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Abstract

Identifying functional elements in the non-coding genome remains
a challenging task. A comparative genomic approach to this prob-
lem can help us understand how these elements evolved and give us
insights into their functions. In this thesis, we focused mainly on
the evolution of long non-coding RNA genes (IncRNAs) in the hu-
man lineage. These genes are known to have several key regulatory
roles in development and disease making them suitable candidates
for exploration. Duplication of genetic material plays a key role in
the generation of novelties in genomes. Here, we hypothesized that
the differences between protein-coding regions between humans and
other primates might not be sufficient to explain our unique features.
Therefore, using a comparative genomic approach we evaluated the
contribution of IncRNA exon duplications to the human genome. We
identified 62 human-specific genes that were fixed in the population
and showed signs of active selection, together with tissue-specific pat-
terns of expression. Our findings suggest that these genes might be
relevant for the evolution of human-specific features and require fur-
ther experimental validation. Moreover, we also studied these genes
in a non-model endangered species; the Spoon-billed Sandpiper and
identified 37 IncRNAs that were highly conserved in humans. Fi-

nally, we analyzed transfer RNA genes (tRNAs) between different

XVvil



species of bacteria and found that there is a limit to the number

of tRNA identities that can evolve due to structural and functional
constraints, restricting the incorporation of new amino acids into the
genetic code. Taken together, our studies focused on genes that re-
side in the non-coding genome and contribute to the understanding

of its function.

Keywords: IncRNAs; tRNAs; duplications; evolution; humans; nov-

elties.
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Resumen

La identificacion de elementos funcionales en el genoma no-codificante
continta siendo una tarea desafiante. La genémica comparativa puede
ayudarnos a entender como estos elementos han evolucionado y cuales
son sus posibles funciones. En ésta tesis, nos hemos enfocado prin-
cipalmente en la evolucion de unos genes conocidos como long non-
coding RNAs (IncRNAs) en el linaje humano. Estos genes estan in-
volucrados en muchos procesos fundamentales de regulacion genética
e influyen miltiples procesos de desarrollo y enfermedades, lo cual
los hace candidatos idéneos de exploracién. Las duplicaciones que
ocurren en el genoma cumplen un rol fundamental en la generacion
de nuevo material genético. Aqui, hemos hipotetizado que las difer-
encias existentes entre las regiones codificantes de proteinas entre hu-
manos y otros primates quizés no sea suficiente para explicar nuestras
caracteristicas fenotipicas tinicas. Es por ello, que utilizando métodos
de gendémica comparativa hemos evaluado cuél es la contribucion de
las duplicaciones exénicas de los IncRNAs sobre nuestro genoma. De
ésta manera, hemos identificado 62 genes humanos especificos que se
han fijado en la poblacién y que ademés muestran signos de seleccion
activa y expresion tejido-especifica. Nuestros descubrimientos sug-
ieren que éstos genes pueden ser relevantes para la evolucion de las

caracteristicas fenotipicas tnicas de los seres humanos y requieren de



validacion experimental en el futuro. Mas atn, hemos estudiado éstos

genes en una especie no-modelo que se encuentra en peligro de extin-
cion; el pajaro conocido como “Correlimos Cuchareta”, identificando
37 IncRNAs que se encuentran altamente conservados en humanos.
Finalmente, hemos analizado RNAs de transferencia (tRNAs) entre
diferentes especies de bacterias encontrando que existe un limite en
el niimero de identidades que los tRNAs pueden evolucionar debido
a una restriccion estructural y funcional, lo cual impide la incorpo-
racion de nuevos aminoacidos en el codigo genético. En conjunto,
nuestros estudios se han enfocado en genes que residen en el genoma

no-codificante y contribuyen a la compresion de su funcionamiento.

Palabras clave: IncRNAs; tRNAs; duplicaciones; evolucion; hu-

manos.
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Thesis overview

This thesis mainly focused on the evolution of long non-coding RNAs
in the human genome through exon duplication. It addressed the
question of whether these specific IncRNAs might be contributing
to human-specific features by having an effect in organ development

and/or disease.

Chapter 1. Is an introduction to the general importance of the
non-coding genome and its effects on phenotype; it has a historical
mindset and focuses mainly on IncRNAs. This first chapter gives a
fundamental overview about genomic duplications and how they are

known to be involved in the mechanisms of new gene generation.
Chapter 2. Presents the main objectives of the thesis.

Chapter 3. Describes how IncRNA exon duplications are involved
in the origin of human-specific genes. It offers a valuable method
to identify candidate long non-coding RNA genes through compara-
tive and evolutionary approaches and by utilizing public expression

datasets.

Chapter 4. Shows that the rate of nucleotide substitution is higher
in species with fewer tRNA genes than in species with higher number

of tRNAs because there is a saturation of recognition signals that



blocks the emergence of new tRNA identities.

Chapter 5. compares the genomes of two birds, the spoon-billed
sandpiper, and its sister species, the red-necked stint; the former
with an endangered population and the latter with a relatively sta-
ble population. It shows that the gradual decline of the spoon-billed
sandpiper population led to an accumulation of rare deleterious alle-
les which reduces the fitness of the species and therefore inbreeding

should be avoided in future conservation programs.

Chapter 6. Is a general discussion where I present my perspectives
about the future of genomics and remark the importance of under-
standing the regulatory elements that control it; this understanding
is fundamental for our wellbeing, as well as for the survival of other

species on Earth.

Finally the Appendix compiles a list of studies I've participated
throughout my PhD.
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Chapter 1

Introduction

1.1 The non-coding genome and pheno-

type

From mobile elements to functional RNA molecules, the non-coding
genome is defined as any region in the genome without coding po-
tential. It comprises 98% of the total genome with the remaining
2% being protein-coding|[Human Genome Sequencing Consortium,
2004], and it includes transposable elements (TEs), ribosomal RNAs
(rRNAs), microRNAs (miRNAs), transfer RNAs (tRNAs), long non-
coding RNAs (IncRNAs), etc. Many studies about evolution have

mainly focused on protein-coding regions, and although a lot of effort

1



2 Chapter 1. Introduction

has being shifted in the last decades to understand the non-coding
genome and its relevance in phenotype; there is still a large propor-
tion of it that remains uncharacterized. With the inclusion of other
relevant factors in the “Central Dogma of Molecular Biology” [Francis
Crick, 1970], such as epigenetics and post-translational modifications
(Figure 1), the importance of characterizing all the elements in the
genome has become of paramount significance to many, specially to
understand the nature of disease and evolution. While it is true
that there might not be a need to understand every single functional
element of the genome and its interactions to achieve a global un-
derstanding of disease and evolution; a goal that has been proven to
be very difficult, the identification of key elements that could have a

role in specific traits needs to be resolved.

Due to its self-catalytic properties, RNA is the only molecule to be
known to act as a both, genotype and phenotype |Guerrier-Takada
et al., 1983, Cech, 1986]. It is this unique property that gave rise
to the hypothesis of the “RNA world” [Gilbert, 1986|, which pro-
poses that early life on Earth originated from self-replicating RNA
molecules rather than proteins [Joyce, 1989, Cech, 2009]. This hy-
pothesis although largely accepted, has not yet been experimentally
proven. Nonetheless, there is compelling evidence supporting the

“RNA world” hypothesis and it is clear that RNA has played a key
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Figure 1: The evolution of the “Central Dogma of Molecular
Biology”. From the original one way model of “DNA makes RNA and
RNA makes protein” in 1956 by Francis Crick (A) to an intricate sys-
tem that goes beyond that model since 1970 (B) with the discovery of
the reverse transcriptase by David Baltimore. The inclusion of other ele-
ments and processes in the modified version of the central dogma, such as
transcriptional interference, RNA replication, RNA editing, ncRNAs and
post-translational modifications are shown in (B). Image from Genome
Research limited (A) and [Wahlestedt, 2013] (B).

role in the origin of life [Robertson and Joyce, 2012] and the evo-
lution of the species through gene regulation [Morris and Mattick,
2014] (Figure 2). It is therefore of uttermost interest to study how
RNA interacts with all the components of the cell.
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Figure 2: The evolution of life on Earth. (simplified)
. Image from: [Mattick, 2004]

1.1.1 RNA evolution and function

Historically, the elucidation of the double helix of DNA [Watson and
Crick, 1953, Franklin and Gosling, 1953| and the consequent discov-
eries of mRNA, tRNAs and the ribosomal machinery, together with
the postulation of the “Central Dogma”, centered the attention to
proteins and the understanding of the genetic code. It wasn’t until
Jacob and Monod’s proposed the lac operon model that it became
apparent that gene regulation was an important mechanism govern-
ing biological systems. When evidence started showing that most
of the genome was transcribed and that its composition was rich

in repeated sequences [Britten and Kohne, 1968]; which was later
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labeled as "junk" DNA [Ohno, 1972] it became generally accepted
that most of it was non-functional. However, other key findings such
as self-catalytic RNAs, the X-chromosome inactivation IncRNA Xist,
miRNAs and siRNAs (Figure 3) supported the idea of RNA having
a key role in the regulation of development and in the evolution of

complex organisms.

After the human genome was sequenced [Venter et al., 2001, Lander
et al., 2001|, another project, known as The Encyclopedia of DNA El-
ements (ENCODE); which comprises the collective effort from many
scientists around the world was formed [Material et al., 2004, Birney
et al., 2007]. The project started as a pilot where the goal was to
identify all the functional elements in 1% of the human genome and
since then it has expanded at the whole genome level and to other

model organisms (modENCODE).

One of the many key findings of the ENCODE project was the per-
vasive transcription of the genome; their methods allowed for the
identification of many transcripts that didn’t code for proteins, in-
cluding long transcripts with "gene like" structure with exons and
introns and alternative splicing. These transcripts had already been
proposed in the 90’s by Mattick, but the ENCODE project confirmed
the existence of thousands of these transcripts in our genome. Today

they are commonly known as long non-coding RNAs (IncRNAs).
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Figure 3: Time-scale of RNA discoveries through time. [Image
from:|Rinn and Chang, 2012]

1.2 Long non-coding RNAs

Long non-coding RNAs are defined by a, seemingly arbitrary limit of
at least 200 nucleotides in length and their non-coding potential. This
arbitrary length was due to the nature of the experimental protocols
and to differentiate IncRNAs from the average length of miRNAs,
tRNAs, rRNAs and others. There are different types of IncRNAs
and their classification depends on the relative position of protein-

coding genes (Figure 4).

RNA is a versatile molecule, and thus, IncRNAs have been found
implicated in a diverse pool of regulatory mechanisms which in-

clude regulation of transcription via chromatin modifications, post-
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Figure 4: Classification of different IncRINA transcripts accord-
ing to their genomic location. a) Intergenic IncRNAs (lincRNAs) are
located between protein-coding genes. b) Intronic IncRNAs are located in
an intron of a protein coding gene. c) Bidirectional IncRNAs are located
within 1 kb of promoters in the opposite direction from the protein-coding
transcript. d) Enhancer incRNAs (elncRNAs) are located in enhancer re-
gions. e) Sense IncRNAs are transcribed from the sense strand of protein-
coding genes and overlap one or several introns and exons. f) Antisense
IncRNAs are transcribed from the antisense strand of proteinaAScoding
genes and overlap one or several introns and exons of the sense sequence.
[Image and legend from:|Devaux et al., 2015]

translational regulation of protein activity, cell-cell signaling, organi-

zation of protein complexes, allosteric regulation of proteins, as well
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as recombination |Geisler and Coller, 2013].

Interestingly, the non-coding genome increases in size with the devel-
opmental complexity of the organism|Mattick, 2004]; the same sce-
nario has been observed in IncRNAs. It has been shown that IncRNAs
have a high turn-over rate [Ponting et al., 2009, Ponting et al., 2011|
and that they evolve much faster than protein-coding genes which
could indicate either a high plasticity of the studied genomes or an
active implication of these genes in the evolution of more complex

organisms.

1.2.1 From “junk” to key elements in development

and disease

Although only a small proportion of IncRNAs have been well char-
acterized, such as Xist, H19, HOTAIR, MALAT1, NEATI, to name
just a few; their prevalent expression and relative conservation in
mammals [Guttman et al., 2009, Ponting et al., 2009, Mattick, 2010,
Meader et al., 2010, Ulitsky et al., 2011, Kutter et al., 2012, Necsulea
et al., 2014] has driven the hypothesis that a significant fraction might
be relevant to the functional outcome of the genomes. However, even
though the number of IncRNAs that have been characterized has
grown in the last decade, it is still a matter of debate whether the

majority of these transcripts are functional or transcriptional noise.
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Mostly due to their lack of sequence conservation throughout evolu-
tion; despite that lack of sequence conservation doesn’t necessarily
implies lack of function [Ulitsky et al., 2011|. Nonetheless, identi-
fying non-coding functional elements in the genome and its interac-
tions is not a trivial task and several methods have been proposed
to annotate these elements in the genome[Alexander et al., 2010],
though genome wide association studies (GWAS), comparative ge-
nomics between different species, detection of signatures of natural
selection [Andolfatto, 2005| and structural variants, gene expression
and the guilty by association approach that connects the closest pro-
tein and its function to the neighboring non-coding gene or element;
which works particularly well for antisense IncRNAs (NATs) and their
chromatin mediated mechanism of epigenetic interaction connecting

proteins to DNA [Magistri et al., 2012].

The diversity, versatility and the ability of IncRNAs to activate or
repress gene expression has linked IncRNAs to many developmen-
tal processes, including senescence and aging [Grammatikakis et al.,
2014, Montes et al., 2015|, cardiovascular diseases |Devaux et al.,
2015] and several types of cancers [Prensner and Chinnaiyan, 2011,
Huarte, 2015|, among others. Taken together, all these properties
makes these genes interesting candidates to explore their contribu-

tion to human genome evolution.
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1.3 Duplication and the origin of novel

genes

The restrictive and conservative nature of natural selection in the
functionally relevant parts of protein-coding genes and other genetic
loci constraints the evolution of new genes. If natural selection were
to be the only factor modeling evolution in the genomes it might have

taken longer for complex organisms to arise, if at all [Ohno, 1970].

As the average mammalian genome mutation rate is 2.2 x 10-9 per
base pair per year [Kumar and Subramanian, 2002| and surpassing
the natural selection filter can have unaccounted and detrimental ef-
fects to the fitness of a species [Lynch and Conery, 2001, Kondrashov
et al., 2002|, evolution through mutations can be relatively slow in
eukaryotes |Lynch, 1994]. Therefore, other evolutionary mechanisms
have arisen in the genome by a combination of necessity and chance
[Jacob, 1977] such as the duplication of genetic material, exon shuf-
fling, retroposition, lateral gene transfer, transposable elements, gene
fussion/fissions, de novo gene origination and often times combina-~

tions of all [Long et al., 2003].

These mechanisms have generated new genotypes and phenotypes,
which later in time have been either maintained or removed by nat-

ural selection, depending of the fitness effect of the new genetic in-
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formation in the population [Innan and Kondrashov, 2010a].

Therefore, there are two unresolved controversies revolving the evo-
lution of new genotypes. First, whether natural selection or drift
have played a mayor role in evolution. Second, whether single point
mutations in protein-coding genes or other types of changes, such as
duplications, were the drivers of phenotypic changes. These mecha-
nisms are often times interlinked, as one of the main hypothesis for

gene duplication is that the initial evolution is neutral.

Redundancy of genetic material (i.e duplication), is known to be the
main source of novelties in the genome [Ohno, 1970]. Nonetheless,
the most likely scenario regarding the fate of a duplicated gene in
the genome is non-functionalization or gene loss (Figure 5) be-
cause the effects an additional copy can have in the genome are
usually deleterious and therefore the copy will be removed by nat-
ural selection |Lynch, 2000, Innan and Kondrashov, 2010a|. How-
ever, if the duplicated gene or genetic sequence is maintained in
the genome its fate can undergo different scenarios after fixation
(Figure 6), such as conservation (i.e, the copy has no detrimen-
tal effect), subfunctionalization (i.e the gene copies become comple-
mentary), specialization (i.e. the gene copies diversify into differ-
ent tissues) or neofunctionalization (i.e. the gene copy gains a com-

plete different function)|Force et al., 1997, Lynch, 2000, Long et al.,
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Figure 5: Phases leading to the stable preservation of a dupli-
cated gene. After duplication, the copy is most likely to be lost to
drift but can also achieve fixation. Once the genotype (A-A) is fixed,
the fate-determination phase begins and continues until the fixation of a
fate-determining mutation until reaching the preservation phase where the
two copies are maintained by selection. Note that this figure shows the
fixation and fate-determination phases separately; however, the two phases
can overlap when a fate-determining mutation arises before the fixation of
the duplicated copy or if the pre-existing allele works as a fate-determining
mutation. If the fixation and fate-determination phases overlap, multi-
ple selective forces can operate simultaneously. Image and legend adapted

from:[Innan and Kondrashov, 2010b]

2003, Kaessmann, 2010|. In particular, partial duplications rather
than full gene duplications play a key role in the evolution of new
genes with phenotypic effects different than those of their parental
counterparts[Innan and Kondrashov, 2010b, Long et al., 2003|. There
are well-known cases in Drosophila, such as jingwei, the first young
gene described to have originated from duplicated gene parts and
translated into a chimeric protein with different expression than its

parental gene Adh |Long and Langley, 1993|, as well as sphinz, a
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Figure 6: Fate of gene duplications with multiple regulatory re-
gions. In the first two steps, one of the copies acquires null mutations.
On the left, the next fixed mutation results in the absence of a functional
product from the parental copy and becomes a non-functional pseudogene
that will accumulate degenerative mutations over time. On the right, the
copy acquires a null mutation in a regulatory region that is intact in the
parental copy. Because both copies are now essential for complete gene
expression, this third mutational event permanently preserves both mem-
bers of the gene pair from future non-functionalization, however, may still
eventually acquire a null mutation in one copy or the other. In the center,
a regulatory region acquires a new function that preserves that copy, if it is
beneficial, the duplicate copy is preserved Image and legend adapted from:
|[Force et al., 1997

chimeric RNA gene involved in the courtship behaviour of the fruit-
fly [Wang and Brunet, 2002|. In primates, FOXP2 and Morpheus are
also known genes that originated through duplication and have roles
in speech and immune responses, respectively. There are many other

genes that have originated through duplication in other organisms

like rodents (4.551 RNA, BC1 RNA), fishes (Arctic AFGP, Antartic
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AFPG), plants (Cytochrome C1, Sanguinaria rpsl and protozoans
(N-acetylneuraminate lyase) therefore it is an interesting and com-

pelling process to study.

1.3.1 Segmental duplications in humans and other

primates

Segmental duplications (SDs) are defined as duplications of DNA se-
quences larger than 10 kb in the genome. Comparative genomic stud-
ies made between human and chimpanzee have shown that 33% of the
segmental duplications (>94% identity) found in human are absent
in the chimpanzee[Marques-Bonet et al., 2009]. Moreover, duplica-
tions have been attributed as having a greater impact (2.7%) in the
genomic landscape differences between these two species than single-
base pair substitutions (1.2%)[Marques-Bonet et al., 2009]. These
conclusions among others [Cheng et al., 2005, Dennis et al., 2012],
indicate that duplications have had a significant impact in the phe-

notypical differences between humans and chimpanzees.

1.3.2 Open questions about long non-coding RN As

and duplications

Despite humans and chimpanzees having 98.5% of protein-coding

genome identity, we are still very different. The efforts of many scien-
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tists around the world have focused on trying to identify regions that
are relevant to our unique features. However, even though IncRNAs
have been extensively studied in the last decade[Ulitsky, 2016, Nec-
sulea et al., 2014, Rinn et al., 2007, Mattick, 2011, Wang et al., 2015]
not much attention has been given to their possible contribution to
the evolution of new phenotypical features in humans through dupli-
cations. It still an open question whether due to their high plasticity
and high turnover rate IncRNAs are truly contributing to the differ-

ences we observe between humans and our closest living relatives.



Chapter 2

Objectives

1. Determine the contribution of IncRNA exon duplication to the

evolution of the human genome, and their rate of duplication.

2. Correlation between alternative splicing and IncRNA exon du-

plication to gain insights about their connection.

3. Find unique functional elements that are responsible for the

phenotypical and behavioral traits of our species.

4. Determine whether there is a correlation between the number

of tRNAs of a species and the evolution of new tRNA identities.

5. De novo annotate IncRNA genes in a non-model endangered

species; the Spoon-billed Sandpiper.

16



Chapter 3

Evolution of IncRNAs in the

human lineage

Bello C € Kondrashov FA. Evolution of human-specific IncRNAs

through exon duplication (under review)

3.1 Abstract

Whole and partial gene duplications play key roles in the evolution of
novel genes and generation of new phenotypes. A large portion of the
human genome is enriched in segmental duplications that are absent
in other primates. However, the contribution of long non-coding RNA

(IncRNA) duplications in human evolution remains unclear. Here,

17
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we systematically addressed the rate and impact of IncRNA exon
duplication in the human genome. We found that 11% of IncRNA
exons had at least one highly similar copy in the genome and were
significantly prevalent in alternatively spliced IncRNAs. Analysis of
promoter single-nucleotide polymorphisms (SNPs) in flanking regions
of IncRNAs showed evolutionary constraint indicative of a functional
role of recent IncRNAs. Furthermore, the over-representation of spe-
cific classes of transposable elements (TEs) in exon flanking regions
suggest a mechanism for the emergence and regulation of these genes.
By integrating expression data and comparing primate genomes we
identified 62 human-specific IncRNA genes that recently emerged
through exon duplication, half of which were fixed in the human
population. Some of these genes displayed tissue-specific expression
patterns, including the brain. Overall, these results contribute to our
understanding of the genomic events that have shaped the evolution
of the human genome and prompt future studies of copy number vari-

ation in IncRNAs and their effects in disease and genome evolution.

3.2 Introduction

The acquisition of novel genetic elements through duplication, either
by small-scale duplication or whole-genome duplication, is considered

to be the main mechanism for the emergence of new genes and func-
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tions [1]. When the duplicated genetic material is redundant, i.e.
does not contribute to functional novelty or provides an immediate
selective advantage, most of the initial gene duplications are removed
through the accumulation of neutral mutations [2]. However, some
duplicated genes can gain a new function, which can then be main-
tained and modified by selection [1,3,4]. Most empirical studies of
the fates of gene duplications focus on instances of duplication of an
entire protein coding gene [3]. A few studies that analyze the preva-
lence of duplication of non-coding RNAs have found that microR-
NAs (miRNAs) predominantly originated from inverted duplication
of their targeted genes or by the duplication of a miRNA gene that
diverged at its binding site gaining a different regulatory function
[5,6]. Another class of non-coding RNA elements, piwi-interacting
RNA (piRNAs), are also known to evolve through rapid turnover
of gene copies [7]. Nevertheless, the duplication of non-coding se-
quences of long non-coding RNAs (IncRNAs) and their contribution

to the origin of new genes remains generally unexplored.

A sizable fraction, 81%, of IncRNA genes are primate-specific [8,10],
suggesting that their evolution may be relevant for the evolution
of primate-specific features. However, the study of IncRNA evolu-
tion and their duplication effects is hampered by their lack of non-

synonymous and synonymous sites, a comparison which is frequently
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used in measuring the strength of selection acting on the gene [11],
and by their poor functional characterization [12,13]. Nonetheless,
it is known that non-coding genes have a rapid turnover rate in the
genome and that they evolve faster than protein coding genes [14,15],
which makes IncRNAs potential candidates for theevolution of new

phenotypical traits.

The duplication of incomplete gene regions, such as exon duplications
[16-18], is of particular interest because the mechanisms of their evo-
lution are expected to differ from that of complete genes [16]. The ba-
sis for the difference is that a partial duplication may not be creating
genetic redundancy, which is the principle for many of the evolution-
ary models of gene duplication [3]. Moreover, genomic duplications
of >10 kb, known as segmental duplications (SDs), have been im-
plicated in human evolution, with one third of SDs being absent in
the chimpanzee genome [19,20]. These SDs may have contributed to
the phenotypical differences between these species, with regulatory
elements that modulate gene expression playing a key role in their
evolution. Here, we focus on IncRNAs in the human genome for two
reasons, the perceived importance of duplication in human evolution
[21,22] and the relative functional obscurity of IncRNAs [23,24]. Fi-
nally, we focus on incomplete IncRNA duplications because of the

lack of genetic redundancy when only a single exon is duplicated. By
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studying IncRNA exon duplication in the human lineage and other
great apes we aim to understand how these genes contributed to the

evolution of the human genome.

3.3 Results

IncRNA exons were frequently duplicated in the human

genome

To determine the contribution of exon duplication to recent evolu-
tion of IncRNAs we performed sequence similarity searches of exons
coded in different IncRNA genes. Briefly, we used BLASTN [25] to
compare sequences of individual annotated exons to the entire hu-
man genome sequence. Qur approach limited one of the exon copies
to be present in an annotated IncRNA gene. The number of IncRNA
exon duplications declined with the sequence identity between the
copies (Fig 1A), indicating either a burst of recent duplications, the
removal of duplications from the genome by selection or the action
of gene conversion [26,27|. Likewise, the high sequence identity of
intronic sequences between the copies (Fig 1B), suggests that the
copies appeared recently or that IncRNAs were subject to frequent
gene conversion that overlapped introns. We focused on exon du-
plications that showed high sequence similarity between the copies

(>90% sequence identity), which allowed us to study the majority of
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identified duplication events while reducing the likelihood of missing
duplications due to sequence divergence. To verify our results on the
number of exon duplications in the human genome, we performed the
blasted the human exons on other available great ape genomes; the
chimpanzee, gorilla and the orangutan. We found that the distribu-
tion of the number of duplicated IncRNA exons followed an expo-
nential decline (Fig 1C), with 10% of the IncRNA genes carrying
at least one duplicated exon and 11% of the IncRNA exons having
at least one other copy with >90% sequence identity in the human
genome (Fig 1D). (which was expected due to the quality of the
genome ssembly of other great apes. For further analysis, we focused
on 562 genes harboring 877 exons with two copies in the genome (S1
Datasheet) because they represented half of the total instances of
exon duplication (Fig 1C,D) and tracing the evolutionary history

of multiple duplications accurately is often non-tangible.

IncRNA-IncRNA exon duplication was predominantly in an-

tisense orientation, partial and in alternatively spliced genes

We considered whether the second exon copy was a part of an an-
notated non-coding or coding gene. Only 25% (211/877) of all sec-
ond exons were found in another IncRNA gene, 25% (213/877) were
found in a protein coding gene with the remaining half found in anno-

tated pseudogenes (99/877), introns (77/877), and intergenic regions
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Figure 1: Duplication of IncRNA exons in the human genome
and other great apes. (A) A histogram of the number of duplicated
regions as a function of their sequence similarity. (B) The distribution
of sequence similarity of duplicated exons and introns. (C) Frequency
of occurrence of IncRNA exon duplications in the human, chimpanzee,
gorilla and orangutan. (D) The distribution of the number of IncRNA
genes in the human genome with different number of duplicated exons;
zero duplications shown in grey with increasing number of duplications
in opposite clockwise direction in the circle. (E) Same as (D), but as a
function of the number of copies of IncRNA exons.

(354/877) (Fig 2A). We found that only 12% of exon duplications
could be attributed to whole gene duplication with the remaining 88%

representing cases of partial gene duplications, regardless of whether
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or not the recipient gene is also a IncRNA gene, a protein-coding gene

or another genomic element (Fig 2A).
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Figure 2: Exon duplications in the human genome. The number of
duplicated exons as a function of different functional classes of the second
exon copy. (A) The number of full and partial exon duplications.The
number of inter- and intra-chromosomal exon duplications. The number
of duplicated exons with the second copy annotated as an exon or intron.
Sense and antisense duplications where the sense of the strand is relative to
the transcribed annotated gene and shown in (B), where the arrow shows
the orientation of transcription. (C) Duplication patterns of different
biotypes of IncRNA genes to other genomic regions. (D) Number of exon
duplications of alternatively and constitutively spliced IncRNA exons; p-
value < 0.0001 by Fisher’s exact test between the two groups.

Chromosomes Y, X, 22 and 9 had the most instances of
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IncRNA exon duplication (S1 Fig). Intra-chromosomal dupli-
cations occurred more frequently, a trend that was especially preva-
lent among duplications between two IncRNA genes (Fig 2A). The
second emergent copy of many of the duplicated IncRNA exons was
also annotated as an exon, however, most exons were duplicated into
non-annotated regions, whereas only a minor fraction of exon dupli-
cations landed into introns of IncRNA and protein-coding genes (Fig
2A). Duplications with the initial IncRNA exon located in a sex chro-
mosome were more likely to have the second copy also in a sex chro-
mosome (S2 Fig, S1 Datasheet). Interestingly, the two exon copies
were often found in antisense orientation when the second exon copy
was found in another IncRNA gene (Fig 2A,B). However, the like-
lihood of observing sense or antisense orientation was approximately
equal when the second exon was found in a protein coding gene(Fig
2A). The difference in the resulting orientation of IncRNA-IncRNA
exon duplication relative to IncRNA-protein coding duplication sug-
gests a difference in the functional mechanism of IncRNA-derived
exons in these two classes of genes. LincRNAs (long intergenic long
non-coding RNAs) were the IncRNA biotype with more instances of
duplication in either a protein or another lincRNA, although about
half of the duplications landed in a non-annotated region (Bs). Pro-
cessed transcripts were the IncRNA biotype with more instances of

duplications in protein coding genes and pseudogenes, whereas anti-
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sense IncRNAs were equally likely to have an exon duplication in all

of the other types of IncRNAs (Fig 2C).

Alternatively spliced exons may be related to exon duplication events
[18,28]. Therefore, we analyzed the propensity of exon duplication
events between IncRNA genes in exons known to be alternatively
spliced versus constitutive exons, those in which alternative splicing
has not been reported. We found that alternative exons were four
times more likely to be duplicated than constitutive exons (Fig 2D),
suggesting that exon duplication may be mechanistically connected

with alternative splicing [18].

a-satellites, LTRs and other TEs were enriched in flanking

regions of IncRNAs harboring duplicated exons

Transposable elements (TEs) are thought to contribute substantially
to the evolution of IncRNAs [29-31]. Thus, we considered the contri-
bution of different TEs to the sequence of recently duplicated IncRNA
exons. First, we determined the frequency of various TEs and repeti-
tive elements (REs) in duplicated IncRNA exons compared with non-
duplicated IncRNA exons (S3 Fig). Although we used a cutoff that
restricted the percentage of repeats (less than 20%, see methods)
allowed in an exon to be considered a duplicated exon and not a
RE, and therefore exists a bias against duplicated exons with high

content of repetitive elements, we found that our set of recently du-
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plicated IncRNA exons were specifically enriched in a-satellite DNA
and low complexity sequences (S3 Fig), possibly reflecting a regu-
latory function [30]. Among other notable differences we found that
our set of duplicated exons were enriched for gypsy LTRs [32] and
ERV1 elements while LINE2, MIR and simple repeats were avoided
(S3 Fig).

."E% | |
i S
| $t4 K
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
. i——
EEEE I - r. — =
EENEEEEEEEN L -
F - r '
- B -
, B : m
" 1 e e -
: -

Figure 3: Repetitive elements in IncRNA duplication. (A) The ratios of
REs in duplicated and non-duplicated IncRNA exons with their flanking
regions compared to the genome. Values greater than one show an enrich-
ment of the RE (B) Ratio of REs between duplicated and non-duplicated
exons and flanking regions (500bp up- and downstream, 50nt bins). En-
richment of different classes of REs in duplicated exons are shown in red,
and enrichment of different classes of REs in non-duplicated IncRNAs are
shown in blue, white color blocks indicate missing values or values in which
one of the groups was zero.

Second, we compared the prevalence of TEs and REs in IncRNA ex-
ons and their flanking regions relative to the human genome. Most
TEs and REs, with the exception of a-satellite DNA, were found to

be less prevalent in IncRNA sequences than their flanking regions
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(Fig 3A), consistent with a possible role of duplicated IncRNAs in
heterochromatin establishment [33|. Finally, we compared the preva-
lence of TEs and REs in the flanking regions of duplicated versus
non-duplicated IncRNA exons. We found that the prevalence of spe-
cific TEs and REs within IncRNA exons generally extended to their
flanking region, with the exception of Alu sequences, which were
avoided in duplicated exons but were slightly more frequent in the
duplicated exon flanking regions (Fig 3B). The prevalence of LINE1
and Alu elements in the exons and flanking regions of recently du-
plicated IncRNA exons suggest that their active transposition in the
genome may be related to the emergence of the novel IncRNA exon

copies [34,35].

The duplication rate of IncRNA exons in great apes was rel-

atively constant over time, leading to human-specific genes

To trace the evolutionary history of the exon duplications we per-
formed sequence searches of the duplicated regions in the genomes of
all of the other great apes. We predicted the relative timeframe for
the emergence of the exon duplication by comparing the number of
detected copies in the great ape genomes. Overall, the rate of exon
duplication appeared to be relatively constant across the great ape
evolution (Fig 4A). However, a higher propensity of exon duplica-

tion in the orangutan and gorilla lineages was observed (Fig 4A),
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congruent with previous observations that these lineages experienced
a faster rate of segmental duplication [22]. Two exon copies in the
human genome could be consistent with a recent ancestor having
only one exon and the second exon emerging in a recent duplication
event. Alternatively, a recent ancestor may have had several exons,
with the human showing only two exons due to a recent exon loss
in the human lineage. Therefore, cases of outgroup species having
more than two exon copies could reflect instances of recent exon loss
in human. Moreover, the observation of only one exon copy in an
outgroup species provided information on the timeframe of the du-

plication event.

Overall, 209 new exons appeared in the human lineage since the di-
vergence from orangutan (Fig 4A). For our analysis, we removed
instances of apparent exon loss in the great ape lineage, where the
human genome had two copies and the other great apes had more.
Furthermore, we removed 89 instances of exon duplication where
the human genome contained two copies and the other great apes
contained zero; most of such cases were from the Y chromosome,
possibly reflecting either difficulties in the assembly of the repeti-
tive Y chromosome in other great apes or novel exons in the hu-
man genome [36]. To verify the human-specific exon duplications, we

mapped the WGS reads of each primate against the human genome
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and resolved 84 high-confidence human-specific exon duplications in-
cluded in 62 IncRNA genes, such as the heart tissue-associated tran-
script 17 (HRAT17), the breast cancer associated lincRNA CYTOR
(LINCO00152) [37], CROCC2P, and others (S2 Datasheet).
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Figure 4: Evolution and frequency of exon duplications across
great apes and in human populations. (A) Distribution of exon
duplications across the great ape phylogenetic tree. The terminal num-
bers (black) indicate the number of identified two-copy exon duplications,
while the numbers on the internal section of the tree (blue) indicate the
estimated number of duplications occurring in the corresponding section of
the phylogeny. (B) Frequency of human-specific duplicated exons in the
human population; frequency values >0.6 indicate the exon was fixed in
the population. (C) The density of SNPs in exons and introns of IncRNAs
shown for exon duplications conserved in great apes and human-specific
genes. The red and blue lines represent the kernel density estimate (KDE)
of the IncRNA exons and introns. (D) The density of SNPs in the flanking
regions of IncRNAs genes. A significant decrease in SNP density while ap-
proaching the promoter regions of the IncRNAs is shown; p-value < 0.0001
by Fisher’s exact test.
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Half of the human-specific duplicated exons were fixed in

the human population

Human-specific exon duplications could be polymorphic in the hu-
man population. Therefore, to study the frequency of these duplica-
tions we focused on 22 available whole human genome sequences with
high coverage [38] and utilized the normalized depth of coverage of
the duplicated region relative to the average coverage of the genome
as a proxy for copy number. Approximately half of the 84 human-
specific exon duplications, including those in CROCCP2, CYTOR
and HRAT17, were estimated to be present in all 22 individuals (Fig
4B), suggesting that they were fixed in the human population and
indicating a possible role for these duplicated IncRNA exons in the
recent evolution of the human genome. However, about one quarter
of the human-specific exon duplications in IncRNAs had a frequency
below 50% in the human population (Fig 4B), which could indicate
either a role in human to human genetic variation or that the evo-
lutionary fate of the duplicated exon has not yet been established in

the population.

IncRNA genes were under negative selection for transcrip-

tion in the human population

We next examined whether IncRNAs were under selective constraint

by analyzing single-nucleotide polymorphisms (SNPs) in the human
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population. Typical assays of selective constraint focus on the rate of
accumulation of substitutions or polymorphisms in the sequence of
interest relative to a selectively neutral sequence [11], such as introns.
A previous study has shown that human IncRNAs shared a similar
level of polymorphism between exons and introns [39]. We compared
the non-duplicated exonic regions of the 562 IncRNA genes harbor-
ing the 877 recently duplicated exons with their non-duplicated in-
tronic regions. We excluded the duplicated regions of the IncRNA
genes due to the possibility of bias in the SNP-calling of those re-
gions. In line with the previous study, we found that overall there
were no significant differences in the density of SNPs in the evalu-
ated non-duplicated regions of exons and introns, however, human-
specific IncRNA genes showed a slight reduction in the SNP density
in exons compared to introns, suggesting these genes might be under
negative selection (Fig 4C). Interestingly, we observed a significant
decrease (p-value, <0.0001, Fisher’s test) in the density of SNPs in
the promoter regions of IncRNA genes with duplicated exons (Fig
4D), indicating that they were under negative selection for contin-
ued expression in the human genome. Furthermore, the frequency
spectra of SNPs found in the promoter region, 500bp upstream of
the IncRNA genes, was not significantly different from the frequency
spectra of SNPs found in the flanking regions at distances of -1000bp,
+500bp and +1000bp (S4 Fig).
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Genes harboring IncRNA exon copies had different expres-

sion profiles across several human tissues

The expression profiles of all IncRNA genes with a recent exon du-
plication show substantial differences between genes that shared a
duplicated exon (S5 Fig), suggesting a diversification of the expres-
sion of these genes. However, the differences between the expression
profiles of the 62 human-specific IncRNA genes appeared less pro-
nounced (Fig 5A), indicating less time of divergence between the
copies. Whereas several of the IncRNAs with a human-specific exon
duplication were expressed ubiquitously across tissues, we identified
a few cases displaying tissue-specific expression patterns, including
the previously characterized human-specific duplicated neuronal gene
SRGAP2C [40], which was expressed in the cerebellum (S6A Fig,
S2 Datasheet). Likewise, we found that CROCCP2 and PDXDC2P
were expressed in the cerebellum and HRAT17 in the heart (Fig 5B
and S6A Fig), suggesting a functional role in these tissues. More-
over, the cancer related IncRNA CYTOR [37], was selectively ex-
pressed in leukemic cell lines and transformed fibroblasts (Fig 5B
and S6B Fig). Finally, LINC00893, previously known as gene W
and linked to Hunter Syndrome [41,42|, was selectively expressed
in the pituitary gland (Fig 5B and S6B Fig). We also identi-

fied IncRNA genes that had an exon duplication conserved among



Figure 5: Expression patterns of IncRNAs harboring exon du-
plications across different human tissues. (A) Expression profiles
of human-specific IncRNAs and their duplicated counterparts. Every two
columns corresponds to two genes sharing a duplicated exon. The first
gene of the pair is always a IncRNA, whereas the second gene could be a
IncRNA, a protein coding gene or a pseudogene. The tissues have been
hierarchically clustered (average linkage clustering) and the colored rows
corresponds to specific tissue groups colored coded as seen in (B) Expres-
sion profiles of selected IncRNA genes displaying high expression in brain,
heart, transformed lymphocytes and others.

all great apes, displaying tissue-specific expression patterns such as
DGCR5, involved in DiGeorge Syndrome [43|, and RP11-617F23.1
in several brain tissues and the oncogene ZFAS1 and breast cancer
related SNHG7 in female reproductive tissues (Fig 5B, and S6B
Fig). By utilizing a machine-learning classification framework to de-
tect selective sweeps in human populations [44]| we identified signs

of positive selection in HRAT17 and CROCCP2 (S7 Fig), suggest-
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ing that these human-specific exon duplications were relevant for the

evolution of the human population.

Isoform expression preference was independent of the inclu-

sion of a duplicated exon

Finally, we sought to ascertain whether inclusion of the duplicated
exon correlated with the expression level of alternatively spliced IncRNA
genes. Expression ratios between isoforms of individual genes did not
reveal a general theme of expression level preference across tissues,
with some genes showing preference for the isoform with and others
without the duplicated exon (S8A Fig). However, isoforms without
the duplicated exon did show a mild but significantly higher level of
expression across all tissues (p-value <0.0001) (S8B Fig), particu-
larly in the brain, consistent with previous studies showing that high

expression level might restrict gene duplication [45].

3.4 Discussion

Duplication of genetic material is one of the staple trends of genome
evolution [46], shaping genome architecture (Marques-Bonet et al.
2009), driving functional evolution [1| and possibly playing a role
in ecological adaptation [47] and major evolutionary shifts [1,48,49].

Recent gene duplications are thought to have influenced recent hu-
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man evolution [50,51], including the development of the human brain
[40,52,53], and polymorphic copies are certain to have an impact on
human pathologies [54]. Similarly, exon duplication has been impli-
cated as a mechanism increasing diversity of protein function through
the generation of novel isoforms [17,55]. Our data indicated that
highly similar IncRNA exon duplications were more frequent in the
great ape lineage than whole IncRNA gene duplications (Fig 2A).
Interestingly, protein coding genes appear to show the opposite, with
whole gene duplications appearing more frequently in the course of
evolution [56,57] than exon duplication [16,17], mostly due to the
contribution of whole genome duplication to the appearance of whole
gene copies [56,57]. The fraction of exons (10%) emerging through
exon duplication as detected by sequence similarity is similar between
protein and IncRNA genes [16-18]. However, the likely stronger selec-
tion on maintaining protein sequences intact allows for the detection
of older protein coding exon duplication events, suggesting that the
rate of exon duplication may be higher in IncRNA genes than protein
coding genes, with a relatively constant rate of evolution across the
great ape lineage. The presence of active repetitive elements in the
flanking regions of duplicated IncRNAs, in particular LINE1ls and
Alu repeats (Fig 3B), is consistent with a TE-driven mechanism of
duplication linking these regions with natural genetic variation and

disease [34,43,58,59]. Moreover, the overrepresentation of I$-satellite
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DNA (Fig 3B), the main component of centromeric and pericentric re-
gions [60], indicates that recent IncRNAs could have a role in genome
stability through interaction with other proteins [33,61]. Despite the
general lack of selective constraint in IncRNA genes [39], we observed
a significant decrease in SNP density in the promoter regions of IncR-
NAs indicative of negative selection (Fig 4C), suggesting that active
transcription of IncRNA genes is important for the regulation and/or
structure of the human genome. Some of the gene copies showed
considerable divergence of expression after the duplication event (S5
Fig), suggesting either subfunctionalization or specialization of the
original role of some of these genes after duplication and/or that they
became a part in the landscape of transcriptional noise as raw ma-
terial for evolution. Moreover, the identification of IncRNA genes
with an exon duplication and a described phenotype, such as the
oncogene ZFAS1 [62,63], the DiGeorge Syndrome associated DGCR5
gene [43,64] and the Hunter Syndrome associated LINC00893 gene
[41] (Fig 5B and S1 Datasheet), suggests that some of the other
uncharacterized IncRNAs genes with recently duplicated exons might
be associated either with disease or development. Therefore, the iden-
tification of human-specific exon duplications in genes with specific
expression patterns, such as CROCCP2 and HRAT17 , which showed
recent signs of positive selection (Fig 5) and were fixed in human

populations (Fig 4B) makes these genes and others (S2 Datasheet)
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interesting candidates for follow-up functional studies that could con-
tribute to our understanding of human evolution and disease. Taken
together, the relatively rapid accumulation of lineage-specific exon
duplications of IncRNAs, coupled with the evidence that the newly
emerged copies were under selective constraint and fixed in human
populations, suggests that structural changes of IncRNA genes may

have contributed to recent great ape evolution.

3.5 Materials and methods

Identifying exon duplication events of IncRNAs in the hu-

man genome

To identify duplicated exons in the human genome, we constructed
a non-redundant, non-overlapping exon dataset from 19,835 IncRNA
transcripts of 12,235 IncRNA genes as annotated in GENCODE 13
[8]. Instances where two isoforms had different but overlapping exons
were concatenated into a single exon sequence. A reciprocal BLASTN
(version 2.2.28+) [25] using the created dataset of IncRNAs exons
was performed using a cutoff of at least 70% identity and no less
than 80% of the aligned length between the query and the subject,
parameters that allowed the detection of old duplication events and
to account for insertions and deletions. We filtered out exons with

a high content of repetitive elements and kept those with <20% of
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repetitive elements because we were interested in identifying exons
and not repetitive elements throughout the genome. The resulting

hits were classified as IncRNA exon duplications.

Characterization of IncRNA exons with two copies in the

human genome

To describe the nature of the duplicated IncRNA exon in the human
genome we divided those that only had one copy into different groups.
We separated whole gene duplications from partial gene duplications
by comparing the number of duplicated exons relative to the total
number of exons in the IncRNA gene. If the total number of exons
of the IncRNA gene was equal to the total number of exons that
were duplicated for that gene, it was considered to be a whole-gene
duplication, and if conversely was not, it was considered to be a
partial gene duplication. The localization of the exon, or gene, copies
as well as the correspondence of the copies to annotated genomic
regions was performed using the same human genome assembly and

annotation.

Searching for homologous exons in the genomes of great apes

We performed BLASTN (v2.2.28+) [25] with a cutoff >=70% identity
and no less than 80% aligned length between query and subject,

with an additional restriction for repetitive elements of less than 20%
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presence in the sequence, using as query the exons of the human
IncRNA genes from our non-redundant dataset and as the subject
the genomes of Pantro troglodytes, Gorilla gorilla and Pongo abelii,
respectively. In addition, the Batch Coordinate Conversion (liftOver)
tool from the University of California, Santa Cruz [65] was used with
a cutoff of 80% identity in conjunction with the BLASTN analysis to
validate the homologous exons in great apes that corresponded with

the duplicated exons of our human non-redundant exon dataset.

Genome mapping of great apes and coverage analysis

The Illumina Hi-Seq 2000 reads from chimpanzee (Clint and Bosco),
gorilla (Banjo and Dian) and orangutan (Buschi and Babu) were
downloaded from the Sequence Read Archive (SRA) (PRJNA189439,
SRP018689) [66]. Paired-end reads of the non-human primates were
trimmed and converted to Sanger format with FastX-Toolkit . The
mapping to the reference human genome (GRCh37) was performed
using BWA with the aln and sampe tools [67]. The increased edit
distance parameter was n=0.04 (default). The presence of the dupli-
cated exons in the genomes was estimated on the normalized coverage
of the duplicated IncRNA exons of the sequences, including the non-

human primates, mapped to the human genome.

Human-specific exon duplication as recent events


(http://hannonlab.cshl.edu/fastx_toolkit)
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For each pair of exon duplicated genes we determined the percentage
of identity of exons and introns separately using BLASTN (v2.2.28+)
[25], and utilized the %identity as a proxy for the estimation of diver-
gence between the human copies. Those that were found only in the
human genome, and not in the genomes of other great apes, and had
percentages of identity >=95% were considered to be human-specific
candidates with the exception of 9 potential exons (S2 Table) that
were included because they had support from BLASTN /liftOver and

the coverage analysis.

SNPs analysis of human IncRNA exons

Based on the results of the BLASTN search, each IncRNA gene was
divided into duplicated (DRs) and non-duplicated regions (non-DRs)
for both exonic and intronic regions. The polymorphisms of each re-
gion for each of these regions was calculated separately using WGS
data in combination with exome data from from 2,504 individuals cor-
responding to 26 populations from the 1000 Genomes Project Phase
3 [38]. We estimated the density of polymorphisms in the flank-
ing regions of the IncRNA gene that had an exon duplication (5Kb
upstream and downstream) in bins of 500 nucleotides using Tabix

(TAB-delimited file IndeXer, v1.3) [68] and custom Perl scripts.

Allele frequency in IncRNA duplicated exons
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We estimated the allele frequency of duplicated and non-duplicated
IncRNA exons in human populations by using high-coverage data
of exome-sequencing and whole genome sequencing (WGS) from 27
individuals of the 1000 Genomes Project by utilizing Tabix (v1.3) [68]
and VCFtools (v0.1.11) [69], along with custom scripts to determine
the minor allele frequency. Using the same approach we calculated
the allele frequency of flanking regions (promoters) in bins of 500bp at
distances of 5Kb up-and downstream the start of the IncRNA exon.

Copy number variation in human populations

To detect whether the IncRNA exon duplication has been fixed in hu-
man populations we estimated the copy number of the IncRNA exons
in 22 individuals by utilizing high-coverage whole-genome-sequencing
(WGS) data from the 1000 Genomes Project [38]. We estimated the
copy number of each exon by using the depth of coverage approach
[70]. The coverage of each IncRNA exon and its copy for each indi-
vidual was determined using SAMtools (v1.3.1) [71] and normalized

by the total depth of coverage of each respective human genome.
Expression of the genes harboring the IncRNA exon copies

We utilized the RNA-seq CAGE (cap Analysis of Gene Expression)
data of 56 human tissues from the RIKEN FANTOMS5 project (Study
accession: DRP001031) [72] and analyzed the expression of IncRNA
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genes that had a duplicated exon. Moreover, we compared the ex-
pression of both genes harboring the exon copies to evaluate whether
the donor and acceptor had diverged expression in different tissues.
Likewise, we evaluated the expression of the human-specific IncRNA

genes.

Expression of different isoforms in alternatively spliced IncRNNA

genes The expression of different isoforms for the alternatively spliced
IncRNA genes that contain a duplicated exon versus those that do
not was determined by utilizing publicly available data on transcript
expression of 53 tissues from 544 individuals from The Genotype-
Tissue Expression project (GTEx Analysis V6, dbGaP Accession
phs000424.v6.pl) [73,74]. First, we estimated the average expression
per gene transcript per each tissue for the 8555 samples available.
Second, we estimated the ratio of the sum of the expression value of
the isoforms with a duplicated exon and those without it. We made
a cutoff of expression at 0.5 RPKM to avoid outliers. Finally, we
compared the mean of the expression level across all the tissues for
isoforms with a duplicated exon versus the isoforms that do not have

a duplicated exon by performing a paired t-test.

Availability of the data All the supporting data and materials are

included in the article and scripts are available upon request.
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Figure 1: Localization and distribution of IncRNA exon duplications in
human chromosomes. (A) The median centered value of the fraction of
IncRNA two-copy exon duplications found across the human chromosomes
for duplications conserved in great apes and human-specific. (i) Heatmap
of the chromosomic distribution of the exon duplications conserved in great
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Figure 2: Frequency of duplications in the chromosomes. Sex chromo-
somes (allosomes) have a higher likelihood of having a duplication in an-
other sex chromosome than autosomes to a sex chromosome. Chi-square
test, Chromosome Y vs Autosome: p-value <0.0001; Chromosome X vs
Autosomes: p-value <0.0001; Chromosome Y vs Chromosome X: p-value
= 0.0140.
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5.1 Abstract

Genetic factors are thought to contribute to the global decline of
population size of plants and animals and among the risks to pop-
ulation recovery. However, comparative population genomic stud-
ies of species with declining and stable population sizes have not
been performed. Here we compare the recent population genetic his-
tory of the critically endangered spoon-billed sandpiper to its sister
species, the red-necked stint, until recently a species of least con-
cern (red List). We found that spoon-billed sandpipers were most
abundant 15,000-25,000 years ago during the last glacial maximum
with greater availability of proper breeding habitat, and have been
declining since. The red-necked stint numbers have been constant
over the last 100,000 years providing a good basis for comparison.
Despite 1000-fold difference in current population sizes (Red List) we
found a similar level of nucleotide diversity, 1.5 x 10-3 in the spoon-
billed sandpiper and 2.2 x 10-3 in the red-necked stint. However,
the spoon-billed sandpiper harbors a substantially higher proportion
of deleterious to neutral alleles, with 44% more nonsense and 35%
more non-synonymous polymorphisms than the red-necked stint. Ev-
idently, the prolonged decline of the spoon-billed sandpiper popula-
tion over the course of 5000 generations caused a reduction in efficacy

of selection with enough time for the accumulation of novel delete-
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rious polymorphisms. Our study suggests that species experiencing
a rapid crash may have lower costs of inbreeding and higher chances
of recovery compared to species with a decline of similar magnitude
over a substantially longer time period. Specifically, this may affect
species that, like the spoon-billed sandpiper, experienced substantial

habitat loss since the last glacial maximum.

5.2 Introduction

Wildlife is experiencing a global decline in population size (Pimm et
al. 2014, Tilman et al. 2017) possibly on a way to one of the mas-
sive extinction events in history (Barnosky et al. 2010). Birds are
not an exception, especially migratory birds (Bairlein 2016) includ-
ing populations of the East Asian Australia Flyway (EAAF). Birds
along the EAAF undertake exceptionally long migration routes from
the Arctic in Eastern Asia to Australia and New Zealand, with up
to 90% of species with known population trends declining in number
(Hua et al, 2015). A case in point is the critically endangered spoon-
billed sandpiper (Calidris pygmeus), which breeds in the Arctic re-
gion of Chukotka and migrates along the EAAF to Southeast Asia
for the winter (Figure 1). The spoon-billed sandpiper is one of the
world’s rarest species with an estimated 100-200 breeding pairs the

wild (Zockler 2016 Bird Conservation International; Clark N, 2016
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ORYX) continuing to decline in numbers (Syroechkovski, 2010 Biol-
ogy Bulletin). Crucial factors contributing to the rapid recent decline
of the spoon-billed sandpiper numbers include habitat loss along the
migratory route and human predation (Zockler, 2010 , Wader Study
Group Bulletin), which are common threat factors for many waders
along the EAAF (Hua et al, 2015, Hebo, 2017, Bird Conservation In-
ternational). By contrast, the genetic contribution and consequence
of the decline of spoon-billed sandpiper population have not been
considered. To investigate the genetic component of population de-
cline we performed a large scale population genomic comparison of
this of this flagship migratory species to its well-faring sister species,

the red-necked stint (Calidris ruficollis).

Genetic characterization of fixed changes in the genome of a criti-
cally endangered species has the potential to reveal factors that de-
fined its recent evolution and phenotype. Furthermore, the study of
genetic variability within the population can provide insight on the
population history (Schraiber and Akey 2015) and potential genetic
risks, such as loss of heterozygosity and the accumulation of delete-
rious mutations (Spielman et al. 2004, Frankham 2005; Polishchuk
2015). The spoon-billed sandpiper is a good model species to ad-
dress both of these questions, with its sister species, the red-necked

stint, is abundant in the wild (citation), providing a crucial reference
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for polymorphism and evolutionary analysis. Previous genome-wide
analyses provided insights into population genetics of endangered
species (Abscal 2016, Rogers 2017). However, these studies focused
on species in which the natural variability was artificially influenced
by hybridization, captive breeding or reintroduction programs and
lacked a comparison with well fairing sister species. The analysis of
the spoon-billed sandpiper provides an opportunity to study the pop-
ulation genomics of a rapidly declining population not influenced by
ongoing conservation efforts, serving as a model for other endangered

species.

5.3 Results and discussion

We selected samples collected in several locations of Chukotka from
female individuals, including 10 spoon-billed sandpipers, nine red-
necked stints and a single individual each of the red knot (Calidris
canutus), long-toed stint (Calidris subminuta) and the little stint
(Calidris minuta) species (Figure 1, Extended Data Table 1). We
sequenced DNA extracted from one of the spoon-billed sandpipers in
two pair-end libraries creating a de movo genome assembly. An ex-
tensive annotation effort using gene prediction software and mapping
for RNA-seq data mapped the protein coding and IncRNA genes in
the assembled genome (see Supplementary Methods). Overall, the



5.3. Results and discussion 109

resulting genome annotation was of a similar quality to the refer-
ence chicken genome (citation), with 35x coverage, scaffold N50 =
2.8 Mb, 21,145 protein-coding genes and 5425 IncRNA transcripts
(Extended Data Table 2) with 93% of the genes in the core eukary-
otic genes set found in the assembled genome (Extended Data Table
3). To allow for a comparative PMSC analysis (Li and Durbin 2011)
we sequenced one red-necked stint and the red knot samples to 30x
coverage. The remaining 9 samples of the spoon-billed sandpiper
and 8 red-necked stints were sequenced to 15x and 10x coverage,
respectively. The long-toed stint and little stint were sequenced to
5x coverage. The sequences from these individuals were mapped to
the reference spoon-billed sandpiper genome and identified single nu-
cleotide polymorphisms (SNPs). We calculated the kinship coefficient
between individuals of the same species, identifying two closely re-
lated pairs of spoon-billed sandpipers. No close relatives were found
in the red-necked stint samples. Therefore, the final analysis in-
cluded the comparison of SNPs from 7 spoon-billed sandpiper and 9
red-necked stint genomes, with 5.2 million SNPs in the spoon-billed
sandpiper and 9.2 million SNPs in the red-necked stint (Table 1).

Using the polymorphism data, we studied several aspects of the
spoon-billed sandpiper population. First, we looked for evidence of

population structure between individuals from different geographical
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Table 1. Polymorphisms in the spoon-billed sandpiper and the red-necked stint populations.

SNPs SNPs Indels Indels
(no singletons) (no singletons)
SBS 5,218,932 3,681,367 691,673 480,457
RNS 9,194,008 6,288,764 1,471,359 1,225,860

locations. We found no considerable genetic isolation between spoon-
billed sandpipers from Meinopylgino and the Belyaka spit, locations
650 km apart at the edges of the modern breeding range, suggest-
ing a lack of population structure (Fst =0.002, Figure 1). Second,
we reconstructed the phylogeny of the sequenced Calidris species,
verifying that the red-necked stint is the sister species to the spoon-
billed sandpiper (Figure 1A). Finally, we considered the possibility
of genetic introgression between the spoon-billed sandpiper and the
red-necked stint. We found no evidence of recent intergressions (Ex-
tended Data Figure VII.2), consistent with only a single possible
hybrid over several decades of observation (Red’kin 2012).

The lack of detectable genetic introgression between the sister species
allows for direct comparison of their species-specific variability. The
level of nucleotide variability in the spoon-billed sandpiper popula-
tion, 7= 0.0022, was less than twofold smaller than in the red-necked

stint population, 7= 0.0015. Figure 1A). To compare population
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Figure 1: Polymorphisms in the spoon-billed sandpiper and the red-
necked stint populations.

size dynamics of these species we performed a PMSC analysis (Li
and Durbin 2011) using the three high-coverage genomes of spoon-
billed sandpiper, red-necked stint and the red knot. The analysis
reconstructs changes in population size derived from the expected
coalescence times of the haplotype blocks in the genome. The pop-
ulation history of the red-necked stint was predicted to have been
constant throughout the last 500,000 years (Figure 1C). By contrast,
the smaller spoon-billed sandpiper population has been in continuous
decline since 15-30 tya, roughly corresponding to the last glacial max-
imum (Clark 2009). The estimated recent decline is consistent with

the relatively high levels of neutral variability. The red knot also ex-
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perienced a sharp decline in population size (Piersma 2007), however,
the recent establishment of red knot subpopulations (Buehler 2006)
can also lead to a rapid change of haplotype structure in the popula-
tion that may be interpreted by PMSC as a population decline. The
latter scenario, however, is not applicable to the spoon-billed sand-

piper population because it apparently lacks population structure.

For species with population size of several dozen breeding individuals,
inbreeding and the concomitant loss of heterozygosity is a risk fac-
tor to long term survivability (Spielman, D., 2004; Frankham 2005;
Polishchuk 2015). To characterize the degree of inbreeding in the
spoon-billed sandpiper we estimated heterozygosity in 1 Mbp win-
dows across the genome (Figure 2). The number of low heterozy-
gosity stretches was higher in the spoon-billed sandpiper than the
red-necked stint, however, we found no evidence of strong inbreed-
ing, suggesting a panmictic population. Lack of long runs of ho-
mozygosity in the longest genome scaffold (Extended Data Figure
III.1) is consistent with low levels of inbreeding in the spoon-billed
sandpiper population. Although the decline of the spoon-billed sand-
piper population did not have a strong impact on the overall level of
variability, the efficacy of selection is reduced in such a declining
population that can lead to the accumulation of deleterious alleles

(Charlesworth 2009). We compared the strengths of selection act-
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Figure 2: Patterns of genetic variation of red-necked stint (RNS)
and spoon-billed sandpiper (SBS) populations. A: Distributions of
nucleotide diversity values calculated in 50kb windows; B: TajimadAZs D
values calculated for functional classes of sites; C: Distributions of het-
erozygosity values calculated in 1 Mbp windows for red knot (RKN), SBS
and RNS individuals.

ing in the spoon-billed sandpiper and red-necked stint population by
calculating Tajima’s D, a statistic that measures the relative contri-
bution of polymorphisms of different frequencies to overall popula-
tion variability (Tajima 1989), for several functional classes of sites.
A negative value of Tajima’s D can be caused by recent population
growth or by negative selection acting against emerging polymor-
phisms, while a positive Tajima’s D indicates the action of positive

selection or population growth. The red-necked stint population has
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been relatively constant over the last half a million years (Figure
1C), thus, Tajima’s D in that species would be mostly influenced by
selection and not changes of population size. In the red-necked stint
Tajima’s D was negative for polymorphisms in coding regions and
close to zero for polymorphisms in intergenic regions (Figure 2B).
These data indicate selective constraint in coding regions, while inter-
genic regions were mostly neutral, congruent with observations from
other species (Andolfatto 2005). Tajima’s D for polymorphisms in
the spoon-billed sandpiper population was respectively higher for all
functional classes (Figure 3B), with intergenic polymorphisms show-
ing a substantially positive Tajima’s D, an observation most consis-

tent with a recent population decline.

We then studied the prevalence of slightly deleterious alleles in the
two sister species. Conservatively assuming that intergenic polymor-
phisms are (mostly) neutral (Figure 2, Andolfatto 2005), we com-
pared their prevalence to the prevalence of polymorphisms at other
functional sites between the two species. A population bottleneck is
expected to remove rare polymorphisms without affecting the density
of common ones (Charlesworth 2009). Therefore, the spoon-billed
sandpiper population was expected to have a lower ratio of rare dele-
terious to common neutral polymorphism. Surprisingly, we found a

proportional increase of rare polymorphisms of all functional classes
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in the spoon-billed sandpiper population, with the highest increase
of nonsense and nonsynonymous sites (Table), which are expected
to have the strongest effect on fitness and have the lowest frequency.
Only synonymous sites had fewer polymorphisms than intergenic sites

in the spoon-billed sandpiper genome.

These data can only be explained by considering two consequences
of the considerable decline in effective population size of the spoon-
billed sandpiper over thousands of generations (Figure 1C); genetic
drift and relaxation of selection. Genetic drift in the declining pop-
ulation removed rare polymorphisms from the population (Supple-
mentary Figure V.1), an event that over the short term influenced
all polymorphisms, as is evidenced by higher Tajima’s D across all
types of sites (Figure 2B). At the same time, the reduction in the
efficacy of selection increased the number of functional sites in which
slightly deleterious polymorphisms could segregate, manifesting in
a faster rate of deleterious polymorphisms coming into the popula-
tion in the course of the population decline. This effect explains
why proportional to neutral intergenic polymorphisms, nonsense and
nonsynonymous polymorphisms are found at highest densities in the
spoon billed sandpiper compared to the red-necked stint (Table 2;
Supplementary Table 2). The relative lack of new synonymous vari-

ation in the spoon billed sandpiper is consistent with the action of
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background selection (Charlesworth 1993) at these sites, which does
not reach intron or intergenic sites due to lack of linkage disequi-
librium between exons and other genomic regions (Supplementary

Figure VI.1).

| Table 2. Functional categories of SNPs in the spoon-billed sandpiper and red-necked stint
populations. Seven out of nine individuals of red-necked stint population were selected for
comparison in all possible configurations, and results were averaged across all replicates.
Common polymorphisms includes only SNPs with minor allele frequency greater than 15%.

Number of changes in the Number of changes in the
spoon-billed sandpiper red-necked stint genome
genome

Nonsynonymous
substitutions 14,268.1 12.741.5
Synonymous substitution 26,6094 21,6834
Intergenic substitutions 1,782,371.0 1,564,947.0
Nonsynonymous 30,107.0 38,4923
polymorphisms
Synonymous 46.866.0 86,006.0
polymorphisms
Intergenic 2,708,036.0 4,348,787.0
polymorphisms
Nonsynonymous 12,873.0 12,883.1
common polymorphisms
Synonymeous common 22,296.1 29.120.1
polymorphisms
Intergenic common 1,354,796.0 1,709,662.0
polymorphisms

To detect positive selection in the two populations we used the McDonald-
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Kreitman test (McDonald and Kreitman 1991) on the fixed and seg-
regated polymorphisms in the two populations. In the red-necked
stint population we estimate that 24% of amino acid substitutions
have been driven by positive selection (Table 2). No direct evidence
of positive selection was detected by the McDonald-Kreitman test in
the spoon-billed sandpiper lineage (alpha = -0.2, Table 2). How-
ever, negative alpha in the spoon-billed sandpiper population likely
reflects the accumulation of deleterious non-synonymous variants in
the spoon-billed sandpiper population (citation?). This hypothesis
is confirmed by the observations that if only polymorphisms with a
very high derived frequency are used, then the McDonald-Kreitman
test, predicting fraction of amino acid substitutions that were sub-
ject to positive selection in spoon-billed sandpiper, shift towards zero
(alpha = -0.07; alpha = 0.18 in the red-necked stint; Table 2). In-
deed, the dn/ds ratio, reflecting fixed changes, was similar in the
spoon-billed sandpiper and the red-necked stint, dn/ds = 0.18 and
0.2, respectively, indicating a similar selection pressure in evolution
of the two species prior to recent population changes that affected

the polymorphisms (Table 2, Supplementary Table 2).

We then searched for specific regions in the genomes of the two
species that may have been under positive selection since their diver-

gence. We calculated Z-scored values in 25kbp windows, identifying
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regions that had many differences between the spoon-billed sand-
piper genome relative to the orthologous red-necked stint region, and
visa versa. We identified an excess of genomic regions with a high
Z-scored values relative to a normal distribution (Supplementary Fig-
ure VIII.1) with 761 windows (251 regions) showing a Z-scored value
>2.5 (corresponding to a p-value < 0.006), of them 129 had the ex-
cess of substitutions in the spoon-billed sandpiper lineage (620 in red-
necked stint). The 128 protein coding genes found in these 114 spoon-
billed sandpiper accelerated regions in were significantly enriched for
various biological processes (Supplementary Table VIII.1), majority
related to positive regulation of cell growth (Supplementary Figure
VIIL.2). Interestingly, two genes - secreted frizzled-related protein
(Epyglc017260) and E3 ubiquitin ligase SMURF1/2 (Epyglc020968)
- are involved in negative regulation of BMP signalling pathway, that
might be related to beak development, as it was suggested by others.
By contrast, the regions with increased accumulation of substitutions
in the red-necked stint did not include genes related to beak develop-
ment or to positive regulation of cell growth (Supplementary Table

VIII.2; Supplementary Figure VIII.3).

Remarkably, the few genomic regions with accelerated rate of evolu-
tion in the spoon-billed sandpiper harbor the genes that have been

shown in multiple studies (citations) to affect the development of the
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bill - the defining morphological feature of the species with a clear
ecological significance. The other genes detected in the same analysis
include genes important in bone development and immunity-related
genes, with the latter thought of being important for endangered

species.

The consistent and gradual decline of the spoon-billed sandpiper
population since the last glacial age suggests a concomitant decline
in appropriate habitat. Thus, we considered possible distribution
of the spoon-billed sandpiper breeding range at the time of the re-
constructed population peak during the last glacial maximum 18-12
thousand years ago (tya). At the time of maximum glaciation Eura-
sia and North America were connected by the land bridge Beringia,
due to the regression of sea levels, up to 100-130 meters lower than
at present (Velichko et al., XXX; Yokoyama et al. 2000; Fairbanks
1989; Lambeck and Chappell 2001). The regression exposed vast ar-
eas of the flat continental shelf in what is now the Bering Sea, which
in combination with a colder climate, provides two major factors
contributing to a more widespread spoon-billed sandpiper breeding
habitat during the last glacial maximum. First, the exposed con-
tinental shelf created large flat areas of rugged coastal line (Manley
2002; Ehlers and Gibbard 2004; Clark et al., 2014), including lagoons

with crowberry spits, salt marshes and tundra vegetation (Erland-
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son et al., 2015) likely resulting in large paleo-Anadyr and paleo-
YukonaASKuskokwim deltas. Second, the colder climate at the time
of the last glacial maximum allowed for the presence of acceptable
breeding habitat over a wider area extending far beyond the mod-
ern breeding range (figure map in prep). The large areas of coastal
tundra and large deltas of paleo-rivers, correspond to breeding habi-
tats of the spoon-billed sandpiper, suggesting that the peak of the
spoon-billed sandpiper population may have occurred at that time
due to wider availability of breeding habitat. The current critical
state of the spoon-billed sandpiper population may thus be caused by
it being especially sensitive to anthropogenic pressures on the flyway
because of a pre-existing vulnerability associated with deglaciation-

driven breeding habitat loss.

Our analysis show that the spoon-billed sandpiper experienced a per-
sistent 5000 generation-long decline in population size since the last
glacial age. The decline was, on one hand, recent enough not to affect
the overall level of genetic variability, on the other, long enough to
have led to a substantial accumulation of slightly deleterious alleles.
Compared to the red-necked stint, the spoon-billed sandpiper carries
thousands of extra rare deleterious alleles. Conversely, the high level
of heterozygosity was maintained because it is mostly defined by com-

mon alleles (citation) that are not greatly affected immediately in the
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course of the population decline (citation), and they are less likely
to contribute to a decline in fitness with increased rate of inbreed-
ing (citations). These data suggest that the spoon-billed sandpiper
population may be particularly predisposed to loss of fitness due to
inbreeding because of the long gradual decline of the spoon-billed
sandpiper population that led to the accumulation of a large num-
ber of rare deleterious alleles. The recently established spoon-billed
sandpiper breeding program (citation) must, therefore, be especially

mindful in avoiding inbreeding among their captive individuals.

Our results also suggest that genetic studies of endangered species
should not rely on the level of heterozygosity for the prediction of
the risks of inbreeding but should take into account the accumulated
rare deleterious variants. It is possible that the genetic risks to species
survival are especially great in populations with prolonged popula-
tion declines rather than those that has experienced a rapid crash.
Among the possibilities of particular vulnerability of the spoon-billed
sandpiper as a species is the adverse interplay of natural geological
and climatic factors that initiated the initial population decline that
was exacerbated by recent human activity (citation); a situation that

may be pertinent to many other Arctic-dwelling species.

Conservation genetic studies focus on rapid loss of population size a

risk factor in the accumulation of deleterious alleles in the endangered
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population (citations). Our study suggests that a gradual decline in
population size presents a greater danged to an endangered species, as
more deleterious variants have the time to accumulate in a gradually
declining population (citation) with the population becoming partic-
ularly vulnerable to the deleterious influence of inbreeding once the
population reaches specifically low numbers, especially in species with
a low geographical dispersion. The lack of inbreeding in the modern
spoon-billed sandpiper is a hopeful sign for the species, however, the
predicted substantial numbers of the slightly deleterious alleles in the
population underscore the importance of insightful breeding regime

for the recently established spoon-billed sandpiper breeding program.

This study highlights the interplay of long-term climate change and
human-induced factors in defining the fate of species. The concomi-
tant action of drift in removing pre-existing rare variants at all sites
and the accumulation of new rare variants due to relaxation of selec-
tion at functionally important sites is most consistent with the higher
proportion of polymorphisms at nonsense and nonsynonymous sites

in the spoon billed sandpiper.

5.4 Materials and methods

Samples
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Samples were collected between 2002 and 2013 at three locations
(Supplementary Table 1). One sample of spoon-billed sandpiper was
selected to provide the reference genome, other samples to provide
information about genomic variation in the spoon-billed sandpiper
and red necked stint populations. Single individuals from three other
species (red knot, little stint and long-toed stint) were used for phy-
logenic and outgroup-based analyses. DNA from all these samples
were extracted with Gentra Purgene Tissue Kit following standard
protocol. We extracted also a RNA from single embryo sample, to
facilitate gene prediction and genome annotation. All individuals
used for population analysis were sampled prior to 2011, the year a
head-starting program for the spoon-billed sandpiper was initiated.
RNA was extracted from individuals collected after 2013 to aid in

gene prediction.

Library preparation and sequencing

To produce a reference genome, a 0.5, 3 and 4.5 kb average insert
sizes libraries were prepared from a single individual. In addition,
a 450 bp fragment PCR-free library was prepared from DNA of the
same bird. The 500bp fragment, and the two mate-pair libraries were
sequenced on an Illumina HiSeq 2000 at the Center for Genomic Reg-
ulation (Barcelona, Spain). The 450 bp library was sequenced on an

[llumina MiSeq to obtain 250bp overlapping reads. All reads were
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manually inspected using FASTQC and used for genome assembling.
An overview of the samples used in this study can be found in Supple-
mentary Table 1. De novo assembly We ran DiscovarDeNovo assem-
bler (DDN V. r52488, default parameters) using the 450bp-fragment.
The scaffolds obtained covered 1.27GB of the spoon-billed sandpiper
genome (1.2GB expected genome size) and had an N50 of 100kb. To
improve the assembly we excluded contigs shorter than 500bp. To ex-
tend and scaffold the contigs produced by DDN we ran SSPACE-SR
(v3.0) in two steps. First, we extended the contigs using the single
500bp library. Later, we scaffolded the extended assembly using both
mate-pair libraries with SSPACE-SR (default parameters, -x = 0, -z
=0,-k=5,-g=0,-a= 0.7 -n= 15 -p = 0). The statistics for
each assembly were calculated using the assemblathon pipeline (Earl

et al. 2011) described in Supplementary Table 2.
Genome annotation

The reference genome was annotated with Evidence Modeler by com-
bining different sources of evidence. Prior to the gene-finding step the
assembly’s complex-repeats were hard-masked using RepeatMasker
(v4.0.5) with G. gallus-derived library of repeat elements. After that
several ab-initio gene predictors were applied to the reference genome.
Additionally, we aligned to the reference genome PASA-derived tran-

scriptomic sequences, highly curated vertebrate sequences and chicken
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protein models. All these sources of evidence were combined us-
ing specific weights. Functional annotation of a final set of genes
was performed with a pipeline utilizing Interproscan, KEGG and
Blast2GO software. Detailed information about genome annotation

can be found in Supplementary Materials.

IncRNA annotation of the Spoon-billed sandpiper bird

We annotated the long non-coding RNA (IncRNA) transcripts of the
Spoon-billed Sandpiper genome with a combination of tools, includ-
ing the Coding Potential Calculator (CPC) and the Coding Poten-
tial Annotation Tool (CPAT). The former detects putative ORFs
homologies and performs protein database parsing, whereas the lat-
ter is based on a logistic regression model. The required models for
de novo prediction using CPAT were trained with 7,839 annotated
long intergenic non-coding RNAs (lincRNAs) from the chicken (esti-
mated time of divergence with the SBS, TTOL = 98.0 mya) and an
equal randomly selected number of coding sequences (CDS) to avoid
a biased detection model. These sequences were used as a proxy to
detect the coding and non-coding potential of identified transcripts.
The estimation of the optimum cutoff value (=0.59), to determine
whether a transcript was either a protein coding or non-coding gene
was assessed by using a ROC curve (Supplemental Fig.) using data
from 8161 CDS and 7839 lincRNAs (total=16000) from the chicken
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and a modification of the R script given by CPAT. The output of
CPAT was fed to CPC and the remaining sequences were blasted
(BLASTN) against the SBS protein-coding sequences predicted pre-
viously with EVModeller. Sequences with an overlap below 10% with
a protein-coding were retained as well as those without any signifi-
cant hit with a protein in the RefSeq database (latest version). Only
transcripts >=200 nucleotides and with a ratio of transposable ele-
ments less than 0.4 were considered as IncRNAs. Finally, we filtered
transcripts with expression levels >= 0.5 FPKM, utilizing RNA-Seq

data of the previously mapped transcriptome.
Mapping and SNP calling

Samples other than used for genome assembly were sequenced with
[lumina HiSeq2000 platform (2 x 125bp reads). The quality of reads
was assessed with FASTQC, and low quality reads were trimmed
with Trimmomatic (version 0.32) (Bolger et al. 2014). Reads were
then mapped to the reference genome with bowtie2 (version 2.2.3)
(Langmead and Salzberg 2012). PCR duplicates were marked, indels
were realigned and sam/bam files were manipulated with SAMtools
and GATK; SNPs were called with SAMtools mpileup (with addi-
tional options: -C50 -R -t DP,ADF,ADR) and filtered with bcftools
filter and vcftools. Based on the empirical distributions we decided

to remove sites with QUAL aLd 30, DP aLd 40, DP aL¢ 250, MQSB
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aLld 0.001, and within 5 bp of indels. Indels were normalized and
left aligned. The missing and low quality genotypes were inferred
separately for each species using BEAGLE (version 4.1) (Browning
and Browning 2007).

Relatedness and phylogeny reconstruction

To infer relationship between individuals within each species we used
KING software (Manichaikul et al. 2010) assuming no population
structure. From each group of individuals related up to first degree
we randomly selected one individual for future analyses avoiding sam-
ples that were sequenced with other technology (MiSeq) or to differ-
ent depth (samples sequenced for genome assembly) (Supplementary
Table 1). The principal component analyses on final samples was per-
formed with PLINK (Chang et al. 2015) and phylogeny was inferred
with SNPhylo (Lee et al. 2014) software using following options -m
0.001 -1 0.1 -p 20 -M 0.2 -b -B 100 -a 30000.

Population statistics

We scanned the contigs longer than 50kb in non-overlapping 25kb
windows to estimate nucleotide diversity and Tajima’s D statistics
within spoon-billed sandpiper and red-necked stint populations and
to estimate genetic divergence () between species. The VCFtools

(0.1.15) software (Danecek et al. 2011) was used for these calcu-
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lations and GO enrichment analyses for selected widows were per-
formed with topGO package (Alexa and Rahnenfuhrer 2010). To
calculate Tajima’s D statistic per specific region we used PopGenome
package within R (Pfeifer et al. 2014). To count the number of poly-
morphisms and species-specific substitutions we excluded tri-allelic
sites and sites polymorphic in both species. Using information from
an outgroup we then applied principle of parsimony to reconstruct
ancestral state and count number of polymorphisms and substitutions

with custom script.
Mutation rate

We used protein coding sequences from spoon-billed sandpiper and
killdeer, to estimate mutation rate. The reciprocal blast was per-
formed to identify orthologous sequences between species. We used
12,398 orthologous pairs to estimate rate of synonymous substitu-
tions. Each pair of sequences was aligned based on the translated
protein sequence. The alignment was then used for estimate rate
of synonymous substitutions and number of synonymous sites with
PAML (yn00) (Yang 2007). The divergence time between spoon-
billed sandpiper and killdeer was assumed to be 76.0 million years,
according to the www.timetree.org (Kumar et al. 2017). The cal-
culated mutation rate was 2.40 x 10-9 as a rate of mutation per nu-

cleotide per year and 1.20 x 10-8 as a rate of mutation per nucleotide
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per generation (1 generation = 5 years).
Population history

To perform PSMC (Li and Durbin 2011) analyses, the mpileup file
was generated with SAMtools, and sites were filtered to have min-
imum mapping quality 25, consensus quality higher than 20 and
depth in a range between 10 and 2 x d, where d is average depth
(Nadachowska-Brzyska et al. 2016). PSMC was then run with the
following options -N50 -t5 -r5 -b -p "4+30x2+4+6+10" and output
was generated with the mutation rate calculated as described above.
The same procedure was performed for three species: spoon-billed
sandpiper, red-necked stint and red knot using spoon-billed sand-
piper genome as a reference. As a control, we performed the same

analyses on the ruff genome.

5.4.1 Supplementary information about IncRNAs

We identified 5425 IncRNA transcripts (Figure 3A)in the SBS genome,
from which only a total of 1224 transcripts had expression levels
higher than 0.5 FPKM (Figure 3B); this could be due to the inade-
quate quality of the transcriptome data to detect expressed IncRNAs
which are generally expressed at low levels. Only 132 transcripts
had a relevant BLAST hit with another predicted ncRNA (>80%

identity and length) from other bird genomes, whereas 1733 genomic
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transcripts had a non-significant BLAST hit (<80% identity, <80%
length) with a ncRNA from another bird. More than 50% of the total
transcripts were smaller than 2000 nt, however, a few transcripts were
longer than 15000nt, the content of transposable elements is shown

in Figure 3C.
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Figure 3: IncRNA annotation in the spoon-billed sandpiper.
(A) Length distribution of IncRNAs. (B) Transposable elements (TE)
content in identified IncRNAs. (C) Genomic versus expressed IncRNAs
(>0.5FPKM). (D) Distribution of %identities and aligned lengths between
the spoonbilled-sandpiper and human IncRNAs.
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Moreover, we identified 37 spoon-billed sandpiper IncRNA genes with
a significant Blastn hit (>70%Identity and aligned length) with an
annotated human IncRNA (GENCODE v26) (Figure 3D), such as
FOXP4-AS1-005, HTR5A-AS1, MEF2C-AS1, OIP5-AS1-001 (known
as cyrano in zebrafish, citation), ZEB2-AS1 (a regulator of ZEB2
which is essential for Schwann cell differentiation, myelination and
nerve repair [Quintes et al., 2016] among others. However, only 16
genes had expression levels >0.5FPKM. It is likely that these IncRNA
genes are functionally relevant and it is an interesting example of

conservation being an indicator of functionality throughout evolution.
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Chapter 6

Discussion

6.1 Summarizing discussion

In this thesis I have presented analyses focused on the non-coding
regions of the genome, specifically IncRNAs and tRNAs genes in hu-
mans and other species. By using a comparative genomic approach
I was able to 1) Identify human-specific IncRNA genes that seem-
ingly are contributing to the unique genomic landscape of the hu-
man genome. 2) Show that there is a limit in the number of tRNAs
identities that can evolve using bacterial tRNA orthologs pair-wise
comparisons and 3) De novo annotate new IncRNAs in a non-model

endangered species, the Spoonbilled-sandpiper bird. Each chapter of
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the thesis has its own discussion, therefore here I will present a gen-

eral discussion of my research and some perspectives for the future.

“Organism complexity arises primarily from application of
new regulatory control over duplicated genes rather than by

invention of new activities”. [Allen et al., 2004]

After the human genome sequencing project was completed, this
achievement was optimistically perceived as the final step to under-
stand our nature; it was believed that after its completion we were
going to be able to solve our evolutionary history, aging and all dis-
eases sooner rather than later. It’s been a while since the first human
genome was drafted and we are still far from understanding complex
and subtle genetic, epigenetic, epistatic and trans-generational inter-
actions that can influence a broad spectrum of different phenotypes.
However, it is undeniable we have made great progress since and
continue to do so. With the increasing number of individual human
genomes and other species genomes in our databases, together with
the decrease in costs per genome and technological advances, we are
closer and closer to understand many diseases and developmental

processes.

Moreover, it is now generally accepted that non-coding regions in the

genome harbor relevant information, (i.e, most of the somatic variants
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in cancer genomes occur in non-coding regions) and shifting our at-
tention to those regions can help us understand many biological pro-
cesses. An increasing amount of experimental techniques and com-
putational tools that allows to detect and characterize interactions
and non-coding variants are being utilized, such as ATAC-seq, CHIP-
seq, Hi-C, Enhancer-FACS-seq, CRISPR-Cas9, OncodriveFML, just
to name a few. However, it is still unclear, and a matter of debate,
how much of the non-coding genome is functional, specially when

referring to IncRNA genes.

I believe the concept of functionality shouldn’t be treated lightly and
it is true that if we measure functionality based on the degree of
sequence conservation, most classes of IncRNAs will be cataloged as
transcriptional noise. However, IncRNAs cannot not be studied as
if they were protein-coding genes; because it has been shown that
changes in their sequences don’t necessarily affect their structure.
The latter could explain the strong purifying selection observed in

the promoter regions of all IncRNAs.

Moreover, I've found that analyses of evolutionary mechanisms, such
as duplication, together with detection of selection signatures are very
informative to find relevant IncRNA genes; specially in combination
with gene expression data. And has lead me to consider, that many

of them, at least in part, might not be just transcriptional noise, yet
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we are still far from understanding all the functional elements in the

genome and their role in regulation.

Finally, the approach used in this thesis could be used to analyze
not only IncRNA genes, but any type of gene, to detect abnormal
numbers of exon copies in diseased patients, which could lead to the
identification of potential targets as biomarkers and drug develop-

ment.



Chapter 7

Conclusions

e 11% of human IncRNA exons have at least one duplication and

prefer partial rather than whole gene duplication.

e Our data show that IncRNAs originated by exon duplication at
a constant rate throughout great ape evolution giving rise to

62 human-specific genes.

e We identified potential candidate genes that are undergoing ac-
tive selection and show tissue-specific expression patterns which

require further experimental validation.

e Several are expressed in the brain and testis, while others are

expressed ubiquitously.
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e We develop a method by using a comparative genomics ap-
proach to identify relevant small-scale duplications in the non-

coding genome.

e There is an accumulation of structural and functional constraints
that operate on tRNAs and acts as an operational limit that
impedes the evolution of new tRNA identities and, as a result,

the incorporation of new amino acids into the genetic code.

e We identified 5425 IncRNA transcripts in the SBS genome, from
which only a total of 1224 transcripts had expression levels
higher than 0.5 FPKM; this could be due to the inadequate
quality of the transcriptome data to detect expressed IncRNAs

which are generally expressed at low levels.

e 41 SBS IncRNA transcripts had a significant hit with an an-
notated human IncRNA, indicating these IncRNA genes are

functionally relevant.

e Endangered species should be studied at the population level
to develop adequate conservation programs tailored to their

genetic background.
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