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ABSTRACT 

Adaptation is a key evolutionary process by which organisms develop increased fitness in 

response to a change in their habitat. In marine fishes, understanding adaptation is critical for 

predicting how species respond to changing ocean conditions, providing insights into 

evolutionary biology and informing management decisions. My thesis focuses on Atlantic 

Herring (Clupea harengus L.), a species of immense ecological and economic importance, to 

explore the mechanisms and implications of adaptation in early life stages through genetic, 

epigenetic, and transcriptomic analyses. I first employed a suite of microsatellite markers to 

explore connectivity in herring through kinship structure in Gulf of St. Lawrence Spring herring 

and found half-sibs and potential full-sibs in a single juvenile aggregation. This is potential 

evidence for kinship recognition and larval retention in a herring spawning aggregation at least 

six months after hatching, shedding light on the genetic structure and relationship within an 

aggregation. I then designed a rearing experiment to assess how temperature (11ÁC and 13ÁC) 

and photoperiod (6 and 12 hours daylight) influence the epigenetic and transcriptomic patterns 

throughout larval development. In addition to high levels of global methylation levels across all 

samples, a decline in global methylation level was observed with increased developmental stages 

and was more pronounced in the 13ÁC treatment. Differentially methylated sites were found 

primarily in exon and promoter regions of genes linked to metabolism and development. These 

results suggest DNA methylation is an important mechanism in herring larval development and a 

key component to early-stage responses to environmental stressors. Alongside the epigenetic 

results, I found significant differential gene expression in both environmental treatments across 

all developmental stages but the effects on genes were stage specific. Genes associated with eye 

structure constituents were upregulated in longer photoperiod treatments, and immune response 

associated genes were upregulated in higher temperature treatments. The transcriptomic results 

provide novel findings into molecular mechanisms underlying herring larval development and 

early life-stage response to environmental stressors. This research contributes to our 

understanding of how populations can rapidly adjust to changing environments and highlights 

the complex interplay between genetics, epigenetics, and gene expression in shaping the 

evolutionary trajectories of natural populations.     
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CHAPTER 1 - INTRODUCTION 

Natural selection is the driving force behind the development of traits that enhance an 

individual's survival and reproduction in specific environments. By shaping the genetic 

composition of populations, natural selection plays a key role in explaining how species respond 

to environmental heterogeneity and changing conditions. This process provides crucial insights 

into evolutionary biology, ecology, and conservation. Through natural selection, populations can 

undergo changes that lead to local adaptation, where individuals evolve traits that maximize 

fitness in their specific environments, or rapid adaptation, which involves swift evolutionary 

changes occurring within a population over a short period, sometimes even within a single 

generation (Kawecki and Ebert, 2004). At the individual level, acclimation describes the 

physiological or behavioral adjustments that organisms make in response to immediate 

environmental changes, allowing for temporary survival and function (Mishra, 2022). These 

processes interact dynamically: acclimation enables individuals to persist under new conditions, 

rapid adaptation can spread advantageous changes within populations, and local adaptation 

further refines traits to optimize fitness over time. My thesis investigates these mechanisms in 

Atlantic Herring (Clupea harengus L.), a species of immense ecological and economic 

importance, using genetic, epigenetic, and transcriptomic approaches to uncover the interplay 

between natural selection, local adaptation, and acclimation. 

 

1.1 Local and rapid adaptation in marine fishes 

Local adaptation occurs when distinct populations of the same species exhibit unique 

characteristics that provide fitness advantage in their specific habitats (Kawecki and Ebert, 2004; 

Blanquart et al., 2013). These adaptations can arise from genetic variations, epigenetic 

modifications, or differences in gene expression, all of which enable populations to cope with 

environmental pressures such as temperature fluctuations and resource availability (Tiffin and 

Ross-Ibarra, 2014). Natural selection acts on these variations, favouring individuals with traits 

that are beneficial in the prevailing environment (Hereford, 2009). Over time, the accumulation 

of adaptive traits results in populations better suited to the local environment (Tiffin and Ross-

Ibarra, 2014).  
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While natural selection is the primary driver of local adaptation, genetic drift and gene 

flow can influence outcomes, particularly in small populations or those with high connectivity 

(Kawecki and Ebert, 2004; Blanquart et al., 2013). In rapidly changing environments, 

populations may also exhibit rapid adaptation-evolutionary changes occurring over short time 

scales, sometimes within a few generations. These swift responses are crucial for survival when 

environmental pressures shift abruptly, such as during climate-induced temperature changes or 

habitat alterations. 

Rapid adaptation interacts closely with individual-level processes like acclimation, where 

organisms adjust physiologically or behaviorally to abrupt environmental changes. 

Understanding how these mechanisms interact provides valuable insights into how populations 

thrive under dynamic and stressful conditions.  

Marine fishes are well suited for studying local adaptation because of the inherently 

strong effect of natural selection on their large populations as well as their sensitivity to 

environmental fluctuations both of which directly translate to observable metrics. Marine fishes 

are characterized by large population sizes meaning natural selection is the dominant force 

driving adaptation in most species. A common generalization about marine organisms is that the 

absence of physical barriers promotes a single large population comprising individuals with 

similar genetic composition due to extensive gene flow (Sanford and Kelly, 2011). While some 

species do exhibit similar genetic patterns among individuals across the species range, others 

exhibit complex metapopulation structure arising from fine-scale local adaptations or barriers to 

gene flow. The ñlocalò in this context is loosely defined and can refer to an aggregation, 

spawning time, or geographical location. Exposure to localized environmental conditions such as 

temperature, parasite loads, photoperiodicity, and/or predator presence can facilitate acclimation 

and adaptation. Physiological and behavioral plasticity can aid survival under these changing 

environmental conditions and lead to long-term adaptation through genetic assimilation. 

Evidence of adaptation in marine fish range from differences in body sizes due to genetic 

variance to recent discoveries in the field of epigenetics and its role in facilitating life history 

trait variations. Chapter 2 in this thesis reviews current evidence of DNA methylation as an 

epigenetic mechanism that facilitates diversity in fish life history traits. Strong selective pressure 

and observable effects of environmental change are strong rationales for using marine fish to 
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understand adaptation, but high levels of gene flow and connectivity also provide a unique 

opportunity to study the persistence of local adaptation in a highly connected system.    

Gene flow is the mechanism in which allelic variants of genes are transferred in or out of 

a population and is a key consideration for assessing local adaptation in marine fish. Presence of 

gene flow can counteract local adaptation by distributing adaptive loci and diminishing local 

environmental effects (Hereford, 2009; Sanford and Kelly, 2011). However, gene flow can also 

facilitate adaptive traits that are favorable in the new habitat by introducing variation that may be 

beneficial (Kawecki and Ebert, 2004; Blanquart et al., 2013). Both outcomes can occur at the 

same time though the direction in which gene flow ultimately affects the system depends on 

which process is stronger. In the wild, gene flow predominantly prevents or minimizes the 

potential for local adaptation because local selection is repressed (Savolainen et al., 2013). 

How, then, are signals of local adaptation detected in many marine fishes despite high 

levels of connectivity? Lack of physical barriers may prevent local adaptation through 

continuous gene flow, but there are other mechanisms that can sustain the effects of local 

adaptation at a finer scale. This is the case in marine systems where high levels of connectivity 

facilitate a network of metapopulations. Individual units in this metapopulation network often 

consist of spawning aggregations especially in highly migratory fish. Each of these singular units 

experience different abiotic and biotic stressors that give rise to small but significant signals of 

local adaptation. These signals of fine-scale local adaptation can sometimes be inferred using 

neutral genetic markers but are more clearly detected when using non-neutral, adaptive markers 

(Conover et al., 2006; Sanford and Kelly, 2011). In more extreme cases, environmental stressors 

in each metapopulation unit can promote phenotypic plasticity or rapid adaptation that improve 

the fitness of individuals in that unit (Savolainen et al., 2013). Over time if the stressors are 

consistent, these traits are assimilated into the population and develop into adaptive traits that 

develop within that one unit but not other units, creating a fitness divergence and facilitating 

local adaptation. 

Assessing the impact of local adaptation requires a comprehensive understanding of not 

only adaptive traits, but also the molecular underpinnings at the stage in which environmental 

effects are shaping the adaptive landscape of the species (Savolainen et al., 2013). Epigenetic 

marks and transcriptomic patterns are most informative for this as both provide a window into 

how genes are immediately expressed following the environmental changes. However, 
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examining gene expression requires additional considerations specifically the life stage. Despite 

being the most critical stage of fish development, studies on the ecology and adaptive potential 

(i.e., the capacity for individuals to evolve in response to environmental changes through 

phenotypic or molecular means) of early developmental stages are uncommon especially in 

marine fish. Studying the larval stage can also provide insight into the mechanisms of rapid 

adaptation during the most vulnerable stage in the fishôs life cycle and potentially shedding light 

into the capacity to evolve quickly in response to new challenges. Currently there are few studies 

looking at rapid adaptation in marine fish larvae, likely due to the necessity of a common garden 

framework to effectively control other environmental variables that are of no interest (Savolainen 

et al., 2013). Nevertheless, understanding the mechanisms of local and rapid adaptation on 

developmental stages of marine fish can help to develop effective management and conservation 

strategies, as well as deepen our understanding of fine-scale local and rapid adaptation.  

 

1.3 Atlantic Herring as a model system 

Atlantic Herring is an ideal model for studying natural selection due to its wide 

distribution across the North Atlantic, complex life history, and substantial genetic diversity. 

Atlantic Herring is a highly migratory coastal pelagic fish characterized by its silver body with a 

blue or green back. They form large schools for feeding and spawning, and recruitment of larvae 

into these large adult aggregations has been shown to shape the homing behaviour and 

population structuring. The maximum life expectancy of herring is 15 years, with sexual 

maturity at age four. The species is managed through annual catch limits set by population 

modeling and previous yearsô reports on the stock which are divided based on location and 

spawning time. Herring migrates extensively throughout the Atlantic Ocean to feed primarily on 

zooplankton in the summer and return to their spawning grounds in fall and/or winter.  

This species exhibits distinct spawning behaviors and timing, leading to the formation of 

various local populations with potentially unique adaptive traits. Atlantic Herring are iteroparous 

broadcast spawners that return to the same spawning location every year with homing rates 

upwards of 90% according to tagging data (Wheeler and Winters, 1984; McPherson et al., 2003). 

In the West Atlantic, large spawning events occur seasonally in either spring or fall where 

thousands of eggs are deposited by individuals on the ocean bottom and fertilized by sperm in 

the water column. Eggs hatch around one week post fertilization and metamorphosis occurs 
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several weeks after yolk-absorption stages. Larval herring remain aggregated around the 

spawning grounds and migrate vertically in the water column (Sinclair and Iles, 1989; Cresci et 

al, 2020). The entrainment of larvae and early juveniles is considered to be responsible for gene 

flow among spawning aggregations. Recruitment in herring is thought to be a socially learned 

skill: herring larvae depend on conspecifics for cues on homing which explains the repeat and 

non natal homing behavior of adult herring to spawning grounds  (Chambers, 2021). This 

entrainment phenomenon contributed to the development of the adopted-migrant hypothesis by 

McQuinn (1997) which further suggests that the onset of sexual maturity influences recruitment 

of juveniles to a spawning aggregation. Transmission of migration patterns and spawning areas 

from herring adults to the recruited juveniles allows for the maintenance of local spawning 

aggregations. Based on this hypothesis, spawning grounds are maintained through a complex 

social interaction between adult herring and migrants as well as native larvae. Despite our 

understanding of the recruitment process, the proportion of migrant larvae and by extension the 

gene flow among aggregations remain unresolved. Chapter 3 in my thesis attempts to address 

this knowledge gap using kinship analysis and identification of sibship pairs in juveniles, 

examining the rate of related individuals in an aggregation months after hatching. 

 

 

Figure 1.1. Adult Bras dôOr Lake Atlantic Herring (Clupea harengus) caught using long-line 

fishing. Picture taken by Kho, J. in 2017. 

 

Previous studies have identified fine-scale structuring based on location and spawning 

time (McPherson et al., 2004; Lamichhaney et al., 2017; Kerr et al., 2019). Larval retention is a 

key contributor towards maintaining the integrity of local metapopulation system across 

spawning grounds (Sinclair and Iles, 1989; McQuinn, 1997). Local adaptation in Atlantic 
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Herring has been described in northeast Atlantic populations using whole-genome sequencing 

and single nucleotide polymorphisms (SNPs) showing genetic differentiation among populations 

in around 500 adaptive loci despite low levels of genetic differentiation in selectively neutral loci 

(Martinez Barrio et al., 2016; Lamichhaney et al., 2017). Evidence of fine-scale local adaptation 

based on spawning time and geographical location was subsequently identified using SNPs 

among northwest Atlantic Herring populations where genetic differentiation was found between 

spawning ecotypes in Eastern Canada (Kerr et al., 2019; Fuentes-Pardo et al., 2024). Most 

recently, four chromosomal inversions associated with water temperature separating southern 

and northern groups show genetic differentiation among subpopulations from both sides of the 

Atlantic, further supporting the prevalence of local adaptation in Atlantic Herring (Han et al., 

2020; Jamsandekar et al., 2024).  

Evidence of local adaptation also persist at the phenotypic level among Atlantic Herring 

subpopulations. Temperature tolerance is a key adaptive trait that vary among subpopulations 

especially in the early life stages (Blaxter, 1960; Kültz et al., 2005). Herring larvae can survive 

temperatures ranging from -1.7°C to 24°C but preference varies among subpopulations (Blaxter, 

1960; Moyano et al., 2016). Baltic Sea herring for example hatch at relatively warm 

temperatures around 16°C while Gulf of St. Lawrence herring hatch at temperatures below 10°C 

(Moyano et al., 2016; Burbank et al., 2023). Atlantic Herring also exhibit different reproductive 

and developmental strategies based on seasonal conditions such as photoperiod (Migaud et al., 

2007). Atlantic Herring that spawn in the spring are characterized by faster growth rates and 

larger hatching size due to long daylight leading to increased prey abundance (e.g., 

zooplanktons). In comparison, fall spawned larval herring are characterized by relatively slow 

growth attributed to food scarcity (Johannessen et al., 2000). Spring spawning herring and fall 

spawning herring are also genetically different and managed as different stocks despite 

overlapping spatial range (Lamichhaney et al., 2017; Stephenson et al., 2009). This distinction is 

important from a conservation and fishery perspective as the spawning stock biomass of spring 

spawning herring in the Gulf of St. Lawrence has declined consistently since 2002 while the fall 

spawning component remains consistent (McDermid et al., 2018; Turcotte et al., 2021a; Turcotte 

et al., 2021b). Both temperature tolerance and spawning time provide evidence of variation in 

locally adapted traits among Atlantic Herring subpopulations.   
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The next steps towards a deeper understanding of adaptation in this system is to assess 

the impacts of local adaptation which has further implications towards the rapid adaptability and 

resilience of the species. Chapters 4 and 5 of my thesis aim to address this by using a cross-

factorial rearing experiment with two major environmental variables that were found to influence 

the genetic patterns in this system: temperature and photoperiodicity. By investigating the 

genetic, epigenetic, and transcriptomic responses of Atlantic Herring to different environmental 

conditions, we can gain a comprehensive understanding of how local adaptation operates in 

natural populations. 

 

  

Figure 1.2. (A.) Atlantic Herring larvae (7 days post hatch) from the rearing experiment under a 

dissecting microscope (4X). (B.) Two herring eggs with fully developed eyes and yolk sac under a 

dissecting microscope (10X) several days before hatching. Both pictures taken by Kho, J at the 

Aquatron in 2019.  

 

1.3 Objectives and outline of thesis 

This thesis comprises an introduction, review chapter discussing the role of epigenetics in 

fish life history trait diversity and three data chapters exploring aspects of local adaptation and 

early life stage development in herring, and a general discussion: 

 

Chapter 2: DNA methylation facilitates fish life history trait diversity : This review discusses 

evidence of DNA methylation as mechanism facilitating the diversity of fish life history traits. 

A. B. 
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Kho, J., Ruzzante, D. E. (2024). The role of DNA methylation in facilitating life history 

trait diversity in fishes. Reviews in Fish Biology and Fisheries, 34(4), 1531-1566. 

 

Chapter 3: Spawning Aggregation of Herring Juveniles: In this chapter, I used 92 

microsatellite markers to identify half-sib and potential full-sib pairs within a single spawning 

event. This approach provided potential evidence for larval retention in a herring spawning 

aggregation, shedding light on the genetic structure and providing insight into connectivity 

within juvenile aggregations. 

Kho, J., McCracken, G. R., McDermid, J. L., & Ruzzante, D. E. Life history implications 

of kinship structure in an Atlantic Herring schooling aggregation. Revised version 

submitted to Canadian Journal of Fisheries and Aquatic Sciences. 

 

Chapter 4: Epigenetic Patterns in Larval Herring: Chapter 4 explores the epigenetic 

modifications in larval herring reared under different temperature (11°C and 13°C) and 

photoperiod (6 and 12 hours of daylight) conditions. By examining how these environmental 

factors influence DNA methylation patterns, I aim to understand the role of epigenetic 

mechanisms in local adaptation and development. 

Kho, J., Delgado, M. L., McCracken, G. R., Munden, J., & Ruzzante, D. E. (2024). 

Epigenetic patterns in Atlantic herring (Clupea harengus): Temperature and 

photoperiod as environmental stressors during larval development. Molecular 

Ecology, 33(1), e17187. 

 

Chapter 5: Transcriptomic Patterns in Larval Herring : The final chapter investigates the 

transcriptomic changes in larval herring subjected to the same temperature and photoperiod 

conditions as in the previous chapter. RNA sequencing and differential gene expression analysis 

provides insights into gene expression changes in response to environmental conditions, 

revealing the molecular pathways involved in adaptation and development. 

Kho, J., Delgado, M. L., McCracken, G. R., Munden, J., & Ruzzante, D. E. 

Transcriptomic analysis of temperature and photoperiod stress on Atlantic herring 

(Clupea harengus) larval development. Revised version submitted to Molecular 

Ecology. 
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The findings from this thesis have broader implications beyond the specific system of 

Atlantic herring. By elucidating the genetic, epigenetic, and transcriptomic basis of local 

adaptation, this research contributes to our understanding of how populations can rapidly adjust 

to changing environments. These insights are applicable to various fields, including evolutionary 

biology, ecology, and conservation genetics. Moreover, they can inform management practices 

for commercially important species, ensuring sustainable fisheries and the preservation of 

biodiversity in the face of environmental change.  
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CHAPTER 2 ï THE ROLE OF DNA METHYLATION IN FACILITATING 

LIFE HISTORY TRAIT DIVERSITY IN FISHES 

 

2.1 Abstract  

The incorporation of epigenetics (i.e., change in gene activity without change in DNA 

sequence) into studies of gene regulation and phenotypic expression has contributed to a 

significant improvement in our understanding of the evolution of life history traits. One 

important epigenetic mechanism is DNA methylation, which in vertebrates generally means the 

addition of a methyl group to a cytosine thus altering gene expression. Here, we discuss progress 

and gaps in our knowledge of the role of DNA methylation in facilitating diversity across four 

life history trait classes in fishes: developmental processes, size and growth rates, aging and 

sexual maturity, and sex regulation. We discuss insights into the regulatory aspect of gene 

expression in fish which can ultimately influence phenotypic diversity and speciation. We 

discuss how temperature influences methylation patterns affecting multiple traits. DNA 

methylation influence on gene expression varies depending on tissue types and the location 

within the genome of the methylated site (i.e., DNA methylation can increase or decrease gene 

expression). The role of DNA methyltransferases is also a common denominator across all tissue 

types in influencing the global methylome status regardless of species or environmental stressor. 

Organismal development stage is equally important, a decrease in global methylation throughout 

early development generally corresponds to elevated gene expression associated with growth and 

development. Finally, we discuss general limitations of DNA methylation studies with a focus on 

fish. We then provide recommendations for future research.      
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2.5 Introduction  

The term ñepigeneticsò was first coined in 1942 by Conrad Waddington who used it to 

describe the processes by which genes and their products influence phenotypic development 

(Carolineberry and Berry 1967; Waddington 2012; Felsenfeld 2014; Deichmann 2016). 

Currently though, epigenetics is defined as the modification and regulation of gene activity 

and/or expression without changing the underlying DNA sequences (Felsenfeld 2014). The 

modern definition more specifically refers to organismal changes due to environmental 

influences that follow stable modifications in gene expression for reasons other than altered 

DNA sequences (Felsenfeld 2014; Kilvitis et al. 2014).  

Conceptually, epigenetics challenged early theories of inheritance and expression of 

genetic information by adding another layer of complexity beyond primary DNA and RNA 

sequences. At the same time, this added layer provided alternative explanations of biological 

mechanisms of gene regulation that have helped us understand a variety of processes. For 

example, epigenetic processes facilitate speciation through genetic assimilation, which occurs 

when environmentally induced epigenetic traits are heritable and beneficial, and thus favoured 

by selection (Pál and Miklós 1999; Smith and Ritchie 2013). The number of studies with 

"epigenetic" and/or "DNA methylation" in their title has increased dramatically since the early 

2000s (Fig.1). The increase in the number of studies in recent years is likely due to the 

advancement of genetic technology and bioinformatics (Jablonka and Lamb 2002).  

2.5.1 DNA methylation as an epigenetic marker  

Three main epigenetic mechanisms have been described: non-coding RNA expression, 

histone modifications, and DNA methylation, which in vertebrates, is the most studied and best 

documented epigenetic mechanism (Box 1, Lipps et al. 2010; Smith and Ritchie 2013; Felsenfeld 

2014; Kilviltis et al. 2014; Cao et al. 2015; Deichmann 2016). DNA methylation is the addition 

of a methyl group on a nucleotide, commonly the 5th position of cytosine which results in 5-

methylcytosine or 5mC; methylation on other bases has also been documented (e.g., adenine N6 

methylation in C. elegans associated with homeostasis and diseases (Greer et al. 2015; Boulias 

and Greer 2022; 2023)) but these are far less common, and in this review we discuss only 5mC. 

In vertebrates, cytosine methylation occurs almost exclusively at CpG sites (a region of DNA 

where a cytosine nucleotide is followed by a guanine nucleotide from 5ǋ to 3ǋ direction); the term 
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ómethylation levelô in this work refers to CpG methylation. A group of CpG sites can form CpG 

islands (CGIs; Box 1), 300-3000 bp regions composed of repeated cytosine preceding guanine 

dinucleotides in 5ô to 3ô direction (Janitz and Janitz 2011; Kurdyukov and Bullock 2016). DNA 

methylation is generally suppressed around genes especially in and around promoter regions 

(Moore et al. 2013). Methylated cytosine sites are not as stable as the non-methylated variants 

and are rapidly converted to thymine through deamination (methylated cytosines are 

intermediate compounds in the conversion pathway from cytosine to thymine; Moore et al. 

2013). Non-methylated CpG sites therefore tend to be found around promoter regions forming 

CGIs. CpG sites can also be found in other genomic regions (e.g., intergenic regions) but the 

functional relevance of methylation in these sites is unclear (Jones 2012; Kamstra et al. 2015; 

Muyle et al. 2022).  

DNA methylation affects gene expression in different ways. The enzymes responsible for 

methylation include DNA methyltransferases DNMT1 and DNMT3A/3B. DNMT1 is the 

maintenance DNMT responsible for duplicating pre-existing methylation patterns on new strands 

during mitosis and DNMT3A/3B are responsible for de novo methylation during embryogenesis 

(Goffin and Eisenhauer 2002). The addition of a methyl group to a promoter region prevents 

RNA polymerase from binding to the DNA strand, blocking transcription and influencing gene 

expression. However, Jones (1999) also noted that downregulation of gene expression is not the 

only effect of DNA methylation. Methylation of regions that undergo transcription (transcribed 

regions or gene bodies) can instead increase gene expression by shifting the binding regions of 

enzymes. The shift physically prevents the inhibition of transcription which promotes gene 

expression. This indicates that the regulatory role of DNA methylation on gene expression 

changes as a function of the location in the genome of the methylated site (Hellman and Chess 

2007; Jones 2012; Huang et al. 2021). Thus, though methylation is usually inversely correlated 

with the expression level of a gene, it can also increase gene expression when methylation is 

present in gene bodies (Jones 1999; 2012).  

2.5.2 Methylome reprogramming and DNA methylation inheritance 

Despite considerable research efforts across taxa, there remain important gaps in our 

understanding of the DNA methylation system especially in relation to the reprogramming of 

methylation patterns. DNA methylation reprogramming refers to the process by which inherited 
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methylation marks are erased during embryo development, allowing for broader cellular 

development for wider range of cell types (Wang and Bhandari 2020). The effect and timing of 

embryonic reprogramming appears to vary across vertebrates and even its occurrence remains 

unclear in many species (Zeng and Chen 2019). Mammals undergo extensive DNA methylation 

reprogramming in the early embryo stages (Cao et al. 2015; Zeng and Chen 2019; Zheng et al. 

2021). In fishes, epigenetic reprogramming has been identified in several species including 

zebrafish (Danio rerio, Mhanni and McGowan 2004), medaka (Oryzias latipes, Wang and 

Bhandari 2020) and bluehead wrasse (Thalassoma bifasciatum, Todd et al. 2019).  

Intergenerational epigenetic inheritance is the passing on of some or all epigenetic 

modifications from one or both parents to the offspring (Jiang et al. 2014; van Otterdijk and 

Michels 2016; Berbel-Filho et al. 2020; Skvortsova et al. 2019). Studies on intergenerational 

methylation inheritance in fish suggest only one parentôs methylation profile is passed down to 

the offspring (e.g., Jiang et al. 2014; Shao et al. 2014; Venney et al. 2020 2022). For instance, in 

zebrafish, maternal methylation patterns are lost through cell division, but paternal methylation 

patterns are retained, resulting in an embryo with a methylome (Box 1) identical to that of the 

sperm DNA (Jiang et al. 2014; Skvortsova et al. 2019). In this case, the sperm epigenome is 

retained in the offspring despite the erasure of oocyte epigenome, suggesting partial 

intergenerational inheritance. The fact that DNA methylation patterns can be passed from one 

generation to the next and that these patterns can be heavily influenced by the environment 

makes them ideal candidates for evolutionary studies involving natural selection (Massicotte et 

al. 2011; Cushman 2014). These studies are especially pertinent to ectotherms including fishes 

because of the relatively large influence of the environment on their life history. In this review 

we discuss how an improved understanding of the relationship between environmental changes 

and epigenetic effects can provide insight into the mechanisms that govern life history trait 

diversity in fishes (Jones 2012; Greenberg and Bourcôhis 2019; Jonsson and Jonsson 2019; 

Vigneau and Borg 2021).  

2.5.3 Complexity of Fish Life history traits  

Life history traits are traits that affect survival, reproduction, maturation, and/or death 

(Braendle et al. 2011). In its simplest form, life history theory aims to describe how diversity of 

life history strategies within and across species contributes to achieve reproductive success 
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through evolution of adaptive traits (Box 1; Stearns 2000). This framework considers how 

selective pressures due to extrinsic and intrinsic factors influence fitness (i.e., survival and 

reproduction) at a specific point in time (i.e., age and developmental stage) (Stearns 2000; 

Hutchings 2021). Life history traits can be classified into two broad categories based on the 

energy and time invested into ensuring optimum survival: somatic effort (e.g., growth, size, and 

development) and reproductive effort (e.g., age at maturity, fecundity) (Box 1). Environmental 

conditions influence life history traits and give rise to phenotypic variations in the population. 

There is increasing evidence suggesting that both genetic and epigenetic factors can affect the 

expression of life history traits (Todd et al. 2019; Berbel-Filho et al. 2022; Pierron et al. 2021).  

Fish are among the best models for studying the contributions of DNA methylation on 

life history trait variations. Life history traits within and across life cycle stages (i.e., eggs, 

larvae, juveniles, adults) can influence the future trajectory of the individual and sometimes the 

population. For example, size can influence mating success in some species, or reproduction 

timing can influence the number of offspring contributing to population size and resilience (Box 

1). Although fishes exhibit a wide variety of life histories and inhabit diverse environments from 

freshwater to marine environments or both, in general, early life stages are the most vulnerable. 

As ectotherms, fish are sensitive to fluctuations in the environment and their responses to 

stressors are often directly correlated with the degree of environmental change. Many fish 

species can also be kept in captivity; thus, their environment can easily be manipulated for 

controlled experiments. This makes them ideal systems for studies on epigenomics.  

Most of the available epigenetic studies among ectotherms thus far comprise studies on 

DNA methylation in fish, specifically ray-finned fish (Best et al. 2018). Overarching questions 

include how relevant is DNA methylation in regulating life history traits? How does DNA 

methylation facilitate environmental modifications across generations? Is the same methylation 

framework applicable across multiple life history traits? Across life stages? Or even across 

species?  

Here we compile evidence of DNA methylation's role in influencing the life history traits 

in fishes. We used Web of Science and Google Scholar to filter studies with keywords containing 

the life history trait (i.e., derivations of ñgrowth and sizeò, ñintergenerational inheritance/effectò, 

ñparental effectsò, ñearly developmental stage environmental exposureò, ñoffspring methylation 
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effectò, ñsex determination/changeò, ñageing/aging clockò, ñage at maturationò, ñlifespanò, ñage 

at mortalityò) and ñDNA methylationò in fish systems (i.e., ñfishò, ñfishesò, and commonly 

studied species ñzebrafishò, ñDanio rerioò). We focus on studies that were published from 2018-

2024 although we went back to 2010 for life history traits with fewer than five recent studies in 

the field; we found 37 studies across four life history traits. We discuss the importance of 

incorporating epigenetics into studies that examine life history traits, especially in the absence of 

genomic differentiation. We then assessed correlations of methylation patterns with higher 

biological processes through Gene Ontology (GO) analyses. We conducted our own GO analysis 

when these were missing from the original study using MetaScape (Zhou et al. 2019). In fish, 

temperature affects many life history traits including growth and sex determination and is indeed 

the most studied environmental variable. We end by discussing potential future directions. 

2.6 DNA methylation in early developmental stages 

DNA methylation plays a key role in regulating gene expression during the most 

vulnerable, early stages in a fish life cycle. A fishôs methylation profile during early development 

can result from two mechanisms, namely intergenerational inheritance (during pre-hatch) and 

environmental exposure (post-hatch stages). The methylation profile of offspring can influence 

their ability to adapt to dynamic environmental conditions (Kilvitis et al. 2014; Jonsson and 

Jonsson 2019; Berbel-Filho et al. 2020; Heckwolf et al. 2020; Venney et al. 2020; Pierron et al. 

2022; Sepers et al. 2021; Table 2.1). Inherited methylation marks containing information on the 

parentsô environmental conditions can increase offspring fitness. But the offspring can also 

develop their own methylome during early development post epigenetic reprogramming (see 

section 1.1). Below, we assess the evidence supporting either or both mechanisms as primary 

conduit of an offspringôs methylome.  

2.6.1 Summary of meta-analysis and link between biological processes  

We highlight eight studies from the 37 extracted from the literature that focused on the 

correlation between DNA methylation and early developmental stages; six studies assessed 

intergenerational methylation patterns and two addressed environmental exposure during 

development (Table 2.1). Tissue types varied across all eight studies and included muscle, gill,  

gonad, blood, liver, and/or multiple tissue types. Regardless of the tissue types however, GO 

term analysis of 40 genes collated from all eight studies suggest gonadal development and cell 
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signalling pathways are the top two most significant GO terms (Log10(P) = -7.78 and -3.55 

respectively; Online Supplementary Material Table S2.1). This is consistent with the majority 

(six out of eight) of the studies targeting genes that are primarily involved in intergenerational 

inheritance of methylation patterns including genes expressed in the gonads of parental fish. 

2.6.2 Maternal and paternal inheritance of DNA methylation profile 

Much of what is understood on parental inheritance in fish is due to research on zebrafish 

(Mhanni and McGowan 2004; Mackay et al. 2007; Venney et al. 2020). In this species the 

methylation patterns undergo a reset and are reestablished through de novo methylation after 

fertilization. This reprogramming leads to hypermethylation (Box 1) of sperm DNA which 

represents the paternally-derived embryonic DNA but not oocyte DNA which represents 

maternally-derived embryonic DNA during the onset of embryogenesis (Mhanni and McGowan 

2004; Jiang et al. 2013; Venney et al. 2020). Interestingly, there is a brief period after 

fertilization in which the embryo resembles the oocyte/ovary post reprogramming (Wang et al. 

2021). However, the maternal methylation pattern is generally lost after the midblastula stage, 

and the embryo gradually resembles paternal methylation patterns exhibited in sperm DNA 

during development. This paternal methylome is maintained through early stages (Jiang et al. 

2013; Venney et al. 2020). As embryo development continues, methylation patterns fluctuate 

before reaching a stable state by the gastrulation stage. Such methylation patterns are similar to 

those exhibited by adult somatic tissue (Fang et al. 2013). 

Evidence for both maternally and paternally inherited methylation patterns on the 

offspring methylation levels vary across fish species (Table 2.1). In Brook Trout (Salvelinus 

fontinalis) for instance, rearing temperature appears to have no effect on the offspring 

methylome, but the temperature experienced by parents during maturation does (Venney et al. 

2022). The inference is that the temperature to which parents were exposed while undergoing 

sexual maturation influenced the methylation profile of their developing gonads and by 

extension, the methylome of the gametes and resulting offspring (Venney et al. 2022). To our 

knowledge, whether or not the methylation that took place in the gonads then affects the 

methylome of all consequent offspring batches throughout both the parental and 

offspring's lifetime has not been examined thus far. Maternal effects on DNA methylation 

profiles of early life stage have also been demonstrated in Atlantic Salmon (Salmo salar, Jonsson 
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and Jonsson 2016) as well as in Chinook Salmon (Oncorhynchus tshawytscha, Venney et al. 

2020). In Atlantic Salmon, adult females exposed to elevated temperature during egg 

development produced relatively large eggs, a pattern ascribed in part to potential 

intergenerational maternal epigenetic effects. Both studies found that methylation patterns were 

similar between offspring and oocyte, suggesting maternal effects as the predominant force 

influencing the offspring. This contrasts with the zebrafish (Danio rerio) embryo methylation 

profile during development, which, as described above is closer to the profile characteristic of 

the sperm than to that of the oocyte suggesting primarily paternal inheritance (Kamstra et al. 

2015). Thus, whether intergenerational inheritance of methylation patterns occurs via the sperm 

or oocyte DNA methylation, or whether it occurs at all, appears to be species specific. Research 

on the effect of sperm and oocyte DNA methylation on offspring methylation patterns is 

however, limited (Venney et al. 2020; Zhang et al. 2023). For instance, it is not yet known how 

methylation patterns are retained post-reprogramming.  

Though progress is being made in our understating of parental inheritance on the 

methylation patterns of offspring (e.g., Jonsson and Jonsson 2019; Pierron et al. 2021; Tian et al. 

2023), the molecular mechanism of this transmission in fish is not well understood. The 

biological significance of the loss of maternal methylation patterns and retention of paternal 

methylation patterns in early development is akin to genomic imprinting (Box 1). In mammals, 

genomic imprinting is a key epigenetic mechanism involved in the regulation of early 

development. Despite no direct evidence of genomic imprinting in fish to date, the loss of 

maternal methylome in the early stages of embryo development is a potential alternative 

mechanism that warrants further research. Insights such as how much of the parental methylome 

that is retained is expressed in the offspring, or why some species demonstrate higher expression 

of one of the parental methylome in offspring can lead to better understanding of the link 

between parental and offspring methylation patterns. 

2.6.3 Environmental factors can shape offspring methylome 

Although inheritance of methylation patterns is a key component in the development of 

offspring methylome, the offspring methylome can also be influenced by the environment. Like 

with intergenerational epigenetic inheritance, there is a need to address epigenetic 

reprogramming in more fish species, with our current understanding limited to zebrafish (Jiang et 
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al. 2013) and medaka (Wang and Bhandari 2020). Epigenetic reprogramming in mammals 

necessitates the erasure of all epigenetic signals, which are then rebuilt de novo. In the case of 

zebrafish, instead of global demethylation, the maternal methylome is remodeled to match the 

hypermethylated paternal genome prior to zygotic genome activation (Jiang et al. 2013; Kamstra 

et al. 2015). With the erasure of inherited epigenetic signals, parental effect may have minimal 

effect, and the offspring environment may become the predominant driver of offspring 

methylation. In such cases, the environment in which an offspring develops tends to have lasting 

impact on later stages of development (Metzger and Schulte 2017; Jonsson and Jonsson 2019; 

Pierron et al. 2022; Venney et al. 2021). Not all methylation signals developed from the 

offspring environment are retained in later developmental stages though. Signals that are 

associated with plastic responses may be lost if the environmental pressure disappears (Jonsson 

and Jonsson 2019; Venney et al. 2023).  

2.6.4 Intergenerational methylation inheritance vs. offspring rearing 

environment 

Inheriting part of the parentsô methylation patterns containing information on the 

environment the parents experienced can greatly improve the survivability of offspring by 

providing a flexible buffer for surviving stressful conditions. However, this is only beneficial if 

the surrounding environment is similar to that experienced by the parents and can potentially be 

maladaptive when environments differ. Alternatively, methylome development reflecting the 

current environment can better aid in the survivability of offspring through short-term 

acclimation or tolerance (Venney et al. 2023). This early environmental-driven development can 

result in high mortality for individuals that fail to develop rapid acclimation responses and may 

impact the overall cohort. As described in Pierron et al. (2022), both processes likely contribute 

towards the offspring methylome albeit non-equally. Metzger and Schulte (2017) reported adult 

acclimation temperature (both increasing or decreasing) elevated offspring global methylation 

levels in stickleback. However, 25% of the 2130 differentially methylated regions (DMRs, Box 

1) observed in the offspring accounted for both adult thermal acclimation as well as offspring 

developmental temperature (Metzger and Schulte 2017). This study demonstrated that the 

methylation profile of offspring is at least partly influenced by the combination of 

intergenerational methylation patterns inherited from the parents (i.e., pre-hatch) as well as by 
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the offspring rearing environment (i.e., post-hatch) (Metzger and Schulte 2017; Pierron et al. 

2022). In summary, in the early developmental stages, both parental and rearing environment are 

likely important contributors towards an offspringôs survival but the relative contribution of each 

varies on a case-by-case basis. 

A key design consideration to assess intergenerational effect is exposing only parents to 

an environmental parameter and removing this influence for the offspring (See Metzger and 

Schulte 2017; Pierron et al. 2022; Kelley et al. 2021). Similar or identical methylome patterns 

between unexposed offspring and exposed parents could indicate successful intergenerational 

epigenetic inheritance, but chance could be involved as we do not fully understand the 

mechanism behind inheritance of methylation. Permutation tests (Box 1) can be used to eliminate 

this possibility. Assessing the effect of rearing environment on offspring methylome is more 

challenging as parental effects must be taken into consideration. Isolating the effect of 

methylation when multiple variables are at play is only viable in select organisms where 

biological factors and environmental conditions can be controlled effectively through common 

garden experiments. Assessing the interaction between intergenerational inheritance and 

environmentally induced methylation can provide insight into the adaptive mechanism 

underlying early development.  

2.7 DNA methylation influences size and growth patterns  

Size and growth can have direct effects on both fish survival (e.g., predator vulnerability) 

and reproduction (e.g., sexual selection) (e.g., Quinn and Peterson 1996; McCormick and Hoey 

2004; Fontes et al. 2011). Understanding the underlying methylation framework (i.e., identifying 

the candidate genes) associated with regulation of body size and growth can lead to improved 

selective breeding and better management of populations experiencing changing environments 

(Burgerhout et al. 2017; Pan et al. 2021). In this section, we summarize 14 studies out of the 

original 37 extracted from the literature that have examined how DNA methylation is correlated 

with size and growth patterns (Table 2.2).  

2.7.1 Muscle development as direct proxy for studying size and growth 

Genes associated with growth and development are primarily expressed in tissues 

involved in muscle development. Muscle and liver tissues were examined in four studies each, 
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brain tissue was examined in three studies. Muscle development in combination with body 

weight and/or height are commonly used in DNA methylation studies as metrics of size and 

growth in fishes (Burgerhout et al. 2017; Ou et al. 2019; Liu et al. 2022; Wang and Shen 2023). 

The regulation of muscle development involves DNA methylation of the myogenin promoter and 

other regulatory genes involved in myogenesis (Burgerhout et al. 2017; Pan et al. 2021). 

Methylation studies using muscle tissues directly target regions within or surrounding genes 

associated with myogenesis such as myoblast determination protein (MyoD) and insulin like 

growth factor 1 (IGF-1) which are associated with myoblast proliferation and muscle 

hypertrophy (Online Supplementary Material Table S2.2; Huang et al. 2018; Li et al. 2021; Pan 

et al. 2021). Studies on the promoter region within or neighboring these target genes have 

reported negative correlations between DNA methylation levels and the corresponding mRNA 

expression (Zhong et al. 2014; Huang et al. 2018; Liu et al. 2022; Xie et al. 2023). This negative 

correlation is also observed in regulatory genes such as paired box 3 (pax3, a gene involved in 

regulating embryonic myogenesis; Pan et al. 2021) and diacylglycerol kinase (DGKZ, a gene 

involved in myoblast growth and development; Xie et al. 2023). The results from these studies 

are further supported through our GO term analysis suggesting that DNA methylation operates at 

multiple levels of the muscle development pathways (e.g., Pyruvate metabolic process, Glucagon 

signaling pathway, Growth; Online Supplementary Material Table S2.2).  

2.7.2 Growth associated gene expression across different tissues 

Environmental stressors can influence DNA methylation levels in or around growth-

associated genes across various tissue types including gonads (Budd et al. 2022), brain (Si et al. 

2021), and liver tissue (Hu et al. 2021).  

For instance, a correlation between growth and DNA methylation in the promoter regions 

of seven genes linked to sexual phenotype and/or temperature tolerance was observed in gonad 

tissue of barramundi (Lates calcarifer) (Budd et al. 2022). Here, fish exposed to low temperature 

(24°C) were smaller and lighter than fish exposed to high (34°C) temperature (Budd et al. 2022). 

Changes in salinity affect methylation levels in brain tissue of Tongue Sole (Cynoglossus 

semilaevis) (Si et al 2021). Long exposure (60 days) to low salinity led to reduced growth and to 

changes in DNA methylation at the pituitary adenylate cyclase activate polypeptide (pacap) gene 

promoter region, a gene involved in the synthesis of growth hormone (Si et al. 2021). Finally, 
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cadmium exposure induces changes in DNA methylation in liver tissue in Nile tilapia 

(Oreochromis niloticus) (Hu et al. 2021). Cadmium exposure increased methylation at the 

promoter regions of growth hormone (GH) and IGF-1 leading to decreased growth (Hu et al 

2021). 

The three studies above suggest changes in methylation patterns can also be a function of 

the duration and intensity of the exposure to environmental stressors. Prolonged exposure to 

and/or more intense levels of stress can lead to more lasting effects on the global methylome (Hu 

et al. 2021). Prolonged exposure to stress is reported to also have a lasting negative impact on the 

growth of the fish through increased methylation at the promoter regions of candidate genes 

associated with growth (e.g., pacap, Si et al. 2021). Alternatively, DNA methylation may act as a 

buffer to minimize the impact of increased temperature, which allows individuals to rebound 

once the stressor has been removed (Budd et al. 2022). It is also important to note that the 

intensity required for an environmental stressor to illicit a differential methylation response can 

be rapid and/or small (e.g., 2°C in Anastasiadi et al. 2017 and Kho et al. 2024). In summary, 

while environmental factors affect DNA methylation patterns of the promoter region and 

influence growth gene expressions regardless of tissue, the direction and magnitude of the effect 

are likely to depend on the duration and intensity of the exposure to the stressor.  

2.7.3 DNA methylationôs role in early developmental growth patterns 

Early-stage growth and development are of interest in fish as the early stages are the most 

susceptible to environmental fluctuations, and the effects of environmental variables on different 

genotypes can greatly influence the DNA methylation profile of immature individuals 

(Burgerhout et al. 2017; Ou et al. 2019; Zhong et al. 2021). For instance, methylation level 

decreased, and gene expression increased, with advancing developmental stage in two genes 

associated with growth in Olive Flounder (Paralichthys olivaceus): MyoD and IGF-1 (Huang et 

al. 2018). A similar pattern of an increase in gene expression along with a decrease in DNA 

methylation levels as development progresses was observed in a larval rearing study on Atlantic 

Herring (Clupea harengus) (Kho et al. 2024). Additionally, an increase in temperature induces 

hypermethylation in differentially methylated sites located primarily in exons and promoters, 

which may contribute to lower gene expression (Kho et al. 2024). Collectively these studies 

suggest that DNA methylation is one of the key processes involved in regulating development 
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and early-stage responses to environmental stressors, though it is not the only process doing so 

(histone modification and non-coding RNA). The overarching pattern of decreasing methylation 

levels as development progresses is observed even in the early life stages suggesting the 

inception of this decline occurs well before adulthood.    

2.7.4 Summarizing DNA methylationôs role in size and growth patterns  

In summary, the relationship between size/growth and epigenetics in fish has been 

primarily studied in the context of muscle development, either directly using muscle tissues or 

indirectly using other tissues including gonads, liver, and brain, which regulate growth 

hormones. Muscle growth is an accessible substrate to study underlying epigenetic mechanisms 

as it directly correlates with the size and growth of fish. The expression of growth genes such as 

MyoD and IGF-1 is in part controlled through DNA methylation mechanisms particularly at 

promoter regions where methylation is associated with lower expression of these genes. 

Environmental stressors such as thermal fluctuations can negatively influence growth by 

increasing methylation, which in turn decreases mRNA expression and limits growth. 

Additionally, DNA methylation is often specific to life stage or stage of development, though our 

understanding of the effect of environmental change on stage-specific methylation patterns and 

its consequence on growth expression is still limited. Existing studies can be broadly classified 

into adult or early developmental stages, but we lack critical information on the connection 

between these two broad stages. This is especially true for many fish species for which 

metamorphosis constitutes a physiological threshold that can significantly influence the 

epigenome and growth potential.  

2.8 Aging, sexual maturation timing, DNA methylation patterns  

The longer an organism lives, the higher the chances it can reproduce. Insight into an 

organismôs biological age and life expectancy can therefore provide crucial information on key 

traits associated with longevity and fitness. Here, we define biological age as a measure of the 

functionality and health of the cells and tissues in the body while life expectancy is the estimated 

span of an individualôs life, commonly used in population-level metrics. A total of nine studies 

out of the original 37 extracted from the literature are discussed in this section. We first highlight 

findings from DNA methylation studies that examine age at sexual maturity (examples from 

Table 2.2; e.g., Morán and Pérez-Figueroa 2011; Budd et al., 2022) and then discuss how 
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epigenetic age (e.g., methylation-based age estimation) can be used to assess biological age 

(Table 2.3); we then discuss gaps in our knowledge in this field.  

2.8.1 DNA methylation and sexual maturity 

Age at maturity provides valuable insight into the reproductive cycle and is a key life 

history trait in population dynamics and fisheries stock assessment. Correlation between DNA 

methylation and sexual maturation is evident particularly when sexual maturation is dependent 

on environmental cues (Budd et al. 2022). As discussed above (Section 2.2), temperature during 

sexual maturation induced methylation changes that impacted gonad development in many fish 

species and other ectotherms (Morán and Pérez-Figueroa 2011; Yuan et al. 2016). Most 

methylation patterns observed in the gene bodies of oocytes are associated with gonad 

development (Tomizawa et al. 2013; Yuan et al. 2016), and therefore are effective biomarkers 

for sexual maturity. Studies comparing immature and mature stages further support this 

hypothesis. For example, Morán and Pérez-Figueroa (2011) used Methylation-Sensitive 

Amplified Polymorphism to compare the methylation patterns of brain, liver and testes of male 

immature and mature stages of Atlantic Salmon. They found a significant difference in 

methylation levels between the two stages as well as between testis and liver (Morán and Pérez-

Figueroa 2011). Although it is difficult to generalize based on a handful of studies, these results 

suggest that stages of maturation can be influenced by environmental factors through DNA 

methylation of specific tissues particularly the gonads. In summary, DNA methylation patterns 

correlate with age at maturity through environmental cues. In addition, DNA methylation may 

also act as a buffer to counter environmental stress and help regulate the most opportune moment 

for sexual maturation. We currently lack sufficient information to assess whether or not these 

correlations are causative. Future studies should attempt to address this through study designs 

that strictly assess the contributions of DNA methylation on the onset of sexual maturation with 

and without the influence of environmental variables (e.g., via common garden experiments).   

2.8.2 DNA methylation based aging clocks 

DNA methylation aging clocks constitute a promising research avenue in fisheries 

research particularly for species that can only be aged through lethal methods (Anastasiadi and 

Piferrer 2020; Mayne et al. 2019; 2021b). Recent studies in fish focused on the development of 

an epigenetic clock that can be used to predict biological age (Box 2; Horvath and Raj 2018). 
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Aging clocks operate based on groups of methylated markers in the genome that serve as 

indicators for an individualôs age. To date, aging clocks have been developed for various species 

including lobsters (Anastasiadi and Piferrer 2020; Fairfield et al. 2021), horses (Horvath et al. 

2022), humans (Horvath and Raj 2018; McCartney et al. 2021), and several fish species 

(Fairfield et al. 2021; Mayne et al. 2021b; Anastasiadi and Piferrer 2023; Piferrer and 

Anastasiadi 2023). One advantage of DNA methylation aging clocks is that they can be 

employed non-lethally. Research on aging clocks has therefore provided different uses 

depending on taxa (Mayne et al. 2019). In mammals for example, aging clocks can be used to 

predict the onset of chronic illnesses (Marioni et al. 2015; Bell et al. 2019; Tangili et al. 2023) 

while in fishes and crustaceans, aging clocks are used to improve management efforts by 

providing age parameter to models used in assessment (Fairfield et al. 2021; Mayne et al. 2020a; 

2021a; Weise et al. in prep).  

Anastasiadi and Piferrer (2019; 2020) developed the first fish epigenetic clock based on 

penalized regressions using 48 CpG sites from targeted bisulfite sequencing of four genes (amh-

r2, nr3c1, fsh-r, and sox9) in European Seabass (Dicentrarchus labrax) muscle tissue. The 

molecular clock displayed high accuracy (r = 0.824) and precision (2.149 years), as well as 

stability when tested on juvenile fish experiencing accelerated growth from higher temperature. 

Mayne et al. (2020b) subsequently established an aging clock for zebrafish (Danio rerio) aged 

11.9-60.1 weeks. In addition, they identified and then used 26 CpG sites correlated with age to 

estimate the ages of 10.9- to 78.1-week-old fish using multiplex PCR (Mayne et al. 2020b). 

Without target genes, reduced representative approaches such as RRBS used by Mayne et al. 

(2020b) are necessary to identify informative CpG sites. Multiplex PCR of these target sites can 

then be used to upscale the sample size as a more direct and cheaper alternative to bisulfite 

sequencing. This is especially important in testing an epigenetic aging clock because accuracy 

increases with the number of samples examined (Box 2; Tangili et al. 2023).  

The zebrafish RRBS assay from the Mayne et al. (2020b) study provides a reference 

template for the development of epigenetic aging clock in other species without having to screen 

the whole genome, though recalibration is required as the sites may not show the same 

correlation level as zebrafish. Using this same approach, aging clocks have been established for 

Southern Bluefin Tuna (Thunnus maccoyii) (Mayne et al. 2020a), Australian Lungfish 

(Neoceratodus forsteri) (Mayne et al. 2021b), Murray Cod (Maccullochella peelii) (Mayne et al. 
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2021b), Mary River Cod (Maccullochella mariensis) (Mayne et al. 2021b), and Golden Perch 

(Macquaria ambigua) (Mayne et al. 2023). Mayne and colleagues have also applied this method 

to Green Turtles (Chelonia mydas) (Mayne et al. 2022) to attempt to develop a universal marine 

turtle aging clock. While the use of the zebrafish epigenetic clock resembles a universal mammal 

epigenetic clock for fishes, it is important to consider that geographic variation and 

environmental conditions may affect the validity of a universal clock in fishes (See Piferrer and 

Anastasiadi (2023) on the progress of a universal piscine epigenetic clock). The best practice to 

developing an aging clock for a new species may arguably be to start from scratch and develop 

targeted clocks using reduced representative methods to ensure that the clock is suitable for the 

given species; this is especially important in species that exhibit diverse life history strategies 

between males and females (e.g., Hippoglossus hippoglossus, Weise et al. in prep). Despite this 

caveat, progress on developing epigenetic clocks for age estimation is promising and can 

ultimately be a useful tool for improving the management of commercially and ecologically 

important species.  

Despite rapid progress, the development of an aging clock is not without its challenges 

(Bell et al. 2019). Tissue type may affect an aging clock (Bell et al. 2019). There is also some 

ambiguity with regards to the interaction between chronological age and the biological aspects 

related to age, but this may not be very relevant when the focus is to assess age for conservation 

and management.  

2.9 DNA methylationôs role in regulation of sex  

Recent studies have proposed that epigenetics is a key mechanism contributing to 

environmentally mediated sex determination (Piferrer et al. 2019). This alternative pathway of 

gonad development does not rely on genetics (e.g., sex chromosomes) and is exhibited in many 

vertebrate lineages including fish and reptiles (Weber and Capel 2021). Temperature mediated 

sex determination is particularly well studied, likely because global warming can impact species 

which rely on this biological process. This section is divided into sex determination (early 

development) and sex change or transition (post sexual maturity). Out of the original 37 studies, 

we highlight eight studies that are involved in sex regulation (Table 2.4). GO term enrichment 

analysis of 63 genes from the eight studies in Table 2.4 reported cytosine methylation associated 

genes are ranked third in significance below gonad development and reproduction developmental 
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process, suggesting methylation associated genes are well represented in these studies (Online 

Supplementary Material Table S2.3). 

2.9.1 Sex determination in early developmental stages    

Sex determination in fish can occur as early as nine days post fertilization as 

demonstrated in zebrafish (Wang et al. 2021). DNA methylation is involved in the onset of sex 

determination in which primordial germ cells (PGC) exhibit significant DNA methylation 

reprogramming during development. This results in a methylome similar to the oocyte/ovary 

before being phased out into a methylome similar to the sperm DNA as development progresses 

(See Section 2.2); the inhibition of DNMT activity at this stage results in a failure to transition 

from female to male (Wang et al. 2021). Methylation-controlled sex determination can also be 

intergenerationally inherited and influenced by environmental factors in early developmental 

stages. For instance, both parental exposure to cadmium and elevated temperature during 

offspring development can affect sex determination in zebrafish through changes in methylation 

levels of two genes associated with feminization (Pierron et al. 2021). Conversely, elevated 

temperature during offspring development correlates with hypermethylation at cyp19a1a gene 

leading to a male-biased sex ratio in the subsequent generation (Pierron et al. 2021). This study 

demonstrated the importance of both parental effect (cadmium concentration) and rearing 

environment (temperature) on regulating the sex of offspring through DNA methylation 

dynamics of key genes.  

2.9.2 Regulating environmentally induced sex change through DNA 

methylation 

The role of epigenetics in sex transition is well documented in fishes likely due to the 

wide range of physiological and behavioural strategies associated with environmentally mediated 

sex determination (Metzger and Schulte 2018; Pierron et al. 2021; Budd et al. 2022). DNA 

methylation is an integral part of sex determination in at least three species of fish: European Sea 

Bass (Dicentrarchus labrax; Navarro-Martín et al. 2011), Half-Smooth Tongue Sole 

(Cynoglossus semilaevis; Shao et al. 2014), and Japanese Flounder (Paralichthys olivaceus; Wen 

et al. 2014). In all three species, sex determination was associated with the methylation profiles 

of the promoter region(s) in one or two genes: cytochrome P450 family 19 subfamily a (cyp19a) 



32 
 

and/or doublesex and mab-3 related transcription factor 1 (dmrt1). Cyp19a encodes aromatase, 

an enzyme that produces estrogen and when inhibited can lead to sex reversal from female to 

male (Navarro-Martín et al. 2011; Wang et al. 2017; Todd et al. 2019). Dmrt1 encodes DMRT1 

transcription factor that is involved in testis development (Cui et al. 2017; Webster et al. 2017; 

Todd et al. 2019). These studies collectively suggest DNA methylation in aromatase promoter 

regions (cyp19a), and masculinization associated transcription factors (dmrt1) are crucial for the 

regulation of sex determination pathways. This is regardless of whether the cues are 

environmental, e.g., temperature (Navarro-Martín et al. 2011; Shao et al. 2014; Wang et al. 

2017), or induced by social interactions (Todd et al. 2019). As indicated by Piferrer et al. (2019), 

both cyp19a1a and dmrt1 are key genes involved in sex-specific gonadal development, and these 

two genes follow the proposed Conserved Epigenetic Regulation of Sex (CERS) model. The 

CERS model states that sexual development is closely associated with a specific gonadal 

phenotype instead of any factors that may lead to a particular sexual phenotype (Box 1; See 

Piferrer et al. 2019). Other potential candidate genes that are involved in regulation of sex 

include foxl2a, amh, sox9, gsdf, and amhr2 (Table 2.4), but whether or not they follow the CERS 

model requires further research (Piferrer et al. 2019). 

2.9.3 Genome wide methylation conundrum 

All studies described thus far identified and targeted candidate genes (e.g., cyp19a), but 

an alternative approach is to examine the potential association between genome-wide 

methylation and sex determination. Ribas et al. (2017) and Wang et al. (2021) used a DNA 

methyltransferase inhibitor, 5-Aza-2ô-deoxycytidine, to inhibit any DNA methylation during the 

development of germ cells in zebrafish and found a decrease in male sex ratio from 35 to 90 days 

post fertilization compared to a control group (Ribas et al. 2017; Wang et al. 2021). However, it 

remains unclear whether genome-wide methylation or methylation changes at candidate genes 

influenced these patterns. Examining the effect of genome-wide methylation without the 

inclusion of known sex-determination regions may lead to the identification of previously 

unknown candidate genes involved in sex determination (Shao et al. 2014).    
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2.10 Challenges and considerations 

Despite recent progress in technology, challenges remain in DNA methylation studies. In 

this section we discuss recurring challenges across methylation studies. Limitations specific to 

studies of fish life history and methylation are identified where possible and we discuss potential 

avenues to help address them.  

2.10.1 Resource optimization 

Optimizing resources is crucial to accommodate the challenges addressed with designing 

an epigenetic study (See Husby (2022) and Laine et al. (2023) for general experimental design 

considerations). Recent technology such as an enzyme-based method for methylation detection 

known as ñEnzymatic Methyl-seqò or EM-seq that uses the enzyme TET2 to protect methylated 

cytosine from the following deamination step to convert cytosine to uracil (Vaisvila et al. 2021). 

Compared to bisulfite sequencing, this method allows for more specific methylation detection, 

detection of 5-hydroxymethylcytosine, and increased mapping efficiency, while inflicting less 

damage to the DNA; additionally, pipelines optimized for bisulfite sequencing can be used to 

analyze EM-seq data. Improvements such as these allow DNA methylation studies to sequence 

more samples at higher coverage, thus increasing the accuracy and precision in the detection of 

methylation patterns. Ongoing improvements to the workflow of methylation analyses include 

the release of MethylSeq Direct Workflow (Schreiber 2020). The development of direct 

workflows streamlines the analysis of DNA methylation data by clustering previously unique 

pipelines into fewer steps, greatly decreasing loading and running time.    

2.10.2 Confounding genetic effect  

Genetic background as a confounding variable is an important consideration in most 

epigenetic studies as it influences and is influenced by gene expression (Venney et al. 2023). 

Failure to control genetic effects lead to difficulty in elucidating patterns due to epigenetics or 

genetics, leading to mixed signals and potential misinterpretation of results. Genetic effects can 

range from individual variation to population bias. Controlling for this is most effective at the 

early stages of experimental planning. Sampling individuals or parents from the same population 

or using the same parent for multiple crosses are two effective examples of controlling for 

confounding genetic effects (e.g., Smith et al. 2015; Venney et al. 2022). Many studies are also 
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increasingly using SNP data in conjunction with methylation data to compare variations across 

the same individuals (see Aagaard et al. 2022, Berbel-Filho et al. 2022, and Venney et al. 2024). 

Here, the SNP data provide information on the proportion of observed variance in the data due to 

genetic component. This is particularly relevant for bisulfite sequencing as during the bisulfite 

conversion process, CĄT SNP substitutions cannot be distinguished from the CĄT bisulfite 

conversion. To elaborate, an unmethylated cytosine converted to uracil during bisulfite treatment 

(then to thymine) cannot be differentiated from a cytosine to thymine SNP substitution during 

down stream data processing. In such cases, SNP data can be used to mask substitutions thereby 

ensuring that all CĄT sites are all due to bisulfite conversion (Venney et al. 2020; 2022; Kho et 

al. 2024). Variance in the data that are not explained by DNA methylation can then be examined 

separately from a genetic perspective using the SNP data. This methodology allows for a direct 

comparison between genetic and epigenetic signals, and potentially provide insight on their 

interaction.  

2.10.3 Correlation vs. causation 

Significant differences in methylation patterns at a CpG site do not necessarily translate 

into differential phenotypic expression. Our ability to generate large datasets can cloud our 

perception of the functional relevance of these regions which is especially important when 

considering phenotypic traits. Follow-up studies on transcriptomics are usually expected to 

assess gene expression of a differentially methylated site or region. Trait association studies can 

also be incorporated to further examine the link between gene expression and phenotypic 

expression. The combination of genetics, transcriptomics, and epigenetics with phenotypic 

expression can then provide a more complete understanding of the target (gene) regionôs 

functional relevance. In general, there is a tendency to focus on regions or sites of functional 

relevance at the expense of intergenic or unknown regions of the genome. These regions should 

be considered when interpreting the results as they may provide additional insight.  

2.10.4 CpG sites vs. other variants of DNA methylation  

Considerations should be made for DNA methylation in non-CpG sites and other bases. 

The majority of 5mC in vertebrates is found in the highly dense CpG islands associated with 

gene promoters (Kim and Costello 2017). However, methylation can also occur in gene bodies 

where hypermethylation generally promotes gene expression (e.g., Jones 2012; Huang et al. 
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2021). To our knowledge, there is currently little to no information on the direct significance of 

methylated intergenic regions in fish though their occurrence has been documented in several 

studies (e.g., Smith et al. 2015; Kho et al. 2024). Methylation in non-CpG sites is also found in 

the mitochondrial genomes of mammals and other vertebrates, including fish (Nedoluzhko et al. 

2021). Our understanding of methylated non-CpG sites in fish is limited, but the methylation 

patterns in mitochondrial DNA appear to be conserved across at least some vertebrate systems 

for instance in humans (Nduduzo et al. 2021) and murine (Bellizzi et al. 2013) suggesting there 

may be other undiscovered functions of methylated non-CpG sites in fish.  

2.10.5 DNA methylation as sole epigenetic mechanism  

DNA methylation is not the only epigenetic process involved in regulating gene 

expression (i.e., histone modification and non-coding RNA are two other mechanisms). The 

interaction between epigenetic processes is important in the expression pathway as evidenced by 

studies demonstrating the link between DNA methylation and non-coding RNA (Zhao et al. 

2016; Ren et al. 2022) or DNA methylation and histone modifications (Weaver et al. 2004; 

Zhang et al. 2010; Ge et al. 2018). For instance, heterosis of growth traits in allotriploid 

(combination of at least two different genomes in somatic cells) carps (Carassius auratus and 

Cyprinus carpio) is regulated through both DNA methylation and microRNA (miRNA; a type of 

non-coding RNA). However, only few differentially methylated genes are correlated with gene 

expression, suggesting most of the other genes are regulated through miRNA (Ren et al. 2022). 

Another example from taxa other than fishes is the work by Ge et al. (2018) on sex determination 

in red-eared slider turtle where a temperature dependent histone demethylase (KDM6B) is 

directly involved in the transcriptional regulation of Dmrt1 gene during male development. We 

are only scratching the surface of how epigenetic processes are interacting with each other and 

further research is required to better understand these complex relationships. 

2.10.6 Unique life history strategies in fish 

Finally, some fish species exhibit unique life history strategies that should be considered 

when interpreting the result of a methylation study. For example, species with more complex 

migratory strategies (e.g., diadromy) may add an additional layer of complexity with regards to 

distinguishing the effects of environmental change (e.g., marine vs. freshwater) vs. stage of 

development (e.g., juvenile stage in freshwater environment vs. adults in marine environment). 
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In this example, additional analysis may be required to tease apart the effect of environment 

against developmental stage, or vice versa depending on the question addressed. Other 

considerations include intergenerational inheritance (i.e., maternal or paternal inheritance) and 

sex determination, both discussed in previous sections. Failure to account for these unique life 

history strategies can lead to erroneous interpretation.  

2.11 Conclusion 

We are only now beginning to understand some of the mechanistic roles of DNA 

methylation in phenotypic diversity, especially in non-mammalian organisms. In this work, we 

compiled recent literature and review evidence of the relationship between DNA methylation and 

life history traits in fish. We presented mounting evidence suggesting DNA methylation is 

involved in mediating environmentally induced responses that can lead to the diversification of 

fish life history traits. DNA methylation patterns are also associated with different genes 

depending on the tissue or cell types. On a molecular scale, the location of methylated sites in 

genomic regions (e.g., promoters) also controls the expression of the corresponding genes. Most 

studies reviewed here reported a negative correlation between methylation levels at the promoter 

region and mRNA expression, and a number have demonstrated that the identification of 

candidate genes is key to understanding mechanistic processes (e.g., cyp19a and dmrt1 for sex 

regulation). Collectively, these mechanistic features allow DNA methylation to be an efficient 

tool for investigating plasticity and adaptation, while having diverse applications for 

conservation and management purposes.       
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2.14 Tables and figures  

Figures and boxes in order of appearance. 

 

 
Figure 2.1. A year-to-year breakdown from 1971 to 2022 of the number of studies with 

ñEpigeneticò (orange), ñDNA methylationò (blue), and the combination of both key words (red) 

in their title obtained using Web of Science and Google Scholar. The plot reveals a dramatic 

increase beginning in the early to mid 2000s.   
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Box 2.1 List of definitions of recurring terms in order of appearance  

1.0 Introduction 

¶ Epigenetics: modification and regulation of gene activity and/or expression without 

changing the nucleotide sequence. 

¶ Non-coding RNA: Non-protein coding RNA strands that can inhibit protein synthesis by 

physically blocking or degrading primary transcripts (Costa 2008; Smith and Ritchie 

2013). 

¶ Histone modifications: Modifications (e.g., acetylation, phosphorylation), often 

enzymatic, to histone bodies that can alter the chromatin and influence access to DNA for 

transcription (Deichmann 2016). 

¶ DNA methylation: addition of a methyl group on a nucleotide.  

¶ CpG islands (CGIs): A group of repeating CpG sites commonly found in the promoter 

regions of genes and are usually unmethylated. 

¶ CpG site: DNA methylated site specifically consisting of a cytosine that precedes a 

guanine. 

¶ Somatic (morphometric/meristic) traits: quantitative traits that are associated with the 

physical size and shape of an organism (Bal§ģ and Ambros 2012).  

¶ Methylome: Complete DNA methylation information in the genome.  

¶ Reproductive traits: Aspects of the reproductive life cycle that are influenced by the 

environment both at the parental level (e.g., fecundity) as well as at the offspring level 

(e.g., sex determination). 

¶ Population resilience: the capacity of a system to respond to a disturbance and still 

maintain a stable state (Capdevila et al. 2020). 

2.0 DNA methylation in early developmental stages 

¶ Differentially methylated regions (DMRs): Genomic regions exhibiting different 

methylation states across individuals and/or treatments. 

¶ Hypermethylation/hypomethylation: Any given CpG site or DMR can be hyper- or 

hypomethylated with respect to a reference sequence or to the same sequence in another 

treatment group. Hypermethylation indicates a higher proportion of methylation while 

hypomethylation indicates a lower proportion of methylation in the target sample(s) than 

in the control. 

¶ Genomic imprinting: Monoallelic expression of genes due to silencing of either 

maternal or paternal copy 

¶ Permutation test: A statistical test to compare experimental data with a distribution 

created from permutations of the data under the null hypothesis, thereby testing how 

likely experimental data is to be observed.    

5.0 DNA methylationôs role in regulation of sex 

¶ Conserved Epigenetic Regulation of Sex (CERS) model: Model of sex regulation that 

postulates sexual development is closely tied to the development of a specific gonadal 

phenotype as opposed to factors that lead to the development of said phenotype (Piferrer 

et al. 2019). 
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Box 2.2 Designing an epigenetic clock ï how accurate are they?  

   

Epigenetic clocks are increasingly being developed for non-model organisms in part due to 

our understanding of how DNA methylation patterns change as an organism ages. The basis 

of epigenetic clocks involves modelling the DNA methylation patterns at CpG sites against 

the known (e.g., from a captive population) or estimated (e.g., from otoliths in wild caught 

fish) age of individuals through supervised machine learning methods employing regression 

models (Mayne et al. 2020b; Nakamura et al. 2023; Tangili et al. 2023). CpG sites that 

strongly correlate with age are then selected and form the foundation of the clock. Genome 

pairwise alignment tools (e.g., basic local alignment search-tool or BLAST) can also be used 

to identify homologous sequences containing target CpG sites as demonstrated by Nakamura 

et al. (2023), where they used 12 genes associated with age across humans, dogs, and cats to 

develop an epigenetic method of estimating age in brown bears (Ursus arctos).        

   

Two parameters are commonly used to assess the accuracy of the estimated epigenetic age 

from the chronological age: a correlation coefficient (i.e., r or R2) and/or mean/median 

absolute deviation (MAD) (Mayne et al. 2020; 2021b; Nakamura et al. 2023; Tangili et al. 

2023). Tangili et al. (2023) conducted a comprehensive meta-analysis on how different 

parameters influence the performance of the DNA methylation-based methods for estimating 

age. High performing epigenetic clocks are characterized by high R2 and low MAD values, 

but MAD values varied across multiple parameters (e.g., captive vs. wild, number of CpG 

sites) and are more indicative of a clockôs accuracy (Tangili et al. 2023). Number of CpG 

sites especially was found to have a strong negative association with scaled MAD values. 

Overall, the study found that epigenetic clocks have the potential to predict chronological 

age with high accuracy.  

 

The zebrafish epigenetic clock study by Mayne et al. (2020) employed the methodology 

described above and identified 29 CpG sites that exhibit high correlation in both the training 

(Pearson correlation = 0.95, p-value < 2.20 x 10-16) and testing (Pearson correlation = 0.92, 

p-value < 9.56 x 10-11). Out of the 29 sites 26 were optimized for multiplex PCR assay that 

would be foundational for the development of epigenetic clock in other fish species (See 

Section 5.2). 
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Table 2.1. Studies that examine the relationship between DNA methylation on intergenerational inheritance and/or rearing environment 

across fish species. Each study is organized by fish species and summarized by tissue type, variable of interest, methodology, region 

used for DNA methylation analysis, and summarized main findings are listed.  

 Fish species 
Tissue 

type 

Variable of 

interest 
Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

1 

Three-Spine 

Stickleback 

(Gasterosteus 

aculeatus) 

Muscle 

Temperature 

(developmental 

and adult 

acclimation) 

RRBSÀ 
Genome-

wide 

Comparisons between development temperature and 

adult acclimation temperature on DNA methylation 

levels suggest increased global DNA methylation 

levels with changing temperature during development. 

Out of the 2130 differentially methylated cytosines, 

around 25% are associated with both developmental 

temperature and adult thermal acclimation. 

 

Metzger & 

Schulte 2017 

2 Multiple species Multiple 
Temperature  

(early life stage) 
- - 

Temperature during embryo development can preadapt 

the fish to maximize fecundity under similar thermal 

conditions. DNA methylation is involved in responses 

to temperature during early developmental stages. 

 

Jonsson & 

Jonsson 2019 

3 

Three-Spine 

Stickleback 

(Gasterosteus 

aculeatus) 

Gill 

Salinity  

(transgenerational 

plasticity) 

RRBS 
Genome-

wide 

Sticklebacks from different salinity conditions exhibit 

differential methylation in genes associated with 

osmoregulatory processes; these genes are non-

inducible by salinity manipulation during a two-

generation experiment. However, evidence of 

transgenerational plasticity is also observed in some 

inducible methylated sites when comparing with 

populations suggesting both inducible and non-

inducible epigenetic marks are at play. 

 

Heckwolf et al. 

2020 

4 

Chinook 

Salmon 

(Oncorhynchus 

tshawytscha) 

Multiple 
Developmental 

stages 
BSPÄ 

14 candidate 

genes 

Maternal effects on methylation (also at individual 

CpG sites) are negatively correlated with increasing 

development and replaced with nonadditive effects 

when offspring began feeding.  

 

Venney et al. 

2020 

5 

Shortfin Molly 

(Poecilia 

mexicana) 

Blood 

Chemical 

exposure 

(hydrogen 

sulfide) 

MeDIPÿ 
Genome-

wide 

Significant DMRs were reported for both wild-caught 

and laboratory-reared fish comparing sulfidic and non-

sulfidic populations. Over 80% overlap in DMRs were 

identified across generations, suggesting stable 

inheritance in absence of sulfidic environment.  

 

Kelley et al. 2021 

Ρ
Μ 
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 Fish species 
Tissue 

type 

Variable of 

interest 
Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

6 
Zebrafish 

(Danio rerio) 
Gonad 

Chemical 

exposure 

(cadmium) and 

Temperature 

Bisulfite-

pyrosequencing 

Cyp19a1a, 

dmrt1, foxl2a 

genes 

Environmental treatments on parents can influence 

offspring sex ratio through DNA methylation. 

Temperature was associated with increased methylation 

at cyp19a1a gene and male-bias population, but 

cadmium influenced foxl2a and dmrt1 methylation 

levels and density, leading to female-bias population.  

 

Pierron et al. 2022 

7 

Brook Charr 

(Salvelinus 

fontinalis) 

Liver Temperature WGBSÆ 
Genome-

wide 

WGBS analysis on brook charr fry whose parents are 

exposed to temperature treatments identified 188 

DMRs due to parental maturation temperature. There 

was no correlation observed between offspring rearing 

temperature and offspring methylation. 

 

Venney et al. 

2022 

8 
Zebrafish 

(Danio rerio) 
Gonad 

Chemical 

exposure 

(prothioconazole 

and 

prothioconazole-

desthio) 

RNA-qPCR 

14 

Methylation-

specific 

genes 

(e.g., VASA, 

dnmt1)  

DNA methylation is involved in reduced fecundity in 

parental zebrafish as well as abnormal development in 

F1 embryos (i.e., evidence of transgenerational 

epigenetic inheritance) when parents were exposed to 

PTC and dPTC. 

 

Tian et al. 2023 

(See note) 

Note: Tian et al. (2023) is a transcriptomic study looking at gene expression of DNA methylation. 
ÀRRBS: Reduced-Representative Bisulfite Sequencing 

ÿMethylated DNA immunoprecipitated 

ÄBSP: Bisulfite Sequencing-Polymerase chain reaction  

ÆWGBS: Whole Genome Bisulfite Sequencing 

  

Ρ
Ν 
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Table 2.2. List of recent studies that examine the relationship between DNA methylation and body size/growth patterns in fishes. Tissue 

type, variable of interest, methodology, region used for DNA methylation analysis, and summarized main findings are listed.  

 Fish species 
Tissue 

type 
Variable of interest Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

1 
Atlantic Salmon  

(Salmo salar) 

Gonad, 

brain, and 

liver 

Maturation/ 

developmental stage 
MSAPÀ Genome-wide 

Significant levels of DNA methylation 

variation between genetically similar mature 

and immature salmon parr. 

 

Mor§n and P®rez-

Figueroa 2011 

2 

Nile Tilapia 

(Oreochromis 

niloticus) 

Brain 

(pituitary) 
Sexual phenotype BSPÿ 

GH, GHR1, 

and GHR2 

genes 

(promoters) 

GH promoters exhibit inverse correlation with 

growth rate and mRNA expression. 

Methylation is higher in female GH promoters 

meaning lower growth rate. This mechanism 

drives male growth superiority in this species.  

 

Zhong et al. 2014 

3 

European Sea Bass 

(Dicentrarchus 

labrax) 

Whole 

larvae 

Temperature and 

developmental stage 
MSAP Genome-wide 

Global DNA methylation differences were 

reported in larvae grown under temperature 

treatments (2ÁC difference), but less effect 

demonstrated in older juveniles. DNA 

methylation more prevalent in acclimated 

larvae and differential methylation was 

reported in ecologically relevant genes.  

 

Anastasiadi et al. 

2017 

4 
Atlantic Salmon  

(Salmo salar) 
Muscle 

Temperature and 

genetic background 

Pyro-

sequencing 

myogenin 

gene 

(promoter) 

Genetic background and temperature 

influences DNA methylation levels of genes 

associated with growth, muscle cellularity and 

myogenin expression. 

 

Burgerhout et al. 

2017 

5 

Japanese Flounder 

(Paralichthys 

oliaceus) 

Muscle Developmental stages BSP 

MyoD and 

IGF-I genes 

(promoter 

and exon) 

Expressions of MyoD and IGF-I are lowest in 

larval stages, and mRNA expression is 

negatively correlated with methylation. Muscle 

development is regulated through combined 

effects between DNA methylation and mRNA 

expression. 

 

Huang et al. 2018 

6 

Snakehead Hybrids  

(Channa argus x 

Channa maculata) 

Whole 

embryo/fry 

Genetic background 

(hybrids) 
MSAP Genome-wide 

DNA methylation levels in hybrid fry 

exhibiting growth heterosis are lower than 

inbred individuals. Dnmt3a mRNA expression 

level is a key contributor involved in the DNA 

methylation level differences. 

 

Ou et al. 2019 

Ρ
Ξ 
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 Fish species 
Tissue 

type 
Variable of interest Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

7 

Nile Tilapia 

(Oreochromis 

niloticus) 

Liver 
Chemical exposure 

(Cadmium) 
BSP 

GH and IGF-

I genes 

Exposure of cadmium decreased body mass 

and length as well as global methylation levels 

driven by down-regulation of DNA 

methyltransferases and upregulation of 

demethylation enzymes.  

 

Hu et al. 2021 

8 

Grass Carp 

(Ctenopharyngodon 

idella) 

Blood Domestication vs. wild WGBSÄ 

Genome-wide 

(found 16 

genes linked 

to growth) 

Domesticated carp exhibited 38 candidate 

genes corresponding to four selection 

signatures: growth and metabolism, immunity, 

foraging, and learning behaviours. Out of 

these, 16 were determined to be associated 

with growth and metabolism. 

 

Li et al. 2021 

9 
Chinese Perch 

(Siniperca chuatsi) 
Muscle 

Muscle types (red and 

white) 
WGBS Genome-wide 

Genome-wide analysis of muscle types in 

Chinese perch suggests DNA methylation 

levels and dnmts expression are higher in red 

than in white muscles with 4192 differential 

methylated genes identified between the two 

muscle types. These genes are associated with 

skeletal muscle differentiation and growth. 

 

Pan et al. 2021 

10 

Half Smooth 

Tongue Sole  

(Cynoglossus 

semilaevis) 

Brain 

(pituitary) 

and liver 

Salinity BSP 
pacap and 

ghrh genes 

Low salinity is associated with initial increase 

in DNA methylation levels at pacap promoter 

in females and a decrease in males. However, 

this pattern was inverted on day 60. Females 

exhibit higher methylation levels at promoter 

corresponding to lower expression.   

 

Si et al. 2021 

11 

Tilapia hybrids 

(O. niloticus x O. 

aureus) 

Liver 
Genetic background 

(hybrids) 
BSP 

DGAT2 

enzyme 

promoter 

region 

Hybrid tilapia exhibited lower DNA 

methylation levels at DGAT2 promoter 

compared to paternal species. Methylation is 

negatively correlated with expression. 

 

Zhong et al. 2021 

12 
Barramundi 

(Lates calcarifer) 
Gonad 

Temperature and sexual 

phenotype 

BSP 

cyp19a1a, 

dmrt1, amh, 

nr5a2, esr1,  

foxl2, and 

sox9 genes 

Low temperature in barramundi is associated 

male-specific DNA methylation patterns (e.g., 

advanced testis development) at 12 months 

post hatch, and is likely involved in the 

observed reduction in body weight followed by 

compensatory growth.   

 

Budd et al. 2022 

Ρ
Ο 
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 Fish species 
Tissue 

type 
Variable of interest Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

13 

Grass Carp 

(Ctenopharyngodon 

idella) 

Muscle Diet WGBS Genome-wide 

High carbon diet is associated with differential 

methylation expression: decrease in 

methylation levels in promoters of seven 

candidate genes and increase in four, all 

associated with cell differentiation GO terms 

and signaling pathway of muscles. 

 

Xie et al. 2023 

14 
Atlantic Herring 

(Clupea harengus) 

Whole 

larvae 

Temperature, 

photoperiod, and 

developmental stages 

WGBS Genome-wide 

Genome-wide analysis suggests a negative 

correlation between global methylation levels 

and increasing developmental stages more 

pronounced at higher temperature. Higher 

temperature is associated with 

hypermethylation of differentially methylated 

sites corresponding to metabolism and 

development. 

 

Kho et al. 2024 

ÀMSAP: Methylation Sensitive Amplification Polymorphism 

ÿBSP: Bisulfite Sequencing-Polymerase chain reaction 

ÄWGBS: Whole Genome Bisulfite Sequencing   Ρ
Π 
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Table 2.3. List of studies that examine the relationship between DNA methylation and aging in fish. Tissue type, variable of interest, 

methodology, region used for DNA methylation analysis, and summarized main findings are listed. 

 Fish species 
Tissue 

type 

Variable 

of 

interest 

Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

1 
European Seabass 

(Dicentrarchus labrax) 
Muscle Age 

Multiplex 

Bisulfite 

sequencing 

amh-r2, 

nr3c1, fsh-r, 

sox9 

Development of the first fish molecular aging clock using penalized 

regression analysis of 48 CpG sites across four genes in the muscle. The 

molecular clock displayed high accuracy and precision, as well as 

stability even when tested on juvenile fish under temperature treatments. 

 

Anastasiadi 

and Piferrer 

2020 

2 
Southern Bluefin Tuna 

(Thunnus maccoyii) 
Muscle Age 

Multiplex 

PCR 

Genome-

wide 

Age estimation of Southern bluefin tuna using DNA methylation on 

muscle tissue with a median absolute error of 1.7 years. 

 

Mayne et al. 

2020a 

3 
Zebrafish 

(Danio rerio) 
Fin Age RRBSÀ 

Genome-

wide 

Development of zebrafish methylation-based aging clock using 26 CpG 

sites optimized for a multiplex PCR assay. The method is able to predict 

age with median absolute error of 3.2 weeks on average in zebrafish 

between 11-78 weeks of age. This study serves as the foundation for 

future methylation-based aging clocks in most fishes. 

 

Mayne et al. 

2020b 

4 

Zebrafish (Danio rerio) 

& Humans (Homo 

sapiens) 

- 
Sample 

size 

Monte-Carlo 

simulations 

Genome-

wide 

Analysis using Monte-Carlo simulations suggests a minimum 

calibration population size of 70 but an ideal number of 134 individuals 

or more for higher accuracy and precision. 

 

Mayne et al. 

2021a 

(See note) 

5 

Australian Lungfish 

(Neoceratodus forsteri) 

Murray Cod 

(Maccullochella peelii) 

Mary River Cod  

(M. mariensis) 

Fin Age 
Multiplex 

PCR 

Genome-

wide 

Transferability of the zebrafish clock is evidenced in this study. 

Development of two epigenetic clocks based on the zebrafish assay: one 

for Australian lungfish, and the other two for Murray and Mary River 

cods. Median absolute error rates were low and high Pearsonôs 

correlation suggests a strong association between chronological and 

predicted age.  

 

Mayne et al. 

2021b 

6 

Green Turtles & other 

species 

(Chelonia mydas) 

Skin Age RRBS 
Genome-

wide 

Age estimation of marine turtle using DNA methylation levels of 18 

CpG sites in known-age green turtles. Median absolute error was 2.1 

years and shows the potential transferability of this aging clock across 

various turtle species. 

 

Mayne et al. 

2022 

(See note) 

7 
Golden Perch 

(Macquaria ambigua) 
Fin Age 

Multiplex 

PCR 

Genome-

wide 

Development of Golden perch aging clock using the zebrafish assay and 

calibrated using known otolith-based ages. Median absolute error was 

low and Pearson correlation was high.  

 

Mayne et al. 

2023 

See note: Mayne et al. (2021a) is a simulation study estimating the optimal sample size to create an accurate model for age estimation using two widely studies 

species. Mayne et al. (2022) is a study on the development of a universal turtle age model but is briefly discussed in this section. 
ÀRRBS: Reduced-Representative Bisulfite Sequencing   

Ρ
Ρ 
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Table 2.4. Studies that examine the relationship between DNA methylation and sex determination across fish species. Tissue type, 

variable of interest, methodology, region used for DNA methylation analysis, and summarized main findings are listed.  

 Fish species 
Tissue 

type 

Variable of 

interest 
Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

1 

European Sea 

Bass 

(Dicentrarchus 

labrax) 

Gonad Temperature BSPÀ 
Cyp19a and 

ɓ-actin genes 

Male European Sea bass exhibit higher methylation 

levels in the promoter of cyp19a gene and exposure to 

high temperature increases the methylation levels in 

females and induces masculinization through DNA 

methylation-mediated mechanisms. 

 

Navarro-Mart²n et al. 

2011 

2 

Half-Smooth 

Tongue Sole 

(Cynoglossus 

semilaevis) 

Gonad Temperature WGBSÿ Genome-wide 

Comparison between the gonads of male and female sole 

suggests genes in the sex determination pathways are the 

major targets of methylation during sex change. 

Methylation in pseudomales is inherited in their ZW 

offspring which develop into pseudomales without 

temperature manipulation. 

 

Shao et al. 2014 

3 

Japanese 

Flounder 

(Paralichthys 

olivaceus) 

Gonad 
Sexual 

phenotype 
BSP 

Cyp19a and 

dmrt1 genes 

The expression of dmrt1 was higher in testis and the 

promoter CpGs of the gene were not methylated in testis 

but is methylated in ovary. The opposite pattern is 

observed in cyp19a which has higher expression in ovary 

and more methylated in the testis. 

 

Wen et al. 2014 

4 

Half-Smooth 

Tongue Sole 

(Cynoglossus 

semilaevis) 

Gonad 
Sexual 

phenotype 
RT-PCR 

Csedmrt1 

gene 

Mutants of dmrt1 gene reveal disruption of 

spermatogenesis and increased expression of foxl2 and 

cyp19a1a involved in female gonad development as well 

as decrease in Sox9a and Amh genes involved in male 

gonad development.  

 

Cui et al. 2017 

(See note) 

5 
Zebrafish 

(Danio rerio) 
Gonad 

Genetic 

background 

(mutants and 

hybrids) 

RT-PCR Dmrt1 gene 

Mutations of dmrt1 in zebrafish leads to male-to-female 

sex reversal in most individuals, with the rest being 

sterile males with testicular dysgenesis.   

 

Webster et al. 2017 

(See note) 

6 

Bluehead 

Wrasse 

(Thalassoma 

bifasciatum) 

Brain 

and 

gonad 

Social cue WGBS Genome-wide 

Environmental stimulus via social cues induces gonadal 

sex change from females to males through epigenetically 

distinct intermediate state driven by hypermethylation at 

cyp19a and hypomethylation at dmrt1 promoter regions.  

 

Todd et al. 2019 

Ρ
Σ 
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 Fish species 
Tissue 

type 

Variable of 

interest 
Methodology 

Region of 

methylation 

analysis 

Main findings 

References 

7 
Zebrafish 

(Danio rerio) 

Embryo 

and 

Gonad 

Sexual 

phenotype 
WGBS 

Genome-wide 

(Focus on 

DNMT and 

tet3) 

Primordial germ cells (PGC) exhibited significant 

reprogramming during development and resembled 

oocyte/ovary methylome at 9 days after fertilization. 

Knockdown of Tet3 reduces PGC while knockdown of 

DNMT in juveniles 9 dpf resulted in all female 

individuals. Reprogramming during adult sex transition 

(PGC to sperm) showed similar mechanism suggesting 

DNA methylation is involved in sex determination across 

life stages. 

 

Wang et al. 2021 

8 

Barramundi 

(Lates 

calcarifer) 

Gonad 

Temperature 

and sexual 

phenotype 

BSP 

cyp19a1a, 

dmrt1, amh, 

nr5a2, esr1,  

foxl2, and 

sox9 genes 

Low temperature in barramundi is associated male-

specific DNA methylation patterns (e.g., advanced testis 

development) at 12 months post hatch, and is likely 

involved in the observed reduction in body weight 

followed by compensatory growth.   

 

Budd et al. 2022 

Note: Cui et al. (2017) is a genome editing study looking at gene expression of dmrt1 enzyme on sex determination. Webster et al. (2017) is a knock-down study 

looking at the effect of dmrt1 expression on sex determination. 

ÀBSP: Bisulfite Sequencing-Polymerase chain reaction  

ÿWGBS: Whole Genome Bisulfite Sequencing  

 

 

Ρ
Τ 
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2.15 Online Supplementary Materials 

 

Table S2.1. Gene Ontology (GO) enrichment analysis results of 40 genes collected from eight 

studies focusing on the relationship between DNA methylation and early stages of development. 

The Zebrafish (Danio rerio) genome is used as the primary fish reference for the analysis. GO 

terms are filtered using the Metascape default parameters (p-value < 0.01, minimum count of 

three genes, and enrichment factor > 1.5). Count refers to the number of genes, Log10(P) is the p-

values reported in negative log base 10 format, and Log10(q) is the q-values calculated using 

Benjamini-Hochberg method accounting for multiple testing.  

 

GO ID Description Count Log10(P) Log10(q) 

GO:0008406 Gonad development 4 -7.78 -4.25 

WP1337 MAPK signaling pathway 4 -3.55 -0.42 

GO:0003407 Neural retina development 3 -3.27 -0.19 

R-DRE-1474244 Extracellular matrix organization 3 -2.96 -0.02 
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Table S2.2. Gene Ontology (GO) enrichment analysis results of 68 genes collected from the 14 

studies that focus on DNA methylation on size and growth patterns in fish. The Zebrafish (Danio 

rerio) genome is used as the primary fish reference for the analysis. GO terms are filtered using 

the Metascape default parameters (p-value < 0.01, minimum count of three genes, and 

enrichment factor > 1.5). Count refers to the number of genes, Log10(P) is the p-values reported 

in negative log base 10 format, and Log10(q) is the q-values calculated using Benjamini-

Hochberg method accounting for multiple testing.  

 

GO ID Description Count Log10(P) Log10(q) 

hsa04922 Glucagon signaling pathway 8 -11.79 -7.45 

GO:0040007 Growth 10 -9.72 -5.98 

GO:0032787 Monocarboxylic acid metabolic process 10 -8.88 -5.31 

GO:0007517 Muscle organ development 8 -8.08 -4.69 

GO:0032355 Response to estradiol 6 -7.98 -4.63 

GO:0090116 C-5 methylation of cytosine 3 -7.64 -4.49 

WP4194 Hormonal control of pubertal growth spurt 3 -7.64 -4.49 

GO:0006090 Pyruvate metabolic process 5 -7.40 -4.35 

GO:1903532 Positive regulation of secretion by cell 7 -6.93 -4.04 

GO:0030855 Epithelial cell differentiation 9 -6.88 -4.04 

GO:0032870 Cellular response to hormone stimulus 8 -6.50 -3.79 

GO:0060736 Prostate gland growth 3 -6.42 -3.74 

WP2853 Endoderm differentiation 5 -5.83 -3.28 

R-HSA-9006931 Signaling by Nuclear Receptors 6 -5.54 -3.04 

GO:1901615 Organic hydroxy compound metabolic 

process 

7 -5.46 -2.99 

hsa04814 Motor proteins 5 -5.21 -2.8 

GO:0098727 Maintenance of cell number 4 -4.66 -2.37 

M279 PID RB 1PATHWAY 3 -4.02 -1.91 

GO:0044057 Regulation of system process 6 -4.00 -1.89 

WP3584 MECP2 and associated Rett syndrome 3 -3.87 -1.79 
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Table S2.3. Gene Ontology (GO) enrichment analysis results of 56 genes collected from the 

seven studies focusing on aging in fish using DNA methylation. The Zebrafish (Danio rerio) 

genome is used as the primary fish reference for the analysis. GO terms are filtered using the 

Metascape default parameters (p-value < 0.01, minimum count of three genes, and enrichment 

factor > 1.5). Count refers to the number of genes, Log10(P) is the p-values reported in log base 

10 format, and Log10(q) is the q-values calculated using Benjamini-Hochberg method 

accounting for multiple testing.  

 

GO ID Description Count Log10(P) Log10(q) 

GO:0048704 Embryonic skeletal system 

morphogenesis 

4 -3.29 0 

GO:0016197 Endosomal transport 3 -2.46 0 
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Table S2.4. Gene Ontology (GO) enrichment analysis results of 63 genes collected from eight 

studies that explore the role of DNA methylation in sex regulation in fish. The Zebrafish (Danio 

rerio) genome is used as the primary fish reference for the analysis. GO terms are filtered using 

the Metascape default parameters (p-value < 0.01, minimum count of three genes, and 

enrichment factor > 1.5). Count refers to the number of genes, Log10(P) is the p-values reported 

in log base 10 format, and Log10(q) is the q-values calculated using Benjamini-Hochberg method 

accounting for multiple testing.  

 

GO ID Description Count Log10(P) Log10(q) 

GO:0008406 Gonad development 6 -12.26 -8.7 

GO:0003006 Developmental process involved in 

reproduction 

9 -10.77 -7.44 

GO:0032776 DNA methylation on cytosine 4 -9.22 -6.14 

R-DRE-212300 PRC2 methylates histones and DNA 6 -8.64 -5.72 

GO:0030855 Epithelial cell differentiation 6 -5.2 -2.7 

GO:0048565 Digestive tract development 4 -4.38 -1.94 

GO:0042246 Tissue regeneration 4 -3.98 -1.57 

R-DRE-212436 Generic Transcription Pathway 6 -3.72 -1.35 

GO:0045595 Regulation of cell differentiation 6 -3.65 -1.3 

GO:0048863 Stem cell differentiation 4 -3.11 -0.89 

GO:0007507 Heart development 5 -2.42 -0.34 

GO:0048880 Sensory system development 5 -2.18 -0.15 
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CHAPTER 3 ï LIFE HISTORY IMPLICATIONS OF KINSHIP 

STRUCTURE IN AN ATLANTIC HERRING AGGREGATION  

3.1 Abstract 

Kinship in natural marine fish systems has been little explored in part due to costs of 

genomic analysis. This is especially true for very abundant and commercially exploited marine 

fish with broadcast spawning. Recent advances in genomics have, however, facilitated an 

improved understanding of population structure in marine systems at fine geographic scales. 

Here, we identify kinship structure in an aggregation of Atlantic Herring (Clupea harengus) 

juveniles. We identified 11 and potentially up to 14 half-sib pairs using a suite of 92 sequenced 

microsatellite DNA markers in a sample of N=1391 herring individuals comprising two cohorts 

(ages 0+ and 1+) collected from the 2018 Fall research survey of the Southern Gulf of St. 

Lawrence. We also discuss the detection of three potential full-sibs in the data by way of 

association from the half-sib pairs where two individuals are half-sibs to a third but not to each 

other. This putative full-sib pair was detected in the kinship CKMRsim analysis albeit outside the 

significance threshold used (ɚ* = 12). This study suggests the presence of kinship structure in a 

juvenile herring aggregation three months or more post hatching with implications for our 

understanding of herring early life history.  

3.2 Introduction 

Insight into kinship structures within fish populations can reveal critical information 

about their social behaviors, reproductive strategies, and overall population dynamics. Social 

behaviors such as schooling can be influenced by relatedness, with kin groups potentially 

forming cohesive units that enhance survival through coordinated movement and predator 

avoidance (Parrish and Edelstein-Keshet, 1999). Reproductive strategies, including mate choice 

and spawning site selection can also be shaped by kinship, as individuals may prefer to mate with 

relatives to maintain genetic integrity or mate with non-relatives to avoid inbreeding (Waldman, 

1988; Krause and Ruxton, 2002). Moreover, gene flow and demographic connectivity are both 

affected by the genetic relationships within and between groups, influencing the resilience and 

adaptability of populations (Hansen et al., 1997; Ward et al., 2009; Bravington et al., 2016a; 
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Waples and Anderson, 2017; Ruzzante et al., 2019; McDowell et al., 2022). Understanding 

kinship structures can therefore enable more effective management and conservation strategies by 

preserving genetic diversity and ensuring sustainable fish populations through improved 

modelling and forecasting that better reflects the natural populations (Hauser and Carvalho, 

2008).    

Despite its importance, kinship structure is difficult to assess, especially in marine fish. 

Studying kinship structure includes understanding behavioral patterns associated with kinship 

recognition and preference. Traditional methods including tagging and catch data analysis, can 

provide valuable information but also have their limitations. For example, tagging studies often 

have low recapture rates, can be invasive, and are very difficult if not impossible to implement on 

juvenile fish without considerable risk of mortality or morbidity, while catch data may be biased 

by fishing practices and environmental conditions (Cury et al., 2000; Fromentin and Powers, 

2005). Kinship structure analysis involves identifying familial relationships within a population, 

often using genetic markers. Genetic tools are becoming increasingly accessible, allowing for 

large sample sizes which was until recently a primary barrier in marine fish exhibiting large 

population sizes (Christie et al., 2010; Schunter et al., 2014). A practical application for kinship 

analysis using DNA profiling is incorporating sibship information into estimating abundance, 

especially within and across offspring cohort samples in a close-kin mark-recapture or CKMR 

framework (McDowell et al., 2022). Incorporating genetic and kinship analyses allows us to gain 

a more nuanced understanding of population structure, mating systems, and migration patterns in 

marine fish exhibiting complex schooling and migratory behaviors (Herbinger et al., 1997; 

AbdulMuneer, 2014; Atmore et al., 2024).  

Atlantic Herring, a keystone species (i.e., species with a disproportionately large influence 

on its ecosystem relative to other species; Mills et al., 1993) in North Atlantic marine ecosystems, 

plays a vital role in the food web and supports significant commercial fisheries (Barrio et al., 

2016; Benoît and Rail, 2016; McDermid et al., 2018; Wilson et al., 2018). Herring migrate 

extensively during their lifetime but are known to return to their natal areas for spawning 

(McQuinn, 1997; Ruzzante et al., 2006; Melvin et al., 2009). They are iteroparous broadcast 

spawners and generally spawn once a year in schooling aggregations with multiple spawning 

waves during a spawning season (Sinclair and Tremblay, 1984; McPherson et al., 2003; Wilson 
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et al., 2018). Haegle and Schweigert (1985) described herring spawning in great detail. Briefly, 

female herring release ribbons of eggs which lay on the sea floor while males circle around the 

female, releasing milt which slowly settle around the ova (Haegle and Schweigert, 1985; Hare 

and Richardson, 2014; McDermid et al., 2018). Spawning duration also varies by sex where 

females spawn over the course of three days while males can spawn up to double the time and 

remain longer in spawning grounds than female herring (Haegle and Schweigert, 1985).  Upon 

hatching, their larvae remain grouped while staying close to the spawning grounds as they 

migrate vertically (Sinclair and Iles, 1989; Cresci et al., 2020). In some regions, two seasonal 

spawning components are known to coexist: Spring spawning and Fall spawning herring. Recent 

studies revealed significant genetic differentiation among spawning seasons and locations, the 

latter speculated to correspond to ocean temperature (Ruzzante et al. 2006; Lamichhaney et al., 

2017; Kerr et al., 2019; Han et al., 2020; Fuentes-Pardo et al., 2024). The incorporation of 

information on life history with genetic studies on early life stages has shaped much of our 

knowledge on the mechanisms of the population structure in Atlantic Herring (Anthony and 

Fogarty, 1985; Stephenson and Power, 1988; McPherson et al., 2004; Bang et al., 2006; Ruzzante 

et al., 2006; Sinclair and Power, 2015; Berg et al., 2019). For instance, larval retention on 

spawning grounds plays an important part in keeping the integrity of the herring local 

metapopulation system (Sinclair and Iles, 1989; McQuinn, 1997). One relatively unexplored 

aspect of the life history of Atlantic Herring is kinship structure particularly in a spawning area. 

In some other species with a pelagic larval phase, abiotic factors including ocean currents have 

been shown to impede random mixing of larvae resulting in high sibship frequencies (Veliz et al., 

2006; McDowell et al., 2022). Most recent Atlantic herring studies in the Northwest Atlantic use 

adults collected on their spawning grounds to investigate how genomic architecture and 

evolutionary processes shape adaptive divergence across populations (Fuentes-Pardo et al., 

2024), but no assessment has been conducted on how many of these adults successfully 

participate in spawning events. How long larvae or juvenile remain in an aggregation is also of 

interest as such information can provide insight into herring larval ecology and spawning 

behavior. 

Understanding kinship relationships can shed light on the mechanisms driving behavioral 

patterns such as schooling, and how they influence population resilience and adaptability. Kin 
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selection theory suggests that individuals may exhibit behaviors that favor the reproductive 

success of their relatives, thereby enhancing their inclusive fitness (Hamilton, 1964). Kinship 

analysis can reveal whether schooling and migratory behaviors are influenced by relatedness, 

potentially impacting survival and reproductive success (Ruzzante et al., 1996). Our goal in this 

study is to examine kinship structure among schooling Atlantic Herring. We sequenced 92 

microsatellite DNA markers on N=1391 Atlantic Herring juveniles collected from a single 

schooling aggregation in the Gulf of St. Lawrence. Despite the expected population size upwards 

in the tens of millions of individuals, we identified 11 and potentially up to 14 half-sib pairs 

among 980 age 0+ herring juveniles. Additional relational evidence is consistent with the 

possibility that at least one of these half-sib pairs may instead comprise a pair of full-sibs.  

3.3 Materials and methods 

3.3.1 Atlantic Herring sampling and age determination 

We collected N=2045 Atlantic Herring juveniles over a period of two days in September 

2018 in Northumberland Strait in the Southern Gulf of St. Lawrence (Figure 3.1) as part of the 

2018 Fisheries and Oceans Canada research vessel trawl survey. Whole fish were transported 

frozen to Gulf Fisheries Centre in Moncton, NB for sample processing. Fork length was 

measured, and otolith samples were taken for each fish. Tissue samples comprise of muscle 

tissues from three spawning aggregations (118, 119, and 120; Figure 3.1) which were stored in 

95% EtOH. Information regarding which individual belonged to which spawning aggregation 

was not able to be parsed.   

Fork length was used to assign age, with individuals < 15 cm long classified as age class 

0+ and those between 17-21 cm classified as age class 1+ as per Fisheries and Oceans Canada 

length-at-age data (Figure S3.1) (McDermid et al., 2018). Otolith growth rings were then used to 

cross reference these assignments and group the herring by spawning seasons (Jones, 1986). Out 

of the 2045 herring, 1391 fish were 0+ Spring spawned and 654 fish were 1+ Fall spawned.  

3.3.2 Molecular methodology and microsatellite markers development 

DNA was extracted with the Glassmilk protocol modified from Elphinstone, Hinten, 

Anderson, and Nock (2003). Randomly chosen samples (N=24) from each plate were then run 
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through a 1.0% agarose gel to assess DNA quality. Out of the 2045 individuals, we retained 

N=1656 following the removal of individuals due to missing data and poor DNA yield. Extracted 

DNA was stored at -20°C until sequencing.   

Microsatellite markers were designed from whole genome sequence data of a Gulf of St. 

Lawrence herring individual from Kerr et al. (2019) using MSATCOMMANDER v1.0 

(Faircloth, 2008). A total of 192 microsatellites were designed and tested on 125 herring 

collected from throughout the Gulf of St. Lawrence from this study. Single-end 150bp 

sequencing was done on the MiSeq Benchtop Sequencer (Illumina, San Diego). MEGASAT 

(Zhan et al., 2017) was used to demultiplex and score alleles (minimum depth per sample per 

locus was set at 50 reads). When necessary, allele scores were adjusted manually within 

MEGASAT. A total of 118 loci were retained after MEGASAT. Microchecker 2.2.3 (Van 

Oosterhout et al., 2004), GenAlEx 6.5 (Peakall and Smouse, 2006), and Arlequin v. 3.5.2.2 

(Excoffier et al., 2005) were then used to assess the heterozygosity and presence of missing data 

and/or null alleles. Details regarding reagents and the quality control of microsatellites can be 

found in McCracken et al. (2014a, b). Briefly, genomic DNA was quantified using Quant-it 

PicoGreen (Invitrogen, Carlsbad, California), and Illumina Nextera XT DNA Sample Prep Kit 

(Illumina Inc., San Diego, California) was used for library development. Purification of PCR 

product was done using AMPure XP magnetic beads (Agencourt Bioscience Corporation, 

Beverly, Massachusetts) and normalized using the Illumina Nextera XT bead-based 

normalization protocol (McCracken et al., 2014a). A total of 94 loci distributed across all 26 

chromosomes were retained for use in downstream analyses (Table S3.1). Information regarding 

microsatellite quality and parameters including observed and expected heterozygosity as well as 

allele frequency can be found in Table S3.1. 

All 1656 herring individuals were sequenced for single-end 150bp on the Illumina HiSeq 

2500 ï High Throughput for these 94 microsatellite loci. Subsequently, two more loci (CHR 93 

and CHR 135) were removed due to missing data bringing down the final number of 

microsatellite DNA markers to 92. Coverage and sequence quality was assessed using FastQC 

v0.11.5 (Andrews, 2010), per-locus Fst, Heterozygosity and Hardy Weinberg Equilibrium were 

assessed using GenAlEx, and further depth filtering and missing data were assessed with 

MEGASAT. We retained 1391 herring individuals for kinship analysis. 
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3.3.3 Identifying kinship structure from herring samples using CKMRsim 

The R (Rstudio Desktop v.1.3.1093 with R v.4.0.1) package CKMRsim (Anderson, 2016) 

was used to detect kinship structure within and across the cohorts. CKMRsim employs allele 

frequencies to estimate the power for pairwise relationship inference. It does this by evaluating 

the false positive (FPRs) and false negative rates (FNRs), and outputs log-likelihood ratios for 

inferring the relationship of interest including parent-offspring pairs, full-sib pairs, and half-sib 

pairs. The log-likelihood ratio can be visually represented by a density plot showing the statistical 

power needed to confidently identify a particular sibship pair. The output summary table contains 

the FNRs, FPRs, standard error, sample size for the statistical analysis (number of nonzero 

weights; Num-nonzero wts), and ɚ*. ɚ* reflects the log-likelihood ratios to be used for 

determining the number of Half-Sib or Full-Sib Pairs (HSPs or FSPs). Choosing the most 

appropriate ɚ* involves setting a threshold to balance the FNR and FPR values thereby 

minimizing the error margin of the kinship estimates. This is done by calculating a reference false 

positive rate (Anderson, 2016): 

Reference FPR = (
 10 (N *(N-1)))                   (1) 

where N is the number of individuals examined and [N * (N-1)] is the number of comparisons. 

This reference FPR is used as a threshold to distinguish statistically significant related pairs (half-

sib and full-sib pairs for this study) from unrelated individuals.  

3.4 Results 

3.4.1 Estimating kinship pairs using CKMRsim 

Of the N=1391 Atlantic Herring retained, N=980 were age 0+ and N=411 were age 1+. 

Age 0+ herring are spring spawned and age 1+ herring are fall spawned (Table 3.1). Therefore, at 

the time of capture in the Fall of 2018, 0+ herring were likely ~ 3-4 months old. No statistically 

significant HSP and FSP relationships were detected between individuals in the age 1+ cohort nor 

across cohorts between any of the age 0+ and age 1+ individuals. Given these results, we focused 

on the age 0+ cohort for downstream analyses.  
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Using the age 0+ data, we were able to identify statistically significant half-sib pairs 

(HSPs) but not full-sib pairs (FSPs) (Figure 3.2). The reference false-positive rate for identifying 

statistically significant FSPs was 1.042E-07 (Table S3.2), this is the threshold of logl_ratio that 

needs to be surpassed to ensure the identified FSP is statistically not a false positive. However, 

this threshold was beyond the estimated values generated by CKMRsim, suggesting that 

significant FSPs (Table S3.3) would not be detected without increasing sample size which would 

lead to an increase in the number of pairwise comparisons. Regardless, the density plot 

demonstrates that our suite of microsatellite markers and the logl_ratio threshold estimated for 

HSPs had sufficient power to significantly differentiate HSPs from unrelated pairs (Table 3.2; 

Figure 3.2). We identified 11 and potentially up to 14 HSPs from the age 0+ data (Table 3.3). 

Four individuals were related as half-sibs to multiple individuals, two of them appear related to 

each other as half-sibs with a ɚ* slightly below the threshold ɚ* value of 12 (Table 3.3), or 

alternatively as potential full-sibs for which we do not have enough power to distinguish them 

(Table S3.3).  

3.4.2 Half-sib pairs analysis 

The false positive and false negative rates (FPRs and FNRs, respectively) for statistically 

distinguishing half-sib pairs from unrelated individuals within the age 0+ cohort are shown in 

Table 3.2. The reference FPR for this cohort is FPR=1.042e-07. This value corresponds to ɚ* å 

12.6 (Table 3.2). We considered ɚ* = 12 as a threshold to estimate the number of half-sib pairs in 

the age 0+ cohort to reduce the likelihood of potential false negatives (Figure 3.2). There are 11 

half-sib pairs in this cohort with a logl_ratio > 12 that are formed by 18 unique individuals (Table 

3.3). Three additional pairs of half-sibs exhibit a logl_ratio > 11. Considering these extra three 

pairs, there are in total 22 individuals involved in potential half-sib pairs. Of the 22 individuals, 

two individuals, Ch226, and Ch250 are half-sibs of two individuals each. Two other individuals, 

Ch258 and Ch290 are half-sibs of three individuals each (Table 3.3; Figure 3.3). Initially with 

logl_ratio > 12, individual composition of these relationship pairs revealed that individual Ch258 

is related to Ch226, Ch290, and Ch534 but these three individuals were not related to each other. 

This is not biologically possible: an individual cannot be related as a half-sib with three 
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individuals who are not related to each other! Missing data is ruled out as a potential source for 

this result as individuals had already passed the initial filtering and quality control prior to the 

sibship analysis and were re-assessed with GenAlEx once more after discovering the high degree 

of relatedness. We inferred that at least one of Ch226, Ch290, or Ch534 must be related to each 

other. Indeed, lowering the ɚ* value to 11 leads to the addition of more half-sib pairs, including 

that of Ch226 and Ch290 (Table 3.3, #14; Figure 3.3). However, the relationship between Ch226 

and Ch290 appears to be slightly more complicated than simply half-sibs as the FSP analysis 

below implies that some of the half-sibs including Ch226 and Ch290 are potentially full-sibs.   

3.4.3 Full-sib pairs analysis 

The ɚ* value for FSP was estimated using the same reference FPR value of 1.042e-07 as 

they are derived from sample size but based on a different FNR and FPR table that considers the 

ability to distinguish full-sib instead of half-sib pairs (Table S3.2). The FPR values generated 

using the age 0+ cohort did not pass the reference FPR values. Upon extending the FNR query to 

cover a wider range, a ɚ* of 12.6 was found to correspond to the reference FPR value, but this 

value lies within the range of the HSPôs ɚ* value (Figure 3.2). Consequently, while seven 

candidate FSPs are identified with a logl_ratio Ó 12.6, statistical power is insufficient for 

distinguishing true FSPs from HSPs; this is made clear by the presence of 13 HSPs being 

identified as candidate FSPs in Table S3.3, and the overlap between full-sibs and half-sibs 

logl_ratio curves shown in Figure 3.2. It is important to note there is more power in the HSP 

analysis in comparison to the FSP and therefore it is more likely for the pairs identified above the 

threshold logl_ratio values to be true HSPs than FSPs. Despite the lack of statistical power, 

Ch226 and Ch290 may potentially be a true full-sib pair. To summarize, one individual, i.e., 

Ch258 appears to be related as half-sib to three other individuals, Ch290, Ch226, and Ch534 and 

two of these i.e., Ch226 and Ch 290 are also half-sibs to each other or potentially full-sibs (Table 

3.3 and Table S3.3). 

3.5 Discussion 

We detected up to 14 half-sib pairs from 980 spring spawned age 0+ Atlantic Herring 

individuals using 92 microsatellite loci. Four individuals were detected as kin to more than one 
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partner, two of them in fact were related as a half-sib to three partners. One pair in particular was 

identified as a half-sib but downstream analysis revealed that they are potentially full-sibs. This 

finding, coupled with the fact that the 0+ herring were at least three months old when collected, 

implies that herring schooling aggregations in part comprise groups of related individuals for at 

least three months after hatching.  

Finding second degree relatives in a juvenile aggregation has important implications for 

the Gulf of St. Lawrence Atlantic Herring population. The spawning stock biomass of spring 

spawning herring in the southern Gulf of St. Lawrence declined nearly fivefold from 1995 to 

2002 and has remained at low biomass for the past 20 years. It is projected to continue decreasing 

with recent estimated abundance of 250.2 million in 2021, approximately 34.2% lower spawner 

abundance than the average spawner abundance reported for the 10-year period between 1985 

and 1995 (McDermid et al., 2018; Turcotte et al., 2021a; Turcotte et al., 2021b). This trend has 

resulted in the closure of the Gulf of St. Lawrence Atlantic Herring Spring fishery in April 2022 

and a reduction of the fall stock quota since 2018. Finding kinship structure in a single 

aggregation of herring juveniles suggests the cohort comprises a small number of contributing 

adults possibly reflecting a relatively low effective population size. We note, however, that no 

direct estimate of population size is feasible with our within-cohort data as they likely reflect the 

potential influence of a sweepstakes-like variance in reproductive success (i.e., ñlucky litterò, 

Hedgecock effect) (Hedgecock, 1994; Hedgecock and Pudovkin, 2011; Waples and Feutry, 

2022). Incorporating juveniles into population abundance estimates (e.g., through Close-kin mark 

recapture (CKMR) approach) is possible but additional analysis incorporating multiple years and 

juvenile tows are required (McDowell et al., 2022; Babyn et al., 2024). Here, we found 22 related 

individuals corresponding to ~ 2.2% of the 980 individuals genotyped. Although this percentage 

may seem low, we note that the number of kin-pairs is expected to scale quadratically with the 

number individuals genotyped (Bravington et al., 2016b).  

Results from the current study also provide further insight into the Atlantic Herring 

spawning and larval retention. Atlantic Herring females lay blankets of eggs that sink to the 

ground on coastal waters while male herring release their sperm in the water column (Evans and 

Geffen, 1998). The chances of one male fertilizing multiple eggs of the same female are likely 

low due to the large number of males in the vicinity as well as the environmental factors that 
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affect the sperm including water currents. This ultimately results in a seemingly low chance to 

detect sibship in this system without sampling many individuals. However, it is also important to 

consider that herring eggs generally stick to the initial substrate that it falls onto until hatching 

and that males release their sperm closer to the ocean bottom, limiting the dispersal capabilities 

of both the egg and the sperm. Northumberland Strait is also characterized by relatively weaker 

currents compared to other areas in the Gulf, and by the presence of gyres in the bays that may 

locally retain larvae (Chassé and Miller 2010). Nevertheless, the implication that juvenile herring 

remain together for several months after hatching contradicts the assumption that no kinship 

structure can be detected in a marine system especially in a broadcast spawner like herring 

(Griffiths and Magurran, 1999; Christie et al., 2010; Kamel and Grosberg, 2013). The age 0+ 

herring collected in this study were spring spawned fish that were collected in the fall. Based on 

this timeline, we would expect to find little to no kinship structure because of the nature of 

broadcast spawning and the length of time post hatch. While herring larvae can adjust their 

bearing across the water column (Cresci et al., 2020), they are not strong enough to swim against 

the ocean currents and are likely to be swept away from their original spawning site (i.e., 

entrainment; Fortier and Leggett, 1983; Sinclair and Tremblay, 1984; Stephenson and Power, 

1988; Chambers, 2021). The Adopted-migrant hypothesis (McQuinn, 1997) is derived from this 

migratory phenomenon, where juvenile cohorts are recruited to adult aggregations and are not 

based on habitat. This hypothesis explains repeat homing in adult herring that return to spawning 

grounds which are different from their natal origin (Chambers, 2021). The retention of larval 

herring in a spawning ground has been previously documented (Sinclair and Iles, 1989; 

McQuinn, 1997), but the degree of relatedness among larvae was poorly understood. Here, our 

results suggest that related herring individuals still congregate together within a more close-knit 

aggregation than previously thought.  

In conclusion, we found genetically related juvenile individuals in wild caught spring 

Atlantic herring from the same aggregation based on 92 microsatellite markers. We identified 22 

unique individuals that are closely related as 11 half-sib pairs representing ~2.2% of the total 980 

individuals analyzed. This study demonstrates that related juvenile Atlantic Herring aggregate 

beyond larval stages. It also suggests that the number of parents that contributed to the juvenile 

aggregation may be disproportionately small relative to the number of juveniles, consistent with 
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Hedgecockôs sweepstakes reproduction hypothesis (Hedgecock, 1994). To our knowledge, this 

study is the first to examine kinship structure in a wild marine forage fish. Next steps should be 

validating the result of the study beyond a single localized area to verify that the aggregation of 

kin in herring is a general occurrence. Additional samples for age 1+ cohort should also be 

assessed to determine if Atlantic Herring individuals were actively seeking or remain in close 

proximity to kin beyond the first 3-4 months after hatching. The reference threshold should also 

be considered and tested in future studies. We opted for a conservative threshold because 

CKMRsim is designed to complement CKMR simulations which penalize false positives as it can 

lead to bias in downstream interpretation of the data especially in the context of science-based 

management approaches. The consequence of this conservative threshold in our study is an 

underestimation of the number of detected sibship pairs, especially for HSPs. Currently we lack 

information on the significance of kin presence in an aggregation which can be assessed through 

behavioral experiments under a common garden setup. 
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3.10 Tables and Figures 

Table 3.1. General summary of the Atlantic Herring samples collected from Gulf of St. 

Lawrence in 2018 divided according to age class. Fork length determined the ages of the 

Atlantic Herring individuals while spawning season was determined by otolith growth rings. 

Filtering was done in two stages: DNA extraction quality and quality control on sequenced 

reads. 

Age class/ cohorts N Length (cm) Spawning season N (post filtering) 

Age 0+ 1391 6 ï 15 Spring 980 

Age 1+ 654 17 - 21 Fall 411 

 

Table 3.2. Estimates of false negatives and false positive rates, standard error, number of non-

zero weights (Num-nonzero wts) and ɚ*  or logl_ratio values for the 0+ cohort comparing half-

sibs to unrelated individuals generated from CKMRsim. The underlined values in the False 

positive rates and ɚ*columns straddle the reference false positive-rate value used as a threshold 

(1.042E-07), but ɚ* = 12 was chosen in downstream analyses to further minimize the effects of 

false negatives.    
 False negative rates False positive rates Standard error Num-nonzero wts ɚ*  

1 0.01 3.73E-05 2.30E- 6 19800 4.95 

2 0.05 1.03E-06 3.38E- 8 19000 9.84 

3 0.1 1.34E-07 3.54E- 9 18000 12.3 

4 0.11 1.043e-07 2.77e-09 17792 12.56 

5 0.2 9.81E-09 2.18E-10 16000 15.3 

6 0.3 1.21E-09 2.51E-11 14000 17.6 
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Table 3.3. Half-sib pairs detected for Age0+ Gulf of St. Lawrence Atlantic Herring juvenile data 

(N = 980) generated from CKMRsim. The threshold value of logl_ratio to indicate significant 

pairs was estimated as a factor of sample size and was determined to be logl_ratio > 12. Pairs 

above the dotted line (11 pairs) were considered significant as they have logl_ratio > 12, while 

the three pairs below the dotted lines were likely half-sibs but with logl_ratio values slightly 

below the threshold value. Individuals that are half-sibs to more than one individual are denoted 

in red. In all cases 92 microsatellite loci were employed. 

HSP Individual 1  Individual 2  logl_ratio 

1 Ch884 Ch891 27.5 

2 Ch549 Ch933 16.9 

3 Ch258 Ch290 16.4 

4 Ch250 Ch290 16.0 

5 Ch232 Ch588 15.5 

6 Ch633 Ch764 15.5 

7 Ch634 Ch987 15.2 

8 Ch258 Ch226 14.9 

9 Ch250 Ch774 14.0 

10 Ch1115 Ch676 12.6 

11 Ch258 Ch534 12.2 

12 Ch637 Ch984 11.9 

13 Ch463 Ch964 11.8 

14 Ch226 Ch290 11.2 
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Figure 3.1. Map of the Atlantic Herring sampling location in Southern Gulf of St. Lawrence as 

part of the Fisheries and Oceans Canada 2018 trawl survey. The herring juveniles in this study 

were collected along Northumberland strait from sites 118, 119, and 120, marked by the oval. 

Map was generated in Rstudio Desktop v.1.3.1093 with R v.4.0.1 with the package 

ggOceanMaps v.1.2.6 with the shape files EPSG Projection 3995 WGS 84/Arctic Polar 

Stereographic. 
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Figure 3.2. Log-likelihood by density plot of full-sibs (pink) vs. half-sibs (green) vs. unrelated 

(blue) individuals for Age0+ data (N = 980) generated from Rstudio Desktop v.1.3.1093 with R 

v.4.0.1 with the package ggplot2 v3.3.5 (Wickham, 2016). The black solid line indicates the ‗ᶻ= 

12 obtained from the CKMRsim; any half-sib pairs (HSP) detected using these markers with 

logl_ratio > 12 can be considered true pairs. The absence of an overlap between the curves for 

unrelated individuals and HSP suggest no concern for true unrelated pairs to be misidentified as 

HSPs. This is contrary to the overlapping full-sibs and half-sibs curve which suggests a lack of 

power in distinguishing between the two sibships category.   



83 
 

 

Figure 3.3. Graphical representation showing the half-sib pairs that are related to more than one 

individual based on the CKMRsim analysis. Two individuals (Ch226 and Ch250) are related to 

two individuals and another two (Ch258 and Ch290) are related to three individuals. Initially 

Ch226 and Ch290 were not classified as half-sibs under logl_ratio > 12 from the CKMRsim 

analysis but was found to be related with logl_ratio > 11. In addition, full-sib pairs analysis from 

CKMRsim revealed these pairs are all potential full-sibs though there is insufficient statistical 

power to elucidate whether they are half-sibs or full-sibs.  
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3.11 Supporting information 

Table S3.1. List of final 92 microsatellite IDs in order of chromosome number and base pair 

position used in the study to determine sibship in 2045 Gulf of St. Lawrence Atlantic Herring 

juveniles. A whole genome sequence data of a Gulf of St. Lawrence herring individual from Kerr 

et al. (2019) was used to design the markers using MSATCOMMANDER v1.0 (Faircloth, 2008). 

The Clupea harengus Ch_v2.0.2 genome (GenBank GCA_900700415.2) was used as reference. 

Number of different alleles (Na), observed heterozygosity (Ho), expected heterozygosity (He) 

and fixation index (F) for each microsatellite were estimated using GenAlEx 6.5 (Peakall and 

Smouse, 2006).  

Microsatellite ID  Chromosome ID BP position Na Ho He F 

CHR111 1 70.2 13 0.737 0.712 -0.035 

CHR117 1 198.3 29 0.725 0.869 0.165 

CHR13 1 173.4 19 0.752 0.734 -0.024 

CHR155 1 32.4 37 0.747 0.818 0.087 

CHR137 2 264.9 31 0.412 0.872 0.528 

CHR150 2 87.2 23 0.749 0.881 0.150 

CHR40 2 109.7 15 0.706 0.694 -0.017 

CHR92 2 20 24 0.688 0.828 0.170 

CHR110 3 291.2 21 0.819 0.830 0.013 

CHR67 3 33.5 31 0.890 0.924 0.036 

CHR80 3 262.1 14 0.730 0.712 -0.024 

CHR63 4 38.4 15 0.757 0.743 -0.018 

CHR147 5 66 16 0.636 0.615 -0.034 

CHR153 5 126.3 14 0.664 0.626 -0.062 

CHR181 5 145.5 11 0.755 0.746 -0.011 

CHR190 5 191 20 0.818 0.878 0.069 

CHR37 5 176.8 27 0.545 0.820 0.336 

CHR5 5 176.6 22 0.823 0.857 0.039 

CHR54 5 197.6 24 0.876 0.883 0.008 

CHR79 5 18.1 20 0.835 0.831 -0.005 

CHR138 6 122.8 10 0.313 0.312 -0.004 

CHR143 6 148.9 14 0.409 0.409 0.001 
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Microsatellite ID  Chromosome ID BP position Na Ho He F 

CHR156 6 74.3 19 0.578 0.598 0.033 

CHR164 6 270.5 28 0.809 0.912 0.113 

CHR131 7 224.5 21 0.796 0.866 0.081 

CHR90 7 286.6 33 0.723 0.870 0.168 

CHR94 7 270.8 18 0.696 0.718 0.032 

CHR53 8 231.8 19 0.796 0.816 0.025 

CHR22 9 207 23 0.738 0.746 0.011 

CHR65 9 134.3 18 0.796 0.812 0.019 

CHR142 10 23.2 21 0.783 0.871 0.101 

CHR16 10 24.7 20 0.649 0.724 0.104 

CHR162 10 22.7 17 0.534 0.614 0.130 

CHR171 10 275.8 21 0.601 0.634 0.051 

CHR175 10 247.4 16 0.708 0.710 0.003 

CHR89 10 230.3 20 0.726 0.738 0.017 

CHR122 11 203.6 16 0.801 0.809 0.010 

CHR133 11 234.7 24 0.743 0.903 0.177 

CHR52 11 251.6 28 0.803 0.915 0.123 

CHR86 11 69 16 0.583 0.583 0.000 

CHR91 11 167.6 17 0.803 0.815 0.014 

CHR95 11 118.6 17 0.671 0.659 -0.018 

CHR172 12 174.2 23 0.653 0.763 0.144 

CHR31 12 216.7 33 0.690 0.913 0.244 

CHR64 12 28.5 15 0.834 0.820 -0.018 

CHR1 13 106.8 19 0.774 0.778 0.006 

CHR108 13 177 19 0.648 0.630 -0.030 

CHR127 13 80.4 22 0.813 0.911 0.107 

CHR167 13 183.7 20 0.625 0.681 0.082 

CHR184 13 194.2 14 0.745 0.715 -0.042 
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Microsatellite ID  Chromosome ID BP position Na Ho He F 

CHR30 13 235.1 12 0.785 0.780 -0.006 

CHR43 13 114.9 30 0.683 0.894 0.236 

CHR68 13 273.9 25 0.766 0.919 0.167 

CHR114 14 191.2 14 0.627 0.623 -0.006 

CHR123 14 95.1 25 0.571 0.807 0.292 

CHR88 14 159.9 13 0.661 0.759 0.130 

CHR141 15 260.3 15 0.739 0.735 -0.005 

CHR176 15 54.8 16 0.689 0.711 0.031 

CHR192 15 13.8 44 0.904 0.919 0.016 

CHR38 15 203.7 13 0.692 0.682 -0.014 

CHR62 15 163.5 30 0.807 0.829 0.027 

CHR124 16 224.2 19 0.694 0.676 -0.027 

CHR32 16 226.4 22 0.785 0.790 0.006 

CHR81 16 17.6 13 0.556 0.801 0.306 

CHR121 17 113.6 22 0.797 0.801 0.005 

CHR152 17 272.3 25 0.767 0.879 0.128 

CHR107 18 57.4 20 0.806 0.820 0.018 

CHR146 18 132.6 16 0.578 0.582 0.007 

CHR159 18 117.9 26 0.755 0.771 0.021 

CHR161 18 202.5 38 0.744 0.948 0.215 

CHR149 19 154.8 18 0.710 0.692 -0.026 

CHR151 19 197.3 17 0.603 0.587 -0.027 

CHR185 19 225.1 11 0.583 0.574 -0.015 

CHR87 19 197.3 17 0.602 0.591 -0.018 

CHR17 20 132.1 13 0.406 0.409 0.008 

CHR139 21 70 35 0.837 0.874 0.043 

CHR144 21 246.2 24 0.733 0.911 0.196 

CHR188 21 83.2 11 0.652 0.649 -0.004 
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Microsatellite ID  Chromosome ID BP position Na Ho He F 

CHR50 21 187.6 36 0.780 0.871 0.105 

CHR109 22 131.7 10 0.614 0.569 -0.079 

CHR120 22 113.6 18 0.822 0.812 -0.013 

CHR59 22 89.7 10 0.467 0.458 -0.021 

CHR69 22 98 14 0.721 0.732 0.016 

CHR173 23 4.6 23 0.766 0.779 0.016 

CHR174 23 143.4 36 0.820 0.858 0.045 

CHR47 23 141.7 16 0.593 0.592 -0.002 

CHR56 24 82.3 18 0.756 0.731 -0.034 

CHR119 25 95.2 24 0.869 0.901 0.036 

CHR134 25 132.5 24 0.777 0.823 0.056 

CHR58 25 111.2 20 0.867 0.869 0.002 

CHR96 25 87 26 0.696 0.856 0.187 

CHR183 26 100.4 24 0.603 0.760 0.206 
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Table S3.2. Estimates of false negatives and false positive rates, standard error, number of non-

zero weights (Num-nonzero wts) and ɚ*  or logl_ratio values for the 0+ cohort comparing full-

sibs to unrelated individuals generated from CKMRsim. None of the false-positive rates listed 

below passed the reference false positive-rate value used as a threshold (1.042E-07) indicating 

there is insufficient statistical power to confidently identify FSPs. 
 False negative rates False positive rates Standard error Num-nonzero wts ɚ*  

1 0.01 3.344e-21 3.331e-22 19800 41.2 

2 0.05 1.267e-24 6.526e-26 19000 50.3 

3 0.10 1.529e-26 6.265e-28 18000 55.2 

4 0.20 5.227e-29 1.728e-30 16000 61.3 

5 0.30 7.016e-31 2.118e-32 14000 65.8 
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Table S3.3. Full-sib pairs with the corresponding logl_ratio detected for Age0+ GSL herring data 

using 92 loci (N = 980) generated from CKMRsim. The first 13 out of 17 underlined pairs 

indicate those that were identified previously as HSPs but there is not enough statistical power to 

classify any of the pairs as true full-sib pairs. One half-sib pair was not detected in the full-sib 

pair analysis and is indicated in the last row. 

FSP Individual 1  Individual 2  logl_ratio 

1 Ch884 Ch891 25.9 

2 Ch258 Ch290 19.3 

3 Ch250 Ch290 16.5 

4 Ch258 Ch226 15.2 

5 Ch549 Ch933 13.7 

6 Ch226 Ch290 13.0 

7 Ch232 Ch588 12.6 

8 Ch633 Ch764 12.0 

9 Ch250 Ch774 8.4 

10 Ch637 Ch984 7.7 

11 Ch258 Ch534 4.8 

12 Ch463 Ch964 4.7 

13 Ch1115 Ch676 4.6 

14 Ch748 Ch764 4.2 

15 Ch980 Ch981 2.4 

16 Ch250 Ch258 1.5 

17 Ch634 Ch731 1.0 

Other half-sib pairs   

*  Ch634 Ch987 - 
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Figure S3.1. Bar graph showing the frequency of herring for each length category (cm) used to 

differentiate the age 0+ (N=980) from the age 1+ (N=411) Gulf of Saint Lawrence Atlantic 

Herring individuals. Based on otolith analysis, the age 0+ are Spring and the age 1+ are Fall 

spawned fish. The plot was generated in Rstudio Desktop v.1.3.1093 with R v.4.0.1 with the 

package ggplot2 v3.3.5. 

 

Half-sib pairs for Age 1+, Full-sib pairs analysis and kinship across cohorts 

The same power analysis was conducted on the Age 1+ dataset to detect HSPs. Despite being 

able to identify 23 HSPs in the Age 1+ dataset, the smaller sample size of N = 411 meant 

significantly fewer pairwise comparisons than the Age 0+ dataset and therefore insufficient 

power to confidently identify these pairs as true half-sibs. This is reflected in the logl_ratio values 

of the Age 1+ HSPs being lower than the reference threshold lambda star value.  
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CHAPTER 4 ï EPIGENETIC PATTERNS IN ATLANTIC HERRING 

(CLUPEA HARENGUS): TEMPERATURE AND PHOTOPERIOD AS 

ENVIRONMENTAL STRESSORS DURING LARVAL DEVELOPMENT 

 

This chapter has been previously published as: 

Kho, J., Delgado, M. L., McCracken, G. R., Munden, J., & Ruzzante, D. E. (2024). Epigenetic 

patterns in Atlantic herring (Clupea harengus): Temperature and photoperiod as 

environmental stressors during larval development. Molecular Ecology, 33(1), e17187. 

 

4.1 Abstract 

Understanding the molecular mechanisms underlying individual responses to 

environmental changes is crucial for species conservation and management. Pelagic fishes 

including Atlantic Herring (Clupea harengus) are of particular interest because of their key 

ecological and economic roles and their susceptibility to a changing ocean from global warming. 

Temperature and photoperiod have been linked with spawning time and location in adult herring, 

but no study has thus far investigated the role of environmental factors on gene regulation during 

the vulnerable early developmental stages. Here we examine DNA methylation patterns of larval 

herring bred under two temperatures (11ÁC and 13ÁC) and photoperiod (6hr and 12hr) regimes in 

a 2X2 factorial design. We found consistently high levels of global methylation across all 

individuals and a decline in global methylation with increased developmental stage that was more 

pronounced at 13ÁC (P Ƌ 0.007*, Ŭ = 0.05) than at 11C (P ƌ 0.21, Ŭ = 0.05). Most of the 

differentially methylated sites were in exon and promoter regions for genes linked to metabolism 

and development, some of which were hypermethylated at higher temperature. These results 

demonstrate the important role of DNA methylation during larval development and suggest that 

this molecular mechanism might be key in regulating early-stage responses to environmental 

stressors in Atlantic Herring.  
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4.2 Introduction 

Adaptation toward dynamic environmental changes due to global warming and climate 

change has been the focus of recent studies in ecology and evolution (Vogt, 2022; Toomey et al., 

2023). Studies on ectotherms have been growing owing to their sensitivity towards even slight 

changes in environmental variables such as temperature (Navarro-Mart²n et al., 2011; Venney et 

al., 2022; Toomey et al., 2023). One way in which adaptation can occur is by constant exposure 

to a stressor on the parental generation and the passing of environmentally induced changes in 

gene expression to their offspring (OôDea et al., 2019). Most of these changes are often plastic 

responses and lost if the pressure is not maintained, but a few may be encoded genetically 

through genetic assimilation (P§l et al., 1999; OôDea et al., 2019). One of the main biological 

processes involved in communicating environmental cues with changes in gene expression is 

epigenetics.    

Epigenetics is the chemical modification of gene activity or expression without changing 

the underlying DNA sequences, thereby affecting transcription and ultimately gene expression 

(Kamstra et al., 2015). Among the epigenetic mechanisms that are known, DNA methylation is 

the most studied and best understood (Venney et al., 2023). DNA methylation refers to the 

addition of a methyl group on a cytosine (often preceding a guanine, referred to as CpG), leading 

to changes in gene regulation such as physically blocking transcription initiation (Feng et al., 

2010). DNA methylation is maintained by key enzymes known as DNA methyltransferase 

enzymes (DNMT), specifically Dnmt1, Dnmt3a, and Dnmt3b all of which are involved in 

maintenance and de novo methylation (Feng et al., 2010; Campos et al., 2012; Dasmahapatra and 

Khan, 2015; Kamstra et al., 2015). The role of DNA methylation in regulating gene expression 

has been described under diverse contexts including toxicology (i.e., Kamstra et al., 2015) and 

sex change (Navarro-Mart²n et al., 2011; Parrott et al., 2014; Sun et al., 2016). The gene 

expression of a particular gene can increase or decrease based on the location of the DNA 

methylation. For example, methylation in the promoter region can suppress transcription thereby 

decreasing expression (Mirbahai et al., 2011; Navarro-Mart²n et al., 2011). Alternatively, 

methylation in, for example, an exon region can promote gene expression (e.g., Hellman and 

Chess, 2007; Jones, 2012; Huang et al., 2021). 
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Importantly, DNA methylation can be heritable and is a potential way of coding 

environmental changes experienced by parents on to their offspring (Feng et al., 2010; Kamstra et 

al., 2015; Venney et al., 2022). Our understanding of epigenetic mechanisms and their role in 

adaptation is continuously expanding. In particular, little is known about the effects on the 

methylome of different environmental variables and their interactions. Here, we used the Atlantic 

herring (Clupea harengus) system, a relatively new species within the field of methylation, to 

investigate the effect of two key environmental variables (temperature and photoperiod) on DNA 

methylation patterns across early stages of development. Temperature and photoperiod are two 

key variables in the reproduction strategies of Atlantic herring, and insight into how DNA 

methylation patterns change with respect to these variables provide valuable information on 

climate change tolerance in this species.  

Atlantic Herring is a coastal pelagic fish distributed on both sides of the Atlantic Ocean. 

Atlantic herring are migratory and exhibit fidelity to their spawning areas (Ruzzante et al., 2006). 

They are broadcast demersal spawners that deposit their eggs in shallow coastal areas 

characterized by dynamic environmental fluctuations (Bekkevold et al., 2005). Like many pelagic 

fish species, Atlantic herring experience high mortality during their larval stage due to exposure 

to these constant external stressors (May, 1974; Houde, 1989). Their high sensitivity towards 

even the slightest environmental changes makes them ideal for studying the effect of 

environmental stressors during early development. Extensive work has been conducted on 

population genetics and local adaptation in Atlantic herring (i.e., Henri et al., 1985; McPherson et 

al., 2003; Bekkevold et al., 2005; Limborg et al., 2014; Martinez Barrio et al., 2016; 

Lamichhaney et al., 2012, 2017, 2019; Kerr et al., 2019; Petterson et al., 2019; Fuentes-Pardo et 

al., 2024). These genetic assessments have provided more information on the two ecotypes in the 

northwest Atlantic populations corresponding to spawning time: spring and fall spawning 

Atlantic herring (Lamichhaney et al., 2017; Fuentes-Pardo et al., 2024). Seven specific loci on 

candidate genes including a thyroid-stimulation hormone receptor have been associated with 

differences in spawning time and chromosomal rearrangements might be linked to the water 

temperature during spawning time (Lamichhaney et al., 2017; Fuentes-Pardo et al., 2024). 

However, our understanding of the role of epigenomics and how it might affect these ecotypes is 
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still in its infancy (i.e., Poirier et al., 2017). Examining the effect of environmental stressors 

across the epigenome of Atlantic herring can provide key information in the adaptive capabilities 

of this and potentially also other pelagic fish species in response to the changing ocean landscape.  

To investigate how environmental stressors influence methylation patterns in herring we 

conducted a rearing experiment. Atlantic herring individuals in spawning condition were 

collected in the fall of 2019 and 2020. Crosses were performed in the Aquatron facility at 

Dalhousie University. The fertilized eggs were then reared at two temperatures (11ÁC and 13ÁC) 

and photoperiod (6hr vs 12hr light cycles) treatments in a 2X2 factorial design and development 

was monitored for three weeks. Both temperature and photoperiod parameters were selected to 

reflect the fall local spawning conditions (11ÁC and 6hr) and the alternative spring spawning 

conditions (13ÁC and 12hr), the latter of which also reflects extreme sea-surface temperature 

increase due to global warming (~2ÁC; Shearman and Lentz, 2010; Thomas et al., 2017). Whole 

larval samples were taken at three stages of development prior to first feeding (pre-hatch, post-

hatch, and yolk absorption stages) and sent for whole genome bisulfite sequencing (WGBS). 

Comparisons across treatments and stages of development were conducted through differential 

methylation analysis and significantly methylated regions were linked to relevant biological 

processes through Gene Ontology (GO) analysis. We expect to observe a downward global 

methylation trend as the larvae develop over time as described in several studies (Fang et al., 

2013; Kamstra et al., 2015; Vogt, 2022), and we hypothesize both increasing temperature and 

photoperiodicity to increase hypermethylation of larval Atlantic herring genome, especially in 

genes associated with development (see e.g., Anastasiadi et al., 2017; OôDea et al., 2019; 

Kourkouta et al., 2021).  

4.3 Materials and methods 

4.3.1 Statement on ethics 

This study was conducted in accordance with the ethical guidelines under Dalhousie 

University Committee on Laboratory Animals with fish transfer, collecting, and holding permits 

(File #1021201 ï óThe genomics of spawning seasonality and seascape in Atlantic herring 

(Clupea harengus)ô and File #1029594 ï óEffective population size and connectivity in fishô). 
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4.3.2 Sample collection and rearing experiment setup 

Adult Atlantic herring individuals were collected in spawning condition from German 

Bank in September of 2019 and 2020. Eggs and milt were stored in Hankôs Balanced Salt 

Solution or HBSS (Sigma-Aldrich, Oakville, Canada) at 4ÁC during transport to the rearing 

facility (Jing et al., 2009; Carmichael et al., 2009). Fertilization took place in the Aquatron 

facility at Dalhousie University on the same day as the sample collection. 

4.3.3 Rearing experiment setup 

The experimental setup consisted of four raceways (380L), each subject to a particular 

combination of temperature (11ÁC and 13ÁC) and photoperiod (6hr vs 12hr light) treatment in a 

2X2 factorial design. Each raceway was equipped with six 8L plastic containers with holes and 

mesh covering on all sides to facilitate water flow; containers were kept afloat with foam tubes. 

Each container held four individually labelled cups with mesh covered holes to facilitate water 

flow (Figure 4.1A).  In total, there were six containers in each of four raceways with 96 cups 

overall. Sea water adjusted to the correct temperature flowed continuously and a small tubing was 

fed into each container to facilitate oxygen flow (Figure 4.1A). Raceways were stacked up in sets 

of two and the top two raceways were exposed to a 12hr light cycle while the bottom two 

raceways were exposed to a 6hr light cycle. The room was automatically set to 12hr light cycles 

and the 6hr light treatments were set up using fluorescent lights covered with green safety covers. 

These lights were then controlled by an automatic timer to simulate 6hr light cycles. The bottom 

two raceways were covered on the sides to prevent the room light from seeping through. To 

circumvent confounding variables in downstream differential methylation analyses, each 

treatment and developmental stage was analyzed independently of each other (i.e., temperature 

treatments were compared at one light cycle treatment and at one stage of development).   

4.3.4 Fertilization and crosses 

A total of 76 crosses comprising eight male and 10 female parents in 2019, and three male 

and five female parents in 2020 were conducted in small petri dishes (Figure 4.1A). Prior to 

fertilization, eggs were sampled and examined under the microscope to ensure viability by the 

presence of a clear yolk and protoplasm. Sperm was collected by stripping male herring and 

agitating the milt. For each cross, approximately 50 eggs were placed on a Petri dish with enough 
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HBSS solution to cover the eggs. Fertilization was conducted by pouring the sperm suspension 

(10mL of sperm in HBSS and 10mL of Ginsburg solution) on the eggs and waiting 30 minutes. 

Samples of the fertilized eggs were randomly chosen from each cross and examined under the 

microscope.  

Fertilized eggs are characterized by a clear egg with a white ball/mass inside (i.e., 

presence of perivitelline space), indicating the formation of the embryo (Galkina, 1970). When 

the eggs were not mature (i.e., small/cloudy), they were soaked in HBSS for a longer period as 

HBSS contains nutrients and agents that promote growth and maturation in cells. Non-fertilized 

eggs resemble a cotton ball, akin to a mass of white sandy-textured balls. Throughout the 

experiment, non-fertilized eggs or eggs that did not hatch were removed from the cups to prevent 

parasite or fungal infections. 

Once fertilization was confirmed (Figure 4.1B), eggs were placed in a cup and the 

parental ID (female-male) was recorded. Each cup held one family, each container held four cups, 

and each raceway held six containers for a total of 24 families per raceway. Eggs and larvae were 

monitored twice daily (morning and evening) for a period of 24-26 days. 

4.3.5 Whole larvae sampling 

Whole larval samples were taken at three stages of development prior to first feeding: pre-

hatch, post-hatch, and yolk absorption stages (Figure 4.1B). At least three individuals were 

collected at random from each treatment at each stage to provide biological replicates and reduce 

the effect of individual genetic variation in downstream analyses. Within developmental stage, 

individuals within temperature and photoperiod combination originated from different full-sib 

families (different cups) to avoid potential maternal effects and bias due to kin sampling. 

Sampling was lethal with an overdosage of MS-222. Samples were stored in 95% ethanol at -

20ÁC. 
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4.3.6 DNA extraction and whole genome bisulfite sequencing 

A total of 53 individuals (22 from 2019 and 32 from 2020; Table 4.1) were collected for 

DNA extraction. DNA was extracted using Qiagen DNeasy Blood & Tissue Kit (Qiagen, Hilden, 

Germany) following manufacturerôs protocol. Extracted DNA was stored in -20ÁC for short term 

and -80ÁC for long term storage. Gel electrophoresis (1% agarose gel) was used to assess 

extraction success and sample quality. DNA was quantified with NanoDrop UV-Vis 

Spectrophotometer.  

Table 4.1 shows the number of individual larvae produced with collections from the fall 

of 2019 and 2020 that were sent for whole genome bisulfite sequencing; only three individuals 

were sent for sequencing from the 2019 11ÁC treatments (6 and 12 hr) due to high mortality and 

poor sample quality. A list of the individuals sequenced can be found in Tables S4.1 and S4.2 for 

2019 and 2020, respectively. 

Bisulfite conversion was done using NEBNext Ultra II Library Prep Kit for Illumina 

workflow (New England BioLabs, Oshawa, Canada) and sequencing was conducted on 

Illuminaôs NovaSeq 6000 PE150 at 49X coverage. Downstream analyses between environmental 

treatments primarily focused on 2020 individuals due to uneven sample distribution across 

treatments in the 2019 experiment. Analyses were conducted separately on 2019 and 2020 

individuals.    

4.3.7 Alignment and quality control 

Sequenced data were run through FastQC v0.11.5 (Andrews, 2010) for initial quality 

control (i.e., potential coverage issues) and Trimmomatic (Bolger et al., 2014) was used to trim 

adapters. All sequenced samples passed this initial quality control. Sequences were aligned to 

Clupea harengus reference genome (GCF_900700415.1_Ch_v2.0.2, NCBI) with Bismark 

version 0.22.3 (Krueger and Andrews, 2011) and Bowtie2 v2.4.1 (Langmead and Salzberg, 2012) 

with default settings. The number of reads for the 2019 individuals ranged from 83.6M to 

151.5M bases. 42-47% of the reads were deduplicated unique alignments and 9-11% were 

duplicate alignments that were omitted from downstream analyses. The number of reads for the 

2020 individuals ranged from 102.1M to 189.4M bases. 19-43% of total reads were deduplicated 
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unique alignments and 6-13% were duplicate alignments. One individual (Ch42, Table S4.2) was 

removed from downstream analysis due to poor read quality and alignment.  

Quality control using MultiQC (Ewels et al., 2016) did not detect any sequencing related 

issues. After alignment and sorting of individuals, additional quality control was conducted with 

the methylKit package. First the percent CpG methylation distribution for each individual was 

assessed to confirm the characteristic bimodal distribution (Figure S4.1 top). Next, the CpG 

coverage was assessed to avoid uneven coverage that may skew downstream testing (Figure S4.1 

bottom). The percent distribution of CpG methylation and coverage for all samples showed 

typical patterns from a successful bisulfite sequencing run (i.e., Figure S4.2). Prior to the 

methylation analysis, the BAM (binary alignment map) files of the aligned data were visualized 

using Integrative Genomic Viewer v.2.9.4 (IGV) (Robinson et al., 2011).  

Analyses of global methylation levels were conducted in RStudio v1.3.959 (RStudio 

Team, 2020). Boxplots were generated using the R package ggplot2 (Wickham, 2011). The R 

package stats v3.6.2 was used to test for significance (Ŭ<0.05 for significant differences). The 

analysis of variance function was conducted across stages of development and a significant result 

was followed by Tukey multiple-pairwise comparison to identify specific pairwise comparisons 

contributing to the significance. Pairwise t-tests were conducted to assess the significance of the 

difference between temperature or photoperiod treatments. 

4.3.8 C/T and A/G SNPs analysis 

 Polymorphisms stemming from base pair substitutions particularly cytosine to thymine 

(C>T) and guanine to adenine (G>A) can bias methylation calls at CpG sites since an 

unmethylated cytosine converted to uracil during bisulfite treatment (then to thymine) cannot be 

differentiated from a cytosine to thymine SNP substitution leading to incorrect differentially 

methylated base detection. To assess the occurrence of these substitutions, BS-SNPer (Gao et al., 

2015) was used to first isolate SNPs (single nucleotide polymorphisms) with default parameters. 

The program outputs a list of SNPs and methylation information (i.e., CpG, CHG, and CHH 

sites). The SNPs were filtered for C>T and G>A substitutions and matched with a list of CpG 

sites using óawkô command (See Venney et al. (2020) for more detailed steps on isolating and 

masking SNPs). Comparison between the filtered CpG sites and the total list of CpG sites was 
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then conducted to assess the effect of SNP substitution on the methylation results. Awk operations 

were used to calculate the proportion of SNP sites that are located within differentially 

methylated regions (25% differential methylation, q-value < 0.01) to assess the potential impact 

of the substitutions on DMR detection. 

4.3.9 Differential methylation analysis 

Differential methylation analysis was conducted using the R package methylKit (Akalin et 

al., 2012) with default coverage filtration parameters at two levels: the per base (DMBs) and the 

differentially methylated regions (DMRs) levels. At the per base level, methylKit outputs 

bedgraph files that show significant levels of hypermethylated or hypomethylated bases and 

regions, which can be viewed within IGV. Differentially methylated bases (DMBs) refer to 

methylated sites that are significantly different between treatments, while differentially 

methylated regions (DMRs) are clusters of longer genomic regions that are significantly different 

between treatments. For temperature and photoperiod, comparisons are made directly between 

treatment groups (i.e., 11ÁC vs. 13ÁC for temperature). For stages of development, pairwise 

comparisons are made between each stage (i.e., pre-hatch against post-hatch). DMR analysis was 

conducted using a non-overlapping 1000 bp sliding window with at least 25% methylation 

difference and a q-value less than 0.01 as the threshold for significance. We examined 

methylation patterns across stages of development in both experimental years, 2019 and 2020. 

After assessing the significance of temperature and developmental stages on methylation profiles 

through Principal Component Analysis (PCA; generated by methylKit) and IGV, we examined 

DMRs across gene components. DMR analyses on gene components (i.e., promoter, exon, intron, 

intergenic regions) across stages of development were conducted using the R package 

genomation, and ggplot2 was used to create donut plots to better visualize the data. An example 

annotated pipeline can be found on Github repository: 

(https://github.com/jforce92/HerringMethylation.git). 

A statistical test on differential methylation analysis employing multiple individuals per 

treatment was conducted using logistic regression (Akalin et al., 2012). Briefly, the methylation 

proportions for each base or region are tested independently against the null hypothesis of no 

difference between the control and treatment groups. Differential methylation is called when the 

https://github.com/jforce92/HerringMethylation.git
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null hypothesis is rejected. The P-values will be converted to q-values to correct for false 

discovery rates in multiple hypothesis testing using the sliding linear model (SLIM) method 

employed by methylKit (Akalin et al., 2012). A default cutoff of 25% differentially methylation 

and 0.01 q-value were applied for all downstream analysis. 

4.3.10 Gene ontology analysis 

Information on the proportion of differentially methylated DMRs with respect to gene 

regions provides only partial understanding of the biological significance of these DMRs. To 

further expand our understanding on what biological processes are associated with temperature 

associated DMRs across developmental stages, we conducted a Gene Ontology analysis. Gene 

annotation was conducted using the R package methylKit and genomation. Annotated genome of 

Atlantic herring (Ch_v2.0.2 Apr. 2019 Atlantic herring (v1) (GCF_900700415.1)) was 

downloaded from University of California, Santa Cruz (UCSC) Table Browser portal (Karolchik 

et al., 2004). The annotated pipeline can be found on Github repository: 

(https://github.com/jforce92/HerringMethylation.git). After generating the annotation of 

differentially methylated regions, the distance to the closest transcription start site (TSS) was 

used to obtain the nearest gene name associated with the TSS. A list of genes corresponding to 

differentially methylated regions is then generated. This list was used as the input for Gene 

Ontology analysis using Metascape (Zhou et al., 2019) which links the genes to GO terms. We 

used Homo sapiens for subsequent GO analysis despite Danio rerio being an option for reference 

organism because H. sapiens has more informative GO terms. Heatmaps of GO terms were 

generated using the R package ggplot2. 

4.4 Results 

4.4.1 Post-fertilization survival and hatching success  

 Overall, 327 and 412 larvae hatched from 76 crosses in each of 2019 and 2020 

respectively. Eggs hatched earlier in the 13ÁC than in the 11ÁC treatment (4-5 days vs. 6-7 days, 

respectively) but they also experienced higher mortality throughout the experiment than the 11ÁC 

treatment (45% vs. 27% at 6 hr light and 67% vs. 59% at 12 hr in 2019). Similar values were 

obtained for 2020 (Table S4.3). Overall, hatching success per cup ranged from 10% to 30%; this 

accounts for eggs that were removed due to unsuccessful post-fertilization development (i.e., no 

https://github.com/jforce92/HerringMethylation.git
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embryo formation) and eggs that did not hatch. Survival rate after hatching to the last sampling 

episode was in the order of 60%. A total of 53 larval herring were sampled for DNA methylation 

analysis. 

4.4.2 Global methylation levels of Atlantic herring  

The percent CpG methylation levels (global methylation levels henceforth) of 2019 

individuals ranged from 69.46% to 78.46% with an average of 74.07% while those for 2020, 

ranged from 64.12% to 75.19% with an average of 72.03% (Figures 4.2 and S4.2). High levels of 

global methylation across all samples suggest most of the genome is methylated. Bismark also 

detected trace amounts of CHG and CHH levels (cytosine with H bases, where H is any other 

base besides G) which were only detected in four 2019 individuals and are likely sequencing 

and/or alignment artefacts. C>T and G>A substitutions can potentially bias the methylation 

results. Our SNP analysis indicates, however, that they account for only a small fraction (0.66-

0.75%) of the total CpG sites identified across the whole genome irrespective of treatments and 

fewer than half of them (~0.31%) were located within DMRs, suggesting their influence on the 

overall downstream methylation analyses in this study is negligible. 

4.4.3 DNA Methylation patterns across stages of development  

Average global methylation levels declined with increasing developmental stage (i.e., age 

in days) independent of treatments (r = -0.807 to -0.983; Figure S4.3). Comparisons across 

developmental stages were assessed in treatments that have more than two individuals in each 

stage. A decrease in average global methylation levels is observed between pre-hatch and post-

hatch stages in all cases (Figure 4.3). Between post-hatch and yolk absorption, two out of the 

three treatments show declines in percent methylation (i.e., both 2020 treatments, Figure 4.3).  

Patterns of hypermethylated DMRs suggest complex interactions between stages of 

development and temperature. Similar patterns of abrupt decrease in percent hypermethylated 

DMRs comparing pre-hatch against yolk absorption stages in both 13ÁC treatments but not 11ÁC 

treatment suggests temperature stress may suppress hypermethylated DMRs between early and 

late developmental stages (Figure 4.4). In later developmental stages, there is an increase in 

hypermethylation at DMRs between post-hatch and yolk absorption stages independent of 

treatments (Figure 4.4). These abrupt shifts in hypermethylated DMRs are absent at 11ÁC, where 
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a consistent increase in hypermethylated DMRs is observed as development progresses. 

Photoperiod had no observable effect on hypermethylated DMR levels across developmental 

stages as evidenced by similar patterns in hypermethylation levels between 6hr and 12hr 

treatments at the same temperature treatment (Figure 4.4). In contrast, there were few 

hypomethylated DMR signals above 25% differential methylation (Figure S4.4) and no apparent 

patterns corresponding to treatment nor developmental stages.  

The timeframe in which global methylation levels shift between the different stages is a 

key finding. Despite the inconsistency in peaks observed between the sampling years, the 

overarching trend of increasing hypermethylated sites as the individuals grow is still consistent 

(See Tables S4.4, S4.5 and S4.6). Differential methylation analysis across gene regions in 2020 

samples shows that the majority of hypermethylated DMRs are present in intergenic regions and 

introns independent of developmental stages. However, there is an increase in the number of 

hypermethylated DMRs in promoter regions when comparing the pre-hatch to the yolk 

absorption stages. An increase in hypermethylated DMRs in the promoter regions at the yolk 

absorption stage suggests an effect on gene expression at this stage (Figure S4.5).  

We examined the potential interaction between the reported increased hypermethylation in 

gene regions and the decrease in global methylation. For this we assessed hypermethylation 

levels of genes and transcripts associated with DNA methyltransferases (i.e., DNA 

methyltransferase 3A or DNMT3A responsible for de novo methylation as well as maintenance) 

across the developmental stages. We observed differential methylation in a region within 

chromosome 14 corresponding to a section of a gene that potentially codes for a DNA 

methyltransferase transcript, DNMT3A-like transcript variant X2. As shown in Figure 4.5, they 

are hypermethylated at the yolk absorption stage compared to the pre-hatch and post-hatch 

stages; this pattern is consistent in both sampling years. The hypermethylated region is 

specifically within a gene body as indicated with the reference gene track and is potentially 

associated with increased transcription activity. 
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4.4.4 Photoperiod is not a primary contributor to DNA methylation in early 

development 

No statistical difference in average global methylation levels was observed between 

photoperiodicity treatments despite a slight negative trend as photoperiod increases (Figure S4.6 

i.e., P Ó 0.09 to P Ó 0.99). This decrease in global methylation levels from 6hr to 12hr is observed 

in two cases (11ÁC-yolk absorption stage; 13ÁC-pre-hatch stage). The 13ÁC treatment in 

particular shows a more pronounced decrease in methylation levels than the 11ÁC treatment 

(Figure S4.6A; P Ó 0.09 in 13ÁC-pre-hatch vs. P Ó 0.22 in 11ÁC-yolk absorption), however this 

decrease is more apparent when comparing between developmental stages and not photoperiod 

(Figure S4.6B). 

4.4.5 Effect of increasing temperature on methylation profiles across 

development 

The decline in average global methylation levels with increasing developmental stage was 

more pronounced at the higher temperature (Figure 4.6; P Ò 0.007 for 13ÁC). Temperature 

treatment comparisons across all developmental stages were conducted with 2020 individuals at 

the 12hr light cycle. While there is a general decrease in methylation levels across developmental 

stages at both temperature treatments, the decline is significant (P Ò 0.007) only for the 13ÁC 

treatment and not for the 11ÁC treatment (P Ó 0.21) (Figure 4.6). Sample sizes were insufficient 

for these comparisons in the other treatment combinations.  

Within individual developmental stages, we only detected a significant difference (i.e., 

decrease) with increasing temperature at the last stage examined, the yolk absorption stage 

(Figure 4.6; P Ò 0.04). Increased rearing temperature therefore appears to significantly decrease 

the global methylation profile largely only in the later stages of development. At the 6hr 

treatment, comparisons could only be made at the post-hatch stage where we found no significant 

difference between temperature treatments (Figure S4.6). 

Principal component analysis (PCA) on DMRs further supports temperature driven 

differential methylation across developmental stages. In the pre-hatch vs. post-hatch comparison, 

the post-hatch individuals are more tightly clustered with each other and more clearly separated 

from the pre-hatch individuals in the 13ÁC treatment than 11ÁC treatment (Figure S4.7). This 
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clear separation between temperature treatments is also seen in the comparisons involving the 

post-hatch and yolk absorption stages (Figure S4.7). 

DMR analysis reveals that percent differential methylation across gene components (i.e., 

promoter, exon, intron, intergenic regions) varies with development more in the 13ÁC treatment 

than in the 11ÁC treatment where it is nearly identical across all stages of development (Figure 

4.7). Overall, we observed a relatively high percent differential methylation in exon regions and 

not in promoter regions. Separating the DMRs into hypermethylated vs. hypomethylated regions 

reveals that most of the variation is due to hypomethylated DMRs (Figure S4.5). Notably, the 

proportions of exon, intergenic, and intron methylation levels are shifted when the yolk 

absorption stage is part of the comparison (Figure 4.7 and Figure S4.5).  

4.4.6 Gene ontology analysis of temperature-induced hypermethylated DMRs 

 Figure 4.8 shows the top 10 GO terms exhibiting hypermethylated DMRs at different 

stages of development for both temperature treatments (Figure S4.8 for full list of GO terms). 

The number of genes with hypermethylated DMRs is higher in the 13ÁC treatments particularly 

in the post-hatch vs. yolk absorption comparison, suggesting a potentially elevated stress 

response at higher temperature. The top five GO terms with the highest number of 

hypermethylated genes correspond to biosynthetic and developmental processes. Cellular 

macromolecule biosynthetic process has the highest number of hypermethylated genes across 

both temperatures, but the difference in hypermethylation levels was not significant in pre-hatch 

vs. yolk absorption at 13ÁC treatment. The GO term ñGO0001501: Skeletal system developmentò 

(henceforth SSD) is the only term consistently hypermethylated across all treatments and 

developmental stages, suggesting methylation may play an important role in regulating skeletal 

development. Furthermore, the number of genes that contain hypermethylated DMRs in SSD is 

higher in the 13ÁC treatment (avg. 151 genes in 13ÁC vs. 109 genes in 11ÁC).        
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4.5 Discussion 

We documented the global methylation level of fall spawning Atlantic herring at early 

stages of development (average 74.07% for 2019 and 72.03% for 2020) which is comparable to 

reported global methylation levels in fishes across different life stages [e.g., one month old 

stickleback: 70.3% (Metzger & Schulte, 2018), adult zebrafish: 80.3% (Feng et al., 2015); 

juvenile and adult European eel: 70.9% (Liu et al., 2022)]. We then assessed the impact on the 

methylome of environmental stressors in the form of changes in temperature and photoperiod 

during incubation and early developmental stages. Our results suggest DNA methylation levels 

decrease across developmental stages and these changes are particularly evident at the higher 

temperature (13ÁC) and longest photoperiod (12hr) tested. Below we discuss the implications of 

our findings in detail.  

4.5.1 Methylation across stages of development 

The methylation profile differed across developmental stages and this difference was 

apparent in both temperature and photoperiod treatments. A decrease in global methylation levels 

was observed as development progresses, consistent with the literature (Fang et al., 2013; 

Kamstra et al., 2015; Vogt, 2022). Hypomethylation of the genome across time is attributed to a 

decrease in dnmt1 activity which is associated with the maintenance of DNA methylation (Wilson 

et al., 1987; Barbot et al., 2002; Bollati et al., 2009; Fang et al., 2013). This study further showed 

that this decrease in global methylation levels across developmental stages is more pronounced 

with increasing temperature. Subsequent analysis on hypermethylated DMRs suggests increasing 

temperature was associated with a decrease between pre-hatch and post-hatch stages, followed by 

an increase from post-hatch to yolk absorption stages analogous to a recovery period following 

reprogramming (Figure 4.4). The fact that we observed differential methylation within a 

relatively short time frame and between temperature treatments can likely be attributed to the 

sensitivity of the methylome during early stages of development. A study on European Sea Bass 

by Anastasiadi et al. (2017) found temperature mediated significant differential methylation in 

larvae but not juveniles. The larval stage is the most vulnerable period in the life cycle of most 

fishes particularly as it is a period of growth and development characterized by dynamic cell 

differentiation and gene expressions. Thus, larvae are likely most sensitive to environmental cues 
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leading to a noticeable change in methylation profiles across time as seen in the DNMT3A 

example shown in this study. 

DNA methyltransferase expression has been shown to be developmentally regulated 

(Campos et al., 2012; Dasmahapatra and Khan, 2015). Here we focus on a region in the Atlantic 

herring genome associated with dnmt3a gene. Our results show hypermethylation at the 

DNMT3A-like transcript variant on chromosome 14 at the yolk absorption stage but not the 

previous two stages (Figure 4.5). This DNMT3A-like transcript variant is likely linked to the 

dnmt3a gene, a key regulatory gene in promoting de novo methylation (Campos et al., 2012; 

Dasmahapatra and Khan, 2015; Kamstra et al., 2015). Furthermore, this hypermethylated region 

is located within the gene body which is potential evidence of active transcription (Hellman and 

Chess, 2007; Jones, 2012, Huang et al., 2021). Our results are in concordance with Campos et al. 

(2012) who observed an increase in dnmt3a, a gene involved in de novo methylation, expression 

during zebrafish development at elevated incubation temperature. Here, hypermethylation at the 

gene body and not promoter region is a potentially significant result given that it can prevent 

transcription elongation but not initiation. Conversely, gene body methylation can also promote 

transcription (i.e., human active X chromosome: Hellman and Chess, 2007; rDNA transcription 

and preventing repressive histone modifications: Huang et al., 2021) and regulate alternative 

splicing of exons particularly at splice junctions (Maor et al., 2015). In all cases, intragenic 

methylation can impact the functional significance of the gene as development progresses.  

4.5.2 Temperatureôs influence on methylation profile 

Global DNA methylation  

Temperature had a more significant impact at the global methylation level across 

developmental stages than photoperiod. This is supported by the differential methylation analysis 

of gene regions at 13ÁC which showed a more variable methylation pattern than 11ÁC treatments 

(i.e., increase in differential methylation of exon region in 13ÁC treatment) (Figure 4.7). The 

effect of temperature is also reflected in both the GO term and PCA analyses where a clear 

separation in the number of hypermethylated genes and clustering due to DMRs were observed 

respectively. Overall, the results show a significant change in the methylation profiles of larval 

Atlantic Herring even at only 2ÁC difference. 
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The effect of temperature on global DNA methylation levels described here is consistent 

with patterns described in the literature. Previous studies have shown that temperature alters 

global methylomes in different ways (Anastasiadi et al., 2017; Metzger and Schulte, 2017; Liew 

et al., 2020). Metzger and Schulte (2017) observed genomic hypermethylation in response to 

different developmental temperature and acclimation temperature in threespine stickleback. 

Anastasiadi et al. (2017) found significant differences in global DNA methylation due to 

increased temperature in larval but not juvenile European sea bass. Temperature changes at the 

parental level may also influence the methylome of offspring as shown for brook charr 

(Salvelinus fontinalis) (Venney et al., 2022). Here, we focused on rearing temperature from 

fertilization to the yolk absorption stage to examine how a slightly higher water temperature can 

influence the development of larval Atlantic herring at the epigenetic level. Due to the small size 

of individuals, whole larvae were used to obtain enough DNA for bisulfite conversion. Thus, the 

results observed reflect a collection of cells and tissues which mask individual cell or tissue-

specific signals (Liang et al., 2011; Kamstra et al., 2015). DNA methylation signals are tissue-

specific, and ideally the tissue type that best corresponds to the stress response should be used 

when possible. Recent improvements to methodology have allowed for single cell epigenetic 

framework (Clark et al., 2016) and should be considered for future studies at larval stages.       

Differential methylation across gene regions    

Temperature also influenced the proportion of differentially methylated gene regions 

particularly in the exon and promoter regions. We observed increased hypomethylation of DMRs 

within exon regions or gene bodies as development progresses in concordance with the decrease 

in global methylation patterns across development stages. In addition, increasing 

hypomethylation in exons is also in response to higher temperature, however the functional 

significance remains uncertain. Methylation activity in gene bodies has been described in the 

literature since the early days of DNA methylation studies, but its role in influencing the overall 

phenotype is an ongoing debate (Jones, 2012; Kamstra et al., 2015; Muyle et al., 2022). Muyle et 

al. (2022) reviewed gene body methylation in plants and concluded that while gene body 

methylation is associated with levels and patterns of gene expression, the effect on phenotype and 

ultimately adaptation is still unclear. In humans however, gene body methylation has been 

attributed to promoting gene expression through transcription of ribosomal RNA genes linked to 
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histone modifications (Huang et al., 2021), and promotes transcription on the active X 

chromosome (Hellman and Chess, 2007; Jones, 2012). Conversely, the hypomethylation of gene 

bodies in humans is associated with the global decrease in methylation commonly found in 

cancer (Dunn, 2003; Mendizabal et al., 2017) and the aging process (Dunn, 2003). 

Hypomethylation of gene bodies within specific genes has also been linked to diseases such as 

coronary heart disease (Xu et al., 2014) and chronic lymphocytic leukemia (Kulis et al., 2012). 

The consensus across literature on the functional significance of gene body methylation is that it 

is dependent on genomic location (i.e., what genes) and cellular context (Jones, 2012).    

Contrary to exons, we see less differential methylation at promoter regions as temperature 

increases particularly in the later stages of development. We detected no change across 

developmental stages in hypermethylation of promoter regions at 11 ÁC, but we observed lower 

hypomethylation in promoter regions at 13ÁC. Methylation of promoter regions have been linked 

to various phenotypic expressions including sex determination/change (i.e., European sea bass 

(Navarro-Mart²n et al., 2011), American alligator (Parrott et al., 2014), Nile tilapia (Sun et al., 

2016), Zebrafish (Han et al., 2021)) and muscle development (i.e., Senegalese sole (Campos et 

al., 2013), Atlantic salmon (Burgerhout et al., 2021). Although we were unable to determine the 

functional significance of both exon and promoter regions without information on gene 

expression, the fact that we saw differential methylation due to a 2ÁC increase in temperature 

suggests plasticity, which can potentially have an adaptive significance that was previously 

unknown in the Atlantic herring system. 

4.5.3 Photoperiod and lack of methylation signals in larval herring  

Increasing photoperiod from 6hr to 12hr was associated with a downward trend in global 

methylation, however this difference was not statistically significant. In addition, no significant 

differences were detected when comparing methylation levels between photoperiod at different 

temperatures (P Ò 0.99) which suggests a lack of interaction between temperature and 

photoperiod (Figure S4.6). There are several reasons that may explain the lack of significance 

observed between photoperiod treatments. For adult herring, photoperiod is synonymous with 

decision windows such as the presence of food and spawning (McPherson and Kjesbu, 2012), 

physiological conundrums that are still irrelevant at the early stages of development. Thus, larval 
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herring may not show an apparent response to photoperiod compared to juveniles or adult stages. 

Though sample size may also be a contributor, this is unlikely to be the case as we observed 

differentially methylated patterns between temperature treatments and across stages of 

development from our rearing experiment with the same sample size. Importantly, our study 

examined changes in gene activity at the methylation level, but photoperiod may affect gene 

expression at different levels such as at the genetic (i.e., TSHR gene; Chen et al., 2021; Fuentes-

Pardo et al., 2024) or transcriptomic level.  

4.5.4 Impact on Atlantic herring biology  

Mortality was highest prior to hatching (70-90%) which is consistent with previous 

reports of up to 95% mortality prior to hatching in herring (Dahlberg, 1979; Bunn et al., 2000). 

Increases in temperature have been documented to influence the onset of hatching and mortality 

in the larvae of other fish species (Yang and Chen, 2005; Geffen et al., 2006; Okunsebor et al., 

2015). Consistent with this data, here we report evidence of earlier hatching and increased 

mortality in the 13ÁC than in the 11ÁC treatments.  

We used methylated sites within genes as a measure of potential phenotypic significance 

across developmental stages and between temperature treatments. The GO term analysis showed 

increased hypermethylation at 13ÁC in genes associated with biosynthesis and development, 

consistent with the differential percent methylation in gene bodies described previously. Cellular 

macromolecule biosynthetic process and regulation of anatomical structure size had the highest 

number of hypermethylated genes between pre-hatch and yolk absorption stages, suggesting that 

increased temperature may inhibit key metabolic processes and influence growth. We also 

observed an increasing gradient in hypermethylation across development in both temperature 

treatments specifically in the skeletal system development (SSD) GO term. Hypermethylation of 

genes associated with SSD can potentially lead to stunted growth and anatomical deformities. 

Negative effects on early stages of growth and development due to temperature have been 

observed previously in numerous species (i.e., Gilthead seabream, Kourkouta et al., 2021; 

Senegalese sole, Dion²sio et al., 2012; Tench, Fern§ndez et al., 2021). Changes in developmental 

temperature specifically have been linked to decreased swimming performance and skeletal 

development (OôDea et al., 2019; Kourkouta et al., 2021). A meta-analysis of developmental 
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temperature effects in fishes by OôDea et al. (2019) found that temperature increase significantly 

increases phenotypic variability, but this pattern is more pronounced with larger increases in 

temperature. Increase in variation is also potentially evidence for diversified bet hedging (e.g., 

Anastasiadi et al., 2021) to increase surviving offspring amidst dynamic temperature changes. 

Together, our study suggests potential metabolic and developmental risks that increase in 

temperature might pose through pronounced changes in the methylation pattern across early 

stages of development in Atlantic herring.    

However, care should be taken when interpreting the GO term results as they do not 

reflect what is truly expressed beyond the methylome. One key consideration that is recurring 

throughout this study is the importance of where the methylation site occurs in the gene region. 

Locating the hypermethylation sites within these genes can provide key information on whether 

the hypermethylation promotes or represses gene expression.      

4.6 Conclusion 

In summary, we detected patterns of differential methylation across stages of development 

that are more pronounced in higher temperature treatments. Differentially methylated sites were 

mostly in gene bodies and promoters, some of which were hypermethylated at the higher 

temperature and were linked to metabolism and development. Important next steps are to 

examine whether similar methylation changes are also observed in spring spawning herring and 

whether such changes are stable and intergenerationally inherited. A comparison of the effects of 

temperature on gene expression between herring spawning ecotypes can then inform us of the 

adaptive potential of these methylome changes in Atlantic herring. Such information is expected 

to contribute to an increase in our understanding of how environmental changes due to climate 

change affect development in this and perhaps other pelagic species.    
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4.11 Tables and Figures 

4.11.1 Tables 

Table 4.1. Number of Atlantic herring larval individuals used in DNA methylation analysis post 

filtering for fall 2019 and 2020 by treatments (temperature and photoperiod) and stages of 

development. 

Treatments 2019 2020 

Temp. Photo. Pre-hatch Post-hatch Yolk 

absorption 

Pre-hatch Post-hatch Yolk 

absorption 

11ÁC 6hr - - 2 - 3 3 

13ÁC 6hr 4 2 3 5 3 - 

11ÁC 12hr - - 1 3 3 3 

13ÁC 12hr 4 4 1 3 3 3 
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4.11.2 Figures 

 

  

Figure 4.1. (A) Experimental design of the Atlantic herring rearing experiment. Each of the four 

raceways corresponds to either 11ÁC or 13ÁC water temperature, and 6hr or 12hr light cycles. 

Raceways with 12hr treatments were on the top while the 6hr treatments are positioned below. 

Each raceway had six containers arranged in pairs and each container had four cups, each cup 

with a different cross. Water is fed into each of the raceways from a main hose and drained on the 

other side (water flow is indicated in the image). (B) Whole larvae sampling design across three 

weeks of observation. Samples were taken at three different stages: pre-hatch, post-hatch, and 

yolk absorption stages. A minimum of three whole larvae from each raceway were collected on a 

smaller dish and overdosed on MS-222 before being stored in a 95% Ethanol solution for 

subsequent DNA extraction in the lab.  
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Figure 4.2. Global percent methylation (%) distribution across all individuals for 2019 (N = 22) 

and 2020 (N = 31). Average percent methylation for 2019 and 2020 are 74.07% and 72.03% 

respectively.  
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Figure 4.3. Global percent methylation (%) across developmental stages of 2019 (13ÁC, 6hr) and 

2020 (11 and 13ÁC, both at 12hr) individuals. Only treatments that have individuals in all three 

developmental stages were analyzed. All treatments in both sampling years have three individuals 

except 2019 13ÁC_12hr which had two individuals at the post-hatch stage. A general downward 

trend in percent methylation is observed regardless of treatment and year.  
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Figure 4.4. Genome-wide hypermethylated DMRs across developmental stages (blue for pre-

hatch (Pre) vs. post-hatch (Post), green for pre-hatch vs. yolk absorption (YA), yellow for post-

hatch vs. yolk absorption) for 2019 (13ÁC and 6hr photoperiod) and 2020 (11ÁC and 12hr 

photoperiod, 13ÁC and 12hr photoperiod) individuals. Only treatments that have more than two 

individuals at each stage were analyzed. Each peak corresponds to a region that has more than 

25% differential methylation and q-value less than 0.01. Number of hypermethylated DMRs at 

each comparison is represented as a percentage of total number of DMRs in each comparison. 

Increase in hypermethylated DMRs is most apparent in 2020 11ÁC and 12hr treatment. 

Hypermethylation is lowest in pre-hatch stage vs. yok absorption stages for both 13ÁC treatments, 

suggesting potential temperature influence.  

 



125 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Integrative Genome Viewer of a section from chromosome 14 from 2019 data, the 

red color represents methylated cytosine, and the blue represents non methylated cytosine. This 

region in chromosome 14 shows a clear visual representation of a DMR and corresponds to one 

of the DNA methyltransferases, DNA methyltransferase 3A or DNMT3A-like, transcript variant 

X2. As shown here, they are hypermethylated at the yolk absorption stage compared to the pre-

hatch and post-hatch stages. Each row within a developmental stage represents an individual 

sequence and the bar graph at the top of each section represents the coverage across each base. 
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Figure 4.6. Global percent methylation (%) between temperature treatments at 12hr treatment in 

different developmental stages (N=3 for each treatment) of 2020 individuals. There is a 

significant difference between temperature at the yolk absorption stage as indicated by the 

asterisk. 

 

Figure 4.7. Percent differential methylation (%) of gene components (exon, intergenic, intron, 

and promoter) between temperature treatments and across stages of development. From inner to 

outer circles: pre-hatch vs. post-hatch, post-hatch vs. yolk absorption, and pre-hatch vs. yolk 

absorption. Consistent patterns of differential methylation are observed in the 11ÁC treatment but 

not in the 13ÁC treatment, where percent differential methylation is more variable across 

developmental stages. 
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Figure 4.8. Heatmap of the top ten gene ontology terms corresponding to significantly 

hypermethylated DMRs across stages of development and temperature treatments. Gene ontology 

enrichment analysis was done in MetaScape.  
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4.12 Supplementary materials 

 

Table S4.1. Fall 2019 Atlantic herring individuals (N=25) sent for Whole Genome Bisulfite 

Sequencing with the associated Raceway ID, Time (stage of development), Temperature and 

Photoperiod treatments. The samples highlighted in grey indicate samples that were removed 

from downstream analyses. BR: Bottom Right, TR: Top Right, BL: Bottom Left, TL: Top Left. 

Number 
Sample 

ID Raceway Time Temp Photoperiod 

1 2B BR 1 13 6:18 
2 1 BR 2 13 6:18 
4 4-1 TR 1 13 12:12 
5 2-1 TR 2 13 12:12 

7 1B BR 1 13 6:18 
8 5B BR 1 13 6:18 
9 8 BR 1 13 6:18 
10 1 TR 1 13 12:12 
11 1B TR 1 13 12:12 
12 4-2 TR 1 13 12:12 
13 4-H BR 2 13 6:18 
14 6 BR 2 13 6:18 
15 7 BR 2 13 6:18 
16 1-2 TR 2 13 12:12 
17 1-3 TR 2 13 12:12 
18 1-6 TR 2 13 12:12 

19 1B TR 3 13 12:12 
21 5B TL 3 11 12:12 
22 4B BL 3 11 6:18 
24 5B BR 3 13 6:18 
25 6B BR 3 13 6:18 
26 7B BR 3 13 6:18 
28 8B BL 3 11 6:18 
29 7B BR 3 13 6:18 
30 1-4 TR 2 13 12:12 
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Table S4.2. List of 54 Atlantic herring larvae sampled in 2020 from the reciprocal transplant 

experiment conducted in the Aquatron with the sample ID, raceway ID (Raceway), development 

time (Time), temperature treatment (Temp), and photoperiod treatment (Photoperiod). All 

samples were stored in 95% Ethanol tubes. Individuals that are greyed out did not pass the initial 

quality control post extraction and were not sent for sequencing. In total, 32 individuals were sent 

for sequencing. BR: Bottom Right, TR: Top Right, BL: Bottom Left, TL: Top Left. 

Number 
Sample 

ID Raceway Time Temp Photoperiod 

1 5B BL 1 13 6:18 
2 1C BL 1 13 6:18 
3 2B BL 1 13 6:18 

4 5B BL 2 13 6:18 
5 4C BL 2 13 6:18 

6 3B BL 2 13 6:18 
7 4B BL 3 13 6:18 
8 3C BL 3 13 6:18 
9 2C BL 3 13 6:18 
10 6 TL 1 13 12:12 
11 4 TL 1 13 12:12 
12 7C TL 1 13 12:12 
13 5B TL 2 13 12:12 
14 4 TL 2 13 12:12 
15 7C TL 2 13 12:12 

16 7 TL 3 13 12:12 
17 7B TL 3 13 12:12 
18 1-4B TL 3 13 12:12 
19 4B BR 1 11 6:18 
20 6C BR 1 11 6:18 
21 5C BR 1 11 6:18 
22 4 BR 2 11 6:18 
23 4B BR 2 11 6:18 
24 3C BR 2 11 6:18 
25 3C BR 3 11 6:18 
26 2 BR 3 11 6:18 

27 2B BR 3 11 6:18 
28 2 TR 1 11 12:12 
29 4C TR 1 11 12:12 
30 8C TR 1 11 12:12 
31 5 TR 2 11 12:12 
32 3B TR 2 11 12:12 
33 6C TR 2 11 12:12 
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Number 
Sample 

ID Raceway Time Temp Photoperiod 

34 5 TR 3 11 12:12 
35 2 TR 3 11 12:12 
36 7B TR 3 11 12:12 
40 3B BL 3 13 6:18 
41 5 BL 3 13 6:18 
42 7 BL 1 13 6:18 
43 8C TL 3 13 12:12 
44 7 TL 3 13 12:12 
45 6B TL 3 13 12:12 
46 2 BR 3 11 6:18 

47 4 BR 3 11 6:18 
48 1 BR 3 11 6:18 
49 3 TR 3 11 12:12 
50 6 TR 3 11 12:12 
51 1B TR 3 11 12:12 
52 7B BL 3 13 6:18 
53 6 TL 3 13 12:12 
54 4B BR 3 11 6:18 
55 7B TR 3 11 12:12 
1A 1C* BL 1 13 6:18 
2A 7 TL 3 13 12:12 
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Table S4.3. Average mortality (in percent) of Atlantic herring larvae from post-

hatch stage to yolk absorption stage for 2019 and 2020 divided by treatment.  

Average 

mortality (%)  

2019 2020 

6hr  12hr  6hr 12hr  

11°C 27.02 59.15 53.40 51.19 

13°C 44.68 67.04 64.18 76.09 
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Table S4.4. Number of hypermethylated vs. hypomethylated DMRs by chromosomes across 

developmental stages in 2019 samples at 13°C and 6hr treatments. Statistics generated using 

methylKit using default parameters (differential methylation > 25%, q-value of 0.01).   

13°C at 6hr 

Pre-hatch vs. 

Post-hatch 

 Post-hatch vs. 

Yolk absorption  

Pre-hatch vs. 

Yolk absorption 
         

 Hyper Hypo  Hyper Hypo  Hyper Hypo 

Chromosome 1 18 45  51 32  7 20 

Chromosome 2 13 27  51 28  6 16 

Chromosome 3 22 46  50 38  8 12 

Chromosome 4 9 31  40 25  14 27 

Chromosome 5 12 39  21 13  6 16 

Chromosome 6 18 29  21 21  19 28 

Chromosome 7 23 37  35 20  11 24 

Chromosome 8 18 44  39 31  12 31 

Chromosome 9 18 23  26 21  6 15 

Chromosome 10 18 31  22 13  6 18 

Chromosome 11 27 59  26 34  10 42 

Chromosome 12 22 62  54 28  8 15 

Chromosome 13 19 26  35 28  9 8 

Chromosome 14 22 35  25 28  2 11 

Chromosome 15 17 30  37 18  10 21 

Chromosome 16 14 27  23 24  9 16 

Chromosome 17 35 41  46 30  11 10 

Chromosome 18 26 32  26 27  6 22 

Chromosome 19 14 40  45 31  5 16 

Chromosome 20 15 27  20 35  2 21 

Chromosome 21 16 37  43 38  12 26 

Chromosome 22 15 29  43 24  14 18 

Chromosome 23 12 22  29 17  11 16 

Chromosome 24 10 16  26 12  11 11 

Chromosome 25 8 6  3 8  6 2 

Chromosome 26 3 13  13 10  3 9 

Total 444 854  850 634  224 471 
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Table S4.5. Number of hypermethylated vs. hypomethylated DMRs by chromosomes across 

developmental stages in 2020 samples at 11°C and 12hr treatments. Statistics generated using 

methylKit using default parameters (differential methylation > 25%, q-value of 0.01).   

11°C at 12hr 

Pre-hatch vs. 

Post-hatch 

 Post-hatch vs. 

Yolk absorption  

Pre-hatch vs. 

Yolk absorption 
         

 Hyper Hypo  Hyper Hypo  Hyper Hypo 

Chromosome 1 10 21  25 20  27 32 

Chromosome 2 15 13  15 27  17 19 

Chromosome 3 20 20  15 12  13 9 

Chromosome 4 15 23  23 29  19 26 

Chromosome 5 12 21  36 35  21 30 

Chromosome 6 21 16  18 13  23 24 

Chromosome 7 21 7  17 23  28 33 

Chromosome 8 33 28  9 12  18 33 

Chromosome 9 15 16  13 23  13 18 

Chromosome 10 17 22  23 19  26 40 

Chromosome 11 24 18  48 68  35 48 

Chromosome 12 10 30  14 16  18 30 

Chromosome 13 18 32  25 19  10 18 

Chromosome 14 19 19  11 10  22 24 

Chromosome 15 20 14  15 20  21 26 

Chromosome 16 9 18  18 14  10 26 

Chromosome 17 21 17  11 11  14 18 

Chromosome 18 11 16  16 23  15 24 

Chromosome 19 11 12  22 24  19 24 

Chromosome 20 17 17  16 12  12 12 

Chromosome 21 24 13  10 18  22 21 

Chromosome 22 24 30  24 17  15 18 

Chromosome 23 20 40  22 25  3 16 

Chromosome 24 6 4  5 10  11 13 

Chromosome 25 5 7  9 13  8 16 

Chromosome 26 5 10  3 7  9 10 

Total 423 484  463 520  449 608 
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Table S4.6. Number of hypermethylated vs. hypomethylated DMRs by chromosomes across 

developmental stages in 2020 samples at 13°C and 12hr treatments. Statistics generated using 

methylKit using default parameters (differential methylation > 25%, q-value of 0.01).   

13°C at 12hr 

Pre-hatch vs. 

Post-hatch 

 Post-hatch vs. 

Yolk absorption  

Pre-hatch vs. 

Yolk absorption 
         

 Hyper Hypo  Hyper Hypo  Hyper Hypo 

Chromosome 1 38 36  26 62  14 41 

Chromosome 2 29 19  15 41  10 31 

Chromosome 3 15 28  10 35  2 33 

Chromosome 4 32 46  42 65  12 61 

Chromosome 5 30 40  21 43  9 35 

Chromosome 6 37 34  29 33  11 31 

Chromosome 7 34 39  17 37  14 26 

Chromosome 8 35 53  11 45  1 42 

Chromosome 9 29 31  16 47  4 42 

Chromosome 10 30 24  19 30  11 21 

Chromosome 11 37 35  10 36  7 26 

Chromosome 12 21 40  33 52  12 36 

Chromosome 13 39 42  18 44  9 45 

Chromosome 14 36 33  13 21  8 29 

Chromosome 15 39 35  23 56  10 36 

Chromosome 16 45 50  18 48  12 45 

Chromosome 17 19 19  20 58  13 34 

Chromosome 18 16 15  8 26  8 27 

Chromosome 19 10 17  11 27  9 24 

Chromosome 20 27 43  15 33  7 40 

Chromosome 21 35 22  4 45  5 28 

Chromosome 22 30 23  15 27  13 23 

Chromosome 23 38 46  14 39  3 21 

Chromosome 24 15 24  4 11  6 14 

Chromosome 25 8 17  4 8  0 8 

Chromosome 26 18 16  9 13  9 8 

Total 742 827  425 982  219 807 
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Figure S4.1. Histograms of two quality control tests generated by methylKit from Rstudio v for 

one sample, Ch29WGBS. (A.) the frequency by percent per base CpG methylation distribution 

across the whole genome. The bimodal distribution is characteristic of a standard bisulfite treated 

sample since a base is either methylated or non-methylated. (B.) the frequency by per base CpG 

coverage distribution across the whole genome to assess the presence of over-represented bases.  
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Figure S4.2. Global methylation levels for 2019 (A) and 2020 (B) Atlantic herring larvae as 

represented by percent CpG calls per sample estimated using Bismark. The average methylation 

level for 2019 across the 21 samples is 74.07% and for 2020 across the 32 samples is 72.03%.  
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Figure S4.3. Average percent global methylation levels across developmental stages for three 

treatments that have individuals at all stages (2019-13°C ,6hr in blue, 2020-11°C, 12hr in orange, 

and 2020-13°C, 12hr in yellow). The correlation coefficient (r) and equation of the linear 

regression lines for each treatment suggest a decline in average global methylation levels across 

developmental stages, with the highest decline observed in 2020-13°C, 12hr treatment. 
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Figure S4.4. Genome-wide hypomethylated DMRs across developmental stages (blue for pre-

hatch (Pre) vs. post-hatch (Post), green for pre-hatch vs. yolk absorption (YA), yellow for post-

hatch vs. yolk absorption) for 2019 (13ÁC and 6hr photoperiod) and 2020 (11ÁC and 12hr 

photoperiod, 13ÁC and 12hr photoperiod) individuals. Only treatments that have more than two 

individuals at each stage were analyzed. Each peak corresponds to a region that has more than 

25% differential methylation and q-value less than 0.01. Many of the peaks are only slightly 

above the 25% differential methylation threshold and are barely visible. No patterns due to 

treatments or developmental stages is evident. 
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Figure S4.5. Percent hypermethylated and hypomethylated DMRs (%) of gene components 

(exon, intergenic, intron, and promoter) between temperature treatments and across stages of 

development. From inner to outer circles: pre-hatch vs. post-hatch, post-hatch vs. yolk 

absorption, and pre-hatch vs. yolk absorption. The 13°C treatment exhibit more variable 

methylation patterns than 11°C treatment (i.e., increased hypermethylation in promoters and 

hypomethylation in exon regions).  
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Figure S4.6. (A) Global percent methylation (%) between photoperiod treatments at 11°C and 

13°C treatments in different developmental stages (N=3 for each treatment). (B) Global percent 

methylation (%) by temperature and photoperiod treatment at the post-hatch stages (N=3 for each 

treatment). No significant differences were observed between 6hr and 12hr in all cases as 

indicated by the P-values from the pairwise t-test (A.) and analysis of variance (B.) function in R 

package stats.

Ю 
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Figure S4.7. Principal Component Analysis of differentially methylated regions (DMR) between temperature treatments. Each of the 

points corresponds to an individual color coded by stages of development. Most of the variation in both treatments is explained by PC1 

in both comparisons. The 13°C treatment has a more defined clustering of developmental stages implying DMRs drive the variation of 

developmental stage methylation profiles in the 13°C treatment.Ш
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Figure S4.8. Heatmap of gene ontology terms corresponding to significantly hypermethylated 

DMRs across stages of development and temperature treatments. Gene ontology enrichment 

analysis was done in MetaScape and the plot was generated in R studio with ggplot2 package.  
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CHAPTER 5 ï TRANSCRIPTOMIC ANALYSIS OF TEMPERATURE AND 

PHOTOPERIOD STRESS ON ATLANTIC HERRING (CLUPEA 

HARENGUS) LARVAL DEVELOPMENT 

5.1 Abstract 

Understanding how environmental factors influence gene expression during early life stages is 

crucial for understanding the mechanisms underlying developmental processes in marine species. 

In this study, we assess the interactive effects of temperature and photoperiodicity on the gene 

expression of Atlantic herring (Clupea harengus) larvae at three developmental stages: pre-hatch, 

post-hatch, and yolk absorption stages. Herring larvae were subject to two temperature treatments 

(11 and 13ÁC) and two photoperiodicity treatments (6 and 12h daylight) in a factorial design. 

Transcriptomic analysis revealed significant differential gene expression patterns associated with 

both temperature and photoperiodicity across all developmental stages but their effects on gene 

expression varied among stages suggesting stage-specific responses to environmental cues. We 

identified differentially expressed genes involved in various biological processes, including 

development, metabolism, and immune response. Gene Ontology enrichment analyses found 

genes associated with eye structure constituents are upregulated with longer photoperiod and 

immune response associated genes are upregulated with higher temperature. Our findings provide 

novel insights into the molecular mechanisms underlying the environmental regulation of herring 

larval development. This study enhances our understanding of how environmental factors shape 

early life history traits in marine fish and have implications for predicting the response of herring 

populations to climate change and informing management strategies aimed at conserving this 

ecologically and economically important species. 
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5.2 Introduction  

The ability of an individual to adapt to their environment is a function of their genomic 

composition, of how this genomic composition is affected by processes taking place at the 

epigenomic level (DNA methylation, histone modification, and interactions with non-coding 

RNA strands), and on how this variation in turn affects gene expression (transcription and 

translation) which ultimately translates to phenotypic expression. Variations in adaptive loci can 

contribute towards shaping local adaptation patterns at the DNA sequence level (Fraser et al., 

2011; Sinclair-Waters et al., 2018; Kerr et al., 2019; Salisbury et al., 2023). In addition to 

adaptation, phenotypic plasticity is another process by which organisms can respond to the 

changing environment. Phenotypic plasticity is mediated primarily by epigenetics and 

transcriptomics. Epigenetic modifications such as DNA methylation (i.e., the addition of a methyl 

group on a cytosine preceding a guanine which inhibits enzymatic binding leading to 

modifications to the gene expression) influence gene activity without changing the DNA base 

sequence and can be maintained through genetic assimilation (when phenotypic traits are 

encoded into the genotype through continuous selection) even across generations (Kamstra et al., 

2015). Transcriptomics refers to the study of RNA transcribed by the genome; these transcripts 

provide insight into gene expression in response to environmental stimuli. Plasticity allows 

organisms to adjust to varying conditions within a single generation and understanding the 

mechanisms shaping it is crucial for understanding the immediate impacts of environmental 

fluctuations especially in environmentally sensitive organisms such as marine fishes. 

Genes involved in adaptive responses to local habitats can be identified by examining the 

gene expression levels across different populations and environmental conditions such as 

temperature or salinity (Meier et al., 2014; Delgado et al., 2023). This approach has provided 

insight into the genetic basis of phenotypic plasticity and adaptive divergence in several fish 

species including Brown trout (Salmo trutta; Meier et al., 2014), Common galaxias (Galaxias 

maculatus; Delgado et al., 2023), and Threespine stickleback (Gasterosteus aculeatus; Dammark 

et al., 2018). Alternatively, assessing the plasticity exhibited by a single population can provide 

meaningful insight into key environmental pressures influencing a target population. Repeated 

sampling over multiple generations can help identify recurring environmental forces, which can 

lead to distinction between genetic adaptation and plastic responses. Integrating transcriptomic 

data with ecological and physiological study design can lead to a more comprehensive 
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understanding of the mechanisms underlying local adaptation. Here, we use the Atlantic herring 

(Clupea harengus L.) system to better understand how two key environmental factors, 

temperature and photoperiod, influence transcriptomic patterns across three developmental stages 

in a marine fish, thereby providing insight into the molecular mechanism driving local adaptation 

in this species.  

Atlantic herring (Clupea harengus), a commercially important species supporting 

fisheries around the Atlantic Ocean, is a highly migratory coastal pelagic fish with a key role in 

marine ecosystems. In the northwest Atlantic, herring spawn seasonally in the spring or fall with 

large spawning events which result in tens to hundreds of thousands of eggs deposited on the 

ocean bottom. The eggs hatch after 7-10 days depending on temperature, and the larval stage is 

the most vulnerable yet important stage that can influence life history traits in adults (May, 1974; 

Houde, 1989; Kho et al., 2024). Understanding the factors influencing the early life stages of 

herring is crucial for predicting population dynamics and informing management strategies. 

Environmental conditions such as temperature and photoperiodicity have been linked to fine 

scale structuring in Atlantic herring (Bekkevold et al., 2005; Lamichhaney et al., 2012; Fuentes-

Pardo et al., 2024) and play fundamental roles in shaping developmental processes and gene 

expression profiles. 

Temperature is a key environmental variable influencing various aspects of fish 

physiology, including growth, metabolism, and development. Temperature can modulate gene 

expression patterns during early life stages in fish (e.g., K¿ltz et al., 2005). In herring, larvae can 

survive a wide range of temperatures from -1.7 to 24 ÁC but populations differ in their optimal 

spawning and hatching temperatures (Blaxter, 1960; Moyano et al., 2016). Western Baltic spring-

spawning herring hatch at temperatures around 15-17 ÁC (Moyano et al., 2016) while Gulf of St. 

Lawrence spring-spawning herring hatch at temperatures between 3-10ÁC (Burbank et al., 2023). 

In comparison, fall spawning herring in the Gulf of St. Lawrence hatch at temperatures of around 

17ÁC (Burbank et al., 2023). Aside from the Gulf of St. Lawrence population however, not much 

is known about the thermal tolerance of herring in the northwest Atlantic Ocean despite spawning 

sites located from southern Nova Scotia to Northern Newfoundland (Fuentes-Pardo et al., 2024). 

With climate change models expecting a significant 2-4 ÁC increase over 20 years period (e.g., 
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Alexander et al., 2020), it is imperative to understand the thermal tolerance of marine fish such as 

herring in the face of increasing ocean temperatures. 

Like temperature, photoperiod also serves as a critical cue for timing reproduction and 

development in many organisms, including fish (e.g., Migaud et al., 2007). Atlantic Herring 

exhibit different developmental strategies based on spawning season. Spring spawned larvae are 

characterized by rapid growth due to relatively long daylight leading to the abundance of 

zooplankton, while fall spawned larvae exhibit relatively slow growth due to scarce food supply 

(Johannessen et al., 2000; Folkvord et al., 2009). This phenological synchrony between predator 

and prey is at the center of the match-mismatch hypothesis used to describe Atlantic Herringôs 

timing of spawning relative to plankton blooms (Cushing, 1969; Sinclair and Tremblay, 1984). 

Climate change can shift environmental conditions and disrupt this synchrony leading to 

ñmismatchesò which can potentially cause increased mortality. Understanding the effect of 

shifting environmental conditions on herring spawning can provide insight into the adaptive 

capacity for herring to respond to these changes. Despite the importance of temperature and 

photoperiodicity, no study has examined their interactive effects on gene expression in Atlantic 

Herring, particularly in the early developmental stages though few have examined each variable 

independently and some only in the context of RNA:DNA ratio (Hßie et al., 1999; Folkvord et 

al., 2009; Moyano et al., 2016). Investigating these interactions can provide insights into the 

molecular mechanisms underlying herring larval development and how they respond to 

environmental cues. Further, understanding how gene expression patterns vary across 

developmental stages in response to these variables can provide insight into critical windows of 

vulnerability (i.e., their susceptibility to disturbance as determined by exposure and sensitivity to 

environment, as well as capacity to adapt; Nelson et al., 2007) or resilience (i.e., their capacity to 

maintain status quo and ability to develop; Nelson et al., 2007) to environmental change. 

In this study, we examined how temperature (11ÁC and 13ÁC) and photoperiodicity 

treatments (6- and 12-hours daylight) influence the gene expression of Atlantic herring larvae at 

three developmental stages: pre-hatch, post-hatch, and yolk absorption stages. Using 

transcriptomic analysis, we identified differentially expressed genes associated with temperature 

and photoperiodicity treatments at each developmental stage, therebyШƚőĲĬĬŔŰŊШũŔŊőƣШŸŰШƣőĲШ

ůŸũĲĦƨũċƖШƖĲƚƓŸŰƚĲƚШŸŉШőĲƖƖŔŰŊШũċƖƻċĲШƣŸШĲŰƻŔƖŸŰůĲŰƣċũШĦƨĲƚЮШ 
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5.3 Materials and methods 

5.3.1 Statement on ethics 

This study was conducted in accordance with the ethical guidelines under Dalhousie 

University Committee on Laboratory Animals with fish transfer, collecting, and holding permits 

(File #1021201 ï óThe genomics of spawning seasonality and seascape in Atlantic herring 

(Clupea harengus)ô and File #1029594 ï óEffective population size and connectivity in fishô). 

5.3.2 Sample collection and rearing experiment setup 

Parental fish were collected in German Bank off the coast of Yarmouth, Nova Scotia, 

Canada (43.27286Á N, 66.34286 ÁW) in spawning conditions. Detailed information regarding 

sample collection and crosses for the rearing experiment can be found in our previous study (Kho 

et al., 2024).  

Fertilized eggs were reared in four raceways exposed to a combination of temperature 

(11ÁC and 13ÁC) and photoperiod (6h:18h vs 12h:12h light) treatments in a 2X2 factorial design 

(Figure 5.1A). As with the previous study on DNA methylation, analysis was conducted 

individually across treatments and developmental stages to minimize the effect of confounding 

variables (i.e., a photoperiod treatment comparison was done at a single temperature and one 

stage of development). 

In total, 76 crosses comprising eight male and ten female parents in 2019 as well as three 

male and five female parents in 2020 were conducted by agitating sperm-exposed milt on petri 

dishes. Approximately 50 eggs were selected for each cross. After confirming successful 

fertilization by a characteristic clear center with the presence of perivitelline space indicating 

embryo development (Galkina, 1970), the eggs were transferred to cups subsequently placed in 

the experimental raceways. Each cup represents a family which is nestled in a container in the 

raceway. A raceway has six containers, and each container has four cups totaling 24 families per 

raceway. Eggs and larvae were monitored for 24-26 days in the morning and evening daily. 

Hatching success varied between cups and ranged from a minimum of 10 to a maximum of 25.    
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Whole larvae were collected at three time periods prior to first feeding: pre-hatch, post-

hatch, and yolk absorption stages (Figure 5.1B). Larvae were sampled lethally through 

overdosage of MS-222 (250 mg/L for 1 minute). At least three larvae were randomly sampled 

from each treatment in each of the developmental stages to provide biological replicates and 

reduce contributions of individual genetic variation in downstream analyses. Sampled individuals 

of the same treatment and developmental stage originated from different full-sib families (i.e., 

cups) to circumvent potential maternal effects and any bias due to kin sampling. Some paternal 

half-sibs but no maternal half-sibs were included in a single comparison in 2020 as milt from 

only 3 male individuals was available and viable for the crosses. We sampled from different cups 

to avoid maternal half-sibs. Subsequently we conducted a principal component analysis using all 

genes and samples to assess potential kinship patterns and found no significant patterns due to 

maternal or paternal effects. All samples were stored in RNAlaterÈ Solution (Invitrogen, 

California, USA) in -80ÁC.    

5.3.3 RNA extraction  

A total of 54 whole larvae (23 from 2019 and 31 from 2020; Table 5.1) were collected for 

RNA extraction. RNA was extracted using Qiagen RNeasy Mini 50 samples Kit (Qiagen, Hilden, 

Germany) following manufacturerôs protocol. Extracted RNA was stored at -20ÁC during 

extraction protocols and -80ÁC for long-term storage. RNA was quantified with NanoDrop UV-

Vis Spectrophotometer and assessed for contamination (Tables S5.1 and S5.2).   

Table 5.1 shows the breakdown of the number of herring larvae by treatment and 

developmental stages from fall 2019 and 2020 that were sent for RNA sequencing (RNA-seq); 

the 11ÁC-12h treatment and yolk absorption stage in 2019 had limited samples due to high 

mortality and poor sample quality. Tables S5.1 and S5.2 lists herring larvae that were sequenced 

in 2019 and 2020 respectively. Sequencing libraries were prepared using NEBNextÈ UltraTM II 

RNA Library Prep Kit for IlluminaÈ workflow (New England Biolabs, Oshawa, Canada) and 

samples were sequenced on Illuminaôs NovaSeq 6000 PE100 at 25M reads/sample.  

5.3.4 Quality control and transcript quantification 

Quality control of sequenced data was conducted using FastQC v0.11.5 (Andrews, 2010) 

and MultiQC (Ewels et al., 2016) for initial quality control (e.g., potential coverage issues) and 
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adapters were trimmed using Trimmomatic (Bolger et al., 2014). All sequenced samples in Table 

1 passed this initial quality control. The annotated Clupea harengus reference transcriptome 

(GCF_900700415.1_Ch_v2.0.2 Apr 2019, Ensembl) was used to build a reference index for 

pseudo-alignment and transcript quantification using Salmon version 1.10.1 (Patro et al., 2017) 

and default settings. Mapping rate for 2019 herring individuals ranged from 65.0% to 69.6% 

(Figure S5.1A). Mapping rate for 2020 herring individuals ranged from 55.81% to 64.11% 

(Figure S5.1B). The quantification files from Salmon were used for downstream differential gene 

expression analysis. 

5.3.5 Differential Genes Expression (DGE) analysis 

Sampling years were analyzed separately at first to examine any differential gene 

expression (DGE) patterns in individuals with similar sampling and holding conditions. 

Subsequently, sampling years were also used as biological replicates and combined, when 

possible, in downstream analyses of environmental treatments, to assess any differentially 

expressed genes that persist between the two years. Differential gene expression analyses in 

treatment comparisons that did not have enough 2019 individuals (at least two individuals per 

treatment and developmental stage) were conducted on only 2020 individuals and excluded from 

the combined analysis (Table 5.2).  

Differential gene expression analysis was conducted in R v4.0.5 (R Core Team, 2021) in 

RStudio v1.3.959 (RStudio Team, 2020) using the R package DESeq2 v1.38.3 (Love et al., 

2014). All the counts were normalized with respect to library size and the data were transformed 

into log2 scale. Further filtering within the package to efficiently manage the data and list of 

genes was done by setting a threshold for both the log2 fold change and p-value. A log2fold 

change of |2| is used as the threshold. The p-value is estimated as part of the Wald test, and the 

significance level (Ŭ) determines the threshold for significant genes. This significance level is set 

to the default 0.05. A list of significant genes was generated for each treatment comparison which 

included the corresponding fold change (log2foldchange) and adjusted p-values for each gene. 

Significance was determined using adjusted p-values estimated based on false discovery rate 

(FDR; Stephens, 2017) and Benjamini and Hochberg (1995) multiple testing adjustment. 

Ensembl-formatted Gene IDs from DESeq2 output were queried through the Atlantic herring 

annotated genome from the Ensembl database (https://useast.ensembl.org/index.html; date 
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accessed November 13th, 2023) to identify the gene name and symbol according to the HUGO 

Gene Nomenclature Committee. Zfin (https://zfin.org/; date accessed May 8th, 2024) and NCBI 

(https://www.ncbi.nlm.nih.gov/; date accessed May 8th, 2024) were then used to search the genes 

for the function and association with broader biological processes based on the well-annotated 

zebrafish (Danio rerio) and/or human (Homo sapiens) databases, respectively.    

We assessed the quality of the significant counts data and expression patterns from within the 

DESeq2 package through sample clustering (principal component analysis or PCA) and 

visualization (heatmap of counts and sample-to-sample distances) to determine any anomalies 

and outliers that should be removed. The R package ggplot2 v3.4.4 (Wickham, 2011) was used to 

generate the PCA plot and count heatmaps, while pheatmap v1.0.12 (Kolde, 2019) was used to 

generate the sample-to-sample distance heatmaps. Treatment comparisons were conducted with 

sampling years used as biological replicates. The annotated pipeline can be found on Github 

repository: https://github.com/jforce92/herringRNAseq2024 

5.3.6 Weighted gene co-expression network analysis  

 To provide insight into the genetic architecture of physiological processes associated with 

the treatment conditions, we assessed co-expressed mRNA clusters using weighted gene co-

expression network analysis (WGCNA). WGCNA was conducted using the R package WGCNA 

v1.73 (Zhang and Horvath, 2005; Langfelder and Horvath, 2008). We analyzed sampling years 

separately but combined developmental stages to incorporate higher samples per treatment. The 

normalization and transformation steps required DESeq2 which uses RNA quantification data and 

the metadata table from DGE analysis. Unlike DGE analysis however, we manually filtered for 

low counts to avoid bias during the creation of weighted correlation network which directly 

influenced the threshold value. We retained genes with Ó 50 counts to maintain most of the data. 

DESeq2 is then used to normalize and transform the filtered data. Prior to creating weighted 

networks, the definition of a threshold value was required. This value was based on a ñpowerò 

parameter associated to the pairwise correlation coefficient between genes across samples and the 

exponent used when transforming these correlation values (Langfelder and Horvath, 2008). The 

power parameter determined the number of modules which are groups of genes that exhibit 

significantly similar expression profiles. The model fit, signed R2, is the unit used to measure the 

power, and we used the recommended 0.80 cutoff for our data. Modules were then defined and 
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simplified into module eigengenes which represent the overall module expression into a singular 

value. We used linear module with multiple testing correction to determine the most significant 

modules that were correlated to the experimental treatments (temperature or photoperiod). 

Similar to DGE analysis, significance was assessed by adjusted p-value Ò 0.05. We then plotted 

the moduleôs eigengene using ggplot2 to assess the expression levels, then determined which 

genes constituted the modules of interest. Finally, we created a heatmap that summarized the 

differentially expressed modules alongside a barplot of eigengenes to obtain a summary of the 

overall expression levels across samples in a treatment group. The annotated pipeline is also 

made available on the Github repository: https://github.com/jforce92/herringRNAseq2024 

5.3.7 Gene ontology analysis 

Information on individual genes that are differentially expressed can become convoluted 

when hundreds or even thousands of genes are quantified, therefore we conducted a Gene 

Ontology analysis to better understand the overarching biological processes that are impacted by 

the treatment groups. Genes from both 2019 and 2020 individuals were used collectively for 

DEG identification and GO analysis. After conducting differential gene analysis, DESeq2 outputs 

a list of genes that are significantly differentiated (initial cutoff of log fold change Ó 2 and Ŭ Ò 

0.05, Table 5.2) and are within the targeted log2foldchange parameter. We also assessed genes 

within significant modules detected using WGCNA. The genes from both DESeq2 and WGCNA 

outputs were used as the input for Gene Ontology analysis using ShinyGO v0.80 (Ge et al., 2020) 

which associates the list of genes to GO terms. Atlantic herring genes Ch_v2.0.2 assembly was 

used as the reference to categorize annotated genes. ShinyGO outputs hierarchical charts based 

on fold enrichment which is used to identify biological processes that are overrepresented 

between treatments and/or developmental stages. Metascape v3.5.20240101 (Zhou et al., 2019), 

another software for GO analysis, is used in this study when functional enrichment using the 

herring genome was not possible (i.e., too many non-annotated genes). The background for the 

GO enrichment analysis consisted of only those that are covered in the data. For Metascape, the 

reference genome used to classify genes is Danio rerio which provided the closest model to 

better understand the role of the otherwise non-annotated genes.  
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5.3.8 Comparing differentially methylated genes vs. differentially expressed 

genes 

 We examined the relationship between DNA methylation and gene expression by 

comparing genes that were differentially methylated (Data from Kho et al., 2024) with genes that 

were differentially expressed (this study) primarily across developmental stages of individuals 

from the same treatment group. For this analysis, differentially methylated genes were strictly 

genes that contain differentially methylated regions (i.e., DMRs) which are clusters of long 

genomic regions that are significantly different in their methylation profile between treatments 

(i.e., 1000-bp regions with at least 25% methylation difference and q-value less than 0.01; Kho et 

al., 2024). For each treatment, a list of differentially methylated genes was matched with a list of 

differentially expressed genes to identify any overlapping genes, the output of which is potential 

evidence linking DNA methylation and gene expression. We report the methylation status of the 

DMR in the gene (hyper or hypomethylated) and the corresponding status of gene expression 

(downregulated or upregulated) in a summary figure.   

5.4 Results 

5.4.1 Fertilization and hatching results 

A total of 76 crosses were made resulting in 327 and 412 larvae hatched in 2019 and 2020 

respectively. Hatching was faster in the 13ÁC (4-5 days) than in the 11ÁC (6-7 days) treatments. 

Mortality was higher in the 13ÁC treatment for 2019 samples at 45% vs. 27% at 6h:18h light and 

67% vs. 59% at 12h:12h, and similar values were observed for 2020 (Table S5.3). Hatching 

success ranged from 10 to 30% accounting for eggs removed due to unsuccessful fertilization and 

development. The survival rate after hatching to the last sampling episode was in the order of 

60%. A total of 54 larval herring were sampled for RNA Sequencing analysis. 

5.4.2 Differential gene expression analysis 

Overall, there is significant differential gene expression at the transcript level in almost all 

comparisons. Significance was determined through two levels of statistical significance: the p-

value and the fold-change which indicates degree of differential gene expression. The logfold and 

p-value thresholds for each treatment are indicated in ñLogFold thresholdò and ñAlpha valueò 

column respectively in Table 5.2. 
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Differential gene expression for each sampling year 

The number of genes exhibiting significant (pÒ0.05; log2fold change Ó |2|) differences 

between treatments was higher in 2020 than in 2019 comparisons. Table 5.2 shows the total 

number of significantly differentially expressed genes across treatments for both years. There 

were more downregulated genes than upregulated genes except in the photoperiod treatment at 

13ÁC, where upregulated genes are almost four times as high in 2020 individuals.  

Temperature had a clear effect on gene expression in both years, 2019 and 2020 particularly 

in the 6h:18h photoperiod treatment (Figure 5.2A, C). In this case, the sum of PC1 and PC2 

account for more than half of the variance in the dataset which separates most individuals into the 

two temperature treatments regardless of developmental stages. The effect of temperature on 

gene expression is less clearcut in the 12h:12h photoperiod treatment where differences in gene 

expression are observed between temperature treatments in 2019 (just prehatch individuals, 

Figure 5.2B) but such differences are not obvious in the 2020 experiment (Figure 5.2D). These 

results suggest potential complex interactions between developmental stages, temperature, and 

photoperiod. This complexity could influence the ability to distinguish individuals exposed to 

11ÁC vs. 13ÁC. 

Photoperiod did not affect the transcriptomic patterns in a predictable way, though fine-scale 

patterns are observable when looking at individual developmental stages. Only pre-hatch stage 

had viable comparisons in 2019 individuals reared in 11ÁC due to sample size limitations, and 

individuals separate according to temperature (PC2, 20% variance; Figure S5.2A). No apparent 

patterns were observed between 6h:18h and 12h:12h at 11ÁC (Figure S5.2A and C), but visible 

groupings can be seen in the PCA for photoperiod treatments reared at 13ÁC albeit with some 

outliers (Figure S5.2 B and D).  

Comparing the identity of the differentially expressed genes between treatments indicated 

only a handful of genes were overlapping between treatments and sampling years. Three genes 

(one in 2019, two in 2020) were found when comparing temperature treatments in both 6h:18h 

and 12h:12h conditions: LOC105900101, camkk1b, and ldhbb (Table 5.3). LOC105900101 

encodes heavy metal-binding protein HIP-like protein, camkk1b is associated with 

calcium/calmodulin-dependent protein kinase, and ldhbb is associated with lactate hydrogenase 



154 
 

Bb. All three genes are under-expressed as indicated by negative log2 fold change values. Only 

one overlapping gene was found when comparing the temperature treatment at 6h:18h between 

years but the identity of the gene is not yet described. No overlapping genes were found across all 

photoperiod treatments either between years or temperature conditions. 

Sampling years as replicates 

Sampling year was treated as biological replicates for each treatment where applicable to 

supplement the low sample sizes in each treatment. We conducted differential gene expression 

analyses with years combined and compared these results to those obtained with years analyzed 

separately; representative results are displayed in principal component analyses (PCA; Figure 

S5.3).   

While there are fine scale groupings between years in some treatments, almost all the 

PCAs suggest that the environmental treatment being assessed has a stronger effect on 

differential gene expression than year. This provided support for combining sampling years 

which subsequently also increased the robustness of individual treatment analyses by adding an 

element of consistency through time. 

DEseq2 results for combined years 

The numbers of significant genes suggest an overarching pattern of differential gene 

expression associated with developmental stages (Table 5.2). In both environmental treatments, 

individuals from stage 1 (pre-hatch stage) have fewer significant genes than the other two stages 

(e.g., Stage 1 individuals in the temperature treatment have 10 significantly differentiated genes 

while stage 2 have 17 genes). The developmental stages comparisons suggest additional 

association with direction of expression where the pre-hatch stage has predominantly 

downregulated genes. Interestingly, the 13ÁC and 12h treatment has no significant genes when 

comparing pre-hatch vs. post-hatch despite being the most stressful treatment. Altogether, these 

results suggest complex patterns of differential gene expression with more genes being expressed 

as development progresses in early stages of Atlantic herring.      

Temperature treatments  

Significant differential gene expression between 11ÁC and 13ÁC was observed across all 

combined treatments. Heatmaps of significant gene transcripts suggest distinct clustering of 
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individuals between the two temperatures, with more downregulated genes in the warmer 

temperature as indicated by darker shade in the heatmap (Figure 5.3A). The PCA also supports 

the two groupings corresponding to the temperature treatments as indicated by the PC1 axis at 

92% variance dividing the treatment groups (Figure 5.3B). A representative result from yolk 

absorption stage and 12h is shown in Figure 5.3, but both the pattern in directionality illustrated 

in the heatmap and distinct clustering in the PCA are consistent across all treatments.  

GO term enrichment analysis of differentially expressed genes suggests a correlation with 

key biological and molecular processes depending on the direction of the gene expression. GO 

terms associated with immune response and complement pathways comprise the major hits in 

upregulated genes (Figure 5.3C), suggesting a positive correlation between temperature and early 

life stage immune response. The GO terms associated with downregulated genes are classified as 

molecular functions (Figure 5.3D) with ñpeptidyl-dipeptidase activityò and ñoligopeptide 

transportò having the highest fold enrichment. The downregulation of genes associated with 

overrepresentation of molecular functions-related GO terms suggests a potential metabolic 

consequence (e.g., decrease enzymatic activity) due to elevated temperature.           

Photoperiod treatments  

Differential gene expression between 6h and 12h suggests significant correlation across 

all treatments. Heatmaps of significant gene transcripts suggest two clusters corresponding to the 

two photoperiod treatments (Figure 5.4A). PCA of significantly differentiated genes supports the 

two groupings by treatment as indicated by high variance at PC1 axis (92% variance, Figure 

5.4B). In addition, the heatmap suggests differentially expressed genes are downregulated in 

individuals exposed to 6h and upregulated in individuals exposed to 12h photoperiods (Figure 

5.4A). Figure 5.4A and B show the result from Stage 2 and 11ÁC, but both patterns of 

directionality illustrated in the heatmap and distinct clustering in the PCA are consistent across all 

treatments.  

The GO term enrichment analysis across all differentially expressed genes between 

photoperiods reveals a link with structural functions. In higher photoperiod, there is a high 

enrichment in ñstructural constituent of eye lensò GO term that is consistent across all treatments 

(Figure 5.4C). Genes that code for eye structure components such as gamma crystallin proteins 

are upregulated particularly in the post-hatch stage. The remaining GO terms among upregulated 
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genes are associated with molecular binding and transport which may be linked with higher 

metabolic properties. The most overrepresented GO term across downregulated genes is 

ñinterleukin-17 receptor activityò which is linked with immune response (Figure 5.4D). 

Developmental stage comparisons  

 Developmental stage comparisons are divided into two sections: pre-hatch vs. post-hatch 

and post-hatch vs. yolk absorption comparisons. We then discuss any overlapping genes that are 

detected between the two comparisons. 

Pre-hatch vs. post-hatch comparisons 

 Most differentially expressed genes between pre-hatch vs. post-hatch stages are 

downregulated and identified in the 11ÁC-12h treatment (Figure S5.4A and B). The heatmap 

suggests blocks of downregulated genes grouping individuals according to developmental stages 

as indicated by the dark blue shades (Figure S5.4A). This clustering is further supported in the 

PCA where pre-hatch and post-hatch individuals are separated at PC1 with 65% variance (Figure 

S5.4B). Differential gene expression analysis on other treatment groups identified few genes (n = 

2 for 11ÁC-6h, n = 6 for 13ÁC-6h, and n = 0 for 13ÁC-12h; Table 5.2) but showed clustering 

between development stages based on these few genes albeit not as strong.   

Overall, differential gene expression between pre-hatch and post-hatch stages suggests 

association with molecular functions. GO term analysis of upregulated genes between pre-hatch 

and post-hatch stages suggest most of the genes are associated with binding, enzymatic, and 

metabolic activities (Figure S5.4C). The GO term with the highest fold enrichment is ñstarch 

bindingò despite having one of the least constituent genes and is potentially associated with the 

enzymatic processing of starch. ShinyGO v0.80 was not able to conduct enrichment analysis on 

downregulated genes, therefore we used Metascape v3.5.20240101 to list the four GO term IDs 

associated with downregulation due to development (Figure S5.4D). The GO term analysis 

suggests alterations in expression associated with several biological processes including 

endocrine (e.g., ñpeptide hormone metabolismò), response to stimulus (ñcellular response to 

chemical stimulusò), and molecular functions (e.g., ñorganic acid transportò) are downregulated 

in early larvae development (Figure S5.4D).   
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Post-hatch vs. yolk absorption comparisons 

 Environmental treatments appear to have a more pronounced influence on differential 

gene expression in post-hatch vs. yolk absorption stages than in the previous developmental stage 

comparison. The heatmap of the 11ÁC-12h treatment suggests less apparent directionality in 

comparison to other variables assessed in the study thus far (Figure S5.5A), but the PCA supports 

a clear distinction according to PC1 axis between individuals in post-hatch vs, yolk absorption 

stages with high variance (82%; Figure S5.5B). Despite consistency in clustering between the 

two later developmental stages, there is more variability between treatments especially regarding 

directionality. Both 11ÁC-12h (Figure S5.5A and B) and 13ÁC-6h contain more upregulated 

genes, but there are more downregulated genes in the most stressful 13ÁC-12h treatment. 

 The genes used in the GO term enrichment analysis for post-hatch vs. yolk absorption 

treatments reflect the aforementioned pattern of treatment-linked directionality. Upregulated 

genes are found primarily in treatments other than 13ÁC-12h while downregulated genes are 

almost exclusively from the 13ÁC-12h treatment. The results suggest upregulated genes are 

correlated with primarily molecular binding and membrane activity (Figure S5.5C). The 

downregulated genes mostly consist of genes linked to eye structure development such as 

gamma-crystallin-like and various crystallin genes, or constituents of early life stage immune 

response (e.g., chia.3 or chitinase, acidic 3). This is further supported by the GO term analysis 

chart which shows exclusively ñchitin bindingò and ñstructural constituent of eye lensò for 

downregulated genes between post-hatch and yolk-absorption stages (Figure S5.5D). 

Interestingly, comparison between the differentially expressed genes with the DNA methylation 

data from Kho et al. (2024) suggests potential evidence of DNA methylation associated 

differential expression. Four transcripts that are differentially expressed between post-hatch and 

yolk absorption stages are hypomethylated at differentially methylated regions within 100bp of 

the transcription site of the gamma-crystallin-like genes (Table S5.5). This is potential evidence 

of DNA methylation associated differential expression. This result suggests stress in the later 

development stages can negatively influence structural development and immune response.  

5.4.3 Weighted gene co-expression network analysis  

We conducted weighted gene co-expression network analysis on all treatment 

comparisons for each year separately to assess significant correlations between groups of genes 
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and treatment conditions. Overall, modules or groups of genes containing significant correlations 

were detected only in the temperature treatments.  

Temperature comparisons at 6h:18h in 2019 and 2020 exhibited the strongest correlation 

between modules and treatment conditions. Module 113 is the most differentially expressed 

between temperature treatments at 6h:18h in 2019 individuals. The boxplot and heatmap suggest 

all individuals in the 13ÁC treatment had elevated expression of module 113 (Figure 5.5A and B). 

Interestingly, 14 out of the 25 genes detected in module 113 are upregulated at 13ÁC but the other 

11 genes are down regulated, suggesting two different gene expression patterns associated with 

elevated temperature despite being in the same module (Figure 5.5B and C). GO term analysis 

did not reveal any significant enrichment between the 25 genes with background genes from this 

experiment. However, broadening the background genes to the whole genome level suggests 

overabundance of membrane and ATP-constituents related GO terms among the genes in module 

113.  

Modules 16, 4 and 46 are also significantly expressed in the 2020 individuals for 

temperature comparisons at 6h:18h with similar results as module 113. Modules 16 and 46 were 

also predominantly upregulated in the 13ÁC treatment, but module 4 was predominantly 

downregulated. Interestingly, only one gene overlapped across all four modules despite being 

significantly correlated with temperature treatments. The gene adck5 codes for aarF domain 

containing kinase 5 is upregulated in module 113 but downregulated in module 4. This gene is 

predicted to be associated with various molecular functions connected to membrane activity and 

kinase-associated processes. 

5.4.4 Interactions between treatments  

We assess interactions between the two environmental treatments and developmental stages 

using Gene Ontology (GO) enrichment analysis only on annotated genes in each treatment 

(Figure 5.6). Overall, there is an almost equal number of differentially expressed annotated genes 

when comparing the effects of photoperiod and those of temperature (62 and 65) and almost 

double the number of genes when comparing developmental stages (100, Figure 5.6). Several 

annotated genes were overlapping between environmental variables (n = 11) and developmental 

stages (n = 4 for both environmental treatments). The 11 annotated genes differentially expressed 

in both temperature and photoperiod treatments are almost all upregulated in the photoperiod 
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treatments. Only one gene: si:ch1073-13h15.3 was found to overlap across all three groups and 

interestingly it is downregulated in all cases. This gene is predicted to be involved in 

oxidoreductase activity (Yilmaz et al., 2017), and downregulation of this gene can be associated 

with impaired physiological parameters.   

5.5 Discussion 

The aim of this study is to investigate the molecular underpinning of how changes in 

temperature and photoperiodicity influence Atlantic herring larval development. In both sampling 

years, there was increased mortality in individuals exposed to elevated temperature and/or longer 

photoperiod, suggesting that these environmental variables were associated with stress leading to 

death. Initially, downstream analysis was conducted separately for 2019 and 2020 individuals. 

Where possible, data were subsequently combined to increase sample size and assess consistency 

across the two years. We found evidence of differential gene expression among temperature and 

photoperiodicity treatments across developmental stages. DGE analysis suggests differentially 

expressed genes between temperature treatments have predominantly reduced expression levels, 

but further analysis on developmental stages suggest stage-specific responses. Significant 

correlation between groups of genes and treatments were detected in temperature treatments 

using WGCNA. Functional analysis in the form of over-representation of genes and Gene 

Ontology associations subsequently provided insights into what biological processes were 

influenced by the stress treatments. Below we discuss the implications of our results.  

Connecting differentially expressed genes with biological processes 

GO term enrichment analysis suggests significantly expressed genes have important 

implications for immune response, eye structure, and metabolic molecular functions. Below we 

discuss differential gene expression in each treatment with respect to the three GO terms and how 

this differential gene expression relates to early development of Atlantic herring. 

5.5.1 Immune response in early development  

Immunity is the ability to resist pathogens from infecting the body or causing diseases 

(Mokhtar et al., 2023). Immune response can encompass various biological pieces from 

individual hormones such as Growth hormone or GH (Hieu et al., 2021), to larger complex 

systems such as the complement pathway (i.e., a cascade of over 30 soluble proteins and is a key 
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component of the vertebrate innate immune response; Tort, 2011), both of which can be 

influenced by acute stressors (Tort, 2011). In the current study, immune response associated GO 

terms were overrepresented in upregulated genes associated with higher temperature treatment 

but downregulated in longer photoperiod treatments and between post-hatch and yolk absorption 

stages.  

The interactions between elevated temperature and immune response have been 

documented previously in the literature. Increase in temperature specifically has been linked to 

decreased ability to fend off bacterial and viral infections leading to higher mortality (Miest et al., 

2019), but also increased phagocytic activity due to higher levels of GH which facilitates 

superoxide dismutase to catalyze more hydrogen peroxide (Alcorn et al., 2002; Hieu et al., 2021). 

Oxygen levels also decrease under higher water temperature conditions due to lower carrying 

capacity of oxygen, which can contribute to further stress on the fish and impact the overall 

immune system. Alterations in immune response can also result from sudden changes in 

temperature as demonstrated in juvenile sea bass (Dicentrarchus labrax) where increase plasma 

cortisol levels and susceptibility to nodavirus are linked to variable water temperature (Varsamos 

et al., 2006). It is also important to consider that the effect of water temperature on immune 

response is not necessarily synonymous with a stress response as it can also indicate adaptive 

response to seasonal variations (Saha et al., 2002; Varsamos et al., 2006; Pankhurst and Munday, 

2011). In the case of Atlantic herring larvae here however, upregulation of immune response-

associated genes under the high temperature treatment is likely a result of stress response from 

the increased temperature above the range of thermal tolerance and not due to sudden change in 

temperature at a particular stage as the pattern is observed across developmental stages. 

Temperature in the current study, was kept constant either at 11ÁC or 13ÁC, and even though there 

were inevitable variations of up to 1ÁC due to the source ambient water, these variations were not 

frequent and were corrected quickly to limit any potential effects due to the sudden water 

temperature changes (Figure S6). Altogether, our results suggest a positive correlation between 

increasing temperature and the expression of genes associated with immune response. The 

implications on Atlantic herring larvae biology, however, warrant further investigation using a 

more focused experimental design to assess immunity. 
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The patterns in gene expression observed from the photoperiod treatments were 

predominantly driven by a single overrepresented GO term that is linked to immune response. 

The GO term ñInterleukin-17 receptor activityò had the highest fold enrichment in the 12h 

treatment but represented only a small subset of genes. Interleukin-17 proteins are important 

constituents of autoimmune response against pathogens in not only mammals but also in teleost 

fishes such as European seabass (Dicentrarchus labrax; Gonz§lez-Fern§ndez et al., 2020). The 

downregulation of Interleukin-17 receptor expression observed in this study is in concordance 

with a study on rainbow trout (Oncorhynchus mykiss) which found that longer daylight (24h) 

photoperiod reduces the expression of il-17a/f, a response gene to Th17 cells which produces 

interleukin-17 cytokines (Goldstein et al., 2023). Stress has been associated with a lower immune 

response due to the allocation of energy required to cope with the stressful conditions being 

prioritized over immune system (Tort, 2011). Interestingly, Goldstein et al. (2023) also found that 

other immune response constituents (e.g., interleukin 4 and 12) are upregulated in an intermediate 

photoperiod setting (8h and 12h daylight) but not at the highest photoperiod setting (24h) 

suggesting the presence of a tolerance threshold for immune response inhibition. For Atlantic 

herring larvae, this suggests that 12h daylight photoperiod is potentially impairing the expression 

of autoimmune response associated genes.   

With regards to the developmental stage correlation, ñchitin bindingò had the highest fold 

enrichment but similarly represented only a small subset of genes. This finding is in concordance 

with a study on European eel (Anguilla anguilla) which suggests a presence of an 

immunocompromised phase between hatching (0 dph) and teeth-development stage (8 dph) 

(Miest et al., 2019). The timing and duration of this immunocompromised phase is similar to the 

duration between post-hatch and yolk absorption of Atlantic herring larvae in this study (8 days 

between the two stages) and may explain the overrepresentation of downregulated immune 

response-associated genes. It is however important to consider that the downregulation of several 

genes does not represent the whole immune response as demonstrated in the same European eel 

study by Miest et al. (2019) where several genes are downregulated post-hatch, while a different 

set of genes are upregulated as development progresses. In addition, caution should be applied 

when interpreting the GO term analysis in this study as a significant proportion of differentially 

expressed transcripts are not annotated in the Atlantic herring genome which can indirectly 

induce bias in the interpretation of what biological processes are affected. Nevertheless, our 
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results provide insight into the molecular and transcriptomic mechanism of stress associated 

immune response in Atlantic herring larvae development.  

5.5.2 Gamma crystallin expression and eye structure   

Gamma crystallin is part of the beta-gamma crystallin superfamily of crystallin proteins 

that are involved in the development of eye lens (Yang et al., 2012; Slingsby et al., 2013). 

Gamma crystallin is highly expressed in the lens and involved the refraction of light (Slingsby et 

al., 2013). Here, longer photoperiod is positively correlated with gamma crystallin-like gene 

expression which implies that longer exposure to daylight facilitates eye lens development.  

Upregulation of gamma crystallin between photoperiod treatments can be attributed to 

increased growth and development. To our knowledge, there is no previous literature linking 

gamma crystallin expression and photoperiod treatments in larval fish but there is evidence 

associated with overall growth and development (Boeuf and Falcon, 2001; Blanco-Vives et al., 

2010). Growth in fish varies as a function of daylight and in older fish, longer daylight is 

associated with improved growth (Boeuf and Falcon, 2001). Longer daylight may be associated 

with ñmore foodò which necessitates the development of visual perception and thus the 

upregulation of eye constituents such as gamma crystallin observed in the current study. Rapid 

growth is not always beneficial however and Senegal sole (Solea senegalensis) exhibit relatively 

high larval mortality with deviations of daylight periods outside the natural photoperiod 

conditions (Blanco-Vives et al., 2010). Though survival was not assessed in the current study, it is 

reasonable to infer that increased photoperiod may accelerate growth and therefore eye 

development but may be energetically costly. This is particularly problematic in the wild as 

premature development can lead to a mismatch with available food sources and lead to 

unfavorable conditions, a phenomenon that is supported by the match-mismatch hypothesis (i.e., 

recruitment variation is dependent on the phenology of both the species of interest and the prey 

that it eats (Cushing, 1969; 1990; Fortier et al., 1995; Durant et al., 2007).   

Aside from photoperiod, gamma crystallin-like genes are downregulated between post-

hatch vs. yolk absorption stages in the most stressful treatment (13ÁC and 12h photoperiod), but 

this was only observed in 2020 individuals with fewer individuals. A possible explanation is that 

gamma crystallin genes are early-stage genes that decrease in expression as development 

progress while another crystallin protein such as alpha crystallin is upregulated in later 
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developmental stages. This stage-specific expression is supported by a study on calf lens where 

beta crystallin genes are only expressed during fetal life (Berbers et al., 1982). As beta and 

gamma crystallin belong to the same superfamily and share similar functions, it is possible that 

the downregulation of gamma crystallin observed in this study follow the same patterns. Stressful 

conditions may facilitate the downregulation of gamma crystallin expression which is otherwise 

not significantly downregulated under standard conditions. This is further supported by 

comparing the transcriptomic results from this study with the DNA methylation results from Kho 

et al. (2024), where most of the differential methylation was observed at 13ÁC and between the 

later two developmental stages. Hypermethylation of gamma crystallin-like genes corresponding 

to an observed downregulation of the same category of genes suggest a clear link between the 

two mechanisms when exposed to temperature stressors.  

5.5.3 Implications of molecular functions under stress 

The larval stage is a period of active differential gene expression due to rigorous 

physiological and metabolic demands related to development. Environmental stressors such as 

the two used in this study appear to influence the gene expression of associated genes particularly 

in the earlier developmental stages. Upregulated genes associated with molecular functions were 

overrepresented when comparing the 12h:12h to the 6h:18h photoperiod treatments as well as 

across all developmental stages. Conversely, downregulated genes were overrepresented between 

temperature treatments but only in the pre-hatch vs. post-hatch comparisons. To better understand 

the complex patterns between the variables assessed in this study and the GO term ñmolecular 

functionò, it is important to consider the specific biological pathways that comprise this umbrella 

term.   

ñMolecular functionò is a broad classification that encompasses many biological 

processes including ñstarch bindingò, ñmembrane activityò, and ñenzymatic reactionsò all of 

which are identified in this study. Genes corresponding to ñstarch bindingò GO terms were 

upregulated in the pre-hatch vs. post-hatch comparisons, suggesting the importance of starch 

during early development or hatching. Upregulation of genes associated with carbohydrate 

metabolism during development has been linked to the onset of nutrient intake or feeding (P®res 

et al., 1996; Zambonino-infante et al., 2019). In addition, one study on European sea bass 

(Dicentrarchus labrax) found that juveniles with high carbohydrate fed diet did better on hypoxia 
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challenge experiments, suggesting that increased carbohydrate intake either buffers or improves 

overall performance under stress (Zambonino-Infante et al., 2019).  

Not all molecular functions were upregulated as ñenzymatic reactionsò are downregulated 

between pre-hatch vs. post-hatch comparisons. Genes that are downregulated may be associated 

with embryo development or pre-hatch molecular processes, both of which are irrelevant and 

must be lowered as development continues. ñEnzymatic reactionsò are also downregulated 

between photoperiod treatments however the fold enrichment and significance are low and can 

potentially be external noise.  

The most recurring molecular function group is ñmetabolic functionsò which has 

representative genes that are differentially expressed in both environmental variables and across 

both developmental stage comparisons. Importantly, however, photoperiod and developmental 

stage have more upregulated metabolic genes than temperature which contains predominantly 

underregulated metabolic genes. Metabolic rates and temperature are positively correlated in 

larval fish as a higher metabolic demand is required to compensate for the stress (Pankhurst and 

Munday, 2011).  An opposite pattern is observed with downregulated genes where higher 

temperature treatments exhibit more downregulated genes than photoperiod and development 

stages. A possible explanation is that temperature stressor is more costly on the metabolism of 

larval herring than photoperiod stress and development. As discussed previously, temperature 

facilitates other stressors (i.e., higher oxygen demand, lower immune response) which is contrary 

to photoperiod where there is less immediate stress effect acting on the individual or 

developmental stages which occur even in the absence of stress. All things considered; 

temperature is potentially the most likely stressor to influence larval development in Atlantic 

herring. 

5.5.4 Interactions between treatments 

Examining the differential gene expression across all treatments and development stages 

reveal few overlapping genes with only one gene (si:ch1073-13h15.3, associated with enzymatic 

redox r eaction activity) identified among temperature, photoperiod, and developmental stage 

comparisons. Redox reaction activity is well studied under the context of stressors during early 

development and has been described in Atlantic cod (Gadus morhua; Hamre et al., 2014; 

Penglase et al., 2015), goldfish (Carassius auratus; Kong et al., 2013), Japanese flounder 
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(Paralichthys olivaceus), and yellow catfish (Tachysurus fulvidraco; Qiang et al., 2019). This 

study alongside many others discusses upregulation of redox reaction is observed under various 

stress conditions as well as during development which suggest that this reaction pathway is 

highly sensitive. Redox reactions are also involved in many other biological processes including 

diet, growth, and immune response (Huang et al., 2010), which is another potential reason for its 

overrepresentation across all of the variables assessed in this study. 

The low numbers of overlapping genes between different variables are expected as 

previous studies have reported similar findings (Xia et al., 2013; Guo et al., 2016). Importantly, 

there are various molecular pathways and mechanisms that regulate a single biological process, 

each having different sets of genes that can be altered to achieve similar outcome. The low 

numbers of overlapping differentially expressed genes therefore do not suggest a lack of shared 

biological process nor mechanisms as shown in the GO term analysis of the 11 overlapping genes 

between temperature and photoperiod treatments where three of the five GO terms are associated 

with molecular transport activity. Multiple genes contributing to a single biological process can 

also explain the lack of connections between differential expressed genes from this study and 

genes associated with differential methylation from Kho et al. (2024). Despite similar 

experimental designs employing the same treatments, different pathways can exclusively be 

affected at the epigenetic level but not at the transcriptomic level, leading to the discrepancy. 

Other epigenetic processes such as histone modifications were also not assessed and may have 

been affected.   

While sample size is a potential limitation, combining individuals from the two years was 

an effective way to increase sample size. However, it is still important to consider sampling bias 

especially in treatments when combining the two years were not possible, though in such cases 

we adopted a more stringent filtering parameter to ensure only the transcripts with the most 

significant transcripts with the highest fold changes are considered, decreasing the likelihood of 

individual variations.  

5.6 Conclusion 

In this study, we provide novel insights into the molecular underpinnings of larval 

development and early life stage environmental stress response in Atlantic herring. Differential 

gene expression due to key environmental stressors associated with local adaptation in Atlantic 
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herring suggest potential implications for immune response, visual perception, and molecular 

functions at the developmental stages. Understanding the molecular mechanisms underlying the 

effects of temperature and photoperiodicity on herring larval development is essential for 

predicting how changing environmental conditions may impact population dynamics and 

fisheries sustainability. This knowledge can inform conservation and management efforts aimed 

at mitigating the effects of climate change on this important marine fish species as well as 

provide a framework for studying the impact of the environment on other marine species.  
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5.11 Tables and Figures 

Tables 

Table 5.1. Number of Atlantic herring larvae used in transcriptomic and differential gene 

expression analyses post filtering for fall 2019 and 2020 by treatments (temperature and 

photoperiod) and stages of development. 

Treatments 2019 2020 

Temp. Photo. Pre-hatch Post-hatch Yolk 

absorption 

Pre-hatch Post-hatch Yolk 

absorption 

11°C 6hr 3 3 1 3 3 3 

13°C 6hr 3 3 1 3 2 2 

11°C 12hr  3 - - 2 2 3 

13°C 12hr  3 3 - 3 3 2 
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Table 5.2. Summary of the number of individuals and differentially expressed genes for each 

treatment comparison in 2019, 2020, and combined individuals. The logfold and alpha values 

were obtained from DEseq2 and used to determine a cutoff for significant expression levels. The 

color of the cell under ñNumber of significant genesò column shows significant genes that are 

downregulated (blue) and upregulated (red) where bolded numbers indicate the majority 

(i.e., >50% of the overall genes). 
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Table 5.3. List of differentially expressed gene transcripts between 11°C and 13°C treatments 

that are found in both 6h:18h and 12h:12h conditions across both sampling years. Differential 

gene expression analysis was conducted using DEseq2 and the outputs degree of change 

(log2FoldChange), p-value, and adjusted p-value (p-adj) are shown. The Gene symbol and 

chromosome were obtained from Ensembl and NCBI databases by using the Transcript ID as 

query.    

   

Transcript ID  

log2Fold

Change p-value p-adj Chromosome Gene symbol 

ENSCHAG00000005444.1 -3.16433 2.77E-10 5.68E-07 6 LOC105900101 

ENSCHAG00000011969.1 -2.55884 2.49E-05 4.05E-04 9 camkk1b 

ENSCHAG00000025130.1 -3.38007 1.51E-09 1.38E-07 3 ldhbb 
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Figures 

 
Figure 5.1. (A) Experimental design of the Atlantic herring rearing experiment modified from 

Kho et al. (2024). There are four raceways corresponding to the two 11°C or 13°C water 

temperature treatments (represented as columns), and 6hr:18hr and 12hr:12hr daylight cycle 

treatments (represented as rows). Each raceway held six containers in a two by three 

arrangement, and each container had four cups that contained a different cross. Direction of 

water flow is indicated by the arrow and drains at the end of each raceway. (B) Sampling design 

figure modified from Kho et al. (2024). Whole larvae samples were obtained at three 

developmental stages over a span of three weeks: pre-hatch, post-hatch, and yolk absorption 

stages. Samples were stored in RNAlater® Solution for subsequent RNA extraction.  
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Figure 5.2. The top row shows Principal Component Analyses (PCA) of 2019 individuals 

exposed to temperature treatments at both photoperiod conditions (A. 6h:18h and B. 12h:12h). 

The bottom row shows PCA for 2020 individuals exposed to temperature treatments at C. 6h:18h 

and D. 12h:12h photoperiods. The colour indicates 11ÁC (teal) or 13ÁC (salmon) and the shapes 

are the developmental stages. Plots are generated using ggplot2 v3.4.4 from the differential gene 

expression analysis conducted using DEseq2 v1.38.3.  
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Figure 5.3. Heatmap (A.) and principal component analysis (B.) of a temperature treatment 

(11°C vs. 13°C) at Stage 3 and 12hr for 2020 individuals illustrating differential gene 

expressions. Significant transcripts (n = 44, p Ò 0.001, LogFold Ó 2) from DEseq2 were used to 

create both plots. The right panels illustrate the Gene Ontology (GO) enrichment analysis of 

upregulated (C.) and downregulated (D.) gene transcripts across all temperature treatments. GO 

terms are ordered based on Fold Enrichment values with the number of genes and -log10 (FDR) 

shown as the size and color of each track respectively. Charts were generated using ShinyGO 

v0.80 using the Clupea harengus genome (Atlantic herring genes Ch_v2.0.2 assembly).   

  




















































































































