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ABSTRACT

| have integrated data from linkage mapping, physical mapping and
karyotyping in order to characterize the sex chromosomes in Atlantic salmon
(Salmo salar). The primary genetic sex-determing signal, SEX, has been mapped
to Atlantic salmon microsatellite linkage group 1 (ASL1). | have used probes
designed from the flanking regions of these sex-linked microsatellite markers to
screen a bacterial artificial chromosome (BAC) library, representing an 11.7X
coverage of the genome, which has been Hind Il fingerprinted and assembled
into contigs. BACs containing sex-linked microsatellites and their related contigs
have been identified and representative BACs have been placed on Atlantic
salmon chromosomes by fluorescent in situ hybridization (FISH). This identified
chromosome 2, as the sex-chromosome and allowed me to orient ASL1 with
respect to chromosome 2. The region containing SEX appears to lie on the long
arm between marker Ssa202DU and a region of heterochromatin identified by

DAPI staining.
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CHAPTER 1 INTRODUCTION

1.1 Sexual Reproduction

One of the most fundamental biological processes is the determination of
phenotypic sex followed by the subsequent differentiation of an organism into a
particular reproductive fate. This differentiation includes not only the development
of reproductive organs, but also affects almost all aspects of an organism

including social behaviour, physiology and morphology (Beye et al., 2003).

A basic question in the study of evolutionary biology asks; ‘what
advantages do sexual organisms (having a life cycle with alternating syngamy
and meiosis) confer over asexual organisms (producing an offspring from single
mitotically derived cells)?’ Despite almost a century of debate, the major forces
driving the evolution and maintenance of sexual reproduction from an originally
asexual population remain poorly understood (Kondrashov, 1993). From a purely
energetic standpoint, sexual reproduction is at a disadvantage, as it requires
more energy to retain two of each haploid genome within the cell, as well as the

energy expended in mating with another organism (Lively and Loyd, 1990).

Two principle advantages conferred by sexual reproducing organisms are
that they are less prone to the accumulation of deleterious mutations and that
they can adapt more rapidly to changing ecological environments (Kondrashov,
1993). These observations have led to the two most widely accepted hypotheses

as to why sexual reproduction evolved, and why it has been maintained.



Kondrashov’s ‘Mutational Deterministic’ (MD) hypothesis (Kondrashov,
1993) proposes that a high genomic rate of deleterious mutation may have been
the principle drive towards the evolution of sexual reproduction from asexual
reproduction. Simply put, the cost of perfecting one’s genomic repair machinery
increases as one nears perfection. Therefore, it may be energetically favourable
to allow some mistakes to accumulate if, through the process of recombination,
one can purge them later. Under this model, sexual reproduction seems to be
favoured over asexual reproduction when the number of deleterious mutations
per diploid genome per generation (U) exceeds 1 event per generation when it is
assumed that newly arising asexual populations are mutation free (Charlesworth,
1990). Below such a rate for U, an asexual population will overwheim a sexually

reproducing one, because of its greater productivity.

This hypothesis has not been without criticism. Keightley and Eyre-Walker
(2000, 2001) compared the genomes of related organisms in order to test
whether U was sufficiently near or above the one event per generation required
in order for the MD hypothesis to be the sole factor maintaining sexual
reproduction among these organisms. While Keightley and Eyre-Walker found
values for U above 2 for species with long generation times (such as long-lived
mammals), species with short generation times had U values as low as 0.05.
Based on these results, the authors suggested that the ability of recombination to
purge deleterious mutations alone was not sufficient to maintain sexual
reproduction among species with short generation times, and therefore sexual

reproduction must confer additional advantages.



Another long-standing theory as to the basis of sexual reproduction is
known as the ‘Red Queen’ (RQ) hypothesis, coined by VanValen (1973), so
named after Lewis Carroll's classic novel, Through the Looking Glass (Caroll,
1872). The hypothesis is based on the idea that in tightly co-evolved interactions
between species (such as a predator and its prey or a parasite and its host),
rapid evolutionary change in one species, may lead to extinction in the other.
Therefore, each species must continue to evolve in order to remain extant; or as
the Red Queen tells Alice, “[I]t takes all the running you can do to keep in the
same place.” (Caroll, 1872). The hypothesis was further expanded by Bell (1982)
through the idea that co-evolution of such co-dependent species could lead to
sustained oscillations of genotype. Host organisms capable of asexual
reproduction may select for sexual reproduction in a situation of co-evolution with
parasites, as a mechanism to reduce the chance of infection in its offspring.

Recent mathematical modelling of species-species interactions under
conditions of co-evolution has shown that the RQ hypothesis only holds under
conditions of strong selection at very few fitness-associated loci (Otto and
Nuismer, 2004). Under conditions of weak selection, or selection acting upon
multiple fitness-associated loci, recombination conferred by sexual reproduction
is more likely to break apart fit gene combinations and produce less-fit
recombinant genotypes. Therefore, although the RQ might explain the origin of a
small amount of sex and recombination, much like the MD hypothesis, it is
unlikely that it alone can explain the maintenance of sexual reproduction and the

high rates of recombination observed in extant species.



While neither the MD nor the RQ hypotheses alone seem sufficient to
explain why sexual reproduction has been favoured and maintained among
species throughout evolutionary history, they may play a role in the evolution and
maintenance of sex by acting together along with other factors such as mutation
or random genetic drift. Synergistic effects have been found in models
incorporating both the MD and RQ hypotheses (Howard and Lively, 1998)
suggesting that only by incorporating elements from various models can we

produce a rigorous hypothesis as to the origins of sex.

Our understanding of the evolution of sexual reproduction remains limited
because of our inadequate understanding of the molecular mechanisms
underlying sex-determination in extant species as well as their ancestors.
Expanding our knowledge of these mechanisms is a crucial first step in the

understanding of reproduction as a whole.

1.2 Sex-Determining Mechanisms
The diverse mechanisms, by which sex is inherited in organisms with
separates sexes, can be divided into two broad categories: genetic mechanisms

and environmental mechanisms (Bull, 1983).

1.2.1 Genetic mechanisms

A genetic sex-determination mechanism involves the inheritance of
specific elements at the genotypic level, which cause a zygote to develop into a
particular sexual fate. Various examples of genetic sex determining mechanisms

include:



Male Heterogamety- All males are XY, females XX and therefore all zygotes are
either XY or XX. The X and the Y are the inherited basis of sex-

determination and sex is determined at conception.

Female Heterogamety- The reverse of male heterogamety where females are
ZW, males are ZZ and all zygotes are either ZW or ZZ. Depending on the
zygotic mechanism, sex may be determined before fertilization but no later

than at the time of the formation of the zygotic nucleus.

Polyfactorial Sex-Determination- Sex is determined in the zygote by multiple

factors of small additive effect.

Arrhenotoky (Haplo-diploidy)- Males arise from unfertilized eggs and females

from fertilized eggs.

1.2.2 Environmental Mechanisms

Organisms employing environmental sex-determining (ESD) mechanisms
use external stimuli in order to determine phenotypic sex. In certain species, sex
may be determined during embryogenesis, in response to stimuli such as
temperature or salinity. Males develop below a given threshold and females
develop at or above the same threshold. Species using ESD may also be able to
change their sex after they have reached full sexual maturity. Examples of this
case include certain species where individuals may be sensitive to particular
population dynamics and males will spontaneously become females when

females are scarce.



In organisms employing ESD, the individual's genotype has little influence
on whether it becomes male or female. However, it is not assumed that sex-
determination occurs without the action of genes, only that the products of such

genes are sensitive to the environment.

1.3 Sex-Determining Pathways

1.3.1 Description of sex-determining pathways

A sex-determining pathway can be viewed as a complex series of
interacting biochemical processes that ultimately lead to sex-cell determination
and differentiation (Devlin and Nagahama, 2002). Despite many years of study,
the mechanisms comprising the sex-determining pathways of most species
remain elusive. Though the primary sex-determining signal has been identified in
most mammals, the nematode, Caenorhabditis elegans, the fruit fly, Drosophila
melanogaster, the honeybee, Apis mellifera, and the Japanese Medakafish,
Oryzias latipes, the downstream effectors of their sex pathways have not all been
characterized (Berta et al., 1990; Beye et al., 2003, for review see Stothard and
Pilgrim, 2003; Schiitt and Nothiger, 2000; Swain, 2002). With only a small
representative group of which any substantive amount of sex pathway
characterization has been performed, our understanding of how these pathways

have evolved (from a common ancestor or independently) remains limited.

Following is a brief discussion of what is known about the sex-determining

pathways of humans, D. melanogaster and C. elegans.



1.3.2 Sex-determination in humans

Humans employ a genetic sex-determination mechanism in which males
are the heterogametic sex (XY) and females, homogametic (XX). It is firmly
established that the gene SRY, which lies on the Y chromosome is the primary
genetic signal and that its presence induces male differentiation (Scherer, 2002).
Nevertheless, the direct gene target(s) of SRY remain unknown. As SRY is a
member of the HMG domain family of transcription factors, its mode of action is
most likely to act as a transcriptional regulator, activating or inhibiting the

production of downstream elements.

SRY is thought to act through a “double-repressor” system, in which it
inhibits a gene or genes that themselves inhibit masculinization (McElreavey et
al., 1993; Vilain, 2002; Scherer, 2002). This was first postulated upon
observation that not all XX male individuals expressed SRY (acquired via a
translocation event), suggesting that they were defective in expression of a
downstream male-repressor, the supposed target of SRY. Expression studies
have led to the model that SRY inhibits the action of DAX1, a known testis
inhibitor, perhaps through the action of WNT4 (Fig. 1.1) (for review see Vilain,

2002).

Several sexual development pathologies, including full sex-reversal, have
been observed in individuals defective in the expression of several other sex-
related genes such as SOX9, DMRT1 and AMH among others. It is most likely
that there are still several downstream elements and cofactors whose positions

within the overall sex pathway have yet to be determined.



Figure 1.1 The “double-repressor” hypothesis in humans. Females express WNT4, which is
believed to be a signal for the activation of DAX1, a known testis inhibitor. In males,
SRY is believed to inhibit the expression of WNT4, thus preventing it from it from
activating the expression of DAX1. Proteins whose names are in bold are being
expressed, whereas those not in bold are being inhibited. Testis written in bold
represents activation of the male developmental pathway. Testis not written in bold
represents suppression of the male pathway and activation of the female pathway.

Fe)r(“)?'e WNT4 — DAX1 —] Testis

'V)'g'{e SRY —| WNT4 — DAX1 —] Testis



1.3.3 Sex-determination in D. melanogaster

Like in humans and other mammals, sex is determined through a genetic
mechanism in the fruit fly, Drosophila melanogaster (Fig. 1.2) (Pomiankowski et
al., 2004; for review see Schitt and Naothiger, 2000). The primary genetic
signal is provided by the ratio of X-linked numerator genes (N) [the three
sisterless genes (sisA,B,C) and runt (run)] to the autosomal denominator gene
(D), deadpan (dpn). The ratio in females, who inherit two X chromosomes, is 2:2,

whereas in males (bearing only one X chromosome) it is 1:2.

The products of the N and D genes are transcription factors that regulate
the expression of the gene sex-lethal (sx/). Sex-lethal has a premature stop
codon in exon 3, which if not removed during RNA processing, will lead to the
production of non-functional SXL protein. In females, the double dose of X linked
numerator genes activates an early promoter of sx/ (Pe) which produces RNA
transcripts in which exons 2 and 3 are spliced out. This results in the production
of active SXL protein. SXL also acts as a splice enhancer, binding its own pre-
mRNA, and enforcing the removal of exon 3. Thus the production of active SXL
in females activates an auto-regulatory loop, ensuring the continued production
of functional protein. In males, insufficient dosage of the numerator genes leads
to the production of prematurely truncated sx/ and thus the functional SXL protein

is not produced, and the auto-regulatory loop is never established.



Active SXL is an RNA binding protein that regulates the production of the
next gene in the sex pathway, transformer (tra). Like sxl, tra contains a series of
premature stop codons at the beginning of exon 2. In females, the action of SXL
forces the use of a cryptic splice site downstream of the stop codons in exon 2,
preventing premature termination and resulting in the production of active TRA
protein. In males, the lack of active SXL prevents the removal of the stop codons

and no functional TRA is produced.

TRA is another RNA binding protein that causes alternative splicing of the
gene doublesex (dsx), the next element downstream in the pathway. In females,
TRA, in conjunction with the cofactor TRA-2, initiates an alternative splicing
pattern in dsx including exons 1-4, whose protein product is known as DSXF. In
males, absence of TRA causes dsx to splice into its default form, removing exon
4. Thus, the male mRNA transcript contains exons 1-3 and 5-6, resulting in the
production of the male specific isoform, DSXM. Both DSX isoforms act as
transcription factors that enhance and repress the activity of downstream
developmental genes in a sex-specific manner, and implement either of the two

different routes of sexual differentiation.

10



Figure 1.2 The Drosophila melanogaster sex-determining pathway. Gene names are shown
in italics whereas the names of proteins are shown in capital letters. mMRNAs are
represented by the blue and red boxes. Blue boxes are translated exons whereas red
boxes represent exons with pre-mature stop codons. Naming abbreviations are as
follows: sis, sisterless; run, runt; dpn, deadpan; sxl, sex-lethal; tra, transformer; dsx,

doublesex.
Female Primary Switch Male
XX 8isA XY
2N:2D sisB - dpn N:2D
5isC
l run l
Protein RINA, RMNA Pratein
XL Co— sxi [ W B Wy W B -
° :——]\/4 5 1 2 3 4 5
S e Y s 5xi No Auto-regulation -
XL 1 2 4 5 auto-regulatian
- fra - -
TRA T ——

DSXF o dsx D—CHD\/I:H:I DSHM
1 2 3 4 1 2 3 5 b
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1.3.4 Sex-determination in C. elegans

Like the sex pathway in Drosophila, the primary genetic signal in the
nematode, Caenorhabditis elegans, is the ratio of X chromosomes to autosomes
(Fig. 1.3) (for review see Stothard and Pilgrim, 2003). However, unlike in
Drosophila, C. elegans exists as either a male (inheriting one X chromosome) or
a hermaphrodite (inheriting two X chromosomes). In hermaphrodites (Fig. 1.3A),
proper dosage of the X linked genes, fox-1 and sex-1, acts to reduce expression
of xol-1. This in turn prevents the xol-1's inhibitory effect on the hermaphrodite
promoting sdc genes (sdc-1,2 and 3). The sdc genes again act as transcriptional
repressors of the her-1 gene, which itself is a repressor of tra-2 expression. So
consequently in the case of hermaphrodites, tra-2 is able to inhibit the fem genes
(fem-1,2 and 3), preventing them from inhibiting tra-7, which acts as a global
regulator of sex, promoting hermaphrodite development. In males, the insufficient
initial dosage of fox-1 and ser-1 lead to opposite repression effects, culminating
in the inactivation of tra-7 (Fig. 1.3B). This initiates the default global pathway of

male sexual development.

Although the molecular mechanisms of the primary genes involved in sex
determination in C. elegans have been well characterized, many trans-acting
cofactors feed into the pathway at various stages. Mutations in these cofactors
lead to improper sexual development and further characterization of these genes

is required in order to understand their effects on the overall pathway.

12



Figure 1.3 The Caenorhabditis elegans sex-determining pathway. The state of sex-

determining pathway gene expression is shown for hermaphrodites (A) and males (B)
Genes shown in large font are active whereas the expression of those in small font is
inhibited. X = copies of X chromosomes and A = copies of autosomes.

A

Hermaphrodite
A=
fox-1 \ott
ser-1 sdc-7 hd _ feni-1 _
b xol-1 =4 sdo-2 - perr fra-2 Em-g — ira-7
A ] "
° 5463 pran
B Male
AA=T12
for-1 laf-1
et y sde-1 y fem-7
X0 - ste-2 = Per-T—tm2 — fop2— tm-
/ o3 fem-3
7 tra-3 /
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1.3.5 Evolutionary conservation in sex-determining pathways

Recent work performed in an attempt to understand the molecular basis of
the origin of sex-determination has identified related sex-determining genes
throughout a wide variety of taxa (Raymond et al., 1998; Raymond et al., 2000;
Ottolenghi et al., 2000, 2002; Ottolenghi and McElreavey, 2000). The “DM”
genes, so named because they contain a conserved DNA binding motif known as
a DM domain, are known to be involved at some level of sex-determination in a
wide variety of species. The global sex regulator, dsx, in Drosophila, DMRT1 in
mammals and mab-3, a downstream masculanizing factor in C. elegans, are all
DM domain-containing genes. The primary genetic sex-determining signal in the
medakafish, DMY is also DM gene (Matsuda et al., 2002; Matsuda et al., 2003),
and DMRT1 homologs have been identified on the sex chromosomes of avians
(for review see Marshall Graves and Shetty, 2001; Smith and Sinclair, 2004), as
well as in the genomes of environmentally sex-determining organisms such as

reptiles and amphibians (Torres Maldonado et al., 2002).

The observation that there is evolutionary conservation of downstream
elements within sex-determining pathways lends credence to the theory that
these pathways may evolve through the process of “retrograde evolution” that is,
the successive addition of upstream control elements to an ancient conserved

downstream module (Wilkins, 1995; Pomiankowski et al., 2004).
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Identification of the primary genetic sex-determining switch of additional
organisms is the first step in the functional characterization of their sex-
determining pathways. Such characterization remains critical to increasing our

comprehension of the evolution of sex-determining mechanisms.

1.4 Sex-Determination in Fishes

1.41 Teleost fishes

Teleost fish (class Teleostei) are an attractive group of organisms for the
study of sex-determination because of the wide variety of sex-determining
mechanisms they employ (Potts and Wooton, 1984). With the sole exception of
DMY in the medakafish, O. latipes, no primary sex-determining genetic signal
has been identified within the teleosts (Kondo et al., 2003). Even the primary
genetic mechanisms behind sexual differentiation have yet to be elucidated for
zebrafish (Danio rerio) and pufferfish (Takifugu rubripes and Tetraodon
nigroviridis) whose genomes have been sequenced (Aparicio et al., 2002; Jaillon

et al.,, 2004).

Teleost fishes are also a particularly suitable group for the study of the
evolution of sex chromosomes, as many species of fish that employ genetic sex-
determining mechanisms have sex chromosomes that have not yet undergone
visible differentiation at the cytogenetic level (Thorgaard, 1983; Iturra et al., 2001;

Woram et al., 2003).
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1.4.2 Characterization of teleost sex-determining chromosomes

More than 1700 species of fish have been cytogenetically characterized
(Arkhipchuk, 1995) of which 176 species (10.4%) have been found to have
morphologically distinct sex chromosomes (reviewed in Devlin and Nagahama,

2002).

1.5 Salmonid Fishes

1.5.1 Family Salmonidae

The family Salmonidae is comprised of three sub-families: Coregoninae
(whitefishes and ciscos), Thymaliinae (graylings), and Salmoninae (trouts,
salmons and charrs) (Fig. 1.4) (Nelson, 1984). The sub-family Salmoninae has
been particularly well studied as they have long been of interest to commercial
and sport fishing, as well as a large aquaculture industry surrounding many of its
members, including Atlantic salmon (Salmo salar), Arctic charr (Salvelinus
alpinus) and rainbow trout (Oncorhynchus mykiss). Rainbow trout has also been
used traditionally as an important fish physiological model organism. Salmonidae
are native to the Northern hemisphere; however, they have been introduced to
many different areas of the world, as a source of game fish and farming stock.
Salmonids pursue anadramous and freshwater life-cycles; nevertheless,
spawning always takes place in freshwater. Some species (sockeye salmon,
Oncorhynchus nerka and chinook salmon, Oncorhynchus tshawytscha) die after
spawning, whereas others such as (Atlantic salmon, brown trout (Salmo trutta),

and Arctic charr) are repeat spawners (Nelson, 1984).
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Figure 1.4 Phylogenetic tree of Salmonid fishes. The phylogenetic relationship between the
three subfamilies of the Salmonidae family is shown with species examples provided
for each genus.

Family Subfamily Genus

Thymallinae

Thymallus (grayling)

Coregoninae
Salmonidae Coregonus (lake whitefish)

) Salvelinus (Arctic charr)
Salmoninae

Salmo (Atlantic salmon)

Oncorhynchus (Pacific salmon,
rainbow trout)
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It is believed that a genome duplication event occurred at the Teleost
divergence, contributing to their successful radiation (Ohno, 1970; Allendorf and
Thorgaard, 1984; Hoegg et al., 2004; Christoffels et al., 2004). This is evidenced
by the fact that ray-finned fishes (Actinopterygii in which the Teleosts are
included) have two paralagous copies of many genes, whereas tetrapods have

only one (Hoegg et al., 2004).

The common ancestor to the Salmonids is believed to have undergone a
separate tetraploidization event between 25 to 120 million years ago (mya). Four
major lines of evidence support this hypothesis: (1) Salmonid fishes have
approximately twice the amount of DNA per cell as their nearest relatives. (2)
Salmonids typically have about 100 chromosome arms, which is twice the
amount typically seen in closely related species. (3) Multivalents have commonly
been observed in meiotic preparations from several males in salmonid species.
(4) Salmonids show a high incidence of duplicated enzyme loci (for review see
Allendorf and Thorgaard, 1984; Ohno et al., 1968). Recent work by Mitchell
(2004) has placed the Salmonid specific genome duplication event towards the

more ancient side of the predicted time, between 80 and 120 mya.

1.5.2 Sex-determination in Salmonids

Salmonids possess a genetic mechanism of sex-determination; however,
like most fish, they are very labile during early development and can be directed
by exogenous factors such as hormones (Devlin and Nagahama, 2002). Once a

particular developmental profile has been selected, the state of gonadal
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differentiation may then be stably perpetuated throughout subsequent

development.

1.5.2.1 Evidence of male heterogamety in salmonids

Genetic sex-determination employing male heterogamety has long been
accepted as the general rule in salmonids, although the sex chromosomes of
most species have not yet been identified (reviewed in Phillips and Rab, 2001).
Primary evidence for the presence of an XY sex-determination mechanism is
derived from the sex ratios of the progeny of hormonally sex-reversed

individuals.

Addition of methyltestosterone (inducing male development) or estradiol-
17 (inducing female development) to breeding tanks during early development
will cause spontaneous sex reversal (reviewed in Devlin and Nagahama, 2002).
It has been observed that the offspring of sex-reversed female salmonids (being
phenotypically male while genotypically female) crossed with normal females are
all female. Therefore, females must be homogametic, XX, and males
heterogametic, XY (Johnstone et al., 1979; Hunter et al., 1982, 1983; Johnstone

and Youngson, 1984).

The identification of sex-linked and sex-specific markers has lent support
to models of male heterogamety in several species such as Arctic charr (S.
alpinus), lake trout (Salvelinus namaycush), Masu salmon (Oncorhynchus
masou), pink salmon (Oncorhynchus gorbuscha), chum salmon (Oncorhynchus

keta), brown trout (S. frutta), rainbow trout (O. mykiss), coho salmon
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(Oncorhynchus kisutch) and chinook salmon (O. Tshawytscha) (May et al., 1989;
Du et al., 1993; Forbes et al., 1994; Prodohl et al., 1994; Young et al., 1998;
Nakayama et al., 1999; Sakamoto et al., 2000; Devlin et al., 1991, 1998, 2001;
Zhang et al., 2001; Stein et al., 2002). In each species, marker PCR product
length polymorphisms were observed such that males were heterozygous at the
allele and females were homozygous. Genetic linkage mapping of such markers
placed them within the sex linkage group, suggesting that the polymorphisms
observed are differences between alleles located on the Y and X chromosomes,

respectively (Young et al., 1998; Sakamoto et al., 2000; Devlin et al., 2001).

1.5.2.2 Salmonid sex chromosomes

Within Salmonid species, morphologically distinct sex chromosomes are
not generally observable. Nevertheless, heteromorphic sex chromosomes have
been identified in Least cisco (Coregonus sardinella), rainbow trout (O. mykiss),
sockeye salmon (O. nerka), and lake trout (S. namaycush) (reviewed in Phillips

and Rab, 2001).

The formation ofﬁ heteromorphic sex chromosomes often involves
heterochromatin addition to the X chromosome (Phillips and Rab, 2001). This
was observed in lake trout and brook trout (Salvelinus fontinalis) as the largest
pair of submetacentrics have inherited an X-specific heterochromatin block at the
end of their short arms, identifying them as the sex chromosome pair (Phillips
and lhssen, 1985; Phillips et al., 2002). Size-differences have been observed
between the sex chromosomes among certain hatchery populations of rainbow

trout (O. mykiss) suggesting that these populations represent an early stage in
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visible sex chromosome differentiation (Thorgaard, 1977). Interestingly, rainbow
trout populations lacking any heteromorphisms have also been observed,
indicating that chromosomal rearrangements differentiating the sex
chromosomes of this species are still in the process of fixation (Thorgaard,

1983).

Fluorescent in situ hybridization (FISH) probes designed from sex-specific
markers identified in several salmonid species have greatly facilitated the
identification of the sex chromosome pair within each of their karyotypes (Reed
et al., 1995; Moran et al., 1996; lturra et al., 1998, 2001; Phillips, 2001; Phillips et
al., 2001, 2002; Stein et al., 2001.) Interestingly, when these markers were used
as hybridization probes across species, they hybridized to one or more pairs of
autosomes, leading to the conclusion that sex-chromosomes differ among

species within the salmonids (Phillips et al., 2001)

Overall, current cytogenetic data support the assumption that salmonids,
like many other fishes, represent early stages in sex chromosome differentiation
(Phillips et al., 2001). Consistent with this assumption is the observation that YY
males are viable and fertile (Hunter et al., 1982; Chevassus, 1988; Onozato,
1989; Devlin et al., 2001), suggesting that the Y and X chromosomes still retain

similar gene compliments.

1.5.2.3 Sex-linkage in Salmonids
Microsatellite linkage maps have been constructed for a number of
economically important salmonid species including rainbow trout (O. mykiss)

(Sakamoto et al., 2000), brown trout (S. trutta) (Gharbi, 2001), Atlantic salmon
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(S. salar) (Gilbey et al., 2004; Moen et al. 2004; R. Danzmann, unpublished
results; B. Hoyheim, unpublished results) and Arctic charr (S. alpinus) (Woram et
al., 2004). Linkage data indicate that there is a lack of conservation among the
phenotypic sex-determining loci (thereafter denoted as SEX) among salmonid

species (Woram et al., 2003).

This was first evidenced by a study conducted within the genus Salvelinus
(May et al., 1989), which found that sex-linked allozyme markers in Arctic charr
(S. alpinus) were not linked to SEX in either brook trout (S. fontinalis) or lake
trout (S. namaycush). It was also shown in the genus Oncorhynchus that a
growth hormone marker, known to be linked to SEX in coho salmon (O. kisutch),
chinook salmon (O. tshawytscha) and Masu salmon (O. masou) was not sex-
linked in amago salmon (Oncorhynchus rhodurus) or rainbow trout (O. mykiss)
(Forbes et al., 1994; Nakayama et al., 1999; Zhang et al., 2001). In the genus
Salmo, a minisatellite locus shown to be in tight association with SEX in brown
trout (S. trutta) mapped to an autosomal pair in Atlantic salmon (S. salar)

(Taggart et al., 1995).

A recent study by Woram et al. (2003) compared the sex linkage groups of
Arctic charr (S. alpinus), brown trout (S. trutta), Atlantic salmon (S. salar) and
rainbow trout (O. mykiss). It was observed that the position of the sex-
determining locus was not conserved with respect to synteny among sex-linkage
groups between species. In fact, sex-linked microsatellite markers able to amplify
across species, were found to be in autosomal, homologous linkage groups in

other species. The genetic linkage maps indicate that SEX is located at the end
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of the sex linkage groups of Atlantic salmon, brown trout and Arctic charr.
Although it is known that the distal ends of linkage groups are not necessarily
coincidental with the telomeric ends of chromosomes, large recombination
distances between SEX and its associated markers is suggestive of terminal
placement. Terminal placement is also supported by gene centromere mapping
by gynogenesis in chinook salmon (Devlin et al., 2001) as well as the observation
that molecular markers tightly associated with SEX in this species, hybridize to a
near-terminal position (Stein et al., 2001). In the case of rainbow trout, SEX is not
found on the distal end of the linkage group; rather, it has been mapped close to
putative centromeric markers, suggesting that the sex chromosome in rainbow
trout was created through translocation of an ancestral sex chromosomal
segment to an autosome (Thorgaard, 1977; Woram et al., 2003). The assumed
telomeric placement of SEX in Arctic charr, brown trout and Atlantic salmon is
consistent with an earlier hypothesis that the sex-determining locus has been
transposing within the genomes of some salmonids without relocating adjacent
markers, thus causing disruption of sex-linkage among species (Phillips et al.,

2001).

1.6 Atlantic salmon (Salmo salar)
1.6.1 The Atlantic salmon karyotype

Like other salmonids, Atlantic salmon shows extensive interindividual
chromosome polymorphism resulting from Robertsonian translocations. As well,
some intraindividual polymorphism is observed around a constant number of

chromosome arms (NF) (Hartley and Horne, 1984). In a study of Atlantic salmon
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caught in Scotland, Hartley and Horne (1984) found three different diploid
number of chromosomes in S. salar individuals: 56, 57 and 58 around a constant
NF of 74. The 2n=58 karyotype was the most common. Also, 5 out of 30
individuals’ karyotypes showed intraindividual chromosome polymorphism
around NF=74. Comparison of C-banding patterns (which stains
heterochromatin) in Atlantic salmon, brown trout and rainbow trout, showed that
Atlantic salmon has more heterochromatin than either of the other two species. It
was also observed that Atlantic salmon possesses less chromosome arms
(NF=74) than either brown trout (NF=102) or rainbow trout (NF=104) and that it
has more acrocentric chromosomes than metatcentric chromosomes. This
suggests that Atlantic salmon chromosomes have undergone a larger number of
inversions relative to other salmonid species, from these three genera, during the

process of re-diploidization after the ancestral salmonid genome duplication.

1.6.2 Genetic linkage mapping in Atlantic salmon

As previously indicated, microsatellite based (R. Danzmann, unpublished
results; B. Hoyheim, unpublished results; Gilbey et al., 2004) and amplified
fragment length polymorphism (AFLP) (Moen et al., 2004) genetic linkage maps
have been generated for Atlantic salmon. As in the case of previous linkage
maps generated for other salmonids, a large difference in recombination rates
between males and females was observed. Gilbey et al. (2004) found that female
recombination rates were in the order of 3.92 fold higher than that of males: the
largest sex-specific recombination rate difference reported for a vertebrate

species. It has been previously suggested that the large sex-specific difference in
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recombination rates is due to suppression of recombination in males due to the
structural constraints imposed in crossing over during multivalent pairing (for
review see Allendorf and Thorgaard, 1984; Sakamoto et al., 2000; Nichols et al.,

2003).

1.6.3 Sex-determination in Atlantic salmon

Nothing is known about the molecular basis of sex-determination in
Atlantic salmon, and the sex chromosome pair has not been identified. As
previously indicated, SEX appears to be located on the telomere of the
chromosome equivalent to linkage group 1 (ASL1) (R. Danzmann unpublished
results; B. Hoyheim unpublished results). In addition, no sex-specific markers
have been identified in Atlantic salmon. Despite an extensive bulked segregant
analysis performed by McGowan and Davidson (1998) of 1152 random amplified
polymorphic DNAs (RAPDs), none were found to be tightly associated with SEX.
These results further support the theory that the homologous chromosomes on
which the sex-determining factor is found, are not extensively differentiated in

Atlantic salmon.

1.6.4 Genomics Research on Atlantic Saimon Project (GRASP) resources

The Genomics Research on Atlantic salmon Project (GRASP) is a major
initiative bringing together various universities and research institutions on an
international scale, in order to better understand the genome of Atlantic salmon.
As part of the overall GRASP project a number of resources have been

developed, based on existing genome technologies.
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1.6.4.1 Construction of a large-insert BAC genomic library

The CHORI-214 Atlantic salmon BAC library (Thorsen et al., submitted;
http://bacpac.chori.org/salmon214.htm) was constructed in three segments using
DNA from a single male Atlantic salmon from a Norwegian aquaculture strain.
DNA was extracted from sperm, partially digested with EcoRI, size fractionated,
and then ligated into pTARBAC2.1 (Zeng et al., 2001; Osoegawa et al., 2004).
Approximately 298,820 clones were produced and arrayed into 816 384 well
micro-titer plates and also gridded onto seventeen 22x22 cm nylon high-density
filters for screening by probe hybridization. Each hybridization membrane
represents over 18,000 distinct salmon BAC clones, stamped in duplicate. The
library’s three segments comprise plates 1 — 288 (segment 1), plates 289 — 576
(segment 2), and finally plates 577 — 816 (segment 3). Thorsen et al. (submitted)
estimated the average insert size of 658 random clones (249 from segment 1,
218 from segment 2, and 191 from segment 3) by digestion with Notl followed by
pulse-field gel electrophoresis (Osoegawa et al., 1998). The average insert sizes
of the library’s three segments were 189 kb, 190 kb, and 186 kb for segments 1,
2, and 3, respectively. The percentages of empty wells for each of segments 1, 2,
and 3 are 1.79, 2.56 and 3.23 %, respectively. The percentages of non-insert
clones in each of the library’s three segments are 1.2, 2.8, and 2.5 %,
respectively. The haploid C-value for Atlantic salmon has recently been
estimated as 3.27 pg (Hardie et al., 2002; Hardie and Hebert, 2003) which
agrees well with the 3.10 pg that is listed in the Genome Size Database

(http://www.genomesize.com/fish.htm). This translates into a genome size of
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approximately 3 x 10° bp and therefore, this BAC library represents an 18.8 fold

coverage of the Atlantic salmon genome.

1.6.4.2 Generation of a Hind Il fingerprinted physical map

Hind llI fingerprinting was performed on the first 200,640 clones of the
CHORI-214 library in order to generate a physical map of the Atlantic salmon
genome (Ng et al., submitted). 185,938 clones gave informative fingerprints after
Hind 11l digestion and were used in the assembly of the library using FPC version
7.0 (Soderland et al., 1997). The average insert size calculated from the addition
of fingerprint bands is 186,000 base pairs, therefore providing an 11.5 fold
coverage of the Atlantic saimon genome. The physical BAC fingerprint map for
Atlantic salmon has been made publicly available using the internet Contig
Explorer (iCE) version 3.4 (Fjell et al., 2003; available at http://ice.bcgsc.ca/)

which is a web-based application that allows viewing of all the physical map data.

1.7 Approach to Identify the SEX in Atlantic salmon

1.7.1 Previous approaches to characterization of SEX in other species

Previous approaches used to identify SEX in other species were
successful due to the integration of genetic linkage maps and large-insert
genomic libraries (Beye et al., 2003; Matsuda et al., 2002). In the honeybee (A.
mellifera), SEX was mapped between a RAPD based genetic marker and one
obtained by bulk segregation analysis using multilocus fingerprinting. Probes
were designed to the flanking regions of these markers and used to probe a 5

fold genomic coverage BAC library and a 20 fold genomic coverage cosmid
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library. Probes were designed to the end sequences of these clones and used to
perform chromosome walking towards the sex-determining factor. This
technique, coupled with positional cloning of SEX allowed Beye et al. (2003) to
narrow down the region containing SEX to a 24 kb segment. This segment was
shotgun sequenced to a 12 fold coverage, and it was discovered that the gene
csd is the primary genetic signal of the sex-determining pathway in the

honeybee.

A similar approach was taken in the discovery of DMY, the primary genetic
signal in the sex-determining pathway of medakafish (Matsuda et al., 2002), in
which chromosome walking within a large-insert BAC library was also used to

identify a BAC clone containing the SEX locus and identify it.

Recently, Peichel et al. (2004) integrated a BAC genomic library with a
microsatellite genetic linkage map of the threespine stickleback (Gasterosteus
aculeatus), a fish which, as in the case of Atlantic salmon, does not demonstrate
morphologically distinct sex chromosomes. G. aculeatus like Atlantic salmon
possesses an XY system of sex-determination. A previous study had noted a
sex-specific polymorphism in the isocitrate dehydrogenase gene (IDH) (Withler et
al., 1985). When this gene was incorporated onto the G. aculeatus linkage map,
it was found to map to the SEX-containing linkage group. Clones positive for IDH
were identified within the BAC genomic library and were segregated as being
from the X or Y chromosome based on the sex-specific polymorphisms. Whole
shotgun sequencing of four BACs covering homologous segments of the X and Y

chromosomes revealed that, though the chromosomes appear homomorphic at
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the cytogenetic level, at the sequence level there is a significant amount of
degeneration. This is evidenced by the large accumulation of repetitive sequence
accumulation on the Y chromosome, a feature commonly associated with the

initial formation of distinct, heteromorphic sex chromosomes.

1.8 Aim of the Thesis

The purpose of this thesis is to integrate the SEX-containing microsatellite
linkage group ASL1 with the Hind 1l fingerprinted physical map and the Atlantic
salmon karyotype in order to characterize the sex-determining chromosome and

identify the sex-determining region of the genome.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Integration of Atlantic Salmon Genomic and Physical Maps

211 BAC Library Screening

Sixteen 40mer oligonucleotide probes, as well as 20mer reverse
complement PCR primers were designed to the flanking regions of sex-linked
microsatellite markers using cprimer software
(http://iubio.bio.indiana.edu/soft/molbio/ mac/cprimer.hqx). The 40mers and a C.
briggsae 40-mer overgo reference probe (5’- GTTGCCAAATTCCGAGATCTTGG
CGACGAAGCCACATGAT-3") were each labeled at the 5'end with %P at 37°C in
10 pl volume consisting of 1 pl (0.37MBq) y*?P-ATP (Perkin Elmer), 10 U T4
oligonucleotide kinase (Invitrogen), 2 ul of Invitrogen 5X Forward Reaction buffer
(350 mM Tris-HCI (pH 7.6), 50 mM MgCl,, 500 mM KCl and 5 mM 2-
mercaptoethanol) and 5ml of dH,O. Each high-density BAC filter
(http://bacpac.chori.org/salmon214.htm) was pre-hybridized at 65°C for two
hours in 50 ml of 5X SSC, 20 mM Na,HPO, (pH 7.2), 7% SDS and 1X
Denhardt’s solution. To each pre-hybridized filter, 1.6 ul of radioactively labeled
probe and 1.6 pl of radioactively labeled C. briggsae overgo probe were added

and allowed to hybridize at 65°C overnight (~16 hours). Filters were then washed

twice at 50°C for one hour in 100 ml of 3X SSC, 10X Denhardt’s solution, 5%

SDS and 25mM NaH;PO4 (pH 7.5) followed by a single one hour wash in 100 ml
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of 1X SSC and 1% SDS. Filters were then wrapped in plastic film and allowed to
expose on storage phosphor-screens (Molecular Dynamics) overnight (~16
hours). Hybridization signals were then detected using a STORM 820

Phosphorimager (Amersham Biosciences).

2.1.2 Positive Confirmation by PCR

BAC clones positive by hybridization were picked from the CHORI-214
Atlantic salmon genomic library and grown in 5 ml of 2X YT enriched growth
medium (Sambrook et al., 1989) containing 20 ug/m! chioramphenicol for 16
hours at 37°C. DNA was isolated from 3 ml of each culture using the
Perfectprep® 96-well vacuum manifold BAC prepping kit (Brinkmann
Instruments). Each BAC that was positive by hybridization for a particular
microsatellite’s flanking region probe was tested for the presence of that
microsatellite by PCR using appropriate primers and annealing temperatures
(Table 3.1). PCR amplifications were performed in a T3 Thermocycler (Biometra)
in 25 pl reaction volumes containing between 10 and 20 ng of BAC DNA, 1X
PCR buffer (1.5mM MgCl,, Amersham), 50 nM dNTP (Amersham), 0.05 U of Taq
DNA polymerase (Invitrogen) and 0.4 uM forward and reverse PCR primers. The
PCR temperature profile consisted of an initial denaturation step of 95°C for 5
min; 34 cycles of 95°C for 30 sec, 1 min at specific annealing temperature, and
72°C for 1 min; and a final extension step of 72°C for 2 min. PCR products were

separated on a 2.5% agarose gel containing 1X TBE and 0.5 ug/ml ethidium
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bromide. The DNA fragments were visualized using a UV trans-illuminator (Ultra-

Violet Products).

2.2 Physical Map in silico Analysis and Extension

BAC clones containing sex-linked microsatellite markers, confirmed by
both hybridization and PCR were then associated with contigs in the Atlantic
Salmon genomic physical map (Ng et al., submitted), using FPC ver. 7.0
(Soderlund et al., 1997, http://www.genome.arizona.edu/fpc/) and iCE ver. 3.4
(Fjell et al., 2003, http://ice.bcgsc.ca) software. End-terminal clones from sex-
linked microsatellite marker positive BAC contigs and positive singletons were
end-to-end joined against the entire physical map using FPC ver. 7.0 with the
following parameters: Tolerance = 7, Cutoff = 1e-09, Use CpM off, Log off and

stdout on.

2.3 BAC-end Sequencing and Novel Gene ldentification

Bacterial colonies were picked manually from the library plates and re-
arrayed into a 96-well, deep well culture block (Beckman) containing 1.2 mi of
2xYT medium containing 12.5 ug/ml chloramphenicol. The plates were sealed
with AirPore™ tape (Qiagen) and incubated overnight in a shaking incubator at
37°C for 16h, following which the bacterial cells were collected by centrifugation.
DNA was isolated as described in Schein et al., (2004) and suspended in 60 pl of
1X TE. DNA Sequencing reactions were assembled in 384-well clear optical
reaction plates (Applied Biosystems) using a Tango workstation (Robbins

Scientific). In each 8 ul reaction (total volume) the following were added: 5 ul of
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purified BAC DNA (~45 ng/ul), 0.7 ul of sequencing primer (5 pmol/ul, Invitrogen),
0.3 ul of Ultrapure water (Gibco), and 2.0 ul of BigDye v.3.1 ready reaction mix
(Applied Biosystems). Sequence data were obtained using the T7 primer (5'-TAA
TACGACTCACTATAGGG-3") and the pTARBAC13 P2 primer (5-TCCCGAATTG
ACTAGTGGGTA-3'). Thermal cycling was performed on PTC-225 thermal
cyclers (MJ Research) with parameters of 85 cycles at 96° C for 10 seconds, 48°
C for 5 seconds using T7 primer or 54° C for 5 seconds using pTARBAC13P2,
60° C for 4 minutes, followed by incubation at4° C. Reaction products were
precipitated by adding 40 ul of 75% isopropanol per well followed by
centrifugation at 2750 x g for 30 minutes in an Eppendorf 5810R centrifuge. The
isopropanol was immediately decanted and reaction products washed with 70%
ethanol. The 384-well cycle plates were allowed to dry inverted for 15 minutes.
Samples were suspended in 10 ul of Ultrapure water and analyzed using a 3700
DNA analyzer (Applied Biosystems). Sequence data were evaluated using
PHRED software (Ewing et al., 1998) and BLASTn aligned (Altschul et al., 1990)
against the non-redundant GenBank database at the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/entrez/). BLAST
likelihood values of E-0.05 or lower were considered significant. BLAST hits to
genes were only considered significant if they met the above criteria and also
aligned to known or predicted exons within a gene sequence. All BAC-end
sequences were submitted to GenBank and can be found under accession

numbers CW883115 to CW883293.
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2.4 Chromosome “Walking”

241 Probe design

Hybridization oligonucleotide probes and primers were designed from
BAC end sequences using the Primer premier version 5.0 software
(http://www.premierbiosoft.com/primerdesign/index.html) using the software’s
automatic search function across the entire vector-trimmed BAC-end sequence,
generating complementary primers of 20 +/- 2 nucleotides in length and
producing a PCR fragment of between 150 and 500 nucleotides in length. Under
the “Automatic Search Parameters” menu, all options were selected with the
exception of “false priming”. The best software designed primer combination was
considered suitable if it had no reported possible false priming sites. Whenever
suitable primers were designed, one of the two primers (forward or reverse) was
manually extended to approximately 40 nucleotides and its annealing
temperature (Tr) was evaluated using the software. In cases where one of the
two primers could be extend such that it generated a hybridization probe with a
Tm above 70°C, without generating potential false priming sites, the two primers
were considered suitable and used for screening of the CHORI-214 Atlantic
salmon genomic BAC library. Probe/primer combinations were designed from 45
contig and super-contig-terminal representative BAC-ends in this fashion.
Primers were ordered in 96-well plate format from Illumina Inc.

(http://www.illumina.com).
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24.2 Confirmation of primer viability by PCR

Five ul of 25 % glycerized freezer stocks of the BAC clones from which
each primer/probe set was diluted with 195 pl of distilled H,0 and used as
template DNA for PCR reactions using the primer/probe sets. PCR amplifications
were performed in a TGradient temperature gradient thermocycler (Biometra) in
25 pl reaction volumes containing 10 pl of BAC DNA template, 1X PCR buffer
(1.5 mM MgCl,, Amersham), 50 nM dNTP (Amersham), 0.05 U of Tag DNA
polymerase (Invitrogen) and 0.4 uM forward and reverse PCR primers. The PCR
temperature profile consisted of an initial denaturation step of 95°C for 5 min; 34
cycles of 95°C for 30 sec, 1 min at a gradient of annealing temperatures, and
72°C for 1 min; and a final extension step of 72°C for 2 min. Six separate PCR
reactions were performed for each primer set such that each reaction used a
separate annealing temperature (42.5°C, 44.8°C, 50.5°C, 56.5°C, 62.4°C and
66.9°C). PCR products were separated on a 1.0% agarose gel containing 1X
TBE and 0.5 ug/ml ethidium bromide. The DNA fragments were visualized using
a UV trans-illuminator (Ultra-Violet Products). The 11 primer sets that did not
amplify fragments at any of the annealing temperatures were rejected and not
used in subsequent analysis. Optimal annealing temperature for each primer set

was determined empirically from the gradient of annealing temperatures.

2.4.3 BAC library screening
The approximately 40 nucleotide hybridization probe of each of the

probe/primer sets was used to screen the CHORI-214 Atlantic salmon genomic
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BAC library. The probes and a C. briggsae 40-mer overgo reference probe_(5'-

GTTGCCAAATTCCGAGATCTTGGCGACGAAGCCACATGAT-3') were each
labeled at the 5’ end with *2P at 37°C in 10 pl volume consisting of 1 pl
(0.37MBq) Y*P-ATP (Perkin Elmer), 10 U T4 oligonucleotide kinase (Invitrogen),
2 pl of Invitrogen 5X Forward Reaction buffer (350 mM Tris-HCI (pH 7.6), 50 mM
MgCl,, 500 mM KClI and 5 mM 2-mercaptoethanol) and 5 ml of dH,O. High-
density BAC filters (http://bacpac.chori.org/salmon214.htm) were pre-hybridized
in groups of three at 65°C for one hour in 100 ml of 5X SSC, 0.5% SDS and 10X
Denhardt's solution. To each pre-hybridized filter, 2.5 ul of radioactively labeled
probe and 5.0 ul of radioactively labeled C. briggsae overgo probe were added
and allowed to hybridize at 65°C overnight (~16 hours). Filters were then washed
three times at 50°C for one hour in 150 ml of 1X SSC and 0.5% SDS. Filters
were then wrapped in plastic film and allowed to expose on storage phosphor-
screens (Molecular Dynamics) overnight (~16 hours). Hybridization signals were

then detected using a STORM 820 Phosphorimager (Amersham Biosciences).

24.4 Analysis of clone S0503M23
BAC clones S0069C07, S0070C22, S0100N19, S0113N21, S0191109 and

S0503M23 were picked from the CHORI-214 Atlantic salmon genomic library and
cultured overnight (~16 hours) in LB broth containing 12.5 pg/mi
chloramphenicol. Twenty-five % glycerized freezer stocks were made from each
overnight culture. Five pl of glycerized freezer stock was diluted in 195 ul of H20

for use as a PCR template. PCR was performed on each of the clones using both
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the S0503M23T7 and S0503M23SP6 primers in 25 pl reaction volumes
containing 10 ul of BAC DNA template, 1X PCR buffer (1.5 mM MgCl;,
Amersham), 50 nM dNTP (Amersham), 0.05 U of Taq DNA polymerase
(Invitrogen) and 0.4 uM forward and reverse PCR primers. The PCR temperature
profile consisted of an initial denaturation step of 95°C for 5 min; 34 cycles of
95°C for 30 sec, 45 sec at annealing temperatures (56.5°C for the S0503M23T7
primers, and 50.5°C for the S0503M23SP6 primer set), 72°C for 1 min; and a
final extension step of 72°C for 5 min. PCR products were separated on a 1.0%
agarose gel containing 1X TBE and 0.5 ug/ml ethidium bromide. The DNA

fragments were visualized using a UV trans-illuminator (Ultra-Violet Products).

2.5 Fluorescent in situ Hybridization

Blood was cultured from the Norwegian strain of Atlantic salmon using
standard methods (Reed and Phillips, 1995). DNA was isolated from five BAC
clones using the Qiagen Midi-Preparation kit. BAC clones were labeled with
Spectrum Orange using a nick translation kit (Vysis, Inc.). Human placental DNA
(2 ug) and Cot-1 DNA (1 pg, prepared from Atlantic salmon) were added to the
probe mixture for blocking. Hybridizations were carried out at 37°C overnight and
post-hybridization washes were as recommended by the manufacturer (Vysis,
Inc.) with minor modifications (Phillips and Reed, 2000). Antibodies to Spectrum
Orange (Molecular Probes) were used to amplify the signal in some cases.
Slides were counter-stained with 4,6-diamidino-2-phenylindole (DAPI) at a

concentration of 125 ng DAPI in 1 ml antifade solution. Images were captured
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with a Sensys camera and analyzed with Cytovision Genus (Applied Imaging,
Inc.) software. Chromosomes were arranged according to size within the meta-
centric/submeta-centric (pairs 1-8) and acro-centric (pairs 9-29) groups.
Chromosome 2 can be distinguished on the basis of size and presence of a large

DAPI bright biock of repetitive DNA at the telomere of the long arm.

2.6 Sequencing and Analysis of Clone S0493K22

2.6.1 Shotgun library construction

Clone S0493K22 was prepped using Quiagen’s Large-Construct
Kit. Approximately 15 ug of isolated BAC DNA was sheared by sonication for
each sample. Sonication efficiency was verified by agarose gel electrophoresis.
Sonicated DNA was end repaired using the Epicentre End-It DNA End-Repair
Kit. All end-repair reactions were carried out at room temperature in a 50 pL final
volume containing 5 YL each of dNTP mix, ATP, and 10X buffer from the kit, as
well as 1 pL of End-Repair Enzyme Mix and 34 uL of DNA, and were incubated
for 45 minutes. The reactions were subsequently terminated by heating the

samples at 70°C for 10 minutes.

Sonicated, end-repaired BAC DNA was size fractionated by gel
electrophoresis, using a 1 % agarose gel made with 1X TAE. Upon completion of
electrophoresis, the lane containing 1 Kb standard ladder (Invitrogen) was cut off
from the rest of the gel and allowed to stain in a 0.5 ug/ml ethidium bromide
solution for 45 minutes. The ladder was then visualized under ultraviolet light,

and notches were made in the gel at the 2 and 5 Kb standard sizes. The
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remainder of the original gel was then compared to the notched ladder portion,

and DNA between 2 and 5 kb was cut out from the gel and subsequently
extracted using the Qiagen Gel Extraction Kit. DNA concentration was then

measured by spectrophotometry and the samples were diluted to 25 ng/uL.

The 2 to 5 Kb size fractionated portion of DNA was then ligated into
pUC19 vector. Positive (standard insert DNA) as well as negative (no-insert)
controls were also performed. The ligation reactions were carried out using T4
DNA Ligase from Invitrogen in 20 pL reaction volumes containing 10 U of ligase,
100 ng of insert DNA, 20 ng of Smal digested, phosphatase-treated pUC19
vector, and 4 pL of 5X reaction buffer. The samples were incubated overnight
(approximately 18 hours) at 14°C, and then stored at -20°C until they were used

for transformation reactions.

The ligation reactions were used to transform 100 uL of XL-1 Blue Super-
Competent Cells (Stratagene) using a heat shock method. The cells were first
allowed to thaw while sitting on ice. 4 yL of beta-mercaptoethanol was added to
each tube, and incubated for 10 minutes on ice. 2.5 pL of the ligation reaction
was mixed with 100 pL of super-competent cells and then incubated on ice for 30
minutes. The cells were then heat shocked for 45 seconds at 42°C (with vigorous
swirling for the first ten seconds) and then incubated on ice for 2 minutes. After
the addition of 900 pL of SOC medium, an outgrowth step was performed by
shaking at 250 rpm for 1 hour at 37°C. Finally, 250 pL of each sample was plated
onto an LB agar plate containing 200 ug/mL ampicillin. 375 L of X-gal

(20mg/ml) and 225 pL of isopropyl-beta-D-thiogalactopyranoside (IPTG)
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(200mg/ml) were also transferred onto the plates, and the resulting mixture was
spread evenly on the plate surface. The plates were then incubated for overnight

(~20 hours at 37°C).

2.6.2 Assay for the presence of E. coli genomic contamination
Twenty-four random colonies were picked from those plated from the
transformation and cultured overnight (~20 hours) in 5 ml of LB broth containing
200 pg/mi ampicillin. Three ml of each tube were then prepped using a mini-prep
kit (Quiagen). The isolated plasmid DNA was then used for insert sequencing
using the dideoxy terminator method. 300 ng of plasmid DNA was mixed with
5pmol of M13 reverse primer, and 4 uL of sequencing premix (Amersham) in a
final volume of 10 puL. Sequencing reactions were carried out with the following
thermal profile: 30 cycles of 94°C for 20 sec, 50°C for 20sec and 60°C for 1min.
Following amplification, unincorporated dideoxynucleotides were removed from
each reaction mixture by ethanol precipitation, and the reactions were
resuspended in 2 pL of diformamide loading dye. Sequence analysis was carried
out on an ABI 377 DNA Sequencer (Applied Biosystems). The resulting
sequences were then subjected to BLASTn searches of the non-redundant
nucleotide database at Genbank in order to determine the amount of E. coli

genomic contamination.

2.6.3 Sequencing of shotgun library
A total of 1544 sequence reads were obtained from random clones picked

from the plated library. Sequencing was performed at the Genome British
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Columbia sequencing platform at the University of Victoria. Sequence reads were
analyzed using the Phred/Phrap/Consed suite of programs. Crossmatch was run
to remove sequence reads containing E.coli genomic DNA as well as the vector

sequence (P TARBAC2.1).

2.6.4 Gene identification

Two super-contigs were predicted by Phrap (contig 19-13 containing 5
smaller contigs and contig 16-17 containing 3 smaller contigs). An arbitrary
number (100) unknown nucleotides (N) were placed between each of the contig-
contig joins within each super-contig predicted by Phrap, as the actual nucleotide
distances between contigs is unknown. The two super-contigs were searched for
predicted genes using Genscan (Burge and Karlin, 1997;
http://genes.mit.edu/GENSCAN.html) as well as tBLASTx aligned against the
non-redundant GenBank database and the Atlantic saimon and rainbow trout
Gene Indices databases at TIGR (http://www.tigr.org/tdb/tgi/). The Genscan gene
predictions (Five in contig 19-13 and three in contig 16-17) were then also
tBLASTn aligned against both the non-redundant and TIGR Gene Indices
databases. The results of both rounds of BLAST database alignments were
compared. The tBLASTn alignments using clone sequence did not find any
additional genes not predicted by Genscan and thus only the Genscan gene

predictions were used for further analysis.

One Genscan gene prediction was identified as a Tc-1 like Transposase
and thus removed from further analysis. Of the remaining seven gene predictions

only those with an arbitrary e-15 or lower BLAST expect value in both the
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Genbank non-redundant database and the TIGR Gene Indices were counted as
valid predictions and annotated. The best BLAST alignments (lowest expect
value) were used to search the Ensembl Genome Browser (www.ensembl.org) in
order to determine potential gene function and assign gene chromosome

positions between “best hits” across organisms.

2.6.5 Repetitive element analysis

Both super-contigs (contigs 19-13 and 16-17) were run through Repeat
Masker software version 3.0 (www.repeatmasker.org; Smit et al., 1996-2004)
using the Salmonid specific repeat database developed by Ng et al. (unpublished
results). The masked sequences were then run again through Repeat Masker
using the Takifugu rubripes, Danio rerio and Other Fish (non-pufferfish, non-
zebrafish) specific databases in a stepwise fashion, excluding previously masked
sequences from subsequent searches. The total amount of masked bases were
added and used to determine the total percentage of repetitive content of clone

S0493K22.
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CHAPTER 3 RESULTS

3.1 Integration of Atlantic Salmon Genetic and Physical Maps

3.1.1 Atlantic salmon SEX-Associated Genetic Linkage Map

| took as my starting point microsatellite genetic linkage maps that had
been generated in part by the SALMAP consortium (R. Danzmann and B.
Hoyheim, unpublished results; Woram et al., 2003). Separate male and female
linkage maps have been generated as female salmonids possess a much greater
recombination rate than males (Sakamoto et al., 2000; Woram et al., 2004). The
linkage maps contain an average of 290 microsatellite markers covering 31 - 33
linkage groups (linkage maps are available at http://grasp.mbb.sfu.ca). Atlantic
salmon linkage group 1 (ASL1) has been designated as the linkage group
containing SEX, based on its association with the male phenotype. Composite
maps of both male and female ASL1 were generated by the integration of all sex-
linked markers for which sequences could be obtained (Fig. 3.1). Placement of
markers upon the composite map was based on comparison of recombination
distances of shared microsatellites between integrated maps. Distances shown

are drawn from the map with the most markers.
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Figure 3.1 Atlantic Salmon Linkage Group 1 (ASL1). Relative positions of microsatellite
markers incorporated from the SALMAP linkage maps (R. Danzmann and B.
Hoyheim, unpublished results) are shown for both male and female versions of ASL1.
Markers are shown with associated recombination distances in centiMorgans based
on the map containing the most microsatellite markers. Markers without
recombination distances have been incorporated from additional maps (as indicated
by *). Markers shown in black have been integrated with the CHORI-214 Atlantic
salmon BAC genomic library. Probes designed for markers shown in red were not
represented in the BAC library. Arrows indicate positions of microsatellite markers on
the female linkage map, relative to the male linkage map.
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3.1.1.1 Designing of Microsatellite-Specific Hybridization Probes/PCR Primers
Oligonucleotide primers were designed to the flanking regions of sixteen
microsatellite markers such that each pair consisted of a primer of approximately
40 nucleotides, which could be used as a probe for Southern hybridization, and a
complimentary primer for use in PCR. Microsatellite primer sequences and

hybridization/annealing conditions are shown in Table 3.1.
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3.1.1.2 Large-insert BAC Library Probing

Each of the sixteen oligonucleotide hybridization probes was hybridized to
the first twelve high-density BAC spotted membranes of the CHORI-214 Atlantic
salmon BAC library. The first twelve high-density membranes represent a 13.8
fold coverage of the Atlantic salmon genome; the first 11.7 fold of which is the
Hind lll fingerprinted physical map (Ng et al., submitted). In cases where no
positive hybridization signals were observed (markers Ssa58DU, Sal1UoG,
OMM1016 and BHMS247), the oligonucleotides were then used to probe the
remaining five high-density membranes (representing an 18.8 fold total genomic

coverage).

Eleven of the sixteen microsatellite marker probes gave positive
hybridization signals to BAC clones within the Hind 11l fingerprinted portion of the
BAC library (an example of which is shown in Fig. 3.2). The Ssa202DU probe
hybridized to three clones on filter 12, which were outside of the fingerprinted
portion of the library. Markers Ssa58DU, Sal1UoG, BHMS247 and OMM1016 did
not hybridize to any positive clones within the 18.8 fold genomic coverage library.
Although PCR primers designed to the flanking regions of markers Ssa58DU,
Sal1UoG, BHMS247 and OMM1016 PCR amplify observable products from
Atlantic salmon genomic DNA, the region of the genome that they occupy
(presumably along the sex chromosome) may not be represented in the BAC

library.
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Figure 3.2 CHORI-214 Atlantic salmon BAC library membrane hybridized with the
OMM1278 marker probe. Arrows indicate positive clones which are identified by
their characteristic duplicate spots in predetermined orientations. Boxes indicate the
Caenorhabditis briggsae overgo orientation spots, which ailow proper membrane
orientation during analysis.
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3.1.2 Incorporation of SEX-linked BACs into the Physical Map

BACs that were positive by hybridization for microsatellite flanking
sequences were examined for the presence of the corresponding microsatellite
by PCR using the oligonucleotide primers described in Table 3.1. The PCR
confirmed BACs were then placed into contigs of the Atlantic salmon physical
map (Ng et al., submitted) (Fig. 3.3) [analysis performed with FPC ver. 7.0
(Soderlund et al., 1997) and iCE ver. 3.0 (Fjell et al., 2003) publicly available at

http://ice.bcgsc.cal.

3.1.2.1 Hind lll fingerprinted physical map history

The Atlantic salmon Hind Il fingerprinted physical map has gone through
multiple builds at various FPC physical map likelihood cut-off stringencies, as
well as contamination analysis methods. The build history of the physical map
including dates, FPC likelihood cut-off values, number of contigs and number of
singletons can be found in Table 3.2. All analyses described in this thesis use the
most recent build (build 031125, November 25™ 2003); however, studies |
performed prior to this build may have employed data from previous builds. If

such information is relevant to the study, it shall be noted in the text.
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Table 3.2 Hind lll fingerprinted physical map history. The Hind lll physical map was
originally built at an FPC likelihood cut-off value of e-16 (build 030326). It was then
DQed (build 030326DQed), a process which involves removing all clones of
questionable length or band intensity (suggesting that they are contaminated). The
map was then examined using the software Mapmop (build 031015) (BC Genome
Science Center, Physical Mapping Group [www.bcgsc.ca/lab/mapping/]) which uses
an alternative method to FPC’s own DQ function to remove clones suspected of
contamination. Contigs within the map were then in sifico end-to-end joined using
FPC at a cut-off likelihood value of e-10 to produce build 631125. Finally, an
alternative build at likelihood cut-off e-12 DQed was produced (build e-12DQed).

Build # (DD?I\::: YY) Liézl?r?ood Contigs Singletons Information

ut-off
030326 06/05/03 e-16 7544 38014
030326DQed  19/06/03 e-16 7695 38014 Q-clones Removed
031015 15/10/03 e-16 7666 38031 Mapmoped
e-12Dged 25/11/03 e-16 5825 37888 End-End joined at e-10
031125 31/10/03 e-12 4354 27906 Q-clones Removed
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3.1.2.2 Physical map integration

Microsatellite markers Oneu18ASC and Ssa406UQOS each mapped to a
pair of singletons, and thus were not incorporated into contigs. As indicated
above, the Ssa202DU marker hybridized to clones outside those Hind 1)
fingerprinted in the physical map, and therefore also could not be incorporated
into contigs. The probes designed for the Ssa208DU, One102ADFG and
OMM1122 markers (which are known to be duplicated within the Atlantic salmon
genome), identified two separate non-collapsible positive contigs each (contig
5898 and contig 2133 for Ssa208DU, contig 3284 and contig 5234 for
One102ADFG and contig 476 and contig 351 for OMM1122). Two other SEX-
linked loci identified as duplicated by linkage analysis, BHMS447 and
OmyFGT8TUF, each identified only a single positive contig (contig 6488 and
contig 759, respectively). The hybridization probes designed for the flanking
regions of the remaining microsatellite markers not known to be duplicated, each
hybridized to a single contig: BHMS150 (contig 4481), BHMS216 (contig 1812),

BHMS447 (contig 6488), AluO32NVH (contig 526) and OMM1278 (contig 2708)
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Figure 3.3 Contig 2708 as viewed with iCE version 3.4. OMM1278 positive clones are
highlighted in yellow.
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3.2 Extension of Coverage of SEX-linked Physical Map

3.2.1 In silico contig extension using FPC

End-terminal clones from sex-linked microsatellite marker positive BAC
contigs and super-contigs as well as positive singletons were end-to-end joined
using FPC ver. 7.0 (Soderlund et al., 1997). Query clones that scored hits to
more than a single target BAC within another contig at a likelihood value of E-9
or better were considered significant. Putative super-contig joins as well as their
likelihood E-value of the best joins are shown in Fig. 3.4. | was unable to collapse
singleton BACs containing microsatellite markers (S0017N03 and S0119E21
positive for Oneu18ASC, and S0068C06 and S0116A05 positive for Ssa406UoS)
into contigs (against themselves or the Atlantic salmon physical map). Clones
S0119E21 and S0068C06 produced too few bands when digested with Hind 11l to
be used by FPC. This may suggest that they contain repetitive elements
preventing Hind Ill fingerprinting (Ng et al., submitted). Approximately 60 percent
(7 of 12) of microsatellite marker containing contigs could be extended from at
least one end into larger super-contigs. The two contigs positive for the
Ssa208DU locus (see above) were joined at a threshold acceptable likelihood
value of E-9. This could indicate that the duplicated regions of the genome
containing the Ssa208DU marker retain significant sequence similarity, and this
may be a complicating factor for the analysis of the Atlantic salmon genome.

Alternatively, the genomic region containing the Ssa208DU marker could have
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undergone a tandem duplication event, and therefore the two positive contigs are

adjacent to one another on the sex chromosome.
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3.2.2 BAC-end sequencing

The sequences of the ends of ninety representative contig end-terminal
clones (according to physical map build 031015 of October 15" 2003 [Table 3.2))
were determined from SEX-linked microsatellite marker containing contigs as
well as end-to-end joined contigs (BAC-end sequences have been submitted to
GenBank under accession numbers CW883115 to CW883293). Clones were
sequenced from both ends of the pTARBAC2.1 vector (Zeng et al., 2001) using
the vector's own universal T7 and SP6 primers as provided from CHORI
(http://bacpac.chori.org/cyclesere.htm). Sequences obtained using the T7 primer
were generally approximately 500 nucleotides in length. Sequences obtained
using the SP6 primer were significantly shorter, approximately 250 nucleotides in
length.

Clones were selected for sequencing in order to design hybridization
probes with the intent of probing the BAC library in order to confirm putative in
silico contig joins, as well as extend the physical coverage of ASL1 from the ends
of super-contigs. In some cases, two clones were selected from the same end of
a single contig in order to provide multiple potential sequences from which to
design primers in the event of poor sequencing results. Sequences from the
BAC-ends were BLASTn-aligned against the entire non-redundant GenBank
database (Altschul et al., 1990), and results of the BLAST analysis are shown in
Table 3.2. Most BAC-end sequences did not produce significant BLAST hits.

Approximately 10 percent (19 of 180 BAC-end sequences) produced reliable hits
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(E-5 or lower) to known salmonid transposable and repetitive elements, of which
the TC-1 like transposable element was represented in thirteen clones. Nineteen
percent of the BAC-end sequences produced highly reliable BLAST hits to the
flanking regions of known genes and microsatellite markers, some of which are
mapped in the sex-chromosome. This suggests that these regions contain as yet

uncharacterized repetitive elements within the Atlantic salmon genome.

The sequence obtained from the T7 primer read of S0017N03, a singleton
positive for Oneu18ASC, produced a BLAST hit with a strong likelihood value
(3E-27) to the Oneu18ASC sequence (GenBank accession number U567 18),

thus validating the efficacy of our approach.
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Table 3.3 Tabulated results of BLASTn search against the GenBank non-redundant

database using BAC-end sequences.

BLASTn Result Number Percentage (%)
No Signifcant Hits 120 66.7

Known Transposable Elements 13 7.2

Known Repetitive Elements 6 3.3
Microsatellite Marker Sequence 1 0.55

Flanking Region of Genes and Microsatellite Markers 34 18.9

Genes 5 28

No Sequence From Clone 1 0.55

180

59



3.2.2.1 Identification of novel genes

Five genes, not previously mapped in Atlantic salmon, were identified from
reliable BLASTn hits (Table 3.3; Locations of genes along the physical map are
shown in Fig. 3.4). Analysis of the gene positions using LocusLink (NCBI) did not
reveal any conservation of synteny in the genomes of two fish (Danio rerio and
Tetraodon nigroviridis), nor was any synteny observed in mouse. Shared synteny
was observed for human and Atlantic salmon for mitogen activated protein
kinase kinase kinase and lamin as both are found on human chromosome 1.
However, the genes are found on opposite arms of the largest human
chromosome, and their placement on chromosome 1 is more likely the product of

genome rearrangement rather than preservation of an ancestral state.
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3.2.3 Chromosome walking

3.2.3.1 Probe design

An approximately 40 nucleotide hybridization probe and corresponding 20
nucleotide complementary PCR primer were designed from the BAC-end
sequences using the Primer Premier version 5 software
(http://www.premierbiosoft.com/primerdesign/index.html). Sequence reads were
considered suitable for primer design if the PCR primers could produce a
fragment of 100 nucleotides or greater length, and the primers had appropriate
hybridization temperatures (greater than 75°C for the hybridization probe and
greater than 50°C for the complementary PCR primer). In addition, only one
sequenced clone from either end of a contig was selected for primer design.
Forty-five of the BAC-end sequences were considered suitable for primer design
under the above criteria, representing 25 of the 90 individual clones selected for
sequencing. A list of end-sequenced clones selected for chromosome walking as
well as their corresponding primers and PCR conditions are shown in Table 3.4.
Whenever possible, primers were designed from both forward and reverse end-

reads in order to orient end-clones with respect to their contigs.
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3.2.3.2 BAC library probing

A generalized scheme of the CHORI-214 genomic BAC library probing
using the BAC-end sequence designed primers can be found in Fig. 3.5. PCR
was performed on each individual clone using its own primer set(s) in order to
confirm that the oligonucleotide primers were functional. Eleven out of the 45
primer sets failed to produce visible PCR fragments. These primer sets were
considered unsuitable for BAC library screening as their failure to produce PCR
products suggests that the primers do not bind specifically to the sites for which
they were designed. This could possibly be due to the fact that they were
designed from poor BAC-sequence reads, or that they contain as yet
uncharacterized repetitive elements within the Atlantic salmon genome which
may have been present in multiple copies along the BAC clone to which the were

designed.

Hereafter, the foliowing convention is used for the naming of primers
designed from BAC-end sequences: Primers are given the name of the clone
they were designed from followed by the sequencing primer used in order to
obtain the sequence. For example, the hybridization primer designed from the
sequence obtained from clone S0612P18 using the T7 primer is named

S0612P18T7.
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Figure 3.5 Generalized flow-scheme of chromosome walking procedure.

45 Hyhridization/ACR
probe sets designed
from BAC-end seguences

11 Frobe sets fail to
amplify PCR products
fram the clane from which
they were designed and

thus are rejected

34 Probe sets succe ssfully
amplify PCR products and
are used to screen the
CHORI-214 BAC library

3 Probes fail to give any
positive hybridization signal

3 Probes contain potential
repetitive elements and are
thus rejected

8 Probes fail to sef-
hybridize and are thus
rejected

20 Probes produce
hybridization signals that
can he scored

8 Probes give only false-
positive hybridization
signals

2 Probes hybridize only to
themselves

6 Probes hybndize to clones
within their own contig but
do not identify contig-contig

joins

4 Probes hybridize to
potential cantig- contig joins
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The hybridization probes S0612P18T7 and S0581B12SP6, both
positive for the presence of the Ssa202DU microsatellite marker, were used to
screen all seventeen high-density spotted membranes of the BAC library. As the
Ssa202DU marker is considered to be the marker closest to SEX in most linkage
maps (R. Danzmann unpublished results; B. Hoyheim unpublished results), the
first twelve filters (representing the entire Hind i fingerprinted portion of the
library) were screened in order to identify any possible end-joins within the library
and collapse the Ssa202DU singletons into a contig. In addition, all three clones
identified as positive for the Ssa202DU marker fell outside of the Hind lii
fingerprinted portion of the BAC library; therefore, membranes thirteen through
seventeen were also screened in order to observe the presence of self-
hybridization. The hybridization probes of the remaining 32 primer sets were used
to screen only the first six high-density membranes of the CHORI-214 BAC-
library, representing a 6.8 fold coverage of the Atlantic salmon genome. The

results of the BAC library screening are found in Table 3.5.
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Table 3.6 Resulits of the 34 probes used in the screening. Clone names are shown along
with the contigs in which they are found as well as the microsatellite (MS) markers to
which they are associated.

Probe Associated Contig Self-Hybridized? Probing Result
MS Marker
) Clones S0493K22, S0534016,
S0612P18T7 Ssaz202DU Singleton Yes S0552D23
S0581B12SP6  Ssa202DU  Singleton Yes No positives
S0295112T7 AlUO32NVH 526 Not Probed Clones in contig 526
S02951125P6 Not Probed Repetitive
S0230N16SP6  Alu032NVH 526 Yes Clones in contig 526
S0360008T7 Alu032NVH 526 Not Probed False positives
S0360008SP6 Not Probed Clones in contig 526
S0179B16T7 Alu032NVH 526 No Repetitive
S0179B16SP6 Yes Clones in contig 526
$S0139D08T7 Alu032NVH 526 No False positives
S0139D08SP6 No No positives
S0336N24T7 BHMS150 4421 Not Probed Repetitive
S0336N24SP6 Not Probed No positives
S0017NO3T7 Oneu18ASC  Singleton No False positives
S0042N21T7 Ssa208DU 5898 Yes Clones S0039P19 and
S0251P06 of ctg2133
S0042N21SP6 Yes False positives
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S0220F20T7 Ssa208DU 5898 Yes False positives
S0503M23T7 Ssa208DU 2133 Not Probed False positives
S0503M23SP6 Not Probed False positives
S0068C06T7 Ssad06UOS No-digest No Repetitive
. Clones S0143M20, S0221C23
S0116A05T7 Ssa406U0OS  Singleton Yes and S0275J14 of contig 5324
and S0255J14, a singleton
S0116A05SP6 Yes No Positives
S0213H09T7 BHMS216 1812 Yes False positives
S0205P08T7 BHMS216 1812 Yes False positives
S0205P08SP6 Yes Clones in contig 1812
S0232D13T7 BHMS216 1812 Yes False positives
S0232D13SP6 No False positives
S0343D17SP6 BHMS447 6488 Not Probed No positives
S004211477 BHMS447 6488 No Repetitive
S0042114SP6 No False positives
S0372C06T7 BHMS447 6488 Not Probed Repetitive
S0382A05T7 One102ADFG 5234 Not Probed Clones in contig 5234
Clones from contig 5234 and
S0370K19T7 One102ADFG 5234 Not Probed S0054G19, S0114M21 and
S0198B08 from contig 2133
S0459F08SP6 One102ADFG 3284 Not Probed No positives
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3.2.3.2.1 Rejected hybridization probes

Primers used to screen the BAC library that were designed from clones
present on the first six high-density spotted membranes were assessed for the
presence of self-hybridization. Eight out of the 34 probes used in the screening
(S0179B16T7, S0139D08T7, S0139D08SP6, S0017N03T7, S0068C06,
232D13SP6, S0042114T7 and S0042114SP6) failed to self-hybridize, and

therefore were not included in further analyses.

Three of the remaining 26 hybridization probes used to screen the BAC
library produced extremely noisy hybridization signals (S0295112SP6,
S0336N24T7 and S0372C06T7) as they hybridized to large numbers of clones in
a non-contig specific manner, an example of which is shown in Fig. 3.6. These
clones were examined for the presence of identified Atlantic salmon repetitive
elements using the Repeat Masker software version 3.0 (www.repeatmasker.org;
Smit et al., 1996-2004) employing a database of repetitive elements identified
from numerous Atlantic salmon sequences including expressed sequence tags
(ESTs), whole shotgun sequenced BAC clones and BAC-end sequences (S. Ng,
unpublished data). None of the clones contained sequences that were masked by
the Repeat Masker software, which most likely indicates that they contain

uncharacterized repetitive elements within the Atlantic salmon genome.
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Figure 3.6 CHORI-214 Atlantic salmon genomic BAC library high-density spotted
membrane, probed with a repetitive element-containing probe. The probe
designed for the S0295112SP6 sequence was identified as containing potentially
uncharacterized repetitive elements within the Atlantic salmon genome. Large
numbers of positive clones appear in a non-contig specific manner.
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Three of the remaining 23 probes used to screen the BAC library showed
no positive hybridization signals whatsoever: S0336N24SP6, S0343D17SP6 and
S0459F08SP6. As stated above, the SP6 primer produced significantly shorter
sequence results. The SP6 primer site of the pTARBACZ2.1 vector is known to
demonstrate some degree of polymorphism (J. Stott, personal communication)
which can lead to poor sequencing results. It is possible that the primers
designed for these three clones demonstrated a significant degree of sequence
dissimilarity with the clone target sequence, such that they were able to amplify
PCR products on BAC clone DNA, but were unable to bind during hybridization,
under the stringency of the membrane probing wash conditions. It should also be
noted that the clones from which these primers were designed were not located
on the first six high-density spotted membranes, and therefore the presence of

self-hybridization was not tested.
3.23.2.2 Scored probes

Twenty out of the 34 probes used in the screening produced non-repetitive
hybridization signals on at least one of the first six membranes of the BAC library.
Positive hybridization spots were first scored and their respective contigs were
analyzed in FPC version 7.0 and iCE version 3.4. In the event that the probe
hybridized to two or more clones within a large contig, the clones were subjected
to PCR amplification using the original hybridization oligonucleotide used to
identify it as well as its corresponding reverse primer. If the probe hybridized to a
single clone without hybridizing to corresponding overlapping clones within a

contig, the hybridization was rejected as a false positive. Such false positives
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may have been the result of background radioactivity spots mimicking the pattern
of orientation used to identify the BAC clones spotted on the high-density
membranes (Fig. 3.2). It is also possible that such false positives were able to
bind weakly to the oligonucleotide hybridization probes, such that visible
hybridization signals were observed in some of these clones, whereas such

signals in other overlapping clones were not visible above background levels.

Eight of the scored probes (S0360008T7, S0042N21SP6, S0220F20T7,
S0503M23T7, S0503M23SP6, S0213H09T7, S0205P08T7 and S0232D13T7)
produced only false positive hybridization signals. Unfortunately, clones
S0360008 and S0503M23 were not found on the six hybridization filters that
were screened. Therefore, | was unable to verify the presence of self-
hybridization for probes designed from these clones. Probes S0581B12SP6 and
S0116A05SP6 hybridized only to themselves, and demonstrated no additional
positives. It is unexpected that both the S0503M23T7 and S0503M23SP6 probes
would both bind only false positives given that clone S0503M23 is a terminal
clone of contig 2133. At least one of the clone end-probes should have identified

other overlapping clones within contig 2133.

Hybridization probes S0295112T7, S0230N16SP6, S0360008SP6,
S0179B16SP6, S0205P08SP6 and S0382A05T7 hybridized to clones in the
contigs to which they belong; however, they failed to identify any new contig-

contig joins.

Hybridization probe S0612P18T7, hybridized to PCR confirmed clones

S0493K22, S0534016 and S0552D23, collapsing them into a contig. Clones
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S0534016 and S0552D23 are outside of the Hind Il fingerprinted portion of the
BAC library. | performed in silico end-to-end joining of singleton S0493K22 in
FPC version 7.0 according to the same conditions used in the section 3.2.1. FPC
identified a potential end-to-end join between clone S0493K22 and another

singleton, S0279G12, at a likelihood score of e-13.

Hybridization probe S0042N21T7 identified clones S0039P19 and
S0251P06 of contig 2133. As shown in the integration of the ASL1 linkage group
and physical map (Fig. 3.4), the contig in which clone S0042N21 is found, 5898,
is potentially joined in silico, at an FPC likelihood value of E-9, to contig 2133.
Both contigs 5898 and 2133 contain clones identified as positive for the
microsatellite marker Ssa208DU. That a hybridization probe designed from a
clone from contig 5898 hybridizes to clones within contig 2133 suggests two
possibilities: A) Microsatellite marker Ssa208DU is tandemly duplicated along the
sex-chromosome such that it is found in two separate contigs that join to one
another; or B) As microsatellite marker Ssa208DU is known to be duplicated
within the Atlantic salmon genome through linkage mapping (B. Hoyheim,
unpublised results), contigs 5898 and 2133 represent the two separate, non-
syntenic Ssa208DU loci, which retain enough sequence similarity for probes
designed from the end sequence of clones from one contig, to hybridize to the

conserved region in the other contig.

Hybridization probe S0116A05T7 identified clones S0143M20, S0221C23,
and S0275J14 of contig 5324 as well as the singleton S0255F17. These resuits

collapse the singletons S0116A05 and S0255F17 into contig 5324. In silico
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contig extension was attempted in FPC version 7 under the conditions employed

previously; however, | did not observe any significant end-to-end joins.

Hybridization probe S0370K19T7 identified clones within the contig in
which it is found (contig 5234) as well as clones S0054G19, S0114M21 and
S0198B08 in contig 3284. Both contigs contain clones containing the
One102ADFG microsatellite marker. This marker is known to be duplicated
within the Atlantic salmon genome, and contigs 3284 and 5238 most likely
represent each of the duplicate One102ADFG loci. It is likely that the sequence
surrounding the two separate One102ADFG loci are significantly conserved,
such that hybridization probes designed from clones in one contig are hybridizing

to the same sequence in clones located in the other contig.

3.2.3.3 Analysis of clone S0503M23 T7 and SP6 primers within contig 2133
As previously observed, both end-sequence designed probes from clone
S0503M23 gave only false hybridization signals. Neither of them identified other
overlapping clones within the contig in which they are found (contig 2133). Fig.
3.7 demonstrates my expectations concerning the positive hybridization signals |
would observe when both T7 and SP6 end sequence designed probes from a

single contig terminal clone were used to probe the BAC library.
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Figure 3.7 Representation of contig-contig joining via BAC-end sequence designed
probes. The hybridization probe designed from the T7 sequence of the terminal
clone of contig A (represented in green) hybridizes to clones within contig A,
indicating that the SP6 sequence designed primer (represented in red) is the
terminus of contig A. In this hypothetical situation, contig B would not have enough
overlap between its terminal clone(s) and the terminal clone(s) of contig A for FPC to
collapse both contigs into a super-contig. However, the small amount of overlap
between the two contigs does include the SP6 sequence from contig A and thus the
probe is able to identify terminal clones from contig B as being joined to contig A.

Contig A

T7

SP6
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| would have expected either the S0503M23T7 or S0503M23SP6 probes
to have behaved like the “green” probe of Fig. 3.7, and identified positive
overlapping clones from contig 2133. It is entirely possible that the other probe

identify no potential contig-contig joins, if no such joins exist.

In order to test the reliability of the end-sequence designed S0503M23
probe/primers, | selected five additional clones in addition to clone S0503M23
from contig 2133 and attempted to identify whether the S0503M23T7 and/or
S0503M23SP6 primers would amplify PCR products from their sequence. The
relative positions of the selected clones (S0069C07, S0070C22, SO100N19,
S0113N21 and S0191109) as well as clone S0503M23 within contig 2133 are
shown in Fig. 3.8. Previous work has shown that graphical representation of the
physical map as shown in software such as iCE or FPC gives only a rough
representation of contig size and shape (J. Schein, personal communication).

Overlap between clones within a given contig is not drawn to scale.

What is immediately apparent from Fig. 3.8 is that clone S0503M23 is not
a contig terminal clone as suggested by the most recent build of the physical
map (Table 3.2). As previously indicated, terminal clones were selected based on
an earlier build of the physical map (build 031015), in which clone S0503M23

was observed to be contig terminal.

PCR was performed on each of the five clones and clone S0503M23
using both the S0503M23T7 and S0503M23SP6 PCR primers sets. The PCR
products were subsequently analyzed using agarose gel electrophoresis, the

results of which are shown in Fig. 3.9.

78



Figure 3.8 Contig 2133 of the Hind Il fingerprinted physical map as viewed in iCE 3.4. The
clones selected for PCR analysis using S0503M23T7 and S0503M23SP6 primers
are shown in yellow.
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Figure 3.9 PCR amplification of clones in contig 2133 using S0503M23 end-primers. PCR
products were run on a 1% Agarose gel in 1X TBE containing 50 pg/ml ethidium
bromide. Clone names are indicated above each gel lane. Lanes marked “L"” contain
100 base pair standard ladder (Invitrogen) in which the bright band is an
approximately 600 base pair fragment and each subsequent band below it decreases
in size by approximately 100 base pairs.

SO502M2ATT =05023M225PE6E
Frimers Frimers
SSEsss S 55 55 5
oooooaQ O o00o0D0Q 0
001415 oot1Tt 11 5
B 70790 E 7T 01 9 0
900313 7 00 31 3
CCHNNIM CoCHWNMLM
o221 202 o 21 20 2
7291493L L 7 2919 3L

600
400
300

80



The results of the PCR amplification using the SO503M23T7 primer
indicate that the T7 terminus of clone S0503M23 lies buried within overlapping
clones of contig 2133. However, if the graphical representation of contig 2133
was correct with respect to the degree of overlap between clones, clone
S0191109 should have produced an amplification product. Similarly, the
S0503M23SP6 primers amplify a product only from clone S0503M23 suggesting
that this BAC is, in fact, contig terminal. As previously indicated the graphical
representation of contigs within the iCE software is a rough approximation (B.
Koop, personal communication). These data confirm that clone S0503M23 is

contig terminal.

3.3 Fluorescent in situ Hybridization of Sex-Linked Clones

3.3.1 Identification of the Atlantic salmon sex-determining chromosome

| selected representative BAC clones positive by hybridization and PCR
for markers Ssa202DU (clone S0605H01), BHMS150 (clone S0336N24),
One102ADFG (clone S0018G23), BHMS447 (clone S0051B22), Oneu18ASC
(clone S0017N03) and OmyFGT8TUF (clone S0227A12), and sent them to Dr.
Ruth Phillips’ lab at Washington State University, Vancouver WA, where they
were used to probe chromosomes prepared from a male Atlantic salmon, via
fluorescent in situ hybridization (FISH).

Results produced by FISH using a BAC containing either the Ssa202DU
or OmyFGT8TUF markers are shown in Fig. 3.10A. All clones used in the FISH
analysis hybridized to chromosome 2, the second largest metacentric

chromosome, revealing it as bearing the sex-determining region. It should be
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noted that both of the chromosome 2 homologs gave positive hybridization

results with the BACs in all cases (Fig. 3.10B).
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Figure 3.10 Results of Fluorescent in situ hybridization. (A) BAC clones positive by
hybridization for microsatellite markers Ssa202DU and OmyFGT8TUF hybridize by
FISH to chromosome 2. (B) Relative positions of microsatellite markers along the
sex-chromosome as shown through FISH as well as the position of heterochromatin
on the sex-chromosome (black areas) as shown by 4,6-diamidino-2-phenylindole
(DAPY) staining. The clone used as a hybridization probe for each of the
microsatellite markers is as follows:

5s5a202DU CnyFGTBTUF

OmyFGT&TUF BHMS447 Oneul BASC OnelJ2ADFG

DAPI Stain
BHMS150 S$5a202DU (Heterochromatin)

"
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3.3.2 Orientation of linkage map relative to the sex-determining
chromosome

The relative order of FISH hybridized BACs along chromosome 2
correlates well with the order of the corresponding microsatellite markers
obtained from linkage analysis (Fig. 3.11). As is further illustrated in Fig. 3.11,
mapping of multiple BACs along chromosome 2 allowed us to orient this
chromosome with respect to the linkage map. 4,6-diamidino-2-phenylindole
(DAPI) staining of Atlantic salmon chromosomes revealed that there is a large
region of heterochromatin on the telomeric end of the long arm of chromosome 2
(Fig. 3.10B). The sex-linkage data combined with the information obtained from
cytogenetic analysis suggest that SEX lies past the Ssa202DU marker on the

long arm of Atlantic salmon chromosome 2.
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Figure 3.11 Orientation of ASL1 with respect to the sex chromosome. Integration of FISH
data showing that the relative positions of microsatellite markers as shown by FISH
correlate with the genetic linkage maps. SEX is predicted to be located between the
Ssa202DU marker and a large region of heterochromatin on the long arm of
chromosome 2

Atlantic Salmon Chromosome 2
Sex-Chromosome
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3.3.3 Chromosome mapping of duplicate microsatellite loci

Both of the non-overlapping singletons positive for microsatellite markers
Oneu18ASC (S0017N03 and S0119E21) and Ssa406UQOS (S0068C06 and
S0116A05) were separately hybridized on to chromosomes using FISH in order
to ascertain whether they represented duplicate marker loci within the Atlantic

salmon genome (Fig. 3.12).

In the case of the Oneu18ASC microsatellite marker (Fig. 3.12A), clone
S0017N03 hybridized to the short arm of the sex chromosome pair (chromosome
2) whereas clone S0119E21 hybridized to a medium-sized autosomal
metacentric chromosome. Salmonid chromosomes do not demonstrate GC-rich
and GC-poor regions, and thus a technique such as G-banding, which is very
useful in differentiating mammalian chromosomes, cannot be used to
differentiate chromosomes of similar shape and size in Atlantic salmon
(Ocalewicz et al., 2003). Although Fig. 3.12 indicates that clone S0119E21
hybridizes to chromosome thirteen, | cannot conclusively identify whether this is
actually chromosome eleven, twelve or thirteen as they are all metacentrics of

similar size.

In the case of the Ssa406UOS microsatellite marker (Fig. 3.12B), clone
S0068C06 hybridized to the short arm of the sex chromosome whereas clone
S0116A05 hybridized to a medium-sized metacentric chromosome. In the case
of both Ssa406UOS positive clones hybridization was observed on only one
chromosome of the chromosome pair. This is most likely due to weak

hybridization of the clone (Ruth Philips, personal communication). For example, if
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clone S0116A05 contained repetitive elements, it could hybridize more strongly
to one chromosome because it possesses more copies of the repeat than its
homolog (perhaps as a result of somatic cell unequal crossing over).

Although these data demonstrate that non-collapsible contigs positive
for the same microsatellite marker represent residual duplicated loci from the
ancestral salmonid tetraploidization, | am currently unable to determine whether
both duplicated loci lie on the same or separate autosomal chromosome(s). This
could be resolved via dual-hybridization of both non-sex linked clones
simultaneously, testing for the presence of hybridization to the same metacentric

autosomal chromosome pair.

87



Figure 3.12 Fluorescent in situ hybridization of duplicate microsatellite loci. Non-
collapsible singleton clones identified as positive for the presence of microsatellite
markers Oneu18ASC (A) and Ssa406UOS (B) were placed onto Atlantic salmon
chromosomes using fluorescent in situ hybridization. White arrows indicate location
of fluorescent signal. In both cases, one of the two clones hybridized to the sex-
determining chromosome, while the other hybridized to a medium-sized autosomal
metacentric chromosome, indicating that the singletons represent conserved
duplicate loci within the Atlantic salmon genome.

A) Microsatellite marker Oneu18ASC
S0017N03 S0118E21

p
4
B) Microsatellite marker Ssa406UQ0OS
S0068N03 S0116A05

.
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3.4 Analysis of BAC clone S0493K22

In order to gain a better understanding of the genomic composition of the
sex chromosome, | generated a shotgun library of clone S0493K22 and
sequenced it to approximately 8.5 fold coverage. S0493K22 was found to be
physically overlapping a clone containing the Ssa202DU marker (S0612P18)
through chromosome “walking” (Table 3.6). As well, this was the only clone in the
region of the Ssa202DU marker that had been Hind lll fingerprinted, and thus it
was possible to estimate the clone’s size, which is crucial to determining
sequence coverage. In addition, prior to sequencing, S0493K22 was placed on
Atlantic salmon chromosomes by FISH and was localized to the same region as

the Ssa202DU marker (Fig. 3.10).

3.4.1 Generation and sequencing of a shotgun library of clone S0493K22

A single colony of clone S0493K22 was isolated, grown, confirmed by
PCR and prepared using Quiagen’s Large-Construct DNA kit, which isolates
large-insert clone DNA while minimizing E. coli genomic contamination. BAC
clone DNA was subsequently sheared by sonication, end-repaired and a2to 5
Kb fragment size range was isolated using agarose gel electrophoresis. The
fragment mix was then ligated into Sma | digested, phosphatase treated pUC19,
and transformed via heat-shock into XL 1-blue super-competent E. coli cells. The
transformed cells were then plated onto ampicillin containing agar plates, using
X-gal and IPTG in order to be able to carry out blue-white selection of insert

containing hybrid plasmids.
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Twenty-four transformed clones were then selected for sequencing in
order to obtain an estimate of possible E. coli genomic contamination. No E. coli
genomic contamination was detected within the 24 sequenced clones. 1544
library clones were successfully sequenced at the sequencing centre at the
University of Victoria. Clone S0493K22 is predicted to be approximately 91 Kb in
length, according to the Hind Il digest in FPC, and 1544 total sequences of 500

bp average read length represents an 8.5 fold depth of coverage.

3.4.1.1 Contig assembly using Phred/Phrap and Consed software

The Phred/Phrap/Consed suite of programs was used to assemble the
sequence data into contigs (Ewing et al, 1998; Gordon et al., 1998). The initial
build using Phrap yielded eight contigs that were collapsed into two super-contigs
based on forward and reverse read consistency. The total sequence length of the
two super contigs is 90,943 bp, which is quite near the total clone insert length of
(91,818 bp) as determined by addition of Hind il fragment sizes in iCE version
3.4. The resulting two super-contig build as displayed using Consed is shown in
Fig. 3.13. Hereafter the larger super-contig will be referred to as contig 19-13
(based on the Phrap assembly) and the smaller super-contig will be referred to

as contig 16-17.
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Figure 3.13 Build of clone S0493K22 as viewed using Assembly View in Consed. Contigs
are represented by the thick dark-grey rectangles with numbers indicating sequence
length in base pairs. Purple and red lines represent forward and reverse read pairs
that are consistent in distance from one another when on top of the contigs, and
inconsistent when below. Orange lines represent tandem repeats while black lines
represent inverted repeats. Finally sequence depth is represented by the bright
green line above contigs while the dark green line represents forward and reverse
read pair consistency.
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3.4.2 Sequence annotation

Potential genes were identified by BLASTn sequence alignment of the two
super-contigs against both the GenBank non-redundant (NCBI) and the Rainbow
trout and Atlantic salmon EST (TIGR, http://www.tigr.org/tdb/tgi/) databases in
conjunction with Genscan (Burge and Karlin, 1997;
http://genes.mit.edu/GENSCAN.html) gene predictions. The sequence contained
a total of seven transcripts as predicted by Genscan (four in contig 19-13 and

three in contig 16-17).

Each Genscan predicted peptide sequence was tBLASTn aligned against
the GenBank non-redundant database as well as the TIGR Rainbow trout and
Atlantic salmon Gene Indices in order to look for evidence to support the gene
predictions. | annotated the Genscan predictions that produced at lease one
alignment from the non-redundant database, combined with supporting EST
data, at a minimal threshold expect value of e-15 or lower (in each database).
The annotated Genscan outputs for contigs 19-13 and 16-17 can be found in

Figs. 3.14 and 3.15, respectively.
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Figure 3.14 Annotated Genscan output of contig 19-13. Predicted peptides are represented

as blue arrows which are divided into exons. The tail-end of arrows represent the
first exon of the gene, while arrowheads represent the gene’s terminal exon. Genes
above the ruled line are located on the sequence’s plus strand, while genes below
the line are on the minus strand. Annotated gene names appear above the
predicted genes.
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Figure 3.15 Annotated Genscan output of contig 16-17. Predicted peptides are represented
as blue arrows which are divided into exons. The tail-end of arrows represent the
first exon of the gene, while arrowheads represent the gene’s terminal exon. Genes
above the ruled line are located on the sequence’s plus strand, while genes below
the line are on the minus strand. Annotated gene names appear above the
predicted genes.
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3.4.2.1 Gene descriptions
The following is a description of each of the genes identified in clone

S0493K22.
3.4.2.1.1 Sic25a28

Solute carrier family 25, member 28, slc25a28 (GenBank Accession #
NM_145156; Ensembl Gene ID # ENSMUSG00000040414), is an integral
membrane protein located in the inner membrane of the mitochondria. In mice, it
acts as a mitochondrial RNA splicing protein and suppresses a mitochondrial
splice defect in the first intron of the cob gene. It may act as a carrier, exerting its
suppressor activity via modulation of solute concentrations in the mitochondrion

(possibly of cations).
3.4.21.2 Entpd4

Ectonucleoside triphosphate diphosphohydrolase 4, entpd4 (GenBank
Accession # NM_004901; Ensemble Gene ID # ENSG00000197217), is an
integral golgi membrane protein that preferentially hydrolyzes nucleoside 5'-
diphosphates; nucleoside 5'-triphosphates are hydrolyzed only to a minor extent.
In addition Uracil 5'-diphosphate is preferentially hydrolyzed over Guanine,
Cytosine or Thymidine 5’-diphosphate. Neither Adenosine 5’-di, nor triphosphate

can act as substrates for the protein.
3.4.2.1.3 Zgc:77082
Z2gc:77082 (GenBank Accession # BC066708; Ensembl Gene ID #

ENSDARGO00000018944) is a predicted protein in zebrafish, Danio rerio. This
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prediction is based on either GeneWise or GenScan gene predictions of
zebrafish genomic DNA and is supported by full-length cDNA obtained from a

zebrafish EST library. Its function is unknown.

3.4.2.1.4 Nkx2.2

Homeobox protein Nkx-2.2, nkx2.2 (GenBank Accession # AAC83132;
Ensembl Gene ID # ENSG00000125820), is a transcription factor that promotes
oligo-dendrocyte formation in conjunction with another transcription factor, olig2.
Nkx2.2 is has been implicated in spinal cord and central nervous system

development in humans.

3.4.3 Gene synteny analysis

| analyzed genes orthologous to the four discovered on clone S0493K22
for evidence of conservation of synteny among ancestral relationships, in order to
determine the correct orientation of the two super-contigs to one another. The
results of this analysis are shown in Table 3.7. Orthologs and orthologous gene
positions were determined using Ensembl’s Genome Browser

(www.ensembl.org).
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There appears to be conservation of synteny between genes slc25a28
and zgc:77082 between Atlantic salmon and both mouse and human. In addition,
synteny appears to be conserved between genes entpd4 and nkx2.2 between
Atlantic salmon and Danio. Unfortunately, this information does not allow me to
collapse super contigs 19-13 and 16-17 as suggesting that entpd4 and nxk2.2
are adjacent to one another due to shared synteny in Danio contradicts the
suggestion the sic25a28 is adjacent to zgc:77082 based on shared synteny in
human and mouse. Traditional sequence finishing would be required to

accurately collapse the two super-contigs.

3.4.4 Repetitive element content analysis

In order to estimate the repetitive element content of clone S0493K22, the
two super-contig sequences were run through the Atlantic salmon Repeat
Masker database (S. Ng, unpublished results). In addition, the Atlantic salmon
specific repeat masked sequence was run through the Danio, Fugu and other

fish specific repeat databases (www.repeatmasker.org).

A total of 27,471 base pairs were masked due to Atlantic salmon specific
repeats. In addition, 2,379 base pairs were masked from the additional fish
databases. Therefore, clone S0493K22 appears to be 32.8 percent repetitive
(29,850 repetitive bases / 90,943 total bases * 100). This number is comparable
to the percent repetitive numbers seen in other fully sequenced Atlantic salmon

genome insert containing BACs (Mitchell, 2004).
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CHAPTER 4 DISCUSSION

The objective of this study involved the integration of Atlantic salmon
microsatellite genetic linkage maps associated with the sex-determining factor
with a Hind Il fingerprinted genomic physical map as well as Atlantic salmon
chromosomes. This allowed me to identify the sex chromosome pair in Atlantic
salmon and characterize the sex chromosome itself as well as refine the sex-

determining region.

4.1 Position of SEX on the Y-chromosome of Atlantic Salmon
Based on the Genetic Linkage Map

All genetic linkage maps integrated in the study placed the SEX locus on
the distal end of the SEX linkage group, ASL1 (Fig. 3.1) (R. Danzmann,
unpublished results; B. Hoyheim, unpublished results). It is known that distal
ends of linkage groups do not necessarily coincide with the telomeric ends of
chromosomes (Woram et al., 2003); however, there is evidence supporting a
more telomeric placement of SEX. According to Wright Jr. et al.’s (1983) model
of chromosome pairing, only the telomeric segments of homologously paired
multivalents may recombine during male meiosis, due to the physical constraints
imposed by such multivalent pairing. Additionally, increased male recombination
distances towards the ends of several linkage groups in the linkage maps of
rainbow trout (Sakamoto et al., 2000) and brown trout (Gharbi, 2001) indicate

that higher recombination rates near the telomeres of chromosomes may
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represent a common trend in male meiosis among all salmonids (Gharbi, 2001).
The male ASL1 map may demonstrate poor marker resolution due to the
recombination constraints imposed by multivalent pairing. There is however,
recombination between Ssa202DU (the microsatellite marker closest to SEX)
and SEX itself (4.3 centiMorgans as shown in Fig. 3.1), which suggests that SEX

is near the telomere, away from the constraints of multivalent pairing.

4.2 Integration of ASL1 with the Hind lll Digested Physical Map

4.2.1 BAC library screening

All sixteen microsatellite markers on ASL1 amplified PCR products using
Atlantic salmon genomic DNA as the template. However, hybridization probes
designed to the flanking regions of markers Sal1UoG, Ssa208DU, BHMS247 and
OMM1016 failed to identify any positive BAC clones within the 18.8 fold genomic
coverage BAC library. It is likely that these microsatellite markers are located in
genomic regions not represented within the BAC library. Such unrepresented
regions may contain large numbers of repetitive elements, leading to a lack of
EcoR I cut sites, preventing them from being incorporated into the library. Current
work by Ng et al. (submitted) has identified BAC clones not incorporated into the
physical map, as they are refractive to Hind Il digestion and therefore,
fingerprinting. Characterization of such “Hind Il refractive” BAC clones has
identified tandemly repeating sequences spanning these BACs, in which there

are little or no Hind Il cut sites. Markers Sal1UoG and Ssa58DU are adjacent to

100



one another on the linkage map. Similarly, markers BHMS247 and OMM1016
are also adjacent to one another. This suggests that these regions of the sex
chromosome may contain repetitive elements, within which there are little or no
EcoR | cut sites. Generation of an additional BAC library based on partial
digestion with a different restriction enzyme may allow the cloning of such
unrepresented areas in the CHORI-214 large-insert BAC genomic library. A Hind
Il fingerprinted physical map of such a library could result in the collapse of

contigs in the current physical map separated by such non-represented regions.

4.2.2 Incorporation of SEX-linked BACs into the physical map

The common ancestor to all salmonids underwent a tetraploidization
event, and extant species of salmonids are still undergoing the “rediploidization”
process of restoring disomic inheritance (Allendorf and Thorgaard, 1984). Six of
the microsatellite loci used to screen the BAC library were known to be
duplicated from linkage analysis and the amplification of products from the loci
located on both homeologous chromosome pairs (Table 1) (R. Danzmann,
unpublished results; B. Hoyheim, unpublished results). Probing of the BAC library
however, revealed evidence of duplication at three additional loci, Ssa208DU,
One102ADFG and OMM1122, as their probes identified clones in separate, non-
collapsible contigs. The Oneu18ASC marker identified two positive singletons;
however, these singletons could not be collapsed into a contig, suggesting that
they were each from a different genomic region. Markers BHMS447 and
OmyFGT8TUF hybridized only to clones within a single contig each.

Nevertheless, this does not necessarily contradict the observation of duplication
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during the linkage analysis. Three possible explanations for the lack of
identification of separate non-collapsible BAC clones are: A) The sequences
surrounding each of the duplicate loci are in the process of diverging such that
the region in which the original PCR primers designed in the linkage analysis is
conserved, whereas the homeologous sequence has diverged significantly; B)
That the regions of sequence surrounding the duplicate loci are conserved, such
that they retain similar Hind Il cut sites, and thus are being built into the same
contig by FPC; or C) It is possible that the genomic segment surrounding one of
the two loci is not represented in the Hind lll fingerprinted portion of the BAC

library.

4.3 Extension of Coverage of the Sex Chromosome

4.3.1 In silico contig extension via FPC

Performing end-to-end joins from terminal contig clones allowed me to
collapse seven out of twelve (60%) of the sex-linked contigs into larger super-
contigs. These contigs were not collapsed in the original FPC build of the Atlantic
salmon physical map as the cut-off stringency of this build was set quite high
(FPC likelihood value of E-16 or better) in order to ensure that the contigs of the
physical map were reliably assembled (Ng et al., submitted). However, multiple
clones from one contig producing end-to-end joins to another contig at a
likelihood value of E-9 or lower are most likely significant (J. Schein, personal

communication)
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Although the FPC version 7.0 software is able to determine the nucleotide
length of individual clones within a contig, it is unable to accurately determine the
relative amount of overlap between individual clones within a contig, or between
clones from contigs that have been end-to-end joined. Therefore, it is not
possible to get an accurate estimate of how many nucleotides of sequence along
the sex chromosome have been identified through genetic and physical map

integration.

Markers Oneu18ASC and Ssa406UQOS identified only singleton BACs,
which could not be collapsed into contigs via end-to-end joining. In the case of
Oneu18ASC, one of the two clones for which it was positive, SO119E21,
demonstrated a Hind Il fingerprint of only eight bands, which is likely too few to
correctly incorporate the clone’s fingerprint into the FPC build of the physical
map. The lack of bands produced by Hind il digestion suggests that this clone

has a high content of repetitive elements.

In the case of Ssa406UOS, singleton S0068C06 was flagged as “non-
digestible” by Bandleader (Fuhrmann et al., 2003). Bandleader is a software
program used to screen Hind Il fingerprint patterns for the presence of clones
that demonstrate unsuitable banding patterns either due to lack of Hind Il cut-
sites within the clone, or due to clone well contamination during fingerprinting.
These data, taken with the fact that the clones that did produce usable banding
patterns were not built into contigs, are suggestive that both of these
microsatellite markers lie within regions of the genome that are resistant to

incorporation into the BAC library. These regions may also simuitaneously be
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refractive to Hind Ill digestion. As discussed previously, such regions may arise

due to the presence of repeating units within the sequence of these areas of the

genome.

4.3.2 BAC-end sequencing of contig terminal clones
4.3.2.1 BAC-end sequencing

Sequences obtained using the pTARBACZ2.1 vector's T7 sequencing
primer were considerably longer and of higher quality than those obtained using
the SP6 primer. Previous BAC-end sequencing efforts using genomic large-insert
BAC libraries, ligated into the pTARBACZ2.1 vector, have also met with similar
reduced quality sequences using the SP6 primer (J. Stott, personal
communication). Recently, we designed a new “SP6” primer upstream of the
universal primer on the pTARBACZ2.1 vector and employed it in a large BAC-end
sequencing project (C. Artieri and S. Ng, unpublished results). The new primer
sequence is as follows, in 5’ to 3’ orientation: ACTGTGGCTTGTTTTACAATTT.
Sequences obtained from this new “SP6” primer were of comparable quality to
those obtained from the T7 primer, indicating that the poor-quality sequences

were due to poor design of the original SP6 primer.

4.3.2.2 |dentification of novel genes

All five genes identified from sex-linked clones (Table 3.3) were identified
from sequences obtained using the T7 sequencing primer. It is not surprising that
no genes were identified from SP6 derived sequences, considering their poor

quality.

104



Interestingly, three of the genes were obtained from end sequences of
clones within contig 3784, which is associated with microsatellite marker
Alu032NVH. This may suggest that this contig represents a gene-rich area of the
sex chromosome; however, my sample size of sequence is small and not
uniformly distributed along the length of the chromosome. Therefore, such a
hypothesis is purely speculative. Nevertheless, microsatellite markers are often
identified from ESTs, and therefore it is likely that genes would be found in or

near microsatellite marker containing clones.

The lack of observable shared synteny among the five identified genes
within the organisms used in the comparison (Atlantic salmon, zebrafish,
pufferfish, mouse and human) is not unexpected as these genes are found along
the length of the Atlantic salmon sex-chromosome. Many chromosomal
rearrangements have occurred between Atlantic salmon and its sister species in
the Salmonidae (Hartley and Horne, 1984); therefore, given the divergence times
between Atlantic salmon and human (approximately 450 mya) or Atlantic salmon
and Danio (approximately 200 mya) (Kumar and Hedges, 1998; Nei and Glazko,
2002; Van de Peer, 2004), it is not unexpected that such chromosomal

rearrangement events have broken the synteny between these genes.

Work performed by Mitchell (2004) has demonstrated a surprising amount
of conservation of synteny between Atlantic salmon and other fishes such as
Danio and even mammals with respect to a group of genes all located within a
single Atlantic salmon BAC clone. Therefore, | may have expected to have

observed shared synteny between the three genes found in contig 3784
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(Ubiquitin Conjugating Enzyme, Lamin and the predicted protein RKHD1);
however, it appears that chromosomal rearrangement events have shuffled even

these relatively nearby genes.

4.3.3 Chromosome-walking from sex-linked contigs
4.3.3.1 Probe design

The hybridization probes designed to extend the physical map coverage of
the sex chromosome suffered from a high-degree of failure. Only 20 hybridization
probes out of the 45 designed produced scorable hybridization patterns when
used to probe the high-density BAC clone spotted membranes. The reason
behind the failure of many of these probes may lie in the method by which the

probes were designed.

Primer sets were designed from BAC-end sequence based on which
primer sequences would result in optimal PCR primers using Primer Premier
version 5.0. Subsequently one of the two approximately 20 nucleotide PCR
primers was extended to approximately 40 nucleotides in order to create a
hybridization probe of suitable annealing temperature. | may have achieved a
greater success rate during hybridization if | had employed a strategy involving
generating optimal hybridization primers independently of separately designed
PCR primers. Additionally, due to the large volume of primers being designed, |
did not inspect each of the BAC-end sequence chromatograms. It is possible that
errors in PHRED software automated base-calling occurred (Ewing et al., 1998),
resulting in lack of sequence identity between hybridization primers and the

actual genomic sequence.
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4.3.3.2 BAC library probing results

4.3.3.2.1 Primer sets that failed to amplify PCR products

Eleven out of the 45 primer sets (31 percent) designed from BAC-end sequences
failed to amplify PCR products from the BACs from which they were designed.
Five out of the failed primer sets were designed from sequences obtained using
the pTARBAC2.1 T7 sequencing primer while the remaining six were designed
from sequences obtained using the SP6 primer. | may have expected to see
more SP6 sequence designed primer sets fail, rather than T7, as the SP6
sequences were generally of poorer quality. As PCR amplification failure
occurred equally in sequences obtained using both primers, it is likely that the
cause of primer failure lies in the primer design itself. A more stringent selection
of acceptable BAC-end sequences suitable for primer design may have resulted

in less failed primer pairs.

4.3.3.2.2 Primer sets that failed to produce appropriate hybridization signals
Three out of the 34 hybridization probes used to probe the BAC library did
not give any hybridization signal. Additionally, eight hybridization probes used to
probe the BAC library failed to hybridize to the BAC clones from which they were
designed. These results are particularly suggestive of incongruence of sequence
between the hybridization primers and the actual sequence of the clone from
which they were designed. It is likely that | would have observed additional
instances of non self-hybridization had | probed all high-density BAC clone
spotted membranes with hybridization probes designed from BAC-end sequence

of clones not located within the first six membranes.
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The three hybridization probes that gave repetitive hybridization signals
reveal that there are still many uncharacterized repetitive elements within the
Atlantic salmon genome. The Atlantic salmon-specific repeat database (S. Ng,
unpublished results) failed to detect the presence of repetitive elements within
the sequences of any of these probes. It is crucial that more potential repetitive
elements be identified if better probes are to be designed for use in future

hybridization studies.

4.3.3.2.3 Primer sets that successfully hybridized

Twenty out of the original 45 primer sets (44.4 percent) designed to
chromosome walk from the ends of sex-linked contigs produced scorable
hybridization signals. | chose to employ stringent criteria for what could be
considered a suitable potential positive hybridization signal before selecting such
clones for PCR confirmation. Clones were only considered potentially positive,
and thus suitable for PCR confirmation if: A) The clone was the only clone
positive by hybridization within a contig and that clone had significant regions
free of possible overlapping or buried clones in FPC; and B) Multiple, overlapping
clones within a contig were positive by hybridization at which point each of them
was selected for PCR confirmation. Large numbers of false positive clones were
observed during the original screening of the BAC library that identified the
microsatellite positive clones and contigs (Table 3.1). Therefore, in the interest of
managing the large number of potential positive clones, such selection criteria

were adopted.
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Hybridization probes were designed for both ends (T7 and SP6) of contig
terminal BAC clones whenever possible. In the case of such terminal BACs, |
would have expected to observe one of the two probes hybridizing to clones
within the contig, while the other probe hybridizes to the clone itself, as well as
any potential contig-contig joins (Fig. 3.10).

Chromosome “walking” is only possible in the event that two contigs
contain clones with some degree of overlapping sequence, and that A) this
overlap is insufficient in length to produce enough common Hind 11l fingerprint
bands, or that B) the sequence of this overlapping region is deficient in Hind Ill
digestion sites. In both cases, there would be an insufficient number of Hind I
fingerprinting bands produced for the FPC software to collapse the two contigs. It
would be unlikely to observe a situation in which both T7 and SP6 sequence
designed probes hybridize to the same clone in a potential contig-contig join as in
this case, the entirety of one clone’s sequence would be buried within the other

clone and | would expect FPC to have collapsed these clones in silico.

Eight of the scored probes that neither hybridize to clones within their own
contigs, nor identified any contig-contig joins (S0360008T7, S0042N21SP6,
S0220F20T7, S0213H09T7, S0205P08T7, S0232D13T7, S0581B12SP6 and
S0116A05SP6), are likely probes designed from contig terminal sequence for
which no potential contig-contig joins are represented within the BAC genomic
library. Given the conditions necessary for chromosome “walking”, it is likely that
| would have observed contig terminal end-sequence probes hybridizing only to

themselves without revealing any new contig-contig joins.
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Hybridization probes S0295112T7, S0230N16SP6, S0360008SP6,
S0179B16SP6, S0205P08SP6 and S0382A05T7 are examples of the “green”
probe in Fig. 3.7 as they hybridize to themselves as well as additional clones
within the contig in which they lie. Such hybridization signals allow the orientation
of these clones relative to their own contigs such that | now know that the
opposite BAC-ends of these clones are representative of contig-terminal
sequence, and thus are the BAC-ends from which potential chromosome
“walking” will occur.

Hybridization probe S0612P18T7 (positive for the presence of the
Ssa202DU microsatellite marker) collapsed clones S0493K22, S0534016 and
S0552D23 into a contig. Like clone S0612P18 itself, clones S0534016 and
S0552D23 are outside of the Hind Il fingerprinted portion of the BAC genomic
library. Clone S0493K22; however, is a singleton within the physical map with a
Hind lli fingerprint containing 17 bands. Two lines of evidence suggest that the
Ssa202DU marker lies in a region of the sex chromosome that is rich in the
presence of repetitive elements. First, probing of the entire 18.8 fold genomic
coverage BAC library has identified only three Ssa202DU positive clones
(S0581B12, S0605H01 and 612P12) which would indicate that the region
containing the Ssa202DU marker is underrepresented in the BAC library and
second, clone S0493K22, the only Hind Il fingerprinted, Ssa202DU associated
clone, has a Hind Il fingerprint of only 17 bands, which is far below the library’s
average number of bands per clone of 40 (Ng et al., submitted). Both these data

taken together suggest that there is a scarcity of both EcoR | and Hind Il
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digestions sites in this region of the genome, which previous work (Ng et al.,
submitted) has shown to be indicative of regions containing repetitive segments.
Hybridization probe S0042N21T7, which is found in contig 5898 and is
positive for the presence of the Ssa208DU marker, hybridized to clones within
contig 2133, also positive for the presence of the Ssa208DU marker.
Microsatellite marker Ssa208DU is known to be duplicated within the Atlantic
salmon genome as it is found in ASL1 and ASL6 (R. Danzmann, unpublished
results; B. Hoyheim, unpublished results). Therefore, it was not unexpected to
find that the hybridization probe designed for the flanking region of the
Ssa208DU marker hybridizes to two separate non-collapsible contigs, suggesting
that these contigs each represent one of the two homeologous Ssa208DU loci. It
was unexpected, however, to observe that contigs 5898 and 2133 join to each
other via in silico end-to-end joining in FPC, albeit at the minimum threshold |
considered significant in this study (FPC likelihood value of e-9). This in silico,
potential contig-contig joi;l was confirmed via the results of the BAC-end
sequencing; however, despite the fact that these results suggest that the
Ssa208DU marker is tandemly duplicated along the sex chromosome, they are
perhaps equally suggestive of a phenomenon that will have a far greater impact
on future studies involving Atlantic salmon genomics. It is possible that contigs
5898 and 2133 do in fact represent the separate homeologous loci of the
Ssa208DU marker, but that genomic regions surrounding these two loci have not
diverged sufficiently in sequence to be discriminated. As previously discussed,

salmonid fishes are still in a state of pseudo-tetraploidy, and are thus attractive
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organisms in which to study the consequences of whole genome duplication.
However, to perform such studies, it will be imperative that we be able to
differentiate between the duplicated loci. A future attempt to sequence the entire
Atlantic salmon genome via the whole-shotgun approach could run into
difficulties at the assembly stage if the software is unable to differentiate between
the two loci, due to high similarity of sequence. It must not be ignored; however,
that at the stringency at which the physical map was built (FPC likelihood value
of e-16) these two Ssa208DU loci were placed into two separate, non-collapsible
contigs. This is indicative of sufficient Hind lll restriction pattern divergence such
that future studies will be manageabile.

The case of hybridization probe S0370K19T7 is another potential example
of conservation of sequence similarity surrounding duplicate loci of a
microsatellite marker. Probe S0370K19T7 identified clones within contig 5234 (in
which it is found) as well as contig 3284. Both contigs have been identified as
positive for the duplicated One102ADFG marker, and are believed to represent
each of the duplicate loci. /n silico BAC end-to-end joining analysis does not
suggest a potential contig-contig join of the two One102ADFG contigs, which
may be indicative that the homeologous One102ADFG loci possess a greater
level of sequence divergence than those of the Ssa208DU loci. However, these
results suggest that BAC-end sequence designed probes are still able to
hybridize across loci, and therefore there is a significant level of sequence

conservation between homeologous sections of the Atlantic salmon genome.

112



The collapse of singleton clone S0116A05, positive for the Ssa406UOS
microsatellite marker, into contig 5324 is demonstrative of the utility of the
chromosome “walking” technique. The initial physical coverage of this
Ssa406UOS locus was limited to a single clone; however, through chromosome
“walking” | have extended this coverage into a large contig. Maximizing the
amount of physical coverage around microsatellite loci will be crucial in
facilitating any future marker-assisted analyses performed on the Atlantic saimon

genome.

4.3.3.2.31 Analysis of clone S0503M23 in contig 2133

As previously indicated, neither SO503M23T7 nor S0503M23SP6
hybridization probes identified any positive clones when used to screen the first
six high-density spotted membranes of the genomic BAC library (Table 3.6).
However, both sets of primers did successfully amplify PCR products from clone
S0503M23 (Table 3.5), suggesting that the end-sequences from which they were
designed were identical to that of clone S0503M23. The results of the
amplification of PCR products from overlapping clones using the SO503M23T7
primers (Fig. 3.10) indicates that | should have observed hybridization positives
for these same probes during BAC library screening with the SO503M23T7
probe. It is important to note that the hybridization T, is more stringent than that
of the PCR (65°C in the case of hybridization and 56.5°C during PCR). It is
possible that at the hybridization Ty, the S0503M23T7 probe was unable to
anneal to the clones from which PCR products were produced. Repeating the

hybridization using a less stringent T, could validate this hypothesis.
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4.4 Fluorescent in situ Hybridization of Sex-Linked Clones

441 Identification of the Atlantic salmon sex chromosome
| report here the first successful identification of the Atlantic salmon sex
chromosome. Representative sex-linked microsatellite marker containing BACs

all hybridized via FISH to chromosome two, the second largest meta-centric.

In all cases, both chromosome two homologues gave positive FISH
signals, which support the hypothesis that salmonid sex chromosomes are
representative of an early stage in sex chromosome evolution, such that they still
retain similar sequence, and similar gene compliments. Peichel et al.’s (2004)
study of the sex chromosomes of the threespine stickleback found that despite
being homomorphic, the sex-chromosomes have begun differentiating in
sequence, such that they retain only approximately 63.7 percent sequence
identity. Given that Atlantic salmon also has homomorphic sex chromosomes
and that microsatellite markers found on the Y chromosome are also found on
the X (as is the case in threespine stickleback), | would expect to see similar
evidence that Atiantic salmon is in the initial stages of sex-chromosome
differentiation. However, validation of such a hypothesis will require first, the
identification of sex-specific markers and second, sequencing of male and female

chromosome-specific BACs representing a homologous region.

4.4.2 Orientation of the linkage map relative to the sex chromosome
Comparative analysis of the position of hybridized sex-linked BAC clones
along the sex chromosome with their relative positions along the integrated sex-

linkage map (R. Danzmann, unpublished results; B. Hoyheim, unpublished
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results), has allowed me to confirm the reliability of the linkage map (Fig. 3.8).
Such validation of the positional relationship of microsatellite markers is vital for
future studies performed using these genetic linkage maps. In addition,
understanding the positional relationship of microsatellite markers along the sex
chromosome also allows us to localize the coverage of the chromosome within

the Hind Il fingerprinted physical map.

This analysis has also allowed me to orient the linkage map relative to the
sex chromosome. According to the integrated linkage map, the Ssa202DU
microsatellite marker is closest to SEX (Fig. 3.1). FISH localizes the Ssa202DU
containing BAC on the long arm of chromosome two, quite close to the

centromere (Fig. 3.7B).

4.4.2.1 Possible locations of SEX on the Atlantic salmon sex chromosome

Interpretation of these data suggests three possibilities for the placement
of SEX on the sex chromosome of Atlantic salmon, each requiring a different

bevy of strategies and techniques necessary for its elucidation:

1) SEX lies between the Ssa202DU marker and the region of heterochromatin

As shown in Fig. 3.7B, DAPI staining has revealed a large area of
heterochromatin, spanning approximately half of the long arm of the sex-
chromosome. Tightly condensed heterochromatic DNA is known to be relatively
gene poor (Wallrath, 1998). In addition, previous studies have shown that genes

found within DAPI stained heterochromatin may lack active transcription (Schulz
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and Tyler, 2005), which may suggest that the primary sex-determining factor is
located within the euchromatic region of the sex chromosome. The region of
heterochromatin appears to span the entire distance from the middle of the long
arm of the sex chromosome to the telomere. Therefore, SEX may lie near the
region of heterochromatin, between it and the Ssa202DU marker. In this case,
the chromosome “walking” technique may be employed in order to walk along the
euchromatic segment of the sex chromosome, assuming that this entire region is
represented within the CHORI-214 Atlantic salmon genomic BAC library.
Unfortunately, the correlation between recombination distance (both male and
female) and nucleotide distance in Atlantic salmon is unknown and therefore,
although it is known that SEX lies approximately 4.4 centiMorgans away from the
Ssa202DU marker according to the male ASL1 map (Fig. 3.1), we are currently
unable to estimate the corresponding distance that would be necessary to “walk”
along the sex chromosome. This distance could be impractical to breach using
the chromosome “walking” technique, and some estimate of the actual distance

would most likely be required before attempting such a study.

2) SEX lies near the telomere, on the other side of the region of heterochromatin

As previously discussed, various lines of evidence suggest that the sex-
determining factor in Atlantic salmon, brown trout and Arctic charr is located on a
Y chromosome specific telomeric segment of the sex chromosome in these
species (Woram et al., 2003). If this is the case in Atlantic salmon, the Ssa202DU

marker is most likely too far away from the telomere of the long-arm of
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chromosome two for the chromosome “walking” technique to be employed as a
method for identifying the sex-determining locus. Additionally, regions of tightly
condensed heterochromatic DNA are often associated with tandem satellite
repeats and are likely underrepresented in the genomic BAC library (for review
see Dimitri et al., 2004), thus making chromosome walking impossible. In such a
scenario, identification of the primary sex-determining locus would almost
certainly require the identification of markers more tightly associated with SEX,
preferably even sex specific markers such as the growth hormone pseudogene in
rainbow trout (Du et al., 1993). Localization of such a marker to the telomere of
the sex chromosome would provide a starting point from which chromosome
“walking” could be attempted, without the caveat of having to “walk” across

regions of heterochromatin.

3) SEX lies within the large region of heterochromatin

As nothing is known about the primary genetic mechanism of sex-
determination in salmonid species, it is entirely possible that the primary sex-
determining locus lies within the heterochromatic segment of the sex
chromosome. It also remains entirely possible that SEX is near the telomere,
such that the telomeric model of salmonid SEX loci is valid. Under this scenario,
it is quite likely that the primary genetic sex-determining factor is not represented
within the genomic BAC library, and that techniques such as chromosome
“‘walking” will be ineffective. In such a case, alternative methodologies would

have to be employed, such as screening EST libraries for candidate sex-
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determining genes based on known motifs (e.g., the DM domain of the sex-
determining gene in medaka; Matsuda et al., 2002). A large number of salmonid
cDNA libraries have been developed as part of the GRASP project, using mRNA
isolated from various tissues and developmental stages (Rise et al., 2004).
Despite this, it is possible that such libraries do not contain any ESTs
representative of the primary-genetic sex-determining factor in Atlantic salmon as
such genes in other non-fish vertebrate species are known to have narrow
temporal and tissue-specific expression windows, during male embryogenesis
(Jeske et al., 1995; Payen et al., 1996; Meyers-Wailen, 2003). Recently,
however, it has been found that the primary sex-determining factor of the
Japanese medakafish is expressed in various tissues throughout the life of male
medaka (Ohmuro-Matsuyama et al., 2003). Since DMY is the only primary sex-
determining signal identified in any teleost fish to date, this may suggest that fish
as a group may demonstrate such a non-temporal and tissue specific pattern of
expression, and that the currently available cDNA/EST libraries do in fact contain

the sex-determining factor, waiting only to be identified.

4.4.3 Fluorescent in situ hybridisation (FISH) of duplicate loci

FISH analysis of non-collapsible clones each positive for the same
microsatellite marker (Ssa406UQOS or Oneu18ASC) has revealed that these
clones represent duplicate loci within the Atlantic salmon genome. These loci are
likely conserved remnants of the original ancestral salmonid tetraploidization

event (Allendorf and Thorgaard, 1984).
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Unfortunately, as previously discussed, | am unable to differentiate
between Atlantic salmon chromosomes of similar shape and size. The
chromosomes of fish in general do not display G-banding patterns (Ocalewicz et
al., 2003). In addition, C-banding patterns, such as those seen through DAPI
staining (which stains heterochromatin), have provided little help in differentiating
between many of the medium-sized metacentric chromosomes found in the
Atlantic salmon genome. Therefore | am unable to determine whether the non-
sex linked duplicated loci of Ssa406UOS (clone S0116A05) and Oneu18ASC
(clone S0119E21) are both located on the same chromosome. Elucidation of this
situation could be achieved through dual-hybridization; that is, hybridizing both
duplicate loci on the same chromosome spread, each in a different colour. Using
such a technique, it would be evident whether or not they both hybridized to the

same chromosome.

Such information would be useful in determining whether the duplicated
homeologous portions of the sex chromosome remain in large segments, or if
chromosomal rearrangement events have interspersed duplicate loci throughout
the genome. Linkage data (R. Danzmann, unpublished results; B. Hoyheim,
unpublished results) indicate that the non-sex linked duplicate markers,
BHMS447 and OmyFGT8TUF, are both in linkage group twelve, whereas the
non-sex linked duplicate marker, Ssa208DU, is in linkage group 6 (Table 3.1).
The FISH results performed in this study (Fig. 3.7) indicate that the
OmyFGT8TUF and BHMS447 markers are located on the short arm of the sex

chromosome. The Ssa208DU marker is located between the BHMS150 and
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Ssa202DU markers (Fig. 3.1) both of which are located on the long-arm of the
sex chromosome (Fig. 3.7). Taken together, these data suggest that while there
have been portions of the ancestral genomic segments that make up the current
sex chromosome conserved in large homeologous segments, there has been at
least some chromosomal rearrangement, perhaps with respect to the sex
chromosome’s arms. However, it is impossible to tell at this point whether the
current, complete sex chromosome, or the separate chromosomal segments
represent the ancestral state of these portions of the genome. Comparative
analysis of the co-linearity of conserved sex-chromosomal markers between
Atlantic salmon and a closely related, non-salmonid ancestor (such as the
Northern pike, Esox lucius) could allow us to determine what was the ancestral
state of the Atlantic salmon sex chromosome, and perhaps provide information

as to how the genome has reordered itself after the tetraploidization event.

The observation that Ssa406UQOS hybridized to only one chromosome of
both pairs for which it is positive (Fig. 3.9) may suggest that the marker is only
located on one pair of the two homologous chromosomes. Furthermore, clone
S0068CO06 hybridized to only one of two different sex chromosomes, this may
suggest that the Ssa406UOS marker clone contains a sex-specific element. It is
possible that clone SO0068C06 hybridized more strongly to one chromosome
rather than the other (perhaps because it possesses more copies of a repetitive
element than its homolog, as a result of somatic cell unequal crossing over);
however, it is unlikely that the region surrounding Ssa406UQOS contains any sex-

specific elements. Linkage analysis (Fig. 3.1) has shown that the Ssa406UOS is
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far removed from the male sex-determining factor; therefore, it is unlikely that

such an element would not have recombined on to both the X and Y

chromosomes, such that sex specificity could no longer be observed.

4.5 Analysis of BAC clone S0493K22

4,51 Sequence location

Clone S0493K22 was identified through chromosome “walking” off the end
of clone S0612P22. However, | am unable to determine whether this clone lies
closer to or further from SEX. Regardless, even in the event that clone
S0493K22 lies closer to SEX than clone S0612P22, it is highly unlikely that the
SEX locus itself would be found within it. According to the male ASL1, SEX is 4.4
centiMorgans away from the Ssa202DU marker. Although we are currently
unable to correlate genetic distance to physical distance in base pairs within
Salmonids, it has been estimated that 1 centiMorgan in humans, corresponds to
roughly 1,000,000 base pairs (http://www.genome.iastate.edu/edu/doe/
prim2.html). Therefore, it would not be unreasonable to suggest a similar
correlation in Salmonids, given that both species have similar genomic sizes (3.3
giga base pairs in humans and 3.0 giga base pairs in Atlantic salmon). Even
assuming that this estimate is wrong by an order of magnitude, 4.4 centiMorgans
still corresponds to well over 92,000 base pairs, which is the approximate size of

clone S0493K22.
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452 Sequence annotation

A previous study by Mitchell (2004) demonstrated near perfect
conservation of synteny within a wide variety of taxa among 10 genes located
within a single BAC clone of approximately 200 Kb in length. The four genes
identified in clone S0493K22 however, are not well conserved in synteny. It is
unlikely that an increased number of chromosomal rearrangement events,
leading to broken synteny from an ancestral state, are influenced by the
presence of these genes on the sex chromosome. It is known that chromosomes
homologous to Atlantic salmon chromosome two are not the sex chromosome in
other salmonids such as brown trout, rainbow trout or Arctic charr (Woram et al.,
2003). The telomeric model of sex chromosome evolution within the Salmonids
would suggest that Atlantic salmon chromosome two is not necessarily the
ancestral Salmonid sex chromosome, and thus the recombination event leading
to broken synteny among these genes could have occurred on an ancestral

autosome.

The three genes whose functions have been identified through sequence
similarity in other organisms (s/c25a28, entpd4 and nkx2.2) are not known to
have a role in sex-determination. Though the function of predicted protein
zgc: 77082 is unknown, it does not bear sequence similarity to any known sex-
determining genes. This, in addition to the resuits discussed above, suggests

that it is an unlikely candidate as the primary sex-determining factor.
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4.5.3 Analysis of repetitive DNA content

Accumulation of transposable elements as well as repetitive DNA is
predicted to occur on the Y chromosome (Charlesworth, 1991). Unlike the study
of threespine stickleback performed by Peichel et al. (2004) which demonstrated
that the Y chromosome had accumulated significantly more repetitive elements
than the X, the lack of sex-specific elements within the sequence of S0493K22
has made it impossible for me to determine whether the clone comes from the X
or Y chromosome. However, the percentage of repetitive DNA within the clone’s
sequence, 32.8 percent, is not higher than that seen in previous analyses of fully
sequenced BAC clones (Mitchell, 2004). This suggests two possibilities: A) That
clone S0493K22 is still too far away from SEX to have begun showing signs of
sex-specific chromosome degeneration, or B) that clone S0493K22 represents
sequence on the X chromosome, and thus has not undergone significant

repetitive DNA accumulation from that seen elsewhere within the genome.

Finally, heterochromatic regions are known to mostly consist of repetitive
DNA sequences which may be essential to their function (Wallrath, 1998). As
previously discussed, the long arm of Atlantic salmon chromosome two (which
bears the SEX locus) contains a large segment of heterochromatin, as revealed
by DAPI staining (Fig. 3.10). As clone S0493K22 does not contain an above
average percentage of repetitive DNA, it is unlikely that the Ssa202DU marker is
significantly near the heterochromatic region. This is also supported by the
fluorescent in situ hybridization data (Fig. 3.10). This information therefore does

not rule out the possibility that the SEX locus lies between the Ssa202DU marker
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and the large region of heterochromatin as there appears to be a significant area
of DNA between the Ssa202DU region and the beginning of the heterochromatic

region.
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