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CHAPTER NNITRODUCTI ON

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 playyrole 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 teto local adaptatiornwhere 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 anddert, 2004)At the individual levelacclimationdescribes the
physiological or behavioral adjustments that organisms make in response to immediate
environmental changes, allowing for temporary survival and function (Mishra, Z0&&e
processes interact dynamicalacclimationenables individuals to persist under new conditions,
rapid adaptation can spread advantageous changes within populations, and local adaptation
further refines traits to optimize fitness over tilvy. thesisinvestigates these mechanisms in
Atlantic Herring Clupea harenguk.), a species of immense ecological and economic
importanceusinggenetic, epigenetic, and transcriptorapproaches to uncover the interplay
between natural selection, local adaptation, asulimation

1.1 Local and rapidesdaptation in marin
Local adaptation occurs when distinct populations of the same species exhibit unique

characteristics that provide fithess advantage in their specific lsgBigatecki 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 temperalucaifitions and resource availability (Tiffin and

Rosslbarra, 2014). Natural selection aonh these variationdavouiing individuals with traits

that arebeneficial in thegrevailingenvironment (Hereford, 2009). Ovieme, the accumulation

of adaptive traitsesultsin populatiors better suitedo the local environment (Tiffin anBoss

Ibarra, 2014).



While natural selection ighe primarydriver of local adaptationgenetic drift and gene
flow caninfluenceoutcomes, particularly ismall population®r those with high connectivity
(Kawecki and Ebert, 2004; Blanquart et al., 20118yapidly changing environments,
populations may also exhibit rapid adaptatewolutionary changes occurring over short time
scales, sometimes within a few generations. These swift responses are crucial for survival when
environmental pressures shift aptly, such as during climaiaduced temperature changes or
habitat alterations.

Rapid adaptation interacts closely with individialel processes likacclimation where
organisms adjust physiologically or behaviorallyatupt environmental changes.
Understandindnow these mechanisms interact provides valuable insights into how populations
thrive under dynamic and stressful conditions.

Marine fishes argvell suited for studying local adaptation because of the inherently
strong effect of natural selection treir largepopulations as well abeir sensitivity to
environmental fluctuationsoth ofwhich 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
absencef physical barriers promotes a singiede populatiomomprisingindividualswith
similar genetic composition due to extensive gene flow (Sanford and Kelly,. 20hil¢ some
species do exhibit similar genetic patterns among individuals atespeciesange, others
exhibit complex metapopulatistructurearising from finescale local adaptatiors barriers to
geneflowThe Al ocal 6 in this context is | oosely
spawning timeor geographical location. Exposure to localized environmental conditions such as
temperature, parasite loads, photoperiodicity, and/or predator presence can facdltatation
andadaptationPhysiological and behavioral plasticity can aid survival under these changing
environmental conditionand lead to longerm adaptation through genesissimilation.

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 facilitatihgstidey

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 changstaneg rationales for using marine fish to



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 whiahelic variants ofjenes 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 (Hemfd, 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, @8; Blanquart et al., 2013). Both outcomes can occur at the
same time though the direction in which gene flow ultimately affects the system depends
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 npagventiocal adaptation through
continuous gene flow, but there are other mechanisms that can sustain the effects of local
adaptation at a finer scal€his 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 highityratory 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 fiseale local adaptation can sometimes be inferred using
neutral geneticnarkers but arenore clearly detectedthen usinghontneutral,adaptive markers
(Conover et al., 2006; Sanford and Kelly, 201d)more extreme cases, environmental stressors
in each metapopulation unit can promote phenotypic plasticity or rapid adaptetiomprove
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 othenitg, creating a fithess 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 (Savolaine20&B8x 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,



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 ®volve in response &nvironmental changes through

phenotypic or molecular megns 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 stageit he f i shés | i fe cycle and
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 effectivegaraaat and conservation
strategies, as well as deepen our understanding e$d¢ale local and rapid adaptation.

13At l antic Herring as a model system

Atlantic Herring is an ideal model for studyingtural selectiodue to its wide
distribution across the North Atlantic, complex life history, and substantial genetic diversity.
Atlantic Herring is a highly migratory coastal pelagic fish characterizetslsytver 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. Theaximumlife expectancyf herring is 15 years, with sexual
maturity at agdour. The species is managed through annual catch limits set by population
modeling and previous yearso reports on the s
spawning time. Herring migra@xtensively throughout the Atlantic Ocean to feedarily 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 locatioryeaemyith 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 depositgdndividualson 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 yolibsorption stages. Larval herring remain aggregated around the
spawning grounds and migrate vertically in the water column (Sinclair and lles, 1989; Cresci et
al, 2020).The entrainment of larvae and early juversiie considered to beesponsible for gene

flow among spawning aggregatiofecruitmentn herringis thought to be socially learned

skill: herring larvae depend on conspecifics for cues on homing veljglinstherepeatand

nonnatal homingbehavior of adult herrintp spawning ground¢Chambers, 2021 his

entrainment phenomenon contributed to the development of the aghojgpetht hypothesis by
McQuinn (1997) which further suggests that the onset of sexual maturity influences recruitment
of juvenilesto a spawning aggregatiohtansmission of migration patterns and spawning areas
from herring adults to the recruited juveni@®ows for the maintenance of local spawning
aggregationsBased on this hypothesis, spawngrgunds are maintained through a complex

social interaction between adult herring and migraastwell 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 kinghanalysis and identification of sibship pairs in juveniles,
examining the rate of related individuals in an aggregation months after hatching.

Figure1l1.Adul t Br as doOr [Cage®harangdscaught usmgléhggner i ng (
fishing. Picture taken by Kho, J. in 2017.

Previous studies have identified fiseale 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 metapopulatystem across
spawning grounds (Sinclair and lles, 1989; McQuinn, 1993¢al adaptation in Atlantic
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Herring has been describednartheast Atlantic populations usimghole.genome sequencing
andsingle 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., 20Ev)dence offine-scale local adaptation
based on spawning time and geographical locatiassubsequentlydentified usingSNPs
amongnorthwest Atlantic Herring populationghere genetic differentiation was found between
spawning ecotypes in Eastern Canégderr et al., 2019; Fuentd2ardo et al., 2024Most
recently,four chromosomal inversionsssociated withwvater temperaturgeparatingouthern

and northern groupshow genetic differentiation among subpopulations from both sides of the
Atlantic, further supporting the prevalence of local adaptation in Atlantic Herdag ét al.,

2020; Jamsandekar et al., 2024).

Evidence of local adaptation also persist at the phenotypicdevahgAtlantic Herring
subpopulationsTemperature tolerance is a key adaptive traitwhet among subpopulations
especially in the early life stageBléxter, 1960Kiltz et al., 2005)Herringlarvae can survive
temperaturesanging from-1.7°C to 24C but preferencevariesamong subpopulatior({8laxter,
1960; Moyano et al., 2016Baltic Sea lerring for examplédnatch at relatively warm
temperatures around 16°C whikilf of St. Lawrence herrinlgatch atemperatures below 10°C
(Moyano et al 2016; Burbank et al., 2023tlantic Herring alseexhibit different eproductive
and developmental strategiegsed on seasalhconditions such as photoperi@digaud et al.,
2007).Atlantic Herring that spawn ithe spring areharacterized bfaster growth rateand
larger hatching sizdue to long daylighteading to increased prey abundaneg (
zooplanktons)in comparison, fall spawned larval herring are characterized by relatively slow
growthattributed tafood scarcity(Johannessen et al., 2008pring spawning herring and fall
spawning herring aralsogenetically different and managad different stocks despite
overlapping spatial rangédmichhaney et al., 2018tephenson et ak009. This distinctionis
importantfrom a conservation and fishery perspectigséhe spawning stock biomass of spring
spawning herring in the Gulf of St. Lawrernftasdeclined consistently since 20G&hile the fall
spawning componemémairs consistentlcDermid et al., 2018; Turcotte et al., 2021a; Turcotte
et al., 2021b)Both temperature tolerance asphwning timegrovide evidence ofariation in

locally adapted traitamong Atlantic Herring subpopulatians



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 tostldsdsy using a cross
factorial rearing experiment with two major environmental variables that were found to influence
the genetic patterns in this system: temperature and photoperioBicityvestigating the
genetic, epigenetic, and transcriptomiqoasses of Atlanti¢ierring 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 comprisean introduction, review chapter discussing the role of epigenetics in
fish life history trait diversityandthree data chapteexploring 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.



Kho, J., Ruzzante, D. E. (2024)he role of DNA methylation in facilitating life history
trait diversity in fishesReviews in Fish Biology and Fisherj&g(4), 15311566

Chapter 3: Spawning Aggregation of Herring JuvenilesIn this chapter, used92
microsatellite marker® identify haltsib and potential fulkib pairs within a single spawning
event. This approach provided potential evidence for larval retention in a herring spawning
aggregation, shedding light on the genetic structurgpemdding insight into connectivity
within juvenileaggregations
Kho, J., McCracken, G. R., McDermid, J. L., & Ruzzante, D. E. Life history implications
of kinship structure in an Atlantic Herring schooling aggregattevisedrersion

submittedto Canadian Journal of Fisheries and Aquatic Sciences.

Chapter 4: Epigenetic Patterns in Larval Herring: Chapter 4explores 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 influencdNA methylation patternd 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 herrinGlgpea harengys Temperature and
photoperiod as environmental stressors during larval developMelscular
Ecology, 381), €17187.

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 chap®NA 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 harengydarval developmenRevised versiosubmittedto Molecular

Ecology.



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 véietilss 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 environmentdiange.
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CHAPTERTHRE ROLE OF DNA METHYLATI ON I N F,
LI'FE HI STORY TRAI'T DI VERSITY I N FI SHES

2 AMlbstract

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 histoitg.t@ane
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 methylatiofacilitating 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 cartunately 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 genomef 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 enviarstiessor.
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 limitatiohDNA methylation studies with a focus on

fish. We then provide recommendations for future research.
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2. 15ntroducti on

The term fAepigeneticso was first coined in
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 rommental

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 varietes$@soFor
example, epigenetic processes facilitate speciation through genetic assimilation, which occurs
when environmentally induced epigenetic traits are heritable and beneficial, and thus favoured
by selectionPal and Miklos 1999; Smith and Ritchi@13). 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 Bamatics (Jablonka and Lamb 2002).

2.3 DNA methylation as an epigenetic me

Three main epigenetic mechanisms have been describedodomg RNA expression,
histone modifications, and DNA methylation, which in vertebrates, is the most studied and best
documented epigenetic mechanism (Box ppkiet al. 20105mith and Ritchie 2013; Felsenfeld
2014; Kilviltis et al. 2014Cao et al. 2019eichmann 2016). DNA methylation is the addition
of a methyl group on a nucleotide, commonly tRgbsition of cytosine which results in 5
methylcytosine or 5mC; methylation on other bases has also been documented (e.g., &denine N
methylation inC. elegansssociated with homeostasis and diseases (Greer et al. 2015; Boulias
and Greer 2022; 2023)) but these are far less comamaininthis review we discuss only 5mC.
In vertebrates, cytosine methylation occurs almost exclusively at CpG sites (a region of DNA

whereacyt osi ne nucl eotide is foll owed bktgtera guani
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Omet hyl ati on | ev e lp®methypatidnA graup of ©pG lsitegareféorreGpS t o C
islands (CGls; Box 1), 368000 bp regions composed of repeated cytosine preceding guanine
dinucleotides in 56 to 36 direction (Janitz a
methylation is generally suppressed around genes especially ancaamdl promoter regions

(Moore et al. 2013). Methylated cytosine sites are not as stable as theettorlated variants

and are rapidly converted to thymitigough @¢amination(methylated cytosines are

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

2013). Nommethylated CpG sites therefore tend to be found around promoter regions forming
CGls. CpG sites can also be found in other genoegions (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 waye enzymes responsible for
methylation include DNA methyltransferases DNMT1 and DNMT3A/3B. DNMT1 is the
maintenance DNMT responsible for duplicating-présting methylation patterns on new strands
during mitosis and DNMT3A/3B are responsible de novamethylation 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) alseddhat 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. Ta 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 (Helkkh@meas
2007; Jones 2012; Huang et al. 2021). Thus, though methylation is usually incerselgted
with the expression level of a gene, it can also increase gene expression when methylation is

present in gene bodies (Jones 1999; 2012).

2.2 Methyl ome reprogramming and DNA met

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 processdly intrerited
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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 resnoecremains

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 identifiselveral species including

zebrafish Danio rerio, Mhanni and McGowan 2004), medakaryzias latipesWang and

Bhandari 2020) and bluehead wrasBealassoma bifasciatyniodd 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; BerbeFilho et al. 2020; Skvortsova et al. 2019). Studiesntergenerational
met hyl ation inheritance in fish suggest only
the offspring (e.g., Jiang et al. 2014; Shao et al. 2014; Venney et al. 2020 2022). For instance, in
zebrafish, maternal methylation patterns l@st 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 inthe 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 entironme
makes them ideal candidates for evolutionary studies involving natural selection (Massicotte et
al. 2011; Cushman2014).hese studies are especially pertir
because of the relatively | arge .lnthislremvien ce of
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 2012rG@ enber g and Bourcbéhis 2019; Jon
Vigneau and Borg 2021).

2.8 Complexity of Fish Life history tré

Life history traits are traits that affect survival, reproduction, maturation, and/or death
(Braendleet 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 traiBox 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 202} 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 (eage 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
expressn of life history traits (Todd et al. 2019; Berlbglho 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 theidual 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 fishegxhibit a wide varigy 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
stresses 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 epigenomic

Most of the available epigenetic studies among ectotherms thus far comprise studies on
DNA methylation in fish, specifically rafinned fish (Best et al. 2018). Overarching questions
include how relevant is DNA methylation in regulating life history tPati®ow 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 |ife history trait (i .genedeatriiovomdali oinsheeirfi t

Aparent al effectso, nearly devel opment al stag
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effecto, fisex determination/ changeo, fAageing/
at mortalityo) and ADNA methylationo in fish
studi ed s pecDbhaeigreriaoz)e.b rVdef ifsohcou,s fon studi es that
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
incorporatng epigenetics into studidsat 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 thesavere 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 potentral directions.

26DNA met hyl ation in early devel opment a

DNA methylation plays a key role in regulating gene expression during the most
vul nerable, early stages in a fish |ife cycle
can result from two mechanisms, namely intergenerational inheritance (dreinhgtch) and
environmental exposure (pesatch stages). The methylation profile of offspring can influence
their ability to adapt to dynamic environmental conditipn€i | v i t i slongspbnardl . 2014,
Jonsson201Ber-bel ho et al . a202@2,02WeckWewohkeyeet al
2022; Seper s Zlt)inherited meh§l&idn;marfsacdntaiaing information on the
parentsd environment al c o n.d utBhe offspring caraalso i ncr ea s
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 offspringbés methyl ome.

2.8 Summar-gnafymesaand | ink between Dbi

We highlight eightstudiesirom the 37 extractedrom theliteraturethatfocusedon the
correlationbetweerDNA methylationandearly developmentastagessix studiesassessed
intergenerationamnethylationpatternsandtwo addresseénvironmentaéxposureduring
developmen{Table2.1). Tissuetypesvariedacrossall eightstudiesandincludedmuscle gill,
gonad blood, liver, and/ormultiple tissuetypes.Regardlessf thetissuetypeshowever GO

termanalysisof 40 gene<collatedfrom all eightstudiessuggesgonadaldevelopmenandcell
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signallingpathwaysarethetop two mostsignificantGO terms(Log10(P)= -7.78and-3.55
respectivelyOnline Supplementaryaterial TableS2.J). Thisis consistentvith the majority
(six out of eight) of the studiestargetinggeneghatareprimarily involvedin intergenerational
inheritanceof methylationpatterngncluding genesxpressedh the gonadsof parentalffish.

262 Maternal and paternal Il nheri tance

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
methylationpatternsundergoaresetandarereestablishethroughde novomethylationafter
fertilization. This reprogrammindeadsto hypermethylatior{Box 1) of spermDNA which
representshe paternallyderivedembryonicDNA butnotoocyteDNA which represents
maternallyderivedembryonicDNA duringthe onsetof embryogenesi@MhanniandMcGowan
2004;Jiangetal. 2013;Venneyetal. 2020).Interestingly thereis a brief periodafter
fertilization in which theembryoresembleshe oocyte/ovarypostreprogrammingWangetal.
2021).However the maternaimethylationpatternis generallylost afterthe midblastulastage,
andthe embryograduallyresemblepaternaimethylationpatternsexhibitedin spermDNA
duringdevelopmentThis paternaimethylomeis maintainedhroughearly stagegJiangetal.
2013;Venneyetal. 2020).As embiyo developmentontinuesmethylationpatterngluctuate
beforereachinga stablestateby the gastrulatiorstage Suchmethylationpatternsaresimilar to
thoseexhibitedby adultsomatictissue(Fangetal. 2013).

Evidence for both maternally and paternally inherited methylation patterns on the
offspring methylation levels vary across fish speciedle 2.). 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 (Vahney et
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 (Venakeyy@22). D our
knowledge whetheror notthe methylationthattook placein the gonadghenaffectsthe
methylomeof all consequentffspringbatcheghroughoutoththe parentaland
offspring'slifetime hasnot beenexaminedhusfar. Maternal effect on DNA methylation

profiles of early life stage have also been demonstrated in Atladtimon(Salmo salarJonsson
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and Jonsson 2016) as well as in Chin8aknon(Oncorhynchus tshawytschdenney et al.

2020). In AtlanticSalmon,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 fispring and oocyte, suggesting maternal effects as the predominant force
influencing the offspring. This contrasts with the zebrafi3anjo 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 imtaece 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, limied (Venneyetal. 2020;Zhang et al. 2023). For instance, it is not yet known how

methylation patterns are retained pagtrogramming.

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 wedtstodd. 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 in@dlin 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. hisiguch 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 aradfspring methylation patterns.

263 Environmental factors can shape off

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 intergenerationalpgenetic 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 medak&Vvang and Bhandari 2020). Epigenetic reprogramming in mammals
necessitates the erasure of all epigenetic signals, which are thendelmgitoln 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 epigendtinals, parental effect may have minimal

effect, and the offspring environment may é&m@e 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; Venneyt 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 Jonssn 2019; Venney et al. 2023).

264 I ntergenerational met hyl ation inher

environment

|l nheriting part of the parentsdé methylatio
environment the parents experienced can greatly improve the survivability of offspring by
providing a flexiblebuffer for survivingstressful 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 enronment can better aid in the survivatyilof offspring through shoiterm
acclimation or tolerance (Venney et al. 2023). This early environmént&n development can
result in high mortality for individuals that fail to develop rapid acclimation responses and may
impact the overall cohorAs described in Pierron et al. (2022), both processes likely contribute
towards the offspring methylome albeit requally. Metzger and Schulte (2017) reported adult
acclimation temperature (both increasorglecreasing) 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 tengrature (Metzger and Schulte 2017). This study demonstrated that the
methylation profile of offspring is at legsartly influenced by the combination of

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

2022). In summary, in the early developmental stages, both parental and rearing environment are
l'i kely i mportant contri but the relatitecomtabuttbsofeach of f s
varies on a casky-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 identiedlylome patterns
between ungxosedoffspring and egosedparents could indicate successful intergenerational
epigenetic inheritance, but chance could be invoasede do not fully understaride
mechanism behinishheritance of methgtion Permutatioriests (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 indoed methylation can provide insight into the adaptive mechanism

underlying early development.

2 .DINA met hyl ation influences size and g

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 methylagimevork (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)thiis 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 patternggble 2.2.

2.1 Muscle devel opment as direct proxy

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; Wah§hen 2023).

The regulation of muscle development involves DNA methylation ofy@genirpromoter and
other regulatory genes involved in myogenesis (Burgerhout et al. 2017; Pan et al. 2021).
Methylation studies using muscle tissues directly targgbns within or surrounding genes
associated with myogenesis such as myoblast determination pMi@B)(and insulin like

growth factor 1 IGF-1) which are associated with myoblast proliferation and muscle
hypertrophy (Online Supplementary Mateflable S2.2Huang 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. 20I4uang et al. 2018; Liu et al. 2022; Xie et al. 2023). This negative
correlation is also observed in regulatory genes such as paired pax33a(gene involved in
regulating embryonic myogenesis; Pan et al. 2021) and diacylglycerol kidageZ( 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 (Byguvate netabolic process, Glucagon

signaling pathway, Growth; Online Supplementary Matdradile S2.2

2.2 Growth associated gene expression

Environmental stressors can influence DNA methylation levels in or around growth
associated genes across various tissue types including gonads (Budd et al. 2022),diraln (Si
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 barramundLétes calcarifey (Budd et al. 2022). Here, fish exposed to low temperature
(24°C) were smaller and lighter than fish exposed to high@B#mperature (Budd et al. 2022).
Changes in salinity affect methylation levels in brain tissueooigueSole (Cynoglossus
semilaevi} (Si et al 2021). Long exposure (88ys) to low salinity led to reduced growth and to
changes in DNA methylation at the pituitary adenylate cyclase activate polypéeeiodg) (Qene

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 hormorn@Hl) andIGF-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 intendevels 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 regioasdifiate genes
associated with growth (e.gpacap,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 &).2055 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 environmentalactors 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.

2.8 DNA methylationbés role in early de\y

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@ture 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 i@live Flounder Paralichthysolivaceu3: MyoD andIGF-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

suggesthat DNA methylation is one of the key processes involved in regulating development
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and earlystage responses to environmental stressors, though it is not the only process doing so
(histone modification and necoding RNA). The overarching pattern of decreasing methylation
levels as development progressesbserved even in the earlyeliftages suggesting the

inception of this decline occurs well before adulthood.

A~

2. Bummarizing DNA methylationds role ir

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, whichategyriowth
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 andIGF-1 s in part controlled through DNA metlation 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 decreaseRNA 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-sgaggfic methylation patterns and

its consequence on groweipression 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. .Aging, sexual maturation timing, DNA |

The longer an organism lives, the higher the chances it can reproduce. Insight into an
organi smbés biological age and | ife expectancy
traits associated with longevity and fitness. Here, we define biologjeadsa measure of the
functionality and health of the cells and tissues in the body while life expectancy is the estimated
span of an individual 6s -ldvél metrics. Actataihohmine btydiesu s e d i
out of the original 37 extractedbimn 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., Moran and Pérdagueroa 2011; Budd etal.,2022nd t hemwdi scus s
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epigenetic agée.g., methylatiorbased age estimation) can be used to assess biological age

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

2.8 DNA methylation and sexual mat ur it

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 sexualatiatuis 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 (Moran and Péigazroa 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 imora and mature stages further support this
hypothesis. For example, Moran and Péfegueroa (2011) used Methylati@ensitive
Amplified Polymorphism to compare the methylation patterns of brain, liver and testes of male
immature and mature stages of Atia Salmon. They found a significant difference in
methylation levels between the two stages as well as between testis and liver (Moran and Pérez
Figueroa 2011). Although it is difficult to generalize based on a handful of studies, these results
suggesthat 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 ratbmymay
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 shoulthptt® 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).

2.2 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 2020Mayne 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 individual 6s age. To dat e,
including lobsters (Anastasiadi and Piferrer 2020; Fairfield et all)20®rses (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 Bi28er and

Anastasiadi 2023). One advantage of DNA methylationgagiocks is that they can be

employed no#ethally. 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 (Marianale 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 ahn prep.

Anastasiadi an@iferrer (2019; 2020) develed the first fish pigenetic clock based on
penalized regressions using 48 CpG sites from targeted bisulfite sequencing of fouag@mes (
r2, nr3cl, fshr, andsox9 in EuropearSeabassiicentrarchus labraxmuscle tissue. The
molecular clock displayed high accuracy=(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 establishedyargaclock for zebrafish§anio rerio) aged
11.960.1 weeks. In addition, they identified and then used 26 CpG sites correlated with age to
estimate the ages of 101® 78.2weekold fish using multiplex PCR (Mayne et al. 2020Db).
Without target genes, reduced representative approachesssB&B& 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 ndhshgame
correlation level as zebrafish. Using this same approach, aging clocks have been established for
SouthernBluefin Tuna Thunnus maccoyi{Mayne etal. 2020a), Australiahungfish
(Neoceratodus forstér(Mayne et al. 2021b), Murragod (Maccullochella peel)i (Mayne et al.
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2021b), Mary RiveCod (Maccullochella mariensj)s(Mayne et al. 2021b), ar@oldenPerch
(Macquaria ambigup(Mayne et al. 2023). Mayne and colleagues have also applied this method
to GreenTurtles Chelonia mydas(Mayne et al. 2022) to attempt to develop a universal marine
turtle aging clock. While the use of the zebrafiplgenetic clock resembles a universal mammal
epigenetic clock for fishes, it is important to consider that geographic variation and
environmental conditions may affect the validityaodiniversal 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 ursg 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 (ektjppoglossus hippoglossud/eise et alin 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 agéharmological aspects
related to age, but this may not be very relevant when the focus is to assess age for conservation

and management.

A

2.ONA met hyl ationds role in regulation

Recent studies haygoposed 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
vertebate 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 sexmhination (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 regulafiable 2.4. GO term enrichment
analysis of 63 genes from the eight studiegahle 2.4reported 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 Materidlable S2.3

2.19.Sex determination in early devel opm

Seket er mi miagdow rausraraleyy daeapeskérti &szati on
demonsitmradreedWas#hl2.0 2DNAnet hy | B h Vv oihty l®eh soeste x
deter mi miaitpgroinmogredecral PS€Y hsbgtniDNAvatnhyl ati on
repr ogrdaummndiengge | oTphresndiu hnhest h yd iommieb aoeocyt e/ ovary
befloeigpnhga ® @ittndanoet hyd iomieb asep eD Nnfa sl e v e | opprnoegnrte s s e s
(S8ect2i. @rnien hi liDtNIM&NC t iat ihd tsa gekstuaf aid or ansi ti on
frommamal(&aegl202Met hylcatnitom!| | ed sex deter mi na
intergenerationally inherited and influenced
stages. Fboort hi rmpsatreemd ea,l exposure to cadmium and
of fspring devel opment can affect sex deter min
|l evel s of two genes associated with feminizat
traperatuné fdprimg devel opment cocymrl@abka with
|l eadi ng-bt as@dmalex ratio in the subsequent gen
demonstrated the i mportance of both parental
environment (temperature) owmgh e@NA amea tnhgy It ehtei r
dynamics of key genes.

2.29 . Regul ating environmentally induced

met hyl ati on

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 determinationMetzger 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: E@egpean
Bass Dicentrarchus labraxNavarreMartin et al. 2011)Half-SmoothTongueSole
(Cynoglossus semilaeyiShao et al. 2014), and JapanEleeinder Paralichthysolivaceus 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 subfanyipl94
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and/or doublesex and m&trelated transcription factor dirortl). Cypl9aencodes aromatase,

an enzyme that produces estrogen and when inhibited can lead to sex reversal from female to
male (NavarreMartin et al. 2011; Wang et al. 2017; Todd et al. 2008)rt1 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 ¢yp193, and masculinization assotgd transcription factorglfnrtl) are crucial for the
regulation of sex determination pathways. This is regardless of whether the cues are
environmental, e.g., temperature (Navavtartin et al. 2011; Shao et al. 2014; Wang et al.
2017), or induced by social interactions (Todd et al920As indicated by Piferrer et al. (2019),
bothcypl9alaanddmrtlare key genes involved in sspecific 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
phenotypenstead 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
includefoxl2a amh sox9 gsdf andamhr2(Table 2.4, but whether or not thepliow the CERS
model requires further research (Piferrer et al. 2019).

2.39.Genome wide methylation conundrum

All studies described thus far identified and targeted candidate genesy(el®3q, but
an alternative approach is to examine the potential association between gademe
methylation and sex determination. Ribas et al. (2017) and Wang et al. (2021) used a DNA
methyltransferase inhibitor;Aza-2 @leoxycytidine, to inhibit any DNA meyhation 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 (Ribaal.€2017; Wang et al. 2021). However, it
remains unclear whether genom@e methylation or methylation changes at candidate genes
influenced these patterns. Examining the effect of gensite methylation without the
inclusion of known sexieterminatiorregions may lead to the identification of previously

unknown candidate genes involved in sex determination (Shao et al. 2014).
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2. CAall enges 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 plesand we discuss potential

avenues to help address them.

2. 10Resource optimizati on

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 enbgsed method for metlation detection
known as fENnzyYmat isey th#dddesthe 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 methodvadléor more specific methylation detection,
detection of hydroxymethylcytosine, and increased mapping efficiency, while inflicting less
damage to the DNA; additionally, pipelines optimized for bisulfite sequencing can be used to
analyze EMseq data. Immvements 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
therelease 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.

2.20Confounding 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 pattéunesto 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 plannisampling 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, Bévitie et al. 2022, and Venney et al. 2024).
Here, the SNP data provide information on the proportion ofreédevariance in the data due to
genetic component. This is particularly relevant for bisulfite sequencing as during the bisulfite
conversion process, ACT SNP substitutions cannot be distinguished from tAeTMisulfite
conversion. To elaborate, an unméétgd cytosine converted to uracil during bisulfite treatment
(then to thymine) cannot be differentiated from a cytosirteyimine SNP substitution during

down stream data processing. In such cases, SNP data can be used to mask substitutions thereby
ensuring that all § T 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 @llawlg ¢ct
comparison between genetic and epigenetic signals, and potentially provide insight on their

interaction.

2. 20Correl ation vs. causati on

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 elp@tiportant when
considering phenotypic traits. Follewp 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 examinelthk between gene expression and phenotypic
expression. The combination of genetics, transcriptomics, and epigenetics with phenotypic
expression can then provide a more complete wu
functional relevance. In gener#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.

2.40CpG sites vs. other wvariants of DNA

Considerations should be made for DNA methylation in@pfs 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 ocemeilbgdies

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). MethylatioronCpG sites is also found in

the mitochondrial genomes of mammals and other vertebrates, including fish (Nedoluzhko et al.
2021). Our understanding of methylated +@pG sites in fish is limited, but the methylation
patterns in mitochondrial DNA appet® 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@p@ sites in fish.

2. 0DNA methyl ation as sole epigenetic

DNA methylation is not the only epigenetic process involved in regulating gene
expression (i.e., histone modification and fwmaing RNA are two other mechanisms). The
interaction between epigenetic processes is important in the expression pathwayraee\hge
studies demonstrating the link between DNA methylation anecndmg 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 grawshrirallotriploid

(combination of at least two different genomes in somatic cedig)s Carassius auratuand

Cyprinus carpi9 is regulated through both DNA methylation and microRNA (miRNA,; a type of
nonrcoding RNA). However, only few differentially methylated genes are correlated with gene
expression, suggesting most of the other genes are regulated through miRNA (Rer2@).al. 20
Another example from taxa other than fishes is the work by Ge et al. (2018) on sex determination
in redeared slider tulé where a temperature dependent histone demethylase (KDM6B) is

directly involved in the transcriptional regulation@nrtl 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. 60Unique | ife history strategies in f

Finally, some fish species exhibit unique
when interpreting the result of a methylation
mi gratory strategies (e.g., dpadxomy) wmayn aed
di stinguishing the effects of environmental <c
devel opment (e.g., juvenile stage in freshwat
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Il n this example, additional anal ysis may be r

against developmental stage, or vice versa de
considerations include intergenerational inhe
sex determination, both discussed in previous
hi story strategies can | ead to erroneous inte

2. Concl usi on

We are only now beginning to understand some of the mechanistic roles of DNA
methylation in phenotypic diversity, especially in rmammalian organisms. In this work, we
compiled recent literature and review evidence of the relationship between DNA rethgfad
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 alsseaxiated 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 reportedegative 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/fd.gaanddmrtlfor 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.

36



2. A@Qt hor contributions

This manuscript is part of JKO0s PhD thesis un
primarily by JK with input from DER.

2. R8ferences

Aagaard A, Liu S, Tregenza T, Lund MB, Schramm A, Verhoeven KJ, & Bilde T (2022)
Adapting to climate with limited genetic diversity: Nucleotide, DNA methylation and
microbiome variation among populations of the social sgitegodyphus dumicol&ol
Ecol31(22): 57655783.https://doi.org/10.1111/mec.16696

Anastasiadi D, Diaz N, Piferrer F (2017) Small ocean temperature increases elieit stage
dependent changes in DNA methylation and gene expression in a fish, the European sea bass.
Sci Rep 7(1)12401.https://doi.org/10.1038/s41598.7-108616

Anastasiadi D, Piferrer F (2019) Epimutations in developmental genes underlie the onset of
domestication in farmed European sea bistesd.Biol Evol 36(10): 2252 2264.
https://doi.org/10.1093/molbev/msz153

Anastasiadi D, Piferrer F (2020) A clockwork
based biomarkers in the European sealddskEcol ResouR0(2): 387 397.
https://doi.org/10.1111/1758998.13111

Anastasiadi D, Piferrer F (2023) Bioinformatic analysis for age prediction using epigenetic
clocks: Application to fisheries management and conservation bidtogyt Mar ScilO:
1096909 https://doi.org/10.3389/fmars.2023.1096909

Bal 89 I, Ambros M (2012) Somatic characteri st
Tatra vole (Rodentia) in Slovakia. Biologia 67(4): B897.https://doi.org/10.2478/s11756
012-00643

Bell CG, Lowe R, Adams PD, Baccarelli AA, Beck S, Bell JT, Rakyan VK (2019) DNA
methylation aging clocks: Challenges and recommendatizersome BioR0(1): I 24.
https://doi.org/10.1186/s1308819-1824y

Bellizzi D, DOAquila P, Scafone T, Giordano M
control region of mitochondrial DNA shows an unusual CpG andCm®& methylation
pattern. DNA Res 20(6): 58347.https://doi.org/10.1093/dnares/dst029

Ber bel Fil ho WM, Berry N, Rodr2guez Barreto D
(2020) Environmental enrichment induces intergenerational behavioural and epigenetic
effects on fishMol Ecol 29(12): 22882299.https://doi.org/10.1111/mec.15481

BerbelFilho WM, Pacheco G, Lira MG, Leaniz C, Lima SM, Rodriguépez CM, Consuegra
S (2022) Additive and neadditive epigenetic signatures of natural hybridization between
fish species with different mating systems. Epigenetics 17(13)-2365.
https://doi.org/10.1080/15592294.2022.2123014

37



Best C, Ikert H, Kostyniuk DJ, Craig PM, Navaivtartin L, Marandel L, Mennigen JA (2018)
Epigenetics in teleost fish: From molecular mechanisms to physiological phenotypes. Comp
Biochem Phys B 224: 21@44.https://doi.org/10.1016/j.cbpb.2018.01.006

Boulias K, Greer EL (2022) Means, mechanisms and consequences of adenine methylation in
DNA. Nat Rev Genet 23(7): 41428.https://doi.org/10.1038/s4154@2-00456 x

Boulias K, Greer EL (2023) Biological roles of adenine methylation in RNAReatGenet
24(3): 143 160.https://doi.org/10.1038/s4151322-005340

Braendle C, Heyland A, Flatt T (2011) Integrating mechanistic and evolutionary analysis of life
history variation. Mechanisms of life history evolution. The genetics and physiology of life
history traits and tradeffs. Oxford University Press, Oxford, 3010.

Budd AM, Guppy JL, Thépot V, Domingos JA, Jerry DR (2022) Delayed effect of low rearing
temperature on gonadal DNA methylation in juvenile barramurateé calcarife).
Aquaculture 560: 73854 https://doi.org/10.1016/j.aquaculture.2022.738541

Burgerhout E, Mommens M, Johnsen H, Aunsmo A, Santi N, Andersen @ (2017) Genetic
background and embryonic temperature affect DNA methylation and expression of myogenin
and muscle development in Atlantic saim&alfno salay. PloS One 12(6): 0179918.
https://doi.org/10.1371/journal.pone.0179918

Cao J, Wei C, Liu D, Wang H, Wu M, Xie Z, Du L (2015) DNA methylation Landscape of body
size variation in sheep. Sci Rep 5(1)13. https://doi.org/10.1038/srep13950

Capdevila P, Stott I, Beger M, Salgug€edmez R (2020) Towards a comparative framework of
demographic resilience. Trends Ecol Evol 35(9):1786.
https://doi.org/10.1016/j.tree.2020.05.001

Carolineberry A, Berry RJ (1967) Epigenetic variation in the human cranium. J Anat 101(Pt 2):
361.

Costa FF (2008) Nenoding RNAs, epigenetics and complexiBene 410(1): ©17.
https://doi.org/10.1016/j.gene.2007.12.008

Cui Z, Liu Y, Wang W, Wang Q, Zhang N, Lin F, Chen S (2017) Genome editing reveals dmrtl
as an essential male sé&termining gene in Chinese tongue s@gnoglossus semilaeyis
Sci Rep 7(1): 110. https://doi.org/10.1038/srep42213

Cushman SA (2014) Grand challenges in evolutionary and population genetics: The importance
of integrating epigenetics, genomics, modeling, and experimentation. Front Genet 5: 197.
https://doi.org/10.3389/fgene.2014.00197

Deichmann U (2016) Epigenetics: The origins and evolution of a fashionable topic. Dev Biol
416(1): 249254.https://doi.org/10.1016/j.ydbio.2016.06.005

Fairfield EA, Richardson DS, Daniels CL, Butler CL, Bell E, Taylor Ml (2021) Ageing
European lobstergHomarus gammargsising DNA methylation of evolutionarily conserved
ribosomal DNA. Evol Appl 14(9): 2302318.https://doi.org/10.1111/eva.13296

38



Fang X, Corrales J, Thornton C, Scheffler BE, Willett KL (2013) Global and gene specific DNA
methylation changes durirmgbrafish development. Comp Biochem Phys B 166(1)108.
https://doi.org/10.1016/j.cbpb.2013.07.007

Felsenfeld G (2014) A brief history of epigenetics. Cold Sping Harb Perspect Biol 6(1): 018200.
https://doi.org/10.1101/cshperspect.a018200

Fontes J, Santos RS, Afonso P, Caselle JE (2011) Larval growth, size, stage duration and
recruitment success of a temperate reef fish. J Sea Res 65(1): 1
http://dx.doi.org/10.1016/j.seares.2010.05.001

Ge C, Ye J, Weber C, Sun W, Zhang H, Zhou Y, Capel B (2018) The histone demethylase
KDM6B regulates temperatugependent sex determination in a turtle species. Science
360(6389): 646648.https://doi.org/10.1126/science.aap8328

Goffin J, Eisenhauer E (2002) DNA methyltransferase inhitdt@tate of the art. Ann Oncol
13(11): 16991716.https://doi.org/10.1093/annonc/mdf314

Greenberg MV, Bourcdéhis D (2019) The diverse
development and disease. Nat Rev Mol Cell Bio 20(10)i 69D.
https://doi.org/10.1038/s415811 901596

Greer EL, Blanco MA, Gu L, Sendinc E, Liu J, Aristizaadrrales D, Shi Y (2015) DNA
methylation on Né&denine irC. elegansCell 161(4): 868878.
https://doi.org/10.1016/j.cell.2015.04.005

Heckwolf MJ, Meyer BS, Hasler R, Hoppner MP, Eizaguirre C, Reusch TB (2020) Two
different epigenetic information channels in wild thegened sticklebacks are involved in
salinity adaptation. Sci Adv 6(12): 113&tps://doi.org/10.1126/sciadv.aaz1138

Hellman A, Chess A2007) Gene bodgpecific methylation on the active X chromosome.
Science 315(5815): 11741143.https://doi.org/10.1126/science.1136352

Horvath S, Haghani A, Peng S, Hales EN, Zoller JA, Raj K, Finno CJ (2022) DNA methylation
aging and transcriptomic studies in horses. Nat Commun 13(1): 40.
https://doi.org/10.1038/s4148021-27754y

Horvath S, Raj K (2018) DNA methylatidmased biomarkers and the epigenetic clock theory of
ageing. Nat Rev Genet 19(6): 38B4.https://doi.org/10.1038/s41571B.8-0004 3

Hu F, Yin L, Dong F, Zheng M, Zhao Y, Fu S, Chen X (2021) Effects of-teng cadmium
exposure on growth, antioxidant defense and DNA methylation in juvenile Nile tilapia
(Oreochromis niloticus Aquat Toxicol 241: 106014.
https://doi.org/10.1016/j.aquatox.2021.106014

Huang X, Zhang X, Zong L, Gao Q, Zhang C, Wei R, Tao W (2021) Gene body methylation
safeguards ribosomal DNA transcription by preventing Rhi€@iated enrichment of
repressive histone mark H4K20me3. J Biol Chem 297(4).
https://doi.org/10.1016/j.jbc.2021.101195

39



Huang Y, Wen H, Zhang M, Hu N, Si Y, Li S, He F (2018) The DNA methylation status of
MyoD and IGFI genes are correlated with muscle growth during different developmental
stages of Japanese floundeafalichthys olivaceys Comp Biochem Phys B 219: 383.
https://doi.org/10.1016/j.cbpb.2018.02.005

Husby A (2022) Wild epigenetics: Insights from epigenetic studies on natural populations. P R
Soc B 289(1968): 2021163Bttps://doi.org/10.1098/rspb.2021.1633

Hutchings JA (2021) A primer dife histories: Ecology, evolution, and application. Oxford
University Press, Oxford.

Jablonka E, Lamb MJ (2002) The changing concept of epigenetics. Ann NY Acad Sci 981(1):
821 96. https://doi.org/10.1111/j.1746632.2002.tb04913.x

Janitz K, Janitz M (2011) Assessing epigenetic information. Handbook of Epigenetics, Academic
Press, California, pp 17381.https://doi.org/10.1016/B978-12-3757098.000125

Jiang L, Zhang J, Wang JJ, Wang L, Zhang L, Li G, Liu J (2013) Sperm, but not oocyte, DNA
methylome is inherited by zebrafish early embryos. Cell 153(4): 78248
https://doi.org/10.1016/j.cell.2013.04.041

Jones PA (1999) The DNA methylation paradbsends Genet 15(1): 337.
https://doi.org/10.1016/s0168525(98)0163&®

Jones PA (2012) Functions of DNA methylation: Islands, start sites, gene bodies and beyond.
Nat Rev Genet 13(7): 48492.https://doi.org/10.1038/nrg3230

Jonsson B, Jonsson N (2016) Trans generationa
size of the offspring in Atlantic salmd@ealmo salarJ Fish Biol 89(2): 14821487.
https://doi.org/10.1111/jfb.13040

Jonsson B, Jonsson N (2019) Phenotypic plasticity and epigenetics of fish: Embryo temperature
affects laterdeveloping lifthistory traits. Aquat Biol 28: 2B2.
https://doi.org/10.3354/ab00707

Kamstra JH, Alestrém P, Kooter JM, Legler J (2015) Zebrafish as a model to study the role of
DNA methylation in environmental toxicology. Aquat BiolEnviron Sci Pollut R 22: 16262
16276.https://doi.org/10.1007/s11398. 434667

Kelley JL, Tobler M, Beck D, Sadldriggleman I, Quackenbush CR, Arias Rodriguez L,
Skinner MK (2021) Epigenetic inheritance of DNA methylation changes in fish living in
hydrogen sulfidérich springs. P Natl Acad Sci USA 118(26): 2014929118.
https://doi.org/10.1073/pnas.2014929118

Kho J, Delgado ML, McCracken GR, Munden J, Ruzzante DE (2024) Epigenetic patterns in
Atlantic herring Clupea harengys Temperature and photoperiod as environmental stressors
during larval developmenidol Ecol 33(1): 17187https://doi.org/10.1111/mec.17187

Kilvitis HJ, Alvarez M, Foust CM, Schrey AW, Robertson M, Richards CL (2014) Ecological
epigenetics. Ecological genomics: ecology and the evolution of genes and genomes, Springer,
pp 191 210.https://doi.org/10.1093/icb/ict012

40



Kim M, Costello J (2017) DNA methylation: An epigenetic mark of cellular memory. Exp Mol
Med 49(4): 322322.https://doi.org/10.1038/emm.2017.10

Kurdyukov S, Bullock M (2016) DNA methylation analysis: Choosingritpiet method. Biology
5(1): 3.https://doi.org/10.3390/biology5010003

Laine VN, Sepers B, Lindner M, Gawehns F, Ruu
for studying DNA methylation variation in wild vertebrat&tol Ecol ResouR3(7): 1488
1508.https://doi.org/10.1111/1758998.13624

Li Y, Fu B, Zhang J, Xie J, Wang G, Jiang P, Yu E (2021) Genoide analysis of DNA
methylation reveals selection signatures of the grass carp during domestication. bioRxiv
2021:11.04.467282. https://doi.org/10.1101/2021.11.04.467282

Lipps HJ, Postberg J, Jackson DA, McGowan PO, Szyf M (2010) Environmental epigenomics:
Understanding the effects of parental care on the epigenome. Essays Biocheni 287 275
https://doi.org/10.1042/bse0480275

Liu Z, Zhou T, Gao D (2022) Genetic and epigenetic regulation of growth, reproduction, disease
resistance and stress responses in aquaculture. Front Genet 13: 994471.
https://doi.org/10.3389/fgene.2022.994471

MacKay AB, Mhanni AA, McGowan RA, Krone PH (2007) Immunological detection of
changes in genomic DNA methylation during early zebrafish development. Genome 50(8):
778 785.https://doi.org/10.1139/gBa@55

Marioni RE, Shah S, McRae AF, Chen BH, Colicino E, Harris SE, Deary 1J (2015) DNA
methylation age of blood predicts-alhuse mortality in later lifasGenome Bial 16(1): 1 12.
https://doi.org/10.1186/s13098.505846

Massicotte R, Whitelaw E, Angers B (2011) DNA methylation: A source of random variation in
natural populations. Epigenetics 6(4): #227.https://doi.org/10.4161/epi.6.4.14532

Mayne B, Berry O, Davies C, Farley J, Jarman S (2019) A genomic predictor of lifespan in
vertebrates. Sci Rep 9(1)i 210. https://doi.org/10.1038/s41598.9-5444 7w

Mayne B, Berry O, Jarman S (2021) Optimal sample size for calibrating DNA methylation age
estimatorsMol Ecol ResouR1(7): 23162323.https://doi.org/10.1111/1758998.13437

Mayne B, Espinoza T, Crook DA, Anderson C, Korbie D, Marshall JC, Marshall S (2023)
Accurate, nordestructive, and higthroughput age estimation for Golden pemta¢quaria
ambigua spp.using DNA methylation. Sci Rep 13(1): 954ittps://doi.org/10.1038/s41598
023367732

Mayne B, Espinoza T, Roberts D, Butler GL, Brooks S, Korbie D, Jarman S (2021) Nonlethal
age estimation of three threatened fish species using DNA methylation: Australian lungfish,
Murray cod and Mary River cot¥ol Ecol ResouR1(7): 2324 2332.
https://doi.org/10.1111/1758998.13440

41



Mayne B, Farley J, Feutry P, Bravington M, Davies C (2020) Rapid epigenetic age estimation
for southern bluefin tuna. Commission for the Conservation of Southern Bluefin Tuna.
https://www.ccsbt.org/system/files/ESC26_10 CCSBT_DNA%20ageing_Final.pdf. Accessed
24 June 2024.

Mayne B, Korbie D, Kenchington L, Ezzy B, Berry O, Jarman S (2020) A DNA methylation age
predictor for zebrafish. Aging (Albany NY) 12(24): 24817.
https://doi.org/10.18632/aging.202400

Mayne B, Mustin W, Baboolal V, Casella F, Ballorain K, Barret M, Berry O (2022) Age
prediction of green turtles with an epigenetic clddkl Ecol ResouR2(6): 22752284.
https://doi.org/10.1111/1758998.13621

McCormick MI, Hoey AS (2004) Larval growth history determines juvenile growth and survival
in a tropical marine fish. Oikos 106(2): 22%12.https://doi.org/10.1111/;.0030
1299.2004.13131.x

Metzger DC, Schulte PM (2017) Persistent and plastic effects of temperature on DNA
methylation across the genome of threespine sticklelizagtérosteus aculeafus’roc R
Soc B 284(1864): 2017166fttps://doi.org/10.1098/rspb.2017.1667

Metzger DC, Schulte PM (2018) The DNA methylation landscape of stickleback reveals patterns
of sex chromosome evolution and effects of environmental salinity. Genome Biol Evol 10(3):
775 785.https://doi.org/10.1093/gbe/evy034

Mhanni AA, McGowan RA (2004) Global changes in genomic methylation levels during early
development of the zebrafish embryo. Okenes Evol 214: 41217.
https://doi.org/10.1007/s004204-04180

Moore, LD, Le, T, & Fan, G (2013) DNA methylation and its basic function.
Neuropsychopharmacol 38(1):-38. https://doi.org/10.1038/npp.2012.112

Moran P, PéreFigueroa A (2011) Methylation changes associated with early maturation stages
in the Atlantic salmon. BMC Genet 12(1):8L https://doi.org/10.1186/1472156:12-86

Muyle AM, Seymour DK, Lv Y, Huettel B, Gaut BS (2022) Gene body methylation in plants:
Mechanisms, functions, and important implications for understanding evolutionary processes.
Genome Biol Evoll4(4): 038 https://doi.org/10.1093/gbe/evac038

Nakamura S, Yamazaki J, Matsumoto N, I noue Mu
M (2023) Age estimation based on blood DNA methylation levels in brown héak&col
Resour23(6): 12111225.https://doi.org/10.1111/1758998.13788

NavarreMartin L, Vifias J, Ribas L, Diaz N, Gutiérrez A, Croce L, Piferrer F (2011) DNA
methylation of the gonadal aromatase (cypl9a) promoter is involved in temperature
dependent sex ratio shifts in the European sea bass. PLoS Genet 7(12): 1002447.
https://doi.org/10.1371/journal.pgen.1002447

Nedoluzhko A, Mjelle R, Renstrom M, Skjeerven KH, Piferrer F, Fernandes JM (2021) The first
mitochondrial Smethylcytosine map in a nemodel teleost@Qreochromis niloticusreveals
extensive strangpecific and not€pG methylation. Genomics 113(5): 303057.
https://doi.org/10.1016/j.ygeno.2021.07.007

42



Otterdijk SD, Michels KB (2016Jransgenerational epigenetic inheritance in mammals: How
good is the evidence? FASEB J 30(7): 245%65.https://doi.org/10.1096/{}.201500083

Ou M, Mao H, Luo Q, Zhao J, Liu H, Zhu X, Xu H (2019) The DNA methylation level is
associated with the superior growth of the hybrid fry in snakeheaddismfa argusx
Channa maculaje Gene 703: 123.33. https://doi.org/10.1016/j.gene.2019.03.072

Pal C, Miklos | (1999) Epigenetic inheritance, genetic assimilation and speciation. J Theor Biol
200(1): 19 37. https://doi.org/10.1006/jtbi.1999.0974

Pan Y, Chen L, Cheng J, Zhu X, Wu P, Bao L, Zhang J (2021) GenaeeDNA methylation
profiles provide insight into epigenetic regulation of red and white muscle development in
Chinese percBiniperca chuatsiComp Biochem Phys B, 256: 110647.
https://doi.org/10.1016/j.cbpb.2021.110647

Pierron F, Heroin D, Daffe G, Daramy F, Barré A, Bouchez O, Nikolski M (2022) Genetic and
epigenetic interplay allows rapid transgenerational adaptation to metal pollution in zebrafish.
Environ Epigenet 8(1): 022. https://doi.org/10.1093/eep/dvac022

Pierron F, Lorioux S, Héroin D, Daffe G, Etcheverria B, Cachot J, Gonzalez P (2021)
Transgenerational epigenetic sex determination: Environment experienced by female
zebrafish affects offspring sex ratio. Environ Sci 21: 22.
https://doi.org/10.1016/j.envpol.2021.116864

Piferrer F, Anastasiadi D (2022) State of the Art Review of age prediction in fishes using
epigenetic clocks. FishGenoreliverable 1.2c. European Commission.

Piferrer F Anastasiadi D (2023) Age estimation in fishes using epigenetic clocks: Applications
to fisheries management and conservation biology. Front Mar Sci 10: 1062151.
https://doi.org/10.3389/fmars.2023.1062151

Piferrer F, Anastasiadi D, Valdivieso A, Sanciigaizan N, MoraleddPrados J, Ribas L (2019)
The model of the conserved epigenetic regulation of sex. Front Genet 10: 857.
https://doi.org/10.3389/fgene.2019.00857

Quinn TP, Peterson NP (1996) The influence of habitat complexity and fish size emiotezr
survival and growth of individually marked juvenile coho salm@ndorhynchus kisutghn
Big Beef Creek, Washington. Can J Fish Aquat Sci 53(7): 11B&5&.
https://doi.org/10.1139/f3692

Ren L, Zhang H, Luo M, Gao X, Cui J, Zhang X, Liu S (2022) Heterosis of growth trait
regulated by DNA methylation and miRNA in allotriploid fish. Epigenet Chromatin 15(1): 19.
https://doi.org/10.1186/s130022-004556

Ribas L, Vanezis K, Imués MA, Piferrer F (2017) Treatment with a DNA methyltransferase
inhibitor feminizes zebrafish and induces lelegn expression changes in the gonads.
Epigenet Chromatin 10i 16. https://doi.org/10.1186/s130{®L.7-01687

Schreiber E (2020) MethylSeq Direct workflow: A fast method for DNA methylation analysis. J
Biomol Tech 31(Suppl): 29.

43



Sepers B, Erven JA, Gawehns F, Laine VN, Oers K (2021) Epigenetics and early life stress:
Experimental brood size affects DNA methylation in great Bts§s majoj. Front Ecol Evol
9: 609061 https://doi.org/10.3389/fevo.2021.609061

Shao C, Li Q, Chen S, Zhang P, Lian J, Hu Q, Zhang G (2014) Epigenetic modification and
inheritance in sexual reversal of fish. Genome Res 24(4).684
https://doi.org/10.1101/gr.162172.113

SiY,He F, Wen H, Li S, He H (2021) Effects of low salinityepgenetic changes of growth
hormone and growth hormone receptor in half smooth tongueGg®glossus semilaeyis
Reprod Breed 1(1): 121. https://doi.org/10.1016/].repbre.2021.01.001

Skvortsova K, Tarbashevich K, Stehling M, Lister R, Irimia M, Raz E, Bogdanovic O (2019)
Retention of paternal DNA methylome in the developing zebrafish germline. Nat Commun
10(1): 3054 https://doi.org/10.1038/s4146¥19-108956

Smith G, Ritchie MG (2013) How might epigenetics contribute to ecological speciation? Curr
Zool 59(5): 686696. https://doi.org/10.1093/czoolo/59.5.686

Smith G, Smith C, Kenny JG, Chaudhuri RR, Ritchie MG (2015) Genwithe DNA
methylation patterns in wild samples of two morphotypes of threespine stickleback
(Gasterosteus aculeatusol Biol Evol 32(4): 888 895.
https://doi.org/10.1093/molbev/msu344

Stearns SC (2000) Life history evolution: Successes, limitations, and prospects.
Naturwissenschaften 87: 486.https://doi.org/10.1007/s001140050763

Tangili M, Slettenhaar AJ, Sudyka J, Dugdale HL, Pen |, Palsbgll PJ, Verhulst S (2023) DNA
met hyl ati on mar ker s of MogEeolR20M:4724%4h non mode
https://doi.org/10.1111/mec.17065

Tian S, Sun W, Sun X, Yue Y, Jia M, Huang S, Zhu W (2023) Intergenerateapraductive
toxicity of parental exposure to prothioconazole and its metabolite on offspring and epigenetic
regulation associated with DNA methylation in zebrafish. Environ Int 173: 107830.
https://doi.org/10.1016/j.envint.2023.107830

Todd EV, OrtegeRecalde O, Liu H, Lamm MS, Rutherford KM, Cross H, Gemmell NJ (2019)
Stress, novel sex genes, and epigenetic reprogramming orchestrate socially controlled sex
change. Sci Adv 5(7): 7006ttps://doi.org/10.1126/sciadv.aaw7006

Tomizawa Sl, Nowack&Voszuk J, Kelsey G (2013) DNA methylation establishment during
oocyte growth: Mechanisms and significance. Int J Dev Biol 56(102): 867 875.
https://doi.org/10.1387/ijdb.120152gk

Vaisvila R, Ponnaluri VC, Sun Z, Langhorst BW, Saleh L, Guan S, Davis TB (2021) Enzymatic
methyl sequencing detects DNA methylation at skiiglee resolution from picograms of
DNA. Genome Res 31(7): 1280289.https://doi.org/10.1101/gr.266551.120

Venney CJ, Anastasiadi D, Wellenreuther M, Bernatchez L (2023) The evolutionary
complexities of DNA methylation in animals: From plasticity to genetic evoluG@mome
Biol Evol 15(12): evad21éhttps://doi.org/10.1093/gbe/evad216

44



Venney CJ, Love OP, Drown EJ, Heath DD (2020) DNA methylation profiles suggest
intergenerational transfer afaternal effects. Mol Biol Evol 37(2): 54948.
https://doi.org/10.1093/molbev/imsz244

Venney CJ, Mérot C, Normandeau E, Rougeux C, Laporte M, Bernatchez L (2024) Epigenetic
and genetic differentiation between Coregonus species Gamme Biol Evoll6(2):
evae013https://doi.org/10.1093/gbe/evae013

Venney CJ, Sutherland BJ, Beacham TD, Heath DD (2021) Population differences in Chinook
salmon Oncorhynchus tshawytschBNA methylation: Genetic drift and environmental
factors. Ecol Evol 11(11): 6846861.https://doi.org/10.1002/ece3.7531

Venney CJ, Wellband KW, Normandeau E, Houle C, Garant D, Audet C, Bernatchez L (2022)
Thermal regime during parental sexual maturation, but not during offspring rearing,
modulates DNA methylation in brook chaBalvelinus fontinalis P R Soc B 289(1974):
20220670https://doi.org/10.1098/rspb.2022.0670

Vigneau J, Borg M (2021) The epigenetic origin of life history transitions in plants and algae.
Plant Reprod 34(4): 26285. https://doi.org/10.1007/s0049321-004223

Waddington CH (2012) The epigenotypet J Epidemiol 41(1): 1i0L3.
https://doi.org/10.1093/ije/dyr184

Wang HP, Shen ZG (2023) The Potential Role of Epigenetics in Aquaculture: Insights from
Different Taxa to Diverse Teleosts. Epigenetics in Aquaculture, Wileyi #8.1
https://doi.org/10.1002/9781119821946.ch1

Wang X, Bhandari RK (2020) DNA methylation reprogramming in medaka fish, a promising
animal model for environmental epigenetics research. Environ Epigenet 6(1): 008.
https://doi.org/10.1093/eep/dvaa008

Wang X, Ma X, Wei G, Ma W, Zhang Z, Chen X, Liu J (2021) The role of DNA methylation
reprogramming during sex determination and transition in zebrafish. Genomics Proteomics
Bioinformatics 19(1): 4863. https://doi.org/10.1016/j.gpb.2020.10.004

Wang YY, Sun LX, Zhu JJ, Zhao Y, Wang H, Liu HJ, Ji XS (2017) Epigenetic control of
cypl9ala expression is critical for high temperature induced Nile tilapia masculinization. J
Therm Biol 69: 7684. https://doi.org/10.1016/].jtherbio.2017.06.006

Weaver | C, Cervoni N, Champagne FA, D6Al essi o
Epigenetic programming by maternal behavior. Nature Neurosci 7(8)8847
https://doi.org/10.1038/nn1276

Weber C, Capel B (2021) Sex determination without sex chromosomes. Philos T R Soc B
376(1832): 2020010%ttps://doi.org/10.1098/rsth.2020.0109

Webster KA, Schach U, Ordaz A, Steinfeld JS, Draper BW, Siegfried KR (2017) Dmrtl is
necessary for male sexual development in zebrafish. Dev Biol 422(%6.33
https://doi.org/10.1016/j.ydbio.2016.12.008

45



Wen AY, You F, Sun P, Li J, Xu DD, Wu ZH, Zhang PJ (2014) CpG methylation of dmrtl and
cypl9a promoters in relation to their sexual dimorphic expression in the Japanese flounder
Paralichthys olivaceus] Fish Biol 84(1): 19305.https://doi.org/10.1111/jfb.12277

Xie N, Tian J, Meng X, Dong L, Jiang M, Wen H, Lu X (2023) DNA methylation profiling and
transcriptome sequencing reveal the molecular mechanism of thedrigbhydrate diet on
muscle growth of grass cargtenopharyngodon ideljaAquac Rep 30101545.
https://doi.org/10.1016/j.aqrep.2023.101545

Yuan XL, Gao N, Xing Y, Zhang HB, Zhang AL, Liu J, Li JQ (2016) Profiling the genmme
DNA methylation pattern of porcine ovaries using reduced representation bisulfite
sequencing. Sci Rep 6(1)i 110. https://doi.org/10.1038/srep22138

Zeng Y, Chen T (2019) DNA methylation reprogramming during mammalian development.
Genes 10(4): 25'https://doi.org/10.3390/genes10040257

Zhang S, Cheng Y, VDchtovg§8 P, Boryshpolets
Potential implications of sperm DNA methylation functional properties in aquaculture
management. Rev Aquacult 15(2): 5866.https://doi.org/10.1111/raq.12735

Zhang TY, Hellstrom IC, Bagot RC, Wen X, Diorio J, Meaney MJ (2010) Maternal care and
DNA methylation of a glutamic acid decarboxylase 1 promoter in rat hippocampus. J
Neurosci 30(39): 131303137 .https://doi.org/10.1523/jneurosci.1039.2010

Zhao Y, Sun H, Wang H (2016) Long noncoding RNAs in DNA methylation: New players
stepping into the old game. Cell Biosciencei®.https://doi.org/10.1186/s135€8L6-0109
3

Zheng X, Li Z, Wang G, Wang H, Zhou Y, Zhao X, Sun F (2021) Sperm epigenetic alterations
contribute to inteland transgenerational effects of paternal exposure tetésny
psychological stress via evading offspring embryonic reprogramming. Cell Disco@{1
https://doi.org/10.1038/s4142121-003435

Zhong H, Xiao J, Chen W, Zhou Y, Tang Z, Guo Z, Zhang M (2014) DNA methylation of
pituitary growth hormone is involved in male growth superiority of Nile tila@igeochromis
niloticus). Comp Biochem Phys B 171: 8. https://doi.org/10.1016/j.cbpb.2014.03.006

Zhong H, Zhou Y, Zhang H, Xiao W (2021) DNA methylation pattern is associated with
elevated expression of DGAT2 in hybtithpia. Aquacult Nutr 27(5): 175Q760.
https://doi.org/10.1111/anu.13312

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Chanda SK (2019)
Metascape provides a biologmstiented resource for the analysis of systéenel datasets.
Nat Commun 10(1): 1528ttps://doi.org/10.1038/s4146¥19-092346

46

S,



2. Tdbl es and figures
Figures and boxes in order

6,000

Hits

of

i muhwwwww

appearance.

. L

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

,_A,_A._.,_.,_AH,_A,_A,_A._.

Z
120:
)

AEpi geneticomeohghage) ondDNAIl ue), and

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

increase beginning in the early to mid 2000s.

47

Keywords

Combined
[ DNA methylation

[ Epigenetic

redh e

comb



Box 2.1 List of definitions of recurring terms in order of appearance
1.0 Introduction

1 Epigenetics:modification and regulation of gene activity and/or expression without
changing the nucleotide sequence.

1 Non-coding RNA: Non-protein coding RNA strands that can inhibit protein synthesi
physically blocking or degrading primary transcripts (Costa 2008; Smith and Ritchi
2013).

1 Histone modifications: Modifications (e.g., acetylation, phosphorylation), often
enzymatic, to histone bodies that can alter the chromatin and influence access to [
transcription (Deichmann 2016).

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

1 CpG islands (CGls):A group of repeating CpG sites commonly found in the promo
regions of genes and are usually unmethylated.

1 CpG site: DNA methylated site specifically consisting of a cytosine that precedes a
guanine.

1 Somatic (morphometric/meristic) traits: quantitative traits that are associated with t
physical size and shape of an organi g

1 Methylome: Complete DNA methylation information in the genome.

1 Reproductive traits: Aspects of the reproductive life cycle that are influenced by thg
environment both at the parental level (e.g., fecundity) as well as at the offspring lg
(e.g., sex determination).

1 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

1 Differentially methylated regions (DMRs): Genomic regions exhibiting different
methylation states across individuals and/or treatments.

1 Hypermethylation/hypomethylation: Any given CpG site or DMR can be hyper
hypomethylated with respect to a reference sequence or to the same sequence in
treatmengroup. Hypermethylation indicates a higher proportion of methylation whil
hypomethylation indicates a lower proportion of methylation in the target sample(s
in the control.

9 Genomic imprinting: Monoallelic expression of genes due to silencing of either
maternal or paternal copy

1 Permutation test: A statistical test to compare experimental data with a distribution
created from permutations of the data under the null hypothesis, thereby testing hd
likely experimental data is to be observed.

50DNA met hyl ationds role in regulation

9 Conserved Epigenetic Regulation of Sex (CERS) mod&llodel of sex regulation that
postulates sexual development is closely tied to the development of a specific gon
phenotype as opposed to factors that lead to the development of said phenotype (
et al. 2019).
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Box 2.2 Designing an epigenetic clock how accurate are they?

Epigenetic clocks are increasingly being developed formodel organisms in part due tg
our understanding of how DN#ethylation patterns change as an organism ages. The
of epigenetic clocks involves modelling the DNA methylation patterns at CpG sites ag
the known (e.g., from a captive population) or estimated (e.g., from otoliths in wild cay
fish) age of mdividuals through supervised machine learning methods employing regrg
models (Mayne et al. 2020b; Nakamura et al. 2023; Tangili et al. 2023). CpG sites thg
strongly correlate with age are then selected and form the foundation of the clock. Ge
parwise alignment tools (e.g., basic local alignment setwohor BLAST) can also be uss
to identify homologous sequences containing target CpG sites as demonstrated by N
et al. (2023), where they used 12 genes associated with age across hogsrendicats tq
develop an epigenetic method of estimating age in brown deesss arctos.

Two parameters are commonly used to assess the accuracy of the estimated epigeng
from the chronological age: a correlation coefficient (i.e.,R¥p@and/or mean/median
absolute deviation (MAD) (Mayne et al. 2020; 2021b; Nakamura et al. 2023; Tangili e
2023). Tangili et al. (2023) conducted a comprehensive-aretlysis on how different
parameters influence the performance of the DNA methyldtssed methods for estimati
age. High performing epigenetic clocks are characterized byR3igihd low MAD values,
but MAD values varied across multiple parameters (e.g., captive vs. wild, number of (
sites) and are mor e y@ahgilicctat 2023 Number & Cp&l
sites especially was found to have a strong negative association with scaled MAD val
Overall, the study found that epigenetic clocks have the potential to predict chronolog
age with high accuracy.

The zebrafish epigenetic clock study by Mayne et al. (2020) employed the methodolo
described above and identified 29 CpG sites that exhibit high correlation in both the ty
(Pearson correlation = 0.95yplue < 2.20 x 18% and testing (Pearson correlation = 0.9
p-value < 9.56 x 18%. Out of the 29 sites 26 were optimized for multiplex PCR assay {
would be foundational for the development of epigenetic clock in other fish species (S
Section 5.2).
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2.15 Online Supplementary Materials

Tab$S22.Gene Ontology (GO) enrichment analysis r«
studies focusing on tmed hrydlaatiiomn samidp ebaeatl we esnt a
The Zelaafl iopgheenfoime i s used as the primary fish
terms are filtered usi ngpvtaH et eMe<t &@Os Ddlp e nd enfi anwlm
three genes, and enrichment factor > 1.p5). Co!
values reported in negativegVabubaseallOufat end"
Benj aHomicnhiber g met hod accounting for multiple t
GO ID Description Count Logl0(P) Log10(q)
G0:0008406 Gonad development 4 -7.78 -4.25
WP1337 MAPK signaling pathway 4 -3.55 -0.42
G0:0003407 Neural retina development 3 -3.27 -0.19
R-DRE-1474244 Extracellular matrix organization 3 -2.96 -0.02
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Tab$S2.Gz2.matology (GO) enrichment analysis resu
studies that focus on DNA methyl ati omamn osi ze
rejgenome i s used as the primary fish referenc
the Metascape pgedlawe t<p@ar@mmetmirsi fium count of
enri chment factor > 1.5). Count prveafleuress troe ptohret
i n negative | og base dwWalfuersmacta | caunlda-tLeodg 1u0s(iqgn g
Hochberg method accounting for multiple testi

GO ID Description Count Logl10(P) Logl10(q)

hsa04922 Glucagon signaling pathway 8 -11.79 -7.45

G0:0040007 Growth 10 -9.72 -5.98

G0:0032787 Monocarboxylic acianetabolic process 10 -8.88 -5.31

GO0:0007517 Muscle organ development 8 -8.08 -4.69

G0:0032355 Response to estradiol 6 -7.98 -4.63

G0:0090116 C-5 methylation of cytosine 3 -7.64 -4.49

WP4194 Hormonal control of pubertal growth spu 3 -7.64 -4.49

G0:0006090 Pyruvate metabolic process 5 -7.40 -4.35

G0:1903532 Positive regulation of secretion by cell 7 -6.93 -4.04

G0:0030855 Epithelial cell differentiation 9 -6.88 -4.04

G0:0032870 Cellular response to hormone stimulus 8 -6.50 -3.79

G0:0060736 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

G0:1901615 Organic hydroxy compound metabolic 7 -5.46 -2.99

process

hsa04814 Motor proteins 5 -5.21 -2.8

G0:0098727 Maintenance of cell number 4 -4.66 -2.37

M279 PID RB 1PATHWAY 3 -4.02 -1.91

G0:0044057 Regulation of system process 6 -4.00 -1.89

WP3584 MECP2 and associated Rett syndrom: 3 -3.87 -1.79
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Tab$32.G:ne Ont odmrgiyc{meOnt anal ysis results of E
seven studies focusing on aging Danfb)sheusong

genome is used as the primary fish reference -
Met ascape defpavwalltuep a<r @&@meétler smi(ni mum count of t
factor > 1.5). Count referspual uehe mapdretre d fi n

10 format, angd ald awgelsO (cp)l ciud atHeea h b ssrthgpgdmBe nj ami n
accounting for multiple testing.

GO ID Description Count Logl0(P) Log10(q)
G0:0048704 Embryonic skeletal system 4 -3.29 0

morphogenesis
G0:0016197 Endosomal transport 3 -2.46 0
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b$2.Ge£ne Ontology (GO) enrigemmesntodnailcy ®ids f e
udi es that explore the role of DNADaetit byl at |
Jjgeonome i s used as the primary fish referenc
e
r

Met ascape pgedlawet<p@ar@metmirsi hum count of
i chment factor > 1.5). Count pveafleuress troe ptolret
|l og base 10 fogwmatuyueandalLoghlh8tgidhbsrgygmBeh,j
counmuhgi pbe testing.
GO ID Description Count Logl10(P) Logl10(q)
G0:0008406 Gonad development 6 -12.26 -8.7
G0:0003006 Developmental process involved in 9 -10.77 -7.44
reproduction
G0O:0032776 DNA methylation on cytosine 4 -0.22 -6.14
R-DRE-212300 PRC2 methylates histones and DNA 6 -8.64 -5.72
G0:0030855 Epithelial cell differentiation 6 -5.2 -2.7
G0:0048565 Digestive tract development 4 -4.38 -1.94
G0:0042246 Tissue regeneration 4 -3.98 -1.57
R-DRE-212436 GenericTranscription Pathway 6 -3.72 -1.35
G0:0045595 Regulation of cell differentiation 6 -3.65 -1.3
G0:0048863 Stem cell differentiation 4 -3.11 -0.89
G0O:0007507 Heart development 5 -2.42 -0.34
G0:0048880 Sensory system development 5 -2.18 -0.15
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CHAPTBRLI FE HI STORY | MPLI CATI ONS OF KI N
STRUCTURAEN IANTLANTI C HERRI NG AGGREGATI ON

31Abstract

Kinship in natural marine fish systems has been little explored in part due to costs of
genomic analysis. This is especially true for va@oyndant and commercially exploited marine
fish with broadcast spawning. Recent advances in genomicshuavever facilitated an
improved understanding of population structure in marine systems at fine geographic scales.
Here, we identify kinship structure in an aggregation of Atlantic Herfgpea harengys
juveniles. We identified 11 and potentially up to 14 {sdlif pairsusing a suite of 92 sequenced
microsatellite DNA markers in a sample of N=1391 herring individuals comprising two cohorts
(ages & and 1+) collected from the 2018 Fall research survey of the Southern Gulf of St.
Lawrence. We also discuss the detection of three potentidifigllin the data by way of
association from the ha#fib pairs where two individuals are halbs to a thirdut not to each
other. This putative fulsib pair was detected in the kinsl@gKMRsimanalysis albeit outside the
significance threshold used- (= 12). This study suggests the presenckin$hip structure in a
juvenile herring aggregation three monginignore post hatching with implicatisfor our

understanding of herring early life history.

32l ntroduction

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, witlos grotentially
forming cohesive units that enhance survival through coordinated movement and predator
avoidance (Parrish and Edelsté&ashet, 1999). Reproductive strategies, including mate choice
and spawning site selection can also be shaped by kimshipdividuals may prefer to mate with
relatives to maintain genetic integrity or mate with-melatives to avoid inbreeding (Waldman,
1988; Krausand 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; Bravingibn2i16a;
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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 populétiaugh 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 methmdtudingtagging and catch data analysis, can
provide valuable information but also have their limitations.éxample, tagging studies often
have low recapture rates, can be invasive,aaadery difficult if not impossible to implement on
juvenile fish without considerablriskof mortality or morbidity while catch data may be biased
by fishing practices and environmental conditions (Cury et al., 2000; Fromentin and Powers,
2005). Kinship structuranalysis involves identifying familial relationships within a population,
often using genetic markers. Genetic tools are becoming increasingly accessible, allowing for
large sample sizes whietas until recentlya primary barrier in marine fish exhibiting large
population sizesCGhristie et al., 2010; Schunter et al., 2014).rActical application for kinship
analysis using DNA profiling is incorporating sibship information into estimating abundance,
especially within and across offspring cohort samples in a-«kios@arkrecapture or CKMR
framework (McDowell et al., 2022). lngporating 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 keystonespecies (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 significamimercial fisheriesBarrio et al.,

2016; Benoit and Rail, 2016; McDermid et al., 2018; Wilson et al., 26{E8)ing migrate
extensively during their lifetime but are known to return to their natal areas for spawning
(McQuinn, 1997; Ruzzante et al., 2008elvin 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, M8Zhersoret 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 milvhich 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
reman 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 lles, 1989; Cresci et al., 2020). In somengedwo 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 temper@Ruizzante et al. 2006; Lamichhaney et al.,
2017; Kerr et al., 2019; Han et al., 2020; Fueftagdo et al., 2024 he incorporation of
information on life history with genetic studies on early life stages hgedhaich of our
knowledge on the mechanismof the population structure in Atlantic Herri(gnthony and
Fogarty, 1985Stephenson andower, 1988McPhersoret al., 2004Bang et al., 2006; Ruzzante
et al., 2006 Sinclair andPower, 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 lles, 1989; McQuinn, 1997). One relatively unexplored
aspect of th life history of Atlantic Herring is kinship structure particularlyaispawning area.
In some other species with a pelagic larval phase, abiotic facthuging ocean currentsave
been shown to impede random mixing of larvae resulting in high sibship frequencies (Veliz et al.,
2006; McDowell et al., 2022Most 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 {Paeiest al.,
2024), buino assessmehts 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 insigtd herring larval ecology and spawning
behavior.

Understanding kinship relationships can shed light on the mechanisms driving behavioral

patterns such as schooling, and how they influ@opeilation 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 fithess (Hamilton, 1964). Kinship
analysis can reveal whether schooling and migratory behavionsflakeniced 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-NL391 Atlantc Herring juveniles collected from a single
schooling aggregation in the Gulf of St. Lawrence. Despite the exgempedation size upwards

in the tens of millions of individuajsve identified 11 and potentially up to 14 hsilb pairs

among 980 age 0+ herring juveniles. Additional relational evidence is consistent with the
possibility that at least one of these kslf pairs may instead comprise a pair of-fills

33Materi als and met hods

33 .At l antic Herring sampling and age det

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 (F3jliraspart of the
2018Fisheries 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 compuiseef m
tissues from three spawning aggregations (118, 119, and 120 Bid.) 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-P4 cm classified as age class 1+pasFisheries and Oceans Canada
length-at-age data (Figure3&l) (McDermidet al., 2018)Otolith growth rings were then used to
cross reference these assignments andpgrmiherrindoy spawning seasons (Jones, 1986). Out

of the 2045 herring, 1391 fish were 0+ Spring spawned and 654 fish were 1+ Fall spawned.

33.M01l ecul ar methodol ogy and microsatel]l

DNA was extracted with the Glassmibikotocol modified from Elphinstone, Hinten,

Andersonand 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 at20°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). Aotal of 192 microsatellites were designed and testel?&rherring
collected from throughout the Gulf of St. Lawrence from this study. Semnylel50bp
sequencing was done on the MiSeq Benchtop Sequencer (lllumina, San Diego). MEGASAT
(Zhan et al., 2017) was used to demultiplex and score alleles (minimumpee siimple per
locus was set at 50 reads). When necessary, allele scoreadjvested manually within
MEGASAT. A total of 118 loci were retained after MEGASAT. Microchecker 2.2.3 (Van
Oosterhout et al., 2004), GenAlEx 6Pe@kall and Smouse, 200&nd 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. Detaileegarding reagents and the quality control of microsatellites can be
found in McCracken et al. (2014a, b). Briefly, genoBIMA was quantified using Quaitt
PicoGreen (Invitrogen, Carlsbad, California), and lllumina Nextera XT DNA Sample Prep Kit
(Hlumina Inc., San DiegdCalifornia) 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 XTbbsad
normalization protocol (Mcfacken et al., 2014a). A total of 94 loci distributed across all 26
chromosomes were retained for usédanvnstream analyses (Tabld.5. Information regarding
microsatellite quality and parameters including observed and expected heterozygosity as well as
allele frequency can be found in Tablg@1S

All 1656 herring individuals were sequended singleend 150bmn the lllumina HiSeq
250071 High Throughput for these 94 microsatellite loci. Subsequently, two more loci (CHR 93
and CHR 135) wereamoved 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), péwcus ki, 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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33.13denti fying kinship strucGKuMRs ifmm om he

The R(Rstudio Desktop v.1.3.1093 with R v.4.0pBckageCKMRsim(Anderson, 2016)
was used to detect kinship structure within and across the cdbERsimemploys 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 outplikelibgod ratios for
inferring the relationship of interest incind parentoffspring pairs, fullsib pairs, and hai$ib
pairs The loglikelihood ratio can be gually 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; Numnonzero wts), ane- *a- eflects the logikelihood ratios to be used for
determining the number of Haffib or FultSib Pairs (HSPs or FSPs). Choosing the most
appropriates- 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 &gy (1)

where N is the number of individuals examined and [N #L{Nis the number of comparisons.
This reference FPR is used as a threshold to distinguish statistically significant related pairs (half

sib and fullsib pairs for this studyjrom unrelated individuals.

34 Resul ts

34 .Elsti mating kinship pairs using CKMRsI

Of the N=1391 Atlantic Herring retained,Nd80 were age 0+ and=Md11 were age 1+.
Age 0+ herring are spring spawned and age 1+ herring are fall spawned3Iablderefore, at
the time of capture in the Fall of 2018, 0+ herring were likely4-n8onths old. No statistically
significant HSP and FSP relationships were detected between individuals in the age 1+ cohort nor
across cohorts between any of the agertkagge 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 significansibabiairs
(HSPs) but not fulkib pairs (FSPs) (Figui&2). The reference falggositive rate for identifying
statistically significant FSPs was 1.040F (Table 8.2), 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 generateklMirsim suggesting that
significant FSPs (Table33) would na be detectewvithout increasing sample size which would
lead to an increase in the number of pairwise compariRagardless, 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 g8l2ble
Figure3.2). We identified 11 and potentially up to 14 HSPs from the age 0+ data @lable
Four individuals were related as halbs to multiple individuals, two of thenppear related to
each other as ha#fibs with ae- *slightly below the threshold *alue of 12 (Tabl&.3), or
alternatively as potential fullibs for which we do not have enough power to distinguish them
(Table .3).

34 .FHRaisfi b pairs analysi s

Thefalse positive and false negative rateBRs and FNRsespectively¥or statistically
distinguishing hakisib pairs from unrelated individuals within the age 0+ cohort are shown in
Table3.2. The reference FPR for this cohort is FPR=1.622& his value corresponds &%

12.6 (Table3.2). Weconsidered- *= 12 as a threshold to estimate the number ofdialpairs in

the age 0+ cohort to reduce the likelihood of potential false negatives (Bigur€éhere are 11

half-sib pairs in this cohort with a logl_ratio > 12 that are formed by 18 unique individizddke

3.3). Three additional pairs of hadfbs exhibit a logl_ratio > 11. Considering these extra three
pairs, there are in total 22 individuals involved in potential-bififpairs. Of the 22 individuals,

two individuals, Ch226, and Ch250 are ksilfs of two imividuals eachTwo other individuals,

Ch258 and Ch290 are halibs of three individuals each (Tal¥&; Figure3.3). Initially with

logl_ratio > 12, individual coosition of these relationship pairs revealed that individual Ch258

is related® Ch226, Ch290, and Ch534 but these three individuals were not related to each other.

This is not biologically possiblenandividual cannot be related as a ksilf with three
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individuals who are not related to each otiMidsing 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-assessed with GenAlEx once more after discovering the high degree
of relaednessWe inferred that at least one of Ch226, Ch290, or Ch534 must be related to each
other. Indeed, lowering the */alue to 11 leads to the addition of more +sltf pairs, including

that of Ch226 and Ch2qTable3.3, #14; Figure3.3). However, the relationship between Ch226
and Ch290 appears to be slightly more complicated than simptgibalas the FSP analysis

below implies that some of the haibs including Ch226 and Ch290 are potentially-$ithis.

34 .F3u-si b pairs analysis

Thea Value for FSP was estimated using the same reference FPR value of(ZGe
they are derived from sample size but based on a different FNR and FPR table that considers the
ability to distinguish fullsib instead of hal§ib pairs (Table $2). The FPR values generated
using the age 0+ cohort did not pass the reference FPR values. Upon extending the FNR query to
cover a wider range,a& "of 12.6 was found to correspond to the reference FPR value, but this
value | ies withi rVvalueéiguréd.d) Censequently, whde sél/&P 6 s
candidate SPs are identified with a |logl _ratio O
distinguishing true FSPs from HSPs; this is made clear by the presence of 13 HSPs being
identified as candidate FSPs in TabR3$and the overlap between fgibs and haikibs
logl_ratio curves shown in FiguB22. 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 identifiedrebove
threshold logl_ratio values to be true HSPs than FSPs. Despite the lack of statistical power,
Ch226 and Ch290 may potentially be a true-$iltl pair.To summarize, one individual, i.e.,
Ch258 appears to be related as-sdifto three other individuals, Ch290, Ch226, and Ch534 and
two of these i.e., CIZ5and Ch 30 are also haikibs to each other or potentially fisibs (Table
3.3 and Table $.3).

35Di scussion

We detected up to 14 hadib pairs from 980 spring spawned age 0+ Atlantic Herring

individuals using 92 microsatellite loétour individuals were detected as kin to more than one
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partner, two of them in fact were related as a-biilfto three partners. One pair in particular was
identified as a halib but downstream analysis revealed that they are potentialisilisll This
finding, coupled with the fact that the 0+ herring vat 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 populatidine 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 abunuze of 250.2 million in 2021, approximately 34.2% lower spawner
abundance than the average spawner abundanatectfar the 16year 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 ohe 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, howevarptha
direct estimate of population size is feasible with our wittohort data as they likely reflect the
potential influence of a sweepstakes ke vari ance in reproductive ¢
Hedgecock effect) (Hedgecock, 1994; Hedgecock amtb¥kin, 2011; Wples and Feutry,

2022) Incorporating juveniles into population abundance estimates (e.g., througkkilosark
recapture (CKMR) approach) is possible but additional analysis incorporating multiple years and
juvenile tows are required @Dowell 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 ofpdirs is expected to scale quadratically wité t

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 theamaten (Evans and
Geffen, 1998). The chances of one male fertilizing multiple eggs of the same female are likely

low due to the largaumber 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 tsatesthat 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 mwher areas in the Gulf, and by the presence of gyres in the bays that may
locally retain larvae@Ghassé and Miller 2010)evertheless, the implication thatzenile 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, 199%hristie et al., 2010; Kamel and Grosberg, 20TBg age 0+

herring collected in this study were spring spawned fistmigae 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 theinargpawning site (i.e.,
entrainment; Fortier and Leggett, 1983; Sinclair and Tremblay, 198%h&tson an&ower,
1988;Chambers, 2021)Y.he Adopteemigrant hypothesis (McQuinn, 1997) is derived from this
migratory phenomenon, where juvenile cohorts are recruited to adult aggregations and are not
based on habitathis hypothesis explains repeat homing in adult herring that return to spawning
grounds which are different from their natal origin (Chambers, 20218 retention of larval

herring in a spawning ground has been previously documgsiteclair and lles, 1989;

McQuinn, 1997)but the degree of relatedness among lawa poorly understood. Here, our
results suggest that related herring individuals still congregate together within a motendlose
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-$ialpairs represeing ~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 disproportioelgtsmall relative to the number of juveniles, consistent with
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Hedgecockds sweepstakes reproduction hypothes

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 areerify 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-8 months after hatching. The reference threshold should also
be considered and tested in future studies. We opted for a conservative threshold because
CKMRsimis 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-beisede
management approaches. The consequence of this conservative threshogdudyois an
underestimation of the number of detected sibship pairs, especially for HSPstlZ weelack
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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310Tabl es and Figures

Table 3.1. General summary of the Atlantiterringsamples collected from Gulf of St.
Lawrence in 2018 divided according to age class. Fork length determined the ages of the
Atlantic Herringindividuals 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 61 15 Spring 980

Age 1+ 654 17-21 Fall 411

Table 3.2. Estimates of false negatives and false positive ratasdard error, number of non
zero weights (Nuamonzero wts) ane¥ or logl_ratio valuesdr the 0+ cohort comparing half
sibs to unrelated individuals generated frl6iWMRsim The underlined values in the False
positive rates ane columns straddle theference falspositiverate value used as a threshold
(1.042E07), butet =12was chosen i n downstream analyses
false negatives

False negative rates Falsepositive rates Standard error  Num-nonzero wts o

1 0.01 3.73E05 2.30E 6 19800 4.95
2 0.05 1.03E06 3.38E 8 19000 9.84
3 0.1 1.34E07 3.54E 9 18000 12.3
4 0.11 1.043e07 2.77e09 17792 12.56
5 0.2 9.81E09 2.18E10 16000 15.3
6 0.3 1.21E09 2.51E11 14000 17.6
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Table 3.3. Half-sib pairs detected for Age@ulf of St. Lawrence Atlantitlerringjuveniledata

(N = 980) generated fro@KMRsim 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
thethree pairs below the dotted lines were likely {sathis but with logl_ratio values slightly

below the threshold value. Individuals tlaaé halfsibs 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 Cho87 15.2
8 Ch258 Ch226 14.9
9 Ch250 Ch774 14.0
10 Ch1115 Ch676 12.6
11 Ch258 Ch534 12.2
12 Ch637 Chog4 119
13 Ch463 Cho64 11.8
14 Ch226 Ch290 11.2
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Figure 3.1. Map of the AtlantidHerringsampling 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 Rstudio Desktop v.1.3.1093 with R v.4.Qvith the package
ggOceanMaps.1.2.6 with the shape files EPSG Projec®®®5 WGS 84/Arctic Polar
Stereographic
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Figure 3.2. Log-likelihood by densityplot of full-sibs pink) vs. haltsibs (green) vs. unrelated

(blue) individuals for Age0O+ dataN(= 980) generated frofstudio Desktop v.1.3.1093 with R
v.4.0.1 with the packagggdot2 v3.3.5 (Wickham, 2016). The black solid line indicates ftve

12 obtained from th€ KMRsim anyhalf-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 tlewerlapping fullsibs and haitkibs curve which suggests a lack of
power in distinguishing between the two sibships category.
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Ch226 Ch290

./

Ch774 ’ Ch250

Figure 3.3. Graphical representation showing the fsallf pairs that are related to more than one
individual based on theKMRsimanalysis. Two individuals (Ch226 afh250) are related to
two individuals and another two (Ch258 and Ch290) are related to three individuals. Initially
Ch226 and Ch290 were not classified as-Bdi§ under logl_ratio > 12 from tl@&KMRsim
analysis but was found to be related with logl_ratio > 11. In additiorsitulbairs analysis from
CKMRsimrevealed these pairs are all potential-filtis though there is insufficient statistical
power to elucidate whether they are ksilis or fultsibs.
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311Supporting 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 iativaso Kerr

et al. (2019) was used to design the markers using MSATCOMMANDER v1.0 (Faircloth, 2008).
TheClupea harengu€h_v2.0.2 genome (GenBank GCA_900700415.2) was used as reference.
Number of different alleles (Na), observed heterozygosity (Ho),ctegdneterozygosity (He)

and fixation index (F) for each microsatellite were estimated using GenAlIER&&4ll 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 0412 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 0545 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
CHRA43 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
CHRS88 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 0904 0.919 0.016
CHR38 15 203.7 13 0.692 0.682 -0.014
CHRG62 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 0591 -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
CHRG69 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 0593 0592 -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 ratasdard error, number of non
zero weights (Nurmonzero wts) anek or logl_ratio values fothe 0+ cohort comparing full
sibs to unrelated individuals generated frélkMRsim None of the fals@ositive ratedisted
belowpassed theeference falspositiverate value used as a threshold (1.040ZFindicating
there is insufficient statistical power to confidently identify FSPs.

False negative rates False positive rates Standard error Num-nonzero wts &
1 0.01 3.344e21 3.331e22 19800 41.2
2 0.05 1.267e24 6.526e26 19000 50.3
3 0.10 1.529e26 6.265e28 18000 55.2
4 0.20 5.227e29 1.728e30 16000 61.3
5 0.30 7.016e31 2.118e32 14000 65.8
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Table S33. Full-sib pairs with the corresponding logl_ratio detected for AgeO+ GSL herring data
using 92 loci N = 980) generated fro@KMRsim The first 13 out of 17 underlined pairs

indicate those that were identified previously as?El8ut there is not enough statistical power to
classify any of the pairs as true fgib pairs. O half-sib pair was not detected in the falb

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 Chog84 7.7
11 Ch258 Ch534 4.8
12 Ch463 Ch9o64 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 halfsib 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
Herringindividuals. Based on otolith analysis, the age 0+ are Spring and the age 1+ are Fall

spawned fish. The plot was generate®gtudio Desktop v.1.3.1093 with R v.4.0.1 with the
packageggpot2 v3.3.5.

Haisfi b pairs f-9rbApgei is, afkal y¥si s and ki n

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 tedrefofficient

power to confidently identify these pairs as true-sdk. 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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CHAPTERERI GENETI C PATTERNS I N ATLANTI C |
(CLUPEA HARENGIUUBSMPERATURE AND PHOTOPERI O
ENVI RONMENTAL STRESSORS DURI NG LARVAL D

This chapter has been previously published as

Kho, J., Delgado, M. L., McCracken, G. R., Munden, J., & Ruzzante, D. E. (Z)3ddgnetic
patterns in Atlantic herringQlupea harengys Temperature and photoperiod as

environmental stressors during larval developmidiolecular Ecology, 3@.), €e17187.

4 Albstract
Understanding the molecular mechani sms und:
environmental changes is crucial for species

i ncl Adl aHgrir@hgpea haaee@goafs particular interes:

ecol ogical and economic roles and their susce,
Temperature and photoperiod have been | inked
but nossthwhdy Mhar investigated the role of env
the vulnerable early devel opmental stages. He |

herring bred under two temperaturztsr) 1AL mad
a 2X2 factWer ifwlundlexioqirs.i stently high | evels of
i ndividuals and a decline in global met hyl at i
pronounceRd G.tG,ABUAGt Gan Car@ 01.1,2 1U EMIOst0O50f t he

di fferentially methylated sites were in exon
and devel opment, some of which were hyper met h
demonstrate t hRENA mpeotrhtyalnat iroon ed wrfi ng | arval de
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| mportantly, DNA met hyl ation can be herital

environmental changes experienced by parents
al ., 2015; Venney et al ., 2022). tOuegi runrdelre tian
adaptation is continuously expanding. Il n part
met hyl ome of different environment al vari abl e:

her rGlnugpe(a hasesngem, wa srpeelcaiteisvewiyt hnien t he f i el
i nvestigate the effect of two key environment ;
met hyl ati on patterns across early stages of d.
key var i eaebplreosd uict itome srt r at egi es of Atlantic he
met hyl ation patterns change with respect to t

climate change tolerance in this species.

At | aHerircesnhga coast al pel agic fish distribut e
Atl antic herring are migratory and exhibit fi.
They are broadcast demersal spawmersasthat dep:
characterized by dynamic environmental fluctu.
fish species, Atlantic herring experience higl
to these const avaty, e xtt9e/rdn a IHosutdreg s sSLoOr89 )(. Thei r
even the slightest environmental changes make:
environmental stressors during early devel opm
popul ati on demedtaipctsatanodn lioncaAtl antic herring (
al ., 2003; Bekkevold et al., 2005; Li mborg et
Lamichhaney et al ., 2012, 2017, 201®ParHKere et
al2.0,24 These genetprowaisded smeme st Wndaoveemat y pes oin
northwest Atl antic popul ations corresponding |
Atl antic herring (LamPahdaf2épPdateglen, spetviikE
candi dat e genesstiinneuluadtiinogn ah otrhnyornoe dr ecept or h a
di fferences in spawning time and chr omosomal |
temperature during spawni n2g0 1tPiamedt a(8lL8apPndiaclh.h,an ey
However, our understanding of the role of epi:
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still in its infancy (i .e., Poirier et al., 2
across the epigenome of Atlantic herring can |

of this and potentiall yeaslpoonset teor thel adiaa gfi in

To investigate how environmental stressors
conducted a rearing experiment. Atlantic herr.|
coll ected in the fall of 2019 an&ac202Q@.y @noss
Dal housie University. The fertilized eggs wer
and photopwpemnmIidgh( 6bycles) treatments in a 2X2
was monitored for threeotwep&krsiodopdr dmentpemr |t we
reflect the fall l ocalrns@maawnitmgeg adnecdirniaonye( 5
conditions r(,13tACe alnadt tle2rh of whsiucrhf aacl es ot ernepfel reactt
increase due to global warming (~2AC; Shear ma
| arval samples were taken at thredadtchge posf
hatch, and yolk absorption stages) and sent f .
Comparisons across treatments and stages of d.
met hyl ation analysis and si gnirfeil eavmatnlty bmetl hoygli .

processes through Gene Ontology (GO) analysis

met hyl ation trend as the | arvae develop over
2013; Kamstra et al ., R&di5ze Vogth R20CR¢easiamg
photoperiodicity to increase hypermethyl ation
genes associated with devel opment (see e.g., .

Kourkouta et al ., 2021).

4 MBaterials and met hods

4. BthAhtement on et hics

This study was conducted in accordance wit!
Uni versity Committee on Laboratory Ani mal s wi
(File #d02e2@®nomics of spawning csédaegaonalgi ty
Clupea haramdguBiilloeEf# 1029 5v%4 popul ati on si ze an
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4. Haznpl e coll ection and rearing experir

Adult Atlantic herring individuals were col
Bank in September of 2019 and 2020. Eggs and
Solution or-AIH®BrSIScH,Si@anavi | | e, Canada)ngt 4AC c
facility (Jing et al ., 20009; Carmi chael et al
facility at Dal housie University on the same

4. Re&Aring experiment setup

The experimental setup consisted of four r
combination of temperature r¢gé$lrh@lgartd 13 AQ@) mem
2X2 factorial design. Each raceway was equi pp:
mesh covering on all sides to facilitate wat e
Each container heelld efdo ucru pisn dwii tihd ureelslhy cloavbe r e d
fl obwgluAg . 4. 1n totalconhhereewsrenseach of four
overall. Sea water adjusted to the correct te
fed into each contaihiegulAP. 4RECEWEARS ewexyg gENaA
of two and the top two raceways were exposed

raceways were exposed to a 6hr | ighitglktycdycl &4
and tlhiegtth treat ments were set upeesi ngf étl woc a
These |lights were then controlil ghlt bgy @alne a.ut B Ime
two raceways were covered on the sides to pre:
circumvent confounding variables in downstrea
treat ment and devel op menndteanlt | syt aogfe ewaacsh aontahleyrz e
treat ments were compared at one |light cycle 1t

4. Fed4tilization and crosses

A tot al of 76 cr oss€eldd ecroaripe ipsa rnggn tes gihnt  2nall 9
and five female parents in 26R2Quwer dPétomdudtoe
fertilization, eggs were sampled and examined
presence of a clear yolk and protopl asm. Sper
agitating the milt. ForwenehptCReotegrdistappt bxiema
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HBSS solution to cover the eggs. Fseustpdn sziadn o |
(10mL of sperm in HBSS and 10mL of Ginsburg s
Samples of the fertilized eggs were randomly

mi croscope.

Fertilized eggs are characterized by a cl e,
presence of perivitelline space), indicating
the eggs were not mature (i .e.,asmandédrc!| pardiyqg c
HBSS contains nutrients and agent s -fteératti Ipir oend

€eggs resemblaek ia choatstso o fbhtasixlt,ue eslaméy | s. Throug
experi meatti nioned egdgs haart cehg gwse rteh arte nbivle dnd r om

parasite or fungal infections.
Once fertilizaFigmwBéepsetbosnfwemedpllaced i n
parental -maDe()f evaad!l e ecorded. Each cup held one

and each raceway held six containers for a to

monitor ed nowind en gd ainldy e(venit2neg )d afyossr. a peri od of

4. 3Nhdl e | arvae sampling

Whol e | arval samples were taken at three s
hat chhatpos,t and yol ki gbBerpHALoheastgebr eée indi
collected at random from each treatment at ea
the effect of individual genetic variation in

i ndividual suwethnd pbmpepati od combi msaithi on or |
families (differeal mapse)nab evbedt poaedatbi as
Sampling was | et hal -2Wi2t. h Sampd veasr dvegs ®@g st ®fr eMdS i
20AC.
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4. PNA extraction and whole genome bisul

A tot al of 53 individuals @22 Wweoen CO0lLBeatni
DNA extraction. DNA was extracted using Qi age:l
Germany) following manufacturer-»8A@rbooceshor E:
an80AC for long term sst(olr% gaeg arCGoes e ed eelc)t rwagsh ous
extraction success and sample qu¥isty. DNA wa:

Spectrophotometer.

Tabl ehéows the number of individual | arvae |
of 2019 and 2020 that were sent for whole gen:
were sent for sequencing from the 2019 i1ilyAQ& ntd
poor sample quality. A |ist of thMa addli Bodual s
2019 and 2020, respectively.

Bisulfite conversion was done using NEBNexXx:
wor kfl ow (New Engl and BioLabs, Oshawa, Canada
'l uminads NovaSeq 6000 PE150 at 49X coverage.
trmants primarily focused on 2020 individual s
treatments in the 2019 experiment. Analyses wi

i ndi vidual s.

4. Al Tgnment and quality control
Sequenced data were run through FastQC voO0O.

control (i .e., potential coverage issues) and

adapters. All sequenced sampleespaesed att higs eid)

Clupea hefengumse genome (GCF _900700415.1 Ch _v
version 0.22.3 (Krueger and Andrews, 2011) an:q
with default settings. Thelsumbegedf freads83f 6
151. 5M Mars’e so.f 42he reads were dedulp%iwerteed uni
duplicate alignments that were omitted from d
2020 individuals ranged9%48@mofilORotlM toedd@9. wdl
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unique aligR3dewes eandpbi cate alignmel@) swa®dne
removed from downstream analysis due to poor |

Quality control using Multi QC (Ewels et al
i ssues. After alignment and sorting of indivi.:
t hheet hplakktage. First the percent CpG methyl ati
assessed to confirm the charMactep)st Nexbi mode
coverage was assessed to avoid uneven 4&Lloverag:
bottom). The percenyl atiisamiodnud i oov eorf a e Gf anre t &l
typical patterns from a succedxs)f.ulPrhicmultfo tteh e
met hyl ation analysis, the BAM (binary alignme

using Integrative Genomic Viewer v.2.9.4 (1 GV)

Analyses of global methyl ation | evels were
Team, 2020). Boxplots wenggph &M &rkahtaend WwL2s0ilnlg .t HIr
packsatgeeBs 6. 2 was used Ues0f®@$t sigmidiigminfti daride
analysis of variance function was conducted a
was foll owed kpyi Tuwk esye mwlmpiapli es ornwitsoe icdoemmptai rfiys c
contributing to thesdaesgowerdrd caneed .t Paaswes® 1t he

di fference between temperature or photoperiod

4. /F and A/ G SNPs analysi s
Polymorphisms stemming from base pair subs:
(C>T) and guanine to adenine (G>A) can bias m
unmet hyl ated cytosine converted to awammrdtl kdeir |
di fferentiated from a cytosine to thymine SNP
met hyl ated base detection. To asS$SNResr t(hGa oo cectul
2015) was wused to firisde ipooll yamoer pSINiPssms()s i wigtl he d
The program outputs a |ist of SNPs and met hyl
sites). The SNPs were filtered for C>T and G>,
sites using Oaevkmey oenmaald. (S2@2%) for more det

masking SNPs) . Comparison between the filtere
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then conducted to assess the effect of SNP sul
were used to calculate the proportion of SNP
met hyl ated regions (2%%l def &edePédgalttmet hbgt ani

of the substitutions on DMR detecti on.

4. Pigferenti al met hyl ati on anal ysi s

Di fferenti al met hyl ati on anamgshy¢$/AKWat i acoed
al ., 2012) with default coverage filtration p.
di fferentially methyl ated r egmeotnhsy U(KDOMRtss) | ev el
bedgraph files that show significant | evels o
regions, which can be viewed within | GV. Diffge

met hyl ated sites that ear & reiad mefnit sg ntwlhy | ci fdfi &

met hyl ated regions (DMRs) are clusters of | on:
bet ween treat ments. For temperature and phot o
treatment groufd8ACi fer, teimh@rws ure). For stag

compari sons are made -bhat ovle ea ghanidmcsht) s p eDgMR (ain.ad .y
conducted-owsirn@apgpimgn 1000 bp sliding window w
di f ferdermcasl uvaen | ess than 0.01 as the threshol d

met hyl ati on patterns across stages of devel opl
After assessing the significance of treripdrest u
through Principal Componeet hphh&hgdgsl &€6V,(PEA; exga
DMRs across gene components. DMR analyses on

i ntergenic regions) across s@agkses Bfpdekalfepm
genomatnggplwats2 used to create donut plots to b
annotated pipeline can be found on Github rep
(https:// github.com/jf)orce92/ HerringMethyl ati o

A statistical test on differential met hyl af
treat ment was conducted using | ogistic regres:
proportions for each base otr rlegimouwml arkype@tsh &3

di fference between the control and treat ment [
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null hypothesRwaliweg eyielclt elda| dlehseveo t edr t ®ectg f o

di scovery rates in multiple hypothesis testin
empl oyreed hbyylAKiat i n et al ., 2012). A default cut
and Ov.alllueq were applied for all downstream ana

4. 3GdMe ontology anal ysi s

I nformation on the proportion of different,|
regions provides only partial understanding o
further expand our wunderstandingi oh Wwéempebabdul
associated DMRs across devel opmental stages,
annotation was condmet baindan o m.a tt AremoR apt aecdk aggeen o
Atl antic herring (Ch_v2. 0GEZEFAPOO7DO0BI5AI) 3N twiac
downl oaded from University of California, San-
et al., 2004). The annotated pipeline can be
(https:/ /T github.com/ | f)or cAfA2e/rHegrernienrgaMei tnhgy |tahtel oz

di fferentially methylated regions, the distan:
used to obtain the nearest gene name associ at
di fferenti allgy omst hygl athed generated. This | is
Ont ol ogy analysis using Metascape (Zhou et al
useéld mo shopressbsequent DA® i ameleyngygiosa nd eppiitoen f o
organi smnl.becagpaisecensor e i nformative GO ter ms. He
gener ated wusignggp ltonte2 . R package

4 Rlesul t s

4. Po¥tertilizatilmat cshirvg valc aedgds

Overall, 327 and 412 | arvae hatched from 7
respectivel y. Eggs hatched ear |5 edrayi-n dshyes 61 3 A
respectively) but they al so experntencheadn hihgeh el
treatment (45% vs. 27% at 6 hr |l ight and 67 % -
obtained f 043)202v e(rTaalbll,e hSat chi ng success per

accounts for eggs thatf we-fpadtemovatdi dnedewveln:
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embryo formation) and eggs that did not hatch
epi sode was in the order of 60%. A total of 5

anal ysi s.

4. 451 D bal met hyl ation | evels of Atlantic

The percent CpG methylation | evels (gl obal
i ndividuals ranged from 69.46% to 78.46% with
ranged from 64.12% to 75.19%2wiaril) ®SnHiagbr hgeel
gl obal met hyl ation across all samples suggest
detected trace amounts of CHG and CHH Il evels
base besides G) which werdeée g0 dilnd | chetee dti kel iyn sfe
and/ or alignment artefacts. C>T and G>A subst.
results. Our SNP analysis indicates, however,
0. 75%) of the toanalof€pGthetwhol degenbdbmedirres,
fewer than half of them (~0.31%) were | ocated

overall downstream methyl ation analyses in thi

4. DNA Met hyl ati on patterns across stage

Average gl obal met hyl ation | evels declined
in days) indepenf@e®0-0obB®Bg e MmGatdp a(rri sscons acr
devel opment al stages were assessed in treat me
stage. A decrease in average gl o-batcmedahgl| po st
hatch stagé&sgunealBled wrakteishpasntd yol k absorpti or
three treatments showidaclines,i hBipppuR®agd. 3Ine e |

Patterns of hypermethyl ated DMRs suggest c:
devel opment and temperature. Similar patterns
DMRs comp-hAmitod pgainst yolk absorpthonh 41AGes
treat ment suggests temperature stress may sup,
| ate devel opFmegnurael I14.tdageer devel opment al stag
hyper methyl ation -laat OMRan d ey ovdeteang dpocitpd e penden
treat(nreangtusr.e Tdh.edse abrupt shifts in hypermethyl
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a consistent increase in hypermethyl ated DMRs
Photoperiod had no observable effect on hyper.
stages as evidenced by similar pamndel?2ls in hy
treatments at the {d&meg utr.emphe dad rutrrea ¢ tr,e att hmeerng v
hypomet hyl ated DMR signals &bgue)e2d&bid dnd faeppeparn
patterns corresponding to treatment nor devel

The timeframe in which gl obal met hyl ati on
ey finding. Despite the iIinconsistency in peal
verarching trend of increasing iy pdrirmdt lcylnasti:
See Talh458saA®l) S Differenti al met hyl ati on anal

amples shows that the majority of hyper methy!

nw —~ O X

ntrons independent owkbevdeyetbpmental astagesea:
yper met hyl ated DMRs in prombatéchréegi ohe wbeéek

bsorption stages. An increase in hypermethyl:

QO 9 =

bsorption st agme ¢ameg esxt pr easfsiiegfufr gecttS 4ah5 s st age

We examined the potential interaction bet w
gene regions and the decrease in global met hy |
|l evel s of genes and transcripts a@sNsAoci ated wi
ransferase 3A doer niodtMTBAat eepoasi Wekl f a
across the devel opmental stages. We observed

~+

met hyl

chromosome 14 corresponding tdoesa fscercta oDhDNAf a
ransferast¢ikeansanispgtr, pPNMaghrneat h X . A
are hypermethyl ated at the y-bhkchba@aadppboeh st

—+

met hyl
stages; this pattern is consistent in both sa

specifically within a gene broaogk asnd nidd cmdtean t

associated with increased transcription acti v
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4. Phobtoperiod Iis not a primary contri bt
devel opment

No statistical difference in average gl obal
photoperiodicity treatments despit(igquséi §84t6
i .RQ0,. 0200 .09™hi.s decrease in globwad rmnBhbpbatived
in two cwusclls §UMddCptpirbecat shageéagePACThe 13AC t
particular shows a more pronounced decrease i |
(Fi gur/fe,PG04..068 1p3-A€t cPOOv.sR.B8 IyloA&K absorption), hce
decrease i s more apparent when comparing bet w
(Fi gurk) .S4. 6

4. £fF ect of increasing temperature on r
devel opment

The decline in average gl obal met hyl ati on
more pronounced atFi gerfO 49heor0 7t € ope ria3tAlCr)e (Te m
treat ment comparisons across all devel opment al

t herlli2aghht cycle. While there is a general decr
stages at both temperatur ePQ rOe.adtOre)n tesn | yt hfeo rd et
treatment and notP florAAi)ge) el BS@aepl eatsmerts Wer e

for these comparisons in the other treatment

Within individual devel opment al stages, we
decrease) with increasing temperature at the |
(Fi gurRO 40..604) . Increased rearing temperature
the global methylation profile | argely only i/
treatment, comparisons-hadtehdsomalge wdemadeeaf o

di fference betweenFitegmp8&dabure treat ments (

Princiopal component analysis (PCA) on DMRs
di fferenti al met hyl ati on altatoslts -hdaetvcelp ogdmepnatrail s
t he -hpaotscth i ndi vi dual s are more trcgbaltlyychkbkepten
from thrag cpnr é ndi vi dual s i n the FL3gAO)e rSHati7me nt
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cl ear separation between temperature treat men:
po-eatch and yol kFiadpwrga. pS4.o0m st ages (

DMR analysis reveals that percent different
promoter, exon, i ntron, Il ntergenic regions) V.

than in the 11AC treatment wheoafe de vFéilgoupmmeant y(

4)7 Overall, we observed a relatively high pe
not i n promoter regions. Separating the DMRs |
reveal s that most tof htylpeo med Fhiyd tart)eerdSNREVERHUI (y, t h
proportions of exon, intergenic, and intron mi

absorption stage IiFS guaaatkdqfdirjehe&Sd4c dbmpari son (

4. H5ehhe ontology analliyduscsedfhympenprae tah wir &

Figurséhodws8 the top 10 GO terms exhibiting h
stages of devel opment fFargubrdetonrS4tftaBrhgerldtsur eoft rG
The number of genes with hypermethyl ated DMRs

i n t kRheatpconstvs. yol k absorption comparison, sug
response at higherGOemeematwreh The hbghésveni
hypermethyl ated genes corr espocneds steos .b i @eslylnutlhaer
macromol ecul e biosynthetic process has the hi.
both temperatures, but the differencéeaitrchhype
vs. yolk absorption afiGDBACl160Déat ket et@AhesGO
(henceforth SSD) is the only term consistent]|
devel opment al stages, suggesting methylation
devel opment. kmbtheomogenetsheéeé hmt contain hype
higher in the 13AC treatment (avg. 151 genes
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4

.Bi scussi on

We documented the gl obal met hyl ation | evel

stages of development2O0l®dvamagdad 27 D3%W/ Y%oor 2020)

reported gl obal met hyl ation | evels in fishes
stickleback: 70.3% (Metzger & Schulte, 2018),
juveni | eEuand eaadhuletel : 70. 9% (Liu et al., 2022)
met hyl ome of environmental stressors in the f.
during incubation and early devel opmevretlasl st a
decrease across developmental stages and thes:
temperature (13AC) amdtlksehgdst Behowower dodc (s,
our findings in detail
4. Mex hyl ation across stages of developr
The methylation profile differed across de:
apparent in both temperature and photoperiod
was oOoObserved as development progretssals,, cd20b3;
Kamstra et al., 2015; Vogt, 2022). Hy pomet hyl :
decr edarsrada citni vity which is associated with the
et al., 1987; Barbot et al., 2002; Boll ati et
that this decrease in global meshwyoati pnohewvaeal
with increasing temperature. Subsequent anal y:
temperature was associ ahadchvi-hiddd apadstagase bel
an increabeaet €Ehomopydtlakf easb samragd toigomruss to a recov
reprogr ammidng (Thhieguraect t hat we observed diffe
relatively short time frame and between tempe:
sensitivity of the methyl ome duringSeeBarsilsy st a
by Anastasi adi et al . (2017) found temperatur
| arvae but not juveniles. The | arvalf ganosgdge i s
fishes particularly as it is a period of grow
di fferentiation and gene expressions. Thus, |
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| eading to a noticeable change in methyl ation

example shown in this study.

DNA methyltransferase expression has been
(Campos et al ., 2012; Dasmahapatra and Khan,
herring genomdnmg®alu.ratreeds mlittsh show hyper methy
DNMT3A ke transcript variant on chromosome 14

previ ous Ftiwgou pset adghebss -[D XkMT 3IA anscri pt variant i :

dnmtg2Zane, a key regulatory genampmosprdeamating 2d
Dasmahapatra and Khan, 2015; Kamstra et al .,
is |l ocated within the gene body which is pote:

Chess, 2007; Jones,O0lrRrestHutamngare iah.corO@RMJ :
(2012) who obsednmetddaganencneabeednin de novo |
during zebrafish devel opmenHeraet, ehlyepveartneedt hiynlcaut
gene botypaondobher region is a potentially sig
t

ranscription el on gCaotnivoenr sbeuty,n ayte nien ibtoidayt iment hy

~+
-

anscription (i.e., human active X chr omosom:

and preventing repressive histone modificati o

splicingaotiexbasly at splice junctions ( Maor
met hyl ati on can | mpactt hteh eg efnuen casi odneav e |sa pgnme rf ti
4. Semperatureds influence on methyl atio
Gl obal DNA met hyl ati on

Temperature had a more significant i mpact
devel opment al stages than photoperiod. This i

of gene regions at 13AC which shdudd€ &armat enewn
(i .e., increase in differentialFingeutphey |Zahtd@ on o0
effect of temperature is also reflected in bo
separation in the numbderclodsthegrpiemrgned the | tad eMRS
respectively. Overall, the results show a si gl
At | aHer réwen at only 2AC difference.
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The effe
with patter
gl obal met h

ct of temperature on gl obal DNA me!
ns describerddiesthaveéi seowabutrieat Pr

yl omes in different ways (Anastasi

et al., 2020). Metzger and Schulte (2017) obs.

di fferent d
Anastasi adi

i ncreased t

epwealad pmen taanld taecm | i mati on temperatu
et al . (2017) found significant d

emperature in | arval but not juven:

par €l netvaell may also influence the methyl ome of

(Sal vel i ng(svdmmey netl iasl . , 2022) . Here, we focu:

fertilizati
influence t
of individu
results obs

specific si

on to the yolk absorption stage to
he devel opment of |l arval matl ast ize |
als, whole | arvae were used to obt
erved retll ecssaesoiwhechi ma-s&fiaoadi v
gnals (Liang et al., 2011; -Kamstra

specific, and ideally the tissue type that be:

when p&Resiemltei mprovements to methodol ogy have

framework (Clark et al., 2016) and should be
Di fferenti al met hyl ati on across gene regions
Temperature also influenced the proportion
particularly in the exon and promoter regions
within exon regions or gene bodi etsh atsh ed edveed roepa
i n gl obal methyl ation patterns across devel op
hypomet hyl ation in exons is also in response

significanc
l iterature
phenotype i
al . (2022)
met hyl ati on

ul ti mately

e remains uncert hias. bMenhhylleatciromed
since the early days of DNA met hyl ;
s an ongoing debate (Jones, 2012; |
r e vti eywleadt igeem ei b opllyamies and concl ude
i's associated with | evels and pat"

adaptation is stildl uncl ear . I n hui

attriobuytreodnott i ng gene expression through trans
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hi stone modifications (Huang et al ., 2021) , a

chromosome (Hell man and Chess, 2007; Jones, 2
bodies in humans is associated wiyt H otume dglnobal
cancer (Dunn, 2003; Mendi zabal et al ., 2017) .

Hypomet hyl ati on of gene bodies within specifi
coronary heart disease (Xu etmial .(,Kua(01.s4)etamnd .
The consensus across |iterature on the functi

is dependent on genomic | ocation (i.e., what

Contrary to exons, we see |l ess differential

ncreases particularly in the | ater stages of

evel opmental stages in hypermetbpbatived Ob0Dwp

o Q

ypomet hyl ation in promoter regions at 13AC.
o various phenotypic expressions including s
Nav-Rlarpb2zn et al ., 20dd)pot®Ameriabn, a0igpt oNi |
016), Zebrafish (Han et al., 2021)) and musc|
l., 2013), Atlantic salmon (Burgerhout et al

-+ N —

unctioaoahceighiboth exon and promoter regi on:

XxXpression, the fact that we saw differential

nw o

uggests plasticity, which can potentially ha\

c

nknown in the Atlantic herring system.

4. Phdtoperiod and | ack of methyl ation s

l ncreasing phrdtoomvwrsi cad sforcamtéehd wi th a down
met hyl ation, however this difference was not
di fferences were detected when comparing met h
temper aQ uor.e9s9)( Pwhi ch suggests a |lack of intera
phot opFergiuacde. (SBUhe&r e are sever al reasons that m
observed between phot oeprerriinogd, tprheocattonpeenrtisod Fiosr s
deci sion windows such as the presence of food

physi ol ogical conundrums that are stil/l irrel

108



herring may not show an apparent response to |
Though sample size may also be a contributor,
di fferentially methyl ated pattacnessbeswagerst o)

devel opment from our rearing experiment with

examined changes in gene activity at the met h
expression at differentlT@HReamles Lhem &g-atl .t he
Pardo26RP4al.transcriptomic | evel

4. 3 mpact on Atl antic herring biology
Mortality was hi gh%0s%) pwhiocrh tios hcaotncshiisntge n(t7 |

reports of up to 95% mortality prior to hatch
l ncreases in temperature have bbaengdeodment éed
in the | arvae of other fish species (Yang and
2015). Consistent with this data, here we rep

mortality in the 13AC than in the 11AC treatm

We used methyl ated sites within genes as a
across developmental stages and between tempe
reased hypermethyl ation at 1 3df%G eilno pgreennets, a
consistent with the differential percent met h;
macromol ecul e biosynthetic process and regul a:;

c
n
c

number of hyper met hhwhlhtaendd gyemlels dled avreptni @m est ¢
c
S
e
n

increased temperature may inhibit key metabol |
observed an increasing gradient in hyper methy|
treatments syplkelidtazlaldysti emthevel opment (SSD)
genes associated with SSD can potentially | ea
Negative effects on early stages of growth ani
observedupt i n numerous species (i1 .e., Gilth
Senegal ese sol e, Dion2sio et al., 2012; Tench,
temperature specifically have beenkkel akel to
devel opment (O6Dea et al ., -a2n0all9y,s iKso uoafk oduet vae lea p
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4. $Appl ementary material s

Ta b l4& FaB 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.
Sample
Number ID

Raceway Time Temp  Photoperiod

1 2B 1 13 6:18
2 1 2 13 6:18
4 4-1 TR 1 13 -
5 2-1 TR 2 13
7 1B 1 13 6:18
8 5B 1 13 6:18
9 8 1 13 6:18
10 1 1 13
11 1B 1 13
1 13

WWWwWwwwwnmN
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T a b 14 e. 148 of 54 Atlantic herring larvae sampled in 2020 from the reciprocal transplant
experimenconducted 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 nio¢ pragalt

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.

Sample
Number 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 5 13 6:18
9 2C BL 3 13 6:18
10 6 1 13

11 4 1 13

12 7C 1 13

13 5B 2 13

14 4 2 13

15 7C 2 13

16 7 3 13 12:12
17 7B 3 13 12:12
18 1-4B TL 3 13 12:12
19 4B 1 11 6:18
20 6C 1 11 6:18
21 5C 1 11 6:18
22 4 2 11 6:18
23 4B 2 11 6:18
24 3C 2 11 6:18
25 3C 3 11 6:18
26 2 3 11 6:18
27 2B 3 11 6:18
28 2 1 11
29 4C 1 11
30 8C 1 11
31 5 2 11
32 3B 2 11
33 6C 2 11
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Sample
Number ID Raceway Time Temp  Photoperiod
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T a b 14 e. ABrage mortality (in percent) of Atlantic herring larvae from post
hatch stage to yolk absorption stage for 2019 and 2020 divided by treatment.

Average 2019 2020
mortality (%) 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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T a b 14 e. MuBnber of hypermethylated vs. hypomethylated DMRs by chromosomes across
developmental stages in 2019 samples &€ Ehd 6intreatments. Statistics generated using
methylKitusing default parametedifferential methylation > 25%,-galue of 0.01)

Prehatch vs. Posthatch vs. Prehatch vs.
13°C at 6l Posthatch Yolk absorption 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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T a b 14 e. Bnber of hypermethylated visypomethylated DMRs by chromosomes across
developmental stages in 2020 samples &€ Bhd 12htreatments. Statistics generated using
methylKitusing default parametedifferential methylation > 25%,-galue of 0.01)

Prehatch vs. Posthatch vs. Prehatch vs.
11°C at 12n Posthatch Yolk absorption 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 1C 17 22 23 19 26 40
Chromosome 11 24 18 48 68 35 48
Chromosome 1z 10 30 14 16 18 30
Chromosome 1 18 32 25 19 10 18
Chromosome 14 19 19 11 10 22 24
Chromosome 15 20 14 15 20 21 26
Chromosome 1€ 9 18 18 14 10 26
Chromosome 17 21 17 11 11 14 18
Chromosome 1€ 11 16 16 23 15 24
Chromosome 1€ 11 12 22 24 19 24
Chromosome 2C 17 17 16 12 12 12
Chromosome 21 24 13 10 18 22 21
Chromosome 2z 24 30 24 17 15 18
Chromosome 25 20 40 22 25 3 16
Chromosome 24 6 4 5 10 11 13
Chromosome 2t 5 7 9 13 8 16
Chromosome 2¢€ 5 10 3 7 9 10
Total 423 484 463 520 449 608
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T a b 14 e. MBnber of hypermethylated vs. hypomethylated DMRs by chromosomes across
developmental stages in 2020 samples &€ Ehd 12htreatments. Statistics generated using
methylKitusing default parametedifferential methylation > 25%,-galue of 0.01)

Prehatch vs. Posthatch vs. Prehatch vs.
13°C at 12in Posthatch Yolk absorption 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 1C 30 24 19 30 11 21
Chromosome 11 37 35 10 36 7 26
Chromosome 1z 21 40 33 52 12 36
Chromosome 1 39 42 18 44 9 45
Chromosome 14 36 33 13 21 8 29
Chromosome 15 39 35 23 56 10 36
Chromosome 1€ 45 50 18 48 12 45
Chromosome 17 19 19 20 58 13 34
Chromosome 1&€ 16 15 8 26 8 27
Chromosome 1¢ 10 17 11 27 9 24
Chromosome 2C 27 43 15 33 7 40
Chromosome 21 35 22 4 45 5 28
Chromosome 2z 30 23 15 27 13 23
Chromosome 2 38 46 14 39 3 21
Chromosome 24 15 24 4 11 6 14
Chromosome 26 8 17 4 8 0 8
Chromosome 2¢€ 18 16 9 13 9 8
Total 742 827 425 982 219 807
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Histogram of % CpG methylation
Ch29WGBS
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Histogram of CpG coverage
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Fi g udleHist8grams of two quality control tests generatedngghylKitfrom 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 ormethylated. (B.) the frequency by per base CpG
coverage distribution across the whole genome to assess the presenceepresented bases.
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Fi g ud .e@QloBalmethylation 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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Methylation levels (%)

2019 (13°C, 6h) 2020 (11°C, 12h) 2020 (13°C, 12h)

y =-1.0733x+ 77.227 y =-0.93x+74.896 y =-3.4333x+ 78.394

r=-0.807 r=-0.983 r=-0.921

76 e 76 76

P [ ] ...

...... ®....
72 24 e L] 72
68 68 68
64 64 64
Pre- Post- Yolk Pre- Post- Yolk Pre- Post- Yolk

hatch hatch absorption

hatch hatch absorption

hatch hatch absorption

Fi g ud .eAveBagepercent global methylation levels across developmental stages for three
treatments that have individuals at all stages (2B°€ ,6lr in blue, 202611°C, 12l in orange,
and 202013°C, 12hin 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 iRIZIZY) 12 treatment.
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hatch (Phajchs(Ppesthat gheesn. fyol pra&bso+r ption (
hatch vs. yolk absorrpthiodmpefrorondld0ohhd( PDRO 4rid
photoperiodrphlotlopeanddl)2h ndi viduals. Only tre
i ndividuals at each stage were analyzed. Each
25% di fferenti asvlalmeet Hylsat itdhma nar0d Odl . Many of t
abve the 25% differential methylation threshol
treat ments or devel opment al stages is evident
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Hypermethylated DMRs
11°C 13°C

0/100 0/100

Legend
M Exon
Intergenic
. Intron
. Promoter
50 50
Percent differential methylation (%) Percent differential methylation (%) Stages

a. Pre-hatch vs.
Post-hatch

. o b. Post-hatch vs.
11°C 13°C Yolk absorption

0/100 0/100

¢. Pre-hatch vs.
Yolk absorption

50 50

Percent differential methylation (%) Percent differential methylation (%)

Fi g u4 .ePer&nt 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:-pegch vs. poshatch, poshatch vs. yolk

absaption, and prehatch 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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Fi g u4 .g8) Slobal percent methylation (%) between photoperiod treatments@tahtl

13°C treatments in different developmental stages (N=3 for each treatment). (B) Global percent
methylation (%) by temperature apdotoperiod treatment at the postich stages (N=3 for each
treatment). No significant differences were observed betweean6hl2in in all cases as

indicated by thé>-values from the pairwisetest (A.) and analysis of variance (B.) function in R
packagestats
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Pre-hatch vs. Post-hatch Post-hatch vs. Yolk absorption
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Fi g ud .efrinBipal Component Analysis of differentially methylated regions (DMR) between temperature treatments. Each of the
points corresponds to an individual color coded by stagdsw&flopment. 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 drivethefvariati
developmental stage methylation profiles in theCl8&atmentll
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Fi g u4 .g8edBmap 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 studjgphat2package.
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CHAPTERTRANSCRI PTOMI C ANALYSI S OANDEMPEF
PHOTOPERI OD STRESS ON ATICANPIEA HERRI NG
HARENGQUS ARVAL DEVELOPMENT

5 . Abstract

Understanding how environmental factors infl u.
cruciuanldefresrt andi ng the mechani sms underlying d
I n this study, we assess the interactive eff e
expression ofClAup eaan th adr @megrarsi mg (t hr ee-hde cdl, o p m
po-eatch, and yolk absorption stages. Herring
(11 and 13AC) and two photoperiodicity treatm
Transcaigpnaolmisi s meveaalfdekrseingniafli gane expressi
both temperature and photoperiodicity across .

expression varied amopgcistiagesespggess i hg emwai

idendi fiedentially expressed genes involved i
devel opment, metabolism, and i mmune response.
genes associated with eye structuredcoamsdt i t ue:
i mMmmune response associated genes are upregul a:;
novel i nsights into the molecular mechani sms
| arval development. Thisof$tuhdw enkanoesmeatunl! u
early |l ife history traits in marine fish and |
popul ations to climate change and informing m
ecol ogicall yy aindp e@rctommtmi cmddi es .
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5 . Ir&roduction

The ability of an individual to adapt to t
composition, of how this genomic composition
epigenomic | evel ( DNA met hyl at i otnh, -ohoisd thagne mo
RNA strands), and on how this variation in tul

translation) which ultimately translates to p

contribute towards shapi hgel ONAI sadaphati bervVvEe.

2011,; -Wametsaiet al ., 2018, Kerr et al ., 2019;
adaptation, phenotypic plasticity is another
changing enviypnmeptasPhenby i s mediated pri m
transcriptomics. Epigenetic modifications suc
group on a cytosine preceding a guanine which
modi fi ctahe ognesne oexpression) influence gene act
sequence and can be maintained through geneti
encoded into the genotype through( Kaomdtirnau oauts &
2015)Transcriptomics refers to the study of RN
provide insight into gene exprkBlsasobincinhyralipo:
organisms to adjust to varying conditions wit|
mechani sms shaping it is crucial for underst al
fluctuations especial | yniisnmse nsvui crho narse nmaarlil nye sfei

Genes involved in adaptive responses to | o
gene expression | evels across different popul

temperature or salinity (Meieroathahas g0a&avi d

i nsight into the genetic basis of phenotypic |
species i ncl uSalnngo ;BtreMne & reotutal(. , ZL&14A)X, aGommo
maculabDes gado et al . ti2&2@buatcandsToD:zmapuinea s
et al , 2018). Alternatively, assessing the pl
meani ngf ul i nsight into key environment al pr e:
sampling over mul tipl eeqgwemreirmmg i @mwi rcamméeretl gl if
|l ead to distinction between genetic adaptati ol
data with ecol ogi cal and physi ol ogveal study
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understanding of the mechanisms underlying | o
(Clupea hpremwguemLto better understand how t wo
temperature and photoperiod, influence transc
in a marine fish, thereby providing insdmht i

i n this species.

Atl anti €l apeai hgr#&ngoasmer cially i mportant s

fisheries arounda thhieg hAltyl ammitg rca tOocreya nc, o a sst a | p el
marine etosyédeemort hhwest Atlantic, herring sp
| arge spawning events which result in tens to

ocean bottom. THEé eags apemdaihige o n7 tset napgeer a tsu
the most vulnerabl en yiernf liunproad alnitf esthaiget drhyatt r
Houde, 1989; Kho et al., 2024). Understanding
herring is crucial for predicting popul ation

Environmemnt alonsosuch as temperature and photo

scale structuring in Atlantic herring (Bekkev:
Pardo et al., 2024) and play fundamremgteaale r ol e
expression profiles.

Temperature is a key environmental wvariabl
physiology, including growth, metabolism, and

expression patterns during earl y rliinfge, sltaargvease |
survive a wide r anlg.e7 otfo t2edmpleC abt wtr epso ffurloant i ons
spawning and hatching temperatures (Bl axter,

spawning hetremmegr ahtauretid a8C ouMay 4o et al ., 201
Lawrenc-spawning herring hat elh0 Aa& (tBeummpbearnakt uerte sa

I n compadilsemp,awning herring in the Gulf of St
17AC (Burbank et al ., 2023). Aside from the Gi
i's known about the thermal toleradecepiaof I@@MWIN
sites |l ocated from southern Nov-®abfdalt.e,da 2 ®m2 AN)o.
With climate change mo4dehAG iexpreaseagowaernsi Y0 iy 6
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Al exander et al ., 2020) , it is 1 mperative to

herring in the face of increasing ocean tempe]

Li ke temper ataurseo, spehrovteospearsi cad cri ti cal <cue
devel opment in many organisms, including fish
exhibit different devel opmental strategies ba:
char aedt eéoryi zx api d growth due to relatively 1|l ong
zooplankton, while fall spawned | arvae exhibi"
(Johannessen et al . ,TRIODOphd&mdlkogpiradaletsyrnchr @r

and prey is at mMhemaéchehypbthlesi slausled to de
timing of spawning relative to plankton bl oom
Cli mat e c htangrevicramnmemntfal conditions and di sru
Ami smatchesd which can potentially cause incr.
shifting environment al conditions on herring

capafcart yherring to respond to these changes. C
photoperiodicity, no study has examined their
Herring, particularly in the eaihepddewaehopme n
i ndependently and some only in the context of
al ., 2009; Moyano et al ., 2016). l nvestigatin
mol ecul ar mechani sms welldepgrentngarhde rhrdw gt Hey vrae
en
de

vul nerapitheyr (sugceptibility to disturbance

i ronmental cues. Further, understanding ho

el opmental stages in response to these var

environment, as well as capacity, tohaidaptapdei

mai ntain status quo and ability to devel op; N

In this study, we examilBAL)h awmdt e@rhpd rogpteu ri e
treat mamd-sd@6s daylight) influence the gene e

three devel op-manthHatpabm,geasnd pyreel K absorption s

transcriptomic anahtysaklywexpdesnsedi gednedsf aes
and photoperiodicity treatmelié ] BRUBHIGRNE g ¥ 0|
GYdWHEzGe!l W W GYU 3t WYynws Wl | RUNDWO¢E! 2¢ WY WIU2 R
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5 . Materials and methods
5. Fthtemenhi o

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 6 The genomi cs of spawning chaerimgsonal ity
(Clupeaharengysd6 and FiiléeEf#1le0c29 5v%4 popul ati on si ze an

5. B adnpl e coll ection and rearing experir
Parental fish were collected in German Ban|
Canada (43.27286A N, 66.34286 AW) in spawning
sample collection and crosses f or utshes(tkKubdeyr i ng
et al., 2024)
Fertilized eggs were reared in four racewa:

(11AC and 13AC) and photoperiod (6h:18h vs 12]
(Fi LAe. As with the previous study on DNA met
i ndividually across treatments and devel opmen:
variables (i .e., a photoperiod treatmené comp

stage of development).

I n total, 76 crosses comprising eight male
mal e and five female parents Fremx p2o020d werle coonn

di shes. Approximately 50 eggsmwepgessekcecssé&dl!| f

fertilization by a characteristic clear cente
embryo devel opment (Galkina, 1970), the eggs
the experiment al racéaaysy BWaclkhcupg meptéedni.
raceway. A raceway has six containers, and eac¢
raceway. Eggs and | a2 & accawsrien mome tmoredi fgrare

Hatching sbhectwseenvaupedand ranged from a mini |
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Whol e | arvae were coll ected at -htaltrcere tpiomd |
hatch, and yol k a%lsBo)r.p tLiaornv aset angeetsé r(sFaiggpulreed | et
overdosayz2 of253MB mg/ L for 1 minute). At | east
from each treatment in each of the devel opmen:
reduce contributions of inchiandupsegenBampl gd
of the same treatment and devel-spmhehamil|l seagkel

cups) to circumvent potenti al mat ernal effect:
ha$ifbs but na bmatwarneali rhalluded 1 nasmi Bt nft emcon
only 3 male individuals was available and vi al

to avoid wmabern&ubkalguently we conducted a pr
genes and samples to assaae@ssfpoanenmnioalsi kginmg hicp@
maternal or paternal effdcatf®al Altli onamphes t wemg:
Californi80AQISA) in

5. RNA extraction

A total of 54 whole | arvae 5$512)3 wearoen c2dl1l9e catl
RNA extraction. RNA was extracted using Qiaget
Germany) following manufacturer-d6A@rodumicmg . E .
extracti on-8@rACt delr sfnommowag equ &KINtAi f i ed- wi t h N:

Vis Spectrophotometer and &8ksab2k)ed for cont ami

TabSle shows the breakdown of the number of
devel opmental stages from fal/l 2019 ae@qg) 2020
the -12WCtreat ment and yolk absorption stage ir
morittayy and poor sa%iplaeb2g UAlsittsy .heTahblnegs ISar vae t

in 2019 and 2020 respectively. SedwéhfMeng | i bi
RNA Library Préwokkftl dwr( MéWw ulsimdaaa,d ®amaddad), a
samples were sequenced on Il luminads NovaSeq |

5. Pual ity control and transcript quant.

Quality control of sequenced data was cond:
and MultiQC (Ewels et al., 2016) for initial
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adapters were trimmed using Trimmomatic (Bol g
1 passed this initialClgpalai thyefeammgumeael .t rTame can |
(GCF_900700415.1 _Ch_v2.0.2 Apr 2019, Ensembl)
psewdadognment and transcript quantification us
and default settingsg Magpvnduahster &nge@0fiBom
(Fi gulrAe) .S Mapping ratedtialrs 202f0gderfriomg % 5H.d8 V¥
(Fi gulrBe) .S The quantification filedi ffeme®ail ambn

exXpr easnsailoynsi s .

5. DiFferential Genes Expression (DGE) ¢

Sampling years were analyzed separately at
expression (DGE) patterns in individuals with
Subsequently, sampling years were also used a:
possible, in downstream analyses of environme

expressed genes that persist between the two
treat ment comparisons that distnowohiavei endugl
treatment and devel opmental stage) were condu

the combinedb52a)nal ysis (Tabl e

Di fferenti alamngalnyesiesx pwass scoomducted in R vi4.
RStudio v1.3.959 (RStudi oDH®evmq? 3280 20 )( Lwsvien g tt |
2014). All the counts were normalized with re:
into Il og2 scal e. Further filtering within the
genes was done by deotti ndeal tomeld lod Idld chZafnagled a
change of | 2] I's pweldsaest heat edeslsolpartTloé t

significlhdheteerd mivieds (t he threshold for signifioc
to the default 0.05. A Ilist of significant geil
included the corresponding foplval awressndger( leagahf
Significance was dpuelrenstsn enda tuesdi nbga saeddj uosnt efdal s e
(FDR; Stephens, 2017) and Benjami mendand Hochb
Ensefmbd matt ed ®eESeoqi2Dpuf rwere qgueried through

annotated genome from the Ensembl database (h
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accessed Nbvaemdb2)y t18 identify the gene name ar
Gene Nomenclature Committee. Zf'"!n20Bd)pant/ NC
(https://www.ncbi.nlm'Ai 2036y / wedatehaoccessedt
for the function and association wanmotawader

zebr dDfains o) (remd/ooHo ma nakapd(ethasbases, respecti vel

We assessed the quality of the significant ¢
DESepga2c k age t hrough sample clustering (princip
visualization (heatm®@mapmpdfe dosrntancaernsd < aompled er
and outliers that shogbdlviBe diwWwedmamad, ZBHBA&1R wa
generate the PCA plophaatthma@unit2 H&atl daeps ,20Wmi)l
gener at e-ttshaempd eempdliest anc et heampraarpiss o Mg ewad rme nc o
sampling years used as biological replicates.
e p o shittgs:6github.com/jforce92/herringRNAseq2024

-~

5.3.6 Weigkkedegenencaetwork anal ysi s
To provide insight into the genetic archit

~—+

he treat ment ¢ o Redxiptrieosnsse,d wreR NaAs scel sussetde rcso usi ng
XxXpression network analysis (WGCNA) WGWBSANA wa
1.73 (Zhang and Horvath, 2005; Langfelder an
eparately but combined devel opmental stages
ormali zation and t rDaEnSsefwb2r mht ueessRBAsquagui f

he metadata table from DGE anal ysi s. Unl i ke

>S5 0w < O

—+

|l ow counts to avoid bias during the creation
influenced t hee trherteas moetdth g@anle®Ge coWnts t o mai nt
DESeigs2 t hen used to normalize and transform th
net works, the definition of a threshold value
parameter associated to the paicrrwissse scaamprl eslsa tal
exponent used when transforming these correl a:
power parameter determined the number of modul
significantly similar expRessisonhprohitessedh:
power, and we used the recommended 0.80 cutof i
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simplified into module eigengenes which repre:
value. We used | inear module with multiple te:
modul es that were correlatepdrabutbeoexpéot mpe:
Similar to DGE analysis, spvganQufed c@h ceWavatshars sy
the modul eds ggip dteon gaesnsee suss itnhge expression | evel
genes constitutedFitmal Imp,duwe scrodat end ea elseg¢at mar
di fferentially expressed modules alongside a |
overall expression | evels across samples in a

made avatihleabGiet hounb repository: https://github.

5.7Gene ontology anal ysi s

I nformation on individual genes that are di
when hundreds or even thousands of genes are
Ontol ogy analysis to better wunderagteandnptalce eav

the treatment groups. Genes from both 2019 an
DEG identification and GO anal ysiBESebdut put son
a |list of genes that(iamnietisalgnedti caimtdly Ododg f ol

0. 05,52T)abalned are within the targeted | og2foldc
within significant modules detRESaghA 4 GENAg WGC
out puts were used as the input for Gene Ontol
which associates the |ist of genes to GO term
used as the reference to cautegohiiegerraranmiod alt edfl
on fold enrichment which is used to identify
bet ween treatments and/ or devel opmental stage:
another software for GO anal yenrsi,c hme ruts ews ii mg -
herring genome was notanmpmmd it kelde g(ein.es.),. tTdhe ma
GO enrichment analysis consisted of only thos:
reference genome WDsneid twdeirallba psiofvy dgelne hei £l os

better understand t-aenobhtedfgehesotherwise n:
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5.8Lomparing differentially methyl ated ¢

genes

We examined the relationship between DNA m
comparing genes that W®mra¢ adif fr oenr &Kvitot @It § sarl eng t 121
were differentially expressed (this study) pr
from the same treatment group. For this analy.
genes that contai n gdiofnfser(entei.al IDyMRset hwhli acthe da r|
genomic regions that are significantly differ.
(i .e:b,p rC®@d ons with at | eastvadbu¥® nheetshsy Itahtaino nO .

al .,. 2P@Md)each treatment, a I|list of differenti
di fferentially expressed genes to identify an:
evidence |linking DNA methyl a¢i mat apydageoer ek ali

DMR in the gene (hyper or hypomethyl ated) and

(downregul ated or wupregulated) in a summary f |

5 Resul ts

5. extilization and hatching resul ts

A total of 76 crosses were made resulting I
respectively. Hat chibngdawass) ftahsate rid a yns htehtet ELACANDE
Mortality was higher in the 12ZA@® tteé&hméash f o
67% vs. 59% at 12h:12h, and si mb3)ar Hatl ukeisngve

success ranged from 10 to 30% accfoamttiilnigz dtoiror

devel opment. The survival rate after hatching
60%. A total of 54 Il arval herring were sampl e
5.2Di fferential gene expression anal ysi s

Overall, there is significant differenti al
comparisons. Significance was determiped thr o
val ue ancdhanhgee fwhlidch i ndi cates degree of diffe
pval ue thresholds for each treatment are indi ¢
column respel2.ively in Tabl e
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Di fferential gene expression for each s

The number of genepO0e0lbi;biltoigr2g od idg rcihfaingaen tO
bet ween treatments was higher 52nsRO®® thant ohc:
number of significantly differentially expres:
were more downregul ated genes than upregul at e

13AC, where wupregul at eads gheingehs ianr €2 0a2l Omoisntd ifvoi udru

Temperature had a clear effect on gene expre
i n the 6h:18h phot 92f,r i®)d. tlrne atthmesntc a sFe,g utrhee s
account for more than half of the variance 1in
two temperature treatments regardless of deve
gene explreessssicolnearscut in the 12h:12h photoper:i
expression are obsreer vterde abtentewnetesn itne n2p0elr9a t(uy u st
Fi gb2B) but such differences are ®2D) obVhess i

results suggest potential complex interaction:
photoperiod. This complexity could influence 1
11AC vs. 13AC.

Photoperiod did not affect the transcalptomi

atterns arel obkiengabt ei wethiewi dual -hdaetvcehl osptnaegnet :

> O

ad viable comparisons in 2019 individuals re

ndi vidual s separate according 52&)t e Nperaptpanr e
patterns were observed betwesdblfA6bAnd8KF) andutl2f
groupings can be seen in the PCA for photoper.|
outlier82 (Fiagmud eD)S.

Comparing the identity of the differentially
only a handf ul of genes were overlapping bet w
(one in 2019, two in 2020) wer e sf ounn dbo ow hhe n6 hc: ol
and 12h: 12bOCdD0890000&nldecbabld)k.OC105900101
encodes heiarvd/i mee t farl ktee ipm otkliEBL bassoci ated with
cal ci um/ daelpreadielnitn pr ¢ tddiibsh &3 n@cegtt agtdedwh ytdhr d g e n
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DEseq2
The nu
expressio

i ndi vi dua

f cons.i

esul ts

mbers o

n assoc

stenc

for
f sig
i at ed

was found when comparing
y of thgegensewiesendbuwnet

s either between years o
replicates

treated as biological re|
mpl e sizes in each treat|
ombi ned anwd tcho mppeaarresd atnhad
ative results are displ a:

ne scale groupings bet we:
environmental treatment
ression than vyyeeaarr.s Thi s |
so increased the robustn

y through ti me

combined years

ni ficant genes suggest a!
woi2t) h d eav éblod pomemtva Ir osntmae

|l s iaoomhssthage)l fave fewer significal

(e.g., Stage 1 individuals in the temperature
whil e stagen@shavéEha7devel opmental stages ¢ o0mj
association with direchaobohoé$tagerkeasi pnewbmr
downregul ated genes. |l nterestingly, the 13AC

compar+dshmagcpr-wast clpodespi te being the most stre:

resul ts s

as develo
Temperatu
Signif

combi ned

uggest
pment p

compl

rogr e

re treat ment

i cant d

treat me

i ffer

nt s.
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indi v
t empe
the t
92% v
absor
i n th

GO
key b
t er ms
upreg
i fe
mol ec
trans
overr

conse
Phot o

Di
al |t
t wo p
t wo g
54B) .
i ndi v
54 A) .
direc

treat

Th
photo
enric
(Fi &4

ar e u

iduals between the two temperatures, wit:
rature as indicated b3 A)ar klelre sh@Al ealisno ts

WO groupings corresponding to the temper.
ariance dividingb3m)e. tA erad mmeenst e mgtr aotuipvse (rFe
ption stage ab3ld, 1Rt ibso tsth otwme i ma tFti egrumr ei n
e heatmap and CAi arienctonsli sdteeti mgriors st lae
term enrichment analysis of differential
Il ol ogical and mol ecul ar processes depend!
associated with i mmune rese@omajeorantdi tco mi
ul at ed53gC)n, e ss u(gkgiegsutrieng a positive correla
stage i mmune response. The GO terms asso:
ul ar f wWLROYNI ovms h-Rpeptéedsgse activityo and
porto having the highest fold enrichment
epresentationebbtmd| &60Oult er mBuscgigess s a
guence (e.tg.c, adetcirveasye) ednuzey mao el evated t

period treat ments

fferential gene expression between 6h an:i

reat ment s. Heat maps of significant gene

hot operi odb4tAneatPB8BAnibd GFiggufeécantly diff
upings by treatment as indicated by hi
I n

idual s exposedntdo veblduand expoegeldat ed 1i2m

addition, the heatmap suggests differ

P4 AHAuamed B show the result from Stage 2 a
tionality illustrated in the heatmap and

ment s.

e GO term enrichment analysis across al/l

periods reveals a |ink with structur al f i
hment in Astructur al constirtousesntalolf teryeeat
€Ce. Genes that code for eye structure col

pregul ated -patr¢chcutd agey Tmhe tthemapiositng GO

155



genes are associated with molecular binding a
metabolic properties. The most overrepresente:
AinteddlTeukiceptor activityo which©B54®)linked wi

Devel opmenbapast ages

Devel opment al stage compar i shoantsc ha rves t.dcilpva sdte
and -lpotsah vs. yol k absorption comparisons. We
detected between the two comparisons.

Pr-kat cpos%®tch comparisons

Most differentially -rextpahe shsaetdc Igestteasg ebse taw eee |
downregul ated andl2ideint édti ebadrAi ahEih@®)rnd ABe hea
suggests blocks of downregul ated genes groupi
as indicated by theddhark Thigsecshadesi @i gsr é u.
PCA whehraet cphr edalatd cpostihdi vi dual s are separated a
S54B). Differential geneade¢xmeme s girom panaldesnits fo
2 for6hllAC = -&h,f oand 3MA-C2 hQ 5Ra IbrBtACG howed cl ust

bet ween devel opment stages based on these few

Overall, differentiahagehehatighbestiagresbastuyg
association with molecular functions-haG®©ht erm
and -lpotsdh stages suggest most o, f etnhzey ngaetniecs, aarne
met abolic ac%4 Q)i.t iTehse (GO gtuerrem Swi t h t he hi ghest
bi ndingo despite having one of the | east cons:

enzymatic processing sofnostt aarbclhe. tSoh i cnoynGdQu cvt0 . eBn0r

downregul ated genes, therefore we used Metasc.
associated with downregul 24tD)o.n Tdhuee GQ@ tdeervne | aonpa
suggests alterations i n expression associated
endocrine (e.g., Apeptide hormone metabolismo
chemical stimul uso) ,g.andionmoglaenciucl aarc ifdu ntcrtainosnpso r
i n eaarrviaye Ildevel o5pdimdent (Figure S
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Posimatch vs. yolk absorption comparisons

Environmental treatments appear to have a |
gene expr elsatiom Vv, pywasltk absorpdievr | spamgads atl h a
comparison. The -lh2eha ttnraepa tonfie ntth es ulglgheCst s | ess ap
comparison to other variabl e%b Aa)s,s ebsuste d hien PtChle
a clear distinction accordi nlgatoh PWsl, ayolsk bal s
stages with high 5bd8ni.ames pi& 2%, cohisgsntens®y in

two | ater developmental stages, there is more
directBotnta HI2ZthAC( FBiS5Aurmae dS B )6 ha ncdo nlt3aAh mor e upr e
genes, but there are more downlk2gutl rag @tdmeagretn.e s

The genes used in the GO-htagrcrh ersr.i g/lorhe&kn ta bas

~—+
-

eatrneefntesct the aforeme-htnkedddpateteronafitye

enes are found primari-12%h iwhitlree adaonemrt esg wlt aitea c

most exclusi-V2h yt fea@atmmemte. 1BMR&E r eessulatrse sugge
rrelated with primarily mol ect&3@)y. bTmai ng a

wnregul ated genes mostly consist of genes |

Q o O 9 «©

> ®© 9 O O

mma yst akkeiand various cnystalflearggnésfeost

-~

sponsbidar3ghi,tinase, acidic 3). This is furt
art which shows exclusively fAchitin binding:

o O

ownregul ated deanaeash mabtdwoerapit kpoons tSGd)g.es ( Fi gur e

nterestingly, comparison between the differeil
ata from Kho et al. (2024) suggests potenti a
i fferenti alt reaxmpsrcersisptosn.t hFaoturar e di-ifdeckenamnall
ol k absorption stages are hypomethyl ated at
he transcripticaory sdiatkdei aqfe nkdse. (dgiahbinse IS pot ent i

-+ < o o

f DNA methyl ation associated differential e X |

0
devel opment stages can negatively influence s

5.4.3 Weigkkpdegenencaet work analysis
We conducted weipghtsesd ogpemetovor k anal ysi s o
comparisons for each year separately to asses:
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and treat ment conditions. Overall, modul es or

were detected only in the temperature treat me]

Temperature comparisons at 6h:18h in 2019
n modules and treatment conditions. Mod:
n temperature treatments ateabthmalp8 hs uigng e2s
dividuals in the 13AC treatmewtahddBgl e
stingly, 14 out of the 25 genes detect et

s
S5 ®© S5 O D

= S
(o]

es are down riefgfud rad retd, g esmue gexsgri engs it oviro s
ed temperature despibt®8 Baidng)i n GiOh ¢ es aam

(]
<

> 9 O
—

ot reveal any significant enrichment bet"
peri ment . However, broadening the backgrouni

undance ofcomesmbirtaleeerataed BSDPter ms among

O O Q O B
o

k< X
D

- -
o]
(on

Modul es 16, 4 and 46 are also significantl:
temperature comparisons at 6h:18h with simila
also predominantly upregulated in thg 13AC tr
downregul at ed. |l nterestingly, only one gene o0
significantly correl ated widtdhdbd esnpfedgrataarFtder
containing kinase 5 is upregnol mvbed|l endmodhbi & ¢
predicted to be associated with various mol ec!
k

i Nnras®oci ated processes.

5.4nteractions between treatments

We assess interactions between the two envir
using Gene Ontology (GO) enrichment analysis
(Fi 6y e Overall, there is an al most equal numl
when comparing the effects of photoperiod and
doubl e the number of genes whenurb@mpalSengrdév.
annotated genes were overrliapbpliensg (bne t=weleln eamwvdi |
stages (n = 4 for both environmental treat men:

i n both temperature and photoperiod treat ment
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treat ments. sOntct¥BOhidsba sBefn@eund t o overl ap acr os:¢

i nterestingly i1t is downregulated in all case:
oxi doreductase activity (Yilmaz et al., 2017) .
with | mpaogiedalphyan ahet er s

5.6 scussi on

The aim of this study is to investigate th
temperature and photoperiodicity influence At/
years, there was increased mompalriat wrien ainndiov
photoperiod, suggesting that these environmen:
deat h. I nitially, downstream analysis was con:i
Where possi bl e, damkli wed et ¢ uibserqaaend | yampl e s
across the two years. We found evidence of dif
photoperiodicity treatments across devel opmen:
expr esessedbegtemeen temperature treatments have p

but further analysis on -deeecil foipamermnd sagomrs eag.e sS i
correlation between groups of genesmeantds treat
using WGCNA. Functi onalr eapnrad syesnitsatiinon hoef fgoernme s
Ont ol ogy associations subsequently provided i

influenced by the stress treatmentsesuBebow we

Connecting differentially expressed gen

GO term enrichment analysis suggests signifi
i mplications for i mmune response, eye struct ul
di scuss differential gene expr es&Q otnerims eaancdh h

this differential gene expression relates to

5.3 mMmune response in early devel opment

Il mmunity is the ability to resist pathogen:
( Mokhtar et al ., 2023) . | Mmmune response can e
i ndi vidual hor mones such as Growth gloegxnone or

systems such as the compl ement pathway (i .e.,
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component of the vertebrate i nnate i mmune res|

i nfluenc

t er ms

we

but down

ed by acute stressors (Tort, 2011). I
re overrepresented i n upperreagtuulraet etdr egaetnn

regul ated in | onger ghadtccp ernido d/ otl rke ath

stages.

The interactions betweenrelspovatsed haempbdbran
documented previously in the |iterature. | ncr
decreased ability to fend off bacteri al and vi
2019), but al soacnicvieaypyeduephtgobygher | evels
superoxide dismutase to catalyze more hydroge:
Oxygen | evels also decrease under higher wat e
capacaxwygerf, which can contribute to further s
I mmune system. Alterations in immune response

temperature as demon®icenéedar)o hwhbmreamabbhaasphab

corti
et al
spo
spo
)
c

-~

D N T
® T O O o O

11
SO

e i

~+

mp e

Temp

D

wer e
frequ
t empe
i ncr e
i mpl i

mor e

S

0

nw u

>3 O 9 9 O 9

c 92 0 9

I |l evel s and susceptibility to nodavir
2006). 1t is also important to consid
e I's not necessassl yespoosgmassi wi tana:
e to seasonal variations (Saha et al .,
I n the case of Atlantic herring | arvae
thnedde rgeermhees hu gh temperature treatment 1 s

r
t
t

eased temperature above the range of
ure at a particular stagetagetshe patt
ure in the current study, was kept col
vitable variations of up to 1AC due t
and wer e cortreencttieadl gqeufifcekcltys tdou el itnmoi tt h
ure changes (Figure S6). Altogether,
ng temperature and the expression of
i ons barmsakabtotobgrrhowever, warrant

used experimental design to assess i m
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The patterns in gene expression observed f
predominantly driven by a single overrepresen:
The GO termlAlmeaeeptecaurki amcti vityo hatiabh he hi ghe
treatment but represented oh7ypaosemiah$ asuési
constituents of autoi mmune response against p.

such asDikuvrnapeaic hGiesafdegate&a(dez et al ., 2
downregul at i ean afeclemptter| exlkpirressi on observed i
s

t udy Omrc orrahiymicoghwi wth ing/ikti ls@und t hat | onge

fi shes

with a

photoperiod r eduele/sa/thh e eesxppornesses igoemeoft o Th1l7 ¢

i nterd2ukyithoki nes (Goldstein et al., 2023). St
response due to the allocation of energy requi
priorverirziemmone system (Tort, 2011). Il nterest.
ot her i mmune response constituents (e.g., 1Int.

photoperiod setting (8h and Adehi dayds etgthitng bu2 ¢
suggesting the presence of a tolerance thresh
herring | arvae, this suggests that 12h daylig

of autoi mmune response associated genes.

With regards to the devel opmental stage corr
enri chment but similarly represented only a s
with a study AogukEud apevdhgudelsa(gests a presenc
i mmunocompromi sed phase betweehopmeohi sgagé (.
(Miest et al., 2019). The timing and duvireati on
duration hatwdemnpogytol k aersroirmpg iloanr vwode Aitrd atnhii s
bet ween the two stages) and may explain the o0
respanseci ated genes. It i s however |Iimportant
genes does not imenumes & rts ptolmes ewlasl eemonstrated

udy by Miest et al. (2019) smmdrcéh,s enwherd &l aga

set of genes are upregulated as devel opment p

st

whenmn erpreting the GO term analysis in this st
expressed transcripts are not annotated in th
i nduce bias in the interpretahedonNeVYewhhe!l bt 5|
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devel opment al -sspteacgiefsi.c Tehxipsr esstsaigoen I s supported
beta crystallin genes are only expressed duri |
gamma crystallin belong to fhecsamaessupeéerifamp!
the downregul ation of gamma crystallin observ
conditions may facilitate the downregulation
not significaonhtdgr detwvandgutdateddi tions. This |
comparing the transcriptomic results from thi
et al. (2024), where most of the differential
| at edevevloopment al stages. Hy p-ermet gghasi oar pé s

to an observed downregulation of the same cat

t wo mechani sms when exposed to temperature st

5.3 mplications of molecular functions

The | arval stage is a period of active dif-
physiological and metabolic demands rel ated t
the two used in this study appeagehesi pédtueraug
in the earlier developmental stages. Upregul a:

overrepresented when comparing the 12h:12h to
across all devel opmenteglul aatt @ge g.e n@sn werr £e low,e r
temperature treatimantcég -ba8tclposygmparibenpreTo |
the complex patterns between the variables as:

functi onodr,t ant itso icnoppnsi der the specific biolog

term.

AMol ecul ar functionodo is a broad classifica:
processeéstianrccdhudboinngdi ngo, HAmembrane activityo,
which are i denGenfesedcarnr eteshpiosn dsitnugd yt.o fAst arch b
upregul atéddtich -WBeclposdmpari sons, suggesting t
during early development or hatching. Upregul .
met abol i smedwmpimeaptd has been rnti nikretda K eo® d ehsef eoendsi
et al ZambhéBbhant e )dtn ald.d,i t42 ®IN9 one study on E
(Di centrar)c hfusurnd btrlaaxt juveniles with high car|l
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chall

over al |l

Not

bet wednratpghe-wat clposeampari sons.

enge

al |

experiments, suggesting that increa:

perf or manc el nufnadretre setr easls. ,( Z2a0mb)n.i n o

mol ecul ar functions were upregul at

Genes that are

with embryo dehvaetlcohp nmeonlte courl aprr epr 0 o & 94 ees/,a nli o tal c
must be | owered as devel opment continues. AEN,
bet ween photoperiod treatments however the f o
potentially be external noi se.

The most recurring molecular function grou
representative genes that are differentially

bot h

stage

underregul

| ar val

Munday,

temperatur e

devel

have

opmental stage compari scedo.pmemgarlt a

more upregul ated metabolic genes t |

at eMematbaobolci ¢c agesesa.nd temperatur e

fish as a higher meswnakrolffioc ddmasdries sr
2011) . An opposite pattern is observe
treatments exhibit more downregul

stages. A possibletaxgl sanateisecmmri $ st maotr et emosd :
l ar val herring than photoperiod stress and de
facilitates other stressors (i.e., higher oxy
to phowbpeei otothere is | ess immediate stress ef
devel opmental stages which occur even in the
temperature is potentially the most I|ikely st
her r.i ng
5.4 nteractions between treat ments
Examining the differential gene expression
reveal ew overl appinsg : ¢gdlizéhs,Dwad 10 oindtye d nwei tghe |
redeaction activitgmperdatnuarn é, eglhatmomegr i od, anc
compari sons. Redox reaction activity i1s wel/
devel opment and has beGamdudse groorHialmadke iert  Aatl . a n t2i0
Pengl ase et aCara26ilg}) Kogmphtkeitssah .( 2013), Jap
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(Paralichthysaoldi yeta&omhkhy cuartds shufmgdetdcal . |, 20
study alongside many others discusses upregul .
stress conditions as well as during devel opme
highly sensitiveo Redoxvedachi onmmasnyaoe halsbiol
diet, growth, and i mmune response (Huang et a
overrepresent aet ivoanr iaachrloesss aaslsle sosfed hi n t hi s stu

The | ow numbers of overl apping genes betwe
previous studies have reported similar findin
there are various molecul ar pathwaypgiasmad mpeol
each having different sets of genes that can |
numbers of overlapping differentially express:
bi ol ogi cal process no®O meerhmnarmsansy aiss sdfo winh e nl
bet ween temperature and photoperiod treat ment
with molecular transport activity. Multiple g

al so exlpalcaki noft hceonnecti ons between differenti a

genes associated with differential methyl ati ol
experimental designs employing the same treat
affected at the epigenetic | evel but not at t he

Ot her epigenetic processes such as histone mo

been affected.

Whil e sample size is a potenti al l' i mitati o
an effective way to jintcriesasst islalmpil mp sritzaent Htoov
especially in treatments when combining the 1t
we adopted a more stringent filtering paramet

signi fi cpanst wirtahn stchrei hi ghest f ol d changes ar e

i ndi vi dual variations

5 . Gdnclusion
I n this study, we provide novel i nsights i1
devel opment and early | ife stage environment al

gene expression due to key enviarpdmméd mtnali ns tArt d
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herring suggest potenti al i mplications for i m
functions at the developmental stages. Under s
effects of temperature and pheontto piesr ieosdsiecnittiyalo
predicting how changing environmental conditi
fisheries sustainability. This knowledge can |
at mitigating the eff ecttasnto fmacrliinmea tfe schh asnpgeec i cel

provide a framework for studying the i mpact o
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5 . Tables and Figures
Tabl es

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 Posthatch Yolk Pre-hatch Posthatch Yolk
absorption 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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Table52.Summary of the number of individuals and

treatment comparison in 2019, 2020, and combi
were obt ®Es edn2df ruosned t o determine a cutoff for
color of the cell wunder fANumber of significan
downregul ated (blue) and wupregulated (red) wh
(i,.e50% of the overall genes

Treatments and Number of LogFold  Alpha Number of significant genes

stage comparisons individuals threshold  value  [Jpreoulated Dowmresulated Tatal

2019

Photoperiodicity 6h 12h

Photo2019_T11 7 3 2 0.05 n 26 43

Photo2019_T13 7 6 2 0.05 8 6 14

Temperature 11°C 13°C

Temp2019_6H 7 7 2 0.05 6 15 21

Temp2019_12H 3 6 2 0.05 15 16 31

2020

Photoperiodicity 6h 12h

Photo2020_T11 9 7 2 0.05 4 6 10

Photo2020_T13 7 8 2 0.05 175 44 219

Temperature 11°C 13°C

Temp2020_6H 9 7 2 0.05 271 510 781

Temp2020_12H 7 g 2 0.03 4 4 g

Combined

Photoperiodicity 6h 12h

Photo_Stagel T11 6 5 2 0.05 0 2 2

Photo_Stagel T13 6 6 2 0.05 2 12 14

Photo_Stage2 T13 5 6 2 0.05 11 15 26

Temperature 11°C 13°C

Temp Stagel 6H ] & 2 0.03 2 3 ]

Temp Stagel 12H ] & 2 0.03 1 4 ]

Temp Stagel 6H ] 5 2 0.001 15 2 17

Stages of

devel Pre-hatch  Post-hatch

Stages12_11T6H 5 6 2 0.05 0 2 2

Stages12_13T6H 6 5 2 0.05 2 4 6

Stages12_13T12H 6 6 2 0.05 0 0 0

Post- Yolk
hatch absorption
Stages23_11T6H 6 4 2 0.05 1 0 1
Stages23 13T6H 5 3 2 0.05 33 8 39
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Table 5.3 List of differentially expressedene transcriptsetween 11°C and 13%@eatments

that are found in both 6h:18h and 12h:12h conditammsess both samplingyea f f er ent i al
gene exprewsisocoandalkysemp2d st hgl eguteppeutod change
(Il og2Fol phvCahlangy,e ) a pda lapebgdg@) tee ¢ h d Wwe

Geamrd symbol

chr omovgoosbet ai ned from Ensembl and NCBI dat aba s
qguery
log2Fold
Transcript ID Change p-value p-adj Chromosome  Gene symbol
ENSCHAGO00000005444.1 -3.16433 2.77E10 5.68E07 6 LOC105900101
ENSCHAGO00000011969.1 -2.55884 2.49E05 4.05E-04 9 camkklb
ENSCHAGO00000025130.1 -3.38007 1.51E09 1.38E07 3 Idhbb
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Figures
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RNA extraction and Transcriptomic analysis

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 @1 13C water
temperature treatmenfiepresented as columns), and:&8hr and 12ih: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 em@ddh 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$igbeh, postatch, and yolk absption

stages. Samples were stored in RA&® Solution for subsequent RNA extraction.
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Figure 5.3. Heatmap A.) and principal component analysi.) of a temperature treatment

(11°C vs. 13°C) at Stage 3 and L&br 2020 individuals illustrating differential gene

expressions. Significant transcripts(n=g4 0. 001, LogFold O 2) from
create both plots. The right panels illustrate the Gene Ontology (GO) enrichment analysis of
upregulated@.) and downregulatedX) gene transcripts across all temperature treatments. GO

terms are ordered based on Fold Enrichment values with the number of gedeg Eh(FDR)

shown as the size and color of each track respectively. Charts were generat&hinsiGg

v0.80 using th€lupea harengugenome (Atlantic herring genes Ch_v2.0.2 assembly).
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