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Abstract

Genomes assembled to chromosome-level are critical for the study of various
aspects of evolutionary and applied genomics. Regrettably, genome assemblies
produced with next-generation sequencing (NGS) techniqgues comprise
thousands of short DNA fragments (scaffolds) instead of one scaffold per
chromosome, limiting their use to the analysis of sequence variation within
scaffolds. Traditionally, upgrading NGS assemblies to chromosome-level implies
integration with independent data from traditional genome mapping projects.
However, due to their significant time and cost requirements, these data do not
exist for most newly sequenced NGS genomes. To overcome these problems,
we developed a novel, inexpensive and transferable approach to upgrade
fragmented genome assemblies to chromosome-level. Our model for the
development of this method were avian genomes. Birds are important organisms
for agricultural, cultural and environmental reasons. Nonetheless, due to the lack
of chromosome assemblies for this Class, avian chromosome evolution is a
relatively understudied topic. The recent release of 45 new avian genomes
opened the door for a large-scale study of avian chromosome evolution; however,
most of these genomes were only assembled to the scaffold-level. By application
of our newly developed genome assembly methodology, we upgraded the
genome assemblies of 18 of these genomes, out of which two to the
chromosome-level (rock pigeon and peregrine falcon). These chromosome
assemblies allowed the detection of intra- and interchromosomal rearrangements
not previously described for avian genomes. The first large-scale analysis of
interchromosomal evolutionary breakpoint regions (EBRS) revealed that avian
interchromosomal EBRs locate in regions of low density of DNA conserved non-
coding elements (CNEs) and that chromosomal fission sites are further limited to
long CNE “deserts”. Additionally, the reconstruction of avian ancestral karyotypes
provided valuable insights into the mechanisms behind the generation of

chromosome rearrangements and their fixation in the avian lineage.
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GENERAL INTRODUCTION

1.1 Genomics, the science of genomes

The term genome was introduced with reference to an organism’s complete set
of genes and chromosomes (Hieter and Boguski, 1997). The genome is often
described as an ‘information repository’, carrying instructions used for the growth,
development, and function of an organism, and which transmission through
generations is the principal medium of inheritance of organismal traits (Goldman
and Landweber, 2016). This information is contained in deoxyribonucleic acid
(DNA) molecules and encrypted in the form of a four-nucleotide (adenine,

thymine, cytosine and guanine) code.

In most prokaryotic cells, the genome is organised in one or more, usually
circular, DNA molecules within the cell. In contrast, DNA in the nuclei of
eukaryotic cells is distributed among multiple linear structures, the chromosomes.
Because cellular DNA lengths are up to hundred thousand times the cell's
diameter, it is essential for DNA to be condensed. Histones are the proteins
responsible for organising and compacting chromosomal DNA, forming the
chromatin. DNA inside interphase nuclei is organised in heterochromatic regions
(highly condensed) that are believed to include transcriptionally inactive genes
and euchromatic regions (lightly condensed) where most transcribed regions of
DNA are found (Lodish, 2016). DNA condensation has then implications on cell
architecture, gene expression, and also prevents incorrect segregation during cell
division. In fact, during cell division, the chromatin is highly compacted, and

chromosomes can be easily visualised by light microscopy.

Contrary to what was initially believed, genomes are much more than just the
collection of an organism’s genes. Indeed, non-coding regions of the genomes
were found to play important roles in gene regulation and transcription. For
instance, outside the 1.5% of its coding regions, 11% of the human genome was
found associated with motifs in transcription factor-binding regions or high-
resolution DNase footprints that are indicative of direct contact by regulatory
proteins (Kellis et al., 2014). The acknowledgement of this fact led to the transition

from genetics (i.e. the study of genes) to genomics (i.e. the study of genomes).

The concept of genomics was introduced 30 years ago by Thomas Roderick as

“(...) an activity, a new way of thinking about biology. (...) It encompassed
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GENERAL INTRODUCTION

sequencing, mapping, and new technologies. It also had the comparative aspect
of genomes of various species, their evolution, and how they are related to each
other.” (Kuska, 1998).

The study of the genome structure — size, composition, chromosome numbers
and shapes (karyotypes) — and function, both using cytogenetic techniques and
genome sequences, presents us with the opportunity to unravel the mechanisms
that produced the great variety of genomes that exist today. Furthermore, the
elucidation of the structure of genomes and the function of the elements they
encode will provide the foundation for many areas of the biological sciences to
develop on (Collins et al., 2003).

1.2 Genome evolution

As mentioned above, the comparison of genome structures gives valuable
insights regarding how genomes evolved. The structure of a genome can be
assessed from multiple perspectives: its size, composition (e.g., repetitive and
non-repetitive DNA content, coding and non-coding DNA content) and even the
structure of karyotypes (e.g., chromosome number and appearance). Still,
whatever aspect of a genome one is interested in, our understanding is enhanced
through comparisons to closely and distantly related genomes (Miller et al.,
2004). Using comparative methods, we can gain knowledge of which, how and

when genomic changes occurred during evolution.

1.2.1 Genome size and composition

Genome size is characteristic of a species and at the same time distinguishes
different taxa. Because it is more straightforward to characterise than the genome
composition, structure, or organisation, the haploid DNA content of an organism’s
cell (C-value; given in picograms (pg)) was usually one of the first genomic
features to be measured, using, for instance, flow cytometry. This value could
then be approximated to genome size as one pg = one gigabase pair (Gbp).
Nowadays, genome size can also be estimated directly from sequencing data
using k-mer frequency-based approaches (Hozza et al., 2015, Ekblom and Wolf,
2014). The significance of genome size research goes from the biological and

evolutionary significance of genome size variation (Gregory, 2005, Jeffery and
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GENERAL INTRODUCTION

Gregory, 2014) to setting the context for the analysis of genome composition,
being a major consideration when choosing targets for complete genome
sequencing projects, and being an important factor for the estimation of the
amount of data needed for a specific sequencing project (Ekblom and Wolf,
2014).

We now have access to genome size estimates for more than 15,000 species of
animals, plants, and fungi (Gregory et al., 2007). These data show that genome
size varies enormously among taxonomical groups, as can be seen in Figure 1-1.
We can find the smallest genomes in viruses, encoding less than ten genes, and
the largest in eukaryotes, that have billions of base pairs of DNA encoding tens
of thousands of genes (Pevsner, 2015). Prokaryote (bacteria and archaea)
genomes are mainly comprised of protein-coding sequences (85-95%) and the
variation in their size was found strongly associated with gene content (Lynch,
2007, Gregory, 2005). Moreover, bacteria with larger genome sizes present more
complex behaviours and phenotypes, such as participating in multicellular
interactions or differentiation processes (Pevsner, 2015), which led to the
hypothesis that genome size was directly correlated with organismal complexity.
This pattern is not found in eukaryotes (C-value paradox). In fact, protists can
present larger genomes than many animals (Figure 1-1), and the number of
genes in a genome does not scale with its size. The C-value paradox was partially
explained by the observation that eukaryote genomes were filled with a large
amount of non-coding DNA sequences and that these were heavily involved in
genome size variation within this taxon (Pevsner, 2015, Elliott and Gregory, 2015,
Gregory, 2005). However, important questions regarding the genomic fractions,
types and functions of these non-coding elements emerged at the same time
(Elliott and Gregory, 2015). Some valuable insights were already acquired
through the comparison of genome sequences. For instance, some of the
smallest genomes amongst mammals are found in bats, which together with birds
are the only true volant vertebrates. In fact, bat genomes present less repetitive
ribosomal DNA genes, heterochromatin, and microsatellites than those of other
mammals (Van den Bussche et al., 1995, Zhang and Edwards, 2012). In addition,
avian genomes possess shorter introns than mammals and non-avian reptiles
(Zhang and Edwards, 2012) and have fewer repetitive DNA sequences (Zhang

et al., 2014b). For these organisms (bats and birds), it is argued that there are
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GENERAL INTRODUCTION

mechanisms at work to restrict genome size and that these might be related to
the high metabolic demand of powered flight (Hughes and Friedman, 2008,
Gregory, 2002b). Nonetheless, our understanding of the forces shaping genome
evolution is still not complete and questions such as “What types and proportions
of non-coding DNA sequences are found in different eukaryotic genomes? How
do these elements accumulate and/or are lost over evolutionary timescales?
What effects or functions, do these elements have? Why do some genomes
remain (or become) compact, while others reach large sizes?” are still targets of

active investigation (Elliott and Gregory, 2015).
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Figure 1-1: Genome sizes of different organisms (Milo and Phillips, 2016).

1.2.2 Genome organization

As previously referred, in eukaryote cells the DNA is packaged into
chromosomes. The number and appearance of chromosomes in the cell nucleus
are called the karyotype, which is uniform among the members of a species, with
some exceptions. Because chromosomes are dynamic across evolutionary
timescales, generations, populations, and even within individual lifetimes,
karyotypes are not completely immutable (Pevsner, 2015). In that way, the study
and comparison of karyotypes allow the detection of changes in humber and
shapes of chromosomes that can be associated with disease and/or give insights

into the evolution of genomes.

24



GENERAL INTRODUCTION

1.2.2.1 Methods to detect karyotipical changes

Karyotyping, i.e. chromosome analysis, started with the staining of metaphase
chromosomes, and subsequent microscopic observation. The differential staining
levels of chromatin produce a series of landmarks along chromosomes, in the
form of light and dark stripes, which allow the distinction of adjacent genomic
segments and the recognition of individual chromosomes by their unique banding
patterns. Moreover, distinct chromosome treatments allow the visualisation of
different aspects of chromosomes. For example, the commonly used G-banding
differentially stain regions of heterochromatin (dark bands) and euchromatin (light
bands), while T-banding depicts the telomeric regions (Schreck and Disteche,
2001). These banding techniques can be used to detect breakpoint regions and
chromosomes involved in translocations, as well as, deletions, insertions and

inversions within individual chromosomes (Figure 1-2A).

Fluorescence in situ hybridization (FISH) allows a higher resolution analysis of
karyotypes than chromosome banding. This technique provided powerful new
tools and transformed cytogenetics into a molecular science. FISH uses
specifically selected DNA probes that will hybridise to a region of interest on the
chromosome. Nowadays, the probes are often obtained from bacterial artificial
chromosomes (BACSs), which are engineered DNA molecules used to clone a
DNA sequence of interest in bacterial cells. The BAC clones are fluorescently
labelled, and their location can be depicted through the observation with a
fluorescence microscope (Speicher and Carter, 2005).

Chromosome painting, one of FISH variations, uses probe libraries obtained from
a whole chromosome or a sub-chromosomal region. This approach is extremely
valuable for the study of genome evolution as it allows the detection of
homologous regions between chromosomes of different species (Figure 1-2B)
and can also be used to detect karyotipical aberrations associated with disease
phenotypes within individuals of the same species (Figure 1-2C) (Sharma and
Sharma, 2001, Speicher and Carter, 2005).

In addition, comparative genomic hybridization (CGH) can be used to detect small
quantitative DNA differences between samples (Weiss et al., 1999). This
technique is based on competitive FISH and can be used to detect variation within
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and between species. It involves the labelling, with different fluorescent dyes, of
DNA from the two samples to be compared. These DNAs are denatured and
hybridised together to a normal metaphase spread of chromosomes in a 1:1 ratio.
Differences of fluorescent signals from one of the two compared samples indicate
gain (increased signal) or loss (decreased signal) of genetic material in that
particular genomic region (Weiss et al., 1999). Advances in this technology led to
the development of microarrays (or array-CGH) in which the two compared
samples are hybridised to a target such as BAC DNA printed on a glass slide.
This technique increases the resolution of CGH. However, it is still limited to the
detection of unbalanced chromosomal rearrangements (i.e. deletions or
insertions), as balanced rearrangements (e.g., reciprocal translocation) do not

affect the overall amount of DNA.
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Figure 1-2: Cytogenetic techniques in the study of evolution and disease. (A)
Chromosome banding revealing the homology of human chromosome 2 and
chimpanzee chromosomes 2A and 2B (Yunis and Prakash, 1982). (B) Chromosome
painting of gibbon probes on human chromosomes (Ferguson-Smith and Trifonov,
2007). (C) Chromosome painting depicting the karyotype of a patient with acute

leukaemia; arrows show chromosomal abnormalities (Leroux et al., 2002).
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1.2.2.2 Karyotype diversity in evolution

As mentioned above, chromosomes are dynamic entities that can change,
among others, across evolutionary timescales (Pevsner, 2015). When karyotype
alterations occur in germ cells, they have the potential to be fixed during evolution
and result in distinct karyotype organisation between species. In this way, the
comparison of species karyotypes using cytogenetic methodologies provided the
first insights into genome evolution (Murphy et al., 2005). These comparisons
reveal valuable information that is useful to reconstruct the evolutionary
relationship between species, to understand the evolutionary forces that shape
genomes, and the mechanisms that lead to the appearance of novel phenotypes

during evolution.

1.2.2.2.1 Chromosome number

Chromosome numbers between species can vary due to a duplication of an entire
or partial chromosome set, or be caused by chromosomal fusions or fissions
(Figure 1-3). The duplication of entire chromosome sets, called polyploidization,
can result from the fusion of two gametes from which one contained a non-
reduced set of chromosomes or from spontaneous genome duplication within a
non-dividing cell. In evolution, polyploidization is believed to have two main
consequences. One of them is the creation of genetic diversity, due to the
duplication of gene copies that can increase the number of members of a gene
family, evolve to accrue new or slightly varied functions, or become pseudogenes.
The other is the creation of reproductive isolation that may lead to speciation due
to a greater complexity of chromosome pairing and segregation interactions
(Ohno, 1970, Madlung, 2013).

During evolution, genome duplication events (paleopolyploidy) occurred in
multiple eukaryote lineages (Chen et al., 2007, Madlung, 2013). In plants,
polyploidy is very common, and the increase in ploidy was shown to be a frequent
companion of speciation of angiosperm and ferns (Wood et al., 2009). Polyploid
plants often present outstanding characteristics as the production of large flowers
(as seen in dahlias that are octoploid, 2n=8x=64) or fruits, for instance, the
banana and apple are triploid (2n=3x=33 and 2n=3x=51, respectively), and the
strawberry is octoploid (2n=8x=56) (Pevsner, 2015). In animals, polyploidy is less

frequent. Most animals contain two sets of chromosomes per somatic cell (i.e.
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are diploid) with few exceptions. For example, male bees are monoploids (n=16)
(Fernandes et al., 2013) and the red vizcacha rat (Tympanoctomys barrerae) is
believed to be tetraploid (2n=4x=102) (Gallardo et al., 2006). It is however
hypothesised that two rounds of whole-genome duplication occurred in early
vertebrate evolution, leading to the genome complexity and size observed in
extant species (Ohno, 1970).
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Figure 1-3: Types of chromosomal rearrangements.
Adapted from (Schubert and Lysak, 2011).

Inter-species chromosome number variation can also result from the fusion or
fission of chromosomes. Chromosomal fusions are the combination of two non-
homologous chromosomes to form a new one (Figure 1-3). For instance, human
(Homo sapiens) chromosome 2 is known to have resulted from the fusion of two
ancestral great apes chromosomes, chromosomes 2A and 2B in chimpanzee
(Pan troglodytes; Figure 1-2A; 1Jdo et al., 1991). Conversely, chromosomal
fission involves the breakage of a chromosome producing two new ones (Figure
1-3). For example, human chromosomes 3 and 21 derive from the fission of a
larger ancestral chromosome (Muzny et al.,, 2006). The occurrence of
chromosomal fusion and fission in animal evolution resulted in a high haploid
number variation that ranges from one in Jack jumper ants (Myrmecia pilosula;
Crosland and Crozier, 1986) to 134 in Agrodiaetus butterfly (Agrodiaetus

shahrami; Lukhtanov et al., 2005). In mammals, Indian muntjac (Muntiacus
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muntjak) possesses the lowest haploid number of chromosomes (n=3; Wurster
and Benirschke, 1970) and the aquatic rat (Anotomys leander) one of the highest
(n=46; Schmid et al., 1988). Birds, however, show a very stable haploid number
with more than 60% of their species presenting n=40. These differences indicate
that distinct phylogenetic lineages seem to evolve at different rates and in distinct
ways, and raises questions regarding the mechanisms that are shaping genome

evolution in different taxa.

1.2.2.2.2 Chromosome structure

Karyotipical diversity is not limited to changes in chromosome numbers.
Chromosome rearrangements can also involve individual chromosomes or occur
between chromosomes while still maintaining haploid numbers (Hall and Quinlan,
2012, Liu et al., 2012). These rearrangements are duplications, deletions,
inversions, and reciprocal translocations (Figure 1-3). Among multiple other
cases, examples can be seen in Drosophila species that show multiple inversions
(Guillén and Ruiz, 2012) and gorilla (Gorilla gorilla) where a reciprocal

translocation shaped chromosomes 4 and 19 (Yunis and Prakash, 1982).

Multiple chromosomal rearrangements moulded the organisation and structure of
extant genomes during evolution. In fact, distinct phylogenetic groups present
strikingly different chromosome numbers, shapes and sizes, as can be noted in
Figure 1-4. The variation within and between phylogenetic clades suggests
different rates of karyotipical evolution. In this way, the comparative analysis of
chromosome structures is a powerful tool for the establishment of relationships
between species, and for a better understanding of the process of evolution and

its effects on the biology of species.

1.2.2.3 Karyotype diversity and human disease

Besides providing insights into the evolution of species, karyotipical changes are
frequently associated with disease phenotypes. Changes in chromosome
numbers are often related to genomic instability and can be present in diseases
such as cancer. Tumour cells can present changes in ploidy and an abnormal
number of chromosomes within a set (aneuploidy). For instance, human epithelial
tumours can show near-triploid or near-tetraploid cells (Mitelman et al., 2017).

Moreover, Turner’'s syndrome (monosomy of the sex chromosomes; Sybert and
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McCauley, 2004) and Down’s syndrome (trisomy of chromosome 21; Patterson,
2009) are also related to abnormal chromosome numbers. Chromosomal
inversions, especially those where breakpoints locate in regions of euchromatin
(open chromatin, though to contain active genes) are also found associated with
disease phenotypes. One such case is a pericentric inversion on human
chromosome 8 that resulted in dysmorphic phenotypes and neurodevelopmental

impairment (Ananthapur et al., 2012).
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Figure 1-4: Karyotypes of (A) Indian muntjac and (B)
red vizcacha rat (Graphodatsky et al.,, 2011), (C)
chicken and (D) Japanese four-striped rat snake (Uno
et al., 2012).

1.2.3 Origin of genome rearrangements

Chromosomal rearrangements usually arise from the erroneous repair of double-
strand breaks (DSBs). These can be caused by exogenous agents (e.g., radiation
or chemical agents), occur during DNA replication when the DNA polymerase
ensemble encounters obstacles (e.g., DNA lesions or unusual DNA structures),
or be generated during cellular processes such as meiosis (Raynard et al., 2008,
Capilla Pérez, 2015). The ill repair of these breaks can happen due to direct
joining of incorrect DSBs (Branco and Pombo, 2006) or recombination of non-

allelic homologous sequences (Schubert and Lysak, 2011). Repetitive DNA
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sequences are often used as a template for non-allelic homologous
recombination (NAHR) and because of that are considered one of the largest
contributors to genome evolution in eukaryotes (Lynch, 2007, Gregory, 2005,
Wessler, 2006). Furthermore, segmental duplications (SDs), transposable
elements (TEs) and tandem repeats (TRs) were already described to play

important roles in genome reshuffling.

SDs are blocks of DNA, often in the range of hundreds of kilobase pairs (Kbp) in
size, spread across a genome (Sharp et al., 2005). Different copies of an SD
usually present more than 90% identity and are known to predispose recurrent
rearrangements by NAHR (Shaw et al., 2002, Bailey and Eichler, 2006). The
relative orientation of the SDs involved in NAHR can result in deletion,
duplication, or inversion of the intervening sequences (Figure 1-5; Shaw et al.,
2002, Sharp et al., 2005, Liu et al., 2012). SDs are involved in the occurrence of
chromosomal rearrangements implicated in both human disorders (Stankiewicz
and Lupski, 2002) and chromosomal evolution (Locke et al., 2003, Bailey et al.,
2004, Carbone et al., 2014). Moreover, SDs were also shown to be associated
with the birth of new genes, contributing to functional diversification and the
expansion of gene families (Wilson et al., 2006, Newman et al., 2005). These
gene families might be relevant for species adaptation, as is the case of genes
related to innate immunity and digestion that are commonly found duplicated in

mammals (Liu et al., 2009, Beckmann et al., 2007).

TEs consist of stretches of DNA that move around the genome of a cell, creating
interspersed repeats throughout eukaryote genomes (Biemont and Vieira, 2006).
These elements can promote recombination between homologous or unrelated
copies of an element, leading to either a gain of DNA with each insertion of a new
TE or a loss of DNA due to the deletion of all sequences between two TEs (Figure
1-5; Devos et al., 2002). TEs can also mediate interchromosomal recombination,
leading to major chromosomal rearrangements and translocations (Oliver and
Greene, 2009). Initially, TEs were believed to be non-functional DNA sequences.
However, they were already shown to perform important regulatory, coding or
structural roles in the genome, as for instance, providing binding sites for several

transcription factors (Chuong et al., 2013, Sundaram et al., 2014).
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In addition to TEs and SDs, TRs also have the potential to shape genomes
through the promotion of genome instability (Gregory, 2005). TRs consist of
clusters of repeated sequences with sizes ranging from one to hundreds of base
pairs per repeat. TRs are primarily generated by replication slippage (Viguera et
al., 2001), and, along with TEs, represent a major source of DNA variation and
mutation (Armour, 2006). TRs can form non-canonical secondary DNA
structures, such as hairpins, cruciform and triplex conformations, that are known
to promote genome instability (Zhao et al., 2010, Du et al.,, 2014a). TRs
association with chromosomal rearrangements is shown, for instance, by their
high density in human and primate-specific chromosomal breakpoint regions
(Farré et al., 2011, Ruiz-Herrera et al., 2006).
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Figure 1-5: Non-allelic homologous recombination (NAHR). (A) Ectopic crossing-
over between directly oriented repeats can result in deletion and duplication, while
ectopic crossing-over between inversely oriented repeats can lead to inversions. (B)
NAHR can produce deletion or duplication by interchromosomal crossover,
interchromatid or intrachromatid crossover. NAHR between inverted repeats on
sister chromatids can also lead to the formation of isochromosomes. Adapted from
(Liu et al., 2012).

1.2.4 Implications of genome rearrangements

Chromosome rearrangements are believed to play a major role in speciation, and
two main models have been proposed to explain this role. The hybrid dysfunction
model hypothesises that speciation takes place when structural rearrangements
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become fixed in a population (White, 1978). This model requires that hybrids for
the chromosomal variant show reduced fertility (and underdominance), either
caused by segregation problems or the generation of unbalanced gametes (Faria
and Navarro, 2010, White, 1978). Natural selection will then promote mutations
that reduce the probability of inter-crossing between populations carrying
different chromosome arrangements, and thus their reproductive isolation. The
main criticism made to this model, and its variants, relies on the underdominance
of chromosomal rearrangements. Indeed, to be strong barriers to gene flow,
chromosomal rearrangements need to be strongly underdominant, therefore it is
unlikely that they become fixed in the population as they would be eliminated by
natural selection (Rieseberg, 2001). The second model of chromosome
speciation postulates that chromosome rearrangements contribute to speciation
by the suppression of recombination (Rieseberg, 2001). Herein, rearrangements
might not necessarily affect fertility, but they contribute to a reduction in gene flow
by suppressing meiotic recombination within rearranged regions. This effect
would allow the divergence of the genomic regions affected by the
rearrangement, favouring the accumulation of genetic incompatibilities that would
in the long term produce partial reproductive isolation (Faria and Navarro, 2010).
This model is supported by evidence for the suppression of recombination in, for
instance, the inversions of human and chimpanzee (Farré et al.,, 2013) and
Drosophila (Noor et al., 2007).

Genomic rearrangements can also be associated with aberrant gene expression
levels (Harewood and Fraser, 2014). Distinct rearrangements can result in
balanced or unbalanced genomic alterations, which affect gene functionality in
different ways. Balanced rearrangements (i.e. inversions and reciprocal
translocations) result in alterations of nucleotide order without gain or loss of
genetic material. These rearrangements might affect gene expression by the
direct disruption of genes or regulatory pathways. On the other hand, unbalanced
rearrangements (i.e. duplications, deletions and unbalanced translocations) can
affect gene dosage through the gain or loss of genetic material. Chromosomal
rearrangements have already been demonstrated to affect phenotype in multiple
species. For instance, yeasts grown in stress-inducing environments, such as a
glucose-limited setting, show many chromosomal rearrangements after few

generations, and strains containing chromosomal rearrangements are more
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resilient to starvation (Dunham et al., 2002, Coyle and Kroll, 2008). Chromosomal
inversions were found associated with changes in size and developmental time
in Drosophila (Hoffmann and Rieseberg, 2008), as well as, the adaptation of
sticklebacks to freshwater (Jones et al., 2012b). In addition, pig lineage-specific
evolutionary breakpoint regions (EBRs) were found enriched for genes related to
the sensory perception of taste, which might explain why pigs can eat food that
is unpalatable for humans (Groenen et al., 2012), and rhesus macaque EBRs are
enriched for genes related to immune response (Ullastres et al., 2014), which
were proposed to be involved in lineage-specific adaptation. Birds also show a
similar pattern. For instance, budgerigar EBRs are enriched in genes involved in
forebrain development that might relate to the different organisation of the “vocal
brain nuclei” on this species when compared to other vocal-learning birds (Farré
et al., 2016).

Besides giving insights into the effects of chromosomal changes, the comparison
of chromosome structures also allows the detection of regions where sequence
order was maintained during evolution (homologous synteny blocks; HSBs) and
their genomic signatures. In fact, HSBs and EBRs were found to present distinct
genomic signatures. For instance, eutherian multispecies (ms) HSBs were found
enriched in genes related to organismal development, in particular of the central
nervous system, bone and blood vessels (Larkin et al., 2009), and avian msHSBs
were found enriched for conserved non-coding elements (CNEs), many of which
are known to play important roles in gene regulation (Farré et al., 2016). These
findings suggest that these conserved blocks might have been kept intact to avoid

disruption of essential gene combinations and regulatory pathways.

The distinct genomic signatures found in EBRs and HSBs clearly show the
importance of studying chromosomal evolution. Such studies result, not only, in
a better understanding of the mechanisms that shaped the diversity of genomes
seen today, but also unravel the origins of the phenotypical diversity presented
by extant species. The finest level of information can be obtained by direct
comparison of genome sequences. Regrettably, the availability of chromosome-
level assemblies (one contig/scaffold representing a chromosome end-to-end) is
limited in many taxonomical groups, which hinders the study of chromosome

structures. Most currently used next generation sequencing methodologies
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produce highly fragmented genome assemblies that lack sufficient robustness to
study overall chromosome architecture. The development of new, fast and
accurate methods to upgrade these genome assemblies to chromosome-level is

in urgent need.

1.3 Obtaining genome sequences

Through whole-genome sequencing, researchers can obtain the most
comprehensive catalogue of genomic information (Goodwin et al., 2016). In this
regard, genome sequencing technologies, particularly next-generation
sequencing, are transforming biology. With the assistance of both large (e.g., Bird
10K and Insect 5K) and small-scale sequencing projects, molecular sequence
databases currently hold genome sequences for thousands of organisms. The
power of comparative genomics is increasing, and we can now use DNA
sequence analysis to learn how chromosomes were sculpted through evolution
(Pevsner, 2015). However, obtaining a complete, chromosome-level assembled
genome sequence is not an easy task. In this section, | will explore sequencing
and genome assembly methodologies, giving particular attention to whole-

genome sequencing approaches.

1.3.1 Sanger sequencing

Sanger and colleagues introduced the most commonly used ‘first-generation’
sequencing technique in 1977 (Sanger et al., 1977). Sanger sequencing relies on
the selective incorporation, by a DNA polymerase, of chain-terminating
dideoxynucleotides (ddNTPs) during in vitro DNA replication. Dye-terminator
sequencing is one of the most recent variations of Sanger sequencing and
involves the following (Figure 1-6): (A) a DNA template of interest is denatured to
yield single-stranded DNA, and a universal oligonucleotide primer is added; (B)
in the presence of DNA polymerase, the four deoxynucleotides (dNTPs) and
fluorescently labelled ddNTPs, a second strand is synthesized. The addition of a
ddNTP to an elongating strand inhibits further synthesis, preventing extension.
This results in the production of extended fragments terminating at various
positions. (C) The sequence is inferred through the detection of fluorescence
emissions, corresponding to base calls, on fragments separated by capillary

electrophoresis (Goodwin et al.,, 2016, Mardis, 2013). Sanger sequencing
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produces reads with up to 1 Kbp of length and with less than 1% error rate per
base call (Table 1-1). However, the high time and resources required by this
technology clarified for the need of faster, higher throughput and cheaper

sequencing technologies (Van Dijk et al., 2014).
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Figure 1-6: Dye-terminator sequencing methodology. (A) A
primer, DNA polymerase, dNTPs and ddNTPs are added to a
DNA template of interest. (B) Different sizes of extended
fragments are produced. (C) Base calling is performed through
the detection of fluorescence emissions. Adapted from
(Estevez)).

1.3.2 Short-read next-generation sequencing

A collection of powerful new sequencing technologies, called ‘next-generation’
sequencing (NGS), emerged in recent years. These technologies possess
significant advantages over Sanger sequencing: (1) instead of hundreds,
thousands to billions of sequencing reactions are performed in parallel; and (2)
the sequencing output detection is direct, without the requirement of
electrophoresis (Van Dijk et al., 2014). NGS massive parallel output is the main
contributor to its success. Together with the reasonable time frames and low cost
they imply, NGS methodologies are now routinely used to perform whole-genome

sequencing.

NGS methodologies are not, however, free of limitations. While still maintaining
low error rates (<1%), most produce shorter reads than Sanger sequencing,

usually within 35-600 base pairs (bp; Table 1-1), what complicates the genome
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assembly process. Shorter sequencing reads complicate the assembly of
repetitive genomic regions, specifically, if the repeat is longer than the reads
generated. In these cases, genome assembly algorithms will collapse identical
repeats resulting in reduced or lost genome complexity. The development of long
insert (i.e. long distance) paired-end and mate pair read libraries reduced this
effect, but could not eliminate it. Moreover, NGS generated data contain a mixture
of random and systematic errors. Random errors can be minimised by increasing
sequencing coverage (the number of times a base is sequenced) resulting in the
production of a more accurate consensus sequence, but systematic errors are

harder to resolve.

1.3.2.1 Sequencing by synthesis

Most NGS technologies share with Sanger sequencing the requirement of a DNA
polymerase to replicate a template sequence. This polymerase-dependent
sequencing is referred to as sequencing by synthesis (SBS), as each sequencing
reaction synthesises a new DNA strand (Chen, 2014). SBS base call is performed
by detection of a signal, such as a fluorophore or change in ionic concentration,
at each nucleotide incorporation in an elongating strand (Goodwin et al., 2016).
The most widely used technologies applying this approach are lllumina

sequencing (Bentley et al., 2008) and lon Torrent (Rothberg et al., 2011).

lllumina performs sequencing by cyclic reversible termination (CRT) with an
approach that is very similar to that of Sanger sequencing (Bentley et al., 2008).
Besides the advantages referred previously, and shared with all NGS
approaches, lllumina differentiates from Sanger sequencing by using
fluorescently labelled nucleotides from which the fluorophore can be removed at
the end of each sequencing cycle. This allows a complete sequence to be
obtained from the same original template, which was not possible with Sanger
sequencing as the addition of a ddNTP would block the further elongation of a
specific strand. lllumina high throughput is achieved by the parallel sequencing
of millions of short reads. After DNA is fragmented and ligated to adapter
seguences, each fragment is bound to a primer fixed on a solid surface, such as
a flow cell (Figure 1-7). The free end can then bind with physically close primers,
forming a bridge structure, and polymerase chain reaction (PCR) is used to create

a second strand. This process is repeated several times resulting in the formation

37



GENERAL INTRODUCTION

of 100-200 million of clonal clusters. Then, the sequencing process starts. During

each cycle, a mixture of all four individually labelled 3’-blocked dNTPs is added.

After the incorporation of a single dNTP to each elongating strand, free dNTPs

are washed out, and the surface is imaged to identify the incorporated nucleotide.

Next, the fluorophore and blocking groups are removed, and a new cycle starts

(Figure 1-7) (Goodwin et al., 2016).
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Figure 1-7: lllumina sequencing approach (Voelkerding
et al., 2009).

The lllumina system can generate up to one terabase pair (Tbp) of DNA

sequence data in a single run and produces reads up to 300 bp long with more

than 99.9% accuracy (Table 1-1). lllumina platforms can perform single read,

paired-end and mate pair sequencing (Bentley et al., 2008). Illumina data tend to

have substitution errors with an increased frequency of them towards the end of
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the sequencing reads. Some errors are also found associated with sequence
motifs, such as GC-rich sequences, homopolymer stretches and around repeats.
Fortunately, most of these errors are accompanied by lower quality scores and
can be dealt with by trimming low-quality reads or read-ends (Laehnemann et al.,
2016). Nonetheless, PCR biases are not reflected in changes in quality scores,
and result in an underrepresentation of GC- and AT-rich sequences in the
generated sequence data. PCR-free library preparation and improved PCR
protocols reduced this effect, but they still do not remove it completely. This leads
to a low sequencing coverage of low and high GC-rich genomic regions that might
result in highly fragmented and incomplete genome assemblies (Chen et al.,
2013b).

Despite its limitations, lllumina still demonstrates the lowest error rates of NGS
technologies, which together with its flexibility makes it the most currently used
sequencing technology. Its applications range from whole-genome sequencing
to RNA, DNA methylation sequencing or chromatin immunoprecipitation followed

by sequencing (Goodwin et al., 2016).

Another technology using CRT methodology is the Qiagen GeneReader. This
platform is intended for clinical use, and relies on the targeted amplification of
regions of interest, with a special focus on cancer gene panels. Amplification is
followed by SBS, as with lllumina. In fact, this methodology shares lllumina’s
advantages and disadvantages, including the same error profile (Goodwin et al.,
2016).

lon Torrent uses a single nucleotide addition (SNA) approach to sequence DNA.
Contrary to CRT, SNA does not use blocked dNTPs to prevent elongation, rather,
each dNTP is added to a sequencing reaction at a time, and the absence of the
next dNTP prevents elongation. Because of that, dNTPs do not need to be
individually marked, and the signal received at each cycle is uniquely obtained
from the dNTP added at that time. lon Torrent is the first methodology not
performing base call by imaging. Instead, the base call is performed by detection
of pH change produced by the H* atoms released at each dNTP incorporation
(Rothberg et al., 2011, Goodwin et al., 2016). Currently, lon Torrent platform can
produce reads up to 400 bp long that can sum up to 15 Gbp of raw data per run
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(Table 1-1). These relatively long reads provide some advantages for
applications focused on repetitive or complex DNA; however, they have error
profiles that set some drawbacks. For this platform, insertion/deletion (InDel)
errors are more frequent than substitutions, and the overall error rate is
significantly higher than that of Illumina (1% for lon Torrent versus 0.1% for
lllumina) (Laehnemann et al., 2016). In fact, a considerable fraction of InDels is
caused by homopolymers and usually results in the lack of coverage for
homopolymers longer than 14 nucleotides. These errors are due to a decrease
in base call accuracy with homopolymer length, as multiple base calls solely rely
on the proportional increase of signal detected by the platform (Goodwin et al.,
2016, Laehnemann et al., 2016). GC bias also has a noticeable effect in lon
Torrent generated data with read coverage significantly dropping in low and high
GC content regions. Extremes of this limitation were shown by the failure of library
preparation of GC-rich bacterial genomes, and the high error rate noticed for GC-
poor bacterial genome sequencing (Laehnemann et al., 2016, Bragg et al., 2013).
In addition, base call accuracy was also shown to decrease with consecutive
cycles; however, these errors can be more easily dealt with by computational

error corrections.

Roche’s 454 pyrosequencing device also makes use the SNA methodology.
However, the high cost and time associated with technology led Roche to

discontinue this platform in 2016 (Margulies et al., 2005, Goodwin et al., 2016).

1.3.2.2 Sequencing by ligation

Contrary to the sequencing by synthesis methodologies, sequencing by ligation
does not require the presence of a polymerase during the sequencing reaction.
These approaches involve the hybridization and ligation of a labelled probe to a
DNA strand (Tomkinson et al., 2006). Briefly, a fluorescently labelled (one-base-
or two-base-encoded) probe hybridises to its complementary sequence adjacent
to the primed template, and fluorescent imaging is performed to identify the
ligated probes (Metzker, 2010).

The Applied Biosystems ABI SOLID™ performs sequencing by ligation. It uses
two-base-encoded probes, where each signal represents a dinucleotide (Valouev

et al., 2008). In that way, reading a single colour does not specify a single base,
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but rather corresponds to any of four possible dinucleotides. This approach allows
a very high base-calling accuracy (~99.99%), as each base is read multiple times.
As with lllumina, the SOLID platform can generate both single-end and paired-
end reads. However, maximum read length is only 75 bp (Table 1-1), which
together with runtimes that take several days, strongly limits the use of this
platform (Goodwin et al., 2016, Metzker, 2010).

Complete Genomics platform also performs sequencing by ligation. As with
SOLID, complete genomics chemistry produces relatively short reads (28-100 bp)
with a very high accuracy (Drmanac et al., 2010, Peters et al., 2012). The limited
use of this technology lead to the cancellation of the launch of a new platform,

and older platforms are only used in mainland China (Goodwin et al., 2016).

1.3.2.3 Short-read NGS for de novo whole-genome sequencing

NGS technologies have revolutionised life sciences (Ellegren, 2014). The high
parallelization achieved in NGS platforms led to a significant decrease in
sequencing costs that, together with their reasonable time frames, makes NGS a
widely-used tool for whole-genome sequencing. The release rate of genome
sequences observed nowadays, especially for non-model organisms, and the
resequencing of population samples facilitated by NGS methodologies, are
empowering diverse scientific fields, such as comparative and population
genomics (Ellegren, 2014). For instance, the comparative analyses of genomes
are revealing important aspects of lineage-specific adaptations, such as the
expansion of hypoxic stress related gene families and yak’s (Bos grunniens)
adaptation to high-altitude (Qiu et al., 2012); and, population genomics studies
are unravelling unprecedented levels of variation in populations, as was shown
in humans by the 1,000 Genomes Project (The Genomes Project Consortium,
2010). Functional genomics and medical genetics have also significantly
benefited from NGS methodologies. NGS methodologies have increased the
pace at which novel genetic variants are detected, being the best available tool
to elucidate disease-causing mutations (Lohmann and Klein, 2014, Werner,
2010).

Nonetheless, NGS approaches are not free from some drawbacks. The amount

of data generated by NGS technologies is one of the problems. The complexity
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of the algorithms necessary for genome assembly and sequencing error
corrections result in high computational costs, and the amount of data generated
per sequencing run also requires massive storage capabilities. Indeed, storage
costs were estimated to become more expensive than resequencing (Wuster,
2011), which was suggested as an alternative for easily obtainable samples.
Additionally, the use of short sequence reads is problematic for the precise de
novo assembly of complex genomic regions, such as long repeats and duplicated
sequences (Alkan et al., 2011). As referred previously, during genome assembly,
algorithms might collapse identical repeats, which leads to an underestimation or
loss of genome complexity. The use of long insert size paired-end and mate pair
read libraries ameliorated this bias, but it is still present in de novo genome
assemblies. These limitations, together with the underrepresentation of AT- and
GC-rich genomic regions, result in highly fragmented and incomplete genome
assemblies. The fragmentation state of these genome assemblies directly
influences gene annotation, as genes might be fragmented, missing or incorrectly
annotated (Denton et al., 2014). Moreover, while useful for the analysis of small
genomic variants, NGS genome assemblies lack sufficient contiguity to reveal
larger structural variation and, without further assembly, to study chromosome
architecture (Lee et al., 2016). In this way, NGS-generated genomes require the
development of new approaches to increase the assembly accuracy of complex

genomic regions and upgrade genome assemblies to chromosome-level.

1.3.3 Long-read sequencing

Long-read sequencing technologies were developed to assist the assembly of
highly complex genomic regions. The produced reads, with lengths up to
hundreds of Kbp, can span long repetitive elements, copy number or structural
variants, eliminating ambiguity in the positions or size of these genomic elements.
Moreover, the obtained reads can also span complete mRNA transcripts and so
these technologies are also helpful for the study of transcriptomics. The main
limitations of these technologies relate to their relatively high cost, compared with
NGS methodologies, and the requirement of a large amount of high molecular
weight DNA, which is often not easy to obtain. There are two main types of long-
read technologies: single-molecule real-time sequencing and synthetic long-read

technologies, which | will explore below.
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1.3.3.1 Single-molecule real-time sequencing
Contrary to NGS short-read sequencing, single-molecule real-time (SMRT)
sequencing approaches do not require the clonal amplification of a DNA template

to generate a detectable signal, nor do they need the cyclic addition of dNTPs.

Pacific Bioscience (PacBio) platforms are currently the most widely used to
perform SMRT sequencing (Eid et al., 2009). The PacBio methodology does not
require the polymerase to move along a DNA template. Instead, the sequencing
reaction is performed on flow cells containing many individual wells with a
polymerase fixed to the bottom, and through which the DNA strand can progress
(Figure 1-8A). This structure, called zero-mode waveguide (ZMW), allows the
system to focus on a single-molecule. The incorporation of ANTPs is continuously
visualised by a laser, and a camera system records the colour and duration of a
light emission as the labelled dNTP pauses during incorporation at the bottom of
the ZMW. During incorporation, the fluorophore is removed and diffuses away
from the sensor before the next dNTP is incorporated. The PacBio platform uses
a circular template, obtained through the ligation of two hairpin adapters to a
double-stranded DNA template (Figure 1-8A). This allows the same template to
be sequenced multiple times. However, templates longer than 3 Kbp are still
difficult to sequence more than once. For shorter templates, these multiple
passes are used to generate a circular consensus sequence (CCS) and reduce
the high single-pass error rates associated with this methodology from ~13% to
<0.1% (Goodwin et al., 2016, Eid et al., 2009). PacBio technology allows the
production of reads that can average 5 Kbp, and are sometimes longer than 20
Kbp (Table 1-1) (Koren et al., 2013, Eid et al., 2009). Moreover, the GC content
and homopolymer bias observed with NGS platforms are almost absent in PacBio
reads. Nonetheless, these platforms have high error rate at single-pass and low
throughput, which significantly increases its associated costs and limits their use.
Even so, PacBio reads are extremely helpful to assist the assembly of genomes
generated by NGS methodologies. Moreover, these platforms have already been
used to sequence and assemble multiple bacterial, yeast, plant and animal
genomes (Koren et al., 2013, Kim et al., 2014, Gordon et al., 2016).

More recently, Oxford Nanopore Technologies launched the first Nanopore

sequencer, the MinlON. Contrary to other technologies, Oxford Nanopore does
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not detect the incorporation or hybridization of nucleotides to a template DNA
strand. Instead, it reads the composition of a single-strand DNA molecule by
measuring electrical changes while it passes through a protein pore (Clarke et
al., 2009). The samples are prepared by adding a hairpin loop to one end of
double-stranded DNA or complementary DNA fragments, linking both strands
(Figure 1-8B). During analysis, DNA molecules are unwound by helicase
enzymes into a continuous single-strand that is drawn through the protein pore
to produce an electrical signal reflecting sequence composition (Figure 1-8B)
(Deamer et al., 2016). Because the DNA molecules are hairpins, both strands
can be analysed improving the base call accuracy. Each strand, however, is only
sequenced once. The read lengths obtained with this methodology do not depend
on the detection approach. Instead, they rely on the fragmentation method and
can range from 6 to 48 Kbp (Jain et al., 2015). Accuracy, however, is just now
surpassing 90% requiring further improvements, and contrary to PacBio,
homopolymers tend to increase error rates (Table 1-1) (Deamer et al., 2016).
Accuracy can be improved by resequencing the same native DNA fragment
multiple times, which is only possible with this technology as Nanopore
sequencing does not alter the DNA fragment it reads. In addition, the portability
of Nanopore sequencers is a significant advantage. MinlON, for instance, weighs
mere 100 grammes and can be controlled by company designed software in a
laptop computer. This portability proved extremely helpful during Ebola virus
outbreak surveillance on site (Hoenen et al., 2016, Quick et al., 2016).
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Figure 1-8: Single-molecule real-time sequencing approaches: (A) Pacific
Biosciences and (B) Oxford Nanopore (Goodwin et al., 2016).
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1.3.3.2 Synthetic long-read sequencing

Synthetic long-read sequencing approaches do not generate real long-reads.
Instead, they rely on a system barcoding to associate fragments that are
sequenced with short-read methodologies (Voskoboynik et al.,, 2013). These
approaches partition large DNA fragments into either microtiter wells or an
emulsion, such that only few hundred to thousand molecules exist in each
partition. Then, within each partition, the molecules are fragmented, barcoded
and sequenced using short-read NGS methodologies. The sequencing data
obtained is split by barcode and reassembled with the knowledge that reads
sharing a barcode result from the same original, large DNA template. This
methodology allows for repetitive or complex genomic regions to be isolated and
assembled locally, which prevents unresolvable areas in the assemblies, leading

to lower genome fragmentation (Goodwin et al., 2016).

The lllumina synthetic long-read sequencing platform uses such an approach.
This methodology allows the production of reads from 1.5 to 18.5 Kbp and has
the same error profiles as lllumina short-read sequencing (Table 1-1). However,
this system requires higher sequencing coverage than a typical NGS project,
leading to an increase in the associated costs (McCoy et al., 2014).

10X Genomics also performs synthetic long-read sequencing. This system
partitions fragments, up to 100 Kbp, into micelles called GEMs. Within a GEM,
shorter barcode-identified DNA fragments (~350 bp) are amplified from the
original larger fragment. After sequencing, the reads are aligned and linked,
forming a series of anchored fragments across the span of the original fragment.
Contrary to Illlumina synthetic long-read system, this approach does not attempt
to get full end-to-end coverage of a single DNA fragment from each GEM.
Instead, the reads from a single GEM are dispersed across the original DNA
fragment, and the cumulative coverage is derived from multiple GEMs (Goodwin
et al., 2016, Zheng et al., 2016). 10X Genomics technology allows the use of as
low as one nanogram of starting material, which can be advantageous for
situations when DNA is difficult to obtain (Table 1-1). Once again, as it relies on
short-read sequencing, the data generated presents the same error profiles and

bias as that of NGS platforms.
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1.3.3.3 Long-read sequencing for de novo whole-genome sequencing

Long-read sequencing technologies promise to generate longer reads enabling
a more accurate and less fragmented genome assembly. Longer reads can assist
de novo genome assembly projects, and be used to reveal complex long-range
genomic structures (Goodwin et al., 2016). However, some limitations hinder the
use of these technologies. For instance, synthetic long-read methodologies
showed great potential towards making inexpensive and accurate de novo
genome assembly a reality. Nevertheless, as they rely on short-read sequencing,
they suffer from many limitations of underlying NGS methodologies, as is the
case of GC-bias. Moreover, most synthetic read assembly processes require first
the assembly of long fragments from short-reads, followed by the genome
assembly with those long fragments. These strategies require vast amounts of
short reads. For example, lllumina synthetic long-read approach usually requires
900-1,500X short-read coverage to assemble 30X coverage synthetic reads (Lee
et al., 2016). Besides being sometimes completely unfeasible, this significantly

increases sequencing costs and limits the utility of these approaches.

The use of ‘true’ long-reads alone for de novo genome assembly is strongly
limited by both their high costs and the large amount of high molecular weight
DNA that is required for their generation. For instance, PacBio and Nanopore
sequencing cost around 1,000 US dollars per Gbp of generated data, while
lllumina sequencing can be performed for just 10 US dollars per Gbp. These
limitations, together with the high error rates at single-pass for these technologies
result in a predominance of hybrid genome assembly approaches, where the
continuity of ‘true’ long-reads is complemented by the accuracy of NGS short
reads (Shi et al., 2016, Lok et al., 2017). Nonetheless, these hybrid approaches
produce sequence fragments, so-called super-scaffolds, that represent at most
chromosome arms, requiring further verification and ordering to obtain

chromosome-level assemblies.
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1.3.4 Genome assembly

The ultimate aim when assembling a genome de novo is to obtain a set of contigs
each representing an entire chromosome end-to-end. De novo genome assembly
up to the chromosome-level usually consists of three steps (Figure 1-9). (1)
Sequencing reads are aligned, and overlapping reads are merged to form longer
and gapless contiguous sequences, called contigs. Next, (2) the information from
paired-ends and/or mate pair libraries is used to connect contigs and infer gap
sizes between them, as reads from the same pair map on two separate contigs,
forming scaffolds. Lastly, (3) information from mapping methodologies is

integrated with scaffolds to order and orient them along the chromosomes (Figure
1-9) (Green, 2001).
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Figure 1-9: De novo whole-genome sequencing assembly.
From (Green, 2001).

One of the major difficulties when performing genome assembly is the accurate
assembly of complex genomic regions, for instance, those containing long
repeats and duplicated sequences (Alkan et al., 2011). This limitation is
particularly actual for NGS technologies where the short nature of the generated
reads can result in de novo assemblies that are highly fragmented and lacking
parts of the genome (Lee et al.,, 2016). Moreover, the dearth of genetic and
physical maps for most de novo sequenced species, due to the costly and time-

consuming nature of the mapping methodologies (discussed in the next section),
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difficult the assembly process, and most genome assemblies publicly released
nowadays are comprised of thousands of contigs or scaffolds. As referred,
previously, this assembly fragmentation restricts their use for evolutionary and
applied biology studies. For instance, genome annotation is directly influenced
by the quality of genome assemblies, as genes might be missing and genes split
between multiple scaffolds will only be annotated by using comparative
approaches (Dessimoz et al., 2011). The fragmentation of the genome
assemblies limits the extent of haplotype definitions and different haplotypes can
even be assembled as distinct contigs or scaffolds. Highly fragmented genomes
also complicate the establishment of long-range interactions in gene regulation
and lack the robustness needed to study overall chromosome architecture and

evolution.

These limitations could be minimised by using long and accurate sequencing
reads obtained from PacBio or Nanopore sequencing, for example. These reads
can span longer repetitive regions and other copy-number or structural variants,
reducing ambiguities in assembling complex genomic elements (Schatz et al.,
2010). Nonetheless, the high DNA requirements, low accuracy at single-pass and
the inability of these technologies to generate super-scaffolds spanning
chromosomes from end-to-end, still call for the development of novel approaches

that would facilitate the generation of chromosome-level genome assembilies.

1.3.4.1 Mapping methodologies

Mapping technologies landmark a genome without sequencing every base. The
recent advent of whole-genome sequencing is having a dramatic impact on the
utility of genome maps and optimisation of map-generating methodologies are
the target of constant developments. As mentioned in the previous section,
genome maps are essential for de novo genome assembly as they assist the
merging and ordering of scaffolds in obtaining chromosome-level genome
assemblies. Moreover, they are also valuable tools for the detection of assembly
errors. Herein, | will explore mapping methodologies focusing on their utility to

assist genome assembly.
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1.3.4.1.1 Genetic linkage maps

Genetic linkage (GL) maps, as the name implies, are based on the principle of
genetic linkage. According to this principle, loci physically close on chromosomes
tend to be inherited together, loci located far apart on the same chromosome tend
to be inherited together less often, and loci found on different chromosomes are
inherited independently. Initially, GL maps were based on the association of
visual phenotypes, such as eye colour and wing size in Drosophila (Sturtevant,
1913). However, due to the limited number and complex nature of such
phenotypes they were replaced by other genetic markers, such as restriction
length fragment polymorphisms and single nucleotide polymorphisms.

The creation of GL maps starts with the establishment of a mapping population
from which one can identify genetic differences between related individuals that
can be used to determine recombination distances between loci. Next, maps are
estimated through phenotype association or (more common nowadays)
genotyping individual DNA samples for different markers, followed by the
grouping of markers into linkage groups, and the ordering and spacing of markers
within linkage groups (Fierst, 2015). The relative order and distance between
markers are estimated accordingly to the rate of recombination between them,
where two markers with a 50% recombination frequency are transmitted
independently and assumed to be located further apart on the linkage group. The
resulting GL maps are a set of linkage groups showing the positions of the
markers relative to each other. Because recombination events are not randomly
distributed along chromosomes, the genetic distance between markers is not
proportional to their physical distance. Moreover, GL maps resolution depends
on the number of crossovers that can be analysed and is usually low for long-
lived organisms and those that are difficult to breed or grow under experimental
conditions, as fewer meiosis can be studied. This usually results in fragmented
GL maps, with more linkage groups than the number of chromosomes of the
studied species. In addition, infrequent recombination between adjacent markers
difficult their ordering and spacing, resulting in reduced accuracy at fine-scale
resolution (Baxevanis and Ouellette, 2004). Nonetheless, the integration of GL
maps with the high fine-scale accuracy of genome sequences can be used to
produce high-quality de novo genome assemblies, through the reduction of

genome assembly’s fragmentation and correction of misassemblies. This was
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already shown by the integration of this two data sources in the dog (Canis lupus
familiaris; Wong et al., 2010) and collared flycatcher (Ficedulla albicolis; Ellegren

et al., 2012), for example.

1.3.4.1.2 Radiation hybrid maps

The creation of radiation hybrid (RH) maps starts with the generation of radiation
hybrid cells. DNA breaks are induced by the application of lethal doses of
radiation to a donor cell line, which is then fused with a recipient cell line (usually
hamster or mouse). An RH panel consists of a panel of independently fused
radiation hybrid cells, each containing a separate collection of donor DNA
fragments. Each radiation hybrid (or fusion cell) is tested for the presence of each
marker of interest (Baxevanis and Ouellette, 2004). As with GL maps, during the
creation of RH maps, it is assumed that physically close markers will present
similar patterns of retention or loss (behaving as if they were linked), while
physically distant markers will show different patterns. RH maps present three
major benefits over GL maps. First, because the induced breaks are randomly
distributed across the genome, break frequencies are roughly proportional to
physical distances, and the constructed maps will be more accurate. Second, the
markers do not need to be polymorphic within the species of interest, and any
unique DNA sequence different from the recipient orthologue can be mapped.
Third, RH maps do not require the establishment of a mapping population. The
resolution of the RH map, however, directly depends on the size of the
chromosomal fragments contained in the radiation hybrids, which in its turn is
proportional to the amount of radiation the donor cell line was exposed. The
generation of RH panels is very expensive and time-consuming which limits their
creation, especially for non-model organisms. Nonetheless, the utility of RH maps
for the increase in continuity and detection of genome assembly errors was
clearly shown for, for instance, goat (Capra hircus; Du et al., 2014b) and rhesus

macaque (Macaca mulatta; Karere et al., 2008).

1.3.4.1.3 Cytogenetic maps
While helpful, recombination-based maps do not correlate the molecular markers
with the real structure where they are found, the chromosome (Griffiths, 2008).

This can, however, be done through cytogenetic maps. Traditional cytogenetic
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mapping relies on the hybridization of a radiolabelled or fluorescently labelled
DNA probe containing a marker of interest (usually a BAC clone) to a
chromosome preparation (Griffiths, 2008, Brown, 2007). The accuracy and
resolution of cytogenetic maps are directly influenced by some subjective criteria
as variability in technologies and methodologies, interpretation, reproducibility
and the definition of banding boundaries (Chen and Chen, 2013). Because of
that, traditional cytogenetic maps are helpful to grossly localise a marker of
interest in a species chromosome but lack high resolution ordering. Recent
developments in FISH comprise the use of naturally or mechanically stretched
DNA molecules (fiber-FISH), which allows a significant increase in the map
resolution, from ~1 Mbp on traditional metaphase chromosomes to ~1 Kbp on
fiber-FISH (Ersfeld, 2004). Another limitation of FISH methodologies for the
generation of cytogenetic maps is the low throughput of this technique. This
relates to the difficult establishment of multiplex experiments. In addition, the
success rate of FISH experiments is significantly reduced if target-specific probes
are not available. In such cases, cross-species FISH (zoo-FISH) can be utilised,
but the success rate of this approach is limited by the evolutionary distance and
degree of sequence homology between the compared species (Graphodatsky et
al., 2012). Nonetheless, this last limitation could potentially be tackled by the
selection of probes according to DNA sequence features that are known to
influence the success of hybridization, for instance, sequence homology, and GC
and repetitive content.

1.3.4.1.4 Other physical maps

Physical maps (that include the cytogenetic and radiation hybrid maps discussed
above) comprise maps that are either capable of directly measuring the distance
between DNA markers or that use cloned DNA fragments to directly order these

markers (Baxevanis and Ouellette, 2004).

Optical mapping visualises and measures the length of single DNA molecules,
extended and digested with restriction enzymes, by high-resolution microscopy
(Baxevanis and Ouellette, 2004). BioNano Genomics have significantly improved
this mapping methodology on their Irys system. The Irys system detects, through
direct visualisation, fluorescently marked restriction sites along a linearized DNA

molecule. The collection of mapped DNA molecules is assembled into a larger
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optical map that can span megabase pair (Mbp) (Cao et al., 2014). The Irys maps
can then be compared to in silico scaffold restriction maps. The latter, generated
by the identification of putative restriction sites in scaffolds, based on the
recognition sequence of the restriction enzyme. The alignment of both maps
allows the anchoring and ordering of scaffolds, creating a hybrid scaffold (Lee et
al., 2016). The limitations of this methodology include the incomplete nicking of
the DNA, which leads to unlabelled restriction sites, and the presence of
physically close nick sites that might shear the DNA, limiting the total length of
the generated hybrid scaffolds. Nonetheless, optical maps already successfully
assisted the genome assemblies of many vertebrate species (Howe and Wood,
2015), for instance, goat (Capra hircus; Dong et al., 2013) and ostrich (Struthio
camelus; Zhang et al., 2015).

Hi-C and its related protocols use proximity ligation and high-throughput
sequencing to investigate the three-dimensional architecture of the genome
within nuclei (Lieberman-Aiden et al., 2009). This methodology employs
crosslinking of chromatin in intact cells; intra-molecular ligation of DNA fragments
that were physically close at the time of crosslink; followed by high-throughput
sequencing of the generated DNA junctions (Figure 1-10). A Hi-C map is then a
genome-wide DNA-DNA contact probability map that allows the three-
dimensional modelling of genomic conformation within a cell. The strong
enrichment in Hi-C signal between genetically close loci (up to ~200 Mbp apart)
allows, in theory, the scaffolding of entire chromosomes from fragmented draft
assemblies. Still, Hi-C methodology suffers from various limitations. For instance,
Hi-C requires intact cells, which might be difficult to obtain for many species.
Published Hi-C experiments in human resulted in maps with ~1 Mbp resolution,
obtained from ~10 million paired-end reads (Lieberman-Aiden et al., 2009), and
an improvement by 10-fold of map resolution would represent a 100-fold increase
in sequencing depth, leading to a rise in the associated costs. In addition, most
Hi-C data describes only DNA-DNA contacts in the scale of tens or hundreds of
Kbp, reducing map continuity, and the large-scale organisation of chromosomes
in nuclei may provide confounding signals to assembly. These final limitations
were overcome by the development of the Dovetail Genomics “Chicago” libraries
(Putnam et al., 2016). This methodology relies on the generation of DNA
crosslinks on in vitro reconstituted chromatin, obtained by adding histones to
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input naked DNA (Putnam et al., 2016). The generated Chicago libraries share
many characteristics with Hi-C data, as the relationship between read distance
and read count that are helpful for genome assembly. At the same time, this
approach tackles some of Hi-C limitations by reducing the number of momentary
long-range or interchromosomal interactions, or the need for intact cells as
starting material (Putnam et al., 2016). However, the large amount of DNA
required for each experiment (-5 micrograms (ug)) limits the use of this
methodology. Additionally, together with Hi-C and other NGS relying
methodologies, the generated data suffers from GC-biases and difficulties on the
assembly of repetitive sequences. Nevertheless, Hi-C was already used to
perform de novo assembly of human, mouse, Drosophila (Burton et al., 2013),
and threespine stickleback genomes (Peichel et al., 2016), and Chicago data
were used for de novo assembly the American alligator (Alligator mississipiensis)
genome (Putnam et al., 2016).
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Figure 1-10: Hi-C methodology. Formaldehyde fixed cells are
digested with a restriction enzyme. The resulting sticky ends are
filed with nucleotides, one of which is biotinylated. Ligation is
performed in conditions favouring intramolecular ligation events.
DNA is purified, sheared and biotinylated junctions are isolated.
Interacting fragments are identified by paired-end sequencing (van
Berkum et al., 2010).
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Genetic and physical maps are essential tools for de novo assembly of genomes.
They assist the correction, merging and ordering of scaffolds to generate
chromosome-level genome assemblies. Nonetheless, mapping methodologies
are very expensive and time-consuming, especially for the generation of high-
resolution maps. This results in a dearth of genome maps for most of the newly

sequenced genomes and consequently a lack of chromosome-level assemblies.
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In this way, the development of approaches to (1) reduce the resolution of maps
required to assemble genomes to chromosome-level, and (2) quickly and

inexpensively generate such maps are a necessity.

1.3.4.2 Computational approaches

Diverse algorithms were developed with the aim of further assemble scaffold-
level genomes to chromosome-level, making use of available chromosome
assemblies of related species. While many of the available algorithms are
efficient for bacterial genomes, only a few can handle complex eukaryotic
genomes. Examples of such software’s are the reference-assisted chromosome
assembly (RACA) (Kim et al.,, 2013), Ragout (Kolmogorov et al., 2014,
Kolmogorov et al., 2016) and Chromosomer (Tamazian et al., 2016).
Chromosomer relies on the alignment of the target scaffolds to a reference
chromosome assembly. While this methodology is fast and efficient to predict
chromosomes of eukaryotes, the use of just one reference and no additional data
may result in the reconstruction of the reference chromosome structures instead
of that of the target species. Ragout was first designed to work on prokaryote
genomes, and only recently upgraded to deal with eukaryote genomes. This
software can use one or multiple reference genomes, what will decrease the risk
of reconstructing reference-like chromosomes. In its turn, RACA uses
comparative information, as the two previously mentioned algorithms, but also
sequencing data from the target species (paired-end and mate pair library reads)
to order and orient scaffolds into predicted chromosome fragments (PCFs). The
use of multiple data sources in this software, on one hand, reduces the number
of introduced errors, and on the other increases the chance of detecting target-
specific structural differences, in comparison with the reference genomes. RACA
approach is summarised in Figure 1-11. Briefly, (A) RACA requires as inputs the
pairwise alignments between the reference, target and outgroup genomes. Here,
the reference genome pertains to a phylogenetically close species and the
outgroup genome to a more distantly related species. (B) The algorithm will
merge collinear alignments into syntenic fragments (SFs; regions of maintained
sequence order) keeping the ones that exceed a user-set length threshold. (C)
For each pair of SFs, an adjacency score is calculated combining information

from the presence of such adjacency on the reference and outgroup genomes,
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and the number of target species paired-end reads supporting the adjacency. (D)
Once all adjacency scores are calculated, an SFs graph is constructed in which
each head and tail of an SF are connected to another SF. Each connection is
represented by a different weight, obtained from the adjacency score. (E) A chain
of SFs is created by merging two adjacent SFs with the highest edge weight at
each step. (F) Lastly, by using the order and orientation of SFs, RACA

concatenates the scaffolds of the target genome creating PCFs.

The use of this algorithm proved useful on the increment of continuity of Tibetan
antelope (Pantholops hodgsonii; Kim et al.,, 2013) and blind mole rat (Spalax
galili; Fang et al., 2014) genomes. Still, RACA approach contains two main
limitations. The obtained PCFs are often at a sub-chromosomal level, requiring
further placement on the target species chromosomes, and, in some cases,
RACA algorithm cannot properly distinguish chimeric scaffolds from those
harbouring evolutionary breakpoint regions (EBRs). Such distinction is imperative
as, chimeric scaffolds result from errors in the assembly process, connecting
contigs that belong to different genomic regions, while EBRs represent target-
species-specific structural differences that are critical for the accurate
reconstruction of its genome structure. In this way, the efficient use of this
algorithm that by itself does not add almost any extra costs to a whole genome
sequencing project requires the development of an effective approach to verify
the correctness of the PCFs, and further assemble PCFs to chromosome-level.
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Figure 1-11: Overview of the RACA algorithm. (A) RACA takes a reference, a de novo
sequenced target (in scaffolds), and one or more outgroup genomes as input data. (B)
Syntenic fragments (SFs) delimited by vertical dashed lines are constructed by aligning
reference and target genome sequences and merging collinear alignments. The outgroup
may not always be aligned to SFs (e.g., sf2) and may contain rearrangements within a SF
(e.g., sf10). Pluses and minuses represent the orientations of the target and outgroup
DNA sequences on the reference genome, and three groups of SFs represent different
reference chromosomes. (C) For each pair of SFs, an adjacency score (edge weight) that
combines the posterior probability of the adjacency and the coverage of paired-end reads
is calculated. (D) The SF graph is built by connecting SFs whose edge weight in C is
higher than a certain threshold. Head (closed circle) and tail (open circle) vertices from
the same SF are always connected with a maximum weight (dashed edge). (E)
Constructed chains of SFs that are extracted by the RACA algorithm. From (Kim et al.,
2013).
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1.4 Ancestral karyotype reconstructions

As mentioned previously, changes in the structure of chromosomes are often
related to the appearance of new phenotypes and can even lead to speciation. In
this way, tracing the chromosome organisation of a common ancestor sheds light
on the evolutionary process and the role of chromosomal rearrangements in

phenotypic evolution and speciation (Deakin and Ezaz, 2014).

The first evolutionary relationships between the chromosomes of many
organisms were determined by comparative cytogenetics (banding; e.g., 1Jdo et
al., 1991), zoo-FISH (e.g., Richard et al., 2003, Griffin et al.,, 2007) and the
comparison of gene maps (e.g., Murphy et al., 2003). In these studies, a genome
organisation shared between all, or most of, the descendant species was
believed to represent the ancestral state. Cytogenetics and genetic map based
comparisons gave the first insights on the genome rearrangements that shaped
extant genome structures. For instance, cytogenetic information was used to
propose the ancestral chromosome structure of diverse phylogenetic groups, e.g.
eutherian mammals (Richard et al., 2003), ruminants (Kulemzina et al., 2011),
carnivores (Beklemisheva et al., 2016) and birds (Griffin et al., 2007). These
reconstructions clearly show that genome structures in different taxa evolved in
different ways and rates, and raised questions to which mechanisms drove the
evolution of chromosomes in these lineages (Ruiz-Herrera et al.,, 2012).
Cytogenetic-only ancestral reconstructions present two main limitations. The first
relates to their lack of resolution, which results in undetected intrachromosomal
rearrangements. The second is the limitation of evolutionary depth of the
reconstructed ancestral karyotypes, which is restricted by the limits of detection
of chromosome paintings (Deakin and Ezaz, 2014). Nowadays, the availability of
genome sequences for most eukaryotic taxa not only expands the evolutionary
depth of such reconstructions but also increases the resolution at which
rearrangements are detected. The first attempts to reconstruct ancestral
karyotypes from sequence data were performed for mammals, using chicken as
an outgroup (Bourque et al., 2005). This reconstruction generated a
Boreoeutherian ancestor karyotype with a haploid number of 21 and allowed the
detection of a larger number of genome rearrangements between rodents and

humans than what was previously known (Bourque et al., 2005). Moreover, a
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combination of sequence and radiation hybrid map comparisons were used to
propose the structure of the common ancestor of human, horse, cat, dog, pig,
cow, rat and mouse (Murphy et al., 2005). Therein, Murphy and colleagues noted,
for instance, that 20% of all detected EBRs were reused in different lineages,
EBRs located in high gene density regions, and that EBRs were associated with
the location of segmental duplications (Murphy et al., 2005). This work clearly
shows the utility of ancestral karyotype reconstruction for the unravelling of the

mechanisms that shaped extant genomes.

Diverse algorithms can perform the reconstruction of ancestral karyotypes based
on genome sequence data. Two main approaches can be used to obtain such
reconstructions: (a) the global parsimony methods that rely on the minimum
number of genome rearrangements required to obtain the synteny of extant
genomes, and (b) the local parsimony methods that infer the most parsimonious
scenario for each individual adjacency (Ma et al., 2006, Jones et al., 2012a).
Examples of ancestral chromosomes reconstruction software are InferCARs (Ma
et al., 2006), ANGES (Jones et al., 2012a), AGORA (Muffato, 2010) and
DESCHRAMBLER (Kim et al., 2017). InferCARSs requires as inputs the pairwise
alignments between the reference and all the other genomes used in the
ancestral reconstruction. These alignments will be used to progressively
construct “orthology blocks”, “conserved segments” and “contiguous ancestral
regions” (CARs) (Ma et al., 2006). At its release, InferCARs was used to
reconstruct the Boreoeutherian ancestral karyotype and gave important insights
into the mechanisms governing genome rearrangements in mammals. This
reconstruction based on human, mouse, rat and dog, and using chicken and
opossum as outgroups resulted in 29 CARs, and was used to detect lineage-
specific genome rearrangements and identify genomic features associated with
EBRs. Within the latter, Ma and colleagues observed that 57 out of the 742
identified EBRs were reused in different lineages. Moreover, EBRs were found
enriched for genes, repetitive DNA sequences, and human-specific EBRs were
also significantly enriched for segmental duplications (Ma et al., 2006). Despite
their utility, all the ancestral chromosome reconstructions obtained from the
algorithms mentioned above were generated from chromosome-level genome
assemblies, and their suitability to deal with fragmented assemblies was never

proven (Kim et al., 2017). Because of that, and due to the limited availability of
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chromosome-level assemblies for many phylogenetic groups, their use is also
limited. This led Kim and colleagues to develop the DESCHRAMBLER algorithm.
DESCHRAMBLER generates reconstructed ancestral chromosome fragments
(RACFs) using SFs identified from whole-genome comparisons of both
chromosome-level and scaffold-level genome assemblies (Kim et al., 2017).
Contrary to other reconstruction software where orthologous chromosomal
regions are required for all descendant species, DESCHRAMBLER can also
utilise SFs where some species have deletions or missing data, which results in
a better coverage of the ancestral genome (Kim et al., 2017). In addition, this
algorithm can also accommodate a large number of descendant species. For
example, at its release, DESCHRAMBLER was applied to the genomes of 21
species (14 chromosome-level and 7 scaffold-level) to reconstruct the
chromosome structure of seven eutherian ancestors. In this study, Kim and
colleagues compared the reconstructed RACFs with previous FISH-determined
eutherian, boreoeutherian and simian ancestral karyotypes. They observed that
the RACFs contained 12 out of 16 well-established interchromosomal
rearrangements between the ancestral and human chromosomes that were
previously detected by FISH (Kim et al., 2017). Moreover, the analysis of
chromosome evolutionary rates was also highly consistent with previous studies
(Kim et al., 2017).

The usefulness of the reconstruction of ancestral genomes structures for the
study of chromosome evolution is apparent from the discoveries enumerated
above. Such studies, not only allow the unravelling of the mechanisms that drive
genome evolution but also the role of genome rearrangements in the
phenotypical diversity of extant species. One of the main limitations for the
performance of ancestral chromosome reconstructions is the high level of
fragmentation of most available genome assemblies. Therefore,
DESCHRAMBLER algorithm creates new opportunities, as it can handle both
chromosome- and scaffold-level genome assemblies. Nonetheless, the
fragmentation level of a genome directly influences the accurate identification of
lineage-specific EBRs, as many could exist between scaffolds and be lost. In this
way, highly accurate ancestral chromosome reconstructions also require

accurate chromosome-level genome assemblies.
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1.5 Birds

The Class Aves is the most species-rich class among tetrapod vertebrates,
comprising more than 10,000 species (Zhang et al., 2014b). Birds are distributed
worldwide, demonstrate a vast amount of physiological and morphological
adaptations (Jetz et al., 2012) and are important model organisms for several
scientific fields, such as developmental biology (Gilbert, 2000a), cancer research
(Williams et al., 2014) and toxicology (Prauchner et al., 2013). Additionally, birds
are also important from several agricultural (e.g., food), cultural (e.g., sports) and
environmental (e.g., pest control and conservation) reasons. Despite their
importance, in 2010 there were only available the annotated genomes of three
avian species [chicken (Gallus gallus; Hillier, 2004), turkey (Meleagris gallopavo;
Dalloul et al., 2010) and zebra finch (Taeniopygia guttata; Warren et al., 2010)].
At the end of 2014, the Avian Phylogenomics Consortium released the genome
assemblies of 45 birds, aiming to tackle the lack of genomic information for this
taxon and start investigating the links between genomic variation and phenotypic
diversity (Zhang et al., 2014a, Zhang et al., 2014b). In the next sections, | will be
exploring what is known about avian genomes and which questions remain

unanswered.

1.5.1 Genome size

Birds possess the smallest genomes among amniotes averaging 1.35 Gbp, and
ranging from 0.9 Gbp in the black-chinned hummingbird (Archilochus alexandri)
to 2.1 Gbp in the ostrich (Struthio camelus; Scanes, 2014). The reduction of
genome size in birds is hypothesised to reflect an adaptation to the high metabolic
requirements of powered flight (Hughes and Friedman, 2008, Gregory, 2002b),
which is supported by the fact that flightless birds have larger genomes than flying
birds, and bats possess smaller genomes than their mammalian sister groups
(Gregory, 2005). Nonetheless, comparative analyses also suggest that the
evolution of compact genomes may have occurred before the emergence of flight
(Tiersch and Wachtel, 1991, Organ et al., 2007). Regardless of when it occurred,
the compactness of avian genomes is shown in extant species by a lower
repetitive DNA content, by shorter genes and non-coding regions, and by the loss
of gene family members. The avian genome content of TEs and other repetitive

elements varies from 4 to 22%, very low values when compared to the 35 to 52%
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observed in mammalian genomes (Lander et al., 2001, Zhang et al., 2014b). In
fact, 47 out of the 48 avian genomes analysed by the Avian Phylogenomics
Consortium had a TE content below 10%. The exception is downy woodpecker
(Picoides pubescens) with 22% of its genome containing TEs, which resulted
from an either species- or lineage-specific expansion of LINE-CR1 (long
interspersed elements; chicken repeat 1) transposons (Zhang et al.,, 2014b).
Avian genomes were also shown to have shorter introns and intergenic regions.
This compression, shared with bats, may result from a lower number of TEs within
these regions, instigated by the fast gene regulation required for flight (Zhang et
al., 2014b, Zhang et al., 2013). Likewise, bird genomes show an overall reduction
in the number of gene family members when compared to other vertebrates, and
the loss of these paralogs seems to correlate with segmental deletions associated
with large-scale structural rearrangements (Hughes and Friedman, 2008, Lovell
et al., 2014, Warren et al., 2016).

1.5.2 Karyotype structure

1.5.2.1 Bimodal karyotypes

Sizes of avian chromosomes vary from 200 Mbp to <10 Mbp (Ellegren, 2010). In
fact, birds have bimodal karyotypes usually formed by up to ten pairs of
macrochromosomes, comparable in size with mammalian chromosomes, and a
varying number of small, almost indistinguishable, microchromosomes (Figure
1-12). Size is not the only difference between macro- and microchromosomes.
Indeed, microchromosomes are GC-rich, gene-dense and demonstrate higher
mutation rates than macrochromosomes. The presence of microchromosomes is
not unique to birds, as they share this feature with turtles and lizards.
Interestingly, crocodilians, the sister clade of birds do not have
microchromosomes (OImo, 2008). One possible explanation for this absence is
the merging of micro- with macrochromosomes in crocodiles after the crocodiles-
birds split (Ellegren, 2010).

1.5.2.2 Centromeres and telomeres

Avian chromosomes tend to be acrocentric (centromere locates near the
chromosome end). Most chicken centromeres contain long (>100 Kbp) arrays of
chromosome-specific simple repeats. However, chicken chromosome (GGA) 5,
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GGA27 and GGAZ centromeres are remarkably short (~30 Kbp) and lack the
usual repeat structure (Shang et al., 2010). Moreover, avian centromeres seem
to be relatively labile, as centromere repositioning and the formation of new
centromeres is frequently observed (Zlotina et al., 2012). As with other
vertebrates, avian telomeres possess the canonical TTAGGG repeat structure,
they constitute, however, unusually large repeat blocks that can go up to 4 Mbp
in length (Delany et al., 2007, O'Hare and Delany, 2009).
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Figure 1-12: Chicken karyotype (Schmid et al., 2015).

1.5.2.3 Sex chromosomes

Unlike mammals, in the Class Aves females are the heterogametic sex. Females
have a copy of chromosome Z and a copy of chromosome W, that is mostly non-
recombining, and males have two copies of chromosome Z. This heterogamety
evolved independently many times and can also be observed in butterflies, fishes,
non-avian reptiles and amphibians (Matsubara et al., 2006). As with mammals,
where the X chromosome is conserved across eutherian species, avian
chromosome Z is also highly syntenic across most avian species (Nanda et al.,
2008). Chromosome W, however, is minimally diverged from chromosome Z in
ratites (e.g., ostrich and emu), and is smaller, gene-poor, and repeat-rich in all
other birds (Marshall Graves and Shetty, 2001).

1.5.2.4 Chromosome numbers

Avian karyotypes show an incredible stability. In fact, more than 60% of all avian
species present 74 to 86 chromosomes (Christidis, 1990, Griffin et al., 2007), and
chromosomal paintings show that interchromosomal rearrangements were
extremely rare during avian evolution. There are however exceptions to the
typical avian 2n=80, with the extremes of the spectrum being the stone curlew
(Burhinus oedicemus) that has a diploid number of 40, and the Southern Go-
away-bird (Corythaixoides concolor) with 2n=142 (Christidis, 1990, Griffin et al.,

2007). Interestingly, the deviations from the typical avian chromosome number
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are limited to few avian clades, such as penguins, birds of prey (i.e. falcons and
eagles), and parrots (Griffin et al., 2007, Nishida et al., 2008, De Oliveira et al.,
2005, Nanda et al., 2007). This karyotipical stability clearly distinguishes birds
from other clades, for instance, mammals, and raises such questions as: (i) why
interchromosomal rearrangements are so rare in birds or so common in other
clades (e.g., mammals and lizards)? (ii) why different avian orders present
different propensities to interchromosomal change? These questions are still
unresolved, and its resolution directly depends on the availability of chromosome-
level assemblies for avian species, especially those with highly rearranged
karyotypes. In fact, to date, all chromosome-level assemblies for birds are from
species with a typical avian karyotype. This limited the access to information that
would give insights on the forces that are shaping genome evolution in different

avian clades, and more generally in birds versus other animal Classes.

1.5.3 Phylogeny

One important aspect to consider when performing comparative analyses is the
phylogenetic relationship of species, depicted in a phylogenetic tree. The
resolution of such relationships is, however, not easy, as distinct data sets and
analytical methods usually result in the production of different tree structures
(Jarvis et al., 2014). This is further complicated for clades that underwent rapid
radiations, as it is believed to be the case of Neoaves (Hackett et al., 2008) and
placental mammals. For birds, the latest resolution of their phylogenetic tree was
based on the genome sequence data released by the Avian Phylogenomics
Consortium (Jarvis et al., 2014). Using whole-genome sequences for 48 avian
species and multiple outgroups, Jarvis and colleagues generated a total evidence
nucleotide tree (TENT) including information from introns, ultra-conserved
elements and first and second codon positions. The obtained TENT (Figure 1-13)
recognised three major groups within extant birds: the infraclass Palaeognathae
(e.g., ostrich, emu, kiwi), and within Neognathae, the subclasses Galloanseres
(e.g., chicken, duck) and Neoaves (e.g., parrots, pigeon, songbirds). It also
supports the hypothesis of a “big bang” radiation of birds after the mass extinction
event that led to the extinction of non-avian dinosaurs, approximately 66 million
years ago (MYA). This tree supported some previous phylogenetic placements

and contradicted others. For instance, birds of prey are now forming two different
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clades: Falconiformes (falcons) and Accipitrimorphae (Eagles and New World
vultures) (Jarvis et al., 2014). Moreover, this phylogenetic tree resolved some
taxa relationships that were previously undetermined, as the grouping of
cuckoos, turacos and bustards or the inclusion of mousebird within landbirds.
Overall, this work proved the utility of genome-scale data to assist the resolution
of difficult relationships in the tree of life (Jarvis et al., 2014). Nonetheless,
although strong support was obtained for the resolution of early branches of the
avian phylogeny, the same was not achieved for some deeper divergences after
the Columbea and Passerea divergence, which shows that genome-scale
alignments are not sufficient for a complete phylogenetic resolution (Jarvis et al.,
2014). This TENT also proved helpful to the study of convergent traits. For
example, it suggests that vocal learning might have evolved independently three
times during avian evolution and that the common ancestor of core landbirds

might have been an apex predator (Jarvis et al., 2014).

One of the criticisms made to Jarvis and colleagues approach is that the number
of taxa sampled is too low, especially within Neoaves, which complicates the
resolution of the relationships between members of this clade (Thomas, 2015).
This led Prum and colleagues to generate a new tree recurring to the targeted
sequencing of anchor regions (highly conserved in vertebrates) flanked by faster-
evolving genome sequences. This approach was proven suited to solve rapid
radiations (Lemmon et al., 2012) and was applied to 198 avian species and 2
crocodilian species (Prum et al., 2015). The major differences between this tree
and the previous TENT are shown in Figure 1-14. Many of the conflicts between
the two phylogenies are in early branching events that separate non-passerine
taxa from each other. For instance, the clade including hummingbirds is shown
to be the sister clade of Neoaves by Prum and colleagues rather than from grebes
and flamingos as in (Jarvis et al., 2014). Additionally, a new monophyletic

waterbirds clade is present in the phylogeny reported in (Prum et al., 2015).
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Figure 1-14: Comparison of avian phylogenies reported by (Jarvis et al.,, 2014) and
(Prum et al., 2015) (Thomas, 2015).

1.5.4 Molecular evolution

Nucleotide substitution accumulation rates depend on several evolutionary
factors as, for instance, the adaptive pressures that a species is subjected to and
the effective population sizes (Ne) (Baer et al., 2007). The comparison of avian
genomes started providing insights on how these factors influence avian
molecular evolution. The overall substitution rate in birds (~1.9 x 10- substitutions
per site per MY) is lower than in mammals (~2.7 x 10 substitutions per site per
MY). However, mitochondrial DNA and nuclear DNA comparisons showed that
the substitutions rates vary up to three-fold between bird lineages (Nabholz et al.,
2009, Nabholz et al., 2011, Zhang et al., 2014b). Moreover, substitution rates
were found positively correlated with the number of species within a phylogenetic
order. For example, Passeriformes, the most speciose avian order, presents a
neutral nucleotide substitution rate almost two times higher than that of Neoaves
(Zhang et al., 2014b). In addition, landbirds also presented higher substitution

rates than waterbirds, which agrees with the higher diversification rates of
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landbirds (Zhang et al., 2014b). These observations suggested that the genome-
wide variation in nucleotide substitution rates results from the avian radiation and

the adaptive pressures the species were subjected to.

In agreement with the hypothesis of evolutionary stasis of avian genomes,
orthologous genomic intervals in birds contain more constrained sequences than
orthologous regions of mammalian genomes. In fact, ~7% of the avian genome
(in comparison with ~4% in mammals; Lindblad-Toh et al., 2011) is found in
sequences that are evolving slower than at the neutral substitution rate estimated
for birds, and, from these, only less than 13% are associated with protein-coding
genes (Zhang et al., 2014b). Thus, most of these slowly evolving sequences are
CNEs, which may be regulatory elements or sites for transcription regulatory
factors and contribute to the maintenance of synteny in avian genomes (Woolfe
et al., 2004). The improvement of our understanding of the role of these
sequences in avian genome evolution could be significantly improved through the
analysis of their association with EBRs, which in its turn would benefit from the

availability of a larger number of chromosome-level assemblies for avian species.

1.5.5 Adaptive phenotypes

Genomic variation (mutation or genomic rearrangement) is a primary source of
phenotypic diversity (Chen et al., 2013a). Novel phenotypes can reach fixation
during evolution. When a phenotype is advantageous in a specific environment
and fixed through the action of natural selection, it is called adaptive. Herein, |
will explore what is known regarding avian adaptive phenotypes and their distinct

genomic signatures.

A major characteristic of birds is the ability to fly. This ability implies several major
skeleton and bone modifications, such as the development of bones that are light
and strong (Zhang et al., 2014b, Machado et al., 2016). In fact, 49 out of 89
ossification-related genes were found under positive selection in birds, a number
twice as high as in mammals. Moreover, the highest ratio of non-synonymous to
synonymous substitutions (dn/ds) within this set of genes was detected for the
genes related to bone mineral density (AHSG) and bone homoeostasis (P2RX7)
(Zhang et al., 2014b, Machado et al., 2016).
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Even though feathers (composed of a- and (B-keratin) are a classic example of
exaptation, as they originated before the emergence of flight (Gould and Vrba,
1982), their further adaptation was influenced by species’ lifestyles. Landbirds
present two times more B-keratin genes than aquatic and semi-aquatic birds, and
some domesticated species (zebra finch, chicken, pigeon, and budgerigar) have
up to 8 times more [(-keratin genes than other birds (Zhang et al., 2014b,
Greenwold et al., 2014).

Another striking feature of modern birds is the lack of teeth. Fossil records show
that several extinct avian lineages had teeth (O’Connor and Chiappe, 2011),
suggesting that this phenotype evolved independently (Meredith et al., 2014).
Indeed, multiple pseudogenes of enamel and dentin genes with many frame-shift
or exon-deletion mutations were recovered from avian genomes. Most of these
mutations differ between species, supporting the hypothesis of convergent
changes within the Class. However, four enamel genes and one dentin-related
gene shared the same deletions in all genomes suggesting that the common
ancestor of all birds likely had no mineralized teeth (Meredith et al., 2014, Zhang
et al., 2014b).

Genes related to beak morphology were also found to be under positive selection
in both falcons (Zhan et al., 2013) and Darwin’s finches (Rands et al., 2013,
Lamichhaney et al., 2015, Chaves et al., 2016). These changes are believed to
result from the adaptation to a predatory lifestyle and the need to expand the
utilisation of food resources available in the Galdpagos, respectively. Anna’s
hummingbird lineage-specific EBRs were also found associated with diet-related
features. Specifically, these EBRs were found enriched for genes on the hexose
metabolic process that might relate to their ability to digest sugar (Farré et al.,
2016).

Birds possess not only the largest eyes (relative to body size) in the animal
kingdom, but are also able to distinguish colours over a wider range of
wavelengths than mammals, for instance (Scanes, 2014, Birkhead, 2012). In fact,
for most vertebrate visual opsin genes, birds hold more copies than mammals,
and the four classes of opsin genes found in most birds suggest that they are
tetrachromatic (Zhang et al., 2014b). The avian visual acuity is however very
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dependent on a species lifestyle. For instance, penguins were found to possess
only three classes of opsin genes suggesting a trichromatic vision (Li et al., 2014),
consistent with the loss of 1-2 cone pigments in aquatic mammals (Newman and
Robinson, 2005). Kiwis (genus Apteryx) also present visual adaptations related
to their nocturnality. Contrary to most nocturnal animals, which have large eyes
in relation to their body size, kiwis have small eyes and reduced optic lobes in the
brain (Martin et al., 2007). Moreover, the kiwi also has several opsin genes
inactivated (Le Duc et al., 2015). In these birds, the loss of colour vision was
accompanied by an improved sense of smell as shown by their increased
repertoire of olfactory receptor genes (Le Duc et al., 2015).

As referred previously, vocal learning is believed to have evolved three times
during avian evolution, and indeed, ~200 genes were found to contain signatures
of convergent accelerated evolution in vocal learners. Interestingly, 73% of these
genes are expressed in the songbird brain, and the vast majority in the song-
learning nuclei (Whitney et al., 2014). Furthermore, budgerigar lineage-specific
EBRs were found enriched for genes related to forebrain development, neuron
differentiation and development, that might be linked to the different organisation
of the “vocal brain nuclei” of this species when compared to other vocal-learning
birds (Farré et al., 2016).

Some avian species were also found to possess segregating inversion
polymorphisms (ltoh et al., 2011). These events can lead to the restriction of
recombination, building genetic incompatibilities that might result in speciation.
Such an example is a large pericentric inversion (~100 Mbp) found in white-
throated sparrow (Zonotrichia albicollis) chromosome 2, which is associated with
behavioural and plumage variations and believed to be an example of speciation
in action (Thomas et al., 2008, Davis et al., 2011, Zinzow-Kramer et al., 2015).

The unravelling of specific effects of genomic variation on adaptive phenotypes
is significantly limited by the high fragmentation level and incompleteness of most
available avian genomes. As mentioned previously, genome annotation is directly
influenced by the quality of the genome assemblies, as genes split between
multiple scaffolds will not be annotated and others might be incorrectly annotated.

Moreover, the lack of continuity of the genome assemblies will limit the extent of
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haplotype definitions, as well as complicate the establishment of gene regulation
links, especially long-range interactions. In this way, our understanding of how
genomic variation shapes phenotypic diversity in birds would gain from the

availability of more contiguous and accurate genome assemblies.

1.5.6 Chromosome evolution

Avian cross-species chromosome paintings showed a high degree of synteny
conservation, even between distantly related avian lineages such as chicken and
zebra finch that diverged ~90 MYA (Shetty et al., 1999, Derjusheva et al., 2004,
Guttenbach et al.,, 2003, Romanov et al., 2014). This conservation is also
noticeable with non-avian reptiles such as crocodiles and turtles, which diverged
from birds ~230 MYA (Kasai et al., 2012, Pokorna et al., 2012). This fact made it
relatively easy to predict the ancestral avian karyotype using cytogenetic data.
The reconstructed Avian ancestral karyotype represented chicken chromosomes
1 to 9 plus Z with only one difference with chicken karyotype, where chromosome
4 results from the fusion of two ancestral chromosomes (Griffin et al., 2007). This
organisation is maintained in most avian lineages studied so far. Passeriformes’
karyotypes show only one difference to the proposed Avian ancestral karyotype
were the ancestral chromosome 1 is split into two independent chromosomes.
Galliformes (e.g., chicken, guinea fowl, quail, pheasant and turkey) also
underwent only a few fusions or fissions, and most ancestral chromosomes were
maintained intact (Griffin et al., 2007). The exceptions are birds of prey, where

multiple rearrangements were identified (Griffin et al., 2007).

While cytogenetic techniques gave valuable insights into the gross structural
stability of avian chromosomes, their lack of resolution could not assess if this
constancy was also present within chromosomes. Indeed, the comparison of
high-resolution gene maps and genome sequences started to reveal that, unlike
interchromosomal events, intrachromosomal events (e.g., chromosomal
inversions) were relatively frequent in avian evolution (Voélker et al., 2010, Skinner
and Griffin, 2012, Zhang et al., 2014b). These studies clearly demonstrated the
importance of the availability of assembly data for the detection of the full
collection of events that shaped genomes through evolution. The comparison of
21 avian genomes revealed that birds present an average rearrangement rate of
~1.25 EBRs/MY (Zhang et al., 2014b), which is significantly higher than the ~0.35

71



GENERAL INTRODUCTION

EBRs/MY of all mammals (Farré et al, 2011), and suggests that
intrachromosomal rearrangements might be significant contributors to the
phenotypic diversity presented by the members of this Class. Furthermore,
rearrangement rate is highly variable between avian lineages. For instance, the
origin of Neognathae was accompanied by an elevated rate of chromosomal
rearrangements, ~2.87 EBRs/MY (Zhang et al., 2014b). Interestingly, vocal
learning species show higher rearrangement rates than their non-vocal-learning
relatives, and even higher than all the other non-vocal-learning species, which
might relate with the larger radiations these clades experienced relative to the
other bird groups (Zhang et al., 2014b). Nevertheless, because most analysed
genomes were scaffold-level assemblies these rearrangement rates could be
inaccurate, as EBRs located between scaffolds would not be included and

assembly errors could be misinterpreted as EBRs.

Contrary to macrochromosomes, the difficult distinction, even by flow cytometry,
between avian microchromosomes results in a lack of comparative data for these
chromosomes and a lag in our understanding of their evolution. Still, the limited
number of studies using chicken microchromosome paints on other birds showed
that, in most cases, synteny is also conserved for these chromosomes, with most
chicken microchromosomes maintained as a single chromosome in other species
(Deakin and Ezaz, 2014). Exceptions to this rule are found for the species with
an atypical chromosome number, where the reduction in the number of
chromosomes is usually the result of microchromosomes tandem fusion or the
fusion of micro- and macrochromosomes (Griffin et al., 2007, Nishida et al., 2008,
De Oliveira et al., 2005, Nanda et al., 2007, Nie et al., 2009). The utilisation of
BAC mapping for the establishment of homology between chromosomes could
overcome the limitations of microchromosome paints probe generation.
Moreover, if BACs are selected from regions of high sequence conservation, the
same probe could be used to rapidly screen multiple species and help clarify the

evolutionary history of microchromosomes.

Multiple hypotheses have been proposed to explain the stability of avian
genomes. Some relate to their low repeat content, and how the lack of templates

for NAHR might create fewer opportunities for avian genomes to change (Burt,
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2002, Ellegren, 2010). Others suggest that there may be an advantage in
maintaining synteny. Indeed, a combined mechanism may be acting. Avian
msHSBs were found enriched for CNEs that are known to play important roles in
gene regulation and be related to distinctive phenotypes (Farré et al., 2016). The
disruption of these syntenic regions could then affect regulatory pathways, which
might play a role in the maintenance of synteny. Additionally, avian EBRs were
found associated with transposable elements that are usual NAHR templates
(Farré et al., 2016). Indeed, avian genomes have ~4 times lower repeat content
than mammal genomes, which could translate into fewer opportunities for avian
genomes to change (merge). Why then some avian lineages are more prone to
genomic rearrangement than others, both regarding inter- (e.g., birds of prey) or
intrachromosomal rearrangements (e.g., vocal learning species), is still to
uncover. Answering such questions is complicated by the lack of avian genomes
assembled to chromosome-level, which prevents the study of chromosome
evolution in this Class. Indeed, to date, the study of chromosome evolution in
birds has been limited to karyotype comparisons or comparison of the chicken
genome with mammalian genome sequences. Moreover, as previously
mentioned, all avian chromosome-level genome assemblies belong to species
with a karyotype close to the typical avian 2n=80. In this way, the unravelling of
aspects of avian chromosome evolution would strongly benefit from the
availability of new chromosome-level genome assemblies, in particular for

species with highly rearranged karyotypes.
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1.6 Project aims

The fragmented state of most newly sequenced genomes poses multiple
challenges for the study of important aspects of applied biology and genome
evolution. Among others, these limitations resulted in an understudy of avian
genome biology. Having this in mind, this project aimed at the development of a
novel approach to upgrade fragmented genome assemblies to chromosome-
level, the generation of new avian chromosome assemblies and their use to
answer some outstanding questions regarding patterns of chromosome evolution

in birds.

This thesis first goal was then to upgrade avian NGS genome assemblies to
(near) chromosome-scale and investigate the genomic signatures associated
with avian chromosomal rearrangements. The achievement of this objective
involved:

I.  Testing the reliability of the reference-assisted chromosome assembly
(RACA; Kim et al.,, 2013) to near chromosome-scale fragments from
scaffold-level avian genome assemblies.

Il. Developing a targeted-PCR-based methodology to evaluate a limited
number of scaffolds important for accurate reconstruction of the target-
species predicted chromosome fragments (PCFs) and using this
approach to increase the accuracy of RACA-generated PCFs by
minimising bias to the reference and outgroup genome structures.

I.  Utilising the improved PCF genome assemblies to detect genomic
signatures of avian evolutionary breakpoint regions (EBRs) flanking intra-

and interchromosomal rearrangements.

The second objective of this thesis was the development of a novel, inexpensive
and transferable approach to further assemble to the chromosome-level the PCF
genome assemblies, and further study avian chromosome evolution. The
achievement of this goal involved:
I. Designing an avian bacterial artificial chromosome (BAC) probe set
efficiently hybridising with any avian species metaphase chromosomes to

inexpensively produce sparse chromosomal physical maps for any avian
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genome, permitting the assignment of scaffolds and PCFs to
chromosomes.

Applying the novel genome assembly methodology to two avian genomes,
the rock pigeon (a species with a typical avian karyotype) and the
peregrine falcon (a species with an atypical avian karyotype).

Detecting the genomic signatures associated with newly identified avian
EBRs flanking intra- and interchromosomal rearrangements and testing
new hypotheses about the reasons behind the evolutionary stability of

avian karyotypes in most avian species.

The third aim of this thesis was the study of the dynamics of chromosome

evolution in birds using a combination of chromosome-level (previously existing

and newly generated) and scaffold-level avian genome assemblies. The

achievement of this goal implied:

Reconstructing the ancestral karyotypes for 14 avian clades, starting with
the Avian ancestor and leading to the zebra finch lineage, including the
Neognathae, Neoavian, landbirds and Passeriformes ancestors.
Inferring the evolutionary history of avian chromosomes through the
detection of the type, number and time of occurrence of chromosomal
rearrangements in avian lineages.

Testing hypotheses on the evolutionary stability and dynamics of different
avian chromosomes related to their DNA feature content.
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2.1 Background

A scarcity of chromosome-level assemblies for most newly sequenced genomes
impedes their use for critical aspects of evolutionary and applied genomics. For
example, chromosome-level assemblies are crucial for studying
genomics/genetics of species that are regularly bred (e.g., for food or
conservation) as a known order of DNA markers allows the establishment of
phenotype-to-genotype associations for gene-assisted selection and breeding
(Andersson and Georges 2004). Such assemblies are established for common
livestock species; however, they are not available for species used in developing
countries or species bred for conservation reasons (e.g., camels and ostrich, and
falcons, respectively). Chromosome-level information is also essential for
addressing questions related to the overall genome (karyotype) evolution and
speciation (Lewin et al. 2009). For instance, the study of evolutionary breakpoint
regions (EBRSs) revealed that EBRs, regions where synteny is disrupted between
species due to evolutionary changes, are usually associated with repetitive
sequences (e.g., transposable elements (TES)) (Farré et al., 2011, Farré et al.,
2016, Groenen et al., 2012) and influence genomic regions associated with genes
related to an organism’s response to external stimuli (Larkin et al., 2009).
Disparately, homologous synteny blocks (HSBs), genomic regions where synteny
and the order of homologous sequences are maintained intact during evolution
between genomes of different species, are usually enriched for genes related to
organismal development (Larkin et al., 2009) and conserved non-coding
elements (CNESs) that are known to perform important roles in gene regulation
(Farré et al., 2016).

The emergence of next-generation sequencing (NGS) methodologies made the
sequencing of complex animal genomes a routine procedure. However, the
genome assemblies produced using only NGS data are incomplete and highly
fragmented. This limitation relates to the inability of NGS to generate long error-
free contigs, and the lack of inexpensive mapping technologies to upgrade NGS
genomes to chromosome-level. Generating traditional genetic and physical maps
that could assist the genome assembly process is still more expensive than
sequencing and assembling a genome up to scaffold-level, whereby they do not
exist for most de novo sequenced species. Newer technologies, such as PacBio

long read sequencing (Rhoads and Au, 2015) and BioNano optical mapping (Mak
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et al., 2016) could provide a long-term solution to this problem. Nonetheless,
these approaches suffer from various limitations that hinder their use. Besides
their high costs, BioNano contigs, for example, cannot extend across multiple
DNA nick regions, which decreases the continuity of the generated maps, and
PacBio requires hundreds of micrograms of high molecular weight DNA that
might be difficult to obtain in many cases. To provide and alternative solution, Kim
and collaborators developed the reference-assisted chromosome assembly
(RACA) algorithm (Kim et al., 2013), a computational approach to improve NGS
genome assemblies’ continuity. RACA usefulness was already shown for
mammalian species, for instance, the Tibetan antelope (Pantholops hodgsonii;
Kim et al., 2013) and the blind mole rat (Spalax galili; Fang et al., 2014). Besides
significantly improving the genome assemblies’ continuity, RACA also allowed for
efficient detection of problematic genome assembly regions, such as putative
chimeric scaffolds. RACA-enhanced assemblies have been used to identify
lineage-specific intra- and interchromosomal rearrangements (Kim et al., 2013,
Fang et al., 2014). Nevertheless, RACA approach has two main limitations. The
obtained predicted chromosome fragments (PCFs) are still at a sub-
chromosomal level, requiring further mapping and ordering on the target species
chromosomes to obtain chromosome-level genome assemblies, and RACA
algorithm does not always properly distinguish chimeric adjacencies within
scaffolds that result from assembly errors from EBRs that depict lineage-specific
structural differences. This might lead to the misinterpretation of chimeric
adjacencies as EBRs or vice versa. In this way, this distinction is essential for an

accurate reconstruction of a species genome.

RACA makes use of a combination of comparative information and target species
sequencing data to verify, order and merge scaffolds, producing PCFs (Kim et
al., 2013). The use of raw sequencing data to construct PCFs differentiates RACA
from other available computational tools with the same purpose and reduces the
reference genome bias during reconstruction. Moreover, RACA does not rely on
comparative information from a single species. Instead, RACA uses the
chromosome-level assemblies of a reference genome, phylogenetically close
(e.g., same Order for mammals) and expected to have a similar genome structure
to that of the target species, and one or more outgroup genomes that are

phylogenetically farther from the target (Figure 2-1A). RACA starts by
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constructing syntenic fragments (SFs; Figure 2-1B) merging collinear alignments
from the pairwise alignments of the reference, the target and the outgroup
genome assemblies. This information is obtained from the UCSC “net” nucleotide
alignment files (Kent et al., 2003), which represent putative orthologous regions
between two genomes. Next, for each pair of SFs, RACA calculates an adjacency
score representing the likelihood of these fragments being adjacent in the target
genome. This score combines the posterior probability of the adjacency being
present in the target genome given its existence/absence on the reference and
outgroup genomes, and the link probability based on the amount of target paired-
end reads supporting the adjacency (Figure 2-1C). The following step consists of
the creation of an SFs graph where each head and tail of an SF is connected to
other SF head or tail. Each connection in weighted by the previously calculated
adjacency score (Figure 2-1D). Chains of SFs are then constructed by merging
two adjacent SFs with the highest edge score (Figure 2-1E). Finally, the order
and orientation of each SF are used to concatenate the scaffolds of the target

genome assembly and obtain PCFs.

Birds are important model organisms for multiple biological and medical fields
(Gilbert, 2000b, Williams et al., 2014, Prauchner et al., 2013), and for many
cultural, agricultural and environmental reasons. Moreover, the Class Aves
comprises more than 10,000 species (Zhang et al., 2014b), being the most
speciose Class among tetrapod vertebrates, that distribute worldwide and
present numerous physiological and morphological adaptations (Jetz et al.,
2012). Nevertheless, despite their importance, avian chromosomal evolution is
an understudied topic. In fact, avian chromosomal evolution has been mostly
restricted to karyotype comparisons or comparisons of the chicken genome with
mammalian genome sequences. These comparisons showed that avian species
do not show the same rate of interchromosomal changes as mammals or non-
avian reptiles. Most birds have ~80 chromosomes and exceptions are limited to
few avian lineages, such as falcons or penguins. This raises questions as: do the
same mechanisms drive genome evolution in birds and mammals; and, why
some avian lineages seem more prone to interchromosomal changes than
others. The answer to these questions is restricted by the scarcity of

chromosome-level genome assemblies for this Class. By 2010 only three avian
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species had been sequenced: chicken (Gallus gallus; Hillier, 2004), turkey
(Meleagris gallopavo; Dalloul et al., 2010) and zebra finch (Taeniopygia guttata;
Warren et al., 2010). The release of an additional set of 45 avian genomes (Zhang
et al., 2014a) showed potential to tackle this problem, however, the limitations of
NGS methodologies and the lack of genetic or physical maps to assist genome
assembly resulted in the generation of incomplete and highly fragmented

scaffold-level assemblies.

Herein, we target the improvement of avian genome assemblies to allow a more
detailed understanding of the forces driving avian genome evolution. We applied
RACA algorithm to 18 avian scaffold-level genome assemblies. To minimise the
number of structural errors in RACA-generated PCFs, we developed a targeted-
PCR-based approach, which through the verification of a limited number of
scaffolds facilitates the distinction of chimeric scaffolds from those harbouring
target-specific structural differences. The results of the PCR-verification step
were used to adjust RACA parameters and generate refined PCF assemblies.
These refined PCF assemblies led to a significant improvement on the
assemblies continuity, demonstrated by a reduction in the number of assemblies’
fragments. Moreover, we proved that RACA is a reliable tool to upgrade avian
NGS genomes by comparing the generated PCF assemblies with super-scaffold
assemblies obtained from radiation hybrid maps, optical maps and Dovetail
approaches. The generation of PCF assemblies allowed the detection of EBRs
related with intrachromosomal events and flanking chromosomal fusions not
previously reported for avian genomes. The analysis of the genomic patterns
found on these EBRs provided important insights into the mechanisms governing

avian genome evolution.
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Figure 2-1: Overview of the RACA algorithm. (A) RACA takes a reference, a de novo
sequenced target (in scaffolds), and one or more outgroup genomes as input data.
(B) Syntenic fragments (SFs) delimited by vertical dashed lines are constructed by
aligning reference and target genome sequences and merging collinear alignments.
The outgroup may not always be aligned to SFs (e.g., sf2) and may contain
rearrangements within a SF (e.g., sfl10). Pluses and minuses represent the
orientations of the target and outgroup DNA sequences on the reference genome,
and three groups of SFs represent different reference chromosomes. (C) For each
pair of SFs, an adjacency score (edge weight) that combines the posterior probability
of the adjacency and the coverage of paired-end reads is calculated. (D) The SF
graph is built by connecting SFs whose edge weight in C is higher than a certain
threshold. Head (closed circle) and tail (open circle) vertices from the same SF are
always connected with a maximum weight (dashed edge). (E) Constructed chains of
SFs that are extracted by the RACA algorithm. From (Kim et al., 2013).
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2.2 Material and methods

Avian genome assemblies, sequencing reads and annotations

The chicken (Gallus gallus; ICGSC Gallus_gallus 4.0; Hillier, 2004) and zebra
finch (Taeniopygia guttata; WUGSC 3.2.4; Warren et al., 2010) genome
assemblies were downloaded from the UCSC Genome Browser (Kent et al.,
2002). Scaffold-based assemblies (N50 >2 Mbp; except Pekin duck with N50 of
1.26 Mbp), gene and repeat annotations for 18 avian genomes were downloaded
from the GigaScience Database (Table 2-1; Sneddon et al., 2012, Zhang et al.,
2014a). Sequence reads for the same 18 avian species were obtained from Dr
Cai Li (BGI-Shenzhen). Scaffold assemblies were filtered for scaffolds <10 Kbp
long using faFilter from Kent utilities (Kent et al., 2003). The ostrich (Struthio
camelus) optical map assisted super-scaffold assemblies were obtained from the
GigaScience Database (Sneddon et al., 2012). The Pekin duck (Anas
platyrhynchos) radiation hybrid (RH) map was obtained from Dr Thomas Faraut
(INRA, France), and Dovetail assisted rock pigeon super-scaffold assembly from
Professor Thomas Gilbert (University of Copenhagen, Denmark). Divergence
times and topologies were obtained from the total evidence nucleotide tree
(TENT) reported in (Jarvis et al., 2014).

Pairwise alignments

Pairwise alignments using zebra finch chromosome assembly as reference and
medium ground finch or emperor penguin scaffold assemblies as targets were
generated using SatsumaSynteny (v.3.0; Grabherr et al., 2010) with "-m 1 -ni 10
-chain_only" parameters. Pairwise alignments using chicken or zebra finch
chromosome assemblies as references and all other assemblies as targets were
generated with LastZ (v.1.02.00; Harris, 2007) using the following parameters:
C=0 E=30 H=2000 K=3000 L=2200 O=400. Both sets of pairwise alignments
were converted into the UCSC “chain” and “net” alignment formats with axtChain
(parameters: -minScore=1000 -linearGap=medium -verbose=0) followed by
chainAntiRepeat, chainSort, chainPreNet, chainNet and netSyntenic, all with

default parameters (Kent et al., 2003).
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Read mapping

Sequence read qualities were assessed using the FastQC software (v0.10.1;
Andrews, 2010). Mapping of each target genome mate pair and paired-end read
libraries to their scaffold assemblies were performed with Bowtie2 (v2.0.1;
Langmead and Salzberg, 2012) using the parameters suitable for each
sequencing library, including read trimming based on FastQC results. For the
libraries with read length <90 bp the following settings were used: -N 1 -3 5 --no-
discordant. For libraries with reads >90 bp: -N 1 -3 30 --no-discordant. In addition,
for mate pair libraries (>2 Kbp insert size) we used —rf option. Read pairs mapping
to the same scaffold, but with mapping distance larger than (library insert size) +
(0.5 x insert size) were discarded.

Predicted chromosome fragments

The RACA algorithm (Kim et al., 2013) allows the adjustment of multiple
parameters for a more accurate reconstruction of a species PCFs. One can adjust
the minimum length of the SFs to be included in the reconstruction
(RESOLUTION) and the size of the window used to estimate the physical
coverage (WINDOWSIZE). Physical coverage differs from sequencing depth as
it corresponds to the number of times a base is read (depth) or spanned by
paired-end or mate pair reads (Figure 2-2; Meyerson et al., 2010). The disregard
of adjacencies without support from sequencing data
(IGNORE_ADJS WO _READS) can also be set in RACA. In addition, RACA
calculates the minimum physical coverage for each SF adjacency that could
represent a potential evolutionary breakpoint or chimeric joint within a scaffold
(Kim et al., 2013). A cut-off based on the distribution of these values (in
percentage; MIN_INTRACOV_PERC) can also be set. This percentage is
converted to the actual minimum physical coverage necessary for RACA to
consider an SF adjacency within a scaffold as a putative breakpoint region or
chimeric joint. If an SFs adjacency within scaffold is supported by physical
coverage below the set threshold, it will be considered as a putative chimeric joint
(and scaffold).

For the establishment of the optimal RACA parameters for avian chromosome
reconstructions, RACA was tested for: (a) resolutions of SFs: 50, 80 and 150 Kbp
(default); (b) window sizes of 10 bp, 50 bp, 100 bp, 1 Kbp, 10 Kbp (default), 20
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Kbp, 50 Kbp, 100 Kbp and 150 Kbp; (c) ignoring, or not (default), adjacencies
without paired-end read support; and (d) for physical coverage distribution cut-
offs of 0%, 1E-13%, 1E-03%, 1% and 5% (default).
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Figure 2-2: Sequencing and physical coverage. Sequence reads are represented as
grey bars with dashed lines connecting paired-ends. Sequence coverage is the
number of sequence reads that cover the site and physical coverage is the number of
fragments (delimited by paired-end reads) that spans the site. Adapted from
(Meyerson et al., 2010).

After the establishment of avian RACA default parameters, PCFs were generated
for each of the 18 avian scaffold-level assemblies. The reference and outgroup
species were selected from chicken and zebra finch genomes accordingly to
divergence times, except when the target species diverged from both chicken
and zebra finch at least 67 million years ago (MYA). For those species, we
obtained RACA reconstructions using both chicken and zebra finch as
references. Then, we chose as reference the genome causing the lowest number

of split scaffolds in the resulting PCFs.

Two rounds of RACA were performed for each species. The initial run using the
avian default parameters: WINDOWSIZE=10 RESOLUTION=150000
MIN_INTRACOV_PERC=5. Before the second run of RACA, we tested the
structure of the putative chimeric scaffolds reported in the initial RACA round,
using PCR amplification across the split adjacencies. Based on the PCR results
we established thresholds for the minimum physical coverage across the SF joint
intervals that allowed us to separate scaffolds that were likely to be chimeric from
those that were likely to be real. These thresholds were used to update the
MIN_INTRACOV_PERC parameter. Confirmed scaffolds were also included in

the RACA “reliable adjacencies” input file. For species we did not have DNA to
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test the scaffolds’ structure, we used the physical coverage threshold from the
tested species with the closest genome-wide physical coverage.

Verification of putative chimeric scaffolds

Verification of putative chimeric scaffolds was performed in two stages. First, we
tested SF joints within the scaffolds split by RACA. Then, we tested RACA
predicted adjacencies for those SFs joints with negative PCR results on the first
stage. Primers were designed using Primer3 software (v.2.3.6; Untergasser et
al., 2012). To minimise misclassification of EBRs as chimeric joints, and chimeric
joints as EBRs, we selected primers only within the sequences that had high-
quality alignments between the target and reference genomes found in adjacent
SFs. Additionally, only those SFs joints with the total expected size of PCR
product <6 Kbp were selected for testing. Due to alignment and SF detection
settings, some of the intervals between adjacent SFs could be >6 Kbp and
primers could not be chosen for a reliable PCR amplification based on RACA
results. In such cases, we used CASSIS software (Baudet et al., 2010). CASSIS
is designed to detect and report the narrowest genomic breakpoints region
between two SFs. Thus, this software could in some cases be used to narrow

gaps between adjacent SFs.

Whole blood was collected aseptically from adult peregrine falcon, rock pigeon
and ostrich, and muscle tissue was obtained from adult emperor penguin. DNA
was isolated using DNeasy Blood and Tissue Kit (Qiagen) following standard
protocols. PCR amplification was performed in a volume of 10 microliters (uL) as
follows: 5 pL of Taq PCR Master Mix (Qiagen; for expected PCR product lengths
up to 2 Kbp) or DreamTaq Master Mix (Fermentas; for expected product lengths
from 2 to 6 Kbp), 1 yL of each primer at 2 uyM and =30 ng DNA. The PCR
amplification was carried out in a T100 Thermal Cycler (BioRad) using the
following profile: initial denaturation at 95°C for 3 min; 35 cycles for 30 secs at
94°C, 1 min/Kbp at 55-60°C and 1 min at 72°C; and final extension at 72°C for
10 min. DNA fragments were stained with SYBR Safe (Invitrogen), separated on
a 1.5% (for expected PCR product lengths up to 2 Kbp) or 1% (for expected PCR
product lengths from 2 to 6 Kbp) agarose gel and visualised in a ChemiDOC MP
system (BioRad).
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EBR detection and CNE density analysis

The pairwise genome alignments of the chicken, zebra finch and the 18 PCF
assemblies were obtained using LastZ and converted into “chain” and “net”
format as described above. Alignments were converted to multiple alignment
format (MAF) using the netToAxt, axtSort and axtToMaf tools from Kent utilities
(Kent et al., 2003). Pairwise synteny blocks were defined at 100, 300 and 500
Kbp resolution using the maf2synteny tool (Kolmogorov et al., 2016). Conserved
non-coding elements (CNEs) obtained from the alignments of 48 avian genomes
were obtained from (Farré et al., 2016). Using chicken as the reference genome,
EBRs were detected and classified using the ad hoc statistical approach
described in (Farré et al., 2016). Only the EBRs defined to <100 Kbp were utilised
for the CNE analysis. EBRs <1 Kbp were extended +1 Kbp. For each EBR, we
defined two windows upstream (+1 and +2) and two downstream (-1 and -2) of
the same size as the EBR. We calculated the fraction of bases within CNEs in
each EBR site, upstream and downstream windows. Differences in CNE densities
were tested for significance using the Kruskal-Wallis test followed by Mann-
Whitney U test.

Comparing CNE densities in EBRs and msHSBs

Chicken chromosomes (GGA; excluding GGA16, W and Z) were divided into 1
Kbp non-overlapping windows. Only windows with >50% of their bases with
chicken sequence data available were used in this analysis. All intervals were
assigned either to msHSBs >1.5 Mbp (Farré et al., 2016), avian EBRs flanking
fusions and intrachromosomal EBRs, or the intervals found in the rest of the
chicken genome. We estimated the average CNE density for each window type
using bedtools (v.2.20-1; Quinlan and Hall, 2010). Differences between window
types were tested for significance using the Kruskal-Wallis test followed by Mann-
Whitney U test.

Densities of TEs in intrachromosomal and fusion-flanking EBRs
Intrachromosomal and chromosome fusion-flanking peregrine falcon, downy
woodpecker and budgerigar lineage-specific EBRs were detected from the PCF

assemblies. Only EBRs defined to <100 Kbp were used for this analysis. Scaffold-
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based TE annotations for peregrine falcon, downy woodpecker and budgerigar

were downloaded from GigaScience Database (Sneddon et al., 2012, Zhang et

al., 2014a) and converted to PCF coordinates using a custom Perl script. The

densities of TEs (>100 bp on average in the EBR- or non-EBR containing non-
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2.3 Results

Software selection for avian whole genome pairwise alignments
Comparative genomics aims to find genomic differences and similarities, and
requires pairwise nucleotide alignments at maximum sensitivity, specificity and
acceptable speed. This led to the development of multiple whole-genome
alignment software. Examples of such algorithms are LastZ (Harris, 2007) and
SatsumaSynteny (Grabherr et al., 2010). These two algorithms are well
established in comparative genomics research and allow the generation of
synteny maps between two species. Herein, we tested which of these two
programs would provide a more complete pairwise whole-genome alignment of
avian genomes. To do that we obtained the pairwise alignments between medium
ground finch and emperor penguin scaffold-level assemblies and zebra finch
chromosomes using both algorithms. The resulting alignments were used as
input in RACA reconstructions. We observed that LastZ creates longer
alignments than SatsumaSynteny, which also results in a higher genome
recovery in RACA. Using LastZ alignments, RACA reconstructed 992 Mbp of
medium ground finch genome while using SatsumaSynteny alignments 988 Mbp
were recovered. For emperor penguin, using LastZ alignments, 1.22 Gbp of the
genome was recovered against the 1.21 Gbp recovered using SatsumaSynteny
alignments. The selection of the alignment software to use prior to RACA
reconstructions was then made accordingly to the reference coverage of the
resulting alignments, and the genome recovery rate after RACA reconstructions,
and resulted in the selection of LastZ to create the pairwise alignments for all the

species.

Reference genome selection

Reference and outgroup genomes for each RACA reconstruction were either the
chicken or zebra finch genome assemblies, the best quality avian genome
assemblies available to date. RACA was shown to be more accurate when the
reference genome is closely related to the target genome, due to a higher
genome coverage in the pairwise alignments (Kim et al., 2013) and, in many
cases, a more similar chromosome structure. Because of that, the selection of
the reference and outgroup genomes was made according to the divergence

times of chicken and zebra finch from each of the target species, except when
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both chicken and zebra finch diverged at least 67 MYA from the target, just before
the Galloanseres split (Jarvis et al., 2014). For these latter cases (common
cuckoo, hoatzin, ostrich, Anna’s hummingbird, chimney swift, killdeer and rock
pigeon) we obtained independent RACA reconstructions using both chicken and
zebra finch as references. The selected final reference was the one inducing the
lowest number of scaffold splits in the resulting PCFs, which indicates a more
similar genome structure (Table 2-2). Overall, 12 reconstructions were performed
using zebra finch genome as the reference (core landbirds, core waterbirds,
killdeer and common cuckoo) and 6 using chicken genome as the reference
(hoatzin, Anna’s hummingbird, chimney swift, rock pigeon, Pekin duck and

ostrich) (Figure 2-3).
Zebra finch

——e Medium ground finch
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Figure 2-3: Cladogram presenting the selected reference for each RACA
reconstruction. Red dots represent chicken as a reference and blue dots zebra finch
as reference. Non-outlined dots represent selection by divergence time and outlined
dots highlight species with selection based on the fraction of split scaffolds. Adapted
from (Jarvis et al., 2014).
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RACA with default parameters for avian genomes

One of the first steps of this project was the establishment of the optimal RACA
parameters for avian chromosomes reconstruction. The RACA parameters tested
were SF resolution, window size, ignoring/not ignoring SF adjacencies without
sequencing data support and minimum physical coverage threshold to connect
SFs.

The SF resolution sets the minimum length of the SFs that will be included in the
chromosome reconstructions. To establish this parameter, RACA was run with
SF resolutions of 150, 80 and 50 Kbp with medium ground finch data. We verified
that the lowest number of PCFs was obtained at the lowest resolution (150 Kbp)
and using the higher resolutions allowed for the recovery of 0.5% of additional
genome length. Forty-four PCFs comprising 992 Mbp were generated at 150 Kbp
resolution, and 47 PCFs comprising 997 Mbp were obtained at 50 Kbp. These
results showed that using higher resolutions does not significantly improve the
obtained reconstructions. Moreover, the use of short SFs may introduce errors in
the reconstructed PCFs caused by small misassemblies present in scaffolds.
Considering all this, we established 150 Kbp as the default avian RACA

resolution.

After running RACA for Pekin duck with default parameters, we noted a high
number of split scaffolds (N=56). Aiming the reduction of this number, we
checked if this was caused by an unoptimised parameter. All RACA parameters
that can affect the number of split scaffolds were tested, namely window size,
ignoring/not ignoring SF adjacencies without read support and the minimum

physical coverage threshold.

The window size determines the length of the window used to calculate the
physical coverage genome-wide. A precise determination of physical coverage is
crucial for an accurate distinction of chimeric scaffolds from those harbouring
lineage-specific structural differences. We compared Pekin duck RACA
reconstructions using a window size of 10 bp, 50 bp, 100 bp, 1 Kbp (default), 10
Kbp, 20 Kbp, 50 Kbp, 100 Kbp and 150 Kbp. The lowest number of putative
chimeric scaffolds (split scaffolds) was detected with window sizes of 10 Kbp or
longer. However, the obtained number (N=50) was not much different from the
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obtained with default parameters (N=56) or using a window size of 10 bp (N=53).
In this way, to more accurately estimate the physical coverage across the
genome we decided to use a more sensitive window size of 10 bp as default for

avian RACA reconstructions.

RACA allows disregarding all the SFs adjacencies without paired-end read
support. Using this option, the number of split scaffolds in Pekin duck PCFs
decreased from 56 to 24, but the number of PCFs increased from 173 to 664.
Because of that, we decided not to use this option in the subsequent

reconstructions.

The physical coverage percentage cut-off sets the minimum physical coverage
(i.e. the minimum number of spanning paired-end read pairs) used to maintain or
break SF adjacencies during reconstruction. We analysed the differences in
RACA results when this option was set to 0%, 1E-13%, 1E-3%, 1% and 5%
(default). We verified that the number of putative chimeric scaffolds only differ by
one from the default (N=56) to all the other experiments (N=55). Therefore, we
decided to maintain 5% as the avian default. However, this parameter will be
adjusted after the PCR verification of putative chimeric scaffolds, when we will
establish the threshold that allows us to distinguish “true” chimeric from non-

chimeric scaffolds.

PCF reconstruction using RACA default avian parameters

After the establishment of the RACA avian default parameters, we ran RACA for
18 avian species (scaffold assemblies N50 >1 Mbp). We noted a significant
improvement on the genome assemblies’ continuity, shown by 90% average
reduction in the number of assembly fragments and nine times higher N50 (Table
2-3, Supplemental Tables 1-18). The obtained PCFs cover ~96% of the scaffold-
level assemblies. In addition, we also noted that on average 10% of the scaffolds
used to construct the PCFs were split by RACA (Table 2-3, Supplemental Tables
1-18), which was higher than the 6% reported previously for NGS genome
assemblies (Kim et al., 2013). Because of RACA inability to properly distinguish
chimeric scaffolds from those containing target-specific structural variations, this
high number of split scaffolds might negatively affect the accuracy of the

reconstructions.
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PCR verification of split adjacencies

As referred previously, the scaffolds split by RACA could be chimeric, resulting
from assembly errors, or encompass regions of structural differences critical for
the accurate reconstruction of the target species chromosomes. Aiming the
reduction of misidentification of these events, we used PCR amplification as a
method to distinguish which scaffolds were truly chimeric and which contained
target-species-specific chromosome structural changes (Figure 2-4). We could
test RACA split scaffolds for ostrich, peregrine falcon, rock pigeon and emperor
penguin, as we had access to genomic DNA samples for these species. Due to
PCR limitations, we only performed this verification when the split regions were

defined to <6 Kbp in the target species scaffolds.

A Test assembly structure

L
<6 Kbp N
- - DNA ruler
258a 258b

NCETITENTY Chimeric?
lellie= oY N ot chimeric

B Test RACA predicted structure

LR K N

AN

<6 Kbp R A

) <um DNA ruler

2560 | 4361

) ' Ialolhiite=tilels Chimeric
NI Inconclusive
Figure 2-4: PCR verification strategy. For scaffolds split by RACA with split
interval <6 Kbp we (A) verify the assembly reported structure by designing primers
flanking the split adjacency. If there is amplification across the region, the
assembly structure was considered correct and the scaffold was considered non-
chimeric. If there is no amplification the scaffold was considered possibly chimeric
and (B) the RACA predicted adjacency with another scaffold was tested. Primers
flanking RACA predicted adjacency are designed. If there is amplification RACA
predicted structure is considered correct and the scaffold is chimeric. If there is
no amplification PCR testing in considered inconclusive.

We tested a total of 49, 69, 49 and 23 split regions for peregrine falcon, rock
pigeon, ostrich and emperor penguin (Table 2-4). These represent all SF joints
defined to <6 Kbp, corresponding to 57, 63, 71 and 82 percent of all RACA-split
scaffolds, respectively. From these, the lowest percentage of confirmed SF
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adjacencies was 43% in emperor penguin and the highest 84% in rock pigeon
and peregrine falcon. For ostrich, 65% of the tested adjacencies were confirmed
to be non-chimeric (Table 2-4). For the split SF adjacencies with negative PCR
results, we tested the alternative (RACA-suggested) order of the flanking SFs
when the split region was defined to <6 Kbp in chicken coordinates. We obtained
amplicons for 2/4 in peregrine falcon, 7/7 in rock pigeon, 7/8 in ostrich and 5/10
in emperor penguin of the tested adjacencies, confirming the proper RACA

identification of these scaffolds as chimeric (Table 2-4).

To estimate which of the remaining 5 to 40 non-tested split regions (Table 2-4)
were likely to be chimeric, we identified the minimum physical coverage level in
the SFs joining regions for which (and higher) the PCR results were most
consistent with RACA predictions (Figure 2-5). These thresholds are 50X to
emperor penguin, 85X for rock pigeon, 239X for ostrich and 583X for peregrine
falcon (Table 2-4). Based on our estimates, when used without further PCR
verification, these thresholds would lead to splitting of nearly all scaffolds with
large structural misassemblies in peregrine falcon, ostrich and emperor penguin,
and ~6% still maintained in the rock pigeon PCFs (Table 2-4). In addition, the
fraction of scaffolds containing real structural differences that would be split was
estimated as 56%, 43%, 52% and 35% in peregrine falcon, rock pigeon, ostrich

and emperor penguin, respectively (Table 2-4).

------------------ - ---------------------:-----------— -
B --- - - - B - - - --m s
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------------ - B ------cc=cccmcammcacdacacac .- - EE_ —
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- - k| | R |
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Figure 2-5: Physical coverage threshold establishment. Assuming that both SF1-
2 and SF2-3 adjacencies were verified to be non-chimeric. The physical coverage
threshold would be minimum physical coverage observed in these two cases (4X).
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Aiming at the distinction of scaffolds more likely to be chimeric from scaffolds with
real structural chromosomal differences for species that we were not able to test
by PCR, we checked how reliable would be a threshold extrapolation from the
tested species. Herein we used the mean genome-wide physical coverage to
infer each threshold. We found that the extrapolated thresholds for emperor
penguin and rock pigeon would be more stringent than those established by PCR
(239X versus 50X, and 239X versus 85X, respectively). This would result in a
stricter definition of chimeric scaffolds, leading to an increased number of split
scaffolds and a reduction in the number of detected EBRs in the PCF assembly.
We also noted the same when looking at the Pekin duck radiation hybrid (RH)
map. The chimeric scaffolds detected therein have physical coverage lower than
15X in the split intervals and the inferred threshold for this species would be 50X.
For peregrine falcon and ostrich, the pattern was the inverse. The PCR-
established thresholds were more stringent than those inferred from the other
tested species, which could lead to the misinterpretation of some chimeric
scaffolds. Nonetheless, these inferred thresholds were still more stringent than

the RACA default avian parameter.
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PCF reconstruction using RACA with adjusted parameters

The second round of RACA reconstructions was performed for each of the 18
selected genome assemblies. For peregrine falcon, rock pigeon, ostrich and
emperor penguin, RACA parameters were adjusted based on the PCR-verified
physical coverage threshold and by introducing the confirmed SFs adjacencies
as “reliable adjacencies”. For the non-tested species, we utilised the threshold of
the PCR-tested genome with the closest genome-wide physical coverage

average.

The obtained RACA assemblies contain on average 117 PCFs (ranging from 86
in budgerigar to 175 in Pekin duck) comprising ~96% of their original scaffold
genome assembly. The reduction in the number of assembly fragments is ~90%
and the N50 increased ~7 times. The improvement of the assemblies’ continuity
can be noted in Figure 2-6. Moreover, the fraction of split scaffolds in these
assemblies varies between 2% and 8% (Table 2-5, Supplemental Tables 1-18),
in agreement with the expected 6% reported for NGS genomes (Kim et al., 2013).
The only exception was budgerigar for which 21% of the used scaffolds were split
by RACA. Interestingly, more than one-quarter of the split scaffolds supports
interchromosomal rearrangements that were not previously identified using
chromosome paintings (Nanda et al.,, 2007), which might indicate multiple

misassembled regions in the budgerigar genome.

For each species, 2 to 10 PCFs are completely homeologous to complete
reference species chromosomes. Moreover, for all target species one of their
PCFs was completely homeologous to the chicken or zebra finch chromosomes
17, which are also homeologous to one another, and for most of them (12 out of
18 species) another PCF was completely homeologous to chromosomes 25
(Supplemental Tables 1-18).

Most of the detected lineage-specific EBRs correspond to intrachromosomal
rearrangements, however, for six species we were also able to detect
chromosomal fusions. Those species were little egret, peregrine falcon,
budgerigar, hoatzin, downy woodpecker and Adélie penguin (Supplemental

Tables 1-18). Interestingly, some of the budgerigar fusions were already detected
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using chromosome paintings. For instance, the fusion of chicken chromosomes
6 and 7, and 8 and 9 (Nanda et al., 2007).
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Figure 2-6: Continuity comparison for scaffold and PCF genome assemblies in chicken chromosome 3. Blue and pink blocks define
from the scaffold and PCF assemblies.
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RACA reliability for avian chromosome reconstruction

We assessed RACA reliability to reconstruct avian chromosomes by comparing
the adjacencies it produces with existing super-scaffold assemblies of ostrich,
Pekin duck and rock pigeon. These assemblies were obtained from the
GigaScience Database (Sneddon et al.,, 2012), Dr Thomas Faraut (INRA,
France), and Professor Thomas Gilbert (University of Copenhagen, Denmark),
respectively. They were created with the assistance of physical maps what
allowed us to compare the structure of RACA PCFs with the traditional and novel
methods used for the creation of chromosome-level assemblies. Because
different assembly methods work at different resolutions of contig/scaffold
ordering and orienting, the following comparisons were performed at 150 Kbp SF
resolution (resolution of RACA results) and only included those scaffolds found

in both the compared assemblies.

Putatively chimeric scaffolds

We started with investigating the agreement in the number of split scaffolds
between the super-scaffold and the PCF assemblies. These would be the number
of scaffolds that were considered as chimeric by the RACA and an independent
scaffolding method, allowing us to assess RACA reliability to detect regions of
misassemblies on avian genomes. In this comparison, only split intervals located
within £5 Kbp from each other were considered as overlapping between the
super-scaffold and PCF assemblies. We compared the number of scaffolds split
by the Pekin duck RH map with the number of scaffolds split in the PCF
assemblies (Figure 2-7). We observed that from the 22 scaffolds split by the RH
map, 19 were also split in the RACA-default and RACA-adjusted PCF
assemblies. We performed the same comparison for rock pigeon PCF
assemblies, and Dovetail generated super-scaffolds. In these cases, we also
incorporated information from our PCR verification step. We observed that 10 of
the scaffolds split in the Dovetail super-scaffolds (N=53) were also split in the
RACA-default PCFs (Figure 2-8). Two of these scaffolds were confirmed to be
chimeric by PCR (Figure 2-8), five of them were verified to be non-chimeric, one
had inconclusive PCR results and two could not be tested. When comparing with
the RACA-adjusted PCF assembly, we observed that 7 scaffolds were split in
both assemblies (Figure 2-8). From the three scaffolds that were split in the
RACA-default PCFs and Dovetail assembly and were not split in the RACA-
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adjusted PCFs, we observed that two were confirmed as non-chimeric by PCR
and one had a physical coverage of the split interval above the established
minimum physical coverage for rock pigeon. We also noted that the three
scaffolds verified to be non-chimeric by PCR but still split on the adjusted PCFs
had a physical coverage of the split joint below the established minimum physical
coverage for rock pigeon.

Overall, we observed a reduction in the number of inconsistencies (uniquely split
scaffolds) between the super-scaffold and PCF assemblies when adjusting
RACA parameters and not splitting the PCR-supported scaffolds (20 fewer
disagreements for Pekin duck and 34 fewer disagreements for rock pigeon).
Moreover, for rock pigeon, we noted that the reduction in the number of
inconsistencies was due to a lower number of split non-chimeric scaffolds in the
RACA-adjusted PCF assembly. The putatively chimeric scaffold comparison
could not be performed for ostrich, as its super-scaffold assembly does not report

any split scaffold.

Default RACA Adjusted RACA

PCFs PCFs

34 19 3 14 19 3

RH map RH map

Figure 2-7: Comparison between numbers of split scaffolds in Pekin duck PCF and RH
map assemblies.
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Default RACA Adjusted RACA

Dovetalil Dovetail

43 10 48 46 7 11
(2) () (2) (1)

PCFs PCFs

Figure 2-8: Comparison between numbers of split scaffolds in rock pigeon PCF and
Dovetail assemblies, and PCR verification results. Number of scaffolds confirmed as
chimeric by PCR are indicated in parenthesis.

Predicted adjacencies

In addition to the number of split scaffolds, we compared the level of consistency
between RH map, Dovetail or optical map super-scaffold assemblies and RACA
predicted adjacencies (and vice-versa) for Pekin duck, rock pigeon and ostrich.
Each adjacency was classified as (a) maintained, if the adjacency is present in
both the super-scaffold and PCF assemblies; (b) missing, if the adjacency is
present in the super-scaffold assembly and would connect two PCFs or it is
present in the PCF assembly and would connect two super-scaffolds; and, (c)
inconsistent, if the adjacency is present in one of the assemblies and in the other

the intervening scaffolds have different connections.

We observed that the average rate of agreement between the assembly methods
was ~80% (Figure 2-9, Figure 2-10, Supplemental Table 19, Supplemental Table
20). We also noted that adjusting RACA parameters resulted in a 2% increase in
the number of maintained adjacencies and that for the PCFs versus super-
scaffolds comparison this increase is of 6% (Figure 2-9, Figure 2-10,
Supplemental Table 19, Supplemental Table 20). In agreement with the previous
observations, we observed an average 3% reduction of the fraction of
inconsistent adjacencies, when adjusting RACA parameters (Figure 2-9, Figure
2-10, Supplemental Table 19, Supplemental Table 20). Additionally, we also

noticed that most of the non-maintained adjacencies were missing adjacencies
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that would connect two PCFs (12% on average; Figure 2-10, Supplemental Table

19) or two super-scaffolds (14% on average; Figure 2-9, Supplemental Table 20).

Percentage

100 -

75

[4))]
o
f

25

Default Adjusted Default Adjusted Default Adjusted
PCFs PCFs PCFs PCFs PCFs PCFs

Pekin duck Ostrich Rock pigeon

Adjacency type . Inconsistent . Missing . Maintained

Figure 2-9: Comparison between RACA PCFs and super-scaffolds.

Percentage

100 -

754

an
o
1

25

Default Adjusted Default Adjusted Default Adjusted
PCFs PCFs PCFs PCFs PCFs PCFs
Pekin duck Ostrich Rock pigeon

Adjacency type . Inconsistent . Missing . Maintained

Figure 2-10: Comparison between super-scaffolds and RACA PCFs.
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Conserved non-coding element densities in avian inter- and
intrachromosomal EBRs

Supporting the hypothesis that the small number of interchromosomal
rearrangements in avian genomes could result from an evolutionary advantage
to retain synteny, it was recently found that avian HSBs are enriched for
conserved non-coding elements (CNEs) (Farré et al., 2016). Many of these
elements are known to play important roles in gene regulation. Thus, the
disruption of these syntenic regions could have important effects on regulatory
pathways. The PCF assemblies generated herein provided us with a set of new
EBRs flanking chromosomal fusions not previously found in avian genome
assemblies (Table 2-6). This allowed us to investigate the fate of CNEs in avian
EBRs and, additionally, to evaluate if avian intra- and interchromosomal
rearrangements present similar CNE signatures. We calculated densities of avian
CNEs in the chicken chromosome regions corresponding to the lineage-specific
EBRs defined to <100 Kbp in the chicken genome (Supplemental Table 21 and
22). Moreover, EBRs with a physical coverage below the established threshold
for each species or with contradicting PCR or FISH data (Dr Rebecca O’Connor,
personal communication) were removed from the analysis. A total of 31 chicken
intervals flanking chromosomal fusions and 490 representing intrachromosomal
rearrangements were included in this analysis (Supplemental Table 21 and 22).
We observed that avian EBRs (intrachromosomal and fusions combined) had a
significantly lower fraction of CNEs than their two adjacent chromosome intervals
of the same size (up- and downstream; p-value <2.60E-08; Figure 2-11, Table
2-7). The same was observed when we considered intrachromosomal EBRs
alone (p-value <2.10E-07; Figure 2-11, Table 2-7). We did not observe any
significant CNE density differences between intrachromosomal and fusion EBRSs.

To identify CNE densities and the distribution associated with avian EBRs at the
genome-wide level, we counted CNE bases in 1 Kbp windows overlapping EBRs
and avian msHSBs >1.5 Mbp (Farré et al. 2016). We noted that avian msHSBs
contain a higher number of CNE bases (106.798) than the genome average
(86.851) (p-value <2.00E-16; Table 2-8), in agreement with the CNE enrichment
found in msHSB by Farré and colleagues (Farré et al., 2016). Moreover, the
average density of CNE bases in the EBR windows was lower (24.196) than

msHSBs and the genome average (p-value <2.00E-16; Table 2-8). Additionally,
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we observed that fusion EBRs are associated with a lower number of CNE bases
(10.416) than intrachromosomal EBRs (24.834) (p-value = 0.017; Table 2-8).

0.05

0.04

0.03

0.02

0.01

0.00
-2 -1 EBR +1 +2
Figure 2-11: Average fraction of bases within CNEs in avian EBRs and two
flanking regions of the same size upstream (-) and downstream (+).

Table 2-6: Number of intrachromosomal and fusion flanking lineage-specific EBRs
detected from the PCF assemblies, and chicken and zebra finch chromosome
assemblies.

Lineage Intrachromosomal Fusion
Adélie penguin 2 1
American crow 16 -
Anna's hummingbird 50 -
Budgerigar 43 15
Chimney swift 17 -
Common cuckoo 64 -
Crested ibis 6 -
Downy woodpecker 90 3
Emperor penguin 2 -
Golden-collared manakin 23 -
Hoatzin 25 -
Killdeer 14 -
Little egret 14 1
Medium ground finch 14 -
Ostrich 24 -
Pekin duck 26 -
Peregrine falcon 31 2
Rock pigeon 45 -
Chicken 11 1
Zebra finch 16 -
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Table 2-7: Significant comparisons of CNE densities for avian lineage-specific EBRs and
their four adjacent intervals (+2) of the same size.
Average fraction of

Groupl Group2 CNE bases p-value
Groupl Group2

Intra EBR Intra (£1) 0.022 0.038 6.00E-11
Intra EBR Intra (£2) 0.022 0.039 4.00E-13
Intra EBR Intra (-2) 0.022 0.036 1.50E-07
Intra EBR Intra (-1) 0.022 0.041 1.40E-08
Intra EBR Intra (+1) 0.022 0.035 2.10E-07
Intra EBR Intra (+2) 0.022 0.041 5.30E-12
EBR (1) 0.022 0.039 2.00E-12
EBR (£2) 0.022 0.039 4.20E-14
EBR (-2) 0.022 0.037 2.60E-08
EBR (-1) 0.022 0.042 9.40E-10
EBR (+1) 0.022 0.036 1.00E-08
EBR (+2) 0.022 0.041 5.30E-13

Table 2-8: Significant comparisons for the number of CNE bases in 1 Kbp windows
overlapping avian EBRs, msHSBs, and genome-wide.

Average no. CNE bases
Group 1 Group 2 p-value
Group 1 Group 2

EBR msHSB 24.196 106.798 <2.00E-16
EBR Genome 24.196 86.851 <2.00E-16
msHSB Genome 106.798 86.851 <2.00E-16
Intra msHSB 24.834 106.798 <2.00E-16
Fusion msHSB 10.416 106.798 <2.00E-16
Intra Genome 24.834 86.851 <2.00E-16
Fusion Genome 10.416 86.851 <2.00E-16
Intra Fusion 24.834 10.416 0.017

Transposable element densities in avian inter- and intrachromosomal EBRs
Another hypothesis trying to explain the reduced number of interchromosomal
rearrangements fixed during avian evolution relates to the lower repetitive content
of avian genomes. EBRs are usually found associated with repetitive sequences,
especially transposable elements (TEs), which are typically used as templates
for non-allelic homologous recombination (NAHR) (Groenen et al., 2012, Farré et
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al., 2016). In this way, a smaller number of TEs in avian genomes compared to
other animals might result in fewer opportunities to change. To identify TE
densities associated with avian intra- and interchromosomal EBRs at the
genome-wide level, we counted TE bases in 10 Kbp windows overlapping EBRs
for peregrine falcon, downy woodpecker and budgerigar genomes. Only EBRs
defined to <100 Kbp in these genomes and without contradicting PCR or FISH
data (Dr Rebecca O’Connor, personal communication) were used in this analysis
(Table 2-9).

Table 2-9: Number of budgerigar, downy woodpecker and peregrine falcon EBRs used
in the TE analysis.

Lineage Intrachromosomal Fusion
Budgerigar 56 10
Downy woodpecker 113 2
Peregrine falcon 52 1

We observed that peregrine falcon EBRs (intrachromosomal and fusion
combined) and intrachromosomal EBRs alone were enriched for LTR-ERVL
(Table 2-10). This enrichment had already been reported by Farré and colleagues
(Farré et al.,, 2016). Also in agreement with the previous report was the
enrichment of downy woodpecker EBRs, and intrachromosomal EBRs alone, for
LINE-CR1. Additionally, we also found an enrichment of LTR-ERVL on downy
woodpecker EBRs that had not been previously reported (Table 2-11). For
budgerigar EBRs, we did not find any TE enrichment (Table 2-12) which
disagrees with (Farré et al.,, 2016) that detected enrichments of budgerigar
lineage-specific EBRs in LTR-ERVL and LINE-CR1. The differences between the
results reported here and those reported in (Farré et al., 2016) might be explained
by the differences in the number of EBRs used in the analysis. Moreover, in the
previous report, no filtering was performed for budgerigar EBRs, which might

have resulted in an overrepresentation of chimeric scaffolds on that set.
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Data availability

The refined PCF sets are publicly available at the Evolution Highway (EH)
comparative chromosome browser (http://eh-demo.ncsa.uiuc.edu/avian) and in our
UCSC track hub BirdsHUB _test (http://sftp.rvc.ac.uk/rvcpaper/birdsHUB_test/hub.txt)
(Figure 2-12). EH allows the representation of comparative information, for
instance, regions of maintained synteny between species (i.e. HSBs) and areas
where the synteny is broken (i.e. EBRSs). It also shows the adjacency score
calculated by RACA during the PCF reconstruction (Figure 2-12A). Each target
species EH track was named using “RF” as a suffix (meaning RACA final), the
first three letters of their scientific name (e.g., “Aptfor” for emperor penguin,
Aptenodytes forsteri), followed by the used reference genome (e.g., “Taegut” for
zebra finch, Taeniopygia guttata), and the established physical coverage
threshold (e.g., 50X for emperor penguin). As an example, the emperor penguin
EH track identifier is “RF:Aptfor:Taegut:50X”. Our UCSC hub contains the
comparative information used by RACA to construct the PCFs, and the translated
gene and repeat annotations for each of the target species. These translations
were performed from original scaffold coordinates to PCF coordinates using in-
house Perl scripts. Only the genes and repeats fully covered in the PCFs were
included (Figure 2-12B).
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2.4 Discussion

The existence of chromosome-level genome assemblies is of high importance for
the study of many aspects of evolutionary biology. Due to the limitations of NGS
and genome mapping methodologies, the rate of production of chromosome-level
assemblies is very dissimilar from the frequency at which new genome

sequences are released, limiting the utility of these generated sequences.

Herein, we report the first application of the RACA algorithm to avian genomes.
By comparison of the RACA generated PCFs with pre-existing radiation hybrid
(RH; Pekin duck), optical map (ostrich) and Dovetail (rock pigeon) super-scaffold
assemblies we demonstrated that RACA could be highly consistent with the
traditional chromosome assembly methods when proper parameters for an
accurate distinction of chimeric and real joints in scaffolds are selected. This
observation supports RACA reliability to reconstruct the chromosome structures
of birds. Furthermore, RACA is also shown to be useful in detecting problematic
regions on genome assemblies as seen through the high agreement between RH

map and Dovetail, and RACA split scaffolds.

Even when using RACA avian default parameters, the obtained PCF assemblies
show a considerable increase of genome continuity, as observed by the reduction
in the number of assembly fragments and the increase of the assembly N50.
Additionally, the establishment of the physical coverage threshold using PCR
verification of syntenic fragment joints leads to the improvement of the
constructed genome assemblies. This threshold proved critical as it directly
influences the capacity for RACA to distinguish real and chimeric adjacencies in
scaffolds. In fact, the fraction of scaffolds detected as putatively chimeric on the
refined PCF assemblies agrees with the previously reported 6% for NGS genome
assemblies (Kim et al., 2013), the only exception being budgerigar that presents
a value more than three times higher. In addition, RACA PCFs also allow for the
detection of lineage-specific EBRs that are known to have active roles in the
formation of adaptive phenotypes. The EBRs detected from RACA PCFs can be
related to intrachromosomal rearrangements or chromosomal fusions (some
previously recognised using cytogenetic methodologies). In this way, PCF

assemblies give an extra level of evidence that could be used to unravel the
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forces driving avian genome evolution and the reasons behind the dissimilar

frequencies of intra- and interchromosomal changes in avian genomes.

It was recently suggested that the small number of interchromosomal
rearrangements in avian genomes could either relate to an evolutionary
advantage to retain synteny or little opportunity for change. Indeed, the smaller
number of TEs in avian genomes compared to other animals might indicate that
avian chromosomes have fewer opportunities for chromosome merging using
NAHR. Herein, we show support for this hypothesis as the peregrine falcon and
downy woodpecker intrachromosomal EBRs were significantly enriched in TEs
when compared with theirimmediately adjacent genomic regions. Conversely, no
significant enrichment was found in EBRs flanking fusions, which might suggest
that another mechanism is responsible for the generation of such events.
Nonetheless, it is also possible that the small number of chromosomal fusions
analysed could conceal the detection of statistical significance. In this way, the

detection and verification of more interchromosomal EBRs are essential.

The strong enrichment for avian CNEs in the regions of interspecies synteny in
birds and other reptiles, suggests an evolutionary advantage of maintaining the
established synteny (Farré et al. 2016). Indeed, we observed that EBRs have a
significantly lower density of CNEs than their same-size flanking windows. In a
genome-wide analysis, regions flanking fusion events show a lower density of
CNE bases than regions where intrachromosomal EBRs locate, demonstrating
that those rare interchromosomal rearrangements appear in areas of a lowest
density of CNEs. In fact, the study of intrachromosomal changes in Passeriformes
(Skinner and Griffin 2012; Romanov et al. 2014) suggests that these events might

have a less dramatic effect on cis gene regulation than interchromosomal events.

Despite the many insights on avian chromosome evolution handed by the
creation of chromosome-scale fragments using RACA, the detection of the full
collection of chromosomal changes present in a species requires the generation
of chromosome-level assemblies. Using RACA algorithm, one can significantly
increase the continuity of an NGS generated genome. However, the generated
PCFs are not error-free, and the number of produced PCFs is still higher than the
haploid number of chromosomes of the target species. The generation of PCFs
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is then an intermediate step in the construction of chromosome-level assemblies
from NGS data, and it can significantly reduce time and costs associated with
that task. Chromosome-level assemblies can be obtained through the mapping
and ordering of chromosome-sized fragments along the target species
chromosome, which would require only sparse physical maps generated for

instance through cross-species BAC mapping.
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3 Constructing avian chromosome-level

assemblies

This chapter reports the results from:
Damas, J., O'Connor, R., Farré, M., Lenis, V. P. E., etal. (2017) 'Upgrading short-
read animal genome assemblies to chromosome level using comparative

genomics and a universal probe set', Genome Research, 27(5), pp. 875-884.
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3.1 Background

In the previous chapter, | explored the utility of the reference-assisted
chromosome assembly (RACA, Kim et al., 2013) algorithm to approximate near
chromosome-sized predicted chromosome fragments (PCFs) for an avian de
novo assembled NGS genome. Even though the use of this methodology
significantly improves the continuity of NGS genome assemblies, using RACA,
we still obtain a higher number of PCFs than the haploid number of the species’
chromosomes, and PCFs might still contain misassemblies. This complicates the
detection of the full collection of chromosomal changes that shaped a genome.
Therefore, PCFs require further verification and mapping to chromosomes to
obtain accurate chromosome-level assemblies, which could be achieved by
integrating them with sparse physical maps.

Bacterial artificial chromosome (BAC) probes are widely used in fluorescence in
situ hybridization (FISH) to pinpoint genomic alterations related to disease and/or
evolution. Particularly, cross-species BAC clone mapping can be used to assist
the reconstruction of the evolutionary relationship between species, through the
creation of physical comparative maps. In this way, BAC probes could be a useful
resource for the generation of the physical maps that would assist PCF
verification and anchoring. Nonetheless, only a limited success of such probes
for cross-species mapping was previously demonstrated when using gene-rich
and low-repeat content BAC clones (Larkin et al., 2006, Romanov et al., 2011).
Thus, the development of a selection approach that could increase the success
rate of cross-species FISH (zoo-FISH) and allow a higher throughput of these

experiments would be of great value for the scientific community.

As referred multiple times in the previous chapters, avian chromosome evolution
has been a relatively understudied topic, mainly due to the dearth of chromosome
assemblies for this clade. The scientific interest, together with a smaller genome
size and the availability of BAC clones’ libraries for representatives of this class,
makes birds a perfect target for the development and testing of a novel genome
assembly approach. In this work, we focused on two avian species: the rock
pigeon (Columba livia) and the peregrine falcon (Falco peregrinus). The rock
pigeon has a typical avian karyotype (2n=80) similar to those of reference avian
genomes: chicken (Gallus gallus), turkey (Meleagris gallopavo) and zebra finch
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(Taeniopygia guttata). Pigeon is one of the earliest examples of domestication in
birds (Driscoll et al., 2009) and is currently used as food and in sporting circles
(Price, 2002). Pigeon breeds display very diverse appearances (Price, 2002)
inspiring interest in identifying the genetic basis for these variations (Stringham
et al., 2012, Shapiro et al., 2013). The peregrine falcon has an atypical karyotype
(2n=50) (Nishida et al., 2008). Peregrine falcon’s ability to fly at speeds >300
km/h and its enhanced visual acuity make it the fastest predator on Earth (Tucker
et al., 1998) and it is also of great importance in sports circles (e.g., falconry). For
the above reasons, both species genomes were sequenced (Shapiro et al., 2013,
Zhan et al., 2013). However, their assemblies are highly fragmented, and hence

chromosome-level assemblies are in need.

In this chapter, | report the development of an avian universal BAC clone panel
that can be used to inexpensively verify and map near chromosome-scale
fragments to species chromosomes. This approach can easily be applied to
multiple species. As proof of principle for this approach, | applied this
methodology to verify and order peregrine falcon and rock pigeon PCFs (reported
in the previous chapter), which resulted in the generation of chromosome-level
assemblies for these species. The study of the first chromosome assembly of a
highly rearranged avian genome (peregrine falcon) provided novel insights on

why interchromosomal rearrangements are infrequent in avian evolution.
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3.2 Material and methods

Avian genome assemblies, repeat masking and gene annotations

The chicken (Gallus gallus; ICGSC Gallus_gallus 4.0; Hillier, 2004), zebra finch
(Taeniopygia guttata; WUGSC 3.2.4; Warren et al., 2010), and turkey (Meleagris
gallopavo; TGC Turkey_2.01; Dalloul et al., 2010) chromosome assemblies were
downloaded from the UCSC Genome Browser (Kent et al., 2002). The collared
flycatcher (Ficedula albicollis; FicAlbl.5; Ellegren et al., 2012) genome was
obtained from NCBI. Peregrine falcon (Falco peregrinus) and rock pigeon
(Columba livia) PCF assemblies were generated as described in chapter 2.
Chicken gene (version of 27/04/2014) and repetitive sequence (version of
11/06/2012) annotations were downloaded from the UCSC genome browser
(Rosenbloom et al., 2015). Chicken genes with a single ortholog in the human

genome were extracted from Ensembl Biomart (v.74; Kinsella et al., 2011).

Nucleotide evolutionary conservation scores and conserved elements

Nucleotide evolutionary conservation scores were obtained from Dr Vasilis Lenis
(Aberystwyth University). Briefly, chicken chromosome as reference “net”
alignments for 21 avian genomes were used to build multiple alignment files with
MULTIZ (Blanchette et al., 2004). The evolutionary conservation scores and DNA
conserved elements (CEs) for all chicken nucleotides assigned to chromosomes
were estimated using PhastCons (Siepel et al.,, 2005) with the following
parameters: expected-length=45, target-coverage=0.3 and rho=0.2506.
Conserved non-coding elements (CNEs) obtained from the alignments of 48

avian genomes were used (Farré et al., 2016).

BAC clone selection

The chromosome coordinates of chicken (CHORI-261), turkey (CHORI-260) and
zebra finch (TGMCBA) BAC clones in the corresponding genomes were
extracted from NCBI clone database (Schneider et al., 2013). We removed all
discordantly placed BAC clones (based on BAC end sequence (BES) mappings)
following the NCBI definition of concordant BAC placement. Briefly, a BAC clone
placement was considered concordant when the estimated BAC length in the
corresponding avian genome is within (library average length) * (3 x standard

deviation) and BAC BESs map to the opposite DNA strands in the genome
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assembly. Turkey and zebra finch BAC clone coordinates were translated into
chicken chromosome coordinates using the UCSC Genome Browser LiftOver

tool (Kent et al., 2002) with the minimum ratio of remapped bases set to >0.1.

For each BAC clone mapped to the chicken chromosomes, various genomic
features selected to estimate the probability of clones to hybridise with
metaphase chromosomes of distant avian species were calculated or extracted
from the gene, repetitive sequence, conserved element and nucleotide
conservation score files using a custom Perl script (Table 3-1). The chicken and
turkey BAC clones selected for mapping experiments were initially obtained from
the BACPAC Resource Centre at the Children’s Hospital Oakland Research
Institute (USA) and the zebra finch from the Clemson University Genomics
Institute (USA).

Classification tree

A classification tree was created, in R (v.3.2.3; R CoreTeam, 2015) using the
classification and regression tree (CART) algorithm included in the rpart package
(v.4.1-10; Therneau et al., 2015), to detect genomic signatures associated with a
higher chance of a BAC clone working on phylogenetically distant species. We
introduced an adjusted weight matrix setting the cost of returning a false positive
twice as high as the cost of a false negative. The tree was visualised with rattle
package (v.4.1.0; Williams, 2011).

Fluorescence in-situ hybridization

FISH experiments were performed at Professor Darren Griffin’s lab (University of
Kent, UK) by Dr Rebecca O’Connor (95% of experiments) and myself (5%).
Briefly, chromosome preparations were established from fibroblast cell lines
generated from collagenase treatment of 5- to 7-day-old embryos or from skin
biopsies. Cells were cultured at 40°C, and 5% CO:2 in Alpha MEM (Fisher),
supplemented with 20% Fetal Bovine Serum (Gibco), 2% Pen-Strep (Sigma) and
1% L-Glutamine (Sigma). Chromosome suspension preparation followed
standard protocols, briefly mitostatic treatment with colcemid at a final
concentration of 5.0 ug/ml for 1 h at 40°C was followed by hypotonic treatment
with 75mM KCI for 15 min at 37°C and fixation with 3:1 methanol:acetic acid.
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BAC clone DNA was isolated using the Qiagen Miniprep Kit (Qiagen) prior to
amplification and direct labelling by nick translation. Probes were labelled with
Texas Red-12-dUTP (Invitrogen) and FITC-Fluorescein-12-UTP (Roche) prior to

purification using the Qiagen Nucleotide Removal Kit (Qiagen).

Metaphase preparations were fixed to slides and dehydrated through an ethanol
series (2 min each in 2xSSC, 70%, 85% and 100% ethanol at room temperature).
Probes were diluted in a formamide buffer (Cytocell) with Chicken Hybloc (Insight
Biotech) and applied to the metaphase preparations on a 37°C hotplate before
sealing with rubber cement. Probe and target DNA were simultaneously
denatured on a 75°C hotplate prior to hybridization in a humidified chamber at
37°C for 72 h. Slides were washed post-hybridization for 30 sec in 2xSSC/ 0.05%
Tween 20 at room temperature, then counterstained using VECTASHIELD anti-
fade medium with DAPI (Vector Labs). Images were captured using an Olympus
BX61 epifluorescence microscope with cooled CCD camera and SmartCapture
(Digital Scientific UK) system. In selected experiments, we used multiple
hybridization strategies, making use of the Cytocell Octochrome (8 chambers)
and Multiprobe (24 chambers) devices. Briefly, labelled probes were air dried
onto the device. Probes were, re-hybridized in a standard buffer, applied to the
glass slide (which was sub-divided to correspond to the hybridization chambers)

and FISH continued as above.

Evolutionary breakpoint regions detection and sequence feature analysis

The multiple alignments of the chicken, zebra finch, flycatcher, rock pigeon and
peregrine  falcon chromosome sequences were obtained using
progressiveCactus (Paten et al., 2011) with default parameters. Pairwise synteny
blocks were defined using the maf2synteny tool (Kolmogorov et al., 2016) at 100,
300 and 500 Kbp minimum resolution of syntenic fragments. Using chicken as
the reference genome, evolutionary breakpoint regions (EBRs) were detected
and classified using the ad hoc statistical approach described previously (Farré
et al., 2016). All well-defined (or flanking oriented PCFs) fusion and fission points
were identified from pairwise alignments with the chicken genome. Only the EBRs
defined to <100 Kbp were used for the following analyses. EBRs smaller than 1
Kbp were extended +1 Kbp. For each EBR, we defined two windows upstream

(+1 and +2) and two downstream (-1 and -2) of the same size as the EBR. We
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calculated the fraction of bases from CNEs in each EBR site, the upstream and
downstream windows. Differences in densities were tested for significance using

the Kruskall-Wallis test followed by Mann-Whitney U test.

Comparing CNE densities in EBRs and multispecies homologous synteny
blocks

Chicken chromosomes (GGA; excluding GGA16, W and Z) were divided into 1
Kbp non-overlapping intervals. Only windows with >50% of their bases with
chicken sequence data available were used in this analysis. All intervals were
assigned either to multispecies (ms) homologous synteny blocks (HSBs) >1.5
Mbp (Farré et al., 2016), avian EBRs flanking fusions, fissions, intrachromosomal
rearrangements, or the intervals found in the rest of the chicken genome. We
estimated the average CNE density for each window type and the distance, in
the number of 1 Kbp windows, between each window with the lowest CNE density
(O bp) and the nearest window with the average msHSB CNE density or higher.
CNE densities were obtained using bedtools (v.2.20-1; Quinlan and Hall, 2010).
Differences in distances between the two window types in msHSBs and EBRs
were tested for significance using the Kruskall-Wallis test followed by Mann-
Whitney U test. Differences with the genome average were tested for significance

using a one-sample proportion test.

Densities of transposable elements in EBRs

The transposable elements (TEs) scaffold coordinates reported in (Zhan et al.,
2013) and (Shapiro et al., 2013) were translated to the peregrine falcon and rock
pigeon chromosome coordinates, respectively, using a custom Perl script. The
densities of TEs (>100 bp on average in the EBR- or non-EBR containing non-
overlapping 10 Kbp genome intervals) were compared for the peregrine falcon
lineage-specific intrachromosomal EBRs, EBRs flanking fusion and fission
events and the rest of the genome as previously described (Elsik et al., 2009,
Larkin et al., 2009, Groenen et al., 2012, Farré et al., 2016). The same method
was applied for the comparison of rock pigeon intrachromosomal EBRs and the
rest of the genome. Only windows with <50% of their bases within sequence gaps

were used in this analysis.
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Gene ontology enrichment analysis

The basic version of gene ontology (GO) annotations (version 3@ May 2016) was
downloaded from the GO Consortium website (The Gene Ontology Consortium,
2015). Sequence coordinates and Ensembl identifiers for chicken genes were
obtained from Ensembl Biomart (v.74; Kinsella et al., 2011). Chicken genes were
used as the background list for the GO analysis. To evaluate gene functional
enrichment in and near EBRs, we assigned genes from the background list to
regions located within or £300 Kbp from lineage-specific peregrine falcon and
rock pigeon EBR boundaries. We used the GO::TermFinder Perl module (Boyle
et al., 2004) to detect GO terms overrepresented in our gene sets. We considered
as significantly enriched the terms with p-value <0.05 and false discovery rate
(FDR) <5% in EBRs relative to all other regions on chicken chromosomes. In
addition, to ensure that the enrichments observed were not due to gene family
expansions we report GO terms for which the genes originated from at least four
EBRs.
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Table 3-1: DNA sequence feature information returned from the BAC clone analysis
pipeline.

Group Feature
General BAC clone length
Percentage of a BAC clone missed nucleotides (Ns)
DNA Percentage of a BAC clone sequence with conservation scores

conservation  Average conservation score (only positions with score considered)
Average conservation score (positions without score included as 0)
Percentage of a BAC clone within conserved elements
Minimum length of conserved elements
Maximum length of conserved elements
Average length of conserved elements
Median of the length of conserved elements
Percentage of a BAC clone within conserved elements of length =2100nt
Percentage of a BAC clone within conserved elements of length =2200nt
Percentage of a BAC clone within conserved elements of length =2300nt
Percentage of a BAC clone within conserved elements of length =2400nt
Percentage of a BAC clone within conserved elements of length 2500nt

Gene Percentage of a BAC clone containing chicken genes

content Percentage of a BAC clone containing chicken exons
Minimum length of chicken exons
Maximum length of chicken exons
Average length of chicken exons
Median of the length of chicken exons
Percentage of a BAC clone containing chicken exons of length =100nt
Percentage of a BAC clone containing chicken exons of length =200nt
Percentage of a BAC clone containing chicken exons of length =2300nt
Percentage of a BAC clone containing chicken exons of length 2400nt
Percentage of a BAC clone containing chicken exons of length 2500nt
Percentage of a BAC clone containing chicken-human orthologous genes

Repeat Percentage of a BAC clone containing repetitive elements
content Minimum length of repetitive elements

Maximum length of repetitive elements

Average length of repetitive elements

Median of the length of repetitive elements

GC GC percentage of a BAC clone
content GC percentage of highly conserved bases (conservation score 20.5)
Average GC percentage of conserved elements
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3.3 Results

The novel genome chromosome-level assembly method developed within this
project involves (Figure 3-1): (1) the generation of a refined set of PCFs for
original fragmented (NGS) assemblies, as described in chapter 2, and (2) the use
of a panel of “universal” BAC clones to anchor PCFs to chromosomes in a high-

throughput manner, described herein.
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Figure 3-1: Methodology for the placement of the PCFs on chromosomes. (A) dual-color
FISH of universal BAC clones, (B) cytogenetic map of the falcon chromosome 8 (FPES)
with indication of the relative positions of the universal BAC clones along the
chromosome, and (C) assembled chromosome containing PCFs 7a, 7b and 13b_13a.
Blue blocks indicate positive (+) orientation of tracks compared to the falcon
chromosome, red blocks indicate negative (-) orientation and grey blocks show unknown
(?) orientation.
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Construction of a panel of comparatively anchored BAC clones designed
to hybridise in phylogenetically divergent avian species and link PCFs to
chromosomes

Initial experiments on cross-species BAC mapping using FISH on five avian
species with divergence times between 28 and 89 MY revealed highly varying
success rates (21-94%), with hybridizations more likely to succeed on species
closely related to that of the BAC origin (Table 3-2). To minimise the effect of
evolutionary distances between species on hybridizations, genomic features that
were likely to influence hybridization success (e.g., repeat content, sequence
conservation; Table 3-1) were measured in chicken, zebra finch and turkey BAC
clones (Table 3-3).

Table 3-2: Comparison of zoo-FISH success rate for random and selected set of BAC
clones.

Chicken BAC clones Zebra finch BAC clones
Success rate (%) Success rate (%)
Divergence Random Selected . Divergence Random Selected .
time (MY) set set Ratio time (MY) set set Ratio
N =53 N =99 N =48 N =24

Chicken NA NA NA NA 89 58.33 75.00 1.29
Turkey 28 88.68 100.00 1.13 89 54.17 83.33 1.54
Pigeon 89 26.42 91.92 3.48 69 68.75 70.83 1.03
Peregrine falcon 89 47.17 93.94 1.99 60 93.75 91.67 0.98
Zebra finch 89 20.75 90.91 4.38 NA NA NA NA

Divergence times are the average of the times reported on the ExaML TENT topology
from (Jarvis et al., 2014).

Table 3-3: Avian BAC clones and expected FISH success rates for the phylogenetically
distant species (divergence time 269 MY).

Library Species No. of analysed Obe)_/ CART Expected
BAC clones * criteria success rate
CHORI-260 Turkey 3,694 2,821 76.36
CHORI-261 Chicken 40,410 30,399 75.23
TGMCBA Zebra finch 80,009 61,335 76.66
Total/Average 124,113 94,555 76.18

* No. BAC clones after filtering steps. Clones mapped to chicken unplaced regions or
linkage groups, clones smaller than 50 Kbp or longer than 300 Kbp were not included in
the analysis.

The classification and regression tree approach (CART; Loh, 2011) was applied
to the 101 randomly-selected, but biased to subtelomeric regions, zebra finch and
chicken BAC clones (Table 3-2). The inexistence of FISH preliminary results for

turkey BAC clones led us to remove them from this analysis. The obtained
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classification shows 87% agreement with FISH results (Figure 3-2). Correlating
DNA features with actual cross-species FISH results led to the development of
the following criteria for selection of chicken or zebra finch BAC clones that are
very likely to hybridise on metaphase preparations of phylogenetically distant
birds (=269 MY of divergence, split between Columbea and the remaining
Neoavian clades; where the hybridization success rate of random BAC clones
was <70%). The BAC clone must have 293% DNA sequence alignable with other
avian genomes and contain at least one conserved element (CE) 2300 bp (Figure
3-2). Instead of a long CE, the BAC could contain only short repetitive elements
(<1290 bp) and CEs at least four bp long (Figure 3-2).

A N =101
B 1 87.13% accuracy
¢ 0.39 0.61 12.87% false positives
Yes |-% BAC clone with cons. score < 93-| No
N =92
1
0.33 0.67
% CE (2300nt) < 0.16
N =44
1
0.52 0.48
Longest repeat = 1290 nt
N=30
1
0.37 0.63
Shortest CE< 3.5 nt
N=9 N=14 N=9 N=21 N =48
0 0 0 1 1

1.00 0.00 0.86 0.14 0.78 0.22 0.19 0.81 0.15 0.85

Figure 3-2: Classification tree used to predict the non-successful (0) or successful
hybridization (1) of a BAC clone on at least one phylogenetically distant species
(divergence time 269 MY). For each tree node (A) is the number of BAC clones at each
node, (B) represents the classification with higher representation on the data, and (C)
proportions of BAC clones classified as 0 (left) and 1 (right) on the data. At each
intermediate node, a case goes to the right child node if the condition is satisfied.
Accuracy depicts the fraction of BAC clones for which classification and FISH results
agree. False positives depict the fraction of BAC clones classified as expected to
hybridise but did not produce any specific FISH signal on species diverged 269 MY.
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The hybridization success rate with distant avian species for the set of newly
selected clones obeying these criteria was high (71-94%; Table 3-2). When
considering only the chicken BAC clones, the success rates ranged from 90% to
94%. From these chicken clones, 84% hybridised with chromosomes of all avian
species in our set. As a final result, we generated a panel of 121 BAC clones
spread across the avian genome (chicken chromosome (GGA) 1-28 + Z; except
16) that successfully hybridised across all species attempted. This collection was
supplemented by a further 63 BACs that hybridised on the metaphases of at least
one species that was considered phylogenetically distant and a further 33 that
hybridised on at least one other species (Figure 3-3). The universal panel of BAC
clones is available at our UCSC track hub (Figure 3-4;
http://sftp.rvc.ac.uk/rvcpaper/birdsHUB/hub.txt) under the “Chicken BAC clones”

track on the chicken genome.
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Figure 3-3: Distribution of universal BAC clones along chicken chromosomes. Each
rectangle represents a chicken chromosome and the lines inside the location of each
BAC clone. BAC clones are coloured accordingly to the maximum phylogenetic distance
of the species they successfully hybridized.
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UCSC Genome Browser on Chicken Nov. 2011 (ICGSC Gallus_gallus-4.0/galGal4) Assembly
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chr22:1,424,687-3,051,580 1,626,894 bp. | enter position, gene symbal or search terms 90

Figure 3-4: BAC clone tracks on UCSC genome browser. (A) BAC clones included on
the avian universal BAC clone panel. (B) Full set of chicken selected BAC clones. Black
and grey rectangles depict BAC clones predicted to hybridize on far related species with
93 and 85% probability, respectively.

Physical assignment of refined PCFs on the species’ chromosomes

To place and order PCFs along chromosomes, BAC clones from the panel
described above and assigned to PCFs based on alignment results, were
hybridised to peregrine falcon (177 BAC clones) and rock pigeon (151 BAC
clones) chromosomes (Table 3-4). The 57 PCFs cytogenetically anchored to the
peregrine falcon chromosomes represented 1.03 Gbp of its genome sequence
(88% of the cumulative scaffold length). Of these, 888.67 Mbp were oriented on
the chromosomes (Table 3-4). The pigeon chromosome assembly consisted of
0.91 Gbp in 60 pigeon PCFs representing 82% of the combined scaffold length.
Of these 687.59 Mbp were oriented (Table 3-4).

Table 3-4: Statistics for the chromosome assemblies of the peregrine falcon and rock
pigeon.

Statistics Peregrine falcon Rock pigeon

No. informative BAC clones 177 151

No. PCFs placed on chromosomes 57 60
Combined length (Gbp) 1.03 0.91
PCF assembly coverage (%) 90.03 85.23
Scaffold assembly coverage (%) 87.55 81.70

No. oriented PCFs 32 26
Combined length (Mbp) 888.67 687.59
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Rock pigeon chromosome assembly

No deviations from the standard avian karyotype (2n=80) were detected for rock
pigeon with each mapped chromosome having an appropriate single chicken and
zebra finch homeologue. Compared to chicken, the only interchromosomal
rearrangement identified was the ancestral configuration of GGA4 found as two
separate chromosomes in pigeon and other birds (Derjusheva et al., 2004,
Hansmann et al., 2009, Modi et al., 2009) (Figure 3-5A). Nonetheless, 70

intrachromosomal EBRs in the pigeon lineage were identified (Table 3-5).

Peregrine falcon chromosome assembly

Homeology between the chicken and the peregrine falcon was identified for all
mapped chromosomes, except GGA16 and GGA25 (Figure 3-5B). In total, 13
falcon-specific fusions and six fissions were detected (Table 3-5). Each of the
chicken largest macrochromosome homeologues (GGAl to GGA5) were split
across two falcon chromosomes. The falcon GGA1 and GGA3 counterparts were
represented as two entire chromosomes each (peregrine falcon chromosome
(FPE) 4 and FPEG6, FPE7 and FPE11, respectively). GGA2 was split across FPE3
and FPES, both of which exhibited additional fusions of microchromosomes with
GGA21 and GGA23 fused in FPE3 and GGA12, GGA14 and GGA28 fused in
FPES. Consistent with the rock pigeon assembly results (and most birds), GGA4
was found to be split across two falcon chromosomes (FPE2 and FPE13), the
former of which exhibited three additional microchromosomal fusions (GGA15,
GGA18 and GGA19). Both GGA6 and GGA7 homeologues were found as single
blocks fused with other chicken chromosome material within falcon
chromosomes FPE1 and FPES8, respectively. Among the other chicken
macrochromosomes, only GGA8 and GGA9 were represented as individual
chromosomes (FPE10 and FPE12, respectively). Of the 17 mapped chicken
microchromosomes, 11 were fused with other chromosomes. Additionally, 69

intrachromosomal EBRs were detected in the falcon lineage (Table 3-5).
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Figure 3-5: ldeogram of rock pigeon (A) and peregrine falcon (B) chromosomes.
Numbered rectangles represent chromosomes and coloured blocks within show regions
of homeology with chicken chromosomes. Lines within coloured blocks represent block
orientation. Triangles above the falcon chromosomes point to the positions of falcon-
specific fusions and below chromosomes demarcate the positions of fissions. Black filling
within the triangles point to the EBR boundaries used in the CNE analysis.
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Table 3-5: Peregrine falcon and rock pigeon lineage-specific EBRs.
Peregrine falcon Pigeon

Fusions 13 0
Fissions 6 0
Intrachromosomal 69 70

Transposable element densities in peregrine falcon and rock pigeon EBRs
The peregrine falcon and rock pigeon chromosome assemblies provided us with
a novel set of EBRSs, especially flanking interchromosomal rearrangements, not
previously found in published avian chromosome assemblies (Figure 3-5; Table
3-5). This allowed us to evaluate if the sequence features previously found
associated with EBRs (Farré et al., 2016, Skinner and Griffin, 2012, Farré et al.,
2011, Groenen et al., 2012, Larkin et al., 2009) show different patterns in avian
inter- and intrachromosomal EBRs. We identified transposable element (TE)
densities associated with avian EBRs at the genome-wide level. We counted the
number of TE bases in 10 Kbp windows overlapping EBRs defined to <100 Kbp
in the peregrine falcon and rock pigeon genomes. We observed that peregrine
falcon intrachromosomal EBRs were significantly enriched for the LTR-ERV1 TEs
(p-value <0.05; Table 3-6) in agreement with (Farré et al., 2016). For this species,
neither fusion and fission EBRs were significantly enriched for any TE family.
Rock pigeon intrachromosomal EBRs were also not found significantly enriched
for any family of TEs (Table 3-7).

Conserved non-coding elements density in avian inter- and
intrachromosomal EBRs

It is known that conservation of DNA sequences across distantly related species
reflects functional constraints (Siepel et al., 2005). Furthermore, it is
hypothesised that the significant enrichment of avian msHSBs for conserved non-
coding elements (CNEs) might contribute to the maintenance of synteny in avian
genomes (Farré et al., 2016). To test if this would result in EBRs being in regions
of lower DNA sequence conservation, we calculated avian CNE densities in the
chicken chromosome regions corresponding to the chicken, peregrine falcon,
rock pigeon, collared flycatcher and zebra finch intra- and interchromosomal
EBRs, and their adjacent regions (Figure 3-6, Supplemental Table 23 and 24).

We observed that avian EBRs had a significantly lower fraction of CNEs than
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their two adjacent chromosome intervals of the same size each (up- and
downstream; p-value = 3.35e-07; Table 3-8). The interchromosomal EBRs
(fusions and fissions) had on average ~12 times lower density of CNEs than the
intrachromosomal EBRs (p-value = 2.40e-05; Table 3-8) and both fusion and
fission EBRs separately presented significant differences in CNE density to
intrachromosomal EBRs (p-value < 0.04; Table 3-8). The lowest density of CNEs

was observed in the fission breakpoints (p-value = 0.04; Figure 3-6; Table 3-8).

0.060

Fraction of bases

-2 -1 EBR +1 +2

Intrachromosomal Fissions Fusions

Figure 3-6: Average fraction of bases within CNEs in avian EBRs and
two flanking regions upstream (-) and downstream (+).

To identify if avian EBRs are located in regions of lower CNE density genome-
wide, we counted CNE bases in 1 Kbp windows overlapping EBRs and avian
msHSBs >1.5 Mbp (Farré et al. 2016). The average density of CNEs in the EBR
windows was lower (0.02) than in msHSBs (0.11). The density of CNEs in the
fission EBRs was the lowest observed, zero CNE bases (‘zero CNE windows’),
while in the intrachromosomal EBRs the highest among the EBR regions (0.02;
Table 3-9). The genome-wide CNE density was 0.09, closer to the density
observed in msHSBs. Of ~347 Mbp of the chicken genome found in the ‘zero
CNE windows’ 0.5% were associated with EBRs and 15% with msHSBs. To
investigate if these intervals are distributed differently in the breakpoint and
synteny regions we compared distances between the ‘zero CNE windows’ and
the closest window with the average msHSB CNE density or higher in EBRs,
msHSBs, and genome-wide. The median of the distances between these two

types of windows was the lowest in the msHSBs (~4 Kbp), intermediate in the
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intrachromosomal (~19 Kbp) and fusion EBRs (~23 Kbp), and highest in the
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from the genome-wide average distance of ~6 Kbp (p-values <2.2e-16) and also

fission EBRs (~35 Kbp) (Table 3-10). All these values were significantly different
significantly different from each other (p-value <0.004; Table 3-9; Table 3-10).
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Table 3-7: Differences in TE densities in 10 Kbp intervals overlapping rock pigeon EBRs
and the rest of the rock pigeon genome.

Repeat set Intrachromosomal

EBR non-EBR Ratio
LINE 540.61 428.25 1.26
LINE-CR1 494.17 421.22 1.17

Table 3-8: Significant differences in CNE densities in avian lineage-specific EBRs and
their four adjacent intervals (+2) of the same size.

Median Median .

Group 1 Group 2 Group 1 Group 2 Ratio p-value
(x2) EBR 0.021 0.001 21.778 1.56e-09
Intra (+ 2) Intra EBR 0.022 0.002 11.204 1.02e-08
(+2) EBR 0.021 0.001 21.978 3.61e-08
Intra (+ 2) Intra EBR 0.023 0.002 11.681 1.64e-07
(1) EBR 0.015 0.001 15.948 3.35e-07
(-2) EBR 0.019 0.001 20.426 5.58e-07
Intra (- 2) Intra EBR 0.022 0.002 10.924 2.15e-06
Intra (+ 1) Intra EBR 0.017 0.002 8.812 3.06e-06
(+1) EBR 0.015 0.001 15.948 5.92e-06
(-1) EBR 0.016 0.001 16.378 1.32e-05
Intra* Inter'* 0.016 0.001 12.240 2.40e-05
Intra (+ 1) Intra EBR 0.017 0.002 8.771 3.46e-05
Intra (- 1) Intra EBR 0.018 0.002 8.933 6.71e-05
Intra* Fusions* 0.016 0.001 13.662 0.0002
Intra (+ 2) Inter! (£ 2) 0.022 0.003 8.475 0.0016
Intra (£ 2) Fusions (£ 2) 0.022 0.002 11.911 0.0038
Intra (+ 2) Inter (+ 2) 0.023 0.002 12.419 0.0233
Intra (+ 2) Fusions (+ 2) 0.023 0.001 16.429 0.0270
Intra (- 2) Inter* (- 2) 0.022 0.003 6.255 0.0299
Intra* Fissions* 0.016 0.003 5.350 0.0400
Inter EBR Intra EBR 0.000 0.002 0.000 0.0445
Intra (£ 1) Inter (£ 1) 0.017 0.003 6.081 0.0460

! Fusions and fissions combined
* EBR and adjacent intervals combined
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Table 3-9: Statistics for CNE density in 1 Kbp windows for avian EBRs, msHSBs, and
genome-wide.

Average Fraction ‘zero
Average no. Average no. . . ,
CNEs CNE bases density of CNE windows
CNE bases (%)
Genome 6.18 86.85 0.09 100
msHSB 7.54 106.81 0.11 15.44
Intra 1.90 23.72 0.02 0.41
Fusion 0.65 6.75 0.01 0.06
Fission 0.00 0.00 0.00 0.02
EBR* 1.71 21.25 0.02 0.50

*Fission, fusion and intrachromosomal EBRs combined.

Table 3-10: Significant differences for distances in number of 1 Kbp windows between
zero and high CNE density windows.

Median Median

Group 1 Group 2 Group 1 Group 2 Ratio p-value

Fission Genome 35 6 5.83 <2.20e-16
Fission msHSB 35 4 8.75 <2.20e-16
Fusion Genome 23 6 3.83 <2.20e-16
Fusion msHSB 23 4 5.75 <2.20e-16
Intra Genome 19 6 3.17 <2.20e-16
Intra msHSB 19 4 4.75 <2.20e-16
msHSB Genome 4 6 0.67 <2.20e-16
Fission Intra 35 19 1.84 4.70e-14
Fusion Intra 23 19 1.21 6.72e-05
Fission Fusion 35 23 1.52 0.0038

Gene-functional enrichment in EBRs

Lineage-specific EBRs have been shown to be enriched for genes related to
lineage-specific phenotypes (Groenen et al., 2012, Ullastres et al., 2014, Farré et
al., 2016). To identify gene pathways associated with lineage-specific EBRs for
the two newly assembled avian genomes, we measured gene ontology (GO)
enrichment in the peregrine falcon and rock pigeon lineage-specific EBRs.
Moreover, to evaluate if peregrine falcon intra- and interchromosomal EBRs have
the same or different gene signatures we split them into two different sets. We
observed that rock pigeon EBRs and peregrine falcon interchromosomal EBRs
tend to reshuffle genes related with more general GO terms such as cell,

biological regulation and binding (Figure 3-7). In their turn, peregrine falcon
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intrachromosomal EBRs show an enrichment for genes related to response to

stimulus and response to bacterium (Figure 3-7).
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Figure 3-7: GO terms enriched on lineage-specific EBRs (p-value <0.05; FDR <5%).
Number of genes in each term are given in parenthesis. Shared GO terms are depicted
in bold. Black line depicts p-value threshold.
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Data availability

Peregrine falcon and rock pigeon chromosome assemblies are available from
DDBJ/ENA/GenBank  under the accessions MLQY00000000 and
MLQZ00000000, respectively. Comparative visualisations of both newly
assembled genomes are available from the Evolution Highway comparative
chromosome browser under the reference name “Peregrine:150K” and
“Pigeon:150K” (http://eh-demo.ncsa.uiuc.edu/birds). Peregrine falcon
chromosomes 1-13 and Z were named according to (Nishida et al., 2008), and
chromosomes 14-18 were numbered by decreasing combined length of the
placed PCFs. Rock pigeon chromosomes 1-9 and Z were named according to
(Hansmann et al., 2009) with the remaining chromosome names assigned
according to chicken homeologues. Unassigned PCFs were named after their
reference chromosome homeologues with “un” added in front of their names to

distinguish from chromosome assemblies.

Peregrine falcon and rock pigeon chromosome assemblies can also be visualised
from our UCSC track hub (http://sftp.rvc.ac.uk/rvcpaper/birdsHUB/hub.txt). Each
assembly contains four data tracks: (1) Assembly track, containing scaffolds from
the original assemblies, PCFs obtained from running RACA (chapter 2) and BAC
clones used to place PCFs on the chromosomes. (2) Genes track with translated
gene annotation from the original scaffold assemblies. (3) Synteny track with the
pairwise HSBs with chicken and zebra finch and lineage-specific EBRs. (4)
Repeats track with translated repeat annotations from the original NGS scaffold

assemblies.
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3.4 Discussion

In this chapter, | present the development of the last step for a novel integrative
approach to upgrade fragmented animal genomes to the chromosome-level. |
report the design of a panel of avian universally hybridising BAC probes using a
methodology that can easily be transferred to other species. The BAC selection
approach can be applied to any clade provided cell lines and end-sequenced
BAC clone libraries are available. This task could be, however, more challenging
for genomes with a higher repetitive content, lower degree of sequence
conservation, or requiring more probes to achieve the same level of mapping
resolution. Furthermore, the combination of comparative sequence analysis,
targeted PCR and optimised high-throughput cross-species hybridizations of
universal BAC probes represents a unique methodology to achieve chromosome-
level assemblies from scaffold-based de novo assemblies, which could be
applied to any animal genome. This novel genome assembly methodology can
also be easily adapted to accommodate other data types, such as super-scaffolds
generated from more advanced mapping and sequencing techniques (e.g.,
Dovetail, BioNano or PacBio), which could be directly anchored to chromosomes.
The chromosome assemblies generated for peregrine falcon and rock pigeon
provide proof of principle for this approach. The resulting chromosome-level
assemblies contain >80% of the original scaffold-level assemblies being, in
continuity, comparable to those obtained by combining traditional sequencing

and mapping techniques (Deakin and Ezaz, 2014).

Molecular and cytogenetic studies to date, suggest that most avian genomes
remain remarkably conserved in terms of chromosome numbers (>60% of
species with 2n=~80) and that interchromosomal changes were relatively rare
during avian evolution (Griffin et al., 2007, Schmid et al., 2015). Exceptions
include representatives of Psittaciformes (parrots), Sphenisciformes (penguins)
and Falconiformes (falcons). Herein, | report the first chromosomal assembly of
a highly rearranged avian karyotype (peregrine falcon). Fusion is the most
common mechanism of interchromosomal change in this species, with some
resulting chromosomes exhibiting as many as four fused ancestral
chromosomes. There was no evidence of reciprocal translocations, and all

microchromosomes remained intact, even when fused to larger chromosomes.
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This new chromosome-level assembly allowed the analysis of the genomic
signatures of avian interchromosomal EBRs and provided insights into the

mechanisms driving avian genome evolution.

As discussed in chapter 2, the absence of interchromosomal rearrangements
seen in most birds could either suggest an evolutionary advantage to retaining
synteny or little opportunity for change (Farré et al., 2016, Romanov et al., 2014).
On the one hand, repetitive DNA sequences, particularly TEs, are often used as
a template for NAHR, after a double-strand break, resulting in the formation of a
chromosomal rearrangement. Because of that, it was suggested that the low
repetitive content of avian genomes could represent fewer opportunities for avian
genomes to change due to the lack of templates for NAHR. On the other hand,
CNEs were found strongly enriched in the regions of interspecies synteny in birds
and other reptiles (Farré et al., 2016). Many CNEs are known to play important
roles in gene regulation, and so the breakage of synteny could disrupt important
regulatory pathways, suggesting an advantage in maintaining synteny. The
results obtained during this work provide further support to both theories. Indeed,
peregrine falcon lineage-specific intrachromosomal EBRs were enriched for TEs,
suggesting NAHR as their generating mechanism. This was not observed for
fusions nor fissions, which might suggest that a different mechanism is
responsible for the merging of chromosomes and generation of fusions. The fact
that EBRs locate in areas of low CNE density, and EBRs flanking chromosomal
fissions present the lowest CNE density amongst EBR types and are restricted
to “CNE deserts”, might explain why peregrine falcon lineage-specific fission
EBRs appear to be reused in other avian lineages as intrachromosomal EBRs.
Altogether, these results support the proposition that when disrupting CNE-dense
regions a chromosome rearrangement has a higher probability of affecting gene
regulation pathways and causing deleterious effects that would not be tolerated
by selection. Moreover, the differences observed between EBR types agree with
previous studies in Passeriform species that suggested that intrachromosomal
rearrangements might have a less dramatic effect on cis gene regulation than
interchromosomal events (Skinner and Griffin, 2012, Romanov et al., 2014). In
fact, only neutral, nearly neutral or selectively advantageous rearrangements are
likely to be fixed (Burt, 2001) and indeed, we found that peregrine falcon lineage-

specific intrachromosomal EBRs were enriched for genes related to an
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organisms’ response to external stimuli. Interestingly, this pattern has been
reported previously for mammals, such as pig (Groenen et al., 2012) and rhesus
macaque (Ullastres et al.,, 2014), where they were suggested to give these

species a selective advantage and to relate to lineage-specific phenotypes.

Despite the insights on the mechanisms driving avian genome evolution provided
herein by the study of the first highly rearranged avian genome, there are still
guestions that lack answers. The reason behind why species such as falcons and
parrots undergo large-scale interchromosomal rearrangement while other remain
stable or, why are fissions restricted to a few events and fusions more common,
remain a matter of future investigation. Moreover, the time and lineage of
occurrence of genomic rearrangements during avian evolution also lack
resolution. These questions can be addressed by tracing the chromosome
organisation of avian ancestors throughout the avian phylogenetic tree. These
reconstructions could shed light on the dynamics of the forces shaping avian
genomes and the role of chromosomal rearrangements in phenotypic evolution

and speciation.
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4.1 Background

In the previous chapters, | demonstrated the utility of the comparison of extant
species genomes to identify genome rearrangements, unravel the mechanisms
driving genome evolution and give insights into the role of genome rearrangement
in phenotypic diversity. Nonetheless, more information can be gained by tracing

the chromosome organisation of common ancestors.

The first reconstructions of ancestral genome structures were based on low-
resolution karyotype comparisons using chromosome paintings, or the
comparison of gene maps. These studies offered the first insights onto the
genome rearrangements that shaped extant genome structures. For instance,
cytogenetic information was used to propose the chromosome structures of the
ancestors of placental mammals (Richard et al., 2003), ruminants (Kulemzina et
al., 2011), carnivores (Beklemisheva et al., 2016) and birds (Griffin et al., 2007).
The differences in rearrangement rates detected from these reconstructions
suggested different rates of evolution for distinct phylogenetic lineages (Ruiz-
Herrera et al., 2012). For instance, contrary to mammals, birds have very stable
chromosome numbers, and contrary to other amniotes, mammals and crocodiles
do not have microchromosomes. These observations raised questions regarding
the mechanisms that drove the evolution of these lineages. Despite their utility,
the low resolution and limitations of the cytogenetic methodologies resulted in
undetected intrachromosomal rearrangements and limited usefulness for
reconstructing karyotypes of old ancestors (e.g., eutherian and amniote
ancestors). These restrictions can be overcome by the comparison of genome
sequences, which not only can expand the evolutionary depth of ancestral
karyotype reconstructions but also increase the resolution at which genome

rearrangements are identified.

The first attempts to reconstruct ancestral karyotypes from sequence data were
performed for mammals (Bourque et al., 2005, Murphy et al., 2005). These
reconstructions allowed the detection of a larger number of genome
rearrangements than what was previously known, the observation that
evolutionary breakpoint regions (EBRs) are often reused in different lineages,
that EBRs locate in gene-dense regions, and that lineage-specific EBRs are

associated with the locations of segmental duplications in mammals (Murphy et
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al., 2005, Bourque et al., 2005). Overall, these findings showed the importance
of genome sequence comparisons for the detection of the full catalogue of events
that shaped extant genomes and led to the development of several algorithms to
perform the reconstruction of ancestral karyotypes based on genome sequence
data. Most of them, for example, InferCARs (Ma et al., 2006) or ANGES (Jones
et al., 2012a), require chromosome-level genome assemblies as inputs and their
suitability to deal with fragmented assemblies was never shown (Kim et al., 2017).
In this way, while there have been many newly sequenced genomes released in
the last few years, only a very limited number of them were assembled to
chromosome-level and, because of that, were suitable for ancestral genome
reconstruction (Kim et al., 2017). This resulted in a stagnation on the field and led
Kim and colleagues to develop DESCHRAMBLER (Kim et al., 2017).
DESCHRAMBLER algorithm produces reconstructed ancestral chromosome
fragments (RACFs) using syntenic fragments (SFs) constructed from whole-
genome alignments of both chromosome- and scaffold-level genome assemblies
(Kim et al., 2017). The prediction of the order and orientation of the SFs in the
target ancestor genome is established using a similar approach to that used by
the reference-assisted chromosome assembly (RACA) algorithm (Kim et al.,
2013). In a very simplistic way, the probability of adjacency for each pair of SFs
in an ancestral chromosome is computed based on the SF adjacency on the
extant (descendant and outgroup) species. Other advantages of
DESCHRAMBLER are the ability to accommodate a large number of descendant
species and the use of SFs where some species (except the reference) have
deletions or missing data, which results in a more complete reconstruction of the
ancestral karyotype (Kim et al., 2017). At its release, DESCHRAMBLER was
applied to the genomes of 21 species (14 chromosome-level and 7 scaffold-level)
to reconstruct the chromosome structure of seven eutherian ancestors. In this
study, Kim and colleagues compared the reconstructed RACFs with previous
FISH-determined eutherian, boreoeutherian and simian ancestral karyotypes and
observed a high level of consistency between both methodologies to detect
interchromosomal rearrangements (Kim et al., 2017). Additionally, the calculated
rearrangement rates were also highly consistent with previous studies (Kim et al.,
2017).
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The limited availability of chromosome-level assemblies for birds restricted the
study of chromosome evolution in this clade. Indeed, to date, the reconstruction
of avian ancestral chromosome structures was mainly based on low-resolution
karyotype comparisons (Griffin et al., 2007) and only recently the first sequence-
based Avian ancestor genome structure was proposed (Romanov et al., 2014).
Nonetheless, the low number of species utilised by Romanov and colleagues,
limited the generated reconstructions to few Avian and Neognathae ancestor’'s

chromosomes (Romanov et al., 2014).

Herein, making use of the DESCHRAMBLER algorithm (Kim et al., 2017) and a
combination of chromosome- and scaffold-level genome assemblies currently
available for birds, | report the first large-scale study of ancestral chromosome
structure and evolution in this clade. The high number of genomes included in
this study, and the extended sampling of the avian phylogenetic tree, allowed the
reconstruction of the genome structure of 14 avian ancestors leading to the zebra
finch, a representative of the most speciose avian clade (Passeriformes), which
species also express a high phenotypical diversity. The analysis of these
reconstructions provided important insights on the variability of rearrangement
rates during avian evolution and allowed the detection of patterns related to the
chromosome distribution of EBRs. Moreover, the inclusion of microchromosomes
in our reconstructions allowed us to provide novel insights into the evolution of

these avian chromosomes.
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4.2 Material and methods

Avian and outgroup genome assemblies

The chicken (Gallus gallus; ICGSC Gallus_gallus 4.0; Hillier, 2004), zebra finch
(Taeniopygia guttata; WUGSC 3.2.4; Warren et al., 2010), and turkey (Meleagris
gallopavo; TGC Turkey_2.01; Dalloul et al., 2010) chromosome assemblies were
downloaded from the UCSC Genome Browser (Kent et al., 2002). The collared
flycatcher (Ficedula albicollis; FicAlbl.5; Ellegren et al., 2012) chromosome
assembly was downloaded from NCBI. The Pekin duck (Anas platyrhynchos)
chromosome assembly was obtained from Dr Thomas Faraut (INRA, France).
Peregrine falcon (Falco peregrinus) and rock pigeon (Columba livia)
chromosome assemblies generated during this project were used. The hooded
crow (Corvus cornix; Hooded crow_genome; Poelstra et al., 2014), canary
(Serinus canaria; SCAL; Frankl-Vilches et al., 2015), Tibetan ground tit
(Pseudopodoces humilis; PseHum1.0; Cai et al., 2013), golden eagle (Aquila
chrysaetos; Aquila_chrysaetos-1.0.2; Doyle et al., 2014), bald eagle (Haliaeetus
leucocephalus; Haliaeetus leucocephalus-4.0) scaffold assemblies were
obtained from NCBI. All remaining scaffold-based assemblies were downloaded
from the GigaScience Database (Sneddon et al., 2012, Zhang et al., 2014a).
Chromosome assemblies of outgroup genomes: anole lizard (Anolis carolinensis;
AnoCar2.0; Alfoldi et al., 2011) and opossum (Monodelphis domestica,
MonDomb5; Mikkelsen et al., 2007), the scaffolds assemblies of the Chinese
alligator (Alligator sinensis; ASM45574v1; Wan et al., 2013) and the painted turtle
(Chrysemys picta; Chrysemys_picta_bellii-3.0.1; Shaffer et al., 2013) were
obtained from NCBI. General assembly statistics for each genome used are

presented in Table 4-1.

Pairwise alignments

Pairwise alignments using zebra finch chromosome assembly as reference and
all other genomes as targets were generated with LastZ (v.1.02.00; Harris, 2007)
using the following parameters: C=0 E=30 H=2000 K=3000 L=2200 O=400. The
pairwise alignments were converted into the UCSC “chain” and “net” alignment
formats with axtChain (parameters: -minScore=1000 -verbose=0 -
linearGap=loose for anole lizard and opossum, and -minScore=1000 -verbose=0

-linearGap=medium for all other species) followed by chainAntiRepeat,
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chainSort, chainPreNet, chainNet and netSyntenic, all with default parameters
(Kent et al., 2003).

Reconstructed ancestral chromosome fragments

Reconstructed ancestral chromosome fragments (RACFs) were generated by Dr
Jaebum Kim (Konkuk University, South Korea) using the DESCHARMBLER
algorithm. First, DESCHRAMBLER was used to reconstruct RACFs of the
Neognathae ancestor with a subset of species, as indicated in Table 4-1. This
experiment was performed at 100, 300 and 500 Kbp SFs resolution. After the
selection of the best SF resolution for avian ancestral chromosomes
reconstruction (100 Kbp), DESCHRAMBLER was run with the full set of species
to generate RACFs for all ancestors leading to zebra finch lineage, starting with
the Avian ancestor. The full list of reconstructed ancestor RACFs is presented in
Table 4-3.

Avian, Eufalconimorphae and Passeriformes ancestor chromosomes

The number of RACFs reconstructed by DESCHRAMBLER was higher than the
number of Avian ancestor chromosomes previously proposed based on FISH
experiments (Griffin et al., 2007). This fragmentation is mostly due to the
predominance of scaffold-level assemblies for the descendant species, resulting
in a reduction of adjacency support. To reduce the fragmentation of the Avian
ancestor genome, we reorganised Avian ancestor RACFs by connecting RACFs
which adjacency was supported by outgroup genomes or other, phylogenetically
close and less fragmented, ancestors. Specifically, we first merged those Avian
ancestor RACFs which adjacencies were supported (spanned) by an outgroup
chromosome or scaffold. For the remaining adjacencies with no support from
outgroup genomes, we merged Avian RACFs which adjacency was supported by
other ancestor RACF, assuming that no rearrangement occurred between the
Avian and the descendant ancestor in between RACFs. For each RACF
adjacency, we used the support from the spanning RACF belonging to ancestors
successively more distant to the Avian ancestor. That is, we used first the support
from the Neognathae ancestor (the closest to the Avian ancestor) and
successively more recent ancestors on the avian phylogenetic tree. The same

approach was applied to Eufalconimorphae and Passeriformes ancestor RACFs.
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Detection of EBRs and chromosome rearrangements

We detected EBRs relative to the avian ancestor in all other ancestors’ RACFs,
chicken and zebra finch chromosomes. Breakpoint rates (EBRs/MY) for each
branch leading to zebra finch were calculated dividing the number of detected
EBRs by the length of the branch (in MY). Differences in breakpoint rates
compared to the average of all branches were tested as previously described
(Kim et al., 2017). We used the genome rearrangements in man and mouse
(GRIMM) webserver (Tesler, 2002) to predict the minimum number and the type
of chromosomal rearrangements distinguishing the Avian ancestor chromosomes
structure from those of the Eufalconimorphae and Passeriformes ancestors and

the zebra finch.

EBR rates and DNA sequence feature associations on Avian ancestor
chromosomes

We measured EBR density and distribution for the Avian ancestor chromosomes
using the number of EBRs identified between the Avian ancestor and zebra finch.
These measurements were obtained as the number of EBRs per Mbp, the
average distance between EBRs and the difference between the expected and
observed number of EBRs. The expected number of EBRS per chromosome was
calculated by multiplying the length of the chromosome (in Mbp) by the genome-
wide rate of EBRs. The latter calculated by dividing the total number of detected
EBRs by the total length of the reconstructed Avian ancestor genome.
Differences between chromosomes for each of the analysed features were tested

as previously reported (Kim et al., 2017).

Avian conserved non-coding elements (CNEs) were obtained from (Farré et al.,
2016). Chicken gene (version of 27/04/2014) and repetitive sequence (version of
11/06/2012) annotations were downloaded from the UCSC genome browser
(Rosenbloom et al., 2015). We calculated the density of each of these features
(CNEs, genes and transposable elements (TEs) for each Avian ancestor
chromosome. The association between each sequence feature and
chromosome-specific EBR density and distribution was tested using the

Pearson’s correlation coefficient.
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Gene ontology enrichment analysis

The basic version of gene ontology (GO) annotations (version 3" May 2016) was
downloaded from the GO Consortium website (The Gene Ontology Consortium,
2015). Sequence coordinates and Ensembl identifiers for chicken genes we
obtained from Ensembl Biomart (v.74; Kinsella et al., 2011). All chicken genes
located in regions included in the Avian ancestor chromosomes were used as the
background list. To evaluate gene functional enrichment in the Avian ancestor
chromosomes that were maintained intact during avian evolution, we assigned
genes from the background list to these chromosomes. We used the
GO::TermFinder Perl module (Boyle et al., 2004) to detect GO terms
overrepresented in our gene sets. We considered as significantly enriched the

terms with p-value <0.05 and false discovery rate (FDR) <5%.
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Table 4-1: Statistics for genome assemblies of descendant and outgroup species.

Species Common name Assembly type No.* (qug) |;(1);atl:1 rCe)sots;tz
(Gbp)
Taeniopygia guttata Zebra finch Chromosome 31 - 1.02 Yes
Geospiza fortis Medium ground finch Scaffold 1,168 5.28 1.04 Yes
Serinus canaria Canary Scaffold 887 25.15 1.05 No
Pseudopodoces humilis Tibetan ground tit Scaffold 661 16.34 104 No
Corvus brachyrhynchos American crow Scaffold 1,156 708 108 Yes
Corvus cornix Hooded crow Scaffold 366 16.36 105 No
Ficedula albicollis Collared flycatcher Chromosome 30 - 1.04 Yes
Manacus vitellinus Golden-collared manakin Scaffold 954 2.86 1.05 Yes
Melopsittacus undulatus Budgerigar Scaffold 1,138 1141 108 Yes
Falco peregrinus Peregrine falcon Chromosome 19 - 103 No
Aquila chrysaetos Golden eagle Scaffold 470 923 119 No
Haliaeetus leucocephalus  Bald eagle Scaffold 435 9.15 1.18 No
Picoides pubescens Downy woodpecker Scaffold 1,944 2.12 1.15 Yes
Pygoscelis adeliae Adélie penguin Scaffold 819 523 191 Yes
Aptenodytes forsteri Emperor penguin Scaffold 682 508 125 Yes
Nipponia nippon Crested ibis Scaffold 1,479 535 120 Yes
Egretta garzetta Little egret Scaffold 1,195 311 120 Yes
Opisthocomus hoazin Hoatzin Scaffold 1,620 294 190 Yes
Charadrius vociferus Killdeer Scaffold 1,598 368 121 Yes
Cuculus canorus Common cuckoo Scaffold 900 299 115 Yes
Chaetura pelagica Chimney swift Scaffold 1,172 388 110 Yes
Calypte anna Anna’'s hummingbird Scaffold 887 430 105 Yes
Columba livia Rock pigeon Chromosome 29 - 0.91 No
Gallus gallus Chicken Chromosome 30 - 1.00 Yes
Meleagris gallopavo Turkey Chromosome 32 - 1.04 Yes
Anas platyrhynchos Pekin duck Chromosome 29 - 094 Yes
Struthio camelus Ostrich Scaffold 1,179 3.64 1.22 Yes
Alligator sinensis Chinese alligator Scaffold 2,452 219 56 Yes
Chrysemys picta Painted turtle Scaffold 3,168 723 229 Yes
Anolis carolinensis Anole lizard Chromosome?® 12 - 1.08 No
Monodelphis domestica Opossum Chromosome 9 - 3.50 No

1 Number of scaffolds or chromosomes on the genome assembly.
2 Species included on Neognathae test reconstructions.
3 Chromosomes and linkage groups in anole lizard.
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4.3 Results

Selection of reference and descendant genomes

Cytogenetic comparisons offered the first rough insight into the evolution of avian
genomes (Griffin et al., 2007). Nonetheless, only the comparison of genome
sequences provides access to the full collection of events that shaped genomes
through evolution. Herein, we used the DESCHRAMBLER algorithm (Kim et al.,
2017) to predict the chromosome structure of avian ancestors leading to the
zebra finch.

We selected zebra finch as reference genome for the reconstruction of these
ancestors because of: (a) the quality of the genome assembly for this species,
which is one of the best avian genome assemblies currently available, and (b)
the fact that DESCHRAMBLER requires the reference genome to be a
descendant species of all reconstructed ancestors. Thus, using zebra finch as a
reference genome allowed the reconstruction of a high number of avian ancestors
and, subsequently, a thorough study of avian genome evolution. Moreover, zebra
finch is a representative of Passeriformes, the avian clade with the highest
number of extant species, and which species also exhibit a high phenotypical

diversity.

The final set of descendant and outgroup species included 27 avian genomes (7
chromosome assemblies and 20 scaffold-level assemblies) and 4 outgroup
genomes (2 chromosome- and 2 scaffold-level assemblies: 3 non-avian reptiles
and one mammal; Table 4-1). The selection of these genomes was made
according to their assembly continuity and alignment coverage of the reference
(zebra finch) genome. Having a high coverage of the reference genome also
assures a more thorough coverage of the ancestral genomes. In this way, all
selected descendant species alignments cover >96% of zebra finch genome.
Assembly continuity is also an important selection parameter because, (a) the
use of highly fragmented descendant genomes will reduce the support to
predicted ancestral adjacencies and result in fragmented ancestral
reconstructions, and (b) increased genome continuity will increase the chances
of detection of EBRs flanking genome rearrangements, as EBRs locating in
between scaffolds in the extant species assemblies will be missed. Having this in

mind, we selected from the set of Avian Phylogenomics Consortium sequenced
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genomes only those with an N50 >2 Mbp. This allowed us to have a
comprehensive sampling across the avian phylogenetic tree while maintaining a
relatively high genome continuity. Peregrine falcon and rock pigeon scaffold-level
assemblies were replaced by the chromosome assemblies generated within this
project (Chapter 3). To further improve taxon sampling, we decided to
complement the descendant genomes with other avian high-continuity genomes
(chromosome-level assemblies and scaffold-level assemblies with N50 >9 Mbp)
currently available (Table 4-1). These include the chromosome assemblies of the
collared flycatcher and Pekin duck, and the scaffold level assemblies of canary,
Tibetan ground tit, hooded crow, golden eagle and bald eagle. The final set of
avian species included in our reconstructions represent 15 out of 37 avian orders
and allowed the reconstruction of 14 ancestors starting with the Avian ancestor

and leading to the zebra finch lineage.

Selection of resolution for syntenic fragment detection

We first performed the reconstruction of the Neognathae ancestor genome at
three (100, 300 and 500 Kbp) different syntenic fragment (SF) resolutions, to set
the minimum length of SF to be included in the reconstructions. We selected the
Neognathae ancestor for this experiment as both ingroup and outgroup genome
alignments cover >94% of the zebra finch genome. To be included in the RACFs
an SF needs to be present in at least one of the outgroup genomes, in this way,
by including only those outgroup genomes with alignments having a high
coverage of the reference genome we could reduce the confounding effect of low
outgroup coverage on the completeness of the RACFs. This experiment aimed
the establishment of the optimal resolution for avian ancestral genome
reconstructions. We verified that the number of RACFs obtained at 100 Kbp SF
resolution was the lowest (N=62) and the reference genome coverage the highest
(79%; Table 4-2). At 300 Kbp resolution, RACF covered ~46% of zebra finch
genome and the number of reconstructed RACFs was much higher (N=80; Table
4-2). Lastly, at 500 Kbp resolution, there were 64 RACFs reconstructed that
covered ~31% of the reference genome (Table 4-2). To minimise the
fragmentation of the reconstructed ancestral genomes and, at the same time,
maximise the coverage of the reference genome we decided to use the SF

resolution of 100 Kbp in the final reconstructions.
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Reconstructed ancestral chromosome fragments

After the selection of the optimal SF resolution for avian ancestral genome
reconstructions (100 Kbp), we used DESCHRAMBLER to generate RACFs for
14 avian ancestors in the lineage leading to the zebra finch, starting with the
Avian and passing through Neognathae, Neoavian, landbirds and Passeriformes
ancestors (Table 4-3). The generated genome reconstructions range from 46
(Eufalconimorphae ancestor) to 89 (Passerea ancestor) RACFs and covered
>77% of the reference genome (Table 4-3). We observed a lower number of
reconstructed RACFs for those ancestors for which both sides of the bifurcation
contained chromosome-level assemblies or scaffold-level assemblies with N50 >
9 Mbp (Ancestors 1, 2, 3,4, 6, 7, 8, 12 and 13; Table 4-3). The only exception to
this rule was the ancestor 6 (Psittacopasserae) presenting 65 RACFs. This result
might relate to the presence of multiple potential misassemblies in the budgerigar
genome as already mentioned in the previous chapters.

Avian ancestor chromosomes

The number of RACFs obtained for each ancestor was higher than the number
of chromosomes previously proposed based on molecular cytogenetics (Griffin
et al., 2007). For instance, Griffin and colleagues proposed an ancestral avian
karyotype (chromosomes 1-10 and Z) containing only one interchromosomal
difference to the chicken karyotype, where chicken chromosome 4 results from
the fusion of ancestral chromosomes 4 and 10 (Griffin et al., 2007). Moreover,
avian karyotypes are known to have a very low number of interchromosomal
changes, with exceptions limited to few avian lineages, such as Falconiformes
referred in the previous chapter. Considering this information and aiming at the
reduction of the fragmentation of the Avian ancestor, we ordered Avian ancestor
RACFs along chromosomes using both information from the outgroup genomes
or other, more recent and less fragmented, ancestors. Using this approach, we
generated an Avian ancestral karyotype comprising 27 chromosomes that are
homeologous to zebra finch chromosomes 1-28, 4A and Z (except 16 and 25).
We named the Avian ancestor chromosomes accordingly to their zebra finch
homeologues. The comparative visualisation of all other ancestor RACFs against
the Avian ancestor chromosomes is available at the Evolution Highway (EH)

comparative chromosome browser under the reference genome name
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“Avian:Ancestor” (http://eh-demo.ncsa.uiuc.edu/avian; subset shown in Figure
4-1).
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Figure 4-1: Avian ancestor chromosome 3, 17 and 26
representations on the Evolution Highway comparative
chromosome browser. Blue and pink blocks define
syntenic fragments, in “+” and “-“ orientation, respectively.
RACFs track represent DESCHRAMBLER-reconstructed
Avian RACFs, with numbers within blocks depicting RACF
identifiers. Eufalconimorphae, Passeriformes, and zebra
finch tracks represent chromosomes and number within
blocks depict chromosome identifiers.
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Chromosome rearrangement rates during avian genome evolution
To estimate and compare rates of chromosomal rearrangement during avian
evolution in the lineage leading to zebra finch, we calculated the number of EBRs
for each branch of the phylogenetic tree (Figure 4-2). We detected 201 EBRs
flanking rearrangements occurring during the ~100 MY of avian evolution (from
the Avian ancestor to zebra finch). The average rearrangement rate was
estimated as 2.01 EBRs/MY. The Neoavian to Passerea; Telluraves to
Eufalconimorphae; Passeriformes to Passeri and zebra finch branches had
rearrangement rates significantly higher than the average (> 3.5 EBRs/MY; FDR-
corrected p-value < 0.006; Table 4-4; Figure 4-2). The opposite trend was
observed on the branches Neognathae to Neoavian; Passerea to Telluraves and
Aequornithia; Passeri to Passeroidea and Paroidea, which had genome
rearrangement rates significantly lower than the average (<1 EBR/MY; FDR-
corrected p-value <0.03; Table 4-4; Figure 4-2).
EBRs per MY Zebra finch
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Figure 4-2: Phylogenetic tree of descendant species and reconstructed
ancestors. Branch colour represent breakpoint rates in RACFs (EBRs/MY).
Numbers on nodes represent ancestor ID as shown in Table 4-3.
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EBRs distribution in Avian ancestor chromosomes

It has been proposed that rearrangements in microchromosomes are rare and
these chromosomes represent highly conserved blocks of synteny (Romanov et
al., 2014). To test this hypothesis, we estimated the density of EBRs, detected
between the Avian ancestor and the zebra finch, for each of the reconstructed

Avian ancestor chromosomes.

We first tested if there was a difference in EBR density between chromosomes.
We observed that microchromosomes 26, 27 and 28 had significantly higher EBR
density than the average across all chromosomes (average ~0.48 EBR/Mbp;
FDR-corrected p-value <1.73E-07; Table 4-5). Specifically, these chromosomes
have EBR densities more than three times higher than the average (>1.4
EBR/Mbp; Table 4-5). Distinctively, Avian ancestor chromosomes 2, 3, 6, 8, 9
and 10 (all macrochromosomes) have EBR densities up to eight times lower than
average (FDR-corrected p-value <0.05; Table 4-5). Also with an EBR density
lower than average are Avian ancestor microchromosomes 17 and 22 that were

maintained intact during the ~100 MY of avian evolution up to the zebra finch.

Next, we tested differences in EBR density by averaging the distance between
EBRs and between the last/first EBR end/start of the chromosomes. We noted
that Avian ancestor chromosomes 26 to 28 have average distances between
EBRs significantly lower than the genome-wide average (FDR-corrected p-value
<4 16E-05; Table 4-5), in agreement with their higher than average EBR density
per Mbp. We also observed that the chromosomes with a lower EBR density per
Mbp have a higher than average distance between EBRs (FDR corrected p-value
<4 59E-06; Table 4-5).

Lastly, we tested if the EBRs were distributed uniformly across the genome, by
calculating the difference between the number of observed and expected EBRs
for each chromosome. We observed that all Avian ancestor chromosomes with
an EBR density significantly lower than average also possess fewer EBRs than
would be expected if the EBRs were distributed uniformly across the genome
(FDR-corrected p-value <0.02; Table 4-5). We noted the same trend for the
chromosomes with an EBR density higher than average, that is, these
chromosomes contain a significantly higher number of EBRs than would be
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expected from a uniform EBR distribution along the genome (FDR corrected p-
value <0.03; Table 4-5).

Table 4-5: EBR distribution and fraction within genes, CNEs, and TEs for each Avian
ancestor chromosome.

Chromosome fraction within

Avian Length EBRs Average EBR Obs - Exp
chr. (Mbp) Genes TEs CNEs Per Mbp distance (Mbp) no. EBRs
1 151.05 0.51* 0.04 0.11 0.20 472 % -7
2 126.80 0.46 * 0.10 * 0.11 0.18 * 6.04 * -8*
3 89.44 0.51* 0.05 0.11 0.14 * 5.59 * -9*
4 56.83 0.46 * 0.03* 0.09 * 0.28 3.34 2
4A 16.17 0.44 * 0.03* 0.12 0.37 231 2
5 51.05 0.54* 0.04 0.11 0.24 3.93 0
6 30.27 0.55 0.04 * 0.11 0.13* 6.06 * -3*
7 32.92 0.54* 0.12* 0.13* 0.24 3.66 0
8 21.98 0.50 * 0.05 0.14 * 0.09 * 7.33* -3*
9 22.93 0.46 * 0.04 * 0.10 0.13* 5.73* -2*
10 16.99 0.60 0.07 0.16 * 0.06 * 8.55* -3*
11 17.39 0.42* 0.16 * 0.17* 0.46 1.93* 4*
12 17.26 0.63 0.04 * 0.14 * 0.23 3.45 0
13 13.84 0.63 0.05 0.14 * 0.29 2.77 1
14 11.98 0.62 0.26 * 0.11 0.34 2.40 2
15 11.73 0.60 0.09 * 0.12 0.26 2.93 1
17 9.66 0.60 0.05 0.13* 0.00 * NA -2%
18 8.79 0.64 0.04 0.11 0.57 146 * 3*
19 8.90 0.66 * 0.04 * 0.12 0.22 2,97 0
20 10.91 0.59 0.05 0.14 * 0.28 3.64 1
21 4.15 0.82* 0.04 * 0.11 0.72 1.04* 2
22 2.03 0.64 0.03* 0.10 0.00 * NA 0
23 2.97 0.71* 0.07 0.09 0.67 0.99 * 2
24 4.57 0.66 * 0.03* 0.01* 0.66 114+ 2
26 291 0.69 * 0.06 0.08 * 1.72* 0.48* 5*
27 2.10 1.00 * 0.04 * 0.05* 1.43* 0.52* 3*
28 2.63 0.74 * 0.03 * 0.06 * 3.05* 0.38 * 8*
z 42.67 0.67* 0.06 0.05* 0.61 1.64* 16 *
Average - 0.60 0.06 0.11 0.48 3.27 -1

* Statistical significance (FDR-corrected p-value < 0.05) compared to the average across

all chromosomes.
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EBR distribution and DNA sequence features association

Diverse DNA sequence features were previously shown to associate with the
presence of EBRs. Among them are CNEs, with EBRs locating in CNE-sparse
regions (see Chapter 3), and TEs and genes that were found directly associated
with EBRs (Murphy et al., 2005, Groenen et al., 2012, Ma et al., 2006, Farré et
al.,, 2016). To detect if these DNA sequence features correlate with the
distribution of EBRs in Avian ancestor chromosomes, we tested the association
between avian CNEs, and chicken TEs and gene content, with the previously
calculated EBR density measurements. We chose the chicken annotations for

these comparisons as they are more exhaustive than those of the zebra finch.

We observed a moderate inverse correlation between the fraction of bases within
CNEs for each chromosome, and both their EBR density (EBR/Mbp) and the
difference between observed and expected number of EBRs (p-value <0.01; r =
-0.62 and -0.47, respectively; Figure 4-3). The opposite trend was observed for
the average distance between EBRS, which presented a direct association with
the fraction of bases in CNEs on Avian ancestor chromosomes (p-value = 0.005;
r = 0.53; Figure 4-3). We also noticed a direct association between the fraction of
bases within genes and both EBR density (p-value = 0.05; r = 0.35; Figure 4-3)
and the difference between observed and expected number of EBRs (p-value =
0.04; r = 0.38; Figure 4-3). The average distance between EBRs shows an
inverse association (p-value = 0.005; r = -0.53; Figure 4-3) with the fraction of
bases within genes on Avian ancestor chromosomes. No association was found
between EBR distribution and the fraction of bases within chicken TEs (Figure
4-3).
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Figure 4-3: Correlation between the fraction of bases within CNEs, TEs and genes, and
EBRs rates (EBRs per Mbp, observed-expected number of EBRs, and average EBR
distance) for Avian ancestor chromosomes. The blue line shows linear correlation, and r
and p-values show the Pearson correlation.
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Types of chromosomal rearrangements

We used GRIMM webserver (Tesler, 2002) to detect types and number of
chromosomal rearrangements that have occurred during the avian genome
evolution, by comparing Avian, Eufalconimorphae and Passeriformes ancestors,
and chicken and zebra finch genomes. The Eufalconimorphae ancestor was
chosen for this comparison as its descendant species are mainly assembled to
chromosomes or high continuity scaffold-level assemblies (6 out of 10; N50 >
9Mbp), resulting in the least fragmented ancestral genome (46 RACFs; Table
4-3). Passeriformes ancestor was also used in this comparison, as it is the
ancestor of the most speciose avian clade, with species expressing a high
phenotypical diversity. Prior to the GRIMM analysis, both Eufalconimorphae and
Passeriformes ancestors’ chromosomes were reconstructed from RACFs using

the same approach as for the Avian ancestor described above.

Only one interchromosomal rearrangement was observed, which corresponds to
the fission of the Avian ancestor chromosome 1 to form Eufalconimorphae
ancestor chromosomes 1 and 1A. The remaining rearrangements were
chromosomal inversions. We observed an increasing rate of chromosomal
inversions (number of inversions per MY) for the ancestors phylogenetically
closer to the zebra finch. From the Avian to the Eufalconimorphae ancestor the
rate of inversions was calculated as 0.77 inversions/MY, from Eufalconimorphae
to Passeriformes this rate increased to 1.64 inversions/MY and from
Passeriformes to zebra finch we observed the highest rate of 2.58 inversions/MY.
The high rearrangement rate for this last branch was previously proposed to
relate with the larger radiations this clade experienced relative to the other bird
groups (Zhang et al., 2014b).

The number of inversions detected between the five largest Avian ancestor
chromosomes (1 to 5) and its zebra finch homeologues is highly consistent
between our analysis (N=59) and that reported by Romanov and colleagues
(N=54; Romanov et al., 2014). The same does not hold for the chicken. In this
case, our reconstruction allows the detection of twice as many inversions as
those reported in (Romanov et al., 2014; 43 versus 22). This inconsistency might
relate to an overrepresentation of Galloanserae genomes in Romanov’s work (3

out of 6 genomes), which might have led to a bias of the reconstructed
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chromosomes towards Galloanserae genome structures. In fact, it is reported
that Avian ancestor chromosomes 5 and 11 do not show any change relative to
their chicken homeologues (Romanov et al., 2014). In our analysis, however,
chicken chromosomes 5 and 11 contain 4 and 3 inversions, respectively, relative

to the Avian ancestor chromosomes.

Gene ontology enrichment analysis in Avian ancestor chromosomes

In both RACF based and chromosome based analysis, we observed that Avian
ancestor chromosomes 17 and 22 were maintained intact during the ~100MY
evolution of avian genomes in the lineage leading to zebra finch. To identify if
there are functional categories of genes associated with these two chromosomes
we performed gene ontology (GO) enrichment analysis in these intact Avian
ancestor chromosomes. We observed an enrichment for genes related to cellular
process, metabolic process and biological regulation (274 out of 321 genes;
Figure 4-4).

W Biological process single-organism process (n=196)
M Cellular component ] ) )
_ biological regulation (n=176)
M Molecular function

metabolic process (n=164)

cellular process (n=226)

tumor necrosis factor receptor binding (n=5)
molecular function regulator (n=32)

binding (n=187)

extracellular region (n=78)

organelle (n=199)

cell (n=247)

9 8 7 6 5 4 3 -2 1 0
log(p-value)

Figure 4-4: GO terms enriched on Avian ancestor chromosomes 17 and 22 (p-value
<0.05; FDR <5%). Number of genes in each term are given in parenthesis. Black line
depicts p-value threshold.
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4.4 Discussion

Herein, using a combination of chromosome- and scaffold-level genome
assemblies, we performed the reconstruction of the most likely chromosome
structure of 14 avian ancestors leading to the zebra finch. The obtained RACFs
showed a high coverage of the reference genome (zebra finch) and allowed the
detection of structural differences, and their flanking EBRs, across the avian

phylogenetic tree.

Contrary to previous studies, from which the proposed ancestral avian karyotypes
included only macrochromosomes (Griffin et al., 2007, Romanov et al., 2014), the
ancestor karyotypes generated herein include microchromosomes homeologous
to zebra finch chromosomes 11 to 28 (except 16 and 25). This inclusion provided
new important insights into the evolution of avian microchromosomes.
Microchromosomes tend to have higher density of EBRs than
macrochromosomes which might relate to their higher recombination rates (twice
as high as in macrochromosomes and five times higher than in mammalian
chromosomes) which, in its turn, could relate to the requirement of at least one
chiasma point for their correct segregation during cell division (Burt, 2002,
Rodionov et al., 1992). Moreover, microchromosomes are gene-rich, and it is also
possible that the nature of transcription and the chromatin structure make these
chromosomes more susceptible to breakage and non-allelic homologous
recombination (Zody et al., 2006, Lemaitre et al., 2009). Nonetheless, we noted
that two Avian ancestor microchromosomes (17 and 22) were maintained intact
during the ~100 MY of avian evolution. Many genes located in these
chromosomes have important roles in embryonic development and controlling
cell cycle progression. For instance, NKX2-6 is known to play a role in
cardiovascular development in vertebrates (Tanaka et al., 1998) and NODAL
plays a part in the left-right axis formation in the chicken embryo (Schier and
Shen, 2000). In fact, a similar trend was previously observed in mammals where
msHSBs were found enriched for genes related to the development of the central
nervous system, bone and blood vessels (Larkin et al., 2009). The location of
many genes essential for development in these intact chromosomes might

explain why synteny was maintained during avian evolution, as changes in the
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organisation of these genomic regions could disturb gene regulation and have
deleterious effects.

EBRs were previously found associated (directly or inversely) with various DNA
sequence features. Multiple studies showed that EBRs tend to locate in genomic
regions rich in TEs, rich in genes, and sparse in CNEs (Chapter 3; Murphy et al.,
2005, Groenen et al., 2012, Ma et al., 2006, Farré et al., 2016). In this work, we
observed that the distribution of EBRs on the Avian ancestor chromosomes was
inversely correlated with their density in CNEs, suggesting that CNE density
might play a role in the fixation of chromosome rearrangements. Indeed, many
CNEs are known to be regulatory elements (Woolfe et al., 2004), so EBRs located
in regions with high CNE content would have a higher probability of disrupting
regulatory pathways, reducing their chances of being fixed in evolution. In fact,
Farré and colleagues showed that CNEs located near development-related
genes, on avian msHSBs, might contain transcription factor binding sites, and the
presence of these regulatory pathways might have contributed to the stability of

these genomic regions during avian evolution (Farré et al., 2016).

Besides the variability in EBR densities observed between chromosomes, we
also noted a high variability of rearrangement rates between phylogenetic clades,
in agreement with what was reported in (Zhang et al., 2014b). We found only two
disagreements between the differences from the average rearrangement rate
reported herein and those reported by Zhang and colleagues (Zhang et al.,
2014b). One relates to the Passeriformes to Passeri branch, which was
previously reported to have a rearrangement rate lower than the average of all
avian branches and we found it to be significantly higher. This inconsistency
might be related to the higher number of chromosome assemblies and higher
continuity of scaffold-level assemblies present in our descendant genomes set,
which facilitated the detection of rearrangements unidentified in the previous
work. In addition, the branch between the Avian and the Neognathae ancestors
is also inconsistent between ours and Zhang’s data. In this case, Zhang and
colleagues reported this branch as presenting a rearrangement rate higher than
the average while we observed a lower than average rearrangement rate. This
disagreement is probably related to the fact that most of the established Avian

ancestor RACF adjacencies were supported (spanned) by Neognathae ancestor
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RACFs, which we assumed did not contain rearrangements, in this way, our data
set might have an underrepresentation of Neognathae EBRsS. Both these
disagreements show the importance of having genomes assembled to
chromosome-level. These genomes would allow the reconstruction of less
fragmented ancestral genomes, reducing of even removing the requirement for
manual ordering and merging of RACFs, and leading to the identification of the

full collection of events that shaped extant genomes.

Despite the utility of the predicted ancestor genome structures to better
understand avian chromosome evolution, they are not free of limitations. Due to
the use of only one reference genome to define SFs, it is possible that some
ancestral sequences that are not present in the reference genome, zebra finch in
our case, were omitted from the reconstructions. Moreover, the predominance of
scaffold-level assemblies in the descendant species result in fragmented
predicted ancestral genomes. Indeed, we observed a lower number of
reconstructed RACFs for those ancestors to which both sides of the bifurcation
contained chromosome-level assemblies or scaffold-level assemblies with N50
>9 Mbp, which reinforces the importance of having high continuity genome
assemblies to facilitate the study of chromosome evolution. Moreover, as
mentioned above, this fragmentation may lead to an underrepresentation of the
number of structural differences between the ancestors, as putative EBRs
between RACFs will not be accounted, and can also result in the misclassification
of the EBRs.

The reconstruction of ancestral karyotypes is essential for the detection of the full
catalogue of events that shaped extant genomes, their time of occurrence and
their implications on the biology of species. In this chapter, the reconstruction of
the Avian ancestor karyotype offered valuable insights into the mechanisms
behind the generation of chromosome rearrangements and their fixation in the
avian lineage. Nonetheless, there are still many questions to answer. For
instance, the mechanisms behind the different propensity of some avian lineages
to generate or fix interchromosomal changes (e.g., birds of prey and penguins)

are still a matter of speculation and require further investigation.
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5.1 Upgrading fragmented genome assemblies

The contributions this thesis has made to the identification of novel patterns of
genome evolution in birds was only possible through the improvement of the
existing avian genome assemblies. The genome assembly methodology
developed herein is an important and inexpensive tool to upgrade fragmented
(e.g., next-generation sequencing (NGS)) genome assemblies to the
chromosome-level. Our approach tackles the inability of NGS methodologies to
generate long error-free contigs or scaffolds, and the lack of inexpensive mapping
technologies to upgrade NGS genomes to complete chromosome-level.
Moreover, it allows the production of chromosome-level genome assemblies that
are comparable, in continuity and reliability, to those generated using traditional
approaches (e.g., with the assistance of radiation hybrid or optical maps) while

having significantly lower cost and time requirements.

This methodology can be easily transferred to other species. The existence of
chromosome-level assemblies for many vertebrate phylogenetic groups allows
the approximation to near chromosome-scale of NGS genome assemblies, using
the reference-assisted chromosome assembly (RACA) algorithm (Kim et al.,
2013), provided these NGS genomes were generated using paired-end and mate
pair read libraries. The generation of predicted chromosome fragments (PCFSs)
not only increases genome continuity but also serves to identify likely problematic
fragments in the original genome assemblies (i.e. chimeric scaffolds). The BAC
selection methodology can be applied to any phylogenetic clade provided BAC
clone libraries are available and end-sequenced, and metaphase chromosomes
could be obtained for FISH. This task could be, however, more challenging for
other clades (e.g., mammals, amphibians or plants). For instance, a higher
repetitive genome content and lower degree of genome conservation could
reduce the number of selected probes, either because they would have limited
specificity or hybridization success, respectively; the existence of multiple
duplicated genomic regions within the target genomes (that in many cases
present high genetic diversity), could limit the mapping accuracy; and, longer
genomes would require a larger number of probes to achieve the same level of

resolution obtained for avian genomes.
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The development of advanced mapping and sequencing techniques (e.g.,
Dovetail, BioNano or PacBio) will eventually provide an opportunity to replace
RACA PCFs with longer and more complete contigs or super-scaffolds that could
be directly anchored to chromosomes. Nonetheless, these newer technologies
still suffer from multiple limitations. They are still relatively expensive, require
large amounts of high molecular weight DNA, which might be difficult to obtain
for many species, and generate super-scaffolds that span, at most, chromosome
arms. Therefore, the generated super-scaffold assemblies require further
verification and mapping to chromosomes to produce genome assemblies at the
chromosome-level. Our genome assembly approach can also tackle these
limitations. On the one hand, it can be used to improve the genome assemblies
for species to which re-sequencing with third-generation methodologies would
not be possible, either because of DNA unavailability or cost limitations. On the
other hand, it can simplify the verification and anchoring of super-scaffolds to the
species chromosomes, reducing the requirements usually associated with this

task.

5.2 Are avian genomes stable?

Avian genomes are the smallest among amniotes (Scanes, 2014). Their compact
nature results from lower repetitive DNA content, shorter genes and non-coding
regions, and the loss of paralogs (Zhang et al., 2014b). Another striking
characteristic of avian genomes is the stability of the number of chromosomes in
avian karyotypes. In fact, more than 60% of avian species karyotypes contain
~80 chromosomes (Christidis, 1990, Griffin et al., 2007) suggesting that
interchromosomal rearrangements were extremely rare during avian evolution.
Exceptions to this stability are limited to few avian lineages, such as penguins,
birds of prey (i.e. falcons and eagles), and parrots (Griffin et al., 2007, Nishida et
al., 2008, De Oliveira et al., 2005, Nanda et al., 2007). This karyotipical stability
clearly distinguishes birds from other clades, such as mammals and lizards,
where interchromosomal rearrangements are relatively common (Graphodatsky
et al.,, 2011, Organ et al., 2008, Carvalho et al., 2015). Interestingly, unlike
interchromosomal  events, intrachromosomal rearrangements  (e.g.,
chromosomal inversions) were frequent in avian evolution and are thought to be

important contributors for the phenotypic diversity observed within this Class
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(Volker et al., 2010, Skinner and Griffin, 2012, Zhang et al., 2014b). Indeed, the
average rate of rearrangements during avian evolution detected in this study (~2
EBRs/MY from the Avian ancestor to the zebra finch; Chapter 4) is slightly higher
than that observed in mammals (~1.5 EBRs/MY from the Eutherian ancestor to
the human; Kim et al., 2017). These evolutionary rates, coupled with the smaller
genome sizes in birds compared to mammals, show that despite their
karyotypical stability, avian genomes have a higher density of genome

rearrangements than, for instance, mammals.

5.3 Avian genome evolution: the role of repetitive sequences

Karyotype differences between species arise from DNA aberrations in germ cells
that were fixed during evolution. These usually result from the erroneous repair
of double-strand breaks (DSBs) either by the direct joining of incorrect DSBs or
by recombination of non-allelic homologous sequences (Schubert and Lysak,
2011, Branco and Pombo, 2006). Repetitive DNA sequences, such as
transposable elements (TEs), segmental duplications and tandem repeats, are
often used as a template for non-allelic homologous recombination (NAHR) and
because of that are considered one of the largest contributors to genome
evolution in eukaryotes (Lynch, 2007, Gregory, 2005, Wessler, 2006). Indeed,
EBRs are associated with repetitive sequences in many animal groups. Lineage-
specific EBRs were previously found enriched for segmental duplications,
tandem repeats and long terminal repeats (LTRS) in, for instance, mammals
(Murphy et al., 2005, Groenen et al., 2012, Farré et al., 2011), yeasts (Chan and
Kolodner, 2011) and Drosophila (Puerma et al., 2016). Also in birds lineage-
specific EBRs are usually enriched in LTRs (Chapter 2 and 3; Farré et al., 2016,
Skinner and Griffin, 2012), and songbird’s (e.g., zebra finch) genomes show both
an expansion of LTR elements (Kapusta and Suh, 2017, Zhang et al., 2014b) and
higher rearrangement rates than other avian clades. Altogether, these data
suggest that NAHR might have an important role generating chromosomal

changes, particularly intrachromosomal rearrangements, in avian genomes.

The repeat-poor nature of avian genomes was previously hypothesised to
contribute to the maintenance of independent chromosomes after breakage, due
to a lack of templates for chromosome merging by NAHR (Burt, 2002). This fact

could easily explain the occurrence of chromosomal fissions in the avian lineage.
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Nonetheless, the reason behind the predominance of chromosomal fusions in the
peregrine falcon, and other species with highly rearranged karyotypes (e.g.,
parrots and eagles; Nanda et al., 2007, De Oliveira et al., 2005) are still to unravel.
It is worth mentioning that peregrine falcon and woodpecker EBRs flanking
chromosomal fusions did show an increased density of TEs, but this enrichment
did not reach statistical significance. This observation raises the question if the
number of analysed fusion-flanking EBRs was just too low to detect the
association of avian chromosome fusions and TEs. As a matter of fact, the
frequency of chromosomal fusions, for instance, in mammals and amphibians is
significantly higher than in birds (Voss et al., 2011, Uno et al., 2012), correlating
with the higher repeat content of their genomes, which could endorse this
association. The same pattern is not clearly followed within birds where the highly
rearranged genomes of falcons, penguins and parrots, do not seem to associate
with higher repetitive contents. However, NGS genome sequences usually show
an underrepresentation of repetitive elements that might conceal this feature.
Furthermore, it is also possible that, as seen in the highly rearranged gibbon
genomes (Carbone et al.,, 2014), the generation of these chromosomal
rearrangements is associated with segmental duplications or unidentified clade-
specific TE families, or even result from repair mechanisms that do not require
homologous templates, such as hon-homologous end joining (Moore and Haber,
1996). Therefore, the detection and analysis at the sequence level of more EBRs
flanking avian interchromosomal rearrangements, particularly chromosomal
fusions, will be essential for the clarification of the mechanisms behind their

generation.

5.4 Avian genome evolution: advantage in maintaining synteny

A recently proposed model to explain avian genome stability hypothesises that
there is an advantage in maintaining synteny (Farré et al., 2016, Skinner and
Griffin, 2012). Indeed, avian multispecies (ms) homologous synteny blocks
(HSBs) were found significantly enriched for avian conserved non-coding
elements (CNEs) (Farré et al., 2016), which are non-coding sequences evolving
slower than at the neutral substitution rate. Many CNEs are known to be
regulatory elements or sites for transcription regulatory factors (Woolfe et al.,

2004) and, therefore, the disruption of CNE-dense regions could have a higher

178



GENERAL DISCUSSION

chance of disturbing gene regulation pathways. Birds have a higher fraction of
their genomes within CNEs (~7%; Zhang et al., 2014b) than, for instance,
mammals (~4%; Lindblad-Toh et al., 2011), which together with their smaller
genome sizes might contribute to an increased probability of genome
rearrangements having significant functional implications, reducing their chances
of fixation. In this way, one would expect that, as EBRs are regions where synteny
is broken, they would locate in genomic regions were CNE density is lower.
Indeed, the fact that the distribution of EBRs flanking intrachromosomal
rearrangements in the Avian ancestor chromosomes inversely correlates with the
fraction of the chromosome found within CNEs (Chapter 4), and genomic regions
harbouring EBRs have lower CNE density than their immediately adjacent
regions (Chapter 2 and 3), support the contribution of CNEs to the maintenance
of synteny in avian genomes. Moreover, the higher fraction of CNEs in EBRs
flanking intrachromosomal rearrangements, when compared with other EBR
types (Chapter 3) agrees with the suggestion that intrachromosomal
rearrangements might have a less dramatic effect on cis gene regulation than
chromosomal fusions or fissions (Skinner and Griffin, 2012, Romanov et al.,
2014). Additionally, the enrichment for development-related genes in the two
chromosomes maintained intact from the Avian ancestor until the zebra finch,
coupled with the association of housekeeping genes with long-range regulation
(Mongin et al., 2009, Harmston and Lenhard, 2013) also supports the hypothesis
that there is an advantage to maintain synteny in some chromosomes or
chromosomal intervals. In summary, there seems to be an advantage in the
maintenance of synteny in avian genomes as rearrangements disrupting regions
with high density of regulatory elements would have a higher probability of
disturbing regulatory pathways. Nonetheless, as not all CNEs are regulatory
elements, this feature requires further verification, which could be achieved
through the analysis of patterns of gene regulation (e.g., enhancers or
transcription factor binding sites) and their association with avian EBRs and
HSBs.

5.5 Avian interchromosomal stability
As with any other mutation, differences in chromosomal rearrangement rates,

between lineages, can result from either change in their rate of mutation or their
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rate of fixation (Burt, 2001). Indeed, these factors might help us to understand
why avian genomes appear so stable at the interchromosomal level when

compared to mammals and non-avian reptiles, for example.

Generation time and the repetitive content of a species genome are believed to
be significant contributors to mutation rate variability (Figure 5-1). In birds, these
two factors seem to have contrasting effects. The shorter generation times of
birds, relatively to other animals, could lead to a higher chance of occurrence of
genome rearrangements. In other words, for the same evolutionary period, the
shorter generation times would mean a greater number of undergone meiosis
and associated crossovers. As crossovers require the production of DSBs that
could be misrepaired, chromosomes would then have a higher chance to
rearrange. In fact, generation time was previously correlated with the differences
in rearrangement rates in human and mouse (Burt et al., 1999), and could, at
least partially, explain why the lineages leading to the short-generation-time
songbirds possess some of the highest rearrangement rates on the avian
phylogenetic tree. Interestingly, the recombination rates observed in birds (1.7-
2.6 cM/Mbp; Pigozzi, 2016) are higher than those of eutherian mammals (0.2-1.8
cM/Mbp; Segura et al., 2013)), which could also imply higher mutation rates in
avian genomes. Contrarily, as mentioned above, the low repetitive content of
avian genomes could represent a lower opportunity to change due to a dearth of
templates for NAHR (Burt, 2002) and could be counteracting the effects of
generation time and crossover requirements on the increase of the
rearrangement rates. Another factor that could influence the rate of
rearrangements would be a different stringency of the meiosis checkpoint,
proofreading and/or repair mechanisms responsible for the regulation of
chromosome pairing and recombination. A lower stringency of these mechanisms

could result in a higher frequency of rearrangements.

Independently of the rate of mutation observed in a lineage, after a chromosomal
rearrangement occurs, it will only influence the evolution of species if it is fixed.
The probability of fixation of a chromosome rearrangement can increase: (a)
simply by chance (i.e. genetic drift) in small or inbreed populations, (b) if one of
the chromosomal variants is transmitted at higher rate to the descendants (i.e.

meiotic drive), or (c) if the novel chromosome variant has selectively
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advantageous implications (Burt, 2001). Nonetheless, in large, randomly mating
populations chromosome rearrangements have a higher probability of being fixed
if they have neutral, nearly neutral or selectively advantageous implications (Burt,
2001). In this way, the compactness of avian genomes might be one of the main
contributors to their stability (Figure 5-1). This compactness was previously
hypothesised to relate to the high metabolic demands of powered flight (Gregory,
2002a, Hughes and Friedman, 2008). Indeed, this theory is supported both by
the smaller genome sizes of bats, when compared to other mammals (Gregory,
2005), and the genome size variation within the Class Aves. Flightless birds (e.qg.,
ostrich) present the largest avian genomes, and hummingbirds that have the
highest metabolic rates among birds present the smallest (Wright et al., 2014).
Nonetheless, having compact genomes with higher gene and regulatory
elements density, together with a lower number of gene family members can also
have some drawbacks. One of them would be a lower tolerance to
rearrangement. That is, the packed nature of avian genomes might increase the
chances of a chromosome rearrangement having significant functional
implications that would not be tolerated by selection. Therefore, this lineage
would have a reduced rate of fixation of novel chromosome variants. In fact,
chromosomes with a higher density of CNEs tend to have a lower density of EBRs
(Chapter 4), supporting the hypothesis that the disturbance of regulatory
pathways may play a major role in the fixation of chromosome rearrangements in
birds (Farré et al., 2016). According to this theory, we would expect that the
fixation of interchromosomal rearrangements would be further restricted
because, as mentioned above, these are believed to have more drastic effects
on cis gene regulation (Skinner and Griffin, 2012, Romanov et al., 2014). Indeed,
interchromosomal changes were rarely fixed in avian genomes, and are limited
to few avian lineages (Chapter 3 and 4; Griffin et al., 2007). Additionally, we also
observe that larger genomes, with longer non-coding regions, lower gene and
CNE density, and higher repetitive content (e.g., those of mammals and non-
avian reptiles) tend to have higher rates of interchromosomal rearrangements,
endorsing this hypothesis. These larger genomes might also have a higher
genomic plasticity. On the one hand, TEs and segmental duplications are known
to play a role in the generation of chromosome rearrangements generating

genetic diversity. On the other, the amplification of transposons and the
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generation of segmental duplications were found associated with the birth of
novel genes and regulatory sequences, and the increase of members of gene
families. These could evolve to perform new or slightly varied functions, which
could be relevant for species adaptation (Wilson et al., 2006, Newman et al.,
2005, Piacentini et al., 2014, Canapa et al., 2015). Indeed, this might be one of
the reasons why non-flying organisms present larger genomes.

NO. GERM CELL

CHROMOSOMAL
A ABERRATIONS ’
A | Generation time | A 4

v | Repeat content | A FIXATION

Genome organization

Regulatory sequences
distribution

Intergenic regions
length

FIXeD
REARRANGEMENTS

Figure 5-1: Factors contributing to the generation of chromosomal aberrations in
germ cells and their fixation in the avian and mammalian lineages. A and V¥ depict
a positive or negative contributions, respectively.

5.6 Future directions

The data reported in this thesis, together with previous works (Farré et al., 2016,
Skinner and Griffin, 2012) suggest that the overall stability of avian genomes, and
the low frequency of fixed interchromosomal changes, might relate to the higher
chance of chromosomal rearrangements to have significant functional
implications. Still, until we fully understand the forces that shaped avian genomes,
there is a long way to go. For example, the reasons behind the higher propensity
of some avian lineages to fix interchromosomal rearrangements (e.g., birds of
prey and penguins) are still a matter of future investigations. The generation,
herein, of the first chromosome-level assembly for an atypical avian karyotype
provided the first insights into the genomic features differentiating intra- and

interchromosomal changes, and the mechanisms that might be responsible for
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their generation. However, the number of chromosomal fusions and fissions
analysed so far was very low, limiting the power of the performed analysis.
Therefore, the study of avian chromosome evolution would significantly benefit
from the further availability of chromosome-level assemblies of species with
atypical avian karyotypes. These chromosome assemblies will be a valuable
resource for the detection of novel interchromosomal rearrangements fixed
during avian evolution, as well as, the more accurate dating of those already
identified. This data on their turn would be a useful resource for the study of the

implications of chromosomal rearrangements on the biology of the species.

The availability of extra chromosome-level assemblies for birds would also be
essential for a more accurate reconstruction of avian ancestral karyotypes. As we
observed in Chapter 4, the continuity of the descendant and, to a lesser extent,
outgroup genome assemblies, used for each reconstruction have a direct
influence in the fragmentation of the predicted ancestral karyotypes. Therefore,
the utilisation of less fragmented genome assemblies, ideally chromosome-level
assemblies, would not only result in less fragmented reconstructed ancestral
genomes but also increase the accuracy of the subsequent analyses. That is,
one would have access to a more comprehensive catalogue of the events that
shaped extant avian genomes and more accurately date the occurrence of such

events on the evolutionary tree.

Additionally, the role of chromatin conformation on the generation of chromosome
rearrangements in birds is also a matter for further investigation. Recently,
Berthelot and colleagues showed that the location of EBRS, on five mammalian
and three yeast genomes, could be easily explained as misrepaired breaks
between open chromatin regions, which were brought into contact by the three-
dimensional conformation of chromosomes in the nucleus (Berthelot et al., 2015).
The direct correlation between EBR density and gene content in the Avian
ancestor chromosomes (Chapter 4) could support this hypothesis. In fact, Avian
ancestor microchromosomes have the highest EBR density, which could either
be associated with their also higher recombination rates or with a higher breakage
susceptibility related to the nature of transcription and chromatin conformation of
these gene-rich chromosomes. Moreover, it is known that macro- and

microchromosomes occupy distinct territories in the nucleus (Habermann et al.,
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2001), with microchromosomes clustered in the centre and macrochromosomes
locating near the nuclear periphery. In this way, chromatin conformation might
also account for the predominance of fusions between microchromosomes on
highly rearranged avian karyotypes (Nishida et al., 2008, Nanda et al., 2007, De
Oliveira et al., 2005), since to be joined DSBs need to be physically close.
Moreover, while the radial organisation of the chromosomes in the nucleus seems
well established, the side-by-side arrangement of chromosomes is highly variable
(Habermann et al., 2001), and could explain why different microchromosomes
combinations appear fused in different avian lineages. The generation of
chromatin conformation data for avian species will clarify its association with
EBRs and give further insights into the mechanisms that govern avian genomes

evolution.
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Supplemental Table 1: Statistics of the Pekin duck original and RACA (2 rounds)

genome assemblies.

Scaffold assembly RACA default RACA 20X
Assembly statistics
No. scaffolds/PCFs 2,368 173 175
Total length (Gbp) 1.08 1.00 1.00
N50 (Mbp) 1.26 28.31 21.32
Max. scaffold/PCF length (Mbp) 6.00 113.50 104.22
No. PCFs with only one scaffold - 73 73
PCFs statistics
No. used scaffolds by RACA - 1,144 1,144
Max. no. scaffolds per PCF - 142 124
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 2 21
No. putative chimeric scaffolds/joints - 52/53 33/33
No. putative EBRs - 7 262

1 Chicken homologous chromosome: 17 and 25.
2 No chromosomal fusions detected

Supplemental Table 2: Statistics of emperor penguin original and RACA (2 rounds)

genome assemblies.

Scaffold assembly RACA default RACA 50X
Assembly statistics
No. scaffolds/PCFs 682 94 94
Total length (Gbp) 1.25 1.22 1.22
N50 (Mbp) 5.08 40.25 40.25
Max. scaffold/PCF length (Mbp) 28.26 138.35 138.35
No. PCFs with only one scaffold - 37 37
PCFs statistics
No. used scaffolds by RACA - 408 408
Max. no. scaffolds per PCF - 37 37
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 10 10!
No. putative chimeric scaffolds/joints - 25/28 25/28
No. putative EBRs - 9 102

1 Zebra finch homologous chromosome: 4A, 10, 17-19, and 21-25.

2 Fusion of zebra finch chromosomes 1-1B
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Supplemental Table 3: Statistics of Anna’s hummingbird original and RACA (2 rounds)
genome assemblies.

Scaffold assembly RACA default RACA 583X

Assembly statistics

No. scaffolds/PCFs 887 102 114
Total length (Gbp) 1.05 1.02 1.02
N50 (Mbp) 4.30 35.86 22.39
Max. scaffold/PCF length (Mbp) 23.31 96.88 86.39
No. PCFs with only one scaffold - 33 42
PCFs statistics

No. used scaffolds by RACA - 431 431
Max. no. scaffolds per PCF - 45 27
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 4 41
No. putative chimeric scaffolds/joints - 65/102 34/39
No. putative EBRs - 16 752

! Chicken homologous chromosome: 11, 17, 21 and 25.
2 No chromosomal fusions detected.

Supplemental Table 4. Statistics of chimney swift original and RACA (2 rounds)
genome assemblies.

Scaffold assembly RACA default RACA 239X

Assembly statistics

No. scaffolds/PCFs 1,172 130 132
Total length (Gbp) 1.10 1.06 1.06
N50 (Mbp) 3.88 28.48 27.05
Max. scaffold/PCF length (Mbp) 19.54 82.12 73.27
No. PCFs with only one scaffold - 50 52
PCFs statistics

No. used scaffolds by RACA - 524 524
Max. no. scaffolds per PCF - 33 26
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 7 7t
No. putative chimeric scaffolds/joints - 41/48 23/24
No. putative EBRs - 7 262

! Chicken homologous chromosome: 9, 11, 17, 19, 22, 25 and Z.
2 No chromosomal fusions detected.
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of killdeer original and RACA (2 rounds) genome

Scaffold assembly RACA default RACA 239X
Assembly statistics
No. scaffolds/PCFs 1,598 97 101
Total length (Gbp) 1.21 1.15 1.15
N50 (Mbp) 3.68 36.52 34.89
Max. scaffold/PCF length (Mbp) 21.92 112.59 112.59
No. PCFs with only one scaffold - 44 26
PCFs statistics
No. used scaffolds by RACA - 527 527
Max. no. scaffolds per PCF - a7 47
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 5 51
No. putative chimeric scaffolds/joints - 18/18 9/9
No. putative EBRs - 13 222

1 Zebra finch homologous chromosome: 8, 17, 19, 22 and 25.
2 Fusion of zebra finch chromosomes 1-1B.

Supplemental Table 6: Statistics of rock pigeon original and RACA (2 rounds) genome

assemblies.
Scaffold assembly RACA default RACA 85X
Assembly statistics
No. scaffolds/PCFs 1,081 150 134
Total length (Gbp) 1.10 1.07 1.07
N50 (Mbp) 3.15 34.54 22.17
Max. scaffold/PCF length (Mbp) 25.67 100.53 100.53
No. PCFs with only one scaffold - 65 52
PCFs statistics
No. used scaffolds by RACA - 572 572
Max. no. scaffolds per PCF - 59 56
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 51 51
No. putative chimeric scaffolds/joints - 78/109 17/18
No. putative EBRs - 1 722

1 Chicken homologous chromosome: 11, 13, 17, 22 and 25.
2 No chromosomal fusions detected.
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Supplemental Table 7: Statistics of American crow original and RACA (2 rounds)
genome assemblies.

Scaffold assembly RACA default RACA 85X

Assembly statistics

No. scaffolds/PCFs 1,156 89 88
Total length (Gbp) 1.08 1.03 1.03
N50 (Mbp) 7.08 53.50 53.50
Max. scaffold/PCF length (Mbp) 25.92 102.11 102.11
No. PCFs with only one scaffold - 35 37
PCFs statistics

No. used scaffolds by RACA - 275 275
Max. no. scaffolds per PCF - 23 23
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 6 6!
No. putative chimeric scaffolds/joints - 23/26 17/17
No. putative EBRs - 7 162

1 Zebra finch homologous chromosome: 1B, 12, 14, 17, 21 and 24.
2 No chromosomal fusions detected.

Supplemental Table 8: Statistics of common cuckoo original and RACA (2 rounds)
genome assemblies.

Scaffold assembly RACA default RACA 583X

Assembly statistics

No. scaffolds/PCFs 900 119 137
Total length (Gbp) 1.15 1.11 1.11
N50 (Mbp) 2.99 33.40 20.85
Max. scaffold/PCF length (Mbp) 14.00 82.42 79.08
No. PCFs with only one scaffold - 43 63
PCFs statistics

No. used scaffolds by RACA - 569 569
Max. no. scaffolds per PCF - 51 40
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 7 51
No. putative chimeric scaffolds/joints - 70/93 31/35
No. putative EBRs - 9 67

1 Zebra finch homologous chromosome: 14, 17, 19, 22 and 25.
2 Fusion of zebra finch chromosomes 1-1B.
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Supplemental Table 9: Statistics of little egret original and RACA (2 rounds) genome

assemblies.
Scaffold assembly RACA default RACA 85X
Assembly statistics
No. scaffolds/PCFs 1,195 100 103
Total length (Gbp) 1.20 1.15 1.15
N50 (Mbp) 3.11 37.58 30.49
Max. scaffold/PCF length (Mbp) 14.64 103.52 103.52
No. PCFs with only one scaffold - 30 35
PCFs statistics
No. used scaffolds by RACA - 601 601
Max. no. scaffolds per PCF - 40 40
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 6 71
No. putative chimeric scaffolds/joints - 34/34 17/17
No. putative EBRs - 9 262

1 Zebra finch homologous chromosome: 1A, 10, 17, 19, 21, 22 and 25.
2 Fusion of zebra finch chromosomes 1-1B and 9-14.

Supplemental Table 10: Statistics of peregrine falcon original and RACA (2 rounds)

genome assemblies.

Scaffold assembly RACA default RACA 583X
Assembly statistics
No. scaffolds/PCFs 723 113 97
Total length (Gbp) 1.17 1.14 1.14
N50 (Mbp) 3.94 27.44 26.78
Max. scaffold/PCF length (Mbp) 18.33 110.36 73.36
No. PCFs with only one scaffold - 43 29
PCFs statistics
No. used scaffolds by RACA - 478 478
Max. no. scaffolds per PCF - 41 37
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 8 6!
No. putative chimeric scaffolds/joints - 72185 23/23
No. putative EBRs - 25 582

1 Zebra finch homologous chromosome: 4A, 9,

11, 14, 17 and 19.

2 Fusion of zebra finch chromosomes 1-1B, 2-23 and 5-20.
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Supplemental Table 11: Statistics of medium ground finch original and RACA (2
rounds) genome assemblies.

Scaffold assembly RACA default RACA 85X

Assembly statistics

No. scaffolds/PCFs 1,168 46 91
Total length (Gbp) 1.04 0.99 0.99
N50 (Mbp) 5.28 55.14 36.73
Max. scaffold/PCF length (Mbp) 30.50 113.25 94.17
No. PCFs with only one scaffold - 6 6
PCFs statistics

No. used scaffolds by RACA - 373 373
Max. no. scaffolds per PCF - 46 29
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 21 6!
No. putative chimeric scaffolds/joints - 21/23 13/14
No. putative EBRs - 8 172

1 Zebra finch homologous chromosome: 4A, 8, 13-15 and 17.
2 Fusion of zebra finch chromosomes 1-1B.

Supplemental Table 12: Statistics of the golden-collared manakin original and RACA
(2 rounds) genome assemblies.

Scaffold assembly RACA default RACA 583X

Assembly statistics

No. scaffolds/PCFs 954 95 97
Total length (Gbp) 1.05 1.02 1.02
N50 (Mbp) 2.86 45.22 36.36
Max. scaffold/PCF length (Mbp) 12.47 96.35 95.91
No. PCFs with only one scaffold - 26 29
PCFs statistics

No. used scaffolds by RACA - 566 566
Max. no. scaffolds per PCF - 58 57
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 3 3!
No. putative chimeric scaffolds/joints - 30/34 11/11
No. putative EBRs - 17 407

1 Zebra finch homologous chromosome: 17, 20 and 25.
2 Fusion of zebra finch chromosomes 1-1B.
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of the budgerigar original and RACA (2 rounds)

Scaffold assembly RACA default RACA 50X
Assembly statistics
No. scaffolds/PCFs 1,138 84 86
Total length (Gbp) 1.08 1.04 1.04
N50 (Mbp) 11.41 46.54 38.57
Max. scaffold/PCF length (Mbp) 39.89 147.08 137.80
No. PCFs with only one scaffold - 29 30
PCFs statistics
No. used scaffolds by RACA - 254 254
Max. no. scaffolds per PCF - 22 17
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 6 8!
No. putative chimeric scaffolds/joints - 80/154 54/85
No. putative EBRs - 13 812

1 Zebra finch homologous chromosome: 10, 11, 15, 17, 18, 20, 21 and 25.
2 Fusions of zebra finch chromosomes 1-1B, 1-4, 3-Z, 4-1A, 5-14, 6-7, 8-9-4A and 8-9.

Supplemental Table 14: Statistics of the crested ibis original and RACA (2 rounds)

genome assemblies.

Scaffold assembly RACA default RACA 583X
Assembly statistics
No. scaffolds/PCFs 1,479 101 105
Total length (Gbp) 1.20 1.15 1.15
N50 (Mbp) 5.35 41.93 38.73
Max. scaffold/PCF length (Mbp) 27.02 74.83 74.83
No. PCFs with only one scaffold - 31 37
PCFs statistics
No. used scaffolds by RACA - 422 422
Max. no. scaffolds per PCF - 26 26
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 8 71
No. putative chimeric scaffolds/joints - 35/40 32/36
No. putative EBRs - 10 142

1 Zebra finch homologous chromosome: 4A, 10, 14, 17, 19, 24 and 25.
2 Fusion of zebra finch chromosomes 1-1B.
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Supplemental Table 15: Statistics of the hoatzin original and RACA (2 rounds) genome
assemblies.

Scaffold assembly RACA default RACA 239X

Assembly statistics

No. scaffolds/PCFs 1,620 158 163
Total length (Gbp) 1.20 1.14 1.14
N50 (Mbp) 2.94 35.40 25.07
Max. scaffold/PCF length (Mbp) 13.34 73.74 68.95
No. PCFs with only one scaffold - 80 81
PCFs statistics

No. used scaffolds by RACA - 680 680
Max. no. scaffolds per PCF - 46 34
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 2 21
No. putative chimeric scaffolds/joints - 26/28 12/12
No. putative EBRs - 8 242

! Chicken homologous chromosome: 17 and 19.
2 Fusion of zebra finch chromosomes 1-2 and 1-3.

Supplemental Table 16: Statistics of the downy woodpecker original and RACA (2
rounds) genome assemblies.

Scaffold assembly RACA default RACA 85X

Assembly statistics

No. scaffolds/PCFs 1,944 116 144
Total length (Gbp) 1.15 1.05 1.05
N50 (Mbp) 2.12 25.71 14.74
Max. scaffold/PCF length (Mbp) 8.70 86.58 45.67
No. PCFs with only one scaffold 10.00 193.56 193.56
PCFs statistics

No. used scaffolds by RACA - 755 755
Max. no. scaffolds per PCF - 32 40
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 7 21
No. putative chimeric scaffolds/joints - 102/131 16/16
No. putative EBRs - 12 1272

1 Zebra finch homologous chromosome: 11 and 17.
2 Fusion of zebra finch chromosomes 1-1A, 1-1B, 1-5, 4-12 and 18-23.
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Supplemental Table 17: Statistics of the Adélie penguin original and RACA (2 rounds)
genome assemblies.

Scaffold assembly RACA default RACA 239X

Assembly statistics

No. scaffolds/PCFs 819 105 105
Total length (Gbp) 1.21 1.17 1.17
N50 (Mbp) 5.23 39.67 39.67
Max. scaffold/PCF length (Mbp) 22.86 104.22 94.42
No. PCFs with only one scaffold - 36 38
PCFs statistics

No. used scaffolds by RACA - 433 433
Max. no. scaffolds per PCF - 36 34
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 5 51
No. putative chimeric scaffolds/joints - 32/39 25/30
No. putative EBRs - 9 182

1 Zebra finch homologous chromosome: 7, 17, 19, 22 and 25.
2 Fusion of zebra finch chromosomes 1-1B and 1-2.

Supplemental Table 18: Statistics of the ostrich original and RACA (2 rounds) genome
assemblies.

Scaffold assembly RACA default RACA 239X

Assembly statistics

No. scaffolds/PCFs 1,179 100 136
Total length (Gbp) 1.22 1.17 1.17
N50 (Mbp) 3.64 37.95 28.09
Max. scaffold/PCF length (Mbp) 19.38 109.84 82.53
No. PCFs with only one scaffold - 34 71
PCFs statistics

No. used scaffolds by RACA - 588 588
Max. no. scaffolds per PCF - 65 50
Min. no. scaffolds per PCF - 1 1
No. PCFs homologous to ref. chrs. - 7 3t
No. putative chimeric scaffolds/joints - 59/69 31/35
No. putative EBRs - 13 412

! Chicken homologous chromosome: 10, 17 and 19.
2 No chromosomal fusions detected.
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Supplemental Table 21: Chicken genome intervals corresponding to lineage-specific
intrachromosomal EBRs identified in PCFs.

Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
1* 1,324,619 1,324,781 163 Peregrine falcon
1 7,914,166 7,914,167 2 Peregrine falcon
1 9,872,482 9,872,484 3 Peregrine falcon
1 21,932,380 21,936,303 3,924 Downy woodpecker
1 33,348,237 33,350,745 2,509 Common cuckoo
1 33,824,637 33,828,021 3,385 Downy woodpecker
1 35,392,489 35,394,306 1,818 Common cuckoo
1 38,055,896 38,057,449 1,554 Downy woodpecker
1 38,853,269 39,044,295 191,027 Downy woodpecker
1 39,389,690 39,389,690 1 Downy woodpecker
1 39,724,692 39,724,692 1 Peregrine falcon
1 40,123,986 40,124,810 825 Downy woodpecker
1 41,516,148 41,516,265 118 Downy woodpecker
1 42,081,101 42,205,802 124,702 Downy woodpecker
1 42,685,446 42,685,446 1 Downy woodpecker
1 44,020,767 44,022,569 1,803 Downy woodpecker
1 47,071,306 47,073,066 1,761 Common cuckoo
1 47,777,668 47,778,702 1,035 Common cuckoo
1 50,556,002 50,556,002 1 Killdeer
1 52,837,638 52,851,425 13,788 Common cuckoo
1 52,967,996 52,969,436 1,441 Common cuckoo
1 53,229,893 53,250,063 20,171 Budgerigar
1 54,853,256 54,853,256 1 Rock pigeon
1 54,885,460 54,885,803 344 Medium ground finch
1 56,529,702 56,529,912 211 Medium ground finch
1 56,805,853 56,805,893 41 Common cuckoo
1 58,454,505 58,455,171 667 Rock pigeon
1 58,565,360 58,573,289 7,930 Common cuckoo
1 59,807,065 59,834,895 27,831 Downy woodpecker
1 61,926,418 61,926,798 381 Hoatzin
1 62,234,293 62,234,311 19 Anna's hummingbird
1 62,318,387 62,323,552 5,166 Budgerigar
1 65,315,377 65,315,929 553 Pekin duck
1 65,445,425 65,445,859 435 Common cuckoo
1 66,859,181 66,859,181 1 Golden-collared manakin
1 67,000,350 67,014,237 13,888 Golden-collared manakin
1 67,312,349 67,312,349 1 Medium ground finch
1 67,331,644 67,331,856 213 Downy woodpecker
1 68,548,636 68,548,636 1 Golden-collared manakin
1 69,682,077 69,986,593 304,517 Medium ground finch
1 71,529,095 71,529,095 1 Downy woodpecker
1 72,413,659 72,434,324 20,666 Killdeer
1 73,158,774 73,161,389 2,616 Downy woodpecker
1 75,209,222 75,218,460 9,239 Rock pigeon
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
1 75,241,162 75,241,169 8 Anna’'s hummingbird
1 76,358,872 76,358,872 1 Chimney swift
1 77,425,720 77,452,619 26,900 Hoatzin
1 77,738,412 77,747,032 8,621 Chicken
1 78,767,337 78,767,337 1 American crow
1 82,312,639 82,312,639 1 Little egret
1 82,456,422 82,457,288 867 Budgerigar
1 82,645,407 82,645,408 2 Little egret
1 83,897,504 83,897,504 1 Zebra finch
1 83,978,044 83,985,031 6,988 American crow
1 86,730,431 86,812,265 81,835 Budgerigar
1 86,968,682 86,979,826 11,145 Budgerigar
1 86,980,066 86,980,066 1 Rock pigeon
1 87,456,636 87,456,702 67 Rock pigeon
1 87,943,749 87,943,749 1 Chimney swift
1 88,828,570 88,828,570 1 Budgerigar
1 92,050,387 92,194,398 144,012 Downy woodpecker
1 92,422,861 92,422,861 1 Golden-collared manakin
1 93,639,934 93,788,586 148,653 Ostrich
1 94,858,217 94,907,354 49,138 Golden-collared manakin
1 95,026,680 95,026,683 4 Ostrich
1 97,363,066 97,365,022 1,957 Budgerigar
1 98,960,107 98,962,865 2,759 Rock pigeon
1 104,196,498 104,198,856 2,359 Peregrine falcon
1 105,957,571 105,961,222 3,652 Medium ground finch
1 121,247,582 121,508,290 260,709 Downy woodpecker
1 122,092,352 122,240,347 147,996 Downy woodpecker
1 127,819,517 127,840,705 21,189 Peregrine falcon
1 131,341,766 131,343,747 1,982 Downy woodpecker
1 148,452,311 148,518,437 66,127 Hoatzin
1 150,963,319 150,965,218 1,900 Hoatzin
1 153,017,132 153,018,044 913 Hoatzin
1 154,606,088 154,606,091 4 Hoatzin
1 157,084,126 157,171,230 87,105 Golden-collared manakin
1 171,597,547 171,597,547 1 Golden-collared manakin
1 182,043,126 182,045,369 2,244 Common cuckoo
1 187,962,399 187,963,769 1,371 Common cuckoo
1 189,456,635 189,456,635 1 Common cuckoo
1 189,474,286 189,476,678 2,393 Downy woodpecker
1 189,686,791 189,695,360 8,570 Common cuckoo
1 192,817,426 192,817,426 1 Golden-collared manakin
1 194,821,153 194,821,381 229 Zebra finch
1 194,821,464 194,821,472 9 Medium ground finch
1 194,821,985 194,821,985 1 American crow
1 195,080,098 195,080,972 875 Golden-collared manakin
2 575,171 575,171 1 Downy woodpecker
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
2 740,124 771,016 30,893 Downy woodpecker
2 933,416 970,871 37,456 Chicken
2 3,302,429 3,339,177 36,749 American crow
2 4,047,517 4,051,130 3,614 Chicken
2 16,342,908 16,356,265 13,358 Downy woodpecker
2 16,814,606 16,816,230 1,625 Downy woodpecker
2 20,160,346 20,218,646 58,301 Downy woodpecker
2 22,519,923 22,522,434 2,512 Downy woodpecker
2 22,629,761 22,639,145 9,385 Downy woodpecker
2 38,523,087 39,018,675 495,589 Downy woodpecker
2 42,026,243 42,026,362 120 Anna's hummingbird
2 42,751,087 42,759,634 8,548 Killdeer
2 46,620,064 46,689,875 69,812 Ostrich
2 48,701,814 48,702,717 904 Downy woodpecker
2 49,112,877 49,126,739 13,863 Medium ground finch
2 49,527,118 49,527,424 307 Common cuckoo
2 51,759,577 51,759,797 221 Rock pigeon
2 51,765,593 51,766,698 1,106 Downy woodpecker
2 53,056,764 53,135,014 78,251 Downy woodpecker
2 53,256,537 53,367,804 111,268 Downy woodpecker
2 54,272,754 54,305,600 32,847 Downy woodpecker
2 55,410,564 55,416,892 6,329 Ostrich
2 55,642,735 55,643,492 758 Killdeer
2 56,145,819 56,146,033 215 Ostrich
2 60,298,302 60,299,930 1,629 Hoatzin
2 66,011,278 66,011,285 8 Pekin duck
2 66,151,441 66,271,555 120,115 Pekin duck
2 67,767,268 67,863,753 96,486 Ostrich
2 69,061,190 69,061,471 282 Rock pigeon
2 70,533,769 70,563,825 30,057 Peregrine falcon
2 71,510,804 71,511,287 484 Hoatzin
2 71,793,435 71,797,780 4,346 Hoatzin
2 72,379,117 72,383,528 4,412 Rock pigeon
2 72,734,095 73,514,078 779,984 Downy woodpecker
2 76,709,142 76,789,521 80,380 Peregrine falcon
2 78,384,636 78,553,908 169,273 Hoatzin
2 79,882,598 79,887,476 4,879 Ostrich
2 83,507,539 83,507,539 1 Chimney swift
2 89,783,693 89,784,127 435 Ostrich
2 90,260,464 90,288,914 28,451 Ostrich
2 94,331,459 94,331,459 1 Pekin duck
2 94,817,167 94,817,204 38 Crested ibis
2 117,911,790 117,952,433 40,644 Downy woodpecker
2 118,143,745 118,154,613 10,869 Downy woodpecker
2 119,950,140 119,972,203 22,064 Downy woodpecker
2 127,246,840 127,254,216 7,377 Downy woodpecker
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
2 128,704,087 128,857,209 153,123 Downy woodpecker
2 131,638,024 131,650,999 12,976 Downy woodpecker
2 135,975,490 136,020,100 44,611 Downy woodpecker
2 137,836,594 137,836,594 1 Downy woodpecker
2 145,288,679 145,289,895 1,217 Peregrine falcon
2 147,841,658 147,846,069 4,412 Peregrine falcon
2 148,488,047 148,609,211 121,165 Downy woodpecker
3 358,844 358,861 18 Ostrich
3 368,550 369,135 586 Little egret
3 3,034,702 3,034,702 1 Anna’'s hummingbird
3 4,376,061 4,442,399 66,339 Medium ground finch
3 5,595,577 5,596,227 651 Downy woodpecker
3 7,787,812 7,790,691 2,880 Medium ground finch
3 8,037,333 8,037,339 7 Crested ibis
3 8,468,065 8,487,821 19,757 Zebra finch
3 8,868,324 8,869,649 1,326 Downy woodpecker
3 9,833,952 9,843,064 9,113 Downy woodpecker
3 11,265,986 11,331,561 65,576 Downy woodpecker
3 11,788,564 11,931,057 142,494 Pekin duck
3 14,698,909 14,698,991 83 Pekin duck
3 14,907,931 14,908,026 96 Anna's hummingbird
3 16,099,443 16,099,443 1 Anna's hummingbird
3 16,277,069 16,282,622 5,554 Pekin duck
3 16,560,813 16,561,175 363 Pekin duck
3 17,044,186 17,044,287 102 Medium ground finch
3 17,204,230 17,204,377 148 Anna's hummingbird
3 18,085,092 18,085,129 38 Little egret
3 20,360,470 20,390,407 29,938 Downy woodpecker
3 21,255,139 21,255,624 486 Pekin duck
3 28,486,591 28,492,732 6,142 Little egret
3 34,684,038 34,707,599 23,562 Common cuckoo
3 37,224,845 37,224,884 40 Ostrich
3 40,468,377 40,468,377 1 Peregrine falcon
3 41,741,126 41,741,126 1 Ostrich
3 42,163,223 42,177,332 14,110 Anna's hummingbird
3 44,454,971 44,454,971 1 Hoatzin
3 44,938,858 45,008,487 69,630 Little egret
3 45,137,673 45,138,888 1,216 Little egret
3 51,455,834 51,493,028 37,195 Anna's hummingbird
3 54,138,507 54,296,678 158,172 Chimney swift
3 54,463,251 54,463,251 1 Chimney swift
3 70,642,853 70,676,555 33,703 Peregrine falcon
3 72,550,375 72,645,551 95,177 Anna's hummingbird
3 75,252,841 75,252,847 7 Little egret
3 80,928,188 80,928,188 1 Anna’'s hummingbird
3 81,830,467 81,830,467 1 Downy woodpecker
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
3 86,132,103 86,226,836 94,734 Little egret
3 89,598,019 89,724,626 126,608 Hoatzin
3 93,358,971 93,359,489 519 Downy woodpecker
3 96,056,488 96,058,210 1,723 Common cuckoo
3 96,521,843 96,540,436 18,594 Chimney swift
3 104,838,689 104,841,842 3,154 Chimney swift
3 104,884,266 104,889,327 5,062 Common cuckoo
3 106,856,698 106,856,887 190 Peregrine falcon
3 107,044,848 107,046,677 1,830 Common cuckoo
3 109,477,426 109,606,728 129,303 Pekin duck
4 2,019,931 2,019,931 1 Rock pigeon
4 2,168,787 2,169,536 750 Downy woodpecker
4 2,809,725 2,836,575 26,851 Downy woodpecker
4 2,878,046 2,891,784 13,739 Zebra finch
4 2,896,163 2,897,345 1,183 American crow
4 3,389,896 3,392,150 2,255 Downy woodpecker
4 3,568,049 3,569,038 990 Downy woodpecker
4 8,692,434 8,706,528 14,095 Rock pigeon
4 8,950,764 8,953,036 2,273 Ostrich
4 9,481,867 9,482,034 168 Chicken
4 10,385,714 10,387,281 1,568 Golden-collared manakin
4 10,431,665 10,431,665 1 American crow
4 11,241,217 11,245,088 3,872 Common cuckoo
4 12,172,096 12,172,697 602 Common cuckoo
4 12,319,271 12,319,271 1 Hoatzin
4 12,526,470 12,526,470 1 Hoatzin
4 13,341,463 13,345,322 3,860 American crow
4 13,376,069 13,376,069 1 Zebra finch
4 14,271,322 14,276,754 5,433 Common cuckoo
4 16,440,544 16,454,169 13,626 Rock pigeon
4 17,287,000 17,287,000 1 Golden-collared manakin
4 17,478,797 17,528,495 49,699 Anna's hummingbird
4 17,984,483 18,146,735 162,253 Rock pigeon
4 24,682,558 24,691,545 8,988 Pekin duck
4 25,024,582 25,030,089 5,508 Zebra finch
4 31,427,645 31,427,649 5 Downy woodpecker
4 33,783,259 33,784,601 1,343 Ostrich
4 34,771,968 34,811,614 39,647 Rock pigeon
4 41,846,597 41,861,041 14,445 Anna's hummingbird
4 44,089,766 44,090,417 652 Anna's hummingbird
4 44,679,114 44,748,236 69,123 Chimney swift
4 45,054,535 45,057,881 3,347 Rock pigeon
4 46,430,075 46,434,084 4,010 Chimney swift
4 48,576,319 48,577,424 1,106 Rock pigeon
4 48,580,539 48,582,365 1,827 Hoatzin
4 51,022,548 51,023,909 1,362 Rock pigeon
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
4 56,808,569 56,809,104 536 Chimney swift
4 56,811,785 56,814,560 2,776 Anna's hummingbird
4 59,605,527 59,624,845 19,319 Anna’'s hummingbird
4 60,644,106 60,644,798 693 Peregrine falcon
4 60,901,745 60,901,783 39 Peregrine falcon
4 72,988,972 73,026,637 37,666 Downy woodpecker
4 76,311,431 76,317,989 6,559 Downy woodpecker
5 761,364 761,366 3 Common cuckoo
5 1,384,513 1,400,436 15,924 Downy woodpecker
5 2,128,829 2,129,441 613 Downy woodpecker
5 4,588,471 4,589,857 1,387 Common cuckoo
5 7,671,466 7,673,370 1,905 Budgerigar
5 7,693,156 7,694,301 1,146 Hoatzin
5 7,886,229 7,886,242 14 Budgerigar
5 8,922,237 8,922,254 18 Hoatzin
5 11,920,700 11,924,676 3,977 Peregrine falcon
5 13,575,913 13,575,996 84 Downy woodpecker
5 14,133,276 14,134,077 802 Anna's hummingbird
5 15,291,760 15,296,906 5,147 Anna's hummingbird
5 15,641,676 15,673,140 31,465 Budgerigar
5 16,015,073 16,015,122 50 Crested ibis
5 17,109,172 17,109,172 1 Budgerigar
5 18,002,362 18,002,362 1 Hoatzin
5 18,791,571 18,796,928 5,358 Budgerigar
5 18,938,336 19,627,327 688,992 Budgerigar
5 20,683,043 20,683,043 1 Budgerigar
5 21,305,603 21,306,716 1,114 Downy woodpecker
5 21,673,016 21,673,807 792 Common cuckoo
5 22,198,049 22,198,068 20 Peregrine falcon
5 24,127,609 24,127,609 1 Common cuckoo
5 24,751,847 24,843,616 91,770 Peregrine falcon
5 25,463,669 25,483,787 20,119 Budgerigar
5 26,807,683 26,807,683 1 Budgerigar
5 27,253,920 27,255,545 1,626 Anna’'s hummingbird
5 28,319,875 28,326,198 6,324 Downy woodpecker
5 38,162,262 38,162,265 4 Common cuckoo
5 40,665,735 40,666,168 434 Rock pigeon
5 40,911,824 40,911,924 101 Rock pigeon
5 42,301,909 42,301,914 6 Peregrine falcon
5 43,542,798 43,542,798 1 Killdeer
5 51,438,383 51,487,667 49,285 Common cuckoo
5 51,615,197 51,762,500 147,304 Common cuckoo
5 55,173,177 55,173,807 631 Killdeer
5 55,426,754 55,437,970 11,217 Common cuckoo
5 56,370,596 56,371,718 1,123 Pekin duck
5 57,177,811 57,326,175 148,365 Pekin duck
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
5 57,433,788 57,461,454 27,667 Pekin duck
5 57,851,771 57,909,985 58,215 Budgerigar
5 58,107,431 58,109,471 2,041 Common cuckoo
6 417,995 542,177 124,183 Common cuckoo
6 2,058,827 2,126,276 67,450 Rock pigeon
6 6,072,764 6,073,950 1,187 Rock pigeon
6 12,716,102 12,716,491 390 Rock pigeon
6 25,354,032 25,354,032 1 Common cuckoo
6 29,927,592 29,936,107 8,516 Peregrine falcon
6 31,551,126 31,552,283 1,158 Downy woodpecker
7 290,521 295,591 5,071 Common cuckoo
7 825,542 1,045,773 220,232 Common cuckoo
7 1,369,022 1,406,101 37,080 Rock pigeon
7 2,045,976 2,052,574 6,599 Downy woodpecker
7 2,206,856 2,207,754 899 Golden-collared manakin
7 4,510,237 4,527,867 17,631 Anna's hummingbird
7 7,052,486 7,052,548 63 Rock pigeon
7 9,277,413 9,280,798 3,386 Rock pigeon
7 9,523,349 9,524,330 982 Downy woodpecker
7 10,733,844 10,784,677 50,834 Downy woodpecker
7 10,956,314 10,958,951 2,638 Anna's hummingbird
7 11,001,647 11,001,672 26 Pekin duck
7 12,024,636 12,033,468 8,833 Anna's hummingbird
7 12,806,084 12,851,916 45,833 Anna's hummingbird
7 13,397,507 13,403,118 5,612 Rock pigeon
7 21,350,970 21,350,970 1 Budgerigar
7 27,742,887 27,742,887 1 Pekin duck
7 27,805,172 27,805,204 33 Zebra finch
7 27,887,466 27,888,223 758 Pekin duck
7 30,730,753 30,730,753 1 Downy woodpecker
8 1,251,761 1,252,175 415 Hoatzin
8 1,337,923 1,338,893 971 Little egret
8 3,855,688 3,866,664 10,977 Common cuckoo
8 4,294,526 4,295,791 1,266 Common cuckoo
8 4,856,037 4,856,051 15 Budgerigar
8 6,056,932 6,057,001 70 Budgerigar
8 6,566,747 6,566,748 2 Budgerigar
8 7,053,877 7,082,088 28,212 Chimney swift
8 7,754,950 7,758,870 3,921 Chimney swift
8 8,648,899 8,738,923 90,025 Ostrich
8 10,595,445 10,597,333 1,889 Hoatzin
8 12,488,814 12,489,366 553 Budgerigar
8 12,745,940 12,746,680 741 Common cuckoo
8 14,951,943 14,956,243 4,301 Budgerigar
8 15,379,696 15,383,955 4,260 Golden-collared manakin
8 22,876,667 22,877,454 788 Downy woodpecker
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
8 27,565,916 27,568,285 2,370 Downy woodpecker
8 27,906,361 27,913,531 7,171 Downy woodpecker
8 27,971,511 27,973,433 1,923 American crow
9 798,704 882,024 83,321 Anna's hummingbird
9 907,413 909,349 1,937 Medium ground finch
9 1,054,635 1,057,658 3,024 Chimney swift
9 15,661,968 15,665,081 3,114 Little egret
9 20,151,338 20,238,734 87,397 Downy woodpecker
9 23,308,061 23,308,061 1 Crested ibis
10 899,404 899,873 470 Common cuckoo
10 2,429,267 2,429,267 1 Peregrine falcon
10 3,607,483 3,609,720 2,238 Zebra finch
10 6,364,433 6,373,124 8,692 Common cuckoo
10 7,419,216 7,419,647 432 American crow
10 7,420,556 7,420,556 1 Rock pigeon
10 11,159,134 11,162,024 2,891 Downy woodpecker
10 17,152,487 17,156,616 4,130 Downy woodpecker
10 19,561,265 19,568,428 7,164 Downy woodpecker
11 450,253 451,600 1,348 Common cuckoo
11 579,593 580,199 607 Pekin duck
11 1,642,022 1,642,907 886 Common cuckoo
11 2,655,635 2,701,405 45,771 Rock pigeon
11 2,777,908 2,781,479 3,572 Hoatzin
11 3,162,057 3,162,943 887 Rock pigeon
11 7,229,719 7,229,719 1 Golden-collared manakin
11 9,337,792 9,338,814 1,023 Killdeer
11 10,794,981 10,794,981 1 Common cuckoo
11 13,237,579 13,237,629 51 Zebra finch
11 14,594,769 14,594,785 17 Rock pigeon
11 14,855,343 14,856,626 1,284 Downy woodpecker
11 16,240,932 16,241,424 493 Hoatzin
11 17,094,551 17,103,456 8,906 Zebra finch
11 19,160,714 19,162,117 1,404 Common cuckoo
12 1,198,422 1,198,422 1 Zebra finch
12 1,352,683 1,353,042 360 Peregrine falcon
12 2,718,109 2,746,781 28,673 Budgerigar
12 2,912,454 2,922,124 9,671 Budgerigar
12 3,455,409 3,465,525 10,117 Budgerigar
12 3,466,651 3,466,651 1 Chimney swift
12 8,940,900 8,942,182 1,283 Budgerigar
12 14,333,129 14,335,867 2,739 Chimney swift
12 19,435,017 19,438,519 3,503 Budgerigar
13 377,359 378,569 1,211 Golden-collared manakin
13 382,240 382,273 34 Common cuckoo
13 1,101,452 1,214,493 113,042 Anna’'s hummingbird
13 2,187,716 2,189,266 1,551 Downy woodpecker
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
13 6,044,597 6,059,379 14,783 Downy woodpecker
13 7,522,358 7,523,236 879 Rock pigeon
13 7,768,752 7,768,893 142 Ostrich
13 10,816,579 10,817,280 702 Budgerigar
13 12,464,088 12,465,365 1,278 Ostrich
13 15,374,295 15,385,423 11,129 Downy woodpecker
13 15,967,876 15,972,117 4,242 Common cuckoo
13 16,164,641 16,166,145 1,505 Rock pigeon
13 16,493,451 16,624,456 131,006 Common cuckoo
13 17,498,859 17,503,648 4,790 Rock pigeon
13 17,576,536 17,576,554 19 Ostrich
14 147,260 148,688 1,429 Budgerigar
14 650,373 666,763 16,391 Peregrine falcon
14 937,549 937,874 326 Chicken
14 9,302,911 9,302,923 13 Common cuckoo
14 10,118,823 10,133,384 14,562 Anna's hummingbird
14 11,784,234 11,784,392 159 Ostrich
14 12,237,309 12,238,841 1,533 Rock pigeon
14 12,687,067 12,732,406 45,340 Budgerigar
14 13,216,528 13,228,098 11,571 Anna's hummingbird
14 13,393,288 13,399,010 5,723 Ostrich
14 13,789,331 13,789,360 30 Pekin duck
14 13,849,959 13,886,885 36,927 Common cuckoo
15 329,422 331,846 2,425 Golden-collared manakin
15 1,413,641 1,414,233 593 Rock pigeon
15 5,195,562 5,196,215 654 Common cuckoo
15 7,715,147 7,716,336 1,190 Killdeer
15 7,795,924 7,795,924 1 Emperor penguin
17 547,870 549,871 2,002 Anna's hummingbird
17 2,872,949 2,876,352 3,404 Anna's hummingbird
17 5,876,933 5,880,625 3,693 Peregrine falcon
17 6,771,735 6,772,976 1,242 Budgerigar
17 8,311,265 8,315,794 4,530 Anna's hummingbird
17 8,315,911 8,316,843 933 Peregrine falcon
17 10,244,185 10,247,259 3,075 Anna's hummingbird
18 2,939,704 2,972,051 32,348 Common cuckoo
18 2,981,417 2,983,622 2,206 Downy woodpecker
18 3,331,733 3,449,560 117,828 Chimney swift
18 3,644,093 3,653,222 9,130 Ostrich
18 4,437,561 4,437,561 1 Peregrine falcon
18 5,037,402 5,038,354 953 Hoatzin
18 6,545,499 6,545,499 1 Zebra finch
18 6,964,001 6,964,660 660 Pekin duck
18 8,250,967 8,460,497 209,531 Zebra finch
18 9,771,220 9,771,928 709 Budgerigar
18 10,054,990 10,056,308 1,319 Common cuckoo
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
18 10,251,803 10,251,842 40 Chicken
18 10,696,637 10,696,637 1 Pekin duck
19 380,851 400,944 20,094 Downy woodpecker
19 2,753,538 2,860,369 106,832 Rock pigeon
19 3,504,418 3,504,418 1 Anna's hummingbird
19 5,337,519 5,337,790 272 Anna’'s hummingbird
19 8,082,668 8,086,091 3,424 Downy woodpecker
19 9,797,203 9,798,132 930 Crested ibis
20 486,582 486,582 1 Common cuckoo
20 1,670,748 1,795,324 124,577 Common cuckoo
20 1,834,883 1,834,950 68 Anna's hummingbird
20 1,970,278 1,995,633 25,356 Rock pigeon
20 2,710,064 3,061,871 351,808 Downy woodpecker
20 4,166,600 4,170,591 3,992 Downy woodpecker
20 4,199,659 4,200,558 900 Anna's hummingbird
20 5,489,616 5,490,537 922 Crested ibis
20 5,603,676 5,728,438 124,763 Anna’'s hummingbird
20 9,076,643 9,076,689 47 Downy woodpecker
20 11,104,544 11,104,593 50 Ostrich
20 13,946,826 13,951,854 5,029 Anna's hummingbird
20 14,061,427 14,063,727 2,301 Rock pigeon
21 1,377,888 1,377,888 1 Budgerigar
21 1,410,931 1,411,405 475 Anna's hummingbird
21 1,798,837 1,798,837 1 Budgerigar
21 2,447,419 2,708,370 260,952 Zebra finch
21 4,129,442 4,129,447 6 Anna's hummingbird
21 4,201,583 4,201,995 413 Chicken
21 4,856,742 4,857,758 1,017 Golden-collared manakin
21 5,833,578 5,834,428 851 Pekin duck
21 6,159,931 6,160,089 159 Pekin duck
21 6,170,466 6,170,467 2 Golden-collared manakin
22 910,586 1,020,267 109,682 Downy woodpecker
22 1,154,360 1,159,142 4,783 Downy woodpecker
22 1,342,571 1,639,314 296,744 Downy woodpecker
22 2,565,550 2,638,093 72,544 Budgerigar
23 561,775 565,402 3,628 Anna's hummingbird
23 1,168,426 1,226,911 58,486 Anna’'s hummingbird
23 1,267,277 1,281,891 14,615 Budgerigar
23 1,400,414 1,410,639 10,226 Anna’'s hummingbird
23 2,526,093 2,547,933 21,841 Budgerigar
23 3,026,066 3,026,219 154 Peregrine falcon
23 3,358,793 3,360,279 1,487 Anna’'s hummingbird
23 5,288,932 5,289,432 501 Anna’'s hummingbird
23 5,408,474 5,408,507 34 Anna's hummingbird
24 392,608 394,381 1,774 Rock pigeon
24 404,140 417,948 13,809 Common cuckoo
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
24 656,964 657,377 414 Zebra finch
24 1,139,943 1,207,434 67,492 Little egret
24 1,791,741 1,794,597 2,857 Golden-collared manakin
24 3,792,334 3,792,334 1 Rock pigeon
25 1,235,301 1,287,268 51,968 Peregrine falcon
25 1,904,999 1,952,901 47,903 Ostrich
26 364,795 365,078 284 Pekin duck
26 467,124 500,614 33,491 Anna's hummingbird
26 852,362 852,789 428 Golden-collared manakin
26 1,145,839 1,238,280 92,442 American crow
26 1,459,471 1,460,419 949 Golden-collared manakin
26 1,838,545 1,840,577 2,033 Anna's hummingbird
26 2,024,352 2,025,596 1,245 Budgerigar
26 2,155,563 2,226,442 70,880 Pekin duck
26 3,198,705 3,199,592 888 Budgerigar
26 3,416,149 3,417,052 904 Rock pigeon
26 3,663,562 3,663,562 1 American crow
26 3,687,326 3,688,485 1,160 Pekin duck
26 4,017,849 4,019,971 2,123 Chicken
26 4,217,291 4,217,291 1 Budgerigar
27 2,299,452 2,299,637 186 Common cuckoo
27 2,836,702 2,836,702 1 Common cuckoo
28 845,610 848,352 2,743 Peregrine falcon
28 873,755 904,975 31,221 Anna's hummingbird
28 1,139,611 1,140,061 451 Adélie penguin
28 1,845,812 1,862,425 16,614 Anna's hummingbird
28 2,532,651 2,569,138 36,488 Common cuckoo
28 3,700,088 3,717,924 17,837 Peregrine falcon
28 4,206,421 4,206,421 1 Anna's hummingbird
Z 1,382,729 1,382,729 1 American crow
z 1,814,337 1,815,275 939 Zebra finch
Z 10,901,988 10,961,111 59,124 Common cuckoo
4 12,772,364 12,776,700 4,337 Rock pigeon
Z 13,184,755 13,210,257 25,503 Rock pigeon
Z 21,571,901 21,814,536 242,636 American crow
4 23,604,768 23,611,231 6,464 Hoatzin
Z 25,352,918 25,356,012 3,095 Ostrich
4 26,983,713 27,340,770 357,058 Rock pigeon
z 34,165,065 34,283,251 118,187 Chicken
z 34,509,829 34,510,098 270 Downy woodpecker
Z 37,099,078 37,099,078 1 Adélie penguin
z 37,099,170 37,099,170 1 Emperor penguin
Z 37,099,204 37,099,204 1 Peregrine falcon
Z 37,099,767 37,099,767 1 Hoatzin
Z 37,161,839 37,161,839 1 Killdeer
Z 37,161,847 37,161,847 1 American crow
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Chicken chromosome  Start (bp) End (bp)  Size (bp) Lineage
d 37,163,617 37,164,423 807 Downy woodpecker
Z 37,183,225 37,185,622 2,398 Common cuckoo
z 37,186,440 37,186,440 1 Rock pigeon
Z 37,200,122 37,200,122 1 Little egret
Z 39,647,535 39,667,465 19,931 Common cuckoo
Z 41,328,756 41,329,326 571 Golden-collared manakin
Z 43,744,576 43,745,641 1,066 Killdeer
Z 44,351,365 44,351,550 186 Killdeer
z 45,136,959 45,136,959 1 Killdeer
Z 45,523,224 45,523,233 10 Chicken
Z 46,138,445 46,139,449 1,005 Common cuckoo
4 50,107,459 50,453,265 345,807 Medium ground finch
Z 51,147,812 51,347,420 199,609 Common cuckoo
Z 51,401,610 51,595,048 193,439 Killdeer
Z 52,376,189 52,376,189 1 Budgerigar
Z 52,650,853 52,895,681 244,829 Killdeer
Z 53,291,606 53,293,189 1,584 Chimney swift
Z 54,816,611 54,816,611 1 Medium ground finch
Z 54,824,837 54,825,277 441 American crow
Z 54,862,334 54,862,351 18 Golden-collared manakin
Z 55,982,826 56,006,677 23,852 American crow
Z 63,566,609 63,567,188 580 Common cuckoo
Z 64,275,893 64,275,893 1 Budgerigar
Z 66,287,944 66,318,403 30,460 Downy woodpecker
Z 66,945,899 66,946,496 598 Downy woodpecker
Z 67,032,907 67,100,398 67,492 Medium ground finch
Z 70,873,959 70,953,909 79,951 Little egret
VA 72,102,303 72,102,304 2 Common cuckoo

* In bold are the intervals used in the CNE analysis.
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Supplemental Table 23: Chicken genome intervals corresponding to lineage-specific

intrachromosomal EBRs identified in chromosome assemblies.

Chicken chromosome  Start (bp) End (bp) Size (bp) Lineage
1* 1,324,368 1,324,800 432 Peregrine falcon
1 6,029,884 6,031,169 1,285 Peregrine falcon
1 7,914,166 7,914,732 566 Peregrine falcon
1 8,882,618 8,887,826 5,208 Chicken
1 9,219,766 9,224,154 4,388 Chicken
1 9,884,967 9,885,328 361 Peregrine falcon
1 26,812,569 26,815,922 3,353 Peregrine falcon
1 28,404,118 28,405,020 902 Flycatcher
1 28,973,698 28,974,040 342 Flycatcher
1 39,784,124 39,784,258 134 Peregrine falcon
1 47,452,522 47,453,443 921 Peregrine falcon
1 47,570,545 47,628,260 57,715 Peregrine falcon
1 54,853,254 54,857,707 4,453 Pigeon
1 56,803,036 56,811,099 8,063 Zebra finch
1 57,155,309 57,156,419 1,110 Flycatcher
1 57,489,115 57,491,098 1,983 Flycatcher
1 58,476,175 58,476,241 66 Pigeon
1 61,930,217 61,930,280 63 Flycatcher
1 62,681,919 62,696,997 15,078 Flycatcher
1 63,084,381 63,084,436 55 Flycatcher
1 64,154,506 64,154,603 97 Flycatcher
1 64,309,525 64,311,297 1,772 Flycatcher
1 65,274,220 65,280,569 6,349 Flycatcher
1 65,338,671 65,343,204 4,533 Zebra finch
1 65,434,145 65,441,412 7,267 Flycatcher
1 66,649,227 66,649,812 585 Zebra finch
1 69,390,834 69,391,367 533 Flycatcher
1 69,938,074 70,043,043 104,969 Zebra finch
1 71,592,439 71,593,557 1,118 Flycatcher
1 71,784,616 71,828,201 43,585 Zebra finch
1 72,413,660 72,414,700 1,040 Chicken
1 72,988,017 72,994,267 6,250 Zebra finch
1 73,158,211 73,168,020 9,809 Chicken
1 74,158,301 74,236,372 78,071 Flycatcher
1 74,608,437 75,953,766 1,345,329 Chicken
1 79,266,404 80,323,581 1,057,177 Pigeon
1 83,482,558 83,485,084 2,526 Flycatcher
1 83,918,384 83,934,204 15,820 Zebra finch
1 86,964,089 86,964,101 12 Pigeon
1 91,171,371 91,174,910 3,539 Pigeon
1 98,960,025 98,962,906 2,881 Pigeon
1 104,819,863 104,825,312 5,449 Flycatcher
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Chicken chromosome  Start (bp) End (bp) Size (bp) Lineage
1 105,212,045 105,344,966 132,921 Zebra finch
1 105,370,750 105,382,220 11,470 Flycatcher
1 105,563,181 105,564,585 1,404 Flycatcher
1 105,742,052 105,743,256 1,204 Flycatcher
1 115,150,914 115,151,711 797 Pigeon
1 115,309,400 115,312,620 3,220 Pigeon
1 127,819,431 127,841,128 21,697 Peregrine falcon
1 131,824,670 131,827,102 2,432 Pigeon
1 149,440,203 149,444,844 4,641 Zebra finch
1 179,001,619 179,001,763 144 Zebra finch
2 931,838 970,908 39,070 Chicken
2 4,047,548 4,051,400 3,852 Chicken
2 26,118,162 26,118,232 70 Zebra finch
2 55,627,369 56,187,871 560,502 Flycatcher
2 59,440,356 64,180,770 4,740,414 Zebra finch
2 68,914,935 69,067,473 152,538 Pigeon
2 70,347,550 70,349,506 1,956 Peregrine falcon
2 72,395,280 72,502,961 107,681 Pigeon
2 72,631,037 73,494,981 863,944 Zebra finch
2 94,127,281 94,234,930 107,649 Zebra finch
2 94,829,596 94,837,624 8,028 Zebra finch
2 120,100,222 120,100,272 50 Peregrine falcon
2 121,362,131 121,362,153 22 Peregrine falcon
2 121,563,369 121,563,397 28 Peregrine falcon
2 145,288,500 145,289,895 1,395 Peregrine falcon
3 2,395,028 2,406,457 11,429 Chicken
3 11,266,541 11,271,715 5,174 Peregrine falcon
3 11,571,165 11,619,462 48,297 Chicken
3 11,929,811 11,953,549 23,738 Chicken
3 12,514,375 12,514,413 38 Zebra finch
3 13,572,601 13,572,601 - Flycatcher
3 14,195,505 14,195,923 418 Flycatcher
3 16,277,015 16,282,517 5,502 Chicken
3 17,015,103 17,057,419 42,316 Zebra finch
3 24,696,708 24,696,885 177 Flycatcher
3 26,123,868 26,126,691 2,823 Zebra finch
3 26,747,128 26,749,339 2,211 Flycatcher
3 28,440,655 28,440,817 162 Zebra finch
3 40,468,377 40,468,377 - Peregrine falcon
3 70,642,811 70,676,596 33,785 Peregrine falcon
3 106,856,633 106,856,944 311 Peregrine falcon
4 2,020,905 2,022,164 1,259 Pigeon
4 5,007,908 5,141,468 133,560 Pigeon
4 13,760,221 13,931,036 170,815 Pigeon
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Chicken chromosome  Start (bp) End (bp) Size (bp) Lineage
4 16,440,524 16,454,171 13,647 Pigeon
4 20,643,486 20,643,751 265 Peregrine falcon
4 20,773,991 20,774,533 542 Peregrine falcon
4 28,278,509 28,823,040 544,531 Zebra finch
4 34,474,454 34,474,907 453 Chicken
4 36,711,371 36,716,488 5,117 Chicken
4 36,968,524 37,003,727 35,203 Flycatcher
4 38,056,016 38,057,837 1,821 Flycatcher
4 38,688,788 38,817,468 128,680 Chicken
4 39,418,367 39,438,868 20,501 Pigeon
4 41,738,397 42,076,213 337,816 Chicken
4 44,024,013 44,091,739 67,726 Chicken
4 46,254,077 46,254,681 604 Zebra finch
4 57,795,684 57,801,782 6,098 Chicken
4 60,643,171 60,660,962 17,791 Chicken
4 61,297,325 61,300,911 3,586 Peregrine falcon
4 68,580,126 68,581,362 1,236 Peregrine falcon
4 75,558,167 76,214,491 656,324 Peregrine falcon
5 3,064,699 3,226,802 162,103 Chicken
5 3,505,172 3,607,787 102,615 Zebra finch
5 3,920,467 3,921,806 1,339 Zebra finch
5 4,207,837 4,225,827 17,990 Zebra finch
5 5,681,347 5,833,445 152,098 Chicken
5 6,507,620 6,535,656 28,036 Chicken
5 11,920,644 11,924,718 4,074 Peregrine falcon
5 16,013,932 16,016,270 2,338 Chicken
5 16,162,195 16,419,626 257,431 Chicken
5 17,825,030 17,827,020 1,990 Flycatcher
5 18,002,051 18,002,505 454 Chicken
5 22,198,087 22,198,280 193 Peregrine falcon
5 40,665,557 40,666,511 954 Pigeon
5 42,299,980 42,301,918 1,938 Peregrine falcon
5 50,528,897 50,531,950 3,053 Peregrine falcon
5 57,848,407 57,863,325 14,918 Peregrine falcon
6 2,058,825 2,126,442 67,617 Pigeon
6 14,957,776 14,958,505 729 Peregrine falcon
6 17,123,426 17,170,023 46,597 Peregrine falcon
6 29,924,390 29,936,355 11,965 Peregrine falcon
7 999,837 1,005,793 5,956 Peregrine falcon
7 1,368,850 1,406,526 37,676 Pigeon
7 3,526,408 3,569,092 42,684 Zebra finch
7 4,497,339 4,501,801 4,462 Zebra finch
7 5,536,576 5,569,739 33,163 Zebra finch
7 9,278,452 9,280,798 2,346 Pigeon
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Chicken chromosome  Start (bp) End (bp) Size (bp) Lineage
7 9,813,362 9,813,362 - Chicken
7 10,014,120 10,014,120 - Chicken
7 17,863,268 17,864,755 1,487 Flycatcher
7 18,283,306 18,283,720 414 Flycatcher
7 27,805,170 27,805,281 111 Zebra finch
8 5,073,955 5,073,999 44 Chicken
8 7,401,061 7,405,478 4,417 Pigeon
8 8,030,791 10,005,834 1,975,043 Chicken
8 18,511,434 19,999,999 1,488,565 Pigeon
8 22,246,010 23,004,261 758,251 Pigeon
8 23,775,554 23,780,105 4,551 Flycatcher
9 4,116,694 4,118,012 1,318 Zebra finch
9 4,321,288 4,322,902 1,614 Chicken
9 4,712,939 4,863,290 150,351 Chicken
9 12,394,835 12,394,985 150 Pigeon
9 15,162,865 15,171,622 8,757 Pigeon
9 19,341,833 19,344,688 2,855 Pigeon
10 2,134,590 2,135,412 822 Chicken
10 2,456,474 3,089,337 632,863 Peregrine falcon
10 3,531,438 3,531,937 499 Pigeon
10 3,607,425 3,609,795 2,370 Zebra finch
10 3,609,846 3,648,687 38,841 Flycatcher
10 7,421,814 7,422,624 810 Pigeon
10 17,999,142 18,000,598 1,456 Flycatcher
11 338,764 348,457 9,693 Chicken
11 2,175,213 2,176,532 1,319 Chicken
11 2,314,761 2,315,690 929 Chicken
11 2,638,020 2,703,827 65,807 Chicken
11 3,161,385 3,162,962 1,577 Pigeon
11 5,983,232 5,992,779 9,547 Zebra finch
11 7,344,225 7,381,817 37,592 Pigeon
11 13,237,592 13,237,950 358 Zebra finch
11 14,586,964 14,586,982 18 Pigeon
11 17,092,230 17,103,474 11,244 Zebra finch
12 8,244,390 8,244,424 34 Pigeon
12 8,362,979 8,367,099 4,120 Pigeon
12 8,508,581 8,509,418 837 Pigeon
12 18,624,938 18,625,329 391 Pigeon
13 2,656,250 2,658,094 1,844 Pigeon
13 4,072,035 4,093,791 21,756 Pigeon
13 7,522,370 7,522,376 6 Pigeon
13 16,501,929 16,564,665 62,736 Peregrine falcon
13 17,498,657 17,504,153 5,496 Pigeon
14 6,916,159 6,926,191 10,032 Flycatcher
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Chicken chromosome  Start (bp) End (bp) Size (bp) Lineage
14 7,258,840 7,264,491 5,651 Zebra finch
14 8,708,224 8,722,870 14,646 Pigeon
14 8,900,773 8,904,651 3,878 Pigeon
14 13,597,365 13,671,981 74,616 Chicken
14 14,286,593 14,306,071 19,478 Chicken
14 14,431,346 14,459,945 28,599 Chicken
14 14,814,615 14,904,537 89,922 Chicken
15 1,309,743 1,416,134 106,391 Pigeon
15 7,846,096 7,847,734 1,638 Chicken
15 9,909,742 10,030,648 120,906 Chicken
17 8,315,856 8,316,842 986 Peregrine falcon
18 3,489,677 4,326,327 836,650 Peregrine falcon
18 4,442,787 4,445,807 3,020 Pigeon
18 4,592,395 4,600,415 8,020 Pigeon
18 4,812,654 4,815,509 2,855 Chicken
18 5,037,378 5,037,399 21 Chicken
18 6,003,931 6,011,826 7,895 Pigeon
18 6,541,981 6,543,165 1,184 Zebra finch
18 6,624,558 6,626,204 1,646 Peregrine falcon
18 8,243,821 8,460,485 216,664 Zebra finch
18 10,249,436 10,253,576 4,140 Chicken
19 2,491,720 2,931,925 440,205 Pigeon
20 937,650 943,963 6,313 Flycatcher
20 1,642,252 4,945,945 3,303,693 Flycatcher
20 11,104,290 11,105,020 730 Chicken
21 171,731 172,267 536 Chicken
21 2,447,743 2,520,267 72,524 Zebra finch
21 2,534,001 2,534,006 5 Peregrine falcon
21 2,780,061 2,780,375 314 Peregrine falcon
21 3,031,447 3,031,929 482 Peregrine falcon
21 4,201,584 4,202,188 604 Chicken
21 4,423,965 4,425,044 1,079 Zebra finch
21 4,947,252 4,948,468 1,216 Flycatcher
22 454,415 456,267 1,852 Chicken
22 2,750,596 2,783,326 32,730 Chicken
23 3,151,880 3,208,232 56,352 Chicken
23 4,554,121 4,554,183 62 Peregrine falcon
23 4,802,961 5,045,626 242,665 Zebra finch
24 657,347 660,000 2,653 Zebra finch
24 2,899,660 2,905,523 5,863 Zebra finch
24 3,194,369 3,194,441 72 Peregrine falcon
24 3,786,014 3,788,248 2,234 Pigeon
24 4,336,751 4,336,769 18 Chicken
24 5,498,139 5,570,339 72,200 Chicken
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Chicken chromosome  Start (bp) End (bp) Size (bp) Lineage
24 5,707,069 5,708,160 1,091 Chicken
24 6,111,047 6,114,494 3,447 Peregrine falcon
26 1,618,988 2,124,876 505,888 Chicken
26 2,427,305 2,427,873 568 Pigeon
26 2,581,525 2,589,502 7,977 Zebra finch
26 3,150,633 3,152,441 1,808 Flycatcher
26 3,416,031 3,417,505 1,474 Pigeon
26 4,017,799 4,019,987 2,188 Chicken
27 1,551,217 1,587,888 36,671 Zebra finch
27 1,660,471 1,662,243 1,772 Pigeon
27 2,323,210 2,330,928 7,718 Pigeon
27 2,828,063 2,837,768 9,705 Pigeon
28 4,082,833 4,084,257 1,424 Flycatcher
z 1,814,281 1,815,225 944 Zebra finch
z 7,193,324 7,329,824 136,500 Flycatcher
z 12,772,165 12,776,763 4,598 Pigeon
z 19,484,554 22,168,262 2,683,708 Zebra finch
z 23,034,483 23,646,027 611,544 Zebra finch
z 30,601,213 30,617,877 16,664 Chicken
z 30,720,869 30,721,276 407 Chicken
z 36,523,733 36,904,832 381,099 Flycatcher
z 37,191,363 37,208,200 16,837 Pigeon
z 40,672,853 41,092,932 420,079 Zebra finch

* In bold are the interval used in the CNE analysis.
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