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SUMMARY

The hypothesis that the human genome has undergone at least two rounds of genome 

duplication has become widely accepted, but has never been rigorously tested. In this 

study, several map-based inter- and intra-species comparisons and simulations were 

used to critially examine this hypothesis. Interspecific map comparisons between 

human and mouse were thought to be the most likely to yield useful information. 

Discovery of conserved duplicated regions between human and mouse would allow the 

estimation of the date of divergence of the paralogous genes, and therefore also the date 

of the last genome duplication. But disappointingly, we observed very few such 

regions. Human-human intraspecies comparisons also yielded very little information. 

We demonstrated that most paralogous regions within the human genome, defined by 

genes separated by more than about 2 - 1 0  cM, are likely to be artefacts. It has also 

been shown that a simple model of evolution by two genome duplications (and no other 

duplication events) is likely to be misleading. A system of filtering output from 

T b l a s t X  to find more biologically significant matches by comparing the rates of 

synonymous versus non-synonymous rates of nucleotide substitution is presented.

The work presented here shows that the amount of both sequencing and map data 

currently available is not sufficient to be able to draw any conclusions about how many 

genome duplications occurred in the evolution of the human genome, nor when they 

may have occurred. It is also indicated that the value of the discovery of paralogous 

regions within the human genome is limited in its ability to aid in the resolution of this 

hypothesis. It is suggested that a combination of interspecies comparisons and 

simulations may be the best way of determining the history of the evolution of the 

human genome.
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CHAPTER 1 —

GENERAL INTRODUCTION

1.1 EVOLUTIONARY IMPORTANCE OF GENE 
DUPLICATION

Major evolutionary change is made possible by the acquisition of genes with new 

functions. Any mutation, resulting in a new function or specificity in a gene which 

occurs only once in the genome and which codes for a protein with a function essential 

to the organism and whose loss would be deleterious, cannot be fixed unless the 

original function can also be maintained (Ohno, 1970). Gene duplication, followed by 

functional divergence of the two daughter genes, is one class of mutation that allows 

the evolution of novel biological functions and permits major evolutionary change. The 

ubiquity of multigene families is evidence of the frequent occurrence of gene 

duplications.

1.1.1 CO-EVOLUTION OF FUNCTIONALLY RELATED FAMILIES 

OF GENES

Gene duplicates in functionally related gene families often show similarities in 

divergence dates, functional specificities and phylogenetic tree topologies, implying that
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such gene famihes co-evolved (Fryxell, 1996). Examples of such a relationship include 

the insuIin-NGF family, and the interleukin-8 family. Two of the four insulin-like 

genes in vertebrates are insulin and IGF-1 (insulin-like growth factor 1), both of which 

are related to the nerve growth factor, NGF. Insulin binds to the InsR receptor (IGF- 

1R), which is related to the IG F-1 receptor. These associations form two different 

pathways; the insulin pathway, which regulates energy metabolism, and the IGF-1 

pathway, which regulates embryonic growth. NGF is a member of the neurotrophic 

polypeptide hormone family, which includes NTS, NT4 and BDNF. All these genes 

have receptors that are also related to the insulin and IGF receptors (references in 

Fryxell, 1996). Such correlations, together with the high rate of spontaneous gene 

duplication (e.g., 10‘3 to 10“̂  / locus / generation in bacteria (Anderson and Roth,

1977) or 10'^ / base pair / year in vertebrates (Ohno, 1985)), suggest that the co­

evolution of functionally related gene families has been a rather general phenomenon, 

and that the rate-limiting step in the evolutionary process of gene duplication and 

divergence is not the duplication rate itself (Fryxell, 1996).

1.1.2 G e n e  n e t w o r k s

Gene duplication is particularly attractive from the theoretical standpoint of duplicating 

entire genetic networks (for example, signal transduction cascades) (Wagner, 1994). 

Genes involved in development, which become integrated into developmental pathways 

that are hierarchical and highly interdependent, cannot readily mutate or take on new 

functions without major disruption to the developmental processes. Gene duplication 

provides a way around this by retention of the pre-existing developmental inter­

relations and the incorporation of newly developed genes into new pathways and 

relationships. Insertion of new genes into an interactive network of genes (sets of genes 

encoding regulators (e.g., transcription factors) that mutually regulate each other’s

2
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activity) can be expected to introduce new degrees of freedom and thereby multiple 

possible avenues of evolutionary divergence (Ruddle et al., 1994b).

It has been shown that in the evolution of gene networks, the probability that a gene 

duplication event alters the equilibrium expression pattern of network genes is a 

unimodal function of the fraction of network genes that are duplicated in a single 

duplication event. The least likely scenario to be tolerated is when around 40% of the 

genes in a network are duplicated (Wagner, 1994). Preferentially, either single genes 

are duplicated, or all genes involved in a network are duplicated. It follows then, that a 

duplication event which involves genes incorporated in a network that are organized 

either in a tight linkage of all genes on one chromosome, as in the case of any of the 

Hox gene clusters, or as individual genes dispersed throughout the genome, is more 

likely to result in a viable organism.

1.2 TYPES OF HOMOLOGY

1.2.1 ORTHOLOGUES

Orthologues are sequences descended from a common ancestor through speciation 

(Lundin, 1979). Orthology implies that the original gene was retained in both species 

due to natural selection and in most cases has also kept its original function. Examples 

o f orthologues include the human a-globin gene, and the mouse a-globin gene.

1.2.2 PARALOGUES

Paralogues are sequences arising from gene duplication, and existing within a single 

species (Lundin, 1979). A paralogous region is a segment of chromosome that contains

3
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a set of distinct genes that have paralogues on another segment of chromosome 

elsewhere in the same genome.

Paralogues can also exist between species. If a gene duplication is conserved between 

two species, then the two pairs of similar genes between species are orthologues, but 

the other two pairs that can be formed are paralogues, e.g., the human a-globin gene 

and the mouse 6-globin gene are paralogues.

1.2.3 TETRALOGUES

Sidow (1996) noted that many developmental regulatory genes are coded for by a 

single gene locus in protosomes (such as Drosophila), and primitive chordates (such as 

amphioxus), whereas in vertebrates these regulators are coded for by gene families. 

The Hox gene clusters are a much studied example of this phenomenon. The homeotic 

complex HOM-C in Drosophila corresponds to four Hox clusters found on four 

different chromosomes in vertebrates (Holland and Garcia-Femandez, 1996). Other 

such examples include the vertebrate Cdx {Drosophila homologue is caudal (cad): 

homeobox transcription factors) (Gamer and Wright, 1994), MyoD (nau\ bHLH 

transcription factors) (Atchley et a i, 1994), Notch (N: cell-cell interaction receptors) 

(Uyttendaele et a i, 1996). Not all Drosophila genes have four copies in vertebrates; 

some only have two, some three, homologues.

Jiirg Spring (1997) compiled a set of 53 such families where one Drosophila gene 

corresponds to two, three, or four or more genes in higher vertebrates, and introduced 

the term ‘tetralogue’ to distinguish putative paralogues resulting from tetraploidy from 

other sorts of paralogues, such as paralogues in tandem (e.g., HoxA4, HoxA5). 

Tetralogues, which correspond to a single invertebrate gene, form groups of four 

paralogous vertebrate genes, at four different chromosomal locations. There were only

4
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12 instances, out of the 53 examples given, where one Drosophila gene was related to 

four vertebrate genes. There were also four examples where more than four genes were 

given as being homologous to one or two Drosophila genes. Spring suggested that in 

these instances, the tetralogue concept still held. He proposed that these situations were 

caused by genes that had not yet been identified either in vertebrates or in Drosophila, 

and that these larger sets could break up into two tetralogue sets. He cited an example 

where a newly discovered Drosophila gene (Src4IA), homologous to Src29A, had 

helped to break up the vertebrate ^rc-family, with eight members, into two sets of 

tetralogues.

1.3 TYPES OF GENE DUPLICATION

The DNA content of a cell can be altered by a variety of duplicative processes including 

tandem duplication, transposition, aneuploidy and polyploidy. These differ only in how 

much DNA is duplicated and where the duplicate copy is located in the genome.

1.3.1 TANDEM DUPLICATION

Gene duplication arises from an error in the mitotic or meiotic processes. Frequent 

exchange between sister chromatids, in the synthetic phase of the meiotic cycle, was 

first noticed in 1957 (Taylor et a i, 1957). Occasionally this exchange is unequal 

between the two chromatids, resulting in one daughter cell becoming heterozygous for 

a duplicated gene, the other hemizygous. Unequal crossing over during meiosis results 

in a similar situation. During the first meiotic prophase, two homologous chromosomes 

pair up and form chiasmata, and exchange genetic material by a process of genetic 

recombination, placing two former alleles of the same gene locus onto the same 

chromosome. Unequal crossing over can lead to a considerable expansion and

5
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contraction of gene family size. Subsequent chromosomal rearrangements can either 

increase the distance between duplicates or distribute duplicates to other chromosomes, 

without regard to the chromosomal location of other members of the gene family. Such 

rearrangements are rare, however, due to the original proximity of the duplicates, and 

tandem duplications tend to remain physically linked. Examples include the Hox  gene 

clusters and globin clusters.

1.3.2 RETROTRANSPOSITION

Retrotransposition produces a single gene duplication that lacks mtrons and that moves 

to new chromosomal locations via an RNA intermediate (Vanin, 1985). The 

chromosomal location of the processed genes is apparently independent of other 

members of the gene family from which they originated. In general, retrotransposition 

results in processed pseudogenes possessing no promoter, no introns, and a remnant of 

a 3’ poly-A sequence, often flanked by short direct repeats (Rogers, 1983). A few 

examples of retroposons that are intact, expressed and that lack introns, are known.

One such example is that of the human phosphoglycerate kinase 2 gene which arose 

from the pgk-I  gene by retrotransposition before the human-mouse split (Boer et a l ,  

1987; McCarrey and Thomas, 1987). The rat preproinsulin I gene is an example of a 

retrotransposed gene which still contains introns (Soares et a l ,  1985).

1.3.3 POLYPLOIDY

The simultaneous duplication of all the genes in the genome is termed whole genome 

duplication or polyploidy. Polyploidy is often used to refer to recent events whereas 

genome duplication usually refers to postulated ancient events. Polyploidy is further 

categorized into auto- and allo-polyploidy depending on whether the polyploid had one

6
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or two parent species. For older genome duplications it is generally impossible to 

distinguish between these two possibilities, and it may be difficult or impossible to 

distinguish duplication of the complete genome from other large-scale processes such 

as aneuploidy (duplication of one or more chromosomes). Large-scale chromosomal 

duplication or genome duplication is identifiable as clusters of adjacent dissimilar genes 

found in duplicated regions or blocks, usually on different chromosomes. Genes 

duplicated by polyploidy tend to show greater sequence divergence than tandemly 

duplicated genes, which may be homogenized by gene conversion (Ohno, 1993).

Using the method of Crow and Kimura (1970), Bailey e t a l  (1978) calculated that for a 

single locus, there is a 50% probability of loss of function at that locus after 4.9 x 10^ 

generations. Unlinked duplicates are likely to survive for 100 times that long.

1.3 .2.1 AUTOPOLYPLOIDY AND ALLOPOLYPLOIDY

Autopolyploids are polyploids that have descended from a single ancestral diploid 

species that have undergone a doubling of the genome within that species. 

Allopolyploidy involves the chromosomal hybridization between different species and 

the assembly of pairs of corresponding genes which have probably already given rise to 

distinct alleles during the separate history of the parental species. Allotetraploidy may 

be important in the restoration of fertility to plant hybrids (Hilu, 1993).

Allopolyploidy between two different species would imply that the faster evolving 

genes were already quite different, and would therefore reduce the likelihood that these 

genes would be functionally redundant in the hybrid. Conversely, highly conserved 

genes would form a redundant gene pool, and would be more likely to be reduced 

rapidly to a single copy. Spring (1997) suggested that allopolyploidy by interspecific 

hybridization could be responsible for the number of tetralogues observed in the human 

genome.

7
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In some allopolyploid species, referred to as segmental allopolyploids, a proportion of 

chromosomes form quadrivalents during meiosis whilst others assume bivalent 

formation. Duplicated genes resulting from segmental allopolyploidy tend to have 

different times of divergence: some indicate the time of divergence of the two parent 

species, and others indicate the time of formation of the segmental allopolyploid. The 

ancestor of maize appears to have been a segmental allotetraploid (Gaut and Doebley, 

1997).

1.3.2.2 RESOLUTION OF TETRAPLOIDY

A newly arisen tetraploid has four identical chromosomes for each linkage group, 

which form quadrivalents at meiosis (so that a gamete can contain any two of the four 

chromosomes). Diploidization involves the re-establishment of disomic inheritance by 

functional diversification of the four original homologues of any linkage group, so that 

the original linkage group is split into two separate linkage groups (with gametes 

containing one chromosome from each pair). The preferential formation of two separate 

bivalents instead of one quadrivalent is the prerequisite for diploidization, a process 

aided by gene deletions, reciprocal translocations, transpositions, inversions, and 

Robertsonian fusions as well as by nucleotide substitution. This process is not 

necessary in allopolyploids because some sequence divergence will already exist 

between homologous chromosomes, allowing them to form bivalents. Functional 

divergence cannot begin until disomy is re-established.

The rate of chromosomal rearrangements, in particular reciprocal translocations, seems 

to be greatly increased following polyploidization, because they return the genome to a 

more stable diploid state (Leipold and Schmidtke, 1982; Ahn and Tanksley, 1993). In 

synthetically generated Brassica polyploids, rearrangements following polyploidization
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began in the F2 generation (Song et a i ,  1995). Chromosomes showing many distinct 

paralogous regions, as would be expected after polyploidization (Lundin, 1993), have 

been observed in Zea mays (Helentjaris et a i ,  1988; Ahn and Tanksley, 1993). Only 

reciprocal translocations involving non-homologous chromosomes are easily detected 

as disruptions in duplicated segments.

1.4 FATE OF DUPLICATED GENES

There are three possible fates for a duplicated gene pair: both daughter genes are 

retained; one is retained and one is lost; both are lost. It is presumed in general that if a 

gene is present in a genome, its product plays some essential role, and therefore an 

organism that loses both duplicates will be non-viable (e.g., Nadeau and Sankoff, 

1997). Furthermore, it is assumed that recovery (“resurrection”) of a pseudogene 

becomes increasingly improbable due to the accumulation of secondary deleterious 

mutations (Dollo’s Law; Marshall et a i,  1994). For a population of infinite size, 

unlinked duplicates must both remain funcdonal indefinitely, because the mutational 

rate would be balanced through the selective elimination of defecdve double 

homozygotes (Fisher, 1936). But for real populations, mutation and random drift lead 

to the silencing of duplicates in proportion to the effective population size, where 

duplicates in a larger population are less likely to be silenced.

Under the classical interpretation, after gene duplication, one of the two daughter genes 

becomes redundant, and is free to accumulate previously forbidden mutations, 

changing the character of the protein for which it codes (Ohno, 1970). There are two 

likely evolutionary reasons for retaining both copies of a duplicated gene: selection for 

increased levels of expression, or divergence of gene function. Different genes may 

have different effective neutral mutation rates because of their size, structure and 

function (Allendorf, 1978). This was confirmed by Bu\mer et al. (1991) who showed
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that silent substitution rates differed between genes. Iwabe et al. (1996) have also 

shown that different functional classes of genes have remained in duplicate to different 

degrees during vertebrate evolution. Proteins that are more variable than others are 

predicted to be less likely to remain in duplicate (Allendorf, 1978). For example, 

creatine kinase has two duplicated loci in salmonids, C K -1 and CK-2, which exhibit 

low heterozygosity, and are kept in duplicate in eight out of 10 salmonid species (Utter 

e t a i ,  1979).

Because most mutations are disadvantageous, and when a mutant is advantageous it is 

so only under restricted conditions, it is expected that the probability of gene loss will 

be greater by an order of magnitude that the rate of functional divergence (Kimura and 

Ohta, 1974), although there might be a slight advantage in fixing a new duplicate 

because it can potentially mask the accumulation of null alleles (Clark, 1994). Therefore 

a gene duplicate is likely to be quickly lost if there is no positive selection acting on it 

(Anderson and Roth, 1977). It has also been shown mathematically that the probability 

that a gene is retained is dependent on the ratio of advantageous to null allele mutation 

rates, the selective advantage of an advantageous allele, and the effective population 

size. At an effective population size of 5,000, with a selective advantage of 0.01, and a 

ratio of 5 X 10"^, there is a 1% probability that a duplicate will be retained. It is only 

when Ne increases to 500,000, that the ratio increases to 50% (Walsh, 1995). W hen 

Ng is 5,000,000 and 50,000,000, that ratio increases to 90% and 99%, respectively.

However, in vertebrates that are recent tetraploids, the fraction of the genome retained 

in duplicate is suiprisingly high. Some examples include 30% of genes kept in 

duplicate 50 Myr after tetraploidization in loaches (Ferris and Whitt, 1977), 50% after 

50 - 100 Myr in salmonids and after 50 Myr in catastomids (although the effective 

population size of salmonids may extend into the millions) (Bailey et al., 1978) and 

50% after 30 Myr in Xenopus (Hughes and Hughes, 1993). Yeast, on the other hand, 

has retained only 8% of its genes in duplicate after 100 Myr despite having a very large
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effective population size (Seoighe and Wolfe, 1998). Differences in the rate of gene 

loss among species may be a result of differences in generation time and effective 

population size.

Nadeau and Sankoff (1997) have demonstrated, using a dataset of 661 human genes 

and 419 mouse genes, that duplicated genes in the human and mouse genomes are 

almost as likely to acquire new functions as they are to be lost through the accumulation 

of disadvantageous mutations. There are a number of reasons why the classical model 

may give a gross underestimate of the percentage of duplicates retained. Hughes (1994) 

pointed out that, in Xenopus at least, purifying selection acted on both duplicates, not 

just one. He proposed a theory of bifunctionality, whereby usually no new functions 

were created but instead the daughter genes each specialized for one of the functions 

carried out by an ancestral bifunctional gene. In cases where duplicated genes evolved 

new functions, positive Darwinian selection aided the adaptation of each gene (Hughes, 

1994). One recent example of positive Darwinian selection is shown in the case o f the 

genes for eosinophil-derived neurotoxin and eosinophil cationic protein (Zhang et al., 

1998). This argument was further propounded by Fryxell (1996) who stated that pre­

existing heterogeneity could facilitate the retention and divergence of duplicated copies 

o f functionally interacting genes. Another variation on this is the theory that 

multidomain proteins are more likely to be retained in duplicate. Assuming that point 

mutations occur more often than naturally occurring deletions, because multidomain 

proteins have multiple interactions and are often found within multiprotein complexes, 

there is a stronger dominant negative deleterious phenotype exhibited by loss-of- 

function point mutations than by null mutations (Gibson and Spring, 1998). However, 

genes vary widely in the extent to which they might display this effect, and it may be 

caused by only a small number of point mutations (Cooke, 1998).

Another factor not taken into account by the classical model is the concept of 

developmental gene networks. Genes involved in development often become integrated

1 1



CHAPTER I: GENERAL INTRODUCTION

into hierarchical and interdependent pathways (Ruddle et a l ,  1994b). Whereas 

housekeeping genes tend to be reduced to a single copy, duplicated developmental 

genes can be recruited to new specificities (Cooke et al., 1997). Many developmental 

genes with just one copy in invertebrates such as Drosophila have two to four 

counterparts in higher organisms (Sidow, 1996). It has been shown that redundancy 

should be more common in developmental genes expressed in specific spatio-temporal 

patterns, and that very evolutionarily stable configurations consist of complex networks 

in which each function is performed by several genes and each gene performs several 

functions (Nowak et al., 1997). Redundancy may also be maintained by appropriately 

balanced mutation rates (Nowak et al., 1997).

These considerations have focused entirely on the coding regions of the duplicated 

genes. But it is not just the coding regions but also the regulatory regions that are 

duplicated during genome duplication. Spring (1997) mentioned that the regulatory 

regions of genes can evolve faster than the coding regions, and could lead to tissue 

specificity of expression of functionally redundant genes. Lim and Bailey (1977) also 

pointed out that the duplicated LDH A4  and B4  loci in salmonids may be drifting 

towards non-functionality because of the accumulation of mutations in the regulatory 

DNA, not in the structural DNA. Recently, it has been suggested that genes with a 

number of subfunctions regulated by more than one cw-regulatory region are more 

likely to be preserved when the total subfunction mutation rate relative to the total null 

mutation rate is between 0.3 and 0.7 (Force et al., 1999), an idea also mentioned by 

Tautz (1998) in relation to sea urchin enhancers. A mutation in different cw-regulatory 

regions on both duplicates implies that both have to be retained so that both of those 

subfunctions remain active. The higher the number of subfunctions, the more likely it is 

that both genes are retained. A corollary of this is that after a second round of genome 

duplication, because each duplicate now has fewer subfunctions than it did before the 

first genome duplication, the likelihood that both of the new duplicates are retained 

decreases.
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1.5 DUPLICATION EVENTS IN THE LINEAGE 
LEADING TO VERTEBRATES

Free-living organisms can be divided into three categories based on their gene number: 

prokaryotes, which have only a few thousand genes; eukaryotes (excluding vertebrates) 

which contain from 6,000 genes {S. cerevisiae\ Dujon, 1996) to 12,000 ± 5,000 genes 

(Drosophila', Miklos and Rubin, 1996; Ashburner et a i ,  1999), 15,000 ±  3,700 genes 

(C. intestinalis', Simmen et a l ,  1998), 19,000 genes (C. elegans; Waterston and 

Sulston, 1995; C. elegans Sequencing Consortium, 1998) and 25,000 genes 

(S. purpuratus (sea urchin); Poustka et a l ,  1999) and vertebrates, which are thought to 

have between 50,000 and 100,000 genes (Brenner et al., 1993; Fields et a i ,  1994). 

Gene number in vertebrates is fairly constant, and is several-fold greater than in 

invertebrates (Miklos and Rubin, 1996). Msx, Cdx and insulin, for example, are all 

represented once in invertebrates such as Drosophila or amphioxus, but several times in 

vertebrates (Chan et al., 1990; Holland et a i ,  1994; Sidow, 1996; Spring, 1997). 

Because mammals have about 5.8 times as many genes in their genomes as do 

Drosophila and C. elegans (Miklos and Rubin, 1996), the basic vertebrate gene number 

may be similar to that of invertebrates. This supposition is made plausible by the 

discovery that out of the -80,000 genes in mouse, only 5,000-26,000 of them are 

essential for viability, a number which brackets the invertebrate gene number (Miklos 

and Rubin, 1996). Bird (1995) suggested that major transitions during evolution (from 

prokaryotes to eukaryotes, and from invertebrates to vertebrates) were accompanied by 

large increases in gene number, where only functionally different genes are counted 

(counting functional genes is a more meaningful parameter of complexity than genome 

size, since genome size is not an indicator of gene number). It has also been 

hypothesized that gene number is limited by the efficiency with which spurious gene 

expression can be repressed (Bird, 1995; Hurst, 1995). The more cell types an 

organism has, the more tissue-specific genes it requires, and the greater the number of 

genes that need to be repressed in any one cell-type. The development of the nuclear
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envelope, histones and perhaps most importantly, DNA methylation, was important in 

such a reduction of transcriptional background noise (Bird, 1995).

The scarcity of polyploids among vertebrates and invertebrates is due to the 

establishment of the chromosomal sex determination mechanism. While the sex 

chromosomes of fish and amphibians appear to have remained morphologically 

indistinct, it has been widely held that the development of the amniote egg prevented the 

possibility of polyploidy in mammals, birds and reptiles, because duplication of the sex 

chromosomes would result in infertility (Ohno, 1970). The single known exception to 

this is the case of the red viscacha rat, Tympanoctomys barrerae, which has been 

shown to be tetraploid (4N = 102), with a single XY sex-chromosome system 

(Gallardo et a i ,  1999). If genome duplication events occurred in vertebrates (as a 

means of increasing gene number), the most recent one can only have taken place 

around or before the divergence of reptiles from the mammalian lineage. Subsequent to 

this, once polyploidization became unfeasible, gene duplication could only be 

accomplished by aneuploidy, unequal crossing over, unequal exchange, transpositions 

and other means of tandem duplication (Ohno, 1970).

1.5.1 O h n o ’s h y p o t h e s i s

In 1970, Susumu Ohno suggested that whole genome duplication, via a state of 

tetraploidy, was not only possible, but was also an important evolutionary mechanism 

(Ohno, 1970; Ohno, 1993). In 1967, Atkin and Ohno reported the haploid genome 

content of the amphioxus Branchiostoma lanceolatum as being approximately 0.6 pg 

(Atkin and Ohno, 1967), which is about three times larger than that estimated for 

tunicates (e.g., Ciona intestinalis, 0.2 pg, or 160 Mb) but similar to the smallest 

vertebrate genomes (e.g., Fugu rubripes, at 0.5 pg). That of placental mammals is 

approximately 3.5 pg. Based on the comparison of basic levels of DNA in the nuclei of
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the different vertebrate classes, Ohno proposed that there may have been as many as 

three consecutive tetraploidizations, or genome-wide duplications, in the descent from 

primitive chordates to mammals (see Figure 1.1).

Lundin (1993) argued that it was possible that three rounds of duplication had 

occurred, but that evidence for the earliest round was likely to be obscured.

Sidow (1996) considered only two rounds of duplication to have occurred, based on 

his analysis of the phylogenetic relationships among extant deuterosome classes and 

phyla. Spring (1997) argued for two consecutive genome-wide duplications because of 

the presence of numerous tetralogues, or the almost ubiquitous 1:4 concordance 

between many Drosophila genes and their mammalian homologues. Based on the 

available comparative data in 1994, Holland et a l  (1994) postulated two phases of 

genome expansion, the first being close to the origin o f vertebrates, just after the 

divergence of the lineage leading to amphioxus (550 - 450 Mya) (contradicting Ohno’s 

argument that amphioxus had a similar genome size to vertebrates), and the second 

duplication event occurring just before the appearance of jawed vertebrates (450 - 400 

Mya), using the dates of Doolittle et al. (1996). Conversely, Sharman and Holland 

(1996) proposed that the first phase of genome expansion involved mostly tandem 

duplications, rather than tetraploidy, because some genes have only two copies in the 

vertebrate genome, e.g., H M G l/2 did not undergo duplication near the origin of 

vertebrates, but was duplicated only once after the divergence of jawed and jawless 

fish.

The most common model, which is influenced largely by studies on the Hox gene 

clusters, involves two duplications: one in the common ancestor of vertebrates (after the 

divergence from amphioxus, about 500 Mya; Holland et al., 1992), and one in the 

common ancestor of cartilaginous fish and tetrapods (after the divergence from 

lamprey/hagfish, about 430 Mya). Figure 1.1 shows a summary of the various 

proposals of occurrences of duplication in the vertebrate lineage. Other proposals not
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Figure 1.1. Summary of the various proposals of the occurrences of tetraploidy in the vertebrate hneage. Divergence of various lineages from the vertebrate Hneage 
are drawn schematically, not to scale. Shaded boxes indicate each proposed genome duplication and are drawn at the centre of possible time ranges. The hatched box 
indicates a proposed wave of tandem duplications, as opposed to a tetraploidization event (Shannan aiid Holland, 1996). Ohno (1970) postulated a tetraploidization 
event at the divergence of fish and/or amphibians, shown by the two boxes connected by a dotted line. The circle at ~ 500 Myr denotes the origin of vertebrates.
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shown in Figure 1.1 include Koop and Nadeau’s suggestion (1996) that the most 

recent duplication in the mammalian lineage may have occurred after its divergence 

from bony fish, and the suggestion that an additional (chromosomal or whole genome) 

duplication may have occurred in the zebrafish lineage after its divergence from the 

lineage leading to mammals (Postlethwait et a i ,  1998).

One reason for Ohno’s exclusion of a genome-wide duplication event at the origin of 

vertebrates (see Figure 1.1) could stem from the fact that he was working only with 

genome sizes, before the discovery of “junk” (non-coding) DNA. But genome sizes are 

only a very approximate indication of gene number. For example, the human genome is 

thought to contain 97% “junk” DNA (Ohno, 1972; Miklos and Rubin, 1996).

Repetitive DNA can comprise from between 20% to 50% of metazoan genomes, and 

this fraction can change dramatically during the course of evolution, probably without 

concomitant changes in gene number (Lewin, 1990). Secondly, O hno’s assessment of 

genome expansion relied heavily on the assumption that Fugu, which has the smallest 

vertebrate genome, was representative of early vertebrates. Genome sizes vary widely 

within the fishes, and it is likely that the genome of Fugu is unusually small and 

compact, and cannot be taken as representative (Holland et a l ,  1994).

The idea that genome duplications occurred around the time of vertebrate origins is 

tempting because it is consistent with the hypothesis that gene duplications facilitate 

developmental evolution. Holland et al. (1992) speculated that multiple gene 

duplications may have occurred at that time; new genes could then have been co-opted 

to new roles, facilitating the evolution of new developmental pathways and the 

morphological diversity of the Cambrian explosion (Ohno, 1998). A comprehensive 

analysis of duplicate genes in vertebrates by Iwabe et al. (1996) demonstrated that there 

had been an apparent burst of gene duplications producing tissue-specific isoforms of 

proteins in the vertebrate lineage, after it had diverged from arthropods but before it 

diverged from bony fish.
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1.6 POLYPLOIDY IN NON-MAMMALIAN 
SPECIES

The strongest evidence that genome duplications do occur comes not from vertebrates, 

but from plants and fungi. Polyploidy is common in plants, fungi and in some 

vertebrates such as fish and amphibians, but is unknown in those vertebrates (mammals 

and birds) whose sex determination mechanisms depend on having distinct sex 

chromosomes (Muller, 1925; Ohno, 1970), with a single exception of the red viscacha 

rat (Gallardo et a l ,  1999).

1.6.1 x e n o p u s

Xenopus, a genus of African clawed frogs, is a bisexual species which has undergone 

several independent polyploidization events. The only diploid member of the Xenopus 

family is X. tropicalis, with a chromosome number of 20. All other members such as 

the tetraploid X. epitropicalis (40 chromosomes; forms a group with X. tropicalis) and 

X. laevis (36 chromosomes), the octaploid X. vestitus and X. wittei (both with 72 

chromosomes) and the dodecaploidX  ruwenzoriensis (108 chromosomes) have 

undergone one or more polyploidization events. The tetraploid species consist of pairs 

o f morphologically distinct chromosomes; the higher polyploids have quartets and 

sextets of chromosomes. In all species, chromosomes generally assemble as bivalents 

during meiosis. All Xenopus species are thus expected to display the inheritance 

patterns predicted by disomy rather than polysomy (Kobel and Du Pasquier, 1986).

There are numerous examples of unlinked duplicated genes within the X. laevis 

genome (Jeffreys et al., 1980; Hosbach et al., 1983; Graf, 1989). It has been estimated 

that a first polyploidization event within the Xenopus genus took place around 30 Mya 

(Bisbee et a l ,  1977; Thiebaud and Fischberg, 1977; Hosbach a/., 1983). It has been
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noted that during the evolution of duplicated genes in X. laevis, both copies o f a 

duplicate gene are subject to purifying selection. The sequences of 17 duplicated 

X. laevis genes were analysed by comparing rates of synonymous and non- 

synonymous nucleotide substitution between the two copies with the corresponding 

rates between the orthologous genes of human and rodent (Hughes and Hughes,

1993). Neither of the duplicated copies was found to be free to accumulate mutations 

without constraint. However, if both duplicated genes are still present and functioning 

in the genome, then they are by definition both still identifiable. Thus this dataset is 

biased because there must also be many examples of duplicated genes where one or 

other of the duplicates has been lost, and therefore it cannot be shown that there is some 

restraint working on them.

1.6.2 JAWED FISHES

Several groups of fishes, including all salmonids and catastomids, as well as carp and 

some loaches, have arisen via tetraploid ancestors (Bailey etaL,  1978). A large 

percentage of loci have remained as functioning duplicates over long periods of time in 

these fishes. Both salmonid and catostomic fish still retain 50% - 75% of the gene 

duplicates produced by tetraploidy over 50 - 100 Mya.

The Salmonidae appear to be an autotetraploid family that probably originated from a 

diploid ancestor relatively recently, around 50 - 100 Mya (Lim et a l ,  1975; Allendorf 

and Thorgaard, 1984), and appear to be progressing towards diploidization to various 

degrees (Kavsan et al., 1993). The Pacific chum salmon {Oncorhynchus keta) is 

thought to have almost completed this process, containing two non-allelic insulin genes 

that have structurally diversified.
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Catostomids (catfish) have been proposed to have undergone a tetraploidization event 

around 50 Mya (Uyeno and Smith, 1972). Catostomids have 100 chromosomes, as 

opposed to 50 for most cypriniformes, and also contain a DNA content twice that of 

typical diploid fishes. The catostomids have returned to a functionally diploid state at 

over half of their enzyme loci, a process that may not be entirely random. In many 

cases, where two catostomid species have the same percentage of duplicates expressed, 

different combinations of loci have undergone the diploidization process. There would 

appear to be no obvious correlation with the metabolic function of an enzyme and the 

extent to which the duplicate loci encoding it have undergone diploidization. Because 

some of the duplicate loci have diverged in function and regulation, and observed levels 

of duplicate gene expression are much higher than predicted by gene loss, it is likely 

that these duplicate genes are being either maintained or silenced by selection (Ferris 

and Whitt, 1977), or perhaps in the manner described by Allendorf (1978) (see Section 

1.4).

The cyprinids (carp) are also a tetraploid species, thought to have diverged from the 

catostomids 50 Mya (Uyeno and Smith, 1972). They appear to have undergone a 

separate allotetraploidization event from the catostomids around 16 Mya (Larhammar 

and Risinger, 1993). The two parent diploid species are thought to have been quite 

different from each other since no chromosomes appear to have been lost in the 

tetraploidization event and there are no quadrivalents evident at meiosis (Ohno et a l ,  

1967).

There is a general pattern of extensive, expressed enzyme gene duplications in teleost 

fishes (Morizot, 1990). There are examples of teleost fishes having twice the number of 

enzyme gene duplicates as mammals (e.g., there are two cytosolic creatine kinase loci 

in mammals, but four in fishes; Ferris and Whitt, 1977). Perhaps the most studied 

jawed fishes to date are Fugu and zebrafish. Fugu was first proposed as a model 

organism to aid in the discovery of human genes (Brenner et a i ,  1993). Although its
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genome is 7.5 times smaller than that of human, it seems to have a similar gene 

repertoire (Brenner et a i, 1993), and its absolute gene number is comparable to that of 

mammals (Koop and Nadeau, 1996). Most of the work done on Fugu has involved the 

investigation of synteny between the human and Fugu genomes (Baxendale et al.,

1995; Schofeld et al., 1997; Miles et al., 1998; Brunner et al., 1999; Gellner and 

Brenner, 1999; Gilley and Fried, 1999; Lim and Brenner, 1999). However, it has been 

suggested that an ancestor of Fugu did double its genome, most of which was then lost 

(Amores era/., 1998; Postlethwait er a/., 1998; Vogel, 1998).

Postlethwait et al. (1998) developed a linkage map for zebrafish (Danio rerio) which 

included 144 genes. They showed that the large conserved groups of duplicated genes 

that are linked to the four Hox clusters in mammals are also present in zebrafish, as 

well as some parts of the HSA 1/6/9/19 paralogy group. This implies that the 

duplications producing these chromosomal regions occurred before the bony 

fish/tetrapod divergence. Although zebrafish and mammals show conservation of 

synteny, gene order is often rearranged in these examples (Aparicio, 1998). 

Postlethwait et al. (1998) also report some examples where a pair of linked genes in a 

mammal seems to correspond to two linked pairs in zebrafish. Similarly, Gates et al. 

(1999) identified 18 cases where two zebrafish genes seemed to be orthologous to a 

single mammalian gene (but also conversely, three cases where two mammalian genes 

were orthologous to a single zebrafish gene) and propose that additional duplications 

(either of chromosomal fragments or of the whole genome) may have occurred in this 

species (Postlethwait et al., 1998). It is probable that a genome duplication occurred in 

a common ancestor of Fugu and zebrafish, after this lineage diverged from other 

vertebrates.
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1.6.3 JAWLESS FISHES

Lamprey and hagfish are the only living jawless vertebrates, and evidence from 18S 

rRNA studies shows that they form a natural group (Stock and Whitt, 1992). The 

lamprey {Lampetra fluviatilis), a diploid, is one of the earliest vertebrate lineages 

(Figure 1.1). Studies of the HMG locus in lampreys yielded a single gene, LfH M G l, 

which is homologous to the functional duplicate pair HMG 1/2 in mammals (Sharman et 

ciL, 1997). This implies that the duplication event in the HMG 1/2 family occurred after 

the divergence of the jawed and jawless fishes around 450 Mya. This finding supports 

and refines the hypothesis that there was a period of extensive gene duplication early in 

vertebrate evolution. Lamprey, however, also appears to have an intermediate number 

o f three Hox gene clusters (Sharman and Holland, 1998), which implies that if there 

was a genome doubling event in the vertebrate lineage, it occurred before jawless fishes 

split off from the chordate lineage. Spring (1997) has also suggested that hagfish may 

be an allohexaploid, or perhaps one of the allotetraploid ancestors that were the parents 

of an allooctaploid which evolved into eukaryotes such as human and mouse.

1.6.4 PLANTS

Both autopolyploidy and allopolyploidy are common phenomena in domestic plant 

evolution. A large number of major food crops are polyploid, such as potato, sweet 

potato, orchard grass and alfalfa (autopolyploids), or cotton, tall fescue, wheat and 

tobacco (allopolyploids). A number of selective advantages conferred by polyploidy 

(such as longer life span, greater defense against pathogens, larger seeds) appear 

relevant to domestication (Hilu, 1993). Both monocots (such as cereals and grasses) 

and dicots (such as potato, tomato, beans, Arabidopsis and Brassica) exhibit 

polyploidy. Monocots and dicots diverged from each other around 130 - 300 Mya 

(Wolfe et a l ,  1989), and Paterson et al. (1996) have predicted that 43 - 58% of
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chromosomal segments < 3 cM should remain collinear between the two taxa after such 

a period of time. Larger conserved blocks between monocots and dicots may reflect 

unusual structural features and genomic processes that confer fitness advantages 

(Paterson e t a l ,  1996). Despite these predictions, comparative plant analysis has 

largely been made within monocots and dicots, not between them.

1.6.4.1 MONOCOTS

Among the most intensively studied cereal species are maize, wheat, sorghum and rice, 

all of which are polyploid with the exception of rice. Although their genome sizes differ 

40-fold (16,000 Mb in wheat, 400 Mb in rice), synteny and gene order between them is 

found to be remarkably well conserved (Ahn et a l ,  1993).

Maize is by far the best characterized degenerate polyploid plant. The duplicated 

structure of the maize genome was first recognized by Helentjaris et al. (1988). Ahn 

and Tanksley (1993) found that 72% of cDNA clones that mapped to a single genomic 

locus in rice were duplicated in maize, and that there is still extensive conservation of 

gene order between these species. They tentatively identified two polyploidy-derived 

pairs of maize chromosomes. In maize, the most recent map (Gale and Devos, 1998) 

shows approximately 14 translocations or inversions and 10 chromosome arm fusions 

or fissions after genome duplication. It has been proposed that the duplicated regions of 

the maize genome arose from segmental allotetraploidy and that one of its diploid 

parents may have been related to sorghum (Gaut and Doebley, 1997). Phylogenetic 

analysis using outgroup sequences for 14 duplicated genes yielded a range of 

divergence dates (8 - 23 Mya), interpreted as forming two non-overlapping groups 

(centered on 11.4 and 20.5 Mya), corresponding to the speciation time between the two 

progenitors (20.5 Mya), and to the time of establishment of disomy (11.4 Mya). 

Interesfingly, if the ancestral maize genome constructed by Wilson et al. (1999) is
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correct, then the diploidization process in maize must also have involved a reduction in 

chromosome number from 16 chromosomes to 10.

Wheat is a recently derived allohexaploid (Feldmann, 1976) constructed from three 

different diploid species. There is some evidence that even though wheat is a relatively 

recent polyploid, intergenomic rearrangements have taken place within this species 

(Ahn et a i ,  1993). Gene order appears to be well conserved between rice and wheat 

(Moore et a l ,  1995b), with most rice genes showing three wheat orthologues.

Because there is a high level of synteny and gene order conservation between some 

chromosomes of the cereal genomes (possibly implying that certain gene orders are 

advantageous and preserved by evolution (Ahn etai., 1993)) a “lego” model has been 

proposed where the rice genome, assumed to be similar to the ancestral cereal genome, 

is divided into linkage blocks which are then compared with the genomes of other 

cereals (Moore, 1995; Moore etai.,  1995a; Moore e t a i ,  1995b). For example, the 10 

chromosomes in the maize genome can be divided into two sets of five chromosomes. 

Each set contains a set of linkage blocks that reflect the rice genome, but they are 

rearranged in a different order, which supports the idea that maize is an allotetraploid, 

and also that one of its diploid parents was related to sorghum. However, the circular 

representation of the aligned genomes from the several species examined (wheat, 

maize, foxtail millet, sugar cane and sorghum) implies that either there have been no 

chromosomal fusions or translocations during grass evolution (in which case the 

ancestor of the grasses must have had just a single, giant, chromosome) or else that 

chromosomal fusions occur but that each chromosome is only permitted to fuse with a 

particular designated partner.

While this model is unlikely to be an accurate representation of the evolutionary history 

of the cereal family, it can be useful for locating genes in other genomes, especially in
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wheat, because the rice genome can be used as a tool to jump across regions of 

repetitive DNA (Moore et a i ,  1995b).

1.6.4.2 DICOTS

Soy bean (Glycine soja) is another ancient tetraploid whose genome has undergone 

diploidization. Significant chromosome pairing during meiosis is indicative of extensive 

sequence similarity (Crane et a l ,  1982). Segments ranging from 1.5 - 106.4 cM 

(averaging 43.5 cM) are present in up to six copies (an average of 2.55 copies) 

(Shoemaker et al., 1996). The occurrence of nested duplications and the presence of 

triplicated and quadruplicated markers implies that one of the original genomes may 

have undergone an additional round of tetraploidization. Thus, tetraploidization, along 

with large segmental duplications, has been the mode of evolution in soy bean. The fact 

that soy bean multigene families contain two distinct subgroups of more closely related 

genes supports the theory of tetraploidization (Lee and Verma, 1984; Hightower and 

Meagher, 1985).

The soy bean genome has undergone many chromosomal rearrangements, a process 

which has been proposed to account for the diversity and success of many ancient 

polyploid plant lineages (Song et al., 1995). Mungbean and common bean share 

relatively large conserved linkage blocks, but the soy bean genome is greatly rearranged 

with respect to either of these species: one linkage group in mungbean is split into 16 

groups in soy bean, one in common bean is split into nine in soy bean (Boutin et al., 

1995). The high level of apparent rearrangement could be due to incomplete mapping of 

triplicated and quadruplicated markers.
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1.6.5 S a c c h a r o m y c e s  c e r e v i s i a e

Saccharomyces cerevisiae was the first eukaryotic genome to be fully sequenced 

(Goffeau et a i ,  1996). It is 12 Mb long and has a haploid number of 16 chromosomes 

(Dujon, 1996; Goffeau et a i ,  1996). The genome contains approximately 6,000 protein 

coding genes, 40 snRNAs and 275 tRNAs (Goffeau et a l ,  1996; Hani and Feldmann, 

1998). 72% of the genome is occupied by open reading frames, with the average length 

o f an ORF about 1450 bp (Dujon, 1996).

S. cerevisiae has been shown to be a degenerate tetraploid (first suggested by Smith, 

1987) which underwent genome duplication around 100 Mya (Wolfe and Shields, 

1997), and has retained only 8% of the original set of genes in duplicate (Seoighe and 

Wolfe, 1998). There have been 55 non-overlapping duplicated chromosomal regions 

found in the yeast genome (Coissac et al., 1997; Mewes et a i ,  1997; Wolfe and 

Shields, 1997), covering approximately 50% of the genome. The paired chromosomal 

regions contain duplicated genes with conserved gene order and transcriptional 

orientation, but the duplicated genes are outnumbered by unique (non-duplicated) genes 

lying between them. These unique genes must have been duplicated as part o f the 

original genome duplication, but then returned to a single-copy state by deleting one of 

the copies, presumably because there was no selective advantage to keeping both. 

Evidence in favour of the degenerate tetraploid hypothesis is threefold: a) the 

transcriptional orientation of the entire block with respect to the centromere is conserved 

between duplicated blocks, which is to be expected if reciprocal translocations were 

involved in genome rearrangement after tetraploidization; b) no triplicated regions were 

found, contrary to expectations if there had been a series of regional or chromosomal 

duplication events; c) the duplicated regions are found scattered throughout the genome. 

By comparison with gene order in Kluyveromyces lactis, a model of yeast gene order 

evolution through tetraploidization, gene deletion and reciprocal translocation has been 

proposed (Keogh et al., 1998).
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1.7 QUADRUPLICATED REGIONS FOUND IN 
THE HUMAN GENOME

There have been three potentially quadruplicated regions found in the human genome: 

the Hox gene clusters, the MHC regions, and FGFR regions.

1.7.1 THE H O X  CLUSTERS ON H SA  2 /1 2 /7 /1 7

Homeobox genes encode transcription factors of the helix-turn-helix type, regulating 

various aspects of cell regulation and differentiation. They are typified by the 

homeobox domain, a highly conserved sequence of 183 nucleotides encoding a domain 

which is capable of binding a DNA motif and regulating gene transcription (Gehring et 

a i ,  1994). The Antennapedia-class of homeobox {Hox) genes are involved in the 

determination of pattem formation along the anterior-posterior axis of the animal 

embryo (McGinnis and Krumlauf, 1992; Lawrence and Morata, 1994) and are found 

clustered together. In the developmental process, the 3 ’ end gene of the Antp-class Hox 

gene complex is transcribed first, and the other genes are transcribed successively from 

the 3’ end to the 5 ’ end of the complex. There are four Hox gene clusters in mammals, 

altogether composed of 39 genes (Acampora et ciL, 1989; Zeltser et a i ,  1996). They are 

located on HSA 7p, 17q, 12q and 2q, and on MMU 6, 11, 15 and 2, and each cluster 

extends over 100 kb. All genes are expressed, there are no identifiable pseudogenes 

and the genes are all transcribed in the same direction with respect to each other (see 

Figure 1.2). There are 13 paralogy groups (PG), numbered 1-13 and clusters are 

labelled A-D, e.g., HoxAS is the third H ox gene in the HoxA cluster (found on 

HSA 7p and MMU 6) (Scott, 1992).

The clustered organization of Hox genes seems to be related to function, since the 

genes are generally expressed in a spatial and temporal order that is collinear with their
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physical order (Duboule and Dolle, 1989; Graham et a i ,  1989). Genes of the greatest 

similarity occupy identical serial positions along the clusters. Sharkey et al. (1997) have 

identified characteristic residues that define the different paralogy groups. Most of these 

are orientated away from the DNA which they bind, in positions where they might 

engage in protein-protein interactions.

The Antp-class Hox genes have a near universal distribution, indicating the presence of 

a highly conserved developmental process shared by metazoans. It must have 

originated very early in metazoan evolution: even sponge, one of the most primitive 

metazoans, has Antp-class Hox genes but flagellates, amoeboids, ciliate protozoans, 

fungi, algae and plants do not (Degnan et a l ,  1995). It has been suggested that Hox 

genes may be a key component of the evolution of diverse metazoan body forms 

(Amores et a l ,  1998). The homeobox gene system represents the best example where 

duplications of entire gene clusters and the subsequent conservation of the organization 

of genes over such a long period of evolutionary time can be observed.

There is only one Hox cluster in C. elegans (Biirglin and Ruvkun, 1993), echinoderms 

such as the sea urchin and starfish (Martinez et al., 1999), hemichordates such as the 

acorn worm (Pendleton et al., 1993), Drosophila (Ruddle et al., 1994a) and amphioxus 

(Holland et al., 1992; Garcia-Femandez and Holland, 1994; Holland and Garcia- 

Fernandez, 1996). There appear to be four or more clusters in birds (Stein et a l ,

1996), amphibians (Belleville et al., 1992; Stein et al., 1996), teleost fish (M isof and 

Wagner, 1996; Aparicio et a i ,  1997; Amores et al., 1998; Postlethwait et al., 1998; 

Prince e t a i ,  1998) and mammals (Ruddle etal., 1994a). Lamprey, ajaw less 

vertebrate, contains 21 genes, as yet unmapped, and appears to have an intermediate 

number of three clusters (Sharman and Holland, 1998). Paralogy groups PG l 1-13 

have so far been only reported in jawed vertebrates, with the possible exception of 

lamprey, which appears to possess one P G l3 gene, possibly indicating an early 

expansion of the posterior group genes (Holland and Garcia-Fernandez, 1996).
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Within all the species studied, the teleost fish seem to have the most dramatically 

different complements of Hox genes, which has been suggested to play some role in 

their evolutionary diversity (Kurosawa et a l ,  1999). 31 Hox genes have been identified 

in Fugu (see Figure 1.2), which form four clusters on four different chromosomes 

(Aparicio et al., 1997). However, instead of having one cluster of each type found in 

mammals, Fugu appears to have one HoxA , one HoxB and one HoxC  cluster, and 

another cluster which is unlike either of the HoxD  clusters found in mammals or 

zebrafish and which has been suggested to be a HoxA-\\k& cluster (Aparicio et a i,

1997; Amores et a l ,  1998). This presented the possibility that some fish had and may 

still have more than four Hox clusters, and that Fugu had lost the HoxD  cluster 

completely, an idea which was made plausible when it was found that zebrafish has at 

least seven H ox clusters —  two HoxA  clusters, two HoxB  clusters, two H oxC  

clusters, but only one HoxD  cluster (Figure 1.2; Amores et al., 1998; Prince et al., 

1998). John Postlethwait has suggested that there may have been a genome doubling in 

the ray-finned fish lineage, around the time of the fish radiation around 300 Mya 

(Postlethwait et al., 1998; Vogel, 1998). Fugu has a highly compressed genome and an 

unusual morphology (e.g., no pelvis), and may have lost four of its duplicated Hox 

clusters, to give the configuration seen today.

The reconstruction of the history of the Hox clusters and their duplications, and its 

relation to vertebrate evolution has been problematic, due to the lack of alignable 

sequence information. Within a cluster, collinearity between gene expression and gene 

arrangement seems to have been generated by successive tandem gene duplications and 

that gene arrangement may be maintained by some sort of selection (Zhang and Nei, 

1996). There appear to have been at least five genes in the last common ancestor of 

nematodes. Drosophila and chordates -  P G l, PG2, PG3, PG4-8 and PG9-13, which 

may already have formed PG9-10 and PG l 1-13 (Kappen and Ruddle, 1993). The Hox 

cluster in the red flour beetle, Tribolium, containing just six Hox genes, is thought to 

be similar to the ancestral cluster (Figure 1.2; Beeman, 1987; Kappen and Ruddle,
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1993). C. elegans then lost the PG2 and PG3 genes, and duplicated the PG4-8 gene, 

to give its present complement. Zhang and Nei (1996) proposed that there had been a 

tandem duplication of one Hox gene 1000 Mya to give two genes, PGl-8 and PG9-13, 

the first of which underwent tandem duplication to give rise to PGl-2 and PG3-8 

around 730 Mya, and then PG3-8 duplicated to give PG3 and PG4-8 around 600 Mya. 

PG9-13 gave rise to PG9-10 and PGl 1-13 around 800 Mya. The five subgroups 

underwent different amounts of tandem duplication to produce the situation seen in 

Drosophila, which contains eight Hox genes, which share orthologous collinearity with 

the mammalian clusters for the first nine paralogy groups, with the exception of PG3 

which is absent in Drosophila (Graham et uL, 1989). Before amphioxus diverged, the 

Hox cluster contained > 10 genes (Garcia-Fernandez and Holland, 1994). The four 

cluster state must have arisen in the lineage leading from primitive chordates to higher 

vertebrates because all invertebrates examined have a single cluster only (Bailey et a i, 

1997), and it has been suggested that the generation of these clusters contributed to the 

evolution of more complex organisms (Kappen and Ruddle, 1993).

A two-step model has been described for the evolution of the Hox genes (Kappen et 

a i, 1989; Schughart et a i, 1989). The ancestral gene cluster was expanded by tandem 

duplication of individual homeobox genes, as described above, and then that entire 

expanded cluster was duplicated several times, to give the four clusters seen in 

vertebrates, suggested by the fact that homeobox sequences from each cluster seem to 

have diverged from the corresponding genes in other clusters to approximately the same 

extents. Although the Hox gene complement differs between vertebrates, there is no 

evidence for tandem duplications after cluster duplication (Schughart et a i, 1989). It 

was initially assumed that the Hox clusters duplicated twice, at least once close to the 

origin of vertebrates, since amphioxus only has one Hox cluster, to give a “one to two 

to four” cluster history (Holland and Williams, 1990; Kappen and Ruddle, 1993; 

Holland et a l, 1994). However, by assuming that the collagen genes which are found 

in close linkage to Hox clusters share the same duplication history as the Hox genes
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(Ruddle et a i,  1994b), Bailey et al. (1997) showed that the Hox cluster duplication 

history may be more complex, possibly involving three duplication events, with 

subsequent cluster loss. They also rejected the hypothesis that the Hox cluster 

duplications had occurred within a relatively short period of time (as suggested by 

Kappen and Ruddle (1993)), and showed that the HoxD cluster is the oldest cluster, 

and the HoxB and HoxC clusters are the most recently duplicated (Bailey et al., 1997). 

If this hypothesis is correct, then if lamprey has only three clusters, it should be more 

likely to contain a HoxD-like cluster rather than a HoxB or a HoxC-like cluster (Meyer, 

1998). The suggestion that the HoxD cluster is the oldest is also consistent with the 

observation that the HoxD cluster is the most deteriorated in mammals (Aparicio et a l, 

1997).

The Hox clusters extend beyond the Hox genes themselves. There are at least 28 gene 

families that are associated with the Hox clusters on at least one of the Hox 

chromosomes, although only the collagens are associated with all four of the Hox 

chromosomes in human. These clusterings have been shown to have a statistically 

significant tendency to remain linked to the Hox genes (Ruddle et ciL, 1994b), although 

little is known about the precise gene order or the distances between genes within their 

associated clusters. Although phylogenetic analysis of the non-Hox genes seems to 

imply that these genes were not duplicated along with the Hox genes (Hughes and 

Friedman, submitted), the fact that these genes are also seen to cluster with the Hox 

genes in C. elegans. Drosophila (Ruddle et al., 1994a), Fugu (McLysaght et al., 

submitted) and zebrafish (Amores et al., 1998) indicates that the clustering of the non- 

Hox genes with the Hox genes themselves is part of an ancestral linkage pattern. It has 

been hypothesized that the retention of these ancestral linkages may have some 

biological role (Ruddle et al., 1994b). It may be significant that many of these genes 

have developmental roles (such as Evx and Dlx), and that some have functional 

interactions with the Hox genes (such as the retinoic acid receptors and keratins). This 

may imply that there is a functional advantage afforded by the conserved linkage of
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these clusters, perhaps due to the possibility of transcriptional read-through or of 

multigene regulation by enhancers (Bentley et a l ,  1995), although duplicates of linkage 

groups associated with the Hox genes have also been found on non-Hox clusters (Koh 

and Moore, 1999).

Examination of the genes associated with each cluster may make it easier to determine 

the history of the Hox clusters, and the relationship of clusters between species. For 

example, in zebrafish, there are seven Hox gene clusters. There are two representatives 

of all H ox clusters, except for HoxD  which is only represented once. There are, 

however, two linkage groups for the genes associated with the remaining HoxD  

cluster, which implies secondary loss of the HoxD  duplicate (Amores et al., 1998). Dlx 

genes are another gene family associated with the Hox clusters, which are present in 

vertebrates as tandem duplicates. However, the tandem Dlx pair which should be 

associated with the HoxC  cluster seems to have been lost from the human genome 

(Stock et al., 1996). One interpretation of this could be to suggest that one of the 

rounds of duplication events leading to the formation of four clusters in the vertebrate 

genome was a chromosomal duplication as part of a genome duplication event, while 

the other was a chromosomal segment duplication.

Expansion of the Hox gene family appears to have been a key event in vertebrate 

evolution, perhaps permitting the evolution of greater complexity in vertebrate 

embryonic development (Pendleton et al., 1993; Garcia-Fernandez and Holland, 1994). 

The Hox clusters, along with the non-Hox genes which may be preferentially 

associated with them (Ruddle et al., 1994b), are probably the most cited example of 

genes whose organization supports the hypothesis of two rounds of genome 

duplication in vertebrates (Holland et al., 1994). A possible reason that these clusters 

are so evident may be because of their highly important developmental role and the fact 

that not only does their clustered organization seem to be important to their function 

(Duboule and Dolle, 1989), but also that the associated non-Hox genes may have an
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adaptive biological function. Such a tendency to retain linkage relationships may not 

extend to other regions of the genome, and other clusters may be more difficult to find.

A further interesting development is the discovery of a ParaHox cluster in amphioxus, 

which points to an even older duplication around 520 Mya (Dickman, 1997; Brooke et 

al., 1998). The three Hox genes that make up the ParaHox cluster were identified by 

cloning Gsx, Xlox and Cdx genes, homeobox genes that in mammals do not form part 

of the Antp-class Hox clusters. Brooke et al. (1998) proposed that the second cluster 

originated before an ancestor of amphioxus, and was instrumental in the creation of the 

endoderm. Interestingly, Pendleton (1993) suggested that there were two H ox clusters 

in amphioxus based on the fact that five of the paralogy groups contained two 

members. There are five “orphan” Hox genes in the mammalian genome, the three 

examples here, and Evx and Mox. It would be interesting to see if the ParaHox cluster 

can be extended to include these genes also, (which were not cloned by Brooke et al.).

1.7.2 THE MHC REGIONS ON HSA 1/6/9/19

Gene duplication has played a major role in the evolution of the vertebrate immune 

system. The immunoglobulins, T-cell receptors and MHC gene families are all 

evolutionarily related (Hughes and Yeager, 1997; Nei et al., 1997) and all derive from a 

single respective common ancestor via repeated rounds of gene duplication (Hood et 

al., 1985; Klein and O ’hUigin, 1993).

The major histocompatibility complex (MHC), which encodes highly polymorphic 

leukocyte antigens (HLA) responsible for antigen presentation to T cells (Mizuki et al., 

1997), is a region spanning over 4 Mb on 6p21.3, contains over 100 genes and is 

important in self-nonself discrimination. The MHC is divided up into three regions.

The HLA class I and class II antigens (encoded in the MHC class I and class II regions.
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respectively) are involved in the genetic control of the immune response. The MHC 

class I genes are located nearest to the telomere, the MHC class II genes nearest to the 

centromere. The MHC class III genes are positioned between these, along with other 

non-MHC genes, some of which have functions related to the immune system, such as 

complement components, heat shock proteins and genes involved in antigen processing 

(Campbell and Trowsdale, 1993). The class I and class II regions of the human MHC 

region have been mapped to different linkage groups in zebrafish, and the class III 

region in Fugu contains genes that are not present in the human class III region. 

Because of this, it has been proposed that the class I and class II regions in the human 

MHC region were brought together by chromosomal translocations, during which 

process the class III region was formed (Bingulac-Popovic et a i ,  1997; Lim and 

Brenner, 1997).

It has also been postulated that the MHC class II was the first class of MHC genes to 

evolve (Hughes and Nei, 1993). The ancestral class II was composed of an 

immunoglobulin-like domain, a membrane-anchoring domain, and a peptide binding 

domain (Klein and O’hUigin, 1993). This was then tandemly duplicated, first to give 

the ancestral class Ila and class Ilb regions, then again resulting in four ancestral 

clusters side by side. One pair of Ila and lib  regions lost an immunoglobulin-like 

domain and a membrane-anchoring domain, and gave rise to the class la region, while 

the other pair became the class II region. The class Ib gene, a 62-microglobulin gene, is 

not linked to the main MHC. Class I and class II molecules exist in all vertebrate phyla 

except agnathan fishes (Klein and O ’hUigin, 1993), implying that the divergence of the 

different regions occurred around 400 Mya. Class Ila and lib genes are estimated to 

have diverged approximately 500 Mya (Hughes and Yeager, 1997). The HLA-B and 

HLA-C genes within the class I region are products of an extended segmental 

duplication between 44 and 81 Mya (Kulski et a l ,  1997). Many HLA pseudogenes 

have been found within the class I and class II regions (Beck et al., 1996), consistent 

with the birth-and-death model of evolution (caused by ongoing gene duplication and
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dysfunctional mutation) proposed for these highly variable gene families (Nei et a l ,  

1997). The enormous diversity within the immunoglobulin heavy- and light-chain gene 

families (Hunkapiller and Hood, 1989) has also been shown to be generated by 

divergent evolution due to diversifying selection and evolution by the birth-and-death 

process (Ota and Nei, 1994; Sitnikova and Nei, 1998).

Some genes present within the MHC class III region have been shown to have 

counterparts elsewhere in the genome. Members from gene families present in the 

MHC region on HSA 6p21.3 (MMU 17) have been found on HSA 9q33-q34 

(MMU 2) and HSA Iq21-q25 (MMU 1 and MMU 3) (Katsanis et a l ,  1996; 

Kasahara et a l ,  1997). An additional paralogous segment on HSA 19 p l3 .1-13.3 

(broken up in mouse on MMU 7, 10 and 17; DeBry and Seldin, 1996) has also been 

suggested (Kasahara et a i ,  1997). Based on the existence or non-existence of a 

eukaryotic-like immune system in various classes of vertebrates, it has been proposed 

that this group of genes was duplicated twice as a block early in vertebrate history, 

perhaps as part of a polyploidization event, once after the divergence of jawless fishes 

and once at the emergence of cartilaginous fish (Figure 1.3; Kasahara et a i ,  1996; 

Kasahara, 1997; Kasahara er a /., 1997).

If the homologous clusters did evolve by chromosomal or genomic duplication, then 

phylogenetic analysis of the gene families involved should highlight this fact. This was 

tested by Hughes (1998) and Endo et al. (1997). The genes involved in these regions 

duplicated at widely different times, spread out over at least 1.6 billion years (see 

Table 1.1). Some are estimated to have duplicated before the divergence of eukaryotes 

and eubacteria while others appear to have duplicated early in vertebrate history (Endo 

et a i ,  1997; Hughes, 1998). Out of the 11 gene pairs that have been proposed on 

HSA 6 / HSA 9, six may have had a simultaneous origin before the divergence of 

vertebrates and may have been duplicated together. For three of the six gene pairs on 

HSA 6 and 9, there is a third copy on HSA 1 which is in each case more closely
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Ta b le  1 . 1 .  Dates o f divergence calculated for incnibers of gene Imnilies involved in the ]?aralogous 
regions on HSA 6, 9 and 1. All single dates cjilcnlated by Hughes (1998) rel'er to genes on USA 6 and 
9. All second dates refer to genes on USA 1 iuid 9. All dates calculated by Hndo el al. (1997) :irc for 
genes on USA 6 and 9. Gene faniiles with very ancient dupliciition dates are highlighted in bold. I’liere 
appears to be no com m on ancestor for



CHAPTER 1: GENERAL INTRODUCTION

related to the HSA 9 paralogue than it is to the HSA 6 paralogue (Katsanis et al.,

1996; Hughes, 1998).

Smith et al. (1999) proposed that an ancestral cluster duplicated first to give the 

precursors for the paralogous clusters on HSA 6 / HSA 19 and on HSA 1 /  HSA 9 

(although the relationship of the region on HSA 19 to the other three regions is 

ambiguous; Kasahara et al., 1997) and then again to give the four clusters present in the 

genome now. Each duplication was followed by extensive gene loss. To explain the 

widely differing divergence dates, they postulated various tandem duplications prior to 

the origin of vertebrates dating from as far back as the eukaryote-prokaryote split, 

where differential silencing of the duplicates leads to misallocation of paralogy (see 

Section 6.1, p. 99).

Hughes (1998) decisively rejected the hypothesis that all 11 of these gene families were 

involved in a block duplication and instead suggested that those gene families with 

ancient duplication dates (ABC, PSMB, NOTCH and HSP70, highlighted in bold in 

Table 1.1) had all undergone separate duplication events, and had all independently 

translocated to HSA 6 and 9, possibly because there was some selective functional 

advantage to the clustering of these genes.

Endo et al. (1997) put forward a complicated model (Figure 1.4) to explain the 

paralogous regions on HSA 6 and 9. They suggested that the four most anciently 

duplicated gene families were originally clustered on a primordial chromosome, and 

duplicated together. An insertion of members of the other seven gene families occurred 

on one o f the duplicated chromosomes, between the HSPA and NOTCH homologues, 

followed by a regional duplication, whereupon the inserted region on one of the 

chromosomes was likewise inserted into the similar region on the other duplicated 

chromosomes, presumably by a process of recombination. This was followed by 

various rearrangements and single gene duplication events. However, if the initial
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Figure 1.4. The model proposed by Endo et al. (1997) for the evolutionary history o f  the M HC regions o f  H SA  6 
and 9. The common ancestral band region o f 6p21.3 and 9q33-q34 contained the prim ordial HSPA, NOTCH, 
ABC/TAP  and PSM B  genes. The region was duplicated and a segment containing CC, TNX, PBX, NAT/RING3, 
COL, RXR  and H SET  was inserted into the region between HSPA and NOTCH  on one o f the duplicated 
chrom osom al segments. A second duplication event occurred, followed by numerous rearrangem ents and tandem 
duplications. Adapted from Endo et al. (1997).
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duplication event occurred about 1 Gya and the second regional duplication event 

occurred around 600 Mya, then it would be highly improbable that the “sister” 

chromosomes were still similar enough to be able to undergo such a recombination 

event.

It is more difficult to determine the history of the paralogous regions on HSA 1/6/9/19 

than it is for the Hox gene clusters, because there is little or no MHC class III data 

available from any other species. These regions appear to have undergone much 

rearrangement in the mouse genome (DeBry and Seldin, 1996).

1.7.3 FGFR REGIONS ON HSA 4/5/8/10

A third possible example of a quadruplicated region was described recently by 

Pebusque et al. (1998). There is detailed information for a chromosomal region on 

HSA 8p 12-21 (Adelaide et al., 1998). By searching the genome for paralogues of the 

genes in this region, they identified seven gene families (plasminogen activators, 

ankyrins, fibroblast growth factor receptors, adrenergic alpha and beta receptors, 

intermediate-early transcription factors, vesicular monoamine transporters and 

lipoprotein lipases). The quadruplicated region described is centred on the four 

members of the FGFR family which belong to the superfamily of tyrosine kinase 

receptors. Each of these genes is located close to adrenergic receptor genes on human 

chromosomes 4p l6 , 5q33-35, 8pl2-21 and 10q24-26. A member of each of the seven 

gene families identified in the 8p 12-21 region also has members on 10q24-36. 

However, there are only two more genes that can be added to the region on HSA 5, 

and the fourth member of the PLAT, PLAU, FXII group (HGFA) has recently been 

mapped to 4 p l6  by Miyazawa et al. (1998), which is a perfect fit to the prediction by 

Pebusque et al. Synteny, but not gene order, is conserved within these regions (Figure 

1.5).
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Figure 1.5. Reconstruction of events leading to the FGFR regions on HSA 4/5/8/10. Gene order is not 
known precisely except for HSA 8pl2-2I, so linkage groups are drawn so as to facilitate orthologue 
comparison. Chromosomal localization is given in brackets for each region. Taken from 
Febusque et al. (1998).
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Where data are available, phylogenetic analysis indicates a 1:4 relationship between 

invertebrate and mammalian sequences for these genes. Phylogenetic trees do not, 

however, allow determination of whether the two duplications occurred at different 

times, or within a short space of time. Pebusque et al. argue that these duplicated genes 

arose before the bony fish divergence but after the echinoderm / chordate split, but they 

did not use molecular clocks to estimate dates for each gene. Syntenous regions are 

found in Drosophila (on chromosome 3, ANK moved to chromosome 4), and 

C. elegans (on chromosomes X and 4), neither of which include members of the 

plasminogen activator or lipoprotein lipase gene families. Because the ankyrin gene is 

not located on the same chromosome as the FGFR-ADR linkage group in either 

Drosophila or C. elegans, perhaps ANK was moved to the FGFR-ADR linkage group 

after the chordate lineage diverged, and was then involved in a regional duplication of 

that region. It is possible that some adaptive function has caused these ancestral 

linkages to remain linked: plasminogen activators, fibroblast growth factor receptors 

and intermediate-early transcription factors are all involved in some stage in the FGF 

stimulatory pathway.
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CHAPTER 2 —

CONSERVED DUPLICATED 
SEGMENTS BETWEEN THE 
HUMAN AND MOUSE GENOMES

2.1 AIM

Lineages deriving from thie same ancestor should contain conserved chromosomal 

segments, delineated by (random) breakpoints. If genome duplication took place in 

such a common ancestor, then we should be able to see not only orthologous segments 

between them, but also paralogous segments within each species which are mirrored in 

the other species. Using data from the human and mouse genomes, we tried to find 

such conserved duplicated segments, draw trees using the genes involved, and from 

this to put a possible date on when genome duplication may have occurred in the 

common ancestor of the human and mouse lineages. The rationale behind this was that 

genes making up conserved orthologous segments between the human and mouse 

genomes must have been in place before these species diverged, and consequently 

should be more reliable markers of a genome duplication (assumed to pre-date the 

human / mouse divergence) than either the human or mouse map alone.
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2.2 INTRODUCTION

2.2.1 USES OF COMPARATIVE GENE MAPPING

The extent of genome conservation is of great practical and evolutionary interest 

(O’Brien and Graves, 1991; O’Brien et a i ,  1999). The uses of comparative gene 

mapping in mammals are at least three-fold:

1. It helps identify new genes or identify homologues of disease traits mapped 

in other species. For example, a segment on MMU 1 containing the Pax3 gene is 

homologous to a segment on HSA 2, which was found to contain the equivalent human 

gene which leads to the expression of the Waardenburg syndrome (Tassabehji et a i,  

1992). The identification of chromosomal regions with both conserved gene order and 

synteny is important for such gene hunting purposes. At present, the level of mapping 

detail between human and mouse is still insufficient to provide a complete description 

of all chromosomal blocks with conserved synteny and gene order.

2. It gives insight into the forces guiding genome organization and evolution 

(Clark, 1999). Are synteny and linkage conservation between species due to chance 

(“frozen accidents”; Ohno, 1973), or do the functions of the genes within any given 

segment play some role in whether some genes must remain in close linkage to one 

another? For example, retinoic acid receptors are functionally related to the Hox clusters 

and the keratin clusters, and are also found in close proximity to them (Boncinelli et a i,  

1991; Nadeau et a i ,  1992). Are the breakpoints at which chromosomal rearrangements 

occur random, or are some genetic regions more prone to rearrangement than others 

(Purandare and Patel, 1997)7 Regions of DNA which contain repeated sequences may 

facilitate illegitimate inter- and intra-chromosomal recombination events (Dutly and 

Schnizel, 1996; Carver and Stubbs, 1997; Kehrer-Sawatzki et aL, 1997). Are some 

stretches of DNA more likely to be duplicated or translocated? Evidence suggests that 

this may be the case, depending on the nature of the DNA sequences involved (Eichler, 

1998; Pennisi, 1998). Do population factors such as generation time and effective
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population size play a role in determining the rate of disruption? The mouse genome is 

three or fourfold more rearranged with respect to the human genome than are either the 

feline or bovine genomes (O’Brien, 1991), and mice also have a shorter generation time 

and potentially a larger population size than the larger mammals.

3. It allows an estimation of the rate of chromosomal rearrangement within and 

between species. Despite strong selection against reciprocal translocations, inter- 

chromosomal rearrangements occurred approximately fourfold more often than 

inversions and other intrachromosomal rearrangements in lineages leading to humans 

and mice (Ehrlich et al., 1997; Nadeau and Sankoff, 1998). However, this estimation 

excludes the possibility of many small inversions, which may be an important part of 

genome evolution (Eppig, 1996). This disrupted linkage but not synteny is seen as 

rearranged segments embedded within larger conserved segments, as though a small 

inversion has occurred within a long conserved segment (Nadeau, 1989). In their 

comparative map between the human and mouse genomes, DeBry and Seldin tried to 

minimize their inclusion of such rearrangements (DeBry and Seldin, 1996). But the 

point of DeBry and Seldin’s work was to help identify unknown genes (see point 1 

above). If a segment in one species includes a gene of interest, then we can sequence 

through the whole segment so that even if slight rearrangements have taken place, the 

gene that we are looking for, if it has not been deleted or involved in some other 

rearrangement process, should be easily identifiable. Recent evidence has indicated that 

these ‘waltzing genes’ are common in yeast (Seoighe et al., in press), but examples 

have been found in higher eukaryotes also: although synteny is strongly conserved in 

the Huntington disease region of HSA 4pl6 .3  in human, and on MMU 5 in mice, 

several genes on a 1.5 cM segment (Idna, Dagk4, Pdeb) have been transposed within 

that segment; there are two small rearrangements between HSA 9 and MMU 2, marked 

by Spna2-Abl and Dbh-Rxra (Nadeau and Sankoff, 1998). There are four small 

rearrangements within a 10 cM segment of HSA 5 and MMU 11, where the two 

segments showing synteny but not linkage conservation have lengths of 1.5 cM and 

1.7 cM (Watkins-Chow et al., 1997) There have been three transpositions of three
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gene-rich segments and a local inversion within a 23 cM conserved syntenic region on 

HSA 19q and MMU 7, involving 42 markers, although within these segments, gene 

content, order and spacing are remarkably well conserved (Stubbs et a l ,  1996).

At high resolution, many syntenically homologous regions are shown to have 

undergone significant rearrangements (Carver and Stubbs, 1997). For example, genes 

from a 6.5 Mb region of 22ql 1 (the DiGeorge syndrome /  velocardiofacial syndrome 

region) are seen to have homologues on MMU 6, 10 and most impressively on 

MMU 16. The 19 genes and nine EST groups from 22ql 1 which have homologues on 

MMU 16 form at least four regions where gene order appears to be conserved, but the 

relative order and orientation of these regions is different in human and mouse (Botta et 

a i ,  1997; Puech et al., 1997; Sutherland et al., 1998). It has been proposed that the 

high number of duplicated regions and iow-copy repeat families in this region may 

cause instability in this region (Puech et al., 1997).

Ohno’s law states that chromosomal rearrangements involving the X-chromosome and 

autosomes are strongly selected against (Ohno, 1967), with one possible exception of 

CLCN4 having been transposed to MMU 7 in lab mice (Palmer et al., 1995). There 

have, however, been numerous rearrangements within the human and mouse X 

chromosomes {Blair et al., 1994; Dinulos e /a /., 1996).

2 .2 .2  RATES OF REARRANGEMENT IN MAMMALIAN LINEAGES

The recent rapid accumulation of mapping and sequencing data for mammalian 

genomes has allowed the investigation of orthologous gene order and paralogous 

duplicated regions and other issues concerning the genomic events during the early 

evolution of vertebrates. The most detailed mammalian map data come from the human 

and mouse genomes. The number of chromosomal segments conserved during the
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divergence of two species can be used to measure their genomic distance. Nadeau and 

Taylor (1984) estimated interchromosomal exchange rates based on the rearrangement 

of chromosomal segments in the human versus mouse genomes. They found 13 

conserved linkage groups (on comparison of 83 homologous loci) between the two 

genomes, and estimated that there had been 178 ± 39 chromosomal rearrangements 

since the divergence of the lineages leading to humans and mice, the average length of a 

segment being 8.1 ± 1.6 cM (Nadeau and Taylor, 1984). As the human-mouse 

comparative map became more dense, although the number of conserved segments 

discovered between human and mouse increased, these initial estimates of the number 

of rearrangements and the average length of a segment did not change significantly (see 

Table 2.1).

The rate of change in the gene maps has not been uniform among the mammalian 

orders. Rates of synteny disruption vary approximately 25-fold among mammalian 

lineages (Ehrlich et a i, 1997). However, comparison of orthologous chromosomal 

regions reveals linkage conservation for extensive parts of mammalian chromosomes 

(Eppig, 1996). To facilitate the comparison of genomes from different mammalian 

lineages, O’Brien et al. proposed a list of reference anchor loci (comparative anchor 

tagged sequences (CATS)) spaced approximately 5 - 1 0  cM apart, offering relatively 

even coverage over all chromosomes (O’Brien, 1991; O’Brien et al., 1993; Lyons et 

al., 1997). Evidence seems to indicate that the linkage map has been broken up to a 

greater extent in the rodent map than in that of the primates, compared to an ancestral 

mammalian genome, with the human genome having undergone the least number of 

linkage group changes (Lundin, 1993; Ohno, 1993; Graves, 1996; Ehrlich et a i,

1997).

While large chromosomal segments of mouse and man have remained relatively intact 

(Copeland et a i, 1993) (e.g., a region spanning 227 kb on MMU 6 and 223 kb on 

HSA 12pl3 has been shown to display conserved gene number, order and orientation;
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YEAR AUTHOR # genes used #  linkage 
groups

# rearrange­
ments

average 
length (cM)

1984 Nadeau and 

Taylor

83 13 178 + 39 8.1 ± 1.6

1989 Nadeau 241 26 138 + 32 10.1 + 2.2

1991 Nadeau 425 >100 - 7 .4  + 1.7

1993 Copeland et al. 917 101 144 8 .8

1996 DeBry and 

Seldin

1416 181 - -

1997 Ehrlich etal . 1152 91 122* -

1997 Sankoff el al. 1423 130 181 .

T a b le  2 . 1. Estimates of die nimiber of rearr;mgements andaverage length of segments between the 
human ;md mouse genomes. These estimates have not changed signific;mtly as more genes ;ire put onto 
the human-mouse comparative map.

* hitrachromosomal effects not included in tliis calculation
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Ansari-Lari et a i ,  1998), for most chromosomal regions, the gene order has been 

rearranged by multiple translocations and/or inversions. For example, on analysis of 

the proximal MMU 9 linkage map, Seldin (1991) concluded that segments of MMU 2, 

7, 9 and 19 and HSA 11, 15 and 19 derived from a single common ancestral 

chromosome, where four rearrangements (two translocations and two transpositions) 

had occurred in the human map to give the present day arrangement and six 

rearrangements (three translocations, three transpositions) had occurred in mouse. In a 

more extreme example, HSA 6p has loci on MMU 4, 9, 10 and 13, and HSA 6q has 

loci on MMU 9, 10 and 17 (Davisson et a l ,  1991).

Compaiison of the mouse and rat genomes indicates that rearrangements have also 

occurred within the rodent lineage. There are at least 49 conserved autosomal segments 

between rat and mouse, of which 41 have two or more markers. The estimated mean 

size of a conserved segment is 39 ± 6 cM, and it is thought that most, if not all, of the 

conserved segments have been identified (Watanabe et al., 1999). Some of the rat 

chromosomes span whole mouse chromosomes (e.g., RNO 5 (RNO: Rattus 

NOrvegicus) is equivalent to MMU 4, as is RNO 8 to MMU 9. Both of these regions 

also seem to have highly conserved gene order).

There are 109 conserved segments observed between the human and rat genomes 

(Watanabe et aL, 1999). It is clear that while large regions of conserved synteny do 

exist between the two genomes (Remmers et a i ,  1992), many rearrangements have 

also taken place between them. For example, 71 genes on RNO 1 form six syntenic 

segments in mouse (on MMU 7, 10, 13, 17, 19), but 13 in human, over eight 

chromosomes.

That the rate of rearrangement within the rodent genomes is exceptionally rapid is 

highlighted by comparison of the human genome with other mammalian genomes. The 

genome organization of the cat can be reorganized to the human status by as few as 13
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translocation steps (O’Brien et a l ,  1999), implying a single translocation every 

10 - 12 M yr (O ’Brien et al., 1997). For example, HSA 11 is syntenic to a single 

chromosome B4 in cats, but is composed of five different segments on four mouse 

chromosomes (MMU 2, 7, 9, 19), a number that increases to 20 distinct ordered 

linkage segments at a higher map resolution.

There is also a greater conservation of synteny between the cattle and human genomes 

than between the human and mouse genomes (Womack and Moll, 1986), although it is 

not as great as originally proposed (Womack and Kata, 1995). The bovine maps show 

fewer and larger blocks of synteny with human than the mouse maps (Georges and 

Andersson, 1996; Andersson et al., 1997). For example, only one rearrangement has 

been observed between HSA 13q and BOV 12. In contrast to this, there are two 

translocations separating this conserved segment into three linkage groups in mouse 

(Sun et al., 1997). A minimum of 40 rearrangements have taken place between the 

bovine and human genomes, yielding 70 homologous segments (Womack and Kata, 

1995). However, within the boundaries of conserved synteny between cattle and 

human, it is likely that extensive disruptions of conserved linkage remain to be 

discovered (Johansson et al., 1995). Seven loci on 117 cM on HSA 2 and 86.9 cM in 

BOV 2 show conserved synteny but analysis has shown that at least three 

translocations have taken place between the two segments (Sonstegaard et al., 1998).

2.3 DATA

In September 1995, the most comprehensive human protein database was that 

coordinated by The Institute of Genomic Research (TIGR) (http://www.tigr.org/tdb/) 

(Adams et al., 1995). The TIGR human cDNA database contained tentative human 

consensus (THC) sequences, derived by combining 174,472 new partial cDNA 

sequences and full-length cDNAs from GenBank with 118,406 ESTs from the dbEST
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database, and assembled as for a shotgun sequence assembly project, yielding 29,599 

THCs and 58,384 additional non-overlapping ESTs. Among these, there were 10,214 

previously identified genes, or sequences with similarity to known genes. In theory, 

this dataset should be a non-redundant set of human protein sequences. Each gene has 

associated with it a unique human transcript (HT) number, a non-unique human gene 

(HG) number (since genes can have alternative transcripts) and DNA and protein 

sequences. The TIGR THC database entries also have cross-references to the GDB 

database, where GDB is the Genome Database at John Hopkins University which 

contains human map information (e.g., serum amyloid A1 (SA A l) is designated 

HT732, with HG732, and a GDB number of 120364).

Each HT number was used to query the TIGR database on the World Wide Web, using 

http;//www.tigr.org/docs/tigr-scripts/egad_scripts/ht_report.spl?htnum=<ht#> (where 

<ht#> is the unique HT number for every human transcript), to obtain the relevant 

human transcript. From these we identified 4554 HTs which had associated GDB 

numbers. Mapping positions of the human genes and mouse genes were both taken 

from the Mouse Genome Database (http://www.informatics.jax.org/mgd.htm, or its 

mirror site http://mgd.hgmp.mrc.ac.uk/mgd.html), run by the Jackson Laboratory.

Human mapping data vary widely in their precision, with many locations being 

indicated by a range, rather than a specific position. Mapping positions of human genes 

were given in the MGD in cytogenetic units of chromosome bands and subbands 

(e.g., S A A l: l l p l 5 . 1  -  pl4) .

Mouse genetic mapping data, measured in centimorgan units, tend to be more precise 

due to the ability to do crosses, although may still include error ranges of several 

centimorgans. Most of the mouse mapping data were originally compiled by the Mouse 

Chromosome Committee Report (Anonymous, 1996). The protein sequences of mouse 

genes which were annotated by MGD as homologous to sequenced human genes were
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taken from GenBank (release 93) (e.g., Saal: MMU 7@23.5, MGD-MRK-14278, 

with a GenBank accession number of M l7798). MGD gives a number of links to 

GenBank for each mouse gene. In general, only one of these links has a full-length 

cDNA. Where mouse sequences were not available, the corresponding rat sequences 

were used instead, if available.

2.4 METHODS

2.4 .1  NEIGHBOUR-JOINING METHOD OF CONSTRUCTING 

PHYLOGENETIC TREES

Phylogenetic trees were constructed for each set of paralogues and their orthologues 

(i.e., sets of two human and two mouse sequences; Figure 2.1). The sequences were 

first aligned using ClustalW, then examined by eye, the tree calculated using the 

neighbour-joining method (Saitou and Nei, 1987), and the time of divergence between 

paralogues, or the time since duplication of the original gene, was estimated using 

equation 2.1.

• • r c + Yiia + b + d + e)Relative time or divergence = --------------------------  (E q. 2.1)
Yiia + h + d + e)

where a, b and d, e are opposing pairs of branches, and where c is the central branch 

(see Figure 2.1). This gives the time of gene duplication relative to the speciation time 

between human and mouse, which for convenience we took to be 100 Myr.

The neighbour-joining method of constructing a phylogenetic tree involves the 

calculation of the distances ( pij, percent divergence between sequences i and j )  

between all pairs of sequence from a multiple alignment. All sites with gaps (in any 

sequence) were discarded, which excludes the most ambiguous parts of the alignments.
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and M \2 . Branch lengths are indicated by the letters a, b, c, d :md e. Nodes are labelled 1 - 6.
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We used /  = 19/20 as a correction factor. This is the Jukes-Cantor formula for 

proteins. Kimura’s corrections for multiple substitutions were not used. From these 

pairwise distances, the corrected mean of amino acid replacements per site between 

sequences i and j ( d i j) can be calculated. Corrections for multiple substitutions were 

incorporated into the equation for the mean number of amino acid replacements per site 

(Eq. 2.2).

dij = - f ( l o g ( l - ' y f ) )  (Eq. 2.2)

Using these values, the branch lengths of the tree can be calculated:

a = y2d\2 + y^ (d \3 -d 2 3  + d \ A - d 2 4 )  (Eq. 2.3)

b = d l 2 - a  (Eq. 2.4)

c='A(d\3 + d23 + d l4  + d 2 4 ) - y 2 ( d \2  + d34)  (Eq. 2.5)

d  = y2d34 + y, {d \3  + d 2 3 - d \ 4 - d 2 4 )  (Eq. 2.6)

e ^ d 3 4 - d  (Eq. 2.7)

where sequences 1, 2, 3, 4 refer to H X l, M Xl, HX2, MX2, respectively, in 

Figure 2.1.

The variances of these branch lengths can be obtained using equations as follows. 

These were derived using Li (1989, 1990):

Va = (% Vdl2) + y2{Vdl5-  Vd25) + Xe(VJl3 + VJ14 + Vd23 + Vd24) + 

y^{Vd\6 + V d 2 6 - V d 3 5 - V d 4 5 - 2 V d 5 6 )  (Eq. 2.8)

V h ^ y V d l 2  + y2{Vd25 - V d l 5 )  + y 6 { V d l 3 + V d l 4 +  Vd23 + Vd24) + 

y s ( V d l 6 + V d 2 6 - V d 3 5 - V d 4 5 - 2 V d 5 6 )  (Eq. 2.9)
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Vc = {Y,(,{Vd\l> + Vd23, + V dU + V d2A  + 2V d\6  + 2Vd26 + AVd56 + 2Vd35 + 

2 VdA5) ) - y 2 {Vd\5 + Vd25 + Vd36 + VdA6) + Y2Vd{2 + y^Vd?>A (E q . 2 .10)

V d--y ,  Vd3A +  Y2{Vd36-  VJ46) + XeCW13 + Vd23 + Vd\A + Vd2A) +

}i{Vd35 + V d A 5 - V d l6 - V d 2 6 - 2 V d 5 6 )  (E q . 2 .11)

Ve='A Vd3A + Y2{VdA6 -  Vd36) + Y6(Vd\3+ Vd23 + VdlA + Vd2A) +

Ys(Vd35 + V d A 5 - V d l6 - V d 2 6 - 2 V d 5 6 )  (E q . 2 .12)

where:

and Vdij is the variance of the number of amino acid replacements between sequences 

i and j , and L is the number of sites used in the comparison. Errors were calculated 

using variations of the equations described by Li (1989; 1990).

2 .4 .2  FINDING CONSERVED DUPLICATED REGIONS BETWEEN 

HUMAN AND MOUSE

We attempted to find duplicated chromosomal regions (OCRs) that are conserved in 

both human and mouse genomes, which could define ancestral conserved chromosomal 

linkage regions. To find these, sets of genes needed to be identified that are related as 

shown in Figure 2.2. To be able to define the timing of the divergence (and therefore of 

the duplication) of the gene families involved, we also had to be able to construct 

phylogenetic trees, based on the protein sequences of the relevant genes.
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Orthologous relationships between human and mouse are shown by solid horizontal lines. Dashed lines 
represent paralogous gene pairs, created by gene duplication prior to the human mouse sjxiciation 
event. In addition to tlie par;ilogous MXl HX2 and MYl 11Y2 p;iirs indicated, all other XI X2 
and \ ' l  ■\'2 ]iairs are paralogous.
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Analysis of the data was carried out as shown in Figure 2.3. We searched for mouse 

homologues of each human gene in the TIGR THC database and then looked for their 

genetic map locations in MGD.

A  set of human paralogues was obtained by performing BLAST? searches of all the 

human protein sequences in the TIGR database against each other. Cut-offs of a BLASTP 

score of over 100, a percentage identity of over 35%, and an alignment length threshold 

of over 35% of the shorter protein being aligned were imposed. This low BLASTP cut­

off point was chosen because, although more spurious sequence similarities would be 

found, we were also more likely to find most of the true paralogues. Using only human 

paralogues which have orthologues in mouse, we initially (1.) put together a set of 

paralogues which were adjacent on a chromosome, as in Figure 2.2. To complement 

this, the conditions for finding a group of paralogous genes were relaxed (2.) to allow 

non-adjacency of at most one pair of paralogues in either or both species (Figure 2.4). 

The cut-off score was also changed to 300 to offset the relaxed criteria.

Genes were taken as belonging to a paralogous region if

a) genes on the same chromosome were less than 30 cM apart (for mouse 

mapping data), or less than two bands apart (for human mapping data). The total size of 

the mouse genome is 3.45 x 10  ̂Mb or 1593.6 cM (Database of Genome Sizes: 

http://www.cbs.dtu.dk/databases/DOGS/index.html). 30 cM therefore corresponds to 

an interval of about 65 Mb. The human genome is 3.4 x 10  ̂Mb and contains 542 

cytogenetic bands at the level of resolution provided in MGD. Two bands therefore 

corresponds to (very roughly) 12.5 Mb. However, some bands span very large 

regions, and others are very small. In the cases where the human mapping positions 

were given as ranges (which generally span two or three bands), genes with 

overlapping ranges, or with ranges within two bands of each other were kept;

b) genes had scores over 100 or 300 as described above. The BLAST? 

alignments were also examined by eye;
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c) the times of divergence calculated for the two delimiting paralogous pairs 

were similar within an approximate error margin of ± 1 SD (standard deviation).

Table 2.2 summarizes the number of genes in the dataset at each stage of the 

verification process.

2.5 RESULTS FROM THE ANALYSIS OF TIGR 
DATA

Table 2.2 shows the initial number of human/mouse gene sets found (a maximum of 

eight genes per set - two paralogues and two orthologues each, for two unlinked loci), 

and the number of sets used in the final analysis, detailing how many sets were 

discarded, and on what basis. We found only four sets of human /  mouse genes 

satisfying the scenario in Figure 2.2, where a) H Xl and HY2 (and all other X- and Y- 

type gene pairs within the same organism and on the same chromosome; X and Y 

denote two gene types with unrelated sequences) were less than 30 cM apart (or 

approximately less than two chromosomal bands for the human data); b) where H X l 

and HX2 were true homologues, as judged by looking at sequence alignments; and 

c) where the times of divergence calculated for the original X and Y paralogue 

duplications were similar. Five sets were discarded on the basis of disparate, or very 

old (see below), times of divergence between sets of paralogues.

Figure 2.5 gives an indication of the number of groups that were discarded overall on 

the basis of inconsistent times of divergence between pairs. The over-estimation of the 

timing o f divergence events tends to occur when the proteins are essential to the 

organism and their orthologues are therefore highly conserved, but they may be quite 

different to their paralogues, yielding a tree with a very long internal branch, and very 

short external branches. With the Hox genes, for example, the HoxB5  genes in human
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and mouse are very similar, but their homology to HoxCS, although still evident in the 

homeobox domain, is weak in the flanking sequence. Ruddle et al. (1994b) calculated a 

divergence time of 350 Mya for the Hox clusters, by assuming that silent sequence 

distances are linear to divergence time, which is much more reasonable than our 

estimate of over 3,000 Mya, using the substitution rate over the whole protein, not just 

the highly conserved homeobox domain. Under the less stringent conditions imposed 

for the situations outlined in Figure 2.4 (columns 3 and 4 in Table 2.2), where non­

adjacency of at most one pair of paralogues in either or both species was allowed, a 

further 19 groups of genes were retained as possibly representing duplicated regions 

conserved between human and mouse.

Figure 2.6 is a histogram detailing the 23 groups of genes that were kept. All human 

chromosomes except for HSA 8, 9, 13, 15, 16, 18, 20, 21 and 22 are represented. 

Four candidate paralogous regions (indicated on the left hand side of Figure 2.6) are 

discussed below.

1. HSA 4 has three sets of orthologues linking it to MMU 5; FGFR3, TEC, PDEB 

(all in the Huntington disease region). Of these, all have paralogues on HSA 5: 

(PDGFRB, CSFIR), (FER, ITK), PDEA, where names in brackets indicate two 

paralogues on HSA 5 for the respective single gene on HSA 4. Two of these 

paralogous groups have orthologues on MMU 18 (Pdgfrb, Pdea). The other 

orthologue is to be found on MMU 11 (Itk). This suggests an ancestral conserved 

duplicated region on HSA 4 and HSA 5 (first proposed by Comings (1972)), which 

correspond to MMU 5 and MMU 18, respectively. See Figure 2.7. The fact that the 

segment is broken in mouse, into sections on both MMU 11 and MMU 18 is 

consistent with other observations that the rodent map has undergone more 

rearrangements than that of mammals (Lundin, 1993). If we assume 100 Mya to have 

elapsed since the divergence of the lineages leading to human and mouse, we get an
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average divergence time of 730 Mya for these sets of paralogues, and therefore for a 

possible genome duplication event.

2. The genes found on HSA 17 all have homologues on MMU 11 (see Figure 2.8). 

Unlike the case with the segment on HSA 4, 5 / MMU 5, 18, there is no clear-cut 

corresponding duplicated region. Three sets of genes on HSA 17 (TCF2, GFAP, 

ERBB2) have paralogues on HSA 12 (TCFl, PRPH, ERBB3), of which TCFl has a 

mouse orthologue on MMU 5, PRPH has a homologue on MMU 15, and ERBB3 has 

a homologue on MMU 10. GFAP has three mouse orthologues: Gfap (MMU 11), 

Vim (MMU 2) and Des (MMU 1). Des also has an orthologue on HSA 12. C O L lA l, 

on HSA 17, has a mouse orthologue on MMU 2. There is a possible duplicated 

segment on HSA 17 and HSA 12, with a segment on MMU 11 corresponding to 

HSA 17. The rodent map is too broken to be able to define an orthologous region for 

HSA 12. The average time of divergence for this set of paralogues is approximately 

850 Mya. A segment has already been described between MMU 11 and HSA 17. It is 

approximately 47 cM long, and consists of 62 loci (Eppig and Nadeau, 1995; Eppig, 

1996). On comparison of this map with our segment, we added all genes which also 

had homologues on HSA 12 and MMU 15 such as the Hox clusters, the keratin 

clusters, the retinoic acid receptors and CD4 and CD7 (see white boxes in Figure 2.8). 

These genes were overlooked in our analysis either because they were not in the 

TIGR/MGD dataset or because they did not achieve the thresholds for BLAST or permitted 

intergenic distances.

There are two other gene sets with the full complement of eight genes.

3. On HSA 11, there is a segment comprising TPH and MYODl, with a homologous 

segment on HSA 12 (PAH, MYF5) with orthologous segments on MMU 6 and 

MMU 7, respectively, and an average divergence time between paralogues of

700 Mya.
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4. On HSA 3, HGF and G NA Il form a segment homologous to M STl and G N A Tl 

on HSA 7, and orthologous to MMU 5 and MMU 9, with an average time of 

divergence of 530 Mya.

It is of interest to note that the last three groups in Figure 2.6, showing the lowest 

divergence times, only contain paralogous regions within the same chromosome. 

Although this could be due to a tetraploidization event, a more parsimonious 

explanation is to suppose that they are the result of regional duplications.

2.6 DISCUSSION

Ancestral paralogous segments should also be seen as orthologous segments between 

human and mouse (Nadeau, 1991). We have found at least four candidate paralogous 

segments, of which two are only marked by two pairs of paralogous genes. Other sets 

found define incomplete segments without the full complement of eight genes. This 

could imply that these segments are just coincidental artefacts. Apparent conserved 

syntenies marked by only a single gene may also be due to a possible error in the 

mapping process, as is illustrated by the following example from Sankoff et al. 

(1997a): “In April 1996, the MGD contained 28 genes which each constituted the sole 

evidence of a homologous segment in some human chromosome and some mouse 

chromosome, out of ~ 110 conserved syntenies in all. By August 1996, 5 of these 

genes had been removed from either the human or mouse data, 4 had been reassigned 

in one or both genomes, and only 2 segments were confirmed by the mapping of 

additional genes on both the human and mouse chromosomes. An additional 6 single­

gene segments also appeared in the database at this date.”

A second problem with finding genuine conserved segments is that of identifying 

paralogues. While any pair of sequences with a significant BLAST score are
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homologues, it can often be difficult to distinguish orthologues from paralogues, and to 

distinguish between multiple paralogues. Genome duplication, coupled with tandem 

duplication and successive rearrangements, can complicate the identification of paralogy 

among families of unlinked genes, so that members of large superfamilies have a more 

limited predicative value in this context than closely related members of small gene and 

protein families (Lundin, 1993). For example, in the segment between HSA 4 and 

HSA 5 described above, we have identified PDGFRB (and CSFIR) as homologues of 

FGFR3. In fact, a more likely homologue is FGFR4 (Lundin, 1993) which was not 

included in our study, not having been mapped in mouse, but it is in the “correct” 

position at 5q33-5qter. Furthermore, PDGFRB and CSFIR, which lie close together 

on HSA 5 not only have orthologues close together on MMU 18, but also form a 

paralogous segment with PDGFRA and KIT on HSA 4 (4ql l-q l2 ; 4 q l2 , on the other 

arm from the segment we have described) which also shares an orthologous segment 

on MMU 5 (Pdgfra: 5 @42; Kit: 5 @42) which is in the middle of our segment.

Thirdly, differential silencing of duplicated genes and subsequent rearrangements may 

also confound the evidence. On duplication of a genome, each chromosome now forms 

a paralogous segment with its duplicate. As the genome progresses towards a re­

establishment of disomy, some of the gene duplicates will be lost, either by deletion or 

mutation. Which of the two duplicates is lost would appear to be, for the most part, a 

random process, unless there is some functional reason for any pair of genes to remain 

linked. If no rearrangements occur, then each chromosome still forms a paralogous 

segment with its duplicate, but now there would appear to be genes on one segment that 

do not have a paralogue on the other. If approximately 50% of gene duplicates are 

silenced and rearrangements take place, the number of paralogous segments observed 

increases, the number of genes forming those segments decreases, and it becomes less 

likely that we will see the evidence of such a genome duplication event. Also, small 

inversions will change the gene order of a paralogous segment, while conserving

54



CHAPTER 2: ORTHOLOGOUS REGIONS BETWEEN MAN AND MOUSE

synteny. In both of our segments that included more than two pairs of paralogues, 

neither of them conserved gene order across the whole segment.

Another problem which is highlighted here is the determination of duplication and 

divergence dates. Genes from paralogous regions have all been duplicated together, and 

their duplication dates should indicate this fact by being consistent with one another. In 

our analysis, for example for the four candidate paralogous regions discussed above, 

the divergence dates (i.e., dates for the genome duplication event) range from 530-800 

Mya, all of which are older than what we would expect (-450-500 Mya). However, 

these dates are dependent on the 100 Mya which we took as the time of divergence 

between the human and mouse lineages. If a date of 80 Mya is more accurate, then the 

dates of divergence which we have calculated would also become proportionally 

younger, and would therefore become consistent with a duplication event around the 

origin of vertebrates. It would probably be more feasible to use orthologues from a 

number of other species to determine the timing of gene duplication events.

The dates shown in Figure 2.6 are also inconsistent with one another, spanning a range 

of divergence dates from 100 Mya to almost 1,000 Mya. There are several possible 

reasons why this might occur. Firstly, little is known about how disomic inheritance 

becomes re-established. In particular, it is possible that individual chromosomes could 

become disomic at different times, resulting in multiple different divergence times for 

gene pairs (Gaut and Doebley, 1997). Secondly, gene conversion events between 

genes on opposing branches (e.g., branches a and d in Figure 2.1) may give dates 

which appear younger than the duplication event. Gene conversion events can also give 

trees which instead of having an (AB)(CD) topology have an (A)(BCD) topology, 

further confusing the timing of gene duplication events. Conversely, undetected 

paralogy may produce date disparities between duplicated genes. If genes have been 

tandemly duplicated before the genome duplication event, and then are differentially 

silenced, the divergence dates for the two remaining genes will yield more ancient dates
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than that of the genome duplication event (see Section 6.1, p. 99). Lack of sequence 

data will also yield a similar result to this. Spring (1997) has suggested an amphioxus- 

like animal underwent allotetraploidy, creating primitive vertebrates around 530 Mya.

In this case, the divergence times between the two sequences at a duplicated locus could 

correspond either to the speciation time between the two progenitors, or the time of 

establishment of disomy, the outcome being random for any particular locus.
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CHAPTER 3 —

ASSESSMENT OF DISTRIBUTION 
OF DUPLICATED GENES IN A 
GENOME

3.1 AIM AND INTRODUCTION

The human genome is thought to contain between 50,000 to 100,000 genes (estimates 

average about 80,000; Fields et a i ,  1994), of which about 50% had been sampled in 

the form of ESTs by 1996 (Schuler et al ,  1996). The Schuler database (1996) contains 

2,317 genes which have been both sequenced and placed on physical maps of 

chromosomes. Because mammalian map data is very sparse, it becomes difficult to 

determine the extent of duplication within the human genome using standard methods. 

To estimate the extent of evidence for one or more tetraploidization events in the human 

genome, we developed an algorithm to calculate the average pairwise physical or 

genetic (not sequence) distance between all possible pairs of paralogues within a 

genome. For example, if there are two unrelated pairs of paralogues. A/a and B/Z?, we 

examine the distance from A to B and from a to b. If we calculate the average pairwise 

distances, we have an estimate of the length of a possible paralogous segment. 

Evidence of genome duplication should be evident by an excess of short candidate 

DCRs. For example, for a strand of DNA with genes AB duplicated to give ab (as in 

Figure 3.1), one of the calculated distances will be \/2{(AB)+{ab)), where AB is the



distctncel

B

a

distance2

b

distance =1/2 (distance 1 + distance2)

F  ig u r e  3 . 1. Representation of tlie non-overlapping duplicated region required to calculate distJinces 
between genes delim iting a possible paralogous region. A is a par;ilogue of B, and a is  a paralogue ol 
h. A- and B-type genes may be related. The distance cidculated is the average distance betw een the two 
adjacent unrelated genes.
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shortest distance between A and B, and ab is the shortest distance between a and b. On 

each segment, A and B are adjacent as are a and b so the calculated distance will be 

short. If A and B have been duplicated by other means (or even if they have been 

duplicated as part of the strand and then been rearranged), then the distance between 

them will be much greater.

To be able to understand and evaluate our results, we used the genome of yeast, an 

ancient tetraploid (Wolfe and Shields, 1997) as a positive control. Because it is unlikely 

that bacteria have undergone a similar genome duplication event, we used the genomes 

of the five bacterial genomes which had been completely sequenced in 1997 as negative 

controls.

3.2 DATA

3.2.1 HUMAN SCHULER DATA

The publication by Schuler et al. (1996) of a human gene map, integrating much of the 

previously uncollated sequence and map data, presented a wealth of data. A gene may 

be represented in the current databases by multiple short cDNA fragments also known 

as expressed sequence tags (ESTs), which correspond to different parts of a transcript, 

or alternatively spliced transcripts. In the Schuler et al. (1996) database, each unique 

gene was represented by a single representative sequence, by focusing on the 3’ 

untranslated region (UTR) of the mRNAs, whose sequences can be converted to gene- 

specific sequence tagged site markers (STSs) for mapping. These STSs were put into 

the Unigene database. An international consortium, IMAGE, yielding mapping data for 

20,104 STSs in Unigene, corresponding to 16,354 distinct loci (possibly as much as 

20% of the protein coding regions in the human genome).
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For each STS mapped by Schuler et a l,  their database lists corresponding entries in at 

least one of the Unigene, EMBL or SWISSPROT databases. The W orld Wide W eb site 

(http://www.ncbi.nlm.nih.gov/SCIENCE96) that provides the data supporting the 

Schuler et al. paper includes lists of cross-references to these other databases for each 

STS. Our aim was to place as many complete protein sequences from the Schuler et al. 

map for our work as possible. We assigned SWISSPROT and EMBL entries (in that order 

of precedence) where they existed, to the map. The data at this stage of processing 

comprised 3,745 mapped SWISSPROT entries, and 766 mapped EMBL entries. The other 

12,000 or so loci on the Schuler et al. map are ESTs for which the full-length cDNA or 

protein sequence is not known.

On examination of the data, we found multiple instances where the same SWISSPROT 

entry had been assigned by Schuler et al. to more than one locus, often on different 

chromosomes. The map was estimated by Schuler et al. to have an error rate of 1% of 

loci placed on different chromosomes by two different laboratories (Schuler et al., 

1996). We examined 101 SWISSPROT proteins that had been assigned to more than one 

chromosome by comparing the EST sequences from the conflicting map positions to 

SWISSPROT, using BLASTP. In 37/101 cases, the ESTs of both map positions were 

found to hit the relevant protein in SWISSPROT, which suggests that two loci exist 

coding for two similar proteins, only one of which appears in SWISSPROT. In another 

37/101 instances, the ESTs from only one of the given locations gave the correct result, 

indicating mistakes in the database annotations of Schuler et al. O f the 101 proteins 

tested, 27 were mapped differently by different labs, and one or both of the two 

reported chromosomal assignment was flagged as uncertain by Schuler et al. This is 

equivalent to a 27% error rate. All singly mapped genes tested were found to be correct.

To counteract the problem of accuracy in the mapping data, we excluded all SWISSPROT 

proteins with multiple localizations. This increased the accuracy of the map, at the cost 

of the loss of much data. Our final dataset contained 1,610 SWISSPROT proteins, and
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697 mRNAs from EMBL. Of 69 mRNAs which had no CDS in EMBL, another 10 were 

added by performing BLASTP searches with them against the EMBL database, bringing 

the number of mRNA-based proteins to 707, giving a total of 2,317 mapped proteins 

used from Schuler et al. (1996).

3.2.2  S a c c h a r o m y c e s  c e r e v i s i a e

The yeast genome has 5,908 identified genes, of which the 55 duplicated blocks, 

containing 2,949 genes, span 50% of the genome. The protein sequences and location 

information were obtained from Ken Wolfe at: http://acer.gen.tcd.ie/~khwolfe/yeast.

3.2.3 BACTERIA

3.2.3.1  H a e m o p h i l u s  i n f l u e n z a e  r d

The Haemophilus influenzae genome was the first bacterial genome to be sequenced by 

whole-genome random sequencing and assembly (Fleischmann et al., 1995), with an 

estimated error rate of one base every 5,000-10,000 bases. The Haemophilus genome 

is 1,830,137 bp long, with 1,743 identified ORFs, of which the functions of 58% are 

reasonably well defined. Locations and protein sequences were obtained from the TIGR 

ftp site: ftp://ftp.tigr.org/pub/data/h_influenzae.

3.2.3.2  M E T H A N O C O C C U S  J A N N A S C H II

The genome of the autotrophic archaeon contains 1,682 identified ORFs in the large 

circular chromosome of 1,664,976 bp, 44 in large extrachromosomal element (ECE) of
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58,407, and 12 in 16,550 bp small circular ECE (Bult etal., 1996). O f these 1,738 

ORFs, only 38% have been assigned a putative cellular role. Locations and protein 

sequences of the large circular chromosome only were obtained from the TIGR ftp site: 

ftp ;//ftp. tigr. org/pub/data/m J annaschii.

3.2.3.3 M y c o p l a s m a  g e n i t a l i u m

At 580,070 bp, this is the smallest known genome of any free-living organism (Fraser 

et a i ,  1995). Of 468 predicted ORFs, 374 were assigned putative biological roles. Data 

were obtained from: ftp://ftp.tigr.org/pub/data/m_genitalium

3.2.3.4 S y n e c h o c y s t i s  SP. s t r a i n  PCC6803

The 3,573,470 bp cyanobacterium genome sequence contains 3,168 potential protein 

genes, 45% of which had no similarity to any known genes (Kaneko et a i ,  1996).

145 (4.6%) were identical to reported genes and 1,257 (39.6%) were similar to 

reported genes, while 340 (10.8%) are similar to hypothetical proteins. Sequence data 

and mapping locations are available from: ftp://ftp.kazusa.or.jp/pub/cyano.

3.2.3.5 E s c h e r i c h i a  c o l i  K12

E. coli, 4,638,858 bp, was sequenced at the E. coli Genome Centre at the University 

of W isconsin (Burland et a l ,  1993). The E. coli genome contains 4,285 ORFs, of 

which over 70% have a known function. Peptide sequences and location data were 

obtained from: ftp://ftp.genetics.wisc.edu/pub/sequence/ecoli.seq.
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3.3 METHODS

Both the human and yeast genomes were systematically searched for paralogous 

regions. Instead of finding single pairs of genes that had been duplicated and trying to 

fit them into larger regions, the whole genome was utilized (using all the mapped genes 

with protein sequences) and distances calculated between every possible pair of 

paralogues. Genes in the human dataset were taken as being paralogous if their BLASTP 

scores were greater than 150, or for shorter proteins, one third of the lower BLASTP 

score of the two self-hits. For yeast and all bacterial data, the SEG filter was not used, 

and a BLAST? score of 200 was taken as the cut-off point. This high threshold was 

imposed to exclude alignments of questionable biological significance.

3.3.1 MULTIPLE LINEAR CHROMOSOMES

Every possible pair of blast hits were evaluated and if the pair of hits delimited two 

non-overlapping regions (as in Figure 3.1), the average distance between them was 

calculated. To determine what proportion of these duplicated segments was due to 

chance, the gene locations were shuffled, and the average pairwise distances between 

paralogues were again calculated as above. The results from 20 sets of shuffled data 

were compared to the real data. By subtracting the number of DCRs found in the 

shuffled data from the number found by examining the real data, we can get an estimate 

of the number of DCRs not occurring by chance. Because the shuffling process for 

multiple linear chromosomes can change the chromosome on which the genes are 

located, the number of non-overlapping paralogous regions that exist varies not only 

between the real and shuffled datasets, but also between shuffled datasets.
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3.3.2 CIRCULAR CHROMOSOMES

Changes were made to the algorithm for circular bacterial chromosome calculations.

For any pair of genes, there are two possible distances between them, going either in a 

clockwise or anticlockwise direction around the circular genome, of which the shorter 

of the two was chosen. If the distance between any pair of genes is greater than half the 

length of the genome, then the shortest distance between them is the genome length 

minus that distance. The average distance between any two pairs of paralogues cannot, 

therefore, be greater than half the genome length. Potentially paralogous regions which 

overlapped were not included. Gene location data were also shuffled and, as before, the 

results of 20 sets of shuffled data calculations was compared to the real data. The 

number of distances calculated in the real and shuffled sets of data does not differ when 

dealing with a circular chromosome.

3.4 RESULTS

3.4.1 A n a l y s is  o f  s iz e  d is t r ib u t io n  o f  p o s s ib l e  O CR s

We put the numbers of DCRs found for both the real and shuffled data into bins of 

0.1% of the length of an average chromosome for the human and yeast genomes 

(0.05% of the genome length for bacterial genomes) (Figures 3.2 and 3.3) and into 

bins of 1% of the length of an average chromosome (Figures 3.4 and 3.5). Figures 3.2 

and 3.4 are basically histograms, detailing how many DCRs were found for each bin. 

Because it is difficult to see the differences between the numbers of DCRs found for the 

real and shuffled datasets from these, we also made histograms where each bin now 

contained numbers of all DCRs found up to that bin (i.e., that fraction of the length of 

an average chromosome (or genome, for bacteria)), not just the number found at that 

length (Figures 3.3 and 3.5). These help us to distinguish more clearly between the real
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and shuffled datasets. The qualitative difference in the shape of the simulated plots in 

Figure 3.2 (Normal curves for yeast and human, linear slopes for bacteria) is a 

consequence of circular versus linear chromosomes.

3.4.1.1 BACTERIA

The five bacterial chromosomes can be divided into two categories: those that coincide 

with the simulated data, which would be expected for a genome that has undergone no 

genome-wide duplication event, and those that veer from it. Those that are more similar 

to the simulated data are Methanococcus jannaschii, Escherichia coli, and 

Synechocystis sp., all of which are also non-pathogenic. This implies a random 

organization of the genome, where any duplicated genes are not part of an ancestral 

duplicated segment, as would be expected. The other two bacterial genomes, 

Haemophilus influenzae and Mycoplasma genitalium, both pathogens, show a higher 

proportion of short DCRs, up to about 4% of the genome length, when compared to the 

shuffled data (see Figures 3.3 and 3.5), although the difference in Mycoplasma is 

minimal because there is only one DCR found at distances up to 0.05% of the genome 

length. It is known that bacterial genomes contain duplicated genes and multigene 

families, with estimates of between 38-50% for E. coli (Koonin et al., 1995; Labedan 

and Riley, 1995; Koonin et al., 1996), and lower estimates for the two pathogens: 30% 

of Haemophilus genes exist as duplicates (Brenner et al., 1995; Koonin et al., 1996); 

only 25% of genes are duplicated in Mycoplasma (Koonin et al., 1996). The pathogens 

may include duplicates of some genes important to their lifestyle. For example, many of 

the short DCRs in Haemophilus are composed of transporter proteins and permeases. 

Perhaps the nature of a pathogen makes it necessary for its genomic structure and 

organization to be laid out in a specific non-random way.
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Synechocystis stands out as containing a very large number of DCRs (note the scale of 

the Y-axis for Synechocystis in Figure 3.2). This may be attributable to the presence of 

large gene families present in the genome, such as the transposase family. Table 3.1 

indicates family sizes of as large as 38 highly similar genes. It also shows that 

Synechocystis is the only bacterial genome that has an average (per gene) of more than 

one BLAST hit with a score of greater than 2(X), indicating that the sizes of gene families 

in Synechocystis are large. This is reflected in the huge number of DCRs calculated.

3.4.1.2 S a c c h a r o m y c e s  c e r e v i s i a e

Saccharomyces cerevisiae is a degenerate tetraploid, and should exhibit an excess of 

short candidate DCRs, as evidence of a genome duplication. It can be seen from the 

number of distances calculated and put into bins at 0.1 % of the average length of a 

yeast chromosome, that a higher number of short DCRs are found up to a 50 kb range, 

as compared to those distances which would be calculated if the genes present were 

randomly distributed (Figure 3.2). This is consistent with the lengths of duplicated 

segments found by Wolfe and Shields (1997), which average 56 kb.

Figure 3.3 shows that the number of DCRs found in the yeast genome up to distances 

of 10% of the length of an average yeast chromosome are significantly higher than the 

number that would be expected by chance (shuffled data). Furthermore, comparison 

with the other species examined here also indicates that the extent of duplicated 

segments at short distances in the yeast genome is vastly different from all other 

genomes.

When numbers of DCRs which cover the entire length of an average yeast chromosome 

are examined, it becomes clear that while the shuffled data appear to form a slightly 

skewed Normal curve, in the real data, the number of DCRs decreases after 50 kb.
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genome size # genes # BLAST iiits mean # maximum # standard standard 

(kb) > 200 BLAST hits >  hits deviation error

_________________________________________ 200 per gene_______________________________________

Mycoplasma 580 468 16 0.034 2 0.19 0.009

gemtaliwn

Metlianococcus 1,665 1.682 188 0.112 12 0.59 0.015

jannaschii

Haemophilus 1,830 1,743 138 0.080 10 0.45 0.011

influenzae

Escherichiacoli 4,639 4,285 1,597 0.761 31 1.98 0.031

K I2

Synechocystis 3,573 3,168 1,637 1.059 38 3.66 0.066

sp.

Table 3 . 1 .  Comparison of the extent of dupHcation within selected bacterial genomes. Genes were t£iken to be similar if 

they had a BLASTP score of greater than 200. It can be seen that in all genomes there is, on average, one gene per 1 kb The 
larger the genome, the greater the number of similar genes, and the greater the family sizes.
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Therefore, DCRs above this length are less likely to survive the rearrangements and 

gene loss that follow genome duplication.

3.4.2 HUMAN

The human genome also shows a higher number of DCRs formed up to about 10 cM 

that would be expected by chance (Figures 3.2 and 3.3). After this distance, the 

numbers of DCRs found for both the real and shuffled datasets become similar. This 

implies that paralogous regions which have been described in the literature as being 

composed of two or three genes and spanning large fractions of chromosomes are 

likely to be artefacts. It seems that it is unlikely that paralogous regions where genes are 

separated by more than 10 cM represent ancient paralogous regions (unless they have 

some adaptive function). However, the difference between the numbers of DCRs found 

at distances of up to 10% of the length of an average human chromosome is not as 

markedly different from the shuffled data as it is for yeast, despite the fact that it has 

been hypothesized that the human genome has undergone more than one round of 

genome duplication, along with multiple other chromosomal and tandem duplications. 

However, because the human genome contains at least 10 times as many genes as the 

yeast genome, there is a greater absolute number of DCRs found in human compared to 

yeast.

The observation that it is only DCRs of up to 10 cM that represent ancient paralogous 

regions is strengthened when we look at the numbers of distances calculated over the 

length of an average human chromosome (Figures 3.4 and 3.5). While many DCRs are 

still found, the difference between the numbers found in the real and shuffled datasets 

is slight (as it is for yeast). This does, however, indicate the significance of the 

difference between the numbers found at shorter distances.
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Figure 3.5 shows that in human there is a difference between the randomly shuffled 

data and the real data, implying that the paralogues found in the human genome are not 

placed at random, but that rather, there is a regularity in the distribution of conserved 

segments within the genome. Far fewer map distances were calculated for the real data 

than there were for the shuffled data. This may underline a specific genome 

organization in mammals (O’Brien, 1991), where the conserved regions of duplication 

comprise only a small percentage of the chromosome, the rest having been destroyed 

by gene deletions, chromosomal rearrangements, inversions, or the differential 

silencing of genes to become pseudogenes (Lundin, 1993).

3.5 EXTENT OF DUPLICATION

We were concerned that some of the apparent short DCRs in human could have been 

caused by the presence of tandem repeat genes at multiple sites within the genome 

(i.e., if genes A and B in our model (Figure 3.1) were not distinct genes but members 

of a superfamily). There were 1,262 pairs of paralogues in the human genome which 

had average intergenic distances of under 10 cM, using the data of Schuler et al.

(1996). To determine the actual difference between the real and the shuffled data, and to 

assess the extent to which tandem duplications contributed to the increased frequency of 

short DCRs as compared to the shuffled data, we were interested in the number of 

distances calculated within bins of 1 cM, the number of those distances accounted for 

by tandem repeats, and the difference between the real and the shuffled data. Table 3.2 

shows such a comparison between human and yeast data. If there have been two 

genome-wide duplications events during the evolution of vertebrates, it would be 

expected that the human genome would show a higher percentage of short DCRs than 

would be expected by chance, and would also show a higher number of short DCRs 

than yeast, which is a degenerate tetraploid (Wolfe and Shields, 1997). Very few o f the 

short putative DCRs in yeast are attributable to tandem repeats. Unfortunately, this is
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Length total # distances #tandem chromosomes proportionof #distances difference=
o f DCR calculated involved in tandem D C R sthatinvolve calculated for (real - tandem) -
______________________________________________________ duplications^_______tandem repeats_______ shuffled data__________shuffled*’

0 - 1 
(0 - 5)

216 (233) 174 (3) 11(35)
12(2)

14(18)
17(4)

19(10)
2(4)
3(3)

6(94)
8(4)

24/3
8/2
7/1
10/2
13/3
9/2
6/1
19/2
9/2

0.81 (0.01) 30 (2) 12 (228)

1 -2
(5 -10)

150 (222) 89 (1) 11(1)
12(2)
17(2)

19(17)
3(2)
4(1)

6(64)

4/1
5/1
6/1
10/1
5/1
411
21/1

0.59 (0.005) 57 (6) 4 (215)

2 -3  
(10- 15)

115 (131) 44 (1) 1(4)
10(3)

11(19)
17(6)

19(12)

9/2
6/1
15/2
6/1
8/1

0.38 (0.008) 80 (10) -9 (120)

3 - 4
(15-20)

133 (109) 40 (0) 17(1)
19(18)
2(10)
8(18)
4(1)
3(1)

4/1
13/1
4/1
12/1
4/1
4/1

0.30 (0) 100 (15) -7 (94)

4 - 5  
(20 - 25)

146 (44) 24 (0) 1(3)
10(12)
19(4)
3(4)
8(1)

9/2
8/1
5/1
7/1
4/1

0.16 (0) 106 (23) 16 (21)

5 - 6
(25-30)

115 (51) 13 (0) 11(8)
19(2)
2(3)

9/1
5/1
5/1

0.11 (0) 127 (23) -25 (28)

6 - 7  
(30 - 35)

93 (61) 5 (0) 1(2)
2(3)

5/1
5/1

0.05 (0) 135 (26) -47 (35)

7 - 8  
(35 - 40)

109 (51) 2 (1) 4{2) 5/1 0.02 (0.02) 126 (29) -19 (21)

8 - 9  
(40 - 45)

94 (37) 14 (0) 1(5)
19(2)
2(1)

21(6)

15/3
6/1
4/1
6/1

0.15 (0) 161 (42) -81 (-5)

9 - 10 91 (60) 1 (0) 19(1) 4/1 0.01 (0) 170 (36) -80 (24)
(45 - 50)

T ab le 3 .2 .  Number o f distances calculated attributable to taiideni repeats over 3 % o f the length o f an average 
chroinosoine for yeast and human. All numbers in brackets indicate yeast data. The size o f yeast bins versus human 
bins :ue not comparative by distance but rather by percentage average chromosome length. Lengths of DCRs are given 
in cM for human data and kb for yeast data.

 ̂The first half of the cotiunn rcfere to the ctiromosomes involved, and the number of tandem repeats calculated for each chromosome. The second half of the colunm refers 
to the number of genes involved, and the number of paralogous regions they define.

 ̂This column is presented in graph format in Figure 3.6.
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not the case in the human genome where at shorter distances, up to 81 % of DCRs are 

due to the presence of tandem repeats (first half of column 7 in Table 3.2). The huge 

number of tandem repeats at 0 - 2 cM can be largely explained by the haemoglobin gene 

cluster on HSA 6p, which forms DCRs with genes 1A02, 1A03, HLAE 

(histocompatibility antigens) and MOG (myelin/oligodendrocyte glycoprotein), all of 

which are found on HSA 6.

It is clear that the human genome has undergone more internal tandem duplications than 

yeast has, and this fact may hide the evidence for genome-wide duplications. If a gene 

is duplicated, it may be from a single random tandem duplication (or retrotransposition, 

etc.) or it may be from a tetraploidy event. The results from our method of calculating 

physical distances between pairs of duplicates as a means of estimating the extent of 

duplication in a genome may be harder to understand in the case of human because 

there will be more tandem repeats which will therefore increase the number of short 

DCRs we see.

Since it is an excess of short DCRs that point to a tetraploidization event, to be able to 

more truly assess the evidence for polyploidization in human, therefore, it was 

necessary to determine the number of DCRs found at short distances that were 

attributable neither to chance nor to tandem repeats (column 7 in Table 3.2; Figure 3.6). 

In yeast, it can be seen that very few of the short DCRs are attributable either to chance 

or to tandem repeats, as would be expected, since there are very few tandem repeats in 

the yeast genome. 78% of the DCRs defined by pairs of genes spaced at distances of up 

to 3% (50 kb) of an average chromosome are likely to be representative of ancient 

paralogous regions. In human between 60-80% of the DCRs found are attributable to 

tandem repeats at the shorter distances. At least 14-38% of the DCRs found which span 

2 cM may be occurring by chance.
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Figure 3.6. Number of DCRs composed of two pairs of paralogues attributable neither 
to tandem repeats, nor to chance, at 3% of the length of an average chromosome in yeast 
and human (data from Table 3.2).



CHAPTER 4 —

PARALOGOUS REGIONS IN THE 
HUMAN GENOME

4.1 AIM

Because we found very few duplicated conserved regions between mouse and man, we 

instead attempted to find duplicated paralogous regions within the human genome 

alone, because there was a greater amount of sequence data now available. By looking 

at human mapping data, we investigated whether we could find any evidence for one or 

more periods of polyploidy during the evolution of mammals. We used two different 

sets of sequence data —  one protein and one nucleotide —  in this analysis. We 

performed all-against-all BLAST searches with these data, and plotted the results on dot­

matrix plots.

4.2 INTRODUCTION

The hypothesis that the eukaryotic genome has undergone numerous duplications has 

gained credence from the presence of unlinked duplicated genes (Ohno et a l ,  1968; 

Ohno, 1970). Evidence of duplications should be seen by the presence of closely linked 

pairs of duplicated genes within the genome (Nadeau and Kosowsky, 1991).
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Approximately 60% of unlinked duplicated genes appear to be part of duplicated 

chromosomal segments (Nadeau, 1991). The human genome appears to be composed 

of a number of short duplicated segments which are not interrupted by unrelated genes 

and long segments that are always interrupted (Nadeau, 1991).

There are at least four factors which could obscure the evidence for duplications within 

(and of) the genome. Both members of a duplicated gene pair must be retained if there 

is to be evidence that duplication took place. However, some duplicated genes will be 

lost, either by deletion or mutation, and will no longer be present in the genome (see 

Section 1.4). Secondly, of those that are retained, if a long enough period has elapsed 

since the duplication event, their sequences may have diverged sufficiently so as to 

make identification of paralogy difficult. Differential (random) silencing of genes within 

paralogous segments also causes changes in linkage relationships (Lundin, 1993). 

When a syntenic group is duplicated, genes on one group may remain active and 

linked, while the majority of the genes on the duplicated segment may be lost, 

obscuring the evidence that this segment had been duplicated. Similarly, a number of 

genes on either segment could be lost, with perhaps only one or two of the duplicated 

genes being retained. A long paralogous segment may thus only have a few genes left 

to show that a duplication had occurred. Likewise, differential silencing could cause a 

single paralogous segment to appear as two or more smaller segments. Thirdly, 

chromosomal rearrangements, large or small, will disrupt ancestral linkages, and 

reduce the size and increase the number of paralogous segments within a genome (see 

Section 2.2.2). However, because paralogous segments are still visible in the human 

genome, there must be a certain stability of syntenic groups (Lundin, 1993). This could 

be due to a conservation of certain linkage groups for functional reasons, or because 

chromosomal rearrangements are selected against. Finally, if many duplication events 

have occurred, then it becomes more difficult to attribute paralogous segments to any 

particular duplication event. The presence of overlapping segments, coupled with the
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fact that average number of gene family members is greater than two, is evidence for 

multiple duplication events.

Because of these factors, it becomes more difficult to find paralogous segments within 

a single genome than it is to identify orthologous segments between two genomes. 

Orthologues are readily identifiable between the human and mouse genomes, where 

orthologous genes have an amino acid sequence identity of approximately 85% 

(Makalowski et a i ,  1996; Makalowski and Boguski, 1998). Speciation involves a 

single duplication event (i.e., each lineage carries a copy of the same genome), and all 

conserved linkages and chromosomal rearrangements can be traced to that one 

duplication event. Within a single genome in which more than one duplication event has 

occurred (either by regional, chromosomal or genomic duplication), the resulting 

overlapping segments confound the evidence for any single duplication event, and also 

make it more difficult to characterize the rate of rearrangement within that genome 

(Nadeau, 1991).

Despite these complications, many authors have attempted to find paralogous regions 

within the human genome, and to put these forward as evidence that one or more 

genome duplications have taken place as proposed by Ohno (1970). One of the earliest 

examples involved the comparison of cytogenetic bands of the different chromosomes. 

On this basis. Comings (1972) proposed a series of chromosomal pairs which he 

thought were ancestral homologues (1 and 2; 4 and 5; 7 and 8; 11 and 12; 14 and 15;

16 and 17; 19 and 20; 21 and 22). In his opinion, the proposal that HSA 11 and 12 

were ancestral homologous chromosomes was strengthened by the presence of a single 

gene pair (LDHA and LDHB), which had members on both of these chromosomes.

The pairing of HSA 11 and 12 has, however, been supported by the presence of at 

least 15 paralogous pairs of genes on these chromosomes (Lundin, 1993) and has been 

explained by chromosomal duplication due to tetraploidization (Lundin, 1985). 

Similarly, HSA 4 and 5 have many paralogous genes linking them (Secdon 2.5;
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Lundin, 1993; Imanishi et a i ,  1997). Other proposals of paralogous regions include 

HSA 8, 10 and 16 (Lundin, 1993) and HSA 6 and 9 (Lundin, 1989). Nadeau (1991) 

found a further 19 different paralogous regions, based of a dataset of 126 duplicated 

genes, which formed 52 different protein families. Examples of possible quadruplicated 

regions include the Hox cluster regions on HSA 2/7/12/17, the MHC regions on 

HSA 1/6/9/19, and the FGFR regions on HSA 4/5/8/10 (see Section 1.7) and 10q24, 

17q21, 19ql3, 22q l2  (Imanishi a/., 1997).

Recently, Imanishi et al. (1997) found 128 pairs of chromosomal regions which 

involved three or more pairs of homologues, and concluded that extensive 

chromosomal regions had been frequently duplicated in the past. They also 

demonstrated that the MHC region of 6p21.3 has more homologous regions than just 

those proposed by Kasahara et al. (Kasahara et a l ,  1996; Kasahara, 1997; Kasahara et 

al., 1997) and Katsanis et al. (1996) (see Section 1.7.2). In fact, 6p21.3 seems to have 

11 homologous regions (lq23 , 3p21, 5q21, 7q22, 9q33-q34, 1 Iq21-q23, 17q21, 

19pl3, 20ql3 , 21q22, 22ql l ) .

There is a huge diversity in the chromosome pairs that have been proposed. O f the 231 

possible pairs that can be made from 22 autosomes, at least 64 (28%) have been 

proposed in the literature to contain ancient paralogous segments. Many of these 

proposals have been made on the strength of two or three homologous genes being 

located on the two chromosomes. This is clearly insufficient, given that an average 

human chromosome may contain about 4,000 genes, many of which are members of 

large multigene families. Analysis of simulated maps of a random gene distribution 

show that half the map could result from coincidental combinations of duplicated genes. 

From this, Nadeau (1991) concluded that short duplicated segments represent ancestral 

linkages, while long segments are probably coincidental.
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4.3 DATA

4.3.1 SCHULER DATA

Schuler data were obtained as described in Section 3.2.1.

4.3 .2  NCBI G e n o m e s  d i v i s i o n  d a t a

There were two main problems with the Schuler dataset: a) many genes that had already 

been mapped were not included in their analysis and b) many genes were given multiple 

locations and had to be discarded. As an alternative, we used the NCBI human dataset 

from the Genomes Division of the NCBI Entrez Database, which contained 13,401 

mapped sequences when we downloaded it in December 1997. Each chromosome map 

details the sequences found on that chromosome and gives their map locations in base 

pair units. The base pair units were estimated by NCBI using the positions of STS 

markers on physical maps of chromosomes. These sequences are not all complete 

protein sequences or cDNAs: many of them are ESTs or genomic DNAs. Some 

previously mapped genes that were not included in the Schuler dataset were included in 

the NCBI data. However, because the map positions are given in precise base pair 

notation on the NCBI maps, many genes were also excluded because, while the general 

region in which they are located is known, their precise location in terms of base pair 

position is not (e.g., the Hox genes).

The data in the NCBI set are divided into genes from Unigene and single ESTs from 

GenBank. The EST sequences were obtained directly from GenBank. The Unigene 

database was created at NCBI by taking sequences from GenBank and dbEST 

databanks, and clustering them into similar sets. The release of Unigene available in 

December 1997 was composed of sequences from GenBank (release 101), and ESTs
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from dbEST (up till June 30, 1997), making 522,643 sequences subjected to clustering 

analysis, of which 11,751 were full length mRNAs, 213,885 were 3 ’ EST reads, 

270,012 were 5’ EST reads, and 26,995 were other EST sequences. From these, there 

were 45,918 sets resulting from clustering. 6,719 sets contained at least one known 

gene, 44,525 sets contained at least one EST, and 5,326 sets contained both. Sets 

consisting of a single 3’ end which did not have a poly-A signal were eliminated.

Unigene does not generate consensus sequences from EST clusters but merely lists the 

sequences making up the cluster. A list of all the set identification numbers with their 

representative clones was available from http://www.ncbi.nlm.nih.gov/repository/ 

Unigene/Hs.seq.all. All the sequences used in the cluster analysis were contained in 

http://www.ncbi.nlm.nih.gov/repository/Unigene/Hs.data. We retrieved these 

sequences from the consensus displays on the NCBI genomes web site. Table 4.1 

details the numbers and lengths of the sequences used from the NCBI database.

Finally, because T b l a s t X cannot cope with very large sequences, all sequences 

greater in length than 25,000 bp were split into chunks of 20,160 bp. Furthermore, 

longer genomic sequences are likely to contain more than one gene, which may make 

output from such long sequences awkward to interpret.

4.4 METHODS

4.4.1 DOT-MATRIX PLOTS

Dot matrix plots are a diagrammatic means of representing the relative positions of 

homologues within a genome (Gibbs and McIntyre, 1970). Each point represents a 

homologous relationship between the gene at that position on the X-axis and the gene at 

that position on the Y-axis. Plots were arranged so that the locus on the lower-
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c/some
number of 
sequences

total
number of 
base pairs 
sequenced

number of 
sequences 
> 1 kb

number of 
sequences 
> 10 kb

number of 
sequences 
> 100 kb

number of 
sequences 
> 1 Mb

1 1,248 1,588,841 307 13 1 0

2 1,056 1,245,535 205 16 0 0

3 934 1,188,272 194 4 1 0

4 767 2,703,302 128 18 1 1

5 738 767,949 121 3 1 0

6 753 1,609,037 139 16 3 0

7 1040 3,829,984 190 22 9 0

8 583 722,399 99 3 2 0

9 540 658,413 94 2 1 0

10 631 702,298 100 7 1 0

11 762 1,291,200 170 15 1 0

12 620 1,212,176 151 12 2 0

13 323 1,464,737 38 4 2 1

14 462 531,895 85 5 0 0

15 437 517,412 82 5 0 0

16 420 842,733 74 6 2 0

17 440 893,663 115 11 o 0

18 303 282,889 53 2 0 0

19 324 494,677 68 6 0 0

20 325 341,357 67 4 0 0

21 165 239,727 26 4 0 0

22 229 1,713,182 74 34 4 0

X 303 5,694,733 93 35 20 1

TOTAL 13,401 30,535,411 2,673 247 53 3

T a b le  4 . 1 .  Niuiibers and lengUis of sequences used in tlie NCBI dataset.
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numbered chromosome was always plotted along the X-axis so that all points on the 

plot would be seen together in one half of the diagram. Possible duplicated segments 

where both linkage and gene order are conserved will be seen as diagonals o f points, 

where a diagonal is minimally composed of three points and the outermost points 

delimit the boundaries of the putative duplicated conserved region.

4.4.1.1 SCHULER (SWISSPROT AND EMBL) DATA

To investigate duplicated conserved regions in the human genome, we systematically 

searched for diagonals in two cases: 1) where the dot-matrix plot included all possible 

similarities (with a BLAST? score of > 150 (BLOSUM62 matrix)), so that any one gene 

can form part of many points; and 2) where only the highest-scoring match (i.e. the 

most similar) for any gene was included, as long as it was over a BLASTP score o f 150. 

The Schuler database places genes into ‘bins’ (intervals along a chromosome) so 

consequently many genes have identical positions. The three genes forming a diagonal 

are not necessarily precisely adjacent, i.e. there may be other genes interrupting the 

diagonal (see Figure 4.1). These interrupting genes can have homologues either 

elsewhere on the same chromosome or elsewhere in the genome. Their homologues 

may also form part of the original paralogous region but may have become silenced to 

become pseudogenes.

For a diagonal to be considered as representing a potential duplicated conserved region, 

only diagonals corresponding to regions in which at least approximately 6% of the 

genes were duplicated were considered. This figure was based on an estimate of a limit 

of 10 genes in the bin into which a duplicated gene fell, and an average of 10 

interrupting genes between duplicated genes (3/50 = 0.06). In addition, interrupting 

regions with > 15 (sequenced and mapped) unduplicated genes between duplicate pairs.
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F ig u r e  4 .1 .  Genes and ranges in a potential diagonal. Boxes shaded black are those genes 
contributing to Uie diagon;il, and panilogues are linked by iirrowed lines. .Ml other genes ;ire non- 
contributing, and intemipting. Boxes stacked on top of each other indicate genes mapped to the siune 
position. Lines through boxes represent the mapping data as a range. Such genes are taken to be 
positioned at tlie midpoint of their range.
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on either chromosome, were also discarded, as being less likely to reflect a true 

paralogous region. Distances (in cM) were not taken into account.

4.4.1.2 NCBI Ge n o m e s  D iv is io n  d a t a

The dot-matrix plots for the NCBI data were analysed both according to map position 

on the chromosome (in base pairs) and by the physical order of the mapped genes. All 

possible similarities above a TBLASTX score of 2(X) (BLOSUM62 matrix) were 

included on the plots. Regions were considered to be potential duplicated conserved 

segments if at least three genes were within 200 genes of each other (or approximately 

30 Mb). Gene order was not required to be conserved.

4.4.2 FILTERING

The Schuler dataset was composed of protein sequences from both the SWISSPROT and 

EMBL databases. The NCBI dataset on the other hand is composed of nucleotide 

sequences, many of which are ESTs. Therefore there are many potential non-coding 

sequences included in this dataset, such as introns, intergenic sequences and repetitive 

elements. Because of this, we needed a system of filtering the data to ensure that any 

similarities we found were likely to be genes and not repetitive DNA elements. BLAST 

tends to output many false positives which are either biologically insignificant or 

irrelevant, and these are then difficult to distinguish from the matches that are truly 

relevant. Here, a distinction must be drawn between merely statistically significant and 

biologically significant, where biologically significant is meant to imply a genuine 

common ancestry (which may be unexpected, and might clarify the function of a 

protein). The most likely causes of highly redundant and/or biologically irrelevant 

matches are repetitive elements and low complexity regions. To circumvent these
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problems, PowerBLAST (Zhang and Madden, 1997) was developed at NCBI. 

PowerBLAST masks repeats and low complexity regions, searches the resulting 

sequence against the database of choice (non-redundant, SWISSPROT, etc.) using 

BLAST, and then uses SIM (Huang et al., 1990) to make the best gapped alignment.

The output can then be viewed with a graphical browser. Chromoscope. Unfortunately, 

this client-server is not available in local versions, so searches cannot be performed 

against one’s own database and there is no information on the repeat regions or low 

complexity regions that are filtered out, so we developed our own version of 

PowerBLAST.

4.4.2.1 HUMAN REPEAT DATABASE

We developed our own system of filtering. DUST (ftp://ncbi.nlm.nih.gov/pub/tatusov/ 

dust) was used to mask low complexity regions in DNA. Repetitive elements were 

removed by using T b l a s t X  with X b l a ST (Claverie and States, 1993; Claverie, 1994) 

against a human repeat database, and regions of the sequence which resulted in matches 

with a score of > 150 were masked. The human repeat database we used was based on 

REPBASE (ftp://ncbi.nlm.nih.gov/repository/repbase/REF/humrep.ref). This was 

modified when we realized that some repeat sequences were not being masked by this 

method. One of the modifications involved the inclusion of a wider range of Alu 

sequences, which are known to be frequent in higher eukaryotic genomes and to yield 

highly significant matches (Gish and States, 1993). We tested three sets of Alu 

sequences, from NCBI (http://ncbi.nlm.nih.gov/repository/repbase/ALU-ALN), from 

GenBank, and from GIRI (http://www.girinst.org/~server/publ; Klonowski, 1997). 

The NCBI set comprised over 18,000 Alu sequences which were all very similar to the 

one already in the REPBASE database. Both the set of GenBank Alu sequences and 

those from GIRI eliminated all spurious hits against a few test sequences but using 

BLAST against the GenBank set was very time-consuming, so we added the GIRI Alu
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sequences to our human repeat database. We also found that retroviral sequences were 

another source of non-biologically significant hits. We extracted the regions involved in 

matches from those sequences which resulted in a number of high-scoring (> 150) hits 

and searched them using Xblast against a non-redundant database. From this process, 

we added another 14 retroviral sequences to our human repeat database.

To prevent other spurious hits, we also tagged any base on the query sequence which 

was hit more than five times in a single BLAST search. This procedure was intended to 

remove any undiscovered repetitive elements (i.e. those not in REPBASE). Only 

matches which included a minimum sequence overlap of 200 residues and which were 

not tagged in this way were considered relevant.

4.4.2.2  SYNONYMOUS VS. NON-SYNONYMOUS SUBSTITUTION 

RATES

Because of the high density of potentially non-coding sequences in the NCBI database, 

we added a further filter so that only matches involving coding sequences would be 

included. It is known that the rate of synonymous substitution is generally much greater 

than that of non-synonymous substitutions in the amino acid coding regions of genes, 

where the non-synonymous rate should reflect protein sequence conservation, and the 

synonymous rate should reflect the local mutation rate and any possible codon selection 

(Li et a l ,  1985; Wolfe and Sharp, 1993).

There have been many papers describing how best to estimate the rates of synonymous 

and non-synonymous substitutions, from the simpler methods (e.g., Miyata and 

Yasunaga, 1980; Perler et al., 1980; Li et a i ,  1985) to the more complex and arguably 

more precise (e.g.. Muse and Gaut, 1994; Muse, 1996). All these methods use the 

codon, as opposed to the nucleotide, as the unit of evolution.
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We developed a method which can be used in conjunction with the Tb l a s t X  program 

which gives the ratio of synonymous to non-synonymous substitutions for each HSP 

defined by the BLAST program. This allows more certainty as to whether an HSP spans 

a coding region or not. The use of this method helps eliminate biologically insignificant 

matches to which high statistical significance might be ascribed because local biases in 

amino acid composition are not accounted for by the random sequence model assumed 

in Karlin-Altschul statistics. It may however hide pseudogenes, which are true 

homologues, but will also have a higher-than-usual non-synonymous substitution rate.

To be able to estimate the rates of synonymous and non-synonymous substitution, we 

have referred to the older Li-Wu-Luo substitution matrix (Li et a l ,  1985). Each 

nucleotide site in a codon is classified as being either degenerate, twofold degenerate, 

or fourfold degenerate. A site is fourfold degenerate if any change at that site is 

synonymous, i.e., results in the same amino acid. The third positions of 32 of the 61 

sense codons fall into this category. The term twofold degenerate is used if one of the 

three possible changes is synonymous, usually transitions being synonymous, 

transversions being non-synonymous. All changes at nondegenerate sites lead to an 

amino acid replacement. Li et al. (1985) define Ks (the number of synonymous 

substitutions per synonymous site) as:

K s= (L 2A 2 +  L4K4)/(L2/3 +  L4) = 3(L2A2 +  L4K4)/(L2 +  3L4) 

and Ka (the number of non-synonymous substitutions per non-synonymous site) as: 

K a= (L 2B 2 + LqKo)/(2L2/3 + Lo) = 3(L2B2 +  LoKq)/(2L2 +  3Lo) 

where Lj = total number o f i-fold degenerate sites, i = 0, 2, 4 

Aj = transitional substitutions per i-fold site 

Bj = transversional substitutions per i-fold site 

and Kj = total number substitutions per i-fold site, using Kimura’s 2-parameter 

method to correct for multiple hits separately at zero-, two- and fourfold degenerate 

sites.
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The ratio Ka/Ks now gives us a parameter by which to measure the relative certainty 

that an HSP actually describes a coding region. We used a Ka/K s ratio of 0.55 (an 

approximate excess of synonymous substitutions) to determine whether an HSP is in 

the coding region or not. In compilations of genes compared between mouse and rat 

(Wolfe and Sharp, 1993), 95.8% of comparisons were below this threshold.

4.5 RESULTS

4.5.1 A n a l y s i s  o f  S c h u l e r  d a t a

4.5.1.1 O n e -h it  d o t -m a t r i x  p l o t

For the one-hit scenario in analysis of the Schuler et al. data, where each gene was only 

permitted to have one paralogue, 15 different diagonals were found with a frequency of 

duplicated genes of > 0.06 (see section 4.4.1.1). Of these, only eight had less than 16 

interrupting genes between any of the genes involved in the diagonal (see Figure 4.2). 

The eight diagonals found for the one-hit case are listed in Table 4.2. The distances 

spanned by the FLT3-VGR1-UBL3 and the ANX8-CYPM-CPT7 groups are very long 

for a region consisting of just three genes (41.5 cM and 61 cM, respectively), and more 

evidence will be needed to determine whether these regions really represent ancient 

paralogous regions with KKIT-VGR2-UBL1 and ANX2-CYPB-CP12, respectively, 

although the sequence similarity between the genes involved is high. No quadruplicated 

regions were found using the one-hit dot-matrix plot.

The paralogous region between HSA 8 and HSA 20 includes members of the 

syndecan (cell surface heparan sulfate proteoglycans) gene family. Spring (1997), in 

his list of tetralogous groups found in the human genome, included four members of 

this family (SD Cl: 2p24-p23, SDC2: 8q22-q23, SDC3: Ip36-p32, SDC4: 20ql2-
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Figure 4.2a. Paralogous regjcxis defined by diagonals of three genes on the one-hit dot-matrix plot. Vertical hnes represent the chromosome. Bold lines indicate the region of paralogy 
between chromosomes, lines connecting vertical lines indicate homology relationships. Gene names in brackets are genes which have been mapped to the same position as genes 
ccntributing to the diagonal. All map locations have been calculated according to the equation chromosome + (3.1ocation in cM)/1000. Greek letters indicate that genes have been 
mapped between contributing genes, and those genes are given, marked with the appropriate Greek letter, below each figure.
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1 . 2 v s . 17: 5 • 8 v s . 20 :
IL8A - B3A3 - ITAV "PKI" - "IRSP" - SDC2
2.67 2.64 2 . 59 (28 cM) 8.28 8.32 8.35 (22 cM)
1 7  1 15 2 (0.115) 1 13 7 1 2 (0 . 125)
reversed same direction
1 1 0  1 0 2 (0 .214) 5 0 5 1 2 (0.231)
17.19 17.19 17 . 19 (1 CM) 20 .18 20 . 18 20 . 19 (19.5 CM)
EBIl - B3AT - I TAB IPKI - "TOM34' SDC4

2 . 3 v s . 12: 6 . 10 v s . 15:
OXYR - ATCQ - TAKl ANX8 - CYPM - CPT7
3.07 3.08 3 . 10 (11 cM) 10.21 10 . 32 10 . 39 (61 cM)
1 1 1 4 2 (0.333) 4 12 2 11 8 (0.081)
same direction same direction
1 8  1 1 2 (0 .231) 3 3 2 4 4 (0 .188)
12.23 12.29 12 . 30 (23.5 cM) 15. 16 15 . 18 15.21 (17.5 cM)
VIAR - ATCP - TR2 ANX2 - CYPB - CP 12

3 . 3 v s . 17: 7 . 11 v s . 21:
RRB2 - TOPB - MLEV APP2 - IRK5 - FLIl
3.13 3.13 3.20 (20.5 cM) 11.44 11.42 11.42 (9 cM)
4 0 4 10 23 (0.073) 1 0 3 1 1 (0.5)
same direction reversed
11 0 11 0 5 (0.111) 2 15 2 0 1 (0.15)
17.19 17.19 17 . 19 (1 cM) 21.08 21. 12 21.12 (15.5 CM)
THAI - TOPA - MLEF A4 IRK7 _ i,'ERG"

4 . 4 vs. 13: 8 . 14 v s . 19:
KKIT - VGR2 - UBLl PER2 - "P190B'•' - "PRR"
4.19 4.17 4 . 16 (9 cM) 14 . 13 14 .09 14 . 03 (32.5 CM)
2 7 1 0 1 (0.273) 1 4 1 7 3 (0.187)
reversed reversed
1 0  3 13 1 (0.167) 3 0 15 0 1 (0.158)
13.05 13.06 13 . 17 (41.5 cM) 19 .23 19 . 25 19.26 (10 CM)
FLT3 - VGRl - UBL3 PI2R - "GRFl" - FMLR

T able  4.2. Eight possible paralogous regions in the hum an genom e, from  the one-hit dot-m atrix plot. All 
m apping positions above are calculated using the form ula: chrom osom e -i- (3.location in cM )/1000. 
M apping positions for all genes m apped to ranges are given as the midpoint o f the range. O ther numbers 
indicate the num ber o f genes which have been m apped to that region, both to the bins w here contributing 
genes are found, and to the intergenic distances between contributing genes. ‘R eversed’ and ‘same 
direction’ refer to the orientation of each duplicated region with respect to each other. N um bers in brackets 
indicate a) the distance spamied in  centim organs, and b) the fraction of genes in the region spanned by the 
diagonal that actually contribute to the diagonal. Gene nam es enclosed in quotation m arks are genes which 
have been taken from  GenBaiik and w hose nam es have been derived from  their functions. All other names 
are those given in SWISSPROT. Functions o f all genes presented in this table are given in Appendi.x A.
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ql3), and gave the bHLH transcription factors as an example of a linked tetralogous 

group, which consist of MYCN, MYC, M Y C Ll, and MYCB, respectively linked to 

the syndecans. We included all these genes in our study, except for MYCB and SDC3, 

which were not present in the Schuler dataset. The SDC and MYC families were not 

involved in any of the diagonals found because the only syndecans that hit each other 

with a score above the threshold were SDC2 and SDC4 (Group 5; Table 4.2; Figure 

4.2). Similarly, while all MYC genes hit each other, MYCB on HSA 20, which would 

have added another gene to Group 5, was not present in our dataset. The linkage of 

these two tetralogy groups has also been described for mouse (Spring et a i ,  1994), 

where the gene pairs are located on: MMU 2 (Synd4, Bmyc), MMU 4 (Synd3, 

Lmyc), MMU 12 (Syndl, Nmyc), MMU 15 (Synd2, myc). Spring et al. (1994) 

concluded that the physical relationship between the members of these two gene 

families appears to be ancient and conserved after the two genome duplications thought 

to have occurred during vertebrate evolution.

4 .5 .1 .2  M u l t i p l e -h i t  d o t -m a t r i x  p l o t

72 putative paralogous regions, indicated by diagonals of three genes with a frequency 

of > 0.06, were found on the all-hit plot, which included all hits found above a 

threshold o f 150 (see Figure 4.3). O f these, 19 had < 15 unique genes between any 

genes involved in the diagonal. These are detailed in Table 4.3. Five o f them 

recapitulate diagonals found on the one-hit dot-matrix plot. One diagonal (group 19) is 

an elongation of the HSA 8/20 region identified previously on the one-hit dot-matrix 

plot. This region now extends over five pairs of genes, spanning 43.5 cM and 14 cM, 

respectively on HSA 8 and 20. However, all members of both newly added gene pairs 

have a stronger hit elsewhere in the genome: LYN hits HCK with a score o f 985, but 

hits SRC with a score of 1041; HCK hits LCK with a score of 1768. Likewise, both 

MYBA and MYBB hit MYB more strongly (scores of 875 and 715, respectively) than
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1 . 2 vs. 7: 8 . 5 vs. 10 :
GRAN - TFPl - PTR2 PDGR - EGRl - CTNA
2 . 52 2 .58 2 . 62 (32.5 cM) 5.45 5.43 5.43 (7.5 cM)
1 14 2 12 1 (0.100) 2 4 4 0 4 (0.214)
same direction reversed
2 3 3 0 3 (0.273) 3 5 1 7 1 (0.176)
7.29 7.32 7.32 (10.5 cM) 10.21 10.25 10.29 (28 cM)
SORC - TFP2 - CALR RET EGR2 - VINC

2 . 2 vs. 8: 9 . 6 vs. 11:
NTCl - GLVRl - PLMN 5H1E - ‘"PTPK" - OPRM
2.42 2.37 2 .37 (16.5 cM) 6.28 6.38 6.47 (62 cM)
2 11 3 0 3 (0.158) 4 13 2 12 1 (0.094)
reversed same direction
1 0 3 0 3 (0.428) 7 0 7 0 2 (0.333)
8.19 8 .19 8 . 19 (0.5 cM) 11.18 11. 18 11. 19 (0.5 cM)
ANKl - GLVR2 - UROT ACM4 - PTPB - APJ

3 . 2 vs. 17: 10. 8 vs. 17:
IL8A - B3A3 - ITAV NFL EGR3 - NFM
2 .67 2 .64 2 . 59 (28 cM) 8.13 8 .14 8 . 15 (7 cM)
1 7 1 15 2 (0.11) 2 0 3 2 5 (0.250)
reversed same direction
11 0 1 0 2 (0.214 ) 11 0 11 0 11 (0.091)
17 . 19 17 .19 17 . 19 ( 1 cM) 17 .19 17 . 19 17 . 19 (0 cM)
EBIl - B3AT - I TAB KICO - SP2 - KICM

4 . 3 vs. 12 : 11. 8 vs. 18 :
"C338" - GTR2 - CRAR KG IP - 1D12A - "NFAT4"
3. 52 3.55 3.63 (3 cM) 8 . 15 8 .17 8 . 18 (8.5 cM)
1 3 4 15 9 (0.094) 5 2 2 1 4 (0.214)
same direction reversed
9 1 9 0 9 (0.107) 7 7 1 4 1 (0.150)
12 . 05 12 .05 12 . 05 (1 cM) 18 . 19 18.28 18 . 36 (57.5 cM)
C5AR - GTR3 - CIS LIVl - ‘'CGRP" - ''NFATC"

5 . 12. 9 vs. 13 :
OXYR - ATCQ -- TAKl TRKA - PAX5 - TYRl
3.07 3.08 3 . 10 (11 cM) 9.25 9 .18 9 .07 (62 cM)
1 1 1 4 2 (0.333) 1 7 5 15 1 (0.103)
same direction reversed
1 8 1 1 2 (0 .231) 3 5 1 9 1 (0.158)
12 . 23 12 .29 12 . 30 (23.5 cM) 13.06 13 . 12 13.23 (57 cM)
VIAR - ATCP - TR2 VGRl - PAX3 - TYR2

6 . 3 vs. 17 : 13 . 10 vs . 15:
RRB2 - TOPB - ZN38 ANX6 - CYPM - CPCA
3 . 13 3 . 13 3 . 18 (15 cM) 10 . 31 10 . 32 10 . 37 (18.5 cM)
4 0 4 7 2 (0.176) 1 0 2 7 1 (0.273)
same direction same direction
11 0 11 0 11 (0.091) 3 3 2 4 4 (0.188)
17 .19 17 . 19 17 . 19 (0 CM) 15.16 15.18 15.21 (17.5 cM)
THAI - TOPA - SP2 ANX2 - CYPB - CP12

7 . 5 vs. 8: 14 . 10 vs . 17:
DADR - KFMS - EGRl VIM FBRNP - EGR2
5. 54 5.45 5.43 (38.5 cM) 10 . 12 10.21 10.25 (5 cM)
2 13 2 4 4 (0.120) 3 10 3 5 1 (0.136)
reversed same direction
8 7 2 3 1 (0.143) 11 0 11 0 11 (0.273)
8 . 19 8.22 8.25 (19 cM) 17.19 17 . 19 17 . 19 (0 cM)
B3AR - LYN - ZN07 KICO - ROAl - SP2



15 . 12 v s .  16 :  17 . 12 v s .  X:
NTBE -  VWF - CIR ATCE - PAXI - UBIQ
1 2 . 0 1  1 2 . 0 5 12 . 06 ( 1 7 . 5  cM) 12 . 37 12 . 4 2 12 . 4 8 ( 3 0 . 5  cM)
1 8  9 10 1 ( 0 . 1 0 3 ) 12 4 2 2 3 (0 . 1 3 0 )
sa m e  d i r e c 1 ; i o n sam e  d i r e c t i o n
1 7  1 8 16 ( 0 . 0 9 1 ) 5 11 1 9 10 ( 0 . 0 8 3 )
1 6 . 1 6  1 6 . 2 3 1 6 . 2 6 (32  cM) X . 2 9 X .4 6 X. 58 ( 9 7 . 5  cM)
NTNO -  MTIA - HPT2 AT 7 A - ' F H L l "  - UBIL

6  . 12 v s .  18 : 1 8 .  13 v s . 19 :
CPSS -  MLRV - PTNB CDK8 - VGRl - GCRT
1 2 . 3 3  1 2 . 3 5 1 2 . 3 7 ( 1 2 . 5  CM) 1 3 . 0 6 1 3 . 0 6 13 . 14 (28  cM)
4 7 3 1 12 ( 0 . 1 1 1 ) 3 0 3 12 1 ( 0 . 1 8 8 )
sa m e  d i r e c t i o n r e v e r s e d
2 0 2 0 1 ( 1 . 0 0 0 ) 5 0 5 11 12 ( 0 . 1 0 7 )
1 8 . 0 2  1 8 . 0 2 18 . 07 ( 1 7 . 5  cM) 19 . 1 9 1 9 . 2 2 1 9 . 2 5 (4 cM)
' 'C3 3 8"  -  MLRM - PTPM ERK3 - UFO GPR4

19 . 8 v s  . 2 0 :
LYN -  MYBA - " P K I " -  " I R S P " - SDC2
8 . 2 2  8 . 2 6 8 . 2 8 8 . 32 8 . 34 ( 4 3 . 5  cM)
2 5 1 0 1 13 7 1 2 (0  . 2 8 1 )
sam e  d i r e c t i o n
2 10 5 0 5 0 5 1 2 ( 0 . 1 5 0 )
2 0 . 1 5  2 0 . 1 8 20 . 18 2 0 .  18 20 . 19 (14  cM)
HCK -  MYBB - I P K I -  "TOM34" - SDC4

T able 4 .3 . 19 possible paralogous regions in  the hiim an genom e, from  the m ultiple-hit dot-m atrix ])lot. All 
m apping positions above are calculated using the form ula: chrom osom e -i- (3 .location in cM) 1000. 
M apping positions for all genes m apped to ranges are given as the m idpoint o f the range. O ther numbers 
indicate the num ber o f genes which have been m apped to that region, both to the points w here contributing 
genes are found, and to the intergenic distances between contributing genes. ‘R eversed’ and ‘same 
direction ' refer to the orientation of each duplicated region with respect to each other. N um bers in brackets 
indicate a) the distance spanned in centim organs, and b) the frequency o f genes contributing to the 
diagonal over the genes present in the region spanned by the diagonal. Gene nam es enclosed in quotation 
marks are genes which have been taken from  Genl^aiik and whose nam es have been derived from  their 
functions (listed below). All other nam es are those given in SWISSPROT. Functions o f  all genes presented in 
this table are given in Appendix A.
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they hit each other (score of 700). Four groups (9, 11, 12 and 17) span very long 

regions (over 55 cM) and are probably not indicative of real paralogous regions, being 

more likely to have arisen by chance.

Possible quadruplicated region between HSA 8/10/17/12

Examination of the 19 possible paralogous regions found on the multiple-hit dot-matrix 

plot indicates that there is one trio of genes on HSA 17 which includes genes which are 

involved in diagonals with two other chromosomes, HSA 8 and HSA 10. These are 

K IC O  and SP2 on HSA 17, which are paired both with NFL and EGR3 on HSA 8, 

and with VIM and EGR2 on HSA 10 (groups 10 and 14 in Table 4.3). A diagonal 

between HSA 8 and HSA 10 involving an adjacent region (although not the same 

genes) is also found (P2AB-UR0T-ANXD on HSA 8 with P2BB-UROK-ANX7 on 

HSA 10) but was not included in the 72 diagonals because it had a frequency of lower 

than 0.06 (0.058 and 0.2). HSA 8 and HSA 10 also form diagonals around that 

region with HSA 12 (HSA 8 versus HSA 12: LYN-PTNA-“TTNB” with ERB3- 

PA C l-C PSS; HSA 10 versus HSA 12: “NF66”-EGR2-RET with K2CD-SP1- 

ERB3), where ERB3 is in the centre of both regions, possibly indicating a fourfold 

duplication of that region (see Figure 4.4). By inspecting the BLAST results for all 

pairwise combinations of the four chromosomes involved, we added other gene pairs 

within the boundaries of the putative paralogous segments. It should be noted that, 

unlike the paralogous segments found in yeast by Wolfe et al. (Wolfe and Shields,

1997; Seoighe and Wolfe, 1999), the genes here are not in positional order in the 

segments relative to each other. All genes contributing to diagonals involved in this 

region are listed in Table 4.4.

Table 4.4 shows that there are 28 main groups of genes in this region. There are seven 

groups which contain gene family members on three or more chromosomes. Of these.
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(170 cM)

TTNB-

NFM
FGRl PTNA

FGF4H,

UROT
ACHO

MYP2'

G E M -

S P 3 -

A N X D -

HSA 10 
(181 cM)
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Figure 4.4. Possible quadruplicated region on HSA 8/10/12/17. Vertical lines indicate the clirom osonies which 
are drawn to scale (length in cM  given in brackets beneath the cliromosome name). Genes wliich have been 
ma])ix;d to a range rather than a sj^ecific point have been mapped to the m idpoint o f their given ranges. Genes 
lughlighted in italics and wliich are underlined indicate overlap o f this region with the Pebusque et al. (1998) 
I’GFR region. Genes liiglilighted in bold m ark those genes wliich are associated with the H ox  clusters.



jp number functions hsa 8 hsa 10 hsa 12 hsa 17
I transcription factors SP3 (116) 

EGR3 (45.3)
EGR2 (83) SP l (71) SP2 (62)

2 intermediate filament 
proteins

NFL (44) 
NFM (51)

VIM (39.5) 
"NF66” (131)

K2C1 (64.5) 
K 2C4 (64.5) 
K 2C5 (64.5) 
K2CD (64.5) 
K22E (64.5) 
K 2 2 0  (64.5)

K IC M  (62) 
K 1C N (62) 
K IC O  (62) 
K 1C T(62)

G FAP (63.5)

3 plasminogen activatois UROT (64.5) UROK (96)

4 protein kinase (PK) 
receptors

LYN (72.5) 
FG R l (63) 

FGF4H (63) 
FGF5H (63)

RET (69) 
FG R 2(158)

ERB3 (73)

5 protein phosphatases P2AB (60.5) P2BB (96) PPIG  (122)

6 PK phosphatases PTNA (54.5) PA C l (101.5)
7 annexins A N X D (132) ANX6 (104.5) 

ANX7 (96) 
ANX8 (70)

8 C-proteins “TTN B"(4) CPSS (109.5)

9 ribonucleoproteins “FBRNP” (69) R O A l (62)

10 hormone receptors T R 2(101) TH A I (62)

11 GEM  (106) RAP3 (70)

12 myelin, retinol- and 
fatly acid-binding

MYP2 (97) R ET l (18) FABE (49)

13 guanylate cyclase, 
enterotoxin receptor

C Y G 5(22.5) HSER (33) C \^G R(17)

14 acetylcholinesterases ACHO (65.5) ACHE (10) 
ACHB(17)

15 Ras suppressor proteins R SU l (39.5) "FX T l” (65)

16 fibronection receptors 
(integrin B)

IT Bl (62.5) ITB7 (66) ITB3 (69) 
ITB4 (99)

17 ADP ribosylation 
factors

ARL3 (132.5) ARF3 (66) 
A R Ll (110.5)

18 acyl CoA 
dehydrogenases

A CDB(157) ACDS (15)

19 arachidonate5-
lipoxygenases

LOX5 (70) LO X 2(16)

20 DNA-binding proteins BM II (44.5) M E 18 (57.5)

21 homeobox proteins HMPH (123.5) 
11X11 (131)

H X B2(63.5) 
ILXB5 (65)

22 protein kinase C. 
synaptotagmin

K PCr (17) KS6 (83) 
KPCA (89)

13 enolases EN O G (18) ENOB (7)
24 ATP synthases ATPM (71) A TPL(22.5)

25 hepatocyte nuclear 
factors

UNFA (134) HN1T3 (61.5)

26 myosin light chains M LES (73.5) M LEF (63)
27 dihydropyridine- 

sensitive L-type 
calcium cliannei 

subnunits

CICX (62) CICY (63.5)

28 transcription factors H M Pl (65.5) OC3B (97)

Tabic 4 . 4 .  Genes mapped to the regions covered by the potential four-fold duplication on HSA 8/10/12/17. The order of 
contnbuting genes was not taken into account, since gene order varies between different chromosomes. The H ox  genes, if two 
members of any paralogy group had been included in this study, would contribute to the regions on HSA 12 and 17. We do have 
two Hox  genes from the HoxB  cluster included here (HXB2 and HXB5). All spaces left blank indicate that there is no orthologous 
gene known for that family on that chromosome. Numbers in brackets indicate the map location of the gene in centimorgans.
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only one has members on all four chromosomes (intermediate filament proteins). Five 

are composed of unique or almost unique sequences (i.e. from small families) 

(serine/threonine protein phosphatases, guanylate cyclases and enterotoxin receptor, 

myelin and retinol- and fatty acid-binding receptors, fibronectin receptors (integrin 6) 

and the SP transcription factors). Another group is composed of protein kinases, which 

form a large and varied multigene family. Protein kinase genes are found on most 

chromosomes, so any data from them are unlikely to be of much significance. Table 

4.5 shows the topology of the trees formed by the most informative groups. The results 

from groups 1 and 5, pairing HSA 8 and HSA 12, are contradicted by the results from 

groups 2 and 13, which pair HSA 12 with HSA 17 instead. However, as pointed out 

by Toby Gibson (pers. comm.), if two genome duplications occurred within a short 

time-frame of each other around 500 Mya, then it would be difficult to get reliable and 

informative trees.

Table 4.6 gives a statistical breakdown of the genes involved in the possible 

quadruplicated region. HSA 12 and 17 appear to be the most similar, having the 

highest number of gene pairs in common. HSA 8 and 17 seem to be the least similar. 

The number of similarities between these four chromosomes, given the limited amount 

of data available to us, suggests that they may indeed indicate a paralogous segment, 

but whether that segment is really a quadruplicated one or just two distinct segments, 

possibly on HSA 8/HSA 10, and HSA 12/HSA 17, is open to conjecture. The area 

discussed here spans some very large regions (35-77% of the chromosome lengths; 

Table 4.6), and it is unlikely that such regions would have remained intact during the 

250-500 Myr which have elapsed since the last hypothesized tetraploidization event. If 

this is a quadruplicated region, then as the human gene map is extended, more gene 

families should appear in the gaps to help link these four chromosomes.

If we look at the other chromosomes which genes involved in this region also hit, 

genes on HSA 8 and 12 hit HSA 11 more than once, genes on HSA 8 and HSA 10
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Group number Topology Gene family

(from Table 4.4) (chromosome numbers)__________________________________

1 (8, 12), 10 SP transcription factors

2 (8, 10), (12, 17) intermediate filament proteins

5 (8, 12), 17 PK phosphatases

12 (8, 17), 12 myelin and retinol-and fatty

acid-binding receptors

16 (10, 12), 17 fibronectin receptors (integrin B)

13 (12, 17), 8  guanylate cyclases and

enterotoxin receptor

Table  4 . 5 .  I'opology of phylogenctic trees fonned by members of gene f;unilies found on tliree or 
more cliromosomes involved in the jx)tentisil quadruplicated region. Trees were constnicted using 
CLUS'FALW. Chromosomes bracketed togetlier indicate that genes on those chromosomes have a liigher 
degree of similarity to each other than they do to any other member of that gene family involved in this 
region.



c/somes
involved

# sets # sets 
involving 
this pair of 
the four 
c/somes 
only

# sets from 
column 3 
which hit no 
other c/some

length 
spanned in 
cM / length 
of c/somel 
incM

length 
spanned in 
cM / lengtl 
of c/some 
incM

8 vs 10 7 3 1 88/170 118.5/181

(0.52) (0.65)

8 vs 12 8 2 1 112/170 104/173

(0.66) (0.60)

8 vs 17 5 1 0 93.5/170 53.5/135

(0.55) (0.40)

10 vs 12 7 2 1 118.5/181 60/173

(0.65) (0.35)

10 vs 17 9 5 3 140/181 84/135

(0.77) (0.62)

12 vs 17 13 8 4 116/173 92/135

(0.67) (0.68)

T a b le  4 . 6 . Pairwise comparisons of all cliromosomes involved in the potential quadniplicated region. 
Numbers in brackets indicate the fraction of the length o f that cliromosome covered by the duplicated 
segment.
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hit genes on HSA 2, 4 and 5, and genes on HSA 12 and 17 hit genes on HSA 1, 2 

and 7. This just illustrates that while it is tempting to put forward chromosomal regions 

which contain a number of similar genes as paralogous or even as quadruplicated 

regions, the real story is much more complex, with many rearrangements or 

independent gene duplications having occurred since the last postulated genome 

duplication event.

If there is a genuine quadruplicated segment on HSA 8, 10, 12 and 17, we would 

expect the topology of phylogenetic trees drawn from the sequences to indicate this. 

Instead, the tree topologies are confused. If these are real ancient paralogous segments 

then, although gene order need not be conserved (due to the “waltzing” genes 

phenomenon; see Section 2.2.1), the genes involved should be spaced quite close 

together (allowing for differential silencing of intermediate genes) over smaller fractions 

of the chromosomes involved. It is, however, notable that genes on HSA 8 and 10 hit 

genes on HSA 4 and 5 more often than they hit genes on any other chromosome, and 

that genes on HSA 12 and 17 hit genes on HSA 2 and 7. Pebusque et al. (1998) have 

described a quadruplicated region over HSA 4, 5, 8 and 10 (see Section 1.7.3), and 

our potential quadruplicated region includes some of the genes used in their analysis; 

see Figure 4.4). The Hox clusters, one of the most widely cited examples of a 

quadruplicated region put forward as evidence for a double duplication event in the 

evolution of vertebrates, are found on HSA 2, 7, 12 and 17 (see Section 1.7.1). Of the 

non-Hox genes that are associated with the Hox clusters, there are five gene families 

that have homologues on both HSA 12 and 17 that we could expect to see. O f these, 

we have included the integrins and ATP synthase genes (marked on Figure 4.4). The 

three remaining gene families (collagens, epidermal growth factor receptors and 

synaptobrevin) only have one member included in the Schuler dataset. This could either 

indicate that what has already been described by other authors really are quadruplicated 

regions, but equally, without more genes to fit into these regions, it could imply that 

each “quadruplicated” region is in fact just two separate paralogous regions, although
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the clustering of genes on HSA 2/7/12/17 has been shown to be highly significant 

(Ruddle e ta l ,  1994b).

4.5.2 A n a l y s i s  o f  NCBI G e n o m e s  D i v i s i o n  d a t a

In Figure 4.5, we show the results of all-against-all Tb l a s t X  searches using the DNA 

sequences that appear on the NCBI physical map of human chromosomes (dataset 

described in Section 4.3.2). From 13,401 sequences, we found only 348 matches. 

These define 102 protein families (detailed in Appendix B), ranging in size from 71 

families with two members only, to a family of 20 members (the zinc finger proteins) 

and a 24-member family (the receptor tyrosine kinases). Only 14 families have four or 

more members. There are 254 possible pairs among the 23 human chromosomes 

(excluding Y). We were able to identify at least three pairs of similar sequences in 48 of 

these. However, in none of these pairwise comparisons were three genes spaced closer 

together than 1(X) (mapped) genes apart on both chromosomes. The only segment 

where there were three genes spaced closer than 200 genes apart on both chromosomes 

was on HSA 1/3. This segment spans 107 mapped genes on HSA 1 and 63 on 

HSA 3, and includes two HEK ephrin receptor genes, glucose transporters SGLTl 

and GLUT2, and two diacylglycerol kinases. Gene order within this segment is not 

conserved. There were seven other chromosome pairs, including two which involved 

the Hox chromosomes, which could be considered as potentially duplicated regions, 

although all the genes involved tend to be quite widely spaced and are more likely to be 

a product of coincidence. These are detailed in Table 4.7.
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c/somes # gene pairs^ length spanned gene order Additional
involved on the two conserved? notes

chromosomes 
(in mapped

______________________________ gene units)______________________________

1 vs. 3
2 vs. 7

3 vs. 10
3 vs. 12

4 vs. 10

5 vs. 15 

7 vs. 12 

9 vs. 13

3
3

4
5

4

3

3

3

107, 63 
445, 86

673, 480 
361, 388

179, 425 

406,337 

486, 64 

130, 285

no
yes

yes
yes

no

yes

no

yes

2 pairs spaced 
78 and 75 
genes apart

~ group 5 in 
Table 3.3

T a b le  4 . 7 .  Potentially duplicated regions found on the NCBl Genomes Division dot-matrix plot, 
identified as described in the text.

* tandem repeats were considered to be part of a single hit in this calculation
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4.5.3 COMPARISON OF NCBI AND SCHULER DATASET RESULTS

Taking into consideration that from a dataset of 2,317 genes, we found 4,072 matches, 

it was disappointing to find only 348 matches from a much larger dataset of 13,401 

sequences. This can in part be explained by the fact that of the 13,401 sequences, only 

2,673 were > 1 kb in length. Also, many of the longer sequences were composed 

primarily of intergenic sequences and repeat sequences. Moreover, many sequences 

were ESTs, which may not encode a protein sequence. Out of the 13,401 sequences in 

the NCBI Genomes Division database, only 46.6% (or around 7,800) of them seem to 

be protein-coding sequences.

The basic make-up of the two datasets was also different. The Schuler dataset was 

composed of previously sequenced full-length cDNAs, where in many cases, genes in 

the same family would all have been dealt with in the same study, or in the same lab, 

therefore the database was biased towards finding duplicates. The NCBI database, on 

the other hand, was composed of STSs derived from ESTs or cDNAs, precisely 

mapped, which should have given a much better estimate of the overall make-up of the 

human genome, and should be completely unbiased with respect to duplicates. In fact, 

the bias tends in the opposite direction, because while the general chromosomal location 

o f many genes is known, their precise chromosomal position is not, so that many of the 

previously sequenced genes (i.e., the duplicates included in the Schuler dataset) were 

not included in the NCBI dataset, even though it is more recent.
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CHAPTER 5 —

COMPUTER SIMULATION OF 
THE 2R HYPOTHESIS

5.1 AIM

The hypothesis that there have been two rounds of poiyploidization in the evolution of 

the chordate lineage (the 2R hypothesis) has become widely accepted, and is often cited 

in evolutionary literature. In reality, the current scant amount of mapped sequence 

information for vertebrate genomes has made this hypothesis difficult to prove or 

disprove conclusively. In the previous chapter, we compared 13,401 mapped and 

sequenced human DNA sequences to each other in TblastX searches. We were 

surprised to find no duplicated regions, using a rule where a maximum distance of 50 

other genes was allowed between paralogues. This prompted us to carry out computer 

simulations to test whether, given the current state of knowledge about the human 

genome, we could detect Ohno-style duplications assuming that they have occurred.

W e investigated whether it is possible, without having the whole human genome 

sequence, to estimate the probability of gene deletion as opposed to retention and the 

number of subsequent genome rearrangements (transpositions, etc.). Genome 

duplication should result in duplicated chromosomal regions being found throughout 

the genome. We used computer simulations to model a double genome duplication 

event, followed by deletions and transpositions.
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For simplicity, we assumed that genes were only duplicated via polyploidization. An 

algorithm to fmd duplicated chromosomal regions was applied to the simulated 

genomes. The parameters of the simulation (probability of a gene being deleted, and 

number of transpositions) were adjusted to establish parameter ranges that could 

correspond to the observed situation. The simulations were modified to model 

situations where complete sequence information is not available. Genes were discarded 

after the simulation so that the number remaining mirrored the real number of mapped 

and sequenced human genes. This provided an estimate of the minimum fraction of the 

human genome that must be mapped before any analysis can be informative.

5.2 INTRODUCTION

The incompleteness of genome sequence information for vertebrates has made Ohno’s 

hypothesis difficult to prove or disprove (Skxabanek and Wolfe, 1998). There are three 

major unknown quantities concerning the hypothesis: the number of rounds of 

duplication (assumed here to be two; see Section 1.5.1), the fraction of genes retained 

in duplicate (as opposed to subsequently being deleted) (see Section 1.4), and the 

number of chromosomal rearrangements following duplication (see Section 2.2.2). The 

ease with which duplicated chromosomal segments resulting from genome duplication 

can be identified is expected to depend strongly on these unknown parameters.

Our simulations follow the models proposed by Nadeau and Sankoff (1997), 

summarized in Figure 5.1. They examined the numbers of human and mouse genes in 

families arising from genome duplication, and estimated the relative rates of gene loss 

versus functional divergence from the relative numbers of four-, three-, and 

two-membered families. On the presupposition that two rounds of genome duplication 

occurred in the evolution of the chordate lineage, they looked at three possible models 

of this process. Model 1 assumes that the two rounds occurred almost simultaneously.
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and not enough time elapsed between them for deletion or functional divergence to take 

place. In both Models 2 and 3, there is a longer interval between rounds so that the fate 

of the duplicated genes is partially or wholly established before the second round. 

Model 2 assumes that, in cases where both genes are retained after the first round, 

complete divergence takes place before the second duplication event, so that they now 

both have essential functions. Thus one, but not both, of the genes in each o f the new 

pairs can lose function. In the third model, functional divergence between the pairs is 

incomplete so that any gene of the possible final four duplicates can still compensate for 

the function of any other gene in that family. A basic assumption common to all these 

models is that any gene function present before duplication is essential, so that all the 

genes in a duplicated family cannot be deleted. Nadeau and Sankoff (1997) discarded 

Model 1 as improbable, and suggested that, in mammals, some genes underwent 

complete divergence but the fate of the remainder was not resolved between 

duplications.

5.3 METHODS

There are between 50,000 and 100,000 genes in the human genome (Fields et a i ,

1994). In our simulations we aimed to produce a post-duplicative genome containing 

approximately 80,000 genes, the product of two rounds of genome duplication and 

subsequent gene deletion. Because the extent of gene deletion was a variable parameter, 

the number of genes in the starting genome also had to be variable and ranged from 

20,000 to 75,000 genes. We started with the same number of genes for all three models 

at any given deletion probability (p, see below). Because Model 1 consistently had the 

lowest number of genes deleted (because there is effectively only one round of 

deletion), we occasionally had as few as 60,000 genes left for the final arrays of the 

other two models, but approximately 80,000 genes left for Model 1. This only makes a 

difference regarding the number of duplicated regions seen at higher deletion
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probabilities. All other parameters, including the percentage of the genome in duplicated 

regions, remain the same regardless of the size of the genome.

For simplicity, the genome was represented as a single chromosome. The following 

assumptions were made in all the models used: genes are deleted singly and randomly, 

genome rearrangement is via transposition only, and the breakpoints created by these 

rearrangements are at random intergenic points. It was also assumed that there are no 

functional constraints on gene order. After gene deletion and transpositions, the 

genome was scanned for duplicated chromosomal regions (blocks), hallmarks of 

genome duplication. We use the term ‘block’ to mean detectable duplicated 

chromosomal regions. As the genome becomes rearranged, the smaller duplicated 

segments (as demarcated by the breakpoints made by transpositions) will become 

unidentifiable and any block that is identified will be part of a larger segment (Seoighe 

and Wolfe, 1998). Genes contributing to a block (paralogues) could be no more than 

50 genes distant from the next paralogue in the same block. A minimum of three pairs 

of paralogues was required to form a block. To simulate the incompleteness of the 

human genome sequence, once the double dupiication-deletion-transposition process 

was complete, genes were randomly discarded so that only a fraction o f the genome 

remained (analogous to the human genes currently mapped and sequenced).

5.3.1 CHROMOSOMAL REARRANGEMENTS

The number of chromosomal rearrangements in vertebrates since a putative genome 

duplication is also unknown. Rearrangements of a duplicated genome break it up into 

duplicated conserved segments, in each of which the number and order of paralogous 

genes is the same. The number of conserved segments increases as the genome is 

disrupted by new events, and the duplicated segments become shorter over time 

(Nadeau and Taylor, 1984; Sankoff et ciL, 1997a). Chromosomal rearrangements
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between human and mouse have occurred at a rate of approximately one per Myr of 

evolution (Nadeau, 1991; Copeland et a i ,  1993; DeBry and Seldin, 1996; Ehrlich el 

a l ,  1997; Sankoff et ah, 1997b).

Assuming that the last genome duplication occurred about 250 Mya (Lundin, 1993), 

and that the time between successive genome duplications was of the order of 

50-100 Myr (enough time for the fate of some, but not all, gene duplicates to be totally 

resolved (Nadeau and Sankoff, 1997)), we can expect that there might have been a total 

of approximately 350 rearrangements since the first of the two postulated genome 

duplication events. Because the last duplication could in fact have occurred as long ago 

as 500 Mya (Holland et a l ,  1994; Sharman and Holland, 1996), in our simulations, we 

modelled 150 - 525 transpositions after each duplication event (except in Model 1, 

where all deletions and transpositions were performed after a double duplication event). 

We used a simple method of genome shuffling, where fragments to be transposed were 

chosen at random and transposed to random sites in the genome. Transposed fragments 

were limited to being up to 900 genes in length, which corresponds to approximately 

half a chromosome.

5.3.2 G e n e  d e l e t io n

In our simulations, genes were deleted by assigning them a random number between 

zero and one. We then went through the genome systematically. If the random number 

allocated to a gene was below a “deletion threshold”, p,  and other members of that gene 

family were still present, then it was deleted. To describe the possible fates o f a 

duplicated gene-pair, Nadeau and Sankoff (1997) used a variable, v|/, which is the 

probability that a gene is lost rather than retained, without taking into account the 

constraint that not all members of a family can be deleted. Because this constraint is not 

inherent in \|/, the variable on its own does not have any real biological meaning; only
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the probabihties of the retention of one or both genes (expressed in terms o f \j/) are 

significant. To be able to compare our simulations directly with Nadeau and Sankoff s 

predictions, we had to relate our probability of deletion (p) to their probability (ij/). To 

do this, we equated the total numbers of genes being retained. In our model, because 

we search the array systematically, it follows that after the first round of duplication, 

from the first half of the resulting genome (A1 through E l in line iii of Figure 5.1), we 

will delete a fraction p  of genes, keeping (1 -p ). In the second half of the genome, the 

p  genes whose paralogues were deleted must now be retained, and of the (1 - p) genes 

that can be deleted, a fraction (I - p) will be kept. Nadeau and Sankoff (1997, bottom 

of p. 1261) give the probability of retaining two genes. We multiplied this by two (to 

get the number of duplicate genes retained) and added the number of single genes 

retained. Thus,

a - P )  +  P  + ( l - p f  = 2 ^ ^  +  ^  (Eq. 5.1)
1 + 1// 1 + 1//

= ^ { l - p ) ^ ^ - ^ ------- 1
1 + y/

The above relation between vj/ and p  is only valid for a single duplication process 

producing just two daughter genes. For quartets of genes (a four-membered family), 

their relation becomes an equality between a quartic and a tertiary equation, where \\i is 

approximately equal to p. In our simulations, we used \\i as an input parameter. 

Deletions were made after each round of duplication (see Figure 5.1). In twofold 

redundant gene pairs (both stages of Model 2 and the first stage of Model 3), we used p  

(calculated from \\i using Eqn. 1) as the probability of deletion. For fourfold families 

(Model 1 and the second stage of Model 3), we assumed that p  was equal to vj/. That p  

and Vj/ are equivalent can be seen from Table 5.1, which compares the relative 

frequencies of four-, three-, and two-membered families predicted by Nadeau and 

Sankoff (1997) to those observed using our simulations.
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4:3 3:2
Predicted Observed Predicted Observe

Model 1

0.1 2.25 2.25 6.00 5.85

0.2 1.00 1.00 2.67 2.67

0.3 0.58 0.58 1.56 1.55

0.4 0.38 0.38 1.00 1.00

0.5 0.25 0.25 0.67 0.67

0.6 0.17 0.17 0.44 0.44

0.7 0.11 0.10 0.29 0.29

0.8 0.06 0.06 0.17 0.17

0.9 0.03 0.02 0.07 0.08

Model 2

0.1 2.25 2.25 1.38 1.38

0.2 1.00 1.00 1.00 1.00

0.3 0.58 0.58 0.73 0.73

0.4 0.38 0.38 0.55 0.55

0.5 0.25 0.25 0.40 0.40

0.6 0.17 0.17 0.29 0.28

0.7 0.11 0.11 0.19 0.19

0.8 0.06 0.06 0.12 0.12

0.9 0.03 0.03 0.05 0.05

Model 3

0.1 2.25 2.24 1.27 1.27

0,2 1.00 1.00 0.84 0.87

0.3 0.58 0.58 0.56 0.6

0.4 0.38 0.38 0.38 0.42

0.5 0.25 0.25 0.25 0.29

0.6 0.17 0.17 0.15 0.18

0.7 0.11 0.11 0.08 0.11

0.8 0.06 0.07 0.04 0.05

0.9 0.03 0.00 0.01 0.02

T able 5 . 1 .  Predicted relative liequencies (from Nadeau and Sankoff, 1997, p. 1262) of 
foiir-membered:three-membered families, and three-membered:two-membercd families, at vtirying 
values of the deletion probability,op, compared with simulated frequencies (mean results from 1000 
simulations).
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5.4 RESULTS

The two parameters we varied were the number of transpositions and the deletion 

probability, \|/. As the number of transpositions increases, the underlying number of 

segments increases but their mean length decreases (Nadeau and Taylor, 1984). From a 

practical point of view, it is more interesting to calculate the total fraction of the genome 

that is assigned to duplicated regions, because this gives an indication of whether we 

might expect to be able to discover chromosomal regions supporting the 2R hypothesis. 

The percentage of the genome covered by duplicated blocks is calculated by adding all 

block lengths together (where any overlap is counted only once), and dividing by the 

total genome length for that deletion probability. Included in both of these numbers are 

the deleted genes, which although they can no longer be seen, are still likely to 

contribute to the length of the genome (as pseudogenes or “junk” DNA). The number 

of transpositions does not make a difference to the percentage of the genome in blocks 

for a fully sequenced genome because each transposition only breaks the existing 

blocks up into smaller blocks, and very few blocks will be lost, unless they are very 

small.

Figure 5.2A shows the percentage of the genome covered by duplicated blocks found at 

varying numbers of translocations, and varying y  deletion probabilities, for each of the 

three models described in Nadeau and Sankoff (1997), for a completely sequenced 

genome containing 80,000 genes. Models 1 and 2 show very similar percentages of the 

genome covered by blocks. In Model 3, families can be deleted down to one member 

only, which cannot then form part of a block. The higher the deletion probability, the 

more likely it is that this will happen. This model, which allows the most genes to be 

deleted, accordingly has the fewest blocks at the higher deletion ranges, and shows a 

sharp decrease in the percentage of the genome in blocks compared to the other two 

models. It can be noted that the number of transpositions performed does not 

dramatically alter the percentage of the genome in blocks for any given model. The
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number of blocks found, however, does depend on the number o f transpositions, 

increasing as the number of transpositions performed increases (data not shown).

As v|/, the probabihty of gene deletion, increases, we expect the density of paralogues 

within the genome to decrease quite sharply. The sparser the genome becomes, the less 

likely genes are to form part of a block. Because a block requires at least three 

paralogues to be less than 50 genes apart, as more genes are deleted, the number of 

blocks decreases. Contrary to intuition, however, the mean length of the blocks 

increases (data not shown). This is because as more duplicates are deleted, if the 

allowed distance between paralogues is quite large, the smaller blocks are almost 

completely eliminated, while the larger blocks will remain, with some shearing at the 

edges. As the mean length of the blocks increases, we also find that there are fewer 

duplicated genes within them. Because there are fewer blocks found, the percentage 

genome in blocks also decreases. It should, however, be noted that even at high 

deletion probability ranges, 25-50% of the genome is still found in blocks (Figure 

5.2A), which suggests that with a fully sequenced genome, it should be very easy to 

identify a large number of duplicated regions within the genome if the 2R hypothesis is 

correct.

Over 30,000 genes, corresponding to just under 40% of the estimated number of genes 

present in the human genome, have now been mapped and at least partially sequenced 

(Deloukas et a i ,  1998). Figure 5.2B shows the percentage genome covered by 

duplicated blocks for 30,000 genes out of an estimated 80,000. Here again, at low 

probabilities of gene deletion, the percentage genome in blocks is still very high, about 

95%. The blocks that were evident in the fully sequenced genome are shortened, and 

the smaller blocks are eliminated entirely, because there are now gaps in the genome 

where genes have not yet been mapped and sequenced. As both the deletion probability 

and the number o f transpositions increase, blocks are broken up and eliminated. In this 

case, unlike the case for the fully sequenced genome, the three models are more similar
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to each other at any given number of transpositions than any model is to itself at a 

different number of transpositions, except at very high deletion probabilities. Here 

again. Model 3 loses the most genes. Model 2 tends to keep more genes because after 

the second duplication event, paralogues from the previous duplication event can no 

longer compensate for each other. At high gene deletion probabilities, the percentage of 

the genome in blocks is quite low (5 - 25%). The ease with which duplicated blocks are 

seen with this fraction of mapped and sequenced genes depends greatly on the 

probability of gene deletion.

When we analysed the 13,000 randomly mapped genes from the NCBI database, we 

used strict criteria to define paralogous relationships, and we observed no blocks 

(Skrabanek and Wolfe, 1998). Although some duplicated regions have been found in 

the data currently available, such as the Hox clusters and their neighbours, these genes 

have not been sampled at random. To see whether our results were consistent with 

expectation, we repeated the simulation, this time randomly deleting all but 13,000 

elements after the double duplication-deletion-rearrangement process. Figure 5.2C 

shows that with this number of genes, we can expect to see anything from 0-30% of 

the genome in blocks if the genes identified are randomly distributed within the 

genome. Also, interestingly, we can expect to find 0 - 300 duplicated blocks 

(Table 5.2). A finding of no blocks, therefore, corresponds to a deletion probability of 

0.8 or higher (i.e., < 11% of genes retained in duplicate). At low deletion 

probabilities, there are as many as 300 duplicated blocks, a number that decreases with 

the number of transpositions made. Because blocks can minimally consist of at least 

three genes spread over at most 100 genes, any increase in transpositions will break up 

these minimal blocks, and they will be lost. Likewise, as the deletion probability 

increases, the number of duplicated genes with which blocks can be formed decreases, 

and so too does the number of duplicated blocks.
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Number of transpositions 

150 225 300 375 450 525
Model 1

0.1 314+ 10 259 + 13 209 ± 14 167 + 13 139+ 12 114 ± 8
0.2 248 ± 14 202 + 14 162+11 128 + 10 108 + 8 87 + 8
0.3 182 ± 14 146+ 12 121 + 9 99+ 10 75 + 8 66 + 7
0.4 127 ± 10 101 ± 7 8 1 + 8 66 + 9 56 + 7 45 + 9
0.5 77 + 8 6 4 ± 8 50 + 6 42 + 6 33 + 5 28 + 6
0.6 37 + 7 3 1 + 5 24 + 5 20 + 5 17 ± 4 12 + 4
0.7 12 + 5 11+3 8 + 3 7 ± 2 6 ± 2 5 + 2
0.8 2 + 1 1 + 1 2 + 1 1 + 1 1 + 1 1 ± 1

Model 2
0.1 309 + 11 260 + 11 215+ 16 183 + 11 157 + 10 134 + 8
0.2 257 + 16 209 + 13 172 + 11 151 + 13 129 + 7 113 + 10
0.3 191 + 12 167 ± 10 134 + 9 116+10 103+7 9 1 + 8
0.4 140 ± 10 120 + 8 103+8 87 + 7 78 + 6 66 + 6
0.5 92 ± 8 75 + 9 69 + 9 57 + 7 5 2 + 7 45 + 7
0.6 54 + 7 4 8 ± 6 40 + 4 36 + 8 30 ± 4 28 ± 5
0.7 27 + 3 24 ± 5 2 1 + 5 19 + 4 17±5 14 ±3
0.8 13+4 11 ±3 8 + 3 8 + 3 8 + 3 6 + 3

Mode! 3
0.1 317+ 12 258 ± 13 215+ 11 184+ 10 158 ± 10 132 ± 9
0.2 258 + 14 212 + 12 179± 11 152 + 11 132 + 9 114+ 10
0.3 188 ± 13 161 + 11 136 ± 8 115± 10 102 + 9 88 ± 8
0.4 124 + 9 103 ± 12 88 + 9 79 + 8 67 + 9 6 1 + 6
0.5 63 ± 8 54 + 7 47 ± 5 43 ± 6 39 + 6 3 3 + 5
0.6 2 3 + 4 20 ± 4 18 + 4 15 + 4 14 ± 4 11+3
0.7 5 ± 2 4 + 2 4 + 2 3 ±2 3 + 2 2 ± 1
0.8 0 +  1 0 +  1 1 + 1 0 ±  1 0 +  1 0 + 1

Table  5.2.  Numbers of duplicated blocks in simulated genomes for 13,000 mapped genes. The 
average niunber of duplicated blocks (± 1 SD) found al ter 100 simulation nins is shown for each of the 
three models described by Nadeau ajid Sankoff (1997). The genome contained approximately 80,000 
genes, ol' which 13,000 were mapped and sequenced. The parameters varied are the number of 
transpositions perl'omied after each duplication event, and the probability of gene deletion (xp).
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5.5 DISCUSSION

As our earlier analysis of a 13,000-gene human data set yielded no blocks, we can 

draw one of two conclusions: either the probability of duplicated gene deletion is very 

high (v|/ > 0.8; which corresponds to < 11% of genes being retained in duplicate) or the 

2R hypothesis as modelled here is incorrect (cf. Hughes, 1999). The first conclusion is 

inconsistent with recent literature which suggests that v|/ should be around 0.3 (50% of 

genes retained in duplicate, see Section 1.4; Walsh, 1995; Nadeau and Sankoff, 1997; 

Force et a l ,  1999). Our simulations, however, are based on several assumptions 

including that only two genome duplications occurred in the evolution of the human 

genome and that paralogues are easy to identify and result from genome duplication 

only. We also ignored the possible role of tandem gene duplications. If the redundancy 

generated by tandem duplication means that one or more of the genes duplicated by 

polyploidy are more likely to be lost, then there will be fewer duplicated blocks found 

in the human genome than we predict. Furthermore, we assumed the probability of 

gene deletion to be the same after both genome duplication events. If the recent DDC 

model proposed by Force et al. (1999) is realistic, and the likelihood of a 

(subfunctionalized) gene being retained decreases with each successive duplication 

event, then the probability of deletion should increase after each duplication event. This 

also would imply that there would be fewer genes representative of any one gene family 

present in the genome, and thus also a smaller number of blocks. It is also worth noting 

that from the method described here, it is almost impossible to predict the number of 

transpositions that have occurred since the first of the two proposed polyploidization 

events.

TBLASTX searches with the 13,000-gene set took 17 days processor time on our DEC 

Alpha station 500 333 Mhz laboratory computer and it was currently impractical for us 

to do an equivalent all-against-all search with the 30,0(X)-gene set of Deloukas et al. 

(1998). From Figure 5.2B however, we can estimate that less than 25% of the genome
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will be found to lie in duplicated blocks if 2R hypothesis is correct and if v|/ > 0.8 (as 

appears from Table 5.2). If the 2R hypothesis is incorrect, it is still unclear how much 

of the genome would be placed into blocks artefactually: this depends on the 

distribution o f family sizes in the human proteome, which is currently unknown and 

was not simulated here.

It may be plausible to suggest replacing one of the postulated rounds of polyploidy with 

a series of single gene or regional duplications, as first proposed by Sharman and 

Holland (1996). If polyploidization occurred first, followed by a large number of 

smaller duplications with subsequent genome rearrangements, we could explain not 

only the fact that we find fewer duplicated blocks than expected, but also the 

phylogenetic tree topologies that Hughes (1999) has put forward as an argument 

against the 2R hypothesis.

Our results indicate that if the hypothesis is correct, then contrary to recent proposals, 

the frequency at which duplicated genes were subsequently retained in the genome was 

at most only approximately 10%. We also suggest that, if the probability of retention is 

so low, the amount of sequence information currently available (30,000 genes;

Deloukas et a i ,  1998) will still not be enough to draw any conclusions about the 

veracity of the 2R hypothesis.

Many of the genes present in the NCBI dataset that we used are ESTs, which may not 

encode a protein sequence. The true count of mapped protein-coding sequences may 

actually be as low as 7,800. If this is actually the case, then to get a more accurate 

estimate of what the deletion probability is, which will probably be higher and more in 

keeping with recent estimates, the simulations should be redone randomly deleting all 

but 7,800 elements after the double duplication-deletion-rearrangement process.
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CHAPTER 6 —

GENERAL DISCUSSION

In 1972, Com ings said o f O hno’s hypothesis: “ Im plications o f the theory are so wide- 

ranging that it is worth stating the hypothesis to encourage its being tested.” In fact, the 

hypothesis has never been rigorously tested. Paralogous regions in the genom e can be 

derived in at least four ways (Smith et ciL, 1999). They can be a product o f genom e 

duplication, duplication o f a subset o f the genome (such as chrom osom al duplication), 

they can be form ed from  pre-duplicated genes which are clustered together for 

functional reasons or they can result from a coincidental clustering. Nadeau (1991) 

dem onstrated that up to 50% of duplicated regions which are m arked by two or three 

genes may in fact be coincidental. Construction o f m olecular phylogenies may give 

some indication as to which o f the above m echanism s may have been involved in the 

evolution o f any particular paralogous segment.

6.1 PHYLOGENY-BASED APPROACHES TO 
TESTING THE GENOME DUPLICATION 
HYPOTHESIS

The difficulty in interpreting phylogenetic data for complex gene families is illustrated 

by two recent studies on a single data set. Baker (1997) analysed the steroid horm one
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receptor family, which is a subset of the nuclear receptor (NR) superfamily analysed 

independently by Escriva et al. (1997). Both groups concluded that they had identified 

two rounds of gene duplication in their trees. The two rounds identified by Baker both 

occurred approximately around the origin of vertebrates and gave rise to a 2+2 topology 

for the androgen, progesterone, glucocorticoid and mineralocorticoid receptors. In 

contrast, Escriva et al. regarded these events as a single “wave” of duplications and 

they proposed that there was also a much earlier “wave,” prior to the Hydra divergence 

over 700 Mya, which created the six NR subfamilies (of which the steroid hormone 

receptors are one). Despite these differences both groups interpreted their results as 

supporting Ohno’s hypothesis, which illustrates the ease with which the hypothesis can 

be interpreted to accommodate almost any tree for a multigene family.

Two other examples show how easy it is to make the data fit any preconceived opinion 

regarding the 2R hypothesis. Patton et al. (1998), having assumed that paralogous 

regions on HSA 11 and 12 arose by genome duplication early in vertebrate evolution, 

constiTJCted phylogenetic trees for two families of closely linked genes (the aromatic 

amino acid hydroxylase genes (AAAH) and insulin-type genes (IGF)) on these 

chromosomes (TPH and TH are located on HSA 11, PAH on HSA 12; INS and IGF2 

are found on HSA 11, IG Fl on HSA 12). They found that the gene duplication 

yielding the AAAH genes occurred at a vastly different time than the duplication giving 

rise to the IGF genes (the AAAH genes duplicated early in metazoan evolution, 

predating the divergence of nematodes, arthropods and chordates, whereas the IGF 

genes duplicated around the origin of vertebrates). They concluded that, far from 

disproving the 2R hypothesis, these results indicated that “paralogous regions can have 

a complex history.” They proposed a tandem repeat and differential silencing model to 

explain the pattern of genes, and the discrepancy in their dates of divergence, seen in 

the genome today. This proposal is similar to that of Smith et al. (1999). A corollary of 

this work is that caution must be exercised in extrapolating gene duplication dates from
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one gene family to its neighbouring gene family, as was involved in the Bailey et al. 

(1997) study.

Hughes (1999), on the other hand, was skeptical about the veracity of the 2R 

hypothesis, and cautions that there is no clear-cut evidence at the moment that supports 

it. Phylogenetic analysis of nine protein families important in development yielded 

many different dates of divergence, ranging from prior to the divergence of 

deuterosomes and proteosomes, to after vertebrate origins, and also a number of 

topologies of an (A)(BCD) type. He concluded that these results provided strong 

evidence against the 2R hypothesis, but conceded that ail the phylogenies were 

consistent with a single tetraploidization event occurring around the origin of 

vertebrates. However, the genes under investigation were all isolated genes (i.e., they 

are not physically linked). If the tandem repeat and differential silencing model 

proposed by Patton et al. (1998) is important throughout the genome, then possibly 

some or all of the discrepancies illustrated by Hughes’ analysis could be explained. 

Evidence that this mode of evolution may be widespread throughout the genome comes 

from a recent study by Loftus et al. (1999) who showed that 12 Mb of DNA sequence 

from the centromeric region of HSA 16 contains a large number of highly 

homologous, recently duplicated tracts of sequence.

Although using a phylogenetic approach would appear to be a good way to address the 

examination o f the 2R hypothesis, several issues make analysis of the data difficult.

For example, gene conversion between duplicates makes them appear to have been 

duplicated more recently than they actually were. The tandem repeat and differential 

silencing model means that duplicates appear to have duplicated much earlier than they 

actually did (the time of tandem duplication versus the time of segmental duplication). 

These factors imply that it may not be valid to use the convergence of gene duplication 

dates within paralogous segments as a test of the tetraploidy hypothesis.

100



CHAPTER 6: GENERAL DISCUSSION

6.2 MAP-BASED APPROACHES

In our attempt to examine the 2R hypothesis, we used a map-based method rather than 

phylogenetic or tree-based methods. We performed systematic searches, both 

comparative between the human and mouse genomes, and within the human genome 

itself, on a number of different datasets, looking for duplicated regions. W hile we did 

find some putative duplicated segments, our overall conclusion was that there was not 

enough data available to draw any real conclusions about the duplication history of the 

human genome. However, the interspecies comparative approach would seem to be 

more effective in elucidating such a history.

Comparative analysis has been shown to be useful in the determination of the 

evolutionary history of genomes. For example, Saccharomyces cerevisiae is thought to 

have undergone a genome-wide duplication event round 100 Mya (Wolfe and Shields, 

1997). Because only 8% of duplicated genes have been retained and there have been 

many rearrangements (mainly reciprocal translocations) after this event (Seoighe and 

Wolfe, 1998), many of the linkage groups in S. cerevisiae have been broken up, and 

paralogous regions contain many genes which are no longer duplicated. From 

comparisons of the paralogous regions in 5. cerevisiae with Kluyveromyces lactis (an 

unduplicated yeast), it can be seen that some regions of the K. lactis genome have gene 

orders that correspond to an amalgamation of genes from both copies of the duplicated 

regions in S. cerevisiae (Wolfe and Shields, 1997; Keogh et a i ,  1998). This not only 

lends credence to the hypothesis that genome duplication did occur in the S. cerevisiae 

genome, but also allows the reconstruction of the ancestral linkage group.

Several species have been proposed as good comparative models for the human 

genome, including mouse, Fugu, Drosophila and amphioxus. There are problems 

associated with most of these species. Brenner et al. (1993) were the first to propose 

that Fugu might be an excellent model vertebrate for use in the dissection of the human
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genome because it appears to have the same total number of genes as the human 

genome. Several regions of conserved synteny (but not necessarily gene order) have 

been described between the Fugu and human genomes (Aparicio et a i ,  1997; Armes et 

al., 1997; Brunner et a i ,  1999; Gellner and Brenner, 1999; Gilley and Fried, 1999; 

Kehrer-Sawatzki et al., 1999; Reboul et al., 1999; McLysaght et al., submitted), 

although it is not known how large the syntenic regions are or how well gene order is 

conserved within them. Conserved synteny between the two genomes appears to be of 

the order of 40% (McLysaght et al., submitted). Despite this, Fugu may not be the best 

species to use in comparative analysis with the human genome, for at least three 

reasons. Firstly, Fugu genes must show sufficient similarity to their human 

orthologues to be identifiable. The human and mouse lineages diverged from each other 

about 80 Mya, and show an 85% amino acid sequence identity between orthologues 

(Makalowski eta l., 1996). The human and Fugu lineages diverged from each around 

400 Mya, so their sequences may have diverged quite significantly, which will 

complicate the issue of distinguishing paralogues from orthologues. Secondly, the 

genome of Fugu may have undergone a genome duplication event after it diverged from 

the human lineage. The reason that the Fugu genome seems to contain approximately 

the same number of genes as the human genome has been explained by a widespread 

loss of the genes duplicated after this second duplication event (Vogel, 1998), again 

making paralogues harder to distinguish from orthologues. Thirdly, if the process of 

diploidization entails a high rate of rearrangement immediately subsequent to the 

duplication event, then the Fugu genome may be too rearranged in comparison to the 

human genome to be informative about ancestral gene orders. McLysaght et al. have 

estimated the number of rearrangements between the human and Fugu genomes to be as 

high as 8000 - 32000.

The Drosophila genome has also been used in initial comparative analysis with the 

human genome, because the Drosophila genome, which contains an estimated 

8,600 - 17,000 genes (Ashburner et al., 1999) (an average o f 12,000, which is
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approximately 5.8-fold less than is found in vertebrate genomes (Miklos and Rubin, 

1996)), may be indicative of the basic chordate genome. However, Drosophila has a 

very small genome (170 Mb; Rasch et a l ,  1971; Rudkin, 1972; Kavenoff and Zimm, 

1973), and it is possible that Drosophila has an unusually small number of genes, 

which would make it a poor comparison for reconstructing possible events of genome 

duplications early in vertebrate history (Miklos and Rubin, 1996).

Amphioxus, on the other hand, may be a good species to use in comparisons with the 

human genome, because it is the sister group to the vertebrates and is thought to have 

branched off from the chordate lineage just before the putative tetraploidization event 

(Patton et a i ,  1998).

6.3 SIMULATIONS

The evolution of mammalian genomes is thought to include at least two whole genome 

duplications of an ancestral genome (Holland et a i ,  1994), as well as duplication of 

subchromosomal segments together with extensive gene duplication that has given rise 

to many large multigene families (Lundin, 1993). Gene loss may occur frequently (as 

seen in yeast; Seoighe and Wolfe, 1998) and multiple small inversions will disrupt 

paralogous regions (Seoighe et al., in press). Because of these factors, it becomes 

difficult to actually prove Ohno’s hypothesis by finding paralogous regions in the 

genome, because it is hard to devise ways to discriminate between this hypothesis and 

other alternatives. Even regions that may have been duplicated around the time of the 

origin of vertebrates and/or eukaryotes do not prove that genome duplications occurred 

at those times. Computer simulations of the evolution of the human genome may be a 

superior way of proving the hypothesis or at least gaining some insight into how the 

human genome evolved. By predicting how many paralogous regions should be 

identifiable under any given model, and comparing that number with the number
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actually found, we can determine how accurate that model is. In our simulations, which 

were based on a simplistic model of a double genome duplication event only, with no 

additional chromosomal or tandem duplications, we concluded that either the model we 

had used was incorrect, or the probability that a duplicated gene is lost is very high, 

contrary to recent findings. Of these, the more likely explanation is that a simple model 

of two rounds of genome duplication is wrong. Simulations can be performed which 

include other duplication events. The most likely outcome of this type o f work would 

be that there are many different ways to get to the situation we see today.

6.4 FUTURE PROSPECTS

While the proposition that genome duplication has contributed greatly to the evolution 

of chordates / vertebrates is a simple and wide reaching one, it would appear to be only 

too easy to make the data tit the hypothesis. Because of the paucity of available detailed 

mapping and sequence data for vertebrates, it is difficult to reach any definite 

conclusion about the veracity of Ohno’s original 1970 hypothesis, and any attempts to 

do so at present without rigorous statistical analysis should be treated with caution.

The human genome project aims to have the complete human genome sequenced by 

2001 (Marshall, 1998; Wadman, 1998), at which time there should be enough data to 

reach a definitive conclusion as to whether there have been two genome duplications 

during the evolution of chordates. We can investigate this either by looking at the 

human genome itself (a study which should be helped by the availability of additional 

information, such as gene orientation), or by comparing the human genome to the 

genomes of other chordates. The complete sequencing of chordates such as amphioxus, 

Fugu and mouse should make the task of elucidating the history of the human genome 

dramatically easier. From studies of Fugu (or preferably from the zebrafish genome), 

we may be able to learn what a genome duplication in a vertebrate looks like. General
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comparisons between the human and mouse genomes could be informative about the 

evolution of gene order (i.e., inversions and translocations) that is necessary to model 

the 2R hypothesis. However, because of the large numbers of rearrangements that have 

occurred in Fugu, and due to the fact that the rodent lineage is more rearranged than that 

of human (although many small inversions are likely to have occurred in both lineages), 

it is more feasible to use the amphioxus genome to determine the history of the human 

genome, and then to use the ancestral configuration of the human genome to elucidate 

the genomic evolution of the Fugu and mouse genomes.

The work presented here shows that the amount of both sequencing and map data 

currently available is not sufficient to be able to draw any conclusions about how many 

genome duplications occurred in the evolution of the human genome (if any), nor when 

they may have occurred. It is also indicated that the discovery of paralogous regions 

within the human genome is unlikely to aid in the resolution of this hypothesis. It is 

suggested that a combination of interspecies comparisons and simulations may be the 

best way of determining the history of the evolution of the human genome.
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A P P E N D IX  A

A p p e n d i x  A :  F u n c t i o n s  o f  p r o t e i n s  c o d e d  f o r
BY GENES INVOLVED IN POSSIBLE PARALOGOUS 
REGIONS IN THE HUMAN GENOME DEFINED BY THE 
SCHULER DATASET (1996) AND DETAILED IN TABLES 
4.2 AND 4.3 (ARRANGED ALPHABETICALLY)

5H1E: 5-hydroxytryptamine IE receptor
A4: Alzheimer’s disease amyloid A4 protein (protease nexin-II)
ACM4: muscarinic acetylcholine receptor M4
A N K l: ankyrin 1
ANX2: annexin II, lipocortin II
ANX6: annexin VI, lipocortin VI
ANX7; annexin VII, synexin
ANX8: annexin VIII (vascular anticoagulant-p)
ANXD: annexin XIII 
APJ: G protein-coupled receptor 
APP2: amyloid-like protein 2 
AT7A: copper-transporting atpase 1
ATCE: calcium-transporting atpase sarcoplasmic reticulum type, class 2 isoform
ATCP: calcium-transporting ATPase plasma membrane, isoform ip
ATCQ: calcium-transporting ATPase plasma membrane, brain isoform 2
B3A3: anion exchange protein 3
B3AT: anion exchange protein 1
CIR; complement C IR  component
CIS: complement C IS  component
C5AR: C5A anaphylatoxin chemotactic receptor
CALR: calcitonin receptor
CDK8: cell division protein kinase 8
CP 12; cytochrome P450, IA2
CPC A: cytochrome P450 2C10
CPSS: C-protein, skeletal muscle slow-isoform
CPT7: cytochrome P450, steroid 17a hydroxylase
CRAR: complement-activating component of ra-reactive factor
CTNA: alpha catenin
CYPB: peptidyl-prolyl c«-trans isomerase B
CYPM: peptidyl-prolyl cw-trans isomerase, mitochondrial
DADR: D(1A) dopamine receptor
EBIl: ebv-induced G protein-coupled receptor
EGR2: early growth response protein 2, zinc finger transcription factor 
EGR3: early growth response protein 3, zinc finger transcription factor 
ERB3: ERBB-3 receptor protein-tyrosine kinase 
ERG (HSERGl l.PE l): Erg transcription factor (ets-related)
ERK3: extracellular signal-regulated kinase 3
FBRNP (S63912.D10S102): heterogeneous ribonucleoprotein homologue 
FGRl: basic fibroblast growth factor receptor 1 (BFGE-R)
FLI1: oncogene, ErgB transcription factor
FLT3: stem cell tyrosine protein kinase
FMLR: FMet-Leu-Phe receptor (N-formyl peptide receptor)
GFAP: glial fibrillary acidic protein, astrocyte 
GLVR1: leukemia virus receptor 1 
GLVR2: leukemia virus receptor 2
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GPR4; probable g protein-coupled receptor GPR4 
GRAN: grancalcin
G R Fl (HSGRFlA.GRF-1); glucocorticoid receptor
GTR2: glucose transporter 2
GTR3: glucose transporter 3
HCK: tyrosine protein kinase
HPT2: haptoglobin-2
IL8A: interleukin 8 receptor A
IPKI; cAM P dependent protein kinase inhibitor
IRKS: G-protein-activated inward rectifier potassium channel 4
IRK7: G-protein-activated inward rectifier potassium channel 7
IRSP (S58544.PE1): 75kd infertility-related sperm protein
ITAB: platelet membrane glycoprotein IIB (integrin a-IIB)
ITAV: vitronectin receptor a (integrin a-V)
KICM : keratin, type I cytoskeletal 13 (cytokeratin 13)
KICN: keratin, type I cytoskeletal 14 (cytokeratin 14)
K ICO: keratin, type I cytoskeletal 15 (cytokeratin 15)
KICT: keratin, type I cytoskeletal 20 (cytokeratin 20)
K22E: keratin, type II cytoskeletal 2 epidermal (cytokeratin 2E)
K 220: keratin, type II cytoskeletal 2 oral (cytokeratin 2P)
K 2C 1: keratin, type II cytoskeletal 1 (cytokeratin 1)
K2C4: keratin, type II cytoskeletal 4 (cytokeratin 4)
K2C5: keratin, type II cytoskeletal 5 (cytokeratin 5)
K2CD: keratin, type II cytoskeletal 6D (cytokeratin 6D)
KFMS: macrophage colony stimulating factor 1 receptor 
KKIT: mast/stem cell growth factor receptor 
LYN: tyrosine protein kinase
MLEF: myosin light chain I, embryonic muscle/atrial isoform
MLEV: myosin light chain I, slow-twitch muscle B/ventricular isoform
MLRM: myosin regulatory light chain 2, nonsarcomeric
MLRV: myosin regulatory light chain 2, ventricular/cardiac muscle isoform
M TIA: metallothionine-IA
MYBA: MYB-related protein A
MYBB: MYB-related protein B
NF66 (S78296.PE1): neurofilament-66
NFL: neurofilament triplet L protein
NFM: neurofilament triplet M protein
NTBE: sodium- and calcium-dependent betaine transporter
N TC l: notch 1
NTNO: sodium-dependent noradrenaline transporter 
OPRM: mu-type opioid receptor 
OXYR: oxytocin receptor
P190B (HS170321.P190-B): P190-B, member of the Rho GAP family
P2AB: serine/threonine protein phosphatase PP2A-P, catalytic subunit
P2BB: serine/threonine protein phosphatase PP2B-(3, catalytic subunit
PAG 1: protein-tyrosine phosphatase
PAX3: paired box protein 3, transcription factor
PAX5: paired box protein 5, transcription factor
PAXI: paxillin
PDGR: platelet-derived growth factor receptor 
PER2: prostaglandin E2 receptor 
PI2R: prostacyclin receptor 
PKI (S76965.PE1): protein kinase inhibitor 
PLMN: plasminogen
PPIG: serine/threonine protein phosphatase PPl-y catalytic subunit 
PRR (HSU41070.PE1): purinergic receptor 
PTNA: MAP kinase phosphatase-1 
PTNB: protein-tyrosine phosphatase 2C
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PTPB: protein tyrosine phosphatase beta
PTPM: protein-tyrosine phosphatase mu
PTR2: parathyroid hormone receptor
RET: proto-oncogene tyrosine-protein kinase receptor
RO A l: heterogeneous nuclear ribonucleoprotein A1
RRB2: retinoic acid receptor (32
SDC2: syndecan-2, fibroglycan
SDC4; syndecan-4, amphiglycan
SORC: sorcin
S P l: sperm protamine P I, transcription factor
SP2: transcription factor
SP3: transcription factor
T A K l: orphan receptor
T FPl: tissue factor pathway inhibitor 1
TFP2; tissue factor pathway inhibitor 2
T H A I: thyroid hormone receptor a l
TOM 34 (HSU58970.PE1): putative translocase
TOPA: DNA topoisomerase Ila
TOPB: DNA topoisomerase Iip
TR2: steroid receptor
TRKA; high affinity nerve growth factor receptor 
TTNB (HS165.PE1): titin-associated protein 
T Y R 1: tyrosinase-related protein 1 
TYR2; tyrosinase-related protein 1 
UBIL; ubiquitin-like protein GDX 
UBIQ: ubiquitin
U BLl: ubiquitin carboxyl-terminal hydrolase isozyme LI
UBL3: ubiquitin carboxyl-terminal hydrolase isozyme L3
UFO: tyrosine-protein Idnase receptor UFO
UROK: urokinase-type plasminogen activator
UROT: tissue plasminogen activator
VIAR: vasopressin V ia  receptor
V GRl: vascular endothelial growth factor receptor 1
VGR2: vascular endothelial growth factor receptor 2
VIM: vimentin
VINC: vinculin
VWF: von Willebrand factor
ZN07: zinc finger protein 7
ZN38: zinc finger protein 38
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A p p e n d i x  B: P r o t e i n  f a m i l i e s  d e f i n e d  b y  t h e
348 MATCHES FOUND ON THE NCBI DOT-MATRIX  
PLOT

1: CCT chaperonin y, t-complex: 4 members
hsa. 1.1708 hsa.2.6457 la 2b 731C 274d 32?e
hsa. 1.1708 hsa.6.90941 1 6 731 711 249
hsa.2.6457_hsa.5.90710 2 5 274 28 282
hsa.5.90710_hsa.6.90941 5 6 28 711 270

2: RAB: 3 members
hsa. 1.92042 hsa.3.91661 1 3 1219 76 345
hsa. 1.92042 hsa.8.6744 1 8 1219 268 427
hsa.3.91661 hsa.8.6744 3 8 76 268 274

3: ryanodine / inositol receptors: 5 members
hsa.1.91610 hsa.3.91674 1 3 1240 14 280
hsa. 1.91610 hsa. 12.6246 1 12 1240 156 274
hsa.1.91610 h sa .l9 .1953.1 1 19 1240 213 273
hsa.1.91610 h sa .l9 .1953.2 1 19 1240 214 287
hsa.3.91674_hsa. 12.6246 3 12 14 156 1015

4 : receptor tyrosine kinases: 24 members
hsa. 1.90760 hsa.3.90849 1 3 473 621 262
hsa. 1.90760 hsa.6.73978 1 6 473 487 263
hsa. 1.90760 hsa.6.94333 1 6 473 165 253
hsa. 1.90760 M l3880 1 6 473 625 315
hsa. 1.90760 hsa.8.90603 1 8 473 576 280
hsa.1.90760 hsa.8.92961 1 8 473 254 214
hsa. 1.90760 hsa.9.47860 1 9 473 215 367
hsa. 1.91102 hsa.9.94451 1 9 240 105 278
hsa. 1.92093 hsa.3.90849 1 3 983 621 208
hsa. 1.92093 hsa.6.94333 1 6 983 165 204
hsa. 1.92093 hsa.9.47860 1 9 983 215 307
hsa. 1.92093 hsa. 10.90622 1 10 983 616 205
hsa. 1.92093 U02687 1 13 983 28 209
hsa.1.94453 hsa.3.2913 1 3 180 898 566
hsa. 1.94453 hsa.6.73978 1 6 180 487 685
hsa.1.94453 M l3880 1 6 180 625 218
hsa.1.94453 hsa.7.90579 1 7 180 599 446
hsa.1.94453 hsa.7.94304 1 7 180 346 209
hsa.1.94453 hsa.8.90603 1 8 180 576 269
hsa.1.94453 hsa.8.92961 1 8 180 254 250
hsa.1.94453 hsa. 10.90622 1 10 180 616 204
hsa.1.94453 D00333 1 22 180 31 209
hsa. 1.94706 hsa.8.90603 1 8 137 576 214
hsa. 1.94706 hsa.8.92961 1 8 137 254 373

 ̂ chrom osom al location o f  the first listed gene o f  the pair 
chrom osom al location o f  the second listed gene o f  the pair 
gene order position o f  first listed gene o f  the pair 

 ̂ gene order position o f  second listed gene o f  the pair
® TBLASTX score for that gene pair. The highest scoring match for each gene fam ily is highlighted in 
bold.
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hsa. 1.94706 hsa.8.94657 1 8 137 44 259
hsa. 1.94706 D00333 1 22 137 31 397
hsa.3.2913 hsa.6.73978 3 6 898 487 739
hsa.3.2913 M13880 3 6 898 625 243
hsa.3.2913 hsa.7.90579 3 7 898 599 530
hsa.3.2913 hsa.7.91937 3 7 898 787 233
hsa.3.2913 hsa.7.94304 3 7 898 346 250
hsa.3.2913_hsa.8.90603 3 8 898 576 292
hsa.3.90849_hsa.4.1751 3 4 621 403 206
hsa.4.1751 hsa.6.94333 4 6 403 165 341
hsa.4.1751 M13880 4 6 403 625 245
hsa.4.1751 hsa.9.47860 4 9 403 215 238
hsa.4.1751 hsa. 10.90622 4 10 403 616 415
hsa.4.1751 hsa.13.92928 4 13 403 30 919
hsa.4.1751 U02687 4 13 403 28 536
hsa.6.73978 hsa.7.90579 6 7 487 599 325
hsa.6.73978 hsa.7.94304 6 7 487 346 262
hsa.6.73978 hsa.8.90603 6 8 487 576 285
hsa.6.73978 hsa.8.92961 6 8 487 254 269
hsa.6.73978 hsa. 10.90622 6 10 487 616 258
hsa.6.94333 hsa.7.94304 6 7 165 346 224
hsa.6.94333 hsa.9.47860 6 9 165 215 232
hsa.6.94333 hsa. 10.90622 6 10 165 616 393
hsa.6.94333 hsa.13.92928 6 13 165 30 337
hsa.6.94333 U02687 6 13 165 28 330
M 13880 hsa.8.90603 6 8 625 576 271
M 13880 hsa.8.92961 6 8 625 254 269
M 13880 hsa.9.47860 6 9 625 215 265
M13880 hsa.13.92928 6 13 625 30 247
hsa.7.91937 hsa.8.92961 7 8 787 254 258
hsa.7.91937 hsa.9.94451 7 9 787 105 240
hsa.7.91937 hsa. 10.90622 7 10 787 616 252
hsa.7.94304_hsa.8.90603 7 8 346 576 272
hsa.7.94304 hsa.9.94451 7 9 346 105 246
hsa.7.94304 hsa. 10.90622 7 10 346 616 308
hsa.7.94304_hsa. 12.96942 7 12 346 265 292
hsa.8.90603 hsa.9.94451 8 9 576 105 250
hsa.8.90603 hsa. 10.90622 8 10 576 616 252
hsa.8.92961 hsa.9.94451 8 9 254 105 266
hsa.8.92961 hsa.20.94134 8 20 254 149 280
hsa.8.92961 D00333 8 22 254 31 537
hsa.9.47860 hsa. 10.90622 9 10 215 616 267
hsa.9.47860 hsa.13.92928 9 13 215 30 248
hsa.9.47860 U02687 9 13 215 28 234
hsa.9.94451 hsa. 10.90622 9 10 105 616 319
hsa. 10.90622 hsa.13.92928 10 13 616 30 426
hsa. 10.90622 U02687 10 13 616 28 397

glucose transporters: 2 members
hsa.l.90693_hsa.3.92393 1 3 236 835 281

diacylglycerol kinases: 2 members
hsa.l.91023_hsa.3.7140 1 3 287 890 203

calcium ATPases: 3 members
hsa. 1.995 hsa.3.90662 1 3 807 41 978
hsa. 1.995 hsa. 12.33170 1 12 807 393 665
hsa.3.90662 hsa. 12.33170 3 12 41 393 767

E2F-related transcription factor, DP-2: 2 members 
hsa.1.1648 hsa.3.94714 1 3 889 675 606
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9: RXRG, hap, steroid receptor TR2, MLR, GLR (mineralocorticoid, glucocorticoid 
receptor): 6 members

hsa.l.26550_hsa.3.2712 1 3 974 92 267
hsa. 1.26550 hsa.4.94291 1 4 974 664 202
hsa.1.26550 hsa.12.1084 1 12 974 500 289
hsa.3.2712 hsa.12.1084 3 12 92 500 291
hsa.3.520 hsa.12.1084 3 12 71 500 391
hsa.4.94291 hsa.5.94327 4 5 664 531 638

10: glutathione transferase, ABL?: 2 members
hsa. 1.90476. l_hsa.4.90005c. 17 1 4 616 63 328
hsa. 1.90476. l_hsa.9.1208.6 1 9 616 501 468

11: phosphodiestaerases: 2 members
hsa.l.l88_hsa.5.I90 1 5 373 205 1205

12: thrombospondin: 3 members
hsa. 1.33454 hsa.5.92976 1 5 865 325 499
hsa. 1.33454 hsa. 15.94294 1 15 865 72 366
hsa.5.92976 hsa. 15.94294 5 15 325 72 406

13: protein tyrosine phosphatases: 3 members
hsa. 1.92992 hsa.6.93152 1 6 141 386 560
hsa. 1.92992 hsa. 17.30043.1 1 17 141 255 683
hsa.6.93152_hsa. 17.30043.1 6 17 386 255 448

14: protein kinases: 9 members
hsa. 1.1903 hsa.6.91920 1 6 441 688 282
hsa. 1.1903 hsa. 10.22071 1 10 441 30 215
hsa.1.1903 hsa.14.1880 1 14 441 188 231
hsa. 1.1903 hsa. 17.60762 1 17 441 364 253
hsa.1.1903 hsa.17.965 1 17 441 369 291
hsa. 1.2079 hsa.17.965 1 17 148 369 454
hsa.l.69171 hsa.6.91920 1 6 457 688 257
hsa.1.69171 hsa.14.1880 1 14 457 188 263
hsa.l.6917 l_hsa. 17.60762 1 17 457 364 270
hsa.1.69171 hsa.17.965 1 17 457 369 223
hsa.3.1904 hsa.6.91920 3 6 769 688 499
hsa.3.1904 hsa. 10.22071 3 10 769 30 304
hsa.3.1904 hsa.14.1880 3 14 769 188 552
hsa.3.1904 hsa. 17.60762 3 17 769 364 548
hsa.3.1904 hsa.17.965 3 17 769 369 422
hsa.6.91920 hsa. 10.22071 6 10 688 30 425
hsa.6.91920_hsa.l4.I880 6 14 688 188 555
hsa.6.91920 hsa. 17.60762 6 17 688 364 649
hsa.6.91920 hsa.17.965 6 17 688 369 575
hsa. 10.22071 hsa.14.1880 10 14 30 188 549
hsa. 10.22071 hsa. 17.60762 10 17 30 364 591
hsa. 10.2207 l_hsa. 17.965 10 17 30 369 288
hsa. 14.1880_hsa. 17.60762 14 17 188 364 767
hsa. 14.1880_hsa. 17.965 14 17 188 369 470

15: protein tyrosine phosphatases: 8 members
hsa.l.2311_hsa.7.91890 1 7 245 832 241
hsa.1.2311 hsa.9.21593 1 9 245 39 802
hsa.6.91790 hsa.7.90530 6 7 659 460 262
hsa.6.91790 hsa.7.91890 6 7 659 832 245
hsa.6.91790_hsa.9.21593 6 9 659 39 416
hsa.6.91790 hsa.15.1924 6 15 659 285 234
hsa.6.91790 hsa.18.91089 6 18 659 34 917
hsa.6.91790 hsa.20.91769 6 20 659 8 247
hsa.7.90530 hsa.9.21593 7 9 460 39 258
hsa.7.90530 hsa. 15.1924 7 15 460 285 266
hsa.7.90530 hsa.18.91089 7 18 460 34 276
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hsa.7.91890 hsa.9.21593 7 9 832 39 363
hsa.7.91890 hsa.20.91769 7 20 832 8 301
hsa.9.21593 hsa. 15.1924 9 15 39 285 270
hsa.9.21593 hsa.18.91089 9 18 39 34 403
hsa.9.21593 hsa.20.91769 9 20 39 8 579
hsa.15.1924 hsa.18.91089 15 18 285 34 251
hsa.15.1924 hsa.20.91769 15 20 285 8 215
hsa.18.91089 hsa.20.91769 18 20 34 8 268

16: collagens: 4 members
hsa. 1.92949 hsa.7.90671 1 7 533 601 213
hsa.2.90787 hsa.7.90671 2 7 813 601 445
hsa.2.90787 hsa.l2.3231.2 2 12 813 201 297
hsa.7.90671 hsa.l2.3231.2 7 12 601 201 277

17: GNA: 5 members
hsa.1.73810 hsa.7.92105 1 7 562 481 333
hsa.7.92105 L22075 7 17 481 416 429
hsa.7.92105 hsa. 18.92200 7 18 481 42 459
hsa.7.92105 hsa.22.90695.4 7 22 481 35 468
hsa.7.92105 hsa.22.90695.6 7 22 481 37 470
L22075 hsa. 18.92200 17 18 416 42 379
L22075 hsa.22.90695.4 17 22 416 35 289
hsa. 18.92200 hsa.22.90695.4 18 22 42 35 313

18: ?: 2 members
hsa.l.93133_hsa.7.31404 1 7 788 765 227

19: SAP-IB, ETVl (ets translocation unit): 3 members 
hsa. 1.200_hsa.7.91281 1 7 969 76 248
hsa. 1.200 hsa.21.78 1 21 969 38 254
hsa.7.91281_hsa.21.78 21 76 38 214

20: a-tubulins: 2 members
hsa. 1.64066_hsa. 11.5700 1 11 197 579 495

21: 1:2 members
hsa. 1.17075_hsa. 12.90374 1 12 209 0 501

22: N-ras, ?: 2 members
hsa. 1.93085_hsa. 12.56474 1 12 587 326 424

23: PP2A/ PP2B: 2 members
hsa.l.91154_hsa.l4.3106 1 14 1152 441 1267

24: actins: 2 members
hsa. 1.94446_hsa. 14.90816 1 14 1124 230 484

25: ADP-ribosylation factor: 2 members 
hsa.l.44591_hsa.22.21019 1 22 1002 179 386

26: hormone receptors: 3 members
hsa.2.1080 hsa.4.942 2 4 325 480 261
hsa.2.1080_hsa.8.36998 2 8 325 498 520

27: ?: 2 members
hsa.2.3642_hsa.6.30167 2 6 327 441 449

28: ?: 2 members
hsa.2.35397_hsa.6.2295 2 6 468 769 467

29: CDCIO homologues: 2 members
hsa.2.91131_hsa.7.91088 2 7 1053 200 267

30: catenins: 2 members
hsa.2.75616_hsa.7.91999 2 7 368 515 711

31: grancalcin, sorcin: 2 members
hsa.2.91721 hsa.7.37884 2 7 735 526 327
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32: annexin, lipocortin, synexin: 6 members
hsa.2.90634 hsa.8.2776 2 8 370 544 246
hsa.2.90634 hsa.9.94867 2 9 370 202 688
hsa.2.90634 hsa. 10.91642 2 10 370 322 477
hsa.2.90634 hsa. 15.38368 2 15 370 183 459
hsa.2.94620 hsa.10.91642 2 10 433 322 568
hsa.8.2776 hsa.10.91642 8 10 544 322 320
hsa.9.94867 hsa.10.91642 9 10 202 322 469
hsa.9.94867 hsa. 15.38368 9 15 202 183 397

33: stomatin: 2 members
hsa.2.73922_hsa.9.185807 2 9 361 402 560

34: titin, slow MyBP-C: 3 members
hsa.2.90877.1 hsa.9.90876 2 9 718 149 206
hsa.2.90877.2_hsa. 18.2504 2 18 719 15 225

35: y-actin: 2 members
hsa.2.58189_hsa. 10.665 2 10 709 475 532

36: ?: 2 members
hsa.2.291209_hsa. 13.90000.23 2 13 1005 61 414

37: serotonin receptors: 2 members
hsa.2.90814_hsa. 13.97047 2 13 959 155 507

38: 6-spectrins: 2 members
hsa.2.90762_hsa. 14.47431 2 14 260 240 828

39: 90 kDa heat shock proteins: 2 members 
hsa.3.91667_hsa.4.8533 3 4 727 122 549

40: zinc finger proteins: 20 members
hsa.3.94682 hsa.4.71666 3 4 545 767 231
hsa.3.94682 hsa.6.73099 3 6 545 689 240
hsa.3.94682 hsa.7.90573 3 7 545 643 219
hsa.3.94682 hsa.9.822 3 9 545 147 221
hsa.3.94682 hsa. 10.92024 3 10 545 168 213
hsa.3.94682 hsa.18.91147 3 18 545 124 207
L32164 hsa.7.90573 3 7 216 643 240
L32164 hsa.8.74769 3 8 216 40 236
L32164 hsa.9.822 3 9 216 147 216
L32164 hsa.19.2862 3 19 216 203 233
L32164 hsa.19.55503 3 19 216 275 207
L32164 hsa.19.92142 3 19 216 208 209
L32164 M29581 3 19 216 321 217
L32164 X78933 3 19 216 173 233
hsa.4.71666_hsa.6.1990 4 6 767 209 590
hsa.4.71666 hsa.6.73099 4 6 767 689 398
hsa.4.71666_hsa.7.90573 4 7 767 643 640
hsa.4.71666_hsa.7.90902 4 7 767 738 272
hsa.4.71666 hsa.9.822 4 9 767 147 930
hsa.4.71666 hsa. 10.15971 4 10 767 152 209
hsa.4.71666 hsa. 10.92024 4 10 767 168 611
hsa.4.71666 hsa.18.91147 4 18 767 124 396
hsa.6.1990 hsa.7.90573 6 7 209 643 482
hsa.6.1990 hsa.7.90902 6 7 209 738 257
hsa.6.1990 hsa. 10.92024 6 10 209 168 476
hsa.6.1990 hsa.18.91147 6 18 209 124 349
hsa.6.1990 hsa.19.24148 6 19 209 325 218
hsa.6.1990 hsa.19.2862 6 19 209 203 556
hsa.6.1990 M29581 6 19 209 321 229
hsa.6.1990 U09412 6 19 209 287 521
hsa.6.1990 X78933 6 19 209 173 621
hsa.6.73099 hsa.7.90573 6 7 689 643 392
hsa.6.73099 hsa.7.90902 6 7 689 738 229
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hsa.6.73099 hsa.9.822 6 9 689 147 365
hsa.6.73099 hsa. 10.92024 6 10 689 168 359
hsa.6.73099_hsa.l7.90571 6 17 689 319 353
hsa.6.73099 hsa.18.91147 6 18 689 124 332
hsa.7.90573 hsa.9.822 7 9 643 147 585
hsa.7.90573 hsa. 10.15971 7 10 643 152 238
hsa.7.90573 hsa. 10.33898 7 10 643 185 217
hsa.7.90573 hsa. 10.92024 7 10 643 168 531
hsa.7.90573 hsa. 18.91147 7 18 643 124 438
hsa.7.90902 hsa.8.74769 7 8 738 40 274
hsa.7.90902 hsa.9.822 7 9 738 147 258
hsa.7.90902 hsa. 10.92024 7 10 738 168 249
hsa.7.90902 hsa. 17.90571 7 17 738 319 261
hsa.7.90902 hsa. 18.91147 7 18 738 124 274
U09847 hsa.9.822 7 9 354 147 699
hsa.8.74769 hsa.9.822 8 9 40 147 1419
hsa.8.74769 hsa.10.15971 8 10 40 152 233
hsa.8.74769 hsa. 10.33898 8 10 40 185 222
hsa.8.74769 hsa. 10.92024 8 10 40 168 601
hsa.8.74769 hsa. 17.90571 8 17 40 319 858
hsa.8.74769 hsa.18.91147 8 18 40 124 405
hsa.9.822 hsa.10.15971 9 10 147 152 213
hsa.9.822 hsa. 10.92024 9 10 147 168 573
hsa.9.822 hsa.18.91147 9 18 147 124 391
hsa.10.15971 hsa.17.90571 10 17 152 319 233
hsa.10.15971 hsa.18.91147 10 18 152 124 208
hsa.10.15971 hsa. 19.2862 10 19 152 203 207
hsa.10.15971 hsa.19.55503 10 19 152 275 209
hsa.10.92024 hsa.18.91147 10 18 168 124 376
hsa.l7.90571_hsa.l8.91147 17 18 319 124 380

41: ARF/ARL: 3 members
hsa.3.1520 hsa.5.792 3 5 375 227 438
hsa.3.1520 hsa.12.1971 3 12 375 544 516
hsa.5.792_hsa.l2.1971 5 12 227 544 393

42: RII-A, PRXAR2A: 2 members
hsa.3.2574_hsa.7.90757 3 7 238 722 348

43: integrins: 2 members
hsa.3.92953_hsa.7.832 3 7 544 110 254

44: nuclear ribonucleoproteins: 2 members
hsa.3.37495_hsa. 10.96826 3 10 350 285 350

45: hormone receptors: 2 members
hsa.3.91944_hsa. 10.724 3 10 96 510 331

46: CBL: 2 members
hsa.3.90894_hsa. 11.92108 3 11 504 617 1065

47: calcium channel proteins: 2 members
hsa.3.23838.1_hsa.l2.88 3 12 374 18 320

48: angiotensin II type 1, anaphylatoxin C3A receptor: 3 members
hsa.3.338 hsa.12.91182 3 12 650 69 220
hsa. 12.91182_hsa. 19.251 12 19 69 304 376

49: ?: 2 members
hsa.3.90007.2_hsa. 12.91696 3 12 313 501 263

50: dihydropyriminidase: 3 members
hsa.4.91025 hsa.5.4778 4 5 113 621 890
hsa.4.91025 hsa.8.93002 4 8 113 117 1037
hsa.5.4778 hsa.8.93002 5 8 621 117 1372
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51: GABRA/B: 5 members
hsa.4.91984_hsa.5.45740 4 5 297 700 364
hsa.4.2677 hsa. 15.91739 4 15 293 4 209
hsa.4.2677 hsa. 15.94804 4 15 293 8 305
hsa.4.91984 hsa.15.91739 4 15 297 4 860
hsa.5.45740 hsa.15.91739 5 15 700 4 764

52: cyclin-dependent kinase: 2 members
hsa.4.21029 hsa.6.94350 4 6 181 168 348
hsa.4.91984_hsa.5.45740 4 5 297 700 364

53: ankyrins: 2 members
hsa.4.90532 hsa.8.94224 4 8 660 215 478
hsa.4.91984_hsa.5.45740 4 5 297 700 364

54: ?: 3 members
hsa.4.35804 hsa. 10.91975 4 10 426 201 334
hsa.4.35804_hsa.l5.91676 4 15 426 22 292

55: JNK: 2 members
hsa.4.90774_hsa. 10.90620 4 10 473 191 1324

56: calcineurin, 2 members
hsa.4.92_hsa. 10.94566 4 10 582 324 2087

57: globins: 3 members
hsa.4.39973.3 hsa. 11.33958 4 11 460 55 322
hsa.4.39973.3 hsa. 11.92304 4 11 460 54 2114
hsa.4.39973.4_hsa. 11.92304 4 11 461 54 285

58: survival motor neuron, ?: 5 members 
hsa.4.90005c.l5 hsa.16.90013.10 4 16 61 9 326
hsa.4.90005c.l5 hsa.16.90013.12 4 16 61 11 304
hsa.5.2263.4 hsa.22.10741 5 22 251 177 279
hsa.5.2263.5 hsa.16.90013.12 5 16 252 11 338
hsa.5.2263.5 hsa. 17.3783.4 5 17 252 242 280
hsa. 16.90013.10 hsa. 17.3783.4 16 17 9 242 313
hsa.16.90013.10 hsa.22.10741 16 22 9 177 314
hsa.16.90013.12 hsa. 17.3783.4 16 17 11 242 303
hsa.16.90013.12 hsa.22.10741 16 22 11 177 418
hsa. 17.3783.4 hsa.22.10741 17 22 242 177 313

59: GABR: 2 members
M62400_M86868 5 6 609 504 559

60: UBCH5B, ?: 2 members
hsa.5.32690_hsa.7.19196 5 7 555 264 329

61: UTH5P75, BiP: 2 members
hsa.5.62218_hsa.9.5329 5 9 488 460 263

62: serine/threonine kinases: 2 members
hsa.5.74035_hsa. 12.94730 5 12 246 261 432

63: ?: 2 members
hsa.5.34459_hsa. 13.53258.6 5 13 727 174 1088

64: ras GTPase activating: 2 members
hsa.5.93122_hsa. 15.90737 5 15 294 341 727

65: cadherins: 5 members
hsa.5.21552 hsa.16.91364 5 16 77 274 224
hsa.5.47075 hsa. 16.90828 5 16 73 276 202
hsa.5.47075 hsa.16.91364 5 16 73 274 668
hsa.5.90593 hsa.16.91364 5 16 499 274 440

66: adenyl cyclase: 2 members
hsa.5.2352_hsa. 16.2454 5 16 19 250 424

67: tenascin, hexabrachion: 2 members
hsa.6.90006.8_hsa.9.92049 6 9 250 416 441

68: ?: 2 members
hsa.6.1537 hsa.l 1.3105 6 11 275 608 392

143



A P P E N D I X  B

69: RING3 (female sterile homeotic (fsh)) homologs: 2 members
hsa.6.91463_hsa. 11.90865 6 11 466 517 428

70: thyroid receptor interactor, ?: 2 members
hsa.6.10063_hsa. 13.2212 6 13 467 374 513

71: ADP-ribosylation factor, M phase phosphoprotein 1, ?: 6 members
hsa.6.90008.4 hsa. 13.90000.27 6 13 231 65 331
hsa.7.90011.3 L16782 7 10 888 430 215
hsa.7.90011.3 hsa. 13.90000.27 7 13 888 65 212
hsa.7.90011.3 hsa. 13.90000.44 7 13 888 82 221
L16782_hsa. 13.53258.3 10 13 430 171 258

72: proteasome subunits: 2 members
hsa.6.38291.6 hsa.14.1169 6 14 270 29 237

73: SNRPBl, FBRNP: 2 members
hsa.7.1036_hsa. 10.62267 7 10 158 182 298

74: ?: 2 members
hsa.7.91732_hsa.l0.210144 7 10 312 454 371

75: ?: 2 members
hsa.7.90011.18_hsa. 11.90105.1 7 11 903 187 292

76: transcription factors SPl: 2 members
X68561_hsa.l2.2021 7 12 115 223 623

77: ?, neuroendocrine-specific protein A: 2 members
hsa.7.6569_hsa. 14.1834 7 14 198 184 677

78: T-cell receptors: 2 members
hsa.7.46324.19_X57613 7 18 1033 281 510

79: ?: 3 members
hsa.7.33043.2 Z68223.1 7 22 587 96 389
hsa.l3.90000.6_Z68223.2 13 22 44 97 235

80: ?: 2 members
hsa.8.57722_hsa. 12.57750 8 12 212 533 217

81: AMLl: 2 members
hsa.8.91891_hsa.21.91851 8 21 373 117 1164

82: DAP-kinases: 2 members
hsa.9.239476_hsa. 12.90835 9 12 266 207 378

83: tyrosinases: 3 members
hsa.9.2282 hsa.13.94721 9 13 85 317 355
hsa. 11.2053_hsa. 13.94721 11 13 522 317 220

84: transcription factors B5AP, PAX3: 2 members
hsa.9.69959_hsa. 13.92926 9 13 155 141 313

85: BAF60A, GPDl (glycerol-3-phosphate dehydrogenase): 2 members
hsa.l0.91682_M36917 10 12 450 213 289

86: Gl-WPI interferon inducible, ?: 2 members
hsa. 10.92076_hsa. 13.90000.16 10 13 386 54 300

87: MRP (multidrug resistance proteins): 2 members
hsa. 10.91923_hsa. 16.92075 10 16 486 134 798

88: ?, contactin: 2 members
hsa.ll.30935_hsa.l2.21728 11 12 562 187 231

89: glycogen phosphorylases: 2 members
hsa.ll.46315_hsa.l4.771 11 14 334 136 236

90: radixin, moesin B: 2 members
hsa.ll.l028_hsa.l5.90442 11 15 640 178 528

91: casein kinase CKl, intergenic region: 2 members
hsa.ll.91020_hsa.l5.676.2 11 15 279 180 509

92: casein kinase 2a subunits: 2 members
hsa. 11.92934_hsa. 16.90980 11 16 88 300 721

93: N-methyl-D-aspartate receptor subunits: 2 members
U11287_hsa.l6.12368 12 16 119 98 753

94: heat stable enterotoxin receptor, retinal guanylyl cyclase: 2 members
M73489_M92432 12 17 238 64 450
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95: myosin light chains: 2 members
hsa.l2.74106_hsa.l8.74102 12 18 580 16 361

96: L21 ribosomal protein, BRCAl: 3 members 
hsa.13.3309 hsa.17.3783.3 13 17 24 241 447
hsa.l3.3309_hsa.20.9160 13 20 24 226 428

97: endothelin-B receptors: 2 members
hsa.l3.24_hsa. 18.23 13 18 259 4 284

98: myosin heavy chains: 3 members
hsa.14.929 hsa.l7.92041 14 17 22 71 267
hsa.l4.94231_hsa.l7.92041 14 17 327 71 258

99: ?, actin depolymerizing factor: 2 members 
hsa. 14.9305 l_hsa.20.64919 14 20 97 103 277

100: NEDD-4: 2 members
hsa.l5.1565_hsa.l8.3550 15 18 129 241 301

101: IGFl receptor, INSR (insulin receptor): 2 members 
hsa.l5.94359_hsa.l9.5929 15 19 394 35 341

102: haptoglobin, ?: 2 members
hsa.16.1495.2 hsa.19.96962 16 19 345 46 237
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