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1 55 Life on earth can be largely classified into Bacteria, Archaea and Eukaryota.
55 Eukaryotes likely arose by symbiogenic origin due to the fusion of an archaean with 

a bacterium.
55 Bacteria and Archaea have compact genomes with uninterrupted genes, contained 

by a single, circular DNA molecule, located in the nucleoid.
55 Eukaryote genomes are linearly organized into separate chromosomes, located 

in the nucleus, and contain genes interrupted by introns.
55 Eukaryotes bear substantially larger genomes than archaeans and bacteria, but 

within eukaryotes there is no correlation between complexity and genome size.
55 The human genome is around 3.3 Gb in size, but protein-coding genes and other 

functional DNA only make up a small proportion (<10%), whereas transposable 
elements are dominating (>44%).

55 High-throughput sequencing of ancient human DNA allowed the reconstruction 
of archaic human genomes and led to the discovery of a hitherto unknown lin-
eage, called Denisovan.

1.1	 �The Ring of Life

Life on earth was for a long time classified into two major groups, prokaryotes and 
eukaryotes (Stanier and van Niel 1962; Cavalier-Smith 2010). Prokaryotic cells are char-
acterized by the lack of a true nucleus, absence of cell organelles and the genome is (usu-
ally) organized as a circular DNA molecule. Prokaryotic cells are usually small (<10 μm) 
and mostly unicellular, even though some photosynthetic bacteria form true multicellu-
lar chains (Flores and Herrero 2010). Besides the characterization due to all these 
absences of features, only prokaryotes show a coupling of translation and transcription. 
In this case, the translation of mRNA starts before transcription has been finished (Martin 
and Koonin 2006). In contrast, eukaryotic cells have their DNA organized on chromo-
somes located in a membrane-bound nucleus. With the exception of a few secondary 
losses, eukaryotes harbour (at least) mitochondria as cell organelles. Cell division is 
achieved due to mitosis, and meiosis, the prerequisite for sexual reproduction, likely was 
already present in the last common ancestor of eukaryotes (Ramesh et  al. 2005). 
Eukaryotic cells are usually considerably bigger (>10 μm) than prokaryotic ones, and 
multicellularity evolved convergently in several major eukaryotic taxa. A strong increase 
in the number of investigated organisms recovered many exceptions to the here-men-
tioned features, blurring a clear distinction of «prokaryote-like» and «eukaryote-like» 
properties (Gregory and DeSalle 2005).

Distinguishing life into two major groups was challenged by a series of publications 
from the group of the American evolutionary microbiologist Carl Woese. Investigating 
ribosomal sequence data, they found profound distances between two prokaryote groups, 
now usually referred to as Bacteria and Archaea (Woese and Fox 1977; Fox et al. 1977; 
Balch et  al. 1977). Being firstly predominantly discovered in extreme environments, 
Archaea have been since then found in virtually all environments and seem to be domi-
nant in some forms of marine plankton. Moreover, they are the only organisms capable of 
methanogenesis (Gribaldo and Brochier-Armanet 2006). Fundamental differences 
between Bacteria and Archaea were confirmed in subsequent studies, leading to a new 
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classification of life into three domains, where Eukaryota represent the third one (Woese 
et al. 1990).

One of the defining features of eukaryotes is the possession of mitochondria. The pri-
mary function of these organelles is ATP synthesis through the oxidative electron trans-
port chain, but also other functions are described (e.g. intracellular signalling). Similarities 
in the physiology and biochemistry of mitochondria with bacterial cells led to the endo-
symbiotic theory. According to this theory, mitochondria are of bacterial origin, an idea 
that dates back to a proposal from Ivan E. Wallin (1927). This hypothesis was later strongly 
advocated by Lynn Margulis (1970). Mitochondria still bear their own, circular genome, 
but massive transfer of mitochondrial genes to the host genome led to a strong size reduc-
tion. Phylogenetic analyses of mitochondrial genes recovered a close relationship with 
Alphaproteobacteria, thereby strongly supporting the endosymbiotic theory. The initial 
role of mitochondria in a symbiosis with its host and its environmental circumstances 
remains debated (Martin and Muller 1998; Wang and Wu 2014).

The three-domain hypothesis suggests the respective monophyly of Bacteria, Archaea 
and Eukaryota. In this case, these groups should include all descendent lineages of a 
common ancestor and only these. Phylogenomic analyses were used to investigate this 
question, and analyses based on a small set of core genes, which are present in all three 
groups and which are regarded as not been transferred horizontally between groups, 
recovered the three-domain tree (Ciccarelli et al. 2006). However, eukaryotic genomes 
contain genes with different origins (Williams et  al. 2013). Analyses of gene families 
group eukaryotic genes either with Cyanobacteria, Alphaproteobacteria or within 
Archaea (Pisani et al. 2007). These results reflect the symbiotic origin of plastids from 
Cyanobacteria and the origin of mitochondria from Alphaproteobacteria and further 
suggest an origin of eukaryotes from an archaeal ancestor. A large-scale phylogenomic 
analysis including a newly discovered taxon called Lokiarchaeota provides further strong 
support for the hypothesis that the eukaryotic ancestor evolved from an archaeon (Spang 
et al. 2015). A subsequent study discovered several so far undescribed archaeans (named 
Asgard archaea), which group with eukaryotes (Zaremba-Niedzwiedzka et  al. 2017). 
Furthermore, these archaeans bear several proteins, which had been regarded as eukary-
ote-specific, suggesting that the archaeal host contained many key components impor-
tant for the control of eukaryotic cellular complexity. Considering emerging evidence 
from molecular phylogenetics, physiology, cell biology and palaeontology, a symbiogenic 
origin from the merger of an archaean and an alphaproteobacterium becomes obvious 
(McInerney et al. 2014). Phylogenetic analyses of eukaryote gene families support the 
symbiogenic origin of eukaryotes (Rochette et al. 2014). Lane and Martin (2012) sug-
gested that mitochondria are a prerequisite for the evolution of complexity as seen in 
eukaryote cells. And finally, the fossil record suggests with 3.4 billion years (Wacey et al. 
2011) a much older age for bacterial (or archaeal) lineages than for eukaryotes. The first 
fossilized eukaryotic cell dates 1.7–1.8 billion years ago (Rasmussen et al. 2008), which 
sets a possible time horizon for the merging event (McInerney et al. 2014). The symbio-
genic origin of eukaryotes renders two of the domains paraphyletic. Instead, of being 
strictly bifurcating, the early tree of life seems to be better represented by a network or a 
ring (.  Fig. 1.1).

Sequencing of bacterial, archaeal and eukaryote genomes enabled the discovery of 
many important insights into the evolution, ecology and physiology of these organisms 
(Fraser et  al. 2000; Galagan et  al. 2005). However, there is a bias in available genome 
sequences in these groups. Whereas many taxa including model organisms, pathogens or 
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organisms with economic importance are well investigated, other taxa are completely 
neglected. Consequently, a phylogeny-driven approach to cover genome sequencing 
across the whole tree of life has been proposed to fill these gaps (Wu et al. 2009; del Campo 
et  al. 2014). Currently, major initiatives organize collaborative efforts in taxon-specific 
genome sequencing projects. Especially for animals, large-scale sequencing projects aim 
to sequence hundreds to thousands of nematode, arthropod, invertebrate and vertebrate 
genomes (Robinson et al. 2011; Genome 10K Community of Scientists 2009; Kumar et al. 
2012; GIGA Community of Scientists 2014). Phylogenetic analyses of whole-genome or 
transcriptome data greatly improved our understanding of bacterial, archaeal and eukary-
otic relationships. Backbone trees of bacterial and archaeal phylogenies are available and 
have been used to study the influence of horizontal gene transfer on the evolution of these 
groups (Nelson-Sathi et al. 2015; Lang et al. 2013; Wu et al. 2009; Groussin et al. 2016). 
Phylogenomic analyses of eukaryotes recover five major clades comprising their vast 
diversity (.  Fig. 1.2): (I) Archaeplastida (plants and green algae, red algae, glaucophytes); 
(II) the SAR clade representing stramenopiles, alveolates and Rhizaria; (III) Excavata; 
(IV) Amoebozoa; and (V) Opisthokonta, which unites fungi, choanoflagellates and ani-
mals (Katz and Grant 2014).

1.2	 �Genome Structure

There are profound differences between prokaryotes and eukaryotes in the structure 
and organization of their genomes, which in turn strongly influence the way to work 
with them in phylogenomic studies. Generally, prokaryote genomes are smaller and 
more compact than those of eukaryotes, clearly reducing the effort of sequencing and 
assembling them. However, due to the endosymbiotic origin of eukaryotes, it is obvious 
that a mosaic-like distribution for many of the features discussed below is found. Most 
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.      . Fig. 1.1  The ring of life hypothesis (Reprinted by permission from Macmillan Publishers Ltd: Nature 
(McInerney et al. 2014), Copyright 2014)
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genomes of bacteria and archaeans are contained by a single, circular DNA molecule, 
located in the nucleoid. For packaging, the double-stranded DNA molecule is super-
coiled, which is facilitated by DNA-binding proteins. Whereas in bacteria the supercoil-
ing is achieved by proteins like DNA gyrase, DNA topoisomerase I and HU proteins, 
archaeans have proteins for packaging that are similar to the histones of eukaryotes 
(White and Bell 2002). Exceptions from these general patterns exist, and, e.g. some 
members of the bacterial taxa spirochaetes and actinomycetes show linearly organized 
genomes (Hinnebusch and Tilly 1993). Multipartite genomes are not unusual across 
prokaryotes as well (Harrison et al. 2010). Eukaryote genomes are linearly organized 
into separate chromosomes. Within chromosomes the DNA forms nucleosomes due to 
association with histone proteins for packaging. Further on, chromosomes bear centro-
meres and telomeres. Centromeres are characterized by a special set of proteins which 
form the attachment point for microtubules during cell division. Telomeres are the cap 
of the chromosome ends and are characterized by the presence of repetitive DNA motifs 
(Brown 2007).

Prokaryotes often have a high potential for horizontal gene transfer (HGT) by mobile 
genetic elements. Movement of DNA can be facilitated by transformation, conjugation 
or transduction. In the case of transformation, cellular DNA is taken up by the recipient 
due to the presence of special proteins. Conjugation is gene transfer mediated by plasmids 
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or so-called integrative conjugative elements (ICEs) via contact between donor recipi-
ent cells. Finally, transduction is gene transfer by bacteriophages (Frost et al. 2005). The 
presence of extrachromosomal elements such as plasmids, which usually carry accessory 
(but not essential) genes, and the frequent occurrence of HGT lead to the phenomenon 
that within prokaryotic species often large differences in gene content are found. This 
led to the formulation of the pan-genome concept. A pan-genome is composed of two 
parts: a «core genome», containing the genes present in all strains of a prokaryotic spe-
cies, and the «dispensable genome» summarizing the genes which occur in a subset of 
strains or only one (Medini et al. 2005). Most archaeal and many bacterial genomes bear 
clustered regularly interspaced short palindromic repeats (CRISPRs). Together with asso-
ciated proteins (CAS) these repeats constitute an adaptive immune system that can target 
invading bacteriophages or conjugative plasmids (Horvath and Barrangou 2010; Burstein 
et al. 2016). Plasmids are also occurring in some eukaryotes, e.g. in yeast and other fungi 
(Hausner 2003).

Prokaryotic genomes are usually compactly organized, with a small proportion of 
non-coding intragenic DNA.  Consequently, prokaryotic genomes are relatively small, 
rarely exceeding sizes of 10 Mb. The smallest known genomes are reported for endosym-
biotic bacteria, with the betaproteobacterium Candidatus Tremblaya princeps as record 
holder with its only 139 Kb genome. Bacteria with extremely reduced genomes are depen-
dent on genes from their host or from other co-occurring endosymbionts (Husnik et al. 
2013; McCutcheon and Moran 2012). Genome sizes of eukaryotes are more variable and 
can exceed several hundred Gb (see 1.3 for more details). Not only are the genomes of 
prokaryotes smaller than those of eukaryotes but also their genes. The mean protein 
length is 40–60% higher in eukaryotes than in prokaryotes, and this holds true across dif-
ferent functional classes of proteins (Zhang 2000; Brocchieri and Karlin 2005). Moreover, 
prokaryote genes are not interrupted by spliceosomal introns, which are typical for 
eukaryote nuclear genomes (Roy and Gilbert 2006). For example, human genes are inter-
rupted in average by nine introns, and intronic sequences make up a substantial amount 
of the complete genome (Venter et al. 2001). Spliceosomal introns exhibit special sequence 
motifs and are removed before transcription by the spliceosome, which is formed by five 
small RNAs and over 200 proteins (Irimia and Roy 2014). However, other types of introns 
can be found in prokaryotes. Group II introns are self-splicing introns that have been 
reported in ~25% of all sequenced bacterial genomes, but always in low frequency. 
Moreover, they are also found in eukaryote organelle genomes, but are only known from 
few archaeal genomes, which likely originate from horizontal transfer from bacteria 
(Lambowitz and Zimmerly 2011). Other types of introns are more rare and often restricted 
to certain types of genes (e.g. tRNAs), but can also be found across all organisms (Irimia 
and Roy 2014).

Eukaryote genomes often carry a huge proportion of interspersed elements and tan-
dem repeats. Both types are usually rare or completely absent in prokaryotic genomes. 
Tandemly repeated DNA, which is sometimes called satellite DNA, can be found around 
centromeres or randomly scattered across chromosomes. Tandem repeats with short repet-
itive motifs are known as mini- and microsatellites (Brown 2007). Interspersed elements 
have the ability to integrate into new sites of the genome of their origin, often in a random 
pattern, even though many transposons show the preference for a specific target site. These 
transposable elements are historically classified according to their mode of transposition 
into retrotransposons (class I) and DNA transposons (class II) (Finnegan 1989). Such ele-
ments altogether often contribute massively to the genome size of eukaryotes (Kazazian 

	 Chapter 1 · Genomes



7 1

2004). DNA transposons are mobile elements transposed by a cut-and-paste mechanism, 
where they are excised from one genomic site and integrated into a new one. These ele-
ments usually encode a transposase and bear terminal inverted repeats. Ten different 
superfamilies of eukaryotic cut-and-paste DNA transposons are currently distinguished, 
which show an enormous variation in their distribution across taxa (Wicker et al. 2007). 
Two further groups of DNA transposons (Helitrons, Mavericks) likely use copy-and-paste 
mechanisms for their spread across genomes (Feschotte and Pritham 2007). In contrast to 
DNA transposons, retrotransposons are transcribed into RNA and subsequently reverse 
transcribed and copied into the genome (copy and paste), leading to a duplication of the 
element. Some autonomous retrotransposons bear long terminal repeats (LTRs) at their 
ends. These LTR retrotranposons encode for several specific genes including a reverse 
transcriptase and integrase, and they are generally similar to retroviruses, with which they 
share their replication mechanism (Kazazian 2004). It should be mentioned that there is 
no real distinction between LTR retrotransposons and retroviruses, as exogenous retrovi-
ruses can easily become endogenous by losing their env gene, which produces the protein 
on the surface of the viral particle that is responsible for cell entry (Magiorkinis et  al. 
2012). Other autonomous retrotransposons lack the LTRs and use a different copy-and-
paste mechanism than LTR retrotransposons, namely, target-primed reverse transcription 
(TPRT) (Luan et al. 1993). Autonomous non-LTR retrotransposons, which are also called 
LINEs (long interspersed elements), such as L1 elements, constitute a high proportion of 
the human genome (see below). In contrast, nonautonomous non-LTR retrotransposons 
lack coding capacity for genes needed for their retrotransposition. These elements are 
commonly referred to as SINEs (short interspersed elements) and mostly range in length 
between 100 and 500 bp. SINEs are transcribed by RNA polymerase III, for which they 
contain a promoter in their sequence. For reverse transcription, they have to be bound 
by the reverse transcriptase of a LINE, and they are subsequently integrated into a new 
genomic location via TPRT (Kramerov and Vassetzky 2011). SINEs classified as Alu ele-
ments show the highest copy number of all transposable elements in humans (Batzer and 
Deininger 2002). DNA transposons are frequently found in both eukaryotes and prokary-
otes and are frequently transferred horizontally (Gilbert et al. 2010). Retrotransposons are 
usually restricted to eukaryotes, and their horizontal transfer is less frequent, except for 
the RTE superfamily of LINEs (Suh et al. 2016).

1.3	 �Genome Size

The genome size of an organism can be measured by the c-value, which describes the mass 
of DNA content of a haploid cell in picogram (pg). A c-value of 1 pg equals ~978 Mb 
(Dolezel et al. 2003). Bacterial and archaeal genomes are usually rather small, but within 
eukaryotes genome size shows huge variations with differences that can exceed 10,000–
100,000 folds in pairwise comparisons (.  Fig. 1.3). However, it seems that there is no rela-
tion between the complexity of an organism (e.g. defined by the number of different cell 
types) and its genome size, a conundrum which is known as the «c-value paradox» 
(Thomas 1971; Gregory 2001). For example, the canopy plant Paris japonica has a c-value 
of ~133 pg, more than 35× bigger than that of humans (~3.5 pg) (Pellicer et al. 2010). As 
it has been shown by genome sequencing projects, eukaryotic genomes often contain only 
small amounts of coding or functional DNA, and the large genome size in eukaryotes is 
usually due to huge amounts of mobile elements (Lynch 2007).

1.3 · Genome Size
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Several evolutionary hypotheses have been formulated to explain the huge differences 
in genome size between organisms. The selfish DNA hypothesis states that non-coding 
DNA is a by-product of «selfish» transposable elements (Orgel and Crick 1980; Doolittle 
and Sapienza 1980). The «bulk DNA» hypothesis assumes that total DNA content is a 
direct product of natural selection (Cavalier-Smith 1978). In contrast, a non-adaptive 
view is favoured by the «mutational burden» hypothesis (Lynch 2006). According to this 
view, excessive DNA is regarded as mutational burden, where purifying selection will 
eliminate deleterious genomic elements from populations. As the efficiency of selection is 
strongest in large populations, this hypothesis aims to explain why prokaryotes, which 
usually occur in much larger (long-term) populations than eukaryotes, have more 
compact genomes than eukaryotes (Lynch 2007). Inversely, the lack of expansion and 
restructuring of prokaryote genomes could also explain the absencve of complex mor-
phologies among them (Lynch and Conery 2003). However, in several cases, differences in 
genome size of eukaryotes show a correlation with body size, metabolism or development 
(Gregory 2013).

Besides a lack of correlation between genome size and complexity, there seems also to 
be no relationship between complexity and gene number, sometimes termed «g-value 
paradox» (Hahn and Wray 2002). While the definition of a gene remains controversial, 
comparisons of the amount of protein-coding base pairs with organismic complexity 
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similarly show no correlation. However, it seems that the amount of non-protein-coding 
sequences (e.g. various RNAs; 7  see Infobox 1.1) increases consistently in more complex 
organisms (Taft et al. 2007). Consequently, differences in gene regulation, interaction of 
genes, alternative splicing and differential expression contribute to explain the g-value 
paradox (Gregory 2013).

Infobox 1.1

The Variety of Non-coding RNAs
Non-coding RNAs comprise RNAs that do not encode proteins. Well known are ribosomal RNAs and 
tRNAs, which all play a vital role in protein biosynthesis. Many other classes of RNAs are involved in 
the regulation of gene expression, transcription, splicing or editing (Mattick and Makunin 2006). 
Several classes of such RNAs are recent discoveries, with some of them incompletely characterized 
in their biological role. An overview of some important RNAs is given here:

microRNAs  microRNAs are short (~22 bp) non-coding RNAs found in animals and plants which 
are involved in the regulation of gene expression (Ambros 2004). Mature microRNAs were shown to 
be highly conserved across animal taxa, and several hundred distinct microRNA families have been 
reported for Metazoa (Kozomara and Griffiths-Jones 2011). A typical role of microRNAs is that they 
guide molecules involved in post-transcriptional gene silencing by pairing them with target mRNAs, 
leading to their cleavage or repression. The expression of many microRNAs is known to be tissue-
specific, and, additionally, the disparity of microRNAs of a given animal taxon can often be linked to 
its morphological complexity (Sempere et al. 2006).

piRNAs  piRNAs are small non-coding RNAs that interact with Piwi proteins (Aravin et al. 2006). In 
contrast to microRNAs, piRNAs are slightly longer (24–31 bp) and are derived from single-stranded 
precursors originating from repetitive sequences in the genome. So-called piRNA-induced silencing 
complexes are able to repress transposon activity, thereby maintaining the genome integrity of the 
germ line (Iwasaki et al. 2015). Additionally, in some organisms piRNAs also function in the regulation 
of cellular genes.

snoRNAs  Small nucleolar (sno) RNAs are an abundant class of RNAs present in the nucleolus of 
eukaryotes of approximately 60–300 bp length. According to their secondary structure and the pres-
ence of specific sequence motifs, snoRNAs can be classified into two major groups: C/D and H/ACA 
snoRNAs (Kiss 2002). Usually, snoRNAs are components of ribonucleoprotein complexes where they 
provide a scaffold to assemble partner proteins. Moreover, they guide for the recognition of target 
DNAs and sites of post-transcriptional modification (Bratkovič and Rogelj 2014). Modifications 
include methylation of DNAs and pseudouridylation of RNAs, and this system is found in eukaryotes 
and archaeans (Reichow et al. 2007).

lncRNAs  RNA transcripts of >200 nt size which lack an open reading frame are summarized as 
long non-coding (lnc) RNAs. Especially multicellular organisms seem to pervasively transcribe differ-
ent types of this heterogeneous class of RNAs, for which a specific function is often not understood. 
According to the place of expression, cytoplasmic and nuclear lncRNAs can be distinguished (Fatica 
and Bozzoni 2014). Important roles in the control of gene expression during developmental pro-
cesses are known for some lncRNAs, e.g. dosage compensation, epigenetic imprinting or cell differ-
entiation. Thousands of tissue-specific lncRNAs are catalogued, and RNA-RNA, RNA-DNA as well as 
RNA-protein interactions have been reported (Quinn et al. 2014). In vertebrates, transposable ele-
ments are found in a large proportion of lncRNAs and also make up a substantial part of their 
sequence length (Kapusta et al. 2013).

1.3 · Genome Size
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1.4	 �The Genomes of Modern and Archaic Humans

In 1990 an ambitious collaborative project was launched to sequence the human genome 
(Watson 1990). After finishing the mapping of the genome, sequencing of organisms with 
smaller genomes was conducted as proof of principle for the method. The final sequencing 
of the human genome was carried out by the International Human Genome Sequencing 
Consortium (IHGSC) involving 20 major institutions in six countries (International 
Human Genome Sequencing Consortium 2004). In the mid-1990s, a team around Craig 
Venter simultaneously started sequencing the human genome using whole-genome shot-
gun sequencing coupled with a high-throughput Sanger sequencing approach. Both 
groups published draft genomes for an initial view of the human genome in 2001 
(International Human Genome Sequencing Consortium 2001; Venter et al. 2001). These 
drafts still lacked ~10% of the euchromatic regions, and contigs (contiguous segments of 
DNA) were separated by a huge number of gaps. A more complete human genome 
sequence assembly covering 99% of the euchromatic regions and including less gaps was 
published in 2004 (International Human Genome Sequencing Consortium 2004). 
However, several repeat-rich regions still remained difficult to assemble, and it needed 
long-read sequencing to close at least half of the remaining gaps (Chaisson et al. 2015). 
Several new assemblies and annotations of the human genome were published since its 
official final completion. The size of the human genome varies in its estimations between 
3.1 and 3.3 Gb. According to Gencode v25 (7  www.gencodegenes.org), the genome con-
tains 19,950 protein-coding genes; 15,767 long non-coding RNAs; and 7258 small RNAs. 
Besides this, a small fraction of the genome contains regulatory regions controlling gene 
expression, replication origins, telomeres and centromeres. This means that exonic DNA 
of protein-coding genes represent only around 1.5% of the human DNA and in total 
essential/functional DNA does not exceed 10% of the genomic DNA. The majority of the 
human genome comprises intron sequences and transposable elements (TE), the latter 
make up by far the largest part of the genome, including SINEs, LINEs, endogenous retro-
viruses and DNA transposons. Most of these TEs are not active anymore and therefore 
often highly degenerated, making it difficult to estimate the proportion of TE-derived 
sequences. Recent approximations vary between 45% (Cordaux and Batzer 2009) and 75% 
(de Koning et al. 2011). The most abundant TEs are L1 elements and Alu elements, with 
the latter exceeding more than one million copies (Cordaux and Batzer 2009). Finally, 
altogether, 14,650 pseudogenes were recognized, with the majority of them being pro-
cessed (Gencode v25), indicative of originating via L1-mediated reverse transcription 
(Esnault et al. 2000).

Two large projects building on the finalized sequence data were initiated to investigate 
the genetic diversity (HapMap) and functionality of the human genome (ENCODE). The 
goal of the HapMap project was to determine common patterns of sequence variation 
among different human populations (The International HapMap Consortium 2003), and 
a first haploid diversity map was published in 2005 (The International HapMap Consortium 
2005). Fuelled by the availability of new and more powerful sequencing techniques, the 
cataloguing of single-nucleotide polymorphisms was extended to the analysis of more 
than 2500 human genomes from 26 populations (The 1000 Genomes Project Consortium 
2015). Additionally, copy number variations (CNVs) of larger DNA segments, which can 
alter the diploid status of the DNA, have been compiled (Zarrei et  al. 2015). Human 
genomes have been found more variable than initially thought, exceeding over 1% of dif-
ferences in cross-comparisons (Pang et al. 2010). The availability of this data significantly 
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changed the way to investigate the origin of diseases and complex traits by conducting 
genome-wide association studies (GWAS), where phenotypes are correlated with genetic 
variation (Naidoo et al. 2011). Generally, GWAS try to identify SNPs which exhibit link-
age disequilibrium (LD), meaning alleles at two or more loci show a non-random associa-
tion (Slatkin 2008). The HapMap project confirmed that many chromosomal regions of 
the human genome consist of nonoverlapping sets of loci with strong LD, called haplotype 
blocks, which can exceed sizes of more than 100 Kb. Consequently, using SNPs which are 
overrepresented in correlation with the investigated phenotype and show strong LD 
makes it possible to detect larger genomic regions associated with a phenotype (Visscher 
et al. 2012). It is possible to calculate the probability that a single SNP is correlated with a 
phenotype (e.g. a disease) called the odds ratio. GWAS gained huge popularity, and 
«human genetic variation» was elected as breakthrough of the year by the journal Science 
in 2007 (Pennisi 2007), a year in which nearly 100 studies using this approach were 
published.

However, GWAS became strongly criticized in the scientific community, and some 
researchers questioned their relevance at all (Visscher et al. 2012). In case of diseases, the 
rationale of GWAS is that common diseases are partly (and additively) and sizeably attrib-
utable to SNPs which are represented in more than 1–5% of the population. This hypoth-
esis is called «common disease-common variant» (CD/CV) model. Using this background 
the observed phenotypic variation is associated with a set of SNPs in GWAS. However, the 
validity of basic assumptions of GWAS became questioned when researchers found that 
most of the phenotypic variability seems to remain unexplained in these studies. For 
example, 32 loci have been identified to affect Crohn’s disease risk using GWAS, but they 
seem to explain only 20% of the heritability of the disease (Barrett et al. 2008). Obviously, 
still 80% of the variance of the phenotype remains unexplained. This phenomenon has 
been called missing heritability (Maher 2008). The missing heritability is even more pro-
nounced for most published GWAS.  Possible reasons for the failure of GWAS include 
sampling errors (investigation of too few SNPs) or model misspecifications in the subse-
quent statistical analysis (Marjoram et al. 2014). As such, the assumption of most GWAS 
of additive genetic variance, which basically means that each SNP contributes part of the 
heritability and can be added together, ignores evidence that gene-gene interactions can 
be highly complex (epistasis) and non-additive (McKinney and Pajewski 2012). Moreover, 
environmental influences on the transcription of genes have often been neglected, too. 
However, even inclusion of such data in the statistical framework of GWAS seems not to 
significantly improve their explanatory power (Aschard et al. 2012). Therefore, for future 
studies, a shift from the discovery of SNPs or genes associated with a given phenotype to 
functional assays investigating the biological mechanisms of these genotype-phenotype 
associations seems important (Shendure 2014).

A massive project to categorize all functional elements in the human genome is 
ENCODE, the encyclopaedia of DNA elements project. An initial pilot project investi-
gated the functionality of 1% of the human genome and was followed up by the main 
study covering most of the genome (Consortium TEp 2007; ENCODE 2012). Using a 
huge array of methodologies, focussing on gene annotation, transcriptome analyses, chro-
matin analyses, transcription factor binding, methylation and protein conformation, the 
biochemical functionality of the human genome was documented. From this study it 
became obvious that the organization of the human genome is even more complex than 
previously anticipated. For example, it was found that genes and their regulatory elements 
can form complex networks and are engaged in interactions over a long genomic range 
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(Sanyal et al. 2012). Re-annotation of the genome discovered many new small RNAs (e.g. 
microRNAs, snoRNAs, etc.; 7  see Infobox 1.1), and many of these RNAs overlap with cod-
ing transcripts (Djebali et al. 2012). Confirming previous studies (Kapranov et al. 2007), a 
pervasive transcription of the genome has been recorded, which means that most of the 
DNA is at least found in one transcript (Djebali et al. 2012). This shows that the transcrip-
tome is not only derived from protein-coding genes and short non-coding RNAs and such 
a pattern seems to be common for eukaryote genomes in general (Berretta and Morillon 
2009). The numbers of how much of the human genome is transcribed vary between stud-
ies, are strongly dependent on the investigated cell type and exceed 85% at the higher end 
(Hangauer et al. 2013). These studies uncovered a high number of previously undetected 
long non-coding RNAs (7  see also Infobox 1.1). Biochemical activity of most part of the 
genome was also found using other types of experiments, leading to the suggestion that 
indeed ~80% of the genome is functional (ENCODE 2012). DNA elements classified as 
functional include those which are either transcribed, associated with modified histones, 
bind to a transcription factor, show signs of CpG methylation, or are found in open-
chromatin areas. This result came as a big surprise, as it was considered that only ~10% of 
the human genome is functional and the rest of the DNA was classified as «junk». Without 
surprise, this bold claim led to a huge controversy focussing on problems with the meth-
odology and the definition of the term function (Graur et al. 2013; Doolittle 2013; Kellis 
et al. 2014; Palazzo and Gregory 2014). The term «junk DNA» goes back to Ohno (1972) 
who recognized the small proportion of DNA coding for genes in the human genome. 
Some researches prefer to use a less polarizing description and favour to use «non-
functional DNA» which has no or little selective advantage for the organism (Eddy 2012). 
Obviously, TEs and intron sequences, which make up a huge percentage of the biochemi-
cal activity detected in the ENCODE study, would qualify as non-functional DNA under 
this evolutionary definition. Moreover, as most TEs contain promotor region, it lies in the 
nature of these elements to be transcribed, which often is achieved in a random fashion. 
Fittingly, comparative genomic studies conclude that only 5–15% of the human genome 
can be regarded as functional regarding a criterion of evolutionary conservation (Lindblad-
Toh et al. 2011; Meader et al. 2010).

The sequenced human genome became also an important source of data to under-
stand human evolution. Humans are closely related to chimpanzees and bonobos, and 
this group together forms the sister clade of gorillas. According to time calibrations 
using molecular data, the human-chimpanzee split dates back ~6.5–9.3 mya, which is 
in line with the fossil record suggesting ~6.5–10 mya (Moorjani et al. 2016). In contrast 
to their primate relatives, humans are able to manufacture complex tools and use a 
complex language for information transfer (Pääbo 2014). Anatomically modern humans 
(Homo sapiens) appeared ~200,000 years ago in Africa, from where according to the 
well-supported out-of-Africa hypothesis they colonized all continents. In line with this 
hypothesis, African populations show higher genetic diversity then non-African popu-
lations (Henn et al. 2012). Thanks to the advent of ancient DNA techniques and high-
throughput sequencing techniques, the field of palaeogenomics flourished. Ancient 
DNA analyses allowed studying the change of genetic diversity through time and to 
clarify evolutionary hypothesis based on fossils. Initial ancient DNA studies were 
mostly limited to high copy number genes as, e.g. derived from mitochondria (Shapiro 
and Hofreiter 2014). However, improved sequencing library construction methods and 
the massive output of Illumina short-read sequencers made it possible to sequence 
genomes of archaic humans in a coverage and quality of modern DNA (Meyer et al. 
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2012; Prüfer et al. 2014). Nuclear genomes of two lineages of archaic humans which 
lived contemporary with modern humans have been sequenced: Neanderthal and 
Denisovan (Pääbo 2014).

Neanderthals are well known from the fossil record, which shows them appearing 
~300,000 years ago and getting extinct ~30,000 years ago. In contrast, the Denisovan lin-
eage has not been recognized by analysing fossils and has been firstly described based on 
its divergent genomic data (Krause et al. 2010; Reich et al. 2010). Both lineages seem to 
represent sister groups (.  Fig.  1.4), and comparative genomic analyses recovered DNA 
segments stemming from these lineages in modern humans. Interestingly, Neanderthal-
derived DNA is only found in non-African populations, and recent analyses suggest at 
least two hybridization events with modern humans. Moreover, introgressed DNA sup-
ports a hybridization event of Denisovan with modern human populations colonizing 
Papua New Guinea and Australia (.  Fig. 1.3) (Prüfer et al. 2014). Additionally, they were 
able to sequence complete mitochondrial genomes and some nuclear sequence from 
human fossils found in the Sima de los Huesos near Burgos in Spain (Meyer et al. 2014, 
2016). This site is known to harbour the oldest European hominin fossils. Many of them 
date back more than ~300,000 years ago and are affiliated with Homo heidelbergensis. The 
sequenced fossil dates back ~400,000 years ago, making it the oldest sequenced hominin 
ancient DNA, opening a complete new window to understand human evolutionary his-
tory. Interestingly, this mitochondrial genome is closest to the one of Denisovan in a phy-
logenetic analysis, even though analyses of nuclear genes show a close relationship to 
Neanderthals (Meyer et al. 2016).

Comparative and population genetic studies of all sequenced human and archaic 
genomes allow many interesting insights into our evolutionary history. Analysing diploid 
genome data with Bayesian approaches helps to infer the population size change over 
time. Such analyses find a severe decrease in the size of all human populations around 
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.      . Fig. 1.4  Human relationships and possible model of gene flow. Note that the age of archaic genomes 
does not allow detection of gene flow of modern humans towards them (Reprinted by permission from 
Macmillan Publishers Ltd: Nature (Prüfer et al. 2014), Copyright 2014)
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200,000  years ago. Whereas both Denisovan and Neanderthal went extinct in the last 
30,000 years, a huge increase of population sizes of the modern human can be observed 
for the same time (Prüfer et  al. 2014). Comparative analyses show that recent human 
genomes of non-African populations carry around 2% DNA with Neanderthal ancestry. 
Genome-wide searches in hundreds of modern human genomes enable recovering ~20% 
of the Neanderthal genome (Vernot and Akey 2014). This analysis shows that Neanderthal-
derived DNA contributed to loci adaptive for skin phenotypes. Moreover, Neanderthal 
alleles related to the immune system of modern humans seem to be positively selected and 
can rise to high frequencies in some populations (Abi-Rached et al. 2011). Similarly, posi-
tively selected haplotypes related to altitude adaptation in Tibetans likely stem from intro-
gression of Denisovan-like DNA (Huerta-Sanchez et al. 2014). Comparative analyses also 
allow identifying those positions in the modern human genome which changed since the 
split from Neanderthal and Denisovan. More than 30,000 SNPs specific for modern 
humans have been identified so far, of which ~10% are found in putatively regulatory 
regions. In the future, functional studies investigating these genetic variants will help to 
find those changes which might be functionally significant (Pääbo 2014).
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