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Abstract 

Genetic  variation  in  humans  and  the  great  apes  has  been  amply

explored  using  a  wide  variety  of  markers,  among  them  tandem

repeats  (TRs).  Because  of  the  nature  of  TRs,  highly  variable  in

length due to its high mutation rate, they are an important source of

genetic variation, and thus especially informative in fields such as

population  and  conservation  genetics.  Particularly,  they  are  still

often used to illuminate natural populations complex evolutionary

histories and structure.

TR variation is also associated with several pathological conditions,

and  hypothesized to have an important role in the evolution of gene

regulation.  

In  this  work a  recently  developed  TR genotyping algorithm was

applied  on  human  and  nonhuman  great  apes  whole-genome

sequencing data. The analysis of the TR variation indicate that this

information is useful to describe fine scale population variation, and

hints  at  a  substantial  contribution  of  TRs  to  gene  expression

divergence during great apes evolution. 

vii





Resumen

 

La variación  genética  en los seres humanos y grandes simios ha

sido  amplamente  explorada  usando  una  grande  variedad  de

marcadores,  entre ellos repeticiones en tándem (RT). Debido a la

naturaleza de las RT, muy variables en longitud debido a su alta tasa

de mutación,  estas constituen una importante  fuente de variación

genética,  y por lo tanto altamente  informativas  en áreas  como la

genética  de  poblaciones  y  de  la  conservación.  En  particular,  a

menudo  aún  se  utilizan  para  elucidar  las  complejas  historias

evolutivas de las poblaciones naturales y su estructura genética.

La variación de RT está también asociada con varias enfermedads, y

se cree que desempeña un papel importante en la evolución de la

regulación génica.

En  este  trabajo  un  algoritmo  desarrollado  recientemente  que

genotipa RT a nivel de todo el genoma, se aplicó sobre datos de

secuenciación  de  genomas  humanos  y  de  grandes  simios.  La

analisis de la variacion de RT sugiere que esta información es útil

para  describir  la  variación  en  populaciones,  y  alude  a  una

aportación sustancial de las RT a la divergencia de expresión génica

durante la evolución de los grandes simios.
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Preface

Traditionally,  tandem  repeats  have  been  thought  mostly  of  as

sequences which mutate neutrally, with some propensity to cause

disease if extreme variation takes place within or nearby protein-

coding regions.  Because of their  mutational  behaviour, they have

been  mostly  used  as  molecular  markers  in  population  and

conservation genetics.

However, this classical view is starting to be overturned by studies

which show that this abundant source of genetic variation can also

have a role as a gene expression modulator. Importantly, because

the  changes  introduced  are  frequent  and  occur  in  a  gradual  and

readily reversible manner, they can allow for precise attunement of

the genome, with minimal impact on the genetic load.

Until  very  recently,  genotyping  these  repetitive  elements  was  a

laborious  and  costly  effort,  and  hence,  the  repeat  landscape  has

remained  largely  unexplored.  This  has  changed  with  the

development  of  technologies  that  allow  entire  genomes  to  be

sequenced,  and  algorithms  that  can  use  this  information  to

accurately infer repeat genotypes. 

The recent availability of whole-genome data from humans and our

closest relatives, allows for the first time to describe the genome-

wide tandem repeat variation in these populations. This information

will  help  determine  the  impact  of  tandem repeats  on  expression

xi



divergence,  and clarify their  role  on the great  apes evolution.  In

addition, it will also be an useful resource for conservation efforts,

since  it  provides  many  new  molecular  markers  which  are

informative  for  determining  subspecies  and  even  geographical

origin of great apes.
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1. INTRODUCTION

1.1  Tandem repeats

The evolution of eukaryotes is an ongoing process that results from

the accumulation of genomic changes that have been occurring for

over 1.6–2.1 billion years.  These changes provide the substratum

upon which natural selection and genetic drift act on, shaping the

genomes of all extant eukaryotes, and range from single nucleotide

mutations  to  structural  variation  that  involves  the  duplication  of

entire genomes. In-between these two extremes of DNA's sequence

variation  spectrum,  there  is  a  type  of  variation  that  consists  of

repetitive regions which can range from a few nucleotides to several

megabases  in  size.  These regions  are  an abundant  and important

source of variation in eukaryote genomes, and make up to half of

the human genome (Treangen and Salzberg 2012).

A subset of these DNA elements are termed tandem repeats, small

stretches of DNA in which a repeat unit is repeated several times

side by side. These are also overrepresented in many genomes, and

in humans account for up to 3% of the genome (Lander et al. 2001).

Since  many  evolve  in  a  neutral  fashion,  and  without  any
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recognizable function, they have been mostly regarded as “selfish

DNA”  and  used  as  neutral  molecular  markers.  However,  these

simple  repetitive  regions  are  increasingly  being  recognized  as

having the potential to play an important role in genome evolution. 

1.1.1  Simple sequences with remarkable 

properties

Tandem repeats (TRs) are commonly described as DNA sequences

in which a nucleotide motif, usually taken to mean a DNA sequence

as small as one base pair (bp) and up to 60 bps, is repeated several

times in an head-to-tail pattern. An example of a TR is the sequence

TGTGTGTGTGTG in which the motif  TG is  repeated  numerous

times. If the biological mechanisms dictating genome composition

were governed by completely random processes one would expect

this type of sequence to occur very seldom in any given genome.

However, this and other variations of repeated nucleotide motifs can

be found across eukaryote genomes,  mainly in intergenic regions

and introns, but also in coding regions. The reason for their ubiquity

remains  elusive,  but  the  finding  that  many  are  often  highly

conserved suggests that these simple DNA elements may also have

a functional role. This suggestion is supported by the observation
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that  TR  variation  is  associated  not  only  with  several  human

pathologies,  such  as  cancer  and  neurodegenerative  diseases

(Pearson  et  al.  2005;  Usdin  2008),  but  also  with  striking

morphological and behavioral phenotypical changes in a wide range

of organisms (Hammock and Young 2005; Fondon et al. 2008).

These occur as a result of mutations that alter the number of repeat

unit copies, either by expanding or contracting the TR, and are often

mediated by a process called replication slippage (Figure 1).

Figure 1. -  Replication slippage. During replication the two DNA strands might

detach, and a hairpin loop may form in either strand so that these strands will

realign out of register (First generation). If the loop forms in the replicate strand

(bottom  strand),  such  as  portrayed  by  the  example  in  the  middle,  once  the

replication is over  this strand  will  have gained  an extra  repeat  copy and thus

increased its length (Second generation). Otherwise if the loop is formed in the

template  strand  (upper  strand),  such  as  the  example  at  the  bottom,  upon  the

replication  is  finished  the  replicated  strand  will  have  decreased  in  length

relatively to the template (Second generation) (Thomson et al. 2003).
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The high frequency that characterizes this type of replication error

underlies the rapid accumulation of mutations across TRs. Due to

this high mutation rate, reported to be 1 x 10-4 to 1 x 10-3 mutations

per locus per generation  (Sun et  al.  2012),  many TRs are highly

polymorphic  and thus  often  multiallelic,  making  TRs one  of  the

largest source of genomic variation. 

Previous research seems to indicate that the factors which determine

how stable a TR is, i.e. its mutability, are the number of repeat units,

the  size  of  each  repeat  unit,  and the  purity  degree  of  the  repeat

stretch  (Figure 2) (Legendre et  al.  2007). Those TRs with more

repeat  units  are generally  more unstable,  and as are those whose

purity  is  higher, i.e.  those TR stretches where few to none point

mutations or indels have accumulated. 
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Figure 2. - TRs are usually defined based both on their repeat unit size, and the

number of times these units are repeated. In the example the repeat motif GTAC,

whose unit size is four base pairs, is repeated four and two times. TRs can also be

classified based on their purity. A repeat  tract  consisting uniquely of the same

repeat  motif  is  considered  100% pure.  As  it  accumulates  point  mutations,  its

degree of purity decreases. This measure is commonly computed by dividing the

number of changes introduced into the repeat tract by its entire length. (Figure

adapted  from Gemayel et al. 2010).

Since  TRs  mutate  up  to  ten  thousand  times  faster  than  point

mutations (Weber and Wong 1993; Brinkmann et al. 1998; Li et al.

2002; Legendre et al. 2007), they are more bound to have multiple

alleles per locus and a high heterozygosity. For this  reason, with

very few molecular markers it is possible to use TRs to perform
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DNA fingerprinting, as well as genetic mapping, calculate kinship

coefficients, or describe population diversity (Ellegren 2004).

The  combination  of  the  two  properties  described  above,  i.e.

functional potential and high mutation rate, make TRs a rich source

of  novel  genetic  variation  that  can  fuel  new  adaptative

breakthroughs.  Importantly, because many TR mutations occur in

small  steps,  they  often  translate  into  minor  and  often  tolerable

changes in protein function or gene expression. This is in contrast to

point mutations which often have a strong and deleterious effect,

and  thus  evolve  slower  than  TRs.  As  a  consequence,  TRs  may

provide an efficient mechanism by which populations can deal with

new biological and environmental challenges. 
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1.1.2  Importance of tandem repeats

a) Molecular markers with an influential role in primate 

genomics

Genetic  markers  have  been  around  ever  since  Alfred  Sturtevant

used  phenotypic  markers  to  develop  the  first  genetic  map  of

Drosophila  Melanogaster  over  a  century  ago  (Sturtevant  1913).

Since then many types of molecular markers have been developed,

with TRs, discovered in the 1980's, occupying a prominent role and

widespread  use  in  forensic  and  population  genetic  fields

(Schlötterer 2004). Their popularity stems from their abundance and

high genetic  polymorphism. Because of TRs high polymorphism,

characterized by high heterozygosity and multiple  allele  per loci,

TRs can leave a trace in genomes even at short time scales. As a

result, tasks that may be difficult to perform even with a reasonable

number of SNPs, such as detecting recent shifts in genetic diversity,

or  identity-by-descent  analyses,  are  feasible  even  with  few  TR

markers.  Consequently,  TRs  contribution  has  been  particularly

relevant in the study of nonhuman primates genetic diversity and

their conservation.
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Indeed,  much of our knowledge of nonhuman great  apes genetic

diversity stems from studies which focused on the variation not only

of mitochondrial DNA (Ferris et al. 1981; Garner and Ryder 1996;

Vigilant and Bradley 2004; Stone et al. 2010; Zsurka et al. 2010;

Bjork et al. 2011; Fischer et al. 2011; Hvilsom et al. 2013, 2014),

but also of nuclear microsatellite loci. The latter have been useful to

understand  the  relationships  between  fragmented  great  apes

populations,  by  assessing  their  population  structure  and/or

migration patterns (Reinartz et al. 2000; Warren et al. 2000; Zhang

et al. 2001; Becquet et al. 2007; Bergl and Vigilant 2007; Arora et

al. 2010; Fünfstück et al. 2014; Nater et al. 2013; Roy et al. 2014),

as  well  as  to  estimate  the  decline  of  these  natural  populations

(Goossens  et  al.  2006),  and  evolutionary  history  (Wegmann  and

Excoffier 2010). This view has only recently been complemented

with a range of publications including now a comprehensive catalog

of great ape diversity using nuclear SNP datasets (Locke et al. 2011;

Vallender  2011;  Prado-Martinez  et  al.  2013;  Scally  et  al.  2013;

Greminger et al. 2014; McManus et al. 2015).

Because  different  marker  types  are  characterized  by  different

evolutionary  rates  and  modes,  they  can  give  us  complementary

insights into the evolutionary history and present diversity patterns

within and between closely related species. In this regard, analyses

of the full spectrum of genomic variation in human and nonhuman
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great ape populations are critical,  and in that regard have already

proved very informative (Prado-Martinez et al. 2013; Sudmant et al.

2013;  Hormozdiari  et  al.  2013). In  light  of  these  facts,  a  more

complete description of the repeat landscape in great apes can help

us  further  understand  how  humans  differ  from  their  closest

relatives,  and  how  human  populations  have  been  shaped  by

processes such as natural selection and demographic history. This

information  will  also  be  particularly  valuable  for  conservation

efforts of nonhuman primates, since proper population management

is  greatly  enhanced by the availability  of molecular  markers that

allow  for  efficient  diversity  assessment  from,  for  example,  non-

invasive samples. In particular, since all great ape species have been

classified  either  as  endangered  or  critically  endangered  (IUCN

2015), and are increasingly threatened by poaching, deforestation

and disease, efforts that aim to preserve their diversity in the wild,

and prevent inbreeding depression, are crucial and can be guided by

the use of this genomic information about the populations. 
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b) Role in disease 

A major argument in favour of the thorough characterization of TR

variation  within  and  across  populations  and  species  lies  in  their

pathological  potential.  Pathological  phenotypes  can  be  mediated

both  by  variation  within  exons  as  well  as  outside  of  the  open

reading frame (ORF), and associated with the disruption of several

distinct molecular processes (Figure 3). Namely, TR variation has

been associated with gene expression modulation and alteration of

the structure and function of RNAs and proteins (Hannan 2010).  

Figure  3.  -  Examples  of  how  TR  variation  may  affect  several  molecular

processes, depending on its genomic location, and at what stage these may occur.

Here TRs (triangles), are found to have molecular consequences at several levels

independently if they are in coding or in non-coding regions. (Hannan 2010).
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Among the more than 40 neurodegenerative diseases reported to be

associated  with  TRs,  two  of  the  most  widely  described  are  two

which  occur  as  a  result  of  a  polyglutamine  repeat  expansion,

Huntington's  Disease  (HD)  and  Fragile  X  Syndrome  (FXS),

(Pearson et al. 2005). 

These  two  conditions  illustrate  the  disparate  ways  by  which

abnormal  TR  variation  can  have  pathological  consequences

depending on where on the genome it occurs. 

On the one hand, HD is part of a set of disorders in which the TR is

located on the ORF. Disorders of this type are typically associated

with mutation of triplet repeats, since repeat motif lengths which are

not multiple of three are more prone to induce frame-shift and thus

are  largely  absent  from ORF's.  However,  even  if  no  frame-shift

mutation  occurs,  such  as  in  HD,  when  TRs  surpass  a  given

threshold length, protein conformational changes may occur which

translate into the acquisition of toxic properties, or lead to protein

malfunction. For example, individuals possessing 7-34 CAG repeats

in the IT15 (interesting transcript 15) of the huntingtin gene show a

normal phenotype, high risk of developing HD if they have between

36 and 39 repeats, and when the repeat count is beyond 39 several

protein associated processes, such as folding, cleavage, interactions

with  other  proteins,  trafficking  and  degradation,  are  affected,

leading to HD development (Gemayel et al. 2010). In addition, in

this and many other repeat associated diseases, increased juvenile
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onset and higher severity is positively correlated with the number of

repeats.

On the other hand, FXS typifies a type of disorder where the TR is

located  in  a  non-coding region,  and its  abnormal  length  leads  to

epigenetic changes and differential gene transcriptional regulation.

In the case of FXS, the FMR1 gene, which contains a TR on its 5′-

untranslated region (UTR), exhibits a normal phenotype when the

TR  has  between  6  and  53  repeats,  and  leads  to  disease  by

transcription  silencing  if  it  is  beyond  200  repeats.  This  occurs

because of increased methylation of the CpG island, which results

in  the inhibition  of transcription  factor  binding.  Moreover, if  the

repeat  number is  between 55-200 repeats,  these TRs become so-

called  «premutation  alleles»,  given  that  the  probability  of

pathological allele expansion increases, and may be associated with

fragile X tremor/ataxia syndrome and autism spectrum disorder, as a

result  of  increased  gene  transcription  (Usdin  2008).  

The  examples presented portray typical mechanisms by which TRs

can inflict  disease,  but  many others  exist.  These  include,  among

several others, induction of chromosomal fragility, which can result

in chromosome breakage and translocation,  generation of a more

open chromatin architecture, which can alter the transcription rate,
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or by serving as target for the ribonuclease Dicer, producing CUG

repeats that are involved in RNA interference (Usdin 2008). 

While  TRs  have  been  implicated  in  several  diseases,  there  is

currently an undeniable prevalence of TR variation associated with

neurodegenerative  conditions.  Although  this  observation  might

represent some kind of bias, one intriguing possibility is that during

recent  human  evolution,  selective  forces  might  have  favored

variable TRs in genes involved in neurological functions. However,

due to the inherent instability of these TRs many were eventually

pushed into “premutation” boundaries. In this scenario, what could

have  started  as  an  evolutionarily  advantage,  resulting  from  a

mechanism that enhances phenotypical plasticity, might have ended

having possible pathological consequences. 
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c) Role in evolutionary adaptation

One of the least known features of TRs is their adaptative potential.

Because many TRs appear to evolve in a selectively neutral fashion,

as evidenced by the ubiquity of polymorphic loci at the population

level in many taxa, for some time it seemed implausible that they

could  have  any  significant  functional  impact.  In  addition,  the

association between TR variation and pathological phenotypes may

seem  at  variance  with  a  potential  role  in  adaptation.  However,

studies  reporting  on  TRs  high  abundance  and  phylogenetic

conservation suggest that many might be of functional importance

(Schaper et al. 2015). Furthermore, evidence collected over the past

thirty  years advocate for a role of TRs in the fine attunement  of

gene  expression  and  function  in  the  genome.  In  addition,  the

evidence  seems  to  suggest  that  TRs  occasional  pathogenicity

represents  a  rare  event  which  lies  on  the  extreme  of  the

phenotypical  variation  spectrum.  

Indeed,  past  studies  have  shown  that  TRs  may  underlie

phenotypical variation of several traits ranging from vole behaviour

to sporulation in yeast  (Hammock and Young 2005; Vinces et al.

2009), and have also highlighted the large selection of molecular

processes that TRs can affect. These processes mainly take place at

the  RNA  and  protein  level,  and  include  the  regulation  of

14



transcription rates and stability, as well  as the way proteins fold,

interact or even degrade (Fondon and Garner 2004).

i) Mechanisms

Notably, TR variation exhibits two main modes of exerting an effect

at the phenotypical level. If the outcome is binary, i.e. a phenotype

is expressed or not, TR variation is said to function like a genetic

switch (ON or OFF), on the other hand, if changes in repeat number

translate  into  quantifiable  phenotypical  changes,  TR  variation  is

said to function like an “evolutionary tuning knob”.

One way by which TRs can act as genetic switches (ON or OFF) is

whenever,  for  example,  their  mutation  happens  to  induce  frame-

shifting  (Figure 4).  One example  which  clearly  shows how such

genetic  switch  might  be  useful  in  nature,  is  exemplified  by  the

mechanism some bacteria have developed to evade its host defense

system  during  infection.  Through  a  mechanism  called  phase

variation, the random and reversible TR mutation that leads to gain

and loss of a particular phenotype, some variants may quickly arise

in a bacterial  population  so that  at  least  some of  its  constituents

survive its host (Kita et al. 1991). 
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Figure 4. - Mechanisms by which TRs may function as  genetic  switches.   a)

Variation  of  TRs  inside  a  gene  coding  region  can  generate  nonfunctional  or

mistranslated  proteins  due  to  frameshift  induction.  b)  TR  variation  at  the

promoter can also affect RNA polymerase binding sites, and thus determine if a

gene is expressed or not. (Gemayel et al. 2010).

When TRs  behave  as  ”evolutionary  tuning  knobs”,  the  mode  in

which  TR  variation  affects  the  phenotype  might  vary,  so  it  is

important to first disaggregate the term.

Specifically, this term can be broken down into three other terms

that  better  illustrate  the  different  ways  in  which  TR  variation

modulates  a  given  phenotypical  output.  In  particular,  TRs  can

function  as  a  “volume  knobs”  if  the  repeat  copy  number  is

correlated with the phenotype, as “tuning knobs” if this relationship
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is not linear so that its behaviour is more akin to that of a radio

tuning dial,  and finally as “optimality knobs” if the correlation is

reversed  beyond  some  threshold  copy  number  TRs  (Figure  5)

(Elmore et al. 2012). 

Figure 5. - Gradual changes in the length of a TR tract located inside a promoter

translate  into  gradual  differences  in  gene  expression.  This  association  is  not

necessarily monotonic, as the example shows. (Gemayel et al. 2010)

Among  the  many  ways  in  which  this  variation  may  lead  to

expression changes, some of the currently described in the scientific

literature include induction of structural modifications at the DNA

and RNA level, and alteration of the regulatory portions of genes. In

particular, TRs are responsible by formation of Z-DNA structures
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(Naylor  and  Clark  1990;  Rothenburg  et  al.  2001),  known  to  be

involved in gene regulation,  and of secondary structures in RNA

which can affect the processing, stability and translation of mRNA

(Galvão et al. 2001; Tian et al. 2000). In addition, TRs can modulate

the extent to which regulatory proteins access transcription factor

binding sites  (Martin  et  al.  2005;  Vinces  et  al.  2009),  and other

regulatory regions, by varying the size of the former sites, and by

either  altering the chromatin landscape  (Godde and Wolffe  1996;

Sandman and Reeve 1999; Tomita et al. 2002; Vinces et al. 2009),

which  becomes  nucleosome-free  and  thus  accessible  to  these

proteins, or by modifying the spacing between regulatory sites in

the promoter  (Willems et al.  1990; van Ham et al.  1993). Lastly,

TRs  can  also  affect  transcription  rates  by  affecting  splicing

efficiency (Hefferon et al. 2004; Hui et al. 2005).

Because TR variation is often characterized by frequent mutations

which  occur  in  small  steps  and  can  be  readily  reversed,  these

genomic elements then have the potential to efficiently and steadily

introduce novel genetic variation in a quantitative manner and with

minimal genetic load.
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ii) Evolutionary potential 

One particular striking example that clearly highlights the potential

of TRs to mediate rapid phenotypic changes is found in bull terriers

(Fondon  et  al.  2008).  This  breed  of  dogs  has  been  artificially

selected  by  human  action  over  the  last  150  years  to  have  long

midfaces  and  a  snout  markedly  bent  downwards  (Figure  5).  

Figure  6.  -  The  bull  terrier,  then  (1915)  and  now. Due  to  intense  selective

breeding,  the  bull  terrier  has  suffered  dramatic  skeletal  morphology  changes.

These seem to be correlated with the ratio of two TRs located on a gene related to

bone  formation.  (Source:

https://dogbehaviorscience.files.wordpress.com/2012/09/01.jpg)

Interestingly,  changes  in  these  two  craniofacial  phenotypes  have

been found to be strongly correlated with the length ratio of two
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polymorphic  TRs,  encoding  respectively  for  polyglutamine  and

polyalanines amino acid stretches,  located on the coding region of

Runx-2 (runt-related transcription factor 2), a gene involved in bone

formation.  Since the presence of polyglutamnine  and polyalanine

stretches  in  genes  have  been  previously  found  to  respectively

increase  and repress  transcription  of  regulated  genes,  changes  in

their  length  ratio  in  Runx-2,  which  in  vertebrates  encodes  a

transcription  factor  involved  in  osteoblast  differentiation,  could

potentially  explain  the  remarkably  swift  phenotypical  evolution

observed in these dogs.

 

These and other marked phenotypical changes can be found across

several dog breeds due to the intensive domestic breeding they have

been subjected over the last century. Because of the strong selection

against genetic diversity imposed by an intense breeding process,

the  emergence  of  such  acute  changes  is  unlikely  to  be  uniquely

explained  by  DNA variation  which  accumulates  slowly,  such  as

SNPs, and point to TRs as the potential instigators of these changes.

The  enrichment  of  TRs  in  vertebrate  genes  related  to  body

morphology  also  suggests  that  these  repetitive  elements  may

underlie  the  plasticity  that  characterizes  vertebrates'  anatomical

evolution (Legendre et al. 2007).
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Another  very  convincing  example  for  the  role  of  TRs  as

evolutionarily tuning knobs was observed in laboratory populations

of  yeast.  Specifically, the  size  of  TRs in  the  promoters  of  some

genes of these yeast was found not only modulate gene expression

level,  and  accelerate  the  transcriptional  divergence  between

different  strains  and  species,  but  also  to  promote  evolutionary

adaptation  which  was  advantageous  for  the  species  in  question

(Vinces et al. 2009).  

The previous  example  illustrates  the  adaptative  potential  of  TRs,

and it is not unreasonable to suggest that many other TRs may be

under selection. 

A particularly  interesting  piece  of  evidence  that  highlights  TRs

adaptative  role,  is  found  in  the  clock  gene  period  (per) in

Drosophila  melanogaster.  This  gene  has  two  common  alleles,

differentiated  by  the  size  of  its  TR.  Their  frequency  show  a

latitudinal  cline  across  Europe  and  North  Africa,  as  well  as  in

Australia.  The  geographical  distribution  pattern  of  these  alleles

points to differential selective advantage related to the capacity to

maintain  a  circadian  period  at  different  temperatures,  and  thus

implicate  this  TR  in  the  evolution  of  circadian  rhythms.  In

particular, the longer allele, more prevalent in colder regions, allows

for a better response to temperature variation, thus minimizing its

effect on the circadian cycle, while the shorter allele, which shows a
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circadian  period  of  ~24  hours,  is  more  often  found  in  warmer

temperate  climate  (Sawyer  et  al.  1997,  2006).  Interestingly,

differences in the circadian behaviour of rat moles have also been

observed to be enacted by TR variation in the per homolog gene in

these taxa (Ben-Shlomo et al. 1996).

Furthermore,  one aspect  that  sets  TRs  apart  from other  types  of

DNA variation is its high mutability, which depends on the purity,

repeat motif length, and repeat copy number of any given TR. For

this reason, when selection favors a beneficial TR allele, it may also

be selecting for its mutability. As a result,  there is extra layer of

fine-tuning acting in TRs which might drive the mutation rate of a

particular TR to an optimal level. This type of selection might help

explain why the TRs found in some genes display highly conserved

flanking regionsv across human and nonhuman vertebrate species,

but  had  their  repeat  motifs  replaced  during  their  evolutionary

histories (Riley and Krieger 2009a, 2009b).

Lastly,  TRs  can  facilitate  adaptation  by  promoting  genomic

rearrangements and evolution at the level of chromosome structure.

In  particular,  in  addition  to  their  capacity  to  determine

recombination sites and rates,  they can also induce chromosomal
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fragile sites. The latter can drive rapid phenotypic evolution, such as

the loss of pelvic spines in stickleback fishes (Chan et al. 2010), and

evidence suggests that it  could also potentially  explain the large-

scale  genomic  rearrangements  that  have  occurred  in  great  apes

evolution (Ruiz-Herrera et al. 2006).

1.1.3  Genotyping

The interest in the study of microsatellite variation, which for a long

time involved performing capillary gel electrophoresis, a costly and

time-consuming task, drastically subdued with the development of

techniques  that  could genotype  in  parallel  and in a  cost-efficient

manner up to thousands of SNPs. As a result, until very recently,

variation databases such as dbSNP, were vastly depleted in terms of

microsatellite  polymorphism  data.  Furthermore,  in  part  for  this

reason,  until  very  recently  most  studies  of  the  human  and/or

nonhuman  great  apes  repeat  landscape  were  either  restrained  to

comparison of genome references (Webster et al. 2002; Kelkar et al.

2008; Payseur et al. 2011; Kelkar et al. 2011; Loire et al. 2013), or

to small-scale genotyping efforts  (Rosenberg et al. 2002; Molla et

al.  2009;  Pemberton et  al.  2009; Tishkoff et  al.  2009; Sun et  al.

2012; Pemberton et al. 2013). 
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A significant shift in this trend coincided with the advent of high-

throughput  sequencing,  and  the  development  of  tools  that  allow

repeat  genetic  variation  to  be  genotyped.  These  technological

advances  meant  that  sequence  information  could  be  efficiently

retrieved at the genome-wide level, and that this data could be used

to  infer  repeat  genotypes.  However,  genotyping  TRs  remained  a

challenging task mainly for two reasons.  

In the first place, since the content of many genomes is often highly

repetitive and the sequencing reads generated are often short, when

mapped, the reads may not always be unambiguously placed in the

reference  genome.  Secondly,  the  construction  of  the  sequencing

library typically  involves an amplification step,  during which the

polymerase may experience slippage and introduce stutter noise into

the  TRs.  

Because  the  first  tools  used to  genotype  TRs failed  to  explicitly

address these issues, the accurate genotyping of TRs only became

possible once more repeat-aware algorithms which took these issues

into  consideration,  such  as  lobSTR  (Gymrek  et  al.  2012) and

Repeatseq  (Highnam  et  al.  2013),  were  developed.

Specifically,  Repeatseq,  in  addition  to  ignoring  sequencing  data

from any reads  which  do  not  overlap  the  TR in  its  totality  and

contain some unique flanking sequence, uses a probabilistic model

to assess the reliability of each genotype assigned (Figure 7). 
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Figure 7. - Outline of Repeatseq's TR genotyping pipeline. After the sequencing

reads are mapped to the genome reference and realigned, only those that overlap

TRs in their totality are kept. This set of genome reference TRs must have been

previously identified using an appropriate  tool  for that  effect  such as  Tandem

Repeat Finder. Repeatseq then estimates the probability of each genotype given

the data using a Bayesian model. The most probable genotype in each locus is

then chosen as the true one. (Highnam et al. 2013)

In  essence,  the  algorithm  is  based  on  a  Bayesian  framework  in

which the error rates that characterize different TRs, and the quality

of the sequencing reads, are explicitly accounted for when assigning

a probability to the genotype at each TR locus. To produce these
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error  profiles,  several  TR  loci  from a  population  of  exclusively

homozygous flies were genotyped, and the number of genotyping

errors computed. Specifically, this data was generated as part of the

Drosophila Genetics Reference Panel (DRGP), and consists of >100

inbred isolates that were generated by full-sib mating for over 20

generations, so that the individuals were homozygous in every TR

locus (Figure 8) (Fondon et al. 2012; Mackay et al. 2012). 

Figure  8.  -   In  the  DRGP,  flies  were  subjected  to  full-sib  mating  for  20

generations so that by the end of the process there was only one repeat allele per

TR locus (Source: http://compgen.cshl.edu/INSIGHT/figs/DGRPfig.png)

As a result, when genotyped, those TR loci called in this population

as  heterozygotes  most  likely  represented  errors.  The  number  of

errors were tabulated according to the repeat unit size, repeat length

in the genome reference, and mean base quality of the reads, so that
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the uncertainty measure associated with these properties could be

generated. Guided by these error profiles Repeatseq can then better

assess  the  uncertainty  associated  with a  given TR genotype,  and

thus is able to more accurately genotype TRs. 
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1.2  Evolution of gene expression

1.2.1 General patterns

Determining how and what mechanisms underlie the evolution of

species-specific phenotypes is one of biology's oldest pursuits. In

particular,  the  relative  contribution  to  phenotypic  evolution  of

changes that affect gene products at the functional and regulatory

level is currently unknown (Necsulea and Kaessmann 2014). While

functional changes primarily arise as a result of mutations in coding

sequences which produce alterations at the RNA and protein level,

regulatory changes mainly occur as a result of mutations in regions

such as promoters  and enhancers,  and influence a wide range of

processes such as transcription, translation and even degradation of

gene products. Since changes at the protein-coding level are more

likely to be deleterious, it is expected that regulatory mutations will

not  only occur  more often,  but  also carry a signifcant  weight  in

driving species-specific differences. This is supported, for example,

by  the  finding  that  despite  the  many  anatomical  and  behavioral

differences  that  separate  humans  from  our  closest  relatives,

chimpanzees, very few differences exist at the protein-coding level

between the two species (King and Wilson 1975). This observation

hints  at  a  more  prominent  role  of  modifications  that  affect  gene

regulation at facilitating evolutionary adaptation. 
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However,  for  the  most  part,  evidence  shows  that  much  of  the

evolution of protein-coding gene expression is also constrained. In

support of this argument it has been shown that unlike what would

be  expected  under  a  neutral  evolution  scenario,  gene  expression

divergence  in  amniotes  has  not  accumulated  in  a  linear  fashion

(Jordan et al. 2005). In addition, as expected, given the vital role

some organs play, gene expression patterns cluster better by organ

type than by species, implying the action of selective pressures at

this level to conserve their function (Brawand et al. 2011). 

Furthermore, the strength of evolutionary constraints is not uniform

across  all  organs.   Perhaps  counter-intuitively, given  the  striking

differences in brain complexity observed across vertebrates, neural

tissues show the lowest rates of expression evolution of all tissues

(Khaitovich et al. 2005a; Chan et al. 2009; Brawand et al. 2011),

and  brain-specific  genes  show  low  rates  of  protein  sequence

divergence  (Warnefors  and  Kaessmann  2013;  Khaitovich  et  al.

2005b).  These observations  suggest  that  the  brain is  highly fine-

tuned, and that only few but precise changes are allowed to take

place.  On  the  other  hand,  lying  at  the  other  end  of  the  gene

expression and sequence divergence spectrum are testis (Khaitovich

et al. 2005; Brawand et al. 2011). Presumably due to exceptional

conditions  during  spermatogenesis,  which  cause  chromatin

conformation to be more open and transcription rates  to occur in a
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less  restricted  manner,  testis  are  subject  to  relaxed  purifying

selection  which  contributes  to  for  the  evolution  expression

divergence  to  accelerate.

Rates  of  expression  divergence  also  vary  across  lineages.

Interestingly, primates  seem to  evolve  faster  than  rodents  at  this

level (Brawand et al. 2011). Because mutation rates are much higher

in  the  latter  (Li  et  al.  1996),  it  is  difficult  to  reconciliate  this

observation  with  the  divergence  trend,  unless  the  much  lower

population effective size of primates compared to rodents is taken

into  account   (Kaessmann  et  al.  1999a,  1999b;  Yu et  al.  2002;

Keightley et al. 2005). Small effective population size would lead to

selection  being  less  efficient  in  primates,  and  consequently

accelerate the rate of expression evolution due to an increase the

number  of  slightly  deleterious  mutations  which  cannot  be  easily

purged from the genome of these taxa (Keightley et al. 2005).

1.2.2 A role for tandem repeats

One  the  many  mechanisms  that  may  underlie  gene  expression

divergence  patterns,  is  TR  variation  in  genic  or  nearby  regions.

Vinces  and  colleagues  (Vinces  et.  al  2009)  showed  very

convincingly  that  not  only  do  genes  with  repeat-containing
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promoters exhibit more expression divergence across several strains

and species of yeast, compared to its repeat-less counterparts, but

also that this divergence is increased for highly variable TRs. This

association remained even when accounting for other factors that

could  explain  such  gene  expression  divergence,  such  as  the

presence of TATA boxes. In addition, consistent with the proposed

role for TRs as “evolutionary tuning knobs”, some of the expression

changes mediated by TRs conferred higher fitness under a scenario

where  there  was  selective  pressure.  This  example  together  with

other studies that show how TR variation can affect gene expression

levels (reviewed in Gemayel et al. 2010), and the observation that at

least in Drosophila TRs were found to be general enhancer features

(Yáñez-Cuna et al. 2014), make a plausible case for the role of TRs

as drivers of gene expression divergence. 

Finally,  the  finding  that  transcription  factors  seem  to  be  over-

represented  in  scans  for  selectively  driven  lineage-specific

expression changes in humans  (Gilad et al. 2006; Blekhman et al.

2008),  argues  in  favor  of  a  prominent  regulatory  role  in  human

evolution.  In  that  sense,  previous  observations  that  associate  TR

variation to the modulation of the binding of transcription factors,

and  their  abundance  in  human  promoters  (Sawaya  et  al.  2013),

supports  the  notion  that  these  may  have  been  important  on  the

course of human evolution.
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2. OBJECTIVES

1. Assay population diversity and structure in human and nonhuman
great ape populations using short tandem repeats

2. Study the impact of tandem repeat presence in genic regions in
primate gene expression divergence and evolution 

3. Infer the effect of tandem repeat polymorphism in the promoters
of  human  and  chimpanzee  individuals  to  gene  expression
divergence 
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4. DISCUSSION

Current  sequencing technologies  have opened many doors  in  the

genomics field. It is now possible to sequence entire genomes at a

reduced cost and in an efficient way. Due to this so-called genomic

revolution it  is now possible to explore the genomic variation of

species at an unprecedented level. 

The  analysis  of  a  comprehensive  great  ape  genomic  dataset,

comprised of >80 human and non-human great ape genomes, has

already yielded important insights into the diversity and evolution

of  these  species  through  the  analysis  of  single  nucleotide

polymorphisms (SNPs), mobile element insertions, and large-scale

copy number variations  (Prado-Martinez et al. 2013; Sudmant et al.

2013; Hormozdiari et al. 2013). However, despite the importance of

tandem repeats (TRs) in population and conservation genetics, as

well as their potential functional and regulatory role, until the work

performed  in  this  thesis  was  performed,  the  repeat  landscape  of

great apes had remained largely unexplored at the genotype level. 

Taking advantage of the fact that tools to accurately genotype TRs

from  genome-wide  sequencing  data  are  now  available,  a

comprehensive catalog of TR variation in great apes was  compiled.
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As part of the work presented in this thesis, this catalog was used to

find  if  repeat  information  could  be  used  to  study  the  genetic

diversity and population structure of great apes. Reassuringly, the

results  obtained  showed  that  this  set  of  TRs  could  be  used  to

reliably  assess  within-species  population  structure  and define  the

number  of  distinct  genetic  units  within  a  species,  recapitulating

those results obtained in previous studies using millions of SNPs (Li

et al. 2008; Prado-Martinez et al. 2013). In particular, these markers

were informative not only to distinguish between individuals from

different  subspecies,  but  even  according  to  their  geographical

location of origin. 

In this thesis, the contribution of TRs to gene expression divergence

in primates was also examined. Following a comparison of genes

with and without TRs in their promoters at the level of expression

divergence in human, chimpanzee, and macaque, it was found that

across several tissues the genes with TRs exhibit higher expression

divergence. These observations are in line with previous studies that

also  looked  at  expression  divergence  patterns  between  different

yeast strains and species, and that conclusively showed that repeat

presence was associated with higher expression divergence (Vinces

et al. 2009).

Notably,  in  the  work  presented  in  this  thesis,  the  pattern  of

association  of  TRs  presence  with  gene  expression  divergence
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seemed  to  hold  independently  of  the  genic  region  considered  to

contain  TRs.  

Interestingly,  those  genic  regions  and  features  associated  with

higher expression divergence, such as 3' UTRs, first introns relative

to other introns, and distance of TR from the the transcription start

site  (TSS),  have  previously  been  shown to  be  involved  in  gene

regulation (Jonsson et al. 1992;  Rohrer and Conley 1998;  Wray et

al. 2003;  Charron et al. 2007;  Spitz and Furlong 2012; Yoon et al.

2012).  

Furthermore, due to the availability of the TR variation information

it was also possible to classify TRs according to their polymorphism

in  human  and  chimpanzee  populations,  and  ask  if  genes  with

polymorphic TRs showed more or less expression divergence than

those where the same TR was found to be fixed in both populations.

The results also show that across all analyzed tissues genes whose

promoters  contain  polymorphic  TRs  exhibit  higher  expression

divergence than those where the same TR is fixed across the two

primate populations, or where no TRs are present. These findings

seem to further reinforce the idea that TR variability may contribute

to gene expression divergence,  and suggest that TRs may indeed

accelerate expression evolution, and are again concordant with the

observations  by  Vinces  and  colleagues,  which  found  that  higher
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expression divergence was more prominent for those genes whose

promoters contained highly variable repeats (Vinces et al. 2009).

Even  though  no  study  of  associations  can  prove  causation,

confounding factors that could better  explain these findings were

analyzed.  One  of  them  was  relaxed  selection.  Earlier  work  had

detected  that  an  increase  in  expression  divergence  for  genes

associated with species-specific transposable elements was caused

by relaxed selection on those genes, rather than by the transposable

elements themselves (Warnefors et al. 2010). To exclude this factor,

several  analyses  were  performed  to  show  that  repeat-containing

genes  were  not  subject  to  relaxed  selection.  These  included

performing comparisons in all groups analyzed regarding measures

that  are  indicative  of  relaxed selection  such as  dN/dS,  divergence

between  human  and  chimpanzee  at  the  promoter  level,  or

enrichment  of  TRs  in  recombination  spots.  Since  no  statistical

significant differences were encountered between any of the groups

compared, it is improbable that relaxed selection could explain the

findings reported in this work.

To  date  this  work  represents  the  most  comprehensive  effort  to

catalog  TR variation  in  great  apes  at  a  genome-wide  scale.  This

information can be used to distinguish among different taxonomical
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groups,  and  assess  the  degree  of  diversity  present  in  natural

populations.  

In  particular, the  compilation  of  a  list  of  3,521 AIMs that  allow

subspecies of great apes to be distinguished will be very useful for

conservation and breeding programs. Importantly, since TRs have

an high mutation rate, few molecular markers can be used to gather

a great deal of information from any given population, a

definite  advantage  for  great  apes  conservation  genetics  which

heavily relies  on non-invasive samples.  In addition,  because TRs

also exhibit a wide range of mutation rates, they can be used  to

capture both old and more recent shifts at the genetic diversity level

in natural populations. This is particularly useful since other popular

molecular  markers,  such  as  SNPs  are  characterized  by  lower

mutations rates, and for this reason are may be unsuitable for the

latter task.

Nonetheless, in the future, it will be important not only to add more

individuals from populations already sampled, but also from those

populations that could not be included in the first large initiative to

characterize great ape diversity. This effort will help further expand

the power of TRs to differentiate between individuals from different

populations at an even higher resolution, as well as remove AIMs

falsely identified as such due to limited sampling.
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Given  the  success  of  this  approach  in  assessing  within-species

population structure it will also be interesting to apply it to other

species and populations that are not so well described.

However, since TR properties have been shown to affect their own

mutability, it will also be important to consider this fact in future

analyses, unlike what was done in this work.

Furthermore, future research should also focus on understanding the

precise  mechanisms  by  which  TRs  accelerate  gene  expression

divergence. In this sense, it will be important not only to identify

which features  are  influenced by TRs,  apart  from some of  those

already described such as DNA, RNA and chromatin structure and

the size of transcription factor binding sites, but also to decipher the

many  ways  in  which  TR  variability  modulates  phenotypical

evolution. 

Acquiring  a  deeper  insight  into  these  mechanisms  will  be

particularly important for the study of human evolution given the

abundance  of  these  repetitive  elements  in  human  promoters

(Sawaya et al. 2013), and their association with regulatory elements,

an observation suggestive of a significant role in gene regulation. In

addition, given the instability that characterizes TRs, it is likely that

they  may have  underlied  substantial  changes  in  gene  expression,

and thus have driven the evolution of species-specific phenotypes.
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In this sense, extending the analysis of TRs to other species may

help to elucidate if, for example, TRs can also partially explain why

primates seem to have evolved much faster than rodents (Brawand

et al. 2011) .   

Addressing these questions  will  then help understand the  role  of

TRs,  during  human  and  even  primate  evolution,  in  generating

adaptative  traits,  and  possibly  aid  in  identifying  new  disease-

associated TRs.

Probably  one  of  major  limitations  of  the  work  presented  in  this

thesis  is  the fact that  the length of all  genotyped TRs had to  be

under 100 base pairs, the maximum size of the sequencing reads

used for this study. This not only represents a severe limitation of

the TR catalog presented here in terms of size, since a wide range of

TRs cannot be genotyped, but also in accuracy terms, since shorter

reads are more likely to be ambiguously mapped to the reference

genome.   In  addition,  it  is  possible  that  longer  TRs  show more

interesting  mutational  properties  which  might  confer  them

particularly special adaptative value.

In this sense, future studies will greatly benefit not only of the use

of methods that can simultaneously and in a more accurate fashion

target and genotype many TRs (Guilmatre et al. 2013; Duitama et

51



al.  2014;  Carlson et  al.  2015),  but  also from using a sequencing

technology that produces longer sequencing reads.

Notwithstanding, repeat-aware software such as Repeatseq, which

make use of empirical  data to better  assess the accuracy of each

repeat genotype, and the availability of abundant sequencing data,

already permit repeat variation to be probed, and as shown in the

work present in this thesis, for meaningful information about natural

populations to be produced.

Finally, since the correlation between gene and protein expression

levels is often far from perfect (Battle et al. 2015; Bauernfeind et al.

2015), future efforts that study the functional impact of TRs will be

enhanced if protein expression levels are also assessed. Otherwise

cases  such as  the  one  in  longer  TR alleles  in  the  5'UTR of  the

thymidylate synthase human gene are associated with higher protein

levels, but not gene expression changes, will be missed (Kawakami

et al. 2001). In addition, since in the case of protein-coding genes

what  ultimately  determines  the  phenotype  are  the  translated

proteins, assessing their levels will be important to understand the

true impact of TRs in phenotypical evolution.
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CONCLUDING REMARKS 

In this thesis I explored for the first time the repeat landscape of TR

variation in recent human evolution. This information proved very

useful to study the population structure and diversity of humans and

nonhuman great apes, and is expected to be a valuable resource for

conservationists  interested in improving the management of these

great ape species both in the wild and in captivity. 

In addition, much of work presented here attempts to examine the

effect of TRs on primate gene expression divergence across several

tissues.  The  results  suggest  that  genes  with  TRs  show  more

expression  divergence  than  those  without,  independently  of  the

presence in the promoter or any other genic region, and that there is

an association between polymorphic TRs in promoters and greater

expression divergence of those genes. These findings are supported

by previous work which has similarly implicated TRs in promoters

of  yeast  genes  to  be  involved in  accelerated  divergence  of  gene

expression between different  at  the strain and even species  level

(Vinces et al. 2009). 

 

Given the  potential  of  such mechanism to  facilitate  evolutionary

adaptation,  it  will  be  interesting  to  explore  how  it  might  have
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impacted the evolutionary history of humans and great apes, and if

it underlies particularly interesting phenotypical innovations in any

of the great apes lineages.

Finally, given the abundance of traits and diseases which common

variation such as SNPs cannot appropriately explain at the present,

and TRs functional potential, it will be worthwhile for future GWAS

studies to try to genotype these repetitive elements to see if they can

account for the so-called “missing heritability”.
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The following paper analyzes the genome diversity of great apes
through the analysis of millions of SNPs identified from sequencing
79 individuals from six great ape species.

I collaborated in this project by validating the SNPs identified with
the  sequencing  data,  by  checking  if  these  were  concordant  with
those genotyped with microarrays.
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