations were incubated on ice for a further
60min, and centrifuged at 14,000rpm for 10 minutes to pellet the cellular debris. 400µ1
of the supernatant was transferred to a fresh tube, and the plasmid DNA extracted by the
addition of 240µ1 of isopropanol (BDH), incubation at RT for 30mins and
centrifugation at 14,000rpm at RT for 10 minutes. The DNA pellet was left to dry at RT
before being resuspended in 50µ1 of TE. In the final 2 years of the project, the QIAprep
Spin Miniprep Kit (QIAGEN) was used for plasmid preparations according to
manufacturer's instructions. An aliquot of each plasmid preparation was tested on a 1%
agarose gel to determine the size of the plasmid, and the concentration of the
preparation against known standards.
The method for preparing DNA from BAC clones is somewhat different from regular
plasmid preparations due to the size of the plasmids involved. To preserve the BAC
DNA intact, at no stage were BAC preparations vortexed to resuspend either cells or
pellets, and all pipetting was as gentle as possible and kept to a minimum to avoid
breakage of plasmid DNA. All solutions were thoroughly mixed at each step, otherwise
the yield of BAC DNA was low and the amount of contaminating bacterial genomic
DNA was high. Two different methods for BAC plasmid DNA preparation were
employed in this project.
Single BAC clone colonies were grown in 5ml of LB with chloramphenicol in 15ml
tubes. The cells were centrifuged for 1Omin at 4,800rpm at RT. The cellular pellet was
resuspended in Solution I (all solutions as above), transferred to a microtube and left for
30min on ice before adding 200µ1 of Solution II and mixing thoroughly by inverting the
tube several times. The tubes were left on ice for a further 5mins before adding 200µ1 of
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Solution III, mixing thoroughly again, and leaving on ice for 60mins. The tubes were
centrifuged at 14,000rpm at 4°C for 10mins, and 500µ1 of the supernatant transferred to
a fresh tube. The DNA was extracted by adding 450µ1 phenol (Amresco ): chloroform
(Ajax): iso-amyl-alcohol (Ajax) at the ratio of 25 :24: 1 and centrifuging for 5min at
14,000rpm at 4°C. 400µ1 of the aqueous phase was transferred to a fresh tube and the
BAC DNA precipitated by the addition of 125 µI of 1OM ammonium acetate (ICN
Biomedical) and 1ml of isopropanol (Ajax). Tubes were left at -20°C for at least 30mins
or overnight at 4°C, and centrifuged at 14,000rpm for 10mins at 4°C. The isopropanol
was poured off, any remaining isopropanol was removed by pipette, and the DNA pellet
washed with 1ml of ethanol. The pellets were spun at 14,000rpm for 10mins at 4°C, the
ethanol poured off, and the pellet was pulse spun before any remaining ethanol was
removed with a pipette. The pellets were left to air dry for 30min before being
resuspended in 50µ1 of either H2 0 or TE, depending on the intended application. An
aliquot of each plasmid preparation was tested on a 0-8% agarose gel to determine the
concentration of the preparation against known standards.
The Large Construct Kit (QIAGEN) was also used in this project according to
manufacturer's instructions. The yield of DNA using this kit did not justify the expense,
so the method described above was used throughout this project.

2.2.2.2 RESTRICTION ENDONUCLEASE DIGESTION
Restriction endonuclease (RE) digestion was carried out on plasmid and genomic DNA.
0·5-lOµg of DNA was added to 0-5µ1 RNase (Roche Applied Science), 2µ1 of the
appropriate 10 x buffer, and 5 units of the restriction enzyme in a reaction volume of
20µ1. Plasmid DNA was left to digest at the appropriate temperature for 4h, while
genomic and BAC DNA was left overnight. Each enzyme cuts at its own specific site to
release an insert out of plasmid DNA, or to generate :fragments of differing lengths from
genomic DNA for further analysis. Heat-shocking the reaction at 65°C for 20mins
inactivated heat-sensitive restriction enzymes, while other enzymes were inactivated by
a DNA precipitation, with the addition of 0-3M NaAcetate and 2.5 volumes of 100%
ethanol.

2.2.2.3 POLYMERASE CHAIN REACTION (PCR)
PCR is a primed replication process that allows for the rapid amplification of a region
of DNA of choice. A maximum of 200rig of template DNA is included in a reaction
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containing 1 x PCR buffer (Roche Applied Science), 200µM dNTPs (Roche Applied
Science), lµM each forward and reverse primers, and 1U Taq Polymerase (Roche
Applied Science) and made up to a 20µ1 reaction volume with dH20. An initial 2min
denature step at 94°C is always included, followed by cycles of 30secs at 94°C to
denature the DNA, 1min at optimised temperature for primer annealing and 2min at
72°C to allow for the extension of the new DNA molecule. A final 1Omin extension at
72°C is always included after the final cycle. The number of cycles is specific to the
primers, as is the primer annealing temperature. Gradient PCRs were done over a range
of temperatures, allowing for rapid optimisation of primer conditions. A positive control
of the primers on genomic tammar DNA was always included, as was a negative
control, which contains all the ingredients except the template DNA.
All PCRs were carried out in a MJ Research PTC-200 DNA engine (GMI).

2.2.2.4 AGAROSE GEL ELECTROPHORESIS
Gel electrophoresis allows for the resolution of DNA molecules based on their size.
The concentration of agarose used ranged from 0-8% to 1.6% depending on the size of
the fragments being resolved. All gel electrophoresis was buffered in 1 x TBE buffer.
20ng of ethidium bromide (Sigma) was added to the molten agarose to allow DNA
bands to be visualised under UV light, or alternatively added after the gel has run, by
adding 150ng of ethidium bromide in enough dH20 to cover the gel, and rocking gently
for 15-30 minutes.
Pulse Field Gel Electrophoresis (PFGE) was used to resolve larger DNA molecules,
such as BAC clone DNA. 1% low melting point agarose (Promega) was used to allow
for agarase extraction of the fragments, and all PFGE was buffered in 1 x TBE buffer.
Pulse field gels are stained with ethidium after the gel has run, by adding 15 Ong in
enough dH20 to cover the gel, and rocking gently for 15-30 minutes.
Molecular weight markers (MWM) used in standard gels were markers II and IX
(Roche Applied Science). MWM II is A bacteriophage digested with HindIII, and
ranges from 0·5-23kb, while MWM IX is bacteriophage ~Xl 74 digested with HaeIII
and ranges from 72-1353bp. BAC clones electrophoresed in pulse field gels were run
against a A ladder (BioRad), which is successively larger concatemers of the A
bacteriophage, in increments of ,_,50bp, up to 1OOObp. Blue loading dye (15% w/v Ficoll
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Type 400 (ICN Biomedical), 0-25% w/v bromophenol blue (Sigma), 0-25% w/v xylene
cyanol (Sigma)) was used when loading DNA into electrophoretic gels.

2.2.2.5 AGAROSE GEL EXTRACTION
Except where stated in the relevant sections, DNA was extracted from agarose gels in
two ways. Small DNA molecules of I OObp - I 0kb were excised from the gel using a
sterile scalpel blade, and fragments were purified using the QIAquick® Gel Extraction
Kit (QIAGEN) following the manufacturer's instructions. Larger DNA molecules were
extracted from PFGE gels using an agarase digestion. DNA bands were excised from
the low melting point agarose gel using a sterile scalpel blade, and placed in a
microtube with sufficient agarase buffer (Roche Applied Science) to cover the
fragment. The fragment was incubated at RT for lh with occasional agitation, followed
twice by a replacement of fresh buffer and a further lh incubation. The tube was then
placed at 65°C until the gel had completely melted, swirling the tube periodically to
ensure complete melting. It is important to ensure that the agarose is completely melted,
as agarase digests denatured agarose, not chunks of solid agarose. I U of agarase (Roche
Applied Science) for everylOOµl agarose was added to the tube, and incubated at 45°C
for I h, before being heat inactivated for 15mins at 65°C. DNA was precipitated in the
presence of 0-3M NaAcetate and 2 volumes of I 00% isopropanol.
An aliquot of each gel extraction was tested on a I% agarose gel to ensure the
extraction was successful, and to determine the concentration of the preparation against
known standards.

2.2.2.6 CLONING OF PCR PRODUCTS
Cloning of PCR products was carried out using the TOPO TA® Cloning Kit (Invitrogen
Life Technologies) according to manufacturer's instructions. In an endeavor to cut
costs, half reactions were usually performed, with no detriment to the end result.
In brief, PCR products were extracted from the gel as previously described, and the
product ligated into vector pCR®2.1-TOPO®. The ligated plasmid vectors were then
chemically transformed into One Shot® TOPIO Competent Cells (Invitrogen Life
Technologies). I 00-500rig of plasmid DNA was added to I 00µ1 of cells and left on ice
for 30mins. The cells were then heat shocked at 42°C for 30secs and returned to ice for
1-2mins. To enable the cells to begin expression of their antibiotic resistance marker,
they were then added to 500µ1 of LB and incubated for 45-60 minutes at 3 7°C. This
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culture was centrifuged for 1min and the pellet resuspended in the residual LB, and
plated at appropriate dilutions onto LB agar plates supplemented with ampicillin, X-gal
and IPTG, and incubated overnight at 37°C.
Successful transformants were confirmed by doing a standard plasmid preparation. An

EcoRl RE digestion liberates the insert, and after checking the insert size on a 1%
agarose gel, 60011g of plasmid DNA was added to a 20µ1 reaction containing 6.4pM of
either the forward or reverse plasmid, and the plasmid sent to the Australian Genome
Research Facility (AGRF). The AGRF carries out the sequencing reaction using the
ABI BigDye™ Terminator Sequencing Kit (Applied Biosciences) and analyses the
samples on ABI 3730xl sequencing platforms (Applied Biosystems). Plasmid primers
Ml 3 forward and Ml 3 reverse were used to sequence in from either end of the insert.
Primer sequences and conditions are listed in Appendix 2.

2.2.2.7 MAMMALIAN GENOMIC DNA
Except where stated in the relevant sections, tammar genomic DNA extracted from
freshly excised tissue was kindly supplied by Mrs. Ke-Jun Wei, The Australian National
University, Canberra. DNA was stored at 4°C until needed.

2.2.3 CONSTRUCTION OF A BAC LIBRARY
The BAC library construction process described below is based upon Osoegawa et al
(1998) with several modifications as detailed in the relevant sections.

Description and Preparation of BAC vector The vector pRazorBAC, as developed by
Bawden et al (2000), was utilised for the tammar BAC library. Briefly, the vector is
based on pBeloBACII (Kim et al, 1996), with the polylinker replaced with one that
contains the 8 base rare-cutting restriction sites Asel and Sg/1, as well as Sall, Xhol,
BamHI and HindI.II, to generate the modified vector, pRazorBAC.

The vector pRazorBAC/pUCa exists as a multi-copy vector in an ElectroMax DHl OB™
(GibcoBRL) bacterial host allowing ease of growth and preparation of large quantities
of the vector. The vector was grown in the presence of chloramphenicol (12µg/m1;
Roche Applied Sciences) and ampicillin (50µg/m1; Roche Applied Sciences), and the
plasmid DNA isolated via the relevant QIAGEN procedures for multicopy vectors
according to manufacturer's instructions. The stuffer-fragment pUCa was removed prior
to use via a HindIII digestion for 1.5 hat 37°C, followed by resolution on a 1% agarose
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gel, and extraction from the gel of the 7.5kb fragment. The ends were treated by a
standard

alkaline

phosphatase

reaction.

The

alkaline

phosphatase

reaction

dephosphorylates the ends of the vector to allow for cloning of genomic DNA To
ensure that all the vector ends were sufficiently dephosphorylated, a self-ligation
reaction was performed to circularise any untreated ends. If vector ends were not treated
sufficiently, these will ligate to themselves, producing a circular plasmid that will
migrate to a different position on an agarose gel. Removing these circular vector
products minimises background levels of clones in the library with no inserts; and, as
cloning efficiency is highly dependant on concentrations of vector to insert, ensuring
the concentration of available vector in the ligation reaction is accurate, it is imperative
that these circular vectors have been removed. The linear vector DNA was isolated on a
1% SeaKem Gold agarose (Cambrex) Pulse Field Gel Electrophoresis (PFGE), and
isolated from the gel via electro-elution into dialysis tubing (3 h, 1OOV, 4°C). The DNA
was phenol/chloroform extracted and ethanol precipitated according to standard
procedures (Sambrook et al, 1989).
Preparation of Tammar High Molecular Weight DNA Fifty milliliters of blood was
obtained from a tail puncture of a male tammar, bred at the Victorian Institute of
Animal Science. DNA from white blood cells was prepared according to Ioannou and
de Jong (1996). It is imperative that the genomic DNA being used to make BAC
libraries retains intact, and for this reason, preparation of high molecular weight
(HMW) DNA is carried out in agarose blocks. Briefly, whole blood is collected, the red
blood cells lysed and the remaining white blood cells diluted in PBS to a final
concentration of 1.0 x 10 8 cells/ml. An equal volume of 0.8% w/v low melting point
agarose/PBS was added to the cells, mixed and poured immediately into disposable
plug moulds (BioRad), resulting in blocks with a final concentration of 5.0 x 107
cells/ml. A modification to Ioannou and de Jong (1996) was a final concentration of
0.4% agarose for the blocks rather than 0.5%, as Bawden et al (2000) found that this
resulted in improved digestion of cellular matter and DNA in the later stages of DNA
preparation. Proteinaceous material was digested away at 50°C in a solution of 0.5M
EDTA, 1% SLS and 4mg/ml Proteinase K (Roche Applied Sciences) for 48 hours,
leaving only genomic DNA suspended in the blocks. Agarose blocks were stored in
0.5M EDTA at 4°C until needed, and subsequent handling of blocks was kept to a
minimum, and all manipulations done with sterilised equipment and buffers.
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Partial Digestion of HMW DNA The genomic DNA is subjected to a partial digestion
in order to create DNA fragments of the appropriate sizes. If this digestion were
allowed to proceed to completion, the fragments produced would be small, and not
useful for a large insert library. It is therefore crucial to determine the digestion time to
result in most DNA fragments being between 100-200kb. The agarose plugs were
washed twice in 80ng/µl phenyl methyl sulfonyl fluoride (PMSF) in TE for 30 min at
37°C, and once in TE for 30 min at 37°C. The plugs were equilibrated in HindIII
restriction enzyme buffer at 37°C for 30 min. Partial HindIII digestion was then carried
out at 37°C for a pre-determined time, which for male genomic tammar DNA was
optimised at 10 minutes, allowing for an optimal insert size of 100-200kb. The reaction
was stopped by addition of 20mM EDTA, followed by a proteinase-K treatment (final
cone. 500ug/ml) for 30 min at 37°C. The proteinase-K was inactivated with PMSF in
TE, and the blocks washed twice with running buffer (0.5 X TAE) at 37°C for 30
minutes and loaded immediately into a CHEF-DR II PFGE system (BioRad). The
molecular weight marker used in all BAC clone manipulations is the Lambda (A)
Ladder PFG Marker (New England Biolabs).

Size Fractionation The digested HMW DNA is resolved on a PFGE and the region of
150-250kb extracted from the gel for use in the library. This is carried out in order to
isolate those DNA fragments of an appropriate size while reducing contamination by
smaller fragments. Small fragments will preferentially clone and will reduce the average
insert size of the library. Osoegawa et al (1998) use a 3-phase gel, meaning that the gel
is firstly run 'backwards' from the wells, which results in small fragments falling off the
gel into the buffer, and then 'forwards' back into the wells. When the gel is fun forward
third phase, there are less small fragments to get trapped in the larger ones. However, it
has been shown that using a 5-phase gel gives better results (Bawden et al, 2000), and 5
phases were carried out in this project. Also suggested by Bawden et al (2000) is the
further modification of using 1% SeaKem Gold agarose (Cambrex), which gives
improved results, and this, was also used in this project. A PFG was prepared with a
'trough' created by taping together several wells. This trough was approximately 1cm
from the edge of the gel. The DNA blocks were loaded into the trough and were sealed
over using sterile agarose. Lanes were left empty for A ladder and AHindIII molecular
weight markers to be added before the final resolution phase. The first phase was run
for 3.5 hours (15s, 5.0 V/cm), and then the gel was turned around and the second phase
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also run for 3.5 hours (15s, 5.0 V/cm). These two phases were repeated before resolving
the gel in phase 5 for 16 hours (0.1-40s, 6.0 V/cm). All solutions and apparatus used
throughout the construction process should be sterile and gel tanks should be rinsed
with ethanol and then sterile buffer before use.
For a BAC library to have a large average insert size, it is important to select the
appropriate region of the gel, and that subsequent handling of this gel slice results in
minimal breakage of the HMW DNA fragments. The wells containing the markers are
excised along with a small fragment of digested DNA and this gel slice was stained in
with 15ng of ethidium bromide in enough dH2 0 to cover the gel slice. This gel slice was
aligned to the rest of the gel, and the fragment of gel between 150-250kb excised using
a sterile scalpel blade. The DNA was electroeluted from the gel overnight at 40V into
dialysis tubing, and the polarity was reversed for 2min to release the DNA from the wall
of the bag. The DNA was concentrated to a 50µ1 volume using a MilliPore Spin
Column (Millipore), spinning at no faster than 1OOOg. The DNA was resuspended by
pipette, using a sterile pipette tip that had been modified by cutting off the narrow end
producing a wider bore.
Ligation and Transformation To result in a library with most clones containing inserts,

it is important to optimise the ligation of pRazorBAC to insert DNA. If ligation
conditions are not optimal, the number of clones with no insert or small inserts will be
increased. Partially digested HMW DNA was ligated to HindIII digested and
dephosphorylated pRazorBAC vector (as described in section 2.2.1) at an approximate
1: 10 molar ratio of insert: vector, as described by Osoegawa (1998). Ligation conditions
were optimised to determine maximum cloning efficiency with minimum numbers of
non-recombinant clones, and for tammar this was determined to be a 4h ligation. The
ligation reaction was set up without ligase, incubated at 37°C for 5 min and then
incubated on ice for 5min. 1U of ligase was added and the reaction incubated at l 6°C
for 4h only. The ligations were either electroporated immediately (6µ1 of ligation
reaction into 100µ1 ofElectroMAX DHlOB cells (GibcoBRL) at 1800V, 6000, 21µF,
in a 0.2cm cuvette) using a geneZAPPER 450/2500 (IBI), or heat-inactivated (65°C, 10
min) and stored at 4°C. Electroporated cells were revived by gently shaking at 37°C at
200rpm in 500µ1 SOC medium (Life technologies: 2% bacto-tryptone, 0.5% yeast,
lOmM NaCl, 2.5mM KCI, lOmM MgCI2, lOmM MgS04, 20mM glucose) at 37°C for
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lh, and plated out directly onto LB/chloroamphenicol (with IPTG and X-gal for color
selection) agar plates.
There are several measures as to the quality of a BAC library, namely the average insert
size, the percentage of clones with inserts and a comprehensive coverage of the genome.
To this end, 100 clones were isolated at random, digested (Section 2.2.2.2) and the
fragments resolved by PFGE (Section 2.2.2.4). The size of each insert was recorded and
an average insert size of library clones established.
Cells were then manually picked into 96-well plates, and sent to a the Australian
Genome Sequencing Facility (AGRF), where they were robotically condensed into 384well plates, and plated out in duplicate onto 3 filters, in a unique 4x4 offset pattern.

2.2.4

DETECTING AND CHARACTERISING BAC CLONES
The library filters were screened radioactively with a range of probes, the detected

clones isolated from the library and the BAC DNA isolated (Section 2.2.2.1 ). PCR,
FISH and Southern Blotting were used to verify the gene content and Y chromosome
location of each clone identified as being potentially Y chromosome derived. If genespecific primers were available, these were used to amplify part of the gene on the BAC
clone to test for the presence of the gene. Where no primers were available for the gene,
or the clone was detected with a chromosomal probe, FISH was used to map the clone
to tammar chromosomes. Southern blotting of digested BAC clones was also used for
some clones to further verify that they contained particular genes before the more timeconsuming FISH experiments were carried out.
2.2.4.1 RADIOACTIVE SCREENING OF THE SAC LIBRARY
DNA probes were radioactively labeled and hybridised to the filters of the tamrnar BAC

library. Excess probe was washed off and the filters exposed to autoradiograph film to
allow for detection of hybridising clones. The filters were stripped of bound probe to
allow for successive screenings.
Labeling of Probes The different DNA probes were radioactively labeled with [a-3 2 P]

dATP for use in screening the tammar genomic BAC library. This procedure involved
incorporation of radioactive phosphorus

(3 2 P) into the phosphate-sugar backbone of the

DNA molecule. Radioactive decay of 32 P was then used to autoradiographically identify
sequences of DNA within the BAC library that selectively hybridised to the probe. For
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most probes, the MegaPrime Labeling Kit (Arnersham Biosciences) was used to label
up to 25ng of DNA according to manufacturer's instructions. Random 8bp primers
attach to the DNA and allow the Klenow :fragment (a subunit of the DNA polymerase
enzyme) to synthesise a new strand of DNA that has radioactive phosphorus in the
backbone. Alternatively for smaller probes, the Prime-a-Gene® Labeling System
(Promega) was used according to manufacturer's instructions. This kit differs in that it
uses 6bp random primers, allowing for smaller DNA templates to be sufficiently
labeled. Both kits involve 50µ1 reactions to label up to 25ng of template DNA.
Once radioactively labeled, the probe is run through a ProbeQuant™ G-50 Micro
Column (Arnersham Pharmacia Biotech) according to manufacturer's instructions, to
remove any unincorporated nucleotides from the DNA labeling reaction. After running
through the column, the probe was ready to be denatured for 10 mins at 100°C before
being added to the BAC library filters.

Hybridisation of Probes to BAC Filters Unused BAC filters were pre-hybridised with
0.2ml/cm2 of Church's Buffer (0.5M NaHP0 4 (BDH), 7% SDS, lmM EDTA) (Church
and Gilbert, 1984) overnight at the desired temperature. New filters retain some amount
of agar from the filter manufacturing process, so it is important that the buffer is
changed several times until it remains clear, indicating there is no agar remaining. Reusing previously used filters, or when doing the last buffer change of unused filters, 1%
w/v BSA and 100µ1/l 00ml Church's buffer of 1Oµg/µl sheared salmon sperm DNA was
added to the Church's buffer and pre-hybridised for at least 2 hours at the desired
temperature. All three BAC filters were put into one extra-large Hybaid (Thermo
Electrom) bottle inter leaved with mesh filters to allow for movement of fluid between
filters.
The radioactively labeled and denatured probe was dropped directly into the
hybridisation mix, and allowed to hybridise at the desired temperature for at least 18h.
After use pro bes were stored at room temperature, and could be used again within 7
days if necessary. Reused probes were boiled in 50ml tubes for 10mins to denature the
probe, before being added to a total of 0.2ml/cm2 Church's buffer.

Washing of Filters Filters were washed to remove any unbound pro be, firstly at low
stringency (2 X SSC/0.1 % SDS) for 2 x 20 min at 65°C, and then at medium stringency
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(1 X SSC/0.1 % SDS) for 2 x 20 min at 65°C if needed. It was important not to allow the
filters to dry out at any stage during the washing process; otherwise background levels
of the next library screening were greatly increased. The filters were then wrapped in
plastic wrap, placed in a light proof cassette, and the filters exposed to film for 1-10
days at -80°C with intensifying screens. Stripping of the BAC library filters must be
done gently, as the filters have a finite lifespan. The filters can be used up to 8 times,
however, the more often they have been used, the more non-specific hybridisation
occurs, and the strength of positives signals decreases. To avoid this problem,
composite gene pro bes can be used, for screening for several genes at the same time.
Each pro be is individually radioactively labeled, to ensure that each is adequately
labeled, and then these are combined and hybridised to a single set of filters. Positive
clones can then later be sorted out by Southern hybridisation or using PCR with genespecific primers.

Detection of addresses of Positive BAC clones All BAC library clones were plated out
in duplicate onto 3 filters in a unique 4x4 offset pattern. This duplication of each clone
on the filters and the particular pattern in which they are plated is important for
identifying addresses of individual clones after screening the library for a specific gene.
Each clone is spotted in duplicate, and both spots must show evidence of hybridisation
for that clone to be classed as a true positive. Figure 2.1 shows an example of the offset
pattern. As each clone has a unique plating pattern, false positives are easy identified, as
the spots will not match this unique pattern. This addresses problems posed if the
orientation of the filter is unknown, since if they are upside-down or back-to-front, the
positive spots will not match this pattern, and the correct orientation can be established.
Clones identified as potentially positive in the library were identified manually.
The pattern for all plates of the library can be found in Appendix 3. Duplicate spots that
appear positive but do not fit the pattern are ignored, as they cannot be true positives. A
transparent sheet with a 96-well plate marked on it was used to assist in the
determination of the addresses of each positive BAC clone. Identified positives were
compared to a list of clones that hybridise non-specifically, and these clones are
discarded.
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FIGURE

2.1 shows the unique 4 x 4 offset pattern. Potentially positive clones must show

hybridisation to both locations within the pattern to be classed as a true positive. For the
higher plate numbers, the pattern is identical to this one, with the addition of multiples
of eight to each number. The pattern for all plates of the library can be found in
Appendix 2.2.

Stripping BAC Filters BAC library filters were stripped of radioactive probe by
washing in 1% SDS at 100°C until free of probe. Filters were stored in 2 x SSC, and the
SSC is changed regularly to ensure that the salt concentration remains appropriate, and
that the filters are not allowed to dry out at any stage, as background levels of the next
screening will be greatly increased.

2.2.4.2 CELL CULTURE
Tammar tissue was grown in culture to produce metaphase chromosomes for use in
FISH. Tammar cells were cultured according to standard methods, growing the cells at
37°C in 5% CO 2 in air. Growth medium was changed at least every three days. Tissue
used was tammar skin fibroblast cells from ear puncture tissue held under Environment
ACT holding permits LI2002270 (June 2003) and LI200325 (June 2004). Media used
were Amniomax-ClOO Basal Medium (Gibco), Amniomax-ClOO Supplement (Gibco),
Dulbecco's Modified Eagle's Medium (DMEM) (Trace Biosciences) supplemented
with 1Oo/o Fetal Calf Serum (JRH Biosciences) NaHC0 3 (Sigma), PBS (Sigma) and D-

C+)-Glucose (Sigma).

When enough cells were grown, tammar metaphase chromosome

preparations were prepared as follows.
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Chromosome Preparation To the flasks containing the growing tammar cultures, 75µ1

of 1Oµg/ml Colcemid (Roche Applied Science) per 10ml of medium was added, and the
flasks returned to the incubator for a further 2h at 37°C. The content of the flask was
then transferred to a 10ml tube, and the flask rinsed with 2ml of PBS (Sigma), which
was also added to the 10ml tube. A Pasteur pipette' s volume of 2.5% Trypsin solution
(Sigma) was added to the flask, and the flask rocked gently for 20secs, before adding
the contents of the flask to the same 10ml tube. The PBS rinse is repeated and the tube
containing the tammar cells centrifuged for 10mins at l ,500rpm. The medium was
poured off, and all tubes being processed were combined at this stage. 5ml of PBS was
added to the tube, the cells resuspended and centrifuged again as above. The PBS was
poured off and the pellet resuspended in the ~250µ1 of residual PBS by gently flicking
the tube. 0.015M potassium chloride (Sigma) had been prewarmed to 37°C and was
slowly added to the cells to a volume of 2ml, to act as a hypotonic solution to swell the
cells, and the tube floated on its side in a 3 7°C waterbath for 60mins. Freshly made
fixative solution of 3 parts methanol (Ajax): 1 part acetic acid (BDH) that was precooled to -20°C was slowly added to the cells up to a volume of 1Omls. The tube was
centrifuged for 10mins at 1,500rpm at RT, and the fix solution poured off. Fix was
added again to 10ml, and the process was repeated twice. After the final spin, cells were
either resuspended in enough fix solution to dilute the cells to the desired concentration
and dropped onto slides as described below, or fix solution was added to a volume of
10ml and stored at -20°C until required. When the stored preparations were required,
they were centrifuged as before and resuspended in fresh fix solution twice as above
before being resuspended in enough fix solution to dilute the cells to the desired
concentration, when they were dropped onto slides as described below.
Frosted slides (HD Scientific) were wiped with 70% ethanol (Ajax) before being
labeled with a lead pencil. 70µ1 of dH2 0 was pipetted onto the slide, and 1Oµl of the
chromosome preparation was pipetted into the water. The alcohol in the chromosome
preparation causes the water to quickly bead outwards, spreading the chromosomes over
the surface of the slide. There were two chromosome drops per slide, and slides were air
dried before being stored at -20°C until needed. A Leitz inverted microscope was used
to examine metaphase chromosome spreads for concentration and quality.
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2.2.4.3 FLUORESCENT IN SITU HYBRIDISATION (FISH)
Fluorescent In Situ Hybridisation (FISH) is a procedure that allows for the physical
localisation of genes or other DNA of interest onto the chromosomes of a species. FISH
utilises a fluorescently tagged antibody system, which results in small fluorescing
signals on chromosomes when viewed under a fluorescent light microscope.
Microdissected and flow-sorted tammar Y chromosomes, and tammar BAC clones were
used as probes for FISH experiments, and tammar genomic DNA was used as a positive
control in each FISH experiment.

Labeling of Probe: The BioNick™ Labeling System (Invitrogen Life Technologies)
was used to label between 5011g - lµg of DNA by nick translation (Rigby et al, 1977) in
a 50µ1 reaction according to manufacturer' s instructions. The kit generates biotin
labeled fragments of 50 - 500bp. An aliquot of the labeled BAC clone was boiled for 3
minutes, and analysed on a 1% agarose gel to ensure fragments were between 200700bp in length. If they are not of the appropriate size, further incubation of the labeling
reaction was allowed. The kit is designed to label 1µg of DNA, so if a larger reaction
was required, multiple reactions were carried out rather than scaling up the single
reaction. If using digoxygenin (DIG) rather than biotin as for whole chromosome
probes, DNA is labeled by PCR as described in relevant sections. DIG and biotin
labeled pro bes are treated identically until the detection steps. Reactions were stored at
-20°C until needed.

Slide Pretreatment: Slides were removed from the freezer and dehydrated in 100%
ethanol and air-dried. The drops on the slides were marked with a diamond pen before
the slides were rinsed once for 5mins in 2 x SSC. To stop any potential crosshybridisation between expressed cellular RN A and the pro be the slides were pre-treated
with RNase. lOµg/µl RNase (Roche Applied Science) stock was diluted 1 in 100 in 2 x
SSC, and the slides were incubated at 37°C for 30mins, and then rinsed three times for
5mins in 2 x SSC. The slides were further pre-treated with pepsin to allow for better
accessibility of the probe and prevent background caused by non-specific antibody
binding. 25µ1of10% pepsin (Sigma) was diluted in 50ml of 0-0lM HCl, and the slides
were incubated for 10mins at 37°C. The slides were rinsed twice for 5mins in 1 x PBS
(Sigma), and once for 5mins in 1 x PBS/50mM MgCh. The slides were fixed in 1%
formaldehyde (Fronine) in 1 x PBS/50mM MgCh for 10mins at RT, and washed in 1 x
PBS for 5mins. The slides were dehydrated in an ethanol series (70/90/100%) at RT and
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left to air dry, before being denatured in 70%formamide/2 x SSC for 10mins at 70°C,
rinsed in 2 x SSC, denatured in an ice-cold ethanol series and left to air-dry.
Probe Preparation: The probe was precipitated by adding 5µ1 of 1Oµg/µl salmon sperm

DNA (Roche Applied Science), up to 1Oug of tammar genomic suppression DNA, 0.1
volumes of 3M NaAcetate (pH 5.6) and 2.5 volumes of 100% ethanol, and incubated at
-20°C for at least 30mins. Tammar genomic suppression DNA had been made
previously by boiling genomic DNA for lh and storing at -20°C. The suppression and
salmon sperm DNA both aid in blocking repetitive elements in the probe, thus
preventing binding of the probe to repetitive sequences on the chromosomes. Salmon
sperm also acts as a carrier in the ethanol precipitation. The probe was spun for 20mins
at 4°C at 14,000rpm and the ethanol removed. When the pellet was dry, it was resolved
in 5µ1 of formamide (Ajax) and incubated at 37°C for 30mins. 5µ1 of hybridisation mix
(20% Dextran (Pharmacia Biotech) in 4 x SSC) was added, the tube centrifuged briefly,
and incubated at 37°C for 15mins. The probe was then incubated at 80°C for 6mins to
denature the probe, spun briefly and incubated for 20 - 45mins to allow the probe to
preanneal. The entire volume of precipitated probe was pipetted as a row of small dots
over the area of chromosomes on the slide, and a rectangular coverslip was placed over
the top and held in place by rubber cement. The slide was then placed into a
hybridisation chamber, made of an airtight plastic container containing tissues soaked
with 2 x SSC and a platform for the slides. This chamber was incubated overnight at
37°c.
Washing and Detection: Slides were washed three times for 5mins at 42°C in washing

solution (50% formamide/2 x SSC), followed by once for 5mins at 42°C in 2 x SSC,
and then three times for 5mins in 0-5 x SSC. The slides were incubated in pre-warmed
blocking solution (5% w/v BSA (Sigma), 0-1 % w/v Tween20 (Sigma), 4 x SSC) for
30mins at 37°C. All antibodies were diluted in antibody solution (1 % w/v BSA, 0-1 %
w/v Tween20, 4 x SSC). The first layer was Avidin-FITC (Vector), which binds to the
biotin of the labeled probe. The second antibody was Biotinylated Anti-Avidin
(Vector), which binds to the avidin of the first layer, and is conjugated to a biotin
molecule that allows the Avidin-FITC of the third antibody layer to bind. The FITC
molecule fluoresces under 494nm wavelength light and is detectable using a fluorescent
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microscope. All antibody steps were conducted in the dark to minimise fluorescing of
the molecules bound to the antibody.
The first antibody FITC-Adiven was diluted 1 in 300 in antibody solution, and 200µ1 of
this dilution was pipetted onto a coverslip, which was picked up by the slide. This was
incubated upside-down for 20mins at 37°C, and washed twice for 5mins in postantibody washing solution (0· 1% Tween20, 4 x SSC) at 42°C. This was repeated for the
2nd antibody Anti-Avidin Biotin, using a 1 in 200 dilution, and for the 3rd antibody,
FITC-Avidin, using a 1 in 300 dilution. When using a DIG labeled probe only one
antibody layer is used, and CY3 (Jackson Immuno Research) is used to detect any
hybridisation. Antibody solution is made as for the biotin probes, and CY3 was diluted
1 in 200, and 200µ1 put on the slide. After the last antibody, the slides were washed
three times for 5mins in post-antibody washing solution at 42°C, and air-dried in the
dark. One drop Vectashield Mounting Medium with 4,6-diamidino-2-phenylindole
(DAPI) (Vector) was placed on the slide, and covered with a coverslip, and stored at
4°C in the dark and examined for positive signals within 14 days of hybridisation.
Signals were examined under an epifluorescent Zeiss Axioplan II microscope. Single
band pass filters were used for DAPI (460nm), FITC (494nm) and CY3 (570nm).
Images were captured using a Spot RT Monochrome Charged Coupled Device camera
(Diagnostic Instruments) using IPLab software (Scanalytics).
At least 10 metaphase chromosome spreads were scored for each BAC clone. Map
locations in this chapter are accompanied by number of metaphase spreads on which the
signals were recorded, followed by the number of chromatids on which a signal was
seen. For example, if a signal was seen on 10 metaphase spreads (2/1, 2/2, 1/3, 6/4), this
means that in two metaphase spreads, the signal was on one chromatid, in one spreads
the signal was on two chromatids, and so on. Since there is only one copy of the Y,
signals can be seen only on one or two chromatids. Map locations are also given
according to the following diagram:
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It should also be noted that tammar chromosomes 3 and 4 are very similar in size and
centromere location, so if a clone mapped to either of these chromosomes, it was listed
as being located on chromosome 3/4. These chromosomes are distinguishable by more
complex chromosome staining techniques or by doing a two-colored FISH using a
known chromosome 3 or 4 marker, however this was of no relevance to this project. If
there was any interest in any of the clones mapped to this chromosome, further
experiments could be done to fine-tune these map locations.

2.2.4.4 SHOTGUN SUBCLONING OF BAC CLONES
Shotgun cloning (Sanger et al, 1977a) is a process where a large DNA fragment is
broken up into smaller fragments and these smaller fragments are ligated into vectors.
These smaller fragments are more convenient to sequence than larger fragments of
DNA. The TOPO® Shotgun Subcloning Kit (Invitrogen) was used according to
manufacturer's instructions to break larger BAC clones into smaller subclones. BAC
DNA in solution is put into a nebuliser, and this nebuliser is connected to a source of
high-pressure air. The air forces the solution containing the DNA through a tiny
aperture, causing it to break. For BAC clones, it was determined that 1µg of DNA
should be nebulised on average at 15Kpi for 120secs, however, the time depended on
the size of the BAC clone, and thus checking the size of the resulting fragments on a 1%
agarose gel is necessary for each BAC clone nebulised.
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To allow the colonies to be radioactively screened, shotgun clones were lifted onto
Hybond N+ (Amersham Biosciences) nylon membranes in duplicate, according to
standard protocols (Sambrook et al, 1989) for bacterial colony transfer. The DNA was
fixed onto the filters by laying the filters DNA side up on Whatman paper soaked in
0-4M NaOH for 20mins, after which filters were rinsed in 2 x SSC to wash off any agar
residues. The filters were allowed to dry before being pre-hybridised in 0.2ml/cm2 of
Church's Buffer (0.5M NaHP0 4 (BDH), 7% SDS, lmM EDTA) (Church and Gilbert,
1984) with 1% w/v BSA (Sigma) for 2 hours. 25rig of the gene probe was radioactively
labeled using the MegaPrime Labeling Kit (Amersham Biosciences) according to
manufacturer' s instructions, and hybridised to the shotgun clone filters overnight at
65°C and run through a ProbeQuant TM G-50 Micro Column (Amersham Pharmacia
Biotech) according to manufacturer' s instructions to remove any unincorporated
nucleotides from the DNA labeling reaction. In cases where there were probes for more
than one exon in a gene, 25rig of each exon probe was labeled separately, and then
combined into a single hybridisation bottle with one set of filters. Filters were washed at
low stringency (2 X SSC/0.1 % SDS) for 2 x 20 min at 65°C, and then at medium
stringency (1 X SSC/0.1 % SDS) for 2 x 20 min at 65°C if needed. Filters were then
exposed to autoradiograph film for 2 days at -80°C with intensifying screens.
Plasmid DNA from shotgun clones that were identified to contain the gene of interest
was prepared as described in section 3.1.2.1 and sent to the AGRF for sequencing.
Vector primers T3 and T7 were used to sequence in from either end of the insert. Primer
sequences and conditions are all listed in Appendix 3.1.

2.2.4.5 SOUTHERN BLOTTING OF BAC CLONES
Southern blotting involves digesting the BAC clone DNA, resolving it on a gel, and
then transferring the fragments to a nylon filter. The filters are radioactivally screened
with the gene of interest, and any bands that contain fragments of that gene will
hybridise to the probe and be evident as positive bands on the resulting autoradiograph
film.
1µg of each BAC clone DNA was digested in a 20µ1 reaction with HindIII (Section
2.2.2.2. The digestions were carried out in the presence of RNase for 4h at 37°C, and
run overnight on an 0-8o/o agarose gel in 1 x TBE at 30V /cm against MWM II, staining
with ethidium bromide after running the gel. Southern blotting was used to transfer
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digested BAC DNA from a gel to a nylon filter. After electrophoresis the gel was placed
in several volumes of 0-25M HCl for 2 x 15mins, hydrolysing the fragments of DNA.
The gel was then left in several volumes of denaturing solution (1.5M NaCl, 0.5M
NaOH) for 2 x 10mins on a rotary platform, and then in several volumes of neutralising
solution (lM TrisCl pH7.4, 1.5M NaCl) for 2 x 15mins. The blotting apparatus was set
up according to instructions set out in Sambrook et al (1989) and the gel was left to
transfer overnight in 20 x SSC. The blot was carried out onto a Hybond-N+ nylon filter
(Amersham Biosciences), and after transfer the DNA was fixed by laying the filter on
3MM Whatman paper wetted with 0.4M NaOH for 20mins. The filter was then rinsed
in 2 x SSC to wash off any agarose residues, and was ready to be radioactively screened
as described for BAC libraries (Section 2.2.4.1 ).

2.3

RESULTS AND DISCUSSION

A male BAC library from the model marsupial the tammar wallaby was constructed.
The library was then screened for five known Y chromosome genes. At least one BAC
clone was detected for each gene, and each clone was verified as containing the gene by
PCR, shotgun cloning or Southern blotting. Chromosomal locations were determined by
mapping these clones by FISH.

2.3.1 CONSTRUCTION OF THE BAC LIBRARY
There are several important measures of the quality of a BAC library. Ideally, all clones
should contain an insert and these inserts should be large and uniform in size. The
portion of chimeric clones should be low, and there should be a high number of
individual clones ensuring high coverage of the genome of the species. The clones
should come uniformly from over the whole genome ensuring that all chromosomes are
adequately represented.
As described by Bawden et al (2000), the pRazorBAC vector used for the tammar
library is based on pBeloBACII (Kim et al, 1996), and a diagram is available in Figure
2.2. The polylinker of the pBeloBACII vector contains only 3 unique restriction sites,
which are all frequent 6bp cutters. This was replaced by a new polylinker containing
two rare 8bp cutters, allowing for the inserts to be cut out of the vector while
minimising the possibility that the insert will also be cut. A Natl site exists at each side
of the poly linker, which allows for a Natl digest to be performed isolating the genomic
insert with only a small amount of vector sequence on each end. The vector has a gene
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for chloramphenicol resistance (CamR), and the standard blue/white selection (Kim et

al, 1996) lacZ gene, allowing for easy identification of recombinant clones. If the vector
does not have an insert, the Lacz gene is intact and will produce a blue pigment;
however, if the vector does have an insert, the Lacz gene is disrupted and no blue
pigment will be produced. Thus, clones that are blue have no insert, while white
colonies do.
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FIGURE

2.2 Map of pRazorBAC. Lacz is the blue/white selection gene; CamR confers

chloramphenicol resistance; Ori S is the origin of replication; and rep E is a gene
needed for DNA replication.

The vector pRazorBAC is stored and grown ligated to a pUCa stuffer fragment. This
fragment harbors genes that allow the plasmid to exist in multiple copies in the bacteria.
As large quantities of the vector are needed, this permits ease of growth and preparation
of large quantities of vector. BAC libraries require that the plasmid exist in only one
copy in the cell so as to limit recombination between genomic inserts. Removal of the
pUCa stuffer fragment by a digestion is critical when screening the library, to ensure
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that the plasmid is present in the library clones in a single copy, reducing the levels of
chimaerism and instability in the genomic insert. Also, the presence of this fragment in
clones can show up as strong positives on the high-density filters (Osoegawa et al,
1998), and obscure any authentic positive hybridisation. pRazorBAC/pUCa was
digested and the digestion resolved on a gel. The resulting bands are a 2. 7kb fragment
that is the pUCa fragment; and the 7.5kb band of pRazorBAC. If the digestion was not
allowed to proceed to completion, there was a third larger band of undigested vector
was visible. Figure 2.3 shows the digestion of the pRazorBAC/pUCa digestion to
remove the pUCa stuffer fragment. The 7.5kb band containing just the pRazorBAC
vector was isolated from the agarose gel.
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2.3 The digestion of the pRazorBAC/pUCa multicopy vector to isolate the

single copy pRazorBAC vector. The band containing just the 7.5kb pRazorBAC vector
was isolated from the gel.

92

An alkaline phosphatase treatment of the vector is essential to allow for the later cloning
of genomic DNA, and stops the vector religating to itself. The following ligation
reaction circularises any untreated ends, and as linear and circular DNA have different
mobilities in agarose gels, the remaining linear DNA was isolated. This step is
important, as it reduces the background levels of non-recombinant clones and
maximises cloning efficiency, as concentrations of the vector would be distorted if
some of it were circular. The ratio of vector to insert DNA in the later cloning reaction
is very important to ensure maximum cloning efficiency.
Trial ligations were carried out to test the cloning efficiency of the vector. To minimise
costs and time involved in library construction, it is imperative that the cloning
efficiency is high and that the amount of non-recombinant clones is low. Recombinant
clones are easily identified, as they are white, while clones with no inserts are blue.
However, if the insert is small and in frame with the lacZ gene, the resulting clones can
be blue. Equally, some white clones fail to have inserts. As the number of individual
clones in a library is so high, minimising clones with no inserts can save large amounts
of time and money in later stages of library construction. The number of transformation
reactions can be high, and plating of these reactions is time consuming, and the library
will have a higher redundancy if the majority of clones contain inserts. Clones are
generally picked off agar plates by robots into 96 well plates, and while these robots are
good at differentiating between blue and white, it is preferable to have no or few blue
clones. Two separate stocks of vector were identically prepared, and two separate
ligation reactions were conducted for each one, with one transformation reaction done
from each of these ligations. A resulting ratio of blue to white colonies indicates the
efficiency of the ligation. The trial ligations of both resulted in <0.1 % non-recombinant
clones from a total of over 3000 clones each, and a transformation efficiency of,..., 105
clones/µg of insert DNA, both of which are satisfactory levels. The high ratio of white
to blue clones indicates that the vector was completely digested and dephosphorylated.
As one of the main attributes of BAC clones is their large insert size, it is imperative
that the tammar genomic DNA is treated with utmost care to avoid shearing during the
process of BAC library construction. For this reason, the DNA is at all times contained
within agarose blocks, and all manipulations done within these blocks. The agarose
protects the DNA from physical breakage, and the constant presence of high
concentrations of EDTA protects the DNA from nuclease degradation. White blood
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cells were extracted from whole blood, and immediately encased in agarose. It has been
found that using a lower percentage agarose can contribute to improved digestion of
cellular matter and DNA (Bawden, personal communication), however, the resultant
blocks were not as firm and greater care was needed to keep them intact. Further to this,
high levels of sterility and careful manipulations are essential.

Determination of the partial digestion time of the HMW DNA for a given species is
crucial, as each species may need differing amounts of time. The aim was to end up
with most DNA between 150-200kb, as larger fragments are harder to clone, and
smaller fragments reduce the overall average insert size of the library. For male tammar
genomic DNA this time was determined to be 10 minutes. The agarose blocks were
loaded into a PFGE apparatus immediately to reduce the risk of degradation.
As mentioned above, sterility is vital, so the PFGE apparatus was subject to a rigorous
sterilisation procedure. The apparatus was washed by running with 3% v/v H 202 for 10
minutes, followed by rinsing with water, and then twice with sterile buffer. Eight
digested DNA blocks were loaded into the well of the gel, and subjected to a 5-phase
PFGE. Osoegawa et al (1996) used a 3-phase pulsed field gel electrophoresis. First the
gel was run backwards from the wells, then back into the wells, before resolving the gel
as per normal. By running the gel 'backwards' the smallest fragments are removed, as
they fall off the gel into the buffer, allowing for the larger fragments to be resolved
through the gel and be preferentially cloned, thus increasing the average insert size of
the library. Small fragments of DNA can be caught up in larger fragments, and they will
not end up where they optimally should in the gel. As such, when the larger fragments
are isolated from the gel, smaller fragments are invariably trapped. We adopted the
method of Bawden et al (2000) of repeating the first two phases, as this had been found
to substantially remove more small fragments. A slight drop in transformation
efficiency was detected, but the average insert size was increased.
As can be seen in Figure 2.4, the 50 and 100kb molecular marker bands loaded at the
beginning of phase 1 are not present, as they would have fallen off the gel when it was
being run backwards. The amount of DNA still remaining below 150kb however,
indicates that a large amount of these smaller fragments remain trapped. Also described
by Bawden et al (2000) is the further modification of using 1% w/v SeaKem Gold
agarose (Cambrex) which gives improved results as it has a lower electroendosmosis,
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and hence, greater electrophoretic mobility of DNA through the gel matrix and less
trapping of smaller fragments.

250kb+

150kb+
100kb+
SOkb+

FIGURE

2.4 shows the resulting pulse field gel after a 5-phase electrophoresis. The left

hand two lanes are both A ladder molecular weight marker; the left hand marker was
loaded at phase 1, while the right hand marker was loaded at phase 5. The fragment of
gel removed contains HMW tammar DNA between 150-250kb.

Osoegawa et al (1996) used an agarase treatment to isolate the HMW DNA from the
gel, however, it has previously been reported that recovery of HMW DNA by
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electroelution is superior to using ~-agarase treatment (Strong, 1997). The DNA is less
compromised by electroelution, and it allows for the use of regular agarose, as the low
melting agarose required for agarase treatment is softer and therefore harder to handle.
To this end, the DNA was concentrated using a MilliPore Spin Column (Millipore),
spinning at no more than 1000g, and the DNA resuspended using a pipette tip with the
narrow end cut off to increase the size of the bore. Using a regular narrow bored pipette
can result in breaking of the DNA. Handling of the DNA at this step is crucial, and
utmost care was taken. Eight blocks were loaded on the PPG and only the one
preparation of tammar HMW DNA was sufficient to complete the library.
Optimisation of the ligation time is crucial to achieve the maximum number of clones
with inserts. If the ligation time is too short or too long, the amount of non-insert clones
increases (Osoegawa et al, 1998). Concentrations of vector and insert DNA and ligase
are vital also, as too high or too low levels of insert DNA generate a high level of noninsert clones, as does low concentrations. Whether the ligations were electroporated
immediately or stored until later did not effect the efficiency of the transformation.
The library was constructed in approximately ten different ligation reactions, using two
different batches of vector, resulting in similar degrees of efficiency. Each ligation
reaction was enough for ten transformation reactions, totaling one hundred different
transformation reactions to complete the library. The electroporation conditions used
have been optimised to favor transformants containing large inserts (Bawden et al,
2000). Each transformation was plated onto a separate 245 x 245 x 25mm
chloroamphenicol agar plate, and these were stored for up to 3 days before picking.
Counting the number of blue and white clones on one transformation plate from each
ligation reaction indicated that fewer than 0.1 % of clones were non-recombinants.
In order to assess the quality of the BAC library, and to estimate its redundancy, 100
clones were chosen at random clones from all ligation reactions, and digested to liberate
the insert. These inserts were electrophoresed against known markers, and the size of
each insert was determined. This indicated that the average insert size over the library is
108kb, with a range from 35kb to 210kb. In total, there were 55,296 clones, and we
predict that the library has 2.2 times genome coverage. Figure 2.5 shows the distribution
of clone sizes of the library.
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A further measure of the quality of the library is how well it represents the genome, and
this can be done by screening the library for genes. Since this BAC library was
constructed, it has been successfully screened for various genes by numerous different
researchers. The tammar BAC library to date has yielded clones for 19 single copy
genes distributed over the genome, one clone from the MHC Class III region containing
14 genes; and it has failed for only 2 genes. A list of these genes is available in Table
2.2.
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2.5 The distribution of BAC clone sizes for 100 clones chosen at random.

As the genome is 2.2 times redundant, we expect that each gene should be present once
for an X or Y borne gene, and twice for an autosomal gene. Seventeen genes resulted in
one BAC clone each, while one gene isolated two BAC clones and one very large X
borne gene ATRX resulted in twelve clones spanning the gene. This indicates that the
library represents an even coverage of the genome, and that it is of high quality. All of
these 25 clones all map to unique locations in the genome, indicating none of them are
chimeric. Different pro bes have been used to screen the library by different researchers
to identify these clones, including tammar derived PCR probes; cross-species PCR
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probes derived from human, mouse, and other marsupials; cDNA clones from tammar
and other species; and overgo 's (Ross et al, 1999). Screening this library with
microdissected and flow-sorted chromosomes as part of this project will be described in
the following chapter.

Gene
UBE3A
DMRT
ARX
RSK2
TM4SF2
ZFX
EIF2S3
PHEX
MHC class III region
containing 14 genes
RBMX
G6PD
MECP2
SLC 16A2 ( formerly XIST)
MHC class II genes, including
DBB,DRA,DNA,TAP2+
unnamed class II genes
TKTLJ
SPRN
ATRX
TABLE

Type of Probe
Used

# Of Clones

PCRProduct
PCR Product
PCRProduct
PCRProduct
PCRProduct
PCR Product
PCR Product
Accidental find
PCR Product for
the LTB gene
Partial cDNA
PCR Product
PCRProduct
PCRProduct

1
1
1
I
2
I
I
I

PCR Products

I

cDNA
PCR Product
PCRProduct

1
1
I

Isolated

Reference
Rapkins et al, in preparation
El-Mogharbel et al, 2005

I
I
1
I
1

Koina & Graves, 2005

Deeb et al, 2003
Premzl et al, 2003
Pask et al, 2004

2.2 Genes that have been isolated from the tammar BAC library.

2.3.2 SCREENING

BAC LIBRARY FOR Y-BORNE GENES
Fives genes, REMY, ATRY, SRY, SCMY and UBE] Y are known to reside on the tammar
Y chromosome, and I attempted to isolate BAC clones containing these genes from the

library.

2.3.2. 1 RBMY
A full-length cDNA probe for tammar REMY cloned into plasmid vector pBlueScript
SK- was kindly supplied by Dr. Margaret Delbridge, The Australian National
University, Canberra. The clone was cultured in the presence of ampicillin, and the
plasmid DNA prepared as described. Digestion with EcoRI and Xhol for 2h at 37°C
liberated an insert of 500bp and a vector of 2.9kb. The digestion was resolved on a gel
and the insert band isolated.
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25rig of the REMY probe was labeled with [a- 32 P] dATP and used to screen the BAC
library. The filters were hybridised for 24 hours and exposed to film for 48 hours. The
probe detected six positive BAC clones from the library after medium stringency
washing, and the addresses of these BAC clones are listed in Appendix 4. Figure 2.6
shows two examples of hybridisation to the library, a weak and a strong signal. The
background was completely clear for the three filters, giving me confidence that these
clones would contain REMY.

A)
FIGURE

B)

2.6 Examples of hybridisation of the REMY cDNA probe to the tammar BAC

library. A) A weaker signal was detected for clone 89Pl 0. B) A stronger signal was
detected for clone 111E20. Background levels of the three filters was low as seen in
these region

These clones were isolated from the library, and the plasmid DNA prepared. To verify
that these BAC clones contained the REMY gene, they were shotgun cloned and the
shotgun clones transferred to a nylon membrane to be radioactivally screened. None of
the shotgun clones hybridised to the REMY cDNA probe, indicating that none contain
REMY. Concurrently with the shotgun cloning, these clones were mapped by FISH to

tammar metaphase chromosomes. Between 1-5µg of BAC DNA was labeled, and the
clones were mapped in the presence of 1µg of genomic suppression DNA, preannealed
for 45min and allowed to hybridise for 72h. None of these clones were found to be
located on the Y chromosome. Three of the clones mapped to chromosome 3/4, two
mapped to chromosome 5 and one to chromosome 6, indicating once again that none of
these clones contain the REMY gene. Appendix 5 presents some examples of these
clones that map elsewhere in the genome. These clones are have proved to be useful as
99

anchors for autosomes (Alsop et al, in preparation). The REMY cDNA probe must
therefore contain a region shared with other genes elsewhere in the genome that is
binding preferentially over the rest of the probe, such as the 11 retrotransposed copies
of REMX (Lingenfelter et al, 2001).

Further probes for tammar REMY were designed since the original probe proved not to
be successful. Sequences from human REMX, and tammar REMX and REMY were
aligned to identify regions within the sequence that were significantly different between
the X and Y copies of the gene, ensuring that the primers amplify the Y copy rather than
the X. Primer pairs were designed within exons 2 and 9, and a further pair that spanned
the intron between exons 6 and 7, which will allow determination of whether the gene
contains intrans as would be expected of a functional copy. Primer sequences are all
listed in Appendix 2, and were ordered from a commercial oligonucleotide production
company (GeneWorks). A gradient PCR was done in order to establish the optimal
binding temperature of the primers using the following conditions: 94°C 2' IT 94°C
30"/50-60°C 1'/72°C 2'

X

25 IT 72°C 1O' IT 4°C oo, with the temperature for all primer

pair determined to be 60°C. To verify that the resulting bands were indeed REMY, and
to create the probes, the band for each primer pair was extracted from the gel and
cloned. The plasmid DNA was prepared and sent to the AGRF for their full sequencing
service. Vector primers T3 and T7 were used to sequence the insert in both directions.
Sequences verified that each cloned product was indeed REMY, and these pro bes are
now known as MeREMYex2, MeREMYex9, and MeREMYex6-7. MeREMYex2 is a
60bp product from exon 2, MeREMYex9 is a 200bp product from exon 9, and
MeREMYex6- 7 is a 190bp product spanning exons 6 and 7.

25ng of each new pro be was labeled and used as a composite pro be on the library
membranes. The filters were hybridised for 24 hours and exposed to film for 48 hours.
This set of probes for REMY detected one clone, 80022. Figure 2. 7 shows the
hybridisation of the probe to a single clone in the BAC library. Once again, the
background levels were low, and the signal strength reasonably strong.
This clone was isolated from the library, and the plasmid DNA prepared. The three
primer pairs were all used to test BAC clone 80022 for REMY. Figure 2. 8 shows the
PCR amplification of the BAC clone using the different primers. The primers for exon 2
did not amplify a band from the BAC clone, however they also did not amplify a band
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FIGURE

2. 7 Hybridisation of tammar REMY probe cocktail to the tammar BAC library.

Only one clone showed hybridisation, and the signal is reasonably strong and the
background noise levels are very low. Low background levels are representative of the
who le filter.
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2.8 PCR amplification of BAC clone 80022 using the different primers. BAC

clone is positive A) for exon 6-7 and B) for exon 9, as both these pairs of primers
amplify a band of the expected size and identical to that produced from the genomic
DNA positive control.
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from the genomic control, indicating a problem with the PCR reaction. The other two
primer pairs amplified strong bands from the BAC clone of the expected size and
identical in size to those from the genomic DNA positive control, indicating that BAC
clone 80022 contains the RBMY gene. These bands were cloned and sequenced, and
sequence data verified that each cloned product was indeed RBMY, and it was
concluded that tammar BAC clone 80022 contains the RBMY gene.
FISH was used to determine the physical location of BAC clone 80022. 1µg of BAC
DNA was labeled and hybridised to tammar metaphase chromosomes in the presence of
1µg of suppression DNA and the probe left to hybridise for 72 hours. Fourteen
metaphase chromosome spreads were examined in detail, and each showed
hybridisation on both chromatids (Figure 2. 9) at single and distinct location on the short
arm of the tammar Y chromosome (0/1, 14/2). There was no cross-hybridisation to
anywhere else in the genome.
The strong clean signals on the BAC filters of the first probe for RBMY gave me
confidence that they would contain RBMY. However, as can be seen in Figures 2.6 and
2. 7, the signal strength of any hybridisation is not a good indication of true homology.
The six clones detected originally had stronger signals than the clone that ultimately
proved to contain RBMY. They all underwent the same hybridisation and washing
conditions, and exposed to film for the same amount of time. These six clones were
eventually discarded, and the one clone, 80022, was demonstrated to contain RBMY
and to originate from the tammar Y chromosome. In this case, using smaller, more
specific probes that included intronic sequence proved to be more useful in the isolation
of the RBMYBAC clone than a larger cDNA probe.
In summary, BAC clone 80022 was found to contain RBMY and was mapped to the
tammar Y chromosome. The clone was sent to the Joint Genome Institute to be fully
sequenced, and discussion of the sequencing and subsequent analysis of this clone can
be found in Chapter 5.
2.3.2.2 SRY
A primer pair was designed within the one exon of tammar SRY, and were used to
generate a tammar specific SRY probe from male tammar genomic DNA. These were
used in a gradient PCR reaction with the conditions of 94°C 2' TI 94°C 30"/54-64°C
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FIGURE

2. 9 Fluorescent In Situ Hybridisation of BAC clone 80022, containing RBMY to

the short arm of the tammar Y chromosome.
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1 ' /72 °c 2' x 25

~

72°C 1O'

~

4 °Coo to determine the optimal primer annealing

temperature of 54 °c. To verify that the resulting band was SRY, and to create the probe,
the band was extracted from the gel, cloned and sequenced verified that the cloned
product was indeed SRY. This 426bp probe is now known as MeSRY.

25rig of the SRY probe was labeled with [a- 32 P] dATP and used to screen the BAC
library. The filters were hybridised for 24 hours and exposed to film for 48 hours. Two
BAC clones were detected as positive for SRY (Figure 2.10). The signals were very
strong and the background noise levels low. These clones were isolated from the
library, and the plasmid DNA prepared.

FIGURE

2. 10 Hybridisation of tammar SRY probe to the BAC library yielded two

positive clones. Signals were very strong and the background noise levels were low.

To verify that these clones contained the SRY gene, the same primer pair used to
produce the probe were used on the BACs, using the same conditions as described for
producing the probe, with a primer annealing temperature of 54°C (Figure 2.11). PCR
of one of the BAC clone did not a1nplify, so does not contain SRY and no further work
was done on this clone. PCR of the second BAC clone l 12D 12 amplified a strong band
of the expected size and identical in size to those amplified from the genomic DNA
positive control indicating that the BAC clone contains the SR Y gene. This band was
cloned and sequenced, and sequence data verified that the cloned product was indeed
SRY, and it was concluded that tammar BAC clone 112D12 contains the SRY gene.

FISH was used to determine the physical location of BAC clone l 12D 12. 1µg of BAC
DNA was labeled and hybridised to tammar metaphase chromoso1ne in the presence of
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FIGURE

2.11 PCR amplification of BAC clone 64D5 and 112Dl2 using primers for SRY.

BAC clone 65D5 is negative but 112D 12 is positive for SR Y, as the primer pair
amplifies a band of identical size to that produced from tammar genomic DNA.

0.5µg of suppression DNA and the probe left to hybridise for 72h. Seven metaphase
chromosome spreads were examined in total, and each showed hybridisation to both
chromatids (Figure 2.12) at single and distinct location on the short arm of the tammar
Y chromosome (0/1, 7/2). There is no cross-hybridisation elsewhere in the genome.

In summary, tamn1ar BAC clone 112D12 was found to contain SRYand was mapped to
the tan1mar Y chromosome. The clone was sent to the Joint Genome Institute to be fully
sequenced, and discussion of the sequencing and subsequent analysis of this clone can
be found in Chapter 5.

2.3.2.3 ATRY
Work on the ATRY gene was done in collaboration with another PhD student Ms. Kim
Huynh. Ms Huynh designed seven sets of tammar ATRY primer pairs, producing cloned
PCR probes for 7 exons across the gene (personal communication) . They were cloned
into pCR®2. l-TOPO®using the TOPO TA® Cloning Kit (Invitrogen Life Technologies)
and the inserts liberated with a standard EcoRl digestion. Three of these exon probes
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FIGURE

2.12 In Situ hybridisation of BAC clone 112D12 containing SRY to the short

arms of the tammar Y chromosome.
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were used as a composite probe to screen the BAC library, and these probes are known
as MeATRYex7, MeATRYexl9, and MeATRYex34. MeATRYex7is a 104bp product from
exon 7, MeATRYexl9 is a 103bp product from exon 19, and MeATRYex34 is a lOlbp
product from exon 34.
25rig of each of the ATRY probes were labeled with [a- 32 P] dATP and used as a
composite probe to screen the BAC library and strongly detected one positive clone,
53A23 (Figure 2.13). Background noise levels were remarkably low over the whole
filter.

FIGURE

2.13 Hybridisation of tammar ATRY probes to the tammar BAC library. The

signal is very strong and the background noise levels are very low.

This clone was isolated from the library, and the plasmid DNA prepared. Collaborator
Kim Huynh used the ATRY primers to test BAC clone 53A23 for the gene. All three
primer pairs amplified strong bands from the BAC clone identical in size to those from
genomic DNA indicating that the BAC clone contains the ATRY gene (Huynh, personal
communication). These bands were cloned and sequenced, and sequence returned
verified that each cloned product was indeed ATRY. It was concluded that tammar BAC
clone 53A23 contains the ATRY gene (Huynh, personal communication).
Both Ms Huynh and myself determined the physical location of BAC clone 53A23
labeling 1µg of BAC hybridising it to tammar metaphase chromosome spreads in the
presence of 1µg of suppression DNA and the probe left to hybridise for 72 hours. It was
determined that the clone hybridised to the Y chromosome (Figure 2.14 ). The clone
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FIGURE

2.14 In Situ hybridisation of BAC clone 53A23 containing ATRY to the short

arm of the tammar Y chromosome.
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mapped to a single location on the short arm of the tammar Y chromosome, and showed
no evidence of cross-hybridisation elsewhere in the genome. 12 metaphase spreads were
examined, and in all cases hybridisation was evident on both chromosome arm (0/1,
12/2).

In summary, BAC clone 53A23 was found to contain ATRY and was mapped to the
tammar Y chromosome. The clone was sent to the Joint Genome Institute to be fully
sequenced, and discussion of the sequencing and subsequent analysis of this clone can
be found in Chapter 5.
2.3.2.4 SMCY
Primer pairs were designed within exon 23 of tammar SMCY; spanning exon 21 to 22;
and another pair spanning exon 22 to 23 (Appendix 2). These were used to generate
tammar specific SMCY probes from male tammar genomic DNA. These primers were
used in gradient PCR reaction using the conditions of 94°C 2' IT 94°C 30"/54-64°C
1'/72°C 2' x 25 IT 72°C 10' IT 4 °C oo, to determine the optimal temperature of 54 °C for
each primer pair. To verify that the resulting bands were from the correct region of
SMCY, and to create the probes, the bands were extracted from the gel and cloned.

Sequence returned verified that each cloned product was indeed SMCY, and these
probes are now known as MeSMCYm22,
MeSMCYm22 is an

~ 700bp

MeSMCYex23

and MeSMCYm23.

product, MeSMCYex23 is an ~455bp product, and

MeSMCYm23 is a ~400bp product.

25ng of each probe was labeled and used as a composite probe on the library
membranes. The filters were hybridised for 24 hours and exposed to film for 48 hours.
The tam.mar PCR probes for SMCY detected a single clone, 67Hl 1, from the library
(Figure 2.15). The signal was of medium strength and the background was completely
clean. This clone was isolated from the library, and the plasmid DNA prepared as
described previously.
The three primer pairs were used to test BAC clone 67Hl 1 for SMCY No amplification
of fragments was seen, indicating that the clone does not contain the SMCY gene. No
further work was done on this clone. Due to time constraints, re-screening the BAC
library to identify further clones that may contain the gene was not possible, and as such
no BAC clone for SMCYhas been found.
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2. 15 In Situ hybridisation signal on the film. Only one clone was detected as

positive and showed a medium strength signal. The background is very clean.

2.3.2.5 UBE 1Y

A partial length UBE] Y genomic probe for Macropus rufus was used (GenBank
z29668; Mitchell et al, 1992). The probe is ,_,2.5kb with a PstlHindlll digest liberating a
927bp fragment There was no available sequence of tammar UBE] Y, and as such, no
tammar specific probes could be designed.
The M rufus cDNA probe for UBEJY detected 16 BAC clones from the library. These
clones were isolated from the library, and the plasmid DNA prepared. The signals were
weak and the background noise levels were reasonably high. For these reasons the film
did not scan well, and no acceptable image of the hybridisation was obtained. As
tammar specific primers were not available for UBE] Y, the clones were verified by
Southern blot analysis before attempting FISH mapping and shotgun cloning.
The 16 clones were digested and Southern blotted onto a nylon membrane. Most clones
shared one or more bands with several other clones, indicating that they over lap to some
extent. Three clones had an identical digestion pattern and were assumed to be identical
clones. The blot was radioactively screened with the M rufus UBE] Y probe to
determine whether these clones contained UBE] Y Multiple bands were detected from
most of clones. All clones showed at least one hybridising band, and several clones had
one or more identical bands that strongly hybridised to the probe. Four clones with
different hybridisation patterns were chosen. Unfortunately, no hybridising fragments
were small enough to clone and directly sequence; therefore these four clones were
shotgun cloned to determine whether they contain UBE] Y The shotgun clones were
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transferred to a nylon membrane and hybridised with the UBE] Yprobe. None detected
any hybridisation, indicating that these clones do not contain UBE] Y.
Concurrently with the shotgun cloning and Southern blotting, these clones were FISH
mapped to tammar metaphase chromosomes, to attempt to establish if these clones
derived from the Y chromosome. Between 1 - 5µg of BAC DNA was labeled and
allowed to hybridise in the presence of lµg of suppression DNA for 72h. Of the 16
clones, five mapped to chromosome 3/4, one mapped to chromosome 2, and several
attempts at the remaining clones did not result in a localisation. No clones mapped to
the Y chromosome indicating once again that none of these clones contain the UBE] Y
gene. Appendix 6 presents some examples of these clones that map elsewhere in the
genome.
In conclusion, screening the tammar BAC library for UBE] Y was not successful. Either
the gene is not present in the library, or more likely, the M rufus probe used was not
specific enough to detect the tammar copy of the gene. Genes on the mammalian Y
chromosome are known to undergo rapid evolution, and it could be that UBE] Yin the
two Macropus species have diverged enough so the probe used was unsuccessful.
Designing tammar specific primers from the sequence of tammar UBE] Y would have
produced a better result in screening the library. As with REMY, using a genomic probe
resulted in unspecific hybridisation. UBE] Y is part of a large gene family, and it is
likely that it is these members of this family that have been detected, or that some
common sequence element is contained in the probes causing non-specific
hybridisation.

2.4 CONCLUSION
In summary, I have constructed a high quality male Macropus eugenii (tammar
wallaby) BAC library consisting of 55,296 clones arrayed in 384 well plates. The clones
were created using Hind!!! partially digested DNA from white blood cells from a
normal male. The average insert size of the library clones is 108kb, and >99.9% of
clones have inserts. I predict that the library has 2.2 times genome coverage, and
screening the library has yielded clones for a total of 33 single copy genes distributed
over the genome, while it has failed for only 2 genes. As the library is 2.2 times
redundant, we expect that each X or Y gene should be present once, and autosomal
genes twice. Nineteen genes resulted in 1 BAC clone each, one gene isolated 2 BAC
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clones and one X borne gene resulted in 12 BA C clones spanning the gene. Fourteen
genes that are part of the MHC Class II region were found on a single BAC. All these
clones map to a unique location in the genome, indicating that none are chimeric.
As part of this project, the library was screened for five known tammar Y chromosome
genes. This was successful for three of these genes, and failed for the remaining two.
All potential Y chromosome BACs found using gene probes mapped to a small generich region of the chromosome, it would not be unexpected that at least some of these
BAC clones may overlap. All gene primers were used on all clones to if there was any
overlap. No primers were successful on any other BAC clone, indicating that none of
the BAC clones I have overlapped. The three clones with genes were sent to the Joint
Genome Institute, California, to be fully sequenced, and the analysis of this sequence
can be found in Chapter 5.
BACs are an extremely useful research tool. Primarily, the large insert size possible
with BACs allows for easier genome mapping and sequencing, while electroporation of
the vector into the bacterial host allows the use of much less DNA than other large
insert libraries, which can be important if the source of DNA is limited. Isolation of
DNA is straightforward, breakages of the supercoiled plasmid DNA are easy to avoid
and large amounts of genomic DNA can be isolated very easily. Rates of chimaerism
are very low and the clones remain stable over generations. Clones containing inserts
are easily recognisable by blue/white color selection.
Their large size, ease of manipulation and high stability all make BACs ideal for highresolution mapping and sequencing efforts. The interest in BAC libraries has grown
exponentially with the relatively recent interest in comparative genomics and largescale genome sequencing efforts. Isolation of genes and gene rich regions from BAC
libraries will allow genome-wide comparisons to enable us to identify and characterise
genes, identify conserved non-coding regions, and ultimately allow functional studies of
coding and non-coding sequences in animal models. Highly redundant large insert
libraries will allow us to create a contiguous array of overlapping clones, allowing for
the complete sequencing of large genomic regions. The BAC library described here will
be invaluable for sequencing the tammar wallaby genome, a major project that will
allow Australian scientists a step into the growing field of whole genome sequencing
and which promises to deliver major benefits to mammalian genome studies.
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CHAPTER

3

CREATION OF A
HIGHLY ENRICHED
CHROMOSOME
SPECIFIC BAC
SUB LIBRARY

Y

3.1

INTRODUCTION

Selection of chromosome specific sub-libraries from large insert genomic libraries is
critical for analysis and sequencing of the genome, and BAC libraries are ideal for this
type of analysis. Construction of a BAC library from the model marsupial, the tammar
wallaby, was described in Chapter 2, and here I describe screening this library for Y
chromosome clones using both a microdissected Y chromosome (reviewed in
Cannizzaro, 1996) and a flow-sorted (Grey et al, 1975) Y chromosome, in order to
create a highly enriched Y chromosome specific sub-library.
There is enormous interest in the genes on the human Y chromosome. This small,
heterochromatic element is involved in several sex specific functions, including male
sex determination and spermatogenesis. As the Y no longer recombines with the X over
most of its length, it has degraded into a relic of what it once was. There are few active
genes left, and they have proved difficult to find due to the large amount of repetitive
DNA on the relatively tiny 60Mb human Y chromosome. The tiny 10Mb basic
marsupial Y chromosome provides a good model because it evolved from the same
ancestral Y chromosome and shares the same set of critical male-specific genes (Toder

et al, 2000), yet seems to be relatively free of repetitive sequences. By comparing the
sequence of a marsupial Y chromosome to other mammalian X and Y chromosomes,
any sequences that have been conserved for the 180 million years since their
evolutionary lineages diverged (Woodburne et al, 2003) and survived the rapidly
degrading Y chromosome will be identified, and thus sequences critical to male-specific
functions will be highlighted. There are only 5 genes currently known on the tammar Y
chromosome, and it was unknown before embarking on this project whether any more
genes were likely to be found. The rapid rate of decay of the Y chromosome means that
it is not a safe place to be, and only genes with a critical male-specific function will
have been conserved.
The use of whole chromosomes as probes for creating sub-libraries from whole
genomic libraries is a technique that has not yet been widely implemented. Using a
flow-sorted human chromosome 22 to probe a human BAC library (Kim et al, 1995a)
resulted in a 20-fold enrichment of clones for chromosome 22, with 40% of the
hybridised clones being mapped to chromosome 22. Kim et al (1995b) estimate that the
sub-library represents at least 2.5 times coverage of chromosome 22, and FISH mapping
data indicates that all regions of chromosome 22 are well represented. Kim et al
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( 199 Sb) identified two potential problems with this approach: low signal to background
noise ratios, and excessive cross-hybridisation to repeated sequences throughout the
genome.

The first problem was lessened by the use of a sensitive signal detection

device used in conjunction with image analysis software developed by these researchers
(Kim et al, 1995b). This effectively identified the most positive of all the signals, and
was able to ignore the background noise. These researchers were also able to use human
chromosome 21 as a control, as both chromosomes 21 and 22 contain extensive
ribosomal repeat sequences. Deletion of those BAC clones appearing in both library
screens reduced the number of non-specific hybridisation to clones containing repetitive
elements. However, this option depends on the sequence make up of your chromosome
of choice, and may no be applicable to other chromosomes.
A microdissection probe was used previously to screen a chromosome 12 cosmid
library to create a cosmid sub-library representing DNA in a human chromosome 12
band of a human chromosome band frequently amplified in a cancer phenotype
(Elkahloun et al, 1996). From the original chromosome 12 library, this technique
identified 700 clones specific to band 12q13-15, and subsequent mapping showed that
60% of the 700 clones were derived from this region. Problems associated with this
technique derive from the PCR amplification of the microdissected chromosome, using
degenerate oligonucleotide primers that will theoretically amplify any sequence,
However, some sequences are likely to be amplified to a greater extent than others,
leading to a bias for certain chromosome regions in the probe. The only way to
minimise this effect is to microdissect more material to allow for the minimum amount
of amplification, however this is not always possible. The technique of using a whole
microdissected chromosome has never previously been applied to a whole genomic
library.
It is also possible to create sub-libraries using a composite probe of other clones or
chromosome markers already known to originate from the chromosome or region of
choice. For instance, Kim et al (1994) used a human chromosome 22-specific
composite probe made up of cosmid clones known to map to this chromosome to screen
a human YAC library, and found 60% of all known chromosome 22 YAC clones in the
library. Ross et al (1992) did a similar experiment with human chromosome 21, using
chromosome specific phage libraries as pro bes, and found that ,.._,5 0% of the resulting
YAC clones were chromosome 21 specific. The main limitation to this method is the
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quality and complexity of the composite probe used. Kim et al (1994) found that some
cosmid libraries were biased, with certain regions such as ribosomal clusters overrepresented, while other regions are not represented at all. Obviously, there must be a
good selection of chromosome specific markers or clones, and for less studied species
such as the tammar this is not realistic. A further limitation is that the vectors of both
libraries must share no homology at all, or else the vector sequences of the probes must
be removed prior to hybridisation, otherwise every clone will be highlighted as positive.
There are

alternative methods

for

constructing sub-libraries from particular

chromosomes or chromosomal regions. Methods that have been described as 'daunting'
rely either on somatic cell hybrids containing the chromosome of choice, or on creating
a library directly from the DNA of a flow-sorted chromosome (McCormick et al, 1989;
Abidi et al, 1990). The major advantage of using a flow-sorted chromosome as the
source of DNA for the library is the small number and high specificity of clones in the
resulting library. However, these have proved to be difficult to construct because of the
low transformation efficiency of larger DNA molecules (McCormick et al, 1989). The
result is that a larger number of smaller clones are needed to achieve satisfactory
redundancy of the chromosome. Using somatic cell hybrids involves a complex step to
determine which clones contain inserts from the chosen chromosome and which merely
contain host DNA (Abidi et al, 1990), and even though inserts can be very large, few
clones are often obtained. The time and cost involved in these seemingly more direct
methods do not weigh up against the construction of an entire genomic library and
subsequent division up into sub-libraries.
Never before has both a flow-sorted and a microdissected chromosome been used
concurrently to create a chromosome specific BAC sub-library. The Y chromosome is
unique in its predisposition to this technique in isolating clones from whole libraries.
The small size of the marsupial Y means that it is possible to use an entire chromosome
without being inundated with potential positives. Using these methods, alongside the
more traditional approach of using gene specific probes for known genes on the tammar
Y chromosome, it was possible to identify BAC clones derived from the tammar Y
chromosome.
It was possible to easily verify that clones were indeed Y chromosome derived by
constructing a 'dot-blot' of all potential positive clones and doing a simple hybridisation
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using total female genomic DNA as a probe. This is only possible for species that have
heterogametic sex chromosomes, and only for the sex-determining chromosome. From
this simple experiment, it was possible to quickly identify Y chromosome derived
clones showing no hybridisation to female DNA.
To this end, the creation of a Y chromosome specific sub-library is an important step in
the sequencing of this chromosome, and this sub-library has proven to be critical for
analysis and sequencing of the marsupial Y chromosome. The most ideal pro be for
identifying these clones is the chromosome itself, and I chose to use both a
microdissected Y chromosome and a flow-sorted Y chromosome, together with
screening of the library using PCR products of known Y chromosome genes as pro bes.
It was expected that the 10-12Mb tammar wallaby Y chromosome should detect ""100
clones from the 2.2 times redundant BAC library. The microdissected Y chromosome
detected 82 clones, 86% of which mapped to the Y chromosome, and the flow-sorted Y
chromosome detected 71 clones, 48% of which mapped to the Y chromosome,
indicating that this is an ideal method for the creation of highly enriched chromosome
specific sub-libraries. This indicates an ""330-fold enrichment for Y chromosome clones
compared to the total genomic BAC library.

3.2 MATERIAL AND METHODS
3.2.1 MICRODISSECTION OF THEY CHROMOSOME
Microdissection is a rapid and direct method for generating new DNA markers from
any chromosome region, irrespective of its sequence composition (reviewed in
Cannizzaro, 1996). Briefly, metaphase chromosomes were prepared (Section 2.2.4.2)
and the fresh cell suspensions dropped onto slides, air dried and stained with 10%
geimsa. Chromosomes were microdissected under a Zeiss Axiovert microscope. A
sterile glass needle was controlled by a three-dimensional Eppendorf micromanipulator,
and the micro dissected material was transferred into a drop of collection media ( 1OmM
Tris-HCl (Ph 7.5), 1OmM NaCl, 0.1 % SDS, 50o/o glycerol and 0.5mg/ml Proteinase K)
(Chudoba et al, 1996). Chromosomal DNA was amplified by DOP-PCR by adding the
DNA to a 20µ1 reaction containing 25mM MgCh, lOOµM DOP primer (Roche Applied
Science), 5mM dNTPs (Roche Applied Science), and 5U/µl Taq (Roche Applied
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Science), and amplified using the PCR conditions of: 95°C 5' TI 94°C 1'/56°C 1 '/72°C
2' x 25 TI 12°c TI 4°c oo.

3.2.2

FLUORESCENT LABELING OF CHROMOSOMAL DNA
The flow-sorted Y chromosomes were labeled with digoxygenin by Degenerate
Oligonucleotide Primed PCR (DOP-PCR), to allow them to be used as a fluorescent
probe on tammar metaphase spreads. DIG labeled dUTPs are incorporated into the
DNA molecule, and are detected by an antibody (Cy3) that is conjugated to a
fluorescent molecule. Chromosomal DNA was labeled by adding 25rig of DNA to a
20µ1 reaction containing the following: 25mM MgCh PCR buffer (Roche Applied
Science), lOOµM DOP primer (Roche Applied Science), 5mM dNTPs (Roche Applied
Science), lmM dUTP-Dig (Roche Applied Science), 2mM dTTP and lU ofTaq (Roche
Applied Science) and amplified using the PCR conditions of 94°C 5' TI 94°C l '/56°C
1'/72°C 2'

X

25 TI 72°C TI 4°C

00.

The microdissected Y chromosomes were labeled with biotin to allow them to be used
as a fluorescent pro be on tammar metaphase spreads. Biotin labeling was carried out as
described for gene probes (Section 2.2.4.3).

3.2.3 RADIOACTIVE SCREENING OF THE BAC LIBRARY
Microdissected and flow-sorted Y chromosomal DNA was used to radioactively screen
the BAC library, in order to create the Y chromosome specific sub-library. Screening
the BAC library was carried as for the gene probes (Section 2.2.4.1) with the following
modifications. 250ng of microdissected chromosomal DNA or 925ng of flow-sorted
chromosomal DNA was labeled, and was left to hybridise to the tammar BAC library
filters for 24 hours. Low stringency washes were initially performed and the filters were
left to expose to autoradiography film for 24 hours. Depending on the intensity of the
signals and the levels of background hybridisation of the filters, they were washed
further at higher stringencies. It was unknown how well the chromosomal probes were
going to hybridise to the filters, and this multi-step washing was done to avoid
completely washing the probe off the filters.

3.2.4 CREATING A

DOT BLOT
Since the sequence content of the clones isolated with chromosomal probes was

unknown, to verify a Y chromosomal location for these clones was to map them. As
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mapping potentially hundreds of clones is quite a lengthy process, a dot-blot of all the
clones was constructed. This dot-blot was radioactively hybridised with tammar female
genomic DNA, and clones deduced to be male by their lack of hybridisation to female
genomic DNA were further characterised.
A dot blot of every potential Y chromosome BAC clone was constructed, using a BioDot Microfiltration Apparatus (BioRad) to array each clone and deliver an identical
amount of each BAC clone. A plasmid preparation was made of each BAC clone
(Section 2.2.2.1 ), and each diluted to an identical concentration and stored in 96-well
plates. Two Hybond N+ (Amersham Biosciences) nylon membranes were cut to size for
each 96-well plate to be blotted, and soaked in 6 x SSC for 10mins before being blotted
on Whatman paper to remove excess solution. The filters were placed in the BioRad
apparatus, and the apparatus assembled as per the instruction manual. To equilibrate the
membrane 100µ1 of TE buffer was added to each well using a multi-channel pipette,
then the buffer was removed by vacuum until the wells were free of liquid but not
completely dry. 10011g of each BAC clone was added to 2µ1 of 1OM NaOH and 1µI
0-5M EDTA in a total of 50µ1, and this sample was heated to 95°C for 5mins, before
being precipitated by the addition of 50µ1 of ice-cold ammonium acetate. A 96-well
plate of samples was loaded into the dot-blot apparatus using a multi-channel pipette,
and the vacuum applied until all wells appeared dry. Each well was washed with 100µ1
of 2 x SSC and the vacuum was applied again until the wells were dry. The dot-blot
apparatus was disassembled, and the filter rinsed in 2 x SSC before being baked at 80°C
for 2h to fix the DNA onto the filter. Two blots of 96-wells were needed for all BAC
clones, and each blot was made in duplicate.
The duplicate dot blots were radioactively screened as described for screening the
library (Section 2.2.4.1) using 25ng of female genomic DNA.

3.3

RESULTS

The tammar BAC library described in Chapter 2 was screened with a microdissected
and flow-sorted Y chromosome to create a chromosome specific sub-library. The
chromosomal pro bes were initially mapped to tammar metaphase spreads to verify their
completeness and specificity to the Y. Clones isolated from both probes were arrayed
on a dot-blot and screened with tammar female genomic DNA. Clones that show no
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hybridisation to female DNA can be presumed to be Y derived, and were mapped by
FISH (Section 2.2.4.3) to verify their Y chromosome location. FISH was also used to
map clones showing hybridisation to female DNA, and several of these have proved to
be valuable chromosome markers for tammar (Alsop et al, In preparation).

3.3.1 MICRODISSECTED Y CHROMOSOME
The tammar wallaby Y chromosome was kindly microdissected by Dr. Frank
Gruetzner. I used DOP-PCR (Section 3.2.2) to amplify DNA from 5 Y chromosomes
microdissected from tammar metaphase spreads. The Y The probe was verified for
completeness and specificity by mapping to tammar metaphase spreads (Figure 3 .1)
using FISH (Section 2.2.4.3).
The paint covered the whole Y chromosome, and showed cross hybridisation to the
proximal short arm of the X chromosome in the region of the nucleolus organiser.
Toder et al (1997) explained this observation by the translocation of a nucleolus
organiser region, which includes rRNA cistrons and associated heterochromatin, to the
X and Y chromosomes early in macropodid evolution. This autosomal addition the Y
chromosome underwent the same degeneration of the rest of the Y. In one marsupial
species the rRNA cistrons are still apparent, however, in tammar only the
heterochromatin remains. The cross-hybridisation is evidence of this remammg
homology. BAC clones that also show this hybridisation pattern cannot be
unambiguously assigned to the Y or the X chromosome.
The microdissected Y chromosome was used to screen the tammar BAC library filters.
This detected 85 clones from the library (Figure 3.2). The signals on the three filters
ranged from very strong to weak, and examples of the different intensities of the signals
can be seen. Background levels ranged from very light to very dirty.
Determining the library addresses of these clones (Appendix 4) was relatively easy as
most signals were reasonably strong. The background hybridisation made it easy to
visualise the who le library grid.
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FIGURE

3. 1 Biotin labeled DNA from the microdissected tammar Y chromosome

hybridised to a tammar metaphase chromosome spread. The chromosome paints the
entire Y chromosome as well as cross-hybridising to the X chromosome.
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FIGURE

3.2 Hybridisation of the tammar microdissected Y chromosome probe to a

region of a tammar BAC library filter. Background noise levels ranged from very low
on some sections of the filters to very high on other sections, as shown in the panel on
the right.

3.3.2 FLOW-SORTED Y CHROMOSOME
DNA from flow-sorted tammar chromosomes was made available to me (Toder et al,
1997). To verify that the amplified material was an accurate representation of the
tammar Y chromosome, it was DIG labeled (Section 3.2.2) and mapped back to tammar
metaphase spreads (Figure 3.3). DNA from the flow-sorted Y chromosome proved to be
a good representation of the tammar Y. The paint covers the whole Y chromosome, and
shows cross hybridisation to the short arm of the X chromosome in the region of the
NOR.
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FIGURE

3.3 The digoxygenin labeled flow-sorted tammar Y chromosome hybridised to a

tammar metaphase chromosome spread. The chromosome paints the entire Y
chromosome as well as showing cross-hybridisation to the X chromosome.
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Screening the tammar BAC library with the flow-sorted Y chromosome probe yielded
seventy-one BAC clones (Figure 3.4). The signals on the three filters ranged from weak
to very strong and background levels over the three filters were very clean. Only three
clones were identical to any detected by the microdissected Y chromosome, suggesting
that these probes may have been derived from different fractions, or different regions of
the Y chromosome.

•

FIGURE

3.4 Hybridisation of the tammar flow-sorted Y chromosome probe to a region of

the tammar BAC library.

3.3.3 CONFIRMATION OF Y CHROMOSOME LOCATION BY DOTBLOT SCREENING
I was able to exploit the fact that the Y chromosome is only present in males and
genomic DNA from a female contains no Y chromosome DNA, to design a quick
method to confirm the Y origin of BAC clones. By constructing a ' dot blot' of all
potential Y chromosome BAC clones identified by microdissected and flow-sorted
chromosomes, I could quickly identified those clones that contain no female DNA at
all. All positive BAC clones were spotted on membranes at identical concentrations and
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hybridised with female tammar genomic DNA. Those clones that show no evidence of
hybridisation to female DNA are likely to contain only male DNA. Clones that do
hybridise to female DNA might also be male derived, as the BAC may contain
sequences shared between the Y chromosome and the X chromosome or autosomes.
This experiment established a priority of clones to be mapped first and those to put at
the end of the list.
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3.5 Hybridisation of female tammar genomic DNA to BAC clones isolated after

screening the BAC library with Y-specific DNA. The clones were all spotted in
duplicate (data not shown). Clones showing no evidence of hybridisation to female
genomic DNA (circled in red) were further characterised. Clones showing low levels of
hybridisation were characterised next and time permitting, the rest of the clones were
mapped. As a control, the Y-bome clone ATRY (circled in blue) shows no hybridisation
to female genomic DNA at all.
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Figure 3.5 shows the result of the dot blot hybridisation for BAC clones identified in
Appendix 7. Some clones show a strong hybridisation to female genomic DNA while
others show no hybridisation at all. Those clones showing no hybridisation at all were
chosen for further confirmation by FISH experiments, and these are circled in red.
Thirty-one clones were chosen that were probably Y specific (Figure 3.5), and given top
priority for characterisation. A control, clone 53A23 that contains the Y-borne ATRY
showed no hybridisation to female genomic DNA.

3.3.4 MAPPING BAC CLONES
FISH (Section 2.2.4.3) was used to map BAC clones to tammar metaphase chromosome
to further verify their Y chromosome location. As the number of clones isolated was
large, only representative FISH mapping images are presented here. However these
clones are important markers and are being included in a BAC based framework or the
tammar chromosomes. Some examples of BAC clones that map to the Y are presented
in this chapter, while some clones that map elsewhere in the genome are included in the
appendices. The library addresses of all BAC clones discussed in the following sections
and their chromosomal location can be found in Appendix 4. In the aid of clarity, the
full addresses of these clones will not be listed within this chapter.
All 31 BAC clones indicated as Y-specific on the dot blot were FISH mapped to
tammar metaphase chromosomes. Twenty-nine proved to map to the Y chromosome
and two clones mapped to chromosome 3/4. This showed that the dot blot had enough
sensitivity to detect male specific clones.
Of the 82 BAC clones detected with a microdissected Y chromosome, 82% were found
to map to the Y chromosome and showed differing amounts of cross-hybridisation to
the X chromosome (Figure 3.6). Some showed a distinct signal at one locus on the Y
chromosome. Others displayed a more diffuse painting pattern, with the signal spread
over the whole region of the Y chromosome. As the tammar Y is so small, it is not
always possible to determine whether the signal is on the short arm or the long arm of
the chromosome, so some are therefore listed just as 'Y'.
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A)

B)

C)

D)

FIGURE

3.6 Hybridisation to tammar chromosomes of BAC clones isolated after

screening the library with DNA from a microdissected Y with differing levels of crosshybridisation to the X chromosome. For each BAC, signals were seen on at least 10
metaphase spreads. A) BAC clone 61121 maps to a single spot on Yp and crosshybridises to Xp. B) BAC clone 7D19 maps to the terminal Yp and Yq, and strongly
paints Xp . C) BAC clone 6G19 patchily paints regions of Yp, Yq and Xp. D) BAC
clone 125Dl 7 paints Yq weakly and paints Xp strongly.

127

The remaining 18% of clones were found to map elsewhere in the genome (Figure 3.7).
Of these clones, there was no pattern as to where they mapped to, as the clones were
mapped reasonably evenly over the genome. Sonicated salmon sperm and BSA were
both used as blocking agents in the library screening, however this non-specific binding
of the Y chromosome probe is presumably the result of cross hybridisation of
incompletely blocked repetitive sequences.
The flow-sorted Y chromosome detected 71 clones from the tammar BAC library.
These clones were mapped back to tammar metaphase chromosome spreads to verify
their Y chromosome origin, and 48% were found to map to the Y chromosome, with the
remaining 52% mapping elsewhere in the genome. A summary of all clones isolated
from the library and where they map is presented below.

Microdissected Y
Total # of clones
y
X/Y
X or autosomes
Undetermined

82
10

47
12
13

Flow-sorted Y
71
15
0
16
39

BAC clones detected with a flow-sorted Y chromosome that map to the Y are shown in
Figure 3. 8, with some clones showing cross hybridisation to short arm of the X
chromosome. Clones that mapped uniquely to the Y chromosome usually mapped to
only one location on the chromosome. A few mapped to more than one location on the
Y chromosome. For some of these, increasing the suppression reduced the hybridisation
to a single signal, indicating the clone derived from a single site, but contain some
repetitive sequence. For other BACs, no amount of suppression reduced the number of
signals, indicating high percentage of repetitive sequence or a chimeric clone, where the
DNA insert of the clone is derived from two or more regions of the genome.

Figure 3.9 shows BAC clones detected with the flow-sorted Y chromosome probe that
map elsewhere than the Y. Of those clones that mapped elsewhere, they were spread
reasonably evenly over all chromosomes.
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B)

A)

C)

FIGURE

D)

3. 7 Autosomal locations of some of the BAC clones detected using the

microdissected Y chromosome probe. A) BAC clone 15N12 and maps to chromosome
distal 3/4q; and B) BAC clone 106Kl 7 maps to medial Xq, showing no evidence of
hybridization to the Y chromosome. C) BAC clone 21F22 maps to the terminal lp. D)
BAC 78K19 maps strongly to medial lq.
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A)

C)

E)

B)

D)

F)

3.8 Map locations of clones isolated from the BAC library screened by the flowsorted Y chromosome. A) BAC clone 5412 maps to a unique location Yp. B) BAC clone
143B6 maps to a unique location on Yp. C) BAC clone 47A7 maps to the termini of Yp
and Yq. D)BAC clone 105018 maps to Yp and cross hybridises Xp. E)BAC clone
66Al 9 maps to a single locus on Yp and paints Yq. F) BAC clone 97 A23 maps to a
single locus on Yp and paints Yq.
FIGURE
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A)

B)

C)

D)

FIGURE

3. 9 Autosomal locations of BAC clones isolated with the flow-sorted Y

chromosome probe. A) BAC clone 114124 maps to proximal 1q. B) BAC clone 116G 12
maps to proximal 3/4p. D) BAC clone 136013 maps proximal 3/4p.
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3.4

DISCUSSION

The creation of chromosome specific sub-libraries is critical for analysis and mapping
of the genome. The tamrnar BAC library was screened with DNA from both a microdissected and flow-sorted Y chromosome and resulted in 153 unique clones. The
inclusion of three clones that were known previously to map to the Y chromosome and
to contain Y borne genes indicated the process was effective.
This method was devised to create a BAC sub-library highly enriched for the tamrnar Y
chromosome. Using a composite probe of both microdissected and flow-sorted Y
chromosomes is an efficient way to create a highly enriched Y chromosome sub BAC
library, and in this, the strategy was highly successful. It is unlikely however, that the
sub-library covers the whole Y. It could be expected that for probes as complex as
whole chromosomes, small regions of the chromosome will be highly represented while
other regions may not be represented at all. The more complex a probe, the lower the
concentration of single copy sequences while the concentration of repetitive elements
remains the same. It is difficult to assess how well the Y chromosome has really been
covered by this method. Higher resolution FISH to extended metaphase chromosome
could allow a more precise map location to be determined. Complete sequencing of Yderived BAC clones would indicate any overlap between clones.
The flow-sorted and microdissected Y chromosome DNA detected 71 and 82 BAC
clones from the tamrnar library respectively. Approximately 15 clones were detected by
both pro bes, indicating that the two different pro bes represented slightly different
fractions or regions of the Y, but that they are both hybridising to Y specific clones. The
PCR amplification of microdissected and flow-sorted chromosomes can be biased for
particular sequences, if some sequences present have more affinity to the primers used.
DOP-PCR was used, using universal primers, but this still could result in a bias in the
PCR reaction. Flow-sorting chromosomes results in many more copies of the
chromosome than microdissection, and thus the amplifications needed to generate the
same quantity of flow-sorted material are much less. It could be expected then, that the
flow-sorted DNA is more representative of the chromosome. Similar numbers of clones
were detected from the library for each probe; however, the flow-sorted probe resulted
in many clones that mapped uniquely to the Y, while the microdissected probe resulted
in many more clones showing cross-hybridisation to the X.
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Both probes had a large percentage non-Y clones and this is presumably the result of
cross hybridisation of incompletely blocked repetitive sequences. Another explanation
for these non-Y clones detected from the flow-sorted Y DNA is that of contamination of
other flow-sorted material. Flow-sorted chromosomes are sorted by size, and if any
chromosomes are similar in size, it is possible that they will sort together. Similarly, if
there are small breakages off other chromosomes they may be sorted with the small Y.
If this were the case, non-Y clones would map to particular other regions. The non-Y
clones detected with the flow-sorted Y map uniformly over the genome, indicating the
flow-sorted Y is only Y material, and the detection of non-Y clones must be caused by
something else. Three of the genes are known to belong to larger gene families (REMY,
SRY and UBE] Y) and elements of these genes common to other members of the gene

family may be detected by the Y chromosome probe. Detection of X chromosome
clones can be explained by traces of remaining homology between diverged X/Y genes.
Kim et al (1995b) also encountered problems of non-specific hybridisation to repetitive
sequences in the genome while constructing a chromosome specific sub-library, which
of course is inevitable when using such a complex pro be. This was lessened by the use
of a control screening. As both human chromosomes 21 and 22 contain genes encoding
ribosomal RNA genes, the whole BAC library was screened with both chromosomes
independently, and any clones that hybridised to both chromosomes were eliminated as
they were deemed to contain ribosomal genes, and were thus, not chromosome 22
specific. This technique is highly dependant on the chromosome of interest, and rarely
will it be possible for such a control to be available. This was probably a much less
serious problem for me, because the Y chromosome is genetically isolated and shares
no sequences with autosomes. However, the NOR-heterochromatin sequences turned
out to be a big problem, since most of my BAC clones showed this pattern. To avoid
these sequences, it would be of great advantage to obtain a clone with only the
repetitive sequences that are shared between Yq and Xp, and use this as a control. Just
the repetitive sequence could be used to screen the library, and any clone identified by
both it and the Y chromosome would be discarded, and only unique clones
characterised. Alternatively, this clone could be used as suppression DNA, lessening the
availability of these regions of the chromosome probe to hybridise to BAC clones when
screening the library.
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Another way to suppress repetitive sequences is to use unlabeled sheared female
tammar genomic DNA as a suppressor, allowing for suppression of highly repetitive
elements present on all chromosomes. Genomic DNA is sheared by boiling, until all the
fragments are between 100-200bp. These small fragments will preferentially bind to
repetitive sequences in the chromosomal probe, and hinder the binding of these
sequences to BAC clones. The suppression DNA is added in 100-fold excess after the
pro be is labeled, but before it is denatured and hybridised to the library filters. This
allows for any repetitive elements within the chromosomal probe to anneal with
unlabeled DNA, effectively rendering it double stranded and unable to hybridise to
clones on the filters. The risk is, however, that preannealing of unique sequences can
occur if the preannealing step is left to incubate for too long, and as such, the amount of
preannealing done has to be finely optimised. Use of preannealing in this project proved
to be unnecessary. Using C0tl can alleviate this problem somewhat, as Cotl is emiched
for repetitive sequences and is less likely to block unique sequences (Nissen et al,
1992).
Further problems encountered by other researchers assessing similar techniques were
mainly signal-to-background noise. As can be seen in Figure 3.1 and 3.12, signal-tobackground noise did not cause a problem, in this project. All screens were clean, with
positive hybridisations standing out from the background. With increasing age and use
of the BAC library filters, the background noise levels increased slightly but never
enough to cause problems. Common blocking agents available to decrease the levels of
background noise include the use of sonicated salmon sperm DNA and BSA (Towbin et

al, 1979). Sonicated salmon sperm DNA has a very high percentage of small DNA
repeats, and using it as a blocking agent can result in less non-specific hybridisation.
Both salmon sperm and BSA were utilised in this project. Despite the complex nature of
the probes, in both experiments very low levels of background hybridisation were seen,
and signal intensities were strong, indicating the levels of suppression were appropriate.
Due to unavailability of equipment, I was unable to use image analysis software to
detect signals. Computational software used to detect signals from large library screens
report clones based on signal intensity. All clones discussed in this project were
identified manually, and assigned an "intensity" level based on the signal strength.
Significantly, the intensity of hybridisation was not a good indication of whether that
clone was indeed a Y chromosome clone. Some of the most intense hybridising clones
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mapped to the Y chromosome, while others were located elsewhere in the genome.
Conversely, some of the weakly hybridising clones mapped to the Y chromosome.
Since intensity of hybridisation signals was a poor indication of location, manual
identification of clones was more useful than image analysis software.
As several other researchers were screening the library concurrently with this project, a
list of 'monster' clones that hybridised to anything at all was rapidly assembled.
Approximately 40 clones showed hybridisation each time the library was screened,
whatever the probe used. These monster clones may be non-recombinant clones that
may still harbor the pUCa stuffer fragment. Osoegawa et al (1998) found that nonrecombinant clones still containing the stuffer fragment show up as very strong signals
on high-density filters. Clones such as these were ignored when they showed positive
hybridisation to any Y chromosome pro be.
Constructing a dot blot proved to a successful method to prioritise clones for further
characterisation. However, as useful as this technique is, it could miss many BA C
clones that do indeed originate from the Y chromosome, but cross hybridise to sequence
elsewhere in the genome, such as Y genes with homologs on the X and repetitive
sequences on other chromosomes. This experiment identified those clones that were
definitely male derived, but could not eliminate clones that were not male derived. It did
however indicate which clones should be preferentially mapped and characterised.
Interestingly, several clones identified by the dot blot as male-specific showed crosshybridisation to the tammar X, indicating these clones do in fact contain female DNA.
This could be explained by the use of blocking agents to suppress repetitive sequences
within the clones. If suppression DNA levels in the hybridisation of female DNA to the
dot blot were high enough, it is possible that the NOR related heterochromatin was
completely blocked, stopping any hybridisation of the female DNA to these clones.
Repeating the experiment with no suppression DNA would indicate if this were the
case. Alternatively, it is possible that the dot blots were washed at too high a stringency,
and that hybridisation to this NOR heterochromatin was washed off before detection.
One further possibility is the amount of BAC DNA on the dot blot compared to the
library filters. The quantity of BAC DNA of each clone on the library filters is
unknown, as colonies are spotted on the filters and allowed to grow overnight. The
quantity of DNA is dependant on the size of the BAC insert. It is possible that there was
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not enough DNA of each clone spotted on the dot blot filters, resulting in the
hybridisation signal being less than seen on the BAC library filters. This could be
alleviated by either increasing the quantity of DNA on the do blot, or by leaving the dot
blot to expose to autoradiograph film for longer. However, as the monster clones show
very strong signals, increasing the exposure time may result in these signals obscuring
other clones on the blot.
The method of using female DNA as a probe was so successful on the dot-blot, that I
explored the idea that the technique could be used to detect Y-specific BACs in the
entire library. 25rig of female tammar genomic DNA was used to screen the library.
The resulting filters had so much positive hybridisation that it was impossible to
identify any clones that did not hybridise to the female DNA. The density of the clones
was so high, that using such a complex probe proved to be unsuccessful.

3.5 CONCLUSION
A total of 153 clones were detected from the tammar wallaby BAC clone using DNA
from both a microdissected and a flow-sorted chromosome. Based on an estimated size
of the tammar wallaby Y chromosome of 10-12Mb, and a library redundancy of 2.2
times, we would expect to recover ,. _, 100 clones from each of the microdissected and
flow-sorted

Y probes.

This

indicates

that

the

Y

chromosome

is

slightly

underrepresented in the library, or that taken individually, these techniques are not
sensitive enough to detect all clones. Undertaken together, the use of both
microdissected and flow-sorted chromosomes allow the recovery of more unique Y
chromosome clones, and the creation of a highly enriched Y chromosome specific sublibrary. Screening the tammar BAC library with DNA from both a microdissected and a
flow-sorted Y chromosome resulted in an ,.._,330-fold enrichment for Y chromosome
clones compared to the total genomic BAC library.
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CHAPTER

4

SEQUENCING AND
ANALYSIS OF
TAMMAR

BACY

CHROMOSOME
CLONES

4.1

INTRODUCTION

Comparative genomics is an excellent method to identify functional regions of a
genome. By comparing homologous regions of genomes of two or more species allows
researchers to highlight those sequences that have undergone positive natural selection,
and are contributing to the phenotype of the species.
Frederick Sanger's invented DNA sequencing and shotgun cloning over 20 years ago
(Sanger et al, 1977a). Since then, the the shotgun cloning and sequencing process has
been almost completely automated and large-scale genome sequencing centers are now
sequencing billions of nucleotide bases each month (Lander et al, 2001 ).
The first critical step in shotgun sequencing is the shotgun plasmid library construction.
It is essential that the shotgun clones are uniform in size, are non-chimeric, and are a
representation of the whole genome. Clones that are uniform in size are essential for
reassembly of the genome, as the distance between forward and reverse reads of any
shotgun clone is used as a test of whether the reassembly is accurate. Non-chimeric
clones are essential so that any single read can be assumed to be a contiguous sequence
from genome sequenced, or the subsequent reassembly will be incorrect. A high quality
library will have an equal representation of all parts of the genome, a minimal number
of clones with no inserts, and no contamination from mitochondrial or other DNA.
Robust and reproducible isolation and amplification of the shotgun clone DNA is
necessary for successful DNA sequencing. The most common methods to prepare
template DNA for sequencing used to include solid phase reversible immobilisation
(SPRI) bead technology and commercial plasmid DNA isolation kits. These both need
an overnight bacterial growth period to amplify the target DNA, followed by a plasmid
isolation step. A new technique is being used which uses rolling circle amplification
(RCA) (Fire and Xu, 1995), a process that amplifies DNA directly from a circular
template from either a picked colony, or a microliter volumes of culture, or glycerol
stocks (Reagin et al, 2003). As RCA can be done on a single bacterial colony, the
overnight growth periods is eliminated, and no plasmid preparations are needed,
drastically cutting down on the amount of labor, cost and time involved. It has been
shown that templates produced through RCA yield more consistent and higher quality
sequence than other methods (Predki et al, 2004 ).
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At present, most DNA sequencing is done using the dideoxy chain-termination method
(Sanger et al, 1977). This is similar to a normal PCR reaction, but in addition uses
analogs of the normal deoxynucleotide triphosphates (dNTPs), which act as DNA chain
terminators by interfering with the activity of the DNA polymerase. A dye is attached to
the primers to allow for detection. A separate sequencing reaction is done for each base,
and DNA polymerase synthesises a population of single stranded DNA fragments of
varying lengths, each complementary to the template strand and extending from the
primer site to a position of that base. These fragments are then separated on an
electrophoresis gel according to their size, and the relative size of each fragment, along
with the identity of the terminating base, allows the template sequence to be deduced
(Sanger et al, 1977).
Automation of the sequencing process was first carried out in 1986, using fluorescent
molecules attached to the primer rather than a regular dye (Smith et al, 1986). A
different fluorochrome is used for each base allowing all four bases to be amplified in
the one reaction, and also allowing for only one gel lane to be used per sequencing
reaction, increasing the number of reactions you can do on the one gel. At the end of the
gel, a laser excites the fluorescent dyes as they pass, and a detector measures emission
intensities as they pass, at four different vvavelengths. This happens continuously during
electrophoresis, allowing for a gel image to be constructed and a sequence inferred.
The continuous running of the gel also allows for relatively short gels to be used,
decreasing the cost of the experiment. Running all the :fragments in the one lane also
eliminates the problems of irregular conditions across a gel, as all fragments will
undergo identical electrophoretic conditions (Smith et al, 1986).
In modern large-scale automated sequencing, it is the chain terminators that are labeled
with fluorescent dyes (Smith et al, 1986; Prober et al, 1987) rather than the primers.
The major advantage of this is that false 'ends', where a chain has been terminated with
a deoxy rather than dideoxynucleotide triphosphates, are not seen, as these molecules
are unlabeled.

The major disadvantage of this method over using dyes attached to

primers is that the resulting sequence read is often of lower quality (Rosenblum et al,
1997).
Sequencing of large clones is generally done by the 'shotgun' approach. This involves a
shotgun phase, in which large clones are randomly sheared and these smaller :fragments
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ligated into vectors where they are sequenced. In the second phase, these raw trace
sequences are assembled into contigs. The first task in assembly of raw trace sequences
is that of 'base calling', a process by which the raw chromatogram data is turned into
sequence 'reads'. The chromatograms are examined and the relative position of each
individual base is determined. The next task is to assemble these trace sequences in to
'contigs' to create a continuous consensus sequence. In the finishing phase the
assembled contigs are inspected for, and corrections made of, various anomalies,
including un-removed vector sequences, contaminate reads, and chimeric clones. This
finishing stage is done using interactive programs known as sequence editors. Finally,
additional data can be collected to close any gaps and improve low quality regions, and
manual editing is carried out to correct any assembly errors.
This second phase is currently the main bottleneck in large-scale genome sequencing
efforts, and the reduction of human intervention at this point is crucial. To this purpose,
various automated programs have been developed. The phred-phrap program suite was
used to assist in the assembly of trace sequences generated from the sequenced BAC
clones. phred is a base-calling program; Cross_Match is used for screening out any
vector sequences,· phrap is a sequence assembler; and Consed is a sequence editor, and
is used to visually display aligned sequences and allows users to manually adjust any
assembled sequence.
Trace sequences are usually displayed in the form of chromatograms (Figure 4.1 ),
which consist of 4 different colored curves, each representing one of the 4 bases. Each
peak represents a terminated fragment as it passed the excitation laser, reading from left
to right from the shortest fragment to the longest, corresponding to each base of the
template DNA. A model trace sequence would have evenly spaced, non-overlapping
peaks. However, real sequence can be different from this. Because of inconsistencies in
the migration of small fragments, due to the relatively greater effects of the dye, and
also the presence of unincorporated sequencing molecules, the peaks of the first 50 or
so bases can be indeterminate and unevenly spaced (Lee et al, 1992). Similarly, the
bases at the end of a read can also become progressively uneven, as the relative mass
difference between successive :fragments decreases. One of the major efforts of the
large-scale genome sequencing efforts is to improve the length of the high-quality
reads, and to overcome these problems towards the ends of longer fragments.
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~
FIGURE

4.1 Example of a chromatogram such as that outputted by both MegaBACE

4000 (Amersham Biosciences) and ABI 3730xl DNA Analyser (Applied Biosystems)
sequencing machines. Each peak correlates to a single base in the sequence.

Other problems that can be encountered at this stage in sequencing DNA include weak
signal strength, and 'background noise' that appears as peaks but do not represent bases.
This can be due to impure or degraded reagents, or errors in protocol. Secondary
structures in the template can also cause problems with polymerase activity, and short
repeats within the sequence can result in 'slippage' of the polymerase, both of which
may result in less than ideal chromatograms.
The main task of base-calling programs is to produce the optimal sequence given all
these potential problems of sequencing. One of the earliest base-calling software was
developed by ABI (now Applied Biosystems) as part of their sequencing machines and
this remains one of the most accurate programs to this day. Various other programs
have also been developed (including those by Berno, 1996; Giddings et al, 1993),
however none have been able to match the ABI standard for accuracy (Ewing et al,
1998).
Dr. Phil Green and co-workers at the University of Washington in Seattle developed the
program suite consisting of phred, Cross _Match, phrap, and Consed. phred is a basecalling program for DNA sequence traces; Cross_Match screens out vector
contamination; phrap assembles sequence reads; and Consed is a sequence editor. They
are widely used by some of the largest commercial and academic genome sequencing
centers. All of these programs are available free of charge to academic users directly
from the authors, or distributed through CodonCode Corporation. The phred,
Cross_Match, and phrap programs are for Windows, MacOSX and Unix platforms,
whereas Consed is for MacOSX and Unix platforms only. A similar program,
CodonCode Aligner, can be used instead of Consed on non-Unix platforms.
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The finishing phase is currently the main bottleneck in large-scale genome sequencing
efforts. Complete automation of sequence data processing would be ideal and may be
feasible in the near future. Currently however, extensive human interaction is still
needed, and is normally done using an interactive computer program known as a
sequence editor. Various sequence-editing programs have been developed for this
purpose and are available both commercially and from academic developers, including
gap4 (Dear and Staden, 1991; Bonfield et al, 1995), Sequencher (Gene Codes
Corporation), DNA-Star SEQMAN (Swindell and Plasterer, 1997), Autoassemble
(ABI) and Consed (Gordon et al, 1998).
These sequence editors must be able to do multiple tasks, including displaying the
various sequence reads; allowing access to underlying raw data such as trace sequences
to allow the user to make consensus sequence decisions in areas of lower quality reads;
allowing detection of regions where further sequence data is needed; and helping in
determining oligonucleotides needed to fill in any gaps in the sequence.
One of the greatest challenges facing researchers today is what to do with the vast
amount of sequence data being generated. Obtaining the sequence is only the first step
into understanding the genome of a species. With the advent of large-scale genome
projects, there is an avalanche of sequence data from a growing number of species. A
major challenge now is to detect the genes embedded in these sequences and to try and
decipher their functions.

When new genomic sequence is produced, one of the first tasks to be undertaken is
determining of the protein coding regions within the sequence. The annotation of the
new sequence includes marking all known genes and repetitive elements, and predicting
unknown genes. The positions of known genes can be deduced comparatively by using
the genomic sequence to search databases of known genes, proteins, and ESTs. There
are several programs that predict the locations of putative genes by searching the DNA
for features of coding sequence. Gene prediction plays a critical role if the new
sequence is novel and there are not homologous genomic regions within the databases
from other species.
For comparative genomics studies to be most powerful, it is imperative to compare
species that represent an appropriate evolutionary distance. If the species are too closely
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related, sequence alignment will be relatively straightforward, but somewhat
uninformative. If the species are too distantly related, it will be difficult or even
impossible to obtain an accurate alignment between them. They may have diverged too
much to preserve any significant similarity. The best picture can be obtained by
comparing multiple species, covering a wide range of evolutionary distances, allowing
the focus to be on the most conserved elements that probably reflect essential elements
shared by all species.
There are two main approaches to gene discovery in genomic sequence. The extrinsic
approach is a comparative homology approach, looking for similar sequences in
databases that contain a bank of known sequences, as sequence conserved between
distantly related species is likely to be functional. The intrinsic approach is gene
prediction, looking for genes based on known signals within the sequence, and is known
as intrinsic. Genes not found by comparative methods can sometimes be located by
predictive methods, especially for genomes that do not have very much experimental
data. Several programs are available that predict the locations of putative genes by
searching the DNA sequence for common features of coding sequence such as open
reading frames, GC content, and exon/introns boundaries.
The main problem with the extrinsic approach is the limited extent of the databases for
some species, and also of the quality of the sequences present. For many species only a
female has been sequenced due, to the problems associated with the repetitive Y
chromosome, so there is therefore no Y sequence available for several species.
Furthermore, even when good similarity is found, the regions of similarity are often not
precise, making it hard to confidently assign the intron/exon boundaries and other
features. There are ways of avoiding some of these problems, and these will be
discussed below. The main problem with the intrinsic methods is that they only fmd
protein coding genes and specific classes of RNA genes. This method will miss any
untranslated regions (UTRs ), and have trouble dealing with situations such as
alternative splicing. Using a combination of both extrinsic and intrinsic methods should
give the best result.
There is a huge interest in the genes on the mammalian Y chromosome. It is a small,
heterochromatic element that harbors genes of benefit only to males, and the strong
evolutionary forces acting of the Y have rendered it small and gene poor. The marsupial
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Y represents a minimal mammalian Y chromosome and shares the same set of critical
male-specific genes with human. Sequencing the gene-rich region of the tammar Y will
reveal any further sequences conserved over the 180 million years since the divergence
of the marsupial and eutherian lineages. This may lead to the discovery of novel Y
genes and the regulatory elements associated with them. Three tammar Y chromosome
BAC clones, known to contain the SRY, REMY and ATRY genes, were sequenced at the
DOE Joint Genome Institute, and the sequenced analysed for the presence of genes, and
for potential sequences involved in the regulation of these genes.

4.2 MATERIALS AND METHODS
The three BAC clones were sequenced and the sequenced assembled using the

phrap/phred suite of programs. The tammar Y chromosome BAC clone sequence was
then characterised, including having genes identified by comparative and predictive
methods.

4.2.1

SEQUENCING OF CLONES

Shotgun clone libraries were created for each of the three BAC clones being sequenced,
the DNA prepared from these clones, and the clones sequenced.

Creation of Shotgun Libraries The Qiagen Maxi-Prep kit was used to isolate plasmid
DNA from glycerol stocks of the BAC clones according to the manufacturer's
instructions. Approximately 30ug of BAC DNA was sheared with a Hydro Shear (Gene
Machines) to an average length of 3kb. These fragments were blunt end repaired and
then size selected on 1% agarose gel for an optimal size of 3-4kb. The :fragments were
excised from the gel using the Qiagen Gel Purification Kit according to manufacturer's
instructions. They were ligated into pUC 18 vector (Roche), which had been cut with the
Smal restriction enzyme and dephosphorylated prior to use. Ligations were carried out
in a PE 9700 PCR machine, and electroporated into ElectroMAX DHl OB competent
cells, and a test of each transformation was plated onto agar plates supplemented with
ampicillin, IPTG, and X-gal (Teknova).
At this stage the shotgun clones went through two quality control (QC) steps. Firstly, a
PCR QC was done to a to ensure the clones have inserts of approximately 3-4 kb, and a
sequencing QC to verify that the DNA is from the correct organism and to determine
the insert size of the clones, and the percentage of clones with inserts. Both QC
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procedures verify that there are both small and medium insert sizes and therefore no
cloning bias with the shotgun library.

DNA Preparation Transformation stock was plated onto 254 x 254mm dry bioassay

plates (Teknova). This was done with glass beads to assist in the even distribution of
colonies. The plates were incubated for 18 hours at 37°C. A Q-pix Colony Picker was
used to pick bacterial colonies from the large bioassay trays and inoculate them into
384-well NUNC plates containing LB broth with 7.5% glycerol in preparation for
amplification and sequencing.
The

TempliPhi™

DNA

Sequencing

Template

Amplification

Kit

(Amersham

Biosciences) was used to amplify the plasmid DNA template. Random hexamer primers
(Dean et al, 2001) bind to sites throughout the denatured circular template, permitting
bacteriophage Phi29 DNA polymerase (Lizardi et al, 1998) to begin multiple
amplification events and can generate 3-5ng of template from a single bacterial colony
in 4 hours (Reagin et al, 2003). Phi 29 DNA polymerase has a proofreading activity,
and has been shown to have a very low error rate (Dean et al, 2001). The DNA
generated can be used directly in a sequencing reaction, as no cleaning up of the product
is needed.
Sequencing of BAC Clones The BigDye® Terminator Cycle Sequencing Kit v3.1 (PE

Applied Biosystems) was used to sequence plasmid DNA that has been amplified by
rolling circle amplification. Energy-transfer fluorescent dyes are attached to the chain
terminating dideoxynucleotide triphosphates. The makers of this kit (Rosenblum et al,
1997) developed a set of dyes that result in improved sequence reads compared to other
DNA sequencing chain terminators dyes. A DNA cleanup process was carried out using
BioMek FX robots, to increase the quality of sequencing data by removing unwanted
salts, enzymes, primers, unincorporated dyes and nucleotides, and other contaminants
that diminish the quality of DNA sequence reads.
Both MegaBACE 4000 (Amer-sham Biosciences) and ABI 3730xl DNA Analyzer
(Applied Biosystems) sequencing machines were used in this project.
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4.2.2 ASSEMBLY OF SEQUENCE
4.2.2. 1 PHRED
phred is a program that reads DNA sequence trace data, calls bases, and assigns quality
scores to each base. These called bases and their quality scores are used by the sequence
assembler phrap to assemble these reads into contigs.

The phred base-caller procedure can be described in four phases (Ewing & Green,
1998). The first phase is to determine an idealised set of peaks, known as peak
prediction. As fragments are normally relatively evenly spaced in most regions of the
gel, this determines where the peaks would be in there were no anomalies. In the second
phase the actual, or observed, peaks are identified in the trace sequences, and the third
phase invo Ives matching the predicted peaks to the observed peaks. This allows
discrimination of noise peaks from true peaks, and will also help to resolve areas where
peaks are merged. This can involve omitting some peaks, and splitting others into two
or more peaks. The sequence 'read' is then determined by ordering any observed peaks
that have a match to a predicted peak. If there is no observed peak to correspond to a
predicted peak, a base-call ofN is assigned. Occasionally, there are observed peaks that
clearly represent bases, but have no corresponding predicted peaks. In the forth phase,
these observed peaks are examined, and if they meet several criteria, the corresponding
base is inserted in to the read sequence.
It is argued by the authors that phred has a better base calling accuracy than other
leading software, in particular a 40-50% lower error rates than the ABI software on test
data sets (Ewing et al, 1998). Aligning sequence reads produced by both phred and ABI
was done to test the accuracy of the phred program. In three separate sets of cosmid
sequence data, base-calling accuracy was higher using the phred program (Ewing et al,
1998), although accuracy decreased towards the end of the read for both programs.
The novel feature of phred compared to other base-callers is the generation of an error
probability of each based called (Ewing & Green, 1998). Since different base-callers
can produce different quality reads a measure of the reliability of each base-call is
useful in making the best use of such data. Having error probabilities allows for a more
accurate consensus sequence to be derived, as where there is a discrepancy between
overlapping reads, those with lower error probabilities can be given more weight in the
final decision. Sequence reads with high error probabilities can be disregarded
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altogether. Error probabilities from individual reads are summed to provide an error
probability for the consensus, allowing for more directed 'finishing', by highlighting
which areas of the sequence need additional or higher quality data to achieve a high
quality consensus sequence.
After calling bases, phred examines each peak and assigns an error probability, or
'quality score', to each base call. These scores are generated from certain parameters
calculated from the trace data (Ewing & Green, 1998). Errors made by base-callers are
often attributable to other peaks in the region of the miscalled base, so phred examines
regions surrounding each base to calculate the quality score. A window is created
around each base including three peaks on either side of the base-call being assessed,
and four parameters are considered (Ewing & Green, 1998). The first is the peak
spacing; that is, the ratio of the largest peak-to-peak spacing to the smallest peak-topeak spacing. Evenly spaced peaks are ideal and will lead to a higher quality score. The
second parameter is the ratio of called to uncalled bases, where having no uncalled
bases in ideal, and will also lead to a higher quality score. The third parameter is the
same as the second, but using a three peak window rather than a seven peak window;
and the forth parameter is the peak resolution, which is how many bases there are
between the base in question and any unresolved base, such as a base called as an N
(Ewing & Green, 1998). An N denotes a nucleotide position where there is known to be
a base, but which base it is cannot be determined.
These quality scores can range from a low of 4 to a high of 60, with the higher values
indicating a higher quality. These scores are logarithmically linked to error probabilities
as indicated in Table 4.1.

It has been shown that the error probabilities assigned by phred are very accurate. If

phred assigns a quality score of 40 to a base, the chances that this base is called
incorrectly are indeed just 1 in 10,000 (Ewing & Green, 1998), and that the quality
scores given by phred correspond to judgments on quality from a human reviewer.
Independent testing of this showed high accuracy for sequences generated at different
laboratories, each using a different combination of sequencing enzymes, fluorescent
dyes, and gel run conditions, and the researchers showed that highly accurate error
probabilities were produced independent of both the sequencing methods and the
quality of the sequence (Richterich, 1998).
148

TABLE

phred quality score

Probability that base
call is wrong

Accuracy of the base
call

10

1 in 10

90%

20

1 in 100

99%

30

1 in 1,000

99.9%

40

1 in 10,000

99.99%

50

1 in 100,000

99.999%

4. 1 Correlation of the phred quality score of an individual base to the predicted

accuracy of that base call. The higher the quality score, the higher the predicted
accuracy is for that base call.

As phred also generates highly accurate, base-specific quality scores for each base call,
it allows for an increase in the automation of the sequencing process, allowing for a
more accurate consensus sequence, and automatic identification of regions requiring
finishing efforts. By looking at the quality scores of bases in individual sequences,
failed reactions or low-quality reads can easily be identified, and if necessary,
discarded. phred quality scores have become widely accepted for characterising the
quality of sequences (Ewing & Green, 1998), and are also used by the sequence
assembly program phrap to generate better assemblies.

4.2.2.2 CROSS_MATCH AND PHRAP
Cross_Match is a fast Smith-Waterman alignment (Smith & Waterman, 1981) program
used to screen out any vector contamination. Vector sequence will undoubtedly be
present, both from the shotgun vectors, and also any vectors originally used to clone
large genomic DNA inserts, such as BAC and cosmid vectors. All sequences from
vectors used in the project are compared to the set of reads, and any reads containing
vector sequence are removed from the assembly.
The phrap program is for assembling shotgun DNA sequence data, and enables fast
assemblies of sequences from cosmid to BAC sized projects. On high-powered
workstations, it typically only takes minutes to assemble up to two thousand reads.

phrap uses the error probabilities of individual bases as assigned by phred to determine
accurate consensus sequences. It examines each sequence at a given position, and will
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use the highest quality sequence to build the consensus sequence. The method used by

phrap will give a significantly more accurate consensus sequence than older programs
that use a 'majority rules' approach, especially in regions of low coverage and regions
that are difficult to sequence due to high numbers of repeats, such as the Y.
As the base calling program phred generates a quality score for each base, this allows
for the full length of the read to be used in the assembly by phrap. Older programs
require that the sequences be trimmed of all low quality data, which would often cause
correct overlaps to be missed. phrap can use the full length read and give a lower
weighting to low quality reads. In an area of low coverage of shotgun clones, this can
result in recognition of more correct overlaps.
The phrap program also gives a quality estimate of the consensus sequence, using the
quality scores of the individual trace sequences. It also uses 'other strand' information
to further confirm the accuracy of the consensus, and generates a consensus sequence
with a probability of error at each base allowing the user to ignore random errors, and to
focus on regions where the data quality is insufficient.

4.2.2.3 SEQUENCE EDITORS
The sequence editor used in this project was Consed (Gordon et al, 1998), a program
developed by the makers of phrap and phred to be used in conjunction with these
programs. The main feature of this whole suite of programs is their emphasis on
objective criteria to measure the accuracy of sequences and assemblies (Gordon et al,
1998). As described above, phred uses trace sequence parameters to generate error
probabilities of each called read base (Ewing et al, 1998; Ewing and Green, 1998),
while phrap uses these error probabilities with the read alignment to give an error
probability to each base in the consensus sequence. Consed uses the error probabilities
generated from the phrap-phred programs as objective criteria to help guide the
finishing process.
The view of the developers of Consed is that all sequencing should have a pre-defined
accuracy target for the final consensus sequence, and that finishing should be directed at
that target (Gordon et al, 1998). After assembly of the finished reads, the expected
number of errors in the consensus sequence is determined by summing all bases of the
per-base error probability as determined by phrap, and regions of sequence that make a
large contribution to the expected number of errors are therefore identified. Additional
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data can be obtained or editing done in such regions to reduce this expected number of
errors in the consensus sequence until it drops below the expected target level (Gordon

et al, 1998). Consed was therefore developed to implement this finishing strategy.
The major distinctive feature of Consed is its use of these error probabilities as the
primary force in guiding the entire finishing process (Gordon et al, 1998). Gordon
argues that there should be minimal human intervention in the editing process· and
almost no manual read editing should be done ; rather, any errors in the consensus
sequence should be fixed by forcing it to agree with the highest quality read. Consed is
designed to discourage human operations that could be better carried out by a computer,
on the supposition that while human editing is generally effective at a local level (i.e.
inspection of raw data and correction of base calls), global issues involving the whole
data set is better handled algorithmically. Consed allows the human user to indicate that
certain reads have been assembled inappropriately, but the re-assembly to correct this
error is handled by the computer (Gordon et al, 1998).

Consed has various features that allow the assembled sequence to be visualised and
edited (Gordon, 2004). Firstly, there is ' assembly view' which shows an overview of
how the contigs are assembled, including how they are ordered, and the orientation of
each contig. Figure 4.2 shows captured images from Consed showing both an ideal and
a non-ideal assembly.

A)

B)
FIGURE

4.2

A) An ideal Consed assembly. B) A non-ideal Consed assembly.
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The numbered gray bars are the contigs. In the best case, such as that in Figure 4.2a,
there will be only the one contig representing the entire clone being sequenced.
However, there is often more than the one contig as in Figure 4.2b, indicating there are
gaps present in the sequencing. The pink number within the grey bar indicates the
contig number; a 'c' after the number indicates that the sequence reads in the opposite,
or complementary, orientation. Sometimes the order of these contigs relative to each
other can be determined depending on the size of the gap. The ordered contigs are
known as a 'scaffold'.
Ideally, the forward and reverse mate pairs of each shotgun clone should be within the
3000bp average maximum read length and be pointing towards each other. The red lines
indicate inconsistent forward and reverse read mate pairs, and are indicative that the
sequences may have been misassembled. Even in the best possible assembly, a few of
these inconsistencies will be present. The blue triangular lines above the contigs are
gap-spanning consistent forward-reverse pairs, indicating they are the right distance
apart, but there are not enough data to fill in the gap. Where these lines are purple, they
indicate that there are one or more pairs on top of each other. Other features can be
displayed in this view, such as sequences repeated within the assembly, and are
apparent as colored lines joining parts of contigs. This greatly confuses the view and it
is often better to minimise these features. Figure 4.2a is an ideal sequence assembly,
with only the one contig with no gaps, and a minimum of assembly irregularities. Figure
4.2b is a non-ideal sequence assembly with several contigs, and countless inconsistent
forward/reverse pair reads. It should be noted that Figure 4.2b is particularly bad, and is
from a highly repetitive region of the tammar wallaby Y chromosome. The region is rife
with LINE elements, and assembly in this region is difficult.
The dark green line above the contig is the read depth of clones with a quality score of
20 (or 99%) or higher. Read depth, or redundancy, is the number of shotgun clones that
cover any particular base. The greater the read depth, the higher the confidence in the
consensus sequence, and a high read depth throughout the clone would be ideal.
Various factors can reduce the read depth, mostly influenced by the template sequence
itself. A region of short or long tandem repeats is often hard to sequence through, as are
regions of high G-C content, which are commonly present in areas of non-coding DNA.
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The bright green line above the contig indicates, for each base, the depth of subclones
that have a consistent forward and reverse pair. This is a measure of the confidence of
assembly at each base, as the clone is described as consistent if the forward and reverse
reads are the same at any base. If the forward/reverse pair depth is close to zero, it
indicates that phrap has misassembled reads. Once again, Figure 4.2a has an ideal read
depth and depth of forward/reverse pairs. Figure 4.2b has a good read depth for some
regions, but for other regions does not. The researcher can alter what features are
displayed at any time to avoid obscuring information (e.g. both green lines are
somewhat obscured in Figure 4.2b).
The second view that allows the assembled sequence to be visualised is that of the
'Aligned Reads' window (Figure 4.3).
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4.3 shows a screen capture of the Consed Main Window, Aligned Reads
Window and Trace Window.
FIGURE

From the Consed Main Window, shown in the left hand panel, the investigator chooses
which contig they wish to examine, and clicking on the contig will bring up the Aligned
Reads window for that contig, shown in the top left panel. On the left hand side in
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yellow is the list of all the different sequence reads for this part of the contig. The
yellow arrows indicated whether they are forward or reverse reads, and the consensus
sequence runs along the top of the screen. The numbers above the consensus sequence
indicate the position of each base within the consensus sequence. The buttons found at
the bottom of the screen allows scrolling along the whole length of the contig.
The background color that each base is shaded indicates the quality score of that base as
assigned by phred. The darker the shade of grey means the higher the error probability
and therefore the less reliable the base. Bases shaded white have the lowest error
probability, and are therefore highly reliable. The same is true of the consensus
sequence using the error probabilities assigned by phrap, so an ideal consensus
sequence would be represented as entirely white. Bases appearing in lower case have a
low quality score, while upper case indicates a higher quality. Bases within the reads
colored red have high quality scores but do not agree with the consensus sequence, and
colored bases in the consensus sequence indicate that base has been manually edited.
The individual sequences reads can also be under lined in various colors that indicate
various anomalies, including that a sequence is repeated somewhere else within the
contig, or possible chimeric sequence. This coloring quickly draws attention to
problematic areas. Strings of individual bases can be copied, and searched for elsewhere
in the sequence, which is useful when looking for regions of repeated sequences without
having to scroll through large amounts of bases. Chromatograms for one or all of the
individual reads can be displayed in the trace window if needed, and examination of
these chromatograms allows users to make manual decisions on base calling.
From within this screen of Consed it is possible to make various alterations to the
consensus sequence. As the sequence is all color-coded, areas that are problematic are
easily identified, including those areas with too high error probabilities, bases which
have a very low error probability but do not agree with the consensus, and regions that
are covered by only one or a few shotgun clones.

If there is doubt as to the true

alignment of a region, it is possible to tear a contig in two, move individual reads to
other parts of the contig or remove them altogether, add extra reads without having to
reassemble the clone in phrap, and to try different alignments from within the contig.
Bases in the consensus and read sequences can be added or deleted by the user.
Assemblies from phrap are saved in Consed as .ace files, and each subsequent assembly
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is saved as another .ace file. This allows different assemblies to be tried without altering
the assembly suggested by Consed.

Consed also has a finishing tool, known as Autofinish (Gordon et a( 2001). After the
initial assembly of shotgun reads, there are often areas of low quality sequence, areas
that are covered by only a single shotgun read, and sometimes more than one contig.
Autofinish will automatically choose a custom primer pair that will close any gaps in
the sequence, and also direct the user to the correct subclones to use in a PCR reaction
to generate the sequence needed. In areas of low quality sequence, multiple primer pairs
will be chosen in an effort to increase the quality of the sequence. This allows the user
to collect additional read data, which can then be entered; the reads re-assembled, and
then further editing to correct any errors in the new assembly. In practice, several
rounds of finishing are usually needed. Autofinish does the most tedious and routine
part of the finishing process, reducing the amount of human interaction needed, and
helping to speed up this current bottleneck in genome sequencing. In the best possible
case, Autofinish can finish a project without any human decisions (Gordon et al, 2001).
Once the consensus sequence is satisfactory, it is exported from Consed in the form of a
fasta file.

4.2.3 ANALYSIS OF SEQUENCE
4.2.3.1 EXTRINSIC GENE DISCOVERY
As discussed in Chapter 1, searching databases of known sequences is an essential step
in identifying any known sequences within the query sequence. The main database
utilised in this project was the NCBI GenBank database, an annotated collection of all
the publicly available nucleotide sequences and their protein translations.
To search the NCBI GenBank databases, the database search tool BLAST (Basic Local
Alignment Search Tool) is used (Altschul et al, 1990). BLAST is a local alignment
program that works by finding common patterns shared between two aligned sequences
(Altschul et al, 1990), and then extends outwards from these to obtain longer matches.
The BLAST database search tools, available on the NCBI website, allow researchers to
search the databases within GenBank in different ways (Altschul et al, 1997). The query
sequence is entered into the 'search' box, databases and search parameters are set, and
the search enters the NCBI pipeline.
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The BLAST tools utilised in the project were:
-BLASTX (translating blast) compares a nucleotide query sequence translated

in all reading frames against a protein sequence database ( Gish and States,
1993). This tool takes the query sequence and translates in into a protein
sequence, which it aligns to protein databases to identify similar sequences.
-BLASTN (nucleotide-nucleotide blast) compares a nucleotide query sequence

against a nucleotide sequence database. This tool takes the query sequence, and
aligns it to the nucleotide sequence databases to identify all similar sequences.
-bI2seq (blast 2 sequences) uses the BLAST local alignment algorithm to align

any two sequences, giving the resulting alignments in text and graphical
formats. This saves unnecessarily searching entire databases when the sequences
being compared are already known, and saves valuable computer processor
time. Bl2Seq finds multiple local alignments between two sequences, allowing
for discovery of homologous domains between two sequences (Tatusova and
Madden, 1999). Using this tool to compare a given sequence to itself will
identify any internal sequence duplications or other repeated regions. As in the
other BLAST tools, there are various parameters that are changeable, such as
gap penalties and gap extension penalties that will alter the outcome of the
alignment, although the default penalties are appropriate for most uses of the
program
As well as the different tools available within BLAST, there are other different
searchable databases available within GenBank, which are used depending on what is to
be accomplished. The databases used in this project were:
-nr (non-redundant) includes almost everything. The name of this database is

rather outdated, as with researchers producing such high quantities of sequence,
this database is now highly redundant. It includes all GenBank, EMBL, DDBJ
and Protein Data Bank (PDB) sequences, but not EST sequences. Searching the
nr database will show homology to everything, including known and annotated
sequences, but also non-annotated sequences in the database.
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-est (expressed sequence tag) is a database comprising ESTs from GenBank,

EMBL, and DDBJ sequences. An EST is a fragment of an expressed sequence
from the genome, and libraries of ESTs are a quick way to capture a complete
repertoire of genes expressed in a cell or tissue type (Adams et al, 1991). By
searching databases of known ESTs with the query sequence, regions of the
query sequence that have similarity to expressed sequences in other species can
be identified. This highlights those areas that may be coding sequence in the
query sequence. ESTs give only limited information on a gene, as most ESTs
represent only partial cDNAs and do not always allow for identification of gene
structure, however much of the EST databases have been annotated, so getting
an EST match can often mean an instant identification of a gene.
-RefSeq mRNA/genomic (Reference Sequence) database is a non-redundant

collection of DNA, RNA, and protein sequences (Pruitt et al, 2000). The RefSeq
database includes only one entry per DNA, RNA or protein sequence, that has
been validated and annotated, so a search of the RefSeq database results only in
hits that are known and annotated. RefSeq entries are not primary research data,
but rather a synthesis of all the available information on that sequence, similar to
a review article in scientific literature (Pruitt et al, 2000). There is the option of
choosing either RNA or genomic RefSeq sequences, and a RefSeq database is
also available when doing translated protein searches. To mark RefSeq entries,
their accession numbers always begin with "NM_" (for nucleotide entries) or
"NP_" (for protein entries).
When BLAST searches the databases to find similar sequences to the query sequence, a
score and an expect, or 'E', value is assigned to each database hit. The score is a direct
measure of the similarity of the two sequences; taking into number the amount of
nucleotide matches and mismatches, any gaps present and the length of the query
sequence. The higher the score the better the match. The E value describes the number
of hits that could be expected with a similar score just by chance in a search of a
database of a particular size. For example, an E value of one indicates 'that that one
match with a similar score would be expected just by chance in a database of that size
(according to the model of Karlin and Altschul, 1990). Hence, the E value will decrease
as the score increases, and the closer the E value is to 0, the more significant the match.

157

A scoring matrix is used to generate the score of a BLAST hit, by assigning number
values for nucleotide matches and mismatches and for gaps introduced into the two
sequences, in order to optimise the alignment. A positive value is assigned for each
match, while a negative value is assigned for each mismatch. A gap-opening penalty is
assigned for each initial gap, and a further penalty is assigned for each extension of that
gap. The score is the sum of the matches and mismatches, minus the sum of the gap and
gap extension penalties. This means that for each nucleotide match, the score increases,
whereas each mismatch will cause the score to decrease. Introducing gaps and extension
of those gaps will decrease the score. For example, two identical sequences will have
100% nucleotide matches, with no mismatches or gaps present, so the score would be
high. If the sequences were not so similar, mismatches and gaps would decrease the
score.
Similarly, for a translated protein database search, there is a 'substitution matrix' that
assigns a score for aligning any possible pair of amino acids. As for nucleotides, there
are positive values assigned to matched amino acids, and negative values assigned to
mismatches and gaps. However as there are many more amino acids than there are
nucleotide bases, these matrices are somewhat more complicated. As amino acids have
different biophysical properties, the scoring matrix combines the number of underlying
DNA changes required with an empirically determined weighting for the change in
biophysical properties. Substitutions between two amino acids with similar properties
(e.g. both being hydrophobic) will be assigned a relatively small negative value

indicating the substitution will have little influence on the activity of the resulting
protein. Conversely, if the two amino acids involved have totally different properties,
the negative value assigned will be much larger.
The basic search process of BLAST is to align the query sequence against all the
database entries, score each alignment, rank the database entries by score and report the
most interesting hits to the researcher. The first step in this process is to break the query
sequence up into 'words' of a predetermined length as set by the user. The default
setting of the word length is 11 bp. The database is scanned for these words, and if there
are two or more non-overlapping words within a certain distance of each other in the
query sequence match against a database entry with no gaps, this region will be
extended in both directions until the score drops below a set value. Changing the value
at which the ungapped extension will stop will allow the search to further extend these
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regions, but the alignment may not be as good, and the score may drop substantially.
Each entry is the database is subject to this process, and those entries with a significant
score are reported to the user. Decreasing the word size will increase the sensitivity of
the search but increase the time taken for the searches as more initial matches will be
found and used for the slower extension and gapped alignment.
I carried out several different BLAST searches in order to identify components of my
query sequence. Each different search can provide different information, so it is
important to perform every search possible. My initial search was done against the
whole GenBank database. Similarity with genomic DNA is a valuable source of
information for identifying exons, although it will not identify the exact positions of the
intron/exon boundaries, as it is limited to regions with a high level of homology. It may
therefore highlight just part of an exon, or conversely, extend into introns and
untranslated regions. There are many un-annotated sequences in the databases, which
can often provide all of the highest database hits, which gives no real information on
what is present in the query sequence. However, it is still worth running this search, as
some information can be forthcoming. The same search may then be run using only the
RefSeq genomic databases, as this avoids hitting un-annotated sequence and should
identify homologous sequences in other species and possibly identify any genes in the
query sequence. As well as identification of genes, this search will identify any other
known features within the query sequence, such as repeat elements and transposons.
My second approach was to align the query sequence against the RefSeq mRNA and
EST databases. This will highlight any coding sequence in the databases and should
identify exactly what genes are included, and may also identify transcribed but not
translated exons. This approach allowed me to establish the general structure of a gene,
although it may miss very small exons, as a component of the score depends on the
length of the hit, and small exons may end up with a low score even if their similarity is
high.
A final search done was a translation of the Y chromosome sequence into protein
sequence, in all three reading frames, and alignment against the protein databases. This
approach will identify most exons in the database. It is estimated that almost 50% of
genes can be identified by their significant similarity with a homologous protein
sequence (reviewed in Mathe et al, 2002). Exact identification of gene structure is not
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always possible, because homologous proteins may not share all domains, and
untranslated regions will not be found. This approach confirmed the results obtained by
the genomic and mRNA searches.
The problem with all these approaches, however, is the limitation imposed by the
databases available. If there are no sequences in the databases with enough similarity,
genes in the query sequence will not be identified. This is a particular problem for
marsupials, since there is currently very little sequence in the database, even though this
is improving daily. Computational prediction of genes is therefore necessary, and the
various programs meant for this purpose are described below.

4.2.3.2 INTRINSIC GENE DISCOVERY
Gene prediction plays a critical role if the new sequence is novel and there are no
homologous sequences within the databases from other species. Gene prediction
programs try to identify characteristics, or signals, of a typical gene. They look for
properties including nucleotide composition (as coding regions tend to have a higher
GC content than non-coding regions); compositional bias; hexamer frequency, and
codon usage. With the increase in genomic sequence being produced, a number of gene
prediction programs have also been released. These programs generally work on a
'trained' data set; that is, the programs have built models from known sequences. This
obviously limits the programs to known gene signals, but with the increase in the
number of genomes being fully sequenced, this data set is growing exponentially.
An approach to finding gene signals that may represent a coding region is to search for
a match in the query sequence with a consensus sequence for a known signal. These
consensus sequences are known as 'motifs'. The consensus is obtained from a multiple
alignment of related known signals, and is a set motif of set length. For example,
identification of a motif present at each exon/intron boundary allows it to be searched
for in new sequence to highlight novel exon/intron boundaries. A motif may be present
in sequence merely by chance, and using only one known motif may result in endless
false positives. However, there are several known motifs for different gene signals, and
identification of all these in new sequence will focus in on important regions that may
be genes.
The signals that are usually searched for are transcription factor binding sites and
TATA boxes, splicing sites, nucleotide composition, polyadenylation sites, translation
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initiation sites and stop codons. The gene density in the richest GC regions of the
genome are approximately 16 times higher than in the GC poorest regions (Mouchiroud

et al, 1991 ), so the nucleotide composition of any region is a strong indicator of whether
genes are likely to be found. Hexamer :frequency, which is the usage of words of 6
nucleotides in length, has also been shown to be a distinguishing variable between
coding and non-coding sequences (Fickett and Tung, 1992), and this characteristic is
utilized by several of the gene prediction programs available.
Algorithms have been designed to identify only the splice sites of exons and intrans.
These programs use Markov models to assume the probability of each base in a
sequence. Very briefly, Markov models assume that the probability of the appearance of
a given base at a given position depends only on the previous nucleotides in the
sequence, and programs that use Markov models require training on a set of sequences
on which these probabilities can be estimated. For example, a Markov model is
generated for coding sequence in human, and it can be determined whether a query
sequence has been generated according to this model. If it has, it can be assumed that it
is coding sequence. Obviously, the more sequences you have to train the models, the
more reliable these models are. Various variations on Markov models are utilised by
different programs, and a discussion of these is available in Mathe et al (2002). While
these gene prediction approaches to finding genes in new sequence have been shown to
be effective, they all tend to decrease in efficiency with larger query sequences. The
newest predictive programs available also take into account comparative information
from other species and genes, combining the results of a Blastx search with the gene
signals that identify the structure of genes present in the new sequence. This can
eliminate a lot of the false positive gene signals found.
Once all the signals of a gene have been identified, gene structure can be deduced.
There are usually many more gene signals in a given query sequence than can make up
a gene, but there are various conditions of a 'correct' gene structure that will eliminate
some of these signals. Exons cannot overlap, must be in the same coding frame and the
merging of a two adjacent exons cannot result in a stop codon at their junction.
Eliminating these incorrect signals will reduce the number, which can be further
reduced with combining this information with the comparative data.
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There are various known problems associated with gene finding programs. If a gene is
very long, or has either very long intrans or very short exons, exons may not be
predicted accurately, or not predicted at all. If the intrans and untranslated regions are
very conserved between species, it can cause problems with the programs that utilise
comparative information. Overlapping genes are known to be present in some vertebrate
species, and gene prediction programs do not currently find these. Polycistronic genes
(groups of genes controlled by the same cis regulatory elements) are also known to exist
in vertebrates, but as gene prediction programs are looking for signals associated to
individual genes, these are overlooked. Genes with alternative promoters for alternative
splicing variants can cause confusion, as there are several promoter signals are
associated with only one coding region. Some of these promoters can also lie within the
first exon, if this is not contained in the splicing variant. Comparative EST data can
sometimes alleviate this problem. It is argued, however, that if programs were to
attempt to take into account all of these issues, the overall accuracy of the programs
would be lessened (discussed in Mathe et al, 2002).
It has been shown that using gene finders designed for other species can produce highly

inaccurate results (Korf, 2004 ), and that it is best to use a gene finder that has been
designed for the species under investigation. The accuracy of a gene finder depends
mainly on training, which involves estimating the parameters of genes of the species,
including such things as codon bias and splicing signals for introns/exon boundaries,
which tend to vary from species to species. In the past, sequence was produced so
slowly that there was time to train a gene finding program for the species in question.
Now that sequence is being produced so quickly for so many species, there are no
specific gene finders for many species that are currently being annotated. Unfortunately,
the tammar wallaby is one of these species, and although there is a gene prediction
program in production specific for marsupials, it will not be ready for use in this
project.
As no specific tammar or marsupial gene prediction program was available, I chose to
use two different gene prediction programs and compare the results that from each. As a
rule, exons predicted by multiple methods are more likely to be correct and not
represent a false positive. A comparison to database search results was also done, to see
whether the gene prediction programs find known genes.
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MZEF-SPC (Michael Zhang's Exon Finder-Splice Proximal Check) is a program for
predicting internal coding exons in genomic DNA sequences (Zhang, 1997; Thanaraj &
Robinson, 2000). MZEF was chosen as it has a very user-friendly output, and when
tested on tammar wallaby BAC clones containing known and characterised genes, it
was consistent in the identification of exons and entire genes. MZEF identifies
exon/intron boundaries and nine other gene signals, and then calculates the probability
that an exon exists at any given location. It is able to deal with overlapping exons, and
incomplete genes in a query sequence. SPC is a program that discriminates real splice
sites from false ones as predicted by MZEF, and has been shown to confidently
eliminate nearly 70% of the false positive splice sites, while only losing 10% of the real
splice sites (Thanaraj & Robinson, 2000).
Genscan (Burge & Karlin, 1997) uses a three-periodic Markov model to identify
different regions in a query sequence. This means that there is three Markov models
used, one for each position in a codon. Genscan also takes into account the hexamer
frequency and GC content. The authors of Genscan claim the program is able to predict
multiple genes and partial genes in a sequence, and is able to deal with overlapping
genes present on both DNA strands. When tested on known sets of human and other
vertebrate sequences, it was able to identify 75-80 % of exons exactly (Burge and
Karlin, 1997). The emphasis of this program is to recognise factors common to most
protein coding genes, and to ignore those factors specific to specialised genes, such as
alternative splicing sites. Genscan uses the same methods to predict exons, but a major
difference is that it assigns a score to each predicted feature (that is exon or splice site),
rather than just the true/false scoring of MZEF-SPC. This score is a log-odds measure
of the quality of the feature based on local sequence properties; the higher the score, the
more likely the predicted exon is a true exon. Genscan also assigns a probability, which
is an estimation of the probability that the exon is a real exon, based on the Genscan
model of genomic sequence structure, and also its fit with neighboring exons. Predicted
exons with higher probabilities should be more likely to be correct than those with
lower probabilities, where the highest probability is 1. A predicted exon with a higher
score and high probability would be an ideal candidate for a true exon. This score
makes decisions about which predicted exon is the correct one more directed, rather
than just choosing the one with the closest match to the homology data.
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4.3

RESULTS

Three tammar Y chromosome BAC clones, containing the REMY, SRY and ATRY
genes, were fully sequenced and assembled by the Department of Energy Joint Genome
Institute Production Genomics Facility in Walnut Creek, California. I examined the
assembled sequences in consed, and undertook various BLAST searches of the
sequences to validate discrepancies in some regions. With the assistance of Ms. Jennifer
Kuehl (Joint Genome Institute, Walnut Creek), a small amount of manual editing was
done to the consensus sequences of the clones. Each clone was aligned to itself using
the BLAST Bl2seq tool to further verify the integrity of the assembly. Each clone was
then the subject of several complementary BLAST searches, to further confirm the gene
content, and to discover any other genes or features in the clone. To more accurately
analyse the structure of any genes found on the clone, two gene prediction programs
were used to predict the splice sites of exons/intron boundaries.

4.3.1 BAC CLONE 112D12
BAC clone 112D12 was isolated from the tammar wallaby BAC library using an SRY
PCR generated tammar probe (Section 2.3.2.2), and verified by PCR with tammar SRY
specific primers, and also by FISH mapping onto the tammar Y chromosome. This
clone was entered into the sequencing queues at the Joint Genome Institute. Sequencing
this clone was very successful, with 1,390 individual shotgun clones assembled into one
contig of 83,856bp (Figure 4.4). Read depth and consistent forward/reverse mate pair
depth were both reliable, and there were only a few inconsistent mate pairs.

FIGURE

4.4 Consed assembly of BAC clone 112D12.
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The NCBI Bl2seq (BLAST 2 sequences) tool (Section 4.2.3.1) was used to compare the
sequence to itself (Figure 4.5), to detect any repeated regions present in the clone. This
is another way to ensure that the sequence was assembled correctly, as any major
anomalies present could indicate missassembly. Bl2seq produces an alignment of the
two sequences using the local alignment BLAST algorithm, and presents the results as a
plot. The plot gives a clear indication of what regions of the sequence is repeated within
itself. The thick blue diagonal line is the clone aligning to itself. The shades of blue
signify different E values as assigned by BLAST based on the GenBank nr database.
The small blue/black regions indicate either repeats within the clone, or a possible
missassembly of sequence. Two small repeated regions are apparent within this clone.

fl GU RE

4.5 Bl2seq plot of BAC clone l 12D 12.

4.3.1. 1 GENE DISCOVERY
The first step in the search for genes was to ensure that SRY is included in this clone,
and then to see if any other known genes and recognisable features are contained on the
same clone. To this end, the sequence was used in various NCBI BLAST databases
searches (Section 4.2.3.1; Altschul et al, 1997) including a BLASTX translated protein
database search, and several complementary BLASTN nucleotide searches. Options
within the BLAST searches which were changed were increasing the number of
descriptions reported, as the clone is so large that the standard 100 matches was not
enough to report all database hits with high scores. A large portion of the BAC clone
found homology within the databases and a summary of the results of all the different
BLAST searches is presented in Figure 4.6.
From this search, it is clear that a large portion of the BAC clone finds homology within
the protein and nucleotide databases (Figure 4.6). SRY, a very small gene of only one
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exon, was found intact spanning positions 77788 to 78366, and is labeled in green. As
full sequence of tam.mar SRY has not been reported, and is not in the databases, the
database hit with the highest score were human and mouse SR Y. Other hits obtained
were with the SRY sequence of various other macropods and marsupials, as well as
other related genes of the SOX (SRY-like HMG box) family. SRYis conserved between
species over only a small region of the gene, and this is the region that has been
highlighted by this search.
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4.6 Representation ofBAC clone 112D12.

The unexpected and exciting outcome of these BLAST searches was the presence of a
gene previously unknown on any Y chromosome, located on the BAC clone from base
pair position 3047 to 72612. The database hit with the highest score was the Urebly
gene on the mouse X chromosome, and the second highest score was the UREBJ gene
on the human X. Both human and mouse UREBJ showed very high homology to the
tam.mar BAC clone, suggesting that tam.mar BAC clone 112D 12 contained an intact
homolog of the coding region of this gene, although it is missing an unknown amount of
the 5' UTR of the gene. As there is no copy of this gene on the Y chromosome of either
mouse or human, I will now refer to the X copy of UREBJ as UREBJX and the Y copy
as UREBJ Yin all species to avoid confusion. The BLAST searches did not find any
database hits to any other Y chromosome of other species, indicating that other species
also have not retained a copy of UREBJ Y, unless it has diverged in to the point where
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homology is less between it and the tammar Y copy, than between the tammar Y copy
and the X copy in human and mouse. As the X homo log of this gene is likely to be less
diverged than the Y, the human and mouse UREBJX mRNA sequence was used to
search the nr database to establish if this reported UREBJ Yin other species, however,
no Y chromosome hits were returned indicating they are not present in the databases.

To see how much homology existed between this clone and the human Y chromosome,
I used the Bl2seq tool compare the two directly. Between the BAC clone and the entire
human Y chromosome, only one small region aligned, which was the region containing
the SRY gene. No other evidence of conservation was evident, even when lowering the
parameters of BLAST to allow for lower levels of conservation to be reported.

4.3.1.2 GENE STRUCTURE OF SRY AND UREB lY
The next step in the analysis of this clone is determining more precisely the intron/exon
boundaries of the genes, by using gene prediction programs (Section 4.2.3.2). These
programs identify characteristics, or signals, of a typical gene, looking for properties
including nucleotide composition, as coding regions tend to have a higher GC content
than non-coding regions; hexamer frequency, and codon usage, amongst other things.

It is always best to use a gene finder that has been designed for the species under study,
since gene finders designed for other species can produce spurious results (Korf, 2004).
As there is no specific tammar wallaby or marsupial gene prediction program available,
I chose to use both Genscan and MZEF-SPC gene prediction programs and compare the
results from each. As a way of assessing the prediction, I compared them to the
comparative data, to see whether the gene prediction programs find known genes. A
summary of all homology data and gene prediction data is presented in Table 4.2, and in
diagrammatic form in Figure 4.7.
The first program used was MZEF-SPC (Michael Zhang's Exon Finder-Splice Proximal
Check), which identifies exon/intron boundaries and other gene signals, and then
calculates the probability that an exon exists at that site. The sequence of BAC clone
112D12 was submitted to the MZEF-SPC website, and the raw data are available in
Appendix 8. MZEF-SPC indicates the beginning and the end of an exon, and then states
whether the beginning (acceptor site) and the end (donor site) is either true or false.
Genscan was then used to predict exons. This program assigns and score and a
probability of each predicted exon being true. The raw data are available in Appendix 9.
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GENSCAN

MZEF-SPC

HOMOLOGY

3030-3131
3631-3711
4668-4774
5073-5250
7185-7390
8634-8984

3030-3131
3631-3711
4668-4774

3047-3119
3630-3711
4666-4776
5106-5251

15619-15795
17974-18219
20318-20531
23425-23659
25565-25795
28003-28125
29012-29107
29600-29869
33338-33490
36298-36474
37777-38135
403 7 5-40570
41849-42016
42583-42713
44616-44830
45189-45400
46806-46978
48718-48866
49913-49988
50504-50602
51091-51197
51344-51605
53654-53842
54206-54282
54451-54605
56503-56725
56964-57094
59054-59268
59713-60001
62210-62765
See above
63236-63737
65049-65181
65407-65609
65730-65851
66798-66954
67098-67247
67375-67587
68081-68198
69248-69388
70031-70318
70415-70523
70857-70974
71712-71893
72209-72399
72532-72634

TABLE

7185-7390
8578-8818
14637-14694
15619-15795
17974-18219

23425-23659
28003-28125
29020-29107
29600-29869
33338-33490

37777-38135
40375-40570
42583-42713
44616-448 3 0
45189-45400
46119-46301
46806-46978
48718-48866
49913-49988
51091-51197
51344-51605

56503-56725
56964-57094
59054-59268
59713-60001
62210-62765
See above
63236-63737
65049-65181
65407-65609
65730-65806
66798-66954
67375-67587
69248-69388
70031-70318
70857-70974
71712-71893
72209-72399

8683-8921
14662-14694
15620-15786
17977-18219
20401-20532
22797-22922
23426-23653
25592-25704
28001-28109
29011-29108
29639-29877
33336-33459
33743-33848
36310-36468
37848-38134
40398-40502
41851-42016
42624-42664
44673-44831
45207-45401
46123-46301
46804-4693 7
48733-48790
49919-49983
50502-50602
51089-51149
51485-51601
53652-53833
54190-54280
54449-54547
56520-56601
57049-57083
59053-59123
59722-59984
62238-62445
62526-62767
63362-63601
65132-65183
65417-65611
65747-65851
66870-66922
67208-67239
67377-67585
68078-68198
69252-69391
70031-70318
70422-70522
70855-70975
71753-71889
72207-72367
72530-72612

4.2 Comparison of all possible exons as predicted by Genscan and MZEF-SPC

gene prediction programs to the homology data.
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4.7 BAC clone 112D12, showing the exons of the UREBJ Y (shades of blue) and

SRY (green) genes. Shades of blue indicate homology with the human copy of UREBJX,

with dark blue >85%, medium blue 70-84%, and light blue <70%.
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4.3.2 BAC CLONE 80022
BAC clone 80022 was the single clone isolated from the tammar library using an
REMY PCR generated tammar pro be (Section 2. 3 .2.1 ). The clone was verified using
REMY specific primers, and was mapped to the tammar Y chromosome. This clone was

entered into the sequencing queues at the Joint Genome Institute, and was sequenced
(Section 4.2.1 ).
Sequencing of 80022 was very successful, with 3,167 individual clones sequenced, and
resulted in two scaffolds with a total of 123,070bp, as displayed below.

FIGURE

4.8 shows the Consed assembly for BAC clone 80022.

BAC clone 80022 was aligned to itself using the Bl2seq tool to identify any internal
repetitive sequences (Figure 4.9). Two small repeats were found, and examining of the
consensus sequence of these regions in consed indicated that they were high quality
sequence, and are therefore not likely to be a missassembly.
4.3.2.1 GENE DISCOVERY
The first step was to ensure that REMY is included in this clone, and to see if there are

any other genes or other features on the same clone. To this end, the sequence was used
in various NCBI BLAST databases searches (Altschul et al, 1997), including a
BLASTX translated protein database search, and several complementary BLASTN
nucleotide searches, using all the different databases (Section 4.2.3.1 ). A summary of
the results of all the different BLAST searches is presented in Figure 4.10.
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FIGURE

4. 9 Bl2seq plot of BAC clone 80022, showing sequence aligned to itself to

highlight any regions repeated within the clone.
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The databases searches revealed that a large portion of the BAC clone has homo logs
within the protein and nucleotide databases (Figure 4.10). REMY was found at position
42,789 to 49,014, spanning over 6kb of genomic sequence.
The database hit with the highest score was to the tammar REMY mRNA, from which it
was determined that the entire REMY coding sequence is included in this BAC clone.
REMY consists of 8 exons, producing an mRNA of 1520bp, with a coding sequence of

1208bp. Exons are highly conserved between tammar and human REMY. Intronic
sequence shows no conservation between the tammar Y and the human Y at all using
this method.
The unexpected and exciting outcome of these BLAST searches was the discovery of
homology of a gene previously unknown on any Y chromosome, PHF6, located on the
BAC clone from position 57,772 to 92,280, spanning almost 34kb of genomic sequence,
and reading in the same orientation as REMY. The sequence was identified by
homology to PHF6 (12.lant homeodomain (PHD)-like fmger gene), which lies on the
human X chromosome at position Xq26.3, immediately adjacent to HP RT, and is not
present on the human Y chromosome. The database hits with the highest scores to the
region of the BAC clone containing PHF6 were the human and mouse X chromosome
PHF6. Using human PHF6 mRNA sequence, I determined that tammar BAC clone

80022 contains an intact copy of the coding region of P HF6.
Another exciting feature of this BAC clone is the presence of an intronless copy of a
human chromosome 9 gene, GK.AP], spanning 1060bp at position 94071 to 95131,
immediately downstream of PHF6 on the tammar Y chromosome BAC clone, and
reading in the same orientation. The first hit in the database was mouse GK.AP1 mRNA,
and secondly human GK.AP] mRNA. GK.AP] (G kinase anchoring 12.rotein) is on human
chromosome 9q21.32, and encodes a 1.1kb transcript. Thus, BAC clone 80022 contains
the entire coding region of the G KAP 1 gene, but has no intronic sequence at all. This
gene will hereafter be known as GKAPJLY(GKAPI-like on the Y).

4.3.2.2 GENE STRUCTURE OF RBMY, PHF6Y AND GKAP 1LY
The next step in the analysis of this clone was to determine more precisely the
intron/exon boundaries using gene prediction programs. I chose to use two different
gene prediction programs (Section 4.2.3.2) and compare the results produced by each,
along with a comparison to the homology results. All homology and gene prediction
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data are summarised in Table 4.2. The first program used was MZEF-SPC (Michael
Zhang's Exon Finder-Splice Proximal Check). MZEF-SPC indicates the beginning and
the end of an exon, and then judges whether the beginning (acceptor site) or the end
(donor site) is either true or false. The raw data for MZEF-SPC are available in
Appendix 10. Genscan was then used to predict exons within the BAC clone. This
program assigns a score to each predicted feature, and also assigns a probability. The
raw data for Genscan are available in Appendix 11.

EXON#
9
8
7
6
5
4
3
2
1
10
9
8
7
6
5
4
3
2
1
11, 12 & 13
10
7, 8 & 9
6
5
4
L2&3
TABLE

GENSCAN

MZEF-SPC

HOMOLOGY

GENE

43276-43348

42789-43334
43773-43865
43953-44107
44182-44295
45283-45437
463 15-46482
48590-48699
48893-49014

RBMY

43775-43881
43953-44105
44180-44294
46314-46482
48591-48697
48893-49012
49234-49528
54538-54602
57786-57915
644 76-64609
65625-65729
77053-77208
78325-78468
78627-78772

57772-57959
64471-64593
65631-65741
78320-78473
78630-78773
86889-87038
89152-89252
91880-92009
92173-9227 4

PHF6Y

90926-92018
92170-92280
94071-94163
94166-94235
94407-94477
94517-94583
94833-94958
94988-95131

GKAPJLY

4.2 All possible exons in BAC clone 80022 as predicted by both gene prediction

programs with homology to the homology data. The raw data is available in Appendices
10 and 11.

The regions containing repetitive LINE elements were not included in the results, as
they contain several genes involved transposable element activity. Exons predicted in
these regions were put through a BLAST database search, and found to be part of
reverse transcriptase's and Poll genes (data not shown).
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Figure 4.11 shows all exons of all genes, including those found by homology, and one
novel exon of PHF6 found by gene prediction. Those exons predicted by MZEF-SPC
that were not found by any other method have been omitted, as there is no supporting
evidence that these are part of the gene.
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4.11 Representation of BAC clone 80022, showing the exons of the RB~

PHF6Yand GKAP 1LY genes as determined by homology and predictive data.
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4.3.3 BAC CLONE 53A23
BAC clone 53A23 was isolated from the tammar library in collaboration with Ms. Kim
Huynh using ATRY PCR generated tammar probes (Section 2.3.2.3). Only one clone
was detected, and PCR amplification with tammar ATRY specific primers indicated that
it contained the ATRY gene. FISH mapping onto metaphase chromosomes indicated that
the clone is derived from the Y chromosome. This clone was entered into the
sequencing queues the Joint Genome Institute, and was sequenced according to the
protocols described in Section 4.2.1.
Sequencing of 53A23 was very successful, with 2,360 individual clones sequenced, and
assembly resulted in one contig of 66,989bp, as displayed below.

FIGURE

4.12 Consed assembly for BAC clone 53A23.

Clone 53A23 has a reliable read depth and a reliable depth of forward and reverse read
pairs over the contigs, and the sequence has a high quality score throughout. There are
two instances of sequence matches within the contig, and investigation of these
sequences concluded that these were repetitive LINE elements.
BAC clone 53A23 was aligned to itself using the B12seq tool. It is evident that there are
many repeated sequences throughout the length of the clone, as is apparent by the many
short black lines in Figure 4.13. Investigation of these sequences indicated that they are
all repetitive LINE elements, and examination of the consensus sequence in these
regions showed that it is of high quality and the repeated LINE elements are not the
result of missassembly but a feature of the sequence.
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FIGURE

4.13 B12seq plot ofBAC clone 53A23.

4.3.3.1 GENE DISCOVERY
The first step was to ensure that ATRY was contained in this BAC clone, and to search
for any other unknown genes and other features in this BAC. BLAST databases
searches (Altschul et al, 1997) of the BAC were undertaken, including a BLASTX
translated protein database search, and several complementary BLASTN nucleotide
searches. A summary of the results of all BLAST searches can be seen in Figure 4.14.
A large portion of BAC clone 53A23 found homologs in the protein and nucleotide
databases. ATRY extends from position 2,648 to 62,906, spanning ~60kb of sequence,
and occupying most of the clone. The database hit with the highest score was mouse
then human ATRX. Sequence of the full mRNA of tammar ATRY has been determined
(K. Huynh, personal communication). Comparisons of the BAC to this sequence
showed that BAC clone 53A23 contains exons 3 to 30 of the ATRY gene. The 5' UTR
and the first two exons of this gene were not revealed by homology to the databases. A
Bl2seq alignment was done between the tammar mRNA and the BAC clone to
determine the positions of these exons. The full coding sequence of tammar ATRY is
5,812 base pairs, and this clone contains the coding sequence from 361 to 4,975. An
anomaly however, is exons nine to twelve run together with no intervening intronic
sequence.
To see if the human Y chromosome contains ATRY sequences, I used the BLAST2seq
tool to compare the human Y with BAC clone 53A23 directly. There was no evidence
of conservation between the tammar BAC and the human Y, except for fragments of
LINE elements, even when lowering the parameters of BLAST to allow for lower levels
of conservation to be reported.
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4.14 Representation of BAC clone 53A23, showing the ATRY gene, spanning

positions 2,648 to 62,906.

4.3.3.2 GENE STRUCTURE OF ATRY
Only one gene, ATRY, was found by BLAST analysis on BAC clone 53A23, and this
gene takes up practically the whole clone. Since the tammar mRNA sequence for ATRY
is known, the introns present on this clone have already been inferred by comparison to
this, and to tammar and human ATRX. The two gene prediction programs were used to
further establish the intron/exon boundaries, and to possibly shed light onto the issue of
the missing introns. The results of these are summarised in Table 4.4, and in
diagrammatic form in Figure 4.15. Exons predicted in regions containing LINE
elements were not included in the results, as they contain several genes involved in the
activity of the transposable elements. Exons predicted in these regions were put through
a BLAST database search, and all were found to be part of reverse transcriptase and
Poll genes (data not shown), which are known to essential genes involved in
transposable elements of this kind.
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EXON#

30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
9-12
8
7
6
5
4
3
TABLE

GENSCAN

MZEF-SPC

881-1027
2649-2843
4942-5119
9547-9655
11837-11943
12971-13124
15998-16152
17006-17094

27395-27570
29629-29788
34998-35146
36922-37074
38013-38183
39252-39534
41338-41425
43300-44969
48970-4904 7
50474-50587
60216-60325
60524-60567

HOMOLOGY

2648-2846
4941-5121
9546-9657
11835-11943
12970-13127
15998-16142
17005-17096
21436-21574
26727-26847
27395-27570
28017-28156
29627-29809
29990-30140
34600-34712
36934-37074
38080-38185
39252-39536
41338-41427
43300-44972
48978-49049
50474-50589
58965-59051
60215-60327
60523-60569
62867-62906

4.4 Comparison of all possible exons in BAC clone 53A23 as predicted by both

gene prediction programs compared to the homology data. Exons predicted within the
regions containing LINE elements have been omitted. The raw data is available in
Appendix 12 and 13. Exons are numbered as per their corresponding exon in tammar
ATRX.
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4.15 Representation of BAC clone 53A23, showing the exons of the ATRY gene

as determined by homology and predictive data.

4.4

DISCUSSION

4.4.1 BAC CLONE 112Dl 2
Clone 112D 12 has a reliable read depth and a reliable depth of forward and reverse read
pairs over the whole contig (Figure 4.4). There are five instances of inconsistent mate
pairs within the contig (red lines), which is reasonable for a contig of this size and
should not create a problem in assembly. Examining the consensus sequence reveals no
anomalies within this clone, and the sequence has a high quality score throughout.
Minimal manual finishing was required for this BAC clone.
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Within 112D12, there are two small repeated regions (Figure 4.5). The smaller repeat is
42bp long and entirely intronic sequence. It shows a very low E value and a very low
score, indicating that you would expect to find this sequence quite frequently, and
therefore is not significant. The larger repeat is 1202bp long and includes an exon of a
novel gene UREBJ Y and both adjacent introns, repeated in the opposite orientation.
This could be an example of missassembly of the sequence reads of the BAC clone, or
it could be a feature of the gene. Detailed scrutiny of the sequence assembly of the clone
in these areas using the Consed program indicate that the regions highlighted have a
very deep read coverage, and that the consensus sequence is of very high quality. It
seems unlikely therefore, that this is a problem of missassembly. The reality of this
repeat could be confirmed by full m.RNA sequence of the Y-specific UREBJ Y. Genes
on the Y chromosome undergo rapid evolution, including exon amplification, so
duplication of an exon from the X copy may have accompanied functional divergence.

4.4.1.1 GENE DISCOVERY
The BLAST database searches revealed numerous sequences within 1 l 2D 12 that are
present throughout the human genome in numerous copies, and also present on various
unannotated clones from tammar wallaby and other marsupials. BLAST searching of
these regions indicates that most of these are partial LINE elements. Their presence in X
and autosomal tammar clones shows that they are shared between the Y chromosome
and the rest of the genome.
The BLAST database searches also confirmed the presence of SRY on the BAC clone,
and revealed the presence of the UREBJ Y gene previously unknown on the Y
chromosome of tammar. Both mouse and human have a copy of UREBJX, and using the
human UREBJX to search the databases indicated that UREBJ Y is not found on the Y
chromosome of any species in the databases. Human UREBJX is located on the border
of the conserved region and the added regions, but as UREBJ Y is present on the Y in
tammar, it can be supposed that there will also be a tammar ortholog of UREBJX
Isolation and sequencing of tammar UREBJX is imperative to understanding UREBJ Y,
and is being done as part of a separate project on the tammar X.
Absence of human and mouse UREBJ Y indicates that UREBJ Yhas been lost from the Y
chromosome of mouse and human (and perhaps all eutherians), but retained on the Y of
tammar (and perhaps all marsupials). This may mean that UREBJ Y took on a male
specific role after the divergence of marsupials, or that this role was acquired earlier in a
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common ancestor and has been supplanted by another gene, or genes, in eutherian
mammals. The tammar Y chromosome is much smaller than the human Y chromosome,
and to date, only 6 genes have been mapped to this chromosome, which represents a
small ancestral Y. Any gene still remaining on this highly degraded chromosome may
prove to have a role in a male specific pathway.
Trying to establish exact exon/intron boundaries of SRY and UREBJ Y by comparative
means proved to be more difficult than generally experienced for autosomal genes, due
to the Y chromosome origin of this BAC clone. The Y chromosomes of human and
tammar have largely diverged, to the point where there is almost no sequence in
common outside a few genes. It was necessary, in the absence of human and mouse Y
orthologs, to compare a tammar Y gene to human or mouse X paralogs, and these are
reasonably diverged. Although X and Y copies of genes have often diverged, there is
still sufficient homology to establish that it is a homo log of the UREBJ gene, as the
coding regions are up to 85% conserved over all exons. The boundaries of the exons,
however, are more difficult to establish, as the conserved homology tapers off towards
the ends of exons.
A very effective way to identify exon/intron boundaries of autosomal genes is to align
the BAC clone containing the gene with the mRNA of the gene from the same or
another species, and this usually establishes the exons to within a few base pairs.
However, when I aligned BAC 112D12 with the human or mouse UREBJX mRNA,
much of the mRNA did not align to the BAC, indicating that terminal regions of the
tammar UREBJ Y exons have diverged beyond recognition. Aligning BAC clone
121D12 to the mRNA of human UREBJX showed conservation of 56 exons. However,
the first ~200bp of the human UREBJX mRNA is not included in the BAC. This
suggests that the BAC either may not include the whole gene, and another BAC clone
will contain these missing exons; or these exons and/or the untranslated region of the
gene have diverged beyond recognition.
Comparing BAC clone 1 l 2D 12 directly to the entire Y chromosome revealed that only
the single exon of SRY has been conserved. This indicates that the Y chromosomes of
tammar and human are so far evolved so that only genes whose function is strongly
selected for are retained.

181

In summary, several important details have been established about tam.mar clone
l 12D 12. The clone contains SRY as previously established by PCR, and also very
excitingly UREBJ Ya novel gene previously unknown on any Y chromosome, but with
homologs on the X in human and mouse. There are several LINES, SINES,
microsatellites and other mammalian repeat sequences scattered throughout the clone.
As there is no human Y copy of this gene, I must therefore rely on the information
generated by the gene prediction programs to further establish the exact intron/exon
boundaries for UREBJ Yon this BAC clone.

4.4.1.2 GENE STRUCTURE OF SRY AND UREB 1Y
The majority (42 out of 55) of exons found by homology were also predicted by MZEFSPC (Table 4.2). Most cases of the true exons were obvious, but there were a few for
which the program suggested several different beginnings and ends of what is obviously
the same exon. For some exons, the splice site at either the beginning or the end was
deemed as false by SPC, and these were not used. Two putative exons identified by
homology had every possible start or stop site deemed as false. In these cases, the exon
most similar to the homology data was taken to be correct. Where there were several
suggested exons and both splice sites deemed to be possibly true, the one that was
closest to the homology data was once again taken to be correct. There is no way to
truly define the beginning and end of any exon in this manner. Thirteen exons
(including SRY) found by homology were not predicted by MZEF-SPC, while there
were ,...,100 exons predicted by MZEF-SPC than were found by homology.
Genscan's gene predictions proved to be more like the homology data than that of
MZEF-SPC. The raw results are available in Appendix 9. For most exons, there was
only the one set of boundaries for each of those found by homology, and in all cases,
those predicted exons had a reasonably high probability score. Only 3 exons found by
homology were not predicted by Genscan, compared to 13 exons missed by MZEFSPC. Unlike MZEF-SPC, Genscan predicted the SRY exon. In no cases was there more
than one option for each exon. This gave me more confidence in the assignment of each
exon, as there were no alternative options. There were only 18 exons predicted that
were not also found by homology, giving me more confidence in the predictions of this
program than those of MZEF-SPC, which had ,..., 100 exons predicted that were not found
by homology, and often several possible exons at any one location.
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Two exons for which MZEF-SPC predicted as false were identical to the only exon
predicted and assigned a high score by Genscan. As Genscan proved to be a reliable
prediction program, this gave me more confidence that these were true exons. In only
one case did the homology data contradict Genscan predictions, indicating that there
were two conserved regions with an 81 bp region of non-conserved sequence between
them, where both gene prediction pro grams indicated that they were in fact only the one
larger exon. The analyses of this study are insufficient to determine which situation is
correct, and mRN A sequence is needed to determine whether the 81 bp are transcribed.
There were 13 exons not found by homology predicted by both programs. All but one
exon were deemed by MZEF-SPC to have a true beginning and end, and all had a
reasonably high score assigned by Genscan. As the Genscan program was reliable for
all the known exons, these extra exons may be true exons. Including these exons
resulted in a inferred coding sequence for UREBJ Y that is approximately the same
length as the mRNA sequence from UREBJX This is consistent with their inclusion in
UREBJ Y However, the homology method highlighted only those exons present in the

genomic sequence and mRNA sequence of UREBJX, and only those exons with high
levels of homology would have been reported. There may well be more exons with
levels of homology that are too low to be reported, even when the parameters of the
BLAST search were altered, so there is no way to be sure of the structure of the Y copy
of this gene.

4.3.2 BAC CLONE 80022
The sequencing of clone 80022 resulted in two scaffolds each with two contigs (Figure
4. 8). It has a reliable read depth and a reliable depth of forward and reverse read pairs
over the contigs, however these drop off at the ends of each contig. These areas with
lower coverage could indicate regions of repetitive DNA, as these are more difficult to
sequence through due to problems with polymerase slippage. The purple lines joining
the contigs of both scaffolds are the forward and reverse mate pair of a single shotgun
clone whose span of two contigs implies that the contigs are separated by less than
3000bp (the average size of a shotgun clone). There are several instances of sequence
matches within the contig (red lines), a reasonable number for a contig of this size, and
one that should not create a problem. Examining the consensus sequence in the regions
of these sequence matches revealed no anomalies that would indicate missassembly,
and the sequence has a high quality score throughout.
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The Consed assembly indicates that contigs 15-16 and 3-14 adjoin in the orientation
shown. However, it is unclear how the two scaffold join. I have therefore presented this
clone as two scaffolds of 15-16 and 3-14, both numbered from left to right. (The same
convention is used for all other BAC clones discussed throughout this chapter.) The
larger scaffold (scaffold 1) is 103,131 bp and the s_maller scaffold (scaffold 2) is
19,939bp. Minimal manual finishing was required for this BAC clone. Joining the
contigs of each scaffold would require PCR amplification of the BAC using specific
primers as suggested by the Autofinish assembly program to extend through the gaps.
This was not completed due to time constraints.
Alignment of 80022 to itself shows two small repeated regions within the clone. The
larger is 1OObp repeated in the opposite orientation, and could represent missassembly
of the sequence or a feature of the sequence. The consensus sequence is of very high
quality in this region, making missassembly unlikely. The smaller repeat is 71 bp and
has a very low E value and score, indicting that it is a common sequence in the
GenBank databases and therefore not significant.
4.4.2.1 GENE DISCOVERY
It was confirmed that REMY is contained on BAC clone 80022, and excitingly, two

genes previously unknown on the tammar Y chromosome, PHF6 and GKAPJ, were
also revealed.
PHF6 showed most homology to PHF6 on the human X chromosome. This does not

preclude the presence of P HF6 on the mouse and human Y chromosome, since the X
copy would still be expected to show more homology, due to the high rate of
degradation and mutation experienced by mammalian Y-chromosomes. However, there
was no trace of this gene on the Y chromosome of human. For this reason, I will
hereafter refer to the X copy of PHF6 as PHF6X and the Y copy as PHF6Y. As PHF6Y
is on the tammar Y, it is expected that there will be a homo log of P HF6X on the X.
Isolation of P HF6X from the tammar is part of another project on the tammar X
chromosome. The sequence of tammar P HF6X is crucial for understanding the
evolution of PHF6Y.
The absence of human PHF6Y indicates that PHF6Y has been lost from the Y
chromosome of human, but retained on the Y of tammar. It may have taken on a male
specific role that assured its survival. Its lose in eutherians suggests that it was
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supplemented by another gene, or genes, in eutherians. The tammar Y chromosome is
much smaller than the human Y chromosome, and to date, only 6 genes have been
mapped to this chromosome. The discovery of this gene is a valuable marker of the
proto-X and -Y as it falls within layer 1 of the X chromosome (Lahn & Page, 1999a).
Any gene still remaining on this highly degraded chromosome are likely to have a
function that has been highly selected for in males, and therefore, P HF6Y will no doubt
have a role in a male specific pathway (Lahn & Page, 1997).
According to the GenBank entry, human PHF6X spans nearly 9Mb. The transcript is
4.5kb and the coding region only 1.1kb, encoding a 365 amino acid protein containing
two imperfect zinc fingers. Mutations in this gene have been shown to result in the Xlinked mental retardation disease Borjeson-Forssman-Lehmann syndrome (Lower et al,
2002). P HF6X consists of 10 exons, and all exons except 1,5 and 10 are highly
conserved in tammar P HF6 Y. Intronic sequence shows no conservation at all using
BLAST searches. A major difference between human PHF6X and tammar PHF6Y is
that the order of the first two exons is reversed. In tammar PHF6Y, they run in the
opposite orientation to the rest of the gene relative to their order in the human mRNA.
This rearrangement could be one of many ways the Y copy of the gene has diverged
from the X copy Although the PHF6Y gene seems to be intact (in relation to the human
PHF6X mRNA), and is potentially protein coding, this rearrangement could indicate

that the gene is in the process of being degraded. The only to establish the true effect of
this rearrangement on gene activity, would be to isolate mRNA corresponding to
tammar PHF6Y. Unlike UREBJY, the homology between the human X copy and the
tammar Y copy of P HF6 has been sufficiently conserved to assigned exon/intron
boundaries with reasonable confidence for most of the P HF6Y exons.
The discovery of G KAP 1LY on BAC clone 80022 is also of great interest. As the gene
is present on human chromosome 9q21.32, and not the sex chromosomes, the most
plausible explanation is that this is a retrotransposed copy of the gene; that is, an mRNA
copy of the gene has been reinserted elsewhere in the genome. It is likely that there is an
intron-containing autosomal copy of G KAP 1 in the tammar genome, which may be
located on chromosome 3 near DMRTJ (which also maps to human chromosome 9).
However, it has not been identified. The rate of conservation of the coding region is
very high (75-95%) indicating that the gene is functional and under selection, or that the
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transposition was relatively recent so there has not been enough time for the
retrotransposed gene to degrade.
Interestingly, a previous name for GK.AP 1 was Testis Specific Gene 2 (Strausberg et al,
2002), and in mouse, where it is known as GKAP42, the gene is expressed specifically
in the testis, where it is restricted to the spermatocytes and early round spermatids.

GKAP42 is located on chromosome 13 in mouse. Expression studies have not been
conducted in humans. GK.AP 1 has not been found to be a candidate gene in any
disorder, and the function of the gene in human and mouse is inferred through
homology only. The gene is, however, located near DMRTJ in humans, a known sex
reversal gene. There are two main models to account for the presence of male specific
genes on the Y chromosome. GKAPJLY supports the selfish Y hypothesis (Lahn &
Page, 1997), that genes with male-specific functions were moved to the Y because of
their function. A conserved expression pattern of the Y-borne GK.AP 1LY in tam.mar
spermatocytes and spermatids would further validate this theory, as would the
expression pattern of the autosomal GKAP 1 in tam.mar.
The BLAST database searches also highlighted many sequences within BAC clone
80022 that are present in numerous copies throughout human and other mammalian
genomes, including various unannotated clones from tam.mar wallaby and other
marsupials. A large portion of BAC clone 80022 consists of a retrotransposed LINE
element, which includes a reverse transcription element. LINE elements make up
approximately 12% of the of the BAC clone sequence, and can be found throughout
mammalian genomes.
To determine whether the human Y, too, includes a GK.AP 1 pseudogene, I used the
BLAST2sequences tool on the NCBI website to compare the two directly. There was no
evidence homology of GKAPJ to any sequence on the human Y, even when the
parameters of BLAST were lowered to allow for lower levels of conservation to be
reported. However, this 1nethod may not detect highly diverged Y sequences. For
instance, although there is a hun1an copy of REMY, is not sufficiently conserved
between human and tam.mar to be aligned using this method. Searching the databases
using the human chromosome 9 GKAP 1 as a query sequence indicated that there are no
homologs of GK.AP 1 on the Y chromosome of any other species in the databases.
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In summary, several important discoveries have been made from analysis of tammar
BAC clone 80022. The clone contains REMY as previously indicated by PCR.
Unexpectedly, it also contains P HF6, a gene previously unknown on the tammar or any
other Y chromosome, but with a homolog on the human and mouse X; and GKAPJLY,
an autosomal retrotransposed gene. A large amount of the clone consists of a
mammalian LINE element, and other mammalian repeat sequences are found scattered
throughout the clone. A diagram of BAC clone 80022 is presented in Figure 4.11.

4.4.2.2 GENE STRUCTURE OF RBMY, PHF6Y AND GKAP1 LY
MZEF-SPC was not as valuable for BAC clone 80022 as for previous BACs. As can be
seen in Table 4.3, most exons (20 out of 22) found by homology were not predicted by
MZEF-SPC. Only the first two exons of PHF6 were predicted by homology, but were
both deemed to have a false end. MZEF-SPC also predicted several exons that were
neither found by either homology nor predicted by Genscan. These potential exons were
subjected to a BLAST database search, but produced no significant hits in the
databases. Thus they are unlikely to be exons, unless they are completely novel and
found in no species sequenced to date. Unlike clone 112Dl2, there were no cases in
which several exons were predicted for the same region, so no judgment had to be made
regarding what exon was the correct prediction.
MZEF-SPC did not predict any exons of REMY. However, it did predict two other
exons within the REMY region, neither of which makes up part of the coding region of
this gene, which is fully sequenced. MZEF-SPC also did not predict any exons of
GKAPJLY, but as this is an intronless copy of the gene, this is not surprising. If the gene

is partially degraded, the signals searched for by gene prediction programs, such as
exon/intron boundaries, may be absent, so the exons will not be found.
Genscan's gene predictions proved to be more similar to the homology data than those
of MZEF-SPC. In all cases, only one exon was predicted for each exon found by
homology, and all had a reasonably high probability score. There were only two REMY
exons predicted by homology that were not also predicted by Genscan, compared to the
failure ofMZEF-SPC to predict any of them.
Genscan predicted all but three of the 10 exons of PHF6 found by homology, and
MZEF-SPC predicted two of these. There was also one exon predicted by Genscan that
was not found by homology. Its position and length fills in a gap left in the human
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mRNA sequence when aligning this to the BAC clone. However, when this region of
the BAC clone was aligned to the human PHF6X mRNA using the BLAST tool Bl2seq
it showed no similarity'. This suggests that it represents an exon of PHF6 that has
diverged beyond recognition by BLAST. This exon has tentatively been assigned in the
tammar PHF6Y gene, however the mRNA of this gene would have to be isolated to
confirm this assignment. Genscan, like MZEF-SPC, did not predict the exons of
GKAPJLY

It is unclear why MZEF-SPC performed so badly on BAC clone 80022, but proved to
be reasonably accurate for clone 1 l 2D 12, while Genscan proved reliable for both
clones. The comparison of both programs to the homology has proved to be valuable.
The exons of REMY as described by the combination of homology and gene prediction
data can be taken quite confidently as the tammar mRNA of this gene has been isolated.
However, for both PHF6Y and the retrotransposed copy of GK.AP 1, isolation of the
mRNA of these genes is the only way the exon structure of this gene can be confidently
characterised.

4.4.3 BAC CLONE 53A23
The alignment of 53A23 to itself shows numerous small repeated regions within the
clone Figure 4.13). Investigation of these duplicated regions by using them in a BLAST
search, demonstrated that these were repetitive LINE elements. Examination of the
sequence assembly of the entire clone in Consed indicated that the whole clone has a
very deep read coverage, and that the consensus sequence throughout is of very high
quality, and therefore assembled correctly. Characterisation of genes contained within
the clone confirmed that the clone has been assembled correctly.
4.4.3.1 DATABASE SEARCHES
BAC clone 53A23 was shown to contain the ATRY gene. Unfortunately, both outermost
5' and 3' regions of the gene are not on this clone, and are either on another BAC clone,
or have been truncated. Isolation of further BAC clones from the library, or BAC clone
end sequencing to 'walk' outwards to obtain the missing sequence was regrettably not
in the scope of this project.
When directly comparing the BAC clone to the tammar ATRY mRNA an anomaly
within the BAC sequence become apparent. When aligning the mRNA to the genomic
sequence, the entire mRNA was present in the clone, taking into account that the clone
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does not contain the 3' and 5' regions. However, exons 9-12 in the BAC clone abut one
another, with no intronic sequence between them. Examination of the assembly in
Consed indicates that the assembly of high quality in these regions, and it would be

difficult to argue that the missassembly would occur on the exact exon/intron
boundaries of 4 exons. The most likely explanation is that this BAC contains an
incomplete pseudo gene of ATRY and not the functional copy.
As des·cribed previously, the human Y chromosome has been shown to contain
numerous copies of some genes, some of which are functional, and others in various
states of degradation. The ATRY gene on this BAC clone is possibly an active copy of
the functional gene, possibly having taking on another role in the tam.mar. The
composite 9-12 exon creates an exon with an open reading frame with intact splice site.
The other explanation is that it is a copy of the functional gene in the early stages of
degradation; however, as an open reading frame is present it would seem that the gene
still retains a function.
Other explanations are that the tam.mar mRNA sequence is inaccurate. The structure of
tam.mar ATRY was based on tam.mar ATRX, but it is possible that these orthologs have
diverged to allow the Y gene to take on a male-specific function, and this divergence
might be the presence of the large composite exon. Collaborator Ms. Huynh has
designed primers for the ends of the internal exons and are being used to amplify
tam.mar genomic DNA. If there are introns between the composite exons I genomic
DNA, these primers should amplify that intronic sequence, which would indicate that
the BAC sequence is wrong. If the intron is large, however, amplification may not be
evident. This experiment had not been completed at the time of publication.

It is also possible that the BAC clone has undergone some type of recombination
resulting in the loss of some sequence. As described in Chapter 2, one of the major
advantages of BACs is that they have very low levels of recombination, however it can
happen at low rates. To determine which of these is the true scenario, the tam.mar BAC
library would have to be screened again using less stringent hybridisation and washing
conditions, and other clones containing ATRY may be isolated. Ultimately, sequencing
of the entire tam.mar Y chromosome would determine how many copies of ATRY and
other genes were located on this chromosome, and it what states of degradation they
may be.
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No other genes were found on this BAC clone. The BLAST database searches
highlighted many sequences within 53A23 that are present throughout human and other
mammalian genome in many copies, and also present on various unannotated clones
from tammar wallaby and other marsupials. A large portion of BAC clone 53A23
contains multiple copies of a retrotransposed LINE element, which includes a reverse
transcription element.
As humans have a copy of ATRX, and it is within the conserved region of the human X,
it can be assumed that there used to be a copy of ATRY and that it has been degraded.
No evidence was found of ATRY indicating that it no longer exists at all, or that it has
been degraded to the point where this method cannot detect any remaining traces.
In summary, several important discoveries have been established about tammar clone
53A23 (Fig 4.15). The clone contains ATRY as previously established by PCR, and a
large amount of the clone contains multiple copies of a mammalian LINE element, and
other mammalian repeat sequences are found scattered throughout the clone.

4.4.3.2 GENE STRUCTURE OF ATRY
Once again, MZEF-SPC proved to be reasonably useless in predicting exons in this
clone. Only one exon (exon 17) was predicted that matched the homology data,
however, the program predicted a true end position that did not accord with the tammar
rnRNA sequence, and therefore was disregarded. There were further exons predicted by
this pro gram which all had a false beginning or end splice site.
Again, Genscan proved to be more valuable for this clone. It predicted all but 7 of the
exons of the ATRY gene, so most exons can be assigned definite exon/intron boundaries.
The program predicted one extra exon at the 5' end of the clone. However, it did not
match sequence in the ATRY mRNA, nor did it align to any other sequence in the
databases, so the origin and function of this exon is unknown. Genscan predicted exons
9-12 as a singular exon, indicating that it did not recognise any internal signals.
The exons of ATRY as described by the combination of homology and gene prediction
data are reliable, as the tammar rnRNA of this gene has been isolated and the splice
sites are very close to those found by homology to the tammar rnRNA sequence, usually
in the range of 1-3bp (Table 4.4). Even the exons not predicted by Genscan are strongly
supported by the homology data.
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4.5

CONCLUSIONS

Three tamrnar Y chromosome BACs clones were chosen to fully sequence because they
contained the tamrnar Y chromosome genes SRY, REMY and ATRY. SRY is the testisdetermining gene, while REMY is a spermatogenesis gene in both eutherians and
marsupials. Both SRY and REMY evolved from genes on the X that have functions in
the brain. ATRY has a homolog on both the X and Y chromosome of marsupials. In
marsupials, ATRY has degraded and taken on a male-specific function (Pask et al,

2000), while in humans, it has degraded and been lost altogether. The presence of an X
and Y homolog of these genes in marsupials indicates that they have a proto-X and -Y
ongm.
The clones were fully sequenced at the Joint Genome Institute, and a good assembly
was obtained for all three clones. A minimum of manual intervention was needed to
obtain the fmal sequence for the three clones.
A complement of BLAST searches were conducted on each clone, searching the
GenBank databases for sequences showing homology to the tamrnar BAC clones. The
initial search was carried out against the nr database; however, this database is highly
redundant and contains many non-annotated sequences. The hits reported by BLAST
were saturated with these non-annotated, which were unhelpful in trying to establish the
gene content of the clones. The second BLAST searches done were against the
genomic, mRNA and protein reference sequence databases. Taking account of the
results of these three searches allowed me to establish what genes were present in the
clones, and in some cases, to establish reasonably precise intron/exon boundaries.
The MZEF-SPC and Genscan gene prediction programs were used, and compared to the
homology data, to more precisely establish the intron/exon boundaries. For clone
112D12, MZEF-SPC was useful, but not for the remaining two clones. It is unknown
why the program performed well for one clone and badly for the other two when all
three clones derived from the same chromosomal region. Genscan proved to be the
more accurate of the programs, predicting many more exons than MZEF-SPC in all
clones, and would be my program of choice in subsequent analyses. It has been
suggested that gene prediction programs do not work well with very long genes;
however, MZEF-SPC worked well on UREEJ Y, which is a very long gene, and not on
other much shorter genes. Neither program was designed for marsupials, and was
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therefore not trained on marsupial sequence. A specific marsupial gene finder would be
invaluable.
BAC clone 112D12 was confirmed to contain SRY, and excitingly contained another
gene UREEJ Y. Eutherians have a homo log UREEJX, but have lost the Y copy of the
gene. Its presence on the tammar Y places it on the proto-X and -Y, and has
presumably been lost from the Y in eutherians. Establishing whether the seemingly
intact UREEJ Y gene in tammar is a functional and coding gene will tell me whether the
gene has a role in a male-specific pathway, or whether it is in the process of
degradation. In reference to the human UREEJX, the tammar Y clone is missing some
exons, however it cannot be established if this is a fault of sequence assembly or a
feature of the gene. REMY evolved from REMXby the amplification of some exons, and
it is possible that UREEJ Y has lost some exons in the Y copy. The only way to
definitively establish the exact structure of UREEJ Y would be to isolate the mRNA of
both the X and the Y copies of the gene from a tammar, and to align the two along with
the X and Y genomic sequences, however these experiments were beyond the scope of
this project. This does, of course, assume that the tammar UREEJ Y gene is transcribed.
Isolation of the mRNA of UREEJ Y is the only way the exon structure of this gene will
be characterised.
BAC clone 80022 was confirmed to contain REMY. An exciting discovery of this clone
was the presence of two more genes previously unknown on the tammar or any other Y
chromosome. PHF6Y is a similar story to UREEJ Y; it has homo logs on eutherian X
chromosomes making it part of the mammalian proto-X and -Y chromosome. GKAPJ
is present on human chromosome 9, and has apparently been retrotransposed to the
tammar Y chromosome. It cannot be established it the gene is a functional one, and the
isolation of mRNA would help to answer this question. Isolation of the tammar
autosomal copy would allow me to further characterise the Y copy of this gene.
BAC clone 53A23 was confirmed to contain exons three to thirty. Homology and gene
prediction data both showed that exons nine to twelve had no intronic sequence between
them. It is unknown whether this gene is actually the functional copy of ATRY, or
whether it may be an amplified copy of the original ATRY. If it were a copy, it could be
a functional copy and the missing introns a feature of a gene taking on a new role in the
tammar. Alternatively, it could be a copy ofATRYin the process of being degraded. The
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BAC clone is also missing the exons one and two. Once again this could be a feature of
a amplified copy of ATRY, or it could simply be truncated and the remaining exons
located on another BAC clone in the library. The next BAC clone in the tiling pathway
of the tammar Y chromosome would have to be isolated and sequenced to obtain this
region of the gene, possibly using primers designed specifically for these missing exons.

4.6

THE EVOLUTION OF THEY CHROMOSOME

The mammalian sex chromosomes are thought to have evolved from an autosomal pair
of chromosomes after one member of the pair acquired a male-specific allele. Other
genes beneficial to males accumulated nearby and recombination in the area would be
suppressed to conserve this male advantageous haplotype. This caused the Y
chromosome to rapidly degrade, and only those genes with a highly selectable function
were retained. There are several non-exclusive models as to the causes of the
degradation of the Y chromosome, including Muller's Ratchet, genetic hitchhiking,
background selection and adaptive evolution. In the eutherian lineage, there was at least
one autosomal addition to the sex chromosomes, the Y copy of which was subject to the
same degradation as the ancestral regions of the Y. These added regions in eutherians
map to autosomal locations in marsupials.
Y-borne genes arrived on the Y chromosome in two ways. They were either part of the
ancestral sex chromosome or the additions to these, and were retained on the Y because
they already had, or they acquired, a selectable male-specific function. Alternatively, Yborne genes were transposed or retrotransposed to the Y chromosome because of a preexisting male-specific function. It was proposed by Lahn and Page (1997) that genes
present on the ancestral sex chromosomes will have an X homo log, will be present in a
single copy on the Y and will be ubiquitously expressed. They further proposed that
genes that are male-specific were acquired by a 'selfish' Y chromosome, and will
therefore have no X homolog, and will be present in multiple copies on the Y.
Several genes on the human Y chromosome support the selfish Y hypothesis. DAZL is a
eutherian autosomal gene implicated in germ cell meiosis. In humans, a homolog DAZ
lies on the Y chromosome. There is no X homolog in humans, and as there is no Y
homolog in mouse or even chimp, it is supposed that the human Y chromosome
acquired DAZ by transposition, after the divergence of humans and chimps, because of
a pre-existing male-specific role.
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However, several human Y-borne genes with male-specific functions, such as SRY,
REMY and ATRY have been shown to have X homologs, thereby violating Lahn and

Page's hypothesis. The presence of an X homo log in humans implies that they were not,
in fact, acquired by a selfish Y chromosome, but had been on the sex chromosomes all
along, and either already had, or acquired, a male-specific role. It appears that most
genes on the human Y today have persisted from the original proto-Y or from additions
to it, and that genes such as DAZ acquired because of a male-specific role are the
exceptions, rather than the rule.
The Y chromosome is unique in its functional coherence of phenotypes. The human Y
is known to harbor the sex-determining gene SRY, and several spermatogenesis genes.
Only genes under strong selection will be able to survive the rapid degeneration of the
Y chromosome. As marsupials have had no autosomal additions to their sex
chromosomes, the marsupial Y is considered to be a minimal Y chromosome, and will
therefore contain the minimal set of male-specific genes. Any genes still retained on
both eutherian and marsupial Y chromosomes have been retained on the Y for at least
180 million years, and will no doubt have an important role in a male-specific function.
Only one gene, ATRY, is found on the marsupial Y but not the eutherian Y, however
both have an X homo log. ATRY has been shown to have a role in spermatogenesis in
tammar, and this function of ATRYhas presumably been usurped by another gene in the
eutherian lineage.
The aim of this project was to characterise the tammar Y chromosome and to undertake
a comparative analysis of the mammalian Y chromosomes. By comparing the tammar Y
chromosome to the fully sequenced human and mouse Y chromosomes, any genes and
other DNA sequences common to both will be revealed. Any previously unknown
genes discovered on the tammar Y chromosomes are strong candidates for a role in a
male-specific role such as sex-determination or spermatogenesis. Finding novel genes
on the tammar Y chromosome with X and/or Y homo logs in humans or other mammals
will further support the theory of that male-specific genes are remnants of ancient
homology. Finding genes on the tammar Y that have autosomal homologs in other
mammals will support the selfish Y hypothesis.
Three genes previously unknown on the tammar Y chromosome were revealed by this
study. UREBJ Y (Upstream Regulatory Element Binding Factor 1) was revealed on the
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BAC clone that also harbors SRY. UREBJ Y has a paralog on the human and mouse X
chromosomes, however, there is no remaining trace of it on the human Y, or on the Y
chromosome from any species sequenced. This indicates that is has been lost from the
eutherian lineage, while being retained on the Y in the tammar, and perhaps in other
marsupials. As UREBJ Y is present on the Y in tammar, it can be supposed that there
will also be a tammar ortholog of UREBJX. Isolation and sequencing of tammar
UREBJX is imperative to understanding UREBJ Y. Figure 5.16 indicates the possible

evolutionary histories of UREBJ Y
Whether UREBJ Y has a male-specific function is unknown. The Y gene is only ~85%
conserved to the X paralog in mouse and human, however, until the sequence oftammar
UREBJX is established, it is not able to be deduced whether the Y homo log of this gene

has evolved from the X homolog. The gene contains an ORF, indicating that it is a
functional gene. Isolation of the tammar cDNA for UREBJ Y and UREBJX and doing
expression studies of the gene is necessary to establish whether it is transcribed. As the
sequence of UREBJX is not known and it is also not known whether UREBJ Y is
transcribed, the true evolutionary history of UREBJ Y cannot be established.
As there are few genes remaining on the tammar Y chromosome, and those that do
remain have important male-specific functions, it is ventured that UREBJ Y will also
have a male-specific role. If it did, UREBJ Y would be yet another violation of the
selfish Y hypothesis. If UREBJ Yhas a ubiquitous function, it would indicate that it is a
relic of the proto-X and-Yin the early stages of degradation.
A second gene discovered on the tammar Y chromosome was PHF6Y. Like UREBJY,
this gene has paralogs on both the human and mouse X chromosome, but the Y
chromosome homo log in eutherians has been lost. This implies that P HF6Y has been
retained because of selectable male-specific function in marsupials, but in eutherians
another gene has usurped this gene's function. Once again, the tammar P HF6 Y gene has
an ORF, indicating that it is a functional gene, however, without the tammar PHF6X
sequence, and isolation of the cDNA, it is not able to be established what the
evolutionary history of this gene is.
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The last gene discovered on the tammar Y chromosome was GKAP 1LY. This gene
shows the closest homology to a human chromosome 9 gene GKAP, however, it has no
intrans suggesting that it is a retrotransposed copy of GKAP. There is no evidence of a
GKAP-like gene on the sex chromosomes in eutherians, and it is expected that there will

not be a GKAP-like gene on the X chromosome in tammar, but it is likely that there is
an intron-containing autosomal copy of GKAP 1 in the tammar genome. GKAP is a
testis-specific gene in mouse, where it is expressed in the spermatocytes and spermatids,
however, it has not been established what role this gene plays. G KAP 1LY supports the
selfish Y hypothesis, as it has been retrotransposed to the sex chromosome in tammar,
possibly due to its pre-existing male-specific function. A conserved expression pattern
of the Y-borne GKAPJLY in tammar spermatocytes and spermatids would further
validate this theory, as would the expression pattern of the autosomal GKAP1 in
tammar.
In summary, the only way to definitively establish the evolutionary history and the
exact structure of the new tammar genes UREBJY, PHF6Yand GKAPJLYwould be to
isolate the full coding sequence of the X (or autosomal) homo log of each gene and also
the cDNA of both the X and the Y (or autosomal) copies of the gene from tammar, and
to align the two along with the Y genomic sequences.
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Minnesota, USA
Kent, UK
Massachusetts, USA
Virginia, USA
California, USA
Indianapolis, USA
Sydney, Australia
Virginia, USA
California, USA
Massachusetts, USA
California, USA
Berlin, Germany

1 shows a list of all companies referred to in text. Cities and countries refer to

the home city of the company.
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Primer name:
MeRBMYex2for
MeRBMYex2rev
MeRBMYex6- 7for
MeRBMYex6- 7rev
MeRBMYex9for
MeRBMYex9rev
MeATRYex7for
MeATRYex7rev
MeATRYexl 9for
MeATRYexl9rev
MeATRYex34for
MeATRYex34rev
MeSRYfor

MeSRYrev
MeSMCYin23for
MeSMCYin23rev
MeSMCYex23for
MeSMCYex23rev
MeSMCYin22for
MeSMCYin22rev
M13forward
M13reverse
T3
T7

Amplifies:
60bp of
exon2
190bp b/w
exon 6-7
200bp of
exon 9
104bp of
exon 7
103bp of
exon 19
lOlbp of
exon 34
426bp of
SRY
r---400bp
b/w exon
23 - 24
455bp of
exon 23
r-.,700bp
b/w exon
22 - 23
Genomic
insert
Genomic
insert

Optimal
oc:

Sequence 5'

60°C

60°C

60°C

54°c

54°c

54°c

54°c

54°c

ss c
0

ss c
0

'

PCR
Conditions:

3':

CAG TGA TGG AAG
CACATTGTC
TCGTTC CTA CAT
TGAGTC CTC
CCT CCA AGA CGA
GAA TCA TTG TC
CCC GAA AAC TTG
CATAACCTCT
GGAATGGATATG
GAT GTG GTG GAA
TTC CAC CAC GGC
CAT CAC CTC TT

94°c 2' - 94°c
30"/60°C l '/72°C 2'
- 72 °c 10' - 4°c

GAA GAG CTA ACA
AATGT
CAA ATC AGG ACT
TTCAGGTAG
ACG AGC TCA AGA
CAGAAGTG

94°c 2' - 94°c
30"/54°C l '/72°C 2'
- 72°c 10' - 4°c

CTC ATT CCT TCC
TTGTACAAG
ATACACATA TGA
CAG ATG CTC
TAC ATC ATT GTA
GATGGCTTC

54°c

54°c

-+

00

94°c 2' - 94°c
30"/60°C l '/72°C 2'
- 72 °c 10' - 4°c
00

94°c 2' - 94°c
30"/60°C l '/72°C 2'
- 72 °c 10' - 4°c
00

00

94°c 2' - 94°c
30"/54°C l '/72°C 2'
- 72°c 10' - 4°c
00

94°c 2' - 94°c
30"/54°C l '/72°C 2'
- 72°c 10' - 4°c
00

AAA GCC CTT TTG
TGGAAGGT
AGT TGT CCA GGC
ACA TCACA

94°c 2' - 94°c
30"/54°C l '/72°C 2'
- 72°c 10' - 4°c

CGC CTA GCT GAA
TTACGACA
CCT CAG GTA GCT
CTAGCACTGG
GCT ATG CCA ACA
TGACCAAG
CTG CTG AAG CCA
TTGTCGTA
TTA AAC GGA ATC
GGTGGAAG
AGG GAA CTG GGG
AAA TAG GA

94°c 2' - 94°c
30"/54-64°C
1'n2°c 2' - 72°c
10' - 4°c oo

GTA AAA CGA CGG
CCAG
CAG GAA ACA GCT
ATGAC

94°c 2' - 94°c
l '/55 °C l '/72°C 2'
- 72°c 10' - 4°c

CGG GAT ATC ACT
CAGCAT AATG
AAT TAA CCC TCA
CTAAAGGG

94°c 2' - 94°c
l '/55 °C l '/72°C 2'
- 72°c 10' - 4°c

00

94°c 2' - 94°c
30"/54-64 °c
1'/72°C 2' - 72 °C
10' - 4°Coo
94°c 10' - 94°c
30"/54-64 °C
l 'n2°c 2' - 72 °c
10' - 4°c oo

00

00

2 lists the sequen~es and PCR conditions for all designed pri1ners and those
used 1n ~OPO TA Cloning and Shotgun Subcloning Kits (Invitrogen Life
Technologies).
APPEN?IX
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11

13

14

16

27

29

30

32

43

45

46

48

10

15

11

12

26

31

27

28

42

47

43

44

14

12

16

13

30

28

32

29

46

44

48

45

10

9

15

9

26

25

31

25

42

43

47

41

3

5

6

8

19

21

22

24

35

3

38

40

2

7

3

4

18

23

19

20

34

39

35

36

6

4

8

5

22

20

24

21

38

36

40

37

2

1

7

1

18

17

23

17

34

33

39

33

A) FILTER 1 -48
59

61

62

64

75

77

78

80

91

93

94

96

58

62

59

60

74

79

75

76

90

95

91

92

62

60

64

61

78

76

80

77

94

92

96

93

58

57

63

57

74

73

79

73

90

89

95

89

51

53

54

56

67

69

70

72

83

85

86

88

50

55

51

52

66

71

67

68

82

87

83

84

54

52

56

53

70

68

72

69

86

84

88

85

50

49

55

49

66

65

71

65

82

81

87

81

B) FILTER 49-96
107

109

110

112

123

125

126

128

139

141

142

144

106

111

107

108

122

127

123

124

138

143

139

140

110

108

112

109

126

124

128

125

142

140

144

141

106

105

111

105

122

121

127

121

138

137

143

137

99

101

102

104

115

117

118

120

131

133

134

136

98

103

99

100

114

119

115

116

130

135

131

132

102

100

104

101

118

116

120

117

134

132

136

98

97

103

97

114

113

119

113

130

129

135

I

133
129

C) FILTER 97-144

APPENDIX

3 shows the 4 x 4 offset patterns of each of the three tarmnar BAC library

filters. Each clone is present in duplicate in a unique pattern to ensure that any
hybridization is specific to the probe, and that dots are true positives and not evidence
of non-specific hybridization.
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Probe:

Address:

Chr:

36
36
89
71
71
111

Hl 1
H12
PIO
03
P3
E20

6
3/4p
3/4p
3/4p

80

022

y

ISRYPCR

112

y

product

64

D12
D5

53

A23

y

67

Hll

1
8
15
14
45
24
53
57
95
82
84
88
1 11
142
125
129
5
15
21
61
106
122
7
.6
6
5
2
1
15
12
15
16
9

F6
F7
Cl
K24
P16
H22
Al7
Mll
F21
Gl5
M9
01
J21
Il3
All
G9
Nl9
Nl2
L9
121
Kl7
F23
Dl9
Gl9
M13
08

11

I2

21
21
137
30
31
26
26
33
33
51
58
137
62
64
69
69
71
71
75

E22
F23
K3
A24
B19
F17
P3
E23
A15
Dl4
H24

RBMYcDNA

RBMYPCR

oroducts

ATRYPCR

oroducts
SMCYPCR

oroducts

UBEJYcDNA

from M rufus

-

Micro-dissected
Y chromosome

78

Probe:

Sq
Sq

82
88
86
89
97
103
111
109
118
122
121
121
125
136
131
6
2
7
21
30
44

3/4p
3/4p
3/4p

3/4q

Micro-dissected
Y chr.

2q

3/4q
Xa
3/4q
X/Y
X/Y

Xq
X/Y
X/Y
X/Y
X/Y
XIY

13

A2
Ll

L7
L7
013
Gl7

AS

F5
L5
A3
K6
Kl4
Cl8
Kl
K9

X/Y
XIY
X/Y
X/Y
X/Y
y
XIY
X/Y
XIY
XIY
X/Y
X/Y
XIY
y
XIY
X/Y
XIY
X/Y
X/Y
XIY
XIY
X/Y
XIY
X/Y
X/Y

Address:

Flow-sorted Y
chromosome

78

74
109
104
110
111
115
144
108
117
103
132
137
8
7
7
37
54
61
61
77
81
83
114
89
49
129
66
68
71
5
13
25
43
54
70
70
17
74
76
76
77

93
95
105
118
127

Jl6
K22
Cl
N21
IlO
K22
F5
H8
L5
Nl
N2
M8
Dl7
G24
M20
Al7
N22
Bl
F22
Nl9
Cl
K19
P6
Kl7
P2
Al6
Al
K9
H24
H6
All
Nl6
K22
C21
Bl

Chr:

XN

lp

72

y
y

13
9
17
27
25
29
35
38
33
40
47
45
88
97
97
97
105
105
114
115
116
121
124
126
129
136
136
136
131

lq
Flow-sorted Y
chromosome
y

y
y

lq
y

Ll

MS

I2

Pl8
M9
09
C22
Fl6
F5
N6
D2
Mll
018

cs
G3

143
50
51
54
53
56
55
55
55
59
57
57
63
61
58
68

X/Y
XIY
X/Y
X/Y
XIY
X/Y
X/Y
X/Y

y
y
y
y

5
2p
Xp
y
y
y
y

3/4p
Xq
y

Xq
y
y

Chr:

Address:
92
92

XIY
X/Y
XIY
X/Y
XIY
XIY

N2
06
FlO
A6
N8
Kl7
K22
L6
Nl
Pl 1
Cl
Al9
B20
GlO
06
011
F13
B6

Probe:

I8
Ml6
B6
L23

y
y

I20

3/4p

Fl6
H15
Il6
F9
F8
E14
N22
N20
I19
Gl4
Jl3
15
F14
D13
L22
N12
Ll 1
K24
L20
El8
Ll9
I22
G7
I6

K7
H4
L16
A23
Nl2

y

l

PS

Dl7
Dl5
J24
N20
Gl2
D20
Al9
G21
M4
F6
013
PIO
HlO

lq
7
3/4p
Xq
Xp
y

Sq

Xp
3/4p
3/4q

A PP EN DIX 4 lists of all
BAC clones isolated with
each probe. Those clones
detected with more than
one pro be are only listed
with the pro be they were
detected with first. Clones
with no chromosomal
location either would not
hybridize
to
any
c omosomes, or were not
attempted due to time
constraints.
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B)

A)
APPENDIX

5 Autosomal of some of the BAC clones detected using the REMY cDNA

probe. A) BAC clone 36H12 maps to medial chromosome 3/4q. B) BAC clone 11 IE20
maps to distal chromosome 3/4p. These clones did not map to the Y chromosome and
did not contain REMY.

202

B)

A)
APPENDIX

6 Autosomal locations of some of the BAC clones detected using the UBE] Y

cDNA probe. A) BAC clone 8001 maps to medial chromosome 2q; and B) BAC clone
24H22 maps to proximal chromosome 3/4p. These clones did not map to the Y
chromosome and did not contain UBEJ Y
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1

2

3

4

5

6

7

8

9

10

11

12

A

72Cl

36Hll

36H12

89P10

7103

71P3

l 11E20

1F6

8F7

15Cl

14K24

45P16

B

24H22

53A17

57Mll

95F21

82G15

84M9

8801

ll 1J21

142113

125Al 1

129G9

5N19

C

21L9

61121

106K17

122F23

7D19

6G19

6M13

508

213

1A2

15Ll

12L7

D

15L7

16013

9G17

l 1J2

21E22

21F23

137K3

30A24

31B19

26F17

26p3

33E23

E

33A15

51Dl4

58H24

137A5

62F5

64L5

69A3

69K6

71Kl4

71Kl8

75Kl

78K9

F

86Cl

82116

88K22

89N21

97110

103K22

111F5

109H8

l 18L5

122N1

121N2

121M8

G

125Dl7

136G24

131M20

53A23

47Al

89M5

5212

13Pl 1

29Al4

31012

22Hl8

17B7

H

49Pl1

129Cl

121J16

6Al7

2N22

7Bl

21F22

30Nl9

44Cl

78Kl9

74P6

109K17

1

2

3

4

5

6

7

8

9

10

11

12

A

104P2

110Al6

l llAl

l 15K9

144H24

108H6

117Al I

103Nl6

132K22

137C21

66A19

68B20

B

71Gl0

506

13011

25F13

43B6

5412

70P18

70M9

1709

74C22

76F16

76F5

C

77N6

93D2

95Mll

105018

118C5

127G3

143B6

9218

92Ml6

50L23

51120

54F16

D

53H15

56116

55F9

55F8

55E14

59N22

57N20

57119

63G14

6IJ13

5815

68Fl4

E

72D13

13L22

9N12

17Ll 1

27K24

25L20

29E18

35L19

38122

33G7

4016

47K7

F

45H4

88L16

97A23

97N12

97P5

105D17

105Dl5

114124

115N20

116G 12

121D20

124Al9

G

126G21

129M4

136F6

136013

136Pl0

13 lHlO

-

-

-

-

-

-

H

-

-

-

-

-

-

-

-

-

-

-

-

APPENDIX

7 Layout of BAC clones on dot-blot. Numbers refer to clo~e addresses for

clones from the tammar BAC library. All clones are present on filters in duplicate.
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EXON
2921-2986
3030-3131
3631-3711
4668-4774
6676-6767
7185-7390
7192-7390
7286-7390
7273-7390
8578-8818
14637-14694
15619-15795
15632-15795
15659-15795
17974-18219
17722-18219
18005-18219
18754-18887
19140-19188
l 91 l I- J 9188
19541-19720
19519-19720
23425-23659
23425-23563
25110-25177
28003-28125
28003-28079
29012-29107
29020-29107
29614-29869
29600-29869
29451-29869
33338-33490
33391-33490
33369-33490
33745-33872
34200-34252
34171-34252
36298-36474
36308-364 74
3 7167-37326
37101-37326
37108-37326
37777-38135
37649-37797
40201-40243
40201-40246
40375-40570
40375-40616
40375-40492
42583-42713
42606-42713
43054-43 I 20
43054-43102
44616-4483 0
44628-44830
45189-45424

ACCEPTOR DONOR
SITE
SITE

FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

EXON
45189-45400
45197-45424
45189-45332
45197-45400
46119-46301
46076-46301
46249-46301
46806-46978
46806-47015
46812-46978
46812-47015
47617-47714
48718-48866
49913-,49988
49917-49988
49913-49976
51091-51197
51109-51197
51344-51605
51344-51599

52 l 04-52332
52066-52332
52192-52332
52079-52332
52107-52332
55324-55369
55943-56164
55842-56164
56201-56318
56503-56725
56519-56725
56661-56725
56552-56725
56555-56725
56503-56697
56613-56725
56964-57094
59054-59268
59072-59268
59078-59268
59105-59268
59713-60001
59720-60001
59713-59948
62210-62765
62218-62765
62608-62765
62637-62765
62645-62765
62319-62765
62330-62765
63236-63737
63236-63407
63236-63697
63236-63452
643 I 7-64426
64324-64426

ACCEPTOR DONOR
SITE
SITE

TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE

ACCEPTOR DONOR
SITE
SITE

EXON

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE

64338-64426
64317-64384
6453 1-6~-687
· 64531-64705
65049-65181
65407-65609
65436-65609
65346-65609
65730-65806
66873-66954
66798-66954
67375-67587
69248-69388
70031-70318
70039-70318
70031-70087
70857-70916
70857-70939
70857-70974
71712-71893
71798-71893
71771-71893
72209-72399

APPENDIX

8 BAC clone

112D12

MZEF-SPC

raw

data.

highlighted
indicate

Exons
1n

those

red
also

found by homology;
exons highlighted in
green indicate those not
found by homology, but
matched exons also
predicted by Genscan
and the refore may be
true exons.
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BEGIN

END

PROBABILITY

SCORE

BEGIN

END

PROBABILITY

SCORE

1566

1679

0.573

1.8

60102

60186

0.99

0.86

3030

3131

0.634

1.53

62210

62765

0.979

21.92

3631

3711

0.57

0.89

63236

63737

0.833

29 .23

4668

4774

0.976

5.31

64317

64426

0.998

12.28

5073

5250

0.954

0.87

64531

64687

0.629

7.06

6(176

6767

0.999

11.79

65049

65181

0.999

12.28

7185

7390

0.679

19.58

65407

65609

0.998

13.41

8138

8258

0.605

-3.13

65730

65851

0.873

8.49

8984

8634

0.815

29.1

66798

66954

0.466

2.26

11622

11664

0.503

1.26

67098

67247

0.969

7.51

12106

12143

0.63

-2 .04

67375

67587

0.339

10.16

15619

15795

0.98

11.69

68081

68198

0.998

15 .1

17974

18219

0.952

17.23

69248

69388

0.999

15.95

18754

0.839

-2.38

70031

70318

0.999

17.84

0.869

5.9

70415

70523

0.381

5.67

19541

18887
19 I88
]9720

0.997

15.62

70857

70974

0.904

3.02

20318

20531

0.636

-2.55

71712

71893

0.999

11.87

23425

23659

0.982

9.17

72209

72399

0.895

10.36

25565

25795

0.801

11.55

72532

72634

0.833

-1.43

28003

28125

0.966

7.36

77788

78369

0.964

17.83

29012

29107

0.845

2.49

29600

29869

0.994

33 .52

33338

33490

0.987

8.95

33745

33872

0.981

6.36

34171

.)~-'--.:..,

., !')~')

0.98

8.92

36298

36474

0.782

2.09

37167

37326

0.877

2.14

37777

38135

0.99

27.25

40375

40570

0.999

15 .97

41849

42016

0.993

14.9

42583

42713

0.999

8.59

43054

cu 120

0.928

7.06

44616

44830

0.904

12.51

45189

45400

0.36

13 .39

46806

46978

0.968

20.86

48718

48866

0.995

7.93

49913

49988

0.996

1.67

50504

50602

0.905

3.26

51091

51197

0.999

20.41

51344

51605

0.997

72.34

52104

-~1P'1

.:.., _,.).:..,

0.74

11.01

Genscan raw data. Exons highlighted in

53654

53842

0.59

5.18

red indicate those also found by

54206

54282

0.737

-0.46

54451

54605

0.984

13 .67

55324

55369

0.997

-0.14

55943

56]64

0.731

8.18

56503

56725

0.999

25.26

but matched exons also predicted by

56964
59054

57094

0.983

11.22

MZEF -SPC and therefore may be true

59268

0.976

23.91

59713

60001

0.998

29.9

19100

APPENDIX

9

BAC clone 1 l 2D 12

homology; exons highlighted in green
indicate those not found by homology,

exons.
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BEGIN

END

PROBABILITY

SCORE

6050
7796
1265
2144
8005
9165
24919
26417
43881
44105
44294
46482
48697
49012
8041
14735
15855
27334
28594
28898
47781

2511
6615
1474
2236
8131
9261
25028
26566
43775
43953
44180
46314
48591
48893
7912
14602
15751
27179
28451
28753
47745

0.953
0.999
0.878
0.47
0.901
0.949
0.707
0.499
0.749
0.606
0.999
0.697
0.972
0.851
0.998
0.943
0.95
0.523
0.877
0.983
0.166

54.2
86 .8
13 .49
0.04
4.23
5.55
7.91
3.31
6.84
1.37
6.59
7.2
6.31
7.15
18.47
6.22
8.49
0.69
2.96
7.18
2.12

APPENDIX

10 BAC clone 80022 MZEF-SPC raw data. All possible exons as predicted

by MZEF-SPC gene prediction program.

APPENDIX

EXON

START

END

l 0331- l 0444

TRUE

TRUE

2362-2450
2400-2450
9165-9261
24919-25028
26348-26566
26262-26566
357 64-36000
41 613-41696
4327 6-43348
43297-43348
49234-49528

FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE

TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

4664-4728
l 0624- 10739
l 0627- 10739
334 2 7-33502
39278-39378
42006-42135
42299-42400

TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE

TRUE
TRUE
TRUE
FA LSE
TRUE
TRUE
TRUE

11 BAC clone 80022 Genscan raw data. All possible exons as predicted by

Genscan gene prediction program.
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EXON
34998-35146
34996-35146
42830-42925
42847-42925
4412 5-441 81

APPENDIX

START

END

TRUE

TRUE
TRUE
TRUE
TRUE

FALSE
FALSE
FALSE
TRUE

FALSE

1 2 shows BAC clone 53A23 MZEF-SPC raw data. All possible exons as

predicted by MZEF-SPC gene prediction program. Exons highlighted in red indicate
those also found by homology.

APPENDIX

BEGIN

END

PROBABILITY

SCORE

881
2649
4942
9547
11837
12971
15998
17006
27395
29629
36922
38013
39252
41338
43300
48980
50474
60216
60524

1027
2843
5119
9655
11943
13124
16152
17094
27570
29788
37074
38183
39354
41425
44969
49047
50583
60325
60567

0.02
0.05
0.982
0.996
0.98
0.578
0.982
0.313
0.987
0.632
0.961
0.914
0.784
0.893
0.693
0.63
0.764
0.984
0.816

0.61
14.19
10.7
9.42
6.24
3.11
10.49
-1.15
6.34
9.23
14.54
7.92
-2.04
1.11
95.96
-1.52
3.08
9.41
1.12

1 3 shows BAC clone 53A23 Genscan raw data. All possible exons as

predicted by Genscan gene prediction program. Exons highlighted in red indicate those
also found by homology.
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