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The organization of living beings is complex. Science uses modeling in order to gain a deeper
understanding, and to be able to manipulate the processes of living organisms. To this purpose,
I used and developed computational tools to investigate and model different relevant biological
phenomena.

In paper I, I utilized whole-genome data from wild and domesticated European rabbit
(Oryctolagus cuniculus sp.) populations to identify segregating insertions of endogenous
retroviruses and compare their variation along the host phylogeny and domestication history.
The results from this study highlight the importance of genomic modeling beyond reference
organisms and reference individuals, and provide deep insights regarding strategies for
variant analyses in host population comparative genomics. In paper IV, I studied the process
of exaptation of foreign genetic elements at broad-scale by observing the presence and
characteristics of retroviral env gene, syncytin, across vertebrates. I searched a library of
more than 150 chromosome-length assemblies covering 17 taxonomical orders for syncytin
homologs, where I identified and syntenically aligned over 300 loci insertions, including
not previously known insertions. Additionally, three-dimensional structures of the recovered
sequences were predicted using AlphaFold2. Phylogenomics analyses suggest a complex
dynamic of multiple retroviral insertions at different time points with sequence conservation
specific to clades that share a similar histo-physiological placental type.

In paper II, I expanded the scope to encompass translational medicine by developing an
unsupervised machine learning methodology for detecting anomalies in biomedical signals,
MindReader, which I applied primarily to electroencephalogram. In paper III, I developed a
hidden Markov model implementation that includes a hypothesis generator for stream time-
domain signals, which is used as a dependency for paper II. The work in this thesis substantiates
that a combination of biological knowledge, cutting-edge technology, and robust algorithmic
design constitute the primordial factors for scientific advancement.
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Part I:
Introduction

Revolution times: Age of information
It is our duty to make this world a better place.

Conditions are always changing, such is the nature of reality. The develop-
ment of human civilization has been largely diverse and erratic. Nevertheless,
a common pattern, regardless of the age, is the paroxysmal emergence of tech-
nological advancements. Such events have rippled on most, if not all aspects,
of society. For example, the printing press invented by Johannes Gutenberg
in 1436 allowed literacy to reach unprecedented levels; the industrial revolu-
tion radically transformed the manufacturing process and mass production of
goods; or, the global system of interconnected computer networks revolution-
ized information spread. Likewise, scientific and technological advancements
of our era promise to erradicate poverty and hunger, to improve public health
and education, to widen the availability of clean and affordable energy, and
in general, to provide better conditions for all. Thus, I believe that to change
our world for the better we must work, create and innovate on scientific and
technological breakthroughs that will facilite such goals.

Moreover, it seems as if last decades of human history have witnessed a
dramatic acceleration in how these changes occur. Probably a substantial fa-
cilitator of these circumstances are high-throughput technologies and network
connectivity. The fact that we, as a collective society, produce and share more
information than ever before has directly and indirectly impacted all aspects of
our lives. This revolution extends from our daily lives all the way to industrial
and research environments, such as health sciences, media production, etc.



This wealth of information conceals valueable knowledge, which demands
analytical algorithms to be unraveled. These methods exceed human capacity
and stipulate the urge for computational assistance.
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About this thesis
During this thesis I will elaborate on the journey I have engaged to partake
into this technological and scientific revolution of our time. This exploration
has led me to develop computational skills, and expand knowledge and under-
standing for applying and building tools to address a variety of problems.

I tackled different problems by computational modeling and data analysis
from different perpespectives. That is from genetic code to phenotypes, where
I studied evolutionary relationship among organisms and populations on paper
I and paper IV; and from phenotypic signals to their importance at a molecular
level, where I studied the electrical recording of the brain activity to predict
physiological and pathological states on paper II and paper III.

Therefore, I divided this text into three sections:

First, I ponder on and present my reflections, amidst the current repro-
ductibility crisis among scientific research, on why it is of paramount impor-
tance to build and use reliable and robust software, which profits from the
advancements of other fields of science such as computer science, mathemat-
ics and physics.

Next, I provide a brief and non-exhaustive overview of the specific scientific
background on the problems I studied. Thus, I address key points on genetics
and evolution where I present a general vision on how information transforms
in the biological context and how it relates to the factors are involved. Then, I
proceed to further elaborate on transposable elements and structural variants,
with special focus on endogenous retroviruses, not for a prominent reason in
the biological sense, but only because these elements were the subject of a
large part of these studies. I continue to discuss on the phenomena of exap-
tation, particularly the retroviral env gene, and how it has impacted evolution
of the most dominant group of animals on the planet today, the underlying
histo-physiological mechanisms and repercussions from an evolutionary per-
spective. Similarity, I elaborate on the application of computational exper-
tise to translational medicine, particularly processing of big data and machine
learning, to focus on clinical problems as well as the usefulness of data col-
lection for both better understanding of challenging and puzzling pathologies,
and improvement on health care and quality of life.

Finally, I briefly explain the highlights of the included projects in the frame
of this thesis, and why they are important for scientific progress.
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1. On the development of computational
methods

A layer of abstraction: Computational complexity
Computer science is to biology what calculus is to physics. It’s the natural
mathematical technique that best maps the character of the subject.

The history of programming could probably take us back to late 40s when
people input binary code directly to machines to perform basic operations:
addition, subtraction, multiplication, etc. Later, during late 50s the realization
that a level of abstraction could be moved up by creating a programming lan-
guage closer to what we understand nowadays arose. This paradigm shift had
arguably two large effects:

• First, the code was no longer tight up to a particular hardware, therefore
it could potentially run on all machines and would only be written, and
maintained, once.

• Second, the fact that the lower abstraction was not needed meant that
specialists were not required, thus, computer power became accessible
to a larger community and development accelerated.

Learning from these lessons, I wished to democratize the algorithmic ab-
straction of scientific computation, therefore rendering it available to people
whose expertise and curiosity focusses on investigating biological phenom-
ena. To this end, I have worked on several computational tools that have
been used during the projects on this thesis that include a variety of program-
ming languages and computational paradigms, benefit enormously from mod-
ern programming designs, and whose common thread is the interest to address
biomedical issues in a cross-disciplinary manner.

During these studies, I used a variety of algorithms for data manipula-
tion and analysis. These include methods for sequence alignment, distance
measurement and phylogenetics, such as Smith-Waterman algorithm, Burrow-
Wheelers transform, and Levenstein distance; and algorithms for data analy-
sis and signal processing, such as Fourier Transform (FT), Neural Networks
(NN), hidden Markov models (HMM), Principal Component Analysis (PCA),

13



among many others.

Algorithms for sequence alignment and sequence assembly are vital to
study of genomics. Nevertheless, an important consideration is the computa-
tion time these algorithms use. Therefore, it is not uncommon to use heuristic
rather than optinal solutions.

Fourier Transform (FT) is an important and widely used algorithm that
transforms signals into their frequencies. The ubiquitous usability of FT in
mathematical analysis is thanks to the implementation of Fast Fourier Trans-
form (FFT). FFT is an algorithmic implementation of Discrete Fourier Trans-
form (DFT). Unlike DFT, whose computational complexity is exponential,
FFT’s computational complexity is linear. This is achieved by factorizing the
DFT matrix into a product of sparse factors. This process exemplifies one of
the primary limitations of certain computations, as they are virtual impossible
to scale up if their complexity is logarithmic.

NNs have witnessed a spike in popularity due to their adapatability to dif-
ferent problems. Current deployments also make them accesible to a wider
variety of users, allowing room for manipulation. NNs have been particularly
successful were large amounts of annotated data is available. Different archi-
tectures have been applied for different purposes to common problems, for
example, autoencoders, that is symmetrical architectures with a encoding and
decoding segment, are useful for data compression and reconstruction.

HMMs have as well as a wide range of applications, from genomics to
signal processing. They are used to model systems that are compatible with
Markov processes, that is a sequence of possible events in which the likehood
of occurence at a certain point depends only on the previous state.

PCA is technique for analizing large datasets consisting of high number of
dimensions features. PCA performs a linear transformation of the data to a
coordinate system where the variability can be explained in a few dimensions.
Thus, essentially performing dimensionality reduction. This features renders
PCA ideal for data visualization.
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2. On the topics of study

Que nadie suba a la tribuna sin motivo justo, y que nadie baje de ella sin el
sentido de la dignidad cumplida.

2.1 Genetic information
Life is an intriguing phenom. The levels of complexity and the diversity it has
created over generations is astonishing. From an evolutionary perspective, liv-
ing organisms act together as information entities that in the case of animals,
compose a community with their reproductively available peers.

To be able to self-preserve, information must replicate itself. However, to
accommodate for random adaptability, variation must be introduced into this
cycle. One possible method to achieve such objective is by permitting or tol-
erating errors to occur during replication process. An alternative route is to
acquire and integrate foreign, fully- or semi-functional, information. Both of
these methods convey risks and benefits. During these studies, I have explored
both of these aspects in depth, as detailed below. This informational paradigm
is a key component of living organisms as they carry encoded data into their
DNA, where all necessary elements to produce a viable creature are stored.
Likewise, this record can be copied and replicated by the cellular machin-
ery in order to be conserved. And this record can also be altered within the
boundaries mentioned above to produce variation, which permits adaptation.
However, in complex living organisms, dependent on thousands of physiolog-
ical and morphological building blocks, variation created by single mutations
is, mostly, not sufficient to accommodate the change needed for adaptation to
the environment. In such cases, alternative routes that involve relatively low
cost and low risk to deal with the problem of limited variation arise. For in-
stance, sexual reproduction, which functions by combining two randomized
encoded information sets into a new version.

Genetic variation
Genetic information is a key aspect of preservation. By using a biochemical
stable encrypted system, it is possible for living organisms to perpetuate the
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information necessary to create basic biochemical building blocks, proteins.
Using this condition, living organisms pass on their genetic information to
their descendants.

Natural selection, in the context of biological systems, is an iterative process
to create rewards for situational advantageous traits. In this case, each itera-
tion represents a generation, and the reward is a reflection of the preparedness
of the organism. In such manner, variation and natural selection make a com-
bined driving force that shapes living organisms.

A key principle of variation is DNA sequence alterations. These alterations
can range from single nucleotide to large-scale variations. Genomic studies
indicate that such structural variations are common occurrences, but as is the
case for most single nucleotide polymorphisms, the vast majority are selec-
tively neutral [1].

Adaptive change
Exaptation refers to the shift on function, and thus emergence of a novel func-
tion, that enhances the fitness of individuals [2]. However, the line to define
exaptation or cooption is blurred. Traditionally, these concepts are drawn as a
sophisticated version of genetic repurposing. However, the fundamental prob-
lem with repurposing strives on that a precondition to not use the current ver-
sion of the trait is required.

This precondition can be met in two situations:

• When the feature is duplicated, thus one copy can fulfil the canonical
role whereas the second copy can be released from selective pressure,
then be free to change.

• When the current feature is no longer needed or deprecated as a residual
or remnant feature.

In either of these alternatives, the cost of keeping an unfunctional informa-
tion copy or overhead on the overall fitness must be low enough in the context
of the system in order to be tolerated.

Transposable elements match perfectly in either of these preconditions,
or possibly even both at a certain moment. Contrary to this, it is not un-
expected that transposable elements provide hosts with abundance of mate-
rial for cooption. Probably the most characteristic exemplification of such
phenomena is the syncytin gene. The syncytin gene has been exapted sev-
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eral times during vertebrate evolution, which provides the ability for cellular
membrane fusion, and presumably concomitant immunosuppressive proper-
ties [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13].

Questions naturally arise on the reasons why this particular retroviral gene,
and no other foreign or own genes developed as syncytin did. Arguments in
favor of this point could be their ubiquitous nature in terms of host range,
germ line presence, and consequently genome presence through generations.
Moreover, probably the cost of coopting an already available feature is signif-
icantly lower, and more likely than de novo development, or even no similar
protein structure to derive it from existed. Finally, the benefit for coopting a
feature to be used during an early stage of gestation would efficiently select
viable versions, and facilitate long term retention since such features would
significantly improve the reproductive capabilities of the individual by merely
survival, thus converting this particular case into a zero-none game strategy.
This latter argument also advocates for repeated cooptions.

On the contrary, syncytin cooption required the perfect combination of events,
i.e., the usefulness of such feature, the tolerance of non-functional elements
that could provide the feature, the compatibility of this potential feature with
current features, i.e., developed immune system and amniote gestational de-
velopment. However, as unlikely as this combination of events is at a given
single time point in the evolution of life on this planet, once these requirements
are met, reimplementing different variants of this feature becomes more prob-
able, thus, reducing the cost and increasing the likelihood.

2.1.1 Eukaryotic transposable elements
In the early days of 2000s, Lander and collaborators have published the Ini-
tial sequencing analysis of the human genome where they described, among
other points, the presence of repeat sequences in roughly 50% of the human
genome, namely mobile elements [14]. Others, such as de Koning and col-
laborators, have estimated based on computer algorithms that highly mutated
transposable elements account for as much as 70% of the human genome [15].
In both cases, these observations suggested the importance of repeat sequences
as paleontological records, a track to the past [16].

Importance of mobile elements
Mobile elements constitute a significant genome fraction of many species,
mainly due to their prolific self-replicating behavior [17]. Mobile elements are
also responsible for genetic alterations during and independent of cell replica-
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tion that sometimes leads to alterations and serious pathological conditions,
such as neoplasias [18, 19, 20]. They composed a heterogeneous group whose
common trait is the capability of self-replication and insertion into the host
genome. They used different intermediate amplification mechanisms, either
by RNA, transposable elements class I, or by DNA, transposable elements
class II. Retrotransposons are further sub classified according to the presence
of flanking sequences called long terminal repeats (LTRs) [21, 22, 23].

Enormous variation has been observed across species in abundance of DNA
transposons as well as RNA transposons [24]. For instance, DNA transposons
seem completely absent in budding and fission yeasts [25] whereas they con-
tribute to about 65% of genome expansion in Trichomonas vaginalis [26].

Transposable elements are an important source of genomic alterations and
structural variation [1]. Moreover, transposable elements also play different
roles on other biological levels, for example:

• Abundance: Some of the largest genomes studied to this day have
reached such sizes at the expense of transposable elements. Examples
of such are copious among plants [27], e.g. LTR retrotransposons rep-
resent three quarters of the maize (Zea mays) genome [28]; pea (Pisum
sativum) genome has grown most likely due to a recent expansion of
retrotransposons [29]. The same pattern has been observed in some ver-
tebrates, for instance Mexican axolotl (Ambystoma mexicanum), a repre-
sentative of salamanders and important regeneration model, harbors ap-
proximately 60% of LTR retrotransposons of more than 10 kb in length,
indicative of an evolutionary recent expansion burst [30, 31]. Con-
trary to this, other large scale studies have presented evidence of neg-
ative correlation between body size and LTR retrotransposons in mam-
mals [32, 33, 34]. In medium-ground finch (Geospiza fortis) and zebra
finch (Taeniopygia guttata), an unusual proportion of LTR-endogenous
retroviruses has been observed in comparison with other birds (approxi-
mately 4 to 10%) [35].

• Gene regulation: Transposable elements insertions in primates, includ-
ing humans, are a common occurrence. Alu elements, a type of retro-
transposon particularly abundant in primates, have been observed to in-
fluence RNA processing [36]. In the cultivated octoploid strawberry
(Fragaria x ananassa), where transposable elements make up approx-
imately 36% of the genome, subgenome dominance is negatively corre-
lated with the presence of transposable elements. Moreover, transpos-
able elements abundance and expression predict gene expression domi-
nance and gene loss at individual homolog level [37, 38]. Identification
of specific transposable elements silencing systems, such as KRAB-
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ZFPs, emphasizes the biological importance of transposable elements
[17, 19].

• Recombination: Since transposable elements arise from a few sets of
copies, they constitute repetitive portions of genomes, which greatly fa-
cilities recombination [39, 40]. In addition to this, studies have demon-
strated transposable elements playing a fundamental role in genome re-
combination.

• Protein innovation: Probably the most emblematic example of protein
innovation mediated by transposable elements are the syncytin genes that
serve a key function in placentation [41]. These genes are the result of
multiple exaptation events of the retroviral envelope (env) gene on sev-
eral eukaryote linages, mostly eutherian mammals, such as primates [3],
ruminants [7], rodents [13, 42], lagomorphs [4], but also marsupials [9]
and even Mabuya lizards [10]. Moreover, some cases are strongly corre-
lated with the emergence of specific taxonomic groups, e.g., Hyaenidae
[11].

2.1.2 Retroviruses
Retroviruses are a widely spread group of cellular parasites whose common
characteristic is the use of a reverse transcriptase to copy their RNA genome
to the hosts DNA genome as a provirus. This process is essential for their repli-
cation cycle, which involves invading the genetic material of the host. Since
these entities have been interacting with vertebrate genomes for millions of
years they have repeatedly entered hosts germ line, embedding themselves in
the genome and passing on to the progeny, thus becoming endogenous retro-
viruses [24, 23, 43]. In fact, they have invaded their hosts genomes so suc-
cessfully that it blurs the perception of invader and host. Contrary to this,
a combination of recent availability of a large amount of eukaryotic genomes
with enhanced bioinformatics tools to detect and date endogenous retroviruses
has yielded the emerging field of paleovirology [44, 45, 46, 47, 48].

Endogenous retroviruses
LTR autonomous elements are commonly known to as endogenous retroviruses
(ERVs) since they are considered relics of ancient retroviruses that once in-
vaded the germ line. They are part of a larger heterogeneous group of mobile
elements whose common trait is the capability of self-replication and insertion
into hosts genome [23, 49].
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Retroviral taxonomy
Retroviruses are taxonomically classified by the International Committeee on
the Taxonomy of Viruses (ICTV) into the family retroviridae and further sub-
divided into subfamilies orthovirinae and spumavirinae that together com-
posed seven genera, i.e., alpharetrovirus, betaretrovirus, gammaretrovirus,
deltaretrovirus, epsilonretrovirus, lentivirus and spumavirus. To this day, mil-
lions of endogenous retroviruses have been identified in a variety of hosts,
representing every genera of the retroviridae family. Nevertheless, only 56
species of retroviruses are actively infecting hosts. A recent and comprehen-
sive nomenclature was proposed by experts in the field [49, 50, 21, 51], in
order to facilitate their annotation.

Proviral retrovirus structure
A complete retrovirus proviral sequence is approximately 7 to 11 kb, including
flanking LTR sequences. They consist of structural genes (gag, pro, pol and
env), which order is conserved among all retroviruses. In addition, arrange-
ment of their major cleavage products is conserved, too, mainly because virion
proteins should be expressed in the proper amount, interact in specific order
and be guided into correct position. Furthermore, some endogenous retro-
viruses have acquired additional genes, such as vif, vpr, nef or vpu [52, 53, 54].

Figure 2.1. Schematic representation of retroviral structure in RNA and DNA space
with zoom into long terminal repeat (LTR).

Importance of LTR
LTRs are the hallmark of endogenous retrovirus replication. They are gener-
ated simultaneously during reverse transcription at both ends of the genome.
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Each LTR is composed of unique U3 and U5 regions separated by a repeated
segment (R). The U3 region varies in length and contains binding sites for dif-
ferent cellular transcription factors for proviral enhancement and promotion.
These sequences vary in length, but most of them are around 300 to 1200 base
pairs each [45, 48].

Genome invasions
When retroviral infections occur in the germ line of the host, these events lead
to retrovirus perpetuating as structural variants in the genome of the host as
endogenous retroviruses. Germ line invasion events occur at a low probabil-
ity. However, for retroviruses, as a whole group, these events occur in an ex-
tremely large, virtually infinite, time dimension. As a particular subset, how-
ever, evidence indicates that these time periods are restricted. Furthermore,
genome integrations are points of no return since endogenous retroviruses can-
not be completely eliminated. However, observations are constrained by the
power of the observations (approximately 300 million years), selection, host
fate [55, 45]. Taken together, these characteristics translate into observing en-
dogenous retroviruses in all organisms analyzed to this date, and there is no
reason to believe that this will not be the case in future studies. Moreover,
endogenous retroviruses have special properties in relation with other trans-
posable elements, and they are not static unlike other structural variants. It
has been observed that gene density and local recombination rates determine
fixation and full length persistence of endogenous retroviruses [55]. Endoge-
nous retroviruses can remain active, as is the case of mouse, Mus musculus,
retrovirus, or become completely inactivated by mutations [34].

Retroviral proliferation mechanisms
Once the have become endogenous, retroviruses can proliferate by two mech-
anisms: by budding of exogenous particles and infecting neighboring cells,
which requires the presence and full functionality of all genes, including env;
or by intracellular retrotransposition within the germ line, either in trans, where
defective retroviruses are complemented by active proteins from other viruses
but requires an intact promoter within LTR and other motifs for expression
and packing of viral RNA, or in cis, where the retrovirus itself supplies all
necessary elements for replication [45].

Endogenous retrovirus distribution
Their spread through a variety of hosts and particularly from mammalian Class
is just as vast. In brief, two groups dominate ERV abundance: Gamma-like
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endogenous retroviruses and the most abundant Beta-like endogenous retro-
viruses. Contrary to this, Epsilon-like endogenous retroviruses make up al-
most the entire landscape in fish genomes whereas Alpha-like endogenous
retroviruses are recovered almost entirely from birds. In addition, it is clear
that Lenti and Spuma-like endogenous retroviruses either invade the germ line
much more rarely than other endogenous retroviruses or do not persist long
as endogenous retroviruses. Despite this, Lentivirus-like endogenous retro-
viruses have been described in rabbit [56], lemurs [57], and colugo [57].
Estimations about the time of integration can be made either by LTR nu-
cleotide identity or by average pairwise nucleotide identity across the com-
plete sequence. These estimations date the time of integration for endogenous
Lentiviruses to > 7 million years ago.

2.1.3 On the repurposing of foreign elements
Exaptation
In order to survive to an ever-changing environment, organisms must change
or adopt new characteristics. Exaptation, and the related term co-option, de-
scribe a shift in the function of a trait during evolution [2]. For example, a
particular trait might serve a specific function, but can be repurposed to fulfil
another: feather wings initially adapted for thermal regulation. Exaptations
are common in both anatomy and behavior. This situation is not unique of
biological systems, it is also a common occurrence in science and technology
with serendipitous expansion of products into new domains.

Placentation
The placenta is vital organ for the establishment of the materno-fetal interface
as it is also the first organ to form in mammals. The formation of a transport in-
terface is the raison d’etre of the placenta [58, 59]. The fetus and the placenta
are metabolically and physically interconnected through the vascular system
[60]. They are both dependent on the maternal circulation. Most amino acids
in fetal circulation are at higher concentrations than in maternal circulation, in-
dicating active uptake and synthesis of these nutrients by the placenta or by the
fetus. Moreover, both the placenta and some fetal organs are capable of pro-
ducing and metabolizing various nutrients, which impacts their levels in fetal-
placental circulation largely independently of placental transport mechanisms
[61]. Beyond vascular supply, the placenta represents a histological complex
that fulfills various functions: attachment, invasion, and vascular remodeling
to cell fusion, hormone production, and nutrient transport [60]. Interestingly,
despite being of fetal origin, placenta does not trigger a foreign-body response
by the maternal tissues, suggestive of complex and evolutionarily conserved
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immunotolerance mechanisms [59].

This situation represents an alternative to other amniotes where embryos
are deposited inside a shell to prevent desiccation and protect against envi-
romental fluctuations, i.e., reptiles and birds [59, 62]. Fundamental to such
design are syncytins, a group of coopted retroviral genes with fusogenic and
immunomodulatory properties [3], which in contrast to other gene families,
did not derive from an ancestral version. Vertebrate lineages, such as primates
[3], lagomorphs [4], rodents [63], ruminants [7], carnivores [6, 11], marsupi-
als [64, 9] and even some lizards [10, 12], have exapted retroviral genes on
independent occasions. Not all these events corresponded with the exact same
genetic profile, but rather a cluster of distinct physiological mechanisms in-
volving retroviral env, and thus resulting in morphological and physiological
diverse placental types [59].

The fusiogenic function in syncytin, originally responsible for joining the
cellular membrane with viral membrane during virus entry, serves a pivotal
role during the formation of the materno-fetal interface for metabolite ex-
change. Aside from membrane fusion, retroviral env gene also harbors im-
munomodulatory domains that serve during cell invasion. These domains are
believed to play an important role on the early tolerance of the syncytiotro-
phoblast by the mother [65]. Thus, such mechanisms might play an important
role on placental and obstetric pathologies [65].

The architecture of the primordial placenta might be difficult to determine,
however it has been proposed that such structure was hemochorial, discoid,
and labyrinthine [66], resembling current murine placentas. It is also hypoth-
esized that a new retroviral insertion that offers advantageous traits gradually
replaces a former version [67].
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2.2 Translational medicine
Translational medicine refers to the application of basic science into clinical
medicine [68]. At its core, translational medicine reflects the combination of
disciplines, resources, expertise, and techniques. Thus, translational medicine
initiative is fundamental for the rapid utilization of scientific knwoledge and
emerging technologies to improve public health, in constrast to the more tra-
ditional academic health science research.

2.2.1 Epilepsy
Epilepsy, a chronic central neurological disease affects individuals of all ages
and has a worldwide distribution. It is characterized by abnormal or syn-
chronous electrocortical discharges, clinically identified as epileptic seizures
[69]. The range of pattern varies as a function of the state and conditions of
the patient as well as the topographical localization of the ethological focus
and variant of the disease. Abnormal patterns, such as difusse slowing, focal
slowing, focal attenuation, of the normal patters are considered pathological
[70, 71, 72].

Moreover, other morbidities other primary epilepsy can create epileptiform
discharges, for examples: dementias, ischemic and hemorragic stroke, subdu-
ral hematoma, metabolic disorders, coma, status epilepticus, brain death, and
even neurotropic drugs [73, 74].

2.2.2 Electroencephalography
Biomedical signal measurement is a pivotal resource for assessment of the
patient well-being. Increase availability in computational resources and ad-
vances in automation and artificial intelligence hold enormous promises for
improvement of the patient well-being [75, 76, 77, 78]. Electroencephalo-
gram (EEG) is a cornerstone in the assessment, treatment and prognosis of
neurological conditions. EEG recording, is a graphic portrayal of the differ-
ence in voltage between two different cerebral regions plotted over time [79].

Electroencephalogram captures the electrical activity occurring at the cere-
bral cortex. This electrical activity is measured in microvolts and further am-
plified by a factor of 1 million in order to be displayed. During this ampli-
fication, the difference between two recorded points is measured. Large part
of the measurement originates from neural physiology, possibly action po-
tentials, post-synaptic potentials and chronic neuronal depolarization. How-
ever, action potentials are remarkably short, occurring in the range of tens of
miliseconds or less, in contrast to post-synaptic potentials, which are much
longer at 50-200 miliseconds. This feature makes post-synaptic potentials
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larger contributors to the signals capture on electroencephalographic record-
ings. Thus, electroencephalogram is essentially measuring voltage change in
the extracellular matrix. Furthermore, excitatory post-synaptic potentials are
characterized by depolarization, whereas inhibitory post-synaptic potentials
create hyperpolarization. Topographically, the two large contributors to elec-
troencephalographic rhythm are the interaction between the thalamus and the
cortex, and the functional properties of large neuronal networks in the cortex.
However, the fact that electroencephalogram is essentially measured by am-
plification of miniscule electrical currents into a graphical representation that
can be interpreted, introduces naturally a substantial amount of methodologi-
cal noise. Besides, sources of electrical interference other than electrocortical
potentials are also amplified and displayed in the output. Importantly, any sig-
nal that affects both sources equally will be cancelled or severely reduced, i.e.,
in-phase cancellation [79, 80].

Electrode placement is standardized to the 10-20 International System of
Electrode Placement and 10-10 system, where electrodes are placed using dis-
tinctive anatomical landmarks on three planes - sagital, coronal, and horizon-
tal - to create an accurate topographical map of the cerebral cortex. Electrodes
with odd numbers are placed on the left and electrodes with even numbers are
on the right In this manner, electrical spikes propagate through the cerebral
cortex as ripples most often in eliptical shape [79].

Electrocortical patterns are diverse since biological variation is substantial,
which also depends on intrinsic factors from the patient, such age, neurolog-
ical activity, state, comorbidities, among others. Electrical patterns that are
considered physiological are named: alpha wave, beta wave, theta wave, delta
wave. Moreover, due to the fact that capturing pathological events on record-
ings, activation procedures are routinely performed during: hyperventilation,
photostimulation, and sleep deprivation [81, 82].
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Part II:
Results
When we push the limits to the edge, it is then, when marvelous things can
happen.

2.3 Paper I
Results
Retroviruses integrate into the genome of their hosts as part of their life cy-
cle. When such event takes place in the germ line, retroviruses can be passed
on to the host offspring Mendelian genes, known as endogenous retroviruses.
Advances in genomic sequencing technologies have permitted to obtain better
sampling in terms of number of individuals as well as representation of each
haplotype. However, most of this information comes in the form of short-read
whole-genome sequencing. Thus, identification of structural variants remains
challenging.

To address this problem I designed a methodology that could identify en-
dogenous retroviral insertions from short-read sequencing data, as illustrated
in Figure 2.2. We used pooled whole-genome sequencing data from wild and
domestic European rabbit populations. We constructed a library of endoge-
nous retroviruses based on identification from the reference genome of Oryc-
tulagus cuniculus, oryCun2, and enriched such library with other endogenous
retroviral sequences. We aligned the whole-genome sequenced short-reads
to our library of endogenous retroviruses to obtain sequence similarity to en-



Figure 2.2. ERV identification in unassembled paired-end short-read sequence li-
braries. Computational strategy for detecting reference and non reference assem-
bly endogenous retroviruses utilizing unassembled paired-end short-read sequence li-
braries. The output presents a list of candidate insertions (blue data box) anchored
to chromosomal positions along host DNA to which downstream analyses can be ap-
plied.

dogenous retroviral potential insertions. In parallel, I aligned whole-genome
sequenced short-reads to the reference genome, oryCun2, to obtain chromoso-
mal positions. We used the alignment information, i.e. directionality and ori-
entation, of both read pairs to target retroviral long terminal repeat sequences
and insertion points along the genome. Next, assuming that sequencing reads
would be Poisson distributed along the genome, I selected a threshold based
on the likelyhood of finding reads whose pair had anchored to a retroviral long
terminal repeat and sharing directionality and orientation in a genomic neigh-
borhood. With this method I identified segregation of endogenous retroviruses
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Figure 2.3. Oryctulagus cuniculus sp. geographical distribution and endogenous
retroviral segregation profiles. Hierarchical clustering and heatmap illustrates pres-
ence or absence of endogenous retroviral insertion junctions among O. cuniculus sp.,
from wild populations across the Iberian Peninsula, southern France, and the Porto
Santo Island, as well as from domestic rabbits. The heatmap and cladogram show
pairwise differences among individual groups: domestic (green), wild French (red),
and wild Iberian (blue). The two subspecies O. c. cuniculus and O. c. algirus are
indicated, as well as rabbit populations sampled from a hybrid zone on the Iberian
peninsula.

on wild and domestic populations of European rabbit, as well as identified dif-
ferent levels of allele frequencies on retroviral insertions, even not present in
the reference genome, as shown in Figure 2.3 and Figure 2.4. I used phyloge-
netic association from endogenous retroviral sequences on our library to make
inferences about insertions identified in wild and domestic European rabbit
populations, as displayed in Figure 2.5.

In this study, I showed that genetic structural variation extends beyond the
reference genome. Moreover, the study addresses pertinent issues regarding
genome sampling, interpretation of genetic diversity beyond single nucleotide
variants and population comparative genomics.

Contribution
For this project, I constructed the computational analysis pipeline. I also ana-
lyzed all the genomic samples, innovated on the data interpretation and meth-
ods for efficient computation. I created the all figures and wrote the initial
draft.
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Figure 2.4. Candidate ERV. (Top) A schematic shows identification strategy and chro-
mosomal anchoring of endogenous retrovirus-associated sequence read pairs, which
demonstrates marked peaks in sliding window counts with their independent dy-
namic thresholds immediately adjacent to the endogenous retrovirus insertion junc-
tions. The present locus was also identified in the reference rabbit genome assembly
(oryCun2.0) using RetroTector, which shows the predicted gene structure and con-
firms a truncated endogenous retrovirus. The RepeatMasker track for LTRs (blue)
and non-LTRs (green) lines up with our identification as well as RetroTector pre-
diction. (Bottom) Average read depth along the host DNA as well as the mappabil-
ity are summarized. Decreased sequence read depth across the locus is because of
poor locus-specific mapping due to similar endogenous retroviruss elsewhere in the
genome, whereas the peak in the middle of the locus indicates a short segment per-
mitting locus-specific sequence read pair mapping, which in this case also allow esti-
mation of segregation at this locus among the domestic, wild French, and wild Iberian
rabbit populations (indicated by arrows).
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Figure 2.5. Endogenous retrovirus phylogenetic association and spread among O. cu-
niculus sp.. Retroviral gag- and pol-based tree derived from reference retroviruses and
endogenous retroviruses where colors indicate retrovirus-like nomenclature as previ-
ously described. Dashed lines indicate endogenous retroviral sequences identified in
the rabbit reference genome assembly, oryCun2.0. The heatmap shows number of
endogenous retroviral insertions junctions in pairwise comparisons between domestic
rabbit populations (D) and wild French rabbit populations (W), as well as between
wild O. c. algirus populations (A) and wild O. c. cuniculus populations (C). The
overall presence of candidate endogenous retroviral insertion junctions across all O.
cuniculus sp. populations is represented by the black histogram using log 10 scale.
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2.4 Paper II and III
Results

Figure 2.6. MindReader algorithm. From left to right, electroencephalographic
(EEG) signals are loaded from standard European Data Format (EDF) files, then
pre-processed by Fast Fourier Transform (FFT) and binned on overlapping windows.
Next, signals are input to a neural network autoencoder where the autoencoder error
is calculated, that is the difference between the input and the autoencoder model post
training is obtained, and considered anomaly. Finally, the signal is input to a Hidden
Markov Model and Hypothesis Generator where states are assumed and labels are as-
signed. Importantly, the entire process is unsupervised and each channel is processed
independently.

Assement of patient status is crucial for medical attention. Thus, mea-
surement of biomedical signals is critical. However, interpretation of some
biomedical signals, i.e., electroencephalogram, requires highly specialized train-
ing. In addition, the rate of capturing events renders the interpretation time-
consuming, resource-hungry and, overall, an expensive process in terms of
human resources. These characteristics mean that interpretation is only avail-
able at specialized centers, and continuum interpretation is virtually unfea-
sible. In contrast, automatic detection offers potential to improve quality of
patient care by shortening the assessment time, thus reducing time to diagno-
sis, better management of big and confidential data and optimization on the
allocation of human resources.

We developed MindReader, an unsupervised method for biomedical sig-
nal interpretation, whose methodological approach is displayed in Figure 2.6.
MindReader preprocess the stream of data by using binning and Fast Fourier
Transform (FFT). Then, a neural network autoencoder is built where each
neuron represents a time point in the bin. The hidden layer is scale down
in relation to the input and expanded to the original size of the output on the
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Figure 2.7. MindReader sample recording interpretation on subject chb04 (male 22
years old) record 28. Top plots illustrate MindReaderś output on EEG montage at
four different time point during the recording. Middle heatmap shows MindReaderś
hypothesized states along the recording per channel. Original Physionet manual anno-
tation is indicated on top. Bottom plots display original EEG signals from same time
points as interpretations.

subsequent layer. Once the neural network is trained, the difference between
the input and the output (input by the model) is calculated, i.e., the autoen-
coder error. Assuming that a neural network autoencoder would compress
the input information, any other data present outside this domain could be
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considered an anomaly. Next, MindReader uses a dependency library, Hid-
denMarkovModelReaders. This dependency consists of a hidden Markov
model to stream the autoencoder error and generate hypothesis when a dis-
tinctive states / patterns are identified. Importantly, each channel / electrode is
process independently and the generation of hypothesis is unsupervised. The
output from MindReader is illustrated in Figure 2.7

Contribution
During these two projects I participated in the conceptualization and design
of the study, and established the collaboration with Instituto Nacional de Neu-
rologia y Neurocirugia (INNN), in Mexico city, Mexico. I developed and
deployed the computational methods. I also tested and verified the computa-
tional methods’ internal validity, and performed the all analyses. I created the
all figures and wrote the initial draft. I edited subsequent draft versions and
corresponded with the journal editors.

2.5 Paper IV
Results
Syncytin is a fossil protein exapted from retroviruses that fulfills a pivotal role
during trophoblast implantation and placental metabolite exchange. Profiting
from technological advances on genomic sequencing and assembly protocols,
we searched for syncytin insertions across vertebrates. We compiled a library
of known syncytin sequences. Then, we searched a library of more than 150
chromosome-lenght assemblies across 17 taxonomical orders for syncytin ho-
mologues. We identified and syntenically aligned over 300 loci insertions, in-
cluding not previously described, as displayed in Figure 2.8. Additionally, we
predicted the protein tridimensional structures of database syncytin sequences,
as illustrated in Figure 2.9.

Contribution
For this project I conceived the initial idea, and successfully applied for the
Matariki fellowship funding. This helped cement the international collabora-
tion with the DNA zoo consortium, an international conglomerate purposed
with assembling genomes. I reached out to experts on the protein structure. I
performed most analyses, but protein prediction, and created most figures as
well as wrote the initial draft.
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Figure 2.8. Broad screening for syncytin sequences. Inner circle depicts phylogenetic
tree of genome assemblies searched comprising 17 taxonomical orders. Outer tiles
indicate characteristics of the placenta per species: from inner to outer, gross pla-
cental shape, materno-fetal interdigitation and histological placental interfase. Outer
annotations indicate number of loci found on each genome assembly.
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Figure 2.9. Tridimensional protein prediction of reference syncytin sequences. Upper
panel illustrates protein prediction of six reference syncytin sequences, whereas lower
panel show multiple sequence alignments. Protein domains are annotated by colors.
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Part III:
Conclusions

Evolutionary insights
Genomes are not simply static catalogues of genes. Instead, they are ever
changing, genetically dynamic entities.

Evolution is a perpetual race for entities to adapt to their environment or
ultimately perish. Dismantling the intricacies of how this process takes place
is of major importance. One vital aspect of evolution in biological systems is
the insertion, tolerance, and adoption of foreign elements. Genetic transpos-
able elements represent a substantial proportion of eukaryotic genomes, where
they can disrupt or enhance gene expression on the host. Although advances in
sequencing and computational analyses have facilitated their characterization,
further studies are necessary for deciphering the evolution dynamics among
foreign agents and their hosts. Moreover, sampling effects during genetic stud-
ies from different host populations present major challenges.

During this thesis I briefly addressed two aspects related to evolution:

• The insertion of transposable elements, specifically endogenous retro-
viruses, into host genomes and their segregation pattern in populations
as structural variants.

• The adoption and repurposing of a foreign information element into a
host genome and its variational pattern across vertebrates.



I believe that transposable elements as a group present a fascinating set of
features in the context of constrained systems; where constrains in different
species are defined by their genomic dynamics. Thus, the evolutionary benefit
against cost of harboring or purging foreign elements must be higher. In others
words, tolerating additional and different information set in terms of proteins,
gene expression controllers and tridimensional modelers. If a group of foreign
elements was successful to insert early in the evolutionary history of an also
successful species, the host, the possibility for said element group to propagate
and persist increases exponentially given that small differences during initial
phases translate to galloping differences over time. However, if a feature or
design is best adapted for a certain condition, such feature will probably con-
verge again. And clearly, much is yet to be uncovered and investigated in this
field.

Scientific pragmatism
Every discovery, every innovation, everything we have in our lives rests on the
shoulders of great people.

The scientific method is the key for generation of new knowledge. How-
ever, as interesting as diving into the whys and hows of a phenom we feel pas-
sionate about is, society demands practical applications to address problems.
With this concept always present, I worked during these studies to participate
in the generation of knowledge that could target better health care conditions
and improved quality of life. A road, probably out of many, to achieve such
objective is to profit from automation and data collection, in other words, to
use data-driven machine learning to aid health care workers in different areas.
For this purpose, I created a set of computational tools that integrate into a ma-
chine learning unsupervised methodology for pattern recognition of biomed-
ical signals with temporal dimension. I centered this methodology on elec-
troencephalographic signals, but given its containerized and portable design
it is potential extendable and applicable to other similar areas where accurate
and rapid, even live, identification is required.
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Future research
The function and duty of a quality human being is the sincere and honest
development of one’s potential.

The importance and potential power of cross-disciplinary projects cannot
be undervalued. During these studies I used techniques from different do-
mains and collaborated with a wide sprectrum of scientists. This has led me
to understand that the future of scientific advancement greatly lies on collab-
orative efforts. Moreover, a holistic approach in terms of knowledge is just as
necessary. Thus, integration of different biological organisation levels could
render possible the future goals of precision medicine.

In the case of structural variation and transposable element composition
of a single individual, characterization of the genomic profile beyond single-
nucleotide variants would make possible the identification of genomic rear-
rangements. This is important in several clincal scenarios considering that it
is vital for treatment and prognosis:

- In newborns and oncological patients, to assess their carotype for genomic
translocations, inversions, duplications, etc., and their penetration to certains
tissues or cell populations.

- In the context of cancer, to identify transposable elements, considering that
certain therapies focus on modification of methylation profiles, which could
allow transposable elements to reactivate.

In the case of the study of placentation, deeper understanding of the physi-
ology of immunotolerance of two immunologically different organisms could
lead to, for example:

- Applications on xenotransplantation, such as bio-implants that would ben-
efit from a placental-like metabolic exchange systems.

- Direct application to prevention and treatment of gineco-obstetric dis-
eases, such as preclampsia / eclampsia, a life treating pathology for the mother
and the product.

In the case of biomedical signals, potential expansion to other domains
where automation and integration to other measurements would greatly bene-
fit the quality of care. For example:

- Automatic non-invasive and continuous measurement of cardic electrical
signals to predict seric metabolic profile.

- Continous evaluation of muscle and nervous performance for rehabilita-
tion therapies.
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