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Abstract

The all-female marbled crayfish Procambarus virginalis is a freshwater crayfish which is
the only known obligatory parthenogen among the decapod crustaceans. Marbled crayfish
are recent descendants of the sexually reproducing slough crayfish Procambarus fallax
and have most likely emerged through a recent evolutionary macromutation event in P.
fallax. Marbled crayfish reproduce by apomictic parthenogenesis, where oocytes do not
undergo meiosis and all offspring are genetically identical clones of the mother. Neverthe-
less, marbled crayfish show a high degree of phenotypic variation and are a highly invasive
species, where (through parthenogenesis) a single animal can establish a whole popula-
tion. Moreover, they have been distributed via the pet trade and anthropogenic releases,
and have formed stable populations in a variety of ecological habitats. Earlier this year,
our group performed whole-genome sequencing for 11 marbled crayfish animals from dif-
ferent populations and countries, and found only four non-synonymous single nucleotide
variances in coding regions. Since the marbled crayfish’s remarkable adaptability is not
due to genetic variability, it is crucial to investigate epigenetic programming in this organ-
ism.
I present here a comprehensive analysis of DNA methylation in marbled crayfish. Whole-
genome bisulfite sequencing data was used to directly compare methylation patterns from
multiple replicates in different tissues and from different marbled crayfish and Procam-
barus fallax animals. These methylation maps were integrated with RNA-seq and ATAC-
seq data to comprehensively analyse the interplay between DNA methylation, chromatin
accessibility, and gene expression. I found 18% of CpGs in marbled crayfish to be methyl-
ated. Repeats showed overall low methylation levels, with the exception of a single class
of DNA transposons, which was ubiquitously methylated. DNA methylation was mainly
targeted to the coding regions of housekeeping genes in marbled crayfish. In contrast to
paradigmatic mammalian methylomes, I only observed very moderate methylation differ-
ences between tissues for both gene bodies and promoters. I did, however, identify a set
of approximately 700 genes that showed a high variance in their methylation across tis-
sues and animals. Gene body methylation was significantly inversely correlated with gene
expression variability. Interestingly, the marbled crayfish shows overall lower methylation
levels and higher gene expression variability than its parent species P. fallax. Since plasti-
city in gene expression can be a beneficial trait for adapting to new environments, this trait
might contribute to the marbled crayfish’s adaptive and invasive success. The integrative
analysis of DNA methylation, chromatin accessibility, and gene expression revealed that
genes with highly methylated gene bodies were located in regions of poorly accessible
chromatin and showed stable expression patterns. In contrast, lowly methylated genes
were found in more accessible chromatin when stably expressed, and in more condensed
chromatin when variably expressed. In this context, gene body methylation might function
to stabilise gene expression in regions of limited chromatin accessibility.
These findings broaden our knowledge of evolutionary conservation of DNA methylation
patterns in invertebrates and provide novel insights on the interplay between gene body
methylation, chromatin accessibility, and gene expression.
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Kurzzusammenfassung

Der Marmorkrebs Procambarus virginalis ist ein Süßwasserkrebs, der sich durch oblig-
atorische Parthenogenese fortpflanzt und aus der Familie der Decapoda (Zehnfußkrebse)
stammt, die zum Subphylum Crustacea (Krebstiere) gehört. Er ist vermutlich vor etwa 30
Jahren durch eine Makromutation aus dem Everglades-Sumpfkrebs Procambarus fallax
hervorgegangen, der sich geschlechtlich fortpflanzt. Bei der Entstehung der Eizellen im
Marmorkrebs findet keine Meiose statt, sodass der rein weibliche Nachwuchs genetisch
identisch mit der Mutter ist. Trotzdem zeigen Marmorkrebse eine auffällige phenotypische
Variabilität und sind sehr invasiv, da durch die parthenogenetische Reproduktion ein ein-
zelnes Tier eine neue Population gründen kann. Zusätzlich wurden sie durch den Tierhan-
del verbreitet und von Menschen ausgesetzt, und haben weltweite stabile Populationen
gebildet. Unsere Arbeitsgruppe hat dieses Jahr die Genome von 11 Marmorkrebsen ver-
schiedenen Ursprungs miteinander verglichen und nur vier nicht-synonyme Einzelnukleotid-
Varianten in kodierenden Regionen identifiziert. Da die Anpassungsfähigkeit des Mar-
morkrebses folgendermaßen nicht durch genetische Variation zu begründen ist, unter-
suche ich in dieser Arbeit epigenetische Regulation im Marmorkrebs.
Ich präsentiere eine umfassende Analyse der DNA Methylierung im Marmorkrebs. Für ver-
schiedene Gewebe und Tiere, sowohl vom Marmorkrebs als auch von Procambarus fallax,
wurde Bisulfit-Sequenzierung des ganzen Genomes durchgeführt. Diese Datensätze wur-
den durch RNA-Sequenzierung und ATAC-Sequenzierungsdaten ergänzt, um das Zu-
sammenspiel dieser drei Faktoren vollständig zu analysieren. 18% aller CpGs im Mar-
morkrebs waren methyliert. Repetetive DNA war, mit Ausnahme einer stark methylier-
ten Transposonklasse, schwach methyliert. DNA Methylierung fand sich primär in kod-
ierenden Regionen von Genen, vor allem in konstitutiv exprimierten Genen. Im Ge-
gensatz zu oft analysierten Säugetier-Methylomen habe ich nur schwache Unterschiede
der Methylierung zwischen Geweben beobachtet. Ich habe jedoch knapp 700 Gene iden-
tifiziert, die eine starke Variabilität in ihrer Methylierung zwischen den analysierten Proben
zeigten. Die Methylierung in kodierenden Regionen korreliert statistisch signifikant invers
mit der Genexpressionsvariabilität. Interessanterweise ist der Marmorkrebs im Vergleich
mit seiner Elternspezies signifikant schwächer methyliert und zeigt auch eine signifik-
ant erhöhte Genexpressionsvariabilität. Da Plastizität in der Genexpression von Vorteil
sein kann wenn sich ein Organismus an ein neues Habitat anpassen muss, besteht die
Möglichkeit dass Genexpressionsvariabilität durch Hypomethylierung dazu beiträgt dass
der Marmorkrebs so erfolgreich verschiedene Habitate besetzt. Die integrative Analyse
von DNA Methylierung, Chromatinzugänglichkeit und Genexpression zeigte dass stark
methylierte Gene sich generell in kondensiertem Chromatin befanden und gleichmäßig
exprimiert wurden, während schwach methylierte Gene sich in zugänglicherem Chromatin
befanden wenn sie stabil exprimiert waren, und in weniger zugänglichem Chromatin wenn
sie variabel exprimiert wurden. In diesem Zusammenhang könnte Methylierung der kod-
ierenden Regionen dafür sorgen dass Gene stabil exprimiert werden, auch wenn sie in
kondensiertem Chromatin liegen.
Die Ergebnise dieser Arbeit erweitern unser Wissen über die evolutionäre Konservier-
ung von Methylierungsmustern in Invertebraten, und verschaffen neue Eindrücke über
das Zusammenspiel zwischen DNA Methylierung in kodierenden Regionen, Chromatin-
zugänglichkeit und Genexpressionsmustern.
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1 Introduction

1.1 The marbled crayfish Procambarus virginalis

The marbled crayfish Procambarus virginalis is a triploid organism which is the only known
obligatory parthenogen among the decapod crustaceans (Martin et al., 2015; Scholtz
et al., 2003). It represents a novel freshwater crayfish species that emerged in the Ger-
man aquarium trade in 1995 (Lyko, 2017a). It is assumed that marbled crayfish are des-
cendants of the sexually reproducing slough crayfish Procambarus fallax that originated
through an evolutionary recent macromutation event (Martin et al., 2010; Vogt et al., 2015).
The reproduction mode of the all-female marbled crayfish is by apomictic parthenogen-
esis, i.e., oocytes do not undergo meiosis, females lay unfertilised, triploid eggs, and all
progeny are genetically identical clones of the mother (Martin et al., 2007). In the course
of its lifetime, a marbled crayfish can reproduce up to seven times, with an average of 400
genetically identical offspring per clutch (Seitz et al., 2005).

Marbled crayfish animals show a high degree of phenotypic variation, where even off-
spring of the same clutch display differences in their growth, coloration pattern, lifespan,
reproduction and behavior despite growing up in the same environment (Vogt, 2008). Fig-
ure 1A shows siblings from the same clutch of eggs, raised in the same environment.
The parthenogenetic mode of reproduction and high fecundity of marbled crayfish make
them a highly invasive species, which can establish large populations from a single animal.
Moreover, marbled crayfish have been distributed via the pet trade and anthropogenic re-
leases, which resulted in populations in a wide range of countries and different ecological
habitats (Jones et al., 2009; Chucholl et al., 2012). This includes confirmed reports in
Madagascar, Germany, Slovakia, Czech Republic, Romania, Hungary, Ukraine and Malta
(Gutekunst et al., 2018; Jones et al., 2009; Chucholl et al., 2012; Lipták et al., 2016; Pa-
toka et al., 2016; Pârvulescu et al., 2017; Lőkkös et al., 2016; Deidun et al., 2018) (Figure
1B). Especially in Madagascar, marbled crayfish have rapidly spread in the last 15 years,
with 33 different positive confirmed sites that span more than 100,000 km2.

Earlier this year, our group published a study where we performed whole-genome se-
quencing for 11 marbled crayfish animals from a variety of sources and countries (Gutekunst
et al., 2018). We found that amongst all these animals, only four non-synonymous single
nucleotide variances occurred in coding regions. This is striking, considering the wide
variety of environments these animals were found in. Since genetic variation can be dis-
regarded as the mechanism for the marbled crayfish’s remarkable adaptability, it is crucial
to investigate epigenetic regulation in this organism to explore the possibility that its in-
vasive capability is driven by epigenetic mechanisms. The genetic homogeneity of the
marbled crayfish, with very few confounding mutations, makes it a particularly promising
model organism for epigenetics research.

1.2 Epigenetics

The genomic sequence of a single fertilised cell contains all the information needed to de-
velop into a complex organism of various cell types. The term epigenetics originates from

1



1.2 Epigenetics

Figure 1: Marbled crayfish siblings and global marbled crayfish populations. (A)
Marbled crayfish siblings from the same clutch of eggs displaying different coloration pat-
terns and size. (B) Confirmed populations have been reported in Madagascar, Germany,
Slovakia, Czech Republic, Romania, Hungary, Ukraine and Malta (Gutekunst et al., 2018;
Jones et al., 2009; Chucholl et al., 2012; Lipták et al., 2016; Patoka et al., 2016; Pârvulescu
et al., 2017; Lőkkös et al., 2016; Deidun et al., 2018).

the term epigenotype, and initially only described all the developmental events that lead
from the zygote to a fully developed organism (Waddington, 1942). Today, the definition of
epigenetics has evolved and is understood as the study of heritable changes in expression
profiles and thereby, eventually, phenotypes, independent of alterations in the underlying
Watson-Crick base-pairing face (Riggs et al., 1996). Epigenetics can establish cellular
identity through lineage-specific expression patterns, which are maintained through replic-
ation and cell division (Fisher, 2002). The mechanisms inducing these expression profiles
are reversible (Ramchandani et al., 1999) and can act much faster than genetic mutations
(Rando and Verstrepen, 2007), which means cells are, to a degree, plastic in their expres-
sion patterns and differentiation. Since the epigenome can be altered by the environment
(Duncan et al., 2014; Dolinoy et al., 2007; Lyko et al., 2010), epigenetic mechanisms may
show a dynamic response to the environment, or a phenotypic plasticity, by changing ex-
pression patterns accordingly.

While epigenetic marks consist of a number of modifications and components, the
majority of epigenetics studies have been focused on covalent modifications of nucleic
acids (mainly DNA methylation), post-translational histone modifications, as well as non-
coding RNAs and RNA editing (Goldberg et al., 2007; Bernstein et al., 2007; Peschansky
and Wahlestedt, 2014; Eisenberg and Levanon, 2018).
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1 INTRODUCTION

1.3 DNA methylation

In eukaryotic genomes, DNA methylation is a biochemical process that predominantly in-
volves the addition of a methyl group to the carbon 5 of cytosine (to form 5mC) through
a covalent bond. This modification was first described in 1948 (Hotchkiss, 1948) and has
early on been proposed as an epigenetic mark that might be involved in X-chromosome
inactivation (Riggs, 1975) and gene regulation during development (Holliday and Pugh,
1975). It is an ancient modification which is present in all three domains of life, and is the
best studied epigenetic mark today. It is essential for mammalian embryonic development,
as has been shown by the lethality in mice where gene targeting was used on the enzyme
that catalyses this mark, leading to drastically reduced methylation levels (Li et al., 1992;
Okano et al., 1999). In animals, DNA methylation is mainly targeted to CpG dinucleotides
(which means a cytosine and guanine pair ordered in 5’ to 3’ direction, linked with a phos-
phate) (Jones, 2012) and has been shown to play a vital role in a variety of biological
processes such as development, gene regulation, chromatin remodeling and the suppres-
sion of transposable elements (for functions of DNA methylation, see section 1.3.4).

The family of DNA methyltransferases (DNMTs) establishes and maintains the methyl-
ation of genomic cytosines in a wide range of organisms (see section below). Other ma-
jor DNA modifications include the oxidised derivative of 5mC, 5-hydroxymethylcytosine
(5hmC), as well as N6-methyladenine (6mA) (Breiling and Lyko, 2015), which is the pre-
dominant DNA modification in prokaryotes (Wion and Casadesús, 2006).

1.3.1 The DNA methyltransferase family

The family of DNMTs catalises the transfer of a methyl group from S-adenyl methionine
(SAM) to the fifth carbon of cytosine. DNMT3 is usually described as the de novo methyl-
transferase which establishes an initial methylation of unmethylated DNA. DNMT3 in an-
imal genomes methylates primarily CpG dinucleotides, while DRMs, the DNMT3 homo-
log in plants, can methylate cytosine in any context (called Domains Rearranged Methyl-
transferases since their catalytic domains are rearranged with respect to DNMT3) (Lyko,
2017b). DNMT1, on the other hand, is considered the maintenance methyltransferase,
which propagates methylation patterns through DNA replication: during replication, in a
newly synthesised double strand of DNA, only the original strand will carry the epigenetic
mark of methylation. DNMT1 recognises this hemimethylated DNA and mediates methyl-
ation of the unmethylated daughter strand (Lyko, 2017b; Goll and Bestor, 2005; Law and
Jacobsen, 2010).

Both DNMT1 and DNMT3 show strong conservation in the context of eukaryotic methyl-
ation: all plants and animals that display cytosine methylation in their genome possess at
least one copy of either DNMT1 or DNMT3 (Zemach and Zilberman, 2010; Lyko, 2017b).
DNMT3 appears to be somewhat more dispensable than DNMT1, having been lost in a
number of organisms such as algae and the silk moth Bombyx mori (Zemach and Zilber-
man, 2010; Lyko, 2017b).

DNMT2 does not methylate DNA, but is actually a tRNA methyltransferase which
methylates cytosine 38 in some tRNAs, primarily tRNAs carrying the amino acid aspar-
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1.3 DNA methylation

tic acid, but also amino acids glycine and valine (Goll, 2006; Legrand et al., 2017). Still,
it is highly conserved in eukaryotes and often mentioned alongside the traditional DNA
methyltransferases DNMT1 and DNMT3.

Enzymes of the Ten–eleven translocation (TET) family, on the other hand, usually cata-
lyse the stepwise oxidation of 5-methylcytosine to 5-hydroxymethylcytosine and further
oxidation products (Lyko, 2017b). They are defined by a catalytic dioxygenase domain
that performs the oxidisation step. They initiate demethylation, and thereby prevent hyper-
methylation in the genome, antagonising the DNMT enzymes.

Figure 2A shows a schematic overview of a eukaryotic DNA methylation system.

With the first discovery of a mammalian DNA methyltransferase (DNMT1 in mouse
cells), it has been demonstrated that the C-terminal catalytic domain of DNMT1 shows
strong conservation and could also be found in bacteria (Bestor et al., 1988). Indeed,
five signature catalytic domains of DNMTs are strongly conserved across species, while
another five also show some degree of conservation (Pósfai et al., 1989). Animal DNMT
enzymes are normally grouped into a regulatory domain at the N-terminus, and a catalytic
domain at the C-terminus (Figure 2B) (Lyko, 2017b).

While both DNMT1 and DNMT3 are evolutionary highly conserved and are present in
a wide range of animal genomes, each has experienced gains and losses of their num-
ber of paralogues in different organisms (Lyko, 2017b) (Figure 2C). Similarly to DNMT1
and DNMT3, DNMT2 shows a high evolutionary conservation across the animal kingdom
(Lyko, 2017b) (Figure 2C).

1.3.2 The DNA methylation landscape in animals and plants

In animals, DNA methylation predominantly occurs at CpG dinucleotides and is symmet-
rical, i.e., it occurs on both strands of the DNA for a paired CpG dinucleotide (Bird, 1980;
Zemach et al., 2010; Feng et al., 2010). The frequency of CpG dinucleotides in methylated
genomes is lower than would be statistically expected based on the frequency of Cs and
Gs (Bird, 1980). This is most likely due to the spontaneous deamination of methylated
cytosines to thymines, resulting in a C>T mutation, which leads to a CpG depletion over
time. In contrast, unmethylated cytosines deaminate to uracil, which is recognised as a
DNA-foreign base and excised by the uracil-DNA glycosylase (Coulondre et al., 1978).

While DNA methylation is present in all domains of life, the methylation levels and
landscapes in a genome can show substantial diversity (Breiling and Lyko, 2015; Feng
et al., 2010; Zemach and Zilberman, 2010). Mammalian genomes, for example, are highly
methylated (with 70-80% of all CpG dinucleotides showing methylation) (Li and Zhang,
2014), where the modification has been termed the "fifth base" of the genome. Major
exceptions to these global methylation levels are CpG islands, i.e., regions of high CpG
density (>50%) that are mostly devoid of methylation (Bird et al., 1985). The CpG density
in these regions is due to the fact that these cytosines are unmethylated: since they do
not deaminate to thymine, but to uracil, the mismatch repair system can accurately re-
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Figure 2: Conserved catalytic domains, catalytic mechanism and paralogs in dif-
ferent organisms for DNMTs. (A) Schematic illustration of a DNA methylation sys-
tem. Enzymes (front) and base modifications (back) are displayed on the DNA strand.
DNMT1 (green, on the right) copies the methylation mark from the maternal strand (or-
ange) to the nascent daugter strand during replication (green). DNMT3 (orange, middle)
establishes de novo methylation patterns. TET (purple) oxidises 5-methylcytosine to 5-
hydroxymethylcytosine (purple). (B) Catalytic domains in DNMTs. Each conserved do-
main is shown in different colors. The catalytic domain (red) is conserved in all DNMTs.
The number of amino acids (aa) indicated is representative of the human homologue.
DNMT3A is shown representatively for DNMT3. DNMT3L is a catalytically inactive DNMT3
variant that lacks the N-terminal part of the regulatory domain (including the Pro-Trp-Trp-
Pro (PWWP) domain) and the C-terminal part of the catalytic domain. (C) Copy num-
ber variation of DNMT paralogues in different organisms. (A) adopted from Falckenhayn
(2016), (B) and (C) adopted from Lyko (2017b).

cognise and correct mismatches that occur due to deamination (Coulondre et al., 1978).
About 60% of promoters in the human genome are associated with CpG islands (Bernstein
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1.3 DNA methylation

et al., 2007; Li and Zhang, 2014), suggesting a functional relevance (see section 1.3.4).

While the majority of studies still focus on mammalian and vertebrate methylation,
an ever-increasing number of single-base resolution methylation maps for invertebrate
species and plants is being published. In contrast to the ubiquitously methylated verteb-
rate genomes, methylation levels in invertebrates show a high degree of diversity in their
methylation levels (Feng et al., 2010; Zemach et al., 2010; Bewick et al., 2016).

The sea squirt Ciona intestinalis, for example, displays intermediate CpG methylation
levels of 23.6%, arranged in a so-called "mosaic" methylation pattern (Suzuki et al., 2013).
The termite Zootermopsis nevadensis with 12% methylated CpGs (Glastad et al., 2016a)
is an example for moderate methylation levels. Furthermore, there are sparsely methyl-
ated genomes like that of the ant Dinoponera quadriceps (3% of all CpGs methylated), or
the honeybee (0.7% of all CpGs methylated), where patterns would be termed "sporadic"
along the genome (Patalano et al., 2015; Lyko et al., 2010). Finally, some invertebrate
species have lost 5mC methylation, like Drosophila melanogaster, Schistosoma mansoni
or Caenorhabditis elegans (Raddatz et al., 2013; Simpson et al., 1986).

Plants, again, also show diverse methylation levels that can be intermediate, an ex-
ample being Arabidopsis thaliana with approximately 22% methylation, or high, like Oryza
sativa with approximately 59% methylation levels (Feng et al., 2010). Plant species have
also been shown to exhibit methylation at non-CpG cytosines, in the CHG and CHH con-
text (where H denotes A, C or T) (Law and Jacobsen, 2010).

Methylation in organisms that are not ubiquitously methylated is usually targeted to
specific genomic features. Most notably, these include gene bodies and repetitive ele-
ments (Suzuki and Bird, 2008; Feng et al., 2010; Zemach et al., 2010). Plants mostly
methylate both their gene bodies and their repeats. Methylated invertebrate genomes,
on the other hand, show a preference for gene body methylation over repeat methylation
(Zemach et al., 2010; Feng et al., 2010).

Gene body methylation in plants, animals, and fungi
Except for most fungi species, all eukaryotic methylomes exhibit methylation at the bodies
of protein-coding genes (Zemach et al., 2010; Feng et al., 2010). Figure 3 shows methyl-
ation patterns around coding regions for two land plants species (A and B, first row), two
invertebrates (C and D, second row), two vertebrate genomes (E and F, third row) and two
fungal species (G and H, bottom row).
Specific for the analysed land plant gene body methylation species is a drop in methylation
around the transcription start site and the transcription termination site that extends gen-
erously into the transcribed region (Figure 3A and B). It should also be noted that plants
display gene body methylation only at CpG dinucleotides (Zemach et al., 2010; Feng et al.,
2010). The methylation levels in the center of the gene body and the genome upstream
and downstream are comparable, with the largest increase in the gene body found in Ar-
abidopsis thaliana. Interestingly, a water plant, Chlamydomonas reinhardtii, which is a
unicellular freshwater green algae, exhibits overall much lower methylation levels than the
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1 INTRODUCTION

land plants, and methylates its gene bodies with only a slight increase in methylation com-
pared to the surrounding genome (Feng et al., 2010).
The two invertebrate species, Apis mellifera and Ciona intestinalis, display a distinct in-

Figure 3: Gene body methylation patterns for eight animals, plants and fungi. (A)-(F),
metagene plot showing methylation along the gene body where colours denote methyla-
tion context (CpG, CHG, or CHH) as indicated. (G)-(F), similar analysis for fungi, context
again as indicated by colour (CC, CA, CG). Animals and plants adopted from Feng et al.
(2010), Fungi adopted from Zemach et al. (2010).

crease of methylation in their gene bodies compared to the surrounding genome back-
ground (Figure 3, second row). Then again, vertebrates, with the highest amount of
methylation, show comparable levels of methylation in the surrounding genome and the
gene body, with a short, sharp drop of methylation at the transcription start and end site
(Figure 3, third row).
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Figure 3G and H shows gene body methylation for two fungi species, which do not exhibit
gene body methylation. However, a moderate amount of body methylation has been ob-
served in the fungal species Uncinocarpus reesii (Zemach et al., 2010).

Methylation of repetitive elements in plants, animals, and fungi
Repeat methylation shows different conservation patterns in eukaryotes compared to gene
bodies: vertebrates, plants, and fungi generally methylate their repetitive elements, while
this targeting is not as conserved in invertebrates, whose repeats are often unmethylated
(Feng et al., 2010; Zemach et al., 2010).
Figure 4 shows repeat methylation for the same species as described above: two land

plant species (top row), two invertebrates (second row), two vertebrates (third row), and
two fungal species (bottom row). For land plants, methylation levels in repeats displays
a distinct plateau compared to the surrounding genome (Figure 4C and D). This plateau
is not quite as pronounced in water plants (Feng et al., 2010). For plants, methylation in
repeats occurs predominantly in a CpG and CHG context, with only a few occurrences in
a CHH context (Feng et al., 2010; Zemach et al., 2010).
Invertebrates, on the other hand, experience either barely any change in methylation levels
for repeats (Ciona intestinalis), or even display a slight decrease (Apis mellifera) com-
pared to the surrounding genome. In other invertebrate methylomes, a slight methyla-
tion of repeats was observed, like the desert locust Schistocerca gregaria (Falckenhayn
et al., 2013), the sand flea Parhyale hawaiensis (Kao et al., 2016), or the Pacific oyster
Crassostrea gigas (Wang et al., 2014b).
In vertebrates, repeats are similarly methylated in comparison to the surrounding genome
(Figure 4, third row).
The bottom row of Figure 4 shows repeat methylation in two fungal species, which both
display repeat methylation. Another fungal species, Uncinocarpus reesii has been re-
ported very little CpG methylation in repeats, since repeats in this species are depleted
of CpG dinucleotides (Zemach et al., 2010). Methylation in repeats this species occurs
preferably at CC, CT and CA dinucleotides (Zemach et al., 2010).

1.3.3 Functions of gene body DNA methylation

The functionality of gene body methylation remains to be fully understood (Zilberman,
2017; Bewick and Schmitz, 2017). A wide variety of roles in the regulation of genes have
been proposed for gene body methylation, including an involvement in chromatin remod-
elling (Lorincz et al., 2004) and in modulating alternative splicing of mRNA (Lyko et al.,
2010). Further functions that are closer in connection with this thesis are described below.

Active transcription of gene body-methylated genes
Actively transcribed genes are usually methylated in their gene bodies. The association
between methylation of coding regions and expression has been shown in plants (Zilber-
man et al., 2007), as well as humans (Ball et al., 2009) and a number of invertebrates
(Zemach et al., 2010; Glastad et al., 2016a; Bonasio et al., 2012; Suzuki et al., 2013). It
should be noted that, for both plants and invertebrates, genes with the highest methyla-
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Figure 4: Repeat methylation patterns for eight animals. plants and fungi. (A)-(F),
metagene plot showing methylation along the gene body where colours denote methyla-
tion context (CpG, CHG, or CHH) as indicated. (G)-(F), similar analysis for fungi, context
again as indicated by colour (CC, CA, CG). Animals and plants adopted from Feng et al.
(2010), Fungi adopted from Zemach et al. (2010).

tion levels in their gene bodies are often moderately expressed, while the most and the
least expressed genes are usually undermethylated (Zilberman et al., 2007; Zemach et al.,
2010). Zilberman et al. (2007) proposed that aberrant transcripts can result from cryptic
intragenic promoters that are exposed as the polymerase travels along the gene body and
disrupts the chromatin. They suggested that these short, aberant transcripts can lead to
methylation of homologous DNA through the short interfering RNA (siRNA) pathway (Chan
et al., 2005).
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Methylation targets housekeeping genes and reduces transcriptional noise
In invertebrates and plants, methylation is preferentially targeted to groups of genes that
are highly conserved and constitutively expressed. These groups most likely consist
mainly of housekeeping genes, while presumably tissue-specific genes are less methyl-
ated (Takuno and Gaut, 2012; Sarda et al., 2012; Suzuki and Bird, 2008). This has
been shown for a wide range of organisms including invertebrate and insect species, not-
able examples being Apis mellifera, Bombyx mori, Ciona intestinalis, the sea anemone
Nematostella vectensis (Sarda et al., 2012), the termite Zootermopsis nevadensis (Glastad
et al., 2016a)), and Arabidopsis thaliana (Takuno and Gaut, 2012). Methylation of coding
regions has also been associated with the suppression of cryptic intragenic promoters or
transcriptional noise (Neri et al., 2017), which makes sense, considering that housekeep-
ing genes should produce accurate, not aberrant transcripts. In this context, it is also in-
teresting that an inverse correlation between gene body methylation and gene expression
variation has been demonstrated for a number of species. These include invertebrates Z.
nevadensis (Glastad et al., 2016a), C. intestinalis (Suzuki et al., 2013), but also humans
(Huh et al., 2013). However, a mechanistic explanation of how gene body methylation
stabilises the number of transcripts per gene remains lacking.

1.3.4 Functions of DNA methylation outside of coding regions

DNA methylation has been shown and proposed to carry out a variety of biochemical func-
tions. Early on, DNA methylation has been suggested to be the responsible epigenetic
mark for X-chromosome inactivation (Riggs, 1975), gene regulation during development
(Holliday and Pugh, 1975) and cell differentiation (Compere and Palmiter, 1981). Later on,
with improving techniques to analyse DNA methylation, further functions have been added
to the list, including imprinting, transcriptional regulation, chromatin remodelling, as well
as silencing of transposable elements (Bird, 2002).

Gene regulation and embryonic development
Since the discovery that in vitro methylated DNA is not expressed when transfected into
Xenopus laevis oocytes, methylation been associated with the silencing of genes when it
is present near gene regulatory regions (Vardimon et al., 1982; Breiling and Lyko, 2015).
In such promoters, methylation may either inhibit transcription factors from binding to
these regions, or attract methyl-CpG binding protein complexes, which function as active
repressors (Li and Zhang, 2014). While DNA methylation has been shown to be essential
for mammalian embryonic development (Li et al., 1992; Okano et al., 1999; Smith and
Meissner, 2013), it is not generally essential to organismal development, since it is absent
in many organisms like Drosophila melanogaster, Schistosoma mansoni or Caenorhab-
ditis elegans (Raddatz et al., 2013; Simpson et al., 1986).

Transposon silencing
In vertebrates, plants, and fungi, methylation of transposable elements (TEs) is associ-
ated with the suppression of their transpositioning activities. It is therefore considered a
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genome defense mechanism (Walsh1998, Zemach2010). In invertebrates, however, the
data is inconclusive. Kao et al. (2016), for example, reported moderate amounts of trans-
poson methylation in the sand flea Parhyale hawaiensis, as did Glastad et al. (2016a) for
the termite Zootermopsis nevadensis and Falckenhayn et al. (2013) for the desert locust
Schistocerca gregaria. On the other hand, neither Apis mellifera nor Ciona intestinalis dis-
played significant enrichment of DNA methylation in repeats (Lyko et al., 2010; Simmen
et al., 1999). It follows that repeats in invertebrates must be, at least partially, silenced by
other mechanisms (Zemach and Zilberman, 2010).

DNA methylation as a quick response to a changing environment
In recent years, DNA methylation has repeatedly been suggested as an mechanism that
allows the organism to respond to environmental cues through gene expression changes
(Jaenisch and Bird, 2003; Verhoeven et al., 2016; Duncan et al., 2014), in addition to
transcription factors, translational modification elements, and post-transcriptional modific-
ation factors that adapt to environmental factors. However, experimental data to determine
the importance of methylation in this context has remained sparse. DNA methylation has
been shown to rapidly respond to environmental stress in mice (Radford et al., 2014),
plants (Dowen et al., 2012) and the crustacean Daphnia pulex (Asselman et al., 2017).
Such changes in DNA methylation patterning may induce plasticity in organisms (Vogt
et al., 2008), possibly by altering phenotypic traits through gene expression changes.
Furthermore, it has been suggested that certain genetic variants could induce variable
phenotypes that are epigenetically mediated. In this case, the stochasticity of methyla-
tion patterns would produce different phenotypes, which would be subjected to natural
selection of the environment (Feinberg and Irizarry, 2010).

1.4 Computational analysis of DNA methylation using bisulfite se-
quencing data

1.4.1 Bisulfite sequencing to determine the methylation status

In 1980, Wang et al. reported that, when subjecting 5-methylcytosine to bisulfite treat-
ment, it deaminates to uracil much more slowly than unmethylated cytosines. Based on
this observation, Frommer et al. (1992) proposed that this differing reaction rate could be
exploited to analyse DNA methylation patterns in genomic DNA. With this method, not a
specific chemical modification would have to be detected, but a base exchange, which was
much easier since sequencing methods had already been established. This concept for
methylation analysis, i.e., subjecting DNA to bisulfite treatment, selectively deaminating
unmethylated cytosines to uracil while methylated cytosines stay unchanged, would lay
the foundation for a number of methods to come in the following years. The most notable
techniques to use this mechanism for methylation analysis include 454 sequencing (Taylor
et al., 2007), SOLiD sequencing (Sequencing by Oligonucleotide Ligation and Detection)
(Pandey et al.), RRBS (Reduced Representation Bisulfite Sequencing) (Meissner et al.,
2005), and, finally, whole-genome bisulfite sequencing.

Today, whole-genome bisulfite sequencing (Cokus et al., 2008; Lister and Ecker, 2009)
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(WGBS) represents the gold-standard methodology to analyse genome-wide DNA methyl-
ation patterns at single-base resolution. After its isolation, the DNA is fragmented and
treated with sodium bisulfite. This leads to the deamination of unmethylated cytosines into
uracil, while methylated and hydroxymethylated cytosines will stay the same (Huang et al.,
2010). The DNA is then subjected to standard whole-genome sequencing protocols in-
cluding library preparation and a PCR, which substitutes uracils for thymines. The libraries
are sequenced on second-generation Illumina platforms.

1.4.2 Computational analyses of whole-genome bisulfite sequencing data

After sequencing, whole-genome bisulfite sequencing reads are computationally processed
and mapped to the reference genome of the respective organism. The basic data pro-
cessing steps include the quality control of reads, trimming of reads for quality, trimming
adapters, aligning reads to the reference genome and methylation calling. The trimming
step is crucial since the failure to do so may result in low mapping efficiencies, mis-
alignments and errors in methylation calling since adapters can appear methylated if they
were added after bisulfite conversion. Mapping of bisulfite-converted reads is challenging
due to the reduced sequence complexity of reads (few cytosines), and because cytosines
could be converted to thymines, so a thymine in the sequenced reads could be mapped
against either cytosine or thymine in the reference genome. This drastically increases the
search space for mapping and makes the matching process more complicated.

The bisulfite alignment software BSMAP (Xi and Li, 2009) has been developed to ad-
dress these issues. It converts thymines in the bisulfite reads to cytosines only for positions
where there is a cytosine in the reference, while keeping all other thymines in the bisul-
fite reads unchanged. Then, it maps the read directly to the reference. This conversion
during mapping is performed through position-specific bitwise masking of the read, and
combined with hashing of the genome, making it sensitive and efficient. After mapping,
DNA methylation at cytosine positions in the genome is assessed by quantifying the num-
ber of methylated and unmethylated reads mapping to a cytosine position.

To assess the quality of the data, the success of the bisulfite conversion should be
evaluated. This can be done, for example, by analysing the post-mapping methylation
status of mitochondrial DNA, which should be completely unmethylated. Alternatively, un-
methylated spike-in DNA (viral DNA of the lambda phage is usually used for this purpose)
can be added before sequencing, and its cytosines should have been largely converted to
thymines. An appropriate coverage of the data should be reached for meaningful analyses
(10x is currently considered a good target coverage).

Average methylation levels can then be calculated, general genome-wide profiling and
targeting can be analysed, and methylation differences between biological groups can be
assessed. Especially when studying differential methylation, it is advisable to generate
biological replicates to account for natural within-group-variation, since otherwise, differ-
ences will be over-interpreted and can result in a high false-positive rate of methylation
differences. Methylation data can be analysed visually, for examples in Genome Browser
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tracks, or can be submitted to customised computational downstream analyses. A more
precise description and protocol to overcome the challenges of processing and analysing
bisulfite sequencing data is described in Gatzmann and Lyko (2018).

1.5 Chromatin structure in the context of DNA methylation

Chromatin is a dynamic structure that helps to package DNA into a dense and compact
shape, but also regulates DNA accessibility for replication, DNA repair and gene expres-
sion. The nucleosome is the smallest structural unit of chromatin. It contains 147 base
pairs of DNA which are wrapped a little less than two times around a histone octamer.
This histone octamer is composed of two copies each of histone proteins H2A, H2B, H3
and H4 (Tessarz and Kouzarides, 2014). Modifications of histones, such as methylation,
acetylation, and ubiquitylation, or methylation of the DNA can fundamentally alter the struc-
ture of chromatin, making it more compressed (usually termed heterochromatin) or open
(euchromatin). Generally, euchromatin contains most of the active genes in a cell, while
heterochromatin is more commonly found at centromeres, telomeres and inactive genes
(Bannister and Kouzarides, 2011). However, this is a simplified classification of chromatin
states, since there are intermediate configurations (Bannister and Kouzarides, 2011).

DNA methylation does not influence chromatin accessibility states on its own. In-
stead, there are a number of complex interactions between histone modifications and DNA
methylation that eventually model chromatin states. Histone lysine methylation on position
27 of H3 (H3K27me), for example, is a marker of open chromatin that is mostly found
in unmethylated stretches of DNA like CpG islands (Rose and Klose, 2014). The same
goes for the modification H3K4me3, which is associated with states of open chromatin and
which blocks the de novo methyltransferase DNMT3 from binding the H3 tail and keeps it
from methylating the underlying DNA (Rose and Klose, 2014). On the other hand, H3K36
trimethylation (H3K36me3) is targeted to gene bodies of actively transcribed genes and
correlates with an enrichment of DNA methylation. Then again, di- and trimethylated lysine
9 on histone H3 (H3K9me2/3) is usually found at inactive genes, and it has been revealed
that DNA methylation in such regions is dependent on the presence of these marks in
Neurospora crassa (Tamaru et al., 2003).

1.5.1 Computational analysis of genome-wide chromatin structure using ATAC-seq

In 2013, Buenrostro et al. (2013) introduced an assay for transposase-accessible chro-
matin using sequencing (ATAC-seq) as a rapid method to profile regions of open chromatin
without enriching for specific histone modifications. The prokaryotic Tn5 transposase is
loaded with adaptors for high-throughput DNA sequencing and added to isolated DNA.
Here, it fragments DNA in regions of accessible chromatin, while this is less likely to hap-
pen in more condensed chromatin due to steric hindrances. It then tags the DNA with the
integrated adaptors. The resulting amplifiable fragments can be used for standard high-
throughput sequencing.
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This data can be aligned to a reference sequence by standard genome sequencing
mapping tools, and an enrichment of read coverage in a genomic region is interpreted as
a region where chromatin was accessible for the transposase fragmentation. ATAC-seq
data can also be used to identify nucleosome positioning: by grouping reads into reads
that are shorter than the canonical length that is usually protected by a nucleosome (147
bp), and by reads that are consistent with that length, their specific alignment start and end
points provide information about the position of a nucleosome, as well as nucleosome-free
regions and potential transcription factor binding regions.

1.6 Previous work on methylation in the marbled crayfish

In the recently published a draft genome assembly of the marbled crayfish (Gutekunst
et al., 2018), my colleagues identified homologs of the DNA methyltransferases DNMT1
and DNMT3, as well as a single copy of a TET hydroxymethylase (see Figure 5A, B and
C). To confirm the expression of these enzymes, qRT-PCR was performed for develop-
mental stages and adult tissues, revealing low mRNA levels for all three enzymes in early
embryonic stages, which increased during embryonic development (Figure 5D). In adult
tissues, DNMT1 and DNMT3 were mostly moderately but stably expressed. TET was
highly expressed in all adult tissues except for ovaries (Figure 5E).

The presence of methylation in the marbled crayfish was confirmed by previous studies
in our lab using whole-genome bisulfite sequencing (Falckenhayn, 2016). Hereby, methyl-
ation patterns in the marbled crayfish could be characterised at single-base resolution.
Initial analyses were performed for the hepatopancreas tissues of an animal from our lab
strain (Vogt et al., 2015). Mapping the trimmed data against the marbled crayfish assembly
(Gutekunst et al., 2018) (see 4.3 for details of processing the data) yielded a mapping rate
of approximately 76% at 9.8x genome coverage and 78% covered CpGs. Mitochondrial
DNA was used to determine bisulfite conversion efficiency at approximately 99.77% (see
Table 1 in section 2.1.1), ensuring the trustworthiness of the data.

Basic patterns
These first analyses have shown that methylation in the marbled crayfish is specific to CpG
dinucleotides (Figure 6A), and bimodally distributed, i.e., within a tissue, single CpGs are
observed to be either completely methylated or completely unmethylated (Figure 6B). It is
also symmetric on both strands (Figure 6C), (Falckenhayn, 2016).

Analysing 100 scaffolds from the draft genome assembly for their methylation land-
scape revealed that most scaffolds show a mosaic methylation pattern that is typical for
many invertebrate methylomes (Figure 6D).

Additionally, it has been shown that gene body methylation is also bimodally distrib-
uted, with two distinct populations of genes that are either lowly or highly methylated (6E).
Moreover, highly methylated genes tend to be long, evolutionary conserved, CpG-poor and
moderately expressed (Falckenhayn, 2016). Since these are common features of house-
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Figure 5: Previous work: Conservation of Dnmt1, Dnmt3 and Tet in marbled crayfish
Paper: Genome annotation revealed the presence of a DNA methylation system consisting
of single homologs for Dnmt1 (a), Dnmt3 (b) and Tet (c), respectively. Shown are com-
parisons of virtually translated protein sequences with three reference organisms: Daph-
nia pulex, Apis mellifera and Homo sapiens. Numbers in brackets represent accession
numbers. Conserved domains are shown as colored boxes. mRNA expression levels are
indicated relative to the TBP (TATA-box-binding protein) housekeeping gene. Bars indicate
standard deviations from at least three independent measurements. E: embryonic stages;
J: juvenile stages. e mRNA levels of Dnmt1, Dnmt3 and Tet in various adult marbled cray-
fish tissues (hepatop. hepatopancreas, abd. musc. abdominal musculature). Adopted
from Gatzmann et al. (2018).

keeping genes, it was confirmed that DNA methylation in the marbled crayfish is enriched
at gene bodies of housekeeping genes (Figure 6F).
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Figure 6: Previous work: characterisation of the marbled crayfish methylome (A)
Logoplot of the two bases at methylated cytosine residues showing CpG-specific methyl-
ation. (B) Histogram showing the average methylation ratio for each CpG. (C) Strand
specific density of methylated CpGs along the scaffold 48,720 (Watson strand: blue, Crick
strand: red). (D) representative scaffold is shown to demonstrate the mosaic methyla-
tion landscape in the marbled crayfish. (E) Histogram showing the distribution of gene
body methylation levels. (F) Boxplots showing the distribution of methylation ratios for
non-housekeeping genes (red) compared to housekeeping genes (green).

16



1 INTRODUCTION

1.7 Aims of this PhD thesis

The marbled crayfish is an emerging invasive freshwater crayfish with a high genetic ho-
mogeneity that shows a remarkable adaptability to different environments and a strong
degree of phenotypic variability. Since genetic variation is likely not the cause for its in-
vasive capacity, the aim of this thesis is to analyse epigenetic mechanisms in the marbled
crayfish to provide insights into the potential environmental adaptation through epigenetic
regulation.

I present in this thesis a detailed analysis of DNA methylation in the marbled crayfish
using whole-genome bisulfite sequencing data. This information was integrated with RNA-
seq and ATAC-seq data to integratively analyse the interplay between the three epigenetic
layers of DNA methylation, gene expression, and chromatin accessibility. The genetic
homogeneity of the marbled crayfish, with very few confounding mutations, makes it a par-
ticularly promising model organism for epigenetics research.

These analyses will

• establish the methylome of the marbled crayfish

• provide insights into the evolutionary conservation of methylation patterns in inver-
tebrates and crustaceans

• broaden the knowledge on the interplay of gene body methylation, chromatin ac-
cessibility and gene expression.
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2 Results

2.1 Data

2.1.1 Whole-genome bisulfite sequencing data

Whole-genome bisulfite sequencing was used on nine marbled crayfish DNA samples to
generate high-resolution DNA methylation maps. Samples originated from five different
tissues and 6 different animals. Table 1 summarises the results of sequencing and basic
processing. In short, we generated methylation data for four distinct adult tissues (hepato-
pancreas, abdominal musculature, hemocytes, and gills) and a sample from early embryos
(embryonic stage 1.7, Grimmer (2015)). For hepatopancreas and abdominal musculature,
we sequenced three biological replicates from three different animals each, and single rep-
licates for the hemocytes, embryos, and gills. Genome coverages for all samples ranged
from 9x to 23x (Table 1), and the total percentage of covered CpGs in the genome ranged
from 76% to 87%, averaging at 80.5%. Mapping rates were mostly around 50%, with the
exception of three samples. One of these samples had been kept at around 30 degrees
in ethanol for several weeks which could have lead to DNA degradation, while the other
two showed some degree of bacterial contamination when blasting reads against the NCBI
Reference Sequence Project database (O’Leary et al., 2016). Bisulfite conversion efficien-
cies, estimated from reads mapping to the mitochondrial DNA, averaged around 99.5%.

Table 1: Whole-genome bisulfite sequencing results for marbled crayfish animals.
Abbreviations: Map.: mapping rate, Cover.: coverage, Conv.: bisulfite conversion rate,
% CpGs: % CpGs covered in the genome, hep.: hepatopancreas, musc.: abdominal
musculature, E1.7: embryonic stage 1.7, hemo.: hemolymph, bp: base pairs, PE: paired-
end.

ID Origin Tissue Map.
%

Cover. Conv.
%

%
CpGs

read length

Pvir2 lab stock hep. 55 9.8x 99.7 78.5 100 bp PE
Pvir3 lake

Moosweiher
hep. 53 8.8x 99.8 75.6 100 bp PE

Pvir6 lab stock hep. 52 11.4x 99.2 76.9 100 bp PE
Pvir2 lab stock musc. 45 23.4x 99.6 86.9 150 bp PE
Pvir3 lake

Moosweiher
musc. 50 20.4x 99.5 84.9 150 bp PE

Mora Moramanga musc. 26 13.8x 99.3 79.6 150 bp PE
E1.7 lab stock embryos 33 15.2x 99.7 80.5 150 bp PE
hem lake

Reilingen
hemo. 27 17.9x 99.1 81.2 150 bp PE

Pvir3 lake
Moosweiher

gills rate 19.4x 99.4 84.8 150 bp PE

We also generated whole-genome bisulfite sequencing for the parent species, Procam-
barus fallax. Sequencing was performed for three DNA samples from two female animals
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Table 2: Whole-genome bisulfite sequencing results for P. fallax animals. Abbrevi-
ations: Pff: indicates female animals, Map.: mapping rate, Cover.: coverage, Conv.: bi-
sulfite conversion rate, % CpGs: % CpGs covered in the genome, hep.: hepatopancreas,
musc.: abdominal musculature, bp: base pairs, PE: paired-end.

ID Origin Tissue Map.
%

Cover. conv.
%

%
CpGs

read length

Pff3 aquarium
supply

hep. 50 10.8x 99.9 68.2 100 bp PE

Pff4 aquarium
supply

hep. 51 10.2x 99.5 67.1 100 bp PE

Pff4 aquarium
supply

musc. 52 10.8x 99.5 67.2 100 bp PE

and two distinct tissues, namely hepatopancreas and abdominal musculature. Mapping
rates ranged between 50-52%, and genome coverages averaged around 10.6x. Con-
version efficiencies ranged from 99.5-99.9%, and approximately 67.5% of all CpGs were
covered. This data is shown in Table 2.

2.1.2 RNA-seq data

To address the relationship between methylation and gene expression, we also generated
RNA-seq data for the marbled crayfish and its parent species. For the marbled crayfish, we
sequenced three biological replicates each for adult tissues hepatopancreas, abdominal
musculature, and hemocytes. Yields per sample ranged from 3,200 to 42,000 mega base
pairs (Mbp), and mapping rates ranged from 86-92% (see Table 3). Yields vary so strongy
because samples were sequenced at different time points in this project, on different ma-
chines, and some samples were pooled on a single lane while others were sequenced
alone on a single lane.

Table 3: RNA sequencing results for marbled crayfish animals. Abbreviations:
hep.: hepatopancreas, musc.: abdominal musculature, hemo.: hemolymph, Mbp: mega
basepairs, Map.: mapping rate, bp: base pairs, PE: paired-end.

ID Origin Tissue Yield[Mbp] Map. % read type
Pvir2 lab stock hep. 42,032 88 100 bp PE
Pvir6 lab stock hep. 10,656 90 100 bp PE
Pvir7 lab stock hep. 11,047 90 125 bp PE
Pvir2 lab stock musc. 9,144 89 150 bp PE
Pvir6 lab stock musc. 8,752 92 150 bp PE
Pvir7 lab stock musc. 4,719 90 150 bp PE
hem37 lake Reilingen hemo. 3,488 86 50 bp SE
hem39 lake Reilingen hemo. 3,231 89 50 bp SE
hem40 lake Reilingen hemo. 3,920 87 50 bp SE

We also sequenced three biological replicates for abdominal musculature from the
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Table 4: RNA sequencing results for P. fallax animals. Abbreviations: Pff: indicates
female animals, musc.: abdominal musculature, Mbp: mega basepairs, Map.: mapping
rate, bp: base pairs, PE: paired-end.

ID Origin Tissue Yield[Mbp] Map. % read type
Pff1 aquarium supply musc. 9,495 90 125 bp PE
Pff3 aquarium supply musc. 9,161 90 125 bp PE
Pff4 aquarium supply musc. 8,716 90 125 bp PE

parent species Procambarus fallax. Yields averaged around 9,000 Mbp per sample, and
mapping rates were at 90% per sample (data shown in Table 4).

2.1.3 ATAC-seq data

For further insight into the regulatory functions of DNA methylation, I also investigated the
interplay between methylation, chromatin accessibility, and gene expression. For this pur-
pose, we used the Assay for Transposase Accessible Chromatin sequencing (ATAC-seq)
(Buenrostro et al., 2013) to analyse genome-wide chromatin accessibility patterns. ATAC-
seq was performed on marbled crayfish hemocytes, which could be analysed together with
WGBS and RNA-seq data from hemocytes, where all hemocyte samples came from the
same pool of cells collected by different animals. We sequenced three biological replic-
ates, with yields ranging from 6,400-12,700 Mbp (see Table 5).

Table 5: ATAC sequencing results. Abbreviations: hemo.: hemocytes, Mbp.: mega
base-pairs, Map.: mapping rate, bp: base pairs, PE: paired-end.

ID Origin Tissue Yield[Mbp] Map. % read type
hem1 lake Reilingen hemo. 12,717 78 125 bp PE
hem2 lake Reilingen hemo. 10,849 74 125 bp PE
hem3 lake Reilingen hemo. 6,423 62 125 bp PE

2.2 The marbled crayfish methylome

2.2.1 Continued basic characterisation of the marbled crayfish methylome

In addition to the basic characterisations of the marbled crayfish methylome done in our lab
before (see section 1.6), I conducted a comparative analysis of average methylation levels
in 2kb windows for the marbled crayfish and other animals with methylated genomes. It
revealed that methylation levels in the marbled crayfish were distinctly higher than those
of other crustaceans, namely Daphnia pulex (Asselman et al., 2016) and the sand flea
Parhyale hawaiensis (Kao et al., 2016) )(Figure 7A). Genome-wide, 18% of CpGs in the
marbled crayfish were methylated. Figure S1 shows a violin plot of a vertebrate species
(mouse), which is, as expected, highly methylated in more than 75% of all 2kb windows.
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Figure 7: Characterisation of the marbled crayfish methylome (A) Comparative
analysis of the three currently known crustacean methylomes. Violin plots show DNA
methylation levels for 2kb-windows. (B) Methylation levels of the genome and of predicted
gene features. (C) Metagene plot showing methylation levels for gene bodies and sur-
rounding 1 kb upstream and downstream.

Methylation targets
Methylation in the marbled crayfish genome appears mostly targeted to gene bodies, with
introns showing higher average methylation levels than exons (Figure 7B). The overall
genome, repeats and 5’ and 3’ UTRs (defined as the 1 kb upstream of the transcription
start site and downstream of the transcription termination site, respectively) of genes ap-
pear mostly hypomethylated. Methylation levels in the 5’ UTR appear somewhat elevated
in comparison to the 3’ UTR. This can also be observed in the metagene plot in 7C, where
in the 3’ UTR, just before the transcription start site, I saw a slight elevation of methylation
levels. At the same time, a distinct drop in methylation levels can be detected right after
the transcription termination site. Clearly, methylation levels in the genome are lower than
in the gene body. This is in accordance with studies from Zemach et al. (2010); Feng et al.
(2010). As noted before, previous analyses have shown that genes that are targeted by
methylation are primarily housekeeping genes (see section 1.6, Figure 6F).
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These results show that the marbled crayfish methylome shares the basic features of
Dnmt1-Dnmt3-dependent animal methylomes (Zemach et al., 2010).

2.2.2 The marbled crayfish methylome only shows subtle tissue-specificity

DNA methylation of gene bodies
To further characterise methylation patterns in the marbled crayfish, I used a primary set of
samples comprising DNA samples from abdominal musculature, hepatopancreas, hemo-
cytes and embryos. For these samples, I generated methylation heatmaps using hier-
archical clustering on genes. All genes with sufficient coverage were included, and the
average methylation of each gene was calculated and used in the analysis. A heatmap
for all eight samples in the primary sample set and all genes is shown in Figure 8A. Strik-
ingly, the heatmap gave the impression that methylation is not tissue-specific or specific to
developmental stages. This impression was also confirmed by a Wilcoxon-rank-sum test
applied to the two tissues for which replicates were available (hepatopancreas and abdom-
inal musculature). Using this test, no gene was identified to be significantly differentially
methylated between the two tissues at a p-value cutoff of 0.1. One hepatopancreas shows
distinctly lower methylation levels than the other two, and hemocytes appear to have some-
what lower methylation levels, too. However, for hemocytes, it is difficult to draw a clear
conclusion since only a single replicate was available for analysis.

To further test whether tissue-specific methylation might occur in gene bodies, I gener-
ated another heatmap and applied hierarchical clustering not only to the genes, but also
to the samples. This is shown in Figure 8B. This approach was able to group the three
abdominal musculature samples into the same clade on the tree. The lowly-methylated
hepatopancreas sample clustered together with the hemocytes sample, which also had
overall lower gene body methylation levels.

Promoter methylation (defined as the 5’ UTR) showed similar methylation patterns, with
no distinctly visible tissue-specificity (Figure S2A). For hierarchical clustering on samples
for promoter methylation, again, the three abdominal musculature samples clustered in
one clade, and two of the hepatopancreas samples did, too (Figure S2B). Again, the
Wilcoxon-rank-sum-test did not classify any promoter as significantly differentially methyl-
ated.

Separating samples in methylation space
In addition to heatmaps and statistical testing, I used principal components analysis (PCA)
and metric multidimensional scaling (MDS) to see if tissues could be separated from each
other based on their average methylation ratio. Pairwise examination of the first three com-
ponents of a PCA showed that abdominal musculature samples tend to group together
closely in two out of three cases (circles, Figure 9A and C). When plotting components
2 and 3 against each other, hepatopancreas samples could be separated from all other
tissues (Figure 9C), even though they themselves were quite widely spread out across
the analysed space. Hemocytes and the embryonic stage have a tendency to be placed
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Figure 8: Comparison of gene body methylation comprising a set of different devel-
opmental stages, tissues and animals. (A) Comparative analysis of gene body methyla-
tion patterns shown in a heatmap where hierarchical clustering for rows (genes) was used.
The heatmap shows average gene body methylation levels for each gene for the set of 8
independent samples (columns). Colors indicate individual animals. Methylation levels are
indicated on a scale from 0 (blue) to 1 (red). Only genes containing at least 10 CpGs with a
strand-specific coverage of 3x in all 8 samples are shown. E1.7: stage 1.7 embryos, hep.:
hepatopancreas, musc.: abdominal musculature, hemo: hemocytes. (B) Similar heatmap,
but including clustering for individual samples and tissues.

slightly apart from other samples, except for components 2 and 3 (Figure 9C), where they
fall in between the abdominal musculature and hepatopancreas samples.

For MDS, again, abdominal musculature samples showed a tendency to group to-
gether (Figure 9D, E and F). A combination of coordinates 2 and 3 was again able to
separate hepatopancreas samples from the other tissues (Figure 9F). This was observed
even though again, hepatopancreas samples appear to vary in their methylation patterns
since they were quite widely distributed across the analysed space. This could partially
be attributed to the hypomethylated state of one of the hepatopancreas samples. How-
ever, the other two also did not group closely together in any of the analysed plots. Again,
hemocytes and the embryonic stage are found more towards the outside of the grouped
samples in two out of three cases, but in coordinates 2 and 3 (Figure 9F), they group
closely together with abdominal musculature samples.
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Figure 9: Principal components analysis and metric multidimensional scaling for
gene body methylation. (A)-(C): Principal components analysis for gene body methyla-
tion. (D)-(F) Metric multidimensional scaling for gene body metylation. Symbols represent
sampes as indicated (top row), colors denote animals as shown before.

DNA methylation of housekeeping genes
Next, I examined gene body methylation patterns by grouping genes into housekeeping
genes and tissue-specific genes. This is shown in Figure 10A. This analysis confirmed the
high methylation levels of housekeeping genes shown before, while consequently, non-
housekeeping genes showed much lower levels of methylation (Figure 10B). Again, by
simple visual examination, no cluster of genes appears to show elevated levels of tissue-
specific methylation. Since the Wilcoxon-rank-sum-test had been applied to each gene
individually, it was not applied again here. Table 6 shows a gene set enrichment analysis
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for methylated genes, where enriched functions include protein folding and functions re-
lated to cell division.

Figure 10: Comparison of gene body methylation in different sets of genes. (A)
Comparative analysis of gene body methylation patterns in housekeeping genes shown in
a heatmap where hierarchical clustering for rows (genes) was used. The heatmap shows
average gene body methylation levels for each gene for the set of 8 independent samples
(columns). Colors indicate individual animals. Methylation levels are indicated on a scale
from 0 (blue) to 1 (red). Only genes containing at least 10 CpGs with a strand-specific
coverage of 3x in all 8 samples are shown. E1.7: stage 1.7 embryos, hep.: hepatopan-
creas, musc.: abdominal musculature, hemo: hemocytes. (B) Similar heatmap, but only
for non-housekeeping genes.

I also examined promoter methylation in housekeeping and non-housekeeping genes.
Promoter methylation patterns did not show such a pronounced difference between the
two gene groups, even though again, a slight decrease in methylation for tissue-specific
promoters could be observed (Figure S3).

In conclusion, it seems methylation in and around genes is, for most parts, invariant to
tissue or developmental stages in the marbled crayfish. However, there appear to be some
genes that show a limited amount of tissue-specificity, since both hierarchical clustering,
as well as PCA and MDS, showed some capacity to group tissues together under certain
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Table 6: Gene set enrichment analysis for methylated genes. Gene set enrichment for
methylated genes showing biological process, enrichment and p-value for the eight most
enriched processes.

biological process enrichment p-value
assembly of the pre-replicative complex 8.7 0.00074
protein folding 7.9 0.035
establishment of sister chromatid cohesion 7.5 0.0038
mitotic prometaphase 5.8 0.0042
interconversion of 2-oxoglutarate and 2-hydroxyglutarate 5.1 0.0072
ethanol oxidation 5.0 0.008
synthesis of ketone bodies 4.3 0.012

conditions. So it might be smaller sets of genes, or regions in genes, that exhibit some
degree of tissue-specific methylation patterns.

2.2.3 Repeats are sparsely methylation in the marbled crayfish

Figure 11A shows repeat methylation for the 5 most frequent repeat classes and their fre-
quency in the marbled crayfish genome. The majority of repeats was unmethylated, while
every class had at least a small percentage of repeats that showed elevated methylation
levels. DNA transposons had an especially high number of highly methylated repeats, with
approximately 50% of repeats being methylated.

Repeat methylation generally did not seem to be associated with the age of the repeats,
with the correlation coefficient between repeat divergence and its methylation only being
0.012 (p-value 2.26e-3, Figure 11B). However, repeat methylation was strongly associ-
ated with the location of the repeat in the genome: repeats within genes had substantially
higher levels of methylation than repeats outside of genes (Figure 11C).

Of all repeat types within DNA transposons, TcMar-Tiggers in particular showed sub-
stantial elevation of methylation levels, as is shown in Figure 11D. For this class, I tested
whether the high methylation level might be due to the age of this repeat class in the
marbled crayfish, or whether it was found more often within gene bodies. First, I tested
whether TcMar-Tiggers with lower divergence in the marbled crayfish had different methyl-
ation levels than older TcMar-Tiggers. However, Figure S4A shows that the correlation
of TcMar-Tigger methylation levels and their age did not appear to be particularly strong.
Next, I tested whether DNA transposons or TcMar-Tiggers were particularly diverged or
conserved in evolutionary age in the marbled crayfish, and whether this might be associ-
ated with their high methyation levels. Firstly, DNA transposons generally did not appear
to be significantly more or less diverged than other repeat classes (Figure S4B). Neither
did TcMar-Tiggers appear significantly old or young within DNA transposons (Figure S4C).
They were also not primarily located within genes, as is shown in Figure S4D.
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2.2 The marbled crayfish methylome

Figure 11: Repeat methylation in the marbled crayfish. (A) Methylation patterns of
the 5 most frequent repeat classes annotated in the marbled crayfish. LINEs (long in-
terspersed nuclear elements): N=25,622, SINEs (short interspersed nuclear elements):
N=14,821, DNAs (DNA transposons): N=7,144, LTRs (long terminal repeats): N=6,483,
simple (simple repeats): N=3,889. (B) Repeat methylation plotted against repeat age (di-
vergence as taken from the repeatmasker pipeline). High divergence values imply older
repeats. (C) Location-dependent methylation of repeats. (D) TcMar-Tigger repeats as the
repeat type with the highest levels of methylation.

Figure 12 shows methylation heatmaps for the five most frequent repeat classes. I could
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see more clearly that only small sets of repeats that are methylated, with only approxim-
ately 10% of repeats methylated. The exceptions are DNA transposons, where TcMar-
Tiggers are mostly responsible for the high number of methylated repeats. Repeats en-
coding ribosomal RNA (rRNAs) are included as an example for essential, non-transposon
repeats, and show similar proportions of methylated elements compared to the major re-
peat classes. Consistent with the observation for gene bodies and promoters, repeat
methylation again appeared largely tissue-invariant in these heatmaps. One exception
is a small cluster of genes in SINEs, where the three hepatopancreas samples appear
somewhat hypomethylated.

Figure 12: Methylation heatmaps for major repeat classes. The heatmaps show av-
erage methylation levels of selected major repeat classes in eight independent samples
(columns). Only repeats with sufficient coverage in all 8 samples are shown. The five
most frequent repeat classes are shown (LINEs, SINEs, DNA transposons, LTRs, Simple
repeats), as well as rRNAs as an example for a non-transposon repeat class. Methyla-
tion levels are indicated on a scale from 0 (blue) to 1 (red). E1.7: stage 1.7 embryos,
hep.: hepatopancreas, musc.: abdominal musculature, hem.: hemocytes. Colors denote
individual animals.
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2.2.4 Variable gene body methylation in the marbled crayfish

In a parallel analysis with a slightly different set of samples, I investigated whether for cer-
tain genes, methylation might not be significantly elevated or lowered in different tissues,
but simply variable between samples and tissues. For this analysis, the hemocyte methyl-
ation maps were replaced by those of gills. When examining the methylation variance
(Figure 13A), it is clear that the majority of genes are stably methylated, while a smaller
set shows high variance. When choosing a variance cutoff of 0.006, 846 genes are iden-
tified as highly variable. Since some of these were consistently lowly methylated or highly
methylated (0.2 < average methylation ratio < 0.8), I excluded them from further analyses.
This defined 697 genes as highly variable in their methylation levels across samples. A
heatmap for these genes is shown in Figure 13B.

To investigate whether these samples were defined by a common pathway, I used PAN-
THER Gene list analysis (Mi et al., 2012) to enrich for Gene Ontology pathway analysis
terms. This approach identified several biological processes as enriched in this gene set,
including processes related to cellular biosynthesis and metabolism (Figure 13C). Metric
multidimensional scaling of variably methylated genes was able to clearly separate hep-
atopancreas from all other samples, as opposed to the slimmer margin observed earlier
for all genes (Figure 13D). Again, the three abdominal musculature grouped closely to-
gether, this time with the samples from gills. This could suggest a moderate amount of
tissue-specific methylation in some of these genes. A capture array has been generated
for the set of 697 variably methylated genes to allow large-scale comparison of more than
one hundred animals from different tissues and environments. This investigation is on-
going and could show whether methylation changes can be contributed to tissues or the
environmental origin of a sample.

2.3 DNA methylation and expression in the marbled crayfish

2.3.1 Moderate correlations of gene body methylation and expression levels

RNA-seq datasets were generated in addition to WGBS to investigate whether DNA methyl-
ation in the marbled crayfish plays a role in gene regulation. For these analyses, I integ-
rated three independent biological replicates from each hepatopancreas and abdominal
musculature samples with the methylation data from these tissues. Details on this data
are described in section 2.1.2 and in tables 3 and 4.

Analysing gene expression levels and the according methylation levels revealed a weak
correlation between both promoter methylation and expression and gene body methylation
and expression (rho=0.183 and rho=0.189, respectively) (Figure 14A). While the correla-
tions are weak, they appeared statistically significant (p-value=1.38 e-89 and p-value=4.95
e-84). For housekeeping genes, which generally show higher methylation levels, these
correlations were weaker (rho=-0.017 and rho=0.15, respectively) and the statistical signi-
ficance dropped, too (p-value=3.4e-01 and p-value=3.93e-01) (Figure 14B).
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Figure 13: Identification and characterization of variably methylated genes. (A) His-
togram of methylation variance for 12,244 genes with sufficient coverage in all 8 samples.
846 of these genes had a methylation variance >0.006. (B) Comparative analysis of vari-
ably methylated genes. The heatmap shows average gene body methylation levels in 8
independent samples (columns) for the 697 variably methylated genes with a mean ra-
tio >0.2 and <0.8. Methylation levels are indicated on a scale from 0 (blue) to 1 (red).
(C) Gene ontology analysis. The five most strongly enriched biological processes with a
p-vale <0.1 are shown. (D) Metric multidimensional scaling analysis based on the methyl-
ation levels of the 697 variably methylated genes.

When binning genes into 8 distinct expression ranks, the results showed a parabolic
correlation between gene body methylation and gene expression levels, that is, genes with
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Figure 14: Methylation and levels of expression. (A) Correlation of promoter methyla-
tion and expression, and gene body methylation and expression for all genes. Correlation
lines are shown in red, with the correlation coefficient rho and the according p-value shown
above. (B) Parallel analysis for housekeeping genes.

moderate expression levels showed the highest degree of methylation. This is shown in
Figure 15A. This parabolic association is observed more strongly in housekeeping genes
(Figure 15B).

Figure 15: Highly methylated genes are moderately expressed. Boxplots showing the
relationship between expression rank of genes (x-axis) and their associated methylation
levels. Left panel, all genes. Right panel, housekeeping genes. Abbreviations: gb meth:
gene body methylation.
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2.3.2 Changes in methylation are not correlated with changes in expression

After analysing whether methylation is tissue-specific or modulates expression levels, I in-
vestigated more specifically whether expression level changes between tissues could be
attributed to changes in methylation patterns. To this end, I first performed differential gene
expression analysis, identifying 3,131 differentially expressed genes between hepatopan-
creas and abdominal musculature (Figure 16).

Figure 16: Differential expression in the marbled crayfish. MA plot showing the log-
fold change and the log average expression level. Statistically significantly differentially
expressed genes are shown in red (N=3,131, p-value cutoff 0.1).

Next, I calculated differential methylation between tissues for promoters (that is, 5’UTRs)
and gene bodies. This was done by using the average methylation for each gene for one
tissue, and subtracting it by the average of the other tissue. Figure 17A shows this differ-
ential methylation for gene bodies and promoters of all genes, plotted against the log2-fold
change of expression. Methylation changes and expression changes do not appear cor-
related for either gene bodies or promoters. This impression persists when examining
different groups of genes, like housekeeping or non-housekeeping genes (Figure 17B), or
gene age (Figure 17C).

To try a different visualisation approach, I plotted the average expression levels of the
two tissues against each other, and examined which genes exhibited a particular high dif-
ference in methylation between the tissues. Figure 18A shows this relationship for gene
body methylation differences, where I could confirm the previous impression that expres-
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Figure 17: Differential methylation and differential expression patterns. Scatter plots
showing the log-fold change between tissues abdominal musculature and hepatopancreas
and the methylation differences between these tissues. (A) All genes (B) All genes, col-
ors denoting housekeeping genes (red) and non-housekeeping genes (turquoise) (C) All
genes, colors denoting gene age (light blue=youngest, dark blue=oldest).

sion differences do not seem to be associated with methylation differences. For better
visibility, the right panel of Figure 18A shows only genes with an average methylation ratio
difference between tissues of at least ± 0.18. Large differences in methylation did not ne-
cessarily deviate from the similarly expressed genes on the diagonal. Figure 18B shows
this relationship for promoter methylation differences. In this case, it is interesting to note
that a slightly larger number of differently methylated gene promoters appears to be un-
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expressed in abdominal musculature. The majority of these promoters are more strongly
methylated in abdominal musculature. This makes sense, since methylation in promoter
regions has been associated with silencing of these genes.

Figure 18: Correlation of expression between tissues under consideration of dif-
ferential methylation. (A) Correlation of expression of hepatopancreas and abdominal
musculature, where color indicates gene body methylation. For all genes (left panel), and
only genes with an absolute differential methylation of at least 0.18. (B) Parallel analysis
for promoter methylation.

2.3.3 Methylation stabilises gene expression

It has been shown in other organisms that elevated gene body methylation levels are asso-
ciated with stable expression levels, while low-methylated genes usually show higher vari-
ation in their expression levels. To find out whether this relationship holds in the marbled
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crayfish, I calculated expression variation as the coefficient of variation per gene from
the three replicates per tissue. Consistent with previous reports, I observe a statistically
significant inverse correlation between gene body methylation and gene expression vari-
ability with a correlation coefficient of -0.314 and -0.28 for hepatopancreas and abdominal
musculature, respectively (Figure 19A). The p-values suggested a high significance of this
correlation (p-values 2.9e-235 and 6.4e-144, respectively). Figure 19B shows the same
relationship in boxplots, where the negative association between the two is more visible.

Figure 19: Correlation between DNA methylation and gene expression variation
in hepatopancreas and abdominal musculature. (A) Gene body methylation shows
an inverse correlation with gene expression variability in hepatopancreas and abdominal
muscle. The correlation coefficients and p-values for the significance of the correlation are
indicated. (B) Boxplot showing the same relationship with regression lines. Methylation
rank zero represents completely unmethylated genes.

To give a representative example, a housekeeping gene in the marbled crayfish showed
high methylation levels across the gene body in both tissues analysed, and had similar
expression levels in all samples. It encodes a homolog of the eukaryotic translation initi-
ation factor 3 subunit E (EIF3E) (Figure 20, top panel). In contrast, a tissue-specific gene
that encodes a homolog of vitelline membrane outer layer protein 1 (VMO1) was mostly
unmethylated across the gene body and showed substantial levels of gene expression
variability in all samples (Figure 20, bottom panel). Additional examples are provided in
Figure S5.
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Figure 20: Example genes for the inverse relationship of gene body methylation and
expression variability. (A) Representative example for a highly methylated gene with low
gene expression variability. Genome browser tracks (left panel) show high methylation
throughout the gene body. Barplot shows a stable expression across all replicates and
both tissues (right panel). (B) Representative example for a lowly methylated gene with
high gene expression variability. Genome browser tracks (left panel) show low methyla-
tion levels in the gene body, while the barplot (right panel) shows high variation in gene
expression levels.

2.4 Increased gene body methylation and reduced gene expression
variability in Procambarus fallax

Interestingly, the parent species of the marbled crayfish, Procambarus fallax, shows no
evidence for invasiveness like the marbled crayfish does, but can be found only in defined
habitats in Florida and southern Georgia (Hendrix and Loftus, 2000; Hobbs, 1981). To
investigate whether methylation might facilitate some degree of environmental adaptability
in the marbled crayfish, we also generated whole-genome bisulfite sequencing data for
P. fallax. These comprised three samples, namely 2x hepatopancreas and 1x abdominal
musculature (see Table 2). For a comparative analysis of gene body methylation, two
marbled crayfish hepatopancreas and one abdominal musculature samples were chosen.

While statistical testing was not possible with such a limited number of samples, Figure
21A shows that the methylation pattern of P. fallax appears in wide parts similar to that of
the marbled crayfish. However, when calculating methylation differences for each gene
between the species, I identified 2,357 genes with a difference of at least 0.1 for the mean
methylation ratio per gene (Figure 21B). The majority of these genes appears hypomethyl-
ated in the marbled crayfish, with a few exceptions of hypermethylation in marbled crayfish.
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Figure 21: Gene body methylation in the marbled crayfish and P. fallax. (A) Compar-
ative analysis of gene body methylation patterns in P. virginalis and P. fallax. (B) Species-
specific differential gene body methylation. The heatmap shows differentially methylated
genes (DMGs) with an average methylation ratio difference > 0.1.

It can be shown that generally, gene body methylation levels were significantly reduced
in the marbled crayfish (Figure 22A, p-value<2.2e-16). Strikingly, gene expression variab-
ility was significantly elevated in marbled crayfish (Figure 22B, p-value<5.58e-13). This is
particularly interesting because these findings suggest that gene body hypomethylation in
the marbled crayfish leads to increased gene expression variability levels when compared
to its parent species.

2.5 Integrating methylation, chromatin accessibility, and expression

Finally, I explored the relationship between DNA methylation, chromatin accessibility, and
gene expression patterns. ATAC-seq data was used to sensitively characterise high-
resolution chromatin accessibility patterns for marbled crayfish hemocytes. These data
were integrated with WGBS and RNA-seq data, which gives a comprehensive insight into
the interplay between these three epigenetic layers. All three datasets were generated
from the same pool of marbled crayfish hemocytes. The three ATAC-seq replicates were
confirmed to have a high correlation among each other (data not shown), and were then
pooled for increased coverage. In the pooled data, 89,156 high-confidence accessible
peaks were identified. Of these, 4,558 overlapped with promoter regions.
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Figure 22: Gene body hypomethylation and elevated gene expression variability in P.
virginalis. (A) P. fallax has significantly higher methylation than P. virginalis (p<2.2e-16,
two-tailed t-test). (B) Comparison of gene expression variation between marbled crayfish
and P. fallax. Coefficients of expression variation are indicated for triplicate RNA-seq data-
sets from the abdominal musculature. The difference between the two species is highly
significant (p<5.58e-13, two-tailed t-test).

2.5.1 Accessibility, gene body methylation, and expression levels

To shed light on the association between chromatin accessibility and gene body methyla-
tion first, I generated heatmaps for low-methylated and high-methylated genes and used
raw mapped read counts per chromosomal position as a measure of chromatin access-
ibility. For genes with lowly methylated coding regions, I found that chromatin around the
transcription start site is distinctly more accessible than for highly methylated genes (Fig-
ure 23).

Analysing chromatin accessibility in metagene plots, I observed that ATAC signals (the
raw mapped read counts) are most strongly in the region around 190 bp downstream of
the transcription start site (Figure 24A). Unsurprisingly and consistent with observations
from mouse embryonic stem cells (Clark et al., 2018), genes in very open chromatin were
also the most expressed (Figure 24B). It is interesting to note that all other expression
levels appear highly similar in their more closed chromatin state.

Visualising accessibility in the context of methylation, the metagene plot shows more
clearly what I already observed in the heatmaps: genes with low to moderate gene body
methylation are usually found in more open chromatin states than those with higher methyl-
ation levels (Figure 23C and Supplementary Figure S6). Interestingly, genes with low
to intermediate levels of methylation are more accessible than completely unmethylated
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Figure 23: Heatmaps of chromatin accessibility around transcription start sites
(TSS). Chromatin accessibility is shown for high-methylated (average methylation ratio
> 0.5, left) and low-methylated (methylation level < 0.5, right) genes. Colors indicate raw
mapped read counts per position, i.e., yellow indicates more accessible chromatin and
blue indicates more closed chromatin.

genes. Consistent with the overall trend of highly methylated genes being found in more
closed chromatin, housekeeping genes, which are often highly methylated, were found in
more closed chromatin than tissue-specific genes (Figure 24D).

2.5.2 Gene body methylation might promote stable expression of poorly access-
ible genes

Finally, I analysed the interplay between gene body methylation, chromatin accessibility,
and gene expression variability. First, the observation that hypomethyated genes show
greater gene expression variability is also conserved in hemocytes (Figure S7).

Looking at gene expression variability in a metagene plot, I observed that stably ex-
pressed genes are generally found in more open chromatin states than variably expressed
genes (Figure 25, left panel). This is consistent with findings in mouse embryonic stem
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Figure 24: Metagene plots of chromatin accessibility around transcription start sites
(TSS). (A) ATAC signals for all genes. (B) ATAC signals for all genes grouped by expression
quintiles. (C) ATAC signals for all genes rouped by methylation quintiles. (D) ATAC signals
for genes classified as housekeeping gene or tissue-specific gene.

cells, where conflicting chromatin marks of both open and closed chromatins were found to
be associated with gene expression noise (Faure et al., 2017). Still, this is somewhat sur-
prising since housekeeping genes are generally highly methylated and should, therefore,
be found in less accessible chromatin, but are also stably expressed, and could therefore
preferably lie in more accessible chromatin.

To understand this phenomenon, I divided genes into hypomethylated (average methyl-
ation ratio <0.4) and hypermethylated (average methylation ratio >0.4). I observed that
lowly methylated genes with stable expression were distinctly more accessible than lowly
methylated genes with variable expression (Figure 25, middle panel). In contrast, high-
methylated genes are generally less variably expressed, and are consistently associated
with more closed chromatin states (Figure 25, right panel), independent of their (relat-
ive) gene expression variability. These findings suggest a mechanism where gene body
methylation could be involved in promoting the stable expression levels of poorly access-
ible genes, which would usually be variably expressed. This would hold, for example, for
housekeeping genes, where variable gene expression is not a desirable trait.
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Figure 25: Metagene plots of chromatin accessibility for expression variation. Left
panel, all genes grouped by their level of variable expression. Middle panel, lowly methyl-
ated genes grouped by their level of variable expression. Right panel, highly methylated
genes grouped by their level of variable expression.
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3 Discussion

DNA methylation is an ancient modification which is present in all three domains of life.
Its patterns between vertebrates and invertebrates show substantial differences (Breiling
and Lyko, 2015; Feng et al., 2010; Zemach et al., 2010), the first and major one being
that vertebrate genomes are generally ubiquitously methylated, while most invertebrates
show greater diversity in their methylation levels and targets. Despite these differences,
the majority of studies on epigenetic regulation have been conducted for mammalian gen-
omes. And while an increasing number of invertebrate methylomes has been published
in the last few years (Rošić et al., 2018; Bewick et al., 2016; Glastad et al., 2016a; Kao
et al., 2016; Libbrecht et al., 2016; Cunningham et al., 2015; Patalano et al., 2015; Lyko
et al., 2010; Feng et al., 2010; Zemach and Zilberman, 2010), the majority of these have
analysed methylation patterns from DNA that was isolated either from whole animals or
from a single tissue.

Of all the published invertebrate methylomes, only two crustacean species have been
analysed to date, namely Daphnia pulex (Asselman et al., 2016) and the sand flea Par-
hyale hawaiensis (Kao et al., 2016). This is despite the fact that crustaceans are dominant
components of aquatic ecosystems which comprise more than 66,000 species and are
the major constituent of zooplankton, making many of them keystone species for aquatic
environments (LeBlanc, 2007).

In this thesis, I present an in-depth analysis of DNA methylation in the marbled cray-
fish, an emerging model organism that belongs to the order of decapod crustaceans and
shows a great invasive capacity despite its global genetic homogeneity (Gutekunst et al.,
2018). Whole-genome bisulfite sequencing data was used to directly compare methylation
patterns from different tissues and from different marbled crayfish animals. These methyl-
ation maps were integrated with RNA-seq and ATAC-seq data to collectively analyse the
interactions and correlations between DNA methylation, chromatin accessibility, and gene
expression. The genetic homogeneity of the marbled crayfish, with very few confound-
ing mutations, makes it a particularly promising model organism for epigenetics research.
These analyses will broaden the knowledge on the conservation patterns in invertebrates,
and provide insights into the effect of gene body methylation on gene expression and chro-
matin accessibility.

3.1 A highly methylated crustacean genome with specific methyla-
tion targets

Global methylation levels
An initial analysis of genome-wide CpG methylation levels was performed for a single hep-
atopancreas sample. It revealed that approximately 18% of all CpGs in the marbled cray-
fish genome are methylated. In comparison, the other two published crustacean methyl-
omes, Daphnia pulex and Parhyale hawaiensis (Asselman et al., 2016; Kao et al., 2016),
displayed lower methylation levels of 1.1 and 12.3%, respectively, when analysed by the
same pipeline. The marbled crayfish genome is also more strongly methylated compared

43



3.1 A highly methylated crustacean genome with specific methylation targets

to most insect species (Bewick et al., 2016), but lower than, for example, the sea tunicate
Ciona intestinalis with 23.1% methylated CpGs (Suzuki et al., 2013).

Methylation is compartmentalised in the marbled crayfish genome
An analysis of 2kb windows revealed that large parts of 2 kb regions in the genome were
unmethylated, while a distinct cluster was largely methylated. This indicates that methyla-
tion of CpGs in the marbled crayfish is not randomly or evenly distributed in the genome,
but is more compartmentalised and enriched in specific regions. While this is a frequently
observed pattern in invertebrate methylomes (Feng et al., 2010; Zemach et al., 2010), it
is not always conserved: in 2015, Patalano et al. (2015) showed that the genomes of two
eusocial insect species, Polistes canadensis (a wasp), and Dinoponera quadriceps (an
ant), were more evenly methylated along the entire genome when compared to Apis mel-
lifera, in which they found few, highly methylated regions, while the majority of the genome
remained unmethylated.

In vertebrates, on the other hand, comparing 2 kb regions of methylation in the mouse
genome showed, as expected, that most of these regions were methylated at more than
75% of the contained CpG sites, which is consistent with the ubiquitous methylation com-
monly reported for mammals and vertebrates (Feng et al., 2010; Zemach et al., 2010).

The marbled crayfish is sparsely methylated in repeats and methylated in gene bod-
ies
Methylation in the marbled crayfish is primarily targeted to coding regions, and interest-
ingly, introns show higher methylation levels than exons. While invertebrates generally
have a strong preference for methylation enrichment in gene bodies (Feng et al., 2010;
Zemach et al., 2010; Sarda et al., 2012), this observed pattern is unlike most animal and
invertebrate species or plants, where exon methylation is usually higher than intron methyl-
ation (Glastad et al., 2016a; Cunningham et al., 2015; Patalano et al., 2015; Wang et al.,
2013; Feng et al., 2010). However, a similar targeting preference of introns over exons
has also been reported in the draft methylome of Locusta migratoria (Wang et al., 2014a).
Section 3.3 discusses gene body methylation in the marbled crayfish in more detail.

5’ UTRs displayed a moderate degree of methylation, while methylation levels in 3’
UTRs were somewhat lower. While the overall methylation levels in these regions were
comparable to other invertebrate species, for most species where UTRs were analysed,
usually a more elevated level of methylation was reported for the 3’ UTRs as opposed to
the 5’ UTRs (Patalano et al., 2015; Cunningham et al., 2015; Wang et al., 2013; Bonasio
et al., 2012; Xiang et al., 2010).

A subset of repeats appears methylated in the marbled crayfish. Generally, inverteb-
rates tend to be unmethylated or lowly methylated at repeats (Feng et al., 2010; Zemach
et al., 2010; Zemach and Zilberman, 2010). However, for some species, it was reported
that few, specific subsets of repeats are methylated (Rošić et al., 2018; Glastad et al.,
2016a; Keller et al., 2016). This is discussed below.
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3.2 Most repeats in the marbled crayfish are methylated in the con-
text of gene bodies

For most major repeat classes, only a fraction of repeats in the marbled crayfish genome
are methylated. This includes LINEs, SINEs, LTRs, and simple repeats. In contrast, ap-
proximately half of the annotated DNA transposons in the marbled crayfish are methylated.
The majority of these are TcMar-Tiggers, an ancient group of repeats that move by a cut-
and-paste mechanism (Smit and Riggs, 1996).

Methylation of repeats, or of TcMar-Tiggers in particular, did not show a correlation
with the age or divergence of the repeat. However, high methylation levels of repeats
strongly coincided with a location within a gene body. Introns are frequently made up of
DNA transposons, and since gene bodies (and especially introns) are targeted by methyl-
ation in the marbled crayfish, it is possible that repeats are just incidentally methylated
when they reside in an intron. Alternatively, these repeats could be specifically targeted
by DNA methylation, potentially explaining the enhanced intron methylation compared to
exons in the marbled crayfish.

In many animal and plant genomes, methylation of repeats is a functionally important
defense mechanism against the activity of DNA transposons (Walsh et al., 1998; Zemach
and Zilberman, 2010). Repeat methylation in invertebrates is often moderate (Glastad
et al., 2016a; Kao et al., 2016; Wang et al., 2014b; Falckenhayn et al., 2013), and in some
of these cases, the location of methylated repeats also coincides with introns (Glastad
et al., 2016a). Other invertebrates like Apis mellifera or Ciona intestinalis show extremely
low methylation levels at repeats, and in the case of the latter, these few, very slightly
methylated repeats are also located within introns, so they might not constitute active
methylation targets (Lyko et al., 2010; Simmen et al., 1999).

On the other hand, the nematode Caenorhabditis elegans has lost methylation com-
pletely, but more basal nematodes have reported DNA methylation, targeted exclusively to
repetitive sequences (Rošić et al., 2018). Zemach and Zilberman (2010) suggested that, in
invertebrates, repeat methylation is not a defense against transposon activity, but that this
lineage silences transposable elements by other mechanisms like interfering RNAs (Aravin
et al., 2007). However, the highly specific targeting of DNA methylation to a single trans-
poson class, independent of a location within a gene body, raises the question whether
repeat methylation does sometimes function as a silencing mechanism in invertebrates.

3.3 Distribution and targets of gene body methylation

3.3.1 Subtle tissue methylation differences in a largely tissue-invariant methylome

I analysed gene body methylation for a set of eight marbled crayfish DNA samples com-
prising different tissues and embryonic stages, using for each gene the average methyl-
ation ratio of all well-covered CpGs in that gene body. While direct statistical testing did
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not identify differentially methylated genes between abdominal musculature and hepato-
pancreas, hieararchical clustering applied to the samples placed the abdominal muscu-
lature replicates into a single clade on the tree (Figure 8). Similarly, principal compon-
ents analysis and multi-dimensional scaling narrowly separated the three hepatopancreas
samples from all other tissues. Hence, there must be subtle differences in smaller sets
of genes, or regions in genes, that exhibit a limited degree of tissue-specific methylation
patterns while the majority of gene bodies displays tissue-invariant methylation.

These conclusions are different from paradigmatic mammalian methylomes, where
statistically significant differences in methylation between adult tissues are frequently ob-
served (Rakyan et al., 2008; Ziller et al., 2013). However, many of these differences
in mammals are manifested in annotated promoter regions. I analysed 5’UTRs in the
marbled crayfish for tissue-specific methylation and again, found no statistically signific-
ant differences, and only slight differences for hierarchical clustering. However, the fact
that precise promoter locations are still unknown in the marbled crayfish draft genome as-
sembly, as well as the limited number of samples, limits the significance of these analyses.

The question of how strong tissue-specific methylation is in invertebrate genomes has
not been often addressed. In Ciona intestinalis, it has been observed that the same
gene groups are methylated or unmethylated in two distinct tissues (Suzuki et al., 2013),
whereas slight methylation differences in tissues were reported for Bombyx mori (Wu et al.,
2017). However, Lea et al. discussed in 2017 that, to make a significant statement about
differential methylation patterns in different samples, tissues or embryonic stages, much
larger numbers of samples would have to be compared.

The methylation landscape in mammals undergoes drastic changes during develop-
ment from the zygote through to post-implantation (Smith et al., 2012). While the single
replicate of an embryonic stage in the marbled crayfish dataset did not display substantial
differences to differentiated tissues when subjected to a principal components analysis or
multi-dimensional scaling, it stems from a developmental stage obtained 7 days after egg
deposition, where more than 1,000 cells are present in an egg (Alwes and Scholtz, 2006;
Grimmer, 2015). It is therefore possible that reprogramming in the marbled crayfish occurs
before this stage, and that major adult methylation patterns have already been established
at this point. On the other hand, changes in the methylation landscape during develop-
ment in mice still show methylation differences between post-implantation embryos on day
7.5 and adult tissues (Smith et al., 2012). It would therefore be an interesting question for
the future to investigate high-resolution epigenetic reprogramming during marbled crayfish
development, especially since is a question that has not yet been addressed in inverteb-
rates.

3.3.2 Gene body methylation is targeted at housekeeping genes and weakly asso-
ciated with gene expression

Previous comparisons of gene body methylation in the marbled crayfish revealed a bimodal
distribution, where methylation seems enriched in a specific set genes, while other genes
were largely unmethylated. Further analysis showed that methylation is preferentially tar-
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geted to housekeeping genes (Falckenhayn, 2016). This is most consistent with reports
from invertebrates and plants, where it is frequently reported that evolutionary conserved
and moderately expressed genes are the main targets of gene body methylation (Sarda
et al., 2012; Wang et al., 2014b, 2013; Bonasio et al., 2012; Zilberman, 2017; Takuno and
Gaut, 2012). In the ubiquitously methylated vertebrate genomes, nearly all gene bodies
are heavily methylated.

Gene body methylation has been associated with the active transcription of these
genes in a variety of plants and animals (Zilberman et al., 2007; Jones, 2012; Ball et al.,
2009; Zemach et al., 2010; Glastad et al., 2016a; Bonasio et al., 2012; Suzuki et al., 2013;
Xiang et al., 2010). For the marbled crayfish methylome, I only observed a moderate, but
statistically significant correlation of gene body methylation levels and expression. Genes
with moderate expression levels show the highest amount of methylation in the marbled
crayfish, while the most and least expressed genes are less likely to be methylated. This
observation is conserved in plants and invertebrates (Zilberman et al., 2007; Zemach et al.,
2010).

It has been shown in plants and insects that DNA methylation in the gene body in-
versely correlates with Polymerase II occupancy (Zilberman et al., 2007; Glastad et al.,
2016b), suggesting that methylation actually interferes with the transcription or elongation
despite its association with actively transcribed genes. For mammals, Lorincz et al. (2004)
have reported a similar depletion of Polymerase II in methylated transgenes downstream
of the promoter. Zilberman et al. (2007) proposed that aberant transcripts that are gener-
ated from cryptic intragenic promoters could actively methylate the according homologous
DNA in the gene body through the short interfering (siRNA) pathway (Chan et al., 2005).
Furthermore, they suggested that methylation of gene bodies is therefore likely beneficial,
since it could inhibit transcriptional initiation at such cryptic intragenic promoters, prevent-
ing the generation of aberrant transcripts. This notion has been demonstrated by Neri
et al. in 2017. However, this benefit carries the cost of reduced elongation efficiency.

On a different note, while it is widely agreed that methylation of promoters leads to
silencing of genes, I even observe a similarly weak positive correlation between promoters
(or 3’UTRs) and expression levels of the respective genes. I did, however, observe slight
indications that 5’UTRs that were hypermethylated in abdominal musculature when com-
pared to hepatopancreas, resulted in unexpressed genes in abdominal musculature (Fig-
ure 18). However, before promoters have been properly annotated in the marbled crayfish
genome, it is difficult to draw conclusions from these observations.

3.3.3 A set of genes is variably methylated in the marbled crayfish

The high stability of methylation patterns in gene bodies notwithstanding, I also identi-
fied nearly 700 genes that were defined by their variable methylation across the analysed
samples. These genes showed an enrichment for functions that are related to cellular bio-
synthesis and metabolism. Interestingly, when subjecting these to a principal components
analysis, hepatopancreas samples were more easily separated from other tissues than
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they could be when using all genes. These results could suggest a more important role
in tissue-specific regulation for this set of genes. Their variability could even reflect local
adaptation, considering that the samples come from different animals that were raised
in different conditions such as lab stock and different wild origins. However, the set of
samples that I used would again be too small for significant analyses in this respect (Lea
et al., 2017).

DNA methylation has been repeatedly suggested as a quick response to sudden envir-
onmental changes that could otherwise not be answered quickly enough by genetic muta-
tions (Jaenisch and Bird, 2003; Verhoeven et al., 2016; Duncan et al., 2014). In 2015,
Dubin et al. (2015) reported that gene body methylation in Arabidopsis thaliana displayed
higher methylation levels for plants that originated from colder regions compared to those
from warmer regions. This was associated with changes in transcription levels for the
respective genes, possibly reflecting a local adaptation mechanism (Dubin et al., 2015).
Similar associations have been observed in the 1001 Genomes collection of Arabidopsis
thaliana, where the geographic origin of a plant was reported to be a major predictor of
methylation levels as well as altered gene expression patterns (Kawakatsu et al., 2016).
Rapid methylation changes in response to direct biotic stress have been shown in mice,
Daphnia pulex, and again Arabidopsis thaliana (Radford et al., 2014; Asselman et al.,
2017; Dowen et al., 2012).

In all these cases, the hypothesis is that a specific change in methylation implies a
specific expression change as a response to the environment, possibly resulting in novel
phenotypes. Furthermore, Feinberg and Irizarry (2010) suggested that genetic variants
could exist that induce variable phenotypes through epigenetic stochasticity. In this case,
the variability of methylation patterns would produce different phenotypes, which would be
naturally selected by the environment.
And while I did not observe gene body methylation changes to be associated with differen-
tial gene expression between tissues, a larger number of samples from different animals,
origins, and tissues could probably address this question in a more appropriate depth.

3.4 Gene body methylation as a stabilising mechanism for gene ex-
pression levels

3.4.1 Gene body methylation is inversely correlated with gene expression variabil-
ity

In the marbled crayfish, I observed a strong and statistically significant inverse correlation
of gene body methylation levels and the variability of their expression. This is a con-
served mechanism in some insects (Glastad et al., 2016a; Wang et al., 2013) and humans
(Huh et al., 2013). In line with this observation, Neri et al. (2017) have shown that gene
body methylation serves as a mechanism to suppress cryptic intragenic promoters in tran-
scribed genes. Since gene body methylation is generally targeted at housekeeping genes,
it makes sense that such genes should be both stably expressed, and not produce aber-
rant transcripts.
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Gene expression variability as a mechanism for environmental adaptability
It has long been shown that gene expression levels are inherently variable, even in clonal
cell populations and homogeneous environments (Elowitz, 2002). This phenomenon has
been linked to intrinsic noise, extrinsic noise and phenotypic plasticity (Elowitz, 2002; New-
man et al., 2006). The stochastic switching between phenotypic traits can be beneficial,
since it can confer plasticity as a quick response to a changing environment (Beaumont
et al., 2009).
For example, Kenkel and Matz (2016) found that inshore corals from a thermally variable
environment display a greater capacity for gene expression plasticity than corals from a
more stable habitat: when re-located to a new environment, these inshore corals were
more capable at adopting gene expression profiles of native corals than those from a
stable habitat. However, if variability of gene expression increases too much, it could lead
to the disruption of gene regulatory networks, suggesting that it is a trait which should be
controlled.

Notably, I found that the gene bodies of marbled crayfish were significantly less methyl-
ated than those of its parent species, Procambarus fallax. Furthermore, gene expression
variability was significantly increased in the marbled crayfish in comparison to P. fallax. In
contrast to the marbled crayfish, P. fallax does not display evidence for an invasiveness
like that of the marbled crayfish and has, so far, only been reported in defined habitats
southern Georgia and Florida (Hendrix and Loftus, 2000; Hobbs, 1981).
And while the parthenogenetic reproduction mode of the marbled crayfish is most likely
a major contributor to its invasive potential, there is a possibility that hypomethylation of
gene bodies in marbled crayfish increases its gene expression variability, and this might
provide an additional mechanism for its remarkable adaptability.

3.4.2 DNA methylation as a mechanism to stabilise gene expression variability in
poorly accessible genes

Finally, I investigated the relationship between DNA gene body methylation, gene expres-
sion patterns and chromatin accessibility around the transcription start site. To our know-
ledge, this is the first study to simultaneously use whole-genome bisulfite sequencing,
RNA-seq, and ATAC-seq data for comprehensive analyses of the interplay of DNA methyl-
ation, gene expression and chromatin accessibility, which can deepen our understanding
of the gene regulatory potential of gene body methylation.

Consistent with observations from mouse embryonic stem cells (mESCs) and the mal-
aria parasite Plasmodium falciparum (Clark et al., 2018; Toenhake et al., 2018), genes in
highly accessible chromatin were also the most expressed. Also consistent with mESCs,
the transcription start sites of highly body-methylated genes and housekeeping genes
were found in more condensed chromatin states than unmethylated and tissue-specific
genes. Interestingly, low to moderate methylation levels were associated with higher chro-
matin accessibility than completely unmethylated genes. In this context, it is notable that
Yin et al. (2017) reported that certain transcription factors bind specifically to methylated
DNA, which were enriched for functions with roles in embryonic and organismal develop-
ment. This is also interesting when considering that moderately methylated genes show
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higher chromatin accessibility than completely unmethylated genes.

I also observed that genes with high gene expression variability are generally found in
more poorly accessible chromatin states than stably expressed genes. Faure et al. (2017)
made a similar report for mESCs: most mESC promoters (>90%) possess the H3K4me3
mark, which is associated with active promoters. Furthermore, they found the generally
repressive histone modification H3K27me3 primarily at genes with high expression noise.
This simultaneous occurrence of apparently conflicting histone modifications is called bi-
valency and has been associated with genes that are rapidly up- or downregulated during
organismal development. This effect could allow a rapid response to internal and external
environmental cues through an according increase or decrease of gene expression levels.

These findings are somewhat surprising when considering that housekeeping genes
are usually highly methylated, which is associated with more condensed chromatin, but
are stably expressed, which should make them located in open chromatin, according to the
results discussed before. To build a more comprehensive picture and integrate information
from my three datasets, I grouped genes into lowly methylated and highly methylated sets
of genes and could show the following:

• highly methylated genes have overall lower gene expression variability

• highly methylated genes are generally associated with more condensed chromatin,
regardless of their relative gene expression variability

• lowly methylated genes are located in open chromatin when stably expressed, and
in more condensed chromatin when variably expressed.

Variable gene expression can be beneficial, as discussed before when rapid up- or down-
regulation is a desirable trait (e.g., during embryonic development), or when it can provide
a quick response to a changing environment. However, in the case of housekeeping
genes, for example, this would not be advantageous.

Taken together, we can state that less accessible chromatin, potentially involving con-
flicting histone modifications, appears to facilitate the variable expression of genes. In this
context, my studies suggest that gene body methylation helps to promote stable expres-
sion of poorly accessible genes like housekeeping genes, where variability in expression
is not a desirable trait (see Figure 26).

3.5 Summary

This thesis established the methylome the marbled crayfish and provided an in-depth
analysis of DNA methylation patterns and its targets, as well as the interplay between
gene body methylation, gene expression, and chromatin accessibility. By directly com-
paring methylation in different tissues, I could show that the marbled crayfish displays
only very moderate methylation differences between tissues, which is in contrast to well-
studied mammalian methylomes. Not many comparisons of methylation between tissues
have been conducted in invertebrates, so this finding helps to broaden our knowledge
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Figure 26: Gene body methylation stabilises gene expression of poorly accessible
genes in the marbled crayfish. Housekeeping genes are usually located in chromatin
states with limited accessibility and commonly show high methylation levels (lower panel).
This stabilises their expression compared with other non-housekeeping genes, which are
lowly methylated and usually found in more accessible chromatin (upper panel). Black
filled circle, methylated CpG. Empty circle, unmethylated CpG

about the conservation of methylation patterns in invertebrate tissues.

While most repeat classes in the marbled crayfish were sparsely methylated, a distinct
class of transposable elements was heavily targeted by methylation. Most invertebrate
genomes show sparse repeat methylation, and make use of other ways to silence repeats.
The observation made here could imply that repeat methylation still sometimes functions
as a silencing mechanism in invertebrates.

While the correlation between gene body methylation and expression level is only mod-
erate in the marbled crayfish, it displayed a strong inverse correlation between gene body
methylation and gene expression variability. Notably, the marbled crayfish is significantly
hypomethylated in comparison to its less invasive parent species, and its genes are also
significantly more variably expressed. Since gene expression variability can be a bene-
ficial trait in an often-changing environment, it is possible that hypomethylation of gene
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bodies provides a mechanism for the adaptability of the marbled crayfish by increasing
gene expression variability.

Finally, genes with high gene expression variability are frequently observed in more
condensed chromatin. This is in accordance with previous reports in mouse embryonic
stem cells, where conflicting chromatin states with both active and inactive histone marks
are associated with gene expression noise and are attributed to genes where rapid up-
or downregulation of expression is a desirable trait. Simultaneously, I found that highly
methylated genes, or housekeeping genes also often reside in poorly accessible chro-
matin. I could show that methylated genes are less variably expressed, despite their pref-
erential location in more condensed chromatin. In this context, gene body methylation
could function to stabilise gene expression of genes that lie in condensed chromatin, but
where variable expression is not beneficial.

3.6 Outlook

Gene regulation is a complex interplay involving a variety of mechanisms like DNA methyl-
ation, histone modifications, and chromatin remodelling enzymes, non-coding RNAs and
transcription factors. While, to our knowledge, this is the first comprehensive study mak-
ing use of whole-genome bisulfite sequencing, RNA-seq and ATAC-seq at the same time,
more studies and more types of data would be needed to understand the exact process
during which gene body methylation promotes stable gene expression. Studies of his-
tone modifications and RNA editing, for example, are other epigenetic layers that would be
worth examining. In fact, RNA editing is currently under investigation in our group. While
a larger variety of data types for simultaneous analyses will of course deepen our under-
standing for such mechanisms, it will be challenging to integrate all these at the same time
to form a comprehensive picture.

Many of the analyses in this thesis were limited by the quality and annotation of the
draft genome assembly, which was generated from short-read sequencing data. Using
short-read sequencing data for assemblies of complex genomes is especially challenging
in a triploid genome like the marbled crayfish, where different alleles impose an additional
confounding factor for the assembly pipeline. Third-generation-sequencing technologies
like PacBio single molecule real time sequencing (SMRT) generate long sequencing reads
of up to > 30 kbp lengths, which can be used either individually, or simultaneously with
short-read sequencing data to create a hybrid assembly. Other approaches like Dovetail
Hi-C sequencing use cross-linking of chromatin to detect long-range chromatin interac-
tions in the genome, and can drastically improve existing assemblies. Both Dovetail Hi-C,
as well as PacBio sequencing data have been generated for the marbled crayfish, and an
improved reference genome version is currently being assembled. This will be followed by
an updated annotation of the new genome.

For example, precise promoter annotations would allow much more precise analyses
of gene regulation through DNA methylation and chromatin accessibility in the marbled
crayfish. I observed slight indications that methylated 5’UTRs in abdominal musculature
result in unexpressed genes, and true promoter annotations would provide deeper insight
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and significance for such analyses. In this context, it would also be exciting to analyse
whether marbled crayfish embryo genomes undergo reprogramming of methylation in pro-
moters or gene bodies during early embryonic development. Additionally, only 8-9% of the
genome is annotated as repeats. This number is likely much higher, given the difficulty
of performing correct assemblies for repetitive regions with short-read sequencing data.
Moreover, new repeat annotation tools designed for invertebrate genomes could be used
to more correctly and comprehensively annotate repeats and transposons in the marbled
crayfish.

Furthermore, it would be exciting to be able to pinpoint exact methylation pattern and
expression profile differences to different environmental factors. While the significance of
my analyses regarding this topic was also limited by the number of samples, for the set of
approximately seven hundred variably methylated genes, a capture array has been gen-
erated to perform bisulfite-sequencing just for these genes. This permits a large number
of animals to be processed, and more than one hundred samples from a variety of en-
vironmental sources and different tissues are currently being analysed. This could allow
the identification of epigenetic ecotypes, where a certain methylation modification corres-
ponds to a specific environment, and deepen our knowledge of environmental epigenetics.
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4 Materials and Methods

This chapter describes the technical infrastructure (hardware and software) used for data
analysis, as well as sample origins and preparation methods. Additionally, details on down-
stream bioinformatic analyses are given.

4.1 Computing system

4.1.1 Hardware

Basic data processing (trimming, mapping and database generation) was run on the
DKFZ’s high-performance computing cluster (HPC) or on the group’s local server. The
cluster has a total of 352 cores on 21 nodes, comprising 2 TB RAM. Methylation data was
stored in MySQL databases on the group’s local server. Downstream analyses were per-
formed on a local desktop computer that holds a total of eight CPUs in four cores and 32
GB of RAM.

4.1.2 Software packages

Table 7 gives an overview of all major software packages used for this project, along with
their versions and sources. Different software versions for one tool were either used be-
cause specific tools require specific versions of other softwares, or were used on different
platforms, or at different stages in the project. Exact analyses and minor packages or
methods will be discussed in section 4.3.

Table 7: Major software packages. Overview of major software used for this project.
Program version and their sources are provided. The exact usage and minor packages or
functions are described in section 4.3.

Software Version Source
FastQC 0.11.3 Andrews (2010)
Trimmomatic 0.35 Bolger et al. (2014)
TrimGalore 0.4.4 Martin (2011); Krueger (2012)
Bsmap 2.73 Xi and Li (2009)
picard 1.137 Broadinstitute
SAMtools 1.3, 1.8 Li et al. (2009)
hisat2 2.0.4 Kim et al. (2015)
htseq-count 0.60. Anders et al. (2015)
DESeq2 1.14.1 Anders and Huber (2010)
BLAST 2.2.28+ Altschul et al. (1990)
PANTHER enrichment analysis 13.1 Mi et al. (2017)
bowtie2 2.2.6 Langmead and Salzberg (2012)
python 2.7, 3.4 van Rossum (1995)
R 3.3.0 R Development Core Team (2013)
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4.2 Sample acquisition, preparation and sequencing

4.2.1 Origin of samples and animal culture

Animals used for the analyses in this thesis came from various sources. These are de-
scribed in detail in table 8. Laboratory animals come from the lineage in our division (Vogt
et al., 2015). Wild animals were collected from lakes in Germany and Madagascar in
accordance with local fishery regulations.

Table 8: Procambarus animals used for sequencing. Species, specimen and the origin
of the sample are indicated. Samples from lake Moosweiher, Moramanga and lake Reilin-
gen were collected by previous and current lab members or cooperation partners. Eggs
from several animals were pooled for an embryonic stage, just as hemolymph was pooled
for several animals.

Species Specimen Origin
P. virginalis pooled eggs lab stock
P. virginalis Pvir#2 lab stock
P. virginalis Pvir#3 lake Moosweiher, Germany
P. virginalis Pvir#6 lab stock
P. virginalis Pvir#2 lab stock
P. virginalis Pvir#3 lake Moosweiher, Germany
P. virginalis Mora Moramanga, Madagascar
P. virginalis pooled hemolymph lake Reilingen, Germany
P. fallax Pfal#1 lab stock
P. fallax Pfal#3 lab stock
P. fallax Pfal#4 lab stock
P. fallax Pfal#4 lab stock

4.2.2 Sample preparations and DNA and RNA extractions

For lab stock animals and animals collected in Germany, the samples of hepatopancreas
and abdominal musculature from adult crayfish were taken from adult animals under a
dissection microscope. They were snap-frozen in liquid nitrogen and stored at -80 degree
C until extraction of nucleic acids. Embryonic eggs were snap-frozen in liquid nitrogen
after collecting them from the mother. The sample form Moramanga, Madagascar, was
stored in ethanol until extraction of DNA. Genomic DNA was isolated using the Blood &
Cell Culture DNA Kit (Qiagen, Hilden,Germany), and total RNA was purified with Trizol
(Invitrogen, Darmstadt, Germany).
For ATAC-seq, three independent biological samples were collected by bleeding individual
marbled crayfish. Approximately 500 mykroL of hemolymph was collected using a 23G
needle inserted in the abdomen of the a cold-anesthetized crayfish. Extractions were
performed by Katharina Hanna and Dr. Vitor Coutinho.
For RNA-seq, total RNA was isolated from 20-60 mg frozen tissues. Thawed tissues were
homogenized in 1 ml Trizol (Ambion), precipitated with isopropanol and resuspended in
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20-100 mikroliter RNase-free water (Gibco Life Technologies). Total RNA was treated
with DNase using the RNeasy Mini Kit (Qiagen) following the manufacturer’s RNeasy Mini
Protocol for RNA Cleanup in combination with the On-Column DNase Digestion Protocol.

4.2.3 Library preparation and high-throuput sequencing

The DKFZ Genomics and Proteomics Core Facility (Heidelberg, Germany) prepared librar-
ies for WGBS and RNA-seq. In short, the TruSeq PCR-Free Library Prep Kit (LT) (Illumina,
San Diego, U.S.) was used for library preparation, and the Epitect Kit (Qiagen) for bisul-
fite conversion. Library amplification was performed using the Kapa HiFi HotStart Uracil+
ReadyMix (2X) (Kapa Biosystems, Wilmington, U.S.), and libraries were sequenced on an
Illumina HiSeq platform.
ATAC-seq libraries were generated by Dr. Vitor Coutinho. After collecting hemolypmh, one
volume of anti-coagulant solution (0.14M and NaCl, 0.1M glucose, 30mM Na3Citrate.2
H20, 26mM citric acid, 0.5M EDTA) was added prior centrifugation of 300 x g, 5 minutes
at 4oC. After washing the cell pellet twice with sterile and cold PBS 1X, 50.000 hemocytes
were immediately used for the ATAC library preparation. The transposase reaction was op-
timized and a 20 minutes reaction was used to avoid DNA overdigestion. The subsequent
steps were followed strictly to the original protocol (Buenrostro et al., 2013). Samples were
then sequenced on different Illumina HiSeq platforms (see Tables 1 and 2).
For RNA-seq, sequencing libraries were prepared using 1 mikrogram of DNAse-treated
total RNA in the first step of the TruSeq RNA Sample Preparation v2 protocol (Illumina,
Part 15026495 Rev. A) as recommended by the manufacturer.

4.3 Bioinformatic analyses

4.3.1 Quality assurance and basic processing of the data

As a first measure, quality of data was assured using the FastQC (Andrews, 2010) report.
Raw reads were trimmed for adapters and low quality bases or reads using Trimmomatic
(Bolger et al., 2014) with the following parameters:

• ILLUMINACLIP: Remove Illumina adapters provided in a separate file. Trimmomatic
looks for seed matches (16 bases) and allows a maximum of 2 mismatches. Seeds
will be extended and clipped if a score of 30 is reached (paired-end reads), or of 10
(single-end reads)

• LEADING, TRAILING: remove leading and trailing bases with a quality less than 3

• SLIDINGWINDOW: for sliding 4-base windows, cut the read if an average quality of
a window drops to less than 15

• MINLEN: only keep reads with a minimum length of 36

This was done for WGBS and RNA-seq. ATAC-seq data was trimmed using TrimGalore
(Martin, 2011; Krueger, 2012) using default parameters except for an expected minimum
Phred score of 20 required.
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4.3.2 Alignment and analyses of whole-genome bisulfite sequencing data

Mapping and storing the data
Trimmed WGBS reads from both marbled crayfish and P. fallax were mapped against
the marbled crayfish draft genome assembly (Gutekunst et al., 2018). P. fallax reads
could also be mapped to the marbled crayfish genome, since the two species are closely
related and genetically very similar (Gutekunst et al., 2018). BSMAP (Xi and Li, 2009)
was used for mapping because it addresses a number of complications that arise in the
process of mapping WGBS data (see section 1.4.2. The software was used with default
parameters, i.e., a seed of length 16 and no mismatches allowed in the seed. Only read
pairs that mapped onto the same scaffold with the appropriate orientation and distance to
each other were used downstream for methylation calling. Also, only reads pairs mapping
uniquely in one genomic regions were considered for further analyses. Methylation calling
was performed using the python script provided by the BSMAP package. The script was
modified slightly to improve the quality of data:

• a minimum Phred score of 30 was required for the analysed cytosine

• a minimum Phred score of 20 was required for the four surrounding bases

Only cytosines with a strand-specific coverage of 3X were used for analyses. Methylation
ratio was determined as formula: ratio = # methylated reads / # total reads The data was
saved in MySQL databases containing only CpG dinucleotides, their scaffold, position,
methylation and coverage.
Data for other methylomes (Parhyale hawaiensis, Daphnia pulex and Mus musculus) was
processed in the same way, using their respective reference genomes.

Global methylation levels
Violin plots were generated for 2 kb running windows for individual methylomes using R’s
ggplot2.violinplot function.

Targets and metagene plot
Barplots for methylation targets in the marbled crayfish methylome was defined as the av-
erage methylation ratio for all CpGs in the given regions (all genes, all repeats, intergenic
regions). Annotations were used as published (Gutekunst et al., 2018). The metagene
plot was generated as the average methylation per position across all annotated genes,
scaling for gene lengths accordingly.

Heatmaps and repeat analyses
Heatmaps were generated for genomic regions(promoters, genes and repeats) as follows:
for each genomic region, the average methylation ratio for all CpGs in that genomic re-
gion was calculated. The minimum number of CpGs required to consider a gene was set
at ten, and for repeats and promoters at 3. R’s heatmap.2 function was used to gener-
ate heatmaps, using hierarchical clustering to group rows (genomic regions) and columns
(samples).
For the comparison of gene body methylation between P. virginalis and P. fallax, the same
cutoffs for the number of CpGs and coverage were used, and differentially methylated
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genes between species were defined as having an difference in methylation ratio larger
than 0.1.
Repeat locations with respect to coding regions were defined as follows:

• outside: repeat has no overlap to gene body

• partial: repeat has an incomplete overlap with gene body of at least 10 bp

• within: repeat lies within the gene body

Repeats were grouped, and their methylation plotted as boxplots with R’s ggplot2.
Repeat age was obtained from the repeatmasker output from the maker pipeline (Holt and
Yandell, 2011), and plotted as a scatterplot with a regression line using R’s abline and lm
functions. The correlation coefficient was assessed using the cor function, and tested for
significance using cor.test.

Variably methylated genes and grouping/separating the samples
A set of variably methylated genes was defined as follows: After plotting a histogram of the
variance of the methylation ratio for all genes across the set of 8 samples, a variance cutoff
of 0.008 was chosen, i.e., all genes with a variance of greater than 0.008 were used for
further consideration. In addition, only genes with a mean methylation ratio of larger than
0.2 and less than 0.8 were chosen to only include with a greater spread of methylation. A
heatmap was generated as described before for these samples.
Both a principal components analysis (PCA) as well as multi-dimensional scaling (MDS)
were performed for the samples. This was done on the set of all genes as well as for all
genes. PCA was computed using R’s prcomp() function. Metric MDS was computed with
R’s cmdscale function, and a non-metric MDS with R’s isoMDS function.

Visualizing methylation in the Apollo Genome Browser
Methylation was examined in the Apollo Genome Browser set up at marmorkrebs.dkfz.de
(Gutekunst et al., 2018).

Differential methylation between tissues to be correlated with expression changes
Methylation differences between tissues were calculated for each gene as the average
gene body methylation between three samples of one tissue, subtracted by the average
gene body methylation between three samples of another tissue. Differential promoter
methylation was calculated in the same manner.

Testing for significantly different levels of methylation between species
For the two species, a two-sided t-test was used in R to determine whether differences in
methylation were significant.

Gene set enrichment analyses
Sets of genes, in this case the variably methylated genes, were blasted against the Dro-
sophila melanogaster uniprot protein set downloaded from
https://www.uniprot.org/proteomes/UP000000803
on August 23, 2017. Hits with an e-value cutoff of 0.1 were submitted to PANTHER gene
list analysis (Mi et al., 2017) using a corrected p-value cutoff of 0.1.
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4.3.3 RNA-seq analyses

Mapping and units
Trimmed RNA-seq data was mapped with the splice-aware RNA alignment software hisat2
(Kim et al., 2015). Gene expression levels for correlation analyses were calculated using
rsem (Li and Dewey, 2011), which computes a number of units to measure gene expres-
sion levels, including FPKM (Fragments Per Kilobase Million) and TPM (Transcripts Per
Kilobase Million). TPMs were used since they allow for better comparison of expression
levels between samples. They are calculated as follows:

1. Read counts per gene are normalized by the length of the gene (in kilobases). This
gives the reads per kilobase (RPK)

2. The sum of all RPK values in a sample is divided by 1,000,000. This gives the "per
million" scaling factor

3. RPK values are divided by the "per million" scaling factor, resulting in the TPM val-
ues.

Differential gene expression
For differential gene expression between marbled crayfish tissues hepatopancreas and
between marbled crayfish and P. fallax abdominal musculature tissue, htseq-count (An-
ders et al., 2015) was used to calculate gene expression counts. These were used as an
input for DESeq2 (Anders and Huber, 2010), which was applied with a p-value cutoff of 0.1
to identify differentially expressed genes. MA plots were generated using plotMA() from
the DESeq2 package. For heatmaps, the DESeq2 matrix of counts was log2 transformed
for normalization, and R’s dist() function was then applied to generate a distance matrix.
This matrix was plotted using heatmap.2. For both analyses, two sets of three biological
replicates each were used and differentially expressed genes were enriched as described
in the last paragraph of section 4.3.2.

Correlation of methylation and expression levels
Methylation ratios and gene expression levels (TPMs) were plotted in R as a scatterplot
with a regression line and tested for significance of correlation as described in 4.3.2. Ad-
ditionally, genes were binned into expression ranks by their log10 (TPM) value and plotted
against methylation as boxplots.
Differences in expression between groups were determined as the average log2 fold
change as calculated by DESeq2. Differences in methylation were computed by taking the
average methylation ratio per gene (or promoter) in each replicate group, and subtracting
the two from each other. The log2 fold change was then plotted against the difference in
methylation in a scatterplot. Ages of genes and housekeeping gene definitions were taken
as defined by Falckenhayn (2016).
Differences in expression between tissues were examined by plotting average TPM values
of tissues against each other in R and coloring them by differential methylation calculated
as described above.

Expression variation
Variation in expression was computed from the TPM values of three biological replicates.
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The coefficient of variation was used since it normalises the squared standard deviation
by the mean. Genes were binned into methylation ranks and plotted as boxplots against
the expression coefficient of variation in R. Additionally, scatterplots and regression lines /
correlation testing was performed as described before.
A two-sided t-test was used in R to determine whether differences in the expression coef-
ficient of variation were significant between the two species.

4.3.4 ATAC-seq

Mapping and units
ATAC-seq data was trimmed using TrimGalore (Martin, 2011; Krueger, 2012) using default
parameters. TrimGalore was used in this case to clip Nextera adapters used for sequen-
cing. Trimmed reads were mapped against the marbled crayfish assembly using bowtie2
(Langmead and Salzberg, 2012) using default parameters. This was done by my col-
league Julian Gutekunst. From the BAM alignment files, pure read counts (or coverage)
per position were then extracted and used as a measure for accessibility at a given site.

Assessing accessibility for different sets of genes
Heatmaps were generated for chromatin accessibility around the transcription start sites
of genes. For 1000 bp upstream and downstream of transcription start sites, ATAC read
coverage was plotted for different sets of genes using R’s image function. Genes were
ordered in ascending order by their average accessibility.
Metagene plots were generated for different sets of genes using R’s ggplot2 geom_smooth
function. Genes were grouped by methylation level, expression level or expression variab-
ility level.
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A Appendix

Figure S1: Violin plot for the mouse showing DNA methylation levels for 2kb-
windows. The violin plot illustrates the ubiquitous methylation levels that are typical for
mammalian genomes.
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Figure S2: Comparison of promoter methylation comprising a set of different de-
velopmental stages, tissues and animals. (A) Comparative analysis of promoter pat-
terns shown in a heatmap where hierarchical clustering for rows (promoters) was used.
The heatmap shows average promoter levels for each gene for the set of 8 independent
samples (columns). Colors indicate individual animals. Methylation levels are indicated on
a scale from 0 (blue) to 1 (red). Only genes containing at least 10 CpGs with a strand-
specific coverage of 3x in all 8 samples are shown. E1.7: stage 1.7 embryos, hep.: hep-
atopancreas, musc.: abdominal musculature, hemo: hemocytes. (B) Similar heatmap, but
including clustering for individual samples and tissues.
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Figure S3: Comparison of promoter methylation in different sets of genes. (A) Com-
parative analysis of promoter methylation patterns in housekeeping genes shown in a
heatmap where hierarchical clustering for rows (genes) was used. The heatmap shows
average promoter methylation levels for each gene for the set of 8 independent samples
(columns). Colors indicate individual animals. Methylation levels are indicated on a scale
from 0 (blue) to 1 (red). Only genes containing at least 10 CpGs with a strand-specific
coverage of 3x in all 8 samples are shown. E1.7: stage 1.7 embryos, hep.: hepatopan-
creas, musc.: abdominal musculature, hemo: hemocytes. (B) Similar heatmap, but only
for non-housekeeping genes.
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Figure S4: Analysis of TcMar-Tigger methylation with respect to location and age.
(A) Correlation of methylation of TcMar-Tiggers with respect to their evolutionary diver-
gence as reported by the MAKER pipeline. (B) Major repeat classes and their divergence.
(C) Major DNA transposon classes, including TcMar-Tiggers, by divergence. (D) Location
of TcMar-Tiggers with respect to genes.
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Figure S5: Additional examples for the relationship between methylation and expres-
sion variation. Top panel: another highly methylated gene (left) with stable expression
across samples and tissues (right). Bottom panel: another lowly methylated gene (left)
with high gene expression variability. Expression log10 TPM values of -3 indicate zero
expression.
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Figure S6: Genome browser tracks of chromatin accessibility for a low-, and a high-
methylated gene. (A) Gene with low-intermediate meth and high accessibilty. (B) Gene
with high gene body methylation levels and limited chromatin accessibility.

Figure S7: Correlation of methylation and expression variation in hemocytes. The
negative correlation between gene body methylation and the coefficient of variation of
expression levels is conserved in hemocytes. Left panel, scatterplot with regression line for
methylation and expression coefficient of variation (expression CV). Correlation coefficient
rho and p-value are indicated. Right panel, boxplot showing the same relationship.
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