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Abstract

Even today, many genes are without any known homolog. These “orphans” are

found in all species, from Viruses to Prokaryotes and Eukaryotes. For a portion

of these genes, we might simply not have enough data to find homologs yet.

Some of them are imported from taxonomically distant organisms via lateral

transfer; others have homologs, but mutated beyond the point of recognition.

However, a sizeable fraction of orphan genes is unambiguously created via

“de novo” mechanisms. The study of such novel genes can contribute to our

understanding of the emergence of functional novelty and the adaptation of

species to new ecological niches.

In this work, we first survey the field of orphan studies, and illustrate some

of the common issues. Next, we analyze some of the intrinsic properties of

orphans proteins, including secondary structure elements and Intrinsic Struc-

tural Disorder; specifically, we observe that in young proteins the relation-

ship between these properties and the G+C content of their coding sequence is

stronger than in older proteins.

We then tackle some of the methodological problems often found in orphan

studies. We find that using evolutionarily close species, and sensitive, state-of-

the art homology recognition methods is instrumental to the identification of a

set of orphans enriched in de novo created ones.

Finally, we compare how intrinsic disorder is distributed in bacteria versus

eukaryota. Eukaryotic proteins are longer and more disordered; the difference

is to be attributed primarily to eukaryotic-specific domains and linker regions.

In these sections of the proteins, a higher frequency of the disorder-promoting

amino acid Serine can be observed in Eukaryotes.
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1. Introduction

There is little doubt that life on Earth is very dynamic. Over the course of hun-

dreds of millions of years, species, and their genes, have evolved and changed,

producing the wondrous variety that we can observe today. But what is possi-

bly even more astonishing is that evolution and change are still active, today,

and even for us humans.

After the sequencing of the complete genome of the unicellular budding

yeast Saccharomyces cerevisiae in 1996 [1], researchers noticed that many of

its genes did not have any corresponding homolog in other species. These were

dubbed “orphans”. The accepted position at the time, however, was that all

genes would somewhat be related to each other, and their genealogy traceable

to a set of common ancestors created in a sort of molecular “big bang” [2].

Therefore, it was thought that with the accumulation of more genomic data,

the missing homology relationships would be eventually found.

Today, the complete genomes of tens of thousands of organisms have been

sequenced, and the data is publicly available. Despite this, genes without any

homolog are still detected in many species. The reasons for their existence can

be several: for example lack of a homology detection method that is powerful

enough, or lack of data. One reason, however, is that some of the orphan genes

are created “de novo”: a section of previously nonfunctional DNA mutates into

a protein-coding gene.

Understanding the molecular mechanisms that generate such genes, study-

ing their properties and characterizing their functions is important, because it

sheds light onto the generation of functional novelty, which is instrumental to

the adaptation of organisms to new ecological niches [3; 4], and, ultimately, to

the increase in diversity of life.

The results presented in this thesis are articulated in four articles. In the

first (Paper I) a survey of the current knowledge on orphan and de novo created

genes is presented, and some problems in current studies and methodologies

for their identification are highlighted.

Paper II focuses of some of the intrinsic properties of orphan genes and

proteins, especially structural disorder: regions or whole proteins that are flex-

ible and do not assume a rigid tridimensional conformation. In particular, we

show that there is an interesting relationship between disorder, age of proteins

and the content of the Cytosine and Guanosine nucleotides in their genes. The
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conclusions of this study support the idea that the properties of novel genes

derive from the genetic environment in which they arise.

In the following study (Paper III) we analyze some of the most common

problems that researches face when trying to detect orphan genes, especially

when trying to distinguish de novo created ones. We propose a strategy that

makes use of both genomic and proteomic data, to minimize false positives.

In the last included paper (IV), eukaryotic and prokaryotic proteins are

compared in a large scale study. We focus again on intrinsic disorder, and we

show that the difference observed between the two kingdoms is to be attributed

to an increased frequency of the amino acid Serine in eukaryotic-specific pro-

tein regions.

Chapters 2 to 6 contain theoretical and practical background notions on

genes, proteins, evolution and orphans. In Chapter 7 I present a more detailed

summary of the four papers. In Chapter 8 some general conclusions are drawn,

and future perspectives are considered.
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2. Genes

2.1 What is a gene

A gene is a section of DNA that can be transcribed, i.e. converted to RNA

by an enzyme complex called RNA polymerase. Many genes undergo trans-

lation after being transcripted: the RNA is read by the ribosome (a complex

of proteins and RNA molecules) and a protein is produced. This process of

transcription and translation is referred to as gene expression. Not all genes

produce proteins, but in this thesis the focus is primarily on those that do so.

A typical gene can be described as a series of sequences of DNA, each hav-

ing a different role. The region that is actually transcribed into RNA is called

Open Reading Frame (ORF), and it can be imagined as a sequence of codons:

triplets of nucleotides, each one corresponding to one amino acid according to

the genetic code (Table 2.1).

In the regions flanking the ORF are often present regulatory elements. The

promoter is located before the transcription start site, and its role is to bind dif-

ferent kinds of proteins: the RNA polymerase complex itself, and transcription
factors that can increase or decrease the amount of expressed RNA.

Another type of regulatory region is an enhancer/silencer. This is a se-

quence of DNA that can be located very far from the Open Reading Frame,

but it can nevertheless influence the expression level of the gene, by binding

proteins that act as activators or repressors.

Many of these elements can be present, and the final level of expression is

the result of their combined activity.

2.1.1 Eukaryotic and prokaryotic genes

An important distinction has to be made between genes of eukaryotes and

prokaryotes. The latter tend to be shorter and less complex, having few or no

regulatory elements. Additionally, eukaryotic genes are very frequently frag-

mented into coding sections (exons) and non-coding sections (introns); this

structure is not present in Bacteria or Archaea (see Figure 2.1). Exons act as

modules: a gene containing several exons can produce different proteins com-

bining its exons in different ways: these different variants of proteins coming
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2.2 Intrinsic properties

2.2.1 Length

As previously mentioned, prokaryotic genes tend to be shorter than eukaryotic

genes, mainly because of the presence of introns and longer exons. However,

even in a single organism not all genes have the same length. It has been

noticed that there is a direct correlation between the age of a gene, i.e. the

moment in which that gene is born, and its length: more recent genes tend to

be shorter than older ones.

2.2.2 GC content

The content of Guanine+Cytosine (GC) nucleotides is an important parameter

of a genome; it influences the temperature at which DNA denaturates (melting

temperature) and changes how easily the DNA can be accessed by enzymes,

such as transcriptases. Further, coding regions have higher GC content than

non-coding ones [5; 6].

It has been discovered that regions with high GC content are present around

the beginning of genes, in the promoter region [7]. The amount of GC dinu-

cleotides in these regions (called GpC islands), is 60% or more of what would

be statistically expected. CpG island has been observed mainly in the genomes

of vertebrates.

The variability of GC content among genomes of different taxa has been

correlated in prokaryotes with several conditions, including aerobiosis, genome

size [8] and temperature [9]. In more complex eukaryoric organisms, the

global GC content is heavily determined by the GC composition of isochores:

these regions of uniform GC form a mosaic in the genomes of many complex

eukaryotes, and their maintenance is likely the result of natural selection [10].

Additionally, there exists a variability of GC content within a single genome;

different genomic regions often have different GC content [6], and, as men-

tioned, coding segments are GC-rich compared to noncoding ones.

The GC content of the coding sequence of a gene influences directly some

properties of the protein that is produced. This is because at high GC, nu-

cleotide triplets (codons) that correspond to polar and charged amino acids are

prevalent [11; 12]. Conversely, low-GC genes tend to be enriched in codons

coding for hydrophobic amino acids. The result is that properties such as In-

trinsic Disorder and hydrophobicity show a clear dependency on GC content.
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2.3 Genomes

The genetic material of a species is known as its genome. Thanks to improve-

ments in the sequencing technologies, in 1995 it was possible to obtain the

sequence of the entire genome of the Gram-negative bacterium Haemophilus
influenzae. After that, Whole Genome Sequencing (WGS) techniques have

constantly improved, and the number of organisms sequenced multiplied.

Nowadays, more than 20,000 whole genome sequences are deposited in

the National Center for Biotechnology Information (NCBI) “Genome Project”

database. Genome size, gene count, fraction of GC nucleotides vary greatly

between organisms; a few examples are reported in Table 2.2.

Organism Kingdom Size (Mb) GC% Genes Proteins

Archaeoglobus fulgidus Archaea 2.02 48.6 2,407 2,400

Nanoarchaeum equitans Archaea 0.49 31.6 536 536

Escherichia coli Bacteria 4.96 50.76 5,494 4,306

Haemophilus influenzae Bacteria 1.83 38.1 1,656 1,707

Arabidopsis thaliana Eukaryota 119.67 36.05 27,655 39,180

Caenorhabditis elegans Eukaryota 100.29 35.43 20,362 26,553

Danio rerio Eukaryota 1371.72 36.66 25,903 44,128

Dictyostelium discoideum Eukaryota 34.20 22.46 13,243 12,746

Drosophila melanogaster Eukaryota 143.73 42.08 13,918 21,976

Homo sapiens Eukaryota 3241.95 41.46 20,338 71,775

Mus musculus Eukaryota 3251.25 41.83 22,598 52,539

Neurospora crassa Eukaryota 40.42 48.9 9,758 10,258

Plasmodium falciparum Eukaryota 23.27 19.36 5,362 5,369

Saccharomyces cerevisiae Eukaryota 12.16 38.16 6,692 6,049

Table 2.2: Overview of the genomes of a few model organisms and their charac-

teristics: size (in mega bases), average content of G+C nucleotides, estimated

number of genes and proteins. Number of coding genes are obtained from

Ensembl[13]; number of proteins are extracted from Uniprot[14].

2.3.1 Genome annotation

A particularly challenging aspect is the annotation of whole genome sequence

data. With a size (measured in nucleotides, or bases) that ranges from a few

hundreds of thousands to billions, it is impossible to experimentally verify for

all of the sequenced species which parts of a genome correspond to coding

sequences, which are regulatory sequences and so on. For this reason, the

increase in genome data available has also seen an increase in the computer

techniques adopted to study them.
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One approach is the computational prediction of genes. Computer soft-

wares using statistics-based [15] or Machine Learning techniques [16; 17])

techniques, scan the genome and predict the location of its features (coding

sequences, etc.), by using signatures such as the aforementioned CpG islands

or sequence motifs in correspondence with the transcription start site.

It is also common to annotate genomes by using homology information.

By comparing a newly sequenced genome with a closely related species which

is already annotated, it is possible to transfer these informations for regions

with strong similarity.

2.3.2 Transcriptomics

Linked to the concept of genome, a transcriptome is the collection of all the

transcribed RNA. Rather that being a static dataset like the genome, the quan-

tities of each transcript are subject to large variations between different RNAs

and between different times, conditions and cell types. Thus, a transcriptome

represents a snapshot of the expression of a genome under specific parameters.

Starting from the 1990s, experimental procedures have been developed to

obtain the sequences of as many transcripts of a cell sample as possible in

a single experiment. DNA microarrays [18] were the first high-throughput

technique used to to measure the expression levels of large numbers of genes

simultaneously. This approach had some limitations, especially regarding the

analysis of the data, which tends to be noisy and difficult to replicate, and it

has been rendered obsolete by RNA-sequencing, or RNA-Seq [19]. This newer

technology has similarities with the whole genome sequencing procedure, and

allows the user to analyze not only mRNA, but also other species of RNA, such

as transfer RNA (tRNA) or micro RNA (miRNA). RNA-Seq is also both faster

and cheaper than DNA microarrays.
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3. Proteins

3.1 What is a protein

A protein is a macromolecule composed by one or more chains of amino acid

residues. Proteins are the main actors of the biochemical processes of life: they

can be for example enzymes (that catalyze chemical reactions), bind to the

DNA to regulate gene expression or pack the genome into the cell, structural

elements, receptors on the cell membrane.

The sequence of the amino acids composing a protein chain, also known

as primary structure is encoded in the gene, and produced from it through

the previously mentioned process of transcription and translation. After the

creation of this chain, sections of it assume localized tridimensional structure,

i.e. the amino acid chain folds itself into one of few shapes: an alpha helix, a

beta strand or a loop/turn. Several beta strands from different parts of the chain

can get in contact and form a beta sheet. Helices and sheets are rather rigid

structures, while loops are more flexible. Collectively, these tridimensionally

organized sections are referred to as secondary structure.

The whole chain then folds onto itself to form a globular shape, known as

tertiary structure. This is the form in which a protein performs its biological

function. Generally, parts of the chain that are more hydrophobic tend to be

buried in the core of this structure, while polar residues tend to stay on the

surface.

Two or more proteins can adhere to each other, forming protein complexes.

This arrangement is known as quaternary structure; a protein complex of-

ten acts as an integrated machinery that performs complex biochemical tasks

(for example the creation of adenosine triphosphate molecules from adenosine

diphosphate and inorganic phosphate) that require several steps.

3.1.1 Proteomes

The ensemble of the proteins of an organism is called proteome. The main

challenge of characterizing a proteome is that not all proteins are present in

a specific cell at a given time. Many proteins are tissue-specific, or produced

only under certain conditions. Additionally, some proteins are present in large

quantities and some in few copies only.

��



In general, Prokaryotes have smaller proteomes than Eukaryotes. This is

attributed mainly to two factors: (i) the size of prokaryotic genomes is, on av-

erage, much smaller than that of eukaryotic ones, even taking into account

the higher gene-density in prokaryotes; (ii) alternative splicing mechanism

provides eukaryotes with a way of generating multiple variants of a protein

starting with same gene. Table 2.2 shows the current status of knowledge for

several model organisms.

3.2 Protein domains

It is possible to distinguish one or more regions in a protein that somewhat act

as independent units. These are referred to as domains, but there is often con-

fusion associated with this term, because it can refer to a local fold, a section

of the residues sequence, or a functional unit.

Structural domains are parts of the protein that fold independently, and as-

sume a tridimensional arrangement that is typical of that domain [20]. Some-

times distant, non-contiguous parts of the protein sequence form a structural

domain together.

Sequence domains, sometimes referred to as evolutionary domains, are

contiguous parts of the amino acid sequence that are conserved during evo-

lution. These sections are thought to evolve independently, and members of

such a domain share a common ancestor.

A third definition of protein domains is that of functional domains: parts of

a protein that perform a specific function [21; 22]. When this rather operational

definition is applied, it is possible to classify domains and proteins according to

their function, for example grouping all zinc-finger domains in one functional

family. It can be argued that large functional domain families have members

that perform different functions; on the other hand, the same function can be

acquired by two unrelated domains through convergent evolution.

These different definitions of protein domain overlap, and, in fact, they are

linked: a conserved sequence tends to assume the same fold, which, in turn,

tends to perform the same function. Further, a correspondency, albeit very low,

can be seen between domains and exons [23–25]. This leads us to imagine the

very elegant model of domain rearrangements driven by exon shuffling through

recombination; this idea is however not entirely supported.

Many proteins have only one domain, but many others can have tens of do-

mains, occasionally repeated multiple times. The reshuffle and combination of

different domains is a powerful tool that evolution has to create new functions

without creating completely novel proteins [26–29].
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3.3 Intrinsic properties

Proteins are complex entities that can be studied from a multitude of angles.

Here we mention some of the properties that can be assigned to proteins that

are relevant to this thesis.

3.3.1 Low Complexity

An amino acid sequence enriched in a single residue, or a short tandem repeat,

is referred to as Low Complexity region [30]. These regions of low composi-

tional complexity exist in all proteins, but they are more common in Eukaryotic

ones [31].

3.3.2 Hydrophobicity and transmembrane regions

In a protein, certain amino acid residues (for example Leucine and Valine) pos-

sess hydrophobic lateral chains. These parts of the molecule are non polar and

interact preferentially with other non polar substances rather than with polar

solvents such as water. This property, called hydrophobicity, can be quantified

by applying scales that have been developed in the scientific community. One

example of such hydrophobicity scales, proposed in 1982 but still used nowa-

days, is the one created by Kyte and Doolittle [32], based on consensus of

other knowledge-based scales, i.e. scales that use statistics on the amino acids.

More sophisticated scales are now available, such as the Hessa scale [33], also

known as biological hydrophobicity scale, whose creation is based on the in-

sertion efficacy of artificial polypeptides into the membrane of microsomes.

The inside of the cell membrane is primarily composed by the hydrophobic

tails of lypids, thus accepting preferentially other nonpolar molecules. Trans-

membrane (TM) proteins are those proteins that span the cell membrane. The

region(s) of these proteins that goes through the membrane tends to be en-

riched in hydrophobic residues, and hydrophobicity scales are often used to

predict the location of these sections.

3.3.3 Structural disorder

It has been shown [34] that many proteins contain regions which remain un-

structured even in their native state. These proteins are called Intrinsically

Disordered Proteins (IDPs). An IDP can contain one or more disordered sec-

tions, or be completely disordered. The flexibility of these regions makes it

hard to determine their tridimensional structure by, for example, X-ray crys-

tallography or nuclear Magnetic Resonance (NMR) [35].
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Intrinsically disordered regions are not equivalent to Low Complexity re-

gions; further, the presence of transient secondary structure elements separates

them from normal, structured loops [35; 36]. It is thought that their structural

flexibility is necessary to their biological function [37]. Furthermore, it ap-

pears that disorder plays a role in the evolution of proteins, by allowing a rapid

sequence expansion [38–40].

Disordered regions tend to be enriched in polar and charged residues, for

example Lysine, Serine, Glutamate. Proline, a helix breaker residue, is also

over-represented in these regions. A scale, named TOP-IDP, has been proposed

by Campen et al. [41] that associates to each amino acid an intrinsic disorder

propensity score.
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4. Evolution of species and their

genomes

4.1 Basics on evolution under selective pressure

What is a species? Many words have been written to give a proper definition

to the concept of “species”. A widely used one is an operational one: a species

is a population whose members are interfertile with each other, but are not

interfertile with members of any other population.

This definition has its problems. For example, it applies only to organisms

that use sexual reproduction as a main form of propagation, but not to those

that use asexual reproduction, such as cell division (which is the standard in

prokaryotes). Another problematic case is that of “ring species”: members

of a population are interfertile with members of the next geographically close

population, but the chain of populations of that species extends to the point

which two distant populations of that very same chain are no longer interfertile.

Nevertheless, this definition is useful, because it allows us to divide life

into distinct entities, and study the mechanisms that govern the evolution of

such entities.

The event of one species dividing into two and giving rise to two distinct

species is called speciation. An easy to imagine scenario for speciation is

the division of a population into two by mean of a geographical barrier, for

example a river or a mountain. If members of the two resulting populations

cannot cross this barrier, the exchange of individuals and, thus, genetic material

(gene flow) between the two populations is reduced or completely halted. The

genetic composition of the two populations will change independently, and,

with enough time, they will be so different from each other that they will no

longer be interfertile.

4.1.1 Mutations

But why does the genetic composition of a population change in the first place?

When the genome of a cell is duplicated via mitosis or meiosis a number of

errors occur. The vast majority of them is immediately corrected by the proof-

reading protein complexes of the cell, but some might be left in the newly
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copied DNA. These mutations can be caused by other means too, for example

X-rays or chemical agents. One or few nucleotides can be changed, or mu-

tations can involve larger sections of the genome. Sometimes, big events can

occur, such as a whole-genome duplication.

In the context of populations and darwinian evolution, the only mutations

that are visible to natural selection are those changing the observable charac-

teristics (phenotype) of the individual. The majority of times, an individual that

receives such mutations presents a reduced fitness (the ability to survive and

reproduce successfully in its ecological niche); in other words, mutations that

affect the phenotype are often deleterious, and they are quickly erased from

the population. However, it is possible (and in fact it happens frequently) that

some mutations confer an advantage on fitness. In these cases, the mutated in-

dividual is statistically more likely to spread the favourable mutation, and the

new version of the gene starts to get fixed in the population.

4.1.2 Acquisition of new genes

A way in which a species can adapt to a new environment or changed con-

ditions is by the acquisition of new genes. This can happen in a few ways.

Genes can be rearranged, and entire sections swapped [26]: this gives rise to

proteins with a novel combination of domains, possibly carrying out new func-

tions [28]. Genes can be acquired from phylogenetically distant organisms via

so called lateral transfer of genetic material (also known as horizontal gene
transfer or HGT) [47; 48]. Viruses and bacteria can carry genes that have been

imported from certain organisms, and transfer them to very distant species.

HGT is very common among prokaryotes, due to the facility of fixing new

genetic material in their genome.

Another mechanism to acquire new genes is de novo creation [49; 50],

i.e. the transformation of a non-coding section of DNA into a protein-coding

gene. It was previously assumed that this type of event would be exceedingly

rare [51], but it has been shown that it is fairly common [52–54].

It is now easy to see how two populations, left isolated for enough time,

will eventually diverge until they can be described as different species; as a

corollary, it is possible to imagine an ininterrupted chain of speciation events

that links every modern species to a common ancestor. The very same reason-

ing can be applied to a single gene: after a speciation event, each of the two

species carries its own version of the same gene. With time these versions will

diverge from each other, but will still retain a common ancestor, i.e. they are

homologs. An important caveat needs to be highlighted in this analogy: con-

trary to species, new genes can been created from non-coding genetic material.
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4.2 Homology

Homology is the state of two entities sharing a common origin. In biology, two

genes or proteins that derive from a common ancestor are called homologs.

Two homolog genes can be originated in two ways: a species becomes two

species (a speciation event); or a gene becomes two genes (a duplication event).

In the former case, the two copies, now in two different species, are called

orthologs. In the latter case, they are referred to as paralogs.

After this split event, the two homologs tend to diverge, by accumulating

different mutations. Over time, the nucleotide sequences of the two homolog

genes (and therefore the amino acid sequences of their respective proteins)

will be more or less different. But, unless this difference is extremely large,

it is often possible to identify the homology between two such related genes

or proteins by aligning their sequences. Parts of the sequence that correspond

to important functional or structural elements of the protein are often more

conserved than other sections. Further, it is accepted that the tridimensional

protein structure (tertiary structure) is often more conserved than the residue

sequence (primary structure) [55]: this is because the biological function of

the protein is performed through its structure rather than its sequence.

It follows that it is possible to use homology for functional or structural

annotation; i.e. a gene/protein is assigned a function/structure only on the

basis of a sequence similarity with one of its homologs with an already known

function/structure.

It is certainly possible that two genes/proteins would be similar in se-

quence, without being actually evolutionarily related. This scenario can occurr

via convergent evolution, i.e. two unrelated entities evolve to assume similar

carachteristics. Entities that are similar by convergent evolution are referred to

as "analogs", and they could potentially be very hard to distinguish from true

homologs. However it is accepted that these cases are quite rare for genes and

proteins [56], and they are negligible in a large scale study of orphans.
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5. Orphans

5.1 Definition of orphan gene

It was postulated that each pair of species is descending from a common an-

cestor; by this logic, it is possible to imagine a common universal ancestor for

all forms of life on Earth. This hypotetical organism is called LUCA (Last

Universal Common Ancestor) and it is believed to have been roughly similar

to a modern day prokaryote [57].

In the same way as with species, it should be possible to trace the the phy-

logenetic tree of every gene to a common universal ancestor. This scenario,

however, does not take into account the fact that many genes appear to have

no relationship with any other known gene. This remarkable observation was

made for the first time after the complete genome of the budding yeast Saccha-
romyces cerevisiae was obtained, and the scientific community tried to anno-

tate its genes: in some of its chromosomes, up to one third of the genes resulted

without any ortholog. These genes were denominated orphans [2; 49; 58–61].

At first, it was thought that the lack of homologs could be fully explained

by the lack of data: with the accumulation of new sequences we would have

been capable of mapping the evolutionary relationships of all the genes. How-

ever, it was quickly recognised that in every species a certain number of genes

without any recognisable ortholog is present [60; 62].

As mentioned in section 4.1.2, organisms can acquire new genes in several

ways. To recap, a gene in an organism will have no recognizable homolog

in a given set of other species’ genomes in these cases: (i) it has been trans-

ferred from a phylogenetically distant taxon via horizontal gene transfer; (ii)

its sequence mutated rapidly and lost all resemblance to its homologs [63; 64];

(iii) all of its homologs in neighbor species have been lost (they became pseu-
dogenes); (iv) it has been generated from a previously non-coding section of

DNA.
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It is now possible to observe that for all but the last of these circumstances

the gene in question is not a novel one, because it has or had some homolog.

Given a better dataset and more powerful tool to detect homology, it is in the-

ory possible to find homologies for genes in cases (i) and (ii). To distinguish

between genuinely de novo created genes and genes whose homologs have

been pseudogenized is more difficult, but applying the principles of maximum

parsimony, the cases in which all neighbor species have lost their correspond-

ing gene should be very rare.

Therefore, and given the confusion that is sometimes associated with the

term orphan, we define a gene as “orphan” if no homolog can be found, given a

set of other species and homology recognition tools. “De-novo created” genes

are a subset of orphans, those emerged from previously non-coding DNA. All

de-novo created genes are orphans, but not all orphans are de-novo created.

5.2 Mechanisms of de novo gene creation

Several molecular mechanisms responsible for the emergence of de novo cre-

ated genes have been proposed [52; 65; 66].

A short Open Reading Frame could acquire a mutation that transforms its

stop codon into another codon: this determines the elongation of the ORF.

Similarily, a simple mutation can create a new ORF by creating a start codon.

Another proposed mechanism is that of divergent transcription [67], i.e. the

production of mRNA and, possibly, a protein from both directions in the DNA.

Similar to this is the generation of novel genes through overprinting, i.e. tran-

scribing the sequence of an already estabilished gene in a different reading

frame [68–70]. In higher eukaryotes it is also been shown that the intergenic

regions can be transcribed [71]. Finally, lateral transfer of non-coding genetic

material may provide the cell with new raw material for the creation of new

genes.
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5.3 Orphans identification

The general strategy to identify orphan genes is the following: given a set

of query genes/proteins in a species and a set of target genes/proteins in one

or more other species, for each of the queries similar sequences are searched

among the target ones, using an homology detection tool. This means that or-

phan detection is influenced by (i) the method to detect homologs in a genome,

(ii) the set of organisms chosen to look into and (iii) how an orphan is defined

given its hits in the target database.

5.3.1 Homology detection tools

Some of the most used computer software methods to detect homology be-

tween two genes/proteins are detailed in section 6.1. In short, these methods

compare the sequence (or a representation of the sequence that includes more

information) of a query with those of all the targets, and assign a score to each

match. A threshold needs then to be decided for this score, below which the

matches are considered non significant.

When using single sequences, it has been noticed that amino acids allow

for a more sensitive search, compared to nucleotides [75], i.e. more distant

homologies can be detected. Further, when the queries and/or the targets are

represented not by a single sequence, but by a more complex data structure,

the search is even more sentitive. These representations can be for example a

Position-Specific Scoring Matrix (PSSM) or a Hidden Markov Model (HMM)

[76; 77] (described in section 6.1), that can capture meaningful, evolutionary

and structural data beyond the mere sequence.

The tools available nowadays allow the use of any combination of single

sequence/multiple sequences and nucleotides/amino acids.

5.3.2 Set of target organisms

A key aspect of orphan identification is the choice of the database in which hits

are searched. Specifically, the omission of species that are phylogenetically

close to the query might cause the assignment of many genes to be orphans,

when in reality they have close homologs. Similarily, the exclusion of distant

species may preclude the ability of detecting Horizontally Transferred Genes,

thus defining more genes as orphans. These cases of wrong assignments are

called false positives.

However, it is not always possible to know or include all the correct species.

For certain clades, for example, only little data is available, and there is no

fully characterized species close to the query taxon of choice. Conversely, due

to computational time or difficulty of data analysis, it is often not practical to
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include all the available datasets in the effort to search for HGT-genes. These

problems are mitigated by the use of accurate and sensitive state-of-the art

homology detection methods.

It has been shown that it is of particular importance to have at least one or

two species that are evolutionarily as close as possible to the query one; there

is actually a direct correlation between the taxonomic distance of the target

species and the number and “de novo characteristics” of the identified orphans

[31].

5.3.3 Levels of conservation

Given a set of significant hits in a database, how is it decided to define certain

queries as orphans? A simple, clear-cut approach is to discard as non-orphans

all the queries that have at least one hit. This strict definition helps the user

to find a set of genes that are species-specific; but this approach might miss

similarities with regions in other genomes that might correspond to proto- or

pseudo-genes.

Additionally, it is possible to specify different levels of conservation: a

gene could be assigned to be genus-specific, or even strain-specific, by deter-

mining the phylogenetic level at which it obtains its hits [38; 78; 79]. A general

framework known as phylostratigraphy has been developed [80] to study the

emergence of new genes in the context of evolution. Given the evolutionary

history of a clade, each node in the phylogenetic hierarchy that can be repre-

sented by one or more fully sequenced genomes is defined as a phylostratum.

By comparing ortholog sequences, it is possible to reconstruct common ances-

tor, founder genes, and place them in their appropriate phylostratum. There-

fore, phylostratigraphy allows us to estimate the age of each genes, and to

visualize the rate of emergency of new genes during the evolution of a clade.

Spikes in the appearance of new genes are correlated with evolution of

functional novelty, and they are placed in key evolutionary moments, for ex-

ample corresponding to a major radiation [80].

5.3.4 Potential problems

Several potential issues are present when trying to identify orphan genes in a

species, especially if the focus is on de novo created ones. First, if the query

species is prokaryotic, it can be difficult to distinguish the case of Horizontal

Gene Transfer from those of natural “vertical” homology, because HGT is very

abundant in Bacteria and Archaea [81]. Second, when using proteomes as tar-

get, it must be taken into account that for many species none or few proteins

might have been annotated. Third, if searching for hits in whole genomes,

the matches do not necessarily correspond to functional, protein coding genes
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that the acquisition of new data from other species would significantly reduce

this figure.

Nowadays, several studies have placed the number of Saccharomyces cere-
visiae orphans between 30 and 150 [58; 60; 62; 83; 84]. The smaller proposed

sets are the result of applying stricter methodologies, that use more sensi-

tive homology search methods. It is plausible that these strict orphan sets are

mostly composed by de novo created genes.

In the genome of another yeast, Lachancea, a similar number (159) of

putatively de novo created orphans has been proposed [85].

In fruit flies (the genus Drosophila), orphan studies [86–90] have deter-

mined around 200 orphan genes (230 in D. melanogaster and 169-228 in D.
pseudoobscura). These numbers correspond to ∼1% of those species entire

gene repertoire, although results presented in this thesis have challenged these

numbers, arguing for much fewer orphans.

In Homo sapiens recent sudies have found around 100 orphans (or less

than 1% of all the genes), of which 15 that can be unequivocally classified as

de novo created [53; 91–94].

Recent estimates of the number of orphans for several eukaryotic organ-

isms are reported in Table 5.1.

Organism Orphans

Anopheles gambiae 73 (0.59)%

Apis mellifera 946 (7.25)%

Caenorhabditis elegans 229 (1.24)%

Candida glabrata cbs 138 12 (0.24)%

Ciona intestinalis 759 (5.82)%

Drosophila melanogaster 461 (3.29)%

Drosophila pseudoobscura 6 (0.04)%

Neurospora crassa or74a 20 (0.2)%

Saccharomyces cerevisiae s288c 16 (0.25)%

Table 5.1: Overview of the number of orphan genes in a few model organisms.

In parentheses, the fraction of the total number of genes in that organism.

5.5 Properties of orphan genes and proteins

5.5.1 Are orphans functional?

The majority of proten-coding genes are kept under purifying selection: this

means that selective pressure acts to remove deleterious mutations from the

amino acid sequence of their proteins. An effect of this is that the number
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of synonymous mutations in their DNA is larger than the number of nonsyn-
onymous ones. A synonymous mutation is a change in nucleotides that does

not change the encoded aminoacid. For example, the amino acid Cysteine is

encoded by both nucleotide triplets TGT and TGC; a mutation in the third

position from T to C (or vice-versa) is a synonymous mutation. Conversely,

a nonsynonymous mutation changes the produced amino acid. Therefore, the

genes are free (to a certain extent) to accumulate synonymous mutations. Non-

synonymous ones, on the other hand, can be neutral [95], deleterious, in which

case is penalized by natural selection or advantageous.

A way to measure the magnitude of purifying selection is the so called

KA/KS, which is the ratio of nonsynonymous to synonymous mutations. An-

cient genes, that are conserved throughout a clade and whose function has been

clearly observed, tend to have a KA/KS « 1, which corresponds to a strong puri-

fying selection. It has been noticed that young, possibly de novo created genes

have a KA/KS closer to 1, which means that there is less selective pressure on

them [96]. This, in turn, means that their function is somewhat less essential

for the organism, but it also leaves younger genes free to evolve [72].

Similar speculations can be made when observing their annotation in the

Gene Ontology database. Gene Ontology (GO) [97; 98] defines and collects

terms used to describe the function of proteins. A protein can be annotated

with multiple GO terms, along three different areas: molecular function, cel-

lular component and biological process. When comparing ancient and young

proteins, it emerged that young ones possess less annotation [31; 99].

This lack of functional characterization does not necessarily mean that or-

phan genes are not functional, but it is likely that they are less fundamental

for the cell than ancient ones [82]. They are probably only expressed in par-

ticular conditions and/or in small amount, and therefore difficult to detect in

experiments. Nevertheless, it has been shown that novel genes do integrate

in functional networks [100], and they can indeed drive the adaptation of a

species to a new niche [101].

Additionally, recent studies based on RNA-Seq [102–106] (see section

2.3.2) have shown trascriptional evidence for several novel genes.

5.5.2 Intrinsic properties

The most obvious difference between orphan and ancient genes is their length:

orphans are much shorter than their older counterparts. This is in agreement

with the idea that novel genes expand during evolution, by acquiring new do-

mains [27; 28] and expanding in tandem repeats/low complexity/intrinsically

disordered regions [107].

There is no substantial difference between the GC content of orphan and
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ancient genes. However, as mentioned in section 2.2.2, it appears that many

structural properties are directly correlated with the content of G+C of the

genome, and this relationship is even more prevalent for orphans [31].

For example, the average hydrophobicity of orphans tend to be lower than

ancient ones in genomes with low GC content, but comparable or higher to

that of ancient genes in hig GC genomes.

Despite the fact that Low Complexity regions tend to expand during evo-

lution [108; 109], due to molecular mechanisms such as slippage, it has been

observed how these regions are over-represented in orphan proteins [31].

Finally, in orphan proteins, Intrinsic Disorder has been show to be consis-

tently enriched, compared to ancient proteins [74]. However, the opposite is

true for species with low Guanine+Cytosine (GC) content, such as the budding

yeasts of the genus Saccharomyces.
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6. Computational methods

6.1 Homology detection

Several methods exist to find whether or not two genes/proteins are homologs,

and all of them are based on the idea that two homologs are more similar to

each other than to any non-related gene/protein.

Therefore, the most common approach to identify homology between two

proteins (or genes) is to compare their sequences (in amino acids or nucleotides),

by treating them as strings of characters and aligning them.

6.1.1 BLAST

Basic Local Alignment Search Tool (BLAST) [110] is the most commonly

used software that employes alignments to search for similar sequences in a

database.

A query sequence is given; the programs locates short matches between

the query and all the sequences in the database (targets). To each of these short

alignments, a score is given, and those whose score is above a certain thresh-

old, are elongated. During this extension, the alignment score is continuosly

calculated, and alignments scoring below the threshold are removed.

Another score, called Expect Value (E-value), is assigned to the hits that

are retained at the end of this process. The E-value combines the alignment

score (calculated using a substitution matrix) and the size of the database; it

can be interpreted as the number of hits that would be expected by chance, in

a database of a certain size.

PSI-BLAST

A more advanced version of BLAST, PSI-BLAST (Position-Specific Iterative

BLAST) [111] uses an iterative system. The first step proceeds like a standard

BLAST. From the second iteration, however, instead of assigning a fixed score

to each character pair, a scoring matrix is calculated for each position in the

alignment (Position-Specific Scoring Matrix, or PSSM), by using a multiple

sequence alignment of the highest scoring hits of the previous search. By in-

creasing the number of iterations, the sensitivity of the search can be increased,
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as well as the computational time required.

6.1.2 Methods based on profile-HMM

BLAST uses single sequences only, one query against one target. However, it

has been observed that by incorporating more information in both queries and

targets (as in PSI-BLAST) it is possible to significatively increase the sensi-

tivity and specificity of the search. PSSM are a way to incorporate the evolu-

tionary information into a sequence search, because they are calculated from a

multiple sequence alignment of similar, evolutionarily related sequences.

Another way of capturing this information is representing the targets as

profile-Hidden Markov Models (profile-HMMs). HMMs are based on Markov

chains: stochastic processes that represent a system that has several "states",

each one of which is independent from its predecessor. Additionally, each of

the states has a certain probability to transition to the next state.

In a Hidden Markov Model, these probabilities are hidden, and, instead,

each state has another probability to emit a certain symbol, called emission

probability. Thanks to this structure, HMMs are well suited to represent strings

of characters with a given grammar, and also to encapsulate evolutionary infor-

mation by modulating the probability that at a certain position a specific amino

acid residue would be present rather than another one.

Furthermore, a query sequence or even an entire HMM can be aligned to

another HMM [112]; it has been shown that such alignment is more sensitive

than a simple pairwise sequence alignment [113]; in other words, in a database

search more results (i.e. more distant homologs) are retrieved.

HMMER [114; 115] and HHblits [76] are popular methods that employ

such structures to search homologs of a given query in a database. The for-

mer uses HMM-sequence alignment, while the latter uses HMM-HMM align-

ments, which are faster.

6.2 Databases

NCBI

The National Center for Biotechnology Information (NCBI) hosts several databases.

Of particular importance for the present work are GenBank [116], BioProject

and Taxonomy. GenBank collects annotated nucleotide sequence data, and

the most recent version, at the time of this work, contains 2.5×1011 bases

from 2.0×108 sequences. BioProject, formerly known as GenomeProject,

collects whole genome sequencing (WGS) data for more than 130,000 se-

quencing project, corresponding to ∼20,000 species. Finally, the Taxonomy
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database contains the phylogenetic classification and nomenclature for all the

organisms in the sequence database.

Uniprot

Uniprot [14] is the primary resource for proteins. Each protein entry is an-

notated with its source organism, its sequence, function, domain organization,

subcellular localization and a multitude of other informations. From Uniprot

it is possible to download entire proteomes for chosen organisms.

Uniprot is divided into two sections Swiss-Prot, containing manually an-

notated and reviewed proteins, and TrEMBL, that collects proteins that are

automatically annotated and not reviewed. At the time of writing, Swiss-Prot

contains 556,006 entries and TrEMBL over 90 millions.

PFAM

The Protein FAMily database (PFAM) [117] groups proteins into domain fam-

ilies and clans. The sequences are grouped using a seed alignment, i.e. the

multiple sequence alignment of homologous proteins which are representative

of all the sequences containing a given domain. This seed alignment is used to

create a profile-HMM, which is in turn used to detect and add more members

to the family. As of today, 16712 protein domain families are recognised in

PFAM.

OrthoDB

OrthoDB [118] is a database collecting orthology informations. All the an-

notated proteins for more than 7000 species are catalogued and grouped into

clusters. Each of these ortholog clusters contains a set of orthologs, the species

where they come from and data such as functional annotation, median length

and median exon count.

6.3 Predictors

6.3.1 IUPred

Several predictors of Intrinsically Disordered regions/proteins have been cre-

ated [119; 120]. Many of them exploit the biased amino acid composition

which is encountered in these regions (over-representation of polar and charged

residues).

IUPred [121] is a software tool that implements the idea that amino acid

residues in intrinsically disordered regions form less energetically favourable
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contacs than the ones in structured regions. This program uses a pre-calculated

matrix of interaction potential between all the possible residue pairs. This

matrix is then used on the target protein, in conjunction with a sliding window

of 100 residues, to calculate a disorder score for each amino acid. The main

advantage of IUPred over other predictors is its high speed, that allows the

prediction of a very large number of proteins in a reasonable amount of time.

6.3.2 SEG

The identification of Low Complexity regions is important in procedures, like

BLAST, that search a query sequence in a database of target sequences via

alignments: two similar Low Complexity regions will align, but their similarity

does not represent any meaningful homology, thus being a false positive hit.

Softwares like SEG [30] mask these regions out, reducing the number of false

positive results retrieved.

Specifically, SEG divides the sequences in regions of Low Complexity and

Hight Complexity, and outputs a sequence identical to the input one, but with

all Low Complexity residues changed to X (which are ignored by BLAST).

6.3.3 Scampi

Prediction of the regions of a protein that span the cell membrane are tradi-

tionally based on statistics gathered from databases of transmembrane pro-

teins. However another approach to predict these segments is based on physio-

chemical principles, with the reasoning that the interactions between the polypep-

tide, membrane lypids and water should contain sufficient informations. This

idea has been implemented in SCAMPI (Scale-Based Method for Prediction

of Integral Membrane Proteins) [122], a method that relies on a pre-calculated,

position-specific residue contribution to the free energy of membrane inser-

tion. The main advantage of this tool is that, by relying on physiochemical

principles only, and requiring only a single amino acid sequence as input, it is

extremely fast, and well suited to the prediction of transmembrane regions of

large datasets, such as entire proteomes.
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7. Summary of papers

PAPER I: Orphans and new gene origination, a structural and evolu-
tionary perspective

After the sequencing of the genome of Saccharomyces cerevisiae, for many

genes no homolog could be found. This was thought to be a consequence of

the lack of data for other species, and the idea persisted that all genes were

originated in a sort of “big-bang” of gene creation. However, it has quickly

become apparent that new genes are constantly added to the repertoire of all

species, from Bacteria to humans. In this review, we survey the current state of

knowledge on de novo created genes. We observe that, at least in S. cerevisiae,

new “proto”-genes are continuously created and destroyed, through mecha-

nisms such as the elongation of Open Reading Frames.

Though many studied focused on yeast, we show that the number of genes

without homologs obtained in a set of 200 eukaryotic species varies massively:

from 0.3% in Pan troglogytes to over 50% in the flagellated parasite Giardia
intestinalis. The source of this difference is to be found mostly in the lack

of annotated proteins, rather than a real difference in the rate of novel gene

generation.

Structurally, it is possible to group proteins into families, superfamilies

and folds. It appears that current structural databases present a consensus,

identifying around 20,000 protein families and 3,000 superfamilies.

PAPER II: High GC content causes orphan proteins to be intrinsically
disordered

When studying the properties of de novo created genes and their proteins, it

emerged that structural disorder is very low in young Saccharomyces cere-
visiae ones, but high in Drosophila pseudoobscura ones. To explain this pre-

viously unnoticed difference, we explore the relationship of intrinsic disorder

with the content of G+C nucleotides of the corresponding coding regions. We

observe that a high GC content leads to a high disorder, by simple means of

statistics. The codons for Ala, Pro and Gly contain 80% GC, while codons

for Lys, Phe, Asn, Tyr and Ile contain 20% or less. According to the disorder-

propensity scale TOP-IDP, all three “high-GC” aminoacids are disorder-promoting,
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while three out of the five “low-GC” ones are order-promoting.

We estimate the age of genes/proteins of around 200 eukaryotic species,

using the software ProteinHistorian [123], and classify them into four age

groups: Ancient, Intermediate, Group-Orphans and Orphans, the latter of which

are the youngest. We show that the direct relationship between GC content and

intrinsic disorder is more prominent in young genes than in old ones. Through

evolution, there is a selective pressure to mantain the amount of intrinsic disor-

der constant or, in other words, proteins tend to acquire a more definite struc-

ture. Conversely, genes that are de novo created tend to assume the charac-

teristics of the genome in which they originate: this observation supports the

model of continuum creation, rather than the pre-adaptation hypothesis.

PAPER III: The classification of orphans is improved by combining
searches in both proteomes and genomes

A problem present in many studies on orphan genes is the different method-

ologies that are used to identify them. For example Ekman at al. and Carvunis

et al. start from two different sets of S. cerevisae ORFs, use different sets of

target species and employ different homology search tools. In this study, we

explore the impact that different homology detection tools and target species

datasets have on the identification of orphans, especially when trying to isolate

de novo created ones.

An important difference in the quality of results emerges with the use of

tblastn (which uses protein sequences as query and internally executes a six-

frames translation of the nucleotide target) instead of simpler tools such as

blastp or blastn. It is particularly evident how the results of blastp is heavily

dependent on the quality of the annotation of the target species.

Another factor that plays an important role is the inclusion of at least one or

two target species that are evolutionarily close to the query one. The closer the

species, the fewer and, presumably, younger orphan genes are detected: not

surprisingly, there is a directly proportional relationship between taxonomic

distance and number of orphans found, and these orphans tend to have more

de novo-like characteristics the fewer they are.

PAPER IV: Difference in disorder between eukaryotes and prokaryotes
is largely due to Serine in linker regions

Intrinsic structural disorder in proteins has been studied for several years. Flex-

ible proteins regions, or sometimes completely disordered proteins are present

in all realms of life, and they have crucial functional roles. It has been ob-

served that prokaryotic proteins are on average less disordered than eukaryotic

��



ones. The majority of these studies are based on predictors, that in turn use the

amino acid sequences: a difference in disorder has then to be attributed to dif-

ference in the amino acid composition between eukaryotes and prokaryotes.

In order to compare these without bias, we select proteins from prokaryotes

and eukaryotes that have at least one domain in common. We then divide each

proteins in three sections: shared domains (those found in both eukaryotes and

prokaryotes), domains unique to one of the two kingdoms, and linker regions,

and study the amino acid composition and intrinsic disorder of these regions.

Few observation can be made from our results: (i) the difference in length

between prokaryotic and eukaryotic proteins is mainly due to additional do-

mains and longer linker regions in eukaryotes. (ii) The biggest difference in

disorder is seen in those domains that are unique to a kingdom, and in the

linker regions: in other words, eukaryotic proteins are more disordered be-

cause eukaryotic-specific domains and linkers are more disordered. (iii) The

cause of this increased disorder can be explained by a higher frequency of the

disorder-promoting amino acid Serine in the aforementioned regions of eu-

karyotic proteins.
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8. Conclusions and outlook

On the theoretical side, we have shown that there is a dependency of many

intrinsic properties of proteins (such as structural disorder and hydrophobicity)

on the GC content of their coding sequences. However, this dependency is

more prevalent in young genes. What this means is that at the moment of their

origin, genes assume the characteristics dictated by the local genomic context;

they are not, in other words, pre-adapted. It is of course plausible that those

among the newly created genes that happen to have structural characteristics

compatible with their cell environment have a selective advantage.

Futhermore, the selective pressure on these new genes seems to be relaxed,

compared to more conserved ones, and their function appear to be marginal

rather than essential.

On the methodological side, we have highlighted the importance of using

as many good quality data from close species as possible. The “de novo”-

like characteristics of the orphans found when using close neighbour species

increase, and their number decrease. Additionally, using translated genomic

data, together with advanced homology detection methods such as tblastn (or,

whenever possible profile-based ones like HMMER), improves the sensitivity,

decreasing false positives.

Currently, some of the prominent issues in this field of research are: (i)

the complex structure of genes and genomes in higher eukaryotes and the

widespread Horizontal Gene Transfer in prokaryotes, render difficult the de-

tection of de novo created genes in many taxa; (ii) the lack of gene annotation

for many species precludes a correct orphan analysis in lesser studied clades;

(iii) studies performed using translated genomes do not guarantee that a hit

(a homologous region on a tager genome) corresponds to a real, functioning

protein-coding gene.

It is safe to assume that the amount of species annotated in Uniprot will

increase, and future orphan studies based on proteomes only will be feasible

and more reliable. Additionally, a bigger effort in identifying orphan domains

is a logical next step in the field, because treating the domain as the evolu-

tionary unit might uncover more clearly the mechanisms of functional novelty

emergence.

��



��



Sammanfattning

Gener, precis som personer, har familjer och relationer. Mycket information

kan utläsas genom att söka efter liknande gener till den/de man studerar. En

speciell gruppering av gener är Orphan Genes (OG); löst översatt, föräldralösa

gener. Dessa är gener som inte har vuxit fram och är relaterade till äldre gener

utan som på ett eller annat sätt sporadiskt har utvecklats i en cell. Existen-

sen av denna typ av gener talar därför även emot hypotesen att alla gener har

utvecklats från en gemensam universal gen.

När gener är besläktade säger man att dessa gener är homologer. Detta

betyder att de har en gemensam ursprungsgen som de sedan har utvecklats isär

ifrån. Det är viktigt att särkilja på definitionen att två gener som är väldigt lika

i sin DNA-uppsättning inte behöver vara homologer utan kan ha utvecklats på

separat hål, enbart gener som är besläktade kallas för homologer.

I vårat fall definierar vi en OG som en gen som saknar homologer i ett givet

ett set av genom av andra arter och med verktyg för homologigenkänning.

Trots denna strikta definition kan dessa utpekade gener sakna homologer

av andra anledningar än att de verkligen är OG. Exempelvis kan genen ha in-

korporerats från en väldigt distant familj, så kallad horizontal gene transfer,

genen kan ha muterat kraftigt och därmed tappat sin likhet med besläktade

gener eller att alla dess homologer i närbesläktade familjer har blivit förlora-

de. Det subset som vi är intresserad av är dock de novo OG, gener som har

uppkommit spontant i ett genom.

I denna avhandling diskuteras varifrån OG och nya gener uppkommer, bå-

de ur ett strukturellt och ett evolutionärt perspektiv. Initialt var teorin att alla

gener är besläktade och att OG skulle försvinna med tillräckligt stora dataset.

Det har dock blivit uppenbart att detta inte är fallet. Vi observerar bland annat i

Saccharomyces cerevisiae att nya gener är kontinuerligt skapade och förstörda.

Vi visar vidare att det finns en direkt korrelation mellan mängden Gua-

nin och Cytosin (GC) i en gen och nivån av oordningen i genen. De kodon

som kodar för aminosyrorna Alanin, Prolin och Glycin innehåller 80% GC

och alla dessa tre aminosyror är kända som gynnande för oordning i protein.

Motsvarande så står GC för 20% av kodonerna i Lysin, Fenylalanin, Aspara-

gin, Tyrosin och Isoleucin där minst tre av dessa är kända som gynnande av

ordning i protein.

Noggrannheten i klassificeringen av OG är starkt beroende på de verktyg



och metodik som används. Vi visar att genom att inkludera både proteomiskt

och genomiskt data att noggrannheten ökar. Även att säkerställa att det valda

datasetet innehåller minst en eller två närrelaterade arter minskar antalet falskt

positiva OG.

Oordning inom ett protein kan även vara på struktur nivå och dessa domä-

ner är ofta funktionellt viktiga. Dock har det visats att Prokaryoter har mindre

strukturell oordning än Eukaryoter. Vi visar på att denna skillnad är till största

del orsakad av de domäner som är unika till antingen Prokaryoter eller Eukary-

oter. Speciellt i Eukaryoter som innehåller mer Serin än Prokaryoter och vilket

är en känd oordningsgynnande aminosyra.
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