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ABSTRACT 

The starlet sea anemone, Nematostella vectensis (phylum Cnidaria, class 

Anthozoa), inhabits tidal marshes along the Atlantic coast of North America. These 

shallow coastal habitats are subject to extreme environmental variability, including 

fluctuating levels of reactive oxygen species (ROS). High ROS concentrations can be 

cytotoxic and lead to oxidative stress. Given the importance of tidal marshes for marine 

biodiversity and their susceptibility to oxidative stress, it is important to study how 

resident organisms counteract oxidative stress. N. vectensis is an excellent model system 

for addressing the evolution of oxidative stress mechanisms because (1) this anemone 

exhibits tolerance to a variety of environmental stressors, (2) there is clear evidence of 

local adaptation to stress in different populations and sub-populations, and (3) protein-

coding polymorphisms have been identified, some in proteins that are implicated in stress 

response. I exposed fifteen different clone lines of N. vectensis collected from four 

estuaries to biologically relevant levels of hydrogen peroxide. Pronounced differences are 
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apparent between clone lines collected from Meadowlands, NJ, Baruch, SC, and 

Kingsport, NS, as well as among twelve clones collected at a single Cape Cod marsh.  

This is the first study that demonstrates intraspecific variation in the oxidative stress 

response of N. vectensis. To understand how the peroxide response of these clones might 

differ at the level of gene expression, I sequenced the transcriptomes of 7 clone lines 

under control conditions and when exposed to survivable levels of peroxide for 24 h. I 

found survivable peroxide exposure induces robust and repeatable changes in gene 

expression, including the up-regulation of genes shown to be associated with cellular 

responses to oxidative stress, thermal stress, and UV stress, and down-regulation of genes 

that promote generation of ROS, including the enzymes involved in oxidative 

phosphorylation. Additionally, I identified pronounced differences in the peroxide-

induced transcriptional profiles between genets of N. vectensis. The existence of a 

conserved oxidative stress response has major implications for studies on how other 

cnidarians, particularly corals, will withstand the impacts of climate change. Indeed, the 

proximal cause of coral bleaching—the major threat to corals worldwide—is oxidative 

stress. 
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CHAPTER ONE: OXIDATIVE STRESS RESPONSE IN COASTAL MARINE 

ECOSYSTEMS 

 

Introduction 

 In this chapter, I review current literature on how species respond to chemical 

challenges in their environments by altering gene expression. In particular, I focus on 

how coastal marine invertebrates respond to reactive oxygen species (ROS).  This review 

summarizes recent literature on (1) ROS levels in coastal marine habitats, including what 

is known about sources of oxidative stress in the habitat of my model organism 

Nematostella vectensis, (2) marine invertebrates’ genetic tolerance to ROS, and (3) the 

cellular pathways affected by oxidative stress. In marine invertebrates, gene expression 

changes induced by ROS exposure likely include adaptive mechanisms to mitigate 

oxidative effects. However, exposure to ROS can also trigger apoptosis and otherwise 

cause the breakdown of cellular pathways, cellular events that would be accompanied by 

non-adaptive changes in gene expression.   

 

Reactive oxygen species (ROS) 

 Molecular oxygen first appeared in the oceans approximately three billion years 

ago as a metabolic byproduct of oxygenic photosynthesis, and it later began to 

accumulate in the atmosphere as marine oxygen sinks (such as elemental iron) became 

saturated (Crowe et al., 2013). The presence of atmospheric oxygen facilitated the 

evolution of aerobic life forms that use molecular oxygen (O2) as the final electron 
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acceptor during oxidative phosphorylation and allowed more highly efficient energy 

production in cells (Bubici et al., 2006; Crowe et al., 2013). 

Today a variety of normal cellular processes use O2 for energy production and 

oxidative reactions and many of these processes, as well as environmental factors, create 

reactive oxygen species (ROS) as a byproduct. ROS byproducts are generated 

endogenously during the mitochondrial electron transport chain, mainly from complex I 

(NADH dehydrogenase) and complex III (ubiquinone–cytochrome c reductase), through 

numerous enzymes (including dehydrogenases in the TCA cycle, NADPH oxidases, 

lipoxygenases, and cycloxygenases) and by cytokines, growth factors, ionizing radiation, 

UV exposure, and other environmental factors (Acharya et al., 2010; Finkel and 

Holbrook, 2000; Sies, 2014). 

Different ROS vary in their origins, their cellular half-lives, and their reactivity. 

Superoxides are short-lived and highly unstable metabolic byproducts, which can serve as 

signaling molecules within cells and between pathways (Finkel and Holbrook, 2000). 

Superoxide is biologically common and highly reactive. It can react with nitric oxide 

(NO) to form toxic peroxynitrite. Alternatively, superoxide can be converted to hydrogen 

peroxide (H2O2) by spontaneous dismutation or superoxide dismutase (SOD) (Gloire et 

al., 2006; Saragosti et al., 2010). H2O2 is a metabolite of respiration with normal 

intracellular concentrations of approximately 10 nM (Sies, 2014). H2O2 is a relatively 

long lived ROS compared to superoxide and is freely diffusible (Finkel and Holbrook, 

2000). Gradients of H2O2 in cells are used for transport across membranes along with 
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transport protein aquaporins called peroxiporins. Peroxide can further be broken down to 

hydroxyl radicals in the presence of metal ions (Richier et al., 2003; Sies, 2014). 

 

Toxicity of reactive oxygen species 

 ROS can oxidize biological macromolecules, including DNA, lipids, and proteins, 

resulting in cellular damage (Carillon et al., 2013; Han et al., 2008). Here, I focus on the 

deleterious effects of ROS on DNA and proteins. ROS have been shown to damage both 

genomic and mitochondrial DNA (Finkel and Holbrook, 2000). DNA damage resulting 

from oxidation by ROS includes depurination, depyrimidination, single- or double-

stranded DNA breaks, base and sugar modifications, and DNA-protein crosslinking. ROS 

induced DNA damage can arrest or induce transcription, interfere with signal 

transduction pathways, and lead to replication errors or genomic instability (Acharya et 

al., 2010; Han et al., 2008). 

 As a result of its pervasive cellular effects, oxidative damage to DNA has been 

shown to play a role in cancer, aging, diabetes, arthritis, and neurodegenerative diseases 

(Acharya et al., 2010; Zhang et al., 2013). Mitochondrial DNA damaged during 

replication has been shown to impair cellular energy metabolism. Immune system 

responses to inflammation are regulated by macrophages and ROS induced regulatory 

disruption in differentiation of these cells is implicated in cancers and autoimmune 

diseases (Zhang et al., 2013).  The accumulation of oxidized DNA in mitochondrial and 

nuclear DNA is correlated with increased susceptibility to cancer and neurodegenerative 

diseases including Alzheimer’s, Parkinson’s and Huntington’s disease (Ventura et al., 
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2010). In addition to its damaging effects on DNA, sustained exposure to elevated ROS 

can inactivate many cellular enzymes and play a role in cellular senescence (Bubici et al., 

2006; Finkel and Holbrook, 2000; Wu et al., 2009).  

 ROS are known to modify amino acid side chains containing cysteine, 

methionine, proline, histidine, and tryptophan. One of the main sites of ROS damage to 

proteins is the thiol group of cysteine. A variety of modifications can be made to cysteine 

that can change a protein’s conformation and functions. Effects include formation of 

disulphide bridges connecting cysteine groups (-S˗S-), oxidation of a single thiol to form 

a sulfenic acid group (RSOH), and S-nitrosylation reactions between nitrous oxide and a 

thiol group. By this epigenetic mechanism, ROS can impact protein function directly 

without changing the underlying DNA or RNA. ROS can have a variety of roles in gene 

expression, including the modification of transcription factor activation. For example, the 

NF-κB pathway is activated in response to a range of environmental stressors including 

pathogen exposure, ultraviolet light, and oxidative stress. Nuclear localization of NF-κB, 

which is a critical step in the activation of the NF-κB signaling pathway, can be activated 

by H2O2 in certain cell types (Gloire et al., 2006; Shi and Gibson, 2007).The presence of 

ROS in cells is hypothesized to activate NF-κB nuclear localization and stress response 

mechanisms (Gloire et al., 2006).  

 

Beneficial roles of ROS 

 While high ROS concentrations can harm cells, at low levels, ROS are important 

effectors in a variety of signal transduction pathways as secondary messengers that can 



5 

 

help regulate transcription, differentiation, tissue repair, inflammation, circadian rhythms, 

aging, proliferation, activation of apoptosis, and oncogenesis. For example, H2O2 acts as 

a secondary messenger in cell signaling, because it inhibits tyrosine phosphatases by 

oxidizing cysteine residues in their catalytic domains, which in turn activates tyrosine 

kinases and a cascade of signaling events. ROS also play a role in regulating a variety of 

redox sensitive transcription factors, some of which activate pathways that mediate ROS 

cytotoxicity such as the c-Jun-N-terminal kinase (JNK) mitogen-activated protein kinase 

(MAPK) cascade and the NF-κB signaling pathway (Carillon et al., 2013; Gloire et al., 

2006; Saragosti et al., 2010; Sies, 2014; Zhang et al., 2013).  

 

Oxidative stress and cellular defenses against ROS 

 Oxidative stress occurs when oxidative balance in a cell is disturbed by excessive 

exposure to or production of ROS relative to the antioxidant defenses in a cell (Acharya 

et al., 2010; Anjos et al., 2014; Carillon et al., 2013; Finkel and Holbrook, 2000; Shi and 

Gibson, 2007). The generation of a certain amount of ROS is required to maintain 

homeostasis, and antioxidant enzymes help maintain this cellular balance between ROS 

production and removal (Anjos et al., 2014; Carillon et al., 2013; Finkel and Holbrook, 

2000). However, excess ROS have cytotoxic effects as described above. Importantly, 

oxidative stress can result from or be exacerbated by other environmental stressors 

including thermal stress and UV stress. As sea surface temperatures and solar irradiation 

have been increasing in recent decades (Herman, 2010; Khan et al., 2013) , the already 

pervasive problem of oxidative stress has been growing in importance.  
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 The introduction of oxygen in the oceans and the atmosphere caused the 

extinction of many species, while others were able to evolve defense mechanisms to 

mitigate oxygen toxicity. Aerobic cells evolved specific antioxidant enzymes to convert 

superoxide anions to hydrogen peroxide, and enzymes to degrade H2O2. ROS enzymatic 

scavengers include DNA repair enzymes, SODs, glutathione peroxidases (GPx), 

peroxiredoxins, and catalases (Carillon et al., 2013; Han et al., 2008; Sies, 2014). SOD is 

an important enzyme that can have both pro-oxidant and anti-oxidant effects. In addition, 

studies have shown that when SOD is administered exogenously, ROS effects on cells 

decrease and endogenous antioxidant defenses increase (Carillon et al., 2013). Non-

enzymatic systems have also evolved to sequester ROS in reduced glutathione, ascorbate, 

pyruvate, flavonoids, carotenoids, and vitamins C and E. In addition, ROS stress response 

pathways include ERK, JNK, MAPK, PI(3)K/AKT, NF-κB, p53, and heat shock 

responses. These pathways link apoptosis or pro-survival responses to oxidative stress 

(Acharya et al., 2010; Bubici et al., 2006; Finkel and Holbrook, 2000). 

 

Oxidative stress in marine environments 

Elevated levels of ROS are a common problem in a wide range of marine ecosystems, 

from salt marshes to deep-sea hydrothermal vents (Lesser, 2006). One important 

mechanism for the production of ROS is solar radiation acting on dissolved organic 

matter (Mopper and Kieber, 2000), which tends to cause elevated ROS in the well-lit 

surface layers of the ocean, particularly in nutrient rich waters. Pollutants, such as run-off 

from industrial processes, including textile bleaching and chemical manufacturing, are 
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also a major source of ROS in coastal marine environments. In the open ocean, vertical 

mixing tends to mitigate the accumulation of ROS, but in some coastal habitats, such as 

salt marshes, high levels of ROS can accumulate due to the combined effects of 

photochemical production and anthropogenic introduction of ROS as well as a lack of 

mixing. In a single marsh, H2O2 concentrations in the water have been shown to vary 

from 0.05 µM to approximately 4.0 µM (Abele-Oeschger et al., 1997). Concentrations in 

sediments can be up to four times higher than this (Abele-Oeschger et al., 1997). By a 

different set of mechanisms, ROS are also known to accumulate in hydrothermal vents. 

In these vents, oxidation of sulfide compounds leads to the production of superoxide 

radical (Tapley et al., 1999), which is then thought to be quickly converted to H2O2. 

Indeed, among the ROS found in seawater, H2O2 is probably of paramount concern to 

marine organisms because it is the most concentrated, has the longest half-life, and can 

pass through lipid bilayers (due to its lack of charge) (Mopper and Kieber, 2000).  

 

Importance of tidal marsh ecosystems 

As described above, salt marshes are subject to elevated ROS; they are also 

among the most highly productive marine ecosystems, and they contribute substantially 

to marine biodiversity. Wetlands filter out pollution, buffer coastal areas from floods and 

storms, and are good at building up soil to counteract sea level rise. They provide a 

permanent home for endemic species and serve as vital nurseries or temporary feeding 

grounds for numerous transient occupants. Tidal marshes are currently suffering 

significant degradation from both global forces (e.g., climate change, sea level rise) and 
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local forces (e.g., eutrophication, point sources of pollution). Human effects include 

groundwater withdrawal, artificial drainage, nutrient inputs, building dams and 

reservoirs, seawalls and development. Due to the patchy distribution of tidal marshes, 

populations of marsh-endemic organisms are limited in their effective dispersal ability 

and are therefore under strong selection pressure to evolve tolerance to their changing 

environment. To understand how marsh organisms may be adapting to environmental 

change, there is an urgent need to study model species that are endemic to salt marshes 

and tractable both in the laboratory and in the field (Darling et al., 2005; Kirwan and 

Megonigal, 2013; Reitzel et al., 2008b). 

 

The starlet sea anemone—a leading salt marsh model system  

The starlet sea anemone, Nematostella vectensis, is a small basal eumetazoan 

species endemic to marshes and other estuarine habitats. As a member of the phylum 

Cnidaria (along with corals, jellyfish, hydras), N. vectensis last shared a common ancestor 

with bilaterian animals (e.g., vertebrates, arthropods, annelids) some 600-800 million 

years ago (Peterson and Butterfield, 2005).  Nematostella is a good model system for 

both field and laboratory studies. It is easy to collect and monitor natural populations, and 

can be cultured easily under laboratory conditions (Darling et al., 2005; Harter and 

Mattews, 2005; Technau and Steele, 2011).  The Nematostella genome is sequenced to 

6.5-fold coverage, and it is estimated to be approximately 450 megabases (Mb) spread 

over 30 chromosomes (Putnam et al., 2007). In comparison, the coral Acropora millepora 

has 28 chromosomes, an estimated genome size of 200 Mb, and about 80% of its genes 
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have homologs in Nematostella. The genome of the closely related coral Acropora 

digitifera has an estimated genome size of 420 Mb with 23,668 gene models and 93% of 

genes with counterparts in other metazoans. The sequencing of the Nematostella genome, 

along with 150,000 ESTs, has revealed abundant protein-coding polymorphisms, some in 

stress-response proteins (Putnam et al., 2007; Shinzato et al., 2012; Sullivan et al., 2009; 

Wang et al., 2009b; Wang et al., 2009c). 

 

Nematostella’s environmental tolerance and genetic diversity 

All known Nematostella populations exhibit tolerance to a wide range of 

environmental variation, such as temperature and salinity changes. Nematostella prefer 

salinities between 10-26 parts per thousand (ppt) but can tolerate up to 51 ppt. Their 

temperature tolerance ranges from 2-28.5°C (Darling et al., 2005; Harter and Mattews, 

2005; Putnam et al., 2007; Sheader et al., 1997; Technau and Steele, 2011). Nematostella 

populations have shown evidence of local adaptation including temperature preferences 

(Reitzel et al., 2013a). Nematostella are benthic organisms with relatively low mobility, 

so they are especially vulnerable to pollutants that settle in sediments of estuaries (Anjos 

et al., 2014; Harter and Mattews, 2005). 

N. vectensis’ range includes estuarine habitats of the United Kingdom, the US 

Pacific coast, and the Atlantic coast of North America from Nova Scotia to the Gulf of 

Mexico. Atlantic coast populations show a high degree of genetic differentiation and 

regional population genetic structure that is not correlated to relative geographic 

distances.  It is hypothesized that Nematostella’s population genetic structure is the result 
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of limited gene flow between Nematostella populations, adaptation to local 

environmental conditions, and episodic anthropogenic dispersal over large distances 

(Darling et al., 2009; Darling et al., 2005; Darling et al., 2004; Reitzel et al., 2008a; 

Technau and Steele, 2011). 

The varying environmental conditions that Nematostella encounter may confer 

differing selection pressures, and the ability of this species to tolerate rapid and dramatic 

variation in these environmental conditions implies that N. vectensis populations must 

exhibit wide environmental tolerances. At the same time, the pronounced environmental 

differences between and even within estuaries inhabited by N. vectensis suggest the 

potential for local adaptation to differing selection pressures. The potential for local 

adaptation is magnified by the fact that Nematostella’s natural dispersal ability appears 

quite limited, as evidenced by significant genetic structure between and even within 

estuaries (Darling et al., 2004; Reitzel et al., 2008a; Reitzel et al., 2009; Reitzel et al., 

2008b). 

 

Nematostella SNPs 

Single nucleotide polymorphisms (SNPs) are relatively common and can occur in 

both coding and non-coding regions of the genome. SNPs in eukaryotic genomes are the 

most abundant type of genetic variation and can be used as genetic markers for linkage 

mapping, mapping of complex traits, and population genomic studies. SNPs in functional 

genes are particularly useful in non-model organisms, because they help identify genes 

underlying complex traits in these species. Single-nucleotide polymorphisms can have 
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functional consequences if they change the amino acid encoded at a functionally 

significant position in a protein. In addition, SNPs can influence promoter activity, splice 

site recognition, exon skipping, and mRNA binding or localization (Li et al., 2011; Wang 

et al., 2009b).  

 The human genome contains three billion base pairs, and a SNP occurs on 

average at one nucleotide per 300-500 base pairs. In the Pacific coral Acropora 

millepora, relatively high levels of polymorphisms have been found among individuals 

within the same reef. These polymorphism rates are similar in other cnidarian species. In 

Nematostella, large-scale genome sequencing projects have identified at least 555 

genomic SNPs with a high degree of confidence, with 343 in coding regions and only 78 

of these being nonsynonymous polymorphisms. It is estimated that in Nematostella, the 

rate of generating new nucleotide polymorphisms is about ten times higher than in 

humans (Li et al., 2011; Reitzel et al., 2009; Wang et al., 2009a; Wang et al., 2009b). 

 Previous studies have correlated a variety of allelic variations with a species’ 

geographic distribution. Studies of long-term adaptation on specific nucleotide 

substitutions have shown evidence that geographic differences correlate to variation in 

allelic distribution (Velez and Feder, 2006). Relative fitness in specific environmental 

conditions has also been correlated with the effects of selection pressures on 

nonsynonymous mutations already present. These environmental conditions impose 

selection, since individuals with alleles that are favored in specific conditions are more 

likely to survive and reproduce (Hoffmann et al., 1995).  The relative fitness of an allele 

at a polymorphic position in the Nematostella genotype (such as the cysteine or serine 
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polymorphisms at position 67 in the DNA binding loop of the NF-κB locus) depends on 

how that allele interacts with the genetic background to affect the phenotype and how 

alternate phenotypes fare in a given environment. Previous studies have begun to 

investigate relative allele distributions and have observed differences in Nematostella 

NF-κB allele frequencies among populations at different locations (Sullivan et al., 2009; 

Wolenski et al., 2011a; Wolenski et al., 2011b). 

  

Summary of my experimental approach 

Given the importance of tidal marshes for marine biodiversity and their 

susceptibility to oxidative stress, it is important to study how estuarine organisms 

counteract oxidative stress and whether there is variation in this trait within and between 

species.  Nematostella vectensis is an excellent model system for addressing these 

questions. In the chapters that follow, I use survival and regeneration assays to 

demonstrate that there is significant variation in peroxide resistance within and between 

populations of N. vectensis. In order to characterize Nematostella’s transcriptomic 

response to peroxide exposure and potentially identify molecular differences between 

peroxide resistant and peroxide sensitive individuals, I sequenced RNA from seven 

different genets exposed to peroxide or control conditions. A bioinformatics analysis of 

approximately 390 billion filtered reads of transcriptomic data identified hundreds of 

genes that exhibit elevated expression in response to peroxide exposure, including many 

genes known to be involved in the oxidative stress response of other species. Importantly, 

my analyses revealed pronounced differences in peroxide’s effect on the expression of 



13 

 

individual genes, including superoxide dismutase. These transcriptomic differences may 

partially explain the phenotypic differences in peroxide tolerance that I documented. In 

the final chapter, I discuss the broader significance of these findings, and I suggest a 

research program to identify the genetic variation that is critical to the observed variation 

in peroxide tolerance. 
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CHAPTER TWO:  INTRASPECIFIC VARIATION IN PEROXIDE SENSITIVITY 

IN NEMATOSTELLA VECTENSIS 

 

Introduction 

The starlet sea anemone, Nematostella vectensis, is a leading laboratory model 

organism in the phylum Cnidaria due to its ease of culture, amenability to a wide range of 

experimental protocols, and the availability of abundant genomic resources (Darling et 

al., 2005; Hand and Uhlinger, 1991, 1992; Stefanik et al., 2013a; Stefanik et al., 2014; 

Stefanik et al., 2013b). In its natural habitat—estuaries along the Atlantic coast of North 

America—this animal experiences dramatic variation in key environmental variables 

over short temporal and spatial scales (Darling et al., 2005; Hand and Uhlinger, 1994). 

Furthermore, there is extensive genetic and phenotypic variation between populations of 

N. vectensis (Darling et al., 2004; Reitzel et al., 2013a; Reitzel et al., 2013b). Atlantic 

coast populations have a high degree of genetic differences and of regional population 

genetic structure that is not correlated to relative geographic distances. These differences 

within local populations are hypothesized to be the result of limited gene flow within and 

between N. vectensis populations, adaptation to local environmental conditions, and 

episodic anthropogenic dispersal over large distances. The estuarine habitats inhabited by 

N. vectensis are often physically isolated, and these habitats can differ dramatically with 

respect to key environmental parameters, such as temperature, pH, and salinity. 

Moreover, the early stages of the N. vectensis lifecycle exhibit limited dispersal ability. 

For example, the egg mass is negatively buoyant (Hand and Uhlinger, 1992), and the 
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larvae are negatively geotaxic [Braff, Lever, and Finnerty, unpublished data]. The 

combination of diverse environments and limited dispersal will tend to promote adaptive 

genetic differentiation between populations. For this reason, N. vectensis has been 

advocated as a useful model for studying adaptive microevolution in a coastal 

invertebrate beset by rapid climate and environmental changes (Darling et al., 2005; 

Reitzel et al., 2013a).  

One environmental stressor that varies dramatically in salt marshes and other 

estuarine habitats is hydrogen peroxide (Abele et al., 1999; Abele et al., 1998b). Peroxide 

can accumulate in shallow coastal habitats due to natural inputs such as photochemical 

production and atmospheric wet deposition (Abele et al., 1999) as well as anthropogenic 

inputs such as runoff from industrial processes (e.g., mining, industrial manufacturing) 

(Aseervatham et al., 2013). Salt marshes are particularly susceptible to peroxide 

accumulation because large amounts of organic matter can fuel peroxide production 

through photo-degradation, and isolated pools may seldom be flushed. In a single marsh, 

hydrogen peroxide concentrations in the water have been shown to vary from 0.05 µM to 

approximately 4.0 µM, with concentrations in sediment higher than concentrations in the 

adjacent water (Abele-Oeschger et al., 1997). N. vectensis is a benthic organism with 

relatively low mobility, so this species is readily exposed to compounds that accumulate 

in sediments of estuaries (Anjos et al., 2014; Harter and Mattews, 2005).  

In its natural habitats, N. vectensis can be exposed to a wide range of exogenously 

produced reactive oxygen species (ROS) including hydrogen peroxide. It must, therefore, 

be under strong selection to counteract oxidative stress. N. vectensis is known to tolerate 
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a wide range of other highly variable environmental parameters. For example, the species 

can tolerate salinities from ~0-50 ppt and temperatures from 2-28.5°C (Darling et al., 

2005; Hand and Uhlinger, 1994; Harter and Mattews, 2005). The ability to tolerate rapid 

and dramatic variations in these environmental conditions implies that individual N. 

vectensis have wide environmental tolerances. At the same time, the pronounced 

environmental differences between and even within estuaries inhabited by N. vectensis 

suggest the potential for local adaptation to differing selection pressures. The potential 

for local adaptation is magnified by the fact that N. vectensis’ natural dispersal ability 

appears limited, as evidenced by significant genetic structure between and even within 

(Darling et al., 2004; Reitzel et al., 2008a). Specifically with reference to peroxide 

tolerance, we might expect all N. vectensis to exhibit a wide tolerance to peroxide, with 

no observable differences between or within populations. However, given that a recent 

study identified substantial differences in temperature-specific growth and regeneration 

rates in N. vectensis (Reitzel et al., 2013a), we sought to investigate whether different 

clone lines exhibit differential peroxide tolerance. Indeed, as elevated temperatures 

promote oxidative stress, we hypothesized that the same clone lines that are best adapted 

to high temperatures would also be most resistant to oxidative stress. 

In this study, we exposed fifteen different clone lines of N. vectensis collected 

from four different estuaries to biologically relevant concentrations of hydrogen 

peroxide. H2O2 was used to induce oxidative stress because (1) it is persistent in marine 

waters; (2) it is uncharged and penetrates cellular membranes, and (3) it is easy to work 

with in the laboratory (Finkel and Holbrook, 2000; Richier et al., 2003; Sies, 2014). The 
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study included three clone lines (one each from Baruch SC, Meadowlands NJ, and 

Kingsport Nova Scotia) known to vary in their growth and/or regeneration rates at 21 and 

29°C as well as 12 previously uncharacterized clone lines established from founder 

individuals collected in Great Sippewissett Marsh, Falmouth, MA (Fig. 2.1). We 

monitored the effects of peroxide on adult animal survival and on the ability of animals to 

regenerate a new “head” following bisection through the body column. We identified 

substantial differences in the effects of peroxide exposure on survival and regeneration 

rates between the SC, NJ, and NS clone lines and among clone animals collected from 

the single estuary in Sippewissett. To our knowledge, this is the first demonstration of 

intraspecific variation in oxidative stress tolerance in any animal. 
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Figure 2-1. N. vectensis collection sites. Founder 

individuals for Nematostella vectensis clone lines 

used in this study were collected from Nova 

Scotia, Massachusetts, New Jersey, and South 

Carolina.
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Methods 

 
Animal collection and husbandry 

N. vectensis animals were collected from estuaries in four locations: Kingsport, 

Nova Scotia; Great Sippewissett Marsh, Falmouth, Massachusetts; Meadowlands, New 

Jersey; Baruch, South Carolina, as previously described (Fig. 2.1) (Darling et al., 2004; 

Reitzel and Darling, 2003). Within Sippewissett Marsh, founder individuals were 

collected from three distinct pools labeled Pool A-C. Shortly after capture, individual 

anemones were used to establish clone lines by repeatedly bisecting the animals and 

allowing them to regenerate (Stefanik et al., 2013a). All clone lines were housed in the 

laboratory using standard culture conditions (Stefanik et al., 2013a) for a period of 

several years before being used in this study.  

 

Peroxide survival experiments 

Several individual anemones from each clone line (n=5-10) were maintained in 

0.0005% H2O2/11 ppt artificial seawater (0.00021M H2O2) or under control conditions 

(11 ppt artificial seawater, ASW; Instant Ocean™)) for a period of two weeks. The 

ASW/H2O2 or ASW media was changed daily. Over the course of these experiments, 

each individual anemone was housed in a single well of a 12-well plate (Thermo 

Scientific Nunc) and maintained at 20°C on a 12 h-light/12 h-dark diel cycle. Once per 

day, individual anemones were scored for tentacle number and for the ability to contract 

the tentacles and body column in response to mechanical stimulation. Single factor 

ANOVAs were performed to identify significant differences in average tentacle number 
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between peroxide exposed and control individuals on each day of the study (p<0.05). By 

the end of the study, animals that had lost the ability to respond to mechanical stimulation 

were scored as deceased.  All surviving anemones that had been subjected to peroxide 

exposure were retired from any future stress-tolerance studies due to concerns over 

potential lingering epigenetic effects of exposure.  

 

Peroxide regeneration experiments 

Individual anemones from each clone line (n=10-20) were bisected along the 

transverse axis at the midpoint of the body column, approximately equidistant from the 

tip of the foot and the opening of the mouth. The aboral halves of 50% of the bisected 

anemones (n=5-10) from each clone line were then transferred to 0.00025% H2O2/11ppt 

ASW (i.e., half of the H2O2 concentration used in the survival experiments). These 

animals were then allowed to regenerate for 14 days, while the other 50% were allowed 

to regenerate for the same period under control conditions (11 ppt ASW). The 

H2O2/ASW or ASW media were changed daily. The anemones were sorted between 

H2O2 and control treatments so that mean body length was approximately equal between 

treatments. Individuals used in these experiments were between 0.5-3.0 cm in length 

from the tip of the foot to the oral opening. Regenerating anemones were scored daily for 

the presence and number of tentacles, and after 14 days, they were scored for their ability 

to feed. If the bisection site of the regenerating anemones was not a clean cut, then the 

individual was not included in the data. Previous studies have shown the regeneration 

process is slowed when the bisection is not clean or the mesenteries are exposed (Reitzel 
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et al., 2008a). ANOVAs were performed to determine significant differences in average 

tentacle number during regeneration between H2O2-exposed and control individuals. As 

with the H2O2 survival experiments, all surviving anemones that successfully regenerated 

when exposed to H2O2 were retired from any future stress-tolerance studies due to 

concerns over potential lingering epigenetic effects of exposure. 

 

Results 

 
Clone lines of adult anemones show differences in survival upon treatment with H2O2 

We scored adult polyps in peroxide and control conditions for the number of 

tentacles in the extended position to measure survival over a period of 14 days (Fig. 2.2). 

We used this metric as an indicator of the anemones’ condition because tentacle number 

is easy to score, the tentacles are particularly sensitive to tissue damage from elevated 

peroxide, and tentacle extension, which is necessary for feeding, is characteristic of 

unstressed animals. In all clone lines tested, there was no change in mean tentacle number 

in control conditions. However, there was a significant decrease in tentacle number in 

several clone lines under conditions of H2O2 exposure (Fig. 2.3, 2.4). In the clone line 

from Nova Scotia (NS), mean tentacle number showed a significant decrease in peroxide 

-exposed animals beginning on day 9 and continuing to the end of the study on day 14. In 

the clone line from New Jersey (NJ), peroxide -exposed and control animals began to 

diverge in tentacle number at day 12, and the difference between treatments became 

statistically significant by day 14. By contrast, the South Carolina clone line may be able 

to tolerate indefinite exposure to the tested level of peroxide, as we observed neither a 
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significant decline in tentacle number nor any visible tissue disfigurement over the course 

of the treatment period.  

Differences between the NJ, NS, and SC clone lines in H2O2 tolerance were not 

surprising given previously demonstrated differences in their response to elevated 

temperatures (Reitzel et al., 2013a). However, we also observed significant and equally 

substantial differences in H2O2 tolerance among 12 genetically distinct N. vectensis clone 

lines generated from individuals collected from three pools in Sippewissett Marsh, MA in 

2008 (Figs. 2.3,2.4). In particular, three Sippewissett clone lines appeared minimally 

affected by H2O2 exposure (MA A1, MA C2, and MA C4), while the other nine clone 

lines displayed varying levels of disfigurement and loss of tentacles over time (Figs. 2.3, 

2.4). The three clone lines minimally affected by H2O2 exposure had been collected from 

two different pools in Sippewissett Marsh. Two of the resistant clone lines came from 

Pool C, which also contained three clone lines that were sensitive to H2O2 exposure. The 

other resistant clone line came from Pool A (MA A1), and there were four sensitive clone 

lines also from that pool (MA A2, A3, A4 and A5). Unfortunately, we are unable to 

directly compare the performance of MA A1 under H2O2 -exposed versus control 

conditions because the clone line perished, apparently due to disease, before the control 

could be performed.  
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Figure 2.2. Representative adult tolerance to peroxide exposure. Representative 

individuals from Sippewissett MA (top row: MA B1; bottom row: MA A1) during 

exposure to 0.0005% H2O2 (A-D) or control conditions (E-F) over 7 days. After a week, 

the majority of the clone lines showed severe disfigurement and loss of tentacles but we 

also found clone lines that were resistant to H2O2 exposure. 
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Figure 2.3. Adult tentacle number over the course of 14-days exposure to peroxide or 

control conditions for 15 N. vectensis clones. In all of the graphs, days of exposure are 

given along the X-axis, and tentacle number is shown on the Y-axis. The control 

condition is shown using black lines, while the H2O2 exposure is shown in the colored 

lines. The number of individuals tested under control conditions and H2O2 exposure is 

provided for each clone line (n=#/#). Statistically significant differences between H2O2 

and control conditions on a given day are indicated using asterisks (* = p<0.05; ** = 

p<0.005). 
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Figure 2.4. Adult peroxide sensitivity during peroxide exposure for 15 N. vectensis clone 

lines. Adult H2O2 sensitivity as measured by mean tentacle number over time (n=4-11) 

during exposure to 0.0005% H2O2 in 15 clone lines from MA pool A (purple), MA pool 

B (blue), MA pool C (red), New Jersey (orange), Nova Scotia (green), and South 

Carolina (teal). Six clone lines appear minimally affected by H2O2 and this does not seem 

to be a pool-specific effect within the populations. (*p<0.05; **p<0.005). 
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Regeneration is differentially affected by H2O2 in clone lines of anemones 

To determine whether H2O2 had an effect on regeneration, we bisected animals, 

isolated the aboral halves, and then counted the number of tentacles in these regenerating 

animals once per day over a 14-day period under control conditions or in the presence of 

H2O2 (Fig. 2.5). The rate of regeneration was significantly affected by H2O2 exposure and 

clone population (Fig. 2.6). The NS clone line showed a significant effect of H2O2 

exposure on average number of tentacles present on days 5-12 (p<0.05), with highly 

significant effects on days 5, 11, and 12 (p<0.005). The H2O2 exposed NJ individuals 

showed significantly lower average tentacle numbers on day 7 as well as days 11-14 of 

regeneration (p<0.05), with highly significant differences apparent by day 14 (p<0.005). 

The SC clone line showed no statistically significant effects of H2O2 exposure on tentacle 

number throughout the 14-day regeneration period. 

Continual H2O2 exposure had varying effects on regeneration in 11 clone lines 

from Sippewissett Marsh (Fig. 2.6). In general, the ability to regenerate in 0.00025% 

H2O2 was correlated with their ability to survive in 0.0005% H2O2. From MA pool A, the 

four clone lines that were sensitive to H2O2 in the adult survival assay (MA A2, A3, A4, 

A5) also showed delayed regeneration in the presence of H2O2 at some time points. In 

clone lines MA A4 and A5, a significant detrimental effect of H2O2 was observed until 

the end of the study, becoming increasingly severe over the 14-day period. In MA A2 and 

A3, the number of tentacles on individuals undergoing H2O2 treatment had similar mean 

tentacles number as the control specimens by the end of the study. Unfortunately, the 

clone line from pool A that exhibited the greatest tolerance to H2O2 in the adult survival 
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assay (MA A1) was lost due to an apparent disease before it could be subjected to the 

H2O2 /regeneration assay. While neither of the two clone lines from pool B was able to 

tolerate 0.0005% H2O2 as an adult, both were able to regenerate without any effect in 

0.00025% H2O2. From pool C, the two clone lines that demonstrated the greatest H2O2 

tolerance as adults (MA C4 and C2) showed negligible or minor effects of H2O2 on 

regeneration; regeneration in MA C2 was not affected by H2O2, whereas MA C4 was 

affected by H2O2 on days 3 and 4, before H2O2 treated individuals had similar tentacle 

numbers as control individuals on day 5-14. Some of the less resistant clones (MA C1 

and C3) showed delayed rates of tentacle development early in regeneration (e.g., day 4), 

but were similar to control animals by the end of the study. By contrast, clone line MA 

C5 showed the most persistent and severe detrimental effects of H2O2 on regeneration, 

with a highly significant (p<0.005) decrease in average tentacle number versus control 

from days 8-14.  

If we compare the performance of all clone lines in the presence of H2O2 (Fig. 2-

7), we observe the greatest variation in tentacle number between H2O2 and control 

condition on days 4-6. For example, on day 4, the clone line with the lowest mean 

tentacle count (MA C1) averaged fewer than two tentacles per individual anemone, 

whereas the clone line with the highest mean tentacle count (MA C4) averaged 

approximately ten tentacles per individual. By day 14, many clone lines appeared to 

achieve a steady-state number of tentacles ranging between ~9 (MA B1) and ~14 (NJ). 
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Figure 2.5. Representative regenerating N. vectensis during peroxide exposure.  

Representative N. vectensis individuals from New Jersey (A-D) and Nova Scotia (E-H) 

regenerating during exposure to 0.00025% H2O2 over 14 days. Normal tentacle number 

ranges from 12-14 tentacles, and the regeneration process typically takes between 7 to 10 

days. 
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Figure 2.6. Regenerating tentacles during peroxide exposure for 15 N. vectensis clone 

lines. Regeneration ability as measured by mean tentacle number over time (n=5-11) 

during exposure to 0.00025% H2O2 in 14 clone lines from MA pool A (purple), MA pool 

B (blue), MA pool C (red), New Jersey (orange), Nova Scotia (green), and South 

Carolina (teal). (*p<0.05; **p<0.005). 
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Figure 2.7. Regeneration ability during peroxide exposure for 15 N. vectensis clone lines. 

Regeneration ability as measured by mean tentacle number over time (n=5-11) during 

exposure to 0.00025% H2O2 in 15 clone lines from MA pool A (purple), MA pool B 

(blue), MA pool C (red), New Jersey (orange), Nova Scotia (green), and South Carolina 

(teal) (*p<0.05; **p<0.005). 
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Discussion 

 In this study, we describe significant differences in the response of various 

genotypes of the estuarine sea anemone N. vectensis to peroxide exposure (Table 2.1). 

The fifteen clone lines tested were divided into four categories based on their peroxide 

resistance. Highly resistant clones showed minimal tentacle loss (0-3 tentacles) over the 

course of the 14 day survival assays (Figure 2.4). Moderately resistant clone lines lost 

between 4-7 tentacles over two weeks. Moderately sensitive clones took more than 7 days 

to lose all of their tentacles and highly sensitive clones lost all of their tentacles in fewer 

than 7 days (Table 2.1). 

H2O2 is a straightforward and biologically relevant way to challenge the oxidative 

stress response of a coastal marine invertebrate such as N. vectensis, because the species 

regularly confronts elevated H2O2 levels in its natural environment. Unlike other ROS, 

H2O2 is uncharged and can diffuse freely across membranes. It is a long-lived ROS 

compared to superoxide and is a strong oxidant in both acidic and alkaline conditions. 

Elevated levels of H2O2 are generally observed during the spring and summer months in 

intertidal sandflats. Previous studies have shown that intertidal habitats where N. 

vectensis live have higher variations in chemical stresses (including oxidative stress) and 

physical disturbances than subtidal zones (Finkel and Holbrook, 2000; Perkins, 2007; 

Storch et al., 2001). In previous studies on coastal and estuarine invertebrates and fishes, 

elevated peroxide concentration has been shown to compromise tissue integrity, impair 

physiological function and induce mortality (Abele et al., 1998a; Storch et al., 2001).  
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In addition to contributing to the chemical stress variation in intertidal zones, 

ROS also play a significant role in the degradation and bleaching of coral reefs. In recent 

years, increasing CO2 has been accumulating in both the atmosphere and ocean.  Coral 

bleaching is initiated by photosynthetic dysfunction leading to oxidative stress and can be 

triggered by numerous stressors including temperature fluctuations, UV light, pollution, 

and changing seawater conditions (e.g., sedimentation, salinity, nutrients) (Downs et al., 

2002; Merle et al., 2007; Shinzato et al., 2012; Weis, 2008). Bleaching is the result of a 

breakdown in the symbiotic relationship between the host cnidarian and unicellular 

photosynthetic dinoflagellate symbionts (e.g., Symbiodinium). Oxidative stress has been 

shown to be a major role in bleaching events and apoptosis in corals, with ROS playing a 

central role in injury in both the corals and symbionts (Downs et al., 2002; Merle et al., 

2007; Nii and Muscatine, 1997; Richier et al., 2008; Saragosti et al., 2010; Weis, 2008). 

Corals and other cnidarians are in peril due to climate change, so understanding 

cnidarians’ response to environmental effectors is increasingly important (Lewis et al., 

2013; Shinzato et al., 2012; Shinzato et al., 2011; Wolenski et al., 2013).  

Organismal resistance to heat stress has been shown to be correlated with 

resistance to oxidative stress in several organisms. For example, in the mud crab Scylla 

serrata, a species native estuarine ecosystems of the Indo-Pacific, a positive correlation 

was found between thermal and oxidative stress and the levels of antioxidants (Paital and 

Chainy, 2014). Furthermore, temperature fluctuations in either direction are known to 

negatively affect mitochondrial respiration and oxidative metabolism in several marine 

organisms (Abele et al., 2002; Downs et al., 2002; Heise et al., 2003; Paital and Chainy, 
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2014; Weis, 2008). Given this, it is perhaps not surprising that the three clone lines of N. 

vectensis previously shown to differ in their tolerance of elevated temperature (SC, NJ 

and NS; Reitzel et al., 2013a) also differed in their sensitivity to H2O2 (Table 2.1). In the 

previous study, the SC, NJ, and NS clone lines were among 14 different clone lines 

sourced from seven different estuaries along the Atlantic seaboard of North America 

whose growth and regeneration was compared at 9°C, 21°C and 29°C. Our findings 

mirror the relative temperature tolerances in the previous study with the NS clones being 

more sensitive to temperature variation and the SC population being more resistant. For 

example, the SC clone line, which was found to be most tolerant of high temperatures 

(29°C), was also least affected by H2O2, whereas the NS clone line, which was most 

sensitive to high temperature, was most affected by H2O2.  

Perhaps the most surprising result of this study is that we observed significant 

differences in survival and regeneration during H2O2 exposure among clone lines taken 

from the single marsh in Sippewisset, MA. The Sippewisset clone lines used in our 

experiments are derived from wild-caught individuals that lived within a hundred meters 

of each other, some collected from the same small pool where they would have 

presumably encountered similar environmental stressors; i.e., each of the genets collected 

from the same pool would have been subjected to the same daily and seasonal variation 

in temperatures, which suggests that they would not differ widely in their temperature 

preferences. Nevertheless, there was variation among these clone lines in their ability to 

tolerate H2O2 exposure.  
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One explanation for this is may be that within each pool there is an opportunity 

for an individual to select a microhabitat to which it is highly adapted. Habitat selection is 

one of the natural pressures that shape ecosystems, and in coastal ecosystems, this is 

influenced by spatial and temporal heterogeneity in the microhabitats. Habitat selection 

by organisms also influences ecosystem dynamics and can be affected by both biotic and 

abiotic factors including resource quality, risk of predation, competition, reproductive 

benefits and physical constraints including temperature, salinity, and oxygen tolerance. 

Other abiotic factors that can have effects on peroxide levels include sediment 

composition and shifting sediment distribution, the amount of organic matter, water depth 

and tidal action, the amount of pollution and heavy metal contamination, primary 

production, flooding events and the associated interconnectedness of tidal pools, solar 

radiation, and other microbial plant and algal species present (Fujii, 2012; Iken et al., 

2010; Ross and Adam, 2013; Sheaves and Johnston, 2008). The same intertidal pools 

have been shown to have oxygen saturation and high levels of photosynthesis during the 

day but suboxic or anoxic conditions at night. For example, changes in vertical gradients 

of oxygen, H2S, temperature, and pH have been shown to effect changes in molecular 

response to ROS in the marine polychaete burrower Heteromastus filiformis. Gradients of 

pH have also been shown to affect both oxygen consumption and H2O2 levels (Abele et 

al., 1998b; Storch et al., 2001).  

One model to explain differences in heat and peroxide tolerance between 

individual anemones is that they differ in a stress response pathway. Our results have not 

identified genetic differences between peroxide sensitive and resistant anemones. We 
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note, however, that there are two functionally distinct alleles (cysteine or serine) of the 

NF-κB gene in natural populations of N. vectensis (Table 2.1). These allelic variants of 

NF-κB differ in their DNA-binding and transactivation abilities (Sullivan et al., 2009; 

Wolenski et al., 2011a; Wolenski et al., 2011b). Transcription factor NF-κB can 

counteract biotic and abiotic stresses in insects and mammals by increasing the 

expression of resistance genes (Morgan and Liu, 2011). Related to the studies conducted 

herein, in mammals, transcription factor NF-κB can be activated by ROS, which can 

enable it to activate antioxidant genes such as MnSOD (Das et al., 1995; Djavaheri-

Mergny et al., 2004). Whether NF-κB variants or other genetic or epigenetic factors 

influence heat or peroxide tolerance in N. vectensis is not known. Further studies are 

needed to investigate the genetic basis of the heat and peroxide tolerance discovered 

among N. vectensis individuals. 

A recent study showed variation in temperature tolerance in the coral Acropora 

hyacinthus collected from pools with highly and moderately variable temperature ranges. 

Furthermore, transplant experiments between the pools showed that the corals acquired at 

least part of the gene expression and temperature resilience profiles of the pool they were 

transplanted into (Palumbi et al., 2014). N. vectensis shows similar natural variation in 

response to induced oxidative stress. Adaptation over many generations may be too slow 

for dealing with widespread climate changes. Therefore, the ability of these cnidarians to 

acclimate to changing conditions will have an important role in acquiring the needed 

resistance to deal with stressors in their environments.   
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Table 2.1. Overview of resistant and sensitive clone line collection sites, peroxide 

tolerance, and temperature tolerance. Peroxide sensitivity based on mean tentacle number 

during 14 day exposure to 0.0005% H2O2. Over the course of the 14 day survival assays, 

highly resistant clones showed minimal tentacle loss (0-3 tentacles), moderately resistant 

clone lines lost between 4-7 tentacles, moderately sensitive clones lost all tentacles in > 7 

days and highly sensitive clones lost all of their tentacles in < 7 days. Thermal sensitivity 

estimates taken from Reitzel et al., 2013. The polymorphic NF-κB residue at position 67 

of DNA binding loop is also noted.  nd = no data available.  

 
Clone 

Line Location Pool H2O2 Tolerance 

Thermal 

Tolerance 

NF-κB 

allele 

NJ Meadowlands, NJ NA moderately resistant sensitive C/C 

SC Baruch, SC NA highly resistant resistant C/S 

NS Kingsport, NA NA moderately resistant sensitive C/C 

MA A1 Sippewissett, MA A highly resistant nd nd 

MA A2 Sippewissett, MA A highly sensitive nd nd 

MA A3 Sippewissett, MA A highly sensitive nd nd 

MA A4 Sippewissett, MA A highly sensitive nd nd 

MA A5 Sippewissett, MA A highly sensitive nd nd 

MA B1 Sippewissett, MA B highly sensitive nd nd 

MA B2 Sippewissett, MA B moderately sensitive nd nd 

MA C1 Sippewissett, MA C highly sensitive nd C/S 

MA C2 Sippewissett, MA C highly resistant nd C/C 

MA C3 Sippewissett, MA C moderately sensitive nd nd 

MA C4 Sippewissett, MA C highly resistant nd C/C 

MA C5 Sippewissett, MA C highly sensitive nd C/C 
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CHAPTER THREE: TRANSCRIPTIONAL RESPONSE TO OXIDATIVE 

STRESS IN NEMATOSTELLA VECTENSIS 

 

Introduction 

 
Rationale for a transcriptomics approach 

A principal goal of my dissertation research is to illuminate the genetic basis for 

the observed differences in peroxide tolerance both within and between populations of N. 

vectensis. The function of any gene consists of two major elements: spatiotemporal 

expression (when and where the gene is expressed) and interactional architecture (how 

the gene or gene product interacts with other molecules, including other genes) (Arthur, 

1997). A shift in peroxide tolerance that has a genetic basis could therefore be explained 

by changes in the expression of one or more genes and/or changes in the sequence of one 

or more genes that impact interactional architecture. Both kinds of changes could be 

identified by sequencing the transcriptomes of peroxide-exposed animals that differ in 

their peroxide tolerance. It is important to note that knowledge of the transcriptome 

cannot directly reveal changes in the sequence of cis-regulatory elements that may be 

responsible for differences in gene expression. 

The recent advent of high-throughput DNA sequencing makes it possible to 

compare entire transcriptomes under control conditions and under various environmental 

perturbations (Costa et al., 2010; Ekblom and Galindo, 2011; Martin and Wang, 2011; 

Shendure and Ji, 2008).  A transcriptomics approach can be used to catalogue all types of 

RNA transcripts and quantify expression levels under various conditions. Where the 
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genome sequence is known (as in N. vectensis), RNA sequencing can also reveal gene 

structure, the existence of alternative splice forms, and post-transcriptional modifications. 

RNA sequencing provides a more precise measure of transcript and isoform abundance 

than other methods (such as qPCR and microarray analysis), and it does not suffer from 

experimental limitations that confound microarray-based approaches, including high 

background noise and the inability to detect previously unknown genes (Ekblom and 

Galindo, 2011). RNA sequencing is also more efficient at detecting variation in gene 

expression and rare transcripts than microarrays (Head et al., 2014; Ramsköld et al., 

2012; Wang et al., 2009c). It is also a good way to investigate species, like N. vectensis, 

that have incomplete genomes or that are sequenced with relatively low coverage where 

tiling arrays are not an option.  

Elevated ROS have been shown to induce stereotyped changes in gene expression 

in bacterial cells, plant cells, and mammalian cells, including the up-regulation of genes 

that constitute the oxidative stress defense system (Chen et al., 2013; Enjalbert et al., 

2003; Mostertz, 2004; Raj et al., 2014; Röhrdanz and Kahl, 1998; Vandenabeele et al., 

2003). However, no previous study has examined the transcriptional response to elevated 

ROS in a cnidarian, and no previous study has compared the transcriptomic response of 

individuals from the same species that are known to differ in their phenotypic response to 

ROS. When anemones are challenged with survivable levels of ROS, genes that are 

differentially expressed in treated vs. control anemones will be candidates for 

involvement in oxidative stress response. Presumably, the genes that are involved in the 

oxidative response of N. vectensis will overlap extensively with those known to mitigate 
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oxidative stress in other species, which include genes involved in apoptosis regulation, 

response to endogenous stimuli, and stress response genes (Martin and Wang, 2011; 

Wolenski et al., 2011b). Genes that are differentially expressed under conditions of 

peroxide exposure in resistant versus sensitive individuals may provide clues as to the 

genetic basis of peroxide resistance. As no similar study has been conducted, it is difficult 

to anticipate the possible genetic basis for differences in peroxide tolerance. 

 

Hypotheses on the origin of differential peroxide sensitivity 

 The Nematostella populations examined may have varying strategies to deal with 

peroxide exposure. My initial phenotypic assays demonstrated that genets collected from 

South Carolina, New Jersey and Nova Scotia differ significantly in peroxide tolerance. 

One explanation for this difference is that some populations (e.g., South Carolina) have 

been subjected to higher levels of peroxide than other populations (e.g., Nova Scotia), 

and have therefore been selected for greater peroxide tolerance. However, my subsequent 

studies showed that differences in peroxide tolerance of a similar magnitude could be 

found within a population. The Sippewisset clone lines are derived from wild-caught 

individuals that lived within a hundred meters of each other, some collected from the 

same small pool where they presumably would have encountered similar levels of 

peroxide exposure. Thus, peroxide tolerance varies within and between populations.  

At a genetic level, how do we explain the presence of resistant and sensitive 

individuals in multiple, genetically isolated populations? There are three possible 

explanations, though they are not necessarily mutually exclusive: (1) inheritance of 
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ancestral genetic variation; (2) independent but parallel evolution of resistance and/or 

sensitivity; (3) independent and divergent evolution of resistance and/or sensitivity.  In 

the first scenario, an ancestral population harbored variation in peroxide tolerance. The 

variability in this source population was represented in the founders of new populations 

and has since been retained in these descendant populations. The genetic basis of 

peroxide tolerance would then be shared across populations by virtue of being inherited 

from an ancestral population. In the second scenario, peroxide resistance and/or 

susceptibility evolved independently in multiple populations, but the genetic basis was 

the same. In other words, different populations converged on the same genetic solution to 

the same environmental stressor (e.g., evolution of the same residue at the same amino 

acid position in an anti-oxidant protein). In the third scenario, peroxide resistance and/or 

susceptibility evolved independently in multiple populations, but the genetic basis was 

different. In other words, different populations invented different genetic solutions to the 

same environmental stressor (e.g., one population evolved a modified anti-oxidant 

protein, while another population altered the expression of an entirely different anti-

oxidant protein.).  

 To investigate how the N. vectensis transcriptome responds to peroxide exposure 

and how this may differ in peroxide sensitive vs. peroxide resistant clone lines, I 

performed deep mRNA sequencing on whole anemones exposed to peroxide or control 

conditions. I hypothesized that (1) peroxide exposure would induce stereotypic and 

highly conserved gene expression changes in Nematostella, but (2) that the gene 

expression profile of a peroxide resistant individual would differ from that of a sensitive 
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individual. This study examined both the commonalities in the conserved oxidative stress 

responses and possible variations in the stress response mechanisms among the various 

populations from South Carolina, New Jersey, and Nova Scotia and Sippewissett, MA. 

By comparing the gene expression profiles of individuals exposed to a survivable 

peroxide challenge with control animals I was able to identify a conserved transcriptional 

response to oxidative stress shared between multiple N. vectensis genets and other model 

systems. Additionally, I was able to show that resistant individuals differ from sensitive 

individuals in the expression of genes known to be involved in oxidative stress responses 

of other organisms. However, there were differences among resistant genets and among 

sensitive genets, which suggest that differences in peroxide tolerance have evolved 

independently in multiple populations. 

 

Methods 

 
Peroxide treatments 

 Individuals from each of seven different clone lines (Baruch, SC [n=1]; 

Meadowlands, NJ [n=1]; Kingsport, Nova Scotia [n=1]; Sippewissett, MA [n=4]) were 

exposed to 0.0005% hydrogen peroxide or control conditions for 24 h. Clones were 

selected to exhibit a range of peroxide tolerance (Table 2.1; percentage surviving 14 day 

exposure to 0.0005% H2O2), as determined in chapter 2.  
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RNA isolation, library preparation and sequencing 

Total RNA was isolated from whole anemones in each of the treatments using a 

modified TRIzol protocol (Stefanik et al., 2013b). RNA samples were used to produce 47 

separate cDNA libraries using the Illumina mRNA TruSeq v2 kit. This included 3 to 4 

replicates for each of the seven populations (NJ, SC, NS and 4 from MA Pool C) and 

each of the two conditions (peroxide exposure vs. control) (Table 3.1). Different bar-

coded primers were used for each library, and multiple libraries were pooled for 

sequencing on individual flow cells of an Illumina High Seq instrument (Harvard 

University, Boston MA). Prior to sequencing, the quality of cDNA libraries was assessed 

using a BioAnalyzer High Sensitivity microfluidic DNA chip (Agilent) to evaluate the 

cDNA size distribution. I also used qPCR (Kappa Biosystems’ NGS library qPCR kit) to 

determine the concentration of cDNA fragments with adapter sequences.  

 

Differential expression analysis 

 All sequencing reads were mapped to a recently-generated reference 

transcriptome for N. vectensis (Lubinski et al., 2014a) using Bowtie 2.0 (Langmead and 

Salzberg, 2012). RSEM (Li and Dewey, 2011) was then used to quantify the expression 

of particular transcripts based on the read alignments generated by Bowtie. RSEM was 

chosen because it accounts for variance in expression counts due to uncertainty in 

mapping reads to alternate genes or alternate isoforms. This method has been used 

recently to determine transcriptional profiles and characterize differential expression in a 

number of non-model organisms (Cooper et al., 2014; Cornet et al., 2014; Janbon et al., 
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2014; Lee et al., 2014; Yeaman et al., 2014). The gene-isoform relationship data 

produced by RSEM was then analyzed in EBSeq to identify differentially expressed 

genes between two or more biological conditions in a dataset (Li and Dewey, 2011; 

Robinson et al., 2010). A false discovery rate of 1% was used to identify significant 

differences in expression between peroxide exposed (n=3-4) and control (n=3-4) 

conditions for each clone line. I also tested for significant differences between peroxide 

resistant vs. peroxide sensitive individuals in their transcriptional profiles under 

conditions of peroxide exposure. Once the differentially expressed genes were identified, 

we could search the genes by Gene Ontology (GO) because all of the transcripts in the 

reference transcriptome had previously been assigned provisional ontology based on 

BLAST vs. the non-redundant database at NCBI and extraction of ontology terms using 

Blast2Go (Lubinski et al., 2014a). The differential expression and gene ontology analyses 

were performed by Tristan Lubinski. 

 

Results 

 
Sequencing yield 

In this study, I sequenced the transcriptomes of seven clone lines under control 

conditions and 24 h exposure to survivable levels of peroxide. I sequenced 3-4 replicates 

for each of the seven populations (NJ, SC, NS and 4 from MA Pool C) and each of the 

two conditions (peroxide and control), which amounted to 47 libraries. The total 

sequencing yield was 389,738,649 filtered reads, or approximately 8.3 million reads per 

library (ranging from 2.4-16.5 million reads per library; Table 3.1). On average, 93% of 



46 

 

the reads (86-95% per library) align to the updated Nematostella transcriptome (Lubinski 

et al., 2014a), while the reads generated from each library aligned to ~55% of the 

nucleotide positions in the reference transcriptome (Table 3.1). As in other studies 

[e.g.,(Jiménez-Gómez, 2011)], we noted a correlation between the number of sequencing 

reads obtained for each library and the resulting coverage of the reference transcriptome 

(Figure 3.1).   
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Table 3.1 Sequencing yield. 

Clone line Treatment Reads (millions) % map to NvT1 % coverage of NvT1 

South Carolina 

H2O2 

4.91 86.6 24.8 

3.06 86.2 22.5 

8.45 94.4 63.1 

12.66 94.2 74.0 

Control 

7.41 94.3 54.7 

8.54 94.1 57.7 

2.41 93.9 35.2 

4.61 92.6 36.6 

Nova Scotia 

H2O2 

12.38 93.0 66.0 

6.32 94.7 56.1 

5.88 94.9 53.3 

Control 

8.30 92.4 56.5 

6.23 95.0 50.3 

3.26 94.9 38.4 

8.78 95.1 59.3 

New Jersey 

H2O2 

4.48 87.6 26.1 

4.03 87.8 24.1 

9.65 94.6 68.0 

9.51 94.7 67.4 

Control 

7.41 94.7 54.7 

6.90 94.4 53.3 

9.85 94.6 66.6 

4.23 94.4 47.8 

Massachusetts C1 

H2O2 

8.45 90.7 55.7 

7.60 93.5 55.2 

8.71 95.0 59.7 

Control 

8.47 94.2 55.3 

7.79 92.0 57.4 

6.14 92.1 47.9 

Massachusetts C2 

H2O2 

12.55 91.9 65.7 

16.53 92.0 68.8 

9.20 92.1 60.8 

Control 

7.38 92.6 53.1 

8.40 92.7 55.2 

7.48 92.9 53.3 

Massachusetts C4 

H2O2 

7.59 95.2 56.3 

6.02 94.5 50.3 

7.30 95.2 56.2 

Control 

13.18 91.3 69.4 

7.00 94.9 54.8 

9.38 94.1 58.5 

Massachusetts C5 

H2O2 

13.06 91.5 65.9 

13.50 92.0 65.6 

8.15 92.7 57.6 

Control 

12.95 91.7 67.9 

7.10 93.7 54.2 

16.55 91.6 72.7 
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Figure 3.1. Number of filtered reads (in millions) vs. percent coverage of the reference 

transcriptome for each of seven clone lines exposed to H2O2 (n=3-4) or control (n=3-4) 

conditions. 
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All of transcriptomic data generated in this study will be added to StellaBase—

The Nematostella vectensis Genomics Database (accessible at stellabase.org), which was 

established in 2006 to facilitate the use of Nematostella as a model organism and 

disseminate genomic and transcriptomic data (Reitzel et al., 2009; Sullivan et al., 2008; 

Sullivan et al., 2006). The database has been upgraded to include transcriptomic data 

from multiple populations and multiple environmental treatments (e.g., peroxide 

exposure) (Lubinski et al., 2014a; Lubinski et al., 2014b). The sequencing conducted for 

this study has enabled the production of seven new clone-line specific reference 

assemblies. These assemblies as well as the sequencing data generated from each 

individual library are being made publicly available and searchable via gene ontology 

terms and BLAST at the upgraded StellaBase. A test version of the upgraded database is 

currently accessible at http://cnidarians.bu.edu/stellabase. 

 

Differential expression analysis: variation among individual clone lines 

For all seven clone lines, we compared the mRNA expression profiles of peroxide 

exposed vs. control anemones.  For each of the 14 conditions (seven clones lines times 

two treatments), the mean number of filtered reads obtained over 3-4 replicates ranged 

from 5.7 million to 12.8 million reads, and for all but one clone line (MA C2), we 

obtained an overlapping number of reads from peroxide and control trials (Figure 3.2).  
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Figure 3.2. Number of filtered reads (in millions) for peroxide and control conditions for 

each of seven clone lines. The average number of filtered reads was taken for H2O2 (n=3-

4) and control (n=3-4) conditions. 
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Variation in the number of differentially expressed transcripts 

In each clone line, thousands of genes were differentially expressed in response to 

peroxide exposure (Figure 3.3; produced with assistance from Tristan Lubinski) however, 

the number of differentially expressed contigs varied substantially between clone lines, 

from 2,500 in MA C1 to 14,100 in MA C2 (Table 3.2). As greater sequencing yield could 

allow us to identify a greater number of differentially expressed contigs (particularly for 

rare transcripts), we plotted the total number of reads per clone line versus the number of 

differentially expressed contigs that were identified (Figure 3.4). This graph indicates a 

significant positive correlation (p = 0.0301) between the number of differentially 

expressed contigs identified and the number of sequencing reads, but there appears to be 

a substantial amount of variation that cannot be explained by differences in sequencing 

yield alone.   
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Figure 3.3 Contig expression for control vs. peroxide exposure for each of 7 clone lines.  
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Table 3.2 Number of contigs exhibiting increased or decreased expression in each clone 

line. 

Clone 
line 

Filtered Reads  
(in millions) 

Contigs exhibiting 
increased expression 

Contigs exhibiting 
decreased 
expression 

SC 52.05 4,563 3,887 

NS 51.14 2,290 1,188 

NJ 56.06 3,769 2,311 

MA C1 47.16 1,558 914 

MA C2 61.54 6,607 7,493 

MA C4 50.45 3,054 2,228 

MA C5 71.32 6,672 4,155 
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Figure 3.4. Total number of filtered reads per clone line (in millions) vs. number of 

differentially expressed contigs (in thousands) for each of seven sequenced clone lines.  
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Widely shared aspects of the transcriptional response to peroxide 

Despite differences among clone lines in the number of differentially expressed 

genes, several aspects of the transcriptional response to peroxide exposure are widely 

shared between genets. A list of transcripts was compiled with significantly increased or 

decreased expression in all seven clone lines (Table 3.3). The majority of transcripts had 

no provisional ontology assigned. In all sequenced clone lines, there were five named 

transcripts with significantly increased expression including a cell surface protein, a 

tysosine kinase receptor, two von Willebrand factor D and EGF domain-containing 

proteins, and a tyrosinase and monooxygenase related protein. The transcripts with 

significantly decreased expression included a sequestome 1, gamma-

glutamyltranspeptidase, cytochrome c, Arf-GAP with coiled-ankyrin repeat and PH 

domain-containing protein 2 (Table 3.3). 
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Table 3.3. Transcripts with significantly increased or decreased expression in response to 

peroxide exposure in all 7 clone lines (** p < 0.01; * p < 0.05)  

   Contig ID         Contig Name Expression Change 

Nv.T1.20400.1 no annotation available up ** 

Nv.T1.80280.1 no annotation available up ** 

Nv.T1.63571.1946 no annotation available up ** 

Nv.T1.50161.1 no annotation available up ** 

Nv.T1.63571.5071 no annotation available up ** 

Nv.T1.63571.1951 no annotation available up ** 

Nv.T1.63571.2341 no annotation available up ** 

Nv.T1.63571.1958 no annotation available up ** 

Nv.T1.63571.5052 no annotation available up ** 

Nv.T1.63571.5051 no annotation available up ** 

Nv.T1.45201.1 no annotation available up ** 

Nv.T1.48842.1 no annotation available up* 

Nv.T1.8595.3 cell surface protein up* 

Nv.T1.27264.1 tyrosine kinase receptor up* 

Nv.T1.46148.1 No annotation available up* 

Nv.T1.75457.1 
von Willebrand factor D and EGF  

domain-containing 
up* 

Nv.T1.38369.1 
ame: full=tyrosinase ame: full= 

monophenol monooxygenase 
up* 

Nv.T1.42013.1 protein up* 

Nv.T1.26243.1 
von Willebrand factor D and EGF  

domain-containing protein 
up* 

Nv.T1.63571.5157 no annotation available up* 

Nv.T1.55798.1 no annotation available down ** 

Nv.T1.55797.1 no annotation available down ** 

Nv.T1.883.1 no annotation available down ** 

Nv.T1.20503.1 no annotation available down ** 

Nv.T1.8106.2 sequestosome 1 down ** 

Nv.T1.65316.2 no annotation available down ** 

Nv.T1.63571.5070 no annotation available down ** 

Nv.T1.56385.1 no annotation available down ** 

Nv.T1.69486.1 no annotation available down ** 

Nv.T1.56386.1 no annotation available down ** 

Nv.T1.30370.1 gamma-glutamyltranspeptidase down ** 
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Nv.T1.22734.1 no annotation available down ** 

Nv.T1.29563.1 ame: full=cytochrome c down ** 

Nv.T1.49554.1 predicted protein down ** 

Nv.T1.33376.1 no annotation available down ** 

Nv.T1.15771.2 no annotation available down * 

Nv.T1.49402.1 no annotation available down * 

Nv.T1.20190.1 no annotation available down * 

Nv.T1.38703.1 
ARF-gap with coiled- ankyrin repeat and  

PH domain-containing protein 2-like 
down * 

Nv.T1.54415.1 protein down * 

Nv.T1.4991.1 protein down * 

Nv.T1.21522.1 no annotation available down * 
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An analysis of gene ontology revealed that the same functional categories of 

genes are impacted by peroxide exposure in different genets (Figures 3.5, 3.6, 3.7). For 

example, if we rank the GO categories under “Biological Process” based on the number 

of genes in each category whose expression is significantly altered by peroxide exposure, 

the categories are ranked in almost the same relative order in all seven clone lines (Figure 

3.5). The category with the greatest number of genes impacted by peroxide exposure in 

all clone lines is “oxidation reduction process.” Other categories with high numbers of 

impacted contigs include processes related to translation and post-translational processing 

of proteins (GO categories: translation, protein phosphorylation, translational elongation, 

translational initiation, protein folding), membrane transport (GO categories: 

transmembrane transport, signal transduction, transport) and energy use (GTP and ATP 

catabolic processes). Similar analyses were performed for GO categories “Molecular 

Function” and “Cellular Component” (Figure 3.6 and Figure 3.7). Cellular Component 

GO categories with many differentially expressed transcripts included those related to 

membranes and the mitochondria. The Molecular Function categories with the most 

differentially expressed transcripts included protein binding, nucleic acid binding, ATP 

binding, and ion binding (including calcium, iron, zinc, and metal ions).  

The GO analysis is useful for identifying broad functional categories of genes, but 

individual genes within a given functional category may respond differently in different 

clone lines, and the genes that respond to peroxide exposure may belong to multiple 

functional categories. Therefore, the broad similarity between clone lines that is apparent 

from the GO analysis may obscure key differences among clone lines in the expression of 
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particular genes. For this reason, I compared the expression changes that resulted from 

peroxide exposure in candidate genes of individual clone lines. 
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Figure 3.5 Top 20 classes of gene ontology terms in the biological process category that 

are associated with genes identified as differentially expressed. 
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Figure 3.6. Top 20 classes of gene ontology terms in the molecular function category that 

are associated with genes identified as differentially expressed. 
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Figure 3.7. Top 20 classes of gene ontology terms in the cellular component category that 

are associated with genes identified as differentially expressed. 
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Transcriptional response of known oxidative stress response genes 

A wide range of genes are known to exhibit altered expression under conditions 

of oxidative stress, including superoxide dismutases, heat shock proteins, catalases, 

peroxidases, glutaredoxins, oxidoreductases, disulfide isomerases, glutathionine cycling 

enzymes, ferritins, cytochromes, and oxidases. (Acharya et al., 2010; Blouin et al., 2013; 

Bubici et al., 2006; Carillon et al., 2013; Chen et al., 2013; Dash and Phillips, 2012; 

Downs et al., 2002; Edge et al., 2005; Enjalbert et al., 2003; Han et al., 2008; Miramon et 

al., 2014; Plantivaux et al., 2004; Raj et al., 2014; Richier et al., 2003; Richier et al., 

2008; Saragosti et al., 2010; Schwarz et al., 2008; Shinzato et al., 2012; Sies, 2014). 

Using these gene names as search terms, I identified all differentially expressed 

transcripts in each clone line that appear homologous to these known oxidative stress 

response genes based on BLAST results (Table 3.4). It is important to note that different 

transcripts listed under each gene family may correspond to the same gene, because the 

reference transcriptome used in this study preserves allelic variation as well as splice 

variants.  

For most clone lines, I was able to identify multiple differentially expressed 

transcripts for each gene family, and a majority of the transcripts exhibited increased 

expression under conditions of peroxide exposure. For example, in each of the seven 

clone lines, from 18 to 62 cytochrome transcripts were differentially expressed, and in all 

but two clone lines (MA C4 and MA C5), more of these cytochromes exhibited increased 

expression when the anemones were exposed to peroxide. Two gene families were 

exceptions to this general pattern: catalase and glutaredoxin. In all but two clone lines 
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(again, MA C4 and MA C5), there were no catalase transcripts and no glutaredoxin 

transcripts that exhibited differential expression. Ferritin transcripts showed variation 

among clone lines. A majority of identified ferritin transcripts exhibited increased 

expression in 4 clone lines (NJ, MA C1, MA C2, MA C5), while the majority exhibited 

decreased expression in the other clone lines (SC, NS, MA C5).  
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Expression of superoxide dismutases (SOD) 

I performed a more detailed gene-by-gene analysis of the superoxide dismutases 

(SODs), which are known to constitute an important component of the oxidative stress 

response in a wide range of taxa. The N. vectensis genome had previously been shown to 

contain five distinct superoxide dismutase genes: CuZnSOD1, CuZnSOD2, CuZnSOD3, 

MnSOD1, and MnSOD2 (Tarrant et al., 2014). In addition, N. vectensis possesses a 

single CCS gene (copper chaperone of superoxide dismutase), which shares the SOD 

domain but lacks the dismutase activity of the other SOD proteins. The effect of peroxide 

exposure on the expression of these SOD and CCS genes can differ dramatically between 

clone lines. For example, peroxide exposure results in a pronounced and significant 

increase in CuZnSOD1 in the NS, NJ, and SC clone lines (Table 3.5). By contrast, 

CuZnSOD1 transcripts were not recovered in the peroxide or control data sets of the 

Sippewissett MA clone lines. CuZnSOD2 expression was elevated in all of the peroxide-

resistant clone lines (NJ, SC, NS, MA C2 and MA C4) and depressed in the two sensitive 

clone lines (MA C1 and MA C5), although not all of these changes were statistically 

significant. CuZnSOD3 exhibited higher expression in response to peroxide exposure in 

all clone lines, and significantly higher expression in the majority of clone lines. The 

effect of peroxide on the expression of MnSOD1 was variable across clone lines, 

including a relatively slight but significant increase in the Nova Scotia clone and a slight 

but significant decrease in the MA C2 clone line. The expression of MnSOD2 was 

dramatically and significantly increased in response to peroxide in three clone lines (NJ, 

NS and MA C2), but it was depressed in other clone lines. Finally, peroxide exposure 
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resulted in a significant increase in the expression of copper chaperone (CCS) in the NJ 

clone line, but there were no significant changes in any other clone line.  
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Table 3.5 Log-2 fold change in expression of SOD genes under peroxide relative to control conditions. Green text = genes 

exhibiting increased expression in response to peroxide. Red text = genes exhibiting decreased expression in response to 

peroxide; nd = not detected; ** =  p<0.01; * = p<0.05. 

 

 Moderately   Resistant  Highly Resistant  Highly Sensitive 

 NJ NS  SC MA C2 MA C4  MA C1 MA C5 

CuZnSOD1 7.91** 11.06**  6.31** nd nd  nd nd 

CuZnSOD2 9.56 11.24**  9.60 12.21** 9.97  -1.25 -0.11 

CuZnSOD3 0.74 1.19  1.29** 2.77* 3.81**  3.62** 1.18 

MnSOD1 1.60 1.30**  0.41 -1.12** -1.58  -4.02* 5.27* 

MnSOD2 13.63** 3.39*  13.59** 11.12** -0.70  -8.92* 0.66 

CCS 5.40** nd  -0.06 0.002 -7.00  0.63 5.46 
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Discussion 

 
Overview—the broader significance of this study 

Oxidative stress is a challenge to all organisms, and it has been linked to more 

than a dozen major human diseases including cancer, heart disease, and degenerative 

neurological conditions. As a result, there is a tremendous amount of ongoing research 

into the molecular basis of oxidative stress response mechanisms. Whereas past research 

in this area tended to pursue a candidate gene approach, transcriptomic approaches are 

being applied to study the oxidative stress response at a systems level. Therefore, the 

study described in this chapter is part of a growing research trend. However, the study 

described here is unique in that we investigated intraspecific variation in oxidative stress 

responses. Given the connection between oxidative stress and other stressors that are 

posing an increasing threat to coastal ecosystems (e.g., coastal pollution, thermal stress,  

UV stress), variation in oxidative stress responses (both interspecific and intraspecific) 

may partially determine the fate of populations and the composition of communities in 

coastal marine habitats. In the discussion that follows, I summarize my results regarding 

known oxidative stress genes and compare my findings to other studies of gene 

expression in response to oxidative stress with a focus on marine invertebrates.  

 

Increased expression of known oxidative stress response genes 

 In examining the transcriptomic data generated in this study, we observed that 

several known oxidative stress response genes exhibited elevated expression in response 

to peroxide, particularly SODs and ferritins. Superoxide dismutases (SODs) are 
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antioxidant enzymes that constitute an important component of the oxidative stress 

response in a wide range of taxa (Carillon et al., 2013). SODs eliminate superoxide anion 

radicals derived from either extracellular stimulants or produced in the mitochondrial 

matrix (Fridovich, 1995; Miao and St Clair, 2009). The SOD family enzymes have 

similar cellular functions but are regulated through differences in protein structures, 

chromosome locations, metal cofactors, gene distribution, and cellular 

compartmentalization (Miao and St Clair, 2009). Expression levels of SODs are regulated 

by numerous transcription factors, including NF-κB, AP-1, AP-2, Sp1, and C/EBP (Miao 

and St Clair, 2009). 

Free iron is absorbed from the environment and plays a role in mitochondrial 

respiratory complexes and a variety of other iron-containing molecules, including 

enzymes needed for cell proliferation (Cammack et al., 1990; Eaton and Qian, 2002). 

However, iron is also toxic to cells and it acts as a catalyst in the formation of free 

radicals from ROS. Cells use protective mechanisms to bind iron in 

various tissue compartments and keep it from causing cellular damage (Kurz et al., 2011; 

Orino et al., 2001).  

Ferritin is a globular protein complex that stores and transports iron in a non-toxic 

form regulating iron deficiency vs. overload in cell. It sequesters transition metals to 

reduce the possibility of these metals catalyzing formation for free radicals (Theil, 1987). 

It has been shown that upregulation of the ferritin is a rapid adaptive mechanism that 

counteracts lysosomal membrane permeabilization and apoptosis during oxidative stress 

(Kurz et al., 2011; Orino et al., 2001; Richier et al., 2008; Theil, 1987). By scavenging 
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iron, ferritin protects cells from oxidative damage by preventing iron-mediated 

generation of hydroxyl radicals. Ferritin may also interact with MnSOD to help prevent 

generation of superoxide radicals and promote the breakdown of hydrogen peroxide 

(Holley et al., 2011). 

In human fibroblasts, ferritin has been shown to be up-regulated after stimulation 

by UVA radiation or H2O2 (Allen and Tresini, 2000). Ferritin was shown to be 

upregulated in the symbiotic cnidarian Anthopleura elegantissima subjected to increased 

temperatures (Richier et al., 2008). This upregulation has been shown in response to in 

oxidative conditions in the common periwinkle Littorina littorea with ferritin heavy 

chain transcript levels elevated twofold during anoxia exposure (Larade, 2004).  Ferritin 

also has been shown to be highly regulated in the corals A. palmata and A. millepora, 

where is hypothesized to be undergoing adaptive evolution (Schwarz et al., 2008). 

 

Altered expression of oxidative stress response genes in other animal models 

The effects of oxidative stress on gene expression have been studied in a handful 

of animal models, mostly using a candidate gene approach. In zebrafish, oxidative stress 

caused by exposure to arsenic resulted in increased expression of both MnSOD and 

CuZnSOD, in addition to a number of other genes including glutathione peroxidase, 

catalase, and oxidase enzymes (Sarkar et al., 2014). In the intertidal polychaete 

Heteromastus filiformis, while both hypoxia and hyperoxia caused increases in catalase 

activity, neither had a pronounced effect on SOD activity (Abele et al., 1998b). In the 

freshwater hydra, H. vulgaris, a cnidarian distantly related to Nematostella, exposure to 
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0.03% H2O2 for 1 h significantly increased the expression of both an intracellular 

CuZnSOD and an extracellular CuZnSOD as judged by RT-PCR (Dash et al., 2007). The 

expression of both CuZnSODs was also increased by exposure to arsenic and zinc (Dash 

et al., 2007). In the sea anemone Anemonia viridis, exposure to elevated pCO2, which is 

thought to reduce ROS production, led to a reduction in SOD activity (Borell et al., 

2014). 

One previous study has examined stress-induced expression of oxidative stress 

response genes in N. vectensis itself. Tarrant and co-workers exposed N. vectensis to a 

combination of 96 h of UV-light and varying concentrations of benzo[a]pyrene (B[a]P) 

and examined the expression of CuZnSOD2, CuZnSOD3, CCS, MnSOD1, MnSOD2, 

catalase, and HSP70 (Tarrant et al., 2014). The expression of four genes was found to be 

increased under UV exposure alone or by UV exposure in combination with one or more 

concentrations of B[a]P (CuZnSOD3, CCS, MnSOD1, catalase, and HSP70).  

 Relative to these previous studies, the study described here is an important 

advance for two reasons. First, in the prior studies on whole animals (as opposed to 

plants, yeast, or vertebrate cell cultures), the expression of only a few predetermined 

genes could be examined, whereas our study investigated the entire transcriptome. Using 

multiple oxidative stress biomarkers is important in studies to gain insight about the 

complete system (Costantini, 2008). Second, the prior studies did not characterize 

intraspecific variation, which our study suggests is substantial and important in 

determining the resilience of natural populations in the face of many factors that promote 

oxidative stress.  
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However, the study I performed did not address other sources of complexity, such 

as variations in the stress response caused by different levels of peroxide, different 

periods of exposure, and different combinations of other naturally co-occurring stressors. 

For example, the Tarrant et al. study (Tarrant et al., 2014) observed variation in stress 

response between different doses of B[a]P, between different periods of exposure, and 

between single versus combinatorial stressors.  

Additionally, it will be important to incorporate field studies and different life-

history stages to address realistic conditions of exposure to multiple environmental 

factors that can affect stress response. Intertidal pools experience lots of photosynthesis 

during the day and experience oxygen saturation, but these same pools can become 

suboxic or anoxic at night (Abele et al., 1998b). Additionally many of the enzymes 

identified in the stress response pathways may be especially important in embryos with 

complex signaling pathways related to development. Known inducers of oxidative stress 

include reproduction, immune responses to increased oxygen uptake or consumption and 

physical activity.  For example, in albatross, a long-lived bird, breeding individuals (vs. 

non-breeding) have higher oxidative damage in plasma. Oxidative stress has been 

correlated with age, sex, and cost of reproduction. It would be important to extend these 

tolerance studies to embryos to determine the relation to developmental and structural 

pathways (Ambrosone and Tortiglione, 2013; Costantini, 2008; Costantini et al., 2014; 

Goldstone, 2008; Tarrant et al., 2014). N. vectensis has previously been suggested as an 

ecotoxicological model. Both field studies and additional exposure experiments will be 



74 

 

needed to look at the longer term effects of oxidative stress and other environmental 

contaminants.  
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CHAPTER FOUR: CONCLUSIONS AND FUTURE DIRECTIONS 

 

Broader Significance of Major Findings 

 

Intraspecific Variation in Stress Tolerance 

Coastal habitats, such as the estuaries inhabited by N. vectensis, are under 

increasing stress from habitat alteration and loss, eutrophication, overfishing, freshwater 

diversion, contamination from industrial and agricultural processes, and the many effects 

of climate change including elevated temperatures changing precipitation patterns, 

extreme weather events, shifting sediment distribution, and changing salinity gradients 

resulting from changes to the geomorphology of estuaries, freshwater runoff, and patterns 

of water mixing (Fujii, 2012). An organism’s ability to cope with environmental changes 

and specifically climate change are determined by its ability to deal with stress (Kassahn 

et al., 2009). 

In this era of rapid environmental change, intraspecific variation in environmental 

stress responses will influence the fate of natural populations. Despite its importance, 

relatively few studies have demonstrated intraspecific variation in the stress tolerance of 

animals at either the organismal or transcriptomic levels. However, increasingly studies 

of coastal marine animals are focusing on naturally-occurring variation within a species. 

For example, a recent study comparing echinoderms found in rocky intertidal and 

subtidal habitats showed that these population assemblages correlated strongly with the 

abiotic factors present in their environments including inorganic pollution and salinity 

(Iken et al., 2010). In N. vectensis, three of the same genets used in this study (NJ, NS, 
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and SC) were found to vary in their growth and regeneration rates at higher temperatures, 

with only the South Carolina clone line exhibiting higher growth rates at 29° than at 21°C 

(Reitzel et al., 2013a). In reciprocal transplant experiments of the coral Acropora 

hyacinthus, genets from a relatively warm lagoonal pool proved more tolerant of higher 

temperatures, with higher chlorophyll retention rates than con-specific corals from 

moderate temperature pools (Palumbi et al., 2014) 

 

Importance of Intraspecific Variation in Oxidative Stress Tolerance 

 

A. Environmental sources of ROS 

ROS from a variety of sources accumulate in marine habitats including reefs, 

intertidal pools, surface waters in the open-ocean, estuaries, and tidal marshes (Fan, 2008; 

Johnson et al., 2013). H2O2 has been shown to be relatively stable in sea water compared 

to other ROS (Lesser, 2006). Hydrothermal vents have also been shown to produce high 

levels of oxidative stress. In these environments, high levels of H2S and O2 are oxidized 

in the water which leads to the production of both oxygen and sulfur radicals (Lesser, 

2006; Tapley et al., 1999). Accumulation of ROS has also been observed in coral reef 

habitats, where it directly contributes to coral bleaching (Downs et al., 2002; Lesser, 

2006; Nii and Muscatine, 1997; Saragosti et al., 2010). 

As a result of the fact that surface waters are more prone to processes that 

generate ROS, and many shallow water habitats are not subject to extensive mixing with 

deeper waters that are often lower in ROS, aquatic animals are more profoundly affected 
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by external sources of ROS and by extreme fluctuations in ROS if they live near surface 

waters or in tidal areas (Berghahn, 2001). For example, seasonal variation in H2O2 has 

been measured with higher concentrations found in the spring and summer in intertidal 

sandflats (Storch et al., 2001). Intertidal species have been shown to have a higher 

threshold for oxidative stress, which is likely related to suitability of these species for 

these variable environments. As mentioned in Chapter 1, ROS from abiotic and 

anthropogenic sources accumulate at particularly high levels in tidal marsh waters and 

sediments (Abele-Oeschger et al., 1997; Clark et al., 2008).   

 

B. Possible indirect contributors to oxidative stress 

Three environmental stressors in the marine environment that are currently on the 

rise can directly or indirectly contribute to oxidative stress. These stressors are elevated 

temperatures, UV radiation, and pCO2 (Lesser, 2006).  

 

1. Elevated temperatures.  

The connection between thermal stress and oxidative stress has been studied in a 

number of marine model systems. Increased temperatures can destabilize cellular 

membranes, including  lysosomal membranes. Lysosomal destabilization, and the 

consequent enzyme leakage, results in increased cellular catabolic activity, formation of 

ROS byproducts, and progressive cellular damages (Abele et al., 1998a; Winston et al., 

1991). Temperature fluctuations also directly affect an organism's metabolic rates 

including mitochondrial function and energy production (Abele et al., 2002). 
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Mitochondrial oxygen consumption is directly correlated to production of cellular ROS 

as a metabolic byproduct. A study in the star coral Montastraea annularis showed that 

increased water temperature was correlated with increased levels of the two oxidative 

damage products tested (protein carbonyl and lipid peroxidation). It was shown that 

oxidative damage products increased as water temperature increased and preceded 

bleaching events (Downs et al., 2002). Corals and other marine are in peril due to ocean 

acidification and oxidative stress, so understanding cnidarians’ response to these 

environmental effectors is increasingly important (Lewis et al., 2013; Shinzato et al., 

2012; Shinzato et al., 2011; Wolenski et al., 2013). 

 

2. UV radiation  

Another environmental stress that is both on the rise and correlated with oxidative 

stress is UV-radiation. Climate change effects include increased CO2 and other 

greenhouse gases and ozone depletion which both lead to increases in the amount of UV 

radiation reaching the earth’s surface (Lister et al., 2010a). Increased UV stress can 

directly contribute to oxidative stress in marine species (Lister et al., 2010b; Shick and 

Dunlap, 2002), as well as photoproduction of oxidative stress in the chloroplasts of 

marine phytoplankton, algae, and coral symbionts (Marshall et al., 2005; Oda et al., 1997; 

Saragosti et al., 2010). UV radiation causes cellular damage when it is absorbed by DNA 

or proteins and by increasing the levels of ROS present in a cell (Lister et al., 2010a). 

Photosensitive molecules absorb UV energy, which leads to a more excited electron state. 

When the molecules return to their ground state, the added energy is transferred to 
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molecular oxygen molecules that produce ROS (Lister et al., 2010a). Additionally, UV-B 

can be absorbed and react with dissolved organic carbon to induce ROS formation (Lister 

et al., 2010b). For example, sea urchin embryos exposed to UV-B light showed elevated 

levels of DNA damage, higher concentrations of SOD and transcriptional activators (p53 

and p21), and increased cellular apoptosis due to increased DNA damage (Lesser, 2003). 

In the Antarctic sea urchin Sterechinus neumayeri Meissner, UV-B exposure also lead to 

increased oxidative damage of lipids and proteins. The high UV exposure resulted in 

developmental abnormalities in embryos, which have a limited capacity to protect 

themselves from oxidative damage (Lister et al., 2010b). A similar study showed UV-B 

exposure lead to developmental abnormalities and oxidative damage to proteins in sea 

urchin embryos of the tropical sea urchin Tripneustes gratilla (Lister et al., 2010a). In the 

sea anemone Anthopleura elegantissima, production of the oxygen radicals OH
-
 and O2 

increased with exposure to sunlight enriched for UV wavelengths (Dykens et al., 1992). 

 

3. Elevated pCO2 

Over the past two and a half centuries, atmospheric CO2 has increased from 280 

ppm to 387 ppm. The ocean absorbs CO2 from the atmosphere including 30% of the total 

from human generated emissions. In the oceans, carbon dioxide is converted to carbonic 

acid, which decreases the pH in seawater and makes the water more acidic (Feely et al., 

2010; Shamberger et al., 2014; Stumpp et al., 2013). This ongoing acidification of the oceans 

has led to concerns about the many marine organisms, such as diatoms, bivalve mollusks, and 

corals, whose survival depends upon the ability to produce calcium carbonate skeletons (Feely et 
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al., 2010; Reyes-Nivia et al., 2013; Wittmann and Pörtner, 2013). However, the possible 

effects of elevated pCO2 on oxidative stress in the marine environment are complicated. 

It has been pointed out that elevated CO2 can increase the efficiency of photosynthesis 

resulting in decreased generation of ROS (Asada, 1994; Suggett et al., 2008); for marine 

organisms that engage in photosynthesis, including the many animals that harbor 

photosynthetic endosymbionts, this effect could potentially counteract those 

environmental changes that would tend to increase the production of ROS (Borell et al., 

2014). However, in a recent laboratory experiment on the coral Acropora millepora, high 

CO2 was associated with a loss of photosynthetic symbionts, a decrease in 

photosynthesis, and an increased in the expression of genes involved in mitigating 

oxidative stress, specifically catalase, FAD-linked oxidase, and selenoprotein (Kaniewska 

et al., 2012). 

 

C. Oxidative stress and coral bleaching 

The work described here has direct implications for the resilience of coral reefs. Coral 

reefs are diverse ecological communities whose foundation consists of the mutualistic 

symbiosis between photosynthetic dinoflagellates of the genus Symbiodinium and 

cnidarian corals. Corals provide the Symbiodinium with a high light environment and 

protection from herbivory and nutrients including inorganic nitrogen, phosphorous, and 

carbon. In turn, the symbionts provide corals with photosynthetically fixed carbon. The 

symbionts supply as much as 95% of energy requirements for the coral (Weis, 2008).  
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Coral reefs have experienced substantial degradation over recent decades due in large 

part to coral die-offs attributable to bleaching. Coral bleaching is a host innate immune 

response that leads to breakdown in symbiosis between the host cnidarian and 

intracellular symbiont. Bleaching is reversible, but if not reversed bleaching decreases 

growth and reproduction while increasing the frequency of disease and ultimately causing 

the death of the coral animal. Coral bleaching can be triggered by a number of 

environmental stressors including high light levels, high levels of UV radiation, disease, 

pollution, altered salinity or sedimentation.  Due to global climate change, the most 

pervasive environmental trigger is heat stress (Downs et al., 2002; Richier et al., 2008; 

Weis, 2008).  

Whatever the initial environmental trigger, the cellular condition that leads to 

bleaching is thought to be oxidative stress. Elevated temperature, light, or UV-radiation 

can result in destabilization of photosystem II and the whole electron transport chain of 

oxidative phosphorylation. As a result, ROS production increases. Heat stress further 

exacerbates ROS induced oxidative stress through deactivation of ROS 

fighting/neutralizing pathways. The resulting ROS diffuses out of chloroplasts and into 

organelles of both the symbiont and cnidarian coral cytoplasm, which leads to oxidative 

damage in both the symbiont and coral. Corals respond by neutralizing ROS through 

enzymatic and non-enzymatic mechanisms. Below a threshold level of ROS, cells can 

effectively neutralize ROS. Above a threshold concentration, however, ROS cause 

damage and corals get rid of the source of ROS by expelling symbionts, which is the 

signature cause of coral bleaching (Baird et al., 2008; Downs et al., 2002; Weis, 2008). 
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This model of coral bleaching predicts that variation in stress response is related to 

molecular mechanisms that prevent production of ROS or protect against ROS damage. 

Responses include Cu/Zn SOD, antioxidant pathways, production of heat shock proteins, 

changes in lipid composition, and production of stress-stable components of enzymatic 

complexes for electron transport (Downs et al., 2002). In multiple coral species, 

bleaching has been shown to be related to antioxidant capacity and the cellular oxidative 

stress damage. Accumulation of oxidative damage is positively correlated with bleaching 

in corals. Conversely, high levels of antioxidants and small heat shock proteins were 

negatively correlated with oxidative damage present (Downs et al., 2002; Lesser, 1997). 

Furthermore, the addition of exogenous antioxidants has been shown to improve 

photosynthetic function and reduce the occurrence of bleaching (Lesser, 1997).    

Corals and other cnidarians share a variety of conserved mechanisms for dealing with 

heat, light, UV, and oxidative stress including heat shock proteins, protective pigments, 

and expression of antioxidant enzymes (Weis, 2008). However, there is significant 

variation between and within coral species in resistance to temperature induced coral 

bleaching (Crook et al., 2013; Downs et al., 2002; Palumbi et al., 2014; Richier et al., 

2008) . Many corals increase production of SODs and other enzymes to control the levels 

of superoxide and other ROS in cells (Lesser and Farrell, 2004; Saragosti et al., 2010; 

Yakovleva et al., 2004). It has been suggested that SODs are a significant component of 

antioxidant capacity and have a role in preventing bleaching (Downs et al., 2002; Lesser 

and Farrell, 2004). Overall, it has been shown that concentrations of specific oxidative 

damage products are correlated with bleaching and that severe oxidative damage 
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precedes coral bleaching. Additional components of cell defenses, including antioxidants 

and stress response proteins, play a role in protecting against bleaching (Downs et al., 

2002; Saragosti et al., 2010).  

 

Future Directions: Forward genetic analysis 

 
Rationale for forward genetics experiment 

 My organismal studies have succeeded in identifying a pronounced difference in 

phenotype that appears to have a strong genetic component. Deep mRNA sequencing of 

peroxide resistant and sensitive lines, under peroxide exposed and control conditions, has 

provided clues to the genetic basis of this phenotypic difference. The transcriptomic data 

generated in this study make it possible to identify many differences among clones in the 

expression or the sequence of a given gene. However, the data do not address a critical 

question: which genotypic variation is responsible for the observed phenotypic variation 

in peroxide tolerance? To get at this question, I propose an approach combining forward 

genetics and experimental evolution using controlled crosses of peroxide resistant and 

peroxide sensitive clone lines. This allows us to evaluate the phenotypes and genotypes 

of the offspring over multiple generations of selection for peroxide resistance. 

 The generation time of Nematostella (~50 days from fertilization to sexual 

maturity) makes it feasible to cross animals that differ dramatically in their peroxide 

tolerance and to evaluate multiple generations of their progeny. Given the strong 

selection imposed by peroxide exposure, only a few generations should be necessary for 

peroxide resistant individuals to supplant peroxide sensitive individuals in experimental 
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mesocosms. If multiple peroxide-exposed experimental populations are compared to 

control populations after several generations, it should be possible to evaluate which 

genetic variants represented in the standing genetic variation of the Massachusetts 

population are important for peroxide tolerance. Evaluating the phenotype of the 

offspring should provide clues about how many loci are involved in this phenotypic 

difference. If a specific allele is universally advantageous under oxidative stress and 

detrimental under normal conditions, the experimentally evolved populations should 

diverge towards different alleles. Below, I outline a proposal to conduct this kind of 

study. 

 

Forward genetics approach and evaluation 

 The approach I propose would begin by making multiple crosses, each using a 

resistant and sensitive clone line from the same population (as determined in chapter 2). 

Nematostella adult females can lay tens to hundreds of eggs approximately every 7 days, 

and offspring reach sexual maturity at 50 days. Clone lines made from a random subset of 

the F1 individuals from each of these crosses will be exposed to 0%, or 0.00025% H2O2 

for 14 days. F1 individuals from each cross will be assayed for survival and monitored 

daily for (1) tentacle number, (2) ability to respond to mechanical stimulation, and (3) 

growth rate. Additional individuals from each clone line will be bisected on the 

transverse axis and scored on regeneration ability in 0% or 0.00025% H2O2. Regeneration 

ability will be scored daily on (1) presence/number of tentacles, (2) size (both body 

length and surface area), and (3) ability to feed after seven days.  



85 

 

 The F1 individuals that have not been exposed to peroxide will be crossed, and 

clone lines will be made from a random subset of the F2 individuals. Survival and 

regeneration assays, as described above, will be performed on F2 clone lines to determine 

their levels of peroxide tolerance.  Subsets of 20 F2 individuals will be divided into six 

pools of either 0.00025% peroxide or control conditions, and these populations will be 

allowed to grow and reproduce for a number of generations. Replicates from each of the 

six populations will be sequenced to evaluate genes selected for under the imposed 

oxidative stress. By forcing populations to survive and reproduce under prolonged 

peroxide exposure, we will be able to determine specific genes that are important in these 

environmental conditions. 

 The duration of the directed evolution study (number of generations) will be 

dependent on how many loci are likely involved in peroxide tolerance. If the F1 and F2 

populations reproduce the parental phenotypes quickly, oxidative stress tolerance is likely 

controlled by a few genes that have large effects on the individual’s phenotype. If few or 

none of the F2 individuals have the parental phenotype, then peroxide tolerance is likely 

dependent on many genes each playing a small role. By sequencing the genomes of 

multiple genets that were independently evolved from a common pool of genetic 

variation, it should be possible to determine which loci are critical to peroxide resistance.  

 

Future Directions: Crosstalk between oxidative stress and epigenomic regulation 

 Oxidative DNA damage has been linked to aging and neurodegenerative diseases. 

Mitochondrial DNA damaged during replication has been shown to impair cellular 
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energy metabolism. Both mitochondrial abnormalities and damaged nuclear DNA have 

been found in patients with Alzheimer’s, Parkinson’s, and Huntington’s diseases 

(Ventura et al., 2010). Specifically, the oxidized purine 8-oxo-dihydroguanine (8-oxo-

dG) is a frequent DNA lesion. Guanine has a low reduction potential, and more than 20 

oxidation products can be formed from guanine bases, including 8-oxo-dG. 8-oxo-dG 

base pairs with adenine (A) instead of cytosine (C) and can induce G/C to T/A 

transversions during replication. In mammals, 8-oxo-dG is excised from DNA by 8-oxo-

dG DNA glycosylase (OGG1) during base excision repair. This repair mechanism 

removes 8-oxo-dG and leads to degradation, so 8-oxo-dG doesn't become incorporated 

into replicated DNA. Low levels of 8-oxo-dG may be important for transcription and 

cellular signaling, but high levels have been shown to accelerate the aging process, 

increase cancer susceptibility, and are associated with neurodegenerative diseases (Radak 

et al., 2011; Ventura et al., 2010). It is estimated in nuclear DNA that there are 

approximately 1 to 2 8-oxo-dG bases per 106 guanine residues and about 1 to 3 8-oxo-dG 

per 105 guanine residues in mitochondrial DNA (Radak et al., 2011). 

A highly specific monoclonal affinity-purified antibody 1F7 was developed 

toward 8-oxo-dG for use in ELISAs (Litton Bionetics, Kensington, MD) (Yin et al., 

1995). It has been shown that the 1F7 antibody can be used for detection of 8-oxo-dG in 

tissue sections, and the levels of DNA damage were consistent after chemical exposures. 

This immunochemical approach eliminates the need for DNA extraction, which reduces 

processing effects of these samples. It also requires only small amounts of frozen tissues 
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from fixed cells for detection and was shown to be able to discriminate DNA damage 

among various cell types (Machella et al., 2004). 

Recently the 1F7 antibody toward 8-oxo-dG has been applied to tissues of marine 

organisms, specifically Mediterranean mussels (Mytilus galloprovincialis) and European 

eels (Anguilla anguilla) after exposure to benzo[a]pyrene, copper, or control conditions. 

It was shown that higher levels of oxidative DNA damage, as measured by relative 

staining intensities, were detected in the digestive glands of mussels and in the livers of 

eels (Machella et al., 2004).  

Nematostella is a relatively transparent organism, which eliminates the need for 

sectioning tissues to visualize staining differences under a microscope. Nematostella 

individuals that have been exposed to peroxide or control conditions can be fixed and 

stained with the 1F7 antibody. The relative staining intensities can be visualized using 

cell image analysis software. The 1F7 antibody would presumably show variation in 8-

oxo-dG levels in response to peroxide exposure, similar to the differences observed from 

copper and benzo[a]pyrene exposure.  
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