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Departament de Ciències Experimentals i de la Salut



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page ii — #4



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page iii — #5

A elles, les que volen viure lliures

After centuries of dormancy, young
women can now look toward a future

moulded by their own hands.

Rita Levi-Montalcini

All we have to decide is what to do
with the time that is given us.

Gandalf, John Ronald Reuel Tolkien
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Fins i tot en el cas de la matemàtica, la ciència “pura” per
excel·lència, la comunitat cientı́fica, que per molt temps ha

estat orgullosa de fer ciència tancada a la seva torre
d’ivori, ha canviat de paradigma.

La necessitat de millorar la percepció social de la utilitat
de les matemàtiques és una preocupació general.

Enric Brasó Campderrós
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Gràcies,

Als meus pares, na Maria Rosa i l’Enric, els culpables de tot. Per haver-me
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l’Igor per ser una perfecta incorporació al grup. Per fer sempre que em rigui de
mi mateixa. Per ser carinyós després de tot. A l’Anna per la teva calidesa. A
l’Alba per la teva manera de riure per sota el nas. A tots per la vostra amistat. És
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Abstract

Duplication is the main mechanism for the formation of new genetic material
and functional innovation. Understanding the way duplications arise, evolve,
co-evolve and give rise to new functions is essential. In this thesis, I present my
contributions to the pursuit of this goal. I investigate the recombination process
driving the concerted evolution of duplicates: interlocus gene conversion (IGC).
In particular, I explore how IGC and crossover interplay, how IGC dependence
on sequence similarity between duplicates influences their concerted evolution,
and how IGC and the collapse of duplications in genome assemblies alters test
statistics. In addition, I characterize the diversity of highly similar duplications
in the human genome to elucidate their duplication mechanisms, their time of
appearance and their contribution to the formation of new genes. Finally, I
describe the duplicated and copy-number variant regions in the rhesus macaque
genome and identify therein gene copy-number differences of functional
relevance with humans.

Resum

La duplicació és el principal mecanisme de formació de nou material genètic i
d’innovació funcional. Entendre com les duplicacions sorgeixen, evolucionen,
co-evolucionen i engendren noves funcions és essencial. Aquesta tesi recull les
meves contribucions a aquest objectiu. Investigo la recombinació responsable
de la co-evolució dels duplicats: conversió gènica entre loci (IGC).
Especı́ficament, exploro com l’IGC i la recombinació per entrecreuament
interactuen; com la dependència de l’IGC de la similitud entre duplicats
influencia la seva co-evolució i com el col·lapse de duplicats en el muntatge de
genomes altera proves estadı́stiques. També caracteritzo la diversitat de les
duplicacions altament similars del genoma humà per aclarir els seus
mecanismes de duplicació, moment d’aparició i contribució a la formació de
nous gens. Finalment, descric les regions duplicades i variants en nombre de
còpia del genoma del macaco rhesus i hi identifico diferències gèniques en
nombre de còpies de rellevància funcional amb el genoma humà.
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Prefaci

La recerca

Una macaca curiosa, un bon dia, va decidir que havia arribat el moment
d’encaminar-se en cerca del fruit suculent del bosc frondós de què tant la seva
mare li havia parlat.

Entrant al bosc frondós els seus ulls ja miraven inquiets en totes direccions
buscant el famós fruit. Miraven enlaire buscant un enorme fruit suculent penjant
d’un arbre ben gros. De quina altra manera podia ser el seu somiat fruit?

Buscant, buscant, va trobar una bonica móra. Una móra petitı́ssima. I, per què
no? Se la va posar dins la boca. ‘Mmmmh! Que dolça!’, va pensar sense deixar
de mirar enlaire per si divisava el gran fruit suculent.

Animada, va reprendre la seva recerca.

Mentre buscava l’enorme fruit, la macaca curiosa anava trobant móres dolces que
anava menjant per fer passar l’espera i la gana. ‘Mmmmh! Que dolça!’, pensava
cada cop que se’n posava una dins la boca.

Va buscar i buscar incessant i alegre durant tot el dia. Sense èxit. On era l’enorme
fruit suculent?

Cap al tard, cansada de donar voltes i més voltes mirant enlaire, va seure en
una grossa roca. ‘Què se n’ha fet del fruit suculent de què parlava la mare?’, es
preguntava mentre allargava la mà per agafar una altra móra dolça i endur-se-la
a la boca. ‘Mmmmh! Que dolça!’

‘De tanta móra dolça al final he quedat ben tipa! Que dolces que són!’, pensava
tot ajeient-se, cansada i satisfeta, al peu de la grossa roca.

‘Demà més!’

vii
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Chapter 1

Introduction

1
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Section 1.1

The true definition of science is this: the study of the beauty of the world.

Simone Weil

The more we know, the more we realize there is to know.

Jennifer Doudna

1.1 Evolution by duplication

Genetic drift and natural selection modulate the fate of genomic material through
evolution. Although they do not generate new genomic variants, they are the
forces influencing which of them will endure from one generation to the other.
Genomic variants need to exist before genetic drift and natural selection can act
upon them (Darwin, 1859; Kimura, 1968).

Although point mutations are a common source of novel genomic variants with
potential influence on phenotype and capacity for functional innovation, the huge
variety of functions in life is not only the product of point mutations. Instead,
the main mechanism responsible for the complexity of genomes across the tree
of life is duplication (Ohno et al., 1968; Ohno, 1970). In 1980, Tomoko Ohta
began her book entitled Evolution and variation of multigene families with these
clarifying sentences (Ohta, 1980):

“In evolution of higher organisms, gene duplication has apparently played
a very important role. For more complex organization, more genetic
information is needed, and gene duplication seems to be the only way
to achieve it.”

In 1970, Susumu Ohno published Evolution by gene duplication, a book that
inspired not only this section’s name but gave rise to a new vision on genome
evolution. In Evolution by gene duplication, Ohno presented his theory about
the evolution of genomes through duplication, which is today widely accepted
in the field. According to Ohno’s ideas, functional regions in our genomes have
little space for innovation because almost all variation appearing in such regions
is deleterious and erased by natural selection. Duplication resolves this

3
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limitation by generating redundant genetic material leading to a relaxation of
selective constraints and leaving space for genomic innovation (see Section
1.3.3 for more specific scenarios). Ohno himself explained it like this (Ohno,
1970):

“As long as a particular function of an organism is under the control
of a single gene locus, natural selection does not permit perpetuation of
mutations which result in affecting the functionally critical site of a peptide
chain specified by that locus. Hence, allelic mutations are incapable of
changing the assigned function of genes.

Gene duplication emerged as the major force of evolution. Only when
a redundant gene locus is created by duplication is it permitted to
accumulate formerly forbidden mutations and emerge as a new gene locus
with a hitherto unknown function.”

Ohno and Ohta, in their aforementioned work, talked about gene duplications.
We now know that duplications are not only restricted to gene duplications but
vary in content and in size, ranging from whole-genome duplications (WGDs) to
small insertions (see Section 1.2).

Duplications are a pervasive feature of eukaryotic genomes (Ohno et al., 1968;
Kaessmann, 2010; McGrath and Lynch, 2012). Particularly, two WGD events
in the early stages of the diversification of vertebrates seem to have driven the
transition from invertebrates to vertebrates (Ohno et al., 1968; Cañestro, 2012;
Cañestro et al., 2013). Moreover, the architecture of vertebrate genomes is also
the result of a long local-duplication history, exceptionally active in the great
ape lineage (Lynch, 2007; Marques-Bonet et al., 2009a; Kaessmann, 2010; see
Section 1.4). Thus, a large part of the sequence of our genomes orginitated from
duplications, although only a fraction is currently considered duplicated or even
can be detected as such.

After duplication, copies are identical. Differences between duplicates emerge
progressively being exposed to evolutionary forces such as genetic drift, natural
selection (see Section 1.3.3) and interlocus gene conversion (IGC; see Section
1.3.1). With time, these differences accumulate and make duplicates more and
more divergent. Margaret O. Dayhoff, Winona C. Barker and Lois T. Hunt
(Dayhoff et al., 1983) describe it like this:

4
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“When gene pools become isolated, through either a separation of
interbreeding populations or a duplication of genetic material within
a species, the copies gradually acquire changes independently of one
another. At first the sequences are so similar that there is no question about
their common origin. With increasing time more and more change occurs
until it may no longer be possible to recognize the similarity.”

Given its long history of duplication events, our genome is a landscape of
duplications in a wide range of divergence stages: from highly diversified old
duplications that can almost no longer be recognized as such, to highly similar
duplications that are hard to distinguish one from each other (see Section 1.2.2).
In practice, a particular region is considered a duplication when it has a
considerable amount of similarity with respect to other parts of the genome (see
Section 1.2.1).

Duplication is at the core of this thesis and as such I have considered it necessary
to begin by stating its importance in evolution. I will now step back and describe
genome variation in all its forms emphasizing the role of duplication1.

1Through this thesis I will use the term duplication for both the event of an appearance of a
genomic copy (or copies) of a prior genomic region, and the resulting redundant genomic regions
themselves. Moreover, I will use the term duplicates to refer to duplicated copies or group of
regions that share identity. Opposite to duplication, I will refer to a genomic region without
significant similarity to other parts of the genome as a non-duplicated or diploid region.

5
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Section 1.2

We wish to discuss a structure for the salt of deoxyribose
nucleic acid (D.N.A.). This structure has novel features

which are of considerable biologic interest.

Rosalind Franklin

1.2 Genome variation: from single-nucleotide variants
to structural variants

Genomic variants are differences between the genomes of individuals within a
given population or species. They take many forms: single-nucleotide variants
(SNVs); short insertions and deletions; microsatelites and short tandem repeats;
presence or absence of transposable elements; and larger genomic changes
named structural variants (SVs).

Since the publication of the first draft of the human genome in 2001 (Lander
et al., 2001; Venter et al., 2001), population genetics has focused on SNVs (Cann
et al., 2002; The International HapMap Consortium, 2005; Haussler et al., 2009;
Prado-Martinez et al., 2013; Auton et al., 2015; de Manuel et al., 2016; Mallick
et al., 2016; Xue et al., 2016). Nevertheless, for several reasons, which include
the failure of SNVs to account for all the observed heritability, an issue known
as the missing heritability problem (Beckmann et al., 2007; Eichler et al., 2010),
and the improvement and cost-minimization of sequencing technologies, during
the last decade SVs have become the center of a large body of research (Itsara
et al., 2009; Conrad et al., 2010; Mills et al., 2011; Sudmant et al., 2013, 2015a,b;
Zarrei et al., 2015; Kronenberg et al., 2018).

SVs are changes in number of copies or location of a genomic region. The
involved genomic region can be as big as the whole genome. This is the case of
differences in ploidy (result of a WGD) among the individuals of the same
species. These differences in ploidy are very frequent in plants (Jaillon et al.,
2007; Mühlhausen and Kollmar, 2013) and have been repeatedly occuring in
eukaryotic evolution (Sémon and Wolfe, 2007; Cañestro, 2012; McGrath and
Lynch, 2012; Mühlhausen and Kollmar, 2013). Although WGDs have the initial
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advantage of respecting the gene dosage balance, they are energetically very
expensive and most of the new genetic material is finally lost (Inoue et al.,
2015). In addition to WGDs, SVs include trisomies and other chromosomal
rearrangements which can be frequently found between closely related species
despite generally being strongly deleterious (Ventura et al., 2012). Finally, the
smallest and more frequent type of SVs is copy-number variants (CNVs),
which are discussed in the following section (Feuk et al., 2006a).

1.2.1 Segmental duplications and copy-number variants

CNVs are defined as differences in the number of copies of a genomic region
of more than 1 kbp between individuals within a population or species (Feuk
et al., 2006a). They can be the result of deletions, which decrease the number
of copies of the involved region, or duplications, which increase it2. CNVs were
discovered after observing that some patients had different number of copies of a
given genomic region compared to healthy individuals (Lupski, 1998), being this
the genetic cause of their disease. For this reason, like SNVs, CNVs can only be
considered when comparing genomes within a given population (Iafrate et al.,
2004; Sebat et al., 2004; Feuk et al., 2006a,b).

The definition of CNVs partially overlaps with another definition, the definition
of segmental duplications (SDs). SDs are genomic duplications of 1 kbp or
more in length presenting at least 90% of identity3 between copies (Bailey
et al., 2001). SDs were defined when the first draft of the reference human
genome came out, to represent the redundancy of sequence found within it
(Bailey et al., 2001; Lander et al., 2001; Venter et al., 2001). Thus, SDs are
duplications present within one single haploid genome and, contrary to CNVs,
their definition does not consider a population perspective. In other words, SDs
are described in one individual regardless of being present or not in other

2Although keeping in mind that CNVs can also be the product of deletions, for the sake of
simplicity and because of my particular interest in duplications, throughout this thesis I will mainly
use the term CNV to refer to duplications segregating in number of copies in the population.

3During the whole of this thesis I will use the term homologous as the quality of descending
from the same ancestral genomic region. In the same way, I will use paralogs for homologs
generated by duplication and orthologs for homologs separated by speciation. On the other hand,
I will use the terms identity and similarity as synonyms and as antonyms of divergence, and all
three of them as quantitative characteristics of homologs.

7
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individuals of the same population.

From the definitions of SD and CNV we could state that an SD having variable
number of copies within a population is a CNV. And the other way around, if a
given CNV involves a duplication in an individual, and its copies have more than
90% identity, this CNV would be an SD in such individual. Note that, on the one
hand, the definition of SD does not specify whether they are variable or not in
the population (although copies have to be at least 90% identical) and, on the
other hand, the definition of CNV implies variability in the population but not a
minimum identity between copies. Moreover, all SDs, regardless of being fixed
or not in the population, arose in a single individual and, thus, were CNVs at the
time they appeared (see Section 1.3.2). It is therefore not surprising to find that
CNVs are enriched in SDs (Sharp et al., 2005; Itsara et al., 2009).

In practice, like many entities in biology, what is considered an SD or a CNV
depends on the available data. In this case, it basically depends on the sample
size and the method used to detect them. First, what is considered to be an SD or
a CNV depends on the sample size because what is detected as fixed or variable
depends on the amount analyzed individuals (Sandelowski, 1995). An apparently
fixed SD in a given sample size could potentially be regarded as a CNV if a larger
sample size is considered. Second, it will largely depend on the method used to
detect them4. To detect SDs and CNVs is not an easy task. I will elaborate on
the existing detection methods and on the limitations of duplications detections
in Section 1.2.2.

SDs and CNVs are long stretches of DNA sequence that have a high degree of
similarity with other parts of the genome. Given the high similarity between
duplicates, we can roughly5 say that SDs and CNVs are long duplications that
appeared during the last 35-40 million years (Bailey and Eichler, 2006).
Moreover, SDs and CNVs are long enough to include functional elements such

4In many cases, a CNV (when involve a duplication) is just an SD varying in number of copies
in the population. This is so because the methods used to detect CNVs have a maximum sensibility
on divergence and this is generally not bigger than 10% (see Section 1.2.2).

5High identity between duplicates implies either that the duplication is quite recent in evolution
and that point differences between duplicates have still not appeared or that the point differences
between duplicates that appeared during the past have not endured through evolution (see Section
1.3.1 and Section 1.3.3 for possible reasons behind the maintenance of similarity between
duplicates through time).
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as genes, and thus, they are the birthplace of potentially new functional
elements. In other words, they are the recently created redundancy of sequence
that will potentially result in functional innovation according to Ohno’s theory
(Ohno, 1970). Moreover, some SDs and CNVs have been found to be
responsible for disease (see Section 1.5). These are two of the main reasons that
motivate the study of SDs, CNVs and how they appear and evolve.

1.2.2 Detection of SDs and CNVs

As mentioned in Section 1.2.1, SD and CNV detection methods are a central
factor for determining what is and what is not an SD and/or a CNV. Three main
groups of SD and CNV detection methods dominate the field: hybridization-
based CNV detection methods, assembly-based duplication detection methods,
and methods based on next-generation sequencing (NGS) technologies.

Hybridization-based CNV detection methods

There are many tools and methodologies designed for patient-genotyping
of specific CNVs causing disease (Vandeweyer and Kooy, 2013; Martin
et al., 2015; Weckselblatt and Rudd, 2015). The most important of these
targeted techniques is fluorescence in situ hybridization (FISH;
Langer-Safer et al., 1982). With this technique, specific fluorescent DNA
probes hybridize cellular DNA in order to visualize the genomic loci (and
their number) that have the corresponding sequence.

On the other hand, microarray-based comparative genomic hybridization
(array-CGH; Lucito et al., 2003) is a generalization of FISH. In
array-CGH, genome-wide copy-number differences between two genomes
(e.g. a patient’s genome compared to a reference genome) are detected with
high resolution. Typically, with an array-CGH, only differences in number
of copy between the two tested genomes can be detected, whereas
duplications having the same number of copies in the two compared
genomes cannot be distinguished from non-duplicated (diploid) regions.

9
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Assembly-based duplication detection methods

During the first attempt to decode the human genome, the presence of
highly similar long duplications was evidenced (Lander et al., 2001; Venter
et al., 2001). Shortly after the release of the first draft of the human
genome, Bailey et al. (2001) presented a new method designed to detect
duplications in the assembly called whole-genome assembly comparison
(WGAC), although this term was not coined until later (Bailey et al.,
2002a).

The WGAC approach subjects a previously repeat-masked genome
assembly to generalized inward BLAST similarity searches (Altschul et al.,
1990). Previously masked repeat sequences are reincorporated to the found
alignments and end-trimming algorithms are applied to optimize the
resulting alignments. Only those of a minimum size of 1 kbp and a
minimum identity between sequences of 90% (excluding gaps) are reported
(Bailey et al., 2001).

The SD term was coined with the design of WGAC and its implementation
in the first human assembly (Bailey et al., 2001). Since then, WGAC has
been commonly used to annotate SDs in multiple species genome
assemblies (UCSC Table Browser; Karolchik, 2004) and to study SDs
(Bailey et al., 2002a, 2004b; She et al., 2006; Nicholas et al., 2009; Jiang
et al., 2014; Feng et al., 2017). In Chapter 4, I study human SDs through an
in depth analysis based on an SD database constructed from WGAC data.

WGAC provides very useful information for the study of SDs. Its complete
list of alignments across the genome specifies, not only which are the
duplicated regions in the genome, but also where they are located.
Moreover, having the sequence alignment between duplicated pairs allows
the study of their point differences. However, the WGAC approach has two
main limitations as a result of being based on a genome assembly. First, as
long as one single haploid genome assembly is used, WGAC is blind to
CNVs. And, second, the quality of the WGAC SD annotation will depend
on the quality of the genome assembly used.

As previously noted, DNA sequences from two highly similar duplicates
are difficult to distinguish from each other. This fact entails serious
problems in resolving duplications (that is, defining their limits, sequence
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and locating them adequately) when constructing genome assemblies.
Sequencing reads coming from duplications are hard to unambiguously
assign to a given duplicate, being impossible in cases of highly similar
duplicates and short read lengths. Many genome assembly algorithms and
technologies intend to tackle this problem and distinguish highly similar
duplicates to avoid collapsing them in a single assembly locus (Nagarajan
and Pop, 2013; Simpson and Pop, 2015; Lu et al., 2016). Despite there
being cases of recent de novo genome assemblies constructed with new
higher-quality long-read technologies (Chaisson et al., 2015; Lu et al.,
2016), there are many species’ reference genomes essentially constructed
with NGS short reads that contain collapsed duplications (Salzberg and
Yorke, 2005; Kelley and Salzberg, 2010). In Section 3.3.4, I will discuss
and present results regarding the consequences of collapsed duplications on
whole-genome selection scans (see also Hartasánchez et al., 2018 in
Appendix 7.3).

NGS-based duplication detection methods

Other approaches to detect genome-wide SDs and CNVs use NGS data.
Despite the existence of methods that use local discordant read mappings,
such as paired-end reads mapping in an unusual span or orientation, the use
of NGS reads for SDs and CNVs detection is dominated by
read-depth-based methods (Abel and Duncavage, 2013; Tattini et al.,
2015). These methods are based on the principle that, if the sequencing
process is regular, the number of reads mapping to a given genomic region
is proportional to the number of genomic regions generating these reads or,
in other words, to the number of copies of such genomic region.

The first time read depth was used to detect non-diploid regions
genome-wide was in 2002 by Bailey et al. (2002a), who named the
technique WSSD, for whole-genome shotgun sequence detection.
Nowadays, we can find several improved WSSD algorithms although the
initial steps are essentially common in all of them (Alkan et al., 2009; Yoon
et al., 2009; Magi et al., 2012; Serres-Armero et al., 2017). To perform this
technique, first, NGS reads are mapped to a repeat-masked genome
assembly (normally with relaxed identity requirements around ≥95%).
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Second, depth of coverage is corrected for biases in mapping and
sequencing (especially GC-content biases). Third, mean read depth is
computed in windows that cover the genome. Fourth, the copy number of
each window is calculated taking as reference the read depth of diploid
control regions. In Chapters 4 and 5, I will apply WSSD to study human
and rhesus macaque SDs and CNVs. For more details on WSSD methods
see Sections 4.4 and 5.4.

WSSD also allows the study of the number of copies along the whole
genome of multiple individuals at the same time, and it has been widely
used to study SDs and CNVs in different species and populations (Bentley
et al., 2008; Campbell et al., 2008; Wang et al., 2008; Wheeler et al., 2008;
Chiang et al., 2009; Marques-Bonet et al., 2009a; Sudmant et al., 2013,
2015a,b; Serres-Armero et al., 2017). Moreover, unlike WGAC, WSSD has
the advantage of detecting a duplicated region as such regardless of it being
resolved or collapsed in the assembly. Nevertheless, WSSD has the
disadvantage of only indicating the number of copies of a given region and
not providing information on the copies’ location nor sequence (see
Chapter 6 for further discussion on advantages and disadvantages of
WGAC and WSSD).

Considering that the advantages and limitations of WGAC and WSSD are
complementary to some extent, using both of them at the same time can allow
an adequate study of the architecture and distribution of duplications within the
genome (WGAC) and its variation within and between species and populations
(WSSD). n Chapter 4, I use this combined approach akin to previous work
(Bailey et al., 2004a; Nicholas et al., 2009; Jiang et al., 2014; Feng et al., 2017).

New promising long-read and nanopore-based sequencing technologies allow
discerning duplicates more accurately and a better construction of genome
assemblies (Nagarajan and Pop, 2013; Simpson and Pop, 2015; Lu et al., 2016;
Wajid et al., 2016). High quality assemblies of several species are already
available being highly valuable tools for studying SDs and CNVs (Huddleston
et al., 2014; Chaisson et al., 2015; Gordon et al., 2016; Shi et al., 2016;
Kronenberg et al., 2018). Additionally, innovative SD and CNV detection
methods represent interesting new perspectives for the study of duplications
(e.g. Pu et al., 2018).
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I am incapable of conceiving infinity, and yet I do not accept finity.

Simone de Beauvoir

1.3 Evolution of duplications

Ohno’s publication in 1970 (Ohno, 1970) and his proposal of the way new
genetic material is created through duplication left many open issues. They can
be summarized in three general questions:

1. How do duplications arise?

2. How do duplications evolve?

3. How does natural selection act upon duplicates?

During the almost 50 years that have passed since Ohno’s publication, a
substantial amount of research has been done devoted to these questions. In this
section, I will give an overview of the current knowledge regarding the
evolution of duplications. First I will explain how duplications can co-evolve,
then how they arise and finally how they can result in new functions.

1.3.1 Concerted evolution

Duplicates do not always evolve independently. The co-evolution of duplicates
is named concerted evolution. Although Ohno did not mention this in his 1970
book (Ohno, 1970), cases of concerted evolution of duplicates started to be
reported short after this was published (Gally and Edelman, 1970; Brown et al.,
1972; Brown and Sugimoto, 1973; Hood et al., 1975; Tartof, 1975).

As an example, let us consider a duplication event that occurs prior to a
speciation event. In the absence of concerted evolution, duplicates will evolve
independently (Figure 1.1 A) and thus, paralogs will, in principle, be more
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divergent than orthologs, which will retain similarity given their a priori shared
function (Figure 1.1 C). On the contrary, under concerted evolution, duplicates
co-evolve within each one of the species after speciation (Figure 1.1 B) and
paralogs will be more similar than orthologs (Figure 1.1 D). Under the latter
scenario, the molecular clock (Zuckerkandl and Pauling, 1965) cannot be used
to date duplications since they will appear to have a more recent origin than the
actual time of duplication.

Figure 1.1: Presence and absence of concerted evolution of duplicates. Evolution of sequence
similarity (represented by differences in colors) between regions after duplication and posterior
to speciation under a model without concerted evolution (A) and with concerted evolution (B).
Corresponding resultant trees are represented in C and D. [Image adapted from Innan (2009).]

Although many explanations to concerted evolution have been proposed since
the first observed cases in the 1970s, only three are commonly accepted
nowadays (Hood et al., 1975; Tartof, 1975; Ohta, 1980). First, a recombination
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process can erase differences between duplicates (see below in Section 1.3.1).
Second, a repeated birth and death process of duplications can confound the age
estimates of duplications (see Section 1.3.2). Third, selection can prevent
differences between duplicates to endure through evolution (see Section 1.3.3).
These three mechanisms of concerted evolution are not mutually exclusive but
can coexist and interplay (Graur and Li, 2000; Ohta, 2010).

Interlocus gene conversion

One of the main mechanisms underlying the concerted evolution of
duplicates is IGC (Ohta, 2010). To present IGC, how it works and what are
its effects on the molecular evolution of duplicates, I will first explain the
general process of gene conversion (GC).

In homologous recombination (HR) a DNA double-strand break (DSB) is
repaired using as a template an homologous DNA segment (Figure 1.2;
Symington et al., 2014; Haber, 2018; Sung, 2018). DSBs can be either due
to DNA damage or part of the normal recombination process during cell
division, mainly meiosis (Murti et al., 1992). GC is one of the possible
byproducts of HR characterized by the non-reciprocal exchange of genetic
material between both involved DNA strands (Duret and Galtier, 2009;
Hastings, 2010; Dwivedi and Haber, 2018). In other words, in GC the
broken strand is fixed by copying the homologous information from the
other strand (Figure 1.2). HR resolved in both synthesis-dependent strand
annealing (SDSA) and double-strand break repair (DSBR) processes can
result in GC events (Figure 1.2).

Allelic gene conversion (AGC) is the most common form of GC. It occurs
when the broken strand in a DSB and the homologous template used to
repair it are in the same locus, either in an homologous chromosome or in a
sister chromatid (Waldman, 2008). AGC leads to non-mendelian
proportions of meiotic products, was observed and described even before
the structure of DNA was discovered in 1953 (Watson and Crick, 1953).
According to Mendel’s model (Mendel, 1866), of the four haploid meiotic
products of an F1, two carry one trait and the other two carry the other trait.
Nevertheless, studies of meiosis in Saccharomyces cerevisiae showed
exceptions to this premise as proportions of 1:3 were sometimes observed
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Figure 1.2: Repair pathways of DSBs. After a DSB, HR is the less mutagenic and, thus, preferred
strategy. In HR after DSB, there is a 5’ to 3’ resection of the DNA ends. 3’ overhangs carry out an
homology search, with a posterior D-loop formation. Three mechanisms of HR are known. First,
break-induced replication (BIR) which happens when one of the DNA extremes result of the
DSB is missing. Second, SDSA which happens when the strand invasion is reverted after DNA
synthesis. And, third, the classical DSBR which involves the formation and resolution of a double
Holliday junction. SDSA results in GC and DSBR can result in GC or in crossover including GC.
Non-homologous end joining (NHEJ), microhomology-mediated end joining (MMEJ) and single
strand annealing (SSA) are alternative resolutions of the DSB that do not involve HR and, thus,
are potentially more mutagenic. [Image adapted from Sebesta and Krejci (2016).]

(Lindegren, 1953). In 1964, Robin Holliday (Holliday, 1964) proposed a
model of the mechanism through which GC could occur. Holliday set the
foundations of the molecular mechanisms of HR and his model became the
reference model for DSB resolution. Since then, AGC has been widely
studied, especially because of the consequences of its bias for purine
nucleotides, named gBGC, for guanine-cytosine biased gene conversion
(Galtier et al., 2001; Duret and Galtier, 2009; Necşulea et al., 2011).

Differently, IGC, also named non-allelic, ectopic, interchromosomal,
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interparalog or intergenic GC, occurs when the two homologous strands
involved in a DSB repair are not in the same locus (Hastings, 2010). IGC
has been observed in multiple species and between many different types of
non-allelic homologous sequences (Chen et al., 2007; McGrath et al., 2009;
Casola et al., 2010, 2012a; Kijima and Innan, 2010; Mansai et al., 2011;
Assis and Kondrashov, 2012; Dumont and Eichler, 2013; Nuttle et al.,
2013; Dumont, 2015; Ellison and Bachtrog, 2015; Trombetta et al., 2016;
Harpak et al., 2017).

In general, HR happening between different loci is referred to as
non-allelic homologous recombination (NAHR). When NAHR is resolved
in a crossover, it can lead to chromosomal rearrangements, duplications,
losses or even to the creation of aberrant chromosomes (Figure 1.3; see
Section 1.3.2). The term NAHR has been largely used to refer only to its
specific resolution in crossover without taking IGC into account. Despite
this, IGC is an alternative resolution of NAHR (Figure 1.3) that, in fact, is
not entirely incompatible with crossover (Figure 1.2). I will use NAHR to
refer to both, IGC and NAHR resolved in crossover.

The main consequence of IGC is the concerted evolution of duplicates
(Figure 1.1). After duplication, differences between both duplicates start to
appear through point mutation. If IGC happens between them, these
mutations are transferred from one duplicate to the other in both directions.
This situation can lead to the stabilization of the divergence between the
two duplicates depending on the IGC and the mutation rates. When this
happens, it is said that the two duplicates are in a concerted evolution
equilibrium (Figure 1.4). In Chapter 3, I will elaborate on the conditions in
which concerted evolution equilibrium is possible.

Importantly, the impact of IGC on the divergence between duplicates is not
its only effect. Already in the first models of IGC, an increase in sequence
diversity within duplicates was predicted (Ohta, 1982, 1983; Innan,
2003a,b). It is also known that IGC affects linkage disequilibrium (LD)
between duplicates (Ardlie et al., 2001; Frisse et al., 2001; Innan, 2002;
Ptak et al., 2004; Hartasánchez et al., 2014). Predictions of divergence,
diversity and LD between duplicates at equilibrium have been obtained
under several models with and without selection (Baltimore, 1981; Ohta,
1982, 1983; Nagylaki, 1984; Innan, 2002, 2003a,b). According to these
models, divergence, diversity and LD between duplicates not only depend
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Figure 1.3: Products of NAHR between two different loci resolved in crossover or in IGC.
Colored arrows represent homologous sequences in different genomic loci. Crossover and IGC
products in different NAHR situations: (A) two duplicates in opposite orientations and in the
same DNA molecule; (B) two duplicates in opposite orientations and in different DNA molecules
(homologous chromosomes or sister chromatids); (C) two equally oriented duplicates in the same
DNA molecule; (D) two equally oriented duplicates in different DNA molecules (homologous
chromosomes or sister chromatids); (E) two duplicates in different chromosomes. [Image inspired
in Chen et al. (2007, 2010b, 2014).]

on the IGC and the mutation rates but also on the crossover rate happening
between duplicates. In Chapter 3, I will describe, in detail, the models and
effects of IGC, and the interplay of crossover and IGC in the concerted
evolution of duplicates.

IGC rate has been seen to negatively correlate with distance between
duplicates (Lichten and Haber, 1989; Schildkraut et al., 2005; Chen et al.,
2007; Zhi, 2007; Benovoy and Drouin, 2009; Casola et al., 2010); to be
higher if duplicates are in the same chromosome than if they are in
different chromosomes (Lichten et al., 1987; Lichten and Haber, 1989;
Benovoy and Drouin, 2009; McGrath et al., 2009; Casola et al., 2010); to
positively correlate with the crossover rate in the involved regions
(Benovoy and Drouin, 2009); to be higher in meiosis than in mitosis
(Jinks-Robertson and Petes, 1986); to have deletion bias (Assis and
Kondrashov, 2012); and to have a donor-acceptor bias (Chen et al., 2007).
In the case of the donor-acceptor bias, proximal-to-distal (relative to the
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Figure 1.4: Divergence between duplicates through time. Duplication appears at T = 0.
Divergence increases until it reaches equilibrium, around de, due to the action of IGC. At a given
point in time, the fluctuating divergence can reach a threshold above which IGC can no longer
happen and divergence starts to accumulate linearly between both duplicates. [Image adapted from
Innan (2009), in turn adapted from Teshima and Innan (2004).]

centromere) IGC rate has been reported to be more frequent than
distal-to-proximal IGC rate (Bosch et al., 2004); and if happening between
paralogous genes, IGC directionality has been seen to depend on the
relative expression levels of the involved genes (being the most expressed
gene the most common donor; Papadakis and Patrinos, 1999). Moreover,
like AGC, IGC has a bias towards purine nucleotides (gBGC) promoting
them in an heteroduplex situation (Duret and Galtier, 2009).

Sequence similarity requirements

HR needs a certain degree of identity between the two involved sequences
(Shen and Huang, 1986). After a DSB, an homology search has to be
successful in order for HR to actually happen (Figure 1.2). If this
homology search fails, the DSB would be resolved via a more mutagenic
non-HR pathway. In the case of allelic HR (e.g. AGC), the degree of
identity between strands is normally very high except in the case of highly
diverged hybrids (Davies et al., 2016). However, in the case of NAHR, the
degree up to which duplicate sequences have diverged determines to a large
extent the possibility for these sequences to undergo NAHR (Walsh, 1987;
Kijima and Innan, 2010).

Two different sequence similarity requirements have been proposed for HR:
a minimal efficient processing segment (MEPS; Shen and Huang, 1986), and
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a minimal efficient sequence homology (MESH; Chen et al., 2010b):

• MEPS is a minimal length of uninterrupted (100%) identity needed
for HR to happen (Shen and Huang, 1986). MEPS has been measured
in several species and with multiple techniques resulting in a large
range of estimates. Among other, it has been seen to be >20 bp in E.
coli (Shen and Huang, 1986), >200 bp in mouse cells (Liskay et al.,
1987), between 337-456 bp in a pathological NAHR crossover in
humans (Reiter et al., 1998), to fit within human LTR
retrotransposons of an average size of 350 bp (Kijima and Innan,
2010; Trombetta et al., 2016) and within human Alu elements of
about 300 bp (Zhi, 2007), and to be as short as 26 bp in yeast (Ahn
et al., 1988; Mézard et al., 1992).
• MESH is a minimum degree of overall identity between duplicates for

HR to happen. A meta-analysis of human pathogenic IGCs showed
that they happen almost always between sequences with >92% and
usually >95% sequence identity (Chen et al., 2007).

However, how does HR actually depend on sequence identity? There is a
positive correlation between the length of uninterrupted identity and the rate
of HR (Rubnitz and Subramani, 1984; Waldman and Liskay, 1988; Shen and
Huang, 1989). This correlation is independent of the overall mean sequence
identity (Waldman and Liskay, 1988) suggesting that it is MEPS rather than
MESH that actually determines the rate of HR. The longer the length of the
100% identity segment, the higher the number of available MEPS within
it and the higher the HR rate (Shen and Huang, 1989). According to these
results MESH can only be an indirect consequence of MEPS.

IGC, as a form of HR, depends on the sequence identity between duplicates
(Chen et al., 2007; Benovoy and Drouin, 2009; Casola et al., 2010).
Nevertheless, unlike other types of HR, IGC dependence on sequence
similarity leads to a feedback loop. If there is enough sequence similarity
between duplicates for IGC to occur, IGC events will maintain high levels
of identity between duplicates, laying the ground for future IGC events.
Yet, if there is low sequence identity between duplicates, IGC cannot occur
and more divergence will be generated with time. In Section 3.3.3, I will
elaborate on the consequences of the feedback loop between sequence
similarity and IGC on the molecular evolution of duplicates.
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1.3.2 Birth of duplications

Duplications shape the architecture of eukaryotic genomes and result in genetic
innovation but, how do they come to be? Alike all the other types of genomic
variants, duplications arise in an individual genome and segregate in the
population until they either reach fixation or disappear. The known duplication
mechanisms include NAHR, abnormalities during DNA replication and
retrotransposition (Babushok et al., 2007; Hastings et al., 2009a,b; Zhang et al.,
2009; Cooper et al., 2011; Chen et al., 2014).

Duplication through NAHR

As stated in Section 1.3.1, NAHR is an HR happening between
homologous sequences that are not in the same locus (Figure 1.2). When
NAHR is resolved in crossover it can lead to duplications.

A crossover resolution of NAHR between different chromosomal loci can
lead to either tandem duplications (Figure 1.3 D), deletions (Figure 1.3 C
and D) or other chromosomal rearrangements (Figure 1.3 A, B and E). Many
disease-causing duplications have been seen to be tandem duplications and
are thought to be generated by NAHR between genomic loci (Stankiewicz
and Lupski, 2002; Carvalho and Lupski, 2016; see Section 1.5).

NAHR, as all HR, needs a certain amount of homology between the
involved DNA fragments to occur (see Section 1.3.1). Tandem duplications
are a perfect context for NAHR to happen repeatedly, either by generating
deletions or additional duplication (Figure 1.3 C and D). This process is
normally referred to as the birth and death of duplications and consists on
the expansion and contraction of chains of multiple tandem duplications.
This recursive nature of NAHR can lead to parallel duplication events in
close species that resemble paralogous products of a single duplication
event before speciation. This might cause parallel duplications to be
mistakenly assigned as orthologs. This birth and death of duplications is
one of the mechanisms that can lead to paralogs having more similarity
than (mistakenly-assigned) orthologs, which is the typical signature of
concerted evolution (Ohta, 1983; see Section 1.3.1).

NAHR can also happen between a chromosomal locus and a free DNA
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molecule (Figure 1.5). In such a situation, if the NAHR is resolved in
crossover, it can lead to the insertion of the involved free DNA molecule
into the genome (Figure 1.5). This free DNA can be viral DNA,
retrotranscribed cellular RNA (including retrotransposons), product of a
previous NAHR (Figure 1.3 C) or a molecule resulting from DNA damage.
The insertion of a free DNA molecule in a genomic locus represents a
duplication if this molecule has a cellular origin (see below in Duplication
by retrotransposition).

Figure 1.5: NAHR between a genomic locus and a free DNA molecule resolved by crossover.
Colored arrows represent homologous sequences in a genomic locus (red) and a free DNA
molecule (blue) either circularized (A) or not (B). Both cases can result in an insertion of the
free DNA molecule in the genome. In B, a NHEJ recombination process after NAHR is needed.
[Image inspired in Bailey et al. (2003).]

In 2003, Bailey et al. (2003) proposed a model of Alu-Alu-mediated
NAHR for the generation of SDs in the human genome. In their model,
NAHR generating duplicates was driven by Alu sequences which are
extremely abundant in the genome and have highly conserved sequences.
In fact, specific Alu-Alu mediated NAHRs have been identified as sources
of genetic disease in humans (Rouyer et al., 1987; Hu and Worton, 1992;
Brooks et al., 2001; Frühmesser et al., 2013; Gu et al., 2015). In Section
4.3.4, I will investigate and elaborate on the model of origin of human SDs
by NAHR between Alu sequences proposed by Bailey et al. (2003).
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Duplication during DNA replication

When DNA replication happens before cellular division, chromosomes are
used as templates for the generation of the new genetic material. DNA
synthesis is generated simultaneously in multiple replication forks.
Alterations in the DNA replication process can lead to duplication or
deletion of particular regions in the resulting new genome. There are two
main mechanisms for this to occur:

1. Replication slippage happens when DNA polymerase stops,
dissociates from the template DNA molecule and the posterior
reannealing is done, not in the exact point where DNA synthesis
stopped but in another close point in the same replication fork
(typically with homology to the stop point). Depending on where
DNA synthesis is resumed, either posterior or prior to the stop point
(in the direction of the synthesis), replication slippage leads
respectively to deletion or duplication (Figure 1.6).

2. Fork stalling and template switching (FoSTeS) also happens after a
local stop of DNA synthesis and a dissociation of the DNA
polymerase. In this case, the reannealing happens in an homologous
fragment located at a distant point in the same chromosome or even in
a different chromosome. Depending on its resolution, FoSTeS can
result in a duplication with a possible associated deletion (Figure 1.6).

The stop of the polymerase activity during DNA synthesis has been related
to the presence of repetitive sequences within a replication fork (Hastings
et al., 2009b). These repetitive sequences generate substructures when
double stranded DNA is opened for DNA synthesis (Figure 1.6). These
substructures difficult polymerase activity resulting in situations like those
depicted in Figure 1.6.

Duplication by retrotransposition

Retrotransposons are transposable elements that replicate by transcription,
reverse transcription and insertion to a new genomic site (normally by
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Figure 1.6: Duplication and deletion during DNA replication. In a replication fork, DNA
synthesis is stopped frequently due to substructures of single strand DNA caused by local
homologies. This stop and disassociation of the DNA polymerase can result in replication slippage
leading to either a duplication or a deletion, or in FoSTeS that result in a duplication and a possible
deletion. [Image adapted from Hastings et al. (2009b).]

NAHR resolved in crossover; Figure 1.5). There are autonomous
retrotransposons that codify for a functional reverse transcriptase and
non-autonomous retrotransposons that depend on the former to transpose
(Kazazian Jr., 2004). The retrotransposition of a mobile element is itself a
duplication, although retrotransposons are frequently not treated as
duplications but as repetitive regions due to their typically high number of
copies and specific internal content.

Interestingly, because of the reverse transcriptase activity of an autonomous
retrotransposon, other cellular single stranded RNA molecules can be
retrotranscribed to DNA and potentially be inserted into the genome, again
resulting in a duplication (Figure 1.5). These RNA molecules can be
mRNAs (processed or not) of expressed genes that, if retrotranscribed and
inserted in the genome would result in a gene duplication (Babushok et al.,
2007; Kaessmann, 2010; Richardson et al., 2014). Most of these gene
duplicates or retrogenes are non-functional gene copies (pseudogenes)
because the retrotranscribed and inserted mRNA lacks the promoter and
other regulatory regions necessary for its expression (Vanin, 1985).
Nevertheless, more than 3,500 functional retrogenes have been identified in
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the human genome (Marques et al., 2005; Vinckenbosch et al., 2006). A
frequent characteristic of retrogenes (although not ubiquitous) is the
absence of introns due to the processed nature of the retrotranscribed and
inserted mRNA.

As seen along this section, all known duplication mechanisms are driven by the
presence of homologous fragments of DNA that are not in the same locus (i.e.
non-allelic homologous regions). These non-allelic homologous regions are
recurrently involved in duplication generation and can range in size from large
duplications, such as SDs, to repetitive sequences, such as retrotransposons, or
even smaller stretches of homology (Hastings et al., 2009a).

Close to 50% of the human genome (48.49% in hg38; Smit et al., 2013) is
composed of mobile-element derived sequences (including both
retrotransposons and DNA elements) that suppose an abundant source of
non-allelic homologies for future duplication events. Additionally, in the human
genome there is an active autonomous retrotransposon named long interspersed
element 1 (LINE1; Cordaux and Batzer, 2009). It is actually due to LINE1 that
there is the possibility of reverse transcription activity in the human genome.
Together the availability of non-allelic homologies and the activity of LINE1
make the human genome fertile ground for new duplications.

SDs are also the birthplace of duplications because they are highly similar
homologous sequences in different genomic loci (non-allelic homologous
regions). The presence of a duplication is a predisposing factor for the
appearance of other duplications in the same genomic site. This recurrent
duplication process leads to duplication shadowing (Cheng et al., 2005) and is
thought to be the cause of the characteristic clusterized distribution of SDs
observed in mammalian genomes (Bailey et al., 2001; Perry et al., 2008a,b; She
et al., 2008; Marques-Bonet and Eichler, 2009; Ventura et al., 2011;
Serres-Armero et al., 2017). In Chapter 5, I will present a genome-wide map of
SDs and CNVs in the rhesus macaque (Macaca mulatta) genome showing this
same clusterization pattern.

SDs are often not isolated in a given genomic site but organized in regions with
mosaic patterns of duplications (Jiang et al., 2007; Figure 1.7). These mosaic
regions are product of several rounds of duplications and often also involve
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deletions, inversions and other chromosomal rearrangements. Mosaic regions
can be decomposed in segments, termed duplicons, which retain homology to
other segments in the genome (Figure 1.7). Some of these duplicons are found
in multiple duplication mosaic regions across the genome and are then termed
core duplicons (Jiang et al., 2007; Marques-Bonet and Eichler, 2009). In the
human genome, the recurrence and organization of these core duplicons in
several mosaic SD regions denotes their participation in multiple rounds of
NAHR and other duplication mechanisms (Marques-Bonet and Eichler, 2009).
In Chapter 4, I will present a study of the different types of SDs in the human
genome including mosaic duplicated regions.

Figure 1.7: Complexity representation and fragmentation to basic ancestral units of a big region
formed by mosaic SDs in the human chromosome 2. A. SDs are represented in colored rectangles
along the 2p11 genomic region. Color code corresponds to the chromosome where the copies
are located. Duplication subunits are indicated in B and organized in ancestral original sequence
segments or duplicons in C. These results were validated with FISH (D; see Section 1.2.2). [Figure
from Jiang et al. (2007).]
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1.3.3 Fates of duplicates

Ohno’s theory on the creation of new genetic material through gene duplication
(Ohno, 1970) was based on gene duplications because he understood the gene
as the functional unit in the genome. We know today that duplications do not
necessarily involve full functional units. In fact, duplications normally happen
independently of the location of functional units (see Section 1.3.2). For the sake
of simplicity, in this section I will introduce existing models of evolutionary fates
of duplications encompassing full functional elements, including their regulatory
regions. In any case, these models could be adapted to partial duplications of
functional units although general models might be difficult to develop.

Selection on the number of duplicates

A duplication of an entire gene increases its gene dosage. However, this
may not have the same consequences for all genes (Innan, 2009). In this
regard, we can roughly distinguish three types of genes. First, those genes
in which increased dosage is favored. In these cases, natural selection will
promote the increase in the frequency of the duplication within the
population. If more duplications appear, they will also potentially be
advantageous and, thus, promoted to fixation. These include genes for
which more product is favored, and genes for which multiple copies are
favored by diversifying selection (see below). Genes coding for structural
and regulatory proteins have been found to be frequent in this category
(Kondrashov and Koonin, 2004). Second, those genes for which duplicated
copies are neutral (or nearly neutral). In these cases, gene duplication will
segregate neutrally in the population and either reach fixation or disappear.
This situation is common in genes coding for enzymes (Kondrashov and
Koonin, 2004). Finally, those genes whose duplicated copies are
deleterious, for example, when an increase in gene dosage creates a
deleterious imbalance of gene-product concentration. In these cases,
purifying selection disfavors the presence of the duplication in the
population. This situation is the genetic basis of many diseases caused by
CNVs (see Section 1.5).
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Selection on the sequence of duplicates

Besides of its influence on the number of copies, natural selection is also
sensitive to the specific content of the duplication. Selection on duplicated
sequences is not independent of selection on the number of copies and, in
fact, they frequently interplay. Several models have been proposed for the
action of selection based on the content of gene duplicates (Innan, 2009;
Innan and Kondrashov, 2010):

• Pseudogenization happens when one of the duplicated copies loses its
function (due to inactivating mutations, for example), becoming a
pseudogene. Once inactivated, the pseudogenized copy will, in
principle, segregate neutrally in the population. A pseudogenized
copy of a gene can act as a reservoir for genetic diversification of this
gene through IGC (Hayakawa et al., 2005; Chen et al., 2007).

• In the more of the same model (referred to above as cases of positive
selection on increased gene dosage), purifying selection acts upon
both duplicates at the same time because having two copies of the
same gene is advantageous. In this situation, natural selection
disfavors mutations appearing in either one or the other duplicates
resulting in a conservation of the identity between duplicates or, in
other words, their concerted evolution (Samonte and Eichler, 2002;
Hess et al., 2018; see Section 1.3.1).

• Neofunctionalization is the case that Ohno envisaged. It occurs when,
after duplication, a beneficial mutation appears in one of the
duplicates, thus changing its function to a new function that is favored
by selection (Assis and Bachtrog, 2013; Qian and Zhang, 2014;
Renaud et al., 2014). In this model, selection promotes the fixation of
the new mutation (and the corresponding duplication if not previously
fixed).

• Subfunctionalization is a flexible version of neofunctionalization. It
happens when the original function of the gene previous to its
duplication is split between the duplicates (Marques et al., 2008;
Proulx, 2012; Lan and Pritchard, 2016). At the beginning both genes
retain the original function but, with time, each gene gets specialized
in one of its particular aspects (e.g. substrate, tissue or cellular
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specialization). Examples of more specific subfunctionalization
models are duplication-degeneration-complementation (Force et al.,
1999) in which there is a degeneration of the two genes and both are
finally necessary to perform the original function; and
escape-from-adaptive-conflict (Des Marais and Rausher, 2008) where
the original gene had two or more subfunctions but selective
constraints restrained it from specializing in any of them. Under this
last model, a duplication resolves the constraint and each duplicate
specializes in one subfunction.

• Multiallelic diversifying selection happens when high levels of
diversity are favored in a given gene. In this case, having multiple
copies of the gene is advantageous because they can code for higher
variety of gene products. This type of selection has been seen in gene
fragments and protein subunits. The light chain of immunoglobulins
and the zinc-finger array of PRDM9 are examples of this type of
selection (Darlow and Stott, 2006; Buard et al., 2014).

Independently of specific models of selection on duplicates, positive selection
has been measured in recently duplicated genes in mammals (Han et al., 2009).
Moreover, several authors have found an increase in the evolutionary rate after
duplication, either in one of the copies or in both of them, followed by a
posterior return to pre-duplication evolutionary rates in rodent and great ape
genes (Pegueroles et al., 2013; Pich i Rosello and Kondrashov, 2014). The first
acceleration is believed to have been due to a relaxation of purifying selection
and putative positive selection acting on new mutations in gene duplicates. A
posterior recovery of the selective constraints is proposed to explain the return
to pre-duplication evolutionary rates. Another study observed higher expression
levels in recently duplicated genes compared to non-duplicated genes,
suggesting an important role of gene dosage just after duplication (Vinogradov,
2012). Concerning gene dosage of duplicated genes, tandem duplicates in
placental mammals have decreased expression levels that match the expression
levels of the original gene prior to duplication ensuring their persistence
through time and allowing for their later innovation (Lan and Pritchard, 2016).
All these observations fit with the aforementioned models of selection on
duplicates and clearly indicate an active role of duplication in the evolution of
genomes, just like Ohno predicted back in the 1970s.

29



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 30 — #50

Section 1.4

... what we know is really very, very little
compared to what we still have to know.

Fabiola Gianotti

1.4 What do we know about primate SDs and CNVs?

SDs and CNVs are of extreme relevance in human genetics for several reasons:
first, because SDs represent around 5% of the human genome (Bailey et al.,
2001) and around 7% of it is variable due to CNVs (Sudmant et al., 2015b);
second, because SDs and CNVs are among the genetic basis of certain human
disease (see Section 1.5); third, because human SDs contain genes and are
enriched in exons (Bailey et al., 2002a; Samonte and Eichler, 2002; Zhang
et al., 2005; She et al., 2006; Sudmant et al., 2013; Dennis et al., 2017); and
fourth, because there was a burst of duplication activity in the great ape lineage
leading to humans (Marques-Bonet et al., 2009a; Sudmant et al., 2013).

In 2009, Marques-Bonet et al. (2009a) compared the amount of human SDs
shared with chimpanzees, gorillas, orangutans and rhesus macaques. They
calculated the duplication rate per million year and found that it was
exceptionally high in the time of the common ancestor of humans,
chimpanzees, bonobos, and gorilla and was still high in the human, chimpanzee
and bonobo common ancestor (Figure 1.8, Figure 1.9). In other words, humans,
chimpanzees, bonobos and gorillas share more SDs than expected. Later studies
gave further support to this finding (Gazave et al., 2011; Sudmant et al., 2013).
Given the role of duplications in genome evolution (see Section 1.1 and Section
1.3.3), one can speculate that these new SDs may have resulted in new functions
in these species. In fact, in Lorente-Galdos et al. (2013) the authors find
accelerated evolution of some exons located in human and rhesus macaque SDs.

For all the reasons mentioned above, human SDs and CNVs have been
extensively studied during the last decade. After the release of the first draft of
the human genome, great effort was dedicated to understanding the diversity
and organization of SDs (Bailey et al., 2001; Eichler, 2001; Bailey et al., 2002a;
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Figure 1.8: Burst of SDs in the great ape phylogeny. Number of duplication events and
duplication rate per million years (Myr in the image) in the great ape phylogeny based in array-
CGH data. [Image adapted from Marques-Bonet et al. (2009a).]

Samonte and Eichler, 2002; Bailey et al., 2003; Bailey and Eichler, 2006; Locke
et al., 2006). Later, the discovery of the burst of duplications (Marques-Bonet
et al., 2009a) and the persistent missing heritability problem (Eichler et al.,
2010) brought more interest to the comparison of SDs and CNVs among great
ape genomes (Gazave et al., 2011; Lorente-Galdos et al., 2013; Sudmant et al.,
2013; Kronenberg et al., 2018). More recently, the NGS technologies and the
access to more human whole-genome sequencing (WGS) data have permitted a
deep characterization of human CNVs (Sudmant et al., 2015a,b; Dennis et al.,
2017). Despite this, still many issues on the burst of SDs in great apes remain
unknown. What triggered it? Which duplication mechanisms were involved?
What kind of SDs appeared? Are there new functional regions in the human
genome result of the great ape burst in SDs? In Chapter 4, I will address some
of these questions.

Nevertheless, excluding the great apes, which have been mostly studied in
comparison to humans (Cheng et al., 2005; Perry et al., 2006; Marques-Bonet
et al., 2009a; Gazave et al., 2011; Ventura et al., 2011; Lorente-Galdos et al.,
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Figure 1.9: Burst of SDs contextualized in the Hominidae (great ape), Hylobatidae and
Cercopithecidae phylogeny represented in an orientative time scale focalizing in the great ape
phylogeny. Divergence times between lineages in the tree correspond to the estimated diverge
times in Prado-Martinez et al. (2013) and in Perelman et al. (2011) (in parentheses). Tree fragments
known to be involved in the burst of SDs in the great ape lineage are depicted in black.

2013; Sudmant et al., 2013), little is known about the other primates’ SDs and
CNVs (Lee et al., 2008; Gschwind et al., 2017). Rhesus macaque is a species of
the family Cercopithecidae (Old World monkeys; Figure 1.9) that is mainly
known for its large geographic range and its use in biomedical research as a
model organism. It is employed as a model organism because of its
physiological and genetic closeness to humans (Xue et al., 2016; Figure 1.9)
and has been extensively used to understand human genetic disease (Gibbs
et al., 2007; Vallender et al., 2008, 2010; Valentine et al., 2009; Rogers et al.,

32



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 33 — #53

Section 1.4

2013; Vinson et al., 2013; Madlon-Kay et al., 2018). Still, there is limited
knowledge regarding SDs and CNVs in macaques. Rhesus macaque SDs and
CNVs studies are limited to a comparison with the great apes (Marques-Bonet
et al., 2009a; Gokcumen et al., 2011; Lorente-Galdos et al., 2013) and an array
CGH (focusing in CNVs) analysis with a low sample size (10 individuals; Lee
et al., 2008). These studies show general similarities between human and rhesus
macaque SDs and CNVs besides the burst of SDs in great apes (Marques-Bonet
et al., 2009a; Gokcumen et al., 2011), although some functionally important
specific differences were also detected by Lee et al. (2008). Considering the
important role of duplications in shaping the human genome and the relevance
of SV in great ape evolution, it seems appropriate and necessary to consider
copy-number differences between humans and rhesus macaques if rhesus
macaque is to be used as a model organism to study the genetic basis of human
disease. In Chapter 5, I will present a genome-wide map of the SVs in the
rhesus macaque genome with a sample size of close to 200 individuals, with
special attention paid to differences in number of copies between human and
macaque genes.

33



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 34 — #54

Section 1.5

... evolution is a tinkerer, an ad-hocker, and a jury-rigger. It works with
what it has on hand, not with what it has in mind. Some of its inventions

prove elegant, while in others you can see the seams and dried glue.

Natalie Angier

1.5 Implications in disease and phenotype

As already mentioned, SDs and CNVs can be the genetic causes of certain human
diseases (Beckmann et al., 2007; Higgins et al., 2008; Zhang et al., 2009; Casola
et al., 2012b). Disease associated to SDs and CNVs can be caused by three main
mechanisms: by generation of aberrant forms of a genomic functional structure
(e.g. by disrupting a gene); by the creation of a gene imbalance; or by the transfer
of disease-causing mutations between duplicates through IGC.

A new duplication can potentially result in disease causing anomalous functional
units (see Section 1.3.2). The insertion of a retrotransposon, for example, can
interrupt the sequence of a gene, or a replication slippage event can duplicate
an important part of it leading to abnormal forms of the corresponding gene
product (Stankiewicz and Lupski, 2002, 2010; Girirajan et al., 2011; Almal and
Padh, 2012; Carvalho and Lupski, 2016).

Even if a given duplication does not result in aberrant forms of particular
functional molecules, it can alter the level of expression of a gene (or genes) by
changing its number of copies or altering its regulatory regions. An imbalance
in gene expression of particular genes can cause disease (see Section 1.3.3).
Moreover, a duplication can affect more than one contiguous gene resulting in
multiple gene dosage imbalances (Stankiewicz and Lupski, 2002, 2010;
Girirajan et al., 2011; Almal and Padh, 2012; Carvalho and Lupski, 2016).

Additionally, IGC (see Section 1.3.1) between a gene and its duplicate (either
pseudogenized or not) can transfer mutations from one to the other, leading to
frameshifts, splicing modifications, nonsense or missense mutations, among
other types of alterations in the acceptor gene duplicate. Neutral or even
beneficial mutations in one gene copy might be inherited from generation to
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generation without showing any effect (especially if the gene copy is
pseudogenized), but can lead to a disease if transferred to the other gene copy.
In fact, recurrent de novo disease-causal point mutations observed in unrelated
trios are candidates to be produced by IGC (Chen et al., 2007, 2010a).

The presence of CNVs and SDs has been linked to a huge variety of diseases
and phenotypes including schizophrenia, autism, mental retardation,
Parkinson’s disease, Alzheimer’s disease, epilepsy, systemic lupus
erythematosus, Crohn’s disease, pancreatitis, susceptibility to HIV and other
infectious diseases, and differences in drug metabolism (for specific references,
refer to Stankiewicz and Lupski, 2002, 2010; Almal and Padh, 2012). In
addition, somatic copy-number variation has a central role in another highly
prevalent disease: cancer (Chen et al., 2010a; Yang et al., 2013; Tubio, 2015).
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Chapter 2

Objectives
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This thesis aims to shed light on some of the aspects mentioned in the previous
chapter. To do so, I have structured the specific objectives in:

General:

1. To contribute to a better understanding of the way duplicates undergo
concerted evolution and its consequences.

2. To contribute to understand the duplication content, diversity and evolution
of the duplications in the human and rhesus macaque genomes.

Specific:

1. To contribute to a better understanding of how specific crossover
distributions in duplicated regions interplay with IGC affecting the
concerted evolution of duplications.

2. To study the effects of IGC dependence on sequence similarity between
duplicates on their concerted evolution.

3. To determine how IGC and collapsed duplications alter summary statistics
and might confound results in genome-wide selections scans.

4. To identify and characterize different types of human SDs according to
their genomic distribution, relative location and distinct features.

5. To provide insights into how and when different types of human SDs arose,
and the way in which they have evolved since then.

6. To detect and characterize SDs and CNVs in the rhesus macaque genome.

7. To identify genes with relevant copy-number differences between human
and rhesus macaque genomes with possible implications in biomedical
research.
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Chapter 3

Understanding neutral concerted evolution in
segmental duplications
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Basically, I have been compelled by curiosity.

Mary Leakey

...the more diversity you have in a field means more ways of
solving a problem as well as more creativity and originality.

Eileen Pollack

3.1 Rationale

Duplications are a key element of genome evolution (see Section 1.1). They are
an open door to genetic innovation and to the rise of functional novelties. This
gives us a strong motivation to investigate how they evolve and how these new
functions originate. Duplications can evolve together, i.e. in concert, which has
huge implications in their functionality (see Section 1.3.1). Therefore, to be able
to understand the way in which duplications give rise to new functions we need
to understand the way in which this concerted evolution of duplicates happens.

There are several mechanisms through which duplicates can undergo concerted
evolution. The main one, as explained in Section 1.3.1, is through a mechanism
of NAHR named IGC. Several models of concerted evolution of duplicates
through IGC have predicted alterations on basic sequence properties of
duplicates undergoing IGC under neutrality (Ohta, 1982, 1983; Walsh, 1987;
Innan, 2003a,b; Thornton, 2007). Despite major progress arising from these
models in understanding the molecular evolution of duplicates undergoing IGC,
many issues remained unaddressed and unstudied. After some years of work,
we have contributed to the comprehension of such issues. Such is the main
leitmotif of this chapter.

In this section, I will review the current knowledge that we have of the
molecular evolution of duplications while presenting and interpreting our
contributions to the field. Most of the results included in this section are part of
the three published pieces of work added as supplementary materials to this
thesis. This is not meant to be an exhaustive compilation of results and methods.

43



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 44 — #64

Section 3.1

My objective here is to present our results in a global, digested and ordered
manner. For further information, please refer to the corresponding original
published articles Hartasánchez et al. (2014, 2016, 2018) in Appendices 7.1, 7.2
and 7.3.
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3.2 Objectives

General:

1. To contribute to the understanding of the neutral evolution of duplications.

Specific:

1. To simulate the evolution of duplicates undergoing IGC to validate
variation and linkage disequilibrium (LD) expectations of previous
models and explore and comprehend the influence of IGC in local maps
of LD.

2. To understand the effects of specific configurations of crossover on the
influence of IGC on sequence variation and LD.

3. To model IGC dependence on sequence similarity. Simulate and
understand concerted evolution under this more complete model of IGC
and explore its effect on local IGC rate, sequence variation and LD.

4. To describe deviations in summary statistics used to test for neutrality in
duplications and collapsed duplications and determine if they may be
confounded by or with selection.
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3.3 Results and Discussion

Immediately after a duplication event, duplicates are identical. If the duplication
persists in the population, with time, a point mutation may appear in a given
site in one of the duplicates of a given individual in the population having the
duplication. This mutation will represent a difference between the two duplicates
in such individual. If the individual has offspring, the difference can pass to the
next generation and, potentially, increase in frequency within the population.
But if an IGC event happens between the duplicates including the region where
the difference is located, such event will erase the difference between copies
either by restoring the original variant still present in the other duplicate or, and
more interestingly, by transferring the new variant to the other duplicate. If the
second case happens, the new variant will become a segregating site, not only in
the duplicate where it first arose, but also in its paralogous copy. In time, many
more mutations will appear and, if IGC is active, duplicates will share variants
segregating in both, the original and the duplicated copy, at the same time. Thus
is the way in which SDs share information and undergo concerted evolution.

The process of concerted evolution implies a trade-off between the rate with
which mutations appear (mutation rate; µ) independently in each copy,
increasing the differences between them, and the rate with which IGC erases
these differences between duplicates (if there are any). The appearance and the
disappearance of differences can reach an equilibrium in which there is a
relatively constant number of differences between duplicates that endures
through time. I will refer to this equilibrium as an equilibrium in concerted
evolution or concerted evolution equilibrium (see Section 1.3.1).

It is known that the concerted evolution between duplicates due to IGC affects
not only divergence between duplicates but also diversity, LD and other basic
molecular properties of genomic regions (Innan 2009; Ohta 2010; see Section
1.3.1). Moreover, IGC is known to interact with other biological processes such
as crossover between duplicated copies and to depend on other factors, mainly
the sequence divergence between duplicated regions. Here I will explore and
discuss all of these aspects of the concerted evolution between duplicates due to
IGC.

All of the results presented in this chapter were obtained using forward-in-time
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simulations of the neutral sequence evolution of duplications undergoing IGC. I
have extracted and exposed the results in a way that their understanding is
independent of the knowledge of the internal structure of the simulations. For
further details and clarifications please refer to methods in Section 3.4 for a
general contextualization and to Hartasánchez et al. (2014) in Appendix 7.1 and
Hartasánchez et al. (2016) in Appendix 7.2 for more extensive methods.

3.3.1 Fundamental effects of IGC

Before diving into the subtler aspects of IGC and its interplay with other
phenomena, we need to understand the fundamental effects that IGC has on the
divergence between duplicates and on other elemental molecular properties of
genomic regions, in this case, diversity in duplicated regions and LD. To do so
and for the sake of clarity, in this first section I will go through the effects of
IGC in absence of crossover between duplicates. Later on, in Section 3.3.2, I
will discuss on the interplay between IGC effects and crossover.

Even though the terms divergence and diversity are useful because they are
intuitive, when dealing with duplications they might be a source of confusion.
So, from now on I will use the following terms: πw or variation within a given
region of the genome to refer to the within-population diversity present within
this region (in our case, regions of interest happen to have a duplicate copy in
another region of the genome); πs or variation between duplicates in the same
chromosome to refer to the divergence of duplicates located in the same
chromosome; and πb or variation between duplicates to refer to the divergence
of duplicates in different chromosomes in the population (see Table 3.1 and
Figure 3.1 for clarification). πw, πs and πb are calculated by measuring the
average pairwise differences statistic (π; Nei and Li, 1979).

πw Variation within a given region of the genome

πs Variation between duplicates in the same chromosome

πb Variation between duplicates on different chromosomes

Dsum LD between duplicates

Table 3.1
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Tomoko Ohta, already in 1982, modeled IGC happening between two
duplicates (what she referred to as small multigene families; Ohta, 1982, 1983).
Ohta derived analytical equations of expectations of the three mentioned types
of variation at equilibrium. Hideki Innan revisited these analytical solutions in
his work of 2002 and, in 2003, presented the coalescent and infinite-site model
(Innan, 2002, 2003b). In addition, in his work, Innan derived the expectation for
average LD between duplicates at equilibrium (Innan, 2003b). Innan used the
Dsum statistic to measure average LD between duplicates (Table 3.1; Innan,
2003b; Hartasánchez et al., 2014; see methods in Section 3.4 ).

Figure 3.2 shows the expectation values for all variation measures and Dsum

at equilibrium according to the models of Ohta (1982) and Innan (2003b) in
absence of crossover (R = 0).

Figure 3.1: Variation measures within and between two duplicates undergoing IGC. Six
chromosomes (three diploid individuals) are represented. Colored arrows represent paralogous
duplicated regions undergoing IGC. Black lines exemplify the duplicates compared to the first
duplicate of the first chromosome in each case. [Image inspired by Ohta (2010) and Hartasánchez
et al. (2014).]

Predictions for variation between duplicates (πs and πb) at equilibrium in
absence of crossover between duplicates are quite intuitive (Figure 3.2 A green
lines). On the one hand, when IGC is very low, homogenization of duplicates is
rare and πs and πb are expected to be very high. On the other hand, when IGC is
very high, duplicates behave as one and harbor almost identical variation. In the
latter situation, πb approximates the neutral expectation of variation in a
population at equilibrium (i.e. Θ, the neutral parameter of molecular evolution)
and πs approximates 0 as it does not take into account variation in other
chromosomes in the population (in absence of crossover).
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Figure 3.2: Theoretical expectations for πs, πb, πw and Dsum. πb, πw and Dsum expectations
are from Innan (2003b) and πs expectation corresponds to the analytical solutions of Ohta (1982)
since Innan did not use this measure in his work. All cases are in absence of crossover (R = 0).
[Figure inspired by Hartasánchez et al. (2014).]

The impact of IGC on variation within duplicates (πw) at equilibrium is neither
as straightforward or well known as its impact on variation between duplicates
(Figure 3.2 A yellow line). Variation within duplicates is expected to
approximate Θ when IGC rate is very high because all the mutations that appear
in any of the two copies are either erased or copied to the other copy
immediately (again, duplicates behave as one). However, when IGC is less
frequent, equilibrium is attained with non-zero variation between duplicates. In
this case, variants are occasionally transferred from one copy to the other
generating new segregating sites and, thus, more variation within each one of
the copies.

Variation within duplicates can be up to 2Θ for the case of two duplicates of the
same length. This is because mutations appear along the length of the two
duplicates (two times the length of each duplicate) and can potentially be
transferred to the other duplicate through IGC. This can cause an effect in
variation within each duplicate as if the mutation rate or the population size
were up to twice as much as the real one.
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For very low IGC rates, Innan’s expectations of πw are not realistic since the time
to reach equilibrium in concerted evolution with such IGC rates is extremely long
(Nagylaki, 1984). Moreover, alike all HR mechanisms, IGC needs a certain level
of sequence identity between duplicates to be able to act (see Section 1.3.1).
For sufficiently low IGC rates this premise is possibly not satisfied and thus,
equilibrium in concerted evolution may not be attained in such conditions (see
Section 3.3.3 for modeling, results and discussion on this issue). For these two
reasons, in practice, the increase in πw at equilibrium due to IGC activity will
only be observed for a reduced window of IGC rates (see Section 3.3.3).

IGC, like crossover, alters LD in the genomic regions where it is active. In
particular, IGC rate affects average LD between duplicates (see Table 3.1) even
in absence of crossover (see Figure 3.2 B). As one might expect, average LD
between duplicates increases when IGC is very active and paralogous variants
segregate in a coordinated manner in both duplicates. Specifically, Dsum grows
up to Θ/2 when IGC rate is high enough (Figure 3.2 B). On the contrary, when
IGC rate is low, variants are not expected to segregate in a coordinate manner
and LD between duplicates tends to 0. Long distance LD can be misinterpreted
as a signal of epistasis, drift or selection (Wei et al., 2014). In the case of
duplicates undergoing IGC, LD can be high under neutrality and should not be
misinterpreted as having been caused by epistasis, drift or selection.

Innan’s LD measure (Dsum) was designed to summarize LD between all
paralogous sites in one single statistic. Inspired by this measure, in
Hartasánchez et al. (2014), we suspected that IGC could leave a special imprint
in local LD maps. Figure 3.3 shows the LD pattern product of IGC in absence
of crossover. When IGC is active, a horizontal line with higher LD values
appears connecting all paralogous windows. LD between paralogous regions in
duplicates increases with IGC rate. Additionally, intermediate levels of IGC
break short distance LD within duplicates (see C = 1 in Figure 3.3). This
decrease of LD within duplicated regions does not happen under high rates of
IGC (see C = 50 in Figure 3.3).

In this section, I have reviewed the basic properties of the evolution of duplicates
under simple IGC models. In the following sections I will discuss how these
basic properties change under more realistic scenarios. In particular, in Section
3.3.2, I will explore the influence that crossover has on IGC when they both act
in the same context.
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Figure 3.3: Patterns of local LD between duplicates. Three different IGC rates are represented
(C = 0, 1, 50) from left to right. Crossover is absent in all three cases (R = 0). Black arrows
indicate where duplicates are located along the sequence. Color codes average D’ values of 1000
simulations for each pair of non-overlapping 100 bp windows. [Figure adapted from Hartasánchez
et al. (2014).]

3.3.2 Interplay of IGC and crossover

Early models of the evolution of duplicates already described that the impact of
IGC on region properties is modified by the effect of crossover acting between
duplicates (Ohta, 1982, 1983). Although crossover is known to happen
genome-wide and especially in crossover hotspots, all previous models of
crossover interacting with IGC only considered IGC happening between
duplicates and never within them (Ohta, 1982, 1983; Innan, 2002, 2003b;
Thornton, 2007). Literature on this matter describes a tremendous influence of
crossover on concerted evolution due to IGC. Acknowledging this fact and
considering that other configurations of crossover happening in the context of
IGC had not been explored, in Hartasánchez et al. (2014), we decided to tackle
this issue and further explore the impact of crossover on IGC.

For consistency, in Hartasánchez et al. (2014), we recovered the model of
crossover used in the work cited above, which I will refer to here as crossover
between duplicates model (see SCC model in Hartasánchez et al., 2014). In this
model, crossover happens in the region between duplicates (Figure 3.4 A).

In order to account for the variety of duplications found in eukaryotic genomes
(see Chapters 4 and 5), in Hartasánchez et al. (2014) (in Appendix 7.1) we
modeled other scenarios of crossover acting within and between duplicates
undergoing IGC (Figure 3.4; see Chapter 4). In particular, we considered three
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Figure 3.4: Crossover models. Black arrows represent duplicates, red region indicates where
crossover is active. (A) Crossover between duplicates model, crossover happens only between
duplicates; (B) whole-region crossover model, crossover happens within and between duplicates;
(C) crossover hotspot model, crossover happens in a crossover hotspot, in this particular example
with a hotspot located in the middle of one of the duplicates (see Hartasánchez et al., 2014 in
Appendix 7.1 for further versions of this model); (D) double crossover hotspot model, crossover
happens in two crossover hotspots located in paralogous regions within duplicates.

additional crossover models. First, the whole-region crossover model, in which
crossover happens with a constant rate per bp along the whole region (Figure
3.4 B). Second, the crossover hotspot model, in which crossover happens only
in a defined crossover hotspot. It is known that, in many species, including all
yeast, plant and vertebrate species studied to date (Baker et al., 2017), crossover
happens mainly in crossover hotpots in specific genomic sites. And, third, the
double crossover hotspot model (Figure 3.4 D). Since crossover hotspots are
characterized by the presence of a given sequence motive (Myers et al., 2008),
one could consider that, if variation between duplicates is low, when a crossover
hotspot is present in one of the duplicates, it might also be present in the same
paralogous position in the other duplicate.

Figure 3.5 summarizes the interplay between IGC and crossover under different
crossover rates and the four considered crossover models. As observed in
previous work (Ohta, 1982; Innan, 2003b), in the crossover between duplicates
model, crossover increases variation within and between duplicates and
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decreases LD (solid lines and squares in grades of green in Figure 3.5 A). This
is, if without crossover IGC increases variation between and within duplicates
and decreases LD between duplicates, with crossover between duplicates, the
increase in variation (between and within duplicates) and the decrease in LD
between duplicates by IGC are larger. In other words, in the presence of
crossover, the effect of IGC is boosted.

In Hartasánchez et al. (2014), we observed that for the same crossover rate, the
whole-region crossover model had less impact in the IGC consequences
compared to the crossover between duplicates model (diamonds in Figure 3.5
A). In fact, we noticed that whole-region crossover simulations fit the curve for
R′ = 2R

3 in the crossover between duplicates model (dashed lines in Figure 3.5
A). In order to understand this observation, we must understand how the
interplay between crossover and IGC happens.

If an IGC event overwrites an already converted pair of paralogous sites (having
the same variant), it will have null effects in these sites. Otherwise, if a pair of
already converted paralogous sites gets separated by crossover, there is a chance
that, at least one of them, falls in a chromosome having a different variant in the
other copy. In such case, this pair of paralogous sites in the new chromosome
will be a potential substrate of further IGC events erasing the difference. It is by
separating paralogous sites that crossover has an impact on the effect of IGC.

A crossover happening in the region between duplicates (Figure 3.6 A) will
always separate all pairs of paralogous sites. On the contrary, when a crossover
falls within one of the duplicates, it will only separate paralogous sites external
to the crossover point (Figure 3.6 B, C and D). Sites towards the outer part of
the region will be separated from their paralogous sites by crossover more
frequently than sites in the inner part of the duplicate. When duplicates are
equally oriented (as in A, B and C of Figure 3.6), the sites that are in the outer
part in one duplicate are in the inner part in the other duplicate and, if crossover
happens equally in both duplicates, differences between sites are compensated.
In the end, all paralogous pairs have the same probability of being separated by
crossover.

Given that only crossover events separating paralogous sites modify the effect of
IGC, we can estimate the IGC-boosting effective crossover rate (rate at which a
crossover separates paralogous sites; R′). For example, in the case of the whole-
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Figure 3.5: Interplay of IGC and crossover under four crossover models. (A) Lines represent
theoretical expectations of πw, πs and Dsum (Innan, 2003b; Ohta, 1982 and Innan, 2003b
respectively) under six different crossover rates under the crossover between duplicates model;
R = 10, 50 and 100 (solid lines) and the corresponding R′ = 2R

3
(dashed lines). Points

correspond to the average simulated values for 10,000 simulation runs under the crossover
between duplicates model (squares; RA) and the whole-region crossover model (diamonds; RB).
Theoretical expectations for the crossover between duplicates model withR′ = 2R

3
fit simulations

of whole-region crossover model with crossover rate equal to R. Grey area (C < 0.2) indicates the
IGC rate values for which, according to Walsh (1987), the prevalence of concerted evolution is not
guaranteed and, thus, predictions might not be realistic (see Section 3.3.3). (B) πw is calculated in
bins (of 1,000 bp) along the duplicates and the region in between and represented in points. Black
arrows indicate duplicate positions. Crossover has a rate of R = 10 and is reduced to the area
indicated in red (crossover hotspot model and double crossover hotspot model). (C) Local patterns
of LD (D’) under the four crossover models. Average D’ values of 1,000 simulations for each
pair of 100 bp bins are coded in color. Black arrows indicate the position of duplicates. Regions
undergoing crossover are depicted in red. C = 1 and R = 50 in all cases.
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Figure 3.6: Crossover separating or not paralogous sites. Within a duplicate, each site has
its paralogous site in the corresponding site in the other duplicate. When crossover (red arrow)
happens in the region between duplicates (A) all the sites along each of the duplicates are separated
by crossover from their corresponding paralogous sites (different shades of green in the figure).
When crossover happens within a duplicate (B, C, D), not all sites get separated from their paralog
site, only the ones external to the crossover point. The ones that are internal to the crossover point
remain in the same chromosome than their paralogous site in the other duplicate (same shade of
green in the figure). In the case where duplicates are in the same direction (A, B and C), crossovers
happening in one duplicate compensate the effect from the ones happening in the other duplicate.
This results in all the sites along duplicates having the same probability of being separated from
their paralogous site. This probability is equal to 1/2 of the times a crossover falls within one of
the duplicates. Otherwise, when duplicates are in inverse orientation (D), sites in the internal part
of the region have less probability of being separated from their paralogous site than sites in the
outer part of the region although the average number of times a crossover separates a site from its
paralogous site remains the same.

region crossover model, if we know the duplicates’ lengths, the distance between
them and the crossover rate (R), we can extract an equation to calculate the rate
at which a crossover will separate two paralogous sites:

R′ =
(LA+LB

2 + LA→B)R

LA + LB + LA→B
(3.1)

55



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 56 — #76

Section 3.3

where LA and LB are the duplicate lengths (normally LA ' LB) and
LA→B is the distance between duplicates. R′ represents IGC-boosting effective
crossover rate for the case of the whole-region crossover model. In this model,
when a crossover happens in a random position within either one of the two
duplicates, it has 50% chances of separating a given site from its paralogous
site, thus, only half of the crossovers happening within the duplicates actually
separate a given site of its paralog site.

Once we have R′ we could use it on the equations of different parameter
expectations for the between duplicates crossover model (Ohta, 1982; Innan,
2003b; Thornton, 2007) to obtain the predictions for the whole-region crossover
model. In the simulated model, duplicates are separated by a distance equal to
their size and, thus, curves for R′ = 2R

3 fit the whole-region crossover model.

Notice that, in Equation 3.1, when distance between duplicates is very large
compared to their length (LA→B >>> LA and LB), then R′ tends to R because
a huge majority of crossovers will occur in the region between duplicates and
not within them. In this case, the crossover between duplicates model is quite
realistic. On the contrary, if the length of the duplicates is comparable to or
higher than the distance between them, R′ cannot be approximated to R. In such
cases, the effect of crossover occurring within duplicates is not negligible and
the crossover between duplicates model is no longer realistic.

The distance between intrachromosomal duplications is, in fact, a distinctive
characteristic of specific types of intrachromosomal duplications. For example,
tandem duplications, which are a frequent feature of eukaryotic genomes, are
duplications that are next to each other (see Section 4.3.1 for further details and
discussion on the distance between tandem duplications). In the case of tandem
duplications, the crossover between duplicates model is not realistic. On the
other hand, non-tandem intrachromosomal duplications, might be good
candidates for this crossover model. Nevertheless, if these duplications are large
(very common for non-tandem intrachromosomal duplications, see Chapter 4)
or contain a recombination hotspot, other crossover models should be
considered.

In the case in which duplicates are in inverted orientation (Figure 3.6 D),
paralogous sites in the inner part of one duplicate have their paralogous sites
also in the inner part of the other duplicate and, thus, less probability of being
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separated by a crossover than those in the outer part. This means that the
effective crossover rate between duplicates will be higher in the latter. We
would therefore expect a diminishment of IGC effects (product of an increase in
effective crossover rate) from the internal to the external part of the duplicates.
Nevertheless, the average number of times a crossover separates a pair of
paralogous sites remains the same and we can apply Equation 3.1 to calculate
average R’ for the whole region.

In summary, only crossovers that separate paralogous sites have influence in the
effect of IGC in such paralogous sites. With this in mind, in the case of the
crossover hotspot model, the position of the hotspot and not only its intensity
shapes the pattern of variation and LD along the duplicates. Figure 3.5 B (top)
shows how the fragment of the duplicate outside the crossover hotspot has more
increase in variation within duplicates than the fragment internal to the
crossover hotspot. Even more interestingly, the same pattern appears in the
other duplicate despite there being no crossover hotspot active within it. This is
due to the differences in crossover rate separating paralogous sites between
internal and external parts.

With the double crossover hotspot model, all paralogous sites have, again, the
same probability of being separated from each other by crossover and the
differential impact of IGC due to differences in crossover rate is reversed
(Figure 3.5 B bottom). Of course, this happens only in the case of duplicates
being equally oriented. In the case of duplicates being inverted, the differential
contribution of crossover between the internal and the external parts will be
preserved, and the same pattern observed in the single crossover hotspot model
will be expected.

Crossover is well known to break LD. As explained in Figure 3.3, IGC also
changes local patterns of LD within and between duplicates. In Figure 3.5 C,
we see crossover and IGC interplaying to shape local LD. Despite the action of
crossover diminishing the effect of IGC, we can see the horizontal line of LD
binding paralogous windows characteristic of IGC. Moreover, although
crossover has stronger power to break up LD between consecutive regions, IGC
also shows certain power to soften short and long-distance LD. This effect can
be appreciated in all 4 crossover models, but it is more evident in the hotspot
models (bottom).
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These results reveal that local patterns of LD are not always and not only
shaped by crossover or selection. The presence of duplications undergoing IGC
can perfectly construct non-expected patterns of LD, especially in interplay
with crossover. Moreover, it is important to consider that the patterns that we
see in Figure 3.3 and Figure 3.5 C are the average values for 1,000 simulations.
Real measurements of LD in regions undergoing IGC between duplicates might
not reflect the signals here described since they will depend on the specific
history of IGC and crossover events. In any case, the results here presented
imply that unexpected patterns of LD in regions with duplications should not be
interpreted as being the consequence of selective pressure acting upon the
region.

3.3.3 IGC and sequence similarity dependence and reciprocity

It is well established that for HR to occur, a certain level of sequence similarity
(absence of variation) is required between the two DNA fragments involved (see
Section 1.3.1). In the case of IGC, its dependence on sequence similarity results
on a positive-feedback loop because IGC precisely increases sequence similarity
between duplicates. One can imagine fragile feedback dynamics between IGC
rate and sequence similarity in which if one exists the other is boosted, but if any
of them lacks, the other disappears. This kinetics determines IGC dynamics and
its effects.

Knowing the precise mechanism through which HR depends on sequence
similarity is, of course, fundamental to understand its consequences on the
dynamics of IGC between duplicates. Two different sequence similarity
requirements have been proposed to determine the viability of HR. These
measures are MEPS and MESH. MEPS is a local threshold of complete
sequence identity around the DSB point (Shen and Huang, 1986). MESH is a
general threshold of sequence similarity between the involved regions (in our
case, duplicates; Chen et al., 2010b). For more information and estimates of
MEPS and MESH please, refer to Section 1.3.1.

Although the dependence of HR on sequence similarity has been known for a
long time, none of the existing models of IGC deeply explores its dependence
on local sequence similarity and the consequences that it has in IGC dynamics
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(Ohta, 1982; Walsh, 1987; Innan, 2003b; Teshima and Innan, 2004; Thornton,
2007; Hastings, 2010). Only Walsh (1987) and Teshima and Innan (2004)
implemented a simple overall sequence similarity threshold similar to MESH.
Under the Teshima and Innan (2004) model, fluctuations of variation between
duplicates at equilibrium on concerted evolution reach the limit imposed by
MESH at some point. When this happens, IGC stops. These authors
implemented this threshold in order to render their model a bit more realistic.
Nevertheless, they left the dynamic feedback between IGC and local sequence
similarity unexplored.

There are several open questions regarding the implementation of a local
sequence similarity threshold such as MEPS. Is it possible to reach equilibrium
on concerted evolution with dynamic IGC dependence on local sequence
similarity? If so, under what conditions? What would be the variation between
duplicates’ equilibrium value at every case? Is variation within duplicates also
increased in such equilibria? Under what conditions? Which would be its value
at equilibrium? Do local patterns of variation and LD change?

In order to elucidate these questions, we designed a model of IGC depending on
a fragment of total identity between sequences around the DSB point (MEPS)
additional to the general sequence similarity threshold (MESH) already
implemented in the previously mentioned models (Walsh, 1987; Teshima and
Innan, 2004). MESH for humans is relatively well established at 92% (Chen
et al., 2007, 2010b; Wolf et al., 2009) but MEPS is more difficult to measure.
Some studies have concluded that MEPS is generally over 200 bp in humans
and mouse (Waldman and Liskay, 1988; Reiter et al., 1998) but IGC with lower
MEPS lengths have been observed (Waldman, 2008; see Section 1.3.1 for
further information about MESH and MEPS estimates). For this reason, in our
model, we use a fixed MESH of 92% and explore the effect of three different
MEPS lengths (20, 50 and 200 bp). Figure 3.7 compiles the implementation of
IGC, MESH and MEPS in our model.

As represented in Figure 3.7, only potential IGC events that accomplish both
local and overall sequence similarity requirements result in effective IGC events
(those that actually happen). In this manner, I will refer to potential IGC rate (or
just C) and effective IGC rate as the rates in which potential IGCs and effective
IGCs happen. The first measure is not dependent on local sequence similarity
between duplicates while the second one is.
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Figure 3.7: IGC dependence on local sequence similarity model. After a DSB, for a potential
IGC to actually happen, two sequence similarity thresholds have to be satisfied. First, a minimum
amount of overall sequence similarity between duplicates (MESH) of 92% has to be accomplished.
And, second, a minimum length of 100% identity between duplicates centered in the DSB point
(MEPS) has to be present. In our model we explore MEPS lengths of 20, 50 and 200 bp. Only
if both requirements for sequence similarity are satisfied, IGC actually happens (Effective IGC).
Each IGC tract is centered at the DSB point and its length is determined by a geometric distribution
of mean 100 bp (Wiuf and Hein, 2000; Hartasánchez et al., 2014).

During the evolution of duplicates, the random accumulation of differences
might lead, by chance, to regions of the duplicates having slightly more
similarity than others. This might result in a situation in which there are parts of
the duplicates’ length where MEPS requirements are satisfied and parts where
they are not. In the former, IGC will be possible while in the latter, it will not.
This is, there will be differences in the effective IGC rate along the duplicates’
sequence. Moreover, IGC will erase the few differences in IGC-viable regions
while mutations will accumulate in IGC-impeded regions perpetuating and
incrementing the differences in similarity along the sequence.

When IGC depends on local sequence similarity, equilibrium on concerted
evolution is not always reached (Figure 3.8). In some cases, the action of IGC
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erasing differences is not powerful enough to maintain enough sequence
similarity for IGC to continue at the same rhythm. Variation between duplicates
increases while progressively impeding IGC. IGC definitely stops when the
variation between duplicates reaches any of the thresholds on similarity.

Figure 3.8: Progression of IGC rate and variation between duplicates since duplication under
IGC dependent on sequence similarity through time. Top: proportion of potential IGC events that
actually happen (become effective IGC events) through time since duplication. Bottom: variation
between duplicates through time since duplication (πb). MESH = 92% in all cases, MEPS = 20
bp (left), 50 bp (middle) and 200 bp (right). Solid lines correspond to average values of 1,000
simulations. Dashed lines are individual simulations trajectories and are intended to visualize
fluctuations of particular cases. A big range of potential IGC rate values is represented (C = 0.01
to C = 50) and coded in colors. Crossover rate between duplicates is equal to 10 in all cases.

Although in some cases equilibrium is never reached, IGC will still delay the
accumulation of differences between duplicates. For low IGC rates (left panel in
Figure 3.9), IGC-viable regions will be gradually lost, with IGC events
happening sporadically in less and less regions of the duplicates. In these cases,
there is a period in which a non-equilibrium concerted evolution exists. Its
duration depends on the strength of IGC and the level of restriction on sequence
similarity.

Our results show that it is actually possible to reach an equilibrium in concerted
evolution with IGC dependence on sequence similarity (Figure 3.8). This
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Figure 3.9: Example of IGC depending on local sequence similarity along duplicates sequence
through time. Horizontal axes represent nucleotide positions along duplicate sequence in all cases.
Plots represent variation within duplicates (top), variation between duplicates (middle) and IGC
rate (bottom) along the sequence through 30,000 generations. Crossover rate between duplicates
is equal to 10 in all cases. Three potential IGC rates are represented; C = 0.1 (left), 0.5 (middle),
10 (right). Yellow to green lines represent πw (top plots) and πb (middle plots) every 1,000
generations. Black lines in each plot represent the average of all generations. Note the differences
in scale of the vertical axes. In the bottom plots, IGC rate in each point is represented for the same
periods of time represented in the above plots. White to black shades represent absence of IGC to
maximum IGC rate in each plot along the sequence (grey intensities are not comparable between
plots).

equilibrium is possible when the action of IGC is strong enough to maintain
sequence similarity within certain limits, preserving the IGC rate. A higher
potential IGC rate is needed to reach equilibrium with more restrictive IGC
dependence on sequence similarity (e.g. longer MEPS).

When IGC is very frequent, it keeps similarity very high along the whole
sequence (see right panel in Figure 3.9). Otherwise, there are differences in
effective IGC rate and variation between duplicates along the sequence in
equilibrium (middle panel in Figure 3.9). They take the form of islands of
divergence surrounded by regions of active IGC and much higher sequence
similarity. Such islands of divergence are regions where, by chance, a
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particularly high number of mutations occurred and/or where there has been a
very low number of IGC events and, thus, differences between duplicates have
accumulated. These islands can change in size and position or even disappear
(regain sequence similarity) during equilibrium thanks to IGC events starting in
IGC-viable regions next to them being long enough to convert part of the island
length.

Differential effective IGC rate along the sequence, either in equilibrium or not,
also has consequences on LD (Figure 3.10). Regions with higher IGC rate will
show higher LD between duplicates than regions with lower IGC rate. Moreover,
as explained in Section 3.3.1, IGC breaks short distance LD what will result in
LD being higher in regions where IGC is not active. These two things together
might result in case-specific patterns of LD along the duplicates’ sequence being
different from those normally expected to arise by crossover.

Figure 3.10: Effect of IGC dependence on sequence similarity on LD along the duplicate
sequence. Three different IGC rates are represented (C = 0.1, 0.5, 10) from left to right. Crossover
rate under the between duplicates crossover model is equal to 10 all cases. Black arrows indicate
where duplicates are located along the sequence. Color codes average D’ values for each pair
of non-overlapping 100 bp windows for 1,000 simulations. Top row shows a case without IGC
dependence on sequence similarity and bottom row shows cases with MEPS = 50 bp and MESH
= 92%.

The expectation for variation within duplicates at equilibrium is also altered by
the incorporation of IGC dependence on sequence similarity (Figure 3.11). The
most drastic change it supposes is that the theoretical expectation of πw (black
solid line in Figure 3.11; Innan, 2003b) is not valid for low IGC rates. As
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discussed above, cases with very low IGC rate or very restrictive constraint on
sequence similarity, do not reach equilibrium on concerted evolution. In these
cases, duplicates reach mutation-drift equilibrium as single regions and πw ends
up being Θ.

Figure 3.11: Variation within duplicates at equilibrium under four levels of sequence similarity
requirements for IGC. Black line corresponds to the expectation of πw according to the Innan
(2003b) model. Points and link lines correspond to average values for 1,000 simulations (100
thousand generations long) with the crossover between duplicates model with R = 10. Several
potential IGC values are represented; C = 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 50. Blue line
corresponds to a model without IGC restriction on sequence similarity. Blue points fit Innan’s
theoretical expectations except for the two lowest IGC rates where simulations did not have time
to reach equilibrium, despite long running times, due to the extremely long waiting-times to reach
equilibrium. In any case, equilibria that take more than 100 thousand generations to be reached
are not realistic. Green lines correspond to simulations under three levels of restriction of IGC for
sequence similarity (MESH is 92% in all cases; MEPS is 20, 50, and 200 bp long).

With IGC depending on sequence similarity there is a reduction of the range of
IGC rate values in which we would expect increased variation within duplicates
at equilibrium. Still, equilibrium with increased πw is possible even with very
restrictive sequence similarity requirements (MEPS = 200 bp in Figure 3.11).
Dependence on sequence similarity increases the amount of πw at equilibrium
for a given potential IGC (curves with restriction in Figure 3.11 are shifted to the
right). In an equilibrium where IGC depends on sequence similarity, the actual
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IGC rate (effective IGC rate) is lower than the potential IGC rate and, thus, the
expected πw is bigger.

IGC dependence on sequence similarity has huge implications in duplicates’
evolution. First, equilibrium in concerted evolution is not always reached but
concerted evolution can still determine duplicates’ fate before ending. Second,
concerted evolution (at or out of equilibrium) can be active in some parts of the
duplicates even though other parts have escaped its effects. Big differences in
sequence similarity along the sequence do not necessarily imply natural
selection differentially acting along the sequence. In Chapter 6, I expand on the
potential implications of IGC dependence on sequence similarity in duplicates’
fate and its interplay with selection.

3.3.4 Neutrality tests on duplications and collapsed duplications

Knowing some of the consequences that IGC has in the sequences of duplicates,
a natural question is whether this can affect the summary statistics commonly
used to test for neutrality when searching for selection across the genome.
Moreover, given the difficulties in properly separating paralogous reads in
genome assemblies (and thus, properly identifying paralogous variants), one
might wonder if the sequences of duplicates that we obtain with basic
sequencing and variant calling methods show deviations from neutral
expectations in summary statistics.

In order to tackle these questions, we calculated a set of popular neutrality tests
and statistics on duplicated sequences and collapsed duplicated sequences, all
undergoing IGC (Hartasánchez et al., 2018, in Appendix 7.3). Here I only show
results for 4 statistics (average pairwise differences πw, Tajima’s D, Fay and
Wu’s H, and Nei’s haplotype diversity dh; see methods in Section 3.4) but more
can be found in supplementary files of Hartasánchez et al. (2018).

As explained in Section 3.3.1 and Section 1.3.1, IGC increases πw (compare
yellow and blue lines in the top left panel in Figure 3.12). What would be the
effect of collapsing duplications on πw? In Figure 3.12 we observe that the
increase in πw is magnified when collapsing duplicated sequences, especially
with low IGC rates. This is because variants that are fixed (or almost fixed) in
one copy and not present in the other copy will appear as intermediate
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frequency variants if duplicates are collapsed, showing an increase in πw. This
type of variants is more frequent in duplicates undergoing concerted evolution
with a low IGC rate.

Figure 3.12: Effect of IGC and collapsing duplicates in neutrality tests. Average of 1000
simulation values of average pairwise differences (πw), Tajima’s D, Fay and Wu’s H and Nei’s
haplotype diversity (dh) are shown for a duplicate sequence, two collapsed duplicated sequences
and a control single-copy region. Three crossover rates (R = 1, 10, 100) and three IGC rates (C =
0.5, 1, 5) are represented. [Figure taken from Hartasánchez et al. (2018).]

Apart from the known effect on πw, IGC between duplicates also reshapes the
expectations of Tajima’s D, Fay and Wu’s H, and Nei’s haplotype diversity in
such regions (Figure 3.12). IGC increases Tajima’s D and Nei’s haplotype
diversity and decreases Fay and Wu’s H. The distortion is dependent on the IGC
rate and the crossover between duplicates rate.

Collapsing paralogous variants of duplicates undergoing IGC distorts the
statistics differently. On the one hand, Tajima’s D values in collapsed duplicated
sequences show a big range of values depending on IGC rate and crossover rate.
On the other hand, Fay and Wu’s H, and Nei’s haplotype diversity values in
collapsed duplications show narrower values compared to simple duplicated
sequence values. Fay and Wu’s H collapsed values surprisingly resemble
control values and Nei’s haplotype diversity values are even above the simple
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duplicated ones.

Distortion on statistics in collapsed paralogous sequences could be due to the
collapsing itself and/or due to the IGC acting between them. Both causes have
interplaying effects and each statistic might be influenced differently. Moreover,
one should consider that duplications will only be collapsed when divergence
between duplicates is low and short sequencing reads coming from different
duplicates cannot be distinguished. Being so, in the absence of IGC we would
only observe collapsed duplications for very recent duplication events.

Given the big alterations that duplicates and collapsed duplicates undergoing
IGC have on neutrality tests and taking into account that these statistics are
commonly used to find non-neutral regions genome wide, we wanted to find out
whether such values could be mistakenly taken for regions under positive or
balancing selection or not. We ran simulations of complete sweeps, incomplete
selective sweeps and balancing selection with MSMS (Ewing and Hermisson,
2010). We compared these results with the duplication and collapsed
duplication results (Figure 3.13).

Values of Fay and Wu’s H statistic for duplicated regions undergoing low levels
of IGC mimic the values for this statistic in the case of an incomplete sweep.
In all the other cases, test values under selective scenarios can be distinguished
from the values of duplicates and collapsed duplicates.

Even though duplications (collapsed or not) evolving neutrally are unlikely to
be confused with regions under selection, our results show that they could
potentially be confused if summary statistics are not used in combination.
Several summary statistics must be taken into account in order to fully uncover
individual cases (Pybus et al., 2015) and potential unannotated or new
duplications might be considered when observing alterations of such statistics.

67



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 68 — #88

Section 3.3

Figure 3.13: Comparison of values expected under selection and duplicated and collapsed
duplicated sequences undergoing IGC for 4 summary statistics. Results obtained with simulations
from MSMS (complete sweep, incomplete sweep, balancing selection and neutrality; Ewing and
Hermisson, 2010) and SeDuS (neutrality, duplicated, collapsed; Hartasánchez et al., 2016). In the
case of duplicated sequences and collapsed sequences, R = 10, low IGC rate is 0.5 and high IGC
rate is 5. Boxplot whiskers correspond to 1.5 times the inter-quantile range. [Figure taken from
Hartasánchez et al. (2018).]
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3.4 Methods

The results presented in this chapter were obtained performing simulations. We
used two different simulators: SeDuS (Hartasánchez et al., 2016) and MSMS
(Ewing and Hermisson, 2010). First, we designed and developed SeDuS for the
purpose of studying the evolution of duplicated sequences. It is an efficient and
flexible tool to obtain genomic simulated values of duplicates undergoing IGC
for a variety of conditions. With it we obtained the vast majority of the results
presented in this chapter. Second, we used MSMS in Section 3.3.4 to simulate
selection.

SeDuS is a forward-in-time simulator of the neutral evolution of duplications
(Hartasánchez et al., 2014, in Appendix 7.1 and Hartasánchez et al., 2016, in
Appendix 7.2). It is fast and built in a modular structure. This modular structure
is designed to accommodate new implementations very easily, which makes
SeDuS very flexible and a perfect tool for studying different models and
specific cases. Moreover, apart from the command-line version, SeDuS has a
user-friendly graphical user interface (GUI) version for more direct simulations
(Hartasánchez et al., 2016, in Appendix 7.2).

SeDuS implements a Wright-Fisher model with a population of size N where
the 2N chromosomes consist in two or three genomic regions, named blocks,
of equal length. A single simulation of SeDuS consists in three phases. It starts
with a burn-in phase in which all the chromosomes have two blocks (original
and single-copy) and start undergoing random mating, mutation and crossover.
At the end of this first phase, a duplication event happens. One of the blocks
(original) gets duplicated on one of the chromosomes resulting in a new block
in this chromosome (duplicated). This duplication reaches fixation through a
neutral fixation trajectory (Kimura, 1980). This phase is named structured or
CNV phase. The third phase, named concerted evolution phase, begins with the
fixation of the duplication and it endures until the end of the simulation. All the
chromosomes with three blocks, during the structured or the concerted evolution
phase, experience IGC with a given rate between the original and the duplicated
blocks (for further details see in Appendix 7.1 and in Appendix 7.2).

SeDuS provides genomic data for all the chromosomes in a periodic manner
(every 1,000 generations). From this genomic data, one can calculate whatever
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statistic of interest. In this chapter we used the average pairwise differences
statistic (Nei and Li, 1979) to measure variation within (πw) and between
duplicates (πb, πs); the Dsum statistic1 (Innan, 2003b) to measure average LD
between duplicates; the mean D’ statistic (Lewontin, 1964) to measure LD
between pairs of windows along the simulated chromosomes sequence; and a
set of neutrality tests including Tajima’s D statistic (Tajima, 1989) , Fay and
Wu’s H statistic (Fay and Wu, 2000), and Nei’s haplotype diversity statistic
(Nei, 1987).

1

Dsum =

L∑
m=1

Dm (3.2)

where Dm corresponds to the D statistic between paralogous sites at position m:

Dm =
nAAnaa − nAanaA

n(n− 1)
(3.3)

where n is the number of chromosomes in the sample and nxy corresponds to the number of
chromosomes that have the variant x at site m in the first duplicate and the variant y at site m in
the other duplicate.
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This chapter is a review of all the work performed in my group during the last
years about the neutral evolution of duplications. I did a significant contribution
to the project that was led by Diego A. Hartasánchez and supervised by Arcadi
Navarro. Oriol Vallès-Codina, Juanma Fuentes-Dı́az, Marc Pybus and Jose Maria
Heredia-Genestar also contributed to different parts of this project.

This project has resulted in to three publications so far. First, an article
describing the interplay between IGC and crossover and their effects on variation
and linkage disequilibrium (Hartasánchez et al., 2014, in Appendix 7.1). In
this article I contributed to the software writing and optimization, to the
experiment design, to the analysis and visual representation of the results and
to manuscript writing. Second, another article presenting a computationally
improved, extended and user-friendly version of the forward-in-time simulator
of the neutral evolution of SDs we used in the first article (Hartasánchez
et al., 2016, in Appendix 7.2). My contribution to this second piece of work
was software documentation, optimization of the code, development of a user-
friendly graphical user interface and manuscript writing. Third, a manuscript
recently accepted (Hartasánchez et al., 2018, in Appendix 7.3) about the
deviations in summary statistics in duplications and collapsed duplications. I
contributed to this article in the original experiment design, software adaptation
and implementation, analysis and visualization of results and manuscript writing.

Apart from these published contributions, this chapter includes results form a
piece of work in progress about the modeling and simulation of IGC dependence
on sequence similarity. I contributed to this piece of work in the original
idea, design, software writing, simulation implementation and analysis and
visualization of results.
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Chapter 4

Human segmental duplications revisited
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I didn’t want to just know names of things. I remember
really wanting to know how it all worked.

Elizabeth Blackburn

All sorts of things can happen when you’re open
to new ideas and playing around with things.

Stephanie Kwolek

4.1 Rationale

Eukaryotic genomes have been known to present duplicated segments since the
1930s (Bridges, 1936; Muller, 1936). However, the relevance of duplication
events as a major source of evolutionary innovation was not recognized until
after Susumu Ohno’s seminal work (Ohno et al., 1968; Ohno, 1970). Since then,
extensive effort has been dedicated to elucidate, first, the duplication
mechanisms; second, the evolution of duplicates (including concerted
evolution); third, the fate of duplicated functional elements such as genes; and,
finally, the presence of duplications and CNVs in the genomes of many species
(see Section 1).

Highly similar duplications, such as SDs, were only identified as being pervasive
in our genome when the first draft of the human genome was completed (Bailey
et al., 2001; Lander et al., 2001; Venter et al., 2001; see Section 1.2.1). Later,
comparative studies showed that duplications arose at an unusually high rate in
the human lineage at the time of the African great ape ancestor (the most recent
common ancestor of gorilla, chimpanzee, bonobo and human species; Marques-
Bonet et al., 2009a; Sudmant et al., 2013; see Section 1.4).

Unlike other duplicated regions of the genome, such as transposable elements,
which are quite well characterized in terms of sequence, mechanistic origin,
implications on disease, and function (Cordaux and Batzer, 2009; Hancks and
Kazazian, 2012; Kaer and Speek, 2013), there are still many open questions
regarding the origin, function and evolution of SDs. During the last decade,
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human SDs have been the subject of many studies: comparative studies
(Marques-Bonet et al., 2009a; Gokcumen et al., 2013; Sudmant et al., 2013;
Hafeez et al., 2016; Dennis et al., 2017), studies describing CNVs in human
populations (Sudmant et al., 2015a,b) and because they are the genetic basis of
specific diseases or the acquisition of new functions (Ballif et al., 2010; Marotta
et al., 2012; Girirajan et al., 2013; Ebert et al., 2014; Zagaria et al., 2014;
Zielinski et al., 2014; Bekpen et al., 2017). Still, human SDs have not been
systematically classified and described since the early versions of the human
reference genome (Bailey et al., 2001; Lander et al., 2001; Venter et al., 2001;
Bailey et al., 2002a; see Section 1.4).

In this work I aim to analyze the diversity of SDs in the human genome in order
to understand the distinct mechanisms through which duplications arise, the
characteristic evolutionary time of different kinds of duplication events, the
possible evolutionary paths duplications may have undergone, and the potential
functional consequences and innovations brought about by duplications in our
genome.

76



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 77 — #97

Section 4.2

4.2 Objectives

General:

1. To contribute to the understanding of the birth, evolution and functional
impact of the SDs in the human genome.

Specific:

1. To generate an accurate database of SDs in the human genome.

2. To propose a classification of SDs according to criteria relevant to their
evolution.

3. To date the most recent human SDs.

4. To describe the distinct characteristics of human SDs.

5. To contribute to understand the reasons behind the distinctive
characteristics of human SDs to help unraveling the mechanisms through
which human SDs arose, evolve and contribute to genetic innovation.
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4.3 Results and Discussion

In 2001, Jeffrey Bailey and collaborators (Bailey et al., 2001) presented the first
approach to systematically identify recent and long human genomic duplications
right after the first draft of the human genome was published (Lander et al.,
2001; Venter et al., 2001). Their method was based on genome-wide pairwise
alignments and searches for long tracts of identity between different parts of the
genome assembly. This duplication detection method is nowadays called whole-
genome assembly comparison (WGAC; see Section 1.2.2). Bailey et al. (2001)
defined SDs as duplicated regions of the genome of 1kb or more in length and
with 90% or more similarity between copies (Bailey et al., 2001; see Sections
1.2.1 and 1.2.2).

The SegDups database of the human reference genome hg38/GRCh38 (UCSC
Table Browser; Karolchik, 2004) is the result of applying the WGAC approach
to the hg38/GRCh38 human reference genome assembly. It reports every pair of
regions (of 1 kbp or more in length) identified as being copy of one another
(with 90% or more of identity) in the human reference genome. This database
provides not only the exact genomic position, length, and sequence of all
duplicated regions but also the genomic location, length and sequence of the
corresponding copies in a pairwise manner. In other words, it provides high
resolution information on the distribution of homology across the genome and,
thus, affords the opportunity to better understand how duplications happen and
how their identity evolves (see Section 1.2.2).

The SegDups database and, more generally, WGAC, are very valuable tools to
study SDs. Nevertheless, they must be used considering the following details:

• First, WGAC (and the SegDups database) is based on genome-assemblies
and, as such, it only retrieves information from a single, haploid genome.
In other words, the SegDups database does not provide population
diversity information (CNV data).

• Second, the quality of all WGAC databases depends on the quality of the
corresponding reference genome. The adequate resolution of recent and
long duplications, such as SDs, is known to be one of the most
complicated problems for genome assembly methods, especially those
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based on whole-genome shotgun sequences (see Section 1.2.2). Highly
identical duplicates longer than the read length are very difficult to
distinguish from each other and, thus, are candidates to being collapsed
into a single region in the final assembly (Salzberg and Yorke, 2005;
Kelley and Salzberg, 2010; Hartasánchez et al., 2018). The WGAC
approach and the SegDups database are blind to duplications not resolved
in the assembly. Fortunately, the human reference genome is clone-based
and of high quality (see Section 1.2.2 and Section 5). Only some very
recent CNV regions are expected to be absent in the hg38 assembly (Kidd
et al., 2010; Sudmant et al., 2015a).

• Third, SDs in the human genome are frequently organized in clusters of
duplications forming mosaic patterns organized around ancient core
duplications named core duplicons (Jiang et al., 2007; Marques-Bonet
and Eichler, 2009; see Section 1.3.2). Mosaic segmentally duplicated
regions, here termed duplication mosaics, are the result of a complex
history of duplication events at the very least, since they can also involve
deletions, inversions, translocations and other complex genome
rearrangements. Duplication mosaics, sometimes named duplication hubs
(She et al., 2006) or duplication blocks (Jiang et al., 2007), appear in the
SegDups database as multiple overlapping annotations mapping to the
same mosaic region and reflecting the internal architecture and
complexity of such region. The presence of mosaic duplications with a
highly complex architecture of redundant and non-redundant homologies
makes the SegDups database hard to handle.

• Fourth, only alignments accomplishing both criteria, ≥90% identity and
≥1 kbp in length, are listed in the SegDups database. For example, region
A can be listed as being copy of both region B and region C, while
regions B and C might not be listed as being copies of each other. This
does not mean that regions B and C are not actual duplicates but that the
identity between them is either too low or too short. Therefore, when
working with the SegDups database, one should keep in mind that the
copies of the concerning regions are not necessarily limited to those listed
in the database.

SD pairs within mosaic duplications are only part of the whole duplication
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picture of the region and, thus, not fully informative. Instead, taking into
account all SD pairs within the same mosaic duplication is a better approach.
For this reason, I decided to base this work in regions of our genome comprised
of SDs, here named SDRs (for SD regions), instead of SD pairs. A similar
approach was used in Redon et al. (2006), She et al. (2006), Jiang et al. (2007)
and Pu et al. (2018).

SDRs are classified according to their distinct features; first, depending on their
mosaic or isolated nature and, second, depending on the relative location of their
copies in the following manner (Figure 4.1 A):

• Non-mosaic SDRs are genomic regions with one or more copies in other
genomic sites sharing identity with the entire SDR as one. As opposed to
mosaic SDRs which have several, partial identities to other parts of the
genome, non-mosaic SDRs copies share identity to the entire length of
the SDR. They are classified according to the relative genomic position of
their copy (or copies):

– Tandem SDRs are non-mosaic SDRs whose copy is located at less
than 1 kbp of distance (see Section 4.3.1 for explanation for the 1kb
criterion).

– Isolated intrachromosomal SDRs are non-tandem non-mosaic SDRs
with their copy (or copies) located in the same chromosome where
the SDR is located.

– Isolated interchromosomal SDRs are non-mosaic SDRs with their
copy (or copies) located in a different chromosome where the SDR
is located.

There are only 23 cases of non-mosaic SDRs with copies both in the same
and in other chromosomes and they were excluded from the analysis.

• Mosaic SDRs are genomic regions presenting clear evidence of more than
one duplication event1 and are comprised by overlapping fragments with

1Although non-mosaic SDRs could also be the result of more than one duplication event,
mosaic SDRs are a clear product of more than one duplication comprising different but
overlapping fragments of sequence. They are a clear case of duplication shadowing where at least
one duplication has happened on top of an already duplicated region (see Section 1.3.2).
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copies in different parts of the genome (see Section 1.3.2). They present a
big range of complexity, from relatively simple mosaic SDRs product of
two overlapping duplication events to very large and intricate mosaic
SDRs typically found around core duplicons (Jiang et al., 2007; see
Section 1.3.2). They are classified, similarly to the non-mosaic regions,
according to the relative position of their copies:

– Intrachromosomal mosaic SDRs are duplication mosaics with all
their copies located in the same chromosome where the SDR is
located.

– Interchromosomal mosaic SDRs are duplication mosaics with all
their copies located not in the same chromosome where the SDR is
located.

– Complex mosaic SDRs are duplication mosaics with copies located
at both the same and different chromosomes where the SDR is
located. Complex mosaics include, as its name implies, the most
conglomerated and intricate SDRs in our genome (Figure 4.1 B).

It is important to remark that SDRs are classified according to their mosaic or
non-mosaic nature and according to the location of their copies, not according to
the classification of their copies. In this way, for example, a complex mosaic can
have an isolated intrachromosomal copy as long as this copy has a non-mosaic
nature and that both SDRs are located in the same chromosome (Figure 4.1 A).

4.3.1 Tandem vs. Isolated intrachromosomal SDRs

Distinguishing between tandem and non-tandem intrachromosomal SDRs is not
trivial. During the early stages of the human reference genome, the knowledge
that tandem duplications had distinct characteristics compared to the rest of SDs
was already clear (Bailey et al., 2002a, 2003; She et al., 2006). What was not
clear at the time and is still a largely open question today is what are their
defining characteristics. In principle, the distinction between tandem and
non-tandem duplications is that non-tandem are further apart, but is there a
maximum distance between tandem duplications for them to be considered as
such?
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Figure 4.1: Classification of SDRs in the human genome. A. Schematic representation of the
SDR categories. The most simple example is used for each case for the sake of clarity. Human
chromosomes are represented as black lines and labeled to their left. Colored boxes represent
SDRs. Their lengths are exaggerated in the image for visualization purposes. Colors correspond
to specific SDR types: yellow for tandem duplications (less than 1 kbp apart from their copy, in
the same chromosome), orange for isolated intrachromosomal duplications (isolated duplications
with their copy in the same chromosome, more than 1 kbp apart), light blue for isolated
interchromosomal duplications (isolated duplications with their copy in another chromosome),
red for intrachromosomal duplication mosaics (mosaic duplication with copies only in the same
chromosome), dark blue for interchromosomal duplication mosaics (mosaic duplication with
copies only in other chromosomes) and purple for complex mosaics (mosaic duplications with
copies in both, the same chromosome and other chromosomes). Arrows link duplicated pairs. Note
that isolated SDRs can be copies of mosaic SDRs and vice versa. B. Circos plot of the complex
duplication mosaic located in chr1:120958387-121407481. Human haploid genome chromosomes
are represented as color boxes placed circularly. Location of the represented complex duplication
mosaic is indicated as a white line in chromosome 1. Black lines link duplicated pairs. Color
squares outside the chromosomes indicate the type of SDR of each copy (color coded as in A).

82



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 83 — #103

Section 4.3

Bailey et al. (2003) defined the between-copies distance threshold between
tandem and isolated intrachromosomal SDs (there termed interspersed SDs) in
1Mb with no explicit criterion. The distribution of intrachromosomal,
non-mosaic SDRs (tandem and non-tandem) across the intervening distance
between duplicates clearly shows two distinctive groups of such regions (Figure
4.2 A). However, the intervening distance between copies that distinguish these
two groups is not close to the 1 Mbp set by Bailey et al. (2003). Rather it is
close to 1 kbp. I have performed a series of analyses comparing different
parameters against the intervening distance between copies. The results show,
consistently, two distinct groups of intrachromosomal, non-mosaic SDRs and
the between-copies distance threshold which better distinguishes them is close
to 1 kbp (Figure 4.2). Tandem and non-tandem intrachromosomal duplications
are two distinct classes of duplications and a good measure to classify them is a
between-copies distance threshold of 1 kbp.

Tandem SDRs are shorter, tend to be more identical and have more GC content,
less transposable element presence in their borders and less contribution to
protein coding genes (Figure 4.2 B-F) compared to isolated intrachromosomal
SDRs. The difference in length, GC content and retrotransposons content in
their borders suggests that tandem SDRs and isolated intrachromosomal SDRs
have different mechanisms of origin (see Section 4.3.4). The difference in
identity suggests that tandem SDRs might be more recent than isolated
intrachromosomal SDRs or that they have undergone more IGC (see Chapter 3).

Although I originally did not differentiate between tandem SDRs and isolated
intrachromosomal SDRs for consistency with the literature, it has resulted a
relevant approach for this work. It is so not only because tandem SDRs and
isolated intrachromosomal SDRs show distinct characteristics, but because
tandem SDRs appear to be a very peculiar type of duplicated regions. While all
other types of SDRs, including duplication mosaics, share many features,
tandem SDRs, persistently dissociate from all the other SDRs in many aspects.
They are actually a very unique type of duplications and must be treated
separately. Through all this chapter I will be pinpointing the peculiarities of
tandem SDRs.
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Figure 4.2: Distinct characteristics of intrachromosomal SDRs (tandem and isolated
intrachromosomal). The horizontal axis represents the distance between duplicates (i.e. distance
between SDRs and their copies) in all cases. The vertical line depicts the 1 kbp threshold used
to distinguish between tandem SDRs and isolated intrachromosomal SDRs. A. Density of SDRs
cross distance between copies. B-F. Different measures across distance between duplicates. Lines
depict the mean value of a sliding window of size 1 and step equal to 0.05 (log10 of the distance).
The use of a sliding window smooths the line but creates a distortion of the actual point where
SD-region differences are present. The parameters represented are mean length (B), mean identity
between SDRs and their copies (C), CG content (D), proportion of SDRs having transposable
elements in their borders (window of 20 bp around junction; E), and fifth, proportion of SDRs
with protein coding genes (F).

4.3.2 Span and distribution

SDRs span more than 166 Mbp, covering around 5.13% of the length of the
human reference genome (Table 4.1, Figure 4.3 A, Bailey et al., 2002a, She
et al., 2004). Most of this length, specifically 82.44%, is composed by mosaic
duplications in contrast to 16.53% of isolated SDRs and 1.01% of tandem SDRs
(Table 4.1). This difference in percentage of duplicated sequence is explained
by the differences in length between mosaic and non-mosaic SDRs, not by
differences in the number of regions (Table 4.1). In other words, mosaic SDRs
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span more proportion of the genome than non-mosaic SDRs because they are
longer, but not for being more abundant.

Number Cumulative
length (kbp)

Mean length % of the
genome

Tandem 503 1686.203 3352.29 0.05201

Isolated
Intrachromosomal 1579 16364.583 10363.89 0.50478

Interchromosomal 2228 11137.181 4998.73 0.34353

Mosaic

Intrachromosomal 949 25692.847 27073.6 0.79251

Interchromosomal 1198 14706.032 12275.49 0.45362

Complex 1778 96771.345 54427.08 2.98497

Total 8258 166394.521 20149.49 5.13254

Table 4.1

One remarkable observation from the classification of SDRs is the large amount
of intrachromosomal and interchromosomal mosaic SDRs relative to complex
mosaic SDRs. The former categories comprise regions of high complexity in
terms of number of duplication events and distribution of identities with other
copies. Despite this complexity, there are many duplication mosaics exclusively
intrachromosomal (949) and exclusively interchromosomal (1198; see
discussion in Chapter 6).

There are important differences in length between different types of SDRs
(Figure 4.3 B). Complex mosaic duplications are the longest mosaic SDRs.
Interestingly, for both, mosaic and isolated SDRs, intrachromosomal regions are
longer than interchromosomal regions (Figure 4.3 B). This observation suggests
that intrachromosomal and interchromosomal SDRs might be biologically
distinct entities (e.g. have different origins) regardless of their mosaic or
isolated nature.

Duplicated regions are known to be distributed non-randomly in our genome.
Although one can find SDRs everywhere along the human genome, they tend to
group in regions with high duplication content (Figure 4.3 A). Visual inspection
of Figure 4.3 shows that SDRs are more frequent around centromeres and close
to telomeres. In fact, pericentromeric and subtelomeric enrichment in SDs has
been previously reported. She et al. (2004) describes differential clustering
between interchromosomal and intrachromosomal SDs with the former being
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Figure 4.3: Distribution and length of SDRs. A. Distribution of SDRs along human
chromosomes. Human chromosomes are represented as black lines and labeled to their left.
Genomic gaps are depicted in grey squares, centromeres are represented as red marks and the
pericentromeric regions (2 Mbp around the centromere) as green marks. SDRs are represented as
color-coded marks below the corresponding chromosome line. SDRs marks are in scale, except
for regions shorter than 50 kbp which are augmented to this size for visualization purposes. B.
Cumulative proportions of the length of each SDR category.

more prevalent than the latter in pericentromeres. Bailey and Eichler, in their
review of 2006 (Bailey and Eichler, 2006) state that the enrichment of SDs in
pericentromeric regions is composed mainly by mosaic duplications (although
they do not use this term). Moreover, in both papers the authors suggest the high
Alu content of pericentromeres as responsible for their SD enrichment (Bailey
et al., 2003; see Section 4.3.4 for results in the Alu-mediated origin of SDs).

Pericentromeres are statistically enriched in all types of SDRs except for
tandem SDRs (Figure 4.4 B and methods in Section 4.4). This enrichment is
extremely high for complex mosaic SDRs. A more detailed visualization of the
distribution of SDRs along the chromosome reveals more information (Figure
4.4 A). First, tandem duplications show no preference for any specific
chromosomal location. Second, although both intrachromosomal and
interchromosomal SDRs, either isolated or mosaic, show statistical enrichment
around centromeres, interchromosomal SDRs are more specific to these regions,
consistent with the findings by She et al. (2004) discussed above (Figure 4.4 A).

The distribution of the different kinds of SDRs in particular human
chromosomes shows interesting features (Figure 4.5 and Figure 7.3 from
Chapter 5 for comparison). The first characteristic that draws attention is the
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Figure 4.4: SDR content along the human chromosomes and enrichment in pericentromeres.
SDR content corresponds to the proportion of the length of 0.5 Mbp windows (non-sliding)
covered by a given type of SDR. A. SDR content along the chromosomal sequence. All
chromosomes’ SDR content per window is collapsed and placed with the centromere in the
centre for each plot. B. SDR enrichment in pericentromeres. Violin distribution for each type
of SDR corresponds to the pericentromeric SDR content in 1,000 circularly randomized positions
of SDRs across the genome (see methods in Section 4.4 for further details on the enrichment test).
Points correspond to the actual duplication content of pericentromeres. Stars correspond to the
significance of the enrichment test (see methods in Section 4.4): *** for p-values ≤ 0.0001, ** for
p-values ≤0.001 and * for p-values ≤ 0.01.

large diversity on SD content that different human chromosomes have. Not all
chromosomes contribute equally to the pericentromeric enrichment of SDRs. In
fact, there are chromosomes with no special accumulation of SDRs in their
pericentromeres (for example, chromosomes 3, 4, 5, 8 or 12 in Figure 4.3 A)
and chromosomes with massive accumulation of SDRs around centromeres (for
example, chromosomes 1, 2, 7, 9, 15 or 20 in Figure 4.3 A). Particularly,
chromosome 9 shows a specially high clustering of SDRs around its
centromeres (Figure 4.3 A), consistent with previous reports (Bailey et al.,
2001; Sudmant et al., 2013). This chromosomal diversity can be explained by
the differential evolutionary history of each human chromosome (Bailey and
Eichler, 2006; Chen et al., 2010b; Liu et al., 2012; Weckselblatt and Rudd,
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2015). The second thing to be highlighted is that, although chromosome 9 has a
number of SDRs similar to other chromosomes, they cover a larger amount of
sequence. This difference is explained by the length covered by its complex
mosaic SDRs (Figure 4.5). The large pericentromeric region of chromosome 9
is composed by a few, very long complex mosaic SDRs. A similar situation
happens, although in smaller scale, in other chromosomes (for example,
chromosome 2, 7, 15, 16, 21 or 22 in Figure 4.5). The third important
observation to be extracted from Figure 4.5 is the peculiarity of sex
chromosomes. Unlike autosomes, chromosome X and Y have an important
contribution of interchromosomal SDRs (both isolated and mosaic) to their
length. These chromosomes contain long interchromosomal SDRs that do not
exist in autosomes. The peculiarities on the evolution of sex chromosomes
might explain their particular SDR profile. However, to my knowledge,
interchromosomal duplication enrichment in sex chromosomes has not been
resolved to date despite substantial work on sex chromosome duplication
content, especially in chromosome Y (Thornton and Long, 2002; Rozen et al.,
2003; Kirsch et al., 2005, 2008; Betrán et al., 2012; Hallast et al., 2013;
Veeramah et al., 2014; Trombetta and Cruciani, 2017; Kuderna et al., 2018).

4.3.3 Age classification

Sequence identity between copies of a given duplication has been used as a proxy
for the age of the duplication event (Bailey et al., 2002b; Zhang et al., 2005).
SDs, by definition, share at least 90% of identity between copies and, thus, it is
common to assume that SDs are the result of duplication events that took place
starting 35 to 40 Mya (Bailey and Eichler, 2006). Using identity between copies
as a proxy for age has the underlying assumption of constant and homogeneously
distributed mutation rate, selective neutrality and absence of IGC between copies
(see Chapter 3, particularly Section 3.3.3). One can accept all these suppositions
when talking about general trends of the whole set of SDs in the human genome
together but when one tries to date the birth of particular SDs, these effects may
not be negligible (see Section 4.3.4). Using identity between copies as a proxy
for the age of a given duplication is not accurate and should be avoided.

Another commonly used strategy to infer the age of a given duplication is based
on phylogeny (i.e. phylostratification). Marques-Bonet et al. (2009a) and
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Figure 4.5: Distribution of SDRs across human chromosomes. Number of different types of
SDRs (A) and their cumulative length (B) in all human chromosomes.

Sudmant et al. (2013) used this approach to date great ape SDs. Here I use
whole-genome high-quality copy-number estimates based on read depth in
SDRs in each of the great ape lineages genomes to phylostratify and assign a
time-window to each SDR. More precisely I use the method presented in
Serres-Armero et al. (2017) to estimate with high confidence the copy-number
in 1 kbp windows that cover the whole genome for a sample of 10 individuals
for each great ape species (see methods in Section 4.4). Estimating the copy
number of a given genomic region based in read depth is the basis of the WSSD
method (Bailey et al., 2002a), a very widely used SD-detection approach (see
Section 1.2.2).

Importantly, by using read depth based copy-number estimates to perform
phylostratification of SDRs, in this work I am taking advantage of two
duplication detection methods at once. one based on assembly (WGAC; Bailey
et al., 2001) and the other, based on depth of coverage (WSSD; Bailey et al.,
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2002a). I use WGAC to precisely delimit SDRs, assess their internal structure
and classify them according to it and to the relative location of their copies.
Additionally, WSSD allows me to determine the presence or absence of each
SDR in great apes and, thus, to infer their time window of appearance.

I, therefore, assign to every SDR a given window of time of appearance
according to the species at which it is (or is not) present (see methods in Section
4.4 and Figure 4.6). I distinguish between, first, Homo specific SDRs that are
human SDRs that are not present in any other great ape species genome,
second, Homo-Pan shared SDRs or SDRs present exclusively in human and Pan
genus species genomes, third, Homo-Pan-Gorilla shared SDRs corresponding
to SDRs present in all the great ape species genomes except in the orangutan
genome, and, fourth, SDRs shared by all great apes group conformed by SDRs
that appeared before the lineage leading to orangutans split from the African
great ape lineage (Figure 4.6). The SDRs in this last group appeared at some
point in time before the great ape species diverged and could potentially be very
ancient.

When assigning a given window of age to a given SDR I am assuming that the
whole SDR was created at once, although this might not be the case for some
SDRs, specially mosaic duplications. Thus, the age I assign to a given SDR refers
to the age at which the SDR suffered the first main duplication covering at least
70% of the SDRs length. New duplications on the top of old mosaic duplication
are not considered in my age classification model (see methods in Section 4.4).

For the sake of clarity, from now on I will use type of SDRs to refer to the
different qualitative categories of SDRs (i.e. tandem SDRs, isolated
intrachromosomal SDRs, isolated interchromosomal SDRs, intrachromosomal
mosaic SDRs, interchromosomal mosaic SDRs and complex mosaic SDRs) and
SDR time class to refer to the degree of sharedness across the great apes (i.e.
Homo specific SDRs, Homo-Pan shared SDRs, Homo-Pan-Gorilla shared SDRs
and SDRs shared by all great apes), which is a proxy of their time of origin.

Marques-Bonet et al. (2009a) showed that the rate of emergence of new SDs
was particularly high during the African great ape ancestor period. I confirm
this finding by detecting an especially high duplication rate relative to the point-
mutation rate corresponding to this period of time compared to more recent times
(Table 4.2 and Figure 4.7). This increase in duplication rate happened both at the
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level of newly duplicated regions and at the level of number of bp of newly
duplicated sequence.

Figure 4.6: Phylostratification of SDRs. Great ape phylogeny is represented in orientative time
scale. SDRs in the human genome are grouped according to their presence or absence in other
great apes genomes. Labels indicate the four considered time windows and black lines specify the
part of the phylogeny corresponding to each one of them. The first and most recent group of SDRs
corresponds to Homo specific SDRs. These SDRs are not shared with any of the other great apes
and, unless a very specific case of loss, they appeared after the split of the human lineage with
the Pan lineage (leading to chimpanzees and bonobos). The second group of SDRs are the regions
that are shared between human and Pan genus but that are absent in gorilla. I term this group as
Homo-Pan shared SDRs. The third group includes all the regions that are present in all the great
ape genomes except in the orangutan. I will refer to this third group of SDRs as Homo-Pan-Gorilla
shared SDRs. Orangutan is the most distant species included in the analysis and it is used as an
outgroup. The fourth and most ancient group of SDRs includes all the regions that are shared by
all the great ape species, including the orangutan.
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Figure 4.7: Duplication rate during great ape diversification. The horizontal axis represents the
three most recent time windows under consideration (Figure 4.6). The vertical axis represent the
duplication rate in terms of number of new SDRs that appeared per million years (My; A for all
SDRs and B for SDR type) and in terms of amount of new duplicated sequence (Mbp) per My (C
for all SDRs and D for SDR type) for each one of the time-windows considered.

When analyzing the duplication rate by type of SDR I find that all types of
SDRs except tandem SDRs contributed to the increase in duplication number of
the Homo-Pan-Gorilla ancestor (Figure 4.7 B and D). Tandem SDRs had an
increase in duplication activity later, during the time of the Homo-Pan ancestor,
although given their typically small size, the contribution in terms of Mbp of
this duplication activity is negligible compared to the duplicated Mbp generated
during the older SDR burst. Additionally, even though complex mosaic SDRs
were the type of SDR that contributed the most to generate new duplicated
sequence during the SDR burst (because they are longer), isolated SDRs, both
intrachromosomal and interchromosomal, generated higher number of new
duplicated regions.
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4.3.4 Characterization

Mean identity between duplicates

As stated in Section 4.3.3, identity between duplicates is not always a good
proxy for the age of the specific duplications specially if they undergo IGC
and/or are under selective pressure (see Section 1.3.1 and Section 1.3.3). Even
though identity between duplicates correlates negatively with age (Figure 4.8
A) some deviations from this general trend appear when breaking down SDRs
into their types (Figure 4.8 B). Since mosaic SDRs involve several overlapping
duplication events, statistics such as mean identity between duplicates might be
confounded by the shadowing effect (Cheng et al., 2005). However, tandem and
isolated SDRs have not confounding shadowing effect and mean identity
between copies is very informative of these regions evolution.

It has been frequently stated in the literature that intrachromosomal SDs have
more identity between copies than interchromosomal SDs, suggesting a
difference in age or IGC rate between these two types of SDs (Samonte and
Eichler, 2002; Hillier et al., 2003; Bailey et al., 2004a; Zhang et al., 2005;
Bailey and Eichler, 2006; She et al., 2006). I find some, although low
differences in mean identity between copies when comparing intrachromosomal
and interchromosomal SDRs (for both isolated and mosaic duplications; Figure
4.8 C). In addition, intrachromosomal SDRs are not, on average, younger than
interchromosomal SDRs (Figure 4.8 D).

Instead, it is tandem SDRs that drive the main difference in mean identity
between intrachromosomal duplication and interchromosomal duplications
reported by several authors. In none of the papers cited above were tandem and
intrachromosomal SDRs distinguished. Tandem SDRs show higher sequence
identity between copies than the rest of SDRs (Figure 4.8 C and Figure 4.2 C).
To understand why tandem SDRs are more identical we have to look at their
patterns of identity through time and their average age (Figure 4.2 B and C).
Homo specific tandem SDRs are more identical than older tandem SDRs but no
differences in average identity are observed between the three older time classes
(Figure 4.8 B). This stabilization of divergence between duplicates along time is
a typical signature of concerted evolution between duplicates through IGC (see
Chapter 3) or selective constraints (see Section 1.3.3). IGC rate has been
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Figure 4.8: SDRs mean identity and average age. A. Violin distributions of the mean identity
between copies of Homo specific, Homo-Pan shared, Homo-Pan-Gorilla shared and Shared by
all Great Apes SDRs. B. Average mean identity between SDRs and their copies through time
windows for each SDRs time class. Standard error bars are represented. C. Violin distributions of
the mean identity between of SDRs and their copies for all SDR types. D. Proportion of SDRs in
each time window relative to the total number of SDRs of each type.

previously reported to have a negative correlation with distance between
duplicates (Lichten and Haber, 1989; Schildkraut et al., 2005; Chen et al., 2007;
Zhi, 2007; Benovoy and Drouin, 2009; Casola et al., 2010). Further tests for the
presence of specific signals of IGC would be needed to confirm or discard IGC
activity. Interestingly, tandem SDRs also appear to be on average younger than
the other SDRs (Figure 4.8 D). This is, tandem SDRs have more mean identity
than the other SDRs not only because they maintain identity through time but
also because they are younger.
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GC content

GC content is another property of genomic sequences that has been studied in
SDs. Zhang et al. (2005) find a weak positive correlation between SD content
and GC content. We confirm this observation by finding significantly higher than
expected GC content in all types of SDRs, specially tandem SDRs (Figure 4.9 C),
which have, in average, more GC content than the other types of SDRs (Figure
4.9 A). Intrachromosomal SDRs (both isolated and in mosaic) also show slightly
more GC content than interchromosomal SDRs. This pattern of mean GC content
across SDR classes resembles the pattern observed for identity between copies
suggesting a correlation between SDR identity and GC content (Figure 4.8 C and
Figure 4.9 A). However, I find no correlation between identity and GC content
within SDR classes (Figure 4.9 D); and neither do I find a correlation between
GC content and age (Figure 4.9 B).

A possible explanation for higher GC content in tandem duplication might be
gBGC. In Section 4.3.4 I already discussed the strong possibility of IGC in
tandem SDRs. Since IGC is known to be GC biased (Duret and Galtier, 2009;
Glemin et al., 2015; see Section 1.3.1), if it is active in tandem SDRs, I would
expect to see a corresponding increase in GC content in these regions. Another
possible explanation for GC content in tandem SDs would be that they tend to
appear in high GC context although in this case, another explanation would be
needed to account for their higher identity. Again, further IGC specific tests
would be needed to confirm IGC activity and its GC bias in tandem SDRs.

Genes

Human SDs have been reported to contain an excess of genes (Bailey et al.,
2002a; Samonte and Eichler, 2002; Zhang et al., 2005; Sudmant et al., 2013;
Dennis et al., 2017) and to be enriched in exons (She et al., 2006). Taking into
account the recent age of SDs, any relevant overlap between a gene and an SDR
implies a relatively recent duplication of the corresponding part of the gene.
Duplication of genic sequence, especially if the duplication involves the
complete gene, can entail the formation of novel functional genetic material,
modify the dynamics of expression or cause aberrant and/or deleterious forms
of the implicated gene (see Sections 1.3.3 and 1.5).
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Figure 4.9: GC content of SDRs. A. Violin distributions of the mean GC content of all SDR
types. B. Violin distributions of the mean GC content of all SDRs time classes. C. SDR enrichment
in GC content. Violin distribution for each type correspond to the mean GC content calculated for
1,000 circularly randomized positions of SDRs across the genome (see methods in Section 4.4).
Points correspond to the actual mean GC content of SDRs. Stars correspond to the significance of
the enrichment (see methods in Section 4.4): *** for p-values ≤ 0.0001, ** ≤ 0.001 and * ≤ 0.01.

I find that 24.56% (4895/19,932) of all protein coding genes in the human
genome overlap with an SDR. This number is within what is expected given the
SDRs and protein coding genes span and distribution (see methods in Section
4.4). Differently, the subset of them that are completely within SDRs (883
protein coding genes or 4.43% of the total; Figure 4.10) is more than expected
given SDRs and protein coding genes span and distribution (p-value = 0.017).
Moreover, SDRs overlap with 4.79% of protein coding exons in our genome
with a great majority of them (4.53% of the total) completely within an SDR
(Figure 4.10). Both numbers are expected given the SDRs and protein coding
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exons span and distribution.

Figure 4.10: Amount of protein coding genes and exons overlapping and within SDRs. Number
(and percentage of the total) of protein coding genes (A) and exons (B) that overlap with an SDR
and from these, those that are completely within an SDR of a given type.

To understand when and through what type of SDR new entire genes arose
during the last 35 - 40 My I formally test for enrichment of protein coding genes
entirely encompassed by SDR of different types and time classes (Figure 4.11;
see methods in Section 4.4). As state above, the total number of entire protein
coding genes contained within SDRs is significantly higher than expected
(p-value = 0.017; bottom right corner in Figure 4.11). Most of these genes are
within complex mosaic SDRs despite them containing as much entire protein
coding genes as expected given their length and distribution (472 genes; right
column in Figure 4.11). In fact, are tandem and intrachromosomal (isolated and
mosaic) SDRs that are enriched in entire genes, specially tandem SDRs.
Interchromosomal SDRs (isolated and mosaic), on the contrary, are significantly
depleted in entire protein coding genes (right column in Figure 4.11).

When looking at the time window at which these entire protein coding gene
duplications happened it appears that in general, SDRs shared by all great apes,
have more entire protein coding genes than expected (Figure 4.11). Indeed,
these old SDRs contain most of the genes within SDRs. This enrichment is
again driven by tandem and intrachromosomal (isolated and mosaic) SDRs that
are highly enriched in entire protein coding genes and compensate the depletion
of old interchromosomal (isolated and mosaic) SDRs in entire protein coding
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Figure 4.11: Enrichment for entire protein coding genes within all SDRs types and time classes.
Rows correspond to the SDR types categories and columns to the SDR time classes. Bottom row
and extreme right column correspond to the totals in each column and row, respectively. Bottom-
right cell corresponds to the absolute total. Numbers indicate the number of entire genes found
within the corresponding SDRs in each cell. Color corresponds to the log 2 fold change with
respect to the expected number of protein coding genes calculated as the average entire gene
content of 1,000 circular randomizations of the SDRs positions in the genome (see methods in
Section 4.4). Cells with green colors correspond those with more entire genes than the random
expectation and yellow color cells to those with less entire genes than expected. Stars correspond
to the significance of the enrichment test (see methods in Section 4.4): *** for p-values ≤ 0.0001,
** ≤ 0.001 and * ≤ 0.01.

genes. Younger SDRs are not in general enriched in entire genes but
Homo-Pan-Gorilla shared tandem and isolated intrachromosomal SDRs also
show enrichment in entire protein coding genes as well as Homo specific
interchromosomal mosaic SDRs. Nevertheless, the amount of new protein
coding genes generated by these most recent duplications is very small.

Entire genes within SDRs, are relevant because they are potential new
functional unitsbut to understand the way SDRs arise, it is more informative to
look at it the other way around. In Figure 4.12 I show the amount of SDRs
within, and overlapping with, protein coding genes and exons. First, although
both isolated and mosaic interchromosomal SDRs show depletion in entire
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protein coding genes, more than 40% of them are fully covered by protein
coding genes (Figure 4.12 A). This means that interchromosomal SDRs tend to
be within protein coding genes not the other way round. Moreover, around 10%
of isolated interchromosomal SDRs are within exons (Figure 4.12 A). These
observations suggest that interchromosomal SDRs (isolated and mosaic) are
frequently the result of duplication by retrotranscription and insertion of long
RNAs (either processed or not; see Section 4.3.4 and Section 1.3.2). This type
of duplication mechanism frequently results in mono-exonic genes, which, in
fact, are very frequent among interchromosomal SDRs. Second, almost 60% of
tandem SDRs are covered by genes (Figure 4.12 A). Despite this, tandem SDRs
show little exon content (Figure 4.12 A), suggesting that tandem SDRs,
although being enriched in entire genes (Figure 4.11), are frequently intronic.
That tandem SDRs are enriched in entire genes because they contain more
entire genes than expected given their short length but the amount of entire
genes that they encompass is quite small and they are more frequently find in
introns (Figure 4.11). Third, around 50% of both, Homo specific and Homo-Pan
shared SDRs are within protein coding genes (Figure 4.12 B) despite being the
older categories that show enrichments in entire genes (Figure 4.11). In other
words, older SDRs tend to contain more entire protein coding genes than
expected while younger SDRs tend to be more frequently within these genes.

Figure 4.12: SDRs within and overlapping with protein coding genes and exons. Percentage of
SDRs in each SDR type (A) and time class (B) within protein coding genes, overlapping with
protein coding genes, within protein coding exons and overlapping with protein coding exons.

Natural selection, when acting on the content of duplicates, plays a relevant role
in the identity of copies (see Section 1.3.3). Actually, there is a direct
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correlation between SDR protein coding gene (and exon) content and identity
between copies (Figure 4.13) which is consistent for all types of SDRs (Figure
4.13 A and B). This trend would suggest that either the SDRs with protein
coding genes are younger or that there is a selection towards the maintenance of
the identity between copies when there are protein coding genes involved but,
when breaking it down in time classes, the direct correlation between mean
identity and protein coding gene (and exon) content is clearly observed for the
two oldest time classes. These results imply that selection and not young age is
the most probable cause for the maintenance of identity between copies in
SDRs with high gene (and exon) content (Figure 4.13 C and D).

Figure 4.13: Direct correlation between SDR mean identity and protein coding gene and
exon content. Horizontal axes represent average mean identity between SDRs and their copies.
Each point depicts the mean value per sliding windows of mean identity (window size 0.02
identity points and step of 0.005 identity points). Vertical axes represent the proportion of SDRs
overlapping with protein coding genes (A and C) or exons (B and D). Results shown for SDRs
type (A and B) and time class (C and D).
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Retrotransposons

Retrotransposons and other repeat elements in the human genome are known to
be related to the formation of SDs (Bailey and Eichler, 2006; Marques-Bonet
et al., 2009b; Monlong et al., 2018). In 2003, Bailey and collaborators presented
a model of human SD formation based in retrotransposon-mediated duplication
(Bailey et al., 2003). According to their results, in the human genome the main
type of retrotransposons responsible for SD formation are Alu elements,
specially Alu S elements. Retrotransposon-mediated duplication should not be
confounded with duplication through retrotranscription and insertion of a free
nuclear RNA molecule (see Section 1.3.2). Retrotransposon-mediated
duplication corresponds exclusively to a duplication process produced by
NAHR between two homologous retrotransposons located in different loci
(Figure 4.14 A-C, see Section 1.3.1 for clarification on NAHR). Differently,
duplication by retrotranscription and insertion of a free nuclear RNA molecule
do not necessarily imply NAHR (Figure 4.14 D).

According to Bailey’s model, a retrotransposon-mediated duplication process
results in a duplication surrounded by retrotransposons. I examined the
presence of retrotransposons around the borders of SDRs (Figure 4.15). When
taking into account all human retrotransposons, duplication borders appear to
spatially coincide with a clear transition in retrotransposon content (Figure 4.15
A). SDRs have less retrotransposon content than the genome average, specially
tandem SDRs and interchromosomal SDRs (both isolated and mosaic). On the
contrary, the flanking sequence of SDRs is slightly enriched in retrotransposons,
with the exception of tandem SDRs that seem to be surrounded by regions with
low retrotransposon content. Moreover, a sharp increase in retrotransposon
content specifically at the SDR border appears for intrachromosomal SDRs
(both isolated and mosaic) and complex mosaic SDRs. This peak is likely to be
caused by both, retrotransposons that mediated the duplication and that are,
thus, located just inside the border of the duplicated sequence, and
retrotransposon insertions that disrupted the duplicated sequence breaking the
SDR in two and that are, thus, just outside the annotated duplicated sequence.
These two situations lead to retrotransposons being just outside or just inside
the duplication junction and result in these narrow increase in the duplication
border.
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Both isolated and mosaic intrachromosomal SDRs, together with complex
mosaic SDRs show high levels of Alu S elements in their borders compared to
the genome average (Figure 4.15 B). Moreover, for these SDR types there
appears to be a sharp drop in Alu S content at around 300 bp inside from the
border, which is precisely the characteristic size of Alus (Cordaux and Batzer,
2009). This observation suggests that many of these SDRs are flanked by Alu S
elements and provide further support for retrotransposon-mediated duplication
being the at the origin some, albeit not all, SDR types. For example,
interchromosomal SDRs (isolated and mosaic) show higher than genome
average levels of Alu S elements on the flanking region outside the duplication
but lower than genome average levels of these elements within the duplication.
Similarly, tandem SDRs have low levels of Alu S elements within the
duplication and genome average levels in the flanking region. These
observations provide an important clarification to the report by Bailey et al.
(Bailey2003) of an enrichment in Alu elements in the flanking regions of
intrachromosomal duplications. In that work, the authors did not differentiate
between intrachromosomal isolated duplications and tandem duplications. In
fact, only intrachromosomal isolated duplications are enriched in Alu S
elements, whereas tandem duplications are depleted in all types of transposable
elements (Figure 4.15 C).

One of Bailey et al.’s (2003) retrotransposon-mediated duplication models, here
extended in Figure 4.14, leads to tandem duplication (Figure 4.14 A). My
results show that tandem duplications are not frequently duplicated through this
process. On the contrary, the presence of Alu S elements on different types of
SDRs shows a frequent retrotransposon-mediated origin of intrachromosomal
SDRs (both isolated and mosaic). Intrachromosomal SDRs are more probably
generated by the retrotransposon-mediated duplication models represented in
Figure 4.14 B and C that result in a long distance duplication although other
Alu-mediated duplication mechanisms, like Alu mediated FoSTeS, should be
considered (see discussion in Chapter 6).
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Figure 4.14: Models of retrotransposon-mediated duplication and duplication through
retrotranscription. Three models of retrotransposon-mediated duplication (A-C; yellow) are shown
together with a model of duplication through retrotranscription and insertion of a free nuclear
RNA molecule (D; green). Genomic sequence is represented by horizontal black lines dashed at
the ends. A-C. Differently colored horizontal arrows represent retrotransposon elements located in
different loci. Arrows of two colors represent hybrid retrotransposon elements product of NAHR
between two original retrotransposon elements. Black points indicate the two DNA extremes
joined by NHEJ in C. Red boxes summarize the sequence pattern expected in retrotransposon
elements after duplication in each retrotransposon-mediated duplication model. Note that D and
C are not mutually exclusive. Insertion in D can be performed through NAHR as in C if the free
DNA molecule contains a retrotransposon sequence. [Figure based on Bailey et al. (2003).]
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Figure 4.15: Retrotransposons around SDR borders. A, B. Proportion of SDRs having
retrotransposons in general (A) or Alu S elements specifically (B) along SDRs borders (position
relative to duplication border junction). Results are shown for sliding windows (windows size of 20
bp and window step of 10 bp). The horizontal dashed line represents the genome-wide proportion
of all repeat elements (A) and Alu S elements (B). Results are shown for all SDR classes. C.
Proportion of isolated intrachromosomal and tandem SDRs with retrotransposons in their borders
(window of 20 bp around junction) depending on the distance between copies. Results are shown
for all retrotransposons together, for all Alu elements together, Alu J elements, Alu S elements,
Alu Y elements, L1 elements and LTR elements separately. Lines show the mean value of an
sliding window of size 1 and step equal to 0.05 (log10 of the distance). The vertical dashed
line corresponds to the distance-between duplicates threshold differentiating tandem SDRs and
isolated intrachromosomal SDRs.
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4.4 Methods

From SDs to SDRs

All the annotated SDs in the SegDups database of the human reference genome
hg38/GRCh38 (UCSC Table Browser; Karolchik, 2004) are grouped in
non-overlapping regions: SDRs. That is, all the SegDups annotations mapping
to the same genomic region forming a mosaic SD region are grouped into a
single mosaic SDR region and considered together. If there is only one SegDups
annotation in one genomic region it will be considered an isolated SDR. SDRs
one just next to each other are considered separately.

4.4.1 SD enrichment

Calculating SDRs enrichment in other genomic features of interest is not an
easy task because human SDRs have a non-random distribution across the
genome. A random iteration of the SD position was not considered a good
reference for testing the SDR enrichment in different features. Instead,
simulated concatenation of the human chromosomes, circularization of the
genome and rotation of the SDRs positions was used (1000 different shifts of
the position of SDRs covering the entire circularized genome were used).
Circularized randomizations respect the relative position of SDRs and were
considered a good reference. In each one of these circularized randomizations
of the SDR position, a given parameter summarizing the overlap between SDRs
and another feature of interest was calculated (e. g. proportion of overlapping
sequence with protein coding genes). SDRs enrichment p-values were
calculated as the fraction of circular randomizations with higher (or lower)
estimates than the actual SDR position estimate. Log 2 fold changes were
calculated comparing the actual SDR position estimate with the mean of the
circular randomizations estimates.

4.4.2 Annotations of centromeres, genes and retrotransposons

Centromere annotations from UCSC Table Browser (Karolchik, 2004), human
gene annotations form Ensembl hg38 (Zerbino et al., 2018) and RepeatMasker
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on hg38 for the annotations of retrotransposons (Smit et al., 2013) were used.

4.4.3 Great ape copy number calling based on read depth (WSSD)

I used WGS data of 50 samples: 10 humans, 10 chimpanzees, 10 bonobos, 10
gorillas and 10 orangutans (including Pongo pygmaeus and Pongo abelii
samples) from Prado-Martinez et al. (2013). The procedure applied to estimate
copy number for every great ape individual along hg38 was first applied in
Serres-Armero et al. (2017) and explained in detail in methods Section of
Chapter 5 (Section 5.4).

With this procedure of copy-number calling I obtained copy-number estimates
for a sample of individuals of all great ape lineages for each non-repetitive 1
kbp window along the human reference hg38. Moreover, from these estimates I
obtained the probability of integer copy numbers in each window and
summarized them in 99% confidence copy-number intervals. This is, for any
given window of hg38, each individual has a copy number within the defined
copy-number interval with a 99% probability.

Note: I do not expect all SDRs to be detected in WSSD. SDRs are based in the
SegDups database that considers duplications of ≥ 90% of mean identity while
WSSD mappings were done with 0.06% of divergence. Moreover, WSSD and
WGAC are very different approaches and have very different sensibilities (see
Section 1.2.2).

4.4.4 Phylostratification

I used WSSD 99% confidence copy-number intervals for all sampled great ape
lineages in WSSD windows along hg38 to determine the duplicated status of
each species in human SDRs. Every SDR is phylostratified as follows:

1. Extract all WSSD windows overlapping with the SDR. Only SDRs with
90% of their sequence covered by WSSD windows are considered
informative for the phylostratification part of the analysis.
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2. Each individual is considered to have either a non-duplicated copy number
(normally diploid) or a duplicated copy number including a big variety of
copy-number estimates above the diploid copy number (2). An individual
is considered to have a non-duplicated copy-number in an SDR if ≥ 70%
of the SDR length is estimated to have a copy-number interval including
the diploid copy-number (2) or lower. In all the other cases the individual
is classified as being duplicated in that SDR.

3. If all individuals of a given great ape lineage, in a given SDR, are
considered non-duplicated, the SDR in such great ape lineage is
considered non-duplicated. All other situations are considered duplicated.

4. If the SDR was classified as being non-duplicated in humans according to
WSSD, it was not included in the phylostratification part of the analysis.
These regions are WGAC sensitive regions that are not sensitive for
WSSD.

5. The SDR is considered Homo-Pan shared if, apart from humans, it only is
duplicated in the Pan lineage. Otherwise, the SDRs is classified as
Homo-Pan-Gorilla if it is considered duplicated in the tree lineages but
not in Pongo. Finally, all the SDRs that are duplicated in all lineages are
classified as being shared among all great apes. Incomplete lineage
sorting cases are not considered in the phylostratification part of the
analysis.

All the previously described procedure is designed to be very conservative in
calling non-duplicated SDRs in the different great ape lineages. This is so to
minimize the false positives in recent time-windows.

4.4.5 Duplication rate calculation

I used point-mutation based estimates of the divergence between humans and
chimpanzees (7.53 mut/kbp), humans and gorillas (11.23 mut/kbp) and humans
and orangutans (22.27 mut/kbp) from Prado-Martinez et al. (2013). Estimation of
time was based on point-mutation divergence assuming a constant point mutation
rate of 5 · 10−10 mut

(bp·year) :
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7.53
mut

kbp · 2branches
· 1bp · year

5 · 10−10mut
· 1kbp

103bp
· 1My

106year
= 7.53My (4.1)

Duplication rate was calculated both, in terms of number of new duplications
(duplications/My) and in the number of new duplicated base pairs (duplicated
bp/My).

This chapter includes the results of an unfinished piece of work describing the
variety of SDs in the human genome aimed at understanding how they arise,
evolve and contribute to new genic sequences. It has been supervised by Diego
A. Hartasánchez and Arcadi Navarro.
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Chapter 5

Copy-number variants and duplications in
rhesus macaque affecting human disease genes
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A ship in port is safe, but that’s not what ships are built for.

Grace Hopper

For the things we have to learn before we can do them,
we learn by doing them.

Hannah Arendt

5.1 Rationale

Rhesus macaque is an abundant species of the family Cercopithecidae (Old
World monkeys) that diverged from the superfamily Hominoidea (including
gibbons or Hylobatidae and great apes or Hominidae) about 25 Mya. They are
the non-human primates with the largest geographic range, expanding most of
the South of Asia, and with exceptional levels of adaptability to a great variety
of conditions (see Section 1.4).

Because of their abundance and adaptability, and given their genetic and
physiological closeness to humans, rhesus macaques are the non-human
primates most extensively used in biomedical research (Xue et al., 2016). They
have largely been studied as a model organism for understanding human
metabolism, physiology and disease, with special emphasis in infectious
diseases and alcohol addiction (Schwandt et al., 2010; Uno et al., 2011, 2016;
Wiseman et al., 2013; Walter and Ansari, 2015; Chong et al., 2018). Rhesus
macaques have also been used to model and understand the genetic background
of certain diseases (Champoux et al., 2002; Barr et al., 2004; Gibbs et al., 2007;
Loffredo et al., 2007; Vallender et al., 2008, 2010; Valentine et al., 2009;
Rogers, 2013; Vinson et al., 2013).

Considering the impact that studies on these animals might have on human
well-being, acquiring knowledge on the genome and the genomic diversity of
rhesus macaques is of major relevance in order to identify and understand the
genetic and physiological differences between them and humans. This
knowledge would help to evaluate the advantages and limitations of using this
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species as a model organism. In accordance, great efforts have been performed
during the last decade to describe the genetic diversity of rhesus macaques and
have importantly contributed to this goal (Smith and Mcdonough, 2005; Lee
et al., 2008; Xue et al., 2016; Bimber et al., 2017; Liu et al., 2018).

Nevertheless, so far systematic studies on duplications and CNVs in the rhesus
macaque genome have been performed with low sample sizes, only through
array-CGH and/or focusing in other species genomes (Lee et al., 2008;
Marques-Bonet et al., 2009a; Gokcumen et al., 2011). This is so with the
notable exception of Lorente-Galdos et al. (2013) where the authors focused on
finding accelerated evolution in human and rhesus macaque duplicated exons.
Therefore, there is a lack of a high resolution picture of rhesus macaque
duplications and CNVs performed with a large sample size. Moreover, specific
CNVs in the species have been reported to have functional consequences and
potential implications for biomedical research (Degenhardt et al., 2009;
Hellmann et al., 2011, 2012, 2013; Taormina et al., 2012; Ottolini et al., 2014;
de Groot et al., 2015). With this in mind, having genome-wide information on
the number of copy in the rhesus macaque genome covering its species
variation would be of great use in biomedical research.

In this chapter, I present the first genome-wide map of the copy-number
architecture and variation found in the rhesus macaque genome. In this
collaborative project, I identified genes with high probability of having their
function modified by copy-number alterations compared to human and, more
importantly, genes that present different copy number or distinct copy-number
diversity between both species. These genes are strong candidates for having
divergent genotype-phenotype mechanisms between humans and macaques
and, as such, should be handled with care in studies using rhesus macaque as a
model organism since the results may not be comparable to humans.
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5.2 Objectives

General:

1. To describe the copy-number architecture and copy-number variation of
the rhesus macaque genome.

2. To identify and describe potential functional differences between humans
and macaques due to differences in copy number.

Specific:

1. To create a genome-wide map of copy number of the rhesus macaque
genome encompassing a great part of the diversity in copy-number in the
species.

2. To identify CNV regions and non-diploid fixed regions in the rhesus
macaque genome.

3. To recover non-diploid genes with copy-number profiles potentially
influencing their function by altering the number of functionally
competent copies of the gene in the genome.

4. To create a comparable map of copy number of the human genome and
recover the human non-diploid genes with different number of functional
copies.

5. To compare the copy-number profiles of human-rhesus macaque gene
orthologs.

6. To identify genes which differences in copy number within and/or between
the two species might lead to phenotypically relevant changes and explore
the potential impact of these differences in biomedical research.
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5.3 Results and discussion

5.3.1 High-quality genome-wide maps of fixed duplications and
CNVs

The aim is to better understand the copy-number architecture of the rhesus
macaque genome, and the implications that the gene copy-number variation
within and between the human and macaque species might have on biomedical
research. To tackle this issue I generated a fine-scale genome-wide map of copy
number for a sample of 198 rhesus macaques. This panel of samples was
obtained after applying a very stringent quality-control filtering to
whole-genome sequences from 315 samples integrating 202 newly sampled
individuals and 213 samples from Xue et al. (2016) (see methods in Section
5.4).

To be able to call non-diploid copy number regions with high confidence,
specially CNV regions, I used a copy-number calling procedure that provides a
99% confidence interval based on raw read depth for each non-repetitive 1 kbp
window in every sample (Serres-Armero et al., 2017, Figure 5.1 A; see methods
in Section 5.4). I used these copy-number confidence intervals to differentiate
diploid from non-diploid regions, out of noise-related intra- and inter-sample
read-depth variability. Among the non-diploid regions, I confidently
distinguished between fixed duplications and CNV regions (including gains,
losses and gain/losses). Fixed duplications are regions with the same
non-diploid copy number in all the individuals of my sample, while CNV
regions are regions in which I could distinguish, with high confidence, more
than one copy-number allele within my sample. Non-diploid regions with
uncertain copy number distribution were labeled as unclassified regions.
Typically, these regions contain different alleles with similar copy number that
could not be distinguished from inter-sample noise with my confidence interval.
Accordingly, the unclassified category contained many actual CNV regions for
which I could not distinguish two clear copy-number alleles alongside
read-depth noisy regions (see methods in Section 5.4).

Working with copy-number intervals provides high confidence in copy-number
calls. However, it imposes specific restrictions that must be considered when
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Figure 5.1: Summary of the methodology. A. Starting with NGS data and a masked genome
reference, I followed a series of steps in order to call copy-number intervals for each non-repetitive
1 kbp window and sample (see methods in Section 5.4). I performed a copy-number allele calling
per window to classify all non-diploid windows in fixed duplications, CNV regions or unclassified
non-diploid regions. B. To assess the functional implications of these non-repetitive windows,
I crossed the protein coding genes in the corresponding genome with the three types of non-
diploid windows (see methods in Section 5.4). From all the genes that were related to non-diploid
windows, I distinguished between those overlapping with the three different categories of non-
diploid windows. Among those genes overlapping with fixed duplications I focused on those that
had 90% or more of their coding region duplicated and fixed and, among these, I focused on the
ones that were duplicated and fixed as a whole (see methods in Section 5.4). Equally, among those
genes overlapping with CNV regions, I focused on those genes within CNV regions (90% or more
of the coding region) and those that were CNV as a whole. The same pipeline was applied to both
the rhesus macaque and the human set of samples.

compared to copy-number calls obtained with other methods. In order to
perform reliable inter-species comparison between human and rhesus
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macaques, I applied the same algorithm to a set of 35 WGS human samples
from the Simons Genome Diversity Project (Mallick et al., 2016; 50 samples
before quality control, see methods in Section 5.4). The individuals in this
sample were selected as a balanced representation of human populations,
providing an ideal dataset for retrieving inter-populations copy-number
variability. Additionally, fine-scale maps of copy number in the human genome
were compared and validated using the annotation of SDs in the human genome
(UCSC Table Browser; Karolchik, 2004) and the CNV calls performed by Peter
Sudmant et al. with the 1000 Genomes Project phase 3 WGS data (Sudmant
et al., 2015a; see methods in Section 5.4).

Non-diploid regions are known to be spread along all the human genome but to
show regions of high clustering (Marques-Bonet and Eichler, 2009) and to be
enriched in pericentromeric and subtelomeric regions (Bailey et al., 2002a; She
et al., 2004; Bailey and Eichler, 2006). A genome-wide overview of fixed
duplications, CNV regions and unclassified non-diploid regions in the rhesus
macaque genome shows a similar distribution (Figure 5.2 A). Non-diploid
regions are common (12.25% in bp) and widespread along the rhesus macaque
reference genome. My human copy-number maps show, as expected, high
clustering of non-diploid regions in pericentromeric and subtelomeric regions
(Supplementary Figure 7.1 A in Section 7.4). The same clustering is
appreciated in my macaque copy-number maps but cannot be seen clearly in the
case of pericentromeric regions because of the lack of resolution and annotation
of centromeres and telomeres in the genome assembly.

Genomic regions consisting in fixed duplications appear to be the longest type
of non-diploid regions (Figure 5.2 B). The same pattern appears in the human
copy-number maps (Supplementary Figure 7.1 B in Section 7.4). The difference
in length between fixed duplicated and CNV regions can be explained by two
reasons. First, duplications are known to be organized in big mosaic clusters
around ancestral duplicons (She et al., 2004; Bailey and Eichler, 2006; Jiang
et al., 2007; Marques-Bonet and Eichler, 2009). These regions will mainly show
up as fixed duplications in my classification due to their old age. Second, as
stated above, CNV regions are more difficult to call, resulting in some of them
being fragmented by unclassified segments that might be actually unresolved
CNV segments (see methods in Section 5.4). Also, among CNV regions, CNV
losses and gain/losses are shorter than CNV gains (Figure 5.2).

118



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 119 — #139

Section 5.3

Figure 5.2: Landscape of the non-diploid regions in the rhesus macaque reference genome.
A. Genome-wide map of the non-diploid regions. Chromosomes are represented by horizontal
bars. Fixed duplications, CNV gains, CNV losses, CNV gain/losses and unclassified regions are
represented as color-coded marks. Mark width is proportional to the region length with a minimum
mark width of 25 kbp for short regions for the sake of visualization. Sex chromosomes were not
included in the analysis. B. Length distribution of the non-diploid region types.

In the rhesus macaque reference genome, fixed duplications cover a 8.59% (in
bps) of the rhesus macaque reference genome, CNV gains a 2.18%, CNV losses
a 0.4%, CNV gain/losses a 0.07% and unclassified non-diploid regions a 1.03%.
The lower quality of this reference genome compared to the human one
suggests that it might contain unresolved duplications. Fortunately, the
read-depth approach is independent of the resolution of duplications in the
reference genome and I was able to call the non-diploid regions anyway (Bailey
et al., 2002a; Marques-Bonet and Eichler, 2009). For this reason, the collapse of
duplicated regions does not affect my estimation of the number of copies but it
can affect the estimation of the number of non-diploid regions (i.e. I might be
underestimating the number of non-diploid regions). Comparison of
copy-number maps shows higher prevalence in humans of fixed duplications
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and unclassified regions compared to the prevalence of CNVs (10.2% in bps of
fixed duplications, 2.3% of unclassified regions, 1.6% of CNV gains, 0.18% of
losses and 0.03% of gain/losses). My results are in agreement with rhesus
macaque having higher copy-number diversity than humans mirroring SNVs
distribution, what would point to a higher effective population size for
macaques (Xue et al., 2016). However, I cannot disregard an underestimation of
CNV in humans because of the difference in the used sample sizes.

Interestingly, there are differences in the chromosomal density of non-diploid
regions (Figure 7.2 A). Rhesus macaque chromosome 19 shows a particularly
high density of all non-diploid types of regions (fixed duplications, CNV gains
and unclassified non-diploid regions) compared to the rest of the chromosomes.
This observation coincides with the genomic distribution of macaque SDs
(UCSC Table Browser; Karolchik, 2004) across chromosomes (Figure 7.2 B).
Additionally, I independently retrieved information on mammal, primate and
rhesus-specific gene duplications (Juan et al., 2013; see methods in Section 5.4)
and explored their distribution across chromosomes. I did not observe higher
density of genes specifically duplicated in the macaque lineage in chromosome
19 compared to other chromosomes (Figure 7.2 B). The reason behind this
observation can be that these genes are the most recent and similar and, thus,
the most likely to be collapsed in the genome assembly. Nevertheless, I
observed a higher density of other genes duplicated in primates and in
mammals in chromosome 19. A great part of these genes are expected to be
shared with humans, which also show especially high contribution of
non-diploid regions (basically fixed duplications) in chromosome 19
(Supplementary Figure 7.3 in Section 7.4). Additionally, human chromosome 9
is known to have huge pericentromeric non-diploid regions which here appear
mainly as CNV regions (Bailey et al., 2001; Sudmant et al., 2013).

5.3.2 Copy-number profile of rhesus macaque and human protein-
coding genes

To explore phenotypic differences between humans and rhesus macaques due to
differences in copy number, I first had to detect those copy-number alterations
within each species with a higher functional impact. To do so, I cross-examined
my genome-wide maps of copy number for the two species and the annotation
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of protein-coding genes in the corresponding reference genomes (see methods in
Section 5.4).

However, assessing the functional impact of copy-number genotypes is not
straightforward. A duplication of a small part of a protein-coding gene has a low
probability to have a functional impact even if it is found in the protein-coding
region (see Chapter 6 for further discussion on this issue). Now, whole-gene
duplications, encompassing all the protein-coding length of a given gene
suggest a higher number of potentially functional gene copies that can affect its
expression levels with functional consequences. For this reason I focused on the
protein-coding region (exons) of the main isoforms of protein-coding genes in
the two species and distinguished between three levels of relationship with
non-diploid regions. First, I identified all genes with at least part of their exons
showing non-diploid copy number (overlapping with a non-diploid region).
Second, among these, I focused on those genes having 90% or more of their
protein-coding sequence duplicated and/or varying in copy number (within
fixed duplications or CNV regions). And, finally, among the latter, I found those
with a constant copy number per sample along the whole protein-coding region
(Figures 5.3 and 5.1 B; see methods in Section 5.4). These two last groups of
genes (termed duplicated and fixed as a whole and CNV as a whole) are
protein-coding genes that have more than one genomically competent copy or a
variant number of them within my samples (respectively; Figure 5.3).

According to these categories, I classified every protein-coding gene in the
rhesus macaque and human genome (Figure 5.4 and Supplementary Figure 7.5
in Section 7.4; see methods in Section 5.4). My maps show that a great part
(32.12%) of the rhesus macaque protein-coding genes overlaps with either fixed
duplications (21.05%, 4409 genes), CNV regions (10.81%, 2264 genes) or
other unclassified non-diploid regions (4.42%, 925 genes). Gene length is
inversely correlated to the proportion of the protein-coding gene sequence
having non-diploid copy number (Supplementary Figure 7.6 in Section 7.4),
suggesting that most of these copy-number changes in genes are neutral and
happening randomly throughout the genome. Nevertheless, in the rhesus
macaque genome, there is a significant amount of protein-coding genes
completely within non-diploid regions (Supplementary Figure 7.6 C in Section
7.4). These genes tend to be small (Supplementary Figure 7.6 D in Section 7.4)
because they are more easily entirely encompassed by a duplication.
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Figure 5.3: Schematic example of my gene classification according to its copy-number context.
Top: schematic representation of a protein-coding gene (exons shown as black boxes) over the
track of repetitive regions (in purple) that are masked from the reference genome before mapping
(see methods in Section 5.4). Panels A-H: three consecutive non-repetitive 1 kbp windows
covering the length of the gene are represented in all the panels. 99% confidence copy-number
intervals for 5 samples are depicted in color transitions (plus a black and white pattern for the
diploid copy number) as examples. All the copy number intervals present in each window are
listed below each case. The 8 gene-copy-number relationships considered are exemplified (A-H).
First, the gene will be classified as being diploid if all of its protein-coding length is covered by
diploid windows (A). Second, the gene will be classified as overlapping with fixed duplications
(B), CNV regions (E) or other unclassified non-diploid regions (H) if at least part of its length is
covered by the respective type of non-diploid region. Third, the gene will be considered within
fixed duplications (C) or within CNV regions (F) if 90% or more of its coding length is covered
by the corresponding type of non-diploid region. Finally, the gene will be classified as being fixed
and duplicated as a whole (D) or being CNV as a whole (G) if there is a constant copy number per
sample along all its protein coding region (see methods in Section 5.4).
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Figure 5.4: Copy-number profile of rhesus macaque protein-coding genes. Venn diagram
representing, first, the entire set of rhesus macaque protein-coding genes considered (black square;
a total of 20,946 protein-coding genes, 6,728 of which overlap with a non-diploid region);
second, the number of genes overlapping (at least 1bp) with fixed duplications (blue; a total of
4,409 protein-coding genes), CNV regions (orange; a total of 2,264 protein-coding genes) and
unclassified regions (grey; a total of 925 protein-coding genes) in open circles; third, genes that
have at least 90% of their coding sequence within fixed duplications (blue; a total of 572 protein-
coding genes) and CNV regions (orange; a total of 384 protein-coding genes) light solid circles
and; fourth, genes that are fixed as a whole (blue) or CNV as a whole (orange) in dark solid circles.
Note that numbers in the figure correspond to the number of genes in the area in which they are
located excluding genes in other areas. All areas are approximations.

As shown in Figure 5.4, a 2.73% (572) of the protein-coding genes have 90%
or more of the total length of their exons overlapping with fixed duplications
and a 1.83% (384) with CNV regions. These genes have more probability of
having their function affected by their copy-number profile. Moreover, among
these genes, 537 are duplicated and fixed as a whole and 116 are CNV as a
whole.

Comparison between human and macaque copy-number profile of
protein-coding genes (Supplementary Figure 7.5 in Section 7.4) shows a higher
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proportion of genes overlapping with fixed duplications in humans (25.52%).
This is in agreement with the higher proportion of this type of regions in the
human reference genome (Figures 5.2 and Supplementary Figure 7.1 in Section
7.4). There are fewer genes overlapping with CNV and unclassified regions in
humans. This can be explained probably because of my lower sample size and
samples distribution (4.37% for CNV regions and 3.46% for unclassified
regions). The same happens with genes within CNV regions (128 genes) and
CNV as whole genes (37 genes). There are less genes within fixed duplications
(1.32% or 225 genes) or duplicated and fixed as a whole (134 genes) in human
than in rhesus macaque. There are also fewer genes with all the exons with a
change in copy number and less whole gene duplications in humans compared
to rhesus macaque.

5.3.3 Comparing rhesus macaque and human genes copy-number
profile

Once having cataloged the potential functional impact of the number of copies
of genic regions in the two species, I could accomplish my final goal which
was to identify differences in copy-number between the two species with high
probabilities of having functional consequences. To tackle this I compared the
copy-number profile of human and rhesus macaque orthologous gene pairs (see
methods in Section 5.4).

Orthologies are not always one to one relationships but they can contain one
to many or many to many relationships depending on the duplication history
of the specific gene in both branches and on the quality of the corresponding
genome assemblies. This aspect of orthologies is especially important to consider
when studying changes in copy number in genes. In my case, high identity of the
detected duplicates leaves little space for functional divergence between them.
Nevertheless, I decided to implement the comparison between the two species
with all pairs of orthologs being aware that not all of the annotated orthologous
relationships were pairs of genes that conserved the same function. In parallel, I
performed the comparison with only one to one orthologies. Private human genes
and private rhesus macaque genes are not considered in this part of the analysis
because they lack orthologs in the other species. For the sake of completeness,
within this analysis I reported human genes within the Sudmant et al. (2015a)
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CNV dataset or within SD annotations in the human genome (see methods in
Section 5.4).

As expected, most of the orthologous pairs were diploid in both species. I found
some genes with functionally disruptive different copy-number profile between
human and macaques (Figure 5.5) and I also identified some rhesus macaque
genes with orthologs within Sudmant et al. (2015a) CNV calls and within human
SDs.

Figure 5.5: Copy-number profile comparison of orthologous pairs between human and rhesus
macaque. A. Orthologous pairs with one to one relationship between human and macaque. B. All
protein-coding genes in the rhesus macaque genome that have an annotated orthologous pair in
humans (see methods in Section 5.4). Numbers correspond to the number of orthologous pairs
in each of the represented categories: diploid genes, genes duplicated and fixed as a whole, genes
CNV as a whole and genes within Sudmant et al. (2015a) human CNV calls and within human SDs
for humans. Shades of green represent the proportion in each cell of the total genes with orthologs
in each row (form dark green being equal to 1 and white being equal to 0). See Supplementary
Figures 7.8 and 7.7 in Section 7.4 for the complete version of these tables.

Next, I studied the relevance for human disease of the few one to one pairs with
different predicted number of copies in the two species. I explored complex
disease related genes by intersecting my genes of interest with the GWAS
catalog database (MacArthur et al., 1895), a compilation of all GWAS hits
related to genes (see methods in Section 5.4). Moreover, to have a complete
view of the human gene-disease associations I used the DisGeNET database
(Bauer-Mehren et al., 2010), a compilation of gene-disease databases (see
methods in Section 5.4). Table 5.1 includes a list of the identified associations
of human disease and genes having relevant differences in copy-number profile
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between human and macaque.

Interestingly, several important complex diseases related genes appear to have
relevant differences between human and rhesus macaque (Table 5.1). These
genes are of great relevance for the corresponding diseases biomedical research
using rhesus macaque as a model organism. Among them, we found many
genes related to complex neuropsychiatric and neurodegenerative disorders1.
These results are of great relevance for the study of these diseases that
frequently use rhesus macaque as a model organism because of its proximity to
human neuro-physiology.

Of special interest is PPP2R5C. PPP2R5C encodes for a regulatory subunit of
the protein phosphatase-2A (PP2A), an intracellular serine/threonine
phosphatase (a tumor suppressor protein). It is diploid in humans and duplicated
and fixed as a whole in rhesus macaque. In other words, my analysis shows that
PPP2R5C probably has more functional copies in the rhesus macaque genome
than in the human genome. Besides being involved in cancer, my results on
PPP2R5C are of special relevance because it has been related to autism (Anney
et al., 2010), a very commonly studied disease using rhesus macaque as model
organism (Bauman and Schumann, 2018).

1This does not mean that humans and rhesus macaques have more differences in copy number
in genes related to this type of diseases because the diseases appearing in the GWAS Catalog
(MacArthur et al., 1895) might be biased in this regard.
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5.4 Methods

Sampling and data generation

I used sequence data from a panel of 315 rhesus macaques. This set includes
113 previously published samples (Xue et al., 2016) and 202 newly sequenced
samples. WGS was performed using the Illumina HiSeq 2000 platform
generating 100-bp paired-end reads.

For human comparison I used a panel of WGS data from 50 human samples
especially selected from the Simons Genome Diversity Project (Mallick et al.,
2016) that covered a large part of the human diversity.

Copy-number calling

In order to call copy number genome-wide with high confidence I used a Hidden
Markov Model (HMM; Stratonovich, 1960) algorithm (first applied for copy-
number estimation and described in detail in Serres-Armero et al., 2017) on top
of continuous copy-number inferences based on read depth (Alkan et al., 2009).

I here describe the procedure adapted to the data in this study:

1. Repeat- and over-represented k-mer- masking of the assembly. I started
masking all of the interspersed and simple repeats annotated in the
assembly Mmul 8.0.1/rheMac8 (GRCh37/hg19 for humans) with
RepeatMasker (Smit et al., 2013) and Tandem Repeat Finder (Benson,
1999). Then, in order to mask over-represented k-mers, I divided the
assembly into 78 bp sliding k-mers. These k-mers were mapped to the
assembly using GEM mapper (Marco-Sola et al., 2012). All positions
with more than 20 k-mer placements were masked.

2. Mapping of WGS reads to the masked assembly. WGS reads were mapped
to the previously masked version of rheMac8 using GEM mapper (Marco-
Sola et al., 2012). In order to prevent underestimation of the copy number
in the surroundings of the masked repetitive regions, I masked the 78 bps
flanking all masked regions after the mapping.
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3. Defining genome windows. I divided the assembly in 1 kbp
non-overlapping windows of non-masked sequence and I calculated the
read depth in these windows using mrCaNaVaR (Alkan et al., 2009).

4. Raw copy-number estimation per window. Mean read depth per window
for a set of control diploid regions (form mrCaNaVaR) was taken as the
read depth corresponding to the diploid copy number (copy number 2).
This read depth was used as corresponding to copy-number 2 to scale the
mean read depth in all the other windows to a raw copy number
(continuous value directly proportional to the mean read depth). This
procedure takes into account GC content and corrects for it with
mrCaNaVaR.

5. Integer copy-number probability estimation with HMM (Stratonovich,
1960). I used a HMM to estimate the probability of a given window
having an integer copy number from its raw copy number. In this HMM,
the observed values are the raw copy-number estimates per window, the
hidden states are real integer copy numbers (0, 1, 2, 3, ..., 20), and the
transitions between states are changes in copy number between adjacent
windows. The HMM hidden states for high copy numbers were set as
intervals (21-100, 101-500 and 501-1000) instead of integers due to the
correlation between copy number and noise. Emission probabilities were
extracted from the corresponding read-depth distributions. For low
copy-number states, these distributions were defined as normal
distributions with mean equal to the corresponding copy number

(µN = N ) and standard deviation σN = σCR

√
N
2 , where σCR is the

standard deviation in control regions. For copy numbers above 20,
emission distributions were a mixture of the corresponding normal
distributions weighted proportionally to the estimated frequencies of each
copy number. I used the Baum-Welch algorithm (Rabiner, 1989;
Pomegranate Python package) to train the transition matrix of this HMM
until convergence with a random set of samples that were excluded from
further analysis. Finally, in order to predict the probability of each of the
hidden states for each window in each individual, I used the
forward-reverse algorithm coded in the Pomegranate Python package.

6. Local population based re-genotyping. I applied a population-based
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correction for noisy local copy-number estimates. I used Bayes’ theorem
(Bayes, 1763) to estimate the probability of observing a given raw
copy-number estimate in a given window for a given individual given the
different distributions corresponding to the different copy-number states.
In this correction, the prior probability of a given copy number in a given
window (p(N)) was the only parameter that changed locally. The prior
probability was set as the average probability of this copy number across
all individuals in 5 consecutive windows centered at the window of
interest. See Serres-Armero et al. (2017) for further information.

7. Defining copy-number intervals with a confidence level of 99%. For each
window and each individual I ranked all the possible copy-number states
by their probability, starting with the top copy-number state, I added states
to the copy-number interval, for example, from (3-4) to (3-5) until the
cumulative probability of a given window in a given individual having a
copy number within the copy-number interval was 99%. The underlying
actual copy number will belong to this interval with 99% confidence.

Sample quality control

There are many factors that can affect the coverage of a given sample apart from
its copy number and GC content. Cell immortalization, library preparation,
sequencing biases and divergence to the reference, among other factors, can
alter copy-number inferences from the depth of coverage (Abel and Duncavage,
2013; Tattini et al., 2015). To avoid confounding factors in my copy-number
estimations as much as possible, I performed a very strict sample quality control
which is described below.

I excluded samples according to several criteria. First, I filtered out all the
samples that showed a standard deviation of the coverage higher than 0.5.
Second, I performed a Kolmogorov-Smirnov test (Massey Jr., 1951) for
normality of the distribution of coverage and excluded all the samples with a ks
statistic lower than 0.03. Third, I calculated the Pearson correlation coefficient
(Pearson, 1895) between neighboring windows and excluded the samples that
showed a correlation greater than 0.15. Fourth, I excluded the samples that
separated from all the others in a PCA according to visual inspection. Fifth, I
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excluded those samples having an unusually high contribution to the minor
allele compared to the others.

From the original set of 315 rhesus macaque samples, I filtered out 117 samples
(including those used for the HMM training). Finally, my working set consisted
in 198 rhesus macaque samples all with high-quality and fine-scale genome-
wide maps of copy-number intervals. From the initial set of 50 human samples
I filtered out 18 samples (including HMM training samples) and end up with a
final set of 32 human samples.

Allele calling

As a result of the copy-number calling, for each window in the genome and
each individual, I had a copy-number interval containing (with 99% of
probability) the actual integer copy-number that this sample had in this window.
Or, in other words, for each window in the genome I had a collection of
copy-number intervals expressing with 99% of confidence the number of copy
of all individuals in my sample in the window. I identified copy-number alleles
in each of these windows through an allele calling algorithm. I here
distinguished between individual copy-number intervals, being each one of the
copy-number intervals that contain the copy-number of each sample in each
window and allele copy-number intervals, being the copy-number interval
representing a group of samples in each window belonging to a copy-number
allele. The algorithm was applied individually to all windows as follows:

1. It identified the most common integer copy-number among all individual
copy-number intervals of the window.

2. All the samples having this most common copy number(s) in their
individual copy-number interval were classified as belonging to the major
copy-number allele.

3. An allele copy-number interval was assigned to the major copy-number
allele. This interval contained all integer copy numbers shared by 90% or
more of the samples already classified as belonging to the major allele.
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4. All the samples having in their individual copy-number interval any of
the integrer copy-numbers of the major copy-number allele interval were
classified as belonging to the major copy-number allele.

5. Once the major allele was identified, the same procedure (1 to 4) was
repeated iteratively with the remaining samples (if any) to identify the
second, third, and successively most frequent alleles until no samples
were left.

The aim of this algorithm is to retrieve the different alleles present in each
sample. The windows that showed more than one allele were classified as being
CNV. They were classified as CNV gains when containing copy-number alleles
with a copy number higher than diploid, as CNV losses when there was loss of
copy number (allele copy-number with less than the diploid copy number) or as
CNV gain and losses when there were alleles with copy numbers both, higher
and lower than the diploid copy number.

This allele-calling algorithm groups most of the samples into the major allele,
and was consequently very conservative in calling more than one allele. Only
samples with a 99% copy-number interval clearly differentiable from the main
allele were classified as having the minor allele (Supplementary Figure 7.4 in
Section 7.4). This allele-calling algorithm groups most of the samples into the
major allele. This procedure is very conservative in calling more than one allele
because it requires that the individual copy-number intervals of each allele do
not overlap. Therefore, for the windows for which I identified a single allele, I
decided to, first, classify as diploid all the windows whose copy-number allele
interval contained the copy-number 2 despite being very noisy, second, classify
as fixed duplications all the windows in which none of the individual sample
intervals spanned more than three (only one allele with very narrow individual
copy-number intervals, maximum of 3 numbers) and, third, classify as
unclassified regions all the other noisy windows for which I could not
confidently distinguish more than one allele but where the intervals were not
narrow.

After classifying each non-diploid window in a given category, I grouped
consecutive windows of the same category into longer non-diploid regions of a
given category. Of note, these non-diploid regions might be the result of more
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than one duplication or deletion event as consecutive windows in the same
category could have a different duplication/deletion history. Moreover, my
resolution was limited by the 1kb of non-consecutive windows. For this reason,
with this approach I was blind to differences in copy number within these
windows. In practice, these differences appear as noise of the copy-number
estimates.

Comparison to human copy-number maps

Copy-number calls in the human genome were compared to the annotation of
SDs in the hg19 human reference genome (UCSC Table Browser; Karolchik,
2004 and the CNV calls in humans from Sudmant et al. (2015a).

I merged overlapping annotations of SDs in order to avoid redundant counts. On
the one hand, 75.52% of the SD regions in the human genome overlapped with at
least one of my non-diploid regions. My copy-number calls were more stringent
than the SD calls regarding the identity between copies needed to be detected.
For this reason, I did not retrieve part (24.48%) of the SD regions. On the other
hand, 57.03% of my non-diploid windows overlapped with an SD region. The
non-overlapping percentage might do so because of two reasons. First, SDs are
genome-assembly dependent. If a given duplication (CNV or not) is not present
(or resolved) in the assembly, it will not be annotated as an SD. Second, SDs
are defined as regions that share 90% or more identity with another region of the
assembly for 1 kbp or more length. With the read-depth based copy-number calls
I was sensitive to smaller identity tracks.

The validation with CNV calls in Sudmant et al. (2015a) is not ideal. First, in
Sudmant et al. (2015a), CNV calls were performed with the 1,000 Genomes
Project phase 3 data WGS data including 2,504 individuals from 26
populations. This means a sample size considerably bigger than the 32 human
samples that I used to perform human maps. Second, in Sudmant et al. (2015a),
CNV calls were performed per population in order to see the within-population
copy-number variability. For the purpose of comparing rhesus macaque
copy-number maps with copy-number variability present in human populations,
I designed my human sample set to detect the major inter-population variability.
Despite that, I detected as non-diploid 27.81% of their CNV calls (41.44% or
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their >5,000 bp CNV calls) and to see variation in 5.39% of their CNV calls
(9.45% of their >5,000 bp CNV calls). A 36.06% of my inter-population CNV
calls that overlaps with intra-population CNV calls from Sudmant et al. (2015a).

Duplicated genes by age and SDs

I compared my estimated chromosomal content of all types of non-diploid
windows with independent proxies: duplicated genes and the SDs annotated in
the rhesus macaque genome. I used data of precise phylostratification of rhesus
macaque duplicated genes (Juan et al., 2013) to classify duplicated genes by
three different age categories: first, macaque specific genes only present in the
macaque species; second, other primate genes present in other primates but not
only in macaques; and third, other mammalian duplicated genes found also
duplicated in rhesus macaque that appeared before the primate diversification
within the mammal class. For SDs annotations I used rheMac2 annotations
from the UCSC table browser.

Definition of genes implicated in fixed duplications, CNV regions or
unclassified regions

I used Ensembl annotations of rhesus macaque (rheMac8) protein-coding genes
and a list of reliable protein-coding genes in the human genome from (Abascal
et al., 2018). For those genes with more than one protein-coding transcript
annotated in Ensembl, I selected only the exons of the transcripts used in the
Ensembl Compara multi-species database (considered the main isoform). Genes
with more than one annotated protein-coding transcript and no annotation in
Ensembl Compara multi-species were not considered. According to this criteria
I considered 20,946 rhesus macaque protein coding genes and 17,000 human
protein coding genes. The difference in number of considered protein-coding
genes reflects the differences in the quality of the annotations of these two
species reference genomes (Abascal et al., 2018).

I divided the considered genes in several categories according to their
copy-number profile to identify the ones with copy-number differences between
human and rhesus macaque. First, I considered the genes that had part of their
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protein-coding region (at least 1 bp) overlapping with a non-diploid window.
According to this I considered genes that were overlapping with fixed
duplications, with CNV regions and with unclassified regions. Among these
genes, I considered those that had 90% or more of their protein-coding region
within fixed duplications or CNV regions as being within these regions. Among
the genes within fixed duplications or CNV regions, I searched for genes
duplicated and fixed as a whole and genes CNV as a whole. To be considered
duplicated and fixed as a whole or CNV as whole, at least half of the samples
had to have a constant pattern of copy-number along the gene length. This is, in
half of the samples, the copy-number intervals in all the windows that cover the
gene had to contain the same copy-number (at least one of the integer copy
numbers in the intervals has to be common for all windows along the gene). I
then ran the allele calling algorithm for the whole gene in order to identify the
possible gene alleles. Genes with more than one gene allele were considered
CNV as a whole and genes with only one gene allele were considered
duplicated and fixed as a whole.

Comparison of rhesus macaque and human gene copy-number profiles

I extracted the list of rhesus-human orthologous genes from Ensembl (rheMac8
- hg38). I considered those orthologous pairs that were within both the list of
considered rhesus macaque protein-coding genes and the list of considered
human ones.

I crossed the gene calls for rhesus macaque with the gene calls for their orthologs
in humans. Moreover, I took human copy-number information from Sudmant
et al. (2015a) and the annotation of human SDs in hg19 (UCSC table browser;
Karolchik, 2004).

Disease association exploration

The GWAS Catalog (downloaded 26/09/18; MacArthur et al., 1895) was parsed
in order to retrieve genes of interest with variants associated to a complex
disease or phenotype. I recovered the associations considering both Reported
genes (gene names reported by the paper) and the Mapped genes (mapped gene
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given the position of the SNV).

In order to obtain even more possible associations between the genes and
diseases I used DisGeNET tool (Bauer-Mehren et al., 2010) that compiles
information from some public databases and uses the power of text mining to
find links between the gene and a diseases in the literature.

In this chapter I present a genome-wide map of duplications and CNVs in the
rhesus macaque genome. Moreover, in it, I explore the potential functional
consequences of duplications and CNVs in the rhesus macaque species and
compare them to those in humans and identify functionally relevant regions with
different copy-number profiles in the two species. These regions have be taken
with care when using macaque as a model organism for biomedical research.

I did this work in collaboration with the group led by Jeffrey Rogers from the
Baylor College of Medicine in Houston, Texas, USA. I performed the whole
project under the supervision of David Juan, Tomàs Marquès-Bonet and Jeffrey
Rogers. People from Jeffrey Roger’s group contributed with the collection
and sequencing of the samples and Xavier Farré conducted the gene-disease
association analyses.
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Science is voiceless; it is the scientists who talk.

Simone Weil

Reserve your right to think, for even to think
wrongly is better than not to think at all.

Hypatia of Alexandria

Theory without practice is just as incomplete as
practice without theory. The two have to go together.

Assata Shakur

The results presented in Chapters 3, 4 and 5 altogether represent three different
but complementary points of view of the study of duplications. With those in
mind, I have articulated this discussion around four transversal aspects of the
evolution of duplications which I find relevant to remark and discuss: first, a
discussion on how IGC, divergence between duplicates and natural selection
interplay and determine their fate; second, a statement on the most relevant
aspects of duplication evolution to be considered in genomic studies; third,
perspectives on the mechanisms in which duplications arise; fourth, some
considerations on the application and limitations of the duplication detection
method used in this thesis; and finally, some observations regarding the
possibilities to determine the function of duplications.

6.1 Interplay of IGC, sequence similarity and natural
selection

The incorporation of IGC dependence on sequence similarity in our model has
provided new insight into the way concerted evolution actually occurs. Through
IGC, concerted evolution can potentially reach equilibrium around a specific
value of divergence between duplicates if the IGC rate is high enough to
counteract the point mutations accumulating independently on each duplicate
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(Figure 6.1). However, some cases of concerted evolution never attain
equilibrium. In these cases, divergence increases inexorably, albeit at a slower
rate due to sporadic IGC events that become less and less frequent, until a
certain threshold is surpassed and then concerted evolution stops (Figure 6.1).
The local character of IGC dependence on sequence similarity allows for this
progressive loss of concerted evolution by conserving IGC activity in some
regions of the duplicates’ sequence while being lost in other regions. So, even
though concerted evolution can be temporary and may not reach equilibrium, it
can nevertheless determine the duplicates’ evolutionary path and fate.

Figure 6.1: Concerted evolution through time. Graphic representation of the trajectories of
divergence between duplicates along time in three different scenarios: absence of concerted
evolution (black line), concerted evolution that never reaches equilibrium and is finally lost (blue
to black line), and concerted evolution reaching equilibrium around a particular divergence value
(blue to yellow line).

Natural selection can affect local sequence similarity between duplicates and,
thus, interplay with IGC. For instance, if purifying selection acts independently
in a specific paralogous fragment of both duplicates at the same time (e.g. an
exon) non-synonymous mutations in such fragment will be disfavored. In this
context, purifying selection will maintain local sequence similarity between
duplicates (in non-synonymous sites), which will in turn allow the local action
of IGC. Purifying selection and IGC will therefore act simultaneously and will
maintain high sequence similarity in fragments which will tend to become
islands of identity between duplicates. A completely different outcome will be
expected if, for example, a newly appeared mutation in one of the duplicates is
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favored by selection if it is present in one but not in both duplicates (e.g. a
neofunctionalizing mutation). In this case, IGC between duplicates, in particular
those events prone to erase the favored mutation reverting it to the original
allele, will be disfavored. This will decrease the effective IGC rate in the region
surrounding the focal mutation and creating a desert of identity around it.

Following this premise, one might want to search for islands or deserts of identity
between duplicates to find cases of selection. Nevertheless, my results show that
sharp differences in degrees of identity along duplicate sequences can arise also
under neutrality due to the positive feedback loop between IGC and sequence
similarity. For this reason, although selection can favor the persistence of islands
or deserts of identity between duplicates through time, their presence cannot be
taken as an unequivocal sign of selection.

6.2 Studying duplications: what to take into account

IGC has considerable effects on the evolution of duplicates. Multiple cases of
concerted evolution through IGC have been observed (Chen et al., 2007, 2010b)
and relevant effects of IGC have been measured in the human genome (Assis
and Kondrashov, 2012; Dumont and Eichler, 2013; Dumont, 2015; Harpak
et al., 2017). However, IGC and its effects are not always considered in
genomic studies, including studies concerning SDs and CNVs in which IGC is
prone to be more important. In order to have a complete picture of the diversity
and extent of IGC effects, I will list the most relevant aspects of IGC and its
interplay with other phenomena that affect sequence properties and may
confound genomic studies’ results:

• IGC decreases divergence between duplicates and, thus, duplication age
can be underestimated when applying the molecular clock.

• IGC can increase diversity within duplicated regions. Consequently, one
should consider this when measuring evolutionary rate and other
parameters related to diversity in duplications (see Sections 3.3.1 and
3.3.4).
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• IGC breaks short-distance LD and might create long-distance LD
between duplicates. This long-distance LD has been interpreted as a
product of epistatic selection or population admixture (Koch et al., 2013).
However, IGC also has to be considered when interpreting long-distance
LD involving paralogs (see Section 3.3.1).

• Crossover between paralogous sites boosts the effect of IGC acting
between them. For example, the presence of a recombination hotspot in a
duplicated region can indirectly alter sequence properties through IGC.
The consequences of IGC will be different on either side of the crossover
hotspot and will create patterns that would not be expected in the absence
of IGC (see Section 3.3.2).

• Under neutrality, IGC and its feedback with sequence similarity can create
big differences in sequence properties (e.g. divergence between duplicates,
diversity or LD) along the length of duplicates. These large differences
often take the form of islands or deserts of identity and can mimic natural
selection (see Section 6.1).

Besides the aforementioned effects of IGC, other important aspects regarding
the sequencing and study of duplications are important to take into account in
genomic studies, especially in studies concerning duplications:

• Collapsed (non-resolved) duplications exist in the genome assemblies of
many species. Even in high quality genomes, very recent duplications,
especially CNV duplications, can be collapsed and/or not be annotated.

• Collapsed duplications can alter neutrality tests. To avoid drawing wrong
conclusions, summary statistics should be combined in selection scans
(see Section 3.3.4).

• In those duplications resolved in genome assemblies, reads from one
duplicate can map on to the other duplicate and, thus, SNVs that are
exclusive to one duplicate can be mistakenly called into the other
duplicate. A very commonly used solution to this problem is to discard all
reads that map to more than one region of the genome. This is only a
partial solution for highly similar duplications because a large part of the
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reads coming from either copy will map to both regions and will be
discarded. Moreover, kept reads will be biased towards the most divergent
parts of the duplicates and towards the most divergent alleles (i.e. alleles
implying more identity between duplicates are more frequently discarded
than the more divergent ones).

6.3 Perspectives on human duplication types and
dynamics

Duplications are not an homogeneous group of regions. Their diversity is
mostly due to the different existing mechanisms that give rise to different types
of duplications and to the recursive nature of the latter. During this thesis I have
developed some hypotheses on how different types of duplications arise and
evolve.

Duplications can arise either isolated (i.e. in a genomic context without other
duplications), or within a duplication mosaic. These are hard to distinguish from
each other because of duplication shadowing. Since duplications within mosaics
have common dynamics, they should not be studied individually.

On the other hand, non-mosaic duplications are simpler. They are frequently
single duplication units and their peculiarities might help in determining how
they arose. In humans there are three very distinct types of non-mosaic
duplications:

• Tandem duplications: these are typically short, their copies are highly
similar, they have a high GC-content and are frequently intronic.
Contrary to expectation (Bailey et al., 2003), their borders are depleted in
Alu elements meaning that Alu-mediated duplication by NAHR will not
be frequently involved in their formation. In view of the latter, and given
their typical small length, replication slippage is likely to be the most
common mechanism leading to tandem duplications (see Section 1.3.2).
These types of human duplications appear not to have had an increase in
activity during the general SD burst in the great ape lineage
(Marques-Bonet et al., 2009a) but did have a burst of activity later, after

143



“PhDThesis˙MBV˙181113˙final” — 2018/11/13 — 20:56 — page 144 — #164

Section 6.3

the Homo and Pan lineages split from Gorilla. Moreover, their high
between-copy similarity and high GC-content might be product of IGC
(see Chapter 4).

• Non-tandem intrachromosomal duplications: these, in contrast to tandem
duplications, are typically longer than the other non-mosaic duplications
and frequently show the presence of Alu elements in their borders
suggesting a clear contribution of these elements in their formation. How
an Alu-mediated duplication can lead to intrachromosomal duplications
with their characteristic long length is not clear. In Section 4.3.4, I
exposed two different models of Alu-mediated duplication that led to
long distance duplications through the insertion of free DNA molecules
(inspired by Bailey et al., 2003). In addition to these models, another
Alu-driven duplication mechanism, for example, Alu-driven FoSTeS,
could also lead to non-tandem intrachromosomal duplications (see
Section 1.3.2).

• Interchromosomal duplications: these are in general short and frequently
within genes (often mono-exonic). According to these characteristics, the
duplication by retrotranscription might be a common duplication
mechanism leading to interchromosomal duplications. This hypothesis is
reinforced by the presence of Alu elements in intrachromosomal
duplication borders that can be the byproduct of Alu-driven
retrotranscribed RNAs insertions through NAHR.

Both non-tandem intrachromosomal and interchromosomal duplications are
enriched around centromeres. This clustering has already been related to the
abundant presence of pericentromeric Alu elements (Bailey and Eichler, 2006)
and strengthens the hypothesis of Alu-mediated duplication mechanisms for
these two duplication types. However, the large difference in length between
both suggests that they have been generated by different mechanisms. On the
one hand, interchromosomal duplications show clear signals of being the
product of Alu-mediated insertions of retrotranscribed RNAs. On the other
hand, intrachromosomal duplications could be the product of Alu-mediated
FoSTeS or Alu-mediated insertions of free DNA molecules without an RNA
intermediate.
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Apart from the exact mechanism giving rise to an individual duplication, the
recursive nature of most mechanisms determines the architecture of duplicated
regions in the human genome and their frequent mosaic structure. It is known
that the presence of a duplication is in itself a predisposition for the appearance
of new duplications, which leads to shadowing and mosaics (Cheng et al., 2005;
Jiang et al., 2007). In the human genome, there is a considerable amount of
exclusively intrachromosomal and exclusively interchromosomal mosaics that
share many features with their isolated respective duplications (see Chapter 4
for specific numbers and results). This observation suggests that duplications
of a certain type predispose to future duplications, frequently of the same type
and in the same region. In other words, a given duplication is more prone to
overlap with a preexisting duplication of its same type than with a duplication of
a different type, giving rise, in time, to numerous exclusive duplication mosaics.
Eventually however, a duplication of a different type might appear on top of a
preexisting exclusive mosaic and that will lead to a mixed mosaic region (i.e.
an intrachromosomal duplication on an exclusively interchromosomal mosaic
or vice versa). In accordance with this hypothesis, mixed mosaic regions are
frequent in the human genome and usually involve the larger and most intricate
mosaic patterns.

Duplicated regions in the human genome are exceptional due to the burst of
duplication activity in the great ape lineage leading to humans, although the
causes behind this burst of SD formation are still unknown (Marques-Bonet
et al., 2009a; Sudmant et al., 2013). In Section 4.3.3, I provided some insight
into the type of SDs that participated in the great ape lineage SD expansion and,
thus, into the possible duplication mechanisms that had a temporary increased
activity. The formation of novel duplicated regions was driven by non-tandem
intrachromosomal and interchromosomal non-mosaic SDs but most of the
newly generated duplicated length (bp of new duplicated sequence) was in
mosaic duplications. This means that the burst of SDs mainly created long
mosaic duplicated regions, especially intra- and interchromosomal mixed
mosaics.
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6.4 WSSD and WGAC

WGAC and WSSD are both very useful tools for the study of duplications, but
should be used in consonance with their limitations (see Section 1.2.2).
Distinguishing between mosaic regions and non-mosaic duplications can be
easily done with WGAC. Instead, with WSSD, the clustered architecture of
some duplicated regions is not evident. In WSSD data, a complex mosaic region
is seen as a long chain of contiguous non-diploid regions (i.e. windows)
normally with variable number of copies. This pattern is not easily
distinguishable from other types of genomic regions such as non-mosaic
duplications or regions with high read-depth noise.

When using WSSD, it is important to keep in mind the frequent mosaic
architecture of SD regions in mammalian genomes and the consequences of
WSSD having a limited resolution (i.e. the used window size). In the same way,
when using WGAC, one should always consider the genome assembly quality1

and the possibility of collapsed duplications and should be prudent in drawing
conclusions for the whole population, especially for specific duplication cases.

Chapters 4 and 5 are two good examples of the distinct potentiality of WGAC
and WSSD. In Chapter 4, I combined WGAC and WSSD to construct a
complete picture of SDRs in the human genome. I used WGAC to obtain high
resolution information on human duplications and their distinct types and at the
same time, I used WSSD to compare different great ape species’ genomes and
phylostratificate human duplications. In Chapter 5, I used WSSD to retrieve
information of genome-wide copy number for a big sample of rhesus macaque
genomes, despite the low quality of this species’ genome assembly. Therein, I
focused on the distribution of non-duplicated regions and their fixed or variable
nature without dwelling on the details of specific types of duplications.

Having WGAC of high quality assemblies for a large sample of individuals
would provide a complete and accurate picture of the duplication content and its
architecture in a population. This scenario is not a reality nowadays but new
long-read and nanopore-based sequencing technologies and the resultant high

1Although WSSD is more robust than WGAC for low quality assemblies, its results can also
be affected by the genome assembly quality (see Chapter 5). This should also be considered when
working with WSSD.
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quality genome assemblies are really promising in this regard (Nagarajan and
Pop, 2013; Simpson and Pop, 2015; Lu et al., 2016; Wajid et al., 2016).
Meanwhile, to combine WSSD and WGAC is definitely the best option to have
a complete view of duplications within genomes.

6.5 Difficulties and efforts to determine the function of
duplications

The role of duplications in the generation of new functions in genome evolution
is widely accepted. There are multiple described examples of functional
innovation in pairs of paralogous genes (Kondrashov and Koonin, 2004; Innan,
2009; Innan and Kondrashov, 2010). However, to identify duplications that
could be candidates for having functional implications (i.e. for harboring new
functions) in genome-wide scans is a big challenge. Even more challenging is to
link the presence of a duplication with an specific functional change (i.e. to link
genotype with phenotype).

Duplications that do not involve genes or other functional units are mostly
neutral and the cases producing functional changes are very hard to identify.
Duplications involving parts of genes (not entire genes) are more likely to have
functional effects2 but these effects are in general hard to predict unless
focalizing in particular cases. Differently, duplications involving entire genes,
especially if they also include the corresponding regulatory regions, are strong
candidates for causing functional changes and for harboring functional
innovations. For these reasons, in both Chapter 4 and Chapter 5 I focused on the
functional consequences of entire gene duplications.

Entire gene duplications are not always easy to identify. WGAC data consists in a
list of pairs of paralogous regions with high resolution of duplication boundaries.
As such, it is clear when a duplication involves an entire gene (see Chapter 4).
Instead, with WSSD, because of the lack of information of specific duplication
events, it is hard to assess if a gene has been duplicated as a whole or if it has been
involved in multiple partial duplication events. In Chapter 5, I presented a method

2Partial gene deletions, unlike partial gene duplications, are extremely likely to have functional
effects because they normally result in abnormal forms of the corresponding gene product.
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to overcome this problem and found genes duplicated as a whole (either fixed or
CNV) with WSSD. This method can be easily applied to other WSSD data to
find duplicated genes being strong candidates to have functional implications.

6.6 Concluding remarks

Duplication is at the base of the generation of new genetic material and new
functions. Given its role in evolution, understanding how duplications appear,
evolve and give rise to new functions is fundamental to comprehend the
transition from simple to complex organisms and genomes. In this thesis I have
presented, in three chapters, the result of my work aimed at understanding such
processes. Overall, this thesis brings together many aspects of the study of
duplications, starting from a theoretical standpoint and the use of simulations to
explore their evolution, going through an effort to characterize the variety of
duplication types and mechanistic origins, and ending with two different case
studies, human and rhesus macaque, which implied the use of two distinct
duplication detection methods.

I now summarize the main contributions of this thesis:

1. I have studied how distinct realistic crossover distributions in duplicated
regions interplay with IGC effects.

2. I have modeled and simulated IGC dependence on sequence similarity
between duplicates and its consequences on the concerted evolution of
duplicated regions of the genome.

3. I have studied the confounding effects that duplications performing IGC
and their collapse in genome assemblies can have in genome-wide scans
for selection.

4. I have contributed to the understanding of the diversity of SDs in the
human genome.

5. I have generated novel hypotheses regarding how different duplications
arise and lead to their frequent clusterized conformation.
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6. I have provided insight into the time at which and the mechanisms through
which human SDs arose and evolved.

7. I have described and characterized SDs and CNVs in the rhesus macaque
genome in a big sample of individuals.

8. I have identified rhesus macaque genes with relevant differences in copy-
number relative to the human genome, representing candidates for having
implications in human disease.
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Chen, J. M., Cooper, D. N., Férec, C., Kehrer-Sawatzki, H., and Patrinos, G. P. (2010a). Genomic
rearrangements in inherited disease and cancer. Seminars in Cancer Biology, 20(4):222–233.
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Hartasánchez, D. A., Brasó-Vives, M., Heredia-Genestar, J. M., Pybus, M., and Navarro, A.
(2018). Effect of collapsed duplications on diversity estimates: what to expect. Genome Biology
and Evolution, evy223(https://doi.org/10.1093/gbe/evy223):1–20.

Hartasánchez, D. A., Vallès-Codina, O., Brasó-Vives, M., and Navarro, A. (2014). Interplay
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Mühlhausen, S. and Kollmar, M. (2013). Whole genome duplication events in plant evolution
reconstructed and predicted using myosin motor proteins. BMC Evolutionary Biology, 13:202.

Muller, H. J. (1936). Bar Duplication. Science, 83(2161):528–530.

Murti, J. R., Bumbulis, M., and Schimenti, J. C. (1992). High-frequency germ line gene conversion
in transgenic mice. Molecular and Cellular Biology, 12(6):2545–2552.

Myers, S., Freeman, C., Auton, A., Donnelly, P., and McVean, G. (2008). A common sequence
motif associated with recombination hot spots and genome instability in humans. Nature
Genetics, 40(9):1124–1129.

Nagarajan, N. and Pop, M. (2013). Sequence assembly demystified. Nature Reviews Genetics,
14(3):157–167.

Nagylaki, T. (1984). The evolution of multigene families under intrachromosomal gene
conversion. Genetics, 106(3):529–548.
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