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Abstract

Genome squence varies in numerous waysongindividuals although the gross
architecture is fixed for all humans. Retrotransposweateone of the most abundant
structuralvariants in the human genome and are divided in many families, with certain
members in sme families, e.g., L1, Alu, SVA, and HERK, remaining active for
transpositionAlong with other types of genomic variants, retrotranspostsived
variants contribute tthewhole spectrum of genome variants in humans. With the
advancement of sequenciteghnigues, mangumangenomes are being sequethes the
individual leve| fueling the comparative research on these variants among indivituals.
this thesis, the evolution and functional impacsiéictural variationgs examined
primarily focusing orretrotransposons in the context of human evolufitrethesis
comprises othreedifferent studies on the togthat arepresented in thregata chapters.
First, the recent evolution of all human specific AluYb membegesentinghe second
most active subfamily of Alusyas trackedo identify their source/master copy using a
novel approachAll humanspecific AluYb elements from the reference genavees
extracted aligned with one another to construct clusters of similar capidsach cluster
wasanalyed to generate the evolutionargiationship between the members of the
cluster The approach resulted in identification of one major driver copy of all human
specific Yb8 and the source copytbé Yb9 lineage Three new subfaiiies within the
AluYb family 7 Yb8al, Yb10 and Yblivere also identifiedwith Yb11 being the
youngest and most polymorphecondanattempt to construct a relation between
transposable elements (TES) and tandem repeats {i&RInadeat a genomevide scale

for the first time. Upon sequence comparison, positional -aiessking and other



relevant analyess, it was observed thatver 20% of all TRs are derived from TH#$is

result established the first connection between these two types of repetitnemtseand
extends our appreciation for the impact of TEs on genofuethermoreonly 6% of

these TEderived TRs follow the already postulated initiation and expansion mechanisms,
suggesting thate others are likely to follow a yemhidentified mechasm.Third, by

taking a combinabn of multiple computationapproacksinvolving all types ofgenetic
variaionspublished so far including transposable elements, the first whole genome
sequence of the most recent common ancestor of all modern humaatijoosuhat

diverged into different populations around 125;000,000years agavas constructed
Thestudy shows that the current reference genome sequence is 8.89 million base pairs
larger than our common ancesics g ecordrimeed by a whole spectruof genetic
mechanismsTheuse of this ancestral reference gendamfacilitate the analysis of

personal genomeasas demonstrateasing an example genoraed more insightful

recent evolutionargnalysesnvolving theNeanderthal genom&he three data chapters
presented in this thesis conclude thattdrelem repeats and transposable elements are
not two entirely distinctly isolated elements as over 20% TRs are actually derived from
TEs. Certain subfamilies of TEs themselves are stillvawg with the generation of

newer subfamilies. The evolutionary analyses of all TEs along with other genomic
variants helped to construct the genome sequence of the most recent common ancestor to
all modern human populations whiplovides a better alteative tohuman reference
genome and can lzeusefulresource fothe study ofpersonal genomicgopulation

geneticshuman and primatevolution
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Chapter 1: Introduction

(A part of his section is reprinted from the review articdamed M, Liang P Study of
modern human evolution via comparative analysis Wetanderthajenome2013.
Genomics Infornl1(4):230-238)



Structural variations are one of the key features in comparative stunes)
individual human genomes and make up the focal point of this thesis. This chapter
provides background information relevant to the subsequent chaphester two
presents a study that tracks the recent evolution of one of the youngest subfamilies of
trangosons, the major type of genomic repeat elements that frequently cause structural
variations.Chapter three presents a study that investigatesriéiation between
transposable elemenfBEs)and the other type of repeat elements, Tandem Repeats
(TRs). Chapter four presents a study involving afructural variationamongindividual
human genomes identified so tard the assemblyf agenome sequendkat represents
the most recent common ancestor of all modern humans. Presentation and application of
this proposedncestrabenome sequence along with a useful bioinformatics tool is also
described in this chapteChapter five contains overall discussisand general

conclusiors for the entire thesis.

1.1 Variations in human genome

The haploid human genomeadinear chain of about 3 billion base pairs of DNA
molecules in a single calivided into 23 chromosomeBven though, in general, the
overall architectureg.g., the number of chromosonasithe order of genes in the
chromosomes, dhehuman genome i&xed amongindividuals, the primary DNA
sequence may vargenomic variations a natural phenomenon and can be defined as
relative differences in DNA sequence or arrangements of stretches of seqaranogs
individual genomes. While the concept of genomic variasarommonly made of the

variationsamong individuals, the most common pathogenic result of genomic variation



canceractually stems from variatierietween the cells the same or different tisesior
organsof a single individua(Beroukhimet al, 2010) In a broader sense, genomic
variation is meaningful only when compar@tiongmore than one individual genome.
From a technical point of view, the genomariations are detected and characterized by
comparing an individual genome sequence with the sequétice umanreference
genome(Landeret al, 2001) The reference genonethe complete sequence of the
genome btained from 12 individuals as the representdiivkole genome sequericior

the modern humans.

Genomic variations between two genome sequences can be of various types. The
variationscan bebroadly categorized by their size and subcategorized by their
mechanism of formation or sequence characteristics. The size of these variatioss range
from single base paghangessuch as Single Nucleotide Variances (SNWssmall
insertions andeletions (indels)andto larger variations as in Structural Varia(®/s).

SNVs are variations iasingle base, and when observed frequently in or between
population(s) with frequencies above 1%, they are called Single Nucleotide
Polymorphisms (SNPs). Indels are insertions or deletions of sequenc&8@bf in

size. Stuctural variations are normally defined as larger than 100bp and can encompass
millions of base pairs. Structural variations can occur from insertions or deletions of large
genomic entitietike Transposable Elements, Tandem Repeatgmental duplicatioor
deletion, processed pseudogenization or copy number variations (CNVIsBVs

include variations that are neutral in terms of size differences, siselgasnce

inversionswhere a block of sequence is revérsgientedor balanced chromosomal



translacationwhere two chromosomes exchange sequence with no consaglosstor

gain of genetic materia(®\lkan et al, 2011)

Structural variation is a major source of genomic variation among different
individuals. It has been identified in several studies that the total number of base pairs
that differ between two individuals due to structural variation significantly surpédmeses t
total number of SNP&onradet al, 2010; Landeet al, 2001; Millset al, 2011) Many
studies have been conductedhelast nine years to identify genomede structral
variations either in individual genomes or in a large group of pé@binget al, 2009;
Feuket al, 2006; Kiddet al, 2008; Korbekt al, 2007; Leest al, 2008; McKernaret
al., 2009; Medvedeet al, 2009; Redort al, 2006; Yooret al, 20®). The advent of
high-throughput sequencing techniques aodcurrent formations of large genome
analysis consortia have considerably advanced the detection of novel structural variations
in recentyeass. The structural variation team of the 1000 Genome Progefdrmedhe
most comprehensivanalysisto dateandidentified a large number of structural variations
by analyzing the genome sequences of approximaj@00individuals from around the
world (Mills et al, 2011) With the cost of sequencing decreasing rapidly iemegears,
studies are now conducted with a high coverage of DNA sequences, and a multitude of
techniques are appliédr thedetecton of structural variantgdiscussed in section 1.3)

The challenge to combine all technologies to curate SVs is thatletattion platform
differs from one another by sequence quality, boundary resolution, and sensitivity
(lonitarLazaet al, 2009) The biggest challenge so far is to pinpoint the exact boundary
of a SV, as it requies highly sensitive detection technigsecch asSplit Read method

with higher coverage of sequencing. Howetlee, 1000 Genome Projeprovidedthe



exact breakpoints dahelargest number of SVs to date. In a study presented in this thesis,
a novelappro&h involving chimpanzee genome sequeinsdescribed taccurately
pinpointtheboundarie®f SVsfor which only a genomic range could éstimatedas

potential boundarpositiors based on data in the original stud{described in chapter 4).

SVs areoften generated by following three major mechanismen-allelic
homologous recombination (NAHR), ntnomologous erngbining or recombination
(NHEJ/NHR), forkhead stalling and template switching (FOSTe&®) retrotransposition
Different types of SVs arfermed by different mechanismsor example, duplications
often result fom NAHR or NHR or transpositiomeletionsoften result from NAHR or
NHR; andinversions generally result from only NAKRhile FoSTeS generally forms a
complex pattern involving detion, duplication and inversion simultaneously at the same

locus.

NAHR is a recombination event between highly homologousatietic sequences
duringcell division. When two repeatquences in the same chromosome align and
crossover duringmeiosis they can cause insertion or duplication or inversion depending
on their orientation in each allele. Duplication or deletion occurs when the repeats are in
direct orientation (heatb-head) to each other, and inversion may occur when they are in
opposite direttons (headto-tail) (Figurel.1). When thehomologous regions (e.g.,
repeatythat cross over during cell division are located in different chromosomes,
translocatio takes place. NHR, on the other hand, takes pliaceell repairing
mechanisrain cases of DNA double stranded breaks due to some external influences
such as radiation anternal influences such &D)J recombination. The exact

molecular mechanism of R is still somewhat questionable, but they are found to take

5



place more often in repeat regions in the genome such as transposable elements. This
characteristic can be explained as these transposable el@ftentsoreside with

genomic regionshat arevulnerableto DNA doublestranded break&orbelet al,

2007) The third major mechanism f&Vs, FoSTeS, ia DNA replicationbased

mechanism that results in highly complex structural rearrangements. SVs resulting from
this mechanism aneery complexandthey are not yet characterized by any specific
definitive flanking sequence pattern or any bias towards any other genomis, ¢lveat

are not computationally detectable unlike the other three mechanisms.

a) Duplication
Deletion
m——
b) Inversion
B T T v — R IR B

Figure 1.1 Genomic rearrangement by NAHRdepends on the orientation othe homologous
regions.Panel a illustrates how hedmthead orientation of the homologous regions may cause
duplication or deletion, and panel b illustrates how Heddil orientation may cause inversion.
NAHR, NonAllelic Homologous Recombination.

1.2 Repeat elements, their evolution and contribution to

genome variation

Repeats elements are the most abundant tygeramic sequences that can cause
structural variationgnaking up a significant part of the entire human genome. Based on
the relative posional relationship of the elements, they are divided into two broad

categories interspersed repeat elements or Transposable Elements (TEs) and tandemly



positioned DNA sequences or Tandem Repeats (TRs). Both types of elements are
abundant ireukaryotes ioludinghumars (reviewed irPlohl et al, 2012 and Rebollet

al., 2012) They are discussed separately in the subsequent sections.

1.2.1 Transposable elements

Transposable genetics elements are DNA sempgethat retain the ability to move
from one genomic location to another. Since their identificationaizeby Barbara
McClintock (McClintock, 1956) they are found abundantly throughout many different
genomesncluding plants ané@nimak (Batzeret al, 1993) TEs are very differerftom
tandem repeats in many aspects, the foremost of which is that they are located
sporadically throughout the genome as opposed to targfsgtiion of sequencesTEs
are often larger in size than tandem repeats. They are ubiquitous through mammalian
genoms; as much as 45% and 37%tbéentire human and mouse gengmespectively
is composed of TEs. Mammalian TEs can be broadly separatddvontbasses: DNA
transposons and retrotransposons (Figuze DNA transposons are characterized by a
cutandpaste mechanism in which the sequence is directly transposed from one location
to another by excision followed by insertion. The DNA transpogpicélly contains an
open reading frame (ORF) within the sequence that encodes a transposase protein to
facilitate the movemer{Mizuuchi, 1992; van Lueneegt al, 1994) The transposition ca
be both autonomous and rantonomous, and DNA transposons constitute about 3% of
the entire human genonfieanderet al, 2001) and they are no longectave in the
humangenome (reviewed in FeschetteM&Kinl, 2013). On the other hand,
retrotransposons form a much larger group of TEs constituting approximately 42% of the

entire human genom&he ransposition mechanism of retrotransposons involves an



RNA intermediate tdollow a copyandpaste strategy asopposedt DNA transposo
cutandpaste(Weineret al, 1986) The original copy of the TE (donor copy) is first

transcribed to@RNA-intermediate, which is then reverse transcribed and inserted into a

new genomic location to create a new copy (recipient copy) of the donweviéwed in

Levin & Moran, 2011) Among all TEs, retrotransposons are of particular interest

because of theabundance and higher recent activity level than DNA transposons.

Entire Human Genome

|

v v
DNA Transposons, 2.8% Retrotransposons42.2%
Non LTR, 33.9% LTR, 8.3%
v v
SINEs LINEs Pseudogenes
(ShortIntersparsed (Longlntersparsed
Nucleotide Elements) Nucleotide Elements)

Figure 1.2 The categories and their hierarchy of transposable elements in the human
genome.

There are three major types of retrotransposons in the human genome: refilavirus
elements or Endogenous Retroviruses (ERVs), Short INterspersed Elements (SINEs) and
Long INterspersed Elements (LINES). ERVs are the longest among all retrotransposons
ranging from 211 kbps in size, and they contain long terminal repeats and are capable of

producing retrovirugelated protein much like retroviruses. However, ERVs lack the



envelope proteirwhich renders them incapable to travel between cells. LINEs are
typically 4-6 kbps and form almost 21% of the entire human genome. 44k
autonomous in the sense that they can translate their own mobilizing p(Be@ke,

1997; Jurka, 1997; Mathiat al, 1991) The majorLINE family is L1 which is the only
known active family of LINEgMills et al, 2007) On contrary, SINEs are nen
autonomous and rely on L1 machinery to transgbgsevanniewet al, 2003; Kajikawa

& Okada, 2002)They are typically 300 bp in length and are the most successful type of
retrotransposons with asanyas 1 million copies constituting over 10% of the mass of
the human genom@atzer & Deininger, 2002; Landet al, 2001) Apart from these

three major categories of retrotransposons, there is another relatively younger class of
retrotransposons termed SVA(SINE/VNTR/Alu). SVA elements only evolved about

25 million years ago in certain primate genomes and currently have ~3000 copies in the
human genom@~Vanget al, 2005) SVA is a composite retrotransposon nameer at
SINE-R element, a variable number of tandem repeats (VNTR) and an Alu ekShent

et al, 1994) A full-length SVA element is normally around 2 kb long and typically
composed of a hexamer repeat region, the VNTibre a HERVK10 like region

followed by polyA tail (Ostertaget al, 2003; Wanget al, 2005) SVA elements are also

nonautonomous, likely relying on L1 machinery to retranspose.

Even thoughhere are manfamilies of SINEs present in the human genome, Alu
elements are the only transpositionally active Kidls et al, 2007) Alu elements have
shown tremendous proliferation throughout the evolubigorimatesand outnumber any
other types of TEs. Moreover, Alu elements rethigheractivity level in recent times

than any other TE making them more polymorphic for presence or absence across the



entire human populatiofStewartet al, 2011) These characteristics make Alu elements
an intriguing subject to study and hence are one of the foaim this thesis. Alu
elements are dimeric nucleotide sequences with a left and right monomer joined by a
poly-A region. Athough there are over 1 million copies of Alu elements, comparatively
only a small number of them are competent to mobilizestly from the youngest Alu
family named AluY. These active progenitors of several other elements are termed
Asour ce o gemeyShenet al,t1@90)@IluY family is an important
retrotransposon family to study because of their current activity level, especially since
new insertions arsometime related tdiseasein humans. Approximately1 Alu

elements so far have been found to alter gene expression through exonization or exon
skipping(Ferlini et al, 1998; Gangulet al, 2003; Knebelmanat al, 1995; LevMaor

et al, 2003; Ostertagt al, 2003; Vervooret al, 1998) In at least two instancesin Alu
inserted in the intron become exonifeetained)n the mature mMRNAKreahling &
Graveley, 2004; LeMaoret al, 2003) The retention of exonized Alu element in the
MRNA can lead to subtle differences in gene expression within individuals and/or
populations. Furthermore, laast 14 Alu elements have begatectedn exon, disrupting
geneduy causing reading frame shifiSlaverieMartin et al, 2003; Ostertag &

Kazazian, 2001; Sukarow al, 2001) The study otheevolutionary trend of young Alu
subfamilies and identifying still active Alu subfamilies can be particularly valuable in
understandinghe process oAlu expansion and also in population genetias to their
homoplasyfreenature Chapter two describes a study where the evolution of one of the
most active AluY subfamily, AluYb, was investigated and three novel subfamilies were

proposed.
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1.2.2 Tandem repeats
I nitially t er iogetther\aith othiel repetitve deduidndasdem

repeats have gained some attention with the realization that their organization may
provide some unique functional characteristics. Tandem repeats are organized by
tandemly positioned homologous DNA sequences c&bgakat Unitsn a heaeto-tail
patern which gives them their characteristic organization shared by many geriimees.
centromeres of a vast array of species play a critical role in heterochromatindarmat
and chromosome segregatiamd these centromeres are highly enriched with TRs
(Morris & Moazed, 2007)Many of the functions demonstrated by TRs involve RNA
interference mediated chromatin modificatianich is important for heterochromatin

formation(Allemanet al, 2006; Charet al, 2006; Matienssen, 2003; Stast al, 2002)

Tandem repeats in human have widely varying repeat sizes, ranging from
microsatellites of few base pairs to megadigeslwhich can be severalindredbase
pairs in siz§ Ameset al, 2008; Gelfanat al, 2007) Microsatellites now have extensive
useas genetic markern forensic§Hagelberget al, 1991; Olaisert al, 1997)and
genomic mappingDib et al, 1996; Dietrichet al, 1996 Armour et al, 1996; Bowcock
et al, 1994) Furthermore,x@ansion of microsatellites hhgen associated with many
genetic diseases and the level of variability in VNTR can badioator of
predisposition of several forms diseases includingancer(Mandel, 1997; Wadat al,
1994) Despite the critical function of microsatellitgsiefly discussed in section 3,1)

little is known about theiorigin andmechanism of formation.

Even though the two distinct types of repeat elements, tandem repeats and

transposable elements, are ubiquitous and baea extensively studigetittle has been
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done to seek any association betwdentwo. Chapter three of this thesis presents a
study thaiestablished a connection betweka two types of repeats to the sequence level

for the first time.

1.3 ldentification of genomic variants and their use in modern

human evolutionary study

One of thebiggest questionism evolutionary biology isvhat makes the modern
humans modern. With advancements in all sectors starting from paleontology to
molecular biology, the evolution of humans is mbelterunderstood now than ever
before. Since the divergenoEhumans from its closest extant lineage, chimpanzee, six
million years agqGoodmaret al, 1998) thehuman genome has evolved independently
accumulating its own unique changes. The archaic humans were a |landiffean the
modern humans, even the humaf80,000 years ago are phenotypically distinctive
from modernday humangPearceet al, 2013) Many of these phenotypic changes are
brought about as a result of adaptive genomic variations. A study estimates that the
proportion of genomic differences between humans and chimps to be 6.59%, with 5.07%
differences due to inde(¥Vetterbomet al, 2036). This denotes the importance of
detectinggenomicstructural variations, either small or large, in evolutionary studies as
well as comparative population genetics to seek for indaliated etiology of our
phenotyic differences. Either between humans and chimp or between different
populations, differences in coding regions are miniatialough thegenes with redundant
functionality, such as binding proteins or finger motifs, are duplicated many times

(Korbelet al, 2007) Thus he differences observed in noading regions are likely the
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major evolutionary force. Though there are many mechanisms for creating indels in non
coding regions, transposable elements are considezeddjor driving force to cause the
differences between two species or two populations of the species. With almost half of
the entire human genome made up of transposable eleghi#ptdgenome.ucsc.edu)
insertions of new TEs or FEediated genomic vatians can cause significant change in
genomic plasticity subsequently causing phenotypic anomalies. Thus it is extremely
important to study the evolutionary expansion pattern of transposable elements, what
triggers their activity level or what transposablements are specific to a species or a
particular group within a species. The study described in Chapter four proposed the
genome sequence of the most recent common ancestor of all modern human populations
taking all sequence variations identified soifeconsideration. The study provides a
valuable resource for all future studies involving individual genome sequencing, as well
as a comprehensive picture of expansion of the major families of retrotransposons in

recent time®f human evolution

One of tle major driving factorghat enables theonstrucion of the genome sequence
of the most recent common ancestors of all modern hursane availability of
structural variationglatabetween individuals from all major human populations. Thus,
the adventn Next Generation Sequencing (NGS) and identification techniques of these
variations plays a big role towardbtainingthese dataEven eight to ten years ago, the
major methods to identify structural variation were microatraged and comparative
genomc hybridization With the establishment dfie next generation sequencing
techhologies it soon became the most effective way of detecting SVs in large scale.

Tuzun et al. (2005) was among the fiessearch group® utilize pairedend sequences to
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detectSVs using bioinformaticenethods but the resolution and accuracy was much

l ower t han t-haskdy detection gualinf@uzunet al, 2005) Next

generation sequencing refers to the current sequencing teebragd instruments, which

i's in broader sense actually the second ge
DNA sequencing being the first generation. With the cost of sequencing coming down to

$0.5 per million base pairs, next generation sequerngitige future of genome analysis.

The fundamental idea behind next generation sequencing is that the whole genome is
broken down in to small fragments and each fragment is sequenced in smaller stretches
multiple times to create overlapping sequern(béstzker, 2010) The output of most
second generation sequencing techniques is comprised of hundreds of millions of DNA
sequences of size ranging from 50 to several hundred base pair DNA siiggads (

The average numbef reads that overlap each position of the whole genome is termed as
Sequence Coveragir example, a genome sequenced with 30x coverage means that
each base pair of the genome is present in on average 30Treadigher the coverage

is, thebetter the sensitivity for downstream analysis, and with current technology, 40x
coverage is very accessibidich is good enough to condudghly sensitive

comparative analyseBepending on read length, sequencing platform and coverage,
there are threestablished methods for discovering S\fsaired end mapping (PEM),

Read depth of coverage (RD) and spdidd method (SR). All of these methods are

applied after the reads are mapped against a reference genome.

Paired End Mapping applicable when a paof sequence reads come from two ends
of a single DNA fragment of experimentally selected size, normally around 3@0bp

PCRbased NGS platforms, such as Illlumifi&e read length depends on the sequencing
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platform. The basis of PEM technique is thatNADfragment spanning a junction point

of a SV will have discordant mapping, i.e., the distaaru@/or orientatiometween the

paired reads will be different than expected. For example, for a pair of reads of 35 bp
each from a 300bp fragment, the gap betwide pair mates should be 230bp. In case of

a deletion in the test genome compared to the reference genome, the reads will map
further away than 230bp in the reference, or closer than 230bp in case of an insertion in

the test genome.

Read depth of coveragechniques based on statistical analysis of density of reads
per selected size of genomic area (termvettiow). In the method, the number of reads
per window is calculated genomede, and any window that differs significantly than
the genome average ferms of read density is likely to harbor a SV. RD technique is
relatively more useful in detecting copy number aberrations than other computational
approaches as any window containawpvel duplication will have higher read density

than the other gemee and vice versfr regions containing a deletion

Split read techniquenakes use of the reads that physically span the junction point of
a SV. If the test genome has an insertion or deletion compared to the reference genome,
any read that spans acrolke junction will be split when mapped to the reference
genome and the two pieces are likely to map to different location. SR techniques are best
suited for longer reads and high coverage sequencing, as theegpkinc@ieces can be

long enough to map earately to different loci in the reference genome.

While each of the three major detection techniques has its own advantage and

disadvantage, PEM has been the widely used technique primarily because of short read
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sizes at the early years of NGS era. S&joles the maximum resolution as it can call a
SV to the exact nucleotide level. Tluanprovide accurate information about the junction
sequence, and if the SV is in a gethe,exact part of gene deleted or duplicated be

identified

All of these corputational approaches to detect sequence variations use a reference
genome to align the reads and compare sequence with. The ancestral genome sequence
described in Chapter four provides a better alternative than the currently used reference
genomedor rea®ns detailed in the related later sectiGhapter four further describes the
data presentation of the newly proposed genome sequence, as well as the use of this
genome sequence in comparative bioinformatics by applying a combinatorial approach of
PEMandSR on an individual 6s genome sequence.
applied in evolutionary studies involving Neanderthal genome sequence to preliminary
assess the progression of TE expansion in the current human genomes compared to the
NeanderthalsThe Neanderthal genome sequencing and its use in TE insertion

polymorphism is discussed in the next subsection.

1.4 Using Neanderthal genome for studying recent evolution of
TEs

(This subsection is reprinted from the review article: Ahmed M, Liang P: Study of
modern human evolution via comparative analysis with Neanderthal geR0f&e.
Genomics Inforni1(4):230238)

Modern humans are indeed a very young species compared to their cousins, evolving

just about 200,000 years ago (ya), which is a fraction db tindlion years since the

divergence of the human and chimpanzee line@geBougallet al, 2005) Fossils
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suggest that modern humans first emerged in East Africahanthirly quickly spread

all over the worldn the next 185,000 years or @dellars, 2006) After the divergence of
humans and chimgsmillion years ago (myajhe major landmark in human history is

the emergence of bipedals about 4 mya, which enabled them to use tHeantvieet as
hands. Many species evolved afterwards until the evolutibtoofo erectuswho for the

first time migrated out of Southern Ada and initiated the spread of humans all around
the globe. The migrated populationtdmo erectusn East Africa eventually gave rise

to modern humans about 200,000 ya anddmo neanderthalens@ Neanderthals

about 400,000 yéHublin, 2009; Stringe& Hublin, 1999) Neanderthals survived until
28,000 ya, while modern humans are still surviifmlaysonet al, 2006) During the

later part in their @stence timespan, Neanderthals lived in Europe as well as in Western
Asia and Middle EagiGrunet al, 2005; Krauset al, 2007) Various lines of evidence
suggest that modern humans started to midgrate East Africa to Europe and other parts
of the world 100,000 ya, and the fossil evidence of humans and Neanderthals indicated
that these species might have come into contact as early as 80,000 yehabdezbfor

up to 10,000 years at certain geogiapbcations(Grunet al, 2005)

In the field ofhumanevolutionary biology, one of the most sought after questions has
been what made modern humans supemar outcompetthe other related species, i.e.,
the genomic featres that are unique to humans. The whole genome sequencing of
chimps, rhesus macaque and other primates has given considerable boosts in this field as
the sequences of these primates opened up the possibility to conduct comprehensive
comparative studie® the single nucleotide leveChimpanzee Sequencing and Analysis

Consortium, 2005; Rhesus Macaque Genome Sequencing and Analysis Consortium

17



al., 2007) Many attempts have been taken to identify the genetic reasons why modern
humans developed such complex biological features than other primates, including the
larger brain to body ratio, bipedalism, morphological charagel significant

development of communication skill and cognitive behavior. Recent studies have used
various statistical methods to compare the sequence of these primates with humans in an
attempt to find humaspecific genes and gene regulatory sequeseneestually showing
unexpectedly rapid evolution in the human lineage after the divergence from the ancestral
primates(Bird et al, 2007; Clarket al, 2003; Haygooet al, 2007; Pollarcet al, 2006;
Prabhakaet al, 2006; Prabhakaet al, 2008) The results from these analyses exhibit a
good overview of the humaspecific genomic elements, but these resultuaable to
distinguish which of these humapecific elements are specific to modern humans only.
Since there has been no complete genome sequence of any archaic humans until recently,
such sequence comparisons are made only between modern human genotnerand
primates bypassing archaic humans, resulting in overwhelming number of differences
and inability to identify which sequences changes are unique to modern humans and
which are shared by alomospecies. Therefore, the comparative analysis between

modern humans and archaic humans is expected to be more interesting and valuable by
being more effective in identifying the critical genes and/or regulatory elements that may
be fully or partially responsible for the evolution of the modern humans over other

humans.

Among all the Aluelementdound in the entire human genome, only about 0.5% are
found to be present in human genome but absent in orthologous regions of other

primates, thus identifiedashumanp eci fi ¢. Thi s Oyoung6 group

18



only about 5000 Alu elements that are believed to be integrated in the human genome
after the divergence of humans and great épatzer & Deininger, 1991; Batzet al,

1995a; Materat al, 1990; Royet al, 1999; RoyEngelet al.,2001) Studying the
retrotransposon insertion loci Meandertha will suffice the identification of truly

modern humaspecific retrotransposon insemns A similar comparative analysis would
reveal other transposable elemestgh as L1, SVAs or HERV#hat are specific to

modern humans only, as well as those that are specific to Neanderthals. Retroelements
are particularly important in population géigs. It is extremely rare that a newly inserted
transposable element is completely excised, thus they act as a genetic fossil that are
homoplasyfree. This identicaby-descent nature of retroelements makes them a better
mean for population and evolutiayastudies from SNPs in the sense that SNPs can be,
though rarely, mutated back to the previous state. SNPs are also very hard to detect while
handling ancient genome due to transformation and deaami{Briggset al, 2007)

while RIPs are mainly presence or absence of a stretch of nucleotides. Once a
retrotransposon is inserted in a new location in an individual, it becomes the subject of
genetic drift. Over a short period, it starts spreading into the populatmending on

when a retroelement has integrated at a certain loci, it will be shared by different species
or if recently enough, by different populations of the same species, RlRsoccurring
before the divergence of chimps and humans are shared by&amé chimps, but those
occurring after are only present in humans. RIPs that are even more recent are specific to
certain human populatiomsly (Wanget al, 2006a; Wangt al, 2006b) The detailed
information about all polymorphic retroelements and their frequency in different

populations is extensively catalogued in the dbRIP datdléaeget al, 2006b) The
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identicatby-descent and homoplasiee nature of RIPs ake them useful genetic

markesin population and evolutionary genetics. The specificity of RIPs can play a
significant role in answering the question of admixture of Neanderthals and modern
humans. Finding RIPs that are shared between Neanderthals aAérican

populations, but not present in African population can be considered as a solid support
for the proposed admixture between Neanderthals and\fiman populations. In an

ongoing study in our laboratory, over 500 RIPs are identified to be piadehnbisan

and Bantu individuals who represent the oldest lineage of modern humans from Southern
Africa but not in the reference human genome (unpublished). These oldest African
lineagespecific RIPs theoretically should be absent from Neanderthalsated on the

theory of admiture between Neanderthals and rafrican human populations
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Chapter 2: Identification of three new Alu Yb subfamilies by
sourcetracking of recently integrated Alu Yb elements

(The content bthis chapters mostly copied from thpublishedarticle iAhmed M, Li
W, Liang P:ldentification of three newlu Yb subfamilies by source tracking of
recently integratedlu Yb elements2013.Mobile DNA4:250 with the Materials and
Method section moved before Result and Discussion secgttbs@me minor text edits.

The candidate is the main author of this artasie was responsible for generating most
of the data included in the articlehe PCR amplification and gel purification described
in subsection 2.4.3 was conducted by the secotibawhile the primer design and post
sequencing analyses along with the other parts of the study were conducted by the
candidateThe manuscript was drafted by the candidate and edited by the corresponding
author, Dr. Liang, to its final form.
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2.1 Background

Alu elements are the most successful short interspersed elements (SINES) in primate
genomes. Alu elements have proliferated significantly throughout primate evolution and
have expanded to more than 1 million copies in the human genome, constituting over
10% of the genomby masgBatzer & Deininger, 2002; Landet al, 2001) The
majority of these elements are suspected to have been inserted in the primate genome 35
to 60 million years agand since then the proliferation rate has reduagdfgiantly by
over 100 fold(Shenet al, 1991) Thus, despite the large number of copies present in the
human genome, only a small fraction of Alu elements areastile and capaelof
generating new copié€Mills et al, 2006; Millset al, 2007; Wanget al, 2006b) The
activity of Alu elements has generated different subfamilies of vgges, each
subfamily being defined and characterizedatset of diagnostic mutatiofdurka &
Milosavljevic, 1991) Each subfamily is thought to have expanded when its master or
source copy accumulated a mutation treh actively transposed to new locations at
different rates antime periods of evolutiofDeiningeret al, 1992; RoyEngelet al,

2001)

The vast majority of the Alu elements currerftyund in the human genome were
inserted before the divergence of humans and chimps, and thus are shared by all
individuals of both species. The small fraction of Alu elements that have been recently
inserted into the human genome are mostly restrictedveral closely related young
subfamilies, with the majority of these young elements being from thai&¥b8 Alu

subfamilies(Batzeret al, 1995b; Batzeet al, 1996) Since almost all of #se young
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Alu elements were inserted into the human genome after the homap divergence,

they are only found in humans. Some of these subfamilies are so recent that they have
members that are polymorphic for their presence or absencegindividualsand/or
populationgArcot et al, 1995; Carteet al, 2004; Wanget al, 2006a) The availability

of a complete human reference genome and large quantities of individual gelatenic

from the 1000 Genome Project have facilitated the identification of these subfamilies and
thar level of polymorphisn{Hormozdiariet al, 2011; Stewarét al, 2011) The
homoplasyfree nature of Alu elements makes their polymorphic insertions very useful in
phylogenetic studies, human population studies, foreagsidDNA fingerprinting

(Batzer & Deininger, 1991, Batzet al, 1994; Novicket al, 1993; Novicket al, 1995;

Roy-Engelet al, 2001)

Our study specifically focuses on hursecific Alu elements from the Yb lineage,
mainly because they are thecond largest young family by the number of copies in the
human genome, comprising 40% of all hurspecific Alu elements with more than 30%
of these copies being polymorphic between indivislaad/or populationsand also
because they are amongst thestractive TE subfamiliegdedgeset al, 2004;
Hormozdiariet al, 2011; Stewargt al, 2011) Alu Yb8 is the major subset of this
family. Its humanspecificity andhigh rate of being polymorphic among humans and its
involvement in human diseases via de novo insertion suggest that this subfamily is still
actively retrotransposinfMurataniet al, 1991; Oldridgeet al,, 1999) The Yb8
subfamily is characterized by a tandem duplication of seven nucleotides from the 246th
to the 252nd position of the AluY consensus sequence. The concurrent mutation and

transposition of certain Yb8 elements generated the Yb9 supfavhich was the latest
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Yb subfamily to be identified before this study and characterized by a C to Getrsingav

at the 274th positiofRoy-Engelet al, 2001) In this study, using a computational
approach we grformed a genomeide analysis of all humaspecific Yb elements to
identify their source copies and to track their recent evolutionary pathway. We
successfully detected at least one driver copy for Yb8 and one Yb8 element that is
potentially the sourceeme for the Yb9 subfamily. We also identified and characterized
three new subfamilies in the Yb lineage: Yb8al, Yb10, and Yb11. Yb11 is the youngest

Yb subfamily reported to date.

2.2 Materials and Methods

2.2.1 Source copy tracking

All humanspecific Yb elementwere retrieved from a separate study (Tanhgl,
unpublished data). The humapecific Yb lineage has members from only Yb8, Yb9 and
the newly identified subfamilies. Each fldingth humasspecific Yb element was
aligned against the reference genomegi8LAST (Altschul et al, 1990)with the e
value set to 18. Based on the BLAST results, any insertions that match more than one
genomic region with equal matching quality were omitted from further analysis as the
source copy of these insertions could not be determined. The remaining sequences were
divided into clusters based on their similarity with one another. The evolutionary relation
between members of each cluster was obtained by constructing a phylogeeeigirig

the neighbour joining method rooted with the Yb8 consensus sequence, and some cases

24



were supplemented with network analysis using the median joining m@hodeltet

al., 1999)

2.2.2 Identification of newAlu Yb subfamilies

Position information for alAlu Yb8 and Yb9 elements from the latest major version
of the human genome assembly GRCh37 were retrieved from Repeat&msikaat al.,
2010)and the sequence for each inegrtvas retrieved from the reference genome. The
poly-A segments from both the 3' end and the middle were removed manually. The
pairwise alignment for all Yb9 sequences was visualized in MEGABuraet al,
2011) A dgnatory sequence was constructed encompassing each of the signature
insertions at the 264position and the mutation at the 259th position. The sequences were
conserved across @lu Yb insertions except for the mutation/insertion base. These
sequencewere aligned against the reference genome using BLAST withvalue of
10°. The resulting matches were filtered using ahonse Perl script to retain only the
sequences that have the signature mutation/insertion. To identify additional insertions of
the new subfamilies that are absent in the reference genome, genome sequencing and
alignment data from the 1000 Genome Project were downloaded to our local server. New
insertions forAlu Yb8 and Yb9 in the six high coverage genome datasets from phase 1 of
the 1000 Genome Project were identified in a separate @tudet al, 2011) the read
cluster for each predicted novel insertion contains all reads from the inserted region.
From the mobile element insertion list geriedafrom the pilot phase 1 data of the 1000
Genome ProjediStewartet al, 2011) we collected 30Alu Yb8 and Yb9 insertions that
are absent in the reference genome but were detected in one or more of the te¢ genome

for which a complete insertion sequence could be constructed. A custom BLAST
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database was created to contain all these new insertion sequences, and the signature

sequences were aligned against this custom database using the abovementioned criteria.

2.2.3 Validation of Yb11 insertions outside the reference genome

The insertion of T after the 200th nucleotide in Yb11 can be the result of a
sequencing error since the preceding base is also a T. To eliminate the possibility of
erroneous results, all reads sequericgd Sanger 6 s met hod were dow
NCBI trace database to our local server. The Yb11 signatory sequence was aligned
against these reads to identify the reads that contain Yb11. A total of 130 reads were
found to contain the YbX8&pecific T insefbn. The Phred quality score of the site of the
T insertion in each read was analysed using a custom Perl script. Three out of fifteen loci
could be confirmed using these trace data. Of the remaining twelve Yb11 insertions that
are outside the referencengene sequence, primers could be designed foklsix
insertions. Five insertions could be amplified by PCR in DNA samples NA19239 and
NA19240 from the Coriell Cell Repositories (http://ccr.coriell.org) and grumse
mixed DNA, all of which received appral from the Brock University Research Ethic
Board. The amplified products were sequenced using the Sanger method at The Centre
for Applied Genomics. The sequencing primers include lspeific flanking primers
and twoAlu-internal primers designed frothe 5' and 3' ends of the Yb11 consensus
sequence, which are TGGCTCACGCCTGTAATC and GACGGAGTCTCGCTCTGTC,
respectively. The internal primers help with difficulties in sequencing through theA\poly
regions withinAlu sequences. The sequences were aligned wiistalW to analyse the
Ybl1-specific site. All newAlu insertion sequences not covered by dbRIP were

processed for deposition into dbRIP (http://dbrip.brocku.ca) under the study 1BD2013
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2.2.4 Analyses of the Yb8al, Yb10 and Yb11 insertion polymorphiants
evolution relations

To assess the level of polymorphism among the insertions of the three new
subfamilies, the start and end position of each insertion was compared with structural
variation(Mills et al, 2011)and mobile element insertig8tewartet al, 2011)data
from the 1000 Genome Project and with entries from difRi@nget al, 2006b) The
phylogenetic tree for all fullengthAlu Yb9, Yb8al, Yb10 and Yb11 insertions along
with the putative source Yb8 copies obtained from previously mentioned clusters was
constructed using the neighbour joining met(®ditou & Nei, 1987)All alignments and
phylogenetic trees were visualized using the MEGA softwaeenuraet al, 2011) The
evolutionary distance and sequence divergence within and between subfamilies were
calculated using the maximum composite likelihood rh¢tdamuraet al, 2004)
involving 181 fulklength Yb9, 65 Yb8al, 8 Yb10 and 15 Yb11 nucleotide sequences

without poly-A sequences at the 3' end and in the middle.

2.3 Results and Discussion

2.3.1 Evolution of recent AluYb elenms
Of all Yb copies found in the human genome, 80% (2,545 of 3,179) are identified as

humanspecific (hsYb), that is, they became integrated into the human genome after the
humarn chimp divergence, and they only include members of the Yb8 and Yb9
subfamiles (Tang et al., manuscript in preparation). In this study, we included all full

length hsYb elements in an attempt to assess their evolutionary pattern and backtrack
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their putative source genes. All such hsYb elements were aligned against all Yb®, 8 and
sequences in the reference genome to group similar sequences into clusters. For each
cluster, a phylogenetic tree was constructed with an outgroup subfamily consensus
sequence as its root to assess the evolutionary relation among clusters and members of
each cluster. The phylogenetic topology for each cluster can provide information on the
potential parent copy for other members in the cluster. In an analysis involving only
hsYb8 elements and their best matches, one particular cluster consists of 714 Yb8
elements. The phylogenetic tree involving all of these elements indicates that one copy of
Yb8 (at hg19/chr10:10493418493732) seemed to have generated multiple active Yb8
copies that further retrtsansposed to produce eventually 713 copies or 54% bf3312

hsYb8 elements studied (Figuzd). This master Yb8 element was most likely the major
driver of the Yb8 expansion after the hurhelmmp divergence. Eight other Yb8

elements were detected that generated at least ten copies of offspring Yb8 elements
These Yb8 el ements with | ower activity | ev
Alu evolution, which states that the stealth drivers do not generate as many copies of Alu
as the master gene does, but rather function primarily to maintain theigenom

retrotransposition caeity over a period of tim@Hanet al, 2005)
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Figure 2.1 Cladogram with 714 hsYb8 elements constructed by the neighbour joining

method. Theelement marked with a bold line (at hg19/chr10:1049311493732) is likely to be

the source copy of all others in the tree. The tree was rooted using the Yb8 consensus, which is
indicated by the black line.

A similar approach was takenbackrack theevolutionary pathway of hsYb9
elements, involving identification and clustering of besttched sequences from the
whole genome. While almost all of the Yb9 elements tested aligned best with one
another, 16 elements aligned best with 16 different Yb8 elané/hen a phylogenetic
tree was constructed with all hsYb9 elements and these 16 Yb8 elements, one particular

Yb8 element at chr14:1019908801991202 was found to be the source of all the hsYb9
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elements, having generated multiple active Yb9 elementsubaequently generated

131 additional fullength hsYb9 copies (Figu&2). Along the evolutionary path of

hsYb9, shown in Figure.2, some clusters have Yb8 elements, which may have resulted
from either reverse mutation to produce Yb8 elements, or ganesrsion or

misannaation of Yb9 copies as Yb@Royet al, 2000)

HH |

Figure 2.2 Cladogram with 131 hsYb9 and 16 Yb8 elements constructed by the neighbour
joining method. Alu Yb9 and Yb8 elements are shown in blue and green, respectively. There is
one Yb8al element in the cluster that matches best with one of the Yb9 elements, shown in red.
The Yb8 copy shown in bold green is likely to be the source of all Yb9 copies dfatfiogram.

The Yb8 consensus (root) is shown in black.
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2.3.2 ldentification of novel AluYb subclasses

Different subfamilies of the Yb lineage are characterized by specific mutations, and
the subfamilies are defined according to the number of mutationsitesespect to the
Alu Y consensus sequen(igatzeret al, 1996) Identification of new subfamilies is
basically the identification of a set Afu elements that share a particular mutation at a
specific site that&s not been previously reported. Using a computational approach, we
performed a genomeide analysis oAlu elements that are currently annotated as Yb8
and Yb9, the two most recent subfamilies of the Yb lineage known to date, to investigate
whether any sgcific mutation beyond the Yb8 and Yb9 signature mutations is shared by
more than one element. To do so, a set oflémgth members of th&lu Yb8 and Yb9
subfamilies were retrieved from the latest assembly of the human reference genome
sequence GRCh3@nd multiple sequence alignment was performed after thefpoly
segments were removed. Upon careful examination of the alignment data, two specific
mutations were observed in multiple Yb9 and Yb8 elements at the 201st (insertion of T)
and 259t h to, réspedtiyely.pMe also observed thiat sequences with the
single base insertion after the 200th position always carry the mutation at the 259th
position and the Yb9 diagnostic mutation at the 174th position, but not all sequences with
a mutation athe 259th position contain the other two mutations. This is only possible if
the sequences with the 259" mutation originated from the Yb8 subfamily as the first
event and then a subset of these sequences accumulated tHiadfisstic 174" ©
mutation, @ vice versa, giving rise to another new subfamily, which subsequently
accumulated the 200insertion to generate yet another subclass of Yb elements.
Following the standard nomenclature/dfis (Batzeret al, 1996) we named the
sequences with the 288 ~mutationAlu Yb8al, the sequences with the $5%and
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174 Y SmutationsAlu Yb10, and the sequences with the 259and 174 ¥ Smutations

and the 200 insertionAlu Yb11 (Figure 2.3 When a Yb8al signatory sequermnde30

bases was constructed and aligned against the human reference genome, 99 Yb10 copies
were identified, among which 75 copies did not have th& 1#mutation (Yb8al), 8

had the 174 Smutation (Yb10), and 16 copies had both the“7mutation and the

200 T insertion (Yb11). A 24ucleotidelong signatory sequence was also constructed

for Yb11, and when this sequence was aligned against the reference genome, 16 matches
were detected, all of which overlap with the results from the Yb10 signatory sequenc
whole genome alignment, which provides evidence for the accuracy of the method. In the
end, we were able to detect 75 Yb8al, 8 Yb10 and 16 Yb11 insertions in the reference

genome (Appendix I: Table 1).
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% GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCOBASELGGG

YD8 T.. 60
YD T.. 60
YD8al ..o T.. 60
YDLO e T.. 60
YD1 T.. 60
2 . . . 3. . .
Y TCACGAGGTCAG®GATCGAGACCATCCTGGCTAXRIBTGAAACCCCGTCTCTACTAA 120
Yb8 S A 120
Yb9 e e A 120
Yb8al ..T .. e A ... 120
YD10 T A 120
YD1l T A 120
. .4 . .9 .
Y AAATACAAAAAATTAGCCGGGEGGTGGCGGGCGCCTGTAGTCCCAGCESGAGG 180
Yb8 v ee—— Correee e 180
Yb9 v e Co, s L 180
Yb8al ... C ... 180
Yb10 ... s Cor, s L. 180
Ybll ... s Corr, L 180
. A1 .5 . . 6 .
Y CTGAGGCAGGAGAATGGUENACCCGGGABCGGAGCTTGCAGTGAGCCGEGATE 239
Yb8 e e A, T.. . 239
Yb9 e e A T.. . 239
Yb8al .. ... SRTTTT A T . 239
Yb10 ... e A T . 239
Yb1l ... o T A T .. 240
7. 8 .8al . .
Y CCACTGCBT CCA------- GCCTGGGCGACAGAGCGAGACTCCGTCTC 281
Yb8 ... G..GCAGTCCG......ccoceerriierere. 288
Yb9 ... G..GCAGTCCG........eevriieeriaenn, 288
Yb8al ........ G..GCAGTCCA ., 288
Yb10 ... G..GCAGTCCA........oeivrirrei 288
Ybll ... G..GCAGTCCA.....ccceiiriiiie 289

Figure 2.3 Consensus sequences Afu Y, Yb8, Yb9, Yb8al,Yb10 and Yb11.The signatory
mutations are numbered in chronological o@ethey were identifiedsing Alu Y as the
baseline.

Besides the reference genome, we also analysed 1000 Genome (RKig#e} data
and seqancing trace data from HuR@fevy et al, 2007) to identify insertions of the
newly identified subfamily members that are absent in the reference genome. We
collected all of the Yb8 and Yb9 insertothat are absent from the reference genome but
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present in one or more individual genome sequences in the 1KGP data, for which
sufficient insertion sequences could be constructed. Signature sequences for Yb8al,
Yb10 and Yb11 were then aligned against trespiences and the HuRef sequencing,
resulting in the detection of an additional 6 Yb8al, 3 Yb10 and 15 Yb11 insertions
outside the reference genome. The insertion of T in the Yb11 elements outside the
reference genome was confirmed by PCR amplificatiahsaguencing for five of these
15 loci and by manually checking the sequencing data from the National Center for
Biotechnology Information (NCBI) trace database for three of tHeégufe2.4; Figure

2.5; Appendix I: Table 2). Therefore, we were able to identify a total of 81 Yb8al, 11
Yb10 and 31 Yb11 insertions, and we can expeatmore of these will be identified

after processing more personal genomes.
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CGEGAGGCTGAGGCAGGAGAATGGC GT[TIGAACCCGGEAAGCGGEAGC TTGCAGT
540 550 560 570 580 590
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Figure 2.4 Identification and quality analysis of Yb11-specific insertion of T in human

genome fragments equenced by Sanger6s met hoa obtained
Chromatograph of a sequence read output from S
specific insertion of T is highlighted. The top bars above the nucleotide labels represent the Phred
quality scores for individual bases. b) The Phred quality score of -$pédgific insertion site in

all reads that have the Yb11 sequence. Each bar represents the gitsestidn in each

individual sequence read. A Phred score of 10 denotes 90% base aaltyc2Q denotes 99%

accuracy and 50 denotes 99.999% accuracy. A Phred score of O indicatestibaée coulahot
beidentifieddue to poor sequencing quality.
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3528_predicted AATTAGCCGGGCGTGGTGGCGGGCGCCTGTAGTCCCAGCTACTGGGGAGGCTGAGEIAGG

108507 AATTAGCCGGGCGCGGTGGCGGGCGCCTGTAGTCCCAGCTACTGGGGAGGOIWGAG(
3528 AATTAGCCGGGCGCGGTGGCGGGCGCCTGTAAMNIMBEGGAGGCTGAGGCAGG

128385 AATTAGCCGGGCGCGGTGGCGGGCGCCTGTAGTCCCAGCTACTGGGGAGGYAWAGC
56065 AATTAGCCGGGCGCGGTGGCGGGCGCCTGTAGTCCCAGCTACTGGGGAGGOIWAG(

55925 AATTAGCCGGGCGCGGTGGCGGGCGCCTGTAGTCCTBAGGCGTGNGGCTGAGGCA®G 6

3528_predicted AGAATGGCGT TGAACCCGGGAGGCGGAGCTT&CA

108507 AGAATGGCAGAACCCGGGAAGCGGAGCTTEEA
3528 AGAATGGCAGAACCGGGAAGCGGAGCTTGHIA
128385 AGAATGGCAGAACCCGGGAAGCGGAGCTTEA
56065 AGAATGGCAGAACCCGGGAAGCGGAGCTWIECA

55925 AGAATGGCAGAACCCGGGAAGCGGAGCTTEA

*kk

Figure 2.5 Alignment of the partial sequence of amplified Yb11 loci that are absent in the

reference genome but present in one or more other individual genome sequences.
Sequencing was done using Sangerds method and
with Phred quality score of above Athe Yb1lZlspecific insertion of T is highlighted. The
amplified | oci are with I Ds of 55925, 3528, 12
predicted sequence obtained from the 1000 Genome Project data for the locus ID
P1_MEI_3528&P2_MEI_466.

2.3.3 Age sstimation

Mutation densities were calculated for each subfamily to estimate the approximate
age of the new subfamilies. Only fldingth or near fullengthAlu elements in the
reference genome were considered (65 Yb8al out of 75, 8 Yb10, and 15 Yb1i1&ut o
and the polyA regions in the middle and at the end were removed. For the 65 elements
from the Yb8al subfamily, the né€dpG mutation density was 0.29% (43 out of 14,625
total norCpG bases). Using a neutral rate of evolution of 0.15% per millios year
primae intervening DNA sequenc@gliyamotoet al, 1987)along with the nofCpG
mutation density, the average age of the Yb8al subfamily was estimated to be 1.93
million years old. For the 8 Yb10 elements)dnCpG mutations were detected out of a
total of 1,904 norCpG nucleotides constituting only 0.26% of them, indicating an

estimated age of 1.73 million years for Yb10. For the Yb11 subfamily, 15 elements were
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analysed with a total of 3,720 n@pG nucledtes; only 4 of these had mutated, yielding

a neutral mutation density of 0.107% and an estimated age of 0.71 million years. To
assess how recent these subfamilies are in relation to the already known Yb subfamilies,
the age of Yb9 was also estimated. fat@f 166 norRCpG mutations were identified

from 254Alu Yb9 family members containing 51,562 RGpG nucleotides; 73 members
were not included in the calculations due to a 5' truncation or a large deletion inside the
Yb9 element. Using the same neuteatkrof evolution and the néddpG mutation density

of 0.32% (166/51,562), the average age of the Yb9 subfamily members was estimated to
be 2.15 million years. The age of the Yb9 subfamily estimated in this study is much older
than that estimated initiallybRoy-Engelet al. (Roy-Engelet al, 2001) mainly because

the total number of Yb9 elements in their study was much smaller than in this study.
However, our estimation of the age of Yb9 is very close to thatifigehin a similar

study, which estimated the age¥h9 as 2.32 million year&arteret al, 2004) The

estimated age for Yb8al indicates that this subfamily originated almost at the same time
as Yb9, which igvidence that Yb8al originated from Yb8. The Yb10 subfamily, which
evolved 1.73 million years ago, should be mostly fixed across all human populations,
while the Yb11 subfamily, at only 0.71 million years old, is most likely to be highly
polymorphic amondnuman populations because it is the youngest. The level of
polymorphism for these newly identified subfamilies with respect to their ages are

examined further in the following section.
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2.3.4 Level of polymorphism
TheAluY family 1 s evol uAluifaniyamdithe Yb lineagewasy ou n g

found to be one of the largest and most active lineages of all ydurejementgCarter

et al, 2004; Jurka, 1993; Wargj al, 2006a) Out of the 2,433 fullength Yb elements

found in the human genome, 499 were found to be polymorphic for their presence or
absence between individuals and/or populations, and a further 304 Yb copies were
identified in indvidual genome sequences that are not preseneireference genome
(Jurkaet al, 2005; Stewaret al, 2011) Since the majority of Yb elements became
inserted into the human genome 3 to 4 milliears ago, we suspect that the very

recently evolved subfamilies contribute most to the polymorphism due to the Yb lineage
since the divergence of the various human populations from their common ancestor
ocaurred only 100,000 years a¢@arteret al, 2004). We assessed the level of
polymorphism for all identified Yb8al, Yb10 and Yb11 insertions by surveding
insertions and deletions in personal genomics data. We compared the insertions that are
present in the refence genome with the structural variation daienfthe 1000 Genome
Project(Mills et al, 2011) Of these, 13 out of 16 (approximately 81%) Yb11l elements
and 2 out of 8 (25%) Yb10 were found to be dimorphic, wilet of 75

(approximately 29%) Yb8al present in the reference genome are polymorphic. We then
compared these polymorphic insertions with dbRIP to identify how many of them have
previously been reported as polymorphic and found that 7 and 2 polymorplad #hé
Ybll elements, respeetly, overlap with dbRIP dai@Vanget al, 2006b) Combining
insertions both inside and outside the reference genome, a total of 28 out of 31
(approximately 90%) Yb11 and 5 out of 11 (approaiely 45%) Yb10 were found to be
polymorphic, while only 28 out of 81 (approximately 34%) of Yb8al insertions were
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identified as polymorphic. The difference in the level of polymorphism is inversely
related to the age of the lineage, that is, the hidteepolymorphism level among

individuals and/or populations, the more evolutionarily recent the lineage. The difference
in the fraction of polymorphic members among the three novel subfamilies confirms that
Yb11 has evolved more recently than Yb10 and Yb8&e relative newness of the

Yb11 lineage is further substantiated when we looked at the sequence divergence within
the members of each subfamily (TaBl&). The mean evolutionary divergence between
each pair of sequences in the Yb8al, Yb9, Yb10 and sbhfamilies was estimated to

be 0.0160.026 0.015 and 0.006, respectively. The divergence value is directly related to
the age of the population, that is, the older the set of sequences, the more evolutionarily
divergent the sequences are. The mearrgieree values provide another line of data
suggesting that Yb8al, Yb10 and Yb11 evolved chronologically during the evolution of

humans.

Table 2.1 Estimates of evolutionary divergence between and within fullength Alu Yb9,
Yb10 and Yb1l elements

Alu Yb8al Alu Yb9 Alu Yb10 Alu Yb1l
Alu Yb8al 0.016
Alu Yb9 0.026 0.026
Alu Yb10 0.019 0.022 0.015
Alu Yb11 0.015 0.017 0.011 0.006

aTheaverage of base substitutions per site of all pairwise comparisons within the group.
bThe average of base substitutions per site of all pairwise comparisons among the members of the two
groups compared.

We also examined the distribution of all polymorpimembers of Yb8al, Yb10 and
Yb1ll in Yoruban, European, Chinese and Japanese populasiogsthe data from the

1000 Genome ProjeBtewartet al, 2011) It was observed that 50%, 64% and 59% of
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polymorphic elementare present in the Yoruban population for the Yb8al, Yb10 and
Yb1l subfamilies, respectively (Figu?eh). These numbers are higher than the
equivalent numbers for the other rafrican populations examined. The highest number
of polymorphic elements weexpected to be present in the Yoruban population as this
was the oldest poation tested in this studystringer & Andrews, 1988)While the
presence or absence of some of the polymorphic elements could notrterzstéor the
Chinese and Japanese popul ations (they are
the rest (approximately 66%) were present in one or both of the Asian populations.
Among these, only one Yb8al insertion was found to be specific hinese

population and the rest are all shared by one or more other populations. In contrast, 15
Yb8al, 5 Yb10 and 10 Yb11 insertions are specific to the Yoruban population, and 2, 3
and 4 of each of Yb8al, Yb10 and Yb11 insertions are specific to thedaur

population. This suggests that the number of populapatific insertions decreases

with the age of the population. In other words, the older the population, the more time
there has been for active youAly elements to retrotranspose, creatingraat relation

between the number of populatispecificAlus and the age of population.
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Figure 2.6 The level of polymorphism forthe Yb8al, Yb10 and Yb11l subfamiliesThe blue
columns at the frorihdicate the number of polymorphic insertions observed in the population
and the orange columns in the middle represent the number of insertions observed in other
populations but not in the population. The presence or absence of polymorphic insertions in
Chinese and Japanese populations could not be determined and these are labeled as
unascertainedd an dCEU,Rgsidents &f dtahevith Ebrgpeag aneegtry;b ar s .
CHB, Chinese from Beijing; JPT, Japanese; YRI, Yoruban population.

2.3.5 Evolutionary pathways for the three newlu Yb subfamilies

The master gene model is the most widely accepted model for the generation of new
Alu subfamiliegDeiningeret al, 1992)even though there many doubts about the idetai
of this modelBatzeret al, 1995b; Cordaut al, 2004; Priceet al, 2004; Schmid,
1993) While this model only gives a hierarchical evolutiontfoe different subfamilies,
the specific evolutionary pathways for the generation of different Yb lineages have yet to
be characterized. The evolution of Yb9, Yb8 and Yb7, the three most recent and

abundant subfamilies of the Yibeage, occurred sequeriya(Roy-Engelet al, 2001)
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In our study, we predict that the evolution of Yb11 took a strict sequential linear
pathway from Yb10 since it contains one more mutation than Yb10 diagnostic mutations,
while the Yb10 subfamily evolved from either Yb8al or Yb9 following one or more
pathwas (Figure2.7). A tree using the neighbour joining method was constructed among
25, 181, 65, 8 and 15 fdiéngth Yb8, Yb9, Yb8al, Yb1l0 and Yb1l elements,
respectively, rooted with the Yb8 consensus sequence (Rdrdhe 25 Yb8 elements
were includedecause these are the only Yb8 copies that one or more of Yb9, Yb8al,
Yb10 and Yb11 had the best similarity score with. It was observed from the topology that
77% of all Yb8al elements have evolved from one individual Yb8 copy, and 63 out of 65
Yb8al copes tested are evolutionarily closest to members of the Yb8 subfamily. This
supports the hypothedisat Yb8al evolved from Yb8 as a separate lineage from Yb9.
Among the 15 Yb11 copies included in the phylogenetic analysis, all of them have
common nodes whtcopies from Yb10 elementspportingheir linear evolutionary

pathway from the Yb10 subfamily.

The diagnostic mutations of the Yb10 subfamily are predicted to have evolved by
following one of two pathways: (1) a Yb9 element obtained the YdsBatificmutation
and retrotransposed to generate the Yb10 subfamily or (2) a Yb8al element obtained the
Yb9-specific mutation subsequently generating the Yb10 subfamily. The phylogenetic
analysis on its own does seem to favour the latter option since the naajoh beading
to the Yb10/Yb11 lineage is closer to the Yb8al cluster. For additional evidence, an
evolution network was constructed for all fiehgth members of the four subfamilies of
interest usig the median joining methdBandeltet al, 1999) The network shows that

the majority of the Yb10 elements are linked closer to multiple Yb8al elements than to
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YDb9 (Figure2.9), further supporting the prediction that the evolution of Yb10 was from
Yb8al by gaining the Yb9 mutation. The accumulation of the-3i¥xific mutation in

the Yb8al copy parent to create the Yb10 subfamily may have occurred by gene
conversion and requires fher analysis for confirmation. A second line of evidence for
the evolutionary pathway proposed here is provided by the linear pairwise evolutionary
distances calculated for the Yb9, Yb8al, Yb10 and Ybl11l elements @-apl&he mean
evolutionary distancéor all sequences between Yb10 and Yb11 was calculated as 0.011,
which is lower than the distance between Yb9 and Yb11 (0.017) or Yb8al and Yb11l
(0.015) indicating the sequential evolution of Yb11 from Yb10 and with Yb8al being

closer than Yb9 to Yb11l.

Yb8

Yb8al (75) Yb9
174 C=G 9 GeA
v "’
Yb10 (8)
200 +T

YbI1 (16)

Figure 2.7 Evolution of the recent AluYb lineage.The subfamilies in black are the current

known subfamilies and the subfamilies in red are novel and proposed in this study. The numbers
accompanying eactubfamily are the total number of copies found in the human reference
genome. The dotted line is the less convincing alternative pathway for the evolution of the Yb10
subfamily.
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» root (Yb8
consensus)

Figure 2.8 Cladogram of dl full -length Yb9, Yb8al, Yb10, and Yb11l elements using the
neighbour joining method. The tree is rooted with th&lu Yb8 consensus sequence, which is
shown in black at the top left.
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Figure 2.9 Network between full length Alu Yb8, Yb9, Yb8al, Yb10 and Yb11l elements

using Median Joining method.Each subfamily forms a cluster based on sequences that is
annotated by circles. The length of each connecting line is relative to the number of mutations.
The nové Alu subfamily Yb8al is closer to Yb8 cluster, Yb10 is closer to Yb8al and Yb11 has
connection only with Yb10 members.

Each of the Yb8al, Ybl10 and Yb11 subfamilies was also tested using the molecular
clock (ML) to assess if all fullength members in easubfamily evolved at a
homogeneous rate. A maximum likelihood test of the ML hypothesis was performed
separately for each of the Yb8al, Yb10 and Yb11 phylogenetic tre@¢opobnd
sequence alignmengBelsenstein, 1981Yhe ML hypothesis states that all tips of the
tree should be equidistant from the root of the tree, or in other words the rate of evolution

of all branches in the tree is uniform. The maximum likelihédalL, was calculated to
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be 990.971 an€@l07.158 for withclock and withoutclock phylogeny, respectively, for
Yb8al, 466.906 and 455.855 for witlock and withoutclock phylogeny, respectively,

for Yb10, and 481.574 and 474.459 for witlock and withoutclock phylogeny,
respectively, for Ybl1The chisquare test based on the difference in the likelihood ratio
between withclock and withoutlock phylogeny rejected the null hypothesis of uniform
evolution for bothAlu Yb8al and Yb10 insertions at a 5% significance level Rith

0.0001 and® < 0.001 for Yb8aland Yb10, respectively. However, we failed to reject the
null hypothesis of an equal evolutionary rate for all Yb11 insertions at a 5% significance
level (P < 0.43) This indicates that neither the Yb8al nor the Yb10 subfamily evolved at
auniform evolutionary rate, and that the evolution of the subfamily Yb11 has been
uniform. This provides further evidence that the Yb8al and Yb10 subfamilies are older
than the Yb11 subfamily since evolutionary uniformity is more likely in a recently
evolval lineage. Furthermore, when the evolutionary relations for alldntith Yb8al,

Yb9, Yb10 and Ybll elements were araly, more divergence among members of
Yb8al and Yb9 was observed than among the members of Yb10 or Kguile@.10),

another indication that the former subfamilies are older than the latter.
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Figure 2.10 Evolutionary relationships of all full-length Yb9, Yb8al, Yb10 and Yb11

elements.The green, blue, red, magenta and neon lines represent Yb8, Yb9, Yb8al, Yb10 and
Ybll elements respectively. The tree is rooted with AluYb8 consensus sequence. The
evolutionary history was inferred using the Neighboning method. The tree is drawn to scale,

with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Maximum Composite
Likelihood method and are in thmits of the number of base substitutions per site. All

ambiguous positions were removed for each sequence pair. There were a total of 254 positions in
the final dataset.
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2.4 Conclusions

TheAlu Yb lineage has an extended evolutionary history in the hgeaome. Even
though the lineage evolved before the huihchimp divergence, most of the insertions
occurred in the last 3 to 4 million years and some copies of this lineage still retain the
ability to retrotranspose. One such active Yb8 copy has genehatest 0% of all
humanspecific Yb8 copies and several others have generated more than ten copies,
indicating the presence of both a master copy and stealth drivers for this subset of Yb8

elements.

The tracking of the source copy in this study enabled wdentify the potential
master gene of all Yb9 elements. The relatively higher activity of the Yb lineage than
almost all otheAlu lineages has generated several subfamilies that were previously
undetected and which share a specific pattern of mutafibinse such novel subfamilies
proposed in this study are Yb8al, Yb10 and Yb11. Even though Yb8al and Yb10 are
believed to have evolved within a short time of each other, only eight copies of Yb10
have been detected in the human reference genome comp@Bedapies of Yb8al.
Furthermore, Yb9 has been estimated to be only 0.22 million years older than Yb8al, yet
the number of Yb9 copies in the human genome is almost five times larger than the
number of Yb8al copies. This indicates that not all oflnesubfamilies grew at an
equal rate and that some mutation patterns may accelerate the rate of transposition. This
is further supported by the fact that the Yislkcific insertional mutation in the Yb10
sequence has accelerated the rate of retrotranspasisiolting in 16 copies of Yb11

since it first evolved 0.71 million years ago. The possibility that certain mutations
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accelerate the rate of transposition and their mechanism should be the subject of further

study.

Yb11 is the latest subfamily to have evolved in this lineage and it is highly
polymorphic among different individuals and/or populations. The generation of these
young subfamilies indicates thalus are still evolving, and this provides some clues
regardng the future trend dhlu activity in the human genome. The homoplase
nature ofAlu insertions makes these very recent genetic variants a valuable resource in

forensics and for studying modern human population genetics and migration patterns.
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Chapter 3: Transposable elements ara significant
contributor to tandem repeats in the human genome

(The content of this chapter washmedod\stl y co
Liang P:Transposable elements asignificantcontributor to tandem repesain the
human genome012.Comp Funct Genomicd012:94708®% wi t h s ome mi nor

The candidate is the main author of this article and was responsible for generating all of

the data included in the article. The manuscript was drafted atitedate and edited
by the corresponding author, Dr. Liang, to its final form.)
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3.1 Background

Over half of the human genome consists of repeat elements. The two types of repeat
elements that are prevalentthe human genome are tandem repeats (TRS) oéseqs
ranging from a single base to mega bases and interspersed repeats that mainly include
transposable elements (TEs). The tandepeats are classified in three major classes
based on the size of the repeated sequemerosatellites for short repeanits (usually
<10 bp), minisatellites for head-tail tandem repeat of longer units (>10 and <100 bp)
and satellites for even larger units (>100bp). Among all types of tandem repeats,
minisatellites and microsatellites have gained increasing attesw@rthe past decade
due to their contribution to intrspecies genetic diversity and uses as genetic markers in
population genetic studies. These repeat sequences arenwatkspall eukaryotic
genomegCharlesworth, 1994yom yeast to mammals and often are highly polymorphic
in populations of the same species. Consequently they are often used as a marker in
numerous genotypic tests, e.g., in forensic fingerpririeffreys & Pena, 1993; Jeffreys
et al, 1985 Spurret al, 1994; Tamaket al, 1995) in population genetid®Armour et
al., 1996) and in monitoring of D damage induced by ionizing radiati@ois &

Jeffreys, 1999)Minisatellites lately have been of particular interest because their
expansion has been implicated in alteration of gene expression often leading to diseases
(Sutherlancet al, 1998) Origin and expansion of microsatellites have been well studied
and the most widely accepted mechanism underlying microsatellites states that the
initiation takes place by chance, and thiegy are expanded by slippsttand mispairing
(Levinson & Gutman, 19870n the other hand, origin of minisatellites and satellites is

very difficult to study, and even though a significant progress has been made in
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understanding the expansion and contraction of such repeats, a numben aspapts

are still unresolve@Bois, 2003) For expansion and contraction of longer repeats, several
lines of evidence suggest gene conversion during meiosis as the major mutational force
rather than replication slippag®lurray et al, 1999; Richard &aques, 2000As for the
direction of expansion, it has been found to be usually polar, i.e., addition of new repeat

unit occurs only at one erfdeffreyset al, 1994)

While the expansion of longer sequences is well studied, the origin or initiation of
such repeats is difficult to understand because it is very unlikely for duplication of such
long repeats to initiate by chance. There are two modelatieatpt to explain the
initiation of minisattelites/satellites. One model postulates sliyge@ohd mispairing at
norntcontiguous repeats when there is a pause during repli¢aagior & Breden, 2000)
Akeyfeatureof t hi s model is that expanded TROs t
Ai ncompleteo, i.e., shorter than other rep
model postulates that when a long sequence is flanked by direct repedf3 bop 5it can

be dupicated by replication slippage or unequal crossingr (Haber & Louis, 1998)

The other major class of repeats in the genome, transposable elements, are ubiquitous
in both prokaryotes and eukaryotes. TEs can mutierges by transposing to new
locations or by facilitating homologyased recombination due to their abundance in the
genome. At least 44% of the entire human genome is composed of TEs that belong to at
least 848 families or subfamiligdills et al, 2007) Majority of the TEs in humans is
contributed by two classes, L1 and Alu. When human genome was compared with
chimpanzee genome, more than 10,000 spegiesific insertions were identified, over

95% of which are conbuted by L1, Alu or SVAHedgeset al, 2004; Millset al, 2006;
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Wanget al, 2006a; Watanabet al, 2004) SVA is a composite element that is derived
from three other repeat elements: SIREVNTR and Alu. A small number of human
specific TE insertions are also contributed by Human Endogenous RetrdJHERV-

K) (Mills et al, 2006) These humaspecific TE inserbns indicate that these TE
families are/were active after the divergence of humans from chimps ~6 million years
ago. Alu family has three large stdmilies, AluJ, AluS and AluY, with their ages being

considered very old, old, and young, respectively.

Even though the effects of TRs and TEs are wtlldied and understood individually,
there have not been many studies that investigated the relationship between these two
classes of repeat sequences. To our knowledge, the first study linking tandem repeats an
transposable elements was reported by Jurka and Gghitka & Gentles, 2006h an
attempt to identify the origin and diversification of minisatellites derived from Alu
sequences. Their work demonstrates how Alweeges can be tandemly repeated
because of short direct repeats flanking the repeat arrays. Later Amg#\eteset al,
2008)also reported 111,847 TRs overlapping with interspersed repeat sequences in an
attempt tocompare between singlecus TRs and muHiocus TRs. They included
microsatellites and all types of interspersed repeats but did not analyze the relationship
between TRs and TEs any further. In the current study, we for the first time assessed the
genomewide contribution of TEs to the generation of minisatellites/satellites TRs,
revealing that at least 7,276 TRs or 23% of all minisatellites/satellites were derived from
TEs. We compared and identified the classes of TEs that are more prone for generating
TRs, and we also examined the mechanisms for initiation and expansion of the tandem

repetition of the TEs.
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3.2 Materials and methods

3.2.1 Collection of TR and TE data in the human genome

The Tandem Repeat dateredownloaded to our local server from the Tandem
Repeat Database (TRDB) (http://tandem.bu.edutmgitrdb/trdb.exe) that documents the
genomic positions of each repeat, consensus repeat sequence and number of repeats
among an array of useful informati¢@elfandet al, 2007) The consensus sequences of
all families and subfamilies of TEs were downloaded from RepBase

(http://www.repbase.od)dJurkaet al, 2005) The positions of all individual T&in the

human genome were downloaded from UCSC Genome Annotation Database for genome
version hgl9 (http://hgdownload.cse.ucsc.edu). The UCSC hgl9 (NCBI Build 37)

version of human genome sequence was downloaded from UCSC website and was
compiled to creata database for BLAST. Algorithms to perform all analytic tasks were

developed irhouse using the programming language Perl on Unix platform.

3.2.2 ldentification of TE-derived TRs

Output from TRDB for all TRs in the human genome was filtered using-hause

Perl script such that they meet the follow
content O 40%, repeat number O 2 and sequ
amay O0O95%. Many satellites are parts of a |

the final set; to avoid this, overlapping TR arrays are separated and the TR with smallest
period from each set of overlapping arrays were used for the subsequent aAalyRes

is considered to be derived from a TE if it meets one of the following two criteria: 1) the
TR repeat unit sequences have a minimum of 70% similarity with the consensus
sequence of a human TE; 2) a TR locus overlaps in position with a TE by airleast
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period. To identify TRs that are at least 70% similar to a TE, the targeted TR repeat
sequences were aligned against the TE consensus database using BLAST by setting e
value at 16, mismatch penalty al and word size at 7. In the second method of
identification, the starting and ending genomic positions of a tandem repeat arrays were
crosschecked using anihouse PERL script. Any TR overlapping a TE by the length of
at least one TR period was considered TE derived. Clustering all selected TRs was
performed by using the NCBI BlastClust tool with a maximal sequence length disparity

of 10% and a minimal sequence similarity of 85% among the members of a cluster.

3.2.3 ldentification and distribution of TE families contributing to TR

The TR repeat unit wadigned pairwise with its corresponding candidate parent TE
using the NCBI bl2seq tool with zero penalty for alignment gap to identify the region of
the TE that is duplicated. The contribution of each TE family and subfamily to TR is
evaluated not only byhe total number of TRs contributed, but also based on the relative
TE abundance, which is represented as the percentage of TE in the subfamily that are
contributing to TR. This relative number is calculated by dividing the actual number of

TE loci involving TR with the total loci of that TE and multiplying by 100.

3.2.4 l|dentification of sequence similarity among repeat units and with
orthologous sequences in other primate genomes

To identify the possible mechanism of TR expansion, 5-8krived TRs with more
than 15 repeat units were randomly chosen for manual analysis. Each individual repeat
unit was aligned to hg19 using BLAT with default parameters to identify all genomic
regions that it matches with. All aligned regions were sorted according to the similarity

score to identify the best match. If the expansion occurred due to sequential duplication
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of the repeat unit, the best matching region would be the repeat unit adjatentetst

sequence. If a TR was generated along with retrotransposition, i.e. simply representing a
copy of a TR in the parent TE somewhere else, then we would expect to see better

sequence similarity elsewhere in the genome than among repeats in trersgméhe

tandem arrays were then aligned with the latest version of chimpanzee, orangutan, gorilla
and marmoset genome sequences using UCSC genome browser in an attempt to find

similar repeat arrays in other primates. If the expansion occurred sloalygth

evolution, each repeat array was expected to have partial to no match with other primate
genomes. Moreover, TRs with higher number of repeat units was expected to had
accumulated more mutations than TRs with smaller number of repeat units due to thei
residence in the genome for a longer time. To test whether TRs with a larger number of
repeats are older than the TRs with a small number of repeats, we surveyed the maximum
sequence divergence among the repeat units in TRs. To do this, we classiited all

LTR12and noAlllPATEder i ved TRs in two classes: one
with 010 units. Repeat units in each TR we
pairwise to one another to create an evolutionary distance matrix amongeaeuweits

using CLUSTALW (downloaded for Linux platform from
ftp://ftp.ebi.acuk/pub/software/clustalwZChennaet al, 2003) The distance is

calculated by dividing the total number of mismatches between two uriitsotat

number of matched pairs. The maximum divergence for each TR was obtained from its

corresponding distance matrix.
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3.3 Results and discussion

In this study, we seek to perform a genewide survey of the contribution of
transposable elements to the gatien of tandem repeats and examine the possible
mechanisms. The starting point of this study consisted of the output data from the
Tandem Repeats Database which provides a compilation of all tandem repleats in
human genome ranging from 1bp to 2000rbpize of the repeat unit. For the latest
assembly of human reference genome (NCBI build 37 or Hg19), TRDB annotates 31,472
minisatellites and satellites (both will be called minisatellites hereafter for simplicity)
with repeat unit length more than 20bpnimum GC content of 40%, minimal number
of repeats of 2 and have at least 95% identity among the repeat units in an array. A
minimal 40% of GC content was applied to eliminate TRs that contain mainly low
complexity or simple repeat sequences, whichd=ive from poly (dT) or poly (dA),
present frequentlyinnebh TR r et r ot r ans p o s-entbpolgAtadkerment s
the internal sequence of Alu or SVA. Of the 31,472 minisatellites, 7,276 (23.12%) were
detected as being derived from transposablaeatés either by sequence similarity with
TE consensus sequences or by overlapping an annotated geronegidn by at least
one period The TEderived minisatellites were then classified into 5,932 clusters based
on their sequence similarity, with eaclister representing tandem repeats that are likely
to have derived from or related to a particular TE. Among the 5,932 clusters, 185 contain

similar sets of tandem repeats that are found in more than one locus in the whole genome

and thus aretermedasmdltocus TRs or fiml TRs arepgropdsédo wi n g

by Ames et al(Ameset al, 2008) and 5,747 clusters contain TE derived TRs that are

present only in one locus in the genome and thus are termed ad®ingl€Rs or

57

a



Asl TRs 0. T hderivseel TR& cantiibbte td &total of 1.05 Mb of sequence or
~0.32% of the human genome, and we believe that these numbers represent a
underestimate of such events that have happened in the human genome, since we may fail
to detect a lot of old TRs as a result of high sequence divergence (see more discussion

later).

3.3.1 Younger and more active TEs are more susceptitlad¢andem duplication
Almost 19% of the TETRs (1,374 of 7,276) are derived from LTR12 and L1PA

subfamilies of retrotransposons. This was expected due to the internal tandem repeat in
the consensus sequence of these two subfamilies. To avoid bias in assessing the general
trend,we treated these separately from those associated with other TE subfamilies. For
the other TEs, the most number of TRs (2663) were found to be derived from Alu, while
ERVs and L1 had 1597 and 601 associated TRs, respectively. Since the abundance for
eachTE subfamily is different in the human genome, the number of TEs for each
subfamily of TEs was normalized for the total number of TEs in that subfamily in the
genome. After normalization, Human Endogenous Retroviruses (HERVS), including the
internal viralsequences and LTRs, exhibit a relatively higher percentage of tandem
duplication (39%), with almost 90% of members belonging to HER3Ubfamily,

which is the youngest and most active ERV. Even though the actual number of SVA
derived TRs is as small as #hen normalized, SVA has the second highest relative
abundance (32%) in terms of generating TRs. Following HERV and SVAs, Alus are the
TE classes with the third most abundant tandem repeats, and all of them belong to the
younger and more active classed &fin the human genome (Figusd.a). When the

subfamilies of Alu are examined for relative abundance of tandem repeats, all subfamilies
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exhibit somewhat similar abundance, with AluY seeming to show slightly higher
abundance (Figuréglb). However, the na abundance of the three major subfamilies of
Alu i AluJ, AluS and AluYi shows a clear increment of relative TR abundance from
AluJ (0.18) to the intermediate AluS (0.24) to AluY (0.40). This also follows the trend of
younger/more active TEs generatingigher number of TRs as AluJ is the oldest
subfamily of Alus, while AluY is the youngest and most active subfamily of Alus. The
age of AluJ has been dated back to 26 million yeargkgpitonov & Jurka, 1996and

no speciesspecific AluJ activity has been identified in the comparative studies between
humans and chimpanzees. AluS diverged from AluJ later and only 262 new AluS
insertions have been identified in humans that happened within last 6 million years ago,
which is a fraction of the total AluS insertions annonated in the human gé€Nbliseet

al., 2006) The youngest family of Alus is AluY and they are believed to be the most
active Alu family in the present human genorfike trend of increasing relative TR
abundance from older subfamilies to newer subfamilies of TEs may indicate that the
initiation of TE-derived TRs, at least for a large number of cases, can potentially be
associated with the retrotransposition procesE=s. In other words, the positive
association between abundance ofdéfived TRs and transposition activity level of TEs
may suggest that retrotransposition contributes to the initiation of TRs, despite the
possibility that the lower relative abundanc& &s on older TEs could also be due to

recombinatiormediated deletion and/or lower detection because of sequence divergence
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Figure 3.1 Relative abundance of major families and subfamilies of TEs that gerate TRs.
Relative abundance is calculated by dividing the number edérived minisatellites by the total
number of members in that TE family. Panel a: Relative abundance of major families of TR
associated TEs. The actual number ofddfived TRs is athe top of each bar. Panel b: Relative
abundance of Subfamilies of T&&sociated Alus. The color shaded boxes are average relative
abundance for the group with blue for AluJ, green for AluS, and orange for AluY. It is evident
that the average relative abamte increases from AluJ to AluS to AluY.

3.3.2 Older TEs have a larger number of repeat units than younger ones

The initiation of TR expansion occurs more often with younger classes of TEs
(Figure3.1). However, once a region is repeated at least once, the increase in the number

of the repeat may occur by previously reported mechanisms for such events (further
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discussed later in the section). When the number of repeats for each major subclass of
Alu is plotted in a graph, a steady decrease in number of repeats from older to newer
class of Alus become clear (Figu82). The AluJ has a mean number of repeat units of
2.42, AluS has 2.31 and AluY has 2.30. iéheveredifferences in variance among these
classes of AlugP<0.0001) However, thee were ndlifferences identifiedin mean

number of repeat units between AluS and AluY in a-taited ttest. But this can be

largely due to the fact that the total number of TRs generated by AluS is more than four
times higher than that by AluY with majority having a repeat number below 3.
Furthermore, the evolutionary distance between AluS and AluY is lesshdianetween

AluJd and Alu§(Churakovet al, 2010) When older AluSubfamilies (AluSx, AluSg,

AluSp and AluSq) were examined, 8.11% of their associated TRs have more than 3
repeat units, while only 6.70% of TRs from AluY have more than 3 repeat units (data not
shown) and the newest AluY element&luYa and AluYb have nd@Rs with more than

3 repeat units. This decrease in repeat number from older to younger families of TEs can
be explained as the expansion of repeat units is a slow process, and it takes longer time to

generate more TR repeats.
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Figure 3.2 Box and Whiskers plot of the number of repeats for TRs derived from the three
major classes of AluThe average number of repeat units decreases from AluJd (2.42) to AluS
(2.31) to AluY (2.30).

When the TEderived TRs witha larger number of repeats were aligned against the
orthologous sequences from other primates, only a portion of the total repeat is found in
the outgroups. In Figurg.3, a 17 tandem repeats of 52 bp from AluJo (from 226 to 278
bp of the consensus sequents aligned against the corresponding sequences in the
outgroup genomes, and only a portioriled total TR are matched these genomes.

Since AluJo appeared in primates 26 million years(&gpitonov & Jurka, 1996the

extra repeat units can be explained as further extension of the common repeat units in the
human genome after the diversion from chimpibsitu duplication rather than by
transposition. This is further supported by our observation in exagnd randomly

chosen Aluderived TRs with a minimal number of repeat units of 15, in which the repeat
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units in an array of TR are best aligned against each other than any other region in the
genome, indicating that one unit was used as the source athtrefor duplication in a

local manner. When the mITRs were investigated, 45 out of 185 mITRs were found to be
variable in number of tandem repeat units in different loci. With exception of one, all of
these mITR clusters follow the same trend of decngasumber of loci with increase in

the number of repeat units (Taldd). This again indicates that the expansion of repeat
units of a TR may occur sequentially with time, for which in a cluster of mITRs, the TRs

with higher number of repeat units & in lesser number of loci.

863bp
Human e ey ey sy sy sy sl . sy ey ey sy, sl > ey iy
Chimp eospop s ) e ) e el el sl ]y d
Orangutan ) sl ) m—)- d
Rhesus < =mdesdimsisdimcatat=Eeadtsdtadaades=a d
Marmoset = d

) Alulo (226-278)

Figure 3.3 A schematic comparison for a 1#epeat TR array involving the 226278bp
region in a AluJo among difference specieS.he human genomic region was compared with the
corresponding region from chimp, orangutan, rhesus and marmoset.
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Table 3.1 The number of mITRs at different repeat units for mITR clusters

Unit size No. of repeat unit  No. of different  TE subfamiliy

of each TR in the loci the TR

cluster appear in
2 36
3 6
6 109 7 1 AluS
17 1
2 36
7 125 3 5 AluS
5 3
20 22 2 212 L1P3/L1PR
2 25
14 268 3 3 AluY
2 13
22 32 3 1 AluS
7 1
2 21
18 161 3 1 AluY
14 2
24 54 2 11 THE1Gint
3 1
2 8 .
32 68 3 1 HERVH-int
3 2
71 352 2 5 AluSx
2 4
55 42 3 1 HERVH-int
6 1
4 3 .
84 49 17 1 MER57A-int
259 42 2 1 HERVH-int
4 1
2 3
89 28 5 1 LTR10F
2 8 .
31 113 3 1 Harlequinint
2 1
208 71 3 1 AluSx
2 3
62 42 3 1 HERVH-int
4 1
2 4
67 31 3 1 AluY/AluS
198 78 2 1 AluS
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3 1
2 1 .
139 664 3 T HERVE-int
129 24 g i HERVH-int
2 1
236 45 3 T AluSx
2 1
145 255 2 T MSR1
2 1
178 102 3 1 AluS
2 2
124 28 > T LTR10F
2 4
47 114 3 1 HERVH-int
5 1
5 1
43 25 5 T L1M5
2 1
244 44 3 1 AluSq
2 3
74 221 3 T AluyY
113 39 2 1 AlUY/AIUS
3 1
2 1
4 2
39 64 5 1 HERVH-int
6 1
7 2
2 2
120 32 3 T AluS
3 1
239 49 = T L2c
13 1
301 32 " T LTR7B
2 10
27 32 3 T AluS
2 4 .
60 63 3 T HERVH-int
2 1
247 46 7 1 AluSx
2 3
82 49 3 T AluS
2 1
212 70 3 T Aludr
2 5 .
33 61 3 2 HERVH-int
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2 3
63 37 3 1 HERVH-int
6 1
2 3 .
80 93 3 1 HERVH-int
2 2
54 42 3 3 HERVH-int
8 1
2 5
40 60 3 1 HERVH-int
9 1
6 1
278 36 9 1 MSR1
2 7
34 30 3 > AluS

When LTR12derived TRs are analyzed, the number of repeats in the internal
sequence is found to be variable throughout the genome. Complying with the relationship
seen betweethe number of repeats and number of occurrence inLAGR12 MITRS, the
larger the number of repeated sequences, the less the number of loci. This provides
evidence that these duplication events have taken place throughout the evolution and the
repeats are poikdy increased sequentially in number. Also for this reason, an entire TR
generated by the older TEs or part of a TR that has existed for much longer time have
been subject to more mutations/deletions than the younger ones. In other words, the TRs
with more repeat units should accumulate more mutations than TRs with smaller number
of repeat units because of their longer residence in the genome. When the evolutionary
di stance among repeat units in TRs with O3
examined,ite mean highest distance found in TRs
TRs with O10 uni 84.Thediferefice iB Maki®um(diveérggneces e
among repeat units between the short and long TRs is statistically significant (two tailed

t-testP<0.0001). This provides direct evidence thatdeived TRs are expanded
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gradually throughout evolution. Some of these TRs or TR repeats may have been mutated
to a point where they have become undetectable as tandem repeats by the current
algorithms. Fothis reason, the number and/or the length of TRs derived from TEs may

have been underestimated.
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Figure 3.4 Box and Whiskers plot of maximum divergence among repeat units in TRs with

O3 and Odnlds.Trheep emetan maxi mal di vergence among r ¢
is 0.5330 and is 0.8049 in TIRRI2andhoAlPFATEB wuni t s
derived TRs. The asterisk denotes that they are significantly different (P<0.0001 )oHtad eval

t-test.

3.3.3 Certain TE regions can act as hotspots for tandem duplication

To see whether hot spots of TRs exist in the genome or in specific region of TEs, we
plotted the TEderived TRs in the whole genome, and no obvious hotspots were seen in
the gemome (Figure ). When the positions of the repeated regions are plotted in AluJ
and AluY, no TR hotspot was identified (Figur&&b). But there are two regions (59 to
137bp and 176 to 206bp) found in the AluS consensus sequence that are spanned by
comparatively more TRs than other regions (Figui@bR There are also two distinct

hotspots observed for LTR12 from 99 to 182bp and from 719 to 841bp (Figaje 3
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This may be due to the fact that TR existed in the original LTR12 sequences and the TR
were popagated also by transposition, different from otheid€&Eved TRs where

initiation and expansion occurred atadter individual TE insertion.
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Figure 3.5 Genomic locations of all TEderived TRs.All individual TRs are plotted onto the
human chromosome ideogram based on their genomic positions in the UCSC hg19 reference
sequence. Chromosomal regions in color are heterochromatin regions which mostly lack
sequence. Despite the ubiquitous but-hormogeneous distribution of Flerived TRs in the
genome, there seem to have no obvious hotfepdiR generation in any part of the genome
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Figure 3.6 Regions of TE that are involved in generating TRs for Alus and LTR12Panel a:
Representation of a selected number of fragments of AluSz that have generated TRs. Selection
was made randomly to demonstrate that the repeat can occur from any region ®ha m&ght

of each bar is proportional to the number of repeats. Green colored regions are duplicated in 2
loci and red colored regions are duplicated in 3 loci; Panel b: The number of TRs spanning each
nucleotide of AluS, AluJ and AluY; Panel c: The nienbf TRs spanning each nucleotide of
LTR12.
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3.3.4 Multiple mechanisms for generation of Terived TRs
Of the 7,276 TEderived TRsthe terminal repeat unit it69 TRsis incomplete

These truncated terminal units araaller in size than the other unitiigXhe same TRy

maxi mum of 10%, i.e., if the wunit | ength o
between 90 to 99bp. Initiation of these TRs can follow the mechanism of skpjped

mispairing proposed byaylor et al.(Taylor & Breden, 200)) as having an incomplete

or truncated repeat unit at the end of the repeat array is a key feature of that mechanism.
Among other TEderived TRs, 300 were found to have flanked by direct repeats of size

5-20 bp.Theinitiation of such TRs can be explained by the mechapigposed by

Haber and LouigHaber & Louis, 1998)According to that model, replication slippage

including gene conversion or unequal crossing over during roegglication can cause

gain or loss of a copy of the region flanked by such small direct repéatsnajority of

these flanking repeats is of size at 7 bp, which is consistent with this model §23ble

(Jurka & Gentles, 2006; Nishizawaal, 2000) These two established mechanisms may
explain initiation of only 6% of all TElerived TRsThe rest 6,816f the total of 7,276
TE-derivedTRs are not flanked by direct repeats or incomplete termapaiat, with the

majority have only two repeat units. Thus these 6,817 TRs are unaccountable by the
currently established mechanisms, and hence are likely subjected to one or more yet to be
identified mechanism(s). Among these, 136 TRs exhibit a speeifiern of repeat of a

partial Alu (average length of 88.6 bp) adjacent to a full or near full length Alu (at least
300bp)The duplication of the partial Alu seql
to recombination or unequal crossioger due to th presence of an enahacleolytic site

i mmedi ately adjacent to the 56 end of the
LINE-1 endonuclease and can function as recombination ho{§adisocket al, 2003)
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It has also been proposed that when the endonuclease acts on such targessrasdgle
nicks can be generated in DNA to promote recombing@Gantleset al, 2005) In

addition to such weltlefined preintegration edonuclease target sequences, potentially
kinkable dinucleotides such as TA, CA and TG can also promote nicking, consequently
promoting recombinatio@urkaet al, 1998; Mashkovat al, 2001) and thus may serve

as potential mechanism of TR initiation

Table 3.2 The distribution of direct repeat length for TE-derived TRs with identifiable
direct repeats.

Direct repeat Number of
length (bp) occurrene
<7 0
7 145
8 a7
9 21
10 11
11 12
12 15
13 12
14 9
1520 28

3.4 Conclusions

While transposable elements are known for genomic rearrangement and expansion of
the genome by transposition, we show in this study that they also play a role in genome
expansion and alternation by contributing to tandem repeats. Over 20% of all
minisatellites/satellites are contributed by TEs, constituting a total length of 1.05 million
base pairs in the human genome, and according to the results of this study, tl@siaumb
and will be increasing.
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Results from this study suggest that the tandem repetition of full or partial TEs can be
triggered during retrotransposition and once it is duplicated, the expansion of the repeat
units can slowly occur through time. Whileraal portion (6%) of TEderived TRs can
be explained by one of the mechanisms postulated so far, the mechanism(s) for the
majority is yet to be identified, thus our results present the need for identifying new
mechanisms underlying the Iderived TRs ini@tion and expansion. Furthermore, no
study has yet revealed the detailed nature of the recombination hotspots adjacent to the
minisatellites in terms of their DNA primary structure, plasticity or secondary structure,
thermal stability, or functionalitfMurray et al, 1999) Understanding these phenomena
will definitely help identifying exact mechanism(s) of tandem repeats derived from

transposable elements.
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Chapter 4: Construction of a genome sequence ancestral to all
modern humans

(Part of this chapter is reprinted from the manuscript Ahmed M, Lia@p®struction of
a genome sequence ancestral to all modern hurivemsiscript in revision.)
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4.1 Background

Genome sequen@nongindividual humans varies in multifarious aspects. The
release of theomplete wholgenome sequencélsanderet al, 2001; Venteet al,
2001)provided, for the first time, a panoramic pictufelee human genome, which has
since aided the progress afplethora of genomeide high throughput technologies for
genomic and functional analyses. The reference genome represents a single or haploid
version of genome sequence, which in turn represecdmsensus genome sequence of a
few individuals, mostlyf a Caucasian background. Therefore, the reference genome
sequence itself provides little reflection of the variations in genomic sequences that occur
naturally between individuals or populatioRather, it can be used as a reference for
identifying variations via comparative genomics. The recent advent of new genomic
sequencing technologies, particularly the Next Generation Sequencing (NGS), has
allowed sequencing of more and more individual geg®that subsequently has made
the identification of various sequence variations among individual genomes feasible
(Metzker, 2010) The human genome projgtianderet al, 2001) the SNP consortium
(Sachidanandaret al, 2001) the International HapMap proje@hternational HapMap
Consortium, 2005)and 1000 Genome Projg@000 Genomes Project Consortiwghal,
2010)have collectively identified more than 15 million sequence variatiotieinuman
genomethemajority of which are contributed by Single Nucleotide Rubdyphisns
(SNPs). The 1000 Genome Project (LKGP), launched in 2008, has been the most recent
and largest project to datehiaveconducted comparative sequence analysis among
individuals from all major populatiorisWest Africa, Europe, East and South Asiad

the America. The pilot phase of the project alone has cataloged ~8.4 million novel SNPs
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and ~840,000 novel insertions/deletigh®800 Genomes Project Consortietral,, 2010)

The results frm all of these large scale comparative studies have enabled us to
realistically picture the existing level of sequence variations in our species both-at inter
individual and intetpopulation level, most often with information of the exact genomic

location.

Along with SNPs, Structural Variations (SVs) have been revealed as another major
type of variation observed in humans that include Copy Number Variation (CNV),
insertions/deletions, and tandem duplications, transloc@om inversiog as well as
transposablelement insertions (TEIs). The current methods of identifying sequence
variations involve aligning the NGS output sequences for an individual genome with the
reference genome and seeking anomalies in alignment. For analysis of SVs, this method
only provides information about structural variation relative to the reference genome, i.e.,
an fAi n sthepresermerad aniexdra block of sequence in the individual genome
compared to the ref er etheabsengeohaobloafseqaencd a fid
in the individual genome compared to the reference genome. Thus, an insertion/deletion
or copy number gain/loss does not necessarily mean a true insertion/deletion or copy
number gain/loss by the order of events during human genome evohutthis has led
to a lot of confusion in defining these terms and difficulties in making sense of these SVs.
In this study, we propose a minimalistic version of a genome sequence that represents the
most recent Common Ancestor to all modern Human Popo&{CAHP) by utilizing all
human sequence variation data available to date and genome sequences of chimp, gorilla
and orangutan (Figure 4.1). The genome sequence of CAHP can serve as a better

reference genome sequemceomparative genomics and evolutoy studies by
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providing an accurate definition about the type of any genomic vanéthtsespect to

the ancestral state of the variahhis genome sequence can also be useful in estimating

the minimal distance and genetic differences between humasttzerdprimates, as well

as with archaic humans, e.g., Neanderthals and others, as their genome sequences become
available. Our study indicates that a total of at least 8.89 million bases of DNA have been
inserted in the most recent major release of theamureference genome (assembly
versionID GCh37) since the most recent common ancestor to all modern humans. While
large insertions contribute the most to the size increase (approximately 68%), mobile
elements are the most abundant type of insertion (&1 2q@i) and over 320,00§ingle
nucleotides in the reference genome are different than in the genome sequence of CAHP.
These data should shed light on the major genetic events involved during the evolution of

modern humans.

Denosivan

Neanderthal

Modern human A 100kya
\

Japanese/Koreal
Southern Chinesq

6 mya

CAHP

I Australian/Papuaa

Amerindian

Figure 4.1 A schematic representation of the wlution of modern human populations.The
branches are not drawn to scale. The phylogenetic relationships are drawn based on information
presented ifiBowcocket al, 1994; Nei & Roychoudhury, 1993; Ohshimizaal, 2003)and

references therei€ AHP, Common Ancestor of all modern Human Populations.
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4.2 Materials and Methods

4.2.1 Constuuction of the genome sequence tiie most recenCAHP

The foundation for the construction of the genome sequence of the most recent CAHP
is based on identifying the regions in the human reference genome that are variable
among different individuals and theising other primate genome to determine the
ancestral state of each of the variable regions. Any change in the human reference
genome since the most recent CAHP should not be fixed in all individuals and thus
should be polymorphic in at least two indivas from different familiesThe
construction othe ancestral genome is based on removing the sequences from the
reference genome that are inserted or adding the sequences to the reference genome that
were deleted after divergence of all modern humanlatipns. In this study, we define
anINSERTION in reference to the CAH&s a block of DNA sequences that is present
in the reference genome or another personal genome, but are absent in the genomes of
multiple human individuals AND also absent in genomes of chimp and other primates
(Table4dl) . This is equivalent to a fideletiono
based on the current reference genomBELETION in relation to the CAHP is
defined as a block of DNA sequences that is absent in the reference genome or another
personal genome, but present in multiple human individuals and at least eheman
pri mate genome. Thiesti®onédquinvahentgenomant i

sequence based on the current reference genome.
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Table 4.1 State of the sequence in chimp, individual human genomeeferencegenomein
the event of insertion or deletion inrelationship to CAHP.

INSERTION IN THE DELETION IN THE

REFERENCE REFERENCE GENOME
GENOME
Chimp Sequence absent Sequence present
Human 1 Sequence absent Sequence present
Human 2 Sequence absent Sequence present
Human Reference Genome Sequence present Sequence absent
CAHP Sequence absent Sequence present

We identified these structural variations in the reference genome compared to at least
two individual test genomes and chimp genome, and the method of @etafotiach type

of variations is described in subsequent sections.

4.2.1.1 Identification of Large Insertions

The large insertions were obtained primarily from data produced by the Structural
Variation team from the 1000 Genome Projddills et al, 2011) The original data were
published for reference genome assembly Hg18, and they were converted for the latest
assembly (Hg19) by using LiftOvéHickeyet al, 2013) The redundant entries and
insertions observed only in one individual were removed usihguse Perl scripts. To
confirm the ancestral state, 100 bp flanking sequences from both sides of each insertion
were mapped against the chimpanzee reference geassambly panTro3 using BLAT
(Kent, 2002xequiring a minimal identity of 90% and a minimal sequence coverage of
90%. Some insertions reported in the 1IKGP do not have the exact breakpoint information
in the genome, raér reported with aequence positiorange for each of the two
breakpoints. For these insertions, 100 bp flanking from both sides of the outer boundaries

were mapped against the chimp genome sequence. If the gap between the mapped
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flanking is not largerttan the combined length of the sequence range for both
breakpoints, the mapped regions including the gap sequence from the chimp reference
genome is aligned back to Hg19 using BLAT. The insertion is confirmed if the mapped
sequence in Hg19 is split into dwparts with a gap in between. If the positions of the start
and end of the gap lie between the two breakpoint ranges originally reported, that
confirms exact breakpoints for that particular insertion. All of the steps are summarized
in Appendix Il Figurel. The final list is crosshecked against other kinds of insertions
identified (described ithefollowing subsections) to avoid redundancy, and eross
checked also with the positions of all pseudogenes in the human genome using an in
house Perl script. Aong all large insertions identified in the reference genome compared
to the most recent CAHP, 21 insertions are found to be pseudogenes. Additional 226 such
insertions are found to overlap with TE insertions (described |thegthey were

omitted from he final list. The insertions for which the exact breakpoints could not be

ascertaineaverestored in a separate lifgtr future reference

4.2.1.2 Identification of Large Insertions
The primary candidates are obtained from the 1KGP data (@id&,2010) with

insertions observed only in one individual removed. 100 bp sequences from both sides of
each insertion were mapped to the chimpanzee reference genome. The gap between
successfully mapped flanking sequences in chimp for each insertion was compared with
predcted insertion size in the test human genome, and events in which the gap size in
chimpanzee genome between the mapped flanking sequences is within 90% of the length
of predicted insertion size are considered as candidate deletions in the reference genome

compared with chimp. Each of these insertions is then manually checked for presence in
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the orangutan and rhesus reference genome sequences using the UCSC genome browser.
For the final candidates, each insertion sequence obtained from the chimp gengme alon
with 100bp flanking sequences was mapped back to human reference genome to identify
the exact position of the insertion and to obtain the inserted sequence. These sequences
are present in other primates and in at least two individuals but absent froontae

reference genome, thus they are likely deleted in the reference genome since the CAHP.

4.2.1.3 Identification of TE insertions

A similar approach was taken for identifying TE insertions in the reference genome
compared to CAHP. The list of TE deletions alied in individual genome sequences
compared to the reference genome was obtained from 1000 Genome Project data
(Stewartet al.,2011) and dbRIP (Wanet al.,200&). Data from the two sources were
treated separately to detect candidate TE insertiong ireterence genome compared to
the genome sequence of CAHP. The final list of TE insertions was obtained after
removing 732 redundant entries from the two sources and then by combining overlapping

insertions into larger contigs.

4.2.1.4 Identification of TE deletons
An approach similar to detecting large deletions is taken for detecting TE deletions.

The initial list of TEs that are found present in at least two individual genomes but absent
in the reference genome was obtained from the 1KGP data (Sesvaar2011). A

100bp sequence from each end of such deleted TEs was obtained from the reference
genome and aligned to chimp and gorilla genomes. The size of the gap between mapped
flanking sequencefor each deletion was compared with the length of deletioimaiiy

reported. If the sizes are similar and if the chimp and/or gorilla genome contains a TE in

80



the orthologous positigavhich is from the same TE subfamily reported in the human, it

is likely that the particular TE got deleted in the reference genoroe the most recent
CAHP. The deletion in the reference genome is further confirmed by manually detecting
the preintegration site requiring the presence of one copy of the TSDs in the reference

genome.

4.2.1.5 Identification of smallinsertions
The small insertins are obtained from dbSN8herryet al, 2001)ranging from 1bp

to over 200bphat are polymorphic for presence or absence in human individuals
Sequence information in the orthologous position in the chimpajereame was

obtained from the UCSC Genome Browsdgtr://genome.ucsc.eljuwhich usedhe

UCSC tool LiftOver(Hickey et al, 2013)to generate such dafBhe sequences of the
smallinsertions in the reference genome were compared with the orthologous sequence
information in the chimpanzee genome in the LiftOver output file using a custom Perl
script. Any insertion that is not present in the orthologous position in chimpanzee is
consdered as an insertion event that took place in the human lineage since the CAHP.
These inserted sequences are removed from the reference genome to construct the
genome sequence of the CAHW®any small insertions thaterefound to have been

inserted in tk reference genome since the CAHP are overlapping or positioned in tandem
order in the reference genome. These overlapping or tandem small insertions are joined
together to form contigs by using arhouse Perl script. Each contig is given a unique

ID. The dbSNP IDs that each contig contains are saved in a separate file for referencing

back.
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4.2.1.6 Identification of tandem repeat expansion

The tandem repeat information for the human reference genome is obtained from the
Tandem Repeat Databa$gelfandet al, 2007). The tandem repeats are filtered by three
criteria: 1) a total length of 30bp or more; 2) a minimum of two repeats; and 3) a
sequence similarity score of at least 98% among the repeating units. A 100bp of flanking
sequence on both side of each TR locus was obtained from the reference genome and
mapped against the chimpanzee genome sequence using BLAT. TRs with at least one
repeating unit missing (i.e., TRs with at least one extra repeating unit in humans) are kept
for further analysis. These extra blocks of repeating units could be results of either
expansion in the human lineage, or deletion in the chimpanzee lineage. To identify the
former events and to confirm that the expansion occurred only after the diveofence
CAHP into different populations, candidate TRs are compared with large insertion data

previously identified to be inserted in the reference genome since the CAHP.

4.2.1.7 Determination of the ancestral state of SNVs

The ancestral state of all single nucleotrdeants is determined by sequence
information in the orthologous position in chimp, gorilla and macaque. Such information
is obtained from a custom track from UCSC genome browser that lists all SNVs with
orthologous variant in those three outer primatermined by LiftOverAncestral
nucleotide is determined as the one, which is most common among the three other
primate genomes. If the nucleoticigheorthologous positions of all three primates are
not similar to one another, preference for detemmgithe ancestral nucleotide is decided

in descending order of chimpanzee, orangutan and macaque. This data includes only
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biallelic single nucleotide polymorphisms that can be mapped to only one locus in the

human genome and are not associated with anigaliconditions.

4.2.1.8 Combining overlapping entries from various databases

After identifying all small insertions from dbSNP, all transposable elemsattions
from dbRIP and 1KGP, and all large insertions from 1KGP that are absent in
chimpanzee, many suchsertions are found to overlap with one another. We combined
the overlapping entries into one entry and given a custom ID to each combined insertion.
We combined 160, 519 overlapping SNP/indel entries into 69,547 combined IDs, 73
overlapping 1KGP large iestion entries into 22 combined IDs and 5 overlapping TE
insertions into 2 combined IDs. Among 69,547 combined SNP/indels into contigs, 242

contigshave a lengtlover 30bp and thesaveremoved tathe dataset for large insertions.

4.2.1.9 Assembling the final geome sequence

The final lists of all variations are cresbBecked and combined for positional
overlaps to avoid redundancy. Edgpe ofvariatiors aresaved iraseparate file in gvf
format. The SNVs are then replaced with their ancestral state in thenefeggenome,
the insertions are removed from and deletions are added to the reference genome
sequence by an-nouse Perl pipeline. The Perl pipeline is coded in reusable and
customizable way to generate the whole genome sequence into individual chremosom
from a set of gvf files. This pipeline is also useful for updating the genome sequence of
CAHP as more variant data are available. The gvf files are also converted to bed formats
using an irhouse scriptwhich can then besed to generate a custom track for UCSC
browser for visualization of the changes, as well as to visualize the ancestral state of any

given genome location specified by the users.
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4.2.2 Analyses of thggenome sequenaghangesirom CAHP to the current
human refeence genome

Size distribution of all insertions was analyzed using custom Perl scripts. The
flanking sequence analysis waerformedu si ng ADR Finder 6, a robu
developed for the project, and it identifies direct repeats flanking any given genom
region. The pipeline is discussed more inghbsection 4.2.4The mechanisms for large
insertions are predicted by the tool breakdegn et al, 2010) The population
information for large insertions and the allelequency of TEs in different population
were retrieved from the 1000 Genome Project (atewartet al, 2011) The position
information of all genic regions asxtracted from the RefFlat file downloadiedm the
UCSCGenome Browser (http://genome.ucsc.ednd the putative functional impact of
the variants are assessed by analyzing their positional overlap with the genic regions
using an irhouse Perl script. The translational impact of each small insertioraisiedt

from dbSNP.

The numbers of large insertion specific to each of YRI, CEU, CHB and JPT
population since the CAHP are absolute numbers and may be affected by varying sample
sizes. The source data from the 1000 Genome Project were generated fron863 D,
30 individuals from YRI, CEU, CHB and JPT populatighilis et al, 2011) The 1KGP
data was generated in two phakéke first phase consisted of only six individuals from
two families from YRI and CEU, whilthe second phase consisted of all other
individuals from all four populations. To avoid bias, insertions identified only in the
second phase of the project wasedfor normalization. The number of large insertions

specific to each population is normadzusing the following formula:
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Whereln is the normalized number of population specific insertion since the CAHP,
is the sample sizésis the raw number of population specific insertion hrsdthe total

number of insertion identified in that population.

4.2.3 ldentification of Deletion in NA18507

The whole genome sequencing (WGS) data of NA18507 were downloaded in sra
format from the TRACE archive in National Center for Biotechnology Information
(NCBI). TheWGS data was generated uspajred end sequencing (2x100bp) with
~300bp insertat~42x coverage by lllumina (Submission ID ERA015743, Accession ID
ERX009609). The sequesswerealigned againgtigl9and ancleach as a reference
genomewith identical parameters using BWA alignment tfldl& Durbin, 2009) The
PCR duplicates from the aligned data were removed and the remaining aligned reads
were sorted using Picaftttp://picard.sourceforge.fjeDiscordant pas from the sorted
dataset werextracted and further alignedinga more accurateommercial alignment
tool Novoalign developed by Novocrdfittp://www.novocraft.com)Two SV detection
tools, MeerkafYanget al, 2013)and Delly(Rausckhet al, 2012) were then applied on
the resulting discordant paired reads agdn#t Hg19and ancMwith identical
parameters that were recommended by the respective authors of the two tootmdositi
of the resulting SVs reported by Delly were crobgcked with all microsatellites loci in
the human genome for positional overlap using Perl scrigteéoout thefalse positive

associated with high levels of rmaignments in microsatelliteegions The SV data
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reported by the two tools were compared with one another both manually anthusing

housePerl scripts.

4.2.4 Development of an algorithm to detect direct repeafBRFinder

The current NGS technol@s providelonger sequence reads than befwoith the
shortest reads above 50 bp&is allows better use tiie SR detection technique which
gives accurate breakpoint information. One of the major benefits of having nucleotide
resolution of SV junctions is that tflanking sequences can be analyzed to assess
putative mechanism. The major mechanisms for SM8IR, NAHR or transpositioi
are associated with repeat sequeméespecific sizes in the flanking regiddRFinder is
an algorithm that can detect repeatsipto a given size within a given range of sequence
from the flanking of a genomic location. The algorithm is extremely flexible as users can
define almost all parameters, with the default values set for analpésultfor common
situations The algorihm is hosted atww.sourceforge.com/p/drfindand freely

available to public for download and use.

The current version of DRFinder is only for Unix system and executable in command

line only. The basic paragters of the algorithm are on the following pag
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Syntax:

drfinder [options] input_file output_file
Input file format: gvf or bed

Options:
-a

Genome assembly for which the input loci ¢ hg19 (for human) or

provided pt3 (for chimp) or
pa2 (for orangutan)

Search repeats only in flanking or Default is flanking only. t

flanking+given genomic region for including the given
region

Maximum flanking region to look for repeats Default is 300. Can be any
value.

BLAST E-value for the similarity between th Default is 1¢°

repeats

Minimum percent similarity between the Default is @

sequences of the repeats

Input file format. Default is g
for bed format.

Minimum length of target genomic locus, ar Default is O which means

entry in a list of input that iselow the given no filtering

length will be ignored.

Set to Ato to all ow Default 1is

between the repeat pairs repeats)

maximum bp difference allowed between th Default is 5

distances of two repedit®m the breakpoints

on both sides

Brings up the help menu

2

The algorithm is packaged in a zip filghich also contains a configuration file. The

configuration file must be updated with correct locagifom various supporting databases

before running the program for the first time.

The toolis designed fodetecing the direct repeats or TS®r TEIS)in down

stream analysis of new SVs. Since whole genome sequencing and analysis is very

accessible nowelays, this tool can bhesedto quickly and efficiently providéhe repeat

sequences around the junctiomBesequencén flanking is a prominent indicator of the

underlying mechanism for a SV, thus combining with other mechanism pvedimol
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like BreakSeq(Lamet al, 2010) DRFinder is a effective tool for predicting the
mechanisnof all SVs that may be detected in whole genome sequence analysis. An

example of use of DRFinder is demonstrate8aantion 4.2.3.

4.2.5 Making anclavailable to public online

Construction of an accurate genome sequence of the most recent CAHP is a
continuous process. Ancl is the first assembly of the genome sequence using all currently
available data. This assembly can be improved with timeoas sequencing datand
more SVsbecome available. A website has been developed and hosted at
http://[genomics.brocku.cAhcestralGenome that walerveas the central repository of

the CAHP genome sequence project.

A computationapipeline has been devgled to easily incorporate any new change to
the genome sequence of the CA&Pmore data become available. When the new
changes are presented in a gvf file, the lpigeautomatically compares them witre
current list of changes to avoid redundancy, and theneiaichanges, the algorithm
automatically combines them to generate the whole genome sequence of ancl. This
pipeline is easy to operate and has extensive help documents so that upgrading the
genome squencedf CAHP remairs a continuous process aitghrovidesa valuable

resource to thuman genetics and evolution researocimmunites

The download section of the website contains the whole genome sequence separated
by each chromosome packaged in coesgediles. These sequence data can be
downloaded and used as the reference genome for analysis of personal genohine data.

large insertions in theurrentreference genome that were to be deleted to obtain the
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ancestral genome but could not be achidvesthuse of lack of informatidor exact

breakpoint are saved in a separate flat file and available for download. Furthermore, all
changes fronthereference genome are available for download in gvf file for8iate

the most potential use of ancl is agf@erence genome instead of using Hg19 for

personal genome analysis, it may be necessary for research purpose to convert Hg19
genomic coordinates into orthologous ancl coordinates. The conversion of genomic loci
between two genome assembliescanbe dgneKent 6 s t ool LiftOver
UCSC Genome Browser. The chain files required for conversion of loci between hgl19
and ancl are also available for downloading (ancltohgl9.chain and hgl9toancl.chain). A
2bit file of the whole ancl genome is als@iable for download as a database for BLAT
(Kent, 2002) which is one of the fastest genom&e alignment tools. A list of all repeat
elements with their loci in ancl is also generated using RepeatMasker and miaddeavai

for download.

A genome browser hosted in UCSC is a standard tool for visualizing entire genome
along with all other available associated data, such as sequence polymorphism, gene
annotation, gene expression, splicing variants, and .sbhenbrowseprovides
interactivevisualization of the sequence and numerous catiwahodify the viewing
options. Almost all annotations, termedti@cks for the entire genome can be visualized
by turning them on or off. We have processed ancl to make a custénfoiréhe
browser and integrated that in the website for easy representation of ancestral artholog
regionsof agiven genomic region ithe reference genomEei@ure4.2). Users can also
align a given sequence to the reference genome and see how ancl differs in the aligned

region using the browser.
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Figure 4.2 A screenshot of the genome browser for a random location in the reference
genome.The green bar indicates the regions that are absent in the genome sequence of CAHP,
the blue bars indicate that the nucleotides at these positions are different in thel@AktPthe
reference genome. Panel a is a screenshot of a larger area containing numerous SNVs and SVs,

while panel b is a screenshot of a smaller region (993 bp) that contains a deletion in ancl and two

SNVs.
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