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Abstract

The last few years have witnessed an extraordinary increase in the amount of
available information in the biology field. The development of high throughput
sequencing techniques, in particular, made it possible to collect the genomic
sequences of hundreds of different species. Unfortunately, their interpretation
in terms of precise biological functions has proven harder than anticipated and
still eludes us for the most part.

We propose paralogous alignments (i.e. the alignments of a genome with
itself) as a tool to extract meaningful information out of raw genomic sequences.
We computed a complete database of such alignments for a few organisms and
developed a set of software tools to mine, visualize and integrate such data with
previous knowledge about genomic sequences.

We describe a new computational pipeline using our database for the system-
atic identification of retrotransposition events. In the case of the human genome
we were able to identify 2288 processed pseudogenes and 987 corresponding
genes. Most predictions are consistent with preexistig knowledge about hu-
man genes, yet we found evidences of additional exons (likely due to alternative
splicing) and 7 candidate new genes that were not annotated neither in the
ENSEMBL nor in the UCSC datasets. We succesfully validated a few of them
using RT-PCR.

We conclude by presenting the design philosophy and architecture of the
software framework we have built to support our research.
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Chapter 1

Introduction

“Systems biology” represents one of the most fascinating and prospering fields
of biology. Its roots reside in the diffused perception by researchers that the
living realm of nature is characterized by complex behaviors which simply can’t
be understood in a reductionist framework.

Each scale of life (from sub–cellular molecular pathways to single populations
and ecosystems) follows rules deriving from interactions among multiple entities
having an internal structure themselves; being, in other terms, complex systems.

Each scale has been studied and described using a different formalism. These
differences do not represent a mere historical artifact; they are instead the result
of the fundamental challenges we face in understanding the building blocks of
life. We have very precise models about physical and chemical properties of
atoms, yet we encounter great difficulties in deducing protein structures and
their functions from those alone. We know which mechanisms guide cell division,
but that doesn’t help in explaining the dynamics of populations.

Systems biology is an attempt to tackle these problems under a new light.
It abandons a pure reductionist framework, focusing instead on the study of the
interactions among multitudes of entities – molecules, cells, individuals – and
on the properties that emerge from their combinations.

This thesis aims at contributing to the study of biomolecular phenomena,
in particular those involved in managing the information stored in genomes.
There we expect to find the mechanisms making cells capable of assembling raw
materials and of turning the result into living beings.

1.1 The central dogma

No single theoretical framework has been developed yet that is able to describe
the subject of this field of research in its entirety. Darwin’s theory provides a
simple and elegant description of the principles underlaying evolution, but their
direct application to the study of biomolecular phenomena has been possible in
rare cases only.

Another principle that has more practical consequences is called the “central
dogma of molecular biology”. It was originally proposed by Francis Crick after
the discovery of the structure of the DNA molecule and focuses on the flows of
information inside the cell. It has the great merit to be clear and simple in its
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CHAPTER 1. INTRODUCTION 8

statement. Unfortunately with the passing of time too many observations no
longer fit with the original formulation, so that a new one is required.

1.1.1 The original formulation and the exceptions

Figure 1.1: Central dogma: general and special kinds of
information flows in molecular biology. Modified from [1].

The central dogma of
molecular biology was
first enunciated by Fran-
cis Crick in 1958 [2] and
re-stated in a Nature pa-
per published in 1970 [3]:

The central dogma of
molecular biology deals
with the detailed residue-
by-residue transfer of se-
quential information. It
states that such infor-
mation cannot be trans-
ferred back from protein
to either protein or nu-
cleic acid.

In other words, “once
information gets into pro-
tein, it can’t flow back to
nucleic acid.”

Strictly speaking the
principle is true as there
is no known biomolecu-
lar mechanism — neither
in living organisms nor in artificial ones — that can produce nucleic acid poly-
mers with a sequence specified in a protein. Nevertheless the Crick paradigm is
usually intended in a richer form asserting that:

� the genetic information is stored in DNA,

� each gene is a portion of DNA,

� each gene has a specific function,

� the function of a gene is expressed by a protein,

� the primary structure of a protein is encoded in the gene sequence,

� an RNA molecule carries the information from the DNA level to the pro-
tein (through a two-phase transcription and translation process).

Today this is a commonly accepted framework. Figure 1.1 represents the
resulting information flows in the cell as blue arrows:

� from DNA to DNA during replication,

� from DNA to RNA during transcription,

� from RNA to protein during translation.
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Some remarkable exceptions, however, should be taken into account (see red
arrows in figure 1.1).

Retrotranscription

In 1970 the scientists Howard Temin and David Baltimore independently dis-
covered an enzyme capable of building a double stranded DNA molecule using
a single stranded RNA as a template. They called this enzyme “reverse tran-
scriptase” because it acted in the direction opposite to that of the transcription.

The retrotranscriptase is fundamental for the life-cycle of retroviruses such as
the human immunodeficiency virus (HIV). The genome of such viruses consists
of RNA molecules; when the virus enters a cell and uncoats, the genome is
reverse transcribed into double stranded DNA which can be incorporated into
the host cell and subsequently expressed.

Higher eukaryotes present transposable elements that duplicate themselves
in the genome in a similar way (see section 1.4).

RNA-RNA replication

An example of RNA-RNA replication is provided by a class of viruses including
Coronavirus and SARS. In this case the viral genome is directly fed to the host
cell as mRNA, producing a single protein that is later modified by various others
proteins to complete the replication cycle. One of the resulting products is an
RNA replicase which copies the viral RNA to form a double-stranded replicative
form; this latter is then responsible for the formations of new virions [3].

Direct translation of DNA to protein

Direct translation of DNA to protein has been demonstrated in a test tube
using extracts from Escherichia coli that contained ribosomes, but the same
result was impossible to obtain with intact cells [4].

1.1.2 Taking regulation and RNA processing into account

The relatively simple scheme of central dogma depicted in figure 1.1 becomes
much more complex if we want to take into account the regulatory information
flow.

In the original enunciation — which is still valid — the central dogma refers
to the blueprints describing the primary molecular structure. The cell need that,
but to function properly it also requires a system to decide whether a certain
molecular species has to be expressed and at which rate. This system is usually
denoted as “gene regulation”.

Ultimately the information driving the production rates of the different
molecular species (mainly proteins) depends from the environment that the cell
inhabits or from the changes in its internal state. Specialized sensor proteins
convey such signals and bring them back to the DNA.

Figure 1.2 is an attempt to provide a schematic representation of the prin-
cipal processes, actors and information flows of the eukaryotic cell once we take
into account gene regulation.
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Figure 1.2: Extended central dogma.
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RNA molecules are involved in gene regulation

The transcription and translation processes are fundamental steps in the canon-
ical (molecular blueprint) information flow which goes from DNA to proteins
(blue arrows in figure 1.2). They are also the key steps in which regulator
proteins intervene to promote or to block the production of molecular species.

As a consequence of the central dogma, it has been generally assumed that
the RNA has a passive role as messenger from DNA to proteins1; only the
latter may regulate gene expression. In the early 2000’s a new class of regulatory
RNA, sometimes denoted as smallRNA or sRNA (including miRNA and siRNA)
become popular in the scientific community2 and it is now clear that many
kind of RNA molecules have an important regulative role. smallRNAs play a
role not only at the transcription level, but mainly at post-transcriptional and
translational levels.

RNA processing

It is now clear that a wide class of RNA molecules is deeply involved in gene
regulation, but also the the standard messenger RNA (mRNA) is not a passive
carrier.

The initial RNA copy of a gene encoded in the DNA (preRNA) undergoes
a cut-and-paste processing (called “splicing”) in which certain portions are re-
moved (the introns) and others (the exons) are retained. The final product,
called mature messenger (mRNA) is ready to be translated into a protein.

Each preRNA may undergo alternative splicing and hence a single gene —
encoding for a single preRNA — may produce different mRNAs and as many
different proteins.

The splicing mechanism is regulated in a complex and yet unclear fash-
ion. Remarkably, the principal molecular complex involved in this process —
the spliceosome — is a ribonucleoprotein complex: in other words both ammi-
noacids and nucleotides compose its structure. The ribosome, responsible for
the translation of RNA into proteins, shares the same mixed composition. Thus
RNA plays several crucial roles: it carries and process information, it intervenes
in gene regulation and provides an enzymatic activity in fundamental molecular
machinery.

Protein-protein interaction

Another important class of interactions involves proteins alone, without any in-
tervention by DNA or RNA. Alongside the transcription-translation flow, there
are at least two other important processes to be taken into account: one is the
replication (i.e. the duplication of the DNA in preparation to cell division); the
other is the retrotransposition (see section 1.4).

Moreover, many responses to external or internal stimuli are triggered by
cascades or network interactions among proteins. The resulting effect consists

1The tRNA and rRNA class of RNA molecule are well known since the early 60’s and were
considered as notable exception.

2In 1990 plant scientists at a biotechnology company were studying enzymes that formed
anthocyanin, the pigment that makes petunias purple [5]. Testing whether chalcone synthase
(CHS) was the rate-limiting enzyme in anthocyanin biosynthesis, they overexpressed chalcone
synthase in petunias: “Unexpectedly the introduced gene created a block in anthocyanin
biosynthesis” [5] and 42% of the plants became white or had chimeric purple-white patterns.
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in chemical alterations (cleavage, phosphorilation, ...) or in topological rear-
rangements of the interaction network itself. These changes allow the rapid
deployment of new biological functions in response to the initial stimulus.

1.1.3 Genes and genomes

The deeper our knowledge of molecular genetics becomes, the harder it gets to
shed light on the real nature of genes [6]. The concept of gene, nonetheless,
remains central in the field as genes represent fundamental landmarks inside
the genome we can use to anchor and organize observations.

In classical genetics a gene was an abstract concept — a unit of inheritance
that ferried a characteristic from parent to child. As bio-chemistry came into
its own, those characteristics were associated with enzymes or proteins, one for
each gene. With the advent of molecular biology, genes became real, physical
objects — sequences of DNA which were converted into strands of so-called
messenger RNA later used to build the corresponding protein piece by piece.
The great coiled DNA molecules of the chromosomes were seen as long strings
on which gene sequences sat like discrete beads.

This picture is still the working model for many scientists. But those at
the forefront of genetic research see it as increasingly old-fashioned — a crude
approximation that, at best, hides fascinating new complexities and, at worst,
blinds its users to useful new paths of enquiry [6].

Information seems to be parcelled out along chromosomes in a much more
complex way than that originally supposed. Moreover, RNA molecules do not
represent passive conduits through which the gene’s message flows, but they are
active regulators of cellular processes and messengers across generations [7].

1.1.4 Historical perspective on the concept of gene

1860s–1900s: Gene as a discrete unit of heredity

There are various definitions of the term “gene”, although initial descriptions
refer to the ability to determine a particular trait of an organism and to the
heritability of this characteristic. In particular, the word gene was first used by
Wilhelm Johannsen in 1909, based on the concept developed by Gregor Mendel
in 1866 [8]. The word was a derivative of pangene, a term used by Hugo De
Vries for entities involved in pangenesis, Darwin’s hypothetical mechanism of
heredity [9]. Johnannsen called a gene the “special conditions, foundations and
determiners which are present [in the gametes] in unique, separate and thereby
independent ways [by which] many characteristics of the organism are speci-
fied” [10]. The etymology of the term derives from the Greek genesis (“birth”)
or genos (“origin”).

Mendel showed that when breeding plants, some traits such as height or
flower color do not appear blended in their offspring — that is, these traits
are passed on as distinct, discrete entities. His work also demonstrated that
variations in traits were caused by variations in inheritable factors (or, in today’s
terminology, phenotype is caused by genotype). It was only after Mendel’s
work was repeated and rediscovered by Carl Correns, Erich von Tschermak-
Seysenegg and Hugo De Vries in 1900 that further work on the nature of the
unit of inheritance truly began [11].
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1910s: Gene as a distinct locus

In the next major development, the American genetist Thomas Hunt Mor-
gan and his students were studying the segregation of mutations in Drosophila
melanogaster. They were able to explain their data with a model that genes are
arranged linearly, and their ability to cross-over is proportional to the distance
that separated them [8]. The first genetic map was created in 1913; Mor-
gan and his students published “The Mechanism of Mendelian Inheritance” in
1915 [12]. To the early geneticists a gene was an abstract entity whose existence
was reflected in the way phenotypes were transmitted between generations. The
methodology used by early geneticists involved mutations and recombination,
so the gene was essentially a locus whose size was determined by mutations that
inactivated (or activated) a trait of interest and by the size of the recombining
regions [8]. The fact that genetic linkage corresponded to physical locations on
chromosomes was shown later, in 1929, by Barbara McClintock in her cytoge-
netic studies on maize [13], while the fact that genetic information resides on
chromosomes was already observed by Theoder Boveri in 1907 [14].

1940s: Gene as a blueprint for a protein

Beadle and Tatum [15], who studied Neurospora metabolism, discovered that
mutations in genes could cause defects in steps in metabolic pathways. This
was stated as the “one gene, one enzyme” view, which later became “one gene,
one polypeptide.” In this viewpoint, the gene is being implicitly considered as
the information behind the individual molecules in a biochemical pathway [8].
This view became progressively more explicit and mechanistic in later decades.

1950s: Gene as a physical molecule

The fact that heredity has a physical, molecular basis was demonstrated by the
observation that X rays could cause mutations [16]. Griffith’s [17] demonstration
that something in virulent but dead Pneumococcus strains could be taken up
by live nonvirulent Pneumococcus and transform them into virulent bacteria
was further evidence in this direction. It was later shown that this substance
could be destroyed by the enzyme DNase [18]. In 1955, Hershey and Chase
established that the substance actually transmitted by bacteriophage to their
progeny is DNA and not protein [19]. Moreover, the idea that a gene’s product
is a diffusible substance underlies the complementation test that was used to
define genes in the early years of bacteriology. A practical view of the gene was
that of the cistron, a region of DNA defined by mutations that in trans could
not genetically complement each other [20].

1960s: Gene as transcribed code

It was the discovery of the three-dimensional structure of DNA by Watson and
Crick in 1953 [21] that explained how DNA could function as the molecule of
heredity. Base pairing explained how genetic information could be copied and
the existence of two strands explained how occasional errors in replication could
lead to a mutation in one of the daughter copies of the DNA molecule.

From the 1960s on, molecular biology developed at a rapid pace. The
RNA transcript of the protein-coding sequences was translated using the genetic



CHAPTER 1. INTRODUCTION 14

code [22] into amino acid sequences. Francis Crick [23] summarized the flow of
information in gene expression as from nucleic acid to protein (the beginnings
of the “Central Dogma”, see section 1.1). There were some known exceptions:
some genes do not code for proteins, but for functional RNA molecules such as
rRNA and tRNA; in addition RNA viruses employ genes made of RNA. As a
result, the view of the gene that developed through the 1960s stated that a gene
was the code residing on nucleic acids and giving rise to a functional product [8].

1970s–1980s: Gene as open reading frame (ORF) sequence pattern

The development of cloning and sequencing techniques in the 1970s, combined
with knowledge of the genetic code, revolutionized the field of molecular bi-
ology by providing a wealth of information on how genes are organized and
expressed [8]. The first gene to be sequenced was from the bacteriophage MS2,
which was also the first organism to be fully sequenced [24]. The parallel devel-
opment of computational tools led to algorithms for the identification of genes
based on their sequence characteristics (see section 1.2). In many cases a DNA
sequence could be used to infer structure and function for the gene and its
products. This situation created the new concept of the “nominal gene,” which
is defined by its predicted sequence rather than as a genetic locus responsible
for a phenotype [25]. The identification of most genes in sequenced genomes
was based either on their similarity to other known genes or on the statistically
significant signature of a protein-coding sequence [8].

1990s–2000s: Annotated genomic entity, enumerated in the data-
banks (current view, pre-ENCODE)

The current definition of a gene used by scientific organizations that annotate
genomes still relies on the sequence. Thus a gene was defined by the Human
Genome Nomenclature Organization as “a DNA segment that contributes to
phenotype/function. In the absence of demonstrated function a gene may be
characterized by sequence, transcription or homology” [26]. Recently, the Se-
quence Ontology Consortium called the gene a “locatable region of genomic
sequence, corresponding to a unit of inheritance, which is associated with regula-
tory regions, transcribed regions and/or other functional sequence regions” [27].

The sequencing of first the Haemophilus influenza genome and then the
human genome [28, 29, 30] led to an explosion in the amount of sequences
that definitions such as the above could be applied to. In fact, there was a
huge popular interest in counting the number of genes in various organisms.
This interest was crystallized originally by Gene Sweepstake’s wager on the
number of genes in the human genome, which received extensive media coverage.
The human genome sequencing surprised many with the small number (relative
to simpler organisms) of protein-coding genes that sequence annotators could
identify (21000, according to the latest estimate [31]).

It has been pointed out that these enumerations overemphasize traditional,
protein-coding genes. In particular, when the number of genes present in the hu-
man genome was reported in 2003, it was acknowledged that too little was known
about RNA-coding genes, such that the given number was that of protein-coding
genes [8].
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A current computational metaphor: genes as “subroutines” in the
genomic operating system

Given that counting genes in the genome is such a large-scale computational
endeavor and that genes fundamentally deal with information processing, the
lexicon of computer science has been increasingly applied to describing them.
In particular, people in the computational biology community have used the
description of a formal language to describe the structure of genes in very much
the same way that grammars are used to describe computer programs [32]. One
metaphor that is increasingly popular for describing genes is to think of them
in terms of subroutines in a huge operating system. That is, the genome can
be thought as an operating system for living beings where nucleotides are put
together into a code that is executed through the process of transcription and
translation. Genes are then individual subroutines in this overall system that
are repetitively called in the process of transcription [32].

1.1.5 Recent development: FANTOM and ENCODE

Two recent international efforts devoted to functional annotations of genomes
gave us a crop of data that challenged considerably the classical concept of gene.

The Functional ANnoTation of Mouse (FANTOM) consortium [33] originally
was a Japanese national project for establishing a system for connecting genes
with phenotypes and drug targets/effects by using the same platform in multiple
biological systems. In 2001 it became an international consortium with the aim
to provide the ultimate characterization of the mouse transcriptome. It released
the last data in 2005 [34].

The National Human Genome Research Institute (NHGRI) launched a pub-
lic research consortium named ENCODE, the Encyclopedia Of DNA Elements,
in September 2003, to carry out a project to identify all functional elements
in the human genome. In the pilot phase (concluded in 2007), ENCODE re-
searchers devised and tested high-throughput approaches for identifying func-
tional elements. Those elements included genes that code for proteins; genes
that do not code for proteins; regulatory elements that control the transcription
of genes; and elements that maintain the structure of chromosomes and mediate
the dynamics of their replication. The pilot project focused on 44 targets, which
together cover about 1 percent of the human genome sequence (about 30 million
DNA base pairs).

These projects represent a major milestone in the characterization of genomes,
and the current findings show a striking picture of complex molecular activity.
Before the advent of FANTOM and ENCODE projects, there were a number
of aspects of genes that were complex to explain and did not fit well with the
common concept of gene, but much of this complexity was in some sense swept
under the rug and did not really affect the fundamental definition of a gene. In-
deed most of the new observations are not really new: during the past decades
almost each special characteristic shown by FANTOM or ENCODE was al-
ready depicted in some scientific paper. These recent large international efforts
demonstrated that these characteristics are not peculiar of few genes but they
are widespread in the genome.
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Classical works on special features of genes

It is often hard to decide what constitutes a “special” characteristic of a gene
and what does not; likewise it is not always clear who was the first scientist to
experimentally discover a new phenomenon. Nevertheless it is remarkable that
several complex gene characteristics which nowadays are under extensive study
were discovered many years ago. Table 1.1 briefly reports some cases.
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1.1.6 Some aspects of genomic complexity

ENCODE and FANTOM mainly analyzed the transcriptome, using different
experimental techniques such as CAGE, tiling arrays, RACE and others [35]. A
first finding from these techniques is that a vast amount of DNA, not annotated
as known genes, is transcribed into RNA [8].

These novel transcribed regions are usually called TARs (transcriptionally
active regions) or transcriptional forests. While the majority of the genome
appears to be transcribed at the level of primary transcripts, only half of the
processed (spliced) transcription detected across all cell lines and conditions is
currently annotated as genes. Moreover a considerable fraction of TARs do not
contain transcripts with well characterized ORFs.

Thanks to these novel techniques the detectable transcribed genomic frac-
tion is noticeably increased, but even more striking is the complexity of the
transcription processes with respect to the previous expectation. The following
sections describe some of the most important observations about transcription
complexity that FANTOM and ENCODE highlighted.

Overlapping genes

Some genes have been found to overlap one another, sharing the same DNA
sequence in a different reading frame or on the opposite strand. The discontin-
uous structure of genes potentially allows one gene to be completely contained
inside another one’s intron, or one gene to overlap with another on the same
strand without sharing any exons or regulatory elements.

Thousands of examples of ncNAT (non-coding Natural AnTisense) tran-
scripts have been discovered, many of them having a role in the expression
regulation of the corresponding sense transcript.

Unannotated and alternative transcription start sites

There is a large number of unannotated transcription start sites (TSSs). Since
the control of the rate of transcription is principally related to sequences located
in the upstream region of the TSS, the fact that a gene could have multiple TSS
complicates the interpretation of experiments devoted to expression profiling.

Moreover some of these newly discovered TSSs use the promoter of an en-
tirely different gene locus (i.e., there are transcripts of different genes sharing
the same transcription start site).

Transcripts encompassing multiple gene loci

Many known protein coding genes have alternative TSSs that are sometimes
more than 100 kilobases upstream of the previously annotated TSS. Thus, some
alternative isoforms are transcripts that span multiple gene loci.

Gene fusions

Many of the alternative isoforms encompassing multiple gene loci code for the
same protein differing only in their 5’ untranslated regions (UTRs). Therefore
there are some case in which two consecutive genes are transcribed into a single
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RNA. The translation (after splicing) of such RNAs can lead to a new, fused
protein, having parts from both original proteins.

Transplicing

There are also cases of ligation of two separate mRNA molecules. Clearly,
the classical concept of the gene as “a locus” no longer applies for these gene
products whose DNA sequences are widely separated across the genome.

Alternative splicing

The number of annotated alternative isoforms per locus has increased up to (on
average) 5.4 transcripts per locus.

Dispersed regulation

The regulatory sites for a given gene are not necessarily directly upstream of it
and they can, in fact, be located far away on the chromosome, closer to another
gene. While the binding of many transcription factors appears to blanket the
entire genome, it is not arranged according to simple random expectations and
tends to be clumped into regulatory rich “forests” and poor “deserts” [36].
Moreover, it appears that some of regulatory elements may actually themselves
be transcribed.

1.1.7 An updated definition of gene

This thesis is based on the definition of gene due to Gerstein at al. [8]: the gene is
a union of genomic sequences encoding a coherent set of potentially overlapping
functional products.

In the following sections we highlight some consequences of this definition.

Central role of genomic sequences

In the era of whole genome sequencing, defining the meaning of a genomic
sequence it’s easier and clearer than defining what a gene is. By turning the
tables on the historical perspective, a gene is now defined in the terms of its
sequence.

Union of sequences

A single gene derives from the union of different sequences, not from a single
one. Examples of this complexity come from alternative splicing, transplicing
(the combination of different primary transcripts) and from those long primary
transcripts that encompass multiple gene loci.

Encoding of functional products

A gene is not itself functional, but contains the information to produce a func-
tional product; there is no distinction on the biochemical nature of such product
that can either be a protein or an RNA molecule. This clearly relies on the def-
inition of function that it’s difficult to establish: transcription is not considered
a sufficient evidence.
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Overlap

Different functional products of the same class (protein or RNA) that overlap in
their usage of the primary DNA sequence are combined into the same gene. This
overlap is done by projecting the sequence of the final product (either amino
acid or RNA sequence) down onto the original genomic sequence from which it
was derived. For the protein coding genes the functional product is a protein,
since potentially overlapping UTRs parts of two mRNAs are not considered in
order to decide if they are two isoforms of the same gene or not.

The UTRs are considered regulative regions and regulation is simply too
complex to be folded into the definition of a gene, and there is obviously a
many-to-many (rather than one-to-one) relationship between regulatory regions
and genes. Moreover in procariotic genomes the fact that genes in an operon
share an operator and promoter region has traditionally not been considered to
imply that their protein products are alternative products of a single gene.

An obvious point that should still be stated is that mere sequence identity
of products is not enough to define a gene; the genomic region of origin should
also be the same. Paralogous proteins may share sequence blocks, but DNA
sequences coding for them reside in separate locations; as a result they do not
constitute a single gene.

Coherent set of potentially overlapping products

Two distinct products are united in the same gene if they overlap; “coherent”
means that this union is performed separately for final proteins and RNA prod-
ucts.

1.2 Gene prediction

One of the driving forces behind genome sequencing projects is the identification
of genes lacking a previous characterization.

Two different types of methods are used to locate new genes:

extrinsic (homology): the existence of a sufficient similarity with biologically
characterized sequences has being used to identify new genes. Similarity
based approaches are called extrinsic because they do not try to capture
the intrinsic properties of genes.

intrinsic (ab-initio): these methods classify DNA regions into types (e.g. cod-
ing vs. non-conding) using statistical measures such as compositional bias,
codon usage and the presence of functional sites.

A “sensor” is an algorithm detecting the signature of a gene inside a se-
quence. Gene prediction pipelines combine many sensors — therefore many
types of information — to achieve more accurate predictions. The Ensembl
pipeline [37], for instance, runs ab-initio programs first; it then filters the re-
sults using sequence similarity to reduce the high incidence of false positives. In
the end only those predicted exons matching a gene or a protein in the verte-
brate database are kept; that means that part of the original prediction can be
discarded.
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1.2.1 Extrinsic sensors

Extrinsic sensors exploit sequence similarity between a genomic region and a
DNA sequence or protein present in a database in order to determine whether
the region is transcribed and/or protein coding. The basic tools for detecting
sufficient similarity between sequences are local alignment methods ranging from
the optimal Smith-Waterman algorithm to fast heuristics such as FASTA [38]
and BLAST [39].

Besides the fact that some databases may harbor information of poor quality,
the obvious weakness of such extrinsic approaches is that nothing will be found
if the database does not contain a sufficiently similar sequence. Furthermore,
even when a good similarity is found, the limits of the regions of similarity,
which should indicate exons, are not precise and do not enable an accurate
identification of the structure of the gene.

Overall, similarities with three different types of sequences may provide in-
formation about exon/intron locations. The first and most widely used are
protein sequences that can be found in databases such as SwissProt or PIR. It
is estimated that almost 50% of the genes can be identified thanks to a sufficient
similarity score with an homologous protein sequence. However, even when a
good hit is obtained, a complete exact identification of the gene structure can
still remain difficult because homologous proteins may not share all of their
domains. Furthermore, UTRs cannot be delimited in this way.

The second type of sequences are transcripts, sequenced as cDNAs (a cDNA
is a DNA copy of an mRNA) either in the classical way (individual genes studied
with high coverage sequencing of the complete clone) or as expressed sequence
tags (ESTs, which are one shot sequences from a whole cDNA library). ESTs
and “classical” cDNAs are the most relevant sources of information to estab-
lish the structure of a gene, especially if they come from the same genome to
be annotated. ESTs provide information that enable the identification of (par-
tial) exons, either coding or non-coding, and give unbiased hints on alternative
splicing. However, ESTs give only local and limited information on the gene
structure as they reflect a partial mRNA. Furthermore, the correct attribution
of EST sequences to an individual member in a gene family is not a trivial
task [40].

Finally, under the assumption that coding sequences are more conserved
than non-coding ones, similarity with genomic DNA can also be a valuable
source of information on exon/intron locations. Two approaches are possible:
intra-genomic comparisons can provide data for multigenic families, apparently
representing a large percentage of the existing genes (e.g. 80% for Arabidop-
sis) [40]; inter-genomic (cross-species) comparisons can allow the identification
of orthologous genes, even without any preliminary knowledge. Nevertheless,
the similarity may not extend to entire coding exons, but be limited to their
most conserved part. It may also reach introns and/or UTRs and promoter
elements; this is the case of genomes that are evolutionarily close or when du-
plications are recent. In both cases, separating coding and non-coding sequences
is an hard task.

An important strength of similarity-based approaches is that predictions
rely on accumulated pre-existing biological data. They should thus produce
biologically relevant predictions (even if partial) [40].
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1.2.2 Intrinsic methods

Ab-initio gene predictors do not use external information other that the raw
(partial) genomic sequence during their analysis, yet a set of well known genes
is required to build the model they are based upon. Although such methods are
considered “intrinsic”, the fact that the models are built from known sequences
inherently limits their applicability to sequences that, globally, behave in the
same way as the training set.

Content sensors

Originally, intrinsic content sensors were defined for prokaryotic genomes. In
such genomes, only two types of regions are usually considered: the regions that
code for a protein and will be translated, and intergenic regions. Since coding
regions are translated, they are characterized by the fact that three successive
bases in the correct frame define a codon. Such codon is translated, using the
genetic code rules, into a specific amino acid of the final protein.

In prokaryotic sequences, genes define long uninterrupted coding regions that
must not contain stop codons. Therefore, the simplest approach for finding
them is to look for sufficiently long open reading frames (ORFs) (i.e. sequences
not containing stop codons). In eukaryotic sequences, however, the translated
regions may be very short and the absence of stop codons becomes meaning-
less [41].

Several other measures have therefore been defined that try to more finely
characterize the fact that a sequence is coding for a protein: nucleotide compo-
sition and especially C+G content (introns being more A+T-rich than exons,
especially in plants) [40], codon composition, hexamer frequency, base occur-
rence periodicity, etc. Among the large variety of coding measures that have
been tested, hexamer usage (i.e. usage of 6 nt long words) was shown to be
the most discriminative variable between coding and non-coding sequences [41].
This characteristic has been widely exploited by a large number of algorithms
through different methods.

Hexamer frequency is one of the main variables used in SORFIND [42],
Genview2 [43], the quadratic discriminant analysis approach of MZEF [44] and
the neural network procedure of GeneParser [45]. This last program combines
the use of hexamer frequency with local compositional complexity measures
estimated on octanucleotide statistics. Such statistics are also efficiently used,
among other variables, in the linear discriminant analysis of GeneFinder [46].

More generally, the k-mer composition of coding sequences is the basis of
the now ubiquitous so-called “three-periodic Markov model” introduced in the
pioneering algorithm GeneMark [47]. Very briefly, a Markov model is a stochas-
tic model which assumes that the probability of appearance of a given base (A,
T, G or C) at a given position depends only on the k previous nucleotides (k is
called the order of the Markov model). Such a model is defined by the condi-
tional probabilities P (X| k previous nucleotides), where X = A, T, G or C. In
order to build a Markov model, a learning set of sequences on which these prob-
abilities will be estimated is required. Given a sequence and a Markov model,
one can easily compute the probability that such sequence has been generated
according to the model, i.e. the likelihood of the sequence, given the model [40].

The simplest Markov models are homogeneous zero order Markov models
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which assume that each base occurs independently with a given frequency. Such
simple models are often used for non-coding regions, although it is now frequent
to use higher order models to represent introns and intergenic regions as in, for
instance, GeneMark, Genscan [48] and EuGène [49]. The more complex three-
periodic Markov models have been introduced to characterize coding sequences.
Coding regions are defined by three Markov models, one for each position inside
a codon [40].

The larger the order of a Markov model, the finer it can characterize depen-
dencies between adjacent nucleotides. However, a model of order k requires a
very large number of coding sequences to be reliably estimated. Therefore, most
existing gene prediction programs, such as GeneMark and Genscan, usually rely
on a three-periodic Markov model of order five (thus exploiting hexamer compo-
sition) or less to characterize coding sequences. To cope with these limitations,
interpolated Markov models (IMMs) have been introduced in the prokaryotic
gene finder Glimmer [50]. For each conditional probability, an IMM combines
statistics from several Markov models, from order zero to a given order k (typi-
cally k = 8). These IMMs are now also used in GlimmerM, a version dedicated
to eukaryotes, and in EuGène. The new version of Glimmer introduces yet an-
other sophistication of Markov models called interpolated context models, which
can capture dependencies among 12 adjacent nucleotides [50].

Another type of refinement is often needed in eukaryotic genomes. It consists
of estimating several gene models according to the C+G content of the genomic
sequence. This is done by Genscan and GeneMark.hmm [51]. Indeed, it was
shown that differences in gene structure and gene density along some genomes
are closely related to their “isochore” (i.e. regions of differing C+G content)
organization [52, 53, 54].

In general, most currently existing programs use two types of content sen-
sors: one for coding sequences and one for non-coding sequences, i.e. introns,
UTRs and intergenic regions. A few softwares refine this by using a different
model for the different types of non-coding regions (e.g. one model for introns,
one for intergenic regions and an optional specific 3’- and 5’-UTR model in
EuGène) [40].

Signal sensors

The basic and natural approach to finding a signal that may represent the pres-
ence of a functional site is to search for a match with a consensus sequence
(with possible variations allowed), the consensus being determined from a mul-
tiple alignment of functionally related documented sequences. More sophisti-
cated approaches are based on models of various types (HMMs for instance) but
as for the previous “intrinsic” content sensors, the fact that models are built
from known functional sequences inherently limits the sensors to canonical sig-
nals [55].

Simple match with a consensus sequence is used, for instance, for splice sites
prediction in SPLICEVIEW and SplicePredictor [56]. A more flexible represen-
tation of signals is offered by the so-called positional weight matrices (PWMs3),

3Inside a PWM the frequency p
(i)
j of each nucleotide j at each position i of a signal of length

n is derived from a collection of aligned signal sequences and the product P{X} =
∏n

i=1
p
(i)
xi

is used to estimate the probability of generating a particular sequence, X = x1, x2, . . . , xn.



CHAPTER 1. INTRODUCTION 25

which indicate the probability that a given base appears at each position of the
signal. Equivalently, one can say that a PWM is defined by one classical zero
order Markov model per position, which is called an inhomogeneous zero order
Markov model. The PWM weights can also be optimized by a neural network
method [57].

In order to capture possible dependencies between adjacent positions of a
signal, one may use higher order Markov models. The so-called weight array
model4 (WAM) is essentially an inhomogeneous higher order Markov model. It
was first proposed by Zhang and Marr [58] and later used by Salzberg [59].

Of course, higher-order WAM models capturing second-order (triplet) or
third-order (tetranucleotide) dependencies in signal sequences could be used
in principle, but typically there is insufficient data available to estimate the
increased number of parameters in such models.

It was also shown that combining sequence-based metrics for splice sites
(WAM) with secondary structure metrics could lead to valuable improvements in
splice site prediction [60]. However, when using splice site prediction programs,
one ends up with a list of potential splice sites from which various gene structures
may be built. The main purpose of such programs is not to find the gene
structure but to try to find correct exon boundaries [55]. They are thus very
useful in addition to a content based sensors in order to refine an existing gene
structure, possibly providing insights into alternative splicing.

These methods assume a fixed length signal. Hidden Markov models (HMMs)
further allow for insertions and deletions [61].

In order to capture the most significant dependencies between adjacent as
well as non-adjacent positions, Burge [48] proposed another model for donor
sites called the maximal dependence decomposition (MDD) method. The goal
of the MDD procedure is to generate, from an aligned set of signal sequences of
moderate to large size (i.e. at least several hundred or more sequences), a model
which captures the most significant dependencies between positions (allowing for
non-adjacent as well as adjacent dependencies), essentially by replacing uncon-
ditional PWM probabilities by appropriate conditional probabilities provided
that sufficient data is available to do so reliably. Given a dataset D consist-
ing of N aligned sequences of length k, the first step is to assign a consensus
nucleotide or nucleotides at each position. For each pair of distinct positions
{i, j}, a 2 by 4 contingency table was constructed for the indicator variable Ci

(1 if the nucleotide at position i matches the consensus, 0 otherwise) versus the
variable Xj (identifying the nucleotide at position j), and the value of the χ2

statistic for each such table was calculated.
If no significant dependencies are detected, then a simple PWM should be

sufficient. If significant dependencies are detected, but they are exclusively or
predominantly between adjacent positions, then a WAM model may be appro-
priate. If, however, there are strong dependencies between non-adjacent as well

4In a weight array model the probability of generating a particular sequence is:

P{X} = p
(1)
x1

n∏
i=2

p
(i−1,i)
xi−1,xi

where p
(i−1,i)
j,k

is the conditional probability of generating nucleotide xk at position i, given

nucleotide xj at position i−1 (which is estimated from the corresponding conditional frequency
in the set of aligned signal sequences).
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as adjacent positions, then we can proceed as follows.

1. We calculate, for each position i, the sum Si =
∑

j 6=i χ
2(Ci, Xj), which is

a measure of the amount of dependence between the variable Ci and the
nucleotides at the remaining positions of the site.

2. We choose the value i1 such that Si1 is maximal and partition D into
two subsets: Di1 all sequences which have the consensus nucleotide(s) at
position i1; and Di1

all sequences which do not.

Now we repeat steps (1) and (2) on each of the subsets, Di1 and Di1
and on

subsets thereof, and so on, yielding a binary subdivision “tree” with (at most)
k − 1 levels. This process of subdivision is carried out successively on each
branch of the tree until one of the following three conditions occurs:

1. the (k− 1)th level of the tree is reached (so that no further subdivision is
possible);

2. no significant dependencies between positions in a subset are detected (so
that further subdivision is not indicated);

3. the number of sequences remaining in a subset becomes so small that reli-
able PWM frequencies could not be determined after further subdivision.

Finally, separate PWM models are derived for each subset of the tree, and
these are combined to form a composite model.

1.2.3 A model of gene structure

Genscan is a widely used ab-initio gene prediction program based upon a model
of gene structure encompassing many type of content and signal sensors. The
information of the initial training set of well known genes is formulated as a
probabilistic mathematical model, namely an explicit state duration Hidden
Markov Model (HMM) [61].

The model is sketched in figure 1.3: each circle or diamond represents a
functional unit (state) of a gene or genomic region [48]:

� N , intergenic region;

� P , promoter;

� F , 5’ untranslated region (extending from the start of transcription up to
the translation initiation signal);

� Esngl, single-exon (intronless) gene (translation start → stop codon);

� Einit, initial exon (translation start → donor splice site);

� Ek (0 ≤ k ≤ 2), phase k internal exon (acceptor splice site → donor splice
site);

� Eterm, terminal exon (acceptor splice site → stop codon);

� T , 3’ untranslated region (extending from just after the stop codon to the
polyadenylation signal);
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Figure 1.3: A sketch of Genscan inner model. Modified from [48].
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� A, polyadenylation signal;

� Ik (0 ≤ k ≤ 2), phase k intron.

For convenience, translation initiation/termination signals and splice sites
are included as subcomponents of the associated exon state and intron states are
considered to extend from just after a donor splice site to just before the branch
point/acceptor splice site (i.e. the figure represents explicitly only content based
sensors and theirs combinations). The upper half of the figure corresponds to
the states (designated with a superscript +) of a gene on the forward strand,
while the lower half (designated with superscript −) corresponds to a gene on
the opposite (complementary) strand. For example, proceeding along the 5’ to
3’ direction on the (arbitrarily chosen) forward strand, the components of an
E+

k (forward-strand internal exon) state will be encountered in the order [48]:

1. acceptor site,

2. coding region,

3. donor site,

while the components of an E−k (reverse-strand internal exon) state will be
encountered in the order:

1. inverted complement of donor site,

2. inverted complement of coding region,

3. inverted complement of acceptor site.

Only the intergenic state N is not divided according to strand.
The model is thought of as generating a “parse” ϕ, consisting of an ordered

set of states,
→
q= {q1, q2, . . . , qn}

with an associated set of lengths (durations),

→
d= {d1, d2, . . . , dn}

which, using probabilistic models of each of the state types, generates a DNA
sequence S of length

L =
n∑

i=1

di .

The generation of a parse corresponding to a (pre-defined) sequence length
L is as follows:

1. An initial state q1 is chosen according to an initial distribution on the
states,

→
π where πi = P{q1 = Q(i)} where Q(j)(j = 1, 2, . . . , 27) is an

indexing of the state types (see figure 1.3).

2. A length (state duration), d1, corresponding to the state q1 is generated
conditional on the value of q1 = Q(i) from the length distribution fQ(i) .
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3. A sequence segment s1 of length d1 is generated, conditional on d1 and
q1, according to an appropriate sequence generating model for state type
q1.

4. The subsequent state q2 is generated, conditional on the value of q1, from
the (first-order Markov) state transition matrix T , i.e.

Ti,j = P{qk + 1 = Q(j)|qk = Q(i)} .

This process is repeated until the sum,
∑n

i=1 di, of the state durations first
equals or exceeds the length L, at which point the last state duration dn is
appropriately truncated, the final stretch of sequence is generated, and the pro-
cess stops. The sequence generated is simply the concatenation of the sequence
segments, S = s1s2 . . . sn. Note that the sequence of states generated is not
restricted to correspond to a single gene, but could represent a partial gene,
several genes, or no genes at all. The model thus has four main components: a
vector of initial probabilities

→
π , a matrix of state transition probabilities T , a set

of length distributions f , and a set of sequence generating models P . Assuming
for the moment that these four components have been specified, the model can
be used for prediction in the following way [48].

Using the model for gene prediction

For a fixed sequence length L, consider the space Ω = φL ×SL where φL is the
set of (all possible) parses of length L and SL is the set of (all possible) DNA
sequences of length L. The model M can then be thought of as a probability
measure on this space, i.e. a function which assigns a probability density to each
parse/sequence pair. Thus, for a particular sequence S ∈ φL, we can calculate
the conditional probability of a particular parse ϕi ∈ φL (under the probability
measure induced by M) using Bayes’ Rule as:

P{ϕi|S} =
P{ϕi, S}
P{S}

=
P{ϕi, S}∑

ϕj∈φL
P{ϕj , S}

.

The essential idea is that a precise probabilistic model of what a gene/genomic
sequence looks like is specified in advance and then, given a sequence, one deter-
mines which of the vast number of possible gene structures (involving any valid
combination of states/lengths) has highest likelihood given the sequence [48].

Given a sequence S of length L, the joint probability, P{ϕi, S}, of generating
the parse ϕi and the sequence S is given by:

P{ϕi, S} = πq1fq1 (d1)P{si|q1, d1} ×
n∏

k=2

Tqk−1,qk
(dk)P{sk|qk, dk}

where the states of ϕi are q1, q2, . . . , qn with associated state lengths d1, d2, . . . , dn,
which break the sequence into segments s1, s2, . . . , sn. Here P{sk|qk, dk} is the
probability of generating the sequence segment sk under the appropriate se-
quence generating model for a type-qk state of length dk.

A recursive algorithm of the sort devised by Viterbi [62] may then be used
to calculate ϕopt, the parse with maximal joint probability (under M), which
gives the predicted gene or set of genes in the sequence.
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Assessment of the initial probability

Since Genscan attempts to model a randomly chosen block of contiguous human
genomic DNA, the initial probability of each state should be chosen proportion-
ally to its estimated frequency in bulk human genomic DNA. However, even this
is not trivial since gene density and certain aspects of gene structure are known
to vary quite dramatically in different isochores of the human genome [63].

Assessment of state transitions probabilities

The (biologically permissible) state transitions are shown as arrows in figure 1.3.
Certain transitions are mandatory (e.g. P+ → F+) and hence are assigned
probability one; all others are assigned (maximum likelihood) values equal to
the observed state transition frequency in the learning set L for the appropriate
C+G compositional group. Overall, transition frequencies varied to a lesser
degree between groups than did initial probabilities. There was a trend for
A+T-rich genes to have fewer introns, leading to slightly different estimates for
the I+

j → E+
term probabilities [48].

Assessment of length distributions

Genscan uses separate empirically derived length distribution functions for ini-
tial, internal, and terminal exons and for single-exon genes. Substantial differ-
ences in exon length distributions were not observed between the C+G compo-
sitional groups for the coding exons and the UTRs, while intron and intergenic
lengths are modeled as geometric distributions with parameter q estimated for
each C+G group separately.

Assessment of signals sensors

Polyadenylation signals are modeled as a 6 bp PWM (consensus: AATAAA).
A 12 bp PWM model, beginning 6 bp prior to the initiation codon, is used for
the translation initiation signal.

For the translation termination signal, one of the three stop codons is gener-
ated (according to its observed frequency in L) and the next three nucleotides
are generated according to a PWM. All these PWM are computed from L.

Bases -20 to +3 relative to the intron/exon junction, encompassing the
pyrimidine-rich region and the acceptor splice site itself are modeled by a first-
order WAM model.

In the donor splice site there are highly significant dependencies between
non-adjacent as well as adjacent positions, which are not adequately accounted
for by WAM and which likely relate to details of donor splice site recognition
by U1 snRNP and possibly other factors. The consensus region of the donor
splice site comprises the last 3 bp of the exon (positions -3 to -1) and the
first 6 bp of the succeeding intron (positions 1 through 6), with the almost
invariant GT dinucleotide occurring at positions 1,2: consensus nucleotides are
GUCCAUCCA. For this signal Genscan use a MDD model [48].
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Assessment of coding exon content sensor

Coding portions of exons are modeled using an inhomogeneous 3-periodic fifth-
order Markov model. In this approach, separate fifth-order Markov transition
matrices are determined for hexamers ending at each of the three codon posi-
tions, denoted c1, c2, c3, respectively; exons are modeled using the matrices c1,
c2, c3 in succession to generate each codon. These transition probabilities were
derived from the training set L described previously. It has been shown [41] that
frame-specific hexamer measures are generally the most accurate compositional
discriminator of coding versus noncoding regions. A+T-rich genes are often
not well predicted using such bulk hexamer-derived parameters. Accordingly, a
separate set of fifth-order Markov transition matrices was derived for region of
C+G composition below 43% [48].

In the model, the disruption of coding regions by introns in multi-exon genes
is dealt with by keeping track of intron/exon phase, ensuring that a consistent
reading frame is maintained throughout a gene.
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1.3 Pseudogenes

Pseudogenes were originally defined as DNA sequences structurally similar to
protein coding genes, but containing important defects which make them unable
to produce functional proteins [64]. Such defects include, for instance, the loss
of the start codon, the presence of additional stop signals and the lack or ab-
normality of flanking regulatory regions. Nevertheless this definition has to be
revised in the light of data showing the possibility that pseudogenes can acquire
novel functions during evolution as well as the presence of many non-coding
genes.

Figure 1.4: Both pseudogenes and paralogous genes arise
from a duplication of an ancestor gene.

An updated defini-
tion is the following:
a pseudogene is a ge-
nomic sequence display-
ing homology with a
gene but with impor-
tant differences either
in the sequence itself
or in flanking regions.
Such differences, due to
mutations, changed or
completely cancelled the
original function. This
definition rules out par-
alogous genes because
they share with their
parent both the sequence

and the function.
If a pseudogene has no function (as most or all pseudogenes, see section 1.3.5)

it may continue to drift until it is either deleted or it becomes unrecognizable
as a genetic copy.

1.3.1 Non-processed pseudogenes

Non-processed pseudogenes are usually found inside clusters of similar functional
sequences; they may possess introns and flanking regulatory sequences like the
functional gene. They usually originate from a gene duplication mechanism
producing an extra copy of the gene which, being unnecessary, can accumulate
mutations without damaging the organism; they can also be generated by un-
equal crossing-over mechanisms. Premature stop codons, frameshift mutations,
disablement of regulatory regions and alterations in splice sites are the most
obvious characteristics of such pseudogenes.

1.3.2 Processed pseudogenes

Processed pseudogenes are caused by a retrotransposition process working in
three stages. The first stage consists of an RNA synthesis starting from the
DNA template. In the second stage, this primary transcript is deprived of
introns, producing a mature messenger RNA (mRNA). During the last stage,
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the mRNA acts as a template in the reverse transcription process, generating a
double-helix DNA sequence which is inserted in another chromosome [65].

The structural characteristics of processed pseudogenes are:

� lack of upstream regulatory region,

� absence of introns (some introns may be retained due to incomplete splic-
ing),

� presence of 3’ end with a poly-A tail,

� flanking direct repeats,

� possibly incomplete copy (the mRNA may not be copied in its entirety).

Figure 1.5: Pseudogene origin. Genes
are represented by black (exons) and white
(introns) blocks. Single and double zigzag
lines represent mRNA and cDNA produced by
retrotranscription. Modified from [65].

Most of the known processed pseu-
dogenes produced by a retrotranspo-
sition process lose their functional-
ity as a consequence of defects in-
troduced by the mechanism gener-
ating them. In fact, reverse tran-
scription is a process producing er-
rors, and a lot of changes between the
template RNA and the complemen-
tary DNA (cDNA) can be accumu-
lated. The ENCODE processed and
nonprocessed pseudogenes [32] share
with their parent proteins mean se-
quence identities of 67.6% (±14%)
and 61.8% (±18%) in alignments with
coverage level of 82.4% (±26%) and
69.4% (±33%), respectively. In ad-
dition, 83.2% of processed and 79%
of nonprocessed pseudogenes display
disablements (defined as nonsense or
frameshift mutations) in their puta-
tive ORFs, with an average number
of disablements of 6.2 per processed
pseudogene and 2.4 per nonprocessed pseudogene. Overall, such disablements
were located uniformly across the hypothetical coding regions of pseudogenes.
The differences in sequence identity and disablements between processed and
nonprocessed pseudogenes are significant (P < 0.001, Wilcoxon rank-sum test),
suggesting that the sequences giving rise to processed pseudogenes lose coding
potential more quickly than those for nonprocessed pseudogenes.

Unless the processed gene is transcribed by RNA polymerase III, it should
not contain the promoter (which usually lies in non-transcribed regions) and so
it is quite likely to be inactive even if its coding region is intact.

A processed pseudogene can be inserted in a genomic locus inappropriate for
its expression, possibly a completely different chromosome with respect to its
functional counterpart. For this reason, it is “dead on arrival” in most cases [65].

Due to the ubiquity of reverse transcription (see section 1.4), mammalian
genomes are literally bombarded by copies of retrotranscribed sequences, and
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most of these copies become non-functional as soon as they integrate in the
genome. These sequences cannot be easily repaired through gene conversion [66]
because they are for the most part placed at long chromosomal distances from
the parent functional gene.

As soon as a processed pseudogene settles within a chromosome, it undergoes
two different evolutionary processes [67]. The first one involves a rapid accumu-
lation of point mutations which can hide the similarity between the pseudogene
sequence and its functional homologue, which evolves much more slowly. The
processed pseudogene nucleotide composition will resemble more and more the
surrounding non-functional region, enabling the pseudogene to blend with it.
This process is called “compositional assimilation” [65].

The second evolutionary process involves the reduction of pseudogene size
compared to the one of the functional gene. This shrinkage is caused by an excess
of deletions over insertions. It has been estimated that a processed pseudogene
loses about one-half of its DNA in nearly 400 million years. This process is
so slow that the human genome, for instance, still contains a large quantity of
pseudogene DNA related to very distant ancestors [65]. Obviously, these ancient
pseudogenes have often lost almost all their similarity with the functional genes.
The shrinkage is too slow a process to counterbalance the increase in genome
dimensions which results from the continuous retrotransposition. The restriction
in pseudogene number in the genome is probably due to other factors, such as
natural selection [65].

1.3.3 Mitochondrial pseudogenes

A few decades ago, the presence inside the nucleus of sequences of many an-
imal species having significant homology to mitochondrial DNA was ascer-
tained. These nuclear insertions of mitochondrial DNA are called pseudogenes
because, unlike their homologous counterparts, they are neither transcribed nor
translated into functional proteins, owing to the different mitochondrial genetic
code [68].

The integration process of the mitochondrial fragments in the nucleus is
probably very ancient; it is thought to have started soon after the settling of
the first endosymbiont as an organelle. In fact, at least as far as the animal line
is concerned, there has been a progressive thinning of the mitochondrial genome
as a consequence of the transfer of genes coding for mitochondrial components
to the nucleus. The unsuccessful transfers could have given rise to pseudogenes.
There are essentially two mechanisms which could explain the integration of
these mitochondrial fragments in the nucleus: direct DNA transfer [69] and
RNA-mediated transfer [70]. Most of the experimental data available support
the hypothesis that transfer is by DNA, although an origin of mitochondrial
pseudogenes from RNA cannot be excluded [71].

From the available literature, it seems that mitochondrial pseudogenes are
not equally distributed in all species — they are abundant in mammals and
birds, but seem to be almost completely absent in fish [72], very few are found in
Caenorhabditis elegans (two pseudogenes) and Drosophila melanogaster (three
pseudogenes) compared with Homo sapiens (354 pseudogenes) [65].
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1.3.4 Computational pseudogene detection

The prevalence of pseudogenes in mammalian genomes is problematic for gene
annotation [73] and can introduce artifacts to molecular experiments targeted at
functional genes. The correct identification of pseudogenes, therefore, is critical
for obtaining a comprehensive and accurate catalog of structural and functional
elements of the human genome [32]. Since many pseudogenes are expected
to be non-functional and non-transcribed, their identification depends almost
exclusively on the computational analysis.

Several algorithms have been published for annotating human pseudogenes.
Although these methods often present similar estimates for the number of pseu-
dogenes in the human genome, they can produce rather distinct pseudogene
sets.

For instance, the Gernstein group at the Yale University (as part of the
ENCODE project, see section 1.1.5), examined five methods for detecting pseu-
dogenes [32]. These methods, which have been developed independently, are:

GIS-PET from the Genome Institute of Singapore [74];

HAVANA manual pseudogene annotation by the Human And Vertebrate
Analysis aNd Annotation team at the Wellcome Trust Sanger Institute
as part of the GENCODE collaboration [75];

PseudoPipe from the pseudogene research group at Yale University [76];

pseudoFinder from the University of California Santa Cruz (UCSC);

retroFinder also from UCSC but focused specifically on processed pseudo-
genes [77].

A simple union of these five sets yielded 252 (in the 1% portion of genome
studied in ENCODE pilot project [?]) non-overlapping pseudogenes, of which
only 45 (17.9%) were identified by all methods (see Figure 1.6).

Almost each method detects pseudogenes by their sequence similarity to en-
tries in a collection of query sequences representing known human genes (referred
to as the parent genes). Each gene sequence is aligned back to the genome and
all the aligned genomic regions outside the known gene position are retained. To
decide whether a region of this set hosts a processed pseudogene some typical
characteristics are taken into account, such as severe mutations, lack of introns,
poly-A tails, flanking repeats.

In our work (see chapter 2) we search for gene-pseudogenes pairs inside a
single genome in a completely different way; we do not rely upon a set of known
genes, thus allowing the discovery of both unknown pseudogenes and genes.

1.3.5 Are there functional pseudogenes?

The common assumption is that pseudogenes are non-functional and thus evolve
neutrally. As such, they are frequently considered as “genomic fossils” and
are often used for calibrating parameters of various models in molecular evolu-
tion, such as estimates of neutral mutation rates [78]. However, a few pseudo-
genes have been indicated to have potential biological roles [79, 80, 81, 82, 83].
Whether these are anecdotal cases or pseudogenes do play cellular roles is still
a matter of debate at this point.
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Figure 1.6: (A) pseudogenes annotated by a method were binned into groups
based on the number of methods that recognized them as pseudogenes. In this
scheme, method-specific pseudogenes were labelled as (found by) “1” method.
(B) A four-way comparison of pseudogenes identified by HAVANA, PseudoPipe,
retroFinder, and pseudoFinder. Note: one pseudogene could overlap more than
one pseudogene from other method(s). Modified from [8].
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Pseudogene transcription

Several studies have shown that a good fraction (5%) of the human pseudogenes
were potentially transcribed [84, 85, 86, 87]. 10 to 20% of pseudogenes within
the ENCODE regions are transcribed in at least one of 12 human tissues [32].

Some transcribed pseudogenes might retain their own promoters; in a few
cases pseudogene transcription could have been initiated from the promoters of
neighbouring genes or LINE elements [85, 88, 89].

Non-processed pseudogenes

Recent non-processed pseudogenes can be transcriptionally active if the function
of their promoters has not been lost entirely. An example of this phenomenon
is the human α-globin cluster of genes on chromosome 16 that has arisen by
gene duplication and divergence. This cluster includes ξ2, which is expressed in
the embryonic yolk sac, and its non-processed pseudogene ψξ1. The latter has
a non-functional promoter but, in some individuals, its gene conversion [66] by
ξ2 has resulted in restoration of a functional promoter and the generation of ξ1
from ψξ1 [90].

Another reported case is that of bovine seminal ribonuclease, which has lain
dormant for about 20 million years and which then appears to have been resur-
rected to form a functioning gene — probably via a gene conversion event [91].
This shows that, in some cases, “resurrection” of duplicated pseudogenes, or of
parts of them, can result in an expressed protein [92].

Nevertheless evidences of non-processed pseudogene function are few and
unclear [93].

Processed pseudogenes

During retrotransposition processed pseudogenes lose their upstream regula-
tory region. Even if they do not possess all the transcriptional control regions
present in the functional gene, they can use other transcriptional elements. For
example, pseudogene transcription can be directed by a promoter apparently
near a non-correlated sequence. Indeed reverse transcription polymerase chain
reaction experiments have shown, through transcript identification, that some
pseudogenes can be transcribed and, in some cases, they can have a different
role from that of the original gene.

The Makorin example

Makorin1-p1 is the most famous putative functional pseudogene, even though
different authors disagree upon the observations and the models about this
pseudogene [94].

Hirotsune et al. [95] had been analysing mice in which copies of a Drosophila
gene called Sex-lethal were randomly inserted in the mouse genome. In the
course of their studies, they encountered one mouse line that died shortly after
birth from multi-organ failure. As this occurred in only one mouse line out
of many, the results could not be explained by aberrant Sex-lethal expression.
Instead, the authors attributed their finding to a disruption of the particular
stretch of genomic information into which Sex-lethal had inserted in this case.
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Figure 1.7: Plausible mechanism of gene-pseudogene interaction. A) A RNA-mediated
mechanism: here, messenger RNA copies of the pseudogene and the gene compete for a
destabilizing protein that binds a crucial 700-nucleotide region near the beginning of the
mRNAs. This destabilizing protein might be an RNA-digesting enzyme (RNAse). B) A
DNA-mediated mechanism: here, regulatory elements of the pseudogene and gene, located in
the same region as above, compete for transcriptional repressors.

The disrupted genomic region hosts Makorin1-p1 — a pseudogene copy of
the functional Makorin1 gene5.

Normally, Makorin1 mRNA is expressed throughout the organism. But Hi-
rotsune et al. found that when Makorin1-p1 pseudogene was disrupted, the
expression of Makorin1 was markedly reduced in embryos and during birth
and weaning. This implies that the pseudogene is normally required for the
high-level expression of Makorin1. Interestingly, of the two forms of Makorin1
mRNA, only the smaller 1.7-kilobase transcript was downregulated — the larger
2.9-kilobase copy was unaffected. The long and short forms are identical except
in a region at the 3’ UTR.

The authors found that the 700-nucleotide 5’ region of Makorin1-p1 not
only was required but was also sufficient for regulation in experiments in vitro.
These experiments also suggested that the pseudogene acts sequence-specifically,
affecting only those genes that show some sequence similarity to itself [95].

To explain this observations it has been proposed a model in which the
first 700 nucleotides of the Makorin1 mRNA contain a recognition site for a
destabilization factor. Because this 700-nucleotide domain is shared by the
Makorin1-p1 mRNA, the expression of the pseudogene would provide a means
of titrating out the destabilizing factor through direct competition. In this
model, the longer Makorin1 mRNA is unaffected because its 3’ untranslated

5Makorin1 is an ancient gene that has been evolutionarily conserved from nematode worms
to fruitflies and mammals, and encodes a putative RNA-binding protein. It is the prototype
of a large family of Makorin genes and pseudogenes, and it is located on mouse chromosome 6.
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region protects it from degradation (see figure 1.7 A) [96].
Another, more probable, mechanism could be involved (see figure 1.7 B).

This is suggested by the fact that mRNA stability is usually controlled by ele-
ments in the 3’UTR regions — rather than at the 5’ end, where the key 700-
nucleotide region of Makorin1 is found — and by the fact that some authors
claim that Makorin1-p1 is not expressed [94]. The alternative mechanism would
involve the pseudogene DNA locus directly. Perhaps the 700-nucleotide region
in the gene and pseudogene contains transcription factor binding sites that, on
binding certain proteins, repress transcription. In this model the repressor pro-
teins would be limited in availability, so that Makorin1-p1 would compete for
repressor binding [96].

1.4 Transposons

name family # of occurrences
Alu SINE 1193407
L1 LINE 927393
MIR SINE 590373
L2 LINE 409271
MaLR LTR 334078
MER1 DNA 216179
ERV1 LTR 178385
ERVL LTR 132638
MER2 DNA 83486
CR1 LINE 53926
Tip100 DNA 27006
AcHobo DNA 18986
RTE LINE 16406
Mariner DNA 16259
DNA DNA 13637
ERVK LTR 10808
Tc2 DNA 7660
PiggyBac DNA 2099
MuDR DNA 1884
ERV LTR 577
Merlin DNA 54

Table 1.2: Transposons in the human genome.

Mobile elements are DNA se-
quences that have the ability to
integrate into the genome at a
new site within their cell of ori-
gin. The mechanism by which
many of these elements move is
well known, but for others, such
as mammalian retrotransposons,
there is still much to learn.

Mobile, or transposable, ele-
ments are prevalent in the genomes
of all plants and animals. In mam-
mals they and their recognizable
remnants account for nearly half of
the genome [97, 98] and in some
plants they reach 90% [99].

Many authors discuss upon a
possible mutually beneficial rela-
tionship between the mobile ele-
ments and the host organism. It is
clear how mobile elements benefit
from the hosting cell, because they
use the cellular apparatus to be
transcribed, translated, to get en-
ergy and to be replicated through
generations (together with the en-
tire genome). It is questionable on the other hand if and how host organisms
benefit from mobile elements. Probably, the mobile elements are one of the
major driving forces shaping the genome during evolution, but there are not
enough evidences to decide if today organisms live in spite of this force or if
they take advantage from that.

Mobile elements are divided in three different classes depending on the molec-
ular mechanism of transposition:

� DNA transposons,
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� autonomous retrotransposons,

� nonautonomous retrotransposons.

Retrotransposons need to be transcribed in an RNA molecule before being
transposed while DNA transposons don’t needed transcription. DNA trans-
posons and autonomous retrotransposons encode the enzymes needed for the
transposition while nonautonomous retrotransposons borrow the enzymes en-
coded by autonomous retrotransposons.

1.4.1 DNA transposons

DNA transposons are prevalent in bacteria (where they are called “IS”, or inser-
tion sequences), but are also found in the genomes of many metazoa, including
insects, worms and humans. These elements are generally excised from one
genomic site and integrated into another by a “cut and paste” mechanism.

Because sequence specificity of integration is limited to a small number of
nucleotides — e.g., TA dinucleotides for Tc1 of Caenorhabditis elegans — inser-
tions can occur at a large number of genomic sites. However, daughter insertions
for most, but not all, DNA transposons occur in proximity to the parental in-
sertion. This is called “local hopping” [100].

Active transposons encode a transposase enzyme between inverted-repeat
termini. The transposase binds at or near the inverted repeats and to the target
DNA. It then performs a DNA breakage reaction to remove the transposon from
its “old” site and a joining reaction to insert the transposon into its “new” site.
These reactions proceed with the hydrolysis of phosphodiester bonds between
the transposon and flanking DNA to liberate 3’-OH residues that carry out
the attack at the “new” site. Because the two strands of the “new” DNA are
attached at staggered sites, the inserted transposon is flanked by small gaps
which, when filled in by host enzymes, leads to short duplications of sequence
at the target sites. These are called target site duplications (TSDs), and their
length is often characteristic for a particular transposon [100].

The reactions needed to move a piece of DNA use recombinase enzymes6.
Though these elements generally transpose to genomic sites less than 100 kb

from their original site (e.g., the Drosophila P element), some are able to make
distant “hops” (e.g., the fish Tc1/mariner element) [100].

1.4.2 LTR retrotransposons

Retrotransposons are transcribed into RNA and then reverse transcribed and
reintegrated into the genome, thereby duplicating the element. The major
classes of retrotransposons either contain long terminal repeats at both ends

6There are two main classes of recombinase enzymes used by transposable elements. The
first class is called conservative because the enzymes do not require high-energy cofactors, the
total number of phosphodiester bonds remains unchanged, and no DNA degradation or resyn-
thesis occurs. Examples of this recombinase type are the integrase protein of bacteriophage,
Cre recombinase, and Flp recombinase. The second class is the transposases that catalyze
a whole set of reactions necessary for DNA transposition. Examples are the transposases of
Mu, P elements, the Tc1/mariner family and the integrases of long terminal repeat (LTR)
retrotransposons and retroviruses. All of these enzymes share certain structural motifs such
as a D,D35E sequence (aspartate, aspartate, 35 amino acid residues, then a glutamate) and a
handlike three-dimensional structure [100, 101].
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Figure 1.8: Classes of mobile elements. DNA transposons, e.g., Tc-1/mariner,
have inverted terminal inverted repeats (ITRs) and a single open reading frame
(ORF) that encodes a transposase. They are flanked by short direct repeats
(DRs). Retrotransposons are divided into autonomous and nonautonomous
classes depending on whether they have ORFs that encode proteins required
for retrotransposition. Common autonomous retrotransposons are (i) LTRs
or (ii) non-LTRs. Examples of LTR retrotransposons are human endogenous
retroviruses (HERV) (shown) and various Ty elements of S. cerevisiae (not
shown). These elements have terminal LTRs and slightly overlapping ORFs for
their group-specific antigen (gag), protease (prt), polymerase (pol), and enve-
lope (env) genes. They produce target site duplications (TSDs) upon insertion.
Also shown are the reverse transcriptase (RT) and endonuclease (EN) domains.
Other LTR retrotransposons that are responsible for most mobile-element in-
sertions in mice are the intracisternal A-particles (IAPs), early transposons
(Etns), and mammalian LTR-retrotransposons (MaLRs). These elements are
not present in humans, and essentially all are defective, so the source of their RT
in trans remains unknown. L1 is an example of a non-LTR retrotransposon. L1s
consist of a 5’-untranslated region (5’UTR) containing an internal promoter, two
ORFs, a 3’UTR, and a poly(A) signal followed by a poly(A) tail (An). L1s are
usually flanked by 7- to 20-bp target site duplications (TSDs). The RT, EN, and
a conserved cysteine-rich domain (C) are shown. An Alu element is an example
of a nonautonomous retrotransposon. Alus contain two similar monomers, the
left (L) and the right (R), and end in a poly(A) tail. Approximate full-length
element sizes are given in parentheses. Modified from [100].
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(LTR retrotransposons) or lack LTRs and possess a polyadenylate sequence at
their 3 termini (non-LTR retrotransposons).

LTR retrotransposons and retroviruses are quite similar in structure (see fig-
ure 1.8). They both contain gag and pol genes that encode a viral particle coat
(GAG), a reverse transcriptase (RT), ribonuclease H (RH) and integrase (IN) to
provide enzymatic activities for making cDNA from RNA and inserting it into
the genome. They differ in that retroviruses encode an envelope protein that
facilitates their movement from one cell to another, whereas LTR retrotrans-
posons either lack or contain a remnant of an env gene and can only reinsert
into the genome from which they came. For these similarities with retroviruses,
LTR retrotransposons are also called endogenous retroviruses.

Many LTR retrotransposons target their insertions to relatively specific ge-
nomic sites. For example, Ty3 elements of Saccharomyces cerevisiae target
specifically to a few nucleotides from RNA polymerase III (Pol III) transcrip-
tion initiation sites [102]. Moreover, Pol III transcription factors, TFIIIB and
TFIIIC, are essential for Ty3 integration. It is interesting to observe that Ty3
elements maximize the probability to transpose themselves in a actively tran-
scribed region. The integration of a transposon in such regions probably disrupts
the original gene that the region held; this behaviour suggests that LTRs (like
viruses) are parasites and that the hosting cells can survive in spite of their
presence.

In contrast to the Ty elements of Saccharomyces cerevisiae, Tf elements
of Schizosaccharomyces pombe cluster 100 to 400 nucleotides upstream of Pol
II-transcribed genes. The retroviruses HIV (human immunodeficiency virus)
and MLV (mouse leukemia virus) share many structural features with LTR
retrotransposons. In general, HIV inserts into many sites throughout actively
transcribed genes, whereas MLV integrates preferentially into the promoters
of active genes. The preference of retroviruses for insertion sites in and around
genes may explain the occurrence of leukemia-producing insertions into the pro-
moter of the LMO-2 gene in 2 of 10 patients undergoing retroviral gene therapy
for severe combined immunodeficiency [100].

There are also LTR transposons targeting specifically non-functional zones:
Ty5 targets the heterochromatin of telomeres and the silent mating loci. Ty5
requires a specific protein partner, Sir4, for tethering its cDNA to telomeric
DNA, and the interaction sites of Ty5 (six amino acids in the integrase domain)
with Sir4 (a region near the C terminus) have been characterized [103].

1.4.3 Non-LTR transposons

Non-LTR retrotransposons are typified by LINE-1 (long interspersed nucleotide
elements-1, or L1) elements of mammals. Full-length non-LTR retrotransposons
are 4 to 6 kb in length and usually have two open reading frames (ORFs), one
encoding a nucleic acid binding protein, and the other encoding an endonuclease
and a reverse transcriptase (see figure 1.8). Because these elements encode ac-
tivities necessary for their retrotransposition, they are called autonomous even
though they probably also require host proteins to complete retrotransposi-
tion [100]. Some non-LTR retrotransposons integrate at specific genomic sites.
R1 and R2 of Drosophila melanogaster and Bombyx mori integrate at spe-
cific ribosomal RNA gene locations [104], whereas heT-A and TART elements
help maintain the telomeres of Drosophila melanogaster chromosomes [105] and
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TRAS1 and SART1 integrate into telomeric repeats of Bombyx mori [106]. In
contrast, mammalian L1 elements apparently integrate at a very large num-
ber of sites in the genome because their endonuclease prefers to cleave DNA
at a short consensus sequence (5-TTTT/A-3 , where / designates the cleavage
site) [107, 108]. Our knowledge of most of the steps leading to retrotransposi-
tion of non-LTR retrotransposons is sketchy except for the reverse transcription
process. In contrast to reverse transcription of LTR retrotransposons and retro-
viruses, this process takes place on nuclear genomic DNA through target primed
reverse transcription, or TPRT [109, 110]. The great majority of mammalian L1
insertions are 5’ truncated at much less than the full length of 6 kb. However,
the mechanism of 5’ truncation is still unclear. In about 30% of mammalian L1
insertions, but not in Drosophila R1 or R2 insertions, the 5’ end of the insertion
sequence is inverted. A likely explanation for this phenomenon is a variation on
TPRT, called “twin priming” [111, 100].

Only a few members of the LINE1 family of highly repetitive retrotrans-
posable sequences are capable of autonomous amplification. Full-length LINE1
is bicistronic: the product of ORF1 is an RNA-binding protein (ORF1p), and
ORF2 encodes a protein (ORF2p) with endonuclease and reverse transcriptase
activities. The downstream location of ORF2 ensures that translational ini-
tiation of these catalytic activities is downregulated with respect to ORF1p
expression. Both ORF1p and ORF2p are required for LINE1 retrotransposi-
tion, but surprisingly, ORF2p acts efficiently only on the active LINE element
that encoded its expression. A retrotranspositionally successful LINE must
sequester its limiting ORF2p, preventing the amplification of either defective
LINE elements or entirely unrelated sequences, such as Alu (see section 1.4.4).

1.4.4 Nonautonomous transposons

Other sequence elements, which do not encode their own reverse transcriptase,
also transpose via RNA intermediates. These elements include the highly repet-
itive short interspersed elements (SINEs), of which there are nearly a million
copies in mammalian genomes. SINEs arose by reverse transcription of small
RNAs, including tRNAs and small cytoplasmic RNAs involved in protein trans-
port. Since SINEs no longer encode functional RNA products, they represent
pseudogenes that arose via RNA-mediated transposition. Since these elements
do not include genes for reverse transcriptase or a nuclease, their transposition
presumably involves the action of reverse transcriptases and nucleases that are
encoded elsewhere in the genome — probably by class I or II retrotransposons,
such as LINEs. Alu repeats has been shown to borrow the retrotransposition
machinery of L1 elements [112].

The most conspicuous human SINE is the Alu repeat family (so called be-
cause of early attempts at characterizing the sequence using the restriction nu-
clease AluI). Alu sequences containing ' 300 base pairs are present at ' 1 mil-
lion sites in the human genome, accounting for about 10% of the total genomic
DNA; similar sequences are abundant in other vertebrates [113]. In addition
to full-length Alu sequences, many partial Alu-like sequences, clearly related
to the Alu family but as short as 10 base pairs, have been found scattered
between genes and within introns in human DNA. The Alu repeat contains
an internal RNA polymerase III promoter sequence. Alu sequences are re-
markably homologous to 7SL RNA, a small cellular RNA that is part of the
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signal-recognition particle. This cytoplasmic ribonucleoprotein particle aids in
the secretion of newly formed polypeptides through the membranes of the en-
doplasmic reticulum. The 7SL sequence is highly conserved even in species
as diverse as Drosophila, mouse, and man. The discovery of a small (' 100
nucleotide) Escherichia coli RNA whose sequence is similar to eukaryotic 7SL
RNA indicates that this molecule has existed since early in evolution. However,
neither Drosophila nor single-celled organisms have any Alu-type intermediate
repeats (at least in large numbers). These findings suggest that 7SL RNA genes
existed before Alu sequences and that Alu sequences somehow arose fairly late
in evolution from the 7SL sequences [113].

The Alu repeat is primate-specific but other mammals have similar types
of sequence derived from the 7SL RNA gene such as the B1 family in mouse.
Unlike the Alu repeat, another major human SINE family is not restricted to
primates, with copies being found in marsupials and monotremes. In accordance
with its distribution this family has been termed the MIR (mammalian-wide
interspersed repeat) family [113].

Like all other mobile elements, Alu sequences are usually flanked by direct
repeats; they do not encode proteins and contain an A+T-rich region at one
end, similarly to L1 elements. Alu sequences are thought to be retrotransposed
by a mechanism similar to that proposed for L1 elements, possibly by the re-
verse transcriptase and other required proteins expressed from functional L1
elements [112].

Alu duplication mechanism and pseudogene formation

Both Alu and processed pseudogenes are duplicated by the LINE1 duplication
machinery.

Figure 1.9: A model accounting for the LINE cis and
trans effects. LINE proteins are particularly efficient for the
retrotransposition of the mRNA that encodes them, an ef-
fect (the cis effect) that can be partially explained by spa-
tial proximity between the LINE nascent polypeptides (thick
black line) and LINE RNA (ribosome in gray, LINE RNA in
green). LINE proteins can retrotranspose cellular mRNA or
non-coding LINE RNA (in black) as well, but with a much
lower efficiency (1 mRNA retrotransposed every 3000 LINE
retrotransposed) owing to greater distances and lower prob-
abilities of interaction (trans effect). The highly structured
Alu transcripts (in red) bind to the SRP9/14 proteins (shown
in yellow), which in turn interact with the ribosome, position-
ing the Alu transcript close to the nascent LINE proteins (1
Alu retrotransposed every 300 LINE retrotransposed). Poly-
A-binding proteins (light gray) interact with the Alu poly-A
track (essential for Alu retrotransposition), as is the case for
the poly-A of mRNAs, and target LINE ORF2p for a precise
3 end initiation of the target primed reverse transcription.
Modified from [112].

LINEs are extremely
versatile genome model-
ers. First, they can
transpose, via a high-
efficiency process involv-
ing the LINE ORF prod-
ucts and the transcript
encoding them (cis ef-
fect). Second, they can
retrotranspose, with a
reduced efficiency, tran-
scribed DNAs (trans ef-
fect) and therefore mo-
bilize transcribed sequences
not necessarily associ-
ated with a LINE el-
ement. The trans ef-
fect results in the gener-
ation of retrotransposed
copies disclosing features
characteristic of the nat-
urally found processed
pseudogenes [114].



CHAPTER 1. INTRODUCTION 45

There is no RNA se-
quence specificity for the
LINE-mediated trans ef-
fect. Indeed LINEs
are also responsible for
the mobilization of SINE [112]
retrotransposons which
are noncoding and therefore require complementation in trans for their retro-
transposition. Concerning the higher relative efficiency of the cis versus trans
LINE effects, this is most probably due to the fact that there is a direct recog-
nition of the LINE mRNA in the course of its translation as a target for retro-
transposition [115].

Alu elements are ancestrally derived from the SRP RNA gene and Alu RNA
binds SRP proteins. The translational role of SRP and its ribosomal loca-
tion provide a plausible mechanism for co-compartmentalizing Alu RNA with
nascent cis-acting ORF-2p [116]. This can explain the higher frequency of du-
plications of Alu versus other transcript. Furthermore, as expected, catalytic
activities encoded by ORF2 are essential for efficient Alu retrotransposition but
exogenous ORF1p is dispensable. If Alu does not require ORF1p, a large num-
ber of truncated LINE elements, lacking ORF1 and incapable of autonomous
retrotransposition, might provide sufficient ORF2 activity for Alu amplification.
Accordingly, the requirements of Alu for retrotransposition could be far more
permissive than those of LINE1, partially explaining the relative success of Alu
elements.

Other reverse transcriptase expressing elements in eukaryotic genomes, like
the LTR retrotransposons, were not likely to be responsible for processed pseu-
dogene formation. In fact, attempts to generate such structures using retro-
viruses or retroviral-like elements failed to demonstrate canonical pseudogenes
[117]. LINE-encoded retrotransposition machinery had specific enzymatic prop-
erties not shared by that of retroviruses (including MoMLV and HIV), allowing
the reverse transcription of cellular mRNA with high efficiency and resulting
in non-integrated cDNA copies [117]. Though the precise role of ORF1 is still
unknown, it is absolutely required for pseudogene formation: it might be in-
volved in the formation of “particles” allowing the re-entry of the mRNA to
be retrotransposed into the nucleus and the integration of the reverse tran-
scripts. A final hint for a role of LINEs in processed pseudogene formation
arises from the systematic sequencing of the Saccharomyces cerevisiae genome,
which provided evidence for the presence of numerous reverse transcriptase
expressing elements (including functional telomerases and several active LTR-
retrotransposons), but the correlated absence of LINEs, processed pseudogenes
and Alu-like sequences [118].

1.4.5 Functional role of transposons

The initial evidence for the mobility of SINEs came from the analysis of DNA
from a patient with neurofibromatosis, a genetic disorder marked by the oc-
currence of multiple neuronal tumors called neurofibromas due to mutation in
the NF1 gene. Like the retinal tumors that occur in hereditary retinoblastoma,
neurofibromas develop only when both NF1 alleles carry a mutation. In one
individual with neurofibromatosis, one NF1 allele contains an inactivating Alu
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sequence; inactivating somatic mutations in the other NF1 allele in peripheral
neurons lead to the development of neurofibromas. Several other inherited re-
cessive mutations causing disease in humans also have been found to result
from insertion of Alu sequences in exons, thereby disrupting protein-coding re-
gions [113].

Alu sequences appear to have retrotransposed widely through the human
genome and are tolerated, in both possible orientations, at sites where they
do not disrupt gene function: flanking solitary genes and between duplicated
genes, as well as within introns and the regions transcribed into the 5’ and 3’
untranslated regions of mRNAs. Alu sequences are thought to have no function,
like other mobile elements, despite their widespread occurrence in mammalian
genomes.

Although mobile DNA elements appear to have no direct function other
than to maintain their own existence, their presence probably had a profound
impact on the evolution of modern-day organisms. As mentioned earlier, many
spontaneous mutations in Drosophila result from insertion of a mobile DNA
element into or near a transcription unit, and mobile elements also have been
found in mutant human genes. In addition, homologous recombination between
mobile DNA elements dispersed throughout ancestral genomes may have been
important in generating gene duplications and other DNA rearrangements dur-
ing evolution. Cloning and sequencing of the β-globin gene cluster from various
primate species have provided strong evidence that the human Gγ and Aγ genes
arose from an unequal homologous crossover between two L1 sequences. Such
duplications and DNA rearrangements contributed greatly to the evolution of
new genes. Gene duplication probably preceded the evolution of a new member
of a gene family, which subsequently acquired distinct, beneficial functions.

Mobile DNA most likely also influenced the evolution of genes that contain
multiple copies of similar exons encoding similar protein domains (e.g., the fi-
bronectin gene). Homologous recombination between mobile elements inserted
into introns probably contributed to the duplication of introns within such genes.
Some evidence suggests that during the evolution of higher eukaryotes, recom-
bination between introns of distinct genes occurred, generating new genes made
from novel combinations of preexisting exons. For example, tissue plasminogen
activator, the Neu receptor, and epidermal growth factor all contain an EGF
domain. Evolution of the genes encoding these proteins may have involved re-
combinations between mobile DNA elements that resulted in the insertion of an
EGF-encoding exon into an intron of the ancestral form of each of these genes.
The term exon shuffling has been coined to refer to this type of evolutionary
process. This phenomenon relies on the poor efficiency of the LINE polyadeny-
lation sequence, which results in read-through LINE transcripts and the de facto
transfer of the transcribed 3’ genomic sequence to a new location upon LINE
retrotransposition [119, 120, 121].

Recombination between mobile elements also may have played a role in de-
termining which specific genes are expressed in particular cell types and the
amount of the encoded protein produced. Eukaryotic genes have transcrip-
tion control regions, called enhancers, that can operate over distances of tens
of thousands of base pairs 1.1.6. Moreover the transcription of a gene can be
controlled through the combined effects of several enhancers. Recombination be-
tween mobile elements inserted randomly near enhancers probably contributed
to the evolution of the combinations of enhancers that control gene expression
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in modern organisms.
So, the early view of mobile DNA elements as completely selfish molecular

parasites appears to be premature. Rather, they have probably indirectly made
profound contributions to the evolution of higher organisms by serving as sites
of recombination, leading to the evolution of novel genes and new controls on
gene expression [113].



Chapter 2

Ab initio gene prediction
through processed
pseudogenes

2.1 Background

With the development of genome projects for many organisms, an increasing
number of raw sequences needs to be annotated. In the case of unicellular or-
ganisms, gene identification by computational methods is quite straightforward,
considering the limited amount of non-coding DNA. In contrast, in the case of
metazoans, the annotation of all the different RNAs that may be produced by
the genome still represents a daunting task, requiring the integration of predic-
tive algorithms and experimental evidences.

Several sophisticated software algorithms have been devised to handle this
problem [122]; these algorithms typically consist of one or more “sensors” de-
signed to identify gene features. A single gene prediction program usually com-
bines different sensors and complex pipelines combine together different tools.
The ENSEMBL pipeline, for example, starts by using programs for signal and
content terms (often called ab initio programs); then, to reduce the high inci-
dence of false positives, the resulting gene predictions are “fixed” by the incor-
poration of similarity information [123]. Although gene-finding programs can
correctly predict most exons of each gene, they are usually unable to cope with
the complexity generated by the alternative use of transcription units, leading
to the production of many mRNA variants.

Comparative genomics represents a powerful strategy for the identification of
exons and regulatory elements. The assumption behind this type of analysis is
that phylogenetic conservation is related to functional relevance. Nevertheless,
this approach is unable, by definition, to reveal species-specific genes and tran-
script variants. The generation of massive EST sequence data to be matched
with the genomic sequence is probably the most direct and efficient method to
tackle the annotation problem. However, even in the case of the human genome,
for which more than 8 million EST sequences have been obtained, some anno-
tated genes are still poorly represented in the corresponding databases (see for

48
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example [124]). Moreover, splice variants unique to specific cell types, develop-
mental stages and abnormal conditions may still escape detection. Obviously,
these problems are much worse in most of the newly sequenced genomes, which
lack such extensive transcriptome coverage.

Processed pseudogenes (PPGs) represent an alternative source of full length
transcript information, contained in the raw genome sequence [125]. PPGs are
copies of cellular RNAs, typically containing poly(A) and lacking introns, which
have been reverse transcribed and inserted into the genome.

Since they are derived from a mature mRNA product, processed pseudo-
genes also lack the upstream promoters of normal genes; thus, they are usually
“dead on arrival”, becoming non-functional pseudogenes. According to a recent
study [126] only about 1% of PPGs in human show evidence of transcriptional
activity. A further characteristic of processed pseudogenes is common truncation
of the 5’ end relative to the parent sequence, which is a result of the relatively
non-processive retrotransposition mechanism that creates them [127]. The rate
of pseudogene emergence in mammalians is about 1-2% per gene per million
years [126] (for comparison the rate of gene duplication in the human genome
is about 0.9% per gene per million years). It is interesting to observe that the
rate of pseudogene emergence seems to drastically decrease in the hominid lin-
eage with respect to other mammalians. Processed pseudogenes exist in most
of the higher eukaryotes (and in particular in all the mammalian genomes),
even though their number can vary by orders of magnitude. Whereas thou-
sands of processed pseudogenes are present in the mouse and human genomes
(see below) the Caenorhabditis Elegans genome contains only 208 processed
pseudogenes [128], the chicken genome contains at most 51 processed pseu-
dogenes [129], and the Drosophila Melanogaster genome contains at most 34
processed pseudogenes[130].

Although PPGs cannot be expected to completely cover the transcriptome
of most eukaryotes, they may represent a rich sample of it [131], as they may
derive from normal protein-coding mRNAs, alternatively spliced mRNAs [132],
non-protein-coding RNAs [133] and antisense transcripts [119].

The methods so far devised to identify PPGs are based on the use of known
mRNAs and protein sequences [132] or of gene predictions [134] as input data
for suitable alignment programs. Therefore, they could be expected to perform
poorly on genomes lacking extensive transcriptome annotation or on PPGs de-
rived from non-canonical genes.

In this report, we describe a general method for the systematic identification
of gene-PPG pairs, based on a completely different strategy. In particular, we
search for generic paralogous alignments (i.e. alignments of a given genome with
itself) and then select only those showing evidences of three or more splicing
events. Using this approach we identified 987 human and 709 mouse genes. Most
of the identified genes were already known or supported by EST tracks, but in
a few cases they were completely new predictions, not supported by any type of
evidence in the UCSC or ENSEMBL databases. We were able to experimentally
validate some of these predictions.
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2.2 Results and Discussion

2.2.1 Construction of the pseudogene database

We based our work on the idea that a gene-PPG pair can be recognized, in a set
of pairwise paralogous alignments, as a cluster of nearby high scoring pairs (the
exons of the retrotransposed gene), separated on one side by unaligned sequences
(the introns of the retrotransposed gene, see figure 2.1). As mentioned above, the
major reason of interest of this strategy with respect to the existing ones [135,
136, 131, 137, 125, 132] is that it does not rely on known protein sequences,
thus allowing to identify previously unknown genes. The main problem of our
approach is to discriminate the cases due to retrotranscription from those caused
by other events and especially from sequence duplication followed by insertions.
Therefore, we devised a pipeline capable to identify the gaps most likely due
to splicing events and to predict the structure of the original gene on the basis
of this information (see the methods for details). Moreover, since a single gene
can give rise to many processed pseudogenes, we included a step to recognize
these cases and to associate them to the unique original gene. To reduce the
amount of false positives and to increase the proportion of complete predictions
we require at least three splicing gaps to produce a candidate. It is well known
that PPGs are synthetized from the 3’ end of the original mRNA and that very
often the resulting cDNA is truncated before it reaches the 5’end. However,
it was recently observed that the length distribution of retrotransposed LINEs
has a bimodal behaviour, with a portion of complete LINEs 20 times larger
than expected on the basis of a simple random truncation model [127]. By
requiring at least three introns we expected to reduce the risk of an incomplete
annotation of the original gene. Using this parameter we found in the human
genome 2288 gene-PPG pairs, corresponding to 987 candidate genes. Out of
these, 965 genes had at least one exon annotated in ENSEMBL and 943 had at
least one overlapping UCSC known gene or RefSeq; in 7 cases we found neither.
Among the genes overlapping with ENSEMBL genes, there are only 9 pairs
(A, B) in which the predicted genes A and B are both associated to the same
ENSEMBL gene; we did not observe any triplets with this behavior.

Interestingly, virtually all the PPGs that derive from the 948 genes annotated
in Ensembl as coding genes retained a portion of their original coding sequence
(Fig. 2). More precisely, nearly 30% have a complete coding sequence and about
7% were completely retrotranscribed (i.e. keeping also their whole 5’UTR end).
To directly address the effect of the three-intron threshold, we performed the
same analysis on a less stringent version of our database, in which we required
only two splicing gaps to give a prediction. As expected, this database contains
a strongly increased number (1694) of predictions but a large fraction of the new
predictions do not overlap with known coding sequences (Fig. 2). Altogether,
these observations confirm that with the three-exons threshold we may obtain
more reliable results.

2.2.2 Validation of the REGEXP pipeline

To obtain an independent validation of our approach, we compared our results
with the pseudogene.org dataset [132] and with processed pseudogenes reported
in the human section of the Vertebrate Genome Annotation (VEGA) database,
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Figure 2.1: This figure shows a graphical representation of one entry of our
dataset, corresponding to a gene-PPG pair in the human genome. The graph
is similar to a dot-plot. On the horizontal axis we put the region where we
identified the gene and its annotation from the UCSC genome browser; on the
vertical axis the region corresponding to the pseudogene. Each alignment be-
tween the two regions is represented as a red segment in the central panel, while
blue segments are the splicing signatures recovered by our pipeline. Finally, the
background is colored in vertical stripes mirroring the exons.
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a central repository of high quality manually curated annotations [138]. In
both databases the starting point of the annotation pipeline is the list of known
proteins, which allows them to keep the threshold on the alignment score lower
than in our case.

Globally, more than 81% of our entries were confirmed by at least one these
two databases (see 2.2, panel A). Comparison of our 2288 candidates with the
7816 processed pseudogenes reported in the pseudogene.org dataset revealed an
overlap of 1640 PPGs, which corresponds to around 72% of our database (see
table 2.1).

In the case of VEGA, the global intersection is not very informative, because
the annotation of pseudogenes has been completed only for the chromosomes
1, 9, 10, 13, 20, 21 and X [139]. However, when limiting the comparison only
to these seven chromosomes the number of predicted pseudogenes supported by
VEGA is about 95%; we also observed that our predictions overlap with VEGA
remarkably better than with pseudogene.org (see figure 2.2, panel B).

To address whether relaxing the very stringent three introns threshold could
improve the sensitivity of the method without compromising its specificity, we
made the same comparison using the version of our database requiring only
two splicing gaps. Interestingly, we found 1288 candidates PPGs supported
by overlapping entries in the VEGA dataset, 2593 in pseudogene.org and 916
in both (see table 2.1). However, at the same time the overall overlap with
VEGA for the annotated chromosomes was much worse than with the previous
database (see figure 2.2, panels C and D). Due to this reduced specificity, we
did not use such results in the following steps of our analysis.

Altogether, these results indicate that, although our method is not very
sensitive, it is remarkably specific and therefore could be used to reliably predict
pseudogenes in non annotated genomes.

Human Mouse
Total number of genes 987 709
Supported by UCSC known genes 928 649
Supported by RefSeq 922 655
Supported by ENSEMBL or VEGA genes 965 668
Supported by ENSEMBL or VEGA coding genes 948 661
New predictions 7 29

Table 2.1: Summary of the results of our analysis

2.2.3 Processed pseudogenes as indicators of the tran-
scriptional activity of the cell

It was recently observed by the FANTOM collaboration that the transcribed
portion of mammalian genomes [140] is much larger than previously expected
and that it is characterized by a high level of complexity, with an impressive
amount of antisense and overlapping transcripts. Moreover, it was noticed that
several of these new transcripts were processed, i.e. they underwent one or more
splicing events. However it is not clear whether these transcripts are abundant
and stable products, or they should be rather considered as exceptional events
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Figure 2.2: Venn diagrams showing the intersections among our dataset (red),
ENSEMBL VEGA (green) and pseudogene.org pipeline dataset (blue). Reg-
exp predictions with at least 3 introns on all chromosomes (A) and only on
those chromosomes completely annotated by VEGA (B). Regexp predictions
with at least 2 introns on all chromosomes (C) and only on those chromosomes
completely annotated by VEGA (D). See Table 1 for the associated numerical
values.
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(or possibly random “junk” events). Since a clear relationship exists between
transcript stability and the frequency of retrotransposition [131] and since our
approach for the identification of retrotransposition events is not biased for
protein-coding transcripts, we reasoned that our database is ideally suited to
address this issue, at least for the subset of FANTOM transcripts containing
three or more introns. Interestingly we found that most of the entries in our
database correspond to protein coding genes (see table 2.2). A possible expla-
nation for this strong preference is that it could be due to a special affinity of
the retrotransposition machinery for specific functional classes of mRNAs. To
address this point we studied the GO annotation of the genes in our database
and weighted them with the size of the corresponding pseudogene families. Our
results revealed a clear overrepresentation of sequences derived from ribosomal
protein genes and, apparently, no other particular bias in the GO annotations
in good agreement with what already observed by [137]. These results indicate
that the pseudogenes contained in our database, except for the ribosome related
ones, represent a reasonably unbiased sample of the cell transcriptome (at least
for germ line cells). Thus, the fact that we mostly find protein coding genes
among our entries suggests that the majority of the non-coding transcripts with
more than two introns produced by mammalian genomes are rather rare or less
stable than protein coding ones.

2.2.4 Identification of new putative alternative splicing
events

In several cases we find instances of previously unknown alternatively spliced
transcripts. However, due to the peculiar features of our pipeline, out of the
splicing variants that we observe, we can only be confident on those associated
to additional exons. In particular, among the 965 transcripts which we could
associate to ENSEMBL entries, we find 57 instances of additional exons.

It is interesting to compare this result with the analogous one reported in
ref. [125], in which a similar analysis was perfomed starting from the entries of
the pseudogene.org database. In [125] the authors found 30 cases of additional
exons out of which 22 can be associated to transcripts contained in the Ensemble
database. Out of these 22, only three were in common with our list. Among the
19 alternative transcripts found by [125] but missed by our algorithm, 13 were
not present in our database from the very beginning, while the remaining 6 were
discarded in the pipeline due to our filters on the transposon content and the
minimum and maximum length of the putative introns. This gives an idea of
the number of false negatives that we have due to the very stringent constraints
that we imposed in our analysis. On the opposite side, it is interesting to
notice that 54 out of 57 instances of additional exons that we find were missed
in [125]. In 34 cases this was due to the fact that the genes were absent in the
pseudogene.org database from the very beginning, while the remaining 20 cases
were effectively missed by the pipeline of [125]. Finally, out of the additional
exons that we found about 50% were supported by EST tracks, while the others
are completely new. These results further illustrate that our approach is able
to efficiently complement the existing ones.
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regexp gene id PPG num. retrotransposed genes
24030 88 SNORD102 small nucleolar RNA, C/D box 102

SNORA27 small nucleolar RNA, H/ACA box 27

RPL21 ribosomal protein L21

92497 62 KRT18 keratin 18

18623 52 RPSA ribosomal protein SA

133262 45 HNRPA1 heterogeneous nuclear ribonucleoprotein A1

84588 45 RPL7 ribosomal protein L7

178537 39 RPS3A ribosomal protein S3A

15729 38 GAPDH glyceraldehyde-3-phosphate dehydrogenase

17563 37 RPS2 ribosomal protein S2

200584 35 NPM1 nucleophosmin

8698 32 SNORD36C small nucleolar RNA, C/D box 36C

SNORD24 small nucleolar RNA, C/D box 24

SURF4 surfeit 4

SNORD36B small nucleolar RNA, C/D box 36B

SNORD36A small nucleolar RNA, C/D box 36A

921125 32 SNORD21 small nucleolar RNA, C/D box 21

RPL5 ribosomal protein L5

200296 26 RPL12 ribosomal protein L12

12076 21 RPL7L1 ribosomal protein L7-like 1

87014 21 HMGB1 high-mobility group box 1

109645 20 KRT8 keratin 8

161788 20 RPS15A ribosomal protein S15a

18181 17 ACTG1 actin, gamma 1

237683 17 RPS4X ribosomal protein S4, X-linked

5449 17 RPL36A ribosomal protein L36a

41035 16 ACTB actin, beta

11000 15 RPL31 ribosomal protein L31

25634 15 RPL19 ribosomal protein L19

698758 15 RPL9 ribosomal protein L9

98433 15 RPL34 60S ribosomal protein L34

106898 14 SET SET translocation (myeloid leukemia-associated)

740881 13 ACTG2 actin, gamma 2, smooth muscle, enteric

27176 12 RPS18 ribosomal protein S18

296506 11 EEF1A1 eukaryotic translation elongation factor 1 α1

51277 11 HMGB3 high-mobility group box 3

95436 11 LOC497661 putative NFkB activating protein

Table 2.2: The list of the most important families of PPGs, in order of number
of entries. For each family we report in the first column the ID (in our database)
of the gene which originated all the PPGs of the family, in the second column the
number of PPGs in the family and in the last column the name of original gene.
In three cases, besides the name of the gene we also report a list of snoRNAs
which happen to overlap with the gene.
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Figure 2.3: RT-PCR amplification of human testis cDNA, with primers spe-
cific for predictions 316640 (1), 338893 (2), 836759 (3), 931840 (4), 961127
(5), 1043493 (6), 128365 (7) and 268231 (8). The major band in the lanes 2,
3, 4, 6 and 7 shows an amplification product corresponding to the expected
molecular weight. We included it in the experiment as a further positive control
b-Actin= beta-actin positive control; Neg= no cDNA negative control amplified
with primers of candidate 338893; MW= molecular weight standard.

2.2.5 Identification and validation of putative new genes

One of the most interesting aspects of our method is that, in principle, it should
be able to reveal the existence of functional genes independently from homol-
ogy with previously identified cDNAs, even when they correspond to completely
species-specific sequences. Among our predictions, 22 human sequences (2%)
did not correspond to known genes in the ENSEMBL database. Nevertheless,
for most of them we could find EST tracks covering the majority of the predicted
exons. However, 7 putative genes identified by our method did not correspond
to available ESTs, and were not predicted by other gene finding programs. To
discriminate whether these predictions correspond to false positive results or to
actual new genes, we thought to directly validate them. We reasoned that, if
these sequences were produced by functional genes that are still active in the
modern genomes, the corresponding mRNAs should be expressed at least in
the germ line. To obtain direct support for this hypothesis, we designed spe-
cific PCR primers, perfectly matching the nucleotides of two different exons of
the gene side sequence, and performed RT-PCR on human testis cDNA. Re-
markably, for four of them we recovered amplification products of the expected
molecular weight (see figure 2.2.5), which were further confirmed by direct se-
quencing. Interestingly, all the predictions that were not confirmed by RT-PCR
corresponded to putative genes located within introns of annotated genes.

Blastx analysis of the validated candidates revealed that most of them show
significant homology with other protein-coding genes. In particular, candidate
836759 may encode a protein very similar to a portion of the membrane protein
LRRC37B (ENSG00000185158), a member of the ”SLIT-like” family of genes.
Moreover candidates 1043493 and 338893 may encode for proteins similar to
the putative proteins encoded by LOC255649 (which display strong similarity
to rodents’ Oocyte secreted protein 1) and to LOC686205, respectively. The
only new validated candidate gene that did not show significant any significant
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homology was the number 931840. Interestingly, the mRNA sequence that we
reconstructed for this gene does not contain a significant open reading frame,
thus suggesting that it may correspond to a new human-specific non coding
gene.

2.3 Methods

The alignment database

We start from the full set of local alignments found by comparing the repeat
masked sequence of the human genome (build 36) with itself; we compute these
alignments with the Megablast software [141]. To avoid excessive memory oc-
cupation we split the chromosome sequences into smaller slices and compare
them all. We choose to split the sequences when we find a repeat masked re-
gion longer than 1000 base pairs (usually a LINE); this way we don’t need to
postprocess the alignments to merge overlapping slices. We are confident that
no alignment containing a masked region of 1000 bps or more can exist since its
score would be under any reasonable statistical cutoff. The alignment database
contains about 12 milions high scoring pairs (HSPs, pairs of regions sharing high
sequence similarity) longer than 30 bps.

We label each HSP a using two aligned regions ra1 and ra2 which are iden-
tified by their starting and ending points in absolute chromosomal coordinates:
ra1 = (a11, a12) and ra2 = (a21, a22). This induces a natural definition of dis-
tance between HSPs a = (ra1, ra2) and b = (rb1, rb2) as the length of the smallest
segment joining two endpoints, i.e:

d(a, b) =


∞ ri and rj on

different
chromosomes

min (d(ra1, rb1), d(ra1, rb2), d(ra2, rb1), d(ra2, rb2)) otherwise

where d(rai, rbj) is the euclidean distance between two points.

Location clusters

Since a processed pseudogene is the union of the exons of the original gene
one would expect to find it in the alignment database looking for clusters of
nearby HSPs. On one side of the alignment (the “pseudogene side”) we expect
multiple HSPs very close to each other (ideally, if no insertion occurred after
the retrotransposition event they should be contiguous); on the other side (the
“gene side”) they will be near but separated by gaps corresponding to the introns
that are missing from the pseudogene. Even if we allow for the presence of
mutations in one or both the sequences, the scenario remains quite the same.
Some of the original HSPs may now have a lower score, some may as well have
disappeared; but the picture still consists of a number of HSPs clumped one
next to the other. To extract these HSP clusters (which we shall denote in the
following as “location clusters”) from the alignment database we developed the
following clustering procedure. Each HSP can be represented as a segment in
the bidimensional plane spanned by the two sequences (in a way that closely
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resembles dot-plots); we cluster together two consecutive alignments / segments
if the distance between the two segments is lower then a certain threshold (we
chose 22Kbps because only 5% of known human introns are longer than that)
along both directions. If at least three of these segments are concatenated
together we consider the resulting group a location cluster.

As a result of this definition each location cluster can be considered as the
bidimensional bounding box of a set of at least three nearby segments and any
two location clusters are separated both horizontally and vertically by more
than 22Kbps.

These location clusters are the starting point of our analysis. The remaining
part of the computational pipeline is devoted to refine them and to filter out
those that do not conform to certain requirements (described in the following
sections). We consider each location cluster surviving the entire filtering process
as a candidate gene-pseudogene pair.

Corruption gaps

In some cases processed pseudogenes may have accumulated so many mutations
that only a small portion of the original duplicated region can be retrieved
using a standard alignment algorithm. Typically this lack of homology with the
original sequence shows up as a series of gaps in the alignment cluster: we call
them “corruption gaps”. Our goal is to separate these gaps from those due to
the intron splicing.

To identify the corruption gaps we use as anchors the high scoring pairs
(each HSP can have itself small gaps, as a consequence of standard alignment
algorithms, but these usually do not create problems).

As mentioned above each alignment can be represented as a segment on
the cartesian plane having as x and y axes the two genomic regions. Similarly
to what happens in dot-plot graphs, these segments lie on lines with angular
coefficent exactly ±1 if there are no gaps in the HSP (the sign of the angular
coefficient depends on the strand of the alignment). Given that we use a scoring
system penalizing gaps, the angular coefficient of segments representing an HSP
is always near ±1.

We join two HSPs, represented by segments a and b, with a new segment c
(that we define a “corruption gap”) if the distance d(a, b) is smaller than 3000
bps and if the angular coefficent of c is 45± 5 degrees.

We chose the values of these parameters considering some exemplar cases;
the final results are only slightly influenced by such values.

We call a set of high scoring pairs joined by corruption gaps a “diagonal”:
its projections on the two axes define two regions that are a candidate exon or
pseudoexon (homologous of an exon in a pseudogene).

Splicing gaps

The other class of gaps that we expect to find in the alignment clusters are those
due to the splicing of introns in the processed pseudogenes. These are of great
importance for our identification process since they allow us to distinguish the
original gene from its retrotransposed copy.

Introns in the mRNA of a gene are expected to be spliced before the retro-
transposition event, so we expect to see candidate pseudoexons that are close
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together while the corresponding candidate exons are separated by gaps that
we call “splicing gaps”.

A splicing gap is found by looking at the geometrical distribution of diag-
onals: if the segment joining two diagonals has a projection on one of the two
axes that is less than σ bps in length while on the other axis the projection is
larger than β bps, then we add this segment to the location cluster as a splicing
gap.

We set the threshold β looking at the intron length distribution and choosing
a value such that only the 5% of all introns are smaller than β bps; i.e. we expect
to loose only a 5% of true introns because of this cutoff. In the human case the
threshold turns out to be β = 74. The parameter σ accounts for the fuzziness
of diagonals that may not be precise at the extremes; for this parameter we use
a value of 15.

We can project a splicing gap on both axes of the cartesian plane: we consider
the longest projection as a candidate intron.

Another reason for which the identification of the splicing gaps is of crucial
importance is that it allows us to separete the “true” processed pseudogenes
from alignments (and possibly unprocessed pseudogens) deriving from duplica-
tions of a portion of the genome. To this end we discard all location clusters
without splicing gaps; to further reduce the number of false positives we actu-
ally require the presence of at least three splicing gaps in each location cluster
to continue its processing along the pipeline (in fact only the 4% of the human
genes contain only one intron).

In some cases it may happen that splicing gaps are found on both sides of
a location cluster, for instance due to large repeat insertions on the pseudogene
side. To avoid misclassification we eliminate these location clusters from our
dataset (669 out of 22123 location clusters with splicing gaps).

For all the remaining location clusters we can unambiguously recognize which
of the two axes holds a candidate exon (we call that side b) or a candidate
pseudoexon (side s). The segments associated to the splicing gaps (which have
projections only on the b side) denote our putative introns.

Trimming

Once we have identified the two sides (gene and pseudogene) of the location
cluster we can perform a further refinement of our candidate. Indeed it often
happens that the central alignment core, the signal of a retrotransposition event,
is flanked by spurious alignments having no relation with the gene-pseudogene
pair. We may eliminate them imposing the constraint that the pseudoexons on
the pseudogene side should be “close enough” to each other.

To implement this constraint we evaluate the median µ of the gaps gi between
consecutive pseudoexons and the median s of their square variance defined as

s = mediani

{
(µ− gi)

2
}

We then remove recursively alignments at the extremes of location clusters
if the gap they open on the pseudogene side is larger than µ+ 2

√
s.
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Analysis of the repeat content of candidate introns

A possible source of misclassification in our analysis is the presence in a dupli-
cated genomic region of one or more transposons inserted after the duplication.
These inserted sequences could be erroneously interpreted as spliced introns by
the pipeline described above thus leading to a wrong classification of the location
cluster.

To avoid this problem we look at the transposon content of all the candidate
introns and discard those whose sequence was composed for more than 90%
by trasposons. We then discard all the location clusters with less than two
surviving introns.

Out of the initial 1588810 location clusters only 2288 survived all the steps
of the above pipeline; they represent our database.

Retrieval of external datasets

We obtained the lists of previously annotated genes from ENSEMBL [123] re-
lease 40 (August 2006), VEGA [138] release 40 (August 2006) and UCSC re-
leases hg18 and mm8 (downloaded in September 2006). We obtained the lists
of VEGA PPGs filtering the full VEGA gene dataset for the biotype “processed
pseudogene”. We also downloaded the full pseudogene set provided as the pseu-
dogene.org pipeline output [132] in October 2007 and we later extracted all the
processed pseudogenes linked to a valid ENSEMBL gene ID.

Identification of pseudogene families

A relevant number of location clusters match with more than one other location
cluster. This happens in two cases: either when a single gene produced many
pseudogenes, or when a single processed pseudogene shares high sequence simi-
larity with more than one gene belonging to the same family. In the first case we
can define pseudogene families and associate them with a single original gene;
in this way we classify 2288 total pseudogenes in 987 families (see table 2.2). In
the second case we report all the putative genes associated with the pseudogene
and do not perform any further analysis. One or more of the candidate genes as-
sociated with a single PPG could be unprocessed pseudogenes; in principle one
could distinguish them from the gene which originated the retrotransposition
event looking in details at the alignments. Suppose that a single gene gives rise
to both a processed and an unprocessed pseudogene: if the pseudogenes are free
from selective pressure and therefore mutate randomly, the mutation events are
independent and one could expect to find a better sequence homology between
the PPG and the gene than between the PPG and the unprocessed pseudogene.

Experimental validation of the new candidate genes

The amplification primers were designed on two consecutive exons on the gene
side of our predictions. To ensure their specificity, all the sequences differed from
the corresponding pseudogene sequences at least on their 3’ end nucleotide. The
sequence of primers was as follows:
Pred. 316640= GACAATGTGTATAGGGCAGGTA; GATTAAGACACTACT-
GTTCTAGAA
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Pred. 338893 = AACGCCATAGGCCTGGGGCGGGT; CACAGCCCAGGGATCA-
GAAAAG
Pred. 836759= GCATTCCGTGCCAGGCCTGAA; AACTATATTTCATACATTGATGG
Pred. 931840= CACAGGGACTCAGCTGGGGTT; CCTCCATTCTCCCAGTACAGT
Pred. 961127= GGAGCCATCTTGCACTGTAA; CCGAAAACTAGAACGTCT-
GTT
Pred. 1043493= CCAAACAAATGATGACGCCAT; CTGTTAAAATTAAGT-
GTCCAT
Pred. 128365 = TGATCAAATAAATATGACAAATG, TTTCACCCATTCTG-
GCACAATCT
Pred. 268231= GATATTACTATGTAGTTTAAGTT; CTATCTACCTGTCTC-
TAAGAGACA

Human testis cDNA was commercially obtained (Clontech). The amplifica-
tion was performed in 50µl of 1x Go Taq Flexi Buffer (Promega), containing
0.2µM of each primer, 0.2mM of each dNTP, 1.5mM MgCl2, 1.25u GoTaq DNA
Polymerase (Promega), 10% DMSO and 5ng human testis cDNA (Clontech).
Samples were amplified by 25 cycles of 95� 1 min, 50� 1 min, 72� 1 min,
followed by a final extension step of 72� for 5 min. B-actin primers were used
as positive control.



Chapter 3

The BioinfoTree system

3.1 Introduction

The GenBank statistics webpage [142] is often cited to demonstrate how fast
the amount of data available to biologists and bioinformaticians is growing.
The whole dataset (see [143]; figures refer to release 165, April 2008), however,
consists of 47 GB of compressed files, a size that any recent computer can easily
handle.

It is interesting, by contrast, to explore how the annotations about sequences
are organized. The ENSEMBL database [144] for the human genome (release
49, March 2008) contains 347 different but interconnected tables. The corre-
sponding UCSC database (see [145], version hg18 ) is made of as many as 3718
tables.

In our experience it is such multitude of forms of information — not the
sheer size — that constitutes a challenge to our ability to efficiently organize
knowledge and to obtain new insights into biology. We have been caught many
times into the mundane details of converting data from one format to another
or of integrating information deriving from different sources (possibly not even
consistent among themselves). Not only that delayed our work; it made us risk
to lose sight of the original questions we were trying to answer.

We expect that in the foreseeable future things such as data formats, conven-
tions and softwares will continue to evolve. Manual intervention will be required
to handle inconsistencies and errors; for as much as we’d like it, we cannot build
an automatic tool to solve such problems. We’ve developed BioinfoTree as a
flexible set of programs to deal with changes and we let the user decide how
to combine them as needed by each research project. Our focus has been on
ways to compose different parts, rather than to merge them into a single body
of code — something hardly reusable. In doing so we aim at reducing as much
as possible the time devoted to repetitive and mechanical operations.

We stress interoperability at the data layer only: processes communicate
with each other by reading and writing values according to a shared format.
This leaves us a lot of freedom in choosing how to implement each component:
we can pick the language / runtime system most suited for the task without
worrying about binary or backward compatibility.

We should expect such approach to pay a price in terms of performances
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with respect to monolithic applications. In practice we haven’t found a single
case were the slowdown was blocking our work. On the other hand, the reduced
time of development (that is, human time) more than offsets a modest increase
in processing time.

The rest of the chapter is organized as follows. In section 2 we describe
a number of software stacks devoted to the management of bioinformatics re-
sources. We highlight their features and contrast their approach with ours.
Section 3 describes BioinfoTree in more details: we focus on its architecture
and tools. Section 4 is devoted to commenting a real-world example of its us-
age. Finally, section 5 presents some ideas about the future evolution of the
system.

3.2 Related work

3.2.1 NCBI C++ toolkit

The National Center for Biotechnology Information (NCBI) is probably best
known for its GenBank [146] database and PubMed service [147]. It also main-
tains and distributes a C++ toolkit providing portable libraries for, among
other things:

� networking and interprocess communication (IPC),

� multithreading,

� HTML generation,

� SQL database access,

� ASN.1 and XML serialization,

� biological sequence retrieval,

� sequence alignment algorithms.

Bindings for the Python and Perl languages were announced in April 2008 [148].
These libraries provide useful abstractions over the handling of bioinformat-

ics data, but the system in general remains focused on data storage and web
serving more than on basic research.

3.2.2 BioPerl

BioPerl [149] is a toolkit of Perl modules addressing common bioinformatics
needs. It is based on an object-oriented approach so that many modules de-
pend on each other to achieve a task. Besides the core package, auxiliary com-
ponents provide the support for building graphical interfaces, for connecting to
databases, for running many common tools and for parsing their output.

A fundamental difference with BioinfoTree consists in the scope of the project:
indeed, BioPerl provides the basic building blocks to assemble bioinformatics ap-
plications, but not full-blown utilities. We believe that working with higher level
tools is better suited at explorative programming as it allows to process data
in small, incremental steps right on the command line. Most times, we build
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standalone applications only after we have prototyped them by interactively
combining existing tools. This helps us identify the precise requirements of the
project we’re working on and encourages experimentation — we limit the time
and effort required to explore alternative lines of development that could turn
out to be dead ends.

BioPerl is focused on a single language and on a single style of programming
(the object-oriented style). In some cases it is well suited to our job and highly
productive; in others, alternative models better capture what we are trying to
achieve (we will provide a concrete example in the next section). As a result we
use it as a component rather than as a complete solution.

3.2.3 ENSEMBL API

The ENSEMBL project [37] produces and maintains automatic annotation on
selected eukaryotic genomes. It makes all results available in a graphical format
through a web-based genome browser and it also allows users to directly query
its public MySQL database. Moreover, a Perl API [150] is available to easily
access such information from custom applications.

The software builds upon BioPerl and shares with it the object-oriented
approach; this makes the interface extremely intuitive and easy to learn. We
believe, however, that it also introduces a fundamental mismatch with respect
to the organization of the data it exposes.

Consider, for example, the task of retrieving the genomic coordinates of all
the exons belonging to a group of genes of the human genome. The information
we need is divided into three tables: one for the genes, one for the transcripts
and one for the exons. Using the API, we start by asking the objects for the
genes we are interested in; for each of them we obtain the corresponding exons
and finally their coordinates.

The limit of this approach is that a single task (retrieving the exon coordi-
nates) is splitted into a number of independent subtasks. In terms of code, that
means the the logic is diluted across lines, many of which refer to flow control
rather than to the task itself; the “interesting” part is pushed down into the
innermost of two loops (one for the genes, one for their exons). With fragmen-
tation also comes a penalty in terms of performances. A gene object cannot
anticipate which of its fields will be accessed during its lifetime, so it requires
them all to the database at instantiation time. Moreover, the model does not
allow set-based operations: instead of a single statement containing SQL joins,
it employs a number of selects that is proportional to the number of genes. The
cost of the resulting computation is dominated by network delays rather than
by the database processing itself.

For these reasons, we prefer to access the ENSEMBL data by directly query-
ing the database using SQL. This also convinced us to think about local files
in terms of tables — where applicable — and to manipulate their content using
commands inspired by the relational model.

3.2.4 Galaxy

Galaxy [151] is a system for the integration of genomic sequences, alignments
and functional annotations. It provides a web interface to query genomic data
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from different sources and tools to combine and refine them. It also features an
history manager that graphically summarizes the commands issued by the user.

We think that keeping track of all the operations required by a bioinformatics
analysis is an essential ingredient to achieve reproducibility. Our tools should
allow us to describe the steps of a pipeline easily and without introducing clutter.
Not only that: if we cast our objectives using a descriptive language, rather than
an procedural one, the system should be able to “reason” about the pipeline
itself, relieving us from manual bookkeeping. For example, if we update one of
the inputs, we want to automatically propagate the changes to the final output.

BoinfoTree moves beyond linear pipelines as it allows to describe arbitrary
DAG (direct acyclic graph) structures (see, for example, figure 3.1). Moreover, it
helps to effectively separate tunable parameters from the actual implementation
of the computation so that running an analysis under different settings (for
example, on a different genome) is as easy as editing a file and issuing a single
command.

3.2.5 BioLingua

BioLingua [152] shares many design goals with BioinfoTree, but employs a rather
different implementation. It is a web-based programming environment that
integrates multiple data sources about cyanobacteria and that gives access to
many external tools such as ClustalW, Blast, MEME and the R statistical
package. It provides a uniform interface through the symbolic manipulation
capabilities and powerful macro system of Common Lisp.

In contrast to a centralized structure, we have chosen to organize our system
as a loosely coupled collection of tools. The first consequence of this choice is
that there is no substantial difference between an external tool and one that we
have developed ourselves. This puts us in the position to develop strategies to
make them interoperate right from the beginning. At each cycle of the system
evolution it becomes more likely that the next tool we are going to use will be
easily integrated into the existing infrastructure.

The implementation does not rely on a single environment or virtual ma-
chine; instead, we employ a number of cooperating processes that are isolated
by the operating system except for the data they explicitly transmit each other
(share-nothing model). As noted elsewhere [153], this simplifies error handling
and naturally exposes parallelism.

Finally, such fine grained subdivision allows great freedom in development.
Different researchers may change the system concurrently; most of the times,
new versions of the tools may be deployed without first stopping already running
computations. For testing purposes, we are also free to isolate changes to specific
projects or users.

3.3 BioinfoTree

BioinfoTree is a computational framework for bioinformatics projects and, specif-
ically, for comparative genomics. It has been developed over the years to support
our research; as such, it tries to answer to very practical needs. Some of them
are: storing and processing genomic sequences, aligning whole genomes, dis-
playing the resulting alignments interactively, combining genome annotations
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from different sources, studying motifs, SNPs and graphs of interactions.
In the following sections we review the main design principles that guided

the development of the framework.

3.3.1 Language agnosticism

When we started to collaborate, we all had different programming backgrounds
with respect to, among other things, languages and tools. Making a single choice
and standardizing on that one seemed too restrictive — as we have already
discussed we strongly believe that different problems require different mindsets
to be efficiently solved. Moreover, had we made that choice we would have lost
the opportunity to reuse preexisting work (both ours and developed by other
groups).

We decided instead to concentrate our efforts on finding an uniform way to
exchange information.

3.3.2 Data representation

We chose plain text for its simplicity and flexibility. For the most part we now
rely on tab-delimited, FASTA [154] and JSON [155] formats.

We believe such approach to be preferable to the use of binary formats first
of all for the possibility to visually inspect content without using any transfor-
mation. That is most useful when initially assembling and debugging a new
software system; those two activities occupy a significant fraction of our time.
On the other hand, this choice imposes a certain overhead due to the fact that
textual representation is not the most efficient for all data types; we address
this issue by using on-the-flight compression. As most compression algorithms
are generic (they work on arbitrary byte streams), we don’t need to invest time
neither to design and document a new format, nor to write the software to se-
rialize it. Moreover, the wide availability of compression tools allows us to pick
the one with the best space / time tradeoff for the data at hand.

We also avoid the use of XML most of the times. Markup languages are well
suited to encode documents with a loose structure, but they are sub-optimal for
mostly tabular data, as they introduce redundancy and significantly complicate
parsing.

3.3.3 Data warehousing

Two approaches have emerged to face the task of integrating information coming
from multiple data sources. One is called “federation” [156] and employs a
special-purpose query language to formulate a single query that spans multiple
DBs. The other, called “warehousing”, replicates data and processes it locally
(see for example [157]).

BioinfoTree employs the latter for a number of reasons:
Accessibility. The federation approach relies on the assumption that all data

sources are accessible online by means of a RDBMS. That is far from being the
truth, as many datasets are published as static files, in a number of different
formats (including proprietary ones). Writing a software to provide an abstract
access layer on top of such a variety of formats is a daunting task. Manual
import still remains the less time consuming option in a number of cases.
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Caching. We have observed that exploring new data often involves issuing
slight variations of the same query repeatedly. This imposes an unneeded load
both on the network and on the remote database, especially when the request
includes multiple join operations. By caching the original data, we transfer it
only once and we can later exploit local computational resources for the analysis.

Performances. When users submit a query to an online service, they cannot
control the hardware on which it will be processed. This becomes an issue for
applications performing large numbers of queries or producing large quantities
of results. Even in the presence of adequate resources on the server side, online
databases do not allow the user to keep intermediate results remotely. That
hampers the ability to push the computation towards the data store, where it
could be processed more efficiently. The result is that network I/O still remains
the biggest bottleneck in the system.

Preprocessing. Online databases provide information in the most modular
and comprehensive way; a single project, on the other hand, may require a subset
of that content or may impose specific access patterns. Local warehousing allows
the user to cleanse what she considers to be erroneous or noncompliant data.
Moreover, denormalization (i.e. combining the content of multiple, connected
tables into a new one) usually simplifies subsequent processing.

Versioning. One of the biggest drawbacks of warehousing is that local con-
tent becomes out of synch with respect to the version that is available online.
This is not an issue for a large part of the data we use: the providers themselves
adopt a versioning scheme that avoids any change after the initial release. That
is what happens, for example, with the ENSEMBL and UCSC datasets.

In the other cases, the federation approach has the advantage of naturally
providing the most up-to-date information. In practice, however, we have found
that working on changing data is difficult and error-prone. We prefer to take a
snapshot at some point in time and focus on that, as this allows better repro-
ducibility for our projects.

BioinfoTree does not rely on any RDBMS to store mirrored data; it uses plain
text files as it does for locally generated content. A number of utilities allow
the user to manipulate information using the same operations of the relational
model. This does not result, however, in the duplication of the functionality of
a database system because the context of operation is extremely different.

Our system is focused on large scale data analysis; it sacrifices fast response
times on single items in favor of high throughput on aggregate operations.

To begin with, all files (or, in other terms, all relations) are essentially read-
only: after we generate them for the first time, we never change their content. If
we need an update, we replace the whole file (this approach is useful also in the
context of dependency control; see section 3.3.5). Under such conditions, data
management is extremely simplified. We do not need to handle inserts, updates,
deletes or even transactions; this in turn means no complex data structures and
no fragmentation on disk. As the lifespan of data is generally quite long, it
becomes convenient to optimize its storage, for example by presorting it on one
or more attributes (columns). For the same reasons, aggressive compression
is possible; for example, we managed to reduce the size of the results of a
whole genome alignment from 113 to 27 GB (24% of the original size). We are
experimenting with content-aware schemes to reduce redundancy and to obtain
even better ratios (see section 3.5).
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If this “single assignment” model simplifies data processing, one has to won-
der what are its effects on efficiency. Our experience has been that it requires
a shift in the way one thinks about computation (from “for loops” to set op-
erations); it is the same change, however, that is required to properly operate
relational databases. Once the right mindset is acquired, the results are com-
parable or better than those currently achievable with RDBMSes. First of all,
direct data access using plain files is more efficient than the corresponding oper-
ations on databases: it reduces context switches and memory copies to and from
kernel space. It also plays extremely well with the operating system read-ahead
and caching machinery as content is always read (or written) sequentially. The
ability to avoid seeks is increasingly important as disk drives rapidly double
their size, but access time do not decrease at the same pace (many refer to
disks as “the new tape” [158]). Random access operations remain nonetheless
possible by using RAM as intermediate storage. For those few datasets so big
not to fit into main memory, we can either spill intermediate results to disk
(divide-and-conquer) or use the map/reduce model [159].

Finally, the explicit use of files to hold relations enables easy replication
(see section 3.3.6) and parallel I/O by means of in-kernel clustering filesystems
(such as Lustre [160]). Database replication, on the other hand, is complex to
maintain and limited in scope: most systems allow only one host to perform
writes and do not support striping.

3.3.4 Interactivity

We do not employ a strict development model as we prefer to assemble software
by freely mixing design, coding and testing (the “code a little, test a little”
practice publicized by extreme programming [161, 162]). For this to happen,
it is crucial we can rely on an environment that provides a REPL (read-eval-
print loop) to experiment with small snippets of code. We also want abstractions
allowing great freedom in combining the components we have already developed
as we aim at maximizing reuse. Different programming languages provides
features satisfying such requirements at various levels; yet, as we have already
observed, we do not want to chose any one of them in an exclusive way.

To this day, no single virtual machine has matured the capability to trans-
parently mix on the same runtime stack calls to libraries written in different
languages. The solution we have adopted relies, therefore, on multiple pro-
cesses. Commands are arranged at the prompt provided by UNIX shells and
are made to communicate either by anonymous pipes or by named files. We do
not claim any novelty in this approach (the first implementation of pipes dates
back to 1973). We have however standardized its usage across all our tools and
we also provide wrappers to adapt many external applications to this model.

3.3.5 Workflow management

As a project matures through both incremental refinements and radical changes
it becomes increasingly difficult to manually track all the files it requires. If an
external database is updated with a new batch of experimental data, what are
all the steps we need to make sure our results are consistent? If the analysis is
computationally intensive, we want to answer to such question as precisely as
possible: partial rebuilds may provide huge savings in time.



CHAPTER 3. THE BIOINFOTREE SYSTEM 69

Writing scrips to automate data processing is an option, but it has some
serious disadvantages. The flexibility to selectively rebuild a single file (as op-
posed to running an entire pipeline from scratch) requires a lot of code, most
of which handles technical details and is therefore outside the scope of bioinfor-
matics. This fact alone should justify the development of a tool not tied to a
single project.

We moreover believe that a general purpose language is not well suited to
encode the specifics of a workflow because: (1) it is too complex to be statically
analyzed in its full form and (2) it does not provide an advantage over a DSL
(domain specific language) if it is limited to a treatable subset by a framework
or a library. In this context we prefer a declarative language because it cap-
tures the details of workflows without introducing any noise related to the way
they are represented internally by the system. Defining the requirements of a
pipeline in terms of dependencies among files has another advantage: the work-
flow execution software is free to reorder intermediate targets and to chose the
resolution strategy that maximizes throughput.

It turns out that the well known “make” utility of UNIX origins satisfies
most of the requirements we have outlined. The tool was originally developed
(in 1977) to automate source code compilation. The underlying model, how-
ever, is extremely general: it permits to express in a compact form any direct
acyclic graph of dependencies and the commands to perform the actual compu-
tation. The system then takes care of placing targets in the correct sequence
and “builds” them. Using this facility it is possible to set up projects in Bioin-
foTree with minimal effort so that a single make call is sufficient to generate
from scratch the final results.

This approach opens up other possibilities. Makefiles (i.e. the “scripts”
that the make software reads) are parametric: the user can specify an arbi-
trary number of variables, use macros for text processing, file matching and
external command execution; whole sections may be conditionally processed or
programmatically generated. As a result, we can effectively separate the bulk
of the implementation of a pipeline from the settings we may want to change to
setup our analysis. In the case of the search for promoter motifs, for example,
we were able to switch among organisms and providers of genome annotations
by changing just a few lines of a makefile.

The ability to reason statically about graphs of interconnected commands
has great utility in exploiting parallelism. We used the DRMAA [163] API to
implement a shell that issues commands to a queue system (such as the Sun
Grid Engine [164]) instead of running them locally. By configuring make to
use that shell and by using its capability to simultaneously process independent
targets, we have assembled an efficient distributed system. An example of its
usage is provided by whole genome alignment computations. Their workflow
graphs contain thousands of independent nodes; each of them correspond to
a step requiring 5 to 30 minutes of CPU time. By issuing the “make -j n”
command on any node of a cluster we can run up to n jobs in parallel. The -j
switch is the only thing we have to specify to enable parallelism.

Other parallel implementations of make are available. Some of them are
free, some are part of commercial packages; most are bound to a specific queue
system. We think that our solution is more lightweight because it does not
require any change to the make software itself: as such, it conserves bug-by-
bug compatibility with the make version the user has installed on her system.
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Figure 3.1: A typical forkflow structure in BioinfoTree; the specific example is
devoted to download and preprocess phenotypic data from the Mouse Genome
Database [165]. Each file in the pipeline is represented along its name as a
vertex of a graph (file names have only illustrative purposes). Edges show
dependecies among files and, at the same time, the rules (program code) that
produces a target starting from its dependencies. Black edges represent rules
in wich are involved only UNIX core utilities (wget, grep, cut, awk...) and
BioinfoTree core utilities (expandsets, translate, repeat-group-pipe...). Yellow
edges (1) indicate rules consisting of one-line Perl scripts; red ones (2) rules that
use BioinfoTree graph manipulation tools; and green edges (3) rules involving
task specific scripts.

Finally, the DRMAA interface guarantees ample interoperability with existing
queue systems: as of this writing, six different implementations are supported.

3.3.6 Replication

BioinfoTree needs to run on machines with very different hardware specs (rang-
ing from multi-processor workstations to old desktops), operating systems and
possibly not even connected to the Internet on a permanent basis (for example,
laptops during travels). A common situation, for example, involves a user de-
veloping a new software on his graphic terminal and later running it as a batch
job on a cluster node. To meet these needs, all the information in the system is
serialized to disk in the form of a tree of directories matching a subdivision of
purpose or project. We have also introduced a clear distinction between code
and data: the first is easily transfered, while multi-gigabytes datasets are copied
only when needed. Finally, the use of distributed revision control systems [166]
and smart file synchronizers [167] makes it possible for multiple developers to
work independently without introducing inconsistencies.

3.3.7 Reuse

We have often found the need to share the same data sources and softwares in the
context of different works. Since that is such a common necessity, BioinfoTree
is organized to ease reuse.
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Figure 3.2: A graphic representation of section C of the Makefile shown in figure
3.3.

If all projects are described using the standard format of makefiles, the
extraction of parts of general interest is extremely simplified. When we first
develop it, we are not forced to anticipate in great detail if and how a workflow
could later become useful in a different part of the system. Its representation
naturally exposes all the steps involved in the analysis, so we remain free to
decide which ones we need and which we prefer to ignore.

To expose generic workflows and to improve their sharing between the re-
searchers using BioinfoTree, we collect them in a dedicated branch called “tasks”.
Figure 3.2 outlines a project integrating data from three different tasks.

3.3.8 Target users

BioinfoTree is targeted at bioinformatics programmers. It aims at providing
high level tools for common tasks, yet it never hides their inner workings. If
the user finds a part of the system insufficient for his needs, he should be able
to extend it (or replace it altogether) with minimal effort. To be able to do
such customizations, however, he should have a general understanding of the
UNIX environment (both system tools and shell scripting) and knowledge of
one or more programming languages. He can find technical documentation for
our tools in a web-based wiki.

We do not provide a graphical interface to the system, as it is extremely
difficult to visually capture the constructs we use in scripts and makefiles. Our
first attempts in this direction resulted in representations either too poor to
sufficiently convey the details of the computation or too dense to be actually
readable. This is definitively an area where we would like to improve the current
situation (see section 3.5).

3.4 Examples

In this section we describe a practical example of how we can implement an
analysis pipeline using the tools provided by our system. For illustrative pur-
poses only, our objective will be that of identifying functional signals inside
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introns. We will search for repeated sequences in human introns; if any of them
will appear more frequently in genes sharing the same function than anywhere
else, we will consider it as a candidate signal.

The actual implementation starts by fetching the intronic sequences (see
figure 3.3A). To do that, it needs to combine two pieces of information: the list
of the coordinates of the human introns and the actual genomic sequences. As
both of them are stored locally in the tree, a single command is sufficient to
extract all the (sub)sequences and to store them in a FASTA file.

Next, all the introns are aligned among themselves with the WU BLAST
software [168]. As you can see from figure 3.3B the makefile only contains
variable definitions; all the real work is performed by another part of the system
that is completely parametric (even in the choice of the alignment algorithm).
This step is computationally intensive, but internally it is splitted into a number
of intermediate targets: we can therefore parallelize it over a cluster by asking
make to run n independent jobs concurrently.

The last part of the pipeline (see figure 3.3C) reads in the results of the
alignment and builds a network where the nodes are regions and the links corre-
spond to similarity relations (i.e. two regions a and b are connected by a link if
they have been aligned). It is now possible identify repeated signals by isolating
the connected components of such graph.

Finally, the pipeline adds functional annotations to the picture. Each region
in a connected component belongs to a gene, so we can hypothesize that it is
related to its function. This assumption is tested by performing an overrepre-
sentation study using a simple hypergeometric model that provides an estimate
of the statistical likelihood that a signal (connected component of regions) is
associated to the genes it belongs to just by chance.

Figure 3.3C shows that this analysis is performed using both Gene Ontol-
ogy [169] annotations and the Mouse Genome Database [165] phenotypes. The
tools employed are the same as the two datasets are mirrored in BioinfoTree
using an uniform format. The only difference depends on the fact that pheno-
types are defined for the mouse genome only, so we have to translate the original
associations using orthology relations between mouse and human genes.

3.5 Future work

We continue to work on BioinfoTree in a number of directions.
The makefile paradigm plays an important role in the organization of the

system, so we have started to develop a new make implementation including
some features outside of the scope of software building. First of all, we want to
be able to encode rules producing an arbitrary number of output files. This may
improve efficiency (we generate many results with a single pass over the input),
but it is mainly aimed at better integrating external tools we cannot modify.

We want to annotate rules to document their workings, to link publications
describing the datasets they rely on and to declare the format of output files.
This last kind of annotation would allow us to further increase readability, as
we could express queries in a more symbolic style. We could implement a
contract system [170] to automatically check if an input file actually contains
the information we expect; this would make us more free to change file formats
across the system as incompatible changes would not be properly flagged.
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A
include $(BIOINFO_ROOT)/local/share/makefile/global-rules.mk..............

all: conn_comp-pheno.overrep conn_comp-go.overrep.........................

intron.fa: $(ANNOTATION_DIR)/intron.coords $(SEQUENCE_DIR)/chr*.fa........
        seqlist2fasta $(word 2,$^) < $< > $@

global-rules.mk define some general behaviors.

The all target specifies as dependencies the final results of the 
computation. This way we can trigger a full build of the project by 
calling make without arguments.
The intron.coords file contains the genomic coordinates of all 
introns. We are using the human annotation as ANNOTATION_DIR points 
to the directory “task/annotations/dataset/ensembl/hsapiens/49” (49 
is a version identifier). seqlist2fasta extracts the sequences 
corresponding to such coordinates from those of whole chromosomes 
that are stored in the SEQUENCE_DIR directory.

B
ALIGN_TYPE    := wublast..................................................
WUBLAST_FLAGS := W=8 matrix=pam10.........................................
SPECIES1      := hsapiens.................................................
SEQNAME1      := intron.fa
SPECIES2      := hsapiens
SEQNAME2      := intron.fa

include rules-alignments-common.mk........................................

The alignment algorithm.
We use a seed of 8 base-pairs and the PAM10 scoring matrix.
We align all the human introns among themselves, so we use the same 
sequence file both as a query and as a database.

This include imports all the logic needed to build the 
alignments.wublast.gz file containing the parsed output of WU BLAST.

C
network: alignments.wublast.gz............................................
        zcat $< \
        | awk '$$9 >= $(MIN_SCORE) && $$10>= $(MIN_PERC_IDENT) \
              {print $$1,$$5}' > $@

conn_comp: network........................................................
        conncomp < $< > $@

hsapiens-pheno: $(PHENO_DIR)/riannot $(HOMOLOG_DIR)/hsapiens2mmusculus.map
        translate -k -r $(word 2,$^) 4 < $< \
        | cut -f 1,4 > $@

conn_comp-pheno: conn_comp hsapiens.pheno.................................
        translate -d -a -k -r $(word 2,$^) 2 < $< \
        | expandset 3 > $@

conn_comp-go: conn_comp $(GO_DIR)/riannot.................................
        translate -d -a -k -r $(word 2,$^) 2 <$< \
        | expandset 3 > $@

conn_comp-pheno.overrep: conn_comp-pheno $(PHENO_DIR)/mp-description......
        $(ANNOTATION_BIN_DIR)/overrep $(word 2,$^) < $< > $@

conn_comp-go.overrep: conn_comp-go $(GO_DIR)/go-description
        $(ANNOTATION_BIN_DIR)/overrep $(word 2,$^) < $< > $@

The network file is produced from the output of the alignment tool. 
The nodes of the network are labeled by gene IDs. Compressed dataset 
are handled with gzip and zcat. awk if used as a filter.

The conn_comp file contains the nodes of the network divided into 
sets, one for each connected component. Since all graphs are 
represented in the same format, we can use the general utility 
conncomp to compute connected components.
Phenotype data is stored in the riannot file in the PHENO_DIR task 
directory. As such information refers to mouse genes, we translate 
the mouse gene IDs to the corresponding human gene IDs using the 
orthology relations stored in HOMOLOG_DIR. 
The translate core utility is used not only to convert information, 
but also to integrate it. In this case we associate (-a flag) the 
phenotypic data to each gene in each connected component. expandset 
is another core utility we use to manage multiple associations: it 
produces an output line for each pair made of a gene and a 
phenotype.
We associate GO terms to connected components in a similar way. GO 
data is defined directly for humans, so we do not need to translate 
gene IDs as we did before. The fact that we use the GO annotation 
for the human species is encoded in the GO_DIR variable, whose value 
is “task/annotations/dataset/GO/hsapiens/49”.
These two rules use a task specific utility (overrep) to estimate 
the overrepresentation of GO terms and phenotypes in each set of 
genes defined by the connected components.

Figure 3.3: The Makefile to search for functional signals inside introns.
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An abstract definition of file content would also benefit compression. We
have developed a prototype software that transforms its input before further
processing it; in the case of alignments, for example, it encodes pairs of region
coordinates as base positions plus offsets. Applying a simple Huffman cod-
ing [171] to the resulting data, we obtained a compression ratio twice as good
as that provided by generic tools (such as bzip2).

We are seeking new ways to graphically represent complex pipelines. Spatial
metaphors could help us to interactively switch from large scale views of a
workflow to the details of a single step. Ideally, the user should be able to
manipulate the dependency graph in a GUI, adding new nodes and changing
the commands they are connected to. We could probably use the Taverna
software [172] to achieve such results.

Finally, the availability of the Hadoop [173] project, an open source im-
plementation of the map/reduce model, gives us the possibility to extend the
data manipulation abstractions provided by BioinfoTree. We are currently in-
vestigating its interactions with scripting languages, clustering filesystems and
on-demand resource allocation.
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Supplementary data

A.1 Gene Ontology association of retrotransposed
genes

Table A.1: Each GO terms with a significant p-value is reported, N is the number
of genes associated with the given GO terms, M is the number of such genes that
have also a more specific significative annotation.

GO key N M P-value ontology description

GO:0051169 15 2 4.07e-03 biological process nuclear transport
GO:0008104 62 60 4.89e-05 biological process protein localization
GO:0051188 13 0 9.13e-03 biological process cofactor biosynthesis
GO:0006260 19 0 4.93e-03 biological process DNA replication
GO:0006177 2 0 8.30e-03 biological process GMP biosynthesis
GO:0043285 34 25 9.77e-05 biological process biopolymer catabolism
GO:0006445 21 9 1.66e-07 biological process regulation of translation
GO:0006446 8 0 1.29e-03 biological process regulation of translational initiation
GO:0006605 26 2 3.01e-05 biological process protein targeting
GO:0030049 2 0 2.87e-03 biological process muscle filament sliding
GO:0030163 25 20 1.44e-03 biological process protein catabolism
GO:0006839 6 0 1.07e-03 biological process mitochondrial transport
GO:0000398 12 0 6.74e-04 biological process nuclear mRNA splicing, via spliceosome
GO:0016567 10 0 4.37e-03 biological process protein ubiquitination
GO:0006259 54 20 9.96e-03 biological process DNA metabolism
GO:0000050 3 0 7.00e-03 biological process urea cycle
GO:0043037 34 31 1.09e-09 biological process translation
GO:0006457 33 0 4.72e-06 biological process protein folding
GO:0009060 11 9 4.46e-07 biological process aerobic respiration
GO:0009064 7 0 8.32e-03 biological process glutamine family amino acid metabolism
GO:0007067 23 6 5.61e-05 biological process mitosis
GO:0044267 259 206 1.45e-17 biological process cellular protein metabolism
GO:0044265 41 35 3.66e-06 biological process cellular macromolecule catabolism
GO:0006888 10 0 3.94e-03 biological process ER to Golgi vesicle-mediated transport
GO:0044260 261 259 3.22e-17 biological process cellular macromolecule metabolism
GO:0006886 41 26 2.57e-06 biological process intracellular protein transport
GO:0006880 2 0 2.87e-03 biological process intracellular sequestering of iron ion
GO:0042254 17 15 1.52e-06 biological process ribosome biogenesis and assembly
GO:0016043 156 147 3.44e-08 biological process cell organization and biogenesis
GO:0006360 4 3 1.99e-03 biological process transcription from RNA polymerase I promoter
GO:0042255 3 0 7.00e-03 biological process ribosome assembly
GO:0007183 2 1 2.87e-03 biological process SMAD protein heteromerization
GO:0007181 2 1 8.30e-03 biological process transforming growth factor beta receptor complex as-

sembly
GO:0007184 2 1 2.87e-03 biological process SMAD protein nuclear translocation
GO:0019318 16 14 6.59e-03 biological process hexose metabolism
GO:0006810 154 93 5.52e-03 biological process transport
Continued on Next Page. . .
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GO key N M P-value ontology description
GO:0009889 25 23 1.41e-04 biological process regulation of biosynthesis
GO:0009152 10 2 8.51e-03 biological process purine ribonucleotide biosynthesis
GO:0009150 11 10 5.05e-03 biological process purine ribonucleotide metabolism
GO:0009260 12 10 2.04e-03 biological process ribonucleotide biosynthesis
GO:0008152 563 560 1.32e-22 biological process metabolism
GO:0007059 9 6 1.60e-03 biological process chromosome segregation
GO:0016070 67 61 1.32e-11 biological process RNA metabolism
GO:0016071 39 33 4.52e-08 biological process mRNA metabolism
GO:0050658 11 9 4.65e-04 biological process RNA transport
GO:0015980 26 23 6.95e-07 biological process energy derivation by oxidation of organic compounds
GO:0046907 77 64 1.36e-10 biological process intracellular transport
GO:0006512 49 26 8.75e-06 biological process ubiquitin cycle
GO:0006104 2 0 8.30e-03 biological process succinyl-CoA metabolism
GO:0006356 3 0 5.89e-04 biological process regulation of transcription from RNA polymerase I

promoter
GO:0006100 7 2 1.04e-04 biological process tricarboxylic acid cycle intermediate metabolism
GO:0006417 23 21 1.57e-04 biological process regulation of protein biosynthesis
GO:0006732 23 10 2.39e-05 biological process coenzyme metabolism
GO:0030261 4 0 8.86e-03 biological process chromosome condensation
GO:0007046 13 0 1.02e-04 biological process ribosome biogenesis
GO:0050875 707 689 3.73e-29 biological process cellular physiological process
GO:0009259 14 13 4.60e-04 biological process ribonucleotide metabolism
GO:0007049 78 63 3.15e-07 biological process cell cycle
GO:0000723 5 0 7.91e-03 biological process telomere maintenance
GO:0006139 235 135 1.11e-04 biological process nucleobase, nucleoside, nucleotide and nucleic acid

metabolism
GO:0043161 6 0 2.12e-03 biological process proteasomal ubiquitin-dependent protein catabolism
GO:0051246 28 23 3.07e-03 biological process regulation of protein metabolism
GO:0008380 35 12 3.16e-09 biological process RNA splicing
GO:0006996 87 54 3.48e-05 biological process organelle organization and biogenesis
GO:0009987 743 707 4.18e-11 biological process cellular process
GO:0006084 10 9 2.07e-06 biological process acetyl-CoA metabolism
GO:0000051 4 0 8.86e-03 biological process urea cycle intermediate metabolism
GO:0006337 3 0 2.72e-03 biological process nucleosome disassembly
GO:0043170 402 397 1.07e-33 biological process macromolecule metabolism
GO:0006007 14 11 6.81e-06 biological process glucose catabolism
GO:0046365 15 14 1.00e-05 biological process monosaccharide catabolism
GO:0006099 9 0 1.44e-06 biological process tricarboxylic acid cycle
GO:0006092 21 19 2.31e-07 biological process main pathways of carbohydrate metabolism
GO:0006096 11 0 1.12e-04 biological process glycolysis
GO:0051301 23 0 8.42e-04 biological process cell division
GO:0006511 20 7 5.76e-04 biological process ubiquitin-dependent protein catabolism
GO:0000279 28 23 5.33e-05 biological process M phase
GO:0000278 32 23 1.57e-05 biological process mitotic cell cycle
GO:0007582 727 720 2.35e-13 biological process physiological process
GO:0006913 18 2 5.35e-04 biological process nucleocytoplasmic transport
GO:0009058 176 167 1.73e-29 biological process biosynthesis
GO:0009059 134 127 1.80e-33 biological process macromolecule biosynthesis
GO:0044262 33 25 1.48e-03 biological process cellular carbohydrate metabolism
GO:0009056 68 64 1.43e-07 biological process catabolism
GO:0006497 7 2 8.32e-03 biological process protein amino acid lipidation
GO:0044238 540 501 1.32e-26 biological process primary metabolism
GO:0000070 6 0 1.71e-03 biological process mitotic sister chromatid segregation
GO:0051276 35 12 2.99e-03 biological process chromosome organization and biogenesis
GO:0051028 9 0 1.39e-03 biological process mRNA transport
GO:0000074 44 0 1.30e-03 biological process regulation of progression through cell cycle
GO:0018348 2 0 8.30e-03 biological process protein amino acid geranylgeranylation
GO:0044237 543 508 1.32e-24 biological process cellular metabolism
GO:0015031 60 41 2.61e-06 biological process protein transport
GO:0006415 3 0 4.56e-03 biological process translational termination
GO:0006414 6 0 1.71e-03 biological process translational elongation
GO:0006413 15 8 1.92e-06 biological process translational initiation
GO:0006412 127 43 1.95e-34 biological process protein biosynthesis
GO:0006396 56 39 1.16e-10 biological process RNA processing
GO:0006397 33 12 6.07e-07 biological process mRNA processing
GO:0043231 474 412 3.82e-24 cellular component intracellular membrane-bound organelle
GO:0005784 2 0 8.30e-03 cellular component translocon complex
GO:0015934 20 16 1.15e-12 cellular component large ribosomal subunit
GO:0015935 29 26 1.16e-20 cellular component small ribosomal subunit
GO:0030867 3 2 2.72e-03 cellular component rough endoplasmic reticulum membrane
GO:0043232 183 166 6.05e-21 cellular component intracellular non-membrane-bound organelle
GO:0005789 15 3 1.86e-03 cellular component endoplasmic reticulum membrane
Continued on Next Page. . .
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GO key N M P-value ontology description
GO:0008043 2 0 2.87e-03 cellular component ferritin complex
GO:0005832 4 0 1.13e-04 cellular component chaperonin-containing T-complex
GO:0000228 12 9 5.11e-03 cellular component nuclear chromosome
GO:0005737 409 317 1.26e-44 cellular component cytoplasm
GO:0005819 9 0 6.77e-03 cellular component spindle
GO:0005838 4 0 4.81e-04 cellular component proteasome regulatory particle (sensu Eukaryota)
GO:0031090 65 48 6.70e-07 cellular component organelle membrane
GO:0031981 54 52 3.92e-06 cellular component nuclear lumen
GO:0005730 18 0 5.84e-04 cellular component nucleolus
GO:0016282 31 26 6.56e-27 cellular component eukaryotic 43S preinitiation complex
GO:0005634 299 100 1.61e-09 cellular component nucleus
GO:0043233 70 67 3.15e-08 cellular component organelle lumen
GO:0044444 315 232 2.08e-40 cellular component cytoplasmic part
GO:0005739 105 45 2.04e-17 cellular component mitochondrion
GO:0030529 111 99 1.50e-41 cellular component ribonucleoprotein complex
GO:0005654 38 3 3.49e-04 cellular component nucleoplasm
GO:0044432 17 15 1.23e-03 cellular component endoplasmic reticulum part
GO:0044430 47 11 9.47e-03 cellular component cytoskeletal part
GO:0005759 13 7 7.02e-04 cellular component mitochondrial matrix
GO:0005694 40 36 8.76e-05 cellular component chromosome
GO:0015630 30 9 3.77e-03 cellular component microtubule cytoskeleton
GO:0031967 43 34 6.89e-06 cellular component organelle envelope
GO:0031966 33 29 7.34e-07 cellular component mitochondrial membrane
GO:0012505 37 15 2.23e-03 cellular component endomembrane system
GO:0000502 11 4 4.36e-05 cellular component proteasome complex (sensu Eukaryota)
GO:0001674 2 0 8.30e-03 cellular component female germ cell nucleus
GO:0005862 2 0 8.30e-03 cellular component muscle thin filament tropomyosin
GO:0030530 4 0 6.93e-03 cellular component heterogeneous nuclear ribonucleoprotein complex
GO:0043234 247 141 1.03e-35 cellular component protein complex
GO:0005840 75 52 6.10e-37 cellular component ribosome
GO:0005843 26 0 3.04e-25 cellular component cytosolic small ribosomal subunit (sensu Eukaryota)
GO:0005842 16 0 1.29e-14 cellular component cytosolic large ribosomal subunit (sensu Eukaryota)
GO:0005829 80 50 2.48e-22 cellular component cytosol
GO:0044446 269 268 2.68e-32 cellular component intracellular organelle part
GO:0005743 29 0 2.17e-06 cellular component mitochondrial inner membrane
GO:0005740 34 33 1.89e-06 cellular component mitochondrial envelope
GO:0044445 50 46 6.05e-32 cellular component cytosolic part
GO:0044428 97 84 1.26e-11 cellular component nuclear part
GO:0005761 7 0 9.41e-03 cellular component mitochondrial ribosome
GO:0005666 3 0 7.00e-03 cellular component DNA-directed RNA polymerase III complex
GO:0044427 33 9 1.01e-03 cellular component chromosomal part
GO:0016281 4 0 8.30e-04 cellular component eukaryotic translation initiation factor 4F complex
GO:0005681 22 0 1.66e-06 cellular component spliceosome complex
GO:0044454 9 0 8.28e-03 cellular component nuclear chromosome part
GO:0005200 11 0 9.96e-03 molecular function structural constituent of cytoskeleton
GO:0008143 3 0 4.56e-03 molecular function poly(A) binding
GO:0030508 3 0 2.72e-03 molecular function thiol-disulfide exchange intermediate activity
GO:0048487 3 0 7.00e-03 molecular function beta-tubulin binding
GO:0005488 656 561 5.27e-07 molecular function binding
GO:0003676 251 137 6.94e-11 molecular function nucleic acid binding
GO:0005485 2 0 8.30e-03 molecular function v-SNARE activity
GO:0008168 14 0 6.10e-03 molecular function methyltransferase activity
GO:0005198 97 84 4.52e-17 molecular function structural molecule activity
GO:0005504 5 0 9.46e-03 molecular function fatty acid binding
GO:0043566 10 9 3.18e-03 molecular function structure-specific DNA binding
GO:0004659 4 3 5.30e-03 molecular function prenyltransferase activity
GO:0016874 35 25 8.08e-05 molecular function ligase activity
GO:0030911 2 0 2.87e-03 molecular function TPR domain binding
GO:0051087 4 0 2.86e-03 molecular function chaperone binding
GO:0051082 20 0 5.50e-06 molecular function unfolded protein binding
GO:0000166 158 124 5.37e-07 molecular function nucleotide binding
GO:0003735 73 0 6.66e-38 molecular function structural constituent of ribosome
GO:0031202 6 0 8.26e-04 molecular function RNA splicing factor activity, transesterification mech-

anism
GO:0004774 2 0 8.30e-03 molecular function succinate-CoA ligase activity
GO:0017076 123 43 8.07e-04 molecular function purine nucleotide binding
GO:0016491 55 37 7.50e-03 molecular function oxidoreductase activity
GO:0003697 9 0 4.52e-04 molecular function single-stranded DNA binding
GO:0005525 43 1 3.73e-07 molecular function GTP binding
GO:0019144 2 0 2.87e-03 molecular function ADP-sugar diphosphatase activity
GO:0015631 10 3 1.78e-03 molecular function tubulin binding
GO:0016149 2 0 8.30e-03 molecular function translation release factor activity, codon specific
Continued on Next Page. . .
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GO:0008134 33 3 6.39e-03 molecular function transcription factor binding
GO:0008135 24 22 1.99e-09 molecular function translation factor activity, nucleic acid binding
GO:0003924 22 0 7.76e-05 molecular function GTPase activity
GO:0017111 50 29 1.04e-04 molecular function nucleoside-triphosphatase activity
GO:0004488 2 0 8.30e-03 molecular function methylenetetrahydrofolate dehydrogenase (NADP+)

activity
GO:0003824 317 162 1.49e-03 molecular function catalytic activity
GO:0004004 7 0 1.04e-04 molecular function ATP-dependent RNA helicase activity
GO:0045182 27 24 2.63e-10 molecular function translation regulator activity
GO:0003865 2 0 8.30e-03 molecular function 3-oxo-5-alpha-steroid 4-dehydrogenase activity
GO:0047631 2 0 8.30e-03 molecular function ADP-ribose diphosphatase activity
GO:0009055 20 0 3.20e-03 molecular function electron carrier activity
GO:0043022 4 0 8.30e-04 molecular function ribosome binding
GO:0016614 13 12 4.67e-03 molecular function oxidoreductase activity, acting on CH-OH group of

donors
GO:0016616 12 0 5.11e-03 molecular function oxidoreductase activity, acting on the CH-OH group

of donors, NAD or NADP as acceptor
GO:0016879 22 0 1.16e-03 molecular function ligase activity, forming carbon-nitrogen bonds
GO:0051920 3 0 2.72e-03 molecular function peroxiredoxin activity
GO:0004477 2 0 8.30e-03 molecular function methenyltetrahydrofolate cyclohydrolase activity
GO:0019843 11 0 7.30e-09 molecular function rRNA binding
GO:0016462 55 52 1.17e-05 molecular function pyrophosphatase activity
GO:0004662 2 0 2.87e-03 molecular function CAAX-protein geranylgeranyltransferase activity
GO:0003723 115 21 1.74e-30 molecular function RNA binding
GO:0005515 368 64 2.87e-05 molecular function protein binding
GO:0004661 3 2 2.72e-03 molecular function protein geranylgeranyltransferase activity
GO:0043014 2 0 8.30e-03 molecular function alpha-tubulin binding
GO:0003746 5 0 6.55e-03 molecular function translation elongation factor activity
GO:0051059 3 0 4.56e-03 molecular function NF-kappaB binding
GO:0003743 15 0 1.03e-06 molecular function translation initiation factor activity
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A.2 Retrotrasposed genes (human)

Table A.2: Coordinates of found retrotransposed gene in the human genome (ENSEMBL version
40).

chr start stop chr start stop chr start stop chr start stop
chr1 100468795 100487984 chr1 10382273 10402777 chr1 10995325 11006681
chr1 111236517 111244055 chr1 111784403 111787540 chr1 111798354 111805472 chr1 112035483 112057251
chr1 112997743 113015757 chr1 114911837 114925710 chr1 115062156 115064757 chr1 11688940 11702712
chr1 117758862 117810569 chr1 144218974 144222800 chr1 1469112 1499792 chr1 148161834 148165811
chr1 148726985 148746370 chr1 148937545 148958637 chr1 149257565 149268016 chr1 149998762 150002222
chr1 150113159 150148570 chr1 151901134 151907658 chr1 152187598 152197639 chr1 152395466 152422287
chr1 152511723 152514975 chr1 153408509 153411993 chr1 153514174 153521707 chr1 153546455 153557080
chr1 153965551 153974937 chr1 154828211 154830537 chr1 158154524 158156952 chr1 158459089 158476425
chr1 159390399 159395267 chr1 159399331 159402116 chr1 159560026 159599607 chr1 160802435 160825227
chr1 165092371 165112096 chr1 166001444 166025131 chr1 167342563 167368582 chr1 173235784 173246030
chr1 174263333 174282084 chr1 174352386 174442834 chr1 17612157 17628282 chr1 176242584 176273724
chr1 177279472 177308295 chr1 180620053 180627548 chr1 181115072 181123500 chr1 183323307 183336812
chr1 19453861 19458058 chr1 201243523 201259136 chr1 209902738 209915586 chr1 210018882 210033139
chr1 220907980 220952436 chr1 222614820 222630210 chr1 22277507 22291472 chr1 224318652 224326106
chr1 229567401 229576468 chr1 231152988 231181118 chr1 23891685 23895498 chr1 24168185 24179499
chr1 24861737 24871338 chr1 27925188 27934742 chr1 28029910 28049640 chr1 28090638 28113267
chr1 28399657 28432123 chr1 31505276 31542197 chr1 31611091 31618499 chr1 31868059 31873711
chr1 32144609 32176482 chr1 32460733 32469760 chr1 32530324 32571813 chr1 33248111 33275064
chr1 36527850 36543076 chr1 3765171 3791849 chr1 37806469 37834023 chr1 37930911 37943755
chr1 39799094 39802002 chr1 40427312 40479179 chr1 40991411 41009857 chr1 41374088 41390926
chr1 42896680 42915012 chr1 42920685 42940600 chr1 45014292 45016996 chr1 45272570 45278798
chr1 45749310 45757314 chr1 45926491 45932691 chr1 47606726 47616126 chr1 52010348 52026187
chr1 52294459 52324431 chr1 52506782 52542185 chr1 52571026 52584892 chr1 53465195 53476778
chr1 54438782 54454594 chr1 54465188 54496413 chr1 54849867 54861770 chr1 6301144 6332488
chr1 6607827 6616208 chr1 67649548 67668666 chr1 68716079 68735407 chr1 71307547 71316824
chr1 76025786 76030537 chr1 84888674 84909579 chr1 92232302 92252566 chr1 93070193 93080069
chr1 9522115 9565175 chr1 9954663 9967452 chr10 100183125 100195161 chr10 102097842 102114570
chr10 102273490 102279608 chr10 103360412 103374560 chr10 103417633 103444695 chr10 104150412 104151260
chr10 104231744 104238885 chr10 105052563 105100820 chr10 105632444 105648748 chr10 105871914 105875510
chr10 1076850 1080113 chr10 112351745 112354380 chr10 118384392 118392749 chr10 120059252 120085923
chr10 120918680 120924093 chr10 12254769 12277893 chr10 124907233 124914845 chr10 126079429 126092995
chr10 126666891 126682053 chr10 13400074 13427035 chr10 14963503 14983253 chr10 27033614 27049383
chr10 27443455 27448291 chr10 33230398 33240529 chr10 42974187 43000743 chr10 5847199 5895311
chr10 59623353 59667582 chr10 59815183 59825728 chr10 6183273 6197669 chr10 69768338 69772956
chr10 70074453 70116448 chr10 70586768 70598372 chr10 71579964 71591689 chr10 71636026 71663154
chr10 73764276 73784673 chr10 74604451 74665211 chr10 7879025 7884369 chr10 79465115 79470465
chr10 82158284 82182729 chr10 88801110 88809010 chr10 90684961 90697125 chr10 96987324 97040708
chr10 97793309 97810610 chr10 99176008 99183187 chr10 99390772 99416316 chr11 100847140 100855016
chr11 106880235 106932933 chr11 109982591 110006690 chr11 111462807 111471710 chr11 113776638 113781731
chr11 116528367 116539824 chr11 118391759 118394262 chr11 122433411 122438054 chr11 124050342 124069723
chr11 124947565 124959781 chr11 125335614 125398642 chr11 13366120 13399963 chr11 13690050 13710431
chr11 14256047 14273979 chr11 14483001 14496102 chr11 16716801 16734014 chr11 17052516 17055369
chr11 18434846 18457093 chr11 30301265 30316350 chr11 32069118 32082855 chr11 33719875 33728760
chr11 3377001 3386785 chr11 36611408 36637375 chr11 47596842 47620594 chr11 50324789 50336409
chr11 57261656 57265018 chr11 58135016 58141310 chr11 59171837 59191013 chr11 59462466 59473066
chr11 59541399 59555141 chr11 60366146 60374996 chr11 61488614 61491682 chr11 62083650 62096791
chr11 62139347 62146032 chr11 63274041 63283916 chr11 63435304 63440605 chr11 63476455 63479162
chr11 63840770 63841586 chr11 65378884 65382224 chr11 65416271 65424435 chr11 65792655 65801537
chr11 65959887 65962815 chr11 67289421 67316547 chr11 69848154 69850567 chr11 71189207 71193336
chr11 73096113 73119517 chr11 73214398 73253289 chr11 74337954 74366427 chr11 74789384 74794381
chr11 74955005 74961444 chr11 75749648 75769593 chr11 77008299 77026517 chr11 7965654 7974292
chr11 82213058 82239197 chr11 82650150 82668949 chr11 8413639 8440036 chr11 8661324 8663967
chr11 8890574 8897631 chr11 89574295 89588048 chr11 95172074 95203927 chr11 9554608 9567888
chr12 100392384 100406442 chr12 100957777 100979942 chr12 10256766 10266966 chr12 103804245 103827661
chr12 10649879 10657435 chr12 108020694 108032575 chr12 108773132 108802658 chr12 109357091 109367740
chr12 111327374 111330845 chr12 115639938 115660053 chr12 117058291 117067770 chr12 119118895 119123019
chr12 122439930 122459850 chr12 122659179 122671432 chr12 14833255 14843932 chr12 15926719 15947670
chr12 21679537 21702011 chr12 23578126 23620042 chr12 25249450 25295056 chr12 26982628 27010844
chr12 2799496 2802339 chr12 40765990 40799236 chr12 4255430 4282565 chr12 4628539 4666633
chr12 47807837 47811445 chr12 48670223 48672399 chr12 51577242 51585109 chr12 51629172 51632961
chr12 51696521 51722258 chr12 52135934 52159819 chr12 52345222 52352700 chr12 52960777 52965543
chr12 54722475 54724762 chr12 54784704 54791360 chr12 54835104 54841623 chr12 54904913 54909904
chr12 54954837 54966076 chr12 55343403 55368295 chr12 55392482 55404574 chr12 55411251 55432338
chr12 55949433 55976596 chr12 56448689 56452158 chr12 61069668 61081322 chr12 63105862 63114630
chr12 6505555 6510937 chr12 6515918 6517795 chr12 67328744 67340070 chr12 6846959 6850250
chr12 6945862 6948986 chr12 74179698 74191664 chr12 74733252 74749041 chr12 75776626 75796930
chr12 7833298 7839862 chr12 7856380 7876679 chr12 7963095 7977767 chr12 8271596 8275775
chr12 8793724 8818264 chr12 892276 910751 chr12 8985304 8990225 chr12 97445811 97465987
chr13 113008835 113024026 chr13 114065512 114089379 chr13 18902609 18910290 chr13 24053803 24061484
chr13 24431871 24439593 chr13 26538293 26588730 chr13 26725896 26729315 chr13 29931994 29938097
chr13 40265346 40280733 chr13 40384650 40393874 chr13 44411383 44461606 chr13 44809021 44813286
chr13 47415192 47469161 chr13 49515648 49554167 chr13 51699157 51707414 chr13 51933042 51946029
chr13 52124976 52159988 chr13 97456413 97465888 chr13 97902881 97932578 chr14 101619655 101620995
chr14 19846254 19867373 chr14 20748559 20772233 chr14 22461490 22463114 chr14 22486658 22496120
chr14 22860652 22865208 chr14 23682425 23684198 chr14 30605105 30635284 chr14 31685218 31695324
chr14 34831414 34856424 chr14 38653272 38675869 chr14 49645103 49653005 chr14 50776738 50792507
chr14 57784220 57808429 chr14 59031498 59040532 chr14 67126044 67136735 chr14 67156473 67211081
chr14 72478209 72496093 chr14 74030221 74031815 chr14 74252407 74273170 chr14 88692287 88726548
chr14 89796208 89808713 chr14 92239914 92268916 chr14 92369340 92375900 chr14 96057093 96103177
chr14 99798422 99813565 chr15 22770579 22774822 chr15 23134732 23168054 chr15 32221080 32226785
chr15 36543613 36564167 chr15 38115536 38118654 chr15 39310822 39358382 chr15 40530631 40570598
chr15 40622076 40626984 chr15 41710109 41728258 chr15 41806589 41825679 chr15 42408188 42417807
chr15 46410925 46421858 chr15 48503893 48538632 chr15 50125319 50145746 chr15 53260813 53276427
chr15 55786207 55796494 chr15 57186842 57204535 chr15 61233109 61236739 chr15 62474649 62534520
chr15 64561145 64568668 chr15 64578712 64584238 chr15 67532211 67534937 chr15 70278428 70298507
chr15 71403253 71423198 chr15 72999672 73017490 chr15 73933782 73976456 chr15 76959907 76977126
chr15 78199724 78217757 chr15 80608216 80611596 chr15 81002559 81005939 chr15 98029246 98049055
chr15 99639238 99652939 chr16 11843058 11852828 chr16 15062857 15093971 chr16 18701782 18707942
chr16 18710519 18717658 chr16 1952056 1954630 chr16 19625350 19633797 chr16 21718470 21737582
Continued on Next Page. . .
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chr16 21876251 21890938 chr16 23476771 23489679 chr16 23499874 23506135 chr16 23560289 23588683
chr16 28995479 29022985 chr16 48617810 48628490 chr16 5067909 5075045 chr16 52082793 52094717
chr16 55836642 55844916 chr16 57298540 57325669 chr16 66247870 66248957 chr16 66456503 66462724
chr16 671463 672744 chr16 67931415 67933266 chr16 68333286 68346444 chr16 72888278 72897023
chr16 79608437 79620384 chr16 79627051 79636280 chr16 79673432 79687455 chr16 82399131 82402773
chr16 84392309 84398109 chr16 85983518 85994474 chr16 87861543 87879349 chr16 8799201 8814456
chr16 88517310 88530000 chr17 10525113 10539874 chr17 11925398 11973329 chr17 1194621 1215104
chr17 15381031 15407557 chr17 18634946 18650343 chr17 20588983 20598117 chr17 20850804 20856821
chr17 24071850 24075500 chr17 2517037 2531991 chr17 25523684 25537584 chr17 26143587 26175787
chr17 27439295 27446065 chr17 28282604 28292773 chr17 31001663 31033935 chr17 33706643 33732362
chr17 34162543 34173965 chr17 34259894 34262886 chr17 34610990 34614508 chr17 36038533 36052337
chr17 37098666 37101403 chr17 37382805 37406115 chr17 37530541 37536134 chr17 37974018 37978257
chr17 38404286 38408490 chr17 39629823 39631010 chr17 39642253 39651235 chr17 39753565 39755446
chr17 42355496 42364564 chr17 43258999 43263900 chr17 43405883 43414118 chr17 44365566 44373426
chr17 44836423 44845654 chr17 45507962 45509400 chr17 4799963 4801140 chr17 50393574 50401055
chr17 52370562 52393402 chr17 5276824 5283169 chr17 55386207 55395032 chr17 59259227 59262887
chr17 60176249 60185208 chr17 62767379 62793181 chr17 628645 642105 chr17 63463686 63473421
chr17 70675420 70690720 chr17 71354584 71362974 chr17 7153656 7156496 chr17 7156745 7159459
chr17 71592194 71611105 chr17 72065464 72071318 chr17 73676332 73680395 chr17 7418586 7421953
chr17 77091600 77093978 chr17 8288304 8304163 chr18 11883471 11898316 chr18 22120158 22161102
chr18 41939180 41958857 chr18 45268856 45271297 chr18 53367578 53391597 chr18 53418907 53424938
chr18 54737256 54772010 chr18 9092747 9124340 chr19 10362809 10375193 chr19 12768643 12773610
chr19 1389366 1391496 chr19 14069170 14078686 chr19 14380851 14385058 chr19 14535612 14536670
chr19 15326582 15345769 chr19 16048376 16074813 chr19 16522808 16544046 chr19 1771302 1776944
chr19 17833102 17835124 chr19 18503677 18513807 chr19 18545097 18547047 chr19 20897898 20928430
chr19 21116683 21159426 chr19 21266559 21304002 chr19 21444148 21449262 chr19 2194380 2199597
chr19 21949115 21985533 chr19 22155894 22190364 chr19 22261122 22288638 chr19 22733989 22758732
chr19 22806949 22832113 chr19 23091719 23122204 chr19 23195833 23224983 chr19 23337047 23370079
chr19 23729465 23733502 chr19 24061865 24103522 chr19 3045647 3074991 chr19 37767694 37770165
chr19 39377254 39410836 chr19 41325809 41329039 chr19 4314737 4317993 chr19 43557309 43566299
chr19 43801686 43819430 chr19 43900455 43910494 chr19 45017181 45021655 chr19 47480652 47490959
chr19 52325965 52365020 chr19 53810408 53812947 chr19 541121 568150 chr19 54160378 54161947
chr19 54684916 54687357 chr19 54691535 54694752 chr19 5641274 5642678 chr19 56517129 56525415
chr19 59396838 59403323 chr19 60589528 60591555 chr19 60604465 60610963 chr19 62354906 62370665
chr19 63590448 63597971 chr19 977635 990064 chr19 9807011 9821358 chr2 100549394 100559626
chr2 100985596 100989317 chr2 10180405 10184549 chr2 10499095 10502808 chr2 109660916 109728781
chr2 114390952 114431822 chr2 11503073 11511299 chr2 118295241 118305040 chr2 119841041 119846580
chr2 122201723 122210905 chr2 128321706 128332129 chr2 131821715 131832198 chr2 150134399 150151908
chr2 152367612 152379076 chr2 157040854 157078252 chr2 170168942 170202484 chr2 170363756 170389398
chr2 173936218 173941860 chr2 174647981 174655036 chr2 174796004 174821532 chr2 176902273 176914682
chr2 177788513 177793084 chr2 183515046 183554297 chr2 183701290 183734652 chr2 190817853 190834204
chr2 198059559 198071803 chr2 198073322 198076419 chr2 198089043 198125360 chr2 202779459 202811549
chr2 203453613 203484573 chr2 206732865 206735896 chr2 208809423 208828040 chr2 210575579 210589612
chr2 223481701 223507617 chr2 233129370 233142161 chr2 24047649 24076635 chr2 24144115 24152645
chr2 25310406 25321027 chr2 27758644 27765138 chr2 31946400 31970710 chr2 31996499 32021958
chr2 3570204 3583761 chr2 3601055 3606384 chr2 42720815 42740505 chr2 46661939 46695830
chr2 47240831 47243308 chr2 55313447 55316245 chr2 55317291 55334737 chr2 55645554 55679568
chr2 61259624 61268149 chr2 61953100 61964189 chr2 63675125 63687800 chr2 65168513 65185444
chr2 65308473 65351875 chr2 68122842 68143699 chr2 69476778 69512601 chr2 73308665 73313881
chr2 73325180 73332068 chr2 73810001 73815150 chr2 73981980 74000209 chr2 74216052 74228545
chr2 74286339 74295919 chr2 74635370 74638181 chr2 85676378 85678215 chr2 86224585 86276082
chr2 86559252 86573350 chr2 9465035 9471838 chr2 95116424 95151285 chr2 9641849 9649096
chr2 99169071 99180328 chr2 99304432 99319226 chr20 13688400 13704891 chr20 1372184 1395486
chr20 17542509 17550419 chr20 1843742 1853523 chr20 30871414 30901871 chr20 31899933 31905297
chr20 32140954 32163681 chr20 32331587 32354810 chr20 32667506 32728566 chr20 35794692 35841152
chr20 35901918 35933931 chr20 3683043 3696403 chr20 39177425 39186535 chr20 41519949 41523823
chr20 42947864 42970554 chr20 43876444 43878986 chr20 44412805 44417917 chr20 50133961 50148536
chr20 5043633 5048573 chr20 52257807 52269147 chr20 54378129 54391639 chr20 57041595 57051250
chr20 60395781 60396970 chr21 17841223 17855664 chr21 29170318 29179484 chr21 33744897 33763104
chr21 33872510 33876182 chr21 45188035 45222267 chr21 9936235 9943864 chr22 16454838 16491513
chr22 17543095 17545532 chr22 17817435 17846674 chr22 18486534 18494583 chr22 28206209 28215170
chr22 29302619 29315257 chr22 30129013 30160162 chr22 35193042 35207622 chr22 36533873 36542849
chr22 36601792 36614583 chr22 37393966 37399788 chr22 38038836 38044544 chr22 39552203 39582577
chr22 39679515 39699482 chr22 40250794 40254929 chr22 45018582 45022846 chr3 101540621 101554032
chr3 101911138 101950495 chr3 10266158 10296250 chr3 102775730 102795971 chr3 102882625 102888270
chr3 10317617 10332114 chr3 110527924 110535524 chr3 121028238 121078047 chr3 123561125 123584773
chr3 127130807 127136079 chr3 129253991 129261723 chr3 130749099 130752991 chr3 134775431 134790324
chr3 143105151 143127698 chr3 143877751 143899592 chr3 144238726 144256593 chr3 14462254 14501502
chr3 150192060 150228014 chr3 151768381 151782153 chr3 151803863 151830913 chr3 157132245 157138193
chr3 157743549 157755660 chr3 161556495 161585130 chr3 161700683 161732041 chr3 162441540 162452487
chr3 180552380 180586186 chr3 182185035 182188580 chr3 184143337 184166236 chr3 185029877 185085355
chr3 185442905 185446097 chr3 186844222 186893246 chr3 187985045 187990377 chr3 196724338 196751465
chr3 19967300 20001662 chr3 38514125 38523449 chr3 39405987 39413682 chr3 39424105 39428933
chr3 42800797 42821012 chr3 44949422 44975954 chr3 46543920 46561675 chr3 46595579 46598833
chr3 48456671 48460609 chr3 48869406 48911302 chr3 48974047 48996113 chr3 5187187 5195867
chr3 53894140 53897551 chr3 57532695 57558172 chr3 67628910 67662300 chr3 72924757 72976267
chr3 73179027 73198705 chr3 75530342 75554124 chr4 100020123 100042158 chr4 100179547 100201696
chr4 100212341 100225393 chr4 101021438 101027536 chr4 101039740 101063366 chr4 101088271 101090455
chr4 103936375 103968418 chr4 104218220 104236880 chr4 109150362 109175703 chr4 109761217 109765855
chr4 109791236 109808425 chr4 110854886 110870615 chr4 121200069 121207436 chr4 13071421 13094898
chr4 139287076 139300804 chr4 140198478 140224987 chr4 148758521 148775322 chr4 152240229 152245241
chr4 166220000 166243699 chr4 170887248 170911545 chr4 17225369 17236333 chr4 17423685 17429093
chr4 174528661 174535218 chr4 1785438 1804460 chr4 184807598 184817301 chr4 185789199 185796617
chr4 186405441 186425305 chr4 20315466 20338466 chr4 22043318 22084564 chr4 2440675 2484123
chr4 26035377 26043648 chr4 38358603 38375584 chr4 39132143 39136325 chr4 3985736 3995340
chr4 48582189 48601382 chr4 55920277 55934012 chr4 56997131 57020618 chr4 57032683 57062810
chr4 83563416 83568284 chr4 84035871 84040713 chr4 84230864 84248059 chr4 84598522 84612467
chr4 88575239 88591845 chr4 89235711 89298748 chr4 9314307 9341249 chr5 102483985 102511614
chr5 10303447 10318126 chr5 10671444 10705638 chr5 111092901 111120822 chr5 114580473 114605202
chr5 115195079 115205165 chr5 125908389 125913886 chr5 125964541 125989906 chr5 133335507 133354745
chr5 133520470 133540537 chr5 134061492 134087237 chr5 137871056 137881224 chr5 141333338 141348894
chr5 147754474 147799548 chr5 148705256 148711463 chr5 148855811 148884927 chr5 149803997 149807494
chr5 150050587 150058324 chr5 151131708 151160623 chr5 159781887 159788323 chr5 16506121 16516665
chr5 167917010 167939153 chr5 170747459 170770508 chr5 171250680 171270279 chr5 175705710 175707968
chr5 176663388 176666346 chr5 177509074 177513458 chr5 178054176 178057358 chr5 180596558 180603407
chr5 32391201 32455970 chr5 32624375 32637168 chr5 34951593 34961192 chr5 37733513 37758789
chr5 40868318 40871113 chr5 43157909 43209269 chr5 43571403 43591859 chr5 529135 541588
Continued on Next Page. . .
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Table A.2 – Continued
chr start stop chr start stop chr start stop chr start stop
chr5 56545658 56581141 chr5 61678722 61694904 chr5 6686624 6722561 chr5 68549389 68561628
chr5 68713489 68746213 chr5 71653753 71690597 chr5 72830020 72837244 chr5 74098822 74109149
chr5 76362238 76395677 chr5 77747098 77753541 chr5 79315309 79320224 chr5 79957805 79981071
chr5 80636660 80644380 chr5 86725966 86736564 chr5 89805670 89845968 chr6 107126542 107184023
chr6 107184145 107220599 chr6 111302885 111322206 chr6 111386628 111395892 chr6 112498690 112509100
chr6 116528739 116545801 chr6 116648909 116673503 chr6 116999367 117021113 chr6 126361422 126401935
chr6 133177395 133180401 chr6 135398730 135417597 chr6 136594127 136605806 chr6 13899002 13915245
chr6 142510154 142561439 chr6 150099313 150108892 chr6 151377707 151399939 chr6 153357341 153365500
chr6 157639694 157664517 chr6 160119977 160129166 chr6 167263191 167290931 chr6 17649195 17665644
chr6 17708601 17716968 chr6 20588053 20601909 chr6 24517667 24532412 chr6 30796108 30800245
chr6 31240101 31246418 chr6 31606538 31612416 chr6 31806376 31812101 chr6 32255416 32256531
chr6 33348382 33352264 chr6 33648308 33655987 chr6 34312628 34318547 chr6 34497485 34501781
chr6 34838354 34849787 chr6 35544552 35546534 chr6 37043905 37054366 chr6 42282580 42290062
chr6 42955302 42965599 chr6 43553253 43579407 chr6 43651876 43665676 chr6 44324343 44329600
chr6 64344303 64349304 chr6 74172121 74182755 chr6 74283925 74286503 chr6 7806715 7826752
chr6 86443446 86444455 chr6 88441363 88448142 chr7 100007788 100009426 chr7 100651683 100654181
chr7 102502928 102527445 chr7 102782551 102795810 chr7 107899307 107930322 chr7 10939609 10946276
chr7 127819578 127828407 chr7 128382422 128407320 chr7 133777657 133787046 chr7 133900732 133913064
chr7 139799329 139825749 chr7 140961738 140999962 chr7 141065343 141077022 chr7 141085389 141096724
chr7 149614404 149623370 chr7 150794729 150819034 chr7 152128557 152151518 chr7 156822520 156871296
chr7 23316354 23325400 chr7 23348208 23357718 chr7 23513572 23538127 chr7 26212552 26219495
chr7 30628484 30639960 chr7 33100951 33105575 chr7 35869710 35911440 chr7 35952429 35980823
chr7 39846273 39874609 chr7 44207100 44217247 chr7 44578698 44580058 chr7 44802807 44807737
chr7 44840434 44849475 chr7 45734302 45771934 chr7 51207648 51228782 chr7 5533308 5536759
chr7 55829097 55854410 chr7 5598973 5612808 chr7 56136758 56141663 chr7 6030837 6065206
chr7 6380696 6409334 chr7 64001079 64028508 chr7 64162811 64171931 chr7 64856948 64866049
chr7 65963947 65980736 chr7 6915150 6937156 chr7 73226624 73249365 chr7 7642894 7646593
chr7 87345332 87375624 chr7 87673537 87677322 chr7 89722675 89741346 chr7 91579409 91601731
chr7 91996045 92004334 chr7 92044352 92057632 chr7 94067914 94097082 chr7 97319519 97336407
chr7 98609131 98638797 chr7 98831546 98840514 chr7 98996096 99000262 chr8 101232103 101234806
chr8 101784320 101803488 chr8 101999980 102006444 chr8 10715112 10729688 chr8 11664574 11682258
chr8 12073629 12077777 chr8 12258021 12261339 chr8 12322912 12327022 chr8 125569933 125600305
chr8 125620631 125631399 chr8 130922966 130952924 chr8 145211141 145212600 chr8 145985961 145988100
chr8 17131108 17148724 chr8 20112373 20122138 chr8 25341466 25371892 chr8 26252338 26277302
chr8 30762679 30776815 chr8 38087417 38116376 chr8 39432016 39451320 chr8 41467516 41487650
chr8 42131146 42144010 chr8 43030644 43060080 chr8 47610125 47645293 chr8 55042916 55075164
chr8 55121492 55137438 chr8 57148167 57149616 chr8 59486487 59526604 chr8 66744671 66782790
chr8 68117874 68136844 chr8 74083699 74122538 chr8 74365428 74367586 chr8 74657559 74692242
chr8 74865403 74905257 chr8 76618605 76641598 chr8 7844062 7847387 chr8 82355325 82359568
chr8 87512750 87529563 chr8 99183758 99190158 chr9 101024384 101032716 chr9 109085664 109132985
chr9 112046123 112058595 chr9 115058212 115066590 chr9 122566272 122578296 chr9 127038336 127043290
chr9 129249977 129253505 chr9 130485929 130498485 chr9 131629473 131635614 chr9 132342077 132366461
chr9 135205597 135208102 chr9 138416200 138424722 chr9 139077828 139084802 chr9 19105775 19116308
chr9 19365782 19370267 chr9 19398917 19442486 chr9 33016476 33029897 chr9 33246799 33252828
chr9 35094221 35098737 chr9 35649074 35651177 chr9 35672022 35675138 chr9 35802963 35803777
chr9 37753631 37766402 chr9 4701158 4731061 chr9 70851135 70879606 chr9 720140 736101
chr9 72120182 72128878 chr9 74160604 74165524 chr9 80101880 80134827 chr9 85773644 85782993
chr9 88069285 88087274 chr9 96287521 96289971 chr9 98441673 98453597 chr9 99785462 99807256
chrX 100160941 100193718 chrX 100532630 100537443 chrX 103094029 103109802 chrX 106758501 106780844
chrX 107217573 107221424 chrX 107255959 107284259 chrX 11690189 11700736 chrX 116916462 116938361
chrX 118486436 118489303 chrX 119227722 119230652 chrX 119621918 119626240 chrX 129301546 129335006
chrX 135116230 135120623 chrX 135783286 135789251 chrX 13640301 13662623 chrX 149902417 149907894
chrX 152506580 152517780 chrX 152705449 152706553 chrX 153194126 153211195 chrX 153280872 153282447
chrX 153908283 153936574 chrX 153954844 153972310 chrX 15758106 15780488 chrX 19279356 19287064
chrX 21905099 21922876 chrX 23761410 23808992 chrX 30581568 30655588 chrX 40333221 40350774
chrX 48318508 48321613 chrX 48635678 48639086 chrX 48819151 48824439 chrX 54573340 54603888
chrX 55774526 55801482 chrX 56276342 56328267 chrX 69270509 69302854 chrX 69426548 69438976
chrX 70430808 70434032 chrX 70590744 70600464 chrX 71318333 71334120 chrX 71409179 71413673
chrX 77255911 77267580 chrX 77271921 77281787 chrX 99963171 99979999 chrY 18431080 18444810
chrY 18703743 18717478 chrY 19077364 19092148 chrY 19470799 19485581 chrY 24326976 24353681
chrY 24528313 24548828 chrY 26232378 26252883 chrY 26427466 26454179 chrY 2770205 2794955
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A.3 Retrotrasposed genes (mouse)

Table A.3: Coordinates of found retrotransposed gene in the mouse genome (ENSEMBL version
40).

chr start stop chr start stop chr start stop chr start stop
chr1 109512613 109520597 chr1 121940842 121948562 chr1 123387747 123395430

chr1 13107600 13111072 chr1 132980803 132995770 chr1 136172045 136178352 chr1 137118029 137126282
chr1 141130977 141154018 chr1 16086386 16088783 chr1 161076236 161086805 chr1 162041686 162049452
chr1 163077692 163087846 chr1 167166233 167187674 chr1 169209184 169230488 chr1 174009342 174029309
chr1 174034167 174043336 chr1 180155808 180159361 chr1 180165989 180167368 chr1 182435627 182437677
chr1 182639241 182650236 chr1 193385245 193389551 chr1 23332999 23337440 chr1 30886129 30894291
chr1 34381247 34383907 chr1 36636099 36637933 chr1 37932009 37941741 chr1 39312388 39315916
chr1 4766512 4775760 chr1 54368037 54383424 chr1 54997399 55019166 chr1 55022380 55031489
chr1 57332829 57346072 chr1 59584008 59615326 chr1 70962017 71021455 chr1 7137570 7153286
chr1 74316850 74319085 chr1 75098698 75102402 chr1 88183394 88186296 chr1 93080740 93116146
chr1 94269894 94294824 chr10 110890750 110897055 chr10 111379593 111384167 chr10 114607228 114622765
chr10 117136670 117149378 chr10 122574157 122599983 chr10 126466513 126470205 chr10 127461965 127477234
chr10 127818068 127840363 chr10 128221715 128224564 chr10 128322863 128326478 chr10 20037748 20050611
chr10 20985425 20998404 chr10 23474600 23476297 chr10 25753121 25757674 chr10 26670704 26679202
chr10 30297653 30304233 chr10 33685978 33708915 chr10 36674542 36686528 chr10 4541140 4547373
chr10 48737577 48739613 chr10 61056267 61065844 chr10 61134404 61144730 chr10 61979987 61990470
chr10 62020126 62046495 chr10 62534913 62535851 chr10 77049938 77061140 chr10 79457642 79459568
chr10 80041324 80042091 chr10 80229811 80231925 chr10 80449328 80455382 chr10 80994070 80997549
chr10 82059715 82077192 chr10 85246158 85252541 chr10 93013255 93019457 chr10 94910494 94930211
chr11 100136076 100138182 chr11 100940592 100942505 chr11 101258467 101261596 chr11 101284402 101287937
chr11 101980037 102001265 chr11 102813445 102833218 chr11 102876166 102882165 chr11 106057722 106065066
chr11 106804729 106815549 chr11 107027527 107068190 chr11 115314121 115330474 chr11 115339192 115352366
chr11 115461516 115471550 chr11 116659663 116665830 chr11 120162311 120164203 chr11 120301354 120304553
chr11 120410599 120412123 chr11 16401642 16408168 chr11 20724104 20730351 chr11 29445850 29447746
chr11 3152174 3156717 chr11 31565352 31571683 chr11 33052510 33063074 chr11 34662551 34666898
chr11 48643873 48649078 chr11 4912884 4939597 chr11 4969901 4978597 chr11 50222878 50228159
chr11 51463316 51466850 chr11 52219815 52232006 chr11 55329047 55343922 chr11 5669166 5684688
chr11 57920334 57934041 chr11 5859298 5867786 chr11 59027609 59029720 chr11 60759356 60763383
chr11 62004717 62005699 chr11 68717751 68720728 chr11 68788689 68790010 chr11 68864363 68867248
chr11 69207453 69211845 chr11 69483627 69486944 chr11 69731125 69732784 chr11 69732919 69735533
chr11 69807867 69811143 chr11 70341578 70343779 chr11 70474788 70478265 chr11 70479987 70481561
chr11 70760073 70770838 chr11 72993446 72998223 chr11 77997127 77999183 chr11 78141242 78142272
chr11 78355043 78357916 chr11 78387669 78407187 chr11 83185845 83219213 chr11 86400459 86427616
chr11 86925420 86938993 chr11 93742356 93760096 chr11 93765906 93771714 chr11 94469857 94476003
chr11 95484125 95496125 chr11 95918738 95923695 chr11 96605370 96624236 chr11 97131947 97144349
chr11 97519489 97529594 chr11 97594126 97598508 chr11 97615761 97654843 chr11 97843911 97846578
chr11 99029236 99041232 chr12 100515914 100522196 chr12 102803720 102806909 chr12 108605561 108627035
chr12 110093940 110107614 chr12 112117636 112120108 chr12 113105107 113106486 chr12 17572574 17576321
chr12 18411240 18415795 chr12 21636854 21663623 chr12 29217351 29221933 chr12 31480978 31497622
chr12 4906042 4920546 chr12 53464134 53490452 chr12 56316983 56336584 chr12 70107910 70115717
chr12 77856458 77880902 chr12 79798791 79804159 chr12 86231898 86263796 chr12 8797490 8819072
chr12 91965011 91995156 chr13 101836218 101844897 chr13 108095756 108103063 chr13 12241355 12244775
chr13 12493752 12513646 chr13 32976019 32985822 chr13 3346759 3376078 chr13 33839821 33848571
chr13 3555672 3565064 chr13 55331761 55334701 chr13 55603115 55607285 chr13 58189179 58224984
chr13 58401609 58409612 chr13 59765038 59779410 chr13 64171165 64195122 chr13 73785878 73794459
chr13 8885977 8891583 chr13 94247101 94255814 chr13 98230142 98238592 chr13 99410055 99417141
chr14 11078650 11094514 chr14 117794024 117805472 chr14 118046523 118057971 chr14 15042578 15064105
chr14 17062078 17064161 chr14 18605235 18614476 chr14 23324214 23328324 chr14 28797443 28803849
chr14 29378282 29399343 chr14 29828836 29830372 chr14 30311814 30324039 chr14 31009236 31030896
chr14 32418290 32441485 chr14 33165184 33173306 chr14 44256529 44265600 chr14 45698247 45710123
chr14 46333566 46338429 chr14 49711205 49721152 chr14 53849051 53853122 chr14 56752327 56756439
chr14 58363546 58391611 chr14 60494247 60510900 chr14 74579513 74582456 chr14 85813315 85817485
chr15 100443596 100448790 chr15 101825886 101829610 chr15 102154198 102159518 chr15 102302607 102327052
chr15 103068466 103072991 chr15 103117141 103122812 chr15 11928700 11938586 chr15 34182735 34228887
chr15 34385100 34387776 chr15 36716653 36735581 chr15 43080134 43092749 chr15 44258207 44265946
chr15 51616635 51629431 chr15 72933351 72948434 chr15 75722745 75736559 chr15 76731799 76733511
chr15 77524028 77546559 chr15 79365837 79368396 chr15 79503109 79514205 chr15 79905055 79909838
chr15 8039672 8046402 chr15 80775788 80796008 chr15 81293574 81302513 chr15 81722465 81739227
chr15 82636278 82653091 chr15 82943615 82950525 chr15 92560613 92562517 chr15 93076039 93103252
chr15 93248464 93293341 chr15 98352645 98359900 chr15 98568367 98570778 chr15 98858355 98866139
chr16 10292537 10309124 chr16 18153371 18162188 chr16 20193366 20215907 chr16 22166144 22181182
chr16 23024051 23029280 chr16 23029778 23033362 chr16 31173784 31194975 chr16 32004186 32019338
chr16 33204159 33218676 chr16 35991824 36011412 chr16 45656249 45662243 chr16 4599475 4616513
chr16 48203376 48213504 chr16 48229904 48238942 chr16 52031447 52062247 chr16 55891498 55896385
chr16 59421446 59434527 chr16 8576024 8587487 chr16 91814082 91817869 chr16 96256723 96262845
chr17 12754533 12759023 chr17 12817203 12826446 chr17 15180862 15203245 chr17 15226582 15230357
chr17 21357354 21358152 chr17 22380678 22394219 chr17 24239612 24244198 chr17 24447870 24449522
chr17 24458489 24461344 chr17 24949969 24962040 chr17 24967869 24969823 chr17 24988111 25001955
chr17 25851147 25853165 chr17 25980553 26003448 chr17 26850258 26861213 chr17 27358013 27362064
chr17 27569859 27579557 chr17 27794490 27797214 chr17 28056398 28058620 chr17 28702135 28718861
chr17 30320580 30339634 chr17 31375792 31377483 chr17 33562454 33565631 chr17 34757172 34758362
chr17 35114348 35118767 chr17 35443081 35446109 chr17 35518433 35522102 chr17 45031424 45036852
chr17 46144288 46146273 chr17 46238520 46245068 chr17 52948144 52965391 chr17 56298505 56299364
chr17 56402911 56407258 chr17 65480219 65512844 chr17 65979027 65991471 chr17 8122005 8135831
chr17 84902003 84925447 chr18 21117308 21130361 chr18 21145026 21169254 chr18 24249303 24264857
chr18 36893215 36909128 chr18 40331405 40344840 chr18 46867345 46915842 chr18 53338132 53345861
chr18 54042378 54057678 chr18 60901768 60903914 chr18 61694842 61704143 chr18 61840673 61851677
chr18 67516126 67526829 chr18 67909282 67918783 chr18 72741977 72753687 chr18 75126551 75128832
chr19 10049747 10052134 chr19 21339726 21349123 chr19 24328856 24344351 chr19 34307662 34318514
chr19 37275822 37287030 chr19 37455792 37467438 chr19 40275552 40324824 chr19 4192758 4194668
chr19 41965275 41971970 chr19 44192582 44199742 chr19 44603552 44608711 chr19 46432724 46438381
chr19 46950888 46958396 chr19 47136775 47143963 chr19 4962315 4964951 chr19 53432704 53442736
chr19 5490521 5493987 chr19 5758428 5759342 chr19 6977195 6978039 chr19 8199966 8208374
Continued on Next Page. . .
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Table A.3 – Continued
chr start stop chr start stop chr start stop chr start stop
chr19 9035260 9045223 chr2 101687086 101702478 chr2 113635015 113649396 chr2 113738909 113743437
chr2 116949115 116962892 chr2 121940239 121956763 chr2 129863170 129868608 chr2 129968702 129970744
chr2 130359264 130373054 chr2 131940728 131944618 chr2 13944586 13973640 chr2 145616953 145624408
chr2 150518607 150523192 chr2 151195578 151202708 chr2 153432727 153460002 chr2 154191841 154207440
chr2 154901427 154915910 chr2 155838691 155856366 chr2 162764072 162775116 chr2 163097270 163110947
chr2 164189714 164191723 chr2 164462497 164463890 chr2 167299050 167323209 chr2 172047408 172058378
chr2 174108113 174115840 chr2 180187025 180187843 chr2 181077396 181084814 chr2 181117081 181117876
chr2 18124806 18130141 chr2 181566411 181584360 chr2 24774595 24781396 chr2 25044173 25046663
chr2 25827335 25843474 chr2 25882370 25886544 chr2 26733046 26735325 chr2 26775576 26786260
chr2 27342582 27356864 chr2 29610451 29618039 chr2 29774597 29780658 chr2 29884108 29892366
chr2 32080099 32081750 chr2 32783723 32786051 chr2 38435440 38465427 chr2 38763536 38781919
chr2 65884327 65896688 chr2 73150466 73157541 chr2 75460098 75463417 chr2 75694905 75726943
chr2 84459940 84462444 chr2 84472156 84478889 chr2 87307393 87311608 chr2 87317561 87321354
chr2 90695475 90705324 chr2 94226520 94228966 chr2 9976848 9981441 chr2 9998471 10010471
chr3 103187396 103189332 chr3 104919952 104922047 chr3 106070756 106084098 chr3 106087562 106096240
chr3 107407084 107412135 chr3 121441970 121449962 chr3 129818921 129822685 chr3 130685097 130698483
chr3 130715989 130718459 chr3 132597824 132614442 chr3 135375628 135403445 chr3 137801976 137804302
chr3 138483707 138493843 chr3 146675317 146693125 chr3 32900294 32914264 chr3 34249571 34260924
chr3 51493401 51496882 chr3 57734285 57739622 chr3 58664616 58679124 chr3 79681129 79688286
chr3 84190860 84241663 chr3 86223867 86228547 chr3 89510691 89515940 chr3 90081380 90083864
chr3 90165698 90186821 chr3 95196455 95208336 chr3 95979375 95982855 chr3 96257935 96262179
chr3 96715316 96718308 chr3 98399628 98406142 chr3 9995121 9998870 chr4 100945088 100962468
chr4 107630285 107632824 chr4 108066288 108077034 chr4 108564103 108584365 chr4 116183536 116197340
chr4 116651767 116654067 chr4 117172624 117174628 chr4 118775912 118780807 chr4 122798077 122801135
chr4 123237664 123252410 chr4 125667298 125688894 chr4 125942146 125962440 chr4 125999107 126019512
chr4 126080080 126088511 chr4 128819951 128837594 chr4 129019721 129037031 chr4 129094559 129099243
chr4 129810964 129817762 chr4 133742176 133745915 chr4 135128195 135135278 chr4 135322025 135324794
chr4 136591774 136608193 chr4 138619532 138622572 chr4 139987940 139993490 chr4 144676949 144718123
chr4 145130766 145165751 chr4 145534383 145563670 chr4 145815763 145832841 chr4 146149420 146177488
chr4 146519718 146546399 chr4 146597999 146619644 chr4 149081053 149091743 chr4 152801095 152805688
chr4 154549155 154577583 chr4 154647436 154652631 chr4 40916694 40920854 chr4 41481683 41502098
chr4 46472117 46489788 chr4 49559250 49562393 chr4 55371165 55412643 chr4 58039208 58050324
chr4 61880190 61894974 chr4 86325893 86328095 chr4 97847414 97875272 chr5 101039064 101044771
chr5 107842031 107866262 chr5 108140874 108148352 chr5 108673556 108674696 chr5 114033842 114038996
chr5 115344422 115349930 chr5 115820784 115824627 chr5 117543682 117548625 chr5 121465108 121469583
chr5 124606059 124615272 chr5 124801449 124811123 chr5 129335387 129337869 chr5 13457127 13502535
chr5 134904526 134923952 chr5 136063340 136075014 chr5 138491340 138492733 chr5 140679889 140694863
chr5 143168930 143170810 chr5 143761820 143772850 chr5 145239181 145274489 chr5 145337432 145349652
chr5 147144527 147146361 chr5 147263575 147265941 chr5 148170942 148186103 chr5 149357576 149363389
chr5 24075795 24083675 chr5 25321980 25360010 chr5 28402152 28409414 chr5 30081743 30097834
chr5 31384922 31389079 chr5 32829110 32834042 chr5 37626805 37646046 chr5 38508786 38516195
chr5 52440093 52455114 chr5 65667499 65670129 chr5 65671378 65680016 chr5 9132662 9143248
chr5 97295151 97308956 chr6 113694042 113702262 chr6 115567566 115583471 chr6 11850372 11857484
chr6 11876137 11912790 chr6 119891999 119903303 chr6 120290004 120330369 chr6 122277851 122283265
chr6 122673171 122678830 chr6 124727272 124732281 chr6 124777505 124779770 chr6 124897047 124901764
chr6 125127407 125129059 chr6 125243976 125248598 chr6 125427947 125438131 chr6 13453771 13455206
chr6 136778392 136788623 chr6 140596093 140610490 chr6 145573179 145578540 chr6 148878237 148903582
chr6 149217979 149238565 chr6 16783352 16817727 chr6 30162997 30212233 chr6 34234385 34240793
chr6 34284380 34293983 chr6 39522192 39529061 chr6 40404269 40410554 chr6 51392344 51396153
chr6 51404813 51413287 chr6 51505486 51520246 chr6 56768260 56798461 chr6 66675260 66677370
chr6 71473412 71509678 chr6 8206083 8209141 chr6 83315143 83324052 chr6 83478644 83492595
chr6 83508869 83522055 chr6 87964751 87979340 chr6 97151106 97164785 chr7 100422806 100439368
chr7 10057539 10063694 chr7 10255515 10262229 chr7 10335665 10342399 chr7 10492302 10499006
chr7 105510679 105513765 chr7 105616719 105618153 chr7 109310761 109312950 chr7 115884488 115896355
chr7 116122661 116124924 chr7 117900213 117906398 chr7 121924233 121940182 chr7 125259426 125277631
chr7 126279408 126280589 chr7 126550834 126556964 chr7 126586390 126587902 chr7 127768372 127771370
chr7 13470242 13492964 chr7 138684982 138715060 chr7 138729843 138747829 chr7 139887848 139890723
chr7 141011642 141014601 chr7 141249823 141253287 chr7 141261182 141263190 chr7 142344395 142350132
chr7 144245168 144275437 chr7 15896990 15907757 chr7 16075336 16076206 chr7 18566948 18579906
chr7 23132685 23150669 chr7 24593362 24598566 chr7 25478989 25487237 chr7 26895764 26904418
chr7 27883543 27888029 chr7 28095494 28101448 chr7 28884193 28887969 chr7 30270629 30271894
chr7 30439092 30441457 chr7 3297645 3304087 chr7 3307409 3309990 chr7 34062247 34098239
chr7 4396406 4397634 chr7 44621866 44645474 chr7 44772278 44784349 chr7 44844913 44849911
chr7 44990423 44992420 chr7 44993607 44995613 chr7 45325987 45327887 chr7 45587294 45588852
chr7 46669782 46676729 chr7 46715640 46723657 chr7 5833157 5842503 chr7 59862067 59878364
chr7 5987531 5999210 chr7 6600602 6607175 chr7 79227501 79235121 chr7 9687266 9695898
chr7 97571898 97593964 chr7 9957773 9964494 chr8 105554536 105569145 chr8 108764662 108769527
chr8 114827430 114839587 chr8 114886786 114897948 chr8 119867948 119879371 chr8 120677650 120687902
chr8 122648291 122658578 chr8 124476503 124483510 chr8 125461000 125462954 chr8 125988741 125991332
chr8 126297695 126307708 chr8 126374336 126388263 chr8 126778092 126779778 chr8 127899142 127914985
chr8 19682247 19696871 chr8 20283247 20311908 chr8 20410540 20439177 chr8 24042631 24046114
chr8 24254908 24269577 chr8 24706898 24715876 chr8 26482922 26488383 chr8 41877701 41883810
chr8 42827636 42830871 chr8 47706278 47709748 chr8 60404032 60406527 chr8 72490546 72514151
chr8 73525040 73526262 chr8 73824368 73826409 chr8 75067577 75081033 chr8 81704106 81717178
chr8 82163980 82174356 chr8 86324605 86332621 chr8 87860342 87864422 chr8 87930564 87944526
chr8 89736919 89750844 chr8 97464063 97478526 chr9 100304352 100317981 chr9 107691534 107730938
chr9 108185678 108195928 chr9 108935393 108939884 chr9 110784437 110788067 chr9 114752357 114769398
chr9 119977181 119980257 chr9 121698238 121706277 chr9 14251047 14260922 chr9 15569143 15576085
chr9 20817929 20823723 chr9 21965380 21965753 chr9 30803381 30819482 chr9 34960915 34962509
chr9 37024807 37029403 chr9 37092107 37098028 chr9 40552985 40556244 chr9 44066355 44067815
chr9 44852024 44859265 chr9 48241158 48247237 chr9 48823513 48830690 chr9 50358900 50367790
chr9 54753005 54756167 chr9 54961105 54990031 chr9 57319433 57330564 chr9 57548848 57560004
chr9 59463204 59477206 chr9 63972829 63976504 chr9 65448939 65457597 chr9 65474585 65488305
chr9 65688367 65699980 chr9 65797438 65808153 chr9 66652083 66662630 chr9 66745255 66748656
chr9 69266455 69290957 chr9 78264653 78266374 chr9 88254506 88280086 chr9 89889562 89895354
chr9 96149551 96173584 chr9 98879606 98898017 chrX 101282494 101286203 chrX 102402924 102406416
chrX 12281527 12286037 chrX 129932427 129934405 chrX 136332641 136342006 chrX 148484690 148512030
chrX 158112980 158117625 chrX 159280700 159293480 chrX 161784881 161797210 chrX 162693012 162726680
chrX 20108884 20118966 chrX 22377313 22404517 chrX 33227096 33230221 chrX 34846556 34858035
chrX 44067991 44128058 chrX 44502967 44523397 chrX 49589227 49602456 chrX 51783099 51793693
Continued on Next Page. . .
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Table A.3 – Continued
chr start stop chr start stop chr start stop chr start stop
chrX 51905866 51915495 chrX 52151006 52164041 chrX 66721603 66730852 chrX 67816478 67821207
chrX 6824904 6828300 chrX 69166635 69169543 chrX 69361173 69367992 chrX 69403945 69411115
chrX 69536440 69543267 chrX 70032699 70033751 chrX 70524379 70525855 chrX 71349552 71359969
chrX 71766997 71787657 chrX 72046306 72057997 chrX 81963789 82013404 chrX 97642206 97651290
chrX 98322172 98330388 chrX 98387661 98391091
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A.4 Validated genes sequences

Predicted gene sequences for Homo Sapiens

>338893

CATTCATTTATTTCACATTTATTCTCATTGCACCAGGTGAGGAGAGGAAGGAGTCATTCA

CTAACACACACAGATTGTGCTGTTTTTCAGTCTTTCTGATGAATCAGGATCCAGATTCTA

AATGTCTTCAAGACCTGGATCAGTCAGTAGAGATGGCCCACTGTGTCAGGGGGCCTGGGG

CTGCCGGAGGCAAAGCAGGATACATATATGGAACATGACCATTCATGTTCCAGGGCTCCC

ATCCGGGTACCTGAGGATTTTCCACATAGATCACAGGTGTTGGGGCCCACATCGGCTCCT

GAAAGACTATGGGAACGCCATAGGCCTGGGGCGGGTGCTCGGGAGGTGCGAGGTTAACCA

CATCTGCACAGGGAGGACCTGAGA-CCTGAGAAGACGCTGATCTTCCATCTGTACCCCAG

AATCCTGTGCAGGGCCTCACCATAAGGACATGGCAAGGGTTGGCACCTTGGCCTCTGGTT

GGCCTCCTGAATAGTGAAGTATAAGTCCTGCAAGCTTATTAGCATCTGGAGACATTCCTT

CCAGCTCTTGTTGATACCCCTCTGCTTGAGACGCTGAGCAATTGCTTTTGATACTATGTG

ATACTTCTTCTTCACCCTGTACACCTCACGTTCAAGAAATTCCCATTCTTGCAGGAAACT

CCGGATTTCCTGGTCACTCCAAGGTTTAACTGACTGGACTG-TGAGGGCTTTTCTGATCC

CTGGGCTGTGTTTTCCTGCTCCATTTTCTGGATGTTTATGGTAGTTTCAGTGGGAAGTAT

-TCCATTTTTACTCCTGAGTTTTCTCCCGGGAGTCTTCTCACTGTGCCTGCAGGGTCTGG

TCAGTTCCTGAGTTGGCGGAACACTGGCACTTACTCTCCTCTAGTGGAACCTAGGAGAGT

CAGGAGGAACCCGAGTGTGGAAATGTGCTTGCTTCTGTCGGCTTCT

>836759

TGTGTAAAAACTGCATTCCGTGCCAGGCCTGAAATGTTCCAAGGCTCAGTTCTGTAATTA

AATTGCAGCCCAGATTT-TATACTGCAAAAATGGTAGTGATTCAAATGTATGTCTTTCAA

TATATCGTATTTTATTGCAGGATAAATCT-AAATACTGGAGGGATAGCAGGCCTTCAAAT

GAATCCTTATGTAATTCAGTCAAATAATTTTCACTGAGAATT-GTTTCTCGGTCCAACTG

TATGCTTTCCATACATTTCCATCAATGTATGAAATATAGTTTCCTTGGAAATTT

>931840

AGCAAGTGGAGCATCCCCACCACTGATTAATAACATTTTCTTGTTTTTAACCCATCATAT

TTTCATATCACATTAGAATAAAGTAAGTTTTTATAAACTACTGCTCCAGCCTCACCCGTG

TGTTTTGTAACCCAGTCTGATTTGATTGTGAGGACTGTTGTCAGAAATGTTGCTAAGAGA

GAAATATGTATAAATTAGATCATATTTAAGGTTATGCTTATAATGCCACTTGAGTGGGAA

GTAAGAGTGTGGAGTCACAGGGACTCAGCTGGGGTTTGCCCACACCACTTACTAGGCTCA

TGAAAGTGTGGCACAGGTGAATATCACCTGTCATTGGTGACAGAAGAAAAAA-AAGGCCA

GGGGAGGAGAGATGCTAGGCTGTGGGGCTGAGCACTGGGCATGCTGGACCTGTTAGGTCA

CTGAACATCTAACTGCCAAGGCACTTGCCCTTGTCAGGTCAGTCGAGGTAAGGAAATTAG

GCAGCACTCTCCAGAAGTCCCACTGTACTGGGAGAATGGAGGAGGGTCTACAACTTGCCA

TTCTAGGGTAGGTTTTAGAGCAAGCTGGGCTCTCTTGGAGAGCTAATGAGATGGGAGGAA

GGCAATATTCCAGACCTGAGGGACAGAGCCTGTGAAGTAAGAGGGGGTATGTGGAGGTGG

CCTGACCCTATAAGAGGGGGAGTTCACAGTTATTATAGCTGGTGGCTGTTGCTCAGCCAT

CCCTCTCCAGAGCAG-GCCTCATGTATAGCTAAATGCCCTTTGGAGTGTTTGGAGAGTCC

TTCATGTCTTAGAAATTC-TTTCCTCTGGCCTTGTCCAGTGAATATGGTTCACGTGGGGA

ACACCACTTCTTGAGGGCGACACCATGTAAAGCTGAGAATGGATTGGGTTTAGGTACATT

GTAACTCCTTGTCACCTGAGAGGCCCATTTTTCCTGATTGATTCCTTAAGTGTATTAGTG

CTGTCAGACACCTTTGGACAAATCAAATAACAAGGGGCTGTAGTTT-AAAATATTTTTTA

AAGAACTGTTACAACCAAATNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTTGAACTAATA

AGGTTGTGTCATCTGTGTCCCCTCCCTACCCTCCAAGCTATCACTGTTAAATATAATGGG
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TATTGAGAAAACTGTTAGATATTATTAAAGAATTCCTATGTATCCTCCAGTTGAAAAGGT

GTTCTGATGTGGCTCAAGTGCTTTCTGACCTCTACCTCCAGGGTCTAAACTAGCAAATCA

AATCAGGACACCTACAGA-TTTCAAATAGAAAATGAAACACACCCGTTAATGAAAGTAAT

CCAGTGATTTTCAAAAGGAGAAGTCAGACTGAGATGCAGCGCAGTCAGGGCACAATTACC

CCAAGGATAGACGCTTCACACAAAATGCCTGAGGAGCCTTTCTAAGATGAGCACATTTGG

CCAACGTAATTCATGCTTACCCATTCTCANNNNNNNNNNNNNNNNNNNNNNNNNNNNNAT

TCCTAATGGCCATCCCACGATGTGGTCAGCAGTGTGGTACAGCATGGTGAGAGAGGGGCT

CAGGGATGGGATGAAGGTTTTTCCTGCATTATCAAAATGATTAAAAAGTTGTTAAAAAGG

TGTCCAAATTTTCTTTTTACCCTAAAATAACTACTCAGATGCATTATACAAGTAGACCCA

GGTAAGGGAAAGAGCAAGCGCAT

>1043493

CCATTTCTTGTTTTCTATGTTGTGTCTTGGAGTCTGGAGCAATGAAGACCTCTGTGCTCT

TAGGTAGGTCCTTCCTCTTTTCTTTATTGTTTTGGAATTCTTCTGGATTCAACCCAG-CC

TAAGACACAGATGTTCAGTGGACAAAGAAGACACTGTTTAGATTGCAGCAATGACTGAGT

TGACTACTGATGGCCTAGATCACTGTCTGA-AATGTGCTCTGATGATTGGTTGTTAGTCA

GAATGAAAATAAGGCCTTTTGATAAGAACACAGACATTAGAATTGGCGACATACACCTGA

GAGATAACTGTCCTGTAACAAGACTGTTGTCATTTAACTACGCGTTTTCTTATCCTGTCA

CTTCTTGTGGGATCAAGAAAAT-GTTCCAAACAAATGATGACGCCATATTATCAGAGATC

AGTTACAAACCAAGGTTGCATACTACCTATGAATTTCCAGTGGTTTGCTTTGTGAAGA-A

ATTCCCCTCTGTGATGCATTTTGGAATGAGTGGGTTTGATGCCCACACCTTGAAAGAAAT

CCCTCAAAAAACAAAAGGACAAGAGTCACCAACTCCCACACAAAGTAAAACATGGACACT

TAATTTTAACAGTGTTAAT-AACTATCCAAGAAGTCACTGTATCAATAATGCCTGTGTTA

TAACACCCTCTCCTCCCTAAAGCAAGGGAACAAGTGATACATCTTGTCTGAAAACCAGTT

TCATCAATACTGTTGATGTGTCTGTACAAAGATGAGTAGCAACATCTGTTACCAGTTTCA

CTACATTTTGGAGTTTTGAATAACATATCTATACCATGATATTTATACTTTTTAATGAGT

TAATTTTAAGTGAAATTGCCATTCTAACTCTGAAATCAAGCTCATACATAATAAAGCTTG

CCCATAC

>128365

ATTATATAAATCTTCAACTTCTTGATCAAATAAATATGACAAATGATGTTCTCTAAGAAA

AACACCCTTCAATTTTATTCCT-CTTCCCTGCATATTTTGAGTAATTATCTTCCAAGACC

CATGTATCTTTTCTCAACATCTCTGAGAGTACAATTCCT-CTTATTTCCTTCATTGTGGC

AAAGTGTTTCAGAAAAGGGTTCCTTGAATTAAAAGTCGGCGTATCCTATTTGACTCCTGC

TCCTCCGGTATCACATACCTACAGCCAACCATGCCAAGAGCTTCCCCATTATCTCCGCAT

CGGAGAGC-CTTTCCTCCCGATATCCTCCAGTTTCAGAGACCGCACCCGGAGACCCATTG

GCAGGTTCCTGGATTCGCCTCAATTTTGGTCCTGCCTCTCTGCTTCGCATTTTCAGGCTT

GGCCTCACAAGAAGGACGATGGCGCCAGATTGTGCCAGAATGGGTGAAAACAGAAGGAAA

ATAAACCGGTTGCAGCAAAACCCACTATTCC

All the predicted gene sequences are avaliable on the web-site
http://to444xl.to.infn.it/regexp2/
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Glossary

allele One of a set of alternative forms of a gene. In a diploid cell each gene will
have two alleles, each occupying the same position (locus) on homologous
chromosomes.

alternative RNA splicing The production of different proteins from the same
RNA transcript by splicing it in different ways.

anticodon Sequence of three nucleotides in a transfer RNA molecule that is
complementary to a three-nucleotide codon in a messenger RNA molecule.

archea Members of one of the two major divisions of procaryotes (the Archea),
the other being the Bacteria.

autosome Any chromosome other than a sex chromosome.

bacteria Members of the Bacteria, one of the two major divisions of procary-
otes, the other being the Archea. Most exist as single cells and some cause
disease.

bacterial artificial chromosome (BAC) Cloning vector that can accommo-
date large pieces of DNA up to 1 million base pairs.

base pair Two nucleotides in an RNA or DNA molecule that are held together
by hydrogen bonds—for example, G pairs with C, and A with T or U.

binding site A region on the surface of one molecule (usually a protein or
nucleic acid) that can interact with another molecule through noncovalent
bonding.

budding yeast Common name often given to the baker’s yeast Saccharomyces
cerevisiae, a common experimental organism, which divides by budding
off a smaller cell.

C terminus see carboxyl terminus

capsid Protein coat of a virus, formed by the self-assembly of one or more
protein subunits into a geometrically regular structure.

carboxyl terminus (C terminus) The end of a polypeptide chain that car-
ries a free α-carbonyl group.

87
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cDNA DNA molecule made as a copy of messenger RNA and therefore lacking
the introns that are present in genomic DNA. cDNA clones represent DNA
cloned from cDNA and a collection of such clones, usually representing the
genes expressed in a particular cell type or tissue, is a cDNA library.

cell cycle (cell-division cycle) Reproductive cycle of a cell: the orderly se-
quence of events by which a cell duplicates its contents and divides into
two.

CG island Region of DNA with a greater than average density of CG se-
quences; these regions generally remain unmethylated.

chromosomal crossing-over The exchange of DNA between paired homolo-
gous chromosomes in division I of meiosis. It is a sign of genetic recombi-
nation and the crossovers (chiasmata) are visible in the light microscope.
(See Figure 20–10.)

chromosome Structure composed of a very long DNA molecule and associ-
ated proteins that carries part (or all) of the hereditary information of an
organism. Especially evident in plant and animal cells undergoing mitosis
or meiosis, where each chromosome becomes condensed into a compact
rodlike structure visible under the light microscope.

chromosome condensation Process by which a chromosome becomes packed
up into a more compact structure prior to M phase of the cell cycle.

cloning vector A small DNA molecule, usually derived from a bacteriophage
or plasmid, which is used to carry the fragment of DNA to be cloned into
the recipient cell, and which enables the DNA fragment to be replicated.

codon Sequence of three nucleotides in a DNA or messenger RNA molecule
that represents the instruction for incorporation of a specific amino acid
into a growing polypeptide chain.

combinatorial control Describes the control of a step in a cellular process,
such as the initiation of DNA transcription, by a combination of proteins
rather than by any individual one.

complementary DNA see cDNA

complementary Two nucleic acid sequences are said to be complementary if
they can form a perfect base-paired double helix with each other.

crossing-over see chromosomal crossing-over

cytosol Contents of the main compartment of the cytoplasm, excluding membrane-
bounded organelles such as endoplasmic reticulum and mitochondria. Orig-
inally defined operationally as the cell fraction remaining after membranes,
cytoskeletal components, and other organelles have been removed by low-
speed centrifugation.

deletion Type of mutation in which a single nucleotide or sequence of nu-
cleotides has been removed from the DNA.
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development Succession of changes that take place in an organism as a fertil-
ized egg gives rise to an adult plant or animal.

differentiation Process by which a cell undergoes a change to an overtly spe-
cialized cell type.

diploid Containing two sets of homologous chromosomes and hence two copies
of each gene or genetic locus.

DNA (deoxyribonucleic acid) Polynucleotide formed from covalently linked
deoxyribonucleotide units. It serves as the store of hereditary information
within a cell and the carrier of this information from generation to gener-
ation.

DNA library Collection of cloned DNA molecules, representing either an en-
tire genome (genomic library) or DNA copies of the messenger RNA pro-
duced by a cell (cDNA library).

DNA methylation Addition of a methyl group to DNA. Extensive methyla-
tion of the cytosine base in CG sequences is used in vertebrates to keep
genes in an inactive state.

DNA microarray Technique for analyzing the simultaneous expression of
large numbers of genes in cells, in which isolated cellular RNA is hybridized
to a large array of short DNA probes immobilized on glass slides.

DNA polymerase Enzyme that synthesizes DNA by joining nucleotides to-
gether using a DNA template as a guide.

DNA repair Collective name for those biochemical processes that correct ac-
cidental changes in the DNA.

DNA sequencing Determination of the order of nucleotides in a DNA molecule.

DNA transcription see transcription

DNA-only transposon Type of transposable element that exists as DNA
throughout its life cycle. Many types move by cut-and-paste transpo-
sition.

domain see protein domain

double helix The three-dimensional structure of DNA, in which two DNA
chains held together by hydrogen bonding between the bases are wound
into a helix.

Drosophila melanogaster Species of small fly, commonly called a fruit fly,
much used in genetic studies of development.

enhancer Regulatory DNA sequence to which gene regulatory proteins bind,
influencing the rate of transcription of a structural gene that can be many
thousands of base pairs away.

enzyme Protein that catalyzes a specific chemical reaction.
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Escherichia coli (E. coli) Rodlike bacterium normally found in the colon of
humans and other mammals and widely used in biomedical research.

eucaryote (eukaryote) Organism composed of one or more cells with a dis-
tinct nucleus and cytoplasm. Includes all forms of life except viruses and
procaryotes (bacteria and archea).

euchromatin Region of an interphase chromosome that stains diffusely; “nor-
mal” chromatin, as opposed to the more condensed heterochromatin.

exon Segment of a eucaryotic gene that consists of a sequence of nucleotides
that will be represented in messenger RNA or the final transfer RNA or
ribosomal RNA. In protein-coding genes, exons encode amino acids in the
protein. An exon is usually adjacent to a noncoding DNA segment called
an intron.

expression vector A virus or plasmid that carries a DNA sequence into a
suitable host cell and there directs the synthesis of the protein encoded
by the sequence.

expression Production of an observable phenotype by a gene—usually by di-
recting the synthesis of a protein.

gamete Specialized haploid cell, either a sperm or an egg, serving for sexual
reproduction.

gene activator protein A gene regulatory protein that when bound to its
regulatory sequence in DNA activates transcription.

gene control region DNA sequences required to initiate transcription of a
given gene and control the rate of initiation.

gene conversion Process by which DNA sequence information can be trans-
ferred from one DNA helix (which remains unchanged) to another DNA
helix whose sequence is altered. It occurs occasionally during general re-
combination.

gene Region of DNA that controls a discrete hereditary characteristic, usually
corresponding to a single protein or RNA. This definition includes the
entire functional unit, encompassing coding DNA sequences, noncoding
regulatory DNA sequences, and introns.

general transcription factor Any of the proteins whose assembly around the
TATA box is required for the initiation of transcription of most eucaryotic
genes.

genetic code Set of rules specifying the correspondence between nucleotide
triplets (codons) in DNA or RNA and amino acids in proteins.

genome The totality of genetic information belonging to a cell or an organism;
in particular, the DNA that carries this information.
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genomic DNA DNA constituting the genome of a cell or an organism. Often
used in contrast to cDNA (DNA prepared by reverse transcription from
messenger RNA). Genomic DNA clones represent DNA cloned directly
from chromosomal DNA, and a collection of such clones from a given
genome is a genomic DNA library.

genotype Genetic constitution of an individual cell or organism.

germ cell Precursor cell that will give rise to gametes.

germ line The lineage of germ cells (which contribute to the formation of a
new generation of organisms), as distinct from somatic cells (which form
the body and leave no descendants).

haploid Having only one set of chromosomes, as in a sperm cell or a bacterium,
as distinct from diploid (having two sets of chromosomes).

histone One of a group of small abundant proteins, rich in arginine and lysine,
four of which form the nucleosome on the DNA in eucaryotic chromosomes.

homolog (1) One of two or more genes that are similar in sequence as a result of
derivation from the same ancestral gene. The term covers both orthologs
and paralogs. (2) See homologous chromosome.

homologous chromosome (homolog) One of the two copies of a particular
chromosome in a diploid cell, each copy being derived from a different
parent.

hybridization In molecular biology, the process whereby two complementary
nucleic acid strands form a double helix. Forms the basis of a powerful
technique for detecting specific nucleotide sequences.

in vitro Term used by biochemists to describe a process taking place in an
isolated cell-free extract. Also used by cell biologists to refer to cells
growing in culture (in vitro), as opposed to in an organism (in vivo).
(Latin for “in glass.”)

in vivo In an intact cell or organism. (Latin for “in life.”)

insulator element DNA sequence that prevents a gene regulatory protein bound
to DNA in the control region of one gene from influencing the transcription
of adjacent genes.

intron Noncoding region of a eucaryotic gene that is transcribed into an RNA
molecule but is then excised by RNA splicing during production of the
messenger RNA or other functional structural RNA.

inversion Type of mutation in which a segment of chromosome is inverted.

karyotype Full set of chromosomes of a cell arranged with respect to size,
shape, and number.

lethal mutation A mutation that causes the death of the cell or the organism
that contains it.
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linkage (1) Mutual effect of the binding of one ligand on the binding of another
that is a central feature of the behavior of all allosteric proteins. (2)
Co-inheritance of two genetic loci that lie near each other on the same
chromosome. The closer together the two loci, that is, the greater the
linkage, the lower the frequency of recombination between them.

meiosis Special type of cell division by which eggs and sperm cells are pro-
duced. It comprises two successive nuclear divisions with only one round
of DNA replication, which produces four haploid daughter cells from an
initial diploid cell.

messenger RNA (mRNA) RNA molecule that specifies the amino acid se-
quence of a protein. Produced by RNA splicing (in eucaryotes) from a
larger RNA molecule made by RNA polymerase as a complementary copy
of DNA. It is translated into protein in a process catalyzed by ribosomes.

mitochondrion (mitochondria) Membrane-bounded organelle, about the size
of a bacterium, that carries out oxidative phosphorylation and produces
most of the ATP in eucaryotic cells.

motif Element of structure or pattern that recurs in many contexts. Specif-
ically, a small structural domain that can be recognized in a variety of
proteins.

mRNA see messenger RNA

mutant Organism in which a mutation has occurred that makes it different
from wild-type or from the ‘normal’ extent of variation in the population.

mutation Heritable change in the nucleotide sequence of a chromosome.

nonsense-mediated mRNA decay Mechanism for removing aberrant mR-
NAs containing in-frame internal stop codons before they can be trans-
lated.

nucleosome Beadlike structure in eucaryotic chromatin. It is composed of a
short length of DNA wrapped around a core of histone proteins, and is
the fundamental structural unit of chromatin.

nucleotide Nucleoside with one or more phosphate groups joined in ester link-
ages to the sugar moiety. DNA and RNA are polymers of nucleotides.
(See Panel 2–6, pp. 120–121.)

nucleus Prominent membrane-bounded organelle in a eucaryotic cell, contain-
ing DNA organized into chromosomes.

operon In a bacterial chromosome, a group of contiguous genes that are tran-
scribed into a single mRNA molecule.

PCR (polymerase chain reaction) Technique for amplifying specific regions
of DNA by the use of sequence-specific primers and multiple cycles of DNA
synthesis, each cycle being followed by a brief heat treatment to separate
complementary strands.

phenotype The observable character of a cell or an organism.
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phylogeny Evolutionary history of an organism or group of organisms, often
presented in chart form as a phylogenetic tree.

plasmid Small circular DNA molecule that replicates independently of the
genome. Modified plasmids are used extensively as plasmid vectors for
DNA cloning.

point mutation Change of a single nucleotide in DNA, especially in a region
of DNA coding for protein.

polymerase chain reaction see PCR

polymorphic Describes a gene with many different alleles, none of which is
predominant in the population.

polypeptide Linear polymer composed of multiple amino acids. Proteins are
large polypeptides, and the two terms can be used interchangeably.

posttranscriptional control Any control on gene expression that is exerted
at a stage after transcription has begun.

posttranslational Describes any process involving a protein that occurs after
protein synthesis is completed.

posttranslational modification The enzyme-catalyzed change to a protein
made after it is synthesized. Examples are acetylation, cleavage, glycosy-
lation, methylation, phosphorylation, and prenylation.

procaryote (prokaryote) Single-celled microorganism whose cells lack a well-
defined, membrane-enclosed nucleus. The procaryotes comprise two of the
major domains of living organisms—the Bacteria and the Archaea.

promoter Nucleotide sequence in DNA to which RNA polymerase binds to
begin transcription.

protein The major macromolecular constituent of cells. A linear polymer of
amino acids linked together by peptide bonds in a specific sequence.

protein domain Portion of a protein that has a tertiary structure of its own.
Larger proteins are generally composed of several domains, each connected
to the next by short flexible regions of polypeptide chain.

pseudogene Gene that has accumulated multiple mutations that has rendered
it inactive and nonfunctional.

reading frame The phase in which nucleotides are read in sets of three to
encode a protein. A messenger RNA molecule can be read in any one
of three reading frames, only one of which will give the required protein.
(See Figure 6–51.)

recessive In genetics, refers to the member of a pair of alleles that fails to be
expressed in the phenotype of the organism when the dominant allele is
present. Also refers to the phenotype of an individual that has only the
recessive allele.
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recombinant DNA Any DNA molecule formed by joining DNA segments
from different sources. Recombinant DNAs are widely used in the cloning
of genes, in the genetic modification of organisms, and in molecular biology
generally.

recombination Process in which DNA molecules are broken and the fragments
are rejoined in new combinations. Can occur in the living cell—for exam-
ple, through crossing-over during meiosis—or in vitro using purified DNA
and enzymes that break and ligate DNA strands.

regulatory sequence DNA sequence to which a gene regulatory protein binds
to control the rate of assembly of the transcirptional complex at the pro-
moter.

replication origin Location on a DNA molecule at which duplication of the
DNA begins.

retrotransposon Type of transposable element that moves by being first tran-
scribed into an RNA copy that is then reconverted to DNA by reverse
transcriptase and inserted elsewhere in the chromosomes.

retrovirus RNA-containing virus that replicates in a cell by first making a
double-stranded DNA intermediate.

reverse transcriptase Enzyme first discovered in retroviruses that makes a
double-stranded DNA copy from a single-stranded RNA template molecule.

ribosomal RNA (rRNA) Any one of a number of specific RNA molecules
that form part of the structure of a ribosome and participate in the syn-
thesis of proteins. Often distinguished by their sedimentation coefficient,
such as 28S rRNA or 5S rRNA.

ribosome Particle composed of ribosomal RNAs and ribosomal proteins that
associates with messenger RNA and catalyzes the synthesis of protein.

RNA (ribonucleic acid) Polymer formed from covalently linked ribonucleotide
monomers. (See also messenger RNA, ribosomal RNA, transfer RNA.)

RNA splicing Process in which intron sequences are excised from RNA tran-
scripts in the nucleus during formation of messenger and other RNAs.

rRNA see ribosomal RNA

rRNA gene Gene that specifies a ribosomal RNA (rRNA).

secondary structure Regular local folding pattern of a polymeric molecule.
In proteins, α helices and β sheets.

sex chromosome Chromosome that may be present or absent, or present in
a variable number of copies, according to the sex of the individual. In
mammals, the X and Y chromosomes.

single-nucleotide polymorphism (SNP) Variation between individuals at
certain nucleotide positions in the genome.
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SNP see single-nucleotide polymorphism

TATA box Consensus sequence in the promoter region of many eucaryotic
genes that binds a general transcription factor and hence specifies the
position at which transcription is initiated.

terminator Signal in bacterial DNA that halts transcription.

tertiary structure Complex three-dimensional form of a folded polymer chain,
especially a protein or RNA molecule.

transcript RNA product of DNA transcription.

transcription (DNA transcription) Copying of one strand of DNA into a
complementary RNA sequence by the enzyme RNA polymerase.

transcription factor Term loosely applied to any protein required to initiate
or regulate transcription in eucaryotes. Includes both gene regulatory
proteins as well as the general transcription factors.

transcriptional control Control of of gene expression by controlling when
and how often the gene is transcribed.

translation (RNA translation) Process by which the sequence of nucleotides
in a messenger RNA molecule directs the incorporation of amino acids into
protein. It occurs on a ribosome.

transposable element Segment of DNA that can move from one position in
a genome to another. Also called a transposon.

transposition The movement of a DNA sequence from one site to another
within the genome. See also cut-and-paste transposition.

virus Particle consisting of nucleic acid (RNA or DNA) enclosed in a protein
coat and capable of replicating within a host cell and spreading from cell
to cell. Many viruses cause disease.
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[83] Ö. Svensson, L. Arvestad, and J. Lagergren, “Genome-wide survey for
biologically functional pseudogenes,” PLoS Computational Biology, vol. 2,
pp. 46–46, May 2006, 10.1371/journal.pcbi.0020046.

[84] Y. Yano, R. Saito, N. Yoshida, A. Yoshiki, A. Wynshaw-Boris, M. Tomita,
and S. Hirotsune, “A new role for expressed pseudogenes as ncrna: reg-
ulation of mrna stability of its homologous coding gene.” Journal of
molecular medicine (Berlin, Germany), vol. 82, pp. 414–422, Jul 2004,
10.1007/s00109-004-0550-3.

[85] P. Harrison, D. Zheng, Z. Zhang, N. Carriero, and M. Gerstein, “Tran-
scribed processed pseudogenes in the human genome: an intermediate
form of expressed retrosequence lacking protein-coding ability.” Nucleic
acids research, vol. 33, pp. 2374–2383, xx 2005, 10.1093/nar/gki531.

[86] D. Zheng, Z. Zhang, P. Harrison, J. Karro, N. Carriero, and M. Gerstein,
“Integrated pseudogene annotation for human chromosome 22: evidence
for transcription.” Journal of molecular biology, vol. 349, pp. 27–45, May
2005, 10.1016/j.jmb.2005.02.072.

[87] M. Frith, L. Wilming, A. Forrest, H. Kawaji, S. Tan, C. Wahlestedt,
V. Bajic, C. Kai, J. Kawai, P. Carninci, Y. Hayashizaki, T. Bailey, and
L. Huminiecki, “Pseudo-messenger rna: phantoms of the transcriptome.”
PLoS genetics, vol. 2, p. e23, Apr 2006, 10.1371/journal.pgen.0020023.

[88] J. Bradley, A. Baltus, H. Skaletsky, M. Royce-Tolland, K. Dewar, and
D. Page, “An x-to-autosome retrogene is required for spermatogenesis in
mice.” Nature genetics, vol. 36, pp. 872–876, Aug 2004, 10.1038/ng1390.

[89] N. Vinckenbosch, I. Dupanloup, and H. Kaessmann, “Evolutionary fate of
retroposed gene copies in the human genome.” Proceedings of the National
Academy of Sciences of the United States of America., vol. 103, pp. 3220–
5, Feb 2006.

[90] A. Hill, R. Nicholls, S. Thein, and D. Higgs, “Recombination within the
human embryonic xi-globin locus: a common xi-xi chromosome produced
by gene conversion of the psi xi gene.” Cell, vol. 42, pp. 809–19, Oct 1985.

[91] N. Trabesinger-Ruefa, T. Jermanna, T. Zankela, B. Durrantc, G. Frankb,
and S. Benner, “Pseudogenes in ribonuclease evolution: a source
of new biomacromolecular function?” FEBS Letters, vol. 382,
p. 319, xx 1996, 10.1016/0014-5793(96)00191-3. [Online]. Available:
http://dx.doi.org/10.1016/0014-5793(96)00191-3

[92] P. Harrison and M. Gerstein, “Studying genomes through the aeons: pro-
tein families, pseudogenes and proteome evolution.” Journal of molecular
biology, vol. 318, pp. 1155–74, May 2002.

[93] S. Sassi, E. Braun, and S. Benner, “The evolution of seminal ribonuclease:
pseudogene reactivation or multiple gene inactivation events?” Molecular
biology and evolution, vol. 24, pp. 1012–24, Apr 2007, studies of this type
should contribute to an integrated framework of tools to assign functional
and nonfunctional episodes to recently created gene duplicates and to



BIBLIOGRAPHY 104

understand more broadly how gene duplication leads to the emergence of
proteins with novel functions. (mox 2007-07-25 15:25:59).

[94] T. Gray, A. Wilson, P. Fortin, and R. Nicholls, “The pu-
tatively functional mkrn1-p1 pseudogene is neither expressed nor
imprinted, nor does it regulate its source gene in trans,” Pro-
ceedings of the National Academy of Sciences, vol. 103, pp.
12 039–12 044, Aug 2006, 10.1073/pnas.0602216103. [Online]. Available:
http://www.pnas.org/cgi/content/abstract/103/32/12039

[95] S. Hirotsune, N. Yoshida, A. Chen, L. Garrett, F. Sugiyama,
S. Takahashi, K.-I. Yagami, A. Wynshaw-Boris, and A. Yoshiki,
“An expressed pseudogene regulates the messenger-rna stabil-
ity of its homologous coding gene,” Nature, vol. 423, pp.
91–96, May 2003, 10.1038/nature01535. [Online]. Available:
http://www.nature.com/nature/journal/v423/n6935/full/nature01535.html

[96] J. Lee, “Complicity of gene and pseudogene,” Nature, vol.
423, pp. 26–28, May 2003, 10.1038/423026a. [Online]. Available:
http://www.nature.com/nature/journal/v423/n6935/full/423026a.html

[97] E. Lander, L. Linton, B. Birren, C. Nusbaum, M. Zody, J. Baldwin, K. De-
von, K. Dewar, M. Doyle, W. Fitzhugh, R. Funke, D. Gage, K. Harris,
A. Heaford, J. Howland, L. Kann, J. Lehoczky, R. Levine, P. McEwan,
K. McKernan, J. Meldrim, J. Mesirov, C. Miranda, W. Morris, J. Naylor,
C. Raymond, M. Rosetti, R. Santos, A. Sheridan, C. Sougnez, N. Stange-
Thomann, N. Stojanovic, A. Subramanian, D. Wyman, J. Rogers,
J. Sulston, R. Ainscough, S. Beck, D. Bentley, J. Burton, C. Clee,
N. Carter, A. Coulson, R. Deadman, P. Deloukas, A. Dunham, I. Dun-
ham, R. Durbin, L. French, D. Grafham, S. Gregory, T. Hubbard,
S. Humphray, A. Hunt, M. Jones, C. Lloyd, A. McMurray, L. Matthews,
S. Mercer, S. Milne, J. Mullikin, A. Mungall, R. Plumb, M. Ross,
R. Shownkeen, S. Sims, R. Waterston, R. Wilson, L. Hillier, J. McPher-
son, M. Marra, E. Mardis, L. Fulton, A. Chinwalla, K. Pepin, W. Gish,
S. Chissoe, M. Wendl, K. Delehaunty, T. Miner, A. Delehaunty, J. Kramer,
L. Cook, R. Fulton, D. Johnson, P. Minx, S. Clifton, T. Hawkins, and
E. Branscomb, “Initial sequencing and analysis of the human genome.”
Nature., vol. 409, pp. 860–921, Feb 2001, 10.1038/35057062.

[98] R. Waterston, K. Lindblad-Toh, E. Birney, J. Rogers, J. Abril, P. Agarwal,
R. Agarwala, R. Ainscough, M. Alexandersson, P. An, S. Antonarakis,
J. Attwood, R. Baertsch, J. Bailey, K. Barlow, S. Beck, E. Berry, B. Bir-
ren, T. Bloom, P. Bork, M. Botcherby, N. Bray, M. Brent, D. Brown,
S. Brown, C. Bult, J. Burton, J. Butler, R. Campbell, P. Carninci,
S. Cawley, F. Chiaromonte, A. Chinwalla, D. Church, M. Clamp, C. Clee,
F. Collins, L. Cook, R. Copley, A. Coulson, O. Couronne, J. Cuff,
V. Curwen, T. Cutts, M. Daly, R. David, J. Davies, K. Delehaunty,
J. Deri, E. Dermitzakis, C. Dewey, N. Dickens, M. Diekhans, S. Dodge,
I. Dubchak, D. Dunn, S. Eddy, L. Elnitski, R. Emes, P. Eswara, E. Eyras,
A. Felsenfeld, G. Fewell, P. Flicek, K. Foley, W. Frankel, L. Fulton, R. Ful-
ton, T. Furey, D. Gage, R. Gibbs, G. Glusman, S. Gnerre, N. Goldman,
L. Goodstadt, D. Grafham, T. Graves, E. Green, S. Gregory, R. Guigó,
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