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Summary

The increasing availability of genomic sequences from different vertebrate
organisms affords molecular biologists the opportunity to thoroughly in-
vestigate phenomena that were only hinted at by more sparse data. The
work described in this thesis develops the use of inter- and intra-genomic
sequence comparisons to examine genome evolution through changes in
genome arrangement and content.

The vertebrate Fugu rubrupies (pufferfish) has a small genome with
little repetitive sequence which makes it attractive as a model genome.
Its genome compaction and synteny conservation relative to the human
genome were studied using data from public databases. The compaction
of this genome was measured by comparing lengths of orthologous Fugu
and human introns. Analysis of orthologous introns showed an eight-fold
average size reduction in Fugu, consistent with the ratio of total genome sizes.
There was no consistent pattern relating the size reduction in individual
introns or genes to gene base composition in either species. For genes
that are neighbours in Fugu, 40-50% have conserved synteny with a human
chromosome. Comparison of observed data to computer simulations suggests
that 4,000-16,000 chromosomal rearrangements have occurred since Fugu and
human shared a common ancestor, implying a faster rate of rearrangement
than seen in human/mouse comparisons.

Intragenomic comparisons were used to examine the draft human genome

sequence for evidence of ancient genomic duplications, by a combination

xlil



SUMMARY xiv

of a map-based and a phylogeny-based approach. Evidence was found
for extensive paralogy regions situated throughout the genome. Statistical
analyses of these regions indicated that they were formed by en bloc
duplication events. Molecular clock analysis of 191 gene families in the
human genome indicates that a burst of gene duplication activity took
place approximately 333-583 Mya, spanning the estimated time of origin
of vertebrates (about 500 Mya). Moreover, more gene pairs of this age are
found in paralogous regions than pairs that duplicated earlier or later.
These results support the contention that many vertebrate gene families
were formed by extensive duplication events, perhaps polyploidy, in an
early chordate, and indicate that extensive genome rearrangement may have

occurred following genome duplication.



Chapter 1

Introduction

One of the justifications for genome sequencing projects is the opportunity
they provide to study the evolution of genomes and proteomes. As genome
projects progress it is becoming possible to study not just the genome
contents, but also the arrangement of those contents along the chromosomes,
and to see how these arrangements evolve. Complete genome sequences allow
us to look at the molecular evolution of chromosomes in much the same way
as the first DNA sequences in the 1970s enabled us to study the evolution of
individual genes.

Genomes evolve through changes in the arrangement of genes, and
changes in the genome content (by gene duplication or loss). The ultimate
consequence of genome evolution is speciation. Chromosomal rearrange-
ments, and divergent resolution of duplicated genes will lead to reproductive

isolation (White, 1978; Taylor et al., 2001b).

1.1 A brief history of vertebrates

Sooner than initially expected (an early estimate for the completion of the
Human Genome Project was 2005; Rowen et al., 1997), molecular biology

has delivered on its greatest promise - the sequence of the human genome
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(Lander et al., 2001). This leaves science in the rather surprising position
that information and understanding gleaned from the human genome may
help in the interpretation of other vertebrate genomes, rather than vice versa.
The interesting task for molecular evolution now is to uncover the processes
that have shaped the vertebrate genome. ‘The challenge of the Human
Genome Project will be to go from ordering the letters of the DNA language
to understanding the words, phrases, sentences, paragraphs, and finally the
story of the genome.” (Koop, 1995).

Molecular biology has significantly enriched our understanding of the
evolution of vertebrate species. For example, molecular phylogenetic methods
resolved the long-standing puzzle of the relationship of cetaceans (whales,
dolphins, and porpoises) to other eutherian mammals, by showing them to
be nested within artiodactyls (Graur and Higgins, 1994; Shimamura et al.,
1997).

Knowledge of the relationship of vertebrate lineages is important because
it can be used to place evolutionary events on a relative timescale. Similar
characteristics can be recognised as related by descent (homologous), or as
independently acquired in different lineages (analogous). The fossil record
has traditionally been the source of information on the timing of the origin
of species, but is heavily reliant on interpretation, and on the availability of
fossils. Molecular biology provides us with an objective way of measuring the
relatedness of organisms through the similarity of their hereditary material
(Box 1.1 overleaf), and the data are abundant.

Kumar and Hedges (1998) produced a timescale for molecular evolution
based on a molecular clock analysis of 658 gene sequences from 207 vertebrate
species. A summary of the divergence of major chordate lineages is shown
in Figure [1.1. One important observation of this study was that at least
five major mammalian lineages arose during the Cretaceous period (145-

65 Mya), and that the divergence of some orders of birds was dated to the
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Box 1.1: The Molecular Clock

The discovery that amino acid sequences accumulate substitutions at an
approximately constant rate over time led to the realisation that distances
between protein sequences of a given gene in different species could be used
to resolve the history of those species both in terms of the timing of events
and the relationship of species (Zuckerkandl and Pauling, 1962; Margoliash,
1963; Zuckerkandl and Pauling, 1965). There is, however, no such thing as
The Universal Molecular Clock, i.e., the rate of accumulation of substitutions
is not the same for all genes or species (Nei, 1987; Li, 1993). Rather
than eradicating the usefulness of molecular clock-based studies, this fact
actually enhances the usefulness of this type of analysis because it enables
the examination of both long-term and short-term evolutionary processes by
selecting an appropriate dataset (Nei, 1987).

Differences in evolutionary rates are probably due to functional constraints
on the protein (Zuckerkandl and Pauling, 1965), i.e., some substitutions may
be deleterious to the function of the gene. At sites where there is effectively
no functional constraint (neutral sites) the rate of substitution should be
equal to the rate of mutation (Kimura, 1983). Therefore, for proteins that
are evolving in a neutral fashion, if the rate of mutation has not changed with
time then the rate of evolution of that protein should be constant (Kimura,
1983; Li, 1997).

In order to relate molecular time to astronomical time the molecular clock
must be calibrated. This may be achieved by reference to the evidence for
lineage divergences in the fossil record or by reference to major geological
events such as the isolation of populations caused by continental drift, or
island (or lake) formation (Nei, 1987).

To test whether the assumption of the molecular clock holds for a
particular set of sequences one must estimate the number of substitutions
over time. This method is problematic because it is subject to the
inaccuracies of dating divergence times from the fossil record. Sarich
and Wilson (1973) devised a clever way to evaluate the adherence to the
molecular clock of a set of three sequences (two sequences of interest (A
and B), and an outgroup) - the relative rate test. The relative rate test
specifies that the molecular distance to the outgroup sequence should be the
same for A and B, i.e., this method assesses the similarity of the relative
rate of substitution without requiring any knowledge of species divergence
times.
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mid-Cretaceous. This meant that most mammalian orders, and birds, had
radiated before the extinction of dinosaurs (Kumar and Hedges, 1998). Prior
to these estimates of lineage divergences it had been assumed that rapid rates
of morphological change had succeeded the extinction of dinosaurs because
of the absence of mammalian and avian fossils dating to before the Early
Tertiary period (Nei, 1987). The evidence for earlier divergence dates of
these lineages removes the need to invoke rapid change to explain the origin
of vertebrate diversity (Kumar and Hedges, 1998). Similarly, before the
availability of molecular data, humans and chimpanzees were assumed to
have diverged about 30 Mya, however, Sarich and Wilson (1967) showed

that the divergence time could be as recent as 5 Mya.

1.2 Evolution by genome rearrangement

The structural divergence of genomes occurs by processes of genome rear-
rangement. Genome arrangement differences accumulate over time (although
not necessarily in a linear fashion) so that the organisation of mouse and
human genomes that separated about 96 Mya (Nei et al., 2001) should
be more similar than that of pufferfish (Fugu) and human genomes whose
lineages diverged about 450 Mya (Kumar and Hedges, 1998). For biologists,
it is useful to gain an understanding of the amount of conservation of genome
arrangement between two species, because it enhances the usefulness of
experimental organisms by facilitating positional cloning of genes in the

genome of interest.

1.2.1 Mechanisms of genome rearrangement

The principal mechanisms of genome rearrangement are inversions, translo-
cations, and transpositions of segments of chromosome, perhaps containing

many genes. An inversion is the reversal of a portion of chromosome. A
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Figure 1.1: Divergence of chordate groups. Dates are taken from Kumar
and Hedges (1998), except for the arthropod divergence date which is taken
from Nei et al. (2001).
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transposition is the movement of a segment of chromosome from one location
to another (this may also include an inversion). A reciprocal translocation
event is the result of recombination between non-homologous chromosomes.

These processes are illustrated in Figure 1.2.

1.2.2 Gene order evolution

Synteny is the property of two or more genes being located on the same
chromosome. Synteny conservation is the conservation of this property in
different genomes. Synteny conservation is often expressed as the number of
conserved segments between two genomes (e.g., Nadeau and Taylor, 1984).

In the absence of complete genome sequences, gene order evolution in
eukaryotes has been studied in two ways: using genome map data (marker-
based studies); and using genomic sequence data (sequence-based studies).
The marker-based studies are exemplified by the use of mouse and human
genetic maps to identify regions of conserved synteny (e.g., Nadeau and
Kosowsky, 1991; Lundin, 1993). This method uses information from genetic
maps, physical maps, and chromosome painting experiments. It has the
advantage of looking at grand scale chromosome evolution, but lacks the
resolution to detect small-scale disruptions of gene order, because when
two genes are found to have conserved synteny with their orthologues in
another genome they are frequently assumed to form part of an uninterrupted
conserved chromosomal segment. Inversions and transpositions may disrupt
the integrity of these segments without disrupting the synteny of the genes.
For this reason the number of rearrangement events can be underestimated,
particularly for genomes with sparse data.

Sequence-based studies compare two genomic sequences (e.g., Seoighe
et al., 2000). This method has the advantage that it has the ultimate level
of resolution - single nucleotides. The disadvantage of this method is that

there is only a paltry quantity of data available (although it is increasing
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Figure 1.2: Mechanisms of genome rearrangement. Four hypothetical stages
of rearrangement of a two-chromosome genome are shown. (A) The ancestral
(or reference) genome. (B) An inversion of four genes (illustrated by
the curved arrow in A) conserves the synteny of the genes on the white
chromosome with the ancestral genome but changes gene order and the
distances between some genes. (C) A reciprocal translocation event disrupts
the synteny of the genes compared with the ancestral arrangement. (D)
The inversion shown, subsequent to the translocation event, breaks the
two conserved segments of white and grey (with reference to the ancestral
genome) into four segments. Without the inference of inversion events
this may cause researchers to conclude there have been two independent
translocations between the grey and white chromosome.
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daily), particularly from closely related organisms. One way around this
difficulty is to study intragenomic duplicated segments of chromosome as
has been done in yeast and Arabidopsis (e.g., Wolfe and Shields, 1997;
Arabidopsis Genome Initiative, 2000). Another work-around is to compare
complete genome sequence from one organism to more limited data, such as

cosmid-skimming data (shotgun-sequenced cosmid clones), from another.

1.2.3 Human-rodent comparative genomics

The mouse is a popular and valuable model organism for experimental
analysis of mammalian diseases and the mammalian genome (Koop, 1995).
In order to maximise the usefulness of mouse genome data it is important to
understand the relationship of this genome to the human genome.

Currently there are very few long genomic sequences available for gene
order comparisons in vertebrates. Even between human and mouse, only a
few completely annotated BAC-sized sequences from mouse exist in GenBank
for comparison with the human genome sequence.

In a classic study, Nadeau and Taylor (1984) investigated the lengths
of conserved segments (segments of chromosome with orthologous gene
contents) between the mouse and human genomes using a marker-based
approach. They had only partial data (83 homologous genes from both
species), and observed at least 46 (and at most 65) conserved segments,
with an average length of 8.5 centiMorgans (cM). To address the incomplete
nature of the available data they developed a mathematical method to scale
up the estimate of mean length of conserved segments to the whole genome
level which they calculated to be 8.1+ 1.6 ¢cM. This was problematic because
when one only has partial data it is impossible to know how much further
the conserved segments extend beyond the available markers. Furthermore,
some conserved segments may escape detection because there is only one or

no known marker, causing a bias towards detection of larger regions (Nadeau
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and Taylor, 1984).

Using the estimated average length of a conserved segment Nadeau and
Taylor (1984) estimated the number of rearrangement events that have
occurred since the divergence of mouse and human (approximately 100 Mya)
as 178 £ 39. Nadeau and Taylor’'s method seems to be sound because
subsequent studies have not significantly changed the numbers (e.g., DeBry
and Seldin, 1996). In a mathematical assessment of the Nadeau-Taylor
method Sankoff et al. (2000) concluded that the longevity of this estimate
was based on the fundamental robustness of the method.

One assumption fundamental to these calculations is that linked markers
form uninterrupted chromosomal segments. Any region containing at least
two linked markers in both species is assumed to be part of a conserved
segment. This calculation does not allow for intrachromosomal inversions
which means that the estimate of the number of rearrangements is likely
to be substantially lower than an estimate that incorporates inversion
events, especially given the apparent high frequency of small inversion events
(Seoighe et al., 2000; Kumar et al., 2001). The Nadeau-Taylor estimate would
be better interpreted as the number of inter-chromosomal rearrangements.
It is difficult to incorporate small inversions into this model when the data
are still incomplete (Sankoft et al., 2000).

The lengths used by Nadeau and Taylor (1984) were genetic map units
(¢cM), which are proportional to recombination frequencies rather than
physical distances. Despite the similar physical sizes of the human and mouse
genome, the human genome has a total genetic length of 3,300 ¢cM and the
mouse genome has a total genetic length of 1,600 ¢cM which indicates that
the amount of rearrangement may not be equal in the two lineages (Nadeau,
1989). Moreover, the recombination rate per kb is far from uniform over the
human genome (Daly et al., 2001).

Watanabe et al. (1999) produced a genome-wide comparative map of the
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Figure 1.3: Comparative map of rat chromosome 7 (RNOT7) showing
the locations of homologous genes in the mouse and the human genome.
Chromosomes are indicated by a colour code. This figure is part of Fig. 2 of
Watanabe et al. (1999).

rat, mouse, and human genomes containing over 500 genes from the rat
radiation hybrid map. It is evident from Figure 2 of that paper that some
parts of one chromosome in one mammal are related to parts of two different
chromosomes in another species in an interleaved fashion. This is indicative
of small intrachromosomal rearrangement events such as inversions. An
example of this is seen on the q arm of rat chromosome 7, where there is
an alternating series of conserved segments with human chromosomes in the
order HSA12, HSAS8, HSA12, and HSAS8 (Figure[1.3). Rather than inferring
two independent translocation events to insert two HSAS8-like segments into
what might have otherwise been a region of perfect synteny with HSA12,
it is more likely that there was only one translocation event and then one
small inversion, as inversions are thought to occur at a higher frequency than

,2000).

translocations JBIanehette et al., 1996; Postlethwait et al.
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Figure 1.4: Comparison of a portion of mouse chromosome 16 with human
chromosome 22. Red lines indicate genes with the same order and orientation
in the two species, green lines indicate genes that have changed position, and
blue lines indicate genes that have conserved their relative order but have
inverted centromere-telomere orientation. Taken from ‘Lindsay et al. (1999).

Other marker-based studies have revealed local genome rearrangements
on a background of conserved synteny, i.e., gene order was not conserved.

For example, the DiGeorge Syndrome region in mouse and human have

similar, but rearranged, gene content (Lindsay et al., 1999, Figure [1.4)
which can be reconciled by inferring two multi-gene inversions and a single
gene transposition event. Similarly, a region between mouse chromosome

11 and human chromosome 5 has been disrupted by a minimum of four

1997).

rearrangement events (Watkins-Chow et al.,

Sequence-based comparison of the human and mouse genomes has
uncovered regions of high similarity. Dot-matrix DNA sequence comparisons
reveal high levels of sequence similarity, even of the non-coding regions of

homologous human and rodent loci (e.g., the T-cell receptor « loci, and the «

and [-myosin heavy chain genes; Koop, 1995: and Bruton’s Tyrosine Kinase
loci (BTK);

Oeltjen et al., 1997). Based on varying divergence patterns



CHAPTER 1. INTRODUCTION 12

in non-coding DNA comparisons between human and mouse Koop (1995)
suggested a ‘mosaic model’ of evolution of genomes, where large portions of

the genome may evolve at different rates.

1.2.4 Non-mammalian vertebrate genomes

Comparative analysis of the chicken (Gallus gallus) and human genomes
using genetic mapping and chromosome-painting (Zoo-FISH) analysis found
that the number of rearrangements between the human and chicken genomes
is 72, and that human-mouse, and chicken-mouse comparisons revealed 171
and 128 rearrangement events respectively (Burt et al., 1999). Another study
of the chicken and human genomes using chromosome painting experiments
found that there was conserved synteny between human chromosome 4 and
chicken chromosome 4, but that this region was disrupted in the mouse
(Chowdhary and Raudsepp, 2000). Both Burt et al. (1999) and Chowdhary
and Raudsepp (2000) concluded that the chicken and human genomes were
more alike than the mouse and human genomes, and that these genomes
are probably more similar to the ancestral vertebrate genome than is the
mouse genome. Burt et al. (1999) hypothesised three stages of chromosome
evolution in birds and mammals which included an accelerated rearrangement
rate in the rodent lineage analogous to what is observed for nucleotide
substitution rates (Li et al., 1996).

In contrast to mammals, in chicken the female is the heterogametic sex.
There is evidence that the chicken sex chromosome Z (GGA Z) may also
have undergone some inversion events in its history. Of the eighteen genes
currently mapped to GGA Z, eleven have HSA9 orthologues (Nanda et al.,
1999). Comparative maps indicate that rearrangement events on either
GGA Z or HSA9 (or both) have changed the order of these genes.

In a recent analysis a high-resolution human-chicken comparative map

was generated for human chromosome 15 (Crooijmans et al., 2001). This
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analysis identified 6 inter-chromosomal and 15 intra-chromosomal rearrange-
ment breakpoints in the HSA 15 and chicken comparison, and 3 inter-
chromosomal and 15 intrachromosomal rearrangement breakpoints between
HSA 15 and the mouse genome. Scaling up to the whole genome Crooijmans
et al. (2001) estimate that there are at least 600 conserved segments between
the human and chicken genomes.

A comparative analysis of human and zebrafish genomes found a high
level of synteny conservation but that genes with conserved synteny did not
form an uninterrupted conserved segment suggestive of intrachromosomal
rearrangement events (Barbazuk et al., 2000). This analysis found evidence
for 247 conserved segments between the genomes, and the authors estimated
that more complete data would reveal 418 conserved segments. Barbazuk
et al. (2000) suggest that knowledge of conserved synteny arrangements may
be useful for the resolution of ambiguous orthology relationships.

Analysis of the zebrafish genome led several authors to suggest a
tetraploidy event in the history of teleost fishes over 100 Mya (Amores
et al., 1998; Gates et al., 1999). An intragenomic comparison of regions
of chromosomes thought to have been duplicated in the whole genome
duplication event revealed that inversions have disrupted the colinearity of

chromosomes in the teleost lineage (Postlethwait et al., 2000).

1.2.5 Synteny conservation - A selected or a neutral
trait?

Most models addressing the frequency of genome rearrangement events and
the size of conserved segments between any pair of genomes assume that
rearrangement, breakpoints are randomly distributed in the genome, i.e.,
assuming both that all sites in the genome are equally likely to suffer a
breakage mutation, and that selection does not filter out any breakpoints.

The Nadeau and Taylor (1984) model assumed that autosomal rear-
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rangements are randomly distributed within the genome. Lundin (1993)
proposed that chromosomal rearrangement events are common but large,
thereby conserving close linkage arrangements. If this is true then, over
short evolutionary time frames, rearrangement breakpoints will effectively
be distributed randomly in the genome, even if there are some regions of
chromosomes that are being conserved by selection (e.g., the Hox clusters;
Ruddle et al., 1994) because these regions (and other selectively neutral
gene arrangements) may be preserved by stochastic processes rather than
selection. Over longer evolutionary times, randomly distributed breakpoints
should be present at effectively every position in the genome, and so selection
will affect the observed distribution of rearrangement events.

The fact that the Cenorhabditis genomes, C. elegans and C. briggse,
contain operons (Spieth et al., 1993) may have the effect that rearrangement
breakpoints may not be randomly distributed throughout the genome, as
there will likely be selection for conservation of operon structure. The effect
of operons on gene order and synteny conservation will depend on their
frequency, and also on the relative size of the operon and the average size of
a conserved segment. If operons are rare, or are small compared to the size
of conserved segments, then they are unlikely to affect synteny conservation.

At present we have no idea what the size distribution of evolutionary
rearrangements within a taxon looks like. Small inversions in eukaryotes may
be tolerated by natural selection, whereas larger ones may be selected against
because they may interfere with chromosome pairing at meiosis and could
even lead to speciation (White, 1978). If the size distribution of inversions
is affected by selection this could lead to quite different patterns of gene
order evolution in prokaryotes and eukaryotes, with conservation of operon

structures being an important factor in prokaryotes.
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1.2.6 Introns as a tool for investigating genome evolu-
tion

Any sequence not subject to selection will be randomised over evolutionary
time (Kimura, 1983) and should be useful for examining the neutral processes
at work in the genome. Unfortunately, it is often impossible to identify
orthologous stretches of non-coding DNA. Introns are special in this regard
because although they are non-coding (with some exceptions containing
transcribed genes, e.g., Levinson et al., 1990), their orthologous relationship
can be inferred by virtue of their equivalent positions in orthologous genes.
This means that introns may be useful tools for quantifying background noise
in genome comparisons, such as genome compaction, and nucleotide biases.

In an analysis of vertebrate genes Duret et al. (1995) showed that average
gene length varies with G+C content, with genes coding for long proteins
being rare in G4C rich isochores (regions of base composition homogeneity
Bernardi, 1989). Similarly, introns in G+C poor isochores are on average
three times longer than those in G+C rich isochores (Duret et al., 1995;
Hurst et al., 1999). Eyre-Walker (1993) observed that the recombination rate
is highest in regions of high G+C content. Combining these two observations
indicates that introns are, on average, smaller when the recombination
rate is higher. There are at least two competing explanations for this
phenomenon: mutational bias (Duret et al., 1995); and selection (Carvalho
and Clark, 1999). Mutational bias may arise if recombination induces
deletions. Recombination is more frequent in G+C rich isochores and thus
introns in these regions of the genome are more likely to be truncated by a
deletion event than those in G+C poor isochores. The selectionist hypothesis
is based on the premise that introns of extreme lengths (either short or long)
are slightly deleterious. Selection is most efficient when the recombination
rate is high (Nordborg et al., 1996), so the introns in G4C rich regions will

be reduced faster than those in G4C poor regions.
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1.3 Genome content evolution

Genome content is not static. Gene duplication and loss are antagonistic
forces changing the landscape of the genome. The number of genetic loci an
organism can support is dependent on the mutational load, which itself is
proportional to the mutation rate (Kimura, 1983). A virus with few genetic
loci can tolerate a high mutation rate without risking extinction, whereas
mammalian species with an average mutation rate per locus per generation
of 1075 (Kimura, 1983) may not be able to support more than 100,000 genetic
loci (Ohno, 1985; Eyre-Walker and Keightley, 1999).

The most common mechanism for the origin of new genes is the
duplication of existing ones. Gene duplication events may vary in extent,
and frequency: small tandem duplications appear to be quite common
and larger sub-genomic to whole genome duplications appear to be rarer
events. Possible mechanisms for gene duplication are unequal crossing over,
replicative transposition, and replicative translocation (Ohno, 1970; Nei,

1987).

1.3.1 Genome duplication

Whole genome duplication is an attractive model because it can explain
increases in genome complexity which are rapid and without the interference
of dosage effects of genes, as all genes will retain their relative dosages directly
after a polyploidy event. Immediately following a genome duplication event
the proteome is increased quantitatively, but not qualitatively. Cells in
polyploids are generally larger than those in diploids (e.g., Gallardo et al.,
1999). The redundancy provided by such an event potentially supplies raw
material for the development of new functionality on a grand scale. Ohno
formalised this theory in his 1970 book (Ohno, 1970), and his name is thus
fundamentally associated with evolution through genome duplication (c.f.

‘Ohnologue’ for one of a homologous pair of genes generated through genome
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duplication; Wolfe, 2000).

Autopolyploidy, i.e., a genome doubling itself, copies every gene in the
genome simultaneously. A single autotetraploidy event produces a symmetric
genome with every gene present in two copies and with each gene in an
identical context to its pair, including neighbouring genes and neighbouring
regulatory sequences. At this point all loci will be segregating tetrasomically
(i.e., each locus contains four alleles). As the genome reverts to disomic
inheritance (i.e., contains two alleles at each locus) the former tetrasomic
locus will turn into two separate disomic loci, which are free to diverge
from each other. Any subsequent analysis of gene pairs resulting from
autopolyploidy should find that their divergence times date to the onset
of disomic inheritance (Gaut and Doebley, 1997).

An allotetraploid results from a hybridisation between two diploid species.
The loci will not usually be tetrasomic, as the chromosomes are too dissimilar
to form tetravalents at meiosis. The loci started diverging at the time of
divergence of the two species, and so are older than the genome-doubling
event. Any phylogenetic analysis of the paralogues within the genome should
date the gene divergence to the time of the parental species’ divergence (Gaut
and Doebley, 1997).

A segmental allotetraploid is one in which the two species that underwent
hybridisation had not completely diverged, so some loci will be tetrasomic,
and some will be disomic. At a tetrasomic locus, the sequences (alleles)
contributed by each parent genome will have started diverging at the time
of speciation, but as they are now alleles the same locus, may be subject to
genetic drift, and so fixation of particular alleles may occur at random (Gaut
and Doebley, 1997). Depending on the speed of diploidisation of these loci
and thus the time allowed for genetic drift, alleles may retain a copy of each
parental allele, or may become fixed for one or other parental allele (Gaut

and Doebley, 1997; Wolfe, 2001). In the former case the divergence of the
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paralogous disomic loci will date to the time of parental speciation, and in
the latter case the date of loci divergence will date to the time of restoration

of disomic inheritance.

1.3.1.1 Reasons to be polyploid ... 1,2,3

Ideas about the advantages of a polyploid episode in the evolutionary
history of a species or group of species are based on speculations concerning
evolutionary novelty, fitness, and efficiency. The most widely circulated of

these can be summarised as follows:
1. Produce new genes (Ohno, 1970)
2. Duplicate entire biochemical pathways (Ohno, 1970)

3. Resist inbreeding and survive population bottlenecks (Li, 1980; Allen-
dorf and Thorgaard, 1984)

Ohno (1970) argued that the most efficient way to make new genes is
by duplication of existing genes. Polyploidy is guaranteed to duplicate all
genes in every biochemical pathway which may facilitate the divergence
of biochemical processes. Such a collective duplication would be highly
unlikely by any other means unless the genes were closely linked on a single
chromosome. Furthermore, in cases where the relative quantities of gene
product need to be balanced, duplication by genome doubling will preserve
relative dosage relationships. These arguments are often used to explain the
high frequency of polyploidy in nature.

Another advantage to polyploidy is that it buffers the genome against the
effects of genetic drift (Li, 1980; Allendorf and Thorgaard, 1984). There are
twice as many copies of each gene in a tetraploid with tetrasomic inheritance,
which means that a tetraploid population can tolerate a higher frequency of
recessive deleterious alleles. The frequency of the recessive phenotype will be

¢* in the tetraploid as compared to ¢? in the diploid, where g is the recessive
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allele frequency. This means that for diploid and tetraploid populations of
similar small size, the tetraploid population will have a greater chance of

surviving a population bottleneck than a diploid population.

1.3.2 The fate of duplicated genes

Theoretically there are three possible fates of a duplicated gene: it may
acquire a new function (neofunctionalisation); it may retain only one of
the functions or expression patterns of the progenitor gene (subfunction-
alisation); or it may fix a null allele and thus become a pseudogene
(nonfunctionalistion) (Force et al., 1999).

Intuitively, one of the primary drives to develop the theory of gene and
genome duplication was to explain the origin of new gene functions by
inferring reduced selective constraints on duplicated genes. This supposed
freedom to mutate may not be relevant in reality because a high proportion
of amino acid substitutions will have a dominant negative effect, and the
only acceptable mutations will be synonymous, or recessive (Hughes, 1994;
Gibson and Spring, 1998). Analysis of duplicated loci in Xenopus levis and
zebrafish indicated that most of the genes were subject to purifying selection
(Hughes and Hughes, 1993; Van de Peer et al., 2001). Although there is
some evidence for positive selection on Hoz genes (Van de Peer et al., 2001),
it appears that for most duplicated genes there is no acceleration of the
substitution rate as might be expected if redundancy truly afforded them
the freedom to accumulate previously forbidden mutations (Ohno, 1970).

Any kind of gene duplication will generate redundancy in the genome.
In some cases, the resulting increased amount of gene product appears
to confer enough selective advantage to preserve duplicate copies of genes
(e.g. ribosomal proteins have been preserved in duplicate in yeast yet are
often 100% identical, so cannot be functionally diverged: Seoighe and Wolfe,

1999b). Whereas, in other cases, gene silencing seems inevitable unless some
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change occurs in the duplicated loci to ensure their preservation. This change
could be the divergence of protein sequence between the copies, or divergence
of regulatory elements of the gene. Alternatively, redundant genes which
appear to be ‘dispensable’ may be preserved simply by virtue of stochastic
processes (e.g. the serum albumin gene: Ohno, 1985).

If one copy of a duplicate locus becomes fixed for an advantageous
mutation, then selection will confer some protection on it from subsequently
fixing a null allele (Walsh, 1995). The early life of a duplicate locus can
be considered as a race between fixing an advantageous mutation, or fixing
a null one. Both neofunctionalisation, and subfunctionalisation (discussed
below) are advantageous to the locus in question because they will give rise
to selective forces that will act to preserve the locus by selecting against null
or deleterious mutations.

Most models addressing the fate of duplicated genes only considered two
outcomes: gene silencing, or neofunctionalisation of one copy (e.g., Walsh,
1995). Force et al. (1999) emphasised a model which could reconcile the
apparent contradictions of the unexpected high incidence of preservation
of duplicate genes, the low mutation rate, and the frequency of duplicate
loci having different functions. They called their model ‘Duplication-
Degeneration-Complementation” (DDC) or, subfunctionalisation.

In the subfunctionalisation model of Force et al., degenerative mutations
may actually contribute to the preservation of a duplicate locus. The key
novelty of this model is that rather than attributing different expression
patterns of duplicated genes to neofunctionalisation, they attribute it to a
partial (complementary) loss of function of each duplicate, so that combined
they retain the complete function of the pleiotropic original gene, but neither
of them alone is sufficient to provide full functionality. This model is an
expansion of an idea proposed by Li (1980) and is similar to a model

proposed by Hughes (1994) where he talks about the partitioning of the
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parent gene’s functions between the daughter genes. Force et al.’s model
emphasised subfunctionalisation of regulatory elements of genes, whereas
Hughes’ emphasised protein sequence divergence, but the principle is the
same. This model requires that at least one mutation occurs at each duplicate
locus and that they are complementary mutations (such as were observed in
the cut locus of Drosophila: Force et al., 1999, and references therein).

Despite the preservative influences discussed above, the most common
fate of a duplicated gene appears to be silencing. This is evident from
the short half-life of duplicate genes (Lynch and Conery, 2000, 2001) and
from recent polyploid genomes where only a small proportion of the genes
remain in two copies. For example, in yeast only 8% of the genes of the
pre-duplication genome remain in duplicate (Seoighe and Wolfe, 1998). For
Arabidopsis one estimate is that 14% of the genes of the pre-duplication
genome remain in duplicate (Vision et al., 2000).

The theoretical expectation for the retention of duplicate genes is
dependent on the effective population size (N.), and the ratio (p) of
advantageous to null mutation rates (Walsh, 1995). When the effective
population size is small the probability of retention of both duplicates, P(r),
is effectively equal to p. For larger N, the probability of retaining both copies
of a gene will be proportional to N.p. For convenience 4/N,s is written as S,
where s is the selective advantage of advantageous mutations. Walsh (1995)

showed that:

_ =S -1
P(r) = (1 P +1> (1.1)

In an analysis of duplicate genes from various taxa, Lynch and Conery
(2000) estimated that there is a high turnover of duplicate genes in eukaryotic
genomes. Their analysis provoked some criticism both of their data set

and their methods (Long and Thornton, 2001; Zhang et al., 2001) and
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upon re-analysis of their data Lynch and Conery (2001) concluded that the
average half-life of a duplicate gene is 23.4 million years (rather than the
previous estimate of 3.2 million years). However, their conclusions remained
unchanged: that the rate of origin of gene duplicates in eukaryotic genomes
is high; and that most duplicates have a relatively short life.

There is some evidence that the rates of attrition will be faster if there are
more than two loci with the same function. Li (1980) provides a theoretical
argument in favour of this hypothesis, and evidence from the Hox clusters of
Fugu and zebrafish appear to support this claim. The Hoz clusters of these
bony fish were probably duplicated in a whole genome duplication event to
give rise to eight clusters (Amores et al., 1998; Gates et al., 1999). Despite
this, these fish do not have substantially more genes in their Hox clusters
than we see in the mammalian genome. In Fugu the eight clusters were
resolved to four Hox clusters, two HozA clusters, and HozB and C (Aparicio
et al., 1997) containing in all 31 genes (compared to 39 in mammalian Hox
clusters). The resolution of the eight Hox clusters proceeded differently in
the zebrafish genome where there are seven clusters containing a total of 49

genes (Amores et al., 1998).

1.3.3 Evidence for genome duplication in eukaryotes

The predictions of a genome duplication model are unclear. They are highly
dependent on the unquantified rates of post-genome-duplication events such
as independent gene duplications, gene losses, and genome rearrangements.
Depending on the contributions of these scrambling factors, a paleopolyploid
genome (degenerate polyploid genome) may look more or less like the
symmetric genome that existed immediately after duplication. Due to the
frequency of duplicate gene loss (Lynch and Conery, 2000, 2001), and of
genome rearrangement, a paleopolyploid may actually only have a small

proportion of its genes present in two copies, and of these only a subset
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may be conserved in their original context of neighbouring genes. Despite
these confounding influences, strong evidence for a polyploid past has been
found for several eukaryotic genomes including fungi (baker’s yeast; Wolfe
and Shields, 1997), plants such as maize (Ahn and Tanksley, 1993; Gaut
and Doebley, 1997), and Arabidopsis (Arabidopsis Genome Initiative, 2000;
Blanc et al., 2000; Paterson et al., 2000; Vision et al., 2000), and animals such
as zebrafish (Amores et al., 1998; Gates et al., 1999), and Xenopus (Hughes
and Hughes, 1993; Flajnik and Kasahara, 2001).

Evidence for genome duplication in eukaryotes not only illustrates the
strength of the theory of evolution by genome duplication (at least for some
taxa), but, by a kind of circular logic, gives us insights into the characteristics
of a paleopolyploid. Details of some of these genomes are given in the next

sections.

1.3.3.1 Paleopolyploidy in the Saccharomyces cerevisie genome

Shortly after the public release of the complete proteome of baker’s yeast
Saccharomyces cerevisie of 6000 genes (Goffeau et al., 1996) this model
organism, selected for sequencing because of its small genome, was shown to
be a degenerate polyploid (Wolfe and Shields, 1997). This apparent paradox
is resolved by the fact that only approximately 8% of the genes of the pre-
duplication genome remain in two copies (Seoighe and Wolfe, 1998).

Wolfe and Shields adopted a map-based approach to analyse the du-
plication history of the S. cerevisie genome, and compared the relative
position and orientation of paralogous genes within the yeast genome.
Using this method they identified 55 blocks of similar gene content with
almost conserved gene order and orientation (with some allowance for
small inversions). This work was updated by Seoighe and Wolfe (1999a)
who identified 52 paired regions in the genome, and a further 32 possible

paired regions. The absence of overlapping blocks, and the conserved
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orientation relative to the centromere, support the hypothesis of whole
genome duplication.

Some authors (e.g., Llorente et al., 2000) propose an opposing interpreta-
tion of the duplicates in the yeast genome. They argue for an alternative
model of sequential segmental duplications. The two complementary
models can be distinguished because they make different predictions about
the presence of overlapping blocks, and about the relative orientation of
blocks. Additional evidence for a genome duplication rather than segmental
duplications in yeast comes from the observation that 50 out of 55 of
the blocks have conserved orientation relative to the centromere (Wolfe
and Shields, 1997). This observation is only compatible with a segmental
duplication model if one invokes a model of preferential insertion or survival
in a particular orientation (Wolfe, 2001).

El-Mabrouk (2000) developed an algorithm to reconstruct the post-
duplication genome by retracing genome rearrangements. Applying this
algorithm to the yeast genome, and assuming polyploidy to be true, she
concluded that a minimum of 45 rearrangement events were required to

retrieve the symmetric genome (El-Mabrouk, 2000).

1.3.3.2 Paleopolyploidy in the Arabidopsis genome

Like yeast, Arabidopsis was chosen for sequencing because it is a supposedly
streamlined, compact genome (Meyerowitz, 2001). Almost immediately upon
sequencing it was noticed that there are large internal repeats in the genome
(Lin et al., 1999; Mayer et al., 1999; Terryn et al., 1999; Arabidopsis Genome
Initiative, 2000) suggestive of a polyploid history of this genome which was
surprising in view of its relatively small genome size of 125 Mb.

Conserved regions between chromosomes may become apparent as signif-
icant diagonals in a chromosome wvs. chromosome dotplot. This approach

was adopted at the nucleotide level by several groups of researchers (Lin
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et al., 1999; Blanc et al., 2000; Paterson et al., 2000) and at the protein
level by others (McLysaght et al., 2000b; Wolfe, 2001). Both approaches
revealed prominent diagonal lines relating portions of different chromosomes
to each other. Close inspection of the first two Arabidopsis chromosomes to
be sequenced and available portions of other chromosomes showed evidence
for tandem gene duplications and genome rearrangement events that post-
date the polyploidy event, thus disrupting the symmetry of the genome (Lin
et al., 1999; Wolfe, 2001).

Different analyses of this genome arrived at contrasting conclusions
regarding the number and timing of genome duplications in Arabidopsis. One
early analysis of the Arabidopsis genome compared the 80% complete genome
with sequences from the tomato genome. The authors inferred two major
duplication events, one 112 Mya, and another 180 Mya (Ku et al., 2000).
The Arabidopsis Genome Initiative (AGI) subsequently reported that there
were 24 duplicated segments in the genome none of which were triplicated
and supposed that these might have been formed in the more recent of the
two polyploidy events proposed by Ku et al.. By contrast Vision et al.
(2000) identified 103 putatively duplicated blocks with extensive overlaps
and postulated several rounds of whole genome duplication in the history of
this plant. Both in this study and in their previous analysis (Ku et al., 2000),
Vision and colleagues used the assumption of a molecular clock to date gene
duplication events. The validity of this approach has been challenged for its
reliance on the assumption of a constant rate of evolution at non-synonymous
sites in all genes (Wolfe, 2001). Another contender for the date of the
genome duplication in the plant lineage comes from an analysis of duplicate
eukaryotic genes by Lynch and Conery (2000) who reported a ‘conspicuous
peak’ at about 65 Mya in an age distribution based on substitutions at
synonymous sites of duplicate Arabidopsis genes.

Despite these disagreements about timing and mode, the genome map
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comparisons in these analyses leave a weight of evidence in favour of a
polyploid past for this plant genome; the differences of opinion concern only

the number and timing of polyploidy events.

1.3.4 Genome duplication in an ancient vertebrate -

The 2R hypothesis

In his 1970 book Ohno proposed that there may have been one or more whole
genome duplications in the vertebrate lineage. He postulated that genome
duplication in the vertebrate lineage provided a platform for increasing the
sophistication of the vertebrate genome and thus increasing morphological
complexity. It may be particularly powerful because all genes in a biochemical
pathway will be duplicated simultaneously. Ohno was not specific about how
many events occurred. The most popular form of this hypothesis is that there
were 2 Rounds of genome duplication early in the vertebrate lineage, which
has recently become known as the 2R hypothesis. The hypothesis in this form
was proposed by Holland et al. (1994). There is no absolute consensus on the
timing of these events, but the majority of references in the literature put one
of these events immediately before, and one immediately after the divergence
of agnathans from the lineage leading to tetrapods (Skrabanek and Wolfe,
1998, Figure 1.5). These timings are speculative and were probably chosen
to coincide with major evolutionary transitions that they were thought to
have facilitated. The lower limit on the timing of genome duplication is set
by the observation of only a single Hox cluster in the invertebrate chordate
Amphiozus compared to four clusters in vertebrates (Garcia-Fernandez and
Holland, 1994). As an upper limit, it seems unlikely that genome duplications
would be viable in the mammalian lineage. Theory predicts that a genome
duplication in an organism with a chromosomal basis of sex-determination
(such as that of mammals) will result in sterility of the heterogametic sex, and

thus inviability (Muller, 1925). Indeed the only known tetraploid mammal,
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Figure 1.5: Summary of proposed timings of duplication events in the
vertebrate lineage. Shaded boxes indicate proposed genome duplications.
The hatched box indicates a proposed wave of gene duplications. The circle
indicates the time of origin of vertebrates. The species tree is not to scale.
This figure is taken from Skrabanek and Wolfe (1998).

a South-American rodent, has duplicated copies of every chromosome except
the X chromosome (Gallardo et al., 1999).

At the time of writing his book there was little evidence to support Ohno’s
claim. Very few protein sequences were known, and the hypothesis was based
largely on genome size comparisons and matching patterns of cytogenetic
bands. Much of the evidence which prompted Ohno to suggest a genome
duplication event has lost merit in the light of our current understanding of
genetics and genomes. For example, differences in genome sizes is largely due
to increased amounts of non-coding DNA rather than an increased number
of genes; and cytogenetic bands, whose patterns were used to list human
chromosomes in pairs (Comings, 1972), are not indicative of the underlying

gene content.
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The debate on the 2R hypothesis to date has been a war of words between
the phylogeneticists and the cartographers. As a general rule, phylogenetic
methods come out against the genome duplication hypothesis (e.g., Hughes,
1998, 1999b; Martin, 1999; Hughes et al., 2001; Martin, 2001), whereas map-
based studies come out in favour (e.g., Lundin, 1993; Spring, 1997).

There are two main arguments used to support the theory of genome
duplication in an early vertebrate: that there should be four vertebrate
orthologues of each invertebrate gene, the so-called ‘one-to-four rule’ (Spring,
1997; Meyer and Schartl, 1999; Ohno, 1999); and that paralogous genes are
clustered in a similar fashion in different regions of the genome (e.g., Martin

et al., 1990; Lundin, 1993).

1.3.4.1 The one-to-four rule

The one-to-four rule was first proposed by Jirg Spring (1997). He listed
human paralogues present on different chromosomes and their Drosophila
orthologues, and surmised that the maximum ratio of human to Drosophila
genes was four. These ‘tetralogues’ seemed to bear the hallmark of a genome-
wide event because they were discovered on all 23 female human chromo-
somes. The observation of 2:6, and 2:5 Drosophila:human genes contradicts
this hypothesis and Spring suggested that more complete genome sequences
would provide the data that can split these families into ‘tetrapacks’.

The first extensive examination of the one-to-four rule using almost
complete proteomes from D. melanogaster, C. elegans, and human, showed
no excess of four-membered vertebrate gene families (Lander et al., 2001,
Fig. 49; and Venter et al., 2001, Fig. 12, reproduced here in Figure [1.6).
Furthermore, the observation of gene families with five or more members
directly contradicts the expectations of Spring (1997) that membership
would be ‘maximally four’. It appears that the one-to-four rule is an

over-simplification of the history of the vertebrate genome. These data
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can of course be explained by hypothesising two genome duplications on
a background of independent gene duplication and loss. However, as it is
impossible to distinguish genome duplication from gene duplication on the

basis of gene family size alone, this measure is simply uninformative.

1.3.4.2 Paralogous chromosomal segments

The analysis of paralogous regions of the human genome is based on the
assumption that, although it is expected that many rearrangements will have
occurred in the time since the two duplication events envisaged by the 2R
hypothesis, there should still be detectable remnants of the 4-way paralogy
between some chromosomes, i.e., some portions of some chromosomes should
remain almost intact in four copies. This principle seems correct, though
these studies have suffered for want of extensive genomic data. Finding as
few as two genes in several linked clusters in a genome of over 30,000 is hardly
overwhelming evidence for a genome duplication event (e.g., Martin et al.,
1990). Objections that these observations can easily be explained by regional

duplications of segments of chromosomes must be entertained.

MHC locus - HSA 1, 6, 9, 19 The observation of paralogous regions
around the MHC locus on human chromosomes 1, 6, 9, and 19, led to
the suggestion that these were duplicated by whole genome duplication
events at the base of the vertebrate lineage (Kasahara et al., 1996; Katsanis
et al., 1996; Kasahara et al., 1997; Flajnik and Kasahara, 2001). This
was further supported by the finding of only a single related cluster in
Amphiozus (Flajnik and Kasahara, 2001). Ten members of particular gene
families are present on chromosomes 6 and 9, and four of these are also
represented on chromosome 1. The claim that this arrangement resulted from
several rounds of polyploidy was refuted by Hughes (1998) using phylogenetic

analysis of the nine families with sufficient data (Retinoid X receptor

(RXR); a pro-collagen (COL); ATP-binding cassette (ABC) transporter;
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Proteasome component 3 (PSMB); Notch; Pre-B-cell-leukemia transcription
factor (PBX); Tenascin (TEN); C3/C4/C5 complement components; Heat
shock protein 70 (HSP70)). However, Hughes’ analysis did indicate that this
arrangement could be partly due to block duplication. Trees of these families
showed that five (RXR, COL, PBX, TEN, C3/4/5) of the nine families with
sufficient phylogenetic information could have duplicated simultaneously, and
that this timing was consistent with a duplication in early vertebrate history
550-700 Mya. The phylogenetic analysis indicated that the four genes on
chromosome 1 probably duplicated as a block. Similarly, a phylogenetic
analysis by Endo et al. (1997) rejected the hypothesis that the 11 gene
pairs on chromsomes 6 and 9 were duplicated in a single event, but did
support the simultaneous duplication of six of the pairs. However, analysis
of the remaining genes showed that the ABC transporter genes diverged
before the origin of eukaryotes, the PSMB and the HSP70 gene families
both originated before the divergence of animals and fungi, and the Notch
genes diverged before the origin of deuterostomes (Hughes, 1998). Obviously
these gene families did not arise as part of a block duplication event at the
base of the vertebrate lineage. However, it can still be argued that these
results are consistent with block duplication of this region if one assumes
that there was an ancient tandem duplication of some of these genes, and
after block duplication there was differential loss of one of the tandems, so
that the divergence date of paralogues on two different chromosomes is that
of the tandem duplication event rather than of the block duplication event

(Kasahara et al., 1996; Smith et al., 1999).

HSA 4, 5, 8, 10 Pebusque et al. (1998) reported the presence of
paralogous genes on human chromosomes 4, 5, 8, and 10. In contrast to
the analysis of the genes around the MHC discussed above, this study was
based on a combination of phylogenetic and map-based methods. These

genes are linked on the human chromosomes, with the exception that
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there is one family member on each of chromosomes 2, and 20, which
require genome rearrangements to be reconciled with a block duplication
event. The phylogenetic analyses consistently showed that these gene family
members diverged in the vertebrate lineage and so are consistent with the 2R
hypothesis of genome duplication. This conclusion was criticised by Martin
(1999) who pointed out that the gene trees of the ankyrin family and the
EGR (Early growth response) family indicated different histories for their
host chromosomes. The ankyrin gene tree groups chromosome 4 and 10 to
the exclusion of chromosome 8, whereas the EGR gene tree groups 8 and
10 to the exclusion of all others. This contradicts the expectation that the
family members on each chromosome have had a shared history since the

block duplication event.

Other regions Some of the supposed paralogous regions of the ver-
tebrate genome that can be found listed in the literature are based
on rather sparse evidence. For example Gibson and Spring (2000) list
human chromosomes X, 4, 5, and 11 as a possible paralogous quar-
tet based only on the presence of members of two gene families (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and andro-
gen/mineralocorticoid /glucocorticoid /progesterone nuclear receptors) on all
of these chromosomes.

The colinearity of the four vertebrate Hox clusters provide the strongest
map-based evidence of block duplication known. Phylogenetic tests of the
relationship of the Hox clusters to each other are discussed in detail in
section [1.3.4.3| overleaf.

The arguments for paralogous regions as remnants of block duplication
events have suffered from sloppy methodology in some cases. As described
above, Kasahara et al. (1996) included some quite ancient genes in the region
they supposed to have been duplicated at the base of the vertebrate lineage.

A worse failing was in the possible paralogous regions reported by Lundin
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(1993) which included some genes that are not homologous (e.g., the malate
dehydrogenase genes on chromosomes 2 and 7 are not homologues despite
sharing similar names: Hughes et al., 2001). In general, the unforgiving
methods of phylogeneticists save them from this disgrace because a bad
homology definition becomes immediately obvious upon inspection of the
tree. This does not mean, however, that map-based studies, with a carefully
applied methodology, are impotent in addressing the question of block

duplications.

1.3.4.3 Phylogenetic analysis of the 2R hypothesis

In its simplest form, the hypothesis of two rounds of genome duplication
predicts a symmetric (A,B)(C,D) phylogenetic tree topology (where A, B,
C, D, represent any four-membered gene family), with the age of the AB
split the same as the age of the CD split, thus displaying the history
of successive genome duplications. The alternative hypothesis, that of
sequential gene duplication, will not always predict a symmetric topology.
Under a sequential duplication model a four-membered family must arise
from the duplication of one member of a three membered family. There is
only one possible topology for three sequences, namely (A(C,D)). Duplication
of gene A will result in a symmetric topology, and duplication of either C or
D will result in an asymmetric topology. Assuming that all three genes are
equally likely to be duplicated, sequential gene duplication will give rise to a
symmetric (A,B)(C,D) topology 1/3 of the time, and an asymmetric topology
(A((B,C)D)) or (A(C(B,D))) the remaining 2/3 of the time (Figure [1.7).
The quadruplication of the Hox cluster is the icon of the 2R hypothesis.
There are four colinear Hox clusters in the the vertebrate genome (Kappen
et al., 1989), but only one in the invertebrate chordate Amphiozus (Garcia-
Fernandez and Holland, 1994). Phylogenetic analysis of the clusters showed
that they duplicated early in vertebrate history (Zhang and Nei, 1996). It
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Figure 1.7: Alternative phylogenetic tree topologies of four-membered
families resulting from sequential gene duplication or genome duplication.
Grey arrows indicate the nodes that are critical to define the symmetry or
asymmetry of the topology. (A) Phylogenetic tree topologies resulting from
duplication of one member of a three-membered gene family. Three different
trees result. The tree from the duplication of gene C and that from the
duplication of gene D have asymmetric topologies. (B) Phylogenetic tree
topologies resulting from two whole genome duplication (WGD) events. All
genes are duplicated at each step, resulting in a symmetric tree topology.
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seems certain that these clusters duplicated en bloc. The question is whether
they arose by genome duplication events, or by sub-genomic duplication
events, or a mixture of both. In the analysis of Zhang and Nei (1996) Hoz
clusters C and D were grouped with a high bootstrap, but there is not enough
information in the alignments of the 61 amino acids of the homeodomain
to resolve the phylogeny further. Instead, Bailey et al. (1997) analysed
the relationship of the linked fibrillar-type collagen genes which presumably
shared the same duplication history. Assuming the collagen genes have a
shared history with the Hoz clusters, then the results can be interpreted
as a topology (outgroup(HoxzD(HozA(HoxB,HoxC)))), which contradicts the
grouping of HoxC' and HoxD found by Zhang and Nei (1996). This is contrary
to the expectations of the 2R hypothesis which predicts a symmetric topology,
but may be explained by three rounds of genome duplication with loss of 4
clusters, or by independent cluster duplications (Bailey et al., 1997).

In a phylogenetic analysis of the human Hoz-bearing chromosomes (2, 7,
12, 17) Hughes et al. (2001) examined 35 gene families with members on at
least two of the Hox chromosomes. 15 of these families could be classified as
either pre-vertebrate, or post-mammalian and so are inconsistent with the
2R hypothesis. For the remaining 17 gene families the tree topologies did
not exclude duplication at the same time as the Hox clusters. There were
15 of these for which the molecular clock was not rejected and estimates
for the divergence dates of these gene families were calculated. Six of
the gene families were dated to within the time of divergence of the Hozx
clusters 528-750 Mya (as defined by lineage divergences), and two others had
divergence estimates that were not significantly different from the time of Hox
duplication. Phylogenies of gene families with members on at least three of
the four Hox bearing chromosomes did not reveal a common topology for the
relationship of these chromosomes.

Hughes (1999b) and Martin (2001) employed similar methodologies to
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test the phylogenies of gene families listed as illustrations of the one-to-four
rule (Sidow, 1996; Spring, 1997) for congruence with the 2R hypothesis (i.e.,
whether or not they displayed a symmetric topology, and if they duplicated
in the vertebrate lineage). The symmetric topology was only observed in a
small minority of the cases (one out of nine trees in Hughes, 1999b; and two
out of ten trees in Martin, 2001), although in Martin’s analysis seven of the
eight minimum-length trees that were not symmetric were not significantly
shorter than a symmetric tree.

Variations on the 2R hypothesis result in different predictions for the
phylogenies of vertebrate gene families. For example, if vertebrate genome
doubling occurred by allopolyploidy (i.e., hybridisation of two species, as has
been suggested, Spring, 1997) or by segmental allopolyploidy (i.e., behaving
as an autopolyploid at some loci, and as an allopolyploid at others) then
a single genome doubling event will produce paralogues with two different
coalescence dates (Gaut and Doebley, 1997; Wolfe, 2001). Alternative models
hypothesise that the two rounds of genome duplication may have occurred in
short succession and thus not allowing the diploidisation procedure time to
complete before the second genome duplication event. This would result in
some tetrasomic loci, and some octasomic loci in the quadruplicated genome

(Gibson and Spring, 2000).

1.3.5 Diploidisation

Diploidisation is a natural consequence of polyploidy. With some rare
exceptions (e.g., some loci of recent salmonid tetraploids; Allendorf and
Thorgaard, 1984) all hypothesised paleopolyploid genomes have reverted
to disomic inheritance at all loci. There is an increased incidence of
non-disjunction of chromosomes when they form multivalents rather than
divalents, so selection for increased fertility probably causes the reinstatement

of disomic inheritance (Allendorf and Thorgaard, 1984).
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Immediately after autotetraploidy all loci in the genome will be tetra-
somic. These duplicated genes will not separate into two independently
diverging loci until disomic inheritance is established (Ohno, 1970). This is
important for our interpretation of what a paleopolyploid genome should look
like because one of the properties we test in assessing genome duplication is
the synchronicity of divergence of duplicated loci. Depending on the manner
and speed of diploidisation this may or may not be an appropriate test for a
paleopolyploid genome.

In a diploid organism, chromosomes are arranged in pairs at meiosis (i.e.,
chromosomes are bivalent). These pairs can exchange segments of DNA
by recombination, and drift and gene conversion maintain a high degree of
similarity between most alleles. In a tetraploid genome, chromosomes are
arranged in tetravalents, rather than pairs, at meiosis. Diploidisation can be
reduced to a problem of chromosome association. By what mechanism does a
genome convert from forming chromosome quartets to forming chromosome
pairs, i.e., from tetraploid, to diploid behaviour?

The answer to this question probably lies in a deeper understanding of the
mechanisms of chromosome association. Is chromosome sequence divergence
a cause or a consequence of diploidisation? If chromosome association
occurs by homologous sequence attraction, then sequence divergence (by
chromosome rearrangements) will cause diploidisation of chromosomes. On
the other hand, if chromosome association is controlled by some other
mechanism, such as attraction of homologous centromeres or telomeres,
then chromosomal rearrangements may allow the independent evolution of
the relocated loci and their previous partners in a tetrasomic locus, as
separate loci without actually causing the diploidisation of the chromosomes
in question.

The Y chromosome is unusual in the human genome because it is partially

diploid (at the pseudoautosomal region), and the rest is haploid. Lahn
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and Page (1999) examined the evolution of the human sex chromosomes.
They identified homologous genes on the human X and Y chromosomes
which would have been part of the same locus when these chromosomes
behaved autosomally (the sex chromosomes are thought to have evolved
from autosomes; Graves, 1996). They measured the amount of divergence
at synonymous sites (K) between homologous gene pairs. From this they
found that the homologues were in four ages classes arranged sequentially
along the X chromosome. They interpreted this as the result of inversions
of large sections of the Y chromosome, leaving the X intact, which had
the effect of suppressing recombination between these portions of the
chromosomes. These chromosomes have diverged substantially, and most
of the Y chromosome loci are haploid. The X and Y chromosome still pair
at meiosis (at the pseudoautosomal region), and thus behave like diploid
chromosomes, yet most of the loci are haploid. It may be the case that
chromosomal tetravalency and locus tetrasomy can be separated in the same
way.

The wheat genome (Triticum estivum) is hexaploid, the three contrib-
utory genomes being labelled A, B, and D. There is evidence for genetic
control of chromosome association in wheat through the Phl locus on
chromosome V of the B genome (Riley and Kempanna, 1963). In the
presence, but not the absence of a particular allele of this locus, non-
homologous associated centromeres separate at the beginning of meiosis
(Martinez-Perez et al., 2001). The Ph1 locus probably acts to amplify the
differences between non-homologous chromosomes.

The most widely accepted hypothesis is that diploidisation proceeds by
structural divergence of chromosomes. Allendorf and Thorgaard (1984)
discuss a model whereby some loci may appear disomic while others
apparently segregate tetrasomically. In their model they assumed that

chromosome pairing occurred at the telomeres, but it can be easily modified
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to assume centromere association as is indicated from the study of the wheat
genome (Martinez-Perez et al., 2001). The model of residual tetrasomic
inheritance hypothesises that there are two stages of chromosome pairing.
The first stage will allow pairing between homoeeologous chromosomes
(partially similar chromosomes), thereby allowing recombination events
between paralogous loci on different chromosomes. The second stage of
pairing in this hypothesis resolves non-homologous chromosome pairing, and
ensures that each gamete receives one copy of each chromosome in the normal
manner. Evidence in support of this model comes from the observation
of Martinez-Perez et al. (2001) that some non-homologous centromeres are
associated just before the beginning of meiosis. This model predicts that
loci closer to the point of association of the chromosomes (i.e., closer
to the centromere) will retain residual tetrasomic inheritance longer than
others. For any locus, the likelihood that it behaves disomically rather than
tetrasomically in a particular meiosis will be correlated with its distance from

the centromere.

1.4 Aim

The aim of this thesis is to analyse evidence for mechanisms of genome
evolution in the vertebrate lineage. In Chapter [3 genome rearrangement
in vertebrate genomes is analysed through a comparative genomics study of
the pufferfish (Fugu) and human genomes. In Chapter 4 an intragenomic
comparison approach is used to examine genome content evolution in the

vertebrate lineage.



Chapter 2

Methods in Genome Analysis

This chapter provides an introduction to some of the concepts and methods

used throughout this thesis.

2.1 Identifying homologues

Homologous sequences are related by descent from a common ancestor.
Highly similar sequences are often, but not always, homologous; and
homologues are often, but not always, highly similar. Similar sequences
that are not homologous, are called analogues, and arise from convergent
processes. There are no degrees of homology. Sequences are either related
by descent, or they are not (Reeck et al., 1987; Fitch, 2000).

Orthologues are a subset of homologues where sequence divergence has
occurred after a speciation event, ¢.e., the common ancestor of the two
sequences lies in the common ancestor of the species from which the sequences
were obtained (Fitch, 1970). The true phylogeny of orthologues is identical
to the true phylogeny of the species from which they were obtained (Fitch,
2000).

Paralogues are homologues resulting from a gene duplication event (Fitch,

1970), and may co-exist in the same genome. These genes are paralogues of

40
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each other, but both are orthologues (sometimes called semi-orthologues or
co-orthologues; Sharman, 1999; Taylor et al., 2001a) of the equivalent gene
in lineages that diverged prior to the gene duplication.

Because homology is defined by descent and descent only, it is not
possible to define a percent identity threshold which differentiates the
homologous from the similar. Nonetheless, in common practice a search
for homologous sequences is a similarity search because we estimate that
homologous sequences will retain a high degree of similarity that will stand
out above random similarity. More divergent homologous proteins may still
be recognisable at the protein 3D structure level (Bork et al., 1992). The most
common method for homology estimation is by using the BLAST algorithm
to compare the sequence of interest to a database of other sequences.

The Basic Local Alignment Search Tool (BLAST) algorithm (Altschul
et al., 1990, 1997) operates on the general strategy of optimising the maximal
segment pair (MSP) score, which is a general measure of similarity. It
is a heuristic modification of the Needleman-Wunsch (1970) and Smith-
Waterman (1981) algorithms. The MSP is said to be locally maximal if the
score cannot be increased by extending or shortening the local alignment.
The algorithm searches for all maxima above a specified threshold. A major
advantage of the BLAST algorithm over the mathematically superior Smith-
Waterman algorithm is that it takes much less computation time, a fact
which has propagated its use on large datasets.

The fundamental unit of BLAST algorithm output is the High-scoring
Segment Pair (HSP). The Maximal-scoring Segment Pair (MSP) is the
highest-scoring of all possible segment pairs that can be produced from
the two sequences. The expectation value (E-value) threshold defines the
significance threshold for reporting results. The E-value reported for any
pair is the expected frequency of chance occurrences of equal similarity within

the database. As the E-value approaches zero it becomes equivalent to the



CHAPTER 2. METHODS IN GENOME ANALYSIS 42

probability that the similarity is due to chance, and so the lower the E-value,

the greater confidence one has in the reported match being a true homologue.

2.2 Using genome maps

Genome sequencing projects at different levels of completion produce varying
quality genome maps. These range from shotgun-sequenced clones (e.g.,
cosmids or BACs) where only proximity of genes identified on the same
clone is known; through completely sequenced clones, where the relative
position and orientation of contiguously sequenced genes are known, but the
relative positions of clones is unknown; to complete chromosome or genome
sequence, where the relative position and orientation of every sequence is
known. Bioinformatics is as much about making good use of sparse data as

it is about abstracting interesting information from large complete genomes.

2.2.1 Map units

Because genetic distances (in units of centiMorgans) will be influenced by
the non-random distribution of recombination events, physical map units
are generally preferable. The most precise units of physical maps are base-
pair distances, but distances may also be measured in centiRads (units of a
radiation hybrid map), or in terms of the number of intervening genes.
Counting the number of intervening genes as a measure of physical
distance is useful because it is not influenced by uneven gene density, or by
stretches of highly repetitive sequence which may inflate intergenic distances.
This is a robust measurement that tolerates comparison across phyla where
there can be differences in the extent of the compaction of the genomes, for
example, for the purposes of a proximity conservation analysis, measuring the
frequency with which genes remain close in two genomes even where there are

significant differences in gene density between the species (e.g., some plant
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genomes have different gene densities; Keller and Feuillet, 2000).

2.2.2 Incomplete data

Incomplete genome data introduce several complications into any analysis.
When searching for orthologues between species with only partial genome
sequences available it is not possible to be sure that even highly similar
sequences are in fact orthologous, because there always remains the chance
that the true orthologue has yet to be sequenced in one species. Orthology
can usually be confirmed by drawing phylogenetic trees from homologous
sequences where available. Otherwise the best strategy might be to use strict
criteria in a BLAST similarity search. Only accepting pairs of sequences with
a low expectation value (e.g., < 1071%), and whose MSP covers at least 30%
of the length of the longer protein may be strict enough to filter out most
spurious matches. Alternatively, a mutual best hits approach (i.e., where the
strong similarity is reciprocated) may be effective in most cases.

When only partial data is available for a species (e.g., shotgun sequencing
reads) the relative positions of most genes in the genome are unknown.
Comparative genomics studies including this type of data will be limited
to the question of whether genes are on the same cosmid, or other clone

contig.

2.2.3 Genome maps

In order to study genome rearrangement, extensive genome sequences and /or
map data are needed from a variety of species. Genome sequencing is
ongoing in the form of concerted international efforts (e.g., Lander et al.,
2001) and individual lab efforts, most of which release their data to the
EMBL/GenBank/DDBJ centralised database.

Dedicated mapping projects for human (Deloukas et al., 1998), mouse

(Avner et al., 2001; Hudson et al., 2001), rat (Watanabe et al., 1999) and
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other vertebrate genomes are producing radiation hybrid maps. Radiation
hybrid mapping is a technique for generating physical maps using irradiation
to break DNA at random locations and then allowing the fragments to
fuse with the DNA of a recipient rodent cell line distinguishable from the
DNA of interest (McCarthy, 1996). The hybrid DNA is then analysed for
the co-retention of markers on the same fragment (Newell et al., 1998).
The frequency of this event will be dependent on their physical distance.
Maps generated by this method are in units of centiRads (cR). Radiation
hybrid maps are useful because it is relatively easy to produce a map with
a high density of markers but, unlike genetic maps, the units are directly

proportional to physical distances.

2.3 Dating gene duplications

There are two types of information in a molecular phylogenetic tree: topology
and branch lengths. The topology is a qualitative trait which indicates the
relationship of the sequences to each other. Branch length is quantitative and
illustrates the evolutionary distance from one sequence to any other. Both
of these can be used to estimate the timing of events (nodes) in the tree.
Nodes correspond to either speciation events or gene duplication events. A
phylogenetic tree that includes some duplicated sequences can be recognised
upon comparison with a known species tree for the source organisms. Gene
duplication events can be dated by at least two methods, topology-based

methods, and molecular clock based methods.

2.3.1 Topology-based methods

Comparison of a gene family tree topology with the species tree topology
shows which species share any gene duplication events. Tree topologies with

strong bootstrap support (>80% support is often taken as ‘strong support’)
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are likely to be accurate, and so a gene duplication event can be dated to
before or after species divergence events with high confidence. This method
is attractive because it is immune to molecular clock criticisms. However, it is
limited by available data (one must identify orthologues in related species);
and is imprecise in that duplication dates estimated by this method have
low resolution. Often with this method it is possible only to say that a
gene duplication pre-dates (or post-dates) some particular speciation node.
Nevertheless this approach has been useful in 2R studies, allowing Hughes
and colleagues to discount some gene duplications as far too old or young to

be consistent with the hypothesis (Hughes, 1998; Hughes et al., 2001).

2.3.2 Molecular clock methods

The principle of a molecular clock is based on the assumption of a constant
evolutionary rate for a gene. If this assumption is true then the amount of
sequence divergence between two sequences should be proportional to the
time since they last shared an ancestor (Figure[1.1/on page 3). In the case
of gene duplication (and in the absence of gene conversion), the time of the
most recent common ancestor is the time of the duplication event.

Because there is no such thing as a Universal Molecular Clock (Li, 1993),
the best one can hope for is that a local molecular clock applies, i.e., that the
gene of interest and its close relatives have experienced an almost constant
rate of evolution in he species under study. When this condition is met recent
events in the history of a gene can be dated relative to each other.

Takezaki et al. (1995) developed a method to test whether a set of
sequences has evolved in a clock-like manner, and if so to estimate divergence
dates. Their method converts a phylogenetic tree into a linearised tree, where
sequence divergence dates are represented on a linear time scale under the
assumption of a constant evolutionary rate (Figure/4.5A). In order to test the

molecular clock a phylogenetic tree is inferred from the sequence alignment
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without the assumption of rate-constancy. These sequences are then tested
for evolutionary rate heterogeneity by the two-cluster test. The two-cluster
test is an expanded and modified version of a relative rate test (Sarich
and Wilson, 1973) which compares two sequences relative to an outgroup
sequence. The two-cluster test examines each node in the tree asking if there
is relative rate heterogeneity between the clusters of sequences bifurcating at
that node. The two-cluster test reports a x? value which can be converted to
a P-value by comparison with a table of x? critical values at n — 1 degrees of
freedom, where n is the number of sequences in the tree. The P-value gives
the significance at which the molecular clock can be rejected. Rather than
only rejecting extreme abberations of the molecular clock, it is good practice
to reject with 1% or even 5% significance (Takezaki et al., 1995).

If the two-cluster test fails to reject the molecular clock then the data are
appropriate for constructing a linearised tree. This is done by re-estimating
the branch lengths for the given topology under the assumption of rate
constancy.

This method has the advantage that there is no need to search for related
sequences from other species as with the topology method. This technique

may be applied to as few as two sequences with an outgroup.

2.3.3 Correction for multiple hits

Not only do evolutionary rates vary between proteins, but they also vary
within proteins, so that not all sites are experiencing the same substitution
rate. This means that distance estimation methods assuming a Poisson
distribution of substitutions (which forms the basis of many models for
correction of multiple hits), where the probability of substitution events
is rare but equal over the whole protein, may be misleading. Only if
all substitutions are selectively neutral, and if there are a fixed number

of cell divisions per year in the germ lines of the species sampled, will
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Proportion of sites f(r)

Substitution rate (r)

Figure 2.1: The effect of the o parameter on the shape of the gamma
distribution. Low « corresponds to high rate variation. This figure is taken
from Page and Holmes 41998)

the assumptions underlying the Poisson distribution be met (Uzzell and

Corbin, 1971). Selection acting at sites in a protein sequence will violate

the assumptions of the Poisson distribution.

Mathematically, rates of evolution can be modelled as a negative binomial

distribution JUzzell and Corbin, 1971) which assumes that substitutions at

)
each site follow a Poisson process, and that the substitution rate varies
according to the gamma distribution. This allows for different rates of
substitution at different sites. The shape of the gamma distribution is
determined by the alpha parameter (Fig. 2.1) which must be estimated

from the data. Maximum parsimony methods for alpha estimation tend to

1997). Maximum likelihood

overestimate alpha in all cases JGu and Zhang,
methods exist (Yang, 1997) but are prohibitively time-consuming for use on

large data sets. A new method for alpha estimation was developed by Gu and

Zhang (1997) which is computationally fast, and has comparable accuracy
to maximum likelihood methods. This method has two main steps: first the
expected number of substitutions corrected for multiple hits is estimated for

each site by a likelihood method; then the estimate of alpha is obtained from



CHAPTER 2. METHODS IN GENOME ANALYSIS 48

a negative binomial distribution using the expected number of substitutions.
Gu and Zhang’s GAMMA program, and Takezaki et al.’s lintre pro-

gram were downloaded from Masatoshi Nei’s lab website: http://www.bio.psu.edu/People/


http://www.bio.psu.edu/People/Faculty/Nei/Lab/Programs.html

Chapter 3

Estimation of synteny
conservation and genome
compaction between pufferfish

(Fugu) and Human

3.1 Introduction

Sydney Brenner and colleagues (Brenner et al., 1993; Elgar, 1996) proposed
the pufferfish Fugu rubripes as a model genome for use in dissecting the
human genome. As a vertebrate, Fugu is expected to have a similar gene
repertoire to human. However, its genome, at ~400 Mb, is approximately 7.5
times smaller than that of human. The reduced amount of repetitive sequence
and high gene density make this small genome attractive to molecular
biologists.

There are two main factors that will determine whether Fugu will be
genuinely useful as a model vertebrate for reference to other genomes. First,
Fugu genes must show sufficient similarity to their human orthologues so as

to enable the isolation of a Fugu gene with a human (or other mammalian)

49
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DNA probe and vice versa. Furthermore, knowledge of the extent of linkage
conservation between the two genomes will advise as to the feasibility of
positional cloning using map information extrapolated from one species to the
other (Elgar, 1996). Several regions of conserved synteny (but not necessarily
conserved gene order) have already been reported between these two genomes
(e.g., Baxendale et al., 1995; Trower et al., 1996; Elgar et al., 1999, and
references in Table [3.2). The academic utility of studying this genome
extends beyond this. The compacted Fugu genome may be useful to highlight
potentially functional non-coding regions (by virtue of their preservation).
Also, the presence and absence of genes may give some insights as to the
constitution of the core or minimum vertebrate genome.

Exploring the relationship between the human and pufferfish genomes
in terms of the extent of synteny conservation and patterns of genome
compaction could give insights into the evolution of vertebrate genomes,
and could also provide more information on the usefulness of Fugu as a
model genome. However, at present it is not known how large the syntenic
regions are, or how well the gene order is conserved between Fugu and human.
Recent research on zebrafish (Danio rerio) indicated that for some groups
of genes synteny is conserved in human but the order of the genes along the
syntenic chromosome is different in the two species (Postlethwait et al., 1998).
Moreover, many mammalian genes have two zebrafish orthologues, and this
is probably due to whole genome or chromosomal duplications that occurred
in bony fish (including zebrafish and Fugu) after their divergence from the
tetrapod lineage (Amores et al., 1998; Gates et al., 1999). It is also not known
whether the compaction of the Fugu genome relative to human is uniform
throughout the genome, particularly in view of the uneven distribution of
genes in the human genome (Ikemura and Wada, 1991; Duret et al., 1995;
Deloukas et al., 1998).

Here we have made a comparative genomics study of Fugu and human to
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investigate the phenomenon of genome compaction and to estimate the level
of synteny conservation. There is no genetic map for Fugu (it is not possible
to breed this fish in the laboratory), so gene linkage is only discernible
at the level of genes that were sequenced on the same cosmid or other
clone contig. We used two sources of Fugu sequence data: large contiguous
genomic sequences determined by a variety of laboratories and obtained from
GenBank; and “cosmid skimming” data from the Fugu Landmark Mapping
Project at the UK MRC HGMP-RC (Elgar et al., 1996, 1999). The human
map data was obtained from two sources: the Online Mendelian Inheritance
in Man database (OMIM 1999); and the physical map of about 30,000 genes
(GeneMap '98) constructed from radiation hybrid data by Deloukas et al.
(1998). Initial work on the skimmed Fugu cosmids was done by Anton J.
Enright with help from Lucy Skrabanek. The work described in this chapter
has been published (McLysaght et al., 2000a,b).

3.2 Materials and Methods

3.2.1 Analysis of homologous introns from Fugu and
human

The 22 genes included in this analysis were: RPS3, RPS24, DLST, STKO9,

PAXG6, RPS7, APP, (low GC3 group); SURF3, SMC1, RPL41, ARF3, CFOS,

XLRS1, PCOLCE, (medium GC3 group); CSFR1, GH, TSC2, HMOXI1,

WNT1/INT1, PKD1, G6PD, IT (high GC3 group). All sequences were

obtained from GenBank.

3.2.2 Fugu sequence data

SwissProt version 37 (27 July 1999) contains 5406 human proteins. These
were compared to the database of Fugu skimmed cosmids using TBLASTN
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(Altschul et al., 1990) using the BLOSUMG62 scoring matrix and the SEG
filter (Wootton and Federhen, 1996). To remove obvious paralogous hits,
only the top hit for each query was retained (provided that it had P < 107'?)
as well as weaker hits that were within a factor of 10° of the top hit. The
results of this BLAST search including human map information are available
at http://biotech.bio.tcd.ie/ " amclysag/skimmed.html.

A “skimmed” cosmid was deemed to contain two genes if two non-
overlapping subclones hit different mapped human proteins that are < 40%
identical in sequence and had P < 107% in a BLASTP search. Overlapping
Fugu cosmids were identified manually and reduced to one entry in Table 3.1.

Fugu proteins from completely sequenced cosmids were compared to the
database of human sequences from GeneMap "98 by the TBLASTN program
applying the SEG filter. Only hits with a significance of < 107!5 and that
were no more than 10° less likely than the top hit were accepted. Only the
best hit per chromosome was included in further analysis.

Some of the limitations on the analysis of the skimmed cosmids become
apparent when the results are compared with the fully sequenced cosmids.
Cosmid 168J21 has been fully sequenced under accession number AJ010348
(Cottage et al., 1999). The full sequence has three annotated proteins, all
of which had human homologues on chromosome 3. In the analysis of the
skimmed cosmid sequence only one gene was found. As all three human
orthologues are in the SwissProt database, it must be the case that the
cosmid subclones do not include the coding sequences of the other two genes.

In a similar analysis the Fugu cosmid sequences were compared to the
predicted protein set (Solovyev and Salamov, 1999) from the first completely
sequenced human chromosome, chromosome 22 (Dunham et al., 1999), using

the same protocol.

3.2.3 Human GeneMap ’98 sequences
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Deloukas et al. (1998) compiled a map (GeneMap ’98) of human gene-based
markers by radiation hybrid mapping. This includes approximately 30,000
genes. By electronic PCR (Schuler, 1997) they found the corresponding
genomic sequence, mRNA and/or EST from the public databases. These
results are updated weekly and were downloaded from the NCBI FTP site
on 21 December 1998.

A BLAST database of human sequences represented on this radiation
hybrid map was created. In order to have comparable map units only the
data from the GeneBridge4 panel (Gyapay et al., 1996) were included. Some
parts of the genome are represented more than once in the ePCR output
because they have been sequenced more than once as genomic sequence,
mRNA and/or EST. Redundancies of this kind were removed, preferentially
keeping genomic sequences over mRNA over unfinished sequences over ESTs.
The final database had 28,133 entries totalling 226,506,753 nucleotides.

Some markers in GeneMap '98 are listed with several allocated map
positions. In these cases the same position found from several independent
experiments or the position with the highest confidence value as determined
by Deloukas et al. (1998) was used. Distances within the genome were
estimated by counting the number of intervening genes in GeneMap '98.
We then adjusted these values for missing data by multiplying this number
by 80000/30000 (assuming that the human genome contains 80,000 genes
(Antequera and Bird, 1993) and the map contains 30,000 genes).

3.2.4 Computer simulation of genomic rearrangement

In order to make this simulation as realistic as possible paralogues were
assigned at the frequencies observed in the real data. Of the 91 Fugu proteins
analysed, 78 had hits in the database of mapped human sequences. The
distribution of hits is as follows: 47 hit one human sequence, 14 hit two,

eight hit three, two hit four, and families of seven, 11, 12, 15, 39, 42, and



CHAPTER 3. FUGU - HUMAN COMPARATIVE GENOMICS o4

59 human proteins were observed once each. More extensive human protein
family size data from an intra-genome comparison (Imanishi et al., 1997) was

used to confirm these results in an independent simulation.

3.3 Results

3.3.1 Compaction of Fugu introns

The Fugu genome is much smaller than the human genome, but by virtue of
being vertebrate is presumed to have a similar gene repertoire (Brenner et al.,
1993). The difference in size must therefore be primarily due to differences in
non-coding DNA, including both intergenic and intronic DNA. In vertebrate
genomes there is a correlation between gene length and G+C content, with
long genes being rare in G+C-rich isochores (Duret et al., 1995). This
suggests that there might be a correlation between base composition and
the size difference between a human gene and its Fugu homologue.
Orthologous Fugu and human introns were identified by finding or-
thologous genomic sequences in GenBank, aligning the protein sequences
using the Gap program (with default settings) of the GCG package, and
mapping intron locations onto the protein alignment. Introns were designated
orthologous if they were in the same phase and occurred at precisely the
same position in the protein alignment produced by Gap. No allowance was
made for possible intron sliding during evolution. Using this method, 199
pairs of orthologous introns from 22 genes were found. There were only six
cases where we could say with confidence that an intron had been gained
or lost after the divergence of these two species. These were all cases where
there was an unambiguous alignment of the two protein sequences and where
an intron was present in one sequence but there was no equivalent intron
nearby or out of phase in the other organism. Non-coincident introns and

introns in ambiguous alignments were excluded from further analysis. Recent
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research by Hurst et al. (1999) tentatively suggests that there may be a
dichotomy in the relationship of synonymous G+C content and intron size,
with homothermic vertebrates showing a negative correlation, as previously
observed, and heterothermic vertebrates (including Fugu) showing a positive
correlation. However, this is not borne out here. In our dataset there is
no correlation between intron size and GC3 content of the genes that house
them.

Genes were assigned into three equal-sized groups according to their
G+C content at codon third positions (GC3) in human, and the lengths
of equivalent introns were compared (Fig. [3.1A). The sum of the lengths
of all 199 introns in Fugu was 59,392 bp, just over eight times smaller
than the sum of the lengths of all the human introns (488,726 bp).
The large introns of GC3-poor genes are seen to be severely compacted.
The compaction averages are 2.9, 6.0, and 14.6 respectively, for the
high-, medium-, and low-GC3 groups of genes (Fig. [3.1A), which is broadly
consistent with expectations. One fifth of the Fugu introns (41 of the 199)
are actually larger than their human counterparts (many only marginally so),
and most of these are high-GC3 genes in human (Fig.[3.1B). However, for the
majority of introns (Fig. 3.1B) there does not appear to be any consistent
relationship between intron lengths in the two species, or between these and
GC3 in their host genes.

The compaction of individual genes, instead of individual introns, was also
calculated (Fig. 3.1 C, D). Compaction was calculated by dividing the sum of
the lengths of introns in a human gene by the sum of the lengths of their Fugu
orthologues (excluding any non-coincident introns). The compaction values
range from 46 (in the APP gene; Villard et al., 1998) down to values of less
than 1 in two genes (growth hormone and int1/wntl) where the Fugu gene is
larger than the human one. If the GC3 content of a gene and the compaction

of its introns are related, then one would expect the greatest compaction to be
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Figure 3.1: (A) Lengths of 199 orthologous introns from Fugu and human.
A line of slope 1 is indicated. The symbols for the points represent different
GC3 content categories in the human gene where the black diamond denotes
low GC3 (<63.5%), the white diamond denotes medium GC3 (63.5%-76%),
and the cross denotes high GC3 content (>76%). The categories were
designed in such a way as to have equal numbers of genes in each group.
The 22 genes from which the introns are derived are named in Materials
and Methods. (B) Inset of (A) showing only the smaller introns. (C) GC3
content of the 22 orthologous genes whose introns were analysed. The points
are replaced by values indicating relative gene compaction. Compaction was
calculated by dividing the sum of the lengths of introns of a human gene
by the sum of the lengths of their Fugu orthologues, ignoring non-conserved
introns. (D) Compaction of 22 genes versus the ratio of GC3 in Fugu to that
in human. Outlying genes are labelled: APP, amyloid precursor protein; GH,
growth hormone; RPS3, ribosomal protein S3; HMOXI1, heme oxygenase;
DLST, dihydrolipoamide succinyltransferase.
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between human genes with low GC3 and Fugu genes with high GC3. Rather
surprisingly there does not appear to be any relationship between the degree
of compaction and the base composition in either species (Fig.3.1C), or the
amount of interspecies difference in base composition (Fig. [3.1D). The two
most severely compacted genes have similar GC3 content in Fugu and human

(Fig./3.1D).

3.3.2 Synteny conservation between Fugu and human

Synteny conservation between two species can be measured in two directions.
We can ask “what proportion of genes that are syntenic in species A are also
syntenic in species B?”, or conversely, “what proportion of genes that are
syntenic in B are also syntenic in A?”. These are two distinct quantities, as
becomes obvious if one considers a hypothetical case where one of the species
has only a single chromosome. The only syntenic genes that are known
in Fugu are those that have been sequenced on the same clone; there are
no large-scale maps of chromosomes. Therefore, we measured Fugu/human
synteny conservation in terms of the proportion of neighbouring genes (from
the same clone or GenBank entry) in Fugu that are syntenic in human. We
also applied various limits to the physical distance permitted between the
syntenic genes in human. Two separate datasets were analysed, as described

below.

3.3.2.1 Synteny conservation - “cosmid skimming” data

The HGMP-RC Fugu landmark mapping project (Elgar et al., 1996; Elgar,
1996; Elgar et al., 1999) surveyed the Fugu genome by limited sequencing
(“skimming”) of a large number of genomic cosmid clones. Sets of shotgun
sequence reads for 850 randomly chosen cosmids are publicly available from
their website (http://fugu.hgmp.mrc.ac.uk/). The data consist of 40,303

sequence reads with an average of 47 reads per cosmid and 486 bp per read.
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Each read is assumed to contain no more than one gene.

Because these sequences are short and largely unannotated, we compared
them to human data from SwissProt rather than GeneMap 98 (which
contains a large number of EST sequences). Cytogenetic map positions for
3963 of the 5406 human proteins in SwissProt were obtained by following
links to OMIM. All 5406 proteins were searched against the Fugu cosmid
database using TBLASTN (Altschul et al., 1990). Putative orthologous
relationships were identified as described in Materials and Methods.

A Fugu cosmid was considered “informative” (i.e., it appeared to contain
more than one gene, and so contained linkage information) if two different
sequence reads hit two different mapped human sequences which do not
themselves show significant sequence identity to one another. We identified
48 informative cosmids, containing 58 links between nearby Fugu genes

(Table 3.1). For 26 of these links (45%), the human homologues are on

the same chromosome (i.e. synteny was conserved).

Table 3.1: Fugu skimmed cosmids containing homologues of at least

two mapped human SwissProt sequences

Syntenic links®

Cosmid + - Subclone Swissprot Description OMIM location
name®
002116 0 1 bB8 CGB1 G2/mitotic specific cyclin 5q12
B1
bC1 UBCG Ubiquitin-conjugating 1q42
enzyme E2 G1
003A22 O 1 aD2 LCFD Long-chain fatty-acid CoA Xqg22.3
ligase 4
aE9 AP19 Clathrin coat assembly pro-  Chr.7
tein
018NO5 0 1 cB3 COMT  Catechol 22q11.2
O-methyltransferase
cB7 RYK Tyr-protein kinase RYK 3q22
020M06 1 1 bF2 Fi6P Fructose-1-6-bisphosphate ~ 9q22.2-q22.3
bG9 GAS1 Growth arrest specific pro- 9q21.3-q22.1
tein
aEl LMG2 Laminin «-2 chain 1925-q31
030J22 2 0 aF4 TRFE Serotransferrin 3qg21
aF7 IF4G Translation initiation factor 3q27
4G
aGl CLC2 Chloride channel protein 2 3q26-qter
032112 0 1 aD1 PA2Y Cytosolic phospholipase A2 1g25
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Syntenic links?®
Cosmid + - Subclone Swissprot Description OMIM location
name®
aE3 TSP1 Thrombospondin 1 15q15
035P08 1 0 aC2 KPT1 Ser/Thr protein  kinase Xpl11.3-p11.23
PCTAIRE-1
aD5 HFC1 Host cell factor C1 Xq28
042H13 1 2 aE6 PIGF Phosphatidylinositol-glycan  2p21-p16
synthase F
bA4 GCH1 GTP cyclohydrolase | 14922.1-q22.2
bD10 MSH2 DNA mismatch repair pro- 2p22-p21
tein
bF8 CIKA Voltage gated K channel 20q13.2
KVv21
050M16 1 0 bCh CYCH Cyclin H 5q13.3-q14
bG2 GTPA GTPase-activating protein  5q13.3
(GAP)
055113 0 1 bD9 A2MG «a-2-macroglobulin 12p13.3-p12.3
bE2 ECH1 03,5-62,4-dienoyl-CoA iso- 19q13
merase
057B20 0 1 aCll SC14 sec-14-like 17925.1-g25.2
aH1 GNT5 Glucoseaminyltransferase V. 2¢21
059A13 0 1 aD6 VLCS Very long-chain acyl-CoA 15q21.2
synthetase
aE6 AMBP AMBP protein 9q32-q33
060109 0 1 aF1 ITAL Integrin a-1 Chr.5
aG3 ROK Het. nuclear ribonucleopro- 9q21.32-q21.33
tein K
063J19 1 1 aA5 AGAL « galactosidase A Xq22
aD12 RL44 60S rpL44 Chr.14
aH4 DDP Dystonia protein Xq22
068B10 1 0 aA9 MET Hepatocyte growth factor 7q31
receptor
aCs8 MGRS Metabotrophic glutamate 7qg31.3-q32.1
receptor 8
077E20 1 1 bB7 COGT Matrix metalloproteinase- 14q11-q12
14
cC4 PKD2 Polycystin 2 4q21-q23
cCh AF4 AF-4 protein 4q21
081G09 1 0 aD12 CIK4 Voltage gated K channel 11ql13.4-q14.1
protein
aF6 EAT2 Excitatory amino acid 11p13-pl2
transporter 2
082HO5 0 1 aGh KMLS Myosin light-chain kinase 3cen-g21
aH4 NED4 NEDD-4 protein 15¢q
082L03 1 0 aD12 MPCP Mitochondrial POy carrier 1223
aF10 THPA Thymopoietin « 1222
086H03 1 0 bC4 DOC2 Differentially expressed pro-  5p13
tein 2
cE8 CO9 Complement  component 5pl3
9
096F11 0 1 aA7 WN11 WNT-11 11q13.5
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Syntenic links?®

Cosmid + - Subclone Swissprot Description OMIM location
name®
bC7 ACHD Acetylcholine receptor § 2q33-q34
chain
103N12 1 0 aB9 RO52 Ro protein, 52 kD 11p15.5
bA6 COGM Macrophage 11g22.2-q22.3
meltalloelastase
104N10 1 0 aD3 FER FER Tyr protein kinase 5q21-q22
bA12 MAN2 a-mannosidase |l 5q21-q22/20q11.2
107H09 O 1 aF11 RS12 40S rpS12 6q
aGo EYAl eyes absent homologue 1 8q13.3
107NO5 0O 2 aG10 BCAM branched-chain 19g13
aminotransferase
aH4 GRN Granulins Chr.17
aF6 EAT2 Excitatory amino acid re- 11p13-pl2
ceptor 2
110112 0 1 dA4 PAK1 Ser/Thr protein  kinase 11q13-ql4
PAK-«
dD3 PET1 Oligopeptide transporter 13q33-q34
114M17 1 0 bB8 IHBA Inhibin G a chain 7p15-p13
bC3 EGFR Epidermal growth factor 7pl12.3-pl2.1
receptor
116E05 O 1 aB3 GNT2 Acetlyglucoseaminyl- 1421
transferase
aEé6 HSA9 Heat shock protein 90-a 1921.2-q22
118A15 0 1 cC8 PERT Thyroid peroxidase 2p25
cG3 VMD2 Bestrophin 11913
122020 0 1 cA4 CASR Extracellular Ca-sensing re- 3q13.3-g21
ceptor
cD1 CTR2 Low affinity cationic amino  8p22
acid transporter
123102 0 1 aCll BTG1 B-cell translocation 1 12922
aEb TEF Thyrotroph embryonic fac- 22q13
tor
128G19 1 0 aD4 FMO1 Dimethylaniline monooxy- 1q23-q25
genase
aF3 TRK3 Receptor protein Tyr kinase 1ql2-qter
TKT
137018 0 1 aE10 CYAl Adenylate cyclase, type | 7p13-p12
bA4 BNA1 Amiloride-sensing brain 17ql1.2-q12
Na™ channel
141H19 1 0 aH10 LDHH L-lactate dehydrogenase H 12p12.2-p12.1
chain
aH9 UGS2 Glycogen synthetase 12p12.2
143P11 1 0 aB6 ANK1 Ankyrin R 8pll.2
aD6 NFM Neurofilament triplet M  8p21
protein
145K17 0 1 bF3 RHM1 Rhombotin-1 11p15
cB1 AHR AH receptor 7p15
147P16 2 0 aD1 DDP Deafness dystonia protein Xq22
aF9 BTK Tyr-protein kinase BTK Xq21.3-g22
aG7 GRA2 Gly receptor a-2 chain Xp22.1-p21.2
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Syntenic links?®
Cosmid + - Subclone Swissprot Description OMIM location
name®
155N11 1 1 bE7 SYB2 Synaptobrevin 2 17pter-p12
bH3 MPP2 Maguk P55  subfamily 17q12-g21
member 2
aD7 uTy Ubiquitously  transcribed Yqll
TPRonY
156P04 1 0 aH2 RO52 Ro protein, 52 kD 11p15.5
hC8 7195 Zinc finger protein 195 11p15.5
157C15 0 1 aA3 RIR2 Ribonucleoside  reductase 2p25-p24
M2
aD10 RL30 60S rpL30 Chr.8
159J19 2 0 aB1 MPK4 MAP kinase kinase 4 17p11.2
aD11 MYSP Myosin H perinatal skeletal 17p13.1
muscle
164B03 0 1 aD11 ISL1 Insulin gene enhancer pro- 5q
tein ISL-1
aD4 ETFA Electron transfer flavopro- 15g23-g25
tein o
165008 0 1 aH7 UBAL Ubiquitin-activating Xpll1l.23
enzyme E1
bD10 DPOE DNA polymerase epsilon, 12q24.3
subunit A
171K15 0 1 bB10 DMK Myotonin protein kinase 19q13.2-q13.3
bB6 BMAL Brain and muscle ARNT- 11pl5
like 1
174C18 1 1 aD11 G6PD G6PD Xq28
bAl CCB3 Ca?t channel 3-3 12q13
bB11 CYA6 Adenylate cyclase type VI 12q12-q13
176J15 1 0 aA8 DESM Desmin 2q35
aCh PTPN Protein-Tyr phosphatase N 2g35-g36.1
192G14 0 1 aA2 ADG ~-adaptin 16923
aA7 RFP Zinc finger protein RFP Chr.6
222J11 1 0 bE3 NTTA Taurine transporter 3p25-q24
bC4 ACTQ Ca?* transporting ATPase  3p62-p25
Totals: 26 32

8The '4' column refers to conserved linkages between Fugu and
human, and the - column refers to non-conserved linkages
PAJ| Swissprot IDs are truncated, omitting ‘' HUMAN' from each one

The same Fugu Landmark Mapping Project data were recently analysed

by Elgar et al. (1999). They reported that “three-quarters” of informative

cosmids showed synteny to human. However, it is difficult to account for

the differences between our results and theirs as they do not specify what

stringency they imposed on the definition of orthology, nor do they indicate

which cosmids displayed an orthologous relationship with which human
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sequences. Perhaps the greatest discrepancy between these analyses is in
the number of informative cosmids found (349 by Elgar et al. compared to
48 in this study). We expect that this difference is due to a greater stringency
employed by us in the designation of orthologues (as described in Materials
and Methods).

Figure [3.2 shows a comparison of the Fugu skimmed cosmids with
the predicted proteins of the complete sequence of human chromosome 22
(Dunham et al., 1999; Solovyev and Salamov, 1999). All Fugu cosmids
from which two sequence reads had TBLASTN hits to proteins from human
chromosome 22 are indicated. This small study is interesting because
it includes physical positions of the human genes rather than the lower
resolution cytogenetic positions used in the rest of this study. This analysis
identified three possibly colinear regions of these two genomes (cosmids
147D08, 123102, and 013A01), though the order and orientation of the
sequence reads within each Fugu cosmid is not known. We also observed in
the case of three other cosmids (104N10, 156P04, and 159J19) that genes that
are apparently close or adjacent in Fugu (i.e., are from the same cosmid) are
separated by long distances in the human genome; for example, the human
homologues of genes on Fugu cosmid 159J19 are separated by 5.6 Mb. A
similar phenomenon was observed in the analysis of Fugu complete genomic

sequences (see below).

3.3.2.2 Synteny conservation - complete Fugu genomic sequences

We examined the GenBank annotation of all Fugu sequences greater than
5 kb long to look for sequences that coded for two or more proteins. The 21
GenBank entries that fit this criterion (Table 3.2) total just under 0.9 Mb
and encode 91 annotated proteins (some putative). Genes from the same
GenBank entry have a known linkage relationship in the Fugu genome

because they were sequenced contiguously.
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Figure 3.2: Fugu cosmids showing conserved synteny with human
chromosome 22 predicted proteins. The vertical line represents HSA22 with
genes numbered according to their order on the chromosome and distances
scaled to kb position. Fugu cosmid names (Elgar et al., 1999) are written in
the ovals on the left. The order of genes within each Fugu cosmid is unknown
because the data come from a random subclone sequencing (skimming)
approach. Dashed lines indicate sequence similarities.
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Table 3.2: Details of completely sequences Fugu cosmids used in this analysis

Accession No. Base pairs Genes included Reference
af056116 148,640 ACVRI1B, ALR, fhh, Ikaros-like,
wntl, wntlOb, ARF3, erbB3, Gellner and Brenner, 1999
PAS1, rpL41, LRP1
af094327 69,066 SCML2, STK9, XLRS1, PPEF- _ ' 11999
1, KELCH2, KELCH1, PHKA2, Drunneretal,
AP19, U2AF1-RS2
u90880 61,901 RNA-H, CAB3B, Adenyl Cyclase- Riboldi Tunnicliffe, G.R., et
VI, G6PD, LG3P, Na+ channel 2 al. unpublished
af016494 66,729 GABRB, P55, VAMP-1, PCOLCE, Riboldi Tunnicliffe, G.R., et
GRMP al. unpublished
af026198 63,155 L1-CAM, SMC1, CCA1 Riboldi Tunnicliffe, G.R., et
al. unpublished
af083221 43,373 Neurotransmitter receptors,
YDR140w homologue, Reboul et al., 1999
glycinamide ribonucleotide
transformylase
j010317 39,410 GRM-7, TRIP, Sand, PRGFR3
4 an Cottage et al., 1999
y15170 10,753 EST00098 homologue, SURF2, ;
SURF4, ASS Armes et al., 1997
j010348 39,850 UBE1-like, PRGFR2 Imoduli
A ' oESKe, FRLETRS, calmodulin Cottage et al., 1999
binding protein kinase
al021880 37,170 IGFIl, TH, NAP2 Chen, E., et al. unpub-
lished
al021531 45,565 WT, Reticulocalbin, PAX6 — ;
Miles et al., 1998
93780 34,807 CPS3, MLC, MAP2
‘ ’ S Schofield et al., 1997
u92572 20,919 HOXC-9, HOXC-8, HOXC-6 .
Aparicio et al., 1997
15171 2 L7 RF RF1 RF
yis 8902 rpL7a (SURF3). SURFL, SURF6 Armes et al., 1997
f013614 55,802 TSC2, PKD1
? ' ' Sandford et al., 1997
022814 37,400 Zi fi t ipti factor,
a HI&CO)(I{]ger ranscription factor Gottgens et al,, 1998
f030881 5,64 I
af03088 045 gag, po Poulter and Butler, 1998
j010316 10,959 Cav-2, Cav-1
4 v av Cottage et al., 1999
u63926 23,196 PDGFR-beta, CSF1R - ;
How et al., 1996
u92573 13,583 HOXA-10, HOXA-9

Aparicio et al., 1997

Cosmids are listed in order of decreasing number of annotated proteins.

The list of

annotated proteins for each cosmid does not include putative proteins with no known
human homologues at the time of submission to the sequence database
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The proteins encoded by these Fugu sequences were compared using
TBLASTN to the database of human nucleotide sequences whose map
positions are known in GeneMap ’98 (Deloukas et al., 1998). For some of the
Fugu sequences our results confirm previously published analyses (Sandford
et al., 1996; Aparicio et al., 1997; Armes et al., 1997; Schofield et al., 1997;
Miles et al., 1998; Brunner et al., 1999; Gellner and Brenner, 1999; Reboul
et al., 1999).

The results were examined to look for candidate conserved syntenous
regions between human and Fugu. This was facilitated by a new method
for displaying the relative positions of the homologues in the two species.
In many cases, such as in the example shown in Figure 3.3, there was more
than one candidate human chromosomal region for conserved synteny. In
Figure|3.3 the Fugu sequence (AF056116) appears to have conserved synteny
with human chromosome 12 by virtue of having several top scoring BLAST
hits to human genes that map close together on that chromosome, largely as
described by Gellner and Brenner (1999). What is interesting is that regions
on chromosomes 7, 17, and 2 also show synteny with this Fugu sequence
(including matches to Fugu proteins not having homologues on chromosome
12: genes 3, 4, 6, and 14; Fig. 3.3). These are the human chromosomes
that contain the HOX clusters and this indicates that the similarity of these
human chromosomes to each other extends beyond those clusters, as has been
suggested by others (Ruddle et al., 1994).

To examine synteny conservation in a quantitative way, instead of simply
the presence or absence of genes on the same chromosome, we calculated
the proportion of Fugu close neighbours (genes from the same GenBank
entry) whose homologues were within a specified distance z of each other in
human. We use the term “proximity conservation” to denote this property
of genes remaining within a specified distance of each other (regardless of

gene order). To allow for the uneven distribution of genes in the human
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Figure 3.3: Graphical representation of the results of the TBLASTN
search of the proteins from Fugu sequence AF056116 (Gellner and Brenner,
1999) against a database of mapped human sequences (GeneMap '98). The
relative positions of the best hits of each of the 15 annotated Fugu proteins
from this cosmid are shown for each chromosome in turn. The horizontal
axis represents position (measured in centiRads) on the human chromosome
in question, and each vertical axis represents the relative order (1-15) of
the Fugu genes on the Fugu cosmid. White dots designate the top-scoring
TBLASTN hit for each Fugu protein; black dots indicate weaker hits (that
are within 10° of the strongest hit). The genes are in the following order in
Fugu: 1, ACVRI1B; 2, ALR; 3, thh; 4, R05D3.2-like protein; 5, 138E3.2-like
protein; 6 Ikaros-like; 7, wnt1; 8, wnt10b; 9, ARF3; 10, erbB3; 11, PASI; 12,
rpldl; 13, 178023.1-like protein; 14, diaphonous-like protein; 15, LRP1. In
addition to the matches shown here (based on data in GeneMap '98), genes 1,
7, 12, and 15 also have homologues on chromosome 12q13 (Kenmochi et al.,
1998; Gellner and Brenner, 1999). The positions of Hox clusters A, B, C, D
are represented by crosses on chromosomes 7, 17, 12 and 2 respectively.
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genome, the distance x was expressed in terms of the estimated number of
intervening genes instead of in the physical map units (cR) that were used in
GeneMap 98 (Deloukas et al., 1998). The number of intervening genes was
estimated from GeneMap ’98 by counting the number of intervening genes
appearing on the map between the genes of interest and scaling by a factor
of 80000/30000 to allow for unsequenced genes. This allows for gene density
variation within and between chromosomes. Where more than one human
sequence had been assigned to the same map position by Deloukas et al.
(1998), these sequences were arbitrarily assigned an order.

The results are summarised in Table 3.3. Only 18% of Fugu neighbours
have sequenced human homologues that are within ten genes of one another.
This increases to 39% within a limit of 200 intervening genes, and to a
maximum of 47% within a limit of 4000 intervening genes (this is effectively
no limit, because it is approximately the size of a chromosome). The last
value is similar to the synteny estimate from Table (which has no limit

on the intervening distance).

3.3.3 Computer simulation of genomic rearrangement

We used computer simulations to try to relate the observed level of proximity
conservation to the number of genomic rearrangements that have occurred
since the divergence of Fugu and human. The simulation started with a linear
array of 80,000 genes, representing the current gene order in Fugu. Varying
numbers of rearrangements were made in a copy of this genome (representing
human) by randomly choosing two endpoints in the genome and inverting
the segment in-between. To reflect the missing data in the human map,
randomly chosen genes were marked ‘unmapped’ until only 30,000 remained
(the number of genes in Deloukas et al., 1998). Pairs of genes that are
neighbours in Fugu were then examined to see if they are neighbours in

human, similar to the method of analysis in Tables 3.1 and 3.3|



Table 3.3: Observed levels of synteny conservation between completely sequenced Fugu cosmids and human

Number of links on human chromo-

some, at different value of x intervening
b

genes
Fugu Accession No. Annotated pro- Proteins with human BLAST Maximum pos- Human 5 10 20 50 200 1000 4000
teins hits P<10—1° sible links Chromosome?®

AF056116 15 13 12 2 0 1 1 1 1 1 2

3 0 0 0 0 0 1 1

7 0 0 0 1 2 4 5

12% 1 1 2 2 3 4 5

17 0 0 0 0 1 1 1

AF094327 9 9 8 5 0 0 0 0 0 1 1

X* 1 2 4 4 4 4 4

U90880 9 6 5 2 0 0 0 0 0 0 1

20%* 0 0 0 0 1 2 2

U72484 6 6 5 12 0 0 0 0 2 2 2

AF016494 5 4 3 0 0 0 0 0 0 0

AF026198 5 3 2 0 0 0 0 0 0 0

AF083221 4 3 2 0 0 0 0 0 0 0

AJ010317 4 3 2 3 0 0 0 0 2 2 2

Y15170 4 2 1 9 1 1 1 1 1 1 1

AJ010348 3 3 2 3 0 0 0 0 0 1 1

AL021880 3 3 2 11%* 0 0 0 0 1 1 1

12 0 0 0 0 0 0 1

AL021531 3 3 2 11 0 0 0 1 1 1 1

793780 3 3 2 2 0 0 0 1 1 1 1

U92572 3 3 2 2 0 1 1 1 1 1 1

Y15171 3 3 2 9 1 2 2 2 2 2 2

AF013614 2 2 1 16 0 0 0 0 0 1 1

AF030881 2 1 0 0 0 0 0 0 0 0

AJ010316 2 2 1 7 1 1 1 1 1 1 1

U63926 2 2 1 4 0 1 1 1 1 1 1

U92573 2 2 1 7 1 1 1 1 1 1 1

Totals: 57 6 10 13 15 22 26 27

Proximity conservation 11 18 23 26 39 46 47
(%)

?In cases where there is more than one candidate human chromosome, * marks the human chromosome with the highest number of top scoring BLAST
hits, which was used in the calculation of the totals at the bottom. Some of these relationships to human chromosomes have previously been described
by the original authors (Sandford et al., 1996; Aparicio et al., 1997; Armes et al., 1997; Schofield et al|, |11997; Miles et al., 1998; Brunner et al., 1999;
Gellner and Brenner, 1999; Reboul et al., 1999).

®The quantity « is the largest allowed distance (in genes) between one of the human homologues and its nearest neighbour in the syntenous group.
For the parts of the genome studied here the intervals of x = 5, 10, 20, 50, 200, 1000 and 4000 genes correspond to average physical distances of 0.50,

1.27, 2.81, 7.05, 29.14, 144.01, and 494.04 cR respectively.
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To make the simulation more realistic, we modelled the presence of gene
families. Because more than half of all human genes are still not included in
the human gene map, there is a real possibility that if the human orthologue
of a Fugu gene is not mapped, the Fugu gene would mistakenly be paired
with a mapped human paralogue instead. This could reduce the estimated
level of synteny conservation. Simulating this problem requires knowledge
of the distribution of gene family sizes, which we addressed in two ways.
First, we used the distribution of the numbers of human BLAST hits to
the Fugu proteins considered in Table 3.2 (plus annotated putative proteins,
totalling 91) as an approximation of the distribution of family sizes. Second,
we used the distribution calculated by Imanishi et al. (1997) from an all-
against-all FASTA comparison of human proteins translated from mapped
entries in DDBJ/EMBL/GenBank. In both cases the family sizes were
scaled by a factor of 8/3 to account for unsequenced and unmapped genes.
The latter (within-genome) method has the advantage that all the hits to
a protein represent paralogues, whereas with between-genome comparisons
the orthologues must be identified and removed before gene families can be
examined. The results from the two methods were similar and only those
using the Fugu data are presented here.

Paralogous gene families were randomly assigned among the 80,000 genes
in the simulated genome, according to the distributions described above. This
process resulted in each simulated Fugu gene having one human orthologue,
and possibly also a list of human paralogues, analogous to a list of BLAST
hits. Some of the orthologues and paralogues could be ‘unmapped’. Linkage
conservation was measured by looking for the human homologues of 1000
pairs of adjacent Fugu genes, chosen at random. If the human orthologue of
one (or both) of the Fugu genes in the pair was ‘unmapped’, a mapped
paralogue from the list was used instead where possible. The extent of

linkage conservation in human was then calculated, allowing various intervals
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Figure 3.4: Extent of proximity conservation in real and simulated datasets. Proximity was measured allowing different gene
distances between the human homologues of pairs of linked Fugu genes. The line marked “OBS” graphs the observed data
(Table[3.3). Average results for 30 computer simulations with 0, 8000, 16000, 32,000 and 80,000 rearrangement breakpoints
are shown (8000 breakpoints = 4000 rearrangements). The x-axis is the limit used for the distance permitted between two
human genes that are homologues of two Fugu neighbours, expressed in terms of the estimated number of intervening genes
on the chromosome.
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between the human homologues. The simulation was run 30 times, looking
at 1000 pairs of genes each time, with the average results shown in Figure 3.4.

The most striking feature in the simulation results is that the presence
of paralogues in an incompletely-sequenced genome has a substantial effect
on the measured extent of linkage conservation. If there have been no
genomic rearrangements (top curve in Fig. [3.4), gene order conservation
(and thus proximity conservation) should be 100%. However, the measured
level is only 37%, because for many gene pairs one or both of the human
orthologues is ‘unmapped’ and a mapped paralogue at some other location
in the genome has been used instead. This makes many linkages appear
broken artefactually. Our measures of proximity conservation in the real data
may also be underestimated to a similar degree (see Discussion). When the
observed data from the fully-sequenced Fugu cosmids (Table 3.3) is plotted
on the same axes, its initial slope is much greater than for the simulations
(Fig. 3.4). Possible reasons for this are discussed below. At large window
sizes the line is approximately the same as the simulations with 8,000-32,000

breakpoints.

3.4 Discussion

Although we confirmed the compaction of Fugu genes with respect to their
human orthologues, we did not observe any strong relationship between
gene compaction and the synonymous G+C content of the gene in either
species. This may be an artefact of the sample analysed, or it may indicate
true randomness in the compaction of the Fugu genome. There is an
inverse relationship between the average compaction of the genes in each
GC3 content category and their average GC3 content, which is consistent
with expectations based on the lengths of genes in G+C rich isochores in
vertebrate genomes (Duret et al., 1995). However, this relationship is not

strong enough to be predictive for individual genes.
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The incomplete nature of the human genome data, and the uncertainty
regarding whether homologues found in BLAST searches are orthologues
or paralogues, reduces our power to examine synteny conservation between
Fugu and human. The measured proximity conservation depends not only
on whether the genes remain close or not, but also on whether they are
mapped and sequenced, and if there are paralogues of these genes in the
mapped data. The simulations (Fig. [3.4) suggest that the combination of
incomplete sequence sets and the presence of gene families may cause the
level of proximity conservation to be underestimated substantially, perhaps
twofold.

There is an obvious discrepancy between the slope of the graph of
proximity conservation in real data from fully sequenced cosmids, as
compared to the results from computer simulations (Fig. 3.4). The observed
proximity conservation rises steeply to 37% at a window size of 100
intervening genes, and then plateaus to a shape more like the simulated data.
This suggests that the assumptions underlying the simulation are incorrect
in some way.

The steep rise may be attributable to three primary factors. One
possibility is that the real data is not a random sample of genes from the two
organisms. A bias may result from Fugu’s role as a model vertebrate genome
inevitably influencing the selection of cosmids for complete sequencing.
Cosmids with hypothesised synteny conservation with mammalian genomes
may have been chosen preferentially. At least five of the Fugu complete
sequences used had known synteny conservation with human chromosomes
prior to sequencing (Aparicio et al., 1997; Armes et al., 1997; Sandford et al.,
1997).

Second, lack of resolution and incomplete data in GeneMap 98 data may
affect the results. The arbitrary ordering of human genes that lie in the same

radiation hybrid map interval could inflate apparent distances in human,
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though this effect is unlikely to be significant because the average number
of genes per interval in the GeneMap ’98 data used here is only 1.98. At
least one distance in Table 3.3 has been overestimated due to missing data in
GeneMap ’98. This occurs with the genes TSC2 and PKD1 (Fugu accession
number AF013614) which are neighbours in both species (Sandford et al.,
1996). However, PKD1 is not present in the map and instead our method
identified a PKD1-like sequence elsewhere on chromosome 16 (Loftus et al.,
1999).

A third factor may be that our model of rearrangements is too simple. Our
model assumed a random distribution of breakpoints throughout the genome,
but comparative analysis of the human and mouse maps has shown that,
although inter-chromosomal rearrangements seem to have random endpoints,
the number of intra-chromosomal rearrangements is more than expected
at random (Ehrlich et al., 1997; Nadeau and Sankoff, 1998). The steep
incline at the beginning of the graph may indicate a high frequency of
small inversions or other small intra-chromosomal rearrangements as has
been observed in yeast species (Seoighe et al., 2000). Inversions of small
segments of chromosome would disrupt gene adjacencies while preserving
gene vicinities. This has been proposed by Gilley and Fried (1999) who
noticed that some genes that are adjacent in Fugu are 2-4 Mb apart in human.
Further examples from our study include wnt10b, ARF3, and erbB3. These
genes are adjacent in Fugu (Gellner and Brenner, 1999). In human wnt10b
and ARF3 are adjacent but erbB3 is separated from them by an estimated
distance of 603 genes (226 mapped GenBank sequences scaled by 8/3 to
allow for missing data) or 7.5 Mb (estimated from the map distance of 31
cR; chromosome 12 has an average of 234 kb/cR (estimated from the map
distance of 31 cR, chromosome 12 has an average of 234 kb/cR; Gyapay
et al., 1996).

It is likely that the initial portions of the simulations in Figure 3.4 are
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not directly comparable with the observed data. However, as the window
size gets larger the graph lines are approximately parallel to the plot of
the observed data. From these an estimate of the extent of rearrangement
since the divergence of these two lineages 400 million years ago is 8,000-
32,000 breakpoints (i.e., 4,000-16,000 reciprocal translocations or inversions).
This is higher than expected from comparisons of the human and mouse
genomes which diverged 100 million years ago and have only an estimated
180 rearrangements (Nadeau and Taylor, 1984; Nadeau and Sankoff, 1998).
Adjusting our simulations to incorporate a bias towards small rearrangements
would only increase the estimated number of rearrangements since the
Fugu/human divergence, making the discrepancy in rates even greater.

Another possible shortcoming of our analysis is the presence of short EST's
(which are not necessarily coding sequence) in the human DNA database used
here, resulting in an overestimate of the frequency with which we can expect
to find orthologues in this dataset from an amino acid level search. However,
this is unlikely to have a great effect on the results because we found that
78% of a random sample of over 500 human proteins submitted to TREMBL
after we downloaded GeneMap ’98 were represented in the database. The
gene family data is also likely to be oversimplified, as it is based on results
from only 91 Fugu proteins. The Imanishi et al. (1997) data is from a larger
set of proteins but is not as easy to relate to the human dataset used in this
analysis.

Because we have approached the question of synteny conservation from
the perspective of known gene adjacencies in Fugu, the proposed genome
duplication in the bony fish lineage (Amores et al., 1998) followed by
differential gene loss should not influence the results. If genes in the ancestral
genome were ordered ABCD and this was duplicated in the fish lineage,
differential gene loss could result in paralogous chromosomes, one bearing

AC and another bearing BD. If synteny of these genes had not been



CHAPTER 3. FUGU - HUMAN COMPARATIVE GENOMICS 75

disturbed then the human genome would still contain the four genes arranged
ABCD. If we were counting conservation of human linkages in Fugu then
we might plausibly have selected genes A and B for analysis and found
that they are not syntenous in Fugu, an artefact of gene loss, rather than
genome rearrangement. However, as we are starting from the complementary
viewpoint (given known relationships in Fugu), the only possible questions
are “Are A and C syntenous in the human genome?” and “Are B and
D syntenous in the human genome?”, which is true in both cases. It is,
however, possible that differential gene loss (after the genome duplication)
in the Fugu lineage has contributed to the reduction of some intergenic
distances as compared to human (e.g., the distance from A to C in the
hypothetical example). This may also contribute to the steep initial slope
seen in Figure [3.4. One example of apparent differential gene loss may
already have been discovered in the case of the genes IGF2 and TH (insulin-
like growth factor and tyrosine hydroxylase) which are adjacent in Fugu
but separated by one intervening gene (insulin) in human (E. Chen et al.
unpublished, GenBank accession number AL021880; Lucassen et al., 1993).
Patterns of gene loss and gene order evolution should become clearer when

more long homologous sequences from these species become available.



Chapter 4

Extensive genomic duplication
during early vertebrate

evolution

4.1 Introduction

The recent arrival of the draft human genome sequence in a database near
you was expected to open the door to a(nother) new age of molecular
biology. In terms of molecular evolution, the burden of expectation lay on the
origins of vertebrate complexity. One theory proposes that this complexity
originated by genome duplication at the base of the vertebrate lineage (Ohno,
1970). Opinions on the contribution of ancient genome duplication(s) to the
vertebrate genome range from highly skeptical (Hughes, 1999b; Martin, 1999;
Hughes et al., 2001) to highly credent (Spring, 1997; Holland, 1999; Wang
and Gu, 2000).

Here we examine the data from the International Human Genome
Sequencing Consortium (Lander et al., 2001) for evidence of genome du-
plication in an early vertebrate genome, by a combination of map-based and

phylogeny-based methods. This work was done in collaboration with Karsten
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Hokamp in our laboratory.

4.1.1 Formalising the problem

It could been argued that it is easy (and tempting) to fit any data to
the genome duplication hypothesis as it can accommodate a seemingly
arbitrary amount of gene loss and genome rearrangement, thus rendering the
modern genome unrecognisable as a paleopolyploid. This may come, in large
part, from the fact that there is little agreement on what a paleopolyploid
genome should look like. In fact, a genome duplication is not just a
genome duplication, it is genome duplication imposed on a background of
other kinds of duplication, be they chromosomal, segmental, or single gene
duplications. Not enough is known about the frequency and extent of sub-
genomic duplications to be able to effectively exclude them from any analysis,
so we can only hope that any evidence for a whole genome duplication would
be louder than the background noise.

The first step in analysing any problem is to define the null hypothesis,
that which you believe unless an alternative hypothesis is shown to be true.
Hughes argued that the null hypothesis should be the hypothesis of no
effect, that of no genome duplication (Hughes, 1999a). The null hypothesis
proposed by Hughes explains the presence of segments of chromosome with
some paralogous gene content in the genome (paralogous regions) by selection
for preferred translocation events (Hughes, 1998; Hughes et al., 2001). There
is no empirical evidence to support this hypothesis. By contrast there is
strong evidence that paralogous regions may arise through block duplication
events (e.g., Wolfe and Shields, 1997). The discovery in recent years of
polyploid origins of organisms from within the three eukaryotic kingdoms,
fungi (yeast: Wolfe and Shields, 1997), plants (Arabidopsis: Vision et al.,
2000; Arabidopsis Genome Initiative, 2000), and animals (zebrafish: Amores

et al., 1998; Gates et al., 1999) is indicative of a previously unknown ubiquity
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of genome duplication, and thus of its credentials as a hypothesis to explain
the presence of paralogous regions in the genome.

The whole genome duplication hypothesis predicts that gene duplication
is spatially and temporally concerted, ¢.e., including all genes simultaneously.
The proportion of the genome that is related to some other part of
the genome can be examined by map-based analysis of intra-genomic
paralogues. Phylogeny-based methods including molecular clock analyses
can be employed to ascertain the timing of gene duplications.

Various alternative hypotheses predict the existence of blocks of paralo-
gous gene content within a genome (e.g., segmental duplication, or selection
for clustering of interacting genes), but only a genome duplication hypothesis
predicts concerted timing of these events. The coalescence dates of duplicated
loci will depend on the mechanism of tetraploidy (be it autotetraploidy,
allotetraploidy, or segmental allotetraploidy) and the manner of restoration
of disomic inheritance of loci (Gaut and Doebley, 1997, and as discussed in

Chapter (1)

4.2 Materials and Methods

4.2.1 Sequences

The human sequence dataset was obtained from Ensembl version 1.00
(http://www.ensembl.org), and comprised 27,615 proteins encoded by
24,046 genes. Ensembl is a project based in the European Bioinformatics
Institute (EBI) which aims to develop a system for automatic annotation of
any genome sequence although it currently only provides protein predictions
for the human genome. Ensembl supplies two classes of protein annotation,
‘predicted” and ‘confirmed’. Predicted proteins are based on GenScan
predictions alone (Burge and Karlin, 1997), and confirmed proteins have

supporting evidence from homology with proteins in other databases. Only
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the confirmed protein dataset was used here.

Proteomes of the two invertebrate species Drosophila melanogaster
(Adams et al., 2000, 14,335 proteins) and Cenorhabditis elegans (C. elegans
Sequencing Consortium, 1998, 19,835 proteins) were retrieved from GenBank
release 123 (April 2001) and WormPep49 respectively. Alternative splice
variants were removed from these datasets (retaining the longest isoform),

leaving 13,473 fly proteins and 18,685 worm proteins.

4.2.2 Detection of paralogous regions in the human

genome

A brute-force algorithm was developed by Karsten Hokamp which was used
to detect paralogous regions within the human genome (described in detail
in Hokamp, 2001).

BLASTP (Altschul et al., 1997) was run on an all-against-all dataset
of the complete set of Ensembl proteins using the BLOSUM45 substitution
matrix, applying the SEG filter, and with an Expectation value (E-value)
threshold of 1. Recent tandem repeats were excluded from further analysis by
reducing all proteins within 30 genes distance and with BLASTP E-values less
than 1071° to a single entry by keeping only the longest protein. The resulting
dataset is referred to as the ‘collapsed’ dataset. Adjacent predicted proteins
with non-overlapping hits to the same protein on another chromosome were
considered to be exons of the same gene.

Paralogous relationships of human genes were identified through imple-
menting several post-processing steps on the BLASTP report: an upper
limit on the BLAST E-value of 1077 was imposed; the alignment of the
maximal-scoring segment pair (MSP) was required to be at least 30% of
the length of the longer protein; and only hits with an E-value within a
range of 10?2 of the top hit were considered. In addition Drosophila and

C@norhabditis proteins were included in the similarity search database to act
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as a natural orthology threshold (any human proteins that are less similar
than an invertebrate protein to the human query protein probably duplicated
before the invertebrate-vertebrate lineage divergence and so are not relevant
to the 2R hypothesis). High copy genes with greater than 20 hits passing all
these criteria were excluded from further analysis.

The relative distribution of the hits of the collapsed protein set were
examined to find blocks of similar gene content in diverse genomic locations.
A block was built starting from an anchor of a pair of genes at different
chromosomal locations. This was extended by including protein pairs on
these chromosomes that were positioned no further than 30 genes distance
from another protein included in the block. Paralogous regions detected by

this algorithm can be browsed at the website http://www.gen.tcd.ie/dup.

4.2.3 Gene family construction

Mutual best hits between fly and worm were found using BLASTP (Altschul
et al., 1997) with the following parameters: BLOSUM45 matrix; SEG filter
to mask simple repetitive sequences; and an E-value threshold of 10720,
Additionally, to exclude similarity based only on short domains only protein
pairs where the alignment of the maximal-scoring segment pair (MSP) in the
BLAST analysis covered at least 30% of the longer protein were accepted.
This search retrieved 2,802 fly/worm mutual best hit protein pairs. Tandem
and other sorts of duplication of genes is known to be frequent within each
of these invertebrate lineages (C. elegans Sequencing Consortium, 1998;
Semple and Wolfe, 1999; Ashburner et al., 1999) with the result that for some
human genes there will be several invertebrate orthologues (as illustrated in
Figure [1.6B reproduced from Venter et al., 2001). Gene families where
the invertebrate:human family size ratio is many:many, or many:one will
not be excluded by the mutual best hits criterion, rather, this criterion

reduces the chances of selecting a paralogue instead of the orthologue when
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the orthologue has been lost. The fly sequences from this set were used as
queries against the human protein set with alternative splice variants removed
(retaining the longest isoform), and using the same BLAST protocol as for
the fly vs worm comparison and enforcing the minimum alignment parameter
of 30%.

Gene families are highly dependent on the method employed to define
them. Some methods, such as single link clustering, where groups of related
proteins can be joined together as a single family by the existence of a
single relationship between a member of each group, may result in large
networks of gene families which can be difficult to interpret and are prone
to annotation artefacts. In this study, human gene families were defined
conservatively as mutually exclusive sets of BLASTP hits, so that no protein
can be a member of more than one family. Where two lists of hits were not
mutually exclusive, both sets of hits were excluded from further analysis.
This procedure retrieved 1808 human gene families and their invertebrate
orthologues. 758 families had at least two members (see Table [4.4 on
page(96). The BLASTP E-value threshold (1072Y) used in these searches was
selected because it maximised the number of human gene families obtained
(Figure [4.1). Less stringent cutoffs recovered fewer families because of the

requirement that they should be non-overlapping.

4.2.4 Duplication date estimation

The 758 two-to-ten membered human gene families defined by this method
were aligned with their fly and worm orthologues using T_ COFFEE (Notredame
et al., 2000) with its default parameters. These alignments, and initial
tree topologies generated by the PHYLIP program protdist with default
parameters, were used to estimate the alpha parameter for a gamma
distribution using the program GAMMA (Gu and Zhang, 1997). In

the gamma distribution of evolutionary rate, the variance of the number
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E-value cutoff, the number of families with two or more members (y axis)
and the number of proteins making up those families (z axis) are shown. The
points on the graph are replaced by the E-value parameter used in each case.
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of substitutions among sites should be greater than the mean. If this
condition is not satisfied, alpha is not defined (infinity). This was the
case for 154 of these gene families. Neighbour-joining trees (Saitou and
Nei, 1987; Takezaki et al., 1995) were drawn for the remaining 602 families
using Gamma-corrected distances. Two families returned an unexplained
‘format error’. 121 families where the fly and worm sequences did not group
were excluded from further analysis because these family expansions must
predate the arthropod-chordate divergence and we are specifically interested
in vertebrate lineage gene family expansions. The two-cluster test (Takezaki
et al., 1995) for rate heterogeneity was applied to the remaining families to
test for deviations from the molecular clock at 5% significance. Linearised
trees (Takezaki et al., 1995) were drawn for the 191 families that passed all
these criteria. Gene duplication dates were calculated from each of the 191
linearised trees of 2-10 membered families by the method shown in Figure 4.5
on page 97. Nodes where the age was calculated to be zero were excluded

from further analysis.

4.3 Results

4.3.1 Analysis of paralogous regions

In order to test the theory of genome duplication(s) at the base of the
vertebrate lineage we examined the draft human genome sequence (Lander
et al., 2001) for the presence of blocks of homologous genes at different
chromosomal locations, such as are predicted to result from the degeneration
of the symmetry of a post-polyploidy genome. An algorithm was developed
by K. Hokamp to detect paralogous regions within the human genome (see
Materials and Methods). Paralogy regions were characterised in terms of the
number of different pairs of genes used to define them (i.e., homologous pairs

present on the two paired chromosomal segments, as distinct from intervening
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unduplicated genes) which we term sm (smallest number of unique links).
Where two genes on one chromosome are paired with a single gene on
another chromosome, this is counted as a single unique pairing between these
chromosomes. This method found 1138 blocks with sm > 2 (the minimum
possible size of a block) covering 91% of the genome, and 96 blocks with at
least 6 defining pairs (sm > 6) covering 44% of the total genome (just over
3 Gb). The 20 largest paralogous regions detected are listed in Table [4.1.
K. Hokamp’s database of paralogous regions in the human genome can be
browsed at the website http://www.gen.tcd.ie/dup.

The most extensive region which was found (Figure [4.3) includes 29
duplicated genes and pairs a 41Mb region of chromosome 1 (including the
tenascin-R locus) with a 20Mb region of chromosome 9 (including tenascin-
C). The pairs of chromosomes with the highest numbers of duplicated
genes forming paralogy regions with sm > 3 are, in decreasing order,
1/19, 1/6, 1/9, 7/17, 4/5, 2/7, 8/20, 2/12, 1/12, 5/15, and 12/17;
these chromosomes all share at least 40 duplicate genes (Table [4.2]). All
chromosomes contain paralogy regions with at least one other chromosome,
and most contain paralogy regions with multiple chromosomes. For example,
parts of chromosome 17 are paired with parts of seven other chromosomes
(Figure [4.2A) including extensive similarity to chromosomes 2, 7, and 12
around the Hoz clusters (Ruddle et al., 1994). The organisation of one
paralogy region, with sm = 9, between chromosomes 17 and 3 is shown
in detail in Figure [4.2B. This includes duplicated genes for the histone
acetlytransferases PCAF and GCN5L2 (Xu et al., 2000), and for the alpha
and beta forms of topoisomerase II (TOP2A and TOP2B; Lang et al., 1998).

4.3.1.1 Comparison with Celera results

A conceptually similar analysis was performed by Venter et al. (2001) in their

analysis of the sequence of the human genome. The results are presented as a
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Table 4.1: Details of the 20 largest paralogous regions identified in the human
genome by K. Hokamp's algorithm. Blocks are listed in decreasing order of size
in terms of number of duplicated genes.

Block id chr A chr B kb A® kb B’ density sm?
0109147702450 1 9 40.9 20.3 13.48 29
0717007601360 7 17 255 14.1 18.17 28
0212082302010 2 12 41.3 9.3 15.70 26
1518024002430 15 18 27.9 35.7 15.19 23
0106034601910 1 6 14.9 39.1 12.69 23
0515031102270 5 15 48.2 21.1 11.19 21
0410044701460 4 10 36.0 26.1 12.51 18
1722088301950 17 22 18.9 7.8 11.99 17
0214027500850 2 14 18.4 26.5 13.79 15
0207091200810 2 7 12.0 12.0 18.84 14
0119086901630 1 19 31.5 6.4 9.99 14
0111185902030 1 11 30.8 5.0 10.24 14
0112172000710 1 12 5.5 29.2 14.23 13
0109086100960 1 9 17.2 9.9 11.05 13
0606016000490 6 6 3.0 2.0 19.56 12
0405067601020 4 5 37.7 29.9 10.19 12
1112008400990 11 12 15.2 29.9 10.60 11
0119062800910 1 19 9.4 7.3 10.70 11
1114048500800 11 14 25 22.2 10.69 10
0820048800740 38 20 22.7 1.4 17.17 10

?length of block in kb on chromosome a
blength of block in kb on chromosome b

¢proportion of genes covered by the block that are present in duplicate

d

number of duplicated genes
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Figure 4.2: Paralogous regions on human chromosome 17. These blocks
were detected by K. Hokamp’s algorithm (A) View of chromosome 17 showing
the blocks detected between this chromosome and the rest of the genome.
Only blocks with sm > 6 are shown. Blocks are indicated by numbered
rectangles (identifying the paired chromosome) to the right of the figure.
The block with chromosome 3 that is shown in detail in (B) is shaded. The
position of the HozB cluster is marked. (B) Closer view of a nine-membered
block detected between chromosomes 17 and 3. Genes whose products have
names beginning with ENSP are predicted by Ensembl; other names are
from HUGO or SwissProt. Numbers in parentheses indicate the rank order
of genes along the chromosome (gene number 1 is the closest to the telomere
of the p arm). Intervening genes that are not duplicated are not shown.
Clusters of tandemly duplicated genes that have been reduced to a single
representative on the map are indicated by ‘clus’ following the gene name.
The relative duplication date of the PCAF/GCN5L2 pair from this block
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Figure 4.3: Paralogous block between human chromosomes 1 and 9. This is
the largest paralogous block in the human genome detected by K. Hokamp’s
algorithm including 29 duplicated genes.



Table 4.2: Summary of chromosome relationships and comparison with Venter et al. results.

Ccrf1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
1 3 26 0 15 65 16 16 57 3 31 44 3 26 11 9 21 3 66 6 3 0 12 0
2 2 7 9 0 52 10 4 25 16 46 10 31 12 0 27 3 12 6 0 4 10 O
3 2 4 7 34 4 0 12 122 20 7 0 O 6 17 0 6 0 0 3 39 4
4 54 0 3 10 039 9 0 13 0 0 O 0 0 0 0 0 o0 b5 o0
5 311 8 029 4 0 3 0 42 16 0 3 7 0 O 0 3 O
6 o 720 0 11 3 6 1 0 3 3 4 0 9 9 7 12 0
7 3 0 6 6 3 3 0 3 3 57 0 3 0 0 9 15 0
8 0 28 6 0 0 9 010 0 0 6 52 0 0 3 O
9 o 9 3 3 016 0 0 0 33 0 0 0 4 o0

10 o 3 0 o 3 0 1L 0 3 3 3 0 3 O
11 36 0 16 0 6 7 6 28 3 18 13 13 0
12 o 0 O O 42 0 9 0 0 0 11 O
13 o 0 0 6 0 0O 0 4 0 29 O
14 0 14 0 0 14 16 0 0 0 O
15 3 3 2312 0 0 0 0 O
16 7 0 0 17 0 17 0 O
17 0 12 0 0 36 0 O
18 12 28 0 3 0 O
19 4 4 3 0 O
20 0 3 0 O
21 0 0 0
22 0 O
X 11
Y

The number in each pairwise comparison is the sum total sm between those chromosomes (i.e. number of duplicated genes in blocks of sm > 3.
Values in boldface indicate chromosome pairs where we identified a relationship between the chromosomes but where no pairing was found in the Celera
analysis, and the converse is indicated by an underlined zero.
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large figure (Fig. 13 of Venter et al.) illustrating chromosomal relationships.
A comparison with our results is not entirely straightforward because the
information provided on both the method and the results is minimal. The
most robust way of considering their results is by simply recording the
presence or absence of any relationship between all pairwise chromosome
comparisons in this figure. It is not possible to determine which genes, or
how many are involved in Venter et al.’s pairings.

The results of this comparison are summarised in Table 4.2 where the
number in each pairwise comparison is the sum total of the the sizes of blocks
between those chromosomes found by K. Hokamp’s algorithm. Because
the same gene may be involved in several blocks between the same pair of
chromosomes, this is not necessarily the same as the number of gene pairs
in blocks shared by the chromosomes, but is an upper limit. Of the 276
possible chromosome pairs, our method detected 151. We detected 55 regions
that were not found in the analysis by Venter et al., and we did not detect
any relationship between 21 pairs of chromosomes for which they illustrated
pairings.

A recent comparison of the Ensembl and Celera predicted gene sets
revealed that the novel genes predicted by each group are largely non-
overlapping (i.e., unique to each dataset Hogenesch et al., 2001). This may,
at least partially, explain the differences in the results of the genome-wide

search for paralogous regions.

4.3.1.2 Paralogous regions - block duplication or artefacts?

Even if no ployploidies or block duplications had ever occurred during the
evolution of the human genome, some apparent duplicated blocks would
probably exist purely by chance. The existence of intervening non-duplicated
genes within a block and gene order differences between these putatively

paralogous regions means that the significance of the regions we discovered
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Box 4.1: Computer simulations with shuffled genome map

The genome map was shuffled in 1000 computer simulations. The block
detecting algorithm was applied to each shuffled genome exactly as was
done for the real genome map. The blocks found in the shuffled genomes
were compared to those of the real genome in terms of frequency of blocks
of different sizes. This used the block-detecting algorithm by K. Hokamp,
and the database of paralogous regions generated by the algorithm.

is not intuitively obvious. Are these the rearranged remnants of extensive
genomic (or whole genome) duplication events? Or, are they simply artefacts
of the lenience of this algorithm, combined with the frequency of multi-
gene families in the human genome? We used computer simulations with
randomised genome maps (Box|4.1) to estimate the background level of block
detection by this algorithm. Any blocks detected in the randomised genome
must be artefacts.

The results of the block detection algorithm from 1000 simulations are
summarised in Table|4.3. The number of blocks of sm = 2 was similar in the
simulations and the real data. All blocks with sm > 3 are highly significant
by two statistical tests, a Z-score test, and a percentile rank test. The Z-score
(normal deviate) test assumes that the number of blocks of a particular size
found in the simulations is normally distributed about the mean (x). In a
normal distribution 99.9% of the measurements lie within p + 3.290, where
o is the standard deviation of the distribution. The Z-score is the number
of standard deviations by which the observed value exceeds the mean of the
simulations. The percentile rank is a non-parametric test (i.e., a test that
does not require the estimation of the population variance or mean). The
percentile rank indicates the proportion of the simulations that had equal or
fewer results that were less than or equal to the observed value. Therefore

if a value is in the 99th percentile, it has a statistical significance of 1% as
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Table 4.3: Sizes of duplicated regions in the human genome, compared
to simulations where gene order was shuffled

Number of blocks
sm* Real genome Simulations Z Score® Percentile®
mean SD

2 1138 1051.67 29.43 2.93 99.9

3 260 159.05 12.35 8.17 100.0

4 93 30.10 5.62 11.20 100.0

5 55 6.89 271 17.76 100.0
>6 96 256 1.63 57.48 100.0

*Number of duplicated genes comprising the block

®Number of standard deviations by which the number of blocks in the real genome
exceeds the mean of simulations

“Proportion of simulation results that were less than or equal to the observed value

estimated by this non-parametric test.

The deviation in terms of the Z-Score is more marked for the larger
blocks, with blocks defined by at least six duplicated genes being in excess
of 50 standard deviations more frequent than expected from the simulations.
This analysis indicates that any paralogous region with sm > 6 has almost
certainly been formed by a regional duplication, and that blocks of sm = 3
are on the borderline of statistical significance for this dataset. The mean
number of blocks with sm > 6 in the simulations was 2.56, compared with
the observed value of 96. The highest number of blocks with sm > 6 in any
of the 1000 simulations was nine. The only alternative hypothesis that could
fit these data is selection for clustering of these genes on a chromosome as
has been suggested for the mammalian MHC gene complex and the surfeit

locus (Hughes, 1999a).
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Box 4.2: Computer simulations with randomised block distribution

Paralogous regions of the genome were defined randomly in a computer
simulation. The number and sizes of the blocks found in the real genome
were preserved, as were the number and sizes of chromosomes. Blocks were
randomly assigned a position in the genome with the only restrictions being
that they must not run over the end of a chromosome and that the physical
positions of paired chromosomal segments could not overlap (i.e., a region of
chromosome could not form a block with itself). This was repeated 10,000
times each for all blocks with sm > 3, > 4, > 5, and > 6.

Genome coverage was measured for all genes in each of the simulations
and in the real genome (K. Hokamp's database of paralogous regions). The
coverage was defined as the number of blocks that cover the location of
the gene regardless of whether or not that gene was involved in the pairing
between the two chromosomal segments. A gene that is not under any block
has a coverage of zero, a gene that is covered by a single block has a coverage
of one, and so on.

4.3.1.3 Extent of paralogous block overlap

In the case of a single round of whole genome duplication, the whole genome
should be duplicated once, and once only. Paralogy regions that result from
this event should not overlap each other, i.e., each portion of genome should
only be paired with one other. After a second genome duplication event each
region will be present in four copies, i.e., each region should be paired with
three other regions. Regions with more or fewer overlaps do not constitute
falsification of this hypothesis because they could arise from extra segmental
duplications, or gene loss respectively. However there should be an excess
of one-fold block coverage in the case of a single genome duplication, or
three-fold block coverage in the case two rounds of genome duplication.
Starting with the assumption that the paralogy regions defined by K.
Hokamp’s algorithm did duplicate en bloc, we used computer simulations

(Box 14.2) to investigate the degree of overlapping blocks compared to a
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random distribution of block positions. These results were compared with
the amount of coverage seen in the real block distribution. The significance
of the difference between the observed amount of overlap in the genome and
that seen in the 10,000 simulations is expressed as a percentile rank. The
percentile rank indicates the proportion of the simulations that had equal
or fewer genes with the same amount of overlap. The results for different
thresholds of block size are shown in Figure 4.4.

Disappointingly there is no clear pattern in these results. Some
levels of coverage appear to approach statistical significance for some
block size thresholds, and then appear insignificant for another. For
example, sm > 4 has low 1x coverage and high 3x coverage which taken
alone could be interpreted as evidence in support of the 2R hypothesis
(3% coverage indicates that paralogy regions are present in four copies), but
the 3x coverage is insignificant for other sm thresholds. One could easily
choose data that support or contradict the genome duplication hypothesis
with selective representation of results, so I am forced to conclude that this

metric is simply uninformative.

4.3.2 Estimating dates of gene duplications in the ver-
tebrate lineage using Cenorhabditis and Drosophila
outgroups

In testing genome duplication, analysis of the relative map position of
paralogues is complemented by analysis of the timing of the duplication
events giving rise to these paralogues. We sought to estimate the ages of
gene duplications in the vertebrate lineage by employing the molecular clock
where applicable. The human, Drosophila, and Caenorhabditis proteomes
were compared to identify gene family expansions in the chordate lineage, i.e.,
gene duplications that postdate the arthropod-chordate divergence. Family

definition was conservative with no gene permitted to be a member of more
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Figure 4.4: Comparison of genome coverage overlap by the paralogous
regions found in the real genome with randomly distributed paralogous
regions. Coverage indicates the number of blocks that cover a single gene. If
the whole genome had a coverage of 1, then everything in the genome could
be said to have duplicated once, and once only. Triplicated regions have a
coverage of 2 because one region is similar to two others. Quadruplicated
regions are seen as one region matched with three others, and so should have
a coverage of 3. The percentile rank indicates the proportion of the 10,000
simulations that had equal or fewer genes with the same amount of coverage.
The different lines indicate the different thresholds of minimum size block
used in independent simulations.
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that one family. This strategy was adopted to avoid the ambiguities arising
from networks of gene families which may only be related by a homologous
domain.

Of the 1808 families identified, 758 had between two and ten members
(Table 4.4)). One-membered families have either not been duplicated or have
lost all paralogues, and are not informative in this analysis. The 758 two-
to-ten membered families were aligned and phylogenetic trees were drawn as
described in Materials and Methods. 191 of these families were informative,
in that the molecular clock was not rejected by the two-cluster statistical test
(Takezaki et al., 1995), and the tree topology was consistent with vertebrate
lineage gene duplication (Table[4.4).

In a tree of a gene family, each intra-specific node represents a gene
duplication event. A bifurcating tree of an N-membered family contains
N — 1 intra-specific nodes. The ages of these nodes were calculated relative
to arthropod-chordate divergence (termed D) as illustrated in Figure A.
Branch lengths were estimated using a Gamma correction for multiple hits,
and linearised trees were drawn under the assumption of a molecular clock.
The relative ages of nodes in these trees were estimated by expressing the
branch length from the node to the tip of the tree as a proportion of the total
length from the outgroup divergence node to the tip (Figure|4.5 A). Because
the definition of gene families for this analysis excluded families where the
duplication was also present in the outgroups, all node ages must be younger
than D.

The distributions of ages of duplication events (Figure [4.5/B-F) all show
an excess of nodes originating between 0.4-0.7 D. This is most marked in the
pooled histogram for all families with at least two members (Figure 4.5 B)
and for the two-membered families alone (Figure [4.5 C). The timing of
the arthropod-chordate divergence is uncertain, but one recent estimate of

D=833 Mya (Nei et al., 2001) would place this peak between 333-583 Mya,



Table 4.4: Analysis of vertebrate gene families

Human gene | Number Alpha Failed two- Outgroups Linearised

family size of families undefined® cluster test’ not trees?
togethelﬁ

2 377 124 93 32 128

3 179 17 79 36 46

4 66 2 43 15 6

5 52 2 26 18 6

6 14 2 4 5 2

7 13 1 7 4 1

8 10 0 7 3 0

9 9 0 7 3 0

10 38 6 24 6 2

Totals: 758 154 290 121 191

?Shape parameter for gamma distribution not calculable
bFailed to reject substitution rate heterogeneity at 5% significance

“Some gene duplications predated the arthropod-chordate divergence

Number of phylogenetic trees with branch lengths calculated under the assumption of a molecular clock
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Figure 4.5: Estimation of gene duplication dates using linearised trees with
fly and worm outgroups. (A) Model linearised tree of a five-membered gene
family. The time of duplication for each of the nodes a —d is indicated on the
scale below the tree. Ages are expressed relative to the arthropod-chordate
divergence (D); for example, the age of node a is 0.7D. (B-E)Distribution
of the estimated ages of vertebrate specific nodes of 2-10 membered, 2
membered, 3 membered, and 4-10 membered families respectively. Each node
represents a duplication event, and a family with N members has N —1 nodes.
(F) Breakdown of estimated duplication dates among gene pairs mapped to
paralogy blocks for two-membered gene families. The duplicated gene pairs
in the histogram in (C) were placed into four categories: pairs making up
paralogy regions with >6 duplicated genes (black); pairs making up paralogy
regions with >3 duplicated genes (dark grey); pairs that appear on the map
but are not present in blocks with at least 3 duplicated genes (light grey);
and pairs for which one or both of the genes did not appear on the condensed
gene map used for our analysis (white).
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which includes the origin of vertebrates. Two membered families have only
one gene duplication event per tree. The effect is weaker for larger families
(Figure [4.5 D and E) which may be attributable to the fact that there are
fewer data and also more noise from the many gene duplication events that

shaped these families.

4.3.3 Estimation of duplication dates using a topology
approach with sequences from additional verte-

brates

The ages of duplications in the two-membered families were also calculated
by a topology-based method. Trees were drawn from alignments with
available non-mammalian vertebrate orthologues and the duplications were
dated according to whether they pre- or post-dated major lineage divergences
within vertebrata (Box 4.3 overleaf; trees are shown in Figures [4.10 on
page 106 to/4.18 on page(113). For example, the human PCAF and GCN5L2
genes (Xu et al., 2000) were estimated by the method described in the
preceding section to have a duplication date of 0.43 D or 358 Mya. When
other vertebrate sequences are included in the tree (Figure 4.6), the branching
order confirms that the gene duplication is at least older than the chicken
divergence (310 Mya; Kumar and Hedges, 1998). Similar topological support
was found for 31 of the 36 families that could be examined in this way
(Figure 4.7 on page 101). If the estimate of Wang et al. (1999) for the time
of arthropod-chordate divergence (993 Mya) is used instead of Nei et al.’s
estimate (833 Mya), then only 3 families give incongruent results between
the two methods. Overall, these phylogenetic analyses using other vertebrate
sequences provide support for the approximate time scale used, and for the

consistency of the molecular clock method.
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Box 4.3: Topology-based method of duplication date estimation

To test the congruence of the molecular-clock based method with topology-
based methods, human proteins from 2-membered families were compared
to a database of 105,860 non-human vertebrate sequences from SWALL
(SwissProt plus daily updates, 19th Sept. 2001) using the same BLASTP
protocol as in Section 4.2.3/on page!80, and enforcing a minimum alignment
length of 30% of the longer sequence. Neighbour-joining trees with gamma-
corrected distances were drawn for each family, and the trees were examined
to determine whether the gene duplication pre- or post-dated the divergence
of the lineages leading to bony fish, amphibians, or birds and reptiles.

4.3.4 Placing duplication date estimates on the paral-
ogy map

For the two-membered gene families, it is possible to look up whether any
gene pair appears on K. Hokamp’s map of paralogous regions described
earlier. This analysis shows a non-uniform distribution for blocks of sm > 3
(P=0.02 by Kolmogorov-Smirnov test), with many of duplicated genes in the
age range 0.4-0.7 D also being components of paralogous regions (Figure 4.5
on page 97 F). The age distribution of pairs in blocks with sm > 6 is not
significantly different from a uniform distribution (P < 0.5 by Kolmogorov-
Smirnov), which is not surprising considering there is little statistical power
left in such a small sample size. The number of pairs of each age group on
the map of paralogous regions of sm > 3 is not significantly different from a
random subset of the total age distribution of pairs with known map position
(P=0.5 by Kolmogorov-Smirnov)

A similar excess of pairs in blocks aged between 0.4-0.7 D is seen in

larger gene families (Figure 4.8 on page [102). As there are more pairwise

N(N-1)

5— ) than there are duplication events (N — 1) for families with

ages (

N > 3 (where N is the size of the gene family), this is not simply a subset
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Caenorhabditis AC024791

Drosophila AAF49904

Chicken BAB59138
Mouse Q9JHD1

Human PCAF (ENSP00000232271)

Chicken BAB59137

Mouse GCL2_MOUSE
—

0.1
Human GCN5L2 (ENSP00000225916)

Figure 4.6: Phylogenetic tree calculated from protein sequences in the
PCAF/GCN5L2 family. GenBank, Swissprot, or Ensembl identifiers are
given beside species names.

of mapped genes as it was in the case of two membered families. Therefore
statistical interpretation of this result is difficult. A single duplication event
(one node on a tree) will contribute to several pairwise ages if there are more
than two operational taxonomic units (OTUs) below that node.

Only 14 blocks contained two or more pairs of genes for which a
duplication date was calculable (Figure 4.9 on page 103). No more than
three age estimates were calculable from any one block. In order for these
data to be appropriate for an ANOVA test the standard deviation of each
group (block) should be the same. It is obvious from inspection of Figure 4.9
that this assumption is violated. For ten of the 14 blocks, all of the calculable
dates are within the range 0.4-0.7 D, and the ages from three of other blocks
overlap with this age range. This result is weak because there are so few data,
but it further indicates that paralogous regions tended to originate around

0.4-0.7 D.
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Figure 4.7: Comparison of topology-based and clock-based estimation of
the dates of gene duplication. Each dot represents a pair of human genes
for which a homologous sequence from non-mammalian vertebrate species
was available. The vertical position of a dot indicates the minimum (black
dots) or maximum (white dots) age of its gene duplication, as determined
by the branching order of a phylogenetic tree. For example, the leftmost dot
in the diagram indicates a gene duplication that was found to have occurred
more recently than the divergence of the bony fish lineage, as shown by
the topology of a tree that included the two human sequences, a bony fish
sequence, and fly and worm outgroups. The horizontal position of a dot
indicates the gene duplication date estimated by the molecular clock, using
the same methodology and age groups as in Figure [4.5 (i.e., using only
human, fly and worm sequences). When the two methods give congruent
results, all black dots should lie to the right of the thick black lines, and all
white dots should lie to their left. This is true for 31 of the 36 dots. Any dots
inside the grey bar at the bottom of the figure indicate a post-mammalian
gene duplication. The thick lines are zigzags due to the use of binned age
classes for the molecular clock date estimates. The timescale for speciations,
indicated on the tree at the left, is from Kumar and Hedges (1998).
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Figure 4.8: Ages of pairs of genes from gene families with more than two
members that are in blocks with sm > 6 (black) or sm > 3 (grey).

4.3.5 Phylogenetic test of (AB)(CD) topology in hu-

man four-membered families

A four-membered family must fulfil two criteria in order to be consistent
with the 2R hypothesis. The four genes must have duplicated after the
origin of vertebrates, and they must exhibit a symmetrical (AB)(CD)
topology (Skrabanek and Wolfe, 1998). When this topology test was applied
to the four-membered families defined in this analysis 47% of the trees
were of the form (AB)(CD) (Table [4.5 on page [104). Sequential gene
duplication will give rise to a symmetrical (AB)(CD) topology 1/3 of the
time, and an asymmetrical topology (A(B(CD))) the remaining 2/3 of the
time (Figure [1.7/ on page [34). The observed frequency of the symmetrical
topology in four-membered families defined here is not significantly greater
by x? test (P=0.25) than is expected from sequential gene duplications, and
is consistent with results from other analyses (e.g., Hughes, 1999b; Lander

et al., 2001; Martin, 2001).
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Figure 4.9: Relative ages of pairs of genes from the same block. 14 blocks are
shown where there were at least two duplication date estimates for members
of the block. No more than three age estimates were calculable from any one
block. Horizontal bars indicate the age of a duplicated pair of genes. Vertical
bars connect age estimates from the same block. Block names are indicated
above.
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Table 4.5: Tree topologies of four-membered vertebrate gene families.

Method? Number of families with topology
(AB)(CD) | (A(B(CD)))
NJ/Gamma 25 (49%) | 26 (51%)

NJ/Gamma/bootstrap 15 (47%) | 17 (53%)

“Phylogenetic trees were constructed by the Neighbour-joining method using a
Gamma correction for multiple hits (see Materials and Methods). Topologies were
examined with and without a requirement for 80% bootstrap support for the topology
determining branches. There is only one topology determining internal branch for the
(A(B(CD))) tree, but two for the (AB)(CD) tree (Figure[1.7).

4.4 Discussion

We have shown that the human genome contains more large paralogous
segments than expected by chance, that an unexpectedly large number
of duplicated genes are in the approximate age range 333-583 Mya, and
that many of the gene pairs of this age are located in paralogous regions.
The results are even more striking considering that the human genome is
not yet fully sequenced or annotated, which means that the detection of
paralogous segments may have been hindered by many genes remaining
unidentified or assigned to the wrong location. Errors of this kind will almost
certainly make paralogy regions harder, not easier, to detect. Some of the
paralogous segments may indicate functional links between genes (Hughes,
1998). For example, genes encoding the four members of the transmembrane-
type subgroup of metalloproteinases (Kojima et al., 2000) are each closely
linked to genes for four copines, a small (five-member) family of proteins
suggested to be involved in membrane trafficking (Tomsig and Creutz, 2000),
on chromosomes 8/14/16/20.

The symmetric topology expected by the 2R hypothesis may not always

be easy to retrieve by phylogenetic methods, even when it is the true topology.
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An analysis by Zharkikh and Li (1993) showed that tree drawing methods
have more success in recovering asymmetric trees than symmetric ones.
Furthermore, when requiring bootstrap support for a phylogeny, there are
two nodes that are critical to the (A,B)(C,D) topology, but only one critical
node of the alternative (A(B,C,D)) topology (the branching order of B, C,
and D is irrelevant to the asymmetry) as illustrated in Figure (1.7 on page(34.
This may mean that more symmetric trees will fail in terms of bootstrap
significance.

Although the result in Table 4.5 appears to stand against two rounds of
polyploidy, proponents of the 2R hypothesis argue that it is still compatible
with a variant of the 2R hypothesis where the two rounds of genome
duplication occurred in close succession to form a species with partial
octosomic inheritance that subsequently became diploidised (Gibson and
Spring, 2000; Wolfe, 2001). It should be noted that critics of the 2R
hypothesis have declared that it is ‘difficult to devise ways to discriminate
between this hypothesis [genome duplication] and alternatives’ (Hughes,
1999b, p.575) because it can be modified to accommodate almost any
observation.

Our findings are consistent with the 2R hypothesis but do not constitute
proof of it. They are also consistent with other possible scenarios (Smith
et al., 1999; Martin, 1999), including aneuploidy (chromosomal duplication)
or an increased rate of production (or fixation) of duplicated chromosomal
segments in an early chordate. Polyploidy is probably the most parsimonious
explanation, particularly if deletion affects several genes in a single event
(see Conclusions), but we do not see any specific evidence for two rounds of
genome duplication as opposed to one. Genome sequencing in invertebrate
chordates and basal vertebrates such as Ciona, Amphiozus, or lamprey should
throw light on the mechanism by which paralogous regions originated in

chordate genomes.
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Figure 4.10: Phylogenetic tree topologies indicating duplication of the
human genes prior to divergence of the cartilaginous fish lineage. Human
genes are listed by their Ensembl accession number (beginning ‘ENSP’),
worm sequences are listed by their WormPep accession number (beginning
‘CE’), fly sequences are listed with the GenBank identifier and accession
number (beginning ‘gi’), for other species GenBank, Swissprot, or Ensembl
identifiers are given beside species names. The scale bar for each tree
indicates a distance of 0.1 substitutions per site.
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Figure 4.11: Phylogenetic tree topologies indicating duplication of the
human genes prior to divergence of the bony fish lineage. Human genes
are listed by their Ensembl accession number (beginning ENSP), for other
species GenBank, Swissprot, or Ensembl identifiers are given beside species
names. The scale bar for each tree indicates a distance of 0.1 substitutions

per site.
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Figure 4.12: Continuation of Figure 4.11 on the page before



CHAPTER 4. DUPLICATIONS IN THE HUMAN GENOME 109

CE16862

0i[7289278|gb|AAF45366.1|
ENSP00000222473
DYI11_MOUSE.Mouse

DYI1_RAT.Rat

Q98SV2.African_clawed_frog

DYI2_RAT.Rat
DY12_MOUSE.Mouse

— ENSP00000170663

CE18240
0i[7301813|gb|AAF56923.1]
PHS XENLA.African_clawed frog

PHS_CHICK.Chicken

ENSP00000224715

— DCOL_CHICK.Chicken

ENSP00000239563

JE— |:DCOL_M OUSE.Mouse

CE16126

0i[7300420|gb|AAF55577.1

ENSP00000242445

Q9EPU3.Mouse

Q91581.African_clawed_frog
ENSP00000217925

— Q9ERC2.Mouse

CE05090
0i[7296156|gb|AAF51449.1|
ENSP00000233154

Q9QW59.Mus_sp.
AAH11071.Mouse
055033.Mouse

P79956.African_clawed_frog
ENSP00000232176
055032.Mouse
Q9Z279.Mouse
— Q99M51.Mouse

CE20560
0i[7292612|gb|AAF48011.1|
Q9DDLO0.African_clawed frog

DY J1_CHICK .Chicken
ENSP00000232405
Q9QXUB.Rat
ENSP00000219347
BAA23369.Rat
DYJ2_RAT.Rat
035110.Rat
035108.Rat
— 035109.Rat

CE24822

_ gi|7298842|gb|AAF54050.1]
ENSPO0000186160
055012.Rat

AAH11470.Mouse

0O55011.Rat
Q9PTK7.African_clawed frog

ENSP00000195649
A180_MOUSE.Mouse
—_— A180_RAT.Rat

Figure 4.13: Phylogenetic tree topologies indicating duplication of the
human genes prior to divergence of the amphibian lineage. Human genes
are listed by their Ensembl accession number (beginning ENSP), for other
species GenBank, Swissprot, or Ensembl identifiers are given beside species
names. The scale bar for each tree indicates a distance of 0.1 substitutions

per site.
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Figure 4.14: Phylogenetic tree topologies indicating duplication of the
human genes prior to divergence of the lineage leading to birds and reptiles.
Human genes are listed by their Ensembl accession number (beginning
ENSP), for other species GenBank, Swissprot, or Ensembl identifiers are
given beside species names. The scale bar for each tree indicates a distance
of 0.1 substitutions per site.
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Figure 4.15: Phylogenetic tree topologies indicating duplication of the
human genes after divergence of the bony fish lineage. Human genes are
listed by their Ensembl accession number (beginning ENSP), for other species
GenBank, Swissprot, or Ensembl identifiers are given beside species names.
The scale bar for each tree indicates a distance of 0.1 substitutions per site.
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Figure 4.16: Phylogenetic tree topology indicating duplication of the human

genes after divergence of the amphibian lineage.

Human genes are listed

by their Ensembl accession number (beginning ENSP), for other species
GenBank, Swissprot, or Ensembl identifiers are given beside species names.
The scale bar indicates a distance of 0.1 substitutions per site.
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Figure 4.17: Phylogenetic tree topologies indicating duplication of the
human genes after divergence of the lineage leading to birds and reptiles.
Human genes are listed by their Ensembl accession number (beginning
ENSP), for other species GenBank, Swissprot, or Ensembl identifiers are
given beside species names. The scale bar for each tree indicates a distance

of 0.1 substitutions per site.
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Figure 4.18: Phylogenetic tree topologies indicating duplication of the
human genes within the mammalian lineage. Human genes are listed by their
Ensembl accession number (beginning ENSP), for other species GenBank,
Swissprot, or Ensembl identifiers are given beside species names. The scale
bar for each tree indicates a distance of 0.1 substitutions per site.



Chapter 5

Conclusions

5.1 Rapid genome rearrangement following
polyploidy?

The extent of genome rearrangement between the human and Fugu genomes
reported in Chapter [3] (4,000-16,000 chromosomal rearrangement events)
seems high in the context of reported values for other genome comparisons.
Estimates for the number of rearrangement events since the divergence of the
mouse and human genomes are consistently around 200 events (e.g., Nadeau
and Taylor, 1984; DeBry and Seldin, 1996). The estimates for human-mouse
rearrangements differ from those for human- Fugu rearrangements by a factor
of 20-80, but the time since the divergence of the bony fish lineage (about
450 Mya; Kumar and Hedges, 1998) is only 4-5 times longer than the time
since the divergence of the rodent lineage (about 96 Mya; Nei et al., 2001).
These estimates imply a faster rate of genome rearrangement than seen in
the mammalian lineage.

A tetraploid stage specific to the bony fish lineage (including Fugu and
zebrafish) has been proposed on the basis of paralogous regions within the
zebrafish genome that are present in single copy in mammalian genomes

(Amores et al., 1998; Gates et al., 1999). Models of diploidisation (i.e.,
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the change from chromosomal tetravalency to chromosomal bivalency) often
invoke structural rearrangement of chromosomes to explain the changes in
chromosomal affinities (e.g., Allendorf and Thorgaard, 1984, and discussion
in Chapter [1). If this model is accurate it may explain the apparent
increase in the rate of genome rearrangement in the fish lineage as an
artefact of diploidisation of the ancient tetraploid genome. Furthermore,
there is evidence from polyploid plant genomes that recombination between
homaeeologous (similar) chromosomes may be common, and that there may
be increased transposable element activity in polyploid genomes (Song et al.,
1995; Wendel, 2000), which would contribute to the rearrangement of the
genome.

This hypothesis predicts that the increased rate in genome rearrangement
is fish lineage specific. This could be tested by examination of genome
rearrangement, between genomes that shared the polyploidy event. Genome
rearrangement events may lead to speciation (White, 1978) so it reasonable to
assume that different fish lineages that radiated after the genome duplication
event (which probably took place 300-450 Mya; Taylor et al., 2001a) will
have fixed different genome rearrangements. This hypothesis predicts that
comparisons among teleost fish such as Fugu and zebrafish should reveal a
high rate of genome rearrangement, or, a burst of rearrangement associated
with polyploidy, followed by a ‘normalised’ rate afterwards.

Similarly, the paralogous regions that we identified in the human genome
(Chapter 4, e.g., Figures|4.2| on page 86/ and 4.3 on page [87) require a high
rate of rearrangement if they are to be compatible with a hypothesis of
block or whole genome duplication. The rearranged nature of paralogous
regions found in this type of map-based analysis of the vertebrate genome
has led to criticism of the conclusion that block duplication is a parsimonious

explanation for the origin of these regions (Hughes, 1998; Hughes et al., 2001).



CHAPTER 5. CONCLUSIONS 116

5.2 A question of parsimony

One way in which the genome duplication hypothesis is more parsimonious
than alternative hypotheses that explain the distribution of paralogues in the
genome is in the number of words it takes to describe it, a fact which may be
related to its popularity as a hypothesis. Austin Hughes has challenged the
assumption that block duplication is the most parsimonious way to generate
paralogous regions within a genome using his own parsimony statistic. He
considers the relative parsimony of the hypothesis that paralogous regions
were made by a block duplication event (perhaps as part of a whole genome
duplication event) or the alternative hypothesis that they are the result of
tandem duplication of genes followed by translocation (abbreviated here to
the “TDT model’; Hughes, 1998; Hughes et al., 2001). Hughes found for both
the Hox cluster regions and the 1/6/9/19 region that the TDT model was
more parsimonious than the block duplication model as an explanation for
the observed gene orders and phylogenetic trees. However, his reasoning may
have been flawed as shown below.

Here we consider the simple case of a single genome duplication. The
genome duplication hypothesis has an inbuilt disadvantage in the parsimony
count method of Hughes (Hughes, 1998; Hughes et al., 2001). Each gene
that is no longer present in duplicate is counted as an individual deletion
event (or equally, as a single translocation event removing it from the scope
of detection as part of a paralogous region). By contrast, the method is
very generous to the TDT model, assuming that a single translocation event
brings each gene to its current position within a paralogous region. In fact, it
can be shown that Hughes” TDT model will always require fewer events than
a genome duplication model, so long as fewer than % of genes are retained in
duplicate.

Let G be the number of genes in the pre-duplication genome. Let x be

the proportion of the pre-duplication genome retained in duplicate in the
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modern genome, and y the proportion in single copy.

Thenz+y = 1 (5.1)
and Goe +Gy = G (5.2)

Gz is the number of genes retained in duplicate.

Hughes” TDT model requires Gx tandem duplication events, and a
further G translocation events, totalling 2Gz events. The whole genome
duplication hypothesis requires one genome duplication event followed by
Gy gene deletion events (the number of genes seen in single copy). For
these two hypotheses to have an equal number of events (i.e., to be equally

parsimonious) then:

2Gr = 1+ Gy (5.3)

Replace y with 1 — x from Equation 5.1:

=2Gr = 1+G(1—2) (5.4)
= ! + ! (5.5)
r = — 4= :
3G 3

For genomes with a large number of genes (e.g., G = 6000 for yeast):

=T

12
\

(5.6)

Hughes” TDT model will be more parsimonious than the genome duplication
model if z < %, i.e., whenever the retention of genes in duplicate is less than
% of the pre-duplication genome.

According to the work of Walsh (1995) the retention of duplicate genes
will be less than 33% for any effective population size (N.) smaller than

250,000 assuming a selective advantage of advantageous alleles of 0.01, and
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Table 5.1: The effect of population size on duplicate gene retention.
Calculations are based on Equation [1.1 on page [21 (Walsh, 1995) with
p=5x10""and s = 0.01. N, is the effective population size and P(r)
is the probability of retention of a duplicated gene.

N. Pf(r)
5,000 0.01
10,000 0.02
20,000 0.04
30,000 0.06
100,000 0.16
250,000 0.33
500,000 0.50

a ratio of advantageous to null mutation rate of 5 x 107°. This increases to
50% retention for N, of 500,000 (Table 5.1). The difference between these
values is within the margin of error of N, estimation for vertebrates which
may be as large as one order of magnitude (Hartl and Clark, 1997). Therefore
Walsh’s formula has little predictive value for estimating the amount of gene
loss following any hypothesised genome duplication in an early vertebrate.
The above calculations were based on Hughes’ assumption that genes are
deleted individually, i.e., that only one gene is deleted per deletion event. It
may be more biologically realistic to allow for several neighbouring genes to
be deleted in a single event. If d is the average number of genes deleted in a

gene deletion event, then Equation [5.4 can be rephrased as:

1 (1—-ux)
R i i (5.7)
= 27 o~ (1;@ (5.8)
11
=d = % " 3 (5.9)

Solving Equation (5.9 for different values of x shows the average size of

a deletion event that is required for the two hypotheses to have equal
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Table 5.2: Crossover values for z (proportion of genes retained in
duplicate) and d (average number of genes deleted in a single event)
at which the whole genome duplication and TDT models are equally
parsimonious®

x d
033 1.0
020 2.0
0.10 45
0.08 5.8
0.05 95
0.01 495

?Calculated from Equation|5.9

probability for different frequencies of duplicate gene retention (Table 5.2).
One of the observations of the well-documented case of paleopolyploidy
in yeast was that only 8% of the pre-duplication genome was retained in
duplicate (Seoighe and Wolfe, 1998). For x = 0.08 the average size of a
deletion event (d) needs to be 6 genes or larger (Table [5.2) to favour the
genome duplication hypothesis by the simple parsimony statistic. Intuitively
this seems like a biologically feasible size. Indeed it seems more acceptable
than another assumption built-in to the alternative tandem-duplication and
translocation model, i.e., that selection can create genomic regions with
similar gene contents by favouring particular translocations (Hughes, 1999a).
One of the blocks identified in the analysis of the yeast genome is shown
in Figure 5.1 (Pohlmann and Philippsen, 1996; Wolfe and Shields, 1997).
Within this block there are six duplicated genes and 20 unduplicated genes
(eight on chromosome XIV and 12 on chromosome IX). Under Hughes’
TDT model the formation of this block would require 12 steps (six tandem
duplications, and six translocations). Under a whole genome duplication

model, with each gene deleted individually, the formation of this block would
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Figure 5.1: Example of a paralogous region between chromosomes XIV and
IX identified in the yeast genome. This figure is taken from Pohlmann and
Philippsen (1996). This block was labelled block 39 by Wolfe and Shields
(1997).

require 21 events (one whole genome duplication, and 20 gene deletions) and
would thus be less parsimonious by this statistic. However, if each deletion
event included on average three genes then only seven deletion events would
be required to explain the current state of this paralogous region, and the
block duplication model would be more parsimonious.

Thus it appears that, even in the well-documented case of yeast which
Hughes and colleagues agree is a likely polyploid (Friedman and Hughes,
2001), this simple parsimony statistic is not appropriate to determine the
relative probability of paralogous region formation by block duplication or

by tandem duplication and translocation.
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