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CHAPTER I

Introduction

The field of evolutionary genetics is centered around a single question: How do

genetic changes give rise to novel phenotypes in evolution? Long before the molec-

ular nature of genes had been uncovered, a number of geneticists hypothesized that

new functions could emerge by copying and modifying preexisting genes, a process

now known as gene duplication (Figure 1.1A) (Bridges , 1918; Haldane, 1933; Muller ,

1935). However, it was not until 1970, when Susumu Ohno published his classic book

“Evolution by Gene Duplication” (Ohno, 1970), that gene duplication was widely

recognized by the scientific community. Ohno stated that, while mutations in ex-

isting genes can account for within-species differentiation or adaptive radiation from

an immediate ancestor, they cannot cause large changes in evolution, because these

changes occur via the acquisition of new genes with previously nonexistent functions

(Ohno, 1970). Furthermore, he argued that all new genes must arise via gene dupli-

cation (Ohno, 1970). Though the mapping from genotype to phenotype is much more

complex than imagined at that time, and likely also involves changes in noncoding

DNA, molecular genetic studies have confirmed that gene acquisition is a key process

in the evolution of novel phenotypes (Zhang , 2003). Moreover, almost all new genes

can be traced back to ancestral genes (Lynch, 2002b; Nei and Rooney , 2005; Zhou

et al., 2008), revealing gene duplication to be the primary mechanism of novel gene
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acquisition.

Another mechanism of novel gene acquisition is retrotransposition, in which a

spliced mRNA from an existing gene is reverse transcribed and inserted into a different

genomic location (Figure 1.1B). Because it results in a new gene copy, or “retrogene”,

that lacks introns, retrotransposition is often considered a subtype of gene duplication.

While most retrogenes are initially not functional due to the absence of upstream

regulatory elements (Brosius , 1991), some can gain function by recruiting regulatory

sequences from nearby genes (Drouin and Dover , 1990; Long and Langley , 1993;

Martignetti and Brosius, 1993; Charlesworth et al., 1998; Courseaux and Nahon, 2001;

Wang et al., 2002). Such retrogenes often also recruit flanking noncoding DNA and

coding regions of nearby genes, forming chimeric structures (Marques et al., 2005;

Wang et al., 2006; Bai et al., 2007). Thus, retrotransposition can lead to the creation

of structurally and functionally unique genes and is believed to be the second most

common mechanism in the acquisition of novel genes (Kaessmann et al., 2009).

A third mechanism of gene acquisition is horizontal gene transfer (HGT), also

called lateral gene transfer (LGT), in which genes are directly transferred between

species or between organelles and nuclei within an organism (Figure 1.1C ). Though

HGT occurs frequently between prokaryotes and between organelles and nuclei, it

appears to be a rare phenomenon in eukaryotes (Koonin et al., 2001; Keeling and

Palmer , 2008). It has been hypothesized that this is because eukaryotes typically

have a highly segregated germ line that is protected from foreign DNA (de Koning

et al., 2001; Anderson et al., 2001; Keeling and Palmer , 2008). Though this segrega-

tion likely inhibits HGT to some extent, it does not stop it completely, as there are

several strong cases for HGT in eukaryotes (Anderson et al., 2005; Berriman, 2005;

Derelle, 2006; Hotopp et al., 2007). Nevertheless, HGT plays only a minor role in the

acquisition of novel genes in eukaryotes.

The last known mechanism of gene acquisition is de novo evolution, in which
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random sequence changes within noncoding DNA result in the creation of a functional

gene (Figure 1.1D). Though this mechanism was once believed to be either absent

(Ohno, 1970) or extremely rare (Long et al., 2003), genomic studies have recently

unveiled several cases of de novo evolution (Levin et al., 2006; Begun et al., 2007a;

Chen et al., 2007; Cai et al., 2008; Zhou et al., 2008; Li et al., 2010). Many of

these gene acquisitions were mediated by repetitive elements, in one case via the

extensive lineage-specific expansion of short tandem repeats (Zhou et al., 2008). It is

believed that such genes may first evolve the ability to be transcribed before becoming

protein-coding genes (Cai et al., 2008). However, despite the evolutionary importance

of de novo acquisition of novel genes, it is still quite rare in comparison to other

mechanisms.

In some cases, multiple mechanisms act together via the process of exon shuffling,

in which a novel gene is constructed from the exons of two or more ancestral genes

(Gilbert , 1978). An interesting case of exon shuffling is that of the Jingwei (jgw)

gene in Drosophila (Wang et al., 2000; Zhang et al., 2000). In 1982, a portion of jgw

closely resembling the alcohol dehydrogenase Adh gene was identified in Drosophila

yakuba and Drosophila teisseiri. Comparison of this copy to the ancestral Adh gene

revealed that the copy lacked introns and was thus created by retrotransposition of

Adh (Jeffs and Ashburner , 1991). Further studies of jgw showed that, after the Adh

retrogene was inserted, it recruited exons and introns from nearby genes, forming a

chimeric gene with novel functions (Wang et al., 2000; Zhang et al., 2000).

This thesis focuses on gene duplication, the primary source of observed gene ac-

quisitions. Gene duplication produces two or more identical copies of a gene, which

are termed paralogs. Due to their redundancy, paralogs are thought to be under re-

laxed constraint, or negative selection, immediately following gene duplication (Ohno,

1970; Lynch and Force, 2000). While this gives paralogs the freedom to evolve new

functions via neutral and beneficial mutations, it also leaves them vulnerable to dele-
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terious mutations. Consequently, it is hypothesized that paralogs will be inactivated,

or pseudogenized, within a few million generations via the accumulation of delete-

rious mutations (Lynch and Force, 2000). The prevalence of pseudogenes in many

genomes, particularly in those with low genomic deletion rates, supports this idea

(Harrison and Gerstein, 2002). However, most sequenced genomes also contain nu-

merous functional paralogs, many of which are hundreds of millions of generations old

(Ferris and Whitt , 1979; Lundin, 1993; Sidow , 1996; Brookfield , 1997; Nadeau and

Sankoff , 1997; Postlethwait et al., 1998). Thus, it is likely that some combination of

evolutionary forces acts to preserve paralogs over long evolutionary times (Lynch and

Force, 2000; Kondrashov and Kondrashov , 2006).

A number of evolutionary forces act on paralogs following gene duplication. Muta-

tion produces random changes among paralogs, leading to their divergence. If present,

negative selection counteracts this divergence by removing deleterious mutations from

the population. Positive selection has the opposite effect, facilitating the divergence

of paralogs by increasing the frequency of beneficial mutations in the population. If

the population size is small, there may also be random fluctuations in the frequency

of mutations in the population, or genetic drift. Additionally, due to their sequence

similarity, paralogs may be subject to gene conversion, or the unidirectional transfer

of genetic information between similar genomic segments. This process inhibits the

divergence of paralogs, irrespective of the direction of transfer. To illustrate this, let

us consider the life cycle of a mutation, m, within a pair of identical paralogs, A and

B (Figure 1.2). We will assume that neither positive nor negative selection is acting

on these paralogs and, hence, the mutation’s effect on fitness is not relevant. In this

example, m is introduced at a particular locus, ℓ, in A, causing the divergence of A

and B. Gene conversion between A and B at ℓ can lead to one of two outcomes. If

A transfers its sequence at ℓ to B, m will be “fixed” in both copies. On the other

hand, if B transfers its sequence at ℓ to A, m will be lost, and both copies will have
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the ancestral sequence at ℓ. In both of these cases, the result is that A and B again

have identical sequences, thus inhibiting the divergence process.

The evolutionary fate of paralogs is determined by the interaction among muta-

tion, selection, gene conversion, and genetic drift. Though most paralogs are ulti-

mately pseudogenized, those that remain functional do so via one of the following

mechanisms (Figure 1.3): 1) acquisition of a novel function in one copy (neofunction-

alization), 2) division of ancestral functions among copies (subfunctionalization), or

3) preservation of ancestral functions in all copies (conservation).

In neofunctionalization, one copy of a gene acquires a novel function(s) while the

other retains the ancestral functions. Two models are commonly used to describe

the mechanism of neofunctionalization: Dykhuizen-Hartl (Dykhuizen and Hartl ,

1980; Hartl and Dykhuizen, 1981) and adaptation (Hahn, 2009). According to the

Dykhuizen-Hartl model, positive selection does not play a role in the evolution of a

new function. Rather, neutral mutations accumulate due to genetic drift, and the

new function only becomes advantageous when the genetic background changes. In

contrast, the adaptation model predicts that neofunctionalization is attained through

the fixation of adaptive mutations by positive selection.

Subfunctionalization is the division of ancestral functions among duplicate genes,

so that each copy performs a subset of the functions of the ancestral gene. This

process is often explained by the duplication-degeneration-complementation (DDC)

model (Force et al., 1999; Stoltzfus , 1999), which was derived from the observation

that many genes, particularly those involved in development, have multiple indepen-

dent subfunctions (Bender et al., 1983; Slusarski et al., 1995). In the DDC model,

deleterious mutations occur in both copies of a gene, damaging different functions of

each. Thus, to preserve all functions of the ancestral gene, both copies are fixed by

positive selection.

In contrast to neofunctionalization and subfunctionalization, conservation occurs
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when duplicate genes are under strong evolutionary constraint, leading to the preser-

vation of ancestral functions in both copies. This process is best explained by the

dosage model (Ohno, 1970), in which there is a selective advantage to producing more

of a particular gene, leading to the fixation of both copies by positive selection. Con-

servation is an interesting evolutionary phenomenon, because it is one of two paths

utilized to upregulate a specific gene, with the other being to modify regulatory re-

gions of the ancestral gene so that it is expressed at a higher level.

In this dissertation, I explore two aspects of evolution by gene duplication. First,

I study the origin of functional DNA sequences by gene duplication, and then I

investigate the evolution of paralogs by gene conversion. A common theme of this

dissertation is the direct phylogenetic approach taken, which allows me to ascertain

when and how specific evolutionary events occurred. In Chapters II and III, I use this

approach to identify recent evolutionary gains and losses of functional DNA segments

and investigate the molecular mechanisms and selective forces responsible for these

events. Then, in Chapter V, I utilize the same approach again to analyze insertions

and deletions (indels) produced by gene conversion between ancient pairs of paralogs,

which are located using a method described in Chapter IV. In this last chapter, I

also explore the effect of gene conversion on the evolutionary fate of paralogs.

In Chapter II, I investigate the origin of nested genes, which are protein-coding

genes located in the introns of other protein-coding “host” genes (Figure 1.4). I utilize

phylogenetic relationships within vertebrate, Drosophila, and Caenorhabditis genomes

to study three aspects of nested gene acquisition. First, I examine their evolutionary

dynamics, or gains and losses during the course of evolution. Specifically, I am inter-

ested in the relative rates of gains and losses and how this affects the organizational

complexity of animal genomes. Next, I study the formation of nested gene structures

by determining which sequences were acquired in evolution and then attempting to

trace these sequences back to ancestral sequences. Last, I infer which evolutionary
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forces are responsible for the long-term maintenance of nested gene structures by

comparing the sequence and functional data of genes in nested structures to those of

un-nested genes.

In Chapter III, I study the origin of long transcripts, or “clusters”, containing

Piwi-interacting RNAs (piRNAs), which are small RNAs that are expressed primarily

in germline cells in a wide range of plants and animals. piRNAs bind to highly

conserved P-element induced wimpy testis (Piwi) proteins, and the resulting complex

is involved in silencing transposable elements (Aravin et al., 2007). For this analysis,

I utilize clusters annotated in rat and mouse genomes. To determine when clusters

arose, I compare the cluster-containing regions from a particular rodent to orthologous

regions, or those derived from the same ancestral sequence, in the other rodent and

human genomes. I next attempt to locate the ancestral sequences from which clusters

arose to identify the molecular mechanisms of cluster acquisition. Using these results,

I hypothesize about the evolutionary forces leading to the emergence and maintenance

of piRNA clusters in mammalian genomes.

In Chapter IV, I describe Bridges, which is a method for identifying similar ge-

nomic segments within and between genomes. Though there are other algorithms that

are commonly used for this purpose, the advantage of Bridges is that it contains 20

parameters that enable the user to tailor a search to a particular goal. In Chapter V,

I use Bridges to locate unique pairs of paralogs in Drosophila and primate genomes.

Then, I investigate insertions and deletions (indels) produced by gene conversion

between ancient pairs of paralogs. Though many studies have examined nucleotide

substitutions produced by gene conversion, some of which discovered AT→GC biases

(Marias , 2003; Mancera et al., 2008; Liu and Li , 2008; Berglund et al., 2009), little

is known about length difference mutations in gene conversion. Thus, I first ascer-

tain insertions and deletions to determine whether a similar bias exists for length

difference mutations. Next, I calculate the rate of gene conversion relative to that
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of ordinary mutation. Finally, combining the relative indel frequencies and rate, I

explore the effect of gene conversion on the evolutionary fates of paralogs.
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Figure 1.1: Mechanisms of novel gene acquisition. Boxes represent exons, while lines
represent noncoding regions. A) Ectopic recombination. Recombination
occurs between repetitive elements (black and gray arrows), resulting in
tandem copies of a gene. B) Retrotransposition. A spliced mRNA is
reverse-transcribed and inserted into another genomic location, produc-
ing a new gene copy lacking introns. C) Horizontal gene transfer. A gene
is directly transferred from organism A to organism B. D) De novo orig-
ination. A new gene evolves from small-scale evolution of a noncoding
sequence. Figure adapted from (Zhou and Wang , 2008).
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Figure 1.2: Life cycle of a mutation within a pair of paralogs that undergo gene con-
version. A pair of paralogs, A and B, are identical immediately following
gene duplication. Then a mutation, m (red), occurs at locus ℓ (white), in
A. Gene conversion between A and B results in one of two outcomes. In
the first, depicted on the left, A transfers its sequence at ℓ to B, leading to
the fixation of m in both paralogs. In the second, depicted on the right,
B transfers its sequence at ℓ to A, leading to the loss of m.
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Figure 1.3: Phenotypic outcomes of duplicate genes. Gene duplication produces two
identical copies of a gene, which can both be functionally maintained in
the genome via the evolution of a new function in one copy (neofunctional-
ization), division of ancestral functions between copies (subfunctionaliza-
tion), or preservation of ancestral functions in both copies (conservation).
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Nested gene

Host gene

Figure 1.4: Nested gene structure.
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CHAPTER II

Nested genes and increasing organizational

complexity of metazoan genomes

2.1 Introduction

Eukaryotes are typically more complex than prokaryotes on the molecular, sys-

tems, and phenotypic scales of biological organization. In particular, genomes of

multicellular eukaryotes possess a complex architecture that involves substantial over-

lapping of their transcribed regions (Mironov et al., 1999; Makalowska et al., 2005;

Willingham et al., 2006; Kapranov et al., 2007) and protein-coding genes (Misra et al.,

2002; Veeramachaneni et al., 2004; Yu et al., 2005), forming an interleaving mosaic

of exon and intron sequences. Although it is clear that such complex genome or-

ganization is made possible by the presence of introns, the rates and mechanisms of

evolutionary events leading to gains and losses of overlapping gene arrangements have

not been studied previously.

Previous studies of the evolution of genome complexity have primarily relied on

correlations between the abundances of various genomic elements (introns, trans-

posons, gene size, etc.) and the product of the effective population size and muta-

tion rate (Lynch, 2002a; Lynch and Conery , 2003; Lynch, 2006; Yi , 2006; Lynch,

2007a,b). However, claims of causality based on such correlative analyses are always
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inconclusive, because other potentially important factors can never be excluded. In

an attempt to circumvent some of the limitations of the correlative approach, we

explored the evolution of genomic complexity in a more direct manner, by tracing

the evolutionary dynamics of nested pairs of protein-coding genes in animals. This

study covers only one, perhaps not even the most common, class of interleaved gene

arrangements because we left out the numerous intron-contained small RNA genes

(Mattick and Makunin, 2005). Nevertheless, even this limited analysis clearly reveals

the ongoing increase of the organizational complexity of animal genomes and suggests

that this process occurs via a nonselective route.

2.2 Evolutionary dynamics of nested gene structures

The most common form of overlap between protein-coding genes in eukaryotes is

a nested gene structure, and in a majority of such structures, the internal gene lies

entirely within one intron of the external gene (Misra et al., 2002; Yu et al., 2005).

Thus, we investigated the evolution of this class of nested gene structures in verte-

brates, Drosophila and Caenorhabditis. A search of NCBI annotation records yielded

428, 815, 440 and 608 nested gene pairs in H. sapiens, D. melanogaster, C. elegans

and C. briggsae genomes, respectively. After eliminating gene pairs that might have

been misannotated (see Methods), we arrived at sets of 128, 792, 429 and 233 nested

gene pairs, respectively. Only a small minority of the protein sequences encoded by

internal genes from each of these three major taxa show significant sequence similarity

to internal genes products in the other two taxa (data not shown), suggesting that

either these structures emerged independently and relatively late during evolution or

that they were extensively and repeatedly lost.

By examining gene annotations and constructing sequence alignments, we iden-

tified the closest species with a completely sequenced genome in which each nested

gene structure was absent. Absence of the nested structure in an appropriate outgroup
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species indicates its emergence (gain) in the respective lineage, whereas presence of

the nested structure in the outgroup indicates its loss (Figure 2.1). Gains were found

in all three taxa, with the emergence of 55 internal genes in at least 40 independent

events in vertebrates, 52 internal genes in at least 48 events in Drosophila and 22 in-

ternal genes in as many events in Caenorhabditis. The rate of these acquisitions was

approximately uniform throughout the course of evolution (Figure 2.2). By contrast,

losses of nested gene structures were much rarer, with none detected in vertebrates,

17 in Drosophila and 2 in Caenorhabditis.

2.3 Acquisition of nested gene structures

At least four scenarios are plausible for the formation of a nested gene structure:

(i) an internal gene can evolve by insertion of a DNA sequence into an intron of a

pre-existing gene, (ii) an internal gene can evolve de novo from an intronic sequence

of a pre-existing gene, (iii) a gene can become internal after an adjacent gene acquires

an additional exon(s) or (iv) a gene can become internal after fusion of two genes that

flank it from the opposite sides (Figure 2.3).

By comparing the gene structures and encoded protein sequences of internal and

external genes to complete gene sets from the respective species, we deduced the

mechanisms of formation of nested gene structures in vertebrates (Table 2.1). Nearly

all nested gene structures seem to have emerged by insertion of a DNA sequence,

which arose by gene duplication or retrotransposition, into an intron of a pre-existing

gene. The origin of an internal gene was classified as a retrotransposition when it was

intronless in a given species, whereas its non-nested ortholog in a sister species con-

tained introns. A duplication at the DNA level was inferred when both the internal

gene and a non-nested ortholog in a sister species had introns. In cases where the

internal gene and a non-nested ortholog were both intronless, retrotransposition and

duplication at the DNA level could not be discriminated. Five internal genes in hu-
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mans are candidates for de novo origin from intron sequences (see Methods), including

one gene with no sequence similarity beyond apes [placenta-specific 4 (PLAC4 )] and

another with no similarity beyond old world monkeys [saitohin (STH )] (Table 2.2).

Analysis of the 12 recently sequenced Drosophila genomes showed that the majority

of de novo genes originate in introns (Drosophila 12 Genomes Consortium, 2007).

Consistent with this observation, we found 11 internal genes in D. melanogaster with

no sequence similarity to any genes in the genome of the closely related D. yakuba.

We did not identify any nested gene structures that evolved via the remaining two

scenarios.

2.4 No functional significance of nested gene structures

At least three hypotheses could explain the parallel accumulation of nested gene

structures in different taxa. First, a nested structure might confer a selective ad-

vantage because of a functional or co-regulatory relationship between its members

(Henikoff and Eghtedarzadeh, 1987; Habib et al., 1998; Jaworski et al., 2007; Furia

et al., 1993; Davies et al., 2004). Second, according to the transcriptional collision

model, members of a nested gene structure could interfere with each others transcrip-

tion (Da Lage et al., 2003; Crampton et al., 2006; Osato et al., 2007), resulting in

alternative expression of these genes in different tissues or during different times in

development. Finally, acquisition of a nested gene structure could be a neutral pro-

cess (Lynch, 2002a; Lynch and Conery , 2003; Lynch, 2006; Yi , 2006; Lynch, 2007a,b;

Habib et al., 1998), driven by the presence of numerous long introns that provide niches

for insertion of genes. Each of these hypotheses leads to a distinct prediction about

the relationship between the expression of internal and external genes in a nested

pair. The functional co-regulation hypothesis predicts a positive correlation between

levels of their expression in similar tissues, the transcriptional collision hypothesis

predicts a negative correlation and the neutral hypothesis predicts no correlation.
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To discriminate between these three hypotheses, we analyzed gene expression data

from human and D. melanogaster genomes (see Methods). We compared correlations

of gene expression in 109 and 752 nested gene pairs in humans and D. melanogaster,

respectively, to 1000 random sets of 109 and 752 adjacent gene pairs from correspond-

ing genomes. There was no significant difference in mean correlation coefficients of

gene expression levels between nested and adjacent genes in either human (0.33 ±

0.03 for nested and 0.33 ± 0.0008 for adjacent pairs) or D. melanogaster (0.041 ±

0.014 for nested and 0.030 ± 0.00046 for adjacent gene pairs), which is consistent

with the neutral hypothesis. The observation that external genes have substantially

more and longer introns than average in the respective species (Yu et al. (2005) and

Figures 2.4-2.6) is also compatible with the neutral hypothesis. Furthermore, ex-

amination of the available functional information for nested gene pairs (Table 2.2)

did not reveal any obvious connections (Yu et al., 2005). Fixation of originally neu-

tral or even slightly deleterious sequence segments, such as introns and transposable

elements, through genetic drift acting in relatively small populations is a common

phenomenon in eukaryotic evolution that might be partially responsible for the evo-

lution of complex phenotypes (Lynch, 2002a; Lynch and Conery , 2003; Lynch, 2006;

Yi , 2006; Lynch, 2007a,b). The increase in organizational complexity of intron-rich

genomes via emergence of nested gene structures seems to be another facet of this

process.

2.5 Predicting the course of genome structure evolution

The neutral hypothesis implies that the preferential evolutionary gain of nested

gene structures is caused by metazoan genomes being far from neutral equilibrium

with respect to birth and death of intron-contained genes (Lynch and Conery , 2003).

We estimated the rate of acquisition of nested gene structures as ∼0.4, 0.9 and 0.2

events per million years in the H. sapiens, D. melanogaster, and C. elegans lineages,
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respectively (see Methods). Because animal genomes currently contain ∼500800

nested gene pairs, these rates indicate that nested gene structures began to emerge

∼1 billion years ago, perhaps concurrent with the substantial intron gain that ap-

parently occurred at the onset of metazoan evolution (Carmel et al., 2007). These

results suggest that metazoan introns are still far from saturation by internal genes

and that the organizational complexity of metazoan genomes will continue to increase

for many millions of years via the emergence of new nested gene structures. By the

time metazoan genomes reach organizational complexity equilibrium, the overlap of

functional elements is expected to be much greater than what we observe in extant

taxa and will probably include numerous Russian doll-like nested structures. This

process has already begun in fruit flies, with the D. melanogaster genome containing

six cases where a nested gene structure is nested in another gene.

2.6 Conclusions and perspective

We have shown that the evolution of metazoan genomes is accompanied by a

steady rise in the prevalence of nested arrangements of protein-coding genes, leading

to increasingly complex genome architectures. In addition to nested protein-coding

genes, animal genomes contain numerous complex arrangements, including incom-

plete overlaps of protein coding regions and their untranslated regions and various

RNA genes (Misra et al., 2002; Veeramachaneni et al., 2004; Makalowska et al., 2005;

Willingham et al., 2006; ENCODE Project Consortium, 2007; Kapranov et al., 2007).

In particular, a substantial fraction of microRNA and small nucleolar RNA genes are

either fully contained within introns of protein-coding genes or overlap with protein-

coding exons (Mattick and Makunin, 2005). It will be of major interest to determine

whether the trend of increasingly complex genome organization reported here applies

to RNA genes or incompletely overlapping gene structures.
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2.7 Methods

2.7.1 Identification and quality control of nested gene pairs

Sequences and annotations for H. sapiens, D. melanogaster, C. elegans, and C.

briggsae genomes were downloaded from the NCBI GenBank (Benson et al., 2009)

database at ftp://ftp.ncbi.nih.gov/genomes/. After selecting the longest isoform of

each gene, we identified 428, 815, 440, and 608 nested gene pairs in each genome,

respectively. Several measures were taken to exclude erroneously annotated nested

genes. For the H. sapiens, D. melanogaster, and C. elegans genomes, we retained

only RefSeq genes (Pruitt et al., 2007). We also excluded all human genes with

the labels “hypothetical” or “predicted” in the defline of the GenBank-derived fasta

file. For the D. melanogaster and C. elegans genomes, we kept only those genes

that showed >95% sequence identity over >90% of the length of the best nucleotide

BLAST (Altschul et al., 1997) hit with complete mRNAs sequenced from the same

species. We were more stringent with the quality control of human gene annotations

because of the substantially longer intron and spacer sequences found in the human

genome compared to D. melanogaster and C. elegans. The mRNAs were obtained

from GenBank with the Entrez retrieval system (Benson et al., 2009), using the

species names and “complete” as key words and setting the limits option to mRNA

molecules. Because annotation of the C. briggsae genome was the least reliable, we

required that all C. briggsae genes have significant BLAST hits to protein sequences

from the final set of C. elegans genes. In addition, all cases of nested gene evolution

involving C. briggsae gene annotations were checked manually against C. elegans

annotations using the BLAT program (Kent , 2002) on the UCSC genome browser

(Karolchik et al., 2008).
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2.7.2 Comparative genomic analysis of nested gene structures

Genes that passed the above inclusion criteria were compared to the genomes

of sister species and outgroups. We used the protein BLAT alignment tool on the

UCSC genome browser, as well as the TBLASTN program (Altschul et al., 1997), to

compare protein sequences of internal and external genes to complete genomes. If an

ortholog for an internal gene was not identified using either of these two methods,

a TBLASN search was performed against the orthologous intron from the external

gene. Thus, in order to classify a nested gene structure as having been gained or

lost in evolution, we required that both the internal and external genes be found in

the sister species and an outgroup. It is easier to find an internal gene within the

orthologous intron of an external gene in an outgroup, which was our expectation

for an evolutionary loss, than it is to find it in the entire genome of the outgroup,

which was the requirement for an evolutionary gain (Figure 2.1). Thus, our approach

was conservative and could have slightly biased the results in favor of discovery of

evolutionary losses. Also, the requirement of finding both genes in both genomes

prevented us from misidentifying as evolutionary events genes that are absent due to

incomplete genome sequences. For vertebrates, an additional method was employed

to analyze the evolution of nested gene structures. Alignments of regions in the sister

and outgroup species orthologous to the nested gene pair were constructed using

OWEN (Ogurtsov et al., 2002). We began all alignments with a strict requirement of

16 successive matches and p < 10−8 and progressively relaxed these parameters to 8

successive matches and p < 0.01, using the greedy algorithm to resolve any conflicts.

Presence or absence of an internal gene in the orthologous external gene was judged

based on the quality of the alignment. A gap in the alignment opposite the entire

span of an internal gene in human indicated the absence of the internal gene in that

genome. Both methods yielded the same results, with the exception of 5 cases, which

are candidates for de novo gene creation. Candidate de novo genes were identified
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when both TBLASTN and BLAT revealed no sequence similarity of an internal gene

in a sister species. We did not apply the latter method to invertebrate genomes due

to the higher degree of their divergence, which also prevented us from performing a

systematic analysis of the modes of internal gene evolution in invertebrates.

2.7.3 Analysis of gene expression

Human gene expression data were obtained from (Su et al., 2004), which included

73 healthy human tissues measured on the HG-U133A Affymetrix array. We com-

puted the correlation of mean levels of expression of internal and external genes for

109 nested genes in humans. We next identified all adjacent pairs of RefSeq anno-

tated genes in the human genome and randomly selected 109 such pairs 1000 times.

We than compared the correlation coefficient of the 109 nested genes to the average

correlation coefficient of the 1000 trials of 109 adjacent pairs. We employed the same

statistical approach for D. melanogaster gene expression analysis. Gene expression

data was obtained from (Chintapalli et al., 2007), which included 11 different tissues

measured on the GeneChip Drosophila Genome 2.0 Affymetrix array. We then com-

pared the correlation of mean levels of gene expression of 668 D. melanogaster nested

gene pairs and 1000 random samples of 752 adjacent gene pairs.

2.7.4 Estimating the rate of nested gene evolution

Of the 128 definite nested gene structures in the human lineage, we identified 55

that emerged after the divergence of human and zebrafish lineages ∼450 million years

ago (Kumar and Hedges, 1998). Assuming that these 128 nested gene structures

are representative of the overall 428 annotations in the human genome, the observed

number of internal gene gains give an estimate of ∼0.4 gains per million years for

all nested genes in the human genome (55/128 × 428/450). In the D. melanogaster

lineage, 48 internal genes were gained since the divergence of D. melanogaster and D.
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pseudoobscura ∼55 million years ago (Tamura et al., 2003), indicating a rate of ∼0.9

gains per million years. Our analysis of the C. elegans genome was more restricted

due to large distances between the C. elegans, C. briggsae, and Pristionchus pacificus

genomes. Because we never considered cases where sequence similarity was not high

enough to determine orthology, we described only a handful of cases of nested gene

evolution. Nevertheless, an approximation was still possible due to the total number

of nested genes showing a high enough sequence similarity between C. elegans, C.

briggsae, and P. pacificus genomes. Of the 440 total C. elegans internal genes, exactly

one half (220) were found in C. briggsae and P. pacificus, 11 of which were gains.

Thus, the overall rate of nested gene gain was 22 per ∼100 million years of evolution

separating C. elegans and C. briggsae (Stein et al., 2003), or ∼0.2 per million years.

2.7.5 Genomes used in this study

• Vertebrates: Homo sapiens, Mus musculus, Monodelphis domestica, Gallus gal-

lus, Danio rerio

• Drosophila: Drosophila melanogaster, D. yakuba, D. ananassae, D. pseudoob-

scura, D. virilis

• Nematodes: Caenorhabditis elegans, C. remanei, C. brenneri, Pristionchus paci-

ficus
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Table 2.3: Drosophila melanogaster recently evolved nested gene pairs
Internal gi External gi Time of origin
24641019 24641017 Gained after D. melanogaster - D. yakuba divergence
45552435 45551006 Gained after D. melanogaster - D. yakuba divergence
62862012 62862008 Gained after D. melanogaster - D. yakuba divergence
62862354 62862344 Gained after D. melanogaster - D. yakuba divergence
62862402 62862398 Gained after D. melanogaster - D. yakuba divergence
24641150 116007148 Gained after D. melanogaster - D. yakuba divergence
24641152 116007148 Gained after D. melanogaster - D. yakuba divergence
24584521 17647189 Gained before D. melanogaster - D. ananassae divergence
24648314 24648308 Gained before D. melanogaster - D. ananassae divergence
24649164 24649162 Gained before D. melanogaster - D. ananassae divergence
22024114 24652747 Gained before D. melanogaster - D. ananassae divergence
24666061 24666053 Gained before D. melanogaster - D. ananassae divergence
24646310 45550746 Gained before D. melanogaster - D. ananassae divergence
24654876 85725044 Gained before D. melanogaster - D. ananassae divergence
24583886 116007320 Gained before D. melanogaster - D. ananassae divergence
17737845 116007976 Gained before D. melanogaster - D. ananassae divergence
24584831 24584828 Gained before D. melanogaster - D. yakuba divergence
24642002 17530937 Gained before D. melanogaster - D. yakuba divergence
24665587 17136434 Gained before D. melanogaster - D. yakuba divergence
17864626 17137184 Gained before D. melanogaster - D. yakuba divergence
85726402 17137184 Gained before D. melanogaster - D. yakuba divergence
24659396 17736971 Gained before D. melanogaster - D. yakuba divergence
28571228 18859667 Gained before D. melanogaster - D. yakuba divergence
78706724 21355909 Gained before D. melanogaster - D. yakuba divergence
24664494 21357533 Gained before D. melanogaster - D. yakuba divergence
21357663 21357661 Gained before D. melanogaster - D. yakuba divergence
28574168 24584296 Gained before D. melanogaster - D. yakuba divergence
24584380 24584378 Gained before D. melanogaster - D. yakuba divergence
17137204 24584665 Gained before D. melanogaster - D. yakuba divergence
17137228 24584665 Gained before D. melanogaster - D. yakuba divergence
24584671 24584665 Gained before D. melanogaster - D. yakuba divergence
19921460 24584828 Gained before D. melanogaster - D. yakuba divergence
24642571 24642569 Gained before D. melanogaster - D. yakuba divergence
18860537 24643238 Gained before D. melanogaster - D. yakuba divergence
21358627 24646843 Gained before D. melanogaster - D. yakuba divergence
24646914 24646908 Gained before D. melanogaster - D. yakuba divergence
21356137 24648503 Gained before D. melanogaster - D. yakuba divergence
78706662 24666053 Gained before D. melanogaster - D. yakuba divergence
18859643 28571135 Gained before D. melanogaster - D. yakuba divergence
24663496 45551553 Gained before D. melanogaster - D. yakuba divergence
45551029 45552495 Gained before D. melanogaster - D. yakuba divergence
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Internal gi External gi Time of origin
24660410 45552989 Gained before D. melanogaster - D. yakuba divergence
24586638 62471689 Gained before D. melanogaster - D. yakuba divergence
28574577 62484462 Gained before D. melanogaster - D. yakuba divergence
62862256 62862246 Gained before D. melanogaster - D. yakuba divergence
24762390 78707567 Gained before D. melanogaster - D. yakuba divergence
45550944 116007292 Gained before D. melanogaster - D. yakuba divergence
21356559 116008042 Gained before D. melanogaster - D. yakuba divergence
24650750 21357731 Lost in D. ananassae
18859959 24642282 Lost in D. ananassae
24650883 28572031 Lost in D. ananassae
24582046 45550133 Lost in D. ananassae
24641008 18857949 Lost in D. pseudoobscura
24668676 21356469 Lost in D. pseudoobscura
19921722 24586174 Lost in D. pseudoobscura
24586184 24586174 Lost in D. pseudoobscura
24586186 24586174 Lost in D. pseudoobscura
28573282 24586174 Lost in D. pseudoobscura
24656107 24656102 Lost in D. pseudoobscura
20130261 24658511 Lost in D. pseudoobscura
24762757 24762755 Lost in D. pseudoobscura
45551164 24762755 Lost in D. pseudoobscura
45550836 85725262 Lost in D. pseudoobscura
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Table 2.4: Caenorhabditis elegans recently evolved nested gene pairs
Internal gi External gi Time of origin
17543776 115533052 Gained in C. elegans
25141286 25141274 Gained in C. elegans
71994600 17510041 Gained in C. elegans
71986750 32565120 Gained in C. elegans
17535289 32563849 Gained in C. elegans
71985903 133930931 Gained in C. elegans
86575243 71999521 Gained in C. elegans
17554756 71988666 Gained in C. elegans
17538450 71982042 Gained in C. elegans
17551914 71996779 Gained in C. elegans
17535035 71992322 Gained in C. elegans
157773237 157773219 Lost in C. brenneri
157747773 157747769 Gained after C. briggase - C. remanei divergence
157748993 157748983 Gained after C. briggase - C. remanei divergence
157759447 157759445 Gained after C. briggase - C. remanei divergence
157752690 157752686 Gained after C. briggase - C. remanei divergence
157752688 157752686 Gained after C. briggase - C. remanei divergence
157755321 157755317 Gained after C. briggase - C. remanei divergence
157755319 157755317 Gained after C. briggase - C. remanei divergence
157755323 157755317 Gained after C. briggase - C. remanei divergence
157763540 157763538 Gained after C. briggase - C. remanei divergence
157766214 157766208 Gained after C. briggase - C. remanei divergence
157765346 157765344 Gained after C. briggase - C. remanei divergence
157748649 157748647 Gained before C. briggsae - C. remanei divergence
157764794 157764792 Gained after C. briggase - C. elegans divergence
157773237 157773219 Lost in C. remanei
157773239 157773219 Lost in C. remanei
157773233 157773219 Lost in C. remanei
157773241 157773219 Lost in C. remanei
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Sister 1 Sister 2 Outgroup

a.

b.

Figure 2.1: Phylogenetic analysis of gains and losses of nested gene structures. Gain
or loss of a nested gene structure must have occurred if, within a pair
of sister species, the structure is present in one but absent in the other.
(a) Absence of the nested structure in the outgroup indicates its gain in
sister 1. (b) Presence in the outgroup indicates its loss in sister 2.
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Figure 2.2: Dynamics of gain and loss of nested gene structures. Gains and losses of
internal genes are labeled on the (a) vertebrate, (b) Drosophila, and (c)
nematode phylogenies in red and blue, respectively. Nested gene struc-
tures that have a different nested state in the most distant outgroup,
and therefore cannot be resolved between gains or losses, are shown in
green. Independent events, or those that occur in different introns, are
shown in parentheses. Events that could not be timed with a high enough
resolution are shown on the side of each phylogeny.
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a.

b.

c.

d.

Figure 2.3: Scenarios for the origin of a nested gene structure. (a) Evolution of an
internal gene by insertion of a DNA sequence into an intron of a pre-
existing gene. (b) De novo evolution of a gene from an intronic sequence of
a pre-existing gene. (c) Internalization of a gene after exon(s) acquisition
of an adjacent gene. (d) Internalization of a gene via fusion of two flanking
genes. Color key: pink, internal gene; green, exons of the external gene;
blue and yellow, flanking genes.
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Figure 2.4: Distributions of total coding sequence lengths of external, internal, and
non-nested genes in a) H. sapiens, b) D. melanogaster, and c) C. elegans
genomes.
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CHAPTER III

Rapid repetitive element-mediated expansion of

piRNA clusters in mammalian evolution

3.1 Introduction

Eukaryotic genomes contain a variety of small noncoding RNAs, including mi-

croRNAs (miRNAs), repeat-associated small interfering RNAs (rasiRNAs), small in-

terfering RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs). miRNAs regulate

the expression of protein-coding genes, rasiRNAs are involved in transposon silenc-

ing, and siRNAs play a dual role in silencing genes and transposons (Sontheimer and

Carthew , 2005). Because of a number of similarities between rasiRNAs in Drosophila

and piRNAs in mammals, rasiRNAs are considered to be a subclass of piRNAs. Thus,

mammalian piRNAs are hypothesized to also be involved in transposon silencing, al-

though they may perform other functions as well (Aravin et al., 2007). Some noncod-

ing RNAs, in particular miRNAs, evolve very slowly (Shabalina and Koonin, 2008).

In contrast, small-scale evolution of piRNA sequences proceeds at a rate typical of

nonfunctional genomic regions (Lau et al., 2006). Here, we consider the large-scale

evolution of mammalian piRNA clusters.
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3.2 Results

3.2.1 Recent acquisition of many piRNA clusters

Thus far, 140 rat and mouse piRNA clusters have been described, each of which

is most likely transcribed as a unit and subsequently processed into mature piRNAs

(Aravin et al., 2006; Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006;Watanabe

et al., 2006; Aravin et al., 2007). We studied the evolution of each of these clusters

within their genomic contexts (Table 3.1). For this purpose, we obtained regions that

included 2 flanking protein-coding genes on either side of a cluster and constructed

pairwise alignments of orthologous rat, mouse, human, dog, and cow regions. Thirty-

seven clusters overlap protein-coding genes, often spanning several exons and introns.

All of these clusters are ancestral, being present in rat, mouse, and human, which

is not surprising because protein-coding genes are generally conserved. Among the

remaining 103 clusters, each of which is contained within an intergenic region, only

43 are ancestral. The other 60 intergenic clusters were acquired recently. Fourteen

were acquired after rat-mouse divergence, being present in 1 rodent (sister 1) and

absent (aligned reliably against a gap) in the other rodent (sister 2) and in human

(outgroup) (Fig. 3.1). Another 44 were acquired between rodent-primate and rat-

mouse divergences, being present in rat and mouse and absent in human and in dog

and/or cow. Evolution of 2 clusters is obscure because of a lack of reliable rodent-

human alignments of the intergenic regions harboring them.

3.2.2 Ectopic recombination as a mechanism of piRNA cluster origin

Close similarity between rat and mouse genomes made it possible to reconstruct

the course of events that led to the acquisition of 9 of the 14 rat- or mouse-specific clus-

ters (Table 3.2). All 9 clusters arose via insertions of long DNA segments. Paralogs

from which these sequences most likely originated (source paralogs) were identified
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for 7 insertions along with several more distant paralogs in 6 cases. Six source par-

alogs are located on the same chromosome, between 192 and 259,000 Kb from the

site of insertion. In these cases, the source paralog is similar not only to the inserted

sequence, but also to segments upstream and/or downstream of the site of insertion,

indicating that the insertion was mediated by ectopic (nonallelic homologous) recom-

bination of these REs (Lynch, 2007a) (Fig. 3.2). In addition to flanking-acquired

clusters and source paralogs, several REs are present in other locations. Often, all

copies are confined to a single chromosome and sometimes also to 1 (either rat or

mouse) genome. In the single case where the source paralog is located on a different

chromosome, a copy of a L1 transposable element in the inserted sequence probably

mediated the insertion. Out of 7 identified source paralogs, 5 are known to harbor

clusters and, because not all rodent clusters are known (Betel et al., 2007), others

may as well. Although source paralogs could not be found for 2 insertions, perhaps

because some regions of rodent genomes are still not sequenced, the presence of low

copy-number REs flanking these insertions suggests that ectopic recombination was

the mechanism of these insertions as well.

The remaining 5 clusters acquired after rat-mouse divergence most likely arose

via 3 independent events, because 2 pairs of related nearby clusters were probably

acquired together. All of these clusters have several paralogs, including other known

clusters. Their mechanisms of acquisition remain unclear because of unusually high

rat-mouse divergence of their genomic regions, which prevents identification of the

exact coordinates of cluster-harboring insertions and source paralogs. However, be-

cause these clusters are surrounded by REs, and their paralogs are mostly confined

to the same chromosomes, their acquisitions were probably also because of ectopic

recombination.

It is likely that the same mechanisms led to the 44 more distant acquisitions,

although similarity between rodent and human genomes was insufficient to identify
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the precise locations of cluster-harboring insertions. At least 1 rodent paralog was

found for 35 of these clusters, and multiple paralogs are present in most cases, many

of which are known clusters. The absence of paralogs in 9 cases could be because of

either incomplete rodent genome sequences or longer times since cluster origin, which

may have allowed some of them to diverge beyond recognition. In contrast to the

pattern observed with acquired clusters, only 14 out of 80 ancestral clusters have an

identifiable paralog, including 4 with multiple paralogs.

3.2.3 Two distinct subpopulations of clusters

Because of the presence of REs, genomic contexts of 60 acquired clusters are

remarkably unstable. Only 13 are located within genomic regions that were preserved

after acquisition of the cluster. The remaining 47 are within regions that underwent

major rearrangements, including insertions, deletions, and inversions of genes and

large (>100 Kb) segments of DNA. The pattern is very different for ancestral clusters.

The genomic context was preserved in all 3 species for 66 ancestral cluster regions

and was disrupted by nearby rearrangements for the other 14. Thus, clusters can be

divided into 2 rather distinct subpopulations: stable and expanding.

The high rate of cluster acquisition and large-scale evolution of their genomic

regions is unusual for mammalian genomes (Lynch, 2007a). To quantify this contrast,

we randomly chose 103 intergenic cluster-like segments in rat or mouse as controls.

With the exception of 7 control sequences for which no reliable alignments with human

segments could be obtained, all control segments are ancestral. Thus, no clear cases of

acquisition or loss were encountered. Furthermore, genomic regions harboring control

segments are generally stable, as only 8 of them underwent major rearrangements.
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3.2.4 Unremarkable small-scale evolution of piRNA clusters

In contrast to their rapid large-scale evolution, small-scale evolution of clusters

proceeds at rates typical for mammalian genomes (Lau et al., 2006). For 38 ancestral

intergenic clusters within collinear genomic contexts, the mean cluster conservations

are 0.59 in mouse-rat and 0.11 in rodent-human comparisons, respectively. The corre-

sponding mean conservations are 0.54 and 0.12 for intergenic sequences surrounding

these clusters, 0.53 and 0.13 for intergenic sequences between flanking genes, and 0.56

and 0.13 for control segments.

3.3 Discussion

Expansion of piRNA clusters, which are in effect noncoding genes, closely paral-

lels the expansion of protein-coding genes by gene duplication. A variety of mecha-

nisms are responsible for the duplication of protein-coding genes (Cusack and Wolfe,

2006), including ectopic recombination (Lupski and Stankiewicz , 2005; Kwan-Wood

and Jeffreys , 2007; Lynch, 2007a; Yang et al., 2008). Like piRNA clusters, protein-

coding genes arising by ectopic recombination are often confined to the same chromo-

somes as their ancestral genes for 2 reasons because they are also flanked by mostly

chromosome-specific REs (Yang et al., 2008), and because the rate of intrachromoso-

mal ectopic recombination is higher (Lichten and Haber , 1989). Thus, the tendency

of clusters to reside on a small number of chromosomes (Aravin et al., 2006; Girard

et al., 2006; Grivna et al., 2006; Lau et al., 2006; Watanabe et al., 2006) is likely

because of their mechanism of origin.

Approximately 43% (60/140) of all rodent piRNA clusters arose after rodent-

primate divergence, and this fraction increases to 58% if clusters that overlap protein-

coding genes are excluded. This exceeds the highest known expansion rate for a family

of mammalian genes, that of olfactory receptors, 33% of which were acquired in mouse
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after rodent-primate divergence (Nimura and Nei , 2005). Furthermore, gene losses

are common for all large families of genes, including olfactory receptors (Nimura

and Nei , 2005) and miRNAs, which are lost at the same rate with which they are

acquired (Lu et al., 2008). However, not a single cluster loss was observed, although

our method of analysis could readily detect such events.

Rapid expansion of piRNA clusters during the course of mammalian evolution is

most likely driven by positive selection. Although the presence of REs increases the

rates of both insertions and deletions (Lupski , 2007), deletions usually occur at a

much higher rate than insertions (Table 8.1 in Grivna et al. (2006)). Thus, 60 cluster

acquisitions without a single loss cannot be because of mutational pressure. More gen-

erally, long insertions are unlikely to be selectively neutral, and only beneficial ones

can be fixed (Kondrashov and Kondrashov , 2006). Data on copy-number variants

(CNVs) overlapping clusters within rat and mouse populations can be used to inves-

tigate selection on cluster acquisitions. Because positive selection increases the rate

of evolution, but does not induce any long-lasting polymorphisms, the McDonald-

Kreitman test (Smith and Eyre-Walker , 2002) would indicate positive selection if

such CNVs are rare. Although currently available data on rat (Guryev et al., 2008)

and mouse (Graubert et al., 2007; She et al., 2008) seem to be consistent with this,

analysis of a larger number of wild-type rat and mouse genotypes is necessary. If

piRNAs are indeed involved in transposon silencing, it is natural to assume that se-

lection for cluster acquisitions is caused by an arms race between expanding families

of mammalian transposons and piRNA clusters.
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3.4 Materials and methods

3.4.1 Classification of rodent piRNA cluster

Genomic locations of 100 rat and 94 mouse piRNA clusters were obtained from

ref. 4. Clusters labeled as rat-mouse orthologs were checked to ensure that they were

located between orthologous flanking genes; if not, they were analyzed as distinct

clusters. Two clusters were not analyzed because of the poor quality of available

sequences in their genomic regions.

3.4.2 Phylogenetic analysis

Sequences of clusters, along with the 4 closest flanking genes, were downloaded

from GenBank (Benson et al., 2009) at ftp://ftp.ncbi.nih.gov/genomes/. Orthologous

segments from the other rodent, human, dog, and cow genomes were identified by

applying BLASTP (Altschul et al., 1997) to flanking genes. Pairwise alignments

of these regions between the cluster-containing rodent(s) and all other species were

constructed with OWEN (Ogurtsov et al., 2002). Parameters were initially strict,

with a requirement of 16 successive matches and P < 10−8, and were progressively

relaxed to 8 successive matches and P < 0.001. A cluster was considered to be

conserved within a pair of species when it was part of an unambiguous alignment.

3.4.3 Identification of paralogs

Insertion sites of clusters acquired after rat-mouse divergence corresponded to

alignment gaps. Paralogs for inserted sequences were identified using BLASTN (24)

and BLAT (Karolchik et al., 2008). All paralogs were aligned against the inserted

sequence with OWEN, and the paralog with the best alignment was assumed to be the

source. Paralogs were also found in the same way for REs and all remaining clusters,

with the requirement that BLAT alignments covered >50% of the query sequence.
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3.4.4 Measurement of small-scale evolution

Rat-mouse and rodent-human divergences for ancestral cluster regions were mea-

sured for clusters, surrounding intergenic segments, and intergenic sequences between

flanking genes. Divergences between cluster-containing sequences acquired after rat-

mouse divergence and their source paralogs were also calculated for clusters and

surrounding inserted segments. Conservation scores were computed by dividing the

number of matching bases by the length of the regions of interest.
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Figure 3.1: Acquisition of a cluster-harboring sequence. Alignment of a cluster-
harboring segment (yellow) in sister 1 to a gap in sister 2 and in an
outgroup indicates that this segment was acquired in the lineage of sister
1 after it diverged from the lineage of sister 2. Flanking protein-coding
genes are depicted in orange and green.
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Figure 3.2: Schematic used to identify ectopic recombination as the mechanism of an
insertion. (A) Architecture of a typical cluster-harboring genomic region.
Two protein-coding genes (orange and green) flank an intergenic region
containing an acquired cluster (blue) that is preceded by a RE (red). The
inserted segment is depicted within brackets. (B) The inserted segment
(Left) is scanned against the genome to locate the source paralog, which
is depicted within brackets in its genomic context. The source paralog
harbors a paralogous cluster (blue) and is preceded by a RE (Right).
(C ) Alignment of the cluster- and source paralog-harboring regions indi-
cates that similarity between the 2 sequences includes the REs preceding
paralogous clusters. (D) The most likely insertion mechanism is ectopic
recombination. Following a double-stranded break (Bottom strand), re-
combination occurs between homologous REs preceding the source par-
alog (Top strand) and the site of the double-stranded break. Extension
and reannealing of the broken strand generates a new cluster-harboring
segment.
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CHAPTER IV

Bridges: a tool for identifying local similarities in

long sequences

4.1 Introduction

Identifying homologous genomic segments is fundamental to tackling a number of

biological problems, including mapping functional elements, predicting protein struc-

tures, quantifying molecular evolutionary dynamics and establishing phylogenetic re-

lationships. Homologous segments can be located with high accuracy by employing

the SmithWaterman approach, a dynamic programming algorithm (Smith and Wa-

terman, 1981). However, because it entails examining every possible alignment, the

SmithWaterman approach is computationally intensive and time-consuming, render-

ing its use unrealistic for many large-scale projects (Altschul et al., 1990).

In the past quarter century, several heuristic tools have been developed to rapidly

locate homologous segments (Pearson and Lipman, 1988; Altschul et al., 1990; Kent ,

2002). Rather than traversing sequences base-by-base, such programs limit their focus

to regions with short exact word matches. Though this means that sensitivity is lower

when searching for distantly related similarities, heuristic approaches are orders of

magnitude faster than the SmithWaterman approach and have low computational

costs associated with them (Altschul et al., 1990). For these reasons, such tools have
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become an invaluable resource for biologists and form the backbone of bioinformatics.

Recently, we were faced with the task of identifying pairs of unique paralogous

segments in the Drosophila melanogaster genome. We encountered a number of ob-

stacles when attempting to use the entire genome as both a query and database with

currently available search tools. Thus, we developed Bridges, which can perform

rapid memory-efficient heuristic searches on genome-scale datasets. Another asset of

Bridges is that it is highly flexible, with 20 parameters that enable the user to tailor

a search to his or her particular goals.

4.2 Implementation

Bridges requires two files as input: a database sequence file and a query sequence

file. The query file can contain either a single query or a list of queries in FASTA

format. Additionally, the user can modify 27 parameters, 20 of which influence the

results produced by the program. The output file lists parameters used, coordinates

and alignment scores of similarities and, optionally, corresponding sequences.

When multiple queries are specified, each query is individually compared to the

database. Thus, similar to other heuristic programs, the user can compare several

sequences to a database in a single run. The user can also choose to look for similarities

on the direct strand, reverse-complemented strand or both. Further, there is the

option to ignore similarities residing on the diagonal of the alignment matrix, which

is useful when the same sequence is being used as the query and database.

Bridges can be used in the same capacity as other heuristic search tools, such as

FASTA (Pearson and Lipman, 1988) and BLAST (Altschul et al., 1990). Its algorithm

is similar to those employed by such programs and can be split into the following three

stages, the third of which is optional:

1. filtering input sequences;
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2. identifying local similarities; and

3. post-processing local similarities.

4.2.1 Filtering input sequences

In this stage, Bridges masks low-complexity regions of the database and query

sequences. Strictness of filtering can be adjusted via four parameters, though it is

important to note that lax parameters may increase the runtime of the next stage

if input sequences are highly repetitive. All Ns are automatically masked, but the

user can decide whether to filter lowercase letters already present in sequences from

previous masking. The user can also choose the word size used for masking, as well

as the maximum frequency of a word in both query and database sequences.

Filtering is accomplished in two steps. First, a lookup table of all words and

their frequencies in a sequence is constructed. Then, all words that occur more than

allowed are masked. The output file specifies the fraction of each sequence that was

masked. Bridges also separately outputs filtered sequences, with masked characters

in lowercase.

4.2.2 Identifying local similarities

As with other heuristic search tools, this stage is performed by examining regions

containing exact word matches between the database and query sequences. Word

length is given as a parameter, allowing the user to control the sensitivity of a search.

However, choice of word length is also critical to runtime and memory usage. While

decreasing word length increases search sensitivity, it also significantly increases run-

time and memory requirements. Thus, one should only use short words (<10 nt) when

looking for weak similarities. Additional parameters are maximum distance between

words, mismatch and gap penalties, and the minimum score for a local similarity.

Identification of local similarities begins with the construction of a lookup table of
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all words in the database sequence. Next, the query sequence is scanned, and positions

for all words it has in common with the database are recorded. Consecutive word

matches are then linked, forming long chains of exact matches. Bridges compares all

pairs of chains, temporarily linking them if the distance between them is less than

or equal to the maximum distance specified. The alignment score is calculated by

subtracting the multiple of the gap length and the gap penalty from the number

of exact matches. All possible linked and unlinked similarities are scored, and the

highest scoring configurations are kept. Resulting local similarities with scores greater

than or equal to the minimum score undergo post-processing if the user elects this

option. Otherwise, these similarities are sent to the output file.

4.2.3 Post-processing local similarities

Though optional, post-processing includes two unique features that can be ex-

ploited for specialized project goals. One is the removal of local similarities that

occur at a lower or higher copy number than desired by the user. For example, one

may want to look for similarities that occur at least three times and a maximum

of five times. In our case, since we sought only pairs of paralogs, we set both the

minimum and maximum number of similarities to two. Other heuristic search tools

report similarities of all copy numbers, which would have required us to filter the

results accordingly.

The second feature is merging neighboring local similarities. Here, the user speci-

fies the maximum distance between similarities for merging. This is useful when one

is looking for long regions of homology or similarities that may include large insertions

or deletions. For example, this feature was valuable to us since our goal was to obtain

full-length paralogs, and would be similarly advantageous to someone attempting to

locate orthologs.

The first step of post-processing is calculating the coverages of each sequence.
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Similarities residing within or within a fraction of (another parameter) low- or high-

coverage regions designated by the user are removed. Next, each pair of remaining

similarities is evaluated. If members of a pair reside along the same diagonal (i.e.,

there are no gaps within their alignment), they are linked if their distance is less

than or equal to the maximum distance. Otherwise, gap length, a penalty chosen by

the user, and maximum distance are used together to determine whether they should

be linked. Once all comparisons are completed, finished similarities are sent to the

output file.

4.3 Discussion

Bridges is a fast and efficient search tool for identifying homologous segments

between long sequences. In a single run of Bridges on a Linux machine, we were able to

compare the entire D. melanogaster genome to itself and specifically locate paralogous

pairs. This took <2 h and used a maximum of 1.4 GB of memory during the entire

run. Some important parameters used were a masking word size of 13, a searching

word size of 12 and a minimum score of 100. While BLAST took approximately the

same amount of time and memory to run, it produced shorter similarities, including

those along the diagonal of the alignment. BLAT, with default parameters, ran for

over 2 weeks before reaching the upper limit of 32 GB of memory and crashing. Thus,

using either of these programs would have required us to filter and stitch together

local similarities or to split up the genome substantially.

An added strength of Bridges lies in its ability to be guided by the user via an array

of parameters. This flexibility allows the user to control the sensitivity and specificity

of a search. For our purposes, having a parameter-rich program to work with was

invaluable in that we were able to specifically locate the types of similarities we were

interested in. Such flexibility can also be problematic if the user does not know what

parameter values will produce the desired output. However, because Bridges produces
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output rapidly, the user is free to experiment with several sets of parameters. In fact,

we found it helpful to examine different types of output to better understand how

modification of certain parameters affected our results. For example, increasing the

word size or the minimum score resulted in fewer, but stronger, similarities. Thus,

the ability of the user to experiment with parameters is, in itself, yet another strong

asset to Bridges.

4.4 Acknowledgements

Bridges is named after Calvin B. Bridges, who described the first pair of paralogous

genomic segments (Bridges , 1936). This work was supported by a University of

Michigan Rackham Merit Fellowship.
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CHAPTER V

A strong deletion bias in nonallelic gene conversion

5.1 Introduction

Every genome contains similar DNA segments. In diploids, such segments can be

classified as orthologs or paralogs. Orthologs, or allelic segments, are paired copies

located at the same genomic loci on maternal and paternal chromosomes. In contrast,

paralogs, or nonallelic segments, are found at different genomic loci and can have any

copy number, in which each copy is derived from an ancestral sequence via gene

duplication (Koonin, 2005).

Related sequence segments can diverge from one another via ordinary mutation or

converge via gene conversion. Ordinary mutation is generally AT-biased for nucleotide

substitutions (Gojobori et al., 1982; Alvarez-Valin et al., 2002; Echols et al., 2002)

and deletion-biased for length difference mutations (Petrov , 2002). A number of

studies have examined nucleotide substitutions caused by allelic and nonallelic gene

conversion, many of which have uncovered a GC-bias (Marias , 2003; Mancera et al.,

2008; Liu and Li , 2008; Berglund et al., 2009). Here, we explore length difference

mutations produced by nonallelic gene conversion.

In contrast to orthologs, paralogs have their own independent long-term phylo-

genies, making it possible to apply a direct phylogenetic approach to study their

coevolution by gene conversion (Figure 5.1). For this approach, we utilized multiple
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alignments of pairs of paralogs in three closely-related species: two sisters and an

outgroup. First, we ascertained all cases in which, at a particular alignment position,

there was an ancestral length difference between the paralogs, i.e., the difference was

present in one sister and in the outgroup. We then examined orthologous positions

in the other sister and identified those cases for which there was no length difference

between paralogs. Elimination of a length difference was due to an insertion in the

lineage of that sister if one paralog acquired an additional nucleotide(s) at that po-

sition, and was due to a deletion if it lost a nucleotide(s) at that position. If the

event resulted in the paralogs having identical states at the affected position, it was

consistent with gene conversion.

5.2 Results and Discussion

Since our approach required that paralogs be present in triplets of closely-related

species, we chose to analyze gene conversion events in Drosophila and primate lin-

eages, for which whole-genome sequences of multiple close species are available. For

Drosophila, we used D. melanogaster and D. simulans as sister species and D. yakuba

as an outgroup and, for primates, we used human and chimpanzee as sisters and

orangutan as an outgroup. We obtained 338 and 10,449 pairs of paralogs that were

present in all three species of Drosophila and primates, respectively (Figure 5.2).

Within these paralogs, we identified 179 insertions and 614 deletions consistent

with gene conversion in Drosophila, and 132 insertions and 455 deletions consistent

with gene conversion in primates (Figure 5.3a). Thus, there were 3.4 times as many

deletions as insertions in both lineages, which was highly significant (p < 0.0001).

The deletion bias was similar for intra- and inter-chromosomal paralogs (data not

shown). Moreover, in primates, we found that this deletion bias was considerably

stronger for large indels (Figure 5.3b). Because only a very small fraction of these

indels could be due to either ordinary mutation or sequencing errors (see Methods),

95



these biases were primarily due to nonallelic gene conversion.

To determine how this deletion bias affects paralog evolution, we estimated the

rate of nonallelic gene conversion in each lineage. For primates, we performed a

simple calculation. There were 28,701 sites for which there was an ancestral length

difference between paralogs. Conversion-consistent indels occurred at 587 of these

sites, resulting in 0.02 indels per site. Because the Ks between human and chimp is

∼0.0123 (Chen and Li , 2001), the length of each sister lineage is ∼0.00615 Ks units.

Thus, the per-site rate of gene conversion in primates is ∼3.4 times higher than that

of ordinary substitution mutation.

For Drosophila, a more complex estimate was needed. There were 793 conversion-

consistent indels that occurred at 960 possible sites, resulting in 0.83 indels per site.

Due to this high proportion, it was necessary to correct for multiple conversion events

per site. If we assume that gene conversion is a Poisson process, like mutation, the

mean number of events per site is − ln(1 − 0.83), or ∼1.8. The Ks between D.

melanogaster and D. simulans is ∼0.12 (Heger and Ponting , 2007), which implies that

the per-site gene conversion rate is 30 times higher than that of ordinary substitution

mutation in Drosophila.

Thus, nonallelic gene conversion is a rapid deletion-biased force acting on

Drosophila and primate paralogs. Ordinary mutation is also deletion-biased for small

indels (< 400 nt) in both of these lineages, with a 9:1 ratio of deletions to insertions

in Drosophila and a 5:1 ratio in primates. In the absence of selection, this mutation

bias leads to a rapid reduction in genome size, which can only be counterbalanced by

large insertions (Petrov , 2002).

Deletion-biased gene conversion has an analogous, but distinct, effect on genome

size evolution. To illustrate this, let us consider the life cycle of a length difference

mutation within two paralogs. First, ordinary mutation introduces an insertion or

deletion in one paralog. Then, deletion-biased gene conversion occurs between the
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paralogs. If the initial mutation was an insertion, it is removed. Otherwise, the

deletion is transmitted to the second paralog, i.e., fixed within the pair of paralogs.

In the absence of selection, this results in cooperative shrinkage of these paralogous

sequence segments.

Cooperative shrinkage of paralogs can be quantified by phylogenetic detection of

fixed conversion-induced indels (Figure 5.4). To do this, we ascertained all cases for

which, ancestrally, two paralogs had identical lengths at a particular site and, in one

sister, they acquired matching indels at that position. This condition implies that, in

the ancestral lineage of the sister, ordinary mutation produced an indel in one paralog,

and that this indel was later copied to the other paralog (fixed) by gene conversion.

In Drosophila, we detected 74 fixed insertions, with a total inserted sequence length

of 391 nt, and 176 fixed deletions, with a total deleted sequence length of 1,660 nt. In

primates, we found four fixed insertions, with a total inserted sequence length of 4 nt,

and 24 fixed deletions, with a total deleted sequence length of 438 nt. Thus, in both

lineages, fixed deletions were much longer and more frequent than fixed insertions.

Subtracting total insertion lengths from total deletion lengths, we arrived at effective

deletion lengths of 1,269 nt in Drosophila and 434 nt in primates. The total sequence

length of all paralogs was 208,956 nt in Drosophila and 5,003,429 nt in primates.

Therefore, the shrinkage rate of paralogs by gene conversion was ∼0.103 per Ks unit

in Drosophila and ∼0.014 per Ks unit in primates. This implies that, in the absence

of selection, these paralogs would shrink exponentially and disappear in ∼138 Ks

units in Drosophila and ∼1,096 Ks units in primates.

5.3 Methods

Whole-genome sequences of Drosophila melanogaster, Drosophila simulans,

Drosophila yakuba, Homo sapiens (human), Pan troglodytes (chimpanzee), and Pongo

pygmaeus (orangutan) were downloaded from the UCSC Genome Bioinformatics site
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at http://genome.ucsc.edu. We used Mega BLAST (Zhang et al., 2000) (default

parameters) and Bridges (Kondrashov and Assis , 2010) (KM = 13, FilterDBase =

20, FilterQuery = 20, KS = 12, CoeffMis = 0.01, CoeffGap = 0.05, FlatGap = 10,

MaxDist = 50, MinWeight = 100, CoeffMisPost = 0.1, MaxDistPost = 1000) to locate

pairs of similar sequence segments in the genomes of D. melanogaster and H. sapiens.

To avoid short repeats, we required that each sequence was at least 100 nt long. After

examining the output from these methods, we set a cutoff of 78% sequence identity

between paralogs. If paralogs were located on the same chromosome, we required

that they were separated by at least 100 nt to avoid sequencing or genome mapping

errors. We used the BLASTN (Altschul et al., 1990) (default parameters) and Mega

BLAST (default parameters) algorithms to locate orthologs for each paralog in the

sister and outgroup species, attaching 500 nt flanks to the ends of each paralog to

ensure that they were assigned correctly (i.e., within the correct genomic context). If

both paralogs were identified in the three species of a lineage, we performed a multiple

alignment of all sequences with MUSCLE (Edgar , 2004).

To assess the statistical significance of each deletion bias, we used a binomial sign

test, which is an exact probability test that assumes that two categories are equally

likely to occur. In our case, the two categories were insertions and deletions, and the

number of trials (n) was the total number of indels observed. For each test, we used

α = 0.05 and reported two-tailed p values.

5.3.1 Estimation of the proportion of gene conversion-consistent indels

attributed to ordinary mutation

It was important to assess the likelihood that some fraction of indels consistent

with gene conversion were actually produced by ordinary mutations. To estimate

the proportion of these false positives in our data, we calculated the probability of

observing ordinary mutations resembling gene conversion indels in each lineage. We
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considered the simplest case, in which there was an existing indel at a particular site

in one paralog, and a second, identical, indel is produced by ordinary mutation at the

same site in the second paralog. For simplicity, we assumed that both indels had a

length of 1 nt. We denoted the probability that ordinary mutation causes the second

indel as pindel, the probability that the second indel occurs at the same site as the

first as psite, and the probability that the second indel is of the same type (insertion

or deletion) as the first as ptype. Given that the first indel was already present, the

probability of arriving at this configuration is pconf = pindel × psite × ptype.

Assuming that insertions and deletions do not occur at the ends of sequences,

as in our empirical analysis, and denoting the length of the second paralog as ℓ, the

probability that the second indel occurs at the same site as the first is psite = 1/(ℓ−1)

if the first indel was an insertion and psite = 1/(ℓ− 2) if it was a deletion.

We used pindel = 0.012 for Drosophila (Begun et al., 2007b), and pindel = 0.00196

for primates (The Chimpanzee Sequencing and Analysis Consortium, 2005). For both

lineages, we used ℓ = 100 nt, which was the minimum paralog length in our dataset.

There were 18 insertions and 184 deletions consistent with ordinary mutation in

Drosophila, and 533 insertions and 562 consistent with ordinary mutation in primates.

Thus, we split ptype into pi for insertions and pd for deletions and used pi = 0.09 and

pd = 0.91 for Drosophila and pi = 0.49 and pd = 0.51 for primates.

In Drosophila, pconf is ∼1.09× 10−5 if the first indel was an insertion, and pconf is

∼1.11×10−4 if it was a deletion. In primates, pconf is ∼9.7×10−6 if the first indel was

an insertion and pconf is ∼1.02× 10−5 if it was a deletion. To estimate the number of

such configurations in our Drosophila and primate datasets, we split each into N =

T/ℓ segments of length ℓ, where T is the length of the target sequence on which the

second indel mutations can occur (half of the total length of paralogs). Assuming that

pairs of paralogs are independent from other pairs of paralogs, the probability that

there are m mutations that fit the desired configuration in our dataset is binomially
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distributed. Thus, the expected number of such mutations is Npconf . Applying this

to our Drosophila dataset (T = 104, 478), we expect to observe ∼0.01 cases in which

the first indel was an insertion and ∼0.12 cases in which it was a deletion. In primates

(T = 2, 458, 412), these expectations were ∼0.24 and ∼0.25 when the first indel was

an insertion or a deletion, respectively. Given that the probability that we do not

observe any such configurations in a dataset is (1 − pconf )
N , the probability that

there is at least one is 1 − (1 − pconf )
N . In Drosophila, this probability is ∼0.01

for cases in which the first indel was an insertion and ∼0.11 when it was a deletion

and, in primates, it is ∼0.21 for cases in which the first indel was an insertion and

∼0.22 when it was a deletion. Thus, for this simple scenario, it is highly unlikely

that any conversion-consistent configurations were produced by ordinary mutation

in either dataset. Moreover, in both datasets, a substantial proportion of paralogs

(Figure 5.2a) and indel events (Figure 5.3a) were larger than the assumptions made

here. Hence, the probabilities of such configurations are even smaller than these

estimates in our empirical datasets.

5.3.2 Ascertainment of the effect of sequencing errors on our observations

In addition to ordinary mutation, some proportion of gene conversion-consistent

indels may be artifacts of sequencing errors. To ensure that sequencing errors were not

responsible for observed deletion biases, we calculated the proportions of insertions

and deletions consistent with sequencing errors for each lineage. Because all observed

indels can be due to sequencing errors, we conservatively assumed that the number

of sequencing errors of each type (insertion or deletion) was the sum of conversion-

consistent and ordinary mutation-consistent events of that type.

In Drosophila, we observed 197 insertions (179 conversions and 18 ordinary mu-

tations) and 798 deletions (614 conversions and 184 ordinary mutations) that could

be attributed to sequencing errors. In primates, there were 665 insertions (132 con-
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versions and 533 ordinary mutations) and 1,017 deletions (455 conversions and 562

ordinary mutations) that could be due to sequencing errors. Because sequencing er-

rors, like ordinary mutations, can occur at any site, the target size for such errors was

104,478 nt for Drosophila and 2,458,418 nt for primates (see above).

Dividing the sum of each type of indel by its target size yielded sequencing error-

consistent insertion proportions of ∼1.89× 10−3 for Drosophila and ∼2.7× 10−4 for

primates, and deletion proportions of ∼7.64× 10−3 for Drosophila and ∼4.14× 10−4

for primates. These small proportions imply that length difference sequencing errors

are rare in our datasets.

For comparison, we also calculated the proportions of insertions and deletions

consistent with gene conversion in each lineage. Because indels produced by gene

conversion can only occur at sites in which there is an ancestral sequence difference,

the target sizes for such events were 960 nt for Drosophila and 28,701 nt for pri-

mates. Given these targets, conversion-consistent insertion proportions are ∼0.19

in Drosophila and ∼4.6 × 10−3 in primates, and deletion proportions are ∼0.64 for

Drosophila and ∼0.02 for primates. These proportions are all much higher than those

of sequencing errors; therefore, only a very small proportion of observed indels can

be artifacts of sequencing errors.
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Figure 5.1: A phylogenetic approach for detecting insertions and deletions in nonal-
lelic gene conversion. Depicted is a hypothetical multiple alignment for
pairs of paralogs in two sisters and an outgroup. The two sequences for
each species represent a pair of paralogs, and the position of interest is
colored in red. At this position, there is a length difference (A/-) between
the paralogs in sister 2 and the outgroup (ancestral state). In the lineage
of sister 1, an (a) insertion or (b) deletion of a nucleotide occurs at this
position in one paralog. Because either the insertion or deletion event
results in the paralogs having matching states at this position (A/A or
-/-), they are both consistent with gene conversion.
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Figure 5.2: Properties of paralogs. (a) Distribution of paralog sequence lengths in
Drosophila (left) and primates (right). (b) Distribution of distances be-
tween paralogs located on the same chromosome in Drosophila (left; rep-
resents 79% of paralogs) and primates (right; represents 59% of paralogs).
Distances are plotted on a log scale.
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Figure 5.3: Indels consistent with gene conversion. (a) Length distributions of all in-
dels, insertions, and deletions in Drosophila (top) and primates (bottom).
(b) Strength of deletion bias as a function of indel length in Drosophila
(top) and primates (bottom). Error bars represent confidence limits from
binomial sign tests (see Methods).
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Figure 5.4: A phylogenetic approach for detecting fixed indels. Depicted are hypo-
thetical multiple alignments for pairs of paralogs in two sisters and an
outgroup. The two sequences for each species represent a pair of par-
alogs, and the position of interest is colored in red. (a and b) At this
position, both paralogs have identical lengths in sister 2 and the out-
group (ancestral state). In the lineage of sister 1, matching (a) insertions
or (b) deletions occur at this position in the paralogs. Each of these sit-
uations corresponds to an ordinary mutation producing an indel in one
paralog, and this indel being transferred to the other paralog, or fixed,
by gene conversion.
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CHAPTER VI

Conclusion

In this dissertation, I applied a direct phylogenetic approach to investigate var-

ious questions pertaining to the origin and evolution of novel DNA sequences. My

studies of the origins of nested genes and piRNAs demonstrated the dominant role

of gene duplication in acquisition of novel functional sequences. Then, by exploring

the evolution of paralogs after gene duplication, I found that gene conversion has a

strong influence on the evolutionary fates of paralogs.

In Chapter II, I discovered that nested genes were gained more frequently than

they were lost in animal genomes. I elucidated the primary mechanism of formation

of most nested gene structures as the insertion of nested genes into the introns of their

host genes. Most nested genes had ancestral copies in other genomic regions, indicat-

ing that they arose via some form of gene duplication. Sequence analyses of nested

and ancestral genes revealed that most nested genes arose via either standard gene

duplication or retrotransposition. Moreover, comparisons of tissue-specific expression

correlations between nested and un-nested pairs of genes uncovered no evidence of

positive selection favoring nested gene structures. Examination of functional anno-

tations and sequence characteristics of nested, host, and un-nested genes supported

this finding: Nested genes tend to be short and intronless, host genes tend to be

long and have multiple introns, and un-nested genes tend to be intermediate in both
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length and number of introns. Thus, I concluded that nested genes arose via a neutral

process caused by the presence of many long unsaturated introns in animal genomes.

This implies that nested gene structures are far from equilibrium and will continue to

arise at a high rate, leading to an increase in the organizational complexity of animal

genomes over evolutionary time.

In Chapter III, I found that mammalian piRNA clusters arose at a higher rate than

any known gene family, with not a single loss of a cluster observed. This rapid acqui-

sition of piRNA clusters occurred by duplication and insertion of long DNA segments.

I was able to locate the ancestral sequences of many recently acquired clusters, most

of which are clusters themselves. Interestingly, I also discovered that many of these

clusters are part of large paralogous families. Often, ancestral and derived clusters

are located on the same chromosomes and flanked by identical chromosome-specific

repetitive elements (REs), which caused genomic instability and large rearrangements

in these regions. Upon further investigation, I uncovered the primary molecular mech-

anism of cluster acquisition to be ectopic recombination between flanking REs, which

led to duplications and insertions of adjacent piRNA clusters. Thus, it appears that

new clusters propagated from old clusters on the same chromosomes at an extremely

high rate caused by the presence of flanking REs. This high rate of cluster acquisition

and lack of losses suggests that the expansion of piRNA cluster families was likely due

to positive selection driven by an arms race between piRNA clusters and the rapidly

growing families of transposable elements they silence.

Chapter IV described Bridges, a heuristic tool developed to locate similar sequence

segments within and between genomes. Bridges proceeds in three stages, the third of

which is optional: filtering input sequences, identifying local similarities, and post-

processing of local similarities. The main advantage of this tool over other heuristic

tools, such as BLAST (Altschul et al., 1990) and BLAT (Kent , 2002), is that it is

highly customizable due to the abundance and flexibility of parameters. For example,
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in Chapter V, I used Bridges to locate paralogs that were unique, longer than 100 nt,

and only present in pairs. In comparison, BLAST returned much shorter sequences

that had to be stitched together and filtered for unique pairs, and BLAT ran out of

memory even when searching Drosophila genomes. Due to its flexibility, Bridges can

be applied to locate many different types of similar sequences. Thus, researchers in-

terested in locating similar sequence segments with specific characteristics will benefit

from this tool.

In Chapter V, I used a direct phylogenetic approach to ascertain insertions and

deletions produced by gene conversion between pairs of paralogs in Drosophila and

primate lineages. Interestingly, I discovered that gene conversion between paralogs

is strongly deletion-biased in both lineages. Calculation of the per-site rates of gene

conversion revealed that gene conversion occurs at a much higher rate than ordinary

mutation in both lineages, with the relative rate being ten times higher in Drosophila

than in primate genomes. Further investigation revealed that this high rate, coupled

with the observed deletion bias, causes the rapid fixation of deletion mutations within

a pair of paralogs, leading to the cooperative shrinkage and eventual disappearance

of pairs of neutrally evolving paralogs. Hence, this study showed that evolution

of paralogs by gene conversion alone results in their rapid decay and removal from

genomes. Therefore, maintenance of paralogs over long evolutionary time periods is

likely due to the action of other evolutionary forces. Moreover, if the overall rate of

gene acquisition is comparable to those observed in nested genes and piRNA clusters,

the disappearance of current paralogs will be counteracted by the rapid emergence of

new paralogs via gene duplication.

This dissertation investigated two interrelated topics: the origin of novel se-

quences, and the evolution of these sequences after their emergence. Chapters II

and III explored the origin of novel sequences, with Chapter II focusing specifically

on nested genes, and Chapter III on piRNA clusters. Strikingly, there were many
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similarities between the origins of nested genes and piRNA clusters. Both classes of

novel sequences were acquired at a high rate, mostly derived by gene duplication,

and rarely or never lost during evolution. The main difference between these two

sequence classes was that nested genes likely arose and were maintained via a neutral

evolutionary process, whereas piRNA clusters may have expanded because of strong

positive selection. Using a tool developed in Chapter IV, Chapter V examined the

evolution of novel sequences after their emergence. The focus of this analysis was on

the evolution of ancient paralogs by gene conversion-induced indels. Results from this

study demonstrated the powerful role that gene conversion plays in paralog evolution

and provide insight into the forces driving the long-term maintenance of paralogs.

Findings from this dissertation advance the field of evolutionary genetics by pro-

viding insight into how new genes arise in the genome, as well as how they evolve long

after their emergence. In addition, my results raise several novel questions pertaining

to gene duplication. For example, how does the evolution of noncoding nested genes,

as well as of partially overlapping genes, compare to that of protein-coding nested

genes? Also, is there a general pattern of rapid gains in long functional sequences in

the genome? More generally, what evolutionary forces act to maintain paralogs in

the genome? This dissertation demonstrated a role for both neutral processes and

positive selection, and it would be of great interest to determine how frequent each

is, as well as the factors that contribute to each. Nested genes may be maintained via

neutral processes simply because they are located in introns. Do sequences inserted

in other noncoding locations also typically evolve neutrally? If not, the maintenance

of such sequences, even if they are not protein-coding, may indicate their functional

importance in the genome. Moreover, it would be interesting to determine whether

nonallelic gene conversion is deletion-biased in all eukaryotes, as well as to compare

the strength of gene conversion to that of selection and explore how all evolutionary

forces act together to determine the fate of paralogs after duplication.
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Beyond the scope of this dissertation, many questions about gene origin remain

unanswered. In particular, do genes created by different mechanisms take distinct

evolutionary paths? Because the probability of a functional gene arising through ran-

dom sequence changes of a nonfunctional DNA sequence is almost zero (Jacob, 1977),

it would be particularly intriguing to study the evolutionary paths of de novo genes.

For example, how are coding and regulatory regions constructed? Does positive se-

lection play a role in this process? If so, how early must it act and how strong must

it be to create a functional gene out of a noncoding sequence? With respect to evolu-

tion after gene duplication, this dissertation only focused on gene conversion, which

is one of several forces that act on paralogs. Though many studies have examined the

different forces acting on paralogs, only a few have investigated the interaction among

these forces and their strengths and influences on evolutionary outcomes of paralogs

(Moore and Purugganan, 2003; Kondrashov and Kondrashov , 2006; Teshima and In-

nan, 2008). Furthermore, it would be of great interest to determine the frequencies

of different phenotypic outcomes and elucidate the evolutionary paths of each.

Studying the origin and evolution of duplicate genes is crucial to the understanding

of the evolution of phenotypic novelty and divergence of species. My dissertation

research focused on a few out of potentially millions of exciting questions about gene

duplication. Here I have highlighted what I believe are some of the most relevant to

the advancement of the field of evolutionary genetics. Perhaps the most interesting of

these questions pertain to the correlation between sequence and functional changes of

paralogs. The recent availability of many inter- and intra-species genome sequences

and development of genome-scale experimental methods will enable researchers to

bridge this gap between genomic and phenotypic evolution, shedding light on the

origin of novel phenotypes and driving the field of evolutionary genetics forward.

110



BIBLIOGRAPHY

111



BIBLIOGRAPHY

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman (1990), Basic
local alignment search tool, J. Mol. Biol., 215, 403–410.

Altschul, S. F., T. L. Madden, A. A. Schäffer, J. Zhang, Z. Zhang, W. Miller, and
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