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There is a swiftly increasing amount of empirical evidence that non-genetic factors, such as
DNA methylation and small RNAs, play an important role not only in development but also
in heredity and, therefore, evolutionary dynamics. One of the most interesting aspects of non-
genetic processes is their responsiveness to environmental conditions, which has been shown to
affect not only the phenotype and fitness of the individuals directly exposed to the stimulus, but
also their offspring even when the stimulus is no longer present, indicating that the transmission
of non-genetic factors across generations might work analogously to immunization against
recurring conditions. In this thesis, I explored the effects and consequences of non-genetic
processes in development and heredity, from both theoretical and experimental perspectives. In
Article I, I created a mathematical model of DNA methylation dynamics during the maternal-to-
zygotic transition, leading to the zygotic genome activation. I found that there is a developmental
constraint on the transition between different cell lineages, with an increasing flexibility of
active methylation and decreasing flexibility of maintenance (de-)methylation. In Article II,
we explored the dynamics of small RNA production throughout development, including their
amplification, transgenerational transmission and responsiveness to environmental conditions.
Responsiveness of small RNA production resulted in greater benefits when soma and germline
are both responsive, especially in highly correlated environmental conditions. In Article III,
I carried out experiments on zebrafish to explore the effects of the male social environment
on sperm production in terms of sperm morphology and DNA quality. Males exposed to
different social treatments produced sperm with different morphologies and DNA integrity
levels. In Article IV, we used the same experimental design to look at the effects of the male
social environment on offspring development in terms of differential gene expression patterns.
Males exposed to different social treatments sired offspring that showed different expression
patterns of genes involved in post-transcriptional processes of gene expression regulation.  Our
findings shed light on the importance of non-genetic processes in development and heredity
and contributes to the current knowledge about which and how non-genetic mechanisms can
potentially affect evolutionary dynamics.
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We must not forget that when radium 
was discovered no one knew that it 
would prove useful in hospitals. The 
work was one of pure science. And this 
is a proof that scientific work must not 
be considered from the point of view of 
the direct usefulness of it. It must be 
done for itself, for the beauty of science, 
and then there is always the chance that 
a scientific discovery may become like 
the radium, a benefit for humanity.  

Marie Skłodowska Curie
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DNA  Deoxyribonucleic acid 
RNA  Ribonucleic acid 
MZT  Maternal-to-zygotic transition 
ZGA  Zygotic genome activation 
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piRNA  Piwi-interacting RNA 
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1. Introduction 

 When Charles Darwin first proposed his theory of evolution by nat-
ural selection in his fantastic On the Origin of Species (Darwin, 1859), he 
had very little information about the mechanisms responsible for the inheri-
tance of traits across generations. By the time Darwin was writing his book, 
the most popular idea about inheritance was the one conceived by Jean-Bap-
tiste Lamarck in his book Zoological Philosophy (Lamarck, 1809), where he 
proposed his idea of inheritance of acquired characteristics.  
 Lamarck’s ideas were eventually discredited because the work of 
Gregor Mendel (Mendel, 1866), supported by the accumulated observations 
about inheritance, provided a more accurate explanation for the transmission 
and modification of phenotypes across generations. Mendel’s ideas were lat-
er strongly supported by the fundamental discovery of the DNA structure by 
Rosalind Franklin (Franklin & Gosling, 1953) that led to the famous publica-
tion by James Watson and Francis Crick (Watson & Crick, 1953), and a 
third, less popular publication by Maurice Wilkins (Wilkins et al., 1953). 
Later on, the first whole genome was sequenced (Fleischmann et al., 1995).  
 Although many scientists believed that sequencing the whole 
genome of an organism would lead to a complete understanding of how phe-
notypes are formed, the making of a phenotype turned out to be more com-
plex than previously thought. Even before the first genome was sequenced, 
developmental biologists were aware of the complexity of the process re-
sponsible for the generation of phenotypes. Based on that knowledge, Con-
rad Waddington coined the term “epigenetics” to define the whole complex 
of developmental processes that lie between genotype and phenotype 
(Waddington, 1942). 
 The field of epigenetics has since been one of the fastest developing 
fields in biology. It has not only elucidated the process through which geno-
types make phenotypes, but also unburied Lamarck’s basic idea about the 
transmission of acquired (non-genetic) characteristics across generations. 
However, that also brought a lot of confusion as to the meaning of epigenet-
ics, and the addition of inheritance did not help making it clearer (Haig, 
2004; Felsenfeld, 2014; Deans & Maggert, 2015; Pisco et al., 2016; 
Schuebel et al., 2016). Amid all the discussions about which processes and 
patterns can be defined as epigenetic, two ideas became central to the field: 
(1) phenotypes can be determined by non-genetic processes controlled by 
environmental conditions; (2) phenotypic changes due to non-genetic pro-
cesses can be transmitted across generations. 
 In this thesis, I use the term “non-genetic” to describe processes that 
are not caused by (or perfectly correlated with) the DNA primary structure 
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(sequence), although the DNA sequence is fundamental to these processes. 
Here I briefly introduce the general ideas and recent discoveries that led to 
the research projects presented in this thesis and explain how my approach 
could elucidate the roles of non-genetic processes in development and inher-
itance.  

1.1. Evolution and development 

 As mentioned above, epigenetics was first defined to describe pro-
cesses that link genotype to phenotype. This developmental link is an ex-
tremely important process in evolutionary biology as well as medicine be-
cause it allows natural selection to act indirectly on genotypes through direct 
selection of phenotypes. That implies that the higher the correlation between 
phenotype and genotype, the more effective the effect of selection will be at 
the genotypic level.  
 The field of evolutionary developmental biology (evo-devo) has 
been successfully addressing questions related to the link between genotype 
and phenotype through the investigation of how changes in gene expression 
patterns lead to changes in morphological phenotypes (Raff, 2000; Müller, 
2007; Carroll, 2008; Sommer, 2009). Although many of these changes in 
gene expression result from mutations in regulatory regions (McGregor et 
al., 2007; Frankel et al., 2011), it is the change in expression (not mutation) 
of the protein-coding gene that is responsible for the change in the pheno-
type. This observation leads to the idea that any non-genetic mechanism ca-
pable of changing gene expression patterns can take control of phenotypic 
change and alter the way selection interacts with genotypes. Changes in gene 
expression patterns caused by non-genetic processes have been well docu-
mented in studies about phenotypic plasticity (West-Eberhard, 1989; 
Thompson, 1991; Gotthard & Nylin, 1995; Price et al., 2003; Fusco & 
Minelli, 2010) and seem to range from simple changes in color (Stevens, 
2016) to change of sex (Kobayashi et al., 2013; Todd et al., 2016).  
 Because development is strongly affected by non-genetic processes, 
as mentioned above, development is not only a process that is shaped by 
evolution, but also a process that constrains the way evolution works. 

1.2. Non-genetic mechanisms in development and 
heredity 

 Non-genetic mechanisms of gene expression regulation throughout 
development can lead to phenotypic changes, and the processes responsible 
for these changes have been frequently associated with environmental condi-
tions. However, the exact physical mechanisms by which any specific envi-
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ronmental condition triggers the change in gene expression have been only 
poorly explored, probably because of the lack of information about the mol-
ecules responsible for these changes and the difficulty in controlling condi-
tions in such complex environments as cells. Instead of focusing on how ex-
tracellular environmental conditions physically alter the behavior of mole-
cules leading to changes in expression patterns, recent studies have focused 
on more broadly-acting mechanisms that have been strongly associated with 
gene expression regulation. 
 Mechanisms that control gene expression work at different molecu-
lar levels along the connection between DNA sequence and phenotype, rang-
ing from pre-transcriptional to post-translational mechanisms (Figure 1). 
While epigenetic mechanisms such as DNA methylation (Razin & Riggs, 
1980; Razin & Cedar, 1991) and chromatin modifications (Heintzman et al., 
2009) are primarily involved in the pre-transcriptional control of gene ex-
pression, mechanisms such as mRNA targeting by small RNAs (Selbach et 
al., 2008) and protein modification (Misteli, 2001) regulate gene expression 
at the post-transcriptional level. Many of these processes have been reported 
to be affected by environmental conditions. For example, changes in temper-
ature, an important environmental factor, has been implicated in DNA meth-
ylation changes in several species, including plants (Hashida et al., 2003) 
and animals (Parrott et al., 2014; Metzger & Schulte, 2017). Similarly, small 
RNAs have been shown to respond to a diverse range of environmental fac-
tors (Wassarman, 2002; Bizuayehu et al., 2015; Nehammer et al., 2015). 
 These observations have important implications for development 
and evolution. Firstly, development is a flexible process that can respond to 
different environmental conditions, possibly as an adaptation to non-optimal 
environmental fluctuations. Secondly, genes responsible for plastic pheno-
types might be affected by natural selection differently (Grenier et al., 2016), 
potentially introducing deviations in predictions from classical population 
genetics.  
 The introduction of non-genetic elements in heredity complicates 
our understanding of evolutionary dynamics, but recent studies have high-
lighted the importance of non-genetic information inherited from both the 
mother (Mommer & Bell, 2014) and the father (Mychasiuk et al., 2013). The 
inheritance of non-genetic information through the maternal line (eggs) has 
been investigated more intensively partly because of the greater non-genetic 
contribution of the egg relative to the sperm, since the egg provides most of 
the cytoplasmic components that form the zygote. However, the inheritance 
of non-genetic information through the paternal line (sperm) has also been 
shown to play an important role in offspring development (Immler, 2018). 
 Methylation patterns and small RNAs transmitted through both ma-
ternal and paternal gametes have been the most explored mechanisms of 
non-genetic inheritance. For example, maternal diet was shown to affect the 
methylation state of genes associated with hair color and obesity in mice, 
with the transmission of the effect across generations, affecting the pheno-
type of the offspring (Waterland & Jirtle, 2003). Also in mice, odor fear con-
ditioning was shown to alter the methylation state of an odorant receptor 
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gene in sperm, transmitting the behavioral sensitivity of the fathers to the 
offspring, which also showed an enhanced odor-related neuroanatomy (Dias 
& Ressler, 2014). In the nematode Caenorhabditis elegans, viral infections 
can lead to the production of small RNAs that guide viral immunity and are 
transmitted across generations even when the initial viral stimulus is no 
longer present (Rechavi et al., 2011). Additionally, starvation-induced small 
RNAs that affect nutrition-related genes can also be transmitted across gen-
erations even after starvation is ceased (Rechavi et al., 2014).

Figure 1 – Regulation of gene expression in eukaryotic cells can happen at 
several molecular levels, from pre-transcriptional to post-translational regu-
lation.

 Given all the empirical evidence, the inheritance of non-genetic el-
ements has been shown to play an important role in developmental and phe-
notypic dynamics across generations, and therefore has important implica-
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tions for evolutionary dynamics (Bonduriansky & Day, 2009; Bonduriansky 
et al., 2012; Uller & Helanterä, 2013; English et al., 2015). 

1.3. The maternal-to-zygotic transition 

 An important developmental process that is controlled by epigenetic 
mechanisms and seems to depend on the inheritance of non-genetic elements 
is the process of maternal-to-zygotic transition (MZT) that leads to the zy-
gotic genome activation (ZGA). During this process, the developing embryo 
is primarily controlled by maternal products during the first cell divisions of 
development. 
 The MZT has been shown to be part of the development of a diverse 
number of species, including the sea urchin Strongylocentrotus purpuratus 
(Samanta et al., 2006; Wei et al., 2006), the fruitfly Drosophila 
melanogaster (Bashirullah et al., 1999; Tadros & Lipshitz, 2005), the nema-
tode C. elegans (Baugh et al., 2003), the zebrafish Danio rerio (Mathavan et 
al., 2005; Ferg et al., 2007), the frog Xenopus laevis (Newport & Kirschner, 
1982a; b), the chicken Gallus gallus (Hwang et al., 2018) and the mouse 
Mus musculus (Bultman et al., 2006; Svoboda & Flemr, 2010). 
 Several molecular mechanisms have been proposed to trigger or 
control the transition from maternal to zygotic genome activation (Tadros & 
Lipshitz, 2009; Lee et al., 2014; Eckersley-Maslin et al., 2018; Liu et al., 
2018). One such mechanism is the nucleocytoplasmic ratio, which is thought 
to act through the titration of a maternally-loaded repressor that controls the 
timing of zygotic genome activation in, for example, Xenopus (Newport & 
Kirschner, 1982a) and Drosophila (Pritchard & Schubiger, 1996). The non-
genetic mechanism of inheritance of a maternally-loaded repressor seems to 
be responsible for delaying the onset of the zygotic genome activation, and 
studies in zebrafish have suggested that small RNAs play the role of the re-
pressor (Giraldez et al., 2006; Giraldez, 2010). 
 Moreover, because gene expression is strongly influenced by DNA 
methylation (Razin & Cedar, 1991), the ZGA seems to be tightly associated 
with methylation dynamics throughout development (Eckersley-Maslin et 
al., 2018), up to the differentiation of highly specialized cell types such as 
gametes. The MZT and methylation dynamics throughout development 
strongly suggest that such non-genetic processes are not merely byproducts 
of evolutionary dynamics, but instead a necessity for the evolution of devel-
opment. 
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1.4. Small RNA response to environmental conditions 

 One of the main molecular components of a diverse number of non-
genetic processes in development and heredity are the different families of 
small RNAs (sRNAs), such as microRNAs (miRNAs), small-interfering 
RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs). These molecules are 
short non-coding RNAs that have been associated with a number of impor-
tant functions such as the regulation of gene expression by targeting mRNA 
transcripts (He & Hannon, 2004) and the protection of the genome from the 
mobilization of transposable elements (Siomi et al., 2011). sRNAs are wide-
spread across the tree of life and have been shown to be involved in many 
important developmental processes, from cell proliferation and apoptosis in 
Drosophila (Brennecke et al., 2003; Xu et al., 2003) to maintenance and pro-
tection of germ cells in zebrafish (Houwing et al., 2007) and adipocyte dif-
ferentiation in humans (Esau et al., 2004). 
 However, one of the most interesting phenomena involving sRNA 
production is the process of sRNA amplification through a feed-forward am-
plification loop that is observed in piRNAs and siRNAs. Another important 
aspect of these families of sRNAs is their ability to respond to various envi-
ronmental conditions. As already mentioned above, several environmental 
factors (e.g., temperature, starvation, viral infections) have been shown to 
trigger a response from sRNAs in terms of expression levels (Ding & Voin-
net, 2007; Wang et al., 2016a; Fast et al., 2017). sRNA amplification and 
responsiveness to environmental conditions are what make sRNAs behave as 
non-genetic factors. 
 Moreover, because sRNA production can affect the germline, these 
molecules can also be transmitted across generations and affect the pheno-
type of the offspring. This has been recently shown in studies of viral infec-
tions (Rechavi et al., 2011), starvation (Rechavi et al., 2014) and abiotic 
stresses, such as temperature (Schott et al., 2014). These properties of sRNA 
amplification, responsiveness and inheritance create a flow of non-genetic 
information across generations that can potentially affect evolutionary dy-
namics (Day & Bonduriansky, 2011). 

1.5. Environmental effects on sperm phenotypes 

 Although environmental effects on phenotypes have been extensive-
ly studied in the diploid organism as a whole and many molecular mecha-
nisms for such effects have been discovered, the effect of environmental 
conditions on gamete production and gamete competition is less well-under-
stood. However, environmental effects on sperm production, in particular, 
can have important consequences for evolutionary dynamics because of 
sperm competition. A simple but common environmental scenario where 
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these effects might take place is where there is a risk of sperm competition in 
a population (Kekäläinen et al., 2015), that is, when males are uncertain 
about their success in fertilizing the available eggs. 
 Variation in the male social environment such as the presence of 
other males has been shown to affect sperm production in different ways, in 
several species (Snook, 2005; Fitzpatrick & Lüpold, 2014). Sperm traits such 
as sperm numbers, sperm swimming speed, sperm viability, longevity and 
morphometry are the most frequently observed traits that are affected by en-
vironmental conditions. For example, in the fowl Gallus gallus, social status 
among males (dominant vs. subordinate) affects quantity and quality of 
sperm production, with dominant males producing more sperm but with a 
decreasing quality over successive copulations (Cornwallis & Birkhead, 
2007; Pizzari et al., 2007). In the broadcast spawning ascidian Styela plicata, 
males kept at high male density (and therefore higher risk of sperm competi-
tion) produced larger, more motile and longer-lived sperm relative to males 
kept at low male density (Crean & Marshall, 2008). These and many other 
studies (Allen et al., 2011; Arundell et al., 2014; Moatt et al., 2014) have 
shown that the environment can indeed affect sperm production and pheno-
types. 
 However, despite the increasing and strong evidence for the effect of 
the environment on sperm phenotypes, little is known about the molecular 
mechanisms responsible for these effects. An increasing number of studies 
have shown an association between these environmental effects on sperm 
phenotypes and offspring developmental patterns, which indicates that envi-
ronmental factors affecting sperm phenotypes might also promote non-genet-
ic inheritance or transgenerational epigenetic effects. Several molecular 
mechanisms have been proposed to be responsible for sperm-mediated non-
genetic inheritance (Immler, 2018). 

1.6. Sperm-mediated transgenerational epigenetic 
effects 

 Non-genetic inheritance has been shown to play an important role in 
developmental dynamics. Studies about the transmission of non-genetic fac-
tors across generations have focused primarily on the maternal non-genetic 
contribution to the zygote. In Drosophila, for example, the exposure of de-
veloping larvae to toxic stresses triggers a developmental response through 
changes in gene expression (more precisely, changes in the repression of 
Polycomb group genes) that lead to the derepression of developmental regu-
lators, and the resulting developmental modifications can be epigenetically 
inherited by subsequent generations even when the stimulus responsible for 
the original response is no longer present (Stern et al., 2012, 2014). 
 More recently, studies focusing on the paternal non-genetic contribu-
tion to the zygote have shown that the paternal physiological conditions af-
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fected by different environmental factors also have effects on offspring de-
velopment. For example, in zebrafish, the intensity of male-male competi-
tion experienced by the fathers before reproduction affected their offspring 
performance in terms of developmental activity and survival (Zajitschek et 
al., 2014, 2017). In mice, adult males submitted to a low protein diet sired 
offspring that showed an elevated expression of metabolic genes involved in 
lipid and cholesterol biosynthesis and reduced levels of cholesterol esters 
(Carone et al., 2010). Additionally, male mice exposed to chronic stress dur-
ing puberty and adulthood sired offspring that showed altered gene expres-
sion patterns in stress regulating regions of the brain (Rodgers et al., 2013).  
 The increasing number of studies showing transgenerational non-
genetic effects mediated by sperm has demanded more in-depth analyses of 
the potential molecular mechanisms involved in the process (Immler, 2018). 
With that, experimental and theoretical approaches have been successfully 
used to shed light on the evolution of such mechanisms and how they can 
affect evolutionary dynamics. 

1.7. Theoretical biology: the importance of 
mathematical models in biology 

 Theoretical biology allows us to understand specific processes and 
address very specific questions without the noise caused by background pro-
cesses. Mathematical models have the fundamental advantage of eliminating 
basically all processes that are not of interest for the question being ad-
dressed. However, this advantage comes with a very important risk: the 
mathematical model might simply be wrong or not represent the system in a 
realistic way. As it was once said by the statistician George Box, “all models 
are wrong but some are useful” (Box, 1979). 
 One of the very first mathematical models applied to a biological 
process was conceived by Thomas Malthus in his “An essay on the principle 
of population” (Malthus, 1803), where he proposed a model of population 
growth and considered the consequences of low resource availability. His 
work later inspired Charles Darwin’s ideas on the struggle for survival. And 
almost one hundred years after Malthus’ publication, Hardy and Weinberg 
proposed the first model of dynamics of allele frequencies across generations 
(Hardy, 1908; Weinberg, 1908), which is now considered one of the founda-
tions of population genetics. 
 Today, mathematical models are used in almost every field of biolo-
gy and are of fundamental importance for evolutionary biology in particular 
because of their powerful predictions about evolutionary dynamics. In the 
first part of this thesis, I used mathematical models to explain developmental 
and evolutionary processes that can be otherwise difficult to observe in ex-
perimental biology, although the models would be meaningless without the 
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fundamental observations resulting from empirical (and sometimes experi-
mental) studies. 

1.8. Experimental biology: testing hypotheses using the 
zebrafish as a model system 

 Observations of natural phenomena are the fundamental basis for the 
acquisition of knowledge about reality. However, natural reality is almost 
always too complex for the human mind to distinguish the effects of differ-
ent processes and discover proximate causal relationships. To some extent, 
experimental biology provides controlled biological conditions under which 
specific developmental and population processes can be observed and mea-
sured with a reduced noise resulting from other processes. Model organisms 
such as the zebrafish, Danio rerio, can help control the biological conditions 
in an experiment because of the extensive amount of information about its 
biology that is available today. 
 Zebrafish have been particularly useful in developmental biology 
studies because their biological properties allow scientists to easily keep and 
manipulate them in the lab, while simultaneously showing the developmen-
tal, genetic and behavioral complexity that is typical of a vertebrate. Many 
factors have made zebrafish an ideal organism to study developmental dy-
namics within and across generations. For example, zebrafish are external 
fertilizers and a single female may produce clutches of hundreds of eggs per 
spawning, which happen in relatively short intervals (Spence et al., 2008); 
zebrafish eggs are relatively large and transparent and embryos develop rela-
tively fast, showing the initial differentiation of all major organs about 48 
hours post fertilization (Kimmel et al., 1995); zebrafish spermatogenic cy-
cles happen in the relatively short time of about one week (Leal et al., 2009); 
and they are easily kept in the lab (Westerfield, 2007). Because of these 
characteristics and many others, zebrafish have been successfully used as a 
model organism to address genetic, developmental and behavioral questions. 
In the experimental part of my research (second part of this thesis), I exper-
imentally manipulated zebrafish to explore epigenetic effects both within 
and across generations. 
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2. Research Aims 

The research that led to this thesis had the aim of exploring a few non-genet-
ic processes that affect development and heredity, focusing on the evolution-
ary consequences of these processes. Each chapter (papers I-IV) had more 
specific aims, which I briefly describe below: 

I. Explore methylation dynamics during the maternal-to-zygotic genome 
transition from zygote to cell specialization from a theoretical perspective. 

II. Explore the dynamics of sRNA amplification, inheritance and responsive-
ness to stressful environmental conditions and its evolutionary consequences 
from a theoretical perspective. 

III. Explore the effects of the male social environment on sperm phenotypes 
and genome quality using zebrafish as an experimental model. 

IV. Explore the effects of the paternal social environment on offspring de-
velopment at the transcriptome level via differential gene expression patterns 
in zebrafish embryos. 
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3. Materials and Methods 

In this section, I introduce the materials and methods used to obtain the re-
sults of the four papers of this thesis. While papers I and II were theoretical, 
with all the results obtained via computational analyses, papers III and IV 
were experimental, using both molecular and computational methods to ob-
tain and analyze the data acquired through experimentation with zebrafish. I 
was actively involved in most of the procedures, both experimental and theo-
retical, that led to the current results. 

3.1. Modeling methylation dynamics (Paper I) 

 In order to model methylation dynamics during the maternal-to-zy-
gotic genome transition and throughout development, I implemented the 
model by Otto & Walbot (1990) of DNA methylation kynetics during the life 
cycle of an organism to include additional rates of methylation (repair and 
active demethylation), sex and mechanisms associated with the maternal-to-
zygotic transition. 
 An individual generation was modeled as the process that transforms 
a single-celled zygote with average global methylation levels (between 
sperm and egg) into a highly specialized cell (sperm or egg). Although locus-
specific methylation patterns have been shown to represent cell types accu-
rately (Varley et al., 2013; Okae et al., 2014; Yang et al., 2015) because of 
the specific combinations of methylation states of different genes in different 
cell types, global methylation levels seem to be a reasonable simplification 
for defining cell types (Gama-Sosa et al., 1983; Varley et al., 2013; Okae et 
al., 2014; Yang et al., 2015).  
 Two sets of equations were used subsequently to represent (i) the 
cell division dynamics and (ii) the methylation dynamics during cell divi-
sions. During cell division dynamics, the nucleocytoplasmic ratio and the 
effect of the parental repressor change as the number of cells increase. These 
two variables determine when and how strongly the maternal-to-zygotic 
transition (MZT) happen. Once the zygotic genome is activated (ZGA), 
(de-)methylation rates change to initiate the post-ZGA methylation dynamics 
leading to the production of gamete-specific global methylation levels. 
 During methylation dynamics, three mutually exclusive methylation 
states were defined for DNA nucleotide sites (Figure 2A): homomethylated 
sites (represented by X), hemimethylated sites (represented by Y) and un-
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methylated sites (represented by Z). Changes between methylation states 
were defined by their corresponding rates of change (Figure 2B), with α and 
δ representing repair or maintenance (de-)methylation rates, and β and ζ rep-
resenting active (de-)methylation rates. Three sequential genomic events 
happen throughout development (Figure 2C): DNA replication, when the 
double-stranded molecule is replicated in a semiconservative way; repair or 
maintenance (de-)methylation; and active (de-)methylation. 
 

Figure 2 – Model of methylation dynamics across across cell divisions. (A) 
Mutually exclusive methylation states of DNA nucleotide sites. (B) Rates of 
transitions between methylation states. (C) Genomic methylation events 
throughout development. Image reproduced from (Silva, 2018). 

 At the end of each individual generation, there is a fertilization step, 
which happens when development reaches a specified constant number of 
cell divisions. During the fertilization step, the initial methylation level of 
the offspring is set to the average of the final methylation levels of the par-
ents (male and female).  
 The model describes the changes in global methylation levels from 
one stage to another, and here I define these stages as zygote and gamete, 
allowing for the inclusion of both intra- and transgenerational processes 
(changes in methylation rates). In order to analyze the interaction between 
(de-)methylation rates, I used human and zebrafish global methylation levels 
as examples. The model and simulations were developed on R version 3.3.3. 
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3.2. Modeling sRNA production (Paper II) 

 We created a model of sRNA production within and across individ-
ual generations under fluctuating environmental conditions. The model is 
based on several biological factors known to affect sRNA dynamics and de-
scribes a feed-forward mechanism of production that depends on the produc-
tion of primary sRNAs and the replication of secondary sRNAs. The sec-
ondary sRNA amplification is particularly important in the biogenesis of 
Piwi-interacting sRNAs (piRNA) and small-interfering RNA (siRNA; Mal-
one & Hannon, 2009; Czech & Hannon, 2016). 
 Individual production of sRNA was modeled as a function of the 
transcription rate from nuclear DNA, the degradation rate and the birth rate, 
which depends on the amplification rate, the current amount of sRNAs and 
the amplification agent activity (a saturating factor that limits the maximum 
birth rate when the amount of sRNA is high). 
 We defined different strategies with regard to the responsiveness of 
the sRNA amplification rate to environmental conditions. In strategy A, am-
plification rate is genetically determined regardless of environmental condi-
tions; in strategy B, only the somatic amplification rate is responsive to envi-
ronmental conditions; in strategy C, both the somatic and germline amplifi-
cation rates are responsive to environmental conditions; and in strategy D, 
only the  germline amplification rate is responsive.  
 We further defined a process of inheritance of sRNAs (Rechavi et 
al., 2011; Luteijn & Ketting, 2013; Rodgers et al., 2015) across individual 
generations where a fraction of the sRNA produced by the parent is transmit-
ted to the zygote as an initial sRNA level in the next generation. 
 Because the sRNA level is known to respond to a variety of envi-
ronmental factors (Wassarman, 2002; Baev et al., 2014; Rechavi et al., 2014; 
Stubben et al., 2014; Fast et al., 2017), we modeled environmental condi-
tions (ε) as a continuous function with a range from 0 to 1 determining the 
relative impact of the environmental condition on individual fitness, with 
detrimental or stressful conditions (ε>0) as deviations from the optimal envi-
ronmental condition (ε=0). We tested different environmental scenarios 
based on different patterns of change in environmental conditions across 20 
individual generations. 
 Individual fitness was modeled as a continuous function of the 
amount of sRNA in the adult, the environmental conditions to which the in-
dividual is exposed and the amount of change in the amplification rate to 
match the environmental conditions. 
 Invasion analyses were performed using the selection coefficient 
based on the geometric mean fitness in each environmental scenario to test 
for the possible invasion of mutants capable of amplifying sRNAs (strategy 
A), transmitting sRNAs to their offspring or respond to environmental condi-
tions via changes in sRNA amplification rate (strategies B-D). The default 
wildtype population was assumed to be genetically adapted to each of the 
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environmental scenarios in terms of a fixed production rate via transcription. 
The model and analyses were developed in Wolfram Mathematica 11.0.1.0. 

3.3. Male social environment and sperm quality (Paper 
III) 

 In paper III, we manipulated the social environment of adult ze-
brafish males in order to look for the effect of the social environment on 
sperm production. 
 Experimental males were exposed to either one of two social treat-
ments: (i) a treatment (referred to as “high”) where males face a high risk of 
sperm competition (two males and one female in a 3L tank), or (ii) a treat-
ment (referred to as “low”) where males do not face the risk of sperm com-
petition (one male and two females in a 3L tank). This experimental design 
was based on a previous study (Zajitschek et al., 2014). 
 Fish were exposed to their respective experimental treatment for two 
weeks, allowing them to complete two spermatogenic cycles (Leal et al., 
2009) throughout the experiment and potentially alter sperm production as a 
consequence of the experimental treatments. After exposure to one of the 
treatments, sperm were collected from each of the experimental males and 
split into five subsamples, which were either fixed in paraformaldehyde im-
mediately (inactive sperm) or after activation with water (0.5, 1, 5 and 10 
minutes post-activation). 
 After fixation, sperm cells were analyzed using three different meth-
ods: (i) TUNEL assay to assess double-strand DNA fragmentation, (ii) tubu-
lin immunostaining to assess sperm flagellum conformation, and (iii) geo-
metric morphometrics to assess shape and size of sperm head and midpiece. 
 The effects of the social environment and activation status on sperm 
double-strand DNA breaks and flagellum conformation were analyzed using 
a linear mixed-effects model with social treatment and time post-activation 
as fixed effects and male identity as random effect. Effects of sperm head 
shape and size were estimated using multivariate regressions of sperm shape 
(Procrustes shape coordinates) on the log-transformed centroid size as a pre-
dictor variable of each activation treatment (inactive and 0.5 mpa) separate-
ly. The statistical significance of the regressions was established with permu-
tation tests with 10000 random permutations per analysis. Size differences 
were tested with an ANOVA using centroid size as the dependent variable 
and social treatment as the independent variable. Differences in sperm head 
and midpiece shape between social treatments were tested with a MANOVA, 
with shape as the dependent variable.  
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3.4. Male social environment and offspring 
development (Paper IV) 

 Using the same experimental set-up (Zajitschek et al., 2014) as the 
one used in paper III, we exposed zebrafish males to one of the two previ-
ously described social treatments for two weeks, allowing males to potential-
ly incorporate any treatment-related non-genetic signal into newly produced 
sperm (Rodgers et al., 2013; Dias & Ressler, 2014). After exposure to the 
treatments, sperm were collected from males and used for in vitro fertiliza-
tion of eggs from neutral females kept in tanks with a 1:1 sex ratio. 
Clutches with good quality eggs were split into two sub-clutches, which 
were fertilized by sperm from two different males (one male from each so-
cial treatment). This split-clutch design ensured that potential female effects 
would not bias any specific social treatment. Each experimental male fertil-
ized two sub-clutches, from two different females. A total of 20 half-clutches 
were obtained from 10 males (five per treatment) and 10 females.  
  Four 24 hpf (hours post-fertilization) individual embryos from each 
half-clutch were frozen in liquid nitrogen and stored at -80°C until RNA ex-
traction. Total RNA was extracted from each individual embryo and cDNA 
libraries were created for sequencing using Illumina HiSeq 2500 Systems. 
  Differential expression at the gene level was investigated using 
EdgeR (Robinson et al., 2010) and DESeq2 (Love et al., 2014), with a mod-
el including treatment and female ID as fixed effects. Gene ontology analy-
ses were performed using the Gene Ontology Enrichment Analysis and Visu-
alization Tool (Eden et al., 2009). 
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4. Results and Discussion 

In this section, I summarize the main results of the four papers that compose 
this thesis, with a brief overview of the implications of these results for pre-
vious observations. 

4.1. Constraints on rates of maintenance and active 
(de-)methylation (Paper I) 

 My model of methylation dynamics from fertilization to the adult 
germline is the first to approach the MZT and ZGA from a theoretical per-
spective and the first to link the processes occurring during early develop-
ment with transgenerational dynamics. 
 In order to analyze the model and look for patterns in methylation 
dynamics, I explored different combinations of parameter values and record-
ed values that result in specific final methylation levels of zebrafish and hu-
man gametes. In zebrafish, oocytes are hypomethylated relative to sperm, 
with methylation levels of 0.80 in oocytes and 0.91 in sperm (Jiang et al., 
2013). In humans, the methylation level of metaphase II oocytes is 0.48 and 
of sperm is 0.54 (Guo et al., 2014b). 
 During cell division dynamics, the parental repressor speeds up de-
velopment and advances ZGA relative to a model with no effect of a parental 
repressor. However, the parental repressor is constantly degraded and titrat-
ed, which confines its effect to the early cell divisions of development. The 
number of cell divisions to reach a specific homomethylation level varies for 
different combinations of α, β and δ, which can be explained by possible 
species-specific limitations in (de-)methylation activity. High methylation 
activity levels need a smaller number of cell divisions to achieve certain 
methylation levels. 
 The MZT depends on three important factors included in the model: 
(i) the nucleocytoplasmic ratio, (ii) the effect of a parental repressor on the 
speed of cell division (Farrell & O’Farrell, 2014) and methylation dynamics 
(Ruzov et al., 2004), and (iii) the intrinsic rate of degradation of the parental 
repressor. Both the nucleocytoplasmic ratio (Newport & Kirschner, 1982a; 
Pritchard & Schubiger, 1996) and the parental repressor (in particular, cyto-
plasmic products of maternal origin; Newport & Kirschner, 1982; Peshkin et 
al., 2015) have been empirically studied and linked to the activation of the 
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maternal-to-zygotic transition and transcriptional activation of the zygotic 
genome. 
 When it comes to methylation dynamics, the model provides an in-
sight into the possible mechanisms involved in the transition from a mixed 
methylome in the zygote into a specialized methylome in the adult gametes. 
I showed that variation in average rates of (de-)methylation can affect the 
methylation levels that are specific of each cell type, possibly explaining the 
variation observed across different species. Additionally, as methylation lev-
els increase, flexibility in (de-)methylation rates change, with an increasing 
flexibility of active methylation and decreasing flexibility of maintenance 
(de-)methylation, which indicates that there is a developmental constraint on 
the transition between two levels of methylation. It is known that enzymatic 
activity involved in active (de-)methylation processes are necessary 
throughout development (Oswald et al., 2000; Wu & Zhang, 2010; Dean, 
2014; Guo et al., 2014a). These (de-)methylation rates can be translated into 
activity levels of enzymes (e.g., DNA methyltransferases; Okano et al., 
1999; Smallwood et al., 2011) responsible for different methylation process-
es during the cell cycle (Kohli & Zhang, 2013; Messerschmidt et al., 2014).  
  Although MZT have been widely studied, the molecular mecha-
nisms involved in the methylome transition and the processes responsible for 
the activation of the zygotic genome are still unclear and future studies will 
contribute to answering more detailed developmental and evolutionary ques-
tions about the system.  

4.2. Environmental effects on the evolution of sRNAs 
(Paper II) 
  
 During individual development, the production of sRNA approaches 
the developmental steady state value after a certain number of cell divisions, 
which depends on the values of the sRNA production parameters. The num-
ber of cell divisions that an individual goes through during development af-
fects how close an individual gets to their steady state value when they reach 
sexual maturity and the sRNA transmission fraction affects the degree of 
sRNA oscillations across generations.  
 Our invasion analyses showed that when resident wildtype popula- 
tions are genetically adapted through a fixed sRNA transcription rate, mech-
anisms of sRNA amplification or transgenerational transmission of sRNA 
levels alone are not selectively advantageous. Because a fixed sRNA ampli-
fication rate can only increase sRNA levels above the already optimal levels 
produced via transcription, fixed sRNA amplification rates resulted in a low-
er geometric mean fitness relative to the wildtype. Similarly, the transmis-
sion of sRNA levels across generations resulted in a lower geometric mean 
fitness because the inheritance of sRNAs can only increase sRNA levels 
above the already optimal level produced via transcription. However, one 
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caveat of our model is the assumption that selection occurs only at the adult 
stage, ignoring the possible benefits of inherited sRNA levels during early 
developmental stages. 
 When coupled with responsiveness to environmental conditions, a 
sRNA amplification mechanism that plastically responds in the soma is se-
lectively advantageous because the benefits of adjusting the sRNA amplifi-
cation rate to cope with stressful conditions outweigh the cost of plasticity. 
However, because the responsiveness is exclusive to the soma (modified 
amplification rates are not transmitted across generations), varying levels of 
environmental correlation and patterns of environmental fluctuations do not 
affect the spread of the responsive mechanism. 
 When plastic amplification rates respond in the germline and are 
transmitted across generations, the selective advantage of the amplification 
rate is not only dependent on the magnitude of the response but also on lev-
els of environmental correlation and patterns of environmental fluctuations. 
 These results provide a potential explanation for the evolution of 
plastic sRNA production under non-optimal environmental conditions. Em-
pirical observations have shown that different types of environmental factors 
can alter the production of sRNAs in different species (Rau et al., 2015; 
Wang et al., 2016b; Rechavi & Lev, 2017) and that sRNA levels resulting 
from exposure to stressful conditions can be transmitted across generations 
in, for example, Drosophila (Aravin et al., 2001; Brennecke et al., 2008) and 
C. elegans (Rechavi, 2014; Sterken et al., 2014).  
 Taken together, these observations support the idea that some fami-
lies of sRNAs may have evolved as a mechanism of response to suboptimal 
environmental conditions. Our model is a proof-of-concept for the role of 
fluctuations in environmental conditions in the adaptive evolution of sRNA 
responsiveness. 

4.3. Effects of paternal social environment on sperm 
phenotypes (Paper III) 

 Significant differences were found in flagellum length, flagellum 
conformation, DNA fragmentation and sperm head morphometrics between 
males exposed to the two different social treatments. Males exposed to the 
high competition treatment produced sperm with longer flagella and larger 
heads with more variation in shape compared to sperm from males exposed 
to the low competition treatment.  
 Sperm flagellum conformation did not differ in inactive sperm be-
tween social treatments. However, males in the high competition treatment 
produced sperm that retained an uncoiled flagellum for longer post-activa-
tion. Similarly, the number of sperm with fully coiled flagellum increased 
with time and at a faster rate post-activation in males under the low competi-
tion treatment. 
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 When it comes to sperm DNA quality, males in the low competition 
treatment produced less sperm exhibiting DNA double-strand breaks, as in-
dicated by the TUNEL assay. The number of cells with positive signal in-
creased after sperm activation but at a similar rate in both social treatments. 
 All these observations indicate that males exposed to the low com-
petition treatment seem to produce sperm with a lower level of DNA dam-
age, but with a faster change in flagellum conformation, which can potential-
ly affect swimming efficiency.  
 Previous studies indicated that morphological and functional 
changes in sperm in response to competition between males might be adap-
tive and purely beneficial (Snook, 2005). However, our results indicate that 
changing sperm phenotypes to improve sperm performance during fertiliza-
tion might come with a cost to the offspring through the transmission of low 
quality DNA. These results also support previous studies which found no or 
negative effects of an increased sperm production on offspring fitness (Za-
jitschek et al., 2014; Kekäläinen et al., 2015). In the rainbow trout On-
chorhynchus mykiss, for example, repeated exposure to stress reduced the 
sperm count in males and survival of their offspring (Campbell et al., 1992). 
 Future studies will elucidate the molecular mechanisms responsible 
for not only the change in sperm phenotype but also the effect on offspring 
survival observed in previous studies.  Furthermore, a better understanding 
of these effects and their molecular mechanisms can improve the theoretical 
predictions of long-term evolutionary dynamics under different environmen-
tal conditions. 

4.4. Effects of paternal social environment on embryo 
transcriptome (Paper IV) 

 The offspring of males under different social treatments were shown 
to develop differently in terms of gene expression patterns. Several of the 
differentially expressed genes (Ensembl IDs) converged to one single gene 
name, Metazoa_SRP (metazoan signal recognition particle RNA). Meta-
zoa_SRP genes were also among the genes that were most significantly dif-
ferentially expressed. These ncRNA genes are ~300bp long (cDNA) and are 
present in multiple copies (81 hits on Ensembl) in the zebrafish genome, 
with most copies located on chromosome 11. These RNAs are necessary 
components for co-translational protein targeting by the signal recognition 
particle (Keenan et al., 2001; Bradshaw & Walter, 2007).  
 Our gene ontology (GO) results showed that the most significantly 
affected biological processes were related to non-coding RNA processing, 
with catalytic activity acting on RNA as the most significant biological func-
tion and nuclear part as the most significant biological component.  
 The processes in which the differentially expressed genes are in-
volved indicate that the paternal social treatments might have an effect on 
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post-transcriptional processes during offspring development. However, as 
expected, gene expression levels were also subject to maternal effects. A 
multidimensional scaling analysis showed a clear separation between two 
sets of females.  
 Our results are consistent with the results obtained in previous stud-
ies, where the social environmental of zebrafish males affected the perfor-
mance of their offspring during early development (Zajitschek et al., 2014, 
2017). Although recent studies have shown that gene expression patterns can 
respond to changes in environmental conditions, it is unclear how the gene-
specific response is triggered and how the response can affect fitness at the 
parental generation or at the offspring generation via transgenerational inher-
itance of the effects. Future studies focusing on single genes can give a better 
understanding of the mechanisms responsible for these environmental ef-
fects. 
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5. Conclusion 

 The evolution of life depends on many mechanisms and processes, 
and the inheritance of the parental DNA sequence is considered the most 
important process of life because it is responsible for the stability of life 
properties across generations. Because of this fundamental property, organ-
ismal and evolutionary processes have been widely studied under the per-
spective of genetic inheritance and genetic determination of phenotypes. 
However, we now know that many developmental and heritable processes 
are not completely determined by the DNA sequence that an organism car-
ries. Instead, these “non-genetic” processes are strongly affected by envi-
ronmental conditions, that is, the phenotypes produced by these processes 
are not always determined by the DNA sequence, but by the interaction of 
DNA sequence and environment. 
 In this thesis, I explored a few of these processes, suggesting poten-
tial mechanisms and their consequences for development and heredity. I first 
explored methylation dynamics during development, including a parentally 
inherited non-genetic element that influences the timing of the zygotic 
genome activation (Paper I). Then I explored the mechanisms and evolution-
ary consequences of sRNA amplification, transmission across generations 
and responsiveness to environmental conditions (Paper II). And finally, I 
conducted experiments on zebrafish to explore the potential effects of pater-
nal environmental conditions on sperm production (paper III) and offspring 
development in terms of gene expression patterns (Paper IV). 
 Many other non-genetic processes are important in development and 
heredity and must be addressed in order to explain evolutionary dynamics 
accurately. Future studies will address these processes from experimental 
and theoretical perspectives and provide a better understanding of the mech-
anisms responsible for the  observed developmental and evolutionary pat-
terns generated by natural selection. 
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6. Sammanfattning på Svenska 

Tanken att DNA-sekvensen är den enda viktiga ärftliga faktorn under organ-
ismers utveckling och evolution har förkastats av den snabbt ökande mäng-
den empiriska bevis på att även icke-genetiska faktorer, såsom DNA-mety-
lering och mikro-RNA, spelar viktiga roller för de evolutionära processer 
som sker. En av de mest intressanta aspekterna av icke-genetiska processer 
är den direkta kopplingen till miljöförhållanden. Responsen till externa stim-
uli har visat sig att påverka fenotyp och fitness, både hos individerna som är 
direkt exponerade och deras avkomma. Detta kan ske även när de stim-
ulerande faktorerna inte längre är närvarande, vilket indikerar att överförin-
gen av icke-genetiska faktorer över generationer är möjlig som en slags 
kompensation mot effekter av återkommande tillstånd. I denna avhandling 
undersökte jag effekterna och följderna av icke-genetiska processer under 
både utveckling och genom ärftlighet, både från teoretiska och experimentel-
la perspektiv. I kapitel I (artikel I) skapade jag en matematisk modell som 
beskriver dynamiken under DNA-metyleringen under övergången från mod-
er till zygot när genom-aktivering sker i zygoten, en viktig utvecklingspro-
cess som har observerats hos flera arter. Jag fann att det verkar finnas en be-
gränsning i metylering mellan nivåer (olika cell-linjer), med en ökad flexi-
bilitet för aktiv metylering och en minskad flexibilitet för bevarande 
(de-)metylering. I kapitel II (artikel II) undersökte jag dynamiken i mikro-
RNA-produktion under ontogenesen, inklusive hur de amplifieras, hur över-
föring sker mellan generationer och respons gentemot externa faktorer (om-
givande miljö). Jag fann att responsen hos mikro-RNA-produktionen resul-
terar i större fördelar när både somatiska celler och könsceller är mottagliga, 
speciellt i starkt korrelerade miljöförhållanden. I kapitel III (artikel III) ut-
förde jag experiment på zebrafisk för att undersöka effekterna av den hanliga 
sociala miljön (låg respektive hög konkurrens av andra hanar - sper-
miekonkurrens) på spermieproduktion med fokus på spermiernas morfologi 
och DNA-kvalitet. Jag fann att hanar som exponerades för hög konkurrens 
producerade spermier med längre flageller, större och mer morfologiskt vari-
abla huvuden och en högre andel spermier med dubbelsträngsbrott på DNA-
molekylen jämfört med spermier från hanar som exponerades för låg 
konkurrens. I kapitel IV (artikel IV) använde vi samma experimentella de-
sign för att undersöka effekter av den hanliga sociala miljön på avkommans 
genuttrycksnivåer. Vi fann att hanar som exponerades för olika sociala be-
handlingar producerade avkommor med avvikelser i uttryck (transkription-
snivåer) hos gener som är involverade i reglering/modulering av genuttryck 
på transkriptionsnivåer. Våra resultat belyser vikten av icke-genetiska pro-
cesser både under organismernas utveckling och för ärftlighetsmönster mel-
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lan generationer. Denna kunskap bidrar till den ökande medvetenheten om 
vilka epigenetiska processer som sker och hur de kan påverka organismers 
evolution. 

(Translated with the help of Niclas Backström) 
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7. Resumo em Português 

A ideia de que a sequência do DNA é o único fator hereditário importante no 
desenvolvimento e na evolução tem sido desacreditada pela quantidade cres-
cente de evidências empíricas de que fatores não genéticos, como a meti-
lação do DNA e pequenos RNAs, desempenham um papel importante não 
apenas no desenvolvimento, mas também na hereditariedade e, portanto, na 
dinâmica evolutiva. Um dos aspectos mais interessantes dos processos não 
genéticos é a sua capacidade de resposta às condições ambientais. Demon-
strou-se que essa responsividade afeta não apenas o fenótipo e valor adapta-
tivo dos indivíduos diretamente expostos ao estímulo, mas também os seus 
descendentes, mesmo quando o estímulo não está mais presente, indicando 
que a transmissão de fatores não genéticos entre gerações pode funcionar de 
forma análoga à uma imunização contra condições recorrentes. Nesta tese, 
eu explorei os efeitos e as consequências de processos não genéticos no de-
senvolvimento e na hereditariedade, tanto do ponto de vista teórico quanto 
experimental. No capítulo I (artigo I), criei um modelo matemático da 
dinâmica da metilação do DNA durante a transição materno-zigótica, levan-
do à ativação do genoma zigótico, um importante processo de desenvolvi-
mento que tem sido observado em várias espécies. Descobri que existe uma 
restrição ao desenvolvimento na transição entre dois níveis de metilação 
(diferentes linhagens celulares), com uma crescente flexibilidade da meti-
lação ativa e diminuição da flexibilidade da  (de-)metilação de manutenção. 
No capítulo II (artigo II), exploramos a dinâmica da produção de pequenos 
RNAs ao longo do desenvolvimento, incluindo sua amplificação, transmis-
são transgeracional e capacidade de resposta às condições ambientais. De-
scobrimos que a responsividade da produção de pequenos RNAs resulta em 
maiores benefícios quando as linhas somáticas e germinativas são responsi-
vas, especialmente em condições ambientais altamente correlacionadas. No 
capítulo III (artigo III), realizei experimentos com peixes-zebra para explorar 
os efeitos do ambiente social dos machos (baixo vs. alto risco de competição 
de espermatozóides) na produção de espermatozóides em relação à morfolo-
gia dos espermatozóides e qualidade do DNA. Descobrimos que os machos 
expostos a um alto risco de competição espermática produziram esperma-
tozóides com flagelos mais longos, cabeças maiores e mais variáveis e uma 
maior proporção de espermatozóides com quebras de fita dupla de DNA em 
comparação com os espermatozóides de machos expostos a um baixo risco 
de competição espermática. No capítulo IV (artigo IV), usamos o mesmo 
desenho experimental para examinar os efeitos do ambiente social dos ma-
chos no desenvolvimento da prole em relação a padrões diferenciais de ex-
pressão gênica. Descobrimos que machos expostos a tratamentos sociais 
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diferentes geraram descendentes que apresentaram diferentes padrões de ex-
pressão de genes envolvidos em processos pós-transcricionais de regulação 
da expressão gênica. Nossas descobertas esclarecem a importância dos pro-
cessos não genéticos no desenvolvimento e na hereditariedade e contribuem 
para o conhecimento atual sobre o que e como os mecanismos não genéticos 
podem potencialmente afetar a dinâmica evolutiva. 
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