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Chapter 10 - Rare Genomic Changes

== Several different marker systems employing genome-level character have been
used to find additional support for phylogenetic hypothesis.

== Genome-level characters include absence/presence patterns of mobile
elements, microRNAs and introns, as well as gene order rearrangement and
changes in the genetic code.

== Retrotransposon integrations spread by a copy-and-paste mechanism through
the genome and are close to a perfect phylogenetic marker for shallow
phylogenies (divergences of <65 mya).

== Absence/presence of microRNAs can be used to resolve deep phylogenies, but
frequent convergent loss makes analyses difficult.

== Several mechanisms (inversion, transposition, tandem duplication random loss,
translocation, fusion, fission) can result in the rearrangement of gene order.

= Maximum parsimony variants can be used to analyse absence/presence
matrices to reconstruct phylogenetic trees.

10.1 The Perfect Phylogenetic Marker

The ideal phylogenetic marker is a character that, after it has evolved, will not be lost
again, and homology can unambiguously be assigned across taxa due to its conservation.
DNA or amino acid sequences are far from being perfect markers, and many problems can
arise in phylogenetic analyses (Jeffroy et al. 2006). As an alternative, genome-level charac-
ters became popular to complement existing phylogenetic analyses and to test hypotheses
with an independent set of characters (Rokas and Holland 2000). Possible phylogenetic
markers are integrations of mobile elements, absence/presence (a/p) of microRNAs or
introns, gene order rearrangements or changes in the genetic code. A big difference
between these kinds of markers in comparison to analysing sequence data is how they are
expected to change over time. For sequence data usually a clocklike change is assumed
with the expectation that over time the numbers of changes accumulate linearly, even
though the pace of change might be different in different lineages. In contrast, genome-
level characters are expected to change non-clocklike in a saltatory way (Boore 2006). This
makes analysing rare genomic change data tricky, as evolutionary models are more diffi-
cult to apply. However, if the changes are indeed rare, the presence of such characters
might be an additional strong support for the monophyly of its bearers, which could be
especially interesting for clades that are difficult to resolve by sequence data alone. For
example, molecular systematic analyses based on a single or few genes consistently recov-
ered a monophyletic group including crustacean and insect taxa (Pancrustacea) (Friedrich
and Tautz 1995). This result was controversial, as it contradicted the former textbook
knowledge which united insects with myriapods (Tracheata). A single translocation of a
tRNA in the rather conserved arthropod mitochondrial genome, which was only found in
analysed insects and crustaceans, gave additional strong support for the Pancrustacea
hypothesis (Boore et al. 1998), which is now generally accepted. Another famous example
is the analysis of the presence of some mobile elements (SINEs) in specific positions in the
genome, which supported the monophyly of whales, ruminants and hippopotamuses
(Shimamura et al. 1997). These promising results spurned the search for rare genomic
changes to resolve difficult phylogenetic questions, but also led to the question how to
analyse these markers and how to weigh their support.
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@ Fig. 10.1  Arthropod relationships deduced from rare genomic changes. Insects and crustaceans are
united by a single tRNA (trnL) translocation within the mitochondrial genome, which is found to be (syn)
apomorphic by outgroup comparison (Reprinted by permission from Macmillan Publishers Ltd.: Nature
(Boore et al. 1995), copyright 1998)

Analysing genome-level characters is in the most cases based on matrices with a/p
character states for the investigated taxa. This matrix can then be analysed with maximum
parsimony (MP) or other approaches. As such, the analysis of genome-level characters is
similar to that of morphological data. If a tree is known, characters and their states can be
mapped on the phylogeny to distinguish plesiomorphic and apomorphic character states
(Hennig 1965). This distinction goes back to the work of the German entomologist Willi
Hennig and is seen as the foundation of the cladistic method and brought important
changes of how to address phylogenetic systematics in general (Richter and Meier 1994).
The plesiomorphic character state is the ancestral state present in a taxon and retained
from its ancestor. For example, in @ Fig. 10.1 the position of the trnL(UUR) between the
genes trnL(CUN) and ND1 represents a plesiomorphy, as supported by the tree and out-
group comparison. In contrast, apomorphic character states are derived states. Only these
characters can be used to support the monophyly of a group of taxa. Additionally, autapo-
morphies (apomorphic character states found in a single lineage) and synapomorphies
(apomorphic character states supporting the monophyly of a group of taxa) can be distin-
guished. For example, in B Fig. 10.1 the position of the trnL(UUR) between the genes COI
and COIl is interpreted as a synapomorphy for a clade uniting insects and crustaceans. It
is important to keep in mind that these terms are relative, related to where in the
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phylogenetic tree they are applied. Whereas the character state for the position of
trnL(UUR) is apomorphic for Pancrustacea, it is the plesiomorphic state if we would apply
it to describe the same character state within the insect phylogenetic tree. In most cases
plesiomorphy or apomorphy can only be assigned after (a posteriori) the phylogenetic
analysis, as the characters (and the direction of their evolution) are polarized by using the
resulting phylogeny. However, the presence state of some genome-level characters (e.g.
SINE insertions, see below) is quasi used a priori as the apomorphic character state, as
absence is unlikely the derived state (Shedlock and Okada 2000).

10.2 Mobile Elements

Retrotransposons are mobile elements that have the ability to integrate into the genome at
a new site within their cell of origin (Kazazian 2004). In contrast to DNA transposons,
which use a cut-and-paste mechanism of copying, retrotransposons use a copy-and-paste
mechanism to integrate at new sites. This is achieved by transcription of the retrotranspo-
sons into RNA, which are then reverse transcribed and reintegrated into the genome,
thereby duplicating the element. Two major classes of retrotransposons are recognized:
LTR retrotransposons, which either contain long terminal repeats (LTR) at both ends, or
non-LTR retrotransposons (or LINEs) which lack LTRs and possess a polyadenylate
sequence at their 3’termini (Kazazian 2004). Unlike LTR retrotransposons that generate
uniform target site duplications and require the presence of their terminal repeats for
integration, non-LTR element copies are often truncated at their 5ends (Malik and
Eickbush 1998). Short interspersed nuclear elements (SINEs) are mobile elements that
originated from the accidental retrotransposition of small RNA polymerase III transcripts,
such as 7SL RNAs, tRNAs or 5S RNA. Therefore SINEs always feature an internal RNA
polymerase IIT promoter at their 5" end for their transcription. SINEs are nonautono-
mous, and to be replicated, they completely rely on the machinery of the cell and the activ-
ity of autonomous retrotransposons, such as LINEs (Kramerov and Vassetzky 2005).
Some SINEs are known to occur in huge copy numbers in their «host» genome, as, for
example, the primate specific Alu SINE family, which makes up around 11% of the human
genome (Deininger 2011).

The copy-and-paste mechanism makes retrotransposons an almost perfect phyloge-
netic marker. They are regarded as being nearly homoplasy-free, as convergent integra-
tions at the exact same genomic positions are highly unlikely (Ray et al. 2006), even though
some few examples of apparent homoplasy exists (Han et al. 2011). And they are basically
polarized characters, such that the absence of a retrotransposon at a given locus is usually
the ancestral state (Ray et al. 2006). The caveat is that these markers are only suited to
resolve relatively young divergences (50 mya and younger), as otherwise the homology
between integrated sequences is difficult to detect as mutations are accumulated over time
(Shedlock and Okada 2000). Retrotransposons have been successfully used to address
population diversity in plants (Kalendar et al. 2011) or the phylogeny of birds (Suh et al.
2011) or mammals (Kriegs et al. 2006), but there are no examples to use them to infer
deeper phylogenies.

Retrotransposon activity in the genome of their host varies over evolutionary times-
cales. Different groups of retrotransposons may have different (and also overlapping)
times of activities before they get inactive. Activity of retrotransposons can be triggered
by mutations within inactive sequences (e.g. acquisition of a new promoter), but also due
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B Fig. 10.2 Activity patterns of different groups of SINEs (Jo, Jb, Sx, Sg, Sc, Sp, Y) along primate
evolution as modelled by the TinT method (Reprinted from Churakov et al. (2010))

to horizontal gene transfer into a new host (Huang et al. 2012). Inactivity or death of a
group of retrotransposons occurs when the last active copy loses its activity due to muta-
tion. Groups of retrotransposons can be classified by its sequence similarity, e.g. using
the software REPEATMASKER (Tarailo-Graovac and Chen 2009), and some methods
exist to trace their activity over time (Kriegs et al. 2007; Giordano et al. 2007). The
«Transposition in Transposition» (TinT) method is based on the idea that evolutionary
younger actively transposed elements are able to insert into older elements, but the
opposite is not possible. Within a probabilistic framework, information of the occur-
rence of nested retrotransposon insertion patterns is used to model the timing of ele-
ment activity (Churakov et al. 2010). Absolute timescales of the relative chronological
order can be inferred by mapping these activity patterns on a dated phylogeny
(B Fig. 10.2), which also highlights that retrotransposons are often only informative for
a short window of the evolutionary timescale. For example, analyzing Jb SINE patterns
would not be informative to investigate ape (Hominoidea) evolution, as its activity win-
dow predates the origin of this clade (8 Fig. 10.2).

For phylogenetic analyses, a/p of retrotransposons is scored for each homologous inte-
gration within a character matrix. Especially integrations of retrotransposons within
intron regions are suitable for analysis, as due to the conserved nature of the adjacent
exons these genomic regions are easier to orthologize. Besides the orthology of the
genomic region, homology of the retrotransposons must be carefully considered, which is
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complicated due to random mutational decay over time. It is not unusual to manually
inspect every single alignment of orthologous genes to verify the homology of retrotrans-
posons (Suh et al. 2015). There are two strategies for the phylogenetic analysis of ret-
rotransposon data. First, a/p matrices can be analysed directly using MP for the inference
of a tree, e.g. Kaiser et al. (2007). However, reflecting their activity sometimes these mark-
ers are only informative for certain windows of evolutionary time (see above), and several
parts of the tree remain unresolved. Alternatively, presence of shared retrotransposon
integrations is mapped onto a tree topology and congruence with a/p patterns can be used
to favour one of several competing hypotheses or to give additional support for the mono-
phyly of selected groups in a tree. For example, Kriegs et al. (2006) analysed retrotranspo-
son integrations across mammals and mapped their data on existing trees. A statistic
framework for evaluating support from retrotransposons has been proposed by Waddell
et al. (2001). Their likelihood-based test statistics show that at least five unambiguous
markers (five retrotransposon integrations supporting a given clade, with no other inte-
gration in conflict) are required for a certain node to gain significant p-values.

Even though retrotransposon markers usually show only very low levels of homoplasy
from convergent integration at the exactly same site, several examples of conflicting nodes
have been found when addressing the phylogeny of fast radiations. For example, Nishihara
et al. (2009) investigated retrotransposon integrations of placental mammals and found
nearly the same number of loci (21-25 loci) supporting three different hypotheses.
Similarly, Suh et al. (2015) investigated the radiation of birds based on thousands of care-
fully selected retrotransposons and found that a third of these are supporting conflicting
hypotheses. In both analyses the conflicting retrotransposons map to parts of the phylog-
eny which are characterized by short internodes. Consequently, the conflict within this
retrotransposon data is not interpreted as convergence due to parallel integrations, but as
a persistence of ancestral polymorphisms, a phenomenon known as incomplete lineage
sorting (ILS). The affected regions of the tree have been found as notoriously difficult to
reconstruct, even in the light of massive datasets. High amounts of ILS in combination
with short internodes point to a nearly simultaneous divergence of deep lineages within
mammals and birds, which might be unresolvable into a bifurcating tree. Instead, a phy-
logenetic network illustrating the conflict within this part of the tree seems to be a better
representation of the phylogenetic relationships of these groups (Suh et al. 2015; Hallstrom
and Janke 2010). Not surprisingly, high amounts of ILS based on retrotransposon data has
been also reported for Lake Tanganyika cichlids (Takahashi et al. 2001), the posterchild
for adaptive radiations.

Mobile elements in general have been firstly described in plants (McClintock 1950), a
discovery which later was honoured with the Nobel Prize in physiology or medicine in
1983 for Barbara McClintock. And even though different classes of mobile elements are
extremely abundant in plant genomes, most studies exploiting these elements as phyloge-
netic markers are from vertebrate animals. Kalendar et al. (2011) summarized the use of
mobile elements as markers in plant phylogeny and evolution, with most studies address-
ing the population level. Yaakov et al. (2012) used so-called miniature inverted-repeat
transposable elements (MITEs) to investigate wheat biodiversity and evolution. MITEs
are small mobile elements of up to a few hundred base pairs in size, flanked by tandemly
inverted repeats (Wicker et al. 2007). Similarly to SINEs, they are nonautonomous and can
occur in high copy numbers. MITEs were first discovered in plants (Wessler et al. 1995),
but are also abundantly found in many eukaryotic genomes, including humans (Morgan
1995). The study by Yaakov et al. (2012) analysed a/p matrices of MITE-polymorphism
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across wheat accessions and found this marker system phylogenetically informative.
Similar positive results were reported for the analyses of barley biodiversity using MITEs
(Lyons et al. 2008).

10.3 MicroRNAs

MicroRNAs are short non-coding RNAs involved in the regulation of gene expression.
They are found in plants and animals, but seem to have evolved convergently in these
lineages (Shabalina and Koonin 2008). Moreover, several viruses have been identified har-
bouring microRNA sequences, with most examples stemming from herpesviruses
(Skalsky and Cullen 2010). Premature microRNAs form hairpin-like secondary structures
(B Fig. 10.3). This stem-loop precursor is further processed into double-stranded RNA of
approximately 22 bp (Kim 2005). Nucleotides 2-7 of the mature microRNA 5’-end are
called seeds and play an important role in mRNA-target recognition (Liu et al. 2008).
Often more than a hundred targets can be recognized by a single microRNA, and miRNAs
complementarily bind to target mRNAs, where they repress translation and/or induce
mRNA degradation (Lewis et al. 2003). Mature microRNAs were shown to be highly con-
served across animal taxa (Sempere et al. 2006), and several hundred distinct microRNA
families have been reported for Metazoa (Kozomara and Griffiths-Jones 2011).

Interestingly, it has been found that microRNA families are continuously emerging
and expanding through animal evolution (Hertel et al. 2006); however, once evolved
microRNAs were regarded to be rarely lost secondarily (Sempere et al. 2006). The expres-
sion of many microRNAs is known to be tissue specific (Clark et al. 2010; Christodoulou
et al. 2010), and additionally, the disparity of microRNAs of a given animal taxon can
often be linked to its morphological complexity (e.g. number of cell types) (Heimberg
et al. 2008; Sempere et al. 2006; Kosik 2009). Given these properties, the potential of
microRNAs as a powerful phylogenetic marker system is obvious and they were used in
several phylogenetic analyses (Heimberg et al. 2010; Sperling et al. 2011; Rota-Stabelli
et al. 2011; Sperling et al. 2009; Campbell et al. 2011; Helm et al. 2012).

As in the case of retrotransposons, microRNAs are coded as a/p in a matrix and can be
analysed directly (e.g. using MP) or by mapping onto an existing phylogenetic tree. The
advantage of microRNAs over retrotransposons is that they have shown to be

1 stem extension I mature sequence | loop |
| | | |
00000000011111111112222
12345678901234567890123
--gcaugauaa au cu u g uu u
CCCcC uuuu cuuuggu aucuagcu uauga ua a
T T TTAT 0 17
gggg aaaa gaaacca uggaucga auacu au u
caucuaaaaca ac uc u a uc u

O Fig. 10.3 Features of premature microRNA secondary structure exemplified by mir-9 from the
annelid Capitella teleta as found in miRBase (Kozomara and Griffiths-Jones 2014) accession MI0010052.
The mature sequence is indicated by red bases. Positions 2-8 of the mature sequence are also known as
seed and play an important role in mRNA-target recognition
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phylogenetically informative over deep evolutionary timescales (Tarver et al. 2013). Even
though mature microRNAs are represented by very small sequences (~22 bp), they remain
remarkably conserved over time. However, in contrast to analyses of retrotransposon
data, phylogenetic analyses of microRNAs seem to be more problematic. Based on the
presence of a single or few microRNAs, Acoela are supported as a deuterostome in-group
taxon (Philippe et al. 2011), Mandibulata as monophyletic (Rota-Stabelli et al. 2011) and
Tardigrada as sister group of Onychophora + Arthropoda (Campbell et al. 2011). However,
these results might be biased due to highly heterogeneous rates of microRNA gain and
loss, as well as sampling error (Thomson et al. 2014). For example, there is evidence that
microRNAs get lost due to loss of their function. For example, mir-10 is a phylogenetically
conserved microRNA present in most bilaterian lineages regulating a subset of hox genes
(Pearson et al. 2005). Interestingly, this microRNA is directly located within the hox clus-
ter and has been convergently lost in lineages with a disintegrated hox cluster, such as
nematodes and tunicates (Tanzer et al. 2005). Major loss of microRNAs is also reported
for tunicates (Fu et al. 2008), where at least 11 families of bilaterian microRNAs are miss-
ing. An analysis of chordate phylogeny also revealed several losses of microRNA families
in different lineages (Heimberg et al. 2010). Frequent gain and loss on a short evolutionary
timescale has further been demonstrated for Drosophila (Nozawa et al. 2010). Moreover,
it remains a practical problem that the absence of microRNAs can be only safely con-
cluded with available complete genome sequences. Instead of MP analyses or mapping,
Thomson et al. (2014) explored the performance of microRNA a/p matrices under differ-
ent evolutionary models. Their re-analyses casted doubt on the results of several published
phylogenetic studies, and they conclude that the potential of microRNA data to resolve
the (animal) tree of life has been overstated.

10.4 Introns

In eukaryotes genes are interrupted by spliceosomal introns which are removed from
transcripts prior to their translation (Jeffares et al. 2006). The absolute number of introns
within a genome and the number of introns within a gene are highly variable. However,
intron positions of most introns are conserved across eukaryotes, and variation in intron
numbers is explained by either intron gain or loss (Rogozin et al. 2003). Possible sources
for the generation of new genomic introns are DNA transposons (Huff et al. 2016).
Generally, intron gain seems to occur less frequently; however, increased intron gain and
decreased intron loss was observed in evolutionarily conserved genes (Carmel et al. 2007).
Moreover, intron loss is regarded to be nearly irreversible (Roy and Gilbert 2005a), as
intron gain at exactly the same site happens only rarely (Sverdlov et al. 2005). Therefore,
shared intron positions should indicate homology (Roy 2016), and analysing a/p patterns
of intron positions has been proposed as a useful phylogenetic marker of deep divergences
(Rokas and Holland 2000). For example, introns have been used to analyse relationships
of deep divergences within Metazoa (Roy and Gilbert 2005b) or ray-finned fishes
(Venkatesh et al. 1999).

A straightforward way to analyse a/p data of introns is based on MP. In its general
form, MP gives all character transformations the same probability. However, as intron loss
is thought to be nearly irreversible, this assumption might be violated. To circumvent this
problem, the use of a special form of MP called Dollo parsimony can be used to analyse
such datasets and is also applicable for microRNA data. Dollo’s Law states that complex
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characters cannot be «re-evolved» once they got lost, and instead alternative ways lead to
convergent solutions (which should be detectable as such) (Dollo 1893). This century-old
idea has to be treated carefully given the actual knowledge of the genetic and developmen-
tal bases of complex morphological characters (Hall 2003), but might be a fitting descrip-
tion for what we know about the evolution of microRNAs and introns. Dollo parsimony
was introduced by Farris (1977). For analysis, characters are polarized a priori, and the
presence of the complex character state is coded as 1, whereas the absent, likely ancestral
state is coded by 0. Using this algorithm, only one change from 0 to 1 is allowed during the
analysis, whereas as many reversions from 1 to 0 as necessary to explain the observed data
are possible. By applying Dollo parsimony for intron a/p matrices, the number of (paral-
lel) intron gains is minimized, whereas losses can be frequent. As the rates of intron loss
can vary dramatically across taxa (Jeffares et al. 2006), Zheng et al. (2007) introduced a
modified Dollo parsimony algorithm that uses different weights for the cost of an intron
loss in different branches. Alternatively, explicit phylogenetic models have been developed
to analyse large matrices of intron a/p data across species. In this case, based on different
tree topologies (hypotheses), different expectations regarding ratios of intron gain and lost
are formulated and compared with the data (Roy and Gilbert 2005b). Both types of analy-
ses implicitly assume constant rates of intron loss and violations of this assumption might
lead to long-branch attraction (Irimia and Roy 2008). Especially the frequent occurrence
of multiple independent losses of the same intron in distantly related species is problem-
atic for phylogenetic analyses and questions the usefulness of this marker system in gen-
eral (Krzywinski and Besansky 2002; Kiontke et al. 2004).

An approach to limit the impact of convergent intron gains or losses is the analysis of
near intron pairs (NIPs) (Krauss et al. 2008). Such NIPs include two intron positions in an
alignment of orthologous genes that are separated by a small number of nucleotides. It is
known that exons smaller than ~50 bp are only rarely found, which could be related to
problems of splicing such small sequences (Irimia and Roy 2008). Therefore, introns
found at nearby positions are unlikely to have coexisted, and given that multiple gains at
exactly the same site are very rare, this data can be used to infer a phylogenetic tree. Krauss
et al. (2008) proofed that this method is in principle useful for phylogenetic reconstruc-
tion. Lehmann et al. (2013) used NIPs to infer metazoan phylogeny and found them to
clearly outperform Dollo parsimony analyses based on all introns. However, as the num-
ber of suitable characters is strongly reduced by this approach, parts of the tree which
correspond to taxa or time periods with low levels of intron gain are difficult to resolve.

10.5 Gene Order

The order of genes in the genome has been extensively used as a phylogenetic marker
(Boore 2006; Sankoff et al. 1992). The first use of gene order to infer evolutionary relation-
ships goes back to Sturtevant and Dobzhansky (1936), who analysed inversions located in
a chromosome to study the evolution of some drosophilids. Most studies using gene order
as phylogenetic markers are based on organellar genomes, as in the case of plant chloro-
plasts (Downie and Palmer 1992; Cosner et al. 2004) or animal mitochondrial genomes
(Boore and Brown 1998; Bleidorn et al. 2007). For example, animal mitochondrial
genomes are usually circular molecules that harbour around 37 genes. Every gene can be
either transcribed from the plus or the minus strand, and several mechanisms have been
described how gene order can be rearranged (Boore 1999). Due to its small size, many
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animal mitochondrial genomes have been sequenced already with the Sanger technique.
Using next-generation sequencing techniques, complete animal mitochondria can now be
reconstructed fast and easily from shallowly sequenced whole genome shotgun libraries,
an approach which is known as genome skimming (Richter et al. 2015). Similarly, com-
plete chloroplast genome have been reconstructed using this approach (Malé et al. 2014).
Not surprisingly, many different mitochondrial gene orders are observed (e.g. @ Fig. 10.4),
and the possibility of convergent changes resulting in the same order is rather low (Dowton
et al. 2002), even though some examples are known (Shao and Barker 2003).

Several types of rearrangements are defined based on the comparison of closely related
species with different gene orders of unichromosomal genomes: inversions (8 Fig. 10.5a),
transpositions (8 Fig. 10.5b), inverse transpositions (transpositions where the re-inserted
fragment is inverted) (8 Fig. 10.5¢) and tandem duplications followed by random loss
(TDRL) of one of the gene copies (B Fig. 10.5d) (Bernt et al. 2013). A web-based applica-
tion called CREX (Bernt et al. 2007) is available, which based on common intervals finds
parsimonious scenarios for the rearrangement of a pair of gene orders. More complicated
are cases where more than one chromosome exists, as, for example, in most eukaryotic
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B Fig. 10.4 Comparison of the mitochondrial gene order of two closely related annelids (Syllidae). All
genes are transcribed from the same strand. Changes are indicated by arrows. Mitochondrial protein
coding and ribosomal genes are abbreviated with 3-4 letters, tRNA genes are given in the one-letter
code (Reprinted from Aguado et al. (2015))
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O Fig. 10.5 Different types of rearrangements hypothesized for animal mitochondrial genomes. Examples
of gene order of five genes (A-E) in two taxa (T1 and T2). Genes on the minus strand are indicated with a
minus sign (—). a Inversion of a single gene (B to -B). b Transposition of a single gene (A). ¢ Inverse transposition
of a single gene (A to -A). d Tandem duplication random loss (TDRL) scenario. Change of the gene order from
T1 to T2 is shown with intermediate states (INT), where three genes (B, C, D) are tandemly duplicated and one
copy of each gene got lost. Sometimes different scenarios (e.g. transposition and TDRL) are equally likely to
explain changes in the gene order
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nuclear genomes. In this case, translocations, fusions and fissions are additional possible
scenarios (Hu et al. 2014). A translocation describes the break of a chromosome, with one
part attaching to another chromosome. A fusion joins two chromosomes, while a fission
breaks a single chromosome into two parts. Analysing gene orders is further complicated
by the deletion and duplication of genes, and in the latter case even whole genome dupli-
cations are not unusual.

Different methods have been proposed to analyse gene order data. Genes can be coded
on different strands of a double-stranded DNA molecule, thereby allowing four different
types of adjacency (Moret et al. 2013) of two genes following each other: (a', &%), (a", b"),
(a', b") and (a", b"). In this examples, a and b denote different genes, whereas " (head) and
t (tail) refer to their orientation to each other. For example, when the two genes b and a are
described on the plus strand one after another, their orientation would be (b", a')
(B Fig. 10.6a, genome 2). The easiest way to compare the order of two genomes is to esti-
mate the number of breakpoints (Blanchette et al. 1997). If two genes a and b are adjacent
in taxon 1 but not in taxon 2, they determine a breakpoint. The number of breakpoints
between two unichromosomal genomes represents the most general measure of gene
order distance, as it requires no assumptions about the mechanisms of gene order evolu-
tion (e.g. differences between inversions and transpositions). Further distance measures
are the inversion distance and the double-cut-and-join (DC]J) distance. The inversion dis-
tance equals the minimum number of inversions to transform one unichromosomal gene
order into another one, given the same gene content and absence of duplications
(Hannenhalli and Pevzner 1999). The (DC]J) distance is a model that accounts for most
events altering gene order, such as inversions, translocations, fusions and fissions

a a
b
C a
a
\_/ d
b
Genome 1 Genome 2
b
adjacency information content information
{a" aM | {at, b | fat, M [ (b, c [ {ah dn [ {b'd} | a b [ c ] d
Genome 1 1 1 1 1 0 0 1 1 1 0
Genome 2 0 1 0 0 1 1 1 1 0 1

B Fig. 10.6 Two circular example genomes coded for gene order analysis. a Genome 1 and genome 2,
showing the order of genes (a—d). Arrows show the orientation of the gene. b Coding of the two
genomes into a matrix with adjacency and content information. The orientation of genes is given as
head to head (e.g. a", a"), or tail to head (e.g. a', b"), and so on. Presence of an adjacency is coded as 1,
absence as 0. Similarly, gene content information is coded as absent (1) or present (0) (Reprinted from
Lin et al. (2012a))
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(Yancopoulos et al. 2005). Calculations of different pairwise distances between genomes
can be conducted with the software UNIMOG (Hilker et al. 2012). Whereas most distance
measures were developed for unichromosomal genomes with the exact same gene con-
tent, alternatives are available for mutichromosomal genomes and/or when gene duplica-
tions or deletions occurred (Moret et al. 2013). Instead of using distance measures, gene
order can be also coded into a matrix, where each observed combination of adjacent genes
(and their orientation) represents a character, and the absence or presence of the adja-
cency of these genes is coded for each genome (8 Fig. 10.6). Phylogenetic analyses of gene
order data can be either conducted using distance-based methods such as neighbour join-
ing or by analysing encoded gene order matrices using an optimality criterion such as MP
or maximum likelihood (ML) (Moret et al. 2013). Several programs specifically for the
phylogenetic analysis of gene order data have been published, e.g. GRAPPA (Moret et al.
2001), MGR (Bourque and Pevzner 2002), MLGO (Hu et al. 2014) or TIBA (Lin et al.
2012b). Lin et al. (2012a) developed a likelihood approach where gene order and content
are coded into a matrix (see B Fig. 10.6) and transition probabilities between character
states are estimated from this matrix, which can then be used for ML analyses, e.g. by
using the program RAXML (Stamatakis 2014). Matrices based on pairwise distances
derived from gene order can be further analysed using neighbour joining, e.g. as imple-
mented in MEGA (Kumar et al. 2016).

10.6 Changes in the Genetic Code

After the structure of the DNA double helix was discovered in 1953, it took more than a
decade to completely decipher its code (Cobb 2015). Based on this code, nucleotide trip-
lets are translated into amino acids. When discovered, it was surprising that the code was
highly degenerated, as most of the 20 amino acids were represented by more than one
triplet. Initially, it was considered that the genetic code is truly universal and not evolv-
able, meaning that the pattern of degeneracy could represent a «frozen accident» (Crick
1968). However, after the discovery that human nuclear and mitochondrial genes use dif-
ferent codes (Barrell et al. 1979), it became obvious that the code is indeed evolvable. Later
on, many exceptions from the standard genetic code have been described, with most of
them found in mitochondrial genomes (Knight et al. 2001). Different models have been
proposed how codons can be reassigned. Based on the codon-capture model it is hypoth-
esized that a codon first disappears from the coding sequences of the genome, resulting
into loss of function of this specific codon. In case it reappears due to nucleotide substitu-
tions in any coding sequence, a reassignment to a new tRNA is possible (Osawa and Jukes
1989). Alternatively, a codon might be translated ambiguously, and one of its variant
becomes fixed (Schultz and Yarus 1994). There are examples available for both models,
which may just represent differences in the timing if reassigned codons appear after or
before the loss of the old codon (Sengupta et al. 2007).

Given that changes in the genetic code are rare events, they bear the potential to be
used as a phylogenetic marker. By comparatively analysing mitochondrial genomes,
Castresana et al. (1998) found support for the monophyly of a group uniting enteropneusts
and echinoderms based on predicted changes of the genetic code. Similarly, Telford et al.
(2000) used a change in the genetic code as further support for the monophyly of the flat-
worm taxon Rhabditophora, whereas Keeling and Doolittle (1997) used such data to
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evaluate different hypotheses regarding the phylogenetic position of the taxon Girardia
within diplomonads.

As the loss of a codon triplet sequence in the coding part of the genome is an impor-
tant step towards codon reassignment, it comes without surprise that most code changes
have been reported from the rather small animal mitochondrial genomes. Abascal et al.
(2012) screened more than 300 arthropod mitochondrial genomes and found that ~20%
do not bear the codon AGG. Interestingly, in nearly half of the investigated species, this
codon is translated into lysine, whereas the other half shows a translation into leucine.
When mapping these changes onto an arthropod phylogeny, it became clear that a reas-
signment of this codon occurred frequently within this group, exhibiting high levels of
convergence, thereby diminishing its usefulness as a phylogenetic character. The same
authors also published a software called GENDECODER which can be used to automati-
cally scan genomes for the presence of reassigned codons (Abascal et al. 2006). This
method is based on the idea that if the appearance of a particular codon in an investigated
species is linked to an alignment position for which a specific amino acid is conserved in
a set of reference species, the same translation is assumed for the query. Alternatively, the
software FACIL uses hidden Markov models to predict genetic codes by comparison with
a reference database (Dutilh et al. 2011).
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