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1. ABSTRACT

The genetic basis of ecological adaptation has been long investigated by exploring
particular regions of the genomes, like chromosomal rearrangements, morphological
polymorphisms or allozymes. The increasingly appreciated power of comparative
genomics and the explosive number of sequenced genomes have offered the
opportunity to better understand how molecular evolution relates to adaptation and
phenotypic variation at the organismic level. Adaptive changes have been attributed to
different genomic features including (i) changes in the coding sequences of the genes;
(ii) gain or loss of functional genes; (iii) alterations of gene expression regulation; (iv) TE
activity; and (v) chromosomal rearrangements. In this work we have focused on the
adaptive value of two genomic features: chromosomal inversions and genes evolving

under positive selection.

We first investigated seven inversions fixed in chromosome 2 of D. mojavensis, a
cactophilic species that lives under extreme ecological conditions. Different mechanisms
were found responsible for their generation, including TE-mediated ectopic
recombination and breakage and repair by NHEJ. In addition important gene alterations
were identified at some of the breakpoint regions, suggesting that natural selection was
the main force driving the fixation of these inversions. Secondly we compared the
genomes of two cactophilic flies, D. buzzatii and D. mojavensis, in order to characterize
the patterns of protein-coding gene divergence between two species with a well-
defined ecology. To accomplish this objective the genome of D. buzzatii was sequenced
and annotated. Furthermore, we provided an overview of the transcriptional profile
along the D. buzzatii development using RNAseq-based experiments. By using codon
substitution models we have detected more than 1000 protein-coding genes evolving

under positive selection, likely indicative of adaptive evolution.




RESUMEN

Las bases genéticas de la adaptacidon ecoldgica han sido investigadas durante
muchos afos mediante la exploracién de regiones particulares del genoma tales como
las reordenaciones cromosdmicas, los polimorfismos morfoldgicos o las aloenzimas. El
poder cada vez mds apreciado de la gendmica comparativa y el creciente nimero de
genomas secuenciados ofrecen la oportunidad de comprender como se relacionan la
evolucidon molecular, la adaptacion y la variacién fenotipica. Los cambios adaptativos
han sido atribuidos a diferentes factores gendémicos incluyendo (i) cambios en las
regiones codificadoras de los genes; (ii) ganancia o pérdida de genes funcionales; (iii)
alteraciones en la regulacién de la expresién génica; (iv) actividad asociada a los
elementos transponibles; y (v) reordenaciones cromosdémics. En este trabajo nos hemos
centrado en el valor adaptativo de dos factores gendmicos: las inversiones

cromosdémicas y los genes sometidos a seleccion positiva.

En primer lugar se investigaron siete inversiones fijadas en el cromosoma 2 de D.
mojavensis, una especie cactéfila que vive bajo condiciones ecoldgicas extremas.
Diferentes mecanismos son responsables de la generacion de estas inversiones,
incluyendo la recombinacién ectdpica entre elementos transponibles y la rotura y
reparacion por unién de extremos no homodlogos (NHEJ). Asimismo se identificaron
importantes alteraciones génicas en algunas regiones asociadas a los puntos de rotura.
En segundo lugar se compararon los genomas de dos especies cactofilas, D. buzzatii y D.
mojavensis, con tal de caracterizar los patrones de divergencia de los genes codificantes
entre dos especies con una ecologia bien definida. Para cumplir con estos objetivos, el
genoma de D. buzzatii fue secuenciado y anotado. Ademds se analizé el perfil de
expresion génica a lo largo del desarrollo de D. buzzatii usando experimentos basados

en la tecnologia del RNAseq. Finalmente, mediante el uso de modelos de sustitucién de




codones se detectaron mas de 1000 genes codificantes bajo seleccién positiva,

probablemente indicativos de evolucién adaptativa.







2. INTRODUCTION

2.1 Comparative Genomics

The comparison of genomes from different organisms has become a practical
and powerful approach to understand the patterns of genome evolution. By comparing
the sequence, structure and content of genomes we are able to detect the sources of
molecular differences within and among species. Comparative genomics definitely
provides an efficient tool for tracking evolutionary changes among organisms, allowing
for the detection of highly conserved regions preserved from a common ancestor, as
well as lineage-specific changes. Lately, the development of deep-sequencing-based
technologies (Mardis 2008) has empowered the generation not only of DNA sequences
but also of transcriptomes, i.e. the collection of all the RNA molecules produced in one
or more cells, and their comparison between different species, individuals and even cell
types (Wang et al. 2009). The increasing number of studies focusing on comparative
transcriptomics at different levels has revealed that gene expression plasticity
represents an important source for adaptive responses to environmental changes
(Knight et al. 2006; Larsen et al. 2007; Smith et al. 2013).

Prior to the development of sequence-based approaches, other procedures were
carried out to compare genomes based mainly on chromosomes observation.
Karyotyping became one of the first techniques to compare genomes by examining the
number, relative sizes and shapes of the chromosomes (Gregory 2011). With the
availability of techniques that allow reading the nucleotide sequence of DNA molecules,
computer-based comparison of multiple genomes have been done at a nucleotide level.
Consequently, fascinating differences in the number of genes and DNA content among

organisms have been reported (Table 1).




TABLE 1. Summary of genome properties of different organisms sequenced between 1996 and

2005.
Genome Estimated
) _ Chromosome
Organism size number of Reference
number
(Mb) gene models
Escherichia coli 4.6 1 3200 (Blattner et al. 1997)
Saccharomyces
cerevisiae 12.4 32 6000 (Goffeau et al. 1996)
(unicellular yeast)
Caenorhabditis (C. elegans
elegans 100 12 19000 Sequencing
(nematode) Consortium 1998)
Arabidopsis thaliana (Arabidopsis Genome
157 10 25000
(mustard) Initiative 2000)
Oryza sativa
) 470 14 51000 (Goff et al. 2002)
(rice)
Drosophila
melanogaster 165 8 13600 (Adams et al. 2000)
(fruitfly)
Gallus gallus
) 1000 78 20000 (Hillier et al. 2004)
(chicken)
Canis familiaris (Lindblad-Toh et al.
_ 2400 78 19000
(domestic dog) 2005)
Mus musculus (Waterston et al.
2900 40 25000
(mouse) 2002)
Homo sapiens
3000 46 25000 (Lander et al. 2001)

(human)




Nowadays, genome size estimates for more than 4500 animals are available
(Gregory 2014), 65% of them vertebrates; and a total of 18887 genome projects have
been completed, including 330 archaeal, 17649 bacterial and 906 eukaryal genomes
(Pagani et al. 2012). The smallest genome found so far is that of the microsporidian
Encephalitozoon intestinalis, a useful model for exceptional genome compaction
comprising only 2.3 Mb (Corradi et al. 2010). On the other side, the plant Paris japonica
has the largest recorded genome, with 150000 Mb (Pellicer et al. 2010). Even so, the
dramatic differences in terms of size and gene content reveal little about biological

complexity, especially among eukaryotes (Gregory 2005a; Straalen 2012).

According to the C-value paradox, where C-value is the total amount of DNA in a
haploid genome (Swift 1950), the complexity of an organism is not directly correlated
with the number of genes nor with genome size (Thomas 1971; Hartl 2000; Gregory
2005b) (Figure 1). Different explanations have been proposed to disentangle this
puzzling fact along the history (Lynch 2007). Today it is generally accepted that
transposable elements (TEs) account for the major contribution to eukaryotic genome
size variation, providing a partial explanation for the C-value paradox (Kidwell 2002).
Indeed, TEs have been shown to comprise ~15% of the D. melanogaster genome
(Kaminker et al. 2002; Bergman et al. 2006; Krassovsky and Henikoff 2014), and
approximately half of the sequence content of a typical mammalian genome (de Koning
et al. 2011). On the other hand, it has been suggested that the lack of correlation
between complexity and DNA content seems to derive from a spotlighting on extreme
outliers rather than a measure of central tendency (Lynch 2007), as evidenced by the
clear ranking from viruses to prokaryotes to unicellular eukaryotes to multicellular
eukaryotes in terms of genome size, gene and mobile element content and intron

number and size.
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Genome size variation within and among the main groups of life. The mean and
overall ranges of genome size for the main groups of living organisms are depicted. In
prokaryotes it seems to exist a correlation between genome size and protein-coding gene
content. However the vast majority of nuclear DNA in eukaryotes is non-coding. It has been
apparent that genome sizes greatly vary within eukaryotes and thus this is not correlated to
common ideas of both morphological and functional complexity. Figure extracted from Gregory
(2005a).

The rising number of studies describing the transcription dynamics has disclosed
that organisms complexity is correlated with transcriptome intricacy rather than DNA

content (Adams 2008). Functional complexity is said to derive from the increasing




number of mechanisms producing multiple mRNA variants from a single gene, like
alternative splicing, RNA edition, transcript fusion or alternative initiation and
termination sites. For example, the Dscam (Down Syndrome Cell Adhesion Molecule)
gene found in Drosophila has 24 exons and presents more than 38000 isoforms
differentially expressed in a wide variety of cell types and individual cells (Neves et al.
2004; Sawaya et al. 2008), and the regulation of the expressed variants is controlled by
both spatial and temporal factors (Figure 2). In addition, several non-protein-coding
sequences that are transcribed have been widely described (Eddy 2001), including
microRNAs, snRNAs, piwiRNAs and lincRNAs (Griffiths-Jones et al. 2005; Mattick and
Makunin 2006); and the content of non coding RNA (ncRNA) genes within a genome
seems to scale with functional complexity (Mattick 2004). Finally, recent controversial
analyses based on human genome content (ENCODE Project Consortium et al. 2012)
have shown that the human genome is pervasively transcribed, calling for the need for a

more RNA-centric viewpoint to understand the evolution of organism complexity.

The rapidly emerging field of comparative genomics and the accumulation of new
genome sequences have already yielded impressive results that have fascinated the
researcher’s community, affecting multiple areas of Biology. Due to the easy and
affordable accessibility to next generation sequencing (NGS) technologies, genomic
information is rapidly accumulating in the public databases and so large-scale analyses
are becoming the norm. For instance, obtaining the sequence of a human genome today
(~3000 Mb) is a relative inexpensive task that a single researcher could do in a few
weeks (Fox and Kling 2010). As a consequence, the exponential increase of public

available genome sequences is becoming a challenge to massive store development.
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. The structure of the Dscam gene in D. melanogaster. Dscam is an essential gene for
fruitfly development, involved in neuronal wiring and adaptive immunity system. Dscam locus is
61 kb long and comprises four exon clusters spliced in a mutually exclusive manner generating a
repertoire of up to 38016 transcripts. Variable exon clusters are shown in colour: exon 4 cluster
in red, exon 6 cluster in blue, exon 9 cluster in green and exon 17 cluster in yellow. Constant
exons are shown as black boxes. Dscam encodes for a set of complex cell surface proteins
comprising immunoglobulin (Ig) domains (ovals), fibronectin type Il domains (rectangles), a
transmembrane domain (yellow line), and a cytoplasmic tail. In essence, Dscam is an example of
a genetic mechanism that leads to huge morphological and physiological diversification. Figure
extracted from Sawaya et al. (2008).

In summary, genomic tools have made it possible to design genome-wide studies
to deeply explore genetic changes accumulated in different genomes and to identify
genetic traits responsible for adaptive evolution (Stapley et al. 2010). Furthermore, the
integration of biogeography, field experimentation and long-term life history research
with cutting edge genomics tools will make it possible to test and develop new theories
and advance our understanding about adaptation. As a consequence, new objectives

will arise in the study of comparative genomics like the effects of climate change on
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genetic variation, conservation of genetic resources and even crop and animal

production improvement.

2.2 Drosophila and the beginning of the Genomic Era

Drosophila melanogaster is one of the most popular research tools in Biology
that provided major theoretical and technical progresses in this field during the last
century. Modern Drosophila Genetics first originated with Thomas Hunt Morgan’s
discovery of the white eye mutation and its X-linkage inheritance in 1910 (Morgan
1910). Indeed, he was the first geneticist to clearly link a trait inheritance to a specific

chromosome.

Several reasons contributed to the election of Drosophila melanogaster as the
central focus in the study of transmission genetics in the origins of the Modern Genetics
(Hartwell 2011). First, its life cycle is relatively short, making it easy to obtain thousands
of progeny in a short period of time (Figure 3). This little fruitfly also has huge salivary
gland chromosomes exhibiting finer bands simply visible by microscope examination
(Bridges 1935). Thus, they provided geneticists with a ready-made detailed physical map
of the genome making it possible to identify chromosomal rearrangements with a high
precision (Muller and Painter 1932; Horton 1938; Dobzhansky and Sturtevant 1938).
Furthermore crossing-over events are restricted to Drosophila females, a phenomenon
that was first discovered by T. H. Morgan in 1914 (Morgan 1914), though several
exception exist (Philip 1944; Kale 1969; Hiraizumi 1971). This fact has greatly simplified
several experimental manipulations allowing for a variety of selective genetic screens

through generations.
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~IGURE 3. The Drosophila melanogaster life cycle. The transition from an embryo to a first
instal larva is called hatching. The transitions between larval instars are molts. The process that
converts a third instar larva to a pupa is pupariation. Emergence of the adult from the pupal
case is called eclosion. The Drosophila life cycle is completed in approximately 12 days. Figure

extracted from Hartwell (2011).
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By and large D. melanogaster has been an important model organism not only
for classical genetics but also for animal development (Lewis 1978; Kaufman et al. 1980)
and behavior studies (Konopka and Benzer 1971) in the last decades. Indeed it has been
described as “a little person with wings” since it was discovered that both human and
fruitfly share a core set of genes, including ~60% of genes associated to human diseases
(Schneider 2000). Thus, this tiny insect can even serve as a competent model for testing
therapies targeting hereditary diseases. In summary Drosophila system has become an

essential model in multiple research fields for a wide range of eukaryotic organisms.

The genome of D. melanogaster was the second metazoan genome to be
sequenced (Table 1) (Adams et al. 2000; Rubin and Lewis 2000). Since the first
publication of the D. melanogaster sequence in 2000, there have been subsequent
genome releases that have incorporated quality and gene annotation improvements
(The FlyBase Consortium 2002; Ashburner and Bergman 2005). Nowadays, the genome
of D. melanogaster is considered one of the best characterized eukaryotic genomes at
both, gene content and transcriptome levels (mModENCODE Consortium et al. 2010;
Graveley et al. 2011; Brown et al. 2014). Nowadays, more than 20 Drosophila genomes
have been already sequenced and annotated (www.flybase.org/), providing a valuable
resource to Comparative Genomics. The ecological diversity of the complete sequenced
Drosophila genomes is staggering, including species inhabiting different geographical
locations separated by a wide range of evolutionary distances (Drosophila 12 Genomes
Consortium et al. 2007; Markow and O’Grady 2007; Singh et al. 2009; Russo et al. 2013)
(Figure 4). This genomic data has made it possible to better understand the patterns of

genome evolution in a fine-scale approach.
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2.3 Cactophilic Drosophila species

The chemical ecology of insects has been the center of many studies focused on
ecological genetics. Different species from Drosophila genus have been used as model
organisms in several works about evolutionary genetics in the last century. The
Drosophila genus is large and diverse with about 2,000 known species. Phylogenetic
analyses indicate that two main lineages exist, which diverged 40-60 myr ago (Tamura et
al. 2004). One lineage led to the Sophophora subgenus comprising more than 300
species, whereas the other one led to the subgenus Drosophila, with about 1700
species. Out of the 24 Drosophila genomes already sequenced and available in FlyBase
(The FlyBase Consortium 2002), only five belong to the Drosophila subgenus: D. virilis, D.
mojavensis, D. grimshawii, D. americana and D. albomicans; whereas the remaining

nineteen species belong to the Sophophora subgenus.

The Drosophila subgenus includes the repleta group (Figure 5), which comprises
many cactophilic species living in the necrotic stems of different cactus (Wasserman
1992; Oliveira et al. 2012). The fruitfly community inhabiting rotting tissues of these
distinctive plants in arid zones provides a valuable model for gene-environment
interaction and ecological adaptation comprehension (Barker and Starmer 1982; Etges

et al. 1999; Fogleman and Danielson 2001).

Some Drosophila species are able to colonize cactus widely distributed along
different geographical areas. However, specialists are restricted to certain environments
and have limited growing conditions (Patterson and Stone 1953; Wasserman 1982; Vilela
1983). Niche specificity depends on a variety of ecological factors like the availability of
nutrition resources or tolerance to toxic compounds present in the host plant (Heed
1978; Kircher 1982; Ruiz and Heed 1988). For instance, senita cactus (Lophocereus
schottii) is the unique host plant of Drosophila pachea, one of the four endemic
Drosophila species inhabiting the Sonora Desert (Heed 1978). This plant has a

characteristic chemical composition making it impossible for other Drosophila species to

14
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FIGURE 4. Phylogenetic tree reconstructed from for a large drosophilid data set. Both
geographical distribution and phylogenetic relationships among Drosophila species representing
up to 14 genera, help to infer the evolutionary history of this genus. Twenty-two out of the 24
drosophila species whose genome have been already sequenced are contained in red rectangles
(D. suzuki and D. rhopaloa are not included in the tree). Figure modified from Russo et al.
(2013).
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inhabit it (Kircher et al. 1967). Lang et al. (2012) showed that few changes in nucleotide
sequence of Neverland gene restricted the host plant of this fruitfly. These results

evidenced that the ecological niche can be determined by little but crucial mutations.

Drosophila mojavensis, a specialist living in the deserts of SW United States and
NW Mexico (Heed and Mangan 1986; Ruiz and Heed 1988; Etges et al. 1999), is
composed of four ecologically distinct subspecies, and each of them feeds from
nectrotic tissue of cactus with different chemical composition (Kircher 1982; Fogleman
and Kircher 1986). The populations living in the Sonoran Desert feeds from agria
(Stenocereus gummosus) and organ pipe (Stenocereus thurberi) cacti. In the Mojave and
Anza-Borrego Deserts they use as a substrate necrotic tissues from barrel cactus
(Ferocactus cylindraceus) (Fellows and Heed 1972; Heed 1978; Fogleman and Armstrong

1989). In Santa Catalina Island they feed from the fruits of Opuntia “demissa” cactus.

D. buzzatii, unlike its sibling D. mojavensis, is a widespread species found in many
continents. It chiefly feeds and breeds in rotting tissues of cactus from Opuntia genus.
The geographical diffusion of this plant by humans is considered the main cause of D.
buzzatii world-wide colonization (Fontdevila et al. 1981; Barker and Starmer 1982;

Hasson et al. 1992; Ruiz et al. 2000).

The karyotypes of both D. mojavensis and D. buzzatii consist of five pairs of rod
chromosomes (2, 3, 4, 5, and X or Y) and a pair of dot chromosomes (6). The
phylogenetic relationship between these two species was first inferred by combining
both biogeographical and cytogenetical data (Ruiz et al. 1990; Ruiz and Wasserman
1993). Cytological-based studies showed that D. mojavensis had a relatively high rate of

fixation of chromosomal rearrangements compared to other species of the repleta

16




'.4
R1T
it

il

i

i

Stenocereus thurben

(1]
ooD
i

(1]
CDD!

é’
;f
|

RR00 0

189

i

Ji
OEsEEOREEE ON

;
f

D, scanthopters
D. nennoplera
0 wasserman
D pechos
O wia

it

FIGURE 5. Phylogenetic tree including species from repleta group. Time estimates are depicted
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left pictures. Figure extracted from Oliveira et al. (2012).
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group (Ruiz et al. 1990; Gonzalez et al. 2007). Nowadays D. mojavensis is the only
cactophilic species whose genome has been sequenced and annotated (Drosophila 12
Genomes Consortium et al. 2007). The genome sequence of this fruitfly has been
included in several genome-wide studies that explored the gene and chromosome
evolution within Drosophila genus (Drosophila 12 Genomes Consortium et al. 2007;
Heger and Ponting 2007; Bhutkar et al. 2008; Singh et al. 2009). In addition, D.
mojavensis has been used as an excellent model to examine the role of transcriptional

differentiation in ecological adaptation (Matzkin 2012; Matzkin and Markow 2013).

2.4 Genetic diversity

2.4.1 Genetic variation

Genetic variation is considered the raw material for biological evolution. It is
ultimately originated by mutations, i.e. changes that randomly occur in DNA molecules
by multiple causes (errors in DNA replication, TE activity, exposure to ionizing radiation,
mutagenic chemicals or infection by viruses) that can be transmitted through successive
generations. Mutations occur at different scales, including single changes in the
nucleotide sequence of a gene as well as chromosomal rearrangements, which
encompass many classes of events such inversions, insertions, deletions or

translocations (Hartl and Clark 1997) (Figure 6).

The fate of mutations is driven by multiple forces, chiefly natural selection and
genetic drift. Recombination joins mutations of different genomic regions together into
the same chromosome, generating new combinations of alleles. Mutations are also
spread among different populations by migration, resulting in the addition of new

alleles to the gene pool of a particular population.
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General classification of DNA mutations. Mutations can occur at a nucleotide level
(A) or can involve larger portions of the genome resulting in chromosomal rearrangements (B).
Point mutations (deletions, insertions or substitutions) can affect the coding region of a gene
altering the protein function. Missense mutations refer to the substitution of a different amino
acid in the protein, which can alter or not its functionality. Mutations that cause the appearance
of a premature stop codon within a coding gene are called nonsense mutations. They lead to
the production of a shortened and likely nonfunctional protein. Finally frameshift mutations are
caused by a nucleotide deletion or insertion that shifts the way the coding sequence is read.
Figure (B) modified from National Human Genome Research Institute website
(www.genome.gov).

Mutations can be classified according to their impact on individuals’ fitness into

deleterious, neutral and advantageous. Deleterious mutations are those that negatively
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impact on the individuals’ ability to reproduce and they are rapidly removed by natural
selection (purifying selection) in large populations. By contrast, beneficial mutations
improve individuals’ fitness and they are rapidly fixated by natural selection (positive
selection) in large populations (see below). According to the neutral theory of molecular
evolution (Kimura 1968, 1983), which attempts to describe the dynamics of molecular
polymorphism within a population, most observed polymorphisms are neutral. Neutral
mutations (or selectively neutral) do not influence the individuals’ fitness, and their
frequency within populations only depends on genetic drift, a stochastic process by
which genetic variants are fixed or removed from the population by random. Thus,
Kimura’s theory postulates that neutral divergence among species only depends on
divergence time and mutation rate (u), i.e. the rate at which changes are incorporated

in a nucleotide sequence during replication.

The nearly neutral theory of molecular evolution (Ohta 1973), a modification of the
original neutral theory proposed by Kimura (1968), assumes that (i) each mutation is
associated to a particular selection coefficient (s), which is a measure of the relative
fitness of the mutation (from s=0 denoting neutrality to s=1 complete lethality), and (ii)
the rate of molecular evolution depends on the effective population size (N¢) (Lynch
2007). Accordingly the probability of fixation of a certain mutation depends on two
factors: its selective coefficient and the population size. In large populations, the
probability of fixation for beneficial mutations is higher than in small populations,
whereas a considerable accumulation of fixed mildly deleterious mutations in
populations with lower N, is expected (Lynch 2007). Thus, at low N, selection is less
efficient in removing disadvantageous mutations, with genetic drift leading to the
fixation of mildly deleterious variants, and selection against deleterious mutations is

strong only if they reduce fitness by s >>1/4N..
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2.4.2 Tracking natural selection in comparative genomics

The rapid accumulation of molecular sequence data allows for the detection of
natural selection footprint at a genomic scale. The development of large-scale methods
for comparative analysis of DNA and protein sequences enables to minimize the
stochastic effects inherent to small sequence samples (Ellegren 2008). Thus, the
genome-wide estimation of selection pressures helps to better understand how natural

selection operates in different lineages and in relation to different life histories.

In order to identify the selective forces acting on protein-coding genes it is essential
to establish a correct orthology relationship between genes from species to be
compared. Orthology is defined as the relationship between homologous genes that
arose by speciation at their most recent point of origin (Fitch 1970). The inference of
orthologous genes tends to be a difficult task since there are different homologous
relationships between genes beyond orthology, such as paralogy or co-orthology, terms
that can be easily confused (Kristensen et al. 2011) (Figure 7). When two genes diverged
after a duplication event within the same species they are said to be paralogous.
However, gene duplications following the speciation create two or more genes in one
lineage that are, collectively orthologous to one or more genes in another lineage, and
they are denoted as co-orthologs (Koonin 2005). The prevalence of complex
evolutionary events makes it difficult to assess orthologous, paralogous and co-

orthologous genes in genomes containing large gene families.

Genes or regions of the genome that are affected by negative or purifying selection
are highly conserved, whereas an accelerated evolution is indicative of positive or
Darwinian selection. The most common test to detect signatures of adaptive evolution
is based on the count of nucleotide substitutions observed when aligning protein-coding
gene sequences from different species. This statistical method based on divergence

data is known as ka/ks or dn/ds (w ratio) test (Yang and Bielawski 2000), and it has been
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widely used to scan for positive selected genes on many lineages from both prokaryotic
and eukaryotic organisms (Waterston et al. 2002; Richards et al. 2005; Nielsen et al.

2005; Petersen et al. 2007).
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Different evolutionary relationships among genes. A, B and C represent three
hypothetical species that have diverged from a single common ancestor. Genes that arise from a
duplication event within a species (1o and 1f3) are said to be in-paralogs. Homologous genes
from related species that have diverged from a common ancestor are orthologs (1 from A and 1
from B). Orthologous genes are co-orthologs of homologous genes duplicated in related species.
Figure modified from Kristensen et al. (2011).

When aligning sequences of the same protein-coding gene from two species
(orthologs) we can observe two types of nucleotide substitutions. The differences that
lead to changes in the amino acids of the encoded proteins are said to be
nonsynonymous and they occur at nonsynonymous positions. Ka (or dn) is then defined
as the number of nonsynonymous substitutions per nonsynonymous site. However,
some differences leave the protein unchanged because of the degeneracy of the genetic
code. They are called synonymous or silent changes and they occur at synonymous

positions. Then, the number of synonymous substitutions per synonymous site is
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denoted by Ks (or ds). Synonymous and nonsynonymous mutations are under very
different selective pressures and are fixated at different rates (Kimura 1977; Miyata and
Yasunaga 1980). Thus the Ka/Ks statistics or w ratio can reveal the direction and

strength of natural selection acting on the gene.

Assuming that synonymous substitutions are neutral (because they do not affect the
protein sequence and we do not expect them to affect the protein functionality), we
can consider that a gene has undergone adaptive or positive selection if w is higher than
1. This implies that nonsynonymous changes have been fixated at a higher rate than
synonymous mutations as they provided a fitness advantage to the protein. However,
most positions in functional genes are conserved, and the average value of w tends to
be much lower than 1, even in genes that have experienced positive selection in many
sites (Figure 8), and thus we strictly infer that they evolve under purifying selection. On
the other hand, genes are said to evolve neutrally when w =1, i.e. the likelihood that a
nonsynonymous mutation is fixated is the same as that for a synonymous mutation.
However, if one part of the gene experienced positive selection whereas others evolved
under purifying selection, we might get also an average w = 1. To account for this fact,
more powerful methods have been developed to scan for positive selection at the
codon level (Nielsen and Yang 1998; Yang et al. 2000; Lindblad-Toh et al. 2011,
Villanueva-Cafias et al. 2013), revealing much more positive selection than previously

suspected.

2.4.3 Codon substitution models

Although the w ratio is a useful method to identify genes evolving under positive
selection, it is considered a conservative test as it only accounts for an overall selective
pressure. Codon substitution models were originally developed to consider
heterogeneous w ratios among amino acid sites using phylogenetics analyses of protein-

coding DNA sequences (Goldman and Yang 1994; Muse and Gaut 1994). These statistical
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models, implemented in the package PAML (Yang 2007), consider the evolution of
codons on a phylogeny of species using a maximum likelihood framework, allowing for
heterogeneous w ratios not only among sites (site models) but also among branches

(branch site models).
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. Divergence ratio distribution along AB12 gene sequence. The alignment of AB12
gene sequences contained in the genomes of 29 mammals reveals that localized regions of
genes may evolve under positive selection even detecting an overall negative selection. Bars are
colored according to a signed version of the simple linear regression (SLR) statistic for non-
neutral evolution: sites under positive selection (red), sites under purifying selection (blue) and
neutral sites (grey). Figure modified from Lindblad-Toh et al. (2011).

By comparing the likelihood of the data under multiple models that make different
assumptions about how w varies among sites or among lineages, we can test different
evolutionary hypotheses (Yang 2002). However, these statistical models assume that i)
silent substitutions are always neutral and ii) the mutational process is at equilibrium,
which are premises rarely true in real data (Sharp et al. 1995; Hartl and Clark 1997;
Plotkin and Kudla 2011). However it has been reported that these assumptions do not

bias the detection of positive selection (Larracuente et al. 2008). Codon substitution
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models have been successfully applied to screen for positive selection in a wide variety
of organisms, including viruses (Zanotto et al. 1999; Fares et al. 2001), prokaryotes
(Farfan et al. 2009) and eukaryotes (Swanson et al. 2001; Drosophila 12 Genomes

Consortium et al. 2007; Amemiya et al. 2013; Ometto et al. 2013).

2.5 The plasticity of the genome

2.5.1 Structural variations

Structural variation (SV) is the variation in structure of an organism’s chromosome.
Structural variants can be classified into different types: insertions, deletions, copy
number variations (CNVs), inversions or translocations (Figure 6). It has been reported
that SV is pervasive and important in genome evolution, making significant
contributions to genetic diversity and even disease susceptibility (Feuk et al. 2006). The
rate at which chromosomal rearrangements are fixated within populations radically
varies among species. It has been observed that fruitfly genomes evolve up to five order
of magnitude faster than the most dynamic plant genomes included in the Arabidopsis-
Brassica clade (Ranz et al. 2001). In turn, Caenorhabditis chromosomes have a faster
rearrangement rate than those of Drosophila (Coghlan and Wolfe 2002). Different
factors have been suggested to influence the fixation rate of structural variants in
Drosophila, like generation time, population size, mutation rate (caused for example by
the activity of transposable elements), and the meiotic cost of infertility in
heterozygotes (Krimbas and Powell 1992; Coghlan et al. 2005; Hoffmann and Willi
2008). The large-scale analysis of chromosomal rearrangements of the complete
sequence of 12 Drosophila genomes revealed that rearrangements fixation rate clearly
differ among Drosophila lineages (Drosophila 12 Genomes Consortium et al. 2007;
Bhutkar et al. 2008) (Figure 9). Finally variation in the number of fixed rearrangements is
also observed between chromosomal elements, i.e. some chromosomes are able to

accumulate multiple rearrangements whereas no rearrangements are observed in

25




others (Bhutkar et al. 2008). The causes of these phenomena remain still unclear since

no convincing hypotheses have been suggested to explain them.
Chromosomal inversions

Chromosomal inversions occur when a chromosomal segment that may include
one or more genes breaks in two places defined as breakpoints. This segment -which
can span a few kb or cover a substantial part of a chromosome arm-, is then re-inserted
in the chromosome joining the two end fragments, acquiring a new orientation (Figure
6). Paracentric inversions are those that do not include the centromere because the
breakpoints occur on the same arm, whereas pericentric inversions do span the
centromere. Inversions are highly abundant in species from Drosophila genus, and the
breakpoints of different polymorphic (Table 2) and fixed inversions (Cirera et al. 1995,
Ranz et al. 2007; Runcie and Noor 2009; Prazeres da Costa et al. 2009; Calvete et al.

2012) have been already characterized at a molecular level.
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SIGURE 9. Overview of rearrangement events ocurred during the divergence of eight
Drosophila species. Vertical lines correspond to single genes, which are connected among
different species according to the movement they have undergone as a consequence of the
rearrangements. Muller Element and chromosome correspondence is represented next to each
species' name. The vast majority of rearrangements occurred within a chromosomal arm,
though several exceptions are observed. Figure modified from Bhutkar et al. (2008).
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TABLE 2. Summary of polymorphic inversions with characterized breakpoints in Drosophila and Anopheles.

Species Inversion Breakpoint Mechanism Reference
In(3L)Payne secl|-jzlr(1icnegscz;cnrcelzsl?:;v'l?Es) br:ahkr:grzc;snodml\?ll-l EJ (Wesley and Eanes 1994)
o.melnogaser exMOTEOTRIN | Gonoona, | et e
In(3R)Payne Inverted duplications br(::ahkraogrzzsnodml\?ll-lEJ (Matzkin et al. 2005)
2] TE insertions Ectopic recombination (Caceres et al. 1999, 2001)
D. buzzatii 2q7 TE insertions Ectopic recombination (Casals et al. 2003)
273 TE insertions Ectopic recombination (Delprat et al. 2009)

D. pseudoobscura  Arrowhead

D. subobscura

A. gambiae

30
2Rd’
2La

2Rj

128 and 315-bp repetitive
sequences

Lacking of repetitive
sequences (including TEs)

TE insertion

Inverted duplications and TE

insertion

Segmental duplications

Ectopic recombination

Chromosomal
breakage and NHEJ

Unknown

Unknown

Ectopic recombination

(Richards et al. 2005)

(Papaceit et al. 2013)

(Mathiopoulos et al. 1998)

(Sharakhov et al. 2006)

(Coulibaly et al. 2007)




Inversions are mainly generated by two mechanisms: ectopic recombination (or
non-allelic homologous recombination, NAHR) (Caceres et al. 1999; Coulibaly et al.
2007) and chromosomal breakage and erroneous repair by non-homologous end-joining
(NHEJ) (Sonoda et al. 2006; Casals and Navarro 2007) (Figure 10). Polymorphic
inversions can be cytologically identified in Drosophila and other Diptera by examining
the banding pattern of salivary gland chromosomes (Ruiz et al. 1990; Ruiz and
Wasserman 1993). Inverted and noninverted (standard) forms of chromosomes usually
coexist within the same population (Krimbas and Powell 1992). The chromosomal
pairing between inverted and standard rearrangements generates the formation of
characteristic loops clearly detectable by microscope observation. On the other hand,
lineage-specific inversions, i.e. rearrangements that have been fixated in a species, can
be cytologically detectable by comparing the order and orientation of chromosomal

bands from different species.
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Chief mechanisms that generate chromosomal inversions. Ectopic recombination
(A) and chromosomal breakage and erroneous repair by NHEJ (B) are two of the proposed
mechanisms that originate inversions. Black arrows represent the chromosomal fragment
involved in the inversion. In (A) red and orange arrows represent repetitive sequences
(segmental duplications or TEs). In (B) the non-homologous regions are represented as blue and
red rectangles. Single staggered breakages occurred at both breakpoints, resulting in the
duplication of the unique sequences a' and b' distanced from the respective parental copies (a
and b) by the inversion. Figure modified from Casals and Navarro (2007).
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To test for the presence of chromosomal inversions at a fine-scale, different
experimental approaches have been developed (Bailey et al. 1996; lafrate et al. 2004;
Tuzun et al. 2005; Redon et al. 2006; Korbel et al. 2007b). Although methods based on
polymerase chain reaction (PCR) (Saiki et al. 1988) have been widely used in the last
years to scan for chromosomal inversions along genome sequences, they are laborious
and do not allow for the detection of small and/or a priori unknown inversions since a

previous design of proves to target the rearrangement location is needed.
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Detection of a chromosomal inversion by paired-end mapping (PEM). An inversion
can be characterized by aligning paired-end sequences from a genome containing the inversion
(inversion carrier DNA) against a genome with the standard arrangement (Reference assembly)
(or vice-versa). Figure modified from Feuk (2010).

With the recent advance of high-throughput DNA sequencing technologies and
computational algorithms, new large-scale and powerful methods have been applied to
identify chromosomal inversions reporting successful results (Medvedev et al. 2009).
One of the most popular techniques is called paired-end mapping (PEM), a recent

approach associated to NGS technologies that enables the identification of hundreds of
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structural rearrangements rapidly together with sophisticated algorithms that interpret

the PEM data (Korbel et al. 2007a; Feuk 2010) (Figure 11).
Inversions and adaptive evolution

Chromosomal inversions are thought to play an important role in adaptive
evolution and speciation (Rieseberg 2001; Coghlan et al. 2005), not only in animals,
including insects (Feder et al. 2003; Joron et al. 2011; Ayala et al. 2011), fish (Jones et al.
2012) and mammals (Coghlan et al. 2005; Stefansson et al. 2005), but also in plants
(Lowry and Willis 2010). Several studies have provided compelling evidence of the
adaptive significance of polymorphic chromosomal inversions in Drosophila. These
evidences include latitudinal clines, alterations of inversion frequency associated to
seasonal and long-term environmental changes and even correlation between inversion
and quantitative traits like body size and developmental time (Krimbas and Powell 1992;
Powell 1997; Hoffmann et al. 2004). Thus, it is conceivable that inversion fixation within
populations can be also driven by natural selection and not only depends on genetic

drift.

Several hypotheses have been put forth to explain the adaptive significance of
chromosomal inversions (Hoffmann and Rieseberg 2008). Some of them are based on
the reduction of recombination within the inverted segment that occurs in
heterokaryotypes. The coadaptation hypothesis (Dobzhansky 1970) postulates that the
recombination reduction associated to inversions helps to maintain positive epistatic
interactions within local populations. This implies that the allele combination trapped by
the inversion likely have higher fitness than that predicted from the sum of their
independent effects. A different but not excluding hypothesis is the local adaptation
hypothesis (Kirkpatrick and Barton 2006). According to this hypothesis, inversions are

favored even without epistasis because reduced recombination in inversions
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heterokaryotypes joins together locally adapted alleles and stabilizes them against gene

exchange with immigrant chromosomes.

The position effect hypothesis proposes that the adaptive value of an inversion
depends on fitness effects caused by breakpoints or position effects (Sperlich and
Pfreim 1986; Puig 2011). Inversions can alter the functionality of genes adjacent to
breakpoints by disrupting their nucleotide sequence, modifying their associated
regulatory elements or even generating new genetic material (Ranz et al. 2007). But
only a few genetic disorders associated to inversion position effects have been yet
discovered in humans and Drosophila. For example, in Drosophila melanogaster, the
Antp73b inversion mutation results in Antp transcription in an abnormal location
(Frischer et al. 1986). Puig et al. (2004) and Puig (2011) also demonstrated the existence
of a position effect caused by the 2j inversion in Drosophila buzzatii, presumably
resulting in phenotypic differences in body size and developmental time. Finally in
humans, the principal cause of the severe haemophilia A disease has been attributed to
an inversion that alters the coding region of factor VIl gene (Lakich et al. 1993).
Moreover inversions can down-regulate or silence a gene by moving it to a
heterochromatic region, an effect known as position effect with variegation (Henikoff
1990).

The three hypotheses mentioned above (co-adaptation, local selection and
position effects) are not mutually exclusive, and all of them can jointly influence the fate

of an inversion within a population.

2.5.2 Transposable elements and their impact on the genome
One of the main contributors to the eukaryotic genome plasticity is transposable
elements (TEs) activity (Cordaux et al. 2006). TEs are DNA fragments that move from

one location in the genome to another. They are found in many eukaryotic species, and
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their abundance and variety is considerable (Wicker et al. 2007). TEs are classified into
two groups: retrotransposons and DNA transposons. Retrotransposons are able to copy
themselves using an RNA intermediate, whereas DNA transposons can excise
themselves out of the genome and be re-inserted somewhere else without the help of

and RNA intermediate.

TEs are an important cause of mutations, basically insertions and deletions, and they
are considered potential sources of adaptive selection (Casacuberta and Gonzalez
2013). Although TEs usually do not encode cellular proteins, genomes can acquire new
genes by recruiting them, a process called TE protein domestication, which has been
observed in Drosophila (Casola et al. 2007) and in mammals (Casola et al. 2008).
Moreover, TEs can positively or negatively impact on gene functionality depending on
the genome site at which they are inserted. An insertion of a TE within a coding
sequence will likely affect the gene fitness by truncating its product due to alterations in
the associated reading frame. However remarkable exceptions exist, like the adaptive
insertion of a Doc element within a Drosophila gene sequence, leading to a new coding
gene associated to pesticide resistance (Aminetzach et al. 2005). On the other hand, the
insertion of TEs in intronic sequences is expected to have less impact on gene
functionality. Nevertheless, abnormal splicing events can occur as a result of these

insertions.

Active transposable elements not only produce mutations at a structural level,
including inversions mediated by ectopic recombination (see above), but they can also
lead to nucleotide changes affecting gene expression. The insertion of TEs within
regulatory elements in the genome may cause alterations in gene regulation by, for
example, up- or down- regulating gene expression or modifying the tissue-expression
pattern (Lerman and Feder 2005; Romanish et al. 2007). Another role attributed to TEs
is the so-called process ‘exaptation’, by which traces from inactive TEs acquire new

regulatory functions highly conserved among genomes (Muotri et al. 2007).
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All these evidences suggest that TEs are important factors shaping the genome
through evolution rather than selfish and parasite sequences. The important impact of
TEs in the genome is rapidly being demonstrated thanks to the large-scale analysis and

the availability of huge amount of genome sequences.

2.6 Emergence of new genetic functions

The origin of new genes is a source of evolutionary innovation in all organisms (Toll-
Riera et al. 2009; Long et al. 2013). New genes usually take on novel biological functions
that allow individuals coping with new niches and changing environmental conditions.
By and large they are considered to mediate, jointly with protein-coding gene mutations
and changes in regulatory regions, habitat-specific adaptations (Figure 12) (Long and
Langley 1993; Begun 1997; Nurminsky et al. 1998; Khalturin et al. 2009; Long et al.
2013).

Changes in gene Changes in gene Mutations in protein
regulation : : content coding sequences
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. Overview of genomic changes that lead to evolutionary novelties. Different genetic
alterations, including changes in gene structure and regulation, and new genes lead to new
functions.
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It has been reported that ~10-20% of genes contained in eukaryotic genomes are
novel genes because they do not present any significant sequence similarity to genes of
other known species (Khalturin et al. 2009). Thus, new genes are commonly named
orphans or taxonomically-restricted genes (TRGs)(Wilson et al. 2005). There exist
multiple mechanisms responsible for the arising of new genes, not only protein-coding
genes but also non-coding RNAs (ncRNA) (Long et al. 2003). Some of them are

summarized below.

Gene duplications

New genetic material usually arises as a product of chromosomal abnormalities.
Gene duplication is one of the most recurrent mechanisms that originated novel genes
(Ohno 1970). Duplications occur when a DNA fragment is duplicated. Duplicated regions
can involve one or many genes or even the whole genome of an individual (polyploidy),
a phenomenon more common in plants than in other organisms (Adams and Wendel
2005; Cui et al. 2006). The main mechanisms causing DNA duplications are ectopic
recombination, duplication-dependent strand annealing (DDSA) (Fiston-Lavier et al.
2007), DNA duplicative transposition (Bailey and Eichler 2006) and retrotransposition
(Cordaux and Batzer 2009). According to the original theory of Ohno (1970), a new
duplicated gene can acquire new and beneficial functions distinct from those of the
original copies. However the classic model also predicted that a duplicate gene can lose
its function (pseudogenization) because of the accumulation of deleterious mutations in
one of the copies balanced by the initial functional redundancy (Lynch and Walsh 1998).
Duplicated genes can be preserved in genomes by natural selection, and it can be
explained by the functional divergence process. The adaptive radiation model predicts
that the preservation of a duplicated gene is favored by the increased dosage

compensation of a gene product which can lately take on new functions different from
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that retained by the original copies by accumulating adaptive mutations
(neofunctionalization) (Long et al. 2013). On the other hand, original genes and new
duplicated copies can retain a subset of the original ancestral function, i.e. the original
functional capabilities are divided among the gene copies (subfunctionalitazion) (Conrad
and Antonarakis 2007). Functional divergence occurs not only at a coding-sequence
level but it is also induced by changes in regulatory elements of duplicated copies (Force
et al. 1999) and even by alterations in gene splicing patterns (Su et al. 2006). In
Drosophila, tandem duplication seems to be the most common mechanism generating
multigenic families (Zhou et al. 2008). The rate at which fruitfly genes are gained and
lost within a multigenic family is remarkably high (on average 17 genes arise from
duplication events and 17 are lost per myr). This fact results in the rapid gain of species-
specific genes, which may be implied in environmental adaptation. Finally, it has been
postulated that gene duplication events followed by geographic isolation lead to hybrid

incompatibility, and thus, duplications can contribute to speciation (Presgraves 2010).
Inversions

Inversions can also make a genome to gain new genes depending on the mechanism
that generates the rearrangement. In Drosophila it has been shown that inversions
caused by staggered single-strand break and repair by NHEJ (Figure 10) produce
inverted duplications of DNA at the two breakpoints (Ranz et al. 2007). Only in
Helycobacter pilori it has been demonstrated that new functional genes can be
generated by this mechanism, also called duplication association to inversion (DDAI)

(Furuta et al. 2011).
De novo gene origination

The recent availability of genome-wide data have revealed that de novo gene
origination could be a common mechanism responsible for the great variation of genes

in different lineages (Begun et al. 2007). By this process, originally noncoding DNA
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sequences become functional due to certain mutational events (Figure 13). In D.
melanogaster 142 cis-regulated coding genes have been identified to come from
ancestral nongenic sequences (Zhao et al. 2014). A total of 60 putative coding genes
originated de novo seem to be present in the human genome since its divergence from
the chimpanzee (Guerzoni and McLysaght 2011). These genes are suggested to be
potential sources for the great phenotypic differences shown between humans and

chimpanzees.

A-specific
/’ enabling mutation
RNA Peptide

A ATGGCG-ATACGTAGATCGC... f f

B ATGGCGAATACGTAGATCGC ?
ATGGCGAATACGTAGATCGC ‘
C ATGGCGAATACGTAGATCGC ?
in-frame
inferred ancestral sequence 4'/ \\" stop codon

Hypothetical example of a lineage-specific gene arised by de novo gene formation.
A single nucleotide deletion shifts a stop codon out of the new reading frame in species A. The
comparison of the homologous sequences among sibling species (B and C) provides information
about the ancestral sequence. The putative novel gene discovery can be confirmed with
experimental evidences. Figure extracted from Guerzoni and McLysaght (2011).

Gene fusion and fission

The fusion of existing genes can also lead to new transcripts with a different function
than that performed by the parental proteins, resulting in chimeric genes (Long 2000).

However, many of the discovered gene fusion events in humans seem to be related to
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different diseases, mainly cancer (Mitelman et al. 2007). In Drosophila 14 chimeric
functional genes have been recently identified (Rogers and Hartl 2012). The analysis of
their sequence evolution as well as their expression pattern revealed that somehow
they play an important role in adaptive evolution. On the other hand, by the gene
fission process a single transcript can break into multiple transcripts carrying
independent functions. For instance, the monkey-king gene (mkg) family, conserved in
four related Drosophila species, is an example of a young gene family originated by gene

fission (Wang et al. 2004).
Horizontal gene transfer

Organisms can transfer genes from each other (reciprocally or not) by horizontal (or
lateral) gene transfer (HGT), i.e. genes are not sexually inherited from parents to
progeny but they come from distantly related genomes (Roger 1999). Horizontal gene
transfer is a common process between bacterial microorganisms, but only a few
evidences have been reported for gene transfer movements between eukaryotic and
prokaryotic genomes (Dunning Hotopp et al. 2007; Acufia et al. 2012). In addition
eukaryote-eukaryote gene transfer has been also reported between fungi (Keeling and
Palmer 2008) and it is though that the number of gene transfers between eukaryotes is
underestimated as a consequence of the limitations associated to the methods used to
detect HGT. Although nonsexual transmission of genetic material cannot be strictly
considered a mechanism of gain of new genetic material, since the gene previously exist

in other species, it has an important evolutionary impact (Keeling and Palmer 2008).

2.7 Regulatory changes in adaptive evolution
It has been clearly demonstrated that structural changes in genes, as well as the
generation of new genetic material, have an important role in adaptive shifts in

response to environmental changes (Hoffmann and Willi 2008). However, the enormous
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morphological and physiological diversity existing within organisms cannot be explained
only by the contribution of these changes (Wilkins 1998). The structural and functional
constrain of transcription factors (TFs), which are implicated in essential pathways
controlling processes related to organisms’ development, indicate that differences in

gene expression likely impact on morphological diversification.

Hox genes are an essential set of transcription factors considered major regulators of
animal development and it has been shown that both their sequence structure and
genome colinearity are highly conserved among a wide range of species (McGinnis et al.
1990; McGinnis 1994; Kmita and Duboule 2003). This fact suggests that the
accumulation of changes in hox gene expression pattern, rather than structural
alterations in the coding sequence, greatly contributed to animal development
diversification. Consequently, modifications in promoter regions or other regulatory
elements controlling gene transcription, mainly cis-regulatory elements (CRE),
considerably impact on adaptive evolution (Prud’homme et al. 2007). Hox gene
complex’ content and structure have been thoroughly studied in Drosophila (Negre et

al. 2005; Negre and Ruiz 2007).

The study of the evolution of heat shock genes has also revealed the importance of
mutations affecting regulatory patterns in key genes. Heat shock protein (Hsp) genes
are involved in thermal responses. They encode intra-cellular chaperone proteins that
help to protect other macromolecules from degradation, among other functions
(Hoffmann et al. 2003). Hsp genes have been linked with adaptation to thermal
environments across a wide range of organisms (Riehle et al. 2005; Fangue et al. 2006;
Huang and Kang 2007). In Drosophila, differences in the expression of Hsp genes can be
caused by the insertion of TEs in promoter regions of the genomes (Lerman and Feder

2005; Chen et al. 2007).
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As a concluding remark, unlike other kinds of genetic alterations, regulatory changes
are said to be more favored in the process of morphological evolution at a wide range of
taxonomical levels since they are able to generate novelty by exploiting available

genetic components.
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3. OBJECTIVES

The recent availability of new sequencing technologies has made it possible to
explore genome sequences and to assess the DNA changes directly involved in
responding to environmental shifts. In this work we seek to identify genetic changes
responsible for the peculiar ecology of two cactophilic species: D. buzzatii and D.
mojavensis. To accomplish this objective we have focused on the adaptive value of two
genomic features: chromosomal inversions and genes evolving under positive selection.
Accordingly, this thesis is divided in two main objectives and eight specific objectives. In
the first part we characterize all the inversions fixed in the chromosome 2 of D.
mojavensis, the most dynamic of the five major chromosomes, and analyze their
genomic distribution as well as their molecular causes and functional consequences. In
the second part, the genomes of D. mojavensis and D. buzzatii are compared, allowing
us for the analysis of the evolutionary patterns across genome sequences as well as the
detection of genes under positive selection and other genomic features likely affecting

niche specificity. A brief description of the proposed objectives is presented below.

Objective 1. To characterize the chromosomal inversions fixed in
Drosophila mojavensis

1.1 To compare the organization of chromosomes between D. buzzatii and D.
mojavensis to identify the number and extent of chromosomal inversions fixed
during the divergence of the two species.

1.2 To map and characterize the breakpoints of the chromosomal inversions fixed in D.
mojavensis.

1.3 To provide information on the molecular mechanisms that generated the inversions

fixed in D. mojavensis.
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1.4 To provide an explanation for the accelerated chromosomal evolution of the D.

mojavensis lineage.
Objective 2. To compare the genome sequence of D. buzzatii and D.

mojavensis in order to investigate the evolution of these cactophilic flies at
the chromosome and gene levels.

2.1 To sequence, assemble and annotate the genome of D. buzzatii.
2.2. To study the developmental transcriptome of D. buzzatii

2.3 To compare single copy orthologs between D. buzzatii and D. mojavensis in order to

characterize the patterns of molecular divergence.

2.4. To find genes under positive selection and lineage-exclusive genes in cactophilic

flies that might presumably be involved in adaptation to ecological conditions.
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4. RESULTS

4.1 Gene alterations at Drosophila inversion breakpoints provide
prima facie evidence for natural selection as an explanation for rapid

chromosomal evolution

YOLANDA GUILLEN and ALFREDO RUIZ (2012) Gene alterations at Drosophila
inversion breakpoints provide prima facie evidence for natural selection as an

explanation for rapid chromosomal evolution. BMC Genomics 13: 53.
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Abstract

| gene transposition, position effects

Background: Chromosomal inversions have been pervasive during the evolution of the genus Drosophila, but
there is sianificant vanation between lineages in the rate of rearrangement fixation, 0. mojavensis, an ecological
specialist adapted 1o a cactophilic niche under extreme desert conditions, is a chromosomally derived species with
ten fixed inversions, five of them not present in any other species.

Results: In order to explore the causes of the rapid chromosomal evolution in D. mojavensis, we identified and
characterized all breakpoints of seven inversions fixed in chromosome 2, the most dynamic ane, One of the
inversions presents unequivocal evidence for its generation by ectopic recombination between transposon coples
and another two harbor Inverted duplications of non-repetitive DNA at the two breakpoints and were likely
generated by staggered single-strand breaks and repair by non-homaologous end joining, Four out of 14
breakpoints lay in the intergenic reglon between preexisting duplicated genes, suggesting an adaptive advantage
of separating previously tightly linked duplicates. Four out of 14 breakpoints are associated with transposed genes,
suggesting these breakpoints are fragile regions. Finally two inversions contain novel genes at their breakpoints
and another three show alterations of genes at breakpoints with potential adaptive significance,

Conclusions: D. mojovensis chromosomal inversions were generated by multiple mechanisms, an observation that
does not provide support for increased mutation rate as explanation for rapid chromosomal evolution. On the
other hand, we have found a number of gene alterations at the breakpoints with putative adaptive consequences
that directly point to natural selection as the cause of D. mojavensis rapid chromosomal evolution.

Keywords: Inversion breakpoints, mutation rate, chromosomal evolution, transposable elements, gene duplication,

Background

Chromosomal inversions are a common feature of genome
evolution in many groups of animals and may play a sig-
nificant role In adaptation, speciation and sex chromo-
some evolution [1-4]. The rate of rearrangement fixation
varies significantly within and between animal groups
12,5]. The genus Drosophila shows one of the highest rates
in all eukaryotes [6-8] at least partially because special
cytological mechanisms in Diptera allow heterozygotes for

* Comespondence: Alfredo Rulpusbcat
Depertament de Gendtica | de Merobiciogls, Universitat Autdnome de
Barcciona, 06193 Bellmerra (Barcclonal, Spain

() BioMed Central

paracentric inversions to circumvent the production of
ancuploid gametes [1]. A striking extent of variation in
rearrangement rate has been reported among different
Drosophila lineages [6,9-12], For instance, the fixation rate
of inversions is higher in the Sophophora subgenus than
in the Drosophila subgenus [10]. Also particular lineages
such as D. miranda or D. yakuba exhibit an unusually
rapid rate of chromosomal evolution [9,11]. Four factors
may contribute to the variation among lineages in the rate
of chromosomal rearrangement: generation time, popula-
tion size, mutation rate and fitness effects of rearrange-
ments. However, the actual reason for such variation is
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unclear and different studies invoke different explanations
[9-12].

Chromosomal inversions can be generated by two major
mechanisms. The first of them is ectopic recombination
(or non-allelic homologous recombination, NAHR)
between transposable elements (TEs) [13-15), segmental
duplications [16,17] or short repeat sequences [18). When
ectopic recombination occurs between two copies of a TE
inserted in opposite orientation at two different chromoso-
mal sites, the resulting inverted chromosomal segment will
be flanked by two chimeric TE copies bounded by
exchanged target site duplications (TSD) [14,15]. The sec-
ond mechanism is chromosomal breakage and erroncous
repair of the free ends by non-homologous end-joining
(NHE]) [19]. Breakages can be simple double-strand
breaks (DSB) or staggered single-strand breaks (SSB). In
the second case, the consequence is the generation of
inverted duplications at both sides of the inverted segment
[11,20]. Thus, inversions generated in this way can be
recognized by duplicated DNA segments (originally sin-
gle-copy) in inverted orientation flanking the inverted
chromosomal segment. The relative contribution of the
two mechanisms to the generation of natural Drosophila
inversions is not yet clear. In Dipterans, clear-cut evidence
for the implication of TEs in their generation has been
found for a few polymorphic inversions [15,21-23] but has
never been found for fixed inversions [6,11,24,25], On the
other hand, breakage and repair by NHE] may be the
prevalent mechanism in D. melanogaster and its close
relatives [11].

Several explanations have been put forward for the
spread of inversions in populations [3]. Although in princi-
ple inversions could be neutral or underdominant and
spread by genetic drift, this Is probably unusual in Droso-
phila species given their elevated effective population size,
of the order of 10° [26,27]. The traditional explanation for
the adaptive significance of inversions is based on their
recombination-reducing effect [28] that keeps together
alleles at loci with epistatic effects on fitness, the “coadap-
tation” hypothesis [29]. An alternative model proposes
that inversions capture a set of locally adapted genes and
protect them from recombination with immigrant chro-
mosomes [4,30]. Finally, inversions may spread in popula-
tions due to the direct mutational effects associated with
their breakpoints, the “position effect” hypothesis [31].
This latter hypothesis has received so far little attention
[32] but the relatively high gene density and compact
structure of Drosophila genome (> 90% of euchromatin
has functional annotations) [33,34] make position effects
most likely. Available genomic sequences [35] provide the
opportunity to investigate the structure of inversion break-
points and ascertain their functional consequences,

Drosophila mojavensis has been an excellent model for
the study of the genetics of ecological adaptation and
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speciation for more than fifty years [36-38] and it is
now a useful model for genomic studies as the complete
genome sequence is available [35,39]. D. mojavensis is a
cactophilic species in the repleta group endemic to the
deserts of the Southwestern USA and Northwestern
Mexico, chiefly the Sonoran Desert (Arizona, Baja Cali-
fornia and Sonora) the Mojave Desert and Santa Cata-
lina Island in southern California. Natural populations
are genetically differentiated and use different primary
host plants, Stenocereus gummosus (pitaya agria) in Baja
California, Stenocereus thurberi (organ pipe) in Arizona
and Sonora, Ferocactus cylindraceous (California barrel)
In Southern California and Opuntia spp. on Santa Cata-
lina Island [40-42]. The ecological conditions of the
Senoran Desert are extreme (dry, arid and hot according
to Koppen classification [43]) as attested by the fact that
only four Drosophila species are endemic [41]. Accord-
ingly, D. mojavensis is unusually thermotolerant and
desiceation resistant [44-47]. In addition, D. mojavensis
is the exclusive inhabitant of its chief host plants over
most of its distribution range, in part because they con-
tain large amounts of unusual lipids and triterpene gly-
cosides that make them unsuitable for other Drosophila
species [48,49].

The salivary gland chromosomes of D, mojavensis and
its close relatives D. arizonae and D. navojoa were cytolo-
gically analyzed and the D. mojevensis standard chromo-
somal arrangement seemingly contain ten fixed
inversions compared to Primitive I (the ancestor of the
repleta group), one in chromosome X (X¢), seven in
chromosome 2 (2¢, 2f, 2g, 2h, 2q, 2r and 2s) and two on
chromosome 3 (3a and 3d) [50,51]. Five inversions (3d,
Xe, 2q, 2r and 25) are exclusive to D. mojavensis whereas
the rest are shared by other cactophilic Drosophila of the
mulleri complex (see Figure 1), Thus, D, mojavensis is a
chromosomally derived species that contains the highest
number of fixed inversions in the entire mulleri complex
[52]. Only one of D. mojavensis inversions (Xe) has been
previously characterized at the molecular level [53], Here
we characterize all inversions fixed in D. mojavensis
chromosome 2, the most dynamic of the five major chro-
mosomes, and explore the causes of its rapid chromoso-
mal evolution. Using comparative mapping of BAC-end
sequences from D. buzzatii onto the D. mojavensis gen-
ome (sce Figure 1), we identify the breakpoint regions of
all inversions. We then annotate them by comparison
with the genome of D. virilis, the closest relative with a
sequenced genome [35] that represents the ancestral
(non-inverted) arrangement. Our results provide infor-
mation on the multiple causes that generated these inver-
sions, reveal unreported associations of inversion
breakpoints with duplicated and transposed genes, and
shed light on the functional consequences of D. mojaven-
sis inversions. Overall, our results suggest that rapid
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Figure 1 Fhylogenetic relationships and divergence times for
seven species of the Drosaphila subgenus. S species (0
bezzar, D longicorms, 0 moyovensis, D, arlronoe, D navojor and D
muberd] belong o the replena species group and the chromosome 2
imversions fved in the 0 mofvenss and 0 buzsald lineages are
indicated [31.53], Pimitiee | is the most recent commeon ancestor of
O mojevensis and O burzati [$2) 0 wirlls i the outgroup species,
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and divergence times are taken from [38, DCSG, Oliveira, F.C
Almeida, P, O'Grady, WL Etges, MA. mella and B, DeSalle,
personal communication]

chromaosomal evolution in [0 maofavensis is not due to an
increase in the rate of inversion generation but to its
adaptation to the extremely harsh environment of the
Sonoran Desert that was accompanied by strong natural
selection,

Results

Identification of syntenic segments and breakpoint
regions

We sequenced the ends of 1,152 I buzzatii chromosome
2 BAC clones [54] and 1,870 BAC-end sequences (BES)
mapped onto O majavessis chromosome 2 (see Methods
for details). By comparing the chromosomal localization
of the markers, we identified 20 syntenic segments (Addi-
tional file 1), £ seajavensis scaffold 6540, corresponding
to chromosome 2 [55]; is 34,148,556 bp long (coordinates
begin at centromere). The most proximal marker in our
map (segment 20) was located at position 1,721,255 bp
whereas the most distal marker (segment 1) was located
al position 34,039404, e only 109 kb from the end of
the scaffold. The largest segment was number 15 with
5.926.5 kb and 426 markers whereas the smallest one was
number 16 with 50.5 kb and 9 markers. The second-
smallest segment was number 7 with 80.7 kb and 2 mar-
kers. This latter segment was exceptional as it was
detected using comparative information from BAC clone
1B03 that has been fully sequenced [58]. In general, the
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markers were distributed homogeneously along the chro-
mosome as indicated by the highly significant correlation
(r* = 0,95, P < 0,001} between segment size and number
of markers. The 20 syntenic segments amount to
30,830,590 bp, representing ~90.3% coverage of chromo-
some Z. The missing 3,317.966 bp are distributed
between the endmaost chromosomal regions (~5.3%) and
the 19 breakpoint regions {~4.4%).

Estimating the genomic distance

The order. sive and orientation of the 20 conserved syn-
tenic segments are shown in Figure 2. This breakpoint
graph [57] contains nine cycles (represented with differ-
ent colors), namely eight rectangles and a more complex
cycle comprising two concatenated rectangles, suggesting
that eight inversions and a more complex rearrangement
are fixed in chromosome 2 since the divergence between
D, buzzatii and D, mejavensis, GRIMM software [58]
indicated that a minimum of 10 inversions are needead to
transform the 0. buzzatii chromosome 2 into that of
D, mojavensis (Figure 3). Because there are 20 syntenic
segments and 19 breakpoints, this implies one breakpoint
reuse, Mrevious work in our anurnl:;'rr}r [12] determined
that three inversions, Zm, 2r and 2=°, have been fixed in
chromosome 2 of 0. buzzatii since its divergence from
Primitive 1, the most recent common ancestor with
L. mojavensis (Figure 1). Furthermore, the breakpoints of
these three inversions have been isolated and sequenced
[59]. Inversions 2w and 2w are arranged in tandem and
share the middle breakpoint. Thus we identified the com-
plex cvele in the breakpoint graph (Figure 2) as corre-
sponding to the 2ma rearrangement and determined that
seven inversions have been fixed in D, mojavensis since
divergence from Primitive 1. These seven inversions
entall 14 breakpoints, Le. they have independent break-
points, GRIMM software [58] was run again to compare
the arrangement of D mejavensis chromosome 2 with
that of Primitive | (inferred by subtraction of the three
inversions fixed in £ buzzatii). The result was the single
seenario shown in Figure 3.

In order to compare the inversions proposed by
GRIMM with those detected previously using cvtological
miethods (see Introduction), we located on the D buzzatii
physical map [54] those clones that mapped on each
D mojavensis breakpoint region and identificd the chro-
mosemal bands invelved in each case. We corroborated
the inversion breakpoints identified by cytogenetics and
those detected by bisinformatics with an accuracy of three
to five bands. Rearrangements detected cytologically and
those proposed by GRIMM (Figure 3) did not only match
in number but also the regions involved in each of them
were in agreement, allowing for the differences between
the precision of both technigues. However, three cvtologi-
cal breakpoint coincidences were not corroborated at the
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sequence level. The general agreement between cytoge-
netics and bioinformatics Is remarkable because often
these two approaches to chromosomal evolution seem to
provide discordant results [60,61]. For instance, in Droso-
phila, comparative mapping has sometimes revealed fixed
inversions overlooked by previous cytological studies
[11,62,63].

Delimitation and annotation of breakpoint regions

Among the seven chromosome 2 inversions lixed in the
D. mojavensis lineage, three (2f, 2g and 2¢) are shared
between diverse species of the mulleri complex and must
be between 7 and 11 myr old (Figure 1); another one (24)
Is shared between D. mofavensis and D, arizonae only
and should be between 2 and 6 myr old (Figure 1); the
remaining three inversions (2g, 2r and 2s) are exclusive
of D. mojavensis and thus must be relatively young (less
than 2 myr, Figure 1), We initially identified the 14
breakpoint regions of these seven inversions as those
sequences between syntenic segments (Additional file 2).
These regions varied between 9,776 bp and 480,695 bp,
In order to narrow down the size of these regions, the

corresponding sequences were blasted against the D. viri-
lis genome (see Methods), which represents the parental
(non-inverted) chromosome (Figure 1), We expect that
breakpoint regions for each inversion will appear in D.
mojavensis genome as AC (distal) and BD (proximal) but
in D, virilis genome as AB (distal) and CD (proximal).
Similarity comparisons of AC, BD, AB and CD sequences
allowed us to reduce the size of the breakpoint regions to
between 259 bp and 91,812 bp, on average 8.3% of the
original breakpoint regions (Additional file 2). Five break-
point regions were further reduced to about 71.1% of
their previous size (on average) by excluding the coding
sequences of orthologous genes. Once the new limits for
the 14 breakpoint regions in D. mojavensis were estab-
lished, we analyzed the similarity between the two break-
point regions of each inversion using BLAST 2 sequences
[64]. A summary list of the genes adjacent to the 14
inversion breakpoints is shown in Table 1 and a detailed
annotation of the breakpoint regions of each inversion is
shown in Figures 4, 5 and 6 for the most recent inver-
stons (25, 2r and 2g) and Additional files 3, 4, 5 and 6 for
the rest. TE content of all the breakpoint sequences (see
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Figure 3 Order and orientation of the 20 chremosome 2 conserved segments during the divergence between D, buzzetil and D
mojaversls. The genomic dstance between the twi species caloulated wing GRIMM software was 10 imversions When invversions 2m, 2n and
".r' fixech imv £ Becznani [12.59] wene sdracted, GRIMM software vielded a single scenario with seven inversona (2c 20 A 26 20 2 andd ) Fised

from Frimithe | to 08 mopavensis.

Methods) is summarized in Additional file 7. Our analy-
sis of the breakpoints provides significant information on
the causes and consequences of the seven chromosome 2
inversions fixed in £, mofaversis (Table 1) that we pre-
sent in the following sections.

Generation of chromosomal inversions

In arder to test for the implication of TEs in the genera-
tion of the seven inversions, we analveed the TE content
of the breakpoint regions and detected copies of a TE at
both co-occurrent breakpoints in three inversions: 25, 2r

and 2c (Table 1). One of them, inversion 25, provides
compelling evidence for the implication of the transpo-
son BuTS [65] in its generation. At the distal breakpaint,
a 981-bp copy of SuT5 was found bounded by the 9-bp
sequences AAGGCAAGT and CTGTATAAT (Figure 4).
Al the proximal breakpoint, we uncovered a 27-bp Bu TS
fragment comprising 12 bp identical to one end and 15
bp identical to the other end, and thus resembling the
footprints that transposons often leave behind at the
donor site following excision [66,67] bounded by the 9-
bp sequences ACTTGCCTT and ATTATACAG. These
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Table 1 Chief features of inversion breakpoint regions in D. mojavensis

Inv Breakpoints and TE coples at co-
adjacent occurrent breakpoints

genes in D,
mojavensis

Inversion-associated
Inverted duplications

Preexisting duplications in
parental genome

Transposition-associated genes and D, virilis Gene gains (bold) and
lineage specific genes (underlined) putative position effects
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sequences can be interpreted as TSD produced at the
time of the transposon insertion and its exchanged
arrangement (ACTTGCCTT and CTGTATAAT are the
inverted complementary versions of AAGGCAAGT and
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ATTATACAG, respectively) provides unequivocal evi-
dence for the generation of inversion 2s by ectopic
recombination between BuTS5 copies. Recently work in
our laboratory has shown that an inversion fixed in
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D. uniseta, another related species that belongs to the
buzzatii complex [56], has also been generated by ectopic
recombination between BuT5 copies,

Two of our inversions provide evidence for generation
by chromosomal breakage and erroneous repair by NHE]
[11,19,20] (Table 1). In the breakpoints of inversion 2/
we found evidence for a duplication of a 7.1-kb long seg-
ment containing three genes, CG1792, Dmoj\GI23402
and pasha (Additional file 3). When the two D. mojaven-
sis breakpoint regions AC and BD were compared, we
uncovered 10 blocks of similarity (E-value < 9¢-10) 45 to
641-bp long. These blocks are scattered in a 7,151-bp
segment containing genes CG1792, Dmoj\GI23402 and
pasha in the AC breakpoint, and within a 2,676-bp seg-
ment including Dmoj\GI23123 in the BD breakpoint
(Additional file 3). This duplication can be explained by
staggered SSB at the distal breakpoint in the parental
chromosome. In the distal breakpoint of the derived
chromosome (AC) the segment seems intact and the
three genes fully functional whereas in the proximal
breakpoint (BD), this segment has been reduced to 2.7 kb
by several deletions (Additional file 3). Because the dupli-
cation was caused by the inversion, we estimated the age
of the 2k inversion using the divergence of those frag-
ments non-coding for proteins and the Drosophila neu-
tral substitution rate of 0.0111 [68] as 4.4 myr, which is
in agreement with the phylogenetic distribution of inver-
sion 2/t (Figure 1). In the breakpoints of inversion 2g
there are also inverted duplications. In this case, stag-
gered SSB likely occurred at both breakpoints involving a

~1-kb segment at distal breakpoint (AB) and a 4.3-kb
segment at proximal breakpoint (CD) (Figure 6). We esti-
mated the age of inversion 24 using the same procedure
as before as 1.4 myr, a figure fully compatible with the
phylogeny (Figure 1). There is a third case, where dupli-
cated genes (GstD1) in opposite orientation are found at
the two inversion 2¢ breakpoints (Additional file 6).
However, this observation is best interpreted as a break-
age occurring at a preexisting duplication (see below).

Preexisting gene duplications at breakpoints

We found four cases where inversion breakpoints fall
between duplicated genes, i.e. there were preexisting
gene duplications at the breakpoint regions (Table 1). In
order to determine if this is in concordance with the
random expectation, we estimated the number of inter-
genic regions localized between duplicated genes in
D. mojavensis chromosome 2. Genes in this chromo-
some encode 3,407 out of the 14,595 D. mojavensis pre-
dicted proteins (23.34%). Thus there are 3,406 putative
intergenic regions in this chromosome. According to the
previous established criteria to consider two genes as
duplicated copies (see Methods), we detected 215 inter-
genic regions between duplicated genes along the entire
chromosome. We compared the two proportions by
three different statistical methods. The ¥ test with and
without Yates correction (3” = 11.526, P = 0.0007 and
%* = 8.111, P = 0,004, respectively) indicated that 4/14
is significantly higher than the proportion expected at
random (215/3406). Fisher exact test (P = 0.0098)
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corroborated this result. It could be argued that break-
points are distributed at random in non-coding inter-
genic regions and that duplicated genes accumulate
more breakpoints because their mean intergenic dis-
tance is longer than that between non-duplicated genes.
We tested this possibility by calculating the intergenic
distance for both duplicated and non-duplicated genes
in D. mojavensis chromosome 2. A t-test showed that
means are significantly different (t = 3.84, P = 0.0001),
but the mean distance between duplicated genes is actu-
ally the shortest one. Thus, we conclude that there is an
excess of breakpoints localized between duplicated
genes with respect to the random expectation. Pre-
viously, another D. mojavensis inversion (Xe) was found
to have a breakpoint adjacent to a gene duplication [53]
and in primates, rearrangement breakpoints have been
sometimes observed in the midst or adjacent to clus-
tered gene families [69,70].

Two explanations can be put forward for these observa-
tions, Firstly, duplicated genes might cause instability and
increased rate of DBS [71] or might be breakage “permis-
sive” regions [70]. Alternatively, we suggest that the mobi-
lization of a duplicated gene may entail in some cases
beneficial position effects that might help the inversion to
be fixed within the species. Two duplicated genes may
have their evolution constrained because of shared regula-
tory sequences, their co-location in the same chromatin
regulatory domain, or sequence homogenization by fre-
quent conversion and ectopic recombination events. The
re-location of one of the copies to a different chromoso-
mal region might produce beneficial changes in the regula-
tion of expression for one or the two copies and/or release
them from evolutionary constraints (see below),

Association of inversion breakpoints with gene
transposition events

Gene content of chromosomal elements is generally con-
served in the genus Drosophila although gene order has
been scrambled extensively by fixed paracentric inversions
[6]. However, there have been a number of genes that
have been relocated between or within chromosomal ele-
ments by gene transposition or retroposition [72-74]. We
searched the 28 genes adjacent to D. mojavensis inversion
breakpoints in the 12 Drosophila genomes [35] for evi-
dences of gene transposition and found that there are
three genes involved in interchromosomal transposition
events (Lsplbeta, Dmoj\GI22722 and CG32344) and
another one (Dmof\G124456) is likely involved in a intra-
chromosomal transposition (Table 1). Furthermore, two
genes are present in the D. virilis breakpoints regions but
not in D. mojavensis and thus are likely also transposed
genes. Finally, a large DNA block including several clusters
of Histone genes have been inserted in the proximal
breakpoint of inversion 2r (Figure 5).

Page 9 of 18

In order to test for an association of inversion break-
points and gene transpositions, we first determined that
69 out of 514 interchromosomally relocated genes [73]
are located in D. mojavensis chromosome 2. Then we
compared our proportion of interchromosomal gene
transpositions (3/28) to the general chromosome 2 pro-
portion (69/3,407). The 3" test with and without Yates
correction (x° = 642, P = 0,0113; * = 1022, P = 0.0014),
and the Fisher exact test (P = 0.0199) indicated that 3/28
is significantly higher than the relation expected at ran-
dom. This test is conservative as we did not take into
account the putative intrachromosomal transposition of
Dmoj\GI24456, the two D. virilis lineage specific genes
or the 90-kb insertion at 2r proximal breakpoint (see
below). The association of inversion breakpoints and
transposed genes is likely the result of the “fragility” or
“permissivity” of these regions [8]. A clear example is the
2g¢ distal breakpoint region in D. virilis where three genes
(Dvir\GJ23449, Dvir\GJ23779 and CG32344) have trans-
posed to this region from different sources.

The 2r proximal breakpoint (BD) harbors a big block of
DNA (~90-kb) not found in any of the D. virilis break-
points. This block contains at least five tandemly arranged
coples of the Histone gene duster [75,76). The exact num-
ber of copies cannot be determined due to the presence of
a ~10 kb sequence gap bounded by histone genes from
different clusters. The block also comprises a large num-
ber of fragments annotated as repetitive sequences (110
ReAS elements that amount up to ~45% of the sequence).
These elements tend to occur at regular intervals with a
periodicity similar to that of the Histone gene clusters, In
D. melanogaster the Histone complex (HIS-C) Is located in
chromosomal arm 2L (Muller element B) and comprises
~100 tandemly arranged copies of a cluster containing five
Histone genes (Hisl, His2B, His2A, His4 and His3) [75,76).
Histone genes are often involved in transposition events.
In the repleta group species, the ancestral and chief HIS-C
(named HIS-C1) is likely located at chromosome 3, but
there are other derived and probably smaller complexes
(named HIS-C2) at chromosomes 3 and 4, implying at
least two transposition events [62]. The insertion of a ~90-
kb block containing several Histone gene clusters in the 2r
proximal breakpoint (BD) seems to represent yet another
transposition event, which is probably specific to D. moja-
vensis. This block is not found in D. virilis in any of the
two breakpoints and was not found in D. mulleri or
D. buzzatii by in situ hybridization [62]. We suggest that
the occurrence of this ~90-kb block is the result of the
reintegration of an extrachromosomal circular DNA frag-
ment (eccDNA) replicated by rolling circle replication [77]
perhaps at the time of the inversion generation (when
DSBs were available). This hypothesis explains the fact
that this large insertion contains tandemly repeated coding
(Histone) genes and TEs,
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Gene gains and changes in gene structure and/or
expression

Two novel genes have been generated at the D. mojavensis
breakpoints (Table 1), The gene Dmoj\GI23123, localized
at 2/ proximal breakpoint (BD), comprises two exons
encoding a 94-aa protein (Additional file 3). A similarity
search indicated that it is related to the gene pasha (part-
ner of drosha, CG1800), that is found in the distal break-
point (AC). pasha has five exons and encodes a 655-aa
protein with a double-strand RNA binding domain that is
involved in primary miRNA processing, among other bio-
logical processes. Amino acid identity between Dmoj
\G123123 and pasha proteins is 93.5% over a 46-aa seg-
ment. Gene Dmoj\GI23123 has an unknown molecular
function but a protein domain PTHR13482 involved in
nucleic acid binding was detected with Interproscan (78],
In addition it is expressed according to modENCODE
D. mojavensis DB http://www.modencode.org/, suggesting
it is fully functional. This gene arose at the time of the
inversion generation as a consequence of the duplication
of a 7.1-kb segment originally containing three genes:
CGI1792, Dvir\GJ23094 and pasha (Additional file 3), See-
mingly the duplicated copies of CG1792 and Dvir
\GJ2309¢ were partially lost by deletion whereas the dupli-
cated copy of pasha evolved into the novel gene Dmoj
\GI23123.

Another novel gene, Dmof\GI22075, is found at the dis-
tal breakpoint (AC) of inversion 2g (Figure 6). It arose
when this inversion was generated as a consequence of the
duplication of a 4.3-kb segment containing a fragment of
gene CG1208. This gene encodes a 508-aa protein that has
glucose transmembrane transporter activity. Dmoj
\GI22075 comprises three exons encoding a 153-aa pro-
tein with a 75-aa Major Facilitator Superfamily (MFS)
domain [79]. The conservation of this domain indicates
that it is a new functional gene and suggests that it has
retained a MFS function.

Three inversions entail putative changes in gene struc-
ture and/or expression. Two GstDI genes in opposite
orientation were found at the two D. mojavensis break-
points of inversion 2¢ while only one is present in the
proximal breakpoint (CD) of the D. virilis chromosome
(Additional file 6). In order to ascertain the origin of these
two genes, a phylogeny of GstD genes in D. mojavensis
and D. virilis was built (Additional file 8). The two Dmoj
\GstD1 genes are co-orthologs of the Dvir\GstD1 gene
and we estimated the age of the duplication event that
generated them (using divergence at synonymous sites) as
16 myr. Therefore, this duplication event took place before
inversion 2¢ and the inversion breakpoint occurred
between two pre-existing duplicated GstD1I genes. GstD1
genes have been associated with the detoxification of
insecticides as well as other chemical substances present
at larval food sources [80]. Low et al. [81] detected that

Page 10 of 18

positive selection has operated on GstD! and identified
the parallel evolution of a radical glycine to lysine amino
acid change (K171) in D. melanogaster, D. pseudoobscura
and D. mojavensis. Matzkin [82] found additional evidence
for the adaptive evolution of Dmoj\GstDla, a gene that
shows changes of expression level in response to the use
of different host plants as larval substrates [83]. Inversion
2¢ relocated GstDla to a new chromosomal region and
left the other copy GstD1b in the original position. This
might have triggered changes in their gene expression reg-
ulation and/or evolutionary constraints. The two D. moja-
vensis GstD1 proteins differ by 14 aa including the critical
171 residue (where GstDla has lysine but GstD1b has glu-
tamic acid). In addition, according to D. mojavensis mod-
ENCODE DB the relocated GstDla gene has seemingly a
much higher expression level than the gene in the original
location, GstD1b. We suggest that the GstD! duplication
and subsequent separation of the two copies by inversion
2¢ may have had significant consequences for the adapta-
tion of the lineage of D. mofavensis and related species of
the mudleri complex to its cactophilic niche (Figure 1),
The 2r distal breakpoint was localized in D. virilis
between two Hsp68 genes oriented head-to-head (Figure 5).
These two genes have the same structure and size (a single
exon 1,935-bp long encoding a 644-aa protein) and nearly
identical sequence (8 mismatches, 99.6% identity). How-
ever, in D. mojavensis Hsp68a (661 bp) is significantly
shorter than Hsp68b (1,935 bp) and posses two exons
encoding a 152-aa protein (Figure 5). The two genes only
show conservation of a segment encoding 90-aa corre-
sponding to a Heat Shock Protein domain (75% aa identity).
We built a phylogeny of Hsp68 in 11 Drosophila genomes
(D, willistoni is the only of the 12 species lacking Hsp68,
Additional file 9). While a single Hsp68 gene is present in
the six melanogaster group species, two copies oriented
head-to-head are found in D, pseudoobscura, D. persimilis,
D. grimshawi and D. virilis. Thus, this is likely to be the
ancestral state. Nonetheless the phylogenetic tree shows a
high similarity between the two Hsp68 copies present
within each of these four species (Additional file 9) that can
be interpreted as the result of concerted evolution by recur-
rent gene conversion or ectopic recombination [84]. In
D. mojavensis, inversion 2r relocated Hsp68b to a new
chromosomal site along with its upstream regulatory
sequences. A detailed sequence analysis confirms that the
Dmoj\Hsp68b 5" upstream region harbors two cis-regula-
tory motifs called HSEs (heat shock elements) modulating
the expression of this gene [85]. But we also detect a third
HSE, 683 bp upstream of the Dmoj\Hsp68b 5' region, in
opposite orientation to the previous two HSEs. This puta-
tive cis-regulatory motif is likely to correspond to the HSE
of Dmoj\Hsp68a, apparently dragged by the inversion to

the BD region upstream of Dmoj\Hsp68b, In addition, only
~2.5 kb upstream of this gene is the ~90-kb block of
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Histone genes and TEs (see above), Because TEs may influ-
ence chromatin organization [86] and this in turn is a sig-
nificant determinant of gene expression [87,88], the
insertion of this block is likely to have altered the expres-
sion level and/or pattern of Dimoj\Hsp68b. No promoter or
regulatory HSE sequences were detected upstream of Dmof
\Hsp68a but according to D. mojavensis modENCODE DB
this gene is being transcribed. It may be that it has recruited
a new promoter (e.g. a fragment of the transposon Galileo
located 3-bp from the initial codon; see Figure 5) and
acquired a new function or it is on the way to becoming a
pseudogene. It must be recalled that Dmoj\Hsp68a shows
an altered structure and a high rate of sequence divergence
(Additional file 8). In summary, we found that inversion 2r
has induced significant alterations of this gene in both
structure and expression,

A footprint of a BuTS was found in the D. mojavensis
proximal breakpoint of inversion 25, 121 bp from the
start codon of CG10375 (Figure 4), We used McPromo-
ter hitp://tools.igsp.duke.edu/generegulation/McPromo-
ter/[89] to look for the Dmoj\CG10375 promoter. A
unique putative promoter region was located 115-bp 5
from the start codon, This putative promoter region
(~100-bp) includes the BuTS footprint and has a peak
with high score (0.0505) located in region B (across the
breakpoint). In addition it corresponds to a model 1
promoter (DNA replication related element). These
observations contrast with the promoter region of Dmel
\CG10375 that is model 3 (Motif6/Motifl) and has a
narrow peak with a lower score (0.03925) and imply
that the 2s inversion and the BuT5 element have likely
altered the expression of Dmoj\CG 10375, presumably
increasing it. Gene CG10375 has a single Dna/ domain
and is the likely orthologous of human DNAJCS gene, a
member of the Hsp40 family.

Discussion

In this study, we investigated the rapid chromosomal evo-
lution of the D. mojavensis lineage that has fixed ten para-
centric inversions since the repleta group ancestor, ~12
mya (Figure 1). Using D, buzzatii BAC-end sequences [54]
and the genome sequences of D. mojavensis and D, virilis
[35] we mapped, identified, annotated and analyzed all
breakpoints of the seven inversions fixed in D. mojavensis
chromosome 2, the most dynamic element. The results
corroborated previous cytological analyses [51] and
allowed us to provide significant information on the causes
and consequences of these structural changes.

One hypothesis that may explain an accelerated chro-
mosomal evolution rate is an increased mutation rate
that generates more rearrangements per generation.
This possibility was invoked to explain the high rate of
chromosomal rearrangement between D, miranda and
D. pseudoobscura [9]. Because inversions may be
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generated by TEs (see Introduction), one possible cause
of high mutation rate is an increased transpositional
activity. Therefore, it has been suggested that variation
in transpositional activity of TEs might contribute to
variation in rates of rearrangement fixation [12]. How-
ever, an increased mutation rate could also be due to
the presence of other causes, both intrinsic and extrinsic
(e.g. clastogenic chemicals or ionizing radiation). Over-
all, our results do not support this hypothesis because
the inversions fixed in D. mojavensis seem the result of
multiple generation mechanisms. We found direct evi-
dence for the implication of transposon BuTS5 in the
generation of inversion 2s and only circumstantial evi-
dence for the implication of the transposons BuTS and
Galileo in inversions 2c and 2r, respectively. Inversions
2l and 24 harbor inverted duplications of non-repetitive
DNA at the two breakpoints and were likely generated
by staggered single-strand breaks and repair by non-
homologous end joining. Finally, no definitive conclu-
sion can be drawn about the generation of inversions 2f
and 2g. It could be argued that the latter inversions
might have been generated by TEs but subsequent
changes in the breakpoint regions hindered our ability
to find conclusive evidence for their implication, TE
copies might have excised and move to other locations
after generating the inversion (a hypothesis known as
“hit-and-run” [24]), or be deleted due to the high rate of
loss of nonfunctional DNA in Drosophila [90,91]. How-
ever, in the absence of supporting evidence we think
that such inference is unwarranted.

In any case, the generation of inversion 2s by transposon
BuTs is a significant finding because, in Dipterans, the
implication of TEs in the generation of chromosomal
inversions has been demonstrated for a few polymorphic
rearrangements but never for fixed inversions (see Intro-
duction). BuTS is a MITE with unusual features [N. Rius,
A. Delprat and A. Ruiz, personal communication]. It was
discovered in D. buzzatii [65] but is present in the genome
of most repleta group species, implying that it was prob-
ably already present in the ancestor ~16 mya [N. Rius,
A. Delprat and A. Ruiz, personal communication]. In
D. mojavensis is relatively abundant and transpositionally
active but copy density in the dynamic chromosome 2 is
not significantly higher than in the rest of chromosomes.
These observations do not support the increased mutation
hypothesis.

A second explanation for accelerated chromosomal
evolution is an increase of the species’ population size
because the rate of fixation of selectively advantageous
rearrangements is a direct function of population size
[26]. The high rate of chromosomal evolution of the
D. yakuba lineage in comparison with the D. melanoga-
ster lineage was attributed to differences in population
size [11]. The effective population size of D. mojavensis
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has been estimated as ~10% yet there is variation
between populations in Baja California and Mainland
Sonora [92,93]. However, there is no reason to assume
that this is an unusually high figure. Population size of
D. arizonae, its closest relative (Figure 1), is seemingly
higher (or at least not lower) than that of D. mojavensis
[92,93]. In contrast to D. mojavensis, which is fixed for
five species-specific inversions, D, arizonae has only one
[51]. Therefore, population size does not provide an
adequate explanation for D. mojavensis rapid chromoso-
mal evolution.

The third hypothesis is strong natural selection in a new
environment that increases the number of fixed inversions.
D. mojavensis is the only mulleri complex species inhabit-
ing the Sonoran Desert. Other species of this complex,
including its closest relatives D. arizonae and D. navojoa
(Figure 1), live in less harsh environments of central and
southern Mexico, Thus it must be presumed that adapta-
tion to the extreme conditions of the Sonoran desert and
to the exclusive host plants exploited by D. mojavensis
must have required many adaptive genetic changes. Chro-
mosomal inversions in Drosophila have been considered
for decades as adaptive devices that spread in natural
populations driven by natural selection (see Introduction).
In fact there is ample evidence for the adaptive signifi-
cance of polymorphic inversions (those that are segregat-
ing within species) but no such evidence has been
provided for fixed inversions (those that appear as inter-
specific differences). We have found a variety of gene
alterations at the breakpoints of D. mojavensis chromo-
some inversions and propose that these alterations con-
tributed to their adaptive value. Overall, strong natural
selection in a new harsh environment seems the most
plausible cause for D, mojavensis rapid chromosomal
evolution,

The alterations associated with the breakpoints of five
D. mojavensis inversions include two gene gains (Dmoj
\G123123 and Dmoj\GI22075) and three putative altera-
tions of gene structure and/or expression regulation
(Table 1). We discuss these effects in turn. In D. moja-
vensis two new genes were generated associated to
inversions 2q and 2h. As a consequence of the genera-
tion mechanism, staggered breakage and NHE] repair,
duplications of single-copy DNA were present at the
breakpoints of these inversions at the onset. In the case
of inversion 2¢ this duplication included gene CG1208
(except for its first exon and upstream sequences, see
Figure 6). The novel gene Dmoj\GI22075 is shorter than
the original gene CG1208 but retains a MFS domain
and could function as a sugar transmembrane transpor-
ter (if a new promoter has been recruited). In the case
of inversion 2/t the duplicated segment included origin-
ally three genes (see Additional file 3). Only one gene
(Dmof\G123123) seems to have survived. This gene is
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related to pasha (a gene involved in primary microRNA
processing and gene silencing by miRNA) and according
to modENCODE data, it is expressed. We suggest that
novel genes might have contributed to the adaptive
value of these inversions. Novel genes are widely recog-
nized as a source of new functions [94] but inversion-
associated duplication has not been considered a mole-
cular mechanism that can generate new genes until very
recently and only in prokaryotes [20].

The two most recent inversions, 2r and 2s, that are
exclusive to D. mojavensis, show putative alterations of
structure and/or expression of heat shock protein (Hsp)
genes. Hsp genes encode intra-cellular chaperones for
other proteins and have been established as potential can-
didates for thermotolerance [95]. Hsp family harbors
genes constitutively or inducibley expressed [96]. Heat-
inducible genes are regulated by heat shock factor (HSF),
which binds to HSE sequences [97] whereas other heat
shock genes have an Hsf-independent regulation {98]. The
distal breakpoint of inversion 2r separated two previously
linked and very similar Hsp68 genes (Figure 5). One of
them, Hsp68a, remained in its original location but suf-
fered a radical change in structure and sequence. It may
have acquired a new function and expression pattern or
may be in the process of becoming a pseudogene. The
other gene, Hsp68b, apparently kept its HSE regulatory
elements but was relocated to a completely new chromatin
environment and is now found near a ~90-kb block com-
posed of Histone genes and TEs. It is difficult to imagine
that the expression of this gene has not been affected by
these changes. Genes of the heat- inducible Hsp70 family
(to which Hsp68 belongs) are positively related to thermo-
tolerance but overexpression has survival costs and it
seems that Hsp70 concentration has an intermediate opti-
mum [44,99]. Some African populations of D. melanoga-
ster with an exceptional thermotolerance show decreased
levels of Hsp70 expression, caused by the insertion of TEs
in one of the promoter regions of the Hsp70Ba gene [100].
In D. mojavensis an altered expression of Hsp68 genes
could contribute to its exceptional thermotolerance. On
the other hand, the proximal breakpoint of inversion 2s
was located upstream of CG10375, a gene with a Dna)
domain that likely belongs to the constitutively expressed
Hsp40 family. In D. melanogaster, hsp40 is up-regulated in
mutants lacking HSF [98] and probably has an essential
role in thermotolerance [101]. Thus the changes induced
by inversion 2s and BuTS insertion in the promoter of
CG10375 likely conferred an adaptive advantage to
D. mojavensis by increasing its thermotolerance. It can be
hypothesized that the alterations of the heat inducible
Hsp68 genes caused by inversion 2r and the putative posi-
tive effect on the expression level of the constitutive gene
CG10375 caused by inversion 25 were in some way related
and jointly contributed to the D. mojavensis unusual
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thermotolerance. This hypothesis might explain the rapid
and exclusive fixation of both inversions in the D. moja-
vensis lineage.

By no means do we imply that the alterations unveiled at
the breakpoints are the only cause of the D. mojavensis
inversion adaptive significance. Inversions are not simple
point mutations but complex structural changes involving
hundreds of loci that may suffer further mutations along
their evolutionary trajectory. Therefore we consider that
the multiple explanations for the adaptive spread of inver-
sions (see Introduction) are not mutually exclusive alterna-
tives. This means that different inversions may be
successful for different reasons but also that a single inver-
sion may increase in frequency for different reasons along
its trajectory. For instance, an inversion could gain an
initial drive because of the alterations it causes at the
breakpoints and incorporate afterwards interacting muta-
tions that led to coadaptation or that increase local adapta-
tion that further propel the inversion towards fixation. The
molecular explanations for the role of chromosomal inver-
sions in adaptation and speciation are only beginning to

be disentangled.

Conclusions

The breakpoint characterization of seven inversions fixed
in D. mojavensis has provided significant information on
the causes and consequences of these rearrangements,
Multiple generation mechanisms seem to have acted in
this lineage, an observation that does not support a muta-
tional explanation for D. mojavensis rapid chromosomal
evolution, On the other hand, we have found a set of
alterations at the inversion breakpoints with potential
adaptive significance, including novel genes and changes
in structure and/or expression of adjacent genes. Overall,
our results are consistent with natural selection as an
explanation for the rapid chromosomal evolution in this
specialist organism living under extreme ecological
conditions.

Methods

In order to map and characterize the breakpoints of
D. mojavensis chromosome 2 inversions we used a
three-step approach: (1) End sequencing of a set of BAC
clones from D. buzzatii chromosome 2; (2) Mapping of
the resulting BAC-end sequences (BES) onto the
D. mojavensis genome in order to determine the num-
ber and chromosomal span of the inversions fixed during
the divergence of the two lineages; (3) Identification and
annotation of the breakpoint regions using the D, virilis
genome as representative of the parental (non-inverted)
genome. Chromosome 2 of D. mojavensis differs by 42
chromosomal inversions from the homologous element
in D. virilis [6). The use of the D. buzzatii BES allowed us
to identify and characterize those inversions fixed in the
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D. majavensis lineage after its divergence from the
repleta group ancestor (see Figure 1),

BAC end

We selected 1,152 clones from the D. buzzatii BAC
library homogenously distributed along the 28 contigs of
the chromosome 2 physical map [54]. To minimize
redundancy we choose overlapping clones but with dif-
ferent restriction patterns. This was done using the infor-
mation provided by the fingerprinting analysis of BAC
clones that is available at http://www.begsc.ca/platform/
bioinfo/software/ice. The 1,152 clones were rearrayed
into 96 well plates (CHORI, Children's Hospital Oakland
Research Institute) and both ends of each clone were
sequenced (Macrogen Inc., Seoul, Korea) using the uni-
versal T7 primer and the modified universal SP6 primer
(ATTTAGGTGACACTATAGAAGG) for PCR amplifi-
cations at the forward and reverse ends, respectively.
We generated 2,127 reads over 400 bp in length, a suc-
cess rate of 92.32%. Length distribution of BAC-end
sequences (BES) for the two primers were similar with a
pronounced mode around 700-800 bp (Additional file
10). If only high-quality BES (Q=20) are taken into
account, 80.82% of all sequences had over 400 bp in
length. Our goal was to maximize the number of clones
with both ends sequenced (paired BES) to increase cover-
age and the chances to capture all inversion breakpoints.
Thus, a total of 1,004 of the original 1,152 BAC clones
(87.2%) produced paired BES, whereas 119 clones (10.3%)
produced a single BES, All BES were filtered with Gen-
eious” software [102] using VecScreen database in order
to identify and remove additional plasmidic sequences.

Mapping D. buzzatii BES onto the D. mojavensis genome

All D. buzzatii BES were tested for similarity to the
D. mojavensis genome by BLASTN. This multiple search
was carried out with the parameter set ¢’ 1e-20, -W" 7,
“r'2,'-q" 3,-G" 5 and -E' 2 (e-value, word size, reward
for a nucleotide match, penalty for a nucleotide mis-
match, gap opening cost and gap extension cost, respec-
tively). The values of the rest of the parameters were
assigned by default. A masked CAFI1 version of D. moja-
vensis genome, which is available at FlyBase website
ftp://ftp.flybase.net/genomes/aaa/transposable_elements/
ReAS/v1/CAF1_masked/, was used as reference for
these blast searches, The use of a masked genome based
on the ReAS library [103] allowed us avoiding results
with multiples hits due to repetitive sequences, such as
TEs or heterochromatic fragments. Only those hits loca-
lized at chromosome 2, which is uniquely represented
by scaffold 6540 [55], were considered. Of these, we
only took into account the hits that had a minimum
length of 50 bp (10% of sequence mean length, approxi-
mately). The rest of the hits were discarded, including
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multiple hits for different scaffolds (except BLAST out-
puts composed by multiple hits in scaffold 6540 only).
All validated hits, i.c,, those that met the above criteria,
were reordered based on the coordinates of D, mojaven-
sis genome.

From the initial 2,304 BES, 1,933 (83.9%) matched any
region of D. mojavensis genome while 1,870 (81.2%)
mapped onto chromosome 2 resulting in 2,421 hits
(Additional file 10). The number of hits exceeds the
number of BES because some BES yielded more than
one hit. In most cases the hits produced by a single BES
were concatenated, Le. mapped at adjacent sites in the
D. mojavensis genome,

We included in our study a number of BES generated in
previous works [56,59] reaching a total of 2,456 hits.
Assuming that chromosome 2 is ~34 Mb long [55], we
estimated an average density of one hit or marker every
13.8 kb. The distributions of hit size, e-value and percent
identity are shown in (Additional file 10), Hit size was
over 400 bp in 50% of all cases, and we did not obtain hits
with a length lower than 50 bp due to filtering restrictions.
The distribution of e-value was similar for BES from both
primers, T7 and SP6, and shows a prominent peak
(18.32% of all hits) at an e-value equal to 0 (Additional
file 10). Finally, the distribution of percent identity
between the D. buzzatii BES and the D. mojavensis gen-
ome sequences showed a bell-shaped distribution with an
average value of 83.1% (Additional file 10),

A revised version of D. buzzatii physical map of
chromosome 2

The published version of D. buzzatii physical map [54]
comprises 28 contigs on chromosome 2. Another contig,
1031, has been anchored in chromosome 2 between con-
tigs 1090 and 1181 in a recent mapping work [56]. Here,
only four out of the 29 contigs, 1331, 987, 1330 and
1344, were not mapped to chromosome 2 and accord-
ingly are likely to be misassembles or artifacts. We
removed them from the revised version. The information
provided by the comparative mapping of D. buzzatii BES
onto the D, mojavensis genome allows us to assess the
presence or absence of overlaps or gaps between contigs
and estimate gap size. Supposing that there are no rear-
rangements or large indels involving contiguous
sequences from adjacent contigs, we expect that contigs
overlapping in D. mojavensis will also overlap in D, buz-
zatii, and vice versa. Based on this premise and assuming
that D. buzzatii chromosome 2 has a similar size to that
of D. mojavensis, we deduce that 15 of the putative gaps
between contigs do not exist, i.e. we consider them
closed gaps. In addition, we estimated the size of seven
gaps between contigs of chromosome 2 as 20-240 kb,
Finally, for the remaining two gaps, corresponding to
breakpoint regions (see below), we estimated an upper
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bound for size. In summary, the new version of the map
of D. buzzatii chromosome 2 comprises 10 contigs cover-
ing ~90% of chromosome 2 and contains 9 gaps that
amount to ~5%. The remaining 5% correspond to the
endmost (proximal and distal) regions that remain
unmapped (see below),

Identification of syntenic segments

Each hit in the D. mojavensis genome was associated with
its corresponding clone in the D. buzzatii physical map
[54]. In this way, we could infer the number, arrangement
and orientation of the conserved segments between
D. buzzatii and D. mojavensis, With a single exception
(Additional file 1), no syntenic segments were accepted
with less than nine hits. Only 77 markers (3%) were not
part of any syntenic segment. We guess that these markers
represent common elements scattered throughout the
genome, such as structural or functional domains or regu-
latory sequences, or represent gene transposition events,
Some BES did not map to any D. mojavensis genome
region. This might be caused by incompletely sequenced
reads (those which were few bp long), regions with high
sequence divergence between D. mojavensis and D, buzza-
tii or repetitive fragments. Finally, the centromere was not
included in any syntenic segment owing to the lack of
markers in this region (a masked D. mojavensis genome
was used as reference).

Genomic distance

Once established the order and orientation of all synte-
nic segments in chromosome 2 between D, buzzatii and
D. mojavensis, we estimated the genomic distance
between the two species using GRIMM software [58].
The genomic distance is the minimum number of chro-
mosomal rearrangements that differentiate two species
[104]. The number of rearrangements estimated in this
way was the sum of all inversions that had been fixed in
the two lineages, D. mojavensis and D. buzzatii, since
their divergence from Primitive I [12]. The three inver-
sions, 2m, 2n and 227, fixed in the D. buzzatii lineage
have been previously identified [12] and their break-
points characterized at the molecular level [58]. This
allowed us to subtract them from the total and infer the
inversions fixed in the other lincage, ie. from Primitive |
to D, mojavensis.

Breakpoint analysis

We identified the breakpoint regions as the D. mojavensis
genome sequences located between each pair of adjacent
syntenic segments and estimated their size as the dis-
tance from the final marker in one syntenic segment to
the initial marker in the next syntenic segment. The two
breakpoints belonging to the same inversion were asso-
clated with the aid of GRIMM results. Once the two
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breakpoints of each inversion were identified, we pro-
ceeded to confirm these results by comparing the break-
point regions sequences with D. virilis genome using
FlyBase GBrowse http://flybase.org/cgi-bin/gbrowse/,

D. virilis is the phylogenetically closest species to D.
mojavensis whose genome has been sequenced [35]. For
this reason it was used as reference for the breakpoint
comparative analysis, In order to narrow down the
breakpoint regions, we blasted the breakpoint sequences
against the D. virilis genome CAF1 masked version, also
available at FlyBase website ftp://ftp.flybase.net/gen-
omes/aaa/Transposable_ elements/ReAS/v1/CAFIL_-
masked/. A threshold e-value of 1e-3 was set to take
into account the phylogenetic distance between D. virilis
and D. mojavensis (Figure 1). All the BLASTN searches
were performed with the parameters ~W* 7, 1" 2, '-q" 3,
-G’ 5 and “E' 2. All hits for each breakpoint sequence
were ordered according to D. mojavensis coordinates
and the coordinates defined by the similarity loss
between D. mofavensis and D. virilis were the new
breakpoint limits. A final refinement of the breakpoint
regions was carried out comparing the structures of
those genes adjacent to the breakpoints in D. mojavensis
with their respective orthologs in D. virilis (annotations
extracted from FlyFase http://flybase.org) [105]. If the
exon number and gene size were the same or very simi-
lar in the two orthologs, coding sequences still present
in the D. mojavensis breakpoint regions were excluded
from them, confining breakpoints to the intergenic
space.

To detect orthologs in the D. virilis genome we down-
loaded from FlyBase [105] all the nucleotide sequences
corresponding to the pair of genes adjacent to each D.
mojavensis breakpoint, and then we used them as
queries for BLASTN searches against D. virilis genome,
We considered as ortholog that gene whose sequence in
D. virilis was covered by the most significant hit of that
search. To ensure the results, each BLAST search was
repeated by exchanging the reference genome with D.
mojavensis using as queries those D. virilis genes
sequences putatively identified as orthologs in the first
BLAST results (the Reciprocal Best Hit method, [106]).
The function of genes adjacent to the breakpoints was
inferred from the function of D. melanogaster orthologs
in FlyBase and, for those genes without D. melanogaster
orthologs, by searching for conserved domains using
Interproscan [78] or NCBI Conserved Domain Database
[107].

Search of transposable elements

We generated a database with all the D. mojavensis
breakpoint sequences, Then we identified all the TEs
present at the breakpoint regions by a set of BLASTN
searches against DPDB [108], non redundant nucleotide
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database [109] and RepBase update [110]. We also used
RepeatMasker [111] to detect repeats and TEs. Finally,
we performed a set of BLAST searches against the
breakpoint database using as queries a group of known
TEs: Galileo from D. mojavensis (BK00D6357.1) [112],
Newton-1, Newton-2, Kepler-1 and Kepler-5 from D.
buzzatii {113}, and BuTS from D. mojavensis [N. Rius,
A. Delprat and A. Ruiz, personal communication].

Detection of tandemly arranged duplicated genes

A number of the characterized inversion breakpoints
were located between tandemly arranged duplicated
genes in the parental (D, virilis genome). In order to
test whether this number was expected under a random
breakage model, we analyzed all the intergenic regions
between duplicated genes in D. mojavensis chromosome
2. We first downloaded a database of predicted proteins
for this species available at FlyBase website (version r1.3
of Feb 18, 2010). We extracted from this database all
the proteins encoded by genes in scaffold 6540 (chro-
mosome 2) and reordered them based on their gene
position on this chromosome. Then, we carried out a
search for pairs of similar proteins encoded by adjacent
genes using BLAST 2 sequences (b/2seq) [64] with a
cutoff e-value of 1¢™. Based on the characteristics of
duplicated genes found at breakpoint regions we consid-
ered that a pair of proteins was encoded by duplicated
genes when the sequence identity between them was
over 33% and at least one of the hits was longer than
57% of the shortest query length. Finally we counted the
number of intergenic regions located between duplicated
genes according to bi2seq results.

Additional material

Additional file 1: Size, coverage and coordinates of syntenic
segments between D. mojavensis and D, buzzatii chromasome 2
Additional file 2: Data for g rapping of | breakpoint
regions in the D. mojovensis genome.

Additional file 3: Annotation of inversion 2h breakpoint reglons
Annctation of inversion 2h distal and proximal breakpoint tegions in O
vinlly (non-verted chiromosorne) and D mojaverny (nverted
chromosome). Inverted dupicatiom in the D mogsentls brealponts are
enclosed within dotted boxed, orange color. That In region AC (7.1 &) s
Intact wheteds that in region B0 (1.7 kh) has suffored several defetions,
These duplications were presumably generated by staggered single-
strand brsaks In the parental chromosome représerded by a dotted ted
s flanded by red srows. A fragment of SuT3 & shown o a blue
rectangle in region BD. Ocher symbold as in fgure &

Additional file 4: Annotation of inversion 2g breakpoint regions.
Annotation of Invetsion Jg distal and proximal brealpont regions in O
vl non-rvvertasd chromosome) and D, mognvems ieverted
chromosome). Two 0 vindls Ineage specific genes are sthown a1 grey
rectangles. Other symbols as In Figure 4,

Additional file 5: Annotation of inversion 2f breakpoint reglons.
Annotation of Inverson Y distal and prosdmal breakpont reglons in D
vinlt (non-irverted chitomosome) and D magvensss (Inverted
chromosome). Symbols as In Figuee 4
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muemumxwm
Annotation of inversion X distal and p al breakpoint regions in D
viris (nonvinverted ch 1 and D mag 'anmd
chiomasome). Phiylogenetc analysis of GstD genes (Additional Al §)
Incicates that the X inversion occurmed after the duplication of the
GstD) gene in the parental chromosome. The GstD9 gene has lost Its
function in [ mopvensis becoming a preudogene. Other symboly &3 in
Figuee 4

Additional file 7: TE content of Inversion breakpoint regions in D.
maojavensis

Additional file 8: Neighbor-Joining phylogenetic tree of GstD genes
in D mojavensis and D viellis. Newghbor Joning phylogenetic tree of
D genes in D moovenis and D vl Bootstrap values data for all tee
nodes are shown. Phylogenetic anslysls was conducted with MEGAL
[114] Evolutionary distances were computed using the Mavimum
Composite Likolihood method

Additional file 9: Neighbor-Joining phylogenetic tree of Hsp68
genes of 12 sequenced Drosophila species Miciohbor laning
phyfogenetic troe of Hpld genes of 12 sequenced Drosophila species.
0 peesinii, D pseudoobsana, D grimahaow, D vinlis and 3 majoveris
have two copies of the HspéS gene, while & sechelia. D simufont, O
melanogaster, D. erecea, D yalubo and D anonassoe only one. No Hspéd
gene has been detected in O wilitons: Bootstrap values for o tree
nodes are shown. Phylogenetic anshysis wan catried out using MEGAS
[114). Evolutionary distances were computed using the Masimum
Composte Likelhood method

Additional file 10: Statistics of D. buzzatii BAC end sequences.
Dezmmimdmﬁhwmdammmmwmwmd
distribution of size (B), Evalue (O and % identity (D) for hits g
Mmmmwowmmwb&m
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Additional file 1. Size, coverage and coordinates of syntenic segments between D.

mojavensis and D. buzzatii chromosome 2.

Syntenic _ _ Coverage
segment Begin End Size (bp) (number of markers)

20 1721255 4692600 2971346 183
14 4743675 6104645 1360971 75
18 6137184 7154445 1017262 82
16 7172282 7222783 50502 9

9 7365221 7654616 289396 28
2 7664393 9955684 2291292 233
5 10436380 10941168 504789 61
3 10957988 12125979 1167992 98
8 12137327 12970351 833025 57
11 13067258 13124282 57025 10
7 13151145 13231800 80656 2*
10 13381003 15145288 1764286 155
17 15167727 16621615 1453889 173
13 16659223 16888133 228911 34
19 16903388 19774789 2871402 184
15 19825375 25751837 5926463 426
12 25824411 25953117 128707 30
6 25968812 26375571 406760 13*
4 26441888 31225471 4783584 350
1 31397073 34039404 2642332 172

*The complete sequence of the clone 01B03 was used as a marker (Prada 2010). This
sequence mapped in two different regions of the chromosome 2, one belonging to the
syntenic segment 6 and the other to the syntenic segment 7
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Additional file 2. Genome mapping of inversion breakpoint regions in the D. mojavensis genome.

Neighboring Initial BES mapping Similarity to D. virilis ggnome CDS of neighboring genes
) D. mojavensis BP D. mojavensis BP D. mojavensis BP
Inversion syntenic _ _ _
BP coordinates region coordinates region coordinates region
segments Begin End (hn) Begin End (ho) Begin End (hn)
Distal 3-5 10941169 10957987 16819 10951558 10952204 647
Z Proximal 4-6 26375572 26441887 | 66316 | 26378790 | 26379233 444
Proximal 11-8 12970352 13067257 | 96906 13059356 13061415 2060 13060199 | 13061415 1217
of Distal 10-7 13231801 13381002 | 149202 | 13376979 13377791 813
Proximal 16-18 7154446 7172281 17836 7159934 7161052 1119
2 Distal 15-19 19774790 19825374 50585 19804465 19805612 1148 19804465 19805311 847
Distal 2-9 7654617 7664392 9776 7664068 7664784 717 7664342 7664784 443
2h Proximal 8-3 12125980 12137326 11348 12128366 12129507 1142 12128366 12129293 928
Proximal 5-2 9955685 10436379 | 480695 10420224 10422204 1981
2q Distal 1-4 31225472 31397072 | 171601 31254883 31255399 517
Proximal 9-16 7222784 7365220 | 142437 7230145 7321956 91812
2r Distal 17-10 15145289 15167726 22438 15160462 15162581 2120 15160909 15162581 1673
Proximal 7-11 13124283 13151144 26862 13149238 13149496 259
2s Distal 6-12 25953118 25968811 15694 25966954 25968814 1861




Additional file 3. Annotation of inversion 2h breakpoint regions. Annotation of
inversion 2h distal and proximal breakpoint regions inD. virilis (non-inverted
chromosome) and D. mojavensis (inverted chromosome). Inverted duplications in the D.
mojavensis breakpoints are enclosed within dotted boxes, orange color. That in region
AC (7.1 kb) is intact whereas that in region BD (2.7 kb) has suffered several deletions.
These duplications were presumably generated by staggered single-strand breaks in the
parental chromosome represented by a dotted red lines flanked by red arrows. A
fragment of BUT3 is shown as a blue rectangle in region BD. Other symbols as in Figure
4,
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- O L 2 » ¥y 5 s Yy \/lr
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DvirnGJ2309%4 Dvir\GJ24124 ppk20 ppk21

D. mojavensis

5 ys ¥ Ly y ¥ & ¥ ¥ y & ¥ s
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Dvir\GI23402 s
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Additional file 4. Annotation of inversion 2g breakpoint regions. Annotation of
inversion 2g distal and proximal breakpoint regions in D. virilis (non-inverted
chromosome) and D. mojavensis (inverted chromosome). Two D. virilis lineage specific
genes are shown as grey rectangles. Other symbols as in Figure 4.
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Additional file 5. Annotation of inversion 2f breakpoint regions. Annotation of
inversion 2f distal and proximal breakpoint regions in D. virilis (non-inverted
chromosome) and D. mojavensis (inverted chromosome). Symbols as in Figure 4.
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kb
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Additional file 6. Annotation of inversion 2c breakpoint regions. Annotation of
inversion 2c distal and proximal breakpoint regions in D. virilis (non-inverted
chromosome) and D. mojavensis (inverted chromosome). Phylogenetic analysis of GstD
genes (Additional file 8) indicates that the 2c inversion occurred after the duplication of
the GstD1 gene in the parental chromosome. The GstD9 gene has lost its function in D.
mojavensis becoming a pseudogene. Other symbols as in Figure 4.
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Bk D
2.4kb,
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s ¥ 5 ¥ 5 3
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Additional file 7. TE content of inversion breakpoint regions in D. mojavensis.

Breakpoint
Inversion | Breakpoint | TE library SeAS Name ooordm.hsm Length | Direction » E-value
equivalence = Identity
Begin | End
Pro |___BuTs dmo| 292 BuTS 17 175 59 forward 77 | 3.00E-003
2 ximal [ Repbase Gaieo D willkston 373 | 402 30 | reverse | 867 | 7.35€-003
Distal BuTS dmo]_292 Buts 261 302 42 forward 88 5.00E-008
2 Distal RepBase | dmoj_472 Galleo D. buzzatii 358 409 51 forward 827 6.83E-009
29 | proximal | RepBase i il 960 | 983 | 24 | reverse | 958 | 2716003
2h proximal | RepBase | dmoj_700 BuT3 37 143 107 forward 100 5.36E-005
z dmo] 510 el 1 246 246 reverse 100 1.00E-116
2 | =

V| e | S e 550 > 387 | 467 | 81 | reverse | 100 | S.00E-07
proximal BuTS BuTS 224 250 27 reverse 100 alignment

25 BuTS dmoj_292 ___BuTs 502 1482 | 981 forward 100 0
Distal Gakleo Galileo D. 1555 | 1519 37 reverse 81, 1.82E-004
RepBase | dmo] 487 | Homo3 hAT D.mojavensis 23 501 479 | forward 933 3.29E-125
Repbase dmoj 361 Homob hAT D mojavensis S8 468 m reverse 755 1.03E-015

Proximal** Galileo dmoj 257 Galileo D. mojavensis 520 1308 | 789 forward 86 0
dmo] 472 Galileo D. wilistoni 1308 | 1373 66 forward 75 3.06e-05
Galleo D. ; 12 279 268 | forward 78 8.00E-051
¥ B NOH. | dmbL 27 Galleo D.mojavensis | 1368 | 1430 | 63 | reverse | 83 9 00E-006
distal | RepBase | dmoj 492 Galileo D_walkistoni 573 | 641 69 | reverse | 728 | 2 34E-008
Galileo dmoj 270 Galileo D. mojavensis 547 563 17 forward 882 alignment
RepBase InvaderS D.melanogaster 1305 | 1332 28 reverse 96,4 2.86E-005

*TE non identfied but annotated as ReAS eloments.

“*We only show TEs localized at both ends of the breakpoint region. The region containing the histone clusters and other TEs is not annotated
here due to space restriction.




Additional file 8. Neighbor-Joining phylogenetic tree of GstD genes in D. mojavensis
and D. virilis. Neighbor-Joining phylogenetic tree of GstD genes in D. mojavensis and D.
virilis. Bootstrap values data for all tree nodes are shown. Phylogenetic analysis was

conducted with MEGA4 [114]. Evolutionary distances were computed using the
Maximum Composite Likelihood method.
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Additional file 9. Neighbor-Joining phylogenetic tree of Hsp68 genes of 12 sequenced
Drosophila species. Neighbor-Joining phylogenetic tree of Hsp68 genes of 12 sequenced
Drosophila species. D. persimilis, D. pseudoobscura, D. grimshawi, D. virilis and D. mojavensis
have two copies of the Hsp68 gene, while D. sechellia, D. simulans, D. melanogaster, D. erecta,
D. yakuba and D. ananassae only one. No Hsp68 gene has been detected in D. willistoni.
Bootstrap values for all tree nodes are shown. Phylogenetic analysis was carried out using
MEGA4 [114]. Evolutionary distances were computed using the Maximum Composite Likelihood

method.
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Additional file 10. Statistics of D. buzzatii BAC end sequences. Description: Size distribution of D. buzzatii BAC end
sequences (A) and distribution of size (B), E-value (C) and % identity (D) for hits generated blasting them against the D.
mojavensis genome. See text for details.
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4.2 Genomics of ecological adaptation in cactophilic Drosophila:
hundreds of genes under positive selection in the D. buzzatii and D.

mojavensis lineages

YOLANDA GUILLEN et al. (2014) Genomics of ecological adaptation in cactophilic
Drosophila: hundreds of gene under positive selection in the D. buzzatii and D.

mojavensis lineages. Manuscript submitted.
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ABSTRACT

We have sequenced the genome and developmental transcriptome of D. buzzatii
using second-generation sequencing platforms to analyze the genomic basis of ecological
adaptation in cactophilic Drosophila. D. buzzatii and D. mojavensis, its closest relative
with a genome sequence, belong to the repleta group of the Drosophila subgenus, and
both species feed and breed on decaying cactus tissues. The assembly (Freeze 1) of the D.
buzzatii genome (~160 Mb) comprises 826 scaffolds (< 3 kb) with N50 and N90 indexes 30
and 158, respectively. The 158 N90 scaffolds were assigned to chromosomes X (48), 2 (7),
3(38), 4 (26), 5(35), and 6 (4), as well as ordered and oriented by conserved synteny and
additional information. Transposable elements account for at least 8% of the D. buzzatii
genome. Protein-coding genes (13,657, Annotation release 1) were annotated using ab
initio and homology based algorithms. Using RNA-seq of five life-stages (embryos, larvae,
pupae, adult females and males) we detected expression of 15026 genes, 80% protein-
coding genes and 20% ncRNA genes. Comparison of single-copy orthologs between D.
buzzatii and D. mojavensis revealed an influence of chromosome type, recombination
and fixed inversions on synonymous (ds) and non-synonymous (dn) divergence. In
addition, protein length, exon number, expression breadth and maximum expression
level have a significant effect on ds whereas exon number and expression breadth are
predictors for dn. Using maximum likelihood models implemented in PAML, we detected
in cactophilic flies 1294 genes putatively under positive selection. Besides we found in
cactophilic flies 117 orphan genes coding for proteins with no similarity to any predicted
Drosophila protein. These genes are clear candidates for involvement in adaptation of

these flies to their ecological conditions.
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INTRODUCTION

Comparative genomics provides us with the opportunity to investigate the
evolution of genes and genomes at an unprecedented scale. The sequencing and de
novo assembly of eukaryotic genomes is a feasible, although by no means easy, task
with second-generation sequencing platforms such as Roche 454 or Illumina (Mardis
2008; Shendure and Ji 2008; Baker 2012). With the genomes of two or more related
species in hand, an opportunity is open to investigate questions on the evolution of
chromosomes or particular chromosome regions, protein-coding genes (PCG) and gene
families, non-coding RNA (ncRNA) genes, transposable elements (TE), regulatory
sequences, and so forth. Furthermore, several comparative genomic methods have
been developed to carry out genome-wide scans for genes evolving under positive
selection (Yang and Bielawski 2000; Nielsen et al. 2005; Anisimova and Liberles 2007).
These methods are usually based on the comparison of the nonsynonymous
substitution rate (dN) with the synonymous substitution rate (dS), which under
neutrality should be equal. The ratio w = dN/dS is a measure of selection pressure at the
protein level and a ratio w < 1 indicates purifying selection whereas w > 1 is usually
taken as indication of positive selection. This test to detect positively selected genes is
manifestly conservative at the gene level because different sites can evolve under
different selection pressures or neutrally and therefore will cancel each other out.
However, site models and branch-site models implemented in PAML allow carrying out
the analysis at the codon level thus increasing power (Wong et al. 2004; Zhang et al.
2005; Yang 2007). Positively selected genes are likely to be responsible for the
adaptation of species to their ecological conditions, yet some of them may be

responsible to internal adaptations or to intraspecific or sex interactions.

Drosophila is a leading model for comparative genomics (Drosophila 12
Genomes Consortium et al. 2007; Singh et al. 2009). The Drosophila genus is large and

diverse with > 2,000 known species. Phylogenetic analyses indicate that two main
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lineages exist, which diverged ~60 myr ago (Tamura et al. 2004). One lineage led to the
Sophophora subgenus comprising more than 300 species, whereas the other one led to
the subgenus Drosophila, with about 1700 species. D. melanogaster, a species belonging
to Sophophora subgenus, is a centenary model species for studies in genetics and
development with one of the first sequenced and best annotated eukaryotic genomes
(Adams et al. 2000; Rubin and Lewis 2000, Celniker and Rubin 2003). Furthermore, the
genomes of another 23 Drosophila species have already been sequenced and
annotated, providing a valuable resource for comparative genomics. These species are:
D. simulans, D. sechellia, D. yakuba, D. erecta, D. ficusphila, D. eugracilis, D. biarmipes,
D. takahashii, D. elegans, D. rhopaloa, D. kikkawai, D. ananassae, D. bipectinata, D.
suzukii, D, pseudoobscura, D. persimilis, D. miranda and D. willistoni in the Sophophora
subgenus; D. mojavensis, D. virilis, D. americana, D. grimshawi and D. albomicans in the
Drosophila subgenus (Drosophila 12 Genomes Consortium et al. 2007, 12; Zhou and
Bachtrog 2012; Zhou et al. 2012; Ometto et al. 2013; Fonseca et al. 2013). The ecological
diversity of the completely sequenced Drosophila genomes is considerable including
species inhabiting different geographical locations separated by a wide range of
evolutionary distances (Drosophila 12 Genomes Consortium et al. 2007; Markow and
O’Grady 2007; Singh et al. 2009). This genomic data will make possible to better
understand the patterns of ecological adaptation and genome evolution in a fine-scale

approach.

The repleta species group of the Drosophila subgenus comprises >100 species
living in the deserts and arid zones of the American continent (Wasserman 1982, 1992).
Many of them are cactophilic species that use as feeding and breeding substrates the
decaying stems and fruits of different cacti. The cactus-yeast-Drosophila system in arid
zones provides a valuable model to investigate gene-environment interactions and
ecological adaptation from a genetic and evolutionary perspective (Barker and Starmer

1982; Barker et al. 1990, Etges et al. 1999; Fogleman and Danielson 2001). Some
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Drosophila species are able to colonize cactus widely distributed along different
geographical areas. In contrast, specialist species are restricted to certain environments
and have limited growing conditions (Patterson and Stone 1953; Wasserman 1982,
1992; Vilela 1983). Niche specificity depends on a variety of ecological factors like the
availability of nutrition resources or tolerance to toxic compounds present in the host
plant (Heed 1978; Kircher 1982; Ruiz and Heed 1988). For instance, senita cactus
(Lophocereus schottii) is the unique host plant of D. pachea, one of the four endemic
Drosophila species inhabiting the Sonora Desert (Heed and Mangan 1986). This plant
has a characteristic chemical composition (unique sterols and toxic alkaloids) that make
it unsuitable for other Drosophila species (Kircher et al. 1967). Seemingly a few positive
selected changes in the gene Neverland turned D. pachea into an obligate specialist
(Lang et al. 2012). These results evidenced that the ecological niche can be determined

by few but crucial mutations.

We have sequenced the genome and developmental transcriptome of D. buzzatii
to carry out a comparative analysis with those of D. mojavensis, its closest relative with
a sequenced genome, and other species. D. buzzatii and D. mojavensis belong to the
repleta group of the Drosophila subgenus and diverged ~12 mya (Figure 1). However,
they have different geographical distributions and hostplants. D. buzzatii is a
subcosmopolitan species which is found in four out of the six major biogeographic
regions associated with prickly pear and other cacti (David and Tsacas 1980). This
species is original from Argentina and Bolivia but has now a wide geographical
distribution that includes other regions of South America (Uruguay, Paraguay, Brazil,
Peru, and Chile) and the Old World (lberian Peninsula and Mediterranean Basin) and
Australia (Carson and Wasserman 1965; Fontdevila et al. 1981; Hasson et al. 1995;
Manfrin and Sene 2006). It chiefly feeds and breeds in rotting tissues of cactus from
Opuntia genus (O. ficus-indica, O. quimilo, O. monacantha, O. sulphurea, O. pampeana,

0. aurantiaca) but can also use occasionally columnar cacti (Echinopsis terschekii,
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Cereus hildmannianus) (Hasson et al. 1992; Ruiz et al. 2000). The geographical diffusion
of Opuntia by humans in historical times is considered the main cause of D. buzzatii

world-wide colonization (Fontdevila et al. 1981; Hasson et al. 1995).

D. mojavensis is endemic to the deserts of the Southwestern USA and
Northwestern Mexico, chiefly the Sonoran Desert (Arizona, Baja California and Sonora),
the Mojave Desert and Santa Catalina Island in southern California. Its primary host
plants are Stenocereus gummosus (pitaya agria) in Baja California, Stenocereus thurberi
(organ pipe) in Arizona and Sonora, Ferocactus cylindraceous (California barrel) in
Southern California and Opuntia demissa in Santa Catalina Island (Fellows and Heed
1972; Heed and Mangan 1986; Ruiz and Heed 1988; Etges et al. 1999). The ecological
conditions of the Sonoran Desert are extreme as attested by the fact that only four
Drosophila species are endemic (Heed and Mangan 1986). The analysis of the chemical
composition of pitaya agria and organ pipe revealed that they contain large quantities
of triterpene glycosids as well as unusual medium-chain fatty acids and sterol diols
(Kircher 1982; Fogleman and Danielson 2001). These natural organic allelochemicals
have been related to important biological activities in animals and plants (Natori et al.
1981; Fogleman and Armstrong 1989). Even though it has been proposed that both
chemical and physical aspects of these plants affect the host specificity of D. mojavensis,
there is no clear evidence of this relationship from a genetic point of view (Kircher 1982;

Matzkin et al. 2006).

Here we seek to understand the genetic bases of ecological adaptation by
comparing the genomes of the two Drosophila cactophilic species and another two non-
cactophilic species of the Drosophila subgenus, D. virilis and D. grimshawi (Figure 1). We
estimated the divergence at synonymous and nonsynonymous sites in 9017 orthologous
protein-coding genes between D. buzzatii and D. mojavensis and tested for the effect on
divergence of seven genomic variables. In addition, using maximum likelihood methods,

we carried out a genome-wide scan for genes under positive selection in the D. buzzatii
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and D. mojavensis lineages as well as the shared cactophilic lineage of the Drosophila
subgenus (Figure 1). We postulated that positive selected loci are the main candidates
involved in specific environment adaptation (Lang et al. 2012; Amemiya et al. 2013).
Based on our comparative analyses results we propose that candidate genes under
positive selection likely play a meaningful role in the chemistry of the interactions

between the fruit flies and their host plants.
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RESULTS

Genome sequencing and assembly

We sequenced and assembled de novo the genome of D. buzzatii line st-1 using
shotgun and paired-end reads from 454/Roche, mate-pair and paired-end reads from
Illumina, and Sanger BAC-end sequences (~22x total expected coverage; see Materials
and Methods for details). The resulting assembly (Freeze 1) is considered the reference
D. buzzatii genome sequence (Table 1). This assembly comprises 826 scaffolds >3 kb
long with a total size of 161.5 Mb. Scaffold N50 and N90 indexes are 30 and 158,
respectively whereas scaffold N50 and N90 lengths are 1.38 and 0.16 Mb, respectively
(Table 1). Quality controls performed comparing the reference genome sequence with
five BACs sequenced previously using Sanger and with genomic and RNA-seq reads
generated with Illumina (see Materials and Methods) yielded a relatively low error rate
of ~ 0.0005 (Q33). For comparison, we also assembled the genome of the same line (st-
1) with the SOAPdenovo software (Luo et al. 2012) using only four lanes of short (100
bp) lllumina paired-end reads (~76x expected coverage). This resulted in 10949 scaffolds
>3 kb long with a total size of 144.2 Mb (Table 1). All scaffolds are available for

download from the Drosophila buzzatii Genome Project web page (http://dbuz.uab.cat).

This site also displays all the information generated in this project (see below).

Genome size estimation

The genome sizes of two D. buzzatii strains, st-1 and j-19, were estimated by
Feulgen Image Analysis Densitometry on testis cells (Ruiz-Ruano et al. 2011) using D.
mojavensis as reference. Integrative Optical Density (IOD) values were 21% (st-1) and

25% (j-19) smaller than those for D. mojavensis. Thus, taking 194 Mb (total assembly
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size) as the genome size of D. mojavensis (Drosophila 12 Genomes Consortium et al.
2007) we estimated the genome size for D. buzzatii st-1 and j-19 lines as 153 and 146

Mb, respectively.

Chromosome organization and evolution

The basic karyotype of D. buzzatii is similar to that of the Drosophila ancestor
and consists of six chromosome pairs four pairs of equal-length acrocentric autosomes,
one pair of dot autosomes, a long acrocentric X and a mall acrocentric Y (Ruiz and
Wasserman 1993). Because interchromosomal reorganizations between D. buzzatii and
D. mojavensis are not expected (Ruiz et al. 1990; Ruiz and Wasserman 1993) the 158
scaffolds in the N90 index were assigned to chromosomes by blastn against the D.
mojavensis genome using MUMmer (Delcher et al. 2003). The number of scaffolds in
chromosomes X, 2, 3, 4, 5, and 6 were 48, 7, 38, 26, 35 and 4, respectively (Figure 2).
The seven scaffolds corresponding to chromosome 2 were ordered and oriented using
D. buzzatii BAC-based physical map and BAC-end sequences (Gonzalez et al. 2005,
Guillén and Ruiz 2012). Following Schaeffer et al. (2008), the scaffolds corresponding to
the remaining chromosomes were ordered and oriented using a combination of
conserved linkage and in situ hybridizations (Delprat et al. in preparation). A comparison
of D. buzzatii and D. mojavensis chromosomes using MUMmer (Delcher et al. 2003) and
GRIMM (Tesler 2002) confirmed that chromosome 2 differs between the two species by
10 inversions (2m, 2n, 27, 2¢, 2f, 2g, 2h, 2q, 2r, 2s), chromosomes X and 5 differ by one
inversion each (Xe and 5g, respectively) and chromosome 4 is homosequential (Ruiz et
al. 1990; Ruiz and Wasserman 1993, Guillén and Ruiz 2012). By contrast, chromosome 3
showed six inversions of difference instead of the two inversions expected by previous
cytological analyses, 3a and 3d (Ruiz et al. 1990). The four additional chromosome 3

inversions seem to have been fixed not in the D. buzzatii lineage but in the D.
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mojavensis lineage. One of them is inversion 3f, polymorphic in D. mojavensis, which is
seemingly fixed in the sequenced strain (in contrast to previous reports; Ruiz et al. 1990,

Schaeffer et al. 2008).

Hox genes were arranged in a single complex in the Drosophila ancestor.
However, this HOM-C suffered two splits in the lineage leading to the repleta species
group (Negre et al. 2005). We previously characterized three of the eight Drosophila
Hox genes in D. buzzatii, labial (lab), proboscipedia (pb) and abdominal (abdA) (Negre et
al. 2005). In order to fully characterize HOM-C organization in D. buzzatii, we manually
annotated all Hox genes using EVM and Exonerate predictions (see below) as well as
RNA-seq information (see below) and available information for D. buzzatii, D.
mojavensis and D. melanogaster (Supplemental Table S1). Hox genes are distributed
into three scaffolds (2, 5 and 229) of chromosome 2 (Figure 3). However, our analysis
revealed that the gene Deformed (Dfd) belongs to scaffold 2 although it has been
misassembled into a separate scaffold (229). Thus only two clusters of genes are
present (Figure 3). The distal one contains pb, Dfd, Sex combs reduced (Scr),
Antennapedia (Antp) and Ultrabithorax (Ubx) whereas the proximal one contains lab,
abdA and Abdominal B (AbdB). This is precisely the same HOM-C organization observed
in D. mojavensis (Negre and Ruiz 2007). Therefore there seem to be no additional
rearrangements of the HOM-C in D. buzzatii besides those already described in the

genus Drosophila (Negre and Ruiz 2007).

Repeat content

To assess the transposable element (TE) content of the D. buzzatii genome we
masked the 826 scaffolds of Freeze 1 assembly using a library of TEs compiled from
several sources (see Materials and Methods). We detected a total of 57109 TE copies

covering ~8% of the genome (Table 2). The most abundant TEs seem to be rolling-circle
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Helitrons that cover 3.2% of the genome and the less abundant TIR transposons that
comprise 1.2%. LINEs and LTR retrotransposons represent 1.5% and 1.4%, respectively
(Table 2). In addition, we identified tandemly repeated satellite DNAs (satDNA) with
repeat units longer than 50 bp (Melters et al. 2013) using Tandem Repeats Finder (TRF)
program (see Materials and Methods). The pBuM189 satellite (Kuhn et al. 2008), with
repeat units 189 bp long, was identified as the most abundant tandem repeat family,
covering 0,039% of the genome (Table 3). The second most abundant tandem repeat
family (DbuTR198) is novel, showed repeat units 198 bp long and covers 0,027% of the
genome (Table 3). The remaining tandem repeats had sequence similarity to integral
parts of TEs, such as the internal tandem repeats of the Galileo transposon (data not

shown) (Casals et al. 2006).

Protein-coding gene content

We used different ab initio and homology-based algorithms (NSCAN, SNAP,
Augustus and Exonerate) to annotate protein-coding genes (PCG) in the D. buzzatii
reference genome. Predictions were combined with EVidence Modeler generating
12,102 gene models. We noticed that orthologs for a considerable number of D.
mojavensis PCG were absent from this data set. Thus, we used the homology-based
method Exonerate to detect another 1,555 PCG (Poptsova and Gogarten 2010).
Therefore, we predicted a total of 13,657 PCG models in the D. buzzatii reference
genome (Annotation Release 1). These PCG models contain a total of 52,250 exons with
an average of 3.8 exons per gene. Gene expression analyses (see below) provided

transcriptional evidence for 88.4% of these gene models.

The number of PCG in the D. buzzatii genome is lower than that in the genome
of D. mojavensis (the closest relative) but similar to that in the genome of D.

melanogaster (one of the best annotated eukaryotic genomes) (Supplemental Table S2).
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However PCG in both D. buzzatii and D. mojavensis genomes tend to be smaller and
contain less exons than those in the D. melanogaster genome which suggests that the
annotation in the two cactophilic species might be incomplete. After performing
multiple quality controls on the D. buzzatii PCG set, a total of 12,977 putatively well
annotated coding sequences (CDS) were selected for further analysis (see Material and

Methods).

Developmental transcriptome

To characterize the expression profile along D. buzzatii development we
performed RNA-seq experiments by collecting samples from five different stages:
embryo, larvae, pupae, adult female and adult male. We used lllumina sequencing
platform to generate non-strand-specific paired-end ~100 bp reads from poly(A)+ RNA.
A total of ~286 million filtered reads were mapped to Freeze 1 with Tophat representing

~180 x coverage of the total genome size (see Materials and Methods).

Transcripts were assembled with Cufflinks using the Annotation Release 1 as
reference (see Materials and Methods). PCG models that did not show evidence of
transcription by RNAseq were classified as non expressed PCG. Transcribed regions that
did not overlap to any annotated PCG model were considered non-coding RNA (ncRNA)
genes (Figure 4a). Gene expression levels were calculated based on FPKM values. We
detected expression (FPKM > 1) of 26,455 transcripts and 15,026 genes, 12,066 (80%)
are PCG and 2,960 (20%) are ncRNA genes. The number of expressed genes is highest in
pupae and male adults (12,059 and 12,171 genes respectively) whereas it is much lower
in embryos and larvae (9,760 and 9,519 genes respectively) (Figure 4a). Adult males

express 1,824 more genes than adult females.
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Expression breadth is radically different for PCG and ncRNA genes (Figure 4b). A
total of 6,546 expressed PCG (54.2%) are constitutively expressed (i.e. we observed
expression in the five stages) but only 260 of ncRNA genes (8.8%) are constitutively
expressed. In contrast, 925 expressed PCG (7.7%) and 1,292 ncRNA genes (43.6%) are
expressed only in one stage (Figure 4b). These differences are highly significant (P<
0.0001). Mean expression breadth was 3.9 for PCG and 2.2 for ncRNA genes. Adult
males show more stage-exclusive expressed genes (844 genes) compared to adult

females (137 genes), the group with less number of stage-exclusive expressed genes.

Protein coding gene evolution

A total of 11,154 single-copy orthologs between D. buzzatii and D. mojavensis
were detected (see Materials and Methods). Orthologous proteins usually showed a
similar size in D. buzzatii and D. mojavensis (median sizes 406 and 407 aa, respectively).
However, there were a number of orthologous genes coding for proteins with a length
difference >20%. Because this protein length difference might be due to incompletely or
incorrectly annotated genes (see Materials and Methods), these PCG were discarded for
subsequent analyses to avoid biases in the results, leaving a set of 9,114 orthologs
between D. buzzatii and D. mojavensis. Furthermore, in order to correlate divergence
estimates with seven genomic variables (see below), we restricted the analysis of
divergence to a complete data set of 9,017 orthologs with information for all seven

variables.

Overall median estimates for the number of non-synonymous (dn) and
synonymous (ds) substitutions were 0.0343 and 0.4043, respectively (Table 4). The
median estimate for the ratio w = dn/ds was 0.0895 that indicates a relatively high level
of functional constrain in most genes. However, divergence estimates show a

considerable variation among and within the six chromosomes (Figure 3). Median
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divergence rates dn and ds vary significantly among all chromosomes (dn: X?=21.38,
P=0.0007; ds: X*=60.79, P=8e-12); among-chromosome variation was non-significant for
w. In addition, dn and ds are higher for genes located in chromosome X than for those in
the autosomes (dn: X%=8.36, P=0.0038; ds: X*=21.61, P=3e-6). The ratio w is also higher

but nonsignificant (Table 4).

We also found that all three divergence parameters are significantly higher for
genes in the non-recombining chromosome 6 (dot) than for those in the rest of
autosomes (dn: X?=8.10, P=0.0044; ds: X’=15.45, P=8.5e-5; w: X?=3.96, P=0.0466).
Finally, we tested for a correlation between nucleotide and structural divergences by
comparing divergence estimates for genes in chromosomes 2 and 3 that harbor 10 and
6 fixed chromosomal inversions, respectively, between D. mojavensis and D. buzzatii
(see above) with those for genes in chromosomes 4 and 5, with 0 and 1 fixed inversion,
respectively. The results indicate that ds is significantly higher in genes located in
chromosomes with more fixed inversions (X2=22.87, P=2e-06) but dn and w are not

significantly different.

We used multiple linear models to test the dependence of divergence rates (dn,
ds and w) on seven genomic factors (Table 5). These factors are: chromosome type (X
versus autosomes), recombination (non-recombining versus recombining regions), state
(inverted versus non-inverted regions), protein length, exon number, expression
breadth and maximum expression level. Some of these variables show significant
pairwise correlations (see Materials and Methods and Table S13) and the joint analysis
using linear models intended to disentangle their effects. The determination coefficients
(Multiple R?) of the three linear models (one for each independent variable, dn, ds and
[@) are highly significant (P < 2.2e-16) (Table 5). All seven regressors have a significant
effect on ds. Chromosome type, recombination, exon number and expression breadth
are statistically significant as predictors for dn, whereas chromosome type, protein

length, exon number and expression breadth have a significant effect on w. The

87




estimation of the relative importance of each variable in the linear models revealed that
the contribution of each genomic factor varies among dn, ds and w. Expression breadth
is the variable with the more relative importance in dn and w linear models. In the case
of ds, exon number is the genomic factor that has more importance in the proposed

model.

Genes under positive selection

We first identified genes that evolved under positive selection during the
divergence between D. buzzatii and D. mojavensis using codon substitution models
implemented in PAML 4 package (Yang 2007). Two pairs of different site models (SM)
were compared by LRT, M1la vs. M2a and M7 vs. M8 (see Materials and Methods). In
each case, a model that does allow for sites with w > 1 (positive selection) is compared
with a null model that considers only sites with w < 1 and w = 1. The first comparison
(M1a vs M2a) detected 915 genes while the second comparison (M7 vs M8) detected
802 genes, in both cases under the rather strict criterion of P < 0.001. Comparison of the
two gene sets allowed us to detect 772 genes present in both, and this was taken as the
final list of genes putatively under positive selection using SM (see Supplemental Table

S4 for the list of genes).

We tested for a random distribution among chromosomes of the 772 genes
under positive selection detected with SM. A highly significant departure was found (X*
= 32.28, P=2e-6). The main cause is a significant excess of genes under selection in the X
chromosome in comparison with the autosomes (X = 23.80, P=e-6). When
chromosome 6 (dot) was compared with the rest of autosomes, no significant departure
was found. However we did detect a significant lower number of genes under selection

in rearranged chromosomes 2 and 3 when compared with chromosomes 4 and 5 with

few or no fixed inversions (X* = 6.39, P=0.01). A linear model with the same seven
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variables used to analyze divergence (see above) was used to analyze the distribution of
genes under selection. Although Multiple R? was low (0.05), it was highly significant (P <
2.2e-16). This analysis It corroborated a positive effect of the X chromosome on the
number of genes under selection (P = 1e-8) and a negative effect of recombination, i.e.
less genes under selection in non-recombining regions (P = 0.02). The effect of

inversions, however, although negative, was non-significant.

In addition, we found a negative effect of expression breadth (P = 7e-10) and a positive

effect of protein length (P = 1.8e-8) and exon number (P < 2e-16).

Next, we used branch-site models (BSM) from PAML 4 package (Yang 2007) to
identify genes under natural selection in a phylogeny with four Drosophila subgenus
species, D. buzzatii, D. mojavensis, D. virilis and D. grimshawi (Figure 1). Orthology
relationships among the four species were inferred from D. buzzatii-D. mojavensis list of
orthologs and the OrthoDB catalog (version 6). A total of 8,328 unequivocal 1:1:1:1
orthologs were included in the comparison of a branch-site model allowing sites with [
> 1 (positive selection) and a null model that does not. We selected three branches to
test for positive selection (the foreground branches): D. buzzatii lineage, D. mojavensis
lineage and cactophilic lineage (denoted as #1, #2 and #3 in Figure 1). The number of
genes under positive selection detected in the three branches was 350, 172 and 458,
respectively (see Supplemental Table S4 for the list of genes). These genes only partially
overlap those previously detected in the D. buzzatii-D. mojavensis comparison using SM
(Figure 6). While 69.4% and 55.8% of the genes selected in the D. buzzatii and D.
mojavensis lineages had already been detected in the D. buzzatii-D. mojavensis
comparison, only 22.3% of the genes detected in the cactophilic lineage were present in
the previous list (Figure 6). Thus the total number of genes under positive selection is

1,294.
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The main candidate genes involved in specific environment adaptation are those
considered under positive selection. To understand patterns of adaptation we looked
for functional categories overrepresented among the selected candidates reported by

both site and branch-site models (Table 6).

We first performed a GO analysis on the 772 positive selected genes obtained by
site models comparing D. mojavensis and D. buzzatii orthologs using DAVID tools (Huang
et al. 2007). Two molecular functions show higher proportion within the candidate
genes list than expected by random: antiporter activity and transcription factor activity.
With respect to the biological process, regulation of transcription is the only
overrepresented category. A significant enrichment in Src Homology-3 domain has been
observed. This domain is commonly found within proteins with enzymatic activity and it

is associated to protein binding function.

A similar GO analysis was carried out for candidate genes obtained in each of the
three targeted branches when performing branch site models. Positive selected
candidate genes in D. buzzatii lineage show a significant enrichment in DNA-binding
function. DNA-dependent regulation of transcription and phosphate metabolic
processes were overrepresented in the list of 350 genes. We also found a significant
enrichment in a domain involved in functions related to cell-cell recognition and

immune system, the Ig-like domain.

The 172 positively selected genes in D. mojavensis lineage show a significant
excess of genes related to heterocycle catabolic process (P=5.9e-04). As we mentioned
in the introduction, columnar cacti, the main host of D. mojavensis, contain large
guantities of tryterpene glycosids, an heterocyclic compound. These results will be

discussed below.

Among the positive selected genes in the branch that lead to cactophilic species,

there are three overrepresented molecular functions related to both metal and DNA
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binding. The GO terms with the highest significance in biological process category are

cytoskeleton organization and once again regulation of transcription.

We tested for a random distribution of positively selected genes among
chromosomes. A highly significant departure was found when the total number of 1294
genes was tested (X* = 39.13, P=7e-07) and also when the 772 genes detected by using
site models between D. mojavensis and D. buzzatii were tested (X* = 32.28, P=0.00001).
In both cases there is a significant excess of genes in the X chromosome in comparison
with the autosomes (57 and 47 genes respectively). On the other hand, there is a higher
proportion of positively selected genes in the D. buzzatii branch located at chromosome

5 than expected by chance (X* = 6.69, P=0.01).

Using the RNAseq data we were able to determine the expression profile of all
the 1,294 PCG under positive selection. A total of 1,213 (93.7%) of these genes are
expressed in at least one developmental stage. A comparison of expression level and
breadth between putative positively and non-positively selected genes revealed that
genes showing evidence of positive selection are expressed at a lower level (X?=84.96,

P<2e-16) and in less stages (X*=26.99, P<2e-6) than the rest.

Orphan genes

To detect orphan genes we blasted the aminoacid sequences encoded by 9114
D. buzzatii genes with D. mojavensis 1:1 orthologs against all proteins from the 11
Drosophila protein database available in Flybase (that correspond to the 12 Drosophila
genomes other than D. mojavensis). We found 117 proteins that showed no similarity
with any predicted Drosophila protein (cutoff value of 1e-05) and were considered to be

encoded by putative orphan genes. We focused on the evolutionary dynamics of these
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orphan genes by studying their properties in comparison to the remaining 8,997 1:1
orthologs (Figure 7). We observed that median dn of orphan genes was significantly
higher than that of non-orphan genes (dngphan = 0.1291; dnpon-orphan = 0.0341;
W=846254, P < 2.2e-16) and the same pattern was observed for w (Worphan = 0.4253, wno
orphan = 0.0887, W=951117, P < 2.2e-16). However median ds of orphan genes is
somewhat lower than that for the rest of genes (dsorphan=0.3000, dSno orphan = 0.4056,

W=406799, P=2.4e-05).

We found 19 out of the 117 orphan genes in the list of positively selected genes
detected in the D. buzzatii-D. mojavensis comparison (see above). This proportion
(16.3%) was significantly higher than that found in non-orphan 1:1 orthologs (753/8997
= 8.4%), which indicates an association between gene lineage specificity and positive
selection (Fischer exact test, two tailed, P < 0.0001). The 19 orphan genes included in
the positively selected candidate group are not associated to any GO category. As a
matter of fact, information about protein domains was found for only two of these
genes (GYR and YLP motifs in both cases: FBgn10143727 and FBgn0143728). We also
compared the protein length between orphan and non-orphan gene products. Our
results showed that orphan genes are shorter (W=68825.5, P<2.2e-16) and have less
exons than non lineage specific genes (W=201068, P<2.2e-16). Orphan genes seem to

be randomly distributed among chromosomes.

RNAseq data allowed us to test for expression of orphan genes. From the 117
gene candidates, 82 (70%) are expressed at least in one of the five analyzed
developmental stages. A comparison of the expression profile between orphan and the
rest of 1:1 orthologous genes showed that the expression breadth of orphans is
different to that of non-orphans (X’=101.4, P=0). Thus, the orphan set contains more
exclusive-stage expressed genes (29) and less constitutive genes (16) than non-orphan

genes and mean expression breadth is 2.56 for orphans versus 3.94 for non-orphans.
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DISCUSSION

The D. buzzatii genome

Drosophila is a leading model for comparative genomics, with 24 genomes of
different species already sequenced (see Introduction). However only five of these
species belong to the Drosophila subgenus, the most numerous one, and only one, D.
mojavensis, belongs to the large repleta species group and is cactophilic. Here we
sequenced the genome and transcriptome of D. buzzatii, another cactophilic member of
the repleta group, to investigate the genomic basis of adaptation to this distinct
ecological niche. Using different sequencing platforms (454 Roche, Illlumina and Sanger)
and a three-stage de novo assembly, we generated a high quality genome sequence
contained in 826 scaffolds >3 kb (Freeze 1). A large portion (>90%) of the genome is
represented by 158 scaffolds with a minimum size of 160 kb that have been assigned,
ordered and oriented in the six chromosomes of the D. buzzatii karyotype. As expected
the assembly is best for chromosome 2 (because of the use of Sanger generated BAC-
end sequences) and worst for chromosome X (because of the % representation of this
chromosome in adults of both sexes). The quality of our Freeze 1 assembly compares
favorably with the assembly generated by us using only lllumina reads and the
SOAPdenovo assembler, and with those of other Drosophila genomes generated using
second-generation sequencing platforms (Zhou and Bachtrog 2012; Zhou et al. 2012;
Ometto et al. 2013; Fonseca et al. 2013) although does not reach the quality of the 12
Drosophila genomes generated using Sanger only (Drosophila 12 Genomes Consortium

et al. 2007).

D. buzzatii is a subcosmopolitan species that has been able to colonize four of
the six major biogeographical regions (David and Tsacas 1980). Only two other repleta

group species (D. repleta and D. hydei) have reached such widespread distribution.
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Invasive species are likely to share special genetic traits that enhance their colonizing
ability (Parsons 1983; Lee 2002). From an ecological point of view we would expect
colonizing species to be r-strategists with a short developmental time (Lewontin 1965).
Because there is a correlation between developmental time and genome size (Gregory
and Johnston 2008), they are also expected to have a small genome size (Lavergne et al.
2010). The genome size of D. buzzatii was estimated in our assembly as 161 Mb and by
cytological techniques as 153 Mb, ~20% smaller than the D. mojavensis genome. The
genome size of a second D. buzzatii strain, estimated by cytological techniques, is even
smaller, 146 Mb. However, the relationship between genome size and colonizing ability
does not hold in the Drosophila genus at large. Although colonizing species such as D.
melanogaster and D. simulans have relatively small genomes, specialist species with a
narrow distribution such as D. sechelia and D. erecta also have small genomes. On the
other hand, D. ananassae, D. malerkotliana, D. suzuki, D. virilis, and Zaprionus indianus
are also colonizing Drosophila species but have relatively large genomes. Further, there
seem to be little difference in genome size between original and colonized populations
within species (Nardon et al. 2005; Drosophila 12 Genomes Consortium et al. 2007).
Seemingly, other factors such as historical or chance events, niche dispersion, genetic
variability or behavioral shifts are more significant than genome size in determining the

current distribution of colonizing species.

Repeat content

The TE content in D. buzzatii was estimated as 8% (Table 2), a relatively low
value compared with that of D. mojavensis, 10-14% (Ometto et al. 2013, Rius et al. in
preparation). Because genome size is positively correlated with the contribution of TEs
(Kidwell 2002; Feschotte and Pritham 2007), these data agree well with the smaller

genome size of D. buzzatii (see above). However, copy number and coverage estimated
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in D. buzzatii (Table 2) must be taken cautiously. Coverage is surely underestimated due
to the difficulties in assembling repeats, in particular with short sequence reads,
whereas the number of copies may be overestimated due to copy fragmentation (Rius

et al. in preparation).

We identified the pBuM189 satDNA as the most abundant tandem repeat of D.
buzzatii. Previous in situ hybridization experiments revealed that pBuM189 copies are
located in the centromeric region of all chromosomes, except chromosome X (Kuhn et
al. 2008). Thus pBuM189 satellite is likely the main component of the D. buzzatii
centromere. Interestingly, a pBuM189 homologous sequence has recently been
identified as the most abundant tandem repeat of D. mojavensis (Melters et al. 2013).
Although the chromosome location in D. mojavensis has not been determined, the
persistence of pBuM189 as the major satellite DNA in D. buzzatii and D. mojavensis may

reflect a possible role for these sequences in centromere function (Ugarkovi¢ 2009).

Chromosome evolution

The chromosomal evolution of D. buzzatii and D. mojavensis has been previously
studied by comparing the banding pattern of the salivary gland chromosomes (Ruiz et
al. 1990; Ruiz and Wasserman 1993). D. buzzatii has few fixed inversions (2m, 2n, 22/,
5g) when compared with the ancestor of the repleta group. In contrast, D. mojavensis
showed ten fixed inversions (Xe, 2c, 2f, 2g, 2h, 2q, 2r, 2s, 3a, 3d), five of them (Xe, 2q,
2r, 2s and 3d) exclusive to D. mojavensis whereas the rest shared by other cactophilic
Drosophila (Guillén and Ruiz 2012). Thus the D. mojavensis lineage appeared as a
derived lineage with a relatively high rate of rearrangement fixation. Here we compared
the organization of both genomes corroborating all known inversions in chromosomes
X, 2, 4 and 5. In D. mojavensis chromosome 3, however, we found six inversions fixed

instead of the two expected. One of the four additional inversions is the polymorphic
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inversions 3f* (Ruiz et al. 1990). This inversion has previously been found segregating in
Baja California and Sonora (Mexico) and is seemingly fixed in the strain of Santa Catalina
Island (California) that was used to generate the D. mojavensis genome sequence
(Drosophila 12 Genomes Consortium et al. 2007). Previously, the Santa Catalina Island
population was thought to have the standard (ancestral) arrangements in all
chromosomes, like the populations in Southern California and Arizona (Ruiz et al. 1990;
Etges et al. 1999). The presence of inversion 3f* in Santa Catalina Island is significant
because it indicates that the flies that colonized this island came from Baja California
and are derived instead of ancestral with regard to the rest of D. mojavensis
populations. The other three additional chromosome 3 inversions are fixed in the D.
mojavensis lineage and emphasize its rapid chromosomal evolution. Guillén and Ruiz
(2012) analyzed the breakpoint of all chromosome 2 inversions fixed in D. mojavensis
and concluded that the numerous gene alterations at the breakpoints with putative
adaptive consequences directly point to natural selection as the cause of D. mojavensis
rapid chromosomal evolution. The five fixed chromosome 3 inversions provide an

opportunity for further testing this hypothesis.

Drosophila has a partially disassembled Hox gene complex (HOM-C) with at least
three major splits, five microinversions and six gene transpositions fixed in diverse
species of the genus (Negre et al. 2005; Negre and Ruiz 2007). Here we localized and
annotated the eight Hox genes present in the D. buzzatii genome, corroborating
information for three of them reported previously (Negre et al. 2005). The organization
of the D. buzzatii HOM-C is similar to that observed in D. mojavensis (Negre and Ruiz
2007). Thus no rearrangements were found in D. buzzatii in addition to those already

reported.
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Gene content and developmental transcriptome

A total of 13,657 protein-coding genes were annotated in D. buzzatii genome
using ab initio and homology-based predictors (Annotation Release 1). This number is
lower than the number of PCG predicted in D. mojavensis (14,595, Release 1.3) but
quite close to the number annotated in D. melanogaster (13955, Release 5.56), one of
the best known eukaryotic genomes (The FlyBase Consortium 2002). The combination
of ab initio and homology-based algorithms attempted to reduce the high false-positive
rate associated to de novo gene prediction (Wang et al. 2003; Misawa and Kikuno 2010)
as well as to avoid the propagation of wrong predicted gene models in close species
used as references (Poptsova and Gogarten 2010). Regardless the efforts to obtain a
proper set of reliable PCG models, subsequent quality filters were performed in order to

avoid artifacts and biased results in posterior analyses.

We analyzed gene expression through the development by sequencing poly(A)+ RNA
samples from five life-stages (embryos, larvae, pupae, adult males and adult females).
We found evidence of expression for approximately 92.4% (12614) of the 13,657 PCG
models predicted in Annotation Release 1. PCG models that did not show transcriptional
evidence can be expressed at very low level (FPKM < 1) in the tissues analyzed here but
at a higher level in other tissues or times, can be inducible (expressed only under
particular environmental conditions; Weake and Workman 2010) or can be false
positives (Wang et al. 2003). However, because we used a combination of different
annotation methods to reduce the proportion of false-positives, we expect this
proportion to be very small. On the other hand, we found expression evidence for 2959
genes not present in the Annotation Release 1. These genes are likely ncRNA genes
although we cannot discard that some of them might be false negatives, i.e. genes that
went undetected by our annotation methods perhaps because they contain small open
reading frames (Ladoukakis et al. 2011). One observation supporting that most of them

are in fact ncRNA genes is that their expression breadth is quite different from that of
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PCG and a high fraction of them are stage-exclusive genes. In most Drosophila species,
with limited analyses of the transcriptome (Celniker et al. 2009), few ncRNA genes have
been annotated. For instance, in D. mojavensis 30 snRNA, 139 snoRNA, 71 miRNA and 3
miscellaneous ncRNA genes have been identified (Release 3.1, FlyBase). By contrast, in
D. melanogaster that has a very well annotated genome, 31 snRNA, 288 snoRNA, 238
miRNA and 2096 miscellaneous ncRNA genes have been found (Release 5.56, FlyBase).
Thus, the number of ncRNA found in D. buzzatii is significantly higher than that of D.

mojavensis but much close to that of D. melanogaster.

D. buzzatii is the second Drosophila species whose-genome expression profile has
been analyzed throughout its life cycle and the pattern is similar to that of D.
melanogaster (Graveley et al. 2011). The number of expressed genes (PCG + ncRNA)
increases through the life cycle with a maximum of 12171 in male adults. In addition, we
observed a clear sex-biased expression in adults. This pattern cannot be attributed to
other stages as we did not have sex differentiation in the rest of life cycle samples.
Previous studies have attributed this sex differential gene expression mainly to the germ
cells, indicating that the differences between ovary and testis are comparable to that

between germ and somatic cells (Parisi et al. 2004; Graveley et al. 2011).

Patterns of divergence

Genome-wide gene molecular evolution has been previously analyzed in the 12
Drosophila genomes with special emphasis on the melanogaster species group of the
Sophophora subgenus (Drosophila 12 Genomes Consortium et al. 2007; Heger and
Ponting 2007; Larracuente et al. 2008). In addition, detailed analyses of genome-wide
divergence and polymorphism patterns have been carried out using many D.
melanogaster lines (Mackay et al. 2012; Langley et al. 2012). Here we focused on the

two cactophilic species, D. buzzatii and D. mojavensis, to look for patterns of
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divergence. We did not include paralogs in our analysis because approaches for
automating their detection yield sub-standard quality output. In addition, we filtered
single copy orthologous using several criteria (Materials and Methods) to retain a set of
9017 high-quality reliable single-copy orthologs. We found expression evidence for the
vast majority of them (94.7%) in our transcriptome analysis. In addition they were
mapped to chromosomes and had complete values for seven genomic variables.
Therefore, we used this PCG set for investigating patterns of divergence. The median
estimate for the ratio w = dn/ds was 0.0895, a similar value to that estimated in the D.
mojavensis branch using a significantly lower number of orthologs (Heger and Ponting

2007).

Firstly, we tested for the effect of the type of chromosome (X vs autosomes)
because X chromosome has been predicted to evolve at a faster rate (Charlesworth et
al. 1987). We find that X-linked genes showed higher divergence rates (dn, ds and [)
than autosomal genes (Table 4 and 5), a pattern consistent with previous observations
in the D. melanogaster and D. simulans lineages (Mackay et al. 2012; Langley et al.
2012; Campos et al. 2014) and other lineages (Meisel and Connallon 2013). In addition,
we found a significant excess of genes under positive selection on the X, pointing to a
faster rate of adaptive evolution (see above). The faster rate of adaptive evolution of
chromosome X may be due to two reasons: (i) Exposure of recessive or partially
recessive favorable X-linked mutations to selection in hemyzygous males (Charlesworth
et al. 1987; Meisel and Connallon 2013); (ii) Higher effective recombination rate that
reduces Hill-Robertson interference (see below); because males are hemyzygous and do
not recombine, effective recombination rate on the X chromosome is 2/3 the
recombination rate in females (against % in the autosomes). In a thorough analysis of
the two hypotheses, Campos et al. (2014) concluded that the dominance level of
favorable mutations is the chief factor although recombination and hitchhiking may play

some role.

99




The faster-X pattern for synonymous sites does not conform with the
expectation of stronger codon usage bias reported in other lineages (Campos et al.
2012; Meisel and Connallon 2013; Campos et al. 2014). This observation could be
consistent with the hypothesis that the mutation rate associated to X-linked genes is
greater than that of autosomes (Begun et al. 2007; Meisel et al. 2012; Hu et al. 2013).
The dosage compensation effect resulting in the hypertranscription of X-linked genes in

males (Conrad and Akhtar 2012) could lead to higher mutation rates.

We also tested for an effect of recombination on rates on divergence. The
efficacy of selection acting simultaneously at linked sites is expected to be reduced in
regions of low recombination. This is so because, due to linkage disequilibrium,
selection at one locus will interfere with selection at linked loci (Hill and Robertson
1966). This interference may be caused by selective sweeps of beneficial mutations
spreading through the population to fixation, or by the pervasive elimination of
deleterious mutations, i.e. background selection (Charlesworth 1994). Interference
between weakly selected mutations is expected to increase that rate of interspecific
divergence (McVean and Charlesworth 1999). Because detailed recombination
estimates for D. buzzatii or D. mojavensis chromosomes are not available (Schafer et al.
1993; Staten et al. 2004) and genome-wide recombination varies substantially among
Drosophila species (True et al. 1996; Caceres et al. 1999), we used a rather conservative
approach. We compared the dot chromosome with the rest of autosomes and also
pericentromeric regions of all chromosomes (including the entire dot) against the rest of
chromosome regions. The D. buzzatii chromosome 6 (dot) and the pericentromeric
regions likely have a reduced or nearly null rate of recombination, as in D. melanogaster
(Arguello et al. 2010; Comeron et al. 2012). The accumulation of TE insertions in both

the dot chromosome and pericentromeric regions of D. melanogaster (Kaminker et al.
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2002; Slawson et al. 2006) and D. buzzatii (Casals et al. 2006) is an indirect support for

their reduced recombination rate.

We found a significantly increased rate of divergence (dn, ds and ) in the dot
chromosome than in the rest of autosomes (Table 4). A similar pattern, although less
marked, is found when we consider the reduced-recombination pericentromeric regions
of all autosomes, yet only dn and ds are statistically significant (Table 5). These
observations agree well with previous observations in Drosophila (Haddrill et al. 2007;
Larracuente et al. 2008; Leung et al. 2010; Arguello et al. 2010; Campos et al. 2012,
2014). Besides, we find a lower number of genes under positive selection in non-
recombining regions. Thus our results support the hypothesis that accelerated rate of
evolution is not due to beneficial mutations but to the fixation of slightly or mildly
deleterious mutations, a notion supported by the measurements of divergence and

polymorphism in several studies.

Thirdly, we tested for an effect on divergence of chromosomal inversions.
Inversions segregating in natural populations reduce recombination in the inverted
segment in heterokaryotypes yet not in homokaryotypes (Navarro et al. 1997).
Inversions than have been fixed in a lineage have all passed through a more or less long
phase of polymorphism. Thus historical recombination rates in rearranged chromosomal
regions must be reduced to some extent in comparison with collinear chromosomal
regions. This reduced recombination rate in regions rearranged by chromosomal
inversions might imply a relaxation of the efficacy of selection due to Hill-Robertson
interference and thus a higher fixation rate for slightly or mildly deleterious mutations
(see above). On the other hand, inversions might facilitate speciation by protecting
population specific adaptations from recombination (Rieseberg 2001; Navarro and
Barton 2003). This hypothesis predicts an accumulation of positively selected alleles in

rearranged chromosomal regions in comparison with collinear chromosomal regions.
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Natural populations of D. buzzatii and D. mojavensis are polymorphic for
inversions in chromosomes 2 and 4 (Hasson et al. 1995) and chromosomes 2 and 3 (Ruiz
et al. 1990; Etges et al. 1999), respectively. The reference D. buzzatti genome comes
from a line standard for all chromosomes (st-1) but the D. mojavensis genome was
generated from a line (Santa Catalina Island) with the polymorphic inversion 3f* fixed
(see above). In addition, both species differ by 10 and 5 inversions fixed in chromosome
2 and 3 while only one inversion is fixed in each of chromosomes X and 5. We compared
the divergence parameters between the rearranged autosomes 2 and 3 and the nearly
collinear chromosomes 4 and 5. Although the pattern resembles that of non-
recombining regions, the increases of dn and ds are modest and only the latter is
significant (Table 5). When all rearranged chromosomal regions were considered
together in a multiple linear model, ds increase although slight was again statistically
significant (Table 5). Rearranged chromosomal regions did not show an increased
number of positively selected genes (as a matter of fact they showed a slightly and
nonsignificant lower number). Although rearranged chromosomal regions may contain
both positively selected genes and mildly deleterious mutations, we consider that
overall their molecular evolution pattern resembles more that of reduced-
recombination regions with relaxed selective constraints than that of the X chromosome
with its faster adaptive rate. It is perhaps worth recalling that chromosome X, with a
significant excess of positively selected genes, has few fixed chromosomal inversions in

comparison with autosomes 2 and 3.

Finally our results indicate that divergence rates are simultaneously influenced
by multiple genomic factors (Table 5). The negative correlation between breadth
expression and rates of protein evolution indicates that genes that are expressed in
more life stages do not evolve as fast as genes with higher bias expression. In Drosophila
it has been previously reported that narrowly expressed genes evolve faster as showed

by higher rates of divergence (Drosophila 12 Genomes Consortium et al. 2007;
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Larracuente et al. 2008). Thus, it seems that genes that are expressed in more stages
tend to evolve slowly due to the high evolutionary constraint derived from gene
pleiotropy (Fischer 1930; Larracuente et al. 2008; Singh et al. 2009). According to our
results expression breadth, rather than expression level, is the major contributor to

gene evolution.

We also show that exon number is negatively correlated with dn, ds and w. This
observation is consistent with the influence of the sequences responsible for a correct
introns excision (Exonic splite site enhancers, ESEs) on evolutionary constrainment
(Warnecke et al. 2008; Larracuente et al. 2008; Caceres and Hurst 2013). Furthermore,
we observe that protein length is positively correlated with ds (Table 5). The degree of
codon bias is positively correlated with the rate of synonymous substitutions. In turn,
we expect a significant positive correlation between the expression level of a gene and
its degree of codon bias (Bulmer 1991; Plotkin and Kudla 2011). Accordingly, the
correlation between ds and protein length could be a consequence of a smaller coding
sequence size of highly expressed genes. We tested for a correlation between these two
parameters and corroborated that highly expressed genes encode for shorter proteins
(Pearson test, P < 2.2 e-16). Comeron et al. (1999) hypothesized with the possibility that
highly expressed genes shortening their length by eliminating nonessential amino acids
from their sequence supporting a length-dependent selection coefficient model (LdSC)
affected by translational efficiency, i.e. the shorter the coding sequence, the stronger

the relative effects in translational efficiency.

Genes under positive selection and orphan genes

We used D. buzzatii and D. mojavensis for detecting genes under positive
selection using site models (SM). In addition, we used four species of the Drosophila

subgenus (Figure 1) to find genes under positive selection using branch-site models
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(BSM). We restricted the analysis to this subset of the Drosophila phylogeny to avoid
the saturation of synonymous substitutions expected with phylogenetically very distant
species (Bergman et al. 2002; Larracuente et al. 2008) and also because these are the
genomes with the highest quality available (Schneider et al. 2009). We considered
positively selected genes those with statistical evidence for a subset of codons where
replacement mutations were fixed faster than mutation at silent sites (Yang et al. 2000;
Yang 2007). A total of 1294 genes positively selected were detected both SM and BSM,
which represents ~14% of the total set of 1:1 orthologs accurately detected between D.
mojavensis and D. buzzatii. The number of positive selected genes is likely
underestimated because (i) we are not able to detect orthology relationships between
genes that evolve too fast (Bierne and Eyre-Walker 2004) and (ii) only orthologs 1:1 are

included in the analyses.

Branch-site models allowed us to identify positively selected genes in the three
targeted lineages (D. buzzatii, D. mojavensis and cactophilic branch). A GO enrichment
analysis was performed on the resulting positively selected genes dataset in order to
identify good candidates for environment adaptation given the ecological properties of
both cactophilic species (Table 6). The most important point in our results is that genes
that evolved under positive selection in D. mojavensis branch are enriched in
heterocycle catabolic processes, which involve functions strongly linked to the
characteristic adaptation of D. mojavensis to columnar cacti, which are plants showing
particularly large quantities of heterocyclic compounds (see Introduction). We
suggested that there exists a causal link between adaptation to columnar cacti and the
molecular evolution of these candidate genes. Even the reference genome of D.
mojavensis used herein (Drosophila 12 Genomes Consortium et al. 2007) was obtained
by sequencing individuals from Catalina Island (the only one of the four subpopulations
that inhabit cactus of Opuntia genus), two evidences suggest that the common ancestor

of the four subpopulations (Figure 1) adapted to columnar cacti rather than Opuntia.
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First, the presence of the inversion 3f* in the sequenced strain from Catalina Island
indicates that the flies that colonized this region came from populations that feed from
columnar cacti in Baja California, where the inversion is segregating. And second, the
study of the transcriptional dynamics along the four D. mojavensis subpopulations
revealed that the minor gene expression differences are showed between individuals

from Catalina Island and Baja California (Matzkin and Markow 2013).

Orphan genes are genes that have no homologues in any other known lineage. It
has been reported that orphans or also called taxonomically restricted genes, play an
important role in adaptive evolution on multiple species (Domazet-LoSo and Tautz 2003;
Khalturin et al. 2009). The detection of orphan genes is highly dependent on the
availability of sequenced and well annotated genomes of closely related species,
consequently the total number of lineage specific genes tend to be overestimated
(Khalturin et al. 2009). We were as conservative as possible when filtering data to
detect the final dataset of 117 orphan genes, trying to optimize the fidelity of orphans
identification. For that reason, some particular orphan genes (including in-paralogs not
considered in 1:1 orthologs dataset) are missing and we are likely underestimating the

abundance of orphans.

Even though previous studies have focused on the evolution of orphan genes in
different species, little is known about the evolution of orphans along short

phylogenetics distances as that separating cactophilic species.

We observed that orphan genes clearly show a different molecular evolution
pattern compared to that of older conserved genes. Our results reveal that they exhibit
a higher rate of dn, indicating that the number of fixated adaptive mutations is greater
or they have fixated more deleterious mutations by hitchhiking. However, since the
number of positive selected genes within orphan genes dataset is much higher than

expected by chance, we assume that they experience adaptive evolution more

105




frequently (Cai and Petrov 2010; Palmieri et al. 2014). Orphans also showed a lower rate
of ds suggesting a higher codon usage efficacy, which has been evidenced in recent
studies focused on Drosophila orphan genes (Palmieri et al. 2014). Orphans also have
less exons and encode shorter proteins than non orphans. This observation has been
reported in multiple eukaryotic organisms like yeasts (Carvunis et al. 2012), fruitflies
(Domazet-LoSo and Tautz 2003) and primates (Cai and Petrov 2010), and it is evidencing
a positive correlation between protein length and sequence conservation (Lipman et al.
2002) (see above). We did not find expression support for all the orphan genes
detected. This is indicated us that either orphans are more tissue-stage specific than
non-orphans or we are actually detecting spurious CDSs not expressed. However, given
the divergence rate pattern of orphan’s dataset, evidencing positive selection, the first
explanation is the most plausible. Collectively, all these results are evidencing that
orphans evolve faster than older genes, experiencing lower levels of purifying selection

and higher rates of adaptive evolution.

It has been widely reported that genes that evolve faster show lower expression
levels than older genes on average (Cai and Petrov 2010; Tautz and Domazet-LoSo
2011). Here we observe that orphan genes that are being transcribed are less expressed
than non-orphans (Kruskal test, X*> = 9.370, P=0.0022). One of the proposed hypothesis
to explain these observations is that genes that are more conserved are indeed

implicated in more functions (Pal et al. 2006; Tautz and Domazet-LoSo 2011).

Different studies have demonstrated that newer genes are more likely to have a
stage-specific expression than older genes. Here we show that the number of stage-
specific expressed orphans is significantly higher than that of older genes. It has been
proposed that newer genes tend to be more developmentally regulated than conserved
genes. This means that they contribute most to the ontogenic differentiation between
taxa (Tautz and Domazet-LoSo 2011). In D. buzzatii the vast majority of stage-specific

orphan genes are expressed in larvae (15/29), indicating that expression of younger
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genes is mostly related to stages in which D. buzzatii and D. mojavensis lineages most

diverge from each other.

MATERIALS AND METHODS

See Supplemental Material.
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TABLES

Table 1. Summary of assembly statistics for the genome of Drosophila buzzatii (strain

st-1).

Assembly Freeze 1 SOAPdenovo
Number of scaffolds (>3kb) 826 10949
Coverage ~22x ~76x

Assembly size (bp) 161490851 144184967

Scaffold N50 index 30 2035
Scaffold N50 length (bp) 1380942 18900
Scaffold N90O index 158 7509
Scaffold N90 length (bp) 161757 5703
Contig N50 index 1895 2820
Contig N50 length (bp) 17678 3101
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Table 2. Transposable element content of D. buzzatii genome (Freeze 1 assembly).

Order Superfamily ~ Copy number bp Masked % Masked
LTR Gypsy 7548 1541621 0.95
BEL 1407 429740 0.27
Copia 1102 304433 0.19
ERVK 121 9900 0.01
Total 10178 2285694 1.42
DIRS DIRS 1 38 0.00
LINE R1 7522 1312191 0.81
Jockey 1953 450561 0.28
CR1 770 384683 0.24
L2 1938 180881 0.11
I 140 74216 0.05
Other LINE 61 13931 0.01
RTE 17 6763 0.00
L1 94 4878 0.00
R4 23 1504 0.00
R2 2 1491 0.00
LOA 2 1175 0.00
Total 12522 2432274 1.50
DNA-TIR P 2471 669565 0.41
hAT 2255 417862 0.26
TclMariner 1443 391936 0.24
Transib 1917 273248 0.17
Other DNA 690 113444 0.07
MULE-MuDR 168 19955 0.01
PiggyBac 36 18647 0.01
Novosib 226 16909 0.01
PIF-Harbinger 18 3803 0.00
Sola 2 183 0.00
Total 8926 1925552 1.18
Helitron Helitron 16256 5153798 3.19
Maverick Maverick 2455 161440 0.10
Unknown Unknown 6263 943233 0.58
Total 56901 12902029 7.99
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Table 3. Satellite DNAs identified in the D. buzzatii genome.

Tandem Repeat Genome
repeat content . a Consensus Sequence” Distribution
! length fraction (%)
family (%)
GCAAAAGACTCCGTCAATTAGAAAACA
AAAAATGTTATAGTTTTGAGGATTAACC
GGCAAAAACCGTATTATTTGTTATATGA D. buzzatii cluster species
pBuM189 189 29 0.039 TTTCTGTATGGAATACCGTTTTAGAAGC ' D. mojavensis
GTCTTTTATCGTATTACTCAGATATATCT '
TAAGATTTAGCATAATCTAAGAACTTTT
TGAAATATTCACATTTGTCCA
AAGGTAGAAAGGTAGTTGGTGAGATAA
ACCAGAAAAAGAGCTAAAAACGGCTAA
AAACGGCTAGAAAATAGCCAGAAAGGT
DbuTR19 198 34 0.027 AGATTGAACATTAATGGGCAAATGGAT D. buzzatii
8 ' GGATAAATAAGACTGGTCATCATCCAAT

GAACAGAATCATGATTAAGAGATAGAA
ATATGATTAGAAAGTAGGATAGAAAGG
TTAGAAAG

® Genome fraction was calculated assuming a genome size of 163.547.398 bp (version 1 freeze of all contigs).

® Consensus sequence generated after clustering TRF results (see Materials and Methods).



Table 4. Median estimates for dn, ds and dn/ds (w) between D. buzzatii and D.
mojavensis for chromosome X and five autosomes, for recombining and non-
recombining regions, and for inverted and non-inverted regions. Only 9017 1:1
orthologs whose chromosomal location is known in D. mojavensis by scaffold anchoring
(Schaeffer et al. 2008) and with data available for other variables (see text) were

included in the analysis.

Number
Chromosome/region dn ds w
of genes
All chromosomes 9017 0.0343 0.4043 0.0895
X 1352 0.0371 0.4168 0.0943
2 2303 0.0346 0.4077 0.0884
3 1683 0.0354 0.4102 0.0889
4 1806 0.0327 0.3920 0.0868
5 1844 0.0334 0.3932 0.0901
6 (dot) 29 0.0718 0.4943 0.1379
Autosomes (all) 7665 0.0340 0.4016 0.0889
Autosomes (2-5) 7636 0.0339 0.4012 0.0887
Non-recombining regions 603 0.0419 0.4564 0.0928
Recombining regions 8414 0.0339 0.3993 0.0892
Inverted regions 4220 0.0348 0.4048 0.0899
Non-inverted regions 4797 0.0338 0.4033 0.0891
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Table 5. Linear regression model for divergence rates using seven regressor variables. The coefficient of determination R? as

well as the relative contribution (%) of each variable is shown. Significant values (P < 0.05) are given in boldface; ns = non

significant. 'RC = Relative contribution.

dn ds w
Linear model Coefficient P-value Coefficient P-value Coefficient P-value
. <2.2e- <2.2e- <2.2e-
Multiple R? 11.56 21(25 ¢ 11.44 212 ¢ 6.16 212 ¢
Variable RC! Slope P-value RC! Slope P-value RC! Slope P-value
Type 1.47 6.8 e-3 3.9e-5 2.33 2.1e-2 8.6 e-8 0.90 l.1le-2 0.0247
Recombination 0.36 5.1e-3 0.0348 9.31 6.3 e-2 <2e-16 0.09 4.7 e-3 ns
State 0.02 6.5e4 ns 0.66 8.6 e-3 0.0032 0.00 -5.0e4 ns
Protein length 0.40 29e-6 ns 22.95 79e5 <2e-16 8.08 -2.0e-5 7 e-5
Number of exons 25.15 -33e3 <2e-16 46.60 -1.6e-2 <2e-16 14.37 -3.7e-3  45e-7
Breadth 72.58 -1.0e-2 <2e-16 16.00 -1.1e-2 <2e-16 76.49 -23e-2 <2e-16
Max elzsgfssm 002  -12e7  ns 215  32e6 2e6 007  -54e7  Ns
Total 100 100 100
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Table 6. GO analysis of putative genes under positive selection detected by both site models (SM) and branch-site models

(BSM). Only categories showing an enrichment with a p-value < 1.0e-03 are included.

Codon
subst.
Models

Site
Model
(SM)

Branch
site
models
(BSM)

GO enrichment

Lineage Number of
(branch . Molecular Function Biological Process Interpro domain
candidates
number)
Fold Fold Fold
Id . Id . Id .
enrichment enrichment enrichment
Antiporter 177
Cactophilic activity ’ Regulation of Src Homology-3
772 o . 4.90 . 1.60
#3 Transcription 156 transcription domain
factor activity ’
Regulation of
.. transcription DNA 1.36 .
D. b;izat" 350 DNA binding 1.36 dependent 'mmunl‘i’kg:’b““”' 1.33
Phosphate 0.72
Metabolic Process '
Heterocycle 5 35
catabolic process ’ DOMON
D. Dopamine beta- . (DOpamine beta-
mojavensis 172 monooxigenase 2.35 Cation transport 0.98 MOnooxygenase 2.35
#2 activity Histidine family N-terminal
amino acid 2.35 domain)
catabolic process
Zinc ion binding 2.01 Cytoeskeleton 1.67 Zinc Finger, PHD- 1.93
organization type
ili T ition Metal
Cactophilic 458 ranst |<?n . eta 2.01 Regulation of .
#3 lon Binding - Proteinase
transcription DNA 1.06 inhibitor |1 kazal 2.20
DNA binding 1.66 dependent
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Figure 1. (a) Phylogenetic relationship of fruit fly species considered in our comparative
analysis and their host preference. (b) Geographical distribution of cactophilic species

D. buzzatii (red) and D. mojavensis (green) in America.
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Figure 3. HOM-C structural organization in D. buzzatii genome. Hox genes are in dark
blue, Hox-derived genes in light blue and non-Hox genes in red. The black rectangle

indicates a large gap where scaffold 229 should be located.
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Figure 4. Developmental expression profile of D. buzzatii genes. (a) Number of
expressed PCG (red) and ncRNA genes (blue) along five developmental stages. (b)
Classification of PCG and ncRNA genes according to the number of stages where they

are expressed.
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Figure 5. Patterns of divergence D. buzzatii-D. mojavensis along six D. mojavensis chromosomes. To construct the graph
parameters were calculated in non-overlapping 100kb-windows. Coordinate O of x-axis corresponds to telomere. D.
mojavensis scaffold 6540 is negatively oriented relative to telomere; thus the scaffold coordinates had to be reverted to
represent chromosome 2. Windows included in regions that have been involved in chromosomal inversions are represented

in darker colors (dark red for dn, dark blue for ds and dark green for w).
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Figure 6. Venn diagram showing the number of genes under positive selection detected
by two different methods, site models (SM) and branch-site models (BSM) using three

different lineages as foreground branches.
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Figure 7. Patterns of divergence in orphan and non-orphan genes. Orphan genes (blue)

have significantly higher dn and w values compared to that of non-orphan genes (red).

Non-orphan genes show significantly higher ds.
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SUPPLEMENTAL INFORMATION - MATERIALS AND METHODS

Flies

Two strains of Drosophila buzzatii, st-1 and j-19, were used. Strain st-1 was
isolated from flies collected in Carboneras (Spain) by repeated sib-mating and selection
for chromosome arrangement 2st (Betran et al. 1998). This strain is isogenic for the
major part of chromosome 2 and highly inbred for the rest of the genome. Strain j-19
was isolated from flies collected in Ticucho (Argentina) using the balanced-lethal stock
Antpﬁﬁ; (Piccinali et al. 2007). Individuals of j-19 strain are homozygous for chromosome

arrangement 2] (Caceres et al. 2001).

DNA extraction and sequencing

DNA was extracted from male and female adults of strains st-1 and j-19 using the
sodium dodecyl sulfate (SDS) method (Milligan 1998) or the method described by Pifol

and colleagues (Pifol et al. 1988) for isolating high molecular weight DNA.

Reads from different sequencing platforms were generated for strain st-1 in
order to achieve an accurate assembly of the genome of this strain (Figure S1 and Table
S5). Shotgun reads (3 plates, ~8x) and paired-end (PE) reads (2 plates, ~3x) were
generated using GS-FLX platform (454-Roche) at the Centre for Research in Agricultural
Genomics (CRAG, Barcelona, Spain). PE reads were produced from three different
libraries with inserts of 6 kb (one half-plate), 7 kb (one plate) and 8 kb (one half-plate).
We removed duplicate reads from 454 sequences using CDHIT 3.1.2 (Li and Godzik
2006). We also generated ~100 bp PE reads (4 lanes, ~76x) from libraries with an insert

size of ~500 bp using HiSeq2000 platform (lllumina) at the Centre Nacional d'Analisi
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Genomica (CNAG, Barcelona, Spain). An accurate pipeline was designed in order to filter
llumina reads based on their length and quality. We first trimmed the read ends
discarding bases with a quality lower than Q20 and then filtered low quality sequences
(keeping only those with at least 95% of the bases with quality > Q20). The final step
was to discard exact duplicates and reverse complement exact duplicates from the final
dataset. A mate pair (MP) library with ~7.5 kb fragments was also obtained and
sequenced (one lane, ~12x) with lllumina at Macrogen Inc. (Seoul, Korea). Low quality
reads as well as exact duplicates were removed (as before). Finally, we also used
information provided by BAC end-sequences (BES) of 1,152 BAC clones covering D.

buzzatii chromosome 2 (Guillén and Ruiz 2012).

De novo assembly

The assembly of the genome of strain st-1 was performed in three stages (Table
S6). In the first stage, Newbler 2.6 was fed with filtered 454 reads (shotgun and PE),
Sanger BES and one of the four lllumina PE lane to obtain an initial de novo preassembly
(Figure S1). Prior to the assembly, false or chimeric 454 PE reads were discarded by
mapping all the paired sequences against the D. mojavensis masked genome
(Drosophila 12 Genomes Consortium et al. 2007) using gsMapper (Newbler 2.6). Those
reads coming from the same fragment that aligned to different chromosomes as well as
those aligning to multiple locations in the D. mojavensis scaffolds were removed.
Likewise, all BES were previously filtered by mapping them against the D. mojavensis
genome in order to remove chimeric mates and artifacts using gsMapper. Out of the
initial 2304 BES, 1799 reads were used for the preassembly. We used the
“heterozygotic mode” option in Newbler 2.6 to allow for residual nucleotide variability
in the inbreed st-1 strain. We also run the “large or complex genome” option as we

were assembling a eukaryotic genome. Thus the assembly algorithm was prepared to
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deal with the problem of high-copy regions, although the number of output contigs was
expected to be high. The preassembly contained 2,306 scaffolds. To estimate the
number of chimeric artifacts, the 38 scaffolds contained in the N50 index were mapped
to the D. mojavensis masked genome using NUCmer (Delcher et al. 2003). Three
scaffolds that matched two or more regions located in different D. mojavensis

chromosomes were considered chimeric and split.

In a second stage, lllumina MP reads were used by SSPACE (Boetzer et al. 2011)
to link output >3kb scaffolds from the preassembly and obtain 815 larger scaffolds
(Table S6). A minimum number of three mate pairs were required to connect two
sequences (k=3). Prior to this operation, all lllumina MP reads were mapped against the
D. buzzatii contigs obtained from the preassembly stage (Table S6) using bowtie2
(Langmead and Salzberg 2012). We used only MP reads that obeyed the following
criteria: (I) both end sequences from the same fragment mapped to different contigs (at
unknown distance); and (Il) both ends mapped in the same contig at a distance greater
than 4.5 kb (thus excluding inward paired end contamination). SSPACE, the software
used for the scaffolding step, excluded mates not mapping at the expected set distance.
After this step, a second control for chimerism was performed (as before), detecting
another three chimeric scaffolds (4, 26 and 98), which were split resulting in six new

scaffolds.

The third stage consisted of filling the gaps (N's) using the three short PE lllumina
libraries that were not included in the pre-assembly (Table S6). GapFiller (Nadalin et al.
2012) was used in this stage, running 10 iterations and at least 4 reads needed to call a
base during an extension (Figure S1). To further control for chimerism, the 818 scaffolds
in the N90 scaffold index resulting from the third assembly step were blasted against
the D. mojavensis masked genome using MUMMER and the resulting hits were

reordered according to the D. mojavensis coordinates. This method allowed the
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detection of inversion breakpoint regions shared by these two species and putative
chimeric scaffolds. Under a conservative criterion, eight scaffolds (9, 18, 20, 24, 36, 44,
60, 62) mapping in more than one location in the same chromosome but in regions
where no inversion breakpoints or other rearrangements were expected (see Results)
were split. The final assembly, named Freeze 1, thus contains 826 scaffolds >3kb and

N50 and N90 index are 30 and 158, respectively.

Fold redundancy and base composition

The distribution of read depth in the st-1 genome preassembly (Figure S2) shows
a Gaussian distribution with a prominent mode centered at ~22x (Figure S2).
Conceivably, the scaffolding and gap filling stages of the assembly did not alter
significantly this distribution. However, its variance is much larger than that expected by
random (~30 times higher), showing that there is an important bias on the coverage. In
particular there is a long right tail that might reflect cases where highly similar repetitive
sequences or duplicated genes were merged into the same consensus sequence. One
such case of misassembly was observed in the Hsp68 genes. In most Drosophila
genomes there are two almost identical Hsp68 gene copies arranged head-to-head
(Guillén and Ruiz 2012). In the D. buzzatii genome only one copy was found but it was in
the vicinity of a gap (filled with N’s) about the same size, suggesting that the assembler

had merged all Hsp68 reads into a single gene leaving a gap in the place of the second

copy.

Base composition of genes, exons and overall for Freeze 1 assembly is
summarized in Table S7. CG content is ~¥35% overall, ~42% in gene regions (including
introns) and reaches ~52% in exons. Unidentified nucleotides (N’s) represent ~9%
overall, 4% in gene regions and 0.004% in exons. These patterns agree well with the

reported higher CG content of genes and exons in many genomes including those of
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Drosophila (Adams et al. 2000; Heger and Ponting 2007; Diaz-Castillo and Golic 2007)
and humans (Bulmer 1987; Lander et al. 2001).

Sequence quality assessment and nucleotide polymorphism

To assess the quality of the Freeze 1 assembly sequence, we used ~800 kb of
Sanger sequences corresponding to five D. buzzatii BAC clones: 40C11 (Negre et al.
2005), 5H14 (Negre et al. 2003), 20019 and 1N19 (Calvete et al. 2012) and 1B03 (Prada
et al. 2010). These BAC sequences were aligned against the genome sequence using
MUMmer (Delcher et al. 2003). Some BAC regions containing repetitive elements
matched multiple scaffold locations and were excluded (Table S8). Using only the
unambiguously covered regions (97.6%), the genome sequence resulted 99.95%
identical to that of the BAC sequences, giving an error rate of 0.0005 and a PHRED
quality score of ~Q33.

In a second sequence quality assessment, we mapped the three lllumina runs
(99,124,355 reads) that were used in the GapFiller stage of the assembly (Figure S1) and
RNAseq data from adult males (44,840,622 reads, see below) against the Freeze 1
assembly using bowtie2 (Langmead and Salzberg 2012). Mapping of genomic reads
allowed us to assess the overall genome error rate, including both expressed and non-
expressed regions, whereas mapping of RNAseq reads reported the error rate
exclusively for expressed regions. We considered as assembly errors those positions
where 80% or more of the reads did not match the genome base and at least 80% of
these unmatched positions had the same nucleotide (Figure S3). Under a conservative
criterion the overall error rate was estimated to 0.0005 and the average quality ~Q33,
as before. A similar value was estimated when aligning the RNAseq reads to the

expressed regions of the genome (Table S9).
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The strain (st-1) used for generating the D. buzzatii reference genome was
isogenic for a large portion of chromosome 2 and highly inbreed for the remaining
genome (see above). We estimated the amount of residual nucleotide polymorphism in
this strain by aligning the lllumina reads against the genome Freeze 1 assembly (Figure
S3). An overall proportion of segregating sites of ~0.1% was estimated (Table S10).
About 15% of all the SNPs are located in gene sequences and 4% in coding exons. Thus

the vast majority of SNPs are located in non-coding regions.

Genome size estimation

The genome size of two D. buzzatii strains, st-1 and j-19, was estimated by
Feulgen Image Analysis Densitometry. The genome size of D. mojavensis 15081-1352.22
strain (193,826,310 bp) was used as reference (Drosophila 12 Genomes Consortium et
al. 2007). Testicles from anesthetized males of both species and strains were dissected
in saline solution and fixed in acetic-alcohol 3:1. Double preparations of D. mojavensis
and D. buzzatii were obtained by crushing the fixed testicles in 50% acetic acid.
Following Ruiz-Ruano et al. (2011), the samples were stained by Feulgen reaction
including a 5N HCI incubation for 5 minutes. Images obtained by optical microscopy

were analyzed with the pyFIA software (Table S11, Figure S4).

Chromosome organization and evolution

The 158 scaffolds in the N90 index were assigned to chromosomes by aligning
their sequences with the D. mojavensis genome using blastn from MUMMER (Delcher et
al. 2003). Six (out of seven) scaffolds mapping to chromosome 2 were ordered and
oriented using BES and the D. buzzatii physical map (Gonzalez et al. 2005). The scaffolds

included in N90 index mapping to chromosomes X, 4, 5 and 6 were ordered and
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oriented by conserved linkage (Schaeffer et al. 2008). Briefly, we looked for the position
in D. mojavensis of genes located at the ends of D. buzzatii scaffolds. When two of these
genes are closely located in the D. mojavensis genome (<200 kb in most cases) we can
infer that they are also close in D. buzzatii, assuming synteny conservation, and then the
respective scaffolds must be adjacent. This method works as far as there are no
inversion breakpoints between the two scaffolds and gave consistent results for the
four forementioned chromosomes. In contrast, for chromosome 3, it yielded ambiguous
or inconsistent results. We had to resort to in situ hybridization of PCR generated
probes to anchor chromosome 3 scaffolds to D. buzzatii polytene chromosomes

(Delprat et al. in preparation).

In order to determine the organization of the HOX gene complex (HOM-C), the
eight Drosophila HOX genes were searched bioinformatically in the D. buzzatii genome
and found in three chromosome 2 scaffolds: 2, 5 and 229. Scaffold 2 contained four Hox
genes (pb, Scr, Antp and Ubx) and scaffold 5 another three (lab, abdA and AbdB) (see
Results). The eighth HOX gene, Dfd, was found in the small scaffold 229 (49,930 bp). We
looked for the genomic position of this scaffold using BAC-end sequences and found
that those of three BACs (3A12, 9B20 and 25B04) anchored this scaffold inside scaffold
2, precisely within the HOX gene complex where a 65-kb gap filled with N’s was found
(Figure 3). We concluded that this was a case of misassembly and the correct order of D.
buzzatii HOX genes at this chromosomal site must be pb, Dfd, Scr, Antp and Ubx. All
genes (HOX genes, HOX-derived genes and non-HOX genes) within the HOM-C were
manually annotated using the available information (Negre et al. 2005), the annotated
D. mojavensis and D. melanogaster genomes, and the RNA-seq data generated for D.

buzzatii (Table S1).
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Repeat identification and masking

A library of transposable elements (TEs) was constructed combining three
different collections of repeats. The first collection was compiled blasting FlyBase
canonical set of TEs against an early assembly of D. buzzatii genome. For each query
several significant hits were manually inspected in order to recover the most complete
TE copy. The second collection was build with RepeatScout 1.0.5 (Price et al. 2005) and
classified by Repclass (Feschotte et al. 2009) and the third is the result of
RepeatModeler 1.0.5 (Smit and Hubley 2008), with RepeatScout and RECON (Bao and
Eddy 2002), both using the D. buzzatii early assembly. Manual analyses to reduce
redundancy and remove possible protein-coding genes were performed with
RepeatMasker and blast searches resulting in a library with 357 TE sequences. This
library was used to mask the repeats from Freeze 1 assembly with RepeatMasker v3.2.9

(Smit et al. 1996) and annotate the protein-coding genes (see below).

A second and more comprehensive TE library (4,808 sequences) was generated
adding Repbase (Jurka et al. 2005) repeats from Insecta species to the previous library
and running again RepeatScout and RepeatModeler with D. buzzatii Freeze 1 assembly.
Additionally, sequences classified as simple repeats, satellite or low complexity, were
removed from the library. Finally, a blast analysis was performed to filter non-TE related
sequences. Sequences with significant hits (e-value<le-25) to D. mojavensis coding
sequences (cds) and at the same time with no significant similarity to repeats deposited
in Repbase were removed. This second TE library was then used to annotate and classify
D. buzzatii TEs running RepeatMasker with the following options cutoff 250, -nolow and

—norna, to prevent masking any low complexity regions and small RNA genes.

In order to identify satDNAs (highly abundant tandemly repeated DNA motifs)
from the genome of D. buzzatii, we used the Tandem Repeats Finder (TRF) software

(version 4.04) (Benson 1999). Tandem repeats searches were performed in the version 1
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freeze of all contigs using the command line version of TRF with parameters 1, 1, 2, 80,
5, 200 and 750 for match, mismatch, indel, probability of match, probability of indel,
min. score and max. period, respectively. Repeats with less than 50 bp were eliminated
from the dataset. We developed a series of scripts and pipelines for clustering similar
tandem repeats into major families and to eliminate redundancy between families (de
Lima et al. in preparation). The outcome produced a table containing the repeat size,
consensus sequence and genomic fraction of every tandem repeat family identified.
From the final collection of tandem repeats, we selected the most likely satDNA families
based on three main parameters: (i) abundance; (ii) no sequence similarity with
transposable elements or to other non-satellite genomic elements (inferred by
screening the Repbase, Genbank and FlyBase databases) and (iii) the presence of several

contigs made exclusively by repeats from the same tandem repeat family.

Developmental transcriptome

Ten to twenty individuals from each of five different life stages (embryo, larvae,
pupae, adult males and adult females) were collected and frozen at -802C. RNA from
frozen samples was processed using TruSeq RNA sample preparation kit provided by
llumina. The protocol included a poly-A selection to enrich for mRNA. Library
preparation was carried out at Cornell's Molecular Biology and Genetics Department,
whereas RNA sequencing was done at Weill Cornell Medical College. The average insert
size of the libraries from the 5 samples was 264 bp. Sequencing at PE 100 bp was
performed on a Hi-Seq2000 lllumina Sequencer. A total of 378,647,052 raw reads were
generated (38 Gb of sequence) comprising between 60 and 89 million reads from each
of the 5 samples. RNAseq reads were trimmed and filtered by quality (at least 95% of
the bases had a quality > Q20) (Table S12). Filtered reads were mapped to Freeze 1

masked genome using TopHat version 1.3.3 allowing only for uniquely mapped reads
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(Trapnell et al. 2009). The common setting parameters used among different stages
were: -g 1 (maximum multihits) -F O (suppression of transcripts below this abundance

level) and -i 40 (minimum intron length). The rest of parameters were set by default.

We run Cufflinks to reconstruct transcripts models and their expression level for
each stage (Trapnell et al. 2010) using Annotation Release 1 as reference (-g option
activated). This allowed us to identify new isoforms from expressed protein-coding
genes (PCGs) and also non-coding RNA (ncRNA) genes. Transcription levels along the
genome sequence and transcripts inferred by Cufflinks for each stage are included in

the genome browser of the D. buzzatii Genome Project web (http://dbuz.uab.cat).

Protein coding gene annotation

PCGs contained by masked Freeze 1 assembly were annotated by a strategy that
combined both ab initio and homology-based predictions. We used two HMM-based
algorithms, Augustus (Stanke and Waack 2003) and SNAP (Korf 2004), and a dual-
genome de novo software, N-SCAN (Korf et al. 2001) using as guide the alignment
between D. buzzatii Freeze 1 assembly and D. mojavensis masked genome (release 1.3).
Exonerate was run to identify conserved genes aligning both D. mojavensis and D.
melanogaster protein databases to Freeze 1 assembly (Slater and Birney 2005). All these
predictions were combined by a weight-based consensus generator, EVidence Modeler
(EVM) (Haas et al. 2008) using the following weights: Exonerate D. mojavensis (9),
Exonerate D. melanogaster (6), NSCAN (6), Augustus (2) and SNAP (2). The EVM gene

set contained 12,102 gene models.

There were 1,555 genes annotated by Exonerate but not reported by EVM due
to their structural properties. We included these genes in Annotation Release 1 by

combining EVM and Exonerate annotations using mergeBed tool from Bedtools package
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(Quinlan and Hall 2010). The Annotation Release 1 includes 13,657 annotated genes
(12,102 annotated by EVM and 1,555 genes detected only by Exonerate). The 1,555
genes annotated only by exonerate were shorter (Wilcoxon test, W=81226636, p-
value<2.2e-16) and had less exons (W=15142546, p-value<2.2e-16). This fact indicates
that algorithms that annotate genes by generating a consensus from multiple evidences
are not efficient at identifying short and monoexonic genes. Some genes from the
Annotation Release 1 contain internal stop codons and/or lack stop or start codons

suggesting they might be misannotated PCGs or pseudogenes (Table S3).

We computed the number of wrong assembled positions contained in the total
span of the gene models as well as the errors located within exons of Annotation
Release 1 (see above). The vast majority of genes and exon sequences showed no
assembly error positions, 91.3% and 99.2% respectively. Thus, we concluded that
assembly errors are mainly contained in non-exonic regions, and both the detection of
positive selection and the divergence pattern analyses carried out subsequently will not

be significantly altered by misassembled sequences (Schneider et al. 2009).
Protein coding Gene Evolution

The RSD (Reciprocal Smallest Distance) algorithm (Wall and Deluca 2007) was
used to identify 1:1 orthologs between D. mojavensis and D. buzzatii. The parameters
used were -d 0.2 (estimated distance between species), -e 1e-08 (e-value cutoff) and
the rest were set by default. Posterior alignments between pairs of orthologous
proteins were performed by Clustal W (Thompson et al. 1994). To convert protein
alignments to codon alignments we used pal2nal software (Suyama et al. 2006). Codon
alignments were fed to codeml module of PAML 4.4 package (Yang 2007) to estimate
dn, ds and w ratio (dn/ds) of 11,154 pairs of orthologs (setting NSsites=0, single w fixed
across the phylogeny for each alignment). The orthologous pairs that reported ds>1

were considered artifacts and thus removed from the final set of genes. The 2,040

146




orthologs that showed a length difference higher than 20% were not considered. Our

analysis evidenced that these gene pairs biased the posterior results (Figure S5).

Several causes might have generated these length differences between
orthologs. Firstly, the most likely explanation is a wrong detection of exon structure of
one of the copies. Secondly, RSD can report artifactual relationships, establishing wrong
orthology due to the existence of similar widespread protein domains. Finally, the
length difference might be a consequence of the inference of “non-ortholog isoforms”
from the same pair of orthologs, i.e., the comparison of two different isoforms from the
same gene in the two species compared. To investigate this possibility we calculated the
correlation of the number of exons per gene between the two copies of an orthologous
pair. The results indicate that there is a strong positive correlation between exon/gene
ratio from orthologous gene pairs (R=0.8522, p-value<2,2e-16). It implies that the vast
majority of the orthologs share the same exon-intron structure. To test whether the
length difference between single-copy orthologs was caused by a wrong predicted
structure of genes we performed a correlation test between the exon ratio (exon
number of the D. buzzatii gene / exon number of the D. mojavensis gene) and the %
protein length ratio (D. buzzatii protein length / D. mojavensis protein length). The
results indicate that there exists a positive correlation between exon and length ratios
(W = 125237304, p-value < 2.2e-16) and therefore the length difference between

orthologs is likely due to a wrong exon-structure prediction of one of the copies.

Analysis of divergence patterns

The analysis of divergence patterns was carried on a set of 9,017 D. buzzatii-D.
mojavensis orthologs whose chromosomal location in D. mojavensis is known using the
statistical programming language R. The package ggplot2 was used to generate the

graphs representing dn, ds and w medians for genes included in non-overlapping 100-kb
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windows across D. mojavensis chromosomes (Figure 5). The location of orthologous
genes in D. mojavensis chromosomes was extracted from Schaeffer et al. (2008).
Inverted chromosomal regions (dots in darker colors in Figure 5) correspond to regions
involved in fixed chromosomal inversions between D. mojavensis and D. buzzatii

(Guillén and Ruiz 2012; this work).

Divergence parameters were compared using the non-parametric Kruskal-Wallis
test. Four tests were performed: (i) among all chromosomes; (ii) chromosome X versus
autosomes; (iii) chromosome 6 (dot) versus non-dot autosomes (2-5); and (iv)
chromosomes 2+3 versus chromosomes 4+5. The degrees of freedom in each case are

5,1,1and 1, respectively.

We used linear models to test the joint effect on divergence of seven variables:
type, recombination, state, protein length, number of exons, expression breadth and
maximum expression level. Type refers to X-linked (1) or autosomal (0) gene location.
Recombination was tested by comparing genes located in the non-recombining
chromosome 6 (dot) or in the 3-Mb centromeric regions of the other chromosomes that
have a reduced recombination rate (1) with those in the rest of chromosomal regions,
presumably with normal levels of recombination (0). State indicates whether genes are
located in rearranged regions (1), those involved in at least one inversion fixed between
D. mojavensis and D. buzzatii, or in non-rearranged (collinear) regions (0). Protein length
(in aa) and number of exons were taken from the D. buzzatii genome (Annotation
Release 1). Expression variables (breadth and level) were assessed from the RNA-seq
data collected for five life stages in D. buzzatii (see above). Expression breadth was
measured simply as the number of life stages (0-5) in which each gene is expressed
(FPKM > 1). Finally, expression level was assessed as the maximum FPKM value
observed across all life stages. Three linear models were tested, one for each divergence
rate (dn, ds and w), as response variable, and the seven variables as main effects (no

interaction terms were included). To assess the relative importance of each of the
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analyzed genomic factors in the linear models we run pmvd metric included in R

package relaimpo (Groemping 2006).

Detection of genes under positive selection

To test for positive selection we made a comparison between different pairs of
codon substitution models. We first run two site models on the orthologs set between
D. buzzatii and D. mojavensis: M7(beta), which does not allow for positively selected
sites (w>1), and M8(beta&w), which includes one extra class of sites to the beta model
allowing for sites with w>1 (Yang 2007). Both models were then compared using a
likelihood-ratio test (LRT). We also run two more site models, Ml1a and M2a, and
compared them again using the LRT test. Only genes that were detected as being under
positive selection by both model comparisons were analyzed in further detail (see

Results).

To perform the branch-site test of positive selection (Test 2) we identified
1:1:1:1 orthologs among the four available Drosophila subgenus species: D. buzzatii, D.
mojavensis, D. virilis and D. grimshawi using OrthoDB version 6 database (Kriventseva et
al. 2008). Branch-site models allow us detecting positive selection that affects particular
sites and branches of the phylogeny. We decided to test for positive selection on three
different lineages: D. mojavensis lineage, D. buzzatii lineage, and the lineage that led to
the two cactophilic species (D. buzzatii and D. mojavensis) (Table S4). We run Venny
software (Oliveros 2007) to create a Venn diagram showing shared selected genes
among the different models. Gene expression information for positively selected genes

was extracted from the Cufflinks output (see above).
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Detection of orphan genes

We identified genes that are only present in the two cactophilic species, D.
mojavensis and D. buzzatii, by blasting the amino acid sequences from the 1:1 orthologs
between D. mojavensis and D. buzzatii (excluding missannonated genes) against all the
proteins from the remaining 11 Drosophila species available in FlyBase protein database
(excluding D. mojavensis). Proteins that showed no similarity with any Drosophila
known gene product were considered putative orphans. We used a cutoff value of le-
05 to avoid spurious hits. From the initial single-copy orthologs set between D.
mojavensis and D. buzzatii, 117 proteins showed no similarity with any predicted
Drosophila polypeptides. We used this set to study genes unique to the cactophilic
lineage (Supplemental Table S4) and analyzed their expression pattern with TopHat and

Cufflinks (see above).
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SUPPLEMENTAL TABLES

Table S1. Manual annotation of protein-coding genes in D. buzzatii HOMC.

Proboscipedia (pb)

Transcript Exon | Region BAC 40C11 Dbuz scaffold2 Size
pb-PA 9 UTR3' 75576..75841 1919784..1920049 266
CDS 75842..76292 1920050..1920500 451

8 CDS 76834..77603 1921042..1921811 770

7 CDS 77673..77848 1921881..1922056 176

6 CDS 77916..78044 1922124..1922252 129

5 CDS 78965..79079 1923173..1923287 115

4 CDS 79424..79581 1923632..1923789 158

3 CDS 96599..96613 1940950..1940964 15

CDS 109654..110131 1953998..1954475 478

2 UTR5S' 110132..110214 1954476..1954558 83
1 UTR5S' 111204..112277 1955542..1956615 1074

pb-PB 9 UTR3' 75576..75841 1919784..1920049 266
CDS 75842..76292 1920050..1920500 451

8 CDS 76834..77603 1921042..1921811 770

7 CDS 77673..77848 1921881..1922056 176

6 CDS 77916..78044 1922124..1922252 129

5 CDS 78965..79079 1923173..1923287 115

4 CDS 79424..79566 1923632..1923774 143

3 CDS 96599..96613 1940950..1940964 15

CDS 109654..110131 1953998..1954475 478

2 UTR5' 110132..110214 1954476..1954558 83
1 UTR5' 111204..112277 1955542..1956615 1074
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Transcript Exon Region BAC 40C11 Dbuz scaffold2 Size
pb-PC UTR3' 75576..75841 1919784..1920049 266
8 CDS 75842..76292 1920050..1920500 451
7 CDS 76834..77603 1921042..1921811 770
6 CDS 77673..77848 1921881..1922056 176
5 CDS 77916..78044 1922124..1922252 129
4 CDS 78965..79079 1923173..1923287 115
3 CDS 79424..79581 1923632..1923789 158
CDS 109654..110131 1953998..1954475 478
2 UTR5' 110132..110214 1954476..1954558 83
1 UTRS 111204..112277 1955542..1956615 1074
pb-PD g UTR3' 75576..75841 1919784..1920049 266
CDS 75842..76292 1920050..1920500 451
7 CDS 76834..77603 1921042..1921811 770
6 CDS 77673..77848 1921881..1922056 176
5 CDS 77916..78044 1922124..1922252 129
4 CDS 78965..79079 1923173..1923287 115
3 CDS 79424..79566 1923632..1923774 158
CDS 109654..110131 1953998..1954475 478
2 UTRS' 110132..110214 1954476..1954558 83
1 UTRS' 111204..112277 1955542..1956615 1074
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Deformed (Dfd)

Transcript | Exon Rerglo Dmoj scaffold 6540 | Size | Dbuz scaffold_229 | Size | Identity | Gaps
e oa1a19795 | 352 (NI
CDS 16520570..16521341 | 772 19796..20567 772 93% 0
2 CDS 16522602..16522693 92 21660..21751 92 93% 0
CDS 16522755..16522929 | 175 21815..21989 175 94% 0
4 CDS 16531918..16532309 | 392 30769..31148 380 98% 12
. CDS 16533307..16533654 | 348 32309..32641 333 95% 15
3'UTR 32642..33030 389
Sex combs reduced
(Scr)

. Regio . . . .
Transcript | Exon N Dmoj scaffold 6540 | Size | Dbuzscaffold 2 | Size | Identity | Gaps
Scr-RA 1 UTR5' 2092196..2091356 | 841

UTR5' 2083768..2083738 | 31
2
CDS 16460577..16461525 | 949 | 2083737..2082795 | 943 96% 22
3 CDS 16482110..16482417 | 308 | 2063379..2063072 | 308 98% 0
UTR3' 2063071..2060846 | 2226
Scr-RB 1 UTR5' 2093601..2093085 | 517
UTR5' 2083768..2083738 31
2
CDS 16460577..16461525 | 949 | 2083737..2082795 | 943 96% 22
3 CDS 16482110..16482417 | 308 | 2063379..2063072 | 308 98% 0
UTR3' 2063071..2060846 | 2226
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Antennapedia

(Antp)
Transcript | Exon [ Region | Dmoj scaffold_6540 | Size Dbuz scaffold_2 | Size Ide;tit Gaps
Antp-RA 1 5'UTR 2271808..2270969 | 840
2 5'UTR 2238817..2238740 | 78
3 5'UTR 2166782..2166543 | 240
5'UTR 2166486..2166361 | 126
N CDS 16377826..16378449 624 | 2166360..2165746 | 615 95% S
5 CDS 16378611..16378649 39 2165590..2165552 | 39 95% 0
6 CDS 16378763..16378985 223 | 2165454..2165220 | 235 97% 12
CDS 16390892..16391142 251 | 2154093..2153843 | 251 98% 0
/ 3'UTR 2153842..2151440 | 2403
Antp-RB 1 5'UTR 2191767..2191542 | 226
2 5'UTR 2166782..2166543 | 240
5'UTR 2166486..2166361 | 126
3 CDS 16377826..16378449 624 | 2166360..2165746 | 615 95% 9
4 CDS 16378611..16378649 39 2165590..2165552 | 39 95% 0
CDS 16378763..16378985 223 | 2165442..2165220 | 223 97% 0
CDS 16390892..16391142 251 | 2154093..2153843 | 251 98% 0
° 3'UTR 2153842..2151440 | 2403 !
Antp-RC 1 5'UTR 2191767..2191542 | 226
2 5'UTR 2166782..2166543 | 240
5'UTR 2166486..2166361 | 126
3 CDS 16377826..16378449 624 | 2166360..2165746 | 615 | 95% 9
4 CDS 16378763..16378985 223 | 2165442..2165220 | 223 97% 0
CDS 16390892..16391142 251 | 2154093..2153843 | 251 98% 0
> 3'UTR 2153842..2151440 | 2403
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Utrabithorax

(Ubx)
Transcript | Exon | Region Dmoj scaffold_6540 | Size | Dbuz scaffold_2 | Size | Identity Ggp
Ubx-RA 5'UTR 2440200..2439170 | 1031 [
! CDS 16091974..16092706 733 | 2439169..2438437 | 733 97% 0
2 CDS 16102527..16102577 51 | 2429353..2429303 | 51 100% 0
3 CDS 16122625..16122675 51 | 2410980..2410930 | 51 100% 0
4 CDS 16190146..16190450 305 | 2348684..2348380 | 305 99% 0
3'UTR 2348379..2345906 | 2474
Ubx-RC 5'UTR 2440200..2439170 | 1031
! CDS 16091974..16092706 733 | 2439169..2438437 | 733 97% 0
2 CDS 16122625..16122675 51 |2410980..2410930 | 51 100% 0
CDS 16190146..16190450 305 | 2348684..2348380 | 305 99% 0
: 3'UTR 2348379..2345906 | 2474 ;
Ubx-RD . 5'UTR 2440200..2439170 | 1031 _
CDS 16091974..16092706 733 | 2439169..2438437 | 733 97% 0
2 CDS 16102527..16102577 51 | 2429353..2429303 | 51 100% 0
3 CDS 16122625..16122675 51 |2410980..2410930 | 51 100% 0
4 CDS 16190146..16190450 305 | 2348684..2348380 | 305 99% 0
3'UTR 2348379..2347576 | 804 _
Ubx-RE 5'UTR 2440200..2439170 | 1031 [
! CDS 16091974..16092706 733 | 2439169..2438437 | 733 97% 0
2 CDS 16102527..16102577 51 |2429353..2429303 | 51 100% 0
3 CDS 16122625..16122675 51 |2410980..2410930 | 51 100% 0
4 CDS 16190146..16190450 305 | 2348684..2348380 | 305 99% 0
3'UTR 2348379..2347125 | 1255 ;
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Labial (lab)

Transcript Exon [ Region BAC 5H14 Dbuz scaffold5 Size
lab-RA 5'UTR 101795..102584 2677351..2678140 790
! CDS 102585..103893 2678141..2679449 1309
2 CDS 122396..122775 2697698..2698077 380
CDS 123463..123753 2698765..2699055 291
} 3'UTR 123754..124024 2699056..2699326 271
Abdominal A (abdA)
Transcript Exon | Region BAC 5H14 Dbuz scaffold_5 Size
abdA-PA 1 UTRS' 1799..3370 2576284..2577855 1572
2 UTR5' 4454..4576 2578939..2579061 123
UTR5' 4675..4965 2579160..2579450 291
> CDS 4966..5054 2579451..2579539 89
4 CDS 6414..6664 2580897..2581147 251
5 CDS 10030..10077 2584994..2585041 48
6 CDS 24314..24537 2599551..2599774 224
CDS 24635..25018 2599872..2600255 384
! UTR3' 25019..26921 2600256..2600255 1903 /1899
abdA-PB 1 UTR5' 1799..3370 2576284..2577855 1572
UTR5' 4336..4350 2578821..2578835 15
2 CDS 4351..5054 2578836..2579539 704
CDS 6414..6664 2580897..2581147 251
4 CDS 10030..10077 2584994..2585041 48
CDS 24314..24537 2599551..2599774 224
CDS 24635..25018 2599872..2600255 384
° UTR3' 25019..26921 2600256..2600255 1903 /1899
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Abdominal B

(AbdB)
Tra[r:ts el Exon | Region scaﬁ?):g?% 40 Size Dbuz scaffold5 Size | ldentity [ Gaps
AbdB-RA 1 5'UTR 2415774..2416013 240
2 5'UTR 2433706..2433751 46
5'UTR 2442652..2442800 149
> | s+ The translation start is 2448001.2448195 | 195 | 97% | 2
different
CDS [ 2037953..2037746 208 2448344.2448551 | 208 96%
CDS [ 2037346..2037132 215 2449020..2449234 | 215 92%
6 CDS [ 2037058..2036867 192 2449303..2449494 | 192 97%
3'UTR ¥ 2449495..2451421 | 1927
* D. mojavensis has more annotated exons than D. buzzatii
AbdB-RB 5'UTR 2444187..2446373 | 2187
! CDS Not corresponding with Dbuz | 2446374..2446761 | 388 97%* 27
CDS 2038308..2038112 197 2447999..2448195 197 97% 0
CDS 2037953..2037746 208 2448344..2448551 208 96% 0
4 CDS 2037346..2037132 215 2449020..2449234 215 92% 0
CDS 2037058..2036867 192 2449303..2449494 192 97% 0
> 3'UTR _- 2449495..2451421 | 1927 _
*In D. mojavensis CDS1 is annotated otherwise. Identity (97%) of the alignment of the
predicted gene with D. mojavensis
AbdB-RC 1 5'UTR 2410168..2410605 438
2 5'UTR 2433706..2433751 46
5'UTR 2442652..2442800 149
> | cos The translation startis | /19001, 2448195 | 195 | 97% | 2
different
CDS [ 2037953..2037746 208 2448344.2448551 208 96% 0
CDS | 2037346..2037132 215 2449020..2449234 215 92% 0
5 CDS | 2037058..2036867 192 2449303..2449494 192 97% 0

* D. mojavensis has more annotated exons than D. buzz

2449495..2451421

1927
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AbdB-RD 5'UTR 2432555..2432940 | 386
2 | 5UTR 2433706..2433751 46
5'UTR 2442652..2442800 | 149
31 cps> The trag;;tri:::ta" Is 2448001..2448195 | 195 | 97% | 2
CDS |2037953..2037746 | 208 2448344..2448551 | 208 96%
CDS |2037346..2037132 | 215 2449020..2449234 | 215 92%
CDS | 2037058..2036867 | 192 2449303..2449494 | 192 97%
6 3'UTR _I 2449495..2451421 | 1927
* D. mojavensis has more annotated exons than D. buzzatii
Abd-RE surR [ T 2444187.2444359 | 173
! CDS The translation start is 2444360..2444414 55 100% | 0
2 CDS different 2446312..2446761 | 450 95% 27
3 CDS |2038308..2038112 | 197 2447999..2448195 | 197 97% 0
4 CDS |2037953..2037746 | 208 2448344..2448551 | 208 96% 0
5 CDS |2037346..2037132| 215 2449020..2449234 | 215 92% 0
CDS [2037058..2036867 | 192 2449303..2449494 | 192 97% 0
0 3'UTR 2449495..2451421 | 1927
zen2
Transcript [ Exon | Region BAC 40C11 Scaffold_2 Dbuz Size
zen2-RA 5'UTR | 116230..116292 | 1960568..1960630 63
' CDS 116293..116343 | 1960631..1960681 51
CDS 116411..117253 | 1960749..1961591 843
2 3'UTR | 117254..117320 | 1961592..1961652 67
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Zen

Transcript [ Exon [ Region BAC 40C11 Scaffold_2 Dbuz Size
zen-RA 5'UTR | 127297..127247 | 1971634..1971584 51
' CDS 127246..127166 | 1971583..1971503 81
CDS 127101..126187 | 1971438..1970524 915
2 3'UTR | 126186..125954 | 1970523..1970291 233
Fushi tarazu (ftz)
Transcript | Exon | Region | Scaffold_6540 Dmoj | Size | Scaffold_2 Dbuz | Size | Identity | Gaps
ftz-Ra 5'UTR 2107569..2107514 | 56
1 CDS |16434077..16434333| 257
CDS |16434406..16434932 | 527 2107513.2106667 847 ) 93-94% 12
5 CDS [16435039..16435619 (581 | 2106545..2105968 | 578 ‘ 94% 3
3'UTR 2105967..2105535 | 433
Bicoid (bcd)
Transcript Exon Region BAC 40C11 Scaffold_2 Dbuz Size
bcd_RA 5'UTR <132938..132872 | 1977275..1977209 >67
' CDS 132871..132713 1977208..1977050 159
CDS 130798..130484 1975135..1974821 315
2 3'UTR 130483..129584 1974820..1973921 900
bcd_RD 5'UTR <132938..132872 | 1977275..1977209 >67
' CDS 132871..132713 1977208..1977050 159
2 CDS 132651..132576 1976988..1976913 76
3 CDS 131937..130859 1976274..1975196 1079
CDS 130798..130484 1975135..1974821 315
! 3'UTR 130483..129584 1974820..1973921 900
bed RF . 5'UTR 132684..132589 1977021..1976926 96
CDS 132588..132576 1976925..1976913 13
2 CDS 131937..130859 1976274..1975196 1079
CDS 130798..130484 1975135..1974821 315
} 3'UTR 130483..129584 1974820..1973921 900
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Amalgam

(ama)
Gene Exon | Region | Scaffold_6540 Dmoj | Size | Scaffold_2Dbuz | Size Idite;t (;:
ama 5'UTR 1980360..1980518 | 159

1 CDS 16561943..16560960* [ 984 [ 1980519..1981499 | 981

3'UTR 1981500..1982029 | 530

*D.moj has two coding exons annotated. RNAseq from modENCODE.org shows this is a misannotation

mir-10
Gene Scaffold_6540 Dmoj | Scaffold_229 Dbuz | Size | Identity Gap
mir-10 16502912..16502988 2233..2309 77 100% 0
CG10013

Regio

Gene Exon Scaffold_6540 Dmoj | Size | Scaffold_2 Dbuz

CG10013 | 2310755..2310787
1 | CDS | 16224900..16226273 | 1374 |2310788..2312128
| 2312129..2312339

CG31217

Gene | Exon |Region| Scaffold_6540 Dmoj |Size | Scaffold_2 Dbuz |Size | Identity | Gaps
CG31217 5'UTR 2344951..2344825 | 127

CDS |16194047..16194113| 67 |2344824..2344758| 67 | 82%

2 CDS |[16194597..16194906 | 310 [ 2344262..2343953 ( 310 | 83%

3 CDS |[16194965..16195443 | 479 [2343892..2343414 (479 | 84%

wl|o|Oo|O

4 CDS |16195503..16196058 | 556 | 2343356..2342804 | 553 | 84%

CDS |[16196178..16196697 | 520 [ 2342607..2342103 [ 505 | 83% 15

5
3'UTR 2342102..2341997 | 106 _
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Agt

Gene | Exon |Region| Scaffold_6540 Dmoj |Size| Scaffold5 Dbuz |Size | Identity [ Gaps
Agt 5'UTR 2701229..2701306 | 78
1 | cps 2701307..2701873 | 567
3'UTR 2701874..2701899 | 26
Ccp 1-8 To locate the cluster, only the first and last gene were annotated
Gene cluster Ccp Region BAC 5H14 Scaffold_5 Dbuz Size
Cepl Exonl (CDS) 72472..72461 2648501..2648490 12
Exon2 (CDS) 72389..71703 2648418..2647732 687
Ccp2
Ccp3
Ccp4
Ccpb
Ccpb6
Cep7
Ceps Exonl (CDS) 88874..88863 2663597..2663586 12
Exon2 (CDS) 88775..88299 2663498..2663022 477
Jupiter (CDS)
Gene Scaffold_6540 Dmoj| Scaffold 5 Dbuz Size Identity Gaps
Jupiter CDS | 1857120..1857181 [2626740..2626801 62 94% 0
1852438..1852571 |2634097..2634230 134 84% 0
1851902..1851934 |2634735..2634767 33 100% 0
1851197..1851442 |2635246..2635491 246 94% 0
1851000..1851136 |2635556..2635692 137 93% 0
mir-iab-4
Gene Scaffold_6540 Dmoj | Scaffold_5 Dbuz Size Identity Gap
mir-iab-4 1943744..1943811 |2545649..2545589 68 100% 0
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Table S2. Protein-coding gene content of D. buzzatii genome compared to that of D.

mojavensis and D. melanogaster.

Species D. buzzatii D. mgjf\:/%ensis D. mellaagr.lggaster

Number of genes 13657 14595 13937
Mean gene size (bp) 3108 4429 6656
Mean protein size (aa) 498 494 690

Longest gene size (bp) 67103 299059 396068
Shortest gene size (bp) 63 105 117

Longest protein size (aa) 14469 8926 22949

Shortest protein size (aa) 21 34 11

Mean number of exons 3.80 3.78 5.50
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Table S3. Features of PCG models in Annotation Release 1.

EVM Exonerate Total

Annotated PCGs 12102 1555 13657

Putatively correct ORFs 11213 0 11213
ORFs with internal stop codons 334 330 664
ORFs lacking start codon 163 0 163
ORFs lacking stop codons 308 654 962
ORFs lacking start and stop codons 68 571 639
ORFs no multiple of 3 16 0 16
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Table S4. Candidate genes under positively selection found by comparing different site
(SM) and branch site models (BSM) using the likelihood ratio test (LRT), and orphans

(see next page).
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SM D. buzzatii : D. mojavensis

Flybase
geneid
FBgn0084366
FBgn0084467
FBgn0085089
FBgn0132853
FBgn0132907
FBgn0132923
FBgn0133004
FBgn0133119
FBgn0133171
FBgn0133176
FBgn0133179
FBgn0133199
FBgn0133201
FBgn0133211
FBgn0133225
FBgn0133229
FBgn0133266
FBgn0133272
FBgn0133282
FBgn0133302
FBgn0133309
FBgn0133319
FBgn0133324
FBgn0133334
FBgn0133389
FBgn0133409
FBgn0133455
FBgn0133473
FBgn0133565
FBgn0133573
FBgn0133583
FBgn0133587
FBgn0133615
FBgn0133622
FBgn0133637
FBgn0133665

LRT Results
M1a versus
M2a
11.89
17.69
10.93
12.15
17.01
13.26
15.02
114.55
32.86
35.46
24.31
12.20
12.93
18.92
29.64
21.59
44.22
259.26
10.84
18.83
61.24
11.77
13.91
21.37
20.31
10.96
100.33
17.43
18.64
18.77
11.41
22.90
11.37
16.93
13.98
30.61

LRT Results
M7 versus
M8
12.45
18.12
11.56
12.95
17.61
13.56
15.29
122.88
33.55
40.16
25.82
12.56
13.20
28.39
29.64
22.62
44.60
259.91
11.69
18.99
62.36
12.81
14.84
21.81
21.01
11.04
100.29
17.64
18.90
18.26
13.71
26.89
11.47
20.47
15.37
30.84

Flybase
geneid
FBgn0139771
FBgn0139800
FBgn0139825
FBgn0139908
FBgn0139909
FBgn0139941
FBgn0139944
FBgn0139946
FBgn0139948
FBgn0139969
FBgn0140021
FBgn0140023
FBgn0140036
FBgn0140045
FBgn0140094
FBgn0140142
FBgn0140166
FBgn0140167
FBgn0140218
FBgn0140252
FBgn0140297
FBgn0140310
FBgn0140340
FBgn0140354
FBgn0140377
FBgn0140391
FBgn0140397
FBgn0140405
FBgn0140427
FBgn0140440
FBgn0140449
FBgn0140468
FBgn0140474
FBgn0140488
FBgn0140536
FBgn0140558

LRT Results
M1la versus
M2a
19.17
95.31
12.30
13.95
30.31
11.31
16.74
11.27
12.29
37.39
21.53
25.85
60.05
54.51
15.57
27.01
20.15
13.87
21.11
12.61
23.60
12.94
15.44
13.96
14.32
22.50
20.54
20.48
15.68
14.49
37.23
10.89
11.40
11.13
12.28
11.63

LRT Results
M7 versus
M8
21.17
95.57
12.74
14.93
30.33
12.94
17.62
12.04
14.87
38.25
23.27
30.20
60.50
58.88
15.71
27.06
20.23
14.82
24.45
13.71
27.21
13.39
15.47
18.07
15.99
22.52
20.53
22.19
17.37
14.65
41.73
11.57
11.43
11.14
12.61
14.01
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FBgn0133670
FBgn0133674
FBgn0133679
FBgn0133693
FBgn0133697
FBgn0133698
FBgn0133704
FBgn0133733
FBgn0133743
FBgn0133744
FBgn0133745
FBgn0133753
FBgn0133754
FBgn0133776
FBgn0133819
FBgn0133837
FBgn0133848
FBgn0133866
FBgn0133869
FBgn0133889
FBgn0133897
FBgn0133916
FBgn0133918
FBgn0133924
FBgn0133936
FBgn0133967
FBgn0133981
FBgn0134099
FBgn0134159
FBgn0134184
FBgn0134227
FBgn0134228
FBgn0134235
FBgn0134268
FBgn0134274
FBgn0134284
FBgn0134345
FBgn0134351
FBgn0134358
FBgn0134366

71.31
20.57
11.99
18.48
25.61
20.56
62.94
11.75
22.29
14.00
21.32
14.00
2491
18.35
13.62
12.42
19.39
14.40
12.59
11.68
14.27
23.31
12.74
18.84
11.36
45.54
13.15
15.38
37.28
71.16
22.04
31.84
209.26
12.82
11.77
11.30
11.33
15.24
26.45
86.15

76.72
20.67
12.11
21.12
30.62
21.53
64.92
11.97
23.05
14.89
21.78
15.41
25.76
18.44
16.20
13.93
25.67
15.08
12.65
12.00
14.95
25.52
14.09
19.17
11.93
46.44
14.13
15.41
38.51
71.25
22.19
32.17
209.75
12.81
12.16
11.69
13.35
15.75
28.32
90.69

FBgn0140562
FBgn0140586
FBgn0140587
FBgn0140719
FBgn0140727
FBgn0140736
FBgn0140743
FBgn0140758
FBgn0140759
FBgn0140765
FBgn0140774
FBgn0140778
FBgn0140825
FBgn0140827
FBgn0140840
FBgn0140871
FBgn0140920
FBgn0140923
FBgn0140983
FBgn0141006
FBgn0141099
FBgn0141105
FBgn0141113
FBgn0141119
FBgn0141170
FBgn0141171
FBgn0141174
FBgn0141178
FBgn0141189
FBgn0141193
FBgn0141205
FBgn0141206
FBgn0141232
FBgn0141244
FBgn0141287
FBgn0141295
FBgn0141315
FBgn0141362
FBgn0141371
FBgn0141373

12.67
12.03
11.74
20.46
31.15
11.85
15.44
18.60
16.59
39.74
12.49
14.96
11.33
16.45
11.89
13.43
31.19
13.07
34.08
13.15
13.53
19.01
13.08
13.66
28.96
11.44
15.20
25.52
15.32
199.05
92.77
14.04
24.60
32.35
24.50
84.90
11.97
18.26
12.14
34.66

16.04
13.14
12.12
20.92
31.17
12.55
16.73
23.02
18.33
42.82
12.65
15.30
11.67
18.66
12.61
15.32
31.18
13.45
38.63
21.10
13.53
21.22
15.23
14.27
29.26
12.13
15.66
27.21
18.51
201.61
92.81
14.28
25.05
32.34
27.21
87.70
12.15
18.74
12.41
34.66
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FBgn0134372
FBgn0134377
FBgn0134393
FBgn0134410
FBgn0134420
FBgn0134443
FBgn0134444
FBgn0134468
FBgn0134486
FBgn0134535
FBgn0134537
FBgn0134544
FBgn0134552
FBgn0134565
FBgn0134589
FBgn0134605
FBgn0134610
FBgn0134620
FBgn0134651
FBgn0134666
FBgn0134692
FBgn0134700
FBgn0134753
FBgn0134759
FBgn0134797
FBgn0134800
FBgn0134830
FBgn0134854
FBgn0134858
FBgn0134860
FBgn0134886
FBgn0134901
FBgn0134911
FBgn0134920
FBgn0134937
FBgn0134959
FBgn0134970
FBgn0135018
FBgn0135023
FBgn0135027

26.58
17.63
10.95
14.89
11.77
105.51
15.99
19.71
12.82
16.67
71.03
43.38
36.69
31.93
15.40
15.69
15.01
12.40
14.16
15.50
35.92
15.46
11.68
18.39
12.55
12.49
14.71
14.25
82.74
12.40
11.43
32.80
47.13
67.13
15.06
13.75
20.14
14.35
29.22
17.09

26.82
17.79
18.54
15.10
12.43
115.38
16.28
20.59
13.26
16.92
75.47
43.74
40.01
33.62
23.22
19.61
15.70
14.31
14.40
15.75
36.18
15.58
13.40
18.89
14.00
12.68
16.07
14.50
86.27
12.41
11.52
36.81
47.14
75.79
15.49
14.32
22.19
15.99
29.35
17.72

FBgn0141406
FBgn0141448
FBgn0141463
FBgn0141543
FBgn0141613
FBgn0141659
FBgn0141675
FBgn0141677
FBgn0141681
FBgn0141726
FBgn0141742
FBgn0141750
FBgn0141761
FBgn0141766
FBgn0141783
FBgn0141810
FBgn0141859
FBgn0141861
FBgn0141864
FBgn0141879
FBgn0141887
FBgn0141909
FBgn0141920
FBgn0141945
FBgn0141950
FBgn0141995
FBgn0142012
FBgn0142013
FBgn0142017
FBgn0142038
FBgn0142041
FBgn0142061
FBgn0142064
FBgn0142077
FBgn0142078
FBgn0142086
FBgn0142103
FBgn0142104
FBgn0142105
FBgn0142109

17.55
39.11
21.48
10.93
22.88
16.17
14.63
30.89
48.07
23.03
12.81
11.19
16.28
65.77
38.35
25.10
22.78
15.09
29.00
103.64
33.35
33.54
34.80
17.76
19.20
11.43
28.69
91.57
24.57
14.68
19.27
19.28
32.47
11.43
11.39
119.14
20.74
24.97
14.32
17.14

18.17
40.46
21.54
11.04
23.37
16.89
14.61
33.93
48.11
23.09
12.51
15.35
17.72
66.13
39.64
27.08
23.08
15.60
28.91
103.99
38.86
35.51
35.09
17.41
19.61
16.57
29.11
91.70
25.64
15.82
19.69
19.22
37.15
15.53
12.90
122.29
21.43
25.22
17.08
18.00
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FBgn0135037
FBgn0135040
FBgn0135041
FBgn0135054
FBgn0135076
FBgn0135080
FBgn0135081
FBgn0135106
FBgn0135126
FBgn0135138
FBgn0135154
FBgn0135156
FBgn0135164
FBgn0135210
FBgn0135227
FBgn0135228
FBgn0135231
FBgn0135290
FBgn0135306
FBgn0135323
FBgn0135325
FBgn0135348
FBgn0135349
FBgn0135350
FBgn0135360
FBgn0135446
FBgn0135450
FBgn0135464
FBgn0135465
FBgn0135478
FBgn0135480
FBgn0135483
FBgn0135502
FBgn0135526
FBgn0135556
FBgn0135577
FBgn0135584
FBgn0135590
FBgn0135625
FBgn0135627

14.60
17.46
61.34
18.91
153.76
97.72
16.80
17.55
11.19
29.94
17.67
11.71
15.65
13.07
16.76
16.31
35.65
11.05
26.18
13.84
20.65
11.13
16.77
13.54
12.14
15.90
16.39
24.40
13.17
73.99
12.78
47.09
25.62
15.74
21.48
10.97
63.63
18.81
33.48
30.59

14.74
17.52
64.23
20.38
156.25
100.33
16.87
18.15
13.14
30.54
18.17
13.96
16.40
13.31
17.31
16.39
39.95
11.78
26.61
13.85
65.19
11.37
17.23
13.85
16.11
17.99
17.68
27.60
14.01
75.37
15.50
47.38
25.66
16.43
22.59
11.77
63.59
19.12
35.60
33.22

FBgn0142120
FBgn0142135
FBgn0142169
FBgn0142185
FBgn0142192
FBgn0142194
FBgn0142195
FBgn0142210
FBgn0142223
FBgn0142275
FBgn0142318
FBgn0142322
FBgn0142336
FBgn0142345
FBgn0142347
FBgn0142366
FBgn0142379
FBgn0142408
FBgn0142420
FBgn0142424
FBgn0142438
FBgn0142461
FBgn0142475
FBgn0142496
FBgn0142497
FBgn0142503
FBgn0142530
FBgn0142551
FBgn0142553
FBgn0142556
FBgn0142568
FBgn0142574
FBgn0142578
FBgn0142608
FBgn0142618
FBgn0142620
FBgn0142630
FBgn0142635
FBgn0142654
FBgn0142655

14.90
22.17
58.75
13.99
22.01
12.21
18.07
15.20
26.14
26.83
13.17
27.36
24.54
34.06
84.00
22.31
15.65
31.68
25.01
20.96
40.31
11.36
46.19
40.05
17.92
30.42
11.41
31.70
161.62
26.27
14.98
28.92
16.18
126.00
49.70
12.76
11.11
16.20
20.08
54.50

15.14
25.35
58.76
13.94
22.04
13.64
29.00
15.52
26.29
27.13
15.73
27.42
26.24
34.15
88.20
26.96
16.65
31.70
33.78
21.37
41.76
11.50
53.16
40.12
18.62
31.87
11.45
32.64
165.33
26.87
15.15
28.90
16.69
126.68
55.31
19.19
11.71
17.53
21.58
62.15
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FBgn0135632
FBgn0135679
FBgn0135693
FBgn0135714
FBgn0135746
FBgn0135775
FBgn0135786
FBgn0135789
FBgn0135804
FBgn0135817
FBgn0135849
FBgn0135864
FBgn0135883
FBgn0135887
FBgn0135890
FBgn0135906
FBgn0135920
FBgn0135941
FBgn0135944
FBgn0135952
FBgn0135955
FBgn0135960
FBgn0135964
FBgn0135982
FBgn0135994
FBgn0136002
FBgn0136008
FBgn0136026
FBgn0136037
FBgn0136039
FBgn0136054
FBgn0136061
FBgn0136065
FBgn0136073
FBgn0136098
FBgn0136118
FBgn0136189
FBgn0136218
FBgn0136257
FBgn0136259

41.16
11.60
29.07
26.21
11.15
11.76
31.65
36.08
21.10
30.39
10.87
15.01
33.24
19.49
88.34
21.20
24.23
74.77
23.77
22.30
24.12
26.42
17.58
15.34
13.77
18.14
20.46
49.01
18.22
21.66
11.64
28.88
11.31
92.83
12.31
12.54
15.70
39.41
12.95
11.54

41.66
11.69
33.81
27.01
12.12
12.14
31.73
35.15
25.88
30.44
11.82
22.74
32.68
21.32
88.31
21.71
24.27
82.01
24.83
23.07
24.22
40.63
18.97
17.99
17.47
18.05
21.76
65.46
18.80
22.04
12.41
29.32
12.54
93.28
12.96
13.11
15.84
41.65
16.58
12.50

FBgn0142678
FBgn0142683
FBgn0142695
FBgn0142705
FBgn0142710
FBgn0142720
FBgn0142728
FBgn0142738
FBgn0142780
FBgn0142825
FBgn0142830
FBgn0142833
FBgn0142845
FBgn0142892
FBgn0142909
FBgn0142945
FBgn0142947
FBgn0143003
FBgn0143017
FBgn0143020
FBgn0143050
FBgn0143063
FBgn0143078
FBgn0143099
FBgn0143111
FBgn0143112
FBgn0143128
FBgn0143137
FBgn0143165
FBgn0143184
FBgn0143189
FBgn0143194
FBgn0143211
FBgn0143240
FBgn0143269
FBgn0143279
FBgn0143280
FBgn0143338
FBgn0143342
FBgn0143393

125.11
19.82
70.76
96.00
33.60
32.65
2431
17.35
13.39
12.25
81.80
10.93
18.76
17.27
11.37
15.27
30.64
21.64
14.00
11.24
13.13
14.51
18.35
16.99
13.32
21.26
24.36
12.58
16.34
13.88
51.34
27.19
24.02
18.62
14.68
27.53
65.24
15.78
14.54
19.78

125.31
23.38
77.38
97.61
38.37
32.93
24.62
17.68
13.59
12.81
82.02
10.95
21.06
17.40
15.36
15.49
30.80
22.49
18.62
11.93
13.11
15.39
18.36
17.00
13.33
22.04
24.96
13.07
16.79
14.56
56.36
28.54
24.28
19.20
14.82
29.99
67.44
17.01
14.58
20.79
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FBgn0136267
FBgn0136304
FBgn0136307
FBgn0136313
FBgn0136314
FBgn0136316
FBgn0136349
FBgn0136354
FBgn0136357
FBgn0136372
FBgn0136408
FBgn0136426
FBgn0136434
FBgn0136441
FBgn0136447
FBgn0136470
FBgn0136508
FBgn0136544
FBgn0136547
FBgn0136549
FBgn0136585
FBgn0136590
FBgn0136604
FBgn0136642
FBgn0136647
FBgn0136663
FBgn0136724
FBgn0136802
FBgn0136806
FBgn0136807
FBgn0136845
FBgn0136889
FBgn0136917
FBgn0136954
FBgn0136984
FBgn0136990
FBgn0137015
FBgn0137027
FBgn0137036
FBgn0137067

13.85
16.09
12.14
52.65
11.78
54.41
15.56
26.42
16.49
12.39
17.50
32.28
11.48
12.88
11.06
76.77
15.28
19.38
18.77
14.77
13.57
11.42
18.67
21.83
76.35
32.85
20.70
26.62
12.00
18.73
14.26
18.13
15.84
14.02
52.29
17.75
17.80
20.53
14.00
12.10

13.95
18.17
12.78
52.68
13.47
54.45
16.89
26.49
18.78
12.43
17.58
32.75
12.24
12.77
11.13
79.11
16.45
20.00
24.38
15.71
13.84
12.04
18.68
24.18
81.84
35.71
20.68
28.37
14.00
21.11
23.99
20.52
20.00
14.09
52.29
18.22
17.95
21.34
14.17
13.62

FBgn0143413
FBgn0143416
FBgn0143420
FBgn0143438
FBgn0143467
FBgn0143470
FBgn0143489
FBgn0143490
FBgn0143533
FBgn0143588
FBgn0143645
FBgn0143696
FBgn0143711
FBgn0143727
FBgn0143728
FBgn0143755
FBgn0143767
FBgn0143791
FBgn0143796
FBgn0143802
FBgn0143824
FBgn0143898
FBgn0144011
FBgn0144045
FBgn0144119
FBgn0144171
FBgn0144199
FBgn0144211
FBgn0144215
FBgn0144218
FBgn0144271
FBgn0144317
FBgn0144326
FBgn0144327
FBgn0144353
FBgn0144363
FBgn0144371
FBgn0144385
FBgn0144392
FBgn0144414

28.45
88.82
20.20
47.64
18.38
43.04
18.25
39.90
22.78
20.44
14.08
22.24
64.18
19.83
20.18
12.02
16.05
13.68
14.27
11.36
12.31
20.75
13.37
18.63
11.06
86.22
13.68
14.08
117.74
20.62
51.49
10.85
13.93
19.52
11.23
23.86
165.63
19.52
10.97
42.15

29.18
100.29
33.93
55.37
18.51
44.94
19.30
40.06
22.83
23.35
13.94
22.28
65.95
20.41
20.18
17.01
16.05
15.19
14.30
11.72
15.76
20.78
21.14
18.89
11.34
96.64
13.73
14.31
119.80
21.40
51.81
11.36
15.08
20.95
12.23
25.42
168.79
20.98
16.71
41.96
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FBgn0137078
FBgn0137157
FBgn0137159
FBgn0137257
FBgn0137315
FBgn0137320
FBgn0137378
FBgn0137381
FBgn0137398
FBgn0137401
FBgn0137439
FBgn0137464
FBgn0137467
FBgn0137469
FBgn0137484
FBgn0137504
FBgn0137509
FBgn0137548
FBgn0137553
FBgn0137601
FBgn0137611
FBgn0137613
FBgn0137617
FBgn0137629
FBgn0137631
FBgn0137633
FBgn0137634
FBgn0137643
FBgn0137695
FBgn0137702
FBgn0137715
FBgn0137731
FBgn0137749
FBgn0137797
FBgn0137799
FBgn0137810
FBgn0137820
FBgn0137830
FBgn0137837
FBgn0137845

29.64
11.85
14.82
20.98
15.49
136.41
46.08
41.40
49.09
31.23
37.27
38.06
50.76
11.58
23.79
47.36
14.92
15.00
16.11
18.07
11.21
49.10
19.05
0.00
11.27
27.19
18.30
24.00
14.19
23.68
15.60
26.09
13.30
17.09
23.89
24.83
27.85
16.88
22.97
18.37

29.65
12.53
16.30
25.86
16.66
137.74
58.75
41.77
49.64
31.37
37.46
40.20
52.49
11.95
24.06
47.41
17.84
17.16
17.14
18.67
12.19
49.31
19.75
0.00
11.80
27.37
19.55
33.41
19.12
26.97
18.70
29.66
14.47
17.38
24.99
25.26
31.75
18.37
23.05
24.34

FBgn0144444
FBgn0144482
FBgn0144499
FBgn0144501
FBgn0144503
FBgn0144514
FBgn0144520
FBgn0144526
FBgn0144528
FBgn0144607
FBgn0144647
FBgn0144666
FBgn0144681
FBgn0144684
FBgn0144686
FBgn0144687
FBgn0144689
FBgn0144690
FBgn0144691
FBgn0144727
FBgn0144743
FBgn0144753
FBgn0144757
FBgn0144796
FBgn0144838
FBgn0144858
FBgn0144861
FBgn0144884
FBgn0144886
FBgn0144894
FBgn0144929
FBgn0144933
FBgn0144941
FBgn0144957
FBgn0144970
FBgn0144975
FBgn0144984
FBgn0145031
FBgn0145052
FBgn0145071

26.30
11.94
78.62
11.77
14.76
14.63
17.79
29.32
11.35
12.70
14.84
18.34
13.35
115.37
16.99
16.31
34.75
15.96
29.41
33.64
17.94
17.73
12.03
29.56
31.43
22.17
38.75
15.97
20.95
37.78
14.03
18.35
21.25
11.76
15.70
12.18
13.84
17.80
31.55
13.97

29.60
15.40
79.43
13.45
15.16
16.00
19.96
29.97
12.28
12.85
15.28
19.00
13.71
115.93
18.25
16.41
34.94
17.75
28.54
33.67
28.63
18.21
12.73
31.50
40.97
22.47
41.00
17.18
22.24
38.37
14.40
18.39
21.24
11.94
15.88
12.02
14.82
23.44
31.61
15.85
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FBgn0137869
FBgn0137883
FBgn0137896
FBgn0137898
FBgn0137903
FBgn0137904
FBgn0137949
FBgn0137953
FBgn0137954
FBgn0137955
FBgn0137960
FBgn0137964
FBgn0137975
FBgn0137993
FBgn0138000
FBgn0138004
FBgn0138007
FBgn0138016
FBgn0138033
FBgn0138056
FBgn0138060
FBgn0138078
FBgn0138080
FBgn0138086
FBgn0138101
FBgn0138120
FBgn0138130
FBgn0138145
FBgn0138162
FBgn0138178
FBgn0138209
FBgn0138223
FBgn0138227
FBgn0138228
FBgn0138246
FBgn0138276
FBgn0138288
FBgn0138314
FBgn0138357
FBgn0138389

17.40
83.47
45.67
35.79
94.27
16.67
16.14
12.35
14.68
61.93
17.11
50.93
120.81
41.73
19.01
12.28
36.14
14.67
13.60
12.49
31.53
49.53
21.39
34.51
16.25
11.15
12.77
23.69
10.94
44.75
14.15
11.60
12.27
11.52
11.52
12.43
17.59
16.52
13.49
36.33

26.43
85.23
47.35
36.73
95.32
18.67
16.21
13.17
26.56
63.39
19.70
51.64
121.22
43.05
20.37
12.54
37.74
15.37
14.69
12.80
36.60
50.82
28.90
36.52
18.71
12.32
15.21
24.02
11.21
56.65
17.11
12.41
12.70
16.12
11.79
13.01
19.07
18.86
13.50
37.87

FBgn0145093
FBgn0145094
FBgn0145115
FBgn0145116
FBgn0145135
FBgn0145156
FBgn0145172
FBgn0145179
FBgn0145248
FBgn0145250
FBgn0145266
FBgn0145274
FBgn0145275
FBgn0145332
FBgn0145369
FBgn0145375
FBgn0145390
FBgn0145432
FBgn0145493
FBgn0145521
FBgn0145527
FBgn0145602
FBgn0145656
FBgn0145681
FBgn0145701
FBgn0145716
FBgn0145748
FBgn0145753
FBgn0145757
FBgn0145799
FBgn0145831
FBgn0145837
FBgn0145839
FBgn0145851
FBgn0145889
FBgn0145902
FBgn0145908
FBgn0145913
FBgn0145945
FBgn0145961

23.38
23.92
20.35
12.02
89.54
31.66
11.09
19.67
17.88
13.52
18.97
36.76
11.13
12.17
17.70
48.75
18.70
20.59
55.97
34.64
15.62
13.40
27.57
15.52
20.09
12.88
29.78
16.32
10.94
20.03
28.62
15.34
38.13
18.53
12.85
32.36
17.62
19.84
32.76
13.18

24.24
24,51
24.56
12.07
99.56
33.67
11.24
20.24
18.15
14.72
19.25
36.79
11.60
13.40
17.75
49.24
17.31
20.96
56.58
43.69
16.00
13.69
27.48
15.68
20.22
12.86
32.01
16.60
10.99
22.45
29.90
19.60
39.33
18.56
16.57
36.04
18.85
20.13
33.05
13.95
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FBgn0138415
FBgn0138416
FBgn0138440
FBgn0138446
FBgn0138459
FBgn0138464
FBgn0138466
FBgn0138487
FBgn0138490
FBgn0138492
FBgn0138504
FBgn0138509
FBgn0138512
FBgn0138523
FBgn0138529
FBgn0138537
FBgn0138545
FBgn0138557
FBgn0138574
FBgn0138578
FBgn0138580
FBgn0138582
FBgn0138599
FBgn0138626
FBgn0138654
FBgn0138666
FBgn0138680
FBgn0138710
FBgn0138714
FBgn0138740
FBgn0138752
FBgn0138754
FBgn0138844
FBgn0138916
FBgn0138927
FBgn0138940
FBgn0138976
FBgn0139010
FBgn0139012
FBgn0139033

22.93
13.76
35.97
47.26
12.83
11.91
17.19
13.08
18.61
11.17
12.43
31.76
27.44
47.99
59.17
14.81
32.65
15.88
24.83
12.34
13.80
29.78
19.64
25.53
23.01
30.11
30.91
11.84
15.30
19.88
35.94
51.32
47.37
15.01
128.55
33.61
13.29
13.86
17.76
14.40

24.44
17.36
33.47
48.54
13.92
12.07
20.69
13.08
18.92
11.40
13.17
33.57
34.33
51.73
60.69
14.87
32.98
17.46
25.12
12.68
13.90
31.01
20.74
37.18
23.14
35.07
32.04
12.88
17.91
20.36
41.27
54.26
47.85
16.35
131.49
33.62
14.71
14.09
18.98
14.79

FBgn0145962
FBgn0145969
FBgn0145979
FBgn0146008
FBgn0146022
FBgn0146039
FBgn0146040
FBgn0146061
FBgn0146082
FBgn0146095
FBgn0146107
FBgn0146159
FBgn0146206
FBgn0146216
FBgn0146243
FBgn0146248
FBgn0146355
FBgn0146373
FBgn0146375
FBgn0146386
FBgn0146393
FBgn0146476
FBgn0146491
FBgn0146561
FBgn0146579
FBgn0146696
FBgn0146700
FBgn0146715
FBgn0146719
FBgn0146753
FBgn0146794
FBgn0146800
FBgn0146829
FBgn0146860
FBgn0146861
FBgn0146863
FBgn0146927
FBgn0146951
FBgn0146954
FBgn0146962

16.12
14.27
26.54
11.75
17.92
12.97
11.63
29.42
24.17
33.59
25.03
32.46
38.97
43.65
24.67
15.56
14.85
82.46
18.28
12.75
13.16
11.72
15.28
20.37
12.21
24.60
45.04
16.32
18.76
11.80
19.15
18.04
11.05
12.90
20.38
56.07
13.81
11.25
17.88
21.23

16.41
14.93
28.12
12.00
20.03
20.22
13.28
31.32
25.14
37.29
26.53
33.18
39.90
47.76
24.84
17.80
15.12
89.24
18.62
13.39
15.67
11.85
16.15
22.56
12.66
24.85
46.29
16.83
22.15
11.92
19.84
18.11
11.95
13.07
20.50
63.92
14.75
11.34
18.32
23.10
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FBgn0139050
FBgn0139091
FBgn0139110
FBgn0139116
FBgn0139131
FBgn0139167
FBgn0139187
FBgn0139207
FBgn0139222
FBgn0139237
FBgn0139290
FBgn0139362
FBgn0139406
FBgn0139422
FBgn0139443
FBgn0139458
FBgn0139484
FBgn0139523
FBgn0139524
FBgn0139555
FBgn0139563
FBgn0139577
FBgn0139578
FBgn0139591
FBgn0139603
FBgn0139607
FBgn0139632
FBgn0139678
FBgn0139715
FBgn0139736

14.34
24.46
16.07
16.20
28.04
24.82
87.27
62.65
26.26
12.76
13.39
25.13
12.66
12.65
11.40
28.13
17.07
19.13
23.18
24.83
12.51
12.86
14.04
15.35
14.68
57.51
18.76
26.39
10.97
49.47

14.57
2541
18.50
16.19
28.04
24.95
89.39
69.40
27.33
13.09
14.07
25.56
13.52
12.85
11.43
28.06
22.58
20.25
24.09
25.85
13.04
14.55
15.08
22.76
14.91
62.07
18.76
32.86
11.00
49.45

FBgn0146972
FBgn0146986
FBgn0146994
FBgn0147011
FBgn0147049
FBgn0147063
FBgn0147080
FBgn0147085
FBgn0147178
FBgn0147191
FBgn0147196
FBgn0147199
FBgn0147225
FBgn0147235
FBgn0147254
FBgn0147289
FBgn0147291
FBgn0147322
FBgn0147362
FBgn0147364
FBgn0147371
FBgn0147404
FBgn0147425
FBgn0147444
FBgn0147454
FBgn0147467
FBgn0147520
FBgn0147533
FBgn0147560
FBgn0147572

11.91
45.53
13.37
11.40
20.64
23.06
40.16
27.60
16.09
14.40
122.05
31.73
10.98
11.47
34.95
48.40
11.03
26.96
39.90
13.64
12.26
11.98
10.93
81.09
63.61
32.62
13.99
59.75
31.54
42.84

12.05
48.09
13.56
11.66
22.53
23.57
41.10
27.59
17.86
14.64
122.65
30.10
12.39
11.63
37.69
48.47
17.77
27.12
45.16
15.82
12.25
12.66
12.10
82.18
64.55
38.76
14.11
59.80
31.54
43.65
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BSM D. buzzatii lineage

Flybae gene id
FBgn0067231
FBgn0132833
FBgn0132834
FBgn0132854
FBgn0133004
FBgn0133171
FBgn0133176
FBgn0133225
FBgn0133236
FBgn0133252
FBgn0133266
FBgn0133272
FBgn0133282
FBgn0133302
FBgn0133309
FBgn0133319
FBgn0133515
FBgn0133565
FBgn0133587
FBgn0133615
FBgn0133663
FBgn0133670
FBgn0133733
FBgn0133743
FBgn0133754
FBgn0133765
FBgn0133776
FBgn0133848
FBgn0133863
FBgn0133926
FBgn0134005
FBgn0134159
FBgn0134235
FBgn0134254
FBgn0134268
FBgn0134345
FBgn0134351
FBgn0134358

LRT Results
26.55
14.14
15.66
14.54
25.06
47.00
38.30
65.62
16.87
16.49
64.31
347.82
24.74
38.57
39.32
28.82
15.18
25.84
54.95
22.23
12.85
81.83
20.87
35.39
12.75
13.48
37.58
68.97
19.96
17.82
12.59
15.26
266.47
23.82
15.30
24.17
23.06
48.08

Flybae gene id
FBgn0137814
FBgn0137820
FBgn0137830
FBgn0137905
FBgn0137931
FBgn0137960
FBgn0137975
FBgn0138000
FBgn0138007
FBgn0138033
FBgn0138078
FBgn0138082
FBgn0138095
FBgn0138145
FBgn0138276
FBgn0138389
FBgn0138466
FBgn0138509
FBgn0138523
FBgn0138529
FBgn0138557
FBgn0138654
FBgn0138752
FBgn0138754
FBgn0138844
FBgn0138894
FBgn0138984
FBgn0139177
FBgn0139187
FBgn0139188
FBgn0139189
FBgn0139207
FBgn0139258
FBgn0139443
FBgn0139555
FBgn0139577
FBgn0139578
FBgn0139736

LRT Results
18.91
13.47
36.19
12.44
20.92
28.37
157.76
24.65
51.61
31.07
75.37
11.11
30.57
35.03
33.90
62.84
48.87
22.57
80.96
35.02
19.88
56.66
115.48
67.48
19.36
10.96
21.16
21.74
33.60
17.60
11.81
177.75
12.45
15.37
63.95
16.01
19.68
71.28

Flybae gene id
FBgn0142620
FBgn0142655
FBgn0142678
FBgn0142695
FBgn0142729
FBgn0142804
FBgn0142825
FBgn0142830
FBgn0142833
FBgn0142885
FBgn0142921
FBgn0142927
FBgn0142988
FBgn0143003
FBgn0143128
FBgn0143165
FBgn0143183
FBgn0143189
FBgn0143211
FBgn0143240
FBgn0143276
FBgn0143285
FBgn0143393
FBgn0143420
FBgn0143438
FBgn0143467
FBgn0143670
FBgn0143682
FBgn0143696
FBgn0143711
FBgn0143736
FBgn0143755
FBgn0143854
FBgn0143860
FBgn0143898
FBgn0144119
FBgn0144158
FBgn0144171

LRT Results
15.48
100.35
151.36
100.85
11.11
18.02
14.85
117.28
11.49
11.37
12.95
19.05
11.41
54.70
33.71
21.05
15.69
93.48
40.20
18.96
20.65
21.35
16.98
36.94
143.84
26.40
18.79
11.88
32.84
86.66
17.96
21.81
25.58
11.58
56.32
11.47
12.92
120.99
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FBgn0134393
FBgn0134468
FBgn0134484
FBgn0134537
FBgn0134552
FBgn0134565
FBgn0134605
FBgn0134629
FBgn0134666
FBgn0134700
FBgn0134773
FBgn0134797
FBgn0134800
FBgn0134830
FBgn0134911
FBgn0134920
FBgn0134937
FBgn0135018
FBgn0135023
FBgn0135037
FBgn0135076
FBgn0135080
FBgn0135227
FBgn0135228
FBgn0135231
FBgn0135323
FBgn0135435
FBgn0135464
FBgn0135584
FBgn0135627
FBgn0135693
FBgn0135751
FBgn0135786
FBgn0135789
FBgn0135883
FBgn0135941
FBgn0136002
FBgn0136039
FBgn0136061
FBgn0136304

31.24
19.04
11.77
37.28
45.97
45.11
17.68
11.03
14.33
15.24
34.83
27.88
37.03
25.90
79.48
60.87
12.22
31.27
14.05
31.82
28.79
159.73
20.01
13.41
77.22
11.38
14.76
34.43
27.56
43.79
49.94
13.66
24.13
92.32
15.58
33.34
32.60
32.45
47.59
11.52

FBgn0139763
FBgn0139771
FBgn0139866
FBgn0139890
FBgn0139927
FBgn0140021
FBgn0140045
FBgn0140066
FBgn0140094
FBgn0140104
FBgn0140166
FBgn0140252
FBgn0140391
FBgn0140397
FBgn0140422
FBgn0140434
FBgn0140544
FBgn0140586
FBgn0140587
FBgn0140827
FBgn0140920
FBgn0140945
FBgn0140958
FBgn0141105
FBgn0141113
FBgn0141193
FBgn0141205
FBgn0141278
FBgn0141287
FBgn0141295
FBgn0141300
FBgn0141362
FBgn0141373
FBgn0141406
FBgn0141410
FBgn0141448
FBgn0141463
FBgn0141523
FBgn0141603
FBgn0141677

21.27
14.83
13.92
19.82
12.61
47.30
27.74
11.18
35.10
14.89
18.25
33.17
37.46
64.51
13.85
11.13
17.83
15.77
12.85
11.10
44.37
20.07
30.23
65.83
20.43
224.06
150.27
11.15
14.55
110.39
14.00
17.48
54.25
36.74
11.43
69.46
19.78
16.52
14.69
66.41

FBgn0144363
FBgn0144371
FBgn0144383
FBgn0144402
FBgn0144414
FBgn0144482
FBgn0144499
FBgn0144526
FBgn0144666
FBgn0144681
FBgn0144691
FBgn0144698
FBgn0144753
FBgn0144762
FBgn0144787
FBgn0144796
FBgn0144861
FBgn0144884
FBgn0144886
FBgn0144894
FBgn0144950
FBgn0144955
FBgn0144970
FBgn0144984
FBgn0145025
FBgn0145052
FBgn0145093
FBgn0145115
FBgn0145116
FBgn0145156
FBgn0145175
FBgn0145247
FBgn0145275
FBgn0145375
FBgn0145467
FBgn0145527
FBgn0145656
FBgn0145701
FBgn0145748
FBgn0145753

14.04
164.45
11.78
18.38
32.00
37.55
106.24
13.26
37.06
23.45
53.41
10.94
19.95
39.34
16.89
12.36
57.32
57.61
49.75
43.81
15.79
15.79
19.96
24.59
28.58
48.46
39.35
17.06
27.28
51.84
13.22
20.39
17.37
108.53
30.28
31.78
31.04
28.90
17.91
11.41
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FBgn0136313
FBgn0136316
FBgn0136318
FBgn0136354
FBgn0136406
FBgn0136426
FBgn0136428
FBgn0136441
FBgn0136544
FBgn0136604
FBgn0136663
FBgn0136689
FBgn0136810
FBgn0136917
FBgn0136984
FBgn0136989
FBgn0136990
FBgn0137041
FBgn0137159
FBgn0137173
FBgn0137291
FBgn0137320
FBgn0137378
FBgn0137398
FBgn0137401
FBgn0137416
FBgn0137464
FBgn0137467
FBgn0137469
FBgn0137471
FBgn0137484
FBgn0137504
FBgn0137605
FBgn0137613
FBgn0137631
FBgn0137634
FBgn0137643
FBgn0137673
FBgn0137799

124.48
83.17
12.76
37.39
14.90
21.96
11.16
14.75
26.94
21.28
54.61
16.77
27.31
18.60
58.27
15.00
39.57
13.85
12.82
17.96
18.55

117.39
47.22
21.23
11.64
11.80
77.88
42.91
35.00
13.80
26.12
67.11
12.86
66.77
27.58
34.01
46.68
31.71
39.11

FBgn0141681
FBgn0141704
FBgn0141766
FBgn0141810
FBgn0141887
FBgn0141920
FBgn0141946
FBgn0141999
FBgn0142008
FBgn0142012
FBgn0142013
FBgn0142061
FBgn0142105
FBgn0142109
FBgn0142135
FBgn0142169
FBgn0142192
FBgn0142194
FBgn0142195
FBgn0142210
FBgn0142223
FBgn0142275
FBgn0142322
FBgn0142345
FBgn0142379
FBgn0142408
FBgn0142414
FBgn0142475
FBgn0142503
FBgn0142513
FBgn0142537
FBgn0142538
FBgn0142551
FBgn0142553
FBgn0142556
FBgn0142590
FBgn0142591
FBgn0142598
FBgn0142607

42.77
13.66
102.65
30.12
60.33
42.04
11.84
17.48
15.04
10.86
113.65
19.85
24.43
12.18
28.97
101.39
52.48
14.46
30.68
53.62
28.29
35.68
44.76
41.13
23.19
50.57
13.35
137.27
12.20
13.31
11.60
11.20
54.53
200.93
28.36
14.97
13.76
13.13
16.08

FBgn0145837
FBgn0145846
FBgn0145851
FBgn0145884
FBgn0145902
FBgn0145908
FBgn0145913
FBgn0145945
FBgn0145969
FBgn0146022
FBgn0146095
FBgn0146155
FBgn0146159
FBgn0146311
FBgn0146373
FBgn0146375
FBgn0146456
FBgn0146552
FBgn0146647
FBgn0146715
FBgn0146719
FBgn0146829
FBgn0146860
FBgn0146904
FBgn0146954
FBgn0146955
FBgn0146962
FBgn0146986
FBgn0147085
FBgn0147185
FBgn0147196
FBgn0147254
FBgn0147289
FBgn0147371
FBgn0147374
FBgn0147444
FBgn0147454
FBgn0147533

163.77
16.75
24.92
17.62
56.76
18.22
12.90
85.07
22.66
31.48
61.99
12.27
33.57
23.74

101.51
43.18
18.48
18.87
18.36
20.62
39.80
12.25
21.13
29.44
25.93
13.32
23.78
92.76
48.13
15.50

204.74
73.88
30.85
48.43
11.51
45.44
42.40

68.6859

181




BSM D. mojavensis lineage

Flybase Geneid LRT Results

FBgn0084656
FBgn0132955
FBgn0132962
FBgn0133171
FBgn0133289
FBgn0133455
FBgn0133474
FBgn0133698
FBgn0133704
FBgn0133753
FBgn0133773
FBgn0133848
FBgn0133897
FBgn0133936
FBgn0134260
FBgn0134526
FBgn0134537
FBgn0134552
FBgn0134620
FBgn0134858
FBgn0134891
FBgn0135227
FBgn0135331
FBgn0135446
FBgn0135483
FBgn0135804
FBgn0135817
FBgn0135941
FBgn0135944
FBgn0136008
FBgn0136054
FBgn0136055
FBgn0136073
FBgn0136118
FBgn0136259
FBgn0136363
FBgn0136372
FBgn0136447

28.55
11.09
15.17
11.81
11.50
142.65
12.47
19.21
20.24
30.37
15.00
22.88
34.88
15.28
34.29
12.03
19.84
14.57
15.38
138.90
72.16
14.75
15.22
26.64
66.99
43.68
18.54
41.11
18.31
14.50
33.45
27.17
138.13
19.02
13.26
15.68
10.92
19.41

Flybase Gene id

FBgn0138311
FBgn0138402
FBgn0138509
FBgn0138529
FBgn0138621
FBgn0138927
FBgn0139016
FBgn0139290
FBgn0139324
FBgn0139458
FBgn0139771
FBgn0139786
FBgn0139909
FBgn0140033
FBgn0140036
FBgn0140273
FBgn0140310
FBgn0140543
FBgn0140562
FBgn0140587
FBgn0140729
FBgn0140827
FBgn0140923
FBgn0140957
FBgn0140969
FBgn0140975
FBgn0141072
FBgn0141080
FBgn0141174
FBgn0141272
FBgn0141298
FBgn0141404
FBgn0141810
FBgn0141840
FBgn0141950
FBgn0141962
FBgn0142013
FBgn0142061

LRT Results
24.33
13.06
13.27
17.38
12.18
80.14
14.01
23.48
14.86
28.77
17.65
10.99
33.65
13.70
68.25
14.67
11.10
14.93
21.29
20.29
19.84
26.53
15.80
11.22
19.03
21.16
14.98
55.00
20.00
14.76
21.24
20.66
59.03
19.16
14.95
12.71
55.16
44.33

Flybase Gene id

FBgn0143408
FBgn0143413
FBgn0143533
FBgn0143555
FBgn0143593
FBgn0143749
FBgn0143785
FBgn0144010
FBgn0144076
FBgn0144215
FBgn0144232
FBgn0144273
FBgn0144363
FBgn0144383
FBgn0144414
FBgn0144444
FBgn0144526
FBgn0144684
FBgn0144796
FBgn0144819
FBgn0144929
FBgn0144941
FBgn0144956
FBgn0144975
FBgn0145117
FBgn0145172
FBgn0145328
FBgn0145369
FBgn0145376
FBgn0145892
FBgn0145962
FBgn0146059
FBgn0146243
FBgn0146332
FBgn0146373
FBgn0146501
FBgn0146561
FBgn0146665

LRT Results
18.54
49.99
18.95
11.01
15.16
11.13
21.50
16.86
11.52
38.96
10.85
12.56
12.34
16.40
82.98
11.62
18.29
163.53
40.39
10.98
49.49
36.80
12.00
11.78
14.23
22.84
17.42
17.02
21.89
32.32
12.79
19.76
36.72
15.07
55.02
10.99
19.30
11.44
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FBgn0136486 27.77 FBgn0142086 194.75 FBgn0146709 29.81
FBgn0136598 11.30 FBgn0142102 36.55 FBgn0146753 34.86
FBgn0136603 15.59 FBgn0142104 15.15 FBgn0146800 31.68
FBgn0136642 31.10 FBgn0142135 11.58 FBgn0146863 125.42
FBgn0136657 13.60 FBgn0142236 13.65 FBgn0146997 13.33
FBgn0136845 20.79 FBgn0142366 14.71 FBgn0147063 21.12
FBgn0136954 13.84 FBgn0142429 13.75 FBgn0147080 17.96
FBgn0137096 16.10 FBgn0142436 17.17 FBgn0147166 11.84
FBgn0137320 15.22 FBgn0142459 17.96 FBgn0147204 14.57
FBgn0137398 18.27 FBgn0142496 90.54 FBgn0147215 12.08
FBgn0137504 20.36 FBgn0142618 17.75 FBgn0147254 18.90
FBgn0137526 17.89 FBgn0142688 21.20 FBgn0147281 20.93
FBgn0137602 13.96 FBgn0142786 14.20 FBgn0147303 11.68
FBgn0137810 39.01 FBgn0142892 12.09 FBgn0147304 11.22
FBgn0137898 37.54 FBgn0142995 46.27 FBgn0147322 39.75
FBgn0137975 27.59 FBgn0143063 14.96 FBgn0147362 62.63
FBgn0137997 11.83 FBgn0143137 23.48 FBgn0147425 19.35
FBgn0138080 54.09 FBgn0143279 29.64 FBgn0147444 97.17
FBgn0138120 17.41 FBgn0143338 29.38
FBgn0138209 28.32 FBgn0143342 13.95

BSM cactophilic lineage

Flybase geneid  LRT Results  Flybase geneid LRT Results Flybase geneid LRT Results

FBgn0084467 23.01 FBgn0137909 49.49 FBgn0142477 15.58
FBgn0084651 12.34 FBgn0137911 19.38 FBgn0142503 11.83
FBgn0085089 26.62 FBgn0137979 11.84 FBgn0142533 12.29
FBgn0085178 11.99 FBgn0137993 13.32 FBgn0142547 11.83
FBgn0132853 25.29 FBgn0138012 16.45 FBgn0142551 17.48
FBgn0132868 11.61 FBgn0138016 18.79 FBgn0142553 27.78
FBgn0132897 40.23 FBgn0138030 13.69 FBgn0142569 13.46
FBgn0132940 21.04 FBgn0138060 11.15 FBgn0142598 29.02
FBgn0132962 16.02 FBgn0138066 48.19 FBgn0142625 18.60
FBgn0133074 13.33 FBgn0138099 12.09 FBgn0142652 11.36
FBgn0133199 26.42 FBgn0138139 12.73 FBgn0142654 12.62
FBgn0133207 15.47 FBgn0138162 14.68 FBgn0142710 26.36
FBgn0133233 33.13 FBgn0138484 13.44 FBgn0142712 23.85
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FBgn0133289
FBgn0133296
FBgn0133409
FBgn0133467
FBgn0133476
FBgn0133530
FBgn0133576
FBgn0133622
FBgn0133717
FBgn0133727
FBgn0133728
FBgn0133744
FBgn0133753
FBgn0133776
FBgn0133789
FBgn0133803
FBgn0133809
FBgn0133813
FBgn0133818
FBgn0133835
FBgn0133848
FBgn0133866
FBgn0133917
FBgn0133963
FBgn0134033
FBgn0134056
FBgn0134069
FBgn0134077
FBgn0134099
FBgn0134167
FBgn0134299
FBgn0134355
FBgn0134418
FBgn0134484
FBgn0134505
FBgn0134537
FBgn0134572
FBgn0134603
FBgn0134605
FBgn0134620

12.47
13.13
13.95
15.36
12.49
14.12
19.05
14.67
15.52
17.19
19.77
26.81
22.96
19.57
39.36
19.24
16.90
16.63
11.16
31.74
16.77
63.10
16.73
24.65
21.26
15.38
18.70
15.35
14.65
16.05
30.55
15.78
11.88
11.18
12.65
18.05
14.38
13.78
25.93
14.89

FBgn0138509
FBgn0138522
FBgn0138557
FBgn0138559
FBgn0138593
FBgn0138630
FBgn0138631
FBgn0138654
FBgn0138655
FBgn0138666
FBgn0138720
FBgn0138739
FBgn0138755
FBgn0138774
FBgn0138838
FBgn0138844
FBgn0138873
FBgn0138982
FBgn0138986
FBgn0138994
FBgn0139007
FBgn0139012
FBgn0139020
FBgn0139033
FBgn0139056
FBgn0139063
FBgn0139067
FBgn0139069
FBgn0139114
FBgn0139174
FBgn0139187
FBgn0139206
FBgn0139207
FBgn0139210
FBgn0139216
FBgn0139279
FBgn0139286
FBgn0139294
FBgn0139314
FBgn0139338

20.90
24.91
14.77
13.32
17.14
12.77
13.14
11.23
12.34
39.72
12.99
12.19
13.55
15.38
18.59
12.91
16.70
22.97
14.10
11.97
15.23
21.06
19.84
11.86
12.59
14.98
19.62
13.90
17.09
10.99
21.60
10.84
47.47
12.98
17.75
19.08
11.70
15.16
11.84
22.12

FBgn0142713
FBgn0142721
FBgn0142754
FBgn0142780
FBgn0142785
FBgn0142834
FBgn0142845
FBgn0142890
FBgn0142893
FBgn0142932
FBgn0142976
FBgn0142985
FBgn0142987
FBgn0143003
FBgn0143020
FBgn0143033
FBgn0143112
FBgn0143127
FBgn0143170
FBgn0143189
FBgn0143306
FBgn0143314
FBgn0143320
FBgn0143402
FBgn0143489
FBgn0143490
FBgn0143524
FBgn0143593
FBgn0143670
FBgn0143709
FBgn0143766
FBgn0143873
FBgn0143934
FBgn0143996
FBgn0144035
FBgn0144119
FBgn0144160
FBgn0144177
FBgn0144211
FBgn0144232

11.82
29.86
11.52
14.67
22.59
28.42
22.10
14.61
12.24
17.62
21.69
29.97
16.76
11.56
13.78
11.11
38.12
11.17
12.86
28.00
12.93
35.18
14.50
11.33
20.97
22.07
15.79
40.73
21.36
11.62
13.26
11.30
21.79
13.77
20.80
12.15
35.15
11.26
11.15
23.80

184




FBgn0134649
FBgn0134691
FBgn0134707
FBgn0134776
FBgn0134804
FBgn0134828
FBgn0134865
FBgn0134883
FBgn0134890
FBgn0134920
FBgn0134933
FBgn0134942
FBgn0135042
FBgn0135043
FBgn0135083
FBgn0135097
FBgn0135187
FBgn0135210
FBgn0135227
FBgn0135228
FBgn0135231
FBgn0135255
FBgn0135298
FBgn0135305
FBgn0135319
FBgn0135324
FBgn0135327
FBgn0135329
FBgn0135334
FBgn0135391
FBgn0135435
FBgn0135440
FBgn0135448
FBgn0135462
FBgn0135465
FBgn0135555
FBgn0135574
FBgn0135584
FBgn0135590
FBgn0135622

13.29
12.99
19.71
11.07
19.85
23.49
11.10
15.27
12.41
14.02
11.72
32.88
15.56
15.46
13.36
16.91
56.16
13.29
14.28
32.62
11.28
14.84
12.69
15.04
14.66
16.43
14.54
22.88
13.67
15.86
12.54
14.19
13.61
14.12
51.83
38.87
15.86
10.86
23.98
12.04

FBgn0139346
FBgn0139355
FBgn0139379
FBgn0139458
FBgn0139487
FBgn0139519
FBgn0139547
FBgn0139581
FBgn0139588
FBgn0139590
FBgn0139641
FBgn0139721
FBgn0139737
FBgn0139848
FBgn0139880
FBgn0139909
FBgn0139912
FBgn0139929
FBgn0139930
FBgn0139931
FBgn0139935
FBgn0139947
FBgn0139948
FBgn0139981
FBgn0140001
FBgn0140036
FBgn0140048
FBgn0140063
FBgn0140073
FBgn0140074
FBgn0140136
FBgn0140159
FBgn0140167
FBgn0140235
FBgn0140237
FBgn0140318
FBgn0140332
FBgn0140439
FBgn0140514
FBgn0140519

20.32
11.07
16.74
15.71
12.58
23.11
17.37
58.87
19.27
16.41
17.99
16.98
12.41
13.40
12.91
25.66
13.25
12.22
13.87
13.84
12.20
19.48
12.24
12.37
10.85
23.17
13.09
13.59
12.62
14.22
143.97
15.54
30.07
21.79
11.18
21.38
26.97
23.51
16.85
21.58

FBgn0144245
FBgn0144275
FBgn0144310
FBgn0144324
FBgn0144363
FBgn0144386
FBgn0144407
FBgn0144465
FBgn0144495
FBgn0144505
FBgn0144506
FBgn0144522
FBgn0144647
FBgn0144659
FBgn0144701
FBgn0144708
FBgn0144753
FBgn0144757
FBgn0144770
FBgn0144805
FBgn0144850
FBgn0144950
FBgn0144975
FBgn0145072
FBgn0145093
FBgn0145133
FBgn0145176
FBgn0145239
FBgn0145250
FBgn0145262
FBgn0145266
FBgn0145280
FBgn0145305
FBgn0145332
FBgn0145453
FBgn0145637
FBgn0145667
FBgn0145688
FBgn0145700
FBgn0145796

30.11
21.87
15.38
27.78
46.36
17.60
15.22
12.47
11.28
14.88
17.41
16.81
13.11
18.59
18.99
18.66
27.36
39.68
14.06
15.20
28.00
62.22
12.43
21.39
10.97
14.78
12.69
19.11
18.93
11.12
14.39
11.23
13.00
27.59
24.56
10.86
11.19
11.44
15.76
12.51
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FBgn0135624
FBgn0135629
FBgn0135647
FBgn0135656
FBgn0135657
FBgn0135686
FBgn0135714
FBgn0135716
FBgn0135747
FBgn0135764
FBgn0135837
FBgn0135883
FBgn0135941
FBgn0136028
FBgn0136049
FBgn0136158
FBgn0136180
FBgn0136181
FBgn0136252
FBgn0136373
FBgn0136394
FBgn0136434
FBgn0136460
FBgn0136468
FBgn0136512
FBgn0136544
FBgn0136571
FBgn0136691
FBgn0136693
FBgn0136724
FBgn0136785
FBgn0136802
FBgn0136807
FBgn0136852
FBgn0136873
FBgn0136943
FBgn0136954
FBgn0137015
FBgn0137018
FBgn0137134

13.26
28.40
22.22
26.88
22.14
18.74
29.72
12.05
15.82
22.54
41.41
23.60
53.40
15.12
15.98
11.69
10.86
20.57
10.99
16.04
15.99
15.88
17.28
12.36
13.86
20.58
19.72
14.43
12.62
15.50
11.24
40.00
27.69
30.43
31.07
11.39
16.26
28.72
14.30
12.05

FBgn0140535
FBgn0140587
FBgn0140588
FBgn0140637
FBgn0140643
FBgn0140662
FBgn0140691
FBgn0140710
FBgn0140713
FBgn0140767
FBgn0140771
FBgn0140857
FBgn0140928
FBgn0140969
FBgn0141009
FBgn0141072
FBgn0141080
FBgn0141096
FBgn0141179
FBgn0141202
FBgn0141304
FBgn0141318
FBgn0141489
FBgn0141510
FBgn0141593
FBgn0141654
FBgn0141689
FBgn0141699
FBgn0141727
FBgn0141734
FBgn0141742
FBgn0141747
FBgn0141766
FBgn0141808
FBgn0141810
FBgn0141927
FBgn0141995
FBgn0142013
FBgn0142086
FBgn0142102

12.31
13.53
14.40
24.61
10.90
13.26
19.60
20.99
21.01
18.12
38.59
12.21
17.93
12.19
12.39
13.72
11.77
25.23
10.94
19.12
17.21
23.88
11.95
11.78
33.07
27.58
12.01
29.69
21.43
14.61
16.10
11.33
20.98
18.79
12.76
16.46
23.17
23.27
63.29
21.24

FBgn0145835
FBgn0145879
FBgn0145960
FBgn0146008
FBgn0146028
FBgn0146033
FBgn0146036
FBgn0146040
FBgn0146048
FBgn0146061
FBgn0146082
FBgn0146095
FBgn0146104
FBgn0146112
FBgn0146117
FBgn0146140
FBgn0146185
FBgn0146243
FBgn0146248
FBgn0146255
FBgn0146317
FBgn0146327
FBgn0146366
FBgn0146376
FBgn0146420
FBgn0146556
FBgn0146580
FBgn0146593
FBgn0146600
FBgn0146622
FBgn0146665
FBgn0146729
FBgn0146792
FBgn0146814
FBgn0146841
FBgn0146843
FBgn0146894
FBgn0146946
FBgn0146968
FBgn0146972

12.19
16.34
11.90
15.42
11.86
15.04
14.10
21.40
14.42
15.22
20.38
31.63
19.25
14.53
13.44
19.71
15.46
11.43
26.76
13.82
15.72
17.14
25.74
14.45
11.21
15.46
21.21
12.77
11.58
20.00
14.01
17.00
13.43
12.78
17.47
12.33
17.47
18.55
15.83
16.98
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FBgn0137168 14.45 FBgn0142103 22.78 FBgn0146986 18.91
FBgn0137218 11.80 FBgn0142112 10.85 FBgn0147018 27.45
FBgn0137242 15.58 FBgn0142120 13.61 FBgn0147027 103.96
FBgn0137289 13.88 FBgn0142124 11.71 FBgn0147047 12.00
FBgn0137315 18.94 FBgn0142156 18.62 FBgn0147049 15.90
FBgn0137418 14.76 FBgn0142160 13.37 FBgn0147082 19.02
FBgn0137428 18.41 FBgn0142228 25.73 FBgn0147108 24.82
FBgn0137450 12.11 FBgn0142264 15.10 FBgn0147131 15.95
FBgn0137471 16.78 FBgn0142267 30.66 FBgn0147203 13.07
FBgn0137553 20.66 FBgn0142282 27.17 FBgn0147362 33.39
FBgn0137582 20.13 FBgn0142312 11.67 FBgn0147401 11.51
FBgn0137602 24.14 FBgn0142333 15.27 FBgn0147412 14.40
FBgn0137607 28.78 FBgn0142348 17.19 FBgn0147440 14.04
FBgn0137624 12.99 FBgn0142394 23.53 FBgn0147444 21.08
FBgn0137728 16.83 FBgn0142400 15.78 FBgn0147514 11.52
FBgn0137799 12.48 FBgn0142406 16.64 FBgn0147533 82.56
FBgn0137801 26.52 FBgn0142408 19.86 FBgn0147534 19.98
FBgn0137821 11.96 FBgn0142413 22.91 FBgn0147543 11.61
FBgn0137831 11.86 FBgn0142424 31.08 FBgn0147547 15.11
FBgn0137882 20.89 FBgn0142433 14.09
Orphan genes
D. buz. D. moj. # #
Fbea§egene dan ds protein  protein  D.Mmoj. exons exons
id length length scaffold D. D.
(aa) (aa) buz. moj.
FBgn0084252 0.5025 0.7416 0.6776 62 67 6496 1 1
FBgn0132808 0.0576 0.1068 0.5388 93 97 6540 1 1
FBgn0133043 0.1528 0.6435 0.2374 670 756 6540 4 4
FBgn0133050 0.169 0.4093 0.4128 137 139 6540 1 1
FBgn0133106 0.0787 0.0228 3.4527 57 59 6540 1 1
FBgn0133329 0.0869 0.1815 0.4788 53 64 6540 1 1
FBgn0133460 0.0633 0.2846 0.2225 114 116 6540 1 1
FBgn0133573 0.1291 0.3913 0.3298 74 74 6540 2 2
FBgn0133669 0.0000 0.0000 0.4547 66 76 6308 1 2
FBgn0133712 0.1311 0.1522 0.8614 68 69 6308 1 1
FBgn0133791 0.0003 0.3447 0.0010 69 64 6308 2 1
FBgn0133924 0.2180 0.6094 0.3576 239 240 6308 2 2
FBgn0134143 0.0376 0.3273 0.1148 66 66 6500 1 1
FBgn0134228 0.3442 0.4402 0.7819 80 87 6680 2 2
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FBgn0134265
FBgn0134411
FBgn0134416
FBgn0134425
FBgn0134449
FBgn0134461
FBgn0134529
FBgn0134546
FBgn0134618
FBgn0134694
FBgn0134745
FBgn0135138
FBgn0135403
FBgn0135405
FBgn0135406
FBgn0135417
FBgn0135424
FBgn0135497
FBgn0135977
FBgn0136040
FBgn0136167
FBgn0136408
FBgn0136630
FBgn0136903
FBgn0137078
FBgn0137510
FBgn0137563
FBgn0137601
FBgn0137769
FBgn0137782
FBgn0137837
FBgn0137880
FBgn0138207
FBgn0138211
FBgn0138246
FBgn0138354
FBgn0138370
FBgn0138545
FBgn0138653
FBgn0138709
FBgn0138769
FBgn0138957
FBgn0139019

0.2052
0.1688
0.1271
0.1348
0.1612
0.3056
0.2551
0.0625
0.3178
0.0778
0.0190
0.3875
0.0217
0.0328
0.0139
0.0933
0.1246
0.0272
0.0061
0.1082
0.2655
0.4980
0.0341
0.1676
0.4446
0.1357
0.0416
0.1653
0.1267
0.0838
0.4290
0.0311
0.2858
0.2808
0.2160
0.1326
0.1533
0.2815
0.0368
0.3455
0.1766
0.1297
0.4062

0.8390
0.0610
0.5010
0.3000
0.5036
0.6452
0.5560
0.4643
0.5893
0.2400
0.3515
0.2589
0.1648
0.1447
0.1798
0.4815
0.3913
0.2083
0.0365
0.1693
0.5031
0.8945
0.0936
0.4566
0.4591
0.1572
0.1009
0.1329
0.4284
0.1073
0.5889
0.107
0.6694
0.6656
0.3220
0.2037
0.6158
0.1844
0.2407
0.5356
0.0599
0.2017
0.6552

0.2446
2.7652
0.2537
0.4494
0.3201
0.4737
0.4588
0.1347
0.5393
0.3243
0.0542
1.4966
0.1318
0.2266
0.0770
0.1938
0.3184
0.1308
0.1663
0.6393
0.5277
0.5567
0.3647
0.3671
0.9684
0.8630
0.4119
1.2439
0.2958
0.7811
0.7285
0.2905
0.4269
0.4219
0.6710
0.6513
0.2489
1.5268
0.153
0.6451
2.9485
0.643
0.6199

77
128
183

99
112
102

79
169
138
108

62

56

84
102

75
205

96

91

75
48

71

90

47

67

81

70

93

60
111

91
159

77

86

56

94
133

62

78
112
118

46

66
115

77
130
186
101

99
100

79
161
164
112

62

56

79
101

75
200

84

88

81

53

71

90

54

72

97

80

92

71
111

99
188

74

86

65

99
135

63

80
109
121

52

67
109

6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6680
6500
6482
6473
6500
6473
6473
6473
6473
6473
6473
6564
6473
6500
6473
6473
6473
6500
1552
6328
6328

R PR PR NRPRNRPNRRPRRPLRWOUONRPRRPRRPRPRRRLRRRNRPRRPREPRERNNNRPRPNNRPRNNRERNRRRPR

P R PR NRPRNRPRPRRPRRPRRNNRPRRPRRPRPRRLRRLPRRRERNRPRRPRNREPRNNNRPRPRPNNRNNRLRNRRRR
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FBgn0139140
FBgn0139154
FBgn0139176
FBgn0139241
FBgn0139272
FBgn0139281
FBgn0139579
FBgn0139711
FBgn0140039
FBgn0140234
FBgn0140674
FBgn0140727
FBgn0140953
FBgn0140982
FBgn0141168
FBgn0141206
FBgn0141320
FBgn0141330
FBgn0141408
FBgn0141633
FBgn0141650
FBgn0141774
FBgn0141919
FBgn0142106
FBgn0142187
FBgn0142570
FBgn0142574
FBgn0142575
FBgn0142632
FBgn0142635
FBgn0142669
FBgn0142922
FBgn0143049
FBgn0143114
FBgn0143727
FBgn0143728
FBgn0143730
FBgn0143746
FBgn0143776
FBgn0143834
FBgn0144124
FBgn0144621
FBgn0144673

0.2082
0.1110
0.0489
0.2243
0.0116
0.0687
0.0569
0.0001
0.1013
0.1902
0.2859
0.1053
0.1324
0.0597
0.1436
0.1583
0.1477
0.0348
0.129
0.0676
0.0347
0.1369
0.1088
0.1174
0.1551
0.2199
0.248
0.3313
0.1339
0.2151
0.0529
0.0838
0.2772
0.0211
0.1116
0.1289
0.2504
0.0534
0.0436
0.104
0.2097
0.1738
0.0186

0.6932
0.4968
0.4993
0.2236
0.2826
0.2951
0.3274
0.1263
0.4171
0.4059
0.7016
0.12
0.3114
0.2182
0.7842
0.2243
0.1814
0.0345
0.2108
0.1146
0.2034
0.4015
0.3221
0.2543
0.448
0.7697
0.6124
0.6032
0.4996
0.6067
0.0383
0.0605
0.5803
0.0876
0.3557
0.2642
0.6194
0.0969
0.0509
0.4012
0.61
0.2918
0.1687

0.3004
0.2235
0.098
1.0029
0.0412
0.2329
0.1737
0.001
0.243
0.4686
0.4075
0.878
0.4253
0.2738
0.1832
0.7055
0.8141
1.0089
0.6121
0.5898
0.1707
0.341
0.3378
0.4619
0.3463
0.2857
0.405
0.5492
0.268
0.3545
1.3813
1.3848
0.4777
0.2408
0.3137
0.4879
0.4042
0.5515
0.857
0.2593
0.3438
0.5955
0.1104

84
75
164
61
121
108
209
34
60
112
77
137
86
65
75
68
203
70
114
54
108
85
166
58
153
320
304
215
146
263
56
60
270
55
228
179
77
63
70
70
77
43
95

84
76
180
69
121
110
207
34
60
114
80
127
96
65
75
72
219
72
112
55
105
84
175
58
157
337
296
217
166
262
61
61
276
60
214
198
82
69
74
82
76
53
101

6328
6328
6328
6500
6654
6654
6654
6496
6500
6500
6500
6500
6500
6500
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6496
6500
6496
6496
6496
6496
6496
6496
6496
6500
6510
6540

N R R PRPRPRPRPRPRNNRPRNRPRRPRRPRPNRPRPRRPRPRLRNNRPRPRPRPRPRRENRPNRPNRPRL,WNNERERWNN
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FBgn0144682
FBgn0144907
FBgn0145065
FBgn0145390
FBgn0146213
FBgn0146224
FBgn0146316
FBgn0146405
FBgn0146422
FBgn0146487
FBgn0146771
FBgn0146861
FBgn0147026
FBgn0147508
FBgn0147510
FBgn0147520
FBgn0147538

0.0211
0.1407
0.0782
0.097
0.0382
0.1032
0.0654
0.1429
0.163
0.1084
0.1093
0.1308
0.1559
0.1718
0.3429
0.2812
0.1104

0.1355
0.3043
0.1092
0.0625
0.2139
0.8046
0.0603
0.0226
0.6491
0.2445
0.1544
0.1232
0.1923
0.5965
0.657
0.6444
0.2038

0.1559
0.4624
0.716
1.5517
0.1788
0.1283
1.0857
6.3091
0.2511
0.4435
0.7083
1.0616
0.8105
0.288
0.5219
0.4363
0.5417

73
88
91
82
48
82
45
71
159
43
131
129
126
150
125
61
88

68

87

98

85

52

93

56

71
194
52

135
126
131
162
132
61

94

6540
6540
6540
6500
6540
6540
6540
6540
6540
6500
6540
6540
6540
6540
6540
6540
6540

PR WRRPRPRRPRRPRRLRNRRRRRNER

P R R R RPRRPRRPRREBNNRRRRRLRNER
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Table S5. Summary of sequencing data.

161

Library
Mean Mean
# plates )
insert read Expected
Strain  Platform (454) #Raw reads #Filtered reads
Type size length coverage
or lanes
(kb) (bp)
(Mlumina)
Shotgun 3 - 4219296 3857039 335.23 8x
454
PE 2 6-8 2501837 1691215 304.92 3x
st-1 Sanger BES - 150 2304 1799 698.2 ~0.01x
PE 4 0.5 447062156 114499279 106.3 76x
[llumina

MP 1 7.5 41846306 19292893 97.8 12x




Table S6. Three assembly stages of D. buzzatii st-1 genome.

# # putative sc'\g?ol Max
Stage Input Scaffold chimerics . #N's #gaps
(> 3 kb) (split) d scaffold size
P index
De novo All 454 +
Pre- BES +1 3 (inter-
library 2306 38 14579794 18060254 -
assembly . chromosomal)
el Illumina
short PE
=
Scaffoldin  assembled 3 (inter-
g (SSPACE) scaffolds + S chromosomal) 29 16289485 18991294 13409
MP libray
- Scaffolds + .
Gapfilling - %\ ina 818 8 (intra- 30 16306990 14974169 11462
(GapfFiller) short PE chromosomal)
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Table S7. Base composition by genome features.

Base composition Genome Genes Exons
AT 55.81 % 54.24 % 48.17 %
GC 34.92 % 42.00 % 51.83 %
N 9.27 % 3.76 % 0.004 %
Total bases 161490851 42433860 20364820
Fraction 100 % 26.28 % 12.61 %
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Table S8. Quality control of freeze 1 assembly using sequenced BACs.

BAC

1B03
1N19
20019

40C11

5H14

Chromosome Length (bp)

2 258840
2 138724
2 143293
2 132938
2 124024

Unambiguous bp
covered (%)

97.29
98.97
98.24
100.00

93.31

Average
identity
(%)
99.96
99.92
100
99.88

99.97

Matched scaffolds
Number of Freeze 1
scaffolds scaffold id.
1 scaffold1
1 scaffold1
1 scaffold1
1 scaffold?2
1 scaffold5

Aligned
blocks

8

8

12




Table S9. Assembly error rate inferred by mapping genomic and RNAseq reads to Freeze
1 sequence. The overall error rate was computed using a coverage threshold of 4

aligned reads per position.

_ ) RNAseq male adults reads
Genomic reads mapping

mapping
# Putative # Putative
Error
assembly assembly Error rate
rate
sequence errors sequence errors
No coverage
182598 0.00125 71499 0.00153
threshold
Coverage threshold
68898 0.00047 19042 0.00062

24

Table S10. Polymorphism rate estimation by mapping Illumina reads to Freeze 1

assembly.
Gapfiller reads mapping
# Polymorphic positions Polymorphism rate
No coverage threshold 148772 0.00102
Coverage threshold 24 141648 0.000972
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Table S11. Optical Density (I0D) and genomic size estimation.

10D Genome size (pg) Genome size (MDb)

Species j19 stl j19 stl j19 stl

D. buzzatii 96.56 467.03 0.149 0.156 146 153
D. mojavensis | 128.27 591.20 0.198° 0.198° 194° 194°

® Estimated by dividing genome size in Mb by 978 Mb/pg.

® Total assembly size (Drosophila 12 Genomes Consortium).
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Table S12. RNAseq reads per sample

Male adults 7382




86T

Table S13. Matrix of correlation coefficients (below diagonal) and p-values (above diagonal) from pairwise correlation tests

between each of the genomic factors included in the three linear models.

Type Recomb State Length Exons Breadth Max.-

expression

Type 1 0.3107 2.20e-16** 0.3481 0.0016** 0.5135 0.3459

Recomb 0.0107 1 2.2e-16** 0.6195 0.852 0.1973 0.8744

State -0.1194 -0.2511 1 0.2392 0.4604 0.0266 0.0368*
Length -0.0099 0.0052 0.0124 1 2.20e-16**  2.149e-07** 6.20e-14**
Exons -0.0333 0.0020 0.0078 0.6719 1 2.2e-16** 4.59e-06**
Breadth 0.0069 0.0136 -0.0233 0.0546 0.0872 1 7.50e-08**

Max. expression -0.0099 0.0017 -0.0220 -0.0789 -0.0482 0.0566 1

** Extremely significant (p-values < 0.01)

* Moderately significant (0.01< p-values <0.05)
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Figure S1. Assembly pipeline followed for st-1 D. buzzatii genome.
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Figure S3. Algorithm designed to track putative sequence errors and polymorphic sites
in freeze 1 assembly. Four different positions are described according to the results
obtained by aligning Illlumina reads. Positions with an error rate < 0.8 are considered
correct positions (1). Positions in which more than 80% of the aligned reads having the
same base do not match the assembly are pinpointing assembly errors (2). Polymorphic
positions are detected if less than 80% but more than 20% of the aligned reads do not
match the assembly and have the same base (3). Putative sequencing errors are
detected when more than 80% of the bases do not match the assembly and they have

random bases in the same position. This last category was not further analyzed.
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Figure S4. Genome size quantification of D. buzzatii st-1 and j-19 strains using I0D.
Testicular cells analyzed from D. buzzatii st-1 strain (a) and normal distribution profiles
that best fit to the 10D histogram representations (b). Fifty cells from each group were

analyzed.
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5. DISCUSSION

5.1 Facing a de novo genome assembly

Determining the complete DNA sequence of a genome has become a recurrent task

in many laboratories during the last decade. The development of new sequencing

technologies makes it more feasible than ever to obtain millions of DNA reads in a

relatively short period of time at a reasonable cost (Table 3).

TABLE 3. Comparison of different sequencing platforms.

Read
Technology Error rate PE support* Refs
length (bp)

ABI/Solid 75 Low (~2%) Yes (Miller et al. 2012)
Illumina/Solexa 100-150 Low (<2%) Yes
lonTorrent ~200 Medium (~4%) No

(Loman et al. 2012)
Roche/454 400-600 Medium (~4%) No
Sanger Up to ~2000 Low(™~2%) Yes

Pacific Biosciences Up to ~15000 High(~18%) Yes (Eid et al. 2009)

*Paired-end support refers to the platform’s ability to generate paired-end reads natively.
Potentially all sequencing technologies can be used to sequence paired-end libraries obtained by

the circularization of long DNA fragments.

However, to start a new genome project requires facing one of the most complex

computational and technical challenges in modern Biology. The abundant levels of

repetitive regions in most eukaryotic genomes generate puzzling ambiguities that

current short-read assembler software are not able to resolve (Treangen and Salzberg

2012), representing the major obstacle to perform accurate genome analysis. As a

result, the increasing number of sequenced genomes has been regrettably accompanied

by an overall quality-reduction of genome sequences due to inherent errors in the

sequencing technologies, presumably compensated by a decrease in both time and
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cost-ratios. For this reason, global standards are required for genome sequences to

assess the quality of new data sets rapidly generated (Chain et al. 2009) (Figure 13).

All genome assemblers are based on the simple idea that highly similar DNA
fragments do overlap. Two different approaches can be used to assemble reads
obtained by multiple sequencing platforms: assembly by mapping or assembly de novo.
If a genome reference sequence is available, DNA reads can be easily mapped against it.
This step allows inferring the order and orientation of reads leading to the
reconstruction of the genome sequence according to the reference sequence.
Assembling by mapping is a technique mainly used to assess structural variants or
analyze both inter and intraspecific nucleotide variability. Assembling a genome de novo
is @ more complex and sophisticated procedure which does not require the availability
of a reference genome. De novo assemblers implement alignment-based algorithms
that generate full-length sequences from short DNA fragments. Thus, it allows for the

assembly of genomes with no related species sequenced.

Several modern software designed to assembly genomes de novo are currently
available, and they support different sequencing technologies (Nagarajan and Pop
2013). Choosing among the great variety of assemblers represented one of the most
challenging steps in this project. In order to obtain a high quality genome, the strategy
that best fits to the sequencing data must be chosen. The available computer resources
(mainly computer’s memory) are limiting factors in every large-scale project. Hence, a
previous knowledge on big data manipulation is required to avoid unexpected failures
when running the assembly. Finally multiple alternatives have been proposed to help to
improve assemblies. For example, a genome assembly can be assessed by parallel
sequencing of the corresponding transcriptome, which facilitates the identification of
genes sequence structure. By and large, to sequence a genome is a difficult task that
requires coping with several technical barriers but it provides one of the most important

sources to thoroughly investigate genomic features. In summary, it is remarkable the big
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FIGURE 14, Community-defined categories of standards that better reflect the quality of
genome sequences.

effort employed herein to obtain a high quality assembly representing the genome of D.

buzzatii.

5.2 Comparative genomics and evolution

By examining the structural and nucleotide variation between different
organisms, comparative genomics offers fundamental and general insight into genome
evolution. In this work we have focused on the identification of both macro

(chromosomal inversions) and micro (nucleotide substitutions) DNA alterations
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responsible for environmental adaptation by comparing the genome sequences of
species with a well-defined ecology. Two cactophilic fruitflies, D. buzzatii and D.
mojavensis, have been used to carry out our genetic analyses since they exploit a
particular range of natural resources providing an excellent model to assess

environment-gene interactions (see Introduction).

In the first part of this project we have explored the impact of chromosomal
inversions in the evolution of D. mojavensis genome. The characterization of the
breakpoints associated to the seven inversions fixed in the chromosome 2 of D.
mojavensis has shed light on the molecular causes and consequences of these
rearrangements (see below). There is an increasing interest for the evolutionary
dynamics underlying the chromosomal rearrangements, mainly inversions (Kirkpatrick
2010). This is particularly so because the power of DNA sequencing technologies and
computer-based algorithms, which are predicted to replace old cytogenetic approaches
as reported here, has promoted the identification of chromosomal rearrangements
previously overlooked. In the past, the study of structural variation was limited by the
restricted amount of available genomic data and by the lack of reliable molecular
markers for detecting inversions in Drosophila. The development of bioinformatic tools
and the increasing amount of genomic data have facilitated the molecular
characterization of breakpoints of many individual genomic rearrangements (Mani and
Chinnaiyan 2010). For instance, the availability of the complete genomes of 12
Drosophila species (Drosophila 12 Genomes Consortium et al. 2007) triggered the
opportunity to infer genomic distances among more than a dozen species from
Drosophila genus. The characterization of all micro and macro inversions provided
information about the forces guiding gene-order alterations across Drosophila
phylogeny using as reference one of the best known eukaryotic genomes, D.

melanogaster (Bhutkar et al. 2008) (Figure 8).
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Secondly we have examined genetic divergence between D. mojavensis and D.
buzzatii as manifested in the accumulation of nucleotide substitutions in protein-coding
genes. In this second step comparative genomics has offered us the opportunity to
obtain estimates of selection pressures acting along the genome of the two different
cactophilic lineages, as well as to provide an overview of the transcription dynamics
along the development of D. buzzatii. Furthermore the combination of sequence data
from the available species belonging to Drosophila genus has enabled to detect protein-
coding genes that show strongest evidence for positive selection, likely indicative of

molecular adaptation, and to find taxonomically restricted genes.

Overall, comparative genomics empowered by computed-based methods has
provided us the possibility to investigate the genetic basis at both structural and

nucleotide levels, of fitness-related traits in cactophilic species.

5.3 Chromosomal inversions and their role in adaptation
It has been demonstrated that chromosomal inversions affect the patterns of
genomic evolution by reducing recombination, potentially facilitating climatic
adaptation (Krimbas and Powell 1992) and inducing reproductive isolation (Rieseberg
2001; Kirkpatrick and Barton 2006). However, in this work (Guillén and Ruiz 2012) we
have tested for position effects caused by inversion breakpoints and their consequences

on the particular ecology of D. mojavensis.

The breakpoint of an inversion can disrupt or modify the expression of a gene
that has cascading remarkable effects. Often the consequences of such alteration are
expected to be deleterious, likely inducing genetic disorders. But less frequently these
alterations can be the source of an adaptive mutation. Thus, the adaptive value of the
inversion is given by a mutation at a single gene rather than the prevention of

recombination between locally adapted genes (Hoffmann and Rieseberg 2008;
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Kirkpatrick 2010). Our results are consistent with the position effect hypothesis since we
have found gene alterations associated to inversion breakpoints that may have
contributed to the fixation of these rearrangements by natural selection. Within this set
of alterations we include the gain of two new genes, the structural change of the
sequence coding for a heat shock protein (HSP), the modification of the regulation of
another heat shock gene (hsp) and the sequence alteration of a gene belonging to GstD

family as a consequence of its relocation.

It is widely recognized that the generation of new genes is potentially associated
to new functions representing an important source to environment adaptation
(Kaessmann 2010). Different mechanisms can lead to the generation of novel genes (see
Introduction), but we have evidenced for the first time that they can appear as a
consequence of an inversion in eukaryotes. Although we did not test for the expression
of these two novel genes experimentally, the information provided by the modENCODE

project (www.modencode.org) and the conserved domains database (CCD) (Marchler-

Bauer and Bryant 2004) suggested that they are potentially functional (Figure 15). Even
so it would be necessary to assess the expression pattern of these two genes and to
thoroughly explore their functional dynamics in order to corroborate these

observations.
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Expression profile of Dmoj\GI23123 gene in D. mojavensis. The data provided by
the modENCODE project (www.modencode.org) reveals that the new gene generated by the
inversion 2h is expressed at least in adult males and females.

Heat shock proteins (HSPs) are directly associated to thermotolerance and
protection from cellular damage induced by extreme conditions (see Introduction).
There is considerable evidence that they are essential for survival at both normal and
elevated temperatures (Hoffmann et al. 2003). Recently Calabria et al. (2012) predicted
that changes in HSP70 levels associated to a polymorphic inversion in Drosophila were
linked to climatic adaptation. Thus, we cannot overlook the alterations that the hsp
genes suffered as a consequence of the inversions 2s and 2r given the extreme thermal

conditions surrounding D. mojavensis.

Overall whether the genetic differences that distinguish the inverted and
ancestral arrangements were responsible for the inversion to be fixated or otherwise
they accumulated after it became established for some other reason is an issue that we
can not fully resolve. However our results contribute to the expected progress in

identifying genes and traits underlying interspecific variation in ecological adaptation
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and they could represent the first evidence for the adaptive significance of a lineage

specific rearrangement.

5.4 TErole in genome evolution

Transposable elements (TEs) affect gene structure and/or expression in several
ways suggesting that they greatly contribute to complex evolutionary events (Fedoroff
2012). Here we provide compelling evidence for the implication of the TE BuT5 (Rius et
al. 2013) in the generation of the inversion 2s by ectopic recombination. Moreover the
insertion of a BUT5 copy within the promoter associated to CG10375 gene located in the
proximal breakpoint of 2s inversion indicates that TEs are involved not only in the
mechanisms underlying inversions but also in the regulation of gene expression. BuT5
has been classified as a miniature inverted-repeat TE (MITE) associated to the P element
(Rius et al. 2013). P-like elements tend to insert into certain regions of the genome,
specially sequences associated to hsp genes (Bellen et al. 2004; Shilova et al. 2006). It
has been shown that heat-shock promoters represent natural “hotspots” for P-like
transposable element integration because of the distinctive molecular features of heat
shock genes, which seem to facilitate TEs accessibility (Lerman et al. 2003). Furthermore
the prevalence of TEs in HSp promoters may be favored by natural selection given the
expression changes that undergone hsp genes as a consequence of the TE insertion

under certain thermal conditions (Michalak et al. 2001; Walser et al. 2006).

It has been previously reported that TEs induce DNA breaks and are associated
to chromosomal rearrangements (Finnegan 1989; Caceres et al. 1999; Gray 2000; Casals
et al. 2003). In addition they are important precursors of segmental duplications in
Drosophila (Fiston-Lavier et al. 2007). However, the actual implication of TE activity in
shaping the structural architecture of host genomes is difficult to assess because of the

rapid dynamics of theses sequences. Even there is mounting evidence for the role of TEs
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in the generation of polymorphic inversions, by the time rearrangements are fixated
within a population TEs can be lost or relocated (Bergman et al. 2002). Furthermore, the
recurrent observation of TEs at rearrangement breakpoints is not an indicative for their
direct implication in their generation as they tend to accumulate in regions with
reduced recombination rates (Caceres et al. 2001; Bartolomé et al. 2002; Casals et al.

2006).

Multiple cases of TEs altering gene expression in different organisms have also
been described (Britten 2004; Medstrand et al. 2005; Feschotte 2008). However, as TEs
have already become an important part of eukaryotic genomes, it is difficult to ascertain
their global impact in gene regulation. In some natural populations of D. melanogaster it
has been observed that the reduced Hsp70 expression induced by the insertion of a TE
in its respective promoter resulted in an adaptation to extreme thermal conditions
(Zatsepina et al. 2001). We claim that similar consequences can be expected after
analyzing the effects of the BUT5 insertion within the promoter sequence of the

constitutive hsp gene CG10375 in D. mojavensis.

Finally the study of the impact of the polymorphic inversion 2j in D. buzzatii (Puig
et al. 2004; Puig 2011) confirmed that TEs are able to regulate the expression pattern of
adjacent genes by transcriptional interference (Mazo et al. 2007). The widespread
inversion 2j confers a larger adult body size and a shorter developmental time on carrier
individuals than that with the standard arrangement (2st). These phenotypic differences
are related to the decreasing expression level of the gene CG13167 in 2] embryos likely
due to its silencing by the transcription of an antisense guiding by a Kepler copy. Overall
our results support the idea that TEs act as potent genomic reorganizers and represent
an important source of more complex types of mutation than simple DNA base

alterations (Kidwell and Lisch 2000).
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5.5 Divergence patterns and genomic determinants of gene evolution

Protein evolution clearly reflects the footprints of evolutionary adaptation at the
molecular level. In order to infer the role of natural selection in functional divergence
and to identify traits under positive selection, we have compared the protein-coding
sequences of D. mojavensis and D. buzzatii genomes and we have described their
evolutionary pattern. Our results have provided information about the selective
determinants that affect the divergence patterns of protein-coding genes between
these two species. We have shown that the evolution of protein-coding genes is
affected by genomic attributes that interact with each other shaping the patterns of
evolutionary variation (Table 4). There have been recent attempts to understand the
implication of different factors in evolutionary rate of coding sequences in Drosophila,
and similar conclusions have been extracted from all of them (Larracuente et al. 2008;

Mackay et al. 2012; Campos et al. 2014).

Gene expression, including both expression bias and level, has been considered the
most important determinant of protein evolutionary rates. Our findings are in
agreement with previous studies that found that highly expressed genes show a slow
rate of evolution (Larracuente et al. 2008). The observed slower rate has been
associated to higher codon bias, increased functional importance and/or lower protein
complexity of highly expressed genes (Lemos et al. 2005). However, we found that gene
expression bias (estimated as the number of stages in which the gene is expressed)
seems to have greater effects in shaping evolutionary patterns than expression level
(Table 4). Genes that are expressed in more stages evolve slower than genes that are
expressed in fewer stages. Larracuente et al. (2008) proposed that narrowly and
ubiquitously expressed genes are differentially affected by pleiotropy, which is expected
to strength the level of purifying selection on broadly expressed (or more essential)
genes. Even that, essentiality does not seem to affect the possibility to experience

positive selection. In addition, the effect of protein length, which seems to be
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independent of gene expression (Duret and Mouchiroud 1999; Lemos et al. 2005) is
positive correlated to divergence rates. This indicates that it could be relevant to other
aspects of molecular evolution and there is a need of a more detailed examination of

this factor.

Patterns of interspecific nucleotide variation also provide a valuable signature of the
evolutionary history of fixed inversions. Here we show that the effects of reduced
recombination associated to inversions are observable even after they are fixated
within the population. Comparing the divergence patterns between the most dynamics
chromosomes and the nearly collinear chromosomes between D. mojavensis and D.
buzzatii we have discovered that the divergence pattern in inverted segments
resembles that observed in regions with reduced recombination. Thus the maintenance
of linkage disequilibrium (LD) by inversions (Hoffmann and Rieseberg 2008) is reflected
as an increasing effect of Hill-Robertson (HR) interference. The suppression of the
recombination driven by inversions can lead to dramatic effects on individuals fitness
(Charlesworth and Charlesworth 2000). One of the most drastic examples of the long-
term consequence of suppressed recombination is the mammalian chromosome Y,
which is suffering a continuous genetic degeneration (Graves 2006). On the other hand,
the suppression of the recombination between alternative chromosomal arrangements
can contribute to local adaptation or reproductive isolation. Under this assumption,
genes affecting adaptive divergence disproportionally reside within inversions and the
effects of the rearrangement contribute to both adaptation and ecological reproductive
isolation across habitats (Lai et al. 2005; Hoffmann and Rieseberg 2008; Feder and Nosil
2009). One of the most iconic examples of this theory was described by Lowry and Willis
(2010) when they studied the yellow monkeyflower Mimulus guttatus. They concluded
that a polymorphic inversion that differentiated the two distinct ecotypes of this flower
was the responsible for much of the phenotypic variation that distinguished both

populations, acting as a supergene.
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TABLE 4. Genomic determinants of protein-coding gene evolution in Drosophila mojavensis and Drosophila buzzatii.

Factor How it was measured

Correlation with dn

Correlation with ds Correlation with w
linked | X-linked genes show higher ds,
Chromosome Two categories: X-linked genes and % ge ". with 'f'a'.s't:: i likely driven by a higher X-linked how bigher v
type autosomal genes ® ";": I hesis mutation rate caused by dosage peaes
compensation in males
Two categories: Genes located at regions with Higher dn in regions with low
a low expected recombination rate recombination rate due to higher Higher ds in regions with low Higher w in regions with low
Recombination (pericentromeric regions and dot-linked fixation rate of slightly or middly  recombination likely indicating recombination, but not
genes) and genes located at regions with deleterous mutations (HR lower efficacy of codon usage significant
expected normal levels of recombination interference)
Two categories: Genes located within
segments involved in at least one fixed Slightly higher dn (not significant)  Higher ds in inverted regions, Higher w in Inverted regions, but
Inversions inversion between D. mojavensis and D, in inverted regions as a which reassembles with pattern not significant
buzzotii and genes located In colinear consequence of HR interference of low-recombination regions
sequences
b i Length of the coding sequence of each gene Weak positive correlation Larger proteins show higher ds, :
n length (aa) between protein length and dn likely due to Larger proteins show lower
t Strong negative correlation ati "
" of Number of exons of each gene driven by conservation of exonic Neabtyivec ‘ :s:s:s Strong negative correlation
€200 splite site enhancers (ESEs)
Strong negative correlation.
. Essentiality is the major
Breadth Number of steges in which a gene is Strong negative correlation Strong negative correlation determinant of w. Essential
expressed (FPKM>1)
genes are more conserved that
stage-specific genes.
Weak negative correlation,
Expression Maximum level of expression of each gene " Higher expressed genes show  Purifying selection is expected to
level (FPKM >1) Wesk regative tion lower ds act against mutations that affect

transcriptional efficiency




Assuming that the evolutionary dynamics of a gene partially depends on its mode of
inheritance, we expect to observe differences in divergence patterns between the X
chromosome and autosomes (Vicoso and Charlesworth 2009). The faster-X effect
hypothesis postulates that as X-linked genes are subjected to different levels of
selection, mutation, recombination and effective population size, they evolve faster
(Charlesworth et al. 1987). The results obtained by comparing the divergence rates of
coding genes between autosomes and X chromosome performed herein, are in
agreement with this hypothesis. Several studies performed in Drosophila genus have
previously supported the faster-X hypothesis by comparing the accumulation of
nucleotide substitutions between X-linked and autosomal loci (Figure 16) (Betancourt et
al. 2002; Counterman et al. 2004; Begun et al. 2007a; Singh et al. 2008; Vicoso and
Charlesworth 2009). When divergence ratios associated to X chromosome are greater
than that of autosomes it is said that X chromosome evolve faster. However, by this
approach it is not possible to clearly differentiate between adaptive and nonadaptive
causes of faster-X evolution and an approach combining both inter and intraspecific
nucleotide variation data is recommended (McDonald and Kreitman 1991). Two new
tests have provided evidences for a faster-X evolution in addition to classic methods.
First the study of the genome of D. miranda, which presents a recently formed neo-X
chromosome (Zhou and Bachtrog 2012), confirmed that hemizygous neo-X-linked genes
evolve faster than effectively diploid genes located in the same chromosome. Second,
the analysis of the evolution of X-linked duplicated genes has demonstrated that their
divergence rates are higher than autosomal duplicates (Thornton and Long 2002).
Finally Bhutkar et al. (2008) observed that X chromosome harbors more inversions than
other elements along the Drosophila genus phylogeny. They emphasized that although
the higher rate of rearrangement fixation in X could support a higher rate of evolution,
this chromosome tends to be the less represented in a genome sequence and as a

consequence, it is associated to a higher level of assembly artifacts. Thus, we highlight
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point indicates the expression class of the gene (black, non-sex biased; blue, male biased; and
red, female biased). Figure extracted from Meisel and Connallon (2013).

the importance of high quality genomes, especially when the results completely depend

on heterogeneity in coverage among different genomic regions.

The integration of distinct genomic attributes has allowed us to assess the role of
recombination in gene evolution by analyzing genome regions that are differentially

exposed to crossing over events. We have highlighted the importance of protein
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sequence features, expression patterns and gene location among other factors in
shaping the evolutionary process of divergence. Although our analyses contribute to
disentangle the effect of many biological attributes in gene history, we emphasize that
other organismic attributes not incorporated to this study likely influence protein
evolution. Thus a use of an extensive range of expression data jointly with the addition

of new genomic variables is expected to be incorporated in ongoing projects.

5.6 Inferring positive selection

Positive selection, also known as Darwinian selection, is described as the process by
which new advantageous mutations sweep a population. The detection of positive
selection has long been considered a challenging task since neutral and deleterious
variants predominate over them in frequency. Nowadays the two major recurrent
methods to infer positive selection are based on (i) analysis of codon substitutions
between multiple species (Yang et al. 2000) and (ii) nucleotide polymorphism within a
species compared to interspecific divergence (McDonald and Kreitman 1991; Messer

and Petrov 2013).

The classical way to infer distinct selective pressures acting on coding genes was
based on ka/ks (w) rate estimation (see Introduction). But w ratio is a very conservative
test of positive selection because many sites might be under strong purifying selection
owing to functional constraint, with the w ratio close to 0 (Figure 6). Indeed, only 15 out
of the 9017 (0.16%) orthologs analyzed between D. mojavensis and D. buzzatii are likely
to be under positive selection considering the criteria of ka/ks>1, contrary to the 1214
genes evidencing positive selection using codon substitution models. Thus, nowadays
the w ratio estimation is mainly used as a test for assessing protein-coding regions in

genomes assuming that in every gene dn is significantly smaller than ds (Yang 2002).
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One of the most robust methods to quantify the rate of adaptive evolution is the
McDonald-Kreitman (MK) test. In the MK test the number of segregating variants
(polymorphisms) are contrasted to the number of substitutions (divergence) at
synonymous and nonsynonymous sites (McDonald and Kreitman 1991). In summary, as
beneficial mutations should rapidly spread to fixation, their contribution to
polymorphism is expected to be less than their role in divergence, and the proportion of
substitutions driven by positive selection can be determined by the a parameter (Eyre-
Walker 2006). In this work the identification of genes evolving under positive selection
has been performed using only divergence data by testing different codon substitution
models (Yang et al. 2000). However, the availability of the genome sequences of two
different strains of D. buzzatii, st-1 and j-19, allows for the possibility to analyze the
adaptive evolution in cactophilic flies combining polymorphism and divergence data in

ongoing projects.

As several broad-scale analyses focused on determinate which genes are driven by
positive selection are carried out, two principal categories of rapidly evolving genes are
being confirmed (Drosophila 12 Genomes Consortium et al. 2007; Heger and Ponting
2007). These two categories are immune defense and reproduction. The constant
interaction between hosts and pathogens results in a co-evolutionary process between
genes from the two organisms. In addition, sexual selection entails a potent force on

genes involved in post mating sperm competition for fertilization (Ellegren 2008).

We found a significant number of genes under positive selection involved in
functions related to cell-cell recognition and immune system. However the most
represented category in our set of positive selected genes was transcription factor
activity. Transcription factors (TFs) are one of the major contributors to complexity in
differentiation in animal and plant cells (Phillips and Hoopes 2008). It is known that TFs
control many important parts of development and some of them are only activate at a

selected few promoters. Thus it is difficult to ascertain the implication of the TFs in the
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particular ecology of cactophilic flies unless a further analysis is performed. Finally, the
enrichment of positively selected genes involved in heterocycle catabolic processes in D.
mojavensis lineage is a valuable finding given the chemical characteristics of the main
host of this species (see Introduction). This enrichment is exemplified by four genes:
Dmoj\GI19101, Dmoj\GI20678, Dmo0j\GI21543 and Dmo0j\GI22389 (Table 5). All of these
genes are also involved in processes related to the metabolism of different amino acids
and organic compounds. They do not seem to be clustered in a particular region of the
genome, and according to the expression data extracted from both D. melanogaster and
D. buzzatii genomes, they cannot be considered constitutive genes. Finally we expect to
disentangle the role of these candidate genes in future studies with the help of

expression data extracted from several developmental stages of D. mojavensis.
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TABLE 5. Genes evolving under positive selection in D. mojavensis lineage involved in heterocycle catabolic processes.

D.

D. mojavensis asslo Ry v D. mojavensis Boloitcel orocasiek D. melanogaster D. buzzatii expression data
gene genge genome location ot e expression data (Gene id.)
Histidine metabolic process, Highay €xpeestion i (Scaffold14.104) Highly
Dmoj\G119101 nahodd scaffold_6496: organic acid catabolic process M;ng:ﬁ; in expressed in pupae. low
11140069..11156186 and heterocycle catabolic o expression in adult females
virgin females and mated
process. and males.
males.
Histidine metabolic process,
biogenic amine metabolic
process, catecholamine metabolic  ,, e . (Scaffold43.18) Expressed in
Scaffold_6496: High expression in ovaries
Dmoj\GI20678 CG5235 14677694, 14681151 process, organic acid cata.bollc from virgin females. adult females, pupae and
process, phenol and diol larvae.
metabolic process, heterocycle
catabolic process.
Glutamate and proline metabolic
Scaff. process, organic acid metabolism  High expression in mated {ScaffoNtan o8) Henty,
Dmoj\GI21543 sligA old_6259: ocess, carboxylic acid metabolic  males, virgin females and expressed:in adult females
2086955.2095591 P i 0 + VIR and males, pupae and larvae.
process, heterocycle catabolic pupae. Lo e AT e
process. P e
Histidine metabolic process,
organbic acid catabolic process,
carboxylic catabolic process, Moderate expression in
Dmoj|22389 knk Scaffold_6540: heterocycle catabolic process. It carcass and imaginal disc  (Scaffold1.853) Expressed in

26013794..26016394  is also involved in cuticle chitin
biosyntetic process, related to
the development of trachea in

embryos.

of larvae L3 and in fat
bodies of pupae.

pupae, embryo and larvae.




5.7 From Genomics to Transcriptomics

Next-generation RNA sequencing (RNA-seq) is a powerful tool to study the
dynamics of transcriptomes at exceptional resolution (Hoeijmakers et al. 2013). Perhaps
the most salient benefit of RNA-seq is that the nucleotide sequence of the target
genome is not needed making it possible to analyze poorly characterized organisms. The
increasing number of studies focused on transcription dynamics (Mortazavi et al. 2008;
Nagalakshmi et al. 2008; Graveley et al. 2011), which extend from single-molecule
techniques (Reed et al. 2007) to genome-wide measurements (Trapnell et al. 2010), is

unveiling the extraordinary complexity of eukaryotic genomes.

Nowadays, one of the best characterized transcriptomes is that of D. melanogaster
as a result of the collective effort invested in the modEncode (model organism
Encyclopedia of DNA elements) Project (Celniker et al. 2009). The modEncode Project
was launched in order to generate an unprecedented detailed catalogue of the
functional elements in the C. elegans and D. melanogaster genomes. In the first stage of
the project more than 1900 new transcribed regions in D. melanogaster were identified,
and other new transcribed elements including highly conserved small non-coding RNAs
and microRNAs were discovered. In addition they analyzed the factors underlying
alternative splicing events along the development, providing major understanding about
the expression dynamics throughout the Drosophila life cycle. It is remarkable that the
study of the developmental transcriptome based on deep RNA-seq experiments, as
reported here in D. buzzatii, has been carried out only in D. melanogaster according to

the modencode database (www.modencode.org). One of the most outstanding features

of Drosophila genome revealed by these studies is the high level of compactness. The
pervasive transcription of previously uncharacterized ncRNAs suggests that they can be
important determinants in regulating gene expression (Mercer et al. 2009; Hainer and
Martens 2011). However, the debate concerning the functional significance of ncRNAs

still remains open.
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Recent studies performed through improved methods including perturbation
experiments have revealed even higher transcriptional complexity in Drosophila (Brown
et al. 2014). Most transcriptional complexity is found in genes involved in nervous
system, which seems to be entailed by an enrichment of RNA editing events and UTR
sequences extensions (Figure 3). Surprisingly sense and antisense transcripts are found
in the same cells at the same times, suggesting that transcriptional interference is a
conserved and recurrent mechanism to control gene expression. In addition the
catalogue describing ncRNAs encoding mostly for putative short amino acids
(Ladoukakis et al. 2011) has been expanded. In summary, organismic complexity is
demonstrated to be dramatically influenced by the high variability of regulation

mechanisms.

Finally, a clear sex biased gene expression has been reported when analyzing the
developmental transcriptome of D. melanogaster (Graveley et al. 2011; Brown et al.
2014) and D. buzzatii. In D. buzzatii adult males express up to 1800 more genes than
adult females. By and large the presence of sexual dimorphism constitutes the most
extreme phenotypic variation within species, so genetic variation between males and
females are somehow expected to be reported. Genome-wide studies focused on gene
expression patterns have revealed an extensive variety between females and males not
only on gene content but also on gene expression (Graveley et al. 2011; Parsch and
Ellegren 2013). Indeed some important progresses have been made regarding to sex-
biased expression. For example, it has been found that 8% of the genes in D.
melanogaster show segregating expression variation with opposite fitness effects in
females and males, i.e. they are sexually antagonistic (Innocenti et al. 2010). However,
the causes underlying gene expression differences between males and females need to

be thoroughly analyzed.
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5.8 GBrowse and web resource

The dramatic accumulation of genomic data has led to the development of several
tools that facilitate the integration of biological information into computerized
databases. One of the most recurrent bioinformatics tools are genome browsers.
Genome browsers are web-based user interfaces that offer a practical solution to
analyze and visualize large quantities of highly interrelated genomic data (Schattner
2008). In order to promote the easy-accessibility of the information provided by the
Drosophila buzzatii Genome project, we have constructed a database incorporating
some of the most important results, as well as a customized browser of the genome of
D. buzzatii. This browser was launched using the Generic Genome Browse (GBrowse)
application (Stein et al. 2002), which has been successfully used to integrate a wide
variety of genomic data, from model organisms to humans (Stein 2013). In summary the

D. buzzatii Genome Project webpage (www.dbuz.uab.cat) is a compilation of the most

relevant information regarding to this work, including (i) a description of the project and
the partners that have participated (ii) direct links to external databases (iii) a blast-
based alignment tool (iv) a genome browser and (v) an interactive section to share

information about the D. buzzatii genome Project (Figure 17).

The customized GBrowse of the D. buzzatii genome incorporates multiple tracks
including all the gene and TE annotations produced by different algorithms, orthology
relationships with other Drosophila species and the information extracted from the
RNAseg-based experiments. Annotations obtained from RNAseq using Cufflinks include
coding and non-coding regions (ncRNAs and UTRs) of the genome that are expressed in
the five developmental stages that were analyzed (Figure 18). Definitely, the Gbrowser
tool offers an intuitive way to explore the D. buzzatii genomic features analyzed in this
work. In the near future we intend to incorporate all the D. buzzatii genome information
represented herein into the leading website of Drosophila genomes, the FlyBase

webpage (The FlyBase Consortium 2002).
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FIGURE 17. Overview of some of the applications implemented in the Drosophila buzzatii
Genome Project webpage (www.dbuz.uab.cat). Direct links to both, the BAC library and the
physical map of D. buzzatii previously constructed, are provided. A blast-based application

allows searching nucleotide and protein sequences in the contigs and scaffolds of the genome of
D. buzzatii.
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FIGURE 12. Overview of the genomic features represented in the Gbrowse implemented in the

D. buzzatii Genome Project web.

225



226




6. CONCLUSIONS

1. A total of seven inversions (2s, 2r, 2q, 2h, 2f, 2g and 2c) have been fixed in the
chromosome 2 of D. mojavensis since the divergence between D. mojavensis and D.
buzzatii. These results agree with those obtained by previous cytological-based
studies.

2. We have provided information about the molecular causes that generated at least
three fixed inversions by characterizing all corresponding breakpoints. One of the
inversions (2s) showed unequivocal evidence for its generation by ectopic
recombination between two copies of BUT5, thus demonstrating for the first time
the implication of a TE in the generation of a fixed inversion in Dipterans. Two other
inversions (2h and 2q) have been likely generated by staggered single-strand breaks
and repair by NHEJ, resulting in the duplication of the non-repetitive DNA
sequences involved in both single-strand breakages.

3. We have found an excess of breakpoints (four out of 14) that fall between
duplicated genes tandemly arranged in the parental genome (D. virilis). We argue
that either duplicated genes likely undergone structural instability leading to an
increasing rate of DNA breakage or they represent breakage permissive regions. We
also remark the possibility of beneficial position effects produced by the relocation
of duplicated copies entailed by changes in their background genomic landscape.

4. An association between inversion breakpoints and gene transposition events has
been reported in this work. We suggest that this association is the result of the
intrinsic fragility of sequences undergone breakpoints.

5. Two novel genes (Dmoj\GI23123 and Dmoj\22075) have been originated by 2h and
2q inversions respectively, due to the mechanism that generated both inversions.

The gene Dmo0j/GI23123 seems to be expressed according to available expression
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data from D. mojavensis genome. The gene Dmo0j\22075 conserves a MFS domain
from the parental copy, suggesting that it could encode a functional protein.

Three inversions produced putative structural and/or expression changes in genes
adjacent to breakpoints. The relocation of GstD1 by 2c inversion could have
significant adaptive consequences in species harboring this rearrangement given
the demonstrated biological importance of this gene. The inversion 2r resulted in a
size reduction or pseudogeneization of one of the hsp68 gene copies (hsp68a)
found in the parental genome. The relocation of the other copy (hsp68b) driven by
the inversion, made it to acquire a new cis-regulatory element likely altering its
gene expression pattern. Finally the changes induced by inversion 2s and BuT5
insertion in the promoter of CG10375, a gene belonging to Hsp40 family, could
conferred an adaptive advantage to D. mojavensis thermotolerance.

The genome of D. buzzatii has been sequenced and assembled de novo using reads
obtained from different platforms (454, Illlumina and Sanger). The 158 scaffolds
contained in the N90 index have been anchored to chromosomes allowing for the
analysis of the structural variation between D. mojavensis and D. buzzatii.

Using a combination of both ab initio and homology-based methods, 13657 protein-
coding genes have been annotated (Annotation Release 1).

The information extracted from RNAseq of five life-stages from D. buzzatii revealed
that a total of 15573 genes are expressed in at least one developmental stage; from
these, 81% are coding genes whereas 19% are ncRNA genes. The expression pattern
of ncRNA and coding genes greatly varies along development. A clear sex-biased
expression in adults has been observed.

Unique orthologous genes between D. buzzatii and D. mojavensis have been
retained from Annotation Release 1 (9017) in order to analyze patterns of
divergence. Chromosome type (autosomes vs. X), recombination and inversions

have been demonstrated to influence divergence rates at both synonymous and
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12.

non-synonymous sites (ds and dn, respectively). Other genomic factors including
exon number, protein length and expression pattern have significant effect on
divergence rate at synonymous sites (ds).

We have detected 1294 genes that show evidences for positive selection,
representing up to 14% of the total set of 1:1 orthologs between D. mojavensis and
D. buzzatii. X chromosome harbors a significantly higher number of genes evolving
under positive selection compared to autosomes. Putative positive selected genes
in D. mojavensis lineage are enriched in functions related to the characteristic
adaptation of D. mojavensis to its main host cactus.

We found in D. mojavensis and D. buzzatii genomes 117 coding genes with no
similarity to any previously predicted Drosophila protein. RNAseq data revealed
that 87% of these orphan genes are expressed in at least one developmental stage.
The number of orphan genes that show evidences of positive selection is higher
than that expected by random and both divergence and expression patterns clearly

differ from that of older genes, evidencing that orphans evolve faster.
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APPENDIX

Genomics of ecological adaptation in cactophilic Drosophila: hundreds of
genes under positive selection in the D. buzzatii and D. mojavensis lineages

Supplemental information

Table Al. Number of protein-coding genes (PCG) and non-coding genes (ncRNA)

expressed along D. buzzatii development.

Stage PCG NcRNA Total
Embryo 8552 1208 9760
Larvae 8709 810 9519
Pupae 10485 1574 12059
Female adult 9310 1037 10347
Male adult 10347 1824 12171
Total 47403 6453 53856

Table A2. Number of PCG and ncRNA expressed in one or more stages.

Stages PCG NcRNA Total
1 925 1292 2217
2 1655 689 2344
3 1322 393 1715
4 1618 326 1944
5 6546 260 6806
Total 12066 2960 15026

231




Table A3. Distribution of putative positive selected genes expressed along D. buzzatii
development.

Stage Positive selected p(l)\|s(i)tr;ve Total
selected
Embryo 881 7671 8552
Larvae 812 7897 8709
Pupae 1069 9416 10485
Female adult 932 8378 9310
Male adult 1000 9347 10347
Total 4694 42709 47403

Table A4. Expression breadth distribution of positive selected genes in D. buzzatii.

Non-
Stages Positive selected positive Total
selected

1 106 819 925

2 166 1489 1655

3 119 1203 1322

4 211 1407 1618
5 611 5935 6546
Total 1213 10853 12066

Table A5. Distribution of orphan genes expression in D. buzzatii life cycle.

Stage Orphans Non-orphans Total
embryo 21 8531 8552
larvae 49 8660 8709
pupae 51 10434 10485
female 35 9275 9310
male 54 10293 10347
Total 210 47193 47403

232




Table A6. Number of orphans and non-orphans expressed in one or more stages of D.
buzzatii life cycle.

Stage Orphans Non-orphans Total
1 29 896 925
2 18 1637 1655
3 11 1311 1322
4 8 1610 1618
5 16 6530 6546

Total 82 11984 12066

Table A7. Chromosome location of putative positive selected genes detected by site

models (SM). The location of one of the 772 gene candidates was unknown.

. Non-

Positive selected "
Chromosome positive Total

(SM)
selected
X 168 1259 1427
2 154 2151 2305
3 129 1557 1686
4 155 1653 1808
5 161 1686 1847
6 4 25 29

Total 771 8331 9102
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Table A8. Chromosome location of putative positive selected genes detected by all

models (SM and BSM). The chromosome location of two of the 1294 gene candidates was

unknown.

Chromosome Positive Non-positive Total
selected
X 260 1167 1427
2 264 2041 2305
3 238 1448 1686
4 245 1563 1808
B 277 1570 1847
6 8 21 29
Total 1292 7810 9102
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