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Abstract 

The capacity of populations to adaptively evolve is generally thought to be constrained by the 

existing heritable genetic variation. Until recently, heritable genetic variation has been almost 

exclusively associated with variation in genomic DNA nucleotide sequences. There is 

increasing acceptance, however, that non-DNA nucleotide sequence-based variation -

collectively termed ‘epigenetics’ - can affect ecologically important traits. While theoretical 

predictions of the role and significance of epigenetic inheritance in evolutionary adaptation are 

abundant, they remain largely untested, and few empirical studies are conducted in ecologically 

realistic contexts. As invasive species must rapidly adapt to new environments in which they 

have not evolved, it has been suggested that species invasions can be considered “experiments 

in evolution”. Using a highly invasive marine invertebrate, Didemnum vexillum (Phylum 

Chordata) as a model species, this thesis investigates the establishment and stability of 

epigenetic marks in different environments, while controlling for genotypic and environmental 

effects. I investigate the environmental induction of changes in one distinct source of epigenetic 

variation, DNA methylation. I provide a review of studies focused on DNA methylation and 

invasive species and identify knowledge gaps and potential ways to advance our understanding 

of epigenetic-based adaptation through the study of invasive species (Chapter 2). I explore 

DNA methylation patterns associated with invasiveness by comparing invasive and non-

invasive D. vexillum clades (Chapter 3). I show that global DNA methylation patterns are 

significantly different between invasive populations and populations in the native range, which 

could be a common signature of invasive populations. I use laboratory experiments to explore 

two main questions: Do genome-wide DNA methylation patterns in D. vexillum change after 

exposure to environmental stress (non-optimal temperature and salinity) (Chapter 4), and are 

DNA methylation changes stable, or do they revert to their original state when colonies are 

returned to ambient (non-stressful) conditions (Chapter 5). Results indicate that environmental 

stress can induce significant global DNA methylation changes in D. vexillum on very rapid 

timescales, and that this response varies depending on the type, magnitude, and duration of the 

stressor. Environmentally induced DNA methylation can also be stable, which is a critical pre-

requisite for transgenerational epigenetic inheritance. My general discussion summarises the 

overall contribution of this research to the field of ecological epigenetics. This thesis represents 

a significant advancement in our understanding of the role of epigenetic mechanisms in marine 

invasions.  
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2 
 

 Background 

A key question in evolutionary biology is whether species will be able to rapidly adapt in 

response to human-driven environmental changes (Visser 2008). Species invasions, climate 

change, habitat fragmentation and environmental degradation are already influencing 

community structure, altering ecosystems and threatening biodiversity (Bellard et al. 2012; 

Leadley et al. 2010). However, our ability to predict the full impact of environmental change 

is hampered by our limited understanding of the potential for organisms to adapt within 

anthropogenic timescales (Munday et al. 2013).  

 

Adaptation is thought to occur via two important, but non-exclusive, mechanisms: changes in 

the genetic composition of a population, by selection on existing genetic variation or mutations 

(micro-evolution), and by phenotypic plasticity. Until recently, heritable variation has been 

almost exclusively identified with variation in DNA nucleotide sequences. However, there is 

increasing acceptance that non-DNA nucleotide sequence-based sources of variation - 

collectively termed ‘epigenetics’ could affect ecologically important traits. The term 

epigenetics was first introduced by Waddington in 1942 (Waddington 2012) and was used in a 

very broad sense to describe the relationship between the genotype and the phenotype, 

specifically the processes that contribute to the phenotype throughout development. More 

recently, epigenetics has been re-defined as the study of “mitotically and/or meiotically 

heritable changes in gene function that cannot be explained by changes in DNA sequence” 

(Riggs et al. 1996). Sources of epigenetic variation are mechanistically diverse (e.g., DNA 

methylation, histone modifications, non-coding RNA activity) but all alter a given genotype’s 

influence on an organism’s phenotype, without changes in the underlying DNA nucleotide 

sequences. By increasing, decreasing, or silencing the activity of genes, epigenetic changes can 

lead to novel phenotypic variation without the requirement for additional genetic diversity 

(Bossdorf et al. 2008). However, while theoretical predictions of the role and significance of 

epigenetic inheritance in evolutionary adaptation are abundant, they remain largely untested, 

and few empirical studies have been conducted in ecologically realistic contexts. 

 

It has been suggested that species invasions can be considered to be “experiments in evolution”, 

as invasive populations must rapidly adapt to environments in which they have not evolved 
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(Lee 2002; Sakai et al. 2001). Numerous studies have documented rapid evolution in response 

to anthropogenic environmental stressors (e.g., tolerance to metals and resistance to pesticides), 

with the majority of these observations made following introduction and colonisation events 

(Reznick and Ghalambor 2001). Invasive species experiencing environmental and genomic 

stress (e.g., founder effects) following an introduction event may use epigenetic mechanisms 

to increase both their phenotypic plasticity and heritable variation. While still in the relatively 

early stages of scientific examination, research focused on characterising the role of epigenetic 

mechanisms in invasion biology has the potential to make significant contributions to our 

understanding of phenotypic plasticity, rapid adaptation and evolution. To date, however, 

epigenetic studies of invasive species have been limited (but see Liebl et al. 2013; Schrey et al. 

2012; Chwedorzewska and Bednarek 2012; Gao et al. 2010; Richards et al. 2012), especially 

in the marine environment. Only two previous studies have explicitly investigated DNA 

methylation and environmental changes in marine invertebrates (see Dixon et al. 2014; Marsh 

and Pasqualone 2014), and neither are focused on invasive species.  

  

 Aims and Objectives 

The extent that epigenetic variation contributes to rapid adaptation and the successful 

establishment of invasive species is currently unknown. Using the highly invasive colonial 

ascidian, D. vexillum Kott 2002 (Phylum: Chordata; Figure 1.1) as an experimental organism, 

the overall aim of this study is to increase the current understanding of how epigenetic 

mechanisms might contribute to the success of invasive populations in new environments, 

especially those with limited genetic diversity. Specifically, this thesis investigated the 

establishment and stability of DNA methylation, while controlling for genotypic and 

environmental effects. Two overarching hypotheses were tested: (i) invasive populations of D. 

vexillum are associated with distinct DNA methylation patterns, and (ii) abiotic stress alters 

potentially heritable epigenetic variation in a marine invertebrate (D. vexillum) invader, which 

could underlie the successful establishment of this globally invasive species. 
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` 

Three main questions are addressed experimentally:  

 

1. Do DNA methylation patterns differ between invasive and non-invasive D. 

vexillum clades, and/or populations within native and invaded regions? Significant 

differences in DNA methylation between invasive and non-invasive clades, or between 

populations in the native and invaded regions, could indicate that DNA methylation 

plays a role in either pre-adaptation to invade, or the successful establishment and 

spread of an invasive species at a new location.  

 

2. Do genome-wide DNA methylation patterns in D. vexillum change after exposure 

to abiotic stress (non-optimal temperature and salinity)? If DNA methylation 

differences are associated with successful invasions, what are the triggers for these 

methylation changes? Temperature and salinity are two of the most important 

determinants of the distribution of marine species, and changes in these key physical 

variables are likely to be encountered if invaders have been transported across long 

distances. Oceanic temperature and salinity are also expected to change as the climate 

warms and the frequency of precipitation events is altered. Answering this question is 

the first step for determining if DNA methylation could be involved in an adaptive 

response to environmental challenges.  

 

3. Do genome-wide DNA methylation patterns respond to exposure to abiotic stress 

(non-optimal temperature and salinity) in the same way in different D. vexillum 

genotypes, and do these changes revert to their original state when colonies are 

returned to ambient (non-stressful) conditions? Assessing stability is the first step 

in determining the potential for the heritability of environmentally induced DNA 

methylation changes, while testing responses across genotypes contributes to our 

understanding of genetic-epigenetic-environment interactions and is key for 

determining the generalisability of results. 
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A significant outcome of this research will be the contribution to a growing body of research 

focused on answering a key question in evolutionary biology: can species use epigenetic 

mechanisms to rapidly adapt to environmental change and avoid widespread extinctions of 

local populations, or even entire species?   

 

 DNA methylation 

Currently the most well-studied epigenetic mechanism is DNA methylation. DNA methylation 

refers to the transfer of a methyl group (CH3) to the carbon 5 position of cytosine nucleotides, 

to form 5-methyl-cytosine. DNA methylation is established and maintained by a family of 

enzymes called DNA methyltransferases (DNMTs). Three classes of DNMTs have been 

characterised in animals. The de novo methyltransferases (DNMT3 family), are responsible for 

the establishment of DNA methylation at previously unmethylated sites, and DNMT1 

maintains methylation during replication by targeting hemi-methylated di-nucleotides (Goll 

and Bestor 2005). This allows a mechanism for the inheritance of epigenetic states through 

mitotic cell divisions. DNMT2 is also known as transfer RNA (tRNA) methyltransferase, as it 

has been found to methylate tRNA instead of DNA (Goll et al. 2006). Once established, DNA 

methylation can be removed passively (through dilution as cells divide), or actively, by 

hydroxylation of methyl groups (reviewed by Ambrosi et al. 2017)  

 

Many vertebrates exhibit a pattern referred to as global methylation where 70 – 80 % of CpG 

dinucleotide cytosines are methylated throughout the entire genome, with the exception of un-

methylated “CpG islands” which are most often associated with gene promoter regions (Bird 

2002). In general, methylation of promoters acts to repress transcription. In plants, methylation 

has been associated with repetitive elements (DNA sequences that occur in multiple copies 

throughout the genome) and transposons (DNA sequences that can change position within a 

genome), although substantial methylation is also found in gene bodies (actively transcribed 

regions of genes) (Suzuki and Bird 2008). In invertebrates, DNA methylation has also been 

associated with transposable elements (Olson and Roberts 2014b) and may play a role in 

promoter regions (Olson and Roberts 2014a; Rivière 2014) but is predominantly found within 

gene bodies where heavily and consistently methylated regions are associated with 

ubiquitously expressed genes that are considered critical for survival. These genes require 
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accurate and stable gene expression, such as those involved in basic biological processes, or 

‘housekeeping’ functions. In contrast, genes with regulatory and inducible functions that may 

benefit from increased stochastic variation often lack well conserved DNA methylation 

(Elango et al. 2009; Fneich et al. 2013; Foret et al. 2009; Gavery and Roberts 2010; Hunt et al. 

2010; Sarda et al. 2012; Suzuki et al. 2007; Tweedie et al. 1997). This may allow for greater 

epigenetic flexibility and increased transcriptional opportunities (e.g., via alternative 

transcription start sites and exon skipping), and result in higher regulatory control of 

environmentally responsive genes through transient methylation in response to environmental 

cues (Gavery and Roberts 2014; Roberts and Gavery 2012). Support for this comes from 

experiments using scleractinian corals, where weakly methylated genes were differentially 

expressed following transplantation to new environments (Dixon et al. 2014), and after 

exposure to stressors associated with climate change (increased temperature and acidification) 

(Dimond and Roberts 2015). DNA methylation appears to be part of an “epigenetic toolbox” 

of mechanisms that have evolved to increase potential phenotypes in a population (phenotypic 

plasticity), while maintaining stability in genes that require well-conserved expression (Roberts 

and Gavery 2012).  

 

 Molecular method 

Methylation-sensitive amplified polymorphism (MSAP) 

DNA methylation is common in eukaryotes, and there are a range of methods for its detection 

and quantification (Plongthongkum et al. 2014). Thus far, the use of methylation-sensitive 

amplified polymorphism (MSAP) has dominated the ecological epigenetics literature 

(reviewed in Schrey et al. 2013). MSAP allows for cost-effective screening of global DNA 

methylation, without the requirement for a reference genome (Reyna-Lopez et al. 1997). This 

enables epigenetic research in non-model organisms and can provide a first look at how DNA 

methylation responds to environmental cues, which may underlie adaptive plasticity. MSAP 

can be used to identify global DNA methylation patterns in natural populations associated with 

different environments, and between native and invasive populations. MSAP is an efficient and 

economical tool for identifying genome-wide methylation patterns that can guide decisions 

about future research into differentially methylated loci to gain functional insight. 
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 Study species 

Colonial ascidians 

Marine invertebrates are underrepresented in studies of environmentally induced epigenetic 

modifications, and studies of non-model organisms with diverse life histories are required to 

further the field of ecological epigenetics. Among the marine invertebrates, colonial ascidians 

stand out as excellent model species to study epigenetic modifications associated with 

environmental stress. Colonial ascidians can reproduce both sexually and asexually, and 

asexual reproduction, by budding, leads to colonies of genetically identical individual animals 

(termed zooids) that all share the same DNA nucleotide sequences (genotype). Entire colonies 

can be regrown from colony fragments allowing experiments to be conducted on genetically 

identical replicates. This reduces the confounding effects of genetic variation that frequently 

complicate epigenetic studies of non-clonal organisms (Verhoeven and Preite 2014). In 

addition, the germ cell lineages of colonial ascidians can originate from somatic cell lineages 

at any ontogenic phase (in contrast with the germ-cell lineage sequestration found in vertebrate 

Chordates) (Rosner et al. 2009). Having no true germ line that diverges from the somatic cells 

increases the likelihood that stress-induced epigenetic modifications (induced in somatic cells) 

can be passed on through to the gametes (Verhoeven and Preite 2014). Colonial ascidians are 

common marine invaders worldwide, and often alter the structure and function of native 

communities following introduction and establishment (Lambert 2001; Whitlatch et al. 1995). 

Their rapid global spread, and the associated ecological and economic damage to invaded 

habitats, has seen extensive research efforts to understand the causes and consequences of 

ascidian invasions (Zhan et al. 2015). Invasive ascidians can thrive in a variety of novel 

environmental conditions, and display unique biological characteristics, including a broad 

degree of tolerance to common environmental stressors such as temperature (Dybern 1965; 

Epelbaum et al. 2009; Valentine et al. 2007) and salinity (Dybern 1967; Epelbaum et al. 2009;  

Therriault and Herborg 2008). Epigenetic processes might underlie such plasticity and facilitate 

the success of these invasive species. 

 

 

Didemnum vexillum 

Didemnum vexillum (Figure 1.1) has a native range in the Northwest Pacific (Stefaniak et al. 

2012, Lambert et al. 2009) and is thought to have been translocated around the world as 
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epifaunal growth on cultured Pacific Oysters (Lambert et al. 2009), and as fouling on ships 

hulls (Coutts and Forrest 2007). Didemnum vexillum has invaded many regions globally, 

including the northeast and west coasts of the United States, British Columbia, Ireland, Wales, 

Scotland, England, northern France, the Netherlands, northern Italy (Lagoon of Venice), and 

New Zealand (Beveridge et al. 2011; Cohen et al. 2011; Griffith et al. 2009; Hitchin 2012; Kott 

2002; Lambert et al. 2009; Tagliapietra et al. 2012). Didemnum vexillum was first recorded in 

New Zealand in 2001 (Kott 2002) and is found most extensively within the Marlborough 

Sounds and Nelson regions, with additional populations recorded within Tauranga, 

Whangamata, Auckland, Wellington and Lyttleton harbours. Introduced populations of D. 

vexillum worldwide exhibit signs of founder effects and have extremely low levels of genetic 

diversity compared to populations within the native range (Smith et al. 2012a; Stefaniak et al. 

2012). Despite this, D. vexillum has been highly successful across a range of environments, 

and often forms large colonies that smother other marine invertebrates, including commercial 

aquaculture species (Coutts and Forrest 2007). Such a high level of plasticity, despite reduced 

levels of genetic diversity, suggests that epigenetic variation may play a prominent role in 

driving the invasion success of D. vexillum. 

 

Growth, morphology and reproductive biology 

Didemnum vexillum colonies are comprised of small individual animals, termed zooids, which 

are embedded in a tough outer tunic (Kott 2002). Didemnum vexillum colonies can undergo 

both sexual and asexual reproduction. During sexual reproduction, embryos are brooded within 

the tunic of the colony for several weeks until they mature and are then released as fully 

developed swimming larvae that are capable of colonising new sites (Fletcher et al. 2013a; 

Lambert et al. 2009). Spawning and recruitment usually occur during the summer months in 

temperate species (Auker and Oviatt 2008; Fletcher et al. 2013a; Valentine et al. 2009), and 

asexual reproduction is then used to expand the size of the colony, allowing the monopolisation 

of available resources. Large colonies can develop though asexual budding and, in calm, 

sheltered waters, these colonies can develop long lobes (Kott 2002), sometimes over a meter 

in length (Coutts and Forrest 2007). Fragments of lobes can then detach, reattach and grow, 

facilitating the spread of D. vexillum to new locations (Bullard et al. 2007; Hopkins et al. 2011).  
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Figure 1.1. A) Didemnum vexillum on mussels, B) Close-up of D. vexillum colony surface, C) D. 

vexillum schematic: (1) outline of part of colony; (2) colony surface showing branchial apertures; (3) 

cross section of colony lobe showing zooid layer at surface (adapted from Kott (2002)).  
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 Thesis structure 

Chapter 1 introduces the topic and the main aims of this study. Chapter 2 is a published 

literature review in the journal Biological Invasions, and outlines what was known at the onset 

of this thesis about DNA methylation associated with biological invasions. Key questions 

identified in Chapter 2 were addressed in Chapter 3, which has been submitted to the journal 

Scientific Reports. Chapter 3 investigates whether natural populations of D. vexillum exhibit 

DNA methylation patterns associated with the potential to invade or with invasion success. 

Results show that invasive populations have distinct DNA methylation patterns, which I 

hypothesised might be associated with environmental stressors. This hypothesis was tested in 

Chapters 4 and 5, which present results from laboratory experiments that explore two main 

questions: Do genome-wide DNA methylation patterns in D. vexillum change after exposure 

to environmental stress (non-optimal temperature and salinity) (Chapter 4), and are 

environmentally induced DNA methylation changes stable? I also test whether DNA 

methylation patterns respond in the same way to environmental stress, regardless of genotype 

(Chapter 5). I found that DNA methylation responds to stress, can be stable, and depends on 

genotype. Chapter 4 has been published in the journal Peer J. Chapter 6 is the general 

discussion, which aims to summarise the results from the data chapters, identify limitations 

faced during the study, and discuss the direction of future research. Chapters 2, 3, 4 and 5 are 

written as stand-alone scientific papers. 
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 Preface 

 

The review focuses on DNA methylation, a well-studied epigenetic mechanism known to be 

associated with biological adaptation to environmental stress. It explores the role of DNA 

methylation in characterising the adaptive potential of invasive species. It also provides an 

overview of studies focused on DNA methylation and invasive species to date and identify 

knowledge gaps and potential ways to advance understanding of epigenetic-based adaptation.  

 

This work has been published in a refereed journal and is presented in near identical form, with 

some sections removed to avoid repetition in the thesis. The citation for the original publication 

is: 

Hawes NA, Fidler AE, Tremblay LA, Pochon X, Dunphy B and Smith KF. 2018. Understanding 

the role of DNA methylation in successful biological invasions - A review. Biological Invasions, 

20 (9): 2285-2300. https://doi.org/10.1007/s10530-018-1703-6. 
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 Introduction 

Biological invasions represent one of the greatest threats to ecosystems and biodiversity world-

wide (Clavero and García-Berthou 2005; Molnar et al. 2008; Vitousek et al. 1996). Successful 

biological invasions require a sufficient number of individuals to transition through several 

stages of invasion; including introduction to a new location outside of the native range, 

establishment in the invaded habitat, and subsequent spread from the initial point of 

introduction (Prentis et al. 2008; Richardson and Pyšek 2006). In some cases, invasive species 

are exposed to novel environmental stressors both during and following translocation (e.g., Lee 

et al. 2007), and must rapidly adapt to habitats in which they have not evolved in order to 

become established in a new location (Allendorf and Lundquist 2003; Lee 2002; Sakai et al. 

2001). Some invasion events present a genuine paradox (Estoup et al. 2016), where the 

introduced species is highly successful in the new environment, despite the founding 

population containing only a subset of the heritable genetic diversity from their native 

populations (e.g., Smith et al. 2012a; Tsutsui et al. 2000). Reduced levels of genetic variation 

are predicted to constrain the adaptive and evolutionary potential of a species (e.g., Crawford 

and Whitney 2010). Attempts to explain this paradox have identified several factors that could 

contribute to invasion success, such as reduced competition from conspecifics (Smith et al. 

2012a), release from natural enemies (reviewed by Roy et al. 2011) and increased genetic 

diversity from multiple introductions (Kolbe et al. 2004). More recently, epigenetic 

mechanisms, which can increase both phenotypic plasticity and heritable variation, have been 

suggested to play a key role in invasion success (Pérez et al. 2006; Prentis et al. 2008).  

 

Epigenetic mechanisms are diverse (e.g., DNA methylation, histone modifications, non-coding 

RNA activity), but all can alter a given genotype’s influence on an organism’s phenotype, 

without changes in the underlying DNA nucleotide sequences. By increasing, decreasing, or 

silencing the activity of genes, epigenetic changes can lead to novel phenotypic variation in the 

absence of additional genetic diversity (Bossdorf et al. 2008). Current epigenetics literature is 

primarily focused on DNA methylation, as it is a common epigenetic mark and there are a 

range of simple methods available for its detection and quantification (Cheishvili et al. 2017; 

Laird 2010; Metzger and Schulte 2016; Plongthongkum et al. 2014). DNA methylation refers 

to the transfer of a methyl group (CH3) to the carbon 5 position of cytosine nucleotides, to 

form 5-methyl-cytosine (Figure 2.1). DNA methylation can respond to environmental cues and 
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may play a key role in rapid adaptation to environmental stress, particularly in the absence of 

genetic variation (e.g., Liebl et al. 2013; Richards et al. 2012; Schrey et al. 2012). Epigenetic 

mechanisms may facilitate the establishment and spread of invasive species by increasing 

phenotypic variation and phenotypic plasticity. With this mechanistic link in mind, this review 

summarises recent epigenetic studies on invasive species, with a focus on DNA methylation 

(see Table 2.1 for a summary of all studies of DNA methylation and invasive species to date), 

while identifying knowledge gaps and future directions to advance our understanding of 

biological invasions. 

 

 

Figure 2.1. DNA methylation usually refers to the transfer of a methyl group (CH3) to the carbon 5 

position of cytosine nucleotides, to form 5-methyl-cytosine. Environmental changes can alter 

methylation patterns, leading to alterations in gene expression and therefore phenotypic diversity. Some 

environmentally induced DNA methylation marks can be heritable. However, sexual reproduction 

results in extensive epigenetic reprogramming and most environmentally induced epigenetic changes 

are usually lost. In clonal species, sexual recombination may be episodic, absent or uncommon. In 

addition, in some clonal species (e.g., colonial ascidians) the germ cell lineages originate from somatic 

cells, in contrast with the germ-cell lineage sequestration found in vertebrates (Rosner et al. 2009). 

These characteristics increase the likelihood that environmentally-induced epigenetic modifications in 

clonal species can be passed on to offspring. 
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  DNA methylation and Invasive species – a literature review 

 Epigenetic and genetic diversity 

Thus far, most studies of epigenetics and invasive species have focused on DNA methylation 

in populations that have low genetic diversity compared to their native range but display 

significant phenotypic variation. For example, two studies have investigated genome-wide 

patterns of DNA methylation in introduced populations of the house sparrow, Passer 

domesticus (Liebl et al. 2013; Schrey et al. 2012). These introduced populations display large 

phenotypic differences dependent on the time since colonisation (Liebl and Martin 2012; Liebl 

and Martin 2013), and more recently introduced populations have lower levels of genetic 

diversity (Schrey et al. 2011). When introduced sparrow populations from Kenya (invasion 

<50 years old) and introduced populations from Florida (invasion ca. 150 years old) were 

compared, the diversity of DNA methylation was similar, despite lower levels of genetic 

diversity in the more recently introduced Kenyan sparrow population (Schrey et al. 2012). 

Furthermore, when DNA methylation was examined throughout a range expansion in Kenya, 

the diversity of DNA methylation increased as genetic diversity decreased (Liebl et al. 2013). 

This suggests that epigenetic variation might compensate for reduced levels of genetic diversity 

following invasion (Liebl et al. 2013; Schrey et al. 2012). Similarly, in a subsequent study, 

Spens and Douhovnikoff (2016) compared DNA methylation variation in two subspecies (a 

native and an invasive) of the facultatively clonal wetland grass, Phragmites australis. DNA 

methylation analysis revealed significant differences between introduced and native 

subspecies, with the introduced subspecies having higher levels of epigenetic variation (Spens 

and Douhovnikoff 2016). In all three studies, a high level of epigenetic diversity was observed 

among individuals, with all individuals having a unique epigenetic genotype (Liebl et al. 2013; 

Schrey et al. 2012; Spens and Douhovnikoff 2016). Increased epigenetic variation may lead to 

increased phenotypic diversity and be a form of ‘bet-hedging’, preserving the populations’ 

ability to respond to changes in the environment (Liebl et al. 2013). Epigenetic diversity could 

also underlie the General-Purpose Genotype model (GPG), where populations with limited 

genetic diversity use other mechanisms to extend the plasticity of a single genotype, to enhance 

their ecological niche (Spens and Douhovnikoff 2016).  
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Table 2.1. Studies that investigate DNA methylation in the context of understanding biological invasions in chronological order from the most recent study at 

the time of publication. 

Species 
Taxonomic 

group 
Molecular technique Reproduction Key finding Reference 

Ciona savignyi 

(Solitary ascidian) 
Invertebrate MSAP Sexual 

Significant changes in global DNA methylation levels within 

1 h (high temperature) to 3 h (low salinity) of exposure 
(Huang et al. 2017) 

Bemisia tabaci 

(Whitefly) 
Invertebrate 

Interference of DNA 

methyltransferase gene 

(Dnmt1) function using 

double stranded RNA 

Sexual and 

parthenogenetic 

Down-regulation of DNA methyltransferase expression was 

associated with decreased tolerance to thermal stress (45 °C 

and -5 °C), suggesting that DNA methyltransferase plays a 

role in thermal tolerance 

(Dai et al. 2017) 

Ciona robusta 

(Solitary ascidian) 
Invertebrate 

Bisulfite sequencing of 

PCR products (five 

genes) 

Sexual 

Significant DNA methylation differences were found in two 

genes among populations, which were correlated with 

environmental differences (temperature and salinity) 

(Pu and Zhan 2017) 

Xenostrobus 

secures 

(Pygmy mussel) 

and Ficopomatus 

enigmacticus 

(Tubeworm) 

Invertebrate 
DNA barcoding and 

MSAP 
Sexual 

Epigenetic diversity was greater than genetic diversity and 

more recently introduced populations had less DNA 

methylation compared to older introduced populations. The 

epigenetic signature of relatively recent invasions was greater 

than the response to pollution (environmental stress) 

Ardura et al. (2017) 

Fallopia Japonica 

(Japanese 

knotweed) 

Plant AFLP and MSAP Clonal 

Very little genetic variation but significant epigenetic 

variation, some of which was correlated with phenotypic 

variation and climate of origin 

Zhang et al. (2016) 

Phragmites 

australis 

(Wetland grass) 

Plant MSAP 
Facultatively 

clonal 

Significant DNA methylation differences were found 

between introduced and native subspecies, with the 

introduced subspecies having higher levels of epigenetic 

variation 

Spens and Douhovnikoff (2015) 

Aedes albopictus 

(Asian tiger 

mosquito) 

Invertebrate 

Ultra-high performance 

liquid chromatography - 

tandem mass 

spectrometry  

Sexual 

Altered global DNA methylation in response to stressors in 

F1 and F2 generations which were associated with decreased 

insecticide sensitivity, but DNA methylation changes were 

not transmitted to the F3 generation 

Oppold et al. (2015) 
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Species 
Taxonomic 

group 
Molecular technique Reproduction Key finding Reference 

Passer 

domesticus 

(House sparrow) 

Vertebrate 
Microsatellites and 

MSAP 
Sexual 

High levels of DNA methylation variation among individuals. 

Epigenetic diversity increased as genetic diversity decreased 

throughout range expansion 

Liebl et al. (2013) 

Passer 

domesticus 

(House sparrow) 

Vertebrate 
Microsatellites and 

MSAP 
Sexual 

Significant DNA methylation variation among individuals. 

Methylation diversity was similar in a more recently 

introduced population and an older introduced population, in 

spite of lower genetic diversity in the more recently 

introduced population 

Schrey et al. (2012) 

Fallopia species 

(Japanese 

knotweed) 

Plant AFLP and MSAP Clonal 

Far greater epigenetic variation than genetic variation, 

significant epigenetic differentiation by site and habitat-

related epigenetic differentiation at some loci 

Richards et al. (2012) 

Poa annua 

(Bluegrass) 
Plant metAFLP Sexual 

Invasive population was found to have lower levels of genetic 

diversity, but higher levels of epigenetic diversity compared 

to the probable source population. 

Chwedorzewska and Bednarek 

(2012)  

Alternanthera 

philoxeroides 

(Alligator weed) 

Plant AFLP and MSAP Mostly clonal 

Very little genetic variation but considerable DNA 

methylation variation within and between natural 

populations. Epigenetic differentiation between sites and 

aquatic and terrestrial populations evident. Morphological 

and epigenetic changes induced in response to different 

common garden environments 

Gao et al. (2010) 

 

AFLP = amplified fragment length polymorphism; MSAP = methylation-sensitive amplified polymorphism; metAFLP = variant of methylation-sensitive AFLP. 
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Although DNA methylation variation is often associated with significant phenotypic variation 

in invasive populations (e.g., Richards et al. 2012; Zhang et al. 2016), the functional 

significance of increased epigenetic diversity in species invasions is yet to be determined, and 

how this variation is generated is only beginning to be explored. Chwedorzewska and Bednarek 

(2012) compared DNA methylation and genetic diversity in two populations of the vascular 

plant, Poa annua. When comparing an invasive population (Antarctica) and a population from 

the native region (Poland), the invasive Antarctic population was found to have lower levels of 

genetic diversity, but higher levels of epigenetic diversity compared to the population in 

Poland. In this case it was suggested that increased levels of epigenetic variation may due to 

environmental stress in the polar environment (Chwedorzewska and Bednarek 2012). Severe 

environmental stress has previously been shown to increase DNA methylation diversity in plant 

populations (Verhoeven et al. 2010). Epigenetic variation may generate heritable variation 

when it is most required, enhancing evolutionary potential in unfavourable conditions 

(Chwedorzewska and Bednarek 2012; Verhoeven et al. 2010). Furthermore, this epigenetic 

variation may not be entirely random, but could be a mechanism influencing the timing and 

genomic location of heritable variability (Rando and Verstrepen 2007). Such levels of plasticity 

‘hidden’ in natural populations could be particularly important for populations with limited 

genetic diversity, allowing for increased phenotypic potential when genetic resources are 

limited (Mirouze and Paszkowski 2011).  

 

Finally, high levels of epigenetic variation have also been observed in two invasive marine 

invertebrates, the pygmy mussel (Xenostrobus secures) and the tubeworm (Ficopomatus 

enigmacticus) (Ardura et al. 2017). In this study, DNA methylation diversity and genetic 

diversity were compared in newly introduced populations and older introduced populations. 

Populations recently introduced had reduced levels of DNA methylation compared to 

individuals from older introductions. It was suggested that reduced levels of DNA methylation 

may be a signature of the expansive phase of an invasion, allowing for the activation of genes 

that may maximise adaptive potential, including the enhanced activity of transposable elements 

(TEs) (Ardura et al. 2017). DNA methylation plays an important role in the silencing of TEs 

and stress-induced activity of TEs has been proposed as one mechanism to explain the invasive 

species paradox. Transposition events can create or reverse mutations and alter genomic 

structure and function, rapidly increasing genetic diversity in times of environmental stress 

(Stapley et al. 2015). 
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 Environment specific epigenetic variation and adaptive phenotypes  

Epigenetic differences may underlie environment-specific phenotypic variation and drive 

adaptive divergence in invasive populations. However, the extent that epigenetic variation 

contributes to phenotypic variation remains largely unknown and determining drivers of 

divergence is challenging. Recent studies of invasive species have associated DNA methylation 

with thermotolerance (Dai et al. 2017) and adaptation to local environmental conditions (Pu 

and Zhan 2017). For example, Dai et al (2017) used RNA interference techniques to 

demonstrate the importance of the DNA methyltransferase 1 (Dnmt1) gene for thermal 

tolerance in the invasive whitefly species (Bemisia tabaci). Dnmts encode the enzymes 

involved in establishing DNA methylation. Invasive and non-invasive whitefly were fed 

Dnmt1 double stranded RNA in order to interfere with Dnmt1 gene expression. Invasive 

whitefly had decreased Dnmt1 expression and decreased tolerance to thermal stress (45 °C and 

-5 °C) suggesting that Dnmt1 plays a role in thermal tolerance, although the precise targets of 

and levels of DNA methylation were not determined. In the marine environment, evidence for 

adaptive divergence has been demonstrated using the invasive solitary ascidian, Ciona robusta. 

When individuals were sampled from four wild populations with varying temperature and 

salinity regimes, DNA methylation in two targeted genes differed significantly between the 

populations, and some of this variation was correlated with environmental differences in 

temperature and salinity (Pu and Zhan 2017). However, the authors highlight that wild Ciona 

populations have high levels of genetic variation, and that genetic differences could drive 

observed differences in DNA methylation (Pu and Zhan 2017). Nonetheless, temperature and 

salinity stress has been shown to influence global DNA methylation levels within 1 to 3 hours 

of exposure in Ciona savignyi (Huang et al. 2017). Although most changes reverted back to 

control levels after 48 hours, this rapid response demonstrates the potential for genome wide 

methylation changes in response to environmental stress.  

 

Complex genetic-epigenetic-environment interactions are often found in studies of ecological 

epigenetics (Asselman et al. 2015; Bossdorf et al. 2010; Dubin et al. 2015; Herrera and Bazaga 

2011), and high levels of epigenetic variation between individuals may result from unique 

developmental and environmental experiences (i.e., within generation plasticity) which studies 

of wild populations are unable to control for (Richards et al. 2012). One method of 

differentiating between genetic and epigenetic variation is to use clonal species (e.g., 
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Massicotte et al. 2011; Wilschut et al. 2016), as clonal reproduction can result in genetically 

identical individuals reducing the confounding effects of genetic variation (Box 1). Common 

garden and reciprocal transplant experiments are also useful to determine if there is an 

epigenetic component to environment-specific phenotypic variation, and whether habitat-

related variation can persist in a common environment (i.e., to assess stability) (Richards et al. 

2012). This issue was considered in a study of the invasive Japanese knotweed, Fallopia 

species. Richards et al. (2012) collected plants from several sites associated with divergent 

habitats (five marsh sites, five beach sites and six roadside sites) and grew them in a common 

environment for six months to distinguish between dynamic and persistent DNA methylation. 

A comparison of genetic and DNA methylation diversity found a greater proportion of DNA 

methylation variation could be attributed to differentiation among sites. This site-specific 

epigenetic variation persisted through clonal reproduction in a common environment, possibly 

contributing to establishment and spread across diverse habitats (Richards et al. 2012). In a 

subsequent study, Zhang et al. (2016) collected invasive Fallopia individuals from seven 

geographically distinct regions across Central Europe and grew them in a common garden for 

three years. Despite near genetic uniformity, significant DNA methylation variation was 

detected. This correlated with climatic variability in the region of origin and with the specific 

leaf area (SLA). Studies have found SLA to be associated with invasion success in plants (e.g., 

Grotkopp and Rejmánek 2007; Hamilton et al. 2005), and Japanese knotweeds are among the 

most invasive species in the world (Lowe et al. 2000). While not constituting evidence for 

transgenerational inheritance through sexual reproduction, the persistence of epigenetic marks 

through clonal reproduction (Figure 2.1) is significant for understanding biological invasions, 

as the probability of establishment increases if a species can reproduce clonally (Kolar and 

Lodge 2001). 

 

While these studies provide evidence for the stability of origin-specific epigenetic variation, 

common garden experiments have also revealed environmentally responsive methylation in 

association with adaptive phenotypic change. For example, invasive Alligator weed, 

Alternanthera philoxeroides, exhibits little genetic variation in its introduced range, but can 

colonise divergent habitats (aquatic and terrestrial), and displays significant habitat-related 

phenotypic differences (Gao et al. 2010; Geng et al. 2007). Gao et al. (2010) sampled 

individuals from aquatic and terrestrial populations and altered their growing conditions by 

reciprocal transplants into two common gardens (representing aquatic and terrestrial 
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environments). Extensive genome-wide DNA methylation alterations occurred in response to 

different water treatments in conjunction with significant phenotypic changes. Plants growing 

in the high water ‘aquatic’ common garden developed thicker stems, longer internodes and 

larger stem pith cavity diameter, similar to natural populations in aquatic habitats (Gao et al. 

2010). Although a causal link between DNA methylation and phenotypic changes could not be 

made in this study, it does provide evidence that epigenetic changes can be rapidly induced in 

new environments in conjunction with adaptive phenotypic variation in an invasive species. 

 

 

 Environmentally induced transgenerational inheritance 

The generation of phenotypic variation that is heritable across multiple generations could result 

in novel evolutionary outcomes (Danchin et al. 2011; Day and Bonduriansky 2011; Geoghegan 

and Spencer 2012; Jablonka and Lamb 1989; Jablonka and Lamb 1998; Jablonka and Lamb 

2008; Jablonka and Raz 2009), and be particualrly important for biological invasions. The 

inheritance of stress induced DNA methylaiton has been demonstrated in rats (Anway et al. 

2005) and plants (Ou et al. 2012), but evidence for transgenerational inheriance in non-model 

organisums, and in response to ecologically relevent stressors, is lacking. In light of this, it is 

worth drawing attention to a study attempting to show transgenerational inheritance in an 

invasive species. The invasive Asian tiger mosquito (Aedes albopictus), is highly adaptable to 

Box 2.1: Clonal species, epigenetics and invasiveness  

Clonal species are excellent models for experimental epigenetic studies. Asexual reproduction 

leads to multiple individual animals that all share the same DNA nucleotide sequences (genotype). 

The use of clonal organisms reduces the confounding effects of genetic variation that frequently 

complicate epigenetic studies (Verhoeven and Preite 2014). Furthermore, germ cell lineages are 

not sequestered in clonal species, which increases the likelihood that stress-induced epigenetic 

modifications (induced in somatic cells) can be transferred to offspring by bypassing meiosis 

(Verhoeven and Preite 2014). Clonal species may be particularly reliant on epigenetically mediated 

adaptive plasticity (Douhovnikoff and Dodd 2015; Verhoeven and Preite 2014; Zhang et al. 2016), 

as asexual reproduction, and genetic bottlenecks associated with introductions, often result in a 

reduction in genetic diversity. Reduced levels of genetic diversity are thought to constrain the 

adaptive and evolutionary potential of a species by limiting the availability of novel gene variants 

available for selection. Despite this, clonal species are often highly successful in new and 

heterogeneous environments, and clonal growth has been identified as an important contributor 

to invasion success (Kolar and Lodge 2001; Song et al. 2013).  
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new habitats, originating from tropical regions in Southeast Asia and spreading to cooler, 

temperate regions throughout the world. To evaluate the mechanisms underlying adaptability 

and invasiveness, mosquitoes were exposed to two known DNA methylation changing agents 

(genistein and vinclozolin) for one generation (F0) and were then cultured for three subsequent 

generations (F1 - F3) in control conditions. In the F1 and F2 generations, individuals were 

tested for insecticide sensitivity (Oppold et al. 2015). Exposure resulted in shifts in global DNA 

methylation levels in the F0 (exposed) generation through to the F2 (unexposed) generation, 

but there was a high degree of variation within and between generations, so no conclusive 

evidence for stable inheritance could be detected. Furthermore, in the F3 generation, DNA 

methylation levels were similar across all experimental groups, suggesting that any methylation 

changes had been lost (Oppold et al. 2015). 

 

Determining stable inheritance patterns is difficult when analysing global methylation levels, 

as epigenetic modifications can vary in their flexibility and stability and change in opposing 

ways at responsive sites. Despite these difficulties, mosquitoes displayed decreased sensitivity 

to the model insecticide imidacloprid in the F1 and F2 generations, indicating acclimation to 

insecticides had occurred (Oppold et al. 2015). Although the F3 generation was not tested to 

see if this effect was maintained, the induction of tolerance to insecticides associated with 

exposure to known DNA methylation changing agents could indicate an epigenetic stepping-

stone to genetic adaptation and the evolution of insecticide resistance (Oppold et al. 2015). If 

epigenetic mechanisms are contributing to resistance to control agents in this species, they are 

likely to play a key role in invasiveness. 

 

 DNA methylation and invasive characteristics 

Invasive species are often thought to share characteristics that facilitate their success after 

introduction to a new location. Phenotypic plasticity is frequently considered to be one of the 

key characteristics of successful invaders (Baker 1965; Davidson et al. 2011; Geng et al. 2007; 

Molina-Montenegro et al. 2012) as it allows for phenotypic variation without the requirement 

for additional genetic diversity. Many invasive species also appear to have a high tolerance to 

stress and a ‘readiness to respond’, enabling them to maintain physiological function and 

enhance their ecological niche breadth (e.g., Al Hassan et al. 2016; Serafini et al. 2011; 
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Zerebecki and Sorte 2011). Furthermore, when conditions in a new location are favourable, 

some introduced species can quickly and efficiently exploit available resources, sometimes out-

competing locally adapted native species (Mergeay et al. 2006). However, the molecular 

mechanisms that underlie phenotypic plasticity and tolerance to stress are poorly understood.  

 

Few studies have experimentally linked DNA methylation with species characteristics, but 

studies are beginning to investigate methylation differences between species with different 

levels of tolerance to environmental stress. Aina et al. (2004) tested the effect of cadmium, 

nickel and chromium on the metal tolerant Cannabis sativa (hemp) and metal sensitive 

Trifolium repens (clover). Prior to exposure, hemp baseline DNA methylation was significantly 

higher than clover DNA methylation. While both clover and hemp methylation levels 

decreased following metal exposure, hemp maintained higher levels of DNA methylation in 

response to stress (Aina et al. 2004). More recently, Putnam et al. (2016) exposed 

environmentally sensitive (Pocillopora damicornis) and environmentally robust (Montipora 

capitata) corals to elevated pCO2 for six weeks. Baseline DNA methylation was again 

significantly higher in the robust M. capitata and, after six weeks of exposure, M. capitata 

displayed no significant difference in growth, no change in DNA methylation and minimal 

separation of metabolomic profiles compared to controls. In contrast, the environmentally 

sensitive P. damicornis showed significant reductions in growth, enhanced separation of 

metabolomic profiles and a doubling of DNA methylation (Putnam et al. 2016). 

 

Higher baseline methylation may be a defence strategy, protecting against genomic instability 

induced by environmental stress and/or regulating the rapid and robust expression of genes 

involved in stress response (Aina et al. 2004; Kovalchuk et al. 2003). These methylation 

differences might be well conserved over evolutionary time as a result of species life history, 

such as the regularity with which an organism must contend with cellular stress (Dixon et al. 

2014; Putnam et al. 2016). Alternatively, methylation differences could be induced by repeated 

or prolonged exposure to stressful or heterogeneous environments within the lifetime of an 

individual. This is similar to priming or hardening in plants, where previous exposure to stress 

makes plants more resistant to future exposure (Bruce et al. 2007). For example, increased 

DNA methylation appears to have been induced in pine trees exposed to radiation following 

the Chernobyl accident, which may be a mechanism for radiation adaptation (Kovalchuk et al. 
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2003). Pre-conditioning or hardening of the epigenome may have particular relevance for 

invasive species in the context of anthropogenically-induced environmental change. It has been 

proposed that prior adaptation to human-altered habitats (e.g., marinas, shipping ports) in the 

native range may contribute to observed increases in invasion rates, in part due to prior 

adaptation of these populations to human-altered habitats (Hufbauer et al. 2012). This has been 

termed ‘Anthropogenically Induced Adaptation to Invade’ (AIAI) (Hufbauer et al. 2012). Pre-

conditioning or hardening may underlie AIAI, with anthropogenic selective sweeps enhancing 

invasive potential, by producing epigenetically robust phenotypes. Disentangling the complex 

epigenetic mechanisms that underlie species invasions, and species responses to anthropogenic 

change is challenging, but it is possible that epigenetic mechanisms can contribute to both 

robust and plastic heritable phenotypes. 

 

 Current understanding and future directions 

Both epigenetic and genetic factors are likely to influence invasiveness and adaptability, and it 

is critical to understand the relative influence of both to estimate the evolutionary potential of 

a species (Figure 2.2). Studies of invasive species suggest that epigenetic diversity may 

compensate for low genetic diversity during range expansions (Ardura et al. 2017; 

Chwedorzewska and Bednarek 2012; Liebl et al. 2013; Schrey et al. 2012). A high level of 

epigenetic diversity may be a bet-hedging strategy and underlie phenotypic plasticity, allowing 

species to exploit a wider ecological niche. However, whether epigenetic diversity enhances 

invasion success is yet to be conclusively determined. Additional studies comparing epigenetic 

and genetic diversity in native and introduced subspecies, and through range expansions, would 

add valuable weight to the argument. Manipulative experiments will be required to determine 

if increased epigenetic diversity can be induced by exposure to environmental stress, as can 

occur during translocations and introductions. Correspondingly, experiments will be required 

to determine if species with increased epigenetic diversity have enhanced invasive and 

evolutionary potential. 

 

A common characteristic of invasive species is tolerance to abiotic stress. Studies comparing 

the tolerance of native and non-native species have found that non-native species show less 

pronounced deviations from normal performance under stressful conditions (Lenz et al. 2011). 
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In the epigenetics literature, comparisons of sensitive and robust species are beginning to reveal 

that robust species have higher levels of baseline methylation (Aina et al. 2004), and less 

pronounced methylation changes in response to environmental stress (Putnam et al. 2016). 

Increased methylation may function to support genomic stability, facilitating the maintenance 

of eco-physiological performance in a range of environmental conditions. Over evolutionary 

time, strong gene body methylation may also result in mutation-driven codon bias for optimal 

codon usage (Dixon et al. 2016). Establishing sets of preferred codons may result in optimal 

translation dynamics by the evolution of tRNA abundances in genes where efficiency is most 

required, and it has been proposed that this mechanism would be particularly beneficial for 

organisms with small population sizes (Dixon et al. 2016). Although it is clear that species have 

different strategies for dealing with stress, studies comparing baseline methylation in native 

and invasive populations will likely provide insight into the role of DNA methylation in 

invasion success. If a high level of DNA methylation underlies robustness and stress response, 

this may allow for predictions of invasive potential.  

 

Much environmentally induced epigenetic variation appears to be reversible and highly 

responsive. This has been shown in studies of reciprocal transplants into common gardens (Gao 

et al. 2010), in attempts to show inheritance of environmentally induced DNA methylation over 

multiple generations (Oppold et al. 2015), and in the high level of DNA methylation variation 

observed in natural populations, which can be associated with individual life experiences and 

microhabitats (Herrera et al. 2012). To date, evidence for transgenerational inheritance in 

invasive species is limited. However, some microhabitat-related epigenetic variation has been 

shown to persist through clonal reproduction in a common environment (Richards et al. 2012; 

Zhang et al. 2016). The use of clonal species will continue to be a vital tool when determining 

the stability of environmentally induced epigenetic changes, as clonal reproduction reduces the 

confounding effects of genetic variation and increases the potential for the transmission of 

environmentally induced epigenetic marks (Box 1; Figure 2.1). Despite this, DNA methylation 

variation has been correlated with divergent habitats and selection pressures in wild 

populations (Herrera and Bazaga 2011; Massicotte and Angers 2012) and has been associated 

with adaptive phenotypes in invasive populations (Gao et al. 2010; Zhang et al. 2016). 

Epigenetic mechanisms, therefore, have the potential to facilitate the introduction, 

establishment and spread of invaders by introducing novel adaptive phenotypes when they are 

most required. 
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Heritable versus non-heritable DNA methylation and implications for invasive species 

Understanding the contribution of epigenetic processes to rapid acclimation compared to long-

term adaptation and evolution continues to be a fundamental question. Environmentally 

induced transgenerational effects will be advantageous if the phenotype of the offspring is 

better suited to the new environmental conditions. However, this is not without risks and can 

potentially result in a ‘phenotype-environment mismatch’ if the environment changes (DeWitt 

et al. 1998; Godfrey et al. 2007). Therefore, stable transgenerational epigenetic inheritance 

would only be advantageous if the risks of a mismatch are small. As such, environmentally 

induced epigenetic inheritance may only occur in response to directional selection. The timing 

and duration of the environmental stressor may be critical in determining if, and which, 

information is passed on (Houri-Ze’evi et al. 2016; Remy 2010). Despite these complexities, 

studies have found evidence of acclimation to stress in subsequent generations, even after 

removal of the environmental stressor for two generations (Oppold et al. 2015; Vandegehuchte 

et al. 2010). This suggests that cells do maintain a ‘memory’ of past events and can transfer 

this environmentally induced information to subsequent generations, which can be drawn-upon 

when similar environmental conditions return.  

 

The epigenetic processes that facilitate the inheritance of adaptive carry-over effects are 

currently unknown, although small RNAs are likely to play a fundamental role (Houri-Ze'evi 

and Rechavi 2017; Stuwe et al. 2014). Small RNAs are mobile and can be transferred through 

generations (Rechavi and Lev 2017). Furthermore, RNA directed DNA methylation (RdDM) 

has been shown to occur in plants, playing a key role in tolerance to environmental stress 

(Popova et al. 2013). If environmental information encountered during species invasions can 

be transmitted to offspring and future generations, this could explain the ‘readiness to respond’ 

phenotype observed in some successful invasive species (e.g., Lockwood et al. 2010; Serafini 

et al. 2011; Zerebecki and Sorte 2011). Such ‘phenotypic memory’ would resolve the conflict 

between stable transgenerational inheritance and continued phenotypic plasticity (Jablonka et 

al. 1995). Determining the duration of this memory may be the first step to unravelling the 

likely complexity of the mechanisms underlying this phenomenon.  
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The ability to identify epigenetic variation that contributes to functional traits, and is 

independent of genetic variation is problematic, as many epigenetic mechanisms can be under 

genetic control and vice versa (e.g., Dubin et al. 2015). Despite the difficulties teasing apart 

genetic and epigenetic influences, the rapid rate at which epigenetic changes can occur could 

lead to epigenetically-driven phenotypic changes that become genetically encoded later 

(Klironomos et al. 2013; Richards et al. 2017). Regardless of heritability, epigenetic 

mechanisms can influence evolutionary processes by introducing phenotypic variation, 

phenotypic plasticity and/or allowing for the ‘fine-tuning’ of adaptive phenotypes. This could 

be achieved by the generation of random or non-random epigenetic changes and by interactions 

with TEs, where altered methylation states can result in increased genomic mutation and 

recombination rates (e.g., transposition events) (Stapley et al. 2015). In these ways, epigenetic 

mechanisms could allow populations to persist in changing environments in the short-term and 

may help bridge the gap between the initial response to environmental stress and the longer-

term stabilisation of adaptive phenotypes (Duckworth 2013; Flores et al. 2013; Jablonka et al. 

1995; Lachmann and Jablonka 1996; Pál and Miklós 1999; Waddington 1942; Waddington 

1953). 
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Figure 2.2. Both genetic and epigenetic variation can influence invasion success, but epigenetic 

variation can be altered by interactions with the environment, providing an additional pathway, over 

and above genetic variation, to rapid adaptation and evolution. Prior to invasion, epigenetic differences 

may increase the likelihood of founding individuals becoming successful invaders (i.e., pre-

conditioning or hardening). These differences may be associated with genetic differences and/or be 

environmentally induced by exposure to environmental stimulus in the source habitat or during 

translocation. After arrival at a new location, epigenetic changes may contribute to phenotypic diversity 

and increase the potential for adaptation during range expansions. Epigenetic changes may also allow 

for ‘fine-tuning’ of adaptive phenotypes to new environmental conditions, enhancing niche breadth. 

Epigenetically mediated plasticity, phenotypic variation and heritable epigenetic changes can all 

contribute to the successful establishment and spread of invasive species and influence evolutionary 

trajectories. Figure adapted from Bossdorf et al. 2008 and Richards et al. 2017. 
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 Conclusions 

To predict the capacity for adaptation over timescales relevant to anthropogenic change, 

experimental studies of evolutionary potential are necessary (Munday et al. 2013). In this 

respect, biological invasions provide a unique system to investigate the processes that 

contribute to rapid adaptive evolution. Evidence suggests that epigenetic processes could 

explain some of the phenotypic variation observed in natural populations and play an important 

role in the variation of ecologically important traits. Understanding environmentally sensitive 

epigenetic mechanisms may be key to solving the genetic paradox of invasive species, as they 

can provide significant ecological and adaptive advantages in novel environments. Future 

studies should aim to characterise epigenetic variation within and among native and introduced 

populations, which could assist with predictions of invasive potential. Long-term, 

multigenerational experiments are required to determine the potential for heritable, stress-

induced epigenetic changes in non-model species. While still in the early stages of scientific 

examination, research focused on characterising the role of epigenetic effects in invasion 

biology will allow better predictions of the adaptive and invasive potential of species, the 

viability and vulnerability of populations, and the impacts of environmental change on 

biodiversity.  

 

 



Chapter 3: Epigenetic patterns associated with an ascidian invasion 

29 
 

 Epigenetic patterns associated 

with an ascidian invasion: a comparison 

of closely related clades in their native 

and introduced ranges 

 

 

 

 Preface 

 

Comparisons of native and introduced populations or subspecies provide insight into epigenetic 

and genetic patterns that might be associated with invasion success. Phylogenetic analyses have 

revealed that D. vexillum populations consist of two distinct clades; clade B appears to be 

restricted to the native range (Japan), whereas clade A is found in many regions throughout the 

world, including New Zealand. The spread of D. vexillum clade A suggests that it might be 

intrinsically more invasive than clade B, despite low levels of genetic diversity compared to 

populations from the native region. This chapter investigates whether D. vexillum clade A 

exhibits epigenetic signatures (specifically differences in DNA methylation) associated with 

invasiveness.  

 

This work has been submitted to a refereed journal and is presented in near identical form. The 

citation for the original publication is: 

Hawes NA, Amadoru A, Tremblay LA, Pochon X, Dunphy B, Fidler AE, and Smith KF. 2018. 

Epigenetic patterns associated with an ascidian invasion: a comparison of closely related 

clades in their native and introduced ranges. Scientific Reports, submitted November 2018.  
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 Introduction 

A major threat to biodiversity worldwide is the introduction, establishment and spread of 

invasive species beyond their native range (Bax et al. 2003; Mooney and Cleland 2001). Due 

to the considerable ecological and economic impacts of biological invasions (Pimentel et al. 

2005), research has focused on the prevention, control and eradication of invasive species 

(Mack et al. 2000). Molecular-based approaches are often utilized to characterize the ecological 

and evolutionary factors involved in the invasion process (Blanchet 2012; Estoup and 

Guillemaud 2010; Lee 2002), and are effective for estimations of propagule pressure (Ficetola 

et al. 2008a), early detection of introduced populations (Ficetola et al. 2008b), identifying the 

source of introductions (Goldstien et al. 2011), and for identifying genetic characteristics 

associated with successful invaders (Smith et al. 2012b). A major goal of invasion biology is 

to understand why certain species are successful invaders in order to facilitate assessment and 

management of risks (Blanchet 2012).  

 

Phenotypic plasticity, a wide tolerance to environmental stress, rapid growth and reproduction, 

and a high level of competitive ability have all been proposed to facilitate invasiveness (Sakai 

et al. 2001). Higher genetic diversity within populations is also thought to aid in the successful 

colonization of new environments (Crawford and Whitney 2010; Lavergne and Molofsky 

2007). Specifically, low levels of genetic variation are known to increase the risk of inbreeding 

depression and limit the adaptive and evolutionary potential of a species (Sakai et al. 2001). 

Yet, invasive populations with little or no genetic variation can be extremely successful in new 

environments (Geng et al. 2007), sometimes outcompeting native species (Mergeay et al. 

2006). Reduced competition from conspecifics (Smith et al. 2012a; Tsutsui et al. 2000), the 

maintenance of a high level of quantitative trait diversity (Dlugosch and Parker 2008), and the 

release from natural enemies (Roy et al. 2011) have been proposed as key factors determining 

invasion success when genetic diversity is low. More recently, epigenetic mechanisms (e.g., 

DNA methylation), which can increase both phenotypic plasticity and heritable variation, have 

been suggested to play a key role in invasion success (reviewed by Hawes et al. 2018a; Pérez 

et al. 2006; Prentis et al. 2008). Epigenetic mechanisms can alter a given genotype’s influence 

on an organism’s phenotype, without changes in the underlying DNA nucleotide sequences. 

By increasing, decreasing, or silencing the activity of genes, epigenetic changes can lead to 

novel phenotypic variation in the absence of additional genetic diversity (Bossdorf et al. 2008). 
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Despite this, few studies have investigated epigenetic patterns in invasive populations, which 

is an important step in understanding the role of epigenetic modifications in successful 

biological invasions.   

 

A valuable approach for identifying genotypes and phenotypes associated with successful 

invasive species is to compare populations in their native and non-native habitats (Smith et al. 

2015; Winkler et al. 2008). Molecular analyses have revealed that invasive species are often 

comprised of distinct sibling species or clades across their expanded and native ranges (Bock 

et al. 2012; Eunmi Lee 2000; Zhan et al. 2012), and in some cases, only certain clades become 

invasive (Smith et al. 2012a; Tsutsui et al. 2001; Winkler et al. 2008). Didemnum vexillum is 

an invasive marine colonial ascidian that has become established in temperate coastal waters 

worldwide, including several regions in New Zealand (Coffey 2001; Kott 2002), North 

America (Bullard et al. 2007a), and Europe (Gittenberger 2007; Griffith et al. 2009; Minchin 

and Sides 2006). Didemnum vexillum is believed to have been translocated throughout the 

world as fouling on aquaculture species and equipment, such as cultured Pacific oysters 

(Crassostrea gigas), and on ship hulls (Coutts and Forrest 2007; Herborg et al. 2009; Lambert 

et al. 2009). Additional to this well-defined history of spread, morphological (Lambert 2009) 

and molecular comparisons (Stefaniak et al. 2009, Smith et al. 2012a) have concluded that the 

native range of D. vexillum is likely to be the Northwest Pacific Ocean, including Japan. 

Phylogenetic analyses have revealed that D. vexillum populations consist of two distinct clades 

(Smith et al. 2012a). One clade (referred to as clade B) appears to be geographically restricted 

to D. vexillum's native region (Northwest Pacific Ocean), whereas colonies belonging to clade 

A have become established in temperate coastal areas around the world, including New 

Zealand. Clades A and B are morphologically identical (Lambert et al. 2009), and the level of 

mitochondrial cytochrome c oxidase subunit I (COI) gene sequence divergence between the 

two clades is far below the comparable divergence values for other ascidian species, such as 

the recently classified cryptic species Ciona robusta and Ciona intestinalis (formally C. 

intestinalis type A and type B, respectively) (Caputi et al. 2007; Nydam and Harrison 2010; 

Nydam and Harrison 2011; Smith et al. 2015). Therefore, evidence to date suggests that D. 

vexillum clades A and B represent an ongoing speciation event (Smith et al. 2015; Smith et al. 

2012a). Diversification of clades A and B within the Northwest Pacific following human-

mediated introduction from another region is not consistent with known evolutionary rates at 

COI, as divergence of the A and B COI clade lineages is estimated to have occurred 1.5–2.5 
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million years ago, which pre-dates anthropogenic vectors (Smith et al. 2012a). The persistence 

of clade B's restricted distribution may indicate that it is intrinsically less invasive than clade 

A (Smith et al. 2012a). Introduced populations of clade A in New Zealand have low levels of 

genetic diversity compared to populations within the native region of Japan, indicating a 

founder effect (Smith et al. 2012a). Despite this, introduced populations have been extremely 

successful in their new environments, forming large colonies that can extend over significant 

areas, including commercially important aquaculture farms (Coutts and Forrest 2007).  

 

The most well-studied epigenetic mechanism related to invasion success is DNA methylation, 

which generally refers to the addition of a methyl group to cytosine nucleotides to form 5-

methylcytosine. DNA methylation can respond to environmental cues (Hawes et al. 2018; 

Putnam et al. 2016; Rondon et al. 2017) and has been associated with adaptation to different 

environmental conditions in invaded habitats (Gao et al. 2010; Pu and Zhan 2017). 

Additionally, some introduced populations have higher DNA methylation diversity than 

populations in their native range despite reductions in genetic diversity due to founder effects 

(Chwedorzewska and Bednarek 2012), and lower levels of global or genome-wide DNA 

methylation (Ardura et al. 2017a), both of which have been associated with phenotypic 

variation and phenotypic plasticity (Ardura et al. 2017b; Liebl et al. 2013; Roberts and Gavery 

2011; Schrey et al. 2012). Given the tendency of D. vexillum clade A to successfully invade 

multiple regions throughout the world, I hypothesized that 1) introduced populations of D. 

vexillum clade A would have high levels of DNA methylation diversity, despite low genetic 

diversity, 2) introduced populations of D. vexillum clade A would have lower levels of global 

DNA methylation compared to populations within the native region, and 3) populations would 

be differentially methylated when collected from sites with different environmental conditions. 

To test these hypotheses, I compared whole genome DNA methylation within D. vexillum 

collected from New Zealand (Clade A) with those from Japan (Clade A and Clade B), and 

between sites with different environmental conditions (differences in temperature and salinity). 
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 Materials and Methods 

 Tissue sample collection  

Didemnum vexillum tissue samples were collected between April 2008 and July 2009 from four 

sites in Japan (n = 39) and three sites in New Zealand (n = 35) by Smith et al. (2012a). Samples 

were collected in the summer months of the respective countries. Tissue samples were 

preserved in approximately 2.0 ml of 96% (v/v) ethanol and stored at -20°C before being 

assigned to clade A or clade B by mitochondrial COI coding region analysis (Smith et al. 

2012a). All colonies from New Zealand were clade A (n = 35), whereas samples collected from 

Japan were comprised of clade A (n = 16) and clade B (n = 23). In Japan, the distributions of 

clades A and B overlap at several sites (Figure 3.1). The earliest worldwide record of 

Didemnum vexillum was in Japan in 1926, but it was only identified as Didemnum sp. at the 

time (Lambert et al. 2009). In New Zealand, D. vexillum was first reported in 2001 in the North 

Island, in Whangamata Harbour (Coffey 2001) and was described initially as a native species 

to New Zealand. Two months later, D. vexillum was discovered in the South Island, in Queen 

Charlotte Sound (Coutts 2002). It is thought to have been transported to the South Island as 

fouling the hull of a large barge that had earlier been anchored in Whangamata Harbour (Coutts 

2002). Due to the continued movement of vessels, D. vexillum subsequently spread throughout 

the Marlborough Sounds, including to Pelorus Sound (Coutts and Forrest 2007). 
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Figure 3.1. Locations and details of Didemnum vexillum colonies used for analyses. Invasive 

populations in New Zealand (left) consist of clade A colonies only, whereas populations from within 

the native range of Japan (right) are comprised of both clade A and clade B colonies. Pie charts represent 

sampling sites used for mitochondrial cytochrome c oxidase subunit I (COI) gene analysis in Smith et 

al. (2012a), and the relative proportions of each clade. Labelled sites represent the location of samples 

selected for DNA methylation analysis in this study. Figure adapted from Smith et al. (2012a). The date 

D. vexillum populations were first recorded in each location in New Zealand is indicated below each 

site and the number of colonies sampled is indicated in brackets.  

  

 

 Environmental conditions 

Site-specific environmental data (temperature and salinity) were collated from publicly 

available reports and websites (Table 3.1). Based on experiments identifying D. vexillum 

tolerance limits and the optimal temperature and salinity range for growth (Hawes et al. 2018b), 

I allocated a temperature and salinity ‘stress score’ to each site, with 1 being the lowest stress 

score and 3 being the highest (Table 3.2). Temperature and salinity stress scores related to 

tolerance ranges were as follows; Temperature stress: D. vexillum grows well in temperatures 

less than 23 °C, so a stress score of 1 was allocated to sites with maximum temperatures of <23 



Chapter 3: Epigenetic patterns associated with an ascidian invasion 

35 
 

°C, D. vexillum growth is usually reduced at temperatures higher than 24 °C, so sites with a 

maximum temperature of  23-25 °C were given a stress score of 2, growth is further reduced 

above 25 °C, and 28 °C is close to the upper tolerance limit for D. vexillum (Zerebecki and 

Sorte 2011, Hawes et al. 2018b), so sites with a maximum summer temperature of 25-28 °C 

were given a stress score of 3; Salinity stress: D. vexillum can grow well in salinities above 26 

PSU (Hawes et al. 2018b), so sites with minimum salinity values ≥ 26 were given a stress score 

of 1, growth is generally reduced below 26 PSU, and ascidians are rarely found in salinities 

lower than 25 PSU (Lambert 2005), so a stress score of 2 was given to sites with minimum 

salinity values of 23-<26 PSU, a stress score of 3 was allocated to sites that drop below 23 

PSU, as 20 PSU is thought to be close to the low salinity limit for D. vexillum, with extended 

periods of  exposure resulting in mortality (Bullard and Whitlatch 2009; Gröner et al. 2011). I 

then combined the temperature and salinity stress score at each site to obtain a ‘summative 

stress score’ which was used for further analysis (see Table 3.2). This is a similar approach to 

the method described in Ardura et al. (2018). 

 

The sampling sites represent different environments within both New Zealand and Japan (Table 

3.1). New Zealand seawater temperatures are similar between sites and within the optimal 

range for D. vexillum, with winter minima around 11-12 °C, and maxima between 19 °C and 

23 °C. Therefore, I allocated all New Zealand sites a temperature stress score of 1 (Table 3.2). 

While the mean and maximum salinity values are similar between sites in New Zealand (mean 

approx. 33-35 PSU), the minimum salinity is more variable, with salinity above 30 PSU in 

Queen Charlotte Sound but dropping below 25 PSU in Pelorus Sound and Whangamata 

Harbour. The lowest salinity values were reported in Whangamata (13 PSU). Minimum and 

maximum temperatures and salinities are most likely to influence global DNA methylation 

differences (see Hawes et al. 2018b). Therefore, each site in New Zealand was allocated a 

different salinity stress score based on minimum salinity values (1, 2 and 3 respectively; Table 

3.2). 

 

For Japan, minimum water temperatures were similar, or slightly cooler, than minimum water 

temperatures at sites in New Zealand. Minimum temperatures ranged from 9-12.5 °C at all 

sites, except for Shizugawa Bay which can be <7 °C in winter. The maximum temperature in 

Shizugawa Bay was slightly warmer than the maximum water temperatures at New Zealand 
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sites (19-23.5 °C), while Sagami Bay, Ise Bay, and Izu Peninsula all reach maximum water 

temperatures of 26-28 °C (Table 3.1). Therefore, all sites in Japan were allocated stress scores 

of 2 or 3 (Table 3.2). For salinity, Shizugawa Bay salinity values were most similar to Queen 

Charlotte Sound, while Ise Bay salinity values were lower, and more similar to Pelorus Sound 

and Whangamata Harbour. Major rivers empty into Pelorus Sound (Pelorus River), 

Whangamata Harbour (Wentworth River) and Ise Bay (Kiso Three Rivers) which can result in 

low minimum salinity values following precipitation events, so these sites were given stress 

scores of 2 or 3 while all other sites obtained a salinity stress score of 1 (Table 3.2). 

 

 DNA extraction and Methylation-Sensitive Amplified Polymorphism   

To assess whole genome DNA methylation patterns, DNA was extracted using G-spin Total 

DNA extraction kits (animal tissue protocol; Intron, Gyeonggi-do, South Korea). Following 

DNA extraction, in parallel reactions (25 µL final reaction volume), 500 ng of DNA was 

digested with 10 U of each restriction enzyme (MspI and EcoRI or HpaII and EcoRI; New 

England BioLabs, Ipswich, MA, USA) and 10X CutSmart Buffer (England BioLabs), and 

incubated at 37 °C for 2 h followed by 80 °C for 20 minutes to inactivate the enzymes. The 

digested DNA were ligated in a final volume of 20 µL containing 1 U of T4 DNA ligase (New 

England BioLabs), 10X ligase buffer, 250 nM of EcoRI adapter, and 2.5 M of MspI or HpaII 

adaptor for 3 hours at 37 °C. Table 3.3 presents a list of all adapter and primer sequences used 

for the MSAP protocol. Pre-selective polymerase chain reaction (PCR) was performed in a 

total volume of 20 L using 8 µL of ligated DNA, MyTaqTM 2X PCR master mix (Bioline, 

MA, USA), and 500 nM of each pre-selective primer. Thermocycling conditions were 20 

cycles of: 94 °C for 30 s, 56 °C for 60 s, and 72 °C for 60 s. Selective PCR was performed 

using four EcoRI and MspI/HpaII primer combinations in a final volume of 20 µL using 1 µL 

of pre-selective PCR product, MyTaqTM 2X PCR master mix (Bioline, MA, USA), and 500 

nM of each combination of forward and reverse selective primers. Thermocycling conditions 

were 1 cycle of: 94 °C for 2 minutes; 10 cycles of 94 °C for 30 s, 65 °C for 30 s (decreasing 1 

°C per cycle), and 72 °C for 60 s; and 30 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 

60 s; and a hold cycle of 72 °C for 30 minutes. The resulting selective PCR product was diluted 

1:5 with sterile distilled water and analysed using an ABI 3130 capillary sequencer (Applied 

Biosystems, Foster City, CA, USA) with internal size standards (GS600LIZ) by an external 

contractor (Genetic Analysis Services, University of Otago, Dunedin, New Zealand). 
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Table 3.1. Geographical coordinates and general environmental conditions (temperature and salinity) at the sample collection sites in New Zealand (NZ) and 

Japan (JA).Temperature range is reported in °C, salinity is reported in practical salinity units (PSU). Site-specific environmental data (temperature and salinity) 

were collated from available reports and websites as follows: Whangamata Harbour (Environment Waikato Regional Council); Pelorus Sound and Queen 

Charlotte Sound (National Institute of Water and Atmospheric Research, Water Quality in the Marlborough Sounds Annual Monitoring report July 2014 – 2015 

prepared for Marlborough District Council, and https://cawthron.shinyapps.io/WQ-Marlborough/); Shizugawa Bay (Shizugawa Nature Centre and Takahashi 

et al. 2018); Ise Bay (Sugashima Marine Biological Laboratory, Nagoya University); Izu Peninsula (Shimoda Marine Research Centre, University of Tsukuba 

http://www.shimoda.tsukuba.ac.jp/kansoku.html); Sagami Bay (The University of Tokyo Department of Biological Sciences Annual Report, 2008 and Sogawa 

et al. 2017).

Site of collection Sample 

code 

Clades 

present 

Geographical coordinates Temperature 

mean 

(min – max) 

Temperature 

range 

(min-max) 

Salinity mean 

(min-max) 

 

Salinity 

(min – max) 

New Zealand NZ       

Whangamata Harbour Wha A 37°11'52.3"S 175°51'58.6"E 13.5 – 19.5 12.5 – 23 25 – 34 13 - 35.5 

Pelorus Sound Pel A 41°09'46.1"S 173°51'48.5"E 12 – 18.5 11.5 – 20.5 33 - 35 23 – 35 

Queen Charlotte Sound Que A 41°15'00.0"S 174°00'34.3"E 11 – 17 11 – 19 34 - 35 30.5 – 35 

Japan  JA       

Shizugawa Bay Shi A, B 38°39'21.8"N 141°29'05.2"E 8.5 – 22 6 – 23.5 33 – 34 29.5 - 34 

Ise Bay Ise A, B 34°44'01.6"N 136°43'10.1"E 11 – 25 9 - 27 29 - 32 21 – 33 

Izu Peninsula Izu B 34°39'56.3"N 138°56'23.5"E 13.5 – 24.5 10.5 - 26 31-33 27 - 33 

Sagami Bay Sag B 35°14'01.0"N 139°22'42.7"E 12 – 26 10 - 28 NA 34 – 35 
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Table 3.2. Site-specific stressor scores related to Didemnum vexillum tolerance ranges based on method 

described in Ardura et al. 2018. Summative score = temperature score + salinity score. 

Site of collection Sample 

code 

Clades 

present 

Temperature 

score 

Salinity 

score 

Summative 

score 

New Zealand 
     

Whangamata Harbour Wha A 1 3 4 

Pelorus Sound Pel A 1 2 3 

Queen Charlotte Sound Que A 1 1 2 

Japan 
     

Shizugawa Bay Shi A 2 1 3 

Ise Bay Ise A 3 3 6 

Izu Peninsula Izu B 3 1 4 

Sagami Bay Sag B 3 1 4 

Shizugawa Bay Shi B 2 1 3 

Ise Bay Ise B 3 3 6 

 

 

 

Table 3.3. Adapter and primer sequences used for MSAP protocol.  

Adapters Sequence 5'- 3' 

EcoRI-adapter F 5'-CTC GTA GAC TGC GTA CC-3' 

EcoRI-adapter R 5'-AAT TGG TAC GCA GTC TAC-3' 

HpaII and MspI-Adapter F 5'-GAC GAT GAG TCT AGA A-3'’ 

HpaII and MspI-Adapter R 5'-CGT TCT AGA CTC ATC-3' 

Pre-selective primers  

EcoRI-A  5'-GAC TGC GTA CCA ATT CA-3' 

HpaII and MspI –T  5'-GAT GAG TCT AGA ACG GT-3' 

Selective primers  

EcoRI + AAG 5'-GAC TGC GTA CCA ATT CAA G-3' 

EcoRI + ACT 5'-GAC TGC GTA CCA ATT CAC T-3' 

HpaII MspI + TAC 5'-6-FAM-GAT GAG TCT AGA ACG GTA C-3' 

HpaII MspI + TCC 5'-6-FAM-GAT GAG TCT AGA ACG GTC C-3' 
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 Data analysis  

The Peak Scanner software (Applied Biosystems, Foster City, CA, USA) was used to assign 

the MSAP fragments peak height and size. To establish the peak height with the lowest error 

rate (the lowest number of fragment presence/absence mismatches between triplicate samples), 

and the error rate for msap (v. 1.1.8) analysis (Pérez‐Figueroa 2013) described below, I 

completed the MSAP procedure described above in triplicate for one individual sample. The 

following settings were associated with the lowest error rate between triplicates: error rate per 

primer, 0.07; analysis range, 50–500 base pairs (bp); minimum peak height, 50 relative 

fluorescent units (RFU). Peak presence/absence data corresponding to HpaII and MspI 

fragments was then converted to a binary matrix (presence = 1, absence = 0), so that the 

methylation state of each restriction site could be identified. The MSAP profiles were then 

assessed in R (R core team 2016) using the msap package (v. 1.1.8) (Pérez‐Figueroa 2013).   

 

The msap package determines whether individual fragments (loci) are methylation-susceptible 

loci (MSL) or non-methylated loci (NML) by analyzing the contents of the binary matrix, and 

comparing differences representing the differential sensitivities of HpaII and MspI to cytosine 

methylation (Table 3.4). Subsequent analyses are performed independently, with MSL used to 

assess DNA methylation variation and NML used to assess genetic variation (Pérez‐Figueroa 

2013). While NML has been used to assess genetic variation in several studies (Ardura et al. 

2018; Ardura et al. 2017; Herrera and Bazaga 2010), it is only a proxy for genetic variation and 

should be interpreted with some caution (Watson et al. 2018). Methylation state is categorized 

as either: Type I = unmethylated state, Type II = methylation of internal cytosine, Type III = 

hemimethylation, and Type IV, which is considered uninformative as this type could be due to 

either hypermethylation or lack of target restriction site (Pérez‐Figueroa 2013; Schulz et al. 

2013). Within msap, epigenetic (MSL) and genetic (NML) differentiation between populations 

were assessed by principal coordinates analyses (PCoA) followed by analyses of molecular 

variance (AMOVA; Excoffier et al. 1992) with 10000 permutations (Pérez‐Figueroa 2013). A 

Mantel test was used to establish the correlation between MSL and NML, an indication of how 

much epigenetic variation might be influenced by the genetic background (Pérez‐Figueroa 

2013). The amount of genetic and epigenetic variation was estimated using the Shannon 

diversity index (S). Differences between NML and MSL diversity were tested using the 

Wilcoxon Rank Sum test with continuity correction.  
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Table 3.4. CCGG sites where methylation-sensitive restriction enzymes (HpaII and MspI) cleave (Yes) 

or do not cleave (No) to generate methylation dependent fragment patterns. Both MspI and HpaII 

recognise CCGG sites and cleave unmethylated CCGG sites (1/1), but MspI cannot cleave when the 

outer cytosine is fully or hemimethylated (m), and HpaII cannot cleave when the inner or outer cytosine 

is methylated on both strands. Cleaving by both enzymes is blocked when both cytosines are methylated 

(0/0), which is considered uninformative as it could be due to either hypermethylation or fragment 

absence. From this the methylation state of restriction sites can be scored (e.g., methylated (1/0 or 0/1) 

unmethylated (1/1) and uninformative (0/0)). 

  Restriction sites HpaII  Mspl Fragment classification  

Type I 5'-CCGG 

GGCC-5' 

 
Yes  Yes Unmethylated  

1/1 

Type II 5'-CmCGG 

GGmCC-5' 

 
No  Yes Internal cytosine methylation 

0/1 

Type III 5'-mCCGG 

GGCC-5' 

5'-mCmCGG 

GGCC-5' 

Yes  No Hemimethylated  

1/0 

Type IV 5'-mCmCGG 

GGmCmC-5'        

5'-mCCGG 

GGCmC-5' 

No  No Uninformative  

0/0  

 

 

Following analysis with msap, the overall MSL and NML variation estimated by the Shannon 

diversity index was compared between populations using the number of samples (N), mean 

diversity (I) and the standard deviation (obtained from msap) to perform and one-way analysis 

of variance (ANOVA) and post-hoc pairwise comparisons using Tukey’s honest significance 

difference test (Tukey’s HSD). The global methylation level was calculated as the proportion 

of methylated loci (the number of methylated loci (Types II and III) divided by the scorable 

loci (Types I, II and III)) (following Ardura et al. 2017; Nicotra et al. 2015). Using R (v. 3.3.0), 

global methylation levels were compared among populations using a generalised linear model 

(GLM) with a quasibinomial distribution to correct for overdispersion. Residuals were checked 

and assumptions validated. I then compared global methylation differentiation in colonies 

collected from sites with the same summative stress scores using msap (v. 1.1.8) (Pérez‐

Figueroa 2013) (PCoA followed by AMOVA) to determine whether site-specific MSL 

differences were associated with differences in environmental conditions (temperature and 

salinity). Only summative stress scores ‘3’ and ‘4’ could be analysed with msap because scores 

‘2’ and ‘6’ were only associated with one site respectively. To assess the relationship between 

global methylation levels and environmental conditions, I used a GLM with quasibinomial 

distribution to compare the proportion of methylated loci in colonies collected from sites with 



Chapter 3: Epigenetic patterns associated with an ascidian invasion 

41 
 

different summative stress scores, followed by post-hoc pairwise comparisons using Tukey’s 

HSD tests. 

 

 Results 

 Environmental differences between sites 

DNA methylation patterns in colonies from sites with the same summative stress scores were 

significantly differentiated (Supplementary Table S3.1), suggesting that global DNA 

methylation differences between sites in this study are not clearly associated with summative 

temperature and salinity scores. There were also no significant differences between the 

proportion of methylated loci (Types II and III/Types I, II and III) associated with different 

summative stress scores (Table S3.2). 

 

DNA methylation and genetic differentiation  

In New Zealand colonies (clade A), 1784 loci were identified, 1309 of these were MSL (73.4%, 

94% polymorphic) and 475 were NML (26.6%, 97% polymorphic). In Japan clade A, 1780 

loci were identified, 1496 of these were MSL (84%, 92% polymorphic), and 284 were NML 

(16.6%, 97% polymorphic). Finally, in Japan clade B, 1785 loci were identified, 1658 were 

MSL (92.9%, 93% polymorphic) and 127 were NML (7.1%, 96% polymorphic). Combined, 

1799 loci were identified. 1617 were MSL (89%, 99% polymorphic) and 182 were NML (10%, 

99% polymorphic). I found no significant differences in MSL or NML patterns between 

colonies from Japan clade A (JAA) and Japan clade B (JAB). Instead, significant differences 

were due to colonies collected in New Zealand being different to colonies collected in Japan, 

regardless of clade affiliation (Table 3.5, Figure 3.2). When colonies collected in Japan (JAA 

and JAB) were compared, the methylation patterns almost fully overlapped (Figure 3.2A) 

whereas, when colonies collected in New Zealand (NZA) and colonies collected in Japan were 

compared (JAA and JAB), they were partially differentiated, regardless of clade (Figure 3.2B, 

3.2C). MSL differences between NZA and JAA were due to colonies collected from Pelorus 

(PelA) and Whangamata (WhaA) (New Zealand) being different to colonies collected from 

Japan (Shizugawa (ShiA) and Ise (IseA)). In contrast, there were no significant MSL 

differences between colonies collected from Queen Charlotte, New Zealand (QueA) and clade 
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A colonies collected from Japan (Table S3.3). For NML, there were significant differences 

between NZA and JAA at all sites, except for QueA and ShiA (Table S3.3). MSL differences 

between NZA and JAB appear to be due to colonies collected from Izu (IzuB) and Sagami 

(SagB) being different to colonies from all sites in New Zealand (PelA, WhaA, and QueA) 

(Table S3.4, MSL). For NML, there were significant differences between JAB and NZA 

colonies from all sites, with the exception of WhaA and QueA (NZ), which were not 

significantly different from ShiB (JA) (Table S3.4, NML).  

 

 

Figure 3.2. Principal coordinates analyses (PCoA) of: A) non-significant methylation (MSL) 

differences between Didemnum vexillum colonies from Japan clade A (JAA) and Japan clade B (JAB), 

B) significant MSL differences between colonies from Japan clade A (JAA) and New Zealand clade A 

(NZA) and C) significant MSL differences between colonies from Japan clade B (JAB) and New 

Zealand clade A (NZA).The first two coordinates (C1 and C2) are shown with the percentage of 

variance explained by them. Points in each group cloud represent individuals from different groups. 

Country and clade labels show the centroid for the points cloud in each group. Ellipses represent average 

dispersion of those points around their centre (Pérez‐Figueroa 2013). AMOVA tests for MSL 

differences are shown in Table 3.5. NZA (n = 35), JAA (n = 16) and JAB (n = 23). 

 

 

There were no significant differences between colonies collected from different sites within 

Japan (MSL ɸST =0.01559, p = 0.1072, Fig. S3.5; NML ɸST =-0.01433, p = 0.7505). In contrast, 

there were significant differences between all sites in New Zealand (MSL, ɸST = 0.05517, p = 

<0.001, Fig. S3.5; NML ɸST = 0.07178, p = 0.0033, Table S3.6). NML and MSL differences 

were significantly positively correlated (Mantel test; JAA, r = 0.725, p = <0.001; JAB, r = 

0.368, p = <0.001; NZA, r = 0.746, p = <0.001). 

A) B) C) 
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 DNA methylation and genetic diversity 

MSL diversity was similar in all three populations (JAA, JAB, and NZA), and DNA 

methylation diversity (MSL) was significantly higher than genetic diversity (NML) (Figure 

3.3A, Table S3.7). In contrast, there were significant differences in NML diversity between 

populations (Table S3.8). NML diversity was significantly higher in JAA compared to both 

JAB and NZA (Table S3.9).  

 

 

Table 3.5. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) and non-

methylated loci (NML) in Didemnum vexillum clade A colonies from Japan (JAA) and clade B colonies 

from Japan (JAB), clade A colonies from New Zealand (NZA) and clade A colonies from Japan (JAA), 

and clade A colonies from New Zealand (NZA) and clade B colonies from Japan (JAB). Significant p-

values are shown in bold (p < 0.05). 

Population Source d.f. SSD MSD Variance Phi_ST p 

MSL        

JAA – JAB Among groups 1 364.9 364.9 -0.3955 -0.00106 0.4573 

 Within groups 37 13778 372.4 372.4   

 Total         38 14143 372.2    
NZA - JAA Among groups 1 571.3 571.3 11.75 0.03616 0.0011 

 Within groups 49 15349 313.3 313.3   

 Total         50 15921 318.4    
NZA - JAB Among groups 1 1061 1061 26.5 0.07538 0.0001 

 Within groups 56 18205 325.1 325.1 
 

 

 Total         57 19266 338  
 

 

NML        

JAA - JAB Among groups 1 23.39 23.39 0.3062 0.0171 0.0541 

 Within groups 37 651.4 17.61 17.61   

 Total         38 674.8 17.76    
NZA - JAA Among groups 1 82.63 82.63 2.22 0.06149 0.0018 

 Within groups 49 1660 33.88 33.88   

 Total         50 1743 34.86    
NZA - JAB Among groups 1 97.43 97.43 2.672 0.1031 0.0001 

 Within groups 56 1302 23.25 23.25 
 

 

  Total         57 1400 24.56  
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Figure 3.3. For Didemnum vexillum colonies collected from Japan clade A (JAA, n = 16), Japan clade 

B (JAB, n = 23) and New Zealand clade A (NZA, n = 35): A) Methylation-susceptible loci (MSL) and 

non-methylated loci (NML) diversity; B) methylated loci classified as: unmethylated (Type I), internal 

methylation (Type II), hemimethylation (Type III), and hypermethylated or absence of restriction site 

(Type IV); and C) global methylation level measured as the proportion of methylated loci (Type II + 

III/scorable loci (Types I + II + III)) following Nicotra et al. 2015 and Ardura et al. 2017. Significant 

differences between treatments denoted by different letters (p < 0.05).  
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 DNA methylation levels  

The proportion of MSL classified as unmethylated, internally methylated, hemimethylated or 

hypermethylated for JAA, JAB, and NZA is shown in Figure 3.3B. In all three groups, a greater 

proportion of Type IV methylation (hypermethylation) was detected compared to unmethylated 

or methylated loci. However, as Type IV methylation can also be due to a lack of restriction 

target (mutation) it is considered uninformative and is not used to calculate the proportion of 

methylated loci (Ardura et al. 2018; Ardura et al. 2017). For the proportion of methylated loci, 

recently introduced New Zealand colonies had significantly lower methylation levels compared 

to colonies collected from within the native region (Japan) (p < 0.05, Table S3.10). For JAA, 

JAB and NZA, the methylated loci (Types II and III) were 49%, 53% and 41% of the scoreable 

loci respectively (Figure 3.3C). There were no significant differences in the proportion of 

methylated loci between JAA and JAB.  

 

 Discussion  

Comparing closely related clades, only one of which has become invasive, provides a unique 

opportunity to identify genotypes and phenotypes that might be associated with invasion 

success (Smith et al. 2015). Significant global DNA methylation (MSL) and genetic (NML) 

differences were detected between Didemnum vexillum colonies introduced to New Zealand, 

and both clades in the native range (Japan). These differences were evident when looking at 

both differentiation and global DNA methylation levels, which will be discussed in detail 

below. In contrast, we found no significant differences in MSL or NML patterns between D. 

vexillum clades A and B collected from within the native range, despite the predicted 

divergence of D. vexillum COI clade lineages being between 12,000 and 2.6 million years ago 

(Smith et al. 2012). A recent study of genome-wide DNA methylation variation within and 

between five house sparrow subspecies within their native range (Middle East, Iranian plateau) 

also found the majority of the subspecies were not significantly differentiated, despite also 

inhabiting different environmental conditions (e.g., arid desert, humid forest, tropical coast). 

Most of the observed DNA methylation variation could be attributed to differences within 

subspecies rather than among subspecies, and appeared to follow a similar pattern to genetic 

differentiation among populations, which was also very low (Riyahi et al. 2017). In contrast, a 

recent study of global DNA methylation in co-occurring subspecies of the facultatively clonal 

plant, P. australis, found significant differentiation of DNA methylation patterns between 
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subspecies that inhabit the same environment (Spens and Douhovnikoff 2016). However, these 

subspecies have very different life histories; one subspecies is native and the other introduced. 

Therefore, epigenetic differences between these subspecies might be associated with changes 

induced by invasion history (Spens and Douhovnikoff 2016). In D. vexillum, the level of COI 

sequence variation between clades A and B (as estimated by percentage of polymorphic sites) 

is low compared to values reported for other ascidian species (Smith et al. 2012a), and colonies 

from the two clades are morphologically identical and occur in sympatry at several sites in 

Japan (Lambert et al. 2009). The lack of global DNA methylation differentiation between 

clades A and B in Japan might, therefore, represent similar genetic and life history 

backgrounds.  

 

Clade A colonies collected from Japan had significantly higher levels of genetic (NML) 

diversity compared to the two other populations studied (NZA and JAB). While differences in 

genetic variation do not necessarily reflect differences in quantitative traits, it has been 

theorized that a high level of standing genetic variation will increase adaptive and evolutionary 

potential, which may facilitate the colonisation of new environments (Barrett and Schluter 

2008). High levels of genetic variation within the native range (as found in JAA) may facilitate 

the spread of invasive species like D. vexillum. In the copepod, Eurytemora affinis, two clades 

have overlapping distributions in several estuaries and salt marshes, but one clade has invaded 

freshwater habitats while the other remains restricted to the native range (Winkler et al. 2008). 

The invasive clade was found to have higher DNA nucleotide diversity than the non-invasive 

clade within the native range (Winkler et al. 2008) and has evolved increased haemolymph 

osmolality following the invasion of freshwater habitats (Lee et al. 2011; Lee et al. 2012). 

Comparisons of geographically restricted and widespread species also suggest that higher 

levels of genetic variation in ecologically important traits contribute to larger niche breadth 

(Kellermann et al. 2009; Sheth and Angert 2014). While it is possible that future sampling 

might reveal that Clade B has also invaded other regions, the rate of discovery suggests that if 

it is present, it is rare. Clade A has been identified in five broad sampling areas (New Zealand, 

Japan, West Coast North America, East Coast North America and Europe), whereas Clade B 

haplotypes have been exclusively amplified from Japan (Smith et al. 2012). It is also possible 

that Clade A is only invasive ‘by chance’. Clade A and Clade B haplotypes are not equally 

abundant nor equally distributed among sites in Japan (Stefaniak et al. 2012), and the 

probability of a haplotype being transported during an invasion event is proportional to the 
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frequency of that haplotype in the native population where the transport vector originated (Nei 

et al. 1975). This effect would be amplified if introductions to new regions were secondary 

invasion events rather than multiple primary introductions originating from the native range 

(Stefaniak et al. 2012). 

 

Genetic variation based on NML should be interpreted with caution (Watson et al. 2018), but 

lower genetic diversity in NZA is consistent with previous studies that have concluded that 

introduced populations of D. vexillum have experienced a reduction in genetic diversity, 

indicating a founder effect (Smith et al. 2012a). If lower levels of genetic diversity are in fact 

limiting adaptive potential, alternative mechanisms for increasing phenotypic variation, such 

as epigenetic variation, might be especially important during the introduction and 

establishment phases. Despite differences in genetic diversity, there was no significant 

difference in DNA methylation diversity between NZA, JAA, and JAB. A similar result was 

found when DNA methylation diversity was compared across house sparrow populations with 

varying invasion histories (Schrey et al. 2012). Combined, these results support the idea that 

epigenetic variation could preserve the ability of invasive populations to adapt following 

reductions in genetic diversity that can be associated with colonisation (Liebl et al. 2013; 

Schrey et al. 2012), although the functional significance of epigenetic diversity remains 

unknown. 

 

DNA methylation patterns were significantly differentiated between sites in the introduced 

range of D. vexillum (New Zealand), but not in the probable source region (Japan). Recent 

studies of invasive populations have found DNA methylation differences between 

environments that may play a role in adaptation to different habitats (Ni et al. 2018; Pu and 

Zhan 2017; Thorson et al. 2017). In the present study, comparisons of DNA methylation 

patterns between sites with similar or different environmental stress (temperature and salinity) 

scores indicate that DNA methylation patterns are not driven by environmental variations 

alone. However, it remains possible that environmental stress is an important driver of 

epigenetic structure in the invasive New Zealand population. Random DNA methylation 

changes have been shown to be more likely following exposure to environmental stressors 

(Verhoeven et al. 2010). Invasive populations may accumulate novel epigenetic marks more 

quickly than populations in the native range if the invasion process can be considered a stress 
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(Ardura et al. 2017b), especially if combined with additional environmental challenges (Ardura 

et al. 2018). When unpredictable environmental conditions are encountered, epigenetically 

variable offspring will be favored, serving as a ‘bet-hedging’ strategy if some individuals are 

suited to the invaded habitat (Colautti and Lau 2015; Herman et al. 2014; Jablonka et al. 1995; 

O’Dea et al. 2016). Additionally, it is possible that the founding genotypes that successfully 

established in New Zealand exhibit a higher propensity for methylation plasticity due to 

environmental filtering. Site-specific differentiation in the introduced populations could then 

be due to the introduction and spread of epigenetic variants to different sites, which, like genetic 

drift, is likely to have a large effect in small populations. However, these processes rely on a 

level of stability and heritability of methylation. It is not yet clear how much DNA methylation 

underlies selectable phenotypic variation and how it responds to evolutionary forces 

(Kronholm and Collins 2016). 

 

While I found DNA methylation differences between colonies from New Zealand and Japan, 

and between sites within New Zealand, these were associated with significant genetic 

differences. Invasive populations can include a different admixture of genes or genotypes 

compared to those in the native range, due to founder effects or multiple introductions from 

different source populations. Therefore, DNA methylation differences might reflect genetic 

differences between the native and introduced populations and between sites within the 

introduced range. Invasive populations can also be exposed to variable selection pressures 

across the newly colonised range and have a faster evolutionary response to selection (Colautti 

and Lau 2015). Models have shown that during early adaptation to new environments, 

epigenetic shifts could provide a “stepping stone” and facilitate the persistence of populations, 

allowing for the accumulation of neutral genetic variation (Klironomos et al. 2013). Some 

epigenetic variation might become assimilated, meaning plastic responses or phenotypes might 

be epigenetically encoded first followed by genetic evolution (Pigliucci et al. 2006; Smith and 

Ritchie 2013). Stress-induced reductions in DNA methylation can also affect genetic variation 

by increasing transposition events (Stapley et al. 2015). The results from this study cannot 

establish whether DNA methylation differences between sites are pure, obligatory or 

facilitated, but all three types are likely to play a role in range expansions (Hawes et al. 2018a; 

Spens and Douhovnikoff 2016). Selection on epigenetic variation, in addition to genetic 

variation, can allow populations to adapt faster than selection on genetic variation alone 

(Klironomos et al. 2013).  



Chapter 3: Epigenetic patterns associated with an ascidian invasion 

49 
 

The introduced New Zealand population had lower methylation levels compared to populations 

in the native range. Reduced levels of DNA methylation have been suggested to be a common 

‘signature of invasion’, increasing phenotypic plasticity during the expansive phase of invasion 

when it is most required (Ardura et al. 2018, Ardura et al. 2017). However, the mechanistic 

link between levels of methylation, environmental stress, biological invasions and adaptation 

to new environments is not well understood. Few studies have reported methylation levels in 

aquatic invertebrates and, of those that have, it appears that increased genome-wide 

methylation is the most common response to environmental stress (Cribiu et al. 2018; Lee et 

al. 2018; Liew et al. 2018; Marsh and Pasqualone 2014; Putnam et al. 2016). Evidence suggests 

that high levels of gene body methylation can reduce spurious transcription and transcriptional 

noise (variability of gene expression levels) and may be a defense mechanism to combat the 

damaging effects of environmental challenges (Dixon et al. 2014; Liew et al. 2018). In contrast, 

genes with reduced levels of germline DNA methylation have been linked with increased 

phenotypic plasticity via associations with alternative transcription start sites, exon skipping, 

alternative splicing and transient methylation (Dimond and Roberts 2015; Dixon et al. 2014; 

Roberts and Gavery 2012). Hypomethylation has also been associated with increased activity 

of transposable elements in several species, which can introduce phenotypic variation and may 

facilitate adaptation to new environments (Gavery and Roberts 2014; Stapley et al. 2015). 

While stable and accurate gene expression could be beneficial within the native range of a 

species, where genetic diversity is generally high and environmental conditions are predictable 

from one generation to the next, following invasion, noisy or unstable genomes might be 

especially beneficial. If environmental stress is associated with higher levels of DNA 

methylation, it should be considered that lower levels of methylation might be associated with 

a reduction in stress. However, there is little evidence for this at present. One study has 

compared invasive populations of pygmy mussels (Xenostrobus secures) from two sites with 

apparently varying levels of environmental stress (an international port and a protected lagoon) 

(Ardura et al. 2017). It was expected that the population from the less stressful environment 

(the lagoon) would be less methylated, however it was found that methylation levels between 

sites were similar. In this case, it was suggested that the ‘invasive signature’ might be 

overriding any differences associated with the environment. It should be noted that while Type 

IV methylation (hypermethylation) is considered uninformative because it could be due to 

target absence, a large amount could also be due to methylation polymorphisms, so could also 

be important when comparing methylation levels in invasive and native populations.  
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 Conclusions 

This is the first study investigating DNA methylation differences between closely related 

invertebrate clades, one of which has become invasive and one of which has not. I found further 

evidence for a ‘signature of invasion’ associated with a recent population expansion (Ardura 

et al. 2017), with introduced populations having distinct DNA methylation patterns and levels 

compared to populations in the native range. These results suggest that genetic diversity might 

facilitate the spread of invasive populations outside the native range, while DNA methylation 

might be especially important in introduced populations when genetic diversity is reduced. The 

MSAP method used in this study only allows for analysis of global genomic patterns, so there 

may be important functional methylation differences between the invasive and non-invasive 

clades that were not detected here. Future research will focus on examining the functional 

properties and stability of DNA methylation changes in response to different environmental 

conditions, which will aid our understanding of ecological adaptation and evolutionary 

dynamics, including the epigenetic basis of invasiveness. 
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 Supplementary Figures and Tables 

 

Table S3.1. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) within 

Didemnum vexillum colonies from sites with summative stress scores (temperature stress score + 

salinity stress score) of 3 (PelA, n = 9 (New Zealand), ShiA, n = 12 and ShiB, n = 2 (Japan)) and 4 

(WhaA, n = 14 (New Zealand), IzuB, n = 7 and SagB, n = 12 (Japan)). Significant p-values are shown 

in bold (p < 0.05). 

Source d.f. SSD MSD Variance Phi_ST p 

Stress score 3       

among groups 2 927 463.5 22.87 0.06783 0.0069 

within groups 20 6287 314.3 314.3   
Total         22 7214 327.9  

  

Stress score 4       

among groups 2 1315 657.4 32.32 0.09315 <0.0001 

within groups 30 9439 314.6 314.6   
Total         32 10754 336.1  

  

 

 

Table S3.2. Post-hoc comparison of the proportion of methylated loci (global methylation level) and 

summative stress scores using Tukey’s honest significance difference (HSD) test.  

Summative stress scores Estimate Std. Error   z value Pr(>|z|) 

3 – 2 0.03924 0.18199  0.216 0.996 

4 – 2 0.03357 0.17136  0.196 0.997 

6 – 2 -0.19203 0.22687  -0.846 0.829 

4 – 3 -0.00567 0.14314  -0.04 1 

6 – 3 -0.23127 0.20638  -1.121 0.671 

6 – 4 -0.2256 0.19708  -1.145 0.656 
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Table S3.3. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) and non-

methylated loci (NML) in Didemnum vexillum clade A colonies from different sites in New Zealand 

(PelA, WhaA, QueA) compared to clade A colonies from different sites in Japan (ShiA, IseA). 

Significant p-values are shown in bold (p < 0.05). 

Site Source d.f.  SSD  MSD  Variance Phi_ST p 

MSL        

PelA - ShiA Among groups 1 608.3 608.3 29.24 0.08681 0.0043 

 Within groups 19 5844 307.6 307.6   

 Total         20 6452 322.6    
PelA - IseA Among groups 1 281 281 10.82 0.04664 0.0354 

 Within groups 11 2432 221.1 221.1   

 Total         12 2713 226.1    
WhaA - ShiA Among groups 1 646.8 646.8 26.72 0.0814 0.0013 

 Within groups 24 7237 301.5 301.5  
 

 Total         25 7884 315.3  
 

 
WhaA - IseA Among groups 1 291.8 291.8 12.4 0.05462 0.0296 

 Within groups 16 3435 214.7 214.7   

 Total         17 3726 219.2    
QueA - ShiA Among groups 1 422.1 422.1 6.196 0.01718 0.1083 

 Within groups 20 7090 354.5 354.5   

 Total         21 7512 357.7    
QueA - IseA Among groups 1 360.4 360.4 11.03 0.03578 0.0671 

 Within groups 12 3568 297.4 297.4   

 Total         13 3929 302.2    
NML        

PelA - ShiA Among groups 1 57.33 57.33 3.061 0.1059 0.0017 

 Within groups 19 491.1 25.85 25.85   

 Total         20 548.4 27.42    

PelA - IseA Among groups 1 121.6 121.6 11.95 0.1774 0.0165 

 Within groups 11 609.5 55.41 55.41   

 Total         12 731.1 60.92    

WhaA - ShiA Among groups 1 101.6 101.6 4.387 0.08897 0.0039 

 Within groups 24 1078 44.92 44.92   

 Total         25 1180 47.19    

WhaA - IseA Among groups 1 175.5 175.5 11.09 0.09426 0.045 

 Within groups 16 1705 106.5 106.5   

 Total         17 1880 110.6    

QueA - ShiA Among groups 1 21.25 21.25 0.5034 0.03096 0.0553 

 Within groups 20 315.1 15.76 15.76   

 Total         21 336.4 16.02    

QueA - IseA Among groups 1 56.9 56.1 3.612 0.0906 0.0264 

 Within groups 12 435.1 36.26 36.26   

 Total         13 492 492    
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Table S3.4. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) and non-

methylated loci (NML) in Didemnum vexillum colonies from different sites in New Zealand (PelA, 

WhaA, QueA) compared to clade B colonies from different sites in Japan (ShiA, IseA) Significant p-

values are shown in bold (p < 0.05). 

Site Source d.f.  SSD  MSD  Variance Phi_ST p  

MSL 

PelA - ShiB Among groups 1 245.5 245.5 14.42 0.06776 0.0556  

 Within groups 9 1785 198.3 198.3   

 Total         10 2031 203.1    

PelA - IseB Among groups 1 319.9 319.9 36.5 0.1541 0.0577 

 Within groups 9 1804 200.4 200.4   

 Total         10 2123 212.3    
PelA - IzuB Among groups 1 718.5 718.5 59.13 0.1896 <0.001 

 Within groups 14 3539 252.8 252.8   

 Total         15 4258 283.8    
PelA - SagB Among groups 1 556.4 556.4 25.28 0.07858 0.0013  

 Within groups 19 5632 296.4 296.4   

 Total         20 6188 309.4    
WhaA - ShiB Among groups 1 237.7 237.7 10.42 0.04925 0.1142 

 Within groups 14 2817 201.2 201.2  
 

 Total         15 3054 203.6  
 

 
WhaA - IseB Among groups 1 278.6 278.6 21.17 0.09381 0.0615 

 Within groups 14 2863 204.5 204.5   

 Total         15 3142 209.5    
WhaA - IzuB Among groups 1 865.1 865.1 62.71 0.1831 <0.001 

 Within groups 19 5316 279.8 279.8   

 Total         20 6182 309.1    
WhaA - SagB Among groups 1 562.7 562.7 21.15 0.06809 <0.001 

 Within groups 24 6946 289.4 289.4   

 Total         25 7508 300.3    
QueA - ShiB Among groups 1 282.4 282.4 -0.2915 -0.00103  0.3885 

 Within groups 10 2834 283.4 283.4   

 Total         11 3116 283.3    
QueA - IseB Among groups 1 362.3 362.3 22.54 0.07278 0.11 

 Within groups 10 2872 287.2 287.2   

 Total         11 3234 294    
QueA - IzuB Among groups 1 608.4 608.4 35.11 0.09909 0.0024 

 Within groups 15 4789 319.2 319.2   

 Total         16 5397 337.3    
QueA - SagB Among groups 1 458.7 458.7 10.43 0.02936 0.0288 

 Within groups 20 6897 344.9 344.9   

 Total         21 7356 350.3    
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Table S3.4 cont. 

NML 

PelA - ShiB Among groups 1 140.9 140.9 24.16 0.2808 0.0356 

 Within groups 9 556.9 61.88 61.88   

 Total         10 697.8 69.78    
PelA - IseB Among groups 1 222 222 50.39 0.469 0.0195 

 Within groups 9 513.5 57.06 57.06   

 Total         10 735.5 73.55    
PelA - IzuB Among groups 1 155.1 155.1 14.32 0.2528 <0.001 

 Within groups 14 592.7 42.34 42.34   

 Total         15 747.8 49.85    
PelA - SagB Among groups 1 59.98 59.98 3.091 0.0988 <0.001 

 Within groups 19 535.6 28.19 28.19   

 Total         20 595.6 29.78    
WhaA - ShiB Among groups 1 163.6 163.6 12.68 0.09617  0.1178 

 Within groups 14 1668 119.2 119.2  
 

 Total         15 1832 122.1  
 

 
WhaA - IseB Among groups 1 271.5 271.5 45.32 0.2865 0.0233 

 Within groups 14 1580 112.9 112.9   

 Total         15 1852 123.4    
WhaA - IzuB Among groups 1 114.5 114.5 7.935 0.164 0.0011 

 Within groups 19 768.4 40.44 40.44   

 Total         20 882.9 44.14    
WhaA - SagB Among groups 1 114 114 4.789 0.08421 0.004  

 Within groups 24 1250 52.08 52.08   

 Total         25 1364 54.55    
QueA - ShiB Among groups 1 63.65 63.65 5.022 0.0967 0.1206 

 Within groups 10 469.1 46.91 46.91   

 Total         11 532.8 48.43    
QueA - IseB Among groups 1 101.7 101.7 17.49 0.2873 0.0168 

 Within groups 10 433.9 43.39 43.39   

 Total         11 535.6 48.69    
QueA - IzuB Among groups 1 60.17 60.17 3.913 0.1228 <0.001 

 Within groups 15 419.1 27.94 27.94   

 Total         16 479.3 29.96    
QueA - SagB Among groups 1 34.39 34.39 1.531 0.07965 <0.001 

 Within groups 20 353.8 17.69 17.69   

 Total         21 388.1 18.48    
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Figure S3.5. Principal Coordinate Analysis (PCoA) of: A) non-significant methylation (MSL) 

differences in Didemnum vexillum colonies from different sites in Japan (JAA and JAB) and B) 

significant differences in D. vexillum colonies from different sites in New Zealand (NZA).NZA (n = 

35), JAA (n = 16) and JAB (n = 23). The first two coordinates (C1 and C2) are shown with the 

percentage of variance explained by them. Points in each group cloud represent individuals from 

different groups. Site labels show the centroid for the points cloud in each group. Ellipses represent the 

average dispersion of those points around their centre (Pérez‐Figueroa 2013). AMOVA tests for 

significant differences in methylation (MSL) are shown in Table S3.6.  
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Table S3.6. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) and non-

methylated loci (NML) in Didemnum vexillum colonies from different sites in New Zealand (NZA).

Significant p-values are shown in bold (p < 0.05). 

 

 

Table S3.7. Methylation susceptible loci (MSL) and non-methylated loci (NML) diversity in 

Didemnum vexillum clade A colonies from Japan (JAA), clade B colonies from Japan (JAB) and clade 

A colonies from New Zealand (NZA) estimated by the Shannon diversity index (I). Differences between 

MSL and NML diversity using the Wilcoxon Rank Sum test with continuity correction (W). Significant 

p-values are shown in bold (p < 0.05). 

Population Loci I SD W p 

JAA MSL 0.6248769 0.08002103 304067.5 < 0.001  

 NML 0.4849764 0.1416978   
JAB MSL 0.6129504 0.09454218 172270 < 0.001  

 NML 0.3528194 0.135363   
NZA MSL 0.5997667 0.09853787 499941 < 0.001  

 NML 0.3665219 0.1590017     

      
 

 

Site Source d.f.  SSD  MSD  Variance Phi_ST p  

MSL        

Que - Wha Among groups 1 504.6 504.6 18.76 0.0668 <0.001 

 Within groups 24 6291 262.1 262.1   

 Total         25 6795 271.8    
Pel - Wha Among groups 1 354.4 354.4 11.28 0.04657 0.019 

 Within groups 21 4849 230.9 230.9   

 Total         22 5203 236.5    
Pel - Que Among groups 1 370.6 370.6 10.55 0.03871 0.0135 

 Within groups 19 4979 262.1 262.1   
  Total         20 5350 267.5       

NML        

Que - Wha Among groups 1 114.7 114.7 4.373 0.06987 0.0257 

 Within groups 24 1397 58.21 58.21   

 Total         25 1512 60.47    
Pel - Wha Among groups 1 118.2 118.2 5.388 0.08339 0.0164 

 Within groups 21 1244 59.22 59.22   

 Total         22 1362 61.9    
Pel - Que Among groups 1 50.07 50.07 1.907 0.05891 <0.001 

 Within groups 19 578.7 30.46 30.46   
  Total         20 628.8 31.44       
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Table S3.8. Analysis of variance (ANOVA) comparing methylation susceptible loci (MSL) and non-

methylated loci (NML) diversity estimated by the Shannon diversity index in Didemnum vexillum clade 

A colonies from Japan (JAA), clade B colonies from Japan (JAB) and clade A colonies from New 

Zealand (NZA). Significant p-values are shown in bold (p < 0.05). 

Source d.f. SS Variance F p 

MSL      

Between groups 2 0.0074 0.0037 0.4201 0.6586 

Within groups 71 0.6228 0.0088   
Total 73 0.6302    
NML      

Between groups 2 0.1951 0.0975 4.4284 0.0154 

Within groups 71 1.5639 0.0221   
Total 73 1.7589    

 

 

Table S3.9. Post hoc comparison of non-methylated loci (NML) diversity estimated by the Shannon 

diversity index compared among Didemnum vexillum populations (JAA, JAB, and NZA) using Tukey’s 

honest significance difference (HSD) test. Significant p-values are shown in bold (p < 0.05). 

Population Diff Lwr upr p adj 

JAA - JAB -0.1322 -0.2478 -0.0165 0.0212 

JAA - NZA -0.2257 -0.2257 -0.0112 0.0269 

JAB - NZA 0.0137 -0.0817 0.1091 0.9369 

 

 

 

Table S3.10. Quasibinomial generalized linear model for the proportion of methylated loci (Type II + 

III/Type I + II + III) in Didemnum vexillum clade A colonies from Japan (JAA), clade B colonies from 

Japan (JAB) and clade A colonies from New Zealand (NZA). Significant p-values are shown in bold (p 

< 0.05). 

 

Population Estimate Std. Error t value Pr(>|t|) 

JAA -0.01382 0.11389 -0.121 0.9037 

JAB 0.15637 0.14895 1.05 0.2974 

NZA -0.31771 0.14032 -2.264 0.0266 
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 Effects of temperature and 

salinity stress on DNA methylation in a 

highly invasive marine invertebrate, the 

colonial ascidian Didemnum vexillum 

 

 

 

 

 

 Preface 

Although DNA methylation differentiation between sites in New Zealand did not appear to be 

correlated with site-specific differences in temperature or salinity in Chapter 3, large variations 

in temperature and salinity are likely to be encountered if invaders have been transported long 

distances. The aim of this chapter was to assess the effect of increasing temperature and 

decreasing salinity on global DNA methylation differentiation, growth and survival in D. 

vexillum.  

 

This work has been published in a refereed journal and is presented in near identical form. The 

citation for the original publication is: 

Hawes NA, Tremblay LA, Pochon X, Dunphy B, Fidler AE, and Smith KF. 2018. Effects of 

temperature and salinity stress on DNA methylation in a highly invasive marine invertebrate, 

the colonial ascidian Didemnum vexillum. PeerJ, 6: e5003. https://doi: 10.7717/peerj.5003. 
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 Introduction 

Species invasions, climate change, habitat fragmentation and environmental degradation are 

altering ecosystems and threatening biodiversity (Leadley 2010). A key question in 

evolutionary biology is whether species will be able to adapt in response to these human-driven 

environmental changes (Visser 2008). Biological invasions can provide a unique model to 

investigate adaptation and evolution within short timescales, as introduced species must rapidly 

adapt to new habitats (Allendorf & Lundquist 2003; Sakai et al. 2001). It has been suggested 

that epigenetic mechanisms could play a critical role in environmental adaptation and may be 

particularly important for the success of invasive species (Estoup et al. 2016; Pérez et al. 2006; 

Prentis et al. 2008). Recently introduced populations can have reduced genetic diversity (e.g., 

genetic bottlenecks and founder effects) (Dlugosch & Parker 2008), which is thought to 

constrain the colonisation potential of a species (e.g., Crawford & Whitney 2010). Despite this, 

invasive species can still be highly successful in their new environments, and often outcompete 

locally adapted native species (Allendorf & Lundquist 2003). By increasing both phenotypic 

plasticity and heritable variation, epigenetic changes might allow invasive species to quickly 

respond to environmental challenges. However, the role that epigenetic mechanisms play 

during the process of invasion is only beginning to be understood (reviewed by Hawes et al. 

2018a) and, for many species, the effect of environmetnal stressors on DNA methylation is 

unknown.  

 

Epigenetic modifications have been shown to respond to environmental cues and, in some 

cases, be associated with significant phenotypic change (Dias & Ressler 2014; Kucharski et al. 

2008; Waterland & Jirtle 2003). Epigenetic mechanisms are diverse and interactive (e.g., DNA 

methylation, histone modifications, small RNAs), but all alter gene expression without the 

requirement for changes in the underlying DNA nucleotide sequences (Bossdorf et al. 2008). 

Currently the most studied epigenetic mechanism is the methylation of cytosine nucleotides to 

form 5 methylcytosine (DNA methylation). DNA methylation is common in eukaryotes, and 

there are a range of methods for its detection and quantification (Plongthongkum et al. 2014). 

One such method, methylation-sensitive amplified polymorphism (MSAP), allows for cost-

effective screening of variation in global DNA methylation, without the requirement for a 

reference genome (Reyna-Lopez et al. 1997). The MSAP technique enables epigenetic research 

in non-model organisms and can provide a first look at DNA methylation-environment 
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interactions, which may underlie adaptive plasticity. Interest in the ecological relevance of 

DNA methylation in non-model organisms is growing, and marine invertebrates have been 

identified as an emerging taxonomic group for studies of ecological epigenetics, particularly in 

the context of environmental change (Hofmann 2017). Despite this, few studies have 

investigated environmentally induced epigenetic changes in marine invertebrates (Marsh et al. 

2016; Marsh & Pasqualone 2014; Putnam et al. 2016), and the role of epigenetic mechanisms 

in the success of marine invertebrate invaders is only beginning to be explored (Ardura et al. 

2017; Huang et al. 2017; Pu & Zhan 2017). 

 

Of the marine invertebrates, colonial ascidians stand out as model species to study both 

environmentally induced DNA methylation changes (Hawes et al. 2018b) and invasion success 

(Zhan et al. 2015). Colonial ascidians (phylum Chordata) are common marine invaders 

worldwide, particularly in habitats perturbed by human activities (e.g., marinas, ports, 

aquaculture structures) (Lambert 2001). Due to the considerable ecological and economic 

damage caused by ascidian invasions, they have become a prominent study species in the field 

of invasion biology (Zhan et al. 2015). Ascidians can thrive in a variety of environmental 

conditions, and display unique biological characteristics, including a broad tolerance to 

common environmental stressors such as temperature and salinity (Rocha et al. 2017). 

Additionally, the germ-cell lineages of colonial ascidians originate from somatic-cell lineages, 

contrasting with the germ-cell lineage sequestration found in vertebrate Chordates (Rosner et 

al. 2009). Having no true germ-cell lineage sequestration increases the likelihood that stress-

induced epigenetic modifications induced in somatic cells can be passed on to gametes 

(Verhoeven & Preite 2014). Finally, asexual reproduction (by budding) leads to colonies of 

genetically identical individual animals (termed zooids) that all share the same DNA nucleotide 

sequences (genotype). Clonal reproduction allows for genetically identical replicates across 

environment stress treatments, and repeated sampling of the same individual at multiple time-

points. This reduces the confounding effects of genetic variation that frequently complicate 

epigenetic studies of non-clonal organisms (Douhovnikoff & Dodd 2015; Verhoeven & Preite 

2014). 

 

Invasive populations of the colonial ascidian, Didemnum vexillum Kott, 2002 have extremely 

low levels of genetic diversity compared to populations within its native range (Stefaniak et al. 
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2012). Despite this, D. vexillum is extremely successful where it has invaded (Beveridge et al. 

2011; Cohen et al. 2011; Griffith et al. 2009; Hitchin 2012; Lambert et al. 2009; Tagliapietra 

et al. 2012), often forming large colonies that smother other marine invertebrates, including 

commercial aquaculture species (Fletcher et al. 2013b). I used MSAP to determine whether a) 

DNA methylation is present in the genome of D. vexillum, and b) if genome-wide DNA 

methylation patterns in D. vexillum change in response to two prominent types of 

environmental stress: temperature and salinity. Temperature and salinity are often reported as 

the most important environmental determinants controlling the distribution of marine species, 

and these two parameters have been used repeatedly when studying the tolerance of ascidians 

to environmental stress (Dybern 1967; Gröner et al. 2011; Renborg et al. 2014; Serafini et al. 

2011; Zerebecki & Sorte 2011). Furthermore, extreme climatic events such as precipitation 

events and heatwaves are expected to increase in frequency in the near future (IPCC 2014, 

Pachaura et al. 2014), making it increasingly important to evaluate the response and resilience 

of marine invertebrates to thermal and osmotic stress.  

 

 Materials and methods 

Sample collection and establishment of experimental colonies 

Colonies of D. vexillum were collected from the Nelson Marina (South Island, New Zealand; 

41°15'38"S, 173°16'54"E) in April 2016. At the time of collection, the water temperature was 

19 °C and the salinity was 33 PSU. Colonies were gently removed from wharf pilings and 

immediately placed in labelled 2 L plastic containers filled with ambient seawater for transport 

to the Cawthron Institute (less than 5 minutes commute). Attempts were made to remove whole 

colonies that were free from debris, but as the colonies were mostly small and growing flat 

over piles covered in other fouling, colonies often broke apart during removal. I treated these 

fragments as one colony for the following experiments, but it is possible that it was two or 

more colonies growing in close proximity. After arrival at the laboratory, the colonies were 

gently cleaned with seawater to remove mud, silt and other organisms, and approximately equal 

sized fragments (ca. 1.5 cm x 1.5 cm) were cut with a razor blade. Colony fragments were then 

placed on glass slides and gently wrapped with cotton thread to encourage attachment 

(Rinkevich & Fidler 2014, Figure 4.1). Glass slides were inserted into slide holders and placed 

in pre-conditioned 40 L glass aquaria in ambient, control conditions (19 °C, 34 PSU) for one 

week to allow attachment to occur. During this acclimation period, colonies were fed 1.6 x 108 
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cells. L-1 of cultured algae (Isochrysis galbana) every second day. Following attachment, the 

cotton was removed, and the colony fragments were randomly allocated (Temperature: n = 9, 

Salinity: n = 15) to pre-conditioned 5 L treatment tanks (n = three tanks per treatment, one 

colony fragment per treatment tank). All treatment tanks were maintained at 19 °C and 34 PSU 

for a further two weeks acclimation time prior to beginning the experiments. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Example of the establishment of experimental Didemnum vexillum colonies: A) single 

colony being divided into replicate fragments, B) replicate fragment tied onto glass slide with cotton to 

encourage attachment, C) colony fragment attached to slide after one week, prior to string removal, D) 

colony growth on slide after string removal. 

 

 

 Experimental system 

Seawater for the experiments was collected from Tasman Bay, Nelson (41°11'29.2"S 

173°21'01.9"E), passed through three filters (pore size 50, 5, and 0.35 μm) and ultraviolet light 

treated. Each tank was filled with freshly collected seawater at the start of the experiment, and 

B A 

D C 
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5 L water exchanges were done daily throughout the duration of the experiment with pre-heated 

or reduced salinity seawater. Each day following water exchange, colonies were fed a diet of 

1.6 x 108 cells. L-1 of I. galbana. To prevent stratification, mixing in experimental tanks was 

ensured by gentle aeration using air stones. Experimental tanks were exposed to a 14:10 h 

light:dark cycle to mimic summer conditions. Water temperatures were maintained using 

thermostatically regulated aquarium heaters (EHEIM JAIGER 100W, Deizisau, Germany) and 

salinity treatments were achieved and maintained by the addition of reverse osmosis (RO) 

water to seawater. Water temperature and salinity were measured twice daily using hand-held 

probes to ensure stable treatment conditions were maintained ± 0.5 °C or 0.5 PSU (YSI 

Professional Plus, YSI Incorporated, Yellow Springs Ohio, USA). After two weeks of 

acclimation, tissue samples were collected from all colonies for MSAP analyses (Time 0; T0). 

Temperatures were then increased by 1 °C per day for temperature treatments, and salinity was 

reduced by 1 PSU per day for the salinity treatments until, after eight days, all treatment 

conditions were reached. Treatments were as follows: Temperature = 19 (control), 25, and 27 

°C and Salinity= 34 (Control), 32, 30, 28, and 26 PSU. Temperature and salinity experiments 

were run in parallel. Tissue samples were again taken at day 8 for MSAP analyses (Time 1; 

T1). Colony fragments were then maintained in experimental treatments for a further three days 

(day 11), at which time final tissue samples were taken for MSAP analyses (Time 2; T2).  

 

 Sampling protocol 

Prior to tissue collection, colonies were not fed for 16 h to minimise contamination by feed 

microalgae. To collect tissue for MSAP analyses, small (ca. 5 mm x 5 mm) samples were taken 

from each colony using a sterile razorblade. Tissue samples were preserved in 95% ethanol, 

which was refreshed once before storage at -20 °C until processing. Pre- and post-tissue 

sampling, photos were taken for growth rate calculations. Colony growth rates (quantified by 

changes in colony surface-area over time) were measured using Image J 1.48v software 

(Schneider et al. 2012). The survival of colonies was also monitored at the time of sampling 

by assessments of colony health, including zooid integrity, colour and texture of the colony, 

build-up of detritus and dead tissue. Throughout the experiment, all colonies were transported, 

sampled and photographed while submerged in trays of temperature and salinity adjusted 

seawater to minimise handling stress.  
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 DNA extraction and Methylation-Sensitive Amplified Polymorphism   

Tissue samples were finely chopped up using a sterile scalpel blade and genomic DNA was 

obtained using G-spin Total DNA extraction kits (animal tissue protocol; Intron, Gyeonggi-do, 

South Korea). Methylation-sensitive amplified polymorphism (MSAP) was then used to 

determine changes in global methylation patterns as previously described in detail in Chapter 

3.  

 

 Data analysis  

Peak Scanner software (Applied Biosystems, Foster City, CA, USA) was used to assign the 

MSAP fragments peak height and size. To determine the parameters for subsequent analysis, 

the MSAP procedure described above was first repeated three times for one individual sample. 

The following settings were associated with the lowest error rate between replicates and were 

applied to the msap analysis (Pérez‐Figueroa 2013) described below. Error rate per primer, 

0.07; analysis range, 50 – 500 base pairs (bp); minimum peak height, 1200 relative fluorescence 

units. Peak presence/absence data corresponding to HpaII and MspI fragments was then 

converted to a binary matrix (presence = 1, absence = 0), so that the methylation state of each 

restriction site could be identified. MSAP profiles were assessed using the R package msap v. 

1.1.8 (Pérez‐Figueroa 2013). The msap package determines whether individual fragments 

(loci) are methylated (MSL) by analysing the contents of the binary matrix, and comparing 

differences representing the differential sensitivities of HpaII and MspI to cytosine 

methylation. From this, DNA methylation profiles of control and experimental samples were 

assessed by means of principal coordinate analyses (PCoA) followed by analyses of molecular 

variance (AMOVA) (Excoffier et al. 1992). Colony growth rates (mean growth per day, mm ± 

1 s.e.) were assessed using standard ANOVA and post-hoc pairwise comparisons were made 

using Tukey’s honest significance difference (HSD) test. Normality was assessed using a 

quantile-quantile plot (Q-Q plot) and homogeneity of variances using conditional boxplots. 
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 Results 

 Temperature stress experiment 

Growth rates 

All colonies survived elevated temperature exposure, and colony growth rates (Figure 4.2) 

were significantly different between treatments (ANOVA, F (2, 6) = 7.82, p = 0.0213; Table 

S4.1). Post hoc comparisons using Tukey HSD indicated that growth per day was significantly 

reduced when colonies were exposed to 27 °C compared to colonies grown at 19 °C (Diff = -

61.43, p = 0.01; Table S4.2, Figure 4.2). Growth was not significantly different between 

colonies exposed to 25 °C and 27 °C or 19 °C and at 25 °C.  

 

 

 

Figure 4.2. Growth rates with increasing temperature. Didemnum vexillum colony growth rates (mean 

growth per day, mm ± 1 s.e.) at 19 °C (n = 3), 25 °C (n = 3) and 27 °C (n = 3). Significant differences 

between treatments denoted by different letters (p < 0.05, Tukey’s test HSD). 
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Whole genome DNA methylation patterns (MSAP)   

Using four primer combinations, 1157 fragments (loci) were produced and analysed. At 

sampling Time 0 (T0), prior to temperature treatment exposure, 586 of the 1157 loci were MSL, 

of which 178 were polymorphic (30%). There were no significant differences in DNA 

methylation patterns (Figure 4.3A) (MSL, ɸST = -0.04981, p = 0.7093, AMOVA; Table S4.3) 

between treatment groups. Following eight days of gradual temperature increase at Time 1 

(T1), of the 1157 loci analysed 613 were MSL, of which 172 were polymorphic (28%). There 

were still no significant differences in DNA methylated loci (MSL) (Figure 4.3B) (ɸST = 

0.05606, p = 0.2176; Table S4.3) between the three temperature treatments. However, after 

three days of exposure to elevated temperature, of 1157 loci 600 were MSL, of which 201 were 

polymorphic (34%) and statistically significant differences in DNA methylation were evident 

between treatment groups (Figure 4.3C) (MSL, ɸST = 0.1585, p = 0.0215; Table S4.3). There 

were no significant global methylation changes between sampling time points in colonies held 

at 19 °C (Figure 4.3D) (MSL, ɸST = -0.0212, p = 0.6019; Table S5) or 25 °C (Figure 4.3E) 

(MSL, ɸST = -0.01373, p = 0.5637; Table S4.4). In contrast, there were significant DNA 

methylation changes following exposure to 27 °C (Figure 4.3F) (MSL, ɸ ST = 0.1727, p = 

0.0223, AMOVA; Table S4.4). Variation between individuals was also reduced in the 27 °C 

treatment group, with DNA methylation patterns becoming more similar, as visualised by the 

reduced spread of samples around the centroid in the PCoA for each temperature (Figure 4.3C).  
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Figure 4.3. Principal Coordinate Analysis (PCoA) of methylation (MSL) differences between 

Didemnum vexillum colonies exposed to 19, 25 and 27 °C.A) between colonies at Time 0 (T0), prior to 

elevated temperature exposure (baseline methylation); B) between colonies at Time 1 (T1) following a 

gradual temperature increase of 1 °C per day until all treatment temperatures were reached: 19 °C 

(control) (n = 3), 25 °C (n = 3) and 27 °C (n = 3); C) at Time 2 (T2)* after 3 days of elevated temperature 

exposure; D) between sampling time points (T0, T1, T2) in colonies held at 19 °C; E) 25 °C; F) 27 °C*. 

The first two coordinates (C1 and C2) are shown with the percentage of variance explained by them. 

Points in each group cloud represent individuals from different groups. Temperature labels show the 

centroid for the points cloud in each group. Ellipses represent average dispersion of those points around 

their centre (Pérez‐Figueroa 2013). AMOVA tests for significant differences in methylation (MSL) are 

shown in Tables S4.3 and S4.4. * represents significant difference (p < 0.05). 

 

 

 Salinity stress experiment 

Growth rates 

All colonies survived decreased salinity exposure, and colony growth rates were not 

significantly different between treatment groups (Figure 4.4) (F (4, 10) = 2.066, p = 0.161; 

Table S4.5).  
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Figure 4.4. Colony growth rates with decreasing salinity. Didemnum vexillum colony growth rates 

(mean growth per day, mm ± 1 s.e.) at 26 (n = 3), 28 (n = 3), 30 (n = 3), 32 (n = 3), and 34 PSU (n = 3). 

 

 

Whole genome DNA methylation patterns (MSAP)  

Using four primer combinations, 1050 loci were produced and analysed. At sampling Time 0 

(T0), prior to differential salinity exposure, of these, 626 were methylation-sensitive loci 

(MSL), of which 169 were polymorphic (27%). There were no significant differences in DNA 

methylation between treatment groups (Figure 4.5A) (MSL, ɸST = -0.05023, p = 0.686; Table 

S4.6). Following the gradual salinity decrease, at Time 1 (T1), of 1050 loci 654 were MSL, of 

which 173 were polymorphic (26%). There were still no significant differences in DNA 

methylation (Figure 4.5B) (MSL, ɸST = 0.02674, p = 0.3518; Table S4.6), between salinity 

treatments. After three days of exposure to elevated salinity, of 1050 loci, 682 were MSL, of 

which 95 were polymorphic (14%). Non-significant differences in DNA methylation remained 

(Figure 4.5C) (MSL, ɸST = -0.06389, p = 0.8328). There were no significant methylation 

differences (Table S7) in any of the salinity treatments over time (Figure 4.5D - H).  
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Figure 4.5 Principal Coordinate Analysis (PCoA) of methylation (MSL) differences between 

Didemnum vexillum colonies exposed to 34, 32, 30, 28 and 26 PSU.A) between colonies at Time 0 (T0), 

prior to salinity treatment exposure (baseline methylation); B) between colonies at Time 1 (T1) 

following a gradual salinity decrease of 1 PSU per day until all salinity treatments were reached: 34 

PSU (control) (n = 3), 32 PSU (n = 3), 30 PSU (n = 3), 28 PSU (n = 3) and 26 PSU (n = 3); C) at Time 

2 (T2) after 3 days of decreased salinity exposure; D) between sampling time points (T0, T1, T2) in 

colonies held at 26 PSU; E) 28 PSU; F) 30 PSU;  G)  32 PSU and H) 34 PSU. The first two coordinates 

(C1 and C2) are shown with the percentage of variance explained by them. Points in each group cloud 

represent individuals from different groups. Labels show the centroid for the points cloud in each group. 

Ellipses represent average dispersion of those points around their centre (Pérez‐Figueroa 2013). 

AMOVA tests for significant differences in methylation (MSL) are shown in Tables S7 and S8. No 

significant differences between groups were found. 
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 Discussion 

Changes in DNA methylation may be one of the mechanisms by which invasive species can 

rapidly adapt to new environments. However, for many species, the responsiveness of DNA 

methylation to environmental challenges has not yet been tested. Our results indicate that 

environmental stressors can induce significant global DNA methylation changes in an invasive 

marine invertebrate on very rapid timescales, and that this response varies depending on the 

type, magnitude, and duration of the stressor. After three days of exposure to elevated 

temperature, significant changes in whole-genome patterns of DNA methylation had occurred 

in D. vexillum colonies held at 27 °C. In contrast, DNA methylation patterns in colonies 

exposed to 25 °C and 19 °C did not change significantly over time. It is yet to be tested if 

significant changes would be observed at 25 °C if the duration of exposure was extended, but 

our results provide the first indication of methylation divergence with increasing temperature, 

and this effect may increase with time. In contrast, I did not find any significant DNA 

methylation changes in response to the salinity treatments used in this study. 

 

Didemnum vexillum is a subtidal species and can tolerate severe, short-term declines in salinity, 

but extended periods of low-salinity stress lead to mortality (Gröner et al. 2011) and ascidians 

are rarely found in salinities lower than 25 PSU (Lambert 2005). Based on the above, I selected 

five salinity treatments: 34 PSU (within the upper range at collection site), 32 PSU, 30 PSU 

(within the middle range at collection site), 28 PSU (within the lower range at the collection 

site) and 26 PSU (colonies are rarely found below this level globally). However, at the colony 

collection site for this study (the Nelson marina), salinity frequently drops below 26 PSU 

(Atalah et al. 2017). The Nelson marina is located within 1.5 km of a river mouth, and salinity 

drops are likely associated with rain events (Fletcher et al. 2013a). The lack of response of 

genomic DNA methylation to changes in salinity suggests that D. vexillum in the Nelson marina 

may already be adapted to a lower salinity environment than was assessed in this experiment. 

This result is supported by the positive growth of colonies in all salinity treatments and a lack 

of negative health indicators, an indication that colonies were not experiencing significant 

stress. However, non-significant global methylation changes do not necessarily demonstrate 

that important DNA methylation changes are not occurring. Locus specific methylation 

differences have been associated with environmental differences in temperature and salinity in 
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solitary ascidians (Pu & Zhan 2017), and MSAP results can be difficult to interpret due to 

changes in many genes at once.  

 

One other study has experimentally investigated the effect of environmental stress on DNA 

methylation in an invasive marine invertebrate and found very rapid (<3 h) global DNA 

methylation differences in response to low salinity stress, but these differences had disappeared 

within 48 h (Huang et al. 2017). In this study, solitary ascidians (Ciona savignyi), were exposed 

to a lower salinity than the present study (20 PSU), with no gradual decrease allowing 

acclimation time, and all individuals died prior to the final sampling time point (120 h) (Huang 

et al. 2017). Studies of solitary ascidians have shown salinity exposure can induce a strong 

behavioural and physiological response in the first 48 hours of severe osmotic stress, such as 

siphon closure and the excretion of intracellular osmolytes (Toop & Wheatly 1993), which 

might be associated with such rapid, global DNA methylation changes. This may be a good 

strategy for surviving short-term non-optimal salinity events, such severe storms or transport 

through low salinity waters (Rocha et al. 2017), but prolonged stress will likely lead to 

mortality. Nonetheless, this response demonstrates the potential for genome-wide methylation 

changes in response to salinity stress in an invasive marine ascidian. 

 

Didemnum vexillum is generally a cool water temperate species, but is found in a wide range 

of temperatures, from <0 - >24 °C (Bullard et al. 2007). Optimal temperature for growth 

appears to be between 14 °C and 20 °C. Based on this, I selected three temperature treatments: 

19 °C (within the temperature range of D. vexillum colonies at the collection site, and the 

optimal range for D. vexillum globally), 25 °C (just outside the temperature range at the 

collection site, and near the upper limit globally), and 27 °C (+ 3 °C of the upper limit at the 

collection site, but within global climate change predictions for the year 2100; IPCC 2014, 

Pachauri et al. 2014). Temperatures at the collection site in the Nelson marina typically range 

from 9 °C – 10 °C (winter minima) and 22 °C – 23 °C (summer maxima) (Fletcher et al. 2013a). 

The D. vexillum colonies used in this study would rarely experience temperatures of 25 °C or 

greater. The significant global DNA methylation changes observed in colonies held at 27 °C, 

after just three days exposure, is indicative of a dramatic response to thermal stress; a 

conclusion that is further supported by the significant negative growth of colonies held at these 

elevated temperatures compared to controls. Alterations to energetic balance (e.g., decreased 
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growth/reproduction, switching to anaerobic metabolism) and protein expression profiles (e.g., 

upregulation of heat shock chaperones), are well known and energetically costly processes 

undertaken by invertebrates in response to thermal stress (Sokolova et al. 2012). Such 

responses can act to ‘buy survival time’ until conditions improve and determine species 

distribution limits. This strategy may allow colonial ascidians to invade new areas. For 

example, the recent expansion of D. vexillum from temperate regions into the warmer, 

subtropical waters of the Mediterranean Sea (8 – 28 °C) provides evidence of the remarkable 

capacity of D. vexillum to adapt to increasing temperatures (Ordóñez et al. 2015). In temperate 

regions, maximum growth and reproduction in D. vexillum occurs during the warmer, summer 

months, with regression of colony growth and size occurring during winter (Fletcher et al. 

2013a). In the Mediterranean, this cycle is reversed (Ordóñez et al. 2015). By growing and 

reproducing in the winter months and regressing during the summer months, D. vexillum can 

extend its introduced range towards warmer waters (Ordóñez et al. 2015).  

 

The MSAP technique does not provide any insight into the identification of genes which are 

differentially methylated, so it is not possible to demonstrate that any environmentally induced 

changes to DNA methylation are associated with functional traits that could lead to adaptive 

outcomes. However, correlative experiments have previously suggested a role for DNA 

methylation in adaptation to thermal stress, with natural populations of fish having higher 

levels of methylation in polar and sub-Antarctic species compared to temperate/tropical species 

(Varriale & Bernardi 2006). Some natural populations of the solitary ascidian, Ciona robusta, 

display significant DNA methylation differences in genes that can be correlated with 

environmental differences in temperature and salinity (Pu & Zhan 2017). Furthermore, 

experimental evidence for an adaptive response to temperature stress has been shown using an 

Antarctic marine polychaete worm, Spiophanes tcherniai. In this species, large DNA 

methylation shifts were observed after exposure to a 5.5 °C temperature increase, and this shift 

was accompanied by physiological adaptation, with respiration and metabolic rates returning 

to control levels in less than four weeks (Marsh & Pasqualone 2014). Future studies utilising 

techniques with base pair resolution (e.g., bisulphite sequencing) will provide detailed insights 

into the location of methylation changes in specific genes associated with functional outcomes. 

This type of technique would also benefit from the analysis of downstream biological 

pathways, such as the analysis of gene expression and metabolomic profiling.  
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 Conclusions 

In this study, I demonstrate the responsiveness of DNA methylation following exposure to an 

environmental gradient (temperature), which was correlated with phenotypic change (growth). 

Furthermore, DNA methylation changes did not occur in colonies exposed to an environmental 

gradient to which they may already be adapted (salinity). This is the first study to investigate 

DNA methylation patterns in a colonial ascidian, specifically the highly invasive D. vexillum, 

and adds to a growing body of evidence that DNA methylation plays a key role in the plasticity 

of adaptive traits. Epigenetic changes may contribute not only to the success of invasive 

species, but also to the adaptability of native species to changes within their environmental 

range. D. vexillum is an excellent model organism for future research into epigenetic responses 

to environmental stress. The responsiveness of DNA methylation to changes in the 

environment in this species lends itself to future studies testing the stability and longevity of 

these changes, and whether these changes can be associated with adaptive outcomes. Evidently, 

many questions remain, including whether differences in methylation persist over time? Does 

tolerance to elevated temperature increase following exposure and, is tolerance associated with 

a specific epigenetic modification? Are the observed DNA methylation changes a general 

response to stress or do DNA methylation changes depend on the genotype studied? 

Regardless, this research establishes a baseline understanding of the role of DNA methylation 

in a globally invasive species. This unique study system provides a powerful framework for 

ecological epigenetic studies that could enhance our understanding of adaptation to rapid 

environmental change.  
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 Supplemental material  

 

Table S4.1. Analysis of variance (ANOVA) for colony growth rates (mean growth per day mm ± 1 s.e.) 

at temperatures of 19 °C, 25 °C and 27 °C, significant p-values are shown in bold. 

Source   d.f.      SS    MS F value       p 

Temperature 2 5787 2893 7.82 0.0213 

Residuals  6 2220 370 
  

  

 

Table S4.2. Post hoc comparison of means between 27 °C and 19 °C, 25 °C and 19 °C, 27 °C and 27 

°C using the Tukey’s test HSD  

Treatment   Diff lwr upr p adj 

27°C - 19°C -61.4301 -109.621 -13.2396 0.0185 

25°C - 19°C -22.7651 -70.9557 25.42539 0.3768 

25°C - 27°C 38.665 -9.52553 86.85553 0.1072 

 

 

Table S4.3. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) in colonies 

held at three temperatures and sampled at three different time points: Time 0 (T0), Time 1 (T1) and 

Time 2 (T2). T0 shows baseline methylation prior to elevated temperature exposure, T1 shows 

methylation differences between temperature treatments following a gradual temperature increase of 1 

°C per day until all treatment temperatures were reached, T2 shows methylation differences after three 

days of elevated temperature exposure. Significant p-values are shown in bold. 

Sampling time Source d.f. SSD MSD Variance Phi_ST p 

T0 Among groups 2 72.69 36.34 -2.011 -0.0498 0.7093 

 Within groups 6 254.3 42.38 42.38   

 Total         8 326.9 40.87    
T1 Among groups 2 87.21 43.6 2.198 0.0561 0.2176 

 Within groups 6 222.1 37.01 37.01   

 Total         8 309.3 38.66    
T2 Among groups 2 129.6 64.81 7.798 0.1585 0.0215 

 Within groups 6 248.5 41.42 41.42   

 Total         8 378.1 47.27    
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Table S4.4: Analysis of molecular variance (AMOVA) for changes in methylation-sensitive loci (MSL) 

over three sampling time points (T0, T1, T2) in colonies held at three temperatures (19 °C, 25 °C and 

27 °C).Significant p-values are shown in bold. 

Temperature (°C) Source d.f. SSD MSD Variance Phi_ST p 

19 Among groups 2 91.21 45.6 -1.01 -0.0212 0.6019 

 Within groups 6 291.8 48.63 48.63   
 Total         8 383 47.88    
25 Among groups 2 93.07 46.53 -0.6572 -0.0137 0.5637 

 Within groups 6 291 48.51 48.51   
 Total         8 384.1 48.01    
27 Among groups 2 103.8 51.88 6.661 0.1727 0.0223 

 Within groups 6 191.4 31.9 31.9   
 Total         8 295.2 36.9    

 

 

Table S4.5. Analysis of variance (ANOVA) for colony growth rates (mean growth per day mm ± 1 s.e.) 

at 26, 28, 30, 32, and 34 PSU. 

Source   d.f. SS MS F value p 

Salinity 4 253.9 63.48 2.066 0.161 

Residuals  10 307.3 30.73 
  

 

 

Table S4.6. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) in colonies 

held at five salinities and sampled at three different time points,Time 0 (T0), Time 1 (T1) and Time 2 

(T2). T0 shows baseline methylation prior to salinity treatment exposure, T1 shows methylation 

differences between salinity treatments following a gradual salinity decrease of one PSU per day until 

all salinity treatments were reached, T2 shows methylation differences after three days of salinity 

treatment exposure.  

Sampling time Source d.f. SSD MSD Variance Phi_ST p 

T0 Among groups 4 103.5 25.88 -1.445 -0.05023 0.686 

 Within groups 10 302.2 30.22 30.22   

 Total         14 405.7 28.98    
T1 Among groups 4 136.1 34.04 0.8639 0.02674 0.3518 

 Within groups 10 314.4 31.44 31.44   

 Total         14 450.6 32.19    
T2 Among groups 4 61.76 15.44 -1.131 -0.06389 0.8328 

 Within groups 10 188.3 18.83 18.83   
  Total         14 250.1 17.86    
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Table S4.7. Analysis of molecular variance (AMOVA) for changes in methylation-sensitive loci (MSL) 

over three sampling time points (T0, T1, T2) in colonies held at five salinities (26, 28, 30, 32 and 34 

PSU). 

Salinity (PSU) Source d.f. SSD MSD Variance Phi_ST p 

26 Among groups 2 14.51 7.254 -3.474 -0.2446 0.9902 

 Within groups 6 106.1 17.68 17.68   

 Total         8 120.6 15.07    
28 Among groups 2 29.85 14.93 -1.471 -0.08232 0.857 

 Within groups 6 116 19.34 19.34   

 Total         8 145.9 18.24    
30 Among groups 2 20.59 10.29 -2.484 -0.1628 0.9553 

 Within groups 6 106.5 17.75 17.75   

 Total         8 127.1 15.88    
32 Among groups 2 42.27 21.13 -1.544 -0.06373 0.784 

 Within groups 6 154.6 25.76 25.76   

 Total         8 196.9 24.61    
34 Among groups 2 73.37 36.68 4.803 0.1774 0.0567 

 Within groups 6 133.7 22.28 22.28   
  Total         8 207 25.88    
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 Stability of environmentally 

induced changes in DNA methylation in 

a marine invertebrate invader 

Didemnum vexillum  

 

 

 

 

 

 

 Preface 

 

Following on from Chapter 4, this chapter aims to determine whether DNA methylation 

patterns respond to exposure to non-optimal temperature and salinity conditions in the same 

way in different D. vexillum genotypes, and if these changes revert to their original state when 

colonies are returned to ambient (non-stressful) conditions. Assessing stability is the first step 

in determining the potential for the heritability of environmentally induced DNA methylation 

changes.  

 

This work is in preparation for publication in a refereed journal. The proposed citation of this 

publication is: 

Hawes NA, Tremblay LA, Pochon X, Dunphy B, Fidler AE, and Smith KF. In Prep. Stability of 

environmentally induced changes in DNA methylation in a marine invertebrate invader 

Didemnum vexillum. 
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 Introduction 

The rapid pace of global environmental change is expected to challenge the adaptive 

capabilities of many taxa. Our ability to predict the impact of such change is hampered by our 

limited understanding of the potential for organisms to adapt within anthropogenic timescales 

(Munday et al. 2013). Epigenetic variation (e.g., DNA methylation, histone modifications) may 

mediate adaptive phenotypic plasticity and provide heritable variation on a finer timescale than 

DNA sequence-based mutations. However, while theoretical predictions of the role and 

significance of epigenetic inheritance in evolutionary adaptation are abundant, they remain 

largely untested, and few empirical studies are conducted in ecologically realistic contexts 

(Eirin-Lopez and Putnam 2018; Hawes et al. 2018).  

 

Phenotypic plasticity is frequently considered as one of the key characteristics of successful 

invaders (Baker 1965; Baker 1974; Davidson et al. 2011; Geng et al. 2007; Matesanz et al. 

2012; Molina-Montenegro et al. 2012) as it allows for phenotypic variation in different 

environments without the requirement for additional genetic diversity. Recent studies have 

demonstrated that parental exposure to environmental stressors can pre-adapt offspring to new 

environmental conditions, known as carry-over effects or transgenerational plasticity (e.g., 

Jensen et al. 2014; Moulin et al. 2011; Parker et al. 2015; Parker et al. 2011, Wong et al. 2018). 

For example, in the sea urchin, Paracentrotus lividus, adults that live in tide pools with 

naturally high pH fluctuations produce offspring that are more resilient to acidified conditions 

(Moulin et al. 2011). Similarly, in the Sydney Rock Oyster, Saccostrea glomerata, larvae 

produced by adults exposed to elevated CO2 during gametogenesis have an improved ability to 

regulate extracellular pH, develop faster and have fewer developmental abnormalities (Parker 

et al. 2015; Parker et al. 2012). Epigenetic variation has the potential to provide heritable 

phenotypic plasticity across generations (i.e., transgenerational plasticity), contributing to 

longer-term adaptive responses (Bonduriansky et al. 2012). Evidence for the inheritance of 

environmentally induced DNA methylation has been demonstrated in rats (Anway et al. 2005) 

and plants (Ou et al. 2012), but evidence for transgenerational inheritance in non-model 

organisms, and in response to ecologically relevant stressors, is lacking. Determining the 

stability of environmentally induced epigenetic changes is crucial for identifying the role of 

epigenetic mechanisms in transgenerational plasticity, and this is yet to be tested in marine 

species.  
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Comparisons of genotypes within a species can provide insights into how much of a phenotypic 

response is driven by the genome, and how much is influenced by the environment. Evidence 

suggests that virtually all traits are influenced by both genetic and environmental factors (i.e., 

genotype × environment interaction) (Comstock & Moll 1963). However, the relative influence 

of epigenetic factors in genotype × environment interactions is largely unknown. Few studies 

have investigated the effect of genotype and environmental stressors on DNA methylation 

patterns and, in the studies that have, complex interactions between the genotype, epigenotype 

and the environment have been observed. For example, when comparing two genotypes of the 

aquatic invertebrate, Daphnia magna, DNA methylation levels were reduced after exposure to 

salinity, predation cues and low-quality diet in one genotype, but no significant changes in 

DNA methylation were observed in response to salinity or low-quality diet in the other 

genotype, and DNA methylation increased in response to predator cues (Asselman et al. 2015). 

Kille et al. (2013) investigated global methylation differences between two lineages of the 

earthworm Lumbricus rubellus associated with environmental arsenic contamination. DNA 

methylation was correlated with arsenic levels in one lineage, but no association was found 

between arsenic levels and methylation patterns in the other. If different genotypes respond to 

environmental variation in different ways phenotypically, epigenetic marks may also respond 

differently between genotypes. Understanding the variation in epigenetic responses to 

environmental challenges among genotypes might illuminate a link between epigenetic 

variation and adaptive plasticity not previously observed. Determining the extent of variation 

between individuals is also key for establishing the generalisability of epigenetic responses to 

environmental changes.  

 

Using an invasive marine invertebrate, Didemnum vexillum Kott 2002 (Phylum Chordata) as a 

model species, this study aimed to investigate the establishment and stability of epigenetic 

marks, while controlling for genotypic and environmental effects. Didemnum vexillum is an 

excellent model species to study environmentally induced epigenetic changes, as invasive 

populations of D. vexillum have extremely low levels of genetic diversity compared to 

populations in the native range (Smith et al. 2012a; Stefaniak et al. 2012). Despite this, it is a 

highly successful invader with a broad tolerance to a range of environmental conditions 

(McKenzie et al. 2017). Additionally, colonies are comprised of many individual animals, or 

zooids that share the same genotype. This reduces the confounding effects of genetic variation 

that complicate studies of epigenetic effects (Verhoeven and Preite 2014) by allowing 
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genetically identical experimental replicates and repeated sampling of the same individuals 

over multiple timepoints.  

 

DNA methylation is a well-studied epigenetic mark and has recently been shown to respond to 

environmental cues in several marine species (e.g., Huang et al. 2017; Marsh and Pasqualone 

2014). Additionally, introduced populations of D. vexillum have been shown to have unique 

methylation patterns compared to populations within the native range, which may be associated 

with stressors experienced during the invasion process (Chapter 3). In this study I tested two 

hypotheses: 1) that genome-wide DNA methylation changes induced by abiotic stress (non-

optimal temperature and salinity) are stable after the stressor is removed; and 2) that changes 

in environmentally induced methylation are not influenced by genotype. To test these 

hypotheses, I exposed colonies from three D. vexillum genotypes to abiotic stress treatments 

for four weeks, and then returned colonies to ambient conditions to assess the stability of global 

environmentally induced DNA methylation changes during recovery. Growth and DNA 

methylation profiles were compared across genotypes, treatments, and sampling times. 

Determining the stability of environmentally induced DNA methylation is the first step in 

understanding the potential for transgenerational epigenetic inheritance. Establishing the 

potential for transgenerational inheritance is not only important for predicting future invasion 

scenarios, but also for addressing key questions in evolutionary biology, such as how species 

will respond to anthropogenically induced environmental change. 

 

 Materials and Methods 

 Sample collection, establishment of colonies and experimental design 

Didemnum vexillum colonies were collected by scuba from Shakespeare Bay, Queen Charlotte 

Sound in the South Island of New Zealand (41°16'41.8"S 173°59'50.8"E), on 16 February 

2018. At the time of collection, water temperature was ca. 19 °C and the salinity was ca. 34 

practical salinity units (PSU). Large colonies were gently removed from boat or barge hulls 

anchored in the bay and were immediately brought to the surface and placed in labelled five L 

plastic containers filled with ambient seawater. Colonies were then cleaned until they were free 

from debris (mud, silt and associated biofouling) and three single, intact lobes that were 



Chapter 5: Stability of environmentally induced changes in DNA methylation 

81 
 

collected at least 50 m apart were selected for transport to the laboratory (Cawthron Institute, 

Nelson). Colonies were transported in five L plastic containers of ambient seawater which were 

sitting in 50 L fish bins for the 1.5-h drive to Nelson. The water temperature in the five L 

containers monitored and maintained at 19 - 20 °C. Each individual lobe (genotype) was kept 

separate from the time of collection and throughout the remainder of experiment.   

 

After arrival at the laboratory, 20 approximately equal sized fragments (ca. 20 mm x 20 mm) 

were cut from each lobe with a razor blade to create 20 replicate colony fragments from each 

genotype. Replicate colony fragments were then placed on 75 x 52 mm glass slides and gently 

wrapped with cotton thread to encourage attachment (Rinkevich and Fidler 2014). Glass slides 

were then inserted into slide holders and placed in pre-conditioned 30 L glass aquaria in 

ambient conditions (20 °C ± 0.5, 35 PSU) for one week to allow attachment to occur (one tank 

per genotype). During this attachment period, colonies were fed 500 mL of cultured 

microalgae, Tisochrysis lutea (cell concentration = 10 x 106 cells. mL-1) every second day. 

Following attachment, the cotton was carefully removed. 

 

For each genotype, replicate colonies were randomly allocated to three L food-grade plastic 

treatment tanks (one colony fragment per treatment tank, 60 tanks total, Figure 5.1). All 

treatment tanks were maintained at 20 - 21 °C and 35 PSU for a further four weeks to allow 

acclimation and to establish a baseline prior to beginning the experimental treatments. After 

four weeks of acclimation, tissue samples were collected from all colonies for DNA extraction 

and DNA methylation analyses (Time 0; T0) and colonies were weighed so that growth could 

be assessed (weight change per day [g]). Temperatures were then increased by 1 °C per day for 

temperature treatments, and salinity was reduced by 2 PSU per day for the salinity treatments 

until, after eight days, all treatment conditions were reached. Treatments were as follows: 

temperature treatments = 25 °C (24.5 ± 0.5 °C) and 27 °C (26.5 ± 0.5 °C); salinity treatments 

= 26 PSU (25.2 ± 0.5) and 21 PSU (20.5 ± 0.5), controls = 21 °C (20.5 ± 0.5 °C) and 35 PSU 

(34.5 ± 0.5). Treatments were consistent across tanks; variations were due to slight changes in 

water pressure throughout the system and possible measuring error. Treatments were chosen 

based on the results of preliminary trials determining low salinity (Supplementary material, 

Preliminary trial 1, Figure S5.1) and high temperature tolerance (Preliminary trial 2, Figure 

S5.2) thresholds for D. vexillum.  
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In total, three genotypes, with four replicate colonies per genotype, were allocated across the 

five experimental treatments. Colonies were maintained in their experimental treatment 

conditions for four weeks. Tissue samples were then taken again for DNA extraction to 

investigate changes in DNA methylation changes associated with environmental stress 

treatments (Time 1; T1) and colonies were weighed for growth assessments. Colonies were 

then gradually returned to ambient conditions (20 - 21 °C and 35 PSU) by decreasing 

temperature by 1 °C per day (for temperature treatments) or increasing salinity by 2 PSU per 

day (for salinity treatments). Colonies were maintained in ambient conditions for a further four 

weeks, at which time final tissue samples were taken for DNA extraction to assess the stability 

of stress induced DNA methylation changes (Time 2; T2) and colonies were weighed for 

growth assessments.  

 

 Experimental system 

Colonies were maintained in a continuous flow-through system (Figure 5.1). Seawater for the 

experiments was collected from Tasman Bay, Nelson (41°11'23.5"S 173°20'57.0"E) and 

passed through four bag filters (pore size 50, 25, 5 and 1 μm). Water temperature was 

maintained using chiller/heaters (Hailea HC series model HC-2200 BH, GuangDong Haliea 

Group.Co., Ltd, RaoPing County, GuangDong Province, China). Temperature-controlled 

seawater was pumped into the laboratory via polyvinyl chloride (PVC) pipe manifold, and then 

into each experimental tank via silicon tubing and a wide-bore 1000 μm pipette tip (Axygen®, 

New York, U.S.A.), which resulted in seawater flow rate of ca. 500 mL per minute in all 

treatment tanks. Colonies were continuously fed by diluting 130 L of T. lutea (cell 

concentration ca. 10 x 106 cells. mL-1) in 300 L of ultraviolet light treated, 0.35 μm filtered 

seawater each day. The diluted algal mix was then pumped into the experimental unit using a 

SMC Pneumatics PB1011 air powered process pump, controlled by the laboratories automation 

system (based on a Schneider Electric Premium series PLC) and into a ring main manifold 

made of polyurethane tubing (6 mm OD, 4 mm ID, SMC pneumatics N.Z. Ltd). Consistent 

algal flow rates across treatment tanks were maintained by keeping consistent pressure in the 

ring main. This was achieved using one-way Silicone Duck Bill valves (Industrial specialities, 

Englewood, U.S.A) and BD EclipseTM Safety Needles (27G) to restrict flow. 200 μL wide bore 

pipettes sat over the syringe connected to silicon tubing which fed into each experimental tank. 
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Each individual treatment tank received 0.3 mL diluted microalgae mix every six seconds. 

Continuous water flow to each experimental tank ensured sufficient mixing and aeration. 

Experimental tanks were exposed to a 14:10 hour light-dark cycle to mimic summer conditions 

in New Zealand. Salinity treatments were maintained by the addition of carbon filtered 

freshwater to treatment tanks. Different sized pipette tips were used to adjust the freshwater 

flow rates to achieve the desired salinity (20 – 21 PSU = 1000 μL wide bore pipette tip with 

freshwater flow rate of ca. 450 mL/minute and 25 - 26 PSU = 200 μL pipette tip with freshwater 

flow rate of ca. 200 mL/minute). Carbon filtered freshwater was pumped into a 200 L holding 

tank inside the laboratory prior to delivery to treatment tanks and aerated vigorously using air 

stones to bring the water to room temperature (20 °C) and to facilitate de-gassing to avoid 

supersaturation of dissolved oxygen in salinity treatments. Water temperature was measured in 

three empty experimental tanks (one for each temperature) and logged every 15 minutes using 

RTD temperature probes (Intech Instruments, Pt100, type RL, Christchurch, N.Z.) connected 

via an analog multiplexer (Intech Instruments, 2400-A16-NET) to the laboratory’s automation 

system (based on a Schneider Electric Premium series PLC), and salinity, temperature and 

dissolved oxygen were measured twice daily in experimental tanks using a HQ40D Portable 

Multi Meter, for Water (HACH, Loveland, Colorado, U.S.A.) to ensure stable treatment 

conditions were maintained. Colonies and tanks were cleaned weekly. Tanks were cleaned by 

pouring the treatment tank water into a spare 2.5 L container (holding tank) and transferring 

the colony into the holding tank to maintain treatment exposure and minimise stress. Tanks 

were then cleaned with hot freshwater and a cloth, before returning the treatment tank to its 

associated water and algal lines to re-fill. While treatment tanks were re-filling, colonies were 

cleaned by brushing exposed glass around the colony with a soft paintbrush. Clean colonies 

were then returned to the clean treatment tank.  
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Figure 5.1. Experimental system. Replicate Didemnum vexillum colonies were randomly allocated to 

pre-conditioned three L food-grade plastic treatment tanks. There were 60 tanks in total (A), with one 

colony per treatment tank (B). An example of colony fragment growth at the end of the experiment (C). 

 

 

 Sampling protocol 

Prior to tissue collection, colonies were not fed for 16 hours to minimise contamination by feed 

microalgae. To collect tissue for DNA extractions, small (ca. 5 mm x 5 mm) samples were 

taken from each colony using a sterile razorblade. Tissue samples were rinsed in filtered 

seawater (S-PAK 0.22um sterile membrane filters; Merck KGaA, Dramstadt, Germany), that 

B 

A 

C 
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had been temperature and salinity adjusted to match the colony treatment prior to DNA 

extraction. Genomic DNA was extracted immediately using ZR-DuetTM DNA/RNA MiniPrep 

extraction kits (Zymo Research, CA, U.S.A). Extracted DNA was stored at -80 °C until 

processing. Pre- and post-tissue sampling, colony weights were recorded for growth rate 

calculations. Pre-sampling weights were taken 4 days prior to the day of sampling to minimise 

handling stress before DNA extraction. The survival of colonies was also monitored throughout 

the experiment by observing colony health indicators, including zooid integrity, colour and 

texture of the colony, build-up of detritus and dead tissue (as described in Morris Jr and Carman 

2012).  

 

 Methylation-Sensitive Amplified Polymorphism (MSAP)  

Whole genome DNA methylation was assessed using methylation-sensitive amplified 

polymorphism (MSAP) as described in Chapter 4 and Hawes et al. (2018b). 

 

 Data analysis 

Analysis of MSAP fragments followed the methods described in Chapter 4, Hawes et al. 

(2018b). Briefly, Peak Scanner software (Applied Biosystems, Foster City, CA, USA) was 

used to assign the MSAP fragments peak height and size following repeatability testing. The 

following settings were associated with the lowest error rate between replicates and were 

applied to the msap analysis (Pérez‐Figueroa 2013) described below. Error rate per primer, 

0.07; analysis range, 50 – 500 base pairs (bp); minimum peak height, 50 relative fluorescence 

units. MSAP profiles were assessed using the R package msap v. 1.1.8 (Pérez‐Figueroa 2013).  

 

The msap package determines whether individual fragments (loci) are methylation-susceptible 

loci (MSL) or non-methylated loci (NML) by analysing the contents of the binary matrix. 

Subsequent analyses are performed independently, with MSL used to assess DNA methylation 

variation and NML used as a proxy for genetic variation (Pérez‐Figueroa 2013). Methylation 

state is categorized as either: Type I = unmethylated state, Type II = methylation of internal 

cytosine, Type III =  hemimethylation, and Type IV, which is considered uninformative as this 

type could be due to either hypermethylation or lack of target restriction site (Pérez‐Figueroa 
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2013; Schulz et al. 2013). Within msap, epigenetic (MSL) and genetic (NML) differentiation 

between populations was assessed by principal coordinates analyses (PCoA) followed by 

analyses of molecular variance (AMOVA; Excoffier et al. 1992) with 10000 permutations 

(Pérez‐Figueroa 2013). The amount of genetic and epigenetic variation was estimated using 

the Shannon diversity index (S). Differences between NML and MSL diversity were tested 

using the Wilcoxon Rank Sum test with continuity correction.  

 

Following analysis with msap, to compare the MSL diversity estimated by the Shannon 

diversity index, I used the summary data (number of samples (N), mean diversity (I) and the 

standard deviation (obtained from msap) to perform a one-way analysis of variance (ANOVA) 

and post-hoc pairwise comparisons using Tukey’s honest significance difference test. The 

global methylation level was calculated as the proportion of methylated loci (Types II and III 

over the scorable loci (Types I, II and III)) following Ardura et al. 2017; Nicotra et al. 2015. 

Using R (v. 3.3.0) (R Core Team 2016) global methylation levels and colony growth rates 

(weight, mean per day, g ± 1 s.e.) were analysed using generalised linear mixed models 

(GLMM) followed by ANOVA. The response variable was the proportion of methylated loci 

(a vector of ‘Methylated’ and ‘Unmethylated’ in a binomial GLMM) for global methylation 

levels, or growth per day for weights, fixed factors were ‘Treatment’, ‘Time’ and ‘Genotype’, 

and a unique ID for each individual colony was a random factor to account for the repeated 

measures design. Due to significant interaction effect between Genotype x Time x Treatment 

(for global methylation levels), I also analysed and present the effect of treatment and time 

within each genotype separately for clarity. Residuals were checked and assumptions validated. 

Post-hoc pairwise comparisons were made using Tukey’s honest significance difference (HSD) 

tests.  

 

 Results 

All colonies survived except for the 12 colonies in the 26 PSU treatment, which died between 

Time 1 and Time 2 due to a system failure. A total of 1796 loci were produced by MSAP and 

analysed. At Time 0 (baseline), 1688 were classified as methylation-sensitive loci (MSL) and 

108 as non-methylated loci (NML) in Genotype 1, 1698 were classified as MSL and 98 as 

NML in Genotype 2, and 1696 were classified as MSL and 100 as NML in Genotype 3. The 
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proportion of different methylation states observed in the different genotypes is shown in 

Figure 5.2. Hypermethylation was the most frequently observed methylation state. However, 

as this can also be due to an absence of target it is considered to be uninformative and was not 

included in subsequent analyses (Pérez‐Figueroa 2013). Neither DNA methylation (MSL) nor 

genetic (NML) patterns were differentiated between treatments at any of the timepoints for any 

of the three genotypes (Table S5.1), and none of the treatments were differentiated over time 

(Table S5.2). These non-significant differences can be visualised in the principal coordinates 

analysis (PCoA) (Figure 5.3). I also found no significant differences in DNA methylation 

(MSL) or genetic (NML) diversity between the three genotypes, so genotypes were combined 

for overall diversity analysis. As in Chapter 3, I found significant differences between genetic 

and epigenetic diversity (Table S5.3, A); genetic diversity was significantly lower than DNA 

methylation diversity (p < 0.05, Tukey’s test HSD). There were no differences in genetic or 

DNA methylation diversity between treatments over time (Table S5.3, B (MSL), C (NML), 

Figure 5.4).  

 

 DNA methylation levels 

Analysis via GLMM showed that genotype, time and treatment all significantly influenced the 

proportion of methylated loci (significant interaction effect; p < 0.01, Table S5.4). There were 

no significant differences in DNA methylation levels between treatments (Figure 5.5) at Time 

0 (baseline). However, for Genotypes 1 and 2, significant differences were apparent between 

treatments at Time 1 (following stress exposure). At Time 2, after colonies were returned to 

control conditions, the observed differences between treatments had disappeared in Genotype 

1 (Figure 5.5, A) but remained in Genotype 2 (Figure 5.5, B). In contrast, there were no 

significant differences in DNA methylation levels between treatments at any of the timepoints 

in Genotype 3 (Figure 5.5, C). 

 

Post Hoc analyses revealed that, for Genotype 1, differences between treatments at Time 1 

were due to significantly different methylation levels in colonies exposed to decreased salinity 

(26 and 21 PSU) and increased temperature (25 °C) compared to controls and colonies exposed 

to 27 °C (except for 21 PSU which was not significantly different to 27 °C) (p < 0.05). For 

Genotype 2, methylation levels in colonies exposed to 26 PSU, 21 PSU and 25 °C were also 
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significantly different to controls at Time 1, and these differences remained in the 21 PSU and 

25 °C treatments at Time 2. 26 PSU colonies had been eliminated from the experiment due to 

technical error at Time 2.  

 

 

 

 

Figure 5.2. The number of methylated loci: A) unmethylated (Type I), B) internal methylation (Type 

II), C) hemimethylation (Type III), and D) hypermethylation or absence of restriction site (Type IV), 

in the three Didemnum vexillum genotypes(Genotype 1 = black bars, Genotype 2 = white bars and 

Genotype 3 = grey bars) at Time 0 (Baseline), Time 1 (Stress) and Time 2 (Recovery). 
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Figure 5.3. Principal coordinates analyses (PCoA) of: A) non-significant DNA methylation (MSL) 

differentiation between Didemnum vexillum genotypes (n = 3), sampling times (T0 (Baseline), T1 

(Stress), T2 (Recovery)) and treatments (Control (21 °C and 35 PSU), 25 °C, 27 °C, 26 PSU, 21 PSU 

(n = 4 replicate colony fragments for each treatment)), B) non-significant genetic (NML) differentiation 

between genotypes, sampling times and treatments. The first two coordinates (C1 and C2) are shown 

with the percentage of variance explained by them. Points in each group cloud represent individuals 

from different groups. Labels show the centroid for the points cloud in each group. Ellipses represent 

average dispersion of those points around their centre (Pérez‐Figueroa 2013). AMOVA tests are shown 

in Tables S5.1 and S5.2.  

 

Figure 5.4. DNA methylation (MSL, black bars) and genetic (NML, grey bars) diversity in the three 

Didemnum vexillum genotypes (combined) in each treatment (Control (21 °C and 35 PSU), 25 °C, 27 

°C, 26 PSU, 21 PSU) over time (T0 (Baseline), T1 (Stress), T2 (Recovery)). n = 12 for each bar (4 

replicate colony fragments from 3 genotypes for each treatment).   
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Figure 5.5. Proportion of methylated loci (Type II + Type III/Type I, Type II, Type III) in Didemnum 

vexillum colonies from Genotype 1 (A), Genotype 2 (B) and Genotype 3 (C) from all treatments 

(Control (21 °C and 35 PSU), 25 °C, 27 °C, 26 PSU and 21 PSU at sampling Time 0 (T0 = Baseline), 

1 (T1 = Stress) and 2 (T2 = Recovery)(indicated by grey bar at top of each graph and by separate panels 

within each graph). Stars denote significant differences (p < 0.05) between treatments and controls 

within each time point. Coloured X denotes differences between treatments over time. Black dots 

represent potential outliers. n = 4 replicate colony fragments per treatment. 
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Compared to controls, treatment colonies had higher levels of methylation in response to both 

temperature and salinity stress. However, these differences were, in part, due to significant 

decreases in methylation levels in the control colonies over time (Figure 5.5). For example, for 

Genotype 1, there were no significant methylation differences between Time 0 and Time 1 in 

colonies exposed to 26 PSU, 21 PSU or 25 °C. In contrast, the controls displayed significantly 

lower levels of methylation at Time 1 compared to Time 0. Therefore, significant differences 

observed at Time 1 across treatments (Figure 5.5A) were due to a decrease in methylation 

levels in the control colonies and the maintenance of methylation levels in the stress exposed 

colonies. At Time 2, methylation levels were significantly reduced in the 21 PSU treatment 

compared to 21 PSU at Time 0 and, although not statistically significant, methylation levels at 

25 °C had also decreased. There were no significant differences in methylation levels in 

colonies held at 27 °C over time. 

 

As with Genotype 1, methylation in Genotype 2 decreased in the control colonies, with 

significantly different methylation levels at Time 2 compared to Time 0. There were no 

significant methylation changes in colonies exposed to 25 °C, 26 PSU or 21 PSU over time. 

There were no significant changes in methylation levels between Time 0 and Time 1 in colonies 

exposed to 27 °C, but there was a significant reduction in methylation levels in these colonies 

at Time 2. For Genotype 3, there were no significant methylation differences within or between 

treatments over time.  

 

 Colony growth (by weight) 

The growth of colonies (measured as weight change over time) was significantly affected by 

treatment (Table S5.5), with colonies held at 21 PSU growing significantly slower than the 

control, 25 °C and 27 °C treatments when growth data were averaged across times and 

genotypes (Figure 5.6).  

 

The growth of colonies from the three genotypes differed depending on the time period 

(significant interaction effect; Table S5.5). Genotype 3 responded differently compared to 

genotypes 1 and 2 (Figure 5.7), growing significantly slower during the recovery time period. 
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There was no significant difference in the rate of growth per day during stress exposure or after 

return to ambient conditions in Genotypes 1 or 3. In comparison, growth per day was 

significantly higher when colonies from Genotype 2 were returned to ambient conditions 

compared to growth during stress exposure.  Differences in growth per day in each genotype 

across treatments can be visualised in Figure 5.8.  

 

Figure 5.6. Growth of Didemnum vexillum colonies (g / day ± 1 s.e.) from the three genotypes combined 

across treatments (Control (21 °C and 35 PSU), 25 °C, 27 °C, 26 PSU, 21 PSU, n = 4 replicate colony 

fragments per treatment). Letters above the bars indicate significant differences from post-hoc Tukey’s 

test. 

 

 

Figure 5.7. Growth of Didemnum vexillum colonies (g / day ± 1 s.e.) from genotypes 1, 2 and 3 over 

two time periods (T0 – T1 = Stress, T1 – T2 = Recovery). Letters above the bars indicate significant 

differences from post-hoc Tukey’s test. 
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Figure 5.8. Didemnum vexillum colony growth rates (mean weight per day, g ± 1 s.e.) between sampling 

Time 0-1 (T0 – T1 = black bars, Stress) and sampling Time 1-2 (T1 – T2 = grey bars, Recovery) in 

treatments with increasing temperatures (25 °C and 27 °C) and decreasing salinities (26 PSU and 21 

PSU) compared to controls (21 °C, 35 PSU). n = 4 replicate colony fragments per treatment. A)  

Genotype 1, B) Genotype 2, C) Genotype 3. 
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 Discussion 

 DNA methylation differentiation 

Studies of environmentally induced epigenetic changes in marine species are increasing, but 

still relatively uncommon, and few studies have assessed the stability of DNA methylation 

changes following environmental stress exposure. In this study, I found no significant 

differentiation of global DNA methylation patterns between treatments following stress 

exposure, or upon return to ambient conditions. This is in contrast to my previous study (Hawes 

et al. 2018b, Chapter 4), where I showed that temperature stress induced significant global 

DNA methylation differentiation in D. vexillum on very rapid timescales, with epigenetic 

differentiation between colonies exposed to elevated temperature (27 °C) compared to controls 

(19 °C) after only three days of exposure.  

 

Very little is known about how DNA methylation differentiation changes over time during 

stress exposure, but studies of gene expression have shown that while short-term stress 

response and longer-term acclimation are related, they are also distinct processes associated 

with patterns of gene expression that can be transient and vary with time. For example, changes 

in translatable mRNAs have been shown to occur through time during cold acclimation, with 

several mRNAs increasing in concentration while others disappear (Guy et al. 1985). Several 

studies have also observed “transcriptional resilience”, a rapid transcriptomic response to a 

stressor, followed by a return to baseline gene expression levels over time (Brennan et al. 2015; 

Franssen et al. 2011; Seneca and Palumbi 2015). For example, when juvenile corals (Acropora 

millepora) were exposed to acidified seawater, differential gene expression was observed after 

three days, but after nine days of prolonged exposure the expression of most genes had returned 

to control levels (Moya et al. 2015). A similar pattern has been observed in a study of DNA 

methylation in brown trout (Salmo trutta), where feeding a salt enriched diet resulted in 

significant methylation differentiation from two to 10 days of feeding, but later, from day 14 - 

28, control methylation patterns were restored (Morán et al. 2013). The survival rate of the salt-

fed trout was also significantly higher than that of the control group after transfer to a saltwater 

aquarium, suggesting that they had acclimated to seawater (Morán et al. 2013).  
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Methylation differentiation following short-term exposure might reflect a distinct signalling 

pathway that is involved in an immediate defence response. This response could be transient 

and somewhat independent of longer-term adjustments associated with acclimation by 

activating a secondary signalling pathway. A return to control DNA methylation patterns 

following longer-term stress exposure might, therefore, reflect some sort of ‘epigenomic 

resilience’. Unfortunately, by not sampling at multiple timepoints throughout the stress 

exposure period, it is not possible to say with certainty that transient methylation differentiation 

occurred. Future studies would ideally increase the frequency of sampling timepoints during 

stress exposure to provide a more complete view of DNA methylation changes that might 

contribute to short term acclimation, and those that confer longer-term resilience. 

 

Another explanation for the lack of observed methylation differentiation could be due to the 

temperature difference between the two studies. Due to the heat pump temperature control 

limitations the highest temperature in the present study was 26.5 °C ± 0.5 compared to 27 °C 

± 0.5 in Hawes et al. (2018b). Although this temperature difference appears small, it is possible 

that it traverses a threshold for this species. I identified what appears to be thresholds in our 

previous study, with methylation differentiation at 27 °C, but not at 25 °C. This epigenetic 

response was accompanied by a significant reduction in growth, implying that colonies were 

under severe thermal stress. In plants, analysis of transcript profiles has shown that different 

response pathways are activated following exposure to different levels of stress, which can 

reflect either acclimation to mild stress, or photosynthetic failure during severe stress 

(Watkinson et al. 2003). Studies of the solitary ascidian (Ciona savignyi) have revealed rapid 

genome-wide methylation differentiation in response to both temperature and salinity stress, 

but all individuals died prior to the final sampling time point (120 h) (Huang et al., 2017), 

indicating that the level of stress was extremely severe. Significant methylation differentiation 

has also been observed in Pacific abalone (Haliotis discus hannai) after a long salinity stress 

exposure period of 77 days. In this study, survival was reduced to ca. 56 % compared to ca. 91 

% in the controls (Kong et al. 2017).  

 

Non-significant DNA methylation differentiation in the present study might indicate that 

temperature and salinity stress thresholds have not been met. Although growth per day was 

reduced in response to temperature stress compared to controls in the present study, it was not 



Chapter 5: Stability of environmentally induced changes in DNA methylation 

96 
 

statistically significant. As with our previous study, I did not find methylation differentiation 

in response to low salinity exposure, despite the lowest salinity treatment being approximately 

six PSU lower. Ascidians are rarely found below 20 PSU globally (Bullard and Whitlatch 

2009), so I expected that our lowest salinity treatment (20 - 21 PSU) would be adequately 

stressful to elicit a response. However, while growth rate was significantly reduced in the low 

salinity treatments, growth was maintained, and survival rate was 100% indicating that 

capacities for osmotic balance were retained. 

 

Experimental colonies in the present study were maintained in flow-through conditions, with 

continuous seawater and microalgae supply, compared to static culture in our previous study 

(Hawes et al. 2018b, Chapter 4), and preliminary trials (Supplementary material, Figures S5.1 

and S5.2). Static culture may have exacerbated the negative effects of temperature and salinity 

stress, reducing scope for growth and resulting in lower stress thresholds. Temperature and 

salinity thresholds do appear to be greater in continuous culture, with positive growth 

maintained at 26 - 27 °C and 20 – 21 PSU. Future studies should consider quantifying 

methylation changes at finer scales over environmental gradients to reveal the presence of such 

thresholds, and to identify the precise triggers for methylation divergence. Coupled with gene 

expressions analysis and physiological measurements of stress response, this strategy could 

show the involvement of shifts in DNA methylated patterns in short-term stress response and/or 

longer-term acclimation.  

 

 DNA methylation (MSL) and genetic (NML) diversity 

Some invasive populations have higher levels of DNA methylation diversity compared to 

populations in their native range (e.g., Chwedorzewska and Bednarek 2012; Spens and 

Douhovnikoff 2016), and it has been suggested that higher levels of DNA methylation diversity 

might be induced by environmental stressors (Chwedorzewska and Bednarek 2012). In the 

present study, I did not find that MSL or NML diversity were altered significantly in response 

to environmental stress treatments. Furthermore, in Chapter 4, I found no significant 

differences in DNA methylation diversity between D. vexillum populations from the native 

(Japan) and invaded (New Zealand) regions, despite reductions in genetic diversity in the New 



Chapter 5: Stability of environmentally induced changes in DNA methylation 

97 
 

Zealand population. It seems that DNA methylation diversity in D. vexillum is impervious to 

environmental stimuli. 

 

 Levels of global DNA methylation 

There were no significant differences in global DNA methylation levels between treatments or 

genotypes at Time 0 (baseline). Following stress exposure, however, colonies from genotypes 

1 and 2 had significantly higher methylation levels when exposed to both temperature (25 °C) 

and salinity (26 and 21 PSU) stress, compared to controls. Methylation levels did not increase 

in stress exposed colonies per se. Instead, control colonies displayed a significant reduction in 

methylation levels over time, making interpretation of results difficult. Several studies of 

aquatic invertebrates have reported higher methylation levels compared to controls following 

exposure to environmental stressors. For example, hypermethylation has been associated with 

low pH (corals; Liew et al. 2018; Putnam et al. 2016), food starvation (crustacean; Cribiu et al. 

2018), increased temperature (crustacean; Cribiu et al. 2018; polychaete; Marsh and 

Pasqualone 2014) and exposure to environmental contaminants, including Bisphenol A (BPA) 

(aquatic midge; Lee et al. 2018), but only one of these studies explored methylation changes in 

non-exposed controls overtime. When investigating the effects of temperature, starvation and 

cadmium on methylation levels in the freshwater crustacean, Gammarus fossarum, Cribiu et 

al. (2018) found that methylation levels were significantly higher in the controls after 14 days 

in the laboratory, compared to levels observed immediately following collection in the field. 

After one month, methylation levels had returned to baseline. While my study had a relatively 

long acclimation period to try and minimise handling effects, it is possible that decreasing 

methylation levels in genotypes 1 and 2 control colonies reflected a return to baseline levels 

following stress induced by colony collection, transportation, and experimental maintenance. 

Additionally, reductions in methylation could reflect the stability of experimental control 

conditions compared to environmental fluctuations likely to be experienced in the natural 

environment. If colonies were already hypermethylated at sampling Time 0, due to 

transportation stress or exposure to environmental variability at the collection site, this could 

explain the lack of significant increase in methylation levels in stress exposed treatments. 

Thesis studies further highlight the importance of examining DNA methylation at multiple 

timepoints, in both treatments and controls.  
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While these results are complex, some general trends can be observed. When significant 

differences in DNA methylation levels between treatments did occur, methylation levels were 

always higher in the stress exposure treatments compared to controls. After the colonies were 

returned to ambient conditions, a significant decrease in methylation was often observed. 

Overall, global methylation levels depended on the genotype, the environmental stressor, and 

their interaction. For Genotype 3, there were no significant changes in DNA methylation levels 

at any of the timepoints sampled, and growth between the stress and recovery period was also 

not significantly different. Although this genotype had the slowest growth overall, growth and 

methylation levels remained similar to controls at every timepoint, regardless of treatment. The 

maintenance of fitness-related phenotypes such as growth during environmental stress is 

known as phenotypic buffering. However, phenotypic buffering is only under selection when 

stress levels are at the edge of an organism’s tolerance range (Reusch 2014). As all three 

genotypes were similarly affected by the most extreme stress treatment (21 PSU), it does not 

appear that Genotype 3 has any particular propensity for increased tolerance through 

phenotypic buffering. Instead, the traits examined here (growth and DNA methylation) appear 

to be fixed in this genotype, with low potential for phenotypic plasticity (DeWitt et al. 1998).  

 

Genotypic differences in both methylation profiles and growth were most apparent when 

colonies were returned to ambient conditions. Of the three genotypes, Genotype 1 appeared to 

have the highest average fitness (growth) when exposed to environmental stress. Interestingly, 

however, colonies exposed to stress treatments did not match the growth rates of control 

colonies after the stressors were removed, even in treatments where growth was not 

significantly affected by stress. This suggests a negative carry-over effect or latent effect of 

stress exposure (O'Connor et al. 2014; Pechenik and Biology 2006). Latent effects and carry 

over effects have been previously observed in several studies. For example, if larvae are 

exposed to various stressors such as reduced nutrition, pollutants, and high pCO2, this can 

result in reduced juvenile performance post metamorphosis, such as reductions in growth 

(Hettinger et al. 2012; Pechenik et al. 1998; Pechenik and Biology 2006). However, carryover 

effects have not yet been linked to epigenetic profiles as far as I am aware. In the present study, 

the observed carry over effect was associated with a reduction in methylation to control levels 

after four weeks of recovery, following a period where methylation levels were higher than 

controls during stress exposure.  
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In contrast, Genotype 2 displayed compensatory growth during recovery, and this was 

associated with the continued elevation of methylation levels compared to controls. The 

induction of methylation changes that remain after stressful conditions are removed could be 

considered evidence for stable, environmentally induced methylation, which may have been 

inherited through asexual reproduction. Because methylation levels in the control treatments 

changed over time, the methylation differences between treatments and controls at each 

timepoint were more informative. Although methylation levels didn’t significantly change in 

the stress exposed colonies, stressed treatments differed significantly from control treatments. 

For Genotype 2, these differences remained at the end of the experiment, after the colonies had 

been returned to ambient conditions. This stable influence of stress exposure on DNA 

methylation levels was associated with a distinct phenotypic change, with significantly 

increased growth in the recovery period compared to growth during stress exposure. This high 

level of phenotypic plasticity will be adaptive when selection favours genotypes that can 

rapidly adjust their phenotype to take advantage of new environmental conditions (Reusch 

2014), as might be expected following invasion. It remains to be seen if there are any costs or 

limits associated with this plasticity that could shift the competitive advantage from a plastic 

to a fixed genotype (DeWitt et al. 1998).  

 

Higher baseline methylation levels have been associated with higher environmental tolerances 

(Aina et al. 2004; Kovalchuk et al. 2003; Putnam et al. 2016). For example, more tolerant corals 

have higher baseline methylation levels, grow faster, and respond weakly or acclimate more 

quickly to stressful conditions compared to sensitive corals (Putnam et al. 2016). Exposure to 

sublethal stressors is known to increase tolerance to subsequent stress events (Dunphy et al. 

2018), and DNA methylation changes such as the ones observed here could underlie these 

phenomena. However, the effect of environmentally induced methylation changes on gene 

expression in invertebrates (but see Hearn et al. 2018; Rondon et al. 2017), and the on-going 

stability of these environmentally induced methylation changes, remains unknown.  

 

This study has demonstrated stability of environmentally induced DNA methylation changes 

in a globally invasive marine invertebrate. These results provide a basis for future studies 

testing the heritability and longevity of environmentally induced epigenetic marks and support 

the idea that epigenomic ‘hardening’ could be utilised for assisted evolution (van Oppen et al 
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2015). This study also shows that inter-genotype variation in methylation response to stress 

and recovery can be associated with significant phenotypic outcomes, which could be the raw 

material for natural selection. Theoretically, differences in epigenetic stability within 

populations could represent a bet hedging strategy, especially in populations that experience a 

high amount of environmental variability (Herman et al. 2014). Understanding such variation 

will be critical in determining the role that epigenetic mechanisms play in enhancing the 

capacity for acclimation and adaptation in natural populations. 

 

 Conclusions  

Despite non-significant DNA methylation differentiation, global DNA methylation levels were 

sensitive to changes in environmental conditions. I also observed stability of methylation 

alterations in one genotype associated with adaptive phenotypic plasticity, which could have 

lasting phenotypic consequences such as increased tolerance to future stress. Because 

genotypic differences were most apparent during the recovery phase for both growth and 

methylation levels, methylation responses during recovery might be an important indicator of 

within population variability in stress response and adaptive potential. While these results 

demonstrate an association between DNA methylation levels and fitness, it is important to note 

that these results are correlative, and further studies will be required to infer causation. Many 

marine invertebrates do not yet have a reference genome which is required for nucleic acid 

base-pair resolution studies. Determining the dose, type and duration of stressors that elicit a 

global methylation response, along with the stability of such changes, could provide a valuable 

and relatively inexpensive tool for quantifying environmental stress in marine systems. The 

range of genotypic responses observed here indicates that a relatively large sample size would 

be required to identify population level responses. Nevertheless, some population level patterns 

of genome wide DNA methylation are emerging in studies of marine biological invasions 

(Chapter 3, Ardura et al. 2017).   
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 Supplementary material  

Preliminary trial 1. Salinity 

Aim. No significant DNA methylation differentiation between salinity treatments as low as 26 

PSU was found in experiments in Chapter 4. Therefore, a preliminary trial was done to 

determine the low salinity tolerance limit for D. vexillum, prior to Chapter 5. Methods. The 

methods used to determine tolerance to low salinity were similar to those described in Chapter 

4. One single colony was collected from the Nelson Marina (41°11'29.2"S 173°21'01.9"E) in 

December 2017. At the time of collection, salinity was ca. 30 PSU and temperature was ca. 19 

°C. The colony was cut into fragments (n = 15) and gently tied to glass slides with fine string. 

Colony fragments were acclimated in the laboratory for 10 days at 34 PSU and 20 °C in a 20 

L glass aquaria and fed 250 mL of Tisochrysis lutea (cell concentration ca. 10 x 106 cells. mL-

1) per day. After acclimation, colony fragments were transferred to three L experimental 

treatment tanks (food grade plastic tanks), with one colony fragment per treatment tank. There 

were three replicate colonies for each treatment. Colonies were fed 50 mL of Tisochrysis lutea 

(cell concentration ca. 10 x 106 cells. mL-1) per day. Salinity was decreased at a rate of 2 PSU 

per day until all salinity treatments 34, 30, 26, 22 and 18 PSU were achieved. Static water 

conditions were used with a full water exchange every second day. Once all salinity treatments 

were achieved, pictures were taken with Image J for analysis of colony growth (Time 0). 

Colonies remained in their salinity treatments for a further 8 days before final pictures were 

taken to calculate growth per day. Colonies were held for a further seven days for a visual 

assessment of survival. Results. Visual assessments at day seven noted that the condition of 

colonies in the 18 PSU treatment had deteriorated. On day eight the 18 PSU colonies were 

confirmed to be dead by staining with Neutral Red vital stain (dead colonies do not stain). In 

all other treatments, colonies grew between 20 and 50 mm per day and appeared healthy 

throughout the experiment. Therefore, the low salinity tolerance threshold for D. vexillum was 

assessed to be between 18 and 22 PSU. 
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Figure S5.1.  Growth rates of Didemnum vexillum colonies (mm-2 day-1 ± 1 s.e.) across salinity 

treatments ranging from 18-34 PSU (n = 3 replicate colony fragments per treatment).   

 

 

Preliminary trial 2. Temperature  

Methods. To determine upper thermal limit and lower optimal range for Didemnum vexillum, 

a single colony that had been maintained in the laboratory for two months at 20 °C was cut into 

fragments (n = 15) and gently tied to glass slides with fine string. Colony fragments were 

allowed to attach to the slides over a period of five days in 20 L glass aquaria and fed 250 mL 

Tisochrysis lutea (cell concentration ca. 10 x 106 cells. mL-1) per day. After five days, colony 

fragments were transferred to 20 L experimental treatment tanks (glass aquaria) with one 

colony fragment per treatment tank. Temperature was increased at a rate of 2 °C per day until 

five temperature treatments (17, 19, 24, 26 and 29 °C ± 0.5 °C) were reached. Water 

temperatures were maintained using thermostatically regulated aquarium heaters (EHEIM 

JAIGER 100W, Deizisau, Germany). For this experiment, I used static water conditions with 

a 10 L exchange of temperature adjusted water every second day. There were three replicate 

colonies per treatment. Colonies were fed 250 mL Tisochrysis lutea (cell concentration ca. 10 

x 106 cells. mL-1) per day. Once all experimental temperatures were achieved, pictures were 

taken for colony area (mm-2) analysis with Image J (Time 0). Colonies were maintained in their 

temperature treatments for a further eight days before final pictures were taken, and growth 

was calculated (mm-2 day-1) following measurement analysis in Image J. Following the eight-
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day treatment period, colonies were held for a further seven days in their temperature 

treatments for a visual assessment of survival. Results. Visual assessments at day seven noted 

that the condition of colonies in the 29 °C treatment had deteriorated. On day eight, these 

colonies were confirmed to be dead by staining with Neutral Red vital stain (dead colonies do 

not stain). In all other treatments, colonies grew between 10 and 45 mm per day and appeared 

healthy throughout the experiment, except for colonies exposed to 26 °C which shrunk but 

were alive. Therefore, the upper thermal tolerance threshold for D. vexillum was assessed to be 

between 26 and 29 °C. However, in our previous experiment in Chapter 4, colonies survived 

27 °C. Although these colonies shrunk rapidly, the upper thermal tolerance limit of colonies 

from Nelson marina is likely to be between 27 and 29 °C.  

 

 

 

Figure S5.2.  Growth rates of Didemnum vexillum colonies (mm-2 day-1 ± 1 s.e.) across temperature 

treatments ranging from 17 - 29 °C (n = 3 replicate colony fragments per treatment).   
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Table S5.1. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) and non-

methylated loci (NML) in Didemnum vexillum colonies from genotypes 1, 2 and 3 sampled at three 

different time points: Time 0 (T0), Time 1 (T1) and Time 2 (T2). T0 represents baseline methylation 

prior to treatment exposure, T1 represents methylation patterns following treatment exposure (stress), 

and T2 represents methylation patterns after colonies were returned to ambient conditions (recovery).  

 

  d.f.  SSD  MSD  Variance Phi_ST p 

 MSL         

Genotype 1 Time 1       

 among groups 4 1143 285.8 -10.89 -0.03421 0.9819 

 within groups 15 4941 329.4 329.4   

 Total         19 6084 320.2    
 Time 2       

 among groups 4 1323 330.7 -2.133 -0.00633 0.6146 

 within groups 15 5088 339.2 339.2   

 Total         19 6411 337.4    
 Time 3       

 among groups 3 753.8 251.3 -20.75 -0.06617 0.9984 

 within groups 12 4011 334.3 334.3   

 Total         15 4765 317.7    
Genotype 2 Time 1       

 among groups 4 1294 323.4 -5.858 -0.01718 0.862 

 within groups 15 5203 346.8 346.8   

 Total         19 6496 341.9    

 Time 2       
 among groups 4 1345 336.2 -2.226 -0.00649 0.6517 

 within groups 15 5176 345.1 345.1   

 Total         19 6521 343.2    

 Time 3       

 among groups 3 937.9 312.6 -6.515 -0.01961 0.8113 
 within groups 12 4064 338.7 338.7   

 Total         15 5002 333.5    
Genotype 3 Time 1       

 among groups 4 1082 270.4 -15.02 -0.0476 0.9971 

 within groups 15 4957 330.5 330.5   

 Total         19 6039 317.8    

 Time 2       
 among groups 4 1060 265 -13.9 -0.04532 0.9997 

 within groups 15 4810 320.7 320.7   

 Total         19 5870 309    

 Time 3       

 among groups 3 768.8 256.3 -18.19 -0.05852 0.9997 
 within groups 12 3948 329 329   
  Total         15 4717 314.5       
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Table S5.1 cont. 

 NML         

Genotype 1 Time 1       

 among groups 4 17.9 4.475 -0.1354 -0.02774 0.9158 

 within groups 15 75.25 5.017 5.017   

 Total         19 93.15 4.903    
 Time 2       

 among groups 4 24.7 6.175 0.06458 0.0108 0.3503 

 within groups 15 88.75 5.917 5.917   

 Total         19 113.5 5.971    
 Time 3       

 among groups 3 47.62 15.88 -4.021 -0.1439 0.9974 

 within groups 12 383.5 31.96 31.96   

 Total         15 431.1 28.74    
Genotype 2 Time 1       

 among groups 4 24.9 6.225 0.04375 0.00718 0.4308 

 within groups 15 90.75 6.05 6.05   

 Total         19 115.7 6.087    

 Time 2       
 among groups 4 13 3.25 -0.05 -0.0147 0.7357 

 within groups 15 51.75 3.45 3.45   

 Total         19 64.75 3.408    

 Time 3       

 among groups 3 42.94 14.31 -0.8438 -0.0501 0.9519 
 within groups 12 212.2 17.69 17.69   

 Total         15 255.2 17.01    
Genotype 3 Time 1       

 among groups 4 18.6 4.65 -0.6083 -0.094 0.9961 

 within groups 15 106.2 7.083 7.083   

 Total         19 124.8 6.571    

 Time 2       
 among groups 4 17.2 4.3 -0.3542 -0.0661 0.9937 

 within groups 15 85.75 5.717 5.717   

 Total         19 103 5.418    

 Time 3       

 among groups 3 20.88 6.958 -0.125 -0.0171 0.8078 
 within groups 12 89.5 7.458 7.458   

  Total         15 110.4 7.358    
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Table S5.2. Analysis of molecular variance (AMOVA) for methylation-sensitive loci (MSL) and non-

methylated loci (NML) in Didemnum vexillum colonies from genotypes 1, 2 and 3 in different 

treatments over time in each treatment (Control, 25 °C, 27 °C, 26 PSU, 21 PSU).   

 

  d.f. SSD  MSD  Variance Phi_ST p 

 MSL         

Genotype 1 Control 
      

 among groups 2 624.1 312.1 -5.645 -0.01716 0.7439 

 within groups 9 3012 334.7 334.7   

 Total         11 3636 330.5  
  

 25°C       

 among groups 2 586.5 293.2 -5.976 -0.01921 0.7773 

 within groups 9 2854 317.1 317.1   

 Total         11 3441 312.8    

 27°C       

 among groups 2 577.5 288.8 -10.37 -0.03242 0.8508 

 within groups 9 2972 330.3 330.3   

 Total         11 3550 322.7  
  

 26PSU       
 among groups 1 203.7 203.7 -21.58 -0.0804 0.9711 

 within groups 6 1740 290 290   

 Total         7 1944 277.7    

 21PSU       
 among groups 2 582.3 291.1 -5.727 0.01858 0.7269 

 within groups 9 2826 314 314   

 Total         11 3409 309.9    
Genotype 2 Control       

 among groups 2 585.2 292.6 -10.9 -0.0335 0.8565 

 within groups 9 3026 336.2 336.2   

 Total         11 3611 328.3    
 25°C       

 among groups 2 566.5 283.3 -9.534 -0.03057 0.9 

 within groups 9 2893 321.4 321.4   

 Total         11 3459 314.5    

 27°C       

 among groups 2 558.1 279.1 -15.74 -0.04824 0.978 

 within groups 9 3078 342 342   

 Total         11 3636 330.6    

 26PSU       

 among groups 1 241.5 241.5 -10.86 -0.03961 0.9729 

 within groups 6 1710 285 285   

 Total         7 1951 278.8    

 21PSU       
 among groups 2 570.5 285.3 -7.729 -0.02506 0.8951 

 within groups 9 2846 316.2 316.2   

 Total         11 3416 310.6    
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Table S5.2 cont. 

        

Genotype 3 Control       

 among groups 2 519.5 259.7 -10.96 -0.03747 0.9756 
 within groups 9 2732 303.6 303.6   

 Total         11 3252 295.6    
 25°C       

 among groups 2 570.1 285.1 -6.547 -0.02149 0.8474 

 within groups 9 2801 311.2 311.2   

 Total         11 3371 306.5    
 27°C       

 among groups 2 544.9 272.5 -10.71 -0.03515 0.9495 
 within groups 9 2838 315.3 315.3   

 Total         11 3383 307.5    

 26PSU       

 among groups 1 245.6 245.6 -11.81 -0.04203 0.8497 

 within groups 6 1757 292.8 292.8   

 Total         7 2003 286.1       

 21PSU       

 among groups 2 615.6 307.8 -2.653 -0.0084 0.651 

 within groups 9 2866 318.4 318.4   

 Total         11 3481 316.5    

 NML         

Genotype 1 Control 
      

 among groups 2 12.33 6.167 -0.875 -0.09953 0.997 

 within groups 9 87 9.667 9.667   

 Total         11 99.33 9.03    
 

25°C       

 among groups 2 12 6 -0.09722 -0.01545 0.7141 

 within groups 9 57.5 6.389 6.389   

 Total         11 69.5 6.318    

 27°C       

 among groups 2 21.33 10.67 -1.667 -0.1064 0.9819 

 within groups 9 156 17.33 17.33   

 Total         11 177.3 16.12    

 26PSU       

 among groups 1 16.88 16.88 -2.271 -0.09587 0.8606 

 within groups 6 155.8 25.96 25.96   

 Total         7 172.6 24.66    

 21PSU       

 among groups 2 11.17 5.583 -0.1597 -0.02635 0.8692 

 within groups 9 56 6.222 6.222   

 Total         11 67.17 6.106    
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Table S5.2 cont. 

Genotype 2 Control       
 

among groups 2 18.17 9.083 -1.049 -0.08575 0.9939 

 within groups 9 119.5 13.28 13.28   

 Total         11 137.7 12.52    
 25°C       

 among groups 2 10.83 5.417 -0.3958 -0.05994 0.9872 

 within groups 9 63 7 7   

 Total         11 73.83 6.712    

 27°C       

 among groups 2 10.67 5.333 -1.812 -0.1683 0.9995 
 

within groups 9 113.2 12.58 12.58   

 Total         11 123.9 11.27    

 26PSU       

 among groups 1 23.12 23.12 -1.896 -0.0658 0.882 

 within groups 6 184.2 30.71 30.71   

 Total         7 207.4 29.62    

 21PSU       
 

among groups 2 11.5 5.75 -0.125 -0.02041 0.8648 

 within groups 9 56.25 6.25 6.25   

 Total         11 67.75 6.159    
Genotype 3 Control       

 among groups 2 12.17 6.083 -0.2292 -0.03385 0.9799 
 

within groups 9 63 7 7   

 Total         11 75.17 6.833    

 25°C       

 among groups 2 12 6 -0.125 -0.01961 0.8538 

 within groups 9 58.5 6.5 6.5   

 Total         11 70.5 6.409    

 27°C       

 among groups 2 7.667 3.833 -0.3403 -0.0701 1 

 within groups 9 46.75 5.194 5.194   

 Total         11 54.42 4.947    

 26PSU       

 among groups 1 18.25 18.25 -2.479 -0.09651 0.9387 

 within groups 6 169 28.17 28.17   

 Total         7 187.2 26.75       

 21PSU       

 among groups 2 10.83 5.417 -0.2083 -0.03448 0.9656 

 within groups 9 56.25 6.25 6.25   

 Total         11 67.08 6.098    
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Table S5.3. Analysis of variance (ANOVA) of MSL and NML diversity. Genotypes were combined 

for analysis. A) comparison of MSL and NML diversity, B) DNA methylation (MSL) diversity, and C) 

genetic (NML) diversity across treatments and times. Significant p values in bold.  

Source SS d.f MS F p 

A)       

Between 4.4783 27 0.16586 11.5548 7.26e-33 

Within 4.4212 308 0.01435   
Total 8.8994 335    

B)       

Between 0.0107 13 0.000821 0.07046 1 

Within 1.7938 154 0.011648   
Total 1.8045 167    

C)       

Between 0.2105 13 0.0162 0.9493 0.504 

Within 2.6274 154 0.01706   
Total 2.8379 167    
 

 

Table S5.4. Proportion methylated loci compared across genotype, time and treatment using a binomial 

generalised linear mixed model (GLMM) followed by ANOVA. Analysis of Deviance Table (Type II 

Wald chi square tests). Significance codes: p < 0.001 ‘***’, 0.01 ‘**’, 0.05 ‘*’. 

Factor Chisq Df Pr(>Chisq) 

Genotype  73.841 2 < 2.2e-16 *** 

Time 114.871 2 < 2.2e-16 *** 

Treatment 73.295 4 4.571e-15 *** 

Genotype:Time 109.776 4 < 2.2e-16 *** 

Genotype:Treatment 61.438 8  2.433e-10 *** 

Time:Treatment 84.915 7 1.365e-15 *** 

Genotype:Time:Treatment 180.175 14  < 2.2e-16 *** 

 
 

Table S5.5. Colony growth compared across genotype, time, and treatment using a type III ANOVA 

with Satterthwaite's method. Significance codes: p < 0.001 ‘***’, 0.01 ‘**’, 0.05 ‘*’. 

Factor Sum Sq Mean Sq NumDF DenDF F value    Pr(>F) 

Genotype 2.17514 1.08757 2 81 11.4724 4.103e-05 *** 

Time 2.05476 2.05476 1 81 21.675 1.246e-05 *** 

Treatment 1.97866 0.49467 4 81 5.2181 0.0009 *** 

Genotype:Time 0.91986 0.45993 2 81 4.8517 0.0102 *   

Genotype:Treatment 1.18891 0.14861 8 81 1.5677 0.1475 

Time:Treatment 0.16004 0.05335 3 81 0.5627 0.6411 

Genotype:Time:Treatment 1.10174 0.18362 6 81 1.937 0.0846 
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 Synthesis of research findings 

Human overpopulation and overconsumption are placing ever increasing pressures on the 

environment, with resultant degradation, overexploitation, climate change, and spread of 

invasive species causing biodiversity loss and ecosystem collapse at an unprecedented rate 

(Donohoe and Medicine 2003; Dunlap and Jorgenson 2012). The degree of ecosystem 

vulnerability depends on the sensitivity or resilience within the system, and the ability of 

species to adapt (Watson et al. 1996). Consequently, there is an urgent need to understand 

tolerance and flexibility in natural populations to determine adaptive capacity and critical 

thresholds (Wheaton et al. 1999). Biological invasions are useful study systems to further our 

understanding of ecosystem response to anthropogenic change for two main reasons. Firstly, 

biological invasions can be ‘experiments in evolution’ as introduced species sometimes rapidly 

adapt to new environmental conditions in habitats in which they have not evolved and on 

timescales relevant to anthropogenic change (Lee 2002; Sakai et al. 2001). Thus, studies of 

successful invasion events can increase our understanding of adaptive potential and 

evolvability. Secondly, species invasions constitute a significant anthropogenic threat to 

biodiversity and ecosystem function, so understanding the components of successful species 

invasions is crucial for ecosystem management (Didham et al. 2007; Vitousek et al. 1997).  

 

My research used a highly successful, invasive marine invertebrate to advance understanding 

of the role of epigenetics in adaptation. At the onset of this thesis, very few studies had 

investigated the role of DNA methylation in biological invasions, and the studies that had were 

focused on vertebrates (Liebl et al. 2013; Schrey et al. 2012) and plants (Chwedorzewska and 

Bednarek 2012; Gao et al. 2010; Richards et al. 2012). Marine invertebrates are the largest 

group of macroscopic organisms in the ocean, and are exposed to multiple anthropogenic 

stressors, including increasing pollution, temperature, acidification and changes in 

precipitation (affecting salinity), making them important targets for studies of tolerance and 

adaptation to environmental stress (Mather 2013; Suarez-Ulloa et al. 2015). However, while it 

has been suggested that DNA methylation could contribute to phenotypic plasticity in 

fluctuating environments (Roberts and Gavery 2012), only two previous studies had explicitly 

investigated DNA methylation and environmental factors in marine invertebrates (see Dixon 

et al. 2014; Marsh and Pasqualone 2014). Although DNA methylation is widespread in 

bacteria, plants, fungi and animals, the pattern and extent of DNA methylation varies 
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considerably among, and even within, taxa (Angers et al. 2010; Feng et al. 2010). While the 

prevalence of DNA methylation suggests a common underlying function, the diversity of DNA 

methylation patterns across taxa suggests that the mechanisms of action and functional 

outcomes may differ between species and through evolutionary time (Roberts and Gavery 

2012). Therefore, it is critical to investigate DNA methylation in marine invertebrates to 

understand the role that epigenetics could play in phenotypic plasticity and adaptation in marine 

systems (Hofmann 2017).  

 

This thesis contributes greatly to our understanding of the role of DNA methylation in marine 

invertebrates by focusing on a high-profile invader, the colonial ascidian, Didemnum vexillum. 

At the onset of this thesis, I provided a review of studies focused on DNA methylation and 

invasive species to date and identified knowledge gaps and potential ways to advance 

understanding of epigenetics and adaptation (Chapter 2). The research described in subsequent 

chapters of this thesis addresses several of these knowledge gaps. Previous studies comparing 

populations in their native and invaded ranges had identified that DNA methylation diversity 

was maintained, or even increased, in invasive populations, despite reductions in genetic 

diversity. Therefore, it was suggested that epigenetic diversity might compensate for reductions 

in genetic diversity and preserve a populations’ ability to respond to environmental changes 

(Liebl et al. 2013). However, it was not known if this was a common feature of invasive 

populations. It was also suggested that increased DNA methylation diversity might be induced 

by environmental stress in the invaded habitat, but this had not been tested experimentally. 

Furthermore, environment- specific DNA methylation had been identified in invasive 

populations, which may be associated with environment-specific adaptive divergence, but it 

was not known if such patterns would be present in marine invertebrate populations. Additional 

studies comparing epigenetic and genetic patterns in native and introduced populations were 

required to further our understanding of epigenetic modifications associated with invasion 

success.  

 

In Chapter 3, I took advantage of a unique study system that allowed comparison of closely 

related clades of D. vexillum, only one of which has become invasive (clade A). I was able to 

identify genetic and epigenetic signatures that are associated with a successful biological 

invasion. I found no evidence of global DNA methylation differences between D. vexillum 
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clade A (invasive) and clade B (restricted to the native range) within the native range (Japan) 

that would suggest that DNA methylation plays a role in prior adaptation to invasion. Instead, 

in Japan, the genetic diversity was higher in the more invasive clade (A) than the clade that 

remains restricted to the native range (B). In contrast, in New Zealand, introduced D. vexillum 

clade A populations have lower levels of genetic diversity compared to clade A populations in 

the native range (Japan), but still maintain a high level of DNA methylation diversity. This 

adds to the growing body of evidence that epigenetic diversity is maintained following genetic 

founder events (e.g., Chwedorzewska and Bednarek 2012; Liebl et al. 2013; Schrey et al. 2012; 

Spens and Douhovnikoff 2016), which could preserve adaptive potential in genetically limited 

populations. Overall, I conclude that genetic diversity may facilitate the spread of clade A 

outside the native range, while DNA methylation is especially important for introduced 

populations of D. vexillum when genetic diversity is reduced. This is the first study 

investigating DNA methylation differences between closely related invertebrate clades, one of 

which is invasive and one of which has not, and the first study to examine the epigenome of a 

colonial ascidian.  

 

My study also found evidence for a ‘signature of invasion’ (Ardura et al. 2017) associated with 

the recent D. vexillum population expansion in New Zealand. Introduced populations had 

distinct DNA methylation patterns and levels compared to populations in the native range. This 

result was in agreement with the conclusions of Ardura et al. (2017). Finding consistent 

methylation signatures in invasive populations is the first step in identifying epigenetic 

modifications that could be associated with rapid adaptation to new environments and invasion 

success. Once identified, methylation profiles could be used as biomarkers to identify 

populations that have incurred significant environmental stress, or to identify species that are 

likely to be sensitive or resilient to environmental stress. This opens doors for management 

options to identify ‘next pest’ species or select resilient individuals with specific ‘methyl-types’ 

for conservation or aquaculture breeding programmes. However, to shed light on epigenetic 

mechanisms that underlie environmental adaptive responses, it is critical to identify cause-

effect relationships between specific environmental factors, epigenetic modifications and 

adaptive phenotypes (Suarez-Ulloa et al. 2015).  
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The ‘signature of invasion’ described above could be induced by environmental stressors (such 

as changes in temperature or salinity encountered during translocation and establishment). 

However, to even begin to address the possibility that epigenetic mechanisms might mediate 

response to environmental cues, it is necessary to determine if DNA methylation responds to 

environmental stimuli. To answer these key questions, my first aim was to determine whether 

genome-wide DNA methylation patterns respond to abiotic stress in D. vexillum. To explore 

this, I conducted manipulative laboratory-based experiments to determine if, and how, 

epigenetic changes could be induced by environmental stress. Early ecological epigenetics 

research has been hampered by difficulties in understanding the relative contribution of 

epigenetic and genetic factors, as it is extremely difficult to disentangle genetic and epigenetic 

effects in natural populations. In Chapter 4, I took advantage of clonal reproduction in D. 

vexillum to manipulate common environmental stressors (temperature and salinity) and 

investigate DNA methylation changes in genetically identical replicate colonies. I found that 

environmental stress induced significant global DNA methylation differentiation on very rapid 

timescales, and that this response varied depending on the type, magnitude, and duration of the 

stressor. Specifically, the epigenetic response appeared to be associated with prior adaptation, 

with no differences in growth or DNA methylation patterns observed in colonies exposed to a 

decreasing salinity gradient, but within the range experienced at the site of collection. In 

contrast, significant genome-wide methylation changes were evident when colonies were 

exposed to severe thermal stress at levels higher than they were likely to have experienced in 

their source habitat. This study is one of the first to provide experimental evidence of 

environmentally (temperature) responsive DNA methylation associated with a fitness-related 

trait (growth) in a marine invertebrate, which advances the field of ecological epigenetics by 

increasing our understanding of the contribution of epigenetics in rapid adaptation to stressors.  

 

The characterisation of epigenetic modifications in response to ecologically relevant stressors 

is the first step towards identifying cause-effect relationships. To understand the role of 

epigenetics in adaptation, it is necessary to unravel immediate cellular responses from longer 

term acclimation, and elucidate the role of epigenetic modifications in the acquisition of 

adaptive phenotypes (Suarez-Ulloa et al. 2015). Determining whether environmentally induced 

epigenetic variation can persist in a common environment (i.e., assessing stability) is a critical 

pre-requisite for understanding the potential for transgenerational inheritance. Considering 

this, I aimed to characterise the stability of environmentally induced epigenetic marks in D. 
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vexillum, and whether stable epigenetic modifications are associated with adaptive phenotypic 

variation. To understand population-level adaptive potential, it is also important to determine 

how individuals with different genotypes are affected by stress exposure. However, there are 

so few empirical studies of the interaction between genotypes and epigenotypes that predictions 

of evolutionary potential in marine systems is still primarily theoretical (Eirin-Lopez and 

Putnam 2018), and the interplay between genotype and epigenotype had not been explored in 

a marine invertebrate. In Chapter 5, using manipulative laboratory-based experiments, I found 

that DNA methylation differences were induced by both temperature and salinity stress, and 

that some DNA methylation differences were stable after the stressor was removed. This stable 

methylation change was associated with adaptive phenotypic plasticity with increased fitness 

(growth) in a favourable environment after the stressor was removed. I also found that the 

epigenetic and phenotypic response of colonies to environmental stress was dependent on the 

genotype. This suggests that there can be genotypic variation for DNA methylation plasticity 

and that DNA methylation could be considered a trait of the genotype. Alternatively, genotypic 

differences in stress induced DNA methylation could represent random DNA methylation 

alterations, creating phenotypic variation within populations in response to environmental 

stress which serve as a bet hedging strategy if some resultant phenotypes are adaptive. My 

study provides some of the first evidence that DNA methylation plays a role in gene × 

environment interactions, as DNA methylation in different genotypes responded to 

environmental variation in different ways.  

 

 Finding and contribution to the field of ecological epigenetics 

The overall aim of this thesis was to answer a key question in evolutionary biology: can species 

use epigenetic mechanisms to rapidly adapt to environmental change and avoid widespread 

extinctions of local populations, or even entire species? Considering the dearth of literature 

addressing epigenetic responses in non-model organisms, especially marine species, this thesis 

contributes greatly to a growing understanding of the role of DNA methylation in marine 

system function and adaptation of marine organisms. I found distinct DNA methylation 

patterns in invasive populations, suggesting that DNA methylation can be associated with 

adaptation to new environments. DNA methylation diversity remained high even if genetic 

variation was low, which could allow populations to respond to changing environments, even 

if they are reduced to small population sizes during processes such as introduction events or 
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vulnerable species decline. DNA methylation was altered by ecologically relevant stressors 

within the range predicted by climate change scenarios, showing that DNA methylation is 

responsive to environmental changes on very short timescales. Not only is DNA methylation 

responsive to environmental change, but I found that stress-induced DNA methylation 

differences can be stable and associated with adaptive plasticity. DNA methylation variation 

that results in phenotypic variation provides an opportunity for selection to occur. While DNA 

methylation patterns in invasive populations could not be disentangled from genetic variation 

in natural populations, the use of clonal replicates in manipulative experiments demonstrated 

epigenetic mechanisms might facilitate phenotypic variation though genotype × environment 

interactions. This evidence suggests that epigenetic mechanisms do play a key role in 

adaptation to new environmental conditions and can influence evolutionary processes via 

associations with phenotypic variation and phenotypic plasticity. DNA methylation could act 

to ‘buy survival time’ under stressful conditions in the short-term and may help bridge the gap 

between the initial response to environmental stress and the longer-term stabilisation of 

adaptive phenotypes (Duckworth 2013; Flores et al. 2013; Jablonka et al. 1995; Lachmann and 

Jablonka 1996; Pál and Miklós 1999; Waddington 1942; Waddington 1953). However, there 

appear to be limits and thresholds associated with adaptive methylation plasticity. 

Consequently, the rate of environmental change, coupled with the tolerance thresholds of 

individual species, will likely determine whether epigenetic mechanisms can facilitate 

persistence in the face of a rapidly changing climate. 

 

 Limitations  

Overall, my results indicate that DNA methylation does contribute to adaptation, but many 

unknowns remain. One barrier to elucidating the epigenetic contribution to adaptive 

phenotypes has been the availability of molecular tools for detecting and quantifying functional 

epigenetic marks, particularly in non-model organisms. For DNA methylation, thus far, the use 

of methylation-sensitive amplified polymorphism (MSAP) has dominated the ecological 

epigenetics literature (Schrey et al. 2013). MSAP is an efficient and economical tool for 

identifying genome-wide methylation patterns but does not provide any functional insight into 

differentially methylated loci. Furthermore, results are often difficult to interpret due to 

simultaneous changes across many genes, and therefore the identification of patterns is 

complicated (e.g., Oppold et al. 2015; Schrey et al. 2012; Verhoeven et al. 2010). 
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Consequently, interpretation of results is often limited to identifying correlations and emerging 

patterns, which may or may not be functionally meaningful. Furthermore, the biological 

function of DNA methylation in invertebrates is only beginning to be understood (but see 

Elango et al. 2009; Foret et al. 2009; Gavery and Roberts 2010; Gavery and Roberts 2013; 

Gavery and Roberts 2014; Hearn et al. 2018; Hunt et al. 2013; Kucharski et al. 2008; Regev et 

al. 1998; Rivière 2014; Rondon et al. 2017). Much of our mechanistic knowledge comes from 

studies of mammals and plants, which have shown that DNA methylation is involved in 

maintaining genomic stability (Maloisel et al. 1998), regulating gene expression (Chawla et al. 

2007; Choi and Sano 2007; Li and Zhang 2014; Schübeler 2015; Suzuki and Bird 2008), and 

facilitating the inheritance of environmentally induced information across generations (Anway 

et al. 2005; Cropley et al. 2006). In invertebrates, while associations between environmentally 

induced epigenetic marks and adaptive phenotypes have been found, as discussed above, 

causality remains to be established. For example, while it is interesting that many invasive 

populations retain epigenetic diversity when genetic diversity is reduced, the functional 

significance of epigenetic diversity is unknown.  

 

 Future directions 

The potential for environmentally induced transgenerational epigenetic inheritance continues 

to be a fundamental question in evolutionary biology. The next step will be to identify DNA 

methylation changes in key genes whose expression is altered by environmental cues both 

within, and across multiple generations. Recent advances in nucleic acid sequencing 

technologies have increased the feasibility of epigenetic studies in non-model organisms, 

although many techniques still require reference genomes. Studies utilising new high-

throughput sequencing techniques for high-resolution analysis of DNA methylation at 

functional loci (e.g., reduced representative bisulphite sequencing [RRBS; (Chatterjee et al. 

2013)]; bisulphite-converted restriction site associated with DNA sequencing [bsRADseq; 

(Trucchi et al. 2016)]; whole-genome bisulphite sequencing [WGBS; (Cokus et al. 2008)]), 

coupled with gene expression analyses (e.g., quantitative PCR, RNA-seq), are likely to provide 

valuable insights into epigenetic changes in affected genes associated with functional 

outcomes. Techniques such as gene knockouts and knockdowns of genes that modify DNA 

methylation (e.g., DNA methyltransferases) will aid in identifying the functional role of DNA 

methylation (Holtzman et al. 2018). One new and promising method for the systematic analysis 
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of epigenetic processes is using CRISPR (clustered regularly interspaced short palindromic 

repeats)-Cas9-based tools, which can be used for epigenetic editing at specific loci (Jurkowski 

et al. 2015; Laufer and Singh 2015; Puchta 2016; Vojta et al. 2016). A systems genetics 

approach could also be used to determine the significance of methylation differences. Systems 

genetics is an emerging approach using a range of methods to identify intermediate phenotypes 

(e.g., methylation, transcript, protein and metabolite levels) with correlated responses across 

samples and treatments (e.g., environmental or genetic differences) that can be grouped into 

modules (Civelek and Lusis 2013). For example, this approach has recently been used to 

understand the effects of heat stress in reef-building corals by grouping variation in expression 

of thousands of genes into 23 co-expressed ‘modules’, with two modules reliably predicting 

bleaching after heat stress (Rose et al. 2016). Epigenetic mechanisms are just one way in which 

organisms can respond to environmental challenges and combining omics approaches provides 

an opportunity to understand multiple components of adaptive responses (Torda et al. 2017). 

With the help of new genomic technologies, research focused on characterising the role of 

DNA methylation in non-model organisms, particularly in the context of invasion biology, has 

the potential to make significant contributions to our understanding of adaptation and evolution 

on rapid timescales. Due to the wide-reaching implications of inducible stress resistance, 

experiments investigating the effects of repeated exposure to stress, or hardening, on the 

epigenome are likely to be a major focus of future research. As mentioned above, epigenetic 

hardening would have significant implications for aquaculture and conservation, with the 

potential for the selection on epigenetic marks for tolerance that might be inducible through 

environmental manipulation (Eirin-Lopez and Putnam 2018, Gavery & Roberts 2017, van 

Oppen et al. 2015).  

 

 Concluding remarks 

The work presented in this thesis provides a comprehensive picture of global DNA methylation 

in a marine invertebrate and paves the way for future research into of the role of DNA 

methylation in environmental adaptation. The field of marine environmental epigenetics has 

an exciting future ahead. A greater understanding of epigenetic regulation could increase the 

potential for assisted evolution via controlled stress exposure (e.g., hardening), which could be 

used for both commercial (e.g., stock conditioning; Gavery & Roberts 2017) and non-

commercial (e.g., building resilience through restoration; van Oppen et al. 2015) purposes. 
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Epigenetic signatures of invasiveness could facilitate risk assessments (Hawes et al. 2018a) 

and epigenetic-based assays could be incorporated into biomonitoring of environmental stress 

(Eirin-Lopez and Putnam 2018). Fundamentally, characterising the role of epigenetic effects 

in natural systems has the potential to transform our understanding of ecological adaptation 

and evolutionary dynamics.
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