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Summary xiii

Summary

The nematode Pristionchus pacificus has been established as a model system for modern
evolutionary studies. Evolutionary reconstruction of the natural history of organisms
requires knowledge about the development, ecology, and phylogeny of species. Mutations
are the source of natural variation, hence studies of mutational processes improve the
understanding of the natural history of an organism. Mutation accumulation (MA) lines
experiments facilitate the study of spontaneous mutation rates over many generations
and offer the possibility of inferring calibrated phylogenies for taxa that lack fossil
records. In this study, we used the MA lines setup to calculate mutation rates at the level

of the mitochondrial genome and microsatellite loci of the nuclear genome of P. pacificus.

Mitochondrial DNA (mtDNA) evolves rapidly in populations, is usually transmitted
maternally without intermolecular recombination and has therefore been intensively
used for phylogeographic studies. The P. pacificus mtDNA is 15,955 bp in length and
contains all the known mitochondrial genes. In the 142 generation of the 82 MA lines,
we found an overall mutation rate of 7.6 x 1078 per site per generation. The unusual
presence of a suppressor transfer RNA for the codon UAA has, most likely, influenced
the spectrum of observable mutations, in that the lines containing such a premature
STOP codon were actually able to survive until the end of the experiment. Using the
mutation rate estimate in a comparison of the mitochondrial genome of nine P. pacificus
isolates, we calculated the minimum time to the most recent common ancestor at 105-10°

generations.

Microsatellites are widely used in evolutionary biology, but still little is known about
the true nature of their evolution and the factors that affect their frequency, distribution,
and mutation. Around 0.59 — 3.83% of the P. pacificus genome is composed of di- to
hexanucleotides simple tandem repeats. In the MA lines, we analysed a set of 41 randomly
chosen microsatellites, in order to evaluate the mutation rates at various loci in the
nuclear genome. A total of 31 mutations yielded a mean mutation rate of 7.4 x 107° per
allele per generation. We observed a strong correlation between allele size and mutation
rate, a tendency towards lengthening, and little evidence of multistep mutations. The
mutation rates obtained for individual markers provide a powerful tool for divergence

time estimates in future studies.

These studies provide first insights into mutation processes that shape the genome

architecture of P. pacificus and help further evolutionary studies of this organism.
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Zusammenfasung

Der Nematode Pristionchus pacificus wurde als Modellsystem fiir evolutionsbiologische Unter-
suchungen etabliert. Fiir die Rekonstruktion der naturgeschichtlichen Evolution eines Lebewesens
muss man die Entwicklungsbiologie, Okologie und Phylogenie der Art kennen. Mutationen sind
die Grundlage der natiirlichen Variation und deshalb verbessern Untersuchungen der Mutations-
prozesse unser Verstandnis der Entstehungsgeschichte eines Lebewesens. Experimente mit “muta-
tion accumulation lines” (“Mutations-Anhdufungs-Linien”, MA-Linien) vereinfachen die Un-
tersuchung spontaner Mutationsraten tiber viele Generationen und erméoglichen das Erstellen
kalibrierter Phylogenien fiir Taxa ohne Fossilien. In dieser Arbeit verwendeten wir MA-Linien,
um Mutationsraten im mitochondrialen Genom und in Mikrosatelliten im nukledren Genom von

Pristionchus pacificus zu errechnen.

Die mitochondriale DNS einer Population verandert sich schnell und wird normalerweise maternal
ohne intermolekulare Rekombination iibertragen. Sie wird deshalb haufig fur phylogeogra-
phische Untersuchungen verwendet. Die mitochondriale DNS von P. pacificus ist 15955 bp lang
und enthalt alle bekannten mitochondrialen Gene. In den 82 MA-Linien fanden wir nach 142
Generationen eine Mutationsrate von 7,6 x 1078 pro Locus und Generation. Ungewohnlich
ist das Vorhandensein einer Suppressor-Transfer RNS fiir das Codon UAA. Dies beeinflusste
hochstwahrscheinlich die Bandbreite der beobachtbaren Mutationen, insofern dass die Linien,
die ein solches vorzeitiges STOP-Codon enthalten, tatséchlich bis zum Ende des Experiments
iiberleben konnten. Wir verglichen die Mutationsraten der mitochondrialen Genome von neun
P. pacificus Stammen und errechneten, dass der zeitliche Abstand zum letzten gemeinsamen

Vorfahren mindestens 10°-10° Generationen betrigt.

Obwohl Mikrosatelliten in der Evolutionsbiologie vielfach verwendet werden, ist dennoch sehr
wenig bekannt tiber ihre Evolution und die Faktoren, die ihre Haufigkeit, Verteilung und Muta-
tionseigenschaften beeinflussen. Zwischen 0,59 und 3,83% des P. pacificus Genoms besteht
aus einfachen Di- bis Hexanukleotid Tandem-Wiederholungen. In den MA-Linien untersuchten
wir eine Gruppe von 41 zufillig ausgewahlten Mikrosatelliten, um die Mutationsraten an ver-
schiedenen Loci im nukledren Genom errechnen zu konnen. Insgesamt 31 festgestellte Mutationen
ergaben eine durchschnittliche Mutationsrate von 7,4 x 107° pro Allel und Generation. Wir
beobachteten einen deutlicher Zusammenhang zwischen Allel-Gr6f3e und Mutationsrate, eine
Tendenz zur Verlangerung und wenig Hinweise auf das Vorkommen von Mehrschrittmutationen.
Die Mutationsraten, die fiir einzelne Marker errechnet wurden, werden fiir die Berechnung von

Divergenzzeiten in zukiinftigen Untersuchungen duflerst niitzlich sein.

Diese Arbeit liefert erste Einblicke in Mutationsvorginge, die die genomische Architektur von
P. pacificus gestalten. Auflerdem konnen die in dieser Arbeit errechneten Mutationsraten fiir

verschiedene andere evolutionsbiologische Untersuchungen in diesem Tier verwendet werden.
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Background






Chapter

The Nematode Pristionchus pacificus

a well-rounded nematode — Ray L. Hong

This chapter will introduce the nematode Pristionchus pacificus. This free-living nematode
has been sampled in a flower garden in Pasadena in 1988 and described for the first time
by Sommer et al. [1996], as “useful for genetic, developmental and molecular biological
studies”. Comparative studies between P. pacificus and the nematode model organism
Caenorhabditis elegans have been initiated with the construction of a cDNA library, and

the cloning of a homologue of the C. elegans let-60 ras gene.

One of the best understood processes in animal developmental biology is the organo-
genesis of the C. elegans vulva [Wang and Sternberg 2001]. Despite similar morphology
of this organ amongst the different nematodes, many changes are displayed at the mo-
lecular level. They range from the induction mechanism [Sommer 2000], to the number
of cells that will eventually form the vulva [Félix et al. 2000], and to the evolution of
new organizing centers [Jungblut and Sommer 2000]. The developmental studies on
P. pacificus and other nematodes have been coupled with robust phylogenetic framework
[Kiontke et al. 2007]. Phylogenetic efforts are undertaken for more than 20 species of
Pristionchus and more than 400 strains of P. pacificus in order to understand the ecology
of these nematodes [Herrmann et al. 2006a,b, 2007; Mayer et al. 2007; Herrmann et al.
2010; Morgan et al. 2012].
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1.1 Evo-devo Studies

«Thus, P. pacificus sp. n. can serve as a “satellite” organism for comparison to the model system C. elegans. Our longterm goal is a

detailed understanding of vulva development in P. pacificus sp. n.»
RALE J. SOMMER in Morphological, genetic and molecular description of Pristionchus pacificus sp. n. (Nematoda: Neodiplogastridac),
Fundamental and Applied Nematology 1996.
“I cannot really describe how triumphant I felt working with E1, backcrossing it to
wild-type N2 with the male cultures I had previously established, and proving that the
resulting heterozygotes segregated it in the classic Mendelian ratio of 1 : 3. Getting a
mutant of a complex organism and confirming Gregor Mendel in only two weeks was
most satisfying” [Brenner 2009, p. 413]. Key features of the nematode Caenorhabditis
elegans are the ease of culture, growth, observation, analysis, and genetic manipulation.
C. elegansis about 1 mm in length at adulthood, with a life cycle of only three to four days
when grown on agar plates covered with Escherichia coli at 20 °C. It is a self-fertilizing
hermaphrodite, with possibility of genetic crossing due to fertile males that appear in
culture, under certain conditions [Brenner 1974]. C. elegans nematodes can be stored
in liquid nitrogen [Sulston and Brenner 1974], they are transparent throughout the life
cycle, and they have fixed cell-lineage [Chalfie et al. 1981]. These characteristics made
C. elegans an ideal nematode model organism, and alongside Drosophila melanogaster, it

is, now, the subject of research for more than 50 years.

Studies in C. elegans have been invaluable for understanding a wide range of biological
phenomena, but generalizations from one species to a phylum are not always valid,
not to mention, the ones made to the entire animal kingdom [Hong and Sommer 2006].
Therefore, an expansion of the C. elegans model was essential. The nematode Pristionchus
pacificus has been established as a satellite model organism to C. elegans, after it has
been initially surveyed for vulva patterning [Sommer and Sternberg 1996]. Evolutionary-
developmental biology (evo-devo) investigates the evolution of developmental processes,
aiming for a mechanistic understanding of phenotypic variation [Sommer 2009]. Evo-
devo studies rely on model species for which the genetic methodology is well established.
Forward genetics, reverse genetics and transgenesis methods are a must, while genome
projects, phylogenetic reconstructions and genome-wide association studies make pos-
sible the investigation of genome architecture and directionality of evolutionary changes
[Sommer 2009].

Similar to C. elegans, P. pacificus is a self-fertilizing hermaphrodite with occasional

spontaneous males [Sommer et al. 1996], it can be raised on OP50 E. coli bacterial cultures
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Dauer

Figure 1.1 — Life cycle of Pristionchus pacificus at 20°C. P. pacificus propagates
through four juvenile stages, called J1 to J4. The J1 to J2 molt is embryonic and only
the J2 stage hatches from the egg. Dauer formation occurs as the alternative J3 stage.
The direct life cycle takes approximately 4 days at 20 °C. Pictures courtesy of Metta
Riebesell.

on agar plates, it has a short generation time at 20 °C in standard laboratory conditions,
a large brood size, and it can be cryopreserved. It is amenable to standard techniques,
such as cell lineaging [Sommer 2001], cell ablations [e.g., Jungblut and Sommer 2000],
mutagenesis (EMS, ENU, UV) [e.g., Kenning et al. 2004; Gutierrez and Sommer 2007],
deletion-library screening [e.g., Tian et al. 2008], morpholino transformation [Pires-

daSilva and Sommer 2004], and transgenesis [Schlager et al. 2009].

Two developmental processes have been studied in great genetic and molecular details:
vulva formation [Eizinger and Sommer 1997; Jungblut and Sommer 2000; Schlager et al.
2006; Zauner and Sommer 2007, and others] and dauer development [Ogawa et al. 2009,
2011; Sinha et al. 2012]. It has been revealed that, although these two processes are
conserved both in P. pacificus and in C. elegans, different molecular regulations are acting
to ensure them. The regulation of vulva development in P. pacificus is achieved via
the Wnt pathway from two signalling centers — the somatic gonad and the posterior
body region [Zheng et al. 2005; Tian et al. 2008; Wang and Sommer 2011]. This is
fundamentally different from C. elegans, where vulva formation requires the coordination
of three developmental pathways: EGF, Notch, and Wnt [Eisenmann et al. 1998; Myers

and Greenwald 2007; Green et al. 2008]. Recent studies have shown that two transcription
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factors crucial for the dauer formation, DAF-12 and DAF-16, are well conserved between
C. elegans and P. pacificus [Ogawa et al. 2009, 2011], but different downstream targets are
activated to complete the process [Sinha et al. 2012]. Wnt pathway and the regulatory
pathway that includes DAF-12 have been coopted independently for gonadogenesis
[Rudel et al. 2008], and, respectively, mouth form morphology [Bento et al. 2010].

The life cycle of P. pacificus is composed of four larval stages, J1 to J4 (Figure 1.1). The
first-stage larva (J1) is retained in the egg, and the second-stage larva (J2) is the stage that
hatches, a common feature of all Diplogastrid nematodes. In response to environmental
cues indicating starvation or overcrowding, the P. pacificus J2 develops into a dauer larva
instead of a third-stage larva (J3). Dauer larvae are key components of the survival and
dispersal strategy of nematodes. Their development is arrested, they do not feed because
their mouths are plugged as a result of retaining the cuticle from the J2 stage, and they
are resistant to many abiotic factors [Riddle and Albert 1997]. Pristionchus dauer larvae
can survive for up to one year in laboratory conditions [Mayer and Sommer 2011]. Dauer
formation and recovery from the dauer stage are tightly regulated in order to balance
the utilisation of local food resources with the needs of an expanding population to
disperse and forage for food. There are morphological similarities between dauer larvae
of free-living nematodes and infective larvae of parasitic nematodes, and this lead to the
idea that dauer larvae represent, in fact, a pre-adaptation towards the parasitic lifestyle
[Sudhaus 2010]. Also, it has been shown that the same endocrine module is responsible

for both dauer and infective larvae formation [Ogawa et al. 2009].

1.2 Phylogeny and Ecology

«What is true for the human species, that no two individuals are alike, is equally true for all other species of animals and plants.»

ERNST MAYR (Evolutionary biologist (1904-2005)), Evolution and Anthropology, 1959.

The evo-devo differences between P. pacificus and C. elegans might be due to distinct
lifestyles. Comparative studies, like the ones mentioned in the previous section, require
a robust phylogeny. Surveys of terrestrial and marine fauna bring the estimate of the
number of nematode species at 100 million, making the Phylum Nematoda one of the
most diverse in the animal kingdom, with numerous lifestyles, from free-living species in
soil, freshwater or ocean sediments, to parasitic species in humans, livestock and plants
[Holterman et al. 2006].

There are several influential studies that aimed at characterizing the relationships
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between individuals at the level of the entire Phylum Nematoda. Based on the small
subunit (SSU) sequences from 53 taxa, Blaxter et al. [1998] defined five major clades,
named Clade I to Clade V. Following this nomenclature, the order Diplogasterida, to
which P. pacificus belongs, is part of Clade V, and it is sister group to the order Rhabditida,
which is paraphyletic (Figure 1.2). More precisely, Diplogasterida is in the same clade as
the rhabditid family Rhabditoidea, which includes C. elegans [Blaxter et al. 1998].
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\/ ) B . Rhabdiida S (Rhabdiwidea)
luding C. elega
P Paraphyletic taxon 98 = . melaing . elegans
. )
Trophic ecology e NN (’\;' Diplogasterida
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Clade | and Clade Il

Figure 1.2 — A subset of the phylogenetic hypothesis for the Phylum Nematoda ac-
cording to Blaxter et al. [1998] Dendogram summarizing the results of MP and NJ
analysis. Numbers at the branch point represent the maximal percentage bootstrap sup-
port. Five major clades have been defined, but here Clades I and II are not shown. S + P
indicates the clade Secernentea plus Plectidae. Trophic ecologies are indicated. Accepted
taxa found to be paraphyletic are indicated by a starred P. This figure is modified from
Blaxter et al. [1998]

Holterman et al. [2006] performed the phylogenetic reconstructions of 339 nematode
taxa, inferred from nearly full-length SSU rDNA sequences. In their reconstruction, the
Phylum Nematoda has been divided into 12 major groups, named Clade 1 to Clade 12.
According to this nomenclature, the family Diplogasteridae, which includes P. pacificus,
is part of Clade 9 together with families like Rhabditidae and Neodiplogasteridae. Clade 9
sensu Holterman et al. [2006] corresponds entirely to Clade V sensu Blaxter et al. [1998].

In the most recent attempt to characterise the Phylum Nematoda, van Megen et al. [2009]
based their phylogeny on 1, 215 full-length SSU rDNA sequences from representative

nematodes. In this survey, they inferred the same tree topology, as in Holterman et al.
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[2006], but they have proposed further subdivisions for some of the clades, in order to

ease up the discussion. Accordingly, the Diplogasteridae family became part of Clade 9A.

The family Diplogasteridae includes more than 300 species of free-living or insect-
associated nematodes, grouped in 28 genera [Sudhaus and Fiirst von Lieven 2003]. The
most recent study of rhabditid nematodes, conducted by Kiontke et al. [2007], has placed
the diplogastrids as sister clade to Eurhabditis, and implicitly Caenorhabditis (Figure 1.3),

which is consistent with Blaxter et al. [1998], but it is in contradiction with Holterman

et al. [2006].
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Figure 1.3 — Part of the rhabditid phylogeny as shown in Kiontke et al. [2007]. A
hypothesis for the phylogenetic relationships of rhabditids as derived from six weighted
MP jackknife analyses performed with concatenated sequences of genes for SSU and
LSU rRNA and the largest subunit of RNA polymerase II. Thickness of branches denote
the level of jackknife support. Taxa in gray were absent from some of the analyses; the
Bayesian analyses recovered the same tree with the exception of braches marked with

asterisks (*).

The relationship of the Pristionchus genus with other diplogastrids has been resolved,

based on SSU sequences and ribosomal protein genes, with the use of a series of phylogen-
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tic inferences (maximum parsimony (MP), neighbour-joining (NJ), maximum likelihood
(ML), and bayesian inference (BI)) [Mayer et al. 2009] (Figure 1.4). The phylogenetic posi-
tion of P. pacificus within the Pristionchus genus has been established in a similar study
[Mayer et al. 2007]. This phylogeny serves as a framework for mechanistic studies in
developmental biology, evolution, behaviour and ecology [Mayer et al. 2007]. Systematic
field studies in North and South America, Asia, Africa and Europe had as outcome the
identification of more than 20 Pristionchus species, both hermaphroditic and gonochor-
istic [Herrmann et al. 2006a,b, 2007; Mayer et al. 2007]. Amongst these, P. pacificus is the
most widely distributed species of the genus [Zauner et al. 2007].

Pristionchus pseudaerivorus
Pristionchus maupasi
Pristionchus aerivorus
Pristionchus sp.16
Pristionchus marianneae
Pristionchus sp.3
Pristionchus pauli
Pristionchus  sp.11
Pristionchus pacificus (PS312)
Pristionchus sp.19
Pristionchus sp.13
Pristionchus uniformis
Pristionchus sp.18
Pristionchus americanus
Pristionchus Iheritieri

Pristionchus sp.4
Pristionchus entomophagus
Pristionchus sp.14

Pristionchus  sp.A7
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Myctolaimus ulmi EU196024

Acrostichus  halicti AHUB1759

Diplogasteriana schneideri

Micoletzkya sp.
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Diplogastrellus  gracilis (SB0306)
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Diplogasteroides  magnus (RS$1983)
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Tylopharynx sp. EU306343
Neodiplogaster crenatae AB326310
Lo Koerneria sudhausi (SB413)

Koerneria sp.(RS1982)

0.1

Rhabditoides inermis AF082996

Figure 1.4 — Maximum likelihood tree of diplogastrid SSU sequences. Tree as it was
presented in Mayer et al. [2009]. Values indicate bootstrap support; strain designations
are shown in parentheses.

The natural habitat of the model organism C. elegans is still under debate. Most of the
C. elegans isolates stem from composts heaps, where the species is found, sometimes
in association with various invertebrates such as millipedes, isopods, insects, snails
and slugs [Barriére and Félix 2005]. Contrary to this, Pristionchus species are found
in a necromenic association with beetles. Particularly, P. pacificus is found on scarab
beetles [Herrmann et al. 2007]. Nematodes in the dauer stage stay associated with the
beetles until the death of their host [Weller et al. 2010], after which, their development
is resumed and the nematodes feed on the microbes on the beetle carcasses [Herrmann
et al. 2006a]. Several studies showed an almost species-specific association between the

different Pristionchus species and their hosts [Herrmann et al. 2006a,b, 2007], as the
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nematodes are attracted to sex-pheromone of insects related to their own ecology [Hong
et al. 2008].

More than 400 strains of worldwide origin are available to date, for various laboratory
investigations. In the study by Herrmann et al. [2010], 160 of them have been phylo-
genetically characterized based on a nadé6-nad4L fragment of the mtDNA (Figure 1.5).
Based on branch length and support values, the tree is split in four distinct clades, named
Clade A to Clade D [Herrmann et al. 2010]. Clade A consists of strains originating in
Asia, USA, Bolivia and La Réunion Island. Clade C contains most of the strains sampled
on La Réunion and only few isolates from USA, Montenegro, and Madagascar. Samples
from South Africa, Bolivia, La Réunion and Switzerland group together and form clade
D [Herrmann et al. 2010]. Subsequent samplings added several more strains from La
Réunion in Clade B, which is composed of strains from this region only [Mayer WE,

personal communication].

98.2 ' B

93.8 93.8

C Tomn

Figure 1.5 — Phylogenetic relationships of Pristionchus pacificus strains. Radial rep-
resentation of an unrooted ML tree, inferred from mitochondrial nad6-nad4L fragment.
Taxons are labelled by strain number, geographic origin, and sampling year. Taxon col-
ours indicate the geographic origins of the Pristionchus strains. Values on the branches
indicate NJ bootstrap support vales for the major clades A, C, and D. This figure is
modified from Herrmann et al. [2010].

Two regions have been intensively studied with respect to P. pacificus: Japan [Herrmann
et al. 2007] and La Réunion Island in the Indian Ocean [Herrmann et al. 2010; Morgan
et al. 2012]. In Japan, the oriental beetle Exomala orientalis has been sampled at more than

60 sites, and, although their infestation rate was rather low, still 40 P. pacificus strains
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have been isolated [Herrmann et al. 2007]. In the same study, the authors have shown
that E. orientalis is also an important host species for P. pacificus nematodes in North
America. It was proposed that the nematodes were transported together with the beetle,
when this was introduced from Japan to the East Coast of the United States. Chemotaxis
assays showed that P. pacificus was the only species attracted to the E. orientalis sex-
pheromone. This was the first time that a specific beetle host was identified for P. pacificus
[Herrmann et al. 2007]. All the samples from Japan cluster in Clade A, showing low
nucleotide diversity. The samples from La Réunion, on the other hand, are present in all
four clades of the tree, separated by quite long branches. La Réunion Island is only 2-3
million years old. Nevertheless the nematodes isolated have the same high nucleotide
diversity found worldwide. This indicates that P. pacificus invaded the island several
times independently [Herrmann et al. 2007]. Further population genetic studies, focused
on multilocus approaches based on microsatellite markers [Morgan et al. 2012], will shed

light upon the biogeography of more than 400 P. pacificus nematode strains.

1.3 Genomics

«The speedup in sequencing involved using automated reading of DNA sequencing gels through dye-labeling of bases, and breaking
down the chromosome into random fragments and sequencing these fragments as rapidly as possible without knowledge of their
location in the whole chromosome ... Although the same sequence was often obtained up to 10 times, the sequence of the entire

chromosome (2 x 10° bp), less a few gaps, was rapidly assembled in the computer over a 9-month period at a cost of about $106.»
Bioinformatics: Sequence and Genome Analysis, 2000

(on the first genome assembled ~ Hemophilus influenzae [Fleischmann et al. 1995])

Caenorhabditis elegans was the first metazoan organism to have its complete genome
sequenced [The C. elegans Sequencing Consortium 1998] and, since then, many more
nematodes have been scheduled for sequencing both from terrestrial and marine en-
vironments [M Blaxter, personal communication]. The genome of P. pacificus has been
sequenced in the whole-genome shotgun approach with 10-fold coverage [Dieterich
et al. 2008]. Based on previous divergence dates between C. elegans and Caenorhabditis
briggsae [Coghlan and Wolfe 2002] and between Brugia malayi and C. elegans [Ghedin
et al. 2009], it was estimated that P. pacificus and C. elegans separated 280-430 million

years ago.

P. pacificus genome size of 169 Mb is slightly longer than the C. elegans genome, and
it has 29, 000 predicted protein-coding genes, from which 23, 500 were confirmed by
transcriptomic and proteomic studies [Borchert et al. 2010]. The length increase of the

P. pacificus genome compared to C. elegans is partly due to repeats, and partly due to a
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greater number of transcripts [Dieterich et al. 2008]. The repeat coverage is about 17%,
and it is subdivided into low-complexity regions, tandem repeats, and complex repeats.
From these, the tandem repeats covered aproximatively 3% of the genome. The increased
number of transcripts, comparing to C. elegans, is considered to be due to the different

lifestyle of the two nematodes.

Initially, the analysis of the P. pacificus genome was performed alongside other nematodes,
C. elegans, C. briggsae, B. malayi, in order to explore the homology relationships of
the proteomes, and alongside D. melanogaster and Homo sapiens, in order to analyse
orthologous gene groups. The analysis revealed that around 11, 000 predicted proteins of
P. pacificus have no counterpart in any of the five organisms included in the comparison.
They are called “pioneer genes”, and proteomic analysis confirmed their expression, at
least in certain conditions [Borchert et al. 2010]. A set of seven cellulase genes were
further analysed by Mayer et al. [2011], and shown to have been acquired from several
distinct microbial donors, via horizontal gene transfers (HGT). The presence of such
genes has been documented previously for plant parasitic nematodes, like Globodera
[Smant et al. 1998], Meloidogyne [Rosso et al. 1999], or Bursaphelenchus [Kikuchi et al.
2005], and, as they show the highest homologies to bacterial equivalents, Yan et al. [1998]
proposed that they could have been acquired by HGT. The beetle-associated lifestyle of
P. pacificus is a perfect source of potential donors for HGT. Analysis based on the codon
usage revealed that a substantial fraction of the P. pacificus-specific genes originated
from insect genomes, via a HGT event, intermediated by viruses as potential carriers

[Rodelsperger and Sommer 2011].

1.4 Instead of Conclusion

The various analyses of the genome and ecology of P. pacificus are sustained now by
sequences of numerous different strains and Pristionchus species, that contribute to our

understanding of the "well-rounded nematode".

1.4.1 Reason for This Chapter
Why This Is Directly Relevant to My Line of Research

In this chapter, I resumed some of the studies focused on three main research areas

for P. pacificus: evo-devo, phylogeny, and genomics. In section 1.1, two of the evo-
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devo systems most intensively studied in P. pacificus, vulva development and dauer
formation, are introduced by comparison to C. elegans. In the second section, I described
the phylogenetic and ecologic framework for P. pacificus and related nematodes. In

section 1.3, I gave a short overview of the P. pacificus genome.

My research focused on two specific parts of the genome, non-coding microsatellite re-
gions and mitochondrial genome. In the next two chapters, I have made a comprehensive

introduction upon these two topics.






Chapter

Mitochondria

a circle of surprises — David A. Clayton

This chapter will introduce the reader to the world of the mitochondria, a cytoplasmic
organelle that harbours its own DNA, the mitochondrial DNA (mtDNA), that, although
highly conserved across kingdoms and taxa, it is still highly diverse. We will see that
after one century of research, its characteristics are still controversial. The first sections
of this chapter will deal with the origins and genetics of the mitochondria and the
mtDNA, followed by the organization of the animal mitochondrial genome, with special
emphasis on nematodes. At the end, I will discuss the process and reasons of mutation
accumulation in the mitochondrial genomes. This finishes up with the original article

published in 2011 in the journal Molecular Biology and Evolution.

A combination of technical ease of use, and biological and evolutionary properties of
clonality, near-neutrality and clock-like nature of its substitution rate had made the
mtDNA the most popular marker of molecular diversity [Galtier et al. 2009]. Virtually
every molecular study of animal species involves mtDNA haplotyping at some stage.
The gene cox1 has been chosen as the barcode sequence for the animal kingdom [Hebert
et al. 2003]. Experimentally, mtDNA has many advantages: it is relatively easy to amplify
because it appears in multiple copies in the cell, it has strongly conserved gene content,
very few duplications, no introns, and very short intergenic regions [Gissi et al. 2008],
its variable regions are flanked by conserved ones, and it is highly variable in natural
populations thereby generating signals about population history over relative short time
frames. Nevertheless, these reasons for fame don’t come without exceptions and there is

plenty of room for doubt.
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2.1 Origin of Mitochondria

«Each living cell contains in its protoplasm formations which histologists designate by the name of “mitochondria”. These organelles

are, for me, nothing other than symbiotic bacteria, which I call “symbiotes”.»

PauL PorTIER (French biologist (1866-1962)), Les Symbiotes, 1918

One of the major transitions that mark the evolution of complexity is the one from proka-
ryotes to eukaryotes — the ancestors of mitochondria and chloroplasts, once free-living
prokaryotes, became able to replicate only within a host cell [Szathmary and Maynard
Smith 1995]. Other such transitions are from replicating molecules to populations of
molecules in compartments, from unlinked replicators to chromosomes, from RNA as
gene and enzyme to DNA and proteins, and, consequently, to the “invention” of the

genetic code [Szathmary and Maynard Smith 1995].

Mitochondria (from the Greek mitos, thread and chrondos, granule) are double-membrane
organelles that play a pivotal role in cellular metabolism (production of ATP from
oxidative phosphorylation [Saraste 1999], intermediary metabolism and apoptosis), and
harbour a small but essential component of an eukaryote’s genetic material, which is
the mitochondrial DNA. Across all the eukaryotes, the mtDNAs are so different, both
in organization and mode of gene expression, that, initially, it was difficult to imagine
the nature of their common ancestor, let alone to infer a common bacterial origin. There
have been two concurrent theories regarding the origin of mitochondria in eukaryotic

cells:

* Filial compartmentalization theory: introduced by Cavalier-Smith [1975], stipulates
that the genomes of organelles have autogenous origins, whereby part of the nuclear
genome became incorporated into membrane-enclosed organelles and assumed an

almost-independent existence;

* Endosymbiotic theory: introduced more than a century ago and formulated in its
modern form in the 60’s by Lynn Margulis [Sagan 1967], argues that the origin of
extra nuclear DNA is exogenous. Margulis’s insight was that, in the early history of
life on earth, some 3.5 billion years ago, when the only living forms were single-cell
creatures without complex internal structures, the evolutionary success arose through
increasing cellular complexity. This complexity emerged through symbiosis between
organisms of different species. The most effective form of symbiosis occurred when

the two cell types merged, each contributing to the creation of the eukaryotic cell.

Today, the molecular evidence is overwhelmingly in favour of the endosymbiotic theory.
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There are two scenarios that can explain how the symbiosis may have taken place: (a) the
mutualism scenario according to which the bacterium is engulfed by the protoeukaryote,
and (b) the predation scenario, in which case the by-products of bacteria that survived
the regular feeding became useful to the predator [Stearns and Hoekstra 2005]. The
complete sequences of the most bacteria-like mitochondrial genome, namely the proto-
zoan Reclinomonas americana [Lang et al. 1997], the most mitochondria-like eubacterial
genome, Rickettsia prowazekii [Andersson et al. 1998], and the mitochondrial sequences
from protists [Burger et al. 1996] contributed enormously to our understanding of the

origin of all extant mtDNA to a single ancestral protomitochondrial genome.

2.2 Mitochondrial Genetics

«There is nothing new in the conception that there is such a thing as cytoplasmic heredity... What is new is the view that mitochon-

dria carry it.»

E. V. Cowpry (Canadian histologist (1888-1975)), The Mitochondrial Constituents, 1918

Mitochondrial DNA has been intensively used, during more than three decades, for
phylogeographic [Avise 1998] and conservation genetics studies [Robertson et al. 2007],
for tracing ancestry [Cann et al. 1987], for revealing social dynamics [Bass et al. 1996],
and for resolving taxonomic uncertainties [Hebert et al. 2003]. It owes its popularity and
usefulness as the marker of choice in animal evolutionary studies to some fundamental
characteristics, like clonality, neutrality, clock-like evolution, maternal inheritance, and
lack of recombination [Dawid and Blackler 1972]. The absence of any mutations spread-
ing through positive selection assures that mtDNA divergence levels roughly reflect
divergence times. However, there are matters that complicate these otherwise simple
rules and there is a lot of controversy surrounding them, as it will be discussed in the

following sections.

2.2.1 Mitochondrial DNA Inheritance

The absence of both paternal mtDNA and heterologous recombination are hallmarks
of mtDNA inheritance. The nuclear genome generally transmits copies of itself to the
next generation via fair meiosis involving strict segregation. In contrast, cytoplasmic
genome segregation is less equitable and more complex [Barr et al. 2005]. A typical
somatic cell contains 500-1000 mitochondria and an oocyte contains some 10*-10°

mitochondria, each with a few DNA molecules [Satoh and Kuroiwa 1991]. Two to ten



18 2. Mitochondria

of these mtDNA molecules may aggregate into nucleoprotein complexes on the inner
mitochondrial membrane, referred to as nucleoids [Satoh and Kuroiwa 1991; Wiesner

et al. 1992].

Maternal inheritance is, with few exceptions, the rule in all animal species [Birky 2001].
There are various ways the paternal inheritance is prevented: the complete lack of
mitochondria in crayfish sperm, the mitochondria not entering the egg in the case of
the tunicates [Birky 1995], or selective degradation of paternal mitochondria. The latter
has been identified in mice [Kaneda et al. 1995], honeybees [Meusel and Moritz 1993],
humans [Sutovsky et al. 2004], and, more recently, in C. elegans as postfertilization
autophagy of sperm organelles [Al Rawi et al. 2011]. Despite this mechanism of selective
degradation, the recognition of the paternal mitochondria can fail, leading to leakage.
This phenomenon has been documented in mammals, birds, reptiles, fish, mollusks,
nematodes, trematodes, and arthropods [e.g., Gyllensten et al. 1991; Jannotti-Passos et al.
2001; Schwartz and Vissing 2002; Kvist 2003; Fontaine et al. 2007; Wolff and Gemmell
2008]. The exception from the maternal inheritance is found in several species of bivalves
for which a doubly uniparental inheritance mechanism has been characterized [Zouros
et al. 1992, 1994]: female offspring inherit the mtDNA from their mother and the male
offspring inherit the mtDNA from both parents, leading to heteroplasmic males.

Heteroplasmy, the coexistence of different mtDNA molecules in the same cell, can be
of two types: length heteroplasmy (different nucleotide lengths) or site heteroplasmy
(different nucleotide compositions). It was proposed that during mitotic divisions, a
bottleneck in the number of mitochondrial genomes accompanies the oogenesis, and
only a small subset of mtDNA molecules are amplified and transmitted to the offspring
[Jenuth et al. 1996; Marchington et al. 1998]. Later studies showed, however, that a genetic
bottleneck occurs during folliculogenesis, as a result of replication of a subpopulation
of mtDNAs [Wai et al. 2008]. This way, mutations that escape the filter for purifying
selection during the oogenesis are rapidly segregated and exposed to selection at the
level of the organism in individual maternal lineages. This fact may be relevant in
understanding the evolutionary dynamics of mitochondrial genomes [Koehler et al. 1991;
Poulton et al. 1998]. When the number of mitochondria is reduced, the choice in which
mitochondria are subsequently amplified is either by random choice of molecules, or on
a more systematic bias basis. All these may result in rapid changes in the frequency of
different mitochondrial haplotypes over generations. If the heteroplasmy is stable, it may
provide useful additional information for defining haplotypes, and resolving further the

relationships among individuals at a population level. A famous example of such a case
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was during the identification of the remains of Russia’s last Tsar, Nicholas II, and his

family [Ivanov et al. 1996].

Recombination at the level of the mtDNA has been proven experimentally, by studies
of natural populations of several animal species [Lunt and Hyman 1997; Ladoukakis
and Zouros 2001; Hoarau et al. 2002; Burzynski et al. 2003; Gibson et al. 2007; Sammler
et al. 2011], and detailed biochemical and molecular studies have shown that animal
mitochondria possess, indeed, the necessary enzymes for recombination [Thyagarajan
et al. 1996]. However, the indirect evidence of recombination based on human mtDNA
sequence analysis and linkage disequilibrium [Awadalla et al. 1999; Eyre-Walker et al.
1999a; Hagelberg et al. 1999] have been proven wrong. Shortly after the first publications
some discussions on whether recombination actually occurs in human mitochondria
were carried in Eyre-Walker et al. [1999b] and Macaulay et al. [1999]. The methodological
settings and specific dataset [Piganeau and Eyre-Walker 2004], failure to detect mutations
hotspots [Galtier et al. 2006], and alignment errors [Hagelberg et al. 2000] were considered
as reasons for false detection of recombination. The confounding effects of recombination
on phylogenetic reconstruction was revealed in two complementary studies by Schierup
and Hein [2000] and by Posada and Crandall [2002], where they have shown that
failure to account for recombination can seriously mislead the population genetic and

phylogeographic inferences of a study organism.

There are, however, constrains for the detection of mtDNA recombination in natural
populations. The strict maternal inheritance means that recombination would occur
in homoplasmic cells, making the detection of recombinants impossible; it is only in
heteroplasmic cells that recombination can be detected [Rokas et al. 2003]. Heteroplasmy
arises by inheritance of mtDNA from both parents, or by mutations in the mitochondrial
genome of germ-line cells. In animals it is rare and recombination leading to new
haplotypes is expected to be even more so. Furthermore, the sperm : egg mitochondria
ratio in the one-cell zygote is very small (perhaps 1 : 10*), which makes the occurrence
of recombination and the detection of its products highly susceptible to random drift.
On the other hand, it is difficult to demonstrate strict maternal inheritance in natural
populations because of the large sample sizes required [Birky 2001]. The recombination

issue will be raised again in Section 2.4.



20 2. Mitochondria

2.2.2 Mitochondrial DNA Neutral Evolution

Effective neutrality is a major assumption underlying the analyses of mtDNA popu-
lation data that has received a lot of criticism. Mitochondria are the site of the terminal
stage of the cellular respiration, where most of the ATP is produced, and malfunction of
the fundamental complexes would be lethal or, at least, could severely affect the fitness
of the organism. Therefore, mtDNA is generally thought to evolve primarily under con-
stant purifying selection. However, the directional selection has gained wide acceptance
[Gerber et al. 2001; Bazin et al. 2006]. It is assumed that mtDNA undergoes neutral or
deleterious mutations, which are rapidly removed by purifying selection without much
affecting the diversity at linked sites. The observable variation would therefore reflect
neutral processes only, in agreement with the neutralist theory of molecular evolution
[Kimura 1983]. Most studies confirm the neutral evolution of the mtDNA. However direct
experiments and statistical tests on model and non-model species, like Drosophila [Rand
2001], snakes [Castoe et al. 2008], agamid lizards [Castoe et al. 2009], sharks [Martin
et al. 1992], primates [Grossman et al. 2004] and nematodes [Blouin 2000] have detected

positive selection during mitochondrial protein-coding gene evolution.

Bazin et al. [2006] conducted a meta-analysis study on more than 1, 600 animal species,
showing that the average within-species level of mtDNA diversity is similar across animal
phyla, in contrast to nuclear loci that show higher average diversity in, for example,
invertebrates than in vertebrates. This conclusion is consistent with the theoretical
relationship between population size and genetic diversity. The authors argued that
the mitochondrial-specific lack of population size effect can be explained by recurrent
selective sweeps (adaptive evolution) in large populations, in agreement with the “genetic
draft” model proposed by Gillespie [2000]. The largely nonrecombining nature of the
mtDNA makes it highly sensitiv to genetic hitchhiking. According to this, recurrent
sweeps affect mtDNA in species with large population sizes, leading to frequent drops in
diversity at the whole genome level [Galtier et al. 2009]. Several selective mechanisms

can account for adaptive-like patterns:

* selection at the host level, in which case some mitochondrial variants might be more ad-
vantageous: e.g., by inducing more efficient or flexible energetic metabolism [Dowling

et al. 2008]

* “selfish” mitochondrial mutations, that favour the transmission of the mtDNA to the
next generation irrespective of the fitness of the host, e.g., the petite mutant in Sac-

charomyces cerevisiae [MacAlpine et al. 2001]
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% hitchhiking, when mitochondria occur within the cell alongside other genetic ele-
ments that are also inherited maternally, e.g., maternally inherited symbiotic bacteria
Wolbachia [Jiggins 2003, and others]

During the course of their evolution, mitochondrial genomes exhibited an extensive
reduction in size, indicating a long history of selection. This reduction in the number of
the coding genes include: (a) the loss of the genes that became obsolete in the setting
of a specialized organelle, such as those involved in nucleotide, lipid, and amino acid
biosynthesis [Gray 1992; Berg and Kurland 2000], (b) the elimination of the genes with
redundant presence in the nuclear genome—the products encoded by the nuclear genome
are used for mitochondrial functions [Gray 1992], like for mitochondrial transfer RNAs
(tRNAs) [Duchéne et al. 2009], and (c) the migration of certain genes towards the nucleus,
their products being afterwards imported in the mitochondria, such as the genes coding

for the complexes involved in the oxidative phosphorylation.

Selection has, no doubt, shaped the evolution on mitochondrial genome, this miniscule
piece of genetic information that has played an important role in the study of evolution,

ecology, population genetics, and population dispersal.

2.2.3 Clock-like Evolution of the Mitochondrial Genome

It has been shown that the departure from homogeneous rates can be very strong.
Molecular phylogenies derived from the analysis of complete or partial mtDNA data have
remodeled the classical view of organismal relationships based mainly on morphological
data. With this remodeling, inconsistencies started to surface between the morphological
and molecular data, and, also, between nuclear DNA (nDNA) and mtDNA molecular
data. Mitochondrial DNA has been extensively used as phylogenetic marker for recent
time scales (within the past 5-10 million years) and this is due to its relatively high
substitution rate comparing to nDNA [Brown et al. 1979]. The famous 2% per million
years divergence was often considered as a reasonable reference in the absence of relevant
fossil data in mammals and more generally in vertebrates [Moritz et al. 1987]. There are
several reasons thought to be responsible for a fast evolution rate for the mtDNA: (a) it is
less protected by proteins than the nDNA, (b) it is associated with the inner membrane
of the mitochondria, where reactive oxygen species are generated, and (c) it appears to

have a less-efficient repair mechanism than the nDNA.

Studies by Gissi et al. [2000], Kumar and Subramanian [2002], and Bininda-Emonds
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[2007] showed that in vertebrates the substitution rate has a two- to threefold difference
between fast-evolving and slow-evolving lineages, supporting the notion that the mtDNA
evolutionary rate is little variable across taxa. According to Galtier et al. [2009] the substi-
tution rate estimation is affected by multiple substitutions and those would not be visible
because the aforementioned studies used a small number of very diverged sequences.
Studies based on recent diverged species, large fossil record, and more than 1,500 cytb
gene sequences have shown that the substitution rate varies 30-fold between fast and
slow-evolving bird lineages [Nabholz et al. 2009], and 100-fold between mammalian
lineages [Nabholz et al. 2008]. Three main hypotheses have been proposed to explain
the variation of the substitution rate in mtDNA, the generation time, the metabolic rate,
and the longevity hypotheses, but there were arguments both supporting them [Nabholz
et al. 2008, 2009] and rejecting them [Kumar and Subramanian 2002, and others].

2.3 Mitochondrial Genomes

«Publication of the complete sequence of the 16, 569-base pair human mitochondrial DNA on p.457 of this issue of Nature is a
landmark in biology. It comes only 15 years after mtDNA from vertebrates was found to consist of rather small DNA circles and

only 6 years after Sanger and his co-workers developed the sequencing methodology to tackle such large molecules »

PIET BORST and LESLIE A. GRIVELL, Small is beautiful—portrait of a mitochondrial genome, Nature, 1981

Most organelles are thought to harbour single circular genomes similar to those of proka-
ryotes, but many organelle genomes exist as linear head-to-tail concatemers produced
by rolling-circle replication [Bendich 2004]. Linear mitochondrial genomes have been
documented in some fungi [Forget et al. 2002], parasitic arthropods [Shao and Barker
2007], and some plants [Oldenburg and Bendich 2004]. Furthermore, there seem to be de-
viations from the single organelle molecule. The kinetoplastid protists (e.g., Trypanosoma)
mitochondrion consists of thousands of circular molecules that need post-transcriptional
editing [Morris et al. 2001]. The mitochondrion of the ichthyosporean Amoebidium
parasiticum consists of hundreds of short linear fragments with an approximative total
size of 300 kb [Burger et al. 2003]. The potato cyst nematode Globodera pallida has four
mitochondrial subgenomes [Gibson et al. 2007], and the phytonematode Meloidogyne
javanica mtDNA is characterized by subgenomic circles thought to be produced by the
breakage and rejoining of the progenitor mtDNA [Lunt and Hyman 1997].

According to the Organelle Genome Resources Database from NCBI as of October

2011, the size of the mtDNA in most eukaryotic phyla ranges from 15 to 20 kb, but
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there are some notable exceptions. The smallest mtDNA molecule sequenced belongs
to Plasmodium falciparum, the malaria parasite, with just under 6 kb in length and only
three protein coding regions [Conway et al. 2000]. The largest eukaryotic mtDNA belongs
to Arabidopsis thaliana, the thale cress, with over 360 kb and 57 genes, that cover only
about 10% of the genome [Unseld et al. 1997]. More recent studies have identified that
the largest mitochondrial genome belongs to Cucumis melo, the melon, with more than
2.74 Mb, but the assembly is not finalized [Rodriguez-Moreno et al. 2011]. In general,
plants tend to have much larger mtDNAs than animals, although they do not have
proportionately greater coding capacity [Gray et al. 1999; Lang et al. 1999]. Around
90% of the mtDNA of plants is composed of intergenic and various repeated regions
[Kitazaki and Kubo 2010]. In the Viridiplantae clade (green algae and land plants), only
three mitochondrial genomes are under 20 kb, of which Polytomella capuana (13 kb), the
colorless green alga [Smith and Lee 2007], is the smallest one. The differences in size are

mostly due to marked variations in the length and organization of the intergenic regions.

As mentioned before, many of the ancestral mtDNA genes have been moved to the nDNA.
As the organelles exist in many copies per cell, the advantage of having the genes moved
into the nDNA would be that, during the cell division in diploid organisms, each gene
has to be copied only twice, rather than hundreds of times. Most of the genes used by the
mitochondria are not located within its genome, but only in the nucleus, so the nucleus
controls the multiplication rates of the organelles. With this control over the organelles,
a potential intracellular conflict is avoided. Nevertheless, the mtDNA still retained some
coding potential. The energy-producing function of organelles causes production of
oxygen radicals, highly reactive and mutagenic molecules. As the organelles themselves
are in control of the expression of the genes encoding the components responsible for
their electron transport chain, the feedback is rapid and precise [Allen 2003]. Another
possible reason for keeping some of the coding capacity is that, once any change in
the genetic code has taken place, further transfer of genes to the nucleus would lead
to the synthesis of erroneous proteins. As some protein-coding genes had remained
in the organelles, it was also necessary for them to retain the genes coding for tRNA
and rRNA. If this explanation is correct, it is partly a frozen accident that particular
protein-coding genes were retained: they are those genes that happened to be still in the
mitochondria when the code changed [Maynard Smith and Szathmary 1995]. The mere
fact that an import machinery actually exists in the mitochondria supports a hierarchical
loss of the genes from the mitochondria to the nucleus. As the mtDNA encodes only

certain genes responsible for the electron transport chain, then some genes might be
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easier transferable than others. Features that rendered some genes unsuitable to be
transfered include the hydrophobicity of the proteins (e.g., COX1) or their large size (e.g.,
small-subunit and large-subunit of the rRNAs). Both nuclear and mitochondrial genes
contribute to mitochondrial protein function and both genomes interact to affect the

synthesis and assembly of mitochondrial proteins [Poyton and McEwen 1996].

2.3.1 Animal Mitochondrial Genomes

The Organelle Genome Resources Database contains 2,663 records of completely se-
quenced mitochondrial genomes, the majority of them (2,436 records) belonging to
Metazoa. With few exception, animal mtDNAs are 15-20 kb circular molecules (as seen
in Figure 2.1). The smallest complete mtDNA of about 8 kb in length, five protein coding
genes and 14 structural RNAs, belongs to Anaticola crassicornis, the slender duck louse
[Cameron et al. 2011]. The largest mtDNA belongs to the placozoan Trichoplax adhaerens,
with 40 kb in length, 20 protein coding genes, 27 structural RNAs, intragenic spacers,
introns, and unidentified ORFs [Dellaporta et al. 2006]. In spite of being more conserved
than the plant mtDNAs, there is significant variation in size and gene content between

and also within the major metazoan groups (see standard deviation bars in Figure 2.1).
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Figure 2.1 — Mean length of complete mtDNAs. The mean length (kb + standard
deviation bars) of complete mtDNAs calculated for the major metazoan groups (2, 350
from the 2,436 metazoan entries have been sampled for this diagram). Bordeaux-
Chordata, Yellow—Arthropoda, Red—Mollusca, Green-Nematoda. Figure after Gissi et al.
[2008], updated according to the Organelle Genome Resources Database as of October
2011.
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Codon Usage

The analysis of amino acid sequences of mtDNA genes from different organisms carried
out in the early 80’s proved that mtDNA uses a different genetic code than the universal
one [Anderson et al. 1981]. Today, ten different mitochondrial codes have been identified,

among which a small number of codons change the encoded amino acids (Figure 2.2).
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Figure 2.2 — Genetic codes. Universal genetic code (inside the box) and variations in
animal mitochondrial genetic code (outside). Term: termination codon. Figure from
Watanabe and Yokobori [2011].

Important changes are the ones involving the termination codons (in all metazoans,
mtDNA UGA specifies tryptophan rather than a STOP codon), and alternative initiation
codons. In vertebrate mtDNA, the codons AUU, AUC, AUA and GUG are used for
initiation and in invertebrate mtDNA, the codon UUG, in addition to the ones used
in the vertebrate mtDNA, is also used as initiation codon. Codon reassignments can
be caused by changes in the tRNAs. During this process, the organisms may be under
a great selective disadvantage. The reassignment introduces an amino acid change in
every protein where this codon occurs. The situation is worsened when STOP codons are
involved, yet they constitute a majority of the observed reassignments. A more peculiar
way of initiation is found in Drosophila yakuba and D. melanogaster: the codon AUA is
out of frame with the rest of the cytb gene, so the initiation appears to require the reading
of a AUAA quadruplet, which would need a specific ribosomal frameshift [de Bruijn
1983], or it would be edited in order to be brought into frame [Fox 1987]. The termination
codons seem also to put some additional problems as some protein genes end either in T
or TA, rather than a complete translation termination codon like TAA or TAG. These
incomplete stop codons are followed immediately by tRNA genes. It has been shown that

these codons are completed by post-transcriptional polyadenylation [Ojala et al. 1981].
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Gene content

The most frequent mtDNA gene content is 37 genes encoding 13 respiratory chain
proteins (ATP synthase: atp6 and atp8, apocytochrome b: cytb, cytochrome oxidase: cox1,
cox2, and cox3, and reduced nicotinamide adenine dinucleotide ubiquinone oxireductase:
nad1-6, and nad4L), and the structural RNAs—22 tRNAs and two rRNAs (rrnS and rrnL).
However, the gene number varies from 13 genes in the sea walnut Mnemiopsis leidyi
and the arrow worm Spadella cephaloptera, to 53 genes in the western predatory mite
Metaseiulus occidentalis [Jeyaprakash and Hoy 2007]. The mtDNA of most metazoans
is characterized by an asymmetric distribution of the genes between the two strands,
allowing the identification of a major and a minor strand, also called heavy and light
chain, depending on the number of encoded genes. The distribution of genes between
the two strands is directly related to the mechanism of mtDNA transcription [Gissi et al.

2000].

These highly derived diminutive genomes consist of 90%-95% coding DNA exhibiting
overlaps between the initiation and the termination codons of some adjacent genes
[Lynch 2006b]. The human mtDNA molecule was the first mitochondrial genome ever
to be completely sequenced, analyzed, and interpreted with regard to gene content.
With few exceptions, mtDNA molecules from all metazoans have proven to exhibit
the same gene content, but there is substantial great deal of variation regarding the
relative arrangement of these genes [Wolstenholme 1992]. They all lack introns, with the
exception of two cnidarians, the coral Acropora tenuis [van Oppen et al. 2002] and the
sea anemone Metridium senile [Beagley et al. 1998], that contain one and two introns,
respectively, and the placozoan Trichoplax adhaerens [Dellaporta et al. 2006], which
contains four introns. These exceptions can reveal potential mechanisms of maintenance

of organelle introns.

Lose or acquisition of protein-coding genes is rather infrequent and must be treated
with care due to uncertainty in gene annotation or the availability of incomplete mtDNA
sequences. This has been the case for Antarctic icefishes of the suborder Notothenioidei,
where nadé6 seemed to have been lost [Papetti et al. 2007], but later studies showed that
the “missing” gene has been translocated in the control region of the mtDNA [Zhuang
and Cheng 2010]. Despite this case, there are indeed several genes that appear to have
been lost more frequently than others: atp6 is absent in all Chaetognatha (arrow worms),
and atp8 has been modified or lost several times independently. It is not known yet, if

these losses are related to the transfer of the gene to the nuclear genome, or they are
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actually due to differences in the ATP synthase structure between taxa [Gissi et al. 2008].

It is considered that the mtDNA encodes for a full set of tRNAs able to decode the
modified genetic code mentioned previously. This full set can vary from one taxon to
another, but it is nevertheless smaller than the nuclear one. The reduction is achieved by
the use of a single tRNA with the nucleotide U in the first anticodon (wobble) position
to recognise all codons of a four-codon family [Taanman 1999]. The number of tRNAs
encoded in a given mitochondrial genome depends on many factors, like the genetic code,
evolutionary history of the taxa, the ability to acquire or lose genetic material, and the
capacity to import and use nuclear encoded tRNA molecules. Thus, depending on the
mitochondrial genetic code used, the expected set of mitochondrial tRNAs ranges from
24 genes (UGA encodes for Trp rather than STOP) to 22-23 genes (modified meaning
of UGA, AUA and AGR codons). The use of a particular genetic code does not lead to
the fact that the same number of tRNAs are used to decode the genome. The number of
tRNAs used is rather connected with the frequency of losses and duplications of tRNA
genes. For example, in the case of the cnidarian M. senile, the mtDNA encodes for only
two tRNA genes, the rest are presumably imported from the nDNA [Beagley et al. 1998].
Severe deviations from the usual set of tRNA genes have been also identified in other
organisms [Beagley et al. 1998], but this is debatable as misannotations have been found

in the databases [Gissi et al. 2008].

The primary and secondary structures of tRNAs encoded in prokaryotic DNAs, nuclear
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DNAs of protists, animals and plants, and chloroplast DNAs have been highly conserved.
In contrast, among tRNAs encoded by metazoan mtDNAs, there is a remarkable diversity
of structure (Figure 2.3). The cloverleaf secondary structure is adopted by most vertebrate
and invertebrate mitochondrial tRNAs, but in platyhelminths, insects, echinoderms,
and some vertebrates, there is variation in the size and sequence of the loops of the
dihydrouridine (DHU) and T4 C arms. The extent that the invariant and semi-invariant
nucleotides are essential for the folding of standard tRNAs into a functional tertiary

configuration varies between the different taxa.

All metazoan mtDNA molecules examined so far contain two rRNA genes (rrnS and rrnL)
that have been identified from sequence comparisons as the homologs of rRNA genes of
Escherichia coli. Though their duplication is rare, it has, nevertheless, been identified in
the bivalve Crassostrea gigas [Milbury and Gaffney 2005], in distinct haplotypes of the
nematode Thaumamermis cosgrovei, in the chigger mite Leptotrombidium pallidum [Shao
et al. 2005], and in the mosquito parasite nematode Strelkovimermis spiculatus [S Tang

and B Hyman, direct submission to GenBank].

Intergenic Regions

Although compact in its organization, the animal mtDNA contains some intergenic,
noncoding regions. The most extensive one is a region typically of around 1 kb in length
and bound by tRNA genes, called D-loop, displacement-loop, or control region, that
has been shown to contain sequences essential for the initiation of transcription and
replication [Wolstenholme and Jeon 1992; Clayton 2003]. It is in general poorly conserved

between species and varies greatly in size and nucleotide composition.

2.3.2 Nematode Mitochondrial Genomes

The Organelle Genome Resources Database contains 58 complete mitochondrial gen-
omes from Pseudocoelomata, 54 of which belong to the phylum Nematoda, one to the
phylum Acanthocephala (Leptorhynchoides thecatus, the thorny-headed worm) and three
to the phylum Rotifera (Rotaria rotatoria and Brachionus plicatilis). Table 2.1 lists several
molecular size estimates for the mtDNA of representative nematodes. From the entire
set of completely sequenced nematode mtDNAs, two enoplean nematodes have the
extreme sizes: Xiphinema americanum, the American dagger nematode, is the smallest

with 12, 626 bp, while Romanomermis culicivorax is the largest with 26, 194 bp. Among
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the chromadoreans, Heterorhabditis bacteriophora has the largest sequenced mtDNA, and

Angiostrongylus cantonensis, the rat lungworm, the smallest.

Genetic code

According to the Invertebrate Mitochondrial Code, UGA specifies tryptophan rather
than STOP codon, AUA specifies methionine and not isoleucine, AGA and AGG specify
serine instead of arginine and AUG, AUU, AUA, or UUG codons can serve as initiation
codons [Okimoto et al. 1992, 1990] (see also Figure 2.2). Across Pseudocoelomata, there
is an obvious sampling bias, Phylum Nematoda being far overrepresented. With respect
to the genetic code used in translation of the mtDNA, there is one exception from the
use of the Invertebrate Mitochondrial Code and that one belongs to Radopholus similis,
the burrowing nematode: the codon UAA has been found to code for tyrosine rather
than STOP [Jacob et al. 2009] (therefore, R. similis is using the Alternative Flatworm
Mitochondrial Code).

Gene content

The phylum Nematoda is a little apart in the metazoan group: there are only 12 protein-
coding genes, atp8 being absent from all nematode mtDNAs, except from Trichinella
spiralis, the trichinellosis nematode [Lavrov and Brown 2001]. Other pecularities with
respect to gene content are in the cutworm parasitic nematode Hexamermis agrotis that
has the gene atpé triplicated and in the mosquito parasites R. culicivorax and R. iyengari
that have a nad3 duplication and an atpé6 triplication, respectively. In the case of the
nematode T. cosgrovei, both the genes nadé and nad4 are duplicated as nonidentical,
putatively nonfunctional partial copies [Tang and Hyman 2007]. With the exception
of the nematodes from Clade I sensu Blaxter et al. [1998], the nematode mtDNA is

transcribed unidirectionally.

Incomplete termination of protein-coding genes is very commonly found in nematode
mtDNAs, including T. cosgrovei [Tang and Hyman 2007], Anisakis simplex [Kim et al.
2006], Toxocara species [Li et al. 2008], Cooperia oncophora [Van Der Veer and De Vries
2004], C. elegans [Okimoto et al. 1992], Pristionchus pacificus [Molnar et al. 2011], and
many others. If incomplete terminations are not accepted, and instead the complete
termination codon (UAA or UAG) is preferred, then some gene overlaps would be

required. This is unlikely, though, because the resulting gene size would far exceed the
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Figure 2.4 — The consensus mitochondrial
tRNA secondary structure in nematodes. The
number of nucleotides shown in the DHU and
the T'V-replacement loops are the maximum
numbers observed. Letters in black squares
and circles identify nucleotides invariant or
semivariant in nematode mitochondrial tRNAs.
The numbering system used (1-43 and 66-73,
given in white circles) reflects the conventional
numbering system used for yeast tRNA-Phe
[Sprinzl et al. 1989]. L1-L12 denote the max-
imum of 12 nucleotides that occur in the TV-
replacement loop. This figure is modified from
Wolstenholme [1992].

DHU-arm

lenght characteristic of mtDNA genes in nematodes.

In nematodes, 22 tRNAs are sufficient to decode the mitochondrial genes. There are, how-

ever, several species that have more tRNAs due to duplicated segments. Such situations

can be seen in R. culicivorax, S. spiculatus, T. cosgrovei, the Guinea worm Dracunculus

medinensis, and several others. One single nematode species, X. americanum, shows an

apparent constriction of the tRNA complex to 21 components. The secondary structure

of the tRNAs in nematodes is a “bizarre” one (Figure 2.4), as the genes are smaller than

their metazoan homologs and therefore the standard arms, as seen in Figure 2.3, are

shortened or replaced [Wolstenholme et al. 1987].

In general there are two rRNA genes, rrnS and rrnL, with some exceptions that have been

mentioned across this chapter and in Table 2.1.
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2.4 Accumulation of Mutations

Mutation accumulation surveys in plant, animal and fungal mitochondrial and nuclear
genomes consistently found that mitochondrial genomes [Lynch 1997; Lynch and Blan-
chard 1998] and nuclear genomes of asexuals [Normark 2000] and selfers [Weinreich and
Rand 2000; Bustamante et al. 2002; Glémin et al. 2006] accumulate deleterious mutations
at higher rate than nuclear genomes of outcrossing sexuals [Charlesworth and Wright
2001]. There are a least three factors that promote elevated mutation rates in animal

mitochondria, comparing to their nuclear genomes [Lynch 2006a]:

1. Mitochondria are the sites of aerobic respiration, generating high levels of reactive
oxygen species and, consequently, an internal environment with exceptional potential
for causing DNA damage: deamination of cytosine (C) to uracil (U), causing C : G —
T : A transitions and the oxidative modification of guanine (G) to 8-oxo-guanine,

causing C : G — A : T transversions.

2. MtDNA is frequently replicated within non-dividing cells (in contrast to nDNA), in-
creasing the opportunities for replication errors per cell cycle: the base-misincorporation

rate (before proofreading) is 103-10" times higher than in the nuclear genomes.

3. Mitochondrial genomes do not encode for DNA repair proteins - there is evidence
that the nucleotide-excision repair mechanism has been lost, at least from mammalian

lineages.

The influence of the mitochondrial bottleneck process was higly debated. On one hand,
the bottleneck increases the variance within organisms or within populations, thus
opposing to mutation accumulation by increasing the efficiency of selection against
deleterious mutations [Rand 2008; White et al. 2008]. On the other hand, the genetic
drift due to bottlenecking has been proposed to actually explain the transmission of

deleterious mtDNA mutations in humans [Chinnery et al. 2000].

2.4.1 Direct Estimation of the Mutation Rates

The Mutation Accumulation Lines Experiment

Our knowledge about the nature of new genetic variation originating from spontaneous
mutations has come from mutation accumulation (MA) experiments. In a typical MA
experiment (Figure 2.5), mutations are allowed to accumulate over the whole genome for

many generations, in replicated inbred lines. Typically, the animals are reared in constant
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environment with plenty of food, and selection is expected to be dramatically reduced so

that the majority of mutations (all but the most deleterious ones) become fixed or are

+ (c=—) Preserved
7 \&E)] ancestor/control

_>+----*
S>> E=>E=)---->»
Ancestral . n MA lines
i (S —

line
+- o )
e ) [ w—) o0 ECDCL D
t, t, t, t

Figure 2.5 — A typical mutation accumulation experiment in a selfing diploid organ-
ism. An acestral line is split into n MA lines, which are allowed to accumulate mutations
for t generations. Mutations are heterozygous when they first appear and becomse fixed
or lost in subsequent generations. After ¢ generations, lines have accumulated different
sets of mutations. Mutations are represented as colored blocks within chromosomes.
Figure from [Halligan and Keightley 2009].

removed at random.

Mutation accumulation experiments on Drosophyila have been pioneered by Muller in
1920’s and continued by Mukai in the 60’s. Since then, many MA studies have been carried
out in a variety of organisms (bacteria, yeast, Arabidopsis, Daphnia, Caenorhabditis), and
lines have been assayed for diverse traits. In this section I will summarize only those
studies that had as focus the direct estimation of mutation rates in mitochondrial genomes

(Table 2.2).

Table 2.2 — Mitochondrial genome mutation rates in MA lines experiments

Species s Study

Caenorhabditis elegans 9.7 x 107® Denver et al. [2000]
Saccharomyces cerevisiae 1.2 x 10™® Lynch et al. [2008]
Drosophila melanogster 6.2 x 107® Haag-Liautard et al. [2008]
Caenorhabditis briggsae 7.2 x107® Howe et al. [2010]

Daphnia pulex — sexual lines 2.0 x 107 Xu et al. [2011]
Daphnia pulex — asexual lines 4.3 x 1078 Xu et al. [2011]

? base substitution mutation rates, calculated per site per generation
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Caenorhabditis elegans

The details of the initiation of the mutation accumulation lines in C. elegans were
published in Vassilieva and Lynch [1999]. The mutation-accumulation experiment is
initiated with a single individual derived from a wild-type strain. The strain has been
previously maintained by inbreeding for dozens of generations before the experiment was
conducted. A single lineage was further inbred by self-fertilization for several generations
before initiating the study with the selfed offspring from a single hermaphrodite. Thus,
the amount of residual heterozygosity in the base individual should have been no more
than expected under selection-mutation balance in a line containing a single individual
[Lynch and Milligan 1994]. From the F3 descendants of the base individual, 100 mutation-
accumulation lines were initiated, while many thousands of additional animals were
cryopreserved and stored at —80 °C. The frozen stock of the original genotype serves as

a control for all subsequent assays of the experimental lines.

The nematodes are cultured and handled on NGM agar at 20 °C and maintained with
E. coli OP50 as food source. To minimize the efficiency of natural selection against new
mutations, each of the lines are propagated across generations as a single random worm
from the L3 to young adult stages, picked from the middle of the parental reproductive
period. Accidental losses of the experimental lines are prevented by maintaining two

previous generations at 15 °C, as potential backups.

Denver et al. [2000] estimated the mutation rate and pattern in the mtDNA of 74 C. elegans
MA lines at the 214" generation. They identified 26 mutations which gave the total
mutation rate estimate of 1.6 x 1077 (3.1 x 107) per site per generation. No hotspot
and no lines were found predisposed to bear mutations. The mutation rate for base
substitution mutations is 9.7 x 107® per site per generation. From the 26 mutations,
10 were insertion-deletion (indel) mutations mostly associated with homopolymeric
or repetitive regions. Similar mutation rates were observed for C. briggsae mtDNA

(1.1 x 1077 or 7.2 x 1078, depending on the strain used) [Howe et al. 2010].

Saccharomyces cerevisiae

In yeast, the propagation of the MA lines is done by passing each line through single-cell
bottlenecks on a 3- to 4-day cycle. Each cycle is initiated by picking a random colony and
streaking onto rich YPD medium. Random propagation is imposed by overlaying each

plate on a template with a marked target and selecting the colony closest to the target.
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Lynch et al. [2008] estimated the mutation rate for base substitutions at 12.2 x 107
per site per cell division and 7.5 x 1079 per site per cell division as the indel mutation
rate. Interestingly, the yeast mtDNA seems to have a much higher mutation rate than its
nuclear genome (37 %), much higher than vertebrates and invertebrates exhibit (19X for
vertebrates and 8 x for invertebrates) [Lynch 2007]. All the base substitutions mutations

identified were A : T — G : C, despite the strong A /T bias of the genome.

Drosophila melanogaster

A weakness of the MA line approach in D. melanogaster is the difficulty of maintaing
a control in species with no resting stage to the life cycle [Houle and Nuzhdin 2004].
Also, cryopreservation results show that the survival rate of recovered embryos is at only
about 5%. An additional trouble while propagating the MA lines for Drospophila comes
from the mode of reproduction. In order to minimize selection within vials, single pairs
are allowed to lay eggs for a short while and offspring that initiate the next generation
are chosen at random with respect to development time. The MA lines can be propagated

by brother-sister mating (full-sib or half-sib mating) or/and double first-cousin mating.

In a very elegant study, Haag-Liautard et al. [2008] estimated the mutation rate of
D. melanogaster mtDNA at 6.2 x 107® per site per fly generation for base substitutions,
and 1.6 x 1078 per site per generation for indels. Most of the base substitution mutations
appeared to be G: C — A : T, in accordance with the strong A/T biased mtDNA

genome of Drosophila.

Daphnia pulex

Daphnia pulex reproduces by cyclical parthenogenesis (sexual), but numerous obligate
asexual lineages have arisen, which provides a great system to examine mutation rate
variation. Although, mtDNA is inherited "asexually” in both sexual and asexual species,

the mitochondrial-nuclear crosstalk might influence the mtDNA mutation rate.

The MA lines of D. pulex are maintained in benign laboratory environment and are
propagated asexually, with a generation time of 10-30 days. Each line is forced through
bottleneck each generation by randomly picking a single individual to continue the line,
simultaneously with two additional females from the same brood kept as backups. Xu
et al. [2011] estimated the base substitution mutation rates at 2.0 x 10~® and 4.3 x 108

per site per generation for the sexual and asexual lines, respectively.
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2.5 Instead of Conclusion

We’ve seen that the mitochondrial genome architecture has many faces, with gene
fusions, gene-in-pieces, gene simplification, and huge size differences between the taxa
[Burger et al. 2003]; and this is just to mention the “morphological” aspects. When it
comes to genetics, there is an entire list to consider. As written at the beginning of the

chapter: mtDNA is well studied and well conserved, but there is so much variation. ..

2.5.1 Reason for This Chapter
or Why This Is Directly Relevant to My Line of Research

In this chapter, I made a relatively extensive introduction concerning the mitochondria
and their mitochondrial DNA, including the types of mutations and some of the reasons
these accumulate in the mtDNA. In section 2.1, I presented a very short overview on
the initial theories about the origins of the mitochondria as organelle. Section 2.2 gave
some insights into how the mtDNA is inherited, how and why heteroplasmies exist,
whether or not recombination is affecting studies of population genetics, or the neutral
evolution of the mtDNA is really neutral and some reasons to worry about it. In this
section the concept of clock-like evolution is introduced alongside the reasons that can
lead to consider a non-clock-like evolution. MtDNA is used to calculate divergence time
divergence populations, strains, or species and in this section I refer the problems that can
come with estimates from this locus. In section 2.3, I presented an overview of the size
and types of mtDNAs, with emphasis on animal mtDNA in general and nematode mtDNA
in particular, and the reasons for which the mtDNA has only few genes. The chapter
ended with section 2.4 that helps us understand how and why mutations accumulate
in the mtDNA and how mutation-accumulation line experiments contribute to directly

estimate the mutation rates.

This is in accordance with the research article presented in this thesis which includes the
description of the mtDNA of the nematode Pristionchus pacificus, mutation rates estimated
via the mutation accumulation lines experiment, the spectrum of mutations found, a
comparative view on the mtDNA composition between several strains of P. pacificus, and,
finally, an insight into the minimal divergence time estimates between the strains. All

this work will be described in detail in Chapter 4.



Chapter

Microsatellites

simple sequences with complex evolution — Hans Ellegren

This chapter will describe microsatellites, very dynamic stretches of repetitive DNA
sequences found in the genomes of all organisms and organelles. The description will
not be exhaustive over the knowledge of these genomic elements, but it will present
the necessary properties for understanding their apparition and their mutation dynamic.
The first sections will focus on the definition and the genomic context in which these
elements are found in. I will discuss the types of microsatellites and their distribution in
the genomes, the types of mutations that occur at these loci, and their mutations rates.

This chapter is concluded with a paper submitted for publication in 2012.

Few genetic markers, if any, have found such widespread use as the microsatellites
[Ellegren 2004]. They are used as markers in population genetics from the 1980’s, es-
pecially for mapping chromosome segments, for the identification of individuals, for
tracking the biological history of populations, and for paternity and maternity during
sexual selection, due to their great advantage of neutrality [Chambers and MacAvoy
2000]. Short-repeated DNA sequences of all motif lengths have been shown to occur in
eukaryotic genomes far more frequently than it would be expected by chance [Hancock
1999] and their dynamic has been well studied. But, why are microsatellites so abundant,
and why are they so polymorphic? What mechanism do they mutate by? What gov-
erns the balance between genesis and expansion of simple repetitive arrays? Why do
microsatellites rarely reach really long lengths? How do they evolve? [Ellegren 2004]. I

will answer these questions in this chapter.
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3.1 Microsatellites Genome Biology

«There is a good body of evidence showing that microsatellite evolution is not as simple as the synonym for microsatellites — simple

sequences — might suggest.»

CHRISTIAN SCHLOTTERER (Evolutionary geneticist) Genome evolution: Are microsatellites really simple sequences?

Current Biology, 1998.

3.1.1 Definition

The microsatellites belong to the group of genomic elements called tandem repeats. They
are composed of different numbers of adjacent repeats of a given motif, or repeat unit.
They are variable in the number of repeats, which is a consequence of particular mutation
processes, the polymerase slippage and unequal recombination [Hancock 1999]. Based
on the number of tandem repeats, there are three classes of satellite DNA that can be

distinguished:

* Satellites — tandem repeats of variable lengths organized in large clusters that can usu-
ally reach several megabases, found in the heterochromatic regions of chromosomes,
near centromeres and telomeres or on the Y chromosomes [Lohe et al. 1993] and quite

stable in array size with populations [Charlesworth et al. 1994].

* Minisatellites — tandem repeats of 10-100 bp that can form tracts of more than 500 bp
[Abouelhoda et al. 2010], found in euchromatic regions of the genome [Armour and

Jeffreys 1992].

* Microsatellites are the equivalent to minisatellites, but the tandem repeat units are 1 or
2, to 6 nucleotides (nt) long and form tracts of around 102 bp, found widespread all

through prokaryotic and eukaryotic genomes [Toth et al. 2000].

For being rather simple things, microsatellites have proved to be rather tricky to describe
and classify. The term microsatellite has been historically used only for repeats of
the dinucleotide CA : GT [Litt and Luty 1989] and a variety of other names have
been used to describe tandemly repeated sequences [Hancock 1999]. Such names, like
‘short tandem repeats’ [STRs; Edwards et al. 1991], ‘simple sequence repeats’ [SSRs;
Haynes et al. 1989], or ‘simple repetitive DNA’ [SR-DNA; Levinson and Gutman 1987] or
‘simple sequence length polymorphisms’ [SSLPs; Tautz 1989] are still widely used in the
literature. Nakamura et al. [1987] proposed that both minisatellites and microsatellites
should be called ‘variable number of tandem repeats’ (VNTRs). The difference between

minisatellites and microsatellites is arbitrary, but it is important to take into consideration
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the apparent size difference between them, as it is believed they evolve by different
mechanisms [Armour and Jeffreys 1992]. So many names, make the literature research

difficult to perform.

3.1.2 Molecular Structure

The common characteristic to all microsatellite definitions is that they have a sequence of
nucleotides repeated tandemly. But the definitions of repeat unit size, number of repeats,

and complexity of the sequence are still under debate [Ellegren 2004].

Repeat Unit

Microsatellite loci are represented by the general formula —(X),, — where X is the repeat
unit, fixed in the range 1 or 2 to 6 nt and n is the number of repeats [Chambers and
MacAvoy 2000]. Each repeat size represents a class of microsatellites, named di-, tri-,
tetra-, penta-, and hexanucleotide, respectively. This has to be indivisible (for example,
—ATAT— is the unit —AT— repeated two times) and represented by the simplest and
“most alphabetical” formula possible, e.g., —(AC);5— rather than —(TG);5— [Chambers
and MacAvoy 2000].

There is some disagreement concerning the minimum repeat unit for microsatellites.
Some studies do not consider mononucleotides as microsatellites [e.g., Denver et al. 2004],
although the general rule of their evolution seems to be the same as for the other classes
[Dieringer and Schlétterer 2003]. The maximum size of 6 nt for the repeat unit is also
under debate. Studies showed that tandem repeats with larger units (the minisatellites)
evolve especially because of errors of recombination, rather than polymerase slippage
(see Section 3.2.2 for details). So, there is a window between 6 and 10 nucleotides, where
the mechanism of evolution is not certain. These classes are included in some studies as

microsatellites [Desmarais et al. 2006].

It is important to note that
while in different reading frames or on a complementary strand, we have

(AGC), = (GCA), = (CAG), = (CTG), = (TGC), = (GCT), .
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Thus, 4 unique classes are possible for dinucleotide repeats, namely, (AT), , (AG),,
(AC),, and (GC),,. Similarly, there are 10 unique classes for trinucleotide repeats, 33 for
tetranucleotide repeats and so on, and 2 classes are possible for mononucleotide repeats,
in the case where the study considers them as microsatellites [Jurka and Pethiyagoda
1995]. However, as the trinucleotide repeats are found often in coding regions of the

DNA, the special case of each such locus has to be taken in consideration.

Number of Repeats

Another important parameter for a microsatellite is the number of repeats, but several
problems can occur while setting this parameter. The first one involves the total length of
the locus. A dinucleotide microsatellite and a hexanucleotide microsatellite, each having
10 repeats, will have different total length of the respective locus. Implicitly, the two loci
are exposed to different physical constraints. The hexanucleotide locus, being longer
in terms of total number of nucleotides, has more chances to bear mutations (see the
Section 3.2.2). The second problem concerns the minimum number of repeats. We can
consider as a microsatellite all the elements that contain at least one tandemly repeated
given unit. In fact, a size threshold needs to be established, either as a number of repeats

[Kruglyak et al. 2000], or as total length of the locus [Toth et al. 2000].

The reasons behind these thresholds are statistical, and no real consensus has been
reached on this matter [Ellegren 2004]. Although Rose and Falush [1998] proposed a
minimum of eight nucleotide long loci, other studies [see Primmer and Ellegren 1998;
Noor et al. 2001] showed that shorter loci are still subjected to polymerase slippage,
so they can be included in the microsatellite category. It has to be noticed that these
studies have been conducted in different organisms, yeast Saccharomyces cerevisiae [Rose
and Falush 1998], barn swallow Hirundo rustica and pied flycatcher Ficedula hypoleuca
[Primmer and Ellegren 1998], and different species from the obscura group of Drosophila
[Noor et al. 2001]. From a bioinformatic point of view it has been proposed that more
than two units have to be present at a locus for this to be considered microsatellite
[Delgrange and Rivals 2004]. But these considerations all go back to the basic mechanism
of microsatellite formation: a (micro)satellite is generated when the same sequence is
inserted repeatedly by the slippage mechanism, which is facilitated by the fact that
the presence of repetitive sequences promotes more slippage. It is also possible that

microsatellites originate from proto-microsatellites [Wilder and Hollocher 2001].
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Proto-microsatellites and quasi-microsatellites

The concept of proto-microsatellites is accepted only if we consider that a repeated
sequence needs to reach a certain minimum length for becoming a microsatellite [like
Rose and Falush 1998; Chambers and MacAvoy 2000]. In this case proto-microsatellites
are defined as repeated sequences with a number of repeats considered too small to
be variable. They appear by chance, following point mutations [Jarne and David 1998],
within cryptically simple sequences, defined as a scramble of repetitive units lacking a

clear tandem arrangement [Hancock 1999].

The quasi-microsatellites are non-repetitive sequences with potential to become repetitive
due to several point mutations. For example, the sequence —ACCT ACTT— is a quasi-
microsatellite as any of the substitutions C — T or T — C results in —(ACTT),—
or —(ACCT),—, respectively. A sequence like —ACC ACC AGC— is not considered
a quasi-microsatellite because it already contains the proto-microsatellite —(ACC),—.
Contrary, the sequence —ACC AGC ACC— is a quasi-microsatellite. The number of
mutations necessary does not have an exact limit as it depends on the length of the repeat
unit and the position of the mutation. Such sequences are frequently found in regions
of “cryptic simplicity” [Tautz et al. 1986]. These are regions of variable size, with few

repeats of various units, not necessarily adjacent to each other.

Imperfections

By definition, the microsatellites are sequences repeated in tandem subjected to the same
molecular constraints as the rest of the genome. They undergo structural changes through
addition or removal of repeat units or through point mutations [Eckert and Hile 2009].
The latter event can cause imperfections in these arrays, thus leading to the formation
of imperfect microsatellites. Imperfections in the microsatellite tract are thought to
interfere with replication slippage by limiting microsatellite expansion [Kruglyak et al.
1998] and their accumulation may lead to the “death” of the microsatellite [Taylor et al.
1999]. The number of imperfections that change a microsatellite locus into a region of
“cryptic simplicity” depends on the definition adopted. For example, two microsatellites
—(AC),,— separated by three non-repeated bases can be considered as two distinct
microsatellites or as a single imperfect one. The majority of the empirical analyses accept
imperfections of several bases, while the theoretical studies often consider such loci as

two distinct microsatellites even if there is an imperfection of one base [Bell and Jurka
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Table 3.1 — Classes of Microsatellites [modified after Chambers and MacAvoy 2000]

Classes Sequence

Perfect —(AC), —

Imperfect (with substitution) —(ACT)_ CCT (ACT), —
Imperfect (with deletion) —(ACT), CT (ACT),,—
Compound —(ACT), (AG),,—

Interrupted compound —(ACT), AGAA (AG),,—
Complex —(ACT),, (AG),, (ACC),—
Interrupted complex —(ACT),, (AG), ATC(ACC),—

1997; Lai and Sun 2003]. Studies concerning only perfect microsatellites do not allow for
any imperfection and the sequences studied cannot be in proximity to other repeated

sequences of the same unit.

Complexity

The concepts of repeat unit and imperfections mentioned before can be applied only for
those microsatellites considered perfect or simple, composed from a unique repeated
motiv. Two more types of microsatellites can be defined: compound and complex [Cham-
bers and MacAvoy 2000]. The compound microsatellites are defined as two concatenated
microsatellites of distinct repeated units, while the complex microsatellites are a general-
ized form of compound ones, with more than two distinct units. In both cases the repeat
units can be of different size and period, imperfections being possible between them,
creating interrupted compound and interrupted complex microsatellites, respectively,
and the same units can be repeated within a complex microsatellite (see Table 3.1). Kofler
et al. [2008] made one of the few in silico surveys of compound microsatellites in eight
taxa. These types of microsatellites are often used for studies of population biology. Their
evolution hasn’t been studied in detail, but they are considered to originate from regions

of simple microsatellites that have degenerated [Buschiazzo and Gemmell 2006].

3.1.3 Bioinformatic Detection

Since the existence of large genomic resources, it is possible to isolate in silico all the
microsatellite loci from a given genome and with this to obtain the exhaustive distribution
of all the classes of microsatellites. The genomic sequences have billions of nucleotides,

so the extraction of microsatellite data has to be automated by the usage of informatic
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Table 3.2 — A Non Exhaustive View upon Studies on Microsatellite Loci Revealing
Detection Parameters Inconsistencies

Study Repeat Unit ~ Minimum Length Perfection

Jurka and Pethiyagoda [1995] 1-6 3 repeats and 12 bp perfect

Bell and Jurka [1997] 2 2 repeats perfect

Rose and Falush [1998] 1,2,4 0 repeats perfect

Falush and Iwasa [1999] 2 0 repeats perfect

Toth et al. [2000] 1-6 12 bp perfect

Katti et al. [2001] 1-4 20-21 bp imperfect, 1 error/10 bp
Calabrese and Durrett [2003] 2-3 5 repeats perfect, at least 50 bp appart
Dieringer and Schlétterer [2003]  1-4 2 repeats perfect

Kayser et al. [2006] 2-5 8 repeats imperfect
Brandstrém and Ellegren [2008] 2-5 3 repeats perfect
Galindo et al. [2009] 1-6 12 bp perfect
Castagnone-Sereno et al. [2010] 1-6 12, 8, and 5 repeats perfect

Varela and Amos [2010] 2 2-20 repeats perfect

algorithms. Given all the studies that have been conducted upon microsatellites based
on the genomic sequences alone, one could think it is enough to reutilise the detection

methods already used.

A literature search, concerning the algorithms used, reveals several inconsistencies. First,
the algorithms and the detection criteria vary amongst studies. This problem concerns
mainly the minimum size and the degree of perfection of the loci detected, and this
radiates directly from the lack of a formal definition for microsatellite. Examples of such
studies can be seen in Table 3.2. Second, most studies do not give details on the algorithm
used [e.g., Falush and Iwasa 1999; Lai and Sun 2003] and therefore it does not allow for a
clear evaluation of the microsatellites detected. Third, most of the studies evaluate only
perfect microsatellites. However, there are several reasons behind this choice: the loci
are used for testing theoretical models of microsatellite dynamics that don’t integrate
imperfections, or the actual detection of imperfect loci is more difficult than perfect ones

and it requires more sophisticated algorithms.

There are many published algorithms dedicated to the detection of microsatellites, like
mreps [Kolpakov 2003], MIcroSAtellite - MISA [Thiel et al. 2003], Sputnik [Abajian 1994],
SSRFinder [Gao et al. 2003], Tandem Repeat Finder — TRF [Benson 1999], Tandem Repeat
Occurrence Locator - TROLL [Castelo et al. 2002], and many custom programmes [see
Sharma et al. 2007, for a rather comprehensive list of the most used ones]. A comparison
of the limits of microsatellite detection between some of these programmes has been
performend by Leclercq et al. [2007]. In my own research, I used the programme TREF.

It scans sequences in order to determine regions where repeat units are periodically
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repeated, though not necessarily tandemly repeated, based on a set of statistical rules
detailed in the TRF article [Benson 1999]. The most appropriate repeat unit is then
determined for each region, and this is aligned with the region using a Wraparound
Dynamic Programming algorithm. This procedure takes as input a repeat unit and a
sequence, it yields an optimal global alignment between the sequence and a perfect
tandem repeat of the respective unit, and it optimizes both the alignment score and the
number of repeats of that unit. A score is computed from this alignment by attributing a
positive weight to each correctly aligned nucleotide (matches), and a negative weight to
substitutions (mismatches) and to insertions and deletions (indels). Alignment weights
can be adjusted. When the alignment score is higher than a threshold (that can also
be adjusted), the algorithm returns the microsatellite detection with the corresponding

consensus repeat unit.

3.1.4 Microsatellite Distribution

It is appropiate to classify microsatellites according to their association with coding
sequence, as this is related to the mutational and selective forces that operate on different
types of repeats. Microsatellites can be found anywhere in the genome, both in protein-
coding and non-coding regions [Arcot et al. 1995; Wilder and Hollocher 2001], but they

are not regularly distributed within a genome.

There are 1, 600 eukatyotic genomes available on NCBI (http://www.ncbi.nlm.nih.gov-
/genome/browse/). They are not all assembled and the coverage is not optimal, but
the sequences of the model organisms are of good quality. The frequency of genomic
microsatellites varies per taxon both in terms of numbers and types of repeats [Hancock
1999]. Some of the estimated frequencies for perfect microsatellite loci per genome are
0.85% in Arabidopsis, 0.37% in Zea mays, 3.21% in Tetraodon nigroviridis, 2.12% in Fugu
rubripes [Roest Crollius et al. 2000], 0.21% in C. elegans, and 0.09% in Meloidogyne incognita

[Castagnone-Sereno et al. 2010], but different scanning techniques yield different results.

Due to the high mutation rate that microsatellite regions experience (see below), it is
expected for the coding regions to have a low microsatellite density. This hypothesis
has been confirmed by Toth et al. [2000], in a survey on different species. Nonetheless,
microsatellites exist in promoter regions and may be sites for protein binding or be
near such sites that interfere with gene expression and transcription. In these cases, the

number of repeats in the microsatellites has an effect on transcription and the degree
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of protein binding. Examples of such loci include those found (a) in association with
regulatory regions, like the —(CT), — microsatellites in the 5-UTR regions of certain
Arabidopsis genes [see Oliveira et al. 2006, and references therein], (b) located in promoter
regions effecting gene activity, like the —(CT), — repeat that serves as a transcriptional
element for heat-shock protein gene hsp26 in Drosophila [Sandaltzopoulos et al. 1995],
(c) located in intronic regions having effects on gene expression regulation, like the
—(TTC),— element in the first intron of IIL gene in Arabidopsis thaliana [Sureshkumar
et al. 2009], or the —(CA), — tract located in the first intron of the EGF receptor gene
[Gebhardt et al. 2000]. Irrespective to repeat unit, microsatellites have been found to
have roles in the chromosome organization, at least in some plant genomes [Cuadrado
and Schwarzacher 1998]. Dimeric repeats seem to play a role in the duplex curvature
and supercoiling of the DNA [Baldi and Baisnée 2000] and together with other classes of
microsatellites, they are found clustered around centromeric regions [see Li et al. 2002,
and references therein]. They also seem to play some role in the regulation of DNA
metabolic processes, as many microsatellite and minisatellite regions act as hotspots for

recombination [Templeton et al. 2000].

Microsatellites in Nematode Genomes

In my own research article, I made a comparison between the different classes of micro-
satellite loci in the genomes of C. elegans and P. pacificus. During my analysis, another
study was published that made an analysis on microsatellite loci in a comparative
manner between several nematodes: C. elegans, P. pacificus, M. incognita, M. hapla and
B. malayi [Castagnone-Sereno et al. 2010]. Although the results reported for P. pacificus
by Castagnone-Sereno et al. [2010] differ from the results I have found in my survey,

which occured due to the screening procedure, I will resume their findings.

With respect to the abundance of the different classes based on the repeat unit size (i.e.,
mono to hexanucleotides), the overall distributions varied greatly among the species.
Particularly, B. malayi exhibited the highest density and genome coverage of microsatel-
lites, except for the hexanucleotides, that were more frequent in the genome of C. elegans.
The most common repeat size class also varied between the nematodes. For example,
AT repeats are more prevalent in M. hapla, AG repeats in P. pacificus genome, AAAT
repeats in M. incognita, and ACCT in C. elegans. The genome of C. elegans has been
surveyed for all microsatellite regions in a study by Toth et al. [2000]. They identified the

dinucleotide loci to be the most abundent class of microsatellites in the intergenic and
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intronic regions, while tri- and hexanucleotide microsatellites are found more often in

exonic regions than any of the other classes.

3.2 Mutation Process

The majority of microsatellites in higher organisms are believed to evolve neutrally,
meaning that there is no selection pressure on the number of repeats. Nonetheless, some
microsatellites do exist in promoter regions and their repeat number has an effect on
transcription and the degree of protein binding. The abundance, function and effects of
the microsatellites are associated with their mutation rate, which is very high compared
with the rates of point mutation at coding loci. The mutation process seems to display
distinct differences among species, repeat types, loci and alleles [Brock et al. 1999;
Ellegren 2000a; Schlotterer 2000]. The instability is predominantly manifested as changes
in the number of repeats by a stepwise mechanism of gain and loss via two mechansims,
either DNA slippage during DNA replication [Tachida and lizuka 1992] or recombination
between DNA strands [Harding et al. 1992].

3.2.1 Mutation Models

In order to understand the reason for such high mutation rates for the microsatellite loci,
we have to look at the model of mutation itself. A mutation model of their evolution is
also necessary if allele frequency data from two groups of individuals are to be used for
estimating the genetic distance between them. One of the oldest models for microsatellite
evolution is the stepwise mutation model (SMM) originally proposed by Ohta and Kimura
for electrophoretic alleles [Ohta and Kimura 1973]. In this model, the number of repeat
units is equally likely to increase or decrease by one, at a rate independent of the
microsatellite’s length. The constraint is that the number of repeat units cannot become
smaller than one. This represents a symmetric random walk independent of repeat length
[Valdes et al. 1993]. The simplest model of evolution of microsatellites is considered
the infinite alleles model (IAM), in which mutations occur at a constant rate and each
mutation creates a novel allele [Kimura and Crow 1964]. The SMM model is considered

more appropiate for microsatellites.

Numerous additions to this basic model have been introduced. These include (a) allowing

the mutation rate to depend on the microsatellite’s length [Kruglyak et al. 1998], (b) allow-
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ing for larger mutations than of one repeat unit [Di Rienzo et al. 1994], and (c) allowing
for point mutations to interrupt microsatellites [Bell and Jurka 1997; Kruglyak et al. 1998].
In the latter two studies mentioned, the authors proposed that there is an equilibrium
between point mutations and length mutations. So, the rate of length mutations increases
with increasing repeat count, while point mutations break long repeat arrays into smaller
units. This can explain why the large microsatellites have a limit of expansion. Still,
evolutionary dating of divergence times is not trivial [Calabrese et al. 2001]. The model
introduced by Di Rienzo et al. [1994] is a modification of the SMM with most mutations
involving a gain or loss of a single repeat, and the remainder of the mutations being

multi-step mutations following a geometric distribution.

Evidence from different sources, that have been cited across this chapter, show that the
best models have the following properties: (a) long microsatellites are more likely to
mutate, (b) long microsatellites have a bias towards contraction and (c) short microsatel-

lites have a bias towards expansion.

3.2.2 Mutation Mechanism

The predominant mechanism by which microsatellites mutate is believed to be the
replication slippage [Eisen 1999]. When the DNA replicates, the two strands sometimes
disassociate. In nonrepetitive DNA, the strands reassociate in the same way that they
were before the disassociation event, with the matching base pairs on the opposing
strands. But in repetitive DNA, since there are so many possible matching base pair
alignments, sometimes the strands realign differently, forming an unmatched loop on one
of the strands. Then, when the two strands completely disassociate and begin replication
anew, the strand with the loop will contain a longer microsatellite than the opposing
strand. Microsatellites on the template strand will always have the same length before
and after the slippage event. If the loop is on the template strand, then the microsatellite
on the replicating strand will be shorter, and if the loop is on the replicating strand, then
the microsatellite on its side will be longer (Figure 3.1). Most of these primary mutations
are corrected by the mismatch repair system, and only the small fraction that was not
repaired ends up as microsatellite mutation events [Harr et al. 2002; Tijsterman et al.

2002].

Recombination could potentially change the microsatellite length by unequal crossing-

over or by gene conversion [Richard and Paques 2000]. However, there are substantial
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Figure 3.1 — Replication slippage. After the replication of a repeat tract has been initi-
ated, the two strands might dissociate. If the nascent strand then realigns out of register,
continued replication will lead to a different length from the template strand. If misalign-
ment introduced a loop on the nascent strand, the end result would be an increase in
repeat length. A loop that is formed in the template strand leads to a decrease in repeat
length. Figure from Ellegren [2004].

doubts that recombination acts to majorly influence microsatellite variability as it does

for minisatellites [Ellegren 2004].

3.2.3 The Life Cycle of the Microsatellites

The concept of life cycle (Figure 3.2) for microsatellite loci is a compilation of several
ideas about the evolution of microsatellites. Specifically, Messier et al. [1996] and Gordon
[1997] noted that «a base substitution allowed the birth of a microsatellite» to debate on
how a microsatellite locus appeared during primate evolution. This “birth”, as applied to
microsatellites evolution by Messier et al. [1996], refers to a combination of a mutation
that produces repeats of sufficient length for slipped-strand mispairing and a second
mutation that is caused by the mispairing and produces repeat length variation. Amos
[1999] was first to propose a life cycle-like pattern for the evolution microsatellite loci,
and later, Taylor et al. [1999] introduced the term “death” because the ultimate result
of interruptions and deletion mutations upon microsatellite loci is an unrecognizable
homologous DNA sequence left with only a small portion of the original repeat region.
Chambers and MacAvoy [2000] completed the concept of life-cycle by suggesting that a

dead microsatellite locus could potentially resuscitate.

Despite the fact that it is still under debate, the genesis of microsatellites in genomes
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appears to be non-random [Buschiazzo and Gemmell 2006]. Microsatellites are born
from regions of “cryptic simplicity”[Tautz et al. 1986] composed of quasi- and proto-
microsatellites following point mutations. These microsatellites are called de novo as
they appear directly from the genomic regions. In contrast, there are so-called “adopted”
microsatellites, that are brought into a receptive genomic location via mobile elements
[Wilder and Hollocher 2001]. The relative importance of these two ways of microsatellite

initiation is not yet completely understood.

The birth of the microsatellite is followed by the expansion phase. As consequence of
mutations, the number of repeats grows—it is said that the proto-microsatellite graduated
to the mature phase of its life cycle [Buschiazzo and Gemmell 2006]. Some authors debate
the existence of a threshold size for initial expansion [Pupko and Graur 1999; Pérez et al.
2005], while others have proposed threshold sizes ranging from 4 to 8 repeats [Rose
and Falush 1998; Lai and Sun 2003]. The expansion of a microsatellite depends on the
mutation dynamics of the respective locus. Following their initiation, microsatellites are
thought to vary in length by gain and loss of repeats via two mechanisms — replication
slippage and recombination. Mutation rate in microsatellites is, on average, high and
locus dependent, ranging in eukaryotes, from 10~ to 10~ mutations per locus per
generation [Primmer et al. 1996; Schug et al. 1997; Vigouroux et al. 2002; Gusmao et al.
2005; Seyfert et al. 2008]. These represent rather static events of a very dynamic picture
of mutations observed at allele-, locus-, individual-, and/or taxon-level [Schlotterer et al.
1998; Di Rienzo et al. 1998; Colson and Goldstein 1999; Ellegren 2000b; Shao et al. 2005,
and others]. The rate and course of microsatellites mutations are affected by a number of
intercorrelated factors: mutation mechanism, nature of microsatellite, genomic context,

individual biological context and selective influences [Buschiazzo and Gemmell 2006].

The mutation rate seems to be higher the longer a microsatellite locus is. There is
some consensus on the idea that there is an upper length constraint of some sort when
microsatellites reach a pending state. This limit is, however, different in various organisms
[Estoup et al. 1993; Primmer et al. 1996; Whittaker et al. 2003; Sainudiin et al. 2004]. In
fact, microsatellite growth reaches an upper limit when the expansion is hindered by the
introduction of imperfections in the repeat array that stabilize the sequence [Kruglyak
et al. 1998]. In addition, it is possible that the processes that drive the expansion also
duplicate some of the imperfections, leading to their faster accumulation [Estoup et al.
1995; Rolfsmeier and Lahue 2000]. In addition, Harr and Schlé6tterer [2000] showed that
certain mutation mechanisms can delete imperfections, bringing the locus to a smaller,

but perfect state.
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As consequence of all the mutations, microsatellites pass over the balanced phase of
the cycle, where the length of the locus is at maximum, towards the contraction phase.
Eventually, the accumulation of interruptions breaks the repeats and leads to a blend of
unique DNA sequences that can be considered, again, areas of “cryptic simplicity”. The
outcome has been termed the “death” of the microsatellite [Taylor et al. 1999]. Its rate
seems to be much lower than their birth rate, which explains the enrichment of such loci
in the genomes [Buschiazzo and Gemmell 2006]. As regions of “cryptic simplicity” can
be the birth places of microsatellites and the death of the loci closes the circle and forms
again such regions, these can also be seen as the places of resurrection for microsatellites.

[Chambers and MacAvoy 2000]

3.2.4 Mutation Rates and Their Variation

Mutation models are available, but it can be difficult to assess to what extent they reflect
true evolutionary processes. The high rate of mutation at microsatellite loci, fortunatelly,
makes it possible to observe mutation events directly. There are several types of data
sets to consider when studying microsatellites: (a) pedigree data, where it is possible to

directly count mutations, (b) in vitro experiments, and (c) genome data. Pedigree studies
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in humans, reported by Huang et al. [2002], showed that, longer alleles lose repeat units
more often than shorter alleles do, but shorter alleles tend to gain repeat units more
often than do longer alleles. This conclusion was also the outcome of other studies based
on different data types, like Schlotterer et al. [1998] and Harr and Schlétterer [2000]
for D. melanogaster and Ellegren [2000b] for human (pedigree data). Furthermore, the
studies by Schlotterer et al. [1998] estimated the average mutation rate across all loci
analysed at 6.3 x 1075, in good agreement with another study by Schug et al. [1997],
performed on the same number, but different loci and on different D. melanogaster lines.
From the comparison of these two studies another conclusion can be deduced: mutation
rate is locus dependent, because Schug et al. [1997] observed one mutation event while

Schlotterer et al. [1998] observed nine mutation events per locus.

In vitro experiments showed that slippage rate increases linearly with microsatellite
length and that constrictions are found on a higher rate than expansions [Shinde 2003].
This is, at first glance, little relevant for evolutionary studies, because Tag DNA poly-
merase has no mismatch repair mechanism. But the mismatch repair mechanism can be
knocked out for experimental purposes. In study on mismatches-proficient and -deficient
Drosophila mutation accumulation lines, Harr et al. [2002] showed that the microsatellite
instability was highly elevated in those lines in which the mismatch repair-mechanism
was deficient. Specifically, the authors assayed dinucleotide loci of the type (GA),,
(GT),, and (AT),, and estimated the mutation rate in mismatch repair-deficient lines at
1.43 x 1073 for short alleles and 1.58 x 10~2 for long alleles. In the wild-type mutation
accumulation lines, the mutation rate of a subset of the same loci was at 5.93 x 107,
while in the heterozygous lines it was slightly elevated (7.23 x 107%), but both were two
to three orders of magnitude lower than mutation rates in the mismatch repair-deficient

lines.

Genomic data of complete or nearly complete sequenced genomes offers the possibility
to have the length distribution of all microsatellites in one idealized individual. Calabrese
and Durrett [2003] investigated the dinucleotide repeates in Drosophila and human
genomes and elaborated on models of microsatellite evolution by considering general
slippage processes with uniform point mutation process. The genomic data, together with
mutation accumulation experiments offer the possibility of investigating the spontaneous
mutations. The analysis of such data offers another possibility to estimate direct mutation
rates, and I will summarize some of them in the following paragraphs. One important
conclusion, coming from observations of spontaneous mutations, is that the mutation

process seems to be heterogeneous with respect to loci, repeat types and organisms. This
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makes comparisons between strains and between species extremely difficult. Because
the rate of mutations is primarily dependent upon the number of repeats, it is critical to
recognize that the evolutionary rate for a single locus will change with the size of the
allele. Thus, in an evolutionary tree, a single locus may have rapidly evolving lineages and
slowly evolving lineages. Consequently, choosing microsatellite loci with the appropiate
rate to address a specific evolutionary frame is difficult if the alleles at a locus span a large
size range. The comparison of evolutionary rates and genetic diversity of different species
requires a good understanding of the specific number of repeats in each microsatellite

allele and the diversity of allele sizes.

Caenorhabditis elegans

To study microsatellite mutation rate in C. elegans MA lines, Seyfert et al. [2008] per-
formed a BLASTN search with query sequences of 10 perfect repeating units for each
unique dimer, trimer and tetramer. The largest two loci idetified for each trimer and
tetramer motif were selected for analysis, while the dimers ranged between 14 and 191
repeat units. In total, 29 loci with a large variety of sizes were analysed in a set of 80
MA lines at 140" generation. All the dimer loci assayed had the repeat unit, —GT—,
and, according to the analysis, their mutation rate increased exponentially with repeat
size from, 9.0 x 107 to 1.8 x 1072 per allele per generation. The same correlation was
observed for trimer and tetramer loci, while for several small loci no mutations were
observed. From all 273 mutations, 73% involved changes of more than one repeat. Large
insertions were observed at only one locus, while large deletions occured in dimer loci of
more that 50 repeat untis in length, but not at the largest loci. The microsatellite loci in
C. elegans seem to have a tendency towards lengthening, as there are much more addition
than deletion events, but this balance is reversed if two particular loci are excluded from
the analysis. It is important to note that the microsatellites analysed do not appear to
follow a simple stepwise mutation model. Many of the observed mutations may represent

changes of more that one unit at a time, rather than accumulated single step mutations.

Daphnia pulex

Seyfert et al. [2008] evaluated the dinucleote microsatellite mutation rate in 268 mutation
accumulation lines of D. pulex after 27 generations. The average mutation rate was

1.16 x 10~* per allele per generation for long loci, an order of magnitude higher that the
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average for the short loci (< 30 repeats or less), which was 7.11 x 107 per allele per
generation. Most of the mutations were additions of more than a single repeat. These

average rates are similar to the mutation rates found for the C. elegans MA lines.

Arabidopsis thaliana

Marriage et al. [2009] estimated the rate of mutation per allele per generation for 54
dinucleotide repeats in 96 A. thaliana MA lines at the 30" generation. The average
estimated rate across all loci was 8.87 x 10~% and the majority of mutations were gains or
losses of a single repeat. The mutation rate was heterogeneous across loci and increased
with repeat number. Mutations at longer alleles were more frequently losses than gains.
The authors observed a strong dependency of the mutation rate on repeat unit and initial
length of the locus, suggesting that the average genomic mutation rate depends on the
relative frequency of the various repeat types and on the distribution of allele sizes

segregating in the population.

3.3 Instead of Conclusion

Much of the biology of microsatellites is well described, but only partially understood,
and the evolutionary processes of simple repeats is far from simple. The genetic markers
depend crucially on the underlying mutation processes that generate variation. And
these are still poorly understood. The mutation mechanisms can explain the behaviour

of microsatellite regions only partially. The mutation rates depend on so many factors...

3.3.1 Reasons for This Chapter
or Why This Is Directly Relevant to My Line of Research

In this chapter, I made a rather comprehensive overview of the biology of microsatellites
and their mutation process. It is important to understand the genome biology of these
elements in order to attempt to characterize them in a given species. The definition and
molecular structure of a microsatellite, as shown in Section 3.1, has a great impact on the
algorithms and parameters used during genome mining. Understanding the mutation
process of these sequences is complicated, as they are under several evolution constraints

that depend on many factors. In Section 3.2, I have presented a comprehensive overview
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of this process and I have reviewed several studies that help explain how and whhy the

mutation rate is so heterogenenous.

In my research article, I am describing the microsatellite content of the genomes of
P. pacificus and I am estimating the mutation rate of several loci randomly chosen across
the entire genome, with the help of the mutation accumulation line experimental setup.

This work will be described in detail in Chapter 5.



Aim of the Thesis

The rates and properties of spontaneous mutations are important for many questions in
evolutionary biology. Under neutrality, the rate of molecular evolution is expected to be
equal to the mutation rate, so between-species molecular divergence can be used to date
divergence times of species by assuming clock-like molecular evolution. Conversely, the
rate of molecular divergence at silent sites between species can be used to estimate the
mutation rate. All these require the assumption of neutrality, values for the generation
time and divergence dates of species. Mutation accumulation experiments are an easy
way to study new mutational variation. Using this setup it is possible to directly assess the
mutation rates at various regions in the genomes and calculate the divergence between
strains or species. Self-fertilizing organisms are well-suited for such experiments as it is
possible to create a bottleneck of one individual each generation for multiple generations.
The nematode Pristionchus pacificus (Family: Diplogastridae) is the organism of choice for
this thesis as it has been developed as a model organism in various comparative studies

to Caenorhabditis elegans (Family: Rhabditidae).

The aim of this thesis is to study evolutionary processes at the level of the mitochondrial
DNA and microsatellite loci. These two regions are often assumed under full neutrality,
being, therefore, suited for mutation rate and divergence estimations. With the help
of mutation accumulation lines and several wild strains of P. pacificus, I adressed the

following:

1. What is the mutation rate in the mitochondrial DNA of P. pacificus?
and, related to this,

2. What is the divergence time between wild isolates of P. pacificus?

and,
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. How does the time to the most recent common ancestor correlate with the ecology of

P. pacificus?

. What is the composition and distribution of the microsatellite regions in the genome

of the nematode P. pacificus?

and,

. What are the mutation rates of the different microsatellites of the P. pacificus nuclear

genome?



Part 11

Results and Discussion






Chapter I

Mutation Rates and Intraspecific

Divergence of the Mitochondrial Genome

of Pristionchus pacificus

Ruxandra I. Molnar, Gabi Bartelmes, Iris Dinkelacker, Hanh Witte, and Ralf J. Sommer
Molecular Biology and Evolution, 28: 2317-2326, 2011.

4.1 Synopsis

This study describes the sequence and organization of the mitochondrial genome of
P. pacificus and the mutation spectrum and rates found in the mutation accumulation
line experiment. Using these mutation rates, we estimated the time to the most recent

common ancestor for nine P. pacificus strains, isolated worldwide.

The mitochondrial genome of P. pacificus is a circular molecule of 15,954 bp in length,
well into the size limits of the nematode mtDNAs sequenced to date. Comparing to other
nematodes, the P. pacificus mtDNA has two new features: (i) an intergenic region without
any sequence similarity to any intergenic regions of other nematodes, which is situated
between tRNA-Pro and tRNA-Val, and (ii) a predicted suppressor-tRNA for the codon
UAA, situated in the D-loop, that we think influenced the outcome of the mutations

found.

One hundred MA lines were initiated from the F3 descendents of a single, inbred, wild-
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type strain of P. pacificus. They were propagated for a period of 142 generations, from a
single, randomly selected J3 larva from the middle of the parental reproductive period.
From the original 100 lines, 82 survived until the 142" generation, resulting in a survival

rate of 87.3% per 100 generations.

The entire mtDNA, with the exception of the D-loop, from each MA line was sequenced
and assembled independently. The subsequent calculations are all based on 13, 500 bp in
each of the 82 MA lines at the 1424 generation. Twelve mutations have been observed,
to a total mutation rate fiy = 7.6 (£2.2) x 1078 per site per generation. Seven of these
mutations were base substitutions, yielding the mutation rate for base substitutions at
tps = 4.5 x 1078, Five indels were found in the MA lines, four deletions occured at
T-homopolymeric loci in four different genes and lines, and one insertion at the level of
a non-repetitive sequence. Interestingly, one of the base substitution mutations and all
the indels resulted in a direct premature STOP codon, and, respectively, 2—-3 amino acids
downstream of the mutation. This degree of premature STOP codons with no drastic
effect on the fitness of the MA lines has never been observed until now in other similar

studies.

Time estimates are essential in phylogeographic interpretations of population subdivi-
sions, expansions, migrations, and colonization of new areas. Given that recent studies
on P. pacificus focused on island invasion in one of the biodiversity hotspots, namely
the La Réunion Island, a minimal divergence time between some of the strains collected
there was essential. We used the mutation rate estimates obtained from the MA line
experiment to calculate the divergence between several strains of P. pacificus. These
are the first divergence estimates between different strains of nematodes reported in
literature. The closest strain to our laboratory wildtype strain, P. pacificus California, is
one of the strains from La Réunion island at 2.9 x 10° generations, while the most recent
split occured 2.3 x 10* generations between the strain from Madagascar and another
strain from La Réunion. All three nested models used to estimate the time to the most
recent common ancestor suggested a 10°~10° generations divergence. In laboratory con-
ditions, P. pacificus reaches about 100 generations per year. In contrast, one generation
per year represents the absolute minimum observed after studying the survival rate of
dauer larvae. Furthermore, in nature, P. pacificus nematodes are found in association with
scarab beetles, that are known to have slow life-cycles. Assuming there are between one
and ten generations per year in nature, the divergence between the strains analysed is of
10*-10° years. We prefer, however, to express the divergence times in generations and

not in years.
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4.2 Contributions

All experiments and analyses were carried out by myself, except for the propagation
of the mutation accumulation lines, done by Iris Dinkelacker and Hanh Witte. Gabi
Bartelmes helped with the PCR amplification and sequencing of some of the MA lines
mtDNA. Experiments planning and manuscript preparation were done by myself and my

supervisor Ralf J. Sommer. In total, my contribution to this work was about 70%.






Chapter 5

Tandem repeat patterns and mutation
rates in microsatellites of the nematode

model organism Pristionchus pacificus

Ruxandra I. Molnar, Hanh Witte, Iris Dinkelacker, Laure Villate and Ralf J. Sommer

G3: Genes, Genomes, Genetics, in review.

5.1 Synopsis

This study describes the microsatellite loci present in the genome of P. pacificus, and the
mutation spectrum and rates found in the mutation accumulation experiment. We used

the same set of MA lines as in the mitochondrial study.

The program Tandem Repeats Finder was used to detect the presence of tandemly re-
peated nucleotides, and two data sets were generated. They differ in number of loci found,
due to the stringency parameters. Specifically, in the TRF-loose data set comprised 70, 543
perfect loci, while TRF-strict method contained only 730 loci. For the latter data set, in
detail analysis showed that, in general, CG-rich loci are very few or completely missing,
when compared with AT-rich loci. As the AT content of the P. pacificus genome is about
58%, the theory of random appearance of microsatellite loci from simple sequences pre-
dicts to find the AT repeats to be the most common, followed by AC and AG repeats in
approximate equal numbers, and only few CG loci. This pattern is not followed, however,

by the dimer repeat composition found in the P. pacificus genome, arguing against the
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expectation of cryptic simplicity. In contrast, the tri- to hexanucleotide repeat loci do

follow this expectation, with AT-rich repeats being more abundant than the others.

We estimated the mutation rates of 41 microsatellite loci, with repeat unit sizes of di- to
hexanucleotides, randomly chosen in the genome. Their mutation rate ranges between
8.9 x 107° and 7.5 x 10~* per allele per generation. Although the loci have been chosen
randomly, eight out of ten dinucleotide loci are of the type (AG),,. This correlates with
the general composition of the genome of P. pacificus, that has more AG repeats than
other dinucleotide repeats. The mutation patterns observed in P. pacificus support several
features common in the theory of microsatellite evolution: (a) large loci have, on average,
more mutations than the small ones, (b) imperfect loci are less prone to accumulate
mutations than perfect ones, (c) the mutation process is upwardly biased, as loci tend to

gain units more frequently than they lose units.

Our analysis of the P. pacificus tandem repeat pattern and mutation rates of microsatellite
loci help elucidate the evolutionary forces acting on nematode genomes. The rate and
pattern of mutations observed in the MA lines have implications in the use of microsatel-
lites for inference of genetic history. It is critical to recognize that the evolutionary rate
for a single locus will change with the size of the allele. Thus, choosing a microsatellite
locus with the appropriate evolutionary rate to address a specific evolutionary time frame
requires a careful consideration of allele size ranges. The data presented in this study
provides a catalog for the selection of adequate markers for studying recent and ancient

evolutionary branches of P. pacificus.

5.2 Contributions

I performend all the experiments and analyses carried out in this paper. The propagation
of the mutation accumulation lines was done by Hanh Witte and Iris Dinkelacker. Laure
Villate helped with marker design and microsatellite scoring. Experiments were planned
by myself, Laure Villate and Ralf J. Sommer. The manuscript was prepared by myself and

Ralf J. Sommer. In total, my contribution to this work was about 90%.
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Abstract

Evolutionary reconstruction of the natural history of an organism ultimately requires knowledge about the development,
population genetics, ecology, and phylogeny of the species. Such investigations would benefit from studies of mutational
processes because mutations are the source of natural variation. The nematode Pristionchus pacificus has been developed
as a model organism in evolutionary biology by comparing its development with Caenorhabditis elegans. Pristionchus
pacificus and related species are associated with scarab beetles, and their ecology and phylogeny are well known. More
than 200 P. pacificus isolates from all over the world are available for this cosmopolitan species. We generated mutation
accumulation (MA) lines in P. pacificus to study spontaneous mutation rates in the mitochondrial genome and compared
mutation rate estimates with natural variation between nine representative isolates of the species. The P. pacificus
mitochondrial genome is 15,955 bp in length and is typical for nematodes. Pristionchus pacificus has all known
mitochondrial genes and contains an unusual suppressor transfer RNA (tRNA) for the codon UAA. This has most likely
influenced the spectrum of observable mutations because 6 of 12 mutations found in the 82 MA lines analyzed are
nonsense mutations that can be suppressed by the suppressor tRNA. The overall mutation rate in P. pacificus is 7.6 x 10~ ®
per site per generation and is less than one order of magnitude different from estimates in C. elegans and Drosophila. Using
this mutation rate estimate in a comparison of the mitochondrial genome of nine P. pacificus isolates, we calculate the
minimum time to the most recent common ancestor at 10°~10° generations. The combination of mutation rate analysis
with intraspecific divergence provides a powerful tool for the reconstruction of the natural history of P. pacificus, and we
discuss the ecological implication of these findings.

Key words: mutation accumulation lines, Pristionchus pacificus, mitochondrial DNA, divergence times, Caenorhabditis
elegans.

In a MA line experimental setup, the population suffers
a drastic bottleneck for many generations, assuring that
all but the most deleterious mutations accumulate in
a nearly neutral fashion (Vassilieva and Lynch 1999). Herein,
we have used a MA line experiment in the nematode Pris-
tionchus pacificus and study mutations in the mitochon-
drial genome. We use the frequency of mitochondrial
mutations obtained after 142 generations of inbreeding
in 82 MA lines to interpret the natural variation of the cor-
responding mitochondrial sequences in nine P. pacificus
wild isolates.

Animal mitochondrial genomes differ from nuclear DNA
in many ways, with hypermutability being the most striking
character (Lynch 2007). The mitochondrial DNA (mtDNA)
evolves rapidly in population, and it is usually transmitted
maternally without intermolecular recombination (but see
Zouros et al. 1992; Howe et al. 2010), and therefore, it has
been intensively used for phylogeographic studies (Avise

Introduction

The appearance of new mutations and the analysis of
mutation rates are crucial for any attempt to build a compre-
hensive understanding of the evolution of animal and plant
species (Lynch 2007). In combination with phylogenetics,
population genetics, and ecology, knowledge of mutational
processes can provide the basis for estimating the rate of
molecular evolution, the effective population size, and the
natural history of a given species (Charlesworth 2009). In-
direct estimates of mutational rates depend on levels of
divergence or polymorphisms and assume that mutations
are effectively neutral or need the quantification of diverse
fitness traits in mutation accumulation (MA) line experi-
ments (see e.g, Vassilieva and Lynch 1999; Baer et al.
2005). With MA line experiments, it is also possible to make
direct estimates of minimum mutation rates (Lynch 2010).
These experiments are limited to a small number of exper-

imental model organisms, such as the rhabditid nematodes
Caenorhabditis elegans (Denver et al. 2000, 2004) and
C. briggsae (Baer et al. 2005; Howe et al. 2010), Drosophila
melanogaster (Mukai 1964; Haag-Liautard et al. 2007, 2008),
Daphnia pulex (Seyfert et al. 2008), Arabidopsis thaliana
(Ossowski et al. 2010), Escherichia coli (Barrick et al.
2009), and Saccharomyces cerevisiae (Lynch et al. 2008).

1998) for more than three decades. Usually, mitochondrial
mutation rates are one order of magnitude higher than
mutation rates in the nuclear genome. These high muta-
tion rates resulted in the development of mtDNA as pre-
dominant marker for studies of biodiversity, phylogeny,
and natural variation between populations. Metazoan
mtDNA is usually a circular molecule between 14 and
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Table 1. Mitochondrial Genome Size and Gene Content Overview of Representative Nematodes.

Clade Gene Content

Blaxter ~Megen Noncoding

et al. et al. Nucleotides
Nematode (1998) (2009) Size (bp) (bp)? PCGs tRNAs rRNAs Reference
Pristionchus pacificus \% 9A 15,955 2,772 12 22 + tRNASYP 2 Present study
Caenorhabditis elegans \Y 9A 13,794 575 12 22 2 Okimoto et al. (1992)
Ancylostoma duodenale \Y 9B 13,721 513 12 22 2 Hu et al. (2002)
Necator americanus \Y 9B 13,604 387 12 22 2 Hu et al. (2002)
Steinernema carpocapsae \" 10A 13,925 696 12 22 2 Montiel et al. (2006)
Strongyloides stercoralis v 10B 13,758 575 12 22 2 Hu et al. (2003)
Meloidogyne javanica v 12B 20,565 7,000 12 22 2 Okimoto et al. (1991)
Radopholus similis® v 12B 16,791 3,904 12 22 2 Jacob et al. (2009)
Onchocerca volvulus n 8B 13,747 357 12 22 2 Keddie et al. (1998)
Ascaris suum n 8B 14,284 1,048 12 22 2 Okimoto et al. (1992)
Trichinella spiralis® 1 2A 21,000-24,000 8,098-10,098 13 22 + tRNAMe? 2 Lavrov and Brown (2001)
Xiphinema americanum® | 2C 12,626 305 12 17 2 He et al. (2005)

NoTe.—PCG, protein-coding genes.

* Sum of the bp included in the D-loop and other noncoding nucleotide regions longer than 10 bp.

® UAA-tRNASTP to UAA-tRNA™" reassignment
€ The mtDNA s transcribed bidirectional.

42 kb containing 36-37 genes, including 12-13 protein-
coding genes for the various subunits of the enzyme com-
plexes of the respiratory chain, two ribosomal RNA (rRNA)
genes, and 22 transfer RNA (tRNA) genes (Wolstenholme
1992). Despite this generally conserved organization, there
is substantial variation in size, which is attributable to dif-
ferences in the noncoding regions. The mtDNA contains at
least one large noncoding region called the D-loop, or con-
trol region, which contains the origin of replication of the
DNA molecule. Nematode mitochondrial genomes are very
compact and contain relatively short rRNA molecules and
truncated tRNAs (table 1). The 45 complete nematode
mtDNAs sequenced to date show a large proportion of var-
iability: The gene atp8 is absent from all the mtDNAs of
sampled nematodes, except one species, Trichinella spiralis
(Lavrov and Brown 2001); Globodera pallida presents a mul-
tipartite mitochondrial genome (Armstrong et al. 2000);
pseudogenes are present in C. briggsae (Howe and Denver
2008); and repeated genes are present in the mitochondrial
genome of Romanomermis culicivorax, which also exhibits
an exceptionally large mtDNA of 26-32 kb (Hyman and
Azevedo 1996).

The diplogastrid nematode P. pacificus has been devel-
oped as a model system in evolutionary biology based on its
short generation time, hermaphroditic, predominantly self-
ing mode of reproduction, easy laboratory culture, and
other technical advantages, which allow a detailed compar-
ison with C. elegans (Sommer et al. 1996; Hong and Sommer
2006). With the availability of forward and reverse genetics
and DNA-mediated transformation (Schlager et al. 2009),
functional studies of many biological processes are feasible.
Original work concentrated on evolutionary developmen-
tal biology (evo-devo), more specifically on the signaling
pathways involved in the development of the vulva (Zheng
et al. 2005; Tian et al. 2008). More recent studies on
P. pacificus extend to other areas in evolutionary biology
with the aim to link evo-devo with population genetics
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and ecology (Sommer 2009). Phylogenetic studies have ro-
bustly inferred the position of P. pacificus within the family
Diplogastridae (Mayer et al. 2009) and within the genus
Pristionchus (Mayer et al. 2007).

Ecological studies in Pristionchus have shown that these
nematodes live in close association with scarab beetles
(Herrmann et al. 2006a). Strains of P. pacificus have been
found on Exomala orientalis (Oriental beetle) in Japan and
the United States (Herrmann et al. 2007) and, more re-
cently, on Oryctes borbonicus (Rhinoceros beetle) and
other scarab beetles on La Réunion in the Indian Ocean
(Herrmann et al. 2010). A collection of more than 200
P. pacificus isolates from around the world is currently
available for laboratory study. To provide a better account
of the natural history of P. pacificus, we compared the
mtDNA of nine P. pacificus strains and combined this
knowledge of mitochondrial genetic variation with MA
line—derived mutation rate estimates. We evaluate the mu-
tation rate in the MA lines and derive dates of divergence
by applying the internal molecular clock calibration to sub-
stitution rates inferred for the mitochondrial genome of
the P. pacificus strains.

Materials and Methods

Strains
A list of all P. pacificus strains used in this study is provided
in table 2.

MA Lines

MA lines were generated as depicted in figure 1, following
the protocol of Vassilieva and Lynch (1999), from a single
individual of the wild-type P. pacificus strain from California
(PS312). Worms were cultured at 20 °C on nematode
growth medium seeded with E. coli as a food source, as orig-
inally described for P. pacificus (Sommer et al. 1996). This
line has been maintained in the lab for many generations
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Table 2. Strains of Pristionchus pacificus Used in This Study.

Sample Location Year Sample Type Reference
PS312 Pasadena (California), USA 1988 Soil Sommer et al. (1996)
RS5416 Saint Benoit, La Réunion 2009 Maladera affinis Herrmann et al. (2010)
RS5211 Japan 2006 Exomala orientalis Herrmann et al. (2010)
RS5282 Antalya, Turkey 2007 Soil Herrmann et al. (2010)
JU150 Antananarivo, Madagascar 1999 Soil Zauner and Sommer (2007)
RS5399 Trois Bassins, La Réunion 2009 Oryctes borbonicus Herrmann et al. (2010)
RS5361 Nez du Boef, La Réunion 2010 Soil Herrmann et al. (2010)
RS5275 Santa Cruz, Bolivia 2006 Scarab beetles Hong et al. (2008)
RS5340 Basse Vallé, La Réunion 2008 Adoretus sp. Herrmann et al. (2010)

before the experiment. We initiated the experiment by es-
tablishing 100 clonal lines from a single hermaphrodite that
was inbred for three generations. Each MA line was prop-
agated across 142 generations as a single randomly picked
L3 stage worm from the middle of the reproductive period
of the previous generation. Two previous generations for
each line were kept at 15 °C in order to prevent accidental
loss of the lines. From the original 100 lines, 82 survived
until the 142nd generation. All the lines were frozen at
generations 1, 27, 70, and 142.

DNA Extraction, Amplification, and Sequencing

For each MA line, we prepared genomic DNA from two
plates of worms using worm lysis buffer (50 mM KCl,
10 mM Tris=HCl pH 8.3, 25 mM MgCl,, 0.45% NP-40,
0.45% Tween-20, and 5 ug/ml proteinase K) and incubated
the suspension for 2 h at 65 °C, followed by inactivation of
the proteinase K at 95 °C for 10 min. The DNA was diluted
to approximate 25 ng/ ul for the polymerase chain reactions
(PCRs). The entire mtDNA (except the D-loop) was ampli-
fied from total genomic DNA following two procedures: 1)
small amplicons (500-1,000 bp) in 20 ul reactions using
Taq (New England Biolabs) and 2) long amplicons
(2,500-3,000 bp) using Expand Long Range dNTPack
(Roche). A list of primers is available in supplementary
table S1, Supplementary Material online. If necessary, addi-
tional primers were used to ensure reliable amplification of
the entire mtDNA. The small amplicons were sequenced
with the PCR primers using a ABI3730x! capillary platform.
We used the software SeqMan from DNAStar Inc. to
visualize the trace files, align the trace files, and assemble
the mtDNA for each line independently. The long PCR

products were visualized on 1.5% agarose gels to ensure
amplification success and screen for large heteroplasmic
deletion events. For the P. pacificus strains, we prepared
DNA from ten worms in 20 ul of lysis buffer with 160 ul
final volume of DNA, which was diluted 1:3 in the PCR re-
actions. We used PCR primers designed for the MA lines.

Sequence Analyses

We assembled all the generated sequences independently
for each MA line and strain using SeqMan (DNASTAR, Inc.).
All the trace files were visually inspected. Each single nu-
cleotide polymorphism or indel in the MA lines was called
if two independent PCR reactions verified the change. MA
line base substitutions were marked as heteroplasmic if
there was any evidence of the original progenitor base pres-
ent in the chromatogram data. The frequencies of the mu-
tant bases were estimated using the comparative peak
height approach applied previously for the analysis of
D. melanogaster MA line mtDNA divergence (Haag-Liautard
et al. 2008). In all cases, the correction was carried out on
both strands, and the frequencies averaged. All the
assembled mitochondrial genomes were aligned using
MUSCLE (Edgar 2004). The protein-coding genes of
P. pacificus mtDNA were assigned according to the
open-reading frames in SeqBuilder (DNASTAR, Inc.), set
for the invertebrate mitochondrial codon table, and by
multiple alignments using C. elegans and Ascaris suum mi-
tochondrial genes for determining the initiation and termi-
nation codons. Nineteen of the 22 tRNA genes were
identified by tRNAscan-SE 1.21 (http://lowelab.ucsc.edu/
tRNAscan-SE/) (Lowe and Eddy 1997) using the nematode
mitochondria as source, strict search mode, and cove score

G1 G27 G70 G142

MAC001 --> MAC001 --> MACO001 ----> MACO001

P. pacificus PS312 MAC002 --> MAC002 --> MAC002 -------3 > MAC002
Ancestral line f 82 MAC Lines

MAC100 --> MAC100 --> MAC100 ------ > MAC100

Preserved

ancestor

/Control

Fic. 1. Schematic representation of the experimental set up for the MA lines. 100 progeny from a single virgin hermaphrodite were used to start
the experiment. At generations G1, G27, G70, and after the final generation G142, worms were frozen down to preserve the genomes of the

mutated lines. A total of 82 lines survived the experiment.
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cutoff of 20. With the cove score of 42.6, the tRNA™" has
the highest cove score and the ones with the lowest scores
are the tRNA™8 with 23.1 and tRNA®? with 20.6. The sec-
ondary structures were determined in tRNAscan-SE. The
remaining tRNA genes (tRNA% N (RNASACN) 3nd
tRNA"®) were found based on alignments with the ex-
pected regions of the C. elegans mtDNA. The two rRNA
genes were detected according to alignments with the
C. elegans rRNA genes. The analyses of the pairwise com-
parison for the protein-coding genes in the intraspecific
studies were performed using DnaSP v.5.10.01 (Librado
and Rozas 2009), with the genetic code set to correspond
to nematode mtDNA.

Mutation Rate Estimates

Mutation rates (per site per generation) were calculated as
u = m/(Lnt), and standard errors as [,u/(Lnt)]”z, where m is
the number of mutations, L is the number of lines, n is the
number of base pairs analyzed per line, and t is the time in
generations, as previously described (Denver et al. 2000).
Heteroplasmy was inferred from the peak height and
the frequencies calculated following equation (1) from
Haag-Liautard et al. 2008. Taking this into account, we
use equation (2) from Haag-Liautard et al. 2008 to estimate
the overall mutation rate. We consider all mutations
equally likely because the available number of mutations
obtained in the MA line experiments does not yet justify
to select any of the differential mutational models over any
other model.

TMRCA Estimations
We used BEAST v1.6.1 (Drummond and Rambaut 2007) to
estimate divergence times from the coding region of
mtDNA data set for P. pacificus strains. We analyzed the
data in three ways: 1) by third codon position, 2) parti-
tioned according to codon position, and 3) by the entire
coding region. The third codon data set consisted of
3,417 sites. For the partitioned data set, we created two
alignments, one consisting of only the first and second co-
don positions (6,834 sites) and another one containing only
the third codon position (3,417 sites). This is a proxy for the
codon-based models that incorporate information about
the genetic code (Shapiro et al. 2006). For the entire coding
region, we used all 10,251 sites. For all alignments, we used
the Bayesian Inference Criterion (Kass and Raftery 1995) to
estimate the best-fitting model in jModelTest 0.1.1 (Guin-
don and Gascuel 2003; Posada 2008). All calculations were
made assuming a strict molecular clock on all branches.
The taxon sets and implicitly the nodes for the diver-
gence calculations were selected based on previously avail-
able information from two mitochondrial genes nad6 and
nad4l (Herrmann et al. 2010). For the divergence estima-
tions, we allowed BEAST to infer topology of the trees.
We included two speciation process models, birth—death
(Gernhard 2008) and pure Yule process. We used Bayes
factor as implemented in Tracer v1.5 (Drummond and
Rambaut 2007) to select the best-fitting model under
smoothed marginal likelihood estimate and with 100
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bootstrap replicates (Suchard et al. 2001). In all cases,
the birth—death was preferred by the Bayes factor analysis.
Runs were initiated on random starting trees. A total of five
independent runs of 10 million generations each were per-
formed locally, sampling every 1000th generation, for each
of the data sets. Convergence was assessed with Tracer v1.5.
After discarding the first 1,000 samples as burn-in, the trees
and parameter estimates from the five runs were combined
using LogCombiner v1.6.1. The results were considered re-
liable once the effective sampling size of all parameters was
above 100. Using TreeAnnotator v1.6.1 (Drummond and
Rambaut 2007), the samples from the posterior were sum-
marized on the maximum credibility tree, with the poste-
rior probability limit set to 0.5 and summarizing mean
node heights. These were visualized using FigTree v1.3.1
(Drummond and Rambaut 2007). Means and 95% higher
posterior densities of age estimates were obtained from the
combined outputs using Tracer v1.5.

Results

MA Lines

To provide the basis for mutation rate and divergence time
estimates in P. pacificus, we generated MA lines in the
strain PS312 from Pasadena (California, USA) (Sommer
et al. 1996). This strain has been selected because it has
been characterized in great detail and has been used as
“wild-type” strain for all the developmental biology work
carried out in the lab (Zheng et al. 2005; Tian et al.
2008). In addition, P. pacificus PS312 was sequenced with
9X coverage, and transcriptome and proteome date are
available (Dieterich et al. 2008; Borchert et al. 2010). We
initiated 100 MA lines of which 82 survived the 142 gen-
erations of single progeny propagation, giving a survival
rate of 87.3% per 100 generations (fig. 1). In C. elegans,
87.8% of the MA lines survived for 100 generations, indi-
cating a similar survival rate as observed in P. pacificus
(Denver et al. 2000). From now on we refer to the MA lines
of P. pacificus California as mutation accumulation lines
California (MAC lines).

Mitochondrial Genome of P. pacificus

The mitochondrial genome of P. pacificus is 15,954 bp in
size and is similar to other known nematode mitochondrial
genomes (table 1 and fig. 2). It contains 12 protein-coding
genes, two rRNAs, and 22 predicted tRNAs, ranging from
53 bp (tRNA*"N) t0 63 bp (tRNAY*) in length. All genes
are transcribed unidirectionally from the coding strand,
which has an asymmetrical nucleotide composition of
44.0% T, 32.2% A, 14.9% G, and 8.9% C. The high AT com-
position is also reflected at the level of the individual genes,
where nad?2 is 82.8% AT, whereas cox1 is only 70.2%, these
being the extremes encountered in the mtDNA of P. pacif-
icus. Almost one-sixth of the genome is noncoding, com-
prising two large regions, the D-loop of 2,222 bp (76.33%
AT) and a second region of 425 bp (75.76% AT), situated
between tRNA*P and tRNA®Y. Other small intergenic
regions are found, the biggest being the 66 bp region,
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Pristionchus pacificus

mtDNA
15955bp

Fic. 2. Overview of the organization of the circular mtDNA of
Pristionchus pacificus. The genes are colored according to the reading
frame with red, green, and blue representing the first, second, and
third reading frame, respectively, and s-rRNA and |-rRNA are
represented in yellow. The tRNA genes, called by their amino acid
symbol (Sup: Suppressor tRNA), are represented with white
rectangles. Numbers at the inner periphery of the ring represent
noncoding or overlapping nucleotides between neighboring genes.
Numbers at the outer periphery indicate the length in base pairs. The
incomplete termination codons are symbolized by the asterisk (*); 6,
4L, and 3 represent the genes nad6, nad4l, and nad3, respectively.

between tRNA"® and tRNAY? and a 51 bp region between
nad4 and cox1 (fig. 2). In P. pacificus, only 17.9% of the
D-loop sequence consists of repeated sequences, contrary
to C. elegans, where 55.4% of the D-loop sequence consists
of different types of repeats (Okimoto et al. 1992). Specif-
ically, in the case of P. pacificus, there is a run of 20 AT di-
nucleotides repeated in tandem. In addition, there are two
repeats consisting each of 68, 27, and 12 nt, respectively,
and two inverted repeats of 22 and 15 nt, respectively.
The mtDNA of P. pacificus has two characteristic fea-
tures. First, the intergenic region situated between tRNA""™
and tRNAY?, where Blast searches do not identify any ho-
mologous sequences. It is formed by a series of T:A and A:T
homopolymeric stretches with a maximum of ten repeated
nucleotides, but no microsatellite-like (di-, tri-, and tetra-
nucleotide repeat) sequences have been identified. Second,
the presence of a suppressor tRNA for the codon UAA, sit-
uated within the D-loop (fig. 2). The predicted folding of
this suppressor tRNA, based on the tRNAscan-SE 1.21 soft-
ware (Lowe and Eddy 1997), suggests this tRNA to have the
typical truncated shape of nematode tRNAs (supplemen-
tary fig. S1, Supplementary Material online), although Blast
search fails to identify any homologous sequence. The or-
igin of this tRNA is unknown, but part of its sequence can
be explained by two tandemly repeated sequences of 14 nt
followed by two incomplete repeats of the same kind. UAA
encodes a STOP codon in all the protein-coding genes in
the P. pacificus mitochondrial genome, except for those
genes that finish with an incomplete codon of a single

U (nad4l or nad5) or a UA dinucleotide (nad2 and
cox3), that are possibly completed after polyadenylation
(Ojala et al. 1981). As initiation codons, four of the six
known possible alternatives are used in P. pacificus: AUU
(nad4l, nad1, atp6, cox3, nad3, and nads), AUA (nadé,
cyt b, and cox1), UUG (nad2 and nad4), and AUC (cox2).

The coding region of the mtDNA of P. pacificus consists
of 3,417 codons, 45.3% are composed only of the nucleo-
tides T and A, and in 73.9% of the codons contain at least
one T or A. The most frequently used codon is UUU
(11.7%), whereas the most abundant amino acid is leucine
(14.5%). Of all the codons specifying leucine, 70% are UUA,
the only leucine codon to contain only U and A. The least
frequently used amino acid is arginine (0.9%). In general,
the analysis of the relative synonymous codon usage shows
that within each family, the codons with the highest con-
tent of A and U are preferred in the P. pacificus mitochon-
drial genome. Three codons are not used at all: GCG
(alanine), CUC (leucine), and CGC (arginine), which are
the most CG-rich codons of the families.

Mutation Rates and Spectrum

We made a direct estimate of the mutation rate in the mi-
tochondrial genome in P. pacificus MA lines by sequencing
13,500 bp in 82 MA lines at 142nd generation. Among
the 1,107,000 bp sequenced, we observed 12 mutations
(table 3) resulting in a total mutation rate fo, = 7.6 X
10~ (£2.2 x 10~®) per site per generation.

Seven of these mutations were substitutions (table 3A),
yielding a direct estimate of the mitochondrial mutation
rate for base substitutions u,, = 45 X 10°° (£1.7 x
10~®) per site per generation. This rate is lower than
(but not significantly different from) the equivalent data
for C. elegans of 9.7 x 10 per site per generation (Denver
et al. 2000), C. briggsae (7.2 x 10~ % or 1.1 x 10”7 per site
per generation depending of the strain used in the exper-
iment) (Howe et al. 2010), and the mutation rate reported
for D. melanogaster (mean mutation rate 6.2 x 10 ° per
site per generation) (Haag-Liautard et al. 2008). The seven
base substitutions found in the MA lines of P. pacificus oc-
curred at different positions in the genome and in seven
different lines, which suggests that there is no mutational
hot spot in the nucleotides analyzed and that none of the
lines is particularly predisposed to mitochondrial muta-
tions. The mutation rate calculated for all mutations except
the ones associated with repetitive sequence is 3.2 x 10~°
per site per generation (table 3A and B), which gives a mean
number of mutations per line of 0.0609. Assuming a Poisson
distribution, the expected number of lines with 0, 1, or 2
mutations is 77, 5, and 0, respectively. These values are al-
most identical to the observed numbers, where the number
of lines with 0, 1, or 2 mutations are 71, 10, and 1, respec-
tively, supporting the fact that there are no mutational hot
spots, nor contamination. We found five transitions and
two transversions (table 3), a ratio that agrees with mtDNA
evolution, as observed at the intra- and interspecies level
and characterized by a strong bias toward transitions (A:T
to G:C and C.G to T:A) (Denver et al. 2000).
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Table 3. Mutations in the Mitochondrial Genomes of the Mutation Accumulation Lines.

Line Position Mutation Gene Effect

A: Base substitution mutations

MAC55% 1,631 AT — GC s-rRNA

MAC62? 2,834 GG — TA atp6 Pro — Leu

MACO04 3,781 TA — AT nad2 Leu — STOP

MAC30? 3,840 CG — TA nad2 Silent

MAC24 4,587 AT — GC cyt b Silent

MACO06 11,636 GC — TA l-rRNA

MAC16 12,993 T:A — CG nad5 Silent

B: Indels

MAC27 5,199 +1TA cyt b Trp — Cys + premature STOP
C: Homopolymer mutations

MAC19 263 (T:A)s — (T:A), nadé6 Leu — Trp + premature STOP
MAC78 6,336 (T:A)g — (T:A)s cox3 Phe — Leu + premature STOP
MAC74 7,009 (T:A)g — (T:A)s nad4 Phe — Leu + premature STOP
MAC16 12,351 (T:A)s — (T:A)¢ nad5 Val — Cys + premature STOP

Note.—Positions denoted are with respect to the progenitor mtDNA sequence. MAC, MA lines California.

? Heteroplasmic mutations.

In addition to the seven base substitutions, we found
five insertion—deletion (indel) mutations, yielding the indel
mutation rate at finget = 3.2 X 10°° (1.4 x 10 %), and
four of them were associated with T:A homopolymeric nu-
cleotide runs. Surprisingly, the longest homopolymers (9-
11 bp T:A homopolymers) seem to be very stable in all the
MA lines, regardless of their position in the mtDNA. The
longest homopolymeric stretch mutated in P. pacificus is
(T:A)g — (T:A),, situated in the nadé6 gene. All the indel
mutations are predicted to change the coding function of
the respective genes (table 3B and C). Specifically, a single
base pair insertion in a stretch of five T:A residues resulted
in a premature STOP codon (one amino acid upstream the
mutation) and reduced the NADH dehydrogenase subunit
5-87 amino acids lacking the conserved domain. Single
base pair deletions occurred in a stretch of eight residues
in the nad6 gene and in a stretch of six residues each in cox3
and nad4, all three of which resulted in premature STOP
codon. One single base pair insertion occurred in a region
without any type of repeat in the cyt b gene, resulting in an
amino acid change and a premature STOP codon. In addi-
tion to these five mutations, one of the base substitution
mutations (T:A to A:T in the line MACO04) resulted in a di-
rect STOP mutation (table 3) in the nad2 gene. Thus, 6 of
the 12 mutations resulted in STOP codon mutations. The
amount of viable mutations leading to premature STOP
codons in P. pacificus MA lines is substantially higher than
in C. elegans and Drosophila but similar than in C. briggsae.
We speculate that the presence of the suppressor tRNA has
influenced the spectrum of viable mutations in this organ-
ism (see Discussion).

The segregation of mitochondrial genomes allows for
heteroplasmy, a phenomenon observed in multiple species.
In P. pacificus, heteroplasmic sites were detected at three
positions, all of them being single base pairs sites (table 3A).
This differs from C. briggsae, where large heteroplasmic de-
letions have been found (Howe et al. 2010). The frequency
of the heteroplasmic sites in P. pacificus were 0.4 for the
MAC55 and MACG2, respectively and 0.3 for MAC30. Using
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these corrections, the total mutation rate is 6.4 x 10~° per
site per generation, a value that is in the error interval of
our calculations.

Strains

To study the genetic variation in the mtDNA of P. pacificus
wild isolates, we have selected eight representative strains
based on the available material from around the world to
compare it to PS312 (table 2) (Herrmann et al. 2010). We
amplified the entire mtDNA except for the D-loop for each
strain with primers designed on the reference strain and
then calculated the nucleotide differences relative to P. pa-
cificus PS312. In the metazoan mtDNA, the D-loop is con-
sidered to be the most variable region, in addition to having
a high AT content, making it very hard to amplify. We have
been unable to amplify the D-loop from the other strains,
even by using multiple alternative PCR primer sets. For all
P. pacificus strains, the mtDNA coding region sums up to
10,281 bp, with very little variation in the AT content, at
both the level of the entire coding region and the level of
individual genes. The codon usage is similar between the
tested strains with only a few exceptions: GCG (arginine)
is used in all the strains except RS5361 and RS5211, the
strain RS5340 is the only one that uses the codon CTC (leu-
cine), and RS5275 is the only one that uses CGC (arginine).
The genes nad4l, nad2, cox3, and nad5 end with incom-
plete STOP codons in all the strains indicating that this
feature of the P. pacificus mtDNA is conserved between
wild isolates.

The comparison of synonymous and nonsynonymous
changes between the different strains of P. pacificus (table
4) suggests that the strain RS5416 from the island of La
Réunion is most closely related to PS312 with 165
(1.6%) synonymous and 30 (0.3%) nonsynonymous
changes. The most distantly related strain is RS5399, also
from La Réunion, with 482 (4.7%) synonymous and 45
(0.4%) nonsynonymous changes. These findings support
the original observation of an unusually high genetic diver-
sity of P. pacificus strains found on the island of La Réunion
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(Herrmann et al. 2010). More general, these findings pro-
vide strong evidence for purifying selection with a magni-
tude similar to that reported for C. elegans and C. briggsae
natural isolates (Howe and Denver 2008).

To obtain first insight into minimal divergence time es-
timates in P. pacificus, the information on the genetic var-
iation in the mtDNA of wild isolates can be related to the
mutation rate estimates from the MA line experiment. For
the Bayesian analysis of the P. pacificus strains, we consid-
ered the first and second codon positions separately from
the third codon position. We analyzed the data set in mul-
tiple ways and compare divergence time estimates ob-
tained from three different procedures (see Materials
and Methods). In a first approach, we only considered
the third codon position, assuming complete neutrality
(Cutter 2008). Considering the near absence of selection
in the MA lines, we have used the overall mutation rate
of 7.6 x 10~ % per site per generation for this analysis. In
a second model, we partitioned the data set into two align-
ments composed of the first and second codon position
together and, separately from that, the third codon posi-
tion. This approach has the advantage of not eliminating
the neutral mutations at the first and second codon posi-
tions. In a third model, we considered the entire coding
region of the mtDNA.

The analysis at the third codon position yielded a point
estimate of the time to the most recent common ancestor
(TMRCA) for PS312 and its closest relative, RS5416 from La
Réunion, of 2.9 x 10° generations (fig. 3). The most recent
split occurred between the strain JU150 for Madagascar
and RS$5399 also from La Réunion, 2.3 X 10° generations
ago. The divergence times of the other nodes show that
the deepest analyzed divergence between the different
strains of P. pacificus was 1.2 x 10° generations ago. Using
the entire coding region or data partitioned by codon po-
sition does not significantly change the divergence time es-
timates (fig. 3B). For example, estimates based on the
second model predict the divergence between PS312
and RS5416 to be 2.3 x 10> generations and the deepest
split among all strains to be 1.1 x 10°. Taken together, the
divergence time estimates under these three models do not
change significantly resulting in consistent relationships
among strains and suggest a TMRCA at 10°-10° genera-
tions (fig. 3B).

Discussion

In this study, we provide mutation rate estimates of the
mitochondrial genome of P. pacificus after 142 generations
of inbreeding in 82 MA lines and compare these data with
the genetic variation of the mtDNA of nine P. pacificus
strains. The P. pacificus mitochondrial genome is 15,954
bp in size and is typical for nematodes, the difference
in size resulting from the length of the noncoding regions
(table 2). Almost one-sixth of the genome is noncoding,
comprising two large and a number of small intergenic re-
gions, from which, of additional importance, is the 51 bp re-
gion between nad4 and cox1. This seems to be homologous
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29 34 10.7 23 6.0 44 109 120

95% HPD
D 25 30 94 19 52 39 93 110

95% HPD
upper 34 40 125 28 6.9 5.1 124 130

1) Partitioned by codon position
23 238 94 1.7 5.6 44 107 112

95% HPD
WD 18 22 83 1z 48 37 93 104
95% HPD
Tl 29 34 L1 21 64 51 122 122
1) Coding
12 14 43 09 24 18 45 47
95%HPD 16 12 37 07 21 15 39 43

lower

95% HPD
el 14 16 50 11 27 20 50 S

Fic. 3. Phylogenetic relationship of Pristionchus pacificus isolates and
time to the most recent common ancestor. (A) Phylogenetic
relationship of the nine P. pacificus isolates based on the coding
sequence of the mtDNA. The scale indicates the time in
generations. The letters in the phylogram indicate the nodes for
divergence calculations. (B) TMRCA for all eight nodes in
generations. Calculations are based on 1) the third codon position,
2) the data set partitioned by codon position, and 3) the entire
coding region. In bold are numbers represented in A.

to a region that in C. elegans has 109 bp, in A. suum, 117 bp
(Okimoto et al. 1992), and in Steinernema carpocapsae, 44
bp (Montiel et al. 2006), located in the same boundaries in
all species. Also, it can be folded in a hairpin structure with
a run of four Ts in the loop. Such hairpin structures have
been found in the noncoding regions of mtDNAs of other
species, and in human and mouse, it has been shown to be
the initiation sites of the synthesis of the second (L) strand
of the molecule (Chang et al. 1985).

Although P. pacificus contains all known mitochondrial
genes, the presence of a suppressor tRNA for the codon
UAA is unusual. The presence of such a suppressor tRNA
has most likely influenced the spectrum of observable mu-
tations in the MA line experiments. Of the 12 obtained
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Table 4. Pairwise Differences Between the Strains and Genes of Pristionchus pacificus Used in This Study.

Nonsynonymous/Synonymous Differences Relative to PS312

Length (bp)

Genes in P. pacificus PS312 RS5416 RS5211 JU150 RS5399 RS5282 RS5340 RS5275 RS5361
nadé6 435 3/8 3/9 4/19 5/19 9/19 8/20 5/21 6/19
nad4L? 232 1/3 1/3 1/10 2/9 0/8 0/7 0/9 3/12
nad1 876 1/12 1/11 0/21 1/24 3/41 2/38 2/42 4/42
atp6 600 1/5 0/2 2/7 1/6 2/22 0/21 0/16 0/17
nad2* 845 3/13 5/14 6/32 7/32 4/51 4/47 5/49 4/44
ct b 1,104 2/13 5/14 5/34 5/44 6/34 5/38 3/45 6/40
cox3? 767 0/16 0/16 1/28 1/29 1/31 0/36 1/39 4/38
nadé4 1,230 3/17 3/21 7151 6/52 5/54 6/59 5/55 4/52
cox1 1,578 0/31 0/34 1/57 1/60 0/60 0/73 1/75 1/76
cox2 696 0/12 0/17 1/24 1/26 1/21 0/29 0/35 2/27
nad3 336 0/17 0/6 1/14 1/15 2/13 0/12 1/14 4/9
nads® 1,582 7/28 5/29 5/95 7/95 5/97 8/96 6/93 7/106
Total 10,281 30/165 23/176 34/392 38/411 38/451 33/476 29/493 45/482
%AT® 75.93 75.86 75.84 75.62 75.62 75.85 75.92 75.97 75.39

# Incomplete STOP codon.
® Calculated only for the protein-coding regions.

mutations, six result in nonsense mutations, all of which
can be suppressed by the suppressor tRNA. In C. elegans
in comparison, similar MA line experiments resulted in
the identification of 26 mutations after 214 generations
in 74 MA lines, but only four of these mutations resulted
in a premature STOP codon. However, given the small
number of total mutations, it remains unclear if the values
observed in P. pacificus and C. elegans are statistically dif-
ferent from one another. Considering the number of mu-
tations, P. pacificus has nearly three times as many
nonsense mutations than expected. From the C. elegans
data set (Denver et al. 2000) of four nonsense mutations
in a total of 26, only two nonsense mutations would have
been expected for P. pacificus. In contrast, the number of
expected and observed mutations in P. pacificus is the same
when considering the number of nucleotides scanned;
based on the four nonsense mutations in C. elegans from
10,428 bp in 74 lines, the expected number in P. pacificus
from 13,500 bp in 82 lines would be six. Although the sta-
tistical significance of the different number of nonsense
mutations remains open, we speculate that the P. pacificus
nonsense mutations did not result in a lethal phenotype
and were not subject to purifying selection. Thus, the pres-
ence of a suppressor tRNA apparently influenced the type
and number of mutations that have been accumulated in P.
pacificus MA lines. It should be noted however, that no pre-
mature STOP codons have been found in the mtDNA
genes of the P. pacificus natural isolates, which argues
for presumptive fitness affects under natural conditions.
The P. pacificus MA line—derived mutation rate is 7.6 X
108 (+2.2 x 10~®) per site per generation, different than
the values found in C. elegans (Denver et al. 2000) or in C.
briggsae (Howe et al. 2010). However, the differences
among these nematodes are not statistically significant. Re-
cent studies indicated that mutation rates might vary ac-
cording to the genetic background (Howe et al. 2010).
Although this observation influences the estimation of di-
vergence times, the real consequences cannot currently
be evaluated. Future studies can reveal if features of the
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mitochondrial genomes of C. elegans and P. pacificus also
hold true for nuclear genomes. One advantage of MA line
experiments is that the resulting lines can be analyzed for
multiple traits nearly indefinitely, making them a powerful
tool for evolutionary investigations.

One major aim of this study was to relate genetic var-
iation in wild isolates to the mutation rate estimates from
MA lines in order to obtain first insight into minimal di-
vergence times in P. pacificus (fig. 3). The divergence time
estimates derived from the three tested models show con-
sistent relationships among strains and suggest a minimal
divergence of 10°~10° generations. The number of gener-
ations that P. pacificus produces in nature each year de-
pends on several biological and ecological parameters.
From a theoretical perspective, this number might vary be-
tween 1and 100 generations per year, with 100 generations
representing the maximum number of generations that
can be produced under optimal growth conditions when
worms go through a direct life cycle without entering the
arrested dauer stage (Sommer et al. 1996). In contrast, one
generation per year represents the absolute minimum,
which we have observed by studying the survival rate of
P. pacificus dauer larvae (Mayer and Sommer 2011). Several
considerations favor the hypothesis that the actual number
of generations of P. pacificus per year is closer to our lower
theoretical estimate than to the maximum number of gen-
erations that is observed in the laboratory. First, our field
studies indicate that Pristionchus nematodes occur on
scarab beetles exclusively in the arrested dauer stage
(Weller et al. 2010). Second, we have no evidence that Pris-
tionchus would reproduce on the living beetle; rather, they
wait for the beetle’s death in the dauer stage. Therefore, we
assume that there is only one Pristionchus generation on
a particular beetle (Herrmann et al. 2006a, 2007). Third,
most scarab beetle species have very slow generation times,
for example, the P. pacificus host E. orientalis in the USA
and Japan has an annual life cycle (Herrmann et al
2007). Fourth, our limited data on the soil reservoir of Pris-
tionchus nematodes, which are based on studies in German
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forests, also indicate that the majority of Pristionchus nem-
atodes found in nature are in the dauer stage (Weller AM,
Sommer RJ, unpublished observation). Finally, although our
experimental work so far only provided evidence for a nec-
romenic association with scarab beetles, we can formally
not rule out that under certain conditions, P. pacificus
might have a phoretic relationship with these beetles.

Assuming a number of one to ten generations per year,
the data provided in this study would suggest that the di-
vergence between the nine analyzed strains of P. pacificus is
somewhere between 10°~10° years. Considering a fairly com-
plete sampling of major groups of haplotypes within the spe-
cies, these estimates might represent the most basal
divergence within P. pacificus. This number is consistent with
the available molecular phylogeny (Mayer et al. 2007, 2009)
as well as with the spectrum of beetle hosts, and the bio-
geography of islands that P. pacificus is found on (Herrmann
et al. 2006a, 2006b, 2007, 2010). Further insight and confir-
mation of the natural history of the P. pacificus require the
identification and characterization of a closely related sister
species, an endeavor that is still ongoing.

Supplementary Material

Supplementary table S1 and figure S1 are available at Mo-
lecular Biology and Evolution online (http://www.mbe
.oxfordjournals.org/).
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Genome of Pristionchus pacificus

Supplementary Table 1. PCR primers used for P. pacificus mtDNA amplification

PCR fragment Primer name and sequence
ND6-4L 2 GAACTATAAATCGGCCGAAGG
ND6-4L ND6-4LRev AACCTTTTCTGCGAAAAAGAAA
12SrRNAFor AGGTTGTCTACAGCATTAAGAGAAA
125TRNA 12SrRNARev TTGTTTAAGGATACAACCCTTTGA
ND1For TTGAAAACATGAAGCGAGTACAA
D ND1Rev AACAGATCTCAAAGGTAGTCTAGCA
ATP6 F AGTTCTTATCCACGTTATCGTTATG
ATPG ATP6 R TTTGCGCTTAAAACAAATGC
ND2 F CCAAGGTTTAGAATTAAGAATAGGAG
ND2 ND2 R AACATGATATATTTCACCAGAAAAGTT
ND3 F AAAGTGTTTAGTACGAAAGGAACAA
ND3 ND3 R CCCACTCTACAAAATACAAACTCA
CYB Gap31For TTATCAGCATTAACATTTAGATATTGG
COX3 R1 ATTGTGACCCAAAGAACCAA
CYB 1 CTTCAAGATTGGTGAAATTAAATAAA
COxX3 ND4 R1 TGAGAACCATAACCTAAAATTATTACC
COX3 1 ATAACCACCATTTAGGGTTTGA
ND4 COX1 R1 TGTTCAAACGTGGAAACCTT
ND4 1 TCAGAATTTTTAGTTGTAACAAATGG
coxl COX2 R1 AATAATTCTCCAAATTGGTATTCAA
COX1 4 GGTTTTCCGCGTAAATATATGG
Cox2 16SrRNA R1 CTCACGCTAAGACTGCCATT
L6SIRNA COX2 1 TTGGATGCTATAAGAGGTGTTTT
Gap31R1 AAAACTGACGTGAAACCAAACA
NDS ND5 F3 GATGTCATTTATTGTTGGTGGTT

ND5 R1 TGACTGAAGAGCAGTAAAAGTTGG
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INVESTIGATION

Tandem-Repeat Patterns and Mutation Rates
in Microsatellites of the Nematode Model
Organism Pristionchus pacificus

Ruxandra I. Molnar, Hanh Witte, Iris Dinkelacker, Laure Villate, and Ralf J. Sommer’
Max-Planck Institute for Developmental Biology, Department for Evolutionary Biology, Spemannstrasse 37, D-72076

Tibingen, Germany

ABSTRACT Modern evolutionary biology requires integrative approaches that combine life history,
population structure, ecology, and development. The nematode Pristionchus pacificus has been estab-
lished as a model system in which these aspects can be studied in one organism. P. pacificus has well-
developed genetic, genomic, and transgenic tools and its ecologic association with scarab beetles is well
described. A recent study provided first mutation rate estimates based on mitochondrial genome
sequencing and mutation accumulation line experiments that help resolve rather ancient evolutionary
branches. Here, we analyzed the tandem-repeat pattern and studied spontaneous mutation rates for
microsatellite markers by using the previously generated mutation accumulation lines. We found that
0.59%-3.83% of the genome is composed of short tandem repeats. We developed 41 microsatellite
markers, randomly chosen throughout the genome and analyzed them in 82 mutation accumulation lines
after 142 generations. A total of 31 mutations were identified in these lines. There was a strong correlation
between allele size and mutation rate in P. pacificus, similar to Caenorhabditis elegans. In contrast to
C. elegans, however, there is no evidence for a bias toward multistep mutations. The mutation spectrum
of microsatellite loci in P. pacificus shows more insertions than deletions, indicating a tendency toward
lengthening, a process that might have contributed to the increase in genome size. The mutation rates
obtained for individual microsatellite markers provide guidelines for divergence time estimates that can

KEYWORDS
mutation
accumulation
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Pristionchus
pacificus
microsatellite
markers
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Caenorhabditis
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be applied in P. pacificus next-generation sequencing approaches of wild isolates.

The nematode Pristionchus pacificus is a model organism increasingly
used for integrative approaches in evolution biology, through inter-
disciplinary studies in evo-devo, population genetics, and ecology
(Hong and Sommer 2006; Sommer 2009). P. pacificus has a generation
time of 4 days in standard laboratory cultures (Sommer et al. 1996),
well-developed tools for forward and reverse genetic analysis, DNA-
mediated transformation (Schlager et al. 2009), and a fully sequenced
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genome (Dieterich et al. 2008). Pristionchus nematodes are unique
among model organisms in their well-described necromenic associa-
tion with scarab beetles, e.g., P. pacificus has been found on Exomala
orientalis in Japan and on Oryctes borbonicus on La Réunion Island in
the Indian Ocean (Herrmann et al. 2007, 2010; Morgan et al. 2012).
The Pristionchus—Dbeetle association represents a robust platform for
the isolation and characterization of new Pristionchus isolates on
a global scale. Close to 30 Pristionchus species and more than 400
P. pacificus strains have been isolated between 2004 and 2011 in
worldwide samplings, and a molecular phylogenetic framework has
been generated (Mayer et al. 2007, 2009; Morgan et al. 2012).
Integrative approaches in evolutionary biology require a life history
perspective. Specifically, robust evolutionary analyses depend on an
understanding of the mutation patterns of different regions of the
genomes (Lynch 2007). In a recent study, we used a mutation accu-
mulation (MA) line approach to evaluate the pattern of mutations and
to estimate the mutation rates of the mitochondrial genome of
P. pacificus (Molnar et al. 2011). These can be used to resolve ancient

Volume 2 | September 2012 | 1027


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.112.003129/-/DC1
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.112.003129/-/DC1
mailto:ralf.sommer@tuebingen.mpg.de

Table 1 Observed repeat loci in the P. pacificus genome

Perfect Repeats Imperfect Repeats?
Repeat unit TRF-Strict TRF-Loose TRF-Strict TRF-Loose
Total 730 Not all sites are mentioned
Dinucleotides
AC 21 1599 29 434
AG 265 10,785 1636 7510
AT 97 1541 316 647
CG 0 549 7 54
Total 383 14,474 1988 8645
Trinucleotides
AAC 32 4155 632 1869
AAG 3 9336 606 5762
AAT 57 6437 629 3236
ACC 2 1093 8 1159
ACG 2 1858 21 399
ACT 3 1072 20 241
AGC 3 2762 359 1382
AGG 3 7247 573 4161
ATC 28 4461 79 1088
CCG 0 718 23 193
Total 133 39,139 2,950 19,490
Tetranucleotides
AAAC 0 444 23 416
AAAG 1 902 38 1381
AAAT 4 2250 175 2921
AACC 0 4 0 36
AACG 0 174 0 70
AACT 2 86 7 63
AAGC 0 127 0 54
AAGG 0 1000 63 1616
AAGT 0 73 9 97
AATC 8 1457 63 1213
AATG 29 1426 122 1130
AATT 3 1222 835 2822
ACAG 0 239 70 205
ACAT 1 175 11 117
ACCC 0 68 218 26
ACCG 0 51 1 85
ACCT 0 82 3 57
ACGC 0 48 0 41
ACGG 0 46 1 35
ACGT 0 7 0 2
ACTC 1 309 3 223
ACTG 0 125 3 71
AGAT 2 325 8 240
AGCG 0 240 1 263
AGCT 0 8 0 0
AGGC 0 52 1 27
AGGG 1 995 0 2681
ATCC 0 330 0 283
ATCG 0 476 3 208
ATGC 0 44 0 19
CAGC 1 30 0 14
CCCG 0 38 0 54
CCGG 0 12 0 330
Total 53 12,922 1837 17,219
Pentanucleotides?
AAAAG 2 80 16 878
AAAAT 1 312 86 1615
(continued)
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Table 1, continued

Perfect Repeats

Imperfect Repeats?

Repeat unit TRF-Strict TRF-Loose TRF-Strict TRF-Loose
AAAGG 1 50 11 469
AAAGT 12 107 9 136
AAATC 4 101 11 236
AAGAG 1 316 201 2088
AAGGG 2 189 58 1100
AATAC 4 103 10 194
AATTC 55 334 48 453
ACATC 2 32 1 80
ACTCT 1 11 1 73
AGAGG 0 122 113 1274
AGGGG 0 139 167 1816

Total 85 Not all sites are mentioned

Hexanucleotides?
AAAAAC 1 56 66 338
AAAAAG 1 31 88 505
AAAAAT 0 46 70 790
AAAAGT 1 5 5 59
AAAATC 1 4 2 48
AAAGGT 2 158 5 226
AAATTC 11 18 5 59
AAATTG 20 47 11 95
AACAAT 2 36 203 457
AAGAGG 1 42 127 618
AAGCCT 8 43 68 101
AAGTAT 3 21 12 27
AATAAG 6 24 101 207
AATATC 0 32 2 33
AATCTG 1 3 1 17
AATTAC 6 27 9 55
ACACGC 1 1 2 12
ACCAGG 1 1 0 2
ACTCGC 1 1 210 892
AGAGGG 0 78 6 14
AGCCGG 1 2 0 9
AGAGTC 1 1 10 45
ATCTGT 2 50 7 45
ATCGTC 2 5 6 34
ATCTTC 1 14 83 212
ATGATT 2 4 9 57

Total 76 Not all sites are mentioned

4 Shown only if perfect loci were found.

Shown only if perfect loci were found with the TRF-strict method or more than 30 perfect loci were found with TRF-loose method.

evolutionary branches, whereas more recent evolutionary events are
better studied using microsatellite regions. To most effectively use
microsatellites for divergence estimation, we need to understand their
mutation pattern and the factors that affect their mutation rate.

Microsatellites are DNA sequences composed of short units, no
more than 6 bp long, found as tandem repeats throughout the genomes
of most eukaryotic and prokaryotic organisms (Hancock 1999). They
are ubiquitously but nonrandomly distributed in protein-coding and
-noncoding regions (Toth et al. 2000). Their highly polymorphic
nature made microsatellites the markers of choice in population
genetics (Jarne and Lagoda 1996). Several mechanisms have been
suggested to explain the high mutation rate of microsatellites, in-
cluding errors during recombination, unequal crossing-over, and
polymerase slippage during DNA replication (Schlétterer and Tautz
1992) or repair (Strand et al. 1993). Individual microsatellites are
described as having a life cycle—they are born, they grow, and they
die (Chambers and MacAvoy 2000).

ZZG3-Genes | Genomes | Genetics
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Estimations of the rate and pattern of microsatellite mutations are
usually indirect, based on allele frequency distributions (Chakraborty
et al. 1997; Primmer and Ellegren 1998) or phylogenetic analyses (Jin
et al. 1996; Dettman and Taylor 2004). The first studies aiming to
understand the mutation mechanisms of microsatellites have been
made possible by direct observations of mutations based on artificial
constructs with expressed microsatellite sequences within bacterial and
fungal systems (Levinson and Gutman 1987; Strand et al. 1993). Direct
estimates of the microsatellite mutation rates are also derived from MA
line experiments conducted in Drosophila melanogaster (Schug et al.
1997), Caenorhabditis elegans, Daphnia pulex (Seyfert et al. 2008), and
Arabidopsis thaliana (Marriage et al. 2009). Under ideal conditions,
MA line-based mutation rate estimates can be combined with genomic
analysis of natural isolates of a given species and close relatives to
provide robust divergence time estimates (Molnar et al. 2011).

Here, we evaluate the genomic composition of microsatellites for
P. pacificus and make use of MA lines to provide robust estimates of

Mutation Rates in Pristionchus Microsatellites | 1029
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Figure 1 Composition per repeat type: (A) dinucleotide loci, (B)
trinucleotide loci.

the rate and size spectra of microsatellite mutations. We found that
0.59%-3.83% of the genome is composed of short tandem repeats. By
analyzing 82 MA lines after 142 generations, we found a total of 31
mutations in these markers. There is a correlation between allele size
and mutation rate, but no bias toward multistep mutations. We use
these findings to suggest general guidelines for the selection of micro-
satellite markers in future genome-wide association studies of the
evolutionary history of P. pacificus.

MATERIALS AND METHODS

MA lines

The propagation of the MA lines has been described in detail
previously (Molnar et al. 2011). To summarize, 100 MA lines were
initiated from the F3 descendants of a single, inbred, wild-type
P. pacificus PS312 laboratory strain. MA lines were propagated by
a single, randomly chosen offspring from the middle of the repro-
duction period. Worms were cultured at 20° on nematode growth
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medium seeded with Escherichia coli as a food source, as originally
described for P. pacificus (Sommer et al. 1996). Backup cultures were
kept for two generations at 15° to prevent the accidental loss of lines.
From the original 100 MA lines, 82 lines survived the 142 genera-
tions. Because a single homozygous progenitor started all the lines,
a single random offspring began each generation and because P.
pacificus is a self-fertilizing hermaphrodite, the variation between
the strains is caused by the accumulation of mutations.

Microsatellite pattern

Microsatellite loci were identified in the ‘Freeze 1’ assembly of the
P. pacificus genome (available at www.pristionchus.org) using Tan-
dem Repeats Finder (TRF) (Benson 1999) with two different sets of
parameters: threshold alignment score 20 and alignment weights
{2,7,7} ({match,mismatch,indels}) for the TRF-loose method and
threshold alignment score 50 and alignment weights {2,3,5} for the
TRE-strict method (Leclercq et al. 2007). The values for the weights
can be 3, 5, and 7, with 3 being more permissive and 7 more re-
strictive. Leclercq et al. have previously shown that both the weights
and threshold criteria influence the composition of the microsatellites
detected (see also supporting information, Figure SI for the differen-
tial screening results from the present study). Specifically, Leclercq
et al. have shown that increasing TRF alignment score allows the
detection of smaller and more perfect microsatellites, whereas decreas-
ing the TRF weights allows for longer and more imperfect micro-
satellites to be detected. We, therefore, have created two data sets of
microsatellite loci. Both datasets include perfect and imperfect repeats.
The frequency of microsatellites was calculated as (number of micro-
satellite loci)/(number of nucleotides in megabases), considering the
assembled genome of P. pacificus of 169 Mb, and loci of at least three
repeat units. For a comparison base line, we screened the C. elegans
genome with the same methods as for P. pacificus.

Microsatellite markers for molecular analysis

We randomly chose 32 microsatellites and developed suitable primers
(Table S1). These markers cover a range of three to 57 repeat units
and have a percentage match score between 51 and 100. To ensure the
evaluation of the mutation rate for the long microsatellites present in
the genome, we chose nine additional markers for perfect tri-, tetra-,
penta-, and hexanucleotide that had pattern repeat count greater than
30 (except the hexanucleotide locus that had the pattern repeat count
of 17 but an overall length of more than 100 bp). We had 41 markers
in total, represented by 19 perfect and 22 imperfect repeat loci.

DNA extraction and amplification

For each MA line, genomic DNA was prepared from two full plates
of worms, using worm lysis buffer (50 mM KCl; 10 mM Tris-HCI,
pH 8.3; 2.5 mM MgCl,; 0.45% NP-40; 0.45% Tween-20; 5 pg/mL
proteinase K). The suspension was incubated for 2 hr at 65°, followed
by inactivation of the proteinase K at 95° for 10 min. All forward
primers had an M13 tail (5'-CACGACGTTGTAAAACGAC-3') at-
tached at the 5’ end, labeled with 6-FAM, VIC, NED, or PET (Applied
Biosystems) for genotyping (Table S1). We performed individual
polymerase chain reactions in 20 L of final volume for each marker,
using an annealing temperature of 55°.

Genotyping

Genotyping was performed on an ABI 3730x! using ABI Genemapper
version 4.0 (Applied Biosystems) analysis software with the internal
size standard GS500LIZ or GS1200LIZ. Markers M01 to M47 were
multiplexed before genotyping. Markers M74 to M88 were labeled
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Table 2 Allelic mutation rate estimates per generation

Magnitude of Mutation

Marker Chr. Repeat Percent Match No. Mutations (No. Lines) Mutation Rate®
M21 1 (GGGCAQ), 51 0
MO1 [ (CT)ss 55 0
M15 I (TC)s7 55 0
M41 \Y (TCT)ze 59 0
MO7 [ (TTG)1s 64 0
M43 \Y (TTAA)15 69 0
M29 Il (TTAA)1o 72 0
M16 I (TGA)15 73 0
M35 v (CTCC)0o 73 0
M42 \Y (AATT)y 75 0
M13 [ (CTTAAC), 78 0
M08 [ (TAAT); 81 0
M47 X (GT), 84 0
MO0é6 [ (AAC)16 85 0
M34 v (AT)7 85 1 +1(1) (9.2x1079)
M26 Il (TTA)29 85 0
MO04 [ (CAA), 87 0
M22 I (GAATAA)5 88 0
M45 \Y (GAGAG); 91 0
M11 [ (TTCTT)3 92 0
M33 v (AG)17 93 0
M14 [ (GAATAA), 95 0
M28 Il (TGG); 100 0
M18 I (TCT)3 100 0
M17 I (GTT)3 100 1 =1(1) (8.9 x 1079)
M19 I (TCGA)3 100 0
M38 v (AAGCCT), 100 0
MO03 [ (TC)y 100 0
MO5 [ (AGT)g 100 0
MO02 [ (GA)3 100 0
M25 Il (AG)14 100 0
M4é X (AG)15 100 0
M84 Il (CTCTTC)yy 100 1 +1(1) (8.9 x 1079)
M74 \Y (CAA);33 100 2 =1(1), +1(1) 2.3x 1074
M77 X (ACAT)35 100 1 +1(1) (9.6 x 1079)
M78 I (ACAT)3ze 100 3 +1(2), -9(1) 2.8x10°4
M79 [ (TTAG)40 100 4 +1(4) 3.6x1074
M82 X (TGAAT)43 100 6 =3(1), -1(1), +1(2), +2(1), +3(1) 7.5x 1074
M88 ? (TC)so 100 3 =1(2), -2(1) 27 x10°4
M80 ? (CAGC)s4 100 2 +1(2) 2.1 x 1074
M83 ? (TTCAA)g4 100 7 +1(7) 6.5x1074

a . . . . . ; T
Mutation rate is calculated per locus per generation (the number of lines assessed for each marker may differ). Mutation rates given in parentheses are based on

single mutation events.

with 6-FAM and assessed individually. Mutations were detected with
Genemapper version 4.0 (Applied Biosystems) by comparison to the
progenitor of the MA lines and verified using independent DNA
amplification and genotyping. All the assessed loci were homozygous.

Mutation rate estimates
The mutation rates (per allele per generation) were calculated using
the formula from Seyfert et al. (2008): w = — [In(1—n/])]/t, where n is
the number of mutations, ¢ is the number of generations, and  is the
number of lines. Note that the number of lines assessed may differ
slightly between the markers.

RESULTS

Tandem repeat pattern in P. pacificus
We screened the genome of P. pacificus for short tandem repeats
consisting of di-, tri-, tetra-, penta-, and hexanucleotides with at least
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three repeat units, using the Tandem Repeats Finder software (Benson
1999). Data presented below always refer to duplex DNA, even if we
show only the sequence of the repeated motif on one strand for
simplicity, i.e., notations like (AC),, and (AC),:(GT),, are equivalent.
The two sets of parameters, involving different thresholds and distin-
guishing between perfect and imperfect repeats (see Materials and
Methods), yielded very different results. Specifically, in the genome
of P. pacificus, the TRF-loose method counted 70,543 perfect loci,
whereas the TRF-strict method identified only 730 loci. From the
730 perfect loci identified by the TRF-strict method, dinucleotide
repeats are by far the most common repeat type (383/730). Of the
four possible unique dimer combinations (AC, AG, AT, CG), three are
present within the genome, with AG repeats representing the greatest
number (265/383 loci; Table 1). In contrast, perfect CG repeats are not
found in the P. pacificus genome. In comparison with the C. elegans
genome, the dinucleotide repeats have a different repeat unit distri-
bution, but the perfect CG repeats are also missing (Figure 1A).
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A total of 133 loci were found representing the 10 possible unique
trimer combinations. Trimers rich in AT are the most common, with
[(A/T),, X;] combinations accounting for 92% of the instances found
(Table 1). Again, one possible combination is not found, and this is
the pure CCG repeat (Table 1, Figure 1B). There are 33 unique tet-
ramer combinations possible, 11 of which have been found in the
P. pacificus genome. 90% of the tetramer repeats are represented by
[(A/T)3,X;] type of repeats. Most of the repeat units with more than
50% CG-content ([(A/T);(C/G);] and [(A/T),(C/G),]) were missing,
including [(C/G)4]. Similarly, 90% of the pentamers and 72% of the
hexamers are represented by AT-rich motifs ([(A/T)4X; and [(A/T)s,
X;], respectively; Table 1). The ‘nematode’ telomeric repeat motif,
(TTAGGC),, (Niedermaier and Moritz 2000), is found to be the most
abundant among the hexamer repeats (8 pure loci in TRF-strict
dataset—the most in terms of number of loci per repeat type and the
longest repeats per locus), but no functional conclusion can be drawn.

The TRF-loose method yielded in general the same trend for the
different types of repeats, with AT-rich loci representing more than
50% of the total number of loci found for each repeat unit size. CG-
rich pentamer and hexamer repeats are few or missing (Table 1).

Mutation rates

We randomly selected 32 markers from the loci found with the TRF-
loose method (the larger dataset). To these we added nine markers
selected based on the total repeat count of more than 30 to have the
longest loci represented in the analysis. Among the 41 loci assayed in
the 82 MA lines, we found 31 mutation events at 11 loci (Table 2). At
four of these 11 loci, only a single mutation was observed, which is
insufficient for deriving proper mutation frequencies. Therefore, most
conclusions listed below are based on markers with more than one
mutation. Several general trends can be observed in the mutation
patterns. First, M17 was the only locus smaller than 17 units that
contained a mutation. In general, microsatellite loci that contain more
than 30 repeat units show more mutations than the shorter ones, an
observation similar to the C. elegans MA line-based analysis of micro-
satellites mutation rates (Seyfert et al. 2008). Second, 26 of the 31
mutations involved gain or loss of a single repeat unit, with insertions
outnumbering deletions (21 insertions and 5 deletions). Only five of
the 31 mutations involved a change of more than one repeat unit, and
only one large deletion (—9 repeats at the M78) occurred at a locus
with more than 30 repeat units. Third, most of the mutations were
found in perfect, long microsatellite loci (29 of 31 mutations; Table 2).
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Figure 2 Frequency of perfect microsatellite loci, TRF-
strict method.

B |

Fourth, in the overall MA pattern, deletions are unable to balance out
the insertions (8 vs. 23 repeat units). This observation suggests that the
microsatellite loci have a tendency toward lengthening. Further anal-
ysis shows that seven of the analyzed loci (M34, M77, M79, M80,
M82, M83, and M84) show accumulated growth, two (M17, M78)
show accumulated decrease in length, and two (M74, M88) show no
accumulated change in size. Finally, the mutation rate per locus per
generation in P. pacificus ranges from 8.9 X 107> to 7.5 x 10™* for
those markers where mutations occurred.

DISCUSSION

This is the first analysis of mutational processes and mutation rate
estimates in the nuclear genome of P. pacificus because previous
knowledge is based solely on the mitochondrial genome (Molnar
et al. 2011). We have analyzed the tandem repeat pattern of the
P. pacificus genome and studied the spontaneous mutation rates for
microsatellite markers. From the mutation patterns and mutation
rates obtained for individual microsatellite markers, we provide guide-
lines for the properties of microsatellite markers to be useful for di-
vergence time estimates in future genome-wide sequencing projects
(to follow in this section).

P. pacificus and C. elegans belong to the same nematode clade but
they are only distantly related, representing members of different
nematode families (Dieterich et al. 2008). Sequence turnover over
these evolutionary distances resulted in unrelated microsatellite pat-
terns in these two species. Therefore, the microsatellites are not ho-
mologous and cannot be directly compared, which unfortunately
prevents the usage of statistical methods in a meaningful manner.
The average overall AT content for the P. pacificus genome is 58%
(Dieterich et al. 2008); therefore, we would expect AT dinucleotide
repeats to be more common, followed by AC and AG in approximate
equal numbers, and fewer CG loci. This pattern is, however, not
followed by the dimer repeats composition found in P. pacificus ge-
nome, arguing against the expectation of cryptic simplicity. In con-
trast, the tri- to hexanucleotide repeat loci do follow this expectation,
with AT-rich repeats being more abundant than the others. The most
striking finding, however, is the absence or near absence of the CG
loci. Direct and indirect observations tend to support the stepwise
mutation model at microsatellite loci (Schlotterer and Tautz 1992;
Weber and Wong 1993; Thuillet et al. 2002), by which their sequence
is altered by addition or deletion of one repeat at a time. An alternative
is the model according to which the sequence of microsatellites can be
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altered by large deletions, due to secondary structures that certain
types of repeats can form (Di Rienzo et al. 1994). The absence of
perfect CG dimer repeats but the presence of impure and CG-rich
loci might support the latter model of microsatellite evolution.

A comparison with the C. elegans microsatellite dataset reveals that
P. pacificus has an overall greater frequency of perfect microsatellite
loci, although the dinucleotide repeats dominate the landscape in both
genomes (Figure 2), a finding that has also been made by Castagnone-
Sereno et al. (2010) using different algorithms. In a second step, we
evaluated the mutation rate at microsatellite loci ranging from di- to
hexanucleotide repeats, randomly chosen in the noncoding genome of
P. pacificus. The random choice allows us to avoid a bias by assaying
only certain types of repeats. However, it does not allow us to make
decisions of how the mutation rate is influenced by the repeat unit
size, nucleotide composition, or the overall length of the locus. Al-
though the loci have been chosen randomly, eight of 10 dinucleotide
loci are of the type (AG),. This correlates with the general composi-
tion of the genome of P. pacificus, which has more AG repeats than
other dinucleotide repeats.

The mutation patterns observed for P. pacificus in this study sup-
port the idea that mutational processes are length dependent. Specif-
ically, large loci have, on average, more mutations than the small ones
(three mutations in a (X)3 locus vs. seven mutations in a (X)g4 locus).
A second general trend, supported by the P. pacificus data, is that
imperfect loci are less prone to accumulate mutations than the perfect
ones. From 22 loci with diverse percentage of match and with a wide
range of repeat unit size tested, only one showed a mutation (M34;
Table 2). A comparison of the mutation rates at microsatellite loci
with the same range of repeat number between C. elegans (Seyfert
et al. 2008) and P. pacificus shows a similar effect of repeat number on
mutation rates in both organisms.

A third major trend in the P. pacificus dataset is that the mutation
process is upwardly biased in that loci tend to gain units more fre-
quently that they lose units. Similar trends have been shown previ-
ously in other organisms (Primmer et al. 1996; Ellegren 2000). At the
same time, long alleles tend to contract upon mutation (Harr and
Schlétterer 2000; Xu et al. 2000). The mutations observed in P. pacif-
icus are 21 insertions and 5 deletions, showing that microsatellites in
P. pacificus have a tendency toward lengthening. It is interesting to
note that the largest P. pacificus microsatellites detected in the
genomes assembly are substantially smaller than the largest C. elegans
microsatellites, which have repeat units greater than 68 (Seyfert et al.
2008). In P. pacificus, the loci M80 and M83, both show insertions,
indicating that they are still in the growth phase. We speculate that the
P. pacificus microsatellites, on average, are still in the expansion phase,
a process that might have substantially contributed to the increase of
the P. pacificus genome size relative to C. elegans. A final aspect of our
analysis is that the P. pacificus genome shows no evidence for a bias
toward multistep mutations. Specifically, all but five mutations are
single-step insertions or deletions. This pattern is clearly distinct from
what has been observed in C. elegans, indicating, again, the species and
locus-specificity of the mutational processes.

The rate and pattern of mutations observed in the MA lines have
implications for the use of microsatellites for inference of genetic
history. It is critical to recognize that the evolutionary rate for a single
locus will change with the size of the allele. Thus, choosing a micro-
satellite locus with the appropriate evolutionary rate to address
a specific evolutionary time frame requires a careful consideration
of allele size ranges. The data presented in this study provide
guidelines for the selection of adequate markers for studying recent
and ancient evolutionary branches of P. pacificus. Specifically, the
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absence of mutations in many short and/or imperfect loci, as well
as the fact that for five markers only one mutation has been identified,
do not allow us to use these results in deriving a mean mutation
frequency. Interestingly however, all but one of the perfect repeats
with more than 30 repeat units recovered multiple mutation events
that resulted in a quite stable mutation rate of 2.5—7.5 x 10~* (Table
2). Therefore, we suggest to only use microsatellite markers with
a minimal length of 30 repeat units in studies that aim to reconstruct
the evolutionary history of wild isolates. Furthermore, we suggest that
such studies should use an average mutation frequency of 5 x 10™*
given the relatively stable mutation frequencies obtained in this study.
Taken together therefore, this study provides useful information for
future genome-wide studies that investigate the evolutionary history of
P. pacificus.
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Table S1 Microsatellite loci assayed in P. pacificus

Marker (Dye) Chr Repeat Percent match  Forward primer 5'- 3'/ Reverse primer 5'- 3'
Randomly chosen markers

MO1 (6-FAM) I (CT)ss 55 AAAGCAATGCCAGAAGGAAA / TTCTTGCCGTACAAAGAATGA
MO02 (NED) I (GA)gs 100 TTGGCTTTCTACAGCTAAATCG / GCCTGTGAAGGGGATATTGA
MO3 (VIC) I (TC); 100 GTTTGTCAGCCCGATATGGT / GGGATGGGAAGGGAGAAAC
MO04 (VIC) I (CAA)y; 87 GCTGGCATTGGAAAGAAAGT / AAGCCGATCAATCTCTGTCA
MOS5 (PET) I (AGT)s 100 CGATTCCGTCGCTGTTTTC / AAGCCGATCAATCTCTGTCA
MO6 (PET) I (AAC)4 85 AGGCTCGTGTCGTTCATGTT / GCCAGCTACGGATGATTGAT
MO7 (PET) I (TTG)ss 64 GCACAATCGGGTCTGAAAAT / TCCGGAACCTACAAAAGTGG
MO8 (PET) I (TAAT)3 81 GGTAAGTGCGCTGGAGAGAG / GCCCGAGGACACCTACTACA
M11 (6-FAM) I (TTCTT)s 92 AACCGAATGTGGACGAAGAG / GGTCATCCCTTGTTTGTGCT
M13 (VIC) | (CTTAAC)s 78 AAAGGCGAGGGTACAGTCCT / CGAGCAACTGAAATGAACGA
M14 (PET) | (GAATAA), 95 CTCCCTACCTCCCACATCAA / ATACTCGGTGGCCAGTATGC
M15 (VIC) Il (TC)sy 55 CGGCTTCCTTCCTCTCTTCT / CCAACTCTCCCCTTTTCACA
M16 (PET) Il (TGA)s 73 GCCTGGACAAAATTGTCGTT / CGTTGTGGTGTGAGTTACGG
M17 (VIC) I (GTT)s 100 AAGACCTGGGCATCAAACTG / ACGACCGAAACATCTTGGAC
M18 (VIC) Il (TCT)s 100 TCTAACTGGATGCCGGAACT / AGCGGTGTTAATGAGCGTTT
M19 (NED) Il (TCGA)3 100 ACATTGTCCATTCAGCTTCG / CCGAAAGAGAGACCATCTCC
M21 (6-FAM) I (GGGCAC);; 51 GGAAAGGAGAGGGGAGTCTG / TCAGCCTCCTCAGGTAATGA
M22 (6-FAM) Il (GAATAA); 88 ATTACGAGCTGGCCAATCAG / AAGTGCTACACTCGGTGCAA
M25 (NED) I (AG)y 100 AGCAACGGCTCAATCAAAGT / GCAGTGACTCTTTCCGGTTT
M26 (VIC) I (TTA)y9 85 CTGATTGCCCGACAACATTC / CCAACGCATCACTATGGCTA
M28 (6-FAM) I (TGG)s 100 GATTCGGTGGTGTAGTCGATG / TTCTGTGCATGACGAAGTTTCT
M29 (6-FAM) I (TTAA)y 72 GTGTCGTGTGCCGACTAAGA / CTCTCCGGTTCCTCCTCTCT
M33 (6-FAM) IV (AG)yy 93 TGATTGACTGAGGGCTTTCC / ATGCCACCCTTCTGATTGAC
M34 (6-FAM) IV (AT)y7 85 ATTTGTAGGGGAAGGGGTTG / CATAAACGGTGACAGGCACA
M35 (6-FAM) IV (CTCC)yo 73 TTGGTCTTCTCCCCTTCTGA / TCTCCTTGTTTCCCCTCCTT
M38 (6-FAM) IV (AAGCCT)s 100 CTCAATCAGGGAGGAACCAA / CCTCTCCCTCTCGACAACTG
M41 (NED) VvV (TCT) 59 CATCAATGAAACCCCATTCC / ATAACAGGCGCTGCTCTCTC
M42 (6-FAM) V. (AATT)e 75 GAAACACGAATGCCCACTCT / TCAGAGATGCCCGAGAGTTT
M43 (6-FAM) V  (TTAA)s;s 69 CTCCATCGCCTTCTTCTTTG / CCGGTCTATTCCTGGTCGTA
M45 (PET) V  (GAGAG)3 91 ATAGAAGAAGCGGTGGGTCA / CTCCACGTTCACTCGTCTCA
M46 (PET) X  (AG)s 100 CGCAATGAAGAGAACGAGGT / GAGCCGAGAAGTCCAGTGAG
M47 (6-FAM) X (GT)y 84 GTCGGTCAAATATCGCCTGT / CGTCTGTCCCCGTTATCACT

Tri- to hexanucleotide microsatellites with more than 30 repeat count
M74 (6-FAM) V. (CAA)33 100 CCTCAGTCCCAACAGCAGAT / TTCCCAACACTTTGCATGAG
M77 (6-FAM) X  (ACAT)ss 100 GGATCGTCCCTTTCGTCATA / CACGAAACACACAGCGTTCT
M78 (6-FAM)  1/V (ACAT)s¢ 100 GGTCTGAGGGGTGTACGATG / TCATCATTGCCGAATTGTGT
M79 (6-FAM) I (TTAG)40 100 AAAGTCGAGCGTGACAGACA / AATACGCATCTCGCTCTGGT
M80 (6-FAM) ?  (CAGC)g4 100 AAAGGGGTGAAATTTGCATT / GAGAAGTATGCAGGGCTGTTG
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M82 (6-FAM) X  (TGAAT),; 100 TTGCAGGTTCGATACATTCTTC / GTTTCCCCCTGCAGGTCTAT
M83 (6-FAM)  ? (TTCAA)s, 100 GAAAATGTCGCCACGAAAAT / TGCAAACGTTACACAAACAGC
M84 (6-FAM)  Ill  (CTCTTC);; 100 ACGATGATGATGTGCGTGAG / AATCGTCCCTTCCCCTGTAG
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Because this reminds you of me, dear so.
The worms crawl in and the worms crawl out
The ones that crawl in are lean and thin
The ones that crawl out are fat and stout
Your eyes fall in and your teeth fall out
Your brains come tumbling down your snout
Be merry my friends

Be merry

Pogues—Worms



