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resumo 
 

 

O impacto humano no ambiente e nos ecossistemas tem aumentado, 
especialmente nas décadas mais recentes. Esta pressão antropogénica é 
traduzida em fenómenos que são globais, como fragmentação de habitat, 
extinção em massa ou declínio da biodiversidade, que ameaçam os serviços 
dos ecossistemas. A mitigação destes impactos negativos em diferentes 
ecossistemas é largamente dependente da nossa capacidade para avaliar os 
efeitos das pressões nos sistemas biológicos com resolução suficiente, 
permitindo estabelecer relações fidedignas de causa-efeito. 
Ferramentas de elevada resolução para avaliar estes efeitos têm emergido 
recentemente, por exemplo, as baseadas na expressão génica e no 
epigenoma. Este é fortemente influenciado pelas condições ambientais, com 
consequências na expressão génica. Assim, o epigenoma constitui uma nova 
oportunidade para a compreensão mecanicista dos efeitos tóxicos dos 
contaminantes ambientais e para o desenvolvimento de biomarcadores de 
exposição e efeito. Neste contexto, os objetivos específicos da presente 
Dissertação foram: (i) recolher dados genómicos relativos a várias espécies de 
invertebrados representantes de diferentes compartimentos ambientais; (ii) 
quantificar a distribuição do potencial para metilação de regiões genéticas 
codificantes nos genomas destes organismos, com base na prevalência de 
dinucleótidos citosina-guanina (CpG); (iii) elaborar sobre a capacidade 
diferencial das espécies de invertebrados para responderem ou 
potencialmente se adaptarem a pressões ou flutuações ambientais, com base 
na plasticidade fenotípica mediada pela metilação do DNA e/ou mutações 
relacionadas; (iv) concluir sobre as espécies-modelo mais favoráveis para 
abordar a metilação de regiões genéticas codificantes num contexto 
ecotoxicológico. 
De entre o conjunto de 27 espécies selecionadas para meta-análise com 
dados genómicos suficientes disponíveis, 11 apresentaram distribuições do 
rácio entre frequência de CpG observada e esperada (CpG O/E) que sugerem 
a existência de grupos de genes muito suscetíveis a metilação, e 16 
apresentaram distribuições que sugerem que todo o genoma é pouco ou muito 
pouco suscetível a metilação. Padrões de redução de suscetibilidade à 
metilação do ADN foram identificados entre espécies filogeneticamente 
próximas, que apoiam a teoria de que a metilação do DNA poderá ter tido um 
papel relevante na adaptação das espécies a novos nichos ecológicos, p.ex. 
durante a colonização de ambientes terrestres ou dulçaquícolas a partir de 
ambientes primitivos marinhos. A concentração de dinucleótidos CG nos 
genomas analisados permitiu ainda discutir sobre a adequação de diferentes 
organismos-modelo usados em ecotoxicologia para o desenvolvimento de 
biomarcadores baseados na metilação do ADN. Neste contexto, destacam-se 
as seguintes espécies, como modelos com uma maior quantidade relativa de 
dinucleótidos CG: N. vectensis e T. californicus no ambiente marinho; D. 
magna e D. polymorpha em ecossistemas dulçaquícolas; I. scapularis e H. 
saltator no compartimento solo; A. albimanus, A. albopictus e N. vitripennis 
para representar espécies aéreas. Complementarmente a esta evidência, a 
escolha de organismos-modelo neste contexto deve ser guiada pela 
informação existente sobre as suas respostas ecotoxicológicas ao nível 
fenotípico. 
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abstract 

 
The anthropogenic impact in a variety of ecosystems has been increasing 
significantly in recent decades. This anthropogenic pressure translates into 
globally spreading phenomena like habitat fragmentation, mass extinction or 
biodiversity decline, that threaten ecosystem services. The mitigation of such 
detrimental ecological impacts is largely dependent on our ability to properly 
assess effects of the pressures on biological systems, i.e., with sufficient 
resolution levels that allows establishing reliable cause-effect relationships. 
High-resolution tools to assess these effects have recently been emerging, 
e.g., tools based in gene expression and the epigenome. The latter is strongly 
influenced by environmental conditions, with consequences in gene 
expression. Thus, the epigenome constitutes a new opportunity for the 
mechanistic understanding of toxic effects of environmental contaminants and 
for the development of biomarkers of exposure and effect. In this context, the 
specific objectives of the present dissertation were as follows: (i) to collect 
reliable genomic data of various invertebrate species representing different 
environmental compartments; (ii) quantify the distribution of the potential for 
gene body methylation based on the prevalence of CpG dinucleotides in the 
genome of each species; (iii) elaborate on the differential ability of invertebrate 
species to respond or potentially adapt to challenging and/or highly fluctuating 
environments based on phenotypic plasticity mediated by DNA methylation 
and/or related mutations; (iv) conclude on the most favourable models to 
address gene body methylation within an ecotoxicological context. 
Among the set of 27 species with reliable genomic data publicly available 
selected for meta-analysis, 11 recorded an observed-to-expected CpG ratio 
distribution (CpG O/E) that suggest the existence of gene groups with high 
susceptibility to methylation, and 16 have distributions suggesting that the 
entire genome is little or very little susceptible to methylation. Patterns of 
reduced susceptibility to DNA methylation have been identified among 
phylogenetically closely related species, which supports the theory that DNA 
methylation may have played a relevant role in species adaptation to new 
ecological niches, e.g., during the colonization of terrestrial or freshwater 
environments from primitive marine environments. The concentration of CG 
dinucleotides in the analysed genomes also allowed to discuss the suitability of 
different model organisms used in ecotoxicology for the development of 
biomarkers of exposure or effect based on DNA methylation. In this context, the 
following species are noteworthy as those presenting higher relative levels of 
CG dinucleotides in their genome: N. vectensis and T. californicus in the 
marine environment; D. magna and D. polymorpha in freshwater ecosystems; I. 
scapularis and H. saltator in the soil compartment; A. albimanus, A. albopictus 
and N. vitripennis representing aerial species.  
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1. INTRODUCTION 

Humans have always had an impact on the environment and on the ecosystems they 

interact with but in more recent decades this impact has increased, and the consequent 

detrimental effects have been reasoned for long (Dudgeon et al. 2006a, b; DURANCE and 

ORMEROD 2009; Fenoglio et al. 2010; Pereira et al. 2010; Carpenter et al. 2011a; Madin et 

al. 2016). Such anthropogenic pressure ultimately translates into globally spreading 

phenomena like habitat fragmentation, mass extinction, biodiversity decline, spread of 

invasive species, and overall depletion of ecosystem services, these being of particular 

importance to humanity (May 1988; Ehrenfeld 2010; Dirzo et al. 2014; Wilson et al. 2016; 

Otto 2018). 

The benefits that ecosystem services provide are reflected in the many and varied benefits 

humans take advantage off as provided by the natural environment and its ecosystems, 

e.g., agroecosystems, forest ecosystems, grassland ecosystems and aquatic ecosystems. 

Examples of some ecosystem’s services are the pollination of crops, weather mitigation, 

clean air and human well-being in both mental and physical aspects. These services are also 

often integral for many processes on which we are reliant upon, like the provisioning of 

clean drinking water, waste decomposition and the overall resilience and productivity of 

food supplying ecosystems. Ecosystem services can be categorised into 4 different types: 

provisioning, like the production of food and water; regulating, such as the control of the 

climate and disease; supporting, for instance nutrient cycles and oxygen production; and 

cultural, for example spiritual and recreational benefits (Millennium Ecosystem 

Assessment 2005). 

A majority of ecosystem services are either being degraded or used in an unsustainable 

way including the provisioning of food, the regulation of clean air and water and also the 

regulation of regional and local climate. Because of efforts done to boost the availability of 

given services, such as food provisioning, many ecosystem functions have been degraded. 

These costs are often shifted between groups of people: taking the above example, the 

people benefiting from the increase supply of food may not be the same people that face 

the cost of that said increase (Millennium Ecosystem Assessment 2005; Field et al. 2014). 
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Over the past several decades, humans have altered ecosystems to a degree that cannot 

be compared to any other period of time in human history. This alteration has been usually 

in the pursuit of satisfying our ever-increasing demand for various resources like for e.g., 

food, fresh water and fuel. The amount of land used for cultivation (e.g., there are areas 

where at least 30% of the landscape is used for crops), shifting cultivation, livestock 

production or freshwater aquaculture, has increased so much that it accounts for one 

quarter of Earth’s terrestrial surface (Millennium Ecosystem Assessment 2005; Dubois 

2011). In the latter few decades of the twentieth century, around 20% of the world's coral 

reefs were lost, and another 20% were degraded; also, 35% of mangrove land was lost 

during this time (Cesar et al. 2003; Goldberg et al. 2020) The quantity of water that is being 

sequestered by dams quadrupled since 1960 and water held in reservoirs is three to six 

times more than that held in rivers. The amount of water being extracted from rivers and 

lakes has doubled since 1960 and most of it is used (70% worldwide) for agriculture. Since 

the beginning of the Industrial Age the concentration of carbon dioxide in the atmosphere 

has increased by about 47% (from about 280 to 412 parts per million in 2019), mainly due 

to utilization of fossil fuels and land use changes (Alan Buis 2019). 

Across a wide variety of taxonomic groups, the majority of these changes reflect a loss of 

biodiversity. The majority of species' population sizes, ranges, or both are currently 

dropping, and the distribution of species on Earth is becoming increasingly homogeneous 

(Millennium Ecosystem Assessment 2005; Pecl et al. 2017). Indeed, the number of species 

on the planet is declining, over the past few centuries, the rate of species extinction has 

increased by as much as 1,000 times above the natural background rates, and this increase 

can be attributed to humans (Millennium Ecosystem Assessment 2005; de Vos et al. 2015). 

Some 10–30% of mammals, birds and amphibian species are currently threatened with 

extinction. Freshwater ecosystems tend to have the highest proportion of species 

threatened with extinction and genetic diversity has declined globally. These phenomena 

can either be a direct outcome of human activity or an indirect effect, for example when 

linked to climate change. 

Among ecosystem provisioning services, freshwater supply is remarkably concerning, not 

only due to the fact that humans need it to survive but because of its noteworthy, limited 
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supply. Only 2.5% of the volume of all water on Earth is freshwater, and then 68.7% of it is 

permanently frozen and 29.9% is ground water; only 0.26% of freshwater is available in 

lakes, rivers and reservoirs (Carpenter et al. 2011b; Reid et al. 2019). Freshwater is utilized 

in various human activities besides direct consumption, such as agriculture, various 

industrial processes, and energy production. The problem of freshwater scarcity is an ever-

increasing problem for several reasons anchored first in the physical scarcity of water 

available due to the increased frequency and severity of drought events and the 

overutilization of aquatic resources, and second in the scarcity of water of good quality 

resulting from the pollution of aquatic resources (Reid et al. 2019; Santos et al. 2021). 

Nowadays, there are millions of people who do not have an easy access to freshwater and 

this scarcity will only increase with the expected increase in human population, as well as 

with the consequent need for an increase in energy, industrial and agricultural production. 

This will raise the pressure in an already stressed system (Carpenter et al. 2011b; Reid et 

al. 2019). Remarkable direct anthropogenic pressures over freshwater ecosystems 

nowadays are land-use, human alteration of water flows, and chemical inputs that often 

come from agricultural and urban areas, as well as the discharge of contaminated effluents 

that can be produced in e.g., mining and industrial activities that have been leading to an 

increase in the quantity of exogenous chemicals such as organic compounds, acids and 

heavy metals alkalis released and spread throughout freshwater ecosystems (Carpenter et 

al. 2011b; Reid et al. 2019; Santos et al. 2021).  

Marine ecosystems provide various services that are of importance to humanity, and 

among them are: the regulation of the global climate, contribution to the water cycle, 

maintenance of biodiversity and perhaps the one that affects humanity in a more direct 

way, i.e., the provision of food through fisheries. Fish contributed around 17% of total 

animal protein and 7% of all proteins consumed globally in 2017, making food provision 

particularly significant; fish provides 20% of the average per capita intake of animal protein 

for about 3.3 billion people and it provides 50% or more of total animal protein intake in 

some countries (Food and Agriculture Organization of the United Nations 2020). These 

ecosystems are currently being pressured by a variety of different factors, from climate 

change that induces the acidification of ocean due to carbon sequestering or rising sea 
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temperatures, which accelerates the acidification of the oceans and impacts temperature-

sensitive ecosystems like coral reefs, to factors more directly related to human actions like 

overfishing, pollution with metals, toxins, plastics and more recently micro- and nano-

plastics. These more direct impacts are related to the human proximity to the coast, with 

nearly 40% of the people in the world living within 100 km of the coast (Joyner and Frew 

1991; Reish et al. 2002; Aronson et al. 2011; Mearns et al. 2012; Naser 2013; Gaw et al. 

2014; Madin et al. 2016; Peng et al. 2020; Falkenberg et al. 2020).  

Terrestrial ecosystems have also been severely affected by the destruction of habitats, 

overhunting, pollution and climate change. These pressures may have severe impacts on 

the provisioning services that terrestrial environments are able to provide and that humans 

need, particularly food provision. Because soil provides the natural habitat for plant growth 

and development, as well as serve as water and nutrient reservoirs, it is essential for the 

proper development of plants and microorganisms. An overarching problem is soil-

degradation by the means of soil overexploitation that lowers the current and/or future 

capacity of the soil to support life (Bridges and Oldeman 1999). One of the main specific 

pressures that act on terrestrial ecosystems is soil pollution. The main and most studied 

aspects of soil pollution is that by heavy metals and by pesticides. Soils have the capacity 

of retaining various pollutants like heavy metals or pesticides and thus act as a pollution 

absorbers (Wołejko et al. 2020). Heavy metals accumulate in soils primarily as a result of 

dry and wet atmospheric deposition from a variety of sources; the primary and most 

significant source of heavy metals is industrial emissions (e.g., chemistry, mining, iron and 

steel industry, metallurgy, building and electronics industry), fuel combustion, waste 

management, and transportation (automobile traffic, fuel composition, road types, types 

of the engine and driving mode are important constraining variables) (Weissmannová and 

Pavlovský 2017). Pesticides are the most common contaminants among all xenobiotics in 

soil. Due to the fast human population growth in the last 50 years and a growing demand 

for high-quality food, agricultural producers frequently implement pesticide-intensive 

processes, resulting in increased pesticide accumulation in the surface layers of soil that 

often persists for long periods of time. Metal and pesticide contamination in soils often 
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translates into bioaccumulation and biomagnification phenomena across the food chain, 

which can potentially threaten human and environmental health (Wołejko et al. 2020). 

The limitation of such detrimental impacts in different ecosystems, hence promoting the 

services they can provide, is largely dependent on our ability to properly assess effects of 

the pressures. Assessment allows linking pressing factors with their effects, which is critical 

for example to define restrictions to pollutants’ emission within a regulatory context or to 

establish appropriate measures for recovery management. An example of this context is 

the Water Framework Directive (WFD) that guides towards reaching the common goal of a 

'good status' for all water bodies in the EU (Shea and Thorsen 2012; Santos et al. 2021). 

Furthermore, ecological risk assessment (ERA), which assesses the likelihood that adverse 

ecological effects will occur or are occurring as a result of exposure to one or more 

stressors, is perhaps the most comprehensive and integrated framework for assessing the 

responses of ecosystems to anthropogenic pressure, either prospectively or retrospectively 

(Shea and Thorsen 2012). How likely an organism or ecological component responds to a 

specific stressor indicates on how sensitive they are to that stressor. Responses of biological 

systems can be measured in number of different ways considering several endpoints and 

using a number of different tools, while ecotoxicological evidence more directly addresses 

cause-effect relationships (Shea and Thorsen 2012). Common tools to assess responses at 

the individual level are, for example, acute toxicity tests that generally measure the 

lethality of stressors (e.g., through median lethal concentration, LC50, benchmarks) or 

chronic toxicity tests that generally measure sub-lethal impacts in reproductive rates or 

growth (through estimated benchmarks such as effect concentrations, ECx, or data-based 

benchmarks such as the no-observed-effect-concentration, NOEC, or the lowest-observed-

effects-concentration, LOEC) (Akhila et al. 2007; Newman 2019). Responses at the sub-

individual level, although needing further extrapolation for an appraisal of the potential 

higher-level outcomes that more closely relate to ecosystem impairment, are very useful 

tools for assessing environmental impacts at a mechanistic level, and often as early warning 

signals of effects at the individual level (Strimbu and Tavel 2010). In this context, 

biochemical biomarkers are often used. For example, cholinesterases are enzymes that 

have an important role in neurotransmission and can respond to neurotoxic stressors, 
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therefore their measured activity can reflect the effects of these stressors (Walker 1992; 

Colovic et al. 2013).  

DNA and RNA can be understood as the biological levels bearing the highest resolution 

regarding the assessment of effects of environmental pollutants. Several tools are available 

that use DNA to detect and measure effects of environmental stressors, based for example 

on structural alterations like damage. DNA damage can be caused by either endogenous or 

exogenous factors. Exogenous DNA damage occurs when environmental, physical, and 

chemical factors damage the DNA. Endogenous DNA damage occurs when chemically 

active DNA interacts with water and reactive oxygen species in hydrolytic and oxidative 

processes (ROS). Failure of DNA repair systems to repair this damage can lead to a variety 

of illnesses, including neurological disorders and sporadic malignancies, not to mention 

overall degradation of biological functions (Chatterjee and Walker 2017). Also, gene 

expression, i.e., the transcription of DNA to RNA, is a process that can be specifically 

affected by stressors, constraining phenotypic responses and thus defining the response of 

the exposed organisms to e.g., contaminants (Snell et al. 2003; Schirmer et al. 2010). 

Through the analysis of gene expression profiles, one can clarify the mechanistic behind 

the effects of a given contaminant, but it is also possible in some particular cases to identify 

the contaminant(s) that are impacting the studied individuals; this is because toxicant-

induced genes are only a small part of genome and define specific pathways activated by 

the exposure, which can be unique signatures of the stressors involved (Snell et al. 2003; 

Schirmer et al. 2010; Louis et al. 2017).  

At this high-resolution level, the study of the epigenome, that consists of heritable 

phenotypic changes that do not involve alterations in the DNA sequence, has also been 

emerging. It is known that the epigenome is largely influenced by environmental 

conditions, and epigenetic changes may alter gene expression, and thus the way the 

genome responds to environmental stress. Therefore, epigenetics provides a whole new 

venue for the mechanistic understanding of toxic effects of environmental chemicals, as 

well as to the development of early-warning biomarkers of exposure, both highly relevant 

features within ERA frameworks. In spite of its potential in ecotoxicology, epigenetics is a 

relatively new field, and a lot of research still needs to be done to fill many gaps, which 
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nowadays prevent its wide incorporation in ERA (Vandegehuchte and Janssen 2011; 

Suarez-Ulloa et al. 2015; Jeremias et al. 2018a, 2020; Šrut 2021). 

 

1.1. Epigenetics 

Epigenetics is defined as the study of potentially heritable phenotype changes that do not 

involve alterations in the DNA sequence. These changes occur through several different 

mechanisms but the most common are DNA methylation, histone modification and non-

coding RNAs (Vandegehuchte and Janssen 2011), hence these are developed further in 

section 1.1.2. These epigenetic alterations can be a response to environmental cues, and 

they are generally reversible. So, they may contribute to the development of abnormal 

phenotypes and also the modulation of normal physiological responses.  

The epigenetic mediation of physiological responses to environmental stimulation has 

been demonstrated widely. An example among many is the vernalization reaction of plants 

growing at high altitudes (Jaenisch and Bird 2003). Vernalization is a quantitative reaction 

to low temperature that causes flowering to occur sooner. The FLOWERING LOCUS C (FLC) 

gene is assumed to play a key part in the vernalization response, allowing the vernalized 

state to be passed down in a mitotically stable manner. It has been demonstrated that DNA 

methylation regulates FLC activity, and that genome-wide demethylation, induced by 5-

azacytidine or a METHYLTRANSFERASEI (METI) antisense construct, increases blooming in 

vernalization-responsive Arabidopsis ecotypes and mutants (Sheldon et al. 2000).  

In addition, generational and transgenerational inheritance of epigenetic marks has been 

(more scarcely) demonstrated as a new scope for the understanding of local adaptation 

processes, long-term responses and resilience to environmental changes by organisms in 

the wild. For example, Jeremias et al. (2018b) found that specific methylation patterns were 

transferred from a parental generation exposed to salinity stress to a non-exposed 

generation (F3) of Daphnia magna. In particular, hypomethylation of six protein-coding 

genes with important roles in the organisms’ response to environmental change like DNA 

damage repair, cytoskeleton organization, and protein synthesis was recorded, which may 

increase the potential for future generations to better deal with the same stressor. But 
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environmental stress can also induce negative effects at the phenotypic level, driven by 

epigenetic mechanisms, that reduce organisms’ fitness. For example, mice exposed to 

social defeat stress develop long-term depression-like symptoms. These mice were 

observed to have a decrease in expression of brain-derived neurotrophic factor (BDNF) 

transcripts linked to an increase in methylation at histone 3 lysine 27, corresponding to the 

promoter regions of the same transcripts (Tsankova et al. 2006); offspring whose parents 

had been exposed to social defeat stress also exhibited depressive and anxiety-like 

behaviours (Dietz and Nestler 2012). 

 

1.1.1. Epigenetic mechanisms 

Epigenetic mechanisms have distinct ways of influencing gene expression and therefore 

their own ways of altering phenotypes. The most common epigenetic mechanisms are 

histone modifications, non-coding RNAs and DNA methylation, the latter being the most 

comprehensively studied so far. 

 

1.1.1.1. Histone modifications 

Histones are proteins abundant in lysine and arginine residues, which are found in the 

nuclei of eukaryotic cells. They act as spools around which DNA winds creating structural 

units called nucleosomes, thus preventing DNA from becoming tangled and protecting it 

from DNA damage. H1/H5 (linker histones), H2, H3, and H4 (core histones) are the five 

families of histones. The nucleosome core is formed of two H2A-H2B dimers and a H3-H4 

tetramer (McGinty and Tan 2015). The structure of histones is not static and post-

translational modifications of their protruding amino-terminal tails, which they all have, 

can change their mutual affinity as well as their affinity towards DNA and other chromatin-

associated proteins, hence the role of these post-translational changes in controlling gene 

expression. These modifications include (but are not limited to) methylation, citrullination, 

acetylation and phosphorylation (Lennartsson and Ekwall 2009) (see Figure 1 for a 

summary). The various post-translational modifications of histones that are herein 
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described directly affect the structure of chromatin, regulating the level of chromatin 

condensation and thus transcription, affecting gene expression (Gibney and Nolan 2010). 

 

Figure 1. Summary on the most common and best known post-translational modifications of 
histones considered in the epigenetics arena. Adapted from “Protein Post-Translational 
Modifications”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-
templates 

 

Histone methylation usually occurs in lysine residues through the addition of one, two, or 

many methyl groups, which can be recognized by proteins containing certain domains like 

Tudor, chromo or PHD that in turn can differentiate between mono, di and tri-methyl 

lysine.  Histone lysine methylations impart active or repressive transcription based on their 

locations and methylation states, unlike other histone modifications that merely identify 

active or repressed chromatin states. H3K4, H3K36, and H3K79 methylations are assumed 

to indicate active transcription, whereas H3K9, H3K27, and H4K20 methylations are 

thought to indicate silenced chromatin states (Hyun et al. 2017). 

Citrullination converts arginine into citrulline in a process driven by enzymes like peptidyl-

arginine deiminases (PADs) that hydrolyse the imine group of arginine and attach a keto 

group. This process removes a positive charge from the amino acid residue. The activation 

of gene expression has been found to be an outcome of this process as it renders histones 

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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less bound to DNA and by consequence makes the chromatin more accessible 

(Christophorou et al. 2014). PADs can also counteract the effect of arginine methylation 

(less common than lysine methylation; see above) by eliminating or blocking mono-

methylation of arginine residues on histones; through this process the effect of arginine 

methylation on transcriptional activity can be antagonized (Cuthbert et al. 2004), 

configuring an indirect effect of the histone citrullination machinery. 

The acetylation of histones typically occurs in lysine residues. This happens through the 

addition of an acetyl group and has a major chemical effect on the lysine as it neutralises 

the positive charge it possesses. This makes the histone and the negatively charged DNA 

less electrostatically attracted to each other, resulting in the relaxing of the chromatin 

structure. Histones that are highly acetylated induce a higher accessibility to chromatin, 

usually associated with active transcription. Histone acetyltransferases tend to act on more 

than one lysine in order to have a substantial effect on chromatin structure, hence lysine 

acetylation appears to be less precise than methylation (Grunstein 1997).  

Histone phosphorylation can occur on the amino acids serine, threonine or tyrosine. This 

modification adds a negatively charged phosphate group, which results in a repulsive force 

between the negatively charged phosphates of the DNA and the modified amino acid. This 

alters the structure of the chromatin and changes DNA accessibility. This modification is 

generally associated with transcriptional activation (Jaenisch and Bird 2003; Gibney and 

Nolan 2010; Rossetto et al. 2012).   

Environmental stress has been shown to influence these modifications. For example, Lee 

et al. (2018) demonstrated that alterations in global histone modification status, 

particularly the hyper-methylation of H3K36, occurred in C. riparius following exposure to 

bisphenol-A, as well as that arsenic may affect histone methylation primarily by competing 

with the methyl group S-adenosylmethionine (SAM) during its own methylation 

metabolism. Gilmour et al. (2003) showed that treatment with PM10 and H2O2 increased 

the activity of histone acetyltransferases as well as the level of acetylated histone 4 in 

human alveolar cells, and Burkhart et al. (2007) showed that phosphorylation of histone 

H3 serine 10 and 28 increased under osmotic stress.  



12 
 

1.1.2.2. Non-coding RNAs 

Non-coding RNAs (ncRNA) are RNA molecules that do not translate into a protein. Among 

ncRNAs the main types are microRNAs, small interfering RNAs, and long non-coding RNAs. 

They act by being involved in the translation and splicing through sequence specific 

recognition of RNA substrates and thus are involved in the regulation of gene expression 

(Gibney and Nolan 2010).  

MicroRNAs (miRNAs) are small non-coding RNA molecules of around 22 nucleotides that 

interact with complementary sequences in mRNA molecules by base-pairing. The genes 

encoding for miRNA are usually transcribed by RNA polymerase II, then they form a double-

stranded RNA hairpin structure, which is cut into a smaller precursor miRNA by the RNase 

III Drosha, partnered by the microprocessor complex subunit DGCR8. This miRNA precursor 

is then exported from the nucleus by the nucleocytoplasmic shuttler Exportin-5. In the 

cytoplasm, the pre-miRNA hairpin is cleaved by the RNase III enzyme Dicer. Despite the fact 

that both strands of the duplex are capable of acting as functional miRNA, only one of them 

is usually incorporated into the RNA-induced silencing complex (RISC) where the miRNA 

and its target interact. miRNAs don’t need to have 100% complementary in order to pair 

with their target and are able to use as few as 6–8 nucleotides; thus, miRNAs can have 

hundreds of different mRNA targets. The mature miRNA is part of an active RISC containing 

Dicer and many associated proteins including members of the Argonaute (Ago) protein 

family. This complex then interacts with mRNA and can interfere with translation in 

different ways. For example, if there is near 100% complementary the mRNA molecule can 

be cleaved by the RISC complex, which leads to its degradation through natural 

mechanisms (removal of the polyA tail and then degraded thought nucleases). 

Alternatively, the RISC can recruit proteins that have silencing domains to inhibit the 

binding of eukaryotic translation initiation factor and the 60S ribosomal subunit (Bushati 

and Cohen 2007) (Figure 2a). 

Small interfering RNA (siRNA) is a type of double-stranded RNA with a length of 20 to 27 

base pairs. By degrading mRNA after transcription and blocking translation through the 

same mechanisms as miRNA, they interfere with the expression of certain genes with 

complementary nucleotide sequences. Contrarily to miRNAs, siRNAs have perfect 
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complementary with their targets, thus having only one target (Mack 2007; Nambudiri and 

Widlund 2013).  

Long non-coding RNAs (lncRNAs) bear lengths exceeding 200 nucleotides. In many 

instances, mRNAs and lncRNAs are similar in terms of their biogenesis and RNA polymerase 

II (Pol II) transcribes lncRNAs from genomic loci with comparable chromatin states to 

mRNAs; they are frequently 5’-capped, spliced, and polyadenylated. Thus, in general terms, 

they lack any biochemical distinction from mRNAs. However, some specific features 

distinguish lncRNA from mRNA, namely: (i) lncRNAs do not have a translated open reading 

frame (ORF); (ii) lncRNAs tend to be shorter than mRNAs, have fewer but longer exons, and 

are expressed at relatively low levels, exhibiting poorer primary sequence conservation. 

lncRNAs interact primarily with mRNA, DNA, proteins, and miRNA; as a result, they 

influence gene expression in a number of ways at the epigenetic, transcriptional, post-

transcriptional, translational, and post-translational levels. By regulating histone 

methyltransferases or demethylases or by recruiting chromatin-modifying complexes, 

lncRNAs can affect various histone modifications such as methylation and acetylation. They 

can also act as molecular scaffolds binding two or more protein molecules that then 

perform specific biological functions. They can recruit DNA methyltransferases to regulate 

target gene transcription, act as co-factors to modulate transcription factor activity, inhibit 

the transcriptional regulation of genes, cooperate with transcription factors and complexes 

to repress gene transcription and be involved in the mechanisms of alternative splicing. 

They can act as endogenous target mimics (eTMs), which regulate gene expression by 

competing with miRNAs, mediate the decay of mRNA by preventing the interaction of RNA-

binding proteins and mRNAs or they can bind to mRNA transcripts and help to recruit RNA-

binding proteins to stabilize mRNA (Ernst and Morton 2013; Quinn and Chang 2016; Zhang 

et al. 2019) (Figure 2 b, c, d, e, f, g). 

Non-coding RNAs have been shown to be affected by environmental conditions. For 

example, the association between microalbuminuria, elements identified in urine (Hg, Pb, 

As, and Cd), and miR-21, miR-126, miR-155, and miR-221 levels was investigated by Kong 

et al. (2012). They found that the levels of miR- 21 and miR-221 were negatively associated 

with As and Pb levels, and that the levels of miR-21 were associated with microalbuminuria. 
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As a result, in the context of elemental exposure, miR-21 and miR-221 have been proposed 

as biomarkers of renal function. In another study, pregnant mothers and their infants were 

examined for the potential association of the presence of As in drinking water and maternal 

urine with miRNAs expression in cord blood. A number of cord blood miRNAs (let-7a, miR-

107, miR-126, miR-16, miR-17, miR-195, miR-20a, miR-20b, miR-454, miR-96, and miR-98) 

have significant relationships with arsenic levels in urine, and these miRNAs have been 

linked to cancer and diabetes (Rager et al. 2014). The formation of siRNA was already 

associated to salt stress, mediated by other genes like P5CDH and SRO5 as show in Borsani 

et al. (2005), and the lncRNAs MALAT1 and SOX2OT were shown to be induced in human 

cells exposed to ionizing radiation (Chaudhry 2013). 

 

 



15 
 

 

Figure 2. Representation of clarifying selected aspects modulating the role of ncRNAs as players in 
epigenetic mechanisms. In panel (a), a summary on the biogenesis and general mode of action of 
miRNAs is given. In the remaining panels, multiple aspects of the activity of lncRNAs are presented, 
namely in recruiting chromatin-modifying complexes (b); as molecular scaffolds (c); in recruiting 
DNA methyltransferases (d); in modulating transcription factor activity (Activation of gene 
transcription) (e); in modulating transcription factor activity (Repression of gene transcription) (f); 
in acting as a miRNA sponge (g). Created with BioRender.com. 
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1.1.2.3. DNA methylation 

DNA methylation is the epigenetic mechanism better understood and the one that has 

been more explored within an ecotoxicological context. DNA methylation is a biological 

process that consists in the addition of a methyl group (CH3) from S-adenyl methionine 

(SAM) to the 5' position of a cytosine ring, creating a 5-methylcytosine (m5C). DNA 

methylation occurs in cytosines (also, but less prominently in adenines) in both eukaryotes 

and prokaryotes, especially in cytosines followed by guanines (CpG dinucleotides). When a 

CpG-rich region appears in the genome sequence, it is usually called a CpG island. CpG 

islands are defined as regions with a length greater than 200bp, a G+C content greater than 

50% and a ratio of observed to expected CpG greater than 0.6. DNA methylation is 

catalysed by specific enzymes that are named methyltransferases (DNMTs) – see Figure 3 

for an overview of the mechanisms and actors involved in DNA methylation. The 

maintenance methyltransferase DNMT1 is thought to be important for copying DNA 

methylation patterns to daughter strands during DNA replication. Early in development, 

the de novo methyltransferases DNMT3a and DNMT3b establish DNA methylation 

patterns. DNMT3L is a homologous protein to the other DNMT3, but it lacks catalytic 

activity. DNMT3L helps the methyltransferases DNMT3a and DNMT3b by boosting their 

ability to bind to DNA, hence promoting their activity.  

DNA methylation has a reverse process, i.e., DNA demethylation (Figure 3), which can be 

passive or active. Passive DNA demethylation occurs in dividing cells as the result of the 

inhibition or dysfunction of DNMT1. The process itself is not well understood but it is 

known, for example, that primordial germ cells are characterised by the downregulation of 

pathways associated with DNA methylation maintenance like Dnmt1, UHRF1 (Ubiquitin 

Like With PHD And Ring Finger Domains 1) and BER (Base excision repair) pathways 

(Kurimoto et al. 2008). Mulholland et al. (2020) discovered that DPPA3 (Developmental 

Pluripotency Associated protein 3) causes large-scale passive demethylation by binding to 

UHRF1 and displacing it from chromatin, thus preventing DNA methylation maintenance. 

Because DNMT1 is responsible for actively maintaining DNA methylation during cell 

duplication, when this machinery stops working, newly incorporated cytosines remain 
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unmethylated, and there is a consequent reduction of the overall methylation level 

following each cell division (Dean 2016).  

Both dividing and non-dividing cells can undergo active DNA demethylation, although the 

process requires enzyme activities to convert the 5mC back to a naked cytosine (Figure 3). 

Demethylation is accomplished through a sequence of chemical events, usually TET 

(dioxygenase) oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 

then subsequent changes, as depicted in figure 3, result in a product that is identified by 

the BER (Base excision repair) pathway, which replaces the modified base with naked 

cytosine. Although the BER route is widely accepted as the ultimate step in DNA 

demethylation, the specific enzymes and chemical intermediates generated during DNA 

demethylation are still a source of controversy (Jaenisch and Bird 2003; Gibney and Nolan 

2010; Vandegehuchte and Janssen 2011; Kohli and Zhang 2013; Wu and Zhang 2017). 

Figure 3. DNA methylation and demethylation pathways and its components. Reprinted from “DNA 
Methylation”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-
templates. 

 

In animals, DNA methylation is reprogrammed in two stages: one during the formation of 

the germ line, and the other shortly after fertilization, as part of an ongoing cycle that 

ensures genetic material is passed down through generations (Cedar and Bergman 2012) – 
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see a graphical summary in Figure 4. At the E7.5 stage of embryo development, primordial 

germ cells (PGCs) develop, and DNA methylation is completely erased as they proliferate 

and migrate towards the genital ridge. In male and female embryos, new DNA-methylation 

landscapes are generated in germ-cell precursors in an asymmetrical manner following sex 

determination. In the male embryo, de novo methylation takes place before meiosis in 

mitotically arrested cells and is completed before birth. In the female embryo, primary 

oocytes enter meiosis and arrest in Prophase-I; the DNA methylation landscape is 

established only after birth during the follicular/oocyte growth phase. Following 

fertilization, a fresh wave of DNA demethylation occurs that differs from that seen in the 

parental genomes. The paternal genome's DNA methylation is promptly erased by an active 

mechanism in the zygote. Demethylation of the maternal genome is slower and is 

dependent on DNA replication (passive demethylation). These post-fertilisation 

demethylation events do not include imprinted germline differentially methylated regions, 

resulting in parental-allele-specific methylation of these elements in early embryos and 

consequent parental-allele-specific expression of associated imprinted genes. New 

methylation landscapes emerge in tandem with blastocyst implantation and cell-lineage 

determination and are linked to cellular differentiation (Smallwood and Kelsey 2012).  



19 
 

Figure 4. DNA methylation levels during mammalian development. Reprinted from “DNA 
Methylation Levels During Mammalian Development”, by BioRender.com (2021). Retrieved from 
https://app.biorender.com/biorender-templates 

 

Through the addition of the methyl group, DNA methylation alters the biophysical 

characteristics of the DNA, bearing two effects that are usually associated with gene 

repression. First, it inhibits the recognition of DNA by blocking transcriptional activators 

from binding to the DNA sequence (Figure 5a). In this context, Watt and Molloy (1988) 

demonstrated that methylation at a CpG site centrally located within the binding site 

strongly inhibited complex formation and the binding of transcription factor MLTF. Second, 

they facilitate the binding to the DNA of other proteins like methyl-binding proteins (MBPs), 

which recognize methylated DNA and recruit co-repressors to silence gene expression 

directly (Figure 5b). For example, among the MBD family of proteins, MBD1, MBD2, MBD3 

are transcriptional repressors through various mechanisms, resulting in the recruitment of 

co-repressors and histone deacetylases; these histone deacetylases promote the 

compaction of DNA leading to the characteristic remodelling of chromatin. MECP2 is a 

member of the MDB family and can bind to methylated CpG via its MBD domain, as well as 

exert repressive effects on transcription over hundreds of base pairs via its second 
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functional domain, the transcriptional repression domain. The co-repressor Sin3 complex, 

which contains histone deacetylase 1 and 2, or other co-repressor complexes, is recruited 

by this repressor domain. MECP2 can also change chromatin compaction by binding to 

linker DNA and nucleosomes, which creates a physical barrier to the transcriptional 

machinery (Gibney and Nolan 2010). More mechanisms that alter gene expression within 

the general scope of DNA methylation are those involving DNMTs specifically interacting 

with transcription factors, which results in site-specific methylation at promoter regions. 

This site-specific methylation is then responsible for the assembly of proteins that 

recognize methylated DNA at these places, similar to the one described above. These 

assemblies then directly influence further action of the transcriptional machinery or cause 

alterations in chromatin structure, which in turn affects normal gene expression 

mechanisms (Gibney and Nolan 2010).  

 

Figure 5. Methods by which DNA methylation can repress gene expression. a) Methylation prevents 
the binding of transcription factors thus inhibiting transcription. b) Methylation recruits methyl-
binding proteins (MBPs), which in turn recruit co-repressors and histone deacetylases that remove 
acetyl groups from histones leading to a more tightly bound chromatin inducing transcription 
repression. Created with BioRender.com. 

 

Although the most recognised effect of DNA methylation is the repression of gene 

expression, DNA methylation can also promote it by being specifically identified by 

transcription activators. Studies in humans and mice, for example, already showed the 

expression of dozens of transcription factors with binding preferences for specific 

methylated sequences. This can happen when these transcription factors that bind DNA 
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methylation site recruit proteins that catalyse DNA demethylation and through that way 

gene expression is rather activated. C/EBP and KLF4 transcription factors, for example, 

attract the methylcytosine dioxygenase TET2 to enhancers for demethylation during cell-

type reprogramming, as shown by Sardina et al. (2018). DNA methylation can also play a 

role in gene expression activation by displacing other repressive modifications. For 

example, the genomic distribution of DNA methylation is largely mutually exclusive from 

the genomic distribution of histone H3 Lys27 trimethylation (H3K27me3), a gene-

repressive histone modification catalysed by Polycomb repressive complex 2 (PRC2). When 

PRC2 is displaced by DNA methylation and hence loses H3K27me3, gene activation is 

occasionally observed (Greenberg and Bourc’his 2019). 

 

1.2. Epigenetic responses to environmental stressors 

Over the past few years, several studies looking at the effects of various stressors on 

epigenetics marks have been conducted. In the context of the present Dissertation, this 

section reviews what has been done in this field, particularly focusing on organisms other 

than humans, thus effects on those organisms rather than on human health. A summary of 

the studies reviewed is given in table 1. 

Most studies regarding epigenetic effects of environmental stressors study DNA 

methylation rather than other epigenetic mechanisms. Metal elements are perhaps the 

most studied environmental stressors in this context. Exposure to Cd apparently induces 

both hypo- and hypermethylation depending on the organism and on the exposure routine. 

Cribiu et al. (2018) found global DNA hypomethylation in Gammarus fossarum after 14 days 

of exposure, but then hypermethylation after 1 month of exposure. Global DNA 

hypermethylation caused by Cd was shown in Cantareus asperses (Nica et al. 2017a, b) and 

also in Lumbricus terrestris (Šrut et al. 2017), while in Drosophila melanogaster there was 

both increased and decreased methylation in several genes (Guan et al. 2019); for Daphnia 

magna (Vandegehuchte et al. 2009a) and Artemia franciscana (Pestana et al. 2016), the 

methylation status did not respond to Cd. Various other metals induce variable DNA 

methylation patterns. For example, the F1 progeny of D. magna exposed to Zn showed a 
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global reduction in DNA methylation (Vandegehuchte et al. 2009b). In Enchytraeus 

crypticus, Cu exposure in adult animals resulted in no effects regarding global methylation 

level (Noordhoek et al. 2018) but another study performed on juveniles reported a 

tendency for the increase global DNA methylation (Bicho et al. 2020a). Cu caused DNA 

methylation changes in some specific genes of Crassotrea gigas (Sussarellu et al. 2018). 

Studies are available examining the effect of environmental exposure of earthworms 

collected from mining areas associated exposure to the prevailing elements (Au, Ag, As and 

Cu) and particular DNA methylation patterns (Kille et al. 2013); and in a study using 

multigenerational exposure of Chironomus riparius to sediments contaminated with 

metals, global DNA hypermethylation in F0 and hypomethylation in F2 and F4 was found 

(Im et al. 2019). The mussels Mytilus galloprovincialis and Xenostrobus secures were shown 

to experience a decrease in genome-wide DNA methylation when inhabiting ports with 

metal pollution (Ardura et al. 2018).  

Another type of contaminants commonly addressed are pesticides and endocrine 

disruptors. The fungicide vinclozolin (VZ), an endocrine disruptor, has the potential to 

change DNA methylation in several invertebrate species. VZ induces a reduction in global 

DNA methylation in both D. magna and Physella acuta (Vandegehuchte et al. 2010; 

Sanchez-Arguello P et al. 2016), but no intergenerational effects can be observed (Müller 

et al. 2016). Exposure to VZ and the phytoestrogen genistein induced changes in global 

DNA methylation in Aedes albopictus, which correlated with reduced insecticide sensitivity 

until the F2 generation (Oppold et al. 2015). The herbicide diuron induced no effects 

regarding DNA methylation in whole tissue of C. gigas adults exposed during 

gametogenesis, but higher DNA methylation was observed in the sperm of exposed adults, 

as well as in the spat (Bachère et al. 2017) and in the digestive gland, followed by a decrease 

in DNMT activity (Akcha et al. 2021). Both Rondon et al. (2017) and Bachère et al. (2017) 

found that parental exposure to diuron during gametogenesis caused global DNA 

hypermethylation, altered transcriptomic profiles and reduced growth and survival in the 

first year of life regarding the unexposed mussel spat. Bisphenol A (BPA) is an endocrine 

disrupting chemical that has been shown to cause disruptions in epigenetic pathways in 

Eisenia fetida through the repression of the expression of DNMT1 and DNMT3b genes in 
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its male organs (Novo et al. 2018). All of the studies that addressed environmental exposure 

to 5-azacytidine reported a consequent decrease in DNA methylation, both at the global 

and subcellular levels (Vandegehuchte et al. 2010; Lindeman et al. 2019), as well as in 

specific target genes (Athanasio et al. 2018), with intergenerational effects being confirmed 

in unexposed F1 and F2 generations (Vandegehuchte et al. 2010) and in F0 and F1 

generations (Lindeman et al. 2019).  

Several studies use D. magna as a model organism to address DNA methylation upon 

exposure to various environmental factors. D. magna showed global DNA 

hypermethylation in multiple generations (F0–F2) when exposed to water contaminated 

with faecal coliforms (Chatterjee et al. 2019); additionally, gamma irradiation or the toxic 

cyanobacterium Microcystis aeruginosa were shown to induce significant methylation 

changes at specific CpG sites that could persist until the F3 generation post-exposure 

(Asselman et al. 2017) . The epigenome of D. magna is also responsive to other stressors 

like raised salinity levels, which induces global decrease in DNA methylation as well as 

hypomethylation of genes involved in general responses to environmental changes 

(Asselman et al. 2015; Jeremias et al. 2018b).  

Other stressors that have been tested include valproic acid (VPA), curcumin, prednisolone 

(PDS) and perfluorooctane sulfonate (PFOS). VPA and curcumin have altered the expression 

of genes that encode epigenetic regulators like HDACs, HDAC subunits, HATs and 

methylation enzymes in T. castaneum (Bingsohn et al. 2016). PDS exposure in P. acuta 

resulted in a linear decrease of 5 mC content in exposed adults, which was consistent over 

three exposed generations (F0–F2) (Bal et al. 2017), and PFOS exposure of Glyptocidaris 

crenularis resulted in an increase in genome-wide DNA methylation, methylation 

polymorphisms and also demethylation rates (Ding et al. 2015). Studies have also been 

conducted with nanomaterials in E. crypticus, and an increase in global DNA methylation 

that persisted in the subsequent unexposed generations was generally found (Bicho et al. 

2020a, b).  

Histone modifications have also been analysed in respect to the effect of environmental 

stressors, albeit to much less extent than DNA methylation. In Camacho et al. (2018), a 

transgenerational decrease in the germline levels of H3K9me3 and H3K27me3, lasting up 
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to 5 generations, was found in C. elegans exposed to BPA; and in Rudgalvyte et al. (2017), 

modifications to H3K4me3 induced transcription of 1467 genes and repressed it for 508 

genes following chronic exposure of C. elegans to methylmercury. Wamucho et al. (2020) 

found a transgenerational increase in the methylation levels of H3K4me2 in response to 

pristine Ag-NP exposure, and decreased H3K4me2 and H3K9me3 levels following exposure 

to sulfidized Ag-NPs in C. elegans. Decreased methylation of histone H3K9 was found in the 

parental generation exposed to heavy crude oil in C. elegans (Yang et al. 2018a) and 

H3K27me3 enrichment was observed in perinatal D. magna exposed to 5-azacytidine 

(Lindeman et al. 2019). 
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Table 1. Overview of the studies examining epigenetic changes using invertebrates exposed to environmental stressors. 

Reference  Organism  Stressor Effect 

(Wamucho et al. 

2020) 

C. elegans Silver nanoparticles (Ag-NP) Transgenerational increase in histone methylation levels at H3K4me2 in response to pristine Ag-NP 

exposure and decreased H3K4me2 and H3K9me3 levels exposure to transformed sAg-NPs 

(Camacho et al. 

2018) 

C. elegans Bisphenol A Transgenerational decrease in the germline levels of H3K9me3 and H3K27me3 lasting up to 5 

generations with modest impacts on reproduction extending until the F7 

(Yang et al. 2018a) C. elegans Iranian heavy crude oil Decreased methylation of histone H3 (H3K9) was found in the IHC-exposed parental generation 

(Rudgalvyte et al. 

2017) 

C. elegans Methylmercury Modifications of histone H3K4me3 induced enhanced signal in   1467 genes and reduced in 508. 

(Nica et al. 2017a) Cantareus aspersus Cd Hypermethylation 

(Nica et al. 2017b) Cantareus aspersus Cd Increase in 5hmC content in 1 mg/L Cd treatment group 

(Santoyo et al. 2011) Earthworms Silver and gold mine Inverse correlation between the percentage of methylated DNA and total tissue As, As + Hg, As + Hg + 

Se + Sb, and inorganic As + Hg 

(Novo et al. 2018) Eisenia fetida Bisphenol A Lower expression at higher concentrations 

(Bicho et al. 2021) Enchytraeus crypticus CuO NMs and CuCl2 Ago1, H3-dimethyl and 5mC were affected by both Cu forms, concentrations and across generations. 

Effects evident also in unexposed F6 generation 

(Bicho et al. 2020a) Enchytraeus crypticus Copper oxide nanomaterials 

(CuO NMs) and copper salt 

(CuCl2) 

Significant difference in F3, F4, F6, F7 in comparison to F1 in global methylation after exposure to CuO 

NMs, no difference in EF1 genespecific DNA methylation, changes in epigenetic gene targets 

(Bicho et al. 2020b) E. crypticus Nanostructured tungsten 

carbide cobalt (WCCo NMs) 

and cobalt (CoCl2) 

WCCo nanomaterials caused increase in global DNA methylation, which continued in the unexposed 

generations. Increase in methylation was associated with increase in reproduction 
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(Noordhoek et al. 

2018) 

Enchytraeus 

crypticus, Folsomia 

candida 

Copper (Cu) No methylation recorded in F. candida, 1.4% methylation in E. crypticus, no effect of Cu on DNA 

methylation in E. crypticus 

(Kille et al. 2013) Lumbricus rubellus As and Cu mine Association of methylation patterns with soil As concentrations in one earthworm lineage 

(Šrut et al. 2017) Lumbricus terrestris Cd Hypermethylation after exposure to Cd 

(Newbold et al. 2019) Octolasion lacteum Ionising radiation within the 

Chernobyl exclusion zone 

No change in methylation comparing to the control groups 

(Bingsohn et al. 2016) Tribolium castaneum Valproic acid (VPA), 

curcumin 

Curcumin and VPA induced the expression of epigenetic regulatory genes in the F0 and untreated F1 

generation 

(Pestana et al. 2016) Artemia franciscana Cd, Zinc (Zn) No epigenetic alterations 

(Akcha et al. 2021) Crassostrea gigas Diuron No change in global DNA methylation level in whole tissue increased DNA methylation in the digestive 

gland, decrease in DNMT activity upon exposure to diuron 

(Sussarellu et al. 

2018) 

Crassostrea gigas Cu No change in global DNA methylation, decrease in 5-hydroxymethylcytosine, changes in methylation of 

some gene regions (HoxA1, Hox2 and Notochord), decrease in DNMT3 expression 

(Rondon et al. 2017) Crassostrea gigas Diuron Parental diuron exposure had an impact on the DNA methylation pattern of progeny, most of the 

differentially methylated regions occurred within coding sequences 

(Bachère et al. 2017) Crassostrea gigas Diuron Exp 1: No difference in DNA methylation in exposed adults’ whole tissue, higher DNA methylation in 

spat coming from exposed adults; Exp 2: higher DNA methylation in sperm of exposed adults, higher 

DNA methylation in spat coming from exposed adults 

(Ding et al. 2015) Glyptocidaris 

crenularis 

Perfluorooctane sulfonate Increase in DNA methylation polymorphism, methylation and demethylation rate 

(Ardura et al. 2018) Mytilus 

galloprovincialis, 

Xenostrobus securis 

Non-essential metal 

polluted ports 

Demethylation in stressed environments 



27 
 

(Athanasio et al. 

2018) 

Daphnia magna 5-azacytidine Prenatal exposures caused changes in the methylome of target genes, combination of pre- and 

postnatal exposures caused the most extreme reduction in DNA methylation 

(Lindeman et al. 

2019) 

Daphnia magna 5-azacytidine Decrease in global DNA methylation in F0, decrease in global DNA methylation and changes in histone 

modifications in F1. Increase in H3K27me3 enrichment in perinatal exposed D. magna(F1). 

(Chatterjee et al. 

2019) 

Daphnia magna Water contaminated with 

faecal coliforms 

Hypermethylation in F0 and F1 

(Jeremias et al. 

2018b) 

Daphnia magna Salinity  Specific methylation patterns in exposed F0 that were transferred to the three consequent nonexposed 

generations (F1–F3); hypomethylation of six protein-coding genes with roles in the organisms’ response 

to environmental change 

(Trijau et al. 2018) Daphnia magna γ irradiation Significant methylation changes at specific CpG positions in every generation independent of dose rate, 

with a majority of hypomethylation 

(Asselman et al. 

2017) 

Daphnia magna Toxic cyanobacterium 

Microcystis aeruginosa 

Differential methylation mostly in exonic regions of genes related to protein synthesis, transport and 

degradation 

(Asselman et al. 

2015) 

Daphnia magna Arsenic (As), Cd, Lead (Pb), 

Hypoxia, pH, temperature, 

toxic cyanobacterium 

Microcystis aeruginosa, 

salinity stress 

Significant decrease in methylation upon salinity stress in comparison to the control 

(Vandegehuchte et 

al. 2010) 

Daphnia magna Vinclozolin, 5-azacytidine, 

2′-deoxy-5- azacytidine, 

genistein, biochanin A 

Reduction in DNA methylation after exposure to vinclozolin and 5-azacytidine, effect visible in F1 and 

F2 unexposed organisms after parental exposure to 5-azacytidine 

(Vandegehuchte et 

al. 2009a) 

Daphnia magna Cadmium (Cd) No effect 
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(Vandegehuchte et 

al. 2009b) 

Daphnia magna Zn Decrease in DNA methylation in F1 

(Cribiu et al. 2018) Gammarus fossarum Cd Hypomethylation after 14 days, hypermethylation after 1month 

(Bal et al. 2017) Physella acuta Prednisolone Linear decrease of 5 mC content in adult snails of F1 generation 

(Müller et al. 2016) Physella acuta Vinclozolin No effect 

(Sanchez-Arguello P 

et al. 2016) 

Physella acuta Vinclozolin Changes in DNA methylation patterns 

(Oppold et al. 2015) Aedes albopictus Vinclozolin, Genistein Alteration of the global DNA methylation level in F0, effect persisted in F1 and F2; F1 and F2 had 

increased sensitivity to insecticide which correlated with the epigenetic changes 

(Im et al. 2019) Chironomus riparius Metal-contaminated field 

sediments, As 

Hypermethylation at F0, hypomethylation at F2 and F4 

(Guan et al. 2019) Drosophila 

melanogaster 

Cd 39 demethylated and 24 genes with increased methylation in Cd treatment. In most cases, 

demethylation activated gene expression. Significant decrease in methylation 

upon salinity stress in comparison 

to the control 
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1.2.1. Transgenerational Epigenetic Inheritance 

Despite the enormous potential of epigenetic marks as a tool for informing on previous 

exposure scenarios, research on lasting transgenerational epigenetic effects after the 

removal of the stress pressure in organisms other than humans is limited to very few 

studies with model species. Our understanding of this process in most invertebrates is 

nearly non-existent. This is owing in part to a paucity of genomic data and limited use of 

sequencing techniques allowing to identify DNA methylation at a nucleotide resolution 

level. In addition, many organisms have a high generational turnover and a DNA that is 

sparsely methylated.  

Epigenetic alterations are usually cleared and re-establish at each generation, but some of 

them can be transferred through successive generations, even after the initial stress has 

disappeared, by escaping the process of erasing the ancestral methylation patterns. It is 

also believed that maintenance of epigenetic information is often reliant on interactions 

between at least two distinct information carriers, namely the chromatin state or small 

RNAs that could re-establish ancestral methylation states (Bošković and Rando 2018). Small 

RNAs, for example, can guide de novo cytosine methylation at homologous genomic sites 

in both plants and animals (Zilberman et al. 2003; Aravin et al. 2008). Similarly, small RNAs 

can direct the formation of H3K9-based heterochromatin, whereas long noncoding RNAs 

play complex roles in recruitment and modulation of both H3K27/Polycomb and 

H3K4/Trithorax chromatin pathways (Bošković and Rando 2018). Heterochromatin and 

DNA alteration, in turn, can have an impact on the expression of short RNA–generating loci 

(Bošković and Rando 2018). As one prominent example, heterochromatin plays a key role 

in directing proper expression and processing of piRNA precursor transcripts in flies 

(Klattenhoff et al. 2009). But despite some components of how methylation erasing is 

overcome have been unveiled, there still a lot to be discovered and/or clarified. True (i.e., 

transgenerational) epigenetic inheritance was already found in several species, such as 

humans, mice, Arabidopsis, Drosophila or Daphnia magna (Lang-Mladek et al. 2010; 

Jeremias et al. 2018b; Bošković and Rando 2018).  

The ability to transmit epigenetic alterations over several generations even after the 

ceasing of the driving pressure is a ground for microevolution forces which are independent 
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of changes in the DNA sequence and that can be critical to a rapid adaptation to 

environmental stress challenges. 

 

1.2.2. Methylation in Vertebrates vs Invertebrates 

Considering that DNA methylation is the best-known epigenetic mechanism responding to 

environmental stressors, there is room for reasoning on whether methylation patterns 

differ between different groups of organisms such as vertebrates and invertebrates. 

Indeed, evidence so far generated allows the identification of some differential trends 

(Table 2). A first distinguishing feature regards the overall level of genomic methylation. 

While vertebrates present abundant and widespread methylation, with about 70–80% of 

cytosines in CpG dinucleotides being regularly methylated (Bird and Taggart 1980; Suzuki 

and Bird 2008; de Mendoza et al. 2019), invertebrates have a sparsely methylated genome, 

bearing either no methylation at all or predominant non-methylation (Tweedie et al. 1997; 

Sarda et al. 2012; de Mendoza et al. 2019). The second distinction refers to the genomic 

regions where methylation may occur. In vertebrates, methylation occurs across the 

genome, with the exception of CpG islands found at or near the transcription start site of 

genes, notably housekeeping genes. In invertebrates, methylation is focused on 

transcription units occurring mostly at CpG sites within exons and introns of gene bodies 

(Suzuki and Bird 2008; Sarda et al. 2012; de Mendoza et al. 2019). Third, the gene body 

methylation (most common in invertebrates) is usually associated with increased gene 

transcription; this specific association is conserved in the most diverse group of vertebrate 

and invertebrate species. In vertebrates, methylation is also associated with transcription 

repression and suppression of transposable elements (Suzuki and Bird 2008; Sarda et al. 

2012; de Mendoza et al. 2019). 
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Table 2. Major differences between vertebrates and invertebrates regarding DNA methylation. 

 

Gene body methylation in invertebrates seems to target genes that have housekeeping 

functions, like those involved in transcription and translation, while the loss of methylation 

occurs in genes in genes involved in cellular signalling and reproductive processes (Suzuki 

and Bird 2008; Sarda et al. 2012; de Mendoza et al. 2019). Furthermore, in invertebrates, 

highly methylated genes are more conserved at the sequence level than genes with low 

levels of methylation and present almost no variation between related species (Sarda et al. 

2012; Asselman et al. 2016). On the other hand, poorly methylated genes are reportedly 

responsive to experimental changes in what concerns gene expression and display plastic 

and adaptive variations (Gatzmann et al. 2018). This suggests that gene body methylation 

regulates phenotypic plasticity through the patterns of methylation in important genes, 

which limits their transcriptional variation.  

 

1.3. Assessment of epigenetic modifications – most common methods  

The study of histone modifications and non-coding RNAs is still very limited and so are the 

methods by which they are studied. One of the most used methods to assess histone 

modifications is through high-performance liquid chromatography (HPLC), where each 

component in the sample interacts slightly differently with the adsorbent material, causing 

different flow rates and leading to the separation of the proteins as they flow out of the 

column by molecular weight and conformation. This method is usually combined with mass 

spectrometry (MS) so that after the physical separation of histones, their post-translational 

Vertebrates Invertebrates: 

Abundant and widespread methylation Sparsely methylated genomes 

Methylation occurs in across all of the 

genome with the exception of CpG islands 

Methylation occurs predominately at CpG 

islands within exon and introns of gene 

bodies. 

Methylation is associated with 

transcription repression 

Gene body methylation is often associated 

with increased gene transcription 
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modifications can be identified (Kumar and Wigge 2010; Norouzitallab et al. 2014; Minshull 

et al. 2016). Chromatin immunoprecipitation (ChIP) is another method for studying histone 

modifications, that involves the immunoprecipitation   of nucleosomes after chromatin 

fragmentation using an appropriate protein-specific antibody; qPCR is then used to 

determine the relative enrichment of changed histones with associated DNA fragments 

(Park 2009; Kumar and Wigge 2010; Norouzitallab et al. 2014).   

Non-coding RNAs can be identified through several methods with an experimental and/or 

a bioinformatics basis. A common experimental approach is the identification of ncRNAs by 

chemical or enzymatic sequencing of extracted abundant RNAs. After ncRNAs are isolated 

from cells or organisms, they are size-separated by polyacrylamide gel electrophoresis 

(PAGE), eluted from the gel, and then identified by 2D RNA fingerprinting or by enzymatic 

or chemical sequencing of ncRNAs (Huttenhofer 2006). Assessment of ncRNAs can also be 

achieved by cDNA cloning and sequencing with the generation of cDNA libraries. RNAs are 

either isolated by size separation of total RNA via denaturing PAGE or alternatively, by 

employing an antibody against an RNA-binding protein of interest, thus promoting isolation 

through immunoprecipitation. Reverse transcription of ncRNAs with poly(A) tails into 

cDNAs can be accomplished using one of three ways: C-tailing, C-tailing and linker addition, 

or just linker addition, then RT–RCR. cDNA fragments are then cloned into conventional 

vector systems and sequenced using cycle sequencing. Bioinformatic approaches are 

frequently performed after sequencing and usually include locating the ncRNA gene to a 

specific genomic region and identifying structural or sequence motifs that may aid in 

determining the function of the ncRNA species of interest (Huttenhofer 2006). The 

identification of ncRNAs can also be done via microarray analysis. Fluorescently labelled 

samples produced from cellular RNA are hybridized to DNA oligonucleotides, which are 

spotted onto glass slides (microarrays). RNA is extracted from the samples, then converted 

to cDNA, or cRNA; in any case, fluorescent dyes are employed to label the probes, such as 

Cy3 or Cy5. The prepared sample is then hybridized with the microarray. The fluorescence 

of the spots where the hybridised sample stands is scanned, with the strength of the 

fluorescent signal indicating the number of transcripts present in each spot. This method is 
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most typically used to profile mRNA expression, but it can also be used to explore ncRNA 

expression or even find new ncRNAs (Huttenhofer 2006). 

When it comes to methylation analysis there are two approaches that can be followed, 

which provide different levels of outcome specificity: the measurement of global DNA 

methylation, providing an unspecific indication on the methylation level over the entire 

genome; or methylation assessment on a nucleotide-by-nucleotide basis to retrieve 

information on the actual gene sequences that were methylated at the time of the 

sampling.  

Global DNA methylation levels are most commonly assessed based on HPLC. Nucleotides 

are separated according to their size and are then further quantified both for cytosine and 

methylated cytosine by either UV spectrophotometry or mass spectrometry (e.g., LC-MS). 

Global methylation levels are depicted as the fraction of 5-methylC compared to total 

cytosine concentration. These techniques are only able to provide changes in global or total 

methylation levels and cannot provide single-base information or gene-level information 

(Kurdyukov and Bullock 2016).  

There are several methods that can be used if the intent is to assess methylation at the 

base or gene level, all based on next-generation sequencing technology. Bisulfite 

sequencing is amongst the most used currently. It consists of the use of a bisulfite 

treatment of DNA before routine sequencing. Bisulfite treatment of DNA changes cytosine 

residues to uracil but has no effect on 5-methylcytosine residues. Only methylated 

cytosines are retained in bisulfite-treated DNA. Bisulfite treatment causes precise 

modifications in the DNA sequence that are dependent on the methylation status of 

individual cytosine residues, resulting in single-nucleotide resolution information about the 

methylation status of a DNA segment. The comparison of the treated sequence with the 

original sequence retrieves its methylation pattern (Urich et al. 2015). A variation of this 

method is reduced representation bisulfite sequencing (RRBS), which uses an enzymatic 

digestion with a methylation-insensitive restriction enzyme prior to the bisulfite treatment 

to enrich for CpG. RRBS is a more cost-effective method for analysing gene-specific 

methylation levels since only the enriched regions of the genome are sequenced and the 

costs of the technology are reduced (Meissner 2005). Methylated DNA 
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immunoprecipitation (MeDIP) is an often-used alternative technique. It uses monoclonal 

antibodies that specifically recognize 5-methylcytidines and/or 5-methylcytosines to enrich 

methylated DNA. The purified methylated DNA can then be used for locus-specific or 

genome-wide methylation studies (Kurdyukov and Bullock 2016). Methyl-CpG binding 

domain (MBD) protein-enriched genome sequencing (MBD-seq) is also an alternative using 

the methyl binding domain of methyl binding proteins MBD2 or MBD3L1 to capture 

methylated DNA fragments (Aberg et al. 2012). 

While single-nucleotide resolution is critical to understand the DNA methylation responses 

to environmental stressors and their value as biomarkers of exposure in (eco)toxicological 

assessments, there are few studies aside the human health arena using them, most of them 

focusing on vertebrate species. 

 

1.4. Structure and objectives of the Dissertation 

This Dissertation is presented following a classical structure. After the Introduction chapter 

developed above, where a comprehensive revision of the meaning and application of 

epigenetic mechanisms to environmental assessment fields is made, a Methods chapter 

follows. Considering that a meta-analysis was carried out based on literature records of 

invertebrate genomes, this Methods chapter encloses a brief characterisation of the 

species listed for the analysis; this necessarily requires a less orthodox use of supporting 

literature, but it is justified by the need to appropriately contextualise the selection. 

Afterwards, a Results and Discussion chapter is presented, containing the main outcomes 

of the meta-analysis and their positioning considering previous evidence already reported 

in the literature. Finally, and immediately before the references listing, a chapter is 

presented with the final remarks and prospects within the field. 

The meta-analysis carried out for this Dissertation was guided by the overarching 

hypothesis that invertebrates are able to respond to environmental challenges or to 

changing environmental conditions through their epigenome. In order to explore this 

hypothesis, several specific objectives were defined and tackled as follows: 
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(i) To collect publicly available reliable genomic data of various invertebrate species 

representing different environmental compartments and currently involved in research 

addressing ecological threats, evolutionary trends or eventually human health and 

wellbeing threats. 

(ii) To quantify the distribution of the potential for gene body methylation based on the 

prevalence of CpG dinucleotides in the genome of each species. 

(iii) Based on differential likelihood of gene body methylation, to elaborate on the 

differential ability of invertebrate species to respond or potentially adapt to challenging 

and/or highly fluctuating environments thought DNA methylation mediated phenotypic 

plasticity or mutation. 

(iv) Based on a comparative approach of CpG prevalence in the genome of the analysed 

species, to conclude on the most favourable models to address gene body methylation 

within an ecotoxicological context towards the development of potential biomarkers of 

environmental exposure or effect. 
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2. MATERIAL AND METHODS 

2.1. Species selection and justification 

Considering the objectives of the present work, a set of invertebrate species was primarily 

selected to be part of the meta-analysis (see Table 3). This list is the result of the application 

of several criteria as follows, which were then refined and carefully reasoned to reach a 

final list for analysis.  

Because the meta-analysis intended would require calculating and quantifying the 

probability of gene body methylation and the methylation of other genomic elements, 

access to the genomic data for each species would be a mandatory criterion. Therefore, a 

first selection criterion was the availability of a sequenced and annotated genome. In 

parallel, and considering the wideness of the study’s focal field, the final set of species 

selected for the meta-analysis would need to cover different environmental 

compartments. In particular, the significance of gene body methylation as a potential 

ecotoxicological tool is a major focusof the study, so that an appraisal of the meaning of 

this endpoint for environmental monitoring can be made on the basis of the results. As an 

ecotoxicological assessment is made over different environmental compartments using 

different invertebrate species as indicators, the impact of the meta-analysis outcome 

would be severely compromised by a short selection covering a single environmental 

compartment.  

The application of the two criteria above would result in a too long list of species which 

would be a priori unmanageable for the purposes of the study and considering its 

timeframe. So, in order to narrow down the list into a manageable size, several other 

criteria were reasoned. In this way, when a large array of species potentially representing 

a given environment compartment was available from the previous selection stage, further 

selection favoured (i)  species that have epigenetic data available, as such data could assist 

the discussion of the results; (ii) species that are recognised as models, especially in 

ecotoxicology; (iii) species with economic and/or medical importance; or, finally, (iv) 

species that can be directly compared with a species already selected to represent another 

environmental compartment - for example, there are invertebrate groups that bear 

freshwater and saltwater counterparts (e.g. bivalves), thus providing the opportunity to 
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address whether the hosting environment is stronger than phylogenetic proximity in 

constraining methylation tendencies.  

 

Table 3. List of species selected, according to the first two criteria as specified in the text, for 
analyses. a – removed for lack of appropriate files; b – removed to reduce list. 

Species Taxonomic Position 
Environmental 
compartment 

Ecological 
Position 

Additional Information 

bAcanthoscurria geniculata Arachnida-Araneae Soil Consumer  
bAedes aegypti Insecta-Diptera Air Consumer Disease vector 
Aedes albopictus Insecta-Diptera Air Consumer Disease vector 
bAlatina alata Cubozoa-Carybdeida Marine Consumer  
Anopheles albimanus Insecta-Diptera Air Consumer Disease vector 
Apis mellifera Insecta-Hymenoptera Air Consumer  
bArgiope bruennichi Arachnida-Araneae Soil Consumer  
Biomphalaria glabrata Gastropoda-Basommatophora Freshwater Consumer  
Bombus terrestris Insecta-Hymenoptera Air Consumer  
bBombyx mandarina Insecta-Lepidoptera Air Consumer  
Bombyx mori Insecta-Lepidoptera Soil Consumer  

Caenorhabditis elegans Secernentea-Rhabditida Soil Consumer 
Model in 
Ecotox/epigenetics 

Camponotus floridanus Insecta-Hymenoptera Soil Consumer  
bCaridina multidentata Malacostraca-Decapoda Freshwater Consumer  
bCeratophysella communis Entognatha-Poduromorpha Soil Detritivore  
bCherax destructor Malacostraca-Decapoda Freshwater Consumer  
bCherax quadricarinatus Malacostraca-Decapoda Freshwater Consumer  
bChionoecetes opilio Malacostraca-Decapoda Marine Consumer  
aChironomus riparius Insecta-Diptera Freshwater Consumer  
bChloridea virescens Insecta-Lepidoptera Air Consumer  
Ciona intestinalis Ascidiacea-Enterogona Marine Consumer  
aCorbicula flumínea Bivalvia-Venerida Freshwater Consumer  
bCraspedacusta sowerbii Hydrozoa-Limnomedusae Freshwater Consumer  
Crassostrea gigas Bivalvia-Ostreida Marine Consumer Model in Epigenetics 

Daphnia magna Branchiopoda-Cladocera Freshwater Consumer 
Model in 
Ecotox/epigenetics 

Dreissena polymorpha Bivalvia-Veneroida Freshwater Consumer Invasive species 
aDreissena rostriformis Bivalvia-Myida Freshwater Consumer  
Drosophila melanogaster Insecta-Diptera Air Consumer Model in many fields 
bDysdera silvatica Arachnida-Araneae Soil Consumer  
aEisenia fetida Clitellata-Opisthopora Soil Detritivore  
bEriocheir sinensis Malacostraca-Decapoda Freshwater Consumer  
Folsomia candida Entognatha-Poduramorpha Soil Detritivore Model in Ecotoxicology 
bGalleria mellonella Insecta-Lepidoptera Air Consumer  
Harpegnathos saltator Insecta-Hymenoptera Soil Consumer  
bHelicoverpa armigera Insecta-Lepidoptera Air Consumer  
bHelicoverpa zea Insecta-Lepidoptera Air Consumer  
aHolacanthella duospinosa Entognatha-Poduromorpha Soil Detritivore  
Ixodes scapularis Arachnida-Ixodida Soil Consumer Disease vector 
aLimnoperna fortunei Bivalvia-Mytilida Freshwater Consumer  
bLipothrix lubbocki Entognatha-Symphypleona Soil Detritivore  
Litopenaeus vannamei Malacostraca-Decapoda Marine Consumer  
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bMacrobrachium 
nipponense 

Malacostraca-Decapoda Freshwater Consumer  

aMagallana hongkongensis Bivalvia-Ostreida Marine Consumer  
aMargaritifera 
margaritifera 

Bivalvia-Unionida Freshwater Consumer  

aMegalonaias nervosa Bivalvia-Unionida Freshwater Consumer  
bMesaphorura yosii Entognatha-Poduromorpha Soil Detritivore  
bMesobuthus martensii Arachnida-Scorpiones Soil Consumer  
Mytilus galloprovincialis Bivalvia-Mytiloida Marine Consumer Invasive species 
Nasonia vitripennis Insecta-Hymenoptera Air Consumer  
Nematostella vectensis Anthozoa-Actiniaria Marine Consumer  
bNephila clavipes Arachnida-Araneae Soil Consumer  
Octopus bimaculoides Cephalopoda-Octopoda Marine Consumer  
bOncopodura yosiiana Entognatha-Oncopoduridae Soil Detritivore  
Orchesella cincta Entognatha-Orchesellidae Soil Detritivore  
bPalaemon carinicauda Malacostraca-Decapoda Marine Consumer  
bPandalus platyceros Malacostraca-Decapoda Marine Consumer  
bPapilio bianorc Insecta-Lepidoptera Air Consumer  
bPapilio polytes Insecta-Lepidoptera Air Consumer  
bParalithodes platypus Malacostraca-Decapoda Marine Consumer  
bParasteatoda tepidariorum Arachnida-Araneae Soil Consumer  
bPenaeus chinensis Malacostraca-Decapoda Marine Consumer  
bPenaeus japonicus Malacostraca-Decapoda Marine Consumer  
bPenaeus monodon Malacostraca-Decapoda Marine Consumer  
aPhysella acuta Gastropoda-Physidae Freshwater Consumer  
Polypedilum vanderplanki Insecta-Diptera Air Consumer  
bPortunus trituberculatus Malacostraca-Decapoda Marine Consumer  
aPotamilus streckersoni Bivalvia-Unionida Freshwater Consumer  
aProcambarus virginalis Malacostraca-Decapoda Freshwater Consumer  
bPseudachorutes palmiensis Entognatha-Poduromorpha Soil Detritivore  
bPseudobourletiella spinata Entognatha-Symphypleona Soil Detritivore  
bPygmarrhopalites habei Entognatha-Symphypleona Soil Detritivore  

bSinella curviseta 
Entognatha-
Entomobryomorpha 

Soil Detritivore  

aSinonovacula constricta Bivalvia-Adapedonta Freshwater Consumer  
bSminthurides bifidus Entognatha-Symphypleona Soil Detritivore  
bStegodyphus mimosarum Arachnida-Araneae Soil Consumer  
Strongylocentrotus 
purpuratus 

Echinoidea-Echinoida Marine Consumer  

Tetranychus urticae Arachnida-Trombidiformes Soil Consumer Disease vector 
bThalassaphorura 
encarpata 

Entognatha-Poduromorpha Soil Detritivore  

Tigriopus californicus Hexanauplia-Harpacticoida Marine Consumer  
aTigriopus japonicus Hexanauplia-Harpacticoida Marine Consumer  

bTomocerus minor 
Entognatha-
Entomobryomorpha 

Soil Detritivore  

bTomocerus qinae 
Entognatha-
Entomobryomorpha 

Soil Detritivore  

Tribolium castaneum Insecta-Coleoptera Soil Consumer Model in genetics 
bTropilaelaps mercedesae Arachnida-Mesostigmata Soil Consumer  
aVenustaconcha 
ellipsiformis 

Bivalvia-Unionida Freshwater Consumer  
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The detailed reasoning for the inclusion of each species in the final short-list used for 

analysis is explored in detail in the sub-sections bellow. However, it is important to remark 

that there were species which were included in a first stage as they fulfilled all criteria and 

covered our rationale but were then excluded from the analysis for practical reasons. 

Namely, in the case of Chironomus riparius, Corbicula flumínea, Dreissena rostriformis, 

Eisenia fetida, Holacanthella duospinosa, Limnoperna fortunei, Magallana hongkongensis, 

Margaritifera margaritifera, Megalonaias nervosa, Physella acuta, Potamilus streckersoni, 

Procambarus virginalis, Sinonovacula constricta, Tigriopus japonicus and Venustaconcha 

ellipsiformis, exclusion was due to a deficient accessibility to the appropriate .gff files (see 

below for further details on the need for these files). In such a case, replacement by an 

appropriate alternative species was attempted whenever possible. Several other species 

were excluded from analyses in order to make the list more manageable, whenever a given 

group of organisms could be represented by many species. This was the case for example 

for Ceratophysella communis, Lipothrix lubbocki, Mesaphorura yosii, Oncopodura yosiiana, 

Pseudachorutes palmiensis, Pseudobourletiella spinata, Pygmarrhopalites habei, Sinella 

curviseta, Sminthurides bifidus, Thalassaphorura encarpata, Tomocerus minor and 

Tomocerus qinae, which were all removed leaving Folsomia candida and Orchesella cincta 

as the representatives of the springtails (these two species were distinguished also 

considering that epigenetic studies are available for them). The same scenario was in place 

regarding the representatives of arachnids, and those already epigenetically studied Ixodes 

scapularis and Tetranychus urticae were selected among the list of species fitting the 

requirements: Acanthoscurria geniculata, Argiope bruennichi, Dysdera silvatica, 

Mesobuthus martensii, Nephila clavipes, Parasteatoda tepidariorum, Stegodyphus 

mimosarum and Tropilaelaps mercedesae. Among the marine shrimps and crabs 

Litopenaeus vannamei vannamei and Tigriopus californicus were chosen over Caridina 

multidentata, Cherax destructor, Cherax quadricarinatus, Chionoecetes opilio, Eriocheir 

sinensis, Macrobrachium nipponense, Palaemon carinicauda, Pandalus platyceros, 

Paralithodes platypus, Penaeus chinensis, Penaeus japonicus, Penaeus monodon and 

Portunus trituberculatus. Bombyx mori was chosen over Bombyx mandarina, Chloridea 

virescens, Galleria mellonella, Helicoverpa armigera, Helicoverpa zea, Papilio bianorc and 
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Papilio polytes for its higher economic relevance and because it is a recognised validation 

species (see section 2.1.1. below). The jellyfish Alatina alata and Craspedacusta sowerbii 

were removed to make the list more manageable and because of their lack of economic, 

medical or epigenetic relevance as recognised in the literature. Lastly, Anopheles albimanus 

was chosen over Aedes aegypti as both fulfilled criteria but both are mosquitoes, thus 

redundancy in the analysis was avoided.  

  

2.1.1. Validation species  

In addition to meeting the criteria established for species selection (see above), four 

species (Apis mellifera, Bombyx mori, Ciona intestinalis, Nematostella vectensis) were 

forced inclusion in the analysis because they were addressed in a previous inspiring work 

(Sarda et al. 2012). Thus, these species also represent the means for the validation of our 

work through the comparison of data with previously published outcomes. 

The western honeybee (A. mellifera), also known as the European honeybee is the most 

common of the honeybees worldwide (Engel 1999; Lo et al. 2010). Western honeybees are 

an important model organism used in various scientific fields like social evolution, learning, 

memory and pesticide toxicity to non-target beneficial species (Denison and Raymond-

Delpech 2008; Bloch 2010; Menzel 2012; Christen et al. 2016). This honeybee is also of high 

direct economic importance as it is the primary species maintained by beekeepers for both 

honey production and pollination (vanEngelsdorp and Meixner 2010). The western 

honeybee was the first insect to be discovered with a functional DNA methylation system 

(Wang et al. 2006), with the average CpG methylation for the whole genome being of about 

1% (Harris et al. 2019). There are many studies focusing on gene methylation in A. mellifera, 

several of which regarding methylation differences constraining bee casts (Elango et al. 

2009; Lyko et al. 2010; Wang et al. 2020). The intergenerational epigenetic inheritance of 

DNA methylation marks has also been demonstrated, indicating that there is no DNA 

methylation reprogramming in bees during embryogenesis and that DNA methylation 

marks are stably transferred between generations (Yagound et al. 2020). Several 

environmental pressures act on this species like exposure to pesticide cocktails, parasitic 

and infectious agents, habitat loss, beekeeping practices and climate change or decreased 
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abundance and diversity of floral resources (Goulson et al. 2015). Most studies are focused 

on abiotic pressures and the majority of these regard pesticides (Havard et al. 2019). 

B. mori is a Bombycidae insect that is generally known as the domestic silk moth. The 

silkworm is the larval or caterpillar form of the silk moth, and it is very important 

economically because it is the main producer of silk (Rahmathulla 2012; Torres et al. 2021). 

The domestic silk moth is dependent on human intervention in order to reproduce, after 

the selective breeding over millennia; this species is very different from the wild silk moths 

(distinct Bombyx species), which are not as commercially viable, kept flying abilities and 

pigmentation (Torres et al. 2021). B. mori has, like most insects, a low methylation level of 

around 0.11% of genomic cytosines (Xiang et al. 2010) and there are some epigenetic 

studies on this species (Chen et al. 2020; Xu et al. 2020a; Gao et al. 2020). Most studies in 

the realm of environmental stress are related to oxidative stress, heat stress and address 

metal pollution (Yuan et al. 2016; Mandyam.D. and Muthangi 2020; Punyavathi and 

Manjunatha 2020; Parenti et al. 2020; Xu et al. 2020b).  

C. intestinalis, also known as the vase tunicate, is an ascidian with a very soft tunic. It's a 

widely distributed species that has been employed as a model chordate in developmental 

biology and genetics (Satoh 2003; Satoh et al. 2003; Satou et al. 2005; Gallo and Tosti 2015). 

These sea squirts are known as invertebrate chordates as they may be the closest 

invertebrate relatives of vertebrates as suggested by molecular phylogenetic studies. It has 

a very small genome but has a gene corresponding to almost every family of genes in 

vertebrates (Dehal et al. 2002) and has a relatively large percentage of cytosine 

methylation compared to other invertebrates of around 30% (Suzuki et al. 2016). C. 

intestinalis is an invasive species that may form dense aggregations on any floating or 

submerged substrate, particularly in manmade constructions such as pilings, floats, and 

boat hulls, the larvae being transported by bilge or ballast water discharge (McDonald 

2004; Micael et al. 2020). Studies on the ecotoxicological responses of the species are 

mostly focused on heat, oxidative stress and metal contamination (Fujikawa et al. 2010; 

Serafini et al. 2011; Franchi et al. 2012; Ferro et al. 2013; Gallo et al. 2016). 

N. vectensis, commonly known as the starlet sea anemone is a species belonging to the 

Edwardsiidae family. Native to the east coast of the United States of America, its habitat is 
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the shallow and brackish water of coastal lagoons and salt marshes where it is usually 

buried in the mud with its tentacles exposed (Hand and Uhlinger 1994). Because of its ease 

of handling in the laboratory and high reproductive rates following gametogenesis 

induction, N. vectensis is commonly used as a model organism for the study of evolution, 

genomics, reproductive biology, developmental biology, and ecology (Darling et al. 2005; 

Genikhovich and Technau 2009; Watson et al. 2009). Genome analysis has been showing a 

remarkable degree of similarity in the gene sequence conservation and complexity 

between this sea anemone and vertebrates (Genikhovich and Technau 2009). Studies 

within the field of ecotoxicological responses address mostly oxidative stress and metal 

contamination (Tarrant et al. 2014; Elran et al. 2014; Friedman et al. 2018). 

 

2.1.2. Non-validation terrestrial species 

Eight species were considered for the meta-analysis that are intended to represent the soil 

compartment, namely Caenorhabditis elegans, Camponotus floridanus, Harpegnathos 

saltator, Folsomia candida, Orchesella cincta, Ixodes scapularis, Tetranychus urticae and 

Tribolium castaneum. 

C. elegans is a translucent free-living nematode with a maximum length of around 1 mm 

that dwells in temperate soil habitats (Kenyon 1988). C. elegans has been used as a model 

organism in various research fields of molecular and developmental biology (Tejeda-

Benitez and Olivero-Verbel 2016; Shen et al. 2018; Queirós et al. 2019; Goldstein and Nance 

2020). It was the first multicellular organism whose entire genome was sequenced, and the 

only one whose connectome had been finished (The C. elegans Sequencing Consortium 

1998; Cook et al. 2019). Several aspects facilitate its use in a laboratory environment like 

its transparency, the clear distinction of male and female, the low costs of production and 

possibility of long-term storage (Brenner 1974). C. elegans seems to have low to 

undetectable levels of CpG methylation (Suzuki et al. 2007). A single study has reported a 

low-level DNA methylation in C. elegans of 0.0019–0.0033% of cytosine methylated (Hu et 

al. 2015). Due to its prevalence as a model organism for so long, the type of studies that 

exist for its responses to environmental stress are varied, focusing on the effects of 
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pesticides, metals, nanoparticles, drugs, toxins and various other chemicals (Shen et al. 

2009; Anbalagan et al. 2013; Moore et al. 2014; Starnes et al. 2015; Yu et al. 2015; Hu et al. 

2015). 

Due to its great size and prominent colour, C. floridanus, sometimes known as the Florida 

carpenter ant, is the most well-known ant species in Florida. Workers and queens are 

bicolored, having a head with a reddish-orange colour and a bright to dullish orange 

coloured mesosoma and legs and a deep black gaster. The usual length of a queen is 14–

16 mm, and the highly polymorphic workers can reach similar lengths, with the largest 

majors reaching 11–13 mm. Minors and mediae are typically around 4–9 mm (Buckley 

1867). The level of cytosine methylation in C. floridanus is around 0.14% to 0.16% (Bonasio 

et al. 2012). There appears to be no studies reporting its direct response to environmental 

stress. 

H. saltator is also called by the name of the Indian jumping ant or Jerdon's jumping ant. It 

is an ant species found in India that has the ability to leap, being able to jump up to 2 cm 

high and 10 cm far. They are able to accomplish these leaps by synchronized abduction of 

the middle and hind pairs of legs, allowing them to escape and also catch flying prey (Urbani 

et al. 1994). They are encountered in small groups or as solitary individuals, unlike other 

ant species, with colonies comprising of only a few individuals; another remarkable trait is 

that the queen-worker distinction is quite limited, and some workers can mate and lay 

fertilized eggs just like the queen (Peeters et al. 2000). This renders the species interesting 

in the field of epigenetics for comparison with social ants with more defined casts that can 

possibly be constrained by differential methylation patterns. Such as C. floridanus, H. 

saltator has a low level of cytosine methylation of 0.11% to 0.12% (Bonasio et al. 2012). 

There only 2 studies that are in the realm of stress responses, one relating to social stress 

(Schneider et al. 2016) and another relating to longevity (Schneider et al. 2011). 

F. candida is a springtail of the Isotomidae family found worldwide. It has an unpigmented, 

slender body up to 3 mm in length, it reproduces by parthenogenesis, and it is a model 

organism in ecotoxicological research. Its original distribution is unclear as it spread around 

the world in soil and in plant pots. Normally, F. candida occurs in sites with a high organic 

content, in farms, in leaf litter in forests and on-stream verges. By reproducing by 
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parthenogenesis, its population consists of only females (Fountain and Hopkin 2005). The 

nature of living in underground habitats allows them to tolerate higher levels of carbon 

dioxide, for example they are able to survive 10% of carbon dioxide for more than six weeks 

(Zinkler and Platthaus 1996). F. candida is simple to culture within the laboratory on 

granulated baker's yeast and it is extensively used in ecotoxicology to assess negative 

effects of insecticides and various other soil contaminants; in addition, F. candida is 

frequently used as a model to address cold tolerance, carbon dioxide tolerance and the 

outcomes of its grazing activities on soil fungi and mycorrhizae developing in roots, the 

decomposition of leaf litter, circadian rhythms, palatability and nutritious value of various 

plant residues and species of fungi, population dynamics and behavioural responses 

(Hopkin 1997; van Straalen et al. 1997; Fountain and Hopkin 2005; Maria et al. 2014; Szabó 

and Bakonyi 2017; Noordhoek et al. 2018; Szabó et al. 2019; Jensen et al. 2020; Dai et al. 

2020). F. candida appears to have an absence of both total cytosine and locus-specific CpG 

methylation according to (Noordhoek et al. 2018). 

O. cincta is a springtail species found in North America and Europe. It grows to a length of 

4 millimetres on average, which is substantially longer than most springtails that rarely 

exceed 1 mm. They live among leaf litter and soils and have a high metabolic rate and a 

high fertility rate, being more mobile than many springtail species. The reproduction can 

be postponed until conditions are favourable and synchronised across the population as a 

strategy to allow this species to make the most of the available resources (Newbould et al. 

1986). O. cincta, like all collembolans, seems to lack DNA methylation along with DNA 

methyltransferases (Provataris et al. 2018). The responses of this species to environmental 

stress are not remarkably known, but there are studies regarding temperature and metal 

stress (Bahrndorff et al. 2006; ROELOFS et al. 2009; Zizzari and Ellers 2011; Costa et al. 2012; 

Noer et al. 2020). 

I. scapularis, commonly known as the deer tick, is a hard bodied tick found in the eastern 

and northern Midwest of the United States, as well as in south-eastern Canada (Dennis et 

al. 1998). It parasitizes the white-tailed deer, but it is also known to parasitize other species 

like mice, lizards and migratory birds (Mannelli et al. 1994; Levine et al. 1997; Ogden et al. 

2008). Importantly, it is a vector of several diseases to humans like the Lyme disease, 
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babesiosiss and anaplasmosis (Brownstein et al. 2005; Gulia-Nuss et al. 2016). Although 

DNA methylation is yet to be confirmed on this species, the presence of DNA 

methyltransferases has been found in the species of the same genus Ixodes ricinus, thus it 

is speculated that the enzymes exist as well in I. scapularis (Kotsarenko et al. 2020).  There 

is one study addressing I. scapularis survival under different environmental conditions 

(Ginsberg et al. 2017), but there are many focused on the interplay between environmental 

stress and its activity as a parasite and a disease vector (Busby et al. 2012; Villar et al. 2015; 

Bourret et al. 2016). 

T. urticae is a plant-feeding mite that is generally considered to be a pest. It is the most 

well-known member of the Tetranychidae family, which is native to Eurasia but now has a 

global distribution range. It is extremely small, with adult females measuring about 0.4 mm 

long (Horn 1994; Raworth et al. 2001), and polyphagous, i.e., it can feed on hundreds of 

different plants, including most vegetable and food crops (over 1100 plant species that 

belong to more than 140 different plant families). This fact reveals the economic 

importance of this pest. On its own, a single T. urticae individual wouldn’t do much damage 

but they attack in the numbers of hundreds or thousands, which significantly damages the 

plant’s capacity to survive (Attia et al. 2013; Rincón et al. 2019). T. urticae has a reported 

level of global methylation of around 25 to 30%, with a cytosine methylation level of 15% 

to 20% (Yang et al. 2018b). There are a couple studies relating to UV stress and predation 

stress, but the majority of the studies investigate on how stress improves plant resistance 

to the pest (Aucejo-Romero et al. 2004; Ximénez-Embún et al. 2017; Murata and Osakabe 

2017; Yoshioka et al. 2018; Li and Zhang 2019). 

T. castaneum, or the red flour beetle, is a beetle of Tenebrionidae family that grows up to 

around 3-4 mm long and bears a uniform rust, brown or black colour (Newell 1936). Having 

an Indo-Australian origin, the species has now a worldwide distribution, following human 

commercial trading routes, as a pest attacking stored grain and other food products 

including flour, cereals, pasta, biscuits, beans, and nuts (FAO 2001). Along with Tribolium 

confusum, T. castaneum is the most common secondary pest of all plant commodities in 

store throughout the world. T. castaneum is also a model organism for ethological and food 

safety research, as well in development and functional genomics (Richards et al. 2008; 
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Grünwald et al. 2013). The existence of a DNA methylation system in T. castaneum hasn’t 

been agreed on, and while some studies report the existence of methylation (Feliciello et 

al. 2013; Song et al. 2017), others report its absence (Zemach et al. 2010; Schulz et al. 2018). 

The studies that have been made regarding environmental stress responses address mostly 

temperature as a stressor and oxidative stress as recorded endpoint (Scharf et al. 2016; 

Pajaro-Castro et al. 2019; Jiang et al. 2019). 

 

2.1.3. Non- validation aerial species 

Six species were selected for the meta-analysis representing aerial invertebrates. These are 

exclusively insects and the group joined species with flying adult stages of considerable 

length: Aedes albopictus, Anopheles albimanus, Bombus terrestris, Drosophila 

melanogaster, Nasonia vitripennis and Polypedilum vanderplanki. 

The Asian tiger mosquito (A. albopictus or Stegomyia albopicta) belongs to the Culicidae 

mosquito family and is also known as the forest mosquito. This mosquito, which has white 

stripes on its legs and body (Skuse 1894) and is endemic to Southeast Asia's tropical and 

subtropical zones, has spread to many nations via international trade and human travel 

routes, conquering every continent except Antarctica in the last 30–40 years (Benedict et 

al. 2007; Bonizzoni et al. 2013; Kraemer et al. 2015). It has become an epidemiologically 

important vector in many communities for different pathogens, including those promoting 

yellow fever, dengue fever, and Chikungunya fever, as well as several filarial nematodes 

such as Dirofilaria immitis and the Zika virus (Cancrini et al. 2003; Bonilauri et al. 2008; 

Rezza 2012; Kamgang et al. 2019; McKenzie et al. 2019). Levels of global DNA methylation 

in this species were early reported to be around 0.03% (Adams et al. 1979), but more 

recently a wide range was found for global methylation in this species of 0.021% to 0.674% 

methylated cytosine relative to guanine (Oppold et al. 2015). Environmental stress studies 

with this species mostly fall within the category of temperature stress studies (da Gloria da 

Costa Carvalho and Freitas 1988; Sivan et al. 2017; Reinhold et al. 2018). 

A. albimanus is another Culicidae mosquito. It is native of coastal areas up to 500 meters 

altitude in Central and South America, the Caribbean, and Mexico, but has been dispersing 
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widely due to its generalist characteristics (Pinault and Hunter 2012; Gómez et al. 2014; 

Cázares-Raga et al. 2014). A. albimanus is an important species for the humankind as it is 

the vector of Plasmodium vivax, which causes malaria (Chareonviriyaphap et al. 1997; 

Martínez-Barnetche et al. 2012). With global methylation levels between 0.85% and 1.73%, 

A. albimanus meets the generally expected methylation levels of invertebrates (Claudio-

Piedras et al. 2020). Most studies that have been carried out with this mosquito species 

relate to its control rather than address directly negative effects of environmental 

stressors.  

B. terrestris, often known as the buff-tailed bumblebee or the large earth bumblebee, is 

one of Europe's most common bumblebee species and one of the most important 

pollinator species, thus it may be found in a wide range of non-native habitats (Dafni et al. 

2010) being considered an invasive species in many temperate areas (Torretta et al. 2006; 

Inoue et al. 2008). Nests are usually found underground forming a comb-like structure 

where eggs are contained (Duchateau and Velthuis 1988). B. terrestris is of economic 

importance since it is bred commercially for use in pollination of greenhouse crops; the 

global trade of bumblebee colonies likely exceeds 1 million nests per year (Dafni et al. 2010; 

Nation 2010). In the wild, B. terrestris exhibits greater nest growth in suburban areas rather 

than in farmland because of the plant diversity available in suburban gardens (Goulson et 

al. 2002). There is a population decline in many bumblebee species due to agriculture but 

B. terrestris is still widespread, which is likely because it can forage through very long 

distances thus rendering changes in biodiversity and environment less important for their 

success (Goulson et al. 2002). Records of methylation of 0.5 to 0.6% of all CpGs are reported 

for the B. terrestris genome (Sadd et al. 2015). The effects of a wide range of environmental 

stressors like insecticides, fungicides, parasites, nutritional aspects and temperature have 

been studied in this species (Owen et al. 2013; Bishop et al. 2016; Roger et al. 2017; Wang 

et al. 2019a; Botías et al. 2021).  

D. melanogaster belongs to the family Drosophilidae, and it is often referred to as the fruit 

fly. It is used as a model organism widely and in various fields like genetics, physiology, 

microbial pathogenesis, and life-history evolution, owing to the fact that it has a rapid life 

cycle, simple genetics (with only four pairs of chromosomes), large number of offspring per 
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generation and cheap maintenance in the laboratory (Roberts 2006). It can be found 

worldwide, and it is often seen as a common pest concerning food safety. In the genome 

of fruit flies, around 75% of known human illness genes have an identifiable match, and 

50% of fly protein sequences have mammalian homologs (Reiter 2001). Environmental 

factors can influence several developmental aspects in D. melanogaster. Fruit flies raised 

in hypoxia, for example, have shorter thorax lengths, while hyperoxia causes smaller flying 

muscles (Harrison et al. 2018). D. melanogaster has a very low level of methylation, with 

0.001% of cytosines being generally methylated (Deshmukh et al. 2018). Due to its role as 

a model species, there are many studies on the effects of different environmental stressors 

in D. melanogaster, addressing pressing factors ranging from temperature to nanotoxicity 

and desiccation, and recording on different endpoints (Ong et al. 2015; Thorat et al. 2016; 

Garcia and Teets 2019; Jayapalan et al. 2020; Oliveira et al. 2021). 

N. vitripennis is one of the four known species of the genus Nasonia. It is a small parasitoid 

wasp that affects the larvae of parasitic carrion flies such as blowflies and flesh flies. It is 

known as the most widely and best studied of the parasitoid wasps and has a cosmopolitan 

distribution (Whiting 1967). Due to its parasitic behaviour, the wasp has been of interest 

to study the development of biopesticides and biological systems for controlling unwanted 

insects (Zhang et al. 2005). N. vitripennis has been also used for comparison with other 

hymenopterans, most often A. mellifera, regarding the study of biosynthetic pathways of 

sex pheromones, determination of sex in development and many proteins and gene 

products (Abdel-latief et al. 2008). Its genome has been sequenced and released since 

2010, and it is known that N. vitripennis has an average global methylation level of 0.18% 

over the whole genome and a level 0.63% among CpGs (Beeler et al. 2014). Only studies 

relating to heat stress are available regarding the impacts of environmental conditions in 

this species (Wang et al. 2012; Chirault et al. 2015; Hidalgo et al. 2019). 

P. vanderplanki, often known as the sleeping chironomid, is a dipteran that lives in African 

semi-arid regions and belongs to the Chironomidae family. The larval state of P. 

vanderplanki usually develops under dry conditions since nests are generally placed in the 

mud, at the bottom of temporary pools that frequently dry out. During the larval stage, 

water content can reach levels as low as 3% rendering the organism a high tolerance to 
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extreme environmental conditions like very high temperatures, gamma-rays, and vacuum 

(Hinton 1960); this is indeed one of few metazoans that can withstand nearly complete 

desiccation or anhydrobiosis. P. vanderplanki is also one of the most cold-tolerant insect 

species, being for example able to survive liquid helium (−270 °C) for up to 5 min (Hinton 

1960). There are apparently no studies regarding methylation levels in this species, and 

studies considering environmental stressors regard more specifically the species tolerance 

to heat, radiation and desiccation stress (Watanabe et al. 2006a, b; Gusev et al. 2011; 

Cornette and Kikawada 2011; Mazin et al. 2018). 

 

2.1.4. Non-validation freshwater species 

Two molluscs and a crustacean were assembled to represent freshwater ecosystems in the 

meta-analysis, namely the snail Biomphalaria glabrata, the bivalve Dreissena polymorpha 

and the cladoceran Daphnia magna. 

The snail B. glabrata is a Planorbidae freshwater pulmonated gastropod mollusc that lives 

in small streams, ponds, and marshes. It is a Neotropical species native to South America 

and the Caribbean (Pointier et al. 2005). When removed from their watery environment or 

when the ecosystem dries out, these snails may survive in aestivation for a few months 

(Majoros et al. 2008). It is also the intermediate host for the trematode Schistosoma 

mansoni, infecting about 83.31 million people worldwide, and this is why is the species is 

economically important (Crompton 1999; Mitta et al. 2017) B. glabrata is an important 

model organism for studying the interactions between parasites and their hosts (Lockyer 

et al. 2008). About 2% of the cytosines are methylated in the snail’s genome (Fneich et al. 

2013). Stress response studies with this species include the appraisal of the effects of heat 

and metal contaminants, but also relate environmental conditions to the infection by S. 

mansoni due to its importance in human health (Ittiprasert et al. 2009; Knight et al. 2016; 

da Silva Cantinha et al. 2017; Niederwanger et al. 2017; Allan and Blouin 2020). 

D. polymorpha, commonly known as the zebra mussel, is a freshwater mussel that can grow 

to a maximum length of around 5.1 cm, filter-feeding from the water column (Reeders and 

Bij de Vaate 1990). They can attach to most substrates and are prone to build colonies on 
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native unionid clams; this feature, together with their superior filtering abilities have been 

driving the elimination of other freshwater bivalves (Schloesser and Nalepa 1994; 

Karatayev et al. 1997). For this reason, this native species of Russia and Ukraine has become 

a feral invader worldwide, for example in North America, Great Britain, Ireland, Italy, Spain, 

and Sweden (Pollux et al. 2010; Ożgo et al. 2020). Besides their ecological effects as an 

invasive species, the zebra mussel is also a strong macrofouler that can promote severe 

economic damage in the water-dependent industry (Connelly et al. 2007). No information 

seems to exist regarding DNA methylation in D. polymorpha, but there is a considerable 

body of literature reporting on the responses of D. polymorpha to environmental stressors 

such as heating, metals, microplastics, and various other xenobiotics (Riva et al. 2012; 

Pedriali et al. 2013; Magni et al. 2017; Potet et al. 2018; Brand et al. 2019; Weber et al. 

2020). 

D. magna is a small planktonic crustacean (Order Cladocera) that inhabits freshwater 

ecosystems and is distributed throughout the Northern Hemisphere and South Africa (de 

GELAS and de MEESTER 2005). It is a model organism in several fields of research like in 

ecological and evolutionary studies, and particularly in ecotoxicology (Altshuler et al. 2011; 

Tkaczyk et al. 2021). D. magna has plastic phenotypic responses to diverse environmental 

challenges. For example, when in the presence of kairomones, D. magna develops 

protective structures like an elongated spine and a large body size (de Meester 1993). Its 

status as a model organism derives from research-facilitating features such as body 

transparency that allows the observation of its inner anatomy, parthenogenetic 

reproduction allowing the easy use of clonal organisms isolating genetic variation, fast 

generation time and easy, cheap and simple maintenance. In regulatory ecotoxicology, D. 

magna is recommended for several standard test methods (e.g., OECD 2004, 2008). This 

species has a global CpG methylation of 0.7–0.9% (Hearn et al. 2019), and its molecular 

responses to a wide range of environmental stressors have been conspicuously studied, 

using different endpoints at different levels of biological organization (Fan et al. 2015, 2020; 

Jeremias et al. 2018b; Yuxuan et al. 2019; Shahid et al. 2019; Hearn et al. 2019; Ates et al. 

2020; Samanta et al. 2020; Ellis et al. 2020).  
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2.1.5. Non-validation marine species 

Three molluscs, two crustaceans and one echinoderm were assembled to represent marine 

ecosystems in the meta-analysis, namely Crassostrea gigas, Litopenaeus vannamei, Mytilus 

galloprovincialis, Octopus bimaculoides, Strongylocentrotus purpuratus and Tigriopus 

californicus. 

The Pacific oyster, C. gigas is native to the Pacific coast of Asia, more specifically Japan, and 

was introduced in North America, Australia, Europe, and New Zealand, mostly for 

commercial purposes. Aside from deliberate introductions, the Pacific oyster has spread by 

accident, through larvae either in ballast water or on ship hulls and is now considered an 

invasive species. They usually have a pale white or off-white shell and measure from 80 to 

400 mm long as adults. C. gigas is primarily an estuarine species, but it also inhabits the 

intertidal and subtidal zones. When the ideal environment is unavailable, they have been 

observed to settle in muddy or sandy locations; in shallow waters they like to stick to hard 

or rocky surfaces, including other shells. The Pacific oyster is a temperature-tolerant 

species, capable of withstanding temperatures from −1.8 to 35 °C (Leffler and Greer 1991). 

It is now the world's most frequently farmed and commercially important oyster, thanks to 

its ease of cultivation, wide environmental tolerance, and ability to spread from one 

location to another. C. gigas has a genome where 15% of the CpG dinucleotides are 

methylated (Wang et al. 2021). Most studies about stress responses to environmental 

stressors regard heat and salinity variations (Zhao et al. 2012; Yang et al. 2016, 2017; Li et 

al. 2020; Elia et al. 2020; Wang et al. 2021).  

L. vannamei, commonly known as the whiteleg shrimp or the Pacific white shrimp, can be 

found in the eastern Pacific Ocean where water temperature remains above 20 °C 

throughout the year. L. vannamei grows to a maximum length of 230 mm and lives at 

depths up to 72 m. L. vannamei is an economically important species as it is commonly 

caught or farmed for food. L. vannamei production reached 53% of the total production of 

farmed crustaceans in 2016 globally (Holthuis et al. 1998; FAO 2018). There are apparently 

no DNA methylation studies about L. vannamei, and the species responses to 

environmental stress have been studied mostly regarding the effects of temperature and 
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ammonia stress (Duan et al. 2017, 2021; Wang et al. 2019b; Fan et al. 2019; Liu et al. 2020; 

Bautista-Covarrubias et al. 2020; Zhuo et al. 2021). 

The Mediterranean mussel, M. galloprovincialis is a Mytilidae bivalve growing to up to 140 

mm shell length by filter-feeding from the water column. As the name may suggest, this 

species is native from Europe, particularly from Mediterranean coastal areas, but has 

spread to many parts of the world, where it can be considered an invasive species (Bownes 

and McQuaid 2006). Mussels are generally considered good bioindicators and biosentinels 

of ecosystem quality and their immune system is often inspected for such evaluation 

(Malagoli et al. 2008). The immune system of this mussel is influenced by changing 

environmental parameters such as water acidification, temperature and salinity variation, 

and consequently this species is often used as a model for predicting the impact of climate 

change on the health status of both wild and farmed organisms (Matozzo et al. 2012). The 

global methylation level reported for this species is of around 70% according to Ardura et 

al. (2018). Studies related to environmental challenges are in the realm of thermal and 

metal stress (Li et al. 2019b; Collins et al. 2020; Feidantsis et al. 2020; Braga et al. 2020; 

Giuliani et al. 2020; Santovito et al. 2021). 

O. bimaculoides, commonly known as the California two-spot octopus, inhabits the Pacific 

Ocean in subtidal zones up to a depth of 20 m and tolerates a wide temperature range 15-

26 °C. It is identifiable by the circular blue eyespots on each side of its head, which are false 

eye spots under each real eye. It can reach a mantle size of 17.5 cm with arms reaching up 

to 58 cm length. These octopuses live one to two years, and the end of their life is signalled 

by egg-laying in the female and senescence in both males and female (Roper et al. 2010; 

Villegas et al. 2014). Cephalopods in general are important for their potential use as models 

in the fields of developmental biology, evolution, neuroscience (Yekutieli et al. 2005; di 

Cristo 2013; Maldonado et al. 2019; Hanke and Kelber 2020). They are regarded as the most 

intelligent of the invertebrates, having well developed senses and large brains (Tricarico et 

al. 2014). For this uniqueness within the invertebrates’ landscape, it was important to 

include a representative of this group in the analysis. There are no methylation studies in 

O. bimaculoides and also there are no studies about the effects of environmental stress on 

this species. 
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S. purpuratus, commonly known as the purple sea urchin, lives in lower intertidal and 

nearshore sub-tidal communities along the eastern edge of the Pacific Ocean. It normally 

grows to a diameter of about 10 cm (4 inches) and may live as long as 70 years (Workman 

1999; Ebert and Southon 2003). The genome of S. purpuratus is comparable to that of 

vertebrates regarding its non-redundancy level but without the complexity of vertebrate 

genomes (Sodergren et al. 2006). Humans and S. purpuratus share about 7,700 genes, 

many involved in sensing the environment, which is somewhat surprising considering that 

the sea urchin lacks a head-like structure (Burke et al. 2006; Materna et al. 2006). The 

epigenome, gene expression, and phenotypic responses of the purple sea urchin are all 

affected by rising carbon dioxide levels. Carbon dioxide concentration also reduces the size 

of its larvae, which indicates a negative impact in the organisms fitness (Kelly et al. 2013; 

Doney et al. 2020). In S. purpuratus, around 22 % of CpGs are methylated (Strader et al. 

2020). There are some studies reporting the effects of metal contamination, thermal stress, 

radiation stress and ocean acidification in this species (Hammond and Hofmann 2010; 

Adams et al. 2012; Evans and Watson-Wynn 2014; Klein et al. 2019; Garrett et al. 2020). 

T. californicus is an intertidal copepod distributed along the Pacific coast of North America 

in splash pools where they can achieve high population densities from 800 to 20,000 

individuals per litter (Dethier 1980; Powlik 1998). Due to the isolation of the splash pools 

from the ocean, salinity and temperature fluctuate significantly therein over the course of 

hours or days. T. californicus has the ability to thrive under these fluctuating environmental 

conditions (Dethier 1980). Populations of T. californicus show a striking pattern of genetic 

differentiation often exceeding 20% total sequence divergence in mitochondrial DNA 

between populations separated by as little as 500 m, suggesting that inter-population gene 

flow must be relatively rare for this copepod (Burton et al. 2007; Willett and Ladner 2009). 

In response to salinity variation, T. californicus changes the number of amino acids within 

its cells to maintain water balance, especially regarding proline, and this is thought to be a 

common mechanism of osmoregulation across crustaceans (Burton and Feldman 1982). No 

studies were found regarding methylation patterns in this species, while studies 

investigating the effects of thermal stress and salinity stress exist (DeBiasse et al. 2018; Li 

et al. 2019a; Tangwancharoen et al. 2020; Lee et al. 2021). 



54 
 

2.2. Data Processing 

In this section, the flow of the data analysis towards achieving the specific objectives of this 

Dissertation is described. Occasionally, examples are given for one species while the same 

procedure was naturally applied to all species included in the meta-analysis.  

 

2.2.1. Preparation of files sourcing bioinformatics analysis 

The immediate goal of this data processing was to calculate the observed-to-expected CpG 

ratio (CpG O/E), the use of this metric is further explained in the results section. But to 

explain briefly CpG O/E is a good proxy when there is a lack of methylation data (Sarda et 

al. 2012). First, a data file containing 2 columns was required, one with the gene name and 

another one with the corresponding gene sequence. In order to create these data files, two 

files per species were first retrieved from the National Center for Biotechnology 

Information (NCBI) database: the FASTA file (.fna) containing gene sequences, and the 

General Feature Format (GFF) file (.gff) containing the corresponding gene names. The 

exception was for the files regarding Dreissena polymorpha, which were obtained from a 

different source (see table 4 below). In some cases, more than one genome assembly was 

available and contained the required files, thus the selection of the most suitable one was 

necessary. This was done based on the following criteria: I) Assemblies that had a higher 

level were chosen over others, e.g., chromosome level assemblies were chosen over those 

that were presented at the scaffold level; II) when assemblies presented the same level, 

several other relevant aspects were considered at the same time (usually in a case-by-case 

basis), including the number of scaffolds, genome coverage and number of citations. In this 

regard, it was considered that a high coverage indicates a high-quality assembly, and a high 

number of scaffolds indicates a fragmented assembly and of lower quality (Gurevich et al. 

2013; Wajid and Serpedin 2016; Whibley et al. 2021). On the other hand, the number of 

citations was considered a less important criterion since some papers are more recent, 

therefore having less time to be cited. The final list of which assemblies were chosen and 

for what reason is provided in Table 4.  
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Table 4. List of the data used for each species and reason for selection of specific files.  

Species Link to genome assembly used in analysis 
Reason for selection 
over other sources 

Aedes albopictus https://www.ncbi.nlm.nih.gov/assembly/GCA_001444175.2/     

More reliable 
sequencing technology 
(Illumina) that has less 
errors at a base level; 
better coverage; more 
citations. 

Anopheles albimanus https://www.ncbi.nlm.nih.gov/assembly/GCA_013758885.1  NA 

Apis mellifera https://www.ncbi.nlm.nih.gov/assembly/GCF_003254395.2/  
Less scaffold and higher 
coverage  

Biomphalaria glabrata https://www.ncbi.nlm.nih.gov/assembly/GCF_000457365.1/  Higher assembly level 
Bombus terrestris https://www.ncbi.nlm.nih.gov/assembly/GCF_000214255.1/  NA 
Bombyx mori https://www.ncbi.nlm.nih.gov/assembly/GCF_014905235.1/  Higher assembly level 
Caenorhabditis elegans https://www.ncbi.nlm.nih.gov/assembly/GCF_000002985.6/  NA 

Camponotus floridanus https://www.ncbi.nlm.nih.gov/assembly/GCF_000147175.1/  
Higher coverage, more 
citations   

Ciona intestinalis https://www.ncbi.nlm.nih.gov/assembly/GCF_000224145.3/  NA 
Crassostrea gigas https://www.ncbi.nlm.nih.gov/assembly/GCF_902806645.1/  NA 
Daphnia magna https://www.ncbi.nlm.nih.gov/assembly/GCF_003990815.1/  Higher assembly level 
Dreissena polymorpha https://www.biorxiv.org/node/810487.external-links.html  NA 
Drosophila melanogaster https://www.ncbi.nlm.nih.gov/assembly/GCF_000001215.4/  NA 
Folsomia candida https://www.ncbi.nlm.nih.gov/assembly/GCF_002217175.1/  NA 
Harpegnathos saltator https://www.ncbi.nlm.nih.gov/assembly/GCF_003227715.1/  Less scaffolds 
Ixodes scapularis https://www.ncbi.nlm.nih.gov/assembly/GCF_000208615.1/  Higher assembly level  
Litopenaeus vannamei https://www.ncbi.nlm.nih.gov/assembly/GCF_003789085.1/  NA 

Mytilus galloprovincialis https://www.ncbi.nlm.nih.gov/assembly/GCA_900618805.1/  
Less scaffold and higher 
coverage  

Nasonia vitripennis https://www.ncbi.nlm.nih.gov/assembly/GCF_009193385.2/  
Less scaffold and higher 
coverage  

Nematostella vectensis https://www.ncbi.nlm.nih.gov/assembly/GCF_000209225.1/  NA 
Octopus bimaculoides https://www.ncbi.nlm.nih.gov/assembly/GCF_001194135.1/  NA 
Orchesella cincta https://www.ncbi.nlm.nih.gov/assembly/GCA_001718145.1/  NA 
Polypedilum vanderplanki https://www.ncbi.nlm.nih.gov/assembly/GCA_018290095.1/  NA 
Strongylocentrotus 
purpuratus 

https://www.ncbi.nlm.nih.gov/assembly/GCF_000002235.5/  NA 

Tetranychus urticae https://www.ncbi.nlm.nih.gov/assembly/GCF_000239435.1/  NA 
Tigriopus californicus https://www.ncbi.nlm.nih.gov/assembly/GCA_007210705.1/  NA 
Tribolium castaneum https://www.ncbi.nlm.nih.gov/assembly/GCF_000002335.3/  NA 

NA – Not Applicable, i.e., only one source available for the species. 

 

Following the download of the appropriate files for each species, the polishing of the data 

from the .gff files was operated by removing all data but those referring to the gene bodies. 

This step was manually achieved by opening the .gff files in MS®Excel and removing all rows 

except the ones with the “mRNA” tag. The polished files were saved as tab delimited files 

for downstream compilation of information on gene sequences contained in the FASTA files 

and the corresponding gene names contained in the .CSV (previously .GFF) files. The 

https://www.ncbi.nlm.nih.gov/assembly/GCA_001444175.2/
https://www.ncbi.nlm.nih.gov/assembly/GCA_013758885.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_003254395.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000457365.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000214255.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_014905235.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000002985.6/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000147175.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000224145.3/
https://www.ncbi.nlm.nih.gov/assembly/GCF_902806645.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_003990815.1/
https://www.biorxiv.org/node/810487.external-links.html
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001215.4/
https://www.ncbi.nlm.nih.gov/assembly/GCF_002217175.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_003227715.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000208615.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_003789085.1/
https://www.ncbi.nlm.nih.gov/assembly/GCA_900618805.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_009193385.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000209225.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_001194135.1/
https://www.ncbi.nlm.nih.gov/assembly/GCA_001718145.1/
https://www.ncbi.nlm.nih.gov/assembly/GCA_018290095.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000002235.5/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000239435.1/
https://www.ncbi.nlm.nih.gov/assembly/GCA_007210705.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000002335.3/
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bedtools toolset (version 2.30.0), one of the most used toolsets for genome arithmetic 

(Quinlan and Hall 2010), was used for the purpose following the prior installation of the full 

virtualizer VirtualBox (version 6.1.22) in Windows (this allowed Linux emulation to run the 

bedtools toolset). The code run in bedtools was as follows: $ bedtools getfasta -fi <FASTA> 

-bed <GFF> output.fasta, where <FASTA> is the name of the .fna file, <GFF> is the name of 

the .gff file and output.fasta is the output file were “output” should be replaced by the 

desired name for this file. 

This command on Bedtools made the intersection of the genome FASTA file, that contained 

the gene sequences, with the GFF file, that contained the corresponding gene names, thus 

creating a single file with the information previously contained in two different files. The 

output files were further processed/edited for compliance with the requirements of later 

analysis where a new structural organization of the files was needed: all the names in one 

file and sequences in another, with full line correspondence. For the purpose, the “output” 

file was opened in notepad++ (version 7.9.2) and the “>” symbol present before every line 

being replaced with an empty space. Then two files were created from this “output”, one 

named “speciesname_genesname” containing the names of the genes and a second 

entitled “speciesname_genesequence” containing the gene sequences. To create either of 

these files from the original it was necessary to either delete the odd or the even lines from 

the original text. This was achieved in two steps. First by finding with the code thread 

"([^\n]*\n)[^\n]*\n” and replacing with the code thread "$1”, which made all the even 

numbered lines disappear; the odd lines were left, collecting the gene names only in a file. 

Second, in order to obtain the gene sequences, the previous step was repeated over the 

original “output” but adding a blank line as the first line in the file beforehand, which 

relocated gene sequences to the odd number lines; a file with gene sequences only was 

generated. 

Further data analysis was run in R (https://www.r-project.org/) and R studio 

(https://www.rstudio.com/), versions 4.0.3 and 1.4.1717, respectively. 

 

https://www.r-project.org/
https://www.rstudio.com/
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2.2.2. Bioinformatic analysis 

Both the “speciesname_genesequence” and “speciesname_genesname” files were 

imported into R by selecting the “From text (readr)” option, deselecting "First row as 

Names" and choosing "character" as class. Then, in order to make data within the files 

uniform, the characters in the sequences were all turned into uppercase (Code Box 1). 

 

Code Box 1. Lower-to-uppercase transformation 

speciesname_genesequence$X1=toupper(speciesname_genesequence$X1) 

 

Afterwards the “stringr” package was installed (Wickham 2019) and upload from the R 

library. The number of C, G and CGs per gene was then calculated, then divided by the total 

number of base pairs of each gene sequence (Code Box 2), using the file with the gene 

sequences. 

 

Code Box 2. Counting and normalizing C, G and CG  

speciesname_genesequence$C<-str_count(speciesname_genesequence$X1,pattern = 

"C")/nchar(speciesname_genesequence$X1) 

 

speciesname_genesequence$G<-str_count(speciesname_genesequence$X1,pattern = 

"G")/nchar(speciesname_genesequence$X1) 

 

speciesname_genesequence$CG<-str_count(speciesname_genesequence$X1,pattern = 

"CG")/nchar(speciesname_genesequence$X1) 

 

The Expected-to-observed CpG ratio (CpG O/E) was then calculated (Equation 1) for each 

gene sequence (Code Box 3). Afterwards, the file where genes were identified was 

integrated using the appropriate code (Code Box 4). 

Equation 1: CpG O/E =
𝑃𝐶𝑃𝐺

𝑃𝐶∗𝑃𝐺
 , where PCpG is the frequency of CG dinucleotides, PC is the 

frequency of C nucleotides and PG is the frequency of G nucleotides. 
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2.2.3. Data analysis 

CpG O/E data organized in a data frame (see above) were first inspected using a boxplot 

approach (Code Box 5). Boxplots were created to generally analyse the data distribution 

and to identify potential outliers in particular. CpG O/E values that were found to be too 

high when compared to most of the data for each species (this classification was qualitative 

and only applied when there was a clear discrepancy comparing to the general dataset). 

The identified outliers were removed to avoid data skewness (Code box 6, where “x” is the 

number of the line where the outlier stands, easily retrieved from the data frame). 

 

Code Box 5. CpG O/E Boxplot building 

boxplot(speciesname_genesequence$CpGOE) 

 

Code Box 6. Outliers’ removal 

speciesname_genesequence<-as.data.frame(speciesname_genesequence[-c(x, ),]) 

 

For some species, missing values were found for the CpG O/E record, represented by 

“NaN”. “NaN” is provided when a given gene sequence bears no Cs or Gs, which 

mathematically results in a division by zero for the CpG O/E calculation. Because text values 

Code Box 3. CpG O/E calculation 

speciesname_genesequence$CpGOE<-

as.numeric(speciesname_genesequence$C)*as.numeric(speciesname_genesequence$G) 

 

speciesname_genesequence$CpGOE<-

as.numeric(speciesname_genesequence$CG)/as.numeric(speciesname_genesequence$CpGOE) 

Code Box 4. Integration of gene names 

speciesname_genesequence$name<-speciesname_genesname;remove(speciesname_genesname) 



59 
 

would prevent further numerical analysis, all “NaN” values were replaced by zero (Code 

Box 7). 

 

Code Box 7. Correction of text CpG O/E values. 

speciesname_genesequence$CpGOE[is.na(speciesname_genesequence $CpGOE)] <- 0 

 

Following on the analysis above, visualization of CpG O/E distribution was improved 

through the creation of density plots using the ratio values although a histogram type of 

plot was selected; given that histograms artificially break continuous datasets such as the 

CpG O/E dataset into nominal classes, a density curve was added to each plot for 

consistency (Code Box 8).  

 

Code Box 8. Histogram-type density plot and density line addition 

hist(speciesname_genesequence$CpGOE, freq = F, xlab="CpG Observed/Expected", main = "Density plot 

of species name", breaks = seq(from=0, to=3.5, by=0.05)) 

 

lines(density(speciesname_genesequence$CpGOE), col="blue", lwd=2) 

 

Prior to a systematic assessment of the type of distribution shown for CpG O/E by each 

species (see below), the corresponding CpG O/E records were exported from R studio in 

.txt files (Code Box 9). 

 

Code Box 9. Export of gene sequences added CpG O/E 

speciesname_genesequencefinal<-speciesname_genesequence[,c("CpGOE")] 

 

write.table(speciesname_genesequencefinal,"speciesname.txt",col.names=F,row.names=F,sep="\t",quot

e=F) 
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The CpGO/E distributions were tested using the NOCOM program (Ott 1992; e.g., 

https://www.jurgott.org/linkage/nocom.htm). This was necessary because CpG O/E data 

can either reflect a unimodal or a bimodal distribution, and any estimations and 

conclusions made on the basis of such datasets are naturally dependent on the assumed 

distribution. This software estimates parameters like means, variance, proportions of 

components of a normal distribution or a mixture of normal distributions for independent 

observations, following the fitting of the data to both unimodal and bimodal distribution 

models. Under a null hypothesis reflecting the equality of two means reflecting a bimodal 

distribution, the G2 statistic applies (equation 2) approximately following a χ2 distribution 

with 2 degrees of freedom, to test whether a bimodal distribution provides a better fit to 

the data than a unimodal distribution (Hasselblad 1966; Ott 1979; Thode et al. 1988). 

Equation 2:  G2 = 2 [ln(L1) − ln(L0)], with Li being the maximum likelihood obtained under 

the ith hypothesis. 

The first step in NOCOM involved opening the .txt file containing the CpG O/E values for a 

given species. After this, testing of the unimodal model occurred, followed by bimodal 

model testing. For the unimodal model, and for all the species, the value 1 for the 

exponential option was selected (indicating to the program that data transformation 

should not be performed), as well as the option of keeping this exponential constant 

(option 0) during NOCOM mathematical estimations. Also, the number of distribution 

components (or modes) was selected as 1, i.e., reflecting a unimodal distribution, which 

ultimately allowed the estimation of the parameters of interest for the unimodal 

distribution adjusted to the input data (see Results and Discussion). Then, for testing the 

bimodal model, NOCOM options were set as follows: the exponential option was selected 

as 1 (indicating no data transformation), as well as the option of keeping this exponential 

constant (option 0 in NOCOM). Then, the number of components (or modes) was selected 

as 2 (i.e., bimodal distribution), and a fixed ratio of standard deviation was selected for the 

two components by choosing the option 2 in NOCOM. Afterwards, a visual estimation of 

the means, common standard deviation and proportions (weights) of the two distributions 

was made by analysing the previously created histograms in R. It is important to notice that 

when the data presented a distinct unimodal pattern, very similar values of means and 

https://www.jurgott.org/linkage/nocom.htm
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proportions were attributed to the two components. This data was used to further feed 

NOCOM. Accordingly, the mean of the first component was inserted, while also selecting 

the option to estimate its value in NOCOM (option 1). The shared value of standard 

deviation of the two components was then inserted in NOCOM, as well as the weight 

(probability) of the first component (this value was also selected to be estimated by 

NOCOM by choosing option 1). After this, the values of the second component were 

inserted, starting by the mean (also selected to be estimated by NOCOM - option 1). Next, 

the ratio of standard deviation of the second component to that of the first was inserted in 

NOCOM as 1, as a common value of standard deviation for the two distributions had 

already been calculated by visual inspection and inserted in the software, as described 

above.  Then, the weight (probability) of the second component was inserted and the 

option of estimating the value in NOCOM selected. The final prompt question required the 

indication for the need or not to estimate the previously inserted value of common 

standard deviation, and option 1 (estimation) was select.  This procedure allowed us to 

obtain the values of the parameters estimated by NOCOM for the unimodal and bimodal 

scenarios, while also providing the values for EXPO LN(L) in each scenario. This EXPO LN(L) 

refers to the logarithmic likelihood obtained under each hypothesis. The G2 statistic is then 

applied, and the test-value is compared to a threshold calculated as shown in equation 3. 

If the G2 is smaller than threshold then there is a non-significant presence of two 

components with different means, meaning that distribution is unimodal but if G2 is bigger 

than the threshold then there is a significant presence of two components with different 

means which means a bimodal distribution. 

Equation 3: 6.08 + 4.51/√n, where n is the number of observations. 

Further steps were taken in order to get a more complete picture of the results in R.  First, 

skewness of each distribution was calculated using the package “moments” (Lukasz Komsta 

2015) as detailed in Code box 10. This informed more specifically on how to categorize the 

distributions in some particular cases (see results). Second, the analysis was extended to 

the calculation of the percent of CG dinucleotides within the genome of each individual 

species, using the code detailed in Code Box 11. 
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Code Box 11. Calculation of average level of CG frequency  

mean(speciesname_genesequence[,"CG"])  

  

Code Box 10. Calculation of skewness  

skewness (speciesname_genesequence$CpGOE)  
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3. RESULTS AND DISCUSSION 

The present work addressed the likelihood of gene body methylation of invertebrate 

genomes, which confers to different species the phenotypic plasticity allowing responses 

to environmental challenges or to changing environmental conditions. It addresses this 

topic thought the analyses of the distribution of the potential for gene body methylation 

based on the prevalence of CpG dinucleotides. Additionally, a comparative approach on 

CpG prevalence in the genome was employed to conclude on which are the more 

favourable model species to address gene body methylation within an ecotoxicological 

context and develop potential biomarkers of environmental exposure or effect.  

As the databases for methylomes are not comprehensive so far, except maybe concerning 

human methylomes, the appraisal of trends in DNA methylation within closely related 

organisms and between unrelated groups, e.g., to address the role of the environment as 

a constraint of epigenetically-based adaptation, must be inferred from genomic 

information. One way of approaching this inference is based on the fact that methylated 

cytosines are hyper-mutable. This is because methylated cytosines turn into thymine 

residues through deamination at a higher rate when compared with unmethylated 

cytosines (Coulondre et al. 1978). Namely, the mutation rate of methylated cytosines into 

thymine is 10- to 50-fold higher than that for other point mutations (Fryxell and Moon 

2005). This specific type of mutation is not easily corrected by the DNA repair machinery 

and, as a result, it is widely assumed that regions of DNA that once in the past were 

consistently methylated are currently depleted of CpG dinucleotides, the privileged sites 

for DNA methylation over evolutionary time (Schorderet and Gartler 1992). A practical way 

of addressing the evolutionary trends in methylation among different species, or simply to 

assess whether the genome of a given species is more or less prone to be methylated, is 

through the use of the observed-to-expected ratio of CpG dinucleotides in their genome 

(CpG O/E). This ratio relates the frequency of the CpG dinucleotides with the frequency of 

cytosines and guanines available for pairing. Low CpG O/E values (far below 1.0) hence 

indicate that gene sequences are likely to be methylated, whereas high CpG O/E values 

(approaching 1.0 or higher) indicate that sequences should be sparsely methylated. CpG 

O/E has been demonstrated to be consistently informative regarding the presence of DNA 
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methylation in the genome of several organisms (Shimizu et al. 1997; Elango et al. 2009; Yi 

and Goodisman 2009; Glastad et al. 2011; Sarda et al. 2012; Aliaga et al. 2019). As very well 

pictured by Aliaga et al. (2019), low CpG O/E is not a condition for methylation but a 

consequence of it; also, the whole rationale applies to stable methylation signatures that 

are inherited through several generations, thus that are part of the germline methylome 

and that can characterise a given species in its current evolutionary momentum. 

 

3.1. Likelihood of gene body methylation of invertebrate genomes 

As a general outcome of the analyses of the genomes of 27 species representing several 

environmental compartments, viz. the soil, air, freshwater and marine environments, it is 

clear that there is not a common pattern that can be observed in all invertebrates as 

detailed below.  

The interpretation of CpG O/E at the genome level (note that the ratio is calculated for 

every gene body sequence, in the present work) demands the assumption of an 

appropriate distribution that feasibly describes the dataset. From the 27 species analysed 

herein, a unimodal distribution was found to be that feasibly describing the CpG O/E 

dataset for 16 species (Table 5): A. albopictus, A. albimanus, B. mori, C. elegans, C. 

floridanus, D. magna, D. melanogaster, F. candida, H. saltator, I. scapularis, N. vectensis, O. 

cincta, P. vanderplanki, T. urticae, T. californicus, T. castaneum. The CpG O/E dataset was 

better described by a bimodal distribution for the remaining 11 species (Table 5): A. 

mellifera, B. glabrata, B. terrestris, C. intestinalis, C. gigas, D. polymorpha, L. vannamei, M. 

galloprovincialis, N. vitripennis, O. bimaculoides, S. purpuratus. 

It is important to reiterate how the values that are represented in table 5 were obtained 

and how they constrain the interpretation of the results. As mentioned in the material and 

methods section, both the unimodal and bimodal models were tested in NOCOM, where 

the “LN(L) – Unimodal” and “LN(L) – Bimodal” were obtained for each respective test. 

These values represent the logarithmic maximum likelihood for their respective hypothesis 

and are used to calculate the G2 value presented in the table. The actual number of gene 

sequences found in each species was used to calculate the threshold. Then this threshold 
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value was compared to the G2 value to inform on whether there is a statistically significant 

fit of the distribution to the density data or not. A G2 value higher than the threshold means 

that there is a significant fit to the bimodal distribution with two components. On the other 

hand, if the G2 value is smaller than the threshold then there is a non-significant fit to the 

bimodal distribution, hence a unimodal distribution better describes the dataset. This 

distinction is an important step because although some distributions can be clearly 

identified through simple visual inspection of gene density histograms concerning CpG O/E 

others are less clear. The analysis for the presence of one or two components in the 

distribution can corroborate what can be deduced visually and, in some cases, it can clarify 

what is difficult to discern visually, preventing less accurate interpretation of the data 

(Hasselblad 1966; Ott 1979; Thode et al. 1988). 

The interpretation of presumably methylated and presumably non-methylated gene bodies 

based on CpG O/E distributions is not yet fully defined, particularly for those cases where 

the distributions offer room for differential interpretation. Therefore, and to avoid 

personal bias as much as possible, the present study generally followed the criteria 

established by Aliaga et al. (2019) as follows. Bimodal distributions denote a mosaic pattern 

of DNA methylation, as well as unimodal distributions strongly negatively skewed 

(skewness lower than -0.04). Unimodal, non-negatively skewed distributions can represent 

one of three scenarios. Distributions with a CpG O/E mean for the single mode lower than 

0.69 represent genomes prone to gene body methylation; if the mean for the single mode 

is equal or higher than 0.69, low gene body methylation or ultra-low gene body methylation 

is expected, with the distinction being given by standard deviation - distributions with low 

gene body methylation have a standard deviation equal or larger than 0.12, while 

distribution characterized by ultra-low gene body methylation have a standard deviation 

lower than 0.12. Based on the criteria followed, different groups of species can be 

assembled that bear distinct patterns regarding the likelihood of gene body methylation. 

This grouping ruled the organisation of text and figures below and, to assist the 

interpretation and provide an overview of the results, the corresponding parameters are 

summarised in Table 7 for each species included in the meta-analysis. 
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Table 5. Summary statistics for the fitting of unimodal or bimodal distributions to the CpG O/E density data retrieved from the genomes of the selected 
invertebrate species. The values of “LN(L) – Unimodal” are the logarithmic maximum likelihood obtained under the Unimodal hypothesis and the “LN(L) 
– Bimodal” values are the logarithmic maximum likelihood obtained under the Bimodal hypothesis. Observations is the actual number of sequences 
used in the calculation of the threshold for comparison with the G2 value.  

Species LN(L) – Unimodal LN(L) – Bimodal Observations G2 Threshold  
Aedes albopictus  23046.134904 23046.126766 17141 0.016 6.11444  
Anopheles albimanus 47489.922987 47489.901033 23947 0.044 6.10914  
Apis mellifera 7807.559327 10645.883355 23458 5676.648 6.10944 * 
Biomphalaria glabrata 35417.730893 37787.896518 36662 4740.331 6.10355 * 
Bombus terrestris 9407.429333 9878.462308 22092 942.066 6.11034 * 
Bombyx mori 30942.386091 30942.466413 27303 0.161 6.10729  
Caenorhabditis elegans 28357.588793 28357.587418 28338 0.003 6.10679  
Camponotus floridanus 6238.458203 6238.451162 14862 0.014 6.11699  
Ciona intestinalis 17778.347161 18579.693517 21086 1602.693 6.11105 * 
Crassostrea gigas 62914.200284 72378.036735 63341 18927.673 6.09791 * 
Daphnia magna 23131.313042 23131.305224 23570 0.016 6.10937  
Dreissena polymorpha 80804.552578 85767.388528 188502 9925.672 6.09038 * 
Drosophila melanogaster 53166.822409 53166.789275 30701 0.066 6.10573  
Folsomia candida 53669.475938 53669.475281 37114 0.001 6.10341  
Harpegnathos saltator 21201.986979 21202.018407 26783 0.063 6.10755  
Ixodes scapularis 4862.402152 4862.397943 20479 0.008 6.11151  
Litopenaeus vannamei 26278.514596 27028.053109 33260 1499.077 6.10472 * 
Mytilus galloprovincialis 67709.073835 71102.907376 77409 6787.667 6.09620 * 
Nasonia vitripennis 28798.912421 30280.457315 34173 2963.090 6.10439 * 
Nematostella vectensis 25576.483700 25576.476914 34307 0.014 6.10434  
Octopus bimaculoides 19220.157456 23467.341359 23992 8494.368 6.10911 * 
Orchesella cincta 32452.253162 32452.258622 20247 0.011 6.11169  
Polypedilum vanderplanki 18165.152004 18165.137641 19127 0.029 6.11261  
Strongylocentrotus purpuratus 44822.937544 46885.710144 38427 4125.545 6.10300 * 
Tetranychus urticae 24121.200134 24121.223185 15670 0.046 6.11602  
Tigriopus californicus 24037.503330 24037.496345 15576 0.014 6.11613  
Tribolium castaneum 24391.015745 24391.010580 22588 0.010 6.11000  

* Statistically significant fit of the distribution to the density data, so a bimodal distribution should be assumed 
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3.1.1. Validation Species 

Four species within our dataset were previously analysed by others using the same 

methodology and the same software for distribution testing, namely A. mellifera, B. mori, C. 

intestinalis and N. vectensis (Sarda et al. 2012). This provides the opportunity of validating the 

methodology and general conclusions in the present study through direct comparison of the 

results.  A direct comparison of the density plots obtained herein (Figure 6) and in (Sarda et 

al. 2012), highlights that there are no remarkable differences between the two studies in 

general. In (Sarda et al. 2012), sequences density in A. mellifera highlighted two groups of 

genes, one centred around the value of 0.7 CpG O/E and the other one around 1.5; for B. 

mori, only one group of genes was identified with CpG O/E values of around 1.1; for C. 

intestinalis, two groups of genes were identified, one centred around the CpG O/E value of 

0.6 and the other one around 1; N. vectensis seems to have 2 groups of genes one around the 

value of 0.5 and the other one around 0.9. An exception to the consistency between the 

results of the present study and those by (Sarda et al. 2012) occurred for N. vectensis. A 

unimodal distribution was found herein to more appropriately describe the data (Table 5), 

thus only one group of genes should be recognised in our dataset (Figure 6d). The same 

inconsistency was found when comparing with the predictive approach for this species by   

(Nanty et al. 2011). It is also noteworthy that there are some aspects where full consistency 

was not reached. The peaks, i.e., the density values in the present work are higher. For 

example, in (Sarda et al. 2012) the highest peak found for the density in A. mellifera is around 

1 while in the present work is slightly below 1.5 CpG O/E; similar inconsistencies can be 

verified for the remaining 3 species. These differences between the two studies are likely due 

to the use of different sourcing data, but the essential trends that can be interpreted and 

consequently conclusions bear no remarkable differences, which validates the methodology 

and conclusions presented herein.  

The bee A. mellifera has a previous report of an average whole genome CpG methylation level 

of about 1% (Harris et al. 2019). This actual quantification evidence along with previous works 

using predictive approaches (Nanty et al. 2011; Glastad et al. 2011; Provataris et al. 2018) 

corroborate the results of the present study (Figure 6a). The distribution fitted for A. mellifera 

reveals that a narrow group of genes bear a CpG O/E level slightly below 1 (mean for mode 1 

of 0.747), but where low methylation levels are still expected (mode mean below 0.69), but 
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most of the genes (around 62% of the genes) were found to have a CpG O/E value around 2 

(mean for mode 2 of 1.520), reinforcing the tendency for low methylation levels (Table 7). 

Despite this uneven distribution within the mosaic pattern, both groups suggest low 

likelihood of methylation of the gene bodies, which is consistent with the previously reported 

low overall level of methylation quantified in the genomes of this species. In the case of the 

tunicate C. intestinalis the distribution fitted herein (Figure 6c) is also consistent with previous 

ones that have been produced (Nanty et al. 2011), and the species has indeed a previously 

reported high level of 30% cytosine methylation (Suzuki et al. 2016). Similarly, previous 

predictive studies on the domestic silk moth, B. mori, are consistent with the results obtained 

herein (Nanty et al. 2011; Glastad et al. 2011; Provataris et al. 2018) and B. mori has a reported 

low methylation level with 0.11% of the genomic cytosines being regularly methylated (Xiang 

et al. 2010) that is also consistent with the data here presented. 
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Figure 6. Density plot compiling the CpG O/E density as observed in the genome of Apis mellifera (a), 
Bombyx mori (b), Ciona intestinalis (c) and Nematostella vectensis (d), with the corresponding 
unimodal or bimodal distributions best describing the datasets represented by a blue solid line and 
the bimodal distribution. The descriptive statistics for the fitted distribution is given in the grey-
shadowed panel of each graph, namely the component-associated means and proportions, as well as 
the common standard deviation of the components.  

 

3.1.2. Non-Validation Species 

The first group, comprising 14 of the 27 species analysed, were found to have genomes fitting 

unimodal CpG O/E distributions with means for the single mode that are equal or larger than 

0.69: A. albopictus, C. elegans, C. floridanus, D. magna and F. candida as depicted in Figure 7; 

I. scapularis, O. cincta, P. vanderplanki, T. californicus, T. castaneum as depicted in Figure 8. 

Thus, these species are expected to have low gene body methylation throughout the genome. 

These results are consistent with previous studies as discussed below.  

The Asian tiger mosquito A. albopictus has been reported to have a low level of global DNA 

methylation of around 0.03% according to (Adams et al. 1979), with a more recent report by 

(Oppold et al. 2015) reporting a wider range of methylation from 0.021% to 0.674% of 

(a) (b) 

(c) (d) 
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methylated cytosine relative to guanine. The nematode C. elegans seems to have low to 

undetectable levels of CpG methylation (Suzuki et al. 2007), a single study being available that 

reported more specifically a low-level (0.0019 to 0.0033%) of methylated cytosines (Hu et al. 

2015). Both the ant C. floridanus and the freshwater cladoceran D. magna have low 

methylation levels of 0.14%-0.16% (Bonasio et al. 2012) and 0.7–0.9% (Hearn et al. 2019), 

respectively. Both F. candida and O. cincta are collembolans whose genomes apparently lack 

DNA methylation (Noordhoek et al. 2018; Provataris et al. 2018). All of these reports are 

consistent with the data achieved through the analysis made in the present dissertation with 

the exception of C. elegans. Herein, the worm is pictured as bearing low gene body 

methylation (Figure 7b), rather than ultra-low to undetectable methylation levels as argued 

in the literature (Hu et al. 2015). The CpG O/E distributions presented herein are also 

consistent with previous similar analyses for F. candida and O. cincta (Provataris et al. 2018).  

There are studies reporting the occurrence of DNA methylation in the red flour beetle T. 

castaneum (Feliciello et al. 2013; Song et al. 2017; Provataris et al. 2018) but others rather 

report on its absence (Zemach et al. 2010; Schulz et al. 2018). The results obtained herein 

suggests that, if found, DNA methylation in T. castaneum is expected to occur sparingly 

(Figure 8e). The deer tick I. scapularis, the sleeping chironomid P. vanderplanki and the 

intertidal copepod T. californicus have not yet been inspected for DNA methylation levels, but 

the CpG O/E distribution for the I. scapularis genome was already addressed and it is in line 

with the results of the present work (Provataris et al. 2018). The outcomes of the analyses 

over these species suggest that low gene body methylation should be expected in future 

actual quantification attempts.  
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Figure 7. Density plot compiling the CpG O/E density as observed in the genome of Aedes albopictus 
(a), Caenorhabditis elegans (b), Camponotus floridanus (c), Daphnia magna (d) and Folsomia candida 
(e), with the corresponding unimodal or bimodal distributions best describing the datasets 
represented by a blue solid line and the bimodal distribution. The descriptive statistics for the fitted 
distribution is given in the grey-shadowed panel of each graph, namely the component-associated 
means and proportions, as well as the common standard deviation of the components.  
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Figure 8. Density plot compiling the CpG O/E density as observed in the genome of Ixodes scapularis 
(a), Orchesella cincta (b), Polypedilum vanderplanki (c), Tigriopus californicus (d) and Tribolium 
castaneum (e), with the corresponding unimodal or bimodal distributions best describing the datasets 
represented by a blue solid line and the bimodal distribution. The descriptive statistics for the fitted 
distribution is given in the grey-shadowed panel of each graph, namely the component-associated 
means and proportions, as well as the common standard deviation of the components. 

 

The mite T. urticae stands alone as the single representative of a genome clearly meeting a 

unimodal distribution of CpG O/E with expectedly high DNA methylation in gene bodies: its 

CpG O/E distribution has a mean position for the single mode below 0.69 (0.671; Table 7). 

This interpretation is consistent with the data reported in previous studies showing global 

(a) (b) 

(c) (d) 

(e) 



73 
 

methylation levels for this species of around 25 to 30%, with a cytosine methylation level of 

15% to 20% (Yang et al. 2018b). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Density plot compiling the CpG O/E density as observed in the genome of Tetranychus urticae 
and the unimodal distribution significantly describing the dataset. The descriptive statistics for the 
fitted distribution is given in the right-hand, grey-shadowed panel of the figure, namely the 
component-associated mean as well as the standard deviation of the component.  

 

Lastly, another group of species should be recognised by showing a mosaic pattern for CpG 

O/E distributions. This means that these species present density distributions with two 

components, representative of two groups of genes where one is more methylated than the 

other (bimodal distribution) or have a single component highly left-skewed (Aliaga et al. 

2019). This group includes A. albimanus, B. glabrata, B. terrestris, C. gigas, D. melanogaster, 

D. polymorpha, H. saltator, L. vannamei, M. galloprovincialis, N. vitripennis, O. bimaculoides, 

S. purpuratus (Figures 10 and 11) 

This mosaic pattern was found in both species where the overall DNA methylation level is 

expectedly high and low. The Pacific oyster C. gigas, the coastal mussel M. galloprovincialis 

and the purple sea urchin S. purpuratus have high reported levels of methylation of 15% of 

the CpG dinucleotides (Wang et al. 2021), 70% global methylation level (Ardura et al. 2018) 

and CpGs methylation of 22 % (Strader et al. 2020), respectively. These literature records are 



74 
 

consistent with the outcomes of the CpG O/E analysis presented herein as the density 

distributions of these species tend all to peak in the left-hand side, suggesting that at least 

part of the genome tend to bear high levels of DNA methylation (Figures 10a, b, c). 

The freshwater snail B. glabrata has 2% of the cytosines in its genome regularly methylated 

(Fneich et al. 2013), the jumping ant H. saltator was reported to have a low level of cytosine 

methylation of 0.11% to 0.12% (Bonasio et al. 2012) and the mosquito A. albimanus showed 

a global methylation level between 0.85% and 1.73% (Claudio-Piedras et al. 2020). The CpG 

O/E distribution for B. glabrata is bimodal, revealing a group of genes that tends to be 

methylated and another group of a similar proportion that are likely to be less methylated 

than the first (Figure 10d). Distinctly, the single mode in CpG O/E distributions fit to the 

genome of both H. saltator and A. albimanus spread through the right-side of the benchmark 

CpG O/E value of 0.69 (Figure 10e, f; Table 7), which is coherent with the lower records for 

measured DNA methylation in these two species compared to B. glabrata. The distributions 

of B. glabrata and H. saltator found herein are also consistent with previous works using 

similar predictive approaches (Fneich et al. 2013; Provataris et al. 2018) while there are no 

studies available in this regard for the mosquito. The fruit fly D. melanogaster is generally 

considered to have no DNA methylation and a consistent extremely low level of methylated 

cytosines (0.001%) was already reported (Deshmukh et al. 2018). The CpG O/E distribution 

presented herein (Figure 11a) is also consistent with previous similar analyses for D. 

melanogaster (Glastad et al. 2011; Provataris et al. 2018). There is a particular situation 

regarding the classification of the distributions for both A. albimanus and D. melanogaster 

that is worth exploring further. When analysed visually, in both cases distributions appear to 

be normal and to have no skewness (Figures 10f and 11a), but calculated skewness values 

denote that the distributions are rather left-skewed, which lead to the inclusion of the species 

in this group comprising species that show mosaic CpG O/E distributions (Table 7). This 

classification was made according to Aliaga et al. (2019) as clarified above but is noteworthy 

that other literature sources, use other measures and calculations of skewness and are more 

tolerant regarding the said skewness (Groeneveld 1991; Hosking 1992; Doane and Seward 

2011). In this way, despite these two species being initially classified has having mosaic 

distributions for CpG O/E, they are likely to reflect low methylation following integrated 

interpretation. 
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The bumble bee B. terrestris and the wasp N. vitripennis show, according to previous data, 

low levels of methylation. B. terrestris was reported to have 0.5 to 0.6% of all CpGs methylated 

(Sadd et al. 2015) and N. vitripennis was found to have an average global methylation level of 

0.18% over the whole genome and methylation of 0.63% of the CpGs (Beeler et al. 2014). For 

the first species, these literature records are consistent with the predictive distributions found 

in the present study given the position of both modes in the CpG O/E scale, with means above 

0.69 suggesting low methylation levels for both groups of genes (Figure 11a; Table 7). In the 

case of N. vitripennis, both components of the distribution mosaic pattern have CpG O/E 

means of nearly or above 1 (Figure 11b; Table 7); this means that there are two recognisable 

groups of genes with differential likelihood of methylation, but both show CpG O/E records 

suggesting a tendency for low methylation levels. This is generally in line with previous works 

that recognise mosaic CpG O/E distributions, the difference being a slight moving of 

distributions therein to the left (Glastad et al. 2011; Park et al. 2011; Provataris et al. 2018). 

Regarding the freshwater bivalve D. polymorpha, the shrimp L. vannamei and the cephalopod 

O. bimaculoides, no previous studies exist actually quantifying DNA methylation that could be 

used for comparison to the predictive outcomes of the present study. However, a previous 

study already addressed the CpG O/E distribution for L. vannamei (Provataris et al. 2018) and 

reached similar results. Herein the genome of these species have a typical mosaic distribution 

as to the CpG O/E ratio. For the shrimp and the octopus, one group of genes is highly 

susceptible to methylation (CpG O/E mean below 0.69) and the other shows a pattern 

consistent with a low susceptibility to methylation (Figure 11d, e), whereas in the octopus this 

latter group is proportionally much smaller (Table 7). Differently, D. polymorpha has both 

groups of genes with a mode means above 0.69 (Figure 11c), denoting that although at 

different scales, the genome of this tends generally for accommodating low DNA methylation 

(Table 7). Something that needs to be pointed out in regard to D. polymorpha is that the data 

presented in Table 7, particularly the values of the means and proportions, do not 100% line 

up with what is shown in the figure (11d). This can be seen as the values of the second mean 

that according to the image should be around the value of 1.1 are instead presented has 2.1. 

This does not change our conclusions has those are mainly derived from the analyses of the 

image, but it does present with something that needs to be further investigated to identify 
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what is skewing the values making the values obtained from NOCOM different from those 

presented in the image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Density plot compiling the CpG O/E mosaic density as observed in the genome of 
Crassostrea gigas (a), Mytilus galloprovincialis (b), Strongylocentrotus purpuratus (c), Biomphalaria 
glabrata (d) Harpegnathos saltator (e) and Anopheles albimanus (f) and with the corresponding 
unimodal but highly left-skewed (skewness for A. albimanus of -0.0490733 and for H. saltator of -
0.7419896) or bimodal distributions best describing the datasets represented by a blue solid line and 
the bimodal distribution. The descriptive statistics for the fitted distribution is given in the grey-
shadowed panel of each graph, namely the component-associated means and proportions, as well as 
the common standard deviation of the components.  
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Figure 11. Density plot compiling the CpG O/E density as observed in the genome of D. 
melanogaster(a), Bombus terrestris (b), Nasonia vitripennis (c), Dreissena polymorpha (d), Litopenaeus 
vannamei (e) and Octopus bimaculoides (f), with the corresponding unimodal but highly left-skewed 
(skewness for D. melanogaster of -0.1234172) or bimodal distributions best describing the datasets 
represented by a blue solid line and the bimodal distribution. The descriptive statistics for the fitted 
distribution is given in the grey-shadowed panel of each graph, namely the component-associated 
means and proportions, as well as the common standard deviation of the components.  
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3.2. Differences in gene body methylation in closely related species 

On a more specific view of the outcome, even species more closely related may present 

genomes which are differentially susceptible to gene body methylation. 

Interestingly, when appraising gene body methylation across environmental compartments, 

aquatic species can be clearly highlighted as generally bearing a higher gene methylation 

likelihood, with 63.6% of the aquatic species showing higher density of genes around CpG O/E 

records below 0.69, compared to only 11% of the terrestrial species bearing a genome 

susceptible to methylation (Table 7). Within the aquatic compartment, freshwater species are 

underrepresented in the dataset since only 3 species representatives could be included in the 

meta-analysis. Although general extrapolations regarding freshwater species would be 

abusive, it is noticeable from the three representative species that only B. glabrata has part 

of the genome highly susceptible to methylation, with both D. polymorpha and D. magna 

bearing likely lowly methylated genomes. Considering that methylated CpG dinucleotides 

tend to mutate easily (Coulondre et al. 1978), hypermethylated genomes in the past can 

currently be hypomethylated. Based on this feature and in the observation that the genomes 

of terrestrial species tend to be less methylated currently than the current genomes of aquatic 

species, it is reasonable to postulate an evolutionary path behind this pattern. From a 

macroevolutionary point of view, the living world tended to follow the exit from water to 

land. In this course, methylation may have played an important role in species adaptation to 

all the new niches available on land, enhancing phenotypic plasticity ranges through the 

increase of transcriptional opportunities (Roberts and Gavery 2012; Dimond and Roberts 

2016; Gatzmann et al. 2018). The past susceptibility to methylation allowing the transition to 

land may have driven increased methylation-driven mutation rates in CpG dinucleotides, 

thereby eroding the genomes of preferential sites for methylation and leading to the lower 

overall susceptibility to methylation observed in current terrestrial invertebrate genomes. 

In terms of specific comparisons between related species from different compartments a few 

can be made based on the selected genomes in the present work. First, one can compare 

three bivalves that were analysed, namely the marine species C. gigas (Figure 10a), the 

freshwater species D. polymorpha (Figure 11c) and the marine species M. galloprovincialis 

(Figure 10b) can be compared. All three species, as previously described, have a bimodal 

distribution with on two groups of genes one being predicted to be more susceptible to 
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methylation than the other. C. gigas and M. galloprovincialis are very similar in terms of terms 

of their distributions and their genomes bear at least one group of genes with CpG O/E means 

below 0.69. D. polymorpha, by contrast, shows both modes of the CpG O/E distribution with 

a mean above 0.69, denoting that the genome is able to accommodate little methylation 

(Table 7). This seems to indicate that the genome of the freshwater species can become 

methylated at a much littler scale than those of the two marine ones. According to the 

hypothesis we presented above in terms of evolutionary path, this suggests that D. 

polymorpha may have needed the scope for phenotypic plasticity given by DNA methylation 

opportunities while its ancestors colonized freshwater from the seas, and then undergone 

CpG erosion following mutation towards the current genome less prone to methylation than 

the compared marine bivalves. This is consistent with what is known about the evolutionary 

course of D. polymorpha, whose ancestors were marine species (Gelembiuk et al. 2006; 

Strong et al. 2008; Graf 2013). 

Several other comparisons are meaningful among closely related species. For example, here 

is the one between the two crustaceans D. magna and T. californicus. D. magna is a 

freshwater cladoceran while T. californicus is an intertidal copepod. Both of these species 

have a unimodal distribution with a mean close to 1 indicating low methylation. Both species 

in terms of their distributions are fairly similar, with T. californicus having a distribution 

slighter more centred to the left of the graft with a mean of 0.81 while D. magna has a mean 

of 0.96 (Table 7). The fact of that T. californicus it is intertidal is interesting due to the fact 

that they have to deal with fluctuating conditions in the intertidal zone, and so leading to 

possibility of them having to resort to methylation to be able to quickly adapt leading to an 

erosion of CpG levels and leading to the current small level of methylation. Another 

crustacean that is present here is L. vannamei that unlike D. magna and T. californicus has a 

bimodal distribution being much more shifted to the left and so having a higher predicted 

methylation than both D. magna and T. californicus. Other species closely related that share 

similar patterns regarding the distribution of CpG O/E, thus likelihood of methylation, can be 

identified: like the ants C. floridanus and H. saltator that both have a unimodal distributions 

of means around 1.2 indicating low methylation with H. saltator having its distribution skewed 

to the left (Table 7). In a similar fashion both the bees of A. mellifera and B. terrestris similar 

bimodal distributions, with components of similar values, indicating low methylation with 
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areas of high methylation. Close to the bees is the wasp N. vitripennis that unlike the previous 

present a distribution with high values of components means indicating a smaller level of 

methylation than the bees but present areas of higher methylation (Table 7). Finally, we can 

also compare the two mosquitos, A. albimanus and A. albopictus which are both predicted to 

have low methylation due to their respective unimodal distributions with means around the 

value of 1 (Table 7). The sleeping chironomid P. vanderplanki being somewhat related can 

also be compared with these two mosquitos and when we look at its distribution we can see 

that it is wider and is more to the left than the previous two indicating a higher level of 

methylation than the two mosquitos. 
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Table 7. Overview of the parameters applying to CpG O/E distributions of the studied species, methylation levels reported in the literature and conclusions 
on methylation likelihood based on CpG O/E analysis run herein. 

a- Global Methylation, b- Cytosine methylation, c- CpG Methylation 

Species  1º 
Mean 

2º 
Mean 

1º 
Proportion 

2º 
Proportion 

Standard 
Deviation 

Skewness Reported methylation level Conclusions 

Terrestrial Species         

Bombyx mori 1.053 - 1 - 0.195 0.5689 0.11% b low gene body methylation 
Caenorhabditis elegans 0.977 - 1 - 0.223 0.7105661 0.0019%-0.0033% b low gene body methylation 
Camponotus floridanus 1.239 - 1 - 0.399 1.149869 0.14%-0.16% a low gene body methylation 
Harpegnathos saltator 1.271 - 1 - 0.275 -0.7419896 0.11%-0.12% b low gene body methylation 
Folsomia candida 0.940 - 1 - 0.143 0.4702213 No methylation low gene body methylation 
Orchesella cincta 0.758 - 1 - 0.122 0.4042925 No methylation low gene body methylation 
Ixodes scapularis 1.098 - 1 - 0.478 7.935341 No reports low gene body methylation 
Tetranychus urticae 0.671 - 1 - 0.130 0.7361029 25-30% a, 15%-20% b high gene body methylation 
Tribolium castaneum 1.101 - 1 - 0.206 4.160719 Conflicting Reports low gene body methylation 

Air Species         

Aedes albopictus 1.031 - 1 - 0.158 1.659051 0.03% a  low gene body methylation 
Apis mellifera 0.747 1.520 0.376 0.624 0.221 -0.353119 1% c low gene body methylation 
Anopheles albimanus 1.10 - 1 - 0.084 -0.0490733 0.85%-1.73% a  low gene body methylation 
Bombus terrestris 0.825 1.450 0.426 0.574 0.248 0.4549392 0.5%-0.6% c  low gene body methylation 
Drosophila melanogaster 0.933 - 1 - 0.107 -0.1234172 0.001% b low gene body methylation 
Nasonia vitripennis 0.857 1.299 0.249 0.751 0.178 -0.6272069 0.18% a, 0.63% c low gene body methylation 
Polypedilum vanderplanki 0.775 - 1 - 0.235 0.4749372 No Reports low gene body methylation 

Freshwater Species         

Biomphalaria glabrata 0.318 0.710 0.547 0.453 0.123 0.646204 2% b high gene body methylation 
Dreissena polymorpha 0.767 2.117 0.987 0.013 0.363 0.5650045 No Reports low gene body methylation 
Daphnia magna 0.966 - 1 - 0.227 1.231337 0.7–0.9% a low gene body methylation 

Marine Species         

Ciona intestinalis 0.619 1.049 0.570 0.430 0.151 0.8218976 30% b high gene body methylation 
Crassostrea gigas 0.448 0.846 0.496 0.504 0.105 0.0769514 15% c  high gene body methylation 
Litopenaeus vannamei 0.411 0.841 0.519 0.481 0.172 0.5378573 No Reports high gene body methylation 
Mytilus galloprovincialis 0.418 0.841 0.409 0.591 0.144 0.1172125 70% a  high gene body methylation 
Nematostella vectensis 0.777 - 1 - 0.288 3.052101 No Reports low gene body methylation 
Octopus bimaculoides 0.389 0.942 0.771 0.229 0.142 1.305207 No Reports high gene body methylation 
Strongylocentrotus purpuratus 0.502 0.606 0.819 0.394 0.108 0.5299487 22 % c high gene body methylation 
Tigriopus californicus 0.813 - 1 - 0.130 1.346726 No Reports low gene body methylation 
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3.3. Species appropriateness for the development of epigenetic biomarkers supporting 

environmental assessment 

The analysis also highlighted that the use of DNA methylation as a biomarker of exposure 

and/or effects can be constrained by the level of CpG enrichment of the genomes of the 

species. In order to appraise on what species would be better to apply in environmental 

assessments studies using the epigenome, the potential for methylation, i.e., the level of 

CG within the genome should primarily be considered. This is because the more CG 

dinucleotides there are, the higher the odds that the corresponding sequences become 

methylated as a response to a given environmental stressor, thus the best chances of 

finding a responsive epigenome that can support the development of epigenetic 

biomarkers. Although is important to point out that a high level of CG doesn’t guarantee a 

high level of methylation, but only provides more locations here it can occur. 

Considering the CG frequency for the studied species (table 8), some general 

recommendations can be provided regarding the focus towards development of epigenetic 

biomarkers within each compartment. Regarding the soil compartment, I. scapularis and 

H. saltator should be the species most focused; regarding aerial species, A. albimanus, A. 

albopictus and N. vitripennis should be considered; species such as N. vectensis and T. 

californicus would likely be the most responsive to represent marine ecosystems; and D. 

magna or D. polymorpha are freshwater species that seem appropriate for the 

development of epigenetic biomarkers.  

While these general recommendations are logical if one looks only at the CG frequency, 

the feasible application of DNA methylation as a biomarker within fields relating to 

environmental assessment, e.g., ecotoxicology, requires further reasoning. In this context, 

it is worth to highlight for example the case of the deer tick I. scapularis and the jumping 

ant H. saltator. The CG content of their genomes is high, and this would suggest that both 

could be good indicator species where the development of responsive DNA methylation 

biomarkers would be successful. However, they lack ecotoxicology relevance as there is 

very little information on the responses of these species to environmental stressors at 

different levels of biological organization. While a limited number studies can be found in 
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this regard with  I. scapularis and H. saltator (Schneider et al. 2011, 2016; Busby et al. 2012; 

Villar et al. 2015; Bourret et al. 2016; Ginsberg et al. 2017), much more is known for other 

model species representing the same environmental compartment, such as the nematode 

C. elegans (Sochová et al. 2006; Queirós et al. 2019) or springtails, e.g., O. cincta (Faddeeva-

Vakhrusheva et al. 2017), that for a long time have been used as models in ecotoxicology 

hence accumulating a large and relevant body of evidence on responses to environmental 

stressors, namely at the phenotypic level and especially at the individual and population 

levels. C.elegans shows a notable body of evidence on responses to environmental 

contaminants but was reported to have low to no DNA methylation (Sochová et al. 2006; 

Suzuki et al. 2007; Hu et al. 2015). This is consistent with the CG frequency and the CpG 

O/E ratio analysis. But it is still reasonable to hold this species as a potentially good 

candidate for the development of epigenetic biomarkers to apply in environmental 

assessment studies due to the large number of work previously done. 

The same critical reasoning applies regarding aerial species. A. albimanus has little to no 

studies in the realm of environmental stressors, while A. albopictus and N. vitripennis are 

more documented in this context (da Gloria da Costa Carvalho and Freitas 1988; Wang et 

al. 2012; Chirault et al. 2015; Sivan et al. 2017; Reinhold et al. 2018; Hidalgo et al. 2019). D. 

melanogaster is even more documented, again, due to its role as a model organism that 

has been used for many years. As to marine species, T. californicus has been investigated 

regarding the effects of thermal stress and salinity stress (DeBiasse et al. 2018; Li et al. 

2019a; Tangwancharoen et al. 2020; Lee et al. 2021) but N. vectensis is far more studied 

since it is a recognised model organism for the study of evolution, genomics, reproductive 

biology, developmental biology and ecology (Darling et al. 2005; Genikhovich and Technau 

2009; Watson et al. 2009), thus it should be better suited for the development of feasible 

epigenetic biomarkers of exposure and effect. Another option for the marine compartment 

is M. galloprovincialis due to the fact that mussels are generally good bioindicators mostly 

because of their biosentinel role, which is appropriate for ecosystem quality assessment. 

M. galloprovincialis has been used as such (Malagoli et al. 2008; Kandǔca et al. 2011; Solé 

et al. 2020), thus there is more background knowledge available for the interpretation of 

the responses of potential DNA methylation biomarkers. Finally, for the freshwater 
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compartment, the GC frequency points towards D. magna or D. polymorpha as the most 

suitable species to develop biomarkers based on DNA methylation. D. magna is perhaps 

the best of these two species given that it has a slightly higher CG frequency but especially 

because it is a model organism in a several fields of research like in ecological and 

evolutionary studies, and particularly in ecotoxicology (Altshuler et al. 2011; Tkaczyk et al. 

2021), being already used in several standard test methods (e.g., OECD 2004, 2008) and 

having already its molecular responses (including differential DNA methylation) to a wide 

range of environmental stressors studied (Fan et al. 2015, 2020; Jeremias et al. 2018b; 

Yuxuan et al. 2019; Shahid et al. 2019; Hearn et al. 2019; Ates et al. 2020; Samanta et al. 

2020; Ellis et al. 2020). 
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Table 8. Average level of CG frequency by species organized by compartment. 

 

 

 

 

 

 

Species  CG Frequency Average 

Terrestrial Species  

Bombyx mori 0.03841567 
Caenorhabditis elegans 0.03353303 
Camponotus floridanus 0.04151784 
Harpegnathos saltator 0.05763937 
Folsomia candida 0.03447081 
Orchesella cincta 0.02856794 
Ixodes scapularis 0.05672893 
Tetranychus urticae 0.01859712 
Tribolium castaneum 0.0378923 

Air Species  

Aedes albopictus 0.05302826 
Apis mellifera 0.03196508 
Anopheles albimanus 0.06727366 
Bombus terrestris 0.03672484 
Drosophila melanogaster 0.04777528 
Nasonia vitripennis 0.05130614 
Polypedilum vanderplanki 0.01842584 

Freshwater Species  

Biomphalaria glabrata 0.01579216 
Dreissena polymorpha 0.03513598 
Daphnia magna 0.03963171 

Marine Species  

Ciona intestinalis 0.026249 
Crassostrea gigas 0.01924947 
Litopenaeus vannamei 0.02575081 
Mytilus galloprovincialis 0.01881304 
Nematostella vectensis 0.03079966 
Octopus bimaculoides 0.01446947 
Strongylocentrotus purpuratus 0.02323292 
Tigriopus californicus 0.04219962 
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4. CONCLUSIONS AND FUTURE PERSPECTIVES 

Regarding the specific objects that were defined for this work, it is noteworthy that all were 

satisfactorily tackled. Publicly available reliable genomic data were successfully collected 

on 27 invertebrate species representing different environmental compartments and that 

are currently involved in research addressing ecological threats, evolutionary trends or 

eventually human health and wellbeing threats. These genomic datasets allowed the 

quantification of the distributions of CpG O/E and consequently the appraisal on the 

potential for gene body methylation, along with the prediction of the corresponding 

methylation pattern for all species. This analysis on the distribution of CpG O/E across the 

genomes confirmed previous evidence in the literature on actual quantification of DNA 

methylation levels in general. However, for several species, this is the first study where 

DNA methylation patterns are addressed even if following a predictive approach. Also 

based on likelihood of gene body methylation, it was elaborated on the potential of 

different invertebrate species to respond or potentially adapt to challenging and/or highly 

fluctuating environments thought DNA methylation mediated phenotypic plasticity or 

ultimately mutation. Overall, this analyses showed that there is not a common tendency 

applying to all invertebrates as to genome susceptibility to DNA methylation. However, 

some consistent associations were made suggesting that phylogenetically closely related 

species belonging to the same environmental compartment evolved their epigenome 

similarly. It was also speculated that adaptation to new ecological niches may have involved 

DNA methylation followed by mutation, ultimately resulting in genomes currently depleted 

of DNA methylation susceptibility. Finally, based on a comparative analysis of CG frequency 

in the genomes, reasoned along with knowledge availability on phenotypic responses to 

environmental stress, the present study advanced on the identification of species that can 

more efficiently be used to address gene body methylation within an ecotoxicological 

context, namely for the development and implementation of epigenetic biomarkers of 

environmental exposure or effect. 

Regarding future perspectives, the most general indication that can be given following the 

present study regards the need to enlarge the database on the epigenome of invertebrate 

species. Next-generation sequencing techniques such as whole genome bisulfite 
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sequencing among others are available and increasingly accessible with moderate budgets 

that can provide the characterization of actual DNA methylation patterns at a nucleotide 

resolution level. This is critical to understand the evolutionary path of DNA methylation in 

different species, as well as to confirm estimations on the level of methylation of 

invertebrate genomes, for example to appraise on the sensitivity and responsiveness of the 

epigenome to environmental stressors and consequently the adequacy of each model 

species to provide epigenetic biomarkers (based on DNA methylation) of exposure and/or 

effect to ecotoxicological toolboxes integrated in Environmental Risk Assessment 

frameworks.  

Considering the specific study presented herein, the immediate step to improve the 

conclusions reached would be the identification of highly methylated genes and poorly 

methylated genes. This involves the systematic retrieval of the sequences belonging to 

each of these two groups and their integration with Gene Ontology annotations for 

selected species (those with globally hypomethylated genomes are not relevant for such 

an extended analysis). The outcome would inform on which types of genes are more likely 

to be methylated, thus possible on the genes that can be more responsive to environmental 

stressors. Moreover, it would allow to appraise on the functional role of genes belonging 

to either group, namely on whether they serve more housekeeping functions, like those 

involved in transcription and translation, or whether are they are most likely involved 

processes like in cellular signalling, reproductive processes and stress responses. This 

would largely increase the current knowledge on DNA methylation patterns in 

invertebrates, confirming or not the current assumptions that can be found in the 

literature. Finally, and under a meta-analysis perspective, the identification of genes that 

are likely to be methylated and the comparison of species in this context accounting to 

their phylogenetic relationships can inform on the evolutionary roles of DNA methylation. 
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