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DNA hydroxymethylation has been characterized as the sixth DNA 
base in genomic DNA. Its ability to regulate gene transcription and alter 
histone accessibility is the driver behind recent developments across 
several fields of biology. Using one of the most cultivated fish species in 
the world as our model organism, the Nile tilapia, this thesis represents 
the first comprehensive characterization of the DNA hydroxymethylome 
in fish undergoing domestication. Using genome-wide approaches, 
we identified major changes in DNA hydroxymethylation and gene 
expression in response to domestication. Genes involved in growth, 
metabolism, immunity and neuronal-related functions were found to 
be differentially hydroxymethylated between wild individuals and their 
progenitors reared in captivity. Furthermore, phenotypic divergence 
after a single generation in captivity was associated with changes in 
DNA hydroxymethylation rather than genetic mutations. This supports 
our notion that epigenetic modifications play a critical role in animal 
domestication and selective breeding. Moreover, this thesis provides an 
extensive list of candidate epigenetic biomarkers related to growth. Their 
validation has the potential to revolutionize current breeding strategies 
in aquaculture for the selection of superior phenotypes and to contribute 
towards the diversification of the industry. 
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Abstract 

The worldwide demand for fish consumption is highly dependent on aquaculture production 

because commercial fishing reached its maximum exploitation since the 90’s. However, 

continued expansion of the aquaculture industry in a sustainable manner is dependent on 

several factors, including domestication of new species and establishment of selective 

breeding programmes. Domestication of new fish species is a rather complex and long 

process but the deployment of new molecular tools could improve and accelerate it through 

the holistic characterization of fish genomes. This thesis is based on the hypothesis that 

epigenetic mechanisms underlie genome-wide adaptation under captivity, since genetic 

mutations and allele shifts alone cannot explain the rapid transcriptomic changes of fish 

undergoing domestication. In a series of experiments, we investigated the role of DNA 

hydroxymethylation during the early stages of fish domestication, and its potential 

involvement in regulating somatic growth. 

At first, we discovered that the DNA hydroxymethylome in fast muscle changes rapidly 

within a single generation of domestication. As a result of our 5-hydroxymethylcytosine 

(5hmC) profiling at single nucleotide resolution, we were able to identify that 5hmCs are 

largely enriched within gene bodies, which supports the notion that they are functionally 

relevant epigenetic modifications. The annotation of differentially hydroxymethylated 

genes between wild and first-generation of fish under captivity revealed that the changes 

occurred primarily within genes involved in immunity, growth and neuronal activity. By 

comparing gene expression profiles in muscle between wild and first generation of Nile 

tilapia in captivity, we showed that immune-related genes were upregulated in the wild fish, 

while genes involved in metabolism and muscle-specific functions were downregulated. 

These findings revealed that the first generation of fish undergoing domestication is strongly 

influenced by the environmental conditions under captivity, namely the lack of pathogens 

and the optimal conditions of water temperature, oxygen, pH and diet. Thus, we provided 

for the first time a link between environmentally-mediated DNA hydroxymethylation and 

gene regulation in fish undergoing domestication. 
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To further explore the connection between DNA hydroxymethylation and somatic growth, 

we compared the liver hydroxymethylomes of slow- and fast-growing full siblings and 

examined the 5hmC abundance in three major tissues that compose the somatotropic axis. 

Interestingly, we identified several differentially hydroxymethylated genes between slow- 

and fast-growers. These genes were involved in signaling pathways related to cell growth, 

survival and proliferation such as the PI3K-Akt, the Ras- and Rho- protein signal transduction 

pathways. By comparing the DNA hydroxymethylomes among the muscle, liver and pituitary, 

we identified several differentially hydroxymethylated growth factors, receptors and 

enhancers with major implications in growth, metabolism and skeletal muscle development. 

Taken together, this thesis provides for the first time a direct link between DNA 

hydroxymethylation and fish domestication and associates epigenetic marks at single 

nucleotide resolution to somatic growth using cutting-edge molecular tools. When validated, 

these epigenetic markers can potentially improve current breeding strategies in aquaculture 

by providing a holistic approach for broodstock selection.  
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1 Introduction 

1.1 Animal domestication and its relevance for human society 

Domestication is a word of Latin origin meaning “belonging to the house”. Nowadays, it can 

be defined as the process by which plants and animals are bred in captivity and their 

phenotype gradually diversifies, compared to their wild progenitors, in ways that are 

beneficial to humans (Diamond, 2002). The environmental conditions and management 

practices result in the enhancement of specific traits of interest that usually take various 

forms such as color and shape in terms of aesthetics or improved growth, sexual maturation, 

disease and stress resistance in terms of large-scale food production (Balon, 2004; Diamond, 

2002; Gjerdem, 2012). The domestication of wild animals dates back thousands of years in 

human history. However, it is rather unlikely that the early domestication events were a 

result of conscious selective breeding. Compared to methodical selection (systematic 

breeding for the enhancement of specific traits), and natural selection (predominance of the 

fittest), the unconscious selection, as described in Darwin’s early work, might explain the 

beginning of preservation of valued phenotypes that were selected unintentionally by 

humans (Darwin, 1875). Nowadays, unconscious selection is recognized as part of 

unintentional or weak artificial selection (Driscoll et al., 2009). In that regard, both conscious 

and unconscious selection, result in permanent genetic modifications, and should not be 

confused with taming, which is a process where wild animals become more tolerant to 

human presence. Consequently, wild animals at the early stages of domestication have been 

previously characterized as “exploited captives” (Balon, 2004). 

Within the timeline of human evolution, modern humans (Homo sapiens) were initially 

hunters/gatherers (15-30 thousand years ago). Their lifestyle was primarily nomadic with a 

few exceptions of adaptive hunting strategies and temporary settlements (Vigne, 2011). 

After the peak of the last glacial maximum (21-15 thousand years ago), hostile climatic 

conditions did not allow for food production. However, a gradual improvement of the 

climatic conditions during the early Holocene (11.7 thousand years ago) led humans to take 

advantage of the favorable environmental conditions and intensify their efforts at improving 

their lifestyles. The beginning of domestication of plants and animals at approximately 12-
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15 thousand years ago (Diamond, 2002; Larson et al., 2012; Larson et al., 2014; Vigne, 2011) 

was a prerequisite to the creation of civilizations, as it transformed nomadic groups of 

people into societies (Cauvin, 2000). This demographic transition was achieved by making 

primary food resources accessible and in close proximity throughout the seasons without 

the need to hunt animals and gather plants across vast geographical areas. The beginning of 

the agricultural era expanded the capabilities of our species to an enormous extent, 

bypassing barriers that were impenetrable for our hunter/gatherer ancestors. Thus, humans 

were able to create food surpluses, increase birth rates and support larger population sizes 

which enabled producers to displace gatherers (Bocquet-Appel, 2011; Diamond, 1997). 

Because this transition did not occur for all civilizations across the world at the same time 

and intensity, the genetic evolution of humans followed the expansion of the primary 

homelands of agriculture. Therefore, the process of domestication of wild plants and 

animals has brought by far the most significant changes in the human history and genome 

evolution (Diamond, 2002). 

The first wild animal to be domesticated by humans was the wolf (Canis lupus), which is the 

predecessor of several modern dog breeds (Canis lupus familiaris) (Freedman and Wayne, 

2017). However, previous studies have pointed out that the wild ancestor of dogs is possibly 

extinct because dogs are genetically distant to the modern wolf (Frantz et al., 2016; 

Freedman et al., 2014). Even though dog domestication has been extensively studied for 

several decades, there are still contradictions regarding its origins (Clutton-Brock, 1995; 

Olsen and Olsen, 1977). Due to the coexistence of wolves and humans across large 

geographical areas, it is most likely that dogs have diverged from multiple domestication 

events (Clutton-Brock, 1987). Within the next few thousand years (8-12 thousand years ago), 

humans had domesticated a large variety of plants (rice, wheat, barley, corn, millet, lentils, 

sweet potatoes and chickpeas) and animals (sheep, pigs, cattle and horses), which were 

necessary for the establishment and development of major civilizations across the world. 

Although domestication of plants and animals is strongly connected to humans as a source 

of food, pet keeping has been linked even to our hunter-gatherer ancestors (Larson and 

Fuller, 2014). Flowers were domesticated for their medicinal properties, as offerings to the 

gods as well as for displaying purposes (ornamentally) (Goody, 1993).  
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1.2 The history of fish domestication 

In contrast to terrestrial plants and animals, fish domestication appeared much later, 

approximately 2-3.5 thousand years ago (Harache, 2002; Larson and Fuller, 2014). Evidence 

of Nile tilapia in captivity is depicted on a fragment from the tomb of Nebamun (ca 1350 BC) 

in ancient Egypt (Fig. 1) (Middleton and Uprichard, 2008). However, it is difficult to decipher 

whether fish in ponds were seen exclusively as ornaments, as a food source or both. Records 

of carp farming date back to the Zhou dynasty in ancient China (1066-256 BC) with one of 

the earliest monographs on aquaculture being the “Treatise on Pisciculture” by Fan Li (5th 

Century BC) (Jia et al., 2018). 

At approximately the same time in Europe, aquaculture began in ancient Rome. The Romans 

adopted the Egyptian and Assyrian vivarium, which was a pond-like system built in wealthy 

villas and great estates (Nash, 2000). Owning a fishpond was a symbol of power, wealth and 

social status. Fish were initially transferred to these ponds to serve as ornaments but reports 

suggest that they were also kept for consumption (Nash, 2000). Breeding was likely a process 

that occurred naturally in these ponds but overall fishing was considered to be an 

occupation of the lower class in ancient Rome. From the 1st century BC to the 1st century AD, 

aquaculture developed rapidly as depicted in the remains of highly sophisticated and 

specialized structures, the “piscinae” (Fig. 2), which were found across the shores of Italy, 

such as the Grotto of Tiberius at Sperlonga (Higginbotham, 1997). In early writings of 40 BC 

– 100 AD, as they were reviewed by Higginbotham J.A., the main cultured fish species in 

ancient Rome were grey mullets (Mugil cephalus), seabream (Sparus aurata), seabass 

(Dicentrarchus labrax), sole (Solea solea) and flounders (Paralichthys dentatus). Four 

hundred years later (ca. 1500 years ago), evidence for intensive aquaculture was present in 

ancient Hawaii with fishponds stretching 1.5-2 km from the shore towards the mountains 

(Costa-Pierce, 1987). Different approaches had been developed including fresh, brackish and 

seawater fish ponds. Freshwater ponds were mostly used for the cultivation of taro, green 

algae and some euryhaline and freshwater fish species such as mullets (Mugil cephalus, 

Neomyxus leuciscus) and silver perch (Bidyanus bidyanus), however, additional freshwater 

ponds were used exclusively for fish and prawns. Similarly, the brackish-water ponds were 
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Figure 1. Fragment of a polychrome tomb-painting representing the pool in Nebamun’s estate 

garden: date-palms, sycomores and mandrakes hedge the pool which teems with fish and fowl. This 

is one of the earliest indications of fish kept in captivity (1350 BC) either for ornamental purposes 

or food consumption. This image is released by the British Museum (© The Trustees of the British 

Museum) for the purposes of this doctoral thesis under a Creative Commons Attribution-

NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) license. 

 

located in coastal zones and they were connected to both freshwater streams and the sea 

through ditches. These ponds were very productive since they could host a large number of 

fish species. 

Lastly, the highest achievement of the ancient Hawaiian engineering were the seawater 

ponds which were built from the shore towards the sea. The isolation of these ponds was 

achieved with a seawall constructed by coral and lava rock. The seawater ponds were 

automatically stocked from the sea with the use of a grate. The grate was part of the seawall 

and it was constructed by timbers separated by 0.5-2 cm from each other; thus, only small 

fish could enter or exit the pond. The fish were fed cut grass, mussels, clams, seaweeds and 
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Figure 2. Front view of the remains of the Grotto of Tiberius (42 BC – 37 AD) at Sperlonga, Italy. 

Grottos were highly sophisticated structures belonging to wealthy Romans and used as fish ponds 

“piscinae”. Photo provided by Troels Myrup Kristensen, Professor in classical archaeology at the 

School of Culture and Society, Aarchus University. 

 

taro leaves (Titcomb, 1952; Wilder, 1923). Due to the fattening within the ponds, the fish 

would grow and stay in the pond until their harvest (Costa-Pierce, 1987). 

During these early times, fish were mostly exploited captives rather than domesticates since 

they were in captivity but not selectively bred. With the exception of early indications in 

China, selection of different body shapes as well as scaleless phenotypes took place from 

the late 12th to mid-14th century AD while selection for the enhancement of specific traits 

such as growth, disease resistance and sexual maturity have been only reported within the 

20th century (Balon, 1995; Embody and Hyford, 1925). The development of breeding 

practices and optimization of traits were necessary to support our population growth, 

especially from the 20th century. This is also depicted by the human population growth curve 

in Figure 3 (Roser et al., 2013) that shows a growth rate of 0.04% from 10,000 BC to 1700 
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AD, reaching 1 billion in 1800 and 1.65 billion in 1900. Within the following century, our 

population growth changed fundamentally, reaching 7.35 billion in 2015. In response to the 

ever-increasing population and world-wide demand for fish consumption, humans 

overexploited natural stocks, with fishery catches reaching their maximum exploitation 

three decades ago (FAO, 2020b). In that regard, the boundaries of fish domestication and 

aquaculture had to be expanded across many continents and species with the first family-

based breeding program of Atlantic salmon (Salmo salar) being established in 1975 

(Gjerdem, 2010). Since then, the production of fish species such as Nile tilapia (Oreochromis 

niloticus) increased considerably from 127,000 tonnes in 1988 to 2 million in 2008 and 4.2 

million tonnes in 2016 (FAO, 2020a) (Fig. 4). In terms of trait enhancement efficiency, reports 

for Atlantic salmon (Salmo salar) have showed 13-15% growth gain per generation within 5 

generations, for Rohu carp (Labeo rohita) a substantial growth of 30% per generation within 

4 generations and for the GIFT strain of Nile tilapia an average of 17% growth within 5 

generations (Gjerdem, 2012). Among the most important fish species that are currently 

being cultivated in large quantities around the world are the grass carp (Ctenopharyngodon 

idellus), silver carp (Hypophthalmichthys molitrix), Nile tilapia (Oreochromis niloticus) and 

common carp (Cyprinus carpio). In terms of value, Atlantic salmon (Salmo salar) is by far the 

most economically important fish species with a market value of approximately USD 27.5 

billion in 2018 (FAO, 2020b). In a continuous effort to support the worldwide demand for 

animal protein, aquaculture is facing several challenges including the expansion and 

development of its costal and deep-sea infrastructure, fish species diversification, and 

climate change as well as the further optimization of breeding strategies using molecular 

tools. 
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Figure 3. Human population growth from 10,000 BC to 2015 based on spline interpolation until 1950. 
Population estimates retrieved from the History Database of the Global Environment (HYDE) and 
the United Nations, while the annual data were downloaded from OurWorldinData.org. 

 

 
Figure 4. Nile tilapia global aquaculture production in million tonnes from 1974 to 2016 according 
to the Food and Agriculture Organization (FAO) FishStat. 
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1.3 Nile tilapia biology and culture 

Nile tilapia is a freshwater fish species, native to the Nile river basin, the tropical and 

subtropical Africa and middle east (Yarkon River, Israel) and adapted to shallow ponds and 

river banks (Trewavas, 1983). Their body shape can be characterized as oval, deep and 

laterally compressed. Their skin is covered with cycloid scales and has a distinct dark green 

colour with vertical yellow stripes. The caudal fin is generally dark coloured with dense 

vertical yellow stripes. The dorsal and anal fins are also dark with vertical yellow stripes along 

their soft rays. During the reproductive season, the ventral side including the lower jaw and 

lower gill arches down to the anus, as well as the pectoral and caudal fins have a 

characteristic red colour (Fig 5). Reproduction usually occurs when the temperature is 

between 20 and 35 °C (Chervinski, 1982). Nile tilapia is capable of withstanding 

temperatures that range from 11 to 42 °C while the preferred range is 27 to 32 °C.  

Reduced appetite and growth, as well as increased stress and vulnerability to diseases can 

be observed when exposed to temperatures out of their preferred ranges. Temperatures 

below 16 and 12 °C, significantly reduce their development (Wakefield, 2014) and induce 

severe mortalities (Chervinski, 1982), respectively. Even though it is an omnivorous fish 

species, Nile tilapia primarily feeds on phytoplankton, aquatic plants and periphyton mats 

by surface grazing (FAO, 2020a). Their structural adaptations for plant consumption such as 

specialized jaw, pharyngeal teeth, and long intestines, places them very close to the basis of 

the food chain (Pullin and Lowe-McConnell, 1982). Their wide range of feeding and 

environmental adaptability (i.e. omnivorous and opportunistic species, tolerance to low 

concentration of dissolved oxygen, wide range of alkalinity or acidity, fresh, brackish and salt 

water, high concentration of ammonia) makes their culture easier compared to other finfish 

and sustainable for protein production (da Silva Maciel et al., 2014).  
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Figure 5. Wild Nile tilapia (Oreochromis niloticus) male caught in Nile river during the reproductive 

season. Photo by Jorge M.O. Fernandes, and Ioannis Konstantinidis, August 2016. 

 

1.4 Breeding and artificial selection of fish domesticates 

Numerous studies in commercially important salmonids (mainly Salmo salar, Oncorhynchus 

mykiss, Oncorhynchus tshawytscha and Oncorhynchus kisutch) have reported breeding 

practices for the improvement of traits such as growth rate, disease resistance, number of 

eggs, age at sexual maturity and fillet quality (Kim et al., 2004; Neira et al., 2006; Rye et al., 

2010). Overall, technological developments in genetics and bioinformatics have resulted in 

a big step towards the detection of genomic regions that are affected by artificial selection, 

selective breeding and the process of domestication. The main idea that prevails is the 

concept of genetic hitchhiking, which suggests that any type of trait selection leaves 

footprints like signatures upon the genome (Vasemägi et al., 2012). The identification of loci 

that are associated with traits of interest are well described by two complementary 

approaches (Lopez et al., 2014). The first, referred to as “top-down” starts from a known 

phenotype and uses molecular techniques to identify gene regions, such as quantitative trait 

loci (QTLs). The second, referred to as “bottom-up” starts from a known genetic profile or 

pathway and with the use of statistical packages, focuses on the genetic differentiation and 

linkage disequilibrium. The primary goal of both approaches is the application of such 

signatures and their association with economic valuable traits in the aquaculture. 

1cm 
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Evidence of bad broodstock management and breeding practices in the aquaculture industry 

can be detected through the genetic structure of the populations using microsatellite DNA 

markers. Additionally, genetic variability is an important attribute of domestication, since 

the populations that exhibit high levels of variation are more likely to have higher levels of 

additive genetic variance for productive traits (Aung et al., 2010). However, many 

microsatellite markers are located in non-coding regions, therefore they cannot be 

associated directly with economic valuable traits. In a study using five microsatellites on 

striped catfish (Pangasianodon hypophthalmus), no genetic differentiation was reported 

between wild and hatchery-reared populations (Ha et al., 2009). These results can be 

explained by the low number of markers used, the short exposure to domestication (2 

generations), and the disability of the markers to identify possible loci, responsible for trait 

selection. However, a signature of selection during domestication could be a result of subtle 

shifts in allele frequencies of QTLs instead of strong selection on a few particular loci. In that 

case, detection of such signatures might be challenging with standard outlier statistics 

(Makinen et al., 2015). For example, the bottom-up approach has been used to identify 

selection signatures in Atlantic salmon populations prior and after their domestication 

(Gutierrez et al., 2016). Both farmed and wild fish were genotyped using single nucleotide 

polymorphisms (SNPs) and the genetic statistics and structure of the populations as well as 

the Hardy-Weinberg equilibrium, genetic differentiation and inbreeding coefficients were 

calculated. The most significant markers were linked to biological pathways associated with 

cellular process, metabolic process and biological regulation but there was no significant 

over-representation. Even though the number of outlier markers was low (44 markers, 

approx. 1% of the total markers used in this study), the authors suggest that some of them 

are associated with molecular functions that could be related to artificial selection of 

desirable traits during domestication. Finally, they suggest pgrc1 gene as a candidate gene 

for further research, since it is expressed in hormone metabolism and plays an important 

role determining grilsing (early maturation) in Atlantic salmon. According to the authors, 

footprints of selection are traceable across the genome after about 15 generations. In a 

similar study with the domesticated Norwegian Mowi strain (Bicskei et al., 2016), it was 

shown that trait-related gene pathways were differentially expressed on eyed embryos of 
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wild and domesticated origin within 10 generations of domestication, while in another study 

(Roberge et al., 2006) the authors demonstrated that five to seven generations under 

domestication can impact heritable changes in gene transcription. 

Technological advancements in sequencing and new molecular approaches have greatly 

contributed towards the identification of genetic improvement and selection of desirable 

traits. For example, QTL mapping was used for the selection of important traits with notable 

results in growth improvement of rainbow trout (Oncorhynchus mykiss) (Wringe et al., 2010) 

and Asian sea bass (Lates calcarifer) (Wang et al., 2006), as well as disease resistance in 

Atlantic salmon (Moen et al., 2009) and Japanese flounder (Paralichthys olivaceus) (Fuji et 

al., 2006). However, when traits were characterized by low heritability rates and difficulty in 

their determination and measurement, marker-assisted selection (MAS) was used by 

identifying adjacent DNA markers linked to QTLs. On the other hand, MAS can only be used 

for strong associations between a genomic location and a targeted trait but, most 

commercially important traits are highly polygenic and affected by a large number of genes. 

In that regard, genotyping by sequencing and genomic selection allowed the synchronous 

identification of thousands of markers across the genomes of potential breeders. This was 

achieved through genome-wide association studies (GWAS) which examined genome-wide 

sets of genetic variants and their association with desirable traits. Within a short period of 

time, the utilization of the full genetic variance, the increased efficiency of genetic predictors 

and the reduction of inbreeding values, contributed to the overall increased genetic gain 

(Zenger et al., 2018). 

Direct comparisons of wild and selectively bred fish populations reveal interesting molecular 

changes that occur during fish domestication. For example, domesticated coho salmon 

(Oncorhynchus kisutch) and growth hormone (GH) transgenic wild strains show strong 

positive correlation between the same modified gene pathways (Devlin et al., 2009). Wild 

individuals under GH treatment had 17.6 times growth enhancement compared to the wild 

control but introducing the same treatment to the domesticated strain did not cause any 

further improvement. Furthermore, the levels of GH in muscle were 3 times higher in the 

domesticated compared to the wild non transgenic strain, suggesting a possible 

overexpression mechanism of growth hormone. The most up-regulated gene were the gh 
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and igf-1 (insulin-like growth factor I), which contribute to the muscle development and 

maximum growth, respectively, as well as the tald gene which is responsible for lipid 

biosynthesis. Based on these findings, the use of growth hormone in selective breeding 

programs with domesticated strains does not ensure increased growth rates. On the 

contrary, it might have negative impact by further down-regulating important genes such as 

tcap, isci, myosin as well as other receptors and enzymes (actb, thrb, igf-2, igf-ir and 

cathepsins) with major disadvantages for the well-being of fishes. As a response to increased 

igf-1, proteases such as cathepsins are highly reduced (Nomura and Katunuma, 2005). 

Deficiency of the iron-sulfur cluster assembly enzyme expressed by the iscu gene can lead 

to myopathy and widespread muscle weaknesses (Kollberg et al., 2009). Myosin and actin 

play a major role in muscle structure and are the main contributors for muscle contraction 

and cargo movement along actin filaments of the cytoskeleton. The energy for these 

movements is generated during a complex mechanochemical reaction cycle which involves 

ATP hydrolysis (von der Ecken et al., 2016). These indications suggest that a significant 

downregulation of those genes can possibly induce negative effects for the health and 

growth of fish undergoing domestication.  

Captive-reared individuals are important for the restoration of threatened fish populations 

(Lorenzen et al., 2012). However, hatchery-reared fish that are being re-introduced into the 

wild appear to have several morphological, physiological or behavioural differences 

compared to their wild conspecifics. Thus, maintaining the genetic variation of a population 

in captivity is not enough. Advanced measures and methods are necessary to minimize the 

exposure to artificial and social environments, particularly of generations that are meant to 

be reintroduced in the wild (Fleming et al., 1997). It is well known, that these behavioural 

and physiological changes are linked to genome-based modifications over generations such 

as the reduced anti-predator responses (Berejikian, 1995; Fleming et al., 1997; Houde et al., 

2010; Huntingford and Adams, 2005) aggressiveness (Huntingford and Adams, 2005), 

reduced responsiveness to stress (Solberg et al., 2012; Solberg et al., 2013), deficiency in the 

immune response and reduced adaptive potential to pathogens exposition (Glover et al., 

2006a; Glover et al., 2006b; Sauvage et al., 2010). The ability for adaptation to captivity is 

certainly variable across fish species; however, our current methodologies for the discovery 
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of signatures that result from both unintentional and intentional selection is limited. 

Additionally, recent studies have shown that changes on the genome do not occur 

exclusively in long-term exposure to artificial environments. For example, behavioural 

adaptation to captivity due to unintentional selection for reproductive success can occur in 

a single generation for rainbow trout (Oncorhynchus mykiss) and has detrimental effects in 

the wild (Christie et al., 2012). Additionally, several studies have indicated that both 

hatchery programs that intend to enhance threatened wild populations (Araki et al., 2007; 

Araki and Schmid, 2010; Stringwell et al., 2014) as well as sea-cage escapees (McGinnity et 

al., 2003), have a detrimental effect on the fitness of wild populations.  

 

1.5 Molecular basis of muscle growth 

One of the most important factors in the culture of animals for food consumption is reaching 

rapidly the marketable size. Over the last decades, there have been numerous approaches 

and efforts towards the optimization of muscle development and growth in both marine and 

freshwater fish species (i.e. Salmo salar, Oncorhynchus mykiss, Oreochromis niloticus, 

Cyprinus carpio, Dicentrarchus labrax, Sparus aurata). From the early stages of embryonic 

development, the formation of muscle (myogenesis) and the different phases of its partial 

and temporal activation determine muscle development and ultimately muscle mass and 

overall growth. Stem cells are programmed to form the myogenic lineage by forming 

myogenic precursor cells. These cells exit irreversibly the cell cycle and form the early 

myoblasts which through fusion turn into multi-nucleated fibres, the mature myotubes 

(Walsh and Perlman, 1997). Genes that transcribe myogenic regulatory factors such as myoD 

and Myf5 are responsible for the establishment of the muscle lineage, while myogenin and 

mrf4 are responsible for the termination of cell differentiation, maintenance of the muscle 

and cellular response to growth factors (Rescan, 2001). In zebrafish (Danio rerio) the 

formation of the initial functional embryonic myotome is defined as the primary myogenic 

wave (Rossi and Messina, 2014). During the secondary phase of myogenesis, muscle fibres 

differentiate in multiple zones along the body and they are characterized by stratified 

growth and hyperplasia. Myogenic cell recruitment is marked by the expression of myoD 
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and myogenin in these growth zones in trout (Steinbacher et al., 2007) while the strong 

increase of the nfixa mRNA in zebrafish denotes similarities with the embryonic 

development in mammals and the transcriptional transition from embryonic to fetal muscle 

(Messina et al., 2010; Pistocchi et al., 2013). During the second phase of myogenesis. Pax7+ 

myogenic progenitor cells which originate from the dermomyotome possibly detach and 

migrate deeper into the fast muscle creating mosaic hyperplasia (Gros et al., 2005; Pistocchi 

et al., 2013; Steinbacher et al., 2007). Both stratified and mosaic hyperplasia are therefore 

responsible for the increase of the total number of muscle fibres (Weatherley et al., 1988). 

Myotubes are formed on the surface of pre-existing muscle fibres and continue to increase 

in numbers until the fish reaches approximately 50% of its total length (Fernandes et al., 

2005; Johnston et al., 2011). Although both hyperplasia and hypertrophy are important for 

muscle growth, the efficiency of new fibre recruitment throughout the early stages of 

development introduce growth variations with critical consequences in growth potential 

during adulthood (Lima et al., 2017; Valente et al., 2013). 

 

1.6 Molecular changes in early domestication of fish 

Captive rearing causes both genetic and phenotypic changes in fish. This occurs primarily 

due to the human-based conditions under captivity (i.e. crowding, nutrition, predator- and 

pathogen-free environment) and the heritability of related traits that alter wild phenotypes 

after crossings. Transcriptional responses to domestication for brook charr (Salvelinus 

fontinalis) reveal that three generations of selective breeding are enough for the emergence 

of significant changes in gene regulation (Sauvage et al., 2010). In total, 156 genes were 

found to be differentially expressed between control and selected groups of Brook charr 

that were bred for sexual maturation and growth performance. These genes are involved in 

biological processes related to nucleic acid, protein and coenzyme metabolism as well as 

immunity and defence. Gene regulation appears to be highly adaptive during the earliest 

stages of domestication. For example, Christie et al. (2016) have reported that within a single 

generation of domestication, steelhead trout (Oncorhynchus mykiss) undergoes a rapid 

transcriptional adaptation that is likely driven due to crowding. In total, there were 723 
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differentially expressed genes between wild and first-generation hatchery fish, which were 

enriched for biological processes related to blood coagulation, wound healing, immune 

response and metabolism. 

The driving force of genome evolution and adaptation is greatly influenced by changes 

within cis- and trans-regulatory elements that affect transcription rate, stability and the 

activity of transcriptionally relevant factors (Wittkopp et al., 2004). Consequently, the 

identification of changes within such regions demonstrate that the early stages of a species 

domestication can potentially be associated with specific, strong and direct molecular 

changes within cis-regulatory elements such as promoters, enhancers, silencers and 

operators. 

Our understanding of the genomic plasticity during the early stages of fish domestication is 

scarce, and the identification of genetic modifications in response to captivity is proven to 

be only a single piece of a large molecular puzzle. Deciphering the mechanisms that can 

rapidly affect the regulation of genes and their expression without causing any physical 

changes to the DNA sequence will be crucial to improve our knowledge and understanding 

in fish domestication, with major implications in wild stock management and aquaculture. 

 

1.7 Epigenetics 

The word “epigenetics” derives from the Greek prefix epi- that translates to over, above or 

upon, and -genetics which means “origin” in ancient Greek. Therefore, the term epigenetics 

describes molecular modifications and features that are “on top of” the traditional genomic 

sequence that constitutes the basis of the genetic code and inheritance. The ability of 

epigenetic modifications to regulate transcriptional factors, alter gene expression and 

determine cell fate is a fundamental property of eukaryotic genomes during the early stages 

of development. Since this definition was firstly introduced by Waddington (1942), a 

plethora of studies have adopted a more specific definition as proposed by Holliday (2006), 

whereby the epigenome promotes alterations in gene expression that persist through cell 

division without any changes in the DNA sequence. The epigenome consists of all chemical 

modifications to the genome, including DNA methylation (Holliday and Pugh, 1975; 
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Hotchkiss, 1948), DNA hydroxymethylation (Kriaucionis and Heintz, 2009; Tahiliani et al., 

2009), histone  modifications (Kaufman and Rando, 2010), small non-coding RNAs (Buhler, 

2009) and protein-protein interactions (Harvey et al., 2018). Each mechanism plays a unique 

role in gene regulation (i.e. activation, repression and silencing), but they also have stage-

specific and multi-layered functionality to fine tune gene expression. For example, while 

DNA methylation, DNA hydroxymethylation and histone modifications can act directly upon 

the genetic sequence and alter transcription, small-non coding RNAs are capable of mRNA 

degradation affecting the translation of existing transcripts within a cell. 

Environmental cues usually prompt specific cell responses that allow adaptation to new 

conditions. Because the rate of epimutations is considerably higher than that of genetic 

mutations (Schmitz et al., 2011), it is rather likely that populations respond initially to 

environmental cues through epigenetic variability (Klironomos et al., 2013). The epigenetic 

adaptation of an organism to new environmental conditions occurs through mitotically 

stable epigenetic modifications. Epigenetic modifications within germline cells are the basis 

of an unprecedented variability in the offspring even when the parents are not adapted to 

new conditions (Jablonka, 2013). Indeed, Rodriguez-Barreto et al. (2019) have shown that 

the sperm of Atlantic salmon reared in captivity had distinct DNA methylation profile and 

that the phenotypic variability in hybrid fish (crosses of hatchery reared and wild individuals) 

could be explained by differential DNA methylation patterns. 

Taking into consideration the existing knowledge of epigenetic systems, their ability to alter 

a phenotype through the regulation of multiple genomic and cellular elements in response 

to environmental cues and their persistence from one generation to the other, it would 

therefore be logical to assume that epigenetics play a key role in adaptation, evolution and 

speciation. 
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Figure 6. Venn diagram representing how genetic, epigenetic and environmental factors are 

interconnected and contribute to the resulted phenotype. Created with BioRender.com 

 

1.7.1 DNA methylation 

DNA methylation is an epigenetic mechanism by which a single methyl- group is added to 

the 5th carbon of a cytosine resulting in 5-methylcytosine (5mC) (Hotchkiss, 1948). In 

mammals, DNA methylation patterns reset following fertilization and the establishment of 

new modifications upon the DNA sequence arise from the earliest stages of development 

(Kobayashi et al., 2013; Smith et al., 2012). On the contrary, Jiang et al. (2013) showed that 

the paternal DNA methylome is inherited in zebrafish early embryos whereas the maternal 

is gradually discarded through passive demethylation. Although this difference is observed 

during the early stages of embryonic development, DNA methylation patterns seem to share 

functionality between mammals and fish at later developmental stages. DNA methylation is 

an active modification with profound effects in genome stability and involved in several 

biological processes such as gene transcription, silencing, transposable elements, genetic 

imprinting and X chromosome inactivation. The enzymes that facilitate the establishment 

and maintenance of 5mCs across the genome are DNA methyltransferases. In mammals, 
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three active DNA methyltransferases (dnmts) have been identified. DNMT3A and DNMT3B 

are responsible for establishing de novo DNA methylation (Okano et al., 1998), while DNMT1 

serves the role for maintenance (Hermann et al., 2004). A third member of the DNMT3 

family, the regulatory protein DNMT3L, shares a similar function with DNMT3A and DNMT3B, 

however, it lacks catalytic activity (Bourc'his et al., 2001; Hata et al., 2002). Finally, a rather 

specific methyltransferase that is responsible for the methylation of tRNAAsp is the DNMT2 

(tRNA aspartic acid methyltransferase) which is classified as tRNA methyltransferase rather 

than DNA methyltransferase (Goll et al., 2006). In the absence of these molecules, passive 

DNA demethylation occurs where 5mCs turn into unmodified cytosines after consecutive 

cell divisions and genome duplications (Kagiwada et al., 2013). In zebrafish, there are six 

dnmt3 paralogues responsible for de novo DNA methylation. In particular, dnmt6 and dnmt8 

are duplicated dnmt3a genes, while dnmt3, dnmt4, dnmt5 and dnmt7 are all dnmt3b 

paralogues (Campos et al., 2012). An important mechanism that can rapidly change DNA 

methylation states of particular regions across the genome is the active demethylation (Fig. 

7) that requires specific methylcytosine dioxygenases, the ten-eleven translocation (TET) 

enzymes. They actively demethylate 5mCs to 5-hydroxymethylcytosines (5hmCs) by 

catalyzing the oxidation of 5-methyl groups (Kriaucionis and Heintz, 2009; Tahiliani et al., 

2009) while further oxidation results in rather unstable epigenetic modifications, the 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011). The removal of the two 

latter modifications takes effect by base excision repair (BER) and is carried out by a DNA 

repair enzyme, the thymine DNA glycosylase (TDG) (Cortellino et al., 2011). Interestingly, 

TET activity and in particular TET1 and TET2 are more active on 5mC rather than 5hmC 

substrates (Hu et al., 2015). This supports the notion that 5hmC is a rather stable epigenetic 

modification that forms gradually after the process of DNA replication (Bachman et al., 2014; 

Hahn et al., 2014). 
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Figure 7. Active demethylation cycle of cytosine nucleoside that involves establishment and 

maintenance of 5mC by the DNMT enzymes, oxidation of 5mC to 5hmC, 5hmC to 5fC, and 5fC to 

5caC by TET enzymes, and final base excision repair by the DNA repair enzyme TDG. 

 

1.7.2 DNA hydroxymethylation 

Since its discovery in 2009, DNA 5-hydroxymethylcytosine has been extensively studied and 

linked to several biological processes such as gene expression (Gao et al., 2019; Greco et al., 

2016; Wu et al., 2011a), tissue-specificity (Globisch et al., 2010; Nestor et al., 2012; Ponnaluri 

et al., 2017) and embryonic development (Ruzov et al., 2011; Sun et al., 2014; Tan et al., 

2013; Wu et al., 2011a). It has also been associated with non-coding RNAs (Pan et al., 2016; 

Zhang et al., 2017), aging (Szulwach et al., 2011) and diseases such as cancer (Bhattacharyya 

et al., 2017; Wu et al., 2019) and Alzheimer’s (Bernstein et al., 2016; Lardenoije et al., 2019). 

Five years after its discovery, it was recognized as a predominantly stable epigenetic 

modification that forms after DNA replication as opposed to DNA methylation that occurs 
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during replication (Bachman et al., 2014). The primary regulator of 5hmC abundance are the 

TET enzymes as well as their binding sites across genetic elements and structures. Alteration 

of TET dioxygenase levels within HEK293 cells has been shown to affect DNA methylation 

dynamics (Grosser et al., 2015). In general, TET1 overexpression induces overall 5mC 

oxidation without specific biases across genomic features (i.e. promoters, gene bodies and 

CpG islands), however, in the presence of toxic substances such as inorganic arsenic, DNA 

hydroxymethylation reprogramming follows a TET-mediated regulation of CTCF binding sites 

which are located within the proximal and distal promoter regions of TET1 and TET2  (Rea 

et al., 2018). 

An important characteristic of 5hmC, is its enrichment within gene bodies of actively 

transcribed genes and its positive correlation with gene expression, as opposed to 5mC that 

has a primarily negative correlation with expression levels (Mellen et al., 2012). In mammals, 

5hmCs can be found in all tissues and cell types but their abundance is highly variable in 

comparison to 5mCs that are relatively consistent among tissues (Globisch et al., 2010; Song 

et al., 2011). Similar patterns are also observed among vertebrates, with the highest levels 

of 5hmCs being detected in the nervous system and the brain, intermediate levels in the 

liver, the muscle and the kidney, and low levels in the thymus gland and testis (Almeida et 

al., 2012; Kamstra et al., 2015; Wen and Tang, 2014). DNA hydroxymethylation has been 

characterized by several studies as an important epigenetic modification that plays a key 

role in gene activation and repression. An early report by Wu et al. (2011a), investigated the 

impact of 5hmCs within mouse embryonic stem cells. Surprisingly, they found that 5hmCs 

are probably involved in the establishment and maintenance of chromatin structure for both 

actively transcribed genes and polycomb-repressed developmental regulators. In later 

studies, the localization and abundance of 5hmCs within the genome were associated with 

gene transcription in normal and hypertrophic mouse cardiomyocytes. Interestingly, 5hmCs 

within distal regulatory regions were positively correlated with gene activation, while within 

gene bodies were primarily act as pre-activating marks for chromatin remodelling (Greco et 

al., 2016). Furthermore, DNA hydroxymethylation was also found to be enriched within 

genomic regions responsible for alternative splicing (Gao et al., 2019). Considering that 

alternative splicing is largely used by eukaryotes for the production of tissue- and cell-
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specific protein isoforms (Yeo et al., 2004), and that 5hmC levels differ significantly between 

tissues (Globisch et al., 2010), it is rather likely that 5hmC may play key role in tissue-specific 

alternative pre-mRNA splicing and consequently contribute significantly in gene 

transcription and function. 

Although DNA demethylation is involved in several biological processes, it remains unknown 

how this molecular system operates in regulating gene expression. For example, 5hmC 

modifications are generally associated with gene activation, however interactions of methyl-

CpG-binding proteins with 5hmC residues are responsible for the recruitment of chromatin 

remodeling enzymes and gene repression (Yildirim et al., 2011). In any case, these findings 

reveal that DNA hydroxymethylation can drastically affect the function of an organism at 

multiple levels but more research is necessary to unfold its true potential. Considering the 

impact of the environment upon the epigenome and the dynamic nature of DNA 

hydroxymethylation within cells, tissues and organisms, it is likely that changes of 5hmC 

profiles during animal domestication contribute to phenotypic adaptation and evolution 

under captivity. 

 

1.7.3 Histone modifications 

Even though the molecular pathways and gene expression changes are often well-studied, 

little is known about the underlying mechanisms that integrate these cues at the chromatin 

level. Chromatin consists of nucleosome units and each unit contains an octamer of histones 

and 147 base pairs of DNA that are active and susceptible to structural changes (Luger et al., 

1997). H2A, H2B, H3 and H4 are the four pairs of core histones that form an octamer. These 

histones can be epigenetically modified with various molecules, including acetylation, 

methylation, phosphorylation, ubiquitination, deamination and ADP ribosylation among 

others (Bannister and Kouzarides, 2011). Histone modifications occur in different domains, 

namely, the N-terminal tail and core domains (Mersfelder and Parthun, 2006). The N-

terminal tails flank the core domains and are relatively unstructured with multiple sites that 

are susceptible to post-translational modifications. Due to their ability to extend around the 

nucleosome, modified tail domains are capable of influencing the chromatin through 
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changes in electrostatic charge or changes in the interaction with non-histone proteins 

(Grewal and Moazed, 2003; Iizuka and Smith, 2003; Jenuwein and Allis, 2001; Martin and 

Zhang, 2005). Similarly to N-terminal tails, the nucleosome face domain which is one of the 

core domains, can potentially regulate non-histone protein interactions with the 

nucleosome or directly influence the structure by nucleosome-nucleosome interactions. 

One of the most well-characterized modifications of the nucleosome face is the histone H3 

lysine 79 methylation that is highly conserved across eukaryotes and belongs to a genetic 

region that is crucial for transcriptional silencing (Park et al., 2002). Apart from the 

nucleosome face domain, several histone modifications have been identified and mapped 

to the nucleosome lateral surface that is either in close proximity or binds directly to the 

DNA that is wrapped around the histone octamers. Despite the lack of specific binding sites 

and reading frames, modifications on the nucleosome lateral surface have direct impact on 

transcription in vitro. These findings pinpoint the significance of those modifications and 

places them as drivers of gene expression rather than post-translational by-products 

(Lawrence et al., 2016). The last and most basic, but equally important for the structural 

integrity of the nucleosome interface, are the histone-histone modifications that allow the 

formation of the H3/H4 tetramer, the H2A/H2B dimer and the tetramer-dimer interaction 

that comprise the histone octamer. For example, the acetylation of H4 lysine 91, is found 

within the interaction region of H4 and H2B histones and plays an important role of 

tetramer-dimer stabilization (Lawrence et al., 2016; Santisteban et al., 1997). 

In the context of animal domestication, Fan et al. (2012) have identified sulforaphane 

supplementation to act as histone deacetylase inhibitor in porcine satellite cells. This 

inhibition is responsible for the repression of myostatin with major implications in growth 

potential. Furthermore, in changing environments (i.e. wild animals in captivity), histone 

variants play major roles in mediating both short- and long-term responses (Talbert and 

Henikoff, 2014). The same histone modifications that contribute to adaptation can also be 

passed to the next generations through their mitotic and meiotic persistence, suggesting 

that such marks are involved in transgenerational epigenetic inheritance in both mammals 

(Brykczynska et al., 2010) and zebrafish (Wu et al., 2011b). 
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1.7.4 Non-coding RNAs 

The central dogma of molecular biology in its generalized form is the transfer of the genetic 

information from DNA to transcribed RNA and from RNA to translated protein. However, 

not all RNAs are translated. These RNAs are called non-coding RNAs (ncRNAs) and are 

subdivided into housekeeping and regulatory ncRNAs (Wei et al., 2017). Among the 

regulatory ncRNAs, two clusters are distinct based on their size (Ponting et al., 2009; 

Zaratiegui et al., 2007). The short-chain ncRNA cluster includes the small nuclear RNAs 

(snRNAs) which are involved in splicing, the small nucleolar RNAs (snoRNAs), which are 

responsible for nucleotide modifications on ribosomal and other RNAs (Collins et al., 2011) 

as well as the short interfering RNAs (siRNAs), microRNAs (miRNAs) and Piwi-interacting 

RNAs (piRNAs) that since their discovery have opened a new frontier in understanding how 

gene expression is regulated (Carmell et al., 2002; Hamilton and Baulcombe, 1999; Lee et al., 

1993; Lin and Spradling, 1997; Reinhart et al., 2000). The second cluster consists of long 

ncRNAs (lncRNAs), which have a typical length of above 200 nucleotides (nt) and are also 

associated with the regulation of gene expression. 

As mentioned above, an epigenetic mechanism has the ability to affect gene expression 

without any changes in the DNA sequence itself. Therefore, ncRNAs that retain the ability to 

introduce translational changes are considered epigenetic regulators. For example, miRNAs 

have a length of approximately 21-25 nt, they are single-stranded RNAs (ssRNAs) that are 

able to fold into double-stranded RNAs (dsRNAs) and after processing and binding to 

complexes such as the RNA-induced silencing complex, can target specific messenger RNA 

(mRNA) regions and regulate their translation by silencing or degradation (Lim et al., 2005; 

Zhang and Su, 2009). For example, in Senegalese sole (Solea senegalensis) high expression 

of certain miRNAs such as miR-17a, miR-181-5p and miR-206-3p promote myogenesis 

(Campos et al., 2014). The miRNA miR-206 was also found to modulate igf-1 expression in 

Nile tilapia, with major implications in growth (Yan et al., 2013). Furthermore, siRNAs are 

involved in the post-transcriptional gene silencing and transcriptional gene silencing 

pathways (Golden et al., 2008; Verdel et al., 2009), while piRNAs interact with Piwi family 

proteins that are linked to transposon control and silencing (Brennecke et al., 2008; Malone 

and Hannon, 2009). Because epigenetics are inextricably linked to early development and 
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cell fate, it is well known that X-chromosome inactivation in mammals is controlled by both 

long and short-chain ncRNAs which are produced by the transcription of two genes, the Xist 

and Tsix. XiRNAs which are slightly longer (24-42 nt) than the rest of the short-chain ncRNAs, 

are involved in X-chromosome inactivation by controlling the methylation of the inactive X 

chromosome as well as their parent long ncRNAs that are critical for the recruitment of 

different chromatin remodeling complexes (Autuoro et al., 2014; Gontan et al., 2011). 

 

1.8 The role of epigenetics in animal domestication 

Animal domestication is a long process and it is linked to significant changes of various 

molecular pathways across several generations. However, substantial changes in gene 

expression appear from the very first generation, when animals become exposed to new 

environmental conditions (Christie et al., 2016; Konstantinidis et al., 2020). Such rapid 

changes cannot be explained solely by genetic mutations and allele shifts, therefore we 

hypothesized that epigenetic mechanisms may play key role in animal domestication. 

Although epigenetic modifications such as DNA methylation, histone modifications, and 

non-coding RNAs have been well-known for several decades, the study and association of 

epigenetics to different phenotypes was hindered by the lack of genomic resources. Major 

leaps in sequencing technologies have increased the interest for the research of epigenetic 

modifications within various fields such as nutrition, growth, immunity and disease. In fish 

and more importantly in aquaculture, traits that can potentially be epigenetically regulated, 

such as disease resistance and growth performance, are of great interest. 

 

1.8.1 Nutritional epigenetics 

One of the most significant changes in wild animals that undergo domestication is their 

nutrition. Diet has been associated with strong epigenetic changes that can be mitotically 

stable and persist across generations through the epigenetic modification of the germline. 

Studies in mammals (Faulk and Dolinoy, 2011; Feinberg et al., 2010; Pons et al., 2011; Tobi 

et al., 2011; Wiedmeier et al., 2011), other vertebrates including teleost species (Adam et 
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al., 2019; Dhanasiri et al., 2020; Skjaerven et al., 2018) and invertebrates (Kaminen-Ahola et 

al., 2011; Niculescu and Lupu, 2011) have shown that nutrition is a major environmentally-

induced epigenetic modifier in several tissues, and therefore, could play key role in animal 

domestication and adaptation. In particular, parental one-carbon micronutrient deficiency 

and high dietary arachidonic acid in zebrafish, were both associated with liver DNA 

methylation changes and differential gene transcription of the progeny that was fed control 

diet (Adam et al., 2019; Skjaerven et al., 2018). Additionally, polyunsaturated fatty acids are 

capable of altering the epigenome (Burdge and Lillycrop, 2014) and are involved in 

eicosanoid synthesis, a critical element for fish development and growth (Sargent et al., 

1995). 

 

1.8.2 Epigenetic mechanisms of growth 

The identification of genetic markers using high-density single nucleotide polymorphism 

(SNP) chips has improved previous breeding practices and favored the selection of beneficial 

traits in aquaculture (Houston et al., 2014). However, traits are not exclusively regulated by 

genetic variations and allele frequencies. In particular, growth is a multi-variable trait, highly 

species- and context-dependent and affected by the expression of a large number of genes 

involved in several pathways and expressed in various tissues, as well as by environmental 

cues. 

One of the most crucial environmental factors is temperature. For example, in several 

teleost fishes such as zebrafish (Danio rerio) (Schnurr et al., 2014; Scott and Johnston, 2012), 

Senegalese sole (Campos et al., 2013b), Nile tilapia (Sun et al., 2016a) and Atlantic salmon 

(Salmo salar) (Finstad and Jonsson, 2012). differences in embryonic incubation temperature 

affect sex determination, growth and metabolism. In fish, several studies have identified a 

phenomenon called “thermal imprinting”, i.e. a long-lasting effect on muscle structure 

(hypertrophy and hyperplasia) and growth rate that is triggered by the ambient temperature 

during embryonic development (Alami-Durante et al., 2007; Fernandes et al., 2007; 

Galloway et al., 1999; Johnston et al., 2000). Even though the underlying mechanisms of 

thermal imprinting were largely unknown, recent studies have linked several epigenetic 
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mechanisms to the observed thermal regulation. In particular, DNA methylation of crucial 

myogenin and myosin heavy chain (MyHC) genes as well as metabolic enzymes and several 

microRNAs related to the mTOR and MAPK pathways are affected by the embryonic 

incubation temperature (Burgerhout et al., 2017; Campos et al., 2013a; Johnston et al., 2009; 

Schnurr et al., 2014). MicroRNAs have also been implicated in growth by modulating the 

expression of important growth-related genes. For example, in Nile tilapia miR-206 was 

found to repress the expression of insulin-like growth factor 1 (IGF-1) while miR-206 

antagomir reduced the expression of mir-206 and increased the expression of IGF-1 (Yan et 

al., 2013). Furthermore, in Senegalese sole (Solea senegalensis) several miRNAs where found 

to be linked to growth (miR-17a, miR-181-5p and miR-206), lipid metabolism (miR-122) and 

myogenesis (miR-181-3p) (Campos et al., 2014). These findings reflect the importance of 

epigenetic mechanisms towards the regulation of major genes and pathways involved in 

growth with long-lasting effects. 

Total body mass and growth potential are often associated with sexual dimorphism in most 

studied teleost species. Notably, tilapia aquaculture is dominated by all-male populations 

due to the higher growth rates of males as opposed to females (Lorenzen, 2000; Turner and 

Robinson, 2000). Despite the identification of sequence-specific markers linked to sex 

determination in Nile tilapia (Caceres et al., 2019; Conte et al., 2017; Eshel et al., 2011; Li et 

al., 2015), gonadal differentiation is highly malleable and temperature has been recognized 

as a strong aspect in sex determination and ultimately total body mass and growth (Baroiller 

and D'Cotta, 2001; Devlin and Nagahama, 2002). 

Other environmental factors such as pathogens, parasites, salinity, crowding, dissolved 

oxygen and ammonia affect growth performance. However, the molecular responses to 

these cues and the involvement of epigenetic mechanisms are not well-studied. 
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1.8.3 Epigenetic mechanisms in immunity  

The immune system is a fundamental biological network of cells and proteins that is 

designed to distinguish self from non-self and defend against environmental challenges and 

foreign bodies. Immunity relies both in the innate and adaptive immune systems, their 

heterogeneity, their immune cell repertoire and their highly diverse antigen receptor 

rearrangements (Busslinger and Tarakhovsky, 2014). Epigenetic profiles among immune 

cells differ in cell- and lineage-specific manner, and they are related to enhanced 

diversification and cell adaptation as a response to environmental stimuli. In particular, the 

recombination substrates of the antigen receptor genes, namely, the variable (V), diversity 

(D) and joining (J) gene segments as well as the recombination signal sequences (RSSs) 

(Stanhope-Baker et al., 1996; Yancopoulos and Alt, 1985) are under stringent epigenetic 

control (Hewitt et al., 2010). Epigenetic mechanisms are also involved in chromatin 

conformation and looping in hematopoietic cells including monocyte differentiation 

(Phanstiel et al., 2017), B cell activation (Bunting et al., 2016; Kieffer-Kwon et al., 2017), T 

cell development (Hu et al., 2018) and differentiation (Mumbach et al., 2017). 

In mice, the presence of TET enzymes in T and B cell differentiation and function is critical. 

Hydroxymethylation of gene bodies is positively correlated with gene expression and 

enhancer activity (Huang et al., 2014; Tsagaratou et al., 2014; Wu et al., 2011a). Tet2 is 

responsible for global B cell genome demethylation following differentiation (Kulis et al., 

2015) while mutations in Tet2 and Tet3 genes that lead to the loss of TET function are often 

associated with cell transformation and arrested cell differentiation in the hematopoietic 

system (Ko et al., 2015; Lio et al., 2016; Orlanski et al., 2016). Recent studies using multiple 

fish species have identified both genome-wide and gene-specific epigenetic modifications 

as a response to environmental cues and particularly to pathogens. For example, histone 

modifications can result in increased cytokine production (Galindo-Villegas et al., 2012), DNA 

methylation patterns of genomic regions that are associated with disease susceptibility 

(Shang et al., 2015; Shang et al., 2016; Shang et al., 2017) and several miRNAs that target 

and block the translation of viral proteins (Yan et al., 2015) as well as regulate specific host 

immune responses under bacterial infections (Andreassen and Hoyheim, 2017). 
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1.8.4 Transgenerational epigenetic inheritance 

Recent studies have shown that epigenetic modifications have a significant impact in cell 

fate and reprogramming during the early stages of development (Perez and Lehner, 2019). 

Epigenetic modifications and particularly DNA hydroxymethylation, which is the focus of this 

thesis, play a major role during early embryonic reprogramming. For example, from the early 

stages of mammalian zygotic formation to the later stages of embryonic development and 

prior to zygotic genome activation, cells accumulate 5hmC residues along with a reduction 

of 5mC (Wossidlo et al., 2011). In the absence of appropriate DNA methyltransferases, DNA 

demethylation could be explained by passive loss of 5mC during DNA replication. However, 

the accumulation of 5hmC suggests an active mechanism that both methylates and oxidizes 

during cell division. Therefore, the presence of parental DNA methyltransferases and ten-

eleven translocation enzymes in the egg and sperm potentially play a significant role in 

epigenetic reprogramming, gene regulation and normal development. Furthermore, 

epigenetic inheritance can be a major factor for adaptation in new environments since it is 

closely associated with phenotypic plasticity (Burggren, 2016) and transcriptionally relevant 

epimutations occur much faster than genetic mutations (van der Graaf et al., 2015). 

Repetitive and transposable elements are important features of most eukaryotic genomes. 

Because of their ability to duplicate and change their position within the genome 

(transposition), they have been characterized as major mechanisms of genome evolution. 

Although transposons can give rise to novel coding sequences that promote survival and 

offer advantageous characteristics to their hosts, they can also create dysfunctional DNA 

combinations that result in abnormal phenotypes. Epigenetic mechanisms are largely 

involved in the regulation of these elements. A previous report has shown that DNA 

demethylation of transposable elements can lead to rapid changes in cell behaviour, arrest 

of cell proliferation and cell death (Coluccio et al., 2018). Understanding the epigenetic 

regulation of such elements that facilitate genomic and regulatory evolution, will require an 

in-depth mapping distinguishing between DNA methylation and DNA hydroxymethylation 

modifications. 

 



 

31 

 

1.9 Methods for 5hmC profiling 

After the discovery of the TET enzymes in 2009 (Kriaucionis and Heintz, 2009; Tahiliani et al., 

2009) several research papers investigated the abundance and mapping of 5hmCs in various 

experimental settings (Ficz et al., 2011; Jin et al., 2011; Munzel et al., 2010; Pastor et al., 

2011; Song et al., 2011; Williams et al., 2011; Wu et al., 2011a; Xu et al., 2011). However, 

the resolution of those approaches was poor and the conclusions drawn were broad. The 

first quantitative sequencing of 5hmCs at single-nucleotide resolution was introduced with 

the use of the oxidative bisulfite sequencing (oxBS-Seq) (Booth et al., 2012) and Tet-assisted 

bisulfite sequencing (TAB-Seq) (Yu et al., 2012) methods. Research was necessary for the 

optimization of 5hmC profiling, since there were several disadvantages of these two 

methods, namely harsh treatment of the DNA with bisulfite, laborious and time consuming, 

need for parallel subtractive sequencing, high sequencing depth and high starting 

concentration of DNA. In that regard, a novel approach called Reduced Representation 5-

Hydroxymethylcytosine Profiling (RRHP) (Petterson et al., 2014) enabled faster workflows 

and avoided bisulfite treatments due to the enzymatic 5hmC-specific fragmentation of the 

DNA. Additionally, it only required 100 ng of DNA as input which made it suitable and 

applicable in many more research fields where DNA samples are scarce. By exploiting the 

properties of the beta-glucosyltransferase, which inhibits digestion of 5hmC junctions 

between ligated adapters and genomic libraries, selective sequencing of exclusive 5hmC 

adapterized fragments was possible (Figure 8). After sequencing, the second cytosine of 

each fragment corresponds to a 5hmC which is then mapped to the reference genome. A 

direct comparison of 5hmC levels among several biological samples can be obtained by 

comparing the total number of fragments per 5hmC site. RRHP uses the restriction enzyme 

MspI which recognizes CCGG sequences across the genome. The combination of multiple 

restriction enzymes (e.g., Taqα1) and the use of sequence specific adapters can increase the 

CpG coverage and total number of 5hmC sites across the genome. Additionally, RRHP can 

be used for the detection of 5hmCs in non-CpG context with the use of AluI, HaeIII, HpyCH4V 

and CviQI restriction enzymes (Sun et al., 2016b). Furthermore, methylation-sensitive 

restriction enzymes such as the HpaII and parallel library preparation with MspI, provides 

both 5mC and 5hmC profiles from the same biological sample. Finally, by avoiding harsh 



 

32 

 

chemicals such as bisulfite-treatment that deaminates unmethylated cytosines to uracils, 

allows the use of RRHP sequencing reads to be used for the discovery of SNPs across the 

genome. 

For the preparation of RRHP libraries, all samples have to be prepared simultaneously. The 

initial genomic DNA concentration of every sample has to be quantified using a method that 

provides high accuracy and sensitivity, such as fluorimetry or quantitative eloctrophoresis. 

Randomization of samples (blinding) is highly recommended because it diminishes group-

related biases. Even though the same concentration of DNA is being used across all libraries, 

samples with higher levels of 5hmCs will produce a higher number of adapterized fragments. 

That is the case because 5hmCs at the junction of each fragment are protected against the 

second MspI digestion, as shown in Figure 8, and samples with higher levels of 5hmC contain 

more of these fragments. Finally, the protocol uses limited amplification (10 - 12 PCR cycles) 

to avoid increased bias due to the amplification of shorter fragments and the sequencing is 

performed on the basis of equal volume as opposed to equal molarity, since the latter 

diminishes the 5hmC differences among samples. 

Currently, commercially available RRHP library preparation kits are established only for small 

number of samples. In total, 6 single indices are provided which are based on the TruSeq-

Illumina sequencing technology. Taking into account the sequencing depth required per 

library (20-30 M reads) and the number of samples per experiment, the sequencing 

capabilities and output of Illumina sequencing platforms such as the HiSeq, are necessary. 

However, HiSeq has faced issues with index-hoping in single indexed libraries and it was 

necessary to modify both the P5 and P7 adapters by introducing dual-indexing. Also, RRHP 

libraries are designed to have a specific pattern at their 5’ end (CCGG), which creates a low-

complexity issue across the entire flow cell for the first 4 sequencing cycles in all Illumina 

platforms. To compensate for the low-complexity, PhiX control is added at high 

concentrations (approximately 30-35%), with significant reduction in sequencing output. 

Finally, a bioinformatic pipeline for the analysis of RRHP libraries is not available yet. Thus, 

advanced bioinformatic knowledge in python and R programming language, as well as Linux 

command line, are a prerequisite for the analysis of RRHP data sets. The final output of RRHP 
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datasets are count-based, which makes their statistical analysis similar to that of RNA-Seq 

datasets. 

 

Figure 8. Schematic flow representing the RRHP library preparation protocol. Created with 

BioRender.com. 

Therefore, sample sizes and sequencing depth were decided based on the literature and the 

experimental conditions. For example, Ching et al. (2014) have reported that a sample size 

of 5 individuals (n=5) and a sequencing depth of 20 million reads are able to distinguish a 

10-fold transcriptional difference between mRNA and lincRNAs for an RNASeq count-based 

dataset. Furthermore, according to Petterson et al. (2014), RRHP can detect low 5hmC 

abundances (down to 20%) with a false discovery rate of less than 5% (q<0.05) and a 

sequencing depth of only 20-30 million reads. This was shown in human samples that 

contain approximately 4.6 million CCGG sites. Throughout all the experiments of this thesis, 

we have targeted an average sequencing depth of approximately 40 million reads, even if 

the Nile tilapia genome contains only 1.6 million CCGG sites. This multiplies the 5hmC 

detection rate in our datasets by 6-8 times compared to the above report. For our second 

experiment, we also took into consideration the weight and length of the large and small 

full-siblings since we aimed towards the association of 5hmC changes in response to the 
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phenotype. Based on the formula below, we calculated the sample size (n) for comparisons 

between two groups when the endpoint is quantitative data (5hmC counts). 

n = 2·(SD·(Z0 + Zø)/d)2 

where “SD=214” is the standard deviation among all individuals, “Z0=1.96“ from Z table and 

a=0.05, “Zø=0.842” from Z table (power at 80%) and “d=422” the difference between mean 

weights. This formula resulted to a sample size of n=4.04, which is also in agreement with 

the literature. We kept the sample size to 5-6 replicates in order to minimize the number of 

animals used in the experiments, in agreement with the guidelines from the Norwegian 

Animal Research Authority Mattilsynet. 

Another approach for fast and sensitive 5hmC quantification of genomic DNA is the liquid 

chromatography mass spectrometry (LC-MS/MS) (Le et al., 2011). Even though LC-MS/MS is 

the gold standard in quantitation methodology, this method can measure only global 5hmC 

levels among biological samples in contrast to RRHP, which quantifies at single nucleotide 

resolution. The identification of key regions and genes that are captured by RRHP can easily 

be obtained by annotating sequenced reads to the reference genome. However, to 

investigate whether these modifications are functionally-relevant, further experiments are 

required. While the use of knowledge bases and chromatin state predictions are usually 

available only for mammals, associations of epigenetic profiles with gene expression levels 

provide a more holistic view on the potential role of these modifications. RNA sequencing 

(RNA-Seq) is a technique that uses DNA-based next-generation sequencing technologies in 

order to construct data sets that contain the transcriptomic profiles of the genome. In 

particular, researchers are able to quantify precisely transcript levels, and map interesting 

regions that are involved in splicing events such as exon-intron junctions and transcription 

start sites (Tsuchihara et al., 2009). The combination of 5hmC profiles, RNA-Seq and SNPs 

from a single biological sample increases the robustness of data integration and allows for 

the assessment of their functional importance. 
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2. Objectives 

Current aquaculture breeding programs rely on genetic and phenotypic screening of 

broodstock for improvement of relevant traits. However, in a continuous pursuit to close 

the gap between supply and demand for fish consumption, species diversification and 

selective breeding are essential. Because the domestication of new fish species is greatly 

affected by new environmental stimuli, we hypothesized that epigenetic mechanisms are 

involved in domestication and are likely responsible for the earliest phenotypic changes that 

occur in captivity. Since growth is a trait of great importance for the aquaculture, the overall 

goal of this thesis was to explore the complex network of epigenetic and gene expression 

changes that occur during the first stages of fish domestication, with focus on DNA 

hydroxymethylation and myogenesis. 

Specific objectives include: 

1. The comparison of DNA hydroxymethylation and gene expression profiles 

between wild Nile tilapia and their offspring reared in captivity (Paper I). 

2. The investigation of DNA hydroxymethylation differences associated with 

distinct growth phenotypes in Nile tilapia (Paper II). 

3. The characterization of hydroxymethylomes within the somatotropic axis 

(Paper III). 
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3. General Discussion 

Aquaculture is a food production industry, that has expanded dramatically and continuously 

for almost four decades. The primary characteristic that changed farming practices and 

production output was its transformation from a casual- to a research-based industry. This 

contributed greatly towards the improvement of breeding strategies and selection for traits 

that are of great importance such as immunity, growth, sexual maturation and flesh quality. 

Nevertheless, aquaculture is still facing major challenges including climate change (Bell et 

al., 2013; Rosa et al., 2012), ocean warming (Lyman et al., 2010) and acidification (Clements 

and Chopin, 2016). One of the most promising options to overcome such barriers is the 

diversification of the industry along with further development of the existing breeding 

programmes. Currently, aquaculture production and profitability are heavily based upon the 

cultivation of a few freshwater fish species, including the common carp (Cyprinus carpio), 

Nile tilapia (Oreochromis niloticus), rainbow trout (Oncorhynchus mykiss) and the striped 

catfish (Pangasianodon hypophthalmus) as well as marine species such as the Atlantic 

salmon (Salmo salar), the European seabass (Dicentrarchus labrax) and seabream (Sparus 

aurata) and the Atlantic bluefin tuna (Thunnus thynnus). To achieve a significant increase in 

global fish production and support the worldwide demand for fish, the integration of new 

fish species is essential. However, without the identification of the key mechanisms that 

promote adaptation to farming conditions and drive genome evolution, the domestication 

of new fish species will be a process that requires several trials and potentially decades. 

From the complex experimental design to the establishment of a small-scale breeding 

programme from wild Nile tilapia and the interpretation of the DNA 5-

hydroxymethylcytosine profiles, we believe that so far this thesis constitutes the most 

complete characterization of the DNA hydroxymethylome in fish undergoing domestication. 
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3.1 Importance of DNA 5-hydroxymethylation during the early stages of 

fish domestication 

The hydroxymethylome of Nile tilapia was greatly affected by the environmental conditions 

under captivity (Papers I and II). In particular, the comparison of DNA hydroxymethylation 

profiles between wild and first generation of wild-born fish reared in captivity revealed 

significant differences within genes involved in immune and growth-related processes 

(Paper I). These differences can easily be explained as early domestication effects. Overall, 

wild fish were exposed to various biotic factors (such as viruses, parasites and other 

pathogens) that potentially increase the expression of immune-related genes as opposed to 

their captive offspring reared in a comparatively aseptic environment. Furthermore, the 

energy status of wild fish compared to their offspring in captivity was expected to be largely 

different. In general, organisms have to use their finite amount of energy to grow and 

protect themselves by mobilizing their immune system. The interplay between nutrition 

(energy source), growth and immunity is highly dependent of an organism’s diet and 

environmental conditions (e.g., presence of pathogens). The diet of wild Nile tilapia is 

primarily plant-based although sometimes it contains small vertebrates, such as worms, 

snails and crustaceans. However, in our recirculating aquaculture system, Nile tilapia were 

fed highly formulated diets that promote growth and improve fish health. Taking into 

consideration all the above, it is expected that domestication and all its associated black box 

of nutritional and environmental changes, will most certainly affect the epigenome and 

consequently the regulation of genes and phenotype. In similar studies, DNA methylation 

profiles of European seabass (Anastasiadi and Piferrer, 2019), Pacific salmon (Le Luyer et al., 

2017) and Atlantic salmon (Rodriguez-Barreto et al., 2019) were associated with phenotypic 

divergence between wild and first generation of hatchery-reared individuals with 

modifications that persisted in adulthood as well as the next generation through the 

germline. Phenotypic divergence in terms of total weight and length among full siblings was 

also observed during our breeding program. By investigating both their genetic and 

hydroxymethylome profiles, we found that the differences between large- and small-sized 

individuals were primarily attributed to differentially hydroxymethylated genes involved in 

growth and growth-related pathways such as the PI3K-Akt, MAPK, Rap1 signaling and focal 
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adhesion pathways, rather than to genetic mutations and single nucleotide polymorphisms 

(Paper II). Most of these genes were found to be hyper-hydroxymethylated in the large 

group of fish, which is in agreement with the overall positive correlation between 5hmC 

enrichment and gene expression in mammalian cells (Ficz et al., 2011; Pastor et al., 2011; 

Wu et al., 2011a). Functionally relevant 5-hydroxymethylcytosines were also observed when 

different tissues were compared among full siblings. DNA hydroxymethylation appeared to 

be significantly different among tissues and particularly enriched within the liver when 

compared to muscle and pituitary (Paper III). Regardless of the experimental setup, DNA 

hydroxymethylation was always identified as a functionally relevant mechanism that could 

explain the observed phenotypic characteristics. 

 

3.2 A link between DNA hydroxymethylation of myogenic genes and 

somatic growth 

The first associations between DNA hydroxymethylation and growth were unveiled by 

comparing the fast muscle of wild Nile tilapia from Egypt against the first generation of wild-

born individuals reared in captivity (Paper I). Differentially hydroxymethylated cytosines 

(DhmCs) were identified within growth-related differentially expressed genes between 

groups, namely myo5b, creb5 and bmp1. Bone morphogenetic proteins are growth factors 

involved in the formation of bone, cartilage and their regeneration. They are critical for cell-

cell adhesion and cell-extracellular matrix interactions and play an orchestrating role in 

tissue architecture (Kanjilal and Cottrell, 2019; Reddi and Reddi, 2009; Wagner et al., 2010). 

Bmp1 was found to be both hyper-hydroxymethylated and upregulated in wild individuals 

compared to the first-generation of Nile tilapia undergoing domestication. Considering that 

several genes involved in metabolism and muscle-specific functions were overall 

downregulated in the wild fish, the overexpression of bmp1 is likely related to immune and 

wound healing processes rather than growth-related functions (Muir et al., 2016). This 

assumption is based upon the presence of parasites across several organs of the wild 

individuals causing overall inflammation and potentially skin lesions. 

Hyperhydroxymethylation and overexpression of both myo5b and creb5 in the wild group of 
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fish could potentially be associated with the function of PI3K-Akt pathway, which is crucial 

in cell cycle and proliferation. Nascimento et al. (2013) showed that myosin Vb contains a 

lysine cluster which is conserved among mammals and it is involved in the binding of 

phosphatase and tensin homolog protein. This interaction can potentially play important 

role in the downstream regulation of PI3K-Akt signaling pathway because myo5b targets and 

activates pten which in turn supresses the phosphorylation of AKT and PDK1.  Although, we 

did not identify significant differences in the expression of downstream kinases such as the 

serine/threonine-protein kinase MTOR, our study revealed for the first time that myo5b is 

epigenetically-regulated in skeletal muscle during fish domestication with potential 

implications in somatic growth. 

Surprisingly, the PI3K-Akt pathway was linked with changes in DNA hydroxymethylation at 

multiple levels including tissue-specific profiles (Paper III). By comparing second-generation 

large- and small-sized full sibs, we identified several differentially hydroxymethylated genes 

such as akt1, atrn, dab2ip, magi2, prkcq and ptk2 (Paper II). AKT serine/threonine kinase 1 

(akt1) is a critical signaling molecule involved in growth factor receptor-mediated signaling. 

Overexpression of akt1 has been linked to cell growth (Franke, 2008) while its 

downregulation is responsible for the reduction of satellite cell proliferation in the skeletal 

muscle and the reduction of muscle hypertrophy (Moriya and Miyazaki, 2018). Atrn codes 

for the protein attractin and is indirectly involved within the PI3K-Akt pathway. In particular, 

it interacts with the transducer COP9 signalosome subunit 5 (cops5) which in turn targets 

p53 to degradation (Bech-Otschir et al., 2001; Wang et al., 2008). Furthermore, the disabled 

homolog 2-interacting protein is coded by the dab2ip gene and is able to supress the PI3K-

Akt pathway by activating the ASK1-JNK that leads to cell apoptosis. Its knockdown in the 

glandular epithelium is associated with hyperplasia and apoptotic defects (Xie et al., 2009). 

Similarly to the function of myo5b within the PI3K-Akt from paper I, the membrane-

associated guanylate kinase, WW and PDZ domain-containing protein 2 (magi2) cooperates 

with pten to supress the PI3K-Akt signaling pathway (Matsuda and Kitagishi, 2013). 

Additionally, protein kinase c theta type (prkcq) is responsible for the phosphorylation of the 

IRS1 at a serine 1101 (Ser1101) in mice and inhibits insulin signaling and reduction of IRS1 

signaling to the PI3K-Akt cascade. Lastly, focal adhesion kinase 1 (ptk2) controls fibroblast 
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survival through the simultaneous phosphorylation of p85 subunit of PI3K and the Ser473 of 

Akt (Xia et al., 2004). Interestingly, all of the aforementioned genes excluding akt1, where 

also differentially hydroxymethylated between tissues and especially between liver and 

muscle (Paper III). These findings reveal that DNA hydroxymethylation is highly involved in 

the regulation of growth-related signaling pathways. This notion was further supported by 

performing 5hmC mapping of the somatotropic axis (Paper III). By comparing the 

hydroxymethylome profiles of the muscle, liver and pituitary we discovered several 

differentially hydroxymethylated genes among these tissues that comprise the somatotropic 

axis. Among these genes, we identified several fibroblast growth factors (fgfs), receptors 

(fgfrs) and receptor substrates (frs). Genes that code for FGF signaling proteins and their 

receptors are involved in a broad spectrum of biological processes including cellular 

proliferation, survival and normal development. The Ras/MAP, PI3K-Akt and PLCγ signaling 

pathways are the predominant pathways affected by their activity (Yun et al., 2010). In 

addition, we identified several growth differentiation factors (gdfs) which are involved in 

central nervous system development, bone ossification and skeletal morphogenesis (Buxton 

et al., 2001; Cunningham et al., 1995; Hino et al., 2004). Interestingly, we also identified 

differentially hydroxymethylated insulin-like growth factor binding proteins (igfbps) and 

receptors (igfrs) as well as the growth hormone releasing hormone (ghrh) and the growth 

hormone secretagogue receptor type 1 (ghsr). Collectively, they regulate IGF signaling and 

their interactions with insulin are responsible for the modulation of carbohydrate 

metabolism. Finally, the myocyte enhancer factors mef2c and mef2d, the myogenic factor 5 

(myf5), the multiple epidermal growth factor-like domain protein 10 (megf10) and the 

myosin heave chain fast skeletal muscle (myh), also found to be differentially 

hydroxymethylated suggesting that DNA hydroxymethylation is linked to muscle-specific 

functions. Across all experiments (Paper I, II and III) we used the RRHP data for the discovery 

of SNPs. It is a shortcoming that our sample size was too small to provide enough statistical 

power for a comprehensive detection of SNPs across the genome. For example, to ensure 

the discovery of both common and rare single nucleotide polymorphisms of poorly 

characterized primate species, Trask et al. (2011) have concluded that at least 10 individuals 

are required. Furthermore, traits such as growth are highly polygenic and affected by a vast 
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number of mechanisms and genomic loci. Additionally, RRHP is a reduced representation 

genome-wide profiling method which captures polymorphisms upon or close to CCGG sites 

as opposed to genome-wide association studies (GWAS) that are able to capture a much 

wider proportion of the genome and detect many more polymorphisms. Taking all the above 

into consideration, the use of RRHP datasets for the discovery of SNPs seem to be lacking 

power to convincingly display an association between polymorphisms and phenotypic 

divergence. However, CCGG sites occur throughout the whole genome and particularly 

within genes providing a positive representation of transcriptionally relevant genomic 

regions. Also, the large phenotypic differences in terms of weight and length among full 

siblings (Paper II), could have been due to strong genetic effects such as fixed SNPs rather 

than random and synchronous mutations across multiple individuals. Using the RRHP, we 

did not detect fixed SNPs between fast- and slow-growers. These findings, pinpoint towards 

a rapid adaptive plasticity due to environmental factors which potentially can be 

epigenetically inherited in a few individuals due to variational dynamics among gametes. 

 

3.3 Epigenetic regulation of immune-related genes during fish 

domestication 

Disease resistance is one of the most critical traits in intensive aquaculture systems. That is 

primarily due to disease outbreaks within a crowded environment. For that purpose, genetic 

evaluations (i.e., QTLs and marker assisted selection) have been integrated for selection of 

broodstock. A prime example of genetic selection for resistance against a viral infection is 

the infectious pancreatic necrosis (IPN) in farmed Atlantic salmon that was reduced by 90% 

within 8 years. However, not all infectious diseases are dependent upon a single or a few 

genetic markers because most traits are highly polygenic. In that regard, epigenetic 

modifications can be a promising tool for immunity-related trait selection. For example, 

Boltana et al. (2018) have shown that behavioural fever (the choice of an ectotherm 

organism to seek the best thermal condition) impacts both histone modifications and the 

transcription of genes that improve immune responses through lymphocyte proliferation 

and proinflammatory cytokine release. Although this behaviour can be observed in the wild 



 

42 

 

(i.e. vertical migration in the water column above or below the thermocline), it is rather 

unlikely in captivity and particularly in recirculating aquaculture systems where the 

temperature is monitored and stable throughout an organism’s life. Therefore, the process 

of domestication does not exclusively provide optimal living conditions but also eliminates 

mechanisms of adaptation and potentially reduces immunocompetence. The innate 

immune system is considered to have limited specificity against pathogens but several 

studies (reviewed by Netea and van der Meer (2017)), have shown that epigenetic 

programming is involved in trained immunity , i.e. by the presence of adaptive 

characteristics upon differentiation of monocytes to macrophages in humans (Saeed et al., 

2014). The latter study, identified histone modifications such as the acetylation of the 27th 

lysine residue of the Histone H3 (H3K27ac) as well as the methylation and trimethylation of 

the 4th lysine residue of the same histone (H3K4m1 and H3K4m3) within promoter and 

enhancer regions that likely provide memory-function in macrophages. Recent studies in 

mice have linked ten-eleven translocation enzymes and consequently DNA 

hydroxymethylation in immune cell differentiation and development (Lio and Rao, 2019; Lio 

et al., 2016; Tsagaratou et al., 2017) as well as in proinflammatory cytokine production (Liu 

et al., 2020). Here we have found that within a single generation of domestication several 

immune-related genes were both differentially hydroxymethylated and expressed. Higher 

levels of DNA hydroxymethylation were observed in the wild individuals compared to the 

first generation of wild-born Nile tilapias reared in captivity (Paper I). Since DNA 

hydroxymethylation within gene bodies is primarily associated with gene activation and 

increased expression (Tsagaratou et al., 2014), we assume that the wild individuals had a 

more active immune system in response to various pathogens such as viruses and parasites. 

The overall downregulation and hypo-hydroxymethylation of immune-related genes 

persisted in the second generation of Nile tilapia (Papers II and III) possibly due to the 

pathogen-free conditions of our recirculating aquaculture system. 

 



 

43 

 

3.4 Impact of DNA hydroxymethylation in adaptation and genome 

evolution 

Throughout our experiments we have shown that DNA hydroxymethylation is not only a 

common epigenetic modification but it is also affected by the environment and likely 

functional (Papers I, II and III). From the early developmental stages environmental and 

endogenous factors shape the epigenetic landscape and several DNA hydroxymethylation 

marks persist through adulthood in mammals (Kochmanski et al., 2018; Massart et al., 2014). 

In that regard, aging is also a major factor linked to specific patterns and changes of the 

epigenome (Wilson et al., 1987) including the germline. For example, human sperm is 

characterized by hypermethylation at repetitive elements and hypomethylation of specific 

CpGs with age (Jenkins et al., 2014), while in aged mice, oocytes appear to have 

hypomethylated histone levels (Manosalva and Gonzalez, 2010; Shao et al., 2015) and genes 

that encode chromatin modifiers are greatly down-regulated (Hamatani et al., 2004). Taking 

into account these findings, it is rather likely that similar changes are present in fish. Indeed, 

a recent study revealed that the DNA methylation of the sperm in Atlantic salmon differed 

among wild and captive-reared individuals (Rodriguez-Barreto et al., 2019). Furthermore, 

these changes were linked to signatures of domestication, supporting the notion that 

environmentally-induced epigenetic changes are not random but function-specific. In 

addition to the above, it is also well known that both DNA methylation and 

hydroxymethylation have impact on nucleotide transversion rates, promoting mutations 

and single nucleotide polymorphisms. Anastasiadi and Piferrer (2019) showed that 

epimutations in wild sea bass (Dicentrarchus labrax) are positively correlated and overlap 

with cytosine-to-thymine (C to T) polymorphisms when compared to domesticated 

counterparts after 25 years of selective breeding. In both humans and mice, 5-

hydroxymethylcytosines have a higher C to G transversion rate than 5-methylcytosines and 

unmodified cytosines (Supek et al., 2014). We cannot draw direct conclusions for all 

vertebrates including teleosts, since nucleotide transversion rates by epimutations appear 

to be species-specific. However, it is plausible that changes in 5hmC abundance could play 

major role in fish domestication, adaptation, and evolution through the transgenerational 

inheritance of epigenetic marks and epimutations through the germline. Throughout our 
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experiments, we identified 5hmCs within the Nile tilapia mitochondrial DNA (mtDNA), which 

contains 38 CCGG sites. Although 5hmC levels were significantly different among these 38 

CCGG sites, they were surprisingly stable across all three experiments. Thus, 5hmC levels 

within mtDNA were generally stable compared to the 5hmC levels within the nuclear DNA. 

This stability is potentially a key factor for reduced evolutionary effects and nucleotide 

transversion rates within the mitochondria. Taking this notion further, modern breeding 

practices in aquaculture are based upon the phenotypic and genetic screening of the 

broodstock. However, considering the impact of epimutations and ageing upon the germline, 

epigenetic profiling might reveal transgenerational epigenetic effects that play a critical role 

during the early stages of development with long-term consequences on the offspring. In 

paper I, we identified genome-wide changes of the hydroxymethylome in fast muscle 

between wild and first-generation of wild-born fish reared under captivity. Such rapid 

changes potentially occur across all tissues including the ovaries and testis, thus having 

potential intergenerational effects. Because the environmental factors are largely stable 

under captivity (especially in the case of recirculating aquaculture systems as opposed to 

open systems such as lakes, rivers and the sea), the detection of initial differences between 

wild and first generation in captivity could potentially pinpoint not only towards inter- but 

also trans-generational effects through the stable and environmentally-induced 

accumulation of 5hmCs in functionally relevant locations across the genome. 

To better understand the impact of domestication on the genome, epigenome and 

consequently the phenotype during the early stages of captivity, a combination of GWAS, 

DNA methylation and DNA hydroxymethylation profiles are required among families within 

and across generations. GWAS will provide sufficient data for the discovery of SNPs and 

additive genetic variance among and within groups while epigenetic profiling will provide 

evidence of transgenerational epigenetic inheritance. Additionally, possible overlaps 

between stable epigenetic modifications and single nucleotide polymorphisms in 

subsequent generations will verify the impact and importance of epigenetic modifications 

in animal evolution under captivity. Finally, using this holistic approach it would be possible 

to identify candidate genomic loci related to trait enhancement (i.e. quantitative trait loci) 

and stable epigenetic markers. 
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3.5 Epigenetic modifications as biomarkers (epimarkers) 

Epigenetic processes are an inextricable part of the molecular machinery in both eukaryotes 

and prokaryotes. This thesis supports the notion that epimutations are likely the first 

molecular mechanism involved in response to environmental stimuli and regulate gene 

transcription. However, epigenetic markers are rarely taken into consideration for the 

prediction of a phenotype with the exception of cancers in the field of biomedicine. The 

lessons from cancer evolution through the mapping of epimutations brought to light the 

significance of epigenetic heterogeneity among cells and their contribution in discriminating 

genetically distinct cells without integrating genotypic and transcriptomic profiles (Gaiti et 

al., 2019). Although abnormal signals of epigenetic biomarkers can be used to detect, 

diagnose and predict the course of disease, little is known whether they can also be utilized 

for the prediction of specific phenotypes and traits that are useful in the aquaculture sector. 

Recently, the epigenetic characterization of the sperm of low and high fertility Holstein bulls, 

revealed that DNA methylation differences can likely explain transcriptional reprogramming 

during the early embryonic stages with implications in successful delivery of transcription 

factors and reproductive efficiency (Kropp et al., 2017). Furthermore, in a study comparing 

the DNA methylome of wild boars and domesticated pig breeds, Li et al. (2016) showed that 

DNA methylation differences within the imprinting gene cluster H19-IGF2 could play an 

important role in muscle development, which is associated with pig domestication and 

breed divergence. 

To better understand how epigenetic differences promote phenotypic divergence and 

potentially contribute towards the enhancement of beneficial traits such as growth, disease, 

and stress resistance, we have to take into account several factors that determine these 

markers. Animal domestication is greatly based on trait heritability; therefore, epigenetic 

biomarkers should be inherited from one generation to the next. However, Jiang et al. (2013) 

and (Potok et al., 2013) showed that DNA methylation reprogramming in early zebrafish 

development is entirely different compared to mammals. In particular, they showed that the 

paternal methylome was stably inherited to the embryo whereas the maternal methylome 

was remodelled by both passive demethylation and de novo methylation prior to zygotic 
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genome activation. In mammals, a complete reset of both the maternal and paternal 

methylome occurs right after fertilization through passive demethylation (Mayer et al., 2000; 

Oswald et al., 2000). Currently, it is not known whether other fish species share the same 

mechanism of transgenerational epigenetic inheritance with zebrafish. However, recent 

studies in salmon and trout have shown that epigenetic variation within germ cells can 

potential contribute to heritable changes that pass on to future generations (Gavery et al., 

2018; Rodriguez-Barreto et al., 2019). Furthermore, the identification of epigenetic patterns 

that are positively associated with traits related to the domestication syndrome (i.e., 

reduced fitness and lower jaw malformations) are evident in subsequent generations 

(Anastasiadi and Piferrer, 2019; Le Luyer et al., 2017). These findings suggest that 

transgenerational epigenetic inheritance can largely contribute towards the enhancement 

of traits that are important for the further development of the aquaculture. In this thesis, 

we reported a significantly different DNA hydroxymethylome between wild and first 

generation of Nile tilapia in captivity (Paper I). Genes related to immunity and particularly 

the function of the phagosome were hyper-hydroxymethylated in the wild individuals, 

concomitantly with the overexpression of hundreds of immune genes. Whether these 

changes in DNA hydroxymethylation can be directed to enhance immunity and disease 

resistance is a question that remains unanswered. 

It is also of high importance for selected epigenetic biomarkers to be stable throughout 

developmental or age-specific stages. Several studies in fish have shown that early 

embryonic stages are critical and determine traits such as muscle growth and immune 

resistance that persist through adulthood. Although the precise mechanisms by which DNA 

hydroxymethylation marks are retained across generations have not yet been identified, 

during our experiments we identified over 100,000 significantly hydroxymethylated 

cytosines, most of which were stable regardless of the experimental setting (Papers I, II and 

III). This is an indication that DNA hydroxymethylation is serving specific roles in normal 

development and function, thus carrying valuable molecular information that can be utilized 

in selective breeding.  
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Figure 9. Summary of the main findings of the dissertation. Created with Biorender.com 
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4. Conclusions 

This thesis provides for the first time a complete characterization of the DNA 

hydroxymethylome at single nucleotide resolution in a teleost species. We showed that DNA 

hydroxymethylation is present throughout the genome, it occurs primarily within gene 

bodies and particularly within introns, and it changes rapidly after a single generation of 

domestication (Paper I). Concomitantly, more than 2 thousand genes were identified as 

differentially expressed between the wild and the first generation of fish that were wild-

born and reared in captivity. These genes were linked to immune responses, metabolism 

and muscle-specific functions. The first generation of fish undergoing domestication had 

overall decreased DNA hydroxymethylation levels within immune-related genes compared 

to their wild progenitors. This persisted in the second generation (Papers II and III), revealing 

an association between environmental conditions and epigenetic profiles. 

Several hydroxymethylated genes involved in major growth-related pathways were 

identified. In particular, the comparison of liver hydroxymethylation profiles between large- 

and small-sized full sibs revealed more than 80 differentially hydroxymethylated genes 

involved in growth, skeletal system development, muscle structure and tissue development, 

striated muscle tissue development and skeletal system morphogenesis as well as the PI3K-

Akt, Ras-MAPK and ERK1, ERK2 signaling pathways. 

By profiling the hydroxymethylome of the muscle, liver and pituitary, we showed that DNA 

hydroxymethylation is particularly enriched within genes that are responsible for the 

function and regulation of the somatotropic axis. Through this series of experiments, we 

were able to demonstrate that DNA hydroxymethylation is associated with genes that are 

involved in the establishment of desirable traits for the aquaculture industry. Taking this 

innovative perspective further, this thesis will help strengthen the foundation of our 

knowledge within the field of epigenetics and breeding practices in aquaculture. 

Overall, we determined that 5hmC is a promising epigenetic modification that could be 

involved in the regulation of valuable production traits, such as growth. Although, the 

associations between DNA hydroxymethylation and growth were evident across all three 

experiments, further studies are needed to ascertain conclusively if the observed gene 
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expression changes and phenotypic divergence are attributed to DNA hydromethylation. 

The findings of this thesis provide a baseline towards the incorporation of epigenetic profiles 

in the breeding nucleus of the aquaculture industry and set clear goals for further 

investigations. 

 

5. Future Perspectives 

Epigenetics is a timely research field that provides valuable insights towards the 

understanding of complex biological systems. To incorporate the findings of this thesis into 

the research needs of the aquaculture industry, experiments that confirm the biological 

significance of the herein identified epigenetic modifications are necessary.  To validate 

these epigenetic markers in vivo and across generations, in line with fish domestication and 

trait enhancement, we could utilize genome editing tools and directly replace DNA bases 

(i.e., site-specific CpGs). By comparing controls to epigenetically edited full-siblings, we 

could test whether epigenetic modifications have impact on the phenotype. Currently, 

genome editing can be performed using the Clustered Regularly Interspaced Palindromic 

Repeats – Cas9 system (CRISPR-Cas9) which is an RNA-guided DNA nuclease system, and the 

prime editing technique which uses a catalytically impaired Cas9 endonuclease fused with a 

reverse transcriptase and contains a prime editing guide RNA that encodes the desired edit. 

Recently, a CRISPR-based approach which has some similarities with the prime editing 

technique, showed that a mutant form of Cas9 which has de-activated endonuclease (dCas9), 

can be fused with MS2 coat proteins that contain a catalytic domain for Tet1 tethering. Thus, 

the fused system can precisely detect a genetic sequence and demethylate without any 

breaks or mutations to the DNA sequence itself (Xu et al., 2016).  

Interestingly, because 5hmCs appear to have higher C to G transversion rates compared to 

5mCs and unmodified cytosines, it is likely that DNA hydroxymethylation is associated with 

genetic mutations during fish domestication and selective breeding. In addition, 5hmCs have 

been found to be both functionally relevant and primarily within gene bodies, thus 

mutations in functionally relevant regions could potentially drive genome evolution. To test 

this hypothesis, we will perform an association between DNA hydroxymethylation profiles 
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and genetic variations across all generations within our lab-scale Nile tilapia breeding 

program (W and F0-F3 generations). 

The genotypic selection of domesticated animals and the optimization of breeding practices 

have revolutionized aquaculture and improved production of animal protein for an ever-

increasing human population. However, epigenetic variation greatly affects the phenotype 

by regulating gene expression. Epigenetic research in the context of aquaculture, fish 

domestication and selective breeding is still in its infancy. Therefore, it becomes essential to 

unravel the potential of the epigenome and utilize it for the selection of superior individuals. 

The present work provides for the first-time associations between DNA hydroxymethylation 

and somatic growth, using as model organism one of the most cultivated fish species in the 

world. Our findings put forward the notion that the integration of epigenetic variation in the 

breeding nucleus might improve current selection programmes and establish fast-paced 

adaptation and trait enhancement for new domesticates. 
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ABSTRACT 

The historically recent domestication of fishes has been essential to meet the protein 
demands of a growing human population. Selection for traits of interest during 
domestication is a complex process whose epigenetic basis is poorly understood. Cytosine 
hydroxymethylation is increasingly recognized as an important DNA modification involved 
in epigenetic regulation. In the present study, we investigated if hydroxymethylation plays a 
role in fish domestication and demonstrated for the first time at a genome-wide level and 
single nucleotide resolution that the muscle hydroxymethylome changes after a single 
generation of Nile tilapia (Oreochromis niloticus, Linnaeus) domestication. The overall 
decrease in hydroxymethylcytosine levels was accompanied by the downregulation of 2015 
genes in fish reared in captivity compared to their wild progeni- tors. In contrast, several 
myogenic and metabolic genes that can affect growth potential were upregulated. There 
were 126 differentially hydroxymethylated cytosines between groups, which were not due 
to genetic variation; they were associated with genes involved in immune-, growth- and 
neuronal-related pathways. Taken together, our data unveil  a new role for DNA hydroxy- 
methylation in epigenetic regulation of fish domestication with impact in aquaculture and 
implications in artificial selection, environmental adaptation and genome evolution. 
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Results 

The nuclear but not the mitochondrial muscle 
hydroxymethylome differs between wild Nile 
tilapia and their offspring reared in captivity 

’

cox1 
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Figure 1. Hydroxymethylation differences between wild Nile tilapia and their offspring reared in captivity. (a), Circular representation of 
the Nile tilapia nuclear genome (linkage groups LG1-LG23, no scaffolds included for visualization purposes). Only sites with substantial 
levels of 5hmC were included (298289 CCGG sites). (b), Histogram with the average number of hydroxymethylated cytosines,5-hm(dC), per 
1 million nucleotides, in fast muscle of wild fish compared to their offspring undergoing domestication. Significance was evaluated using 
the one-tailed Student’s t-test (n = 6, p = 0.04). Standard errors of the means are shown by black bars. (c), Circular representation of the 
Nile tilapia mitochondrial genome with its gene features in both L and H strands. (a,c), Blue and red peaks (oriented in and out, 
respectively) represent the hydroxymethylation levels in the groups of wild fish and their offspring undergoing domestication, 
respectively. The height of each peak is the average count for each group per location (n = 6). The 5hmC counts per genomic location 
and individual, as well as the standard deviation for the W and D groups in panels 1a and 1 c can be found in Supplementary Table S9. 

 

Differentially hydroxymethylated genes are 
involved in immunity, as well as in various intra- 
and extracellular processes 



EPIGENETICS 1055 
 

 

Figure 2. Histogram of gene features (Promoters defined from −1kb to +100bp; TTS defined from −100bp to +1kb). Yellow and 
turquoise represent the enrichment of sites with substantial levels of 5hmC (RRHP – 295720 sites) and total CCGGs (whole genome – 
1791,720 sites) across the Nile tilapia genome, respectively. 

 
 
 

 
 

Figure 3. Circular representation of the Nile tilapia nuclear 
genome (linkage groups LG1-LG23 and scaffolds) showing 126 
DhmCs. For visualization purposes the numbers in the scaffold 
symbols ‘Sc’ represent the last four digits in the accession 
number starting with ‘NW_02032’ in the NCBI database (e.g. 
‘Sc7315’ represents scaffold ‘NW_020327315’). Gene symbols 
refer to the closest gene to the reported CCGG site.  See Figure 
1(a,c) for explanations of peaks. The 5hmC counts per genomic 
location and individual, as well as the standard devia- tion for 
the W and D groups in Figure 3 can be found in Supplementary 
Table S10. 
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Figure 4. Heatmap showing the differentially expressed genes assigned to their gene ontology (GO) terms  between  the  two clustered 
groups. Red and blue brackets at the bottom of the heatmap correspond to the ‘Domestication’ and ‘Wild’ groups, respectively. 
The gradient from blue to red colour represents down- to upregulation, respectively. Each GO term is colour-coded as shown at the 
left side of this heatmap. All related statistics, including significance of each enriched GO term, are shown in tables S5 and S6. 
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Figure 5. Principal component analysis (PCA) showing the genetic diversity of the 6 wild and 6 first-generation offspring based on 
their SNPs. Blue triangles and red circles represent the wild fish (W) and their counterparts in the first generation of domestication 
(D), respectively. 
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Abstract 
 

The somatotropic axis, involving growth hormone production in the pituitary gland and the 

subsequent responses in liver and muscles, plays a major role in the regulation of metabolic 

and physiological processes. Its output in terms of growth rate is likely to be epigenetically 

tuned, since it is highly affected by nutritional and environmental cues. Epigenetic 

mechanisms, including DNA hydroxymethylation, can regulate transcription of key genes 

involved in myogenesis. In spite of its importance, a holistic characterization of the 

hydroxymethylome in the main tissues of the somatotropic axis has not been investigated 

to date. Here, we used reduced representation 5-hydroxymethylcytosine (5hmC) profiling 

(RRHP) to map 5hmC at single nucleotide resolution in Nile tilapia tissues that comprise the 

somatotropic axis, namely, muscle, liver and pituitary. 

We show that 5hmC has tissue-specific profiles and differs in abundance between muscle, 

liver and pituitary. Moreover, 5hmC is highly enriched within gene bodies and present in 

several genes that regulate growth, such as insulin-like growth factor receptors and binding 

proteins, fibroblast growth factors, myogenic factors, growth inhibitors and myocyte 

enhancers. Integration of the fast muscle transcriptome with the corresponding RRHP data 

set revealed that 5hmC marks on promoters, first introns, and first exons have an overall 

negative correlation with gene expression. Among the most expressed genes in muscle, the 

closest 5hmC to the transcription start site was located within the first intron of the troponin 

T fast skeletal muscle gene and it was hyper-hydroxymethylated in muscle compared to liver, 

displaying a positive correlation between 5hmC levels and gene expression. 

These findings suggest that 5hmCs have a tissue-specific localization within the genome and 

likely act as a balancing factor in gene activation or repression. Their abundance within gene 

bodies and particularly introns of several growth-related genes indicates that 5hmC likely 

modulates myogenesis in Nile tilapia. We propose that cytosine hydroxymethylation may 

contribute to the phenotypic plasticity of growth through epigenetic regulation of the 

somatotropic axis. 
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Keywords: Somatotropic axis, Muscle, Liver, Pituitary, Growth, Epigenetics, DNA 

hydroxymethylation, RRHP, Teleosts  

 

Introduction 

 

From the production of growth hormone in the pituitary gland to the stimulation and 

regulation of hundreds of genes in the liver and muscle, the somatotropic axis plays a critical 

role across several biological pathways involved in somatic growth, carbohydrate and lipid 

metabolism, energy equilibrium, normal development, reproduction and osmoregulation in 

fish (Company et al., 2001; Manzon, 2002; Whittington and Wilson, 2013). The interaction 

of molecules such as the growth hormone, insulin-like growth factors, binding proteins and 

receptors (GH, GHRs, IGFs, IGFBPs, IGFRs) are greatly affected by both endogenous and 

exogenous factors, i.e. sex, developmental stage, nutrition, genetic background, 

temperature, photoperiod, salinity, dissolved oxygen, immunocompetence and stress 

(Beckman, 2011; Campos et al., 2010; Campos et al., 2013c; Katan et al., 2016). For example, 

previous research has shown that seasonal differences (Metcalfe et al., 2002), photoperiod, 

and sexual maturity (Taylor et al., 2008) affect insulin-like growth factor 1 (igf1) plasma 

levels and consequently somatic growth. Similarly to mammals, the liver is the main source 

of igf1 production in fish; however, in cases of malnutrition the liver is predominantly 

unresponsive to GH stimulation (Gray et al., 1992; Perez-Sanchez et al., 1995). Such 

interactions have been widely demonstrated and both endocrine and paracrine igf1 have 

been linked to bone, cartilage and muscle growth in fish (Nordgarden et al., 2006; Valente 

et al., 2013). Myogenesis, one of the critical processes that determines growth in fish, 

requires a well-tuned transcriptional synchronization of three main tissue types that 

compose the somatotropic axis: the pituitary gland, liver and skeletal muscle. 

One of the most important hormones secreted by the pituitary gland is the growth hormone 

(GH). The insulin-like growth factors (IGF-I and -II), their receptors (IGFRS) and binding 

proteins (IGFBPS) that are present in substantial amounts in liver and fast muscle, are 

directly associated with GH and collectively regulate somatic growth. Because growth rate 
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varies considerably with environmental factors (Perez-Sanchez et al., 2018), epigenetic 

mechanisms have the potential to be major regulators of growth both in early development 

(e.g., thermal imprinting) (Burgerhout et al., 2017; Campos et al., 2014a; Campos et al., 

2013b; Campos et al., 2014b), and adulthood. Indeed, intrauterine growth restriction in rats, 

induces DNA methylation changes around growth hormone response elements of the IGF-1 

gene, resulting in developmental re-programming and persisting long-term effects (Fu et al., 

2015). Additionally, epigenetic mechanisms are likely responsible for splicing events leading 

to the translation of tissue-specific IGF-1 peptides through the usage of alternative 

promoters and exons (Beresewicz et al., 2010; Schober et al., 2012). We have recently 

reported that growth-related methylation differences in igf2bp2 are likely linked to 

phenotypic differences between small and large Nile tilapia full-sibs (Podgorniak et al., 2019). 

In teleosts, recent studies have shown that epigenetic modifications regulate the expression 

of important growth genes during temperature fluctuations such as the DNA methylation of 

myogenin in Atlantic salmon (Salmo salar) (Burgerhout et al., 2017) and Senegalese sole 

(Solea senegalensis) (Campos et al., 2013a; Campos et al., 2013b). In our previous study, we 

have also identified sex-specific DNA methylation marks within the map3k5, akt3, gadd45g 

and ppargc1a genes. Their epigenetic regulation could potentially explain size-related 

differences among sexes because of their involvement in processes such as cell cycle, 

proliferation, cellular response to glucose and muscle tissue development (Podgorniak et al., 

2019). The epigenetic function of non-coding RNAs, such as microRNAs (miRNAs), has also 

been shown to play critical roles in somatic growth (Campos et al., 2014a). For example, 

miR-206 targets the 3’UTR of IGF-1 and directly affects its expression in Nile tilapia (Yan et 

al., 2013), while miR-1 and miR-133 regulate the sarcomeric actin organization in zebrafish 

(Mishima et al., 2009).  

DNA hydroxymethylation is an epigenetic modification that has received very little attention 

in relation to growth, with a few exceptions associating it to abnormal growths, cancers and 

oncogenic pathways such as the PI3K-Akt (Bhattacharyya et al., 2017; Wu et al., 2019). It 

occurs via ten-eleven-translocation enzymes, which catalyse the oxidation of 5-methyl (-CH3) 

into 5-hydroxymethyl (-CH2OH) groups in cytosines (5hmCs) (Tahiliani et al., 2009). 

Additionally, 5hmC has been identified as a stable DNA modification with a pertinent role in 
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gene regulation and transcription (Bachman et al., 2014; Branco et al., 2011), tissue-specific 

patterns and developmental stage-dependent profiles (Ponnaluri et al., 2017). In human, 

5hmCs are not exclusively correlated with DNA methylcytosine (5mC) content and when 

found in transcribed gene bodies they have been positively correlated with transcription 

(Nestor et al., 2012). In spite of 5hmC’s significance in regulating gene expression in humans 

(Nestor et al., 2012; Ponnaluri et al., 2017; Rohde et al., 2015) and mice (Greco et al., 2016; 

Ma et al., 2018), little is known about its role on growth, particularly in fish. 

To investigate whether 5hmC marks were associated with key genes within the somatotropic 

axis, we compared genome-wide and tissue-specific 5hmC profiles at single nucleotide 

resolution between liver, muscle and pituitary using Nile tilapia (Oreochromis niloticus) as 

our model organism. 

  

Results 
 

Tissue-specific 5hmC levels across the somatotropic axis 

Among the three main tissues that comprise the somatotropic axis, 5hmC levels were 

highest in liver, followed by muscle and pituitary. The overall 5hmC levels of each tissue 

follow the sequencing depth of the corresponding reduced representation 5hmC profiling 

(RRHP) libraries (see Methods). Liver libraries had an average depth of 28.1 M raw reads 

compared to 22.6 M and 21.7 M raw reads in muscle and pituitary libraries, respectively. 

After quality control, adapter trimming and alignment of the sequenced reads to the Nile 

tilapia genome, an average of 14.9, 11.5 and 10.6 M reads were obtained from the libraries 

prepared from liver, muscle and pituitary, respectively (Additional file 1). 

The Nile tilapia genome contains 1,613,446 CCGG sites in both strands across its 22 linkage 

groups and the mitochondrial genome. RRHP captured 75% (1,211,876 CCGG) of all possible 

sites. The reduced coverage was mostly attributed to the size selection during library 

preparation. Compared to the total number of genomic CCGGs, 15.7% was significantly 

hydroxymethylated based on the median filtering of 5hmC counts (see Methods). The rest 

59.3% was dominated by 5hmC sites with very low counts across all tissues. A total of 16,812 
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5hmCs, which was approximately 1% of the total genomic CCGGs, were identified as 

differentially hydroxymethylated among the three tissues (Figure 1A). 

The highest difference was detected between the muscle and liver (MvL), with 15,757 

cytosines being differentially hydroxymethylated, out of which 3,119 were hyper-

hydroxymethylated in muscle (q<0.01). By comparing the hydroxymethylation profiles 

between muscle-pituitary (MvP) and liver-pituitary (LvP) we identified 1,728 (q<0.05) and 

1,467 (q<0.01) additional DhmCs, respectively. An overlap of almost 2,000 DhmCs was 

observed between pairs (MvL-LvP, MvL-MvP and LvP-MvP); however, we identified only four 

cytosines with significantly different hydroxymethylation levels among all pairwise 

comparisons (Figure 1B; Additional file 2). Two of these four DhmCs were found within 

predicted long non-coding RNAs (LOC102076435 and LOC112847764), one DhmC located 

within the predicted gene gap junction delta-3 protein-like (LOC100690349) and one DhmC 

within the par-3 family cell polarity regulator alpha, b (pard3ab). 

 

Tissue-specific DNA hydroxymethylation abundance within genomic 

features 

While DNA hydroxymethylation levels were substantially different among tissues, we also 

identified differences in DhmC enrichment within the annotated features of the Nile tilapia 

genome. Compared to liver, the muscle was characterized by an overall hypo-

hydroxymethylation across all the annotated features, except the promoter regions (Figure 

2A). Striking differences were also observed between pituitary and muscle, with exons being 

mostly hypo-hydroxymethylated in muscle. (Figure 2B). By comparing liver to pituitary, we 

observed that the liver genome was hyper-hydroxymethylated across all the annotated 

features (Figure 2C). The relative enrichment of DhmCs was calculated based on the number 

of DhmCs per annotated feature compared to the total number of DhmCs in each tissue. 

Compared to liver and pituitary, DhmCs in muscle were relatively enriched in introns (12%) 

and promoters (104%), whereas exons were depleted by 58 % compared to liver and 

pituitary. In contrast, hyper-5hmCs in the liver were relatively depleted within promoters 

and enriched within exons, compared to muscle and pituitary (Additional file 3). The highest 

percentage of DhmCs among all tissues was detected within introns (40% on average), while 
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DhmCs in intragenic regions including promoters represented 70%, 74.6% and 71.8% of the 

entire dataset in muscle, liver, and pituitary, respectively. 

 

Differentially hydroxymethylated cytosines are found in genes with 

distinct molecular functions in each tissue 

To better understand whether DhmCs were linked to tissue-specific genes and potentially 

their functions, we performed a gene ontology enrichment analysis based on the genes 

containing or being closely associated to DhmCs. In total, we identified 2102 hyper-

hydroxymethylated genes in muscle compared to liver and pituitary, 4993 genes in liver 

compared to muscle and pituitary and 1006 genes in the pituitary compared to muscle and 

liver. Interestingly, we identified 773 genes containing hyper-hydroxymethylcytosines in 

both the muscle and liver, 40 common genes between muscle and pituitary and 23 genes 

shared between liver and pituitary (Figure 1C).  

In muscle compared to liver, genes containing hypo-5hmCs (lower 5hmC levels in muscle) 

were associated with molecular functions related to transcription regulator and GTPase 

activator activity, GTPase binding and Ras GTPase binding. Gene ontologies related to 

development as well as anatomical structure and system development were among the 

most enriched biological processes. Furthermore, we identified 12 biological processes 

linked to metabolism, including regulation of primary, cellular, macromolecule, RNA and 

nitrogen compound metabolic process. Interestingly, hypo-5hmCs were assigned to gene 

ontologies such as skeletal system, muscle structure and cartilage development (Additional 

file 4). On the other hand, hyper-5hmCs (higher 5hmC levels in the muscle) were primarily 

associated to ionotropic glutamate receptor activity, signaling receptor activity and cell 

surface receptor signaling pathway, as well as system development and developmental 

process (Additional file 5). Notably, 773 genes were identified containing both hyper- and 

hypo-5hmCs that occurred in different intragenic loci. These genes were primarily linked to 

the regulation of biological and cellular process, as well as the signal transduction and 

response to stimulus (Additional file 6). 
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In muscle compared to pituitary, hyper-hydroxymethylated genes (higher 5hmC levels in the 

muscle) were associated with tissue morphogenesis and the morphogenesis of an 

epithelium, as well as the developmental process and signaling among other gene ontologies 

(Additional file 7). Hypo-hydroxymethylated genes (lower 5hmC levels in muscle) were 

enriched for functions related to transcription regulator activity and the regulation of 

metabolic and biosynthetic process of macromolecules and RNA (Additional file 8). We 

identified 40 shared genes between muscle and pituitary containing hyper- and hypo-5hmCs 

in different loci. However, due to the relatively low number of genes we did not identify any 

significant enrichment for molecular functions or biological processes. 

Compared to pituitary, the liver contained hypo-hydroxymethylated genes (lower 5hmC 

levels in liver) that were enriched for a cell surface receptor signaling pathway and axon 

target recognition (Additional file 9). In contrast, hyper-hydroxymethylated genes (higher 

5hmC levels in the liver) were enriched for molecular functions related to protein and DNA 

binding. The most enriched biological processes were the regulation of cellular and 

biological processes, signaling and signal transduction (Additional file 10). In total, 23 genes 

containing hyper- and hypo-5hmCs were found within the LvP pairwise comparison. Among 

them, we identified the gene coding for arginine-glutamic acid dipeptide repeats protein 

(rere), which is involved in cell survival and apoptosis (Waerner et al., 2001), and the protein 

phosphatase 1 regulatory subunit 3C (ppp1r3c) involved in glycogen metabolism as well as 

the metabolic process of macromolecules (Doherty et al., 1996). 

 

Differentially hydroxymethylated genes involved in somatic growth 

Genes that play a critical role in development and somatic growth were identified across all 

pairwise comparisons. Most genes involved in somatic growth were hypo-

hydroxymethylated in muscle compared to liver. These included several fibroblast growth 

factors (fgf5, fgf6, fgf8, fgf12, fgf14 and fgf22), the receptor fgfr3 and the fibroblast growth 

factor receptor substrate 2 (frs2). Only fgf10 and fgfr4 were hyper-hydroxymethylated in 

muscle. Additionally, growth arrest-specific proteins (gas2l3 and gas7) and growth 

differentiation factors (gdf3, gdf5, gdf6¸ gdf6a and gdf10) were also hypo-

hydroxymethylated in muscle. Hypo-5hmCs were detected within the last exon of growth 
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hormone secretagogue receptor type 1 (ghsr), the second intron of insulin-like growth factor 

2 mRNA binding protein 2 (igf2bp2), the first and third introns of insulin-like growth factor 

binding protein 5 (igfbp5) and the 32nd intron of IGF like family receptor 1 (igflr1). On the 

other hand, the promoter of the growth hormone releasing hormone (ghrh), the first intron 

of the insulin-like growth factor binding protein 2-B and the 29th exon of igflr1 contained a 

single hyper-5hmC. Surprisingly, several genes involved in somatic growth contained both 

hyper- and hypo-5hmCs in different intragenic loci. These included the myoD family inhibitor 

domain-containing protein (mdfic), the multiple epidermal growth factor-like domains 

protein 10 (megf10) and the myosin heavy chain fast skeletal muscle (myh) (Figure 3A; 

Additional file 11A). In muscle compared to pituitary, we identified two hyper-5hmCs 

located 7549 and 7367 bp, from the transcription start site (TSS) of the myostatin (mstn) 

gene, and a single hyper-5hmC at 6945 bp from the TSS of the growth arrest and DNA 

damage inducible gamma (gadd45g) gene. Similar to the comparison between muscle and 

liver, fibroblast growth factor genes fgf5, fgf12 and frs2 were hypo-hydroxymethylated in 

muscle compared to pituitary; however, hyper-5hmCs were detected within the fgfr2 and 

fgfbp3 genes. Additionally, two hyper-5hmCs were identified within the 5th exon and 7th 

intron of the gene coding for myoD family inhibitor domain-containing protein 2 (mdfic2) 

(Figure 3B; Additional file 11B). Several of the above-mentioned genes were also 

differentially hydroxymethylated in liver compared to pituitary (Figure 3C; Additional file 

11C). 

 

Gene expression profiling in Nile tilapia fast muscle 

The average sequencing depth of the RNA-Seq libraries was 26 M reads (Additional file 12). 

Approximately 1 M reads were excluded from the analysis after quality control (Q >20) and 

trimming. On average, 2.8 M reads were mapped multiple times and 19.2 M reads were 

mapped uniquely to the reference Nile tilapia genome. In total, we identified 80,417 

transcripts that were ranked based on their normalized counts (Additional file 13). The gene 

with the highest expression in Nile tilapia fast muscle was the actin alpha skeletal muscle A 

(LOC100534413) which is involved in several biological processes including muscle 

contraction, myosin binding, skeletal muscle fibre development and thin filament assembly. 
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Among the genes with the highest expression, we identified several fast skeletal muscle 

myosin light and heavy chains (mylpf, LOC100712344, LOC100707599, LOC100698429), 

creatine kinases muscle a and b (ckma and ckmb), ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ transporting 1 like (atp2a1l) and several isoforms of troponin T 

(LOC100707421) and tropomyosin 1 (tpm1) (Additional file 14). 

 

Association of muscle-specific gene expression and DNA 

hydroxymethylation 

To investigate the links between DNA hydroxymethylation and gene expression levels in 

muscle, we performed a principal component analysis using three variables: the 5hmC levels 

(mean of multiple values per gene), the distance to the transcription start site (TSS) (mean 

of multiple distances per gene) and gene expression (single value). The first principal 

component (PC1) was strongly related to variation in both the distance to TSS ( =0.63) and 

gene expression (GE; =0.70), indicating that these variables were strongly positively 

correlated in our data. On the other hand, 5hmC levels were strongly represented in the 

second principal component (PC2; =0.84) revealing no correlation with GE ( =0.10; Figure 

4). 

Since the first kilobases up- and downstream of promoter regions have been previously 

correlated with gene transcription and alternative splicing (Anastasiadi et al., 2018; 

Bieberstein et al., 2012; Rose, 2018), we also investigated the correlation between gene 

expression and 5hmC levels in promoters, first introns and first exons. Consistent with our 

findings above, we identified a negative correlation between 5hmC levels and gene 

expression in all three comparisons (Figure 5). Among the most expressed genes in fast 

muscle, we identified 4 differentially hydroxymethylated genes between muscle and liver. 

Two DhmCs were located 19,650 and 19,551 bp upstream of the myosin heavy chain fast 

skeletal muscle (LOC100706261) promoter, two DhmCs were located 10,176 and 10,040 bp 

upstream of the nucleoside diphosphate kinase B (LOC100697135) promoter, two DhmCs 

were found within the 16th exon of atp2a1l, one DhmC within the 5th exon of myosin light 

chain 3 skeletal muscle isoform (LOC100698429) and one DhmC within the 1st intron of 
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troponin T fast skeletal muscle isoforms (LOC100707421). Surprisingly, all 5hmCs were hypo-

hydroxymethylated in muscle compared to liver, except the one that was located closest to 

the TSS (1318 bp) and within the 1st intron of troponin T fast skeletal muscle isoform (Table 

1). 

 

Discussion 
 

This study presents the first DNA hydroxymethylation profiling of the somatotropic axis at 

single nucleotide resolution in a teleost species. We compared the 5hmC levels among 

tissues and identified the liver as the tissue with the highest, the muscle with intermediate 

and the pituitary with the lowest 5hmC levels (Figure 6). 

In contrast to these results, global 5hmC levels of the muscle and liver measured by liquid 

chromatography mass spectrometry (LC/MS) in male zebrafish (Danio rerio) revealed that 

muscle had higher 5hmC levels compared to liver (Kamstra et al., 2015). Similarly, 5hmC 

quantification by LC/MS in muscle and liver of mice, showed higher 5hmC levels in muscle 

compared to liver (Globisch et al., 2010). These results can potentially be explained either 

by species-specific 5hmC patterns or by the methods used. For example, reduced 

representation of the genome using RRHP provides 5hmC mapping in CCGG context and 

single nucleotide resolution, however, global 5hmC quantification using LC/MS provides a 

single value indicative of all CpG and non-CpG sites. The low 5hmC content in pituitary gland 

in Nile tilapia is in accordance with previous findings in mice (Globisch et al., 2010). Indeed, 

reports have demonstrated that high 5hmC levels in brain are associated with tissue-specific 

neuronal functions (Kinde et al., 2015; Santiago et al., 2014), compared to pituitary which is 

responsible for hormone secretion.  

Based on the functional enrichment analysis of hyper-hydroxymethylated genes in muscle 

compared to liver, we identified several genes involved in ionotropic and metabotropic 

glutamate receptor activity. These genes were associated with all three types of ionotropic 

glutamate receptors, namely, the N-methyl-D-aspartate (NMDA), the kainate and the a-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors while their functions were 
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mostly associated with fast synaptic transmission and the modulation of synaptic responses 

(Colombo and Francolini, 2019). A previous study using C2C12 mouse skeletal myoblasts has 

shown that NMDA receptors play a major role in calcium influx and myoblast fusion, which 

are fundamental processes for muscle growth (Lee et al., 2004). Furthermore, we also 

identified several differentially hydroxymethylated metabotropic glutamate receptors 

(grm1, grm2, grm4, grm7 and grm8) between muscle and liver, which play critical roles in 

cell survival, metabolism and proliferation through their association with the PI3 kinase and 

the initiation of the PI3K-Akt-mTOR signaling pathway (Rong et al., 2003). Glutamate 

receptors were found to be under positive selection across several domesticates (O'Rourke 

and Boeckx, 2020), including fish (Bertolini et al., 2016). Particularly in sea bass 

(Dicentrarchus labrax), the identification of genetic mutations after many generations in 

captivity was found to be overlapping with early changes in DNA methylation profiles during 

domestication, suggesting that epimutations potentially drive genome evolution 

(Anastasiadi and Piferrer, 2019). Here, we identified significantly hydroxymethylated 

ionotropic and metabotropic glutamate receptors within the somatotropic axis, which 

supports the functional importance of these genes in somatic growth. 

Finally, we identified several DhmCs within the receptor-type tyrosine-protein phosphatase 

N2 (ptprn2) gene, which is expressed in nervous and endocrine cells and it is associated with 

lipid metabolism and insulin secretion (Bence, 2013; Cui et al., 1996). Previous studies have 

shown that ptprn2 is largely associated with somatic growth, and regulated by epigenetic 

modifications in various biological processes including hepatocellular carcinomas (Gentilini 

et al., 2017; Shen et al., 2015), breast cancer (Sengelaub et al., 2016) as well as prenatal 

growth patterns and birthweight in humans (Chen et al., 2018). Therefore, it is likely that 

DNA hydroxymethylation may modulate somatic growth indirectly, through the regulation 

of genes related to neuromuscular and neurohepatic signals. 

Growth hormone release depends on three hypothalamic factors, namely, growth hormone 

releasing hormone (GHRH), somatostatin (SST) and ghrelin multifaceted hormone (GHRL) 

(Howard et al., 1996; Yin et al., 2014). The latter is stimulated by receptors, such as the 

growth hormone secretagogue receptor (ghsr), which was found to be hyper-

hydroxymethylated in the liver, compared to the muscle and pituitary. Ghsr encodes for a 
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tissue-specific hormone receptor that is commonly found across the somatotropic axis and 

regulates energy homeostasis, fat distribution and the expression of genes involved in lipid 

metabolism and total body weight (Barazzoni et al., 2005; Pfluger et al., 2008). Notably, 

among the differentially hydroxymethylated genes, we also identified a hyper-5hmC (higher 

5hmC level in muscle compared to liver) within the promoter of the growth hormone ghrh 

as well as several hyper-5hmCs (higher 5hmC levels in muscle and pituitary compared to 

liver) within predicted genes coding for somatostatin in Nile tilapia (loc102077970 – 

somatostatin-1; loc100698045 – somatostatin-1B; loc100694069 – somatostatin-2), known 

also as growth hormone-inhibiting hormone. Additionally, we identified differentially 

hydroxymethylated genes that play critical roles in growth hormone signaling and are 

downstream regulators of somatic growth, such as the insulin-like growth factor binding 

proteins igfbp2, igf2bp2 and igfbp5 and the receptor igflr1. In particular, hyper-5hmCs 

(higher 5hmC levels in muscle compared to liver) were located within igfbp2 and igflr1 while 

hypo-5hmCs (lower 5hmC levels in muscle compared to liver) were located within igfbp5, 

igf2bp2 and igflr1. The same genes were also differentially hydroxymethylated between 

liver and pituitary. A hyper-5hmC (higher 5hmC levels in liver compared to pituitary) was 

found within igf2bp2, and a hypo-5hmC (lower 5hmC levels in liver compared to pituitary) 

was located within igflr1. These differentially hydroxymethylated cytosines suggest a direct 

link between DNA hydroxymethylation and the function of the somatotropic axis (Figure 6). 

Interestingly, several genes were both hyper- and hypo-hydroxymethylated between tissues 

due to the localization of unique DhmCs across their gene body or their proximal regions. 

For example, the above mentioned ptprn2 gene was highly hydroxymethylated in liver 

(compared to muscle) across the 1st, 3rd and 8th introns as well as the 5th exon, but a hypo-

hydroxymethylated cytosine (low 5hmC levels in liver compared to muscle) was also present 

in the 10th intron. Similar patterns were observed in other genes, including the multiple 

epidermal growth factor-like domains protein 10 (mefg10) and insulin receptor (insr), 

methyltransferases such as mettl21c and mettl4, adhesion G protein-coupled receptors 

(adgrf4, adgrl2, adgrl3, adgrb1) and several transcription factors (atf2, atf3, ebf3, grhl1, 

gtf3c1, gtf3c3, hsf2, sox4 and runx2). Taking into consideration the enrichment of 5hmCs 

within introns and their positional dynamics between tissues, these findings could 
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potentially explain tissue-specific gene expression through the regulation of alternative 

promoters or splicing junctions. Indeed, recent studies have shown that DNA 

hydroxymethylation is involved in alternative splicing (Cingolani et al., 2013; Gao et al., 2019) 

and that positional dynamics of 5hmCs within or in proximal distance of genes result in 

expression changes (Greco et al., 2016).  

Additionally, studies in mammals and mammalian cells have shown that DNA 

hydroxymethylation is positively correlated to gene expression and is present in gene bodies 

of actively transcribed genes (Ficz et al., 2011; Pastor et al., 2011; Szulwach et al., 2011; Wu 

et al., 2011). Here, even though the correlations of gene expression in the muscle and 5hmC 

levels were generally moderate to weak ( =0.47-0.63), we found that 5hmCs display a 

positive correlation with distance from TSSs; the farther the 5hmCs from a TSS, the higher 

the expression of genes. Frequently, first introns and exons are positively associated with 

gene regulation (Anastasiadi et al., 2018; Bieberstein et al., 2012; Rose, 2018). By comparing 

muscle gene expression and 5hmC levels of promoters, first introns and first exons, we 

determined that 5hmCs in close proximity to TSSs had an overall negative but weak 

correlation with gene transcription. However, a close examination of the top 30 most 

expressed genes in muscle and their hydroxymethylation status, revealed that the only 

hyper-5hmC in muscle compared to liver was also the closest one to the TSS of troponin T 

fast skeletal muscle isoform. Several hypo-5hmCs (lower 5hmC levels in muscle compared 

to liver) were found at a distance of 10-19 kbp upstream from the promoter as well as within 

the open reading frames of highly expressed genes in the muscle but none of them were 

located within the first intron or exon. These findings suggest that the position of 5hmCs 

within gene features plays indeed a crucial role in gene repression or activation. The overall 

negative correlation between 5hmCs and gene expression in our study is likely attributed to 

the presence of other epigenetic mechanisms that were not profiled here, such as cytosine 

methylation, histone modifications and non-coding RNAs. Although, high 5hmC levels are 

usually correlated with gene activation, there is also evidence of 5hmCs being involved in 

the repression of genes such as the insulin-degrading enzyme (IDE) in depressed individuals 

(Gross et al., 2017) and polycomb groups of developmental regulators (Wu et al., 2011). In 

human, there is a high overlap (85.6%) between 5mCs and 5hmCs (Petterson et al., 2014). 
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Previously, high 5mC levels within the first intron of genes have been strongly associated to 

low levels of expression across multiple species and tissues (Anastasiadi et al., 2018). 

Considering the potential overlap between these two cytosine modifications, their overall 

contrasting roles in gene regulation, their relative abundance (5mCs are estimated to be 14-

fold more abundant than 5hmCs in mammalian embryonic stem cells (Tahiliani et al., 2009)), 

and the negative but weak correlation between substantially hydroxymethylated genes and 

their expression, we propose that the presence of 5hmCs throughout the genome plays a 

balancing role in gene regulation. 

 

Conclusions 
 

Somatic growth and normal development are regulated by a complex molecular cascade 

that is affected by several mechanisms, including epigenetic modifications. Here, we show 

that DNA hydroxymethylation is present throughout the genome, is characterized by tissue-

specific profiles and is highly enriched within gene bodies (Figure 6). Several genes that are 

both directly or indirectly associated with functions such as growth hormone release, 

insulin-like growth factor binding, liver metabolism and somatic growth were found to be 

differentially hydroxymethylated between liver, muscle and pituitary. We identified a weak, 

but significant, negative correlation between gene expression and 5hmC levels in muscle, 

which is explained by the fact that DNA hydroxymethylation is not the only mechanism 

affecting gene activation or repression. However, one of the most expressed genes in the 

muscle (troponin T fast skeletal muscle) contained a single hyper-5hmC (higher 5hmC levels 

in the muscle compared to liver) within the first intron, revealing a positive correlation 

between DNA hydroxymethylation and gene expression. The high overlap between 5hmCs 

and 5mCs and their overall contrasting roles in gene transcription pinpoints towards a 

dynamic interrelationship with DNA hydroxymethylation acting as a balancing factor in gene 

regulation within tissues. The identification of tissue-specific epigenetic modifications within 

the somatotropic axis adds an additional layer of complexity to our current knowledge about 

the regulation of growth. 
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Methods 

 

Ethics statement 

All animal handling procedures comply with the EU Directive 2010/63 and were approved 

by the Nord University ethics committee and the Norwegian Animal Research Authority 

(FOTS ID 1042). 

 

Experimental design and sampling 

Nile tilapia were reared in a recirculating aquaculture system (pH=7.6, oxygen 

saturation=100%, temperature=28 °C and photoperiod adjusted at 11:13 dark:light). To 

minimize the effect of environmental factors and sampling bias, the fish were full-sibs reared 

in common garden in a single tank and randomly sampled. The fish were euthanized by 

immersion for 3 minutes in 10 L of water containing 15 ml clove oil pre-mix, consisting of 

pure clove oil (Sigma Aldrich, USA) and 96% ethanol at a 1:9 ratio. Fast (white) muscle, liver 

and pituitary gland were carefully dissected from five (5) males, snap-frozen in liquid 

nitrogen and stored at -80 °C. In particular, fast muscle was extracted from a 4 mm cross-

section at 0.7 standard length. The samples were taken above the lateral line from the left 

upper white muscle mass. Liver samples were collected from the left lobe and around the 

entry point of the portal vein. The pituitary gland was extracted by cutting open the skull, 

removing the brain from the dorsal side and picking the pituitary out with forceps. 

Information regarding the measurements (weight, total and standard length) of the fish can 

be found in Table 2. 

 

DNA extraction and RRHP library preparation 

DNA extraction was carried out using the Quick-DNA miniprep plus kit (Zymo Research, USA) 

according to the manufacturer’s instructions. Quantification and integrity control of the 

extracted DNA was performed using Qubit 3.0 fluorometer and the double-stranded DNA 

high sensitivity assay kit (ThermoFisher Scientific, USA) and Tapestation 2200 (Agilent 

Technologies, USA), respectively (Additional file 15A). 



 

17 

 

Reduced representation of 5-hydroxymethylcytosine profiling (RRHP) was performed 

according to manufacturer’s protocol (Zymo Research). The preparation of RRHP libraries 

was performed synchronously for all tissues and replicates. The starting DNA concentration 

was 150 ng diluted in 10μl DNAse and RNAse free water. Sequencing was performed using 

Nord University’s inhouse NextSeq500 (Illumina, USA) and all libraries were pooled with 

equal volumes. Finally, they were distributed among three High-Output kit v2.5 150 cycle 

flow cells, yielding approximately 360 million single-end reads.  

 

RRHP bioinformatic pipeline 

Raw reads were trimmed for adapters using trim_galore v0.4.4 and quality check was 

performed using MultiQC. The software Bowtie v0.12.8 was used for the alignment of high 

quality and trimmed reads to the latest Nile tilapia reference genome (NCBI assembly 

GCA_001858045.3) (Conte et al., 2017) with the following parameters: -S -v 1 -n 1 -m 3 --

strata --best. The chromosome, position and strand information from reads that start with 

CCGG were extracted in text files for each sample. These files were used as input into R, 

where a count matrix was created by summing up overlapping chromosomal positions. To 

minimize the false discovery of 5hmCs the data set was filtered twice, as reported 

(Konstantinidis et al., 2020). Briefly, the first filter removed reads for which more than two 

groups of samples (2 out of 3 tissues) had less than 1 count. For the second filter, the median 

of the entire dataset was calculated and 5hmC sites were removed when at least one tissue 

among the three (5 or more samples) had counts equal or less than the median (21 counts). 

For the comparison of 5hmC levels at single nucleotide resolution between the three tissues, 

we used the R package limma (Ritchie et al., 2015) and the adjusted p-values were calculated 

using the Benjamini-Hochberg correction. Three contrasts were performed comparing the 

5hmC levels of i) the muscle against the liver (MvL), ii) the muscle against the pituitary gland 

(MvP) and iii) the liver against the pituitary gland (LvP). 

 

  



 

18 

 

Functional enrichment analysis 

Differentially hydroxymethylated cytosines located within uncharacterized genes were 

excluded from further analysis, since they lack information regarding their function. In total, 

4,590 DhmCs in MvL, 463 DhmCs in MvP and 367 DhmCs in LvP comparisons were annotated 

within uncharacterized genes. Functional enrichment analysis was performed using gProfiler 

(version: e99_eg46_p14_f929183) with default parameters for Oreochromis niloticus. 

Multiple testing correction was performed using the suggested tailor-made algorithm g:SCS 

and the significance threshold was set at 0.05 (Raudvere et al., 2019). The analysis was 

separated in 6 stages using hyper- and hypo-hydroxymethylated genes per pairwise tissue 

comparison as well as 3 additional stages for genes that were both hypo- and hyper-

hydroxymethylated in a single tissue per pairwise tissue comparison. 

 

RNA extraction and library preparation 

The same fast muscle samples that were used for the RRHP library preparation were 

homogenised in DNA/RNA Shield (Zymo Research) using ZR bashing beads lysis tubes (Zymo 

Research). Homogenization was carried out using a Precellys 24 homogenizer (Bertin 

Instruments, France) with 2 cycles at 5000 rpm and 20 seconds duration. RNA extraction was 

performed using the Quick-RNA miniprep kit (Zymo Research) following the manufacturer’s 

protocol for samples stored in DNA/RNA Shield. The Ribo-Zero Gold rRNA removal kit 

(Illumina) was used to ensure the removal of ribosomal RNA. RNA quality was determined 

using the spectrophotometer NanoDrop ND 1000 (ThermoFisher Scientific), while its 

concentration and integrity was measured with an RNA High-sensitivity screentape on a 

Tapestation 2200 (Agilent Technologies) (Additional File 15B). For the library preparation, 

the NEBNEXT Ultra II Directional RNA library prep kit for Illumina (NEB, USA) was used 

following the manufacturer’s instructions and recommendations. Each sample was tagged 

with a unique barcode and the libraries were pooled at equimolar concentrations. The pool 

was sequenced at the Norwegian Sequencing Centre on a HiSeq 4000 lane (Illumina) in 

paired-end 150 bp mode. The resulting files were trimmed using BBDuk of the BBTools Suite 

(v. 38.22-0, Joint Genome Institute) which decontaminates using Kmers. Adapters were 

trimmed as per default (ktrim=r, k=23, mink=11, hdist=1, tpe, tbo) and quality trimmed for 
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both sides of the read with the Phred threshold set to 20, while reads less than 23 bp after 

trimming to Q20 were discarded. An index was built with the HISAT2 (v. 2.1.0) program (Kim 

et al., 2019) using the Nile tilapia reference genome above and trimmed reads were aligned 

by the core function of HISAT2 with RNA strandness set to FR and reported alignments 

tailored for downstream transcript assemblers. Alignments were sorted by samtools (v. 1.9)  

and a summarized report for all samples was generated the MultiQC software (Ewels et al., 

2016). Calculation of count numbers for each gene was performed by featureCounts (v 1.6.2) 

(Liao et al., 2014) of the Subread package (Liao et al., 2013) using the gff3 genome 

annotation (NCBI, ref_O_niloticus_UMD_NMBU_top_level.gff3). Chimeric fragments were 

excluded, duplicates were ignored, only primary alignments were counted and fragments 

were allowed to match more than one meta-feature. Further analysis were performed in R 

(v. 3.6.1) (Team, 2015) and Rstudio (1.2.1335) (Team, 2020). The DESeq2 package (Love et 

al., 2014) was used for applying a regularized log transformation to the data in order to 

minimize differences between small counts and normalize according to the library size in an 

unbiased manner by prior information.  

For each cytosine with 5hmC information, the mean of 5hmC counts across all five biological 

replicates was used together with the distance of each C from the TSS. Each C corresponded 

to a single expressed gene, the value of which was estimated based on the mean of gene 

expression counts across all five biological replicates. In other words, a value of gene 

expression could be attributed to more than one C. Principal component analysis and 

visualizations were performed with the FactoMineR (v. 1.42) and factoextra (v. 1.0.5) 

packages. 

 

Availability of data and materials 

The DNA hydroxymethylation dataset of this study is available in the SRA (NCBI) repository, 

under the accession number PRJNA665628.  

The RNA sequencing dataset of this study is available in the GEO (NCBI) repository, under 

the accession number GSE158910. 
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Tables 

 

Table 1. List of DhmCs between muscle and liver, found within the most expressed genes in 

muscle. Positive and negative logFC values correspond to hyper- and hypo-

hydroxymethylation in muscle compared to liver, respectively. 

Chromosome Position LogFC Annotation Dist. to TSS Gene Symbol Description 

NC_031972.2 3582578 0.70 Intron (1/11) 1318 LOC100707421 
troponin T fast skeletal 

muscle isoforms 

NC_031973.2 16443052 -1.51 Exon (16/24) 7879 LOC100706607 
sarcoplasmic/endoplasmic 

reticulum calcium ATPase 1 

NC_031986.2 22143050 -1.53 Exon (5/6) 2333 LOC100698429 
myosin light chain 3 

skeletal muscle isoform 

NC_031969.2 34504991 -1.74 Intergenic 10176 LOC100697135 
nucleoside diphosphate 

kinase B 

NC_031969.2 34505127 -1.94 Intergenic 10040 LOC100697135 
nucleoside diphosphate 

kinase B 

NC_031973.2 16442970 -2.01 Exon (16/24) 7797 LOC100706607 
sarcoplasmic/endoplasmic 

reticulum calcium ATPase 1 

NC_031969.2 23538241 -2.72 Intergenic 19650 LOC100698429 
myosin heavy chain fast 

skeletal muscle 

NC_031969.2 23538340 -3.18 Intergenic 19551 LOC100698429 
myosin heavy chain fast 

skeletal muscle 
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Table 2. Sampling information in xlsx format, including measurements of weight, total and 

standard length of all the individuals used for the current study (n=5). Animal and family ID 

were tracked through passive integrated transponders (PIT). 

Sample ID Weight 
(g) 

Total length 
(cm) 

Standard length 
(cm) 

M1 1001 37.1 29.7 
M2 683 33.9 26.8 
M3 1298 37.9 29.1 
M4 915 35.9 28.0 
M5 708 34.2 26.4 
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Figure Legends 
 

Figure 1. Venn diagrams representing the RRHP dataset. A) Stacked Venn diagram showing 

the distribution of total CCGG sites captured by RRHP, substantially hydroxymethylated and 

differentially hydroxymethylated among tissues compare to the total genomic CCGG sites of 

the Nile tilapia genome. B) Venn diagram depicting total differentially hydroxymethylated 

sites between and among tissue comparisons (MvL - Muscle vs Liver, MvP – Muscle vs 

Pituitary, and LvP – Liver vs Pituitary). C) Venn diagram showing the total and shared number 

of hyper-hydroxymethylated genes among tissues. Genes containing or associated with a 

DhmC in close proximity based on their distance to TSS were considered differentially 

hydroxymethylated. Created with BioRender.com 

 

Figure 2. Histograms depicting the number of differentially hydroxymethylated cytosines 

(DhmCs) between (A) muscle versus liver, (B) muscle versus pituitary gland, and (C) liver 

versus pituitary.  

The number of hyper- and hypo-hydroxymethylated sites are presented separately for 

promoters, introns, exons, transcription termination sites and intergenic regions.  

 

Figure 3. Heatmaps of growth-related genes containing differentially hydroxymethylated 

cytosines (DhmCs) among the three tissues. The level of 5hmC enrichment is mapped based 

on 5hmC counts across samples. The three heatmaps represent the comparisons between 

(A) muscle and liver, (B) muscle and pituitary, and (C) liver and pituitary. The 5hmC 

enrichment is represented as a gradient from light blue (low) to red (high). 

 

Figure 4. Principal component analysis using three variables; mean 5hmC levels (orange), 

mean gene expression (GE; blue) and distance to transcription start site (green) across the 

first two dimensions that explain 67.5% of the total dataset variation. Colour coding depicts 

the quality (cos2) of representation for the three variables, with lower, intermediate and 

higher quality represented in blue, yellow and orange, respectively. 
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Figure 5. Line graph depicting the correlation of low (light blue) and high (red) 5hmC levels 

with gene expression. DNA hydroxymethylation levels are represented on the y-axis in four 

density quantiles from 0 to 100%, while the x-axis shows mean gene expression. The three 

graphs from left to right represent the correlations between gene expression and 5hmC 

levels within first exons (A), first introns (B) and promoters (C). 

 

Figure 6. Graphical summary of the main findings of the study. DNA hydroxymethylation was 

enriched within gene bodies and promoters (80%) compared to intergenic regions (20%). 

Tissues of the somatotropic axis were differentially hydroxymethylated. The liver had the 

highest, muscle intermediate, and pituitary the lowest number of hyper-5hmCs. Several 

genes involved in somatic growth were found to be differentially hydroxymethylated among 

all three comparisons (pituitary – muscle, muscle – liver and liver – pituitary). Created with 

BioRender.com 
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Supplemental Material 
 

Supplemental legends 

 

Additional file 1. Barplot in jpeg format, representing the raw, quality control and trimmed, 

uniquely aligned, multiple aligned and failed to aligned reads (x-axis) in millions (y-axis) 

across the three tissues. Muscle, liver and pituitary are represented in green, purple and 

dark blue, respectively (n=5). Bars and error bars represent means and standard errors, 

respectively. 

 

Additional file 2. List of differentially hydroxymethylated cytosines (DhmCs) in xlsx format, 

among all pairwise tissue comparisons. Their location within the Nile tilapia genome (NCBI 

assembly GCA_001858045.3) is depicted in the first three columns (Chromosome, Position 

and Strand). Gene symbols and their annotation are based on the output by HOMER. 

Adjusted p-values for each pairwise tissue comparison: muscle compared to pituitary (MvL), 

liver compared to pituitary (MvP) and muscle compared to liver (MvL). Finally, the rest 

columns depict the 5hmC filtered counts and average filtered counts per sample and tissue, 

respectively. 

 

Additional file 3. Barplot in jpeg format, representing the percentage of DhmC enrichment 

(y-axis) within the annotated features (TTS, exons, introns, intergenic, promoters; x-axis). 

Muscle, liver and pituitary are represented in green, purple and dark blue, respectively (n=5). 

 

Additional file 4. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on all hypo-hydroxymethylated genes in muscle compared to liver 

(gProfiler, multiple testing correction g:SCS, q<0.05). 

 

Additional file 5. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on all hyper-hydroxymethylated genes in muscle compared to liver 

(gProfiler, multiple testing correction g:SCS, q<0.05). 
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Additional file 6. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on 773 genes that contained hyper-hydroxymethylcytosines in both 

muscle and liver (gProfiler, multiple testing correction g:SCS, q<0.05). 

 

Additional file 7. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on all hyper-hydroxymethylated genes in muscle compared to pituitary 

(gProfiler, multiple testing correction g:SCS, q<0.05). 

 

Additional file 8. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on all hypo-hydroxymethylated genes in muscle compared to pituitary 

(gProfiler, multiple testing correction g:SCS, q<0.05). 

 

Additional file 9. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on all hypo-hydroxymethylated genes in liver compared to pituitary 

(gProfiler, multiple testing correction g:SCS, q<0.05). 

 

Additional file 10. List of significantly enriched molecular functions and biological processes 

in xlsx format, based on all hyper-hydroxymethylated genes in liver compared to pituitary 

(gProfiler, multiple testing correction g:SCS, q<0.05). 

 

Additional file 11. List of genes (in xlsx format) associated with somatic growth and found 

to be both hypo- and hyper-hydroxymethylated in muscle compared to liver (A), muscle 

compared to pituitary (B), and liver compared to pituitary (C). The information provided in 

the table contains the precise location of 5hmCs in the Nile tilapia genome (Chromosome, 

Position and Strand), the log fold change (logFC) of DNA hydroxymethylation levels between 

the corresponding tissues and their annotation (annotated feature, Distance to TSS, 

transcript, gene symbol and description) based on software HOMER. 
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Additional file 12. List of muscle samples (n=5) and their RNA-Seq library characterization in 

xlsx format. The table provides information for the precise number of reads and fragments 

during every step of analysis, from raw sequenced to uniquely aligned reads and assigned 

fragments. 

 

Additional file 13. List of all the RNA transcripts and their expression in xlsx format. The table 

summarizes the level of expression of each transcript for every fast muscle sample (n=5) 

based on their normalized counts. 

 

Additional file 14. List of the top 30 most expressed transcripts in fast muscle (n=5) in xlsx 

format. The table provides information regarding the expression of each transcript based on 

normalized counts as well as their annotation within the Nile tilapia genome. 

 

Additional file 15. List of (A) DNA and (B) RNA samples, their integrity number and 

concentration after DNA and RNA extraction, respectively. 

 

Supplemental tables 

Supplemental tables are available upon request: ioannis.constant@outlook.com 
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Supplementary Figures 
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DNA hydroxymethylation has been characterized as the sixth DNA 
base in genomic DNA. Its ability to regulate gene transcription and alter 
histone accessibility is the driver behind recent developments across 
several fields of biology. Using one of the most cultivated fish species in 
the world as our model organism, the Nile tilapia, this thesis represents 
the first comprehensive characterization of the DNA hydroxymethylome 
in fish undergoing domestication. Using genome-wide approaches, 
we identified major changes in DNA hydroxymethylation and gene 
expression in response to domestication. Genes involved in growth, 
metabolism, immunity and neuronal-related functions were found to 
be differentially hydroxymethylated between wild individuals and their 
progenitors reared in captivity. Furthermore, phenotypic divergence 
after a single generation in captivity was associated with changes in 
DNA hydroxymethylation rather than genetic mutations. This supports 
our notion that epigenetic modifications play a critical role in animal 
domestication and selective breeding. Moreover, this thesis provides an 
extensive list of candidate epigenetic biomarkers related to growth. Their 
validation has the potential to revolutionize current breeding strategies 
in aquaculture for the selection of superior phenotypes and to contribute 
towards the diversification of the industry. 
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