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“Problems worthy of attack prove their worth by fighting back.”

Piet Hein

“The problem of automated repeat sequence family classification is inherently messy and
ill-defined and does not appear to be amenable to a clean algorithmic attack.”

Bao and Eddy, 2002

“It is not so very important for a person to learn facts. For that he does not really need a
college. He can learn them from books. The value of an education in a liberal arts college
is not the learning of many facts, but the training of the mind to think something that
cannot be learned from textbooks.”

Albert Einstein

“The world has more problems than it deserves and has more solutions that it is using.”

Anon
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Repeat Elements are some of the most misunderstood sequences in our genomes.
They have a bad reputation of being harmful. However, there is clear evidence that
though some repetitive sequences might be harmful, they can also be putatively adaptive
as they might increase expression of genes that might, in very broad terms, increase
fitness of an organism.

The reason for their absence in most genomic studies is in the di�culty in classifying
their location and copy number due to the use of less than perfect sequencing techniques.
In this thesis, my mentor and I hope to alleviate this disparity in the community by
proposing a novel method of identification of repeats using a de novo approach.

We use available programs as well as custom pipelines to be able to identify the correct
copy number and locus of these repeats to better understand genome architecture of the
Drosophila genus and to gauge the evolutionary dynamics of transposons within it.
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Chapter 1

Introduction

Most studies that bother with the matter at all usually tend to only worry about coding
genes [1] – genes that have a say in what drives our cellular activity; however there is
something more potent lurking in the background of our genomes, something that defines
us more than what we can physically see. The e�ect of this source is both, alluring and
elusive to us; we have not had the resources to study them as we did coding genes –
knocking them out and using GFP tagging. These sequences are interesting, and also
very repetitive.

1.1 Repeating Elements
Repeated sequences are patterns of repetitive nucleotides (dNTPs) that occur in multiple
copies throughout genomes [2]. The most abundant sequence in DNA comprises of repeat
elements. Repeat elements are found in all sorts of domains of life from Animalia [3] to
Plantae [4] to even Archaea [5]. A significant fraction of the genome (about 40% to
70% of eukaryotic genomes) is composed of repetitive sequence, which influences genome
organization, gene expression, and genome evolution [6]. The major categories of repeat
elements include terminal repeats, tandem repeats and interspersed repeats.

1.1.1 Terminal Repeats
Telomeres are terminal repeats that prevent premature chromosomal degradation [7], [8].
Telomeres are the ends of chromosomes and contain a G-rich series of repeats. Telomerase
recognizes the end of a repeat sequence, and using an internal RNA template, it extends
the parent strand and adds additional repeats as it moves down the parental strand. The
lagging strand is then completed by DNA Polymerase-– [9]. This is important for cell
immortalization and fidelity of future generations [10].

1.1.2 Tandem Repeats
Tandem repeats are shorter bursts of repeats that occur right next to each other. They
are thought to arise through DNA strand slippage during replication and are of unknown
function [14]. They can have simple dNTP repeats such as (AUG)n [15] or can have
much longer repeating dNTPs. Tandem repeats describe patterns that are useful when
determining an individual’s inherited traits, genetic profiling, and for forensic testing
[16], [17].
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1.1.3 Interspersed Repeats
Interspersed repeats or interspersed nuclear elements are like tandem repeats in that they
include specific dNTP sequences that are repeated throughout the genome. But unlike
tandem repeats, which occur right next to each other, interspersed repeats are non-
adjacent and are spread throughout the genome of the organism. The most important
of these elements are called Transposable Elements (TEs) or transposons, and they act
pseudo-independently of other pathways [3], [20], [21].

1.2 Transposons
First discovered by McClintock in maize when trying to explain disparate nature of the
colors found on kernels [22], transposons are the most abundant mutagenic locus [23]–[25].
McCLintock attributed transposons or "jumping genes" [26] to chromosome-breaking loci
due to their recombination [22]. TEs are some of the most abundant elements that occur
in eukaryotes [24].

The Selfish DNA hypothesis [15] implies that these are sequences that parasitically
spread across the genome of a host by forming new copies of themselves. They are similar
to viruses, which act as parasites and hijack host cell machinery to forcibly replicate
themselves at the cost of the host’s viability [27]. Activity and expression of TEs in the
human brain reveal that neurons are susceptible to somatic genomic alterations [29].

TEs can be classified based on their independence into autonomous and non-autonomous
TEs.

1.2.1 Autonomous TEs
Autonomous TEs can move by themselves [26], and they can either be retrotransposons
or DNA transposons. They are defined by their ability to encode their own RTs and
ligases in the case of retrotransposons [4], or their own transposases in the case of DNA
transposons [25].

1.2.2 Non-autonomous TEs
Non-autonomous TEs require external machinery in order to transpose [30], usually from
another autonomous TE. They di�er from autonomous elements in their inability to code
for their own RTs and integrases, increasing their dependency on mother elements. It is
critical to note that retrotransposons still need host cell machinery in order to transcribe
[31]–[33], but the transcribed RNAs are independent after that point.

Transposons are can also be split into two classes based on their replication mechanism
[30] – Retrotransposons and DNA transposons.

1.2.3 Retrotransposons
Also called RNA transposons, retrotransposons increase their copy number within the
genome via an RNA intermediate [36]. They have a copy-paste mechanism [26], by
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which they first transcribe themselves into an RNA intermediate by hijacking host cell
transcription machinery by either pretending to be genes or inserting themselves near
genes [37]. Then, via a reverse transcriptase (RT) and integrase, they reverse transcribe
that RNA back into DNA and insert it within the genome of the host. Most, but not all,
retrotransposons encode their own RTs and integrases as eukaryotic cells often do not
encode RTs or integrases [38], [39]; however, this is not always needed.

Their regulation can also be a�ected by so called "Mother elements", which can control
their excision, transcription, reverse transcription and integration back into the genome
[40]. Through this mechanism of "copying" themselves and leaving the original intact,
at every cycle, the copy number of the particular element that has been transcribed and
integrated increases [41].

They do this in a myriad of ways such as (1) by either disrupting gene pathways or
genes, (2) plugging back in promoters inactivating them and halting the gene pathway,
or (3) within insulators, inactivating the insulators and allowing that gene pathway to
be over-expressed [26], [28], [42], [43].

1.2.4 LTR Retrotransposons
Long Terminal Repeat retrotransposons are classified due to their long terminal repeats
flanking the internal region of the TE; this internal region can either code for RTs and in-
tegrases, transposases, or just be junk DNA [Figure 1.1]. Their size ranges from anywhere
between 25kbp, such as Pisum’s Ogre TE [47], to the 100 bp range. All autonomous
LTR retrotransposons encode two genes, a group specific antigen (gag) and a polymerase
(pol) [48], [49]. A gag codes for the core structural proteins of retroviruses; whereas a pol
is a DNA polymerase. They were first discovered because of their relative abundance in
the maize genome [22].
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Figure 1.1: LTR Transposon Schematic

LTR retrotransposons can be further divided into the following classes based on their
sequence homologies:

1.2.4.1 Endogenous retroviruses (ERVs)

These are the most important LTR transposons that comprise about 10% of the mouse
and human genomes [50]. Endogenous retroviruses can play an active role in shaping
genomes [51].

1.2.4.2 Ty1-copia retrotransposons

These are abundant TEs mainly in plants and algae. They code for the following domains:
protease, integrase, RT and a ribonuclease in that order [24], [52] . In Drosophila, there
are between 20 and 60 copies of a copia element within every genome [28].
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1.2.4.3 Ty3-gypsy retrotransposons

Ty3-gypsy TEs and the Ty1-copia are similar in that they code for particular protein
domains in a particular order. However, gypsy elements code for a protease, an RT,
a ribonuclease and an integrase in that order. Based on specific protein domains and
sequence motifs, they can be subdivided into categories such as Chromoviruses, Erran-
tiviruses and Ogre elements, which are some of the largest TEs to infect plant life
[47].

1.2.5 non-LTR Retrotransposons
Non-LTR retrotransposons are present in most eukaryotic genomes including that of
humans Autonomous elements contain an RT domain [53]. Their general structure is
presented in Figure [Figure 1.2]. Within the non-LTR family, there are subfamilies of
TEs called Short Interspersed Nuclear Elements (SINEs), Long Interspersed
Nuclear Elements (LINEs), and SVA/Alu elements, the last of which are abundant
in human populations.
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Figure 1.2: non-LTR Transposon Schematic

1.2.5.1 LINEs

LINEs are a very abundant group in eukaryotic cells and higher organisms. About 17%
of the human genome is made up of LINE elements, but almost all have lost the ability
to transpose [56] (except for line-1). They have evolved to be autonomous in nature by
coding for their own gag, pol, RTs and integrases [57].

1.2.5.2 SINEs

SINES are the only TEs that have evolved to be non-autonomous by nature. They did
not evolve from autonomous elements that lost their ability to self-transpose and use
host-cell or intra-transposon proteins to excise. They have relied on LINEs to transpose
from the start of their evolutionary lineage [56]. We know this as most of the sequence
within this family is junk and thus cannot be annotated to protein domains.

1.2.5.3 SVA

SVAs are composite elements made from fragments of 3 others elements, namely SINEs,
VNTRs and Alu elements. SVAs are the youngest retrotransposon family in the human
genome and a number of diseases are known to be caused by SVA insertions [58]. SVA
It is a family of repetitive sequences in the human genome and is classified as a SINE.
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1.2.5.4 Alu

Alu elements are non-autonomous retrotransposons characterized by Arthrobacter luteus
(Alu) restriction endonuclease activity [59]. A significant portion, over 10%, of the human
genome, consists of Alu elements [2], [60], [61].

1.2.6 DNA Transposons
DNA transposons migrate through the genome via a cut-paste mechanism [53]. This sys-
tem of motion needs an enzyme called a transposase [26], that caters to both the excision
and integration of the DNA segment. Transposases (a subset of DNA transposons), the
enzymes that cut DNA, are never perfect in their activity [62]; they leave irregularities
at the locations, creating insertions of random base pairs, or delete preexisting base-pairs
(indels) in DNA. These extra bases, or lack thereof, can interfere with gene and protein
activity and thus are crucial to long-term viability [63]. Unlike retrotransposons, DNA
transposons have an e�ect on the loci from which they are excised and also the loci to
which they move [63]. They are found in both prokaryotic and eukaryotic genomes, and
comprise a large part of the latter’s genomes within non-coding regions [15], [64]. About
3% of the human genome is made up of DNA transposons, but they are "fossils", or
remnants, of a past where our lineage had mobile TE activity [27], [65].

There is also a subsection of DNA transposons called Rolling Circle (RC) trans-
posons a.k.a. Helitrons, which transpose via a rolling circle replication mechanism using
an ssDNA intermediate [66].

Due to their repetitive structure [54] as well as their adaptive or debilitative e�ect on
the genome, TEs have often been excluded from genomic studies [67].

It is important to know the major classes of TEs, as they a�ect gene expression
di�erently from each other, which was most blatantly seen in McClintock’s 1956 study
of maize [22]. This occurred due to specific and stochastic modification of kernel color.
This could only have occurred if there were random activation and repression of genes;
something that could be easily explained by a highly mobile element/group of elements
that inserted into or out of a locus, activating or deactivating it [22]. TEs a�ect gene
expression by modifying gene expression near their sites of activity [25]. They can do
this by moderating expression via promoters (initiates transcription of certain genes),
enhancers (increase likelihood of transcription of gene) and repressors (sequence, if bound
to by specific protein prevents transcription of the gene) of gene pathways [70]–[72].
They can modify methylation at sites [73] and their mobilization near promoters and/or
enhancers can activate them [74]. TEs damage the genome by upregulation of mutagenic
and oncogenic sites [75], but can also help us identify these sites [76], [77]. Transposons
can permanently a�ect gene expression in an individual [78] and their progeny [7], [8],
[21], [79].

1.3 Genome Evolution
TE evolution is di�erent from host evolution in the following ways: (1) their sequence
can evolve independently of host genome sequences as they do not code for anything
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that their host cell needs; and (2) they are mobile, and their transposition a�ects host
cell viability, making them adaptive if their insertion/excision makes the host cell more
competitive, or debilitative if their insertion/excision makes the host cell less competitive.

1.4 Context of Study and Research
TE insertions can harm the genome, or insertions can be coopted by the genome to be
beneficial [89]. Our research is interested in how these are copied and coopted by the
genome to become adaptive.

We need unbiased annotations of the TEs to know how they have been coopted. The
pipeline described in this paper is the result of a search in the literature and resources
that have been developed by other groups. The set of annotations gained as a result of
this pipeline will serve as a valuable resource for future studies in the lab as well as the
field.

1.5 Sequencing and de novo Classification
It is easy to identify TEs based on sequence similarities with a database or other indi-
viduals of the same genus/species [95], [96], but what of recent stochastic TE genome
insertions? These new TE insertions, which might have come from another species, can-
not be classified as TEs if they are not in an existing database, and would be classified
as host cell sequence by default [30].

We need to be able to classify sequences de novo so that there is no interference from
other repeats and no sequencing bias. This bias arises from incomplete assemblies due
to using short reads. Each method has its own advantages and drawbacks, which need
to be compensated for. Whole genome sequencing has given us the opportunity to study
organisms and systems in a way that would not have been previously possible. However,
all sequencing technologies are not alike and choosing a method is dependent on the type
of data required for the study.

1.5.1 Illumina Sequencing
The most common and cheapest form of DNA sequencing, Illumina benefits from high
accuracy due to high coverage reads. It does this by sequencing all parts of the genome
multiple times and then aligning those contiguous sequences [97] to form a whole genome
assembly. Most of the read lengths range from 75-150 bp. This is not very e�ective
in sequencing and analyzing the copy number of TEs as most of them are much larger
than this length [54] and occur many times in the genome, thus making assembly nearly
impossible.

1.5.2 PacBIO SMRT
PacBIO’s Single Molecule Real Time (SMRT) sequencing is a real time sequencing
method that eavesdrops on and harnesses the power of the DNA Pol as a sequencing
engine as it works to replicate DNA. Instead of normal dNTPs, SMRT uses phospho-
linked nucleotides (plNTPs) attached to a di�erent colored florescent label, which is
attached to each of the 4 dNTPs, which is removed and emits a light when DNA Pol
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base-pairs it to the parent strand. This emission is recorded as a base-pair in DNA, a
phenomenon which is compounded as more bases are added, creating a strand a sequence
of letters [99]. It allows for much longer read lengths, but is a very expensive method, and
cannot be used by most labs that require both high-throughput and regular sequencing
strategies.

1.5.3 Nanopore MinION
Oxford Nanopore’s MinION is much cheaper than Illumina and PacBIO for a single
sequencing run. Unlike Illumina, it produces long reads [100], but those reads are incon-
sistent and not very accurate in their sequence [100], [101]. So, this is a method better
suited for determining the genomic location of repeat elements, but not the particular
sequence of those repeat elements (which can be sequenced properly using Illumina).

Most species that are regularly studied have already been sequenced using Sangar se-
quencing, and then later improved upon by a mixture of Sangar and Illumina sequencing
protocols [98], [102], [103]. This implies that their sequence is well known, but at long
repeat loci, their arrangement is up to debate due to the inability to properly align con-
tiguous sequences (contigs) to a particular locus [28]. Most of these get collapsed to the
same genetic locus over and over, not showing their spread throughout the genome. They
are missing many of their longer TEs from the current version of their genome assembly.
However, 16 di�erent species of Drosophila, spanning millions of years of evolution, have
high quality genome assemblies made from long-read sequencing technologies [104].

These assemblies across species di�er in their reliance on short vs. long read data,
the programs used in their analysis, and most importantly, in the parameters chosen to
analyze the data. In order to compare TE evolutionary dynamics between species, we
need a comprehensive annotation of TEs in these genomes that use the same approaches
for each of the species such that they are comparable. We also hope to estimate the age
of each of the present TE families based on sequence divergence within Drosophila as well
as sequence divergence between other species. This information can be obtained from
running the pipeline on all Drosophila species and another model organism separately,
and then comparing their similarities. This would tell us a few things: (1) the time
the TE arrived within the Drosophila genus, (2) its activity across the genus, (3) its
mutagenic capabilities, and (4) its e�ect on the host genome. We will also be looking at
sequence similarities between and across these species to estimate the activity of these
TEs.

1.6 Repeat Identification
As seen above, sequencing strategies are not all alike; they have their own advantages
and downfalls. In the same way, methods of identification of TEs are also very di�erent.
They are divided into Homology-based identification and de novo identification.

1.6.1 Homology based
This is a much faster approach to identifying TEs, which is accomplished by comparing
the sequence of the individual to a database of known TEs. Its accuracy depends on
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the completeness of its library. This is very e�ective and accurate if all the known TEs
are in the database, and it will miss TEs in the genome if their sequence is absent from
the database. It is unlikely that every single TE is present in the database as new TE
families and TEs are regularly discovered.

1.6.2 de novo based
de novo identification is much slower than homology-based identification but is much
more complete as it searches for new repeats without the dependence on a database.
It is more complete than homology-based identification as it can identify potential TEs
that are not present in the homology database. It is able to do this based on the fact
that TEs have a very similar sequence and are usually present in multiple copies in the
genome.

We are in the process of creating a set of comparable TE annotations across Drosophila
via a repeat analyzing pipeline. We classified these repeats de novo using RepeatMod-
eler and RepeatMasker, and created custom Python scripts to filter out new repeats
based on previously classified ones and assign them to a family based on sequence sim-
ilarity. We hope to have a single-command pipeline that can be used for de novo iden-
tification of repeat sequences from any species; however, we have been working solely
with Drosophila ourselves so that we could compare our results and postulate whether
they were accurate for the pipeline to be used by other species. Having a database or a
pipeline to create such a database is crucial to understanding TE activity across species
and their evolutionary constraints and e�ects on the host genome.

We hope to be able to answer the following three questions after the completion of
the pipeline, and after we have run the pipeline on the sequences from the Drosophila
genus attained through di�erent sequencing technologies:

1. Is the abundance of simple repeats positively correlated with the abundance of
transposable elements?

2. Does sequencing technology (Nanopore vs. Illumina vs. Sangar) a�ect identifica-
tion of TEs?

3. D. melanogaster has many young, active LTR retroelements. Are there evolution-
ary transitions within Drosophila where some species become dominated by other
families of TEs, or do all species of Drosophila have abundant LTR retroelements?

1.7 Advantages of Our Study
Studying TEs across species of the Drosophila genus is confounded by:

1. E�ort in identifying TEs within each species; and
2. the Quality of the assembly.

Studies such as the Evolution of genes and genomes on the Drosophila phylogeny [1]
and Strong phylogenetic inertia on genome size and transposable element content among
26 species of flies [105] have a few very potent disadvantages, when accounting for the
repeat content within Drosophila. These specific studies were confounded by:

http://www.repeatmasker.org/RepeatModeler/
http://www.repeatmasker.org/RepeatModeler/
http://www.repeatmasker.org
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1. having used short read sequencing technologies such as Illumina in order to esti-
mate TE content.

• This method is inherently faulty as it does not adequately assemble repeating
elements longer than a certain number of basepairs (maximum as 100 for
Illumina).

• Regions that actually have repeats within them will get collapsed onto them-
selves, increasing the coverage values for those regions.

2. having variable quality of assemblies that do not allow for proper annotation to
sequences.

• In the 12 Genomes paper [1], some species were sequenced very deeply, and
others were sequences with low coverage.

3. di�erences in the amount of e�ort used to generate each of these assemblies.

• This might also a�ect in identification of TEs.
• A bias in the amount of TEs annotated per species is created when not hav-

ing the same strategy and parameters when sequencing and assembling the
genome of each of these species, respectively.

Since our study was aimed at identifying the variability of TE content within the
Drosophila genus, we needed to account for all the aforementioned scenarios. Thus, our
study has the following advantages:

1. standard approach to identify TEs across all species.
(a) Di�erential protocols to elucidate TEs within a genome lead to di�erential

annotations of TEs and thus, an imperfect correlation.
2. Using assemblies generated using the same approach.

(a) We used the genomes provided in the Drosophila 15 Genomes Project by Miller
et. al [106].

(b) We used these as they had been assembled using the same protocols, and using
Nanopore (long read) data, which also allowed us to properly annotate the
frequency of each of these TEs.
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Chapter 2

Methods

All work was done on Amarel, a "condominium" style computing environment developed
to serve the university’s wide-ranging research needs. We had to download Anaconda, a
Python package management software in order to manage python packages and for easy
downloading of particular software. Each program was called using a shell script specific
to Amarel’s guidelines.

2.1 Installing Programs and Packages
We would have omitted this section, as most programs and packages can be installed using
Anaconda; but the two programs used most, RepeatMasker and RepeatModeler
are not contained within the Anaconda environment, and have dependencies of their
own.

What follows is a brief description of how we installed each program we used to create
this de novo pipeline along with the command(s) and/or methods required to install
programs not contained within Anaconda. A brief description of programs installed
using the websites of their respective developers is listed in [Table 2.1]; and, programs
installed using Anaconda is provided in [Table 2.2].

2.1.1 Main Programs
The major programs we used were downloaded from the developper site, and main pro-
grams we used downlaoded from developer site. mentioned in table x

2.1.2 Other programs
All other programs could be installed using Anaconda, a Python package manager.
All programs could be installed using conda install <name of program> or an equiv-
alent command on the Bash command line. Bash is a simple, yet powerful programing
language that runs on the Linux shell.

Most Anaconda install commands could be found on the Anaconda website, or
with a quick Google search.

Further information of all programs is contained within Section 6.

https://rutgers-oarc.github.io/amarel/#serialjobs
https://anaconda.org/conda
https://www.google.com/
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Table 2.1: Programs installed directly from developer site

Program Name Version Function

RepeatModeler Open-1.0.11 de novo repeat family identification and mod-
elling.

RepeatScout-1 1.0.5 Discover repetitive substrings in DNA.
RepeatMasker Open-4.0.7 Align RepeatModeler sequences to proper

name if possible.
RepeatMasker
Libraries

Vol.23; Issue 10 Includes TRF libraries; library of all anno-
tated repeats in multiple species.

RECON 1.08 RepeatModeler dependency; automatic
de novo identification.

nseg ¶ RepeatScout dependency; low complexity se-
quence identification

2.2 Creating the de novo pipeline
The programs mentioned above were used in order to create the pipeline for de novo
identification of repeat elements.

Many challenges needed to be overcome and optimizations applied in order to faith-
fully represent the presence of repeats, specifically TEs, in the genomes of Drosophila.
The overview of the whole pipeline is shown below in [Figure 2.1] with a more simplified
version in [Figure 2.2], and reasoning and particular information for each stop follows it.

2.2.1 Obtaining Sequence Data
2.2.1.1 Nanopore Sequences

Nanopore sequences were also obtained from the GitHub repository by Danny Miller
titled Drosophila15GenomesProject, which contained assembled Nanopore sequences of
the following species that were created using their corresponding stock numbers [Table
2.3 ].

We then had to unzip the files, which was done by the single command:
1 gunzip $FASTA_name

Listing 2.1: Unzipping Fasta

2.2.2 Running RepeatModeler
RepeatModeler is a de novo repeat family identification and modeling package that
is a pipeline that runs many other programs such as RepeatScout, RECON, TRF, all of
whose information is given in the section "Programs Used"[6].

A RepeatModeler Database was needed so that RepeatModeler could be run.

https://github.com/danrdanny
https://github.com/danrdanny/Drosophila15GenomesProject/tree/master/assembledGenomes
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Table 2.2: Programs installed using Anaconda

Program Name Version Function

Python3 3.6.5 [GCC 7.2.0] General purpose file management and calcu-
lation.

BedTools 2.27.0 Genome arithmetic and format conversions.
Perl5 5.8.8 RepeatModeler dependency; program-

ming language
TRF 4.0.4 RepeatModeler dependency; public

database of tandem repeats
NCBI BLASTX 2.5.0+ Find possible gene alignments from all se-

quences.

RepeatModeler simply identifies repeats in the genome assembly and wherever
possible, renames them to repeats that have already been identified. This is beneficial,
as it saves time for identifying repeats de novo, for those sequences already present in the
literature. This segment of RepeatModeler does a homology-based search to minimize
on time the algorithm takes to run.

Despite RepeatModeler identifying repeat elements within the genome assembly,
it does not know what to annotate novel repeats as; furthermore, it also identifies repeats
that are not transposons, such as: repeating genes from multi-copy gene families.

2.2.3 Running UCLUST
RepeatModeler runs itself multiple times in order to better annotate repeats. It then
creates a directory in which it stores all the information of these runs within subdirecto-
ries. It also creates a few summary files [Table 2.5].

Since consensi.fa.classified is in a very easily parsable format and also has more
information, this file was used for further analysis. This file had the whole sequence of
the repeat identified, and wherever possible, a possible annotation to a class.

UCLUST, a clustering algorithm that "merges" similar sequences to clusters, was run.
This process is described in [Figure 2.4] and [Figure 2.5]. Sequences that might have
been caught by RepeatModeler multiple times and annotated as something di�erent
were eliminated in this step. Those sequences were clustered and reported only a single
sequence that encapsulated all the information from other sequences.

2.2.4 BLAST
Basic Local Alignment Search Tool (BLAST), created by the National Cen-
ter for Biological Information (NCBI) is a tool that finds regions of similarity
between biological sequences of DNA, RNA and peptides. There are many flavors of
BLAST [Table 2.4] that finds similarities across and between these biological sequences.
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Figure 2.1: Pipeline Overview

It compares the query that we give it against a database, which we might provide, or
that is already provided in the program suite.

There are certain genes that are present in multiple copies called gene families [107].
Therefore, after clustering the RepeatModeler data using UCLUST, removal of those
repeat sequences which were genes was done in order to identify probable TEs.

Only the peptide sequence for D. melanogaster was downloaded from Fly Base Genome
Releases FTP Client, as it has been extensively studied.

Though this was a peptide sequence, blastX requires a custom database format for
lookups, which had to be generated; after which, the output from UCLUST could be run
through blast and we could get a blastX output.

Contained within the blast output were a list of matches with the name of the
UCLUST query along with its aligned gene in the D. melanogaster peptide sequence.
Also contained within it was alignment information, encapsulating the start and end of
the query, start and end of the sequence (database entry), and the length of the alignment.

This file could be easily parsed in order to see which repeat sequences aligned to
genes.

ftp://ftp.flybase.net/genomes/
ftp://ftp.flybase.net/genomes/
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Figure 2.2: Pipeline Overview [Simplified]

2.2.5 BedTools Implementation and Custom Pipeline 1
After finding particular repeats that were aligned to genes, we needed to parse through
them and find out which ones were actually genes. No programs existed to perform the
tasks we required, so we had to generate our own pipeline using Python and BedTools.

Alignments from the blast output were grabbed and formatted it in a way that was
readable by BedTools.

IDs and their alignment information had to be given to BedTools Merge (mergeBed).
mergeBed merges overlapping alignments and outputs a single longer alignment [Figure
2.8]. Alignments to the reverse strand were identified by having the start alignment locus
to be after the end alignment locus, and it was switched before running the data through
mergeBed.
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Table 2.3: Nanopore Assemblies from GitHub

Species Stocks and Stock Numbers

D. ananassae 14024-0371.13
D. biarmipes 14023-0361.02

D. bipectinata 14024-0381.07
D. erecta 14021-0224.01

D. eugracilis 14026-0451.02
D. mauritiana 14021-0241.01
D. mojavensis 15081-1352.22

D. persimilis 14011-0111.01
D. pseudoobscura 14011-0121.94

D. sechellia 14021-0248.01
D. simulans 14021-0251.006

D. triauraria 14028-0691.9
D. virilis 15010-1051.87

D. willistoni 14030-0811.00
D. yakuba 14021-0261.01

mergeBed would identify the length of the alignment, but not isolate those align-
ments based on highest alignment length or score. This had to be done using another cus-
tom piece of Python titled blastx_combined_name_separator.py. This would merge
single gene-repeat alignments and report the maximum alignment to the gene.

Figure 2.8 shows the procedure of blastx_combined_name_separator.py. It first
merges the two alignments for Repeat-ProteinA alignment; after which it compares
the lengths of those alignments.

AlignmentA + AlignmentB < AlignmentC

As the length of Repeat-ProteinB is greater than Repeat-ProteinA, it is more likely
that the repeat aligns to ProteinB.

Despite having a higher alignment to the Repeat than ProteinA, the repeat element
might still not be a gene. If the repeat aligned to the gene very little, it is unlikely that
the repeat is a gene. To account for this, we had to check if the following condition was
met:

Length of Alignment

Length of Repeat
Ø 0.5

If the above condition was met, then it is likely a gene as it aligns very well to the
gene with some small gaps at the end. The threshold of 0.5 was chosen as it is a standard,
but can be easily altered if need be. It was chosen as it is a good estimate of whether a



Chapter 2. Methods 16

2018/11/13, 12)30Honors Thesis

Page 1 of 1about:blank

Download
$fasta_file from

server
$fasta_file

Running RepeatModeler

@param:  $db_name

@out:    consensi.fa.classified
         $log_file

Engine = NCBI 
Parallel Cores = 28

Build
RepeatModeler

Database
$db_name

Figure 2.3: Running RepeatModeler

Running RepeatModeler

@param:  $db_name

@out:    consensi.fa.classified 
         $log_file 

Engine = NCBI  
Parallel Cores = 28 

consensi.fa.classified

Running UCLUST

@param:  consensi.fa.classified

@out:    $uclust_output

method: cluster_fast 
option: centroids, id 
threshold = 0.9 

$uclust_output

Figure 2.4: UCLUST

sequence is a gene or not. Too high more genes occur in the output file and thus won’t
be e�ciently filtered.

If the condition passed, then those repeats were added to the file $uclust_genes, and
if the condition did not pass for that alignment, they were added to the file $uclust_-
no_genes for further filtering and analysis.

2.2.6 RepeatMasker and Custom Pipeline 2
Two files were returned by our implementation above, one with repeats likely to be genes,
and another not including those sequences.

We used RepeatMasker to annotate the $uclust_no_genes if they matched pre-
viously described TEs. The RepeatMasker parameters we used are present in Table
2.5.

We also had to account for Chimeric sequences, which are sequences that are made
from two or more TEs. We used the same threshold as we did for Unknown sequences.
More information can be found out from repeat_masker_parser.py on GitHub.

RepeatMasker returned sequences that had aligned to repeats that have already
been identified to be of particular families and classes. Our custom pipeline then ac-
counted for those repeats and included them in the $uclust_post_match file.
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Figure 2.5: UCLUST Algorithm

Table 2.4: Types of BLAST algorithm

BLAST Name Query Database

BLASTN Nucleotide Nucleotide
BLASTX Translated Nucleotide Peptide
tBLASTN Peptide Translated Nucleotide
BLASTP Peptide Peptide

The $uclust_summary file encompasses all repeats that have been classified and those
that have not.

For the newly unidentified sequences, we needed to summarize if they had been
identified as new repeat sequences, or if they had been identified by RepeatMasker.

2.2.7 Transposon Frequencies
Transposon counts within the genome were calculated by adapting RepeatMasker to
output the alignments of the identified transposon sequences, and then counting those
alignments with code.

The RepeatMasker algorithm is described graphically in [Figure 2.11]. This shows
how RepeatMasker collects the data from the 5 predefined TEs (for illustrative pur-
poses), finds the sequence within the genome assembly, and then outputs their frequen-
cies, as well as their locations within the assembly. 1

2.2.8 Summarizing output
After completing the run of the pipeline, we needed to confirm that it has worked as
to our expectations. We also needed to summarize all identified repeats. We ran a

1Please note that the numbers that appear within [Figure 2.11] are pseudo-random and do not mean
anything. They are simply present to help explain the methods with which we adapted RepeatMasker
to attain our results.
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Figure 2.6: BLASTX

custom Python script to parse through the output files and grab TE families that were
identified.

We created a summary file that has the following information about the run:

1. Species of the run.
2. Recent modification date/time.
3. Date/Time of run.
4. Total number of sequences identified by RepeatModeler.
5. Total number of sequences clustered by UCLUST.
6. Total number of base pairs of TEs within the genome assembly.
7. Total number of base pairs of simple repeats within the genome assembly.
8. Size of the genome assembly.
9. Number of new sequences identified that are not genes.

10. Names of aforementioned sequences.
11. Number of new sequences identified that are genes.
12. Names of aforementioned genes.
13. Working directory information.
14. File summaries of:

(a) Python scripts used.
(b) Input/Output files.
(c) Intermediate files used.

Note: Summaries of unused intermediate files and temporary files not included.

All of this information was useful in creating and analyzing the data, within and
outside the pipeline. It also assisted us in easily parsing the data without requiring to
open each intermediate file and reading its data/metadata.
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2.3 Analyzing Data
2.3.1 Quality of Assemblies
Assessment of assembly qualities was required in order to ascertain whether we had good
data to begin with. We estimated the assembly quality for each species using N50, a
common metric defined as:

The N50 is defined as the minimum contig length needed to cover 50% of the
genome.

This means that at least half (50%) of the assembly is contained within the contigs that
are the N50 or larger 2.

2Keith Bradnam gives a good explanation of the N50 statistic on his blog acgt.me.

http://www.acgt.me/blog/2013/7/8/why-is-n50-used-as-an-assembly-metric.html
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Figure 2.9: RepeatMasker and Custom Pipeline 2

2.3.2 Runs
The run of each species was contained within a single directory with the name structure:

<species>_<sequencing method>_<date of run>

This included the output files, the summaries as well as the data files which we needed
to analyze collectively.

In order to account for this scattering of data, we copied all relevant files into another
directory that was out of the directories which contained the runs for each species called
identified_TEs.

2.3.3 Spearman Correlation
A lot of correlation plots were created (emphasized in §2), for which we needed a corre-
lation coe�cient.

The most common form of correlation, the Pearson’s correlation test, also includes
outliers, which would skew the data quite a bit. In order to account for this, we used
Spearman’s correlation.

rs is the Spearman Correlation, as defined by Equation 2.1:

rs = 1 ≠ 6
q

d2
i

n(n2 ≠ 1) (2.1)

where:

• di = rg(Xi) ≠ rg(Yi), the di�erence between the two ranks of each observation;
and
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Table 2.5: RepeatMasker Parameters

Parameter Description

-e ncbi Using NCBI as a search engine.
-pa 28 Using max number of cores assigned by

the system.
-norna Eliminates/excludes RNA sequences.
-no_is Eliminates/excludes bacterial sequences.
-gff Parsable output file format.
-species drosophila Specifies species database for identified re-

peats; though stating drosophila, it only
encapsulates D. melanogaster.

-dir $dir_RepeatMasker Specifying the directory to be made and
data copied into.

• n is the number of items.

Spearman’s correlation was used as it proves/disproves correlation appropriately by in-
sulating the e�ects of outliers within the data [109].

Since our dataset is unlikely to contain ties, the above formula would report the
correct values. When the data contains ties, Equation 2.2 would have had to be used.

rs = flrgx,rgy =
cov(rgx, rgy)

‡rgx‡rgy

(2.2)

where:

• fl is the standard Pearson’s correlation;
• cov(rgx, rgy) is the covariance; and
• ‡rgx , ‡rgy are the standard deviations of the ranked variables.

Formula selection was done within R by default. We did not have to specify the
formula used.

2.3.4 Repeat Frequency
In order to find the frequency of certain classes of TEs, we needed a way to isolate the
classes. This was accomplished by a few scripts of Python code, namely:

1. trf_repmask_condensor.py
2. merged_Sat_to_out.py
3. class_condensor.py; and
4. class_name_condensor.py
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TE 1 = 07, 010 090, 100 190, ...
TE 2 = 09, 000 085, 910 995, ...
TE 3 = 04, 010 090, 100 190, ...
TE 4 = 06, 000 085, 910 995, ...
TE 5 = 04, 010 090, 100 190, ...

TE 1
TE 2
TE 3
TE 4
TE 5

RepeatMasker
(Using BLAST) 

Figure 2.11: RepeatMasker Algorithm

The first three scripts were performed on each individual run of a single species, but the
last scrip (class_name_condensor.py), was carried out on the sum of the output of all
runs, so that we could get a single file that contained all the data we wanted.

The code for all these scripts is provided in the appendix in the order they were run.

2.3.5 Simple Repeats, Satellite Sequences and Unknown elements
RepeatModeler identified all repeats in the genome and attempted to classify them
into categories such as:

1. LTR,
2. LINE,
3. DNA,
4. RC...

and for those it could not classify with vigor, it identified them as Unknown. For
sequences it attempted to identify, but is not completely sure of their class, it assigns
them the class, and appended the class name with a question mark (?), for example with
[ SINE? ].
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During analysis, Unknown sequences got classified as either Satellite sequences
and/or Simple Repeats by TRF. At the end of our analysis, most if not all Unknown
repeating sequences were identified as either Satellites or Simple Repeats, so in the fol-
lowing file:

./identified_TEs/<species>_condense_classes.txt

it is key to note that Simple Repeats and Satellites are the same as all Unknown repeat
elements, so the base-pairs of either set can be ignored for further analysis as they mean
the same. Unknown repeats were ignored as they have been classified as one of the
other.

BedTools intersect (intersectBed) was used in order to find the overlap between
these sequences, and a diagram visually elaborating this process is shown in [Figure 2.12].

Figure 2.12a shows whether a certain repeat is likely a TE or wholly comprised of a
Simple Repeat. 0.8 rational coverage was used by intersectBed to define this boundary.
Figure 2.12b shows the input for intersectBed. It only outputs the two sequnces on the
right of the second BED file, as the ratio of rmask : TRF Ø 0.8. The rmask signifies the
raw RepeatMasker ouput that encapsulates all identified repeats (including Unknown
repeat annotations). This was intersected with the TRF ouput (which contained Simple
Repeats) and the resultant was shown. Reassignment of IDs could then be done to those
reported sequences.

Unknown TE Simple Repeat

Unknown * Simple Repeat

(a) Unknown TE vs. Unknown Simple Repeat

BED file #1 (TRF)

BED file #2 (Rmask output)

Reported as Satellite/SRUnreported

(b) intersectBed input

Figure 2.12: Unknown accomodation

2.4 GitHub
All the code used to create the data we will soon talk about is provided in the GitHub
repository called de_novo-identification curated by me, Dr-Drosophila.

https://github.com
https://github.com/Dr-Drosophila/de_novo-identification
https://github.com/Dr-Drosophila
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Due to the inability to store large files due to GitHub’s size restrictions on free
accounts, we are not able to provide the FASTA files for the sequences we used, but they
have been linked to earlier in the document.

https://github.com
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Chapter 3

Results

3.1 Genome Assemblies
We retrieved 16 assemblies from two studies [106], [110]. These assemblies were created
using the same protocols, thus allowing us to compare our data across species. They were
produced using Nanopore sequencing, which produces long reads of the order ≥ 10 kbp

read .
This gives us confidence in our ability to compare our data across each species.

A tabular and graphical representation of the quality of the assemblies is provided in
Table 3.1 and Figure 3.1.

Table 3.1: Genome Assembly Qualities of Drosophila

Species Assembly size Contigs Average contig size N50

D. ananassae 189221946 371 510 032.199 461 2612784
D. biarmipes 182453935 661 276 027.133 132 2791184

D. bipectinata 163165444 570 286 255.164 912 567431
D. erecta 130293209 58 2 246 434.637 931 16960765

D. eugracilis 159429531 546 291 995.478 022 1010701
D. mauritiana 134165749 266 504 382.515 038 4738483

D. melanogaster 131856353 208 633 924.774 038 3866686
D. mojavensis 168142858 122 1 378 220.147 541 5220960

D. persimilis 163933157 415 395 019.655 422 3429058
D. pseudoobscura 159031139 361 440 529.470 914 2983193

D. sechellia 138120607 109 1 267 161.532 110 7712364
D. simulans 133725236 76 1 759 542.578 947 7762389

D. triauraria 173623250 482 360 214.211 618 741655
D. virilis 169714588 141 1 203 649.560 284 4170062

D. willistoni 194955081 489 398 681.147 239 1515988
D. yakuba 143252825 111 1 290 565.990 991 5227393
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Figure 3.1: Summary of Genome Assembly Qualities
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3.2 Pipeline Results
3.2.1 Pipeline Summary
The pipeline we ran consisted mainly of running RepeatModeler, and then cleaning
up the data, which included assigning repeat elements identified by RepeatModeler to
genes and annotating those not identified as genes to TE classes using RepeatMasker.
A detailed version of the pipeline is shown in Figure 2.1 and a simplified version is shown
in Figure 2.2.

We ran RepeatModeler to identify all repeating elements de novo. RepeatMod-
eler takes anywhere between 15 ≠ 27 hours based on the size of the genome assembly;
larger the assembly, the more time RepeatModeler takes to run. RepeatModeler
identified between 446 sequences for D. simulans to 1459 sequences for D. biarmipes.

RepeatModeler outputs a FASTA of all sequences it identified to be repeats. Some-
times, those repeats recur within the output FASTA as RepeatModeler identifies
sub-sequences as repeats themselves. In order to account for this, we ran UCLUST, a
clustering algorithm that clusters sequences that are contained within larger sequences.
This allows us to work with fewer sequences, and thus makes downstream annotation
easier. In total, we clustered between 13.13% (for D. melanogaster) and 26.03% (for D.
ananassae) of all sequences identified by RepeatModeler.

RepeatModeler identifies repeating sequences within the genome. However, not all
repeating sequences are TEs; some might also be repeating genes. To account for these,
we ran blastX, which reports significant alignments to genes. We used the e-value of
10≠10, as it would show proper alignments to genes within the D. melanogaster peptide
sequence. We chose D. melanogaster as it has a very well annotated transcriptome.
blastX further reduced the number of RepeatModeler sequences by 0.036% (for D.
melanogaster) to 1.59% (for D. ananassae) of the dataset from UCLUST.

Though RepeatModeler attempts to annotate repeating elements as TEs, it is
not perfect. We used RepeatMasker to properly annotate those repeats present in
RepBase. RepBase has most if not all repeating elements that have been classified
across the genus, and it was very e�ective in identifying most TEs.

More detailed information about the number of sequences identified at each step of
the pipeline are given in Table 3.2.

3.2.2 Annotated TEs
RepeatModeler provides TE family annotations within its algorithm. However, from
the RepeatModeler output, we are not able to identify what family the TE belongs
to and whether it has been identified by RepBase.

RepeatModeler assigns each consensus sequences to a known class (LTR, DNA
. . . ), as a Satellite or Simple Repeat; if unable to classify the element, it lists it as
Unknown. RepeatModeler was able to assign a majority of the consensus sequences
to a particular TE class. However, for the elements not assigned to a particular TE
class between 1 (D. pseudoobscura) and 18 (D. mojavensis) were assigned to Sat/ST
and between 27 (D. melanogaster) and 415 (D. triarauria) were assigned as Unknowns
[Table 3.3]. It is apparent that D. melanogaster would have the least number of Unknown
identifications as this species has been extensively annotated.

https://www.girinst.org/repbase/update/browse.php?type=All&format=EMBL&autonomous=on&nonautonomous=on&simple=on&division=Drosophila&letter=A
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Table 3.2: Number of Putative TE Families Identified After Each Cor-
responding Step of Pipeline

Species RepeatModeler After UCLUST After blastX

D. ananassae 1361 1006 990
D. biarmipes 1457 1151 1136

D. bipectinata 1161 937 920
D. erecta 482 386 372

D. eugracilis 1027 769 746
D. mauritiana 499 383 371

D. melanogaster 632 549 547
D. mojavensis 575 490 481

D. persimilis 1113 902 881
D. pseudoobscura 951 797 772

D. sechellia 619 479 465
D. simulans 446 369 357

D. triauraria 1019 902 886
D. virilis 651 514 506

D. willistoni 1380 1167 1140
D. yakuba 848 649 635

Some sequences were identified as rRNAs, but they have been omitted from the counts
in Table 3.3.

3.2.3 Using RepeatMasker to Identify TE Classes
In order to classify each identified repeat as a family, we needed to run these sequences
through RepeatMasker which runs a homology-based search of a query, against the
RepBase sequences. RepeatModeler annotated those sequences in Table 3.3.

Table 3.4 shows how many sequences moved from the Unknown category to being
annotated as TEs and vice versa. More elements moved from being annotated as TEs
to Unknowns as RepeatModeler was rather lax in assigning classes to those elements.
This is apparent by a decrease in number of TEs identified and a stark increase in
Unknown sequences. We trusted RepBase as it contains all the sequences we know so
far, and is most widely used in homology-based searches.

Please note, that there is not a perfect correlation, as RepeatMasker also assigns
some Unknowns to Sat/SR, a category of repeats not shown here.

3.2.4 Unknowns Identified
We plotted the percent of Unknown sequences identified against the total amount of
repeating sequences identified and the size of the assembly in Figure ??. This was
mainly done as a sanity check.
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Table 3.3: RepeatModeler Assignment of Families

Species Classified as TEs Sat/SR Unknown

D. ananassae 1134 14 208
D. biarmipes 1121 11 326

D. bipectinata 950 10 201
D. erecta 414 9 59

D. eugracilis 883 16 128
D. mauritiana 448 11 40

D. melanogaster 595 10 27
D. mojavensis 439 18 118

D. persimilis 838 6 269
D. pseudoobscura 683 1 267

D. sechellia 574 8 37
D. simulans 396 10 40

D. triauraria 594 10 415
D. virilis 510 4 137

D. willistoni 1084 11 285
D. yakuba 729 9 110

D. melanogaster has a highly annotated genome, so we expected a low percent of
Unknowns are accommodated within the genome assembly. This was correct.

We also noticed that D. persimilis and D. bipectinata have much lower percent of
Unknowns, but this might be because:

1. There are no new TE insertions within these two species, or
2. All TEs within these two species have already been identified in other species.

3.2.5 Copy number for RepeatModeler Consensus Sequence
For each species, we needed to find the copy number of TEs of each class within the
genome. In order to do this, we used RepeatMasker again with di�erent parameters
and a custom library to find the frequency of each TE within the genome assembly.
The custom library we used was the sequence information that had been clustered by
UCLUST and the filtered for genes. This gave us the copy number of each sequence.

Figures 3.4 and 3.5 show the percent of repeats identified as each class and the base-
pairs of each class across all the species.

Our study showed the same pattern of repeats as a previous study [105], in that we
report the same percentages of annotations per total annotations. However, we were able
to classify many more sequences as TEs and each of our categories has a higher number
of basepairs as compared with the study. This was because their use of short read data,
which reduces the frequency of TEs identified within the assembly. The genome coverage
percent we identified is shown in Table 3.6.
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Table 3.4: Number of Repeats Identified per Species

Species TEs Unknown

D. ananassae 679 311
D. biarmipes 656 480

D. bipectinata 646 247
D. erecta 286 86

D. eugracilis 547 199
D. mauritiana 307 64

D. melanogaster 496 51
D. mojavensis 220 261

D. persimilis 543 338
D. pseudoobscura 455 317

D. sechellia 375 90
D. simulans 296 61

D. triauraria 318 568
D. virilis 267 239

D. willistoni 674 493
D. yakuba 482 153

3.3 TE and Sat/SR Content vs. Genome Size
According to a previous study, the number of basepairs in Drosophila corresponding to
a coding region are relatively constant [108]. This would also mean that abundance of
TEs is directly related to the size of the genome assembly, and in turn, the genome.

It has been known for a long time that genome size is correlated with repeat content
[111]; with larger genomes, come more repeats. We sought out to find which repeats
correlate higher with increase in genome size. We also wanted to see how this correlation
varies across di�erent TE classes.

In Figure 3.7, a rs = 0.9088235 between the repeats identified by RepeatModeler
(i.e. TEs) shows that there is a high correlation between TEs and the size of the genome.
This correlation was highly significant as we noticed a p < 2.2 · 10≠16.

Furthermore, some TE classes show a higher correlation with genome size than others
[Figure 3.8]. The line shown for each facet in Figure 3.8 is a regression line, but it is clear
to see that DNA, RCs and LTRs have a higher correlation to genome size as compared
to LINEs, Sat/SRs and Unknowns.

We noticed a large range of correlations from rs = 0.761 for the artificial class Un-
known all the way to rs = 0.479 for LTR elements. all of these correlations were signifi-
cant with a p < 0.05 except for LTR, which and a p = 0.062.

With a rather high rs = 0.9088235 for all repeating elements, and the relatively lower
correlations of each of the other TE classes, we can say that there is not a single element,
but rather all elements play a compounding role on the genome size of the species.
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It is key to note that Chimera and Unknown are artificial categories created by us in
order to simplify analysis. Unknown contains all elements that might have been identi-
fied by RepeatModeler, but did not align su�ciently with any sequence in Repeat-
Masker. Chimera contains all elements that match with something in RepeatMasker,
but match very highly when two elements are combined, and are a product of two classes
of elements being present in a single repeating element identified by RepeatMasker.

3.4 Genome Size contraction in melanogaster subgroup
As is evident in 3.5, the melanogaster subgroup, consisting of D. melanogaster, D. sim-
ulans and D. sechellia all seem to have a large decrease in TE content, especially DNA
elements. This implies that there was a large decrease in DNA element content in the
ancestor of the melanogaster subgroup.

This e�ect also seems to be expanded to D. erecta, D. yakuba and D. mauritiana.
All of these species have a drastic reduction in DNA element content relative to other
species in Drosophila.
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Figure 3.4: Abundance of TE Classes – Ratio
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Element rs p Element rs p

Chimera 0.594 118 0.017 250 DNA 0.611 765 0.013 640
LINE 0.508 824 0.046 440 LTR 0.479 412 0.062 390
RC 0.629 412 0.010 660 Sat/SR 0.502 941 0.049 350

Unknown 0.761 765 0.000 927 - - -

Figure 3.8: TE class vs. Assembly Size
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Chapter 4

Discussion

4.1 Recap of Work
In summary, we used RepeatModeler to identify repeating sequences from Drosophila
genome assemblies that have been created using the same protocols and parameters de
novo. After this, we ran UCLUST in order to cluster repeating sequences that had been
annotated more than once by RepeatModeler. We then ran blastX to isolate re-
peating gene sequences, after which we ran RepeatMasker to: (1) assign TE classes
to identified TEs, and (2) to find the frequency of the TEs within the genome assembly.
We also ran TRF to better account for Sat/SR sequences.

4.1.1 Results Summary
Across all the species, we noticed TE annotation frequency range from D. mojavensis’s
220 annotations to D. ananassea’s 679 annotations. Across all the species, the basepairs
of TE annotation and Sat/SR ranged from D. erecta’s 18, 964, 984 bps on the low end
to D. ananassae’s 66, 360, 109 on the high end [Figure 3.5]. TE content as a fraction of
genome size ranges from 0.12 for D. erecta to 0.37 for D. ananassae [Figure 3.6].

4.2 Comparison with Previous Studies
The number of basepairs we identified to be repeats within these species were larger com-
pared to previous studies. We also identified a larger percent of genome size. This is likely
because we used long-read Nanopore sequences, which allow for better identification of
repeats.

The previous studies [1], [105], [112] used a combination of:

1. short reads: which decreases repeat identification due to excessive read overlap of
similar sequences; and

2. variable sequencing strategies and parameters: which, though might increase TE
annotations, does not allow for appropriate comparison across the species due to
inconsistency in acquiring genome assemblies.

We have accounted for both shortcomings using Nanopore assemblies generated
using the same protocols by Miller et. al [106]. Since we used assemblies generated using
the same protocols, we can be confident in comparing our data across species.
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4.3 Consensus Sequences absent from RepBase
We identified 3958 Unknown elements in total for all the species. These Unknown repeat-
ing sequences are absent from the RepBase library, the most commonly used database
of repetitive DNA elements1. The frequency of Unknowns per species range from 51 in
D. melanogaster to 568 in D. triarauria.

Their absence from RepBase implies novel sequences that have not been identified
before, and shows that our pipeline can identify under-described, novel TEs.

4.4 Genome Size and Repeat Abundance
We noticed a correlation between the abundance of repeating elements and the genome
size of the corresponding species [Figures 3.7 and 3.8].

There is a high correlation between the sum all the TE classes we identified, but
not for each individual class. This leads us to believe that there is not a single class of
element that contributes to genome size, but rather that multiple classes contribute to
the size of the genome of the species.

4.5 Genome Size Contraction in melanogaster group
There is a genome size contraction in the melanogaster subgroup that includes D. melanogaster,
D. sechellia and D. simulans relative to other species. This e�ect also seems to be ex-
panded in D. mauritiana, D. erecta and D. yakuba.

The melanogaster subgroup shows a reduction in all TE classes, suggesting that those
species evolved a way to more e�ciently control TEs.

From our data, reduction in genome size seems to be due to DNA and RC elements.
A reduction in amount of DNA and RC elements seems to have caused a reduction in
genome size.

Previous studies also show a reduction in genome size of the melanogaster subgroup,
which they also attribute to a reduction in TE content.

1RepBase

https://www.girinst.org/repbase/
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Chapter 5

Future Directions

5.1 Di�erent Sequencing Strategies
It would be interesting to see the di�erence in repeat sequence identification, not just
TE identification, that di�erent sequencing strategies would provide.

We would like to include data on the pure versions of the following strategies:

1. Nanopore
2. PacBio SMRT

3. Sangar
4. Illumina

When we say pure versions, we imply that the genome assembly that was retrieved
would be created the same for every species, without the aid of another sequencing
method to accommodate for its inabilities.

It would be interesting to see the di�erence in correlations between the amount of
annotated TEs and the size of the genome assembly using short read sequencing strategies
vs. long read sequencing strategies

5.2 More Species
It would be beneficial to bolster our results using sequences from more than the 16 species
we currently have; but there is no resource online that has all of these sequences, where
all species have been sequenced using the same strategy and parameters.

5.3 Investigating Genome Size Contribution in melanogaster
group

We can investigate the evolution of known TE control genes (such as piRNA pathways) to
see if there are any evolutionary changes in the amino acid sequence or the copy number
change that is unique to the melanogaster group.

We think that there could be a few reasons that could contribute to the genome size
contraction in the melanogaster group. These reasons may be working independently of
each other, but could also be working together and also as a series, where one method
started the reduction while the others maintained it.
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5.3.1 Stochastic Deletion
Stochastic deletion involves deletion of certain classes of TEs across all 6 species relatively
recently, so that there is a reduction of TEs of a certain class across these 6 species.

This is the most unlikely of the three theories we propose. This is because stochastic
deletion selecting for certain TEs across 6 unrelated (wrt to geographical and sexual
isolation) species is very rare.

5.3.2 Arrival of Gene
There could also be a gene that evolved, was re-activated, or a gene amplification or
gene duplication event that could have resulted in stricter control of TEs and their
propagation.

We can investigate the evolution of known TE control genes (such as piRNA path-
ways) to see if there are any evolutionary changes in the amino acid sequence or the copy
number change that is unique to the melanogaster group.

5.3.3 Population Size
Population size can e�ectively control for TEs and other mobile genetic elements. Mobile
genetic elements are most often deleterious as they insert near or into genes and deactivate
them or deviate them from normal expression.

Larger the population size, more the variation in phenotypes caused by TE insertion
events, and more likely those individuals with deleterious insertions will not have the
ability to mate. This inly allows individuals without a lot of insertions to reproduce and
pass on their genome (a genome without many deleterious TE insertions).
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Chapter 6

Programs Used

6.1 Anaconda

Table 6.1: Anaconda Information

Block Information

Version 4.6.2
Function Program and Package manager
Website http://www.repeatmasker.org/RepeatModeler/
Download Link Link to Version 4.6.2

Anaconda is an open-source distribution of the Python and R programming lan-
guages, as well as other utilities used for scientific computational analysis. These include
utilities for fields such as data science, machine learning applications, large-scale data
processing, predictive analytics, etc . . . Anaconda aims to simplify package manage-
ment and deployment. Anaconda has a package management system, conda, which
manages packages.

The Anaconda distribution is used by over 6 million users and includes more than
1400 popular data-science packages suitable for Windows, Linux, and MacOS1. Down-
load information can be found for MacOS here, or for other systems via this link.

6.2 RepeatModeler
RepeatModeler is a de novo repeat family identification and modeling package. It
is a pipeline that consists of two programs, recon and RepeatScout, which employ
complementary computational methods for identifying repeat element boundaries and
family relationships from sequence data. RepeatModeler assists in automating the
runs of RECON and RepeatScout by managing intermediate files given a genomic
database. It reports putative repeats.

http://www.repeatmasker.org/RepeatModeler/
https://repo.anaconda.com/archive/Anaconda3-2018.12-MacOSX-x86_64.sh
https://conda.io/en/latest/
https://repo.anaconda.com/archive/Anaconda3-2018.12-MacOSX-x86_64.sh
https://www.anaconda.com/distribution/
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Table 6.2: RepeatModeler Information

Block Information

Version Open-1.0.101
Function de novo repeat family identification and modeling.
Website https://www.anaconda.com
Download Link Link to Version 1.0.101

Table 6.3: Python3 Information

Block Information

Version 3.6.5
Function General purpose file management and calculation; cus-

tom scripts.
Website python.org
Download Link Link to Version 3.6.5

6.3 Python3
Python is a high-level programming language with dynamic semantics. Its high-level
built in data structures, makes it very attractive for use as a "glue" language to con-
nect existing components together, which is what we used it for. Python’s simple,
easy to learn syntax emphasizes readability and therefore reduces the cost of program
maintenance. Python encourages program modularity and code reuse by supporting
the use of modules and packages. Python libraries can be freely distributed, and are
usually handled by its internal manager (pip), or can be handled by another program
like Anaconda.

6.4 BedTools
The Bedtools utilities are a one-stop-shop of tools for a wide-range of genomics analysis
tasks. The most widely-used tools enable genome arithmetic: that is, set theory on the
genome. While each individual tool is designed to do a relatively simple task (e.g.,
intersect two interval files), quite sophisticated analyses can be conducted by combining
multiple Bedtools operations on the UNIX command line.

Bedtools is developed in the Quinlan laboratory at the University of Utah and
benefits from fantastic contributions made by scientists worldwide.

Bedtools has many utilities (summarized in [ Table 6.5 ]). Though there are so
many utilites provided, we only had the need of a few in our pipeline and a few for
debugging.

1 What is Anaconda?

https://www.anaconda.com
http://www.repeatmasker.org/RepeatModeler/RepeatModeler-open-1.0.11.tar.gz
https://www.python.org
https://www.python.org/downloads/release/python-367/
https://www.anaconda.com/what-is-anaconda/
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Table 6.4: Bedtools Information

Block Information

Version 2.27.0
Function Genome Arithmatic
Website Bedtools
Download Link Link to Version 2.27.0

Table 6.5: Bedtools Utilities

Utility Utility Utility

annotate bamtobed bamtofastq
bed12tobed6 bedpetobam bedtobam

closest cluster complement
coverage expand flank

genomecov getfasta groupby
igv intersect jaccard

links makewindows map
maskfasta merge multicov
multiinter nuc overlap
pairtobed pairtopair random

reldist shift shu�e
slop sort subtract
tag unionbedg window

We used the following utilities from the BedTools suite:

1. Bedtools merge or mergeBed: Many of the identified sequences have a lot of over-
laps; this means that a single base-pair within multiple repeats might be accounted
for multiple times. mergeBed combines overlapping or "book-ended" features in an
interval file into a single feature which spans all of the combined features. This
allows for a single base-pair to be only accounted for once.

2. Bedtools grouby or groupBy: groupBy is a tool that mimics the group by clause
in database systems. Given a file or stream that is sorted by the appropriate
"grouping columns" (-g), groupBy will compute summary statistics on another
column (-c) in the file or stream. This will work with output from all Bedtools
as well as any other tab-delimited file or stream. As such, this is a generally useful
tool for all command-line analyses, not just genomics related research. We used it
to be able to compress information about similar repeating elements within a file.
This was done in a "tidy" format as we would need to pipe this data into R.
Because our data was rather large, we had to sort it for easier computation using
<upstream analysis> | sort -k1,1 -k2,2n | <downstream analysis> .

https://bedtools.readthedocs.io/en/latest
https://github.com/arq5x/bedtools2/releases/download/v2.27.0/bedtools-2.27.0.tar.gz
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3. Bedtools intersect or intersectBed: intersectBed inputs two BED files and
finds the intersection (overlap) between any of the sequences present in it and
the other file(s). This was useful to be able to extract overlapping sequences and
annotate them correctly.

4. Bedtools getfasta or getFastaFromBed: getFastaFromBed extracts sequences
from a FASTA file for each of the intervals defined in a BED/GFF/VCF file. This
was particularly useful in debugging our code where we only needed particular
sequences to BLAST against the assembly to verify our methods.

6.5 Perl5

Table 6.6: Perl Information

Block Information

Version 5.26.2
Function RepeatModeler dependency; programming lan-

guage.
Website perl.org
Download Link Link to Version 5.26.2

Perl5 is a highly capable, feature-rich programming language with over 30 years of
development. Our use-case for Perl was as a RepeatModeler dependency.

"Perl" is a family of languages, "Perl6" is part of the family, but it is a separate
language which has its own development team. Its existence has no significant impact
on the continuing development of "Perl5".

6.6 Tandem Repeat Finder (TRF)

Table 6.7: TRF Information

Block Information

Version 4.0.4
Function RepeatModeler dependency; public database of

Tandem repeats.
Website Tandem Repeat Finder
Download Link Link to Version 4.0.4

A tandem repeat in DNA is a sequence of two or more bps repeated in such a way
that the consensus repeats lie adjacent to each other. TRF is a program that helps us

https://www.perl.org/
https://tandem.bu.edu/trf/trf.html
https://tandem.bu.edu/trf/trf.download.html
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locate these repeats in the DNA sequence. TRF outputs two files – an alignment file and
a repeat table file. The repeat tabe file contains information such as locus, bp count,
number of copies and dNTP content for each repeat.

TRF is very fast at analysing repeating elements as it only needs to look for adjacent
repeats. Sequence information sent to the server is confidential and deleted after program
execution.

6.7 blastX

Table 6.8: BlastX Information

Block Information

Version 2.5.0
Function Finds possible gene-protein alignments from all se-

quences.
Website blast
Download Link FTP Link to Version 2.5.0

The Basic Local Alignment Search Tool (blast) finds regions of local sim-
ilarity between sequences. The program compares nucleotide or protein sequences to
sequence databases and calculates the statistical significance of matches. blast can be
used to infer functional and evolutionary relationships between sequences as well as help
identify members of gene families.

blast finds regions of similarity between biological sequences. The program com-
pares nucleotide or protein sequences to sequence databases and calculates the statistical
significance.

6.8 RepeatScout

Table 6.9: RepeatScout Information

Block Information

Version 1.0.5
Function Discovers repetitive substrings form DNA.
Website RepeatScout
Download Link Link to Version 1.0.5

The purpose of the RepeatScout software is to identify repeat family sequences from
genomes where hand-curated repeat databases are not available. In fact, the output of

https://blast.ncbi.nlm.nih.gov/Blast.cgi
ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
https://bix.ucsd.edu/repeatscout/
https://bix.ucsd.edu/repeatscout/RepeatScout-1.0.5.tar.gz
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this program can be used as input to RepeatMasker as a way of automatically masking
newly-sequenced genomes.

6.9 RepeatMasker

Table 6.10: RepeatMasker Information

Block Information

Version Open-4.0.7
Function Includes TRF libraries; library of all annotated re-

peats in multiple species.
Website RepeatMasker
Download Link Link to Version 4.0.7

RepeatMasker is a program that screens DNA sequences for interspersed repeats
and low complexity DNA sequences. The output of the program is a detailed annotation
of the repeats that are present in the query sequence as well as a modified version of the
query sequence in which all the annotated repeats have been masked (default: replaced
by Ns). Currently over 56% of human genomic sequence is identified and masked by
the program. Sequence comparisons in RepeatMasker are performed by one of several
popular search engines including nhmmer, cross_match, ABBlast/WUBlast, RMBlast and
Decypher. RepeatMasker makes use of curated libraries of repeats and currently
supports Dfam ( profile HMM library derived from RepBase sequences ) and RepBase,
a service of the Genetic Information Research Institute.

6.10 RECON

Table 6.11: RECON Information

Block Information

Version 1.08
Function RepeatModeler dependency; automatic de novo

identification.
Website RECON
Download Link Link to Version 1.05

RECON is required for proper identification of repetitive sequences is an essential
step in genome analysis.

The RECON package performs de novo identification and classification of repeat se-
quence families from genomic sequences. The underlying algorithm is based on extensions

http://www.repeatmasker.org/RepeatMasker-open-4-0-7.tar.gz
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to the usual approach of single linkage clustering of local pairwise alignments between
genomic sequences. Specifically, our extensions use multiple alignment information to
define the boundaries of individual copies of the repeats and to distinguish homologous
but distinct repeat element families. RECON should be useful for first-pass automatic
classification of repeats in newly sequenced genomes.

6.11 R

Table 6.12: R Information

Block Information

Version 3.5.2
Function Downstream analysis and Graphical viewer
Website The R Project for Statistical Computing
Download Link University of California, Berkeley | CRAN

R is a free software environment for statistical computing and graphics. It com-
piles and runs on a wide variety of UNIX platforms, Windows and MacOS2. R and its
libraries implement a wide variety of statistical and graphical techniques, including clas-
sical statistical tests, classification, clustering, and others. R is easily extensible through
functions and extensions, and the R community is noted for its active contributions in
terms of packages. Many of R’s standard functions are written in R itself, which makes
it easy for users to follow the algorithmic choices made [116].

R can be called from the bash Bash command line using ‘R‘, which brings up an
integrative environment within the command line. It is important to note that though
we can allocate data and create graphs using the command line, we cannot view graphs
there. We used RStudio as an IDE to develop with R.

6.12 RStudio

Table 6.13: RStudio Information

Block Information

Version 1.1.463
Function IDE for R
Website RStudio
Download Link Download RStudio Desktop

2The R Project for Statistical Computing

https://www.r-project.org
https://cran.cnr.berkeley.edu
https://www.rstudio.com
http://www.rstudio.com/products/rstudio/download/
https://www.r-project.org


Chapter 6. Programs Used 49

RStudio is an integrated development environment (IDE) for R. It includes a con-
sole, syntax-highlighting editor that supports direct code execution, as well as tools for
plotting, checking history, debugging and workspace management3. More information
about the particulars of this IDE can be found here, at RStudio IDE features.

6.13 GitHub and Atom
We used Atom [v1.36.0] to develop our code and used GitHub in order to share our
code.

The repository is titled de_novo-identification, and is under my name, Dr-Drosophila.

3RStudio/products

https://www.rstudio.com/products/rstudio/features/
https://github.com/Dr-Drosophila/de_novo-identification
https://www.rstudio.com/products/RStudio/
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Appendix A

Diagrams.rmd

1 ---
2 title : " Diagrams "
3 author : "Rele , Chinmay "
4 date: "2/22/2019"
5 output : html_ document
6 ---
7

8 ‘‘‘{r setup , include = FALSE }
9 knitr :: opts_ chunk $set(echo = TRUE)

10 ‘‘‘
11

12 # Results
13

14 Creating a Stacked barplot :
15 More condensed
16 ‘‘‘{r}
17 # creating stacked barplot
18 library (" tibble ")
19 library ( ggplot2 )
20 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
21 fly_data = as_ tibble (temp)
22 fly_data
23 fly_data$ species = factor (fly_data$species , levels = c( "dvir", "

dmoj", "dwil", "dper", "dpse", "dana", "dbip", "dbia", "dtri",
"deug", "dmel", "dsec", "dsim", "dmau", "dere", "dyak" ))

24 ggplot (fly_data , aes(fill=class , y=percent , x= species )) + geom_bar
( stat=" identity ", position ="fill") + labs( x = " Species ", y =
" Percent composition of Repeat ",

25 title = " Percent composition of each TE class within
respective Nanopore assembly " )

26

27 ggsave ( " accounted _ unknowns _small.pdf", width =9, height =7 )
28

29

30 ‘‘‘
31

32

33 Creating a Stacked barplot :
34 ### More condensed -- RAW BASE - PAIRS
35

36 ‘‘‘{r}
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37 # creating stacked barplot
38 library (" tibble ")
39 library ( ggplot2 )
40

41 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
42 fly_data = as_ tibble (temp)
43 fly_data
44 fly_data$ species = factor (fly_data$species , levels = c( ’dvir ’, ’

dmoj ’, ’dwil ’, ’dper ’, ’dpse ’, ’dana ’, ’dbip ’, ’dbia ’, ’dtri ’,
’deug ’, ’dmel ’, ’dsec ’, ’dsim ’, ’dmau ’, ’dere ’, ’dyak ’ ))

45

46 ggplot ( fly_data , aes(fill=class , y=bp , x= species ) ) + geom_bar(
stat = " identity ") + labs( y = " Basepairs of Repeat ", x = "
Species ", title = " Basepair composition of each TE class within

respective Nanopore assembly ") + theme_ minimal (base_size = 15)
# + theme ( axis.title .y= element _blank (), axis. ticks.y= element

_blank (), axis.text.y= element _blank (), legend . position = c(0.8 ,
0.2) , legend . background = element _rect(fill =" white", size

=0.5 , linetype =" solid ")) + coord _flip ()
47

48 ggsave ( " accounted _ unknowns _raw_bp.pdf", width =10, height = 12)
49 ‘‘‘
50

51

52 ### Genome Size and Relative Abundance of Repeats
53

54 ‘‘‘{r}
55 library (" tibble ")
56 library ( ggplot2 )
57 library ("dplyr ")
58

59 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
60 simple _data = as_ tibble ( temp )
61 simple _data
62

63 cor.test(x= simple _data$assembly , y= simple _data$rmod_bp , method = ’
spearman ’)

64

65

66 simple _data %>%
67 mutate ( TE_ percent = rmod_bp/ assembly ) %>%
68 select ( Species , rmod_bp , TE_ percent )
69

70 ggplot ( simple _data , aes( x = assembly ,
71 y = rmod_bp ,
72 color = Species ) ) %>%
73 + theme(text = element _text(size =18) ) %>%
74 + geom_ point( size = 6 ) %>%
75 + labs( x = " Assembly size ( linear )",
76 y = "TE BasePairs ( linear )",
77 color = " Species ",
78 caption = "Spearman ’s Correlation =

0.9088235 ")
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79

80 ggsave ( " assembly _vs_reps.pdf", width =12, height =7 )
81

82

83 ‘‘‘
84

85 ### Assembly size vs. all sequences ( except Sat/SR) ( including
unknowns )

86

87 ‘‘‘{r}
88 library (" tibble ")
89 library ( ggplot2 )
90 library (dplyr)
91

92 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
93 simple _data = as_ tibble ( temp )
94 simple _data
95

96 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
97 fly_data = as_ tibble (temp)
98 fly_data
99 colnames (fly_data)[ colnames (fly_data)==" species "] <- "short "

100 fly_data
101

102 temp0 = merge ( fly_data , simple _data , by=c(" short") )
103 temp0
104 temp0 = temp0[!(temp0$class ==" Satellite / Simple _ Repeat ") ,]
105 temp0
106

107 keeps = c( " short ", " assembly ", "bp" )
108 keeps
109 total = temp0[ keeps ]
110 total
111 total $short = factor (total$short , levels = c( "dvir", "dmoj", "dwil

", "dper", "dpse", "dana", "dbip", "dbia", "dtri", "deug", "
dmel", "dsec", "dsim", "dmau", "dere", "dyak" ))

112 total
113

114 temp1 = group _by(total , short)
115 temp1
116

117 temp2 = aggregate (temp1$bp , by=list(short=temp1 $short , assembly =
temp1 $ assembly ), FUN=sum)

118 temp2
119

120 # summed = summarise ( temp1 , )
121 # summed
122

123 ggplot ( temp2 , aes( x = assembly ,
124 y = x,
125 color = short ) ) + theme(text =

element _text(size =18) ) + geom_point(size = 6) + labs( x = "
Assembly size ( linear )",
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126 y = "All sequences ( except Sat/SR)(
including unknowns )",

127 color = " Species ",
128 caption = "Spearman ’s Correlation

=0.5029412 ")
129

130 cor.test(x= temp2$x, y=temp2 $assembly , method = ’spearman ’)
131

132

133 ggsave ( " assembly _vs_all_seq( except _SatSR ).pdf", width =9, height =7
)

134

135 ‘‘‘
136

137 ### Assembly size vs. Just Sat/SR
138

139 ‘‘‘{r}
140 library (" tibble ")
141 library ( ggplot2 )
142 library (dplyr)
143

144 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
145 simple _data = as_ tibble ( temp )
146 simple _data
147

148 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
149 fly_data = as_ tibble (temp)
150 fly_data
151 colnames (fly_data)[ colnames (fly_data)==" species "] <- "short "
152 fly_data
153

154 temp0 = merge ( fly_data , simple _data , by=c(" short") )
155 temp0
156 temp0 = temp0 [( temp0 $class ==" Satellite / Simple _ Repeat ") ,]
157 temp0
158

159 keeps = c( " short ", " assembly ", "bp" )
160 keeps
161 total = temp0[ keeps ]
162 total
163 total $short = factor (total$short , levels = c( "dvir", "dmoj", "dwil

", "dper", "dpse", "dana", "dbip", "dbia", "dtri", "deug", "
dmel", "dsec", "dsim", "dmau", "dere", "dyak" ))

164 total
165

166 temp1 = group _by(total , short)
167 temp1
168

169 temp2 = aggregate (temp1$bp , by=list(short=temp1 $short , assembly =
temp1 $ assembly ), FUN=sum)

170 temp2
171

172 # summed = summarise ( temp1 , )
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173 # summed
174

175 cor.test(x= temp2$x, y=temp2 $assembly , method = ’spearman ’)
176

177 ggplot ( temp2 , aes( x = assembly ,
178 y = x,
179 color = short ) ) + theme(text =

element _text(size =18) ) + geom_point(size = 6) + labs( x = "
Assembly size ( linear )",

180 y = "Only Satellites / Simple _ Repeats ",
181 color = " Species ",
182 caption = "Spearman ’s Correlation

=0.5764706 ",
183 title = " Assembly size vs. Just Sat/SR")
184

185

186

187 ggsave ( " assembly _vs_ SatSR .pdf", width =9, height =7 )
188

189 ‘‘‘
190

191 ### Repeats vs. Genome Assembly
192

193 ‘‘‘{r}
194 library (" tibble ")
195 library ( ggplot2 )
196

197 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
198 simple _data = as_ tibble ( temp )
199 simple _data
200

201 simple _data$sum = simple _data$trf + simple _data$rmod_bp
202

203 cor.test(x= simple _data$assembly , y= simple _data$sum , method = ’
spearman ’)

204

205 ggplot ( simple _data , aes( x = assembly , y = rmod_bp + trf , color =
Species ) ) + theme (text = element _text(size =18) ) + geom_

point(size = 6) + labs( x = " Assembly size ( linear )", y = "All
Repeats BasePairs ( linear )", caption = "Spearman ’s

Correlation = 0.8617647 ")
206

207 ggsave ( " assembly _size_vs_all_reps.pdf", width = 9, height = 7 )
208

209 ‘‘‘
210

211 ### Simple Repeats vs. TEs
212

213 ‘‘‘{r}
214 library (" tibble ")
215 library ( ggplot2 )
216 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
217 simple _data = as_ tibble ( temp )
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218 simple _data
219

220 simple _data$sum = simple _data$trf + simple _data$rmod_bp
221

222 corr = cor.test(x= simple _data$trf , y= simple _data$rmod_bp , method
= ’spearman ’)

223 corr
224

225 ggplot ( simple _data , aes( x = trf ,
226 y = rmod_bp ,
227 color = Species ) ) + theme(text =

element _text(size =18) ) + geom_point(size = 6) + labs( x = "
Simple Repeats BasePairs ( linear )",

228 y = "TEs BasePairs ( linear )",
229 caption = "Spearman ’s Correlation =

0.3411765 ")
230

231 ggsave ( "TE_vs_SR.pdf", width =9, height =7 )
232

233 ‘‘‘
234

235 ### ( BARPLOT ) percent of total unknown sequences of each species
of all TE

236 ‘‘‘{r}
237 library (" tibble ")
238 library ( ggplot2 )
239 library (dplyr)
240

241 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
242 fly_data = as_ tibble (temp)
243 colnames (fly_data)[ colnames (fly_data)==" species "] <- "short "
244 fly_data
245

246 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
247 simple _data = as_ tibble ( temp )
248 simple _data = simple _data %>%
249 mutate ( repeats = rmod_bp + trf ) %>%
250 select ( short , repeats , assembly )
251

252 keeps = c( " short ", "class ", "bp" )
253 total = fly_data[ keeps ]
254 total $short = factor (total$short , levels = c( "dvir", "dmoj", "dwil

", "dper", "dpse", "dana", "dbip", "dbia", "dtri", "deug", "
dmel", "dsec", "dsim", "dmau", "dere", "dyak" ))

255 total = total[ total $class == " Unknown ", ]
256 keep = c( " short ", "bp" )
257 total = total[ keep ]
258 total
259

260 merged = merge ( total , simple _data , by=" short ")
261 merged
262
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263 order = c( "dvir", "dmoj", "dwil", "dper", "dpse", "dana", "dbip",
"dbia", "dtri", "deug", "dmel", "dsec", "dsim", "dmau", "dere"

, "dyak" )
264 unknown _ percent = merged %>%
265 slice( match ( order , short ) ) %>%
266 mutate ( percent _of_ assembly = bp/ assembly ) %>%
267 mutate ( percent _of_ repeat = bp/ repeats ) %>%
268 select ( short , percent _of_assembly , percent _of_ repeat )
269 unknown _ percent
270

271 # unknown _ percent _ assembly $short = factor ( unknown _ percent _
assembly $short , levels = unknown _ percent _ assembly $short[order(
desc( unknown _ percent _ assembly $ percent _of_ assembly ))])

272 # unknown _ percent _ assembly
273

274 ggplot ( unknown _percent , aes(short , percent _of_ assembly )) + geom_
bar(aes(fill = percent _of_ repeat ), position = position _ dodge (),

stat=" identity ")
275

276 ggplot (data= unknown _percent , aes(x=short , y= percent _of_ assembly ))
+ geom_bar(stat=" identity ", fill=" steelblue ") + theme_ minimal ()

+ labs( x = " Species ",
277 y = " Percent of Genome Size")
278

279 ggsave ( " unknown _ percent _ assembly .pdf", width = 9, height = 12)
280

281 ‘‘‘
282

283 ### Summaries of Assemblies
284 ‘‘‘{r}
285 library (" tibble ")
286 library ( ggplot2 )
287 library (dplyr)
288

289 temp = read.table ( "./ assembly _ summary .tab", header =TRUE , sep="\t"
)

290 ass_sum = as_ tibble (temp)
291 ass_sum
292

293 ggplot (data=ass_sum , aes(x= assembly _size , y= contig _count , color=
avg_ contig _size , size=N_50)) + geom_point () + labs( x = "
Assembly Size", y=" Number of Contigs ", color = " Average Contig
Size", size = "N50", title = " Summaries of Assemblies ") + geom_
label(aes(label = species ))

294

295

296 ggsave ( " assemblies _ summary .pdf", width =9, height =7 )
297

298 ‘‘‘
299

300

301 ### Faceted plot of correlation ; facet along TE class
302
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303 ‘‘‘{r}
304 library (" tibble ")
305 library (Rmisc)
306 library ( ggplot2 )
307 library (dplyr)
308 library (plyr)
309

310 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
311 simple _data = as_ tibble ( temp )
312 simple _data
313

314 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
315 fly_data = as_ tibble (temp)
316 fly_data
317 colnames (fly_data)[ colnames (fly_data)==" species "] <- "short "
318 fly_data
319

320 temp0 = merge ( fly_data , simple _data , by=c(" short") )
321 temp0 = temp0[!(temp0$class =="Other") ,]
322 temp0
323

324 temp0 = aggregate ( cbind (bp)~ Species + class+assembly , temp0 , sum )
325 dna = temp0 %>%
326 filter ( class == "DNA" )
327 line = temp0 %>%
328 filter ( class == "LINE" )
329 ltr = temp0 %>%
330 filter ( class == "LTR" )
331 rc = temp0 %>%
332 filter ( class == "RC" )
333 sat_sr = temp0 %>%
334 filter ( class == " Satellite / Simple _ Repeat " )
335 unknown = temp0 %>%
336 filter ( class == " Unknown " )
337 chimera = temp0 %>%
338 filter ( class == " Chimera " )
339 dna
340 cor.test(x=dna$assembly , y=dna$bp , method = ’spearman ’)
341 cor.test(x=line$assembly , y=line$bp , method = ’spearman ’)
342 cor.test(x=ltr$assembly , y=ltr$bp , method = ’spearman ’)
343 # ltr; dvir , dtri , dmoj; remove the following from LTR and check

spearman corr for LTR also
344 cor.test(x=rc$assembly , y=rc$bp , method = ’spearman ’)
345 cor.test(x=sat_sr$assembly , y=sat_sr$bp , method = ’spearman ’)
346 cor.test(x= unknown $assembly , y= unknown $bp , method = ’spearman ’)
347 cor.test(x= chimera $assembly , y= chimera $bp , method = ’spearman ’)
348

349 labels = c( "DNA", "LINE", "LTR", "RC", "Sat/SR", " Unknown ", "
Chimera " )

350

351 ggplot ( temp0 , aes( x=assembly , y=bp , color = Species ) ) %>%
352 + geom_ point () %>%
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353 + geom_ smooth (aes( group = class), method = "lm", se = FALSE ,
size = 0.9 , colour = "grey", stat=" smooth ") %>%

354 # + stat_ smooth ( method = ’lm ’ ) %>%
355 + facet _wrap( ~class , scales ="free", ncol = 2) %>%
356 + labs( x = " Assembly _size",
357 y = " Basepairs ",
358 color = " Species ",
359 title = "BP Correlation with Assembly size per Class

of Repeats ") # %>%
360 # + geom_text( data = temp0 , mapping = aes( label = labels ) )
361

362 ggsave ( " faceted _class _ correlation .pdf", width =9, height =7 )
363

364

365 ‘‘‘
366 ---
367

368 ### RepeatModeler Summary ( faceted per class)
369 - How manys equences were identified as TEs?
370 - How many sequences were identified as Sat/SR?
371 - How many sequences were descriebd as Unknown ?
372

373 ‘‘‘{r}
374 library (" tibble ")
375 library ( ggplot2 )
376 library (dplyr)
377 library ( magrittr )
378

379 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
380 simple _data = as_ tibble ( temp )
381 simple _data
382

383 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
384 fly_data = as_ tibble (temp)
385 fly_data
386 colnames (fly_data)[ colnames (fly_data)==" species "] <- "short "
387 fly_data
388

389 more_data = merge ( fly_data , simple _data , by=c(" short ") )
390 more_data = more_data[!(temp0 $class =="Other ") ,]
391 more_data
392

393 grouped _fly = more_data %>%
394 dplyr :: group _by( short , class ) %>%
395 dplyr :: summarise ( count = n() )
396

397 grouped _fly
398

399 temp = grouped _fly
400 grouped _fly = temp %>%
401 filter ( class != " Satellite / Simple _ Repeat " ) %>%
402 filter ( class != " Other " ) %>%
403 dplyr :: group _by( short , class ) %>%
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404 dplyr :: summarize ( total = sum(count) )
405 grouped _fly
406

407 ggplot ( data = grouped _fly , aes( x = class , y = total , fill =
class ) ) %>%

408 + geom_col () %>%
409 + facet _wrap( ~short , nrow =4 ) %>%
410 + labs( x = " Species ",
411 y = " Counts of Repeat Identified ",
412 fill = " Classes ",
413 title = " Summary of number of sequences identified per

class ") %>%
414 + coord _flip ()
415

416

417

418 ggsave ( " rmodeler _ summary .pdf", width =9, height =7 )
419

420 ‘‘‘
421

422

423 ### Percent composition of TEs of the whole genome
424

425 ‘‘‘{r}
426 library (" tibble ")
427 library ( ggplot2 )
428 library (dplyr)
429

430 temp = read.table ( "./ simple _data.tab", header =TRUE , sep="\t" )
431 simple _data = as_ tibble ( temp )
432 simple _data
433

434 temp = read.table ( "./more_ condensed .tab", header =TRUE , sep="\t" )
435 fly_data = as_ tibble (temp)
436 fly_data
437 colnames (fly_data)[ colnames (fly_data)==" species "] <- "short "
438 fly_data
439

440 more_data = merge ( fly_data , simple _data , by=c(" short ") )
441 more_data = more_data[!(temp0 $class =="Other ") ,]
442 more_data
443 grouped _fly = more_data %>%
444 group _by( Species ) %>%
445 mutate ( bp_ percent = bp/ assembly ) %>%
446 select ( Species , bp_percent , class )
447 grouped _fly
448

449 grouped _fly %>%
450 group _by( Species , class ) %>%
451 dplyr :: summarize ( total = sum(bp_ percent ) )
452

453 grouped _fly = grouped _fly[!( grouped _fly$ class ==" Other") ,]
454
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455 grouped _fly$ Species = factor ( grouped _fly$Species , levels = c( "
Drosophila _ yakuba ", " Drosophila _ erecta ", " Drosophila _ mauritiana
", " Drosophila _ simulans ", " Drosophila _ sechellia ", " Drosophila _
melanogaster ", " Drosophila _ eugracilis ", " Drosophila _ triauraria "
, " Drosophila _ biarmipes ", " Drosophila _ bipectinata ", " Drosophila
_ ananassae ", " Drosophila _ pseudoobscura ", " Drosophila _ persimilis
", " Drosophila _ willistoni ", " Drosophila _ mojavensis ", "
Drosophila _ virilis " ))

456

457 grouped _fly
458

459 ggplot ( grouped _fly , aes( y=bp_percent , fill=class , x = Species )
) + geom_bar(stat = " identity ") + labs( fill = " Classes ", y =
" Percent of Genome ",

460 title = " Percent composition of repeats within Genome " )
+ coord _flip ()

461

462 ggsave ( " percent _ composition _ repeats _in_ genome .pdf", width =9,
height =7 )

463

464

465 ‘‘‘
466

467

468 ### Plotting Unknown percent and BP
469

470 ‘‘‘{r}
471 library (" tibble ")
472 library ( ggplot2 )
473 library (dplyr)
474

475 temp = read.table ( "./ unknown _bp_ percent .tab", header =TRUE , sep="\
t" )

476 unknowns = as_ tibble ( temp )
477

478 ggplot (unknowns , aes(x = species )) +
479 geom_col(aes( y = bp_mb , fill=" redfill ")) +
480 geom_text(aes(y = bp_mb , label = bp_mb), fontface = "bold",

vjust = 0.5, hjust = 1.4, color = "black", size = 7) +
481 geom_line(aes(y = percent * 300, group = 1, color = ’blackline ’)

) +
482 geom_text(aes(y = percent * 300, label = round (percent , 2)),

hjust = 1, color = " black", size = 6) +
483 scale _y_ continuous (sec.axis = sec_axis(trans = ~ . / 300)) +
484 scale _fill_ manual (’’, labels = ’Repeats content (Mb)’, values =

"# b3bcff ") +
485 scale _color _ manual (’’, labels = ’Percent of Genome ’, values = ’

black ’) +
486 theme _ minimal (base_size = 20) + theme( legend . position = " bottom

", axis.title .y= element _blank () ) + coord_flip ()
487

488 ggsave ( " unknown _bp_ percentp .pdf", width = 9, height = 12)
489
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490 ‘‘‘
491

492

493 ### BARPLOT -- Lengths of each class
494

495 ‘‘‘{r}
496 library (" tibble ")
497 library ( ggplot2 )
498 library (dplyr)
499

500 temp = read.table ( "./ lengths .tab", header =TRUE , sep="\t" )
501 lens = as_ tibble ( temp )
502

503 lens
504

505 ## remove unneeded classes
506 lens = lens[ !( lens$class == " buffer " ), ]
507 lens = lens[ !( lens$class == "DNA?" ), ]
508 lens = lens[ !( lens$class == "Other" ), ]
509 lens = lens[ !( lens$class == "rRNA" ), ]
510 lens = lens[ !( lens$class == "SINE" ), ]
511 lens = lens[ !( lens$class == "SINE?" ), ]
512

513 lens
514

515

516

517 ggplot ( lens , aes(x=class , y= length )) +
518 geom_ boxplot () +
519 scale _y_log10 () +
520 ggtitle ( " Lenght of each Class of Putative TE", subtitle = "in

log_10" )
521

522

523

524

525 ggsave ( "class _ lengths .pdf", width = 9, height = 6)
526

527 ‘‘‘
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Appendix B

Extra Results

This appendix encapsulates all data that could not be accommodated within the body
of the thesis.

B.1 Family Identification
Along with only identifying classes of TEs, we also chose to analyze the family classifica-
tions of our RepeatMasker data. This led us to Figure B.1, which was excluded from
the Results and from further analysis due to the merging of colors for each class and at
the class boundaries.
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B.2 Unknown + TE correlations
Here, we show the correlation of the base-pairs of all the TEs agains the assembly size
for all the species of analysed Drosophila.

rs = 0.5029412 (B.1)

p < 2.2 · 10≠16 (B.2)

With the inclusion of the Unknown sequences, we expected a decrease in the correlation
of the base-pairs agains the genome size as "Unknown" and "Chimera" are umbrella
categories that contains all types of elements. Some of these elements might be correlated
with genome size, while others might not, or have negative correlation.

This correlation was highly statistically significant.
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B.3 Sat/SR Correlations
We also wanted to test whether there was any correlation between Satellite/Simple Re-
peats with the assembly size.

We found a slight correlation of rs = 0.5764706 for the amount of Satellite/Simple
Repeat content with the assembly size.
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B.4 Phylogeny
We used Figure B.4 as our species phylogeny tree. We used data from Flybase.org as
well as from the modENCODE project [117] to create this tree.
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Figure B.4: Correlation of Sat/SR with Assembly Size

This tree was created on the interactive Tree of Life website using the Newick format
presented below.

1 ( ( ( ( ( ( ( ( ( Drosophila_sechellia , Drosophila_simulans ),
Drosophila_melanogaster ), ( ( Drosophila_erecta ,
Drosophila_yakuba ), Drosophila_mauritiana ) ), ( (
Drosophila_triauraria , Drosophila_eugracilis ),
Drosophila_biarmipes ) ), ( Drosophila_ananassae ,
Drosophila_bipectinata ) ), ( Drosophila_persimilis ,
Drosophila_pseudoobscura ) ), Drosophila_willistoni ),
Drosophila_mojavensis ), Drosophila_virilis )

Listing B.1: Species Phylogeny

http://flybase.org/static/sequenced_species
http://www.modencode.org
https://itol.embl.de
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B.5 Grouping Species
We arbitrarily segregated species based on their lineages shown in B.4, and plotted their
TE content with their assembly size.

In Figure B.5, D. melanogaster and its sister species have a grouping of 1, which moves
to 9 for D. virilis, which is most removed from the phylogeny. As we can see, there is a
clear correlation between the TE base-pairs and the genome size (as emphasized before),
but there also seems to be a minor correlation between the grouping of the species with
both of the above factors.

We notice the dots that represent species get substantially lighter from bottom-left to
top-right as the TE base-pairs, the assembly size and the grouping category ID increases.
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B.6 TEs vs. Simple Repeats
We also attempted to correlated TEs and Simple repeats, but a correlation of

rs = 0.3411765 (B.3)

thwarted any attempts or inclinations to analyze correlation further.
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