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Abstract

A ¢DNA library was constructed from brown trout liver tissue and one

clone, BTLB27, containing the processed mRNA transcript of apolipoprotein

A-T was isolated and seq d. This seq was then pared to all other
known apoA-I cDNA/genomic DNA sequences and the phylogeny of the
represented species inferred. The sequences isolated from the fish species
grouped outside both avian and mammalian sequences while the avian
sequence was an outgroup to the mammals. The phylogenetic tree also
revealed that rodents diverged from the mammals before lagomorphs,
carnivores, artiodactyls, and primates. Using the cDNA/genomic DNA
comparisons, the insertion sites of apolipoprotein A-l introns 11 and 111 were
predicted and amplified using the polymerase chain  reaction and
subsequently sequenced. We find that there are two loci for apolipoprotein A-
I, one of which has undergone major evolutionary changes. Also,
phylogenetic inference using intron II sequences support the findings from
the ¢DNA sequences. Molecular clocks were constructed from  the
phylogenetic data and the accepted fossil record to estimate the tlime of
various evolutionary events. We find that the accepled time for the
divergence of rat and mouse is much too recent. Estimates of the divergence
times of three salmonid species as well as a genome duplication event which
preceded salmonid speciation are also greater than current accepled values,
although the differences are not as great as that observed for the rodent

lineage.
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Chapter I

General Introduction



1.1 Composition and metabolism of high density lipoproteins.

Lipoprotei are  macromolecul compl consisting ~ of

triacylglycerol, phospholipid, cholesterol, and protein. They are found
circulaling in the plasma and act as the main transporters of lipids between
tissues. In mammals there are five types of plasma lipoproteins.
Chylomicrons are transient lipoproteins produced in the intestine following a
meal high in fat. The other four lipoproteins are distinguished by their
hydrated densities as high, intermediate, low and very low density
tipoproteins (HDL, IDL, LDL, and VLDL, respectively; Babin, 1987). Besides
density, the lipoproteins can be distinguished by their chemical compositions
(Table 1.1). One of the most important differences between these lipoproteirs
is their apolipoprotein content. The distribution of the apolipoproteins gives
cach lipoprotein a distinct function and thus plays a key role in lipoprotein
metabolism. This rescarch focuses on apolipoprotein A-I (apoA-I), the main
protein component of HDL.

HDL precursors (nascent HDL; nHDL) are produced in the liver, the
intestine, and through the lipolysis of chylomicrons and VLDL (Eisenberg,
1984). Althcugh each of these nHDL has a slightly different composition, they
all contain low levels of triglyceride and unesterified cholesterol and high
levels of phospholipid and apoA-I. Because these precursor particles are low
in cholesterol they are excellent acceptors of excess cholesterol from
peripheral tissues. Once the nHDL particle associates with the cell membrane,
apoA-l activates lecithin-cholesterol acyltransferase (LCAT; Aron et al., 1978)

which can then esterify the free cholesterol within the cell. The hydrophobic



Table 1.1. Chemical and physical characterist

cs of some apolipoy

profeins.

Lipoprotein LD HDL
Molecular Weight (10%) 56 23 018036
Density (g/L) 095-1.006 1.006-1.063 1.063-1.210
Component Percentage Composition

Triacylglycerol 50 0 7
Free Cholesterol 7 8 2
Esterified Cholesterol 12 37 15
Phospholipid 18 2 24
Protein 10 23 5
Major_apolipoprotein C-L, CIL, C-11L E [ AL, AL




cholesteryl ester can then be transported to the HDL core through the
cholesteryl ester transfer protein (CETP; Francone et al., 1989). nHDL contains
both LCAT and CETP. Together, they raise the cholesteryl ester content of the
lipoprotein thereby producing mature HDL (HDL). Once formed, HDL is
directed to the liver where excess cholesterol ester is extracted by at least four
mechanisms  (Assmann ef al., 1992) and then excreted through bile acid
synthesis and secretion. These processes make up the reverse cholesterol
transport pathway (Schmitz ef al., 1985 Fig 1.1) and are thought to be
responsible for the inverse relationship between HDL serum cholesterol
concentrations and the risk of developing ischaemic heart disease (Miller and
Miller, 1975). The high incidence of coronary heart disease has thus generated

much interest in HDL and, of course, apoA-I.

1.2 Structure and function of apoA-I.

ApoA-1 is a soluble, group I apolipoprotein and contains between 238
(Atlantic salmon; Powell et al., 1991) and 243 (human; Karathanasis et al.,
1993) amino acids. A short leader sequence of 23 to 24 amino acids tags apoA-T
for sccretion and is thus removed before the protein enters the plasma
(Pownall and Gotto, Jr., 1992). Once in the plasma, apoA-I can spontaneously
associate with lipid (Chan and Li, 1992), a phenomenon that is accompanied
by an increase in the p-helical content of apoA-l (Morrisett et al., 1977).
Although three-dimensional crystal structures are not available for
apolipoproteins, Chou-Fasman analysis predicts a repetitive helical content
for apoA-1. Furthermore, the hydrophobic moment algorithm indicates that

apoA-l is more amphipathic than the typical globular protein (Pownall et al.,



1983). The occurrence of prolines in the secondary structure of apoA-l is also
quite intriguing. In most cases, they occur at sites between repeated helical
segments and exhibit a minima in the helical moment (Pownall et al., 1986).
These pieces of evidence point toward a hypothetical model describing the
mechanism whereby apoA-I associates with the lipid molecules to form HDL.

The hydrophobic side of each amphipathic p-helix can interact with the lipid

molecules. The prolines between each of these helices allow adjacent helices
to interact with the lipids in a different orientation, thereby compensating for
the spherical or discoidal nature of HDL. In this arrangement, the hydrophilic
side of the helices remains exposed to the plasma o solublize HDL and to

interact with other proteins such as receptors and enzymes.

1.3 Organization and expression of the apoA-I gene.

Although much research has been devoted to the structure and
function of the apoA-I protein, valuable information has also been obtained
from the structure and organization of the apoA-I coding region. The high

level of expression of this gene facilitates the isolation and cloning of its

cDNA. C quently, ¢cDNA seq have been d ined for five
mammals and two salmonid species (Table 1.2). When the inferred amino
acid sequences were compared, a number of similarities were noticed. For
instance, the proline residues which separate the proposed p-helices are
highly conserved. The region between these prolines consists of either 11 or
22 amino acids which are themsclves conserved throughout apoA-l
Furthermore, when apoA-I was compared to other apolipoproteins, this

internal repeat was still observed, as was a 33 amino acid region at the amino



terminus. It has thus been proposed that apoA-I arose through multiple

intragenic duplications of a common ancestral gene (Kimura, 1983). Fig. 1.2

the of various based upon the number

pop
of 11/22 amino acid repeats'. It was also noticed that apoA-I was a rapidly
evolving gene. When compared to the B-globin gene, which evolves at the
average rate for 35 mammalian genes (Li et al,, 1985), apoA-I has a 25% higher
rate of non-synonymous substitutions (O'hUigin et al., 1990). However, the
overall structure of apoA-l appears to have been retained in all species
studied to date.

The gene structure of apoA-l has also been studied in a number of
specics (Table 1.2). A comparison of these sequences revealed three introns or
intervening sequences (IVS) which are spliced from the primary transcript
before translation. The first intron is located in the 5'-untranslated region

and the other two oceur in the coding region. However, the placement of the

two latter IVS appears conspit dom. IVS I sef most of

the leader peptide from the rest of the protein while IVS Il separates the
initial 33 amino-acid block from the 11/22 amino acid repeats. As the latter is

the proposed lipid-binding domain, the IVS seem to separate apoA-I into

! Recent isons between apoA-l from various species and human
apoE/apoA-1V suggest that the apoA-l gene is ancestral to both apoE and apoA-IV. Protein
products coresponding to these genes would not be present ir: salmonids in this scenario
(Powell et al., 1991).




Table 1.2. A comprehensive reference list of all known apoA-1 cDNA and

DNA sequence GenomicSequence
Law cfal., 1983 Karathanasis ¢l al., 1993

Hixson ¢t al., 1988
Murray and Marotti, 1992
O'hUigin et al,, 1990
Birchbauer ¢ al., 1993
Luo etal, 1989
Pan ¢t al., 1987

Haddad et al., 1986
Stoffel ¢t al., 1992

Bhattacharyya et al,, 1991
Atlantic salmon Powell ¢t al., 1991
Rainbow trout Delcuve ¢t al., 1992




regions with distinct functions (Pownall and Gotto, Jr., 1992).

1.4 Lipid metabolism in fish,

The position and bolism of plasma lipoproteins in fish? has

been well characterized (for review see Babin and Vernier, 1989). Unlike
mammalian systems, these poikilothermic or cold-blooded vertebrates
preferentially utilize lipid (as opposed to carbohydrate) as the primary source
of energy. This characteristic may account for the hyperlipidemic nature of
fish serum as demonstrated for rainbow trout (three-fold increase in
comparison to rat plasma lipid levels). Cholesterol levels in this species are
also elevated (as high as twelve times rat levels). Most fish species studied
exhibit the standard apolipoprotein classes whose main apolipoprotein and
lipid components are homologous to those found in mammals. Further, the
most abundant apolipoprotein particle in both mammals and fish (rainbow
trout) is HDL. In addition to the mammalian apolipoprotein classes, egg-
laying fish (and other oviparous species of reptiles and birds) produce
vitellogenin, the major yolk protein. This ancient protein associates with
lipids, phosphate, and various metal ions and is used as a food source during
embryogenesis. Recent studies have revealed a similarity between
vitellogenin and human apoB-100 (the primary  apolipoprotein of

mammalian LDL). This raises the possibility that vitell in has addi 1

functions (beyond an embryonic food source) and that the vitellogenin gene

2The term ‘fish’ is used to represent, in general, the approximately 20 000 species of
Teleosts. However, most of the research has centred on the Class Actinopterygii (Order
Salmoniformes).



may have been the ancestor to the present-day apoB-100 gene (Barber et al.,
1991; Steyrer et al., 1990; Baker, 1988).

Enzyme activities common in mammalian lipid transport systems are
also present in many fish species. The presence of LCAT- and CETP-like

activities as well as lipoprotein lipase activity implies that the major

pathways of chol 1 bolism have been conserved. However, lecithin-
alcohol acyltransferase (LAAT, similar to LCAT) has been identified in carp

but is not ¢ in m 1s. LAAT catal the transfer of fatty acids in

lecthin to the acyl moiety of wax esters and may be responsible for some of the
plasma wax esters found in this species.

In salmonids, apoA-l is the most abundant plasma protein and its
cDNA has been isolated from two species spanning two gencra (see Table 1.2).
Atlantic salmon (Salmo genus) apoA-I cDNA has been sequenced from liver
and its distribution of tissue expression examined. Like mammalian apoA-l,
salmon apoA-I is highly expressed in the liver and intestine. Trace levels of
apoA-I mRNA were also detected in salmon muscle (Powell et al,, 1991). In
rainbow trout (Oncorhiynchus genus) two cDNA sequences have been
isolated. One copy (apoA-I-1) is the major transcript of normal liver cells

while the other (apoA-I-2) is expressed only in hepatocellular carcinoma cells,

The induction of neoplasia by aflatoxin-By selectively i ases the expression

of apoA-1-2 above and beyond that of apoA-l-1 (Delcuve et al., 1992). To date,
no genomic sequence has been obtained for any species of salmonid or any
other fish.

1.5 Evolution of salmonids.



Within the Salmonidae family there are three subfamilies;
Coregoninae (whitefish and cisco), Thymallinae (graylings), and Salmoninae
(commonly referred to as salmonids or trouts, char, and salmon). The latter
includes four genera (Hucho, Salvelinus, Oncorhynchus, and Salmo) with
some 68 species (Allendorf and Thorgaard, 1984) and has &een the subject of

numerous taxonomic/sy ic studies using a diverse array of markers

such as morphological, allozyme, and nucleotide sequence data (for a
discussion sce Phillips and Pleyte, 1991). For example, short interspersed
nucleotide elements clements (SINEs) were used to reconstruct the phylogeny
of some salmonids (Murata ¢t al., 1993; Kido et al., 1994; Fig. 1.3). However,
many questions still remain concerning the classification of some species and
even the existence of additional genera such as Salmothymus and
Brachymystax (Phillips and Pleyte, 1991). Much of this uncertainty arises from
the fact that all salmonids apparently share a common tetraploid ancestor
(Allendorf and Thorgaard, 1984). Thus, many genetic loci exist in duplicate,
which can confound studies directly based on the genetic sequence (ie
allozyme analysis, restriction enzyme analysis, and sequence comparison). It
is estimated that 30% of these duplicate loci have been silenced, 46% have
diverged giving rise to paralogous loci, while 24% have been conserved
producing isoloci (Phillips and Pleyte, 1991). Consequently, it is important to
compare orthologous genes (genes that have evolved directly from an
ancestral locus) rather than paralogous (genes which have arisen from a gene
duplication event) when inferring phylogenies. Alternatively, both loci may

be used in the case of amino acid or nucleotide sequence comparison (if



sequences are available from each locus) to estimate both the phylogenetic
relationship of the organisms and when the genome duplication occured.
Svardson (1945) first proposed the notion that salmonids were
polyploid (i.e. having more than two sets of chromosomes; Svardson, 1945).
Although his hypothesis that the basic chromosome number was n=10 was
incorrect, later work supported his ideas as salmonids were found to be

ploid. This was first d by Ohno ¢t al. (1968) and is based on three

lines of evidence: (1) Salmonid fish have about twice as much DNA per cell
and twice as many chromosome arms as closely related fish, (2) Multivalents

i.e. more than two chr whose homol regions are i
8 8! ynap

by pairs) have been commonly observed in meiotic preparations from
salmonid species, and (3) Salmonids exhibit many duplicated enzyme loci

(Allendorf and Thorgaard, 1984).

1.6 Evolution and population genetics using variable genetic elements.

The study of evolution can be separated into two broad categories:
macroevolution and microevolution (Funk and  Brooks,  1990).
Macroevolution focuses on the evolution among lineages and operates over
very long periods of time (i.e. tens to hundreds of millions of ycars). Thus,
conserved sequences inust be used to study macroevolution (a hypervariable
region would almost certainly lose its genetic identity altogether, making it of

little use for long range evolutionary comparisons). The genes coding for

conserved proteins and rik I RNAs are co ly used to infer
phylogeny among lineages. Although the structure and function of cach of

these types of molecules have been retained, there is enough sequence



variation over time such that an accurate pattern of evolutionary
relationships can be determined. For example, the amino acid and nucleotide
sequence of conserved proteins such as myoglobin (Romero-Herrera ef al.,
1973) and cytochrome c (McLaughlin and Dayhoff, 1972) can be used to
examine deep evolutionary relationships.

Microevolution occurs within a lineage and thus operates within the
time-scale of an individual species or a number of closely related species. The
goal of population genetics is to identify microevolution within a species to
determine the existence/absence of any sub-species or distinct populations.
Typically, hypervariable regions such as repetitive elements are used to
observe microevolution, The abundance of repetitive DNA within the
genomes of eukaryotes was first observed in 1968 (Britten and Khone) by
observing the rates of reassociation of denatured DNA. More recently,
repetitive elements of various types have been identified (by DNA cloning
and sequencing) and the study of their variability has become quite common
in population genetics and species/individual identification. A good example
of this type of repetitive element is microsatellite DNA: variable genetic

clements consisting of short DNA sequences (1-5bp) repeated in tandem

t of llites make

(Rassman ¢t al., 1991). Two i
them suitable for individual identification and pedigree a-alysis:
1. the length of the microsatellite (ie. the number of repeats) is
hypervariable and thus can be observed within a population (or a number

of populations) of one species,



2. the regions flanking the microsatellites are unique and conserved such

that oligonucleotide primers can be designed for these sites. This allows

rapid analysis of many individuals using the polymerase chain reaction.
Thus, by amplifying unique microsatellites from a population, it is possible to
extract information about the population structure based on the sizes of the
microsatellites and their distribution. This pracedure has been used in a wide
variety of species including human (Litt and Luty, 1989), pig (Wintere ¢f al.,

1992), brown trout (Estoup ef al., 1993) and Drosophila (Tautz, 1989).

1.7 Goals and Objectives.

In general, the objective of this research was to further characterize the
apoA-l gene in salmonids and to use this information to examine the
evolution of mammals, birds, and fish. To this end, three major lines of
research were explored: (1) the gene structure of apoA-1 was examined. The
cDNA sequence of brown trout and the position/sequence of two apoA-l
introns from three salmonids (including brown trout) were obiained, (2)
using the apoA-I sequences obtained above and all other known apoA-l
sequences, phylogenetic inference methods were used to investigate the
evolutionary relationships between a number of species of mammals, fish,
and birds. This information was also used to estimate rates of evolution and
divergence times of various lineages, (3) duplicate apoA- loci in salmonids
were compared to determine the changes that have occurred since the

genome duplication.



Fig. 1.1. Schematic representation of the reverse cholesterol transport
pathway. A, apoA-l is synthesized in the liver. nHDL particles are then
asssembled and secreted into the plasma. B, the nHDL particles interact with
the peripheral tissues. ApoA-I activates LCAT which esterifies free cellular
cholesterol. Thesc esters are then transferred to nHDL via CETP. Mature HDL
is thus formed. C, HDL particles return to the liver where the cholesteryl
esters are extracted and catabolized. Although it is likely that this final step is

1 diated, the hanism of cholesteryl ester uptake by the liver

P
from HDL and the subsequent fate of the HDL particle itself is not well

understood.
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Fig, 1.2. A hypothetical scheme for the evolution of apolipoprotein genes

(adapted from Chan and Li, 1992).
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Fig. 1.3. Phylogenetic relationships within the family Salmonidae (adapted

from Murata ¢t al., 1993).
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chum salmon
pink salmon
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chinook salmon
coho salmon
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Atlantic salmon
— Dolly Varden

white-spotted char

Japanese huchen
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keta -
gorbuscha
nerka adonis
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mykiss J
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1 Salmo

salar =

malma

1 Salvelinus
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Isolation and Characterization of apoA-I cDNA and
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2.1 INTRODUCTION
2.1.1 Preparation of cDNA

A DNA library is a collection of DNA molecules which represent a
population of mRNA molecules. Essentially, a <DNA library represents the
expressed genes of the tissue from which the mRNA was isolated. The cDNA

is propagated in a cloning vector and typically maintained in Escherichia coli.

A good cDNA library must exhibit the following two characteristi

1. It must contain enough individual clones such that low-abundance

mRNAs are represented.

2. The cDNA lecules are full-length, thus rep ing complele

messages.
If either of these conditions is not met, the isolation and sequencing of a
particular message will be impaired.

There are three general steps involved in constructing a cDNA library.
First, the mRNA must be isolated. The mRNA is then used as the template
with reverse transcriptase to produce the cDNA. Finally, the cDNA is ligated
into the appropriate cloning vector. Variation in this last step produces two
broad categories of cDNA libraries. The simplest type of library to construct is
a random library. In this case, the orientation of the cDNA insert within the
vector is not constant. If a DNA probe is being used, the orientation of the
insert does not affect the isolation of a particular clone from the library.
However, immunological detection methods require the presence of an
antigenic determinant on the protein produced from the cDNA. In this case,
only 1/6 of the clones will be in the proper orientation and reading frame to

express the protein, Thus, six times as many clones must be screened. Further,



sequence analysis can be troublesome particularly if a poly-A tail is not
present to indicate the 3' end of the message. In directional libraries, all cDNA
inserts are cloned in a specific orientation. Besides more efficient screening
and sequence analysis, directional c¢DNA cloning also facilitates the
construction of subtracted libraries. This type of library is the end-product of a
comparison between two cDNA populations. The resultant library is thus
cnriched in messages which are present in one population but not the other.
Although there are various methods used to produce subtracted libraries,
cach uses hybridization to remove sequence information common to both
populations.

The cDNA library produced for this research was constructed using the
SuperScript Plasmid System for cDNA Synthesis and Plasmid Cloning (Gibco
BRL). This system has been optimized in a number of ways to maximize
cfficiency and versatility of the library. For instance, reverse transcriptase (RT)
exhibits an RNAse activity. Superscript RT has been cloned and engineered
such that the RNAse activity has been abolished. This decreases mRNA
degradation thereby increasing both the proportion of full-length ¢DNAs as
well as first-strand yieids. Another enhancement used to produce this
directional library is the use of a primer-adapter (Fig. 2.1). In this case, a poly
dT primer is combined with a double-stranded adapter which encodes a Not I
restriction endonuclease site. The poly dT region anneals with the poly A tail
of the mRNA and acts as a primer for first-strand synthesis. The final double-
stranded product will now contain a Not 1 restriction site. The addition of a

Sal 1adapter followed by a Not [ iction digest i y y into

the cDNA and allows for directional cloning (Not I restriction sites are
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relatively rare in vertebrate The non-comp 'y Not 1/Sal 1

restriction sites on the cloning vector also prevent the formation of empty
clones which do not contain a DNA insert and are common in random
libraries (for a discussion on cDNA libraries, see the instructional manual
included with the SuperScript Plasmid System for cDNA Synthesis and
Plasmid Cloning (Gibco BRL)).
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poprotein purification using ial flotation.

Sequential flotation is the most common method used to separate
plasma lipoprotein particles. The procedure exploits the fact that the density
of each type of lipoprotein falls within a well defined range (Table 1.1) and
involves adjusting the density of the plasma/serum followed by
ultracentrifugation. For instance, the density of VLDL is not greater than 1.006
g/mL. If the density of the plasma sample is adjusted to 1.006 and centrifuged,
all of the particles with a density less than 1.006 will float to the top of the
plasma while more dense particles will pellet at the bottom of the centrifuge
tube. The uppermost VLDL fraction can then be removed and the process
repeated at a different density. This allows the specific separation of VLDL,
LDL, and HDL. A simple extraction to remove the lipids allows the protein

component to be analyzed separately.

2.1.3 The polymerase chain reaction (PCR).
The polymerase chain reaction (PCR; Mullis and Faloona, 1987) is an in
vitro procedure that uses short oligonucleotides (primers) to amplify specific

DNA fragments from a DNA template. Initially, all the components required



for DNA replication are mixed with both the primers and the desired
template. These components include a heat stable DNA polymerase (e.g. Taq
polymerase isolated from Thermus aquaticus, a bacterium that grows in hot
water springs). Two characteristics of Taq polymerase make it useful for PCR:
it is resistant to denaturation at high temperatures and its optimal
temperature for DNA replication is 74°C.

Once all the components are mixed, they are heated to 950C to

denature any double stranded DNA present. The mixture is then cooled to

allow the primers to anneal to the 'y positi on

the template DNA. The short length and relatively high concentration of the

primers p primer ling over ling of the pl 'y

template strands. The actual temperature at which annealing occurs is usually
between 400C and 55°C and is empirically determined for each pair of
primers, When the primers have annealed, the temperature of the reaction is
raised to 72°C. Taq polymerase will then replicate the templates to which
primers have anncaled. For PCR to be successful, the primers must anneal to
regions which flank the DNA fragment of interest, but always on the
complementary strand. In this way, the fragment of interest will be amplified
by both primers, but in opposite directions. These two products will be
complementary to each other. Thus, the product of one primer becomes the
template for the other primer in subsequent amplification cycles and leads to
an exponential increase in the amount of amplified DNA. In practice, 25 to 35

cycles of amplification \l'ig. 2.2) are sufficient to produce products which can

be seen on an agarose gel after ethidium bromide staining.
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2.2 EXPERIMENTAL and DISCUSSION
2.2.1 Isolation and sequencing of an apoA-I clone from a brown trout liver,
cDNA library.

A cDNA library was constructed from mRNA extracted from the liver
of a brown trout using the SuperScript Plasmid System for cDNA Synthesis
and Plasmid Cloning (Gibco BRL; C. McGowan, unpublished results). In an
attem,>t to identify highly expressed messages, random clones were chosen for
sequencing and a 10mL LB/ampicillin liquid culture prepared for cach one.
Plasmid DNA (pDNA) was then prepared from 3mL of this culture using the
Magic MiniPrep plasmid preparation kit (Promega) in a final volume of 50pL..
An aliquot of 9uL was removed from each plasmid preparation and mixed
with 1uL of 2M NaOH?2mM EDTA. The reaction was incubated at 370C for
five minutes and 10uL of 1.6M ammonium acetate (pH 4.8) was then added.
This was followed by 40uL of 95% ethanol (-209C) and an incubation at -700C
for 30 minutes. The precipitated plasmid was pelleted through centrifugation
at 12 000 rpm for 15 minutes (4°C) and the supernatant carefully removed.
The pellet was then washed with 500pL of 70% cthanol (-200C) and
centrifuged as above for five minutes. The supernatant was again removed
and the pellet dried under vacuum for 30 minutes at room temperature. The
pellet was finally suspended in 10uL of water and sequenced using the
Sequenase DNA sequencing kit (United States Biochemical). Fractionation of
the reactions through a standard sequencing gel (6% polyacrylamide/7M

Urea/1XTBE (89mM Tris, 112mM boric acid, 2mM EDTA, pH 8.3) for two

hours at 40 watts yielded approxi ly 200bp of 5 seq Each sequence

was compared to entries in the GenBank nucleotide sequence dalabase using



the FASTA program (Lipman and Pearson, 1985). The sequence obtained
from the plasmid pBTLB27 showed a high level of sequence similarity to the
apoA-1 cDNA sequence reported for Atlantic salmon (Powell et al., 1991).

Longer ionation times and sequencing with the Universal primer yielded
most of the remaining sequence including the 3' poly-A tail. Although the
complete sequence had not been obtained, the presence of the poly-A tail and
the ATG initiation codon implied that the complete apo A-1 coding region
had been isolated.

To obtain the r ining seq an olj leotide primer was

designed c 1 y to the 3' seqs btained above (Fig. 2.3). This

P

primer was then used to sequence pBTLB27. The data obtained from these
sequencing reactions overlapped the 5' and 3' sequences obtained above, thus
giving the complete sequence of the pBTLB27 cDNA insert. When this brown
trout sequence was compared to rainbow trout (Delcuve et al., 1992) and
Atlantic salmon cDNA sequences, two things were immediately observed:
1 ApoA-1 is highly conserved among the three Salmonid species,
2. An 87 bp region present in both rainbow trout and Atlantic
salmon was not present in brown trout.
To determine if this deletion produced a corresponding phenotype (ie. a
truncated protein), an examination of the apoA-I protein in brown trout was

initiated,

2.2.2 Isolation of HDL from brown trout serum and partial purification of

apoA-L.
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Human plasma (P. Davis, 275 mL) and brown trout serum (C.
McGowan, 29.0 mL) were dialyzed exhaustively against a 0.85% (g/100 mL)
solution of KBr (d=1.006 g/mL, mock solution A). Each sample was then
transferred to a 30 mL ultracentrifuge tube and filled to volume/balanced
with mock solution A. Both tubes were then centrifuged at 37 500
rpm/140C/18 hours in a 70TI, fixed-angle rotor. The VLDL fraction was
visible as a cloudy pellicle at the top of the tube. This fraction was removed
with a Pasteur pipette and discarded. To obtain the LDL fraction, the
remaining plasma/serum was adjusted to d=1.063 g/mL by the addition of
0.083 g/mL of KBr to each tube. Both tubes were then balanced with mock
solution B (8.22% KBr, d=1.063) and then centrifuged at 37 500 rpm/140C/24
hours. The clear, orange layer containing LDL was removed and discarded.
The density of each sample was then adjusted to d=2.10 g/mL through the
addition of 0.235 g/mL of KBr to each tube and centrifuged at 37 500
rpm/149C/40 hours. Both the human and brown trout samples contained an
orange layer similar to the LDL fraction. These HDL fractions (3mL and 8 mL,
respectively) were then dialyzed exhaustively against a solution of 0.15M
NaCl/50mM TrisHCI (pH 7.5)/5mM EDTA and stored at 40C.

To analyze the protein content of each HDL fraction, the lipoprotein
particles were delipidated as outlined in Fig. 2.4. The dried protein pellets
were then resuspended in 1.0mL (human) and 3.0mL (brown trout) of 1X UTE
(8M urea/10mM TrisHCI (pH 7.5)/1mM EDTA). A 10uL aliquot (in duplicate)
of each protein sample was then fractionated through a sodium dodecyl
sulfate (SDS), polyacrylamide gel (stacking gel-3% polyacrylamide; separating
gel-15% polyacrylamide) at 80V king gel) and 180V (separating gel) until




the blue dye reached the bottom of the gel (approximately 1 hour). Standard
protein markers as well as human apoA-I (Sigma) were also fractionated as
markers. To visualize the proteins the gel was stained for 30 minutes in 0.2%
(w/v) Coomassie Brilliant Blue R-250 (Kodak) in 50% (v/v) ethanol, 10%
(v/v) acetic acid and then destained in 20% (v/v) ethanol, 10% (v/v) acetic
acid. As shown in Fig. 2.5, the major protein in both preparations migrates at
or near the same rate as the human apoA-I standard. However, both samples

show iderable ¢ inati One i of relatively high

concentration in the brown trout sample migrates just below 14 400Da. The
contaminant is most likely to be apoA-Il. This apolipoprotein is the other
main protein component of HDL (Table 1.1) and migrates at approximately 13
000Da (Babin and Vernier, 1989).

In an attempt to further purify apoA-l from brown trout, semi-
quantitative ion-exchange chromatography was performed a batch adsorption
method?. DEAE-Sephadex (A-50, Pharmacia) was used since the inferred
amino acid sequences from Atlantic salmon and rainbow trout cDNA
sequences predict that apoA-I will be negatively charged at neutral pH. The
binding or elution of apoA-1 from the resin under various conditions was
assayed by SDS-PAGE as described above.

Optimal binding of apoA-l in to the resin occurred at pH7.5 in 1X UTE
(data not shown) while maximum elution occurred between 0.25M and 0.30M
NaCl (Fig. 2.6). Although some low molecular weight contamination can be
seen at/below 0.25M NaCl, most of the high molecular weight contamination
remains bound to the resin. To purify this protein to homogeneity, column

3on Exchange Chromatography: Principles and Methods, 37 edition. Pharmacia LKB
Biotechnology, Uppstia, Sweden, 1991, p. 49.
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chromatography using a salt gradient could be used. However, our intention
was to determine the size of the major protein species of HDL. It is clear that
this protein is similar to human apoA-1 in both size and charge. Assuming
that it is indeed brown trout apoA 1, it is also clear that the 87bp deletion in
the cDNA is not an actual phenotype. However, a truncated protein may

have a decreased stability, may not be secreted, or may not properly assemble

into HDL particles. In either of these scenarios, the purification protocol used
for apoA-I would not detect a truncated protein. Western blotting of total
liver proteins using an apoA-I-specific antibody could be used (o detect
different protein isoforms. PCR using apoA-I locus-specific primers was used

to investigate this matter of the 87bp deletion further (see Chapter I11).

2.2.3 Amplification and sequencing of genomic DNA to investigate the cDNA
deletion observed in the pBTLB27 sequence.

To determine the genomic sequence of the cDNA deletion,
oligonucleotide primers were designed to flank the region containing the
87bp deletion. These 20-mers, labeled 63 and 65 (see Fig. 2.8), were designed
over regions that are 100% identical in the three salmonid species. liach PCR
reaction was performed in a 10uL solution containing 50mM KCl, 10mM Tris-
HClI (pH 9.0), 1.5mM MgCl2, 0.2mM of cach dNTP, 0.5mM of cach primer, 0.25
units* of AmpliTaq DNA polymerase (Perkin Elmer), and 50ng of template
DNA. Amplifications were performed in a Genamp PCR System 9600 thermal
cycler (Perkin Elmer) using the following method: one cycle of 959C/3
minutes followed by 30 cycles of 959C/30 scc. (denaturation), 569C/30sec.

40ne unit is defined as the amount of enzyme that will incorporate 10nmol of dNTPs into an
acid insoluble material in 30 minutes at 74°C.



(anncaling), and 729C/45sec. (extension). Plasmid DNA (pBTLB27) and
genomic DNA from Atlantic salmon, brown trout, and rainbow trout were
used as templates. Each 10uL reaction was then diluted with 2uL of 6X
tracking dye (30% (w/v) glycerol, 0.25% (w/v) bromophenol blue, 0.25% (w/v)
xylene cyanol FF) and fractionated through a 100mL 3% Nuseive agarose/1X
TA (d0mM Tris HCI (pH 7.5), 20mM sodium acetate) gel. Ethidium bromide
staining and U.V. illumination allowed the PCR products to be detected and
photographed. The results of this experiment are shown in Fig. 27. The
positive control, using pBTLB27 as the template, gives a single amplification
product a little larger than the 603bp marker. This is expected as the cDNA
sequence predicts a fragment of 613bp. When genomic DNA from the
salmonids was used, two bands were produced for each template. The largest
band produced in the Atlantic salmon and brown trout reactions migrated a
little higher than the 872bp marker (~900bp). The cDNA deletion is, however,
only 87bp in length. The additional 100bp (900-613-87=200) is due to the
presence of an intron which is also flanked by primers 63 and 65 (see Chapter
I). Surprisingly, both the Atlantic salmon and brown trout templates also
produced a band that was the same size as the positive control. Although
contamination of the reaction mix with pBTLB27 is one possible explanation,
these smaller bands may represent the presence of a pseudogene in the
Atlantic salmon and brown trout genomes which lacks both the 87bp deletiun
region as well as the intron.

To obtain the sequence of the 87bp deletion region of the cDNA
sequence, the 900bp fragment amplified from brown trout genomic DNA was

excised from the gel and purified in S0uL of water using the Wizard PCR
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Preps DNA Purification System (Promega). Using 9.5uL of this solution, the
fragment was sequenced from the 3' end using P end-labeled primer 65 as
per the manufacturer's specifications included with the fmol DNA
Sequencing System (cycle sequencing kit, Promega). All reactions were then
fractionated through a standard sequencing gel (above) fur ~2 hours. The 87bp
sequence was obtained along with 3' and 5' flanking sequence. The composite
apoA-I cDNA sequence’ from brown trout is shown in Fig. 2.8.

The rainbow trout also produced two PCR products, both of which
were larger than the positive control. The smaller is ~850hp in length. The
difference in size between this product and the largest product produced from
the other two species is due to the presence of a shorter intron (see Chapler
III). Another band of ~1050bp was also produced from the rainbow (rout
template. The origins of this band are uncertain. Thus, cach genomic DNA

template produced one band of a similar size and one that could not be

sily
explained. In hopes of clarifying this issue, a more detailed study of the apoA-

I intron structure/sequence was undertaken (sec Chapter I11).,

2.2.4 Comparison of human and brown trout 2"0A-I sequences.

Using the alignment program Clustal V (Higgins ¢t al., 1992), the
brown trout apoA-l inferred amino acid sequence was compared to the
human  apoA-I sequence (Fig. 2.9). Although the two sequences share only
26% nucleotide identity, many of the subslitutions are synonymous and the
overall structure of the protein has been conserved. This is best demonstrated

in the conservation of an 11 or 22 amino acid repeat separaled by proline

SGenbank Accession #L49383,



residues. Within each repeat we can also observe the repetitive nature of the
placement of charged residues. In particular, a conserved glutamate or
aspartate residue occurs every 7-8 residues (or approximately two turns of an
p-helix).  Together, these data imply the conservation of a repeated
amphipathic p-helix and thus the conservation of function as a lipid-binding
domain. The conservation of molecular weight and charge structure, as
demonstrated above (, also suggest that the overall structure and function of

apoA-I is similar in all vertebrate species.
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Fig. 2.1. A schematic representation of cDNA synthesis using the Superscript
Plasmid System for cDNA Synthesis and Plasmid Cloning. The production of
asymmetric restriction sites on each end of the cDNA, to allow the production

of a directional library, is illustrated.
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Fig. 2.2. Schematic representation of a standard amplification cycle used in the
polymerase chain reaction. The temperatures and times shown for cach step

are unique for each set of primers and template.
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Fig. 23. Alignment of apoA-I cDNA sequences of brown trout (BT), Atlantic
salmon (AS), and rainbow trout (RT) showing the primer designed to
sequence over the unknown region of pBTLB27. The sequence obtained

revealed an 87bp deletion asshown with a-'. The nucleotides

n the brown

trout sequence are numbered from the 5' end of the (DN A sequence.
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GCCAAGCAGAAGCTCCTGGCTTTCTACGAGACCATCAGCCAGGCCAT

Primer 65




Fig 24. Schematic of the p of apolipoprotein

P

particles. The procedure outlined is used for each mL of lipoprotein.
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Fig. 25. SDS-PAGE analysis of protein isolated from HDL (following
delipidation). Duplicate samples from human and brown trout HDL were
loaded with human apoA-I (HS; Sigma) as well as a protein marker (M,
Electrophoresis Calibration kit, Pharmacia; Phosphorylase b, Bovine Serum
Albumin, Ovalbumin, Carbonic Anhydrase, Soybean Trypsin Inhibitor, and

p-Lactalbumin). The molecular weight (Da) of each marker protein is shown.

+1
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Fig. 2.6. Semi-quantitative ion-exchange of brown trout apoA-I from DEAE-
sephadex with NaCl. After incubation of the DEAE-Sephadex wih brown
trout HDL protein extract, the resin was pelleted and the supernatant was

examined with SDS-PAGE. HS, human apoA-I (Sigma).
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Fig. 2.7. Amplification of the 87bp deletion region in three salmonids using
primers 63 and 65. Three genomic templates, brown trout (BT), rainbow trout
(RT), and Atlantic salmon (AS), were amplified. As a positive conlrol,

pBTLB27 was also used as a template (+ve). All amplifications and a

o
marker (M, @X174 DNA digested with Hae III) were then fractionated
through Nuseive agarose, stained with cthidium bromide, and photographed
under U.V. light. Note: A negative control reaction (lacking template DNA)

was performed but no bands were observed.
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Fig. 2.8. The complete cDNA. sequence of apoA-1 in brown trout, Salmo {rulla.
The ¢cDNA and inferred amino acid sequences are shown. The initiation and
stop codons are shown in bold type-face. The polyadenylation signal is
underlined. Primer sites are designated with straight arrow and intron/exon

boundaries are indicated with a right-angled arrow.
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Fig 29. Alignment of human (top sequence) and brown trout (bottom
sequence) apoA-I amino acid sequences. The three functional regions are
shown: the leader peptide (residue -24 to -1 w.r.t the human sequence), the N-
terminal 33 amino acid conserved peptide (residues 11 to 43), and the lipid
binding domain (residues 44 to 241). The latter is separated into 22 or 11
amino acid repeats. Amino acids 1-10 have not been assigned a particular

function.
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Chapter III

Isolation and Characterization of apoA-I
Intervening Sequences II and III in Three
Salmonids



3.1 INTRODUCTION
3.1.1 The Origins and Evolution of Intervening Sequences.
If the structure of a typical gene is examined among various genomes,

there is a clear discrep 5 ia, and organelles

generally lack intron sequences such that the genes consist of continuous
stretches of DNA, which are directly related to the amino acid sequence,
whereas most eukaryotes exhibit genes interrupted by stretches of non-coding
intron DNA (Holland and Blake, 1990; Palmer and Logsdon, 1991). The lack of
colinearity between the gene and amino acid sequence in eukaryotes was in

itself a startling discovery (! hnach et al,, 1977; Breathnach and Chambon,

1981) but posed an interesting question: did the ancestor to
prokaryotes/eukaryotes contain introns which have subsequently been lost in
the bacterial lineage or have eukaryotes gained introns since the divergence
of the bacterial lineage? The former theory is referred to as the 'introns-early’
theory or the exon theory of genes while the latter is called the ‘introns-late’
theory.

Each of these theories have been very controversial and the issue
remains unresolved. However, one major argument, that of exon shuffling,
has risen above all others and is recognized here. The concept of exon
shuffling was first proposed when it was observed that most proteins
containing more than 200 amino acids consisted of two or more structural
domains (Holland and Blake, 1990). For instance, one domain might be a
binding motif while the other domain might contain a catalytic site. The
arrangement of the binding motif and the catalytic site would be such that

both would occur at the interface of the two structural domains. This type of
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arrangement is seen in the various dehydrogenases which have similar
binding properties but different catalytic activities (Holland and Blake, 1990).
It thus seemed intuitive that two smaller proteins had been joined to produce
one large protein through a mechanism involving gene fusion. Although
this type of protein production would be very advantageous from an
evolutionary perspective, a reasonable mechanism was not available. Gene

duplication followed by bination seemed ble except that there

would be a high probability of frame-shift mutations. The discovery of
introns in eukaryotes provided this theory with the flexibility it required. Uf
crossing over occurred between the introns of the two genes, then the
possibility of frame-shift mutations would be greatly decreased (Holland and
Blake, 1990).

Exon shuffling in and of itself does not provide evidence for cither the
early or late theory of intron origin. However exon shuffling, as evidenced by
the placement of introns between structural/functional domains, has been
observed in a number of proteins such as pyruvate kinase,

phosphoglyceratate kinase, and various dehydrogenas

. Given the age of
such glycolytic and other enzymes, this provides strong support for the carly
existence of introns. Although this concept met with resistance from
proponents of the intron late theory, it continued to have a strong influence
on the issue of intron origin until 1994. Stoltzfus et al. (1994) tested the theory
that introns divided proteins into domains that were autonomous and could
independently fold into domains or smaller units of protein structure such as
secondary structures and motifs. They detected no cvidence of a

correspondence between exons and protein structure in four ancient proteins,



which implied that the exon theory of genes is unfounded. Thus, the role of
introns in evolution by promoting exon shuffling seems to be restricted to

relatively modern proteins.

3.1.2 Intron Mapping Using PCR.

Once the cDNA sequence of a gene has been determined, the location
of the individual exons within the entire gene can also be determined if
genomic clones for the gene are available. This PCR-based technique is
referred to as exon-mapping (Niu and Crouse, 1993). Subclones of the
genomic clones are typically prepared in an appropriate vector and exon-
specific primers are used with vector-specific primers to map the position of
the exon within the fragment as well as provide sequence information
concerning the intron/exon boundary. Inherent in this technique is an a
priori knowledge of the exon structure of the gene such that appropriate

primers can be made F y to the cDNA seq in places that

will represent cach of the exons. One source of such information would be
the sequence of the same gene in a closely related species.

If the cDNA sequence is known and additional information about the
presence of introns is available, intron mapping can also be performed in a
similar fashion. In the case of apoA-I, a number of gene sequences have been
published (Table 1.2) and the presence/sequence of the introns determined. A
comparison of these sequences revealed that the intron/exon insertion site in
cach sequence was conserved. Because this was true for the distantly related
human and chicken sequence, it was hypothesized that it would hold true in

fish as well. To determine the insertion site of intron II and II in the
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salmonids, the cDNA sequences of human, chicken, and brown trout were

aligned (see section 4.1 for a discussion on seq 1 ). The point of
intron insertion in the human and chicken was then noted in the brown
trout sequence. Two pairs of primers were designed to flank cach of the
putative intron insertion sites (see Fig. 2.8). Unlike exon mapping, this
technique uses genomic DNA as a template rather than genomic subclones.
As a result, only IVS for which both flanking regions are known will be able
to be amplified. In the case of apoA-I, IVS L is in the §-untranslated region. To
determine this sequence, a genomic library would have to be constructed. 1VS
1 could then be isolated by using a vector-specific primer and a cDNA derived
primer to amplify the entire 5' region. Alternatively, 5 RACE (Rapid
Amplification of cDNA Ends) could be used to determine more of the 5
apoA-I sequence. PCR analysis of genomic DNA could then yield a fragment
containing the intron.

In salmonids, intron and exon mapping is an important concern.
Following the genome duplication event, many genes became functionally
redundant. This allowed mutations to be incorporated at one locus while the
other retained the original structure and function. The loci now have two
possible fates: duplicate expression will cither be lost or retained (Allendorf
and Thorgaard, 1984). The former is quite common in salmonids as

approximately 50% of the duplicated loci do not produce detectable protein

products (Allendorf and Tt d, 1984). If the expression of the loci is not
affected, additional fates are possible (Fig. 3.1). One way to detect both types of

changes would be to examine the intron/exon structure of genes at different
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loci. By specifically amplifying fragments from each locus of a gene, it may be
possible to detect deletion/insertion mutations.
3.2 EXPERIMENTAL AND DISCUSSION
3.2.1 Isolation and Sequencing of apoA-L: IVS II.

Using primers 68 and 69 (see Fig. 2.8), apoA-I intervening sequence II
(IVS 1) was amplified from brown trout, rainbow trout, and Atlantic salmon
genomic DNA and fractionated through Nuseive agarose as described above
(sce section 2.2.3; primers were annealed at 569C). In each case, two to three
bands of varying intensities were produced between 200bp and 300bp (data not
shown). To obtain better resolution, the reactions were repeated and
fractionated through a standard sequencing gel. In addition to the typical PCR
reaction components, primer 66 was end-labeled with 32P (as described in the
fmol DNA Sequencing System, Promega) and mixed with the other reaction
components (the volume of water used was adjusted to retain a final volume
of 10uL). Thus, a population of the PCR products will be labeled with 32P.

Following amplification, each reaction was diluted with 5uL of Sequencing

Stop Solution (Promega), d 1 at 80°C, and i diately placed on ice.
A 3uL aliquot of each reaction was then loaded onto a standard DNA
sequencing gel and fractionated for ~3.5 hours at 40 watts. The gel was fixed
and dried and exposed to X-ray film for 60 hours. In the reactions which
previously produced three products on the agarose gel, only two products
corresponding to ~230bp and ~270bp (~230bp and ~285bp in rainbow trout)
were produced for each template (data not shown). To sequence the genes, the
six products were excised from the gel, purified, and sequenced (cycle

sequencing as described in section 2.2,3) using primers 68 and 69. The intron
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sequences (apoA-I: IVS II) were identified using the 5-GT and 3'-AG splice
site rules (Lewin, 1994) and are aligned in Fig. 3.2(A).

The most obvious characteristic of these sequences is the 72bp deletion”
present in the 'lower’ set of sequences (nucleotides 13 to 84 with respect to the
upper rainbow trout sequence). Analysis of this region reveals some putative
transcriptional elements. Although little data are available with respect to

transcriptional regulators in teleosts, a number of eclements similar to

g have been identified. A TATA box, normally found
upstream of the transcription start site, is shown. A number of TATA boxes
have been identified within introns, but none have exhibited transcriptional

activity (Higashimoto and Liddle, 1993; Scib ¢t al.,, 1994). A short (dG-dT),

repeat is also shown. A region of purines and pyrimidi (which
have the potential to form Z-DNA structures) is found in many promoters
and is thought to be involved in transcriptional regulation (van Holde and
Zlatanova, 1993; Naylor and Clark, 1990; Kuczek and Rogers, 1987). Also,
putative binding sites for the fos-jun heterodimer (AP-1, Rauscher ¢f al., 1988)
and the Myb protein (MRE, Seib ¢t al., 1994) are shown. The possible existence
of these types of transcriptional regulators in one set of sequences and not the
other provides a possible explanation for the differential expression of two
apoA-I ¢cDNAs in rainbow trout. Since AP-1 and MRE are thought lo be
involved in certain types of cancer, it is possible that regulatory proteins bind
to these putative elements to produ-e the differential expression of the two

6Genbank Accession numbers for each sequence are L49427 (RT Upper), L49426 (KT Lower),
L49425 (BT Upper), L49424 (BT Lower), L49423 (AS Upper), and 149413 (AS Lower).
7TDeletion is used in reference to other sequences such that there is no ambiguit o which
region of the sequence is being referred to. Sequence information of the region of interest must
be available from an ancestor to the salmonids to determine if a DNA fragment is
(specifically) an insertion or a deletion.




apoA-I cDNAs. The physiological imy e of this pk remains
unclear as the inferred amino acid sequences of apoA-I-1 and apoA-I-2 are
very similar.

From an evolutionary perspective, IVS 11 is also very informative. The
large deletion in the lower set of sequences is present in all three species. The
7bp deletion in the upper sct of sequences (nucleotides 107 to 113 with respect
to the lower rainbow trout sequence) is also present in all three species. These
deletions most likely occurred prior to the divergence of Oncorhynclius from
Salmo. In contrast, the 18bp deletion in the upper Salmo sequences
(nucleotides 164 10 181 with respect to the upper rainbow trout sequence) is
not present in rinbow trout. This change would have occurred after
Oncorhynchus diverged from Salnio but before the speciation of Atlantic
salmon and brown trout. Given the relatively high degree of sequence
variation (i.c. insertions and deletions) between the upper and lower
sequences, it is likely that they have been amplified from different loci. This is
consistent with the tetraploid genome of salmonids and the fact that the
primers were designed over coding sequences that are highly conserved (as
cevidenced by the two sequences reported for rainbow trout apoA-I). However,
we expect cach locus to have two alleles. The amplification of just two
products would suggest that identical alleles are present at each locus. Fig. 3.3
illustrates the possible evolutionary changes that have occurred at both loci of

apoA-L: VS 1.

3.22 Isolation, Sequencing, and Pedigree analysis of apoA-I: VS IIL.



Using primers 66 and 67 (sce Fig. 28), IVS Ul was amplified (as
described above) from genomic DNA isolated from brown trout, rainbow
trout, and Atlantic salmon. For each template, three reactions were prepared
and each amplified separately at 480C, 51°C, and 549C. As shown in Fig. 34,
the positive control (pBTLB27 template) shows a single product with a high
concentration at both 519C and 549C. Although the marker DNA used does
not give visible bands in this range, the cDNA sequence predicls a fragment of
101bp. The reactions using genomic DNA produced bands larger than the
positive control oniy when the primers were annealed at 540C. In the brown
trout reaction, one major product larger than the positive control was
observed. Rainbow trout and Atlantic salmon genomic lemplates also
produced one major product larger than the positive control, but a few faint
secondary products were also observed. When the amplifications were
repeated at 56°C, only one major product larger than the positive control was
produced for each template (Fig. 3.5). [This demonstrates the importance of
optimizing the anncaling temperature for a particular set of primers. The
higher annealing temperature prevents the primers from anncaling to
secondary sites thereby preventing the amplification of the secondary bands
seen at lower temperatures.|

The major product of each 56°C reaction was excised and purified in
50uL of water as described abeve. To obtain an adequate amount of product
for cycle sequencing, each of these purified products was used as a template
for re-amplification (Fig.3.5). As shown, single producls were produced in
each case. In comparison to the initial amplification, these products fluoresce

with a greater intensity. These more concentrated products were then excis




purified, and sequenced using both primers 66 and 67. The intron sequences
(apoA-I: IVS I1I) are shown in Fig. 3.2(B)*. Perhaps the most striking feature of
this sequence is the presence of a (dT-dC), microsatellite. Although the
regions flanking the microsatellite were conserved in all three species, the

variable nature of this repetitive element is obvious from the three

sequences. The rainbow trout intron i the smallest mi llite (9
repeats) while the brown trout and Atlantic salmon introns were similar in
size to cach other but larger than the rainbow trout (30 and 32 repeats,
respectively).

Only one product was amplified at IVS III when analyzed on an agarose
gel. Given that two loci were amplified at IVS 11, we expect to amplify two loci
at IVS Il as well. Although it is possible that the loci are identical, the
presence of the microsatellite (I3M) within IVS III makes this an unlikely
possibility. Rather, it is expected that small variations in the number of
repeats at cach allele of each locus are undectable on an agarose gel. Thus, the
exact size of 3M was determined in a small family of individuals.

A female Atlantic salmon was crossed with a male brown trout and

the hybrid offspring (fry) sacrificed i

ing yolk sac P
Genomic DNA was then prepared from blood samples from both parents and
fry tissue (C. McGowan, unpublished results). DNA samples from both
parents and six fry were then used as templates to amplify IVS IIL Using 32P
end-labelled primer 66, the products were fractionated through a standard

sequencing gel. The developed gel is shown in Fig, 3.6.

SGenbank Accession numbers for the sequences are Li9430 (RT), L49429 (BT), and L9428 (AS).
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With respect to the size of 3M, two products of 217bp and 208 bp are
amplified from the Atlantic salmon female. We see that each of the hybrid
offspring inherit only one of these two products. This patiern of independent
segregation would only occur if the inheritance of these two fragments was
disomic (ie. the two fragments are alleles of the same locus). If these
fragments were amplified from separate loci, each offspring could conlain
both fragments. Thus, the two products formed are from the same locus. As
stated above, the primers used are designed over conserved coding sequences
and both loci would be expected to amplify. These results suggest that one
locus of apoA-I has undergone mutations which prevent the amplification of
1vS 1.

In brown trout, one product of 213bp is amplified. As in the Atlantic
salmon, two alleles of one locus are being amplified. However, the
microsatellite at each allele is identical in length and the independent
segregation is not possible to discern. However, the intensity of the 213bp
product is much more intense (i.c. higher copy number) than the products
seen in the offspring, which suggests that the parental band was produced
from the combined amplification of two identical alleles.

As described above, two alleles from one locus are amplified by primers
66 and 67. In reference to the Atlantic salmon female, a disomic pattern of
inheritance would predict that 50% of the offspring would inherit the 217bp
‘slow" allele while the other 50% would inherit the 205bp ‘fast’ allele. To test
this prediction, 47 hybrid individuals were typed with respect to the size of
the I3M. Surprisingly, only 17 inherit the slow allele while the remaining 30

inherit the fast allele (data not shown). Although this result is unexpected,



the sample size is too small to make any confident conclusions
(0.95<[%*=36]>0.05) The pattern of inheritance of these alleles was compared
to the pallerns of a number of variable RAPD (Randomly Amplified
Polymorphic DNA) markers in salmon (Colin McGowan, unpublished
results). Although the locus was not linked to any of the markers examined,
I3M is an important marker for gene mapping in salmonids. The importance
of IBM is that it is contained within an expressed gene and the primers are
complementary to the coding region. Unlike many of the random markers,
I3M can beused in comparitive gene mapping. For example, the inheritance
patlern can be examined in a number of species. Because the same locus is
being typed in each of the species, it will be possible to determine whether the
genomic structure has been conserved.

One problem with this technique is illustrated by the number of bands
produced for cach allele. In each reaction shown in Fig. 36, 34 faint bands

(ghost bands) can be seen below each of the highest, most intense bands. This

phenomenon has been well d when amplifying
(Weber and May, 1989; Estoup et al., 1993; Taylor ef al., 1994). It is thought that
Taq polymerase has difficulties amplifying the repetitive elements in vitro
and may actually ‘slip" along the microsatellite region of the DNA. The fact
that cach ghost band is 2bp apart from any other ghost band and that the

consists of a di repeat implies that 3-4 repeats are

being slipped over. In any case, the highest, most intense band is typed as the

true allele size,

3.2.3 Detection of Insertion and Deletion Mutations in apoA-I loci.
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To examine the structure of the apoA-l loci more closely, two primers
were designed that were specific for cither the upper or lower locus (see Fig.
3.2(A)). Primer 68Up was designed in the region corresponding to the 72bp
deletion of the lower locus and was thus specific for the upper locus. Primer
68Lo was designed to flank the deletion site on both ends and was specific for
the lower locus. PCR reactions were then prepared and amplified as above
using brown trout, Atlantic salmon, and ninbow trout genomic templales
(primers were annealed at 560C), Each reaction was then analyzed by gel
electrophoresis through Nuseive agarose.

To show that these primers were specific for the separate loci, Primers
68Up and 68Lo were used with primer 69 to amplify IVS 1L As shown in Fig.
3.7, primer 68Lo specifically amplified one product which migrated just below
the 194bp marker. The expected size of this fragment is 172bp. Each template
produced a fragment of the same size which is also expected from  the
sequence. When primer 68Up was used, the primary product of the brown
trout and Atlantic salmon templates migrated very close to the 234bp marker.
The expected size of this fragment was 231bp. The rainbow trout template
produced a fragment which was a little larger than the brown trout and
salmon fragments. This is due to the 18bp deletion in the upper brown trout
and Atlantic salmon sequence. Clearly, these primers are  specifically
amplifying one locus.

Given the spedificity of the primers, it was possible lo test for the
presence of insertions and deletions at each locus separately. Evidence for
such a scenario has been shown above. When primers 63 and 65 were used to

determine the 87bp absent in the ¢DNA sequence, both brown trout and



Atlantic salmon templates produced fragments which were the same size as
the pBTLB27 positive control template (Fig. 2.7). Also, when IVS III was

plified at different i p products similar and/or

smaller in size than the positive control were observed (Fig. 34). Finally, only
one locus is amplified using primers 66 and 67. These results indicate that the
introns and perhaps some of the coding region have been deleted in at least
one allele of one locus. Thus, each of the locus-specific primers was used with
primer 65 to amplify through/across both introns and the region which
contained the 87bp DNA deletion. The expected sizes of the products if no
deletions are present are shown in Table 3.1,

When primer 68Lo and primer 65 were used, a product of 954-996bp
was expected. As shown in Fig. 3.7, each template produced fragments which
migrated just below the 1078bp marker. The product from the rainbow trout
template migrates, as expected, a little faster than the products from the other
twao templates. Thus, it would seem that the lower apoA-I locus contains both
introns and does not contain any cDNA deletions. This has been confirmed
in brown trout and rainbow trout by DNA sequencing. These results are in
sharp contrast to those obtained when primer 68Up and primer 65 was used.
We would expect the products from the upper locus to be slightly larger than
those produced from the lower locus. However, the most intense product
produced frein  the Atlantic salmon and brown trout templates is
approximately 400bp. This would imply that a large fragment of the coding
region and perhaps 1VS 11 have been deleted. When this experiment was
repeated at various annealing temperatures, similar results were obtained.

Sequence analysis of this fragment did not reveal a significant similarity to
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Table 3.1. Expected size (in base pairs) of products produced from the amplification
A-I fragment from using !‘Ile‘ 65 and primer 68Up /68L

N Primers NA VS 1T VS 111
Atlantic salmon, brown trout 65/68Lo 716 126 154
Rainbow trout 65/68Lo 716 126 12
Aantic salmon, brown trout | 65/68Up 716 167 154
Rainbow trout 65/68Up _ 716 185 12




any part of the apoA-I cDNA or IVS sequence. The rainbow trout template

d different lificati d at the upper locus. When the

P F P

primers were annealed at 56°C, no distinct bands were visible. When the

primers were led at 60°C, a of approxi 1000bp was
observed (data not shown). Thus, the upper locus of brown trout and Atlantic

salmon appears to have undergone some deletion i while a normal
gene is present at the same locus in rainbow trout.

Although the observations indicate that the upper apoA-I locus has
undergone major changes in gene structure, they are not conclusive. This is
due primarily to the presence of secondary bands amplified by both locus-
specific primers. This is clearly seen when the primers are used with primer
65. As shown in Fig 3.5, products of ~300bp are amplified with primer 68Lo
while multiple products both larger and smaller than the primary product are
amplified with primer 68Up. Thus, there may be mutations at both loci with a
full-length, structural allele at the lower locus. Characterization of these
secondary products as well as designing primers with a higher specificity

would give a more detailed and accurate description of the apoA-I loci.
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Fig. 3.1. Schematic diagram of the possible fates of duplicate genetic loci
following a genome duplication. A representative allele is shown by lines
(non-coding DNA) and open boxes (exons, E). Individual alleles at a singic

locus are designated by letters (i.e. A and A2 are alleles of locus A).
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Fig. 3.2. Alignment of IVS Il and I sequences from three salmonid specics.
Rainbow trout (RT), brown trout (BT), and Atlantic salmon (AS) sequences
are shown. The 5-GT and 3-AG intron splice siles are shown in bold lype-
face and alignment gaps are designated with '-'. A, two IVS II sequences are
shown for each species. The larger sequence is called "upper’ while the lower
sequence (containing the large deletion) is called ‘lower'. Putative
transcriptional elements are also indicated; MRE; myb-responsive clement;
AP-1/AP-2, activator protein binding sites. The positions of locus specific
primers (68Up, 68Lo) are indicated with arrows; B, the sequence of IVS Il is

shown. The mi 1 is underlined. The other allele for this

1VS differs only in the number of (TC) repeats.
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Fig. 3.3. Proposed evolutionary changes in two apoA-l loci based on sequence
data (Fig. 3.2).
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Fig. 34. Amplification of the 1VS IIl using priners 66 and 67 al various
annealing temperatures (T4). Three genomic templates, brown trout (BT),

rainbow trout (RT), and Atlantic salmon (AS), were amplified. As a positive

control, pBTLB27 was also used as a plate (+ve). All amplifications were

then fractionated through Nuseive agarose, stained with cthidium bromide,
and photographed under U.V. light. Note: A negative control reaction
(lacking template DNA) was performed but no bands were observed.
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Fig. 3.5. Amplification and reamplification of 1VS 11l using primers 66 and 67.
Three genomic templates, brown trout (BT), rainbow trout (RT), and Atlantic
salmon (AS), were amplified at 56°C4. As a positive control and negative
control, pBTLB27 (+ve) and water (-ve) were also used as templates. Each of

the genomic products were isolated and used as templates for a

plification. All plificati were  fractionated through  Nuscive
agarose, stained with ethidium bromide, and photographed under U.V. light.

The size (bp) of the two major product are indicated at the left.



Primers 66 & 67-

Template— _ye

217—

+ve BT AS

RT -ve +ve BT AS RT

76



Fig. 3.6. Amplification of the variable microsatellite within VS 1l in an
Atlantic salmon/brown trout hybrid family. Genomic DNA from both
parents, Atlantic salmon (AS) and brown trout (BT), and six of the hybrid
offspring were used as templates. Primer 67 and 2P end-labelled primer 66
were used in the reactions. All amplifications were fractionated through a
standard sequencing gel which was then dried, and exposed o

a aphy film. The d ped film is shown. Note: A negative control

reaction (lacking template DNA) was performed but no bands were observed.
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Fig. 3.7. Amplification of two regions of apoA-1 using locus specific primers.
Three genomic templates, brown trout (B), Atlantic salmon (A), and rainbow
trout (R), were used in each set of reactions. The combination of primers used
in each set is shown. All reactions and a marker (M) were fractionated
through Nuseive agarose, stained with ethidium bromide, and photographed
under U.V. light. The size of the marker fragments is shown on the left and
the major product of each set is indicated with an arrow. Note: A negative
control reaction (lacking template DNA) was performed but no bands were

observed.
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Chapter IV

Evolutionary Analyses Using ApoA-I cDNA and
Intervening Sequences;



4.1 INTRODUCTION
4.1.1 Phylogenetic Reconstruction using Molecular Sequences.

The first step in any phylogenetic study using genetic sequences is an
alignment of the sequences from each taxon (for a discussion on methods of

phylogenetic reconstruction, see Li and Graur, 1591). If we consider just two

the

1 1t consists of a series of paired bases (one
from cach sequence) of which there are three types. Matched bases are
identical and thus presumably represent a conservation in the sequence at
that point. Mismatched bases are not identical and indicate that a substitution
has occurred in one (or both) of the sequences. The third type of paired base
within a sequence alignment consists of a base from one sequence that is
absent from the other sequence. A null base or gap is usually represented by a
dash (') and indicates that an insertion (or deletion) has occurred at that site.
The goal of an alignment is to minimize both the number of mismatched
base pairs and the number of null bases or gaps. However, these two factors
are intimately related; as the number of mismatches decrease, the number of
gaps increase and vice versa. If it is assumed that substitutions are more likely
to occur than insertions and deletions, it is possible to produce a reasonable
alignment by introducing a gap penalty. The alignment is thus biased against
insertions/deletions and they will only be introduced if it leads to a decrease
in the overall number of mismatches (i.e. more matched bases).

Sequence alignments are typically performed on computers due to the
number of calculations required to produce an alignment with a minimum
number of mismatches and gaps. This is particularly true when more than

two sequences are being considered as the number of possible alignments
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ponentially. }

ever-increasing processing speed of personal computers offer a high degree of

present day computer software and the

) i For instance, if the sequences of
interest are highly conserved, a high gap penalty would be chosen to produce
a very stringent alignment with few gaps. On the other hand, if the sequences
are not highly conserved and/or deep evolutionary relationships are being
examined, a lower gap penalty would be more appropriate.

Once an acceptable sequence alignment has been produced, the
phylogeny can be inferred in a number of ways. However, all methods for
constructing phylogenetic trees fall into one of two categories; maximum
parsimony methods and distance estimation methods. The principle of
maximum parsimony (Eck and Dayhoff, 1966; Fitch, 1977) is a minimum
evolution method. In other words, it identifies the smallest number of
evolutionary changes to account for the differences within a group of
sequences or taxa. To do this, the number of informative sites must first be
tabulated. In an aligned group of sequences, a site is informative only when a
substitution which favors one tree over another occurs. In other words, at
least two nucleotides must occur at a given site in different taxa, and cach
nucleotide must be represented at least twice. Once the number of
informative sites has been determined, all the possible tree topologics
containing the given taxa are produced and the minimum number of
substitutions at each informative site is tallied for cach tree. The total number
of substitutions for each tree is then determined and the one with the least
number of substitutions is chosen as the likeliest approximation of the actual

tree. However, there a number of problems with this method. From a



practical perspective, i parsi methods can be very time
consuming if every possible tree is produced and tested. Again, the time
required to produce a maximum parsimony tree is related hyperexponentially

to the number of taxa being ined. This type of can

be replaced by branch-and-bound or heuristic algorithms, which are faster but

only approximate exhaustive methods. Also, more than one minimum
evolution tree is often produced such that a true tree cannot be determined.

Finally, the ption that a mini ion tree is the true tree is not

necessarily valid. This may be the case if the rate of substitution among

different lincages is not approximately constant.

The other major class of phylogenetic inference methods are called
distance estimation methods. Each of these methods is based on a distance
matrix which compares the distance between each pair of taxa (i.e. three taxa
(A, B, and C) can be separated into three pairs (AB, AC, and BC) and the

distance matrix would thus contain three distance values). Distance is usually

d as the proportion of leotide or amino acid differences (p-

distance) between the two sequences. However, most current software

packages provide options to account for variations in the rate of sy

versus ynony and ition versus i ituti as

well as variations in the frequency of occurrence of the four nucleotides
(nucleotide sequence data only).

Once all the pairwise distance estimations have been tabulated, one of a
number of algorithms may be used to produce the phylogenetic tree. One of
the simplest and most common methods for producing trees from distance

matrices is the Unweighted Pair Group Method using arithmetic Averages
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(UPGMA). This was originally developed for constructing taxonomic
phenograms (Sokal and Michener, 1958) but has been shown to produce a

reliable tree with a reasonably high probability if the distance among taxa are

ly high and the clock is valid (Tateno ¢t al., 1982; Sourdis
and Krimbas, 1987; see section 4.1.2).

The UPGMA method begins by identifying the pair of taxa or
operational taxanomic units (OTUs) which have the smallest p-distance.
These simple OTUs (i.e. OTU, and OTUj) are the most closely related and are
grouped together as a composite OTU (OTUap). A new matrix is then
calculated to determine the pairwise distances between the new set of OTUs
(OTUap and the remaining simple OTUs). If the distance between O1TUA and
OTUsg is given by dag, then distance of OTUap to u simple OTU, OTU¢ (damc)
is the average distance between OTU, and OTUc and between OTUy and
OTUc (dac + dpc/2). If dap)c is the smallest distance in the matrix, OTU¢ will
be added to the composite OTUap at a node which is the midpoint between
OTUasjc (d(apyc/2). On the other hand, if another pair of OTUs (OTU,, and
OTUg) have the smallest p-distance, then another composite OTU will be
formed and the distance matrix recalculated. The distances of OTUpg to
another simple OTU will be calculated as above. However, the distance
between OTU»p and OTUp, (d(apypr)) is the average distance between all the
simple OTUs in each composite OTU (dap + dag + dup + dpi) /4).

Through this sequential clustering algorithm, the UPGMA method
produces one composite OTU from all the simple OTUs. The root for the tree
would be placed at the average distance between the two final OTUs (simple

and/or composite) as described above. The root represents the common
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ancestor of all the taxa being examined and is equidistant from cach

imple
OTU. The presence of a root also adds directionality to the tree such that an
increase in distance represents evolutionary time. These trees can thus be

used to estimate divergence times of the taxa. Unrooted trees, such as those

produced by other distance estimation methods and maximum  parsimony
methods, only specify relationships among OTUs and do not define
evolutionary pathways with respect to time.

When the topology of the tree has been determined, the reliability of

each branch must then be tested. A common method for such analysis
called bootstrapping (see Swofford and Olsen, 1990). This algorithm [first
generates a new set of OTUs by randomly selecting an identical number of
nucleotides from the original data set with replacement. In other words, vach
nucleotide for the new set is randomly selected from the compicte original
set. In this way, any randomly generated set will contain some nucleotides
two or more times while other nucleotides will not be represented at all. This
process is typically repeated a few hundred times and cach set of nucleotides is
used to produce another phylogenetic tree. The topology of cach tree is
individually compared to the original tree and a bootstrap value or bootstrap
confidence level (RCL) is obtained for each of the internal branches. To
determine the BCL, clusters are identified in the original tree. A cluster is a
group that contains all of the descendants of the most recent common
ancestor of the constituent species. The presence or absence of each original
cluster is tallied for each of the replicate trees. The percentage of times that a
cluster is present is the BCL for that specific cluster. The significance of these

values clearly depends upon the number replicate trees produced. When a



bootstrap test is complete, each cluster or node on a tree has a BCL. For
example, if a BCL for a given cluster is 95, then 95% of the randomly sampled

trees contain that cluster and that group is thus supported at the 95% level.

4.1.2 Using Conserved Sequences as a 'Molecular Clock'.

Although sequence variation within conserved macromolecules (such
as nucleic acids and proteins) is useful for inferring evolutionary
relationships, they can also serve as a type of chronometer or molecular clock
(for a discussion, sce Woese, 1991). In the case of a DNA sequence, for
example, the ‘state’ of the chronometer would be read as the variation in the
sequence between two points in time. However, any sequence within one
species can only be obtained from one state, the present state®. An alternative
to this method is to compare two versions of the sequence from two different
organisms which have, at some point, shared a common ancestor. The
variation between these two sequences thus approximates the variation
between the present and ancestral states of either of the original sequences. It
is this variation which we designate as a relative measure of evolutionary
time. To quantify this relative scale, we can plot the extent of variation or
distance against the known fossil record. If the rates of evolution (i.e.
incorporation and fixation of a genetic mutation within a species) is
approximately constant among all lineages, a linear relationship is observed
(Romero-Herrera et al., 1973). This 'standard curve' can then be used

extrapolate the divergence times for species which are not represented in the
9Some exceptions to this generality are Equus quagga (an extinct member of the horse family,
Higuchi et al., 1984), Hymenaca protera (an extinct legume, Poinar ct al., 1993), Smilodon
Jfatalis (the extinct saber-toothed cat, Janczewski et al, 1992), and Allﬂlmrmuus grandis (the
weevil, Cano et al., 1993).
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fossil record. In theory, the molecular clock concept is quite sound. In practice,
however, a number of problems arise. For instance, the assumption of a

constant rate of evolution between lineages is not always valid. Li et a!. (1987)

showed that the substitution rate in rodent lincages could be four to six times
higher than in primates. Also, the fossil record may contain a number of
biases (for a discussion see Carroll, 1988). Nonetheless, the molecular clock

concept continues to provide important insight into evolutionary history.

4.2 EXPERIMENTAL and DISCUSSION
4.2.1 Inferring Phylogeny Using apoA-I cDNA and Intervening Sequences.
When the cDNA sequence of apoA-l in brown trout had been
determined, computerized searches of the both the GenBank nucleotide
sequence database and the Science Citation Index journal publication database
were performed to obtain all known ¢cDNA or gene sequences for apoA-I (see
Table 1.2). The coding region from each of the fourtcen sequences was used to
obtain the inferred amino acid sequences which were then aligned using the
program Clustal V (Higgins et al., 1992). This sequence alignment was used to
align the cDNA sequence (Fig. 4.1). Using the program MEGA (Kumar ¢! al.,
1993) a distance matrix was produced using the p-distance of all
nonsynonymous codons (this decreased errors due to multiple substitutions
at synonymous codons). The phylogeny was then reconstructed from this
matrix using the UPGMA method and the reliability of the internal branches
was tested with 1000 bootstrap replications. Similarly, all known sequences for

apoA-LIVS 1II were aligned (Fig. 4.2) and the phylogeny reconstructed as
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described above. The nucleotide sequences for the introns were aligned
directly as they do not encode proteins.
When using molecular sequence data for any comparative study, there

is always the question of the reliability of the sequences. Thus, one must

and available through are

assume that
accurate. Although this is not always the case, common sequence errors such
as a single base substitutions often go unnoticed. As such, all of the sequences
obtained for use in this study, with the exception of the Atlantic salmon
sequence, were taken at face value. When the salmon sequence was obtained
from GenBank, translated, and compared to other inferred amino acid
sequences, two regions of 13 and 23 residues were identified in Atlantic
salmon which had a very low sequence identity/similarity to corresponding
regions in both rainbow trout and brown trout (data not shown). This was
particularly striking given that the sequence identity between the three
species outside these two regions was greater than 90%. A closer examination
of the nucleotide sequence revealed four putative frame-shift mutations
(deletions) in the Atlantic salmon sequence, one of which produced a
premature stop codon resulting in the apparent loss of four carboxy-terminal
residues. Given that the probability of such mutations is quite low in such a
highly conserved molecule, four nucleotides were inserted into the salmon
<DNA sequence to keep the inferred primary structure in frame. Since the
nucleotides at the four positions were conserved in each of the other three
salmonid sequences, it was assumed that these positions were conserved in

the Atlantic salmon sequence as well.
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The cDNA-derived tree is shown in Fig. 4.3(A). The topology of the
mammalian cluster agrees with the accepted phylogeny (Miller and Harley,
1994). If these species are grouped by order, this tree groups all of the

mammals in their respective orders with the chicken as sister group.

ilarly, all the Sal iformes group together on a completely scparate
branch from the birds and mammals. This topology corresponds to the
pattern of divergence of the mammals and birds from the osteichthyes. At the
level of species, we can see that the brown trout sequence is most closely
related to apoA-I-2, the rainbow trout apoA-I mRNA that is only expressed in
hepatocellular carcinomas (Delcuve et al., 1992). The Atlantic salmon
sequence is most closely related to apoA-I-1, the gene expressed in normal
cells. These results would seem to conflict given that Atlantic salmon and
brown trout are in the same genus (Salmo) and we would thus expect them to
group together. However, the sequence information in this cluster is
incomplete as it lacks the second gene from both Atlantic salmon and brown
trout. This observation actually raises a paradox: the brown trout cDNA
sequence was derived from (apparently) healthy liver tissue but is more
similar to the rainbow trout sequence specific to the cancerous state. Thus, the
differential expression of apoA-I may not be present in brown trout and
Atlantic salmon. This theory is supported by the results described in section
3.2.3. Both brown trout and Atlantic salmon do not exhibit full length genes
at the upper locus whereas rainbow trout has a truc gene at this locus.
Another possibility is that the Atlantic salmon sequence used is not accurate.
Thus, the branching arrangement in the salmonid monophyletic may not be

reliable.
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The 1VS Il-derived tree is shown in Fig. 4.3(B). Although not all the
taxa in the cDNA tree are represented, the overall topology of the
mammalian and avian lineages has been retained. The bootstrap values for
the branches within these lineages are comparable to those obtained with the
coding sequences. The topology of the salmoniformes branch appears quite
different from that seen in the cDNA tree. This is due to the presence of two
sequences for cach salmonid species. As shown, intron sequences of similar
loci (i.c. upper and lower) are more closely related than are sequences within
the same species. This would imply that the genome duplication which
produced the two apoA-I loci occurred prior to the speciation of the Saluio
and Oncorlynchus genera. The common ancestor of these genes thus
represents the genome duplication which occurred in salmonid evolution
(Allendorf and Thorgaard, 1984). However, some of the bootstrap values for
this monophyletic are low. This may be due to the relatively short length of
the IVS region. To get a more reliable estimate of the evolution of these genes
in salmonids, the coding regions for the missing Atlantic salmon and brown
trout genes are required.

Although the radiation of Mammalia, Aves, and Osteicthyes is

fid ly accepted, the relationships of the orders within these groups are not

as casily defined. This is particularly true in Mammalia. One highly

controversial issue is the placement of Rodentia in relation to Primates,

Artiodactyla, and Carnivora. Morpk ical and pal
suggests that the two latter orders diverged from the mammalian lineage
prior to the divergence of Rodentia and Primates (Romer, 1968; Kielan-

Jaworowska et al., 1979; Novacek, MJ., 1982). On the other hand, some
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research suggests that Rodentia is actually a sister group to the other three
orders (Szalay, 1977; Li et al., 1990). This has important implications with
respect to rates of substitution. For instance, relative rates of nucleotide
substitution between human and mouse, assuming that Artiodactyla and
Carnivora diverged before Rodentia and Primates, would be an overestimate
if Rodentia was indeed an outgroup to the other orders. Both the ¢DNA and
IVS trees strongly support the concept of Rodentia as the outgroup and are in
agreement with Li et al. (1990) as well as Sparrow ¢t al. (1995) who analyzed
apoA-I evolution using mature amino acid sequences.

Another order with a controversial evolutionary position is
Lagomorpha. Although paleontologists would group it with Rodentia
(Szalay, 1977), it has been suggested that Lagomorpha is an outgroup to
Rodentia and Primates (Shoshani, 1986). Protein sequence data have also been
used to imply that Lagomorpha and Primates are in the same group (Li ¢f al.,
1990; Sparrow et al., 1995). The data presented above would suggest that
neither of these schemes is correct. Rather, it agrees with Li ¢/ al. (1990) that
within Infraclass Eutheria (the placental mammals) Lagomorpha diverged
after Rodentia but before Carnivora, Artiodactyla, and Primates. Unlike the
position of Rodentia, this placement of Lagomorpha is in direct contrast with
Sparrow et al. (1995). This unexpected result is not due to the fact that amino
acid sequences were used in the latter and nucleotide sequences were used in
the present study. When the phylogeny was reconstructed using mature
inferred amino acid sequences, the topology of the resultant tree was
unchanged (data not shown). Rather, the differences may be due to the use of

different methods to

and inferring



phylogenies. For example, the sequence alignment in Sparrow et al. (1995)
suggests that the Atiantic salmon sequence underwent two major changes; at
the amino-terminus, a 20 residue insertion and at the carboxy-terminus, a 26
residue deletion. This gives an alignment of 264 residues whereas the Clustal

V alignment is only 243 residues (data not shown).

4.2.2 Constructing Molecular Clocks Using the Fossil Record.

When the phyl duced, distance estimati for

¢ trees were p
cach branch point of the trees could be determined by simply summating the
individual branch lengths that constitute the total branch of interest. The
divergence time for each branch point is then derived from the known fossil
record. The accepted divergence times (from the fossil records) for a number
of branch points are shown in Table 4.1. Using the origin as a constant,
divergence time versus distance was plotted and a best-fit, linear regression
line calculated (Fig. 4.4). Because the rate of evolution of the rodent lineage is
controversial (Li ¢t al., 1987; O'hUigin and Li, 1992), regression analysis was
performed with (Fig. 4.4(A)) and without (Fig. 4.4(B)) the rodent data. To
calculate average divergence times of points under-represented in the fossil
record, the distance of the point was taken from each of the UPGMA trees and
the time extrapolated from the best-fit line (Fig. 4.4(B). If more than one

estimation was calculated (i.e. from different trees) the values were averaged.
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Table 4.1. A listing of c . olutionary branch points and divergence limes based
on the fossil record. Distance estimations from the cDNA and IVS trees as
well as references are shown.

Time
(MYA) Reforence
12 | Flynn el al., 1985; Bulmer cf al.,
1991

Branch Point
Mouse/Rat

Human/Baboon 30 Rcmcro~Hcrrem and Lehmann,
1972
Cow/Pig 0.029 - 60 Savage and Russell, 1983;
Romer, 196
Mammalia/Lagomorpha 0.058 0.146 80 Kimura, 1987 Li et al., 1990
Mammalia/Rodentia 0.100 0.169 100 | Li et al., 1990
Mammalia/Aves 0.162 0.256 280 | Carrol, 1988

Mammalia/Teleost 0.256 0.315 380 | Carrol, 1988




Fig. 44(A) and 4.4(B) shows the molecular clocks produced using
distance estimations from both the ¢cDNA and IVS trees. The former
considers all the data points while the latter ignores the data from the rodent
lincage. As shown, the slope of both best-fit lines produced from VS data is
approximately 1.3X steeper than those produced from the ¢cDNA data. The
lack of a functional/structural constraint on the intron sequences has resulted
in a higher rate of evolution in comparison to the cDNA sequences (Miyata et
al., 1980; Kimura, 1983). However, the slope of the IVS and cDNA lines are
not greatly affected by the presence of the rodent data points. When these
points are omitted from the regression analysis, the slope is only slightly
altered. In contrast, the r2 value is greatly affected by the removal of the
rodent data points. This is particularly evident in the case of the ¢cDNA data
where the 12 is very close to one (1.0), indicating that the non-rodent lineages
cexamined are evolving at an approximately constant rate.

As described above, the mouse/rat and Mammalia/Rodentia
divergence points deviate significantly from both best-fit lines (this is
especially pronounced by the mouse/rat data points. One explanation for this
increase in the rodent lineage specifically is the generation-time effect (Wu
and Li, 1985). This states that the short generation time in rodents allows for
an increase in substitution rate. Li e al. (1990) argued that the rabbit also has a
shorter generation time yet it does not exhibit an increased rate of evolution.
Our data would suggest that the rabbit does indeed have an increased rate and
thus agrees with the generation-time concept. This is evident in the IVS data
where the Mammai a/Lagomorpha divergence point deviates from the best-

fit line as much as either of the rodent points. Although various alternative
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explanations for the increased rate among rodents have been proposed
(including differences in the number of DNA replications per unit time in
the germ line and the efficiency of DNA repair; Li ¢f al., 1990), the answer may
simply be that rodents (and perhaps lagomorphs) diverged from other
eutherians earlier than is presently accepted (~100 MYA). This concept is
supported by the fact that the fossil record concerning rodents is based
primarily on cheek teeth (for a discussion see Wilson ¢f al., 1987). The
classification of rodent fossils is further called into question by the placement
of the spiny mouse. Fossil evidence would group this species with the family
Muridae (which includes true mice, rats, and hamsters) whercas molecular
data strongly indicates that the spiny mouse is an out-group to this family.
Further, the divergence time of the rat/mouse has been estimated from a
large number of genes to be 29MYA (O'hUigin and Li, 1992), more than twice
the value suggested from fossil evidence. Thus, the divergence time of the
rodents remains uncertain. If the rate of evolution of apoA-l is in fact
constant among all lineages, the estimated divergence time for Rodentia
would be 177 million years ago (148-206 MYA) while the mouse and rat
would have diverged 106 million years ago (89-123 MYA).

As noted above, fossil evidence may not be reliable and is often
unavailable for the majority of species studied. Thus, one of the main uses of
a molecular clock is to estimate divergence times of these monophyletics
which are not represented in the fossil record. Although the phylogeny of the
salmonid family is generally accepted, the divergence times of the genera are
not well established. The four genera comprising the Salmonid family are

Hucho, Salvelinus, Salmo, and Oncorliynchus. As shown in Figure 1.3,
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Hucho diverged first followed by Salvelinus, Salmo and Oncorhynchus thus
share the most recent common ancestor (Ferguson and Flemming, 1983;
Phillips and Pleyte, 1991). Recent estimates of divergence times within the
Salmonids estimate that Salmo and Oncorhynchus diverged between 10-16
MYA (And: and 1993) while Salveli and Oncorhynchus

diverged about 18 MYA (Andersson ef al., 1995). The apoA-I data suggest that
Salmo and Oncorhynchus diverged between 31-40 MYA. Even the lowest
estimate (from the IVS data) is significantly higher than those stated above.

The time of the genome duplication event which predated salmonid

can also be esti d from the phylogenetic trees by comparing the
distances between duplicate loci. This method has recently been used to
estimate the time of the tetraploidization in Cyprinus carpio (the common
carp; Larhammar and Risinger, 1994). The apoA-1 data predicts that this event
occurred between 48-67 MYA in salminids. Again, the earliest estimate (from

the IVS data) would predate the Salvelinus/Oncorhynchus divergence

by approxi 30 MYA. Intuitively, this is an long
time for a speciation event given that an extra genome was produced and
could evolve relatively free selective pressures. It would thus appear that our
estimates are consistently greater than those described by Andersson above. If
only one set of results can represent the true divergence times, these values
must be compared to an independent time line (i.e. the fossil record).
Evidence from North America has suggested that three species similar to
species of Oncorhynchus diverged earlier than 55-7.6 MYA (Smith et al.,
1982). Assuming that the Salmo species were diverging at about the same

time as the Oncorhynchus (given that these two genera share the most recent
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common ancestor in salmonid evolution), the estimated divergence time for
brown trout/Atlantic salmon of 15 MYA (3-27 MYA based on the upper and
lower locus of the IVS data) appears to be an over-estimate as well. The most

probable cause of these i is the rate of evolution of the apoA-1

gene. As stated previously, apoA-I has a 25% higher rate of non-synonymous

substitutions than many mammalian genes (O'hUigin ¢f al., 1990). This i

also compounded by the fact that 1VS evolve at a higher rate than coding
sequences. Although apoA-I ¢DNA and IVS accurately reconstruct the
phylogeny, distance/divergence estimations based on the rate of evolution of
this gene are likely to be consistently higher than the true value.

Although apoA-I evolves faster than average mammalian genes, its
rate appears to be constant among many lincages (with the exception of
Rodentia). This is demonstrated by the low variability of the cDNA regression
line (Fig. 4.4(B), R?=0.985). This result is in contrast to studies of rates of
evolution in mitochondrial DNA (for a review see Rand, 1994) where a
distinct trend is observed: the rate of evolution is proportional to the thermal
habitat of the species. For instance, cold-blooded animals generally have
slower rates than warm-blooded animals. This variation with habilat
temperature has not been documented in nuclear genes and appears (o be
absent from this research. However, the data presented here have not been
corrected for multiple substitutions at individual nucleotide positions. This
error is proportional to the length of time which has transpired since the
species in question diverged. For instance, the substitutions incorporated into
a sequence at time=zero (i.e. the present) would be zero. If we compare the

rate of substitutions in primates and Osteichthyes to time=zcro, we expect
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that the latter will be an under-estimate. Because the chance that a mutation
will occur at a site that has already undergone a mutation (ie. a revertant
mutation) increases with time, the brown trout should contain more of these
revertant mutants resulting in an under-estimation'®. Thus, the true slope of

our cDNA regression iine may be greater than that shown. Further analysis of

our data in pari; to a d slope is y before
conclusions c ing the rate of itution among a parti lineage are
drawn.

The results of this section are based entirely upon the molecular clock
hypothesis. Assuming that this is valid, it may be an inappropriate method to

calculate evoluticnary di where duplicate loci are being ined (for

a discussion see Allendorf and Thorgaard, 1984). With respect to polyploids,
we must assume that genes in separate species evolve at the same rate as
duplicate genes in a single species. However, we would expect the duplicate
genes to evolve more rapidly as they would be relatively free of selective
pressures as 1ong as the structure/function of the other locus was retained
(Allendorf and Thorgaard, 1984).

Another potential problem of using duplicate loci comparisons relates

to the pattern of inheri ing the duplication event. In a new

tetraploid, we would expect Itival f i and

inheritance to occur. If we consider just one chromosome, all four homologs
can associate as a unit during gamete formation. Because recombination can
occur among all the homologs, no divergence can take place. Divergence will

commence when the four homologs begin to pair as two pairs of

10Note that although the apparent rate of substitution among old hneages w:ll be less than
expected, the true rale is constant and thus the molecular clock remains v
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chromosomes (i.e. disomic inheritance; this situation is more favorable as it
increases zygote survival and allows divergence at one of the loci). This
scenario is supported by the finding that some pairs of duplicate loci have not
yet returned to complete disomic inheritance (Wright ¢! al., 1980; May ¢t al.,
1982). Thus, estimates of divergence times obtained as described above will be
minimum estimates of the time of the genome duplication and will more
accurately reflect the time of the return to disomic inheritance of the loci in

question (Allendorf and Thorgaard, 1984).
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Fig. 4.1. Clustal V alignment of apoA-I cDNA sequences. Alignment gaps are
given by a . The nucleotides are numbered with respect to the baboon
sequence. The four nucleotides inserted into the salmon sequence

(nucleotides 262, 298, 299, and 719) are in lower-case typeface and underlined.
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Fig. 4.2. Clustal V alignment of apoA-L1VS II sequences. Alignment gaps are

given by a . The nucleotides are numbered with respect to the human

sequence.
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Fig.4.3. UPGMA trees produced from cDNA (A) and IVS-II (B) data using the

program MEGA. Distance measurements were calculated from the number of

pairwise nucleotide di es (p-di: of ynony _ codons.
Bootstrapping was performed with 1000 replications. BCL values for each
node are shown in a large font size while branch lengths are shown below
each branch in a small font size. The genome duplication event is denoted by

a®.
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Fig. 4.4. Molecular clocks produced from ¢cDNA and IVS Il data. In each case,
the evolutionary distance (i.e. branch length) of a particular divergence point
was taken from Fig. 4.3 and plotted against the divergence time (MYA) as
determined from the fossil record. O] represents data points from the cDNA
tree. A represents data points from rodent lineages. The regression lines pass
through the origin and the equations/R? values are shown. A, molecular
clock based on all distance data. B, molecular clock based on non-rodent

distance data.
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