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Preface



The description and explanation of genetic variation within and between populations, the goal
of population genetics since its origins, have been hampered by decades because of the
technical inability to directly measure the genetic variation of populations. The present genome
era, with the explosive growth of genome sequences fueled by the next-generation sequencing
technologies, has lead us to the present golden age of the study of genetic variation at the
genome scale. Population genetics is no longer an empirically insufficient science, but it is more
than ever a research field where bioinformatics tools for data mining and management of large-
scale dataset, statistical and evolutionary models, and advanced molecular techniques of mass
generation of sequences are all them integrated in an interdisciplinary endeavor. As a

consequence of this breakthrough, a new ‘omic’ discipline has emerged: Population Genomics.

But, what is Population Genomics? For Charlesworth (2010), it's simply "a new term for a field
of study as old as Genetics itself". It's the 'old field' of Population Genetics when studying the

amount and causes of variability in natural populations in a genome-wide fashion.

This thesis is both a population genomics study and a bioinformatics project centred on the
visualization, description and analysis of the genome-wide DNA variation data from a natural
population of model organism Drosophila melanogaster. The data used has been obtained by
the international initiative The Drosophila Genetic Reference Panel (DGRP) (Mackay et al. 2012).
DGRP has sequenced the complete genomes of 158 (freeze 1) and 205 (freeze 2) inbred lines of
Drosophila melanogaster from a single natural population of Raleigh (USA). A major goal of this
project was to create a resource of common genetic polymorphism data to further perform

population genomics analyses.

The DGRP sequence data has allowed us to carry out a thorough study of genome-wide variation
in a natural population of D. melanogaster. After developing a complete, public and accessible
map of the polymorphism present in this population, we have described the patterns of
polymorphism and divergence (nucleotide and indel variants) along chromosome arms. We
observe a clear and consistent pattern of genome nucleotide diversity along arms of the
autosomic chromosomes both for SNP and indels: nucleotide diversity is reduced on average in
centromeric regions relative to non-centromeric regions, and at the telomeres. This pattern is
not observed in the X chromosome, where diversity is almost uniform all along the chromosome.
Polymorphism and recombination are correlated along chromosome arms, but only for those

regions where recombination rate is below 2cM Mb™. Recombination rate seems to be the



major force shaping the patterns of polymorphism along chromosome arms and its effect seems

to be mediated by its impact on linked selection.

We have mapped the footprint of natural selection on SNP and indel variants throughout the
genome, observing a pervasive action of natural selection, both adaptive and purifying selection.
Adaptive selection occurs preferentially in non-centromeric regions. Natural selection acts
differently between insertions and deletions, being deletions more strongly selected by
purifying selection, which supports the mutational equilibrium theory for genome size

evolution.
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Part 1.
Introduction



1. Introduction

1.1 Evolution and Population Genetics

Since Charles Darwin most universally known publication, The origin of Species (1859), biological
evolution is understood as a population process, where phenotypic and genotypic variation
among individuals within a population is converted, through its magnification in time and space,
in new populations, new species, and by extension, all biological diversity on Earth (Lewontin
1974). Biological evolution is the result of this elementary process of change in populations

through generations.

Formally, evolution occurs if two conditions are met: (i) variation in phenotypic traits within a
population, and (ii) inheritance of this variation, in other words, variation must be heritable at
least partially among generations (Lewontin 1970; Endler 1986). DNA is the molecule that carries
the genetic information (Avery et al. 1944), and among its properties two are essential to the
evolutionary process. On one hand, the molecule is intrinsically mutable, being this the origin of
genetic variation. On the other hand, it allows the replication of old and new variants from one
generation to another. The reproductive or survival advantage or disadvantage an individual has
for carrying a given variant relative to individuals that does not have it is called fitness. Only
when genetic variants provide individuals with differences in fitness, the process of natural
selection described by Darwin can occur (Endler 1986). In consequence, the action of natural
selection implies evolution (except in the case of balancing selection, where 2 or more variants
are maintained without change among generations), but natural selection is not a necessary

condition for evolution to occur.

Within the variation paradigm, population genetics provides the theoretical framework to

describe how biological evolution does occur. The main aim of population genetics is the



description and interpretation of genetic variation within and among populations (Dobzhansky
1937). The Hardy-Weinberg principle, the single mathematical model formulated independently
by G. H. Hardy and W. R. Weinberg in 1908 served as a null model to explain the maintenance
of genetic variation in a population during the first years of genetics. The principle states that in
an ideal population and in absence of any other evolutionary forces, allele frequencies would
remain unchanged generation after generation. Population genetics is conceived as a theory of
forces that can affect allele frequencies in a population. These forces are principally mutation,

migration, natural selection, recombination and random genetic drift.

The mathematical foundations of population genetics were established by R. A. Fisher, J. B. S.
Haldane and S. Wright in the second and third decades of the XX century. They figured out the
consequences of chance and selection in populations with Mendelian inheritance, and turned
population genetics into the explanatory core of the evolutionary theory. In the late 1930s and
40s, the integration of theoretical population genetics with other evolutionary research fields
such as experimental population biology, palaeontology, systematics, zoology and botany gave
rise to the Modern Synthesis of evolutionary biology (Dobzhansky 1937; Mayr 1942; Simpson
1944; Stebbins 1950). The main difference between the modern synthetic theory and Darwin's
original view of evolution by natural selection is the addition of the Mendelian laws of heredity
in a population genetics framework. This new theory is also called Neo-Darwinism by some,
although the term was coined years before by George Romanes referring to the theory of Alfred
Russel Wallace and August Weismann to differentiate it from the initial Darwin's theory

(Romanes 1906).

The Modern Synthesis theory considers natural selection the most fundamental process
underlying evolution in detriment of drift and other non-adaptive forces. In a first attempt to
account for the nature of genetic variation, two different models were put forward (Lewontin
1974). The classical model supported the role of natural selection as purging populations of new
mutations and thus predicted that most gene loci are homozygous for the wild-type allele
(Muller and Kaplan 1966). On the other hand, the balance model considers that natural selection
maintains high levels of genetic diversity in populations by favouring heterozygosity at many
gene loci (Dobzhansky 1970; Ford 1971). The balance model could account for why a population
can respond quickly to environmental changes by selecting variation already existing in the
population and changing its frequencies. This debate moved to a more subtle one after the first
estimation of genetic diversity using gel electrophoresis techniques, and the first descriptions of

protein allelic variants.



1.1.1 Molecular population genetics and the Neutral Theory

With the advent of the electrophoretic techniques to estimate protein variation, population
genetics entered in the molecular age, the so-called 'Allozyme era' (Lewontin 1974; 1992). The
results of electrophoretic experiments exposed substantial amounts of genetic variation in most
populations (Nevo et al. 1984), much more than expected, and seemed to better support the
balance model than the classical model. Levels of genetic diversity were also found to vary in a
non-random way among populations, species, higher taxa and several ecological, demographic

and life history parameters (Nevo et al. 1984).

At the time, a new theory was put forward to explain the patterns of molecular genetic variation
within and among species, in a complete opposite way than the balance hypothesis, selective
based, does. Kimura’s Neutral Theory of molecular evolution states that most of new mutations
at the molecular level are either strongly deleterious or selectively neutral, and therefore the
dynamics of polymorphism in populations are determined by random genetic drift rather than
by natural selection (Kimura 1968, Kimura 1983). Some of the principal implications of the

neutral theory are:

1. Deleterious mutations are rapidly removed from the population, and adaptive
mutations are rapidly fixed; therefore, most variation within species is selectively
neutral (Figure 1.1).

2. A steady-state rate at which neutral mutations are fixed in a population (k) equals the
neutral mutation rate: k = uo, where uois the neutral mutation rate, uo = freutrat 4, Where
freutrar is the proportion of all mutations that are neutral and u the intrinsic mutation rate
by generation. If all mutation are neutral, then o= u.

3. The level of polymorphism in a population () is a function of the neutral mutation rate
and the effective population size (Ne): & = 4N, uo.

4. Polymorphisms are transient (on their way to loss or fixation) rather than balanced by
selection. Larger populations are expected to have a higher heterozygosity, as reflected

in the greater number of alleles segregating at a time.

The hypothesis of selective neutrality would also apply to most nucleotide or amino acid
substitutions that occur during the course of evolution. Still, Kimura emphasized the
compatibility of his theory, mainly based in mutation and drift at the molecular level, with

natural selection shaping variation at the phenotypic/morphological level. There have been new



refinements to the neutral theory, especially the nearly-neutral and slightly deleterious
mutation hypotheses of Tomoko Ohta (Ohta 1995), that modules the original theory considering
that slightly deleterious variants could still segregate at low frequencies in the population (Figure
1.1 and Box 1). In any case, Kimura’s neutral theory became the theoretical foundation of

molecular population genetics.
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Figure 1.1 Representation of the Distribution of Fitness Effects (DFE) for mutations under the Kimura’s
neutral theory (a) where mutations are considered to be only neutral, advantageous or deleterious; and
Ohta’s nearly neutral theory (b) where is considered that some mutations are not completely neutral but
either slightly advantageous or slightly deleterious. The fitness effect of new mutation is defined with the
Selection Coefficient (s). At s = 0 the allele is said to be selectively neutral; as s increases so does its
advantageous potential; in the same way, as s decreases so does the negative effect of a mutation.

A consequence of the neutral theory is the existence of a random molecular clock, previously
inferred from protein sequence data by Zuckerkandl and Pauling (1962). Assuming that the
neutral mutation rate is equal to the neutral allele fixation rate (k = o), when two populations
or species split, the number of genetic differences among them is proportional to the time of
speciation. This can be used as a molecular clock since the number of differences among
sequences from different species represents the relative times of divergence among them.
Related to this idea of a molecular clock, the Coalescent Theory (Kingman 2000) tries to trace

the changes suffered by a genomic region, shared by different members of a population or



different taxa, to a single ancestral copy: the most recent common ancestor (MRCA). The
mathematical methods created around this theory allowed the construction of coalescent
graphs, gene genealogies similar to phylogenetic trees, which try to describe the phylogenetic

and genealogical relationships between the different sequences.

1.1.2 Mutation as the ultimate source of genetic variation

Genetic variation is the cornerstone of the evolutionary process. Heritable variation in any trait
must exist before it can undergo any process of adaptation by natural selection. Hence, the study
of variation within individuals and populations is crucial to understand every process of
evolutionary change. But for many years during the 19t century and the start of the 20*" century,
variation could only be studied for phenotypic traits, where discrete Mendelian variation is rare
and guantitative traits are abundant. A phenotypic trait results from the interaction between a
given genotype (which is heritable) and a specific environment. Observed phenotypes are the

final result of many interactions difficult to discern.

A mutation is an adaptively non-directed change in the genomic sequence of an individual, and
mutations in the DNA molecule are the ultimate source of genetic variation. Once a new variant
appears by mutation in the DNA it can be replicated and transmitted from generation to
generation. Gel electrophoresis of proteins assesses indirectly genetic variation (Johnson et al.
1966; Lewontin and Hubby 1966, Harris 1966). It was not until the late 70's that actual variation
in the DNA molecule was analysed using first restriction enzymes (Avise et al. 1983), and later,
with the milestone of sequencing technologies (Sanger and Coulson 1975, Maxam and Gilbert
1977), genetic variation was estimated at the ultimate DNA sequence level (Kreitman 1983). The
automation and parallelization of the Sanger method was the key that provided us with an
impressive number of sequenced genomes in practically 20 years. Nowadays, more advanced
and high throughput second or next generation sequencing (NGS) methods are used to analyse
several types of variation in the DNA sequence, and with third generation methods at hand,

even more advances are to be expected (Niedringhaus et al. 2011, McGinn & Gut 2012)

Mutation size in genomes ranges from single nucleotide changes to microscopically visible
karyotypic alterations, where they can be, for instance, larger than 3Mb in humans (Feuk et al.
2006, Conrad and Hurles 2007). Accordingly, mutations are categorized in two non-overlapping
types: (1) single-nucleotide variants or single nucleotide polymorphisms (SNPs) when only one

nucleotide in the genome is mutated, and (ll) structural variation, when multiple bases are



involved. Structural variants in the genome comprise insertions/deletions (indels), inversions,
translocations and variations in the number of copies of a given genomic segment (Table 1.1).
The term structural variation is commonly defined as variation of more than one nucleotide. But
this could lead to confusion, since in the literature structural variation is also defined as that

involving 'segments of DNA longer than 1kb' (Feuk et al. 2006).

The first studies of DNA variation focused on single-nucleotide differences among individuals.
Although only one nucleotide is affected, their abundance in the genome makes them the most
frequent source of inter-individual genetic variation event with respect to other variation types.
Single nucleotide polymorphisms were believed to account for >90% of the genomic variability

in humans (Collins et al. 1998).

Regardless of their minor amount when compared to the number of single-base variants, all
these others structural variants comprise a significant fraction of a genome since each one
involve longer segment of DNA than SNPs. In the case of copy number variations (CNVs), studies
show they represent a range from 3.7% to 12% (112.7 - 360Mb) of the human genome (Redon
et al. 2006, Conrad et al. 2010) with more recent studies defining a more precise range of 4.8%
to 9.5% of CNV contribution to the genome (Zarrei et al. 2015). The combination of all the
structural variants in a genome implies seemingly more DNA in play than the DNA assembled by
single-nucleotide variants, taking into account that the estimated number of SNPs reported for
the human genome are 149,735,377 (dbSNP, june 2014). Following SNPs, indels are the next
most abundant form of genetic variation and are the most common type of structural variants
(Vali et al. 2008, Mullaney et al. 2010), specially short (< 50bp) insertion and deletions (indels),

at least when looking at the human genome (Montgomery et al. 2013).

Indels and structural mutations can have various mechanisms of origin. Overall, formation
mechanisms differ for the size of the variant. According to Pang et al. (2013) in a human genome,
small variants (< 1Kb), are associated with nonhomologous processes 72.6% of the time, in
contrast with 24.9% of microsatellite events. Medium size variants (<10Kb) are commonly
related to minisatellites (25.8%) or retrotransposons (24%) among other causes. Finally, a 46.2%
large variants (>10%) seem to be associated with nonallelic homologous recombination (Pang et

al. 2013).



Looking specifically on indel formation mechanisms, one of the most studied is the polymerase
slippage (Streisinger et al. 1966, Levinson and Gutman 1987, Greenblatt et al 1996, Taylor et al.
2004, Montgomery et al. 2013). However, indels can also be originated by other mechanisms,
that may be responsible for other structural variants as well, like imperfect repairs of double-
strand breaks (Chu 1997, McVey et al. 2004), fork stalling and template switching (FoSTeS),
microhomology-mediated break-induced replication (MMBIR) (Lee et al 2007, Hastings et al
2009) and hairpin loop formation due to presence of palindromic sequences (Greenblatt et al

1996, Hastings et al 2009) (Figure 1.2).

) @=L b)

L =4
’ L =

| I -

c) d)
| | — | S I I
$ i)
jr—
NS p— sl

e)

Figure 1.2 Representation of some mechanisms of indel and structural variants formation. (a) Polymerase
slippage (or slipped strand mispairing) is a mutation process where regions of small repeats can be
expanded or contracted by action of the polymerase complex during replication. (b) Transposable
elements can cut or copy fragments of DNA and insert them in other locations of the genome. In (c) the
two blue coloured fragments share high homology, which align in a non-allelic homologous
recombination (NAHR) event and can produce deletion or duplication of part of the homolog fragments
and flanking regions. (d) A non-homologous end-joining (NHEJ) event. A double strand break occurs
between the blue and orange non-homologous fragments. The NHEJ mechanism modifies and re-joins
the ends resulting in a deletion between the two fragments. Finally (e) a fork stalling and template
switching (FoSTeS) event, where fragments between microhomology segments (2 to 5 bp, represented as
triangles) can be deleted during the replication. [c,d and e adapted from Gu et al. 2008]



Table 1.1 Common DNA mutation types.

Type of variation

Description

1. Single
nucleotide
polymorphisms
(SNP)

2. Insertions and
deletions (Indel)

3. Variable
number of
tandem repeats
(VNTR)

4. Copy number
variations (CNV)

5. Segmental
duplications

6. Inversions

7. Translocations

Base substitution involving only a single
nucleotide. It can be transitions or
transversions. Coding-related mutations
can be missense, nonsense, silent or
splice-site mutations.

Extra base pairs that may be added
(insertions) or removed (deletions) from
the DNA.

A locus that contains a variable number
of short (2-8 nt for microsatellites, 7-100
nt for minisatellites) tandemly repeated
DNA sequences that vary in length and
are highly polymorphic.

A structural genomic variant that results
in confined copy number changes of DNA
segments 21 kb (i.e. large duplications).
They are usually generated by unequal
crossing over between similar sequences.
Specific case of CNV where a pair of DNA
fragments >1kb share >90% identity
Change in the orientation of a piece of a
DNA segment.

Transfer of a piece of a chromosome to a
nonhomologous chromosome. It can
often be reciprocal.

ATGCAGTCGATCGATGGCATGCATGC
ATGCAGTCGATCGCTGGCATGCATGC

Deletion:

Ref.

Insertion:

Ref.

A 4

Ref.

Y

Ref.

Ref.

A 4

Ref.

T
>

[Adapted from Casillas 2007, Freeman et al. 2006 and Alkan 2011]



1.1.3 The population dynamics of genetic variation

Which fraction of new mutations is deleterious, neutral, or advantageous? This question has
been part of the debate since population genetics started its path into the molecular era.
However, classifying mutations into these groups may not reflect correctly the real fitness effect
of mutations. In reality, mutations have a continuous Distribution of Fitness Effects (DFE) ranging
from lethal or very deleterious, through slightly deleterious, neutral, slightly advantageous and
strongly advantageous (Keightley & Eyre-Walker 2010, Piganeau and Eyre-Walker 2003) (Figure
1.1). Ultimately, the levels of genetic variation observable in a given genome region in a
population is a combination of their DFE of new mutations and their population dynamics over

time (see Box 1).

Box 1: Two main functions determining polymorphism and divergence in a population

The distribution of fitness effects (DFE) can be described as the relative frequency of mutations that range from
deleterious, through neutral, to advantageous contribution in the population. The DFE can be mathematically
defined as a function of the fitness (measured by the coefficient of selection, s) of new mutations entering in
the population: f(s) (Figure 1.3a).

However, the observable level of genetic variation in a population is also affected by the population dynamics
of each mutation from the moment it appears through time; this dynamics is mainly defined by the probability
of fixation of each mutation once it appears, which depends on the effective population size (N,) and the fitness
(s): 2Ne u (Ne, s) (Figure 1.3b). Neutral alleles reach fixation or disappear from the population by random
mechanisms. Advantageous variants become fixed quickly and, contrarily, slightly deleterious mutations
segregate to some extent until they are removed. Interestingly, alleles under balancing selection tend to stabilize
at an intermediate frequency in the population never reaching fixation. The most extreme case is strongly
deleterious mutations which are never observed as polymorphism due to their fast elimination from the
population.

Finally, we can calculate divergence (k) as the integral or weighted sum of the combined probability of fixation
and fitness effect, from fitness -oo to oo : ffooo 2Ne u (Ne,s) f(s) ds.

Q
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Figure 1.3 Factors determining the substitution rate of new mutations in populations. (a) Distribution of
fitness effects (DFE) and (b) a diagram showing the dynamics of different types of alleles in a population
through time. In (b), new variants that appear in a population start segregating and over time they can
become fixed (frequency = 1) or disappear from the population (frequency = 0). In green are represented the
dynamics of neutral alleles, in blue are advantageous alleles, in brown are slightly deleterious alleles, orange
is for alleles under balancing selection, and red dots represent strongly deleterious mutations. [Adapted from
Hartl and Clark (1997)]



Once a mutation appears in a population, its frequency starts a journey whose fate is determined
by population genetics factors. Most mutations will be lost from the population in the same
generation they appear either by chance or because the individual carrying it dies before leaving
offspring. However, a mutation could increase its frequency in the population through
generations, either by random genetic drift or because it gives some advantage to the individuals
that possess it. The state in which multiple alleles exist for a same locus within the population is
called polymorphism. If sometime in the future a single allele is shared by all the individuals
within a population we say that this allele has reached fixation. If a newly appeared allele is
neutral, the probability that it becomes eventually fixed is its initial frequency. For a new
mutation present in a single individual this probability is 1/2N for diploid or 1/N for haploid
organisms. This chance of fixation is influenced for the above mentioned population genetics

forces, like the fitness effect of the allele (see Box 1).

The accumulation of distinct allele fixations between two different populations is referred to as
divergence. The independent allele fixation along two populations of the same species which
are reproductively isolated for many generations can derive in two new different species
(speciation). The ultimate consequence of this continuous process is the rich diversity in life

forms we can see in Earth.

Polymorphism and divergence tell us different and complementary stories about the past and
present events of a population. When we analyse the polymorphism in a population, we are
actually observing a kind of snapshot of the variation dynamics at that precise moment in time,
and it also allows us to infer events that have happened recently. On the other hand, when
studying divergence between species, we are observing (putatively) fixations between them, a
process that takes a longer time and tells us about more ancient events. The combined analysis
of polymorphism and divergence is one of the most powerful approaches to understand the
influence of different population genetics forces modelling the patterns of molecular

evolutionary change.

1.1.4 Explaining genome-wide patterns of diversity

Even with all the available data and techniques to study genetic diversity, it's still not completely
understood how different evolutionary forces contribute to the patterns of genetic variation we

observe nowadays. The forces shaping the genetic structure of populations tend to be weak,



and also they take action very slowly during thousands or even millions of years, which makes

any observation difficult to decipher.

Genetic drift. If we take into account the neutral theory, the main two forces affecting genetic
variation are mutation and random genetic drift. Mutation adds new variation to a population
at the rate 2Nu in diploid organisms (where N is the population size). Drift instead, removes
variation from the population at each generation at a rate depending on the population size
(1/2N.). This implies that in small populations drift removes variation faster than new variation
is added by mutation. On the contrary, on large populations drift is not strong enough to remove
all the variation that appears steadily. If genetic drift is the determinant force, a lineal
relationship between diversity and population size would be expected: the larger population
sizes the larger genetic variation. From Kimura's neutral theory, the total number of mutations
that will be fixed at a given gene or DNA region each generation is (2Nu)(1/2N), which is the
already mentioned mutation rate of the DNA region, and the probability that this mutation will
be fixed. However, it takes time for a new mutation to achieve fixation once it appears in the
population, this time depends on the population size and is 4N,; thus, in a mutation-drift
equilibrium, the average number of polymorphic sites when comparing two random sequences
within the same population is 4Nu (Kimura 1983), this is also known as the neutral population

mutation rate 0 or the expected neutral nucleotide heterozygosity (see 1.1.6).

The paradox of variation and linked selection theories. However, the first studies of allozyme
polymorphisms did not completely reflect the supposed lineal proportion between population
size and genetic diversity, a phenomenon that has been called 'The paradox of variation'
(Lewontin 1974, Hahn 2008). Genetic hitchhiking was proposed as an explanation to some lower
than expected levels of diversity (Smith and High 1974; Kaplan, Hudson and Langley 1989). In
this process, neutral alleles near a favourable mutation can go together to fixation (also called
selective sweep), resulting in reduced variation in a region. Since variants linked to a selected
site are also affected by selection, the region is undergoing linked selection (Figure 1.4). Later,
Gillespie (2000 a and b) refined the concept taking into account both the effects of neutral
theory's genetic drift and repetitive genetic hitchhiking, what it is called Genetic Draft (Gillespie
2000a; Gillespie 2000b; Gillespie 2001, Sella et al. 2009). Generally, genetic drift removes
variation from the population, but in a population large enough there is a possibility of having
recurrent hitchhiking events. In this scenario, genetic variation tends to increase, and also the

frequency of hitchhiking events which reduce genetic diversity as well.
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Figure 1.4 Hitchhiking and Background selection effects on genome variation. Hitchhiking of neutral alleles
linked to an advantageous allele being selected (a) results in a reduction in variation and the
homogenization of the region before recombination breaks it down over time. Background selection (b)
happens when whole regions are selected against due to deleterious alleles. This results in a
heterogeneous reduction of genetic diversity with presence of rare alleles.

Linked selection can also occur with negative or purifying selection. Background selection is the
process in which non-deleterious diversity is removed from the population for being linked to
deleterious sites. The effect in this case is a reduction of the number of chromosomes that
contributes to the next generation, which is formally identical to that of a reduction in
population size except that the reduction applies, not to the genome as a whole, but to a tightly

linked region (Charlesworth et al. 1993) (Figure 1.4).

Recombination as a key factor mediating the fate of linked sites in the genome. A major
process that must be considered to explain patterns of genome-wide diversity is recombination.
When the first DNA variation analyses appeared in the 80's, lower levels of variation were
observed in Drosophila in regions of low recombination such as near the centromeres (Aguade
et al. 1989; Stephan and Langley 1989; Berry et al. 1991; Begun and Aquadro 1992; Martin-
Campos et al. 1992; Stephan and Mitchell 1992; Langley et al. 1993) (Figure 1.5). One first
explanation was that recombination is itself mutagenic (or both mutation and recombination
have common mechanisms). However, patterns of divergence did not seem to increment in high
recombination regions as would be expected according neutral theory for larger mutational

regions. Hence, increased mutation rate associated with recombination does not seem the



explanation for correlation between recombination and polymorphism. Instead, linked selection
events, such as positive selective sweeps or negative background selection, could produce this
effect, since loci in high recombination regions are more prone to escape from the effects of
selection on nearby sites (Begun and Aquadro 1992). Moreover, correlation between
recombination and divergence is not expected under these models. Birky and Walsh (1988)
demonstrated that linked selection has no effect on long term neutral fixation, so a linked

selection event would reduce polymorphism levels with no effect in the divergence levels.
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Figure 1.5 Observed and predicted levels of polymorphism on the chromosome 3 of D. melanogaster.
The observed data, from left to right, are from the following loci: Lsp1-y, Hsp26, Sod, Est6, fz, tra, Pc, Antp,
Gld, MtnA, Hsp70A, ry, Ubx, Rh3, E(spl), Tl and Mlc2. The predicted it values are based on equation (8) of
Hudson and Kaplan (1995) assuming that 4Nu = 0.014 and u, the deleterious mutation rate per cytological
band, is 0.0002. [Adapted from Barton et al 2007. Originally from Hudson and Kaplan 1995]

On the other hand, the effect of linked selection mechanisms in regions with low or no
recombination makes selection inefficient and the mentioned mechanisms interfere between
each other, as a consequence, variation is reduced in those segments of the genome. This
situation, produced when various linked sites are selected simultaneously, has been called the

Hill-Robertson interference (Hill & Robertson 1966, Begun and Aquadro 1992)(Figure 1.6).

There are two possible situations if various sites are mutually selected in a low recombination

region: (i) two or more adaptive mutations appear in different haplotypes, both will compete



and only one will be fixed in the population, reducing the adaptive fixation rate (Figure 1.6 al).
Or (ii) there can be both adaptive and deleterious mutations in the same haplotype. The lack of
recombination sometimes will lead to fixation of deleterious variants due to the fixation of a
linked strong adaptive variant, or sometimes the opposite, where adaptive mutations will be
eliminated if they are nearby a selected deleterious position (Figure 1.6 a2). The lower the
recombination, the more sites that will segregate linked together. Moreover, the more intensity
of selection, the more reduction of the efficiency of selection by the Hill-Robertson interference
(Comeron et al. 2008; Messer & Petrov 2013). The interference does not happen if there is
enough recombination that allows different nearby sites to segregate independently (Figure 1.6

b).
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Figure 1.6 Hill-Robertson interference in selected sites in a genome region. Arrows indicate selection on
adaptive mutations (green) or deleterious (red). Length of the arrow indicates strength of selection. (1)
Two or more adaptive mutations. Without recombination, both chromosomes compete and only one of
the mutations become fixed (1a). If there is enough recombination, both mutations can be fixed (1b). (2)
With presence of both adaptive and deleterious mutations, without recombination all alleles compete
allowing deleterious fixations if selection on adaptive alleles is strong enough, or even adaptive mutations
can be removed from the population if the selection in the deleterious sites is superior (2a). With
recombination, deleterious alleles can be removed and adaptive alleles can be fixed together (2b). [From
Barrén 2015]



1.1.5 The estimation of DNA variation

The data desideratum for population genetics studies is a set of homologous and independent
sequences (or haplotypes) sampled in a DNA region of interest, along with the corresponding
sequences from one or more outgroups to study both polymorphism and divergence. From a
set of haplotypic sequences nucleotide diversity can be estimated for (i) each nucleotide site
independently of other nucleotide sites (one-dimensional measure) or (ii) a segment of sites can
be analyzed together taking into account the mutual associations among polymorphic sites
(multi-dimensional measure) (Table 1.2). Nearby nucleotides are not independent from each
other, since they tend to be clustered in blocks of different lengths, for example, up to 2kb in
Drosophila (Miyashita and Langley 1988; Mackay et al. 2012) and over several megabases in the
human genome (Frazer et al. 2007). Multi-dimensional estimators are important to describe the
forces that shape haplotypes such as recombination, selection and demography. Both, one and
multi-dimensional diversity measures, are complementary to get a complete description of

sequence variation.

Table 1.2 Common measures of nucleotide diversity

Uni-dimensional measures

S, s Number of segregating sites (per DNA sequence or per site, Nei (1987)
respectively).

H, n Minimum number of mutations (per DNA sequence or per site, Tajima (1996)
respectively)

k Average number of nucleotide differences (per DNA sequence) Tajima (1983)
between any two sequences

b Nucleotide diversity: average number of nucleotide differences Nei (1987); Jukes and
per site between any two sequences. Cantor (1969); Nei and

Gojobori (1986)
6, 8w  Nucleotide polymorphism: proportion of nucleotide sites that Watterson (1975);

are expected to be polymorphic in any suitable sample

Tajima (1993; 1996)

Multi-dimensional measures

D The first and most common measure of linkage disequilibrium, Lewontin and
dependent of allele frequencies Kojima (1960)
D’ Another measure of association, independent of allele Lewontin (1964)
frequencies
R, R? Statistical correlation between two sites Hill and Robertson
(1968)
ZnS Average of R? over all pairwise comparisons Kelly (1997)

[from Casillas 2007]



1.1.6 Detecting natural selection in the genome

One of the most amazing evidence of the power of natural selection is the footprint that it can
leave on genetic variation. Looking for evidence of selection is also a widely-used strategy for
finding functional variants in the genome (Bamshad and Wooding 2003). Several types of
signatures leave natural selection in the genome: (i) a reduction in polymorphism, (ii) a skew
towards rare derived alleles, and (iii) an increase in linkage disequilibrium (LD) (Bamshad and
Wooding 2003). Several tests based on the level of variability and the distribution of alleles have
been developed to identify the footprints of selection searching for such signatures (Table 1.3).
However, it should be noted that several processes can interfere in the interpretation of these

footprints.

Hitchhiking events reduce local levels of variation. Over time, since common neutral variants will
have disappeared, new appearing mutations in the population start segregating at low
frequencies leading to an excess of new rare derived alleles in the region. Also, a long region
with high LD and low diversity can indicate recent positive selection over an allele if it is present
at high frequency, since recombination still has not had enough time to reduce the LD (Figure

1.4).

Background selection. In a hitchhiking process the selected allele expands into the population
along with other variants within its linked region. By contrast, in a background selection
situation, different chromosomes carrying deleterious mutations are removed from the
population, but no specific remaining variant is favoured. This leaves a more heterogeneous
frequency spectra landscape with prevalence of rare alleles after a background selection event

compared with the more homogenizing effect of a selective sweep (Figure 1.4).

Variation in the local rate of recombination along the genome also makes the detection of
selection difficult, since the signatures of selection highly depend on the local rate of
recombination (Hudson and Kaplan 1995). In this regard, the effects of non-selective processes
like demography and recombination should be taken into account when trying to identify

regions showing true signatures of evolution.



1.1.7 Tests of selection

Table 1.3 Commonly used tests of neutralism

Test

Compares

Based on allelic distribution and / or level of polymorphism:

References

Tajima’s D

Fuand Li's D, D*

Fuand Li's F, F*

Fay and Wu's H

SweepFinder

The number of nucleotide polymorphisms with the mean
pairwise difference between sequences

The number of derived nucleotide variants observed only
once in a sample with the total number of derived
nucleotide variants

The number of derived nucleotide variants observed only
once in a sample with the mean pairwise difference
between sequences

The number of derived nucleotide variants at low and high
frequencies with the number of variants at intermediate
frequencies

Detection of selective sweeps using composite likelihood

Tajima (1989)

Fu and Li (1993)

Fu and Li (1993)

Fay and Wu
(2000)

Nielsen et al.
(2005)

Based on comparisons of divergence:

dn/ds, Ku/Ks

PAML

The ratios of nonsynonymous and synonymous nucleotide
substitutions in protein coding regions

Software suite that combines dn/ds, phylogenetic, ML and
Bayesian methods

Li et al. (1985);
Nei and Gojobori
(1986)

Yang (2007)

Based on comparisons of divergence and polymprphism between different functional sites :

HKA

MK

The degree of polymorphism within and between species at
two or more loci

The ratios of synonymous and nonsynonymous nucleotide
substitutions within and between species

Hudson et al.
(1987)
McDonald and
Kreitman (1991)

Based on allelic distribution and comparisons of divergence and polymorphism:

DFE-alpha Extended MK test using Site Frequency Spectrums to Keightley and
estimate the unbiased proportion of adaptive substitutions  Eyre-Walker
and distribution of fitness effects. (2009)

Based on Linkage Disequilibrium:

EHH Measurement of the decay of the association between Sabeti et al.
alleles at various distances from a locus (2002)

LHR Test to search alleles of high frequency with long-range Sabeti et al.
linkage disequilibrium (2002)

iHS Test to search for alleles under positive selection between Voight et al.
shared haplotypes (2006)

Based on population comparisons:

Fst

XP-EHH

XP-CLR

Variance of allele frequencies between populations

Extended haplotype homozigosity between populations

Search for quick changes in allele frequency in a region

Lewontin and
Krakauer (1973);
Akey et al. (2002)
Sabeti et al.
(2007)

Chen et al. (2010)

PAML, Phylogenetic Analysis by Maximum Likelihood; HKA, Hudson-Kreitman-Aguade; MK, McDonald-Kreitman;
DFE, Distribution of fitness effects; EEH, Extended Haplotype Homozygosity; LHR, Long Haplotype Range; iHS,

Integrated Haplotype Score; XP, Cross Population; CLR, Composite Likelihood Ratio .



In Table 1.3 are listed the commonly used tests for neutral pattern of variation in DNA data. They
are classified according the kind data obtained: divergence data by comparing sequences of
different species, polymorphic data from within population sequences, and data both from

polymorphism and divergence.

Tests based on levels of polymorphism. One way to test if evolution is acting in a genomic region
is to look at the polymorphism levels of different types of nucleotide sites and compare them
with the expected levels of polymorphism in a neutral scenario. The K,/K ratio test has been
broadly used because the initial abundance of sequence data for different species, d,/ds (or
Ko/K;) test (Yang and Bielawski 2000). In this test, the rate of nonsynonymous substitutions (d,
or K,) is compared to the rate of synonymous substitutions (ds or K;) using the ratio w = d,/ds.
The test assumes that (i) all synonymous substitutions are neutral and (ii) all substitutions have
the same biological effect, which is not always true. If w > 1 (for example, in a gene where a
numerous nonsynonymous fixed mutations due to adaptive evolution have occurred) it's
considered a signal for positive selection. On the contrary, w < 1 (for example, if nonsynonymous
mutations are being removed from a gene for being highly deleterious) is a signal of functional
constraint. A powerful and exhaustive approach of the d,/ds method is found in the software
package PAML 4 (Yang 2007), which combines phylogenetic, maximum likelyhood (ML) and

Bayesian methods.

McDonald-Kreitman test (MKT). The MKT (McDonald and Kreitman 1991) compares divergence
(D) between species and polymorphism (P) inside a species at two types of sites. At least, one
site class must be a putatively neutral class (Ps, Ds) which is compared with the other site class
to test if it's under selection or not (P;, D;). Designed initially for coding sequence analysis,
synonymous sites were the classical putatively neutral class and non-synonymous positions the
ones to test if they were under selection or not. If all the mutations are either neutral or strongly
deleterious, then D/D; is expected to be very similar to P/Ps. On the other hand, a case of
positive selection would imply more fixations and it would be reflected as more divergence
compared to the polymorphism (D/D;> P,/P;). On the contrary, an excess of polymorphism with
respect to the divergence (D;/Ds< P/Ps) would be signal of deleterious alleles segregating in the
population, which are lost preferentially and therefore underrepresented as divergence
substitution. The MKT can potentially be generalized to test any two types of sites provided that
one of them is assumed to evolve neutrally and that both types of sites are closely linked in the

genome (Egea et al. 2008).



Two features make the MKT especially useful to infer selection: (1) the use of polymorphism and
divergence data can avoid the confounding effects of other evolutionary processes such as
mutation or recombination rate. The inequality of both ratios (P/Po # Di/Do) cannot be
attributed to mutation rate differences between both sites, because it will affect both ratios
equally. Likewise, the MKT allows separating mutation associated with recombination rate from
selection as causes of excess of variation in highly recombinant regions; (2) granted that the two
classes of sites are closely linked, they share a common evolutionary history, which makes the
MKT remarkably robust to assumptions about non-equilibrium demography (Nielsen 2001; Eyre-

Walker 2002) and recombination rates (Sawyer and Hartl 1992).
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Figure 1.7 Different scenarios that can be discovered by the MKT. (a) If only neutral alleles (green) exist in the
population, we expect an equal proportion of divergent and polymorphic sites as MKT result. (b) We expect an excess
of divergence compared with the polymorphism due to faster fixation of adaptive alleles (blue). (c) On the contrary,
if there are slightly deleterious alleles (red) in the population we observe an excess in polymorphism since these
alleles can segregate for a time before being removes. (d) However, if both slightly deleterious and adaptive alleles
are present, the results of the MKT can be easily misinterpreted.
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Assuming that adaptive mutations seldom hardly contribute to polymorphism and are detected
only as divergence, the proportion of adaptive substitutions (a) can be estimated (¢ =1 - [D; P;/
D; Ps]) (Charlesworth 1994). However, one main concern of the MKT refers to the presence of
deleterious segregating alleles. Since the test assumes that all non-synonymous mutations are
either strongly deleterious, neutral or strongly advantageous, estimates can be easily biased by
the segregation of slightly deleterious nonsynonymous mutations, and adaptive selection can
severely be underestimated (Eyre-Walker 2002)(Figure 1.7). The exclusion of low frequency

polymorphisms (Fay et al. 2001) has been used to detect adaptive selection as it increases the



power of the MKT (Andolfatto 2005, Charlesworth and Eyre-Walker 2008), however this may
also make the test more sensitive to artifactual evidence of adaptive evolution if there has been
an increase in effective population size, since some slightly deleterious mutations not

segregating in the population may have been fixed in the past (Eyre-Walker 2002).

Tests based of the site frequency spectrum (SFS). The use of SFS, which assigns the number of
segregating alleles within a given frequency class, is another approach to test the neutrality of a
genomic region. Different evolutionary events can leave a distinctive pattern in the SFS (Nielsen
2005). Neutral variation offers a spectrum with a fairly high number of alleles in lower
frequencies, which continuously decreases as the frequency increases. Slightly deleterious
mutations presents an excess of low frequency variants when compared with the neutral
spectrum. On the other hand, events of positive selection are detected with a reduction of low
frequency variants and increased number of variants at middle and high frequencies. SFSs are
also useful to detect sweeps since they usually leave a pattern of excess of both low and high
frequency variants with a severe reduction of middle frequency variants (Figure 1.8) (Nielsen

2005).

Fay and Wu's H and Fu and Li's D and F tests are traditional neutrality tests that use SFS, but
many other tests have appeared after them (Achaz 2009). SweepFinder (Nielsen et al. 2005) is
a test based on calculating a composite likelihood to detect selective sweeps using SFSs inferred
from SNP data, which excludes biases due to demographic effects or changes in mutation or

recombination rates.

Another recent test relevant for this thesis is the DFE-alpha (Keightley and Eyre- Walker 2009).
It actually uses the SFSs and neutral expected versus observed comparisons after Monte Carlo
simulations to extend the MKT and try to correct for the slightly deleterious and demographic
biases. DFE-alpha models the DFEs for putatively neutral and selected class sites by mean of a
gamma distribution, which depends on two parameters: (i) the mean strength of selection (y)
and (ii) a shape parameter (B). The method simulates two demographic situations: (i) constant
population size and (ii) a single, instantaneous change in population size from an ancestral size
(N1) to a present day size (N;) that occurred (t) generations ago and infer the adaptive

substitution rate (a) for the putatively selected class.



Mackay et al. (2012) have also developed a modification of the MKT using SFS data, the
Integrative MKT, which allows the estimation of five different regimes of selection from

polymorphic and divergence data (see Box 2).
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Figure 1.8 Example of frequency spectra under a selective sweep, negative selection, neutrality and
positive selection [from Nielsen 2005]

Box 2: The integrative McDonald-Kreitman test

The integrative-MKT is a method that incorporates site frequency spectrum data to the framework of the MKT
to taken into account weakly deleterious alleles segregating in the population (Mackay et al. 2012,
supplementary materials). The Integrative-MKT allows estimating five different regimes of selection acting on
new mutations (Table 1.4) for any given region of the genome. Adaptive mutations and weakly deleterious
selection act in opposite directions on the MKT, so if both selection events are occurring, they will mutually be
underestimated (Figure 1.7). To take both adaptive and slightly deleterious mutation into account, P;(the count
of segregating sites in the selected class i of the standard MKT table) has to be decomposed into the number of
neutral variants and the number of weakly deleterious variants (P; = P;neutrai+ Pjweakiy det.)- From the SFS of neutral
sites, Pjneutrar Can then be estimated and five regimes of selection (Table 1.4). The integrative-MKT has been
implemented in software written in Java.

Table 1.4 Estimated regimes of selection by the integrative-MKT

Selective fraction Symbol Estimator
Strongly deleterious sites d d=1-(f + b) = 1- (mep;/mipo)
Weakly deleterious sites b b = (P; weak del / Po) (mao/ mj)
Neutral sites f F = (Mo P neutral /mi Po).
Sites that have become neutral y 7 = (Pineutrat/ Po) = (Di/ Do)l(mo/m)
(subset of f)

Adaptive fixations a @ = 1= (Pj neutra/Po)(Dao/Di)




Tests based on linkage disequilibrium. A typical signal of a sweep event caused by positive
selection is a long region with high linkage disequilibrium and reduced polymorphism. Methods
like the Extended Haplotype Homozigosity (EHH), the Long Range Haplotype (LRH) or the
Integrated Haplotype Score (iHS) try to detect and assess such signals (Sabeti et al. 2002, Voight
et al. 2006). Finally, some methods incorporate the Fixation Index (F), a statistic that describes
the differentiation between populations using allele frequencies (Lewontin and Krakauer 1973,
Akei et al. 2002). The XP-EHH (Cross Population Extended Haplotype Homozigosity) (Sabeti et
al. 2007) combines the previously mentioned EHH test with comparisons between populations
to search for alleles under positive selection. In a similar way, the XP-CLR test (Cross Population
Composite Likelihood Ratio) (Chen et al. 2010) try to search for alleles under positive selection

not by looking at LD levels but with changes in allele frequency.

1.1.8 Detecting selection genome-wide

Until recent years, population genetics studies have been so far based on fragmentary and non-
random samples of genomes, providing a partial and often biased view of the population
genetics processes (Begun et al. 2007). In the case of selection tests, traditionally, most of them

only compared specific sets of variants against neutral empirical or simulated expectations.

In recent years, the abundance of genomic data due to the high throughput of NGS and the rise
in computational power allowed to test not only regions, but to scan complete genomes for
selection signatures (Oleksyk et al. 2009). Genome-wide scans for selection usually use either
re-sequencing data from one or many species (Bustamante et al. 2005) or large collections of
SNP data like the HapMap in humans (Altshuler et al. 2005; Frazer et al. 2007). This availability
of data and the computational capacity to analyze it massively has allowed applying the methods
to detect selection explained in the previous section not only to particular regions but complete
genomes. This change of scale describing variation has made population genetics to become

population genomics.



1.2 Population genomics: population genetics meets genomics

A global-genome view of diversity allows re-addressing questions in population genetics whose
response was uncertain in previous studies because potential sources of bias are uncontrolled
when sampling specific genes or regions of the genome. Consider the correlation found between
the level of polymorphism and divergence at any given region. Because this correlation may vary
according to the chromosome region considered, any average estimate that does not track the
patterns along the whole chromosome arms could be biased. A global perspective lets us detect
differences in variation patterns among and within chromosome arms, as for example between
autosomes and sexual chromosomes. A genome-wide analysis allows then monitoring local
versus regional effects along chromosome arms to decipher the role of recombination rate,

mutation rate or gene density on the amount of nucleotide variation and/or adaptive evolution.

Essential for population genomics studies has been the model organism Drosophila
melanogaster. The fruit fly D. melanogaster is one of the most successful experimental model
used in the laboratory (Roberts 2006). With a genome size of ~176Mb, ~5% the size of a mammal
genome on average, D. melanogaster still shares with mammals many gene families, pathways
and tissues (De Velasco et al. 2004, Kida et al. 2004). Since first used by Morgan during the first
years of genetics (Morgan et al. 1915), it has assisted research in many fields of biology,
especially in genetics and development biology. It's relevance even made D. melanogaster to be
the third eukaryotic genome ever sequenced, after the yeast Saccharomyces cerevisiae (Goffeau
et al. 1996) and the nematode Caenorhabditis elegans (Consortium 1998). Moreover, the fruit
fly was selected to be the first eukaryotic organism to test whole genome shotgun sequencing
(WGS) (Rubin 1996, Adams et al. 2000), a crucial step that afterwards led to the present NGS

methods.

The study of Begun et al. (2007) in Drosophila simulans can be considered the first true
population genomic dataset (Hahn 2008) closely being followed by the Liti et al. (2009)
population genomics study in wild and domestic yeast. However, the mentioned study in
Drosophila simulans (Begun et al. 2007) and a following in D. melanogaster (Sackton et al. 2009)
were based on low-coverage sequencing. In the D. simulans project, from the seven lines
analysed, only 6 were considered due to a mixing of samples, and from those, the average
coverage was on average 3.9. In the D. melanogaster study the mean lines aligned only rises up

to 5.4. These are values manifestly insufficient for any population genetic inference based on



frequency of variants where it’s suggested a minimum coverage of 10-15x using short reads

technologies (Craig et al. 2008, Smith et al. 2008).

The results of Begun et al. (2007) work have challenged the traditionally and widely accepted
explanation of neutral theory (Hahn 2008). These works, despite their sample limitations,
opened the path to the next big population genomics studies. One of these studies was carried
out on the Drosophila Genetic Reference Panel (DGRP), whose data has been used to develop

the present thesis project.

1.2.1 The Drosophila Genetic Reference Panel

The DGRP is an international effort with the objective of the complete characterization, both in
genotype and phenotype, of around two hundred lines sampled from a natural population of
Drosophila melanogaster in Raleigh, North Carolina (USA) (Mackay, Richards and Gibbs 2008).
The main goals of the DGRP are the creation of: (i) a community resource for association
mapping of quantitative trait loci (QTL) for traits relevant to human health. (ii) A community
resource of common Drosophila sequence polymorphisms for its use in QTL mapping and
population genomics analysis. (iii) A test bench for statistical methods used in QTL association

and mapping studies.

It's known that D. melanogaster is a recent cosmopolitan species, whose origin can be traced in
Africa (Lachaise et al. 1988, David and Capy 1988, Begun and Aquadro 1993, Andolfatto 2001,
Stephan and Li 2007, Duchen et al. 2013). This also makes D. melanogaster interesting to study
the evolutionary implications of large migrations, especially with the availability several other
Drosophila genomes (Consortium 2007) from around the world to compare different
evolutionary histories, and also for the parallelism with the human species. In this regard, the
Raleigh population is especially interesting, since it seems that D. melanogaster arrived in

America less than 200 years ago (Lintner 1882, Keller 2007).

One problem that arises when trying to genotype diploid species like D. melanogaster is to
distinguish real heterozygous sites at the same locus from distinct paralogs loci (Vinson et al.
2005). Also, the presence of heterozygous sites makes difficult the distinction between real
polymorphism and sequencing errors. Three strategies are followed to deal with this problem:

(i) the creation of inbreed pure lines to increase the proportion of homozygous sites; (ii)



sequencing haploid embryos, obtained from the offspring of a female mated with a male
homozygous for a deleterious allele in the locus ms(3)K1 which causes mitotic failure of the
paternal chromosomes during the first rounds of cell division; (iii) the use of balancing

chromosomes and chromosome extraction (Langley et al. 2011).

The DGRP data gathering and analyses had contemplated three phases so far:

1. Initial phase: A white paper was presented in which 40 lines where characterized
phenotypically and genotypically to test the viability of the project (Mackay, Richards
and Gibbs 2010).

2. Freeze 1.0 (February 2012): Sequencing of 168 inbred lines. 129 lines were sequenced
with lllumina technology, 10 lines with 454 technology and 29 with both 454 and
Illumina. lllumina reads had an average 21X coverage per line while for 454 reads had
12.1X coverage per line. Only SNPs were genotyped and used for QTL and population

genomics analysis (Mackay et al. 2012).

3. Freeze 2.0 (July 2014): Sequencing of 205 lines (including Freeze 1.0 lines) with longer
read lllumina technologies, with coverage of 27X per line on average. SNP and non-SNP
variation was genotyped and used for QTL and population genomics analysis (Huang et

al. 2014).

In this work, the 158 genomes of D. melanogaster together with the genome sequences of its
closest species, D. simulans, D. sechellia, D. yakuba and D. erecta, have been described and
analyzed by means of a battery of comparative methods for polymorphism and divergence data
to answer questions of fundamental interest in population genomics such as: Which pattern or
gradient follows genetic variation along the chromosomes? How these patterns correlate with
structural regions? Which proportion of the coding and non-coding genome undergoes
purifying, neutral or positive selection? How recombination rate determine nucleotide variation

and molecular evolution along the genome?

Finally, even though it has not been part of the research done in this thesis, one main goal of
the DGRP is to decipher genotype-phenotype relationships and try to create the most fine scale
genotype-phenotype study to date. Interactions between genotype and phenotype are
complex, and still poorly understood, but the huge amounts genomic data and computational

power can help us to shed light about the processes governing these interactions (Figure 1.9).



Trying to understand and to define the genotype-phenotype map is the core aim of the DGRP,
and this is of paramount of importance to understand the causal path of natural selection, since
it acts primarily on the phenotype and only indirectly, as a function of the genotype-phenotype
map, on the genotype (Lewontin, 1974). Thisis something that molecular population geneticists
tend to forget in this era of fascination with genome data, that what it's "ultimately to be
explained are the myriad and subtle changes of size, shape, behavior, and interactions with
other species that constitute the real stuff of evolution" (Lewontin 1974). This certainly are big
steps towards a more integrated way of study complex traits in what has been recently called

the Systems Genetics approach (Civelek and Lusis, 2014).
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1.3 Genome Browsers

1.3.1 Molecular Databases

The explosion of genome sequence data in the last decade has been so widely cited as to have
almost become a cliché (Schattner 2008). The first microbial genome was sequenced just in
1995. Similarly, the first complete genome of a multicellular organism (C. elegans) became
available in 1998. The rate at which genomes for new species and within species individuals are
being sequenced continues to accelerate as novel sequencing technologies lower the cost of
obtaining sequence data. This is clearly observable in web sites like Genomes Online Database
(GOLD) that tracks genome sequencing projects, and that at the current date (April 2015) counts
58693 sequenced genomes of organisms, from which 1,037 corresponds to archaea domain,

44,576 are eubacteria and 8,181 are eukaryotic genomes.

A helpful way to use this data for biological research has been organizing it into dedicated
databases. However, as the number of databases keeps growing, integrating and extracting
knowledge from them becomes really challenging. The biological research community has also
brought even more difficulties into this task, especially by the way this data has historically been
stored: many databases that are only downloadable as flat files, relational databases that need
to be set up locally or varying data formats that need different parsers and convertors. All those

factors make comparing and integrating different biological data sources difficult and tedious.

Genome databases offer solutions to these problems. By aggregating data from multiple
databases and integrating data in a uniform and standardized manner, they enable researchers
to formulate complex biological queries involving data that were originally from diverse sources
(Schattner 2008). By a genome database we mean a data repository, generally implemented via
relational databases, that include the maximum available genomic sequence data of one or

more organisms, together with additional information that are usually referred as annotations.

The creation of a genomic database is a complex, and usually a multitask endeavour that can be
summarized in these fundamental tasks (Schattner 2008):
e Sequencing the genomic DNA
e Assembling the fragments of DNA sequence data into continuous pieces spanning all or
most of the length of the organism’s chromosomes

e Aligning transcript data to the genomic sequence



e |dentifying the locations of the genes within the genome sequence
e Designing and implementing the data-storage architecture to house the data

e Maintaining and updating the database as additional data become available

Once a genome is successfully sequenced the next step is to identify and describe any functional
region. The process to add biological information into a sequence is called annotation (Stein
2001). Identifying functional regions can be done in the lab, a process called manually curation,
or automatically using bioinformatic prediction tools. Over the years, many software has been
developed to predict genes and other functional regions using different approaches: from
complex pattern searches into the sequence, to the integration of NGS read information like
RNAseq to detect regions being actively transcribed. In general, manually curated annotations
yield fewer false positives than purely computational approaches, but are more labour intensive
and tend to generate more false negatives than automated methods. Genomic databases can

contain either one of these types of annotations or both.

Annotation databases are diverse: for functional sequences, proteins, pathways, short reads,
etc. However, the trend is to try to integrate the major number of databases into general portals
to aid the search work of the researchers. The most relevant examples are the European
Bioinformatics Institute - EBI portal (http://www.ebi.ac.uk), and the National Center for
Biotechnology Information - NCBI (http://ncbi.nlm.nih.gov). Most of the annotation types that

can be found in a genomic database are summarized in Table 1.5.



Table 1.5 Common annotation types found in genomic databases

Associated with a genomic coordinates

Not associated with a genomic
coordinates

Locations of genes

Gene-structure annotations indicating a
gene’s exon-intron boundaries

Locations of known and putative gene
regulatory regions such as promoters,
transcriptional enhancers, CpG islands,
splicing enhancers and silencers, DNase
hypersensitive sites, nucleosome sites, and
soon

Transcript  alignments indicating the
genomic sources of observed proteins,
mRNAs/cDNAs, and expressed sequence
tags (ESTs)

Alignments of protein, mRNA, and EST
sequences from related species

General chromosomal features such as
repetitive sequences, recombination
“hotspots,” and variations in local CG%
Alignments of genomic DNA from other
species, which can provide clues regarding
sequence conservation and chromosomal
evolution

Annotations of regions that vary within a
population of individuals, including single
nucleotide polymorphisms (SNPs), short
indels, large structural or copy number
variations, and correlations among
sequence variations, such as those that have
been identified by the haplotype mapping
projects (e.g., HapMap)

Genome-wide RNA expression data from
multiple sources

Sequence features that are used in the
process of assembling the genome, such as
sequence tagged sites (STSs) from genetic
and radiation hybrid maps, NGS normal or

paired-end reads.

Protein structure data

Evolutionary data, including evolutionary
relationships among individual genes as
well as among chromosomal regions and
entire genomes
Annotations
variations
Metabolic- and signaling-pathway data
Protein-interaction data, such as data
from yeast two-hybrid system
experiments

and data derived from protein-chip

describing phenotype

expression analysis




1.3.2 Genome Browsers

As the number of genomes and annotations grow, it does also the need for a dynamic, flexible
system to store, modify and retrieve all this information. Biological databases already are part
of the everyday tools used by many biologists, even the ones not dealing with bioinformatics
work. The visual access to genomic information via genome browsers was one of the many ways

that genome database creators implemented in their solutions.

We can define a Genome Browser as a tool to visually access a given annotation database. And
they offer a flexible way to rapidly visualize annotations, not independently, but in their own
genomic context. Generally, a reference genome is used as a coordinate system (Figure 1.10)
where annotations are anchored. Basically a genome could be understood as one dimensional
map and the annotations are the landmarks. So, any genome browsing system should provide
navigation tools to move back and forth, or zoom in and out through arbitrary regions of a
genome. The way to visualize annotations in a region is using tracks, non-overlapping layers of
information of the corresponding region, where graphical representations of the annotations or

glyphs are displayed (Figure 1.11).
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Figure 1.10 Different annotation coordinate systems. Depending on the database used, annotation
coordinates can differ if the first nucleotide in a genome is considered position 1 or position 0. This also
has implications in the annotation of 1bp features (for example an SNP) or features without length (like
an inserted segment that does not exist in the reference genome, thus, it has no coordinates of its own).
In a 1-based system (a) an SNP in the third position is stored as 3 for the start coordinate and also 3 for
the end coordinate. An insertion between the third and fourth position is stored as start = 3 and end = 2.
In a 0-based coordinate system the same SNP has start = 3 and end = 4 coordinates while the insertion
has start = 3 and end = 4 coordinates. There's a third coordinate system, the interbase system (c), that
does not count nucleotides but the spaces between them, but in practice it works the same as a 1-based
system since the space with coordinate 0 is the one previous to the first nucleotide. [Adapted from
Schattner 2008]



UCSC Genome Browser on D. melanogaster Apr. 2006 (BDGP R5/dm3) Assembly
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Figure 1.11 Snapshot of the UCSC Genome Browser in the region of the Adh gene in D. melanogaster with
the main sections of a genome browser interface. We can see (a) the navigation control buttons, (b) a
main section where the tracks and glyphs are displayed and (c) the track selection section.

However, there exist a lot of genome browser tools since the bioinformatics research
community seems to reinvent the same applications again and again during these past years
(Stein 2002). Current genome browsers can be classified in many ways (Table 1.6). One way is
separate the ones that are deeply integrated with their data (data warehouses) from the ones
that are initially 'empty' and it's the user who must add the annotations to display (generics).
Generally, data warehouse browsers are not designed to be portable; they cannot work outside
the hardware and software infrastructure of their database. Another classification is the

distinction between desktop applications and web based genome browsers.



Table 1.6 Most relevant non-proprietary genome browsers

Browser Description Database Type Interface Type

MapViewer Genome browser for the NCBI databases Data Warehouse ~ Web Based

UCSC Genome  Browser for the University of California Data Warehouse Web Based

Browser Santa Cruz genome databases.

ENSEMBL European Bioinformatics Institute (EMBL) Data Warehouse ~ Web Based
genome browser

GBrowse Genome browser developed by the GMOD Generic Web Based

(Generic model organism databases)
comunity. Used, for example, in the FlyBase
and HapMap portals.

IGV Browser Desktop genome browser developed by the  Generic Desktop
Broad Institute.

GenomeMaps Genome browser developed to make use of  Data Warehouse Web Based
modern web programming languages and
HPC infrastructures.

1.3.3 GMOD community and the Generic Genome Browser

In the mess of approaches to the genomic data analysis, any initiative with the goal to clarify
and standardize procedures is more than welcome. The Generic Models Organism Databases
(GMOD) Community is, maybe, the most remarkable bioinformatics initiative in this regard.
GMOD is basically a collection of open source genomic data analysis tools and a network
between its developers and users. The repository comprises well known tools by the community
such as the Apollo and Maker (Lee et al. 2009, Holt and Yandell 2011) annotation tools, the
Chado database framework (Mungall et al. 2007), the BioMart data mining toolset (Kasprzyk
2011), the Galaxy tool integration and workflow manager tool (Goecks et al. 2010) or the Generic

Genome Browser (GBrowse) (Stein et al. 2002).

GBrowse is a web-based application for displaying genomic annotations and other features
(Stein et al. 2002). From the administration side, GBrowse is mainly an integration of BioPerl
modules (Stajich 2002) working under Unix systems with a running web server software.
GBrowse can use common annotation formats such as GFF, BED, GFF or WIG to display features
in a given genomic region through an HTML/JavaScript web interface. Annotations can be loaded
into relational databases like MySQL or PostgreSQL directly or using the Chado framework.
Recently, NGS data display support has been added using SAM/BAM files and the software
SAMtools (Li 2009). As an open source tool developed in Perl, the administrator has the

possibility to expand GBrowse functionalities with custom code via a plug-in system. The HTML



interface is highly customizable with CSS and Javascript custom code. For the end user, features
of the browser include the ability to scroll and zoom through arbitrary regions of a genome, to
enter a region of the genome by searching by landmark, the ability to enable or disable tracks a
change its order and appearance, the possibility to upload custom data and data download and

sharing capabilities.

As its name implies, GBrowse main feature is its generic nature. This means that the application
is not packaged with any mandatory data to display and that the administrator has the freedom
to create any genomic database. This has promoted GBrowse to be used in multiple genome
database projects being the most remarkable the Human polymorphism HapMap browser
(HapMap consortium 2003), The J. Watson's individual genome project (Wheeler 2008), The
Drosophila portal FlyBase (St Pierre et al. 2014), the Caenorhabditis portal WormBase (Yook
2012), the Mouse Genome Informatics - MGI database (Blake 2014), The Arabidopsis
Information Resource - TAIR (Lamesch 2011) or the Saccharomyces Genome Database - SGD

(Cherry 2012).



1.4 Objectives

This thesis is both a population genomics study and a bioinformatics project centred on the

visualization, description and analysis of the genome-wide DNA variation of a natural population

of Drosophila melanogaster. The objectives of this project are (i) the description of the genome-

wide nucleotide variation, (ii) the description of common non-SNP variation and (iii) the visual

representation of such variation.

Population genome browser. As part of our contribution in the DGRP project we aimed
to create an online map of the genome polymorphism in the Drosophila melanogaster
in open access to the scientific community. We use available open source tools that
allowed us the addition of some new functions useful for genome wide population

description, analysis and query of DNA variation.

Description and interpretation of Genome-wide SNP diversity. First we will describe
the nucleotide variation patterns across the chromosomes arms of D. melanogaster
from the DGRP lines by using a sliding window approach. Then we will try to infer the
population genetics processes responsible of the variation distributions, aiming to find
and explain differences in variation between regions and chromosomes. Using this
variation data set, standard and new methodologies to search for footprints of natural
selection genome-wide will be applied, and the role selective and non-selective forces

shaping the variation patterns in the D. melanogaster genome will be assessed.

Description and interpretation of Genome-wide non-SNP diversity. Using the recently
available Freeze 2.0 data of non-SNP variation in the DGRP population we aim to
perform a variation analysis complementary to the one of SNP variation. We describe
the genome-wide distribution of non-SNP variations in a similar way to the SNP variation
of the previous objective. Moreover, we try to describe how SNP and non-SNP variation

patterns are related in the genome and to infer the selective forces impinging on it.
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Part 2.
Materials and methods



2. Materials and Methods

2.1 DGRP Input Data

The initial data used in this thesis project are the sequences and variants called from the inbreed
lines of the DGRP (see 1.2.1). The DGRP project had one initial test phase and two working

phases named ‘Freeze 1’ and ‘Freeze 2'.

The DGRP population was created collecting gravid females and following the full-sibling
inbreeding approach during 20 generations to obtain full homozygous individuals. After this
number of generations it is expected to have ~1.4% of residual heterozygosis in the samples
(inbreeding coefficient F=0.986, Falconer and Mackay 1996). To call variants correctly, the ‘Joint
Genotyper for Inbred Lines’ (JGIL, Stone 2012), a novel genotype caller that takes into account
inbreeding, was developed specially for the DGRP. JGIL takes into account coverage, site-specific
errors, quality sequencing statistics, and expected allele frequencies after 20 generations of

inbreeding from an outbred population initially in Hardy—Weinberg equilibrium.

After genotyping, the expected ~1.4% of residual heterozygosis was true for ~90% of the lines.
DGRP lines showing high values of residual heterozygosity (>9%) were observed to be associated
to large polymorphic inversions. Heterozygous sites could be maintained due to a higher fitness
for some heterozygous loci or to the presence of recessive lethal loci (Huang et al. 2014).
Because 2Ne = 4 during the full-sibling inbreeding procedure, only lethal or strongly deleterious
alleles are expected to be purged (Garcia-Dorado et al. 2012), thus we expect that the inbreed
lines contain a rather representative random sample of the natural variation present in the

population at the moment at which the flies were sampled.
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Figure 2.1 Experimental design to obtain and sequence the DGRP lines. Each line was founded by a gravid
female collected from the Raleigh, North Carolina Farmer's Market (USA). Each subsequent generation
was created by crossing a pair of male and female progeny from the previous generation. The DGRP lines
were found after 20 generations of full-sib inbreeding. For each line, high-throughput sequencing was
performed on DNA that was extracted from a pool of 500—1000 flies. (From Stone 2012).

2.1.1 Sequence data

Freeze 1. The initial input data is a set of 158 intraspecific D. melanogaster whole genome
sequences provided by the DGRP project, in multi-Fasta file format. The alignments come from
an initial sequencing of 168 DGRP lines using lllumina and 454 technologies (see 1.2.1). lllumina
sequences had an average of 21X coverage per line and 454 reads had 12.1X coverage per line.

Only lllumina lines sequences were used to reconstruct the sequences.

Illumina sequence reads where aligned to the D. melanogaster 5.13 reference genome using
BWA (Li and Durbin 2010), duplicates where removed with GATK (McKenna et al. 2010). Finally,
JGIL was used to validate SNPs for each line (Mackay et al. 2012, Stone 2012).

The four genomes phylogenetically closest to D. melanogaster which were sequenced by the
Drosophila 12 genomes consortium where considered as outgroup species for the analyses of
divergence: D. simulans (a mosaic of several different D. simulans lines), D. sechellia (4.9X

coverage), D. yakuba (9.1X) and D. erecta (10.6X). Files in format axtNet containing the



alignment blocks of the genome of D. melanogaster with each one of the species were
downloaded from the UCSC genome browser. The alignment blocks were arranged and merged
to align D. melanogaster whole chromosomes using ad hoc scripts written in Perl. Finally, most
of the analyses requiring an outgroup sequence were performed using D. simulans and D.

yakuba.

Freeze 2. Along this phase, 205 DGRP lines (157 already sequenced in the previous freeze) were
sequenced with longer read Illumina technologies and 27X coverage. Sequences were aligned
with BWA and Novoalign (Novocraft.com), duplicates removed with GATK (Huang et al. 2014).
A total of 4,853,802 unique SNPs and 1,296,080 non-SNP variants were called using multiple
calling software: GATK, JGIL, Atlas-SNP (Shen et al. 2010), PrinSeS (Massouras et al. 2010), DELLY
(Rausch et al. 2012), Pindel (Ye et al. 2009), CNVnator (Abyzov et al. 2011) and GenomeSTRiP
(Handsaker et al. 2011).

The dataset used in the population genomics analysis for the Freeze 2 was a subset of 357,608
non-SNP variants and the complete set of SNP variants (see 2.4.1). Also the high quality second-

generation assembly genome of D. simulans (Hu et al. 2013) was used as outgroup species.

2.1.2 Recombination data

Freeze 1. The recombination calculator of Fiston-Lavier (Fiston-Lavier et al. 2010) was used to
estimate the recombination rate in centiMorgans per megabase (cM/Mb) in windows along each
chromosome arm or by gene. The recombination rate at the center of each interval was the used
value. The calculator is based on Marey maps (Marais et al. 2001), where both the genetic (cM)
and physical (Mb) positions of 644 genes were fitted to a third-order polynomial curve for each
chromosome arm, and the recombination rate at any given physical position estimated as the

derivative of the curve (Fiston-Lavier et al. 2010).

Freeze 2. The recombination values for each interval were estimated from the high resolution
recombination map of D. melanogaster of Comeron et al. (2012) which was obtained in parallel
with the development of this thesis. The map was made calculating the crossing over (c)

indicated in centimorgans (cM) per megabase (Mb) per female meiosis.



2.1.3 Diversity measures

Nucleotide variation estimates (Freeze 1 phase). We computed various diversity measures for
the whole genome, by chromosome arm (X, 2L, 2R, 3L, 3R), by chromosome region (three
regions of equal size in Mb — telomeric, middle and centromeric- were defined) and in 50-kbp

non-overlapping windows.

Diversity was estimated as the number of segregating sites (S) (Nei 1987), the total minimum
number of mutations (n) (Tajima 1996), the number of singletons, nucleotide diversity (1) (Nei
1987), Watterson’s estimator of nucleotide diversity per site (8) (Nei 1987, Tajima 1993) , and
the Jukes-Cantor corrected divergence per site (k) (Jukes & Cantor 1969). Linkage disequilibrium
was estimated as the number of haplotypes (h) and haplotype diversity (Hd) (Nei 1987), Fu’s Fs
statistic (Fu 1997), D (Lewontin & Kojima 1960), the absolute value of D (/D/), D’ (Lewontin
1964), the absolute value of D’ (/D’[), and r? (Hill & Robertson 1966, Kelly 1997). The different
Ds and the r? estimates were computed by averaging over all comparisons of polymorphic sites
in a window. Several neutrality tests were applied to the data: Fu & Li’s D and F statistics (Fu &

Li 1993), Fay & Wu's H statistic (Fay & Wu 2000) and Tajima’s D statistic (Tajima 1989).

Non-SNP variation estimates (Freeze 2 phase). We estimated various diversity measures for the
whole genome and by chromosome arm (X, 2L, 2R, 3L, 3R, 4) in 100-kb non-overlapping

windows.
Aside from re-estimations of m using SNP data from the freeze 2, we have calculated n and

divergence for indels (Tinger and kingel, see 2.4.3) together with minor allele frequency (MAF) and

derived allele frequency (DAF) distributions for indels.

2.2 PopDrowser: the Population Drosophila Browser

2.2.1 Selection of GBrowse as a framework for the PopDrowser

Given that our goal in the DGRP project was to carry out the Genome-wide molecular population
genetic analyses for the sequenced genomes, a population genome browser was a necessary

tool to contain both raw data and the estimated population genetics parameters. At that



moment, no genome browser devoted to population genomic data was available. So, during the
Master's Thesis phase of the PhD candidate, we searched and compared current web-based
genome browser frameworks to create a population genome browser. At one point we
narrowed our options between three candidates: UCSC Genome Browser (Kent et al. 2002),

Ensembl (Hubbard et al. 2002) and GBrowse (Stein et al. 2002) (Table 2.1).

These three browsers were, at that moment, the only free and open source genome browse
platforms incorporating a web interface and customizable features. Table 2.1 shows the clear
impact that the programming language has in the overall performance of the application. UCSC
outrival the other two platforms in terms of loading speed. Even though the three platforms can
be locally installed, both UCSC and ENSEMBL platforms are tightly developed around the data
they currently provide. This was really an issue, although being technically possible to
incorporate our own annotation databases into a local UCSC or ENSEMBL installations, their
documentation only covered the creation of a mirror installation (exact copies of the browser,

with both interface and databases).

At the end, the ability to control all aspects of the browser was the decisive factor. We selected
GBrowse (Stein et al. 2002) for its generic philosophy that suited the most our objective to create
a genome browser from scratch. Since Stein's browser was created with portability and flexibility
in mind, it had the most complete and accessible installation and configuration options of the
three considered systems. GBrowse gives absolute control of every aspect of the browser’s
administration: from the annotation databases, the basic configuration and functionalities, to
the visual aspect of the interface. GBrowse even allows to extend functionalities via a plug-in

system for custom scripts.

2.2.2 Interface and implementation

Our browser includes all the default built-in functions of GBrowse to search and display
chromosomal regions, select tracks, add custom annotations in standard formats and download
data from a particular region. Data is displayed through glyphs, the graphical representations
used for annotations in BioPerl (Stajich et al. 2002). Each glyph-based annotation is associated
to a specific track. An activated track, thus, allows the visualization of the corresponding glyphs

(Figure 2.1).



Table 2.1 Comparison of three candidate genome browser platforms

ENSEMBL GBrowse UCSC
Programming Language Perl Perl C
License Free for academic use Open Source Free for academic use
(mirror) (mirror)
Type Browser + data mining Generic Browser Browser + data mining
+ API + API
Ease of use (installation / Difficult Very Easy Very Difficult
configuration)
Documentation Incomplete and Very Complete Only mirror
confusing installation
instructions
Mailing list / Support Yes Yes No
Customization possibilities Only some HTML areas Config files, Perl No

source code,
configurable glyphs
(BioPerl), multiple
DDBB, plug-in system,
accessible html/css

Maximum zoom 200Kb / 1Mb* No limit No limit
Simple track loading times
(seconds):
20Kb 12.86 1.71 1.96
1Mb 13.27** 6.88 2.94
23Mb 28.05** 7.28 3.78

Track loading times correspond to a single track (genes) with different zoom levels in the chromosome

2L of D. melanogaster.
*Maximum zoom depends on the species genome
**ENSEMBL does not display detailed view at this zoom level
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Figure 2.1 Examples of glyph representations of annotation features in the PopDrowser. (a) GBrowse
default glyphs examples: Representation of a gene with the generic rectangle glyph (first in orange) and
the ‘gene’ glyph that represents information of introns and UTRs as well. Below them we have data in
histogram, using the xy_plot glyph. (b) Customized glyph example: SNP frequency information displayed
in the PopDrowser with a custom glyph adapted from code of the HapMap Browser.



Box 3: Common annotation file formats

##gff-version 3
##sequence-region ctgl23 1 1497228

ctgl23 . gene 1000 9000 + ID=gene(00001; Name=EDEN

ctgl23 . TF binding site 1000 1012 + Parent=gene00001

ctgl23 . mRNA 1050 9000 + ID=mRNAQO0001;Parent=gene00001

ctgl23 . mRNA 1050 9000 1 ID=mRNAO00002; Parent=gene00001

ctgl23 . mRNA 1300 9000 1 ID=mRNAO0003;Parent=gene00001

ctgl23 . exon 1300 1500 + Parent=mRNAO00O3

ctgl23 . exon 1050 1500 + Parent=mRNAO00O1,mRNAO0002

ctgl23 . exon 3000 3902 + Parent=mRNAO00O01, mRNAO00O3

ctgl23 . exon 5000 5500 + Parent=mRNA00001, mRNAO0002, mRNAO0OO3
ctgl23 . exon 7000 9000 + . Parent=mRNAO0001,mRNA00002,mRNAO0003
ctgl23 . CDS 1201 1500 + 0 ID=cds00001;Parent=mRNAO0001

ctgl23 . CDS 3000 3902 + 0 1ID=cds00001;Parent=mRNAO000L

ctgl23 . CDS 5000 5500 + 0 ID=cds00001;Parent=mRNAOO00O1

Figure 2.3 Generic Feature Format file version 3 (GFF 3). The GFF file is the standard file to use when
uploading annotations to the GBrowse, also widely used as standard file for annotations. It is a tabulated
file that consists of a set of header lines for metadata, followed by one annotation per line with data
distributed in 9 columns: (i) sequence/chromosome ID, (ii) source (free text), (iii) feature type (defined in
the Gene Ontology website), (iv) start (1-based, (v) end (1-based), (vi) score, (vii) strand, (viii) phase, (ix)
aAttributes. The 9™ column (attributes) is used to specify relationships between annotations (exons of a
gene, for example), and is fully customizable by the user to add any extra information desired. Optionally,
at the end of a GFF, the corresponding Fasta sequence can be included. (Example GFF3 from
sequenceontology.org)

fixedStep chrom=chrl9 start=49307401
step=300 span=200
1000

900

800

700

600

variableStep chrom=chrl9 span=150
49304701 10.
49304901 12.
49305401 15.
49305601 17.
49305901 20.

o U1 O U O

Figure 2.4 WIG format definition. This type of file is used to store and display huge amounts of quantitative
data distributed along the genome in fixed window sizes (defined as ‘span’). There are two versions: (i)
Fixed step WIG, where the distance between windows (‘step’) is fixed. Since the two values are fixed, there
is no need to store coordinates for each annotation, only the quantitative data is stored. (ii) Variable step
WIG. Here the distance between windows is variable, so at least the start coordinate of the window must
be stored along with the quantitative data. Window size remain fixed. (Example WIG from
genome.ucsc.edu)



Box 3 (cont): Common annotation file formats

##fileformat=VCFv4.1l

##fileDate=20090805

##source=myImputationProgramv3.1l
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20, length=62435964,assembly=B36,md5=f126cdf8a6e0c7£379d618ff66beb2da, species="Homo sapiens", taxonomy=x>
##phasing=partial

##INFO=<ID=NS, Number=1, Type=Integer, Description="Number of Samples With Data">
##INFO=<ID=DP, Number=1, Type=Integer, Description="Total Depth">
##INFO=<ID=AF, Number=A, Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1, Type=String,Description="Ancestral Allele">
##INFO=<ID=DB, Number=0, Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2,Number=0, Type=Flag, Description="HapMap2 membership">
##FILTER=<ID=qgl0, Description="Quality below 10">

##FILTER=<ID=s50, Description="Less than 50% of samples have data">
##FORMAT=<ID=GT, Number=1, Type=String, Description="Genotype">
##FORMAT=<ID=GQ, Number=1, Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP, Number=1, Type=Integer, Description="Read Depth">
##FORMAT=<ID=HQ, Number=2, Type=Integer,Description="Haplotype Quality">

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT NAO0OO1 NAQ0002 NA00OO3
20 14370 rs6054257 G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ 0]0:48:1:51,51 1]0:48:8:51,51 1/1:43:5:.,.
20 17330 o T A 3 qlo0 NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ 0]/0:49:3:58,50 0]1:3:5:65,3 0/0:41:3
20 1110696 rs6040355 A G,T 67 PASS NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ 1|2:21:6:23,27 2[1:2:0:18,2 2/2:35:4
20 1230237 . T 47 PASS NS=3;DP=13; AA=T GT:GQ:DP:HQ 0[0:54:7:56,60 0/0:48:4:51,51 0/0:61:2

20 1234567 microsatl GTC G,GTCT 50 PASS NS=3;DP=9; AA=G GT:GQ:DP 0/1:35:

0/2:17:2 1/1:40:3

Figure 2.5 Variant calling format (VCF). Modification of the GFF format specifically designed to store variation information. It is a tabulated file that consists
of a set of header lines for metadata, followed by one annotation per line with data distributed in a variable number of columns with 9 fixed: (i)

sequence/chromosome ID, (ii) start position (1-based, see Figure 1.10), (iii) annotation ID, (iv) reference allele, (v) alternative allele, (vi) quality, (vii) filters,

(viii) extra information, (ix) format of the individual information. With the 10t column, starts specific information about each individual analysed (using the
format defined in the 9t column). As many columns as individuals can be added after this one. Information in the 8t and 9t column is highly customizable,
and the data types used must be defined in the metadata first. (Example VCF with 3 samples [NA0O0001, NAO0002, NAOOOO3] from 1000genomes.org)



Together with these basic functions, we designed our browser having two great functionalities
in mind: (i) First, a large, static and precomputed collection of variation estimates along the
genome prepared for fast access; and (ii) the possibility to perform custom re-estimation of

population statistics on-the-fly by the user.

In terms of hardware the browser’s host server has 2 Intel Xeon 3Ghz processors and 32GB RAM.
For the software, the operative system of the current implementation is an Ubuntu 10.04 Linux

x64 with the Apache web-server.

Precomputed estimates. Along with basic D. melanogaster 5.13 annotations, all Freeze-1
population genetics estimates listed in section 2.1.3 are introduced into the browser’s databases
as precomputed information. This precomputed estimates of several DNA variation measures
along each chromosome arm are obtained with the combined implementation of the programs
PDA2 (Casillas and Barbadilla 2006), MKT (Egea et al. 2008) and VariScan2 (Hutter et al. 2006)
(Figure 2.2). (see 2.3.1 for details in the computation of these estimates for the population

genomics analyses).

alignment SNPs (GFF file)/
N
analyses

Phylip Estimates Estimates
alignment (tab. Files) (wig Files)
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Figure 2.2 Freeze-1 population genomics estimates pipeline.
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All summary estimates are computed all along the chromosomes in non-overlapping sliding
windows of 50, 100, 500, 1000, 10.000, 50.000 and 100.000 base pairs. All functional

annotations are stored with the standard GFF3 format (Box 3, Figure 2.3), then uploaded to



MySQL databases; while most quantitative results are stored in wiggle text format (Box 3, Figure

2.4) and displayed in the browser as boxplots using wiggle_xyplot glyphs.

On-the-fly estimates. PopDrowser allows the re-estimation of a selected population genetics
measure in any given region of the genome. Thanks to the collaboration with the VariScan 2
developers, a modified version of the software is used to re-calculate any estimate directly from
the interface of the PopDrowser. All genome browsers to date are designed to display a single
region of the genome, hence, our on-the-fly estimates are available only for a single region at a
time as well. For performance issues, a maximum of 1MB per re-estimation was defined. In a
similar way, a user can download the aligned sequences from the region in view in the browser

to further sequence analyses by using other software outside PopDrowser.

2.3 Nucleotide variation description and analysis along the genome of a natural population of
Drosophila melanogaster

We used the DGRP Freeze 1.0 lllumina sequence data and genome sequences from Drosophila
simulans and Drosophila yakuba (Clark et al. 2007) to perform genome-wide analyses of
polymorphism and divergence, and assess the association of these parameters with genomic

features and the recombination landscape.

2.3.1 Diversity measures & Linkage disequilibrium

The same Freeze-1 population estimates described in section 2.1.3 and implemented as
precomputed tracks in the PopDrowser (see 2.2.2) are used to do the population genomics
analysis of the Freeze-1 data. These measures were estimated by implementing PDA2, MKT and
VariScan2, the R statistical package (for graphics) and custom Perl scripts (Figure 2.2). Both PDA
2 and VariScan2 can calculate almost the same population genetic estimates, from an initial
sequence alignment and either in regions or sliding-windows. However, VariScan2 is coded in C
language while PDA2 is a collection of Perl modules. For this reason, VariScan2 can do the
estimations much faster than PDA2, which was convenient due to the large number of
estimations and window sizes analyzed genome-wide. The DGRP Freeze-1 alighments were
converted to Phylip format (Felsestein 1981) for even better performance of VariScan2. PDA2

and MKT were used to create the scripts in charge of the SNP calling.



Although the quality of the sequences was already remarkable, some filters were applied to the
alignments to ensure strength of the population genomics analyses: (i) ambiguous bases were
not considered; (ii) the number of lines analyzed in each window was fixed at 140, which
minimized the loss of sites in each window while accounting for the bias introduced by the
clustering of polymorphic sites with ambiguous nucleotides; in addition, (iii) windows in which

50% or more sites were ambiguous or unaligned were excluded completely.

2.3.2 Re-coded whole-genome consensus sequence

For some analyses, it was required to know the functional class for each position in the genome.
To do this, a new re-coded sequence was created using a custom Perl script, the reference and
gene annotations for D. melanogaster. Each position in the genome was annotated in the
following categories: non-coding, small introns (<= 100 bp), long introns (> 100 bp), UTRs and
synonymous and non-synonymous coding positions (in the form of 0, 2 or 4 fold degenerate
sites). In the cases where multiple annotations overlapped a position we selected a single
category following this criterion: 0-fold > 2-fold > 4-fold > UTR > Small intron > long Intron >

Intergenic (Figure 2.6).

ATTAGATTGCATGCAGGGCTAGGCAGTGCATGCATGACGGCTGACTGCAGCATTAGCGCGTTAG

-

< b ————————

NNNNNNNNNNNNNNNNNJUUUUUUU002004004004002004002004IIIIIIIIIIIIIIT

Figure 2.6 Example of a consensus recoded fragment of the genome with a gene with multiple transcripts.
(N) is for intergenic in dark blue, (U) is for UTR in orange, (0, 2, 4) are the degeneracies of the coding
regions in green, (1) is for introns in red.

2.3.3 Detecting and estimating natural selection

Adaptive mutations and weakly deleterious selection act in opposite directions on the MKT, so
if both selection events are occurring, they amount and sign of selection will be underestimated.

To take adaptive and slightly deleterious mutation mutually into account, a method that



incorporates site frequency spectrum (SFS) data to the framework of the McDonald & Kreitman
(McDonald & Kreitman 1991) test (MKT), the Integrative-MKT (see Box 2) was used to analyze
the DGRP freeze 1.0 genome data (Supplementary Material and Methods of Mackay et al.
2012). To estimate selection along chromosomes, the integrative-MKT was implemented in
software written in Java (Figure 2.7). The re-coded consensus sequence is used in the tests, but
separating coding positions between synonymous or non-synonymous instead of the number of
degeneracies. In the case of a 2-fold position, it was classified either synonymous or non-

synonymous only in the simple cases and not in the complex ones (Kumar et al. 2001).

Sliding

Windows

Columns (by divergences d, b, f, alpha, DoS,
MA' N region) SFSs (fold / unfold) omega
H
Input parameters (command I\/l
line): file path, window size, OUTPUT
number of lines (stdout)

Figure 2.7 Integrative-MKT Java modules pipeline. Arrows indicate flux of data between the program
modaules. Input combines a precomputed file (vFasta) and command line parameters. Output is stdout.
The program does not create intermediate files.

The Integrative-MKT allows estimating five different regimes of selection acting on new
mutations for any given region of the genome: the fraction of strongly deleterious (d), weakly
deleterious (b) and neutral sites (f) for the given region (sites that have become neutral (y) was
calculated as a subset of (f)). It has also been implemented the calculation of the proportion of
adaptive fixations (a) (Smith & Eyre-Walker 2002), the Direction of Selection (DoS) (a weighted
and unbiased estimator of the neutrality index, Stoletzki & Eyre-Walker 2011) and the ratio wq
(the rate of adaptive evolution relative to neutral evolution, Gossman et al. 2012). To account
for the fraction of neutrally segregating sites in the selected class (see Box 2) we use the

information of the SFS as explained in figure 2.8.
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Figure 2.8 Calculation of the fraction of neutrally segregating sites in the putatively selected class by
comparing the SFSs. As seen in Box 2, P; (the count of segregating sites in the selected class of the standard
MKT table) must be decomposed between neutral variants (Pineutrar) and weakly deleterious variants (P;
weakly def). The site frequency spectrum of the selected class (blue) is compared with the spectrum of the 4-
fold degenerated coding sites (the selected neutral class in the integrative-MKT software). First, (a) each
value in the SFS is divided by the total number of segregating sites of its class. Then, (b) each value of the
4 fold divided SFS is subtracted from the selected SFS class. All resulting values are (c) added together,
this is the fraction of weakly deleterious sites in the selected class, finally, (d) the fraction of neutral sites
is easily inferred.

Optimizing file access. An unstoppable trend in genomics is the exponential grow in the amount
of data available. This usually translates into bigger files. To tackle the impact of huge volume of
data on the performance of genomic and bioinformatics analyses many strategies can be
considered, for instance the usage of more optimized programming (using lower level languages
like C, not at hand for every bioinformatician) or optimizing the reading (access) of the files. In
the case of the access to a file, in a classical way, this is sequential. This means that if we have
interest in data at the end of the file, the sequential program will move through every record
before accessing our data of interest; increasing the processing time (Figure 2.9a). It is possible
to access precise data without reading the whole file, this is called direct access (or random
access, Figure 2.9b). There are two main direct access strategies: (i) the creation of indexes,
companion files that store the position/bit where some landmarks are stored in our file to avoid
reading the whole file; and (ii) files with fixed number of characters per row (this means that
each line will have the same number of bits), this allows us to infer the bit our row is inside the

file and access it directly.



We wanted to provide our software with direct access capabilities, and since the creation of
index files was out of the expertise of the PhD. candidate, we decided for the fixed character
number strategy. Our data of interest was the nucleotide at each position for each line, so the
normal Multi-Fasta alignment files were converted into a new vertical Multi-Fasta format
(named vFasta), where each position was a row and each individual genome was a column. As
we had a fixed number of genomes, this implied a fixed number of characters per row in the
vFasta file, so direct access techniques could be applied to speed-up the reading of the

alignment.
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Figure 2.9 Diagram picturing (a) sequential access and (b) direct access to information inside a file.

2.4 Indel variation landscape in the genome of a natural population of D. melanogaster

2.4.1 Filtering structural variants

We used 357,708 JGIL-filtered, biallelic indels present in at least 101 lines to conduct the indel
population genomics analyses. We assigned indels to one of six functional classes (coding
sequence, 5’ and 3’ UTR, long [>100 bp] and short [<100 bp] introns, intergenic sequence) using
the 5.49 version annotations of the D. melanogaster reference genome (Marygold et al. 2013).
We discarded indels spanning more than one functional class, leaving 357,608 indels with a valid

functional class. Variant calls for the Freeze-2 were provided in VCF format (Box 3, Figure 2.5).



2.4.2 Inferring the ancestral state of Indels

We analyzed insertions and deletions separately, after first polarizing ancestral and derived
states with respect to the high quality second-generation assembly genome of D. simulans (Hu

et al. 2013) as an outgroup. We inferred the derived allele status for 210,268 indels.

1) allele 1 allele 2 (absent)
— r——————
+100bp ﬂ +100bp ﬂ
2) I BLAST (Dsim)
Min 80% identity
v
- - - - - - - - - O —
- - - - - - - - - — S
O - - - - - - - - m S
---------- (] O
3) Alignment (MAFFT)

allele 1 (derived)

- e allele 2 (ancestral)

- ------ - s BLAST (Dsim)

Figure 2.10 Protocol to infer the ancestral state of an indel (indel polarization). (1) We add 100 nucleotides
flanking each side of each indel allele (blue). Since we only have bi-allelic indels, all indels are a
combination of presence (orange)/absence (nothing) of sequence. (2) Both extended alleles are BLASTed
to the genome of an outgroup species (D. simulans). We select the longest BLAST result, taking into
account a minimum 80% identity for the added flanking sequence. (3) We align the 2 extended alleles
with the selected blast result. The allele with most identity with the outgroup sequence is selected as
ancestral and the other allele as derived.

We followed a strict protocol to polarize indel alleles (Figure 2.10). (i) For each biallelic indel, we
added 100 nucleotides 5’ and 3’ from the reference sequence. (ii) We did a BLAST (Altschul et
al. 1990, Camacho et al. 2009) search for both allelic sequences to D. simulans, retaining the
longest D. simulans sequence for the next step. We discarded blast results with multiple hits and
required that a valid hit must include at least 80% of the added nucleotides in step (i). Because

larger indels do not always result in a valid blast alignment, we required valid blast hits for both



alleles for indels < 25 bp, while for indels > 25 bp only one valid hit for any of the two alleles was
considered sufficient. (iii) We simultaneously aligned both indel allele sequences plus the
corresponding D. simulans sequence using MAFFT software (Katoh and Standley, 2013) using
the '--globalpair --maxiterate 20' options. This gave comparable results compared with other
alignment software such as ClustalOmega (Sievers et al., 2011), TCoffe (Notredame et al., 2000)
and MUSCLE (Edgar, 2004). (iv) We trimmed the alignment at 25 bp before and after the indel
initial and end coordinates, respectively. We assigned derived allele status to the allele sequence
which differs from the D. simulans sequence in this alignment region. From the trimmed
alignment we discarded any fixed indels between D. simulans and D. melanogaster, or any
partially overlapping gap. (v) We determined insertion or deletion status based on whether the

derived allele sequence adds or removes nucleotides compared with D. simulans.

We manually checked a random sample of 500 derived indels to which our polarizing protocol
was applied; all were correct. Therefore, we conclude that the specificity of our procedure is
very high, although we excluded 41% of the original indel data set from our evolutionary

analyses.

2.4.3 Calculating Indel Variation

We have used a measure analogous to nucleotide diversity (p) to describe indel polymorphism,
Ttindel- Basically we have considered every indel as biallelic and did not take into account its size.
For biallelic SNP or indel events we can calculate their intrinsic variation or k, basically, an estimate like

1t (Nei 1987) for a single indel/SNP and assuming only 2 alleles:
Freq. allele A * Freq. allele B
= n
(2)

Then nucleotide diversity (rr) for a biallelic SNP or (minges) for biallelic indels can be simplified as

the sum of each intrinsic variation in a given genomic region m (in number of nucleotides):

Sk

m

We used an analogous measure to the SNP divergence to estimate divergence in indels (Kindei)
(Librado and Rozas 2009). We estimated fixed and polarized indel divergence for the D.
melanogaster, D. simulans, and D. yakuba lineages using the multiple alighment cafl_6way (D.

melanogaster, D. simulans, D. yakuba, D. pseudoobscura, D. ananassae, D. erecta) from the



VISTA Browser (Frazer et al. 2004). We used this alignment because was the only one we found
that has the three species of interest (D. melanogaster, D. simulans, and D. yakuba) aligned at

the same time, the other three species are not used.

We estimated these diversity measures for the whole genome and by chromosome arm (X, 2L,
2R, 3L, 3R, 4) in 100-kb no-overlapping windows. We also estimated the minor allele frequency
(MAF) distribution for indels and the derived allele frequency (DAF) distributions for both
deletions and insertions. It’s generally assumed that synonymous SNPs segregate neutrally,
however some studies suggest that SNPs in small introns (< 120bp) could act even more
neutrally (Parsch et al. 2010). Thus, frequencies of synonymous SNPs and SNPs in small introns
are considered in the MAF and DAF distributions as putative neutral classes. We chose our
threshold in introns 100bp long or less as small introns, since we empirically observed a clear

clustering in the genome between introns below and above this size.

We used the nonparametric Spearman rank correlation coefficient (rho o p) to test for
covariation among the diversity estimates. We used the high resolution recombination map of
D. melanogaster by Comeron et al. (2012) to correlate recombination with the estimated

diversity measures.

2.4.4 Estimating the proportion of adaptive fixations in indels

With DFE-alpha (Eyre-Walker & Keightley, 2009, see 1.1.7) we tried to estimate the effects of
adaptive selection on indels. Similar to the MK test, DFE-alpha uses information from two class
sites, one putatively neutral and another to be tested for adaptive selection, but instead of using
counts of variants it uses the site frequency spectrum of each class along with divergence data.
DFE-alpha estimates the distribution of fitness effects and reports the proportion of adaptive
substitutions (o), and the relative rate of adaptive substitutions relative to the neutral
substitutions (w,). If we observe the formula to estimate a in the MK test:

DsPi
DiPs

a=1-

And compare with the method to calculate alpha in the DFE-alpha:

dy — dg fooo 2Nu(N,s) f(s|a, b)ds
dy

a =



We can see that the main addition is the consideration of the effects of slightly deleterious
mutations ( f(s|a, b); a gamma distribution of scale parameter a and shape parameter b).
2Nu(N, s) refers to the probability of fixation of a new mutation with selective effect s and
population size N. d); and dg are the number of selected and neutral substitutions per site. The
complete numerator represents the difference between observed and expected rates of

selected substitutions no assuming adaptive fixation.

Since it is not clear in which functional class indels are the most neutral, we used intergenic,
small and long intron indels as putatively neutral classes with DFE-alpha. We assume these three
classes of sites to be the less functionally and in this way we expect to clarify which of them is

the best candidate for neutral indel class with the results (see Discussion).

2.5 Summary of used and developed software

The PopDrowser is based in GBrowse (Stein et al. 2002). The precomputed estimates of several
DNA variation measures are obtained using VariScan 2 (Hutter et al. 2006), PDA2 (Casillas and
Barbadilla 2006), MKT (Egea et al. 2008), the recombination calculator of Fiston-Lavier (Fiston-
Lavier et al. 2010); plus ad-hoc Perl and Bash scripts to run the other software and parse or

convert results. Scripts in the R statistical language were used to plot graphics and run statistics.

The integrative-MKT was developed in Java. The script to create the recoded sequence and the

vertical Fasta conversion were developed in Perl.

The indel polarization was done using BLAST (Altschul et al. 1990, Camacho et al. 2009) and
MAFFT (Katoh and Standley, 2013). The estimation of natural selection, o, w, y ws was done
using DEF-alpha (Eyre-Walker and Keightley 2009). Automation, intermediate steps, file
conversion and results parsing was done with ad-hoc Python scripts. Most of the indels statistical

analysis plus graphic plotting was done with R scripts.

Software and most ad-hoc scripts developed for this work are publicly available at

https://github.com/mikyatope/thesis .



https://github.com/mikyatope/thesis
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3. Results

3.1 PopDrowser: the Drosophila Genome Variation Browser

The implementation of the DGRP polymorphism map using the GBrowse framework was called

PopDrowser and it is freely accessible from http://PopDrowser.uab.es. The following is a

description of all its implemented tracks and functions.

3.1.1 Output

Reference annotations. We have incorporated D. melanogaster reference annotations (build
5.13) (Smith et al. 2007) from Flybase. These include gene information (MRNAs, CDSs, 6-frame
translations), noncoding RNAs, tRNAs, and insertion sites of transposable elements. The last
version of the phastCons conservation track (Siepel et al. 2005) from the UCSC is also displayed
by using the Distributed Annotation System (DAS) protocol (Dowell et al. 2001), as well as a track
showing the GC content of the reference sequence or nucleotide sequence when the region is

zoomed in.

Recombination estimates. We have used the recombination calculator of Fiston-Lavier (Fiston-
Lavier et al. 2010) to estimate the recombination rate by megabase (cM/Mb) in windows along
each chromosome arm or in specific gene coordinates. The calculator is based on Marais maps
(Marais et al. 2001, see 2.1.2). For the representation, we only considered the rate at the central

point of the interval.

Density tracks. The density of some genomic features has been calculated in sliding windows of
10, 50 and 100Kb along the genome. We have density tracks from reference features (genes,
microsatellites, transposable elements and coding sequence) and DGRP features (SNPs and

sequencing errors).


http://dgvbrowser.uab.es/

Nucleotide variants. The location of nucleotide variants which are polymorphic in the DGRP
population (SNPs) or fixed between the D. melanogaster reference genome and its
phylogenetically closest species D. simulans (SNFs), together with their frequencies, are
obtained with ad-hoc scripts based on the source code from the PDA software (Casillas and
Barbadilla 2006) and displayed in the browser. Singletons (segregating sites where the minor
allele occurs only once in the sample) are shown with a lighter shade. When a region is zoomed
in, the allele frequency of each SNP is displayed as a pie graph glyph that has been adapted from
the allele_pie_multi glyph from HapMap (Frazer et al. 2007) and that displays two allele
frequencies: the frequency of the major allele and the added frequency of all other alleles

(precise frequencies for all alleles can be seen by hovering the mouse over the glyph).

Summary measures of nucleotide variation. Precomputed estimations for the main population
genetics statistics were obtained using VariScan2 (Hutter et al. 2006; see 2.3.1). These statistics
include the number of segregating sites (S) (Nei 1987), the total minimum number of mutations
(n7) (Tajima 1996), the number of singletons, the nucleotide diversity (z) (Nei 1987), the
Watterson’s estimator of nucleotide diversity per site (€) (Nei 1987, Tajima 1993), and the

Jukes-Cantor corrected divergence per site (K) (Jukes and Cantor 1969).

Measures of linkage disequilibrium. Similarly, several measures of linkage disequilibrium are
computed using VariScan2. These measures include the number of haplotypes (h) (Nei 1987),
the haplotype diversity (Hd) (Nei 1987), and the Fu’s Fs statistic (Fu 1997). The D value (Lewontin
and Kojima 1960), the absolute D (|D|), D’ (Lewontin 1964), the absolute D’ (| D’|), and r? (Hill
and Robertson, 1968, Kelly 1997) have been computed here by averaging over all comparisons

of polymorphic sites in the window.

Neutrality tests. Several neutrality tests are also performed using VariScan2. These tests include
the Fu & Li’s D and F (Fu and Li 1993), the Fay & Wu'’s H statistic (Fay and Wu 2000), and the
Tajima’s D statistic (Tajima 1989). Results of the generalized and the integrative McDonald &
Kreitman (MK) tests (McDonald and Kreitman 1991, Egea, Casillas & Barbadilla 2007, Mackay et
al. 2012; see Box 2) per each gene estimated from other members of our lab are also displayed
in the browser. We have a track displaying: the generalized MKT results, the proportion of base
substitutions fixed by natural selection (a) (Charlesworth 1994), the neutrality index (NI) (Rand
et al. 1996), the direction of selection (DoS) (Stoletzki and Eyre-Walker 2011), the integrative
MKT results (Mackay et al. 2012) and MAF and DAF spectra. All estimates have their statistical



significances. The genes in this track are colored depending in their DoS value and significance
(grey: non-significant DoS, light green: significant positive DoS, dark green: significant negative

DoS).

popDrowser - Drosophila Genome Variation Browser (DGRP Freeze1 dataset): 23.01 Mbp
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Figure 3.1 Initial default page of the Popdrowser displaying a whole view of the 2L chromosome arm with
several tracks: Recombination rate in 50kb windows (green), Sequencing errors in 100kb windows (grey),
Gene density in 100kb windows (orange), Transposon density in 100kb windows, Nucleotide diversity in
100kb windows (purple), Divergence in 100kb windows (violet), Linkage disequilibrium in 100kb windows
(blue).




3.1.2 Custom analyses on-the-fly

A powerful and innovative capability of this browser is that it allows performing custom analyses
on-the-fly in any genomic region up to 1Mb in size. Once a chromosome region and a certain
track have been selected for display, the user can choose to reanalyze that region directly from
the browser with custom input parameters (e.g. window and step size, include/exclude
singletons, include/exclude missing/gapped sites, etc.). Furthermore, users can choose to either
visualize the output of their analyses graphically in the browser as a new track or to download

it in a tabulated text file (Figure 3.3).

Another functionality implemented in the browser is the option for users to download the
aligned 158 DGRP freeze 1.0 genomic sequences of the region visualized at that moment. Both
on-the-fly and sequence downloads have been implemented using the GBrowse plug-in system
that, using Perl scripting, allowed us to create a layer to communicate GBrowse with Variscan2

(for the on-the-fly analysis) and the aligned DGRP sequence files.
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Fig. 3.2 PopDrowser snapshot showing the reference genes track, the standard MKT track and in a
popup the results of the integrative MKT, DoS, MAF & DAF specifically for the ade2-RA gene.
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Figure 3.3 On-the-fly re-estimation of the nucleotide diversity in 1Kb windows for a selected genomic
region in the PopDrowser (blue track). The same information in the blue track can also be downloaded in
tabulated text format.

3.2 Nucleic variation analysis of a natural population of Drosophila melanogaster

3.2.1 Polymorphism and Divergence in the chromosome arms of D. melanogaster

The nucleotide polymorphism averaged over the entire genome, 7 =0.0056 and ¥ = 0.0067, was
similar to previous estimates based on smaller data sets from North American populations
(Sackton et al. 2009, Andolfatto & Przeworski et al. 2001). Average polymorphism on the X
chromosome (rtx = 0.0040) is reduced relative to the autosomes (4 = 0.0060) (X/A ratio = 0.67,
Wilcoxon test P = < 1071%), even after correcting for the X/A effective population size (4/3 X=
0.0054, Wilcoxon test P <0.00002; Table 3.1) since there is only one copy of an X chromosome

for 2 copies of each autosome in every cell.

Nucleotide diversity in non-overlapping 50kb windows is shown in figure 3.4a. We can observe
a clear pattern of reduction of diversity around the centromeric regions of the autosomes
compared with a relatively constant diversity along the X chromosome. Autosomal nucleotide
diversity is reduced on average 2.4-fold in centromeric regions relative to non-centromeric
regions, and at the telomeres as well. While the reduction of polymorphism in the centromeric
region is gradual, affecting the third fraction of the chromosome arm spanning the centromere,
the reduction in the telomere is abrupt. Arms of chromosomes 2 and 3 share this pattern,

however the reduction of diversity seems to be even more pronounced in the centromere of



chromosome 3. Chromosome X behaves differentially to autosomes, showing a slight reduction

of diversity in the telomeric region that rapidly stabilizes to more uniform levels.

Divergence is more uniform (coefficient of variation, CVi = 0.2841) across chromosome arms
than polymorphism (CV. = 0.4265; Fig. 3.4b). The observed peaks of divergence near the
centromeres could be attributable to several causes: a reduced quality of alignments in these
regions producing more sequence errors, higher mutation rates in those regions or higher
fixation of slightly deleterious mutations due to low recombination reducing the efficiency of
selection (see Discussion). Overall patterns of divergence are similar regardless of the outgroup

species used.

3.2.2 Recombination landscape

Evolutionary models of hitchhiking and background selection (Begun & Aquadro 1992,
Charlesworth et al. 1993) predict a positive correlation between polymorphism and
recombination rate. Observing figure 3.4a we can see that there is a pattern of less
recombination near the centromeric and telomeric regions, quite in parallel to the pattern
observed with nucleotide diversity, thus expecting a correlation between the two estimates.
This expectation is true only in regions where recombination is less than 2 cM Mb™ (Spearman’s
p =0.471, P = 0), but recombination and polymorphism behave independently in regions where
recombination exceeds 2 cM Mb™ (Spearman’s p = -0.0044, P = 0.987). The average rate of
recombination of the X chromosome (2.9cM Mb™) is greater than that of autosomes
(2.1cMMb™), which may account for the low overall X-linked correlation between
recombination rate and m. The lack of positive correlation between recombination and
divergence (Table 3.2) excludes mutation associated with recombination as a main cause of the

correlation (see Discussion).



‘uone|ndod ayy ui Suiledaidas aJe suolzeInw |eJiNau AjJeau Jo SNoIII3|9P Apjeam jey) saiedipul

(p104-73/P|04-0) < (P|O4-1L/P|04-01) 3IUDBIBAIP 01 dAINR|AS wsiydiowAjod p|oj-Q JO SS9IXa Ue Sseasaym uolnexly aalndepe se palaidialul Si (p|oy-r1/p|o)-0u) < (ploy
-3 /p|04-0y) wisiydiowAjod 031 aA11B|24 32UDBISAIP P[OJ-0 4O SSIIXD UY “[(P|04-13/P|04-0¥)/(P|0s-+1L/P|04-01)] — T Se palewllsa ‘(A1Q/|od) o1res a2uadianlp o3 wsiydiowAjod
‘2 (U948 daep) bgnypA g pue (usa43 1y31|) supbinwils *q 104 () 23ua3I3AIA ‘g "(;_dIAI IND) S1.J UOII_UIqUIOIB 3Y3 3AIS SBAINI PIjos 3y “(u) wsiydiowAjod apiosny ‘e
‘smopuim dagy-05 SuiddeldaA0-uou Ul swJie 3WosowoJ4yd Suo|je 91ed UOJ1eUIqW O pue D ‘92uadJIaAIp ‘wsiydiowAjod jo uianied ¢°€ a4nsi4

zl00

wap X 1aL 12y HE

2 : .o .wa

. . a

. . K -

. . . 8 as g8 . “ o

: . ® e ... R I ST T D v g

e ot p . i . Y D) PP I

) - e ® . H T MY . (=

. g .ot Pyt g LN E Y, U™ £% =it

- .—I#Md-u-. ogm, X Be a5 S mg wnt’#. @. o<

s PREAL o (Rl o SR G~ RN PR o
T

= H

. =

= _

=

Lo A"

amm

-2 Q@

o

mm

s

= .
8. e
s 2
g- o 8
5 g 8:
c:

8. =
= s 2
= g O
=~ c o
<

£ g
= @




Table 3.1 Estimates of nucleotide polymorphism (), Watterson’s 8, and divergence (k) for the whole

genome, for each chromosome arm and for regions within arms (based on 50kbp non-overlapping

windows). Outgroup species for divergence estimates are D. simulans (dsim) and D. yakuba (dyak).

T e
N mean median sd mean median sd

ALL 2383 0.0056 0.0059 0.0024 0.0067 0.0073 0.0023

2L 461 0.0068 0.0070 0.0022 0.0080 0.0092 0.0021

2R 423 0.0061 0.0064 0.0024 0.0071 0.0074 0.0022

3L 491 0.0061 0.0068 0.0028 0.0074 0.0081 0.0025

3R 559 0.0051 0.0053 0.0022 0.0063 0.0065 0.0021

X 449 0.0040 0.0043 0.0014 0.0049 0.0053 0.0012

Autosomes 1934 0.0060 0.0064 0.0025 0.0072 0.0078 0.0023

(4/3)X 449 0.0054 0.0057 0.0018 0.0066 0.0070 0.0016

k dsim k dyak
N mean median sd mean median sd

ALL 2383 0.0620 0.0555 0.0317 0.1283 0.1198 0.0447
2L 461 0.0592 0.0542 0.0238 0.1279 0.1209 0.0389
2R 423 0.0660 0.0538 0.0535 0.1318 0.1163 0.0649
3L 491 0.0597 0.0538 0.0327 0.1267 0.1173 0.0504
3R 559 0.0546 0.0527 0.0142 0.1183 0.1131 0.0334
X 449 0.0729 0.0693 0.0216 0.1403 0.1382 0.0264
Autosomes 1934 0.0594 0.0536 0.0331 0.1256 0.1164 0.0475

Table 3.2 Spearman and Pearson correlations between nucleotide diversity () / divergence (k) and
recombination for the whole genome, for each chromosome arm and for regions within arms on 50 kbp
non-overlapping windows.

Correlation between i and recombination

Correlation between kqyax and recombination

Spearmanp p-value Pearsonr p-value Spearmanp  p-value Pearsonr p-value
2L 0.6599 0.0000 0.6952 0.0000 -0.2755 0.0000 -0.3816 0.0000
2R 0.6529 0.0000 0.7598 0.0000 -0.4402 0.0000 -0.5243 0.0000
3L 0.6629 0.0000 0.7745 0.0000 -0.4844 0.0000 -0.4100 0.0000
3R 0.5123 0.0000 0.5660 0.0000 -0.3328 0.0000 -0.3895 0.0000
X 0.1080 0.0239 0.2081 0.0000 -0.1784 0.0002 -0.3204 0.0000




3.2.3 Mapping selection across the genome

In figure 3.4c selection is mapped in a genome-wide scale using an estimate analogous to the
MKT’s neutrality index (see section 1.1.7). Instead of the number of segregating sites, we use
the average mo-fold and ris-fold values in non-overlapping windows of 50kb. At a first glance, it
can be seen that events of either adaptive or deleterious selections seem to occur all along the
genome. It also seems to be a reduction of amount of positive selection around the centromeres
of the autosomes, which is not visible in the X chromosome. In fact, the X chromosome seems

to undergo overall more positive selection than negative selection events.

Trying to improve this initial genome-wide estimate of selection, we implemented the
Integrative MKT method into an algorithm to calculate the fraction of neutral, strongly and
weakly deleterious sites (see Box 2 and section 2.3.3). In the figure 3.5, we have the results of
the genome-wide integrative MKT first implementation for the autosome arms and
chromosome X. We can observe that the footprint of natural selection is pervasive all along the
D. melanogaster genome, although the proportion of sites under the different selection regimes
depends on the genomic region and the functional class. In autosomes, there is a higher fraction
of neutral alleles (or a lower fraction of selected alleles, particularly strongly selected alleles) in
regions near the centromeres (Figure 3.5a) for all functional classes except short introns. This is
expected given that short introns are thought to evolve neutrally. In contrast, in the X
chromosome there are no evidences for a lower efficacy of natural selection for genes close to
the centromere. Moreover, globally the proportion of sites under selection (strongly and weakly)
is higher for the X chromosome than autosomes, this is also observed in the analysis gene by
gene of the freeze 1 data made also in our lab (Mackay et al. 2012). In the gene by gene approach
a test was performed comparing the direction of selection (DoS) of genes in low and high
recombination areas between autosomes and X chromosome. The DoS comparison indicates
lower efficiency of selection for genes in centromeric regions in autosomes (Mackay et al. 2012).
Altogether, our results suggest a greater efficiency of natural selection in the X chromosome

relative to autosomes (Figure 3.5b).

Different gene functional regions, or site classes, show different proportion of sites under
different selection regimes. Non-synonymous sites show a greater evidence of strongly
deleterious selection than the other classes and very little, but uniform along the genome,

proportion of sites under weak (negative) selection. UTRs have the highest rate of strongly
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Figure 3.5 Fraction of alleles segregating under different selection regimes by site class in non-overlapping
100 kbp windows for (a, b, c, d) the autosomes and the (e) X chromosome. The selection regimes are
strongly deleterious (d, in red), weakly deleterious (b, in yellow) and neutral (f, in green). Blank windows
are discarded because no enough data was available.
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deleterious selection after non-synonymous sites, and the functional gene region with the
highest fraction of slightly deleterious alleles, but again their alleles are uniformly distributed
along the chromosome. Long introns and intergenic regions behave in the same way; they have
a lower fraction of strongly deleterious sites compared to non-synonymous sites and UTRs, and
the amount of sites under weak negative selection amounts too little. Finally, short introns
display a quite different pattern when compared with the other classes, with an overall excess

of weakly deleterious positions (Figure 3.5).

Interestingly, remarkable features of the estimates in figure 3.5 are the regions that have
incongruent negative values for some fractions of allele segregating under specific selective
regimes. Careful observation shows that this only happens in windows without highly
deleterious selection and also seems to be related to an excess of neutral sites since it’s also
observed in windows without slightly deleterious sites as well. A possible explanation could be
that sites in the observed selected class are acting more neutrally than the putatively neutral
class. This is more clearly visible with the results of the short intron class, which is suggested to

be more neutral than the widely used synonymous sites.



3.3 Indel variation landscape in the genome of a natural population of D. melanogaster

Although being the second most abundant source of genetic variation after SNPs, indels
remained understudied due to problems for their reliable detection with current sequencing
technologies. Data from DGRP freeze 2 has provided us with 357,608 confident indel variants in
205 genomes from an initial set of 1,296,080 non-SNP variants (see 2.1.1). This indel data set
has allowed us to do the most exhaustive genome-wide indel study to date in D. melanogaster,
and it is comparable with the study of 1.6 million indels from 179 human genomes of

Montgomery et al. (2013).

3.3.1 Genome-wide indel statistics and distribution

After estimating the ancestral state for 210,268 indels (see 2.4.2) we found that 86% of
“deletions” and 74% of “insertions” inferred from the reference genome were true deletions
and insertions according to the polarized estimates. Evolutionarily derived deletions (n =
145,015; 69%) outnumber insertions (n = 65,253; 31%) by 2.2:1 (Table 3.3; Figure 3.6). This
estimate of the deletion:insertion ratio for D. melanogaster is consistent with previous

estimates, which indicates a bias toward higher deletion than insertion rates:

e Petrov (2002) ratio = 8.7:1 from 87 deletions and 10 insertions.

e Ometto et al. (2005) ratio = 2.17:1 from 26 intergenic deletions and 12 intergenic
insertions and 2:1 from 62 intronic deletions and 31 intronic insertions.

e Assis and Kondrashov (2012) ratio = 3.5:1 from 614 deletions and 179 insertions
from gene conversion events;

e Leushkin et al. (2013) ratio deletion:insertion = 2.36:1.

There are, on average, 60% fewer deletions ( ;2 = 3815, P = 0) and 74% fewer insertions ( ;2=

645.6, P = 0) on the X chromosome than on the major autosomal chromosomal arms (Table 3.3).
Although most indels are small (1-2 bp), deletions are, on average, longer than insertions (Table
3.3; Figure 3.6). However, the longest indels are insertions, most of which correspond to P
transposable elements which have recently colonized the D. melanogaster genome (Kidwell

1993). The longest insertions are preferentially located in centromeric regions.

Indel size distributions show the same pattern regardless the chromosome observed (Figure

3.6). The distribution is extremely skewed to the right, with a high number of very small indels



and a rapid decrease in size displayed with a long tail of longer indels. The excess of deletions
over insertions can also be observed qualitatively in figure 3.6, especially with the smallest ones
of 1 base pair. The size distributions have the same pattern when looking at indels by functional
class instead (Figure 3.7). Indels in 3" and 5’ UTRs, long and short introns, and intergenic regions,
show the observed excess of small indels and a long tail of larger indels. However, a very
distinctive pattern appears when looking at indels in coding regions. The size distribution of
indels in coding regions has discrete “peaks’ for indel sizes in multiples of 3 bp (Figure 3.7). This
pattern suggests strong negative selection against coding non-multiple of three nucleotides
indels (most of them assumed to cause coding sequence frame-shifts) compared to more
relaxed selection for insertions and deletions multiple of three (more probable to span complete
codons), a phenomenon previously reported also on DGRP lines (Massouras et al. 2012, Leushkin

et al. 2013) and in humans (Montgomery et al. 2013).

Table 3.3 Indel count and size statistics. Indels are polarized with respect to their ancestral state using D.
simulans as outgroup.

Chromosome Total M.aximum .Mean Median ::‘/?;c?c::
number size (bp) size (bp) size (bp) (bp)

ALL 210,268 2,921 8.47 4 49.54

Deletions 145,015 2,915 8.93 5 18.34

Insertions 65,253 2,921 7.47 3 84.62
2L 46,225

Deletions 32,138 459 8.70 5 13.30

Insertions 14,087 2,915 6.45 3 66.59
2R 37,479

Deletions 25,660 2,843 8.96 6 23.02

Insertions 11,819 2,915 7.17 3 78.92
3L 46,749

Deletions 32,521 2,915 9.15 5 23.67

Insertions 14,228 2,921 7.35 3 82.77
3R 50,600

Deletions 35,755 616 9.19 6 14.13

Insertions 14,845 2,915 7.41 3 80.77
a4 219

Deletions 171 89 9.10 5 12.32

Insertions 48 2,915 133.54 3 586.10
X 28,996

Deletions 18,770 783 8.35 5 14.79

Insertions 10,226 2,915 8.88 3 108.27
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3.3.2 Covariation between SNP and indel variation

The SNP genotype calls are highly correlated between DGRP Freeze 1.0 (Mackay et al. 2012) and
Freeze 2.0. Spearman rank order correlations (p) for estimates of SNP nucleotide polymorphisms
(r) (Nei 1987) among 100-kb non-overlapping windows range from p = 0.94 for the X
chromosome to p = 0.99 for 3R (Table 3.4), therefore, makes sense to use only the Freeze 2.0
nucleotide polymorphism in our estimates from now on. Indel diversity is directly correlated
with SNP polymorphism (Table 3.4) and shows the previously observed pattern of higher levels
of polymorphism along autosomic chromosome arms and then decreasing gradually as
approaching the centromere (Figure 3.8a). Again, this does not seem to be true for the X
chromosome where indel polymorphism seems to be uniform only to decrease abruptly in
telomere and centromere. Analysing insertions and deletions separately we can observe the
same variation pattern along the chromosome arms with high correlation especially in
autosomes (Figure 3.8b and c, Table 3.4). All indel estimates in autosomes are also correlated

with recombination (Table 3.4), being this correlation weaker in the X chromosome.

Table 3.4 Spearman correlation matrix among pairs of variables. Data pairs values are estimates for 100
kbp non-overlapping windows along each chromosome arm (X, 2L, 2R, 3L, 3R). rtsnez and mtsvez refer to SNP
diversity measures in DGRP Freeze 1.0 and Freeze 2.0, respectively. Indel refers to insertions and deletions
combined, In to insertions only and Del to deletions only. All In and Del calls are for DGRP Freeze 2.0, and
polarized with respect to D. simulans. c is recombination in cM Mb™. Entries in the table are Spearman’s
correlation coefficients (p-value). n/a: not applicable.

Chromosome Arm

Correlation X 2L 2R 3L 3R 4
0.941 0.967 0.976 0.982 0.987
Ttsnp1, TUsnp2 (2.2e-16) (2.2e-16) (2.2e-16) (2.2¢-16) (2.2e-16) n/a
0.660 0.836 0.860 0.886 0.880 0.731
Ttsnp2y Mindel (22e-16)  (2.2e-16)  (2.2¢-16)  (2.2e-16)  (2.2¢-16)  (6.32e-3)
0.581 0.824 0.842 0.867 0.868 0.687
Ttsnpz, TTin
(2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) (1.20e-2)
0.616 0.756 0.787 0.817 0.795 0.505
Ttsnp2y Tdel (2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) (8.12¢-2)
0.613 0.751 0.804 0.798 0.758 0.308
Ttiny Ttdel (2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) (3.06e-1)
0.387 0.608 0.693 0.707 0.644
Ttswez € (2.02e-09) (2.2e-16) (2.2e-16) (2.2e-16) (2.2e-16) n/a
0.383 0.504 0.689 0.727 0.571
Tindels € (2.94e-09)  (3.15e-16) (2.2e-16) (2.2e-16) (2.2e-16) n/a
0.376 0.519 0.705 0.748 0.608
Ty, C n/a
(6.46e-09)  (2.2e-16) (2.2¢-16) (2.2¢-16) (2.2e-16)
0.334 0.447 0.619 0.649 0.485
Tlgel, € n/a

(2.99e-07)  (1.11e-12) (2.2e-16) (2.2e-16) (2.2e-16)
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3.3.4 Derived allele frequency spectrum

The MAF spectra (Figure 3.9) show an excess of low MAF indels compared to SNPs for all
functional classes. Given that lower MAF variants are likely enriched for variants under purifying
selection, these data are consistent with deleterious fitness effects of indels (Massouras et al.
2012). Insertions and deletions with length non multiple of three nucleotides are highly
overrepresented among the low DAF class (Figure 3.10), reinforcing the conclusion that negative
selection is intense on this indel class. Relative to presumed neutral variants (synonymous SNPs
and SNPs in short introns), all deletion classes have an excess of low-frequency derived alleles
on all chromosomes. In contrast, the number of low-frequency derived insertion alleles is similar
to or less than presumed neutral SNPs for insertions in short introns and multiple of three coding
nucleotide insertions on the X chromosome. There is also a slight excess of high-frequency
derived insertions compared to SNPs in all chromosomes and all functional categories except for
non-multiple of three coding nucleotides. This could indicate more positive selection on

insertions than deletions.
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Figure 3.9 Minor allele frequency (MAF) spectra, by functional class, for all indels on the autosomes and
the X chromosome.
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3.3.5 Adaptive selection on indel variation

To do a selection test on our indel dataset we had to select a putatively neutral class. However,
there’s no clear neutral class for indels. In order to narrow options before the test, we checked
global nucleotide polymorphism (minger) and divergence (kinger) for indels by chromosome and
functional class (Table 3.5). High values in both polymorphism and divergence are to be expected
in variants acting neutrally. However, the indel classes with highest polymorphism are not all
the same ones when looking at the highest divergence indel classes. Only autosomical deletions
in short introns (highest polymorphism) and autosomical deletions in intergenic regions (highest
divergence) appear between the five highest in both polymorphism and divergence. All short
intron indels (autosomic and X insertions and deletions) appear at the top 5 polymorphic classes.
Autosomic indels in UTRs appear to have quite divergence values. The next class in both
polymorphism and divergence are deletions in autosomic long introns. Since the results were
not conclusive to select a unique putatively neutral indel class, we decided to perform the
selection tests with DFE-alpha in triplicate, using indels in intergenic regions, long and short

indels as neutral classes.

Table 3.5 Polymorphism (rt) and divergence for indel class and chromosome, ordered from higher to lower
values. Abbreviations: AUT. (Autosomes), DEL (Deletions), IN (Insertion),

Polymorphism ( r) Divergence

Class Chr In/del Class Chr In/del
Short intron AUT. DEL 0.000229753 Intergenic AUT. DEL 0.001496293
Short intron AUT. IN 0.000193738 5 UTR AUT. DEL 0.001040506
Short intron X IN 0.000151614 3’ UTR AUT. DEL 0.000976717
Intergenic AUT. DEL 0.000146241 Short intron AUT. DEL 0.000965923
Short intron X DEL 0.000129388 Long intron AUT. DEL 0.000954280
Long intron AUT. DEL 0.000112138 Intergenic AUT. IN 0.000862761
3’ UTR AUT. DEL 0.000110009 CDS AUT. DEL 0.000859433
5 UTR AUT. DEL 0.000108455 Intergenic IN 0.000760885
Intergenic X DEL 0.000100441 CDS IN 0.000726285
Intergenic AUT. IN 0.000086206 Intergenic DEL 0.000691206
5 UTR X DEL 0.000076923 5 UTR AUT. IN 0.000685704
Long intron DEL 0.000073840 Short intron AUT. IN 0.000649590
3" UTR DEL 0.000071869 3’ UTR AUT. IN 0.000646464
3’ UTR AUT. IN 0.000070808 CDS X DEL 0.000626537
Intergenic X IN 0.000068403 5" UTR X IN 0.000618709
Long intron AUT. IN 0.000067771 Long intron AUT. IN 0.000597146
5" UTR AUT. IN 0.000061544 CDS AUT. IN 0.000595738
3’ UTR IN 0.000059172 Short intron X IN 0.000594473
Long intron IN 0.000053701 3’ UTR X IN 0.000540739
5" UTR IN 0.000046490 5" UTR X DEL 0.000510184
CDS AUT. DEL 0.000016853 Short intron X DEL 0.000497871
CDS X DEL 0.000013070 Long intron X IN 0.000492733
CDS X IN 0.000009311 3" UTR X DEL 0.000457592
CDS AUT. IN 0.000006690 Long intron X DEL 0.000415241




The DFE-alpha results in Table 3.6 show us the proportions of adaptive fixations (o) and
proportions of adaptive indel fixations relative to neutral fixations (w,) in our indel dataset. At
first glance, values of @ and w4 using the three different neutral classes differ greatly. Estimations
using intergenic indels as neutral show low values of a and w,, while on the other hand, the
results using short and long introns as neutral class display quite high proportions of adaptive

fixations for all indel classes.

However, some patterns are clearly visible between the three tests, regardless of the neutral
class used. We can observe that indels in coding regions present the highest proportion of
adaptive fixations, while the other functional classes display lower values of a and w,. Globally,
there’s no clear pattern indicating differences between deletions and insertions. However, the
lowest value of a in the three tests always corresponds to deletions in coding autosomic regions.
This could indicate both differences between X chromosome and autosomes and differences
between deletions and insertions globally in the genome. Previous results in this chapter already
suggest higher selection efficiency in the X chromosome when compared with the autosomes,

but also can have implications in genome size mechanisms (see Discussion).

Overall, introns seem better candidates to neutral indel regions than intergenic indels. Also,
taking into account the higher proportion of fixations and the highest values of polymorphism,
short indels could be the best candidate for neutral indel class. Still, short indels could have
strong constraints in their size, so with these results are not enough to jump to such conclusions

(see Discussion).



Table 3.6 DFE-alpha proportions (a) and relative proportions (wa) of adaptive evolution between insertion and deletion
functional classes and chromosomes. Each column corresponds with the class used as putatively neutral for indel evolution.

a Intergenic Long introns Short introns
Deletions Insertions Deletions Insertions Deletions Insertions
Aut. X Aut. X Aut. X Aut. X Aut. X Aut. X
Coding -0.87658  0.971147  0.837114  0.914222 0.463579 0.9789 0.915286  0.933808 0.274096 0.992238 0.919863 0.976136
Shortintrons  0.33633  -1.00637 -0.1634 -0.3208 0.279694  0.094592  0.269351  0.261255 - - - -
Long Introns  0.415913  0.47183  -0.29223  -0.09889 - - - - 0.616064 0.830143 0.767129 0.669207
3’ UTR -0.71907  0.521752  -0.17035  0.258391 -0.01293  0.651567  0.265198  0.167128 0.714726 0.847301 0.852961 0.77496
5’ UTR 0.912763  0.627912  -0.08865  0.081221 0.92899  0.728889  0.314145  0.297088 0.961919 0.883024 0.864275 0.761438
Intergenic - - - - 0.706637  0.718634  0.472668  0.452804 0.842134 0.878388 0.632042 0.706472
(0)) a Intergenic Long introns Short introns
Deletions Insertions Deletions Insertions Deletions Insertions
Aut. X Aut. X Aut. X Aut. X Aut. X Aut. X
Coding -0.46712  1.118777 0.786419  1.103821 0.427354  2.058649  1.301866  1.881522 0.243187 3.07135 1.711951 1.755824
Short introns  0.216849  -0.50159  -0.14045  -0.24288 0.282545  0.104475  0.368646  0.353648 - - - -
Long Introns  0.267543  0.29457  -0.22615  -0.06265 - - - - 0.740559 1.295472 1.063323 0.625278
3’ UTR -0.41829  0.365627  -0.14555  0.190388 -0.01276  0.833584  0.36091  0.200665 0.902664 1.495053 1.378108 0.847554
5’ UTR 0.682329  0.510757  -0.08143  0.068116 1.111883  1.082396  0.458033  0.422654 1.386253 1.836715 1.506884 0.955665
Intergenic - - - - 1.176338  1.438117  0.896339  0.827499 1.6876 2.457297 1.252029 1.056365
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Discussion



4. Discussion

The DGRP genome dataset is a formidable resource for population genomics. In a natural
population of model species D. melanogaster we have described the patterns of polymorphism
and divergence (nucleotide and indels) along chromosome arms, the relationships between
diversity and recombination, mapped the footprint of natural selection on SNP and non-SNP
variants throughout the genome and developed a complete, public and accessible map of the

polymorphism present in this population.

4.1 Population genomics software development

4.1.1 PopDrowser and Genome Brower

A new dimension to genetic variation studies is provided by the new availability of within-species
complete genome sequences. Next-generation sequencing technologies are making affordable
genome-wide population genetics data, not only for humans and the main model organisms,
but also for most organisms on which research is actively carried out on genetics, ecology or

evolution (Pool et al. 2010).

The Drosophila Genetic Reference Panel (DGRP) (Mackay et al. 2012) has sequenced and
analyzed the patterns of genome variation in 158 (freeze 1) and 205 (freeze 2, see section 2.1.3
of Material and methods) inbred lines of Drosophila melanogaster from a single population of
Raleigh (USA), and conducted a genome-wide association analysis of some phenotypic traits. A
major goal of this project is to create a resource of common genetic polymorphism data to aid
further population genomics analyses. As a part of this DGRP project, we have implemented a
modified GBrowse, a generic genome browser interface, specifically designed for the automatic

estimation and representation of population genetic variation in D. melanogaster.



A number of web-based genome browsers displaying genetic variation data are already available
(Benson et al. 2002, Kent et al. 2002, Hubbard et al. 2002, Stein et al. 2002, Frazer et al. 2007,
Dubchak and Ryaboy 2006). Such browsers, however, are not well suited to deal with population
genomics sequence information. For example, HapMap (The International HapMap Consortium
2003), the most comprehensive genome browser of variation data so far, contains information
on SNPs, CNVs, and linkage disequilibrium of human populations. It does not offer, however,

genetic variation estimates along sliding-windows or neutrality-based tests.

Unlike other population analysis tools (Hutter et al. 2006, Kofler et al. 2011), the PopDrowser is
a genome browser specially designed for the representation and analysis of population
genomics data. Originally, it comprised 180 tracks including the most commonly-used summary
statistics and tests of the population genetics theory (see section 2.1.3 of Material and Methods)
and standard and integrative MK test for the genome-wide detection of natural selection at any
region. It is especially appropriate either for genome-wide analyses (e.g. mapping natural
selection, detecting regions undergoing positive selection or functional unannotated regions
that are highly constrained, or correlating levels of variation with other genomic measures, etc.),
or for the detailed analysis on small chromosome regions. The flexibility of administrating the
visualization of tracks, adding custom tracks of data, or analyzing specific regions on-the-fly,

allows accommodating the PopDrowser to the user’s needs and facilitating their analyses.

The technology of the GBrowse has been proved useful to graphically display huge quantities of
population genetics information in an easy and interactive fashion. An advantage of the
Gbrowse technology is its open source nature. This allowed us modify parts of the code to
customize some types of visualization, and has even allowed us the creation of a new
functionality not present by default in the browser: the ability to perform on-the-fly analysis and

the download of fragments from the complete DGRP freeze 1.0 alighment.

One disadvantage, not exclusive of the GBrowse but shared between all the genome browsing
systems, is the lack of standardized solutions, consequence of this continuous 'reinventing the
wheel' common with this kind of tools and mentioned in the introduction. We could observe an
example of it when the problem of displaying high volumes of data appeared during these years
that we developed PopDrowser. During the first years in the already short history of genome
browsing, browsers handled relatively low quantities of data since displaying some annotations
in its local genomic context were not a computational problem (some gene names and start and

end coordinates and that's it). Also, the visualization of really large regions is counterproductive



because too many annotations visualized at the same time are generally too small and has no
value for the user. Even the growing number of tracks was no problem in this regard, at least,
not until high throughput data arrived. New NGS technologies provided us with huge volumes
of data, even for small regions with not many annotations. The lack of a standardized format to
store, access and visualize such high volumes of data makes difficult to work with it. In the case
of the GBrowse, in the last four years they have changed three times the standard storing format
for big volumes of data. This is one of the most important challenges that genome visualizations
face right now, and some promising solutions have already been proposed like the BigWig data
format (see Box 3, in Chapter 2: Materials and Methods) or the use of high performance
computing and parallelization algorithms to optimize the access to the data like in the relatively

recent GenomeMaps browser (Medina et al. 2013).

Another caveat is trying to maintain the base GBrowse code constantly up-to date. This is an
intrinsically consequence of the initial design of the tool (a problem also shared with many
Linux/Unix based non-binary tools). Once configured, a genome browser is a very flexible,
powerful and easy to use tool: adding new information and tracks is really straight forward, and
it can be done without affecting the experience of the users. However, trying to upgrade the
whole base code is no easy task and, in fact, very time consuming, since best experience is only
assured in static environments (operation system-wise speaking). Since GBrowse is based in a
collection multiple of bioperl scripts, custom changes to the code (at first a great feature to be
available to do) are lost after an upgrade of the system. Also, GBrowse developers could
introduce changes that affect our configurations, so an active administrator has to tackle this
issues after an upgrade as well. An example of this can be observed with the PopDrowser:
described containing 180, in the actual public version dozens are disabled since a change in the
visualization had conflicts with negative values (affecting most of the tracks in the neutrality
tests section). To correct this, both a complete upgrade of the GBrowse system and a conversion
of all the precomputed estimates are required. Time constraints and the need to work on other
parts of the thesis lead to this PhD. candidate to hold that upgrade, and probably leave it to a

next member of the lab.

Another issue is the portability of these systems. By definition, as web interfaces, the actual
software resides in a single server computer, and users simply request the information to this
server from their personal terminals. The increase in computational power of computers and

the fairly low resources requirements of a GBrowse installation makes the option of the



installation into a virtual machine a feasible solution to allow the sharing of the complete

implementation to people interested in use and modify it for their own uses.

Probably the most relevant next improvements in genome browser technologies will come more
from the side of the software/hardware than the biological side, especially in visualization and
user interaction with the data. On the visualization side, it's clear that the current system based

on the reference genome is insufficient:

1. Genome Browse systems are originally designed to display single genome information
while more and more individual genome data is produced.

2. Genome Browsers are not well designed to display annotations with nucleotides not
present in the reference, like new sequence of insertions or copy number variation.

3. The only visualization of every genome browser is based in single region navigation.
Interactions between different regions or chromosomes within the species, or even

between species are not referred to.

Clever use of different glyphs can patch the problem for now, but maybe these tricks will quickly
become obsolete. Another huge change we can expect as well is the arrival of information on
genome 3D organization, which for sure will force some changes in the visualization of genomic

data that to date is mainly based in 2D.

4.1.2 Integrative-MKT implementation

Our first java approach to implement the integrative-MKT is useful by showing the fraction of
alleles segregating under different selection regimes, but some inconsistencies in the estimates
indicate that the results must be interpreted with caution (see section 2.3.3 of Material and
Methods, section 3.2.3 of Results and Figure 3.5). This conclusion comes from the values of
selection that span outside their graphic area. Interestingly, these ‘out of range’ estimates only
happen in regions where the presence of highly deleterious alleles could not be inferred,
suggesting that this is the effect of some biological mechanism underneath. A possible
explanation could be that sites in the observed selected class are acting more neutrally than the
putatively neutral class. In our case, the putatively neutral class are 4-fold degenerated coding
sites. It could be possible that in coding regions, some 4-fold degenerated sites may be in linkage

with non-synonymous strongly selected sites, thus overestimating the neutrality of these sites.



This effect could be revealed when these putatively neutral sites are compared with sites acting
even more neutrally. This could explain the qualitative differences observed within the short

|”

intron sites, these sites could effectively be “more neutral than the neutral” class of choose.
Mutations in 4-fold sites, without functional effect, have been considered selectively neutral
since long (Kimura 1968, King & Jukes 1969), hence their use as neutral variation in many studies
like in Mackay et al. (2012). However, codon usage bias observations suggested that
synonymous mutations could have some function (Hershberg & Petrov 2009). Recently, Lawrie
et al. (2013) estimated that 22% of mutations in 4-fold positions in D. melanogaster are
deleterious enough to disappear rapidly from the genome. That 4-fold positions could have

some functional impact is another explanation to the observation that a given class could be

more neutral that the putatively neutral selected class.

Another aspect to consider comes from comments on the Integrative-MKT method from
Campos et al. (2014). They suggested that the assumptions behind the our method lead to an
important underestimation of the fraction of deleterious sites, since in integrative-MKT
deleterious sites are assumed to be always removed from the population, but there’s a
possibility that a proportion of deleterious sites could remain segregating. However, since this
underestimation is constant in our calculations, it does not change our overall conclusions.
Clearly, a calibration of the neutrality of the selected class and the sub estimation the strongly

deleterious sites could improve the performance of the estimates.



4.2 Nucleic Variation in a natural population of D. melanogaster

4.2.1 Genome-wide patterns of polymorphism and divergence and recombination

From our nucleotide variation analysis we can observe clear different patterns of polymorphism
and divergence between (i) centromeric vs. non-centromeric regions within autosome arms, and
(i) between autosomes vs. X chromosome (Figure 3.4, Table 3.1). In autosomes the
polymorphism levels are maintained across chromosome arms, but then decrease as reaching
the centromeric and telomeric regions. The reduction is really abrupt in the telomere, in contrast
with the reduction towards the centromere: it's more gradual and it does not affect only the
centromere but approximately a third of the chromosome arm is affected. Chromosome X has
an overall reduced level of polymorphism, also maintained across the chromosome. It also
exhibits an abrupt reduction of polymorphism in the telomere and somewhat in the centromere
as well, not showing the gradual reduction of polymorphism observed in the autosomes.
Interestingly, we observe a fairly similar pattern for recombination in autosomes (sudden
increase in the telomeres, elevated through the chromosome arm, and gradual decrease

towards the centromere) (Figure 3.4a).

This high resolution map of polymorphism is clearly in line with the predicted pattern of reduced
polymorphism in the centromeric areas made with only 17 observations by Hudson and Kaplan
(1995), at least in the autosomes (Figure 1.5). This polymorphism pattern is correlated with
recombination levels in the autosomes (Table 3.2) and, as exposed in the introduction, follows
more than two decades of observations of reduced polymorphism in areas of low recombination
such as the centromeres (See Introduction 1.1.4; Aguade et al. 1989; Stephan and Langley 1989;
Berry et al. 1991; Begun and Aquadro 1992; Martin-Campos et al. 1992; Stephan and Mitchell
1992; Langley et al. 1993). The correlation polymorphism-recombination is not so clear in the X
chromosome (Table 3.2, see discussion for the X chromosome differences in section 4.2.3).
Looking in detail at our correlations between polymorphism and recombination, it seems to exist
a recombination threshold around 2 cM Mb™?above which zdoes not increase further, reaching
the amount of polymorphism a plateau. Below this threshold, nucleotide diversity correlates
strongly with recombination, attaining its lowest values in zero-recombining regions. Our study
strongly confirms at a genome-wide scale the observations of other studies that recurrently find
correlation between polymorphism and recombination in the Drosophila genus (Begun &
Aqguadro 1992, Begun et al. 2007, Kulathinal et al. 2008, Sackton et al. 2009, Stevison & Noor

2010). This reduction in polymorphism correlated with the recombination is not limited to the



regions with zero recombination or to the centromeres. Instead, the correlation spans at least a
third of the autosomes (Barron 2015). It was already suggested that recombination could be the
major force shaping the polymorphism patterns in the genome (Sackton et al. 2009). However,
analyses with the DGRP data confirms and reinforce this hypothesis, since it has been observed
that recombination explains x3 times (in autosomes) and x8 times (in the X chromosome) more

the amount of polymorphic explained by other factors (Barrén 2015).

As mentioned in the introduction (See section 1.1.5), when an adaptive allele is fixed, or a
deleterious allele removed from the population, if there is no recombination, neutral nearby
variation is reduced. The lower the recombination, the longer the region affected and more
pronounced the reduction of polymorphism. Furthermore, if linked regions are long enough,
there is the possibility that both events of adaptive and deleterious selection can occur together,
interfering with each other and affecting as well the linked neutral variation, an effect called Hill-
Robertson Interference (HRi) and producing a reduction of the efficiency of selection (see 4.2.2).
Mackay et al. (2012) and Castellano et al. (in press) have shown that those regions whose
recombination rate is under the threshold are associated with lower efficiency of selection,

especially in autosomes, as shown in figures 3.6 and 3.7 (Figure 4.1 and 4.2).
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Figure 4.1 The fraction of alleles segregating under different selection regimes by site class and
chromosome region, for the autosomes (A) and the X chromosome (X). The selection regimes are strongly
deleterious (d, dark blue), weakly deleterious (b, blue), recently neutral (y, white) and old neutral (f-y,
light blue). Each chromosome arm has been divided in three regions of equal size (in Mb): centromere,
middle and telomere [from Mackay et al. 2012 Figure 3].



Looking deeper at the polymorphism-recombination correlation, Barron (2015) observed that
the threshold on which the correlation vanishes is different in each chromosome (ranging from
3.36 cM Mb™ in chromosome arm 2L to 1.54 cM Mb™in chromosome X), and also that the
reduced efficiency of selection is not exclusive of the centromeric areas. As a consequence,
when analysing both variation data and recombination rate along the genome, it can be divided
in one hand, (i) regions with high recombination and low linked selection (thus, with high
efficiency of selection), and on the other hand (ii) regions with low recombination and increased

linked selection events with lower efficiency of selection (see 4.2.2).
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Figure 4.2 Test for differences in the Direction of Selection (DoS) between autosomes and the X. DoS was
calculated for each independent gene and averaged every 50 gene windows along chromosome arms.
Values are given for the X chromosome and autosomes, for regions of high (2 ¢cM Mb™) and low (<2
cM Mb™) regions of recombination [from McKay et al. 2012, sup. figure 8].



Finally, divergence shows no variation along the chromosomes except for a peak of divergence
in the centromeric region that could be explained by an increased mutation rate, and/or more
sequencing errors and/or or higher fixation of slightly deleterious mutations due to the
reduction of the efficiency of selection in low recombination region (Birky & Walsh 1988). No
correlation is found between recombination and divergence (Table 3.2), and, looking at the
precomputed data in the PopDrowser, there is actually more sequencing errors in the
centromeric regions (Figure 3.4b, Figure 3.1 and “Ns” track in the PopDrowser). So we could
assume that those peaks in the divergence around the centromere are at least in part due to

artifactual variants.

4.2.2 Mapping natural selection across the genome and the major effect of recombination

Our genome-wide selection estimates using the integrative-MKT method suggest the presence
of adaptive fixations, neutral variation and deleterious alleles all across the genome (Figure 3.4c,
Figure 3.5). Selection seems to be pervasive all along the genome, but its strength and mode can
vary broadly when considering the different functional classes of sites. In correspondence with
our window-by-window observations, gene-by-gene approaches (Figure 3.6, Mackay et al. 2012)
show, for example, that the most constrained site class are the non-synonymous sites with
73.9% of sites being strongly deleterious (d), while in non-coding sites d ranges from 38.1% in
intergenic regions to 31.8% in introns. We observe significant shifting on the importance of the
different selective fractions when comparing centromeric and non-centromeric regions of the
autosomes. In centromeric regions, and regardless of the site class considered, the fraction of
strongly deleterious sites is reduced considerably (Figure 3.6). This reduction is remarkable in
UTR sites and is still important in non-synonymous sites. The diminution of d is compensated by

an increase in the fraction of neutral or nearly neutral sites (f).

The integrative-MKT method allows quantifying the average proportion of sites that have
‘recently’ became neutral (y), from the time of separation of D. melanogaster and D. yakuba,
and that have resulted in an excess of polymorphism relative to divergence, distinguishing these
sites from those that have undergone slightly deleterious mutations. In Mackay et al. (2012)
(Figure 3.6), a higher fraction of sites that have recently become neutral o nearly neutral is
observed in centromeric regions (27% in UTR sites and 13% in non-synonymous sites when
compared to non-centromeric mutations 1.5% in UTR sites and 1% in non-synonymous sites).
Even though the low or null recombination in these regions is expected to decrease the

efficiency of natural selection and to account for the higher percentage of neutral or nearly



|”

neutral sites, this “recently neutral” excess is expected to be reflected in divergence as well.
However, we find an excess of polymorphism relative to divergence. This seems to indicate that
weakly deleterious selection is common in centromeric regions. We also infer that an intense
redistribution of the regimes of selection is taking place, converting sites that were under
strongly deleterious selection and weak selection into neutral o nearly neutral sites in recent

times. For adaptive selection, in Mackay et al. (2012), it is estimated that 24% of fixations (a) in

coding regions (looking at 50kb windows) are adaptive.

Assuming that the mutation rate does not change with recombination (from the observed
patterns of divergence, Table 3.2 and figure 3.4b), it has been suggested that the reduction of
variation in low recombination regions is consequence of the effect of linked selection
mechanisms such as hitchhiking and background selection (Begun & Aquadro 1992,
Charlesworth et al. 1993). In such regions, the low or lack of recombination makes selection very
inefficient due to the HRi. Accordingly, two or more selected variants which are in linkage
disequilibrium interfere with each other reducing the efficiency of natural selection and as a
consequence variation is reduced in those segments of the genome (Hill & Robertson 1966; see
section 1.1.5 of Introduction). As recombination increases, the linkage disequilibrium between
alleles is reduced, variants can segregate more freely as we can observe in the non-centromeric
regions of the autosome arms and in the X chromosome, and selection can act more efficiently.
As stated before, a reduction of the efficiency of selection in low recombination areas could lead
to an increased fixation of slightly deleterious variants simply by drift. Once a variable in a low
recombination region is fixed, variation from other segregating variants is reduced in a longer
linked region, thus the reduction of variation we observe in the centromeric regions of the

autosomes in Drosphila.

As observed by Barrdn (2015), the genome can be divided into two distinctive types of regions
with opposite molecular evolutionary dynamics: linked selection blocks (LSB) and non-linked
selection blocks (NLSB) (Figure 4.3). In NLSB, the classical interpretation of genetic variation
based on the neutral theory as a null model can be applied (Cavalli-Sforza 1966; Lewontin and
Krakauer 1973), while in LSB HRi is predicted to occur recurrently. Around 40% of the D.
melanogaster genome seems to be constituted by NLSB (27% in autosomes, 77% in the X
chromosome). Hence, 60% of the genome, especially in the autosomes, seems to be in a sub-
optimal situation regarding natural selection efficiency. This implies that it is not correct to
consider the nucleotide as the unit of selection (Bustamante et al. 2001; Hahn 2008; Neher 2013;

Messer & Petrov 2013) and that linked selection should be taken into account while trying to



infer natural selection. Furthermore, recently Castellano et al. (in press) have estimated, for the
first time, the overall impact of HRi on the efficiency of selection in the whoel genome of D.
melanogaster. Looking at the rate of adaptive evolution (a), they calculated that HRi diminishes
the rate of adaptive evolution by ~24%, and that this fraction depends on the gene mutation
rate: genes with low mutation rates lose ~17% of their adaptive substitutions while genes with

high mutation rates lose ~60%.
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Figure 4.3 Linked selection blocks (LSB, in deep blue color) map of the genome of D. melanogaster, based
in the recombination rate (c) in windows of 100Kb [from Barrén 2015, figure 3.10]

4.2.3 Fast-X hypothesis

The X chromosome exhibits a completely different variation pattern compared with the
autosomes ones. As mentioned before, the overall polymorphism is reduced when compared
with the autosomes, and there’s no gradual reduction in polymorphism towards the
centromere. Also, the X chromosome has a higher average rate of recombination
(2.9 cM Mb™over the 2.1 cM Mb™ of the autosomes) and divergence (kgyax 0.1403 over Kayak
0.1256 of the autosomes). Moreover, the X chromosome has less neutral sites and a
corresponding higher percentage of strongly deleterious alleles in general (Figure 3.6, Mackay
et al. 2012). These observations could support the ‘Fast-X’ hypothesis. This hypothesis appears
from the observation that, although usually similar to the autosomes in size and cytogenetic
appearance, the hemizygosity of the X chromosome in males expose new partially recessive
mutation to a larger intensity of selection that may cause increased rates of evolution
(Charlesworth et al. 1987, Vicoso & Charlesworth 2006, Meisel & Connallon 2013). In other
words, the ‘Fast-X’ hypothesis proposes that X-linked genes can be more divergent between

species when compared with autosomal genes. However, several comparisons of autosome and



X divergence rates in Drosophila and other species have led to contradictory results (Thornton
et al. 2006, Baines et al. 2008, Meisel & Connallon 2013) (Figure 4.4). Our results and most recent
studies with genomic data in Drosophila support the ‘Fast-X’ hypothesis, especially when looking
at male-expressed genes. However, the faster X evolution does not seem to be so clear in

mammals and birds (Meisel & Connallon 2013).
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Figure 4.4 Tests for faster-X evolution. The relative rate of evolution is plotted for different classes of
nucleotide sites and chromosomes in Drosophila, mammals and birds. The rate of evolution is measured
as either dN/dS, amino acid (AA) divergence, or nucleotide divergence at different classes of cites
(indicated on the x-axis). The expectation if X-linked genes and autosomal genes evolve equally is
represented by de dashed line [from Meisel and Connallon 2013, figure 2].

Our results show that in Drosophila melanogaster the X chromosome exhibits lower
polymorphism levels except in centromeric region, and larger molecular evolution than
autosomes, which clarifies the previous inconclusive studies based on partial data where
chromosome arm regions could not be monitored in detail. This different pattern of

polymorphism cannot be explained by mutation rate changes along the chromosome. Although



the X chromosome has higher divergence rate than the autosomes, divergence remains constant
across the chromosome arm. Besides, there are no evidence of differences between X and
autosomes in mutation accumulation experiments (Keightley et al. 2009; Schrider et al. 2013).
The X chromosome contains a higher percentage of gene regions undergoing both strongly
deleterious and adaptive evolution, and a lower level of weak negative selection and relaxation

of selection than autosomes in all the arm regions.

In terms of linked and non-linked selection blocks, Barrén (2015) shows that the larger rate of
recombination in the X with respect to the autosomes makes that 77% of sites in the X
chromosome are free of linked selection events. That is, 50% more sites are selectively
independent in this chromosome than in the autosomes. Higher recombination rates imply
increased efficiency of selection due to less linked selection and reduced HRi, as also suggested
in Mackay et al. (2012) and other studies (Langley et al. 2012, Pool et al. 2012), supporting the
hypothesis of a faster evolution of the X chromosome. It must be taken into account, though,
that there’s only one copy of the X chromosome in males. This implies that, technically, the
effective size of the X chromosome in the population is % than of the autosomes. As said
previously, in males new mutations are directly exposed to the effect of selection, contributing
to different patterns of evolution in the X chromosome (Campos et al. 2014, Vicoso &
Charlesworth 2006). The increased selection on partially recessive alleles in hemizygotic males
together with the higher efficiency of selection due to the larger recombination rate in the X
chromosome compared with the autosomes, can act synergically and account for the faster X

evolution.



4.3 Indel Variation Landscape in D. melanogaster

4.3.1 Genome-wide description of indel variation and indel-SNP relationships in D. melanogaster

One of the first remarkable results from our indel analysis is the observed excess of deletions vs
insertions in the genome. The strong observed bias toward deletions does not seem to be not
an artifact due to larger difficulty of calling big insertions than deletions. Respect the reference
sequence, around the same numbers of insertions and deletions were called in average for each
DGRP Freeze 2.0 line (31682 deletions and 31704 insertions, in average per line), except for the
largest variants (>400bp), where more deletions than insertions relative to the reference were
called (85 deletions and 98 insertions, in average per line, Huang et al. 2014). Thus, a calling bias
only exists for large indels, since such variants are a very small fraction (1.72% = 100bp non-SNP
variants of the DGRP Freeze 2 dataset), this cannot account for the excess of evolutionarily
derived deletions. This excess of 2.2:1 deletions over insertions is consistent with previous
studies in smaller data sets that also observed higher deletion than insertion rates (Petrov 2002,
Ometto et al. 2005, Assis and Kondrashov 2012, Leushkin et al. 2013; see section 3.3.1 of

Results). Again, we observe differences between autosomes and the X chromosome.

In the Freeze 1.0 analysis, we found that SNP nucleotide polymorphism (rt) was reduced near
centromeres and telomeres and was positively associated with local recombination rate (for
recombination rates < 2 ¢cM Mb?) (Figure 3.4a, Table 3.2). The pattern of e along
chromosomes is similar to that of SNP nucleotide diversity (Figure 3.10). There is a strong
positive correlation between indel and nucleotide diversity for all chromosome arms (Table 3.4),
even when looking at insertions or deletions separately. Evolutionary models of hitchhiking and
background selection predict a positive correlation between recombination and polymorphism
for all variants, either indel or SNPs (Begun and Aquadro 1992; Charlesworth et al. 1993). We
confirmed our previous observation of Freeze 1.0 (Mackay et al. 2012) that SNP polymorphism
is positively correlated with the local recombination rate, and also extended this observation to

insertions and deletions (Table 3.4).

Thus, local recombination rate affects the same way of all types of variants, suggesting that the
same evolutionary processes affecting SNPs are the most likely explanation for the observed
clustering of indel variants (See section 4.2.1 and 4.2.2). The lack of correlation between
recombination and divergence for SNPs and indels (Spearman r = 0.037 genome-wide, P = 0.205)

excludes a mutagenic effect of recombination to explain such patterns.



Mean number of SNPs

Levels of indel and SNP polymorphisms are correlated along the chromosome arms (Table 3.4),
that is, SNPs and indels high and low variation regions are mutually clustered. It appears that
the clustering of SNP and indel variation is ubiquitous in prokaryotes and eukaryotes (Tian et al.
2008, Hodgkinson and Eyre-Walker 2011, McDonald et al. 2011, Jovelin and Cutter 2013).
Various mechanisms have been proposed to explain this: (i) indels may be mutagenic, either
because they induce errors during the DNA polymerase replication near them (Tian et al. 2008;
Jovelin and Cutter 2013, McDonald et al. 2011, Yang and Woodgate 2007) or may cause
additional point mutations when segregating due to pairing problems during meiosis
(Hodgkinson and Eyre-Walker 2011), (ii) it might be that the regions in which SNPs and indels
occur are inherently mutagenic (Hodgkinson and Eyre-Walker 2011), or (iii) SNPs and indels
variation patterns behave in parallel because are driven by the same population genomic

processes, such the common local recombination rate (Hodgkinson and Eyre-Walker 2011).
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Figure 4.5 Clustering of SNPs nearby selected indels and SNPs. Average number of SNPs at a distance to a
high frequency variant (40-50% MAF). Solid lines represent SNP counts in lines that have the variant and

dashed lines the SNP counts in lines that do not have it [from Huang et al. 2014, Figure 3].

Massouras et al. (2012) and Huang et al. (2014) have tested with DGRP freeze 2.0 data the
hypothesis whether indels are or not mutagenic. They tested if there was an excess of SNPs near

selected indels at high frequencies (supposed to be older) when compared to the proportion of



other SNPs near selected SNPs, also at high frequencies. It is expected an increase in low
frequency (more recent) variants if there is any increase of mutation rate. No clear differences
were found, high allele frequency SNPs cluster around other variants at high frequency (SNPs or
indels) and low frequency variants also cluster together, suggesting that indels are not especially
more mutagenic for point mutations than SNPs are as well, indicating that variant clustering is
not driven by indels. Looking at the same regions in lines without the selected alleles, they
observe fewer variants of any frequency than in the same regions with the allele present,
refuting the hypothesis that both indels and SNPs occur in regions with increased mutation rate.
Then, both types of variants seem to be exposed to the same population genomic processes

(Massouras et al. 2012, Huang et al. 2014) (Figure 4.5).

4.3.2 Selection acting on indels

The site frequency spectrum distributions of indels can give us hints about the selective
mechanisms responsible for their variation patterns. In the DAF spectrum we observe an excess
of rare alleles in deletions when compared to insertions (Figures 3.11 and 3.12). These results
suggest that natural selection acts differently on insertions and deletions, with stronger
purifying selection on deletions. Similar patterns have found by Petrov (2002), Assis and
Kondrashov (2012) and Leushkin et al. (2013) in smaller data sets. This is consistent with the
mutational equilibrium theory for genome size evolution proposed by Petrov (2002). According
this theory, deletions are, in general, expected to be more deleterious. Small deletions or
insertions in coding regions are almost assured to disrupt genes, and large deletions would affect
genes more frequently than small insertions (Petrov 2002). The longer the deletion, the more
probability to eliminate functional DNA, hence the more deleterious it is. On the other hand,
insertions would have the same probability to affect a coding region regardless of their size,
since they only have one breakpoint. Longer insertions may be favoured since the expansion of
a genomic region (like in low recombination areas) has more chance to have its LD reduced. At
the end, steady equilibrium is reached when the higher mutation rate of deletion over insertion
is counterbalanced by a stronger selection against DNA loss compared with a more relaxed
selection for DNA gains (Petrov 2002). Flow cytometry analysis has also shown huge variation in
total genome sizes with a skew towards larger genomes when compared with the reference
strain (Huang et al. 2014). This could be an evidence for the presence of weaker selection acting

on longer insertions. However, we must be cautious with this result since flow cytometry



measures both euchromatic and heterochromatic DNA, and heterochromatic DNA is rich in

transposable elements activity which could explain the variation in genome size.

After seeing the effects of slightly deleterious indels, we wanted to estimate the amount of
adaptive fixations of indels using the DFE-alpha software. However, the problem when trying to
apply a method like the DFEalpha (which, like the MKT, requires two classes of sites, one being
putatively neutral) is to assign the putative neutral indel class. That's not a problem with SNPs,
where it's commonly assumed that the most neutral positions are either polymorphism in
synonymous coding sites or SNPs in the positions 8-30 of introns < 65bp (Parsch et al. 2010) in
a region. There is no a priori clear neutral indel class identified yet. In a first thought, the
equivalent of synonymous SNP sites in indels are, apparently, indels in coding regions that does
not shift the reading frame. The presence of segregating non-frameshift indels indicates that
some proteins are flexible in adding or losing a few amino acids and maintain function, probably
because these amino acids are not in important functional sites of the protein (Figure 3.9).
However, where a synonymous SNP implies no change in an amino acid, this type of indels imply
the gain or loss of one or multiple entire codons, and the neutrality of such loss/gains may be
arguable (Zhao et al. 2013, Bermejo-Das-Neves et al. 2014, Boschiero et al. 2015). Also, frame
and non-frame shifting indels must be used with caution, because they correct classification is
really sensible to errors in annotation of exons and genes (Zhao et al. 2013, Boschiero et al.

2015).

Finally, for our DFE-alpha analysis we have chosen as the more putatively neutral indels those
spanning both short and long introns and intergenic regions. These three classes are the ones
with highest divergence/polymorphism ratio (if we do not take into account the high divergence
rate in autosomic deletions in UTRs, Table 3.5), and they show the most similar behaviour to the

putatively neutral SNP classes when we look at the DAF analysis (Figure 3.12).

Regardless of the neutral class used, the DFEalpha estimates of a and w, show that the class
category with highest proportion of adaptive fixations are the indels in coding sequence (Figure
4.6). Since indels are expected to be more deleterious, any indel segregating at medium or high
frequency in a coding region has high probability to be advantageous, hence it will become fixed
quickly. We can also observe a highest level of adaptive fixations in deletions when compared
with insertions, probably reflecting as well that deletions undergo more often both positive and

negative selection pressure over insertions.



However, despite indels in coding regions exhibit the highest rate of adaptive fixations, also they
have the lowest estimated values of a and w, within a coding indel class: deletions in autosomal
coding regions. This low proportion of adaptive indel fixations in autosomic coding regions could
indicate a higher proportion of slightly deleterious deletions in the region (also suggested by the
MAF and DAF analyses, Figures 3.11 and 3.12). Also, this lower proportion of adaptive fixations
observed for deletions, but not for insertions, could be another argument for the hypothesis
that deletions are more selected against than insertions. This could be in favour of the
hypothesized equilibrium between selection (against deletions) and more permissiveness to

insertions, and this could be a major force maintaining genome size, at least in Drosophila.

At the end, the answer to which indel class is more neutral remains unclear. From the three used
classes, long intron indels show the most equilibrate results in o and w, estimates, but results
with short introns have similar patterns, only with higher values. Also, both insertions and
deletions in short introns have the highest rates of polymorphism (Table 3.5), suggesting more
neutrality than long intron indels. Still, it must be taken into account that short introns may be
under size constrain (Comeron and Kreitman 2000) and any indel there is unlikely to act
neutrally. However, the effect in short indel size might not be relevant in our study since most
of the indels used are of small size. Finally, intergenic regions are probably too heterogeneous
in size and composition (when compared to introns that are more delimited), hence the disparity
in @ and wqestimates, however, it's not clear that indels within intergenic regions are less neutral
than within introns. These results are only the starting point to the genome-wide analysis of
indel variation. Further studies will follow to broaden our understanding of the evolution of indel

variants in the genomes.
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Part 5.
Conclusions



5. Conclusions

PopDrowser

1.

We have implemented PopDrowser, a genome browser based on GBrowse that has
been specially designed for the representation and analysis of population genomics
data. PopDrowser automates the estimation of several genetic variation measures along
each chromosome from a set of aligned intraspecific sequences and the aligned
sequence of outgroup species. The DGRP genome data and the genome sequences of
Drosophila yakuba and Drosophila simulans have been used as the source of
polymorphic and outgroup genomics data, respectively.

PopDrowser allows the administration and visualization of multiple tracks in an easy and
flexible way. A powerful and innovative function of this browser is that it allows
performing analyses on-the-fly at any region with user defined parameters. The
capabilities of visualization of annotations, track integration and on-the-fly analyses
make PopDrowser a useful tool to gain a better comprehension of the population

genomic processes at different genome scales.

Nucleotide variation analysis of DGRP Freeze 1.0

3.

We observe a clear and consistent pattern of genome nucleotide diversity (ir) along arms
of the autosomic chromosomes: nucleotide diversity is reduced on average 2.4-fold in
centromeric regions relative to non-centromeric regions, and at the telomeres. This
pattern is not observed in the X chromosome, where diversity is almost uniform along
it. Divergence is rather uniform along all chromosome arms.

There is a correlation between polymorphism and recombination along chromosome
arms. However, it seems to be a threshold around 2cM Mb™ above which the correlation
polymorphism/recombination vanishes. Recombination rate seems to be the major
force shaping the patterns of polymorphism along chromosome arms and its effect
seems to be mediated by the size of blocks of linked selection.

Natural selection, both adaptive and purifying selection, is pervasive in the genome of
Drosophila melanogaster. Selection is more efficient in the X chromosome as a whole,

and in the central and telomeric regions of the autosomes than in the centromeres.



Nucleotide and indel variation analysis of DGRP Freeze 2.0

6.

Indel size frequency distributions are similar for each functional class of sites except in
coding regions, where discrete ‘peaks’ of indels whose size are multiple of three are
observed. This distinctive indel size pattern in coding regions suggests a strong negative
selection against frame shifting indels compared with a more relaxed selection for
insertions and deletions spanning complete codons.

The parallel levels of SNPs and indel diversity along chromosome arms seem to obey a
common underlying population genomics factor, being recombination rate this main
factor.

A strict protocol to infer whether an indel variant is a derived deletion or derived
insertion has been implemented. Our estimates show that deletions outnumber
insertions according to a ratio deletion-to-insertion 2.2:1 in all chromosomes. These
results strongly confirm previous studies suggesting higher deletion rates in the genome
of D. melanogaster.

Natural selection acts differently between insertions and deletions, being deletions
more strongly selected by purifying selection. This is consistent with the mutational
equilibrium theory for genome size evolution, which proposes that optimal genome size
is maintained by the trade-off between purifying selection acting on small deletions
exhibiting higher mutation rate and looser selection acting on insertions appearing in

lower rates.
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ABSTRACT

Motivation: The completion of 168 genome saquences from a single
population of Drosophila melanogaster provides a global view of
genomic variation and an understanding of the evolutionary forces
shaping the patterns of DNA polymorphism and divergence along
the genome.

Results: We present the ‘Population Drosophila  Browser
(PopDrowser), a new genome browser specially designed for the
automatic analysis and representation of genetic variation across the
0. melanogaster genome saquence. PopDrowsear allows estimating
and visualizing the values of a number of DNA polymorphism and
divergence summary statistics, linkage disequilibrium parameters
and several neutrality tests. PopDrowser also allows performing
custom analyses on-the-fly using user-selected paramaeters.
Availability: PopDrowser is frealy available from httpo//PopDrowser
.uab.cat.

Contact: miquel.ramia@uab. cal
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1 INTRODUCTION

Population genctics studies have been so far based on fragmentary
and non-random samples of genomes, providing a partial - and
offen biased view of the population penetics processes (Begun
et al,, 2007 A new dimension o genclic variation studies is
provided by the new availability of within-species penomes, Nexl-
generation sequencing echnologies ane making aflfordable genome-
wide population genetics data, nol only for homans and the main
maodel organisms, but also Tor most organisms on which research is
actively carried oul on genetics, ecology or evolution (Pool ef al.,
20109,

Genome hrowsers are very uselul tools to query and visualize
disparale annotations al different genomic localions using a web
user interface (Schatiner, 2008). A number of web-hased genome
browsers displayving penetic variation data are already available
(Benson el al, 2002; Dubchak and Ryaboy, 2006, Fraeer ef al,
2007; Hubbard er af,, 20002, Kenl f  al, 2002; Siein ef al,
2002, Such browsers, however, are nol well suited (o deal with
population genomics sequence information. For example, HapMap
{International HapMap Consortium, 2003, the most comprehensive

*To whom correspondence should be addressed.
tThe authors wish it 1o be known that, in their opinion, the first three authors
should be regarded as jomt First Anihors,

genome browser of variation data so Tar, contains information on
single nuclestide polymorphisms (SNPs), Copy Mumber Variations
(CNVs) and linkage disequilibrium ol human populations, I does
nol offer, however, genclic variation estimates along  sliding-
windows or neutrality-based (esls,

The Drosophila Genetic Reference Panel (DGRP) (T.Mackay
et al., accepled for publication) has recently sequenced and analysed
the patterns of genome variation in 168 inbred lines ol Drosophila
melanogasier from a single population of Raleigh (USA), and
conducted a genome-wide association analysis of some phenoly pic
traits. A major goal of this project is 1o create a resource of Comon
genetic polymorphism data to aid further population genomics
analyses, As a parl ol this DGRP project, here we present amodified
Ghrowse specifically designed Tor the automatic estimation and
representation of population genetic variation in D melanogaster,
the: “Population Drosophila Browser® (PopDrowser). Unlike other
population analysis teols (Hutler et al, 2006, Kofler ef al., 2011),
the PopDrowser is a penome browser, which can be customized (o
creale analogous resources for any olher species with within-species
polymorphism data.

2 IMPLEMENTATION

2.1 Input data

The inilial inpul data are a sel of 168 aligned intraspecilic
D melanogaster sequences from the DGRP project, and also
include the genome sequences of Drosophila vakaba and Drosophila
simutans, which were used as oulgroup specics,

2.2 Interface and implementation

Popldrowser allows reporing precompuied estimates of several
DMA variation measures along each chromosome arm through
the combined implementation of (he programs PDA 2 (Casillas
and Barbalilla, 2006), MKT (Egea ef al, 2008) and VariScan 2
(Hutter ef al., 2006). The data and summary statistics are graphically
displayed along the chromosome arms on a web-based user inferface
using the Ghrowse soltware.

PopDrowser  also includes  an  innovative  capability  Uhal
allows performing custom analyses on-the-Ny. Afer selecting a
chromosome region and a particular track, the user can conduoct
exhaustive analyses by defining their own custom inpul paramefers,
Furthermore, users can choose o either visualize the output of
their analyses graphically in the browser—as a new track—or (o

€ The Author 2011, Publishad by Oxford University Press. Al rights reserved. For Permissions, please email: joumals. permissions@oup. com 585
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Fig. 1. PopDrowser snapshot showing the resulis of the MeDonald-
Koreitman tesis i the ade2-RA gene within s genome context.

download it in @ tabulated text fle, The estimates available Tor
on-the-fy analyses are specified in Tabled.

Thwe current implementalion is running in an Ubuniu 10,04 Linus
k64 server, 2 IntelXeon 3Ghz processors, 32068 RAM with Apache.

2.3 Output

Along with reference penome annolations, the penome browser
output includes measures of a number of nucleotide summary
slatistics, suoch as the levels of nucleotide diversity (r and ),
I3MA divergence between species (K7, dilferent measures of linkage
disequilibrium and genome-wide neutrality tests. Such analyses are
computed along each chromosome arm in non-overlapping sliding
windows of (0L05, 0.1, 0.5, 1, 10, 50 and 100 kb, For each gene,
the browser also provides a single track including information
of the generalized and the integrative MeDonald-Kreilman lests
(McDonald and Kreitman, 1991; T.Mackay ef al, accepled for
publication) along with minor and derived allele frequency (MAL,
DAF) spectrums (Fig. 1) All the tracks included in the PopDrowser
are sumimarized in Table 1.
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Tahle 1. Summary of the Poplrowser tracks

Cilegory Gene annotabons wwd csiimates

Drosophila melanogaster
reference annotations
(harildd 5, 13) and
recombanation

Giene structure, mRNA, CDS (Coding,
Sequence), neRNA, IRNA, orthologous
penes, phastCons, GO conteal. local
recombination rte (Fision-Lavier ef al,
2010)

Genes, microsalelliles, tinsposons, C1S,
SNPs

SNPs, smgle necleotde lixaons

Number of scgregating siles (5), tolal
i iumber of mitatons (i),
pumber of smglelons (5.). nucleotde
diversity {zr), Wallerson's cstimator of
nucleotide diversity per site (i), number of
haplatypes (h), baplotype diversity (Hd),
pucleotide divergence per sile (cormected
by Jukes—Cantor) (K. LI 1, sheohuie [
(0], 1, absolute 1¥ {)17)), ¢

P amed La's 2,007, 5 F2, Fay amd Wu's 1,
Tajima's ), Fu's Fy statistics. MKT (per
gene)

Densily tracks
Muclestik: varmnts

Measures of nucleotide
vartrlion and LIy

MNewirality esis"

L1, Tirkage diseguilibrinm: D%, coding sequence.
ERtimates available Tor on-the-ly analyses (except MET per gene).
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genomic analyses reveal reduced
, are associated with

Understanding how molecular varation maps to phenotypic varation
for quantitative traits is central for umiﬁ_l:ﬂ.a.ndj.nf evolution, animal
and plant breeding, and personalized medicine®=. The principles of
mapping quantitative trait loc (TLs) by linkage to, or association
with, marker locl are conceptually simple’”. However, we have not yet
achieved our goal of explaining genetic varmation for guantitative traits
in terms of the underlying genes; additive, epistatic and plesotropic
effects as well as phenotypic plasticity of segregating alleles; and the
mokecular nature, popubation frequency and evolutionary dymamics of
cawmsal varianis. Efforts to dissect the genotype-phenotype map in
model organisms™ and humans™ have revealed unexpected com-
plexities, implicating many, novel lod, pervasive pleiotropy, and
contexi-dependent effects.

Model organism reference populations of inbred stradns that can be
shared among laboratories studying diverse phenotypes, and for
which environmental conditions can be contralled and manipulated,
greatly facilitate efforts to dissect the genetic architecture of quan-
titative ualls"'.h-leasu:Lngnun?mdmriualsnfmes:tmehmm:ygu-m

DI?"FrE increases the accuracy of the estimates of genotypic
and the power to detect varkants, and genotypes of molecular

l:ua.tl'.m need only be obtalned once. We constructed the Drasophila
reelamogaster Genetic Reference Panel (DHGRP) as such a commmmity
resource. Unlike previous populations of recombinant inbred lines
dertved from limited samples of genetic varfation, the DGRPP consists

in centromeric autosomal regions and the X chromosome, evidence for

evolution of the X chromosome. Many variants in novel genes, most at low

traits and explain a
genotype-phenotype mapping using the power of

genetics.

of 192 inbred strains derived from a single outbred population. The
DGRP contilns a representative sample of naturally segregating
genetic varition, has an ulira-fine-grained recombination map
sultable for precise localization of causal variants, and has almost
complete euchromatic sequence informathon.

Here, we describe molecular and phenotypic varnation in 168 re-
sequenced lines comprising Freeze 10 of the DGRP, population
genomic inferences of patterns of polymosphism and divergence
and their correlation with genomic features, local recombination rate
and selection acting on this population, genome-wide assocktion
mapping analyses for three quantitative traiss, and tools facilitaring
the use of this resouarce.

Muolecular variation in the DGRP

We constructed the DGRP by collecting mated females from the
Raleigh, North Carolina, USA, population, followed by 20 generations
of full-sibling inbreeding of their progeny. We sequenced 168 DGRP
lines using a combination of Mumina and 454 sequencing technobogy:
2% of the lines were sequenced using both platforms, 129 lines have
only llumina sequence, and 10 lines kave only 454 saquence. We
mapped sequence reads to the D. melanopaszier reference gendamme,
re-calibrated base quality scores, and locally re-aligned [Hurmina
reads. Mean sequence coverage was 214X per line for [Humina
sequences and 121 per line for 454 sequences (Supplementary
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Table 1). On average. we assayed 113.5 megabases (94.25%) of the
euchromatic reference sequence with —~22, 000 read mapping gaps per
line (Supplementary Table 1). We called 4,672,397 single mucleotide
polymorphisms (SKPs) using the Joint Genotyper for Inbred Lines
(IGIL: EAS, personal communication), which takes into sccoumst
coverage and quality sequencing statistics, and expected allele

bes after 20 generations of inbreeding from an outbred popu-
lation inigially in Hardy—Weinberg equilibrium. In cases where base
calls were made by both technologies, concordance was 99.36%
{Supplementary Table 3).

The SNP site frequency distribution (Fig. 1a) is characterized by a
majority of low requency varianis. The numbers of SNPs vary by
chromosome and site class (Fig. 1b). Linkage disequilibrinm® decays
to = 0.2 on average within 10 base patrs on autosomes and 30 base
palrs on the X chromosome (Fig. 1o and Supplementary Fig. 1). This
difference is expected because the population size of the X chro-
meosome ls three quarters that of autosomes, and the X chromosome
can experience greaier purifying selection because of exposure of
deleterbous recessive alleles in hemizyvgous mabes. There is linde evid-
ence of global population structure in the DGRP (Fig. 1d and Sup-
plementary Fig. 2). The rapid decline in linkage disequilibrium Iocally
and kback of global population structure are favourable for genome-
wide association mapping.

Mot all SHPs are fived within individoal DGRP lines (Supplemen-
tary Table 4). The expected inbreeding coefficlent (F) after 20
generations of full-sibling inbreeding' is F= 0.986; therefore, we
expect some SMPs to remmin segregating by chance. Segregating
SMPs can also arse from new mutations, or if mamoral selection
opposes. inbreading, due o true overdominance for filness at
individual Inci or associative overdominance due to complementary
deletertous alleles that are dosely linked or in se inversbons,

We identified 300,873 microsatellite locl, 105,799 of which were
polymorphic (Supplementary Table 5); 36,810 transposable element
insertion sktes and 197402 total insertsons (Supplementary Table 6).
On each line contained 1,175 transposable element insertions
{Sopplementary Table &), although mest transposable element

insertion sites (25,562) were present in only one line (Supplementary
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Table 7). We ldentified 149 transposable element families. The number
of coples per family varied from an a of 3157 INE-1
elements per lne to an average of 0.003 GandalFIkoe-like elements
per line (Supplementary Table 8).

Woilachia pipiesnns 5 a maternally inherited bacterium found in
imsects, including Drosophile, and can affect reproduction®. We
assessed Walbackir infectbon status in the DGRP lines o account
for it in analyses of genotype-phenotype associatbons, and foumd
51.2% of lines harbouring sufficient Wolbachia DNA to bmply infec-
tion (Supplementary Table 9.

Polymorphism and divergence

'We used the DRGRP lhsming sequence data and genome sequences from
Dirosophila sislass and Drosophilla pakeeba*® to perform genome-wide
analyses of polymorphism and assess the assoclation of
these parameters with genomic features and the recombination band-
scape, and knfer the historical action of selection on a much larger scale
than had been possible previously'™ ™. We computed polymorphism (x
and 0, refs 17 and 18) and divergence (k, ref. 19) for the whole genome,
by chromoseme arm (X, 21, 2R, 3L, 3R}, by chromaosome region (three
reghons of equal size in Mb— telomeric, middle and centromeric), in
50-kbp non-overlapping windows, and by site dass (synommous
and non-synonymous sites within coding sequences, and intromic,
untranslated region (UTR) and intergenic sites) (Supplementary
Tables 10 and 11}

Averaged over the entire . m=0.005 and /= 00067,
similar to previous estimates from North American populations'™,
Average wm on the X chromossme (my= 0.0040) s
reduced relative to the autnsomes [z, = (W060) (XFA rato = 067,
Wilcoxon test P = 0], even after correcting for the X/ A effective popu-
lation size (X ;, = (L0054, Wiloowon test F<< (UN002; Supplementary
Table 10). Autosormal nuclectide diversity is reduced on average
24-fold in centromeric reghons relative 1o mon-centromeric reghons,
and at the telomeres (Fig. 2a and Supplementary Table 10}, whereas
diversity is relatively constant along the X chromosome. Thus,
£y > 2, in cenfromeric regions, but 1, > my in other chromosamal
regions (Fig. 22 and Supplementary Table 10).

bgs

nd w3 e3l =3 a ¥
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[hstance between SMPs bo)

Figure 1 | SNP variation in the DGRP lines. a, Site frequency spectrum. b, Mambers of SNPs per site dass. ¢, Diecay of linkage disequilibrium () with physical

distance for the five major chromosome arms. d, Lack of popelation strociore.

The red curve depicts the ranked eigenvalues of the genetic covariance matrix in

decressing order with respect to the margmnal variance explained: the blue curve shows their cumulative sum as a fraction of the total with respect to cumulative
variance explained. The partitioning of todal genetic variance is balenord among the sigenvectors. The principal eigenvecior explains < 1.1% of the total geretic
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indicates that weakly deleterions or nearly newiral mutations are segregating in the population.

Genes on the X chromosome evolve faster (ky = 0.140) than auto-
somal genes (ky = 00126) (XA ratio = 1131, Wikcaxon test P =0)
(Fig. Zb and Supplementary Table 10). Divergence is more uniform
{coefficlent of vartation (CV)g = 02841) across chromosome arms
than is polymaorphism (CV, = 0.4265). The peaks of 1gar
the centromeres could be attributable to the reduced guality of align-
ments in these reglons. Patterns of are simlar regardiess of
the outgroup species used (Fig. 2b and Supplementary Table 11).

The pattern of polymorphism and divergence by site class is consist-
ent within and among cChromMoSomes (M. = M, ™ M. ™
My 1 ) in agreement with previous studies on smalker
data sets"™* (Supplementary Figs 3 and 4 and Supplementary
Table 11} levels benween us and non-
synanymous sites differ by an order of magnitude. Vartation and
divergence patierns within the site dasses generally follow the same
patterns. observed overall, with reduced polymorphism for all site
classes on the X chromosome relative 1o autosomes, increased X chno-
moseme divergence relative to autosomes for all but synonymous sites,
decreased polymorphism in centromenic reglons, and greater variation
among regions and arms for polymorphism than for divergence. Other
diversity measures and more detailed patterns at diffesent window-
sizes for each chromosome arm can be accessed from the Population
Dirosophila Browser (popDirowser) (Table 1 and Methaods).

Recombination landscape

Evolutionary models of hitchhiking and background seection™-
predicta positive corretation between polymorphism and recombina-
thon rate. This expectation is realized in reglons where recombination
Is less than 2cMMb™" (Spearman’s g =0471, P=0), but recom-
bination and polymorphism are independent in reghons where recom-
bimation exceeds 2eMMb™" (Spearman’s p = —0U0044, P = 0.947)
(Fig. 2a and Supplementary Table 12). The average rate of recombina-
tion of the X chromosome (29 cMMb™') is greater than that of
autosomes (2.1 <M Mb '), which may account for the low overall
X-linked correlation between recombination rate and = The lack of
correlation between recombination and divergence (Supplementary
Tahle 12) exclodes muotation assocksted with recombination as the
cawse of the correlation. We assessed the independent effects of
recombination rate, divergence, chromosome region and gene density
on nucleotide varation of autosomes and the X chromosome
(Supplementary Table 13). Recombination is the major predicioer of

polymaorphism on the X chiromosome and autosomes; however. the
significant effect of autosomal chromosome region remains after
accounting for variation in recombination rates between centromeric
and non-centromerkc reghons.

Selection regimes
We used the standard® and generalized™**** MeDonald Kreitman
tests { MET) to scan the genome for evidence of selection. These tests

Table 1 | Community resources
Rchdis i

DERF Bnes

Ssquences

Licatio

Binomington Drosophita Stock Cenber

bt edu/Browse/RAl php
Barglior Caollege of Medicine Hurman Genome
Seguencing Center

DGRP._lines.hgsc

Matsanal Cemter for Biotechnology Information Shart
Read Archive

bt pedfwwenchinkmunih gow/'srafterm =DERP
Mackay Laboratory

httpffdprp.gnets. nosu.edis’

Read alignments

Matioral Centerfor Botechnology Information chSNP
bt pref . reciinlbmumi b SHIPY
sng_viewBaich.cgifsbid=10521 86

Mackay Laboratory

hitpeffdprmgrnets nose ed!

Microsateliites Baplor Callege of Medicine Human Gengmes

Mackay Laboratory
I'rh:;n"l'd.gl'p,g;nelruﬂ-l.r_u:lw'
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compare the ratio of polymorphism at a selected site with that of a
neutral site to the ratho of divergence at a selected site to divergence at
& peutral site. The standard MET is applied to coding sequences, and
SynONymons and non-synonymous sites are used a5 putative newtral
and selected sites, respectively. The generalized MET is applied (o
non-Coding sequences and wses fourfold sites as mewtral
sites. Using polymorphism and divergence data avosds confounding
inference of selection with mutation rate differences, and restricting
the tests o dosely linked sites controls for shared evolutionary
history™ . We infer adaptive divergence when there is an excess of

divergence relative to polymorphism, and segregation of slightly dele-
teripns mutations when there is an excess of polymorphism over

divergence. Estimates of z, the proportion of adaptive divergence,
are biased downwards by low frequency, slightly deleterious muta-
tons™*. Rather than eliminate low frequency vartants™, we incorpo-
rated information on the site frequency distribution to the MET est
framework to obtain estimates of the p of sites that are
sirongly deleterious (d), weakly deleterious (b). neutral (f) and
recently neairal () at segrepating sites, as well as unbiased estimates
of x (Supplementary Methods).

Deleterious and neuiral sites

Averaged over the entire genome, we Infer that 585% of the segreg-
ating sites are neutral or nearly neatral, 1.9% are weakly deleterious
and 39.6% are strongly deleterious. However, thess proporions vary
between the X chromosome and autosomes, site classes and chro-
mosome reghons (Supplementary Tables 14-16 and Fig. 3). Non-
synourymous sites are the most constrained (d = 77.6%), whereas in
non-coding sites o ranges from 29.1% n 5" UTRs to 41.3% in 3°
intergenic regions. The inferred pattern of selection differs between
auinsomal centromeric and non-centromeric regions: d s reduced
and [ is increased in centromeric regioms for all site categories
(Fig 3). We observe an excess of polymorphism relative to divergence
in autosomal centromeric regions, even after correcting for weakly
deletertous mutations, implying 3 relaxation of selection from the
time of separation of D. mrelanogasier and D yakuba. Becanse selec-
tion coefficients depend on the effective population size™ (N_), this
coubd occur If the recombination rate has y dirninkshed in
centromeric regions during the divergence between D, mielanogaster
and [ yakeba; or with an overall reduction of N, associated with the
colonkzation of Morth American habitas™". In the latter case, we
expert a genome-wide signature of an excess of low-frequency
polymorphisms and of polymorphism relative to divergence,
exacerbated in reglons of low recombination. We indeed find an

as indicated by the negative estimates of Tajima’s [ statistic™

OB N B N B Ow

Micidle:

Telomens

Figure 3 | The fraction of alleles segregating under different selection
regimes by site class and chromosome region, for the antosomes (A and the
X chromosome {X). The selection regimes are stronghy deleterioas (d, dark
blue), weakly deleterious (b, blue), recently neutral {7, white} and ald neutral
{f = 7. light blue). Each chromosome arm has been divided in three regions of
equal size (in Mb): centromere, middle and telomere.
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([ =—0.686 averaged over the whole genome and D= —0.997 in
autosomal centromeric reglons). In contrast, the X chromosome does
not show a differential pattern of selection in the centromeric reglon,
hsas a lower fractbon of relaxation of selectbon, fewer neutral alleles, and
a higher percentage of y deleterious alleles for all site classes
and reghons (Fig. 3 and Supplementary Tables 14-16).

Transposable element insertions are thought to be largely deleterious.
There are more insertions in regions of high recombination
{=2cM Mh_'}mdmu'elnsu'tm:hamdlnmtﬂuphlhulmeginm
of low recombination (< 2 ¢M Mb™") (Flsher's evact test P=10), and
comparison of observed and expected site occupancy spectra reveals
an excess of singleton insertions [P = 0, Supplementary Fig. 5).

Adaptive fixation
‘We find substantial evidence for positive selecthon in autosomal non-
centromeric regions and the X ch {Fig. 2c and Supplemsen-
tary Tables 15 and 17). We estimated x by aggregating all sites in each
reghon analysed o avold underestimation by averaging across genes™
in comparisons of chromosomes, reghons and site classes. We also
computed the direction of selection, Do5™, which s positive with
adaptive selection, zero under neutrality and negative when weakly
deleterious or new nearly neutral mutations are . Estimates
of x from the standard and generalized MET indicate that on average
25 2% of the fixed sites between [ melanogaster and [, yakuba are
adaptive, ranging from 30% in introns to 7% in UTR sites (Sup-
plementary Fig. 6). Estimates of DoS and @ are negative for non-
synoaymous and UTR sites in the autosomal centromeres, consistent
with underestimating the fraction of adaptive substitutions in regions
of low recombination because weakly deleterions or nearly neutral
mutations are more commaon than sdaptive fixations. The majority of
tive fixatlon on autesomes oocurs in non-cenfromeric regions
(Fig. 2c). We find over four thmes as many adaptive fixations on the X
chromosome relative (o actosomes. The pattern holds for all site
classes, In particular non-synonymous sites and UTHRs, as well as
individual genes, and 5 not solely due to the autosomal centromeric
effect [Supplementary Table 15 and Supplementary Figs 6 and 7).
Finally, when we consider DoS in recombination environments above
and below 2 cM Mb ™', we find adaptive propensity in genes
whose recombination contexd ts = 3 ch Mb™" (Wilcoxon test, P =ik
Supplementary Fig 8).

To understand the global patterns of divergence and constralnt
across functional classes of genes, we examined the distributbons of
an [dyylddy, the ratio of non-synonymous o synonymous divergence)
and DS across gene oniology (GO) categories. The 4.9% GO
categories with significantly elevated DoS include the biological
process categories of behaviour, developmental process involved
in reproduction, reproduction and jon ransport (Supplementary
Table 18). Recombinatbon context is the r determinant of vari-

atbons in DroS (Supplementary Table 19} whereas GO category s as
as recombinational context for predicting varktion in

{Supplementary Table 19).
GO enriched for positive Do5 values differ from those

associated with high values of e (Supplementary Table 18), indicating
that positive selection does not aocur neceszarily on genes with high o
values, If adaptive substitutions are common, high values of o reflect
the joint contributions of neuwiral and adaptive substitutions. Further,
equating high constraint (Low e} with functional overlonks
the functional role of adaptive changes*®. Unlike e, DoS takes into
account the constraints inferred from the curtent polymorphism, dis-

tinguishing negative, neutral and sdapiive selection.

Genome-wide genotype-phenotype associations

We measured resistance to starvation sivess, chill coma recovery time
mmrﬂerupmm’mﬂu[)ﬂﬂ?_ We found considerable genetic
variation for all traits, with high broad sense heritabilities. We also
found variation in sex dimorphism for starvation resistance and chill
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COMmd recovery with cross-sex genetic correlations significantly differ-
ent from unity (Supplementary Tables 20-22).

We performed genome-wide association for these traits,
uskng the 2,490,165 SNPs amd 77,756 microsatellites for which the
minor allele was represented in four or more lines, using single-locus
uulymﬁpnde:[ across sexes and separately for males and females. At
P 1077 (P 1077), we find 203 (32) SNPs and 2 (0) microsatellites
asspclated with starvatbon reststance; 90 (7) SNPs and 4 (2) micro-
satellites assockated with startle response; and 235 (45) SNPs and 5(3)
microsatellites associated with chill coma recovery time (Fig. da,
Supplementary Fig % and Supplementary Tables 23 and 24). The
minor allele frequencies for most of the associated SNPs are low,
and there s an inverse relatbonship between effect sizes and minaor
allele frequency (Supplementary Fig. 10).

The DGRP s a powerful tool for rapidly reducing the search space
for molecular variants affecting quantitative traits from the entire gen-
ome to candidate polymorphisms and genes. Although we cannot infer
which of these are canzal dise to linkage disequilibrium
between SMPs in close physical proximity as well as occasional spurious
long range linkage disequilibrium (Fig. 4a and Supplementary Fig 9),
the candidare gene lists are likely to be enriched for causal variants, The
majority of associations are in computatbonally predicied genes or
genes with annotated functions not obwiously assoctated with the three
traits. However, previously associated with startle response®™
[ Sern- 1 and Efp75E) and starvation resistance™ (par) were identified
in this stody; and a SNP in CG3213, previously identified in a
Drosophila obesity screen, is assoctated with variation in starvation
resistance. Several asspciated with quantitative traits ase rapidhy
evolving (ps). Egfr Supplementary Tables 17 and 23) or are plausible
candidates based on SNP or gene ontology annotations (Supplemen-
tary Tahle 23).

Predicting phenotypes from genolypes

We used regression models o trait from SNP
genotypes and estimate the total varance explained by SNPz. The
latter cannot be done by summing the individual contributions of
the single marker effects becawse markers are not completely inde-
pendent, and estimates of effects of single markers are biased when
more than one locus affecting the trait segregates in the population.
We derived gene-centred multiple regression models to estimate the
effects of muoltiple SNPs simultaneously. In all cases 6-10 SNPs
explain from 51-72% of the phenotypic varance and 65-90% of the
genetic varkance (Supplementary Tables 25 and 26 and Supplemen-
tary Figs 11-13). We also derived partial least square regression
models using all SHPs for which the single marker effect was significant
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at P=2 10723, These models explain 72-85% of the phenotypic variance
{Fig. 4b, ¢ and Supplementary Fig. 14).

Discussion

The DGRP lines, sequences, varkant calls, phenotypes and web tools
for molecular population bes and genome-wide assockation
analysis are publicly available (Table 1) The DGRP lines contain at
least 4,672,297 SNPs, 105799 polymorphic microsatellites and 36,810
trans elements, as well as insertion/deletion events and copy
number varlanis and are a valuable resource for understanding the
genetic architecture of quantitative tralts of ecological and evolutionary
relevance as well as Dvosophils models of human quantitative traigs.
These novel mutatbons have survived the sieve of natural selection and
will enhance the functional annotatbon of the Drosaphila e,
complementing the Drosophila Gene Disruption Project™ and the
Drasophila modENOODE project®®.

Genome-wide molecular population genetic analyses show tha
patterns of polymorphism, but not divergence, differ by autosomal
chromosome reghon, and between the X chromosome and autosomes.
Polymorphism & lower In autosomal cenfromeric than non-
centromeric reghons, but not for the X chromosome. We propose that
the corrdation of polymorphism with recombination in regions
where recombination is < 2eM Mb™" iz due to the reduced effective
popalation size in reglons of low recombination®. Selection is less
efficient in regions of low recombination™, consistent with our obser-
vation that the fraction of strongly deleterious mutations and posi-
tively selected sites are reduced in these regions.

All molecular population genomic analyses support the "faster X
h].lpcruuu.u‘“_ Refative to the autsomes, the X chromosome shows
lower polymaorphism, Gster rates of molecular evolotion, a higher
percentage of gene regions undergoing adaptive evolution, a higher
fraction of sirongly deleterious sites, and a lower level of weak negative
selection and relaxation of selecton. Mew X-linked mutations are
directly exposed o selection each generation in hemizygous males,
and the X chromosome has greater recombination than anbosommes™;
both of these factors could contribute to this observation.

Genome-wide association analyses of three fitness-related quant-
irative traits reveal hundreds of novel candidate genes, highlighting
our ignorance of the genetic basts of complex traits. Most vartants
assochited with the tralts are at low Fequency, and there is an inverse
relationship between frequency and effect. Given that low-frequency
alleles are likely to be deleterious for tradis under directional or
stabilizing selection, these resulis are consistent with the muotaton—
selection balance hypothesis’ for the maintenance of quantitative

genetic variation. Regression models incorporating significant SNPs

FFrllﬂﬂdm-
linkage di

-phenotype associations for starvation resistance. a, Genomeswide axsociation results for significant NP Thhnthn*tkp‘u:h
(') among SMPs. with the five major chmmasome arms demarcated by black lines. The opper threshold

panels give the =i

[-hﬂl.. uncorrected for multiple tests), the effect in phenotypic standard deviation units, and the minor allele frequency (MAFL b, ¢, Partial least squares
of phenotypes predicted using SNP data on cheerved phenotypes. The blue dots represent the predicted and observed phenotypes of lines that were not

rERrEssHS
included in the initial study, b, Females {r* = 081}, ¢, males (r* = 0.85),
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explain most of the phenotypic varlance of the traits, in contrast with
human assoclation studies, where significant SNPs have tiny effects
and together explain a sl fraction of the total phenotyple vartance”.
If the genetic architecture of human complex traits is also dominated
by low-frequency causal alleles, we expect estimates of effect size
based on linkage disequilibrium with common variants to be strongly
blased downwards.
[ the fture, the full power of Drosophils genetics can be applied to
marker-tralt associatbons mutations, BENA interference
constructs and quantitative trait locl mapping populations. The
DGRP ks an ideal resource for systems genetics analyses of the rela-
tionship between molecular varistion, causal molecolar networks and
genetic vartatbon for complex traits™***, and will anchor evolutionary

studies in comparison with sequenced Drosophila species to assess to
what extent variation within a species corresponds to variation among

specles.

METHODS SUMMARY

The full Methods are in the Supyg vy Information. Information on sequens
cing and biotnformatics inclades methods for DNA isolation; library construcs
tion and genomic sequencing sequence read alignment; 3NF, microsatellite and
transpasable element kdentification; genotypes for assumance of sample identity;
and Wolbachia detection. Methods for modecular popalation genomics analysis
include details of recombination estimates; diversity measures, linkage disequis
librium and neutrality tests; software med for population genomic analysis; data
tests, m.:ini.::imnffmmﬂhnd: thtylmmnt:nddnlﬁhshg:.:ndpu
mthmgﬂ“mufpm statistical anabyses of
pmrm-ﬁmwmmdpmﬁmnmnﬂ;:ﬂ:ﬂ-budm
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The Drosophita melanogester Genetic Reference Panel [MGRFP) s a community resource of 205 sequenced inbred lines, derived
to improve our understanding of the effecs of namurally ocourring genetic variation on molecular and organismal phe
notypes. We used an integrated genotyping strategy to identify 4,853,807 single nucleotide polymorphisms [SMPs] and
1,296,080 non-5MF variants. Our molecular population genomic analyses show higher deletion than insertbion mutation
rates and stronger purifying selection on deletions. Weaker selection on insertions than deletions is consistent with our
observed distribution of genome size determined by flow cytometry, which is skewed toward larger genomes. Insertion/
deletion and single nudeotide polymorphisms are positively correlated with each other and with local recombination,
suggesting that their nonrandom distributions are dwe vo hitchhiking and background selection. Owr cytogenetic analysis
identified 156 polymorphic inversions in the DGRP. Common inverted and standard karyotypes are genetically divergent
and acoount for most of the variation in relaredness among the DGRP Bnes. Intriguingly, variation in genome size and
many quantitative traits are significantly assodated with inversions. Approximately 50% of the DGRP Bnes are infected
with Wolbachia, and four lines have germliine insertions of Wolbaookia seqguences, but effects of Wolbadhio infection on guan-
titative traits are raredy significant. The DGRP complements ongoing efforts to functicnally annotate the Drosophilo ge-
nome. Indeed, 15% of all D. mefancgaster genes segregate for potentially damaged proteins in the DGRP, and genome-wide
analyses of quantiative raits identify novel candidate genes. The DGRP Bnes, sequence data, genorypes, quality scones,

phenotypes, and analysis and visnalization tools are publicly available.

[Supplemental material is available for this article.]

Stuclies in Drosoplrila sefarogasier have evealed basic principles
amnd mechanisms underlving fundamental genetic concepts of
linkage and recombination and were instnimental in identifying
canonical and evalutionanly conserved cell signaling pathways.
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Minst . eiefariogasler genes are evolutionanly conserved, leading
to By models bor undestanding common human diseases and
behavioal disordens, dipteran disesse vectons, and insects impacting
agriculture, medicine, and forensic. Despite neardy a century of
reseanchon 0. prelarioguester, however, a large Fraaction of its coding
and nomcoding segquence has no known function (MoQuilton
et al. 2001 2). Recent efforts bo induwoe muotations in every protein
ooding pene wiilize transposable elerments (Bellen et al. 2004,
2011}, which have a different spectrum of allelic effects than SNPs
amed small insertions amd deletions (indels). Comprehensive
efforts to identify regulatory DNA elements in Drosophila (The
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ai hitp:/fcreativec

I12:000-000 Published by Cold Spring Harbor Laborasory Press; 1558 1088-3051114; wivwgenomni_org

Genome Research 1
WL RETHETIEONR



Downloaded Iram genome. eship ofg on Seplember 20, 2015 - Published by Cold Spring Harbor Labotatory Press

Huang et al.

mod ENCODE Consortium et al. 200100 have attributed func.
tiomal effects to noncoding DNA, further complicating efforts to
dissect the genotypesphenotype map. In addition, the vast
majority of genetic analyses in D mrelmmogasier have used a few
"wilid type” strains representing a tiny sample of genetic di-
versity. Mutational effects in one genetic background ame often
enhanced or suppressed in other backgrounds (Mackay 2014). 5uch
epistatic interactons provide a window' for visualizing genetic ins
teraction networks, b addition, 0. melariegaster bas a rich history as
a model organism for population and quantitative genetics, gener-
ating inferences about regions under purifyving natural selection
independent of functional analyses amd highlighting the conitris
bution of coammon amd rare varfants in protein ooding as well as
reggulatory sequences o the genetic anchitecture of complex traits
(Flint and Mackay 2009 Mackay et al. 2009}

Efforts to wtilize naturally occurring genstic variation in
I prefanogasler o add to our understanding of unctional DNA
elempents have been greatly expedited by the Dnosophiila Genetic
Reference Panel (DGRP), a publicly available population of 205
sequenced inbred lines. Previously, we cataloged SNPs segregating
in 168 DGR lines (THGRP Freere 100 (Mackay et al. 2001 2) and muors
SMP variants in a sulmet of 39 lines (Massouss et al. 2002 Fichner
etal. 201 3). Here, we eport the DGRP Freeze 20 with sequesoes of
all lines and genotypes for SNP amd nom<SNP variants (indels,
tandem duplications, and complex variants). We describe cyhiges
netic analysis of inverions, Wolbadfiz infection status, varistion
in genmme size, molecular population genetics of indels and .
versions, functional analyses of segregating varants, and online
toals for associston mapping of complex traits,

Results

Catalog of molecular polymorphism in the DGRP

We abtained Mhumina sequences for 48 DGR lines that wene ot
sedpuenioad previously or for which only 454 sequence data were
availabde, as well as for six DGR bnes with low Freeee 1.0 coverage
(Supplemental Data Fle 51} We aligned sequence reads to the
. midorefuiter gerome wsing BWA (Li and Durbin 300107 and
Novoalign (Novodraft.oom), recalibrated] base quulity scomnes, amd
locally realigned reads. The average mapped sequence coverage
was 27 per line (Supplemental Dats File 51).

There are many algorithons for detecting SNF and mom-SNT
varants from shomte-resl seqeence data (Masouras et al. 2000
Mckernima e al 2000; Medvedsy et al. 20010; Shes et 2l. 2000; Alkan
et al, 201 1; Rmeich et al. 2002; Stone 200.2). kentification of non-SNP
variants is challenging with short reds (OnishisSechucher amd Kol
AT}, sirece stroctural vardants can peoduce albemative alignments
and variant calls for the same varant. Methods combindng several
approsches bo gencrate a consensus vadant st give a lower fakbe
pmitive mte than imdivicual methods (vl et al. 2001 1; Sichner et al
2013} Variant call guality can be further enhanos] by genotyping to
test if variants in the population are also present in the line wader
corsideration (Waseak et al. 2010 Handsaker et al. 20011). In regions
of low read depth, such genotyping may be possible even though
variamts canmot be discovered de novo, In this study, we used
seven varant callers and integrated genotyping (Fig. 1) to coms
prehensively map genomic variation in 205 DGREP lnes,

On average, the methods called over SB0000 SNPS, amd
130,000 srnall (<100 by} amd 1400 large (=100 bp) non=SNI" vari-
anti per line; however, there was heterogeneity in the mumber
of varamts called by each method and the ovenall concondance

224 Ene Mlumins reads|

_.._[

OGRP Fresze 2 ]

[
=
i
=L
- 3
5
= " UN
| ¢ : '
E [ Glotal Ikt of non-SNF varlams ]
- =]
E * S 3
mg?lf
E Hap| olype erimpration i i
¥ I L. .LE Ened
a0
— + =1NEp !_-||n|.rln*l

—p-—l_.r-::lqrmﬂl of reads 2= supporting opoosing haplum:-e—:-j
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I Invitial ingegrated gerctypes ]
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1 Firal siegrabed -genul-.-p-e-sl

Figure 1. Fhwdmdﬂrelmrgmdgﬁwqrprlgpdmdnuudm
call SMP and non-5NP variants. Seven different wariant calling methods
were weed| to devive a consensus st of variant calls. The variant calls were
grouped into haplotype bins {indicated by dashesd vertical lines) such that
there is a regeon on both sides of each regicn containing two or maore
regions of at least 110 bp with no non<SHP variants in any line. The
varniahle regions and thesr 11 0:bp flanking regeons wene used to derive the
sequences of albemative haplotypes against which reads are aligned.
Finally, ready were aligned and genotypes called, followed by quality
filtering that accourtted for the experimental design.

aming methods (Table 1) Therefore, we implemented an inbes
grated genotyping algorithm, first uding the combined data from
all variant calling methaods to opdate the genotypes of each DGRFM
liree, then using the 205 varant call st to genotype each DGR
liree (Fig. 1) We identifisd 6,149 882 unigue variants, incloding
4, B33, B0Z 5N and 1,296,080 non-SNI" variants. The osjority
(58 2% of the non-SKI° variants weee <100 bp.

Walidation of genotype clls

W el three strategies to validste genotype calls. First, we tar-
peted 384 small (1=1E bp) indels affecting coding regions amd
3E4 randomly chosen langer (30=313 bp) indels foe validation by
Sanger sequencing in five DGRP lines. A total of 315 small and 384
Large fdels were successfully asaved with Sanger technology for
at Jeast three lines. OF the 1463 small indelfline and 1876 lange
indelfline combinations with both Sanger and umina calls,
L4538 (99.66%:) and 1872 (99.70%), respectively, were conoardant
{Supplemental Data Files 52, 83}

Second, we performed high-density tiling microarray-based
validation experiments using published data for six DGR lEnes

? Genome Research
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Table 1. Comparison of genatyping methods for (A) SMPs, (B) short (<100 by) non-SHP varants, (€) long (2100-bp non-SHP variants)

) PrinSes/BWA GATK/Movoalign CATH/EWA Al SHPEWA JGILEWA JoALtavoalign
PrinSes/EWA 615,838 557,604 5E2,518 415,257 556,620 541,002
CATE/Movoalign B SH3,22% 569,871 443,982 53E,980 538,426
CATE/EAA B P 627,295 449,203 571,702 548,150
delas-SHPEWA Bt it 7% 459734 425312 419,456
JCALEAA % o B Py 606, TTR 557,706
JCALMavoalign % B Bt % B0 576,940

{8) PrinSeS/BWA GATK Movealign CATK/EWA AL SR /B,

PrinSes/EWA 174,550 102,531 104, 960 1,912
CATE/Movoalign 55 115,562 97,154 75,415
CATE/BWA St Py 131,554 B2 850
dirlas SHPEWA Al Sl 51 106,857

[ PrinSeS/BWA EMBL
PrinSes/EWA 1672 Tag
EBABL o 1118

The numbers an the diagonal {(boldface) are the average numbers of vasants called per line by each method. The numbers above the diagonad are
the awerage numbers of variants found in common betmeen the methods indicated by the row and column labels. The mesmibers below the diagonal
are the percentage of calls that agres between the indicated pair of methods for DGRP sites at which both methods identify at least one nons

reference base.

[Hchner et al. 20013) bo assess the accurscy of the genotyping
of Larger deletions (>25 bp). We evaluated 3930 deletions anging
im size from 27 to 7333 bp. OF 3957 deletion/line comparisons,
3170 (B BN were true positives and TET (13.2%:) were Else pos.
itives (Supplemental Fig. S1L

Thind, we uied the 434 sequence data from 38 lines (Mackay
et al. 20012; Supplemental Table 51) o validate SNT* andd mon-SNP
calls. We wsed our integrated genotyping algorithu to call varis
amts but restricted the inpuat variant list to the final calls from the
Mumina genotyping amalysis. Using the same genotyping pipe-
e but a different sequencing chemistry serves to validate the
Mumins dats generation process. We gsed Fishers exact test to
statistically evaluate whether the Dlumina and 454 gemotypes
were concordant or discordant, wing a nominal 3% significanoce
threshold to declare discordance (Table 2; Sapplemental Data File
54). Conoordamnce was gréater for hiomorygous than segregating

Table 2. Concordance between Hlumina and 454 genotyping calls (%)

[Homina calls for a1l variant types, was best for S8NPs, and dedined
with incressing size of insertions and deletions. We conclude that
our calls of homozygous SNP amd small nom-5NP genotypses,
which comprise the vast majorty of variants, are accurate and
that large insertions and deletions should be independently
confirmed wing other methods.

We compared Freese 20 vardants and genotypes with the
Freese 1.0 NP calls. OF the 5,222 888 polymorpliic SNPs in the
158 lirves with Freeze 1.0 Mheomina data, 4,215,573 ane present in
the initial Freeee 2.0 call set. The reduction in number of SN calls
was mstly attribmetable to low frequency SNPs andfor SNPS near
imdel (Supplemental Fig. 52), suggesting that our inbegrated vard.
amt callingg approach eliminated false SNPs near indels. Using
a model tailored to the experimental design (Stome 2012), we
generated quality soores for each of the 6,149,882 variants and for
each genatype in each lime. We fltered the genotypes based on the

Homazygous llamina call Segregating llhumina call
Mean number 454 variants Mean number 454 variants
Type of variant Sire tested fline S Concordant tested line % Concordant
SHF /A A7E, 049 bl | 59,241 027
All naon-SMP variants <1 00bg 67 447 957 16,044 T
TR dicbetion <1 00bg 1,077 35.0 1,592 w09
Mon=TR deletinn 1 00bg 30,445 954 13,564 G928
TR inertion <1 0 b 1055 959 1836 BE.&
Mon-TR insertion <1 00bg 310,452 959 15,922 0.4
Al naon-SMP vanants =100 bp 538 0.4 1354 683
CHY deletion 100=400 bp 2% B&1 a5 73R8
Mon=-CHY deletion 100=400 bp 1nr 4.7 132 BA.T
CHV insertian 100400 bp 24 04.5 45 BlLO
Mon-CHY nsertion 100-400 bp 173 5.7 241 57.5
CHY deletion i) by 57 by 91 i
Mon=CHV deletion il M) by 9 Al 122 a5
TR insertion =400 b 24 765 124 76.2
CMY insertian =400 b 18 B0.5 a2 7B
Mon=CHV nsertion M) by 5i BRA S0 56.0
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quality scores and Gmised all subsequent analyses to the 4,438 427
Dbislbelic variants mesting the threshaolds. For SNPs that were pingss
et in both freeres, the conconlance rabe between the Bomosygoes
genobypes was uniformnly high (0.9988=0.9996) in all lines.

Wariasion in numbers of sepregating sites
The [MGRP lines were derived by 20 generations of fullsib ine
bregling and Fave an expectid inbresding coefficient of F =
0.986 {Falconer and Mackay 1996). Therefone, we expect that 1.4%
af the varants will remain segregating, wnder the assumption of
wlective neutrality, Deleterious variants may be eliminated awe
rapidly than expected, while an increase in the nomber of ségres
gatinng variants could ocour foom overdominant variants o from de
nove matations. Matural selection favoring heterosygobes can
oppose fixstion by inbreeding i there i toe ovendominance for
Fitraess at indfivicheal loci or associative ovendominandoe arising from
oomplementary deleteriou alleles that are osely Enked in repuls
o, I oomplementary deleterions afleles are embeddied in polys
myarphic genetically divergent inverdons, inversion hetemeygotes
may e polymorphic over the entire inverted region. Finally, the
appeamance of segregating sites can be genersted B dupbeate, dis
vergent paraligous genes were mapped to a single gene of the paic
We aiaessed the number of segregating sites for each line by
choomosome (Supplémenital [ata Fle 55) and found substantial
varation in the number of segregating sibes between and within
chromosomes. Approximately 96% of the lines had 2% or fewer

segregating Nelinked variants, while on average B4% of the lines
had 2% or fewer segregating autosomal variants (Fig. Z). Thensfone,
inbreeding was successful For the majority of variants. However,
the distribution of the nuniber of segregating stes on the autoe
sones was bimodal. 1o todal, 62 of the 820 [GRP hmnefautosome
combinations had =9% variants segregating; =20 variants
remained segregating in 28 chromosomes (Supplemental Dara
File 55; Fig. 2).

Inversion genotypes

D, melnrogoster populations hadsor  polymaorphic  inversions
[Stalker 1976; Mettler et al. 1977; Corbett-Dietig amd Hartl 2002).
Recoenbination is suppressed between the inverted sequence amd
standand Karvotype, leading to divergenos bebween inverions and
hovmoessguential regions (Mavarm ot al. 1997, 3N, Andolfstto
et al. M) and the potentisl fiw svolition of coadaped gene
complexes (Kirkpatrick and Barton 2008; Hoffmanm and Riesebeny
Z008). A likely explanation for the Lange numbers of segregating
autosomal variants in specific regions of some Hnes could be het-
emzyposity for inverions that are genetically divergent from the
stancland  karpotype, Thensfore, we determined inversion geno-
types of the DGR lines by cytogenetic analysis of polytene sali-
vary gland chromosomes.

We identified 16 different segregating autosamal inversions
[Table 3; Supplemental Data File 56). Of the &2 autosomef/DGRP
line coenbinations with 5% segregating sites, 60 had at least omne
heternzygous nversion, while two wene the standard karvobype

Chromosoms X CroDiTesoimi I Chnromasame 25
1504 153 159
y 1
i i
1 1
E 108 = E 103 E o .
= ] | B = h |
E ; : i E g |
T & -l i Fill i B 1] L] ik Fi3 F1] E L] & ] 1 o i
Tk AR LA L A
] L E
n 3 2 L #n o] 1} a LY 3 20 i n 3 n 13 2 o
Parcusl sagregaing werisnts (%) Paroini sagraga g e (%) Pz sagragsaling warants |%|
Chimrrosome JL Chromasame 3%
1504 B Homazygous kanabype
. B Hmprozpgous karpotype
i
|
£ 1o : £
B : B
E a L m m Fad E
B - .
o

i} & 1 5 mn ] a L

Peroesi segregaing sariams (%)
Figure T. Distributions of the percent

1

53 20 il

Pemeni segregaiing sarans (%]
ing wariants in 205 DGAP lines, by chromaosome. The dstributions for homorygows standard or imeerted

karyotypes ane given in blue, and the distributions for imersion/standand heterorygotes are geven in red.
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Table 3. Inversions im DGRP line

However, PCH-based amalyses reveaked
that only four DGRF lines contained tie

T Py st Walbaclia insertions. (Supplemental Fig.
Inversion Full name  Chromosome Start End Start End 53] The insertions were incorrectly called
i the remaining lines infected with
2Lt n 22031 TAARS 2225744 13,154,180° Wolbackic because Walbachia sequence
RIS Nova Srotic 20 52021 SeFe-13 |1.1?H$ 15.””% reads wene present for these lines, and
in(2R)Y]  Yutaka# ] m AA S5E &, 000, 15,000, ; ;
I280)Y2  Yutaka#2 m 568 S0F 17,000,000 21,000,000 "'“meg““m""":;‘ “‘“‘E ﬁ""‘“’.'h‘:'
2R)¥]  Yutoka#d T 424 47E 1,700,000 72000000 L A ¥ ey
I 2R)¥4  Yutako#d 28 514 564 10,000,000% 15,000,000° mapped in the four lnes. This artifsce
In(2R)YS  Yutako#s n A9F 5IE a,mn,ﬁ u.mn,ﬁ did not ecowr for any other lage ins
In(2R)YE  Yutokads 0 S5E HOF 15,006, 21,000, sertion bl wee sstiser wii
IWZRIY7  Yubgka#7 22 5H S6F 12,800,000% 16, 200,000° h'“ur“ mﬂ ﬁj”':’
3L Poyne i BIEE-11 7212 3173,046° 16,300 941 ERpected for a new D. mekmmogeiter
i3 Adourod i 68D 71D BS00,000% 15,000,000  sequence present in DGRP Enes but oot
In(3L}Y  Yutoko a 78 TIE 10,000,000° 1 a,mn.nui; the referensce strain, or were homaologous
if3K)F  Poyne n BSC-D o6 12257,931" 20569737 1y sther D meknmgaster ek
in38)K  Kodani iR BEFI-B7A1  G6FI107A1  7576,280° 21066002° 1; i m.—&muﬂ im:
in{3R)Ain  Misouri IR 01D 98F2.3  17.212,639° 24 B57019° OPEC ng
nf3C € an 9201 100F2.3  16,000,000% 26,000,000% transposable elements (TEs), bocal tane
dem duplications, amnd nonBomologouns
“Nucentide level ints from Cosbett:Detig and Hartl (2012). recombination,

®fpproximate physical breakpoints corresponding o ctalogical map.

[Fig. 2]. A possible explanation for the two exceptional karyo-
types @8 that an inversion segregated in these fines when they
were sequenced, but the standand Karyotype was fxed in the in.
terval between sequencing and the cytological anaklysis. OF the
758 sutosome/ T REP line combinations with fewer than %6 seg.
regating sites, 752 were homaorygoe for either the inverbsd or
standand sequence (Fig. 2} However, $ix inversion hebemeygotes
{one for I LY, two for Iif 3R, and theee for Inf 20t had very
lewin rmndsers of segregating sites, 30T s only préssent a3 a single
heternzygote in the sample and could be of recent origin and henes
oot genetically differentiated from the standand karyotype. Hiows
ever, other chromosomes heterorygous for In3RMe and 2L K
had Large numbers of segregating sites (Supplemental Data Files 54,
53). Possibly, these inversions do not have a single orgin, and the
ald and mew inverted sequences sre segregating in the DGR
ar they could have undengone an even nuimber of recomirnation
events as heterokaryotypes, recovering a standarnd nudentide com.
Aguration. Nevertheless, there is nearly a perfect correlation
befwesn large numbers of segregating sites and inversion het-
eroeygosity (Fisher's exact test P= 1.91 = 1075

Wolbachia infeciion

Wialbachia mipfenitis is a maternally transmitted endosymbiotic
bacterium that infects ~20% of all insects (Dummning Hobopp
et &l 2007). Wilbachic can manipulate host biokogy to incmrease
production of infected females, and hence its own tRnanission
(Hioffmanm et al. 1986). [}, srefamogorder popuilations worl dwide ane
palvmorpihic for Wilbackio infection (Richardson et al. 20012}
Wialbadiia infection in D. pelaregeiter b been associated with
resistanoe o infection by KENA vinoses (Teixeica et al. 2008, but the
full range of effects of Wolbachis on development, phisiology,
reprochuction, and Quangitative traits is unkmnown, We determined
the Winlbaclhin infection status of the Freeze 20 DGRP Bres, fnding
that —33% of the lines are mfscted (Supplemental Data File 57)
Winlbachiia sequences. have been inserted into eukaryotic gendemes
(Dunning Hotopp et al. 2007 ). Therefore, we examined the DGR
Girvess for eviddence of similar lyteral gene transfer events and fooand
that all infected lines hod predicted insertions of —180bp Wal
Brachia sequence st two genomic locations (Supplemental Fig. 3.

Wariation in genome size

The lange numbers of bsertions and deletions suggest that the
DGRP [ines may vary in genome s We estimated botal genormse
sire for each line using flow cytosnetry (Hace and Johndbon 20015
There i significant variation in geswome sive (ANOVA Fapg gy = 261,
P (0001 ), ranging foom 1697 to 192.8 Mb (Supplemental Fig. 54;
Supplemental Diata Fle 58 Genome size differences weee verified by
the preeserce af double peals in osjre parations from Gnes with dif.
Ferent average genome sire (EIHs et al. 2014). The méan genomme size
aof alll livsess {1 75,6 M) ds clove bo that of the refienence strain {175 Mb)
The distribution is skewed towand the sccumulation of lorge ges
Ao, Sugpesting gresber constraint on genome reduction than
EXPAnIOn.

Lines homorygous for Inf2RINS, hf3LF, and Inf3RIK andd
heterazygous for fef 1P had larger average genome sided than
the cormesponding standand homoeygous karyotypes, whereas
lines homorygous or heteroeygous for all other inversions had
smaller average genome sizes than the standard karyotypes. We
regredsed genome size on the total number of “smaller™ i
versions and found a significant negative effect (b = =052,
Fy gy = B.25, P = 0.0045) (Supplemental Fig. 55). Although in.
versions account for only 4% of the variation in genome size,
the magnitude of the effect is substantial at 0.5 Mb per inverted
region.

Population genomics of indels
Prewiously, we performed a population genomic analysis of SKPs
in the DGRP Freeze 1.0 (Mackay et al. 20012). The SNP genotype
calls are highly correlated between Freeze 1.0 and Freeze 200
Spearman ank order oorrelations (p) Dr estimates of SNP nocleos
tidde podymaorphisms (o) (Mel 1967) among 100&b nonoverlapping
windows range from p= 0.94 for the X chromosome to g = 0099
for 3R (Supplemental Table 51). Since popalation genomic nfer.
ences from analyses of SNP varistion remain the same, we pris
msarily focus here on indel varation.

We defined insertions and deletions in our variant calling
algorithm with respect to the reference sequence. For population
genetic inferences, we polarized insertion/deletion status evolus
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tiomardly with respect bo Desophils sremlees and determined the
ancestral amd derived status of 210,268 biallelic indeds. We found
that BeM of "deletions” and 74% of “insertions™ inferred from the
refemence genome wene true deletions and insertions acconding to
the polarired estimates.

Evolutionarily derived deletions (ir= 145,001 5; 6§9%) outnumber
insertions (no= 65,253 31%) by 21 (Supplenwental Table 53;
Supplemental Fig. 56). This estimate is among the highest esti=
meates of the delstioncinsertion ratio for D oefasogasie but is
consistent with previous estimates that indicste a bias towarnd
higher deletion than insemion ates (Petrov 2002; Ometto et al.
2005; Adiis and Kondrashyoy 20012; Leashikin et al. 2003). Thens ane,
an average, 60 fewer deletions (y§ = 3815, P=0) and 74% fewer
irmsertions (y] = 645.6, = 0) o the X choomoome than on the
meajor autesomal chiroowromal anms (Supplemsntal Table 51),
consistent with stronger selection against indels on the X chios
meosorne. The observial biss towand deletions is not an artifact of
the greater difficulty of calling large Ensertions than deletions. We
called approximately equal mumberns of insertions and deletons
except for the langest variants, where we called more deletions
than insertions relative to the reference (Table 2). Thus the calling
bias is only for variants =400 bp. Since such variants ane a very
small fraction of the total, this bias canneot aceount for the exoes
of evolutionarily derived deletions.

Althonrgh maost indels are small (1=2 by, deletions ae, on avers
age, larger than indertions Gupplemental Tabde 52 Supplemental Fig.
56). However, the longest bndels are mserbions, mdst of which come.
spond ko P tansposable elements which have recently colonized the
2. pmelarsreler genome (Eidwell 1993). Most large insertions ane ke
cabed in centremenic regions. The distibuations of indel sire ans similar
for 37 ard 53 UTRS, large aned small fistoons, and intengenic regions,
while the size distribution of indels in ooding regions has discrete
“peaks” for indel sife in multipls of 3 bp Supplemental Fg. 57). This
paktem sugpists Strong megative selection against rarmse-ab fing indeds
compans] o more nelaver] selection for insertions sl deletions
spanming comyes codons, a phenomenon previouly repoted for 39
[GRP Bnes (Massonmas et al. 200 2) and i hunssns (dontgormeny o al
2013).

The minor allde mequency (MAF) spectra (Supplensental Fig.
5B) show an excess of bow MAF imdels. compared o SNPs for all
functional classes. Given that lower MAF variants ane likely enriched
for variants under purifying selection, these data are consistent with
dleleteriouns ftress effects of indels (W aouras et al. 2002). Insertions
and deletions causing coding sequence frameshifts are highly
overrepresernted among the low derived allele freguency (DAF) class
(Supplemental Fig. 59, reinfoccing the concdusion that negative
sedection is intense: on this ndel class. Relative to presamed nedtral
variants fynonymious SMP and 3PS in Sosall introns), all deletion
clisses have an exoess of lowsfrequency derived alleles on all
chiomosomes. Incontrast, the number of lowsfrequency derived
insertion alleles is similar toor less than presamed neatral SKPS
for insertions in small introns and nonframe shifting coding
seuence insertions on the X chromosome. There is also a slight
exces of highsfregquency derdved insertions companed o SNPs in all
chromosomes. and all functional categories except frames-shift
insertions. Thisoould indicate mone positive selection on insertions
than delétions.

These resubts saggest that natural selection acts differently on
insertions and deletbons, with stronger purifying selection on des
letions (Petroy 2002; Assis and Kondrashoy 20012; Leshkin et al.
2013). This is corsistent with the mutational equilibrivm theory
for genomme size evolutiom (Petrow 2002), where optimal genorme

size is maintained by purfving selection on small deletions amd
less selection on long insertions, compensating for sequence
lods. This inference fnon population gendomic analysis is oonsis.
tent with the skewed distribubon of genome sizes towanl lasger
T,

Monrandom disiribution of 5MPs and indels

Previously, we found that SKI' nucleotide polymorphism {(7) in the
DGR wias reduced near centromeres and telomeres and was posis
tively associsbed with local recombination rste {for neoombk nation
rabes < 2 cMMB) (Mackay et al. 2012) The pattem of ., along
chromrmormes B sioibar bo that of SN nucleotide diversity (Supphes
msental Fig. S10). There is o strong positive correlation between inde]
and mueleotide diversity for all chromosome amos Supplesmental
T 53; Massoiaras et al. 201 2). Several biodogical meécfomisims have
been proposed for the chstering of SN and indel, which appears
by b pbidpuibous b prolargotes and eukarpobes (Tian et al. 2008;
Hodghkinson and Evre-Walker 200 1; McDonakl et al. 200 1; Jovelin
and Cutter 2003). Possilsy inddels (Tiam e al 2008; fovelin and Cotber
2013) andd repeats vcdonakd et al. 2011) are mutagenic becase
they iduce emrors-prone DINA polymersse replication near the indel
or repeat {Yang and Woodgate 2007); the negions in which SRS aml
irvdels oot are inberently mutagenics or SN amd indsk ame sulject
to the same populstion genomic procesies.

Totest the hypothesis that indelk are mutagenic, we plotbed the
nuimber of SN = 100 bp rom indels with MAF between (L4 aid
0.5, for different SNP minor allede counts. ntermediste-frequency
SN are clustensd neEar inbe iy imdels (Fig. 3A)L At
sumning mtermedistefrequency indels ane older than lowsfreguency
iridels, we expect enmichmment for SNPS of all minoe allele oounts mear
them, since they would continuously geneate new mutations. We
i mot obserie this pattem (Fig. 3AL The same analysis for SNPS
near intermedistefraquency noncoding focal SNPs ko shows an
ebevated demsity of SN surmunding the focal SNPs (Fig. 3B), ine
dicating that varant clustering is ot unigue (o indeloontaining
regionis. This, variat chstersng is wnlikely to be driven by indels. To
test the hypothess that reg oo comtaining indcresied polymorphism
for SMPS and indels have elevated mutation rabes, we pedformed
sirmiilar arialiies fior the samse regions, but daing the lines that do pot
comtain thee focal inded alleles. The regions lacking indels contained
fewer variants than thodse with the respective indels (Fig. 3}, refuting
the locally iscressed mutation rate hypothesis.

Evolutionary models of hitchhiking and background se-
lection predict a poditive corrélation between recombination
and polvmorphism for all vardants (Begun and Agquadoe 1992;
Charlesworth et al. 1993). We replicated our previoms observation
{Mackay et al. 2012} that SNI' polymorphism is positively corpes
Lated with the kecal rcombination mate, and exteruded this obsers
vation to insertions and deletions (Supplemsental Table S3). Thus,
local recombination rate affects the patterning of all types of
variants, implicating evolutionary processes as the likely expla-
nation for the olserved clustering of variants. The lack of cor-
relation between recombination and divergence for SNPE amd
indels (Spearman p = 03T genome-wide, P = 0.205) excludes
mrutations associated with recombination as the cause of the
commelation between = and bocal recombination.

¥ i

Distribastion of variants in chromatin domains
W determined endchment or depleton of variants for five chinoe
fuatin tvpes (Supplemental Daty File 59; Filion et al. 2000). Broadly
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expressed enchmsmatic genes that perform. universal hoosekeeps
ing functions are depleted of varants, consistent with purifying
selection on these genes. Narmowly expressed euchromatic genes
associated with moare specific biological processes (Filon et al
2011 wan Steensel 20011) are enriched for varants, particularly in
coding regions, suggesting that they are under lets purifying se
lection and potentially more mapidly evalving than genss in other
chrosnakin dasses. Genes bound by Palycomb Group pootein ooms
plexes and enrdched for the repressive histone mark H3K2Toed
ape abso entched for vadants, which is surprising becare Polyoombe-
aviociated genes typically regulate developmental processes and
are thought to be under strong punfying selection. Genes marked
by Heterochromatin Protein 1 binding are kcated in pericentric
regions and are strongly depleted for SNPS amd soeall (<100 bp)
indeks, but enriched for Lacger (=100 bp) indels, cormsstent with
our abiservation that centromeric regions have reduced nuceotide
andd indel diversity and larger insertions. Intereitingly, segmental
duplicatioes are highly bisssd towand centronseric regions in the
hHupman genome (She et al. 2004). The most prevalent type of e
presiive chromatin covers 48% of the genome and marks genes
wiith low expression kevels that e generally ennched bor vadants.
While the chromatin classes were derved foom one cell type and
should be interpreted with cantion, our results show that varis
ants are nonrandomly distributed with respect to the chiromagin
state of the undedying DNA sequenoe.

Population genomics of inversions

Levels and patteming of polymorphism are sffected by the me.
oombinational landscape aad natural selection, both of which ane
different for regions bearing chromisomal inversions (Mavarmo
et al. 1997, Andolfatto et al. 2000 ). BEecombination is meduced in
imwvenions amd i pronounced near the breakpoints of paracentric
invensions such that the sequence immedistely adjacent to the
imversion breakpoint marely recombines. Becombination is also
reduced in inveriion heteroeygotes because single recommbination
events within the inverted region lead to invishle aneuploid game-
ebes. However, genetic exchange s6ll ocoun in invertad segments
Fooim multiphe recombination evesnts andfor gene conversion. Thus,

we expect young inversions o have neduced genetic diversity but
litthe divengence from their standand karyotype progenitos, whilk
regions harboring older inversions will separately sccumualate
mstations in the standand and inverted sequences that kead to
differentiation between them. We expect polymorphism to be bess
within inversion karyotypes, amnd genetic differentistion to be
greater between inversion karyotypes in the regions proximal to
the breakpoints than the more central regions of the inverted se
aquesice (Mavarn et al. 2000

Crar observation that Bnes polymorphic for inverted and
stancdand Earyotypes have large numbsers of segregating sites indeed
imgrlies that te inverted amd standand karyotypes are genetically
divergent. We calculsted w for the inverted regions within lines
with inverted and standan] karyotypes, as well as between the
imverted and standan] Karpotypes (Fig. 4). In all cases, the dis
vergence between karyotypes is higher than the average nucleotide
diversity within standsnd and inverted kKaryotypses (Fig. 4). How.
ever, local vamation in polymorphism and diversity swamps any
signal of reduction in polymosphism within and increase in di-
versity between inversion karyolypes near the breakpoints rela.
tive to the central neghons (Supplemental Fig. 511).

Funictional annotation of segregating variants

Wi annotated functional consequences (Supplemental Table 54)
of individual segregating vadants, identifving 6637 potentially
damaging variants that affect splice donor of acceptor sites, Cause
frame-shift mutations, loss of start or Stop codons, o lead to
préematre stop codons. Collectively, they affect 3868 gend in at
least one [HHEP line. The allele frequency distrbution of these
potentially damaging varants is shifted to the lower end of the
frequency spectmum relative bo those of less damaging variants
(Supplermental Fig. 512), as expechsd if they have deleterious
Fitress effects.

Mext, we identified closely linked cosegregating varianes that
might ameliorate these potentially damaging vardants (Gan et al
2010 We found pain of compensatary variants (SNT's thet rescwe
a prematuee shop oodon var@ant and sdels in the same gened that
compensate each other o avoid frme-shifts) in an average of
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Figure 4. Mudsotide dversity (=) within standasnd karyotypes (blue bars), within im::rlnud karyolypes (red bars), and betwesn standard and irverted

LG

[purple bars) within genomic regicns encomipasesd by common polymorphic
i isma receiving the seme weight as SMNPs regardless of their length.

only, with indels (1 bp) or multiple nuclectide

530 gemes per line and a total of 403 compensated genes in sl
Hmes, These compensatory varants are Largely in close ploysical
proximity (1=2 bp) and in near complete lEnkage disequilibrium
(D" = 1) (Supplemental Fig. $13) In all cases, variants that would
otherwise introduce 3 premature stop codon are present only
in lHmes carrying the compemsatory variants, Given their close
proximity, recombination events are unfikely to ocour between
pairs of adjacent compensated varants, This suggests that the
compensatony variants at these codons most likely occurred Hest
in the population, this allowing the secomnd mutation o ooour
without introducing a stop codon. Consistent with our inferned
timeline of mutations, these compensated variants segregate at
higher fregquency in the DGRP than other potentially damaging
variants (Supplemental Fig. 5140

Finadly, we performed gene=centric annodation by integrating
all sequence varations overlapping coding regions in each DGRP
line tor take intor acooumt the widespresd ocourrence of multiple
variants in single genes. Wi fournd 2169 genes whose proteins. ame
damaged] by the combination of ail varians in them in at least one
DGR line (—15% of Dresophils protein coding genes) (Supples
mental Data Fike S100. On average, each of these affectd genes B
darmaged in - 13 of the 205 DGR lines, and each lne contains — 136
potentially damaged genes (Fig. 5). These potentially damaging
variants and genes are a new sounce of novel mutations for func.
tiowes]l analyses. Gene ontology enrichment anabysis showed that

15:“-
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E-\. f
E :
E- - -
Ry

n
[ £Q

1041 150 g

Mumbar of Pnes for sach demeges pans

B Among standard kargotyps
8 Among eeried Eareatype
® Standam v.5. inverad karyotype

(SRl [ENA T Loy AR

inwenions. The calculation was based on nonmissing genotypes

multigene families affecting chemosensation, detoxification of xe
nobiotic substances, mmmune and defense rspomnse, and protealysis
are enriched for damaged genes (Supplemental Doty File 51T The
same gene families are rapidly evalving aloog the Dwsopdnile ploys
lemgerny (Dvsoplrila 12 Genomes Consortium 2007}

Genetic relationships among DGRP nes

Genetic diversity is highly elevated between inverted and standand
karyotypss in the region of the mversion. Thos, we expect that
individuals of the same inversion karyobype will be more relabed
to each other than to individheals of the stamdand Karyotype.
Therefore, we quantified patbems of genetic relatedness among the
DGRP lines by constructing the genetic relationship matris bes
tween all pairs of MGRP lnes (Supglemental Fig. 515; Van Eaden
Z00E; Ober et al. 200.2). The distribution of relatedness is bimodal
with the major peak centering amound peno and the vast oojority
of pairwise relstednes within the range of distance to the refers
ence strain (Fig. &) The minos peak consists of 5367 pains (2.7% of
all possible pairs) with relatedness greater than 0,05, There ane 11
pairs (D.05% of all possible pairi) among 16 lines that have 2 ge-
nammic relationship greater than 0.5, Therefore, most DGR lines
are unrelated, consistent with sampling mom a large, randomly
mating population. However, some Hoes have higher genomic
relatedness due to oryptic genetic relatedness (Astle and Balding

15

13

Froquency

B B3 104 120 14l 165 gl ]

Numer of genas demaged 0 2ach Ine

Figure 5. Histograms of the numbers of DGRP lines containing each damaged gene (iefif} and the number of damaged genes per DGRP Bne (rght).
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009}, possibly cased by samipling siblings from the natural poges
ulatiom andfor shared inversion karvotypes.

Principal component (PC) analyss reveals dosters of related
lines that carry majoe inversions. The first bwo PCs separate lines
carrying both Inf2L i and I 3R from all other lines (Fg. TA),
while the first and thind PCs discriminate lines with 200 from
those with m3RMe (Fig. TEL The MC cduostering by inversions
disappears when vardants within the inverted regions aré excluded
{Fg. 7O Lines with the same inversons ape more relsted to each
other than are lines homosygous for the stamdand karvobype Sups
plemental Fig. 516§, oonfirming that the PC clostes are driven by
imcreased sverage genomic relationships within inversons.

We also computed genomic relatiorslips separately for eack
chromaosamse arm (Supplemental Fig. 517). The chromosomes-wide
relatiomships among the lines ame specific to each arm and are
different from the genome-wide pattern (Supplemental Fig. 517)
The genomic heterogenesity of relatedness ansong chromosomal
amms suggests that population stmecture other than the known

A Cscome-sids variarm B

Gerame—wide sariams C

imwveniions is likely minimal; othenwise, interschnomosonmal oorpes
lationn of relatedness would arise.

Linkage disequilibrium

We assessed pairwise linkage disequilibrium (LY betwesen poly-
meorphic vasiants uakng the r* parametedzation (Hill and Robestson
19661 Average LD decays capidly as the distance between the vari
ants increase, and the cate of decay is substantially lower on the X
chroenosome than aubisormes [ﬁg, BAj, consistent with ;:l'l‘.'l."l:n.li
observations based on fewer DGEP Enes and SNP vasiangs oaly
(Mackay et al. 2012} There i substantial variation in local LD along
the genome (Fig. BEL In general, LD near centromneres and telomensy
is sigmificantly greater than in other chromosomal regions,

The rapid declire in bocal LD with pliysical distance is Fa-
vorable for identifying causal gemes and possibly variants in ge.
nome-wide asociation (GWA) studies using the DGR However,
long-range LD could significantly imgpair our ability to identify
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evanation in the DGAP. Principal components (PCs) are computed using EMGENSTRAT. (4) PC
plot of PCY versus PC2 (8 PC plot of PCI versus PCA. {C) PC plot of PC1 versus PCE after PCs were recom

all varants in regiom

encompassing major inversions (I 2L, infZRINE, inf ZR]P, nf SR, Inf 38 Wio). With the excepticn of four highly nelated pairs of lines, there is no apparent

dhustering of karyokype groups.
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OTLs. For each of 1000 randomly samipled variants with a speci
fiedl mumber of minor afleles in the popailation, we coumnbed varss
ants that are in vrong LD " > 0.95) with it locally {within 1 kb
amd genomes-wide, There are condistently very Ew (mean = 1.43)
varants in high local LD with the focal variant. However, the
nummber of long-range variants in high LD with focal vardants des
pemds on the minor allele count of the focal variant and can be in
the thoussnds for verny by feguency varants (Fig. 9). Alkhough
lowgal LIW choses, ppoot séem b differ for the pegions with or without
inversions (Fig. 8B, longrange LD a8 mesoned by the namber

af nonlocal varants in high LD is greater for vasiants within ine
versions (Fig. 7). Therefore, GWA studies based on individual var-
fants should be redricted to common polymorphisms and also
take into accourit Biversions.

Assocatons between gquantitative trairs, Wolbachia, inversions,
and genome size

The range and magnitude of efects of Walbachie infection amd
segrezating inversions on organiimal phenotypes is not known.
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Figure ®. Relstionship between LD and minor allele count. For each of the minor allele counts, 1000 randorm variants are ssmpled, and the mean

number of varants genomesside or locally (1 kb) in strong LI}[r“J-ﬂES]wiﬂ!lltln-nJmimthciqulrd.w

iof variants in strong LD with the focal vaniant and minor allele count. (8)

Relatiorship between the mean number
ip between the mean number of variants in strong LD with the focal

variant and minoe alele count, stratified according 1o the location of the focal variant (within or outside of imeensons).
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Therefore, we assessed to what extent inversion genotypes and
Wibachia infection status are associated with starvation resistance,
startle response, time to recover from chill coma {(Mackay et al.
2012, resistance to acute (Weber et al. 200 2) and chronic (Jordan
et al. 20012) oxidative stress, several sleep phenotypes (Harbison
et al. 2001 3), and olfactory behavior (Swarap et al. 20013). The effect
of Wolbachia is only significant for acute and chronic resistance
to oxidative stress (Supplemental Table 85). In3RIK is associated
with starvation resistance in females and acute oxidative stress
resistance in males; In(2L0, In(2R)NS, and Inf3R)Mo are associated,
often strongly and in a sex-specific manner, with sleep traits; and
Inf2L)t and In(3 k)Mo are associated with olfactory behavior in both
sexes (Supplemental Table 55). The DGRP lines vary significantly
in genome size, which could also affect variation in quantitative
trait phenotypes. However, comelations of quantitative traits with
genome size were small for all traits and not significant in any
analysis.

Genome-wide assodation analyses in the DGRP

Prior to performing GWA analyses using the DGRP, we must adjust
the phenotypic data to account for cryptic genetic relatedness,
effects of inversions (lines with the same inversion karyotype have
higher relatedness, and there is elevated LD within inverted ne-
gions) and Walbackia infection status. Association tests can be
performed for individual varants or by gene. The former can
identify putative causal alleles but is restricted to the 1,920,276
variants with minor allele frequencies =0.05 to avoid spurious
associations due to LD caused by limited sample siee (Fig. 9). Gene-
based tests can interrogate the remaining variants with low allele
frequencies, which should contribute substantial variation if var-
iation in the trait is maintained by mutation-selection balance
(Turelli 1984), and can also evaluale effects of common varianis
and all variants. However, they are sensitive 1o the exact methods
used for weighting variants within a gene {(Madsen and Browning
2000%; Han and Pan 2010; Wu et al, 20010, 2011; Lee et al. 2012}, In
cither scenario, we perform associations on the adjusted pheno-
typic values using a model that accounts for cryptic relatedness
among the lines. For single marker association, we use a mixed
maodel that incorporates the relationship matrix, whereas for the
gene-hased tests, we add covariates cormesponding to the major
principal components that account for relatedness, We performed
GWA anahyses for starvation resistance, a classic quantitative trait,
Wilbachia infection status (in this case, the data were not cor-
rected for Wolbachia infection), and genome stee (Supplemental
Data Files 512, 513; Supplemental Text 51).

The need to adjust for Wolbachia and inversions and account
for relatedness is illustrated by quantile-quantile plots (Supple-
mental Fig. 518) from single varant GWA analysis of starvation
resistance in females, which is associated with In(3RIK (Supple-
mental Table 55). Unadjusted data show substantial systematic
inflation of test statistics, while adjusting for Wiolbachia and in-
versions and accounting for relatedness using a mixed model
significantly alleviate the inflation. The top associations for the
individual and gene-based tests for all three traits are only partially
overlapping, highlighting the complementary nature of these
tests. Only a few variants/genes reached conservative Bonferroni-
adjusted significant thresholds, and all suggest novel candidate
genes affecting the traits. Examples include a SNP in genghis khan
(yek, a protein kinase), associated with female starvation resis-
tance, and SNPs in pointed (prit, a transcription factor) and CG32527
{a gene of unknown function), associated with genome size.

mypotubularin (mbm), which is involved in chromosome segre-
gation and the mitotic cell cycle (McQuilton et al. 20012), is a
plansible candidate gene associated with genome size and reached
Bonferroni-level significance in the gene-hased tests of association
with this trait.

Discussion

Here, we present a molecular polymorphism map for 205 se-
quenced inbred D, melanogaster lines comprising Freeze 2.0 of
the DGRE. We utilized seven different algorithms for detecting
variants to produce a consensus variant list, and further fine-
tuned the variant calls for cach line using an integrated geno-
typing strategy that borrows power from the variant calls in all
lines. We further provide quality scores for all 4,853,802 SNI and
1,296,080 non-SNP variants using a method that takes into ac-
count the experimental design used to generate the DGRP. In-
dependent validation of variant calls gives low false positive rates
for SNPs and small (<100 bp) indels, which comprise =98% of
all variants. We performed a cytogenetic analysis of large segre-
gating inversions, genotyped all lines for the presence of the
matemally transmitted Wolbachia endosymbiont, and estimated
genome size by fllow cytometry. These data provide a comprehen-
sivie characterization of natural variation in genome architectune in
this powerful penetic model organism that can be used to gain
insights about natural selection and the evolution of genome size,
and enhance the functional annotation of the D, melanogaster ge-
nome. 'We also describe improved statistical methodology for ge-
nome-wide association mapping of quantilative traits in a scenario
where all variants are known and the rapid decay in LD with phys-
ical distance enables high-resolution mapping.

Our molecular population genomic analysis of evolutionarily
polarized deletion and insertion variants showed that deletions
outnumber insertions by a ratio of greater than 2:1, consistent with
previous studies on smaller data sets, suggesting a bias toward
the deletion mutation rate in Dvosephila (Petrov 2002; Assis and
Kondrashov 2012; Leushkin et al. 20013). Site frequency spectra
show an excess of low-frequency polymorphisms compared to
SNPs for insertions and deletions from all functional categories
but especially for frame-shifting indels, implicating strong puri-
fying selection against these variants. However, the site frequency
spectra suggest stronger sclection on deletions than insertions,
which could lead to the maintenance of an optimal genome size
(Petrov 2002). Our direct observation of variation in genome size
in the DGRE, which varies by —14%, is in accord with this hy-
pothesis. This variation in genome size is similar to that observed
for an Arabidopsis thalione population in Sweden (Long et al.
2013). The distribution of genome size variation is skewed Lo-
ward larger genomes, consistent with stronger purifying selec-
lion against deletions than insertions.

As obhserved previously (Tian et al. 2008; McDonald ct al.
2011; Massouras et al. 2012; Jovelin and Cutter 2013), we found
a strong positive correlation between the genomic distribution
of indels and SNPs. These correlated patterns of polymorphism are,
in turn, correlated with local recombination, suggesting that the
nonrandom distributions are due to hitchhiking and background
selection (Begun and Aquadre 1992; Charlesworth et al. 1993} Al
ternative explanations that indels are mutagenic or that the highly
polymorphic regions have high mutation rates were not supported
by our analyses.

Inversions are islands of genomic diw'.rguncs: in this

B snclanogaster population. Nucleotide diversity is elevated between
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inverted and homo-sequential genomic regions relative to the av-
erage diversity of inverted and standard regions, and consequently,
lines heterozygous for inversions have large numbers of segregat-
ing sites in the region encompassed by the inversion. There is a
greater extent of long-range LD within inverted sequences than
the same regions on the standard karyotypes, indicative of lower
recombination rates and effective population sizes of inversions,
It is intripuing that variation in genome size is significantly asso-
ciated with inversions. The mechanistic basis of increased or de-
creased genome size in the different inversion karyotypes is an
open question for future study. Previously, we inferred that there
was little global population structure in the DGRP from our cigen-
decomposition of the genetic covariance matrix, but noted that
the large variance in this decline did not preclude local structure
due to structural variation (Mackay et al. 2012). Here, we per-
formed a more comprehensive analysis of variation in genetic re-
latedness in the DGRP and showed that individoals with the same
inversion karyotype are more related to each other than to in-
dividuals of the standard karyotype, accounting for most of the
variation in relatedness among the DGR lines and local strocture,
Inversions can harbor “coadapted gene complexes” associated with
fitness (Dobzhansky 1937), and indeed, many fitness-related traits
have been associated with inversion polymorphism in Drosophila
species (Hoffmann and Rieseherg 2008). We showed that variation
in starvation and oxidative stress resistance, sleep traits, and ol-
factory behavior are all associated with inversion polymorphism,
and future evaluation of more quantitative traits in the DGRP
will provide a detailed picture of effects of inversions on complex
traits.

Lateral gene transfer of Wolbackia sequences into insect ge-
nomes is common, most likely because its presence in developing
gametes is a favorable scenario for germline integration {Dunning
Hotopp et al. 2007). Lateral gene transfer is a potential mechanism
for the acquisition of novel genes, but to date has not been
reported for Wolbachia sequences in D. melanogaster. We identi-
fied two different insertions of small Wolbachia insertions in
four DGRP lines. Future analyses of the transcriptomes of these
lines will reveal whether the insertions are transcribed and po-
tentially functional, The forces maintaining Wolbachiag infection
in I}, melanagaster populations near 50'% remain mysterious. Al-
though infection status has been associated with resistance
to infection by RMA viruses (Teixeira et al. 2008), effects of
Wolbachia infection on the quantitative traits assessed in the
DGR are rarely signifil‘ant.

The goal of the Berkeley Drosophila Genome Project (BDGE)
Gene Disruption Project (Bellen et al. 2004, 2011) is to generate
mutations in all I} melanogaster genes as tools for functional
analysis, and that of the Drosophila modENCODE Project (The
modENCODE Consortium et al. 2000) is to identify sequence-
based functional elements in Drosophila. The DGRP complements
these efforts. The millions of molecular variants segregaling in the
DGRP are novel mutations for functional analysis and represent
a different functional class from the transposon-tagged mutations
produced from the BDGP Gene Disruption Project. Indeed, 15% of
all I, melanogaster genes segregate for potentially damaged pro-
teins in the DGR, yet these damaged genes are compatible with
live, fertile flies (at least under standard laboratory conditions).
Molecular population genomic analyses using the DGR high-
light genomic regions under purifying selection, complementing
mod ENCODE functional motifs. GWA analyses of quantitative
traits in the DGRP provide new functional annotation of the
. melanogaster genome by identifying novel candidate genes asso-

ciated with these traits. These genes typically have well-described
effects on other traits, play key roles in early developmental pro-
cesses, or are computationally defined genes with no known
function, but have never been associated with the focal trait.
Subsequently, the full power of Drosephils genetics can be applied
tor validating marker-trait associations: mutations, BNAi con-
structs, and outbred (TL mapping populations (Huang et al.
2012; Jordan et al. 2012; Weber ot al. 2012; Harbison ¢t al. 2013;
Swarup et al. 2013). The future of understanding the genetic
architecture of quantitative traits lies in our ability to progress
from one-gene-at-a-time associations to understanding how en-
tire genetic and transcriptional networks causally affect complex
organismal phenotypes. The DGRP is an ideal resource for sys-
tems genetics (Ayroles et al. 2009; Massouras et al. 200 2) and
epistatic interaction network analyses (Yamamoto et al. 2009;
Huang et al. 2012; Swarup et al. 201 3) of molecular and complex
organismal trails.

The DGR lines, sequence data, genotypes, quality scores,
and phenotypes are publicly available. The DGRP website (http://
dgrp2.gnets.nosu.edu) hosts an updated pipeline for single marker
GWA analysis which accounts for effects of Wolbachia infection
and major inversions as well as cryptic relatedness among the
DGRE lines; a new genome browser track for visualizing individual
line genotypes and functional annotations for any specified ge-
nomic region; and all published phenotypes. These data will be
useful for testing new analytical methods as well as for teaching
general principles of population and quantitative genetics.

Methods

DGRP lines

We established fsofemale lines from gravid females collected in
Raleigh, NC, and inbred them by 20 generations of full-sib mating,
followed by random mating {(Mackay et al. 2012). All flies were
reared and all phenotypes assessed under standard culture condi-
tions (commeal-molasses-agar-medium, 25°C, 60%-75% relative
humidity, 12-h light-dark cycle) unless otherwise specified.

DNA isolation, library construction, and sequencing

We extracted genomic DNA from —500-1000 flics per DGRP line
using the Gentra Puregene Tissue Kit (Qiagen) and purified the
samples by phenol-chloroform extraction. We constructed high
molecular weight double-strand genomic DNA samples into [Ha-
mina paired-end libraries according to the manufacturer's pro-
tocol (llumina) (Supplemental Text 52) and sequenced shotgun
DA libraries on the Ilumina HiSeq 2000 or GAIl platforms,
according o the manufacturer's specifications.

Sequence read mapping and initial genotyping

We aligned Hlumina sequence reads to the Dmel 5.13 reference
genome (http://flybase.org) with BWA (v0.5.9.r16) (Li and Durbin
20100 and Novoalign (Movocraft.com) using default parameters.
Wi used GATE (v1.0.5506) (McKenna et al. 2010) software to
remove duplicate sequence reads, recalibrate base quality scores,
and locally realign regions around indels for BWA alignments
(DePristo et al. 2011). We excluded positions with =2000 cover-
age and mapped reads with phred scores <25 and/or mapping
quality <10, We applied GATEK (v1.0.5506) (McKenna et al. 201{)
and JGIL (Stone 2012) to the BWA and Novoalign alignments,
and Atlas-SMNP (Shen et al. 2010) and PrinSeS (Massouras et al.
2010) to the BWA alignments to genotype SMNPs. We genotyped
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non-SNP variants <100 bp using GATE, Atlas-5NF, and PrinSes. We
genotyped non-SNP valants =100 bp using PrinSeS, DELLY
(Rausch et al. 2012), Pindel (w0.2.4d) (Ye et al. 2009), CNVnator
(vLZ22) (Abyzow et al. 200 1), and Genome STRIF (v1.0.4) (Handsaker
et al. 2001} as described in Zichner et al. {2013).

Integrated genotyping

We performed integrative genotyping in two stages. First, we
genotyped each line separately using all SNI" and non-SNFP vari-
ants from the output of the individual variant calling methods to
provide the alternative haplotypes from which to choose vari-
ants, In the second stage, we again performed genotyping for
each line, using the 205 variant lists resulting from the first stage
(Supplemental Text 52). The resulting 6,149,882 nonredundant
variants were then assigned varant and genotype quality scores
using JGIL (Stone 2012). We retained for subsequent analyses
nonoverlapping biallelic variants whose phred scale quality scores
were at least 500 and genotypes whose sequencing depths werne
at least one and genotype quality scores at least 20, The final VCF
genotype file (hitpy/fdgrp2.gnets. nosuedu) containing 4,438 427
variants gives the number of supporting and opposing reads for
cach variant in each line, genotypes with the maximum posterior

prohahility, and the corresponding quality scores (Stone 2012},

WValidation

We used three strategies to validate genotype calls. First, we per-
formed Sanger sequencing for 384 small (1-18 bp) indels affecting
coding regions and 384 larger (30-313 bp) randomly chosen indels
on five DGEP lines (DGRP_304, DGRP_324, DGRP_354, DGRP_355,
DGRP_395). Second, we used previously published data (Zichner
et al. 2013) on genomic DNA hybridization to Affymetric GeneChip
Dirasaphila 1.0R tiling arrays for six DGRIP lines (DGRIP_Z08,
DGRP 304, DGRP_ 313, DGRP_315, DGRP_437, DGRP_555) and
the reference strain to validate deletions =25 bp (Supplemental
Text 52}, Finally, we used 454 sequence (Roche) data from 38
DGRP lines (Mackay ot al. 2012) to validate SNI* and non-5NP
calls (Supplemental Text $2). We used our integrated genotyping
algorithm to count suppaorting and opposing reads of alleles for
variants and tested the allele counts from [Numina and 454 for
concordance using a Fisher's exacl test.

Inversion karyotypes

We assessed inversion genotypes by cytogenetic analysis of poly-
tene salivary gland chromosomes of thind instar larvac by staining
with lactic-acetic oroein. We identified inversions by comparison
to the standard map of Bridges (1935). We initially examined two
larvae from each DGRP line and subsequently confirmed in-
version heterogygotes or segregating inversions by examining
additional larvae andfor F1 hybrids of the DGRP line with the
standard Canton § karyotype.

Wolbachio status

We used PCR to determine the infection status of cach line with
respect to the endosymbiont, Wolbsachia pipientis (Braig et al. 1998;
Richardson et al. 20012; Supplemental Text 52). We used DGRP_101
and DGRP_105 as negative controls and DGRP_142 and DGRP_149
as positive controls. We also developed PCR assays to genotype all
DGRP lines for insertions of Wilhadhia genome at 2R:16,594,660
and 2R:19,117,791 (Supplemental Text 52). We purified PCR
products for lines positive for Wolbachia insertions using the
Zymo Clean and Concentrator kit (Zymo Research Corporation)

and subjected them to Sanger sequencing using the ABI 3730XL
platform.

Genome size

We estimated genome sizes for 1016 individual females {at least
three individuals per line) using flow cytometry with Dvosopila
virllis (1C = 328 Mb) as an internal standard, as described in Hare
and Johnston (20011) but with a final concentration of propidium
indide stain at 25 mg/ml. The estimate of genome size was the
proportion of stain uptake {expressed as a channel number by
the flow cytometer) of the sample relative to the standard times
the amount of DMNA in the standard. We calculated the average
genome size and standard deviation of genome size and per-
formed additional replicate measurements as needed to produce
a standard error of (L5%. We tested whether the differences in
Eenome Siees werne true hy Flovw cytometry analysis of COprepa-
rations of females from lines with different average genome
size. We evaluated the association of segregaling inversions with
variation in genome size using the ANOVA model ¥ = p+ G + ¢,
where ¥ is the standard deviation of genome size within a line
and 7 is the number of segregating inversions (0, 1, 2, 3, or 4)
within lines.

Population genomics

W used 357,708 1GIL-filtered, biallelic indels present in at least
101 lines to conduct the indel population genomics analyses. We
assigned indels to one of six functional classes (coding sequence,
5 and 3" UTR, long [=100 bp] and short [=100 bp| introns, in-
tergenic sequence} using the 5.49 version annotations of the
I melanogaster reference genome (Marygold ot al. 2013). We dis-
carded indels spanning more than one functional class, leaving
357,608 indels with a valid functional class. We analyzed in-
sertions and deletions separately, after first polarizing ancestral and
derived states with respect to the high quality second-generation
assemnbly genome of 1. simudars (Hu et al. 20013) as an outgroup
(Supplemental Text 52). We inferred the derived allele status for
210,268 indels. We manually checked a sample of 500 derived
indels to which our polarizing protocol was applied; all were cor-
rect. Therefore, we conclude that the specificity of our procedure is
very high, although we excluded 41%: of the original indel data set
from our evolutionary analyses.

W used mpae to describe indel polymorphism, a measure
analogous to nucleotide diversity (=), which does not take into
accoun! indel size. We used an analogous measure (o estimate di-
vergence (k) (Librado and Rozas 2000). We estimated fixed indel
divergence for IY. melanogaster, 13, simulans, and 1. yakuba using
the multiple alignments D, melanogaster Oct. 2006 from the VISTA
Browser (Frazer et al. 2004). We cstimated these diversity measures
for the whole genome and by chromosome arm (X, 21, 2R, 3L, 3R,
4} in 100-kb nonoverlapping windows. We also estimated the
minor allele frequency (MAF) distribution for indels and the de-
rived allele frequency (DAF) distributions for both deletions and
insertions. We used the nonparametric Spearman rank correlation
coefficient (p) to test for covariation among the diversity estimates.
We used the recent high resolution recombination map of I
melanogaster (Comeron et al. 2002) to correlate recombination
with the diversity measures.

Functional annotation of variants

We annotated the functional consequences of variants on anno-
tated genes (FlyBase R5.49) (Marygold et al. 2013) using SnpEIF
(v3.1m) (Cingolani et al. 2012). We considered variants annotated
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as SPLICE_STTE_ACCEPTOR, SPLICE_SITE_DONOR, START_LOST,
FRAME_SHIFT, STOP _GAINED, STOP_LOST to be “potentially
damaging” for the affected proteins. We also performed a line-
specific annotation integrating all homozygous vanants each
ling carries. For each gene, we translated the variant transcript
using the standard genetic code and compared the variant protein
to the reference protein using the global alignment “stretcher”
utility in EMBOSS (v6.5.7) (Rice et al. 2000). We considered the
variant protein to be potentially damaged if the START or STOP
codon was lost or the sequence identity with the reference protein
was smaller than %0'%. We considered a gene to be potentially
damaged if all of its splice variants were affected,

Analysis of relatedness and population structure

We calculated the realized genome-wide relationship matrix G
among all DGRP lines using biallelic common variants (MAF =
0.05) with a call rate =80%. This computation was peformed us-
ing the Van Raden (2008) formula implemented in the rrBLUP R
package (v4.0) (Endelman 2011). The relationship matrix was
normalized by the mean value of the diagonal elements. For
analysis of population structure, we performed a principal com-
ponent analysis (PCA) using EIGENSTRAT (v4.2) (Price ot al. 2006).
We pruned LD using the LD pruning utility in PLINK (v1.07)
(Purcell et al. 2007) such that in a moving window of every 500
variants, the maximum pairwise r* was smaller than 0.2, We ex-
cluded variants within 2 Mb of the major inversions (ZL:0.4Mb-
14.9Mb, ZR:9Mb-18Mb, 3R:6Mb-27Mb) from this analysis. We
tested the significance of the top eigenvalues using the Tracy-
Widom statistic implemented in EIGENSTRAT.

Variant-based association mapping

We performed genome-wide association studies in two stages. In
the first stage, we adjusted the data for the effects of Wolbachia
infection and major inversions [In(2L)E IngZR)NS, In(3R)F, In{3RIK,
and In{3R)Mo| based on mean phenotypic values of cach line.
‘Wi then used the adjusted line means to fit a linear mixed model
in the form of ¥ = Xb + £ + ¢, where v is the adjusted phenoty pic
values, X is the design matrix for the fixed SNP effect b,  is the
incidence matrix for the random polygenic effect w, and ¢ is the
residual. The vector of polygenic effects 4 has a covarlance ma-
trix in the form of Av®, where o® is the polygenic variance com-
ponent. We fitted this linear mixed model using the FastLMM
program (v1.09) (Lippert et al. 20011},

Gene-based association mapping

We performed a burden test and a nonburden sequence kernel
association test (SKAT) to assess the cumulative effect of all var-
iants within one kilobase of each annotated gene. The weighted
burden test weights the contribution of each variant in a gene by
the reciprocal of the standard deviation of its estimated minor
allele frequency and uses the weighted averages to estimate a
score statistic (Madsen and Browning 2009; Han and Pan 2070).
The SEAT kernel function builds a relationship matrix detailing
relatedness of individuals based upon all varants within a gene.
This relationship matrix is fit as the covariance matrix of a ran-
dom effect in a linear mixed model framework and used to esti-
mate a variance component score to discern the significance of
atrait association (Wu et al. 2001). The SKAT kernel function used
was linear and did not up-weight the relative contribution of
minor alleles.

We performed both the weighted burden test and SEAT using
the SKAT package (Wua et al. 20011) in R v3.001 (R Development

Core Team 2013). For both methods, male and female starvation
resistance and genome size were fit with an identity link function
and fixed effect covariates for Wolbachia infection status, major
inversions, and the 11 principal components explaining the most
genetic variation in the DGRP (Tracy-Winom Pvalue < (LO1).
Walbachia infection status was it with a logit link function in
a likewise manner, excluding the fixed effect of Wolbachia in-
fection status. We performed gene-based tests for all variants,
and for common (MAF = 0.05) and rare (MAF < 0.05) variants
separately.

Data access

The DGRP lines are available from the Bloomington Dresophila
Stock Center (hitpe/ flystocks. bioindiana.edu/Browse/ DGRE.php)
{see Supplemental Data File 51 for stock numbers). Raw sequence
data have been submitted to the NCBI Sequence Read Archive
(SBA; hittpe/fwww.nehinlm. nib.gov/sra) under accession numbers
listed in Supplemental Data File 1, and to the Baylor College of
Medicine Human Genome Sequencing Center (https:/f'www_hgsc.
bemeedufarthropods/drosophila-genetic-reference-panel). The ge-
notypes, quality scores, phenotypes, and web-based analysis tools
are available from the DGRP website (http:fidgrpZ gnets.ncsa,edu).
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