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Abstract
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Understanding the mechanism of recombination has important implications for genome
evolution and genomic variability. The work presented in this thesis studies the properties of
recombination by investigating the effects it has on genome evolution in humans and dogs.

Using alignments of human genes with chimpanzee and macaque orthologues we studied
substitution patterns along the human lineage and scanned for evidence of positive selection.
The properties mirror the situation in human non-coding sequences with the fixation bias ‘GC-
biased gene conversion’ (gBGC) as a driving force in the most rapidly evolving regions. By
assigning candidate genes to distinct classes of evolutionary forces we quantified the extent
of those genes affected by gBGC to 20%. This suggests that human-specific characters can be
prompted by the fixation bias of gBGC, which can be mistaken for selection.

The gene PRDM9 controls recombination in most mammals, but is lacking in dogs. Using
whole-genome alignments of dog with related species we examined the effects of PRDM9
inactivation. Additionally, we analyzed genomic variation in the genomes of several dog breeds.
We identified that non-allelic homologous recombination (NAHR) via sequence identity, often
GC-rich, creates structural variants of genomic regions. We show that these regions, which are
also found in dog recombination hotspots, are a subset of unmethylated CpG-islands (CGIs). We
inferred that CGIs have experienced a drastic increase in biased substitution rates, concurrent
with a shift of recombination to target these regions. This enables recurrent episodes of gBGC
to shape their distribution.

The work presented in this thesis demonstrates the importance of meiotic recombination on
patterns of molecular evolution and genomic variability in humans and dogs. Bioinformatic
analyses identified mechanisms that regulate genome composition. gBGC is presented as an
alternative to positive selection and is revealed as a major factor affecting allele configuration
and the emergence of accelerated evolution on the human lineage. Characterization of
recombination-induced sequence patterns highlights the potential of non-methylation and
establishes unmethylated CGIs as targets of meiotic recombination in dogs. These observations
describe recombination as an interesting process in genome evolution and provide further
insights into the mechanisms of genomic variability.
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What we are is evolution’s gift to us, 
what we become is our gift to evolution. 
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Abbreviations 

aCGH Array comparative genomic hybridization 
ADCYAP1 Adenylate cyclase activating polypeptide 1 
Bp Basepair 
CGI CpG-island 
CNV Copy number variant 
CO Crossover 
dN/dS Non-synonymous-to-synonymous substitution rate 
DNA Deoxyribonucleic acid 
DSB Double-stranded break 
DSBR Double-stranded break repair 
gBGC GC-biased gene conversion 
GC* Equilibrium GC-content 
HAR Human accelerated region 
Kb Kilobases 
L1 LINE1 – long interspersed nuclear element 1 
LD Linkage disequilibrium 
NAHR Non-allelic homologous recombination 
NCO Non-crossover 
PAR Pseudo-autosomal region 
PRDM9 Positive-regulatory domain containing 9 
PSG Positively selected gene 
S Strong nucleotide (G and C) 
SW Strong-to-weak, GC-to-AT 
SD Segmental duplication 
SDSA Synthesis-dependent strand annealing 
SNP Single nucleotide polymorphism 
ssDNA Single-stranded DNA 
W Weak nucleotide (A and T) 
WS Weak-to-strong, AT-to-GC 
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Introduction 

Recombination is a vital biological process that forms the connections be-
tween homologous chromosomes during meiosis in sexual diploid eukary-
otes in a process called synapsis. This has important implications for ge-
nomic integrity, evolution and disease (Handel & Schimenti 2010). The ex-
istence of recombination was first demonstrated through experiments with 
genetic crosses of maize, which demonstrated that genetically linked traits 
could be naturally uncoupled (McClintock 1950). Without recombination, 
genes on the same chromosome are passed through generations as a single 
linked block. Recombination unlinks the alleles of genes as homologous 
chromosomes separate during the first division of meiosis. This has im-
portant implications for efficient selection and genomic variability. 

There are several important roles of recombination, but two essential 
functions can be distinguished: first, synapsis is required for correct segrega-
tion of chromosomes; second, recombination increase the genetic diversity 
within a population by reshuffling alleles into new combinations upon which 
natural selection can act (Coop & Myers 2007; Paigen & Petkov 2010). 

Recombination rates vary at different scales - across genomes, between 
sexes and between taxa, and are in particular known to preferentially occur 
in specialized regions known as ‘hotspots’ (Kauppi et al. 2004). The intensi-
ty of recombination is largely heterogeneous and the peak rates of hotspots 
can vary many orders of magnitude (Jeffreys et al. 2001; McVean et al. 
2004), and have large effects on genome evolution. 

Beside crucial roles in meiosis, cell division and shuffling of alleles, evi-
dence suggests that recombination can also affect genome evolution by a 
process called GC-biased gene conversion (gBGC). This process can be seen 
as an indirect consequence of recombination and may play a significant role 
in genome evolution (Galtier & Duret 2007; Webster & Hurst 2012). gBGC 
is a non-adaptive neutral recombination-associated process that favors the 
fixation of G and C nucleotides (Galtier et al. 2001; Galtier & Duret 2007), 
with dynamics similar to positive selection (Nagylaki 1983). This indicates 
that recombination may also result in segregation distortion, which can lead 
to the proliferation of deleterious mutations. 

Another GC-biased feature of vertebrate genomes is the existence of short 
regions with increased frequency of CpG dinucleotides termed ‘CpG-
islands’ (CGIs) (Bird 1980). These regions to a large extent lack DNA meth-
ylation, which suppresses a natural mutagenic tendency of methylated CpG 
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dinucleotides and enables a higher CpG-content. Recombination have been 
observed to target CGIs in several mammalian species (Brick et al. 2012; 
Auton et al. 2012, 2013). 

Recombination requires a degree of sequence identity and is commonly 
mediated by homology between alleles of the same locus resulting in homol-
ogous recombination. Recombination that relies solely on sequence identity 
can occur between non-homologous alleles and is called ectopic exchange or 
non-allelic homologous recombination (NAHR). NAHR can result in large-
scale structural variants of deletions and duplications known as ‘copy num-
ber variants’ (CNVs). CNVs have a major impact on genome evolution, and 
have been implicated in several human diseases (Hurles et al. 2008). 

The work in this thesis focuses on the effects of recombination driving 
genome evolution in humans and dogs via gBGC and generation of CNVs 
and investigates the interaction of recombination with CGIs. 

Evolutionary advantage of recombination 
The key to the prevalence of recombination can lie within another controver-
sial question in evolutionary biology, which is the existence of sex. In asex-
ual populations all individuals can produce offspring, while in sexual popu-
lations only one sex is capable to produce offspring. This reduces the popu-
lation representation for each generation and is referred to as the ‘two-fold 
cost of sex’ (Smith 1978). Two generally accepted theories explain the con-
troversial maintenance of recombination and sex: 1) recombination breaks 
down linkage and reduces selection interference between mutations, which 
enables selection locally with subsequent fixation of single advantageous 
mutations and 2) recombination increases diversity by generating new haplo-
types by shuffling genotypes, which reduces infection susceptibility and 
repels disease (Hartfield & Keightley 2012). Thus there seem to be an intri-
cate interplay between selection and recombination, where fitness variation 
interacts with selection for recombination. It is interesting to note however 
that in most higher eukaryotes recombination rates are close to one event per 
chromosome arm, which is the minimum required for correct disjunction of 
chromosomes during meiosis (Webster & Hurst 2012) (Fig. 1). This suggests 
that there is not strong selective pressure on the number of recombination 
events due to their evolutionary advantage in higher eukaryotes. 
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Characterization of recombination 
Mechanism of meiotic recombination 
The process of recombination involves multiple controlled events including 
alignment of DNA strands, precise breakage of each strand, genetic ex-
change between the strands, and ligation of the recombined molecules. This 
occurs at high frequency throughout the genome and requires a high degree 
of accuracy to avoid aberrant segregation. One major role of recombination 
is to aid correct segregation of chromosomes during cell division, and thus 
recombination occurs in all cells. However, recombination that defines ge-
nomic patterns of inheritance occurs in the germline during meiosis (Fig. 1). 

 
Figure 1. Recombination ensuring correct segregation of chromosomes during mei-
osis, which is one of the major roles of recombination. 

Meiosis begins by replication of chromosomes followed by the synapsis 
process to form pairs of chromatids, known as bivalents, connected by their 
centromeres. Recombination then begins by alignment of homologous chro-
mosomes, known as tetrads, followed by a DNA double stranded break 
(DSB) introduced into one of the four chromatids, leaving two free ends. 
The ends are converted to ssDNA by resection of the 5' strands to leave 3' 
overhangs. One of the ends crosses over and invades the homologous region 
of a non-sister chromatid in a structure called displacement loop (D-loop) 
reminiscent of its visual appearance. The intersecting homologous strands 
form a structure known as ‘Holliday junction’ from the pioneering model of 
the recombination process proposed by Robin Holliday in 1964 (Holliday 
1964). The invading DSB end is subsequently repaired by DNA synthesis 
during D-loop extension where the opposite chromatid acts as a template. 
(Fig. 2). 
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Recombination can then continue in either of two distinct pathways: I) 
synthesis-dependent strand annealing (SDSA) or II) double-stranded break 
repair (DSBR), which are finally resolved as either non-crossovers (NCOs) 
or crossovers (COs). NCO events result in patch-recombinants of chromo-
somes with exchange of a short homologous sequence without the exchange 
of flanking genetic material, while CO events result in splice-recombinants 
of chromosomes with exchange of flanking chromosomal sequences. This 
causes COs to have a larger impact on variation than NCOs by breaking up 
chromosomes in haplotype blocks that are useful features to aid genetic 
mapping. (Haber et al. 2004; Paigen & Petkov 2010) 
I The SDSA pathway generates around 90% of all recombination events 

and yields predominantly NCOs. In the SDSA model strand invasion oc-
curs only on one side of the DSB as described above, and the D-loop is 
then extended by DNA synthesis. The newly synthesized DNA strand is 
displaced and anneals back to the other DSB end, where DNA synthesis 
is followed by ligation of nicks. SDSA leaves the homologous sister 
chromatid untouched in the recombination process. 

II The DSBR pathway generates around 10% of all recombination events 
and is predominantly resolved as COs. In the DSBR model the second 
end of the DSB is captured by the second non-sister chromatid of the D-
loop, and both DSB ends are subsequently repaired by DNA synthesis 
during D-loop extension. The reciprocal invasion and ligation of nicks 
results in a crossover structure with two intersecting D-loops that forms 
double Holliday junctions. This double D can be either dissolved or re-
solved. 
• Dissolution generates NCO events identical to the SDSA pathway, 

by displacement of the sealed D-loops that anneals back to the sister 
chromatid. 

• Resolution is the main outcome of the DSBR pathway, and gener-
ates predominantly COs. One of the Holliday junctions is cleaved 
and the sealed strands anneal back to the sister chromatid, while the 
other Holliday junction undergoes branch migration along the DNA 
before it is resolved as a CO or NCO event. 
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Figure 2. Mechanisms in the two pathways of meiotic recombination and their 
products. 
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Recombination hotspots 
Studies of human genetic variation revealed the existence of haplotype 
blocks, consistent with highly punctuate COs (Gabriel et al. 2002). This sug-
gests that recombination events are not spaced uniformly across the genome, 
but occur at preferred sites for DSB introduction. COs have been further 
analyzed and tend to cluster in distinct regions 1-2 kilobases (kb) in length 
known as ‘hotspots’ of recombination (Jeffreys et al. 2001; McVean et al. 
2004), with surrounding regions essentially devoid of recombination activity 
(Fig. 3). 

 
Figure 3. Schematic representation of typical hotspot activity distribution. 

Hotspots can be analyzed in mammals using pedigrees, sperm typing or by 
the analysis of linkage disequilibrium (LD) (Paigen & Petkov 2010). Pedi-
gree studies can map actual recombination events on a broad scale, but are 
limited to the small number of recombination events that occur during each 
generation. Sperm typing is restricted to assay rates in single known hotspot 
locations in a germline, and provides exclusively male-specific rates. Coa-
lescent modeling of LD utilizing population genetics data is a method to map 
hotspots at fine-scale and to quantify recombination rates. This approach 
does not allow for a direct count of recombination events, but for the recon-
struction of the evolutionary process generating LD along the genome. 

A genome-wide map of the locations of human recombination hotspots 
has been created in the HapMap project (Myers et al. 2005; Frazer et al. 
2007). More than 30,000 hotspots have been identified in the human ge-
nome, spaced on average 50-100 kb apart. The peak recombination rate can 
span many orders of magnitude, and potentially have major effects on ge-
nome evolution. Although regional recombination rates do not vary to a 
large extent, hotspots are known to be transient (Winckler et al. 2005), as 
hotspot locations in the human genome do not match those in chimpanzee 
(Myers et al. 2005). This limits the local impact of hotspots, while maintain-
ing their regional effect. 
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Control of recombination 
The spatial distribution of hotspots argues for specific targets for induction 
of the recombination process. In search of underlying sequence features re-
lated to hotspots, recent studies of human hotspots have revealed an enrich-
ment of a degenerate 13-bp sequence motif CCNCCNTNNCCNC (Myers et 
al. 2008), which is estimated to be associated with more than 40% of 
hotspots genome-wide. The discovery of this recombination-attracting motif 
originates from two separate routes of research mapping genome-wide 
hotspot activity. Allelic variation at SNPs within this motif (Jeffreys & 
Neumann 2002) and allelic variation within the human PRDM9 gene 
(Baudat et al. 2010) were both correlated with genome-wide hotspot activity. 
The association between PRDM9 and the motif proposes an important role 
of the gene in determining genome-wide locations of hotspots. 

PRDM9 is a human zinc-finger protein recently identified and subse-
quently computationally predicted to bind to the hotspot motif (Fig. 4) and 
cause a histone modification that acts as a marker for the initiation of recom-
bination (Myers et al. 2010). Comparison of the PRDM9 gene in several 
mammals indicates rapid evolution due to positive selection, which suggests 
rapid turnover of the motif recognition sites (Oliver et al. 2009). Comparison 
of human and chimpanzee orthologs of PRDM9 supports this, since they are 
predicted to bind completely different sequence motifs (Myers et al. 2010). 
Furthermore, the chimpanzee interspecific allele variation at PRDM9 is high, 
and no specific sequence motif is enriched in chimpanzee hotspots (Auton et 
al. 2012). 

 
Figure 4. PRDM9 binding to the hotspot motif to begin initiation of recombination. 
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Effects of recombination 
Meiotic drive 
The rapid turnover of the hotspot motif recognition site is a result of a force 
that over-transmits certain alleles in gametes referred to as ‘meiotic drive’. 
Meiotic drive has been experimentally observed in hotspots, in which trans-
mission of the non-recombinogenic allele is favored over the recombinogen-
ic allele, referred to here as 'hotspot drive’ (Jeffreys & Neumann 2002). This 
process exists because the DSB during recombination occurs at the allele 
that attracts recombination, and is repaired by synthesizing DNA with the 
less recombinogenic allele as template. Thus, hotspot drive predicts that 
hotspots will gradually disappear from the genome, as the active form of the 
motif is converted into the inactive form. The observation that hotspots are, 
in fact, common is known as the ‘hotspot conversion paradox’ (Boulton et 
al. 1997). 

The rapid evolution of the PRDM9 gene provides a simple yet elegant so-
lution to the hotspot conversion paradox: hotspots do not disappear from the 
genome; instead their locations regularly shift during evolution due to altera-
tions in the hotspot motif recognized by PRDM9 (Myers et al. 2010) (Fig. 
5). In addition, it is suggested that PRDM9 is an important speciation gene in 
mammals, capable of producing genomic incompatibilities between incipient 
species (Oliver et al. 2009; Mihola et al. 2009). These findings suggest that 
the recombination landscape is dynamic and that hotspot drive is an im-
portant force in genome evolution. 

 
Figure 5. Meiotic drive under-transmitting the hotspot motif and rapid evolution of 
the PRDM9 DNA-binding domain. This results in recognition of new motifs and 
explains the dynamics of recombination hotspots. 
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GC-biased gene conversion 
A related form of meiotic drive that occurs in recombination hotspots is 
known as ‘GC-biased gene conversion’ (gBGC), which refers to the biased 
transmission of G and C (S, strong) over A and T (W, weak) alleles 
(Mancera et al. 2008; Duret & Galtier 2009). The gBGC model predicts an 
increased fixation of G:C alleles in regions of high recombination. It occurs 
when homologous chromosomes heterozygous for A:T and G:C aligns dur-
ing meiosis. Any aberrant base-pairing in the heteroduplex tract formed 
around the DSB during recombination is preferentially repaired to G:C over 
A:T, which increases the number of G and C containing alleles (Fig. 6). This 
unidirectional transfer of genetic material leads to an increased probability of 
fixation of G:C (Webster et al. 2003; Webster & Smith 2004). There are 
several lines of evidence that support this prediction: 

1. GC-content correlates with recombination rate in a wide range of eukar-
yotes (Fullerton et al. 2001; Kong et al. 2002; Birdsell 2002; Duret & 
Galtier 2009), most likely because recombination drives the evolution of 
GC-content by biasing the substitution pattern towards WS mutations 
(Meunier & Duret 2004; Webster et al. 2005; Dreszer et al. 2007; Duret 
& Arndt 2008). 

2. Both yeast and primate cell lines show evidence of biased base mis-
match repair towards incorporation of G and C nucleotides (Brown & 
Jiricny 1989; Mancera et al. 2008). 

3. Analyses of human SNP frequency distributions together with human 
diversity and human-chimpanzee divergence, reveals evidence for a 
fixation bias of S nucleotides, which is stronger in regions of elevated 
recombination (Duret et al. 2002; Webster et al. 2003; Webster & Smith 
2004; Duret & Arndt 2008; Katzman et al. 2011). 

4. Regions of elevated recombination are GC-rich (Spencer 2006) and con-
tain clusters of GC-biased substitutions (Dreszer et al. 2007; Galtier & 
Duret 2007). 

5. Sequences with high rates of gene conversion have elevated GC-content 
(Galtier 2003; Montoya-Burgos et al. 2003). 

6. Elevated WS substitution rates show a much stronger association with 
male than female recombination rate (Webster et al. 2005; Dreszer et al. 
2007; Duret & Arndt 2008); a correlation unlikely to result from selec-
tion, which would not predict a sex-specific pattern. 

7. Direct evidence from analyses of NCO gene conversion events in human 
pedigrees show a strong allelic bias of 70% in favor of transmitting G:C 
alleles (Williams et al. 2014). 
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Figure 6. GC-biased gene conversion (gBGC). The biased transmission of G:C over 
A:T alleles during base excision repair in heteroduplex DNA. 

gBGC can affect functional evolution 
Investigating the forces that drive genome evolution is important to under-
stand species adaptations, and is commonly performed with genomic scans 
to identify regions under positive selection. A strategy for identifying the 
genes and genomic regions under positive selection along a lineage is based 
on the assumption that positive natural selection has accelerated the evolu-
tion of certain species-specific traits that makes the species unique. Howev-
er, processes like gBGC have properties that may affect coding sequences 
and drive protein evolution in the absence of natural selection, which could 
interfere with common interpretations in scans of positive selection. 

An important approach to understand human-specific biology is to identi-
fy regions in our genome that show evidence of accelerated evolution but are 
highly conserved in other vertebrates. This is based on the assumptions that 
conserved regions under purifying selection across vertebrates are function-
al, and such functional regions with accelerated rates of sequence evolution 
along one branch evolve under positive selection. A phylogenetic investiga-
tion of sequences with high rates of evolution across a large range of eukar-
yotic species demonstrated that a GC-substitution bias is a general character-
istic of highly diverged sequences (Capra & Pollard 2011). Both positive 
selection and gBGC can give rise to bursts of accelerated sequence evolu-
tion. While positive selection leads to accumulation of substitutions for in-
creased fitness, gBGC promotes the fixation of WS substitutions regardless 
of fitness effects. Strong gBGC, which is known to induce specific muta-
tional patterns, could therefore drive sequence evolution by overpowering 
the effects of negative selection and lead to the fixation of non-beneficial 
changes, and thereby represent a genomic 'Achilles’ heel’ (Galtier & Duret 
2007). 
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gBGC affects human accelerated regions 
Several studies have performed genomic scans to identify regions of acceler-
ated human evolution. From an alignment of 17 vertebrates, 49 conserved 
elements with strong evidence for human-specific acceleration were identi-
fied, termed ‘human accelerated regions’ (HARs) (Pollard et al. 2006). 
HARs are enriched near neurodevelopmental genes, and are mostly noncod-
ing, but many are predicted to have an RNA secondary structure. The most 
accelerated regions (HAR1-2) are implicated in controlling human morphol-
ogy and cognitive abilities (Pollard et al. 2006). Although positive selection 
is likely to play a role in the evolution of HARs, additional non-selective 
processes are also implicated. 

HARs show a significant enrichment for WS biased substitutions on the 
human lineage, which is not predicted under positive selection and differs 
from the genomic average of substitutions, which is predominated by SW 
substitutions. The top 49 HARs have twice as many WS substitutions than 
the reversed rate. The top 5 HARs show even more bias with 35 WS vs. 3 
SW substitutions, and the top three HARs have only WS substitutions. The 
extremely GC-biased substitution pattern that often also extends into the 
flanking region, which is not inferred to be functional, supports the gBGC 
model of evolution for HARs. Another observation consistent with the 
gBGC hypothesis is that HARs tend to occur near human recombination 
hotspots and in subtelomeric and other regions characterized by high recom-
bination rates. 

The relative effects of selection and gBGC on the evolution of HARs 
have been determined to be 76% and 19% respectively, where gBGC is es-
timated to be strongest in the most accelerated HARs (Kostka et al. 2012). 
The processes of selection and gBGC may interact, but in some situations 
gBGC can override selection and cause the fixation of deleterious mutations 
(Galtier & Duret 2007; Galtier et al. 2009). These studies of HARs provide 
strong support for an important role of gBGC in accelerated evolution, in 
contrast to the common interpretation that positive selection drives the evo-
lution in all of these regions. 

Recombination can generate CNVs 
As mentioned above, searches for enrichment of sequence motifs in human 
hotspots have identified an enrichment of a common 13-bp degenerate motif 
CCNCCNTNNCCNC with direct evidence for a role in hotspot activity 
(Myers et al. 2008). This hotspot motif is recognized by PRDM9 that initi-
ates the recombination machinery (Myers et al. 2010). Based on the implica-
tion of the 13-mer motif in allelic crossover activity during meiosis, it was 
also investigated for roles in other forms of recombination-associated ge-
nome rearrangements. The motif is indeed enriched in breakpoints of struc-
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tural sequence variants like segmental duplications (SDs) (Myers et al. 2008; 
Mills et al. 2011), which implicates DSBs formed in this way during dele-
tion, duplication and insertion events referred to as ‘copy number variants’ 
(CNVs) (Fig. 7). 

 
Figure 7. Types of copy number variation polymorphisms. 

Generation of large-scale structural genome rearrangements such as 
CNVs accounts for a large proportion of genetic polymorphism and have 
important roles in genome evolution and disease. SDs and CNVs have been 
mapped in several species, including human (Iafrate et al. 2004; Sharp et al. 
2005; Tuzun et al. 2005; Conrad et al. 2006; Goidts etal. 2006; Redon et al. 
2006; McCarroll et al. 2006; Perry et al. 2006, 2008), chimpanzee (Perry et 
al. 2006), mouse (Graubert et al. 2007; She et al. 2008) and rat (Guryev et al. 
2008). A common approach have been the array comparative genomic hy-
bridization (aCGH) technique, with probes spaced uniformly across target 
regions, which can be complete genomes. With this technique test and refer-
ence samples compete to hybridize to the array, and copy numbers in test 
samples are evaluated relative to the reference sample. The advent of next 
generation sequencing has further improved theoretical resolution. 
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A variety of molecular mechanisms are implicated in CNV formation 
(Hastings et al. 2009), with non-allelic homologous recombination (NAHR) 
as a major source of structural variation in regions of extended homology. In 
contrast to common recombination between homologous alleles, NAHR 
occurs between genomic regions with enough sequence identity, regardless 
of allelic proximity. CNVs associated with NAHR tend to be clustered in the 
genome, and CNVs are enriched in the vicinity of segmental duplications 
(Mills et al. 2011). This suggests that regions of local sequence homology 
are hotspots of CNV formation by the process of NAHR (Sharp et al. 2005; 
Graubert et al. 2007; She et al. 2008). 

Significant association between CNVs and elevated recombination rates 
in birds supports a major role of recombination-associated processes in ge-
nome evolution (Völker et al. 2010). In humans, the frequency distribution 
of CNVs shows signals of purifying selection, suggesting that a significant 
proportion of CNVs have harmful effects (Conrad et al. 2006). While CNVs 
are associated with a number of genetic disorders (Hurles et al. 2008), there 
is also evidence for beneficial roles of CNVs, such as adaptive variation in 
copy number of the amylase gene in response to diet (Perry et al. 2007), and 
variation in susceptibility to malaria (Flint et al. 1986) and HIV/AIDS 
(Gonzalez et al. 2005). 

Dog as a model for recombination 
The dog in genetics 
In contrast to natural populations dogs have a unique breeding history, which 
in many ways enhances the possibilities to explore genetic variation. Several 
features make the dog an ideal genetic model for studying the genetic basis 
of phenotypic variation, behavioral traits and disease. Dogs were domesti-
cated thousands of years ago to support human needs, and have since ac-
companied humans in a close relationship. Due to intense selection for main-
ly appearance and behavior it is one of the most phenotypically diverse 
mammals. They do not only share living space with humans, but also food 
resources and to large extent disease prevalence with similar manifestation. 
The demographic history of dogs with periodic population bottlenecks dur-
ing domestication and breed creation has created a unique genomic architec-
ture with large halplotype blocks. This genetic architecture provides an un-
paralleled opportunity to map genetic traits. (Lindblad-Toh et al. 2005) 

 



 24 

Control of recombination 
In many mammals initiation of recombination starts with the action of 
PRDM9, which recognizes a specific hotspot motif and trimethylates histone 
H3K4 (Myers et al. 2010). However, sequencing of PRDM9 orthologs in 
several dog breeds and carnivores demonstrates an inactivation of PRDM9 
early in canid evolution (Oliver et al. 2009; Muñoz-Fuentes et al. 2011; Ax-
elsson et al. 2012), suggesting recombination is controlled differently in 
dogs. However, fine-scale recombination maps have shown that dogs do 
have hotspots (Axelsson et al. 2012; Auton et al. 2013). In lack of the candi-
date gene responsible for recognition of the hotspot motif, dog hotspots are 
found on a similar scale in regions characterized by GC-richness (Axelsson 
et al. 2012), particularly CpG-richness (Auton et al. 2013), rather than by 
PRDM9 binding motifs. 

Targets of recombination 
A general property of vertebrate genomes is that they are particularly defi-
cient in CpG dinucleotides due to a specific mutagenic property; methylated 
cytosines in a CpG-context have a tendency of spontaneous deamination of 
C to T (Bird 1980). Since DNA methylation is common, this effect decreases 
the CpG-frequency genome-wide. However, vertebrate genomes display a 
fine-scale compositional non-uniformity in CpG-content, and regions of 
hundreds of bp of locally increased CpG-content have been observed, so 
called ‘CpG-islands’ (CGIs) (Bird 1980). CGIs can maintain a higher CpG-
content due to reduced SW mutation rate, which is achieved via lack of 
DNA methylation, which suppresses the natural deamination tendency. 

Despite absence of PRDM9, dog recombination rates are highly elevated 
around trimethylation marks. This association is explained by the presence 
of CGIs with elevated recombination rates intersecting the marks (Auton et 
al. 2013). A correlation between recombination and CGIs is supported by 
analyses in other species. Chimpanzees also lack a common PRDM9 binding 
motif and show elevated recombination rates around CGIs (Auton et al. 
2012). Recombination in PRDM9 knock-out mice is initiated at functional 
genomic elements like enhancers and promoters, which are rich in CGIs 
(Brick et al. 2012). Investigations of CGI density in several species show 
how dog clearly deviates from other mammals and have higher levels of CGI 
density comparable to birds and fishes (Han et al. 2008), which also lack an 
active copy of PRDM9 (Oliver et al. 2009).  
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CNVs in dogs 
Recombination has been associated with genomic instability and CNV for-
mation in human (Myers et al. 2008; Mills et al. 2011). Interestingly, ge-
nomic rearrangements during canid genome evolution have involved GC-
rich regions like those found in dog recombination hotspots (Webber & 
Ponting 2005; Axelsson et al. 2012). This suggests that recombination can 
generate structural variation in the dog genome. The advantages of dog as a 
model for unraveling genetic disorders have propelled the mapping of phe-
notypic traits in the dog genome. Traits are mostly apportioned into distinct 
breeds. Strong artificial selection behind the unique collections of character-
istics makes investigating them important for uncovering the genetic basis of 
phenotypic variation in dogs. Several traits have been mapped in distinct 
breeds (Karlsson et al. 2007; Karlsson & Lindblad-Toh 2008; Parker et al. 
2010; Sutter et al. 2007) and structural variation is implicated in a number of 
these traits (Olsson et al. 2011; Parker et al. 2009; Salmon Hillbertz et al. 
2007), which mirrors the situation in human (Hastings et al. 2009; Hurles et 
al. 2008). Thus, in dog much phenotypic variation is likely attributable to 
CNVs and recombination is important for generating CNVs, which has ma-
jor effects on phenotypic variation. 
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Aims 

gBGC have an established importance in genome evolution, where it has 
major effects on non-coding regions (Pollard et al. 2006). Interestingly, 
gBGC acts similarly but independently to selection, which raises the possi-
bility that gBGC could also affect functional sequences. Therefore, as a 
complement to general whole-genome scans, paper I focuses on the effect of 
gBGC on rapidly evolving coding regions in the human genome. We specif-
ically investigate if the often-overlooked process of gBGC can affect the 
divergence of genes. 

Functional regions are regularly interrogated for genes evolving under 
positive selection. If gBGC can also affect coding regions, this opens up for 
an interesting and unexplored interaction between gBGC and positive selec-
tion. Paper II expands on the previous work by further analyzing and quanti-
fying the effect gBGC has on the evolution of genes and inferences of posi-
tive selection. This is done by implementing methods pioneered in paper I. 

Another interesting question regarding the control and consequences of 
recombination in dogs relates to the lack of PRDM9 that is normally respon-
sible for determining locations of DSBs. We ask which regions of the ge-
nome recombination targets without PRDM9. DSBs are required for struc-
tural changes, and paper III extends the research of recombination effects on 
genome evolution by undertaking the most comprehensive analysis of struc-
tural variation in dogs to date. We develop a new method for quantifying 
CNVs from aCGH data and deploy it to identify CNVs and analyze their 
distribution, characteristics and mechanisms of formation. 

It has previously been shown that hotspots in dog match CGIs (Auton et 
al. 2013), which suggests that these could be targets of recombination when 
PRDM9 is not available. In paper IV we investigate if they are actually un-
methylated or whether they are just the result of gBGC. We ask whether 
recombination without PRDM9 moves to unmethylated regions, or if gBGC 
control substitution patterns and increase the CpG-content and is responsible 
for generating the signal in the genome detected as CGIs. 
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Publications 

PAPER I 
Hotspots of biased nucleotide substitutions in human genes. 

Motivation 
Several non-coding elements have been identified that show high levels of 
conservation in mammals but accelerated evolution along the human lineage 
(Pollard et al. 2006; Prabhakar et al. 2006; Kim & Pritchard 2007; Bird et al. 
2007); ‘human accelerated regions’ (HARs). These elements are candidates 
for human-specific adaptation and thus potential targets of positive selection. 
Interestingly, gBGC is a recombination-associated molecular drive that fa-
vors the fixation of GC mutations and has population dynamics similar to 
positive selection. Efforts to determine the underlying evolutionary forces 
behind the acceleration hold gBGC as the most likely cause, and suggest that 
recombination hotspots can contribute to accelerated evolution via lineage-
specific bursts of biased substitutions. 

Some protein-coding sequences, like duplicated gene families and the 
pseudo-autosomal region (PAR), also show patterns of evolution consistent 
with gBGC (Montoya-Burgos et al. 2003; Galtier & Duret 2007). The Fxy 
gene in house mouse (M. musculus) partly resides within the highly recom-
bining PAR region of the X-chromosome where it has accumulated 28 ami-
no acid replacement substitutions, which all are WS. This provides evidence 
that gBGC can offset the effects of purifying selection and drive protein 
evolution by increasing ratios of non-synonymous to synonymous rates of 
base substitution (dN/dS) or by fixation of weakly deleterious mutations 
(Galtier & Duret 2007; Duret & Galtier 2009; Galtier et al. 2009) and ulti-
mately lead to false inferences in tests of positive selection (Yang 1998; 
McDonald & Kreitman 1991; Goldman & Yang 1994). 

Results 
We first identified exons with evidence of locally increased rate of nucleo-
tide substitution on the human lineage to look for accelerated evolution. Se-
quences were obtained from a dataset of nearly 85,000 exons from 1:1:1 
human-chimpanzee-macaque orthologous genes (Gibbs et al. 2007). The 
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most accelerated exons displayed a biased pattern of base substitutions, 
which extended into flanking regions. Both GC-content and recombination 
rates were also increased in these regions. Thus, clusters of nucleotide sub-
stitutions in single exons of genes tend to be biased. A comparison of muta-
tions and substitutions revealed discordant patterns of nucleotide divergence 
and polymorphism in accelerated exons, suggesting a fixation bias consistent 
with gBGC. 

We also noted an excess of non-synonymous substitutions in accelerated 
exons. The most divergent exon in genes with elevated dN/dS ratios (typical-
ly interpreted in terms of positive selection) also exhibit a substitution bias 
and are enriched near hotspots. The same association between non-
synonymous changes and substitution bias was seen in genes identified in 
McDonald-Kreitman-tests. We implemented and deployed a theoretical 
framework to predict the effect of a bias towards fixation of WS mutations, 
modeled as a selective coefficient, on coding sequences under purifying 
selection. The model confirmed that gBGC could generate an increased 
dN/dS ratio that under strong effects with high coefficients could reach sig-
nificant results above one, which serves as a rough indication of positive 
selection, and thus mimic positive selection. 

Conclusion 
Whole-genome scans of accelerated evolution highlighted the effect of re-
combination on patterns of genome evolution in coding sequences, which 
mirrors that observed in mostly non-coding HARs. WS biased substitution 
patterns in accelerated regions are not only confined to non-coding sequenc-
es but can also affect coding sequences. The bias extends into flanking re-
gions and display high levels of recombination as well as GC-content. Clus-
ters of substitutions with these characteristics are evidence of a strong effect 
of gBGC operating on the most rapidly evolving coding sequences in our 
genome. We show that this process can also lead to increased fixation of 
replacement amino acid changes driving protein evolution, and may have a 
biased influence on tests of positive selection. 

PAPER II 
Detecting positive selection within genomes: the problem of biased gene 
conversion. 

Motivation 
A major goal in evolutionary genetics is to identify loci under positive selec-
tion, which are predicted to contribute to species-specific adaptation. A 
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common approach is to identify genes with accelerated rates of evolution 
along a particular branch of a phylogeny. However, as shown in paper I, 
several molecular mechanisms (Hurst 2009), like recombination-associated 
gBGC, affect fixation probabilities of WS mutations by biasing the transmis-
sion probability of G and C alleles in both coding and non-coding regions in 
many taxa (Duret & Galtier 2009; Galtier & Duret 2007; Galtier et al. 2009; 
Mancera et al. 2008). And indeed, a substantial fraction of instances of hu-
man-specific acceleration of functional non-coding regions were previously 
attributed to positive selection (Pollard et al. 2006; Prabhakar et al. 2006; 
Bird et al. 2007; Kim & Pritchard 2007), but have subsequently been associ-
ated with gBGC (Galtier & Duret 2007; Galtier et al. 2009). Tests of positive 
selection commonly use the ratio of non-synonymous (dN) to synonymous 
(dS) substitution rates (Yang 1998), which are expected to be more robust to 
gBGC than simple acceleration tests of average substitution rates. However, 
as shown in paper I, gBGC can also lead to an increase of the dN/dS ratio 
and mimic the effect of adaptive evolution (Galtier et al. 2009). Positive 
selection and gBGC can be modeled in the same way, but distinguished by 
their properties. gBGC is associated with regions of high recombination rate 
and generates WS biased substitution patterns that extends into flanking 
regions, while these properties are not expected under positive selection that 
operates exclusively on functional sites. By applying these criteria it should 
be possible to quantify the proportion of positively selected genes (PSGs) 
that could be falsely assigned and are indeed products of gBGC. 

Results 
A scan of primate orthologous genes (Kosiol et al. 2008) identified genes 
with branch-specific elevated substitution rates along the human and chim-
panzee lineages. In general these genes exhibit elevated recombination rates, 
increased equilibrium GC-content (GC*) and are enriched near hotspots and 
subtelomeric regions, which is consistent with gBGC generating accelerated 
evolution in a subset of these genes. 

A complementary scan identified genes with elevated dN/dS ratios, gen-
erally more robust to gBGC, along branches of the primate phylogeny. These 
genes partly subset those from the acceleration test and also show elevated 
recombination rates, elevated GC* and are enriched near hotspots and termi-
nal chromosome bands consistent with evolution via gBGC. To determine 
the proportion of these branch-specific PSGs that could potentially be due to 
gBGC, a maximum likelihood model was implemented. The model assigns 
genes to either of two classes with distinct GC*; gBGC-free and gBGC-
affected with low and high GC* respectively. The gBGC-affected class was 
assigned a 20% excess of coding branch-PSG regions, indicating that around 
20% of human branch-PSGs may be due to gBGC. 
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An extreme case among the human-PSGs is ADCYAP1 with dN/dS ratio 
above 2. All substitutions in ADCYP1 are WS, a bias that extends into flank-
ing regions. On top of that the gene is located within a recombination 
hotspot, providing excellent conditions for strong gBGC. Theoretical model-
ing of ADCYAP1 evolution was performed to test the prediction that gBGC 
can increase dN/dS ratios. Testing a wide range of parameters in the gBGC 
model predicts that several scenarios that invoke gBGC alone, absent of 
positive selection, are plausible explanations behind the evolution of 
ADCYAP1. 

Conclusion 
Patterns of nucleotide evolution in coding sequences across the primate phy-
logeny show clear signatures of gBGC, both among accelerated sequences 
and genes with elevated dN/dS ratios. Theoretical modeling predicts 20% of 
PSGs to be generated under the influence of gBGC. The example of 
ADCYAP1 clearly illustrates the potential effect of gBGC on the evolution 
of coding sequences, and consequently questions the results of previous 
scans for positive selection in a variety of species. 

PAPER III 
Novel origins of copy number variation in the dog genome. 

Motivation 
CNVs involve deletions, duplications and insertions of DNA segments up to 
several megabases in length, and account for a significant proportion of ge-
nomic variation (Hurles et al. 2008). In humans, CNVs have been associated 
with both beneficial and detrimental phenotypic traits (Hurles et al. 2008). 
Human CNVs are enriched in segmental duplications (SDs) and breakpoints 
are enriched for the recombination targeted PRDM9 binding motif (Mills et 
al. 2011), which implicates DSBs formed in this way during CNV creation 
via NAHR. However, meiotic DSB formation seems to be differently con-
trolled in dog (Oliver et al. 2009; Muñoz-Fuentes et al. 2011). Dogs lack an 
active copy of PRDM9, and hotspots are instead enriched for peaks of local-
ly elevated GC-content that may be targets of DSBs (Axelsson et al. 2012). 
This is supported by the involvement of GC-rich regions in genome rear-
rangements during canid evolution (Webber & Ponting 2005). This ultimate-
ly indicates that GC-peaks are important targets of recombination and often 
involved in rearrangements. Three previous studies have mapped CNVs in 
dogs (Chen et al. 2009; Nicholas et al. 2009, 2011), and confirmed an en-
richment in regions of segmental duplication. Undertaking the most compre-
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hensive CNV discovery effort in dogs to date, together with investigating a 
large range of breeds, we examine the genome-wide distribution and charac-
terization of CNVs and their breakpoints at unprecedented resolution. 

Results 
We confirm that the applied method largely agrees with previous efforts to 
identify CNVs. We show that CNVs are in general biased away from genes, 
but surprisingly genes involved in olfactory transduction are enriched in 
duplications, possibly reflecting positive selection for dog-specific traits. 

We confirmed an enrichment of CNVs in SDs, where they occur at higher 
allelic frequencies, are more complex, tend to be longer and are more likely 
to overlap genes (Nicholas et al. 2011).  Scans for sequence features identi-
fied an overrepresentation of L1 repeats, GC-peaks and stretches of perfect 
homology in CNV breakpoints. The enrichments of L1 repeats is most pro-
nounced for younger elements, and mirror the pattern seen between human 
CNVs (Kim & Pritchard 2007; Korbel et al. 2007) and SDs (Redon et al. 
2006), where the likelihood of a SD being associated with a CNV was highly 
correlated to its sequence identity to the duplicated copy. The enrichment of 
GC-peaks is more than two-fold and rapidly decays with increasing distance 
from the breakpoint. The length of stretches of perfect homology is four 
times longer than expected, and in extreme cases exceeds 1 kb. The associa-
tion between CNV breakpoints and SDs, L1 repeats, GC-peaks and extended 
regions of perfect homology in dogs suggest that CNV breakpoints may 
often occur at recombination hotspots, and these features promote structural 
variation by NAHR. 

Analysis of the distribution of CNVs among breeds reveals a frequency 
distribution qualitatively similar to those expected for neutral polymor-
phisms. The majority of CNVs were found in multiple breeds, with on aver-
age only one private CNV per breed. The relative lack of breed-specific 
CNVs suggests that instances of those involved in breed-specific phenotypes 
must be rare. The extent to which patterns of CNV variation can be used to 
infer population structure between breeds was explored by constructing a 
phylogeny based on CNV allele sharing. Similar to large-scale SNP analyses 
(vonHoldt et al. 2010; Vaysse et al. 2011), this indicated that the CNVs have 
a strong phylogenetic signal, grouping dogs into breeds and to some extent 
breed type. 

Conclusion 
The results from this study highlight a general enrichment of CNVs in re-
gions of SDs. They also suggest that many CNVs are generated by NAHR 
events directed towards GC-peaks, which are also enriched in dog recombi-
nation hotspots. In support of a strong role of NAHR in dog CNV formation, 
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we also identify associations between CNV breakpoints and L1 elements and 
long stretches of sequence homology. This comprehensive catalogue of 
CNVs will be useful for future studies to uncover the genetic basis of com-
plex traits in dogs. 

PAPER IV 
Germline methylation patterns determine the distribution of recombination 
events in the dog genome. 

Motivation 
Recombination events in eukaryotes are localized to narrow regions termed 
recombination hotspots (Petes 2001; Paigen & Petkov 2010), with short evo-
lutionary lifespan (Winckler et al. 2005). In vertebrates these recombination 
hotspots are often enriched for binding motifs of the PRDM9 gene (Baudat 
et al. 2010; Parvanov et al. 2010; Cheung et al. 2010; Myers et al. 2010). 
Thus, PRDM9 is inferred to be responsible for initiating a majority of the 
recombination events. However, dogs and other canid taxa are some of the 
only mammals that lack an active copy of PRDM9 (Oliver et al. 2009; 
Muñoz-Fuentes et al. 2011; Axelsson et al. 2012). The dog genome is there-
fore an ideal natural model to study how recombination events are distribut-
ed in the absence of PRDM9 and the effects on genome evolution. Hotspots 
in dogs show an enrichment for GC-rich elements instead of specific se-
quence motifs (Axelsson et al. 2012; Auton et al. 2013). The challenge still 
remains to characterize these regions and determine if they are GC-rich be-
cause unmethylated sequences high in GC attract recombination, or if they 
become GC-rich because of the recombination-associated process gBGC, or 
if both these processes are involved simultaneously. Another related feature 
that distinguishes the dog genome from other mammals is an increased den-
sity of CGIs (Han et al. 2008). By analyzing CGIs and other GC-rich regions 
we can discover how recombination events affect patterns of nucleotide sub-
stitutions and shape the distribution of CGIs in the dog genome. 

Results 
We first show that the GC-rich elements identified in dog hotspots and 
CNVs are a subset of the predicted CGIs. Employing the dense hotspot map 
from re-sequencing data in dogs (Auton et al. 2013) we confirm a strong 
association between CGIs and these hotspots. The association is strongest for 
specifically promoter-associated CGIs. Simultaneously, the recombination 
rates are increased in both hotspot- and promoter-associated CGIs. This sug-
gests a strong connection between recombination and increased GC-richness. 
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The cause of association between CGIs and recombination was investi-
gated by analyzing the mutation rates across the dog genome in general and 
in the strongly associated regions in particular. CpG mutation rates were 
reduced in hotspots, CGIs and promoters. This reduction was stronger in 
regions where these features intersect with each other. We also show that the 
reduced CGI mutation rate creates a WS over SW bias in hotspots. These 
results clearly show that CGIs are unmethylated and that this property of 
CGIs promotes recombination. 

We next investigated substitution patterns along the dog lineage com-
pared to the panda lineage with a substitution model that explicitly incorpo-
rates the CpG mutability (Arndt et al. 2003). Panda is the closest related 
species with an active PRDM9. Both species show the expected patterns 
consistent with lack of methylation and high recombination in hotspots, 
CGIs and promoters. Like mutation rates, they are additionally reduced in 
intersecting regions. However, the species differ in other substitution rates in 
CGIs. Dogs show highly increased substitution rates in general, and WS 
rates in particular, while panda does not.  This is a signature of gBGC acting 
in the dog but not the panda genome. Clearly, different evolutionary forces 
are acting in CGIs in their respective genomes. These substitution patterns 
predict a dramatic increase in GC* in dogs, while panda displays a more 
moderate level of GC*. Again, promoter-associated CGIs show the most 
marked difference. 

Analyses of CGI distribution in the dog genome reveal a relative increase 
in intergenic regions compared to panda, and an increasing association with 
hotspots. This likely reflects the relocation of hotspots to unmethylated re-
gions and their reinforcement via gBGC, which strengthens our inference of 
them as CGIs. Recombination rates in CGIs are also increased relative to 
panda, especially in hotspots and promoters, linking recombination to CGIs.  

Conclusion 
The main trends of a) higher substitution rate in dog, especially in CGIs b) 
suppressed CpG rates in both species and c) increased WS rate and GC* in 
dog CGIs is consistent with a joint effect of non-methylation and gBGC. In 
absence of PRDM9, recombination sites in dogs have moved to unmethylat-
ed CGIs where they remain and increase GC* via gBGC. The highly accel-
erated evolution in dog CGIs, which have important functions as TFBS, 
could have significance for functional evolution in dog. The link between 
recombination and CGIs indicates gBGC as a likely cause of the dog CGI 
expansion and suggests promoter-associated CGIs as most efficient at pro-
moting recombination as a result of lower levels of methylation. 
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Concluding remarks and future perspectives 

Meiotic recombination clearly has remarkable effects on sequence evolution. 
The work conducted in this thesis provides insight into the various effects on 
genomic variability associated with recombination. In order to achieve this 
we performed several detailed analyses to reveal and explain the role of un-
derlying factors on molecular evolution to enhance the understanding of the 
interplay between recombination and genomic features. CGIs emerge as 
important targets of recombination and predict an accumulation in regions of 
strong gBGC with increased rate of structural variation and substitutions. 

Paper I and II characterize the mutational properties of regions identified 
as being under the influence of strong positive selection, and demonstrates 
that gBGC can be mistaken as signs of positive selection and lead to false 
inferences in selection scans. Thus, several protein-coding changes in fast 
evolving genes are prompted by the biased fixation of AT-to-GC mutations, 
which is inherent of the genomic architecture and completely distinct to ad-
aptation. The methods implemented in these papers enable estimates of the 
contribution of gBGC and could be utilized to characterize the genetic pro-
file of genes. Considering the substantial portion of regions undergoing rapid 
evolution that is affected by gBGC, it is imperative to incorporate estimates 
of the contribution of this force in selection tests. 

Recently, direct measurement of the over-transmission of G:C alleles 
from pedigrees have been successfully demonstrated in humans (Williams et 
al. 2014). However, the variation in this transmission bias is still unclear. 
Does it resemble recombination and is locally increased in certain regions, 
and how is that controlled? Is the distortion different between species, and 
could it be reversed? It is of eminent interest to increase the number of ob-
servations of recombination and analyze other species to investigate this 
pattern under a phylogenetic framework. With continuously decreasing costs 
to sequence whole genomes it is important to further quantify the skew in 
transmission proportions by analyzing larger pedigrees. 

Paper III and IV demonstrate the importance of CGIs on genomic varia-
bility and genome evolution in the dog genome. Both CNVs and recombina-
tion hotspots in dog are enriched for peaks of elevated GC-content identified 
as CGIs. Paper III characterizes structural variation in dogs, and consolidates 
a map of CNVs to aid future gene mapping studies. However, new tech-
niques emerge and with next-generation sequencing it is now theoretically 
possible to achieve maximum resolution and map CNVs down to single 
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basepairs, which have successfully been done in several species, including 
pooled dog and wolf samples (Axelsson et al. 2013). The potential adverse 
effects of CNVs decline with smaller segments, and diminish the strength of 
purifying selection. Thus, the greatly improved mapping resolution predicts 
more breed-specific CNVs in contrast to the finding in paper III. Therefore, 
in search of breed-defining genetics to aid trait mapping, it is of uttermost 
importance to analyze the large amount of variation captured by segments in 
between kb and bp in size. 

In paper IV we efficiently bridge the gap between the evolutionary pro-
cess of gBGC and the sequence feature of CGIs by demonstrating the inter-
play via a common connection to recombination hotspots in the dog genome. 
Few mutations provide a viable natural knockout model to analyze the ef-
fects of inactivation of a gene as the example of PRDM9. The theory of 
CGIs as targets of recombination without PRDM9 is entirely based on anal-
yses in dogs. However, it is plausible to consider additional alternative 
mechanisms of recombination initiation. For example, genes with similar 
activity could have taken over the role of PRDM9. Thus, related species 
should be interrogated for the distribution of CGIs and compare those with 
maps of recombination to further cement the importance of CGIs in genome 
evolution. 

The work in this thesis highlights the importance of additional characteri-
zation of genes under positive selection. It expands current research and 
uncovers convincing associations between genomic features and proposes 
key roles of recombination in genome evolution. 
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