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ABSTRACT

Genomic Structural Variation Across Five Continental Populations
of Drosophila melanogaster

Evan Michael Long
Department of Plant and Wildlife Sciences, BYU
Master of Science

Chromosomal structure variations (SV) including insertions, deletions, inversions, and
translocations occur within the genome and can have a significant effect on organismal
phenotype. Some of these effects are caused by structural variations containing genes. Modern
sequencing using short reads makes the detection of large structural variations (> 1kb) very
difficult. Large structural variations represent a significant amount of the genetic diversity
within a population. We used a global sampling of Drosophila melanogaster (Ithaca, Zimbabwe,
Beijing, Tasmania, and Netherlands) to represent diverse populations. We used long-read
sequencing and optical mapping technologies to identify SVs in these genomes. Because the
average read length used for these approaches are much longer than traditional short read
sequencing, these maps facilitate the identification of chromosomal SVs of greater size and with
more clarity. We found a wide diversity of structural variations in each of the five strains. These
structural variations varied greatly in size and location, and significantly affected exonic regions
of the genome. Structural variations accounted for a much larger difference in number of base
pairs between strains than single nucleotide polymorphisms (SNPs).

Keywords: structural variation (SV), long-read sequencing, optical mapping
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CHAPTER 1

Genomic Structural Variation Across Five Continental Populations
of Drosophila Melanogaster

Evan Michael Long, Carrie Evans, John Chaston, Joshua Udall
Department of Plant and Wildlife Sciences, Brigham Young University, Provo, UT

BACKGROUND

Comparative Genomics and Evolutionary Diversity

For the past twenty years, it has been the goal of geneticists to sequence and assemble
species’ genomes. It appears to some as the culminating achievement of the field to complete
these genome sequences; however, as we have learned more about genetic diversity we have
found that there are significant differences among populations within a species [1]. Genomes
can vary in structure and sequence within a species through random mutations and alterations,
being reinforced by evolutionary pressures [2]. To more fully understand genomic functions, it

is necessary to compare diverse populations within a species.

The Characteristics and Difficulties of Structural Variations

A structural variation (SV) is commonly characterized as a change in a region of 50 bp or
larger compared to another DNA sequence [3]. Genomic alterations categorized as structural
variations include insertions, deletions, duplications, translocations, and inversions (Figure 1-
1). Any structural alteration smaller than 50 bp is considered an indel [4, 5]. Although very
similar, many studies will refer to SVs as copy number variants (CNVs), but this term applies to a

subset of SVs including deletions, insertions, and duplications. Chromosomal rearrangments
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represent a large portion of the genetic diversity within a population, accounting for two- to four-
fold greater locus-specific mutation frequency than single nucleotide polymorphisms [5, 6]. This
means that on average more base pairs are changed through structural variation than by point

mutations [3].

It is understood that SVs can have very pronounced effects on phenotype. On a chromosome
level, nondisjunction disorders such as Down syndrome are very well characterized. While many
SV-related diseases are known, few are well understood or characterized. Chromosomal
rearrangements have been implicated in autism spectrum disorder, cancer, schizophrenia,
epilepsy, and Parkinson’s disease [5, 7]. Studies in D. melanogaster have implicated CNVs in
wide array of phenotypic characteristics [8, 9]. The prominent mechanism by which SVs result in
phenotypic effects is through gene dosage by interrupting the promoter or enhancer elements
associated with the affected gene. Chromosomal SVs may also be the cause of a gene duplication,

which would result in a similar effect [4, 5].

Although the significance of SVs is becoming more understood, there remains a large
obstacle to their study. This obstacle resides in the low SV detection capabilities of current short-
read, next generation sequencing techniques [3]. Because most sequencing methods involve
mapping short reads to a reference genome assembly, the algorithms for assembly often fail to
detect SVs of substantial size [10]. This is especially true with respect to insertions, as most
algorithms favor calling deletions [4]. One method of overcoming this problem is to treat every

genome assembly as a de novo assembly.



Long-Read Technologies

In recent years there have been developed long-read sequencing technologies as well as the
single-molecule, nanochannel-based, genome optical mapping technology by BioNano. It begins
with high molecular weight DNA that has been treated carefully to retain long segments. The
long-read sequencing technology most prevalent today is produced by Pacific Biosciences and is
called single molecule real time sequencing (SMRT). It has the ability of obtaining sequence reads

with average lengths >10kb.

The optical mapping technologies by BioNano use modified enzymes to label
endonuclease-nicked lesions with fluorescently tagged nucleotides. The DNA backbone is
counterstained then flowed and imaged through nanochannels. These images are then overlapped
analyzed and stitched together into an optical map of the genome. Among the benefits of using
BioNano genomic maps is the ability to easily identify large structural variations that would
otherwise be neglected, because its molecule lengths are a minimum of 150kb before assembly [4,

11].

The high molecular weight DNA used for these technologies also enables the spanning and
proper detection of SVs that may fall in regions of repetitive elements, which are areas of some
interest because of their propensity for unequal crossing over [12]. The combination of PacBio
sequencing and BioNano mapping technologies is ideal for analyzing SVs because of their power

and resolution.



Drosophila melanogaster: A Genetic Model Organism

Drosophila melanogaster is a species of fruit fly that has been a model organism for
multicellular eukaryotic genetics since the beginning of the 20" century. Many important genes
in human development such as “sonic hedgehog” and “Wnt” were first discovered in D.
melanogaster [13]. Its genome was one of the first completed animal genomes, being sequenced
and published in 2000 [14]. It exists in a large variety of ecosystems making it a species of interest
for population genetic studiesdue to its global genetic diversity profile. Some of the characteristics
that make it ideal as a genetic model include fast reproduction, simple containment and

management, low chromosome number, and considerable gene homology to humans [13, 15].

Consequently Drosophila melanogaster has been a central model in studying genetic
systems as well as evolutionary and population genetic processes [16]. The D melanogaster
genome has also been well annotated, making varied analyses possible [14, 17-20]. To capture
the diversity of the D. melanogaster population, we are using stable lines representative of a variety
of geographical locations including Zimbabwe, Ithaca (New York), the Netherlands, Beijing, and
Tasmania. These lines have been inbred for several generations to ensure homozygosity and purity
for regional characterization. Previous studies have used strains from these areas to represent the
diverse global population [16, 21]. These researchers previously performed low-coverage
illumina sequencing on these strains to identify SNPs and small indels. Interestingly, they found
that the strain from Zimbabwe was the most differentiated and diverse from the other strains- a

situation mirroring the genetic diversity in human African populations (Figure 1-2).

Because past and current genomic methods have overlooked the prevalence of large SVs,
we wanted to investigate the diversity of SVs among populations to determine their significance

within a species. As mentioned, sequencing efforts previously performed could not properly



evaluate the prevalence of SVs due to the shortness of the reads. The global diversity panel of D.
melanogaster strains may present diverse, chromosomal architecture changes correlating to their

evolutionary divergence from each other.

INTRODUCTION

Genome structural variations or rearrangements (SV) are thought to play a critical role in
plant and animal diversity and speciation. Structural variations are characterized as differences
larger than 50 bp between two aligned genomes [22]. Many structural variations can be found
among different individuals within the same species [1]. These variants can include insertions,
deletions, duplications, translocations, and inversions[4]. Given their size, they are more likely
to disrupt gene function than single-nucleotide variants (SNVs), making them contribute
significantly to phenotypes and pathology [5]. Although many studies refer to SVs as copy
number variants (CNVs), the common usage of the term “CNVs” generally applies to a subset of
SVs including deletions, insertions, and duplications discovered in short-read resequencing.
Because of the short length of the reads, the exact nature of the duplications or deletions can

remain ambiguous [10].

Genome evolution and diversity is most often thought to act primarily through the
occurrence of single nucleotide polymorphisms (SNPs). However, SVs have been found to
account for two to four-fold greater locus-specific mutation frequency than single nucleotide
polymorphisms [5, 6]. This implies that on average more base pairs are changed through
structural variation than by point mutations [22]. Although researchers are finding an increased
appreciation for SVs [7, 8], significant limitations remain for SV detection using short
sequencing reads [10]. Because most SV detection methods involve mapping relatively short

reads to a reference genome assembly, the algorithms for detection struggle to detect SVs larger



than the read length [4]. This is especially true with respect to insertions, as the algorithms favor
calling deletions [4]. Perhaps, SVs on a different scale also contribute to the genetic diversity

between species.

A key element to understanding the nature of sequence SVs is having long-read data to
span variations, especially in repetitive regions. Chromosomal rearrangements are more
common in repetitive areas, which pose difficulties to short-read SV detection [22]. To
overcome this limitation and to investigate SVs on a novel scale, we used PacBio long read
sequencing paired with BioNano optical mapping to assess SVs across five different strains of

Drosophila melanogaster.

D. melanogaster originated on the African continent ~5.4 million years ago and is now
ubiquitous across the globe, enabling intraspecies comparisons of flies derived from diverse
geographic locations [16, 23]. This makes it an ideal model for research in systems biology and
population diversity. We used representatives of D. melanogaster collected on five different
continents to represent diverse strains from around the globe (Table 1-1) [16]. These strains

were selected from a previous study assessing SNP diversity [16].

Additionally, Drosophila has been a model in the study of chromosomal rearrangements
for over a century [24]. Structural differentiation visible at the cytogenetic level has been
extensively studied in D. melanogaster and other species of the genus Drosophila [25].
Translocations, inversions, duplications, and deficiencies are well documented in the literature.
These rearrangements have been associated with ecological adaptation, fitness, divergence, and

speciation [26, 27].

We present 5 high quality genome assemblies using long read sequencing paired with

optical maps. We also assess the diversity of chromosomal structural variations and their



potential impacts. Our study provides insights into the evolution of chromosomal architecture

within D. melanogaster and offers insight into the nature of genome evolution.

METHODS

Optical Mapping DNA extraction

Before the extraction the flies were starved for 2 hours to reduce the number of
contaminating reads that would be obtained from gut-associated bacteria. High molecular weight
DNA was extracted from adult D. melanogaster by first grinding ~100-200 whole flies to a
rough powder with a mortar and pestle in liquid nitrogen. The powder was suspended in
homogenization buffer (10 mM Tris HCI pH 7.5, 60 mM NacCl, 10 mM EDTA, 5% sucrose) and
disrupted with a 40 mL Dounce homogenizer before filtering through a 100 micron (VWR cat. #
21008-949) and 40 micron (VWR cat. # 21008-950) nylon mesh sequentially. The resulting
pellet was resuspended in 200 uL of resuspension buffer (10 mM Tris HCI pH 7.5, 60 mM NaCl,
10 mM EDTA) and combined with 2% low melting agarose. The mixture was aliquoted into 80
uL plugs and placed in a 4°C fridge until solid. The agarose plugs were incubated with 200 pL
proteinase K (QIAGEN, cat. # 158920) and 2.5 mL lysate solution (BioNano Prep Lysis Buffer,
20255) overnight and treated with RNase A (QIAGEN, cat. # 158924, 80 uL/mL) as described in
BioNano protocol documentation (BioNano Prep Blood DNA Isolation Protocol, Document
Number: 30033). DNA was extracted from the agarose plugs by melting and treating the plugs

with agarase (Bio-Rad, cat. # 1703594).



SMRT DNA Extraction

We obtained high molecular weight DNA for single molecule real-time (SMRT)
sequencing using a Qiagen genome-tip kit (Cat No./ID: 10243), because the previously explained
method could not provide sufficient quantity. We used a modified a extraction protocol outlined
in a previous study [28]. First, ~200 adult flies were ground in liquid nitrogen and transferred
into 9.5 mL of buffer G2 with 38 pL of RNAse A (100 mg/ml) and 500 pL of proteinase K
(QIAGEN, cat. # 158920). The solution was then incubated overnight at 50°C. It was then
centrifuged at 5000 x g for 10 minutes at 4°C. The solution was then purified, washed, and
eluted using the Qiagen genome-tip kit instructions. Sequencing libraries were created by
shearing DNA to 35 kb on a Megaruptor (Diagenode) and selecting for 18-50 kb using a Blue-
Pippin (Blue Pippin system, Sage Science, Beverly, MA, USA). DNA was then sequenced using
a Sequel machine (Pacific Biosciences, Inc.) at the Brigham Young University DNA sequencing

center.

Assembly and Scaffolding

PacBio reads were assembled using CANU assembler V1.4. Assemblies were then
scaffolded using optical maps with the Solve-hybrid-scaffold pipeline created by BioNano
Genomics. Scaffolded assemblies were uploaded to “Assemblytics” [29] for alignment to the
reference genome and detection of structural variants. For whole genome collinearity analyses
genomes were scaffolded into whole chromosome arms using the reference genome and the

Solve-hybrid-scaffold pipeline previously mentioned.



Analysis of structural variants

To evaluate the structural evolution in the populations of D. melanogaster we analyzed
the coincidence of structural variations with other genomic features. This was done by primarily
using bedtools and the function “IntersectBed” (Supplemental Methods 1) [30]. Whole genome
alignments were created using minimap2 and minidot (Supplemental Methods 1) [31]. We
evaluated the evolutionary distance between the strains using coincidence using a short R script

with the “pvclust” package (Supplemental Methods 1) [32].

Optical Mapping

To visualize the DNA molecules each sample underwent a labeling process that marks a
specific hexameric sequence recognized by the restriction enzyme BssSI, along each DNA
strand. Each molecule was nicked by BssSI, labeled with fluorescently labeled nucleotides,
repaired to prevent breakage, and counterstained. The process is described in detail in BioNano
protocol documentation (BioNano Prep™ Labeling - NLRS Protocol, Document Number:
30024). The samples were then loaded into flow cells where each individual DNA molecule was
moved through nanochannels using electrophoresis and their fluorescence was imaged. We
completed an average of four complete cycles for each strain, each cycle containing several
thousand images.

The data from each DNA molecule were compiled using BioNano software. Based on
distances between fluorescent labels of each DNA molecule assemblies of each genome were
created. Each BioNano assembly was created using over 100X coverage of molecules with

minimum length of 150 kb. The assemblies were aligned with the published Drosophila



melanogaster version 5 reference genome for identification of structural variations using

BioNano SVdetect [11].

RESULTS

Sequence and Optical Assemblies

We created high-quality sequence and optical map assemblies for each of the five global
strains of D. melanogaster. The estimated genome size of D. melanogaster is around 180 Mb,
with one-third composed of highly repetitive, heterochromatic sequence. The reference genome
of D. melanogaster has correctly assembled two-thirds of the genome representing the
euchromatic regions. The variance in genome assembly size could be derived from the varied
success in assembling these repetitive, heterochromatic regions or the assembly of some residual
heterozygosity. The sequence assemblies vary in quality however all have a contig N50 great
than 1 Mb (Table 1-2). The assembly of strain T29A represents the most contiguous sequence
assembly. High quality of each optical map was assured by a > 90% rate of mapping to the
assembled pseudomolecules of D. melanogaster ISO1 release 5 genome. Each genome has a
high BUSCO score validating completeness of the genomes by detecting the presence of widely
conserved orthologous genes. Optical maps were aligned to each genome assembly to scaffold
and improve assembly contiguity (Table 1-2). Whole genome alignments between each strain
display the collinearity and completion of each assembly (Figure 1-3). The large amount of
collinearity across the chromosome arms confirms the likelihood of correctly assembled
genomes. The one exception being strain T29A, where we see a few large areas of possible

translocation and inversion, however its sequence assembly is the most continuous of the five
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assemblies, and we believe its differences to be biological rather than mis-assembly. The high-
quality of these assemblies, shown by their high contiguity and alignment, allowed us to

confidently perform further analyses into the depth of variation between the genomes.

Chromosome Structural Variation

Both sequence assemblies and optical maps were aligned to the D. melanogaster release
5 reference genome for the detection of structural variations. We used this older version of the
reference to make reference points consistent with previous work in these strains of D.
melanogaster. In all our analyses structural variations are defined as discrepancies >50 bp
between the assembly and the reference. Structural rearrangements were detected using both
sequence alignment and optical map alignment methods (Figure 1-4). The “Assemblytics”
software classified SVs into insertions, deletions, tandem expansions, tandem contractions,
repeat contraction, and repeat expansion [29]. The optical map alignment detected insertions and
deletions independently from the sequence alignment. The low resolution of optical mapping
only allows for the detection of very large SVs (>1000 bp) (Figure 1-5) [4]. We see a higher
frequency of insertions and deletions not associated with tandem or repetitive elements. Both
SV detection methods display a balanced frequency between insertions and deletions, a feat
rendered difficult by short read sequencing which favors calling deletions [10]. We also
compared the long-read sequence SVs to the previously performed short-read SV detection [16],
and found that many of the long-read SVs were undetected using short-read sequencing,
especially in regards to insertions (Figure 1-5). Whole genome alignments revealed larger
variations including inversions and translocations (Figure 1-3). Most visible are the large

inversions and translocations located on chromosome 3 of T29A. By examining the coincidence
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of SVs between each strain, we were able to build an evolutionary tree. Like previously

published studies, this tree places ZH26 as the most differentiated from the other strains.

Genome Evolution

We next evaluated the extent to which these structural variations affected the exonic
regions of genome. To ensure the accurate calling of these SVs, we only used SVs that were
validated by the independent optical map SV detection (Figure 1-6). This may result in an
underrepresentation of exonic SVs, because the optical maps only detect SVs >1 kb. We
calculated the number of base pairs affected by these SVs and concluded that there are many
genes impacted by structural rearrangements (Figure 1-7). This total length of exonic sequence
affected by SVs is greater than SNPs found in these strains [16]. Although there were originally
more insertions and deletions without repetitive or tandem elements, we see exons to be much
more likely to contain a repeat contraction or expansion SV than the other types.

By examining the relative density of each SV type we were able to display their relative
patterns of occurrence (Figure 1-8). From this distribution we can visually detect some trends in
SV location. To build the evolutionary relationships between these strains we evaluated the
coincidence of SVs between each of these strains (Figure 1-9). This tree demonstrates the

structural evolution between each of the five strains.

DISCUSSION

In this study we used a powerful combination of assessing the genetic diversity of
structural variations in global populations of D. melanogaster using long-read PacBio

sequencing paired with optical mapping. This allowed us to find large structural variations,
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previously invisible to short-read through sequencing. Other studies have been done which
describe the relative visibility of these SVs to short read sequencing [33]. We claim a high
confidence in the observed structural variation, because of the independent identification derived
from the high molecular weight DNA sequencing and optical mapping methods.

Many sequencing projects today are acknowledging the importance of obtaining more
than one high quality genome to understand a species’ diversity. The construction of a panel of
genomes, known as a pan-genome, renders a more complete image of the genome. Although this
concept began in bacteria, it is being applied to eukaryotic organisms including plants such as
rice [34]. In this study, Zhao et al. found multiple previously unknown domestication events by
creating a large panel of De novo rice accession genomes. For D. melanogaster, there has been
one additional reference level genome assembled by Chakraborty et al. in addition to the original
ISO1 reference [33]. Their assembly of the A4 strain allowed for the detection of previously
hidden genetic variation, including the discovery of multiple genes with varied copy numbers.
Our five assemblies of the globally diverse strains of D. melanogaster builds upon these
resources to enhance our understanding of its genome.

We report a high frequency and variability of chromosomal structural rearrangements
within the D. melanogaster species across five continental populations. This panel of genomes
assembled with long-read technologies is a resource for the investigation into the nature of the
evolution of chromosome structure. Among the high variability in structural rearrangements we
found a significant amount coinciding with gene coding regions of the genome.

There has been serious investigation into the impact of SVs on the divergence and
evolution of species [35]. Previous work has shown the retention of SVs to be due to either
genetic drift or positive selection. Although we expect that some of the SVs presented here

could be the product of positive selection, it remains a task for the future to obtain evidence for
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such events [36]. Chromosomal rearrangements that impact genes provide testable hypotheses
with respect to mechanisms of positive selection, and direct functional tests of gene expression
level and consequence phenotypic impact can be relatively straightforward. The alteration of
gene number by SVs has been associated with speciation in Drosophila [37]. Although
inversions are less likely to have a genic effect, they can influence the recombination between
species, creating reproductive isolation [27]. The global setting for these strains gives important
adaptive context to these SVs. It is more likely for species undergoing migration to contain few
variants of large effect [38]. The consistency between the evolutionary relationships found in
out SV coincidence data (Figure 1-9) and previous work suggests a regular frequency of SVs[16]
. Using expected mutation frequencies [23], previously produced SNP data[16], and our SV
data, we postulate that SVs in D. melanogaster occur at a rate of ~50/MY/Mb.

We propose that these SVs have a substantial impact on species evolution and
divergence. The large size and diversity of these SVs within a single species leads us to predict
these features lead to diversity of a species. Further studies into the patterns of structural

variation could serve to discover the extent of this evolutionary impact.

CONCLUSION

The populations of D. melanogaster used in this study were sampled from five continents
around the globe. They represent the high diversity that can be found within a species. As we
sequenced, assembled, and analyzed one aspect of the variation between these strains, we have
begun to capture a more accurate image of the genome. Today, researchers are beginning to
appreciate the concept of a ‘Pangenome’ or the analysis of more than one individual to

understand a genome.
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Much of our current understanding of genetic diversity and evolution within a species has
relied upon the detection of single nucleotide polymorphisms (SNPs) and small indels (insertions
and deletions <50bp in length). The financial barrier to De novo sequencing and assembling of
genomes limited us to only mapping short reads against reference genomes to assess genetic
differences. The advent of long-read technologies such as PacBio sequencing and BioNano
optical mapping has increased our ability to capture genetic variation due to large structural
variations (SVs) including insertions, deletions, duplications, translocations, and inversions.
These SVs are >50bp in length and have been shown to account for more variation in base pairs
than SNPs.

We report a high frequency and variability of chromosomal structural rearrangements
within the D. melanogaster species across the five global populations. This panel of genomes
assembled with long-read technologies is a resource for the investigation into the nature of the
evolution of chromosome structure. We found that there were some patterns of occurrence based
on location and SV identity across the D. melanogaster genome (Figure 1-8). Although the
strains can differ greatly, there are noticeable, retained trends across the chromosome arms.

Among the high variability in structural rearrangements we found a significant amount
coinciding with gene coding regions of the genome (Figure 1-7). Many of the SVs affecting
exonic regions of the genome were repeat contractions and expansions. These repeat type SVs
suggest the prevalence of gene copy number variations. We also found that these SVs accounted
for a very large number of base pairs compared to the total gene coding portion of the genome.

Whole genome alignment of our assemblies also allowed us to detect large inversions and
translocation present between the strains (Figure 1-3). Most visible are the large inversions and

translocations located on chromosome 3 of T29A. The large SVs found between genomes has
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been hypothesized to play a strong selective role in speciation. This is due to the difficulty in
chromosome pairing during meiosis between highly varied genomes.

Our investigation into the frequency, diversity, and implications of large SVs gives a
powerful perspective on species’ genomic variation. This panel of diverse populations of D.
melanogaster can be a valuable resource for further investigation into the nature and effects

chromosome evolution.
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Figure 1-1. Types of Structural Variations. The red bars represent large regions of a chromosome
with different patterned segments representing sites of variation. A) 10 kb deletion. B) Tandem
duplication of one segment to an adjacent site. C) Inversion. D) Insertion of a new segment of
DNA
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Figure 1-2. Population Distance network. Five populations of D. melanogaster: Beijing (B), Ithaca
(D), Netherlands (N), Tasmania (T), and Zimbabwe (Z). Genetic similarity is measured by genome-
wide FST with connecting bar width and color representing the amount of similarity.
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Figure 1-3. Whole genome alignments between the five global strains and the reference genome
of D. melanogaster. The X-axis represents each genome used as the reference for alignment by
the other strains. Alignment is shown in order chromosome arms 2L, 2R, 3L, 3R, 4, and X.
Percentages represent amount of SV coincidence between each of the strains.
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Figure 1-4. Structural Variant statistics of the five global strains of D. melanogaster. A)
Classification and frequency of sequence based structural variants called by “Assemblyitics”. B)
Classification and frequency of optical map based structural variations called by BioNano

SVdetect™.
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Figure 1-5. A) Size distribution of structural variants called by both long-read sequencing and
Optical Map methods. The Y-axis is defined to show majority of variance and does not display
some larger SVs detected. B) Sequence SVs detected by long-read sequencing, but not by short

read resequencing are classified as “invisible”.
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Figure 1-6. Venn Diagram displaying the average number of exons coinciding with SVs detected
by the two SV detection methods. For conservative estimates, only exons coinciding with both
methods were evaluated.
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Figure 1-7. Exons containing Structural Variants in the five global strains of D. melanogaster.
A) Classification and frequency of structural variants within exonic regions of the genome. B)
Total amount of base pairs within exonic regions of the genome affected by structural variants.
Insertions, repeat expansions, and tandem expansions were classified as base pair additions,

while deletions,
reductions.

repeat contractions, and tandem contractions were classified as base pair
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Figure 1-8. Structural Variant Distribution across each arm of the chromosome of D.
melanogaster. Chromosome 4 was omitted due to its small size. The five global strains are

indicated by line color.
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Figure 1-9. Evolutionary relationships based on coincidence of sequence structural variants
between strains. The tree was created using pvclust package in R. Two types of p-values are
shown for each branch node: Approximately Unbiased (AU) and Bootstrap Probability (BP).
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TABLES

Table 1-1. Global Strains of D. melanogaster collected from their respective locations to create
a representative panel.

BS9 Beijing (China)

123 Ithaca (New York)

N25 Netherlands
T29A Tasmania
ZH26 Zimbabwe

Table 1-2. Assembly statistics for sequence and optical map assemblies of the five global

strains of D. melanogaster. Optical map alignment is evaluated against the assembled portion
of the D. melanogaster ISO1 release 5 reference genome.

Sequence Assembly Length (Mb) 144.4 132.95 146.07 139.06 177.22

# Of Contigs 283 314 306 205 960
Contig N50 (Mb) 5.97 1.08 6.47 11.37 1.24
BUSCO % 95.7 85.3 96.9 96.3 92.0
Optical Map Length (Mb) 138.2 130.1 166.3 148.5 144.1
Optical Map N50 (Mb) 1.01 0.897 1.255 1.144 1.297
Alignment % 93.9 91.4 90.8 94 92.8
Hybrid Scaffold Length (Mb) 144.97 135.92 148.16 139.75 179.28
# Of Scaffolds 259 218 276 184 918
Scaffold N50 (Mb) 10.24 5.63 15.39 21.47 2.55
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SUPPLEMENTAL METHODS

Supplemental Methods 1) Commands and Parameters

Creating consensus structural variants called by both Assemblyitics and BioNano:
Bedtools/intersectBed —a Assemblyitics SV.bed —b BioNano SV.bed > Consensus_SV.bed
Creating list of Exons coinciding with SVs:

Bedtools/intersectBed —a Dmel Exons.bed —b Consensus SV.bed > Exonic_SV.bed
Creating whole genome alignment visualization:

minimap2 -cS Reference.fasta Query.fasta > Alignment.paf

miniasm/minidot Alignment.paf > Alignment.eps

Calculating the number of bases within Exons affects by SVs:

awk '{print $5-$4}' Exonic_SV > number bases exon repeat exp

paste -sd+ number bases exon_repeat exp | bc

*The Only exception is insertions where we used the size column of Assembylitics to find out
how much was inserted in the Exon

Canu Assembly parameters:

canu -d Directory name -p Directory name genomeSize=180m maxMemory=200g
maxThreads=10 corMhapSensitivity=normal corOutCoverage=40 merylMemory=100g
merylThreads=10 ovsMethod=parallel gridOptions="--qos=jaudall --time=24:00:00"
gridOptionsOVS="--mem-per-cpu=10g --time=24:00:00" gridOptionsExecutive="--mem-per-
cpu=24g --time=4:00:00" gridOptionsCORMHAP="--mem-per-cpu=10g --time=1:00:00"
gridOptionsOBTMHAP="--mem-per-cpu=10g --time=1:00:00" gridOptionsUTGMHAP="--
mem-per-cpu=10g --time=1:00:00" gridOptionsCOROVL="--mem-per-cpu=6g --
time=24:00:00" gridOptionsOBTOVL="--mem-per-cpu=6g --time=12:00:00"
gridOptionsUTGOVL="--mem-per-cpu=6g --time=12:00:00" gridOptionsRED="--mem-per-
cpu=8g --time=1:00:00" gridOptionsOEA="--mem-per-cpu=8g --time=2:00:00"
gridOptionsOVB="--mem-per-cpu=4g --time=1:00:00" -pacbio-raw reads.fastq

BioNano Assembly parameters:
Minimum length= 125 kb

P-value cutoff threshold, initial assembly = 5.68e-9
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P-value cutoff threshold, extension and refinement= 5.68e-10
Evaluating shared SVs using R paired with “pvclust” package:
#Load in Assemblyitics structural variant files

Bedone <- read.table("strainone assemblyitics.txt")

Bedtwo <- read.table("straintwo_assemblyitics.txt")

#create 0 vector for each SV in Bedone

G1 <- cbind(rep(0, length(Bedone)))

#For every entry in the first Bedfile, this loops through the second bedfile to evaluate wether the
SV has an identical match in the other strain. There is a margin for error of 3 basepairs.

for(x in 1:length(Bedone)){
for(w in 1:length(Bedtwo)){

if(smapone[x,4] > Bedonel[w,4] - 3 & smapone[x,4] < Bedonel[w,4] + 3 & smapone[x,5] >
Bedonel[w,5] - 3 & smapone[x,5] < Bedonel[w,5] + 3 & smapone[x,2] == Bedonel[w,2] &
smapone[x,6] == Bedonel[w,6])

# If the SV in Bedone has a match in Bedtwo then the 0 in out vector is replaced with a 1
{Gl[x] <-1
#This ends the loop once we've found a match
w <- length(Bedtwo) -1}
}
}

#Once this is performed pairwise for each strain, we built a matrix with 1 columns for each
strain, showing its binary coincidence with the other strains SVs

library(pvclust)
#Creates pvclust tree for the SV coincidence matrix

result <- pvclust(SV_coincidence matrix, method.dist = "cor", method.hclust = "average",
nboot=1000)

plot(result)

34



	Brigham Young University
	BYU ScholarsArchive
	2018-04-01

	Genomic Structural Variation Across Five Continental Populations of Drosophila melanogaster
	Evan Michael Long
	BYU ScholarsArchive Citation


	TITLE PAGE
	ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	CHAPTER 1
	BACKGROUND
	Comparative Genomics and Evolutionary Diversity
	The Characteristics and Difficulties of Structural Variations
	Long-Read Technologies
	Drosophila melanogaster: A Genetic Model Organism

	INTRODUCTION
	METHODS
	SMRT DNA Extraction
	Assembly and Scaffolding
	Analysis of structural variants
	Optical Mapping

	RESULTS
	Sequence and Optical Assemblies
	Chromosome Structural Variation
	Genome Evolution

	DISCUSSION
	CONCLUSION
	LITERATURE CITED
	FIGURES
	Figure 1-1
	Figure 1-2
	Figure 1-3
	Figure 1-4
	Figure 1-5
	Figure 1-6
	Figure 1-7
	Figure 1-8
	Figure 1-9

	TABLES
	Table 1-1
	Table 1-2

	SUPPLEMENTAL METHODS

