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Abstract

The hundreds of cichlid species forming part of the radiation of East African Lakes show a
remarkable diversity of phenotypic and ecological adaptations. Despite this, recent studies
highlighted that genetic diversity within the radiation is among the lowest ever observed in
vertebrates.

Such a high phenotype/genotype diversity ratio makes cichlids a promising system to
investigate the role of genetics and, for the first time at a species level, epigenetics in
the context of adaptation and convergent evolution. Yet, the molecular mechanisms and,
in particular, any epigenetic aspects underlying such phenotypic diversity and speciation
success remain largely unknown.

Here, I focus on whole-genome DNA methylation (methylome), a heritable and dynamic
epigenetic mark that has been reported to be responsible for rapid and transmissible changes
in phenotype in plants and mammals. In light with phenotypic plasticity related to diet
adaptation, I hypothesise that the liver methylome may affect liver function and thus be
related to diet. I thus performed sequencing of liver tissues of different cichlid species
presenting distinct eco-morphological and trophic adaptation from both Lake Malawi and
crater lake Massoko, Tanzania.

The main results reveal striking differences in methylome at conserved underlying DNA
sequences — some variation shared in cichlids of both lakes. Furthermore, I observe an
enrichment for methylome variation in transposable elements (TE) and promoter regions.
Remarkably, most of the variation (ca 80%) common to fishes from both lakes are located
in TEs and is, in part, correlated with differential expression levels at some key metabolic
and developmental genes in liver. This suggests a possible conserved role of TE-related
methylome in the adaptation of liver function.

Furthermore, I generated inter-species hybrids to investigate the inheritance of DNAme
variation in cichlids. The liver methylome of F1 hybrids, although mostly resembling parental
methylomes, exhibited some level of divergence, suggesting unique DNAme patterns in

hybrid offspring and possible transgressive segregation.



xii

I conclude there might be a conserved crosstalk between the local environment and
methylome in different natural populations of cichlids. The results presented in this thesis
postulate an important role of natural DNA methylation variation in promoting adaptive

phenotypic diversification in divergent habitats during the early stages of speciation.
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Chapter 1

Introduction

1.1 Epigenetic and phenotypic evolution

1.1.1 Historical overview

The inheritance of traits over generations, from parents to their offspring is mainly explained
by the transmission of genetic information contained in chromosomes. Yet, some heritable
phenotypes have been observed to occur in the absence of changes in the underlying DNA
sequences, defying the Mendelian principles of inheritance [1-3].

In the Western world, the first observations of the transmission of acquired phenotypes in
response to environmental or physiological stimuli have their roots in Ancient Greece. In
ca. 400 B.C., Hippocrates, along with Aristotle, observed and formulated the Darwinian
concept of “pangenesis’ or the inheritance of acquired traits [4]. The study of the inheritance
of acquired traits was later expanded on by the French naturalist Jean-Baptiste de Lamarck in
his theory of evolution [5]. During that same period, the seminal work of his contemporary,
Charles Darwin, postulated that evolutionary adaptation may occur through natural selection
[6]. In 1883, the theories of August Weismann rejected the concepts formulated by Lamarck,
in stating that somatic and germ cells were separated and thus any environmentally-induced
modifications may not be passed on to gametes, which set the basis for the Weismann’s barrier
[7]. It is only much recently that some researchers have highlighted a number of heritable
phenotypic variation that cannot be fully explained by Mendel’s principles of heredity, that
is, via DNA-sequence based mechanisms alone [8—10]. Such mechanisms could therefore
have evolved in the context natural selection as promoting phenotypic plasticity and thus

possibly facilitating adaptation, speciation and adaptive radiation [11].
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The definition of epigenetics has been a long-standing debate. In 1942, Conrad Wadding-
ton defined the study of ’epigenesis’ as being “the processes by which the genotype brings
the phenotype into being”. Since Waddington, epigenetic studies have been at the centre of
intense research carried out in plants, animals and other non-model organisms. In 1996, in
light with the accumulation of experimental evidence, A. Riggs and colleagues [12] offered
a revised definition of the epigenetic processes as being “mitotically and/or meiotically
heritable changes in gene function that cannot be explained by changes in DNA sequence”.
This has laid the concept of non-DNA sequence-based inheritance of molecular states and
traits [10]. The adaptive role of epigenetic processes was later on proposed by Adrian Bird in
2007, pioneer for his research on DNA methylation, defining epigenetics as any “structural
adaptations of chromosomal regions so as to register, signal or perpetuate altered activity
states” [13].

In brief, epigenetic mechanisms encompass any traits or molecular states that can be
not only inherited from one dividing cell to the next (mitosis), but also between generations
(meiosis), without changes in the DNA sequence, resulting in heritable and reversible
phenotypes (such as altered transcriptional activity). Epigenetic processes might provide a
way to transmit molecular states transgenerationally without any genetic implication, and in
response to environmental or physiological stimuli [13, 7, 14]. Moreover, such epigenetic
memories could possibly drive evolutionary changes through phenotypic variation, and, just
like mutations, could be part of the natural selection process in one population if resulting in

increased organismal fitness via the emergence of advantageous adaptive traits [2, 11].

The following sections introduce and discuss the current knowledge on epigenetic mecha-
nisms, their functions in cellular identity, genome defence and stability, and during organismal
development. In the second part of the introduction, I summarise the potential crosstalk

between epigenetics and the environment, possibly promoting phenotypic diversity.

1.1.2 Epigenetic mechanisms

Three major carriers of epigenetic information have been identified and recognised thus far
[15, 16, 1, 17] and are the following:

DNA cytosine methylation

Covalent modification of DNA cytosine, namely, the addition of one methyl group onto
the 5th carbon of the nucleotide cytosine is a conserved feature of many genomes, from

prokaryotes to eukaryotes [18, 19]. Extensive work has been carried out and has revealed
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essential regulatory functions pertaining to immune defence mechanisms, cell differentiation
and embryogenesis, as well as a possible role in adaptation. In vertebrate genomes, cytosine
methylation is considered a major regulatory innovation [17, 20, 2, 21]. 5-methylcytosine
(5mC), or sometimes referred to as DNA methylation or simply DNAme, will be extensively

introduced below.

Histone modification

Approximatively 147 base pairs of DNA are wrapped around the highly conserved histone
proteins. In addition to the covalent addition of a methyl group to DNA cytosine, more
than 100 histone modifications have been catalogued as well as many chromatin modifying
enzymes [22]. These reversible and heritable chemical modifications are mainly located
on the amino acid tails of the histone proteins and can participate in the remodelling of
chromatin architecture (biophysical interactions between histone marks impacting chromatin
compaction, such as histone acetylation) and in the recruitment of DNA-interacting enzyme
complexes [23, 24]. Different genomic regions are marked with different histone modifi-
cations: active promoters are marked by histone H3 lysine 4 dimethylation (H3K4me2),
H3K4me3, acetylation, while enhancers are tagged with H3K4mel, H3K4me2, H3K27ac,
for example [22]. There is strong evidence for extensive functional interactions between
histone marks and DNA methylation in many eukaryotes, often acting in concert to modify
chromatin accessibility and regulate gene expression [25]. Few examples are given and

described throughout his introduction.

Non-coding RNAs

Many classes of non-coding RNAs (ncRNAs) exist, each of them exerting distinct regulatory
functions in general [26]. Historically, ncRNAs have been arbitrarily grouped into two groups
based on their length: the long non-coding RNAs (IncRNAs) and the small non-coding RNAs
(sncRNASs).

IncRNA are defined as being longer than 200 nucleotides and have been reported to exert
a wealth of biological roles. A famous of example of IncRNA is the X-inactive specific
transcript (XIST) [27]. In female therian mammals, one X chromosome is randomly silenced
via the activity in cis of XIST. The accumulation of Xist RNA over the chromosome represses
X-linked genes and is followed by the deposition of repressive histone marks and, finally,

DNAme, ensuring a stable repression [17, 27]. Thus, X-chromosome inactivation requires
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the cooperation of ncRNAs, DNAme and histone marks to ensure dosage compensation as a

way to equalise X-linked gene expression.

Small non-coding RNAs are equally as diverse in functions and lengths (<200 nt-long).
Many classes have been identified, such as PIWI-interacting RNA (piRNA) involved in
transposable elements (TE) repression and post-transcriptional gene silencing, microRNA
participating in post-transcriptional silencing, tRNA fragments possibly involved in TE

repression, and small-interfering RNA (siRNAs), just to cite a few.

The activity of sncRNA are intertwined with the ones of DNAme and histone modifi-
cations, in that ncRNAs can direct the deposition of mC and/or histone marks at particular
genomic loci, participating in the regulation of host and transposon gene expression [28].
Furthermore, ncRNAs have been reported to play important roles in the transgenerational

epigenetic inheritance of certain traits [1, 16, 29, 30]

1.1.3 Epigenetics and cellular fate in multicellular organisms

Although this thesis mostly focuses on the variability and possible roles of the epigenetic
mark SmC in promoting phenotypic diversity in natural populations of cichlids, a general
overview of the roles of epigenetic mechanisms in cellular identity is given below.

During animal development, the crucial roles of epigenetic mechanisms have been
characterised very early on in 1950s. It is now well established that epigenetic processes
act in concert to ensure both the establishment and the maintenance of cellular identities
from early developmental stages and in fully differentiated somatic cells [1] (see the section,
1.3). This role is best reflected in Waddington’s definition of epigenetics, in that epigenetics
pertain to the mechanisms underlying the processes by which the genotype produces the
phenotypes in the context of development.

Seminal work performed by John Gurdon and colleagues more than 50 years ago revealed
that reprogramming of a somatic cell back to totipotency by transferring the nucleus of a
fully differentiated somatic cell into an enucleated oocyte was very inefficient, although
not impossible [31]. Very early on during vertebrate development, cellular identity is
established and then maintained in somatic cells, as a result of intense interplay between
epigenetic mechanisms and transcription factors. Such epigenetic marks carry memories
of one somatic cellular state, which would in turn impede cellular reprogramming, unless
such epigenetic memory is erased or reset [32, 33]. Cell-type transition during development

is mostly determined and put in place by finely tuned epigenetic processes, which ensure
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the correct establishment of chromatin states and transcriptional patterns pertaining to each
cell fate [17, 18]. Many conserved molecular actors (characterised later on) participate in
defining the epigenetic landscape in somatic and germinal cells; any loss of function generally
results in severe defects or embryonic lethality, highlighting the organismal dependence on
such mechanisms [17]. The coordinated deployment of many transcription factors during
animal development is crucial to ensure cellular differentiation and their activity is tightly
linked to epigenetic mechanisms [33]. Such epigenetic patterns are then maintained and
transmitted throughout cell divisions even without the initial modifying actors and in a non-
DNA sequence based manner, possibly also maintained through meiosis. Such observations
are reflected in the definitions of epigenetics put forward by Riggs, Holiday, and Bird
[13, 12, 1], that takes into account the mitotic/meiotic inheritance of such epigenetic marks
without the initial trigger.

In summary, and before characterising the different roles of DNA methylation in detail,
epigenetic processes are major actors in defining cellular identity, resulting in transcriptional
expression distinct to each cell type. Many epigenetic processes can act in concert to regulate
chromatin states, directly impacting chromatin accessibility and the ability of DNA-binding
factors to interact in cis. Moreover, epigenetic processes have an important ancestral role
in defending the host genome against selfish elements, dicing nascent TE transcripts and

repressing their transcription [34, 20], which is discussed further below.
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1.2 DNA methylation - 5-methylcytosine

The following sections deal with the metabolism and specific functions of 5-methylcytosine in
eukaryotic genomes. Although many features of DNAme are widely conserved in eukaryotes,
distinct functions have evolved independently and are restricted to some taxa and even
sometimes to some species. Here, I summarise the current knowledge on DNA methylation

in a comparative manner. A great emphasis is placed on teleost fishes.

1.2.1 Conservation of SmC across kingdoms

The presence of methylated cytosine in DNA is a widely conserved genomic feature in many
organisms across kingdoms and might have its origins in bacteria [35]. The addition of the
methyl group onto the fifth carbon of the nucleotide cytosine is mediated, from bacteria to
plants and vertebrates, by the conserved enzyme family of methyltransferases.

Bacteria have evolved different methyltransferase enzymes to protect their genomes
from bacteriophage infections. Some bacteria extensively methylate their own endogenous
genome (both adenine and cytosine methylation), allowing for the specific degradation of
exogenous, parasitic DNA fragments. Such processes are carried out by the restriction-
modification system that degrades unmethylated DNA fragments. In some bacteria however,
probably in the microbial ancestors of the eukaryotes, such a process changed to not only
specifically methylate cytosines of exogenous DNA fragments, but also to participate in
host transcription regulation. This suggests that DNAme as a molecular tool to control gene
activity as well as to suppress exogenous DNA fragments has evolved in some bacteria
before eukaryotic life [34]. This has major implications, in that exogenous DNAs are
not degraded any longer, but become part of the host genome and are replicated in their
repressed state mostly. There is de facto a direct correlation between eukaryotic genome
length and genomic TE load [36]. This has also given rise to an arms race evolution between
these exogenous DNA sequences and host defence mechanisms. Furthermore, possible
co-options and domestications of some functions derived from such genomic parasites to
their host fitness advantage have been observed and are discussed later — in particular in
sexual organisms [19, 37, 38]. Strikingly, the catalytic domain of DNA methyltransferases in
vertebrates shows high sequence conservation with their bacterial homologues, suggesting a
common evolutionary origin.

Here below are summarised the degree of conservation of SmC in eukaryotic genomes

and the associated metabolic pathways.
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Fig. 1.1 Structure and metabolism of DNA 5-methylcytosine. A. Metabolic pathways of CpG
methylation. The enzyme family DNA methyltransferases are primarily involved in the maintenance
of SmC upon DNA replication (DNMT1 recognises hemimethylated CpG), as well as de novo
methylation (DNMT3 family). Active demethylation process is catalysed by the TET enzyme family
or passively through DNA replication-mediated dilution. B. Chemical structure of 5-methylcytosine.
One methyl group (in red) is added onto the 5 carbon of the nucleotide cytosine by the DNMT
enzymes. Blue dots indicate non-covalent hydrogen bonds with guanine (Watson-Crick base pairing).
Wiggly lines represent the start of the phosphodiester bond with the next base.

SmC is a conserved feature of most eukaryote genomes

Despite its broad conservation, DNAme has been lost in many organisms [39]. Some impor-
tant model organisms, such as the worm Caenorhabditis elegans, the fruit fly Drosophila
melanogaster as well as yeasts and many fungi are virtually devoid of any DNA 5mC. These
are usually exceptions. In other nematodes, DNA methylation of repeat sequences is particu-
larly conserved and is likely to be a feature present in the common ancestor of the nematodes
[40], unlike methylation in bodies of genes, which has been lost in many nematode lineages
[40] but seems to be highly conserved in many organisms, such as plants, vertebrates and
fungus [41].

The enrichment for cytosine methylation in transposon sequences is thought to have
evolved independently in plants and animal [35, 41, 40] and can be mediated in both cases
by small non-coding RNAs. However the exact mechanisms are slightly different and are
discussed further in the introduction (in brief, TE-targeted DNA methylation is thought to be
mediated by PIWI-interacting small non-coding RNAs [piRNAs] in most animals via still
unclear interactions with the DNAme machinery, and by the well-established RNA-depend
DNA methylation [RADM] system via the production of small-interfering RNAs [siRNAs] in
most plants [20, 28]).
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Methylation mostly occurs in a sequence context-specific manner. In animals, cytosine
methylation mostly occurs in a CpG dinucleotide context and is symmetrical. Cytosine
methylation in other sequence contexts, such as CHG and CHH (where H is either A, C, or
T) have been extensively observed in plants (outside gene bodies, principally in transposon-
related sequences — probably recognised by distinct mechanisms) and in brain and pluripotent
cells in human and mouse at least, but usually at much lower levels genome-wide than CG
methylation [41, 42, 17]. In addition, while CG methylation is mostly symmetrical in most
organisms, methylation of cytosine in other sequence contexts can be asymmetrical, with
one strand only harbouring methylation.

Interestingly, metazoan genomes feature a remarkable CpG depletion [43, 44]. In fact, cy-
tosine methylation might come at a cost: the inherently mutagenic nature of mC. Methylated
cytosines are more liable to deaminate spontaneously [45, 46] — a C-T transition that could
lead to deleterious mutations. Any C-to-T transition might not always be efficiently repaired
by the cellular machinery, in particular in plants [45, 47]. This has resulted in genomic
depletion of CG dinucleotides in organisms harbouring CpG methylation (see Fig.2.11 for
detailed comparison of genomic CpG depletion). However, recent work making use of
thousands of sequenced genomes has highlighted that although methylated cytosines were
associated with increased mutability not only at the focal mC site but also in neighbouring
nucleotides in plants (A. thaliana and rice), this observation might not be true in animals.
In humans, mCG and neighbouring nucleotides have been reported to be less likely to mu-
tate, in stark contrast with observations in plants. This highlights that the repair machinery
has differently evolved in plants and mammals, ensuring more reliable repair mechanisms
of spontaneous deamination in mammals. This might also reflect the different biological
functions of DNAme between plants and animals [47].

In addition to spontaneous deamination leading to DNA mutations, the activity of DN-
MTs have been reported to generate alkylation DNA damage (through production of 3-
methylcytosine; see Fig. 1.2a). Interestingly, mechanisms involved in the repair of DNMT-
related DNA alkylation, in particular the DNA oxidative demethylase ALKB2/3, have
been shown to have co-evolved together with DNA methylation machinery in animals [40].
5-methylcytosine produced by off-target activity of DNMTs, if not repaired, causes the
blockage of DNA polymerase upon DNA replication, leading to double-strand DNA breaks.

In conclusion, DNA methylation poses numerous threats to the cells, from potential
deleterious mutations to DNA damage leading to impeded DNA replication. Such high costs
could explain the loss of DNA methylation in several organisms, where the diverse functions

of DNA methylation might not have balanced the costs.
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Importantly, most vertebrate genomes display high levels of CG methylation genome-
wide (70-80% mCG/CG), in contrast to invertebrate and plant genomes that present usually
much lower methylation levels (4-50%), with DNA methylation often localised to some
genomic regions (gene bodies and repeats in particular) [35, 41].

Finally, the presence of DNAme and the "complexity" of one organism does not seem to
correlate. One of the most conserved feature of DNA methylation across kingdoms seems
to be related to TE silencing and to gene bodies. Zemach and Zilberman as well as Bestor
[19, 37] have proposed that DNA methylation might be especially relevant in animals with

sexual reproduction.
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1.3 Metabolism of DNA methylation in vertebrates

In the following sections, most of the studies and knowledge of DNA methylation is based on
mammalian work, where the different pathways associated with DNA cytosine methylation
have been thoroughly investigated. A comparative approach will be used to understand the
conservation of biological functions and protein homology.

In the 1970s, seminal works by R. Holliday [49] and A. Riggs [50] described DNA
methylation as a heritable mark, actively maintained in cells with important regulatory
functions, such as X chromosome inactivation. In addition, they postulated that DNA
methylation could alter DNA-protein interaction and participate in cell-type differentiation.

The metabolic pathways involved in DNA methylation are widely conserved across
animals and plants. Overall, two distinct families of enzymes are thought to participate in the
processes leading to the addition or erasure of DNA 5-methylcytosine. On the one hand, the
enzyme family of DNA methyltransferases (DNMTs) maintain or create new patterns of mC,
while, on the other hand, the enzymes ten-eleven translocation methylcytosine dioxygenase
(TETs) catalyse active demethylation [51].

Interestingly, within teleost fishes, many paralogues of the genes involved in DNA methy-
lation metabolism have been identified. This could be due to the genome-wide duplication
event observed in teleost fish [52] in addition to independent duplications. Lake Malawi
cichlid fishes in particular exhibit a very high number of gene duplicates, which might have
promoted their successful adaptative radiation [53]. Gene duplication could allow for novel
gene function (neofunctionalization), while preserving the original, ancestral gene function
[52].



1.3 Metabolism of DNA methylation in vertebrates 11

DNMT
———> 5mC Methylation

5mC —_— 5hmC

. sShmC ____, 5fC Oxidation
Active /] \ Passive 0y  COp HHD
restoration / | \dilution 5fC % 5caC

\ Op  COp
a-KG  Succinate
\ TET

~ " TDG _
- 2 5fC ————> Abasic
HO SN HO Base

| .
N/go 5caC ————> Abasic

HO Base )
% - shme Repair

v Abasic ﬁm ©
5fC dCTP PRI .

Fig. 1.2 Pathways for dynamic DNA cytosine methylation.

A. The addition of one methyl group is catalysed by methyltransferase enzymes (DNMTs), converting
cytosine (C) into 5-methylcytosine (SmC). In some instances, 3-methylcytosine (3mC) can also be
produced, and is be repaired by ALBH enzymes. There are two distinct pathways participating in the
cytosine demethylation process: an active oxidative pathway, involving several enzymatic reactions,
and a passive pathway via replication-dependent dilution of modified C. The active removal of SmC
is carried out by TET enzymes. First, mC will be oxidised into 5-hydroxymethylcytosine (ShmC),
then into 5-formylcytosine (5fC) and finally into 5-carboxylcytosine. Both 5fC and 5caC can then be
excised by TDG, thus producing an abasic site, which will then removed and replaced with unmodified
C via BER. The passive demethylation process occurs upon DNA replication, when methylated and
oxidised forms of cytosine are not maintained, therefore leading to passive dilution of modified C. B.
The different enzymatic reactions part of DNA methylation metabolism are shown. DNMT, DNA
methyltransferase; TET, ten-eleven translocation methylcytosine dioxygenase; TDG, G/T mismatch-
specific thymine DNA glycosylase; ALKBH, alpha-ketoglutarate-dependent hydroxylase; BER, the
cellular mechanism of base excision repair; a-KG, alpha-Ketoglutaric acid. SAM, S-Adenosyl
methionine; SAH, S-adenosyl homocysteine; dCTP, deoxycytidine triphosphate; PP;, pyrophosphate.
Figure adapted from [48, 40].
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1.3.1 DNMTs - SmC writers

In most animals, all DNMT enzymes use the co-factor S-adenosylmethionine (SAM) as
a methyl group donor in order to covalently add one methyl group onto the 5th carbon of
cytosine [54] (see Figs. 1.1b and 1.2).

N-terminus C-terminus
DMAP1 binding RFTS CXXC
domain domain domain BAH domains Catalytic domain
DNMT1 [N | [ 7 TN N D 1,616 aa
PWWP  ADD
domain domain
DNMT3 7 N N 12 aa
CXXC
domain Cys-rich  DSBH oxygenase
TET1 I | [ 12,039 aa
Cys-rich  DSPH oxygenase
TET2 | [ ]1.921aa
CXXC
domain Cys-rich  DSBH oxygenase
TET3 l [ N ] [ ]1.803aa

Fig. 1.3 DNA methylation writers and erasers in animals. In most animals, all DNMT proteins
possess a catalytic domain (methyltransferase activity, in red) — which is also the only domain of
the RNA methyltransferase DNMT?2 (not shown). In addition, the N-terminus of DNMT1 contains
four conserved regulatory domains. DNMT3 contain one PWWP domain (conserved in the six
zebrafish paralogues) and ADD domains (partly conserved in mbuna as well). TET enzymes all
contain a double-stranded B-helix (DSBH) fold core oxygenase domain and a cysteine (Cys)-rich
domain. TET1 and TET3 contain an additional CXXC domain in their N-terminus. Pro-Trp-Trp-Pro
(PWWP) domain; ADD, ATRX-DNMT3-DNMT3L; BAH, bromo-adjacent homology; DMAPI,
DNA methyltransferase 1-associated protein 1; RFTS, replication foci targeting sequence. The number
of amino acid is for human and mouse homologues for DNMTs and TET, respectively. Not to scale.
Figures adapted from [54, 48, 25].

DNMT1

Although DNMT1 is thought to be primarily involved in the maintenance of DNA-cytosine
methylation patterns and DNMT3 enzymes in the de novo methylation process (Fig. 1.1a),
their roles are not exclusive and might in certain instances overlap. DNMT1 has been
shown to have de novo methylation roles at certain repetitive elements for example in vivo in
mouse [59]. Vice versa, DNMT3 enzymes also participate in DNA methylation maintenance.
Therefore, the functions of DNMTs are broader than originally thought, and might also
include roles in transcription activation and post-transcriptional regulation via molecular

interactions, which are discussed in detail in the following sections [54].
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Table 1.1 Conservation of DNMT and TET genes in verte-
brates

mouse human zebrafish'

Dnmt3a DNMT3A dnmit6 (dnmt3ab, dnmt3al)
dnmt8 (dnmt3aa, dnmt3a2)

Dnmt3b DNMT3B dnmit3 (dnmt3bb.2, dnmt3b3)
dnmit4 (dnmt3bb.1, dnmt3bl)
dnmt5 (dnmit3bb.2, dnmt3b4)
dnmt7 (dnmt3ba, dnmt3b2)

Dnmit3c - -

Dnmt3l DNMT3L -

Dnmtl  DNMTI dnmtl

Tetl TETI tetl
Tet2 TET2 tet2
Tet3 TET3 tet3

alternative gene names in brackets
! Ref. [55-58]

At the protein level, all DNMTs in most animals possess the methyltransferase domain in
their C-terminus (Fig. 1.3), catalysing the transfer of the methyl group from SAM to the 5th
carbon of the cytosine ring [54] (Fig. 1.2).

The N-terminus of DNMT1 exerts regulatory functions, and is composed of four con-
served domains, allowing for molecular interactions (Fig. 1.3). The DNMT1-associated
protein 1 (DMAP1) binding domain is required for the interaction between DNMT1 and the
histone modifying enzyme HDAC?2 (histone deacetylase 2) via the transcriptional repressor
DNMAPI (DNA methyltransferase 1 associated protein 1). The CXXC (a zinc-finger domain
composed of eight conserved cysteine residues) domain of DNMT 1 specifically recognises
unmethylated CG dinucleotides, while the RFTS (replication foci targeting sequence) domain
brings the enzyme to the replicating forks, promoting maintenance of DNAme patterns upon
DNA replication [54, 25].

Crosstalk between DNMT1 and specific modified histones at the replication forks have
been described, mainly via the interaction of DNMT1 with the adaptor protein UHRF1
(Ubiquitin-like, containing PHD and RING finger domains 1). The latter might play a crucial
role in DNA methylation maintenance by bringing together histones harbouring specific
modifications (H3K9me2 and H3K9me3, via the TUDOR TTD domain), hemimethylated
CpG DNA and DNMT1 at the replication forks [54, 17]. UHRF]1, via its UBL (ubiquitin-like)
domain, recruits DNMT]1 to the replication forks, structurally modifying DNMT1 from an
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auto-inhibitory configuration to an active form. The RFTS domain can then bind histone
H3 tails: DNMTT is now able to methylate the daughter strand [25]. Loss of UHRF1, in
zebrafish, mouse and Arabidopsis (VIM, plant homologue of UHRFT1) has been linked to
drastic reduction in global CG methylation in gene bodies, repeats and transposons [41, 17].
Moreover, DNMT1 is required for the terminal differentiation of normal tissues involving
important interactions with histone modifying enzymes [60]. Lastly, the function of the two
tandem BAH (Bromo-adjacent homology) domains remains elusive [25, 54].

DNMT1 is widely conserved across animals and only a single copy of the gene dnmt! is
found across invertebrates, mammals, zebrafish and the cichlid mbuna in general [61, 41, 40]
(Fig. 2.3). Yet, possible paralogues of the dnmt! gene have been identified on different
chromosomes in some teleost fish (salmon and trout) and could have emerged from a lineage-
specific genomic event. Such duplication of the gene dnmtI might promote novel protein
function and is in line with a rapidly evolving DNA methylation machinery [61]. The
facilitator UHRF1, is widely conserved as well, from mammals to mbuna (orthologues), and
appears to have co-evolved with DNMTT in animals [41, 28].

Loss of function of DNMTT has been associated in mammals with low global methylation,
transcriptional de-repression of IAP transposons and ultimately early embryonic lethality
[17]. Similarly, in zebrafish, DNMTI-knock-down is in general associated with 40% lethality
during gastrulation or severe developmental defects of specific organs (retina, exocrine
pancreas, intestine) [60].

In plants (in particular characterised in A. thaliana), the maintenance of DNA methylation
patterns at CG sites is carried out by DNMT1 homologues: symmetrical CG methylation at
TE and gene sequences is maintained by DNA methyltransferase, MET1, via its interaction
with VIM (VARIANT IN METHYLATION; plant homologues of UHRF1) proteins bind-
ing to hemimethylated DNA stretches [28, 2]. Cytosine methylation in other contexts, in
particular over TE sequences (where most of DNA methylation is localised in Arabidopsis),
is maintained by DOMAINS REARRANGED METHYLTRANSFERASEs, DRM1/2, via
the RNA dependent methylation pathway (RdADM, for CHH asymmetrical methylation)
involving siRNAs, and by CHROMOMETHYLASE 2 and 3 (CMT2/3), a plant-specific
DNA methyltransferase (for CHG and sometimes CHH contexts) via a self-reinforcing loop
implicating histone marks [20, 30, 2].

Of important note, the protein DNMT?2, despite its name, is associated with RNA methy-

lation.
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DNMT3

Like DNMT1, the C-terminal regions of the DNMT3 family contain the methyltransferase
catalytic domain (Fig. 2.3). The N-terminal part of DNMT3A and DNMT3B in mammals
however contain distinct domains: one PWWP (Pro-Trp-Trp-Pro) that mediates interaction
with specific histone marks (H3K36me2 and H3K36me3) and one ADD (ATRX-DNMT?3-
DNMT3L) domain, a zinc-finger protein domain important for promoting the interaction of
DNMT?3 complexes with unmethylated H3K36 [17].

In zebrafish, six DNMT3 paralogues have been identified and have been shown to be
transcribed in a tissue-specific manner and at different developmental times, which might
reflect specific and novel functions for DNMTs [61, 58]. dnmt6 and dnmt8 are related to
vertebrate DNMT3a, while dnmt3, dnmt4, dnmt S and dnmt7 are more similar to vertebrate
DNMT3b in terms of sequence similarity (Fig. 1.3 and Table 1.1). All vertebrate DNMT3A,
DNMT3B and the six zebrafish DNMT3 paralogues contain both the methyltransferase
catalytic domain in their C-terminus and the PWWP domains in the N-terminus [54, 57].

In addition to the different molecular interactions of DNMT3 that regulate their functions,
DNMT?3 genes have been lost and duplicated in the genome of many organisms, leading to
lineage- or species-specific gain or loss of function related to DNMT3 [54]. In rodents, the
emergence of the paralogue DNMT3C (duplication) seems to be associated with the silencing
of rodent-specific evolutionary young transposable elements [62]. The mammal-specific
DNMT3L, is a DNMT3A cofactor lacking the PWWP domain and containing a truncated
version of the catalytic C-terminal domain. DNMT3L has been linked to mammalian
imprinting. Both DNMT3L and DNMT3A are not found in teleost fishes (Fig. 1.3). In fish,
the extreme diversity of DNMT3 paralogues, expressed at different developmental times and
in a tissue-specific manner, probably reflects some hitherto unknown distinct functions of
DNA methylation restricted to teleost fish [61, 58, 63].

Importantly, de novo methylation of transposon promoters has been shown to be mediated
by a class of small-non coding RNA, the PIWI-interacting RNA in the germ line of animals,
via the recruitment of the DNAme machinery to TE sequences, however the exact mech-
anism remains unknown [17]. Similar mechanisms exist in plants and involve the RdADM
(RNA-dependent DNA methylation) system, leading to siRNAs-mediated methylation of
TE sequences. In higher vertebrates, another mechanism leading to DNAme-mediated TE
silencing exist and involve KRAB zinc finger proteins (ZFP). Both sncRNAs- and KRAB-
ZFP-driven silencing of transposon activity through DNAme are discussed in detail in section
1.45.



16 Introduction

Knockout (KO) studies in mouse have revealed severe phenotypes following loss of
DNMT3-related functions. In fact, loss-of-function of any of the Dnmt3 is generally associ-
ated with embryonic (Dnmt3B) or postnatal lethality (Dnmt3A) and with deleterious activity
of some then de-repressed transposon families. In addition, DNMT3C-KO in mouse leads to
male sterility probably due to lack of DNA methylation-mediated suppression of TEs during
spermatogenesis, while a loss of function associated with the mammal-specific Dnmt3L
leads to male sterility and mid-gastrulation lethality in females [17]. Knock-down studies
in zebrafish have revealed essential functions of dnmt3 in regulating tissue differentiation,
leading to embryonic lethality at 96 hours post fertilisation [63].

In conclusion, the DNA methylation machinery, in particular associated with DNMTs,
seems to be evolutionary fast evolving, with many events of genic losses and duplication,
leading to lineage-specific gain of function. This could also reflect the evolutionary arms
race between fast evolving TE sequences and host defence mechanisms mediated in part by
DNMTS3. In addition, loss of function in genes involved in DNA methylation maintenance
and establishment are generally embryologically lethal in most vertebrates, and are therefore
required for tissue development and homeostasis [61, 64, 17]. Such mechanisms confer to
the cells regulatory plasticity and stable epigenetic heritability in response to physiological

stimuli [1].

1.3.2 TETs - 5SmC erasers

In mammals as well as in zebrafish and the cichlid mbuna, three fet genes have been
described (Table 1.1). All the TET family members harbour a C-terminal catalytic domain
(Fig. 1.3), containing metal binding residues essential for the oxidative reactions, part of the
active demethylation of modified cytosine nucleobases [48, 61]. TET enzymes catalyse the
oxidation of SmC into ShmC, ShmC into 5fC and 5fC into 5caC, using oxygen and aKG as
main substrates, together with a ferric cofactor (Fig. 1.2 and ref.[65]). Some oxidised forms
of cytosine might be stable epigenetic marks per se (at very low concentration genome-wide),
with possible distinct biological functions [66]. Furthermore, TET enzymes are known to
interact with many cellular actors, including metabolite- and nutrient-sensing factors, and
have important functions during development, cell-type transition (differentiation) comprising
somatic cell reprogramming, and also has neural functions [65, 67-70]. These functions are
usually achieved through active demethylation at key enhancers and other regulatory regions
that may promote transcriptional changes to happen. Loss of function related to TET genes

are a hallmark of many cancers and many diseases [65].
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During zebrafish development, TET enzymes are extremely lowly expressed [71, 72] and
5hmC levels could not be detected in one study via immunohistochemistry in embryos [72].
Demethylation processes, in particular of the maternal methylome, are thought to primarily
happen through passive cytosine methylation dilution upon DNA replication in zebrafish
[73, 71]. However, a small subset of highly conserved enhancers of key developmental
genes in zebrafish, have been reported to be actively demethylated in zebrafish through
TET-dependent mechanisms [74], explaining the detection of low global levels of ShmC.
Indeed, single TET mutants only display mild phenotypic defects in zebrafish [74], similar to
single TET mutant-related phenotypes in mouse [17]. However, double (fef2-tet3) and triple
tet mutants exhibit severe defects and mostly embryonic lethality in zebrafish [75] and mouse
(Tetl;Tet2 double mutant instead) [17], and completely abrogate the low methylated state at
key developmental enhancers [74]. Although studies on ShmC levels and Tet expression in
zebrafish embryos are somewhat contradictory, preliminary results suggest the conserved
importance of TET enzymes during vertebrate embryogenesis in possibly priming DNA
demethylation in mouse and in removing DNA methylation at key developmental enhancers,
in vertebrates.

Plants, however, do not seem to possess the machinery to oxidize SmC. Instead, DNA
glycosylases and other proteins directly participate in the active removal of SmC bases
in a DNA replication-independent manner. Active DNA demethylation in plants has also
been associated with developmental processes (pollen, fruit ripening, pollen tube formation,

among others) [76, 2].

1.4 DNA methylation and transcriptional control

1.4.1 5mC readers

In addition to DNA methylation “writers” (DNMTs) and “erasers” (TETs), 5-methylcytosine
is sensed by “readers”, the cellular actors capable of interacting with methylated or unmethy-
lated CG dinucleotides.

The establishment and maintenance of distinct cellular identities rely on the transmission
of specific mC patterns upon cell division and differentiation, as well as on the transcription
factor (TF) repertoire [77]. Furthermore, methylated cytosines can affect the binding of TF
themselves, which can as well, upon DNA binding, modify methylation levels at TF binding

sites via the recruitment of DNAme erasers/writers (Fig. 1.4 and ref.[78]).
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Fig. 1.4 Interaction between cytosine methylation and DNA-binding factors. Interplay between
DNA-binding proteins (such as transcription factors, TFs) and DNA methylation levels. A. A methyl-
insensitive TF binds to DNA in a sequence-specific manner, resulting in lower methylation levels. B.
A TF specifically binds to methylated binding site. C. A methyl-sensitive TF (that contain CXXC-
domain in some instances) is blocked from binding by high levels of mC. D. A methyl-CpG-binding
domain-containing protein (such as MBD1 or MeCP2) specifically recognises methylated CpG-rich
DNA sequence (shading), as part of DNAme-mediated repression. E. A methyl-insensitive TF binds to
methylated binding site, resulting in lowered mC levels, therefore allowing methyl-sensitive proteins
to bind. Figure adapted from ref.[78].

In humans, a recent large-scale study investigating the impact of DNAme on TF binding
affinity highlighted three major classes of TFs: the first class of TFs preferentially binds
methylated CpG (34% of all TF studied), the second class interacts with unmethylated
CpG binding sites (23%) and the third class is not affected by DNAme at binding sites
(33%). Interestingly, TFs that bind methylated CpG sites (such as homeodomain TFs)
are particularly associated with developmental processes (Fig. 1.4b), while TFs targeting
unmethylated DNA sequences are enriched for processes related to cell differentiation and
proliferation (Fig. 1.4c). Other TFs, such as forkhead box proteins (FOX), appear to be
unaffected by methylation state at binding sites (Fig. 1.4a) [77]. Similar work has been
carried out in plants, revealing that more than two-thirds of TFs are methyl-sensitive [79].

Methyl-binding-domain (MBD) containing proteins can specifically bind methylated
CpG sequences, thus competing off TFs and participating in the repressive state (Fig. 1.4d)
[78, 80]. Inversely, some proteins preferentially binding unmethylated CpG can harbour a
conserved CXXC (Cys—X—X-Cys) domain and have been reported to interact with histone
modifying enzymes, ensuring a stable unmethylated state (Fig. 1.4¢c) [78, 18].

Furthermore, some TFs are known to participate in locally modifying methylation levels
at binding sites. For example, the transcription repressor CTCEF, upon binding to methylated
CpG, can reduce the methylation level at binding sites via the recruitment of the TET
machinery (Fig. 1.4a). Inversely, the binding of other TFs (such as NR6A1) to unmethylated
CpGs can bring DNMTs to increase methylation levels at binding sites [80].
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Variable TF-DNA interactions are thought to be an important source of phenotypic
variation [81]. Changes in methylation levels at TF binding sites can participate in such
differential interactions. Genetic variation could sometimes contribute to altered DNA
methylation levels at cis-regulatory element sequences [81]. A single nucleotide mutation in
a particular TF gene or at a TF binding site can result in the TF not being expressed or in
impeded TF-DNA interaction, both possibly resulting in altered methylation levels at one
particular locus [78]. One recent study highlighted that SNPs disrupting TF binding affinity
to bind were significantly associated with altered DNAme levels, suggesting that TFs could
participate in shaping the methylome themselves [82]. In turn, this might greatly affect gene
expression and possibly such genetically driven methylation patterns could be mitotically
and meiotically transmitted. Therefore, the genetic basis of DNAme variation, especially at
cis-regulatory elements, can participate in global methylome divergence [83]. Whole genome
bisulfite sequencing could highlight differentially methylated TF binding sites that may lead
to phenotypic variation.

Additionally, DNMTs have also been reported to be important for neural crest develop-
ment, finely orchestrating transcription silencing of key genes (mainly TFs) in a spatially and
temporally specific manner [84].

In summary, the binding of many TFs can be affected by differential methylation levels
at CpG sequences. Some proteins preferentially bind to either unmethylated or methylated
binding sites, in either a sequence-specific or non-specific manner. Interestingly, upon
binding, TF can also participate in modifying the methylome landscape by recruiting other
eraser/writer proteins. The complex interplay between cytosine methylation and TF warrants

future and exciting work.

To conclude, DNA methylation erasers, writers and readers all play a major role in
establishing and maintaining methylome patterns essential for organismal development and
cellular identity.

Many transcription factors show methyl-specific binding specificity and activate tran-
scription upon promoter demethylation [78] — processes particularly relevant during embryo-
genesis to prime DNA methylation-mediated cell-type transitions and are therefore involved
in cell differentiation [17, 57]. In mammals, many pluripotency factors, homeobox proteins
and cellular patterning factors contains methyl-specific binding (MBD) motif, whose activity
is tightly orchestrated by TET- and DNMT-mediated CG methylation changes [17, 80]. TET
enzymes might be required as well to establish a pluripotent state, leading to cellular prepro-
gramming [85, 70]. Moreover, some transcription factors have been shown to recruit TET

enzymes to enhancers for demethylation during cell-type reprogramming [17]. This role for
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TFs to mediate methylation and demethylation at genomic loci has been reported extensively
— this suggests that not only are TFs able to bind DNA sequence in a methylated matter, they

can also participate in the establishment of DNA methylation landscape themselves [80].

1.4.2 DNA methylation and alternative splicing

Cytosine methylation in other genomic contexts, such as over gene bodies, might possibly
exert biological functions, however more experimental evidence is required to support this
[78]. Meanwhile, a growing amount of experimental evidence has shed light on a possible
implication of cytosine methylation in alternative splicing [86]. In particular, exon junctions
show increased methylation load in vertebrates. Methylation over a gene body is a very
conserved feature of DNA methylation across kingdoms and has been observed in most
vertebrates, invertebrates, plants and fungi at variable levels [78, 41], possibly exerting
conserved biological functions.

At least two main DNAme-mediated mechanisms have been reported to be involved in
the regulation of alternative splicing. The first one involves a tight interaction between the
methyl-sensitive CCCTC-binding factor (CTCF) and methyl-CpG binding protein 2 (MeCP2)
with RNA polymerase II (Pol II), resulting in altered kinetics of Pol II and consequently in
alternative splicing [86]. In the case of CTCEF, its binding interaction with unmethylated CG
dinucleotides at the exon-intron junction leads to the inclusion of exons on the elongating
nascent mRNA through the physical pausing of Pol II, independently of histone marks [87].
The second mechanism involves MeCP2, a methyl-sensitive reader, binding specifically
methylated CG dinucleotides. Binding of MeCP2 to methylated exon-intron junctions
promotes the inclusion of particular exons, through tight interactions with histone mark
modifiers HDACs (HDAC).

In summary, intragenic methylation can either cause the inclusion or skipping of specific
exons in the nascent mRNA by mostly altering Pol II kinetics and recruiting histone modifiers.
Even at the level of gene bodies, the roles of DNA methylation are contradictory, as higher
methylation levels can lead to alternative splicing depending on the cellular machinery ex-
pressed and present at one particular genomic locus. Altered DNA methylation patterns might
therefore have important regulatory functions, in particular during development, ensuring
cell-specific transcription of distinct isoforms [86, 78]. Yet many unknown mechanisms
might exist, involving an interplay between DNA methylation and histone marks. Further
experimental work, including comparative analysis in different organisms, is required to fully

comprehend the potential roles of DNA methylation in gene bodies.
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1.4.3 Mammalian-specific functions of DNAme

Another striking example of the role of DNA methylation seen in mammals, is sex-dosage
compensation through the silencing of one X chromosome in mammalian females [27].
This is brought about by the expression of the long non-coding RNA Xist, which in turn
coats one X chromosome, resulting in long-lasting epigenetic silencing subsequently via the
recruitment of chromatin modifying enzymes and the DNA methylation machinery at the X
chromosome (see section 1.1.2).

Another mechanism in mammals mediated by cytosine methylation is genomic imprinting,
whereby certain genes are expressed in a parent-of-origin-specific manner via the specific
epigenetic silencing of one parental allele [88]. Some loci are differentially methylated in
the two parental germ lines and are not reprogrammed during the first wave of demethylation
taking place in early embryogenesis after fertilisation (see Fig. 1.5 and section 1.5). This
results in the mono-allelic expression of genes in their vicinity. During primordial germ
cell (PGC) differentiation, imprinted promoters are then reset (during the second wave
of demethylation) to be then re-established in a oocyte- or sperm-specific manner during
germ cell development. In the developing oocytes, DNAme at imprinted promoters are
thought to be established by both DNMT3A and mammal-specific DNMT3L [17, 88].
While maternal imprints are all located in promoter regions, the three paternal imprints are
intergenic. Mammalian imprinting could represent an intragenomic evolutionary conflict
between parental alleles, when some traits can differentially affect the inclusive fitness of
the parents [88]. For example, the expression of the gene /gf2 (insulin-like growth factor
2) promotes embryo growth, which leads to increased paternal inclusive fitness (bigger
offspring), however a larger embryo might be disadvantageous to female mammals, which
results in this gene being maternally imprinted and repressed to negatively regulate growth
[88].

1.4.4 Cichlid-specific functions of DNAme

Knowledge of DNA methylation or epigenetic mechanisms in cichlids is poor, with only two
studies reported so far.

First, Chen and colleagues first provided the characterisation of the methylome of the
gonads of the riverine cichlid Nile Tilapia, using methylated DNA immunoprecipitation
(MeDIP) [89]. In addition to characterising the methylome at a reduced representation of loci
genome-wide, the authors could correlate low methylation levels at promoters with higher

expression levels of respective genes. Although this study revealed some conserved roles of
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DNAme in cichlid fish, it lacks a genome-wide, single-base resolution and was limited to
only one tissue.

Interestingly, the second study investigated the role of DNAme in social dominance in the
cichlid species A. burtoni [90]. In cichlids, male social status can rapidly shift in response to
environmental stimuli (such as social interactions), resulting in striking and fast phenotypic
alterations, such as behavioural changes, pigmentation and differential transcription of genes
in the brain and reproductive system. Strikingly, the authors could identify differential
changes in DNAme in the brains of male dominant vs non-dominant cichlids, suggesting an
implication of DNAme in mediating or being correlated to social dominance, in particular
in genes responsible for such social shift. It is tempting to put forward an epigenetic basis
of social dominance, likely to promote rapid and reversible changes in gene expression.
However, functional analysis is required to fully characterise and test this hypothesis, and to
investigate the inheritance of such modified patterns.

Altogether, little is known about the role and function of DNA methylation in cichlids. A
high degree of conservation with other vertebrates of the mechanisms and roles associated
with cytosine methylation is to be expected. However, and in particular, any epigenetic
basis for the phenotypic diversity among cichlid species and populations is understudied,
especially in the light of their extraordinary low sequence divergence coupled with high

phenotypic plasticity.

To conclude, the roles of DNA methylation are multi-faceted and, in some cases, para-
doxical and contradictory. The genomic context of DNA methylation seems to mostly dictate
the functions. Although DNA methylation has been lost in some organisms, TE repression
mediated by DNA cytosine methylation seems to be one of its most conserved features across
kingdoms, suggesting a possible ancestral common mechanism against genomic exogenous
DNA [34]. In vertebrates, DNA methylation at promoters, enhancers and gene bodies has
been reported to exert important regulatory functions, in particular pertaining to gene ex-
pression and alternative splicing [17, 67]. The high conservation of factors involved in DNA
methylation as well as any loss of functions generally resulting in embryonic lethality attest
to the importance of such mechanisms in vertebrates.

In vertebrates, DNA methylation as well as demethylation exert essential regulatory
functions during development, required for the regulation of chromatin states of key tissue-
specific regulatory of terminal differentiations [17, 1, 78, 51]. From embryonic cells to
fully differentiated cells, roughly 20% of all CpGs will undergo significant modification of
their methylation levels. Furthermore, there is also an important crosstalk between cytosine

methylation and histone modifications, participating in cell-specific chromatin states and
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gene transcription [25]. In addition to its role during development, a tight regulation of DNA
methylation is required for cell reprogramming, pluripotency and homeostasis [70]. The
activity of TET and DNMT enzymes are known to be regulated in response to environmental

stimuli, which might in turn alter transcriptional networks.
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1.4.5 DNA methylation and silencing of transposable elements activity
Overview

Another important biological process highly regulated by epigenetic mechanisms, in par-
ticular DNA methylation, pertain to transposable elements (TE) and repeats, or exogenous,
parasitic DNA elements [34, 20]. TEs compose a large fraction of eukaryotic genomes [36].
Although more complex organisms do not necessarily possess larger genomes (the so-called
C paradox), there is a direct correlation between genome size and the genomic load of TE
[36, 91], in particular in sexual organisms [91, 19]. In bacteria, most exogenous DNA, such a
viral fragments, are left unmethylated to be selectively recognised by the host and degraded.
In some modern bacteria and eukaryotes, this system has evolved differently, where both host
genome and TE sequences are heavily methylated resulting in gene regulation and genome
expansion due to TE sequence accumulation. This might have come at a cost for the host as
the genomic retention of TE sequences in the host, instead of their degradation, has resulted in
an arms race evolution to control their deleterious activity. In some instances, TE expansion
might be advantageous to the host as it can allow for some degree of genome ’instability’

and possible co-option of TE functions, such as novel genomic regulatory elements [91, 92].

Diversity of TE sequences

Transposable elements are very diverse in their sequences, yet they all share the ability
to transpose in the host genome, exploiting host cellular functions to replicate [36, 92].
Two major classes of TEs have been identified, primarily based on their distinct mode of
transposition. While DNA transposons (class I) employ a cut-and-paste mechanism via a
DNA intermediate, retrotransposons (class II) are inserted in the host genome through an
RNA intermediate in a copy-paste fashion [36, 20].

Interestingly, the TE landscape is usually distinct in different taxa or even between species,
reflecting the high evolvability of such exogenous elements. In mammals, retrotransposons
compose most of the repeat genome (which makes up 40-50% of total genome), in particular
with long and short interspersed nuclear element (LINE and SINE, respectively). In other
vertebrates, such as in bony fishes, DNA transposons are predominant [93]. LTR (long
terminal repeats), part of the retrotransposon class, are the most numerous TEs in plants [94].
The overall TE content in eukaryotic genomes is very variable: from 40-50% in mammals,
25-50% in teleost fishes, <10% in birds, <20% in invertebrates and to 10-80% in plants
[93, 20, 94]. Furthermore, the genome size in eukaryotes is directly linked to the TE content
[36].
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Host defence mechanisms against transposons

Despite the high propensity of eukaryotic genomes to contain TE elements, only few trans-
posons are reported to be active in the host in general. In fact, the activity of most TEs
are either under the tight control of the host or have become inactive due to “natural” mu-
tations (resulting from spontaneous mutations, genetic drift, or as a consequence of host
recombination events) [20].

Metazoa have evolved powerful tools to counteract the deleterious mutational activity of
TEs, giving rise to an evolutionary arms race between TE sequences and the host genome.
In the 1990s, Bestor and colleagues observed that in eukaryotic cells cytosine methylation
was primarily localised in genomic TE sequences and thus postulated that DNA methylation,
originally derived from a bacterial immune mechanism, might have evolved to primarily
promote TE silencing [34, 95]. The wide conservation of cytosine methylation in TE
sequences [19, 41], from plants, invertebrates to mammals, hints at conserved mechanisms
of genome defence against these “intragenomic parasites’.

Nevertheless, genomic insertions of TEs are thought to be usually fixed in one population
by genetic drift, as most of them have a neutral and mildly deleterious impact on host’s
biological functions [20] — the principle of the host-virus interaction, where killing the host
would be as detrimental to TE fitness. Any major deleterious impact resulting from TE
activity, such as a de novo TE insertion disrupting a gene, would be eliminated from one
population by purifying selection [92]. Interestingly, TE insertions in the genome are not
random, rather they tend to occur in genomic regions of the host that would be favourable to
their replication, while minimising deleterious effects in the host - for example, upstream
regions of genes transcribed by RNApolllI (Pol III), while coding regions will be depleted of
TE sequences [96].

DNA methylation-mediated silencing of TE activity

One other crucial function of DNA methylation, which might be one of its most conserved
features, is to methylate transposon promoters, thus mediating their silencing. There is a
constant evolutionary arm race between transposons and mechanisms of defence in the hosts
[20, 38].

Vertebrates have developed efficient mechanisms to ensure transposon silencing via
SmC. One important line of host defence is mediated by the class of small non-coding
RNAs, the piRNAs, mostly expressed in the germ line of most animals [97, 98]. In male

mice, nascent TE mRNAs are recognised and diced by primary genome-encoded piRNAs
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into secondary piRNAs by the PIWI argonautes MILI and MIWI, which are then loaded
onto another argonaute protein (MIWI2) which is thought to interact with key proteins,
such as DNMTs, to promote nuclear TE repression, in addition to their main role in post-
transcriptional gene silencing via the degradation of TE mRNAs [20, 17, 98]. The exact
mechanism remains unclear. piRNAs are specifically expressed in germ cells in mammals and
fish [98]. Both male and female germ cells of zebrafish and the cichlid Nile tilapia have been
shown to express 26-30nt long piRNAs together with the piRNA-interacting proteins, Piwill
and Piwil2, homologues of mammalian PIWIs [99, 100]. Zebrafish piRNAs preferentially
target transposon sequences in the genome [101] and might participate in the repression of
TE activity through DNA methylation (via a direct or indirect recruitment of the DNAme
machinery). In Lake Malawi cichlids, piRNAs are also expressed in the gametes of both
sexes (Malinsky et al., unpublished). Interestingly, piRNA-related metabolic processes seem
to be under positive selection in Lake Malawi cichlids!, reflecting fast evolving pathways,
with lineage- or species-specific novel functions [102].

Furthermore, in higher vertebrates, a second and important line of genome defence against
transposon is mediated by Kriippel-associated box domain zinc finger proteins (KRAB-ZFPs)
[103]. KRAB-ZFPs together with the co-factor KAP1/TRIM?28 participate in the silencing
of sequences derived from TE and possibly in TE domestication as well [20, 104]. During
embryogenesis, KRAB-ZFPs recognise TE sequences in a sequence-specific manner, which
results in the recruitment of repressive histone modifiers and possibly DNMT3A/B/L, leading
to a repressive chromatin state [20, 104]. Importantly, KRAB-ZFPs have evolved in higher
vertebrates but are absent in teleost fishes, although present in coelacanth and lumpfish [103]
— possible different mechanisms may have evolved in fish, yet they remain unknown.

In summary, in mammals, evolutionary young — and even species-specific — transposons
are thought to be silenced first by piRNA-mediated processes, rapidly co-evolving with
TE sequences. Meanwhile, the KRAB-ZFP machinery offers a second line of defence to
further prevent any transposition and possibly promoting the regulatory potential of some
TEs, resulting in gene expression in a tissue-specific manner at specific developmental time
points [17, 104]. While de novo methylation of TE sequences in mammals is carried out by
piRNA and the KRAB-ZFP machinery, the maintenance of methylation at TE sequences is
ensured by DNMTI1-UHRF]1 at the replication forks (see section 1.3.1 and ref. [20]).

As a comparison, in plants (both in somatic and sperm cells in pollen), de novo and

maintenance of methylation at TE sequences can happen in any sequence contexts (CG,

Inon-synonymous mutations fixed in a given population, altering the amino acid sequence of a protein,

possibly accompanied with changes in functions or molecular interactions.
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CHH, CHG, where H = C, A, or T)) via the RNA-dependent DNA methylation (RdADM)
pathway. In brief, transcribed TEs are cleaved into 21-22 or 24-nt-long small RNAs by
dicer-like proteins that will be then loaded onto two argonaute proteins (AGO1/2 and 4/6),
resulting in TE methylation by DOMAINS REARRANGED METHYLTRANSFERASES
1/2, DRM1/2 (homologues of the mammalian DNMT3A) in all sequence contexts and histone
modifications [20, 28, 30].

Co-option of TEs and genome evolution

Strikingly, while there is a clear co-evolution of TE sequences and host genomic defence
mechanisms, in some instances, novel insertions of TE have led to advantages to the host,
through what is called TE domestication [92]. Such genomic instability arising from TE
expansion could have played a role in the genomic TE retention observed in eukaryotes,
rather than pure TE excision seen in some prokaryotes [37]. The co-option of some TE
insertions have been reported to generate novel biological functions that have been selected
for in some populations, resulting in increased organismal fitness [92, 2]. This is mostly due
to the propensity of TEs to carry regulatory sequences (promoters, splicing sites, poly-A
signals) [105, 106].

The mutational impact of TEs on gene expression and phenotypic diversity dates back to
the first observations of mobile elements in maize [107]. Active TE transposition has usually
a neutral impact on the host, however, they can be responsible for many heritable phenotypes,
either beneficial or detrimental to the host [96].

For example, aberrant recombination events leading to large-scale restructuring of the
host genome can arise from the repetitive nature of some TE sequences, mimicking host
recombination hotspots. Furthermore, DNA transposons, due to their imprecise ’cut-and-
paste’ transposition mechanism, can lead to gene duplication or re-shuffling [96] and may
play a significant role in genome evolutions.

Furthermore, some striking examples of TE-derived genes exist in vertebrates. The
recombination activating genes 1 and 2 (ragl, rag2), essential in generating the massive
diversity of antibodies and antigen receptors by somatic recombinations in vertebrate adaptive
immunity are derived from DNA transposon sequences [108]. Another example of co-option
of TE function is exemplified with the gene arc, specifically expressed in mammalian brains
and involved in inter-neuronal communication and long-lasting memory formation. Arc
encodes for viral-like capsids, derived from the gag gene present in LTR retrotransposons,
enabling intercellular transfer of Arc mRNA [109].
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In addition to modulating the rate and localisation of recombination events and to du-
plicating or generating novel genes in eukaryotic genomes, TE insertions can underlie the
creation of new regulatory elements, resulting in modified transcription patterns. In cichlids,
for example, some unique pigmentation patterns involved in sexual traits in haplochromines
have been linked to the specific expression of some genes in the iridophores (pigment cells).
This specific gain in expression might have resulted from a TE insertion (namely, AFC-SINE)
in the cis-regulatory region upstream of these genes [110]. Interestingly, recent genomic anal-
ysis of East African cichlids have observed that most TE insertions have occurred upstream
of genes, which might potentially hint at novel regulatory functions derived from transposons
[53]. In rodents, the insertion of one IAP (intra-cisternal A particle) retrotransposon in the
upstream cis-regulatory region of the agouti gene is associated with considerable phenotypic
variation of coat colours and metabolic changes. Interestingly, differential methylation levels
at this TE-derived ectopic promoter directly impact the activity of the agouti gene [111] -
such epigenetic patterns of methylation are transmitted in the offspring along with the altered
phenotypes in a non-DNA sequence-based manner. As a final example, in plants, the flower
symmetry of toad flax is linked to the variable and heritable methylation patterns in the
TE-derived promoter of the Lcyc gene, resulting in symmetrical or asymmetrical flowers
[112].

Altogether, these examples postulate TEs as being major actors in the evolution of

eukaryotic genomes, when under tight regulation by their hosts.

Escaping host defence

The constant arms race evolution between host defence mechanisms and transposons has
led to the evolution of some extraordinary counter-mechanisms. However such examples
are rare, probably due the overall disastrous effects of such counter-defence mechanisms for
transposon fitness, as well as for the host, resulting in sterility and embryonic lethality in the
latter upon global TE de-repression.

For example, young, lineage-specific TE sequences have been reported to escape the host
DNAme-mediated control system [17, 113]. This is seen in rodent-specific TEs which are
under tight repression by the protein DNMT3C, exclusively expressed in male mice [62],
suggesting fast evolution mechanisms to counteract TE evolvability (see section 1.3.1).

In plants, some transposable elements (VANDALZ21 and VANDALG) have evolved mecha-
nisms to bypass host defence by encoding a protein that demethylates their DNA sequence in
a sequence-specific manner, thus enabling their transposition activity [114]. Other bypasses

in plants include the retrotransposon Athila6 which expresses trans-acting small-interfering
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RNAs (tasiRNAs) that specifically target the 3’UTR of some host proteins involved in TE
repression, which in turn results in TE de-repression [115].

Other strategies involved in bypassing defence mechanisms include the retrotransposon
EVADE in Arabidopsis, which encodes a gag nucleocapsid to protect EVADE mRNA from
host siRNA-based degradation [116].

1.5 DNA methylation reprogramming

1.5.1 Mammals
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Fig. 1.5 Dynamics of DNA methylation in zebrafish and mouse during development. In striking
contrast to mammals, there is no evidence for a global DNAme reprogramming in early embryo and
germ lines of zebrafish. Methylomes of primordial germ (PGCs) and somatic cells upon fertilisation
resemble sperm patterns of methylation. The oocyte methylome is reprogrammed to match sperm
methylome, both of which are virtually similar by mid-blastula stage [73, 3]. In mammals, two waves
of global demethylation takes place: first, in embryonic stem cells before reaching blastocyst state,
and then, in migrating PGCs. Figure adapted from Ref. [3, 117, 17].
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In mouse early development (Fig.1.5), it is well established that two waves of demethyla-
tion occur [118, 17]. In brief, the first wave happens in the early embryo, after fertilisation.
Both the paternal, first, and later the maternal nuclei are actively demethylated (TET3-
mediated conversion of SmC into ShmC) [119]. Then, while embryonic cells are dividing
to reach the blastocyst stage (embryonic day 3.5 or 6 in mouse and human, respectively),
passive demethylation takes place, and the methylome is not maintained upon cell division
(passive dilution of DNAme), to reach overall low DNA methylation levels. During that time,
the enzyme DNMTT is excluded from the nuclei to prevent any methyltransferase activity
[118, 17]. Imprinted loci, however, withstand this first wave of DNAme reprogramming [88].

The second wave of demethylation in mammals takes place in a subset of cells (the
primordial germ cells, PGCs) of the epiblast that will become the developing germ line. First,
a brief passive demethylation phase (loss through dilution) is followed by an active and global
erasure of DNAme orchestrated by the enzymes TET1 and TET2. Global methylation levels
reach their lowest point in PGCs (6-8% mCG), before entering the sex determination phase.
This ensures genomic imprinting resetting and X-chromosome reactivation. Interestingly,
some genomic loci escape demethylation, in particular young, species-specific transposons,
and retain some levels of DNAme, which could give rise to epigenetic inheritance [113, 17].
The primary function of TET enzymes during global demethylation might be to prevent any
spurious de novo methylation, rather than an active role in the demethylation process per se
[17, 85].

Finally, the methylome of male gametes is then re-established to a very high global level
(ca.80%), following the activation of the DNA methyltransferases DNMT3A, DNMT3B
and DNMT3L. This coincides with the production of pre-pachytene piRNAs in male mouse
germline [120], a process most probably involved in the repression of transposon activity via
the DNMT3 family-mediated de novo methylation of their promoters and post-transcriptional
silencing of nascent TE mRNA [17]. The genome of female gametes remain lowly methylated
(ca.50%), almost exclusively located in gene bodies, until ovulation [17]. Sex-specific

imprints are then re-established at that time.

1.5.2 Fishes

In zebrafish, there is no evidence of global DNAme reprogramming in early embryo or
developing PGCs (Fig. 1.5). Instead, the methylome is retained in PGCs and somatic
cells in its paternal configuration (global high levels of methylation, >95%) in the early

embryo after fertilisation [73, 71, 3]. The methylome of the maternal chromosomes (lower
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methylation levels, ca.80%) is reset to match the paternal methylome upon fertilisation via
active de novo methylation and passive demethylation, and both parental methylomes are
virtually identical by mid-blastula stage (at the time of zygotic genome activation, ZGA)
[73, 71]. Interestingly, in parthenogenic embryos lacking a replicating paternal genome,
the reprogramming of the maternal methylome takes place nevertheless, suggesting that the
paternal genome might not act as the template per se for reprogramming [71]. Rather, the
sperm genome bears ’placeholder nucleosomes’ (containing histone H2A variant H2A.Z(FV)
and H3K4mel namely), inhibiting DNMT-mediated de novo methylation, which ensures
the maintenance of hypomethylated state at key promoter regions. The maternal methylome
remodelling is a transcription factor-driven mechanism, in that some TFs bind specifically
to the placeholder nucleosomes, thus maintaining placeholder nucleosomes on the paternal
genome and establishing them on the maternal genome, resulting in maternal methylome
reprogramming prior to ZGA [121]. This licences for the maternal contribution to the
transcriptional activity needed for the developing embryo. Sperm cells are highly methylated
(>95%), in contrast to lower levels of DNAme in fully differentiated somatic cells and
female gametes. As PGCs divide, their methylomes become more cell-specific with reduced
overall levels of DNAme, in particular at enhancer regions, resembling methylome levels of
somatic cells. This is in stark contrast with mammalian reprogramming where totipotency is
achieved by global DNAme erasure. It remains however unclear whether such reprogramming

processes are conserved in other teleost fishes, which warrants further comparative studies.

To conclude, the degree of conservation of DNAme reprogramming in early embryo and
PCGs in vertebrates appears variable. It seems that the process leading to cellular totipotency
and epigenetic resetting has been fast evolving and might be unique to some organisms, even
at the vertebrate level.

While mammalian genomes (mouse and human) undergo two waves of DNA methylation,
globally resetting DNAme patterns to extremely low levels, zebrafish and Xenopus genomes
exhibit very high methylome levels, similar to these of male gametes, from fertilisation until
cellular differentiation into different cell types. This lack of global DNAme erasure is in
total contrast with their amniotic relatives and does not impede with cellular pluripotency. X-
chromosome inactivation and parental imprinting are reset upon demethylation in mammals;
two processes that are not conserved in fish. On the other hand, the piRNA machinery seems
to be conserved in both amniotic and non-amniotic vertebrates and active in PGCs and mature
germ cells, with the conserved function of transcriptionally silencing nascent TE mRNA and
repressing transposon genes through DNAme. Interestingly, some loci have been reported to

escape erasure in mouse and human germ line, and could offer a way to pass DNAme patterns
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on to subsequent generation. That process might occur in zebrafish, due to the retention of
sperm methylome patterns in somatic cells [122]. Yet, nothing is known about epigenetic
reprogramming in cichlid fishes.
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1.6 Environmental epigenetics and transgenerational inher-

itance

1.6.1 Overview

Transgenerational epigenetic inheritance (TEI) can be defined as the transmission of traits or
phenotypes to subsequent generations without changes in DNA sequence and even in the
absence of the initial trigger [10].

Since Mendel’s first observations, genetic information has been thought to be the only
process underlying the inheritance of traits across generations, leading to adaptation through
natural selection [10]. Interestingly, although genetic differences are the primary source of
most of heritable phenotypic variation, recent studies have highlighted the transmission of
traits that could not be explained by Mendelian principles of inheritance. Diverse epigenetic
factors, discussed above, might also mediate this non-DNA sequence-based transmission of
traits. Such mechanisms could also reflect an adaptive response to external stimuli (such as
environmental stresses, for example constraints to colonise new ecological habitats), which

might impact the phenotypes in subsequent generations and eventually lead to higher fitness

[2].
TE

Creation of epimutable
/ allele through TE insertion
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Epigenetic switch:
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Fig. 1.6 Possible example of epiallele creation. Epialleles are defined as alleles divergent in their
epigenetic state while being identical in terms of DNA sequence. The insertion of one TE upstream
of one gene might affect its transcription. DNAme levels associated to this TE can modulate the
gene expression levels. Such epigenetic patterns can be inherited, possibly promoting phenotypic
variation in one population. Altered methylation levels can be the result of environmental stimuli or
be stochastic or genetically induced. Figures adapted from Quadrana and Colot [2]
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Although the role of methylome variation in the context of organismal development
is well established, large-scale population studies investigating DNAme variation and, in
particular, in non-model organisms in the context of adaptation and phenotypic diversity
remain scarce. It is therefore important to explore the role of the environment in inducing
heritable epigenetic variation, and to investigate whether such variation can be independent
of cis- or trans-acting DNA sequence changes.

In the following section, I discuss some examples of TEIs in plants and animals. A
great emphasis is put on examples of TEIs mediated by DNA methylation, although other
epigenetic mechanisms have been shown to be involved in TEIs as well (in particular in
worms and flies, both which lack DNA methylation) [7, 10]. Epialleles, that is, alleles
divergent in their epigenetic state while being identical in terms of DNA sequence, can
provide a fast and heritable way to change gene expression patterns and chromatin states,
while preserving the underlying DNA sequence. The creation of epialleles could follow from
TE insertions in the genome (Fig. 1.6), resulting in possible novel cis-regulatory regions
[92]. As epialleles can modify the transcriptional activity of genes in their direct vicinity [2],
they might participate in stable and heritable phenotypic divergence in natural populations.
Epialleles, if selected for in one population, could represent a powerful evolutionary device,

encompassing a heritable and adaptive response to changing environmental states [123].

1.6.2 TElIs in plants

In plants, there is strong evidence that environmental cues can shape the methylome, possibly
influencing developmental processes transgenerationally. In 2014, a study induced DNAme
variation in isogenic lines of Arabidopsis by using mutant parental lines for methyltransferase
genes. The authors could observe many differentially methylated regions (DMRs) that
were stably transmitted to subsequent generations without changes in the underlying DNA
sequence. Some of these DMRs were associated with adaptive phenotypes, such as root
length and flowering time. Furthermore, the authors highlighted that some of these DMRs
were also found in natural populations of Arabidopsis, suggesting that such DNAme variation
could represent good candidates for natural selection [124].

In 2016, the first population-scale study investigating DNAme variation in more than
a thousand natural Arabidopsis accessions revealed that some epigenetic variation was as-
sociated with differential environmental conditions (in particular in TE-related sequences)
[125]. The authors observed that some of this natural variation was significantly correlated

with changes in gene expression associated with flowering times in particular. This suggests
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DNAme may be an actor in generating phenotypic variability in the context of adaptation.
Therefore, methylome divergence could possibly underlie the emergence of phenotypic diver-
sification, in particular associated with adaptive traits. Furthermore, some retrotransposons
in plants, in particular LTRs, might be especially sensitive to environmental alterations. For
example, the LTR Rider in tomatoes, and possibly in other plants, has been identified as
being an environmental-responsive element, potentially representing a source of genetic and
epigenetic variation [126]. Aforementioned, the flower symmetry in toad flax is linked to
the expression of one gene controlled by the methylation levels at its TE-derived ectopic
promoter. Such methylation patterns, as well as the flower-related traits is transmitted to sub-
sequent generations. However, it is unclear whether such traits can participate in adaptation

(increased fitness outcome) or/and could be under selection.

1.6.3 TEls in vertebrates

Even though clear examples of transgenerational epigenetic inheritance have been demon-
strated in plants, extensive work is still required to fully comprehend the relevance of such
processes in vertebrates. Nevertheless, whether epigenetic variation is subject to selection and
whether it can contribute to adaptation remains elusive. It is important to note that mammals,
and possibly other vertebrates, undergo global DNA methylation erasure during germ line
reprogramming, which might represent an obstacle to the intergenerational transmission of
specific methylome patterns (see section 1.5).

In addition, much of the current work in vertebrates has focused on TEIs induced in
laboratory conditions (diet perturbation, early life stress, etc...) using laboratory reared,
inbred, model organisms. Although this comes with some advantages (isogenic animals,
controlled environments), there are also clear experimental limitations, in that TEIs might be
particularly relevant in a natural adaptive context in populations of non-model organisms. It
is therefore crucial to understand first if the transmission of acquired traits can be induced
(via environmental perturbation) and/or whether some adaptive traits have been selected in
some populations and have an exclusive epigenetic basis, independent of DNA sequence
variation.

Examples of induced TEIs in response to environmental perturbations (diet, early life
stress) have been linked to changes in epigenetic mechanisms (including DNA methylation
and sperm ncRNAs), resulting in the transmission of aberrant phenotypes in subsequent
generations [127-130, 16, 131, 132]. However, the relevance and occurrence of TEIs in a

natural context remain to be explored.
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In one species of coral reef fish, transgenerational DNA methylation changes have been
observed in response to increased sea water temperatures in the context of climate change,
correlated with differential transcription patterns of certain adaptive traits, suggesting physical
acclimatisation to heat stress across generations [133].

In rodents, the murine Agouti viable yellow locus is a classic and recognised form of TEI,
whereby differential methylation states at a TE-derived ectopic promoter result in heritable
and reversible changes in mouse coat colours and in metabolic processes transgenerationally,
independently of the underlying DNA sequence [134] (see section 1.4.5). In light of this
observation, a recent study has explored other possible cases of functional DNAme variation
at TE-derived sequences, in particular at IAP elements, an evolutionary recent class of long
terminal repeats (LTR) [135]. The authors could identify many IAP regions showing stable
DNAme variation, although only very few were associated with changes in gene expression
and thus were not functional ectopic promoters, as opposed to the one described in the
Agouti mouse model. Furthermore, the variation in DNAme in almost all of these variable
IAP elements were found to be reprogrammed during germ line development, in that, the
parental DNAme states were reset in the offspring. This indicates that most IAP-related
epialleles in the offspring showed DNAme variation regardless of parental methylation levels
(i.e. no inheritance of methylation states). This is in contrast with the observation of inherited
DNAme levels in the Agouti mouse model, suggesting that the epigenetic inheritance of
parental DNAme associated with IAPs might be exceptional, but does not rule out the
involvement of other TEs [135].

During human evolution, epialleles could have played a role in phenotypic divergence.
Indeed, some differentially methylated regions associated with developmental and neurologi-
cal processes among others, have been found between modern and extinct humans, as well
as between humans and primates, suggesting a possible implication of DNA methylation
variation in the evolution of modern human-specific traits [136—138].

To conclude, examples of non-Mendelian inheritance in plants and worms are well
established, however such examples in vertebrates remain scarce. Moreover it remains unclear
whether such TEI would bear any adaptive advantages in a natural context, and whether they
could be subject to natural selection. The examples of flower symmetry in toad flax and
the Agouti mouse pigmentation have not been shown to exert any adaptive advantages. It is
therefore crucial to investigate the possible epigenetic mechanisms underlying the variation
and inheritance of adaptive traits in natural populations of non-model organisms, which are
more likely to rely on TEIs to promote phenotypic adaptation in response to environmental

cuces.
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Due to the extraordinary high phenotypic variation and low genetic polymorphism, East
African cichlids offer a unique opportunity to investigate the possible roles of genetic and
epigenetic variation in the context of phenotypic diversification and species radiation. This is

discussed in the following sections.
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1.7 East African cichlids

Cichlids (Cichlidae) are a family of modern bony fish (Teleostei), belonging to the Labroidei
suborder [139]. Today, cichlid fish are found in Southern India, Madagascar, across Sub-
Saharan Africa (Fig. 1.7a) and along the Nile and in the tropics of the Americas. In addition
to the geographical distribution, phylogenetic relationships revealed that the cichlid family
originated on the Gondwana supercontinent about 150 million years ago at least, prior to

Gondwana landmass fragmentation [140, 141].
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Fig. 1.7 East African radiation of cichlid fishes. A. A map showing the location of East African
Lakes. B. Examples of major cichlid ecotypes found in East African Lakes. The species with first
whole-genome sequenced have their full names shown. Estimation of the number of species shown.
C. Phylogenetic tree showing the relationships between East African cichlids from different lakes,
with timescales representing two different estimates. Figures modified from Ref. [53].



1.7 East African cichlids 39

1.7.1 Ecology and anatomy of cichlid fishes

Although East African cichlids display great phenotypic divergence (Fig. 1.7b), common
morphological features exist, such as a similar body plan in terms of jaws and fins arrange-
ments, an interrupted lateral line and more importantly a unique arrangement of pharyngeal
jaw, functioning as a unitary tooth plate and producing a higher bite force (Fig.1.8a,b and
ref[139]). Two sets of jaws (lower and pharyngeal ones) unique to cichlids (and to some
Labrodei families [independent evolution]) is thought to have participated in new feeding
specialisation and in giving access to previously unoccupied niches, possibly contributing to

the evolutionary success of cichlids in particular [139, 142].

dorsal fin

line (1) \
pelvic fin

Fig. 1.8 Anatomy of East African cichlid fishes and evolution of the feeding apparatus. A. Body
plan of East African cichlids. Note the single nostril and the interrupted lateral line, distinctive features
of African cichlids. B. Cross section of the head of Cichlidae fishes. Note the unique pharyngeal
jaws system. C. Detailed anatomy of the upper pharyngeal jaws (bearing specific set of teeth) of an
algae eater (top left), piscivore (top right), a specialised molluscivore (middle) and a more generalist
molluscivore (bottom). Figures from Ref. [139].

1.7.2 East African cichlid explosive diversification

Speciation is the process by which new species emerge. What dictates and governs the rate
of speciation observed in one population remains unclear and has been in the centre of many
evolutionary studies. Why some lineages of organisms exhibit explosive species radiation,
while other sympatric species do not remains a mystery.

Remarkably, East African cichlids, in particular part of the haplochromine tribes, present
a unique rate of explosive speciation, successfully colonising most of the habitats of the
Great Lakes and characterised by fast diversification rates [143, 140, 144]. This has led
to the emergence of myriads of phenotypes in relatively short evolutionary period of time
(15,000 to 100,000 years for Lake Victoria, less than 5 million years for Malawi [see
Fig.1.9], 10-12 million years for Lake Tanganyika), making the cichlids one of the most
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Fig. 1.9 Phenotypic diversity in Lake Malawi cichlid fishes. Cichlids of Lake Malawi show a
considerable diversity of phenotypes, in particular in terms of male breeding colours, shapes of the
feeding apparatus and overall body length. Only males in full breeding colours are shown (except for
M. zebra OB). Scale bar, 1cm. Photographs taken by Dr. Hannes Svardal upon collection in the wild.
Prof. G. Turner, Richard Zatha and Dr. Bosco Rusuwa helped with species identification. M. stand for
Maylandia.

species-rich populations with no known precedent in the history of vertebrates (Fig. 1.7a-c).
Furthermore, this renders East African cichlids extremely valuable as a model to investigate
the mechanisms, both molecular and ecological, leading to such an adaptive radiation. Other
iconic examples of adaptive radiation have been reported in Darwin’s finches, Anolis lizards
and stickleback fish [144].

More than >1500 different cichlid species have been identified in Lakes Victoria, Tan-
ganyika and Malawi, as well as satellite lakes (Fig. 1.7a,b). Diversification of cichlids is
thought to be due the successful adaptation to numerous ecological opportunities provided
by these unique ecosystems [145, 143]. Lake Tanganyika, geologically the oldest of the
East African Lakes, has multiple major cichlid lineages (tribes), with diversification taking
place in several of these (most notably the Lamprologini, Haplochromini, Ectodini). By
contrast, the cichlid diversity in both Lakes Victoria and Malawi is exclusively dominated
by the Haplochromini cichlid tribes (Fig. 1.7a-c and Ref. [144]). Other organisms (such as

non-cichlid fish, gastropods and ostracods) have also populated the lake and share similar
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ecological habits. However the number of non-cichlid genera is usually 10 times smaller
and exhibit a very low level of endemicity in comparison to cichlids (more than 90% of
all cichlid species are endemic to Great African Lakes [145])). This intrinsic propensity of
cichlids for diversification remains largely unexplained and has motivated a copious amount
of studies, with the ambition to decipher the molecular and genomic mechanisms underlying
this adaptive speciation unique to cichlids.

Of interesting note, although extremely evolutionary successful, cichlids have also failed
to evolve some forms. Other fish families have colonised particular ecological niches where
no cichlid species are found (e.g. no fast moving, shoal forming sardine-like cichlid species
in any of the East African lakes), which could be a trade-off of the evolutionary innovation
of pharyngeal jaws of cichlids [140, 142]. Yet, the high level of endemicity and speciation
rate are not observed in most of the non-cichlid fish or other animals of the Lakes [145].

Another characteristic of East African Lakes cichlids is their tendency to evolve similar
traits in parallel in different lakes (convergent evolution) [140]. This is of particular interest
as similar habitats and natural selection would tend to generate similar phenotypic diversity,
possibly suggesting that convergent processes might come into play in parallel, possibly

facilitating adaptation in similar ways (Fig. 1.10).

The process of speciation

The emergence of new species, or speciation, in East African Lakes is thought to be gradual
and primarily driven by a combination of both ecological and sexual selections [143, 140,
144]. Speciation in East African lakes can happen due to geographic barriers (allopatric
speciation), and even in sympatry, when different species coexist in the same habitat [144].
Kocher has suggested three major steps in the cichlids’ explosive radiation. The first one
involves adaptation to novel distinct ecological habitats, such as rocky vs sandy shores or
deep, dimly-lit areas of the lake. This is then followed by specific morphological adaptations,
such as the diversification of trophic apparatus (e.g. lips, teeth and jaws). Finally, the last
step pertains to sexual selection, such as male breeding colours [143]. This important last
stage might contribute to sexual isolation and the emergence of phenotypically distinct
populations from the ancestral lineage [147]. Interestingly, many sympatric cichlid species
show strong assortative mating — females will tend to mate with related males. Many sexual
traits might be important in the early stages of reproductive isolation in one species, such
as different courting behaviours, male pigmentations, and even more cryptic phenotypes,

such as courting sounds or hormones [140]. This suggests that many traits, both sexual and
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Tanganyika Malawi

Fig. 1.10 Convergence of traits in cichlids of different East African Lakes. Cichlids of two dif-
ferent East African Lakes (Tanganyika and Malawi) have evolved similar phenotypes in parallel. This
evolutionary convergence (or parallel evolution) of traits is still mechanistically not well understood.
The six species pairs share specific similar morphologies (top to bottom): rasping jaw morphology,
fusiform body, fleshy lips, mbuna habit, nuchal hump and horizontal striping. Figure from Ref. [146].

ecological-related (diet, habitats), may participate in the sexual isolation of one species, thus
driving haplochromine divergence.

Moreover, species hybridisation in cichlids is common, with viable and fertile offspring
[140]. Hybridisation might have greatly participated in the evolutionary success of East
African cichlids, resulting in transgressive phenotypes, not observed in the parental taxa [147].
Hybridisation rate, as well as species diversification, might have fluctuated considerably
together with the history of water level fluctuation rises and falls [148, 140, 149], creating
possible hybrid zones during periods of drought [147]. Distinct cichlid species which might
still be radiating (i.e. have not reached the end of the speciation continuum), can sometimes
inter-breed, which makes cichlid taxonomy difficult to undertake and also challenges the

very definition of a species. Yet, in general, sister species evolving in sympatry might show
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strong assortative mating, suggesting clear species distinction [144]. In this thesis, I am
interested in morphologically distinct populations of cichlids, or ecomorphs, having adapted
to different ecological habitats, showing sometimes incomplete reproductive isolation, in
order to investigate adaptation via phenotypic plasticity — a broad definition of the term
species is employed and accepted in this thesis, in that hybridisation might be an actor in the
phenotypic diversification process and that reproductive isolation does not solely constitute

the basis for the creation of distinct species [11].

1.7.3 Genomic basis of cichlid adaptive radiation

East African cichlids are a text book example of rapid and explosive diversification with
successful adaptation to many different habitats. Strikingly, recent studies using genome
deep sequencing have revealed particularly low genetic polymorphism among the species
of different East African Lakes [53], in particular for the >800 species of Lake Malawi,
where the average sequence divergence ranges from as low as 0.1 to 0.25% [102] (see
Chapter 2 for detailed description of the evolution of Lake Malawi cichlid flock). Using
parents-offspring trio sequencing, it has been estimated that the mutation rate in Lake Malawi
cichlids is extremely low (3.5x 1073, or 3-4 times lower than in humans). Moreover, the
sequence divergence within a species (heterozygosity) and between species sometimes
overlap, suggesting very low sequence divergence and old genetic variation shared between
species [102]. The high rate of speciation along with the emergence of many phenotypes is
therefore observed in a context of low sequence divergence and mutation rate [102]. This
somewhat paradoxical observation appears to be in conflict with the idea that mutations solely
would provide the substrate for species adaptation. Recent genomic advances using the unique
case of cichlid rapid adaptive radiation have unravelled a more complex picture. Ancient
hybridisation is thought to play a crucial role in speciation, whereby old genetic variation
(or standing genetic variation) might provide an important substrate for diversification at
a higher rate than de novo mutation [150, 102]. Furthermore, other molecular events
might have also facilitated cichlid speciation, in particular cichlid-specific gene duplication
events [53, 52], potentially leading to numerous novel gene functions — this high level of
neofunctionalization of duplicated genes might participate in the evolutionary speciating
success [52]. Interestingly, another source of genetic diversity observed in East African
cichlids pertains to transposable elements (TE): evolutionary recent insertions of TEs have

reported to be preferentially located in the vicinity of genomic coding regions, thus potentially
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impacting gene transcription [53, 38] — the potential roles of TE in the evolution of eukaryotic

genomes are discussed in section 1.4.5.

This thesis investigates the potential roles of epigenetic mechanisms in facilitating her-
itable and phenotypic diversity in cichlids. Furthermore, this work aims at expanding our

comprehension of the processes involved in species diversification and adaptation.
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1.8 Overall aims of this thesis

Cichlid species of Lake Malawi represent one of the most extensive recent vertebrate adaptive
radiation. Over a relatively short evolutionary time, hundreds of cichlid species have emerged,
colonising most of the ecological habitats of the lake. Interestingly, recent population-scale
genetic studies have revealed that the extremely phenotypically diverse cichlids of Lake
Malawi were characterised by overall low sequence divergence combined with low mutation
rate, suggesting that other molecular mechanisms might act in concert and participate in
phenotypic plasticity and adaptation.

This thesis studies the natural epigenetic variability and plasticity in response to different
environmental conditions in different wild-caught and tank-reared populations of East African
cichlids using whole-genome bisulfite sequencing and RNA sequencing of liver tissues.
Adaptation to different diets in Lake Malawi cichlids may manifest as distinct hepatic
functions and thus different liver methylome may facilitate adaptation to different sources of
food.

This thesis is organised in five chapters: the introduction (chapter 1), three result chapters
and finally the conclusion (chapter 5). Each result chapter contains its own discussion section.

The chapters dealing with the results are divided as follows:

* Chapter 2 aims at identifying, quantifying and localising liver DNA methylation
variation at conserved underlying DNA sequences in three biological replicates of five
Lake Malawi species characterised by distinct trophic adaptations. To address this
aim, whole-genome bisulfite sequencing of liver and muscle tissues was performed
and sequencing data were mapped to the same reference genome. Once characterised,
the inter-species variation in liver methylomes was correlated with gene expression
in the same individuals in order to investigate the epigenetic basis for phenotypic
variation (i.e. differential gene expression). Furthermore, this section describes species-
specific DNAme variation that is tissue-independent, which might reflect considerable
methylome divergence established very early on during embryogenesis with possible

important species-specific developmental differences.

* Chapter 3 explores and quantifies the epigenetic diversity in the satellite crater lake
of Lake Massoko, home to a population of cichlid species, A. calliptera sp. Massoko,
composed of two distinct ecomorphs in early stages of speciation. Radio-isotope
labelling has confirmed adaptation to different sources of food, which might play an
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important role in phenotypic diversification. Liver methylomes of a large natural popu-
lation of the two ecomorphs are extensively characterised. Finally, the methylomes of
Lake Massoko cichlids are compared with these of Lake Malawi cichlids to investigate
any common basis for epigenetic variation and identify genomic regions showing high
epigenetic variability in both lake systems. Shared variation could participate in the

divergence of adaptive traits in the two different lakes in parallel.

* Chapter 4 deals with the plasticity of epigenetic variation in response to environmen-
tal perturbation. To address this aim, a common garden experiment was performed,
whereby wild-caught A. calliptera sp. Massoko and wild-caught riverine A. calliptera
(closely related to the ancestral cichlid species of Lake Massoko) cichlid fishes were
reared and bred in tanks under the same controlled environmental conditions. This
experiment identifies and characterises patterns of DNA methylation that are unique to
the wild specimens of Lake Massoko, thus possibly underlying phenotypic diversity
observed upon colonisation of the deeper ecological habitats of the lake. Finally, the
second part of chapter 4 describes an initial and preliminary analysis of the inheritance
of liver methylomes in cichlid inter-species hybrids. It also identifies possible trans-
gressive DNA methylation patterns, unique to hybrid individuals, which might lead to

transgressive segregation.

In chapter 5, I first summarise the main contributions and findings of the research pre-
sented in this thesis and then discuss ongoing work and future possible directions. Appendix
A contains two additional supporting figures. Finally, all the published work done in parallel
to this thesis are listed in the appendix B.



Chapter 2

The methylome of Lake Malawi cichlids

2.1 Background

2.1.1 Cichlids of Lake Malawi

Lake Malawi is located in the East African Rift in sub-Saharan Africa (Figs. 1.7 and 2.1).
The formation of this deep-water lake, main characteristic of Lake Malawi today, dates back
to ca.4.5 million years ago, however it was followed by a long period of drought (between
1.6-1 million years ago), resulting in the mass extinction of most of the fauna [151, 149].

The explosive radiation of Lake Malawi cichlids is estimated to have started over the
last 800 thousand years [152, 144], coinciding with a wetter climate and reduced lake-level
fluctuations [148, 149]. This more favourable climate (still present today) has probably re-
sulted in increased species diversification, likely due to the wealth of ecological opportunities
that such a deep-water lake has been able to provide until now. Fossil records have revealed
that the first trace of cichlid life dates to 3.75 to 2 million years ago, although extant cichlid
species at that time may have been morphologically very different to present-day cichlids,
without the characteristic species diversity observed in the lake nowadays [153].

The lake is home to >800 distinct species of cichlids, the majority of them showing a high
degree of endemicity [144]. Lake Malawi cichlids can be grouped into seven different eco-
morphological clades based on their ecology, morphology and genetic differences: (1) shallow
benthic, (2) deep benthic, (3) deep pelagic zooplanktivorous/piscivorous Diplotaxodon,
(4) the rock-dwelling 'mbuna’, (5) zooplanktivore 'utaka’, (6) the generalist Astatotilapia
calliptera and finally (7) the midwater pelagic piscivores Rhamphochromis [102, 53].

Interestingly, apart from the unique explosive and adaptive radiation of cichlids, other

organisms are present in high numbers and are thriving in Lake Malawi, however most of
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them are characterised by a low degree of endemicity. Approximately, 19 non-cichlid fish
genera, 21 ostracod genera, 10 gastropod genera and 2 bivalve genera were identified [145].
Cichlids are unique in their propensity to evolve rapidly, resulting in their characteristic high

endemicity in the lake.

2.1.2 Genomic basis of Lake Malawi cichlid radiation

Recent advances in high-throughput whole-genome sequencing techniques have allowed
for large-scale studies investigating the genetic basis for such an extraordinary phenotypic
diversification and successful adaptation.

In 2018, whole genome sequencing of 73 cichlids species of Lake Malawi covering all
major lineages has revealed very low sequence divergence overall. From parent-offspring
trios studies, Malinsky and colleagues have highlighted a very low mutation rate (in laboratory
conditions), which is 3-4 fold lower than the rate in humans [102]. Moreover, in terms of
sequence divergence, the cichlids of Lake Malawi are extraordinary genetically closely
related [102], with on average 2.0 SNP per kbp (range of 0.1-0.25% sequence divergence —
strikingly, the sequence divergence within one species, or heterozygosity, sometimes overlaps
with the one observed between species, that is the sequence divergence). This represents
a fifth of the sequence divergence observed between human and chimpanzee. Another
interesting point is that most of the genetic variation seems to be shared between species
of Lake Malawi, in that 82% of heterozygous sites are observed in other species, which
is a hallmark of incomplete lineage sorting, e.g. retention of large amount of ancestral
genetic polymorphism [102]. Altogether, this suggests that reshuffling of existing genetic
variation and introgressive hybridisation even between different eco-morphological groups,
more than mutation rate and fast sequence diversification, may participate in the phenotype
diversification and explosive radiation [144, 102]. This hints as well at a role of non-DNA
sequence-based mechanisms in phenotypic diversification.

Defining Lake Malawi cichlids based solely on sequence divergence has therefore turned
out to be difficult due to the low sequence divergence, high rate of gene flow between taxa
(hybridisation) and general incomplete lineage sorting [102, 144]. Interestingly, the putative
ancestor of the cichlid radiation of Lake Malawi might be a riverine generalist Astatotilapia
calliptera-like cichlid (ecologically and morphologically), inferred from whole genome
sequencing of several A. calliptera populations from outside Lake Malawi as well [102]. This

suggests that the riverine ancestor of Lake Malawi fish could have represented an reservoir,
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populating the river systems and Lake Malawi along the active history of fluctuating water
levels. The cichlid flock of Lake Malawi is therefore thought to be monophyletic.

Furthermore, the rate of non-synonymous and synonymous mutations, a signature of
positive selection, in the coding sequences of key genes is important in Lake Malawi
cichlid flock. Genes involved in transposon repression (via piRNA mechanisms), oxygen
transport, photo-transduction/visual perception and immune system might in particular be
under positive selection, exhibiting high rate of sequence evolution in one population [102].
These mechanisms may be playing an important role in the successful adaptation of cichlids
to many ecological niches, promoting phenotypic plasticity. In different cichlid species of
Lake Malawi, shared mechanisms of adaptation to deeper, dimly-lit part of the lakes seem to
have involved the same genes related to vision and oxygen transport, therefore highlighting
some convergence in the molecular processes possibly facilitating adaptation [102].

In conclusion, defining species in Lake Malawi based on the biological species concept
(reproductive isolation), on the sequence divergence (phylogenetic species concept) or even
on the different ecological habitats as many species evolve in sympatry (ecological species
concept) are mostly not applicable to Lake Malawi cichlids [144].

This therefore represents a unique system to expand our comprehension of the molecular
basis underlying adaptation by investigating the epigenetic mechanisms possibly facilitating

this exceptional species radiation process and successful phenotypic diversification.
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2.2 Sampling and Experimental designs

In order to quantify and characterise the methylome of Lake Malawi cichlids, three wild
male specimens of five different species of cichlids, endemic to Lake Malawi, were collected
(collection by Prof. G.F. Turner, Dr. M. Du, Dr. M. Malinsky and Dr. H. Svardal). Liver
and muscle tissues were placed in RNAlater ! upon field collection to reduce fragmentation
and degradation of RNA/DNA molecules. Methylome (WGBS) and transcriptome (RNA-
sequencing) sequencing data were generated for both liver and muscle tissues (see detailed
sampling design, Table 2.4). Detailed methodology is provided at the end of the chapter (see
section 2.10).

In this thesis, the primary aim was to characterise the methylome variation in liver of
Lake Malawi fish in order to first quantify epigenetic variation in a context of low genetic
diversity and explosive radiation, and then to investigate whether some traits related to diet
could be explained and transmitted in a non-DNA sequence-based manner in the context of
adaptation.

In addition to WGBS for liver tissues, muscle tissues were also sequenced to serve as a
control to distinguish between tissue-specific and species-specific epigenetic patterns - one
can expect less methylome divergence in muscle tissues. Both liver and muscle tissues are
rather homogenous and are mostly composed of a single cell type (primarily hepatocytes and
myocytes, respectively). Other cell types might inadvertently be sequenced along with these
two tissues (e.g. endothelial cells or cholangiocytes), and might be a source of confounding
methylome variability (single cell WGBS could reduce this variability, however represents a
much more expensive approach). I assume here that this contamination would be minor. In
parallel to this work, the laboratories of Profs. R. Durbin and E. Miska have generated the
genome assembly of another Lake Malawi cichlid, A. calliptera (available on NCBI), which
included transcriptomic data of many different tissues. This offered a way to control that
all the samples of this study were correctly labelled and assigned to the right tissue tissues
(as a consequence, only one sample had to be removed from analysis [RL, liver], as it was

wrongly labelled/dissected as liver, when it was most likely spleen [see Figs. A.1 and A.2]).

Five Malawi cichlid species selected for WGBS

Five cichlid species of Lake Malawi were selected for WGBS and RNAseq. Selection

criteria were based on covering diverse species presenting unique and specialised diet-related

'RNAlater is a storing solution consisting of a very high concentration of salts stabilising DNA/RNA
molecules and inhibiting enzymatic reactions [154]
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eco-morphological adaptations. The five species span four of seven ecological clades of
cichlids of Lake Malawi described so far [102]. Furthermore, for all of them, whole-genome
sequencing data have already been generated at variable sequencing depth [102].

The five different species of Lake Malawi studied in this chapter are the following:

Rhamphochromis longiceps

R. longiceps, RL, 1s a pelagic, carnivorous species, found in many habitats of the lake and
often solitary. Its long elongated shape, featuring a prominent toothed mouth and adapted to

fast swimming in pursuit of preys, makes it a predatory piscivore fish [155, 156].

Diplotaxodon limnothrissa

D. limnothrissa, DL, another carnivorous species, is know to populate deep parts of the lake
(up to approximately 250m down, close to the limits of oxygenation). This species, part of
the ecological clade of deep benthic species, is particularly adapted to low oxygen levels and
dimly-lit environments — recent whole genome analysis revealed adaptation in the visual and
oxygen-transport systems [102], with specific morphological adaptations (e.g. larger eye

size) [157]. Its diet is mostly composed of zooplankton [155].

Aulonocara stuartgranti

Also known as the Grant’s peacock, A. stuartgranti is found in the rocky and sandy shores
of Lake Malawi. It has highly developed lateral line system, in particular under the jaws,
enabling it to feed on small invertebrates buried under the lake ground [155, 158].

Petrotilapia genalutea

P. genalutea, PG, is a rock-dwelling species, one of the most widely distributed cichlids
endemic to Lake Malawi. It feeds on algae found on rocks using its comb-like teeth on its
large lips. PG belongs to the species-rich Mbuna clade.

Maylandia zebra

M. zebra, MZ, shares many similarities with PG, in that they are both shallow rock-dwellers,
exhibiting similar morphological adaptations (protuberant toothed lips), enabling them to sift
algae (more precisely, aufwuchs) off their rocky substrate. MZ is also an opportunist eater,

and feeds on small invertebrates and zooplankton. MZ was the first cichlid species of Lake
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Malawi to have its whole genome fully sequenced in 2014 [53]. MZ belongs to the Mbuna
clade.
All the five species are haplochromine cichlids endemic of Lake Malawi and show

haplochromine-specific features, such as considerable parental care (maternal mouthbrooders)
[143, 139, 140].
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2.3 Genetic polymorphism

Firstly, genetic diversity was assessed for each species studied in this thesis.

Overall, genome-wide pairwise sequence divergence amongst all the species of this study
is low (Fig. 2.2a,b). Heterozygosity values (sequence divergence within one species popula-
tion) is around 0.1% for all species (i.e., approximatively 1 single nucleotide polymorphism
every 1kbp). On average, the sequence divergence is almost doubled between individuals
of different species. In particular, ecologically more related species are genetically less
divergent: herbivorous and dermesal species (MZ and PG) are grouped separately from the
carnivore species (RL and RL). Interestingly, the demersal, omnivore (principally inverte-
brates) species (AS) is clustering away from the herbivore and carnivore species (Fig. 2.2b),
probably due to its unique trophic and ecological adaptations (in particular its extensive
development of the lateral line system). Also, the overall sequence divergence between
offspring and parental specimens (parent-offspring trio sequencing) of AS is 0.09%, one of
the lowest observed in vertebrates [102]. The outgroup species from Lake Victoria exhibits

the highest levels of genome divergence, highlighting Lake-specific genetic polymorphism.

A' B' ”.”a’.“p ochromis lgng/cep S Diplotaxodon limnothrissa
Piscivorous, pelagic S .
Zooplankti-/pisci-vorous, pelagic
,:JN

MZ | 1. 21 241 — .

. !\’ — Pundamilia nyererei
PG 21 Lake Victoria, omnivore

1, outgroup

rRL R 1.9 _
€. “e

p]Bl 21 21 1.9 Petrotilapia genalutea

Algae, dermersal
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Fig. 2.2 Pairwise DNA sequence divergence within and between cichlid species studied in this
thesis. Sequence variability in the fish of this study. A. Heatmap generated from sequence divergence
(average SNP per 1kbp [callable site only], genome-wide). Within species: heterozygosity, nucleotide
diversity; between species, sequence divergence. B. Maximum likelihood phylogenetic tree based
on pairwise genome-wide sequence divergence. Lake Victoria cichlid, Pundamilia nyererei, used
as an outgroup species. All values estimated with >16 individuals per species. Data generated and
analysed by Hannes Svardal, published in Ref. [102]

Cichlids of Lake Malawi have been reported to exhibit one of the lowest sequence
divergence between the numerous species, with low mutation rates as well — suggesting that
other molecular events, such as hybridisation and ancient introgression might be fuelling

speciation at higher rate than slow-rate mutations solely [102, 150, 159]. Hence, evolutionary
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relationships between Lake Malawi cannot be inferred based on phylogenetic tree only, as
some portions of the genome might not even be shared within individuals of one species
[102]. It is therefore of great interest to investigate other molecular aspects contributing
to speciation, and in particular the epigenetic mechanisms that might facilitate speciation.
In order to quantify DNAme variation among Lake Malawi cichlids, only conserved DNA

sequences between all the fish studied will be analysed.
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2.4 Conservation of epigenetic genes

Proteins involved in DNA cytosine methylation pathways, such as TETs and DNMTs (Fig.
2.3) show a high level of sequence conservation across vertebrates (see section 1.2).

In the cichlid mbuna, the methyltransferase primarily involved in 5SmC maintenance,
Dnmtl, shares 82.2% and 73.3% sequence homology with its homologues in zebrafish and
mouse, respectively (Fig. 2.3). Two isoforms have been identified in the genome of M.
zebra (UMD?2a), both for the same gene (dnmtl) in the same locus. They are therefore
considered as one. The degree of sequence divergence between Dnmtl and other DNMT
genes is considerable, as Dnmt] contains many more domains and is therefore longer in

terms of amino acid sequence.

DNMTH1

73.3% homology

82.2% homology

LINNGP

vl M. zebra
> D. rerio

\Q M. musculus

\ H. sapiens

Fig. 2.3 DNMT and TET proteins are conserved in teleost fishes. Phylogenetic trees for the
methyltransferase enzymes DNMTs and the methylcytosine dioxygenases TETs based on amino acid
sequence similarities in teleost fish (M. zebra, mz and D. rerio, dr) and mammals (M. musculus, ms
and H. sapiens, hs). Bootstraps are shown along the branches.

In case of other dnmt involved in de novo methylation (DNMT3), as introduced earlier,
there is evidence of many duplication events, leading to the emergence of numerous par-

alogues in teleost fish (including zebrafish, salmon) [61], and is probably the case in mbuna
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too, where numerous isoforms of dnmts are found. Six paralogous genes for DNMT3a have
been reported in zebrafish, with different sequence homology (2 dnmt genes would be more
related to mammalian DNMT3b, while 4 dnmt genes seem more related to DNMT3a; Fig.
2.3). It is currently unknown whether Lake Malawi cichlids also possess such DNMT3
paralogues, as many isoforms are present in the reference genome. This motivates further
and thorough characterisation in M. zebra, using the reference genome sequence as well as
RNAseq data (reference-free assembly of transcriptome), in order to decipher the level of
conservation

The enzymes responsible for the catalysis of DNA-methylation seem to be present as
unique, conserved orthologues in mammals, zebrafish and mbuna (Fig. 2.3). Unlike DNMTs,
all the three known TET enzymes exhibit a higher degree of sequence conservation altogether.
The proteins tet2 and tet3 are more conserved between teleost fish and mammals than et/ is:
human TET1 seems slightly less conserved with teleost Tet].

As discussed in the introduction (section 1.2), the degree of conservation of DNMT and
TET enzymes in vertebrates is high, probably highlighting the biological importance of these
pathways. In general, each protein is present in one single copy in mammals and teleost
fish with low sequence variation. Interestingly, only proteins involved primarily in de novo
methylation (DNMT3 families) present a higher levels of variation, in particular with many
paralogues in teleost fish (including zebrafish, mbuna, trout, salmon) and even rodent-specific
(DNMT3C) or mammals-specific (DNMT3L) proteins. This has generated novel function
(neofunctionalization) in particular for this family of enzymes in many vertebrates, such as
functions related to mammals imprinting (cofactor DNMT3L)[88] or methylation of species-
specific repeats (DNMT3C) [62]. There seems to be a considerable evolutionary plasticity,
while keeping the ancestral de novo function of Dnmt3, new functions have emerged in
fish and mammals. Interestingly, DNMT3 in mammals are thought to mediate repression
of evolutionary young TE activity through the recruitment of piRNAs during germ cell
differentiation [17]. Such a mechanism might exist in teleost fish, as both piRNAs and
argonaute proteins have been reported to be expressed in male and female germ lines in
zebrafish [100]. In cichlids, piRNA-related mechanisms appear to be under evolutionary
pressure, with sign of positive selection, which could mean novel functions or molecular
interactions [102]. A possible DNMT-piRNA interaction mediating cichlid-specific TE

repression might be present and warrant further experiment.



58 The methylome of Lake Malawi cichlids

2.5 Characterisation of liver and muscle methylomes

2.5.1 Genomic DNA extraction and NGS library preparation
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Fig. 2.4 WGBS NGS library preparation. Example of library preparation in the readiness for
WGBS with two A. stuartgranti (AS) specimens (female and male, AS_f and AS_m, respectively).
A. DNA profiles of HMW gDNA extracted from whole liver tissues using a silica column-based
approach, preserved in RNA/ater. DNA electrophoresis performed using TapeStation. B. gDNA from
step a. was sheared by sonication to fragment sizes of 300 - 400 bp. C. PCR amplification of NGS
bisulfite-converted libraries.

High-molecular-weight genomic DNA (HMW gDNA) was successfully isolated from
homogenised liver and muscle tissues, rapidly preserved in RNAlater upon dissection in
the field. Once extracted and purified, HMW gDNA samples were run on a electrophoresis
gel to determine the integrity - one could expect size fragmentation for tissues collected
in the field. Some degree of DNA degradation is indeed observed, probably due to natural
fragmentation (mechanical or/and enzymatic) due to the limited access to chilled storage
(Fig. 2.4a., smear on electrophoresis gel). gDNA samples were then successfully sheared by
sonication to enrich for 300 - 400 bp-long fragments (Fig. 2.4b.). Note that sequencing reads
are 150 bp-long, sequenced from both ends. It is therefore important to sequence gDNA
fragment longer than 300bp to avoid any unnecessary sequencing overlap (i.e. same portion,
in the middle, of the DNA insert would be sequenced with both reads twice, resulting in an
overall loss of sequencing depth; Fig. 2.34a). After NGS library preparation and bisulfite

conversion, fragments are then PCR amplified, enabling library indexing.
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2.5.2 Alignment of bisulfite reads and CpG mapping
Alignment to Lake Malawi reference genome

First, sequenced reads of all tissues for all species were mapped to the same reference genome,
namely M. zebra UMD?2a [160]. This allows for direct genomic comparison and investigation
of DNA methylation variability at conserved underlying DNA sequence between the five
species studied in this thesis. The five species are genetically very similar (see Ref. [102]
and section 2.3), with on average 1.5-2 SNP per kbp genome-wide. Thus, I expect high
and comparable mapping efficiencies among all the samples. Methylation variability in

non-conserved single cytosine nucleotides cannot be inferred and is ignored in this thesis.

mapped

B unmapped M non-clonal PCR duplicates
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225

Paired-end read
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Fig. 2.5 Alignment of bisulfite sequencing reads to the same reference genome. Histogram repre-
senting the total number of 150 bp-long paired-end (PE) reads sequenced for each species, for both
liver (L) and muscle tissues (M). Some samples were sequenced twice, sharing one HiSeq lane with
another sample (2x1/2 lane each, merged later on; same samples boxed out in grey), while some other
samples were sequenced once using an entire HiSeq sequencing lane (1/1). Unmapped reads in blue,
mapped clonal reads (PCR duplicates) in yellow, mapped non-clonal reads in green. HiSeq4000 (PE
150 bp) for all samples, except for AS (HiSeq2500, PE 125 bp). Biological replicates: n=3 for all liver
samples, except for RL and AS (n=2); n=2 for all muscle samples. Refer to section 2.2 for species
abbreviations.

Consistently for all samples, more than half of all 150 bp-long paired-end reads were
mapped uniquely (56.7%=+2.8%, mean u + standard deviation o; Fig. 2.5) - note the 3-letter
based mapping of bisulfite results in reduced mapping efficiency (see Ref. [161] and section
2.10.3) . As DNA fragments are amplified during NGS library preparation, clonal reads
(PCR duplicates) must be collapsed (the first of the clonal paired read mapped is kept) in

order to avoid any erroneous inference of methylation state due to duplicated reads. These
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clonal reads can represent a large fraction of the sequenced libraries and were filtered out
for any downstream analyses (ranging from 2% to 87%, on average 34.5%+31.6% of all
mapped reads were PCR duplicates; in yellow in Fig. 2.5). This resulted in a much lower
number of useable reads (in green in Fig. 2.5). Muscle samples show particularly a high level
of clonal reads. As all libraries went through the exact same protocol, the reasons explaining
such high levels of PCR duplicates are unclear - this could be due to an increased level of
fragmentation of HMW-gDNA in preserved muscle tissues, or a less efficient gDNA isolation
of muscle gDNA (fibrous nature of muscle tissue compared to liver), both resulting in a much

lower diversity of DNA fragments in the final libraries.

Bisulfite conversion rate

In parallel, the bisulfite conversion rate for each sample was assessed by mapping all
sequenced reads to the spiked-in lambda phage genome (see section 2.10.3). Spiked-in
lambda phage genome was entirely unmethylated. This means no C nucleotide should be
sequenced if bisulfite conversion was efficient at 100%. Consistently for all samples, the

bisulfite conversion rate was very high at 99.2%=+0.5%.

Mapping and conservation of all CG dinucleotides in the genome

I then assessed the sequence specificity of methylated cytosines, as well as the sequence

conservation of methylated cytosines.

0.8+

o
o

Fig. 2.6 Context-specific cytosine methylation in Lake Malawi cichlid genomes. Fraction of
cytosine methylation in different genomic contexts, where H can be either A, T or C, and N can be
any bases. Each dot represents one of the specimens studied, only liver WGBS data is shown. Mean
=+ IC95 shown. n=13, see Table 2.4.
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Firstly, methylated cytosines were almost exclusively located in a CG dinucleotide context
(Fig. 2.6). Cytosine methylation in other contexts is almost not detected, or at levels similar to
bisulfite conversion rate (see section 2.5.2). This is a conserved feature of DNA methylation

in somatic cells of most eukaryotes, except for plants, where DNA cytosine methylation can
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Fig. 2.7 Genome-wide mapping of CpG sites. Histogram of the total number of single CpG sites
per individual. Only CpG sites with a coverage of 5-100 non-clonal paired-end reads are considered.
Three biological replicates for liver tissues of MZ, PG and DL; two for liver of AS and RL and for
all muscle tissues. "N" represent the number of shared CpG sites per species (intersection). "Liver"
represent all the mapped CpG sites, for which genomic coordinates are conserved between all liver
samples of all specimens.

The conservation of DNA sequence at CpG sites, is very high, with close to 30 million
CpG sites sequenced in all samples, reflecting the high degree of sequence conservation (Fig.
2.7). Any drop in CpG count for a given sample could be due to species-specific SNPs, low
coverage and/or technical sequencing error. In order to ensure an accurate methylation status
call, CpG sites with a read coverage of fewer than 5 or more than 100 non-clonal reads were
filtered out. Sequencing coverage at these CpGs resulted >10 unique sequencing reads per
CpG in liver tissues, and >5 in muscle tissues (Fig. 2.9b.). Of note, DMR calling using
the software DSS utilises all CpG sites, regardless of read coverage, as this parameter is
taken into account to predict CpG methylation status (see detailed methodology below). The
high level of clonal reads (PCR duplicates) in muscle tissues eventually resulted in lower

sequencing depths and much fewer CpG sites mapped.
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2.5.3 Genome-wide characterisation of methylome patterns

Overall

To investigate the variation in methylome between cichlid species of Lake Malawi, only
DNA methylation levels at conserved genomic cytosines (i.e. conserved underlying DNA

sequences) and located in the specific CG dinucleotide context were analysed.

Maylandia zebra

3.5

o

Count, x10¢
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Methylation level at single CG

Fig. 2.8 Methylome at single CpG resolution. Frequency of methylation level (mCpG/CpG) at each
CpG site genome-wide for three M. zebra male specimens. Only CpG sites with a coverage of 5-100
non-clonal reads were plotted and analysed further. 25.6 +0.14 million CpG sites are plotted. Red
and blue dotted lines for mean and median values, respectively.

Overall, genome-wide DNA methylation levels are consistently high and similar in all
tissues of all species, with low overall DNAme variation. Methylome at a single base
resolution reveals a strong bimodal distribution of methylation levels (Fig. 2.8). In theory, in
diploid cells methylation at CpG sites is expected to be binary: either 0% or 100%, and also
50% in case of allele-specific methylation patterns. Intermediate levels could be explained
by the fact that bulk DNA sequencing was performed, capturing population- and cell-specific

DNA methylation variability. Failure in bisulfite conversion could also cause non-binary

methylation inference.
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Fig. 2.9 Overall methylome levels in Lake Malawi cichlids. A. Violin plots representing genome-
wide DNA methylation levels. Average of mCG/CG over non-sliding 1kbp-windows. Black line
represents median values; dotted lines, 1st and 3rd quartiles. B. Boxplots representing the sequencing
coverage at single CG dinucleotide (CpG) sites in all samples (CpG sites with coverage <5 or >100
non-clonal sequencing reads were filtered out).

Single CG dinucleotide (CpG) sites were then binned into 1kbp-long non-sliding windows
- the average mCG/CG over such windows was then calculated and used for downstream
analyses (except for identifying differentially methylated regions whereby a single CpG
resolution approach was used). Muscle samples show methylation levels of 72.9%41.4%
(median, 76.0%=+1.0%), and liver tissues, of 71.2%=+1.1% (median, 78.2%+1.7%), all

mean/median values + st.deviation (Fig. 2.9).

Gene bodies and promoter regions

In cichlids of Lake Malawi, promoter regions consistently show lower methylation levels
compared to genome-wide averages in all tissues of all species. There is a strong bimodal
distribution of DNAme levels in regions around TSS (Fig. 2.10a.), with most of them being
lowly methylated (<10%) and a small fraction of them showing high methylation levels,
comparable to the genome-wide average (75-80%). Lower cytosine methylation at promoter
seems to be a conserved feature of vertebrates and plants, but mostly lost in invertebrates

(insects, nematodes, tunicates) and most fungi [162, 40, 163].
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Fig. 2.10 DNA methylation levels at promoter regions. A. Violin plots representing DNA methyla-
tion levels at promoter regions (TSS4500bp) of all genes in liver tissues MZ (n=3) and RL (n=2) and
muscle tissues of RL (n=2). Non-sliding 1kbp-bins, average of mCG/CG. White lines represents 1st,
2nd (median) and 3rd quantiles. B. DNA methylation levels at TSS, TES and gene body of all genes
for all samples (n=3 except for RL liver and muscle tissues, n=2). Only CpG with coverage between
5-100 non-clonal sequencing reads analysed.

Interestingly, while promoters are largely hypomethylated in both tissues, gene bodies
appear to show high levels of CG methylation, (Fig. 2.10b). Most plants, some invertebrates
(many nematodes have lost gene body CG methylation) and most vertebrates show CG

methylation in gene bodies [162, 40].

CGIl

Mammalian genomes are highly CpG depleted, in that the frequency of CG dinucleotides
genome-wide is extremely low compared to what would be expected by chance (low O/E
ratio) [44, 164]. In contrast, fish genomes exhibit low CG depletion, with higher O/E
ratios (ref. [71] and Fig. 2.11). It is thought to be mostly due to the increased mutability
of methylated C, leading to global impoverishment for CG dinucleotides over extended
evolutionary time (see Introduction, section 1.2.1). The roundworm Caenorhabditis elegans,
lacking DNA methylation, shows the expected frequency of CpG for example. Many
plants show cytosine methylation and consequently can be CpG-depleted (exemplified with
Arabidopsis thaliana, whose genome is also composed CG-rich regions [165].

CpG islands (CGlIs) are genomic regions showing significantly higher CpG frequency
with a high C+G content. In mammalian genomes at least, CGIs tend to be lowly methylated
regions overlapping promoters. In Lake Malawi cichlids, predicted CGIs exhibit a much
higher CpG frequency than expected genome-wide (Fig. 2.12a). This ratio is also particularly
high compared to mammals and plants (Fig. 2.12b). CGI in cichlids are 288bp-long on
average for a total genomic coverage of 19.03Mb (Fig. 2.12c) — which is roughly the same
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Fig. 2.11 CG dinucleotide depletion in eukaryotic genomes. Most genomes exhibit a CG dinu-
cleotide depletion, with lowest levels in mammals. Observed/Expected (O/E) ratio formula, see
section 2.5.3. Teleost fishes exhibit a reduced CG depletion in comparison to amniotic species. See
methods for detailed description of the organisms used (Coelac. and Zebraf. stand for Coelacanth and
zebrafish, respectively). Silhouettes downloaded from http://www.phylopic.org/.

amount of CGIs as in humans (22.7Mb) for a genome three times smaller in cichlids; cichlids
are therefore predicted to have many CGls.

In stark contrast, only 31.1% of all annotated TSS regions in cichlids contain CGIs,
which is half of what is observed in humans, and only 15% of all CGlIs lie within promoter
regions (Fig. 2.13a.). Hence, CGI regions are much less present in promoters in cichlids
than in other organisms, in particular mammals, where CGIs compose more than two-thirds
of all promoters (Fig. 2.13b. and Ref. [166, 44]). In contrast, promoter regions in cichlids
are slightly more enriched in CGIs than other non-amniotic vertebrates, such as zebrafish
or Xenopus (+10-15%) [71]. It therefore would be interesting to fully characterise CGIs
that do not lie in TSS regions (coined "orphan’ CGIs) as they might exert unique biological
regulatory functions, such as acting as ectopic promoters [44]. In mammals, 50% of all CGIs
are predicted to be orphans (intergenic or intragenic regions); in cichlids, orphan CGIs are
predicted to make up 77-85% of all CGIs (Fig. 2.13b). Moreover, methylation levels at CGI
are strongly bimodal (either not methylated or highly methylated; Fig. 2.13c). Yet, CGIs
located in promoter regions are practically not methylated at all (4.0%=+0.3%, mean mC/C
in % =+ st.deviation; (Fig. 2.13d). Additionally, methylation at CGIs is not correlated with
CpG density at CGI (Fig. 2.14a,b). Lack of cytosine methylation at CGI region of promoter
regions is a conserved feature of vertebrate genomes, in contrast to CpG-poor promoters

that are hypermethylated in general in humans [166, 167] and is often associated with a
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Fig. 2.12 CpG islands in Lake Malawi cichlids. CpG islands (CGI) in M .zebra genome were
predicted using makeCGI (see methods). A. Plot of percentage CG content against O/E ratio at
predicted CGIs. CGI, n=66,106. Dotted lines are respective mean values. B. Comparison of O/E
ratios in CGIs of different organisms. Mbuna (M. zebra, UMD2a) and A. calliptera (fAstCall.2)
are Lake Malawi cichlid species. See methods for details on genomes used. C. Histogram of length
distribution of all CGlIs, given in bp. Mean and median values are shown with red dashed and red
dotted lines, respect. Total genomic coverage of CGls, 19.03Mb.

permissive chromatin state, promoting transcriptional activity [78, 44, 167]. Differential
methylation state at CGIs has been reported to exert important regulatory functions in
vertebrates [44, 167]. Also, many DNA-binding proteins possess either a CXXC or methyl-
CpG-binding (MDB) domains, enabling them to specifically interact with unmethylated or
methylated CG dinucleotides [78, 80].

The observed expected ratio is calculated as follows [164]:

CpG
N

= Q

- C
N

X

where N, CpG, C, G are the counts in bp in a given locus of total bases, CG dinucleotides,
cytosines and guanines, respectively. CGIs were predicted using the unique genomic features
pertaining to one species, as opposed to be predicted based on fixed, arbitrary threshold values,

such as CG content or CpG frequency. Refer to section 2.10.7 for detailed methodology.
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Fig. 2.13 CpG islands in promoter regions are associated with low DNA methylation levels.
A Histograms representing the number of predicted CGIs overlapping promoter regions (either
TSS+500bp or TSS+2kbp), and B. the number of promoters containing CGI in M.zebra genome. C.
Violin plots summarising the distribution of DNAme at all CGIs (E.) and CGlIs in promoters only (F.)
in the five Malawi cichlids (liver methylome apart from RL muscle: RL._M). Average mCG/CG per
species, n>2. White lines represent median values. D. CGIs at promoter regions (n=8,356). White
lines represent median values, red dots, mean values.
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Fig. 2.14 DNA methylation at CGI is independent of CG dinucleotide density. A. Violin plots
showing the DNAme levels at increasing O/E ratio at predicted CGIs (£0.2). B. Violin plots showing
O/E ratios at CGI for increasing levels of DNAme (+20%). mCG/CG for A. stuartgranti liver (n=2).
Black lines in violin plots are median values; round dots are mean values.
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Transposable elements and repeats

Transposable and repetitive elements in the genome of M. zebra (UMD?2a) were predicted
and annotated using RepeatModeller and RepeatMasker (http://repeatmasker.org/). Overall,
more than a third (35.4%) of the genome of M. zebra is predicted to be composed of
transposable elements (TE) and repeats (Fig. 2.15a). This is >10% lower than in mouse
and human (45% and 52.6%, respect.) and almost 20% less than in zebrafish genome
2. The riverine cichlid lineage, Nile tilapia (O. niloticus), whose reference genome (high
quality chromosomal assembly) has recently been published, shares a similar TE genomic
load (37.6%, for a genome of similar size) [168]. Other African cichlids are expected
to share similar TE genomic load however due to lower assembly quality, TE prediction
might still be incomplete [53]. In East African cichlids, TE insertion have been reported to
have mostly occurred near genes, which might impact transcriptional activity through cis-
regulatory functions [110, 53, 92]. Genome assemblies of higher quality (use of PacBio long
sequencing reads coupled with Illumina short and reliable reads, for example) will greatly

improve TE prediction — this is the case for mouse, human, mbuna and tilapia genomes.

Table 2.1 Transposable element landscape in Lake Malawi cichlid M. zebra

Count Length [bp] % total sequence % TE seq

DNA transposons 414,229 125,219,920 13.10% 37.00%
Unclassified 409,831 98,453,305 10.30% 29.10%
LINEs! 180,029 73,523,563 7.70% 21.70%
LTR elements? 49,557 20,012,886 2.10% 5.90%
Simple repeats 299,920 13,388,563 1.40% 4.00%
SINEs? 26,063 3,461,624 0.40% 1.00%
Satellites 6,951 2,132,456 0.20% 0.60%
Low complexity 41,455 1,998,635 0.20% 0.60%
Small RNAs* 2,749 655,528 0.10% 0.20%
Total TE 1,430,784 338,846,480 35.40%

Total nonTE 618,574,682 64.60 %

! Long interspersed nuclear element
2 Long terminal repeats

3 Short interspersed nuclear element
4 ribosomal RNA, e.g.

Among all the TE and repeat families, DNA transposons, unknown repeats and simple
repeats are the most frequent (Table 2.1) and together make up ~70% of the repeat genome
of MZ (Fig. 2.15b).

Data retrieved for hg38, mm10 and danRer7 from RepeatMasker, http://repeatmasker.org/species/
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Fig. 2.15 Genomic landscape of transposable elements and repeats in Lake Malawi cichlid M.
zebra. A. Proportion of TE (transposable elements and repeats) sequences predicted in M. zebra
genome. B. Percentage of total TE sequences for each TE category. C. Genomic frequency of each
TE family and subfamily (genome-wide count, in percentage).

% total genome-wide count

In contrast to mammalian genomes, retrotransposons (LINE, SINE, LTR) are under-
represented in cichlids and account for only 22%, 6% and 1% of the repeat genome, respec-
tively. The predominance of DNA transposons has been observed in other non-amniotic
vertebrates (e.g. zebrafish), while LTR and LINE/SINE are a genomic feature of mammalian
repeat genomes. Interestingly, both LINE and DNA transposons appear to have expanded
rapidly and recently (as shown by the increased genomic coverage of certain elements sharing
similar sequence, Fig. 2.16). Some of these TE elements could still be active, with associated
genomic transposition, explaining their recent expansion in the genome. In particular, a
population of DNA transposons, Tcl/mariner, and of LINE L2 have recently expanded in
copy number and now compose a larger portion of the genome. These might still be contain
active catalytic domain enabling genomic transposition.

On the other hand, in human and mouse, the TE family LINE L1 is predicted to have
recently expanded and now composes 17.5% and 19.9% (respectively) of their genomes.
DNA transposons in human only make up less than 4% of the human genome, and do not

show any recent activity in terms of transposition.
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Fig. 2.16 Evolutionary recent expansion of certain families of DNA transposons and LINE
elements in Lake Malawi cichlids. Landscape of TEs in M. zebra genome. TEs are classified
into known TE categories and also according to sequence divergence (Kimura substitution levels,
analogous to TE age). Two distinct waves of burst of TE activity are indicated by black arrows.

Interestingly, two waves of TE activity is predicted to have happened, and some popula-
tions of TEs, in particular DNA/TcMar and more importantly LINE/L2 and LINE/Rex-Barbar
might still be particularly active in the genome of Lake Malawi cichlids (Fig. 2.16). This
most recent wave of TE activity have been responsible for the expansion of LINE elements in
cichlid genomes. A similar burst of activity could be traced back to older evolutionary times
— DNA transposons were at that time the primary cause of repeat expansion. This recent
and probably still active burst of activity, associated with specific expansion of some LINE
families, seems to be unique to cichlids (to a lesser extent, to the riverine lineage tilapia as
well). In zebrafish, there is no prediction of TE burst of activity. Moreover, LINE elements
compose less than 2% of the genome, in stark contrast with cichlid genomes. LINE (L2, in
particular) might turn out to be relevant in the recent adaptive speciation of cichlids.

Finally, a large fraction of repeats found in the genome could not be reliably classified into
any known TE families (10.3% or 29.1% of total genome or total TE sequence, respectively).

This is considerable and TE prediction in other genomes might shed light on new TE families.

Given their potential deleterious actions on the host genome due to transposition events,
the activity of repetitive elements, i.e. transposition, is under tight control, suppressed by
different cellular mechanisms. DNA methylation is thought to be at the front of defence

in repressing their activity - often along with piRNA-mediated mechanisms, in particular
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in germ cells. Young and active TEs are thought to be associated with high levels of DNA
methylation in many organisms, resulting in their transcriptional silencing. More evolutionary
ancient transposons might exhibit variable levels of DNAme, as they might be controlled
by other defence mechanisms, such as KRAB zinc-finger proteins in mammals only (see

Introduction), or might not be active due to mutational load acquired over evolutionary time.
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Fig. 2.17 Transposable and repetitive elements are differentially methylated in Lake Malawi
cichlids. A. Boxplots representing the average DNA methylation levels (mCG/CG) for all the
transposable elements and repeats families of Lake Malawi cichlids. TE families showing lower
(blue) or higher (red) methylation levels (median) compared to genome-wide levels (dotted line). B.
DNAme levels in two selected families of DNA transposon. Liver methylome for MZ shown only
(average mCG/CG across given TE regions, biological triplicates).

In Lake Malawi cichlid species of this thesis, transposons are differentially methylated
(Fig. 2.17a.). Most of TE families exhibit high levels of DNA methylation, some much
higher than the average genome-wide level. This might reflect the high state of repression
that is required in somatic cells. Some families, including DNA transposon families, such as
Novosib (Fig. 2.17b.), Ginger, Maverick, and some LINE and LTR, show a much broader
variation in DNA methylation, with some individual TE exhibiting very low levels of DNAme.
This could be explained either by the fact that these lowly methylated TEs have accumulated
deleterious mutations over evolutionary time, leading to their self-repression, explaining why
DNA methylation at these TE might not be maintained. Alternatively, lowly methylated TE
could have been co-opted for cellular functions [38], such as ectopic promoters or enhancers

and are therefore lowly methylated to enable biological functions.
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Overall, repeats and transposons are heavily targeted by CG methylation in mbuna. This
could be one of the most conserved functions of DNA methylation, from plants, invertebrates,
fungi to mammals: most organisms with an active DNA methylation machinery all show
high levels of DNA methylation in repeats, in particular CG methylation, but also CHG
methylation in plants [41, 40, 163]. This might reflect an important and ancestral mechanism

of genome defence [34].
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2.6 Methylome variation in cichlids of Lake Malawi

2.6.1 Overall

To investigate the variation in methylomes between cichlid species of Lake Malawi, I analysed
only the variation in DNA methylation at conserved genomic CpG sites (i.e. conserved

underlying DNA sequence between the five species).
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Fig. 2.18 Cluster analysis of methylome variation among tissues and species in Lake Malawi
cichlids. A. Heatmap (with unsupervised clustering) representing Spearman correlation scores
between genome-wide, single-CpG resolution methylomes of liver and muscle of Malawi cichlids.
Average mCpG/CpG in non-sliding 1kbp-windows (coverage between 5-100 non-clonal seq reads;
three biological replicates for all samples, except for RL, biological duplicates).
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Overall, the variation in methylomes was first highly tissue-specific, with a lower inter-
tissue correlation of 56-61%. Liver tissues, independently of the diet or habitat of the species,
share more DNAme patterns with any other liver tissues than with any muscle (intra-liver
methylome correlation, 74-84%). The same observation holds for muscle tissues, although
to a lesser extent (intra-muscle correlation of methylome, 65-83%). Hence, inter-species
liver methylomes are more similar than inter-species muscle methylomes. Remarkably, the
variation in liver and muscle DNAme is also species-specific: individuals of the same species
share the highest levels of DNAme variation, in particular for liver tissues (intra-species
intra-tissues methylome correlation, 81-85%). In brief, DNAme variation in cichlids is
tissue- and species-specific. Solely based on DNAme patterns in liver and muscle tissues at
conserved underlying DNA sequences, phylogeny can be constructed accurately (Fig. 2.18).

In addition to the species and tissue specificities of DNAme patterns genome-wide,
species sharing similar ecological habitats and some morphological features, such diet-
related adaptation, tend to exhibit more similar patterns of DNAme genome-wide: the two
rock-dwelling herbivores (MZ, PG) cluster together, while zoo-planktivores form another
group, along with the piscivore RL. Principal component analysis of DNAme patterns at
conserved CpG sites between the five species was able to decompose the species-specific
variation seen in liver methylome, as well as the variation shared between species with similar
diet (Fig. 2.19).
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To conclude, natural populations of cichlids dwelling in similar habitats and feeding
on similar diet tend to show higher degrees of liver methylome similarity. Hence, liver
methylome could reflect some level of adaptation, in particular with regards to diet adaptation.
This warrants further characterisation of liver methylome with regards to trophic adaptation.

In this PhD work, the liver methylome will be characterised in greater details, identifying
genomic localisation of DNAme variation. Such DNAme divergence will be compared to
cichlids of other East African Lakes to investigate any epigenetic variability and convergence
in genomic localisation (Chapter 3). Furthermore, upon environmental perturbation, such
as alteration of the diet, dynamics in liver methylome will be assessed in order to quantify
the plasticity in liver methylome variation in response to external stimuli in the context of

adaptation and phenotypic diversity (Chapter 4).
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2.6.2 Differentially methylated regions
Overview

Most of the methylation variation between two species is usually grouped in large genomic
regions (from 50bp to several kbp; Ref. [43]). Such differentially methylated regions (DMR)
are composed of a variable number of neighbouring CpG sites (>5 sites), all exhibiting

similar methylation levels (see Fig. 2.25 for an example of DMR).
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Fig. 2.20 Characterisation of DMRs in liver and muscle of Lake Malawi cichlids. A. Barplots
representing the total number of DMRs found between each pairwise comparison of species. The
proportion of DMRs for each comparison located in transposable elements or repetitive regions
(TE-DMRs) is shown with a lighter colour for each barplot. Inter-species DMRs between liver (green,
left), intra-species DMRs between liver and muscle tissues (blue,middle) and inter-species DMRs
between muscle tissues (right, purple). B. Same as in a., but values given as percentage over total
DMR count, and bar plots sorted by increasing TE-DMR proportion.
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To this aim, the software DSS [43] was used to predict DMRs among Lake Malawi
cichlids, based on read coverage at each CpG sites, variability between biological replicates
and methylation status of neighbouring CpG sites. DMRs showing a significant DNAme
difference over genomic regions of at least 25% and with at least 5 CpG sites were analysed
further.

I characterised and compared DMRs found between same tissues of different species
(inter-species and intra-tissues, that is liver vs liver , muscle vs muscle between the five
species) and between tissues within each species (intra-species, inter-tissues, that is liver vs
muscle) (Fig. 2.20), in a pairwise fashion. Note that only three of the five species had both
muscle and liver methylomes sequenced (Table 2.4). The highest number of DMRs between
any liver methylomes is found between the algae-eating rock-dwelling M. zebra and the
pelagic piscivore R. longiceps (n=3,264). These two species are also the most phenotypically
divergent in terms of diet and ecological habitats. More closely related species based on
diet have fewer DMRs: 2,480 and 1,435, between the liver methylomes of two pelagic
and piscivore species (DL vs RL) and the two rock-dwelling algae-eaters (MZ vs PQG),
respectively. It would be important in the future to test this hypothesis further by sampling
and investigating liver methylome difference in ecologically differentiated species within
clades (e.g. herbivorous vs. carnivorous mbuna or herbivorous vs. carnivorous shallow
benthic).

Likewise, DMRs between muscle tissues are also the most numerous when the two most
phenotypically divergent species are compared, although overall there are fewer DMRs found
between muscle tissues. Note, that this could also be due to an overall reduced sequencing
coverage for muscle samples (Fig. 2.7).

Finally, DMRs between two tissue types (muscle vs liver) were far more numerous with
a maximum number of close to 11,000 DMRs. This could reflect methylome patterns unique
to cell type, essential to cellular identity (Fig. 2.20b).

In addition, close to two-thirds (64.4%=+2.5%) of the inter-species methylome variation
between liver tissues is located in transposable elements and repeat sequences (Fig. 2.20a,b,
green histograms on the left). This is also true when comparing DMRs between muscles,
with 59.0%=2.3% of them localising in transposon and repeat elements (Fig. 2.20a,b, purple
histograms on the right). Interestingly, the proportion of DMRs overlapping TEs is not
correlated with the ecological and phenotypic distance of the species compared.

In stark contrast, DMRs that are found between different tissues within the same species
are far less associated with transposable elements and repetitive sequences, with only

26.9%=+1.7% overlapping repeat elements.
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Fig. 2.21 Properties of DMRs in liver and muscle tissues of Lake Malawi cichlids. A. Boxplots of
the length (in bp) of all DMR found between livers, between muscles and between tissues. Median and
mean values of DMR length are given above boxplots. Logarithmic scale for y-axis. B. Distribution
(kernel density estimation) of DNAme difference (converted to absolute % values) between DMR
found in livers, muscles and tissues.

Overall, DMRs between tissues and between species are slightly different in their proper-
ties: inter-species intra-tissues DMRs (muscle vs muscles and liver vs liver) were slightly
longer than the intra-species inter-tissue DMRs (411-456 bp long for inter-species DMR
and 304 bp-long for intra-species tissues DMRs; Fig. 2.21a). In addition, although most
DMRs in any comparison exhibit on average between 40-45% DNAme difference over
DMRs, inter-species intra-tissue DMRs show a much broader DNAme difference with large
differences (>50%), while most of the differences in methylation between tissues peaks at
around 45% (Fig. 2.21b). Further work would include full characterisation of DMR found
according to their types (TE vs nonTE, for example), which might reveal unique features.

In conclusion, inter-species variation in methylomes appears to be mostly associated with
transposable elements, in particular for inter-species liver methylomes, meanwhile TEs are
much less represented in the inter-tissue variance of methylomes. Nevertheless, intra-species
DMRs between two tissues, although slightly shorter in size, are far more numerous than
inter-species DMRs, which could arise from major epigenetic differences underlying two

very distinct cellular types that are hepatocytes of the liver and myocytes of skeletal muscle.
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Fig. 2.22 DMRs in liver of Lake Malawi cichlids. A. Pie chart representing the number of DMRs
found in more than 1 pairwise comparison ("duplicates"), and total and collapsed number of DMRs
found among all species ("collapsed"). Total count of DMRs found between livers in all the 10
pairwise comparisons, n=27,185. B. Genomic localisation of all DMRs found in liver of the 5 Malawi
cichlid species (collapsed). DMRs were found to overlap transposable and repeat elements (TE-DMR),
promoter regions (TSS4500bp), gene bodies, intergenic regions (outside intron, exons and promoters)
and CpGe-rich regions (CpG-islands, CGI; overlapping with TSS or not [orphan CGIs]).

To further characterise liver methylome variation between all the five species at once
(rather than pairwise), all liver DMR were merged/collapsed. Approximatively 60% of all
DMRs are found in more than one pairwise comparison (Fig. 2.22a). This redundancy in the
genomic localisation of DNAme variation is high between livers of the five species: some
loci tend to show variation consistently in many species or to be unique to one species only
(Fig. 2.22a).

Strikingly, of all the liver DMRs, two-thirds overlap transposable elements or repeat
regions in the genome (TE-DMRs; Fig. 2.22b.), which represents a small enrichment over
chance (1.13-fold, Fig. 2.23). Most of these TE-DMRs (60%) are located in intergenic
regions, outside promoter regions and gene bodies. Intergenic DMRs, whether in TEs or not,
make up 56% of DNAme variation in liver. Altogether, there is a considerable fraction of
DNAme variation outside promoter regions and gene bodies, which may include important

cis-regulatory elements, such as enhancers and ectopic promoters, with possible functions
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Table 2.2 Enrichment analysis of liver DMRs genomic

localisation.
Expected!  Observed 2 O/E
mean sd
TSS 484.1 184 1,375 2.84
TE 6,389.2 34 7,235 1.13
GB 5,595.6 52.9 3,481 0.62
Intergenic 4,908.3 53.1 6,132 1.25
CGI 526.8 30.4 1,849 3.51

! Expected number, or expected by chance (random shuf-
fling, genome-wide, 10 iterations, same DMR coordi-
nates; see methods)

2 See 2.22

in transcription regulation (Fig. 2.22b.). Overall, liver methylome variation is enriched for
intergenic regions (1.25-fold enrichment over chance; Table 2.2).

Loci in the vicinity of TSS regions might exert important regulatory functions. Although
they account for only 13% of the variation in liver methylome (Fig. 2.22), this represents
2.8-fold enrichment for liver methylome variation in promoter regions (Fig. 2.23 and Table
2.2). Promoter regions seem to be enriched for DNAme between species, surprisingly for
the same tissues. It would be interesting to fully characterise DMRs associated with TE
sequences and located in the vicinity of promoter regions overlapping TEs, as some TE
insertions upstream of genes have been reported to bear regulatory functions, underlying
novel expression patterns [20, 38].

Moreover, only 2.1% of all DMRs are located in TSS overlapping CpG-dense regions
(CGI). CGIs show the highest enrichment for liver methylome variation, with a 3.5-fold
enrichment. These regions are particularly targeted by DNAme variation in Lake Malawi
cichlids, especially CGIs outside promoter regions (orphan CGlIs), whose functions remain
unclear [44].

Almost one-third of the variation is located in gene bodies, which comprises exons,
introns and intronic enhancers (Fig. 2.22b.). This includes DMRs associated with TE
sequences (28% total), but also many intragenic elements that are independent of repeats,
and could include exons, introns and enhancers amongst others. Interestingly, gene bodies
are significantly less targeted by liver methylome variation (almost half of what would be
expected by chance, see Table 2.2). On the other hand, intergenic regions account for 56%
of liver methylome variation (1.25-fold enrichment), which includes many TE-related loci,

enhancers, suppressors and ectopic promoters.



82 The methylome of Lake Malawi cichlids

4.00
.0
- O
$ o 3.00
E :?: M Total
L Qo B TE
£ x 2.00
c W Promoter
% 3 M Gene body
u_? GE) 1.00 B Intergenic
3 W CGl
]

0.00

Fig. 2.23 DNAme variation is enriched for different genomic elements. Histograms showing the
O/E ratios of the number of liver (A.) and tissues (B.) DMRs localised in transposable elements and
repeats (TE), promoter regions (TSS), gene bodies (GB), intergenic regions or CpG islands (CGI) and
the expected numbers by chance (random shuffling). Refer to Table 2.2 for detailed description of
liver DMRs. Expected values are generated by randomly shuffling DMR coordinates genome-wide,
10 iterations. Total number of DMRSs: between livers, n=10,988; between tissues, n=26,459.

In summary, most of the inter-species liver methylome variation is located in transposons
and intergenic regions. There is a considerable enrichment for promoters and CGI regions,
even though they account for less than 17% of the variation each, while gene bodies appear to
be more preserved from this variation. In the genome of non-amniotic vertebrates, promoter
are depleted in CpGe-islands, in stark contrast with mammalian genomes. In cichlids, more
than 70% of CpG islands are located outside TSS (namely, orphan CGIs). Interestingly, CGIs
exhibit a high degree of DNAme variation between cichlid species, with a close to 4-fold
enrichment. Such CGIs might exert relevant biological functions in DNAme variation and

might be linked to specific cellular machinery.

Tissue-specific methylome

In contrast with inter-species liver methylome variation, there is a significant depletion of
inter-tissues DMR in transposable elements, intergenic regions and CpG-islands (0.53x,
0.66x, 0.49x the expected values by chance; Fig. 2.23a.). Instead, gene bodies are slightly
enriched for DMRs. Surprisingly, promoters are not the main source of DNAme variation.
Rather, gene bodies are enriched for intra-species inter-tissue DNAme and might be important

for cellular identity.
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Species-specific/multi-tissue methylome

Intra-species methylome variation is more similar than inter-species variation (Fig. 2.18). I
then investigated whether some variation could be unique to one species, regardless of the
tissue analysed.

To this aim, intra-species, inter-tissues DMRs (i.e., DNAme variation between liver and
muscle tissues within one species) and inter-species, intra-tissue DMRs were compared (Fig.
2.24a.). Interestingly, ca.30% of all DMR found in the three comparisons were common to
the species, i.e. these DMRs were present in both tissues and are instead species-specific
rather than tissue-specific (also referred to as species-specific, multi-tissue DMRs). The
largest fraction of DMRs is specific to liver tissues (41-49%), while DMRs unique to muscle
tissues compose 20-26% of all DMRs found (Fig. 2.24b). This means that liver tissues seems
to show more DNAme differences between species than between muscle tissues: ca.60% of
all DMRs found between muscle tissues of the three species were species-specific [found in
liver also], while only 35-49% of all DMRs found between livers of different species were
species-specific (Fig. 2.24c).

Approximately a third of the variation found in liver and muscle methylome between
species may be tissue-independent. These DMRs are present in both tissues, and might
also be in the whole organism. Sequencing other tissues could be done to confirm such
species-specific, multi-tissue DMRs. This species-specific, tissue-independent variation may
have been particularly relevant at earlier developmental stages and could have been passed
on across cell divisions from one sister cell to the next during differentiation without erasure.
This represent some sort of embryonic epigenetic memories [169].

Gene ontology enrichment analysis on genes associated with species-specific DMRs
provides some evidence for these embryonic epigenetic patterns’: key developmental genes
are particularly targeted by methylation variation (significant enrichment for genes related to
hindbrain development).

Not all genes associated with multi-tissue DMRs are related to development: others
appear to be relevant for different cellular functions. These could be unique to one species,
and relevant not only to both liver and muscle tissues, but to other tissues and at other
developmental times as well. For example, one species-specific multi-tissue DMR shows

hypomethylation state of the gene predicted to be derived from a piggyBac transposable

3examples of candidates: beta-carotene oxygenase 1, bcol involved in retinal metabolism; BRF1 RNA

polymerase III transcription initiation factor subunit b, brf1b; neuregulin 1, nrgl, involved in organogenesis;
retinoic acid receptor alpha, raraa involved in the visual system; exosome component 8, exosc8; frizzled class
receptor 3a, fzd3a, involved in brain development; pricklelb, mediating facial branchiomotor neuron migration
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element (piggyBac transposable element-derived protein 4-like, pgdb4 like, specifically in
one species R. longiceps. piggyBac elements belong to an ancient family of DNA transposons
[170], and are known to have been domesticated in many eukaryotic genomes, using, for
example, the transposase activity [92] and might play a role in genome reorganisation
(through transposase activity; see section 1.4.5). Additionally, it is used as a gene vector
of choice in insects. This specific hypomethylated state in RL only is not fully understood,
and could maybe be associated with transcriptional activity of this cryptic piggyBac-derived
protein and nearby genes (Figs. 2.24d and 2.25).

In conclusion, a considerable portion of the variation in methylome is shared between
different tissues in one species and might represent species-specific, multi-tissue patterns,
contributing to distinct phenotypes. These species-specific DNAme patterns, representing
ca.30% of the total DNAme variation, might also reflect embryonic epigenetic memories
(possibly vestigial DMRs). These marks may be epigenetic relics following embryogenesis
when they may have had a functional roles. Many essential functions associated with DNAme
take place early on during development. Differential methylation at key developmental cis
regulatory loci may underlie important phenotypic differences, in particular in the context of
species radiation. This motivates further characterisation, in particular of the methylomes and
transcriptomes of embryos of different species and possibly inter-species cross at different
developmental times. Such experiments might highlight the impact of these embryonic DMRs
on the expression of key developmental genes, possibly underlying phenotypic change.

Current work focuses on characterising any functional link between liver-specific DMRs
unique to one species and gene expression in liver, with a particular emphasis on TE-DMRs

localised in promoters. Thus far, overall correlation has been drawn (see below).
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Fig. 2.24 Tissue- and species-specific DNAme variation. Methylome variability is tissue-specific
and also species-specific (multi-tissue at least). A. Pairwise comparison of DMRs between livers and
muscles in three species. All the DMRs found between livers (left, green) and muscle (right, purple)
of two species (i.e., intra-tissue, inter-species DNAme variation). Some variation is shared between
the two tissues (multi-tissue) and might be species-specific rather than tissue-unspecific (overlap in
grey). B. Detailed description using pie charts of pairwise comparison of DMRs found between liver
and muscle tissues of three different species. DMRs can be species-specific (green), muscle-specific
(purple) or common to both tissues (species-specific/multi-tissue, grey). C. Histograms summarising
the number of DMRs in muscle (left) and liver (right) that is common in both tissues (grey bar) for

each comparison (inter-species within one tissue).
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Fig. 2.25 Detailed genome-browser view of one species-specific multi-tissue DMR. Here, an
example of the 1.8kbp-long tissue-independent (or multi-tissue) DMR specific to R. longiceps (RL)
only (from Fig. 2.24d). Only M. zebra and RL (n=3 and n=2, respectively), both liver tissues, are
shown (left). Individual CpGs comprising the DMR (in total 182 CpG sites) are shown in blue,
non-clonal read coverage at each CpG site is shown in yellow. The DMR is delimited in grey.
Hypomethylated (78% of mC difference on average over this region between MZ and RL livers)
in RL liver and muscle (not shown) compared to all other fish sequenced, independently of tissues.
This DMR spans the promoter region and gene body of the DNA transposon, piggyBac transposable
element-derived protein 4-like. (Right) The methylation levels at this particular DMR is shown for all
the five Malawi fish are shown. Figure created with DSS [43].
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2.7 Transcriptome of Lake Malawi cichlids

The role of DNAme in regulating gene expression, in particular at gene promoters, has
been extensively studied. Change of DNAme levels has been reported to be associated
with differential transcriptional activity of key developmental genes, enabling cell-type
differentiation and normal development [18, 17]. Early life establishment of stable and
heritable DNAme patterns may thus be correlated with transcriptional changes in somatic
cells as well, thus underlying phenotypic variation. Many DNAme readers, such as methyl-
sensitive TFs, would be greatly affected by change in DNAme. Furthermore, it is important
to note that change in gene expression might be mediated by other mechanisms, in parallel
with DNAme, pertaining in particular to TF machinery present in one specific cell type.

To test this hypothesis in cichlids, I then sought to investigate the correlation between
liver methylome and gene expression patterns. I generated and analysed the muscle and
liver transcriptomes (RNAseq) of three of the five cichlid species, in order to understand
whether any DMRs would be correlated with change in expression of genes, thus reflecting
diet adaptation. This next section will first characterise gene expression landscapes in each
species, to then investigate the correlation between gene expression and DNAme variation.

Refer to Table 2.4 for a detailed description of sampling design and sample size.

2.7.1 Species-specific transcriptome variability

Overall, patterns of gene expression are first tissue-specific, and then species-specific (Fig.
2.26). Correlations of gene expression between any liver samples or any muscle tissues are
higher (76-83%) than between two different tissues, even if of the same species (69-75%).
Lastly, liver or muscle tissues of species thriving in similar diets/habitats tend to be less

divergent transcriptionally (Fig. 2.26).
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Fig. 2.26 Transcriptome landscape in Lake Malawi cichlids. Unsupervised hierarchical clustering
based on transcriptome divergence in both liver and muscle tissues of Lake Malawi cichlids. One
cichlid species of Lake Victoria, P. nyererei PN, is used for comparison. Spearman correlation matrix
was generated using expression profile (In(tpm+1)) for all transcripts of the reference genome for
Lake Malawi UMD2a.
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2.7.2 Differentially expressed genes

In total, there are 3,447 significantly differentially expressed genes (DEGs) between liver
tissues of four Lake Malawi cichlids (many of which are differentially expressed in more
than 1 comparison, referred to as "shared", as opposed to unique DEGs that are found only in
one specific comparison). As expected, there are more DEGs between phenotypically distant
species, with the highest number of DEGs (n=2,176) between the rock-dwelling, algae-eater
P. genalutea (PG) and the pelagic D. limnothrissa (DL). Unsupervised clustering of DEG
expression cluster individuals by species followed diet/habitat/morphology (Fig. 2.28a).
More closely related species, sharing more similar diet or habitat, have much fewer DEG,
with the lowest number of DEG found between the livers of the two carnivorous, pelagic
species (DL vs R. longiceps RL, n=195). The two herbivore, rock-dwellers (M. zebra [MZ)]
vs PQG) still exhibit a considerable amount of DEGs (n=933). Interestingly, few DEGs are
unique to one comparison: the same genes are differentially transcribed in livers of many
species (grey part of the histograms; Fig. 2.27a).

As expected, most of the differences in liver transcriptomes in Lake Malawi fish are
related to metabolic pathways overall: many cytochrome P450 genes are differentially
expressed, as well as genes involved in xenobiotic, fatty acid and steroid metabolic processes
(Fig. 2.27b). This could reflect adaptation to different diets and to distinct sources of fatty
acids, such as the ones possibly explained by a animal- vs plant-based diets (Fig. 2.27b,d).
Genes that are upregulated in herbivore species pertain to processes related to fatty acid
metabolism (especially cytochrome P450; Fig. 2.28b). In carnivorous species, common
upregulated genes are also related to metabolic processes, but more precisely to amino acid
metabolism (Fig. 2.28d).

Furthermore, PG exhibits a somewhat unique liver transcriptome, with many genes only
differentially expressed consistently in the three biological replicates of this species (28.2%
of all DEG in liver). Interestingly, DEGs in PG are particularly enriched for processes
related to ribosome biogenesis, rRNA metabolic pathways and necroptosis (Fig.2.28a,c).
This unique pattern of transcription in liver PG is difficult to interpret: it could reflect cellular
response to some external and local environmental stressors or toxins, unique to these three
individuals (all caught in the same lake area), at the time of collection. It could also be
actual biological differences in hepatic transcriptome. Different epigenetic factors, such as
tet3, nsun2 and dnmt3bb.3 show higher transcriptional activity — similar dynamics of key
epigenetic genes (in particular fet enzymes) have be identified as the hallmark of cellular

regeneration in damaged liver in mice [70].
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Fig. 2.27 Differentially expressed genes in Lake Malawi cichlids. A. Number of differentially
expressed genes (DEG) in four Malawi cichlid species. Left, DEsG between livers, inter-species
pairwise comparison (DEGs unique to one comparison in light blue; DEGs shared with at least
one other comparison in darker blue; total number of DEGs found in at least one comparison,
n=3,437). Right, DEGs between tissues (liver and muscle) in each species, intra-species pairwise
comparison (total number of DEGs in at least one comparison, n=8,258). All DEGs, FDR<0.01. DL,
D. limnothrissa(n=3); RL, R. longiceps (n=2); MZ, M.zebra (n=3); PG, P. genalutea (n=3). B. GO
enrichment analysis for DEGs (top 15). Left, intra-species DEGs in liver; right, intra-species between
tissues (muscle vs liver).

On the other end, differences in transcriptomes between tissues (liver and muscle) of
any of the four species studied are approximatively twice as numerous: 4,811+886 genes
are differentially expressed between liver and muscle tissues, with the lowest number of
inter-tissue difference found between liver and muscle transcriptome of RL (n=316). In total,
there are 8,258 DEGs, which means that a large fraction of the same genes are differentially
expressed consistently in many species, as expected. Genes pertaining to one specific cellular
type are differentially expressed, such as the ones involved in muscle structure development,
or in the citric acid (TCA) cycle and pyruvate metabolism.

Furthermore, it would be interesting to draw a comparison with genes that are differ-
entially expressed in the muscle tissues between two species, in order to understand and

put in context the difference in transcriptomes between livers of two species. I hypothesise
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that inter-species variation in gene expression in muscles may be more homogeneous and
therefore smaller than in livers, as liver functions might be reflect adaptation to the different
sources of food present in Lake Malawi, and therefore under selective pressure.

In conclusion, in terms of number of genes differentially expressed, livers of two different
species (in particular ecologically-related species) have five times fewer DEG than between
tissues of one species. As expected, muscle tissues exhibit patterns of expression very
distinct to liver tissues (54-58% overall correlation between liver and muscle transcriptomes).
However inter-species variation in liver transcription exhibit considerable change, with many
genes unique to some species, and these may be important to ensure fast and plastic liver
adaptation to different diet. Cis-regulatory elements and differential methylation levels in the

genome could participate in the fine-tuning and alteration of transcriptional network in liver.
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Fig. 2.28 Gene expression profiles of the livers of Lake Malawi cichlids. A. Heatmap and unsu-
pervised clustering of the expression pattern for all differentially expressed genes (DEGs) in liver of
Lake Malawi cichlids (averaged TPM per gene per individual, z-score). Only genes with TPM >5 in
any individual are shown. n=3,044. FDR<0.01. n=3 for all (male specimens). DL, D. limnothrissa;
RL, R. longiceps; MZ, M. zebra; PG, P. genalutea. GO enrichment analysis for upregulated genes in
the herbivores MZ and PG (B.), in PG only (C.) and carnivores DL and RL only (D.). Only significant
terms (adj.pval<0.05) are shown.
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2.8 Transcriptome and Methylome interplay

I then sought to understand the correlation between transcriptional activity and DNAme
variability at different genomic loci. In particular, whether differential levels of DNAme at
cis-regulatory regions, such as promoter regions, could be correlated with variable levels of
gene expression. It has been shown that lowly methylated promoter are more permissive
for the transcriptional machinery to anneal to TSS regions, sometimes via a crosstalk with
histone marks [78, 44, 25]. DNAme at gene bodies has also been shown to bear some
biological functions, such as regulation of splicing events, and is usually correlated with
higher transcriptional activity [78, 86].

To address this aim, I correlated all the DMRs that could be linked to genes (due to their
location in gene promoters, gene bodies and if linked to TEs in the direct vicinity [1kbp]
of DMRs) with differentially expressed genes in liver tissues. Of note, all sequencing data
(WGBS and RNAseq) were generated using the exact same homogenised tissues for all the

species (see method 2.33).

Table 2.3 Correlations between gene expression and
DNAme at promoters and gene bodies.

M. zebra R. longiceps

TSS liver -0.36 -0.38
muscle N/A -0.42

Gene body liver 0.02 0.12
muscle N/A 0.2

! Values represent Spearman’s correlation scores, p val-
ues <0.002 for all pairwise correlations
Refer to Fig. 2.29 for graphs.

In fully differentiated tissues of Lake Malawi cichlids (liver and muscle at least), the cor-
relation between methylation at promoter regions and gene expression is negative, although
weak (Spearman correlation in liver and muscle, -36% to -38% for liver tissues of MZ and
RL, respectively, and -42% for RL muscle, p values <0.001; see Figs. 2.29 and 2.30, as well
as Table 2.3). In other words, higher levels of DNAme at promoter regions are correlated
with lower gene expression on average, and vice versa. Interestingly, in muscle tissue, this
negative correlation is slightly stronger than in livers (Fig. 2.29). Both in muscle and liver
tissues, promoter regions tend to be highly methylated (median around 72% methylation),
while showing drastically lower methylation levels for even lowly expressed genes (ca.15%

methylation at TSS), with the lowest levels for the second highest category of gene expression
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(5% on average ; Fig. 2.29a and Fig2.30). The distribution of DNA methylation levels at
TSS is bimodal, with the majority of TSS exhibiting 0-5% methylation levels (and more
permissive transcription), and a smaller fraction of promoter regions exhibiting 70-85%
DNAme levels and low transcriptional activity (Fig. 2.29¢). Even though the negative
correlation is highly significant, there is a considerable variation in DNA methylation levels

in each category, especially for genes showing low and intermediate levels of expression.
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In the case of gene bodies, the variation in methylation levels is smaller, with most gene
bodies consistently exhibiting very high levels of methylation (75-80%; Fig. 2.29b.). Very
few gene bodies show methylation levels lower than 55% on average (Fig. 2.29d.). Of
note, in addition to exons and introns, gene bodies can include some intronic enhancers
and alternative splicing sites. Higher gene expression levels are correlated with higher
methylation levels at gene bodies. However, the most highly expressed genes show similar
DNAme levels to the ones observed for lowly expressed genes (Fig. 2.30). The correlation
between gene expression and DNAme at gene bodies is positive, yet very weak: almost null
for liver tissues of the rock-dwelling algae-eater M. zebra (Spearman, rho=0.02, p<0.002),
but slightly higher for liver tissues of R. longiceps (Spearman, tho=0.2, p<0.001; see Table
2.3). Like for promoter regions, this positive correlation is slightly higher in muscle tissues
(20%, p<0.001). Higher CG methylation levels at gene bodies of genes showing intermediate
levels of transcription activity are a well conserved feature, from some plants, to invertebrates
and vertebrates [35]. Interestingly, the correlation between gene body methylation and
transcriptional activity does not extent to the most highly expressed genes in cichlid, which
are not the ones presenting the highest levels of gene body methylation. Paradoxically,
gene body methylation levels of the most transcriptionally active genes resemble these of
silent genes. Similar observations have been made in many invertebrates (insects, tunicates,
cnidarians), vertebrates and plants (angiosperms and tracheophytes) [35].

In conclusion, actively transcribed genes in fully differentiated tissues (muscle and
liver, at least) is correlated with increased methylation levels in gene bodies, and with very
low methylation levels in promoter regions. This contradictory link between DNAme and
transcription reflects the complexity and the wealth of cellular functions and the many diverse
interactions that DNAme can exert. A realm of different readers can interact with DNAme,
and their activity might vary depending on the spatial distribution of DNAme as well as
on the levels of modification (e.g. transcription factors that are CpG methylation sensitive)
[78, 80]. In mammals, similar correlations have been observed, and this could reflect
evolutionary conservation of the DNAme-related mechanisms of transcriptional regulation
in many vertebrates [17]. It is important to note that the activity of some TFs might change
DNAme levels at promoter regions for example, or that SNPs in one particular TF-binding
genomic locus might also influence local DNAme levels [78, 80] — all the aforementioned
scenarios could be identified in our datasets and are of particular interest, as they may underlie
important adaptive changes in phenotypes.
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Fig. 2.30 DNAme levels at promoters and gene bodies is associated with differential transcrip-
tion activity. Methylome profiles around the transcription start and end sites (TSS and TES, respec-
tively) and in gene bodies (x-axis) for each gene expression category. y-axis represents averaged
DNAme levels in M. zebra males, liver (n=3, averaged mCG/CG in 50bbp-long windows, genome-
wide). Averaged expression values (mean TPM values per gene) in liver of M. zebra males (n=3).
Genes were grouped into 11 categories by transcription (deciles plus one category for silent ("OFF",
0) genes), from low (1), intermediate (2), high (3) to highest (4) expression values (five of the deciles
are shown for clarity).

2.8.1 Impact of inter-species liver methylome variation on transcrip-

tome

I then sought to investigate the link between high DNA methylation variability and its impact
on gene expression levels. Of note, all DMRs, both tissue- and species-specific, are used for
this analysis. This allows for a broader correlation to be made, including DMRs relevant in
fully differentiated liver, that could have been established very early on during development
and could therefore be present in muscle tissues as well ("embryonic relics’). In particular,
only 63% of all the DMRs (n=6,974) could be associated with a gene (i.e. DMRs located

either in promoter region and/or exon/intro of known genes or lying in intergenic transposon
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elements in the vicinity of genes; see Fig. 2.25b). Many DMRs are intergenic and therefore

cannot be linked to any genes.
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Of 6,974 DMRs that could be associated to one gene (i.e. DMRs located either in
promoter region and/or exon/intro of known genes or lying in intergenic transposon elements
in the vicinity of genes), 939 (15%) were correlated with significant transcriptional changes
at the respective genes. Close to 3,500 genes are differentially expressed in any liver of Lake
Malawi cichlids (Fig. 2.27a). 27% of them exhibit significant degree of liver methylome
variation (Fig. 2.31a.). Of important note, such an overlap could be considered somewhat
small if one assumed that any change in methylation would directly affect transcriptional
activity of one particular gene in a fully differentiated cells. However, liver methylome not
only harbours the epigenetic patterns essential to the cellular identity of a fully differentiated
hepatic cells, but also shares methylation patterns with muscle tissues (Fig. 2.24), hinting
at species-specific methylome, independently of the tissues analysed. This suggests that
some patterns might instead reflect embryonic methylation memories [169], that might have
been established very early on during development, with important embryonic functions
(for example, in fine-tuning gene expression patterns). Throughout cell divisions, such
species-specific, multi-tissue methylation patterns might have been maintained, with no
clear biological functions in fully differentiated cells, as lacking the machinery capable,
probably methyl-sensitive DNA-binding factors, of interacting with it. Generating WGBS
and RNASeq of different tissues, as well as of embryonic tissues could test the hypothesis
that some DMRs are functionally relevant only during development, resulting in multi-tissue
DMRs in fully differentiated tissues. Finally, in light with gene ontology enrichment analysis
hinting at DMRs associated with key developmental genes (i.e. homeobox genes), I expect
most of the methylome variation to participate in early life development. Nevertheless, it
remains that a considerable amount of liver-specific methylome variation is associated with
changes in gene expression and might be explained adaptive changes in response to distinct
diet (Fig. 2.31). Further characterisation of DEG-DMR is being carried out at the moment to
identify the best gene candidates. This could lead to a more targeted approach for example,
aiming at validating the expression and methylation for specific candidates, using liver and
muscle tissues from other Malawi cichlid species.

Furthermore, it is important to note that the transcription of certain genes might be
orchestrated by other cellular factors, in concert sometimes with DNA methylation. These
factors (such as methyl-insensitive TF) might be specifically expressed in liver tissues and

may underlie changes in transcriptional network.
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2.8.2 Localisation of inter-species DMRs associated with transcriptional

changes
Intergenic TEs

Interestingly, more than two-thirds of the DNAme variation associated with significant
changes in transcription (DMR-DEGs) is located in transposon or repeat sequences (TEs,
Fig. 2.31b.): this includes DMRs overlapping TEs that are either in promoter regions (12.5%
of all DMR-DEGs) or gene bodies (27.1%). This also includes DMRs overlapping intergenic
TEs located nearby genes (29% of all DMR). This last category of TE-DMRs (arbitrary
defined as located >500 bp and <4kbp upstream of TSS) could include extended promoters
or nearby enhancers. Remarkably, these DMRs are found significantly in genes involved in
oxido-reduction processes (fatty acid metabolism, such as many cytochrome P450 genes),
but also, less expectedly, in genes involved in cysteine and methionine metabolism (Fig.
2.31d.). This includes specific enzymes with methyltransferase activity, such as the de novo
DNA methyltransferase dnmt3bb.3 * and the t-RNA methyltransferase nsun2. The enzyme
dnmt3b 1s known to be involved in the de novo DNA methylation patterns, adding new methyl
groups onto cytosines, as opposed to solely maintaining DNA methylation patterns upon cell
division for example. Other key epigenetic factors exhibit DNAme variation in nearby TE se-
quences and are differentially expressed in Lake Malawi cichlids, such as the methylcytosine
dioxygenase tet3 (LOC101464948), catalysing the conversion of methylated cytosines into
hydroxymethylated cytosines (ShmC); ShmC is a stable modification with unclear biological
functions [66], which could be an intermediate modification in the complete erasure of
modified cytosines. DNA demethylation process could be required to reshape methylome in
liver tissues, and perhaps to remodel chromatin state as well in response to external stimuli,
to eventually change the transcription activity of certain genes. In particular, both fet3 and
nsun2 show increased gene expression specifically in livers of P. genalutea (not in muscle
tissues), although at low levels (Fig. 2.31d.). It has been shown that TET1-mediated DNA
methylation would promote liver regeneration via cell reprogramming [70]. In addition, the
activity of TET enzymes can be modulated through the interaction with metabolite- and
nutrient-sensing proteins, thus promoting DNA demethylation in response to environmental
changes [65, 67-69]. Of note, P.genalutea shows the highest levels of uniqueness in terms of
transcriptome: a large fraction of all the DEGs found in livers of Lake Malawi cichlids are

species-specific, and mostly upregulated in PG (Fig. 2.28a.).

4L0OC101473965
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However, when investigating TE-DMRs that lie in the vicinity of genes, it is tempting,
based on their proximity, to allocate to them cis-regulatory roles, such as enhancers or ectopic
promoters. It would be therefore useful in the future to experimentally characterise these
elements (e.g., ChIP-seq, chromatin immunoprecipitation followed by DNA sequencing in
order to identify binding sites of DNA-interacting proteins, such as TFs or histones), which
will allow for a more reliable association to genes. This would be of particular relevance as
most of DMRs are found in intergenic regions (ca. 56% all of DMRs found in liver; Fig.
2.22b).

Gene bodies

When not associated with TE sequences, most of the variation in liver methylome correlated
with transcriptional changes is located in gene bodies (53.3%). DNAme variation in gene
bodies could be involved in splicing event processes [86] (see section 1.4.2), as well as in
transcriptional regulation via intronic enhancers. Like for DMRs in intergenic TEs and TSS,
DEG with signifiant liver methylome variation in gene body are enriched for functions linked
to oxidation-reduction processes. Of note, the pelagic species D. limnothrissa accounts for
the largest (39%) fraction of DEGs associated with gene body DMRs. These genes are par-
ticularly involved in dicarboxylic acid metabolic processes. The gene carboxylasesterase SA,
cesSa, shows an almost 6-fold increase in expression and is associated with hypomethylation
levels in the first intron of the gene in DL liver. This enzyme is involved in the metabolism

of fatty acyl and cholesterol ester (figure not shown).

Promoters

Variation of DNAme in promoter regions (TSS-DMRs) makes up less than 18% of liver
methylome variation associated with transcriptional change in gene expression (importantly,
70% of TSS-DMRs are spanning TEs; Fig. 2.31b). Yet there is enrichment for genes
important for liver metabolic functions, mostly linked to fatty acid metabolism, such as
primary bile acid production, amino acid production and steroid acid biosynthesis. This
could be particularly relevant for adaptation to carnivorous and herbivorous diets, which
would imply efficient assimilation and metabolism of different types of fatty acids (Fig.
2.31d.). Differentially expressed genes showing liver methylome variation in their promoter
regions show patterns of transcription mostly unique to one species (for upregulated genes).

For example, eight genes are strongly upregulated, most of them involved in oxidation-
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reduction processes. bcol is involved in vitamin A metabolism — beta-carotenes being
converted into retinal, with liver being a major storage of beta carotene. Retinol is also
an important molecule involved in the visual system (photoreceptor), and therefore may
be related to visual adaptation to dimly-lit habitats of the lake (occupied by the cichlid
D. limnothrissa). Many specific cytochrome P450 genes, involved in xenobiotic and lipid
metabolism (signalling pathway, steroid biosynthesis, vitamin A pathway) among others, are

differentially expressed in specific species.
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carbonyl reductase [NADPH] 1

Fig. 2.32 Hypomethylated promoter of the carbonyl reductase nadphl is associated with in-
creased expression levels in liver. Example of a differentially expressed gene, carbonyl reductase
nadphl, in livers of Lake Malawi cichlids, showing significant variation in DNAme at promoter
regions of 5 different species. Right: genome browser view of WGBS liver methylomes. Averaged
mCG/CG levels in 50bp-long windows per species, genome-wide. Left: gene expression levels for
both muscle and liver samples, in TPM values. N/A refers to tissues for which no sequencing data is
(yet) available.

The gene carbonylreductase nadphl is significantly up-regulated in both herbivore species
(MZ and PG) in liver tissues only (Fig. 2.32). Carnivore species (DL and RL) do not express
this gene in liver or muscle tissues. Interestingly, the promoter region of this gene shows
significant hypomethylated levels in algae-eating rock-dwellers (MZ and PG) in both muscle

and liver tissues, while both pelagic carnivores show almost 100% methylation over this ca.

3diol, iodothyronine deiodinase 1; LOC101476301, cytochrome P450 2K1; cyp2nl3, cytochrome P450
2J6; bcol, beta,beta-carotene 15,15’-dioxygenase)
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3.5 kbp-long promoter in both tissues. This is an example of a species-specific DMR, with
a tissue-specific gene expression profile and methylation pattern probably established very
early in development in specific species [169]. It is likely that the cellular factors/methyl-
sensitive readers, interacting with that promoter are only active/present in liver and might
be methylation-sensitive factors (such as transcription factors). The gene carbonylreductase
nadphl is involved in the metabolism of fatty acid, in particular of arachidonic acid. The
enzyme has been shown to be up-regulated in fish in response to environmental threats, in
order to provide protection against oxidative stress [171] and might be important in fatty

acid-mediated cellular signalling.

To conclude, most of the DNAme variation that is associated with changes in gene
expression is located in gene bodies and intergenic repeat regions in the vicinity of genes.
DNA variation associated with DEGs is significantly located in repeats and transposable
elements. It would be of particular interest to characterise these repetitive elements showing
DNA variation in order to evaluate their age, and activity in other Lake Malawi cichlids.
Possible knock-out of the most promising TE-DMRs, in particular these in promoter or
enhancer elements, would provide further evidence of the link between transcriptional

changes associated with differential methylation.
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2.9 Discussion and future work

In this chapter, I characterised the liver methylome landscape of five eco-morphological
distinct wild-caught cichlid species of Lake Malawi. This study represents the first whole-
genome bisulfite sequencing analysis investigating epigenetic-mediated trophic adaptation in

a natural population of speciating vertebrates.

2.9.1 Cichlid methylomes share conserved features with other verte-

brates
High CG methylation levels genome-wide

The first analysis of chapter 2 pertains to the characterisation of the methylome landscape
in Lake Malawi cichlids. Overall, cichlids of Lake Malawi share many conserved features
with other vertebrate genomes. Firstly, cytosine methylation is highly sequence specific
in cichlids and other vertebrates, in that almost all methylated cytosines are located in CG
dinucleotide sequences (Fig. 2.6). Methylation of DNA cytosines in other sequence contexts
is rare in vertebrates (low levels at detected in neural and stem cells in certain vertebrates),
while being more frequent in plants in particular at TE sequences [35, 78, 169]. Another
characteristic of cichlid methylome shared with most vertebrates is that more than 70%
of cytosines are methylated genome-wide in CG dinucleotide sequence context (Fig. 2.8).
Overall, just like most vertebrates, the cichlid methylome is globally highly methylated in
the two tissues analysed in this thesis, which is expected to be true for many somatic cells
in cichlids (Fig. 2.9). Plants and invertebrates usually exhibit variable levels of cytosine
methylation, which can sometimes also be restricted to gene bodies and/or repeats [41, 40].
In cichlids and vertebrates, such high methylation levels are thought to have come at the
cost of a CG depleted genome (Fig. 2.11), due to the propensity of mC for spontaneous
deamination [45, 46].

Low CG methylation levels at promoters and CGIs

While most of the genome in cichlids and vertebrates exhibit high levels of CG methylation,
some specific genomic regions are unmethylated. In cichlids, as well as in most vertebrates
[41], promoter regions are devoid of methylated cytosines (Fig. 2.10). Interestingly, while
two-thirds of the promoters in mammals are associated with CpG-rich regions (CGls), less
than a fifth of cichlid promoters are CpG-rich sequences (Fig. 2.13b), although almost all

CGI-containing promoters in cichlids are unmethylated (Fig. 2.13d), like in other amniotic
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vertebrates [44]. Furthermore, I showed that methylation at promoter regions was negatively
correlated with gene expression in both liver and muscle tissues (Spearman correlation rho=ca.
-40%), while gene body methylation was positively but weakly correlated with transcriptional
activity (Spearman correlation rho= 2-20%; see Figs. 2.29 and 2.30). Gene body methylation
at actively transcribed genes is a widely conserved feature, from vertebrates, plants to
invertebrates, while lack of methylation at TSS regions might mostly be a characteristic
of vertebrate genomes only [41]. Transcriptional regulation, such as alternative splicing or
transcription repression/initiation, is highly dependent on differential methylation levels in
gene bodies, enhancers and promoters in vertebrates, and is thought to mostly happen through
the recruitment of specific methyl-sensitive DNA-binding factors, such as transcription factors
or repressors just to cite a few [78, 172, 86]. Such interactions, organised in a highly timely-
manner, are essential for organismal development, embryogenesis and cell differentiation
in most vertebrates and might be responsible for phenotypic plasticity. Loss-of-functions
associated with most factors involved in the metabolism of cytosine methylation usually lead
to embryonic lethality [63, 17, 44], highlighting the biological relevance of DNA methylation

in vertebrates.

High CG methylation levels at TE sequences

The activity of transposable elements is under the tight control of the host. In eukaryotes,
post-transcriptional silencing of TE transcripts is carried out by small non-coding RNAs
(such as piRNAs and siRNAs, among others). Furthermore, DNAme-mediated mechanisms
to silence transcription activity directly at TE genes are a conserved feature in eukaryotes,
and can be mediated by sncRNAs as well as KRAB-ZFPs in higher vertebrates (excluding
teleost fishes) [103]. In cichlids, most TE families are heavily methylated (Fig. 2.17), which
suggests that a DNAme-based mechanism to silence TE activity also exists. Likewise, in
zebrafish, TE sequences exhibit high levels of methylation. Moreover piRNAs are expressed
in the germ line of both sexes and target genomic TE sequences, hinting at DNAme-mediated
repression of transposon activity driven by sncRNAs [100]. Nile tilapia has been shown to
express both piRNAs and PIWI proteins [99], known to interact with piRNAs to possibly
mediate DNAme-based transcription silencing. Furthermore, 35.4% of the genome of the
Lake Malawi cichlid M. zebra is composed of TE sequences, half of them being DNA
transposons (Fig. 2.15a,b), which could be a conserved feature of teleost fish only, as the

genomic TE landscape in most mammals is composed of retrotransposons [93].
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In summary, the methylome of Lake Malawi cichlids shares many features seen in other
vertebrates and is therefore expected to exert similar regulatory functions, in particular related

to transcriptional control and repression of TE activity.

2.9.2 Species- and tissue-specific methylome variation in Lake Malawi
cichlid fishes

I then sought to characterise the methylome variability between five different Lake Malawi
cichlids, exhibiting distinct trophic adaptations. Strikingly, the liver methylomes in Lake
Malawi cichlids exhibit important variability at conserved underlying DNA sequences and
appear to be both tissue- and species-specific (Figs. 2.18 and 2.19), in that a phylogeny of
each species and possibly based on the diet could be reconstructed based on methylome
divergence only in the case of both tissues. Interestingly, promoter regions, CpG islands
(mostly outside TSS regions with potential regulatory functions [173]; also known as orphan
CGIs) and transposable elements are the genomic regions showing the highest levels of
epigenetic diversity (Fig. 2.23), highlighting the importance of such regulatory regions in
possibly mediating phenotypic plasticity in the context of adaptation to different diets in
cichlids.

2.9.3 Vestigial DMRs in fully differentiated tissues

I described that some epigenetic variation may not only be liver- or muscle-specific but rather
multi-tissue species-specific, in that both liver and muscle share specific DNAme variation.
In fact, 35-50% of liver methylome variation is shared with muscle tissues, and inversely,
59-64% of inter-species methylome variation observed in muscles is also present in livers
(Fig. 2.24), which indicates that liver methylome exhibits slightly more tissue-specific inter-
species DMRs, in line with the putatively significant evolutionary pressure on liver adaptation.
I postulate that such a multi-tissue variation is likely to be found in other tissues (e.g. heart,
brain), and that it might represent embryonic memories or vestigial methylation patterns
[169], in line with gene ontology enrichment highlighting key developmental genes [169]. I
hypothesise that a large fraction of epigenetic variation might indeed be relevant/active in
early stages of development, promoting long lasting, species-specific changes in phenotypes
(as likely located in distal regulatory regions [Fig. 2.23] and Ref. [169]), while being
probably dormant in adult tissues, in liver and muscle tissues (unless they exert biological
functions relevant to multiple tissues [housekeeping roles, e.g.]). Upon cell division during

development, such vestigial DMRs are faithfully passed on from one mother cells to the
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daughter cells without epigenetic erasure in fully differentiated tissues. The gene visual
system homeobox 1 (vsxI), participating in eye development, is a good example of putative
vestigial multi-tissues DMRs, as its function is likely to be restricted to early stages of
development (Fig. 3.8). Consequently, this warrants further comparative characterisation of
the methylome and transcriptome at different developmental time points to understand the
role of such vestigial methylation variation during embryogenesis. In addition, a complete
identification of genomic regulatory regions (enhancers, promoters) would allow for a detailed

characterisation of vestigial DMRs, highlighting their possible functions.

2.9.4 DNA methylation variation is correlated with differential tran-

scriptional activity at key metabolic and developmental genes

Finally, I then characterised the interplay between inter-species methylome variation and
transcriptional activity in liver tissues to test the hypothesis that any divergence in DNAme
between species could underlie considerable phenotypic plasticity, in particular related to
traits associated with trophic adaptation.

Strikingly, a considerable amount of differentially expressed genes (DEGs) could be
associated with methylome variation (DMRs) in liver (Fig. 2.31a). In total, 27% of all
inter-species liver DEGs were linked to liver DNAme variation. Importantly, this might
represent an underestimation, as DMRs were spatially assigned to genes, in that no annotation
of regulatory elements, such as enhancers or promoters, were available at the time of this
study. Inversely, ca. 14% of all species-specific DMRs were associated with DEGs, which
might probably be an underestimation as well, in that vestigial/multi-tissue DMRs were not
excluded from the analysis and might putatively exert no functions in adult liver, out of the
developmental context.

Furthermore, most genes associated with DMRs were differentially expressed in a highly
species-specific manner, probably highlighting the unique liver-related phenotypic adaptation
in these eco-morphologically distinct species. Even the more closely-related herbivorous,
rock-dwelling species (M. zebra and P. genalutea) differ in their DEGs associated with DMRs
(Fig. 2.31c, bottom). Interestingly, gene bodies accounted for the majority (53.3%) of all
liver transcriptional changes associated with methylome variation. This hints at regulatory
roles for gene body methylation in regulating and interacting with the transcription machinery
(RNA pol I1, for example) [86]. Promoters, important actors in controlling transcription in
vertebrates, make up close to 18% of the transcriptional variation linked to species-specific
DNA methylation.
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Importantly, DNA methylation variation associated with significant changes in gene
expression consistently pertains to similar biological processes regardless of its genomic
localisation (Fig. 2.31d), suggesting that methylome variation at both promoters and gene
bodies could act in concert in order to promote phenotypic plasticity. In particular, specific
hepatic processes seem to show transcriptional changes associated with DNAme variation at
promoters and gene bodies (Figs. 2.31d and 2.32). The biosynthesis of steroid hormones
and of lineage-specific types of bile acids, important in lipid metabolism/breakdown and in
energy homeostasis [174], appears to be targeted by DNA methylation variability at their
transcriptional start sites.

Finally, another important observation is the predominant implication of TE sequences
in producing species-specific liver methylome variation, hinting at a role in promoting
phenotypic plasticity. Although TE elements are only slightly enriched overall for DNAme
variation (Fig. 2.23), they account for more than two-thirds of the transcriptional changes
associated with liver methylome variation, in particular at promoter regions (Fig. 2.31b).
Due to the high propensity of TE sequences to contain regulatory elements, novel genomic
insertion of TEs could be accompanied by changes in transcription in neighbouring genes
[38]. Differential methylation states at such TE-derived ectopic promoters have been linked
to be influenced by environmental perturbations, possibly resulting in altered gene expression
activity — see the agouti mouse model and in toad flax for example, in section 1.4.5 and
Ref. [92, 126]. It would be interesting to further characterise the implication of TE-DMRs

associated with DEGs, which is the focus of current work.

Adaptive traits, such as the ones associated with liver functions as diverse as lipogene-
sis, steroid hormone production and xenobiotic metabolism, can greatly participate in the
adaptation to different diets in Lake Malawi. Liver methylome variation was associated with
transcriptional changes in such biological processes in a species-specific manner. Altogether,
these results postulates an adaptive role of DNAme variation in facilitating plasticity of
liver-related phenotypes. It is tempting to speculate that functional methylome variation
could be fixed in different species of Lake Malawi cichlids and could participate in the short-
and long-term phenotypic divergence by shaping transcriptional landscape. Such epigenetic
variation could be selectable as affecting phenotypic plasticity of adaptive traits.

Although these results highlight significant liver species-specific methylome variation
associated with possible traits related to diet adaptation, it is crucial to investigate further
whether such variation could be fixed in a population and could be transmitted to subsequent
generations in an environment-independent manner. In other words, how much of the

methylome landscape is shaped by the local environment as opposed to being environment-
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independent? I speculate that a large fraction of methylome variation is directly influenced
by environmental factors, underlying selectable phenotypic plasticity. However, I expect
some fixed and heritable DNAme variation associated with adaptive traits. For this latter,
the implication of genetic polymorphism in generating epigenetic variation can not be ruled
out at the moment and will be investigated in chapter 4. Although this thesis analysed liver
methylome variation at conserved underlying DNA sequences, genetic polymorphism in

trans may also modify the methylome landscape [78]).
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2.10 Detailed methodology

Overview

All Malawi cichlid fish were wild caught. Upon collection (during the field trip, 2015-2016),
tissues were placed in RNA/ater, and were then stored at -20°C. The protocol explained
hereafter was optimised for tissues stored in RNA/later. The main difference with fresh
tissues would be the additional purification step (to clean samples of any salt carry-over),
not necessary for fresh tissue, and the slight degradation of HMW gDNA observed for wild
caught fish; see Fig.2.4a.

Table 2.4 Sampling size - Methylome of Lake Malawi cichlids

. WGBS ! RNAseq 2
Species - :
liver muscle liver muscle
Aulonocara stuartgranti 2% 0 0 0
Maylandia zebra

Petrotilapia genalutea

3
Rhamphochromis longiceps 2
3
Diplotaxodon limnothrissa 3

W W W W
W W W W

0
2
2
2

* one female and one male.
I'WGBS, whole genome bisulfite sequencing
2 RNAseq, total RNA (transcriptome) sequencing

2.10.1 Protein sequence homology

TET and DNMT proteins were found in Maylandia zebra with BLASTp using canonical
amino acid sequences of either Homo sapiens or Danio rerio for each protein analysed
(% seq identity, query coverage and genomic location of isoforms were the major criteria
of selection). Phylogenetic trees based on sequence homologies were then generated by
first aligning all the sequences (MUSCLE, 3.7), curating the alignments (Gblocks 0.91b)
and finally building and predicting the sequence phylogeny (PhyML 3.0) — all done using
http://phylogeny.lirmm.fr/phylo_cgi/index.cgi [175]. Trees were visualised using FigTree
(v1.4.4).

The following NCBI Reference Sequences were used:

TET3: XP_014263906.2 (mz), NP_001314875.1 (dr), 043151 (hs)

TET2: XP_004549491.1 (mz), XP_005159960.1 (dr), Q6NO21 (hs)

TET1: XP_004551793.2 (mz), XP_021328376.1 (dr), QSNFU7 (hs)
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mz, Maylandia zebra; dr, Danio rerio; hs, Homo sapiens.

2.10.2 TIsolation of genomic DNA and NGS Library preparation

e
_ v
€. e b Bisulfite Treatment
in RNA/ater, -20°C/fresh Imprint DNA Modif Kit (Sigma)
< /l PCR - Multiplexing and Amplification
10cycles NanoDrop
RNA extraction NanoDrop gDNA extraction l - /{Qubit
phenol/chloroform Qubit QlAamp DNA Mini TapeStation
TapeStation Sequencing
NGS library preparation Spike-in l PE150, HiSeq 4000
done at Si”g‘” fnst Aphage|  DNA shearing (400bp)
Covaris S2/E220 . .
Sequencing Reads QC ?Agalptor trimming
PE75, HiSeq 4000 rimGalore
Clean up l
Reads QC & Adapt. trim. PureLLink (Invitrogen . .
i NanoDrop LRI g PCR duplicates filtering
Qubit l
Gene expression quantif. [EpeStition DNA Library MZ UMD2a  Alignment
kallisto p By N i
NEBNext DNA Lib Il T Bismark A phage
. 7 . Methylated adaptors 21 <_L> genome
Diff. expression analysis 2h_. @ bisulfite conversion
sleuth (Wald test)

Fig. 2.33 Overview of the methods used to generate WGBS and RNAseq data. Summary of the
main methods used to extract high-molecular-weight genomic DNA and RNA from both liver and
muscle tissues and to prep NGS libraries for both WGBS and RNAseq. Bisulfite conversion of
genomic fragments is performed after DNA library prep. Once sequencing is done, adaptor sequences
in read sequences are trimmed out and low quality reads are filtered out. Then, adaptor-trimmed reads
are mapped to both Lake Malawi reference genome (M.zebra, UMD2a) and to lambda phage genome
to assess bisulfite conversion rate. RNAseq reads were mapped to the same reference genome. Gene
expression was quantified to finally perform differential gene expression analysis.

Figure 2.33 summarises the main method chosen to produce WGBS libraries. In detail,
high-molecular-weight genomic DNA (HMW-gDNA) was extracted from homogenised
tissues (<25mg) using a silica-column based approach QIAamp DNA Mini Kit (Qiagen
51304) according the manufacturer’s instructions. HMW-gDNA was then fragmented using
sonication to the target size of 300 - 400bp (Covaris, S2 and E220; Fig. 2.34 ). Fragments
were then purified (mainly to remove carried-over salts of RNAlater) with PureLink PCR
Purification kit (ThermoFisher). Before any downstream experiments, quality and quantity of
gDNA fragments were both assessed using NanoDrop, Qubit and Tapestation (Agilent). To
estimate bisulfite conversion efficiency, the unmethylated genome (48.5kbp) of the lambda
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phage cl857 Sam?7, isolated from infected GM119, a Dam™ Dcm™ E. coli strain (lacking the
methyl transferase activity for both cytosine and adenine nucleotides; Promega) was spiked

in (0.5% (w/w)) before sonication.

A. B.

read 1
150nt

>
»

200nt insert

e
e
e
——

read 1

150nt \ - / reference

>
>

repeat sequences
300-400nt insert

Fig. 2.34 Overview of paired-end sequencing reads. A. Paired end sequencing enables both ends
(reads 1 and 2) of the DNA insert to be sequenced. An insert size of 300-400nt long is ideal to avoid
any sequencing overlap (bottom). B. As the distance between each paired reads is known, higher
mapping efficiency is to be expected, in particular at repetitive regions, such as transposons. Figures
modified from Illumina website.

Typically, 200ng of sonicated fragments were prepped in the readiness of NGS with NEB-
Next Ultra I DNA Library Prep (New England BioLabs, E7645S). Briefly, blunt fragments
are first end-repaired and A-tailed using T4 DNA polymerase and Klenow Fragment. They
are then ligated on both flanks with Illumina methylated adaptors (NEB, E7535S). Adapted
fragments were then purified with Agencourt AMPure Beads at a 0.8x ratio (Beckman
Coulter, Inc). Libraries (ca.50ng) were then treated with sodium bisulfite (see section 2.10.3
and Fig. 2.35) according to protocol (Imprint DNA Modification Kit; Sigma, MODS50). Con-
verted libraries were then indexed (NEBNext Multiplex Oligos for Illumina, NEB E7335S)
and amplified by PCR (10 cycles) with KAPA HiFi HS Uracil* RM (KAPA Biosystems),
followed by a purification step with 0.7x volume of Agencourt AMPure Beads. Size and
purity of libraries were determined using Tapestation and quantified using Qubit (Agilent).
Indexed libraries were sequenced on HiSeq 4000 (High Output mode, v.4 SBS chemistry,
at CRUK, Cambridge Institute, UK) to generate paired-end 150 bp-long reads. Of note,
both male and female specimens of A. stuartgranti only were sequenced on HiSeq 2500 to

generate paired-end 125bp-long reads.

2.10.3 Bisulfite conversion - detailed overview

In order to distinguish between modified cytosines and unmodified (5-methylcytosine, mC,
and 5-hydroxymethylcytosine, 5hmC), DNA is treated with sodium bisulfite. Upon bisulfite

treatment, only unmodified cytosines will be converted into uracil through a first sulfonation
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reaction, followed by a deamination process and a final desulfonation step after DNA
denaturation by heat into single-stranded fragments (Fig. 2.35a). Modified cytosines are
immune from this conversion (Fig. 2.35b). As a result after PCR amplification, unmodified
cytosines will be read as thymine upon sequencing, while modified cytosines, as cytosines
(Fig. 2.35c.). It is therefore essential to monitor the efficiency of the conversion, as any
failure in converting any unmodified C into U would result in an erroneous methylation
determination. To this aim, a spike-in was used for all WGBS samples as conversion control
(see section 2.10.2): 0.5% w/w of genomic DNA of lambda phage produced in a mutant
strain of E.coli, lacking any methyltransferase activity (dam™~ and decm™) was spiked in
before the sonication step. As only unmodified C is present in the phage genome, any failed
conversion of unmodified C will result in a false positive mC call. The conversion efficiency
is therefore calculated based on how many false-positive mC were sequenced in the lambda
phage genome. The mapping software bismarck [161] is able to infer methylation status
at each CpG site in the genome by comparing mapped converted libraries with reference

genome ©.

2.10.4 Quality of WGBS sequencing reads

TrimGalore --paired --fastqc --illumina (v0.5.0, Babraham Inst.;
github.com/FelixKrueger/TrimGalore) was used to determine the quality of sequenced read
pairs and to remove Illumina adaptor sequences and low quality reads (Phred quality score
<20).

2.10.5 Alignment and visualisation of mCG sites

All adaptor-trimmed paired reads were aligned to the reference genomes of M. zebra cichlid
(assembly version, UMD2a) and to the lambda genome (to determine bisulfite non-conversion
rate) using Bismark (v0.20.0 [161]), a mapping software making use of Bowtie2. The
alignment parameters were as follows: 1 mismatch allowed with a maximum insert size for
valid paired-end alignments of 500bp (bismark -p5 -N 1 -X 500). Clonal mapped reads

were removed using deduplicate_bismark -p.

Both the reference genome and sequenced reads will be converted in silico twice (one C-to-T conversion
and one G-to-A conversion). Converted reads are mapped then to the respective converted reference genome,
and the unique best alignment is then determined from the two mapping processes (these are directional libraries,
in that complementary strands will not be sequenced). The methylation state at each CpG is determined by
comparison with the reference original genome (reviewed in Fig.1 in [161])
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Fig. 2.35 Bisulfite conversion of unmodified DNA cytosine. Principal chemical reaction of WGBS
enabling distinction between unmodified and methylated cytosines upon sequencing. A. Unmodified
cytosine is converted to uracil through a first sulfonation reaction, followed by a deamination process
and a final desulfonation step after DNA denaturation by heat into single-stranded fragments. B.
Modified cytosines are immune from this conversion. C. Upon whole genome bisulfite sequencing,
unmodified cytosines are read as thymines, while modified cytosines, as cytosines. a. and b., adapted
from NEB website. ¢. adapted from Ref. [176].

Methylation at CpG sites were called using bismark_methylation_extractor -p
--multicore 9 --comprehensive --no_overlap --merge_non_CpG and methylpy.

Downstream analysis, including DMR calling and gene expression correlation, were
done with R package DSS (v2.32.0 [177]), R (v3.6.0) using custom scripts. Samtools (v1.9)
and bedtools (v2.27.1) were used to generate, handle mapped reads and generate averaged
methylation levels across non-sliding windows of various sizes genome-wide. R packages
ggplot2 (v3.1.1) and pheatmap (v1.0.12) were used to visualise methylome data and to
produce non-biased clustering based on methylome similarities. R in-house commands were
used to produce principal component analysis (prcom, centred and scaled), Spearman’s
correlation (cor), Euclidean distances (dist). Statistical tests, including Kruskal-Wallis H
test and Dunn’s multiple comparisons test were performed with R using the package FSA
(v0.8.24). Of note, for all methylome analyses apart from DSS-mediated DMR calling, only
CpG sites with >4 and < 100 unique mapped reads were used for analysis.

The genome browser IGV [178] (v2.5.2) was used to visualise DNA methylation genome-
wide (in 50bp-long windows).



116 The methylome of Lake Malawi cichlids

2.10.6 DMR calling

Differentially methylated regions (DMRs) were called using the R package DSS (Dispersion
Shrinkage for Sequencing data with single replicates)) [177]. The authors have developed a
statistical method to predict DMRs that takes into account spatial correlation of CpG methy-
lation, read depth and biological variation. In brief, DSS includes a binomial distribution test
capturing the random sampling process of the WGBS dataset, a beta distribution modelling
the biological variation among replicates, and a smooth function accounting for the spatial
correlation among nearby CpG sites (estimated through an empirical Bayes (EB) procedure).
Finally, significantly differentially methylated single CpG is calculated by performing Wald
test. Finally, regions with > 5 CpG sites showing significant difference in methylation levels
(A> 25%, pvalue < 0.05) and if within 50bp distance of each other were grouped into DMRs.

Enrichment analysis for genomic elements of DMRs was done using bedtools shuffle

with 10 iterations.

2.10.7 Genomic annotations

The reference genome M. zebra (UMD?2a) was used to generate all annotations.
Custom annotation files were generated and defined as follows:

Promoter regions

Promoter regions were defined as TSS£500 bp.

Gene bodies

Gene bodies included both exons and introns and other intronic regions, and excluded the
first 1kbp regions downstream of TSS to avoid any overlap with promoter regions.
Transposable and repetitive elements

Repetitive regions were modelled using RepeatModeler (v1.0.11), masked and classified
using RepeatMasker (v4.0.9.p2).

CpG islands

CpG-islands (CGlIs) were predicted with makeCGI [164] - a software using a Hidden-Markov
model approach to define CGI in an unbiased way in any species (without pre-defined

parameters).
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The following genomes were used to compare genomic CG contents: Honey bee
(A. melifera, Amel_4.5), worm (C. elegans, WBcel235), Plant (A. thaliana, TAIR10),
Dario/zebrafish (D. rerio, GRCz10), Mbuna (M. zebra, UMD1), Coelac (L. chalumnae,
LatCha.1), Gallus/chicken (G. gallus, Gall_5), Grey whale (E. robustus, v1), human (H.
sapiens, GRCh38.p10), mouse (M. musculus, GRCm38.p5), tammar wallaby (V. eugenii,
Meugl.1).

2.11 Sequence divergence

Pairwise sequence divergence matrix was generated by Hannes Svardal, using whole-genome
sequencing data published in Ref. [102]. >16 individuals (male) per species. Tree based on
SNP difference was build using FigTree (v1.4.4; github.com/rambaut/figtree).

2.12 Transcriptome analysis — RNAseq

As part of a collaborative project, RNA isolation was performed by Dr. M. Du and NGS
library preparation and sequencing were done at the Sanger Institute by the sequencing
facility.

In brief, for each species, three biological replicates of liver and muscle tissues were used
to sequence total RNA (see Fig. 2.33). Refer to Table 2.4 for a detailed description of sample
size for both WGBS and RNAseq. Of note, the same specimens were used for both RNAseq
and WGBS.

In brief, total RNA from RNAlater preserved and homogenised liver and muscle tissues
were isolated using the phenol/ chloroform approach. RNA samples were then treated with
DNAase. ribosomal RNA (rRNA) fragments were also removed using RiboZero, according
to manufacturer’s instructions. Quality and quantity of rRNA-deprived RNA extracts were
determined using NanoDrop and Bioanalyser. cDNA NGS libraries were directional and
sequenced on HiSeq 2500/4000, paired-end 75bp and were performed by the sequencing
facility of the Sanger Institute.

2.12.1 Alignment of RNAseq reads and gene counting

Quality of sequenced read pairs was determined, adaptor sequences and low quality reads

removed with TrimGalore --paired --fastqc --illumina.
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Reads were then aligned to the M. zebra genome assembly (UMD2a) and expression
of each transcript was quantified (TPM) using kallisto quant --bias -b 100 -t 1
(v0.43.1) [179]. Note that for all downstream analyses, gene expression, rather than transcript,

was used (mean TPM of all transcripts/isoforms per gene).

2.12.2 Differential gene expression analysis

Differential gene expression (DE) analysis was performed on gene expression matrix using
sleuth (v0.30.0 [180]; sleuth_wt, Wald test) with FDR <0.01. Gene expression of TPM>5

in any individuals of any of the 5 species was required for DEG.

2.12.3 Visualisation of DEG and transcriptomic data

Principal component analysis (centred and scaled) and Spearman correlation matrix were
produced with build-in R programme prcomp and cor on gene expression matrix (averaged
TPM values for biological replicates for each species). Graphs and unsupervised clustering
and heatmaps were produced with R packages ggplot2 (v3.1.1) and pheatmap (v1.0.12).
Heatmaps of gene expression show scaled TPM values (TPM > 5 in at least one replicate
per comparison).

To study the correlation between methylome and gene expression, genes were binned
into 11 categories based on their expression levels (increasing gene expression levels, from
cat 1 to 10; cat "OFF" groups silent/not expressed genes, i.e. TPM=0 in all replicates for a
particular species. RL liver (n=2): 10 ’ON’ categories , n=2,129; 1 ’silent’ category, n=5,331.
MZ liver (n=3): 10 ’ON’ categories , n=2,199; 1 ’silent’ category, n=4,704. RL muscle
(n=2): 10 ’ON’ categories , n=2,101; 1 ’silent’ category, n=4,622). TSS (500bp=£ TSS) and
gene bodies were also binned into 10 categories according to methylation states (0-100%
methylation, by 10% incremental; RL liver (n=2), 11 categories, n ranging from 34 to 11,202.
MZ liver (n=3), 11 categories, n ranging from 28 to 11,192. RL muscle (n=2), 11 categories,
n ranging from 60 to 9,946). Categories were generated using the R package, tidyverse.
TPM values and methylation levels were averaged for each tissue and per species using all

biological replicates.



Chapter 3

The methylome of A. calliptera sp.

Massoko - early stages of speciation

3.1 Background

A recent study by Malinsky et al. investigated the genomic basis underlying the ongoing
speciation of two distinct ecomorphs of A. calliptera in Lake Massoko [181]. Surprisingly,
the authors found no fixed SNPs between the two ecomorphs, instead they described large
genomic regions showing a high degree of genetic divergence, the so-called islands of
speciation (see section 3.1.2), suggesting that the speciation process is highly polygenic. In
addition to this remarkably low genetic variability, restricted to some genomic regions on a
few chromosomes only, striking phenotypic differences were highlighted, such as different
morphological traits, distinct male breeding colours, partial assortative mating and adaptation

to different sources of food.

3.1.1 Geography of Lake Massoko

Lake Massoko (or Lake Kisiba) is a volcanic crater (maar-type) lake in the Rungwe highlands
in the Southern end of Tanzania, approximatively 20 km north from the Northern tip of Lake
Malawi [182, 183] (Fig. 3.1). Lake Massoko has a diameter of 700m and a maximum depth
of 36m [183]. The lake bottom can be divided into three zones: the littoral (5-10m deep) is
composed of some reeds and grass, then the crater wall zone, which is steep and rocky, and
finally the mud plain, composed of a flat and thick layer of silt. Recent studies could reliably
date the formation of this crater lake at 50 thousand years ago [182].



120 The methylome of A. calliptera sp. Massoko - early stages of speciation

‘ Lake Massoko

200m & Shallow/Littoral/Yellow
®
“ Deep/Benthic/Blue

>3 species
<50,000 years old

Lake Malawi

” 9@;
- R e
B
>800 species
<5 million years old

Fig. 3.1 Map and cichlids of Lakes Massoko and Malawi. Cichlids of Lakes Malawi and Massoko
are studied in this thesis to understand variation and convergence in genomic loci of DNA methylation
variation in liver tissues. More than 800 different cichlid species have been described in Lake
Malawi (estimated formation: 5 million years ago), and only 3 cichlid species have been found in the
crater lake Massoko (crater lake formation: 50 thousand years ago). Two subgroups of speciating A.
calliptera individuals are found in lake Massoko: the benthic, blue ecomorph populating deeper parts
(20-25m) of the lake, while another ecomorph, yellow breeding colours for males, populate shallower
habitats (0-10m), closer to the shore.

3.1.2 Fishes of Lake Massoko

Lake Massoko is home to four fish species (three of which are cichlids) [183]. The most
numerous species is the polymorphic Astatotilapia, followed by a population of Oreochromis.
Two other species, although much less frequent, have been observed, namely Coptodon
rendalli and the catfish Clarias gariepinus, both of which are endemic to Lake Malawi and
its catchment and might have been introduced in Lake Massoko [183].

Interestingly, different ecomorphs of A. calliptera are found throughout the lake (Fig. 3.1).
The first population dwells in the shallower parts of the lake (0-10m) and is characterised
by males showing bright yellow breeding colours, resembling the riverine and probably
ancestral A. calliptera specimens. It is therefore referred to as the littoral or yellow ecomorph.
The second population is found deeper in the lake (15-20m) and is called the benthic or blue

ecomorph, after the male breeding colour. No observation of yellow morphs has ever been
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made in the benthic parts of the lake, however the benthic specimens have been reported
to inter-breed with the littoral population, in particular in the intermediate zone (between
littoral and benthic regions) [183]. In addition, there is evidence for moderate but significant
assortative mating (in particular for littoral females) between the two ecomorph groups [181],

which is a key element in the speciation process [184, 143].

Morphological differences of Astatotilapia sp. Massoko

The haplochromine cichlids of Lake Massoko show striking morphological differences. In
particular, the benthic specimens have on average (i) longer head and jaw, (ii) lower body
mass, (iii) narrower pharyngeal teeth and (iv) lighter lower pharyngeal jaws (see Fig. 1.8c).
In addition, differences in stable isotope ratios indicated (v) a greater influence of planktonic-
based food in the diet of the benthic population. Altogether, this suggests clear ecomorph
separation and adaptation to different ecological environments in Astatotilapia calliptera sp.
Massoko.

Genomic islands of speciation in Astatotilapia sp. Massoko

The two A. calliptera ecomorph populations of Lake Massoko have been reported to be
very closely related genetically. Strikingly, whole-genome sequencing of the subpopula-
tion highlighted no fixed SNPs clearly segregating the different ecomorph groups (more
individuals are being sequenced and analysed at the moment). Rather, Malinsky, Challis
and colleagues identified 55 genomic regions showing high genetic polymorphism, called
HDRs for highly diverged regions (both high Fg7 and nyl, in brief high allele frequency
differences and high nucleotide diversity between populations) without fixed SNPs between
the two populations. Half of these HDRs are localised on only five chromosomes [181],
thus forming archipelagoes of speciation. Interestingly, these regions of high divergence
were enriched in genes associated with morphogenesis, sensory systems and steroid hormone
signalling, in line with morphological divergences and visual adaptations to dimly lit parts of
the lakes [181].

Moreover, whole-genome sequencing analyses confirmed the early stages of divergence
of Lake Massoko A. calliptera ecomorphs. These populations could have originally populated
the lake ca.10,000 years ago after the separation from the Mbaka A. calliptera population

IFgr represents a measure of allele frequency differences between populations, that is the population-specific
change in allele frequency, while D,, represents an absolute measure of population difference, capturing the
number of nucleotide difference among populations [185]
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(the river Mbaka is located nearby Lake Massoko). Then, the benthic groups is estimated to
have formed a distinct groups within the past 500-1,000 years [181].

Overall, the Lake Massoko system offers a unique opportunity to investigate the methy-
lome variation associated with this on-going sympatric speciation in natural populations of
A. calliptera of Lake Massoko, and whether any convergence in genomic loci showing high
DNAme variation exists between Lakes Malawi and Massoko cichlid systems (Fig. 3.1).

To address these aims, I generated genome-wide bisulfite sequencing data from multiple
specimens from benthic, littoral and proximate riverine populations. In line with the adapta-
tion to different diets, I hypothesise that the liver methylome would affect liver function and
thus be related to diet.

3.2 Whole Liver RRBS Methylomes of 35 A. calliptera spec-

imens of Lake Massoko

To investigate the variability of liver methylomes in Lake Massoko A. calliptera ecomorphs
and to draw comparisons with the Lake Malawi cichlid radiation, > 11 males of each
ecomorph (Riverine, Littoral, Benthic) were collected. Two bisulfite sequencing (BSeq)

approaches were employed:

* RRBS, or reduced representation bisulfite sequencing;

* WGBS, or whole-genome bisulfite sequencing.

First, the targeted approach, RRBS, was used [186]. This method uses the restriction
enzyme, Mspl, that cleaves the phosphodiester bond of double-stranded DNA at 5'C.CGG
3’. This results in an enrichment for sequencing of GC-rich genomic regions (where most
changes in DNA methylation is expected, at least in mammals). While allowing many more
samples to be sequenced at a reasonable cost, it differs from the WGBS approach in that
only ca. 25% of all CpG sites genome-wide will be sequenced. Subsequently, WGBS data
for two breeding male individuals for each of the three groups was performed to obtain
a genome-wide resolution of the Massoko methylome. Refer to table 3.1 for a detailed

description of sample size for each BSeq technique.
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Table 3.1 Sampling size - Methylomes of A. calliptera sp.

Massoko
BSeq type!
Ecomorph RRBS WGBS
A. calliptera Mbaka (Riverine) 11 2
A. calliptera Littoral 12 2
A. calliptera Benthic 12 2

Number of biological replicates of liver tissue of breeding
males, collected in the wild
I Bseq stands for bisulfite sequencing technique

3.2.1 Methylome of A. calliptera males of Lake Massoko

In order to characterise the variation in liver methylome between the three ecomorphs, RRBS
single-end 50bp-long reads were all mapped to the same reference genome of Lake Malawi
cichlid (M. zebra; UMD2a). On average, 11.07 + 3.4 million SE50 reads (1 4+ o) were
generated (Fig. 3.2a). Alignment scores were high (i.e., compared with WGBS data), with
on average 83.84 £ 1.6% of reads mapping uniquely (Fig. 3.2b). Unmapped reads might
arise from overly-short read sequences and/or too many alignments (repetitive nature of the
read sequence). In addition, mapping efficiency is decreased because bisulfite converted read

mapping relies on three letters instead of four as the nucleotide C is used to infer methylation

status.
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Fig. 3.2 Mapping of RRBS reads - Methylome of liver tissues for the two different A. calliptera
ecomorph groups of Lake Massoko and riverine A. calliptera. Single-end 50bp-long reads of liver
methylome were mapped to M. zebra reference genome. A. Count of uniquely mapped and unmapped
reads for all A. calliptera specimens of each ecomorph group. The red dotted line represents the
mean number of mapped reads for all RRBS sequencing data. B. Boxplot showing the percentage of
mapped reads for all RRBS datasets combined. Fish IDs are provided below graphs.
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The RRBS approach enriches for CpG-dense regions of the genome. The total count
of CpG sites in the Massoko RRBS dataset (i.e. count of all CpG sites that have been
sequenced in at least one of the 35 samples, in any population and with a minimum coverage
of 4 sequencing reads) is 3.5 million (Fig. 3.3a, "All CpG"). Only 35% (1.2 million) of
the CpG sequenced is common among all three populations (i.e. CpG common in at least
one individual in each population, Fig. 3.3a, "Ecomorph"). Of note, only 225k CpG sites
(7.1%) are common to all the 35 individuals (Fig. 3.3a, "Individual") - these CpGs, shared
among all samples, are required to evaluate methylome patterns in the whole population (see
below). This drop in the number of CpG common to all individuals could be due to technical
drawbacks (low methylation coverage, variable sequencing depth at different loci, fragments

absent in NGS library) or due to actual SNPs between individuals.
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Fig. 3.3 Total CpG count and methylation levels in RRBS datasets. A. Histogram showing the
total number of CpG sequenced in the 35 individuals of Massoko dataset. "All CpG": all the CpG
ever sequenced in any individual of any population (black); "Ecomorph": CpG common in at least
one individual in each population (darker grey, common between general groups); "Individual": CpG
sequenced in all the 35 individuals (light grey, common in all). Sequencing coverage at any CpG sites
of at least 4 reads. B. Violin plots representing methylation levels (%mCG/CG) in each population, at
CpGs shared between ecomorph groups (darker grey in a. — 1.15 million CpG sites). Median values
are given above violin plots.

Overall, methylation levels at CpGs in the three populations are consistently high, show-
ing a clear bimodal distribution: most CpG sites show a high degree of methylation (around
100%) with a smaller fraction of CpG showing almost no methylation at all. On average, the
deep population shows a slightly higher methylation level overall compared to the Riverine
group exhibiting the lowest level of the three populations (median values of 87.3%, 85.8%
and 83.3% overall DNA methylation levels, for Benthic, Littoral and Riverine populations
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respectively; Fig. 3.3b), while the littoral population shows a more intermediate DNAme

level overall.

3.2.2 Methylome patterns unique to each A. calliptera sp. Massoko

population
Overall differences

In order to investigate whether different Massoko morphs of A. calliptera would show distinct
patterns of liver methylation, and whether this could be correlated with different trophic
adaptations, Spearman correlation scores were generated and Euclidean distances were
plotted. Principal component analysis of methylation variation at conserved CpG sites was
also performed.

Methylome variation between populations is almost always greater than variation within-
population: specimens mostly cluster by populations based on Spearman correlation scores
of liver methylome (Fig. 3.4a). The benthic population forms a more distinct group,
with liver methylome patterns being more unique than these shared between the riverine
and littoral populations. Of note, some specimens, identified as showing the benthic blue
phenotype, cluster with shallow individuals in terms of liver methylome patterns (Fig. 3.4a).
Specimens caught in the wild were sampled and identified as belonging to the benthic or
littoral population according to the blue vs yellow male breeding colours and the depth of the
catchment. George Turner has reported that no littoral specimens have ever been observed
in the benthic areas of the lake [183]. Moreover, upon collection, Malinksy, Challis and
colleagues could not rule out the fact that some littoral specimens could have been by-caught
inadvertently while sampling benthic individuals [181]. Interestingly, all the specimens
exhibiting methylome patterns specific to the benthic population also show diet specific to
the deeper parts of the lake (Fig. 3.5). This suggests that some benthic could have been found
in shallower parts of the lake (i.e. the intermediate zone), however no littoral specimens were
found in the benthic habitats. This is in line with the idea that benthic populations could
sometimes interbreed with littoral fish [181, 183].

Similarly, the first principal component (6.6% of variance) might mostly be explained by
the unique patterns of liver methylome in the benthic population compared to both the littoral
and riverine groups (clustering together). The second principal component, explaining 4.2%
of the methylome variance, is required to distinguish the riverine from the littoral populations
(Fig. 3.4b). This might be reflected by the slightly higher methylation levels observed overall

in the benthic specimens, compared to the two other ecomorph populations (Fig. 3.3b). Of
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note, Malinsky and colleagues [181] have shown that the benthic and littoral individuals
exhibit a significant change in stable isotope ratios (more depleted in C!3 in benthic fish),
which indicates significant dietary changes to more offshore-planktonic food sources for the
benthic populations. Stable isotope ratios similarly can group the two populations apart (Fig.
3.5).
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Fig. 3.4 Variation and patterns of liver methylomes in the two A. calliptera sp. Massoko eco-
morph and the riverine A. calliptera populations. RRBS data of 35 A. calliptera of Lake Massoko.
A. Unbiased hierarchical clustering of all the 35 A. calliptera male specimens based on liver methy-
lome similarities (Spearman correlation scores). Red dotted outline indicates specimens for which
WGBS has been generated as well. B. Principal component analysis (PC1 vs PC2) of liver methylome
at conserved underlying CpG sequence. Percentage of explained variation for each PC in brackets.
Specimens were classified into the benthic or littoral populations based on catchment depth and male

breeding colours.
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Fig. 3.5 Diet and methylome variation in Lake Massoko cichlids. Liver methylome variation
(PC1) was plotted against stable isotope ratios measured in the livers of some individuals only (§'3C,
per mille). Isotope measurements carried out by Martin Genner and colleagues. Specimens were
identified as belonging to either the benthic (blue) or littoral (yellow) populations based on male
breeding colours and depth of capture. Methylome patterns specific to benthic (square) or littoral
(triangle) populations derived from Fig.3.4b. Isotope measurement data only available for some

individuals.
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3.2.3 DMRs between the two A. calliptera populations of Lake Mas-

soko and riverine A. calliptera

I then sought to identified differentially methylated regions (DMRs) showing consistent and
significant change in single CpG methylation levels.

Most of the differentially methylated regions are hypermethylated in the benthic popula-
tions when compared to the riverine or littoral specimens (75% and 70% total DMRs, resp.;
Fig. 3.6). Interestingly, the variation in methylome between the riverine and littoral is more
balanced, with as many hypomethylated DMRs as hypermethylated ones. Moreover, the
highest number of DMRs is observed between riverine-benthic populations, with 534 DMRs
— this i1s 60% more DMRs than between either riverine-littoral and littoral-benthic. This
highlights that the benthic population exhibits the most distinctive and unique liver methy-
lome pattern. The littoral population shows a more intermediate methylome, in-between
the ancestral-like riverine and the deep benthic populations, though sharing slightly more
similarities with the ancestral-like methylome.

Strikingly, most of the methylation variation in Lake Massoko A. calliptera populations
seems to be associated with increased methylation levels in the benthic group in particular,
and also, to a lesser extent, in the shallow population, when compared with the ancestral-like
riverine group.

The gain in DNAme in the benthic population might explain what both the PC and
Spearman correlation analyses have highlighted: the benthic population formed a distinct
group, clustering away from the shallow and riverine groups (Fig. 3.4a,b). The benthic
population also shows a slightly increased methylation level genome-wide compared to
shallow and riverine groups (Fig. 3.3b).

RRBS-DMRs were on average 170-220bp long (Fig. 3.7a). Of 1,209 DMRs found
between the three Massoko populations, 1,068 (88.3%) are unique and 141 are common to
some pairwise comparisons. Overall, 55% of all the DMRs show hypermethylated levels in
benthic and/or littoral samples (with 37% hypermethylated in benthic exclusively) compared
the riverine specimens. By contrast, 8% of all the DMRs are hypermethylated exclusively in
the riverine specimens (Figs. 3.6b and 3.7b).

Current work aims at further characterising DMRs between the littoral and benthic groups,

to investigate the epigenetic basis of this recent speciation.
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Fig. 3.6 Global increased in DNA methylation levels is associated with the littoral and benthic
populations compared to the ancestral, riverine A. calliptera group. A. Histograms of the number
of DMRs found between the liver methylome of the three ecomorphs with DNAme difference
(hypermethylated DMRs plotted). The y-axis represents the number of hypermethylated DMRs in
each group. The x-axis represents percentage change of methylation state at the DMR. Pie charts on
the right summarise the number of hyper- vs. hypo-methylated DMRs in each comparison with total
counts of DMR in the centre. B. Heatmap of DNAme with unsupervised clustering in each ecomorph
population at each unique DMR found between at least one of the three comparisons (average mCpG
in >1 individual in each population). Different clusters are found based on methylome patterns. In
total, 770 DMRs are found in > 1 specimen in each population. Sample size (n) for each group given
at the bottom.

3.2.4 Genomic localisation of DMRs

The genomic localisation of the DMRs found was then determined. More than half (58%) of
the hypermethylated DMRs in benthic/littoral lie in gene bodies (exons or/and introns) and
only a small fraction (10%) in promoter regions? (defined as 500bp upstream and downstream
of TSS, TSS =+ 500). Slightly more than a fifth of these DMRs lie in transposon and repeat
sequences, and almost a third are intergenic DMRs, which potentially include enhancer
regions (Fig 3.7¢c).

>The RRBS technique is known to enrich for CG-rich fragments (CGI). In mammals at least, many promoter
regions contain CGI and occupies a large fraction of RRBS reads [186, 44]. Malawi cichlids (M. zebra UMD?2a)
differ from mammals, in that only 32% of all the TSS £ 500bp contain CGI, and only 15% of all predicted
CGIs lie in TSS (see method section 2.10.7 and Ref. [71]). Therefore, many CGIs in cichlids might be located
outside TSS regions, in other biologically relevant loci (’orphan’ CGI).
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Fig. 3.7 Gain of DNA methylation is enriched in genes coding for DNA-binding proteins. A.
Boxplots representing the length in bp of the DMRs between each comparison. Median and mean
values are given above each boxplot. B. Pie chart summarising the different DNAme clusters shown
in Fig. 3.6¢c. C. Genomic localisation of hypermethylated DMR (blue sections of pie chart in b). D.
Significant GO terms for genes associated with DMRs located in either TSS, TE or gene bodies.

I then performed gene ontology enrichment analysis for the genes that could be associated
with DNA methylation variation (DMRs).

Promisingly, many genes that show significant hypermethylation in benthic/littoral encode
for DNA-binding factors. Many of these are transcription factors (TF) that are associated
with anatomical structure development, embryo and tissue development, with major gene
regulation functions (Fig. 3.7d). For example, many homeobox proteins (hox-b7a, -b5a, -a$,
-a7, -a$, -a3, -b3a), or foxIp, as well as other TFs are hypermethylated in either the benthic or
littoral specimens. Of note, some other genes, such as the visual system homeobox, vsx/ (Fig.
3.8), or hypoxia-inducible factor 1-alpha, hiflal, might be relevant to adaptation to dimly lit
and low oxygen environments. Of note, RRBS technique enriches for CG-dense portions of

the genome, the so-called CpG island (see section 2.5.3). Mammalian promoters are enriched
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for CGls, in striking contrast with anamniotic vertebrates, where only less than a third of the
promoters would be composed of CGIs. The RRBS technique might consequently enriched
for CGls in promoters even in fish, although most CGI are expected to be intergenic (orphan
CGlIs). They might therefore be a slightly biased enrichment for CGI in TSS in the analysis
altogether.

The identified key developmental genes, showing differential methylation, appear to be
hypermethylated and were found in liver tissues. This somewhat counter-intuitive obser-
vation might reflect embryonic memories of DNA methylation patterns (embryonic relics)
[169]. Such patterns of methylation might be relevant and exhibit functions restricted to
early development processes with little or no roles in a fully differentiated liver. Yet, their
methylation patterns could have been passed on throughout differentiation and cell divisions,
independently and without being erased. This provides a fruitful insight into methylation
differences that may bear significant functions between the ecomorphs during embryogenesis.

Importantly, while there is a significant enrichment for developmental TFs being hyper-
methylated, other genes with functions related to diet and metabolism (in particular glucose
and lipid metabolisms) are also hypermethylated. That might highlight a change in diet and
in liver functions.

In addition, some epigenetic-related factors, such as fez2 participating in DNA demethyla-
tion, the methionine synthase (mtr) involved in the S-Adenosyl Methionine cycle (SAM, the
principal methyl donor for cytosine methylation) and the histone deacetylase 7 (hdac7b) are
hypermethylated in the benthic populations. Their function in liver remains unclear, however
some of them have being involved in liver regeneration [70]. Moreover, some cichlid species
of Lake Malawi, in particular P. genalutea, show similar methylome variation at these genes
as well (see 2.8.2).

Finally, hypomethylated DMRs in benthic/littoral populations account for less than 10%
(n=70) of all DMRs in Lake Massoko cichlids (Fig. 3.6c). No significant enrichment for any
GO terms were observed. Hypomethylated DMRs were localised in TSS (7.1%), gene body
(58.6%), repeats (28.6%) and intergenic regions (34.3%); graph not shown.

In brief, the benthic specimens show increased methylation levels genome-wide compared
to both the littoral and the ancestral-like, riverine specimens. Promoter regions of DNA-
binding genes show in particular gain of methylation in the benthic population, which
might affect gene expression. Increased methylation at promoters have been reported to be
associated with lower transcriptional activity, in particular at early stages of development
[78, 17]. Interestingly, many developmental genes show DNAme variation, hinting at a

possible functional implication of methylation variation in embryonic development.
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Although the RRBS technique allows for robust DNAme variation analysis in large
sample size, between 20-25% only of the genome is covered. I then sought to confirm these
results by generating whole-genome liver methylome landscapes at a single-base resolution

for some selected specimens of each of the three populations.
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Fig. 3.8 The gene visual system homeobox 1, vsxI, shows benthic-specific hypermethylated
state in promoter region. The promoter region of the gene visual system homeobox 1, vsx/, shows
significant hypermethylation in the benthic population of A. calliptera in Lake Massoko. Here, liver
methylome of different cichlid species of Lake Malawi is also given for comparison. This TSS-DMR
overlaps with a CGI (CG-rich region), is predicted to be 206 bp-long and to be composed of 37
CpG sites. The methylation difference between the benthic and shallow/river populations is 47%
across the region. Sample size for each morph/species is indicated (n), tissue in brackets. Average
mCG in 50bp-long, non-sliding windows of all individuals of each species, genome-wide (percentage
methylation).
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3.3 Whole-genome liver methylomes at a single CpG res-
olution of the different populations of A. calliptera sp.

Massoko

In order to obtain genome-wide liver methylome at a single-CpG resolution, two males from
the RRBS dataset for each of the three A. calliptera populations were additionally sequenced
genome-wide (WGBS); see Fig. 3.4 for sample selection (red outlines). This whole-genome
approach has many advantages over RRBS, in that reads are three times longer (150-bp
long) and are paired-end. In addition to the genome-wide benefit, this greatly improves
mapping efficiency to the reference genome, in particular to repetitive elements (see Fig.
2.34). Sequencing costs is one of the major, if the only, drawback of WGBS — fewer samples
were chosen to be sequenced for pecuniary reasons. While RRBS enables a large sample
size, WGBS allows for a genome-wide sequencing at a single nucleotide resolution, with the
trade-off of analysing only a few individuals.

Here, I use WGBS to get a genome-wide resolution of liver methylome in Lake Massoko
cichlids and compare it to the results generated with the RRBS technique. The two datasets
are then merged to draw a more accurate comparison of methylome dynamics between Lakes

Massoko and Malawi.

3.3.1 WGBS - overall characterisation

Overall, 32.2 million CpGs were sequenced between the 6 individuals — of which 23.73
million CpG sites (74%) were present in all the specimens. This could be real biological
sequence difference (SNP, indels for example) however I expect high genetic conservation
between Massoko individuals, therefore technical differences, due to sequencing errors or
lack of/low coverage, might be the primary reasons for this drop in count of shared CpG
sites.

I then sought to quantify the variation in whole-genome liver methylome patterns between
the benthic, littoral and riverine A. calliptera populations. To this aim, principal component
analysis was performed using methylation divergence at conserved CpG sites.

At whole-genome resolution, the liver methylomes of the ancestral riverine population
appears to be quite distinct to either the littoral and benthic groups, that show less methylome
divergence (Fig. 3.9a), as previously observed in the RRBS dataset. However, PC analysis
of WGBS variation reveals a less distinct liver methylome than the one observed in RRBS

dataset between the benthic and littoral population. In addition, the WGBS approach also
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Fig. 3.9 Whole-genome liver methylomes of the two A. calliptera populations of Lake Massoko
and of riverine A. calliptera.

A. PC analysis of liver methylome, genome-wide. PC1 and PC2 are shown, explaining 26% and
22.3% of the total variance, respectively. B. Violin plots of DNA methylation levels, genome wide.
Average mCpG of the two biological replicates for each population (50bp-long non-sliding windows,
sequencing coverage of 4-100 non-clonal reads). White lines represent respective median values. C.
Box plots of the length of DMRs in the three comparisons (in bp). Mean and median values above
graphs.

confirms that DNA methylation levels in the two riverine samples were slightly lower genome-
wide, compared to both the littoral and the benthic populations, which share similar levels
(Fig. 3.9b).

Between the three populations, there are 4,279 DMRs predicted, with 963 DMRs present
in more than one pairwise comparison. In total, this means 3,296 unique DMRs, i1.e. without
duplicated DMRs (after duplicates being collapsed into unique DMRs). This is 2,228 DMRs
more than with the RRBS approach (Table 3.2). The length of all DMRs was around 191-300
bp (Fig. 3.9¢), larger than that in the RRBS dataset (probably due to read length. RRBS:
single-end 50 bp-long reads, WGBS: paired-end 150 bp-long reads).

The highest number of DMRs is found between the riverine and benthic populations
(n=2,164; 68% hypermethylated in benthic), followed by that of between the riverine and
littoral populations (n=1,499; 69% hypermethylated in littoral). Finally, a smaller difference
in liver methylomes was found between the benthic and the littoral specimens (n=616;
with 55% hypermethylated in the littoral), reflecting PCA observations. Overall, 59.2%
of all DMRs show hypermethylation in benthic or/and littoral (hyperDMRs), and 18.3%
hypomethylation in the benthic specimens only (Fig. 3.10a, clusters indicated by * and o,
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Fig. 3.10 Whole genome liver methylome of A.calliptera populations in Lake Massoko. A.
Heatmap of CpG methylation levels at DMRs with CpG coverage of 4-100 seq reads present in
all samples. *, hypermethylated DMRs in Benthic/Littoral population (59.2%); ¢, hypomethylated in
the benthic population (18.3%). DMR count = 2,328. B. Genomic localisation of hypermethylated
WGBS-DMR in benthic and/or littoral populations (* in c.). 51% of all WGBS-DMRs lie within TEs.
Abbrev.: TE, transposable elements and repeats; TSS, 500 bp upstream and downstream of TSS; GB,
gene body (exon and intron); Interg., intergenic if outside TSS and GB (according the aforementioned
definitions).

respectively). Of note, there is a small fraction of DMRs that are only hypomethylated in the
littoral ecomorphs.

Interestingly, 43.4% of the hypermethylated WGBS-DMRs in benthic/littoral lie within
repeats (Fig. 3.10b). Compared to the RRBS hyperDMRs (23.5% of all hyperDMRs, see Fig.
3.6e), this increase in TE-DMRs could be linked to enhanced alignment of long paired-end
reads produced with WGBS to repeat elements of the cichlid genome (see method, Fig. 2.34).
Enrichment for any particular genomic regions will be assessed using DMR of both datasets

combined (see below).
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3.3.2 Overlap between RRBS- and WGBS-DMRs

Table 3.2 DMR count — WGBS vs. RRBS

BSeq type
Comparison RRBS WGBS
Riverine vs. Benthic 534 2,164
Riverine vs. Littoral 333 1,499
Littoral vs. Benthic 342 616

Total 1,209 4,279
Total unique ! 1,068 3,296
Common 168

! Unique, i.e. DMRs present between one or
more pairwise comparisons (no collapsed du-
plicates)

RRBS
n=1,068

common
n=114

Fig. 3.11 Few DMRs are found using different bisulfite sequencing methods. Overlap between
DMRs found using WGBS and RRBS (overlapping DMRs). Only 114 DMRs are found with both
bisulfite sequencing techniques after collapsing DMR duplicates (several DMRs in one datasets for
one larger DMR in the other dataset).

However, even though many more DMRs are observed in the WGBS dataset (probably
due to the whole genome resolution, as well as a better alignment to repetitive elements),
only a small fraction, 114 (10.7% or 3.5% of all DMRs in RRBS and WGBS, respectively),
overlaps with the RRBS-DMR (Fig. 3.11 and Table 3.2). Furthermore, that statistical power
(n=12 in each group) might be much higher using the RRBS approach, and could also partly
explain the difference in DMRs found. The two methods are more complementary than
similar, in that one enables a genome-wide resolution and a good coverage of repetitive
regions while the other allows for a large number of replicates to be studied. Hence, DMRs
from both datasets will be merged to capitalise on the strengths of both methods in the next

sections, dealing with parallel dynamism of liver methylomes in the two lake systems.
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Fig. 3.12 DNAme variation is enriched at promoter regions and CGIs in livers of cichlids of
both Lakes. Enrichment analysis for genomic localisation of DMRs found in liver of cichlids of
Lakes Malawi and Massoko. Tissue-specific DMRs found in Lake Malawi cichlids are shown for
comparison. See method for details about Observed Expected ratio formula.

Interestingly, although few DMRs in total are located in promoter regions, DNAme
variation in liver between the three ecomorph populations shows strong enrichment for
promoter regions (Fig. 3.12 and Table 3.3). In fact, promoter regions are 3 times more
represented than what one could expect by chance. The same is also true for CpG islands,
most of which are predicted to be located outside TSS regions (the *orphan’ CGI, see Ref.
[44] and section 2.10.7). Other genomic regions such as transposable elements, gene bodies
and intergenic regions are much less observed to exhibit DNAme variation — which could not
rule out any biological functions of single DMR in these regions nevertheless.

Interestingly, the liver methylome in five species of Lake Malawi shows similar enrich-
ment for variation at promoters and CGls, suggesting that similar processes may be in action.
The main differences between Lake Massoko and Malawi cichlids is that intergenic regions
and transposable elements are enriched for DNAme variation in Lake Malawi only. This is
in stark contrast with tissue-specific methylation variation that seems more located in gene
bodies (Fig. 3.12).

As shown above, the example of the promoter region of the gene visual system homeobox
1 is striking: the TSS region of vsx/ is significantly hypermethylated in the benthic population,
consistently in both RRBS and WGBS datasets (Fig. 3.8). The transcription factor vsx/ has
been shown to play an important role in eye development in zebrafish and other vertebrates

[187, 188]. In particular, during development, cells expressing vsx/ enter a restricted
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Table 3.3 Comparison of DMR genomic localisations be-
tween Lakes Massoko and Malawi cichlids

Malawi

Total DMRs" 10,988 100.0%
TE/repeats 7,235 65.8%
TSS 1,375 12.5%
Gene Body 3481 31.7%
Intergenic 6,132  55.8%

Massoko"
4,250 100.0%
1,900 44.7%
504 11.9%
1,857 43.7%
1,889 44.4%

* Unique, collapsed DMRs, present between one or more
pairwise comparisons (no DMR duplicates);

T Combined RRBS and WGBS DMR

Abbrev.: see caption of Fig.3.13.

differentiation to mainly give rise to retina bipolar cells, important population of cells

in relaying signals from photoreceptor cells, such as cones and rods, to the ganglial cells.

Differentially methylation of the gene vsx/ might therefore participate in the visual adaptation

to dimly lit parts of the lake. To test this hypothesis, possible further experimental work could

quantify the methylation and transcription levels of the gene vsx/ at an early developmental

stage in the two ecomorphs (benthic and littoral) reared in different light levels.

Key epigenetic genes, such as dnmit3b, tet2, tet3 are also differentially methylated and

could be associated with cellular regenerative processes observed in liver [70].



3.4 Convergence in genomic localisation of shared DNAme variation in cichlids of Lakes
Malawi and Massoko 141

3.4 Convergence in genomic localisation of shared DNAme

variation in cichlids of Lakes Malawi and Massoko

Liver methylome of cichlids of both lakes show DNAme enriched in proximal cis-regulatory
regions and in CpG islands. I then investigated whether the variation observed in liver
methylome of the different cichlid species of Lake Massoko and Malawi shows convergence
in genomic localisation — whether same genomic loci would be prone to show higher DNA
methylation variation in the two different lake systems and whether they could be involved in
the same biological processes in both lake systems. I hypothesise that some loci would show
high DNAme variation in both lake systems, possibly facilitating phenotypic plasticity in
response to environmental changes, which could promote phenotypic diversification.

To this end, I compared DMRs predicted in liver of the three populations of Lake Massoko
A. calliptera with the five species of Lake Malawi, showing different eco-morphological
and trophic adaptations. All individuals were sequenced using WGBS at a considerable se-
quencing depth, showed high DNA sequence conservation and mapped to the same reference

genome, allowing for reliable comparison (Fig. 3.13a).

3.4.1 Shared DNAme variation is primarily located in TE sequences

In parallel in both lakes, 1,147 genomic loci show some level of convergence in their genomic
localisation. This represents 10.4% or 27% of all DMRs found in Lakes Massoko and Malawi,
respectively (Fig. 3.13b). Strikingly, 80% of these common DMR are associated with
transposable elements (Fig. 3.13c), which might play a significant role in DNA methylation
variability and might bear some regulatory functions [38]. In addition, intergenic regions,
probably involving TEs as well, accounts for 40% of the total common variation. This
might include intergenic promoters and enhancers. Unfortunately, no genomic annotation for
cichlid intergenic regions (enhancers, in particular) exists at the moment, which warrants
further genomic characterisation. And finally, a fifth of the common variation involves

promoter regions (Fig. 3.13c).
Shared DNAme variation is located in genes involved in lipid metabolism and visual
processes

I then performed gene ontology enrichment for genes that could be associated with common

DMRs in order to characterise the regions that are consistently showing high DNAme
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Fig. 3.13 Convergence in genomic localisations of liver methylome variation in Lakes Massoko
and Malawi cichlid fishes. A. Summary of all DMR found in cichlids in Lakes Malawi (left; 5
species, triplicates, males) and Massoko (right: 3 populations of A.calliptera, triplicates, males).
DMR counts are reported in details in Table 3.3. B. Overlap of DMRs between the two lake systems.
n=1,147 common DMR. C. Genomic localisation of the common DMRs. D. GO terms enrichment
analysis for the 843 genes associated with DMRs common to both systems. Abbrev.: TE, transposable
elements and repeats; TSS, 500 bp upstream and downstream of TSS; GB, gene body (exon and
intron); Interg., intergenic if outside TSS and GB (according to the aforementioned definitions).

variation between the two lake systems and that could possibly promote phenotypic variation
in similar biological pathways.

Interestingly, genes targeted by similar DNAme variation are enriched in liver metabolism
processes (Fig. 3.13d), in particular lipid and carboxyl metabolism (significant enrichment
for genes related to carboxylic acid biosynthetic and organic acid biosynthetic processes * ;

adj. p-value, p<0.02).

3e.g.: shmt2, serine hydroxymethyltransferase, mito; glulc, glutamine synthetase; acach, acetyl-CoA
carboxylase beta; elovi6l, elongation of very long chain fatty acids protein 6; ENSMZEG00005022331,
cystathionine beta-synthase; ass/, argininosuccinate synthase 1; adil, acireductone dioxygenase 1; hasl,
hyaluronan synthase 1; ENSMZEG00005022339, cystathionine beta-synthase.



3.4 Convergence in genomic localisation of shared DNAme variation in cichlids of Lakes
Malawi and Massoko 143

Other genes, more related to development (general and eye/retina) are also enriched
and might be particularly relevant at earlier developmental stages. A fish paralogues of the
mammalian DNMT3b, dnmt3bb.3 * shows DNAme variation in both lake systems.

Shared DNAme variation is associated with differential gene expression in Lake Malawi
cichlids

In total, this common DNAme variation could be associated with 843 genes (either TSS-
DMR, gene body-DMR or TE-DMR lying within 4kbp distance of one gene). In Lake
Malawi cichlids, 96 of these genes show significant differential expression in liver and
show enrichment for genes related to specific fatty acid metabolism (adj. p-value, p<0.02;
aacs, echsi). Some of which show a strong patterns of expression carnivore vs herbivore
(Fig. 3.14). Of note, P. genalutea has unique patterns of gene expression with many genes
being upregulated only in this species (reflected in RNAseq graph showing unique DEG; see
Chapter 2), and might be related to hepatic regeneration.
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Fig. 3.14 Shared DNAme variation is associated with transcriptional changes. Heatmap of gene
expression levels for DEG in liver of four Lake Malawi cichlids associated with common DMR from
Fig. 3.13b (Z-score; averaged TPM expression per gene per species). DL, D. limnothrissa (n=3); RL,
R. longiceps (n=2); MZ, M.zebra (n=3); PG, P. genalutea (n=3). Sample size (n) given in brackets.
Cluster showing patterns of gene expression according to diets (carnivorous vs herbivorous diets) are
indicated on the left.

A striking example of differentially expressed gene correlated with common DNAme
variation at its promoter region is the cannabinoid receptor 1 (cnrl, see Fig. 3.15). This

G-coupled protein receptor has been reported to be involved in energy balance and food

4ENSMZEG00005026841; predicted to be an isoform of dnmt3b; see section 1.1.
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intake, particularly in hepatic lipogenesis. Furthermore, cnrl knock-out in mice has been
linked to diet-induced obesity [189], suggesting a strong involvement in energy balance.
Another fatty acid metabolism-related genes, such as the different subunits of the cytochrome
P450 (Fig. 3.15, highlighted in pink), exhibit both significant differential methylation and
gene expression changes, consistently in the cichlids of both lakes. This suggests that
some genes are more prone to show epigenetic variability, accompanied with transcriptional
changes, processes which might both participate in the phenotypic diversity observed in a
context of adaptation to different diets and habitats and species diversification. Further work
is required in order to characterise the direct role of DNAme in possibly regulating gene
expression, in particular with regards to the set of genes showing shared DNAme variation.
RNA sequencing of the livers of A. calliptera sp. Massoko is currently being carried out to

address this aim.
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3.5 Discussion and future work

In chapter 3, I described DNA methylation variability in liver tissues of A. calliptera sp.
Lake Massoko, in order to investigate the role of liver methylome in facilitating phenotypic
plasticity. I sought to explore whether such DNAme variation could be shared between
Lake Malawi and Lake Massoko cichlids, in that in both systems traits related to adaptation
to different diets have been described and could play a significant role in early stages of
speciation (Fig. 3.5 and Ref.[181, 143]). Same biological processes could exhibit epigenetic
variation, hinting at the biological relevance of these pathways in short and long-term
divergence. We hypothesise that DNAme might be important in shaping the transcriptome,
and thus the phenotypes. The epigenetic landscape might underlie phenotypic plasticity of
certain adaptive traits that might therefore be selectable. In this context, DNAme variability
could be part of natural selection and might be relevant during the early phases of adaptive
divergence, when genetic variation and genetic differentiation might impede phenotypic
plasticity [11]. .

3.5.1 DNAme patterns unique to the benthic and littoral groups, com-

pared to the ancestral patterns

In Chapter 3, I described the variability in liver methylomes of the two ecomorph populations
of Lake Massoko and one riverine subspecies, probably closely related to the ancestral A.
calliptera population of Lake Massoko, using two complementary methods. This allowed for
the sequencing at both population and genome-wide levels.

Strikingly, the three populations exhibit significant methylome divergence at conserved
underlying genetic sequences, sufficient to reconstruct the phylogeny based on liver methy-
lome variation (Fig. 3.4). The benthic population shows the most distinct liver methylome
patterns compared to the littoral and riverine population. Interestingly, most of the vari-
ation observed in the benthic population is associated with widespread increase in DNA
methylation and is enriched at promoter regions of genes coding for DNA-binding factors
(Fig. 3.7). Differential methylation levels at TF binding sites can be brought about both
by differential occupancy of particular DNA-binding actors (i.e. lack of one particular TF
might lead to increased methylation levels) or by upstream mechanisms leading to change
in promoter methylation and therefore in TF occupancy [78]. This warrants further studies,
directly testing the biological relevance of differential methylation state at key genes during

development in both benthic and littoral populations.
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These results suggest that the invasion and colonisation of the deeper part of the lake by
an ancestral A. calliptera cichlid population might have been accompanied by a gain in CG
methylation at key developmental and metabolic genes in the benthic population of Lake
Massoko in particular. This might have facilitated rapid adaptation to this novel environment

via DNAme-mediated differential liver metabolic functions and embryonic development.

3.5.2 Genes involved in lipid metabolism and visual system exhibit

DNAme variation shared with Lake Malawi cichlids

Interestingly, one important example of biological process with high epigenetic variation
is the visual homeobox vsx/, with hypermethylated promoter specifically in the benthic
population. This could have considerable implication during development and might facilitate
adaptation to dimly lit environments of the lake. Similarly, recent genetic analyses of Lake
Massoko cichlids have highlighted increased genetic polymorphism in the benthic population
in genes related not only to metabolic pathways (steroid synthesis specifically related to
visual system, e.g. retinoic acid, the chromophore bound to rhodopsin) but also to the eye
development and photoreceptors [181]. Other studies, focusing on different lakes, have
shown that the genes involved in visual perception showed intense transcriptional dynamics
in cichlids, with examples of change in opsin gene expression driven by differential binding
of the transcription factor tbxa due to a single mutation [190]. Another study revealed
considerable transcriptional changes related to the visual system (opsin genes among others),
which could have accompanied the adaptation to dimly lit environment in fast speciating
deep-water cichlids of the crater lake Barombi Mbo [191].

Altogether, this suggests that epigenetic and genetic processes might in concert facilitate
visual adaptation to darker ecological habitats, with rapid evolution of gene structure (via
genetic polymorphism or gene duplication for example) [181, 192] and differential transcrip-
tional activities of genes part of the visual system [191], some possibly linked to TE activity,
such as the DNA transposon subclass, TcMariner [190].

Epigenetic processes have been reported to be tightly linked to gene silencing - differen-
tial methylation at promoter levels might affect the interaction between DNA sequence and
DNA-binding factors, such as transcription factors [78]. It would be therefore insightful to
investigate further the biological relevance of the hypermethylated state of the visual home-
obox vsx!/ in driving change in transcriptional activity in benthic fish, as such mechanisms
could be responsible for rapid change in gene expression important for visual adaptation.

Transcriptional activity of this homeobox gene could be quantified comparatively at dif-
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ferent embryonic stages, in order to investigate their possible participation in differential

development processes.

3.5.3 DNAme variation shared with Lake Malawi cichlids

Interestingly, most of DNAme variation in both Lake Malawi and Lake Massoko cichlids
seem to be localised in similar genomic regions, in particular in promoters and CpG-islands
(Fig. 3.9). This convergence in DNAme variation in regulatory genomic regions in both
systems suggests that similar processes might play an important roles in short- and long-term
divergence, possibly impacting transcriptome landscape in order to facilitate phenotypic
plasticity. It is tempting to refer to these regions as standing epigenetic variation, exhibiting
high epigenetic variation across many species, possibly promoting phenotypic plasticity
(especially if located in regulatory regions) — further work is required to investigate the
functional impact of such variation on transcriptional activity.

In addition, other genes related to vision show epigenetic variability in Lake Massoko
cichlids, such as the ones involved in retinoic acid metabolism, important for the biogenesis
of photoreceptor pigments. Interestingly, similar genes have been associated with high
epigenetic variability in Lake Malawi cichlid radiation (see section 2.8.2). This suggests
that epigenetic variability might be associated with similar biological processes in parallel
in both lakes, facilitating adaptation to similar ecological habitats. It would interesting to
draw a more accurate comparison of these molecular similarities, to understand, for example,
if the deep-water Diplotaxodon limnothrissa of Lake Malawi share convergent epigenetic
signatures with the benthic populations of Lake Massoko, both of which having colonised
dimmer ecological niches in both lakes respectively.

Furthermore, it would be interesting to explore a possible link between epigenetic and
genetic variations. In Lake Massoko, ’genomic islands of speciation’ have been identified —
these are regions of high genetic polymorphism (HDRs, or highly diverged regions) [181].
Epigenetic variability in the proximity of these HDRs might indicate that same loci might
be under genetic and epigenetic pressures. Current efforts are being put to characterise
this genetic-epigenetic overlap and investigate whether some genomic regions would show
genetic and epigenetic diversity.

Further work would include RNAseq of livers of all the fish studied here, in order to
characterise the regulatory functions of Massoko DMRs in modulating gene expression.

Transcriptomic data are currently being generated.
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3.6 Detailed methodology

3.6.1 Field sampling

In brief, wild specimens from Lake Massoko and proximate river were sampled by Prof.
Martin Genner, Prof G. Turner and Alan Hudson and Alexandra M. Tyers. Liver tissues were
preserved in RNAlater before being stored in -80°C.

The study presented in Chapter 3 is part of a collaboration with Profs. George Turner,
Alan Hudson and Martin Genner. Genomic data for all wild individuals have been published
[181].

Field sampling for genetic, epigenetic, morphological and stable isotope samples

Fish were collected using fixed gill nets and SCUBA. On being brought to the surface, fish
were given an overdose of anaesthetic (MS-222). From each fish I collected a genetic sample
(fin clip) that was stored in ethanol, and cut a fillet of the flank for stable isotope analyses
that was sun-dried and stored with desiccant. Various tissues were dissected and stored in
RNAlater.

3.6.2 DNA isolation, NGS library preparation and sequencing
RRBS

As part of a collaborative project, collection of liver tissues in the field together with NGS
library preparation in the readiness for RRBS were performed by Dr. Alan Hudson, University
of Bristol, UK. These steps are briefly described below.

In brief, HMW-gDNA from liver tissues were isolated using column based approach. To
produce RRBS libraries, the Premium RRBS kit (C02030032, Diagene) was used according
to manufacturer’s instructions. The method is similar to the one used for WGBS (see
section 2.10.2, except for the restriction enzyme step, that replaces the sonication step).
Briefly, HMW-gDNA were incubated with the restriction enzyme Mspl. This enzyme binds
double-stranded DNA and cleaves the phosphodiester bonds at 5’C.CGG 3/, irrespective of
the methylation state. This results in enrichment for DNA fragments with high-CpG ratio.
Digested fragments were then end-repaired and dA-tailed in order to ligate the methylated

adaptor. Finally, single-end 50bp-long reads were generated on HiSeq2500.
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WGBS

Some Massoko individuals were re-sequenced using WGBS in order to get a whole-genome
resolution of liver methylome (See individuals in red, Fig. 3.4a,b and Table 3.4).

Genomic DNA extraction, quality control, WGBS library preparation and bioinformatic
analyses thereof were carried out following the exact same protocol detailed in Chapter 2

(refer to section 2.10).

3.6.3 Analysis of RRBS data

Adaptor trimming and quality assessment (filtering of bases with Phred score <20) of RRBS
reads were performed with trim_galore --rrbs --fastqc (v0.5.0, Babraham Inst.) —
the --rrbs option ensures that the last two bases at 3’-end are removed as they were ar-
tificially added at the end-repair step. Reads were then mapped to M. zebra reference
genome (UMD2a) with bismark -p 3 -N 1[161]. Clonal reads (PCR duplicates) were not
removed, as recommended for RRBS data. Methylation status at each CpG site was called us-
ing bismark_methylation_extractor -p --comprehensive --merge_non_CpG. For
downstream analyses, CpG sites with less than 4 or more than 100 read coverage were filtered
out. PC analysis (prcom) as well as Spearman correlation (cor) and unsupervised clustering
(phetmap and hclust (dist) were performed using R. Methylation levels were averaged
across non-sliding windows genome-wide using bedtools (groupby and intersect).
DMRs were called using DSS [177] (p<0.05, methylation difference > 25%). DMR
annotation files were merged and collapsed for the 3 pairwise comparisons to generate a
single annotation file with unique DMR coordinates for both WGBS and RRBS dataset.

Gene ontology enrichment analysis was performed with g:Profiler [193].
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Table 3.4 A. calliptera sp. Massoko and river-

ine A. calliptera - sample IDs

ID

Morph

RRBS

WBGS

G10E03
G10E04
G10E05
G10E07
G10E09
G10F02
G10F04
G10F07
G10F09
G10F10
G10G01
G10G02
GO8F07
G09D02
G09D04
GO09D05
GO09D07
G09D08
G09D10
GO09E(1
G10C07
G10D06
G10D07
G08G02
G08G03
GO8HOS8
GO8H10
GO08I06

G10G05
G10G06
G10G09
G10G10
G10HO02
G10H04
G10HO05

Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Benthic
Riverine
Riverine
Riverine
Riverine
Riverine
Riverine
Riverine
Riverine
Riverine
Riverine
Riverine
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral

T T B B R B T T T o T T T T T T T I I o T o T T E S B S T I S I B S S S

All wild-caught, A. calliptera males in full
breeding colours. n >11






Chapter 4

Plasticity and Heritability of DNA

methylation in cichlids

4.1 Background

In chapters 2 and 3, I detailed the epigenetic variation observed in cichlids of Lake Malawi
with distinct eco-morphological and trophic adaptations, as well the drastic epigenetic
modifications possibly facilitating the adaptation to the different ecological niches of Lake
Massoko.

In the first part of this chapter, I first aim to investigate the plasticity and dynamics of liver
methylomes upon environmental perturbation. Riverine, littoral and benthic A. calliptera
were caught in the wild, reared and bred in tanks, under controlled laboratory conditions.

The second part of chapter 4 deals with the study of the heritability of methylome
patterns in cichlid hybrids. Hybridisation is common in Lake Malawi, possibly underlying
the emergence of novel phenotypes, absent in the parental taxa [147, 140].

The results of chapter 4 are preliminary and are the focus of current investigation and

experimental work.
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4.2 Common Garden cichlids - Plasticity of liver methy-

lome

4.2.1 Background

In chapter 3, I highlighted unique patterns of DNA methylation in two speciating mono-
phyletic populations of A. calliptera sp. Massoko. Gain of methylation at promoter regions
of key developmental and metabolic genes is a distinct feature of the methylome of these
fish. Such epigenetic variation could have promoted invasion and adaptation to the unique
ecological habitats of Lake Massoko, possibly facilitating phenotypic diversification. It is
therefore crucial to characterise further the crosstalk between the environment and DNA
methylation, in order to understand the biological function of such an interaction.

In this section, I aim to assess the extent to which environmental perturbations could
affect and alter the methylome of liver tissues by breeding and rearing A. calliptera sp.
Massoko in a controlled environment. I hypothesise that there is a direct crosstalk between
the environment and DNA methylation, possibly accounting for changes in phenotype (such
as gene expression patterns).

The liver methylomes of tank-reared G1 (first generation) offspring specimens bred from
wild A. calliptera specimens from Lake Massoko were generated. This so-called common
garden experiment ensures littoral and benthic morphs were reared and bred in the same
controlled tank environment (same food source, same lighting conditions). This experiment
allows us to investigate how plastic the methylation landscape is in response to environmental
perturbations, such as domestication from wild to laboratory conditions. This will allow
to assess the extent to which the methylome is shaped by the environment as opposed to
fixed/innate ecomorph-specific methylome differences. Methylome variation associated with

such an environmental perturbation will be identified and characterised.

Table 4.1 Sampling size - Common Garden experiment

Population sampling size (n)
A. calliptera spp. Littoral Massoko (G1) 2
A. calliptera spp. Benthic Massoko (G1) 2
A. calliptera sp. River Itupi (Fn) 2

Liver tissues of full breeding-colour male specimens, all tank-reared.
All WGBS

In order to investigate and characterise the plasticity and dynamics of the liver methylome

in response to environmental changes in these two natural populations of A. calliptera cichlids
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Common garden experiment
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Fig. 4.1 Experimental design - Common Garden experiment. Specimens of the benthic
(deep/blue), littoral (shallow/yellow) and riverine groups of A. calliptera sp. Massoko were caught in
the wild. Specimens were brought to the UK by collaborators, Prof. G. Turner and colleagues. Caught
specimens were then reared in the same tank conditions and eventually bred to produce G1 offspring.
Note that the two different ecomorph populations were kept in separate tanks. Offspring (G1) were
also isolated in separate tanks (same tank conditions). Note that G1 male individuals exhibit the same
breeding colours as their the wild specimen counterparts (yellow or blue). Liver and muscle tissues
of male G1 specimens of both groups were collected to generate WGBS libraries, with the aim to
characterise DNA methylation dynamics associated to adaptation to a common environment. Wild
Massoko specimens, sequenced and analysed in Chapter 4 are not the direct parental individuals of
the G1 analysed hereafter.

of Lake Massoko, liver tissues of two G1 male specimens (reared in controlled-environment
tanks) bred from wild individuals for both the benthic and littoral populations were sequenced.
In addition, liver tissues of two tank-reared A. calliptera Itupi males (the river Itupi is a small
stream directly connected to the Mbaka river system') were also sequenced (WGBS). These
are not part of Lake Massoko system but are tank-reared riverine subspecies, closely related
to the ancestral riverine A. calliptera of Lake Massoko, just like A. calliptera sp. Mbaka in
Chapter 3 (see Table 4.1).

4.2.2 WBGS of Common Garden A. calliptera

WGBS reads were generated from liver tissues and mapped to the same reference genome.
Only conserved CG dinucleotide sequences between all samples showing high sequencing

coverage were analysed. See section 4.6 for detailed methodology.

VA. calliptera samples collected from Itupi [here, chapter 4] and Mbaka rivers [chapter 3] are likely to be
very closely related species [181].
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Fig. 4.2 Mapping efficiency of WGBS reads and CpG calling. A. Total number of WGBS paired-
end reads generated (150bp long) from liver tissues for all common-garden experiment (tank) speci-
mens. Individual samples were sequenced on a single HiSeq4000 lane each. Unmapped reads in blue,
clonal mapped (PCR duplicates) reads in yellow and non-clonal mapped reads in green. All mapped
to M.zebra reference genome (UMD?2a). B. Total number of CpGs mapped to M. zebra reference
genome (using clonal reads, in green in a.) for each sample. For each group (i.e. Itupi/River, Littoral
and Benthic), the total of number of shared CpG sites are indicated by the intersection symbol N
(empty bar, green outline).

On average, 318.3 &+ 26.7 million paired-end reads were generated. Similar to the Malawi
dataset, sequenced reads were mapped to the Lake Malawi reference genome (on average,
58.8 = 2.9% of all reads mapped uniquely, equivalent rates to the Lake Malawi dataset).
Only uniquely mapped and non-clonal reads were analysed further (149.3 + 16.4 million
non-clonal, uniquely mapped paired-end reads; Fig. 4.2a.). Bisulfite conversion rate was
high for all samples (97.5 £ 0.7%, not shown). Of all the 32.6 million CpGs sequenced
among the six samples (see Table 4.1), 26.12 million CG dinucleotide sites were shared
between all of them, and 21.4 million were mapped and shared in all samples at a sufficient
coverage (5-100 uniquely mapped, non-clonal reads (Fig. 4.2b). DNA sequence conservation
is therefore very high, as expected for different populations of A. calliptera. Any drop in CG

counts could be due to sequence differences (unmapped), or too low/high a coverage.
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Overall, cytosine methylation levels are high genome-wide, with high read coverage at
CpG sites (Fig. 4.3a,b). The distribution of methylation is bimodal, with the majority of the
genome being hypermethylated and a very small fraction of it not being methylated at all.
Interestingly, riverine specimens show lower DNAme levels (both tank and wild, 75.5 £+
0.3%) in liver compared to Benthic and Littoral (78.4 + 0.11%, mean & SEM; Fig. 4.3a.).
This higher level of methylation has been highlighted in the RRBS dataset as well — the wild
specimens of the benthic population showed globally slightly higher methylation levels (see
Chapter 3, Figs. 3.3b and 3.9b).
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Fig. 4.3 Genome-wide liver methylomes of tank vs wild A. calliptera cichlid fishes. A. Violin
plots representing the average DNAme levels in each liver sample (genome-wide non-sliding 1kbp
bins [n=680,331]). Black lines and dotted lines represent median and 1st/3rd quantiles, respectively.
B. Non-clonal read coverage at CpG sites (4-100 read coverage). Wild specimens highlighted in
purple and tank (common garden) specimens in green. R, L. and B: Riverine (wild specimens from
River Mbaka, introduced in Chapter 3 [see section 4.2.1]; tank specimen from River Itupi), Littoral
and Benthic (same wild specimens as the ones introduced in Chapter 3), respectively. w and t, wild
and tank-reared and bred, respectively.
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4.2.3 Liver methylome dynamics in Common Garden cichlids

Here, I then characterised methylome dynamics in the livers of different populations of

wild-caught and tank-reared A. calliptera fish under controlled laboratory conditions. I aimed

at identifying the regions that show DNAme variation upon environmental perturbation.

To this end, the variation in liver methylomes of wild vs tank-reared A. calliptera

specimens from Lake Massoko was characterised by means of both principal component

analysis and pairwise comparisons of Spearman correlation.

Widespread increase in DNA methylation levels at promoter regions possibly accom-

panying colonisation of Lake Massoko in A. calliptera cichlids
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Fig. 4.4 Unique liver methylome patterns in wild A. calliptera specimens of Lake Massoko. A.
PC analysis of liver methylome variation in wild versus tank-reared specimens. Wild specimens are
shown in purple, tank-reared specimens (common garden, same controlled environment) in green.
Benthic, Littoral and Riverine specimens are represented by upper-case and lower-letters, respectively,
for wild and common garden individuals (B/b,L/1,R/r). The number of DMRs found between the wild
and tank populations of benthic and littoral specimens is indicated in blue. B. Unsupervised clustering
based on pairwise Spearman correlation scores between liver methylomes of all samples (Euclidean’s
distances are plotted).

Interestingly, wild individuals from Lake Massoko (both benthic and littoral) exhibit
unique liver methylome patterns, clustering away from any tank-reared (benthic/littoral)
specimens and any wild or tank-reared riverine populations (Fig. 4.4a,b). The analysis
revealed also one putative outlier: one wild littoral specimen is clustering with tank-reared
Massoko specimens, for unknown reasons. Moreover, the liver methylome of the riverine
population reared in tanks (common garden) resembles that of the wild riverine population,

suggesting that methylome plasticity is not only shaped by the artificial environment of
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Fig. 4.5 Wild populations of benthic and littoral A. calliptera of Lake Massoko show widespread
hypermethylation. A. Length [bp] of all DMRs found (902 in total) between tank-reared (Common
Garden) and Wild specimens of both Benthic and Littoral populations. B. Histograms of the count of
hypermethylated DMRs found between wild and tank-reared specimens (benthic and littoral only). C.
Pie chart summarising the count of hyper- vs. hypomethylated DMRs between wild and tank-reared
Benthic/Littoral specimens.

laboratory tanks, but still exhibits a degree of ecomorph-specificity. The tank-reared riverine
population serves as an important control to assess the impact of laboratory-condition tanks on
the liver methylome. Differences in the environment could cause DNAme variation. However
our results seem to provide evidence against this hypothesis: although the direct environment
(tank vs wild) seems to greatly influence the liver methylome (especially for the wild benthic
and littoral specimens), the different populations exhibit enough variation to distinguish the
riverine specimens from the littoral and from the benthic populations, regardless of whether
they were reared in tanks or caught in the wild, suggesting that ecomorph-specific DNAme
differences persist even when specimens are reared in the same controlled environment (Fig.
4.4b).

Strikingly, upon drastic environmental change, such as in this common garden exper-
iments, only the wild populations of Lake Massoko appears to lose/reset wild-specific
methylome patterns to resemble the ancestral-like riverine species (Fig. 4.4a, PC2). This
could reflect the process of domestication, from wild to laboratory conditions, although wild
riverine specimens do not show major differences in overall DNAme patterns compared
to their tank-reared counteracts. It would be important to elucidate whether this change
in DNAme specific to the wild benthic/littoral specimens is acquired during development
in their respective wild habitats or whether they represent some fixed DNAme variation,
divergent between the different wild populations of Lake Massoko. The widespread loss of

DNAme observed in the wild specimens provides some evidence for the former.
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I then characterised the differentially methylated regions between the wild and tank-
reared benthic and littoral populations, in order to identify and characterise the genomic
regions showing wild-specific methylation variation (Fig. 4.4a, PC2). In total, 902 DMRs
have been identified between the wild and tank-reared population of A. calliptera of Lake
Massoko (only littoral and benthic). DMRs are on average 230 bp long and show 40-60%
difference in methylation levels overall (Fig. 4.5a,b). Tank-reared specimens specifically
show reduced methylation states at more than 70% of total DMRs (Fig. 4.5¢), suggesting that
tank-reared individuals from the lake (benthic and littoral populations taken together) might
reset some wild-specific hypermethylated DMRs to resemble the hypomethylated levels of

the ancestral-like, riverine population (Figs. 2.19a and 4.5c).

Hypermethylation states at promoter region of metabolic genes is a feature of liver
methylomes of wild A.calliptera sp. Massoko

The genomic localisation of the wild-specific hypermethylated DMRs were identified and
gene ontology enrichment analysis was performed to investigate potential biological functions
underlying the wild-specific increase of methylation observed in Lake Massoko cichlids.

Promoter regions and CpG islands (CGI) appear to be enriched for DNAme variation
associated with the wild benthic and littoral populations, in particular at genes involved in
metabolic pathways (Fig. 4.6a,b). This could suggest altered transcription activity at key
genes due to differential methylation states, but not yet validated as no RNAseq has been done
so far. Altered methylation levels at promoter regions might greatly influence the binding
interaction of methyl-sensitive DNA-binding actors at specific TSS, thus resulting in modified
gene expression patterns. DNA-binding proteins, such as some families of transcription
factors, have been shown to be differentially methylated in A. calliptera sp. Massoko. They
might in turn participate in modifying the methylation states at other promoters as well
[80, 78] (see Fig. 3.6f). Surprisingly, transposable elements and intergenic regions show
slight depletion in wild-specific DNAme variation.

Altogether this suggests a possible role of promoter regions and CGI in facilitating
phenotypic plasticity in the context of adaptation to the ecological niches of Lake Massoko.
Similar observations have been made in radiating cichlids of Lake Malawi, in that DNAme
variation is also preferentially associated with promoters regions, although, in the case of
Lake Malawi cichlids, intergenic regions and transposons are also enriched in DNAme
variation. In Lake Massoko, the slight depletion in TE-associated DNAme variation does not
rule out any adaptive role of such elements, as DMRs overlapping TEs are the most numerous

in total (Fig. 4.6a). Wild-specific DMRs associated with gene bodies, also not showing
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Fig. 4.6 Wild-specific hypermethylated DMRs are enriched in promoter and CGI regions. A.
Genomic localisation (left) of the 902 wild-specific DMRs. These can be localised in promoter
regions (TSS), repeats and transposons (transposon), exons or introns of genes (gene body, GB) and
intergenic regions. Enrichment analysis for genomic elements (right) - expected’ refers to the DMRs
localisation as expected by chance if DMRs were to be randomly shuffled across the genome (10
iterations; see methods). B. GO enrichment analysis for hypermethylated DMRs located in promoter
regions and gene bodies.

a particular enrichment, appear to be related to genes involved in enzymatic reactions, in
particular for protein kinase activities (Fig. 4.6b, orange label), possibly involved in signal
transduction or in kinase-mediated regulation of metabolic processes.

Furthermore, genes involved in metabolic pathways in particular appear to show con-
siderable variation in liver methylomes of the populations having colonised the different
ecological habitats of Lake Massoko. Adaptation to different sources of nutrients has been
highlighted to be an important adaptive characteristic of Lake Massoko cichlids (see Fig. 3.5
and Malinsky et al. [181]). Interestingly, many cytochrome P450 genes, in particular the
ones related to lipid metabolism, show considerable methylation variation in cichlids of Lake
Malawi and Massoko. The benthic and littoral populations of A. calliptera in Lake Massoko

specifically show increased cytosine methylation levels at the promoter of one cytochrome
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Fig. 4.7 Examples of wild-specific DMRs. Examples of hypomethylated and hypermethylated
DMRs in wild A. calliptera of Lake Massoko. Averaged mCG/CG (0-100%) of two biological
replicates in non-sliding 50 bp-long windows genome-wide for the six different populations. Left,
DMR located in an intronic region of the gene digap2, disks large-associated protein 2; middle,
DMR in three exons of the gene lanosterol 14¢-demethylase, cyp51al; right, DMR in the promoter
region of the gene ephbl, ephrin type-B receptor 1). CGIs2, predicted CpG islands; TE, transposable
elements and repeats. DMRs are boxed out in grey.

P450 (cyp51A1), that is the enzyme lanosterol 14 alpha-demethylase participating in the
bio-synthesis of zymosterol from lanosterol, as part of the sterol biosynthetic pathway (Fig.
4.7, panel in the middle). Other metabolic genes” have a DMR at their promoter. This could
suggest wild-specific altered lipogenesis, with putative impact on steroid-mediated signalling
or cholesterol metabolic processes.

Not only genes involved in hepatic functions exhibit DNAme variation. For example, the
intronic region of the gene dlgap2, with reported important functions in the molecular organ-
isation of synapses and in neuronal cell signalling, shows a wild-specific hypermethylated
state in wild A. calliptera cichlids (Fig. 4.7, left panel).

As previously mentioned, it is important to note that many DMRs might be species-
specific, rather than tissue-specific, with limited relevance for liver functions but rather reflect
embryonic memories (relics). Such DMRs could have borne important regulatory functions

at earlier stages during development, and could have been passed on throughout cell divisions

2such as ggt5a, glutathione hydrolase 5 proenzyme-like; plcd4b, phospholipase C delta 4; ENS-
MZEG00005013864, UDP-glucuronosyltransferase 2A1; agxt2, alanine-glyoxylate aminotransferase 2;
pfkma, ATP-dependent 6-phosphofructokinase; ENSMZEGO00005015314, putative bifunctional UDP-N-
acetylglucosamine transferase and deubiquitinase ALG13; cers3a, ceramide synthase 3; c/galticl, CIGALT1
specific chaperone 1
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and differentiation — the machinery capable of interacting with embryonic DMRs being only

present at specific embryonic times [194, 169].



4.2 Common Garden cichlids - Plasticity of liver methylome 165

Global DNA methylation resetting in tank-reared cichlids to resemble the riverine, an-

cestral liver methylome

The wild populations of A. calliptera from Lake Massoko present unique liver methylome
patterns, with a distinctive gain in methylation at many genomic loci. Within one generation
time, Lake Massoko specimens reared in tanks (in the same artificial environment) from wild-
caught parents appear to lose these distinctive patterns (Fig. 4.5b), via a potential DNAme
resetting/reprogramming. Their liver methylomes seem to resemble the ones characteristic

of the ancestral-like riverine A. calliptera population.

mCG/CG
A OE——m1.0 B 10
vy m— T " 508 P
n=6 —_— ® O 06 §% ¢
3 04 Y
2 02 $ + % ¢
1 0.0 ———
— — RRLL RRLL
I_ @ C twwt twwit
ﬁ@ HypoDMR in Wild

22.0%

f @ @ 6.8%

HyperDMR in Wild
N @ 71.1%

D.

80%

- 60%

River River Lake Lake £ qo%
tank wild wild tank X 0%
n=2 n=2 n=3 n=4

0%
TSS TE GB Interg CGI

Ancestral-like Lake Lake
envrionment-independent  wild-specific reset .@ P @ PY @

Fig. 4.8 Wild-specific liver methylome is reset to resemble ancestral methylome in common
garden experiment. A. Heatmap showing DNA methylation states at each of the DMRs found
between wild and tank-reared Benthic and Littoral populations (see Fig. 2.19a). Liver WGBS data,
mean mCG/CG per group, n indicates biological replicates for each group. Three clusters based on
methylome patterns. B. Plot of averaged DNAme levels at DMRs of two clusters. Error bar, mean=sd.
C. Pie chart summarising the number of DMRs for each cluster. D. Genomic localisation of DMRs
for each cluster, given in percentage total DMR per cluster. TSS, promoter region; TE, transposable
element or repeats; GB, gene body; Interg., intergenic; CGI, CpG-island.

I further investigated the dynamics of DNAme in loci showing variation in wild specimens
compared to the tank-reared offspring bred from wild-caught individuals. Strikingly, most

(93%) of the DMRs unique to the wild benthic and littoral populations show changes in
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methylation to resemble the riverine ancestral-like methylome patterns upon common garden
experiment (Fig.4.8a). Hypermethylated DMRs (71%) found between wild and tank-reared
benthic and littoral specimens show a decrease in methylation, matching lower methylation
states seen in the ancestral-like, riverine specimens (Fig. 4.8a-c, cluster 3). Inversely,
hypomethylated DMRs in the wild lake population show an increased methylation state in
tank-reared lake fish (Fig. 4.8a-c, cluster 1). A small fraction of DMRs (6%) show more
variable and unspecific methylome patterns (cluster 2). Note that DMRs were initially found
and predicted without taking into account any riverine species — nevertheless patterns of
DNAme in liver of tank-reared lake (benthic and littoral) specimens were similar to these of
riverine individuals. Hypermethylated regions in wild-caught cichlids are particularly present
in gene bodies and intergenic regions, possibly cis-regulatory regions (Fig. 4.8d).

Further work would focus on generating RNAseq data for wild and tank individuals in
order to link DMRs found between wild and tank specimens to changes in transcriptional

activity.
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4.3 Discussion and future work - Common Garden experi-

ment

In this section, I aimed at investigating the dynamics of DNA methylation in liver upon envi-
ronmental perturbation. To address this aim, I quantified and compared the liver methylomes

of wild and tank-reared (G1) cichlid individuals of the same subpopulation.

4.3.1 Plasticity of liver methylomes, resetting of DNAme patterns upon

environmental perturbations

In chapter 3, I reported that the liver methylomes of wild A. calliptera sp. Massoko (both
littoral and, in particular, benthic) specimens exhibit a widespread hypermethylated state in
particular at promoter regions, compared to the riverine, putatively ancestral A. calliptera
sp. Itupi population (Figs. 3.6 and 3.12). This suggests that specific DNAme patterns
have accompanied the invasion of the deeper parts of Lake Massoko, possibly promoting
phenotypic plasticity and adaptation (see Chapter 3). However, it remained unclear how much
of the observed liver methylome divergence is specific to the benthic and littoral populations,
as opposed to be exclusively shaped by the environment.

Strikingly, upon domestication from the wild to laboratory controlled conditions, most
of the methylome observed in wild A. calliptera sp. Massoko specimens were lost and
resembled DNAme patterns of the ancestral-like, riverine population (Fig. 4.8a). This
observation suggests that the specific liver methylome patterns unique to wild A. calliptera
of Lake Massoko are very plastic upon environmental perturbations. Adaptation to deeper
habitats of the lake could have been accompanied by a global increase in DNA methylation,
in particular at promoter regions of important metabolic genes (Figs. 4.6 and 4.7). It remains
unclear when such remodelling happens, whether it occurred in the wild GO specimens or
during the development of G1 individuals in tanks, which warrants further investigation of
DNAme patterns during development. Altogether, these preliminary results postulate that
reset DNAme patterns observed in tank-reared individuals could have mediated the rewiring
of the transcriptional network. Such a widespread hypermethylated state in the wild benthic

populations could confer an important fitness advantage to the benthic population of the lake.
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4.3.2 DNA methylation divergences in littoral and benthic populations

Nevertheless, one important question remains: how much of the variation in DNA methylation
observed in the lake is fixed between the benthic and littoral populations, possibly underlying
phenotypic divergence. Current work aims at addressing this by identifying DMRs that
are retained in tank-reared and wild benthic populations independently of environmental
perturbations. Such ecomorph-specific variation could be fixed and inherited within one
specific population, thus promoting short- and long-term phenotypic divergence. Initial
analysis suggests that the benthic and littoral ecomorphs have some distinct DNAme patterns
in the wild and in laboratory conditions (PCA cluster both ecomorphs apart, Fig. 4.4),
however this does not provide evidence that the same DMRs are involved here. The benthic
and littoral populations of A. calliptera sp. Massoko are philopatric, in that males are
territorial and females probably rear their fry in the same environment. Fry are likely to
grow to adulthood in the same environment as well. Adaptation to the dark, zooplankton-rich
waters of the benthic zone is therefore required. Genetic predispositions (such as the ones
related to rhodopsin genes [181]) enable them to thrive, as such individuals are likely to
be less fit in other ecological niches. Eventually, more traits can become fixed genetically,
generating islands of divergence, described by Malinsky, Challis and colleagues, before
whole genome fixation. I postulate that similarly DNA methylation at regulatory regions
could act in concert with genetic polymorphism to generate selectable phenotypic plasticity,

promoting adaptation, without more permanent alterations in the underlying DNA sequences.
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4.4 Inter-species AXA hybrids - epigenetic inheritance in
cichlids

4.4.1 Background

In the first part of chapter 4, I investigated the plasticity of methylome variation upon
environmental perturbation and concluded that the unique liver methylome pertaining to wild
A. calliptera specimens of Lake Massoko was mostly lost and reset to resemble the one of
the ancestral-like, riverine lineage. This epigenetic plasticity is thought to have occurred
within one generation time. However, it remains unclear where and when these drastic
changes might have occurred: in the parental taxa, after being wild caught and brought
back to laboratory tanks, or in the G1 specimens specifically when reared, or a combination
of both. I concluded there is a tight crosstalk between the unique environment of Lake
Massoko and the epigenetic landscape of liver tissues. Although it is tempting to postulate
that such an epigenetic plasticity might be a common feature in cichlids, this mechanism
might be unique to Lake Massoko cichlids as well. Furthermore, the upstream ’sensing’
mechanisms underlying such changes in DNAme variation remain elusive and the heritability
of such patterns is unknown. Future work would focus on generating hybrids between the
wild populations of littoral and riverine species, to investigate the inheritance of different
methylome patterns. Another experiment would be to artificially place wild littoral specimens
back into the ancestral-like river (or some of the riverine specimens in the lake), to test our
hypothesis that the liver methylome would undertake global reprogramming to resemble the
ancestral riverine methylome.

In plants and mammals, there is evidence that methylome landscape is transmitted across
generations, even in the absence of any original environmental trigger responsible for epige-
netic alteration and even in the instance of global DNA methylation reprogramming [2, 1, 16].
In teleost fish, it remains unclear whether the lack of global DNA demethylation during
development is conserved [3] and whether any alteration in epigenetic landscape could be
intergenerationally inherited. Thus, it is important to distinguish all the aspects underlying
DNAme variability and inheritance. In the first part of chapter 4, I concluded that the envi-
ronment would greatly affect the methylome of genetically very similar cichlids. However, it
remains unknown whether these altered patterns can be transmitted intergenerationally even

if the absence of the initial environmental trigger.

Here in the second half of chapter 4, we have taken advantage of some of the more

moderate cases of reproductive isolation observed in Lake Malawi fish reared in tanks in
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order to generate inter-species hybrids (the reproductive isolation in Lake Malawi is usually
strong in the wild). DNA methylation patterns of the parental taxa, as well as of the hybrids,
would be compared to investigate the genetic vs non-genetic components of methylome
inheritance. Genomic imprinting has not been observed in teleost fish, and no homologous
gene of the mammalian DNMT3C underlying mammalian imprinting has been characterised,
at least in zebrafish [61]. It would be interesting to understand whether any parental biases
in methylome transmission would be observed, or instances of "hybrid vigour’, whereby
hybrids would display transgressive phenotypes, not observed in the parental taxa, possibly
increasing hybrid fitness compared to parental lines [195]. In plants, the methylome of
hybrids have been shown to generate novel patterns, thought to be mainly mediated by small
non-coding RNAs (RdADM), possibly underlying phenotypic diversity [30, 196, 197].

In addition, it has been reported in plants that hybridisation might constitute an ’epige-
nomic shock’, in that upon inter-breeding of individuals exhibiting significant methylome
divergence, novel patterns of methylation and, consequently, gene expression might emerge,
producing phenotypic diversity (or transgressive phenotypes) [2, 196, 198]. DNA methyla-
tion associated with TEs might be in particular divergent, and some TE families, perhaps
unique to one species, might become active in the hybrids [30]. This is particularly relevant
in cichlid populations evolving in sympatry, with sometimes relaxed assortative mating and
common hybridisation events [144, 140].

To this aim, I generated inter-species reciprocal cross in collaboration with Prof. George
Turner at Bangor University. We selected A. calliptera spp. Itupi (the river Itupi is part of
the Lake Malawi catchment) and A. stuartgranti spp. Usisya (named after the location of

catchment in Lake Malawi) as the maternal and paternal taxa, receptively.

4.4.2 Inter-species hybrids - experimental design

Cichlid hybrids were bred from one A. stuartgranti spp. Usisya (AC) male with two A.
calliptera spp. Itupi (AC) females (AxA hybrids) - two separate broods were produced using
the same father but different mothers (Fig. 4.9 and Table 4.2). Unfortunately, the reciprocal
cross (i.e. using AS females) has remained unsuccessful.

In terms of genetic divergence, both AC and AS show the average low sequence diver-
gence representative of the cichlid flock of Lake Malawi (pairwise sequence divergence,
2.24+0.008 SNP per kbp genome-wide; Hannes Svardal [102]).
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Fig. 4.9 Experimental design - inter-species cichlid hybrids. Two cichlid species, Aulonocara
stuartgranti sp. Usisya (AS) and Astatotilapia calliptera sp. Itupi were inter-bred to produce cichlid
hybrids in order to investigate the epigenetic landscape and inheritance of DNA methylation in
hybrids. Two different broods were produced, both with the same AS male, and with two different
AC females. The offspring (AA F1) are currently being bred to produce F2 progeny. In addition, two
cross out-groups were used (A. calliptera sp. Massoko and A. stuartgranti) as a mean to assess the
inheritance in F1 hybrids only.

Hybrid morphology and anatomy

This inter-species (AxA) cross project is part of a collaboration between the laboratories of
Eric Miska, Emilia Santos, Martin Genner and George Turner. A complete phenotyping of
F1 and eventually F2 hybrid individuals is being conducted at the moment, to understand
the genetic basis of particular Lake Malawi cichlid phenotypes (especially with regards to

pigmentation patterns, behaviours and lateral line).

4.4.3 Global characterisation of liver methylome in hybrids

In order to characterise the global methylome landscape in cichlid hybrids, WGBS data
of liver tissues for both the parental and hybrid specimens were first generated. All the
sequencing reads were mapped to the same reference genome (M. zebra, UMD?2a) and
only conserved CpG sites among all individuals with high read coverage (5-100 non-clonal
paired-end 150 bp-long reads) were further analysed.

Female and male hybrids as well as the parents similarly exhibit overall high methylation
levels (78.0 £ 2.3%, median+sd; Fig. 4.10), akin to what has been described in other Lakes
Malawi and Massoko cichlid populations (see Chapters 2 and 3). Furthermore, specimens

(both parents and hybrids) show 97.6% sequence conservation at mapped CpG sites genome-
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Table 4.2 Sampling size - hybrid experiment.

sample size (n)

A. stuartgranti sp. Usisya 1
A. calliptera sp. Itupi 2
AXA hybrids (F1) 3
A. stuartgranti, cross-independent 2
A. calliptera sp. Massoko, cross-independent 4

Liver tissue of sexually mature specimens were used for WGBS, all
tank-reared

wide, reflecting the high level of sequence conservation, even between the two parental
taxa. In addition, such high DNAme levels were comparable to both control AS specimens,
unrelated to the cross. This suggests that hybrid methylomes, globally, do not deviate much

from the parental and cross-independent specimens methylomes.

4.4.4 Hybrid-specific DNA methylation patterns

I then characterised epigenetic variability between F1 hybrids and parental taxa, including
cross-independent specimens (control) reared in tanks to account for tank- and species-
specific variability.

As expected based on results from previous chapters, a phylogeny (or clustering) could
be created solely based on methylome divergence at conserved CG dinucleotide sequences,
suggesting species-specific methylome patterns (Fig. 4.11). Note that species-specific pat-
terns are observed even though all individuals were reared in tanks; two subpopulations of
tank-reared A. calliptera from Lake Massoko (benthic and littoral) and River Itupi (AC moth-
ers) show enough methylome divergence to cluster separately. Furthermore, AC individuals
all cluster away from AS specimens (Fig. 4.11). This suggests that, even though the local
environment might alter the epigenetic landscape (see first section of chapter 4), there are still
distinct methylome patterns unique to even a subpopulation of genetically closely-related
fish. Species-specific patterns of DNA methylation is therefore transmitted in a common
garden experiment (independently of the environment). Importantly, this does not rule out
any genetic components mediating such methylome divergence and inheritance.

I then compared liver methylomes based on pairwise Spearman correlation scores. Liver
methylomes of the two parental taxa are similar at 76-78% at conserved underlying sequences
(Fig. 4.12). Intra-species liver methylome similarities are higher, respectively 86% and 80-

84% between A. calliptera spp. Itupi and A. stuartgranti spp. Usisya individuals. F1
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Fig. 4.10 High genome-wide DNAme levels in livers of both parental and hybrid specimens.
Genome-wide DNAme levels in liver tissues of the parental (PO) specimens (AS, females and AC,
male; in red) and the three (F1, in blue) AxA hybrid individuals from both broods. Two tank-reared
AS specimens, independent of the hybrid cross were used as AS outgroup ("Tank", in beige). Average
mCG/CG in 1kbp-windows. 4-100 unique read coverage at conserved CG dinucleotide DNA sequence
only.

hybrids shared the highest levels of liver methylome patterns, in particular for siblings (88%
liver methylome correlation for brood3; inter-brood, 83-84%). Inter-species and hybrids
methylomes are very similar, possibly with major epigenetic divergence (>30% DNAme
difference) localised at a small number of large genomic loci (Fig. 4.13). This suggests
that although most of the liver methylome patterns might be similar, there are significant
differences that may be unique to one taxon or to the hybrids, and could participate in
phenotypic diversity.

Interestingly, F1 hybrids show some unique liver methylome patterns and cluster away
from both parental taxa based on genome-wide methylome pairwise correlations and principal
component analysis (Figs. 4.11 and 4.14). The methylome of F1 hybrids share nevertheless
more similarities with the methylomes of parental taxa, as opposed to the control outgroup
specimens (AS individuals independent of the cross). Similarly, PC analysis reveals that

the methylome of F1 hybrids show intermediate patterns, resembling both parental liver
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Fig. 4.11 Clustering of liver methylome variation in AxXA hybrids. Phylogeny based on genome-
wide methylome divergence at conserved underlying DNA sequences in AA hybrid experiment.
Unsupervised hierarchical clustering based on Euclidean distances (inferred from pairwise Spearman’s
correlation matrix). All sequenced specimens were tank-reared. AS was the paternal taxa and included
two cross-independent specimens (one male one female) and are highlighted in beige (male of broods
3 and 4 indicated in white text). AC was the maternal taxa as well as some cross-independent Lake
Massoko individuals (all male individuals, in yellow). AC mothers of brood 3 and 4 are highlighted in
blue. F1 AA hybrids are highlighted in purple.

methylome patterns (Fig. 4.14), suggesting a strong genetic basis of DNAme inheritance.
Strikingly, some DNAme patterns seems to be unique to the hybrids (in particular hybrid
AA male from brood4; Fig. 4.14). Such unique patterns of methylation could perhaps be
described as a transgressive phenotypes, in that F1 inter-species hybrids could show traits
not observed in the parental lines, which could promote adaptation (see Discussion in section
4.5).

Importantly, additional WGBS data of a larger population of F1 hybrids (possibly recip-
rocal cross) will provide stronger evidence for such transgressive DNAme patterns observed

in hybrids.
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Fig. 4.12 Heatmap of genome-wide pairwise Spearman correlations of liver methylome varia-
tion in hybrids. Heatmap representing pairwise Spearman correlation scores of liver methylome
divergence in hybrids and parental taxa. Based on average mCG/CG in 1kbp-long windows genome-
wide. Hybrids consist of two broods (broods 3 and 4), were bred from the same AS father and from
two different AC mothers. All individuals were reared and bred in laboratory tanks. Only cytosine
methylation variation at conserved CG dinucleotide DNA sequence was analysed. CG sequencing
coverage of 4-100 non-clonal paired-end reads. Single pairwise Spearman correlation (given in
percentage of correlation) score is indicated in each heatmap square.
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Fig. 4.13 Comparison of liver methylome landscape in hybrids. Biplots representing pairwise
liver methylome comparison at 1kbp-bins genome-wide. y-axis represents the average cytosine
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(left) and the AA F1 hybrid methylome (right). Only cytosine methylation variation at conserved CG
dinucleotide DNA sequence was analysed. CG sequencing coverage of 4-100 non-clonal paired-end
reads. Average mCG/CG in non-sliding 1kbp-long windows, genome-wide. White dotted lines
represent 100% correlation or the same liver methylome.
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Fig. 4.14 Liver methylomes of hybrids resemble parental patterns. PC analysis of genome-wide
liver methylome patterns in maternal and cross-independent AC, paternal and cross-independent
AS and F1 hybrids of broods 3 and 4. Sex of each individual is shown. PO stands for parental
individuals. F1 hybrid specimen showing putative transgressive DNAme patterns is indicated in
orange. AC Massoko specimens are used for comparison (as independent of the cross), A. calliptera
sp. Massoko (benthic and littoral). All individuals were reared and bred in laboratory tanks. Only
cytosine methylation variation at conserved underlying CG dinucleotide DNA sequences was analysed.
CG sequencing coverage of 4-100 non-clonal paired-end reads were analysed only.
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Loss of methylation at promoter regions in cichlid hybrids

Even though methylation at single CG dinucleotides might also show variability between
parents and offspring, I focused on differentially methylated regions (DMRs) that are 50
bp-long in size at least, with an average methylation difference of >25% at CG sites between
the parental taxa and F1 hybrids - these regions are likely to exert biological functions as
opposed to single CpG sites.

I identified 380 DMRs between liver methylomes of the parental taxa and one F1 hybrid
for brood 3, covering a total length of 82.9kbp (median length= 129bp, mean length=219.8bp).
Interestingly, 79% of all the DMRs show hypomethylation in F1 hybrids, i.e. loss of
methylation compared to parental taxa (hypermethylated genomic loci specific to the paternal
taxon are visible at the top left corner of the left panel, Fig. 4.13). The genomic localisation
of the hybrid-specific DMRs were then characterised.

Promoter regions and CGlIs are extremely enriched for DMRs (respectively 2.1-fold
and 7.1-fold enrichment compared over chance; Fig 4.15) — loss of cytosine methylation at
promoters is expected to alter transcriptional activity [78], and might promote phenotypic

differences, possibly leading to transgressive segregation.
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Fig. 4.15 Hybrid-specific methylome variation is enriched at promoter regions and CpG islands.
380 DMRs are predicted between the liver methylomes of the parental taxa and F1 hybrid of brood
3. Enrichment analysis for the genomic localisation of hybrid-specific DMR. Left, absolute DMRs
count for each genomic region. Right, observed/expected ratios based on 10 random iterations using
hybrid-specific DMR coordinates and features (length).

The liver methylomes of AxA hybrids reveal DNA methylation patterns unique to the
F1 offspring (Fig.4.16, left). For example, the gene carbonic anhydrase 15-like (CA-XV
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like), participating in systemic acid—base regulation in fish [199, 200], shows a specific
hypomethylated state in two exons of the F1 hybrid (Fig. 4.16, left). Strikingly, both the
parental taxa exhibit hypermethylation state at this locus, which possibly suggests that this is
a hybrid-specific methylome pattern. The enzyme CA-XV like plays an important function in
kidney and gills, where most direct exchanges of acid-base equivalents with the environment
occur [199]. Therefore, this change in methylation at the gene CA-XV like observed in liver
methylome of hybrids might possibly be present in other tissues or in early embryogenesis,
where it might exert specific functions.

Another example of DMR unique to cichlid hybrids is found in the CpG-rich region
of one intragenic transposon (Fig. 4.17b). The three F1 hybrids, bred from two different
mothers and one father, show specific hypomethylation levels compared to both parental
taxa, hinting a TE-derived regulatory functions (see Discussion).

Other patterns of methylation inheritance is be also observed. For example, the gene
CD276, coding for a transmembrane protein involved in cell immune signalling, shows
hypomethylation in both the paternal and hybrid specimens specifically compared to the
maternal taxon (Fig. 4.16, right). This DMR spans two exons and one exon-intron junc-
tion, hinting at a role of DNA methylation in promoting alternative splicing of this gene —
characterisation of specific transcript expression via RNA sequencing is required to validate
such hypothesis. However, we cannot rule out that this DMR could also be sex-specific,
as the hypomethylated state is only observed in the paternal and male hybrid specimens.
Another example of DMR putatively inherited from the paternal line is found in one of
the intron (close to the exon-intro junction) of the gene prkag2 (Fig. 4.17a), encoding for
the enzyme 5’-AMP-activated protein kinase subunit gamma-2, involved in lipogenesis
regulation (in particular fatty acid and cholesterol). F1 hybrids of both sexes show the same
hypermethylated states as the paternal specimens compared to both maternal specimens,
hinting at the transmission of epigenetic states in a parent-of-origin manner. Reciprocal
cross experiment (using the same parental taxa in a reverse fashion) would be required
to distinguish methylation patterns transmitted in a species-specific manner from the ones
inherited from one specific parent.

Finally, the genomic region directly upstream of one DMR appears to be missing in the
paternal genome (Fig. 4.16 right; lack of read coverage), suggesting a possible genomic
insertion or deletion event in the paternal line. In addition, the maternal methylation patterns
at this regions might not be inherited in the offspring. Similar observations at other genomic
regions have been made using this inter-species cross and are been characterised at the

moment. Such genomic regions are being compared with whole-genome data generated for
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many individuals of the same species, in order to validate any insertion/deletion events. The
methylation states at such regions will be compared between the parental individuals and F1
hybrids.

LOC101469210 LOC101484094 [+8]
carbonic anhydrase 15-like CD276 antigen
== --O--E-E——— —
49 CpGs 61 CpGs
— —_—
1.0+ 1.04
- . A a1
E\i 0.0 I | 0.0 [ l {1 ""I "I
c
2 10, 1.0
s ] ]
g ] ]
_E - 4
= il i |
2 00, 007 de cece B
2
&) 1.0: 1.0 |
0_0: I‘ I | II |.|JIIJ| | 0.0: Lo o lmn . e I
T ——
7,977,000 7,978,000 73,000 ' 74,000
NW_014444452.1 NW_014444874.1
Unique to F1 Father & F1
Ul CpG methylation CpG cc. || DMRs (sign)

Fig. 4.16 Examples of DMRs in hybrids and parental taxa. Example of two DMRs found in
hybrids and parental taxa. Left: the gene CA-XV-like show hypermethylation state (DMR: 54
CpGs, 541bp-long, 41% ) in two exons, and is specific to the F1 hybrid. Both parental taxa show
hypermethylated state at that locus. Right: Hypomethylated DMR spanning two exons and one intro
region (DMR: 61 CpG, 464bp-long, 41.5%) of the gene CD276 antigen observed in the maternal and
hybrid methylomes only. Paternal liver methylome shows hypermethylation at that locus.
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Fig. 4.17 Examples of DMRs in hybrids associated with metabolic genes and intragenic TE
sequences. A. The gene body (one intron and one exon) of the gene prkag2 shows significantly
higher methylation levels in all the three AxA F1 hybrids and in paternal line (AS) compared to both
maternal (AC) specimens. The gene prkag2 encodes for the enzyme 5’-AMP-activated protein kinase
subunit gamma-2 and is involved in regulating lipogenesis (in particular fatty acid and cholesterol).
B. An example of DMR located in a intragenic CpG-rich TE sequence. The three hybrid specimens
show hypomethylation compared to both parental taxa. CGI, for CpG island.
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4.5 Discussion and future work - Cichlid hybrids

In the second part of chapter 4, I characterised the liver methylomes of inter-species hybrids,
bred from two different cichlid species (Fig. 4.9). The aim was to investigate the inheri-
tance of DNAme variation in F1 hybrids. From studies carried out in zebrafish, epigenetic
reprogramming in teleost fish is thought to be very different from the ones observed in
other amniotic vertebrates, in that no global DNA demethylation takes place, instead the
sperm methylome is retained in the embryo after fertilisation and the maternal methylome is
specifically reprogrammed to resemble the paternal configuration (see Fig. 1.5 and Ref. [14]).
This is in stark contrast with mammalian epigenetic reprogramming where DNA methylation
is reset during embryogenesis to achieve totipotency. However, it is still unknown whether

the unique DNAme reprogramming seen in zebrafish is conserved in other teleost fish.

4.5.1 Hybrid methylome

The first observation is that overall DNAme levels in fully differentiated liver cells of F1
hybrids were very similar to that of both parental lines as expected (Fig. 4.10 and 4.13).
Moreover, hybrid methylomes resembled more the methylomes of both parental specimens,
compared to other cross-independent specimens from the same taxa as the parents (Figs.
4.10 and 4.12). This hints at a genetic basis in the transmission of DNAme patterns as
parental methylomes seem to be transmitted to F1 offspring along with the parental alleles
without major obvious parent-specific bias. The sequence divergence between the two
parental genomes is very low (0.2%, or 2 SNP per kbp) and represents the average sequence
divergence observed between other Lake Malawi cichlids. At the epigenetic level, parental
methylomes (or between the two parental species) at conserved underlying DNA sequences
correlate at 76-79% (Fig. 4.12). This correlation is higher between any parental specimens
and F1 hybrids (80-87%), in particular between parental and hybrid individuals of the
same brood (83-86%). Principal component analysis could further provide evidence for the
genetic basis of DNAme patterns, whereby hybrid methylomes resemble more that of parents,
compared to other specimens, that are part of the same species as the parents but are not

related to the cross.

4.5.2 Patterns of inheritance in hybrids

Although most of the hybrid methylome appear to inherited from the parents, the patterns of

DNAme at certain genomic regions hints at different types of epigenetic inheritance.
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Earlier in chapter 4, I provided examples of DMRs showing DNA methylation patterns
similar in one of the parent taxa and hybrid specimens, suggesting either sex-specific or
paternal transmission of DNAme variation. For examples, the genes CD2676 antigen (Fig.
4.16, right) and prkag2 (Fig. 4.17a) show similar methylation levels specifically in hybrids
and the paternal line, compared to both maternal individuals. Interestingly, both DMRs span
intron-exon junctions, hinting at a role of DNAme in alternative splicing events. However,
the sequencing of more F1 hybrid individuals is needed to confirm that these DMRs are
actually paternally inherited.

Future work would identify not only species-specific, but also individual-specific DMRs

that are transmitted to hybrids over the other taxa.

4.5.3 Transgressive DNAme patterns in hybrids

Strikingly, some patterns of DNA methylation appear to be only observed in hybrid individu-
als, in that they are very distinct from both parental methylomes (Figs. 4.14, 4.16 left and
4.17b). Such hybrid-specific patterns could be interpreted as being transgressive, in that they
were significantly different from both parental lines.

In chapter 4, two examples of putative transgressive DMRs are provided. The first one
is found in one CpG-rich regions of an intragenic TE sequence and is hypomethylated in
all hybrid individuals compared to parents, irrespective of the species. Interestingly, this
hybrid-specific DMR spans a CpG-rich region (also known as CpG islands, CGIs) that are
known to exert important regulatory regions, at least in mammals [43, 44]. In mammals,
most promoters (ca70%) are associated with CGIs (and are usually unmethylated), in contrast
to zebrafish and cichlid where less than 30% of all the promoters have CGIs (see Fig. 2.13).
The functions of CGIs localised outside promoter regions (orphan CGlIs) are unclear, and
could be linked to regulatory functions (such as TE-derived ectopic promoter; see section
1.4.5). It is therefore tempting to speculate about a possible regulatory function associated
with this hybrid-specific DMR localised in a TE-derived CGI. To confirm this hypothesis,
differential gene expression analysis of neighbouring genes could be assessed. In addition
to this, the genomic annotation of cichlid promoters and enhancer should be generated to
further identify the functions of any hybrid-specific intragenic DMRs.

The second example of hybrid-specific DMRs is found in the exon-intron junction of
the gene CA-XV like, coding for the enzyme carbonic anhydrase 15-like, participating in
systemic acid—base regulation in fish [199, 200]. Many isoforms have been found for this

gene in fish and can be expressed in a tissue-specific and even species-specific manner in
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teleost fish [199]. Differentially methylation levels at intron-exon junctions could participate
in alternative splicing of this gene. Such a role for DNAme has been characterised previously
[86]. The inclusion of one exon part of the gene CD45 for example has been reported to
be regulated by differential methylation levels at the exon-intron junction. This is thought
to happen via the interaction of a methyl-sensitive CTCF factor with RNApol II (Pol II),
resulting in a possible cell-type-specific expression of different isoforms of the gene CD45
[87]. Such DNA-mediated mechanism of alternative splicing could exist as well. RNAseq of
liver hybrids could further validate this.

Such transgressive DNAme patterns observed in hybrids could be in line with what has
been observed in plant hybrids, where F1 hybrids can show transgressive phenotypes (called
hybrid vigour in plants) possibly associated with dissimilar DNAme patterns from parental
taxa, possibly affecting transcriptional activity [198, 30, 196, 201, 202]. Furthermore, a
recent common-garden (lake conditions) and transplant (from river to lake) experiment with
Lake Tanganyika Astatotilapia burtoni revealed that F1 individuals bred from river and
lacustrine parents showed high levels of phenotypic plasticity, resulting in slightly higher
fitness (faster growth), compared to either the lacustrine or riverine parents, even competing
pure-bred lacustrine specimens reared in their native environment [195]. This suggests
that phenotypic plasticity could promote adaptation to new environments and that DNAme
variation observed in F1 hybrids could facilitate such adaptive plasticity in certain instances.

Note that, only a few number of hybrid individuals were analysed in the second part of
chapter 4 (more are currently being sequenced at the moment). It is therefore impossible
to conclude whether the hybrid-specific methylation patterns observed are unique to F1
hybrid individuals or to this particular inter-breeding setup. They could could also arise from
stochastic epigenetic variation and be linked to particular developmental times. In addition, it
would be important to generate the reciprocal cross in order to characterise the specificity of
novel, hybrid-specific methylome patterns. Unfortunately, the reciprocal cross has remained

unsuccessful.

Current work focus on generating WGBS data for more F1 hybrids of the same crosses, to
understand how frequent hybrid-specific or parent-specific DMRs are observed in particular
this cross setup. Gene expression analysis (RNAseq) using F1 hybrid liver tissues will be
generated to explore the functional link between hybrid-specific DMRs and transcriptional
regulation. In addition, the recent technical advances in genome editing [203] might represent
a tool in order to precisely and locally manipulate the DNA methylation state at particular
loci in the embryo (using modified CRISPR-dCas9 system to bring epigenetic erasers and

modifiers to a particular genomic locus). This might provide a way to expand our knowledge
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on the heritability of modified epigenetic patterns in subsequent generations. Considerable
efforts are being made at the moment to develop such technique in cichlids in Cambridge,
UK in collaboration with the laboratory of Emilia Santos.
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4.6 Detailed methodology

4.6.1 Common Garden and AA hybrids - ’husbandry’

All tank-reared cichlid individuals were reared and bred in laboratory-condition tanks, in the

same room (same light/dark cycles), fed on the same standard aquarium fish flake food.

Wild specimens of Lake Massoko

Wild specimens from Lake Massoko were sampled by Prof. Martin Genner, Prof G. Turner,
Alan Hudson and Alexandra M. Tyers. Liver tissues were preserved in RNAlater before
being stored in -80°C. Refer to section 3.6.1 and ref [181] for detailed methodology. Live fish
were collected in November 2011 by a team of professional aquarium fish collectors, under
the supervision of Profs. George Turner and Martin Genner, for shipment to UK. These were
collected from depths of >20m or < 5m to ensure good representation of both ecomorphs.

Deep-water fish were decompressed overnight in keep-nets at depths of 5-10m.

Liver methylome - tissue extraction, NGS library preparation and methylome analysis

In order to generate the liver methylome for both G1/F1 specimens and Tank-Itupi control
individuals, the same method as the one described in Chapter 2 (see section 2.10.2) was used.
The only difference is that immediately after dissection tank-reared tissues were snap-frozen
(dry ice) and not preserved, like for wild individuals, in RNAlater. In brief, liver tissues
of tank-reared specimens were snap-frozen upon dissection. WGBS data were generated
according to the same protocol as the one used in Chapter 2. Paired-end reads, 150bp-long,
were sequenced on HiSeq4000. All sequencing reads were then mapped to the same reference
genome (M. zebra, UMD?2a), and only conserved CG dinucleotide sequences between all
samples showing high sequencing coverage were analysed (coverage of 5-100 non-clonal
paired-end reads).



Chapter 5

Conclusion

5.1 Conclusive remarks and perspectives

In this thesis, I first investigated the epigenetic basis of adaptive phenotypic plasticity
observed in cichlids of Lake Malawi. To address this aim, I generated and analysed whole-
genome bisulfite and RNA sequencing data from two different homogenous tissues, namely
liver and muscle, of five different cichlid species, covering four distinct ecological clades
of Lake Malawi. In parallel to this work, I generated WGBS data for the two ecomorph
populations of A. calliptera sp. Massoko in early stages of speciation as well as for a riverine
A. calliptera, putatively closely related to the ancestral Astatotilapia of Lake Massoko. This
work represents the first study investigating the epigenetic basis for species diversification
and adaptation in natural populations of East African cichlids, and provides some initial
evidence for a role of DNA methylation in rewiring the transcriptional network in a context

of trophic adaptation.

In chapter 2, I described the main characteristics of the methylome of Lake Malawi
cichlid Maylandia zebra, many of which are shared with other vertebrates. In brief, (i)
the genome of Lake Malawi cichlids is highly methylated at CG dinucleotide sequences;
(ii) transposable elements are in particular highly methylated (more than the genome-wide
methylation average), hinting at a DNAme-based mechanism of TE transcriptional silencing;
(iii) methylation at promoters is negatively correlated with transcription activity, while
being more weakly, but positively correlated in gene bodies, which hints at important
regulatory functions of DNAme at such regions. Then, I characterised the considerable
variation at conserved underlying DNA sequences of the liver methylomes between five

eco-morphologically different cichlid species. Species phylogeny based solely on methylome



188 Conclusion

variation in natural populations of cichlids could be reconstructed, possibly even reflecting
diet adaptation. Furthermore, I revealed that the variation in DNA methylation associated
with significant changes in transcription activity was mainly located in the promoters and
in intragenic TE sequences of genes involved in lipogenesis, hormone signalling, hepatic
metabolic processes and, importantly, in development. Altogether, these results postulate an
important role for DNA methylation at genomic regulatory regions in promoting phenotypic

plasticity associated with adaptive traits related to development and liver functions.

In chapter 3, together with Prof. Martin Genner and colleagues 1 generated WGBS
data from liver tissues of two A. calliptera populations of Lake Massoko in early stages of
speciation and showing distinct trophic and morphological adaptation. Liver methylome
of the two ecomorphs exhibited distinct, ecomorph-specific variation. In brief, the benthic
population of A. calliptera sp. Lake Massoko showed widespread hypermethylated levels, in
particular at promoter regions, compared to a riverine A. calliptera sp. Mbaka population,
closely related to the ancestral Astatotilapia of Lake Massoko. Genes associated with
important liver metabolic functions, as well as key developmental genes, displayed increased
levels of methylation. I therefore postulated that DNA methylation could underlie some
selectable phenotypic plasticity, which could facilitate invasion and adaptation of the benthic
population to the darker, zooplankton-rich parts of the lake. Furthermore, I showed that
cichlids of Lake Malawi and Lake Massoko shared some variation in liver methylomes, almost
exclusively at TE-derived sequences and promoters. This implies that similar biological
processes might be subject to epigenetic variability in both lake systems and might participate

in the short- and long-term divergence of adaptive traits.

In chapter 4, I first analysed the dynamics of liver methylome in response to environmental
perturbation, and then characterised the inheritance of DNAme patterns in cichlid hybrids. To
quantify the extent to which the environment may shape liver methylome, I generated WGBS
data from livers of tank-reared (common garden experiment) benthic, littoral (both from
Massoko) and riverine ancestral Astatotilapia specimens. Surprisingly, most of the variation
in liver methylome associated with the invasion and colonisation of Lake Massoko was rest
upon domestication to resemble the ancestral-like, riverine liver methylome. Specifically,
the majority of the hypermethylated regions observed in the wild individuals showed drastic
reduction in methylation in the tank-reared specimens. Inversely, the few hypomethylated
regions in the wild individuals compared to tank specimens were re-methylated in the tank-
read specimens, just like in the ancestral-like, riverine population. This suggests that upon

common-garden experiment, most of the methylome variation associated with adaptation to
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the deep ecological habitats of Lake Massoko could have been erased, although my analysis
could not rule out any methylation patterns retained in both the wild and tank-reared benthic
and littoral populations, which could represent fixed heritable epigenetic divergence between
the two populations. In the second part of chapter 4, I described the inheritance of DNAme in
F1 cichlid hybrids. I provided some evidence for a potential genetic basis of the inheritance
of DNA methylation, in that hybrid methylomes were very similar to those of both parents.
However, at certain loci, some different patterns of inheritance were observed: in some
instances, the paternal methylome only appeared to be transmitted to F1 hybrids, while
in other cases hybrid cichlids showed transgressive methylome patterns, in that they were
dissimilar to these of both parental taxa. I postulate that such transgressive patterns could
participate in phenotypic divergence, potentially leading to transgressive segregation and
adaptation. The results presented in chapter 4 are very preliminary, which warrants further
experimental work. Nevertheless they provided initial evidence for a highly dynamic DNA
methylation remodelling in response to environmental cues, as well as for some levels of
transgressive segregation in cichlid hybrids, potentially generating selectable phenotypic

divergence facilitating speciation.

Altogether, the findings presented in this thesis provide the first line of evidence that
methylome variation might underlie selectable phenotypic plasticity in response to the
environment, potentially rewiring the transcriptional landscape. Such mechanisms might
eventually lead to phenotypic divergence and adaptation in natural populations of cichlids.
Importantly, this work has set the basis for future projects investigating further the role of
DNAme variation in underlying selectable phenotypic divergence in East African cichlid
fishes.

One of the major findings of this work is that at conserved underlying DNA sequences
liver methylomes exhibit high levels of species- and possibly diet-specificity, suggesting that
some adaptative traits could be mediated by DNA methylation variation. I revealed as well
that some of this variation was localised in key developmental genes, possibly underlying
long-lasting phenotypic divergence between cichlid species. Another important finding of
this research is that some methylome variation is shared between cichlids of Lake Malawi
and Massoko, suggesting that similar biological processes might be subject to epigenetic
variation. This sort of standing epigenetic variation could underlie important phenotypic
plasticity associated with adaptive traits essential for the colonisation of similar ecological

niches.
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Future work will be required to validate and characterise further the main findings of this
work, and have been described in detail in each result chapter.

In brief, future experimental projects could aim at (i) characterising the importance
of DNAme variation during development, in particular in inter-species hybrids. Such an
experiment would allow to investigate when specific-specific DNAme patterns are established
as well as to study their potential link with transcription changes; (ii) generating RNAseq
of Lake Massoko cichlids to investigate whether adaption to similar ecological niches and
diets (e.g. dimly lit, zooplankton-rich habitats) is correlated with similar methylome patterns
and transcriptional activity in both lake systems; (iii) fully characterising the inheritance
and reprogramming of DNAme patterns at different developmental times, and to draw a
comparison with the unique reprogramming processes seen in zebrafish . This could be of
particular interest in hybrid cross, in order to elucidate the extent to which DNAme patterns
are erased and re-established in the offspring and to assess any biases in the inheritance of
patterns of methylation (paternal vs maternal transmission). Ideally, WGBS data from sperm,
egg and FAC-sorted (fluorescence activated cell sorting) cells of the embryo (somatic vs
PGCs) should be generated; (iv) characterising further and with more biological replicates
the unique transgressive methylome patterns observed in inter-species hybrids, to eventually
correlate such transgressive variation with differential transcription activity in hybrids; (v)
using a more targeted approach to understand the functional importance of some inter-specific
DMRs. For example, the methylation levels at one candidate gene, as well at the associated
gene expression activity, could be determined in larger populations of fish presenting similar
diet adaptation, or thriving in the same habitat but feeding on different diets (pyrosequencing,
gPCR). In addition, one could set up a live fish experiment where specific DMRs and gene
expression could be monitored upon specific environmental perturbations (light condition,
e.g.) - for example, the gene vsx/ is observed to be highly methylated in fish having
colonised deep, dimly lit parts of the lake. In a common garden experiment set up, the
dynamics of DNAme at the promoter of this gene could be monitored, to understand whether
epigenetic changes could allow for phenotypic plasticity ; (vi) validating the widespread
DNAme reprogramming observed upon environmental perturbation in a natural context. An
experiment could be designed to understand whether such mechanisms can be seen in a wild
population of Lake Massoko cichlids artificially placed in their putative ancestral environment,
namely the river nearby (Mbaka); (vii) characterising species-divergent and environmental-
independent DMRs between the benthic and littoral populations of Lake Massoko to elucidate
whether some DNAme variation may be fixed in a population, possibly underlying short-term

phenotypic diversification; (viii) generating the genomic annotations of regulatory regions
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(promoter, enhancers) in cichlid, as a considerable amount of variable DNAme has been
predicted to be located in such regions. One could perform ChIP-sequencing (enhancers
and promoters; chromatin immunoprecipitation followed by sequencing) and chromosome

conformation capture (HiC; especially relevant to identify promoter-enhancer interactions).
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Fig. A.1 Transcriptomic data of several tissues in East African cichlids. Principal component
analysis (PCA) of transcriptomic divergences in several tissues of cichlids of Lakes Malawi, Tan-
ganyika, Victoria and of the rivers part of the Lake Malawi and Lake Tanganyika catchments and
included as well the riverine cichlid Nile Tilapia. All sequencing data (paired-end 75 bp-long reads)
were mapped to Lake Malawi M. zebra reference genome (UMD2a). Tissues and sexes are indicated
in the graph directly. Liver and muscle tissues were sequenced for all samples, apart from A. calliptera
sp. Itupi (Riverine Malawi) for which anal fin, skin, spleen, eye, fry, brain and gonads were sequenced
as well (used to functionally annotate the reference genome of A. calliptera [fAstCall.2., NCBI,
published in 2018]). All samples were wild-caught. Importantly, most of the variance is explained by
the tissue of origin, and not by the Lake of origin.
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Appendix B

Published work done in parallel to this

thesis

In parallel to this thesis, I collaborated on two different projects, both are now published.
These projects are not part of this thesis and therefore are not discussed here. Below, I briefly

summarise my contribution and include the article references.

B.1 Epigenetic remodelling licences adult cholangiocytes

for organoid formation and liver regeneration

The first collaborative project pertained to the investigation of the epigenetic basis of liver
cell reprogramming and regeneration. In brief, we provided evidence that the gene 7et/
was up-regulated upon liver damage both in vitro and in vivo in mouse, allowing for cell
reprogramming and liver regeneration through global DNA demethylation (and production
of ShmC specifically at promoter regions) and transcriptional changes.

My contribution was to generate WGBS, RRBS and RNAseq and analyse sequencing

data, as well as to participate in the writing process of the manuscript.

Aloia, L.*, McKie, M.*, Vernaz, G.* et al. Epigenetic remodelling licences adult
cholangiocytes for organoid formation and liver regeneration. Nat. Cell Biol. 21, 1321-1333
(4th November 2019). doi: 10.1038/s41556-019-0402-6 — Ref. [70]

* These authors have contributed equally to this work.
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B.2 Alterations in sperm long RNA contribute to the epi-

genetic inheritance of the effects of postnatal trauma

The second collaboration aimed at characterising the contribution of sperm long non-coding
RNAs in the transgenerational epigenetic inheritance of early life trauma-associated be-
haviours. We provided evidence that both specific small and long non-coding RNAs were
present in sperm of mouse and that were participating in the transmission of certain traits
associated with parental early life expose to trauma to the progeny. We confirmed the func-
tional implications of these sperm IncRNA by performing injection of these sperm IncRNA
into the oocyte of unexposed, naive mouse females. Offspring (up to F2) born from these
sperm IncRNA-injected oocytes consistently showed altered behaviours and metabolism,
similar to the ones observed in the exposed parents, suggesting epigenetic inheritance of
certain traits associated with early life trauma.

My contribution to this work was first to isolate and purify of long non-coding RNAs from
sperm cells from both control and ’stressed’” mouse mothers and then to perform differential

gene expression analysis to identify IncRNA transcripts.

Gapp, K., ..., Vernaz, G. et al. Alterations in sperm long RNA contribute to the epige-
netic inheritance of the effects of postnatal trauma. Mol. Psychiatry (30th October 2018).
doi:10.1038/s41380-018-0271-6 — Ref. [130]
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