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Abstract

Marbled crayfish (Procambarus virginalis) are the only freshwater crayfish known to repro-
duce by cloning (apomictic parthenogenesis). Notably, among genetically identical offspring
raised in the same environment, distinct phenotypic differences can be observed. These
unique characteristics establish the marbled crayfish as a particularly interesting laboratory
model. Additionally, parthenogenetic reproduction enables the marbled crayfish to rapidly
spread and form stable populations, which poses a serious threat in many freshwater habi-
tats. A further understanding of this organism requires the accessibility of its 3.5 Gbp large
genome sequence.

This doctoral thesis provides the first de novo genome assembly of the marbled cray-
fish. Multiple shotgun and long jumping distance libraries were generated from one in-
dividual female, with a single base coverage of over 100x. Sequencing data was used
for a first genome assembly with a length weighted median scaffold size (N50) of over 40
kbp. The estimated genome wide heterozygosity rate of 0.53% is substantially higher com-
pared to other arthropod genomes. Transcriptome data enabled the refinement of genetic
structures. Eventually, a total of 87.8% complete and 7.4% fragmented single-copy arthro-
pod orthologs were identified using the benchmarking software BUSCO. Single nucleotide
variations were analyzed to verify clonality in geographically isolated populations. Results
indicate an evolution from a single origin. Moreover, detailed insights into genotype distri-
butions support the theory of asexual speciation by autopolyploidization. Comparison of
three Procambarus species indicates detectable genetic separation between marbled cray-
fish and the closest relative Procambarus fallax. Automatic annotation of 21,000 genes
using the annotation pipeline MAKER provides a detailed overview of genetic features. For
example, a cellulase gene was identified which potentially plays a key role in omnivorous-
ness. Genomic data and several online services are provided by a central web resource
(http://marmorkrebs.dkfz.de).

This thesis provides detailed genetic insights into the unknown but very versatile or-
der of decapod crustaceans. Considered economically and ecologically relevant keystone
species, a representative genome sequence provides an important resource for future re-
search.



Kurzzusammenfassung

Marmorkrebse (Procambarus virginalis) sind die bislang einzig bekannten Stufwasserkrebse, die
sich ausschlieBlich per Jungfernzeugung (apomiktische Parthenogenese) fortpflanzen. Interes-
santerweise kann man unter genetisch identischen Tieren, die unter denselben Bedingungen
aufgewachsen sind, phanotypische Veranderungen beobachten. Diese einzigartigen Charakter-
istiken etablieren den Marmorkrebs als einen besonders interessanten Modellorganismus fir biolo-
gische Studien. Zudem erlaubt der Reproduktionsmodus eine rasche Verbreitung und Griindung
von bestandigen Populationen. Das macht sie zu einer besonders groBen Gefahr in vielen
SiBwassersystemen. Um den Marmorkrebs besser zu verstehen bedarf es daher Kenntnis seiner
3,5 Gigabasen groBen Genomsequenz.

Im Rahmen dieser Doktorarbeit wurde eine erste Genomsequenz des Marmorkrebses etabliert.
Dafiir wurden von einem weiblichen Tier verschiedene Sequenzbibliotheken, mit einer Gber 100-
fachen genomweiten Nukleotidabdeckung, generiert. Die Sequenzierungsdaten erméglichten die
Assemblierung einer Genomsequenz mit einem gewichteten Median der Sequenzlangen (N50) von
Uber 40 Kilobasen. Die genomweite Heterozygositat im Marmorkrebs wurde auf 0.53% geschatzt.
Damit ist sie deutlich héher im Vergleich zu anderen Arthropoden. Zusétzliche Transkriptominfor-
mationen erlaubten die Korrektur von genetischen Strukturen. Die Qualitat der resultierenden As-
semblierung wurde mittels einer universellen orthologen Gendatenbank bewertet (BUSCO). So kon-
nten 87.8% komplette und 7.4% fragmentierte Gene gefunden werden. Die Analyse von Einzelnuk-
leotidvariationen zeigte eine klonale Evolution in geografisch isolierten Marmorkrebs Populationen.
Die Ergebnisse deuten auf eine Abstammung von einem einzigen Ursprungstier. Zudem wurden
Einblicke in genomische Charakteristiken gewahrt, wie etwa Triploiditat und verschieden vorkom-
mende Genotypen. Dabei war die Verteilung der Genotypen ein deutliches Indiz fiir eine Spezies-
bildung durch Autopolyploidisierung. Dies wurde ebenso durch vergleichende Analysen verdeut-
licht, die eine klar erkennbare genetische Separation des Marmorkrebses zu seinem nachsten Ver-
wandten, Procambarus fallax, zeigten. Die automatische Genomannotation von iber 21,000 Genen
gab Einblicke in genomische Regionen. So konnte eine spezifische Cellulase identifiziert wer-
den, welche mdglicherweise eine wichtige Rolle in der Omnivorositat in StiBwasserkrebsen spielt.
Genomische Daten und diverse Online Tools werden (iber ein zentrales Web System angeboten
(http://marmorkrebs.dkfz.de).

Diese Doktorarbeit gewahrt detaillierte genomische Einblicke in die bisher unbekannte aber
sehr vielseitige Ordnung der ZehnfuBkrebse (Dekapoden). Da diese als 6konomische und
Okologische Schillisselarten gelten bietet die reprasentative Genomsequenz ein wichtiges Werkzeug
flr zukUnftige biologische Forschungen.
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1 Introduction

With more than 640 different species, crayfish are considered to have an ecological impact
in freshwater ecosystems (Crandall and Buhay, 2008). Particularly, they play an important
part in the maintenance of aquatic habitats. Their large abundance and omnivorousness
are required to balance aquatic populations. Furthermore, crayfish have commercial value
in many countries. Not only freshwater crayfish, but many decapod crustaceans such as
crabs, prawns, shrimps, and lobsters are an important nutritional source. Consequently,
freshwater crayfish are considered an economical and ecological keystone species. It is
rather surprising that genome sequences for these animals are still rare. Currently, the
water flea (Daphnia pulex) and the sand flea (Parhyale hawaiensis) provide the only two
published crustacean genomes (Colbourne et al., 2011; Kao et al., 2016). The marbled
crayfish, which is named for the marbled texture on its carapace (Figure 1.1A), is a partic-
ularly interesting freshwater crayfish due to its relevant role as a potential model organism
and its emergence as invasive species (Vogt, 2008b; Jones et al., 2009).

1.1 Marbled crayfish

First documented records of the marbled crayfish were in a German aquarium trade in the
mid-1990s (Lukhaup, 2001; Lukhaup and Pekny, 2003; Vogt et al., 2004). There, aquarists
discovered they could establish populations from only one individual female. Scientific ob-
servations on genetic markers confirmed clonal reproduction, resulting in genetically iden-
tical offspring (Figure 1.1A) (Scholtz et al., 2003; Vogt et al., 2015). More specifically, the
marbled crayfish exhibits an all-female population which reproduces by obligatory apomic-
tic parthenogenesis (Scholtz et al., 2003; Martin et al., 2007; Vogt et al., 2008). Genomic

1



2 CHAPTER 1. INTRODUCTION

characterization further revealed a triploid genotype with a (haploid) set of 92 chromosomes
(Vogt et al., 2015; Martin et al., 2016).

Phylogenetic analyses placed the marbled crayfish in the genus Procambarus (Scholtz
et al., 2003). Specifically, identical morphology and microsatellite markers revealed a close
relationship to sexually reproducing Procambarus fallax, which is native to Florida and
southern Georgia (Scholtz et al., 2003; Martin et al., 2010a). However, the exact phylo-
genetic placement remained unclear. Ultimately, it was assumed that the marbled crayfish
is the parthenogenetic form of P fallax (Martin et al., 2010a). Thus, the scientific name
Procambarus fallax forma virginalis was used until further studies were conducted. How-
ever, several observations suggest the marbled crayfish as an independent asexual species
(Vogt et al., 2015). For example, marbled crayfish were not found near the natural habitat of
P, fallax. Moreover, isolated reproduction and substantial genetic and epigenetic differences
between both species were observed (Vogt et al., 2015; Falckenhayn, 2017). Conclusively,
it was proposed that the marbled crayfish evolved from P fallax by asexual speciation (Vogt
et al., 2015) and the name Procambarus virginalis was adapted, as it was already sug-
gested by Martin et al. (2010a).

So far, only speculations about the evolution of parthenogenesis in marbled crayfish
exist. Different forms and origins could already be dismissed (Martin et al., 2007; Vogt
et al., 2004). It was shown that the marbled crayfish evolved from the morphological iden-
tical Procambarus fallax (Scholtz et al., 2003; Martin et al., 2010a; Vogt et al., 2015). In
combination with further studies on genetic markers, an evolution by autopolyploidization
was suggested (Vogt et al., 2015; Martin et al., 2016). Particularly, a macromutation event
caused by a heat or cold shock in captive P fallax was speculated (Vogt et al., 2015). It is
rather likely that the marbled crayfish directly evolved from Procambarus fallax, without any
evidence for hybridization.

Despite being morphologically identical to P, fallax, the marbled crayfish grows larger in
body size and possesses higher fecundity (Vogt et al., 2015). Additionally, anthropogenic
releases and stable populations in different habitats suggests high capabilities for environ-
mental adaptation. First documented records of P, virginalis were in Germany (Marten et al.,
2004; Chucholl et al., 2010; Martin et al., 2010b). Since then, populations were found in
other European countries, such as Netherlands (Holdich and Péckl, 2007), Italy (Marzano
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et al., 2009), Sweden (Bohman et al., 2013), Hungary (L6kkés et al., 2016), the Czech Re-
public (Patoka et al., 2016), Slovakia (Liptak et al., 2016), and Ukraine (Novitsky and Son,
2016) (Figure 1.1B). Interestingly, geographically distant releases in Madagascar (Jones
et al., 2009) and Japan (Kawai and Takahata, 2010) were reported. The variety of regions
show that marbled crayfish can tolerate a wide range of temperatures. In fact, studies on
temperature conditions render it a potent invader of many freshwater habitats (Feria et al.,
2011; Faulkes et al., 2012). Natural habitats include burrows, streams, lakes, rivers, and
ponds. However, as it also resides in rice paddies, marbled crayfish pose an economical
and ecological threat in Madagascar and Japan (Jones et al., 2009; Kawai and Takahata,
2010; Faulkes et al., 2012). There, the marbled crayfish nourishes from rice plants eventu-
ally destroying entire fields.

Figure 1.1: Morphology and worldwide distribution of the marbled crayfish. (A) Genet-
ically identical marbled crayfish batch mates. Differences in size can be observed within the
same clutch kept under identical laboratory conditions (scale bar: 1 cm). (B) Worldwide distri-
bution of the marbled crayfish colored in red. Populations were reported in Germany (Marten
et al., 2004; Chucholl et al., 2010; Martin et al., 2010b), Netherlands (Holdich and Pdckl, 2007),
Italy (Marzano et al., 2009), Sweden (Bohman et al., 2013), Hungary (L6kkds et al., 2016), the
Czech Republic (Patoka et al., 2016), Slovakia (Liptak et al., 2016), Ukraine (Novitsky and Son,
2016), Madagascar (Jones et al., 2009), and Japan (Kawai and Takahata, 2010).
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1.1.1 Marbled crayfish as a promising new research model

Model organisms play an essential role to elucidate general principles in biological re-
search (Hedges, 2002). They often provide unique characteristics required for analyzing
specific processes. In molecular biology, species such as C. elegans, D. melanogaster, or
A. thaliana were well studied for the effects of genetic variation. These model organisms
possess favorable traits such as large offspring sizes, high fertility, and easy handling and
culturing. Most importantly, distinct phenotypic changes in different genotypes could be ob-
served. Access to whole genome information facilitated genome wide studies. Nowadays, a
vast amount of analyses is based on information provided by the genome sequence. Appli-
cations include studies on gene regulation and variant analyses. Nonetheless, most model
organisms were designed for genetic analyses and are not convenient for other fields of
research. This, as well as other factors, demand for new laboratory models.

Due to its unique genomic characteristics, the marbled crayfish was proposed as an
interesting new model for various fields of research (Vogt, 2008b, 2011a). Furthermore, it
shows favorable properties such as a large body size, high fecundity, and they are easy to
handle and culture. Marbled crayfish were already used for studies in developmental biol-
ogy, evolutionary biology, toxicology, and neuroanatomy (Rieger and Harzsch, 2008; Alwes
and Scholtz, 2006; Vogt, 2007; Vilpoux et al., 2006). Furthermore, future perspectives for
cancer treatment, aging, and stem cell research were proposed (Vogt, 2008a, 2009, 2011a,
2012). Remarkably, despite genetically identical offspring, phenotypic differences can be
observed (Figure 1.1A). Especially in epigenetics, research on phenotypic plasticity without
the influence of genetic variation is required. Hence, the marbled crayfish provides an inter-
esting model to study epigenetic regulation 1.1A) (Vogt, 2008b; Vogt et al., 2015; Falcken-
hayn, 2017). Nevertheless, research on P virginalis as a model organism is strictly limited
without access to its complete genome sequence. Analysis on genetic markers, mtDNA,
or microsatellites were already performed in previous studies. However, these analyses
require extensive laboratory work. Whole genome information provides an essential tool to
fully establish the marbled crayfish as a new laboratory model.

Moreover, the genome sequence of marbled crayfish contributes genomic insights in the
subphylum of crustaceans. With more than 60,000 species, crustaceans are a major part
in the phylum of arthropods. It is rather surprising that only two crustaceans, Daphnia pulex
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and Parhyle hawaiensis, were sequenced so far (Colbourne et al., 2011; Kao et al., 2016).
Additional genome information is crucial to further elucidate this genomically very unknown
but important lineage.

1.2 The genome encodes heritable information

In eukaryotes, the genome comprises all inheritable traits of an organism. It provides es-
sential information required to determine morphological and physiological traits. The entire
genomic information, from protein coding regions to functional non-coding regions, is in-
cluded in the genome. Therefore, it is built from deoxyribonucleic acid (DNA) and often
structured in chromosomes. The number of chromosomes and copies (ploidy) can vary
from organism to organism. DNA mainly consists of the four nucleotides Adenine (A), Cy-
tosine (C), Thymine (T), and Guanine (G) which are integrated into a sugar-phosphate
backbone. Generally, DNA strands are complemented by their reverse strands at the 3’
end. Therefore, in Watson-Crick base pairing, A is pairs with T and C is pairs with G (and
vice versa). The resulting structure resembles the characteristic double helix.

1.2.1 Sequencing DNA by lllumina short read sequencing

The process to determine nucleotide content in a DNA fragment is also known as DNA
sequencing. One of the earliest successful (first generation) sequencing strategy was
based on a chain-termination approach proposed by F. Sanger and colleagues (Sanger
et al., 1977). Sanger sequencing starts by hybridizing single strands of target DNA frag-
ments to specific primers (template). Next, standard nucleotides and fluorescent-labeled
dideoxynucleotides (ddNTPs) are introduced and synthesized onto the template. Integra-
tion of ddNTPs ceases elongation such that all possible lengths of fragments are produced.
This step is also known as chain termination. Then, capillary gel electrophoresis is used
to separate fragments by size. Laser excitation releases fluorescence labels and, with the
help of computational processing, the sequence can be inferred. Sequencing became pop-
ular with first commercial applications of Sanger sequencing. Since then, technologies
were constantly improved. Specifically, the second generation was coined by lllumina. Until
now, lllumina sequencing was used in a huge number of projects. Many de novo whole
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genome sequencing projects rely on accurate high coverage short read sequencing. Nev-
ertheless, further applications include variant analysis which depends on high coverage
sequencing for an accurate identification of polymorphic sites (DePristo et al., 2011; Garri-
son and Marth, 2012). Moreover, modifications in library preparation allow for the detection
of DNA methylation sites on a single base resolution (whole genome bisulfite sequencing)
(Cokus et al., 2008; Falckenhayn, 2017). Although the experimental design may vary, the
sequencing approach remains similar for all applications (Figure 1.2).

First, target DNA is isolated and sheared into short random fragments. As this resem-
bles a shotgun firing pattern, this method is also known as shotgun sequencing. Next,
specific adapters are ligated, allowing fragments to hybridize with flow cell fixed adapters.
Synthesis of complement strands is initiated once fragments hybridize onto flow cells. De-
naturation and washing away newly synthesized strands allows to keep only fixed DNA
fragments on the flow cell. Next, clusters of double stranded sequences are generated by
bridge amplification. Reverse strands are cleaved such that they can be washed away. The
sequence is determined by synthesizing fluorescent-labeled nucleotides to each strand in
the so-called sequencing by synthesis (SBS) step. Each cluster emits a colored fluores-
cence signal upon incorporation of a nucleotide. Signals are detected and measured by
specific cameras and the sequence is automatically inferred. The same procedure can be
performed for the reverse strand, resulting in paired-end reads. Eventually, a sequence
library is created which required further computational (in silico) processing.

Latest proceedings in sequencing technologies focus on generating long reads of up to
several Kilobases. This allows a more complete insight into the genomic structures of an
organism. Moreover, certain limitations of current assembly strategies can be avoided. Es-
pecially, projects on large genomes immensely benefit from long read sequencing technolo-
gies. Details on these technologies as well as potential applications were further discussed
in the outlook of this thesis (Section 4.2).

1.2.2 Bioinformatic approaches in genome assembly

Sequencing output for whole genome sequencing (obtained from lllumina) is limited to short
reads of up to several hundred base pairs. Thus, genome assembly requires further compu-
tational processing. The assembly of short reads into long contiguous sequences depends
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Figure 1.2: Schematic overview of lllumina short read sequencing. lllumina short read
sequencing starts with ligation of DNA fragments onto flow cell fixed adapters. Bridge amplifi-
cation of a single DNA fragment results in a dense cluster of sequences. Next, the sequencing
by synthesis step is initiated. Therefore, fluorescence labeled nucleotides are synthesized onto
single stranded fragments. Upon integration, clusters emit a distinct light for each nucleotide.
Fluorescence emissions are measured by specific lasers and the sequence can automatically
be inferred. The fluorescence labels are cleaved and washed away such that the process can
be repeated until the complete sequence of a fragment is known. The image is adapted from
Metzker (2010).

on an overlapping read design and high single nucleotide coverage. Computational ap-
proaches are used to create long sequences by connecting overlapping reads. Therefore,
several methods have been developed. So far, graph based approaches proved to be the
most successful strategies in terms of accuracy and efficiency (Miller et al., 2010). Graph
based assemblers can be categorized by two mathematical concepts, the Overlap-Layout-
Consensus method (OLC) and de Brujin graphs (DBG) (Miller et al., 2010).

Briefly, OLC assembly starts with a pairwise comparison and alignment of overlapping
reads. This results in a basic graph layout, which further is resolved into consensus se-
quences (Myers, 1995). The OLC approach was primarily designed for the assembly of
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Sanger sequencing reads. The most prominent implementation is provided by the Celera
assembler which was used for the human genome project (Myers et al., 2000; Venter et al.,
2001).

More frequent implementations rely on de Brujin graphs and path traversal algorithms
(Luo et al., 2012; Zerbino and Birney, 2008; Simpson et al., 2009; Gnerre et al., 2011). De
Brujin graph assemblies start with producing overlapping sub sequences of a defined length
(k) from the initial sequencing reads, so called k-mers. K-mers are important for building
and connecting the graph structure as sequence generation relies on the concept of k-mers
overlapping by £ — 1 nucleotides. Each unique k-mer is represented as one vertex in the
graph. Vertices are connected by edges, when k-mers are overlapping (Figure 1.3). Often,
refinement is required to reduce complexity for path traversal. For example, bubbles emerge
when alternative paths are present, as in the case of heterozygous alleles. Repetitive
sequences create alternative paths in such way that a loop occurs (Figure 1.3). These
structures need to be resolved as they will negatively affect the output. After constructing
the graph, path traversal (eulerian or hamiltonian) is used to walk along edges and thus
generating a continuous sequence (Figure 1.3). A sequence cannot further be extended
when a vertex does not have any outgoing edges. In optimal conditions, each sequence
represents one chromosome. However, the output generally remains fragmented due to
unresolved difficulties in the graph structure such as ambiguous paths or sudden dead
ends.

Over the last years assembly strategies were improved and modified to fit specific needs
and allow the assembly of more complex genome structures. For example, adaptations ex-
ist to combine assembly strategies from various technologies or to resolve graph structures
such that different haplotypes can be inferred (Zimin et al., 2013; Aguiar and lstrail, 2013;
Kajitani et al., 2014).

1.2.3 Annotation - loci and features within a genome

De novo genome assembly results in a set of sequences without detailed information about
loci of genetic features. Therefore, a variety of methods and tools have been developed to
automatically infer gene locations, repeat structures, or other important features (Yandell
and Ence, 2012). Especially, novel genomes depend on the knowledge of genetic loci, i.e.
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CCGT  GACA Cuitl
AGAC
GGAC CTCC K-mers
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Graph construction
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de Brujin graph

Path traversal

Y
AAGACTCCGACTGGGACTTT Assembly

Figure 1.3: Schematic overview of de Brujin graphs in genome assembly. De Brujin
graphs are commonly implemented in short read assemblers. Overlapping k-mers are built
from sequencing reads with a fixed k-mer length. K-mers are then used as vertices in a graph.
Edges represent connections of overlapping k-mers. The sequence is inferred by following
edges in the graph and combining information from each vertex. Repetitive sequences (high-
lighted red in the last step) result from loops in the graph. The image is adapted from Berger
et al. (2013).

to define gene characteristics (Eads et al., 2012), perform analyses on genomic features
(Wang et al., 2014; Falckenhayn, 2017), or comparing gene conservation and synteny to
other species (Braasch et al., 2016; Simakov et al., 2013; Machida et al., 2005).

Most important information is gained by gene locations. In eukaryotes, genes can be
predicted by statistical models or by evidence from homologous genes, preferably from
closely related organisms. Often, both methods are combined and a final gene prediction
is based on a consensus model. Additional information provides detailed predictions about
intron/exon structure or untranslated regions. Moreover, genetic features such as repeat
structures or non-coding RNAs are predicted in a similar approach.
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Nowadays, de novo genome annotation is fully automated. Pipelines exist for which
often only homology databases are required. Certainly, further information enables more
detailed predictions of other genetic features. Nevertheless, automated genome annotation
often lacks in quality (Reese and Guigd, 2006). Therefore, analyses on specific genomic
regions require careful practice. Annotations of larger genomes are published for review
and quality control, also called manual curation. This allows research committees to correct
specific regions by laboratory or literature research.

1.2.4 Genome projects

Eukaryotic genome sequencing projects started with the first complete genome of the
baker’s yeast Saccharomyces cerevisiae in 1996 (Goffeau et al., 1996). Within four years
genetic model organisms followed, namely Caenorhabditis elegans (C. elegans Sequenc-
ing Consortium, 1998), Arabidopsis thaliana (Arabidopsis Genome Initiative, 2000), and
Drosophila melanogaster (Adams et al., 2000). Ultimately, a major goal in genome projects
was to sequence the first human genome. Advancements in sequencing technologies and
bioinformatical approaches have been made such that by 2001 a first draft of the human
genome was published (McPherson et al., 2001; Venter et al., 2001). To date, it was the
biggest and most expensive genome project. Continuous optimization and development
of new strategies allowed for more cost-efficient projects. Soon, genome projects for vari-
ous individuals from all major kingdoms were initiated. These often aimed to gain insights
into genome evolution (Simakov et al., 2013; Albertin et al., 2015; Braasch et al., 2016),
unigque characteristics of an organism (Honeybee Genome Sequencing Consortium, 2006;
Sanggaard et al., 2014; Wang et al., 2014), or about human diseases caused by an animal
(Gulia-Nuss et al., 2016; Rosenfeld et al., 2016). Coordination and execution is either done
by individual research groups or is part of a large genome sequencing initiative such as the
i5K for arthropods (i5K Consortium, 2013), B10K for birds (Zhang et al., 2015), or G10K
for vertebrates (Genome 10K Community of Scientists, 2009). Large initiatives often aim to
obtain whole genome information of important representatives for a specific taxonomy.
Generally, genome projects always proceed in a similar practice regardless of the ana-
lyzed organism. A project is initiated with DNA extraction from the target animal. Suitable
sequencing and assembly strategies are chosen, depending on prior knowledge about the
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genomic characteristics. Sequencing is often based on short read sequencers, but recent
advancements enable new sequencing technologies to emerge (discussed in Section 4.2).
Assembly algorithms are further used and optimized depending on genome structure and
complexity. Often, assembly optimizations are favorable depending on the research focus.
Finally, genomic sequences are annotated using predictions based on homology and labo-
ratory information.

1.3 Aims of this PhD thesis

Model organisms play an important role in molecular biology. Especially, whole genome
information for organisms such as C. elegans, D. melanogaster, or A. thaliana facilitated
genome wide analysis. Still, many laboratory models are heavily focused on genetics
and thus are not suitable for many other applications in biological research. The mar-
bled crayfish, Probambarus virginalis, possesses unique genomic characteristics. Obligate
parthenogenesis and frequent releases allow rapid expansions in freshwater habitats. Con-
sequently, the marbled crayfish is threatening local biodiversity and has negative ecological
and economical impact. Nevertheless, it was proposed as a promising new model in various
fields of biology. Its prevalent importance demands for genomic information.

This doctoral thesis focuses on establishing the genome sequence for the marbled cray-
fish. This includes sequencing on a variety of platforms, de novo assembly, and automatic
annotation of genomic features. The genome assembly is ready to be used and distributed
by a central web server. Until now, obligate parthenogenesis and triploidy were only ana-
lyzed by extensive laboratory work. Additional focus of this project includes a genome wide
verification of genomic characteristics. Furthermore, globally distributed P virginalis pop-
ulations were analyzed for evolution of the parthenogenetic reproduction mode, ultimately
confirming a single origin.
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CHAPTER 1.

INTRODUCTION



2 Materials and Methods

Genome projects require a variety of tools and hardware for data generation and analy-
sis. This chapter comprises descriptions of the technical infrastructure and approaches for
sequencing, assembly, and annotation of the marbled crayfish genome. Additionally, an

overview of methods for variant detection and comparative analyses is given.

2.1 Technical infrastructure

Data generation and analysis was performed using different hardware settings and a va-
riety of software. The following section provides an overview of hardware and software
applications. Detailed parameter settings are explained in the respective paragraphs.

2.1.1 Hardware

Various applications require hardware settings dependent on resource demands and input
size. Here, mainly three different hardware platforms were used. Small scripts and quick
analyses were performed on a personal desktop computer equipped with four cores (one
thread per core) and up to 32 GB of RAM. Computationally more demanding software was
run on a high-performance computing cluster (HPC) with configurations of up to 10 nodes
with 20 threads and 200 GB RAM. The web server is hosted on a powerful machine with
four cores (two threads per core) and 24 GB RAM, which supplies sufficient resources for
web based applications such as the Apollo genome annotation browser.

13
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2.1.2 Software

Major software packages used in this project are listed below (Table 2.1). Each software

is provided with a version number and reference. Software with multiple version numbers

were either used in different stages of the project or were executed on different platforms.

Minor packages and methods are provided in the respective paragraphs.

Table 2.1: Main software packages. Each software used in the scope of this project is pro-
vided with a version number and reference. Programs with multiple version numbers were
executed in different computational environments. Minor software packages are not listed but

described in the respective paragraphs.

Software Version Source

BBTools 34.72 Bushnell (2015)

BLAST 2.2.29+ Altschul et al. (1990)

Bowtie 2 2.2.6 Langmead and Salzberg (2012)
BUSCO 1.22 and 2.0 Simao et al. (2015)

ClustalW 2.1 Thompson et al. (1994)
Freebayes 0.9.21-g7dd41db  Garrison and Marth (2012)
GapCloser 1.12 Luo et al. (2012)

Gblocks 0.91b Castresana (2000)
InterproScan 5.20-59.0 Biswas et al. (2002)

Jellyfish 1.1.11 Margais and Kingsford (2011)
L_.RNA_SCAFFOLDER 1.0 Xue et al. (2013)

MAKER 3.0 Holt and Yandell (2011)

PhyML 20120412 Guindon et al. (2010)
prinseq-lite 0.20.3 Schmieder and Edwards (2011)
R 3.3.1 R Core Team (2016)

SAMtools 0.1.19 Li et al. (2009)

SOAPdenovo2 2.04-r240 Luo et al. (2012)

Trimmomatic 0.30and 0.32  Bolger et al. (2014)

tRNA-scan 1.3.1 Lowe and Eddy (1997)

2.2 Procambarus animals

Procambarus animals were obtained from various sources (Table 2.2). P virginalis speci-

mens Petshop, Heidelberg, Moosweiher, and MA1 as well as P, fallax Female1 and P, alleni
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Female1 were provided as previously described (Falckenhayn, 2017; Vogt et al., 2015). In
short, strain Petshop was acquired and established in 2004 from a German pet trade (Kdlle
Z00). The oldest cultured strain Heidelberg was founded and provided by F. Steuerwald in
2003. P virginalis specimens Moosweiher and Madagascar (MA1) were wild catches from
the German lake Moosweiher (located near Freiburg, provided by M. Pfeiffer) and Mada-
gascar (MA1 provided by F. Glaw), respectively. P fallax Female1 (obtained in 2013) and
P alleni Female1 (obtained in 2014) were obtained from a German aquarium trade. Ad-
ditionally, three P fallax animals (Male1 obtained in 2013, Male6 obtained in 2015, and
Female4 obtained in 2015) were also acquired from a German aquarium trade. Detailed
culturing, tissue dissection, and DNA extraction is described as part of the doctoral thesis
of C. Falckenhayn (Falckenhayn, 2017). Sequencing data from the laboratory strain lllinois
was provided in a collaboration with W. Stein from lllinois State University (Section 2.3.1).

Madagascar samples

To confirm clonality in distantly evolved populations, five P virginalis specimens were col-
lected from multiples sites in Madagascar (strains MA1-MAS5). P virginalis MA1 was col-
lected in Antananarivo and provided by F. Glaw (Vogt et al., 2015; Falckenhayn, 2017).
Further Madagascar animals (MA2-MAS5) were collected by R. Andriantsoa between March
and July 2016 from different regions (MA2: Alaotra-Mangoro, MA3: Analamanga, MA4:
Itasy, MA5: Vakinankaratra). For each animal, tissue from the abdominal musculature was
extracted and sampled following the protocol described by Falckenhayn (2017).

2.3 High-throughput sequencing

Whole genome sequencing was performed for three different Procambarus species, com-
prising a total of 14 animals obtained from various sources (Table 2.2). Sequencing data
was generated in three independent institutions on different lllumina sequencing platforms
(Appendix Figure 6.1).
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Table 2.2: Origin of Procambarus animals. The overview of all Procambarus specimens
used in this project comprises a total of 14 animals (nine P, virginalis, four P, fallax, and one P,
alleni). For each animal, whole genome sequencing was performed.

Species Specimen Origin

P, virginalis Petshop Petshop laboratory strain
P virginalis Heidelberg  Heidelberg laboratory strain
P, virginalis Moosweiher wild catch from lake Moosweiher

P, virginalis lllinois lllinois laboratory strain

P virginalis MA1 wild catch from Antananarivo, Madagascar
P virginalis MA2 wild catch from Alaotra-Mangoro, Madagascar
P virginalis MAS3 wild catch from Analamanga, Madagascar
P virginalis MA4 wild catch from Itasy, Madagascar

P virginalis MA5 wild catch from Vakinankaratra, Madagascar
P, fallax Male1 male from aquarium supply

P, fallax Male6 male from aquarium supply

P, fallax Female1 female from aquarium supply

P, fallax Female4 female from aquarium supply

P, alleni Female1 female from aquarium supply

2.3.1 Genome sequencing

For genome assembly, high coverage whole-genome sequencing was performed for one
individual marbled crayfish female from a laboratory strain, herein termed as specimen
Petshop. Library generation, sequencing, and preprocessing was performed by Eurofins
MWG GmbH (Ebersberg, Germany). Therefore, a total of 100 ug genomic DNA from three
different tissues (ovaries, hepatopancreas, and abdominal musculature) was extracted and
processed as follows.

For fragmentation of shotgun libraries (SG) a Covaris E210 Instrument was used ac-
cording to the instructions provided by the manufacturer (Covaris Inc.). Following steps
included end-repair, A-tailing, and ligation of indexed adapters. Ligation products were size
selected by agarose gels with a targeted insert size of 500 bp. Clusters were generated
using an lllumina cBOT and six libraries were sequenced on a HiSeq 2500 platform (HiSeq
Control Software 2.0.12.0) with a 2x150 bp paired-end sequencing in rapid mode.

Library generation for long jumping distance sequencing was performed according to
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the mate pair library protocol provided by lllumina. The protocol was modified by Eurofins
MWG GmbH using adaptor-guided ligation of genomic fragments, which achieves higher
accuracies. Targeted insert sizes were 3 kb, 8 kb, 20 kb, and 40 kb. The six LJD libraries
were sequenced on an lllumina HiSeq2000 machine with 2x100 bp paired-end sequencing
in rapid mode.

Sequencing was run with the original chemistry provided by lllumina (HiSeq Flow Cell v3
and TruSeq SBS Kit v3). Processing of raw output was done using the Real Time Analysis
software (RTA, version 1.17.21.3) and CASAVA (1.8.2) to generate and demultiplex FASTQ
files (according to the 6 bp index with one mismatch allowed). All reads passed the default
lllumina filter. Sequencing quality (>31 for SG reads and >27 for LJD reads) was estimated
by adding a PhiX library before sequencing. Quality values () are provided in Phred quality
scores, with the probability of a wrong base call being P = 1070

Library generation and sequencing of MiSeq reads was performed by the DKFZ Ge-
nomics and Proteomics Core Facility (Heidelberg, Germany) following their standard paired
end MiSeq protocols (DNA Seq with TruSeq Nano, HiSeq Control Software 2.5.0.5). Raw
output was processed using RTA (1.18.54) and FASTQ files were generated using bcl2fastq
(1.8.4). Library preparation was done with a targeted insert size of 899 bp and a cycle count
of 301.

P. virginalis sequencing data from lllinois

Raw sequencing data from a laboratory strain (lllinois) was acquired as part of a collabo-
ration with Wolfgang Stein from lllinois State University. Therefore, two animals were se-
quenced as follows. Shotgun libraries were prepared with the Kapa HyperLibrary Prepara-
tion kit (Kapa Biosystems). Sequencing was performed on an lllumina HiSeq 2500 machine
using TruSeq Rapid SBS kits (version 2.0). FASTQ files were generated and demultiplexed
with the bcl2fastq (1.8.4) conversion software. The targeted insert size for SG libraries was
450 bp. Additionally, mate pair libraries with up to 8 kb distance information were generated,
though this data was not further used in this project.



18 CHAPTER 2. MATERIALS AND METHODS

Sequencing of additional animals

Library generation of P, virginalis specimens Heidelberg, Moosweiher, and MA1 as well
as P fallax (Malel and Female1) and P alleni (Female1) was performed by the DKFZ
Genomics and Proteomics Core Facility following the standard procedures as previously
described (Vogt et al., 2015; Falckenhayn, 2017). In short, sequencing was done on lllumina
HiSeq2000 (V3) machines following the standard Core Facility protocols (R&D protocol for
genomic DNA, HCS 2.0.12.0). Raw sequencing output was processed and FASTQ files
were generated using RTA (1.17.21.3) and bcl2fastq (1.8.3).

Four P virginalis samples from Madagascar (MA2, MA3, MA4, MA5) and two P, fallax
samples (Male6 and Female4) were also sequenced by the DKFZ Genomics and Pro-
teomics Core Facility on HiSeq X ultra-high-throughput instruments, following the standard
TruSeq DNA protocols (PCR-Free R&D protocols, SBS kit v2.5). Raw sequencing output of
Madagascar samples were processed using the RTA base calling software (3.3.76.1) and
bcl2fastq (2.18.0.12). FASTQ files for the P fallax samples were generated using bcl2fastq
(2.17.1.14).

2.3.2 Genome size estimation

Genome size was estimated in silico using raw shotgun reads from the P, virginalis speci-
men Petshop, following the method as described by Li et al. (2010). Therefore, occurrences
of short sub strings (k-mers) with length 17 were counted using Jellyfish. The resulting k-
mer depths and k-mer frequencies were plotted and peaks were analyzed in R. Then, the
average coverage (/V) was calculated from the k-mer peak depth (M) as listed below (For-
mula 2.1).

M- L
= 2.1

L—-k+1 (1)
where:

N = estimated read coverage
M = k-mer peak coverage depth
L = average read length

k = k-mer size
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Eventually, the genome size was estimated by the average coverage and the total number

of sequenced bases, which is equivalent to the total sum of nucleotide content in the raw
reads (Formula 2.2).

(2.2)

=1

where:

G = Estimated genome size
T = total base pairs

2.4 Genome assembly

Genome assembly was performed in a step wise process based on different algorithms
and input data. De novo genome assembly comprises steps such as read preprocessing,
contig assembly and refinement, scaffolding, and gap filling (Figure 2.1). Applications and
parameters for each step are described in the following section.

Genome sequencing was performed as an iterative approach, requiring different meth-
ods and parameter settings. Following is the approach for sequencing the most recent
version of the P virginalis genome (version 0.4). First, SG and LJD reads were filtered,
trimmed, and preprocessed. In detail, raw shotgun (SG) reads were trimmed for adapter
sequences and low-quality bases using Trimmomatic (version 0.30). LJD reads were pre-
processed with Eurofins software to remove adapter and linker sequences from raw reads.
Trimmomatic was used for filtering read pairs (Phred score: 5, window size: 8 bp, Phred
score: 15, min length: 30 bp). High quality SG and LJD reads were defined by prinseqg-lite.
Therefore, reads were filtered for low complexity, gap containments, a GC content below
10% or above 90%, or when they were shorter than 90 bp (SG) and 30 bp (LJD). Similar
preprocessing was performed on raw MiSeq data using Trimmomatic (version 0.32) and
prinseq-lite.

Contig assembly was performed using the short-read assembler SOAPdenovo2 on shot-
gun reads with a k-mer size of 75 and sparse pregraph construction. Resources of 10 cores
with 20 threads and 200 GB RAM were allocated on the HPC cluster. Sparse pregraph
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Figure 2.1: Workflow of the marbled crayfish genome assembly. The workflow of the
marbled crayfish genome project shortly describes each step for producing the final genome
assembly. Incoming edges refer to input data used in the current step whereas outgoing edges
are the results. Steps with multiple outgoing edges provide input for more than one successive
step. Start and end (DNA extraction and Final assembly) are marked in yellow. External input
information is colored in gray.

construction (sparse_pregraphing module) allowed for a more time and resource efficient
assembly. Extra output information was generated for the assembly process to resolve re-
peats. Most parameters were set to default apart from omitting kmers (and related edges)
with a frequency <5 (kmerFreqCutoff and kmerEdgeFreqCutoff) and a predicted genome
size of 4 Gbp. Contigs were assembled (contig module) with parameters set to resolve
repeats, loosely merging similar contigs (mergeLevel 3), deleting edges with a coverage
<5 (EdgeCovCutoff), and an arc weight limit of 5 when linearizing two edges within the
assembly graph. The output represents the raw contig assembly derived from SG reads.

Contigs were deduplicated because of high heterozygosity and to reduce input com-
plexity for scaffolding. The script dedupe.sh from the BBTools was run with parameters
for deduplication of identical sequences and containments (or their reverse-complements).
Overlaps in sequences were not considered due to the high amount of input sequences.
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Furthermore, duplicated sequences were omitted given a minimum identity of 95% and al-
lowing five mismatches (substitutions only) per contig. These values have been chosen
based on assuming a high heterozygosity due to a triploid genotype.

After deduplication, transcript-associated contigs were connected by mapping transcrip-
tome information to the contig assembly (transcriptome assembled by Falckenhayn (2017)).
Therefore, L_.RNA_SCAFFOLDER was used with default parameters. The procedure maps
transcripts onto contigs. Eventually, transcript-associated contigs were linked when the
required evidence threshold was exceeded.

LJD mate-pairs were used for connecting contigs over long distances, also known as
scaffolding. Scaffolding was performed using SOAPdenovo2 (scaff module) and a k-mer
size of 35 on the HPC cluster with 12 CPUs and 200 GB RAM. After data preparation, LJD
reads were mapped onto the contig assembly (default parameters) followed by scaffolding.
Parameters were set to use sequences with a minimum length of 100 bp (minContigLen),
a maximum length difference of 100 bp between estimated and filled gaps (gapLenDiff),
an upper bound multiplier of 3 for estimating insert sizes (insertSizeUpperBound), and
using a coverage multiplier of 0.2 for removing contigs within bubbles when coverage is low
(bubbleCoverage). Weakly connected contigs were kept, due to lower coverage in LJD
reads and the complex genome structures.

Four iterations of gap filling, using GapCloser, substantially reduced gap content. Gap
filling was performed with a subset of SG reads, a coverage requirement of 6 read pairs,
and an average insert size estimate of 450 bp. In total, the subset comprised 26 Gbp in 90
million read pairs (after trimming and quality filtering).

2.4.1 Genome quality

Genome quality was defined by assembly statistics and gene space completeness. Assem-
bly statistics comprise the total number of sequences, total assembly length, and metrics
such as the N50 statistic. Gene space was assessed by benchmarking universal single
copy arthropod orthologs.

In de novo assemblies, regular length measures such as mean and median sequence
length is often biased towards very short sequences. Assembly algorithms often fail to in-

corporate short reads into long consensus structures, resulting in many remaining short
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sequences. Hence, statistics such as the mean or median sequence length are skewed,
potentially reducing contributions from longer sequences. Thus, a weighted mean was cal-
culated to provide a statistic which gives more importance to longer sequences. The N
statistic is a weighted measure for sequence length in an assembly. Therefore, the lengths
of sequences within the assembly are extracted and sorted from the longest to the shortest.
In an iterative approach, they are summed up (in the direction from the longest to the short-
est) and checked if the sum is greater or equal N% of the total assembly length. Provided
that is the case, the iteration is stopped and the current length, contributing to the total sum,
is the representative N value. The most used parameter for N is 50 (N50). Other frequent
parameters are 25, 75, and 90. Higher N values represent an assembly containing longer
sequences.

Furthermore, genome quality was estimated using a benchmarking for universal single
copy orthologs (BUSCO). BUSCO searches for completed, fragmented, and duplicated or-
thologs within a given genome. For a conclusive benchmark BUSCO was run on 13 different
organisms (including the marbled crayfish) using identical parameters. Organisms were Na-
sonia vitripennis (Jewel wasp, version 2.1, accession GCA_000002325.2), Locusta migrato-
ria (Migratory locust, version 1.0, accession GCA_000516895.1), Stegodyphus mimosarum
(African social velvet spider, version 1.0, accession GCA_000611955.2), Acanthoscur-
ria geniculata (Brazilian whiteknee tarantula, version 1.0, accession GCA_000661875.1),
Zootermopsis nevadensis (Dampwood termite, version 1.0, accession GCA_000696155.1),
Parhyale hawaiensis (Sand flea, version 3.0, accession GCA_001587735.1), Ladona fulva
(Scarce chaser, version 1.0, accession GCA_000376725.1), Bombyx mori (Domestic silk-
worm, version ASM15162v1, accession GCA_000151625.1), Aedes aegypti (Yellow fever
mosquito, version L1, accession GCA_000004015.1), Drosophila melanogaster (Fruit fly,
version 6.0, accession GCA_000001215.4), Daphnia pulex (Common water flea, version
1.0, accession GCA_000187875.1), Ixodes scapularis (Black-legged tick, version 1.0, ac-
cession GCA_000208615.1), and Procambarus virginalis (Marbled crayfish, version 0.4).
Parenthesis provide their common name, the assembly version, and a GenBank accession
number. BUSCO was run in genome mode using a set of 1066 arthropod orthologs.
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2.5 Annotation

For automatic annotation, sequences >10 kbp were extracted from the assembly. The
automatic annotation pipeline MAKER (version 3) was run for eukaryotic organisms. Pa-
rameters were mostly set to default. EST evidence was provided by the marbled crayfish
transcriptome (Falckenhayn, 2017). Furthermore, protein homology was obtained from the
manually curated Uniprot/Swiss-Prot protein database (released on May 2016). Repeat
masking was also initiated with default configuration for eukaryotic genomes. A two-times
trained Hidden Markov Model was used for automatic gene prediction. Therefore, two runs
of automatic annotation were performed using only transcriptome data. Resulting annota-
tion files were used as input to train the Hidden Markov Model of the SNAP gene predictor.
Additional gene models from the annotated output of an older BUSCO benchmark (version
1.22) supported automatic annotation. This set contained a total of 203 complete orthologs
gene models (out of 2675 orthologs examined by BUSCO version 1.22). Additionally, genes
were directly predicted from transcripts and protein homology since de novo gene predic-
tion on a fragmented genome can be very strict. Eventually, the EVidenceModeler software
combined evidences from ab initio gene prediction, homology based alignments, and tran-
script alignments into consensus gene structures. Each source of automated prediction is
clearly comprehensible in the final annotation. This allows to trace the influence of each
method within the genome annotation process. Eventually, options to detect alternative
splice variants were enabled and predictions were forced for start and stop codons. The
maximum intron size was set at 10 kbp and the minimum intron length was set to 20 bp. Sin-
gle exons were considered (minimum length of 250 bp) as fragmentation of the assembly
limits the prediction of genetic structures.

tRNA annotation

Issues in the MAKER configuration prohibited automatic annotation of tRNA isotypes. Thus,
tRNAscan-SE was run independently in eukaryotic run mode (tRNAscan and EufindtRNA).
tRNAscan parameters were set to strict whereas EufindtRNA parameters were set to re-
laxed (int cutoff=-32.1). Furthermore, the default covariance model TRNA2-euk.cm was
used for prediction. Run statistics and secondary structures were included in the output.
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2.5.1 Functional annotation

To characterize protein functions and to further improve annotation, genes and proteins
have been assigned functions by homology information. First, all predicted proteins from
the MAKER genome annotation have been extracted and blasted (tblastn search, E-value
cutoff 1e-5) against the annotated marbled crayfish transcriptome (CDS sequences) (Falck-
enhayn, 2017). Next, proteins were blasted (blastp search, E-value cutoff 1e-5) against the
Uniprot/Swiss-Prot database (downloaded 10/2016, released on May 2016). The database
contains 590,360 protein sequences from a variety of different organisms (including 39,167
different isoforms). Due to more detailed annotations, blast hits from the transcriptome were
replaced by Uniprot/Swiss-Prot hits when available. Additionally, functional domains were
predicted (InterproScan) and provided as additional evidence for existing gene annotations.
This included database cross references (Dbxref) and gene ontology terms (GO).

2.5.2 Pilot analysis on meiosis genes

A set of candidate meiosis genes in the cyclic asexual Daphnia pulex was previously
described by Schurko et al. (2009). Candidate protein sequences were extracted and
searched (tblastn, E-value cutoff 1e-5) within an older iteration of the P, virginalis genome
(version 0.3.2). Potential targets were manually reviewed according to the number of hits,
bit score, and E-value.

2.5.3 Web server applications

A central resource on marbled crayfish genome information and data is provided on a web
server (http://marmorkrebs.dkfz.de, described in section 2.1.1). The main framework is
written in HTML and provides access to web applications. Annotation is integrated and
visualized by the Apollo Genome Annotator (version 2.0.2). Apollo enables community
driven manual curation and verification of genes. Furthermore, a tool for nucleotide and
protein sequence search is integrated in Apollo. Nevertheless, more detailed searches
can be done using BLAST. As BLAST was not integrated into Apollo, a custom wwwblast
(version 2.2.26) interface was established. There, users can upload nucleotide or protein
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sequences and directly search them within the marbled crayfish genome. Enabled routines
include blastn, tblastn, and tblastx.

2.6 Genomic analyses

Genomic analyses comprise the phylogenetic relationship based on genomic information of
various arthropods, estimation of heterozygosity, and variant analysis of different Procam-
barus species and populations.

2.6.1 Phylogenetic relationships

A set of 138 single copy orthologs (OrthoDB 8) was extracted from recently published
arthropod genomes. Genomes include Acanthoscurria geniculata, Aedes aegypti, Bom-
byx mori, Daphnia pulex, Drosophila melanogaster, Ixodes scapularis, Locusta migra-
toria, Parhyale hawaiensis, Stegodyphus mimosarum, and Zootermopsis nevadensis.
Accession numbers and assembly versions were already described in Section 2.4.1.
Additionally, genomes of Apis mellifera (Western honey bee, version 4.5, accession
GCA_000002195.1) and Camponotus floridanus (Florida carpenter ant, version 3.3, ac-
cession via http://hymenopteragenome.org/camponotus/?gq=genome_consortium_datasets)
were used in this analysis. To estimate genetic divergence, a multiple sequence alignment
has been calculated with ClustalW (default parameters). Alignments were reduced to focus
conserved blocks using Gblocks. Eventually, a phylogenetic tree was constructed based on
maximum likelihood estimation using PhyML (default parameters).

2.6.2 Variation analysis

Shotgun reads of all Procambarus individuals (P, virginalis, P fallax, and P alleni) were
mapped to the marbled crayfish reference genome using Bowtie 2. Subsequently, dupli-
cates were removed and a subset of sequences >10 kb was extracted with SAMtools. A
total of 665,574,093 callable sites, comprising about 19.0% of the total assembly size, were
identified by excluding gap bases and remapping Petshop reads. Variant calling was per-
formed using Freebayes with parameters set for a detection probability of at least 70%, a
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minimum mapping quality of 30, a minimum base quality of 20, and a coverage of at least 6
reads per site. Furthermore, all haplotypes were reported and additional variant evidence
was provided by the reference sequence. Data for multiple P, virginalis and P, fallax animals
allowed for a multi-sample variant calling, while variants for P alleni were called on one in-
dividual sample. Furthermore, P, virginalis samples were analyzed for a triploid genotype,
while the other two species were analyzed in diploid mode. Variants were filtered for type
(SNPs) and a quality score (>100).

Comparative analyses include all Procambarus individuals, except the four high-
coverage Madagascar samples MA2, MA3, MA4, and MAS. Variant calls for P, virginalis
specimen Petshop (remapped genome assembly reads) were used to filter potential tech-
nical errors. Therefore, valid sites were defined by at least one reference read observation
in the genome individual (Petshop). Additionally, all sites required a valid genotype in all
samples, as defined by Freebayes. Filtering and processing was performed using a custom
script and the statistical computing package R.

Polymorphic sites were extracted to create variant relationships. First, heterozygous
sites in the reference individual (Petshop) were eliminated. This enabled a reduction of
sites to strictly non-heterozygous loci. Polymorphic sites in marbled crayfish samples were
identified by at most one single base nucleotide substitution to the reference sequence. For
the diploid P, fallax and P, alleni individuals, all types of variants (homozygous/heterozygous
variants) were considered. Sequence similarity was estimated by pairwise comparison of
biallelic variant loci. Therefore, the number of identical variation sites was calculated for
each sample pair. Counts were normalized for the total variant number in each sample.
Next, a maximum distance matrix was calculated and clustered hierarchically using the
complete linkage method. Finally, an unrooted phylogenetic tree was generated using the
APE package in R (Paradis et al., 2004).

Biallelic variant distribution was defined by the ratio of alternative read observations
to the total observations per site, e.g. a ratio of 0.5 describes 50% alternative and 50%
reference reads in one specific site. Allele distributions of heterozygous and homozygous
loci were illustrated in violin plots using the R package vioplot. Variant distributions were
combined by species.

Differentiation of biallelic and triallelic genotypes was defined by the number of different
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alleles. Genotypes with at most two distinct alleles to the reference genome are defined
as biallelic variants whereas genotypes with three distinct alleles are defined as triallelic
variants. Again, homozygous and heterozygous variants were considered for each sample.
The ratio of biallelic to triallelic variants was calculated and visualized in R.

Circos plot of Madagascar samples

Analysis of polymorphic sites in distant populations included variant data from P virginalis
specimens Petshop, MA1, MA2, MA3, MA4, and MAS5. Furthermore, variant information
from one P fallax (Female4) was used for comparison. Eight random sequences were
selected from a subset of high nucleotide density genome sequences. Variant sites in
these sequences were filtered for single base substitutions as described above. Eventually,
sites were plotted using the OmicsCircos package in R (Hu et al., 2014).

2.6.3 Heterozygosity levels

High coverage sequence information of P, virginalis specimen Petshop was used to estimate
heterozygosity levels. Therefore, shotgun reads were remapped onto the genome assem-
bly (limited to sequences >10 kbp) as previously described (Section 2.6.2). Variant calling
was performed using Freebayes with identical settings as described above. Heterozygous
positions were extracted after filtering a variant quality of at least 30 and nucleotide cov-
erage of at least 15. Heterozygosity information for other genomes, estimated by similar
approaches, were extracted from publications (Sanggaard et al., 2014; Wang et al., 2014;
Albertin et al., 2015). To estimate heterozygosity levels in P, fallax, a preliminary raw contig
assembly was generated. Therefore, high coverage sequencing data from P, fallax Female4
was assembled into contigs using SOAPdenovo?2 (similar parameter settings as already de-
scribed in section 2.4). Variant calling was performed similar as in the marbled crayfish. The
only exception was a diploid ploidy level and, due to lower sequencing coverage, a depth
cutoff of 10. Heterozygosity levels were calculated as the total number of heterozygous
sites divided by the number of total sites (disregarding ambiguous gap bases).
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2.6.4 Single base substitutions and mutation signatures

To estimate single base substitutions in marbled crayfish, all sequenced P, virginalis animals
were considered. Filters for variant sites were applied as previously described (Keightley
et al., 2009, 2015). Remapping the reference genome reads (Petshop) allowed for filtering
sites prone to technical errors. Therefore, valid sites were defined to have reference read
coverage of >10 and <200. Furthermore, sites were only considered when the reference
animal did not have any alternative allele observations. All samples were required to have
a valid genotype for each site, i.e. each allele is clearly defined by Freebayes. A muta-
tion is allowed to occur in at most two independent samples. Eventually, single nucleotide
substitutions are defined as homozygous substitutions to the reference genome.

Substitutions provide mutation signatures by analyzing transitions from the reference
base to the substituted base. Signatures for each sample were combined and plotted in
R. The AT:CG ratio was calculated as the ratio of C/G — A/T counts to A/T — C/G counts
(Keith et al., 2016). The Ts:Tv ratio results from the ratio of transitions (A <> Gand T <> C)
to transversions (A/G < C/T) (Keith et al., 2016).



3 Results

Results comprise the assembly of sequencing data, obtained from one individual female
marbled crayfish, into a first de novo draft assembly. This includes steps such as con-
tig assembly, refinement using the transcriptome, and connecting sequences using long
jumping distance information. Moreover, genetic features were predicted and mapped onto
the novel assembly. The marbled crayfish genome provides detailed insights into genomic
characteristics and allows for comparative analyses on sequence variation.

3.1 Sequencing

Rapid development of sequencing technologies enables highly accurate base calling of
DNA. Here, lllumina HiSeq machines were used for a cost efficient high coverage short
read sequencing of genomic data. Additional Procambarus species were sequenced for
downstream analyses, e.g. to characterize the evolution of the parthenogenetic marbled
crayfish.

3.1.1 Genome sequencing

Whole genome sequencing was performed on a single individual female marbled crayfish
obtained from a pet trade, herein denoted as specimen Petshop. Three different tissues,
namely ovaries, hepatopancreas, and abdominal musculature, were used for library gener-
ation. Different sequencing approaches were pursued due to the large genome size and to
bypass limitations of short read sequencing.

Shotgun sequencing (SG) was mainly used to produce continuous consensus se-
quences (contigs). High coverage data substantially decreases sequencing errors. Six

29
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lanes of SG data were sequenced on an lllumina HiSeq 2500 machine with a targeted in-
sert size of 500 bp, producing a total of 245,157 Mbp raw yield in 817 million read pairs
(Table 3.1). Furthermore, an additional MiSeq library was produced with the initial purpose
to extend and improve the contig assembly provided by Eurofins MWG GmbH (Ebersberg,
Germany). However, producing a new contig assembly allowed for an a priori integration of
these reads. Sequencing on the lllumina MiSeq platform yielded 11,218 Mbp raw informa-
tion in 81 million read pairs (Table 3.1).

Six lanes of long jumping distance (LJD) reads were generated to connect contigs into
long scaffolds. Long jumping distance reads were obtained by sequencing modified vectors
of known size, which resulted in mate pairs separated by 3 kbp, 8 kbp, 20 kbp, and 40 kbp.
Sequencing on an lllumina HiSeq 2000 machine produced a total of 94,077 Mbp raw yield.
In particular, targeted insert sizes of 3 kbp yielded 18,005 Mbp raw information in 90 million
read pairs, 8 kbp yielded 33,866 Mbp in 169 million, 20 kbp yielded 25,950 Mbp in 130
million, and 40 kbp yielded 16,256 Mbp in 81 million read pairs (Table 3.1).

In total, a raw yield of 350,452 Mbp was produced from whole genome sequencing on
different technologies (Table 3.1). This corresponds to a total genome coverage of about
100x when assuming a 3.5 Gbp large genome.

Table 3.1: Genome sequencing results. Raw whole genome sequencing results from one in-
dividual female. Data was generated on different Illumina sequencing platforms. High coverage
shotgun sequencing was produced in paired-end mode and a targeted insert size of 500 bp.
Long jumping distance libraries (LJD) were sequenced in a mate pair approach with targeted
insert sizes 3 kbp, 8 kbp, 20 kbp, and 40 kbp. Read pairs are provided in millions (x10°) and
raw yield in Mbp (10 bp).

Type Insert size (op) Read pairs (x10°) Yield (Mbp) Protocol

Shotgun 500 817 245,157  HiSeq 2500 PE150
Shotgun 550 19 11,218 MiSeq PE300

LJD 3,000 90 18,005 HiSeq 2000 PE100
LJD 8,000 169 33,866 HiSeq 2000 PE100
LJD 20,000 130 25,950 HiSeq 2000 PE100
LJD 40,000 81 16,256 HiSeq 2000 PE100

Total 1,306 350,452
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Genome size estimation

Whole genome sequencing data allows for computational insights into genome structure,
e.g. by analysis on nucleotide distribution patterns. Counting sub strings of fixed length not
only provides preliminary insights into genomic characteristics, such as repeat content and
heterozygosity, but also allows for in silico genome size estimation. Therefore, sub strings
of size 17 (17-mers) were counted from raw SG data of P, virginalis Petshop. When plotting
the distribution of k-mer frequencies, two distinct peaks were observed at k-mer depths of
16 and 45 with frequencies of 17,527,603 and 15,706,869 respectively (Figure 3.1). The
first peak, at k-mer depth 16, represents heterozygous k-mers whereas the second peak
represents homozygous k-mers. First insights into genome structure can be derived from
the heterozygous peak occurring at a third of the depth (%) as the homozygous peak (n).
This strongly correlates with the triploid genotype of marbled crayfish (Vogt et al., 2015;
Martin et al., 2016). High k-mer frequencies at depths <5 mainly occur due to technical
artifacts.
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Figure 3.1: K-mer frequency and depth plot. The frequency and depth of k-mers (kK =
17), derived from shotgun sequencing reads, results in two distinct peaks at depth 16 (with a
frequency of 17,527,603) and 45 (with a frequency of 15,706,869). K-mer frequencies for a
depth <5 are cut as they represent technical artifacts. Frequencies are provided in millions
(x10°).

In silico genome size estimation can be done as previously described (Section 2.3.2).
In combination with results from flow cytometry the haploid genome size was estimated at
3.5 Gbp (Falckenhayn, 2017) .
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3.2 Assembly

The ultimate goal of genome assembly is to build the longest possible consensus se-
quences to represent individual chromosomes. Therefore, short reads were assembled
by constructing de Brujin graphs as implemented in SOAPdenovo?2.

A first raw contig set was produced by trimming and filtering SG and MiSeq reads.
Multiple contig sets were generated using different assembly parameters (data not shown).
Empirically, the contig set with the fewest sequences, highest nucleotide content, highest
mean sequence length, and highest N50 value was selected. The resulting contig set
consists of almost 19 million contigs, 3.2 Gbp total bases, and a GC content of 43.5%.
The shortest sequence resulted from an unassembled read with 76 bp whereas the longest
consensus sequence reached over 17 kbp. Average sequences length is 170 bp, closely
correlated with the N50 of 197 bp.

Owing to a triploid genotype and high heterozygosity, contig assembly contained a high
number of identical or highly similar sequences. This substantial increase in input com-
plexity is a potential problem for subsequent assembly steps. Deduplication filtered highly
identical sequences (> 97%), drastically reducing the assembly set by 72.6% (to 5.2 million
sequences). Consequently, the number of total bases drops by 45.9% (to 1.75 Gbp). The
average length of filtered sequences (108 bp) suggests that most information loss occurs
in sequences which could not be integrated in the contig assembly and, due to their size,
are not usable for further processing steps.

Prior analyses on genome completeness showed fragmentation and absence of impor-
tant genetic structures. To produce a high-quality genome assembly, contig refinement was
required. Transcriptome information (provided by C. Falckenhayn) was used to correct pro-
tein coding structures. Transcripts were used to orientate and combine contigs coding for
the same genes. The initial sequence set could be reduced by 60,151 sequences (1.1%)
while total sequence length increased by 6.2 Mbp. The increase in sequence length is due
to the introduction of gaps when two contigs match onto a transcript but are not overlapping.

Most contigs were limited by size due to complex genome structures. Unresolved com-
plexities cause fragmented sequences in the assembly algorithm. Several approaches exist
for improving assembly structure by combining short contigs into longer sequences (scaf-
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folding). Here, long jumping distance reads were generated from three different tissues, like
in shotgun sequencing. Long jumping distance reads are produced by incorporating mate
pairs into vectors of known length. This technique allowed to obtain distances from 3 kbp,
8 kbp, 20 kbp, and 40 kbp. SOAPdenovo2 provides a scaffolding module which allowed to
produce sequences (also known as scaffolds) of up to 718 kbp. Contigs were connected
such that the weighted mean sequence length (N50) increased to 28,228 bp.
Nevertheless, scaffolding also introduces gaps in the genome assembly. Gaps occur
when only the distance (not the nucleotides) between two contigs is known. In other terms,
two contigs are connected by mate pairs but neither are they overlapping nor any nucleotide
information in the connection is known. Still, the connection provides useful information for
later analyses. Consequently, the unknown sequence within a known distance is filled with
gap bases (nucleotide N). Gaps can span a few hundred to several thousand nucleotides.
Further refinement in de novo genome assembly aims to decrease the total number of gaps
and gap bases. Gap refinement eliminated a total of 595,696 gaps (37.7%) in four iterations
(Table 3.2). This reduced the number of total gap bases by 161,096,220 bp (Table 3.2).

Table 3.2: Gap filling results. Provided is the total number of gaps and gap bases before
each iteration of gap filling. Gap filling was performed in four iterations. Extended and Finished
describes the total numbers of gap bases and gaps which could be reduced after each iteration
of refinement.

lteration Gap sum Extended  Gap count Finished
1 1,814,626,668 140,655,387 1,579,001 558,450
2 1,680,463,365 16,235,535 1,020,551 31,297
3 1,665,630,287 3,147,864 989,254 4,147
4 1,663,096,159 1,057,434 985,107 1,802

Total 161,096,220 595,696

Eventually, the final assembly contains 3.4 million sequences (contigs and scaffolds),
comprising about 3.5 Gbp of bases (Table 3.3). The shortest sequence length is 100 bp
and the longest is almost 718 kbp. Mean and median sequence length are 1,034 bp and
226 bp, respectively. The weighted mean statistic N50 is 28,228 bp and N90 is at 255
bp. Nucleotides are distributed by 532,071,537 Adenines (15.2%), 403,641,751 Cytosines
(11.5%), 516,051,095 Thymines (14.7%), 397,229,790 Guanines (11.3%). Almost half of
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the assembly (47.3%) consists of gap bases (1,662,662,583) which distribute over 983,305
regions (Figure 3.2A).

Table 3.3: Genome assembly statistics. Various assembly statistics for the final genome
assembly. The full assembly contains all sequences obtained from genome assembly. Statistics
for sequences >1 kbp and >10 kbp are provided as they were used for downstream analyses.

Description Full Assembly Assembly>1 kbp Assembly>10 kbp
Total entries 3,394,710 240,964 52,418
Total length 3,511,656,756  2,664,252,624 2,226,816,413
Min length 100 1,000 10,000
Max length 717,999 717,999 717,999
Mean length 1,034 11,056 42,481
Median length 226 1,723 35,822
N50 28,228 41,510 48,916
N90 255 4,509 20,653
GC content 43.31% 43.25% 43.23%
Gap bases 1,662,662,583  1,659,644,686 1,549,212,759
Number of gaps 983,305 782,897 497,832

A filter for minimum sequence length is often applied when processing with large
genome assemblies. While sequence information gets lost, assembly complexity is sub-
stantially reduced. Most applications benefit from a lower input complexity, especially when
short sequences play no important role, e.g. as for automatic annotation or comparative
analyses. Short sequences mostly remain from not being integrated into a consensus struc-
ture due to technical artifacts (sequencing errors) or biological variations (heterozygous
positions). Nevertheless, enforcing a minimum sequence length reduces the nucleotide
content within the assembly at a substantially slower rate than the number of sequences
(Figure 3.2B). This justifies a reduction of input complexity for further analyses without los-

ing much sequence information.

3.2.1 Genome assembly quality assessment

Assembly quality tries to measure the completeness of an assembly. A high-quality genome
assembly allows for more confident results in downstream analyses. For the marbled cray-
fish genome, the quality was measured by sequence statistics and gene completeness.
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Figure 3.2: Nucleotide distribution and cumulative sequence lengths. Genome assembly
statistics are provided by the nucleotide distribution and an overview of cumulative sequence
lengths. (A) Total nucleotide distributions within the assembly: Adenine (A, red) with 15.2%,
Thymine (T, blue) with 14.7%, Guanine (G, yellow) with 11.3%, and Cytosine (C, green) with
11.5%. Unknown gap bases are denoted with the nucleotide N (gray). Gap bases are most
abundant with a proportion of 47.3%. (B) Cumulative sequence lengths illustrate the correlation
of nucleotide content (in Gbp, colored in blue) and the number of sequences (in millions, colored
in red). Upon enforcing a minimum length cutoff (logarithmic), the reduction of sequences is
substantially higher than the reduction of nucleotide content.

Statistics such as the total assembly length, average sequence length, number of scaf-
folds, and base distribution provide initial estimations on the assembly set. Nevertheless,
mean sequence length is often skewed since assemblies are plagued by short contigs (<
average read size) which resulted from not being built into a consensus structure. Espe-
cially, in assemblies of high heterozygous or repeat rich genomes a large proportion of short
sequences remain. Therefore, a weighted mean is adapted to reduce the impact of short
sequence on the mean sequence length. The N statistic is a measure where sequences of
equal length or longer are representing at least N% of the total assembly size (more details
in the methods section). The most common parameter for the N statistic is 50, also known
as the N50. Often additional parameters such as N25, N75, or N90 are provided. The N50
of the marbled crayfish genome is 28,228 bp while the N90 value is 255 bp, indicating a
high amount of short sequences in the assembly (Figure 3.3A).

The benchmarking tool BUSCO assesses the representation of universal single copy
orthologs within a given genome. BUSCO was used to compare the marbled crayfish as-
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sembly with other recently published arthropod genomes. From a set of 1066 arthropod
orthologs, 87.8% were found complete and 7.4% were found fragmented (Figure 3.3B).
Fragmented gene representation is defined by finding only parts of a gene. About 1.1%
of orthologs were found duplicated and 4.8% were entirely missing. This ranks the mar-
bled crayfish assembly of the marbled crayfish closely to other recently published arthropod
genomes (rank 9 of 13, sorted by complete gene structure) (Figure 3.3B).
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Figure 3.3: Assessment of assembly quality. Genome quality was assessed by two ap-
proaches. (A) The N statistic (logarithmic) provides a measure for the weighted mean sequence
length. Common parameters are the N50 (dashed gray line, 28,228 bp) and N90 (255 bp). (B)
BUSCO analysis of 1,066 universal single copy orthologs in 13 different arthropods species.
The P, virginalis genome assembly ranks in mid field with 87.8% complete (1.1% duplications),
7.4% fragmented, and 4.8% missing genes. Complete genes are colored green (duplications
in gray), fragmented are colored orange, and missing fractions are colored red.

Phylogenetic analysis based on gene models

Conserved domains and protein structures provide useful information for analyzing evolu-
tion and relationships between different species. For phylogenetic placement, a set of 138
single copy orthologs from the arthropod phylum was extracted and analyzed. These genes
are highly conserved across different arthropods and provide insights into evolution. Clus-
tering the marbled crayfish next to P hawaiensis and near the water flea D. pulex confirmed
placement within the crustacean lineage. Due to the lack of genomic information of closer
related species a more detailed analysis was not possible.
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Figure 3.4: Phylogenetic placement of P. virginalis based on protein homology. Phyloge-
netic placement of P, virginalis was performed by analyzing 138 universal single copy orthologs
among arthropod species. Orthologs were reduced to conserved blocks and the phylogenetic

tree was generated based on maximum likelihood estimation (Scale bar: 0.1). Bootstrap confi-
dences <1.0 are provided at the respective branches.

3.2.2 Transcriptome assembly of the noble crayfish, A. astacus

To further elucidate gene space in freshwater crayfish the transcriptome of the noble cray-
fish Astacus astacus was sequenced and assembled by Theissinger et al. (2016). Per-
sonal contributions to the study comprised the analysis of transcriptome completeness.
The benchmarking pipeline as well as additional resources were already established for the
marbled crayfish project (BUSCO version 1.22). From a total of 2765 universal single copy
arthropod orthologs, 64% were found complete, 4.8% were found fragmented, and 30%
were entirely missing.

3.3 Annotation

The automatic annotation pipeline MAKER provides methods for homology based anno-
tation and ab initio prediction. Due to a high occurrence of short sequences, annotation
was limited to sequence >10 kbp. Genomic evidence of shorter sequences is often con-
sidered not to contain meaningful information. Homology models were annotated using the
Uniprot/Swiss-Prot database, comprising 553,941 manually verified transcripts from various
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organisms (June 2015). Further input for gene model prediction was obtained from BUSCO
annotations (version 1.22) and RNA-seq evidence from the marbled crayfish transcriptome
(Falckenhayn, 2017).

The MAKER annotation pipeline could predict 21,772 gene models with 22,205 tran-
scripts, including alternative splice variants. Genes incorporate a total of 86,771 exons and
65,683 introns. Total exon length is 22 Mbp (253 bp on average) and total intron length is
129 Mbp (1960 bp on average) (Figure 3.5). On average, genes and transcripts span 6.7
kbp with the longest gene being up to 100 kbp (Figure 3.5). This ranks the marbled crayfish
in between average genetic feature lengths of Daphnia pulex (intron: 0.3 kbp, gene: 2 kbp)
and Parhyale hawaiensis (intron: 5.4 kbp, gene: 20 kbp) (Colbourne et al., 2011; Kao et al.,
2016).
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Figure 3.5: Genomic features length distribution. Genomic features were automatically
annotated using MAKER. Boxplots illustrate genomic feature length of exons, introns, genes,
and transcripts. Lengths of introns, genes, and transcripts are provided in kbp (x 103 bp).

Repeat detection

The MAKER pipeline combines two algorithms for automated repeat detection. Repeat-
Masker masks DNA sequences for features such as SINES, LINES, and low complexity
regions. Therefore, it uses alignments of a manually reviewed nucleotide repeat library.
Repeatrunner masks repeats from a database such that it identifies protein coding portions

of retro-elements and retro-viruses.
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In summary, de novo repeat detection predicted a total of 481,851 repeats, comprising
about 8.8% of the genome. Repeats are highly abundant for simple repeats (54.3%) and
LINEs (15.6%). SINEs and DNA transposons comprise each of about 8.4%, followed by
low complexity regions (5.7%), LTRs (5.2%), and some other lowly abundant repeat classes
(combined proportion of 2.4%) (Figure 3.6).
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Figure 3.6: Proportions of annotated repeat classes. Automatically annotated repeats were
classified into seven major classes. Proportions are shown counterclockwise in decreasing
order. Simple repeats being most abundant with 54.3% (gray), followed by LINEs with 15.6%
(blue), SINEs with 8.4% (orange), and DNA transposons 8.4% (green). Low complexity regions
make up 5.7% (pink) and LTRs 5.2% (brown). The combined proportion of lowly abundant
repeat classes (Other) was 2.4% (purple).

3.3.1 tRNA annotation

Transfer RNA (tRNA) genes were automatically annotated to further characterize genomic
content. In short, probabilistic profiles of secondary structure were searched within the
assembly. Prediction found a total of 17,990 possible tRNAs of which 16,596 are assumed
to be pseudogenes. 1,356 genes were found to decode for the standard 20 amino acids.
Most abundant tRNA isotypes were Threonine (666) and Valine (226) (Figure 3.7). Least
abundant were the isoforms Histidine (5) and Tryptophan (4).
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Figure 3.7: Abundance of predicted tRNA isotypes. Abundance of tRNA isotypes were pre-
dicted using tRNAscan-SE. Isotypes are provided in 3-letter code. The Supres label represents
tRNA suppressors coding for stop codons.

3.3.2 GH9 superfamily — annotation par example

To further elucidate assembly and annotation quality, the gene structure of one particular
gene was investigated. Cellulase activity in crayfish has been previously described to po-
tentially play a key role in omnivorousness (Byrne et al., 1999; Crawford et al., 2005). Thus,
a cellulase gene from the glycoside hydrolase family 9 (beta-1,4-glucanase) was searched
within the marbled crayfish genome assembly (CAZy database). Ultimately, evidence for
at least one highly conserved GH9 gene was found, composed of 13 coding exons (Figure
3.8). Regarding sequence length, the CDS comprised 2 kbp and was encoded within a
gene of about 9 kbp.

3.3.3 Preliminary analysis on meiosis genes

Apomictic parthenogenesis as reproduction mode in marbled crayfish implies the aberra-
tions in the process of meiosis (Scholtz et al., 2003; Vogt et al., 2004). This ultimately led to
the investigation on meiosis relevant genes in the marbled crayfish genome. Parthenogene-
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Figure 3.8: GH9 superfamily annotation example. Automatic annotation revealed gene
structures such as a gene from the GH9 superfamily important for cellulose digestion. The
schematic of the gene shows the CDS (derived from the transcriptome) and the assembly re-
gion (scaffold37311), containing the genes intron (gray) and exon (light blue) structure. Gene
length is about 9 kbp whereas the CDS is only about 2 kbp.

sis and meiosis related genes have already been described in the water flea, Daphnia pulex
(Schurko et al., 2009). A set of 93 meiosis relevant genes were extracted and searched
within an older version of the genome (0.3.2). Interestingly, most meiosis relevant genes
were either found complete or fragmented (n=84). Nevertheless, evidence was lacking for
genes such as Rec8 and Msh5.

3.3.4 Functional annotation

Automatic annotation in de novo genome projects often predicts genes without a direct
association of their function. Evidence from homologous proteins already exist (MAKER
annotation) but were not clearly defined for predicted genes. Explicit gene associations
are required for pathway and comparative analyses. Hence, functional annotation was
performed by extracting predicted protein sequences and realigning them onto the manually
verified Uniprot/Swiss-Prot database. In total, 66.8% (of 21,773) predicted genes were
mapped to a protein of known function. Annotations from transcripts of the marbled crayfish
transcriptome were provided as additional information.

Furthermore, protein signatures were searched using InterProScan to obtain functional
domains. InterProScan provides a large resource of predictive models derived from several
different databases. Models were carefully picked and curated by the InterPro consortium.
Eventually, 41.6% genes were assigned with functional domains from InterProScan. More-
over, 129 unknown genes could be annotated with domains. The InterProScan pipeline an-
notated a total of 10,251 genes with database cross references (Dbxref) and 6,457 genes
with gene ontology terms.
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In total, 67.4% of genes were annotated with a functional annotation either by complete
protein evidence or functional domain homology. This provides a useful addition for the de
novo annotation of the marbled crayfish genome assembly.

3.3.5 Manual curation on a designated web server

Automatic annotation was created to be a powerful support for experimental annotation pro-
cedures. Manual refinement is reasonable and advisable as algorithmic annotation is prone
to errors. A web server was established providing a central resource for manual curation
and genomic analysis of the marbled crayfish genome (http://marmorkrebs.dkfz.de). The
website comprises useful information about the marbled crayfish project as well as pow-
erful tools like the Apollo genome annotation editor and a BLAST search. The browser
application Apollo allows users to view and edit predicted genome annotation. Annotations
are provided with distinct identifiers and their respective algorithmic sources (Figure 3.9).
Moreover, curators have the possibility of editing and refining annotation in regions of inter-
est. Every change in annotations is traceable and can be complemented by comments or

references.
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Figure 3.9: Apollo browser example for genome annotation. The Apollo genome annotation
browser and editor was established as a community driven resource for the marbled crayfish
genome annotation. Annotations are provided with the source of each evidence.
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3.4 Variation analysis

Providing a genome assembly allows comparative analyses of sequence variation profiles.
Sequencing data from 14 different animals was collected: nine P virginalis, four P, fallax,
and one P, alleni. Then, analyses on sequence similarity, polymorphisms and heterozygos-
ity were performed.

3.4.1 Mapping coverages from Procambarus samples

Sequencing of additional animals was done to compare genomic data of different origins
(Table 2.2). Therefore, several approaches were pursued resulting in varying sequencing
yields (Appendix Table 6.2). Genome coverage was calculated after trimming, filtering, and
mapping of reads (Table 3.4). Remapping reads, used for genome assembly (P, virginalis
Petshop), resulted in the highest overall coverage of 71.8x. As P virginalis Heidelberg
was previously intended to be used for genome sequencing high coverage sequencing
data was generated (54.3x). Individuals sequenced on single lanes (P, virginalis specimens
Moosweiher, MA1, lllinois; P, fallax Male1, Female1; P, alleni Female1) produced coverages
of 16.2x to 20x. Higher yields were obtained for individuals sequenced on lllumina HiSeq
X ultra-high-throughput machines, resulting in coverages from 27.6x (P. virginalis MA5) to
41.6x (P fallax Male6).

3.4.2 Genetic variant calling

For each animal, genetic variants were called using Freebayes. To increase sensitivity of
variant detection, data from P, virginalis and P, fallax was processed in a multi-sample ap-
proach. Single sample calls were done for P, alleni, since only one individual was available.
Variant calls were considered in 665,574,093 genomic sites, comprising about 19% of the
total assembly size.

3.4.3 Heterozygosity rate

Estimating the heterozygosity is an important step for understanding the structure and com-
plexity of a genome. In the marbled crayfish, heterozygosity provides insights into evolu-



44

CHAPTER 3. RESULTS

Table 3.4: Mapping coverages for Procambarus animals. Total genome coverage of SG
sequencing data after trimming, filtering, and mapping. The coverage was calculated as the
sum of coverages per nucleotide divided by the total number of nucleotides (after mapping).

Species Specimen Coverage
P virginalis Petshop 71.8x
P virginalis Heidelberg 54.3x
P, virginalis Moosweiher 15.6x
P, virginalis llinois 16.2x
P virginalis MA1 16.8x
P virginalis MA2 30.0x
P virginalis MA3 36.0x
P virginalis MA4 29.1x
P virginalis MA5 27.6x
P, fallax Male1 19.9x
P fallax Male6 41.6x
P, fallax Female1 17.8x
P, fallax Female4 38.7x
P alleni Female1 16.6x

tion and origination of the species. To estimate heterozygosity in P virginalis, all valid loci

were extracted from variant calling analysis and the number of heterozygous positions in

the analyzed sequence set (excluding gap sequence) was calculated. This resulted in a

genome wide rate of 0.53% (Figure 3.10). In P, fallax, estimation was performed in a similar

approach. Prior to analysis a preliminary contig assembly was produced using SOAPde-

novo2. Subsequently, P fallax reads were remapped onto the preliminary assembly and

the heterozygosity rate was estimated at 0.03% (Figure 3.10). Previous publications on

genome assemblies provided heterozygosity rates calculated by similar approaches (Fig-
ure 3.10) (Sanggaard et al., 2014; Wang et al., 2014; Albertin et al., 2015). The marbled
crayfish displayed the highest genome wide heterozygosity level, whereas the lowest rates

were observed in the morphologically identical P, fallax.
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Figure 3.10: Heterozygosity rate in different animals. The estimated heterozygosity rate of
P, virginalis (P.v., colored in red) compared to other published genomes with likewise inferred
levels. Heterozygosity rates are provided as the percentage of heterozygous positions in the
genome. Additional organisms include A. geniculata (A.g.) (Sanggaard et al., 2014), L. migrato-
ria (L.m) (Wang et al., 2014), O. bimaculoides (O.b.) (Albertin et al., 2015), and S. mimosarum
(S.m.) (Sanggaard et al., 2014). A preliminary assembly was generated to approximate het-
erozygosity levels in P, fallax (Pf., colored in green).

3.4.4 Sequence similarity

Variant calling for ten animals was performed to analyze sequence similarity between dif-
ferent Procambarus species. Therefore, pairwise comparisons of shared polymorphic loci
(to the reference genome) were counted and a maximum distance matrix was calculated.
Counts were normalized by the number of total variants for each animal and plotted in an
unrooted phylogenetic tree (Figure 3.11). Species relationships can be observed by three
distinct clusters, where P, virginalis is closer related to P, fallax than to P alleni. Moreover,
the very short branch lengths for the five marbled crayfish animals (Petshop, Heidelberg,
Moosweiher, lllinois, MA1) resulted from almost identical genomes. Substantially more se-
quence variation was observed in the four P. fallax specimens (Male1, Male6, Female1,
Female4).

Analysis of Madagascar samples

Five P virginalis samples from Madagascar (MA1, MA2, MA3, MA4, and MA5) were ana-
lyzed to illustrate clonality within geographically separated populations. Therefore, single
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base substitutions to the reference genome were visualized (Figure 3.11B). Furthermore,
variant data from the reference individual (Petshop) and one high coverage P fallax individ-
ual (Female4) was used for comparison. Again, sequence similarity in P, virginalis animals
was observed among all eight genome sequences (comprising 1.5 Mbp of DNA). In the
marbled crayfish, some substitutions occur which result from technical artifacts due to low
filtering stringency. Considerably more substitutions are observed in Procambarus fallax.
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Figure 3.11: Sequence variation in Procambarus animals. Sequence variation between dif-
ferent Procambarus animals. (A) Phylogenetic tree construction based on pairwise comparison
of ten Procambarus animals (P, virginalis specimens Petshop, Heidelberg, Moosweiher, MA1,
lllinois; P fallax specimens Male1, Male6, Female1, Female; P, alleni specimen Female1). (B)
Ring plot of polymorphisms in 8 randomly chosen marbled crayfish genome sequences. Every
ring represents one animal. P virginalis Petshop (dark red) was provided as a reference and
P, fallax Female4 (green) for comparison. Marbled crayfish populations from Madagascar (col-
ored in red) comprises specimens MA1, MA2, MA3, MA4, and MAS5 from five distinct sample
sites. Within each ring, a vertical bar represents one single base substitution to the reference
genome. Numbers surrounding the outermost ring correspond to the respective scaffold num-
bers.

3.4.5 Alternative base observations

Alternative base observations provide detailed insights into ploidy of an organism. When
analyzing the ratio of alternative to total base observations, the marbled crayfish shows a
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major peak at a distribution around 0.33 (Figure 3.12). In other terms, 33% of the mapped
reads contain an alternative base at a certain site, also known as heterozygous position. A
clearly less emphasized peak can be observed at 0.66, and a negligible amount of position
is polymorphic (1.0). More prominent peaks at 0.5 and 1.0 are seen in the diploid P, fallax
and P, alleni. These evidences strongly support a triploid genotype in P, virginalis. In par-
ticular, a major distribution of one allele being different from the other two alleles suggests
an AA’B genotype. As a control, P fallax and P alleni both provide expected evidences
for a diploid genotype with 0.5 representing some heterozygous loci and 1.0 being true
polymorphisms to the P, virginalis reference genome.
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Figure 3.12: Ratio of alternative allele reads. Violin plots of the combined ratios of biallelic
alternative loci for three species: P virginalis (red), P, fallax (green), and P, alleni (blue). Dashed
lines are at distributions of 0.33, 0.5, and 1.0. Median values are provided as white dots within
boxplots (black bar in each violin). Distributions of 0.33 indicate that 33% of mapped reads
contain an alternative single base substitution. An alternative allele frequency of 1.0 represents
true polymorphisms to the reference sequence.

3.4.6 Biallelic and triallelic variants

Specific genotypes in a polyploid individuum can elucidate evolutionary processes. There-
fore, variants were separated into two groups, biallelic and triallelic variants (Figure 3.13).
Variants are considered biallelic when the predicted genotype consists of only two distinct
alleles, whereas triallelic variants require three distinct alleles. Valid variations comprise
homozygous and heterozygous variants. When comparing profiles of biallelic and triallelic
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variants, the first obvious results were found in P, fallax and P alleni. There, triallelic vari-
ations were entirely absent as they possess only a diploid genotype. Nevertheless, in P
virginalis over 99% of heterozygous variants were biallelic rather than triallelic (0.15%). To-
gether with previous results on alternative base distributions, this further suggests an AA'B
genotype (due to the ratio of alternate alleles) and not three independently evolved alleles
(ABC).
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Figure 3.13: Distribution of biallelic and triallelic variants. Average distribution of biallelic
and triallelic variants in species P virginalis, P fallax, and P alleni. Triallelic variants (violet)
were absent in P fallax and P alleni due to their diploid genotype.

3.4.7 Single base substitutions and mutation signatures

Single base substitutions were analyzed in eight different P, virginalis animals (specimens
Heidelberg, Moosweiher, lllinois, MA1, MA2, MA3, MA4, and MAS5). Prior to estimation,
technical artifacts were filtered by remapping reference genome reads (from specimen Pet-
shop). Detailed filtering on polymorphisms is described in the methods section (Section
2.6.4). After filtering, a total of 238 single base substitutions to the reference genome
(within all eight animals) were observed. Individual substitution frequencies are provided in
the appendix (Appendix Table 6.3).

Subsequently, mutational signatures were investigated to test whether substitutions oc-
cur in distinct patterns. A definite peak was observed in substitutions from C to T, followed
by G to A and A to G. Less observed were substitutions from A to C and C to G. To further
characterize mutations, numerical definitions on substitution patterns were calculated as
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previously described (Keith et al., 2016). The 238 mutations were categorized by transi-
tions (130) and transversions (108) resulting in a Ts:Tv (transitions to transversions) ratio of
1.2. Furthermore, the AT:GC ratio was calculated by counting substitutions from C/G—A/T
divided by A/T—C/G. In marbled crayfish, an AT:GC ratio of 1.69 was observed.
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Figure 3.14: Mutation signatures in marbled crayfish. Mutation signatures derived from
single base substitutions in eight different P, virginalis animals (Heidelberg, Moosweiher, lllinois,
MA1, MA2, MA3, MA4, and MAS5). Substitutions were combined for all animals.
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4 Discussion

With more than 60,000 described species, crustaceans represent a major part within the
phylum of arthropods. Specifically, many species are considered ecological and economical
keystone species (Crandall and Buhay, 2008). Surprisingly, genome information is still
lacking despite their prevalent importance. Among crustaceans, the all-female freshwater
crayfish P, virginalis shows various unique characteristics such as obligate parthenogenesis
and triploidy (Scholtz et al., 2003; Vogt et al., 2004, 2015; Martin et al., 2016). Further
favorable traits render the marbled crayfish a promising new model to study a variety of
biological principles (Vogt, 2008b). This thesis introduces a first assembly of the marbled
crayfish genome and proves clonality in distant populations, hence confirming origination
from a single animal.

4.1 Marbled crayfish genome project

Previously, genomic analyses in marbled crayfish was done using extensive laboratory ap-
proaches. Thus, the marbled crayfish genome project was initiated in 2013 with the ultimate
goal to establish a reference genome as resource for the scientific community.

4.1.1 The Marbled crayfish — a challenging de novo genome assembly

The development of eukaryotic genome assembly tools rapidly advanced with projects such
as the human genome project and genetic model organisms like C. elegans, A. thaliana,
and D. melanogaster (McPherson et al., 2001; Venter et al., 2001; C. elegans Sequencing
Consortium, 1998; Arabidopsis Genome Initiative, 2000; Adams et al., 2000). Since then,
substantial decrease in sequencing costs and efforts enabled projects for other species.

51
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Projects progressed quickly for organisms such as the honey bee A. mellifera, migratory lo-
cust L. migratoria, bed bug, tick, and spiders (Honeybee Genome Sequencing Consortium,
2006; Wang et al., 2014; Gulia-Nuss et al., 2016; Rosenfeld et al., 2016; Sanggaard et al.,
2014). Nevertheless, with most of eukaryotic genomes being diploid many algorithms were
developed for diploid genomes with a low heterozygosity (Luo et al., 2012; Zerbino and Bir-
ney, 2008; Simpson et al., 2009; Gnerre et al., 2011). High heterozygosity levels required a
more sophisticated approach for the large (3.5 Gbp) and triploid marbled crayfish genome.

A genome assembly of competitive quality

The marbled crayfish genome assembly was produced entirely on lllumina sequencing data.
While this seems challenging for such a large and complex genome, the strategy of se-
quencing long jumping distance mate pairs substantially increased genome completeness
and sequence representation. Nevertheless, de novo sequencing projects often require
prior estimations on genome structure, e.g. by low coverage short read sequencing and k-
mer estimation. Counting sub strings (k-mers) and plotting depth versus frequency not only
allows for a pilot estimation of genome size but also to infer heterozygosity levels, repeat
content, and potential sequencing difficulties (Figure 3.1).

The marbled crayfish genome assembly is mainly burdened by high heterozygosity as
a result from a triploid genotype. Well-established short read assemblers were not specifi-
cally built to perform well on highly heterozygous, polyploid, or repeat rich genomes. Only
recently, new approaches were developed to overcome certain limitations caused by het-
erozygous and repeat rich genomes (Kajitani et al., 2014) or for assembling different haplo-
types (Aguiar and Istrail, 2013). Unfortunately, technical requirements for these assemblers
were still not as optimized as those of well-established assemblers and hardware require-
ments often exceeded available resources. In the scope of this project, SOAPdenovo2 was
used as it provides compatibility with most systems and a fast run time.

Deduplication of sequences was performed to reduce input complexity. A common prob-
lem in the assembly of heterozygous sequences appears upon building de Brujin graph
structures. Every alternative allele creates a new path which in turn increases complexity
for path traversal. However, the number of paths is certainly limited when reducing the in-
put by deduplication. Although some genomic information was lost, completeness of gene
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space was still comparable to other recently published genomes (Figure 3.3B).

In further regard to quality, scaffolding of most sequences succeeded. However, some
sequences were just the result from two short contigs spanning long distances. The se-
quence in between is filled with gap bases. These sequences are considered artifacts
as they do not contain actual sequence content and potentially skew assembly statistics.
Also, limitations in gap closing algorithms restrict improvements to shorter gaps. Results
showed an exponential decrease in extended gap bases for each iteration (Table 3.2). Con-
sequently, an increase in iterations would not substantially improve gap statistics.

Automatic annotation reveals basic gene models and repeat structures

Automatic annotation identified about 21,000 genes. This number is probably underesti-
mated due to fragmentation of the assembly. As the BUSCO benchmark suggests, some
genes are entirely missing or fragmented (Figure 3.3B). Gene structures are sometimes
scattered in multiple sequences or remain unassembled, and thus they cannot be anno-
tated. Despite these challenges the number of genes is still comparable to other crus-
taceans (about 30,000 in D. pulex and about 28,000 in P hawaiensis) (Colbourne et al.,
2011; Kao et al., 2016). In addition, average lengths of genetic features are in the range of
both species. This suggests that the quality of automatic annotation is sufficient for compar-
ative analyses. Confirmation of cellulase gene provides an example of usable information
in assembly and annotation. Digestion of plant based foods has previously been shown in
a variety of freshwater crayfish (Byrne et al., 1999; Crawford et al., 2005). Confirmation
of a beta-1,4-glucanase gene verifies gene abundance in marbled crayfish and ultimately
demonstrates applicability of the annotation.

The number of de novo predicted repeats is also assumed to be slightly underestimated,
due to similar reasons as for gene annotation. The genome wide repeat content of 8.8% is
lower than reported in other arthropod genomes (9.4% in D. pulex, 9.5% in A. mellifera, and
14.8-17.9% in bumblebees) (Colbourne et al., 2011; Elsik et al., 2014; Sadd et al., 2015).
Fragmentation in genome assemblies often occurs in intergenic or intronic regions. This
is due to contamination of repeats, low complexity regions, or other challenging factors for
the assembly process. Thus, most automatically annotated repeats are located within or in
close proximity of transcript structures.
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Interestingly, high abundance of tRNA genes coding for threonine and valine were pre-
dicted (Figure 3.7). Total tRNA isotype abundance in eukaryotes, predicted in the same
approach, are generally just between 170 and 570 (Goodenbour and Pan, 2006). Whether
this increase in tRNA genes is due to genome fragmentation or has a biological meaning
remains to be investigated.

It is inevitable that automatic genome annotation should be refined by manual curation.
As common practice in de novo genome annotation, manual curation potentially improves
automatic annotations based on biological data from laboratory work. Therefore, several
tools exist permitting researchers or annotation committees to easily review annotations.
For this project, a web server for the marbled crayfish genome project was established.
The web server provides news about the project, a blast server, and a manual curation tool
(http://marmorkrebs.dkfz.de). Ultimately, it provides an extensive central resource enabling
researches to improve and work on the annotation of the marbled crayfish genome.

In the last years, rapid advancement in sequencing technologies were made. Especially
long read technologies from companies such as PacBio or Oxford Nanopore proved to be
useful in de novo genome sequencing. These techniques generate reads up to several
Kilobases which substantially improves assembly completeness. The application of these
methods as well as benefits and drawbacks are further discussed in the outlook (Section
4.2).

In summary, the algorithmic genome annotation is suitable for first comprehensive anal-
yses. Annotation of genetic features is comparable to other recently finished genome
projects. Nevertheless, further improvements on assembly structure and annotation are
required. The marbled crayfish web server provides a central resource to manually curate
annotations.

4.1.2 Clonal evolution and parthenogenesis

Parthenogenesis in arthropods, particularly in crustaceans, was already described (Werren
et al., 1995; Lorenzo-Carballa and Cordero-Rivera, 2009; Colbourne et al., 2011). How-
ever, parthenogenesis was always considered as an additional form of reproduction, e.g.
caused by parasitic infections (Werren et al., 1995). In decapod crustaceans, exclusive re-
production by obligate parthenogenesis is only known in the marbled crayfish. So far, this
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was shown by analyses on genetic markers (Scholtz et al., 2003; Vogt, 2011a; Vogt et al.,
2015). Here, parthenogenesis in P virginalis is shown on a genome wide scale (Figure
3.11). Phylogenetic analysis on sequence similarity illustrates the relationship of three Pro-
cambarus species (Figure 3.11A). Conclusively, the marbled crayfish is more closer related
to its closes relative P fallax than to P, alleni. This supports theories on a direct evolution of
the marbled crayfish from Procambarus fallax as previously suggested (Vogt et al., 2015;
Martin et al., 2016). Pet trade and anthropogenic releases enabled the marbled crayfish
to establish populations in different geographic regions (Figure 1.1B). Polymorphism pro-
files of five animals from Madagascar were analyzed to further elucidate clonal evolution in
distantly evolved populations (Figure 3.11B). Analyses clearly show an independent clonal
evolution within geographically isolated populations. Furthermore, clonal genomes strongly
support an origination from a single origin.

Permanent random mutations in an organism occur during evolution by replication er-
rors or upon DNA damage. The mutation rate for a species provides a measure for mutation
accumulation per generation. Marbled crayfish, despite being genetically identical, also un-
dergo mutational events. A total of 238 single base substitutions have been found within
eight analyzed animals. The low number of sequence variation further supports and evolu-
tion from a single origin. However, inferring a mutation rate for P, virginalis was not possible
since generation differences between the reference (Petshop) and other animals were not
documented. Nevertheless, mutation rate in marbled crayfish is expected to be similar as
reported in other arthropod species, e.g. 3.5 x 1079 in Drosophila melanogaster, 2.9 x 1079
in Heliconius melpomoene, or 4 x 10~ 9 in the cyclic asexual Daphnia pulex (Keightley et al.,
2009, 2015; Keith et al., 2016).

Mutation signatures are characterized by substitutions from the reference to an alter-
native nucleotide. Previously, they were used to successfully differentiate different cancer
types and origins (Alexandrov et al., 2013). Analysis on signatures in independently evolved
P, virginalis populations may provide insights into different environmental conditions. Sig-
natures in P, virginalis were consistent with the findings in D. melanogaster (Keightley et al.,
2009). However, pilot analyses did not reveal any population differences. Samples from
Madagascar showed similar patterns as observed in other populations, suggesting high
adaptive capabilities without the influence of somatic mutations. Hence, phenotypic plas-
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ticity is caused by epigenetic regulation rather than by genetic changes. Nevertheless,
larger sample sizes from distinct populations should be considered for further insights into
mutation signatures caused by environmental stimuli.

Mechanisms of parthenogenesis

Although, the reproductive mode of marbled crayfish was previously studied the molecu-
lar mechanisms for apomictic parthenogenesis remain unknown (Lukhaup, 2001; Scholtz
et al., 2003; Vogt et al., 2004). The all-female marbled crayfish produce genetically identical
offspring by (thelytokous) apomictic parthenogenesis, meaning they do not undergo meio-
sis on oogenesis (Vogt et al., 2004; Martin et al., 2007; Vogt et al., 2008). Moreover, it was
shown that the marbled crayfish evolved from the sexually reproducing (diploid) Procam-
barus fallax (Martin et al., 2010a; Vogt et al., 2015; Martin et al., 2016). The relationship of
both species was verified on a genome wide scale using phylogenetics based on sequence
similarity (Figure 3.11A).

Pilot analysis on genome sizes between P virginalis and P, fallax implies a substan-
tial loss of genomic content in the marbled crayfish (estimations in P fallax performed by
F. Gatzmann). Evidences for genomic loss and apomixis suggest aberrations in meiosis
relevant genes. Interestingly, analyses on meiosis relevant genes in P, virginalis did show
irregularities within some structures. However, insights from the transcriptome showed that
fragmentation of genes is a limiting factor for precise analyses (Figure 3.3B). Thus, im-
provements in genome assembly and gene representations are essential for more detailed
insights. Furthermore, verification by laboratory experiments should be considered.

Evolution by autopolyploidization

Polyploidy, or more specifically triploidy, is essential for establishing parthenogenesis in
marbled crayfish. The ploidy level was already characterized by karyograms and genetic
markers (Vogt et al., 2015; Martin et al., 2016). Analysis on heterozygous variant distribu-
tions were conducted to verify triploidy on a genome wide level. As expected, the distri-
bution of alternative alleles clearly indicates a ratio of 33% (Figure 3.12). Additionally, it is
evident that the marbled crayfish shows an altered distribution pattern when compared to
other species of its genus, further consolidating a unique genomic structure.
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Upon observing variation patterns, heterozygous positions were rather biallelic than
triallelic (Figure 3.13). Triallelic variations require three independently evolved alleles (ABC
genotype). By contrast, biallelic variations, the most common type in P virginalis, require
only two distantly evolved alleles, of which one is complemented by a highly similar allele
(AA’B genotype). In other words, an AA’B genotype arises when the diploid set of alleles
from an animal is complemented by an allele from a more distant one. Triploidy and an AA’B
genotype strongly favors an evolution by autopolyploidization as previously suggested (Vogt
et al., 2015; Martin et al., 2016). Therein, evolution of marbled crayfish was proposed as
a macromutation event in captive P fallax. Macromutations could be caused by a heat or
cold shock, such that an undifferentiated diploid egg was fertilized by a haploid sperm (Vogt
et al., 2015).

Heterozygosity levels in P virginalis are rather high compared to other organisms. Ele-
vated heterozygosity levels were previously reported in A. geniculata which also has a very
fragmented genome assembly (Sanggaard et al., 2014). Assembly fragmentation could in-
fluence heterozygosity levels in marbled crayfish. Nevertheless, high heterozygosity could
also be caused by hybridization from two genomically very distant P, fallax populations.
This further supports an evolution by macromutation. In contrast, very low heterozygosity
levels in P, fallax were estimated. Here, estimations could be influenced by the very prelim-
inary P fallax genome assembly. Nevertheless, low heterozygosity could also result from
inbreeding as they were obtained from a pet trade.

Asexual reproduction and long-term species survival

The benefits and drawbacks of sexual and asexual reproduction have widely been dis-
cussed (Lewis, 1987; Crow, 1994; Butlin, 2002). Sexual reproduction is the most prominent
form in animals, despite the involved energetic costs and risks (e.g. by infections from
sexually transmitted diseases or being exposing during mating). By contrast, asexual re-
production is associated with fewer risks and especially favorable when mating partners are
scarce. However, negative aspects of asexual reproduction are a substantial reduction of
genetic diversity and slow environmental adaptation. Since only one genotype is passed to
the offspring, reproducing by obligate parthenogenesis potentially accumulates deleterious
mutations. This negatively affects long-term survival of the species.
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Remarkably, some bdelloid rotifers reproduce by obligate apomictic parthenogenesis
since 80-100 million years (Mark Welch and Meselson, 2000; Butlin, 2002). Investigation
on evolution led to the theory that accumulation of mutations in one locus is independent
of the allele in apomictic lineages, which was termed the Meselson effect (Birky, 1996;
Mark Welch and Meselson, 2000; Butlin, 2002). Considering the Meselson effect, high het-
erozygosity and polyploidy could play key factors in long term survival of the marbled cray-
fish. Evolution of lineages by independent accumulation of mutations (per allele) potentially
provides enough genetic diversity to account for the impact of deleterious mutations. More-
over, epigenetic regulation of alleles could play an important role to compensate for any
genetic losses (Comai, 2005; Song and Chen, 2015).

Fitness advantage by polyploidy endangers local economy and endemic crayfish on
Madagascar

Whole genome duplication in plants is often associated with a significant increase in fit-
ness, survival, and invasive capabilities (Comai, 2005; Otto, 2007; te Beest et al., 2012).
Interestingly, some of these characteristics are also observed in the marbled crayfish. Com-
parisons of biological traits to P, fallax show an increase in body size, weight, reproduction,
and adaptation to environmental conditions (Jones et al., 2009; Vogt et al., 2015). More-
over, its unique genomic characteristics favors rapid growth of new populations. Studies
showed that the marbled crayfish is an invasive species, potentially endangering endemic
crayfish in Madagascar, Japan, and other countries (Jones et al., 2009; Kawai and Taka-
hata, 2010; Faulkes et al., 2012). Especially countries with economic dependency in rice
production suffer from its rapid spread. Madagascar is a particular example where P vir-
ginalis was introduced in 2000 (Jones et al., 2009). There, rice is an important ecological
and economical resource. As the climate conditions in some regions are optimal, their
fast reproduction allows them to quickly spread across the country. As source for energy
they feast on rice plants eventually destroying entire fields. This thesis verifies populations
on Madagascar being Procambarus virginalis. Interestingly, analyses on mutation events
suggest these populations derived from a single origin.

Marbled crayfish favor habitats such as ponds, rivers, swamps, and lakes (Chucholl
et al., 2010). Optimal regions and conditions were previously predicted (Feria et al., 2011;
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Faulkes et al., 2012). High reproduction rates pose a serious threat for endemic crayfish
species, as competition for nutritional sources and habitat space increases. Moreover, the
marbled crayfish can act as a host for the crayfish plague, Aphanomyces astaci (Unestam,
1972; Steyskall, 2013; Keller et al., 2014). Recently, infected wild populations of marbled
crayfish were identified (Keller et al., 2014). Rapid spread and competition for habitats
enable the marbled crayfish to uncontrollably transmit the disease. The plague affects sev-
eral crayfish species eventually leading to death of the animals. Although, the infection is
not critical for survival of marbled crayfish, it poses a serious threat for local biodiversity in
freshwater habitats (Keller et al., 2014).

4.2 Outlook

In summary, the de novo assembled genome of the marbled crayfish is an essential re-
source for genome wide analyses. Its quality is comparable with recently published arthro-
pod species. Furthermore, it provides a major representative of the genomically very un-
known family of crustaceans. Genome assembly is considered an iterative process. Es-
pecially, next generation sequencing technologies from PacBio or MinlION provide suitable
methods to improve assembly structures. Moreover, some questions about genomic char-
acteristics and evolution in the marbled crayfish remain to be investigated.

Iterative approaches to improve de novo genome assembly

De novo genome assemblies are rarely considered complete due to technical limitations
during the assembly process. Thus, constant improvements in technologies and ap-
proaches render algorithmic assembly an iterative process. Examples are the human
genome with currently 18 iterations, the Mus musculus assembly with 10 iterations, and
Drosophila melanogaster with 4 iterations. Even smaller genome projects such as the wa-
ter flea Daphnia pulex are constantly being improved (Ye et al., 2017).

The quality of the first marbled crayfish assembly is comparable to other recently pub-
lished arthropod species (Figure 3.3B). Nevertheless, future iterations should further im-
prove structures such as genes and gap regions (Figure 3.3B and Table 3.2). Assembly
refinement can be approached with different methods. Currently, long read sequencing
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provides useful information to resolve assembly fragmentation and improve intergenic and
intronic regions.

In recent years, advancements in sequencing technologies were made. Two platforms
play a major role in de novo genome sequencing of larger eukaryotic animals, namely
PacBio single molecule real time sequencing (SMRT) and Oxford Nanopore MinlON se-
quencing. Both techniques produce long reads of up to several thousand Kilobases. There-
fore, different approaches are pursued.

MinlON sequencing (Oxford Nanopore) takes advantage of flow cells containing nano-sized
holes, so called nanopores. An ionic current is passed through these nanopores and
changes in the current are recorded when a molecule passes through. These changes
are then interpreted as base calls, as every nucleotide consists of unique chemical proper-
ties. MinlON sequencing devices are cost efficient and designed to fit in very small device
dimensions. This allows for mobility and potentially finds use in field studies. Lengths of the
reads range from 30 kbp to 150 kbp depending on library preparation.

In SMRT sequencing (PacBio) each SMRT cell contains thousands of zero-mode waveg-
uides (ZMW) which are responsible for light detection. Additionally, a DNA polymerase is
fixed at the bottom of each ZMW. When DNA fragments are introduced, the DNA poly-
merase produces a natural DNA strand by incorporating phospholinked nucleotides. When
the phosphate is cleaved, a fluorophore is released. Eventually, light emission is measured
and translated into base calls. Reads are consistently >10 kbp with some even exceeding
60 kbp.

Currently, sequencing accuracy is limited by the technology and chemicals used in long
read sequencing. lllumina short read sequencing still provides higher depth and accuracy
at much lower costs. To eliminate sequencing errors, long read technologies require high
depth sequencing when used for de novo genome assembly. Moreover, lllumina is con-
stantly improving its technologies. In 2017, lllumina releases their new NovaSeq system
which will replace their current HiSeq protocol. Albeit, producing short reads, the amount
of output per run is estimated to be over several thousand Gigabases. Huge amount of
data, lower costs, and lower sequencing errors still provide a solid alternative to long read
sequencing. Especially, most laboratories already are familiar with lllumina technologies
and protocols. Moreover, complementary devices and approaches can still be used. Thus,
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new technologies require more time to be adapted and improved. Nevertheless, projects
could immensely benefit from a hybrid approach. Combining sequencing data obtained
from short and long read technologies could substantially increase assembly quality, espe-
cially for complex genome structures (Zimin et al., 2017). Moreover, bioinformatic solutions
for hybrid assemblies are already being developed. They combine data from different se-
quencing platforms to increase accuracy and decrease artifacts (Zimin et al., 2013, 2017;
Warren et al., 2015).

Choosing the correct sequencing platform for a new de novo genome sequencing
project remains a challenging task. lllumina, as it is already established in many labora-
tories, is still widely used. However, new technologies provide additional options, especially
for de novo genome sequencing. Hybrid assemblies combine the best of both worlds.
Choosing the most suitable sequencing strategy always depends on available resources
and genomic characteristics. Nevertheless, it is an essential step when initiating a new
genome project.

Biological relevance of the marbled crayfish

The importance of P, virginalis as a new model organism and its potential as a threat in
freshwater systems was elucidated in previous sections. The outlook further suggests work
on genomic characterization and evolution of the marbled crayfish, which was not pursued
in the scope of this thesis.

Discussions about new sequencing technologies suggest substantial improvements in
assembly completeness. These improvements not only refine genomic structures, but also
allow for more detailed analyses on annotation features, allele variation, and species evo-
lution. So far, gene and repeat structures are fairly limited in quality. More complete an-
notations may provide detailed knowledge about the distribution of transposable elements
(TE). Earlier, TE distributions were correlated with obligate parthenogenesis in arthropods
(Sullender and Crease, 2001; Eads et al., 2012; Bonandin et al., 2016). For example, trans-
poson insertion in a meiosis relevant gene was described in an obligate parthenogenetic
form of D. pulex (Eads et al., 2012). Nevertheless, identification on transposable elements
requires a more detailed analysis of repeat structures and comprehensive comparisons to
the sexually reproducing P fallax. Transposon locations and loads could play a key role in
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marbled crayfish to elucidate the mechanisms of obligate apomictic parthenogenesis. Pilot
analysis on the distribution of tRNA genes revealed a substantial increase in abundance.
As previously discussed, these findings could result from the fragmentation of the assembly.
Whether automatic annotation is biased by assembly artifacts or abundance of tRNA genes
can be correlated with biological features remains to be investigated. Automatic annotation
definitively improves from a more complete assembly.

Evolutionary mechanisms of parthenogenesis in the marbled crayfish remain largely
unknown. Speculations were made, but understanding the concepts requires additional
work. The assembly of P virginalis enables genome wide analyses in specific genetic
regions. Thus, extensive comparative analyses to the morphological identical Procam-
barus fallax should be considered. Understanding the evolution from the diploid P, fallax to
the triploid and parthenogenetically reproducing marbled crayfish may elucidates genomic
mechanisms of obligate parthenogenesis. Pilot analysis on meiosis relevant genes indi-
cated potential mechanisms by structural aberrations. Nevertheless, more insights could
be gained by a representative genome assembly of P fallax.



5 Additional contributions

During the period of this doctoral thesis additional contributions to projects in cancer epige-
netics were made. Cancer epigenetics describes the field of research dedicated to the anal-
ysis of epigenetic mechanisms in cancer formation. Particularly, in eukaryotes methylation
of Cytosines (5mC) is an essential mechanism involved in regulating gene expression and
chromatin remodeling. In mammalian genomes, DNA methylation is mostly found within
CpG dinucleotides, with the Cytosines from both strands being methylated (Bird, 1986).
Aberrations in methylation patterns are considered a major hallmark of human cancer.

Whole genome bisulfite sequencing (WGBS) was the first method to analyze genome
wide methylation levels on a single base resolution (Frommer et al., 1992). WGBS relies on
bisulfite treatment of target DNA converting unmethylated Cytosines to Uracil, which in turn
are interpreted as Thymines upon sequencing. Eventually, mapping sequencing results to
the genome allows to identify methylated Cytosines within the analyzed samples.

In the study of Abu-Remaileh et al. (2015), chronic inflammation in colitis-induced mouse
colons was analyzed for conservation of methylation patterns between intestinal adenomas
and colorectal cancer to obtain insights into risk factors of inflammation in tumor formation.
Using WGBS, distinct methylation patterns were observed which can be used as markers
to correctly classify human colorectal cancer samples. Methylation patterns regulate si-
lencing of active genes involved in gastrointestinal homeostatis. Personal contributions to
this project comprised the analysis of expression and co-expression from three identified
marker genes (Nr5a2, Ech1, and Foxp2) in wildtype and colon cancer samples. Gene ex-
pression levels (normalized counts) were extracted from The Cancer Genome Atlas (TCGA,
http:/cancergenome.nih.gov/). Moreover, methylation differences in single CpG sites within
these genes (obtained from lllumina HumanMethylation450 BeadChips) were illustrated.
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Besides WGBS, a more cost-efficient technology to detect human DNA methylation is

the lllumina HumanMethylation BeadChip. This chip is designed to contain various CpG
markers (probes) in carefully selected regions of the human genome. The first two iterations
of the chip allowed to interrogate 27 thousand (HumanMethylation27 BeadChip) and 450
thousand (HumanMethylation450 BeadChip) CpG sites, respectively. However, the newest
chip (MethylationEPIC BeadChip) contains over 850 thousand sites with additional focus on
enhancer regions. Low input requirements and simultaneous analysis of up to 12 samples
render HumanMethylation BeadChips a cost-efficient alternative to WGBS.
Sample preparation for HumanMethylation chips also requires bisulfite treatment of the
target DNA. Next, treated DNA is amplified (whole genome amplification), fragmented, and
denatured before being hybridized onto the BeadChip. Strands are extended by single
base incorporation of hapten labeled dideoxynucleotides. Single nucleotide extension is
disrupted by unmethylated Cytosines. Immunohistochemical assays and scanning of the
chips (red and green channels) results in methylation intensities per site.

During the period of this doctoral thesis a computational pipeline has been developed
to automatically process and analyze results from HumanMethylation chips. The pipeline is
mainly based on the R Bioconductor package minfi (Aryee et al., 2014). In brief, raw red and
green channels from lllumina machines are read, processed, and converted into methyla-
tion values. Low quality sites are filtered and normalized for beta value distribution. A linear
Bayes regression, as implemented in minfi, is applied to investigate differentially methylated
probes. Quality control is provided after each processing step. Results comprise various
analyses on differentially methylated probes, beta value distributions, and correlations. The
pipeline contributed to three additional projects.

In a study of Geyh et al. (2016) the contribution of mesenchymal stromal cells (MSC) in
acute myeloid leukemia (AML) patients was investigated. Personal contributions include the
analysis of clearly defined methylation changes between MSC/AML and control samples,
which affects pathways involving cell differentiation, proliferation, and skeletal development.
The study further found reversible deficits in osteogenic differentiation and insufficient stro-
mal support. Concluding remarks were that MSCs derived from AML samples show molec-
ular and functional alterations and contribute to hematopoietic insufficiency.

Age-related DNA methylation changes have been analyzed using HumanMethyla-
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tion450 chips by Bormann et al. (2016). A large scale of human epidermis samples in
various age groups were analyzed for global and local methylation patterns. Personal con-
tributions comprise the analysis of differentially methylated regions using the lllumina Hu-
manMethylation pipeline with the result that local age-dependent changes were observed.
The study continued to identify discontinuous changes and concludes with an overall re-
duced epigenetic regulation as consequence of an aging epigenome.

A study of Molina-Pinelo et al. (2016) analyzed methylation patterns within the DLK1-
DIO3 cluster of lung cancer patients. Interestingly, methylation changes were observed
in lung cancer patients with smoking history, but not in patients without smoking history
or COPD patients. Three genes within the DLK1-DIOS3 cluster and several non-coding
RNA genes were differentially methylated. Personal contributions included the validation of
these findings on methylation chip data (HumanMethylation450) extracted from TCGA. In
summary, the study suggested the deregulation of the DLK1-DIO3 cluster plays a potential
role in the pathogenesis of lung cancer.
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Petshop lllinois
/ v
HiSeq2000 HiSeq2500 HiSeq2000
Heidelberg Moosweiher MA1 MA2 MA3 MA4 MA5
\ Y / \ /
HiSeq2000 MiSeq HiSeq X
/ A V\ / \
P. fallax M1 P. fallax F1 P. alleni F1 P. fallax M6 P. fallax F4

Figure 6.1: Sequencing institutions. Animals (white boxes) used in the scope of this project
were sequenced in three independent Institutions. Institutions include Eurofins MWG GmbH
(colored in red, from Ebersberg, Germany), the DKFZ Genomics and Proteomics Core Facility
(colored in blue, from Heidelberg, Germany), and the W. Stein laboratory (colored in green, from
lllinois State University, USA). Institutions provided data from different sequencing technologies
(yellow boxes).
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Table 6.1: Number of annotation features per source. MAKER algorithms and their contri-
bution (by feature count) to automatic annotation.

source count

blastn 209,310
blastx 182,785
est2genome 216,601
evm 4,774

maker 230,676
protein2genome 143,922
repeatmasker 481,851
repeatrunner 2,462

snap 151,587
snap_masked 123,889

Table 6.2: Sequencing yield for Procambarus animals. Shotgun sequencing yield and read
pairs for sequenced Procambarus specimens. Read pairs are provided in millions (x10%) and
raw yield in Mbp (10 bp).

ID  Species Specimen  Read pairs (x10°) Yield (Mbp)
PV1 P virginalis Petshop 817 245,157
PV2 P virginalis Heidelberg 669 200,656
PV3 P virginalis Moosweiher 213 42,937
PV5 P virginalis lllinois 111 35,581
PV4 P virginalis MA1 (Ant) 194 39,090
PV6 P virginalis MA2 (Ala) 374 112,996
PV7 P virginalis MAS3 (Ana) 413 124,643
PV8 P virginalis MA4 (lta) 377 113,695
PV9 P virginalis MA5 (Vak) 361 109,057
PF1 P fallax Male1 240 48,423
PF2 P fallax Male6 420 126,845
PF3 P fallax Female1 206 41,667
PF4 P fallax Female4 405 122,253
PA1 P alleni Female1 195 39,314
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Table 6.3: Polymorphism frequencies in marbled crayfish samples. Individual polymor-
phism counts for the eight marbled crayfish specimens.

ID Species Specimen Polymorphism count
PV2 P virginalis Heidelberg 31
PV3 P virginalis Moosweiher 12
PV5 P virginalis lllinois 6
PV4 P virginalis MA1 (Ant) 23
PV6 P virginalis MA2 (Ala) 45
PV7 P virginalis MA3 (Ana) 33
PV8 P virginalis MA4 (lta) 49
PV9 P virginalis MA5 (Vak) 39
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