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Abstract

Earlier studies in evolutionary genetics focused on a few model organisms such as
fruit flies or mice that are limited when it comes to answering evolutionary and
ecological questions. In contrast, genetic studies of natural populations have now
become common and can provide a more realistic understanding of how natural
selection, genetic drift, mutation, and gene flow shape the patterns of phenotypic
and genetic diversity, as well as adaptation and diversification across a range of
environmental conditions. This dissertation illustrates how current genomic tools
can be effectively used to (1) study the evolutionary history of species along altitu-
dinal gradients, and (2) understand the genetic basis of adaptive phenotypes in popu-
lations inhabiting high-altitude habitats. In the first research paper, we compared
whole-genome resequencing data of Eastern honey bee (Apis cerana) populations
from high and low altitudes in southwestern China. We identified several regions of
the genome that appeared to have been under positive selection in highland bee
populations. Candidate loci in these genomic regions included genes related to re-
production and feeding behavior. In the second paper, we generated a transcriptome
reference for the Neotropical frogs of the genus Oreobates by sequencing RNA
from one individual of the La Paz robber frog (Oreobates cruralis). In the third
paper, we used that transcriptome to selectively target and enrich ~18,000 genes
across species of Oreobates collected along the Andean Mountains, in South Ameri-
ca. We found that highland species have smaller effective populations and accumu-
late nonsynonymous mutations faster than species sampled at lower altitudes. These
mutations can be targeted by natural selection and contribute to the adaptation and
differentiation of populations in mountain environments. In the fourth and final
paper, we pointed out that genomics has to be integrated with other sources of evi-
dence to understand evolutionary and ecological processes more deeply than was

thought in the past.
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“Nothing in biology makes sense

except in the light of evolution”

Theodosius Dobzhansky, 1973
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Glossary

1-TO-1 ORTHOLOGS: only one ortholog (i.e., homolog that evolved by a
speciation event) copy is found in each species.

ADAPTATION: (1) process by which organisms become fit to their envi-
ronment; (2) any heritable trait that improves the ability of an indi-
vidual organism to survive and reproduce.

BACKGROUND SELECTION: loss of genetic diversity at a non-
deleterious locus due to negative selection against linked deleterious
alleles.

BOTTLENECK: reduction in a population’s size leading to a greater genetic
drift.

CONVERGENT EVOLUTION: independent development of analogous
features in species of different lineages.

COVERAGE: the number of unique sequencing reads that include a given
nucleotide in the reconstructed sequence.

DIRECTIONAL SELECTION: selection that favors the fixation of one par-
ticular allele in a population.

DISRUPTIVE SELECTION: selection that favors extreme values for a trait
over intermediate values.

DIVERSIFICATION: (1) independent accumulation of genetic changes in
two or more populations often after reduced gene flow between
them; (2) formation of new species from a common ancestor (spe-
ciation).

GENE FLOW: transfer of genetic variants from one population to another.

GENETIC DRIFT: random change in allele frequency in finite populations
over time.

GENOTYPE: the particular combination of alleles of a locus for a given
individual.

HITCHHIKING: increase in the frequency of neutral DNA variants linked
to positively selected sites.



HOMOLOGY: existence of shared ancestry between a pair of structures or
genes in different taxa.

HOMOPLASY: existence of characters shared by a set of different taxa but
not present in their common ancestor.

HORIZONTAL GENE TRANSFER: movement of genetic material between
organisms other than by reproduction.

HYBRIDIZATION: process by which individuals from two divergent line-
ages or species combine their genomes to conceive a new organism
with intermediate genetic composition.

INBREEDING: production of offspring from the mating or breeding of in-
dividuals or organisms that are closely related genetically.

LOCAL ADAPTATION: traits that produce higher fitness in a given locali-
ty than elsewhere.

PHENOTYPE: the observable traits of an organism.

POPULATION STRUCTURE: differences in allele frequencies between
subpopulations in a population.

RECOMBINATION: the exchange of genetic material either between mul-
tiple chromosomes or between different regions of the same chro-
mosome.

SELECTIVE SWEEP: the reduction or elimination of variation at sites that
are physically linked to a site under directional selection.






1. Introduction

1.1. The study of evolution via DNA

1.1.1. Historical context

Evolution, the conception that all living organisms are the result of a series
of gradual changes over time from common ancestors, has an ancient origin.
Back in the 6™ century BCE, the philosopher Anaximander of Miletus
speculated that life initially originated in water and later extended to land.
He also put forward the idea that humans were born from other kinds of
animals, likely fish. In the 4™ century BCE, Empedocles suggested that only
those organisms “accidentally compounded in a suitable way” had been able
to survive. Much later, in the 18" century, the naturalist Jean-Baptiste La-
marck proposed that species slowly adapt to their environment based on the
use or disuse of particular organs through generations. But it was not until
the mid-19™ century that biologists Charles Darwin and Alfred Russel Wal-
lace unveiled the theory of evolution through natural selection, which was
presented in detail in Darwin's book ‘The Origin of Species’ (1859).

Darwin argued that organisms with the combination of traits that better fits
the environment have more chances of surviving and producing offspring
than those with traits less well fit, thus being ‘naturally selected’ (Darwin,
1859). He described natural selection as the principle by which any variety
of a trait, if useful, is inherited by offspring and spread in a population over
time. However, Darwin itself did not exactly know what was being inherited
from one generation to the next. Later on, Gregor Mendel through his work
on pea plants during the 1860s, concluded that variations in inherited charac-
teristics were controlled by heredity factors, and formulated several laws to
explain how traits are passed between generations (Mendel, 1866).

Mendel’s heredity factors were eventually recognized as ‘genes’ after a se-
ries of revelations, including the discovery of nucleic acids by Friedrich
Miescher in 1869 and their characterization by Rosalind Franklin in 1951,
that culminated in the description of the structure of DNA by James Watson



and Francis Crick in 1953. The integration of all these findings and the theo-
retical work on population genetics by Ronald Fisher, J.B.S. Haldane, and
Sewall Wright, together with the contributions of Ernst Mayr, George Simp-
son, and Theodosius Dobzhansky, helped to unify the research fields of
ecology, evolution, and genetics, resulting in the establishment of the mod-
ern evolutionary synthesis.

1.1.2. DNA sequencing and genomics

In 1956, Arthur Kornberg discovered the DNA polymerase, an enzyme that
synthesizes DNA molecules from deoxyribonucleotides. This finding was
crucial for the development of one of the first DNA sequencing technologies
by Frederick Sanger in the late 1970s. Through Sanger sequencing, scientists
had access to the genetic information of life stored in sequences of DNA.
The availability of such biological sequences enabled both empirical and
theoretical molecular research and provided new sources of evidence to
study evolutionary processes such as adaptation and diversification in natu-
ral populations. These advances in the field of evolutionary biology were
further boosted by the invention of the polymerase chain reaction (PCR) by
Kary Mullis in the mid-1980s, which allowed rapidly amplifying specific
fragments of DNA across many species.

However, sequencing large genomes using the Sanger method was slow and
costly. The sequence of the human genome took 13 years to be completed
(1990-2003) at a cost of $2.7 billion (Consortium, 2004). This high invest-
ment of time and resources stressed the need for developing technologies
capable of sequencing large amounts of DNA at a relatively faster speed and
lower price compared to previous methods. In 2005, the debut of the Roche
454 pyrosequencing lead to the next era of sequencing technologies, termed
‘next-generation sequencing’ (NGS) or ‘high-throughput sequencing’
(HTS), which are the main ones used today. These technologies make af-
fordable and less time-consuming to generate millions of short sequences
per sample instead of a single sequence based on a pool of molecules as in
Sanger sequencing (Mardis, 2008) (Figure 1). Using these methods, biolo-
gists not only can now achieve lots more data than previously possible but
also obtain genomic data of all species and not just classic model organisms
(Sechausen et al., 2014).
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Figure 1. The rise of DNA sequencing technologies over time (2001-2016).
(a) Reduction of sequencing cost per raw megabase of DNA as estimated by
the National Human Genome Research Institute (NHGRI). (b) Growth in
the number of base pairs (bp) stored in GenBank.



1.1.3. NGS applications in evolutionary biology

The accessibility of genome-wide data has undoubtedly been one of the
greatest advances in the field of evolutionary biology. Researchers are no
longer restricted to sequencing a small number of molecular markers such as
microsatellites or amplified fragment length polymorphisms (AFLPs), which
do not give a complete picture of the evolutionary processes across the ge-
nome. Instead, loci distributed across the whole genome, including protein-
coding and putatively neutral sequences, can now be used to detect function-
al adaptive variants, as well as to improve the understanding of the phyloge-
netic relationships among organisms (Steiner et al., 2013). One popular ex-
ample is Darwin’s finches on the Galapagos Islands, whose beaks range
from small insect-crunchers to large seed-demolishers. Through genomics,
researchers not only were able to better understand the evolutionary history
of these iconic birds but also to identify genes that lie behind the variation of
beak shape and size (Lamichhaney et al., 2015, 2016).

In the current genomic era, the relatively low cost of sequencing new ge-
nomes is making a large number of species ‘genome-enabled’. At the time of
writing this dissertation, roughly 10,000 species have their genome fully or
partially sequenced according to NCBI. Among these species, approximately
6,000 are prokaryotes (96% bacteria; 4% archaea) and 4,000 eukaryotes
(47% fungi; 34% animals; 11% plants; 8% protists). This large volume of
data allows studying homology on a genome-wide scale across a wide range
of species, which can reveal previously unappreciated complexity in the
evolutionary processes that shaped genomes (Xia, 2011; Rogers & Gibbs,
2014). Moreover, annotated reference genomes are needed to find out how
recombination occurs with natural selection (Hoban et al., 2016). In honey-
bees, for example, recombination plays an important role in the genome’s
evolution by decreasing the effect of natural selection (Wallberg et al.,
2015).

Genomic resources can also boost conservation efforts and management of
threatened species like the Iberian Lynx, by identifying loci involved in in-
breeding depression using population genomic analyses (Abascal et al.,
2016). Population genomics can help to understand evolutionary processes
that influence variation across genomes and populations, as it can separate
genome-wide effects (e.g., genetic drift, gene flow, and inbreeding) from
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locus-specific effects (e.g., natural selection and mutation) (Black et al.,
2001). By allowing the identification and filtering of genetic variation under
selection, population genomics enables unbiased inference of evolutionary
history via accurate estimation of genome-wide, neutral demographic pa-
rameters such as effective population size (N.), without the confounding
effects of natural selection (Luikart et al., 2003; Funk et al., 2018).

1.1.4. Phylogenetics in the genomics era

Understanding the evolutionary history and relationships among individuals
or groups of organisms (species and populations) has been a long-standing
challenge for biologists. Phylogenetics uses heritable characters to study the
relationships of both extinct and current species, which are represented using
branching diagrams, referred to as ‘trees’. A phylogenetic tree consists of
clades, monophyletic groups of species including their most recent common
ancestor (MRCA) and its descendants, that can be either nested or mutually
exclusive (Castroviejo-Fisher, 2009).

In the dawn of phylogenetics, trees were reconstructed using homologous
phenotypic (usually morphological but also behavioral) traits. Later on, with
the development of Sanger sequencing and PCR amplification, molecular
characters were incorporated into phylogenetic reconstructions. Molecular
phylogenetics has traditionally used mitochondrial (e.g., COI, cytochrome b,
16S rRNA) or nuclear (e.g., MCIR, MOS, RAG1) markers to estimate the
evolutionary history of species. However, it has been known for decades that
the resulting history of single genes or ‘gene trees’ is not necessarily equiva-
lent to the entire evolutionary history of the species or ‘species tree’, as dif-
ferent genes can explain different histories (Goodman et al., 1979; Pamilo &
Nei, 1988; Takahata, 1989). These gene trees that do not match the underly-
ing species tree form the “anomaly zone” (Degnan & Rosenberg, 2006). In a
gene tree, the nodes correspond to coalescent events (i.e., the point where
two lineages join in their MRCA), whereas the length of the branches usual-
ly represents the number of nucleotide substitutions. In a species tree, inter-
nal nodes depict speciation events and its branches reflect the population
history between speciations (Mallo & Posada, 2016).



Despite being conceptually different, species and gene trees are expected to
be topologically equivalent under many evolutionary scenarios. However,
sampling or stochastic errors caused by the finite length of markers used in
the inference can disrupt this equivalence and decouple their histories. That
is, the smaller the dataset the greater the chance that few homoplastic posi-
tions have an impact on the species tree (Delsuc et al., 2005). In addition,
discordances between gene and species trees can also result of different evo-
lutionary processes, including convergent evolution, hybridization, gene
flow, gene duplication, gene loss, recombination, and incomplete lineage
sorting, a phenomenon that occurs when ancestral polymorphisms are in-
completely sorted and persist during successive speciation events due to
coalescent stochasticity (Maddison, 1997) (Figure 2).

Gene trees Species tree
Locus 1 LOCUX\
A B (¢} A B C
Locus 3 Locu7>\
A B C A B C A B C

Figure 2. Gene trees and species tree conflicts. The species tree of A, B,
and C is painted in black. In green (Locus 1) and pink (Locus 2) are two
gene trees congruent with the species tree, i.e., with A and B being sister
species. In orange (Locus 3), the tree of a gene undergoing gene flow (or
horizontal gene transfer) between species B and C. In blue (Locus 4), the
tree of a gene undergoing incomplete lineage sorting. Adapted from Marin
etal. (2019).

The recent advances in NGS technologies have enabled using large amounts
of sequence data generated by broad-scale genome projects to infer trees
with many loci, turning the field of phylogenetics into phylogenomics
(Rannala & Yang, 2008). Phylogenomics can be defined as the study or
reconstruction of the evolutionary relationships between organisms using
genomic data (see 1.2.2.2. Phylogenomics). Because it uses a large number
of genetic markers, phylogenomics not only leads to a drastic reduction in

6



sampling or stochastic errors, but also has the power to unveil heterogeneous
signals across different genomic regions, and identify discordances between
gene trees and species trees (Delsuc et al., 2005; Bravo et al., 2019). Ge-
nomic data has allowed to clarify phylogenetic relationships among many
non-model vertebrate lineages (i.e., species in which extensive genomic
resources are not available) such as salamanders (Shen et al., 2013), birds
(Jarvis et al., 2014), snakes (Ruane et al., 2015), and fishes (Betancur-R. et
al., 2019). Such accurate inferences of the tree of life are basic to understand
what processes have shaped the evolutionary history of species across a
range of environmental conditions.

1.1.5. The genomics of local adaptation

The study of the ecological and genetic mechanisms that allow populations
to adapt to local environmental conditions offers valuable insights into how
species evolved and diversified. Detecting genomic regions and variants
involved in local adaptation is also important in conservation to secure that
the maximum amount of additive genetic variation is conserved (Allendorf
et al., 2010). Studies on local adaption, for instance, can help to ensure that
source populations for augmentation of declining populations are not adap-
tively divergent from the target population, which could lead to outbreeding
depression rather than the desired genetic rescue (Edmands, 2007; Frankham
etal., 2011; Funk et al., 2018).

During the course of local adaptation, directional selection increases the
frequency of genetic variants associated with beneficial phenotypic traits.
Additionally, natural selection also raises the frequency of neutral or slightly
deleterious alleles around the selected locus through genetic hitchhiking or
background selection (Smith & Haigh, 1974; Barton, 2000). This situation
called ‘selective sweep’ results in a reduction of genetic diversity around
alleles under selection, which can be used to detect adaptive variants (Cutter
& Payseur, 2013) (Figure 3).

Nowadays, the gold standard to identify selective sweep regions or adaptive
molecular variation is using population genomics. Genome-wide data offers
many advantages over sparser sets of genetic markers. One advantage, per-
haps the most important, is the potential to detect outlier loci (i.e., genomic



regions that are extremely divergent from the rest of the genome) that are
associated with adaptive phenotypes (Pardo-Diaz et al., 2015). These outlier
loci are usually characterized by either being highly differentiated (between
populations with distinct adaptations) or little differentiated (between popu-
lations with similar adaptations) relative to what is expected under the Har-
dy—Weinberg equilibrium (Luikart et al., 2003).

Before selection After selection
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Selective sweep

Figure 3. A selective sweep. Ancestral alleles are shown in grey and derived
(non-ancestral) alleles are shown in blue. Under selection, a new positively-
selected allele (red) rises to high frequency and nearby linked alleles ‘hitch-
hike’ along with it.

Several statistical approaches are available to detect natural selection using
genomic data, such as genome-wide association studies (GWAS) or selec-
tion scans. Furthermore, the sequencing of protein-coding regions enables
genome-wide tests for selection based on comparing rates of synonymous
and non-synonymous mutations at different sites (Savolainen et al., 2013).
However, a major challenge of such studies is to distinguish signals generat-
ed by natural selection from the ones caused by genetic drift, population
bottlenecks, population structure and other demographic factors (Staubach et
al., 2012). The integration of large numbers of putatively neutral and selec-
tive markers offer the opportunity to address these issues. A very famous
example concerns the adaptation to high-altitude of certain human popula-
tions, who seem to have independently acquired a series of physiological
adaptations associated with heritable behavioral and genetic changes, to
cope with low oxygen levels (Bigham et al., 2010; Peng et al., 2011; Xu et
al., 2011; Huerta-Sanchez et al., 2013).



1.2. Genomic methods in evolutionary

biology

The rise of genomics has been revolutionary in terms of both data collection
and bioinformatic analyses. The huge amount of data produced by NGS
technologies required developing complex bioinformatics analysis pipelines
and innovative storage solutions. Additionally, the data obtained in this way
have higher error rates and often shorter read lengths than traditional Sanger
sequencing, leading to new methodological challenges (Mardis, 2011;
Goodwin et al., 2016). I summarize next some of the most common genomic
approaches, with an emphasis on those used in this dissertation to collect and
analyze genomic data.

1.2.1. Genomic data

1.2.1.1. Whole-genome sequencing

Whole-genome sequencing (WGS) is the determination of the complete
DNA sequence of an organism's genome using NGS. Unlike Sanger se-
quencing, which only generates single independent sequences, NGS tech-
niques are massively parallel and one reaction produces hundreds or thou-
sands of independent short sequences of DNA, called ‘sequencing reads’
(Ekblom & Wolf, 2014). Many NGS platforms are available for WGS which
differ in the length of reads, the number of sequences generated in parallel
(throughput), runtime, error rate and cost (Table 1). lllumina currently ac-
counts for the largest market share with a wide range of instruments that
deliver short reads (150-300 bp) with relatively low error rates. Long-range
sequencing technologies capable of producing long reads expanding several
kilobase pairs (kbp) have flourished recently, such as PacBio and MinION.
Their chief advantage lies in their ability to span low-complexity repetitive
regions in genome assemblies (Wallberg et al., 2019). However, these tech-
nologies have higher error rates than Illumina, thus requiring to be used in
conjunction with accurate short reads to produce high-quality reference ge-
nomes (Jain et al., 2018).



Regardless of the platform, DNA must be processed and assembled to a
library before its sequencing. The workflow for preparing sequencing librar-
ies consists of 4 main steps: (1) extraction or isolation of the DNA; (2) ran-
dom fragmentation of the DNA and selection of fragments of a predefined
length; (3) ligation of technology-appropriate adapter sequences to the ends;
and (4) PCR amplification to generate amplicons to be used as sequencing
templates (Sambrook et al., 1989).

Table 1. Main current NGS platforms.

Platform l::leg“:: Throughput Runtime E::: s %‘:}:
SOLD 5500l 75 bp 180-240 Gb  ~7 days Subst;ﬂ';;ﬁ $$
Roche 415;;}(;? Up E’DII) ~700 Mbp ~93h  ~1%,indel  $$9$%
1"”@75”3]1.85 200 bp 10-15 Gbp ~2.5h  ~1%, indel $$%
flanina NESCd g0 ppx 13,215 Gbp T $$%
N extSIéZ(;m;;g 150 bp* 100120 Gbp ~29h substitfliiz(; 5%
Hlumina H;?gg 125 bp* 0.1-1Thp  1-6days Subs;&ig‘; $8
I”“”””gi?ig 150 bp* 1.6-1.8 Thp <3 days Subs;&;z; $
BoeNe gy oTw <im0
i "gfggg’%g”ﬁ ~20 kbp 0.5-1 Gbp ~4days  10-15% $$$
O’-‘f"’dhﬁfﬁ[’éﬁ QOE';;; 0.5-15Gbp  ~2days 5-10% $55%

* paired-end sequencing; bp: base pairs; kbp: kilobase pairs; Mbp: megabase pairs; Gbp:
gigabase pairs; Thp: terabase pairs. Adapted from Escoda-Assens (2018).

1.2.1.2. Reduced representation sequencing

For non-model organisms with large genomes in which WGS is still not
cost-effective, multiple approaches to reduce genome complexity and enrich
selected regions have been recently developed (Turner et al., 2009). Such
‘reduced representation’ methods make possible to sequence and genotype
hundreds if not thousands of homologous loci for multiple individuals across
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different populations from one or many species (Zhang et al., 2019). The
resulting genome-wide data, either as sequences or SNPs, can then be com-
pared to address questions in an evolutionary and ecological context (Rokas
& Abbot, 2009). This enables genomic studies in species that lack a refer-
ence genome, such as most amphibians (Gregory et al., 2007).

Reduced representation sequencing strategies include: (1) restriction-digest
based methods such as RADseq (Davey & Blaxter, 2010) or genotyping by
sequencing (GBS) (Elshire et al., 2011); (2) RNA-sequencing (RNA-seq);
and (3) sequence capture or target-enrichment methods based on molecular
probes (also called ‘baits’) or ultra-conserved elements (UCEs) (Mamanova
et al., 2010; Faircloth et al., 2012). In the sequence capture approach, ge-
nomic libraries are hybridized with probes that are complementary to target
regions (Bi et al., 2012; Faircloth et al., 2012; Lemmon et al., 2012).

One widely-used target region is the transcriptome, the entire collection of
the mRNA molecules (i.e., transcripts) expressed from the genes of an or-
ganism. These transcripts dynamically change in response to genetic, envi-
ronmental or physiological factors, such as the development stage or the
tissue (Domazet-LoSo & Tautz, 2010; Melé et al., 2015). Using RNA-seq,
the RNA in the cells is reverse-transcribed to ¢cDNA and sequenced, thus
providing a snapshot of the set of expressed genes and their abundances in
an individual at a given time (Wang et al., 2009). RNA-seq has proven to be
a powerful tool for cost-effectively identifying molecular markers, particu-
larly in species that lack a reference sequence (Hirsch et al., 2014).

In the first research paper of this dissertation (Paper I), my colleagues and I
performed whole-genome resequencing of Eastern honey bees (Apis cerana)
using the [llumina HiSeq 2500 platform. Moreover, in that study, we also
used SOLiD data downloaded from NCBI. In the second paper (Paper II),
we generated a transcriptome reference for the Neotropical frogs of the ge-
nus Oreobates by sequencing RNA from one individual of the La Paz robber
frog (Oreobates cruralis). In the third paper (Paper III), we used that tran-
scriptome to selectively target and enrich ~18,000 genes via sequence cap-
ture across all species of Oreobates, and some other species of closely-
related genera (Figure 4). All the sequencing in these two papers was also
carried out on Illumina HiSeq 2500 instruments.
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Figure 4. Reduced representation pipeline used in this thesis to extract
and analyze target regions of interest in a non-model group of frogs.
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1.2.2. Bioinformatics analyses

1.2.2.1. Transcriptome assembly

Transcriptome assembly consists of aligning and merging short RNA-seq
reads in order to reconstruct the original sequence of the expressed tran-
scripts. By sequencing a large number of such reads, a large fraction of the
transcriptome is covered by overlapping sequences that can be assembled
into longer regions. In species without a reference genome, or if only a
fragmented draft genome is available, it is possible to build up the transcrip-
tome using a de-novo assembly program such as Trinity (Grabherr et al.,
2011) that does not require any prior knowledge of the genome.

However, de-novo transcriptome assembly is a challenging task as it usually
results in fragmented transcripts and not truly complete sequences (Conesa
et al., 2016). Particularly in eukaryotes, reconstructing the transcriptome is
not trivial due to alternative spliced transcripts sharing sequence content,
which makes not always possible to uniquely assign a read to a transcript
(Sibbesen, 2016). It is also problematic to discriminate between transcript
variants expressed several times from paralog genes (i.e., homolog genes
separated by gene duplication events) (Vijay et al., 2013). These issues can
be minimized by performing in silico normalization of the data, which re-
moves redundant transcripts without impacting the assembly (Brown et al.,
2012).

The quality of the resulting assembly or transcriptome will depend on its
accuracy, completeness, and contiguity (Moreton et al., 2016). Commonly
used metrics to assess the assembly’s quality when there is no close refer-
ence are based on checking the number of contiguous sequences (i.e., ‘con-
tigs’) produced from the assembly, the contig length, the mean transcript
length, the N50 value (i.e., the minimum contig length needed to cover 50%
of the genome), the proportion of reads that can be mapped back to the as-
sembled transcripts (Zhao et al., 2011), and the number of assembled tran-
scripts that appear to be full-length (or nearly full-length) when compared to
public databases such as the UniProtKB/Swiss-Prot (Grabherr et al., 2011).
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1.2.2.2. Phylogenomics

After the genomic sequences have been obtained, by whole-genome se-
quencing, target capture or any other method, phylogenomic reconstructions
traditionally involve extensive processing of the raw data. Most current phy-
logenomic projects share similar analytical designs that undergo minor mod-
ifications depending on the specific methodological choices, the type of
data, and the hypotheses to test. These common steps are illustrated and

described below (Figure 5).

Orthology
prediction

v

Alignment

v

Trimming /
Masking

[ . ) ( Orthologs / ]
1:1 Orthologs Paralogs
Concatenation (Gene trees)
(Species tree) CSpecies tree><—

Evolutionary relationships / Evolutionary relationships /
Molecular dating / Gene family evolution /
Ancestral reconstruction HGT, GDL, ILS

Figure 5. The phylogenomics flow chart. Data is represented by green
rounded rectangles, and blue rectangles represent analyses. HG'T: horizontal
gene transfer, GDL: gene duplication and loss, ILS: incomplete lineage sort-

ing.
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The first essential step in the phylogenomic flow chart involves identifica-
tion of homologous DNA sequences across taxa, e.g., by comparing the data
to the probes used for target-enrichment or by matching it to pre-existing
data from public databases (e.g., GenBank) using local alignment or profile-
based search methods like BLAST (Altschul et al., 1990) and HMMER
(Eddy, 1995). These data can be further filtered using an orthology predic-
tion tool such as the program OrthoFinder (Emms & Kelly, 2015) to sepa-
rate orthologous genes (i.e., homologs that evolved by speciation events)
from paralogs (Figure 6). Current phylogenomic studies are usually restrict-
ed to 1-to-1 orthologs as their evolutionary history most likely reflects the
evolution of the species.

Early Gene of Interest

m

a-chain gene B-chain gene
frog o chicken o a p chicken 3 frog
L ) U J
A A
Orthologs L Y J Orthologs
Paralogs
L J
A
Homologs

Figure 6. Diagram of homology subtypes showing orthologs and paralogs.
A duplication event produces two copies of an early gene of interest (a0 and
B). Two speciation events give rise to three species (frog, chicken, and mouse)
that have both gene copies. Genes o and 3 are paralogs within species, but
orthologs across species.

In the second step, orthologous genes are aligned at the nucleotide level
(adding gaps within sequences that present insertions or deletions) using a
multiple sequence alignment (MSA) method, such as MAFFT (Katoh et al.,
2002) or PASTA (Mirarab et al., 2015). Alignment regions that present a
large number of such gaps are arguably not reliable for phylogenetic anal-
yses and they can be trimmed or masked using so-called trimming methods
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(e.g., trimAl; Capella-Gutiérrez et al., 2009). The resulting MSA can next be
translated and adjusted to the correct reading frame to identify true orthologs
and separate them from pseudogenes. The quality of the resulting alignment
can be assessed by summary statistics including, for example, the percent of
missing data in the MSA, or the proportion of variable and parsimony-
informative sites, which can be calculated using AMAS (Borowiec, 2016).

One important consideration before reconstructing gene and species trees is
deciding upon appropriate thresholds for the inclusion of loci and taxa with
missing data (Hosner et al., 2016). In addition to missing nucleotides derived
from biological processes such as insertions and deletions, phylogenomic
matrices with thousands of loci add another layer of complexity to the infer-
ence process due to: (1) the variable sequence yield among sample libraries
leading to missing data within loci (Figure 7a); and (2) the stochasticity
inherent in collecting data, where not all loci are detected in all taxa (Figure
7b).

(a) (b)

Locus 1 L1 L2 L3 L4
spt [A C ? C TTGCATTC| spt|/ACG|IC AT|TGC|ATC
sp2|A C G C ATGC? ? C| sp2|]A C G|? ? ?|T GC|ATZC
sp3|A C ? C ? ? 2 CCA ? G| sp8B3/]A C GIC AT|TCCI|ATG
sp4d|]A CGCAT?? C?TC| spd|]ACGICAT|? ? ?2|ATC
sp5|? 2 G ? A AT CTTG| sp5[A C G|C A AT CC|IT TG
sp6|]A CGCTATC®?? ? ?| spp|]A C G|? ? ?|T C C|T G G

Figure 7. Multiple sequence alignments (MSA) of 6 species (sp1, sp2, sp3,
sp4, sp), and spb6) representing the different missing data types. (a) Missing
data in a single-locus (Locus 1). (b) Incomplete taxon coverage in a concate-
nated MSA of 4 loci (L1, L2, L3, LL4). Adapted from Mallo (2017).

As a result of MSAs with large amounts of missing data or with incomplete
taxon coverage, sequences can become very distant from each other, and so
the inferred trees may exhibit very long branches (Darriba et al., 2016).
These very long branches due to missing data tend to erroneously group, and
also with other long branches that could be correct (fast-evolving lineages),
regardless of their true evolutionary relationships. This, which might poten-
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tially compromise phylogenetic accuracy, is a phenomenon known as ‘long-
branch attraction’ (Felsenstein, 1978; Wiens, 2006).

Inference methods to estimate phylogenies use molecular evolution models
(i.e., substitution models) as part of their likelihood calculation (Arenas
2015). This step can be carried out for each MSA with programs such as
jModelTest (Darriba et al., 2012). However, in phylogenomics, the most
complex model, e.g., the generalized time-reversible (GTR) for DNA data, is
often blindly chosen as overparameterization is less of a problem with large
sequence datasets (Lemmon & Moriarty, 2004). Concatenated MSAs add
even more complexity to the analyses since the alignments can be parti-
tioned in sub-datasets with different substitution models or the same model
but different parameters. Nonetheless, PartitionFinder (Lanfear et al., 2017)
can be used to estimate the optimal partition scheme among all combinations
of pre-specified data blocks and find the best-fit model for each of them.
Along with MSAs, substitution models are the input data used to estimate
evolutionary (gene and species) trees.

There is a wide variety of approaches and programs to infer gene trees (clas-
sical phylogenetic methods), and their description and comparison is not part
of the research aims of this dissertation. However, the most popular pro-
grams for each strategy include: Neighbor-Joining (Saitou & Nei, 1987) and
FastTree (Price et al., 2010) for distance-based clustering methods; PAUP
(Swofford, 2002) for Maximum Parsimony (MP); RAXxML (Stamatakis,
2014) for Maximum Likelihood (ML); and BEAST (Drummond et al., 2012)
for Bayesian Inference (BI).

Methods for reconstructing species trees can be classified according to their
input data, in three main categories: (1) Supermatrix or concatenation ap-
proaches, that depend on joining all single-locus MSAs into a multi-locus
MSA and use a classical phylogenetic method (i.e., distance methods, MP,
ML or BI) to infer the species tree; (2) Supertree approaches, consisting of
two steps: (2a) estimating gene trees independently for each locus using
classical phylogenetic methods, and (2b) combining the resulting gene trees
into a single species tree summary methods such as ASTRAL (Mirarab et al.,
2014) or ASTRID (Vachaspati & Warnow, 2015); and (3) full-data ap-
proaches, that directly estimate the species tree based on the sequence data,
such as SVDquartets (Chifman & Kubatko, 2014).
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Both species and gene trees constitute hypotheses of the evolutionary history
of a sample of organisms or molecular sequences. These hardly ever consti-
tute results by themselves, and thus they must be used as tools to answer
scientific questions. Apart from providing insights into evolutionary rela-
tionships, phylogenomic research can also be used to (1) predict gene func-
tions based on sequence similarity (Eisen & Fraser, 2003); (2) identify gene
family evolution events such as gene duplication and loss (Hellmuth et al.,
2015); or (3) discover horizontal gene transfers, hybridization events, and
other forms of reticulated evolution (Whitaker et al., 2009). Regardless of
the goal, understanding and keeping in mind the assumptions and known
biases of the different methods, is crucial to any phylogenomic study. Per-
forming several iterations of a phylogenomic pipeline (e.g., modifying cer-
tain parameters or methods) is basic to test the consistency of the results.

1.2.2.3. Genome scans

An important goal in nearly all genomic studies about local adaptation is to
identify loci related to adaptive phenotypes (Pardo-Diaz et al., 2015). When
there is no prior knowledge regarding the genetic basis of the phenotype of
interest, the challenging task of narrowing down genomic regions of interest
is usually done using reverse genetic (or genome scan) approaches
(Stinchcombe & Hoekstra, 2008). Unlike forward genetic approaches such
as quantitative trait locus (QTL) mapping or GWAS that require information
about phenotypes, these methods do not need quantifying phenotypic traits
and are based on genome-wide screening of loci to detect footprints of selec-
tion (Storz, 2005).

Within a single population, genome scans of nucleotide diversity (n) (i.e.,
the average number of nucleotide differences per site for a group of DNA
sequences), Tajima’s D (i.e., the difference between two sequences obtained
comparing the mean number of pairwise differences with the number of
segregating sites), and patterns of linkage disequilibrium (i.e., non-random
association of alleles at different loci) are commonly used to detect signa-
tures of selection. Between populations, the fixation index (Fst) (i.e., a ratio
of the average number of differences between pairs of chromosomes sam-
pled within a population with the average number of sampled between dif-
ferent populations) is frequently used to identify loci showing genetic differ-
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entiation. More specifically, by sampling a large number of single nucleotide
polymorphisms (SNPs) throughout the genome, loci that have been affected
by disruptive selection can be separated from neutral loci and identified as
outliers in the Fsr analysis (Martins et al., 2016). Therefore, it becomes pos-
sible to study both processes that affect the entire genome (genetic drift,
gene flow, demographic changes, etc.) and adaptive processes that only af-
fect outlier genes.

Other statistics developed more recently combine individual SNP frequency
estimates with haplotype structure (e.g., XP-EHH; Sabeti et al., 2007), popu-
lation history (e.g., PBS; Yi et al., 2010) or environmental variables (e.g.,
genotype-environment association analysis; Stucki et al., 2016) to quantify
genetic differentiation and detect outlier loci between populations. The re-
sults of all these scans are most often presented as Manhattan plots that high-
light genomic regions enriched for signals of selection (Figure 8).
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Figure 8. An illustration of a Manhattan plot based on allele frequency
differences (Fst) depicting two genomic regions (r7 and r9) highly divergent
between highland and lowland populations of Apus mellifera in East Africa.
Adapted from Wallberg et al. (2017).
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1.3. Understanding the evolutionary history

of natural populations with genomics

The spatial and temporal patterns of distribution of the genetic diversity of
individuals, populations, and species are driven by several factors. Large-
scale patterns are mainly determined by the biogeographical history of spe-
cies, whereas finer-scale patterns are usually the result of ecological factors
such as climate, resource availability, and competition (Wiens & Graham,
2005). Populations and species that are adapted to particular environmental
conditions not only differ in their ecology but also show phenotypic and
genetic differences compared to their congeners. Geographical barriers to
gene flow such as mountains and rivers can also increase differentiation.
However, we are yet to get a complete understanding of the impact of such
barriers at the genetic level (Hewitt, 2001). With the advances in the field of
genomics, it has become possible to characterize the genetic variation among
organisms living at different habitats. This has given rise to further questions
such as: (1) Is local adaptation caused by single genes or by multiple genes?
Which genes are these? (2) What is the extent of gene flow during the speci-
ation process? (3) Are rates and patterns of molecular evolution influenced
by the environment?

In this thesis, we used genomic data from both genome-enabled and non-
model organisms to study how mountains shaped adaptation and diversifica-
tion in two different animal systems across the tree of life. In the first paper
(Paper I), we examined the genetic differences between Eastern honey bees
(A. cerana) populations inhabiting high-altitude and low-altitude environ-
ments in southwestern China. In the third paper (Paper III), we conducted
phylogenomic analyses using genomic data derived from the transcriptome
assembled at Paper II to explore the evolutionary history and diversification
of Oreobates species collected from different altitudes in northwestern South
America.
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1.3.1. Honey bees as genome-enabled organisms

Honey bees or genus Apis (Insecta: Apidae) comprise a small group of 10
out of the roughly 20,000 known species of bees in the world (Michener,
2000; Arias & Sheppard, 2005). Honey bees are crucial to agriculture and
food production worldwide due to their roles as pollinators (Aizen & Harder,
2009). Additionally, honey, beeswax, pollen, and other honey bee products
have long been appreciated as foods and pharmaceuticals by humans. An-
cient rock paintings in Bicorp (Spain) evidence that people have harvested
honey for at least 7000-8000 years (Crane, 1999) (Figure 9).

Figure 9. The ‘Man of Bicorp’
holding onto lianas to gather
honey from a bechive as de-
picted on an 8000-year-old
cave painting near Valencia,
Spain.

According to previous studies, honey bees probably originated in Asia,
where 9 out of 10 species occur, and later expanded into Europe and Africa
(Han et al., 2012). There is substantial phenotypic variation among honey
bee species, including small dwarf bees (e.g., Apis florea) and large giant
bees (e.g., Apis dorsata) that build open nests, as well as cavity-nesting in-
termediate-sized bees (Hepburn & Radloff, 2011). The two most important
species for commercial beekeeping belong to the latter type: the Western or
European honey bee (4pis mellifera) and the Eastern or Asiatic honey bee
(4. cerana) (Figure 10). Both species inhabit extensive non-overlapping
native ranges and have adapted to a wide range of environmental conditions
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(Koetz, 2013). Humans have introduced Western honey bees to all conti-
nents except Antarctica, whereas the movements of Eastern honey bees have
been less extensive but have led to consider it invasive species in areas such
as Australia (Koetz, 2013).

Figure 10. Apis cerana worker collecting pollen on a red Passiflora sp. (Passi-
floraceae) in Yunnan, China. Photo credit: © Nicolas Vereecken.

Uncovering the genomic basis of local adaptation is a key goal in evolution-
ary genetics (Hoban et al., 2016). High-altitude populations are of particular
interest as they are generally closely related to nearby lowland populations
but possess unique phenotypic adaptations. Also, if populations from multi-
ple highland areas exist, it is possible to examine whether evolution tends to
follow the same path to adaptation, involving similar genetic variants, genes
or pathways. Interestingly, highland individuals of both 4. mellifera and A.
cerana have distinct morphological traits compared to lowland conspecifics
(Tan et al., 2003; Tan & Ling-juan, 2008; Gruber et al., 2013), which likely
represent an adaptation for these habitats. Physiological and behavioral dif-
ferences may also be involved in this local adaptation. Recent studies have
shown that two chromosomal inversions govern adaptation to montane habi-
tats in A. mellifera (Wallberg et al., 2017; Christmas et al., 2019) (see Fig-
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ure 8). However, the genomic basis of adaptation to highland areas in 4.
cerana is unknown.

Populations of 4. cerana have decreased in Asia since the early 20" century
due to changes in local agriculture practices and the introduction of 4. mel-
lifera (Theisen-Jones & Bienefeld, 2016). Therefore, finding out how popu-
lations of this species are adapted to particular environmental conditions can
help design conservation plans to manage their colonies given current and
future challenges (Parker et al., 2010). Moreover, honey bees present rela-
tively small genomes (~200 Mb), which makes them a suitable study system
for population genomic studies. While biology and genomics of 4. mellifera
have been extensively studied since the sequencing of its genome in 2006
(Weinstock et al., 2006), our insights into A. cerana are comparatively re-
duced. Now that the draft genome of A. cerana is available (Park et al.,
2015), there is a great opportunity to unravel the genomic basis of local ad-
aptation to high-altitude habitats across different honey bee species.

1.3.2. Neotropical frogs as non-model organisms

The Neotropical region, which includes South America, Central America,
the Caribbean islands, and southern North America, is a biodiversity hotspot
that harbors the highest number of anuran species in the world (Fouquet et
al., 2007). Sadly, it is also the region where amphibians and particularly
frogs are suffering the most severe population declines and extinctions ac-
cording to the IUCN (Scheele et al., 2019). Many factors such as habitat
loss, altered climatic conditions, invasive species and, infectious diseases
contribute to these declines (Wake & Vredenburg, 2008; O’Hanlon et al.,
2018).

Oreobates (Jiménez de la Espada, 1872) (Anura: Craugastoridae) (Figure
11) is a genus of Neotropical frogs that at present consists of 25 species
(Frost, 2019). Several species are threatened by habitat loss and some spe-
cies are extremely rare, known only from one or two individuals in single
localities (e.g., Oreobates yanucu and Oreobates zongoensis) (Kohler &
Padial, 2016). A remarkable particularity of the genus Oreobates is that it is
distributed across a wide range of habitats and altitudes in South America
(Figure 12). Many species inhabit montane forests, cloud forests, and puna
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grasslands of the Andes in Bolivia and Peru, others occur along the adjacent
lowlands and some can be found even farther east in dry Atlantic environ-
ments (Padial & De la Riva, 2005; Padial et al., 2012; Teixeira et al., 2012).
This provides an excellent opportunity to understand the implications of
altitudinal gradients on the evolutionary history of this group of frogs.

Figure 11. Oreobates quixensis from the Amazon Cusco, Madre de Dios, Peru.

Photo credit: © Ignacio De la Riva.

The number of species of Oreobates is likely underestimated as many areas
of the Andes and the Amazon remain poorly surveyed (Koéhler & Padial,
2016). Increasing fieldwork efforts combined with genetic, morphometric
and bioacoustic tools, have contributed to the description of 7 new species
since 2012 and 15 species in the last two decades (Vaz-Silva et al., 2018).
Yet, their origin and diversification is unclear as previous phylogenetic stud-
ies were based on short fragments of mitochondrial and nuclear genes that
recovered different relationships between some species (Padial et al., 2008,
2012, 2014; Hedges et al., 2008; Pyron & Wiens, 2011; Pereyra et al., 2014;
Kohler & Padial, 2016; Jetz & Pyron, 2018; Vaz-Silva et al., 2018). Moreo-
ver, there are no common morphological synapomorphies in Oreobates
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which makes studying their relationships even more challenging (Padial et
al., 2012).

Phylogenetic inferences based on genomic data have the potential to resolve
the evolutionary history of species. However, genomic data of amphibians
are still relatively scarce compared to other vertebrates, due in part to their
large and highly repetitive genomes that make the genome assembly chal-
lenging (Koepfli et al., 2015; Funk et al., 2018; Liedtke et al., 2018). Only
eight amphibian species have reference genomes available to date: the model
organisms Xenopus tropicalis and Xenopus laevis (Hellsten et al., 2010;
Session et al., 2016), the Tibetan frog Nanorana parkeri (Sun et al., 2015),
the American bullfrog Rana catesbeiana (Hammond et al., 2017), the Afri-
can bullfrog Pyxicephalus adspersus (Denton et al., 2018), the cane toad
Rhinella marina (Edwards et al., 2018), the strawberry dart-poison frog
Oophaga pumilio (Rogers et al., 2018), and the axolotl Ambystoma mexi-
canum (Nowoshilow et al., 2018)

Given the lack of a reference genome for Oreobates, reduced representation
sequencing approaches, such as sequence capture, can be successfully used
to obtain large phylogenomic datasets. These approaches not only can help
to understand the evolutionary history and diversification of Oreobates spe-
cies along altitudinal gradients but also guide conservation priorities for
endangered amphibians in the Neotropical region.
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Figure 12. Approximate distribution of the genus Oreobates in
South America as currently estimated by the International Union
for Conservation of Nature (IUCN).
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2. Research aims

2.1. General aims

The general aim of this dissertation was to use genomic approaches to (1)
study the evolutionary history of species from mountain regions, and (2)
understand the genetic basis of adaptive phenotypes in populations inhabit-
ing high-altitude environments. To achieve these goals, my colleagues and |
applied both whole-genome resequencing and reduced representation se-
quencing methods combined with comparative genomics and population
genomic analyses. We characterized the genetic variation in two different
animal systems to understand which evolutionary and ecological processes
promote divergence along montane gradients.

2.2. Specific aims

e To investigate molecular variation between highland and lowland popu-
lations of the Eastern honey bee (4. cerana) and determine which re-
gions in the genome are involved in the process of local adaptation to
high-altitude habitats (Paper I).

e To characterize the transcriptome of the La Paz robber frog (O. cru-
ralis) and identify and functionally annotate a large number of ex-
pressed genes for the development of molecular markers in other spe-
cies of Oreobates and closely-related genera (Paper II).

e To study the phylogenetic relationships among frogs of the genus Ore-
obates using genomic data and clarify their evolution and diversifica-

tion along altitudinal gradients (Paper III).

e To highlight the integration of genomics with other established methods
in ecology and evolution (Paper IV).
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3. Summaries of results

3.1. Paperl

The genomic basis of adaptation to high-altitude habitats in the

Eastern honey bee (Apis cerana)

In this article, we explored the genomic differences between highland and
lowland populations of A. cerana using a combination of statistical ap-
proaches to scan the genome based on relative divergence, haplotypes
length, and relative branch length. We identified several genomic regions
under positive selection that had high haplotype homozygosity specifically
in highland bees and were strongly enriched for coding sequences. This in-
dicates that these regions have been subjected to recent selection in high-
altitude habitats. In contrast to previous findings in A. mellifera, we did not
detect evidence of structural rearrangements between high and low altitude
populations. This suggests that inversions do not always contribute to high-
land adaptation in honey bees and also that very different pathways could be
involved in adapting to similar environments. Our analyses indicated that
multiple loci likely contributed to high-altitude adaptation in populations of
A. cerana from China.

Despite highland individuals of 4. cerana being larger, darker and having
longer body hair compared to lowland bees, we did not find genes with
known functions in morphology or pigmentation separating highland and
lowland populations. Such genes were not observed in A. mellifera either.
Instead, we identified signals of selection in genes with potential function in
feeding behavior and olfactory learning, indicating that behavioral differ-
ences may be more important for highland adaptation than morphological
differences. Genes with similar functions were also identified in mountain
populations of A. mellifera. The ability to find and memorize the location of
food resources in high-altitude environments seems essential for highland
honey bee populations.
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Even though local adaptation to high-altitude environments in 4. cerana has
a different genomic basis compared to 4. mellifera, and involves selection at
multiple loci instead of structural rearrangements, it is possible that genes
with similar functions are being selected in both species.

3.2. Paper Il

A practical guide to build de-novo assemblies for single tissues of

non-model organisms: the example of a Neotropical frog

Previous genetic studies in the Neotropical frogs of the genus Oreobates
were limited to few genes and genomic resources were lacking. An im-
portant step in facilitating genomic studies in non-model organisms is ob-
taining a reference genome. However, generating and assembling such refer-
ences in amphibians is difficult due to their large and highly repetitive na-
ture. Transcriptomes, which include exons and UTRs, only represent a small
portion of the genome and thus are easier to assemble than whole genomes.

In this paper, we extracted and sequenced RNA from different tissues of an
individual of the species O. cruralis. We assembled the resulting reads into a
transcriptome, which included thousands of putative genes (i.e., ‘unigenes’),
and provided a functional characterization of the genome. Our study de-
scribed in detail the procedure taken from RNA extraction to transcriptome
assembly and annotation. Moreover, we presented a pipeline aimed to help
inexperienced users to follow the same steps. The use of BLAST searches,
whereby the resultant contigs produced from the assembly were matched to
sequence data in the Swiss-Prot database, meant that functional annotations
were obtained for a large proportion of the transcriptome.

Our results showed a large number of genes related to the immune system
and defense mechanisms in the transcriptome of O. cruralis. We speculated
that the presence of these genes could be associated with the elevated tem-
perature and relative humidity of tropical rainforests, where amphibian path-
ogens are common. This study was essential to develop the next article of
this dissertation (Paper III) in that it provided the reference genomic re-
sources required for the targeted gene sequencing approach used in that
work.
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3.3. Paper III

Phylogenomics and evolutionary history of Neotropical frogs of

the genus Oreobates along altitudinal gradients

In this manuscript, we studied the evolutionary history and diversification of
the frogs of the genus Oreobates along altitudinal gradients using ~18,000
unigenes obtained from targeted capture sequencing.

By comparing phylogenetic trees and networks reconstructed from multiple
phylogenomic datasets, we recovered two main clades with different distri-
bution in the Oreobates phylogeny: one encompassing species from Argen-
tina and Bolivia, which are found in lowland habitats (the Amazon Basin,
dry forests, inter-Andean dry valleys, humid forests, and the yungas below
1,700 m); and another that comprises species from Colombia and Peru,
which some inhabit lowlands but others inhabit high-altitude environments
(cloud forests, elfin forests and puna grasslands up to 3,800 m).

Our phylogenomic examination revealed conflicting phylogenetic signals
across different genomic regions (gene trees) in both highland and lowland
species. However, most of the contrasting signals only affected intra-specific
relationships. Among species from lowland habitats, taxonomic problems
were observed between some species that could be due to misidentification
or extensive gene flow. Although network analyses showed that secondary
contact between some species has likely taken place across lowland taxa,
evidence from other sources is needed to fully address these questions.

Finally, we found that highland species have smaller effective populations
and thus stronger genetic drift compared to species sampled at lower alti-
tudes. This results in weaker purifying selection and a more likely fixation of
slightly deleterious mutations. Our data suggest that the small effective pop-
ulation size in highland species of Oreobates could promote the relative
accumulation of functional divergence between lineages, thus facilitating
speciation.
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3.4. Paper IV

Digest: Resolving phylogenomic conflicts in characiform fishes

This article is a short communication corresponding to the article by:
Betancur-R.R., Arcila, D., Vari, R.P., Hughes, L.C., Oliveira, C., Sabaj,
M.H., and Orti, G. (2019), “Phylogenomic incongruence, hypothesis testing,
and taxonomic sampling: The monophyly of characiform fishes” (Evolution.
73-2: 329-345).

The aim of this study was two-fold: first, improve accessibility of the re-
search to evolutionary biologists outside of the original article’s subfield of
specialization; and second, provide added value by (1) placing the research
in a broader context than described in the original paper; (2) adding figures
illustrating the methods and findings; and (3) offering new insights on other
implications of the research, as well as avenues of further study.

The original study applied a recently developed hypothesis-testing approach
based on comparing top-ranking gene trees to resolve phylogenomic con-
flicts in characiform fishes. Even though massive parallel sequencing and
genomic analyses are powerful new tools for understanding the evolutionary
history of species, we argued that the best research is integrative, combining
new genomic technologies with evidence from multiple sources such as field
observations, controlled laboratory experiments, and modeling.

Although this article is not a full contribution, I included it in my disserta-

tion because the idea of integrating genomics with other established methods
fits nicely in the overall discussion of my research.

31



4. General discussion

A fundamental aspect in modern evolutionary biology refers to the study of
how natural populations and species adapt and diversify across a wide range
of environmental conditions. However, progress in such studies has tradi-
tionally been hampered by the absence of a genomic perspective and the
lack of sufficient genetic markers that could allow assessing selective
changes across many different regions of the genome. The technological
innovations brought by the ‘omics’ revolution in the last two decades have
enabled sequencing enormous amounts of DNA or RNA to address ques-
tions in new, creative, and more powerful ways than previously possible
with traditional Sanger sequencing (Funk et al., 2018). In this thesis, my
colleagues and I used the power of genomics to gain knowledge on the evo-
lutionary history of natural populations as well as their adaptation and diver-
sification.

Specifically, we studied the evolutionary and ecological processes that pro-
moted divergence along altitudinal gradients in two different animal sys-
tems: Eastern honey bees (4. cerana) and frogs of the genus Oreobates,
collected from high and low altitudes in southwestern China and northwest-
ern South America, respectively. These two animal groups differ quite
markedly not only in their life-history traits but also in the extent of availa-
ble genetic resources for each of them. Eastern honey bees are genome-
enabled, which offers a framework to assess genome-wide changes and to
identify genes putatively relevant in adaptive diversification. We found evi-
dence that natural selection has led to local adaptation in high elevation pop-
ulations. By contrast, the frogs of the genus Oreobates lack of reference
genomic resources, and although the capture approaches developed here
allowed us to identify what processes have shaped the evolutionary history
of species at different altitudes, it was difficult to reach a comparable level
of resolution as with the honey bees. Nevertheless, the study of frogs sug-
gested that the effect of genetic drift could be greater in highland species
compared to species from lowland environments due to habitat fragmenta-
tion. Consequently, purifying selection could have been weaker and promot-
ed the fixation of nonsynonymous mutations in highland species of Oreo-
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bates. These mutations can be targeted by natural selection and contribute to
the adaptation and differentiation of populations in mountain environments.

In Paper 1, the availability of an annotated reference genome allowed us to
characterize the genetic architecture for high-altitude adaptations in the
Eastern honey bee. Our results on the genomic regions that show strong
differentiation between highland and lowland populations of A. cerana were
consistent with a scenario in which natural selection in montane environ-
ments has affected multiple loci across the whole genome. Candidate genes
within these regions include some that have key roles in reproduction and
foraging behavior in honey bees and other insects. These genes and the asso-
ciated adaptive variants identified in our study may have important implica-
tions for managing Eastern honey bee colonies (Lozier & Zayed, 2017). For
example, they can be of interest for marker-assisted breeding programs to
select lineages with an increased foraging activity and more offspring per
generation. As a result, colonies of A. cerana in Asia could become more
productive and so more suitable for commercial beekeeping, offering a com-
petitive advantage over imported colonies of European honey bee, A. mellif-
era. The latter species has been introduced in Asia since the early 20™ centu-
ry to meet higher production demands, but it is less well adapted to the local
environment and more sensitive to pathogens than the Eastern honey bee
(Theisen-Jones & Bienefeld, 2016).

Further work including functional experiments would be needed to fully
address the relevance of these genes in honey bees and the effects of the
variants under selection. Gene knockouts or knockdowns in a model organ-
ism such as Drosophila melanogaster could serve as a proxy to understand
gene expression. Here, we could test whether outlier genes identified in Pa-
per I display different expression levels through a series of environmental
manipulations. This could help us understand if some populations are better
at up-regulating or down-regulating certain genes in response to high-
altitude environmental conditions such as lower temperatures, higher UV
radiation, or lower partial pressure of oxygen.

On the other hand, the cost and complexity of generating a high quality,
fully assembled and annotated genome is still prohibitive in most cases. The
transcriptome that we assembled in Paper II, allowed obtaining genome-
wide data via ‘sequence capture’ for the frogs of the genus Oreobates in the
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absence of a reference genome at a relatively reduced cost. Although a tran-
scriptome does not give any information on the location of genes in a ge-
nome, it does provide an abundance of data on which genes are being tran-
scribed and, therefore, potentially of functional importance. Nonetheless,
one potential pitfall of this procedure is that transcriptome annotation relied
upon matching the assembled contigs to putatively orthologous genes of
known function in species included in the Swiss-Prot database. Depending
on the stringency of the similarity threshold required between sequences to
perform that match, divergent orthologs may be missed (if the threshold is
too strict) or paralogous genes recovered (if the threshold is too relaxed).
This can result in the incorrect annotation of gene sequences. Also, any
genes that do not have orthologs in other species will be unnoticed and so
ignored, despite their potential functional importance. This implies a limita-
tion on the results that could be obtained but, fortunately, has had no impact
on the results presented in Paper I1I because we did not draw links between
genotype and phenotype.

One way to filter out hidden paralogs from our initial set of ~18,000 uni-
genes, would have been to use the program BUSCO (Simao et al., 2015) to
search for the presence or absence of conserved orthologs in the ‘tetrapoda-
0odb9’ database that represents a collection of ~4,000 single-copy Tetrapoda
orthologs. This would have greatly reduced the number of initial unigenes as
well as the experimental and computational costs of this project. Restricting
our capture to these fewer genes would have reduced the effort required to
later separate potentially paralog sequences, while at the same time would
have allowed the sequence capture of more individuals with a similar cost.
Although decreasing the number of markers could have caused a loss of
phylogenetic resolution, our results also show that a reduced dataset consist-
ing of just ~160 genes was able to reconstruct relatively similar phylogenetic
relationships compared to those obtained with the entire data. Future phylo-
genomic studies in Oreobates could be restricted to those genes.

Despite the presence of potential paralogous genes, our phylogenomic anal-
yses provided robust support for the phylogenetic relationships and evolu-
tionary history of Oreobates. Similarly, previous studies have shown that
genome-wide data sets are sufficient to generate fully resolved phylogenetic
trees, even in the presence of horizontal gene transfer (Hellmuth et al.,
2015). We detected phylogenetic discordances between species from low-
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land habitats. The use of large phylogenomic datasets demonstrated that
such discordances occur across many different genomic regions or gene
trees, and thus incomplete lineage sorting can be discounted as an explana-
tion. Instead, species trees and phylogenetic networks reconstructed using
different approaches indicated that the conflicts among lowland species
could be due to taxonomic misidentification and/or secondary contact be-
tween distinct evolutionary lineages. Consequently, our findings stress the
need for a taxonomic reassessment to refine the phylogenetic status of some
species of Oreobates that remain problematic, and also suggest that gene
flow across divergent lineages may have contributed to the diversification of
this genus.

The sampling efforts of this thesis were enough for the questions we set out
to address, but the limited knowledge and number of samples available for
Oreobates restricted the reach of the conclusions in Paper I1I. Here, a wider
taxon sampling, including individuals from all currently recognized species,
would have provided a more complete picture of the evolutionary history of
this group of Neotropical frogs. However, that is not an easy task because
some species of Oreobates have been discovered very recently (e.g., O. an-
trum; Vaz-Silva et al., 2018) and others are extremely difficult to find, such
as O. yanucu and O. zongoensis which are known from single specimens
only collected more than 15 years ago despite their type localities being
relatively well surveyed (Kdhler & Padial, 2016). Similarly, a wider popula-
tion sampling, particularly for species encompassing large geographic areas,
would be very important to evaluate the possible existence of cryptic species
or to improve the understanding of the relationship between lowland taxa
and their intraspecific diversity. Even though our study was based on speci-
mens deposited at the Museo Nacional de Ciencias Naturales (MNCN-
CSIC) in Madrid, which probably has the best collection in the world for
these frogs due to the sampling efforts of our collaborators during the last
two decades, more extensive sampling will benefit from future collabora-
tions with other science museums.

Despite the limitations derived from the reduced sampling, we have shown
that genomics can greatly expand our knowledge about natural populations
by allowing us to characterize genetic variation across a much larger propor-
tion of the genome compared to traditional phylogenetic methods. Im-
portantly, some populational inferences have been possible using very few
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individuals per population. This implies that robust inferences can be ob-
tained minimizing the impact over natural populations. Given the power of
these estimates, the emphasis for future research would be the careful selec-
tion of specimens that could represent the existing diversity without imply-
ing very large sample sizes per population. This means that genomic ap-
proaches will be particularly useful in combination with hypothesis-driven
field surveys that do not necessarily imply large sample sizes but carefully
selected sampling points. In this sense, genomics can help reduce the envi-
ronmental impact of population genetic studies.

As scientists, we are sometimes captivated by the power of new technologies
and tend to dismiss “old” scientific approaches. However, we must keep in
mind that genomics represents just a single line of evidence to understand
evolutionary and ecological processes determining biodiversity. As we brief-
ly pointed out in Paper IV, research in evolutionary biology must be inte-
grative, because any single line of evidence may not accurately reflect the
evolutionary history and relationships of species (e.g., due to morphological
convergence, gene tree/species tree discordance, etc.) (Padial et al., 2010;
Schlick-Steiner et al., 2010; Derkarabetian & Hedin, 2014). Field observa-
tions could allow us solving the taxonomic problems seen among frogs of
the genus Oreobates in Paper I1I; whereas our study of local adaptation in
honey bees (Paper I) would require reciprocal transplant experiments to
confirm whether the putatively adaptive differences identified through the
genome scans actually result in greater fitness in the local environment.

Therefore, only by combining new genomic technology with other inde-
pendent lines of evidence such as phenotypic, behavioral and ecological
data, as well as controlled experiments and modeling, we will be able to
fully understand how natural populations and species adapt and diversify
across a wide range of environmental conditions.
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5. Conclusions

e Genomics has enormous yet largely untapped potential to advance un-
derstanding of evolution, ecology, and behavior, as well as to improve
the conservation of natural populations.

e Comparison of genome sequences in genome-enabled organisms allows
the genomic characterization of natural populations and the detection of
candidate loci involved in the process of local adaptation.

e Reduced representation sequencing strategies, such as the transcrip-
tome-based exon capture approach used in this thesis, are an excellent
alternative to whole-genome sequencing for non-model organisms lack-
ing in genomic resources.

e Evolutionary processes promoting divergence along altitudinal gradi-
ents between populations of Eastern honey bee (4. cerana) are related
to natural selection, whereas in frogs of the genus Oreobates the em-
phasis is on changes in the rate of evolution promoted by neutral demo-
graphic parameters.

e Several genomic regions show strong differentiation between highland
and lowland populations of 4. cerana from southwestern China. These
regions are biased towards coding sequences and contain a higher pro-
portion of nonsynonymous mutations compared to the rest of the ge-
nome. They also tend to have high haplotype homozygosity in the high-
land bees, indicating selective sweeps in these populations.

e Positive selection has led to local adaptation in populations of 4. cerana
inhabiting high-altitude habitats by targeting multiple loci across the
whole genome. Candidate loci include genes related to reproduction
and foraging behavior in honey bees and other insects, which may play
a crucial role under the particular environmental conditions offered by
mountain regions.
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The genus Oreobates has two geographically separated lineages dis-
tributed along altitudinal gradients in northwestern South America: one
encompassing northern species found in lowland environments; and an-
other that includes southern species. Within the latter lineage, a subse-
quent split separates a clade that includes mountain species. The coloni-
zation of lowland habitats from high altitudes is a difficult event but has
independently taken place two times.

Species of Oreobates inhabiting mountain environments have lower
effective populations (i.e., lower heterozygosity) due to habitat frag-
mentation. This causes purifying selection to be less efficient at remov-
ing slightly deleterious mutations due to strong genetic drift, resulting
in an increased ratio of dnx (nonsynonymous substitution rate) to ds
(synonymous substitution rate) compared to species sampled at lower
altitudes. The accumulation of functional variation may have promoted
differentiation of highland taxa.

Large phylogenomic datasets have unveiled taxonomic problems be-
tween species of Oreobates from lowland habitats, and also show that
gene flow across divergent lineages (i.e., secondary contact) may have
contributed to the diversification of lowland taxa.

Although high-throughput sequencing and genomic analyses are power-
ful new tools for understanding the biology of natural populations, the
best research is integrative, combining new genomic technology with
tried-and-true approaches such as field observations, controlled experi-
ments, and modeling.
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