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Abstract

Mitochondria are widely known as the ‘powerhouse of the cell’ due to their importance
in energy metabolism, and the mitochondrial DNA (mtDNA) plays a central role as it
encodes subunits of the oxidative phosphorylation pathway, responsible for the
majority of this energy production when oxygen is available. Despite this fundamental
role, the adaptive significance of mtDNA variation has often been overlooked. It is
now well established that the mitogenome is not evolving neutrally as once assumed,
with studies across numerous taxa identifying evidence of positive selection, or
showing that mtDNA variation has functional consequences which can be associated
with adaptation. However, pure mitochondrial effects have rarely been separated from
nuclear genetic effects in natural study systems, mainly due to a lack of populations
or species wherein variation in the mtDNA can be studied independent of potentially
confounding variation in the nuclear genetic background. In this thesis, | focus on
Atlantic three-spined stickleback (Gasterosteus aculeatus) on the Scottish island of
North Uist, where, in migratory populations, two deeply diverged mitochondrial
lineages segregate against a common nuclear genomic background. | show that the
stickleback provides a valuable model to determine the adaptive significance of
mtDNA variation. | first assessed the development of migratory stickleback, and
examined the effect of anaesthetics on mitochondrial function. | then focused on
variation between the two highly diverged mitochondrial lineages that likely diverged
in allopatry on opposite sides of the Atlantic, but are now both widespread. Migratory
populations were a mix of the two lineages, but resident populations in fresh water
and saltwater lagoons were predominantly one lineage, suggesting differing adaptive
potential. Using phylogenetic selection analyses, | found evidence that the
mitogenomes of the Atlantic three-spined stickleback evolved under positive
selection, so the mtDNA variation itself may be adaptive. Unlike previous work in
natural populations, | was able to show that mtDNA variation had temperature-
dependent consequences for mitochondrial respiration independent of the nuclear
genetic background. By combining phylogeography, ecology, selection analyses and
mitochondrial physiology, | show that mitochondrial variation makes an important
contribution to the ecology and evolution of the Atlantic three-spined stickleback. To
my knowledge, this research may be the first to explicitly link mtDNA variation to
physiological mitochondrial differences and adaptive potential in natural populations,

independent of the nuclear genome.
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Chapter 1: General Introduction

The adaptive significance of mitochondrial DNA (mtDNA) variation has often been
overlooked. Separating mitochondrial from nuclear genetic effects is difficult as
mitochondria rely on both genomes for efficient function, so despite the potential
association of mtDNA variation with adaptive potential, most research to date has
been unable to directly connect mtDNA substitutions to physiology and fitness. To
measure any direct effects of mtDNA variation, comparisons of individuals with
different mtDNA variants but the same nuclear genetic background (‘conplastic’
experiments) have begun to be explored in model organisms such as Drosophila and
mice, but it is extremely rare to find natural populations where two deeply diverged
mitochondrial lineages segregate against a common nuclear background. | show that
the three-spined stickleback (Gasterosteus aculeatus, ‘stickleback’) in the Atlantic is
a valuable model to assess the ecological and evolutionary significance of mtDNA
variation as migratory populations segregate only by their mtDNA, which provides an
ideal natural system to study the role of mtDNA variation in adaptation independent

to the nuclear genome.

| first provide some background on the role of the mtDNA and how sequence variation
could impact mitochondrial function, before giving a brief overview of the techniques
used to measure mitochondrial respiration and how these are being used in the field
of ecology. | discuss the potential role of mtDNA variation in adaptation from studies
identifying evidence of positive selection across the mitogenome and research into
the functional consequences of mtDNA variation, highlighting the lack of direct
connections between mitochondrial sequence variation and physiology or fithess in
natural populations due to the difficulty in separating pure mitochondrial from nuclear
or mitonuclear effects in most study systems. | show that direct mitochondrial effects
can be measured in the Atlantic stickleback as there are two highly diverged
mitochondrial lineages which, in migratory populations, segregate against a common
nuclear background, evidencing the stickleback as a valuable model to assess the

significance of mtDNA variation.

1.1 Mitochondrial DNA variation

Mitochondrial DNA (mtDNA) is a widely used marker in population genetics (Avise et

al., 1987). Features that make it a useful tool include its small size, high mutation rate,
1



maternal inheritance and lack of recombination, in comparison to the nuclear genome
(Moritz et al., 1987). Importantly, the mtDNA has long been assumed to evolve
neutrally (Avise et al., 1987; Ballard and Kreitman, 1995). However, given the
functional importance of the peptides encoded by the mtDNA, which are subunits of
the enzyme complexes involved in oxidative phosphorylation (OXPHQOS, Figure 1.1,
Table 1.1) and the electron transfer system (ETS), and are responsible for producing
the majority of a cell's ATP production when oxygen is available, there is increasing
research into understanding the importance of mtDNA variation. It is now generally
believed that the mtDNA is not neutral; variation in mtDNA sequence may have key
implications for fitness, with selection acting on this variation to promote mitochondrial

sequences that provide an advantage in environments that affect metabolic

processes.
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Figure 1.1: OXPHOS. Schematic showing the enzyme complexes of the ETS with
subunits encoded by the mitochondrial genome in purple. Electrons are donated from
NADH and FADH; (products of glycolysis, fatty acid metabolism and the Krebs cycle)
and are transported through the enzyme complexes before being transferred to
oxygen, the terminal electron acceptor, producing water. This is coupled to the
pumping of protons from the mitochondrial matrix to the intermembrane space, which
creates an electrochemical gradient, driving ATP synthesis at complex V, ATP

synthase.

Table 1.1: Mitochondrial protein coding genes.

Name Protein product Complex
ND1 NADH dehydrogenase subunit 1 I
ND2 NADH dehydrogenase subunit 2 I

2



ND3 NADH dehydrogenase subunit 3 I

ND4 NADH dehydrogenase subunit 4 I
ND4L NADH dehydrogenase subunit 4L I
ND5 NADH dehydrogenase subunit 5 I
ND6 NADH dehydrogenase subunit 6 I
CYTB Cytochrome b 11
COX1 Cytochrome c oxidase subunit | v
COX2 Cytochrome ¢ oxidase subunit Il v
COX3 Cytochrome c oxidase subunit Il v
ATP6 ATP synthase FO subunit 6 \%
ATP8 ATP synthase FO subunit 8 \%

Any variation in the mtDNA sequence could alter the conformation, structure or
interactions of the core protein components of OXPHOS, impacting their function.
Mitochondria are not self-supporting entities and rely on many nuclear-encoded
factors to function. Enzyme complexes I, lll, IV and V consist of peptides encoded by
both the nuclear and mitochondrial genomes (Figure 1.1), so mitochondrial function
relies on the two genomes working efficiently together (Bettinazzi et al., 2024; Nguyen
et al.,, 2020; Rank et al., 2020). An emerging field studies these mitonuclear
interactions (Barreto et al., 2018; Burton, 2022; Burton and Barreto, 2012; Hill, 2015)
and the coevolution of the mitochondrial and nuclear genomes (Barreto et al., 2018;
Hill, 2020, 2016). This makes studying the influence of the mitochondrial genome
difficult as the nuclear genetic background plays such a pivotal role and is near
impossible to completely control for in most study systems. The mitochondrial
genome also encodes 22 tRNAs and 2 rRNAs which are necessary for the translation
of mMRNA. As well as being vital to the generation of the OXPHOS complexes, these
may also play a role in additional processes linked to the mitochondria, including
ageing (Jang et al., 2018), apoptosis (Tait and Green, 2013) and signalling (Chandel,
2014).

1.2 Measuring mitochondrial function

The role of mitochondria in ageing and disease has long been investigated (Horan et
al.,, 2012), but with the development of new techniques to measure mitochondrial
function there has been increasing interest in studying mitochondrial bioenergetics in

evolutionary ecology (McKenzie et al., 2019) and conservation biology (Thoral et al.,

3



2024). One such technique is high-resolution respirometry (HRR), using the
Oxygraph 2k (O2k, Oroboros® Instruments) or Seahorse XF Flux Analyzer (Agilent
Technologies, Santa Clara, CA), which allows small changes in mitochondrial function
to be measured. By combining HRR with ecology, previous work has evaluated how
mitochondria respond to changes in energy demand (Coulson et al., 2024) and the
environment (Salin et al., 2018; Steffen et al.,, 2023; Thoral et al., 2021), and
mitochondria have also been implemented in the adaptation to new environments
(Devaux et al., 2019; Greenway et al., 2020; Pfenninger et al., 2014; Willis et al.,
2021). Although this work highlights the role that differences in mitochondrial function
may have in adaptation, research in this field has only just begun to explore the
genetic changes behind this, perhaps due to the complexity of the mitochondrial

pathways involved.

1.3 Natural selection across the mitogenome

Variation in the mtDNA was long assumed to be neutral (Avise et al., 1987; Ballard
and Kreitman, 1995). As the mitochondrial genes encode peptides involved in such a
fundamental and conserved process, any mtDNA mutations that arose were thought
to disrupt mitochondrial function so would be eliminated from the population by
purifying selection. Although purifying selection is the main driver of mitogenome
evolution (Popadin et al., 2013), more recent evidence suggests that some mtDNA
variants could be beneficial in particular environments so may evolve under positive
selection (Foote et al., 2011; Morales et al., 2015; Noll et al., 2022) and it is now more
widely accepted that the mtDNA can be adaptive (Bazin et al., 2006; Ruiz-Pesini et
al., 2004). The environment can alter an organism’s metabolic demands due to
factors such as temperature, altitude and diet, meaning an individual may adjust its
energy usage and nutrient acquisition in response to changes in conditions (Salin et
al., 2018; Thoral et al., 2021). Long-term changes may result in selection for optimal
metabolic function in these conditions, which may be due to mtDNA variation altering
OXPHOS or mitochondrial function.

Studies across numerous taxa have demonstrated that the mitochondrial genome can
evolve under natural selection (Foote et al., 2011; Li et al., 2018; Melo-Ferreira et al.,
2014; Morales et al., 2015). Multiple methods have been developed to look for
evidence of selection, which have been utilised to detect positive selection across the
mitochondrial protein coding genes (PCGs). Methods are based on the ratio of non-

synonymous to synonymous mutations (dN/dS), where a higher value indicates an
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increase in amino acid substitutions, suggesting that positive selection may have
acted on the gene of interest (Bazin et al., 2006). CODEML, which is implemented in
PAML (Yang, 2007), is one such method and is able to detect specific positively
selected sites which may have otherwise been masked by overwhelming signals of
purifying selection across the mitochondrial PCGs (Awadi et al., 2021; Noll et al.,
2022; Zhang et al.,, 2021). Alternative methods can utilise the physiochemical
properties of amino acids, predicting whether amino acid substitutions are likely to
alter protein function which could be selected for (Bahbahani et al., 2023; Mukundan
et al., 2022; Zhao et al., 2022); TreeSAAP (Woolley et al., 2003) is one example. By
using methods in combination, studies have found strong evidence that positive
selection acts across the mitogenome in many species (Awadi et al., 2021; Lamb et
al., 2018; Noll et al., 2022; Zhao et al., 2022).

Some studies have attempted to link this evidence of positive selection in the
mitogenome to adaptive consequences, but with limited success. mtDNA variation
that alters metabolic function in certain environments may be beneficial and be
selected for. Positive selection in the mitogenome has been associated with altitude
(Li et al., 2018; Yu et al., 2011; Zhou et al., 2014), temperature (Baltazar-Soares et
al., 2021; Melo-Ferreira et al., 2014; Sebastian et al., 2020), deep sea (Shen et al.,
2019; Yang et al., 2021; Zhang et al., 2017) and diet (Aw et al., 2018; Ballard and
Youngson, 2015; Towarnicki and Ballard, 2018). One common approach to assess
the role of the mitogenome in adaptation to new environments is to compare the
mitogenomes of species or populations inhabiting different environments, for example
low and high-altitude adapted fishes (Wang et al., 2016), birds (Zhou et al., 2014) and
insects (Li et al., 2018). This method has identified positively selected sites in the
mitochondrial PCGs that may have played a role in adaptation, but how these amino
acid substitutions affect mitochondrial function or individual fitness generally remains

unknown.

1.4 Functional consequences of mtDNA variation

Studies have linked variation in the mitochondrial genome to phenotypic differences
in model systems, with most work utilising cybrid cell lines (Gomez-Duran et al., 2012,
2010; Wilkins et al., 2014), conplastic mouse strains (Latorre-Pellicer et al., 2016;
Scotece et al.,, 2021; Yu et al., 2009), or comparing Drosophila mitochondrial
haplogroups (Ballard et al., 2007; Camus et al., 2017; James et al., 2003; Pichaud et

al., 2013) to identify any physiological or fithess consequences. It has been more
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difficult to explicitly link mtDNA variation to specific phenotypes in natural populations
as it is harder to conduct experiments and control for variation in the nuclear genetic
background, although differences in fitness have been found between mitochondrial
haplogroups in some insects (Dahlhoff et al., 2019; Sun et al., 2019). Most work
assessing the role of the mitochondria in adaptation in natural systems has compared
mitogenomes and mitochondrial function between populations or species from two

contrasting environments.

The bar-headed goose (Anser indicus) has become a key example showing the role
of the mitochondrial genome in high-altitude adaptation (Scott et al., 2015, 2011). A
comparative analysis of the high-altitude adapted bar-headed goose and two low-
land species, the pink-footed goose (Anser brachyrhynchus) and barnacle goose
(Branta leucopsis), found that cytochrome ¢ oxidase (COX, complex IV) of the bar-
headed goose had lower activity levels and a higher affinity for cytochrome c than the
low-land species (Scott et al., 2011). By comparing the mitogenomes, Scott et al.
identified a nonsynonymous substitution in COX3 of the bar-headed goose which was
otherwise conserved in vertebrates. This was predicted to alter the interaction
between COX3 and COX1, which could explain the observed difference in complex
IV kinetics. It was hypothesised that these changes in complex IV activity could be
beneficial at high-altitude as they may reduce reactive oxygen species (Scott et al.,
2015, 2011). Although the bar-headed goose has other key adaptations that allow
flight at high-altitude where oxygen availability is limited (Black and Tenney, 1980;
Scott et al., 2015; Scott and Milsom, 2007) and further work is necessary to decipher
how complex IV differences can be advantageous for altitude adaptation, this work
demonstrates that variation in the mitogenome can provide a functional advantage
which may be selected for in certain environments. Phylogenetic selection analyses
on the mitochondrial PCGs were not possible in this study as the divergence between
the mitogenomes of the species assessed was too low (Scott et al., 2011). A similar
alteration of mitochondrial enzyme activities has been found in mammals adapting to
high-altitude, with cytochrome c oxidase and citrate synthase (catalyses the first step
in the Krebs cycle) having enhanced activity in highland populations of deer mice
(Peromyscus maniculatus) compared to low-land relatives (Peromyscus leucopus)
(Cheviron et al., 2012; Lui et al., 2015). By linking mtDNA variation to changes in
mitochondrial function and the environment, these studies show that the mitogenome
can have a role in adaptation. Disentangling these findings from the nuclear genome

and any mitonuclear interactions can be difficult with such study systems and
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approaches as nuclear genetic divergence will be high between species, which can
also influence OXPHOS (Baris et al., 2016; Edmands and Burton, 1999; Ellison and
Burton, 2006; Hill, 2015). Mitochondrial sequence variation alone could not be linked

to the observed physiological differences.

Examples explicitly linking mtDNA variation to physiological mitochondrial changes
must control or account for the nuclear genetic background. While this is not possible
in most study systems, Drosophila have become a valuable model in developing our
understanding of the evolutionary and ecological implications of mtDNA variation
(reviewed in Dowling and Wolff, 2023) as mtDNA variants can be expressed alongside
different nuclear genetic backgrounds. This has allowed the assessment of
mitonuclear incompatibilities (James et al., 2003; Meiklejohn et al., 2013; Montooth
et al., 2010) and the functional consequences of mtDNA variation when assessed in
the same nuclear background (Aw et al., 2018; James et al., 2003; Wolff et al., 2016).
This shows the important role of mitochondrial gene-by-environment interactions,
including temperature (Hoekstra et al., 2013; Pichaud et al., 2013) and diet (Aw et al.,
2018; Ballard and Youngson, 2015; Zhu et al., 2014), demonstrating that mtDNA
effects may be context or environment dependent. More recent studies have utilised
conplastic mouse strains to compare individuals with different mtDNA variants but the
same nuclear genetic background (Latorre-Pellicer et al., 2016; Scotece et al., 2021;
Yu et al., 2009). Although these findings confirm the influence of mtDNA haplotype on
mitochondrial function (Latorre-Pellicer et al., 2016), by combining the mtDNA of one
strain with the nuclear genome of another, the interactions of the two genomes likely

influence findings.

Natural study systems are beginning to be explored; those where strong nuclear gene
flow occurs between mitochondrial haplogroups offer the most potential for the
exploration of mtDNA variation, as this minimises any differences in the nuclear
genome (Baris et al., 2016; Sun et al., 2019). Ideal populations consist of two diverged
mitochondrial lineages that segregate against a common nuclear genetic
background, but such populations are rare in natural study systems. Unlike artificial
conplastic strains, studying natural populations ensures that mitonuclear
combinations are compatible and mtDNA variants are compared in an admixed
nuclear background. Genetic studies of mitochondrial and microsatellite markers of
the European sardine (Sardina pilchardus) found that it formed an almost panmictic
population around the Iberian Peninsula, but CYTB and ATP6 haplotypes were
negatively correlated with minimum sea surface temperature (Baltazar-Soares et al.,
7



2021), and more recent work found evidence of positive selection across some sites
in the mitogenome (Vieira et al., 2024). Whether mitochondrial haplotypes and
positively selected amino acid substitutions alter mitochondrial physiology or function
under certain conditions remains unexplored however. Mitochondrial genome
variation has also been associated with climate and latitude (Sun et al., 2015) and
phenotype (Sun et al., 2019) in the small brown planthopper (Laodelphax striatellus),
with differences in mtDNA copy number, cold tolerance and fecundity identified
between mitochondrial haplogroups, despite strong nuclear gene flow between
populations (Sun et al., 2019, 2015). The differences in mtDNA copy number were
independent from the nuclear genetic background and could be traced to non-
synonymous substitutions in the mitochondrial genome, highlighting the functional
importance of mtDNA variation. But fecundity and cold resistance were dependent on
the nuclear genetic background (Sun et al., 2019), so the small brown planthopper
may be a valuable model to study mitonuclear interactions and their role in

maintaining mtDNA diversity.

Perhaps the most comprehensive series of work comparing mitochondrial
haplogroups was conducted on the Atlantic killifish (Fundulus heteroclitus). There are
two haplogroups near the Hudson River in Mantoloking, NJ, USA, where a northern
group experiences temperatures approximately 12°C colder than the southern. Initial
studies assessed the mitochondrial genome within the species, identifying 5 amino
acid differences between the northern and southern haplotypes, but found no
evidence of positive selection across the mitogenomes (Whitehead, 2009). To
determine whether OXPHOS function differed between the two haplogroups and
whether this was dependant on temperature, HRR was conducted on permeabilised
heart tissue (Baris et al., 2016). Importantly, fish from a single admixed population
containing high frequencies of both haplotypes were selected as this meant that both
haplogroups experienced the same environmental conditions and minimised any
nuclear genetic differences. OXPHOS was measured at different acute temperatures
in fish previously acclimatised to either 12 or 28°C and the mitochondrial haplotype
affected many of the measured OXPHOS parameters, but findings were complex and
dependant on both the acute and acclimatisation temperature (Baris et al., 2016).
These results demonstrated that mtDNA variation had temperature-dependant
physiological consequences for cardiac OXPHOS function. Additional work compared
the nuclear genomes of the two mitochondrial haplogroups from this same population

by assigning the two mitochondrial haplogroups as independent populations and
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calculating Fst values to measure the amount of genetic differentiation among these.
This method identified over 300 single nucleotide polymorphisms (SNPs) that had
large Fst values that were classed as statistical outliers and four of these were in
genes that were likely to influence OXPHOS (Baris et al., 2017). Differences in
mitochondrial respiration were only apparent between mitochondrial haplotypes with
outlier single nucleotide polymorphisms (SNPs) associated with their own ancestral
lineage, and not between haplotypes in a mixed nuclear background (Baris et al.,
2017). So together, these results suggested that the observed differences in cardiac
mitochondrial respiratory parameters were due to both mitochondrial and nuclear
differences and their potential interactions (Baris et al., 2017, 2016; McKenzie et al.,
2019). This series of studies highlights the potential functional consequences of
mtDNA variation for OXPHOS, but this could not be disentangled from the nuclear

genetic background.

1.5 The three-spined stickleback as a model

To link mtDNA variation to differences in mitochondrial physiology, organism fitness,
and to any ecological and evolutionary consequences of this independent of the
nuclear genetic background, utilising further non-model and natural systems is
necessary. By assessing mitochondrial genomes for evidence of natural selection,
numerous studies across a wide range of organisms have suggested that the mtDNA
is adaptive (Foote et al., 2011; Li et al., 2018; Melo-Ferreira et al., 2014; Morales et
al., 2015), but the majority fail to test whether positively selected amino acid
substitutions have physiological consequences that could be selected for, instead
relying on predictions from protein structures or previous work (Garvin et al., 2011;
Zhang et al., 2024). This is due to the lack of natural model systems that allow mtDNA
variation to be assessed independent to the nuclear genome. Where selection has
been detected across the mitochondrial genome, species or populations from
different environments have been compared (Li et al., 2018; Wang et al., 2016; Zhang
etal., 2024; Zhou et al., 2014), or mitochondrial lineages had very little gene flow (Noll
et al., 2022), resulting in divergence in the nuclear genomes. Any differences in
mitochondrial function in these systems could be from mitochondrial or nuclear
genetic differences, or their interactions. We also know that mitochondrial sequence
and functional variation can influence numerous fitness parameters from studies of
cybrid cell lines (Gomez-Duran et al., 2012, 2010; Wilkins et al., 2014), Drosophila
(Aw et al., 2018; James et al., 2003; Wolff et al., 2016), and mice (Latorre-Pellicer et
al., 2016; Scotece et al., 2021; Yu et al., 2009), and this is increasingly being applied
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to natural populations including in high-altitude adaptation in birds and mammals
(Cheviron et al., 2012; Lui et al., 2015; Scott et al., 2015, 2011) and in temperature
tolerance in fish (Baris et al., 2017, 2016; Whitehead, 2009). These examples provide
consistent evidence that mitochondria are important in adaptation, but again, these
findings cannot be explicitly linked to variation in mtDNA sequence as there were also
nuclear genetic differences between the populations studied. Ideal study systems
would allow the comparison of mtDNA variants in the same nuclear genetic

background, as in studies of Drosophila and mice.

Here, we propose that the three-spined stickleback (Gasterosteus aculeatus,
‘stickleback’) is a good model to investigate mtDNA variation. The stickleback is a
small teleost fish widely distributed throughout the Northern Hemisphere and
ancestrally marine stickleback have repeatedly colonised freshwater habitats (Bell
and Foster, 1995; Jones et al., 2012). There are two well-studied mitochondrial
lineages in the Atlantic with greatly diverged mitochondrial genomes (Dean et al.,
2019; Makinen and Merila, 2008): European (‘Eu’) and trans-Atlantic (‘At’). Previous
research on North Uist, Scottish Western Isles, found differences in the frequencies
of these lineages between stickleback ecotypes which inhabit different environments
(Dean et al., 2019), which may suggest different adaptive propensities. Migratory
populations were generally an almost equal mix of two lineages, while non-migratory
(‘resident’) stickleback that had permanently colonised fresh water and saltwater
lagoons were predominantly the Eu lineage (Dean et al., 2019). As there are
differences in energy requirements between such environments (due to differences
in temperature, diet and salinity for example) and lifestyles (migratory versus non-
migratory), the variation in mtDNA between lineages could explain these differences
in adaptive potential. No work to our knowledge has investigated whether natural
selection has played a role in the evolution of the stickleback mitogenome in the
Atlantic or determined the physiological or fithess consequences of the mtDNA

variation between lineages.

As previously discussed, current research into the consequences of mtDNA variation
has identified natural selection acting on the mitogenome but is often unable to
disentangle mitochondrial from nuclear genetic effects which limits tests of how
mtDNA variation influences physiology and fitness. Migratory stickleback populations,
at least on North Uist, segregate into approximately equal frequencies of the two
mitochondrial lineages (Dean et al., 2019), but to the best of our knowledge are freely
interbreeding and nuclear genetic differences are unlikely. This results in two mtDNA
10



variants in the same nuclear genetic background, experiencing the same
environmental conditions. As a consequence, any physiological or morphological
differences between lineages from these populations could be traced back to the
mtDNA differences. This provides a natural study system to investigate the ecological
and evolutionary consequences of mtDNA variation. The stickleback can be raised in
aquaria (Divino et al., 2014), where factors that can influence mitochondrial function
in fish can be controlled, including diet (Salin et al., 2021; Zavorka et al., 2021),
temperature (Chouinard-Boisvert et al., 2024; Dawson et al., 2022; Michaelsen et al.,
2021) and salinity (Brijs et al., 2017; Zikos et al., 2014), so any consequences of
mtDNA variation can be assessed independently or in addition to these variables. The
stickleback has a high-quality reference genome (Nath et al., 2021; Peichel et al.,
2020, 2017), with genetic studies widely conducted to answer a range of ecological
and evolutionary questions (Dean et al., 2019; Jones et al., 2012; Reid et al., 2021;
Roberts Kingman et al., 2021). A major area of research has been on the stickleback’s
repeated adaptation to fresh water across the Northern Hemisphere (Colosimo et al.,
2005; Ishikawa et al., 2021; Jones et al., 2012) but little work has focused on the
mitochondrial genome (but see Beck et al., 2022; Karlsen et al., 2024) other than as
a marker of population structure (Makinen and Merild, 2008; Orti et al., 1994), which

we believe may have also played an important role in adaptation.

1.6 Study system

We sampled wild populations of stickleback from North Uist in the Western lIsles of
Scotland, UK (57.5704, -7.2812, Figure 1.2). North Uist is a well-studied system for
stickleback ecology, evolution and behaviour (Dean et al., 2019; MacColl et al., 2013;
Magalhaes et al., 2016; Robertson et al., 2016; Spence et al., 2013). The stickleback
is widely distributed across the Northern Hemisphere and previous research has
looked at the mitochondrial lineages across multiple locations in the Atlantic (see
Table 4.2). We were therefore able to not only look at the adaptive consequences of
mtDNA variation on North Uist, which may be specific to the colonisation history of
the island, but to expand our survey across the Atlantic. We were also able to build
upon this dataset by including the further sampling we conducted on North Uist, and
samples from collaborators in North America (Nova Scotia, Newfoundland, Quebec,
Lubec), Iceland and Portugal (see Figure 1.2 for locations). In combination, this

provides a large study area across the stickleback’s Atlantic distribution.
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Figure 1.2: Stickleback sampling sites. Map of the northern Atlantic (a) and North
Uist (b) with points showing sites where stickleback samples were collected. See

individual chapters for further details.

1.7 Thesis outline

In this research | aim to show that the two mitochondrial lineages of the stickleback
in the Atlantic differ in adaptive potential by combining phylogeography, ecology,
selection analyses and HRR. | will provide evidence that the mtDNA variation between
Eu and At stickleback has physiological consequences for mitochondrial function
independent of the nuclear genome, and that natural selection may have acted upon
this variation resulting in differences in adaptive potential between Eu and At

stickleback.

Chapter 2: Development of Resident and Migratory Three-spined Stickleback,
Gasterosteus aculeatus. A large part of this work included assessing and raising
migratory populations from North Uist as these are an approximately equal mix of the
two mitochondrial lineages. Very few studies have assessed the development,
fertilisation and hatching success of migratory populations (Kirschman et al., 2023);
instead, the focus has been on freshwater populations (Kuntz and Radcliffe, 1917;
Vrat, 1949) and at a higher temperature than stickleback experience in North Uist
(Swarup, 1958). Noting this gap in the literature, | raised migratory and resident
clutches and compared their development in order to inform raising stickleback in

aquaria and provide a baseline for future studies.

Chapter 3: A Common Anaesthetic, MS-222, Alters Measurements Made Using
High-Resolution Respirometry in the Three-Spined Stickleback (Gasterosteus
aculeatus). To compare mitochondrial function between the two Atlantic stickleback

mitochondrial lineages, | first needed to optimise a protocol for the O2k as few studies
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had previously conducted HRR on stickleback tissue (Chouinard-Boisvert et al., 2024;
Cominassi et al., 2022; Shama et al., 2014). From the literature, it was apparent that
the effects of anaesthetics used for the euthanasia of fish on mitochondrial function
had not previously been investigated, with over 50% of HRR studies using the O2k
having used an anaesthetic without investigating any effects on the mitochondria
(from https://wiki.oroboros.at/, 6th February 2025). As | used MS-222 for stickleback
euthanasia, | first assessed the physiological effects of MS-222 on stickleback
mitochondrial respiration, finding that this altered specific respiratory states in the

brain.

Chapter 4: Repeated association of mitochondrial lineage with habitat in
Atlantic three-spined stickleback. | first designed an assay to reliably distinguish
the Eu and At stickleback mitochondrial lineages to assess their distribution across
the Atlantic. | provide evidence that the two Atlantic mitochondrial lineages are
associated with adaptive potential, and highlight the Atlantic three-spined stickleback
as a model for further investigations into the physiological and evolutionary

consequences of MtDNA variation.

Chapter 5: Positive selection in the mitochondrial protein coding genes of the
three-spined stickleback. To test whether the evolution of the stickleback
mitochondrial lineages and freshwater adaptation was accompanied by selection
acting on mitochondrial function, | assembled and analysed stickleback mitogenomes
using multiple phylogenetic selection analyses. | show that sites within the complex |
genes were likely candidates for positive selection, with amino acid substitutions

predicted to alter protein structure and function.

Chapter 6: Physiological consequences of mitochondrial DNA variation in the
three-spined stickleback. | next tested whether the mtDNA variation between the
two Atlantic mitochondrial lineages has physiological consequences that could be
selected for. | show that the two mitochondrial lineages in the Atlantic have
temperature-dependent differences in mitochondrial function, in particular respiration

via complex .

Chapter 7: General discussion. | highlight and link the key findings from this thesis,
focussing on the ecological and evolutionary consequences of mtDNA variation in the

Atlantic three-spined stickleback.
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2.2 Abstract

The three-spined stickleback (Gasterosteus aculeatus) is a teleost fish and a model
organism in evolutionary ecology, useful for both laboratory and natural experiments.
It is especially valued for the substantial intraspecific variation in morphology,
behaviour and genetics. Classic work of Swarup (1958) has described the
development in the laboratory of embryos from a single freshwater population, but
this was carried out at higher temperature than many stickleback would encounter in
the wild and variation between populations was not addressed. Here we describe the

development of embryos from two sympatric, saltwater ecotypes of stickleback from
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North Uist, Scotland raised at 14°C, the approximate temperature of North Uist lochs
in the breeding season. The two ecotypes were (a) a large, migratory form in which
the adults are completely plated with bony armour and (b) a smaller, low-plated form
that is resident year-round in saltwater lagoons. By monitoring embryos every 24-
hours post fertilisation, important characteristics of development were observed and
photographed to provide a reference for North Uist ecotypes at this temperature.
Hatching success was greater than 85% and did not differ between resident and
migratory stickleback, but migratory eggs hatched significantly earlier than the
resident ecotype. Our work provides a framework that can now be used to compare
stickleback populations that may also grow in distinct environmental conditions, to
help understand the breadth of normal developmental features and to characterise

abnormal development.

2.3 Introduction

The three-spined stickleback (Gasterosteus aculeatus) has been increasingly studied
and raised in aquaria (Reid et al.,, 2021). The repeated adaptation of oceanic
stickleback to fresh water make it an attractive model to investigate parallel evolution
(Jones et al., 2012). As such, the three-spined stickleback has become an important
model in evolutionary genomics, with both laboratory and natural experiments widely
reported. Despite much recent research on variation in the morphology, behaviour
and genomics of stickleback, there is a paucity of work describing variation in the
development of stickleback from fertilisation to hatching. Swarup 1958 described in
detail the key stages in development of the three-spined stickleback, building upon
Vrat, 1949 and Kuntz & Radcliffe, 1917. However, Swarup’s embryos developed in
the lab at 18—19°C, a relatively high temperature for stickleback, and did not consider

the possibility of variation between populations.

Temperature is known to greatly influence development time in fish (Martell et al.,
2006; Melendez and Mueller, 2021; Pauly and Pullin, 1988), so it is likely that at a
colder, more physiologically relevant temperature for many stickleback populations,
development time will be increased but this has not been quantified in the stickleback.
A large amount of stickleback research is conducted on populations from North Uist
(Western Isles, Scotland) (Colosimo et al., 2005a; Dean et al., 2019a; Haenel et al.,
2019). Water temperatures in the island’s lagoons have been recorded as between
13.1 and 15.0°C during the breeding season (May 2022 and 2023), a considerably

lower temperature than stickleback development has previously been assessed at
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(Swarup, 1958). Optimum growth for the stickleback has been recorded at 21°C
(Lefébure et al., 2011). It is therefore likely that the colder temperatures experienced
by stickleback in more northern regions, such as on North Uist, will alter both growth
and development. Given the wide distribution of stickleback across the Northern
Hemisphere encompassing large variation in environmental variables and therefore
stickleback morphology, it is useful to quantify development of the stickleback at lower

temperatures, and to compare contrasting ecotypes.

On North Uist, there are two morphologically distinct ecotypes that occur
sympatrically in salt water: migratory and lagoon resident (Dean et al., 2019a).
Migratory stickleback are large and completely plated, spending most of their lives at
sea but migrating to brackish water to spawn, whereas smaller, low plated lagoon
resident fish live permanently in coastal lagoons. Resident stickleback lay smaller
clutches than migratory (Karve et al., 2013) and as previous work hints at a negative
relationship between clutch size and egg volume (Elgar, 1990), migratory fish likely
lay smaller eggs. High levels of reproductive isolation are maintained between the
ecotypes, with an estimated hybridisation rate of ~1% (Dean et al., 2019a). Migratory
and lagoon resident ecotypes vary in both morphology and genetics (Dean et al.,
2019a), so there are likely also differences in egg size and developmental timing, as

found between Arctic charr morphs (Beck et al., 2022).

Here, we compare the development of migratory and resident stickleback from North
Uist at a temperature naturally experienced by these populations, and provide

reference photographs for future work.

2.4 Methods

To compare development in sympatric stickleback ecotypes at a physiologically
relevant temperature (14°C) and provide a photographic resource for future studies,
we monitored the development of lagoon resident and migratory stickleback from
North Uist, starting at fertilisation through to hatching. Coloured photographs of
resident stickleback were taken to record the key stages and any differences between
these and the migratory embryos were assessed. Hatching success and time to
hatching were also recorded for both ecotypes. All work was carried out according to
UK Home Office regulations (the Animal Scientific Procedures Act 1986 and ensuing
legislation), under Project Licence (PP5421721) held by Andrew MacColl. This was

approved by the University of Nottingham Animal Welfare and Ethics Review Board.
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Fieldwork was conducted on North Uist between 30" April and 19" May 2023. To
collect breeding wild stickleback of both sexes and ecotypes, mesh traps were left in
Loch an Duin (57.64245, -7.209207), a saltwater lagoon in the North-East of the
island, for 24-hours. Migratory and lagoon resident crosses were made, following
standard procedures (Hatfield, 1997), by squeezing eggs from gravid, euthanised
females into small petri dishes and mixing them with testes from euthanised
reproductive males. Fish were euthanised with an overdose of ftricaine
methanesulfonate (400mg/L) followed by destruction of the brain in accordance with
Schedule One of UK Home Office regulations. After fertilisation, eggs were covered
in sterile water which was the media used throughout egg development. Egg number
per clutch was kept between 20 and 30 where possible. Six crosses per ecotype were
made using different males and females for each cross, and each was raised in a
separate petri dish. Embryos were maintained at 14°C, the approximate water
temperature of North Uist lochs in April, in an incubator (ICT-P Falc, portable mini
incubator) where air could fully circulate. Every ~24-hours post-fertilisation, petri
dishes were briefly taken out of the incubator and media carefully removed with a
Pasteur pipette and then replaced with fresh, temperature-matched media. Other
than changing the media and any turning of the eggs as a consequence of viewing
them under the microscope, no additional egg care was implemented. Each dish was
observed under a dissecting microscope (Olympus SZ61), key features of developing
embryos noted and photographs taken. Embryo development was also scored based
on Swarup 1958. The same person (MB) scored each cross throughout the
experiment. This was repeated daily, until two days after the first hatched stickleback

larvae was observed in each clutch.

Hatching success was calculated for each clutch of migratory and lagoon resident
ecotypes separately as percentage of successfully hatched larvae. The number of
days until the first appearance of a fully hatched stickleback and the number of days
until 50% of the clutch had hatched was noted. Hatching success was compared
between ecotypes using a binomial GLM with logit link. In one migratory clutch, 17
unfertilised eggs were observed 48-hours post-fertilisation; this was likely due to
hardening of the eggs in the female reproductive tract which can be common in
stickleback (Dean et al., 2019b). In this case hatching success was recalculated as
the number of successfully hatched stickleback per total number of fertilised eggs,
and this value was used in the model. Time to hatch (days) was compared between

migratory and lagoon resident stickleback using two-sample Wilcoxon rank sum tests.
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To assess differences in development between migratory and lagoon resident
stickleback, the score based on Swarup’s 1958 taxonomy was plotted at each 24-
hour timepoint for both ecotypes. We tested for differences between ecotypes in the
development score over multiple days using two-sample Wilcoxon rank sum tests,
and used the false discovery rate (FDR) method to control for type 1 errors (Benjamini
and Hochberg, 1995). Considering the small number of tests and clutches used in
this analysis, we set a relatively relaxed FDR threshold of 0.1, which allowed for 10%
of significant results to be false positives. As days to 50% hatched and observable
differences in development were also assessed between ecotypes, we could be
confident that differences in hatching time between migratory and resident stickleback

was not a type | error.

As egg size could in part explain any differences in hatching success or days to hatch
between migratory and resident stickleback, we have included measurements of egg
volume for the two ecotypes found on North Uist, from two different lochs sampled in
2007 and 2011. Migratory and resident stickleback were collected from the saltwater
lochs Ob nan Stearnain (57.601667, -7.172778) and Fairy Knoll (57.635278, -
7.215000). Eggs were assumed to be ellipsoid and were measured using a dissecting
microscope with an eyepiece graticule. Length (largest dimension when viewed from
above) was measured and the measurement perpendicular to this was assumed to
be the diameter at the widest point. These measurements were halved to get
corresponding half-axis measurements, a and b respectively. These values were
used to calculate volume for between 5 and 10 eggs per mature female, as 4/31ab?.
A mean egg volume was then calculated for each female and this was compared
between ecotypes using a linear mixed effects model with ecotype as a fixed effect

and loch as a random effect.

All analyses were done using the R language and performed in R Studio (R Core

Team, 2021) and an alpha value of 0.05 used for statistical tests.

2.5 Results

The number of eggs selected per clutch averaged 23.6, with means of 27.0 and 20.2
eggs for migratory and resident clutches respectively (in total, clutches are larger than
this, especially for migratory fish). There was no difference in hatching success
between ecotypes (Wald X2 1= 0.673, P = 0.412; Table 2.1, Figure 2.1a), with
hatching success averaging 85.0% in migratory stickleback and 92.7% in lagoon

resident fish (Figure 2.1a). The number of days until appearance of the first hatched
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larvae and the number of days until 50% of the clutch had hatched were significantly
earlier in migratory than lagoon resident stickleback (Wilcoxon rank sum test: First
larvae: p = 0.00300; 50% hatched: p = 0.00488; Table 2.1, Figure 2.1b). The first
migratory fish hatched after 11.7 days on average and 50% of the clutch hatched after
12.2 days (clutches hatched on days 11 or 12) and the first resident fish hatched after
13.2 days, with 50% of the clutch having hatched after 13.7 days (clutches hatched
on day 13 or 14). Resident stickleback had significantly larger eggs than migratory
(x2=3.84, df = 1, p = 0.0499; Table 2.1, Figure 2.2).

Table 2.1: Hatching success, days to hatch and egg volume.

Migratory Resident

Hatching Success (%): mean +/- SD 85.0 +/-21.6 92.7 +/- 6.7

Day to first hatched stickleback: mean +/- SD 11.7 +/- 0.5 13.2+/-0.5

Day to 50% hatched stickleback: mean +/- SD 12.2 +/- 0.4 13.7+/-0.4

Egg Volume (mm?3): mean +/- SD 1.97 +/- 0.34 2.20 +/-0.27
a) b)
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Figure 2.1: Hatching success (a) and days to 50% hatched (b) for migratory and

resident three-spined stickleback incubated at 14°C. Hatching success was

calculated per clutch as number of successfully hatched larvae divided by initial

number of eggs. Days to hatch is calculated from fertilisation (day 0) until 50% of the

clutch had hatched. Boxplot shows median and interquartile range and all data values
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are displayed as points. n = 6 clutches per ecotype. Significant differences, p < 0.05,

marked with an asterisk.
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Figure 2.2: Egg volume for migratory and resident three-spined stickleback.
Mean value for each ecotype is shown with a cross and error bars show standard
error. Mean egg volumes for each female are displayed as points; n = 27. Significant

differences, p < 0.05, marked with an asterisk.

Although there were quantitative differences in developmental stage between the
ecotypes at days 2 and 12 (see below), our observations of the clutches revealed that
development was very similar in migratory and resident clutches. Therefore, we only
describe the development of lagoon resident clutches in detail, at each 24 hour
interval. Day 0 is the day of fertilisation, day 1 refers to 24-hours post fertilisation, and
so on. Figure 2.3 and Figure 2.4 show a photo time-series of development which

gives a clearer impression than the line drawings that were previously available.
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Figure 2.3: Three-spined stickleback development from day 1 (24-hours post
fertilisation) to day 7. Images taken using a dissection microscope with a dark

background on the stage, for contrast. Key features are labelled.
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Figure 2.4: Three-spined stickleback development from day 8 up until hatching.
Images taken using a dissection microscope with either a dark or light background on

the stage, for contrast. Key features are labelled.
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Day 1: By 24-hours post fertilisation, the egg had gone through the 2, 4, 8, 16 and 32-
cell stage, reaching stage 9 in the Swarup series. The cells divided further, becoming
smaller; these form the morula which sits on the yolk. Oil globules were visible in the

yolk.

Day 2: Gastrulation had begun. A germ ring formed. The more opaque ring of cells
seen in Swarup stage 12 were often not visible until the eggs were gently rotated, as
the germ ring was usually on the ventral side. A dark background aided visualisation

of features early in development.

Day 3: Optic lobes had formed either side of the forebrain (Swarup stage 16). The

embryo protruded from the surface of the yolk sac.

Day 4: Somites appeared in the middle of the embryo. Rather than from the side of
the embryo, as shown in Swarup 1958 stage 17, somites were best seen by gradually
focusing through the yolk sac to the opposite side (Figure 2.3, day 4). Around six or
seven pairs were clear in most cases, although occasionally there were more. The
head had differentiated so that the optic lobes became optic vesicles where central
cavities were visible, and then optic cups as lenses formed. The brain developed

further so that separation between the mid- and hindbrain was clear.

Day 5: The heartbeat was apparent on the left side of the embryo (Swarup stage 19).
This was most clear to see when looking at the embryo from the side, where only one
eye is visible (Figure 2.3, day 5). Some pigment began to appear, starting on the
outer margins of the eye and some scattered areas on the body. Ventricles in the
midbrain had closed. Some gentle rotation of the eggs was necessary to see both the
heartbeat and the features of the head, hence two images are provided for day 5

in Figure 2.3.

Day 6: More eye and body pigment was present so that most of the eye cup was dark
in colour and this now surrounded almost all of the lens except for the lower portion.
The tail occasionally moved, although at this point it was infrequent and difficult to
capture. The split in the hindbrain could no longer be seen. The heart was larger and

the three chambers were visible.

Day 7: Yolk sac circulation could be seen on the left of the embryo; often gently
rotating the embryo was necessary to identify this. Pectoral fins started to develop.
There was more pigment, including on the yolk sac. The head of the embryo became

shorter and broader (Swarup stage 22).
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Day 8: More melanophores were visible on the head. The yolk sac circulation
increased in area; at this stage this was difficult to see as the colour is similar to the
yolk sac so switching between a dark and light background helped distinguish this.
Tail movement became more frequent and the eye pigment was darker throughout

the eye cup. The split in the forebrain was still visible.

Day 9: The ventricle of the forebrain closed so the head was fully formed. The yolk

sac circulation was almost complete (Swarup stage 23).

Day 10: The eye cup now completely surrounded the lens, which became dark in
colour. The eye cup surrounding the lens happened at an earlier stage than in
Swarup’s descriptions as here this occurs prior to the completion of the yolk sac
circulation and formation of the mouth, whereas this is noted at stage 24 of Swarup’s
descriptions where the embryo is almost ready to hatch (the final stage, approx. 24
hours prior to hatching). There were only a few larger oil globules and these were
situated in front of the head. Blood also collected in front of the head. A change to a
lighter background at this point in development was found to increase contrast

between the pigmented features and the background, making identification easier.

Day 11: The blood collecting in front of the head became more apparent as the yolk
circulation was complete and its red colour is clear, especially on a light background.
The mouth formed and the tail became more prominent. To observe the mouth, gently
moving the embryos was necessary to position the head of the embryo in the best
light to capture the mouth; it was best observed looking at the front of the embryo (as
in Figure 2.4, day 12).

Day 12: The amount of pigment on the body increased further. Tail movement was
more frequent and the pectoral fins vibrated. The embryos displayed all key features

described in stage 24 of Swarup’s taxonomy and were ready for hatching.

Day 13 or 14: At day 13 or 14 hatching commenced. The head of the embryo pushed
against the shell of the egg and broke free. Tail movement then freed the rest of the
embryo. The hatched embryo was transparent and lay on its side as the yolk is large.

The head remained curved around the edge of the yolk.

There were differences in development between lagoon resident and migratory
stickleback: comparing development each day, migratory clutches were at a
significantly higher score than residents at days 2, 4, 6 and 12 (Figure 2.5, Table

2.2), but after correcting for multiple testing only differences at days 2 and 12
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remained significant (Table 2.2). Differences were therefore early in development
when migratory clutches had a higher score and were therefore more developed than
residents, and late in development (day 12) when the eggs of residents took longer
to hatch than migratory clutches after reaching the final stage (24) in Swarup’s scoring
(Figure 2.5).
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Figure 2.5: Development of stickleback embryos through time (days after
fertilisation) estimated as the Swarup (1958) score. Migratory stickleback clutches
are shown in blue and residents in red with error bars showing standard deviation.
Clutches were raised at 14°C. Grey crosses show the development score from
Swarup 1958 for comparison, where stickleback were raised at 18—19°C. Dotted line
shows when stickleback have hatched. Asterisk shows days where there was a
significant difference (p < 0.05) between migratory and resident scores (two-sample
Wilcoxon rank sum tests) that remained significant after correcting for multiple

comparisons using the FDR method: FDR = 0.10.
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Table 2.2: Wilcoxon rank sum test results for comparisons between migratory
and resident stickleback development scores at each day ranked in order of

increasing p value, with multiple comparisons testing of results. FDR setto 0.10.

Day Tested (Wilcoxonpl-?\;\anIEeSum Test) Rank Benjsair;ri?:i-gla%‘zzzberg
12 0.008113 1 Significant
2 0.00931 2 Significant
6 0.02766 3 Not significant
4 0.02889 4 Not significant
7 0.05429 5 Not significant
3 0.07053 6 Not significant
13 0.07955 7 Not significant
5 0.1739 8 Not significant
10 0.2184 9 Not significant
1 0.2361 10 Not significant
8 0.4047 11 Not significant
11 0.5407 12 Not significant
9 0.6404 13 Not significant
14 0.7077 14 Not significant

Progression of development in our clutches of migratory and resident stickleback
(raised at 14°C) also differed strongly from those of Swarup raised at 18—19°C. Early
in development (days 1 to 6) there is only a small difference, with those raised at 18—
19°C having, in general, a slightly higher development score (Figure 2.5). However,
by day 7 there is a large difference in score, with Swarup’s having reached stage 24,
the final stage before hatching, but both resident and migratory clutches raised at
14°C averaging a score of 22.6 (migratory mean was 22.8 and resident 22.4). Those
raised at the higher temperatures hatch (stage 25) at days 6 to 8, while clutches raised
at the lower temperature remain at the later stages of development (stages 22 to 24)

for a longer time, before hatching between days 11 and 14.
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2.6 Discussion

We describe visual features of development in the embryos of two contrasting
ecotypes of three-spined stickleback, every 24 hours post-fertilisation, with key
structures highlighted in photographs to increase the ease of identification of
important features. This builds upon the work of Swarup (1958), where stages were
named after key morphological characteristics and described in detail in stickleback
embryos raised at 18 to 19°C. However, as stickleback development is strongly
influenced by temperature, this work assessed these key features daily in stickleback
developing at a lower, physiologically relevant temperature for where these
populations would be found naturally, and to compare the two ecotypes. The hatching
success of both ecotypes was high, with no differences between them. We have
presented only coloured images of resident stickleback because, aside from the
difference in hatching time, qualitatively we did not observe any differences in
development between ecotypes. As we viewed embryos every 24 hours it remains

possible that finer differences in detail exist but could not be observed here.

Migratory clutches tended to be further developed than residents from days 1 to 7,
although this only reached significance at day 2. From day 8, no difference in
development stage was observed between ecotypes, so resident clutches had
‘caught up’ with migratory, and both ecotypes had reached stage 24 at the same time.
Migratory clutches then hatched on day 11 or 12 while residents remained at the last
stage prior to hatching. The eggs of resident stickleback therefore hatched on
average 1.5 days later than those of migratory fish. As embryos were checked every
24-hours, the hatch day was recorded as the day where 50% or more of the clutch
had hatched. This could therefore be slightly longer than actual time to hatching (as
stickleback may have hatched sometime within the day prior), but this should not
cause a systematic bias between the ecotypes. Indeed, the difference between

ecotypes was large, with little overlap in hatch day between groups.

The migratory and resident forms are known to vary greatly in morphology and
genetics, so a difference in development is not unexpected (Dean et al., 2019a), and
diverged Arctic charr morphs have been found to vary in egg size, development timing
and size at hatching (Beck et al., 2022). Migratory stickleback have larger clutches
than resident (Karve et al., 2013) and there is a trade-off between clutch size and egg
size (Elgar, 1990; Karve et al., 2013), suggesting that the eggs of migratory fish are

likely smaller than those of residents. Indeed, we show quantitatively that this is the
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case for North Uist populations, with resident eggs having a larger volume than
migratory eggs. The decreased yolk size and therefore nutrients for migratory
embryos may explain the reduced time to hatch, as well as additional differences in
the egg or membrane itself. The finding that migratory clutches with smaller eggs
hatched earlier than residents with larger eggs agrees with previous work compiling
development times from 84 species of teleost fish; they found that smaller eggs
developed faster than larger eggs when all other factors, including temperature, were
controlled (Pauly and Pullin, 1988). Further studies on the egg of both ecotypes would
be required to fully understand these findings. Temperature, pH and dissolved oxygen
have also previously been implicated in stickleback growth and development
(Candolin et al., 2022; Lefébure et al., 2011; Wanzenbdck et al., 2022) but as rearing
conditions were consistent here, these cannot explain the differences in development

between ecotypes.

In addition to the ecotype differences observed, by comparing resident and migratory
stickleback raised at 14°C to stickleback raised at 18—19°C by Swarup (1958), the
effect of incubation temperature can be explored, although this is limited as Swarup
provides only an estimate for the time to reach each stage. All stickleback were raised
in fresh water but different populations were used between studies, so additional
population effects can also not be ruled out. Time to hatch was greater than 3 days
longer at 14°C than Swarup found at the warmer temperature of 18—19°C. This
reduced hatching time at increased temperatures has been reported across many fish
species (Melendez and Mueller, 2021; Pauly and Pullin, 1988), with hatching time
often inversely proportional to incubation temperature, for example in Haddock
(Melanogrammus aeglefinus) (Martell et al., 2006). As differences between
temperatures were not apparent until seven days post fertilisation, temperature has
limited influence early on in stickleback development, up until yolk sac circulation, but
warmer temperatures then induce hatching earlier. Similar findings have been made
in the zebrafish (Danio rerio), where the same rate of early development was
observed at a wide range of temperatures (Schirone and Gross, 1968). In the three-
spined stickleback, temperature greatly effects paternal care behaviour, reproductive
success and growth rate post-hatching (Hopkins et al., 2011; Lefébure et al., 2011),

but effects on embryo development have rarely been studied.

This study has revisualised the key characteristics in three-spined stickleback

development up until hatching, following the landmark work of Swarup (1958). Using

North Uist lagoon resident and migratory populations that live in sympatry during the
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breeding season provides further information on how different ecotypes develop at a
temperature they would naturally experience. It provides a set of features that are
clear at each day post fertilisation to allow comparison between future treatments,
particularly important if we want to discover how stickleback embryos will cope with
the increasing water temperature and carbon dioxide levels that may be experienced.
These stages also provide a baseline for any abnormalities in development to be
compared to. A high yet consistent hatching success between both ecotypes has also
been shown and that migratory stickleback hatch at least a day earlier on average
than resident stickleback from the same loch. Further investigation into this in natural
populations, and studies of migratory and resident stickleback eggs, would be
necessary to explain this pattern. However, as this species is often raised in aquaria
at the temperature used here, this information adds to our knowledge of how long

stickleback incubation lasts before hatching.
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3.2 Abstract

Submersion in the anaesthetic MS-222 is a well-established and effective method
used during the euthanasia of fish, but the consequences of treatment with this
anaesthetic for mitochondrial respiration are yet to be established. This is important
to evaluate, as an increasing amount of research is conducting high-resolution

respirometry to measure respiration across multiple species of fish, including looking
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at thermal sensitivity and mitochondrial responses to the warmer temperatures faced
with climate change. Analysis often occurs after euthanasia with MS-222 without
knowledge of how MS-222 itself affects any measured parameters of mitochondrial
respiration, leaving potential for a misinterpretation of results. Here, high-resolution
respirometry was conducted to explore how MS-222 affects oxidative phosphorylation
in the brain and skeletal muscle of the three-spined stickleback, Gasterosteus
aculeatus, which is a model species in evolutionary ecology. In the brain, differences
in respiration were observed between three-spined sticklebacks euthanised with MS-
222 and those where no anaesthetic was implemented. No differences between
treatments were observed in the skeletal muscle, although variation between
individuals was high and oxygen flux was lower than in the brain. Overall, this study
highlights the need for a consistent method of euthanasia when conducting high-
resolution respirometry in fish, as MS-222 may alter measures of oxidative

phosphorylation.

Keywords: mitochondria; high-resolution respirometry; stickleback; Gasterosteus

aculeatus; MS-222; anaesthetic

3.3 Introduction

MS-222, also known as tricaine methane sulphonate, tricaine mesylate and TMS, is
commonly used in both the anaesthesia and euthanasia of some species of fish. As
an agent for euthanasia, standard protocols involve immersion in a neutral solution of
MS-222 followed by a secondary physical method such as pithing, where a metal
spike is used to destroy the brain (Close et al., 1997). Being structurally close to other
local anaesthetics including benzocaine, MS-222 works via a similar mechanism,
altering the properties of voltage gated sodium channels to depress the central
nervous system. The use of MS-222 is well established and effective (Collymore et
al., 2014; Matthews and Varga, 2012), although it is not the only method of euthanasia

approved and used in fish.

The side effects of MS-222 as an anaesthetic have been well studied (Collymore et
al., 2014) and can include the induction of apoptosis and oxidative stress in fish gills
(Wang et al., 2020), effects on the cardiovascular system (Hill et al., 2002), and
reduced membrane fluidity and mitochondrial functionality in the sperm of the
zebrafish (Zanin et al., 2021). However, any physiological effects of using MS-222 for
fish euthanasia have not yet been characterised. With a growing body of work

assessing mitochondrial respiration in fish, including studies of thermal sensitivity and
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in particular mitochondrial responses to increased temperatures and altered
environments due to climate change (Chung et al., 2018; Leo et al., 2018; Thoral et
al., 2021), it is vital to take into account the consequences of using a prior overdose
of anaesthetic such as MS-222. Knowing how MS-222 alters mitochondrial respiration
in fish would ensure that any observed changes to respiration are in fact a
consequence of the study conditions being assessed and not due to the anaesthetic
itself, and they would allow more inciteful comparison of studies implementing

different methods of euthanasia.

High-resolution respirometry (HRR) measures respiration in mitochondrial
preparations, allowing analysis of the mitochondrial respiratory pathways. Respiration
states including LEAK, OXPHOS and ET capacity can be measured and compared
between treatment groups to give an overview of how MS-222 affects mitochondrial
respiration. LEAK state is the non-phosphorylating resting state where oxygen flux is
maintained only to compensate for the proton leak back across the inner
mitochondrial membrane, which does not contribute to ATP generation. In the
mitochondrion, electron transfer is coupled to the phosphorylation of ADP to ATP, so
with ADP present, the respiratory capacity of mitochondria in the oxidative
phosphorylation (OXPHOS) state can be measured. ET capacity, the electron-
transfer capacity of mitochondria, is the maximum capacity of the non-coupled
electron-transfer system, which is reached when ADP phosphorylation is uncoupled
from electron transfer by the addition of a protonopore. These states can be attained
experimentally by the addition of different substrate, inhibitor and uncoupler

combinations.

In order to assess whether MS-222 has any effect on mitochondrial respiration, we
conducted HRR on the brain and skeletal muscle of the three-spined stickleback
(Gasterosteus aculeatus), which is a model organism in evolutionary ecology. We
found that LEAK state respiration was reduced in the brain of fish euthanized with
MS-222 in comparison to those without use of any anaesthetic. As MS-222 is altering
some parameters of respiration, we conclude that the method used for euthanasia is

an important factor to be considered when conducting HRR in fish.

3.4 Materials and methods

To assess the effect of MS-222 anaesthetic, which is commonly used in the
euthanasia of fish species, on mitochondrial respiration, respiration states were

compared between three-spined sticklebacks culled with MS-222 (n = 9) and those
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culled without the use of any anaesthetic (n = 8). The Oroboros Oxygraph-2k
Respirometer (O2k; Oroboros® Instruments, Innsbruck, Austria) was used for HRR,
which allows an analysis of bioenergetics and oxidative phosphorylation in small
amounts of biological samples, such as tissue homogenates which were used here
(Devaux et al., 2019; Salin et al., 2019; Thoral et al., 2021).

3.4.1 Fish husbandry

Three-spined sticklebacks (Gasterosteus aculeatus) were raised in the aquarium.
Fish of the same backcross from populations on the Scottish island of North Uist,
hatched between 20th and 25th July 2018, were used for analysis (Dean et al., 2019a;
Magalhaes et al., 2016). A balanced experiment was set up: two fish from the same
tank were analysed; one fish was culled by submersion in MS-222 (400 mg/L)
followed by pithing, and the other was killed by severing the spinal cord (here in
referred to as decapitation) under UK Home Office project licence PP5421721. Fish

were weighed and placed immediately on ice.

3.4.2 Dissection

Immediately prior to respirometry analysis with an Oroboros O2k, the brain of each
stickleback was removed and weighed. The brain was then homogenised in ice cold
MiROS5 buffer (Oroboros Instruments GmbH; 0.5 mM EGTA, 3 mM MgCl,;, 60 mM
Lactobionic acid, 20 mM Taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM D-
Sucrose, 1g/L BSA) using 20 crushes with an Eppendorf and micropestle (200 uL
buffer per 3.5 mg of brain). Then, 3.5 mg of homogenised brain was added per 2 mL
chamber of the O2k.

Analysis of muscle was always conducted in sequence after the brain. Tail skeletal
muscle was taken from the left side of the fish, and the skin was carefully removed.
Muscle was cut into fine pieces (<1 mm) and homogenised using a scalpel before a
subsample was weighed and homogenised with 25 crushes using an Eppendorf and
micropestle in ice-cold MiROS5 buffer (200 uL per 5 mg muscle). Then, 5 mg of muscle
was added per 2 mL volume chamber. Where possible, technical replicates were

conducted for both muscle and brain samples.

3.4.3 High-resolution respirometry

The O2k has two chambers, so two samples can be run simultaneously. In most
cases, experimental design allowed one MS-222 sample and one decapitated sample

to be analysed at the same time for direct comparison of fish from the same
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tank/family. HRR was conducted using an O2k (Oroboros® Instruments, Innsbruck,
Austria). Electrodes were calibrated at the start of each day. Analysis was conducted
at 14 °C, as this is the approximate body temperature of the stickleback raised in the
aquarium. Then, 2 mL MiRO5 was added to each O2k chamber prior to the brain or

muscle sample.

A substrate—uncoupler—inhibitor—titration (SUIT) protocol ideal for assessing oxidative
phosphorylation with NADH-linked substrates (complex 1) and S-pathway substrates
(complex Il) was used (SUIT-004, Doerrier & Gnaiger). This allowed analysis of LEAK
state respiration, oxidative phosphorylation (OXPHOS) and ET capacity. This protocol
was selected as the substrates tested resulted in altered oxygen flux in tissue
homogenates used, the protocol gave a good overview of many parameters of
respiration including complex | and complex Il respiration, and it was relatively short
(<1 h), so it prevented sample deterioration. All substrate and inhibitor concentrations
were optimized for fish tissue homogenate used in this study with final concentrations
in parenthesis below. After the addition of a substrate or inhibitor, oxygen flux was
allowed to reach equilibrium before marking the value and moving onto the next stage
(Figure 3.1). All chemical reagents were supplied by Sigma-Aldrich (Merck,
Darmstadt, Germany) except ADP which was supplied by Calbiochem (Merck,

Darmstadt, Germany).
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stickleback, following protocol described above. Blue line shows oxygen
concentration, red line shows the oxygen flux. ROX, LEAK, OXPHOS and ET capacity
respiration states labelled with double headed arrows. The point when each
substrate/inhibitor was added is shown by arrows above the trace, and where oxygen

flux reached equilibrium is shown in red below. PM = Pyruvate and Malate; D = ADP;
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¢ = Cytochrome c; U = Uncoupler (CCCP), added repeatedly at each shorter arrow

until a max. value was reached; S = Succinate; Rot = Rotenone; Ama = Antimycin A.

LEAK state was attained and measured by addition of the complex | substrates
pyruvate (5 mM) and malate (2 mM) in the absence of ADP. In the mitochondria,
pyruvate is converted to acetyl-CoA by pyruvate-dehydrogenase, and acetyl-CoA
enters the TCA cycle where electrons are donated to NAD+, producing NADH. Malate
is oxidized to oxaloacetate in the TCA cycle, also forming NADH. NADH enters the
electron transport system (ETS) at complex I, and electron transfer to oxygen then
occurs via the ETS enzyme complexes. However, without ADP addition, no

phosphorylation of ADP can occur.

OXPHOS state respiration was measured by the addition of ADP (7.5 mM). To check
the mitochondrial outer membrane integrity, cytochrome ¢ (0.01 mM) was added. If
the membrane had been damaged during prior tissue preparation, cytochrome c,
which is part of the electron transport system, would have been lost from the
membrane, so the addition of cytochrome ¢ would increase the respiration rate.
Experimental runs where a percentage increase of greater than 20% was observed

were excluded from analysis.

ET capacity was measured by the stepwise addition of an uncoupler (carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), a protonophore, added in 1 pL
increments of a 1 mM stock solution) to reach maximum oxygen flux. To test combined
complex | and |l respiration, succinate (10 mM) was added to allow the measurement
of ET capacity with complex | and Il reducing substrates. Succinate is converted to
fumarate by complex Il and succinate dehydrogenase while reducing FAD to FADH,.
To measure the contribution of complex Il alone, a complex | inhibiter (rotenone; 0.5
uM) was added, which prevents electron transfer through complex I. Finally, complex
[Il inhibitor antimycin A (2.5 uM) prevents electron transfer to give a measure of

background oxygen flux (ROX) due to any oxidative side reactions.

3.4.4 Data Analysis

Raw data outputs for each stage were obtained from DatLab (DatLab v7, Oroboros,
Innsbruck, Austria). Background corrected oxygen flux was calculated by subtracting
ROX from the oxygen flux measured at each stage. Oxygen flux is expressed per 3.5
or 5 milligrams of tissue homogenate used for brain and muscle, respectively.
Although the amount of brain or muscle tissue was kept constant between samples,

the number of mitochondria may vary between samples; to account for this, an
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internal normalization was conducted by calculating the Flux Control Ratio (FCR),
which expresses respiratory control independent of mitochondrial content (Doerrier
et al., 2018; Gnaiger, 2020). FCRs normalise each sample to the maximum oxygen
flux reached by that sample, allowing comparison between samples from different
individuals (Gnaiger, 2020). For samples with technical replicates, mean values were
calculated, and these were used in further analysis, which was completed using R (R
Core Team 2022, v4.2.2). Unpaired t-tests were conducted to determine if there were
any differences in mean oxygen flux and FCRs with each substrate combination
tested between decapitated and MS-222 treated fish.

Mean weights of the two treatment groups were 2.12 + 0.59 grams for MS-222 treated
and 2.14 + 0.64 grams for decapitated. These did not differ significantly (Unpaired
Student’s f-test: tsr = 15=0.0647, p = 0.949). As fish were from different crosses, each
raised in a separate tank, a one-way ANOVA was conducted to determine any effects
on mitochondrial function: the cross/tank had no effect at any mitochondrial stage. To
analyse all data together, a linear mixed model was fitted with oxygen flux as the
dependent variable, the euthanasia method and respiration state nested within tissue
type as fixed effects, and the cross/tank as a random effect (Table S3.1). This
revealed that the tissue type and respiration state affected oxygen flux as expected;
however, the euthanasia method did not, therefore not providing additional
information on the consequences of MS-222 on the different parameters of

mitochondrial respiration.

3.5 Results

3.5.1 Stickleback treated with MS-222 had altered respiration in the brain

With complex | substrates, treatment with MS-222 significantly reduced LEAK state
respiration with pyruvate and malate as substrates (Figure 3.2) in the brain of the
three-spined stickleback (FCR: ta=15 = 2.392, p = 0.030, Figure 3.2, Table 3.1). Note,
however, that the oxygen flux did not differ significantly between groups (Oxygen
Flux:: te=15 = 1.754, p = 0.100, Figure 3.2, Table 3.1). There were no significant
differences between OXPHOS state and ET capacity when comparing fish treated
with MS-222 to those without, with any substrate combination (OXPHOS: Oxygen
flux: ta=15 = 0.085, p = 0.933, FCR: tsr=15 = 0.954, p = 0.355; ET Capacity: Oxygen flux:
ta=15s = —0.682, p = 0.506, Table 3.1). With complex |l substrates (succinate) in
combination with complex | (pyruvate and malate), and in complex Il substrates alone
(in the presence of complex | inhibitor rotenone), there were no differences in oxygen
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flux or FCRs between groups (Table 3.1). Although there were no significant
differences between treatment groups, other than in the LEAK state, FCR values did
tend to be lower for MS-222 than for decapitated fish.
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Figure 3.2: Mean oxygen flux and flux control ratios at LEAK, OXPHOS and ET
respiration states in the brain of the stickleback with complex | substrates
(pyruvate and malate) and complex Il substrate (succinate). Average values per
sample shown by points, n = 8 for decapitation (darker grey), n = 9 for MS-222 treated
(lighter grey). Error bars show standard error. Significant differences (p < 0.05)
depicted by a star (*) (unpaired Student’s t-test).
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Table 3.1: Oxygen flux and flux control ration values in the brain and muscle of three-spined stickleback treated with or without

MS-222. Unpaired Student’s t-test, significant differences (p < 0.05) between groups depicted by a star (*).

Brain Muscle

Respiration State and Substrates MS-222 Decapitated P-Value MS-222 Decapitated P-Value

Oxygen Flux

T 2.872 4.739 2.130 1.819
1 1y
LEAK State (pmol s™" mL™"): Mean (0.487) (0.991) 0.100 (0.664) (0.392) 0.684
(Complex | (s.e.)
substrates) FCR: Mean (s.e) (8'(1)12?) (g'gég) 0.030* (8'?2) (g'ggg) 0.618
Oxygen Flux (pmol 12.612 12.767 6.353 5.891
ofg:ﬁseitfte s mL-): Mean (s.e)  (1.174) (1.415) 0.933 (1.063) (1.204) 0.783
_ 0.499 0.563 0.776 0.750
substrates) FCR: Mean (s.e) (0.047) (0.049) 0.355 (0.061) (0.048) 0.734
ET Capacit
(Cor:p:;)’('?’ Oxygen Flux (pmol 27.193 23.808 0506 8.064 7.423 0.739
substfates) s mL™"): Mean (s.e.) (3.708) (3.203) ’ (1.317) (1.321) :
. Oxygen Flux (pmol 7.356 7.058 3.917 3.392
( Cfan ?:ffg'% | STmL):Mean(se)  (2705) (1.123) 0.924 (0.834) (0.664) 0.628
E o FCR- M 0.242 0.323 0326 0.475 0.442 0587
substrates) : Mean (s.e) (0.055) (0.057) . (0.043) (0.041) .
, Oxygen Flux (pmol 1.830 1.951 1.317 1.230
fgocr:‘pl:jtﬁ’ s mL"): Mean (s.e)  (0.581) (0.270) 0.859 (0.279) (0.162) 0.786
s bstlr')ates) FCR: Mean (s.e) 0.065 0.092 0.285 0.175 0.171 0.929
! ' ' (0.018) (0.017) ' (0.042) (0.015) :
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3.5.2 MS-222 had no effect on respiration in the skeletal tail muscle of
the stickleback

In stickleback skeletal muscle, there was no difference between MS-222 treated and
decapitated fish in any respiration state with any substrate combination (Figure
3.3, Table 3.1). With cytochrome c addition, however, there was an increase in
oxygen flux of greater than 20% in four samples which were subsequently excluded
from analysis, as this indicates mitochondrial membrane damage had occurred during
tissue preparation. Oxygen flux was lower in the muscle compared to the brain and

in general displayed more variation between individuals.
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Figure 3.3: Mean oxygen flux and flux control ratios at LEAK, OXPHOS and ET
respiration states in the skeletal tail muscle of the stickleback with complex |
substrates (pyruvate and malate) and complex Il substrates (succinate).
Average values per sample shown by points, n = 7 for decapitation (darker grey), n =
6 for MS-222 treated (lighter grey), excluding those where significant membrane
damage was detected. Error bars show standard error. No significant differences (p <
0.05) were found between treatment groups in either the oxygen flux or FCRs

(unpaired Student’s t-test).

3.6 Discussion

The effects of MS-222 as an agent for euthanasia on mitochondrial respiration in the
three-spined stickleback have not been quantified previously. This study has shown
that euthanasia with MS-222 can alter mitochondrial respiration in the brain of the

stickleback, generally reducing respiration in comparison to in fish where no MS-222
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was used. In particular, treatment with MS-222 caused a significant reduction of LEAK
state respiration with complex | substrates pyruvate and malate. In the muscle, there
were no differences between MS-222 treated and decapitated fish, which was
perhaps due to the lower overall oxygen flux in muscle compared to brain. The smaller
LEAK state oxygen flux (although note that this is not significantly different between
groups) and FCR in the MS-222 treated group suggests that MS-222 can reduce the
amount of proton leak across the membrane and decrease the contribution of this
non-phosphorylating state to respiration. In the decapitated group, on average, LEAK
respiration contributes to 21.0% of maximum respiration. This is in agreement with
previous studies where approx. 20-25% of respiration has been found to drive
mitochondrial proton leak in mammalian hepatocytes (Brand, 2000). With MS-222
treatment, this was reduced to 11.6% (Table 3.1) in the present study. As no
significant differences in OXPHOS and ET states were found between treatment
groups, MS-222 may specifically alter LEAK state respiration with pyruvate and
malate as substrates. As proton leak is mainly a function of the inner mitochondrial
membrane and is dependent on protonmotive force (Jastroch et al., 2010), the
anaesthetic may alter mitochondrial membrane properties and reduce proton leak into
the mitochondrial matrix (Sahlin et al., 2004). Further examination of mitochondrial
respiration and membrane potential with different substrate combinations would be
required to provide further information on the effect of MS-222 specifically on LEAK

state respiration.

Although no significant differences were observed between the OXPHOS state and
ET capacity with the substrate combinations tested, in the brain, FCR values for the
MS-222 treatment group tended to be lower than the decapitated group. This
suggests that mitochondrial respiration may be reduced when MS-222 is used during
euthanasia. To confirm this, HRR measurements with additional individuals and
alternative substrate combinations would be required, and further work could
determine the precise mechanism of action of MS-222 on the ETS. The focus of the
present study, however, was to determine whether MS-222 altered measurements
made with HRR in fish to inform future work, and the findings here provide evidence

that MS-222 may have an effect on respiration in mitochondria in the brain.

This study also provides a comparison of mitochondrial respiration between tissue

types in the three-spined stickleback, which have not often been compared in species

of fish. Oxygen flux was consistently higher in the brain compared to the muscle

(Figure 3.2, Figure 3.3), despite larger amounts of skeletal muscle used for analysis.
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The maximum ET capacity was higher in the brain, indicating higher maximum
respiration rates. Each tissue has differing metabolic demands due to their function
or conditions; the heart has previously been found to have the highest oxidative
phosphorylation capacity (la Monaca & Fodale, 2012). In agreement with previous
work using cytochrome c oxidase activity in rats as a measure of the OXPHOS system
(la Monaca & Fodale, 2012), the brain showed increased specific oxidative
phosphorylation activity in comparison to the muscle. Although the ease of
homogenisation of the brain tissue likely in part explains this finding in the present
study, the increase in energy requirement in the brain may also contribute to this

difference.

As mitochondrial respiration has scarcely been measured in fish homogenised tissue
compared to other model organisms, this study provides an overview of coupling
efficiency in the three-spined stickleback. In the brain, FCRs for OXPHOS state (the
coupled respiratory capacity with saturating ADP) with complex | substrates were
0.499 and 0.563 (Table 3.1) for the MS-222 and decapitated samples, respectively,
agreeing with previous work on the cerebellum of two species of shark: Hemiscyllium
ocellatum and Chiloscyllium punctatum (Devaux et al., 2019). A higher value
indicates increased capacity of the phosphorylation system. In the muscle, these
values were 0.776 and 0.750, respectively, indicating better coupled oxidative
phosphorylation in the muscle compared to the brain, which was perhaps due to the
high ATP demand in muscle for swimming. It should also be noted that in four skeletal
tail muscle samples, there was an increase in oxygen consumption of greater than
20% with the addition of cytochrome c, indicating some membrane damage had
occurred. This is likely due to tissue preparation, as the homogenisation of muscle

required more time than homogenisation of the brain.

The deleterious effects of MS-222 as an anaesthetic on fish physiology have
previously been studied, including altering blood haemostasis in zebrafish (Danio
rerio) (Deebani et al.,, 2019), damaging morphological structure, altering
osmoregulation and inducing apoptosis in the gills of the Chinese sea bass
(Lateolabrax maculatus) (Wang et al., 2020), and altering antioxidant status in
Gilthead sea bream (Sparus aurata) (Teles et al., 2019). Although any effect of MS-
222 on mitochondrial respiration in fish has not previously been tested, these findings
hint that MS-222 may alter mitochondrial physiology, including mitochondrial
respiration, which was found here. This study therefore adds to the growing body of
work highlighting the impact of MS-222 and other anaesthetics on fish physiology.
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Overall, we have identified the effects of MS-222 on mitochondrial respiration in the
three-spined stickleback, concluding that MS-222 used during euthanasia may alter
HRR measurements made on the brain. Importantly, this highlights the need to
consider the method of euthanasia used in combination with analysis of the brain with
the O2k; this will ensure that any observed differences are due to differing treatments
and not a consequence of any anaesthetic used, and they will allow a more inciteful
comparison of studies of mitochondrial respirometry in fish. A consistent method of
euthanasia and, where possible, avoiding anaesthetics such as MS-222 would
prevent any disruption of findings. Despite no differences being observed in the
muscle, effects of MS-222 may be smaller and harder to detect due to the overall

lower oxygen flux, so caution should still be taken.
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3.9 Supplementary material

Table S$3.1: Results of linear mixed model (estimated using REML) on 140
observations with oxygen flux as the dependent variable, euthanasia method
(decapitation, MS-222) and respiration state (PM, D, U, S, Rot) nested within tissue
type (brain, muscle) as fixed effects, and cross/tank as a random effect. P values
were calculated using a Wald t-distribution approximation. Significant values (P <
0.05) are depicted by a *. These results show the significant effect of tissue type and
respiration state on oxygen flux, but no overall effect of euthanasia method, and
therefore do not provide information on the effect of MS-222 on different parameters

of mitochondrial respiration.

Fixed Effects Estimate Standard Error t value p value
Intercept 4.0896 1.3857 2.951 0.004*
MS-222 0.5368 0.7212 0.744 0.458
Muscle -1.8202 1.6128 -1.129 0.261
Brain:D 8.8225 1.6128 5.47 <0.001*
Muscle:D 4.3742 1.6128 2.712 0.008
Brain:U 23.1364 1.6128 14.346 < 0.001*
Muscle:U 5.8007 1.6128 3.597 <0.001*
Brain:S 3.4593 1.6128 2.145 0.034*
Muscle:S 1.7938 1.6128 1.112 0.268
Brain:Rot -1.8911 1.6128 -1.173 0.243
Muscle:Rot -0.7593 1.6128 -0.471 0.639
Random Name Variance Standard Deviation

Effects

Cross Intercept 1.864 1.365

Residual Residual 18.207 4.267
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Chapter 4: Repeated Association of Mitochondrial
Lineage with Habitat in Atlantic Three-spined
Stickleback.

4.1 Abstract

Genetic sequences from the mitochondrial genome have long been used as neutral
markers of population structure, often without consideration of their adaptive
significance. In the Atlantic, two mitochondrial lineages of the three-spined stickleback
diverged in separate refugia during the last glaciation and have since recolonised the
northern Atlantic. Here we reveal that not only is phylogeographic history important,
but mitochondrial lineages in Atlantic stickleback are associated with adaptive
potential: fish residing permanently in fresh water were predominantly one lineage,
whereas completely plated fish living at least some of their lives in salt water, and
therefore likely migratory fish, were a mix of the two lineages, with mitochondrial
lineage also associated with maximum sea surface temperature in saltwater
populations. We found sex-specific differences in standard length between
mitochondrial lineages in mixed, freely interbreeding populations, linking mtDNA
variation to life-history traits independent to the nuclear genome. Given these
associations with habitat and phenotype, our results suggest that mitochondrial
sequences are unlikely to make good neutral markers and highlights the Atlantic
three-spined stickleback as an exciting natural model for further investigations into

both the physiological and evolutionary consequences of mtDNA variation.

4.2 Introduction

Genetic sequences from the mitochondrial genome have long been used as neutral
markers of population structure (Avise et al., 1987). Although accumulating evidence
makes a presumption of neutrality untenable (Ballard and Kreitman, 1995; Ballard
and Whitlock, 2004), many studies of phylogeography continue to use mitochondrial
sequences without considering their putative adaptive significance (Kang et al., 2022;
Yonezawa et al.,, 2024) and this may mislead inferences about phylogeographic
history, for example if particular mitochondrial sequences are associated with
particular habitats or adaptive traits. This does not necessarily mean that the

mitochondrial sequences are themselves adaptive, although that might be the case,
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but rather that they may be in linkage disequilibrium with adaptive alleles elsewhere
in the genome. Such an association with adaptation could easily arise where different

clades evolve in allopatry for some period before coming back into secondary contact.

Glaciations during the Pleistocene influenced the geographic distribution of many
species. Large areas were covered in ice sheets which caused extinctions, dispersal,
or species survived in southern refugia until they could expand once again into more
northern areas following glacial retreat (Hewitt, 2000). Post-glacially colonised
regions generally have lower genetic diversity (Hewitt, 2000), but with range
expansions comes selection and adaptation to new environments (Hewitt, 1996).
Mitochondrial markers were extensively used to reveal the histories of recolonisation
of temperate latitudes by terrestrial and freshwater organisms following the last glacial
period (Hewitt, 2000, 2004) and mitochondrial DNA (mtDNA) was favoured as a
neutral marker for such genetic studies (Hewitt, 2000; Santucci et al., 1998). This
allowed the inference of where refugia have been and the patterns of recolonisation
(Hewitt, 2000). Although post-glacial recolonisation of terrestrial and freshwater
species has been well studied (Hewitt, 2000, 2004), patterns in the oceans are less

well recognised (but see Gagnaire et al., 2015; Gérard et al., 2008).

Repeated colonisation of freshwater environments post-glaciation has influenced the
evolution of multiple fish species, including the three-spined stickleback (‘stickleback’,
Gasterosteus aculeatus). The stickleback is a small teleost fish widely distributed
throughout coastal marine, brackish and freshwater habitats in the Northern
Hemisphere. At the end of the last ice age, ancestrally marine stickleback repeatedly
colonised freshwater habitats leading to extensive phenotypic diversification (Bell and
Foster, 1995; Jones et al., 2012), making the stickleback an important model in
evolutionary ecology. Freshwater and marine stickleback display large morphological
differences (Peichel and Marques, 2017), including in armour plating controlled by the
Eda gene (Colosimo et al., 2005); resident freshwater or saltwater stickleback are
low-plated while migratory marine stickleback are completely plated with a row of 32
to 36 armour plates. The divergence of key adaptive traits have been well-studied in
the stickleback (Barrett et al., 2008; Chan et al., 2010; Cresko et al., 2004).

It is well established that there are two main mitochondrial clades present in
stickleback in the northern Atlantic (Makinen and Merila, 2008), with colonisation of
the Atlantic a result of invasion from the Pacific via the Arctic Ocean (Fang et al.,
2018; Makinen and Merila, 2008; Orti et al., 1994). The European (‘Eu’) lineage is
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widespread in Europe, but the trans-Atlantic (‘Af’) lineage is found predominantly on
the East Coast of North America as well as in a few populations in western and
northern Europe (Makinen and Merild, 2008). Estimates of their divergence time
range from 128,000 to 58,000 years before present (Dean et al., 2019a; Makinen and
Merild, 2008; Ravinet et al., 2013). Here, we hypothesise that the two clades diverged
in separate refugia on opposite sides of the Atlantic, during the Pleistocene. The Eu
lineage is well documented to have survived in southern European refugia (Defaveri
et al., 2012; Makinen and Merila, 2008a; Sanz et al., 2015) and as the At mtDNA is
found predominantly in eastern North America (Makinen and Merila, 2008), we predict
that the At refugium was on the East Coast of North America in regions free from ice
during the last glaciation. Since the melting of the ice sheets both lineages have been
able to recolonise previously glaciated regions, spreading North and across the
Atlantic resulting in multiple places of secondary contact including Greenland (Liu et
al., 2016), Ireland (Ravinet et al., 2013) and Scotland (Dean et al., 2019a).

One place of known secondary contact is North Uist in the Western Isles of Scotland,
which was colonised by marine stickleback after the last glaciation approximately
8,000 years ago. Sequencing part of the cytochrome b (CYTB) and control region of
the mtDNA revealed differences in the proportions of each lineage between the
ecotypes present on North Uist; the freshwater and lagoon resident populations were
found to be predominantly the Eu lineage (greater than 94%), whereas anadromous
populations which live in the sea but migrate to brackish or fresh water during the
breeding season were an equal mix of the two lineages (Dean et al., 2019a). This
hints that the Eu lineage may be better adapted to permanently colonising fresh and
brackish lochs, but this pattern could also be explained by multiple colonisation events
by the two diverged lineages. No widescale studies of stickleback across the Atlantic
have tested whether mitochondrial clades associate with adaptive phenotypes and
therefore whether mitochondrial sequences are good neutral markers, as they are so
often used. Whether the pattern of freshwater stickleback being predominantly Eu
persists with additional North Uist sampling locations and across the Atlantic would
aid explanation of whether the history or differing adaptive potential of the two

mitochondrial lineages has influenced the current distribution of the stickleback.

Here we will present further understanding of the phylogenetic structure of stickleback

in the Atlantic using mtDNA. We will present evidence in support of the hypothesis

that stickleback mitochondrial clades originated in separate refugia on opposite sides

of the Atlantic as we reveal a cline in the lineages’ distribution with distance from the
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predicted At refugium. We will describe in detail the distribution, habitat and
phenotype associations of the two lineages to show that they have different adaptive

propensities that make an assumption of neutrality unlikely.
4.3 Methods

4.3.1 Sample collection

Stickleback were sampled from 15 freshwater and 4 brackish lochs on North Uist in
the Western Isles of Scotland during May 2022 and a further 3 freshwater locations
in May 2023 (see Figure 4.1 and Table S4.1 for North Uist sampling locations). Lochs
were selected in order to provide an overview of the geographic distribution of
mitochondrial lineages across North Uist. Traps were set at regular intervals along
the shoreline and left overnight. Approximately 10 stickleback were collected from
each population at random (although we ensured that no young of the year were
included). Stickleback were euthanised with an overdose of MS-222 (400mg/L)
followed by pithing. Fish were weighed, standard length measurements taken and
then the left side of the specimen was photographed. Caudal and pectoral fins were
clipped and stored in ethanol for later DNA extraction. Each individual was assigned
a unique identification number. We also obtained additional samples from Canada
(Nova Scotia; Newfoundland; Quebec), Maine (Lubec), Iceland and Portugal to
expand the survey area (Table S4.1). Qiagen 96-well DNeasy blood and tissue
extraction kit was used to extract DNA from Uist, Iceland and Portugal stickleback fin

clips. NEB Monarch genomic DNA purification kit was used for all other samples.
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Figure 4.1: Sampling locations on North Uist, Western Isles of Scotland. DUIN,
LUIB, CLAC and MORB are brackish lochs; all other locations are freshwater.
Migratory stickleback were also caught in lochs GROG, OLAV, CLAC, BHRU, DUIN,
and LUIB, and assigned the population names GROM, OLAM, CLAM, BHRM, DUIM
and LUIM, respectively. See Table S4.1 for further information.

4.3.2 Mitochondrial lineages

4.3.2.1 Assay design

To investigate the distribution of the two ancient mitochondrial lineages in the Atlantic,
we designed a polymerase chain reaction (PCR) and restriction fragment length
polymorphism (RFLP)-based assay to distinguish Eu and At stickleback. Whole
genomes were sequenced (lllumina) and NOVOPIlasty (Dierckxsens et al., 2017)
used to assemble mitochondrial genomes from North Uist stickleback. Sequences
were aligned to the reference mitochondrial genome, accession number MH205729
(Jiang et al., 2018) using Bioedit (Hall, 1999) and trimmed to 15,662bp. jModelTest
(Posada, 2008) was used to find the best fitting nucleotide substitution model and a
maximum likelihood phylogenetic tree constructed with RAXML (GTR + Gamma IX)
(Stamatakis, 2014). See Figure S4.1 for phylogeny. This was used to assign
mitochondrial sequences to either the Eu or At lineage. We then identified sites that
consistently differed between the two lineages. SNP2CAPS (Thiel et al., 2004) was
used to identify restriction sites that would result in Eu and At mtDNA being cut

differently by specific restriction enzymes (Figure S$4.2). Once potential sites were
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identified, these were checked manually and primers targeting an approx. 600bp
region around the SNP were designed using Primer3 (Untergasser et al., 2012). See
Table 4.1 for primer information. To be confident that the assay was reliable, two sites
were chosen: one in ND4 and one in ND5, where a specific restriction enzyme would
cut one lineage only (Figure S4.2). If an individual is Eu, the amplified region of ND4
will be cut by Hind/// but ND5 will not be cut by Pstl. If At, the reverse is true: the
amplified region of ND5 will be cut by Pst/ but ND4 will not be cut by Hind//l. This

ensures that the assay is reliable by providing a positive result for both lineages.

Table 4.1: Primers and restriction enzymes used in the PCR-RFLP based assay

to determine mitochondrial lineage of the three-spined stickleback.

Primer Forward Reverse Enzvme Cuts Eu size Atsize
Sequence Sequence y (bases) (bases)
TCTCGTTGCC TCCAAGGTTG . 183
ND4 crcetretac  caageeTTg  Hndi Eu A 629
ND5 CCGACTAAAC  GTGATGTGGG

Pst/ At 616 219;
CAACCACACC GTTAAGCGAG 397

4.3.2.2 PCR conditions

The regions of interest were amplified by PCR with specific primers (Table 4.1) in a
20ul reaction volume. Each reaction included 1ul DNA, 10ul of PCR master mix
(Quanta Bio Accustart), 1ul forward primer, 1ul reverse primer (Sigma) and 7l
nucleotide free water. PCR was performed in a thermocycler (G-Storm GS1). PCR
reaction conditions were as follows: initial denaturation at 94°C for 3 minutes followed
by 36 cycles: denaturation at 94°C, 30 seconds; annealing at 60°C, 30 seconds;
extension at 72°C, 1 minute. Then a final extension at 72°C for 5 minutes. To confirm
successful amplification of the target region, 4l of each PCR product were separated
on a 1.5% agarose gel at 100 Volts for 30-40 minutes alongside a 100bp ladder (NEB)
and then visualised using UV-illumination (iBright CL750 Imaging System,

ThermoFisher Scientific).

4.3.2.3 Restriction enzyme digest

0.8yl of appropriate restriction enzyme (see Table 4.1) and 1.5ul of 10X restriction
enzyme buffer were added to the remaining PCR products and incubated at 37°C for
1 hour in a thermocycler. 4l of the product was separated on a 2% agarose gel at

100V for 40-50 minutes and then visualised as before. From the gels, the number and
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size of the bands (Table 4.1, Figure S4.2) were used to determine the mitochondrial

lineage of each individual.

4.3.2.4 Confirmation of assigned lineages

To confirm the assay was reliable, ND4 and ND5 genes were amplified from a subset
of individuals using the same primers (Table 4.1) and PCR conditions. ExoSAP-IT
PCR product clean-up reagent (Thermo Fisher Scientific) was used before PCR
products were sequenced (Source Genomics). ND4 and ND5 sequences were used
to confirm that SNPs to distinguish lineages matched results from restriction enzyme
digest. To confirm that the PCR-RFLP-based assay would be reliable across all
Atlantic samples, mitochondrial sequences of stickleback from Nova Scotia, Iceland
and Portugal were assembled using NOVOPIlasty and aligned to North Uist
sequences, as above. A new phylogenetic tree was constructed from mitogenomes
to confirm the mitochondrial lineage of these samples, which were 100% consistent
with the ND4 and ND5 assay.

4.3.3 Mitochondrial lineages from the literature

To combine the results of the present study with existing findings, an extensive
literature search was conducted (Table 4.2). Relevant papers were extracted from a
Web of Science search for mitochondria®* and stickleback* which resulted in 80
publications. These were manually searched for mentions of the Eu and At lineage,
and sampling location, mitochondrial lineage, and any additional phenotypic or
environmental data was collected for each individual sampled. A NCBI Genbank
search for the three-spined stickleback CYTB gene revealed 30 population set
results. Datasets and corresponding publications were manually filtered for those
from the Atlantic Ocean. CYTB sequences from these were aligned using Bioedit
(Hall, 1999) and a maximum likelihood phylogenetic tree constructed using MEGA11
(TN93 + G) (Tamura et al., 2021). From this, mitochondrial lineage could be assigned.

All data were combined for analysis.
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Table 4.2: Literature assessing mitochondrial lineages of the three-spined stickleback in the Atlantic compiled in the present

study.
. . CYTB Accession
Authors Journal Year Region Continent DOI Number (GenBank)
Artamonova etal.  Water 2022 White Sea Europe 10.3390/w14162484 OK482598 — OK482649
Laakkonen et al. Journal of Evolutionary 2020 Newfoundland North America  10.1111/jeb.13674 MT736717 — MT736720
Biology
Dean et al. Molecular Biology & 2019 North Uist Europe 10.1093/molbev/msz161 MG602878 — MG602914
Evolution
Vila et al. PLoS ONE 2017 Ibero-balaeric Europe 10.1371/journal.pone.0170685 KX910738 — KX910761
Rahn et al. Infection, Genetics & 2016 North Uist Europe 10.1016/j.meegid.2016.07.011 KT971072 — KT971072
Evolution
Liu et al. Molecular Ecology 2016 Greenland Europe 10.1111/mec.13827 ENA ERP016886
Sanz et al. Freshwater Biology 2015 Iberian Peninsula  Europe 10.1111/fwb.12611 KJ201010 — KJ201015
Wang et al. Journal of Biogeography 2015 Baltic Sea Europe 10.1111/jbi.12591 KJ628012
Ravinet et al. Ecology & Evolution 2013 lIreland Europe 10.1002/ece3.853 KC478175 — KC478281
De Faveri et al. Marine Biology 2012 Baltic Sea Europe 10.1007/s00227-012-1951-4 JQ983161 — JQ983255
Lucek et al. Molecular Ecology 2010 Switzerland Europe 10.1111/j.1365-294X_2010.04781.x  HM590665 — HM590669
Makinen & Merila Molecular Phylogenetics 2008 Europe Europe 10.1016/j.ympev.2007.06.011 EF525391 — EF525476
& Evolution
Wilson et al. Journal of Heredity 2001 Hudson River North America  10.1093/jhered/92.2.159 AF356079
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4.3.4 Phylogeographic analyses

We first assessed the distribution of stickleback mitochondrial lineages across
populations and ecotypes on North Uist, before combining this with results from
across the North Atlantic to determine whether mitochondrial lineage was associated
with geography, habitat and phenotype. ‘Distance from North America’ was calculated
following predicted Atlantic Ocean currents as the great circle distance from a
specified point (40, -70) close to the most western point in the dataset (41.52099, -
70.9814) using the function ‘distHaversine’ in the geosphere package in RStudio
(Figure S4.3). We then used a generalised linear model with binomial error
distribution and logit link to model the number of At fish per population (successes)
as a function of the following variables: i) Distance from North America. ii) Salinity:
whether the population lived in salt water during its lifetime (1) or resided permanently
in fresh water (0). iii) Plate morphology: the proportion of completely plated fish per
population (see Figure $4.4 for complete and low plated stickleback examples). This
was collated from the searched literature, obtained from collaborators, or taken from
North Uist samples collected in the present study. Using a binomial generalised mixed

model accounted for the total number of samples per population.

To test whether temperature could explain the distribution of Eu and At stickleback,
the nearest minimum, maximum and variation in sea surface temperature (SST) to
each saltwater population in the dataset were included in a separate generalised
linear model with binomial error distribution and logit link. Gridded daily SST values
were available from the National Oceanic and Atmospheric Administration (NOAA)
database (ERDDAP version 2.25.1, dataset ID: noaa_aoml_381e_5d49 f14b,
available at https://upwell.pfeg.noaa.gov/erddap/griddap). For each available year
(2021 to 2023), the six lowest winter temperatures and the six maximum summer
temperatures per grid location were extracted and then averaged to get an average
minimum and maximum temperature for each location. The variation in SST for each
point was then calculated by subtracting the minimum SST from the maximum SST.
The nearest SST datapoint to each stickleback population was added to the dataset.
Each temperature variable was included separately in the model, and model
comparisons conducted to find the variable that explained the most variation. The

best fitting model was selected according to Akaike Information Criterion (AIC).

To check that results were not biased by the incorporation of large numbers of
populations from our main study site, North Uist, all analyses were then repeated

without North Uist populations. These analyses are presented in the supplementary
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material as findings generally did not differ between the full dataset and that without

North Uist. Any differences are highlighted below.

4.3.5 Morphological information

4.3.5.1 Standard length

Standard length (SL) measurements were taken using a calliper immediately after
euthanasia of stickleback samples. We also sampled further migratory North Uist
stickleback in April and May 2024 from LUIM and CLAM (Figure 4.1), as well as
sampling three further populations: FAIM (57.636023, -7.2164260), OBSM
(57.60167, -7.17278), and GROM (57.615827, -7.513195). Data from both years
were combined for analysis. As female stickleback are larger than males (Aguirre et
al., 2008, Kitano et al., 2007), we analysed SL separately for males and females. SL
was compared between mitochondrial lineages using a linear mixed effects model

with mitochondrial lineage as a fixed effect and population as a random effect.

4.3.5.2 Armour

Fish caught on North Uist in May 2022 were bleached and stained with alizarin red in
order to visualise bony ‘armour’. A standard protocol was followed (Peichel et al.,
2001). Briefly, fish were rehydrated, fixed in 10% buffered neutral formalin and
washed before maceration, bleaching and bone staining in alizarin red. The left sides
of the fish were photographed using a tripod mounted digital camera with flash.
ImagedJ (Schneider et al., 2012) was used to scale images and counts of lateral plate
number and measurements of armour were made, including first and second dorsal
length spine, longest plate length, pelvis height and length, and pelvic spine length
(Figure S4.4). As all continuous armour measurements, excluding lateral plate
number, were significantly correlated with standard length, these were size
standardised by taking the residuals of a regression against standard length. A PCA

was carried out to visualise the axis of greatest variation.

4.3.5.3 Otolith measurements

To ensure that there was no bias in age between Eu and At stickleback which could
explain any morphological differences, we dissected the otoliths from a subset of fish
using previously described methods (Jones and Hynes, 1950; Singkam and MacColl,
2018), as reading the annual otolith rings is a well-established method to determine
age in fish (Jones and Hynes, 1950). The sagitta (largest otolith) was extracted under
a dissection microscope (Leica KL200 LED) and cleaned using fine forceps before
being mounted onto a microscope slide using Sigma Aldrich DPX. Slides were viewed

and photographed under a microscope (Nikon Phase Contrast-2) at x100
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magnification using a dark background. The number and type of seasonal rings were
recorded and measurements of the diameter at the widest point taken using ImageJ
(Schneider et al., 2012). Whether otolith diameter was influenced by SL, sex, or
mitochondrial lineage was determined by fitting a linear model. The proportion of each
otolith score was calculated for each lineage and Fisher's Exact Test used to

determine whether there was an association between lineage and the scores.

4.3.6 Genetic differences between migratory stickleback

Populations selected for morphological analysis were generally an almost equal mix
of Eu and At fish, reducing any nuclear genetic differences between lineages. To
confirm this, we looked for any nuclear genetic divergence between Eu and At
stickleback by calculating Fst, assigning the two mitochondrial lineages as
independent populations. We constructed a SNP dataset from short read sequences
(Mlumina) including migratory individuals from four populations (CLAM, BHRM,
OLAM, LUIM), using BCFtools v.1.18 to call variant sites and VCFtools v.0.1.16 to
calculate Fst statistics with a window size of 20kb. We also assessed the
mitochondrial sequence differences using the mitogenomes of migratory stickleback
from North Uist that were assembled in section 4.3.2, to determine whether there

were any fixed synonymous or non-synonymous substitutions.

4.4 Results

4.4.1 North Uist

We identified 35 fixed nucleotide differences between Eu and At stickleback
mitogenomes from North Uist (analysis included 180 individuals from either resident
or migratory populations) and used two of these to design a diagnostic assay to
distinguish the two mitochondrial lineages in the Atlantic. The mitochondrial lineages
of 358 North Uist individuals were successfully determined using the PCR and RFLP-
based assay. The six migratory populations (Figure 4.2) were an almost equal mix of
the two mitochondrial lineages, except for one population on the east of the island
that was predominantly At. Both lagoon and saltwater resident populations were
predominantly Eu (Figure 4.2). Where we identified At lineage stickleback in fresh
water, these tended to be on the west coast of North Uist or to the north. CAIG, the
most easternly population, was also predominantly At (Figure 4.2), but not all
individuals were low plated like other North Uist freshwater populations and this loch
has a recent and direct connection to the sea unlike most freshwater lochs sampled,

making it slightly saline.
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Figure 4.2: Mitochondrial lineages on North Uist. Pie charts show the proportion
of Eu and At stickleback for (a) anadromous (migratory stickleback that spend most
of their lives in the sea but breed in saltwater or freshwater lochs) or (b) resident
populations on North Uist. Results of sampling in the present study only. Blue = Eu,
orange = At. In b) resident populations from BHRU, OLAV, TORM and TROS were
sampled in the loch and in a stream connected to the loch so include both results;
loch result furthest right. See Table S4.1 for population details. c) Total proportion of
Eu and At stickleback per ecotype. A = Anadromous; LR = Lagoon Resident; FR =
Freshwater Resident. n = 88, 38, and 232 for A, LR and FR respectively.

4.4.2 Evidence for two refugia

The mitochondrial lineage of 733 individuals from 67 populations including those from
North Uist, Iceland, Portugal and North America were successfully determined using
the diagnostic assay. These samples were combined with information collated from
the literature. The geographical distribution of lineages is shown in Figure 4.3.
Populations in Europe were predominantly the Eu lineage while in North America
populations were a more equal mix of Eu and At (Figure 4.3). There were many
locations across the Atlantic where both lineages co-occurred including Nova Scotia,
Newfoundland, Greenland, Iceland, Ireland and Scotland, suggesting that both have
spread across the Atlantic Ocean. The proportion of At fish in populations decreased
with increasing distance from North America, particularly in samples spending at least

part of their lives in salt water (Figure 4.4, Table 4.3).
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Figure 4.3: Stickleback mitochondrial lineages in the Atlantic. a) Map of the
northern Atlantic with points showing the distribution of Eu (blue) and At (orange)
stickleback. The size of points shows the number of samples per population. b) The
proportion of Eu and At stickleback in Europe and North America (n = 1887 and 160
individuals respectively); see Figure $4.1 for classification of regions into Europe or

North America.
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Figure 4.4: Change in the proportion of At stickleback with distance from North
America in freshwater and saltwater populations. Each point is a freshwater (light
blue) or saltwater (red) population. Dashed line shows binomial generalised linear
model with the proportion of At stickleback per population as a function of distance

from North America. Shading shows standard error. Including samples where plate
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morphology is also known. n = 125 and 47 freshwater and saltwater populations

respectively.

Table 4.3: Factors affecting the proportion of stickleback with the At
mitochondrial haplotype in populations across the North Atlantic. Results are
from a binomial generalised linear model with logit link modelling the number of At
fish per population (successes) with the distance from North America, plate
morphology, salinity, and the interaction of plate morphology and salinity as
predictors. 172 populations were included in the model. Values in bold are significant

at the 5% significance level.

Predictor Wald F d.f P-value
Distance 8.000 1,168 0.005
Plating 3.554 1,168 0.061
Salinity 4.425 1,168 0.037
Plating x Salinity 34.843 1,168 <0.001

4.4.3 Mitochondrial lineage associated with habitat and phenotype

Salinity and plate morph information was available for 1550 individuals from 172
populations. Most freshwater stickleback belonged to the Eu lineage, irrespective of
distance from North America or their plate morph. Low plated fish in salt water were
also predominantly Eu, but completely plated fish were a more equal mix of Eu and
At (Figure 4.5). This resulted in a significant interaction between plate morph and
salinity in addition to distance influencing the proportion of At fish (Table 4.3). When
excluding North Uist, the overall pattern of freshwater and low plated saltwater fish
being predominantly Eu persisted (Figure S4.5, Figure S4.6), but we found no
significant association of mitochondrial lineage with plate morphology (Table S4.2)
which differs to the full dataset. This is likely due to the reduced information known
about plate morph in regions other than our study site North Uist, especially as no low
plated stickleback were sampled in North America (the low plate morph is almost
entirely absent in North American freshwater populations, with complete and partially

plated individuals often dominating (Haines, 2022)).
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Figure 4.5: The proportion of Eu and At lineage stickleback that were complete
or low plated in fresh water and salt water. n = 1118 and 438 individuals (125 and
47 populations) for fresh water and salt water respectively. Saltwater fish are defined
as those that spend some or all of their lives in salt water. Freshwater fish reside

permanently in fresh water.

4.4.4 Temperature

To determine whether temperature had influenced the distribution of stickleback
mitochondrial haplotypes in the Atlantic, we tested whether the maximum, minimum,
or variation in SST influenced the proportion of At stickleback in saltwater populations.
SST was not included in analysis of the whole dataset as we had no information about
the temperature of freshwater sampling sites, which likely vary greatly dependant on
their location, accessibility to the sea, and depth for example. In this analysis we also
included populations where plate morphology was unknown to increase the size of
the dataset (77 saltwater populations), so we were unable to test for an association
with plate morphology. The best fitting model according to AIC and BIC in both the full
dataset and without North Uist included distance and the average maximum SST as
predictors (Wald’'s F175 = 24.546, p < 0.001 for maximum SST; F175 = 77.037, p <
0.001 for distance from North America, Table 4.4; see Table S4.3 for results without
North Uist). There was no interaction between maximum SST and distance (F174 =
1.381, p = 0.244). When including more than one SST parameter in the model, only
maximum SST was significant. When accounting for distance, there were fewer At

stickleback where maximum SST was higher (Figure 4.6).
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Table 4.4: SST parameters affecting the proportion of stickleback with the At
mitochondrial haplotype in saltwater populations across the North Atlantic.
Results of the generalised linear models assessing the effects of distance and three
SST parameters (maximum, minimum and variation in SST) on the proportion of At
stickleback per saltwater population. All models were compared to a generalised
linear model with only distance as a predictor. d.f = degrees of freedom. Values in

bold are significant at p < 0.05.

Predictor AIC BIC Wald F d.f P-value
Maximum SST 279.444 286.476 24.546 1,75 <0.001
Minimum SST 307.207 314.238 2.043 1,75 0.157
Variation in SST 294.494 301.526 12.889 1,75 <0.001
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Figure 4.6: Change in the proportion of At lineage stickleback with sea surface
temperature. a) The change in the proportion of At stickleback with distance from
North America in salt water, including populations with unknown plate morphology.
Dashed line shows the binomial generalised linear model with the proportion of At
stickleback per population as a function of distance from North America. b) The
average maximum SST plotted against the residuals of a) to account for distance,
with the dashed line showing the linear regression (F175 = 6.0247, p = 0.016). n =77

populations.

4.4.5 Morphology

4.4.5.1 Standard length and armour

We compared the SL of six anadromous stickleback populations from North Uist (see
Figure $4.7 for populations) as these populations were generally an almost equal
mix of Eu and At fish, reducing any effect of both population and nuclear genetic
differences. We found that female At stickleback had a larger SL than female Eu fish

(Figure 4.7, x?1 = 4.151, p = 0.0416). This pattern was found in four of the six
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populations assessed and was unlikely to be a consequence of SL variation between
populations, although sample sizes did vary between populations (Figure $4.7). We
found no difference in SL between lineages in males (Figure 4.7, x>1 = 0.003, p =
0.958). After size standardisation, there were no differences in armour measurements

between lineages (Figure 4.7).
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Figure 4.7: Morphological differences between Eu and At anadromous
stickleback from North Uist. a) SL differences between mitochondrial lineages in
female and male stickleback. n = 83 and 78 individuals for females and males
respectively (six populations, see Figure S4.7 for population differences). Boxplot
shows median and interquartile range, points show individual data points. Significant
differences (p < 0.05) in SL between lineages is shown with an asterisk. b) Armour

differences between lineages. n = 34 individuals from three populations.

4.4.5.2 Otoliths measurements

At least one otolith was successfully dissected and measured from 46 individuals
(Figure 4.8). Otolith diameter correlated with SL (Figure 4.8, F1 40 = 6.560, p = 0.014)
but there was no difference in otolith diameter between Eu and At stickleback (F1,40 =
0.877, p = 0.355) or between females and males (F1.40 = 0.416, p = 0.522). 40 out of
the 46 otoliths dissected were clear, while six were unreadable. All otoliths had a
transparent edge consistent with stickleback being sampled from North Uist lochs in
April (Singkam and MacColl, 2018). Out of 40 individuals with at least one readable
otolith, 85.7% of Eu and 88.5% of At samples were 2S (Figure 4.8b, two sets of
seasonal rings), with the remainder being 3S (Figure 4.8c, three sets of seasonal
rings). The proportions of 2S and 3S otoliths did not significantly differ between Eu
and At stickleback (Figure 4.8d, Fisher’s Exact Test, p-value = 1). According to the
Jones & Hynes (1950) method, 2S and 3S otoliths imply that stickleback were 2 or 3
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years old, respectively. In the western Atlantic, anadromous stickleback are estimated
to live for only a year (Able and Fahay, 2010), so the pattern of seasonal otolith annuli
in anadromous stickleback likely differs to that of freshwater fish that have previously
been reported (Jones and Hynes, 1950; Singkam and MacColl, 2018). Despite this,
there was no difference in otolith size or score between mitochondrial lineages
(Figure 4.8) and as assessing the otolith rings is a well-established method to
determine age in fish, age was unlikely to differ between the Eu and At fish sampled,

so did not influence morphological findings.
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Figure 4.8: Comparison of otoliths from anadromous North Uist stickleback. a)
Otolith diameter was correlated with standard length of the stickleback (F1.42 = 6.673,
p = 0.014, dashed line) but there was no effect of sex (circle = female, square = male)
or mitochondrial lineage (blue = Eu, orange = At). Each point represents an individual
stickleback. n = 46. b) Example of 2S otolith. Two sets of growth rings. c¢) Example of
3S otolith. Three sets of growth rings. In b) and c) scale bar is 100um. d) Otolith
scores based on Jones & Hynes (1950) method for At and Eu stickleback. n = 40.

4.4.6 Genetic differences between migratory stickleback

Comparisons of the nuclear genomes between Eu and At stickleback revealed no
regions of high divergence (Figure 4.9) and an average mean Fsrvalue of -0.000282.
The nuclear genomes of the two mitochondrial lineages are well mixed in migratory
North Uist populations, suggesting that these are a single undifferentiated migratory
population segregating only by the mtDNA. We can therefore assume that
morphological differences between lineages are most likely a result of mitochondrial

rather than nuclear differences.
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Figure 4.9: No evidence of nuclear genetic differences between mitochondrial
lineages in migratory populations from North Uist. Genome-wide Fsr estimates
for 6,061,748 SNPs calculated using VCFtools with a window size of 20kb. Four North
Uist migratory populations included: CLAM, BHRM, OLAM, LUIM, n = 56.

There were 37 fixed nucleotide differences between Eu and At migratory stickleback
from North Uist (analysis included 30 individuals from four migratory populations) in
the mitochondrial protein coding genes, including four non-synonymous substitutions
in ATP6, COX1 and ND5. There was one fixed difference in tRNA Tyrosine (Figure
4.10).
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Figure 4.10: Locations of fixed nucleotide differences in the mitogenome
between Eu and At migratory stickleback from North Uist. Image edited from
circularMT (Goodman and Carr, 2024) using the stickleback reference mitogenome
(Jiang et al., 2018) as the input. Fixed synonymous (open triangles) and non-
synonymous (filled triangles) differences between Eu and At mitochondrial PCGs and
tRNAs (filled squares). Four populations: LUIM, BHRM, CLAM and OLAM (n = 30).

4.5 Discussion

Here we provide evidence that Atlantic stickleback mitochondrial lineages originated
in refugia on opposite sides of the Atlantic Ocean and have since spread and come
into secondary contact at multiple locations. Our analyses suggest that Atlantic
stickleback mitochondrial lineages are associated with adaptive potential: fish
residing permanently in fresh water were predominantly the Eu lineage (even in North
America), whereas completely plated fish living at least some of their lives in salt
water (therefore likely migratory fish) were a mix of the two lineages. As the

stickleback is originally a marine species, this suggests that the ocean is now a
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panmictic population of the two mitochondrial lineages, but there may have been
selection for the Eu lineage in fresh water. Given that non-migratory fish living in salt
water were also predominantly the Eu lineage, this may be due to differences in
migratory behaviour and habitat associations, although it is difficult to be certain
because most published studies do not record whether the fish they sampled were

migratory.

On North Uist, our own study area, non-migratory, saltwater (‘lagoon resident’) and
freshwater (‘freshwater resident’) stickleback were predominantly Eu and low-plated.
These populations are confined to low-energy lagoon or freshwater environments.
Migratory fish, which were approximately 50% At, were completely plated, which may
help them to escape high predation in the sea. The different proportions of Eu and At
stickleback between ecotypes has previously been discussed (Dean et al., 2019a),
and can be explained by both colonisation history and differences in adaptive
potential between the lineages. We show that the At lineage was found in fresh water
predominantly on the west side of the island, consistent with the At lineage originating
in North America and spreading across the Atlantic Ocean. One population in the east
is the only exception to this pattern, but this loch differs to other sampling sites on
North Uist in numerous parameters including accessibility to the sea, salinity, and
stickleback plate morphs, so may require further assessment. The finding that At fish
are mainly in the western populations could suggest that the Eu lineage colonised
North Uist first, establishing the resident populations, followed by a second wave of
colonisation from the At lineage from the west which rarely succeeded in colonising
fresh water and lagoons, but introgressed into the migratory populations. As we have
found no evidence to date of any barriers to gene flow between the lineages, this is
likely due to stickleback with the Eu mtDNA being better adapted to the resident
lifestyle or habitat, such as differences in temperature or diet that can alter metabolic
requirements. This is supported further by our finding that this pattern persisted

across the Atlantic.

Given the associations with habitat and adaptive phenotypes, our results suggest that
mitochondrial sequences are unlikely to make good neutral markers of population
history and geography. This might occur because the mitochondrial sequences
themselves confer differences in adaptive potential (Camus and Inwongwan, 2023; Li
et al., 2018; Pegan et al., 2024; Zhao et al., 2022), but might also arise because the
mitochondrial sequences are in linkage disequilibrium with other sources of adaptive
differences that arose in allopatry in the respective refugia. Our preliminary data

(Chapter 6) do suggest that there may be temperature related differences in
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mitochondrial function between Eu and At individuals, irrespective of nuclear genomic
differences, and older work also hints at wider adaptive differences between the two
refugial lineages (Heuts, 1947; Munzing, 1963), which differ in morphology and

habitat preferences.

The Eu and At lineages have greatly diverged mtDNA (Dean et al., 2019a; Makinen
and Merila, 2008) with at least thirty fixed nucleotide substitutions, so the
mitochondrial sequences themselves may have different adaptive potential.
Sequence differences in the mitochondrial genome can greatly influence fithess as
the mtDNA encodes components of the electron transfer system (ETS) in the
mitochondrial inner membrane that is responsible for oxidative phosphorylation and
energy generation. As the mtDNA is involved in such a fundamental process, variation
in sequence may have functional consequences and be selected for in certain
habitats that differ in metabolic demands. Signatures of positive selection have been
identified in the mitochondrial genome of some species (James et al., 2016) and this
has been linked to adaptation to a particular environment including high-altitude
(Cheviron et al., 2012; Lui et al., 2015; Wang et al., 2016), latitudinal clines (Foote et
al., 2011a; Garvin et al., 2011) and diet (Aw et al., 2018). We also identified a fixed
difference in tRNA-Tyrosine between Eu and At migratory stickleback from North Uist;
whether this could influence mitochondrial function requires further investigation. Our
preliminary results (Chapter 6) suggest that there are temperature-dependent
differences in mitochondrial respiration between Eu and At stickleback, which could
result in different adaptive propensities between lineages, but this has not been
explicitly tested. As energy generation also relies on the cooperation of mitochondrial
and nuclear encoded components, coevolution of the two genomes is important
(Barreto et al., 2018), which may have resulted in diverged nuclear genes, as well as
mitochondrial, when lineages evolved in allopatry, and could also result in adaptive
differences between stickleback mitochondrial lineages. From our comparison of the
nuclear genomes of North Uist migratory stickleback using short read sequences, we
found no evidence of any regions of high divergence between the mitochondrial
lineages. This makes it unlikely that the nuclear genome explains the differences
between Eu and At stickleback, although we cannot rule out with complete certainty
that there are not differences that we have been unable to detect in this analysis. We
did identify a small number of regions across the nuclear genome that had a higher
Fsr value than expected, suggesting that there is a small amount of genetic
differentiation between Eu and At stickleback. These regions are likely being

maintained despite gene flow, so may warrant further investigation.
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As we found that non-migratory populations were predominantly the Eu lineage,
stickleback with the Eu mtDNA may be better adapted to residing permanently in fresh
or saltwater habitats. Selective agents influencing energy requirements within these
environments may include one or more of the following: (i) Temperature: lakes and
streams are heavily influenced by climate compared to the Atlantic Ocean so are more
variable and may reach increased temperature extremes which could influence
mitochondrial respiratory enzymes and oxidative phosphorylation (Chouinard-
Boisvert et al., 2024; Pichaud et al., 2010). Any variation in mtDNA sequence that
increased mitochondrial efficiency at high or low temperatures could be selected for
and provide an advantage in colonising fresh water. Our findings show that there were
less At stickleback at higher maximum SSTs, suggesting that At fish may be less well-
adapted to warm waters. This is consistent with present day observations of migratory
stickleback at the southern edge of their range in eastern North America (New
Jersey), which are likely to be largely or entirely of the At lineage, breeding very early
in the year (February or March) when coastal sea surface temperatures are low (less
than 6°C), and the resulting juveniles then migrate northwards, following cold oceanic
water (Able and Fahay, 2010). These temperatures are much lower than those

experienced by breeding stickleback on the eastern side of the Atlantic.

(i) Nutrient availability: resident fish must adapt to lower nutrient availability than in
the ocean, including reduced availability of long chain polyunsaturated fatty acids
(Ishikawa et al., 2021) which can alter mitochondrial membranes and mitochondrial
efficiency (Salin et al., 2021). Mitochondrial variants that provide the most efficient
ATP production with limited or specific resources may be advantageous in fresh water
and lagoons. Alternatively, resident stickleback do not migrate, so may require less
energy than anadromous stickleback, meaning that selection for efficient ATP
production may be relaxed in resident stickleback, allowing the biosynthesis of other
key molecules from the Krebs cycle (Martinez-Reyes and Chandel, 2020) that may

be less available from freshwater diets.

(iii) Salinity: stickleback are ancestrally marine and have repeatedly colonised lower
salinity environments. Shifting between different salinity habitats involves increased
energy expenditure and altered mitochondrial efficiency (Sebastian et al., 2022).
However, as resident fish in both fresh and brackish water were primarily Eu, and
observations from fish raised in aquaria suggest that both lineages do well long-term
in both salt and fresh water, mitochondrial sequence variation is unlikely to be

associated with salinity alone.
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Our data provide evidence that the Eu and At lineages originated in separate refugia
in the eastern and western Atlantic respectively (Makinen & Merila 2008), as at
increasing distances from the predicted North American refugium the proportion of At
stickleback decreased. The almost complete absence of the At lineage in continental
western Europe suggests that the Eu lineage originated in a refugium somewhere in
Europe. Our analyses show that since the melting of the ice sheets, Eu and At
lineages have spread north and across the Atlantic Ocean to meet at multiple
locations including Nova Scotia, Newfoundland, Greenland, Ireland and Scotland, in
agreement with previous work (Dean et al., 2019; Liu et al., 2016; Ravinet et al.,
2013). We describe the distribution of the two main mitochondrial clades in the
Atlantic, with the Eu lineage predominant in Europe and the At on the East Coast of
North America and some northern European populations, which is in agreement with
previous mtDNA-based studies (Makinen & Merila, 2008; DeFaveri et al., 2012; Sanz
et al., 2015). Unlike previous work (Makinen & Merila, 2008; Fang et al., 2018), we
identified stickleback of the Eu lineage, as well as At, in North America, indicating that
the Eu clade has spread across the Atlantic from refugia in southern Europe.
Freshwater populations in eastern North America were rare in our study, but were
entirely Eu, adding to the evidence that stickleback with the Eu mtDNA may be better
adapted to colonising fresh water. Individuals from these populations were also
completely plated unlike the majority of freshwater stickleback in Europe and the
Pacific (Haines, 2022). Using nuclear SNP data, Fang et al. (2018) suggest that the
ancestral area for the At clade was in the English Channel, which is not consistent
with our results as we report the highest proportion of At stickleback in North America,
with very few individuals of the At lineage in populations closest to the English
Channel. The finding that At stickleback in the eastern Atlantic were predominantly
on the west coast of both North Uist and Ireland (Ravinet et al., 2013) also supports

the At lineage originating in the western Atlantic.

We identified differences in standard length between mitochondrial lineages in North
Uist migratory stickleback: At females were on average 2 to 3mm longer than Eu
females. Given the strong positive relationship between length and clutch size in
stickleback (Dean et al.,, 2019b), as in most teleost fishes, this suggests that At
stickleback are likely to be more fecund than Eu stickleback. This analysis was
conducted on wild-caught stickleback but is consistent with preliminary data
comparing the growth rate of the two mitochondrial lineages between weeks 5 and
12 in aquaria, where At fish had a higher growth rate than Eu when fed the same diet

(Lewis et al. unpublished). Assuming that North Uist migratory populations segregate
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by mtDNA but are otherwise panmictic (Haenel et al., 2022) limiting any nuclear
genetic differences, which is supported by our Fst analysis, it is most likely that the
difference in size between Eu and At stickleback is a side effect of metabolic
differences due to the mtDNA variation, potentially including the four non-synonymous
differences we identified between Eu and At migratory stickleback. When assessing
the otoliths of migratory stickleback from North Uist, we found no difference in otolith
size or the pattern of rings between Eu and At individuals. As otoliths are well-
established method to determine age in fish (Jones and Hynes, 1950; Singkam and
MacColl, 2018), this makes it very unlikely that age explains any variation in
morphology between the two mitochondrial lineages. However, we also highlight that
the pattern of the seasonal rings of otoliths from North Uist migratory stickleback may
differ to other stickleback populations as previous findings suggest that migratory
stickleback live to only one year old (Able and Fahay, 2010; our own observations
from North Uist), yet we scored otoliths as 2S or 3S which implies 2- or 3-year-old
fish. Reading annual otolith rings to estimate age relies on differing growth patterns
in poor versus good growth conditions (most likely related to food availability and
temperature) which result in opaque rings during faster growth and translucent rings
during slow growth. Previous work has focussed on freshwater stickleback (Jones
and Hynes, 1950; Singkam and MacColl, 2018), but growth conditions experienced
by migratory fish may differ to that of freshwater fish as migratory stickleback will
spend most of their lives at sea but come into fresh water or lagoons during the
breeding season. How this influences the formation of otolith annual rings has not
been investigated to our knowledge, but this may be an important direction of future

research.

Previous work in Drosophila has shown that mtDNA variation alone can influence
fitness traits (Christie et al., 2011; Dowling and Wolff, 2023), but very few studies in
wild, natural populations confirm the fithess impacts of mtDNA variation (Dobelmann
et al., 2019; Schwartz et al., 2015) and it is even rarer to have a natural study system
that allows the assessment of the fitness consequences of mtDNA variation alone
(i.e. in the same nuclear genetic background). If variation in the mtDNA sequence
improves the efficiency of oxidative phosphorylation and energy generation in
particular environments, this could allow the increased growth of migratory At fish. As
mitochondria are maternally inherited, natural selection on mitogenome variation
would only occur where variants provide an advantage for females, consistent with
differences in SL only being in North Uist females. However, why differences in

mtDNA sequence alone would only impact the SL of females and not males remains

87



unclear and warrants further investigation. One possible explanation could include
differences in mitochondrial content and function between sexes, as found in other
organisms (Gaignard et al., 2015; Junker et al., 2022; Rodnick et al., 2014), but this
has not been assessed in the stickleback to our knowledge. Studies in Drosophila
found that mitochondrial haplotype affected mtDNA copy number and mitochondrial
gene expression dependent on sex, and this could be linked to sex-specific life-history
traits (Camus et al., 2015), so whether there are differences in mtDNA content
between sexes and mitochondrial lineages in the stickleback that could influence

growth should be explored further.

An alternative explanation for the differences in SL we observed may be that the
mtDNA evolved alongside changes in morphology, such as SL, as the lineages
diverged in allopatry. Selection may have then acted on SL differences that provided
an advantage in particular environments (Dean et al., 2019b; Kraak and Bakker,
1998). However, when these lineages came into secondary contact on North Uist,
introgression of the mtDNA should have masked these associations if Eu and At fish
were freely interbreeding. As we observed size differences in North Uist populations,
it remains possible, although seems very unlikely, that there is some degree of
reproductive isolation between the lineages, perhaps due to mitonuclear coadaptation
and subsequent incompatibilities when lineages come back into contact (Ellison and
Burton, 2008, 2006; Hill, 2020), although we have found no evidence of this to date
and we found no nuclear genetic differences between mitochondrial lineages. We
also cannot rule out the smaller size of Eu females providing an additional advantage
in freshwater colonisation, as resident stickleback are smaller than migratory fish
(Dean et al., 2019a), giving them an advantage against many freshwater predators,
although we found no differences in armour traits between lineages. Slower growth
may also be an advantage when inhabiting environments with restricted nutrient

availability (Dupont-Prinet et al., 2010), such as the lochs and lagoons on North Uist.

Here we show that there is a cline in the mitochondrial lineage of Atlantic stickleback
with distance from North America, evidencing that the history of the two clades has
influenced the phylogeographic structure. Mitochondrial lineages in Atlantic
stickleback were associated with adaptive potential: fish residing permanently in fresh
water were predominantly the Eu lineage, whereas completely plated fish living at
least some of their lives in salt water, and therefore likely migratory fish, were a mix
of the Eu and At lineages. Given these associations with habitat and phenotype, our
results suggest that mitochondrial sequences are unlikely to make good neutral

markers. This likely occurs because the mitochondrial sequences themselves have
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different adaptive potential, but we cannot rule out with complete certainty that
differences in adaptive potential between lineages has arisen because the
mitochondrial sequences are in linkage disequilibrium with adaptive alleles elsewhere
in the genome, a result of clades evolving in allopatry. Further work would be
necessary to decipher whether any combination of environmental variables result in
selection for the Eu mtDNA and to identify whether there are any signatures of natural
selection across the mitochondrial genome. Our study is one of only a few that has
linked mtDNA variation to life-history traits in natural populations, making the Atlantic
three-spined stickleback an exciting model for further investigations into both the

physiological and evolutionary consequences of mtDNA variation.
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4.7 Supplementary Material

Table S$4.1: Latitude, longitude and the number of samples per population.
Stickleback were either sampled for the present study (North Uist, Portugal, Iceland),
sent from collaborators (Newfoundland, Nova Scotia, Quebec), or were compiled

from the literature (see Table 4.2 for original papers). N.A = North America.

Population Region Continent Latitude Longitude n
F S1 France Europe 47.491390 6.770830 1
Antela Ibero-Balearic Europe 42.115660 -7.683950 9
Asma Ibero-Balearic Europe 42.834410 -8.574940 5
Castanos Ibero-Balearic Europe 43.317000 -3.009100 1
Gobelas Ibero-Balearic Europe 43.319020 -2.994590 1
Guisande Ibero-Balearic Europe 42.840160 -8.680410 5
Majorca Ibero-Balearic Europe 39.802590 3.120570 3
Mira Ibero-Balearic Europe 37.607220 -8.658310 2
Mondego Ibero-Balearic Europe 40.371900 -8.071130 3
Penyscola Ibero-Balearic Europe 40.350920 0.375440 3
Rato Ibero-Balearic Europe 42.535630 -7.832780 4
Sado Ibero-Balearic Europe 38.004520 -8.387930 3
Salas Ibero-Balearic Europe 41.921770 -8.013190 1
Tagus Ibero-Balearic Europe 39.024190 -8.829920 3
Txingudi Ibero-Balearic Europe 43.363770 -1.780960 1
Valencia Ibero-Balearic Europe 39.412240 -0.384940 3
Vouga Ibero-Balearic Europe 40.663170 -8.561490 8
Eggl Iceland Europe 66.485820 -15.931577 4
Egg2 Iceland Europe 66.485559 -15.930343 6
Egg3 Iceland Europe 66.485538 -15.929624 4
Herd Iceland Europe 63.866801 -21.818869 13
Hrin Iceland Europe 66.506888 -15.975552 16
MIDF Iceland Europe 65.324212 -20.895125 5
MIDF_M Iceland Europe 65.343095 -20.906488 5
Nesl Iceland Europe 66.481013 -15.926585 4
Nes2 Iceland Europe 66.481026 -15.925622 17
URRI Iceland Europe 64.068169 -21.909467 1
VIFC Iceland Europe 64.079367 -21.877461 1
VIFR Iceland Europe 64.079367 -21.877461 1
AIB Ireland Europe 53.293900 -9.542100 4
ANN Ireland Europe 53.556900 -10.09300 4
BAN Ireland Europe 53.182300 -7.998100 4
BON Ireland Europe 54.265700 -8.216700 4
BUR Ireland Europe 52.744000 -6.813800 2
BWL Ireland Europe 52.675600 -8.577300 2
CAM Ireland Europe 53.286300 -9.559400 5
CCO Ireland Europe 53.447600 -8.858700 1
CRN Ireland Europe 51.817000 -10.115000 4
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VDL2 Switzerland Europe 46.517220 6.578060
VDS2 Switzerland Europe 46.778610 6.626670
VSS1 Switzerland Europe 46.213890 7.314720
VSS2 Switzerland Europe 46.384720 6.853610
ZHS1 Switzerland Europe 47.442780 8.468330
Kob_L31 Greenland N.A 64.131047 -51.371717
Kob_1L32 Greenland N.A 64.131047 -51.371717
Kob_L33 Greenland N.A 64.131047 -51.371717
Kob_M26 Greenland N.A 64.137992 -51.390978
Kob_M27 Greenland N.A 64.137992 -51.390978
Kob_M28 Greenland N.A 64.137992 -51.390978
Qar_L31 Greenland N.A 63.991000 -51.446000
Qar_L33 Greenland N.A 63.991000 -51.446000
Qar_L35 Greenland N.A 63.991000 -51.446000
BPNF Newfoundland N.A 48.782569 -58.082483
CBNF Newfoundland N.A 48.971542 -58.066864
HANF Newfoundland N.A 49.011414 -58.134500
ANNS Nova Scotia N.A 45.631092 -61.960575
Baddeck? Nova Scotia N.A 46.095856 -61.088890
Blues Cove Nova Scotia N.A 45.900598 -61.088890
Canal Lake 20192 Nova Scotia N.A 44.497959 -63.901367
Cherry Burton 2019 Nova Scotia N.A 46.029800 -64.103064
PLNS Nova Scotia N.A 45.624031 -61.839383
PPNS Nova Scotia N.A 45.440244 -61.320600
MAI Penebscot bay N.A 44.366700 -68.900000
a Foin Quebec N.A 47.764600 -61.088890
Croche Quebec N.A 47.777400 -61.088890
Rond Quebec N.A 47.749500 -61.088890
Temiscouata Quebec N.A 47.687700 -61.088890
LLYD USA N.A 41.520986 -70.981427
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"North Uist sympatric species pairs, population name ending in ‘M’ refers to anadromous
stickleback.

2 White stickleback from Nova Scotia.

3 Stream populations from North Uist.
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Figure S4.1: Maximum likelihood phylogenetic tree. Constructed using RAxML
from the mitogenomes of 180 North Uist stickleback with G. wheatlandi as an

outgroup. Two main clades are labelled.

103



ND4

Hind/lI
1

Eu c c t glajagc t t]
T

At cc t ggagctt

ND5

Eu cccagcagta

V)]

|
At c c(c,t g c a g|t
I

Pst/

Figure S4.2: DNA sequences and example gel used to distinguish
mitochondrial lineages. Regions of ND4 and ND5 have a fixed difference between
Eu and At mtDNA (left, shown in red). The restriction site recognised by Hind/Il or Pst/
is circled and the restriction enzyme cut site is shown by the dashed line. Eu ND4 is
cut by Hind/ll and At ND5 is cut by Pstl. ND4 and ND5 were first amplified using
specific primers (see Table 4.1) resulting in 625bp and 616bp DNA fragments,
respectively. These were digested with the appropriate restriction enzyme and run on
a 2% agarose gel (right). 100bp ladder (NEB) in the left lane followed by 16
stickleback samples from Luib or LuiM, North Uist (see Figure 4.1 and Table S4.1 for
location). The same samples are aligned in the top and bottom sections of the gel.
Top section shows ND4 PCR followed by restriction enzyme digest with Hind/// which
results in one band (625bp) for At mtDNA and two bands (442 and 183bp) for Eu
mtDNA. Bottom sections shows ND5 PCR and restriction enzyme digest with Pst/,
with one band (616bp) for Eu mtDNA and two bands for At mtDNA (397 and 219bp).

Results were used when both the ND4 and ND5 assay gave consistent results.
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At

Figure S4.3: Map of the Atlantic showing locations of Eu (blue) and At (orange)
stickleback. Black points show the predicted ocean currents in the Atlantic and were
used to calculate distance from most western point in North America, shown in red.
Example of distance calculation shown by arrows: distance from North America (red
point) to the nearest point on the path to the sampling location + direct distance from
sampling location to nearest point on the path = total distance from North America.

All distances are great circle distances and all calculations were conducted in R.

Figure S4.4: Armour measurements from low (a) and completely (b) plated

stickleback stained with alizarin red. Measurements were made using ImagedJ. 1.
Pelvis length. 2. Pelvic spine length. 3. Pelvis height. 4. First dorsal spine length. 5.
Second dorsal spine length. 6. Longest plate length. Each individual plate is marked
with a dot.
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Table S4.2: Factors affecting the proportion of stickleback with the At
mitochondrial haplotype in populations across the North Atlantic, excluding
North Uist. Results are from a binomial generalised linear model with logit link
modelling the number of At fish per population (successes) with the distance from
North America, salinity, and the interaction of distance and salinity as predictors. 204
populations were included in the model. Values in bold are significant at the 5%

significance level.

Predictor Wald F d.f P-value
Distance 1.602 1,201 0.207
Salinity 34.004 1,201 < 0.001
Distance x Salinity 6.8197 1,201 0.010
Fresh water Salt water
1.00 1
. At
7 Eu
0.751
[
Ke)
5
2 0.50 1
o
o
0.254
0.001
Complete Complete
Plate Morph

Figure S4.5: The proportion of Eu and Atlineage stickleback that were complete
or low plated in fresh water and salt water, excluding samples from North Uist.
n =779 and 191 individuals for fresh water and salt water respectively. Saltwater fish
are defined as those that spend some or all of their lives in salt water. Freshwater fish

reside permanently in fresh water.
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Figure S4.6: Change in the proportion of At stickleback with distance from
North America in freshwater and saltwater populations, excluding North Uist.
Each point is a freshwater (light blue) or saltwater (red) population. Dashed line shows
binomial generalised linear model with the proportion of At stickleback per population
as a function of distance from North America. Shading shows standard error. n = 145

and 59 freshwater and saltwater populations respectively.

Table S4.3: SST parameters affecting the proportion of stickleback with the At
mitochondrial haplotype in saltwater populations across the North Atlantic,
excluding North Uist. Results of the generalised linear models assessing the effects
of distance and three SST parameters (maximum, minimum and variation in SST) on
the proportion of At stickleback per saltwater population. All models were compared
to a generalised linear model with only distance as a predictor. d.f = degrees of

freedom. Values in bold are significant at p < 0.05. n = 59 populations.

Predictor AlC BIC Wald F d.f P-value
Maximum SST 146.151 152.383 23.326 1,57 < 0.001
Minimum SST 173.382 179.615 0.112 1,57 0.7392
Variation in SST 159.869 166.102 12.368 1,57 < 0.001
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Figure S4.7: Standard length differences between Eu and At anadromous
stickleback from six North Uist populations. Populations with an approximately
equal mix of individuals of the Eu and At lineages were used for this comparison.
Boxplot shows median and interquartile range, points show individual data points. n
= 83 and 78 individuals for females and males respectively. See Figure 4.1 and Table

S$4.1 for sampling locations.
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Chapter 5: Positive Selection in the Mitochondrial
Protein Coding Genes of the Three-spined
Stickleback

5.1 Abstract

Mitochondrial sequences were once considered neutral markers but increasing
evidence suggests that they are adaptive, and mtDNA variation has been associated
with climate, altitude and diet. As the mitochondrial genes encode components of the
oxidative phosphorylation pathway in the mitochondrial inner membrane which is
responsible for the majority of a cells aerobic energy production, any changes in
sequence have the potential to alter mitochondrial function, and environments with
differing metabolic requirements may drive how selection acts on the mtDNA. There
are two well studied mitochondrial lineages of the three-spined stickleback in the
Atlantic which differ in frequency between migratory and freshwater resident
populations. To test whether the evolution of stickleback mitochondrial lineages and
freshwater colonisation was accompanied by selection acting on mitochondrial
function, we assembled and analysed stickleback mitogenomes. Using multiple
phylogenetic selection analyses to test for signatures of positive selection across the
protein-coding mitochondrial genes, we identified candidate sites in the complex |
genes with evidence of long-term selection that were predicted to alter protein
structure, and found sites specific to one lineage evolving under selection that may
have accompanied their adaptation to fresh water. This not only adds to the increasing
evidence that mitochondrial sequences are non-neutral, but demonstrates the

potential role of the mitochondria in adaptive processes.

5.2 Introduction

The mitochondrial genome has long been used as a neutral marker of population
structure (Avise et al., 1987; Moritz et al., 1987), becoming a useful tool in population
genetics due to its maternal inheritance (Giles et al., 1980), lack of recombination
(Ladoukakis and Zouros, 2017), elevated mutation rates (Sigurdardottir et al., 2000)
and multiple copies per cell (Smeitink et al., 2001). The mitochondrial DNA was
considered selectively neutral (Avise et al., 1987), but this assumption is no longer
widely accepted (Ballard and Kreitman, 1995) and increasing evidence suggests that
it may be adaptive (da Fonseca et al., 2008; Li et al., 2018; Zhao et al., 2022). Given
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the functional importance of the mitochondrially encoded proteins, it is necessary to
understand the evolution of mtDNA, including how natural selection may promote
sequence variation. Mitochondria are responsible for greater than 95% of a cells
energy production in the form of adenosine triphosphate (ATP) via the process of
oxidative phosphorylation (OXPHOS) (Nguyen et al., 2019), which depends on the
cooperation of the 13 mitochondrially encoded peptides with at least 70 more nuclear
encoded peptides (Smeitink et al., 2001). Variation in mtDNA sequence can therefore
have important functional consequences for fitness, and environments with differing
metabolic requirements may drive how selection acts on the mtDNA and

mitochondrial function.

Purifying selection is the main driver of mtDNA evolution (Popadin et al., 2013) but
variation in mtDNA sequence has often been linked to the environment (Baris et al.,
2016; Camus et al., 2017; Scott et al., 2011), suggesting that it may be adaptive.
Evidence of positive selection has been identified in the mitochondrial protein coding
genes (PCGs) and has been associated with high-altitude adaptation (Cheviron et al.,
2012; Lui et al., 2015; Wang et al., 2016; Yu et al., 2011; Zhou et al., 2014), latitudinal
clines (Foote et al., 2011b; Garvin et al., 2011) and diet (Aw et al., 2018; Ballard and
Youngson, 2015; Towarnicki and Ballard, 2018). Such studies have often compared
populations from two contrasting environments and identified sites with evidence of
positive selection by calculating w, the ratio of non-synonymous to synonymous
mutations, using codon-based or maximum likelihood approaches, or by assessing
the physiochemical properties of amino acid substitutions. Inferring the mechanism
by which the positively selected sites may impact mitochondrial function is more
difficult, although this has been assessed in more recent cases (Zhang et al., 2024)
as the structure of the respiratory complexes become better resolved, for example in
Pacific salmon (genus Oncorhynchus) (Garvin et al., 2011) where multiple sites in the
piston arm of complex | were found to evolve under positive selection and were
hypothesised to be involved in proton pumping (Garvin et al., 2011). No study of the
functional consequences of these amino acid substitutions has been conducted, and
as species with diverse phenotypes were assessed (Garvin et al., 2011), the nuclear
genome will also influence mitochondrial function (Hill, 2020). Ideal models to be able
to identify positively selected sites in the mitochondrial genome and then determine
the physiological impacts of these include populations where mtDNA variants
segregate within otherwise panmictic populations, minimising differences in the

nuclear genetic background (Baris et al., 2016).
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The three-spined stickleback (Gasterosteus aculeatus, ‘stickleback’) is widely
distributed over the Northern Hemisphere where it has repeatedly adapted to colonise
freshwater environments (Bell and Foster, 1995; Jones et al., 2012). There are two
well-studied stickleback mitochondrial clades: the Trans-North Pacific (TNP) or
‘Japanese’ clade which is found predominantly in the western Pacific, and the Euro-
North American (ENA) clade which is found throughout Europe and along both the
west and east coast of North America (Beck et al., 2022; Johnson and Taylor, 2004;
Ortl et al., 1994; Taylor et al., 1999). Here, we assess the phylogenetic structure within
the ENA clade, including two lineages from the Pacific Ocean that we term the Pacific
South (PS) and Pacific North (PN), and two well-studied lineages in the Atlantic: the
European (Eu) and trans-Atlantic (At) (Makinen and Merila, 2008). Divergence times
have been previously estimated (Dean et al., 2019; Fang et al., 2018; Makinen and
Merild, 2008; Ravinet et al., 2013) suggesting that the Atlantic Ocean was colonised
from the Pacific via the Arctic Ocean (Fang et al., 2018; Orti et al., 1994). During the
Pleistocene, repeated glaciations influenced the distribution of aquatic species,
including the stickleback. In the Atlantic, it is likely that the Eu and At lineages evolved
in allopatry, and evidence suggests that Eu stickleback survived in refugia in Southern
Europe (Defaveri et al., 2012; Fang et al., 2018; Makinen and Merila, 2008; Sanz et
al., 2015), but less is known about the origin of the At lineage. As the At lineage has
predominantly been found in North America (Makinen and Merila, 2008), we have
previously hypothesised and provided evidence for a refugium where At stickleback
diverged along the East Coast of North America (Chapter 4). This has resulted in two
highly diverged mitochondrial lineages in the Atlantic (Eu and Af) which have since
spread (Dean et al., 2019; Liu et al., 2016; Makinen and Merila, 2008; Ravinet et al.,
2013).

The frequencies of Atlantic stickleback mitochondrial lineages differ between
migratory and resident populations in North Uist, Scottish Western Isles (Dean et al.,
2019), and this persists across the Atlantic (Chapter 4). Migratory populations contain
fish with either the Eu or At mtDNA (Dean et al., 2019) but are otherwise panmictic
(Haenel et al., 2022), but it is predominantly the Eu lineage that resides permanently
in fresh water and brackish lagoons (Chapter 4, Dean et al., 2019a). Migratory and
resident lifestyles differ in energy requirements, and the Atlantic Ocean and fresh or
brackish water differ greatly in many environmental parameters including temperature
and food sources that may also alter metabolic requirements. Shallow freshwater
lakes and streams are influenced greatly by climate and will fluctuate in temperature

more than the Atlantic Ocean, likely resulting in selection promoting amino acid
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variants that allow the metabolic machinery to be efficient at a large range of
temperatures. Food sources also differ between environments; in fresh water, diets
are often lower in key nutrients than in the sea (Ishikawa et al., 2021; Twining et al.,
2021) which may alter how substrates are utilised in the mitochondria to produce
energy, while starvation has been shown to increase the coupling efficiency of
mitochondria in birds (Monternier et al., 2015, 2014). Low food availability may
therefore result in selection for mitochondrial genome variation that provides the most

efficient ATP production with limited or specific resources.

As it is predominantly the Eu lineage that has colonised fresh water and brackish
lagoons (Chapter 4, Dean et al., 2019), and the two lineages have different histories,
it is likely that Eu and At stickleback have evolved under different selective pressures.
The two mitochondrial lineages likely evolved in allopatry on opposite sides of the
Atlantic Ocean (Chapter 4, Makinen and Merild, 2008) where they will have
experienced different environmental conditions. During the last glacial maximum
(LGM) in Europe, the ice sheets covered most of the UK and Scandinavia but did not
reach Southern England and mainland Europe (Svendsen et al., 2004), providing
opportunity for Eu stickleback to get into fresh water. In comparison, a large proportion
of the East Coast of North America was covered by ice (Dyke and Prest, 1987),
presumably severely restricting the potential distribution of At stickleback in fresh
water. Natural selection may have acted on mitochondrial sequence variation during
this period of allopatry. The At lineage is descendent from stickleback that have
crossed the Atlantic Ocean where they may have experienced prolonged colder
temperatures, while the Eu lineage has likely spent more of its history as resident
populations (Dean et al., 2019a; Makinen and Merila, 2008). This may have resulted
in different selective agents driving mitogenome divergence between the lineages. As
a result, the Eu lineage may be better adapted to reside permanently in freshwater
and brackish environments, while the At lineage is more suited to a migratory lifestyle.
If positive selection was acting on mitochondrial PCGs when the lineages were in
allopatry, we would expect to find evidence of long-term positive selection or selection
along the branches near to the Eu and At split that have resulted in sites with almost
fixed differences between Eu and At fish. In addition, as it is predominantly the Eu
lineage that has colonised fresh and brackish water, we hypothesised that there may
be evidence of natural selection specific to the Eu lineage, where beneficial
genotypes and phenotypes for the colonisation of fresh water and adaptation to the

local environment would be selected for.
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To test whether the evolution of stickleback mitochondrial lineages and freshwater
colonisation was accompanied by selection acting on mitochondrial function, we
assembled and analysed the mitogenomes of stickleback from four known
mitochondrial lineages: PN, PS, Eu and At. We used different approaches including
those based on the ratio of non-synonymous to synonymous mutations (dN/dS) and
those using the physiochemical properties of amino acids to test for signatures of
positive selection across the protein-coding mitochondrial genome. We identified
sites in the complex | genes with evidence of long-term selection that are predicted
to alter protein structure, as well as finding sites specific to the Eu lineage evolving
under natural selection that may have accompanied their adaptation to fresh water.
This not only adds to the increasing evidence that mitochondrial sequences are non-

neutral, but demonstrates the potential role of the mitochondria in adaptive processes.
5.3 Methods

5.3.1 Sample collection and DNA extraction

We were able to assemble mitogenomes from samples previously obtained for other
projects. Briefly, three-spined stickleback were sampled from multiple lochs on North
Uist in the Western Isles of Scotland in May 2022 by setting mesh traps along the
perimeter (see Figure 5.1 and Table S5.1 for sampling locations). After 24 hours,
approximately 10 stickleback per population were collected and euthanised via an
overdose of tricaine methanesulfonate (400mg/L) followed by the destruction of the
brain according with Schedule One of UK Home Office regulations. Caudal and
pectoral fin clips were taken and stored in ethanol for later DNA extraction. We also
received additional samples from Canada (Nova Scotia and Quebec), Maine (Lubec),
Iceland and Portugal (Table S5.1). Sampling included both resident and migratory
stickleback. Qiagen 96-well DNeasy blood and tissue extraction kit was used to
extract DNA from North Uist, Iceland and Portugal samples; NEB Monarch genomic
DNA purification kit was used for all other samples. Samples were sequenced using

[llumina sequencing technology.
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Figure 5.1: Sampling location in North Uist, Scottish Western Isles. See Table

$§5.1 for specific coordinates.

5.3.2 Mitogenomes

We assembled the mitogenomes of 253 samples covering a wide range of the
stickleback’s distribution in the Atlantic (Eu and At lineages), as well as 27 samples
from the Pacific, including the PN and PS lineages and the Japan Sea stickleback
(Gasterosteus nipponicus). Mitochondrial reads were assembled using NOVOPIlasty
(Dierckxsens et al., 2017) which assembles mitogenomes from whole genome
sequencing data. Protein coding nucleotide sequences were aligned using MAFFT
(Katoh et al.,, 2019) and translated into amino acid sequences using MEGA11
(Tamura et al., 2021). DnaSPv6 (Rozas et al., 2017) was used to calculate the
nucleotide diversity of each gene and the ratio of non-synonymous to synonymous
mutations (dN/dS) was calculated using PAML model MO, which assumes one dN/dS
across branches and sites (Alvarez-Carretero et al., 2023; Yang, 2007). A subset of
99 sequences was randomly selected for phylogenetic reconstruction and detection
of positive selection. We first confirmed that there was no evidence of recombination
in the mtDNA sequences using GARD (Pond et al., 2006), implemented in the

datamonkey interface (Weaver et al., 2018).

5.3.3 Phylogenetic analysis

PCGs were concatenated using PhyKIT (Steenwyk et al., 2021) with a total length of
11,415bp excluding stop codons, and the best partitioning of the concatenated

sequences was obtained according to IQTREE (Minh et al., 2020) with the optimal
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evolutionary model for each partition (Chernomor et al., 2016; Kalyaanamoorthy et
al., 2017) selected using Bayesian information criterion (BIC). We used IQTREE to
implement a maximum likelihood method to assess phylogenetic relationships with

G. nipponicus as an outgroup.

5.3.4 Detection of positive selection

Selection analysis was performed using the 13-protein coding mitochondrial genes.
We utilised methods based on the ratio of non-synonymous to synonymous
substitutions (dN/dS), first using the CODEML package implemented in PAML (Yang,
2007).

5.3.4.1 CODEML branch models

To test whether stickleback lineages evolved under different selective pressures, we
firstimplemented branch models in CODEML. We compared the branch model which
allows w (dN/dS) to vary between branches to the null model MO which assumes the
same w for all branches using a likelihood ratio test (LRT), which is twice the
difference in log-likelihood between null and alternative hypotheses, compared with
the x? distribution. To test whether w varied between mitochondrial genes, we fitted
branch models for each gene individually as well as to the concatenated PCGs. We
first defined the Atlantic lineages (Eu and At) as the foreground to test whether
selective pressures differed between the Atlantic and Pacific. Then, to assess whether
w differed between lineages in the Atlantic, we defined either the Eu or At lineage as

the foreground.

5.3.4.2 RELAX

As an increase in w can suggest relaxed selection as well as positive selection
(Zwonitzer et al.,, 2023), we used the RELAX package (Wertheim et al., 2015)
implemented in HyPhy (Kosakovsky Pond et al., 2005) to predict whether selection in
the foreground (‘test’) lineage was intensified or relaxed compared to the rest of the
phylogeny. If selection is intensified, some sites experience strong positive selection
(w much greater than 1) while other sites are under strong purifying selection (w much
less than 1), so the distribution of w diverges. When selection is relaxed, w converges
towards 1. RELAX compares the distribution of w across sites in the test lineage to
the reference, determining the selection intensity parameter k. This is compared to a
model where there is a single distribution of w across all branches (k = 1) using a
LRT. When introducing k significantly improves the model fit, selection on the test
lineage is either intensified (k > 1) or relaxed (k < 1) compared to the reference. As

with CODEML branch models, we conducted RELAX analysis on each mitochondrial
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gene individually and on the concatenated PCGs, first defining both the Eu and At as
the test branches with the rest of the phylogeny as the reference, and then the Eu

and At lineages separately.

5.3.4.3 CODEML site models

We then ran a series of models to test whether there was selection acting on particular
sites, irrespective of the phylogenetic branch. Site models assume that w remains the
same across all branches of the phylogeny but can vary between codons. We first
compared model MO (one ratio) with M1a (nearly neutral) to test for variability of
selective pressure among the amino acid sites (Alvarez-Carretero et al., 2023). If
model M1a was a significantly better fit than model MO, we then compared model
M1a (nearly neutral) with M2a (positive selection) and M7 (neutral model) with M8
(positive selection) to test for positive selection. Model comparisons were conducted
using LRTs. Comparisons that reached significance at the 5% level suggested the

presence of sites under positive selection.

5.3.4.4 FUBAR

We also tested for evidence of positive selection using Fast Unconstrained Bayesian
AppRoximation (FUBAR) (Murrell et al.,, 2013) which infers dN and dS, again
assuming that selection on each site is constant throughout the phylogeny. We
implemented this using the Hyphy package (Kosakovsky Pond et al., 2005). FUBAR
infers a posterior probability (pp) of each site belonging to either a diversifying or

purifying selection class, and we took a pp > 0.9 as evidence of selection.

5.3.4.5 CODEML branch-site models

As selection may only be acting on particular sites within specific branches of the
phylogeny, which may be masked when assuming w is the same for all sites or all
branches, we implemented branch-site model A in CODEML, where w can vary
between both sites and branches. This identifies sites within a predefined lineage that
may be under selection. We looked for evidence of selection in particular branches of
the phylogeny, first defining the Atlantic lineages (Eu and Af) as the foreground. We
then assigned each lineage (PS, PN, Eu or At) independently as the foreground
lineage. To test whether there was evidence of positive selection in the foreground
lineage, we compared model A to a null model where wo = 1 using the LRT. For both
site and branch-site models, the Bayes Empirical Bayes (BEB) method in CODEML
was used to identify codons under positive selection; those with a pp > 0.9 were

considered candidate sites.
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5.3.4.6 TreeSAAP

As the previous methods are based on dN/dS, we also tested for positive selection
using TreeSAAP (Woolley et al., 2003) which utilises the structural and biochemical
properties of amino acid replacements. The program assigns each change in amino
acid a magnitude category from 1 to 8, with 1 being the most conservative
substitutions and 8 the most radical. We considered sites in categories 6 to 8 which
also had high support (p < 0.001) as candidate positively selected sites. Where we
identified sites that differed between the maijority of individuals from the Eu and At
lineages, this region within the alignment was visualised using JalView (Waterhouse

et al., 2009) and the physiochemical properties of the amino acids labelled.

5.3.5 Structural location of positively selected sites

To predict the potential functional consequences of positively selected amino acids,
we made 3D protein structures from the genes of interest using the structure
prediction tool I-TASSER (Roy et al., 2010) and visualised these using Mol* Viewer
(Sehnal et al., 2021). Positively selected sites were identified using Mol* Viewer and

manually labelled. All 3D models were constructed from an Eu sequence.
5.4 Results

5.4.1 Mitogenomes

In total, 253 mitogenomes were assembled using NOVOPIlasty (Dierckxsens et al.,
2017). We found low levels of nucleotide diversity in the PCGs with the highest
diversity in ND1, ND3 and ND2, while lowest nucleotide diversity was in COX2, ND4L
and COX3 (Table 5.1). All genes produced unique haplotypes for the four major
lineages. We calculated the number of synonymous and non-synonymous mutations
in the Eu and At lineage (Figure 5.2). In both lineages, ND5 and ND2 had a higher
number of non-synonymous mutations than expected and COX1 and ND6 had fewer
non-synonymous mutations. As we were interested in any major differences between
Eu and At stickleback that could have facilitated adaptation, we took a random subset
of 99 samples including those from the Eu, At, PN and PS lineages. This increased
the speed of further analysis without compromising the reliability of findings. GARD
found no evidence of recombination, as expected for mtDNA. We calculated dN/dS
values for each gene in this subset using the PAML site model MO. All genes had
dN/dS ratios less than one (Table 5.1) suggesting genes evolved predominantly
under purifying selection. ATP8, ND5 and ND2 had the highest dN/dS.
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Table 5.1: Diversity of the mitochondrial PCGs. All values calculated from full

sequence set (253 individuals), except for dN/dS which was calculated from the

random subset of 99 sequences using CODEML site model MO.

Geno  Slze  Numborof  Poymorphic Nucloodo Poptides a5
ATP6 681 61 73 0.00459 19 0.0466
ATP8 165 19 19 0.00548 8 0.3648
cox1 1557 93 132 0.00367 13 0.0227
COX2 690 38 45 0.00094 13 0.0712
COX3 783 54 67 0.00239 19 0.0788
CYTB 1140 92 124 0.00380 34 0.1172
ND1 978 90 131 0.00638 32 0.1028
ND2 1044 115 151 0.00584 53 0.1501
ND3 348 33 35 0.00596 8 0.0634
ND4 1380 110 168 0.00521 50 0.1031
ND4L 294 22 27 0.00221 5 0.0477
ND5 1836 154 267 0.00571 95 0.1569
ND6 519 58 63 0.00471 7 0.0774
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Figure 5.2: Synonymous and non-synonymous nucleotide substitutions in the
mitochondrial PCGs. At (left) and Eu (right).

5.4.2 Phylogeny

Concatenated PCGs resulted in a 11,415bp sequence. The best partition scheme

produced 4 subsets, and the corresponding substitution model was estimated (Table

5.2). Amaximum likelihood phylogenetic tree was constructed from the concatenated

nucleotide sequences (Figure 5.3). The topology was similar to previous studies, with

the Atlantic lineages evolving from the Pacific. To assess only non-synonymous
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substitutions, a phylogenetic tree was also constructed in IQTREE using the

translated sequences (Figure S5.1).

Table 5.2: Partition scheme of 13 concatenated PCGs. Numbers after the gene

name refer to codon positions.

Number of

Partition Best Model Sites Partition Scheme
1 HKY+F+| 3025 ATP6_1; ATP8 2; COX2_3; CYTB_1;
ND1_1; ND2_1; ND3_1; ND4_1; ND4L_1;
ND5_1; ND6_1
2 TIM+F+] 4815 ATP6_2; ATP8 1; COX1_1; COX1_2;

COX2_1; COX2_2; COX3_1; COX3_2;
CYTB_2; ND1_2; ND2_2; ND3_2; ND4_2;
ND4L_2; ND5_2; ND6_2

3 TN+F+G4 3402 ATP6_3; ATP8_3; COX1_3; COX3_3;
CYTB_3; ND1_3; ND2_3; ND3_3; ND4_3;
ND4L_3; ND5_2
4 HKY+F+G4 173 ND6_3
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Figure 5.3: Maximum likelihood phylogenetic tree, showing locations with

strong evidence of selection. Constructed from partitions of 13 mitochondrial PCGs
(11,415bp) using IQTREE with G. nipponicus as an outgroup. Main nodes were
supported with bootstrap values > 95% (1000 ultrafast bootstrap replicates in
IQTREE). Circles represent codons under selection identified using FUBAR and
TreeSAAP; squares represent codons identified by CODEML and TreeSAAP, stars
represent sites identified by FUBAR, CODEML and TreeSAAP. Position in the
phylogeny indicates the approximate location where selection was detected (i.e.
positive selection was identified at CYTB site 125 recently within the Eu lineage, near

to tips of the phylogeny). Using TreeSAAP, radical amino acid substitutions were
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identified in the At lineage within ND2 and ND5, but CODEML site models identified

long-term positive selection at these same sites.

5.4.3 Evidence of positive selection

As the Atlantic Ocean was colonised from the Pacific, we first tested for selection
specific to the Atlantic lineages across each mitochondrial PCG using CODEML
branch models. We then tested the Eu and At lineages independently as these likely
evolved in separate refugia on opposite sides of the Atlantic. Since spreading, the Eu
lineage, but rarely the At lineage, has colonised fresh water, suggesting that the
lineages may have evolved under different selective pressures. As selection may
have only been acting on specific sites, we used CODEML site models and FUBAR
to assess whether there was evidence of long-term selection in any codons across
the whole phylogeny, before using CODEML branch-site models to determine if there
was selection in sites specific to any one lineage. We finally used TreeSAAP to detect
any radical changes in the physiochemical properties of amino acids. Results from all

site-specific tests are presented in Table 5.3.
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Table 5.3: Codons in the mitochondrial PCGs identified as being under positive selection. Multiple methods were used: FUBAR
(pp > 0.9), CODEML site models (models M2a and/or M8 significant at the 5% level and sites had pp > 0.9 using BEB), branch-site
models (model A was significantly better fitting than the null model at the 5% significance level and sites had pp > 0.9 using BEB) and
TreeSAAP (sites in magnitude categories 6 to 8, significant at p < 0.001). Sites highlighted and in bold were identified by TreeSAAP plus
at least one method based on dN/dS. * pp > 0.95, ** pp > 0.99, n.s = not significant (method did not identify evidence of positive selection
at the site). am = power to be at the middle of an a-helix; a = a-helical tendencies; EC = equilibrium constant; PC = power to be at the
C-terminal; IP = isoelectric point; SARR = solvent accessible reduction ratio; Bd = buriedness; Comp = composition; Hp = hydropathy. 1

or | refers to an increase or decrease in amino acid property, respectively.

CODEML site CODEML branch-

Gene Codon FUBAR models (pp) site model A TreeSAAP
(PP) M2a M8 Lineage pp Lineage From To Property T Category Notes

ND1 7 n.s n.s n.s n.s n.s At Thr Ala a 1 6 One At
93 n.s n.s n.s n.s n.s Eu Ala Thr a l 6 One Eu
98 n.s n.s n.s n.s n.s Eu Ala Thr a l 6 One Eu
107 0.908 n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s
179 n.s n.s n.s n.s n.s PN Ala Thr a l 6 One PN
193 n.s n.s n.s n.s n.s Eu Ala Thr a l 6 One Eu
247 n.s n.s n.s n.s n.s PN Thr Ala a 1 6 One PN
274 n.s n.s n.s n.s n.s Eu Ala Thr a l 6 One Eu
310 n.s n.s n.s n.s n.s Eu Ala Thr a l 6 Two Eu

ND2 920 0.958* 0.778 0.960* n.s n.s At Thr Ala a 0 6 Most At,

some PN

276 n.s n.s n.s n.s n.s PS Ala Thr a l 6 One PS
300 n.s n.s n.s n.s PN Ala Thr a l 6 Three PN
310 n.s n.s n.s n.s n.s Eu Thr Ala a 1 6 One Eu
311 n.s n.s n.s n.s n.s PS Thr Met a 1 6 One PS

122



DEML si DEML branch-
Gene Codon FUBAR cr’r?odels (:pt)e Cosite moZeaI : TreeSAAP
(PP) M2a M8 Lineage PP Lineage From To Property ™ Category Notes
339 n.s n.s n.s n.s n.s PN, PS Ala Thr a l 6 One PN and
one PS
342 n.s n.s n.s n.s n.s Eu Ala Thr a 6 One Eu
ND3 16 0.921 n.s n.s n.s n.s Eu, PN Val lle EC 8 Two Eu, two
PN
ND5 11 n.s 0.839 0.982* n.s n.s n.s n.s n.s n.s n.s n.s n.s
64 n.s 0.704 0.908 Atlantic 0.943 n.s n.s n.s n.s n.s n.s n.s
275 n.s 0.792 0.965* Eu 0.989* n.s n.s n.s n.s n.s n.s n.s
Atlantic 0.976*
355 n.s n.s n.s Eu 0.916 n.s n.s n.s n.s n.s n.s n.s
501 n.s n.s n.s Eu 0.908 n.s n.s n.s n.s n.s n.s n.s
554 n.s 0.702  0.907 n.s n.s n.s n.s n.s n.s n.s n.s n.s
555 0.908 n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s n.s
576 n.s 0.717 0.916  Atlantic 0.945 At His Tyr am l 7 Most At
ND6 46 n.s n.s n.s n.s n.s At His Tyr am l 7 One At
167 n.s n.s n.s n.s n.s Eu Arg Cys Bd, IP, T 8,8,8,7 One Eu
Comp, Hp
CYTB 109 0.965* 0.801 0.968* Atlantic 0.976* Eu Tyr His am ) 7 Two Eu
118 n.s n.s n.s n.s n.s PN lle Val EC 1 8 Six PN
125 0.927 0.782 0.961* Eu 0.990* Eu Met lle EC ! One Eu
Atlantic 0.977*
153 n.s n.s n.s n.s n.s Eu Val lle EC l 8 One Eu
156 n.s n.s n.s n.s n.s PN Val lle EC l 8 One PN
188 n.s n.s n.s n.s n.s Eu Val lle EC l 8 One Eu
237 n.s n.s n.s n.s n.s PS lle Val EC 1 8 One PS
353 n.s n.s n.s n.s n.s PN Val lle EC l 8 Three PN
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DEML si DEML branch-
Gene Codon FUBAR cr’r?odels (:pt)e Cosite moZeaI : TreeSAAP
(PP) M2a M8 Lineage PP Lineage From To Property ™ Category Notes

364 n.s n.s n.s n.s n.s Eu Val lle EC l 8 One Eu
COX1 489 n.s n.s n.s n.s n.s Eu Glu Lys P 1 8 One Eu
COX2 120 n.s n.s n.s n.s n.s PN Ala Thr Pa l 6 One PN

129 n.s n.s n.s n.s n.s PS Ala Thr Pa l 6 One PS
COX3 155 n.s n.s n.s Eu 0.911 n.s n.s n.s n.s n.s n.s n.s

219 n.s n.s n.s Eu 0.907 n.s n.s n.s n.s n.s n.s n.s
ATP6 13 n.s n.s n.s n.s n.s At Val lle EC l 8 Most At

17 n.s n.s n.s n.s n.s Eu Val lle EC l 8 One Eu

29 n.s n.s n.s n.s n.s PN Val lle EC l 8 Two PN

227 n.s n.s n.s n.s n.s PN Val lle EC l 8 One PN
ATP8 32 n.s n.s n.s Eu 0.908 Eu lle Thr SARR l 8 Most Eu

40 n.s n.s n.s n.s n.s Eu Gin Arg IP 1 7 One Eu

48 n.s n.s n.s n.s n.s PS Asp  Asn PC l 6 One PS
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5.4.3.1 CODEML branch models and RELAX analysis

We first implemented CODEML branch models to test whether there was evidence of
selection in the Atlantic lineages. Across the concatenated PCGs, the Atlantic
lineages had a significantly higher w than the Pacific inferring that selection had acted
on the mitochondrial genome (Figure 5.4, Table $5.2). Assessing w of each gene
independently, we found that COX3, CYTB, ND1, ND2, ND4 and ND5 had a higher
w in the Atlantic lineages than the rest of the phylogeny (Figure 5.4, Table S5.2). We
then used RELAX to determine whether this increase in w was likely due to intensified
or relaxed selection. This revealed that it was predominantly relaxed selection acting
on the Atlantic stickleback mitochondrial PCGs, with the concatenated sequences,
ND1 and ND4 having a selection intensity parameter (k) less than 1 that significantly
improved the model fit (Figure 5.4, Table S$5.3). COX3 also had a value of k less than
1 but this did not quite reach significance (p = 0.096). The selection intensity
parameters of CYTB, ND2 and ND5 were greater than 1 (1.50, 1.46 and 1.69)
suggesting that there may be positive, rather than relaxed, selection in these genes
in the Atlantic lineages, but these did not significantly improve the model fit to those
where k was fixed at 1 (p = 0.160, 0.343, 0.198 respectively).
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Figure 5.4: CODEML branch model results and RELAX analysis. Atlantic lineages
(a-c) or the Eu lineage (d-f) as the test branches. Test branches labelled in red and
reference in black on the phylogeny (a and d). CODEML branch tests (b and e) were
conducted on the concatenated PCGs and each individual gene with the log1o of the
ratio of w for the test lineage to w of the reference lineages presented as points.

Points above the dashed line have a higher value of w in the test lineage than the
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rest of the phylogeny. RELAX analysis was conducted in HyPhy (c and f) with log+o of
the selection intensity parameter k presented as points for concatenated PCGs and
each individual gene. Points above the dashed line suggest intensified selection
compared to the reference, points below the line suggest relaxed selection.

Significant results (p < 0.05) are filled in black, non-significant points in grey.

We then reanalysed the phylogeny using CODEML branch models with only the Eu
lineage as the foreground to test whether there may be selection specific to the Eu
lineage. This showed that the mitochondrial PCGs were largely under selection
(Figure 5.4, Table S5.2) as the concatenated PCGs of the Eu lineage had a
significantly higher w than the rest of the phylogeny, and when assessing individual
genes COX3, CYTB, ND2 and ND5 also had evidence of selection (Figure 5.4, Table
$§5.2). Analyses using RELAX suggested that the Eu sequences were predominantly
evolving under intensified selection compared to the rest of the phylogeny as the
selection intensity parameter was greater than 1 in the concatenated sequences
(Figure 5.4, Table S5.3), although this pattern was not apparent in individual genes.
RELAX only identified three genes where the model with k as a free parameter
significantly improved the fit: COX3, CYTB and ND1 were under relaxed selection
(Figure 5.4, Table $5.3). ND5 was predicted to be under intensified selection with k
= 1.43 but this did not quite reach significance (p = 0.053). With the At lineage as the
test, only the concatenated sequences and COX2 had evidence of selection using
CODEML branch models (Table $5.2) and RELAX did not find evidence of relaxed
or intensified selection in the concatenated PCGs or in any gene individually (Table
S$5.3).

5.4.3.2 CODEML site models

To test whether there was evidence of selection in particular codons across the whole
phylogeny which may be masked by overwhelming signals of purifying selection in
gene-wide analyses, we implemented CODEML site models (Table 5.3, Table $5.4,
Table S5.5). Both models M2a and M8 were significantly better fits than models M1a
and M7, respectively, indicating the presence of a small number of sites evolving
under positive selection. BEB analysis under model M8 revealed sites with posterior
probabilities greater than 0.9: two sites in CTYB (site 109, pp = 0.968 and site 125,
pp = 0.961), one site in ND2 (site 90, pp = 0.960) and five sites in ND5 (11, pp =
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0.982; 64, pp = 0.908; 275, pp = 0.965; 554, pp = 0.907; 576, pp = 0.916) had

evidence of long-term positive selection (Table 5.3, Table S5.4).

5.4.3.3 FUBAR

We confirmed findings using FUBAR which detected CYTB sites 109 and 125 and
ND2 site 90, but also identified additional sites in ND1, ND3 and ND5 (Table 5.4).
Using FUBAR, we found 728 codons under purifying selection (Table 5.5), suggesting
that the main driver of mtDNA evolution is purifying selection, with ND1 and ND6

having the highest percentage of sites.

Table 5.4: Six sites identified as likely under positive selection by FUBAR.
Posterior probabilities greater than 0.9 are shown. Sites in bold were also candidates
identified by CODEML site or branch-site models.

Gene Site a B B-a Prob [a>B] Prob [a<B] Bayes Factor [a<f]
ND1 107 1.533 10.724 9.192 0.053 0.908 39.272

ND2 90 1.513 17.119 15.606 0.015 0.958 90.2

ND3 16 1.493 12415 10.923 0.044 0.921 46.114

ND5 555 1.541 10.713 9.172 0.053 0.908 39.032
CYTB 109 1.725 23.205 21.48 0.011 0.965 110.484
CYTB 125 2.402 17.467 15.065 0.032 0.927 50.191

Table 5.5: Number and percentage of sites per mitochondrial PCG identified as

being under purifying selection using FUBAR.

Gene Length Number of Sites Percentage of Sites (%)

ATP6 227 47 20.7
ATP8 55 7 12.7
COX1 519 89 17.1
COX2 230 26 11.3
COX3 261 36 13.8
CYTB 380 76 20.2
ND1 326 75 22.8
ND2 348 75 21.6
ND3 116 18 15.5
ND4 460 94 204
ND4L 98 20 204
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ND5 612 127 20.8
ND6 173 38 22.0

5.4.3.4 CODEML branch-site models
We implemented CODEML branch-site models (Figure 5.3, Table 5.3, Table S5.6,

Table S5.7) to test if there was evidence of selection in sites within any one lineage.
In the Atlantic lineages we found evidence of selection in CYTB and ND5 with BEB
analysis identifying two sites in CYTB (109 and 125) and three sites in ND5 (64, 275,
576). We found evidence of positive selection in the Eu lineage in ND5, CYTB, COX3
and ATP8. BEB analysis revealed three sites in ND5 (275, pp = 0.989; 355, pp =
0.916; 501, pp = 0.908), one site in CYTB (125, pp = 0.990), two sites in COX3 (155,
pp = 0.0.911; 219, pp = 0.907) and one site in ATP8 (32, pp = 0.908). With the At, PN,
or PS lineage as the foreground branch, there was no evidence of positive selection
(Table S$5.6).

5.4.3.5 TreeSAAP

Using TreeSAAP, we were able to identify multiple sites under positive selection with
radical amino acid substitutions (magnitude categories 6 to 8). Properties altered by
amino acid changes included o-helical tendencies, the equilibrium constant, the
power to be at the middle of an a-helix, the isoelectric point, the power to be at the C-
terminal and the solvent accessible reduction ratio (Table 5.3). 38 sites were identified
as having evidence of positive selection (Table 5.3), with 19 sites in the complex |
genes and nine sites in complex Il (CYTB). Selection in most sites was identified in
more recent nodes of the phylogeny with only a few samples having radical amino
acid replacements, but in a few cases positive selection was identified by TreeSAAP
in sites that differed between a large number of individuals or between lineages (Table
5.3). Achange from Threonine (Thr) to Alanine (Ala) was found at ND2 site 90 (Figure
$5.2) in the At and PS lineages. This substitution decreases the a-helical tendencies
of the protein. A substitution from Histidine (His) to Tyrosine (Tyr) in the At lineage at
ND5 site 576 (Figure S5.2) was predicted to be under selection by TreeSAAP,
decreasing the power to be at the middle of an a-helix. This site is located in the piston

arm of complex |, within an a-helix. ATP8 site 32 was also a candidate for selection
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using TreeSAAP, with a substitution from Isoleucine (lle) to Thr in most Eu individuals

(Figure $5.2), which reduces the solvent accessible reduction ratio.

5.4.4 Candidate sites

We considered sites to have strong evidence of positive selection if they were
identified by at least two methods including one based on dN/dS as well as TreeSAAP
(Figure 5.3, Table 5.3, Figure S$5.1). This included six sites: ND2 90; ND3 16; ND5
576; CYTB 109 and 125; ATP8 32. Sites in ND2 and CYTB were identified by all
methods, ND3 site 16 was identified by FUBAR and TreeSAAP, and ND5 576 and
ATP8 site 32 were candidates according to CODEML and TreeSAAP. Substitutions at
these sites were predicted to alter protein function as amino acid changes result in
different properties which can be selected for, and these sites have a high amount of
non-synonymous substitutions compared to synonymous, all of which indicate that

they likely evolved under positive selection.

5.4.5 Structural location of positively selected sites

The three-dimensional structures of ND2 and ND5 were predicted using I-TASSER
(Roy et al., 2010). Positively selected sites were mapped onto the predicted protein
structures (Figure 5.5). ND2 site 90 was adjacent to a transmembrane helix and ND5

site 576 was located in the C-terminal piston pump.

His > Tyr

Figure 5.5: Structures of ND2 (left) and ND5 (right) with locations of the
candidate positively selected sites labelled. Positive selection was detected at
ND2 site 90 and ND5 site 576. Structures were created using I-TASSER (Roy et al.,
2010) and viewed in Mol* Viewer (Sehnal et al., 2021). Thr = Threonine; Ala = Alanine;
His = Histidine; Tyr = Tyrosine.
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5.5 Discussion

We examined the potential role of natural selection acting on mitochondrial genome
evolution. We found that selection had been acting primarily on complex | of the
electron transport system (ETS), with a higher rate of non-synonymous to
synonymous mutations in both the Eu and At lineages, and evidence of selection
within ND2 and ND5 across the phylogeny. As the At lineage differed in sequence to
most Eu fish at one positively selected site in both of these genes, selection on the
mitochondrial PCGs was likely experienced as the Eu and At fish evolved in allopatry,
due to the lineages experiencing different environmental conditions and metabolic
demands during this time. When assessing positive selection that may occur only in
certain branches of the phylogeny (i.e. episodic positive selection), we identified
selection in multiple sites within the Eu lineage, including in ATP8, ND3 and CYTB,
but there was no evidence of selection specific to the At, PN, or PS lineages. As the
Eu lineage has been more successful at colonising fresh water than the At lineage in
the Atlantic, these findings suggest that there has been selection for mitochondrial
variants that provide an advantage for freshwater adaptation within the Eu lineage.
Together, these findings add to the increasing evidence that mitochondrial sequences

are non-neutral, and show that mitochondria can be involved in adaptive processes.

Although an elevated dN/dS has often been assumed to indicate positive selection,
relaxed purifying selection can also increase dN/dS (Zwonitzer et al., 2023). By
utilising the package RELAX, we were able to show that the increased rates of dN/dS
in the mitochondrial PCGs in the Atlantic were likely due to relaxed selection. This
may occur as stickleback were able to spread into new niches as they colonised the
Atlantic, relaxing previous selective constraints. Alternatively, a reduction in
population size as stickleback colonised the Atlantic Ocean (if only a small number of
individuals established the Atlantic populations) could have also reduced the strength
of selection (Wertheim et al., 2015). Only CYTB, ND2 and ND5 had some evidence
of positive selection but this did not reach significance. Candidate sites from CODEML
branch-site tests included those in CYTB and NDS$, so although we did not find
evidence of positive selection across whole genes, some sites within these may have

experienced positive selection.

Eu and At stickleback likely evolved in allopatry on opposite sides of the Atlantic
where they may have experienced differences in climate, potentially resulting in
selection for different amino acid variants in the mitochondrial PCGs. Species

adapting to new environments may face different energy requirements and be subject
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to different selective agents, including temperature. Biochemical reactions in the
mitochondria are influenced by temperature (Hunter-Manseau et al., 2019; Sokolova,
2023), so mitochondrial function may be limited at temperature extremes, which is
particularly important for ectotherms (Chung and Schulte, 2020), including the
stickleback, as body temperature reflects their environment. Selection on mtDNA
variation has previously been associated with temperature (Foote et al., 2011; Garvin
et al., 2011; Sebastian et al., 2020; Silva et al., 2014) and experimental evidence has
shown that mtDNA haplotype frequencies change dependent on temperature in both
the seed beetle (Callosobruchus maculatus) (Immonen et al., 2020) and the fruit fly
(Drosophila melanogaster) (Lajbner et al., 2018), highlighting the important role of
temperature in mitogenome evolution. Mitochondrial genes, in particular complex I,
are suggested to be involved in adaptation to the cold in Atlantic salmon (Consuegra
et al., 2015) and gentoo penguins (Noll et al., 2022). Likewise, we identified a key role
of mitochondrial complex | in the evolution of mtDNA, finding long-term positive
selection within ND2 and ND5 using CODEML site models; at these sites the amino
acid sequence in the At lineage differed to most of the Eu lineage as well as most PN
and PS samples. These substitutions were predicted to alter the structure or function
of the protein so we hypothesise that there was selection in complex | of the At lineage
for mitochondrial variants which may improve function in the cold, while Eu
stickleback have maintained complex | function across a larger temperature range,

consistent with the histories of Eu and At stickleback in the Atlantic.

Stickleback entered the Atlantic from the Pacific, via the Arctic Ocean (Fang et al.,
2018; Makinen and Merila, 2008b), and during the last glacial period were forced
southwards; the At lineage is predicted to have originated in a refugium along the
East Coast of North America (Chapter 4, Makinen and Merila, 2008), so likely spent
a larger portion of its history in colder Arctic waters than the Eu lineage, which
diverged in warmer Southern European refugia (Defaveri et al., 2012; Fang et al.,
2018; Makinen and Merila, 2008; Sanz et al., 2015). Due to the extent of the ice
sheets in North America (Dyke and Prest, 1987), which covered a large proportion of
where stickleback currently inhabit (Makinen and Merila, 2008), the distribution of At
fish, and therefore the range of environmental conditions experienced, was potentially
restricted during the LGM (Dyke and Prest, 1987; Makinen and Merila, 2008;
Svendsen et al., 2004). As the Eu lineage was less restrained by the ice sheets in
Europe (Svendsen et al., 2004), Eu stickleback would have had increased opportunity
to colonise new environments, including fresh water, so mitochondrial variants that

sustained function across a whole suite of environmental conditions, including
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fluctuations in temperature, would have been advantageous to the Eu lineage.
Substitutions in the mitochondrial PCGs that were beneficial for mitochondrial
function in cold temperatures may have been selected for in the At lineage, consistent
with present day migratory stickleback at the southern edge of their range in eastern
North America (which are likely largely the At lineage) breeding early in the year when
temperatures are low, but juveniles migrating northwards to remain in cold oceanic
water (Able and Fahay, 2010). These temperatures are much lower than those
experienced by breeding stickleback on the eastern side of the Atlantic. We identified
long-term selection in sites within ND2 and ND5 across the stickleback phylogeny,
suggesting that advantageous genetic variants have spread across both the Eu and
At lineages. When assessing the candidate sites in ND2 and ND5, we found almost
fixed differences in mitochondrial sequence between Eu and At fish, hinting that a

different amino acid at these sites may have been beneficial for each lineage.

Positive selection was predominantly in complex |, with sites in ND2 and ND5
identified by both dN/dS and amino acid property-based methods; these are almost
fixed differences in sequence between the Eu and At lineages. Selection in the
mitochondrial PCGs, particularly complex |, has been identified in numerous other
marine organisms where it has been associated with temperature (Baltazar-Soares
et al., 2021; Silva et al., 2014; Wilson et al., 2020) and deep-sea environments (Shen
et al., 2019; Yang et al., 2021; Zhang et al., 2017). Complex | plays a central role in
energy production, being the largest complex of the ETS with 14 central subunits
(Carroll et al., 2006; Efremov et al., 2010; Wirth et al., 2016a), and contributes to the
formation of reactive oxygen species (ROS) (Wirth et al., 2016a). The crystal structure
of complex | from the bacterium Thermus thermophilus has been resolved (Baradaran
et al., 2013), providing a wealth of information about the highly conserved core
subunits; ND2, ND5 and ND4 are the proton pumps, transporting protons from the
mitochondrial matrix to the intermembrane space to create the electrochemical

gradient required for ATP generation.

ND5 site 576 (as well as sites 554 and 555 which were identified by at least one test
for positive selection; Table 5.3) is located in the piston arm of ND5 which links the
proton pumps (Baradaran et al., 2013; Garvin et al., 2011) and is predicted to facilitate
coordination in proton pumping (Hunte et al., 2010). The location of ND5 site 576
along this helix suggests that it may interact with ND4. Previous studies have also
identified positive selection and radical amino acid property substitutions in the C-
terminal region of ND5 including in some teleost fish lineages (Mukundan et al.,

2022), mammals (da Fonseca et al., 2008) and toads of the genus Bombina (Pabijan
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et al., 2008). Multiple sites in the C-terminal region, including site 576 which was also
a candidate in the present study, had evidence of positive selection in Pacific salmon
(genus Oncorhynchus) (Garvin et al., 2011). Taken together, these findings implicate
the C-terminal piston arm of ND5 in adaptive evolution across a large number of
organisms, warranting further investigation into its function. We found that At
stickleback had an amino acid substitution from His to Tyr at ND5 site 576, which is
located in an a-helix. His is a positively charged amino acid while Tyr is hydrophobic
and neutral, and TreeSAAP predicted that this radical substitution decreased the
power of the amino acid to be in the middle of an a-helix. This replacement may
therefore have functional effects for mitochondria, although additional experiments
would need to test this explicitly: protein stability, function or ROS production could
be affected and may depend on the specific environmental conditions. The black-
spotted stickleback (Gasterosteus wheatlandi), a closely related species to the three-
spined stickleback, has the same codon in ND5 (nucleotide positions 1726-8; amino
acid site 576) as the At lineage (Kawahara et al., 2009, GenBank accession:
AB445129.1). As the distribution of G. wheatlandi is restricted to salt or brackish water
in the Western Atlantic (GBIF 2023), similar to the predicted distribution of the At
lineage during the LGM, this supports this variant being advantageous for functioning

in cold waters with little temperature variation.

We also detected selection in ND2 site 90 using multiple methods. Positive selection
in ND2 was previously detected in association with high-altitude (Yu et al., 2011; Zhou
et al., 2014), temperature (Teacher et al., 2012) and flight (Li et al., 2018), suggesting
that ND2 can play a role in adaptation to new environments with differing metabolic
requirements. As ND2 is another proton pumping subunit of mitochondrial complex |
(Baradaran et al., 2013; Efremov et al., 2010), mutations have the potential to alter
the movement of H* across the membrane and in turn effect mitochondrial function,
including ATP production. Site 90 is predicted to be at the start of a transmembrane
helix and a change from Thr to Ala in most of the At and PS lineages was suggested
to increase a-helical tendencies. As this site is located just outside of an a-helix, this
could suggest that the start of the helix may differ between Atlantic stickleback
lineages which may have functional consequences, but again, the physiological
consequences of complex | amino acid substitutions would need to be experimentally

confirmed.

Although the almost fixed differences in mitochondrial complex | genes between
lineages likely evolved in allopatry approximately 100,000 years ago (Dean et al.,

2019), they could be influencing the present-day distribution of stickleback in the

133



Atlantic. The At lineage is rare in resident populations in fresh and brackish water.
Resident populations experience fluctuating temperatures and likely much higher
temperatures than stickleback in the Atlantic Ocean, so the changes in the sequence
of complex | genes that may improve mitochondrial function in the cold could be
detrimental in warmer environments. In contrast, the Eu lineage has had to maintain
complex | function across a wider variety of temperatures, so is well suited to survive
at high as well as low temperatures. In support of this, we have previously shown that
the proportion of At stickleback within populations decreased with increasing
maximum sea surface temperatures (Chapter 4), suggesting that At fish are less well-
adapted to warm temperatures. Preexisting mutations in complex | could therefore

have restricted At fish from colonising fresh water.

The finding that there was evidence of episodic positive selection in the Eu lineage
only is quite striking. This suggests the presence of sites in the Eu mitochondrial
PCGs that are adaptive, but none were identified in the At, PN or PS lineages
(although the smaller sample size of Pacific stickleback may make identifying
selection specific to these lineages more challenging). This finding coincides with the
observation that it is predominantly the Eu lineage, compared to the At, that is found
in resident populations in the Atlantic. Eu stickleback have been exposed to a larger
range of environmental conditions (temperatures, salinities, diets) which in turn alter
their metabolic demands; small changes to mitochondrial function, including energy
production, could be beneficial and selected for in these habitats. We therefore
hypothesised that there would be evidence of positive selection specific to the Eu
lineage and as predicted, the Eu lineage had elevated dN/dS ratios in the majority of
the mitochondrial PCGs and we identified episodic selection in codons within ATPS,
ND3 and CYTB using multiple phylogenetic methods. Most Eu fish had an lle to Thr
substitution in ATP8 which was predicted to decrease the solvent accessible reduction
ratio, likely influencing protein structure and/or function. ATP8 is a subunit of ATP
synthase (complex V) which produces ATP from ADP and inorganic phosphate. ATPS,
along with ATP6, functions as part of the Fo component of ATP synthase, moving
protons from the inner mitochondrial membrane into the mitochondrial matrix
(Dimroth, 1999); this drives the catalytic function of the F1 component. The N-terminal
region of ATP8 has a transmembrane a-helix and the C-terminal region extends into
the peripheral stalk (He et al., 2018) so ATP8 is important in the assembly and stability
of the complex (Devenish et al., 1992; He et al., 2018). The substitution in ATP8
observed in Eu stickleback could be beneficial for the colonisation of fresh and

brackish water as metabolic demands in these habitats differ to the Atlantic Ocean.
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Selective agents could include i) temperature: temperature influences mitochondrial
function (Hunter-Manseau et al., 2019; Sokolova, 2023) and previous evidence
suggests that Eu fish are better suited to high maximum sea surface temperatures
than At (Chapter 4), ii) diet: the diet of freshwater, and most likely lagoon resident,
stickleback is often lower in key nutrients than in the sea (Ishikawa et al., 2021;
Twining et al., 2021) which could require slight modifications to the ETS to increase
mitochondrial efficiency in poor diet conditions, and iii) salinity: changes in salinity
require efficient osmoregulation which is energy dependent so may benefit from
changes in mitochondrial function. Although changes in salinity may be driving the
selection of beneficial mtDNA variants within the Eu lineage, as resident fish in both
fresh and brackish water are primarily Eu, and observations from fish raised in aquaria
suggest that both lineages do well long-term in both salt and fresh water, almost fixed
differences in mtDNA between the lineages (e.g. in complex 1) are unlikely to be

involved in adaptation to lower salinities alone.

We also found evidence of positive selection in ND3 and CYTB within a few branches
of the Eu lineage. A change from Valine (Val) to lle at ND3 site 16 was identified in
samples from Portugal and North Uist, and similarly, a substitution from Tyr to His at
CYTB site 109 was found in a sample from Quebec and North Uist. As selection was
detected at the same sites in multiple branches of the phylogeny and across different
geographic locations, variation in these sites may be important in adaptation to
common environmental conditions and may be advantageous for freshwater
colonisation as all individuals with the alternative amino acid were freshwater resident
stickleback. Selection in CYTB has previously been identified (Sebastian et al.,
2022b), and linked to temperature adaptation in fish (Baltazar-Soares et al., 2021;
Silva et al., 2014). Although rarer, evidence of positive selection has previously been
found in ND3, for example in Atlantic Salmon (Consuegra et al., 2015), but could not
be correlated to any environmental parameters. Amino acid variation in these genes
could therefore be advantageous in adapting to the local environment where there
are small differences in metabolic requirements. Alternatively, as we found some
evidence of relaxed selection in these genes, and samples with amino acid
substitutions were all non-migratory freshwater fish, purifying selection may have
been relaxed as ATP production does not need to be so efficient for migration, which

would also increase dN/dS.

Although the evidence presented infers a role of selection in mitochondrial PCG
evolution and we have used phylogenetic selection analyses to start to distinguish

positive selection from relaxed purifying selection, we cannot rule out the involvement
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of genetic drift in the diversification of stickleback mtDNA. However, during the
divergence of Atlantic stickleback lineages in allopatry, population sizes were unlikely
to be small enough for these mutations to become almost fixed by chance, and the
same positively selected sites and amino acid substitutions have been highlighted in
multiple Eu branches which makes it unlikely that these have occurred randomly.
TreeSAAP analysis revealed positively selected sites where amino acid substitutions
result in changes in physiochemical properties which accompanied elevated dN/dS,
further adding to the evidence that positive selection has shaped the evolution of
stickleback mitochondrial PCGs. Further tests of the functional consequences of
these substitutions could help confirm this. We have also previously identified an
association between stickleback mitochondrial lineages and sea surface temperature
in the Atlantic (Chapter 4) which provides evidence that variation in mitochondrial
sequences between lineages does have adaptive consequences, suggesting a role
of natural selection. The non-random frequencies of mitochondrial lineages in
migratory versus resident populations (Dean et al., 2019a) also hints at a role of

natural selection in mitogenome evolution.

Results from this study highlight the importance of mitochondria in adaptive
processes, further demonstrating that the mitochondrial sequences are non-neutral.
We found evidence of long-term positive selection in the mitochondrial PCGs,
particularly in ND2 and ND5 of complex |, where amino acids that differ between most
Eu and At stickleback were predicted to have functional consequences for complex |,
which could be associated with temperature. We also found episodic positive
selection specific to the Eu lineage that may have accompanied their adaptation to
the resident stickleback lifestyle, including exposure to extremes in temperature and
reduced nutritional availability. It would be interesting to compare mitochondrial
sequences of stickleback inhabiting isolated freshwater locations that are known to
experience different temperatures across the Atlantic. Although we identified
mutations that were predicted to have a functional effect for mitochondria, the next
steps would be experimentally proving that changes in sequence observed between
Eu and At stickleback do change mitochondrial function in particular conditions and
could therefore be selected for. Atlantic stickleback populations are a good model to
test this as many migratory populations that segregate by mtDNA are otherwise
panmictic, so nuclear differences between mitochondrial lineages are unlikely
(Chapter 4). This provides a unique opportunity to test for differences in oxidative
phosphorylation, ROS production, and additional measures of mitochondrial capacity

that would only reflect differences in the mtDNA sequence.
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5.7 Supplementary Material

Table S5.1: Locations of the samples used for phylogenetic reconstruction and

selection analysis.

Region Atlantic/Pacific Population Latitude Longitude
Iceland Atlantic Egg3 66.485538  -15.929624
Iceland Atlantic Nes2 66.481026  -15.925622
Iceland Atlantic Egg1 66.48582 -156.931577
Iceland Atlantic Hrau 66.5220642 -16.0409986
Iceland Atlantic Midf 65.324212  -20.895125
Iceland Atlantic Hrin 66.5068878 -15.9755517
Maine, US Atlantic Lubec 44827921  -61.08889
North Uist, Scotland Atlantic Daim 57.593167  -7.209242
North Uist, Scotland Atlantic Olav/OlaM’ 57.65204 -7.44771
North Uist, Scotland Atlantic Bhru 57.72666 -7.174834
North Uist, Scotland Atlantic Luib/LuiM? 57.55433 -7.312329
North Uist, Scotland Atlantic Tros 57.58397 -7.413632
North Uist, Scotland Atlantic Clac/ClaM’ 57.63764 -7.414877
North Uist, Scotland Atlantic Obse 57.602046  -7.172522
North Uist, Scotland Atlantic Caig 57.6344 -7.113622
North Uist, Scotland Atlantic Reiv 57.61095 -7.514554
North Uist, Scotland Atlantic lala 57.62001 -7.205617
North Uist, Scotland Atlantic Bhar 57.57051 -7.301183
North Uist, Scotland Atlantic Ceit 57.57846 -7.258303
North Uist, Scotland Atlantic Chru 57.59393 -7.197603
North Uist, Scotland Atlantic Torm 57.56198 -7.316751
North Uist, Scotland Atlantic Sann 57.58798 -7.46317
North Uist, Scotland Atlantic Maig 57.59478 -7.201768
North Uist, Scotland Atlantic Duin/DuiM’ 57.64245 -7.209207
Nova Scotia Atlantic Cherry Burton  46.0298 -64.103064
Nova Scotia Atlantic Canal Lake? 44.497959  -63.901367
Nova Scotia Atlantic Baddeck? 46.09586 -61.0889
Portugal Atlantic Cape 37.645889 -8.568861
Portugal Atlantic Mara 38.569667  -8.736389
Portugal Atlantic Anc1 41.810194  -8.861222
Quebec, Canada Atlantic Temiscouata 47.6877 -68.8411
Quebec, Canada Atlantic Croche 47.7774 -68.7935
Mainland Scotland Atlantic Tyne 55.989227  -2.634747
Mainland Scotland Atlantic Lmor 56.961656  -5.79324
Mainland Scotland Atlantic Lano 56.994805 -5.806989
California, US Pacific Bigr 39.283852  -123.715522
California, US Pacific Sals 36.677925  -121.746117
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Vancouver, US Pacific Bnma 48.892177 -123.685489
Vancouver, US Pacific Litc 49.013271 -122.746135
Vancouver, US Pacific Bnst 48.882214  -123.704321

'North Uist sympatric species pairs, population name ending in ‘M’ refers to anadromous
stickleback.
2White stickleback from Nova Scotia.
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Table S5.2: CODEML branch model results. Comparisons with model MO (w remains the same across branches) for each gene and
concatenated PCGs using a LRT (twice the difference in log-likelihood (f) between null and alternative hypotheses (2Af), compared with
the x2 distribution). The critical values are x?1s% = 3.84 (1 degree of freedom at 5% significance, *); x?1.1% = 6.63 (1 degree of freedom at
1% significance, **), X%10.1% = 10.83 (1 degree of freedom at 0.1% significance, ***). d.f = degrees of freedom. w (dN/dS) is given for the

test lineage and the background.

Test Lineage Gene 2 MO0 € Branch Model df 2A¢8 P-Value T:,st Back;:'ound
Atlantic Concatenated -22626.6 -22599.5 1 54.3101 0.000*** 0.1705 0.0564
ATP6 -1253.96 -1253.94 1 0.0358 0.850 0.0427 0.0494
ATP8 -269.249 -269.092 1 0.3144 0.575 0.5229 0.2812
COX1 -2614.63 -2613.72 1 1.8066 0.179 0.0391 0.0123
COX2 -1085 -1084.61 1 0.7647 0.382 0.1003 0.0448
COX3 -1321.39 -1319.06 1 4.6565 0.031* 0.1535 0.0333
CYTB -2193.05 -2183.18 1 19.7417 0.000*** 0.2053 0.0605
ND1 -1974.34 -1971.61 1 5.4495 0.020* 0.1756 0.0591
ND2 -2131.55 -2127.55 1 7.9937 0.005** 0.2803 0.0909
ND3 -557.541 -557.38 1 0.3226 0.570 0.0794 0.0402
ND4 -2760.43 -2754.98 1 10.8942 0.001*** 0.2015 0.051
ND4L -484.22 -484.084 1 0.2725 0.602 0.0755 0.0345
ND5 -3832.77 -3829.25 1 7.0426 0.008** 0.2804 0.0769
ND6 -973.656 -973.344 1 0.6246 0.429 0.1089 0.0593
Eu Concatenated -22626.6 -22606.2 1 40.8484 0.000*** 0.1927 0.0711
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ATP6 -1253.96 -1253.67 0.5727 0.449 0.0247 0.0535
ATP8 -269.249 -269.086 0.3248 0.569 0.5230 0.2809
COX1 -2614.63 -2613.6 2.0468 0.123 0.0507 0.0146
COX2 -1085 -1084.47 1.0500 0.306 0.0318 0.095
COX3 -1321.39 -1316.85 9.0768 0.003** 0.2370 0.0275
CYTB -2193.05 -2183.21 19.6695 0.000*** 0.2278 0.0679
ND1 -1974.34 -1973.11 2.4435 0.118 0.1766 0.0812
ND2 -2131.55 -2129.24 4.6034 0.032* 0.2932 0.1153
ND3 -557.541 -557.244 0.5949 0.441 0.0452 0.1071
ND4 -2760.43 -2758.66 3.5211 0.061 0.1971 0.0828
ND4L -484.22 -483.791 0.8583 0.354 0.0001 0.0601
ND5 -3832.77 -3827.52 10.4864 0.001** 0.3862 0.0925
ND6 -973.656 -972.883 1.5464 0.214 0.1270 0.0622
At Concatenated -22626.6 -22624.7 3.9270 0.0475* 0.1413 0.0928
ATP6 -1253.96 -1253.83 0.0004 0.9840 0.0670 0.0422
ATP8 -269.249 -269.248 0.0065 0.93571 128.6631 0.3649
COX1 -2614.63 -2614.62 4.5871 0.0322* 0.0246 0.0224
COX2 -1085 -1082.7 2.2694 0.1320 0.3536 0.0394
COX3 -1321.39 -1320.25 0.1319 0.7165 0.0001 0.0889
CYTB -2193.05 -2186.20 13.6875 0.000*** 0.0601 0.1185
ND1 -1974.34 -1973.19 2.2947 0.1298 0.2103 0.0872
ND2 -2131.55 -2130.71 1.6787 0.1951 0.2730 0.1343
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ND3
ND4
ND4L
ND5
ND6

-557.541
-2760.43
-484.22
-3832.77
-973.656

-557.514
-2758.74
-482.639
-3838.51
-973.656

0.0550
3.3792
3.1633
-11.4805
0.0001

0.8146
0.0660
0.0753
1.0000
0.9934

0.0513
0.2045
0.6182
0.1848
0.0764

0.0687
0.0845
0.0244
0.1545
0.0776
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Table S5.3: RELAX analysis results. Atlantic (Eu and Af), Eu, or At lineages as the
test and the rest of the phylogeny as the reference. P values calculated by comparing
a model including k as a free parameter to a null model where k = 1 using a LRT and
compared with the x? distribution. Tests conducted for the concatenated PCGs and
each gene individually. k > 1 infers intensified selection, k < 1 infers relaxed selection.
*p<0.05 *p<0.01, " p<0.001.

Gene Test k P-Value
Concatenated Atlantic 0.47 0.000***
Eu 1.20 0.042*
At 0.54 0.183
ATP6 Atlantic 0.17 0.525
Eu 0.05 0.299
At 0.70 0.678
ATP8 Atlantic 0.57 0.515
Eu 0.57 0.515
At 0.92 0.993
COX1 Atlantic 0.73 0.331
Eu 0.67 0.245
At 0.82 0.992
COX2 Atlantic 0.30 0.284
Eu 0.41 0.074
At 0.13 0.051
COX3 Atlantic 0.48 0.096
Eu 0.39 0.012*
At 0.69 0.340
CYTB Atlantic 1.50 0.160
Eu 0.39 0.018*
At 0.47 0.261
ND1 Atlantic 0.37 0.002**
Eu 0.37 0.002**
At 1.08 0.794
ND2 Atlantic 1.46 0.343
Eu 0.44 0.206
At 1.08 0.857
ND3 Atlantic 0.31 0.406
Eu 0.22 0.108
At 4.29 0.353
ND4 Atlantic 0.47 0.041*
Eu 1.16 0.638
At 0.47 0.266
ND4L Atlantic 0.32 0.609
Eu 14.09 0.784
At 5.34 0.145
ND5 Atlantic 1.69 0.198
Eu 1.43 0.053
At 0.54 0.123
ND6 Atlantic 0.32 0.705
Eu 1.30 0.595

153



At 0.77 0.710

Table S5.4: CODEML site model results. Comparisons between MO and M1a, M1a
& M2a and M7 & M8 using a LRT (twice the difference in log-likelihood (f) between
null and alternative hypotheses (2Af), compared with the ¥? distribution). Degrees of
freedom (df) is the difference in number of parameters (np) between models. The
critical values are x% 5% = 5.99 (2 degrees of freedom at 5% significance, *); x%2,1% =
9.21 (2 degrees of freedom at 1% significance, **); X%2.0.1% = 13.82 (2 degrees of
freedom at 0.1% significance, ***). When model comparisons were found to be
significant using the LRT, BEB was implemented in CODEML to identify codons under

positive selection and posterior probabilities > 0.9 shown.

Model P- Sites (posterior
Comparison Model ¢ npdf - 2A¢ Value probat(>ility >0.9)
MO (one 0 -22626.64 200 1 126.6 < n.a
ratio) vs M1a 0.001
(nearly 1a -22563.34 201 ok
neutral)

M1a (nearly 1a -22563.34 201 2 11.1 0.004 No sites with
neutral) vs > posterior probability

2a -22557.77 203

M2a (positive >0.9

selection)

M7 (betal) vs 7 2257653 201 2 84  0.015 CYTB 109 (0.968);

M8 (beta & *  CYTB 125 (0.961);

w) 8 -22572.31 203 ND2 90 (0.960);
ND5 11 (0.982);
ND5 64 (0.908);
ND5 275 (0.965);
ND5 554 (0.907);
ND5 576 (0.916)

Table S5.5: Parameter estimates for CODEML site models. Model MO: One w
across all sites and branches. Model M1a: po = proportion of sites where wo < 1; p1 =
proportion of sites where w1 = 1. Model M2a adds p; = proportion of sites where w; >
1. M7: Parameters p and q describe w for sites where 0 < w < 1. M8: po = proportion

of sites with w from the beta distribution; p1 = proportion of sites with w > 1.

Model dN/dS Parameters

MO (one ratio) 0.0993 w =0.0993
M1a (nearly neutral) 0.0959 po =0.9401 (p1 = 0.0599), wo = 0.0383
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M2a (positive 0.1043 po =0.9623, p1 = 0.0324 (p2 = 0.0053),

selection) wo = 0.0518

M7 (beta) 0.1033 p=0.0277, q = 0.2026

M8 (beta&w) 0.1634 po =0.8847 (p1 = 0.1153), p = 0.0050, q = 1.8987,
w = 1.0000

Table S5.6: CODEML branch-site model results. Comparison with the Atlantic, Eu,
At, PN or PS lineage defined as the foreground lineage. Null and alternative models
compared with LRT (twice difference in log likelihood (f) between models (2Af),
compared with the x? distribution). df = degrees of freedom. n.s = not significant. The
critical values are x?1s% = 3.84 (1 degree of freedom at 5% significance, *); x%1,1% =
6.63 (1 degree of freedom at 1% significance, **). The Bayes Empirical Bayes (BEB)
method was implemented in CODEML to identify sites under positive selection in the

predefined lineage and posterior probabilities (pp) > 0.9 shown.

Foreground e e df 28 P- Sites (posterior
branch Alternative Null Value probability > 0.9)
Atlantic -22537.2  -22540.13 1 5.86 0.015 CYTB 109 (0.976);

(Eu and At) * CYTB 125 (0.977);

ND5 64 (0.943);
ND5 275 (0.976);
ND5 576 (0.945)

At 22558.9 -22559.88 1 1.96 0.162 n.s
Eu 22543.05 -2254753 1 896 0.002 ATP8 32 (0.908);
* COX3 155 (0.911);

COX3 219 (0.907);
CYTB 125 (0.990);
ND5 275 (0.989);
ND5 355 (0.916);
ND5 501 (0.908)

PN 22561.8  -22561.8 1 1 n.s

PS -22560.4  -22560.4 1 0.983 n.s

Table S$5.7: Maximum likelihood estimates for CODEML branch-site models.
Sites from class 0 are under purifying selection along all branches, class 1 are under

neutral evolution, classes 2a and 2b allow positive selection along the foreground

155



branches but background branches are under purifying selection (2a) or neutral

evolution (2b).

Foreground Site Proportion Background Foreground
Lineage Class w w
Atlantic 0 0.9144 0.0267 0.0267
1 0.0331 1.0000 1.0000
2a 0.0507 0.0267 2.0252
2b 0.0018 1.0000 2.0252
At 0 0.9305 0.0357 0.0357
1 0.0542 1.0000 1.0000
2a 0.0144 0.0357 3.5198
2b 0.0008 1.0000 3.5198
Eu 0 0.9254 0.0316 0.0316
1 0.0422 1.0000 1.0000
2a 0.0310 0.0316 3.3427
2b 0.0014 1.0000 3.3427
PN 0 0.9016 0.0343 0.0343
1 0.0575 1.0000 1.0000
2a 0.0385 0.0343 1.0000
2b 0.0025 1.0000 1.0000
PS 0 0.8651 0.0347 0.0347
0.0546 1.0000 1.0000
2a 0.0755 0.0347 1.0000
2b 0.0048 1.0000 1.0000
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Figure S5.2: Amino acid sequences surrounding positively selected sites that
differ between most Eu and At stickleback. Example sequences from each
lineage. C-terminal region (sites 500 to 613) of ND5, sites 50 to 149 of ND2 and entire
amino acid sequence of ATP8 displayed. Sites where positive selection was detected
by multiple methods is shown with an asterisk. Amino acids are coloured by
physiochemical property with zappo colour scheme in JalView (Waterhouse et al.,
2009): Aliphatic/hydrophobic (I,L,V,A,M) = light pink; aromatic (FWY) = orange;
positive (KRH) = blue; negative (DE) = red; hydrophilic (STNQ) = green;

conformationally special (PG) = dark pink; cysteine (C) = yellow.
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Chapter 6: Physiological Consequences of
Mitochondrial DNA Variation in the Three-spined
Stickleback

6.1 Abstract

Mitochondrial DNA (mtDNA) sequences have often been used as a neutral marker,
but increasing evidence suggests that the mitochondrial genome is not neutral and
may be involved in adaptive processes. Alongside numerous nuclear genes, the
mitochondrial genome encodes components of the oxidative phosphorylation
pathway in the inner mitochondrial membrane which is responsible for the majority of
a cell’s aerobic ATP production. mtDNA variation has previously been shown to alter
mitochondrial function, which may play a role in environmental adaptation, but this
has rarely been assessed independent of the nuclear genetic background. There are
two well-studied mitochondrial lineages of the three-spined stickleback in the Atlantic
with greatly diverged mitochondrial genomes, and the frequencies of these lineages
differ between stickleback ecotypes. Utilising migratory populations that segregate by
their mtDNA but are otherwise panmictic, making nuclear genetic differences unlikely,
we were able to explicitly link mtDNA sequence variation to physiological
mitochondrial variation. We performed high-resolution respirometry, identifying that at
cold temperatures, one mitochondrial lineage had higher complex | respiration when
electron transport was uncoupled from ADP phosphorylation. This adds to the
accumulating evidence that the mitochondrial sequences are non-neutral and may be

adaptive.

6.2 Introduction

Genetic sequences from the mitochondrial genome have long been used as neutral
markers of population structure in molecular ecology and phylogeography (Avise et
al., 1987), but accumulating evidence makes this assumption of neutrality unlikely
(Ballard and Kreitman, 1995; Ballard and Whitlock, 2004; Hill, 2015). The bioenergetic
consequences of mitochondrial DNA (mtDNA) mutations have been well studied in
many models (Wallace, 1999), but the importance of mtDNA variation in natural

populations for adaptation and speciation has often been overlooked.

Mitochondria play a key role in the production of ATP, heat and reactive oxygen

species (ROS). The oxidative phosphorylation (OXPHOS) pathway is responsible for
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the maijority of a cell’s ATP production when oxygen is available. This system has five
enzyme complexes situated in the inner mitochondrial membrane: complexes I, lll, IV
and V have subunits encoded by both the nuclear and mitochondrial genomes
whereas complex Il (Cll) is entirely encoded by the nuclear DNA. Electrons enter the
electron transfer system (ETS) at complex | (Cl) (Hirst, 2013) or CII (Cecchini, 2003)
from the Krebs cycle or glycolysis and are passed through additional protein
complexes in a series of redox reactions. Some of the energy produced from these
reactions is dissipated as heat, but the rest is used to pump hydrogen ions from the
mitochondrial matrix to the intermembrane space, creating a proton gradient which is
utilised by ATP synthase to form ATP as protons flow down the gradient. As the
mtDNA encodes peptides involved in this fundamental process, changes to mtDNA
sequence could have consequences for mitochondrial function which may be
beneficial to an organism in certain genetic backgrounds or specific environmental
conditions, allowing organisms to adapt to new environments through natural

selection on this genetic variation.

Metabolic demands differ between environments. Both climate and food availability
can result in different metabolic requirements; these are important selective agents in
natural populations. For example, in low temperatures efficient heat generation may
be favoured, whereas low food availability or nutritional content may require more
efficient ATP production. Variation in mtDNA sequences have been experimentally
shown to alter mitochondrial function, which may have permitted adaptation to altitude
(Cheviron et al., 2012; Lui et al., 2015; Scott et al., 2015, 2011), altered diets (Aw et
al., 2018; Ballard and Youngson, 2015; Pichaud et al., 2013; Towarnicki and Ballard,
2020) and temperatures (Baris et al., 2016; Whitehead, 2009). Such studies provide
evidence that mtDNA variation results in functional consequences for physiology and
fitness and could therefore be adaptive, but this is often environment dependent and
is conditional on the nuclear genetic background (Barreto et al., 2018; Ellison and
Burton, 2008; Immonen et al., 2020b). Relatively few studies have explicitly linked
mtDNA sequence variation to functional mitochondrial variation. Assessing the
physiological consequences of mitochondrial genome variation independent of any
nuclear effects has been accomplished utilising cybrid cell lines (Gémez-Duran et al.,
2012, 2010; Kenney et al., 2014; Wilkins et al., 2014) and Drosophila as a model
(Pichaud et al., 2012; Wolff et al., 2016). By comparing natural populations from two
different environments, altered mitochondrial sequences and functions have been
identified which likely impacted environmental adaptation (Cheviron et al., 2012; Lui

et al., 2015; Scott et al., 2015, 2011), but these findings are dependent on the nuclear
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genome (Hill, 2020). Ideal natural models utilise admixed populations containing two
or more mitochondrial variants, minimising any nuclear genetic differences (Baris et
al., 2016). The study of further natural populations is required to infer both the

physiological and evolutionary consequences of mtDNA variation.

Repeated colonisation of freshwater environments post-glaciation has influenced the
evolution of multiple fish species, including the three-spined stickleback (Bell and
Foster, 1995; Jones et al.,, 2012) (‘stickleback’, Gasterosteus aculeatus). The
stickleback is a small teleost fish widely distributed throughout coastal marine,
brackish and freshwater habitats in the Northern Hemisphere. There are two highly
diverged mitochondrial lineages in the Atlantic (M&kinen and Merila, 2008): the
European (‘Eu’) and trans-Atlantic (‘Af’). There are at least thirty fixed nucleotide
differences between these lineages and estimates of their divergence time range from
128,000 to 58,000 years before present, clearly pre-dating the last glacial maximum
(Dean et al., 2019a; Makinen and Merila, 2008a; Ravinet et al., 2013). Both lineages
are found in coastal marine habitats across the Atlantic, including the East coast of
North America, Greenland, Iceland, Ireland, Scotland and mainland Europe (Dean et
al., 2019; Liu et al., 2016; Makinen and Merila, 2008; Ravinet et al., 2013). However,
we have previously found that the Eu lineage has often colonised fresh water and
brackish lagoons across the Atlantic, but the At lineage has rarely done so (Chapter
4, Dean et al., 2019).

Metabolic requirements differ greatly between coastal marine and fresh or brackish
environments: not only does moving from salt to fresh or brackish water require
efficient osmoregulation which is an energy dependent process, but both the climate
and food sources differ between the Atlantic Ocean and fresh/brackish habitats
(Ishikawa et al., 2021b; Twining et al., 2021). Permanently inhabiting lakes, streams
and lagoons also requires a shift from a migratory to resident lifestyle. Stickleback
research has focused on the nuclear genetic basis of freshwater adaptation, including
the Ectodysplasin (Eda) locus which controls armour plate loss (Colosimo et al.,
2005a; Jones et al., 2012), and the evolution of duplications of fatty acid desaturase
2 (Fads2) that permits adaptation to freshwater environments where food sources
have poor nutritional quality (Ishikawa et al., 2021b; Twining et al., 2021). However,
as energy requirements differ between freshwater and marine environments,
mitochondrial metabolic differences may play a key role in adaptation which has rarely
been studied, although the modification of mitochondrial pathways has previously
been associated with hydrogen sulphide adaptation in other fish (Greenway et al.,

2020). Adapting to the local environment will favour small changes in metabolic
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function, which may occur as a consequence of mtDNA differences between Eu and
At stickleback. As the Eu and At haplotypes segregate within otherwise panmictic
anadromous populations (Haenel et al., 2022) there are very unlikely to be nuclear
genetic differences between lineages and no morphological differences have
previously been recorded (but see Chapter 4). This makes the Atlantic stickleback a
valuable model to determine whether mtDNA variation alone can have functional

consequences for OXPHOS and therefore for adaptation.

Here we used the Oroboros Oxygraph-O2k (O2k; Oroboros® Instruments, Innsbruck,
Austria) to measure mitochondrial respiratory function in the brain and heart of Eu
and At stickleback across three assay temperatures. Mitochondrial respiration in the
stickleback is known to be strongly affected by assay temperature (Chouinard-
Boisvert et al., 2024), but no work to our knowledge has compared the major
evolutionary lineages. We measured respiration rate at the temperature extremes that
these stickleback populations may experience in the wild, as well as at 14°C, the
temperature that the stickleback had been raised at in the University of Nottingham
aquarium, as previous work comparing mitochondrial respiration between
mitochondrial haplotypes suggested that differences may have only been apparent
under stress or certain environmental conditions (Baris et al., 2016). We first identified
temperature dependent differences in uncoupled respiration between Eu and At
stickleback, before utilising frozen tissue and new frozen protocols to confirm that

differences were in Cl respiration, which has subunits encoded by the mtDNA.

6.3 Methods

To determine whether the diverged mitochondrial DNA sequences between Eu and
At lineage stickleback have functional consequences for mitochondrial respiration,
high-resolution respirometry (HRR) was performed using the Oroboros Oxygraph-
O2k (Oroboros® Instruments, Innsbruck, Austria) to compare mitochondrial
respiration in homogenised heart and brain samples from both lineages. We used two
different tissues to find out if effects were organ specific. Migratory populations with a
known mix of Eu and At stickleback (Chapter 4, Dean et al., 2019) were selected to
ensure minimal nuclear genetic differences. We performed HRR at three assay
temperatures. Additional HRR assays were then conducted on frozen tissue to

confirm findings.

6.3.1 Fish husbandry

Migratory stickleback were collected from North Uist in the Western Isles of Scotland

in May 2022 using mesh traps set along the perimeter of lochs. Traps were left for 24-
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hours before stickleback in breeding condition were collected from Loch an Duin
(57.64245, -7.209207) and Loch Bhrusda (57.726658, -7.174834). Crosses from two
separate populations were made following standard procedures (Hatfield, 1997), by
squeezing eggs from gravid, euthanised females into small petri dishes and mixing
them with the testes from euthanised reproductive males. Fish were euthanised with
an overdose of tricaine methanesulfonate (400mg/L) followed by destruction of the
brain in accordance with Schedule One of UK Home Office regulations. Fin clips were
taken from the mother, which were used to extract DNA and determine mitochondrial
lineage as mitochondria are maternally inherited. Migratory populations were selected
as on North Uist these populations have previously been identified as being an
approximately equal mix of the two mitochondrial lineages (Chapter 4, Dean et al.,
2019), therefore limiting variation in the nuclear genomes between lineages (Chapter
4), as both live alongside each other and interbreed. Fertilised clutches were
transported to the University of Nottingham aquarium where they hatched and were
raised at approximately 14°C and fed a combination of paramecium and brine shrimp
until approximately 3 months old before being fed frozen blood worm once a day. At
9 to 10 months old, stickleback were large enough to extract tissues from and conduct

HRR. They were then euthanised as above.

6.3.2 Determining mitochondrial lineage

DNA was extracted from the fin clips from each mother using Quanta Bio Extracta
DNA prep for PCR. A polymerase chain reaction (PCR) and restriction fragment length
polymorphism (RFLP)-based assay was used to distinguish lineages. Briefly, an
approximately 600bp fragment of ND4 and ND5 was amplified from each sample
using specific primers (Table 6.1). PCR was performed in a thermocycler (G-Storm
GS1). PCR reaction conditions were as follows: initial denaturation at 94°C for 3
minutes followed by 36 cycles: denaturation at 94°C, 30 seconds; annealing at 60°C,
30 seconds; extension at 72°C, 1 minute. Then a final extension at 72°C for 5 minutes.
The ND4 fragment was incubated with Hind//l and ND5 with Pst/. If the sample was
of the Eu lineage, the amplified region of ND4 was cut but ND5 was not, and vice
versa if an individual was At (Table 6.1). 4pl of each product was separated on a 2%
agarose gel at 100 Volts for 30-40 minutes alongside a 100bp ladder (NEB) and then
visualised using UV-illumination (iBright CL750 Imaging System, ThermoFisher
Scientific). Using both assays ensured a positive result for both lineages. The
mitochondrial lineage of the offspring was therefore known and individuals from each

mitochondrial lineage could be selected at random for HRR trials. However, to ensure
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that the correct lineage had been assigned, fin clips were taken from the individual

used for HRR and the assays above repeated.

Table 6.1: Primers, restriction enzymes and resulting DNA fragment sizes used

to distinguish mitochondrial lineages.

Primer Forward Reverse Enzvme Cuts Eu size Atsize
Sequence Sequence y (bases) (bases)
TCTCGTTGCC TCCAAGGTTG . 183:
ND4 " ctcettetac caageerr  Hindi Buo S 625
ND5 CGGACTAAAC GTGATGTGGG Pst/ At 616 219;
CAACCACACC GTTAAGCGAG 397

6.3.3 Dissection and sample preparation

HRR experiments were conducted over a month in March and April 2023. Stickleback
were euthanised by submersion in MS-222 followed by pithing. Although MS-222 has
previously been found to alter some HRR measurements in the brain (Barnes et al.,
2023), any effect would be equal for Eu and At stickleback so will not bias results.
Samples were kept on ice. Immediately prior to HRR, the heart of each stickleback
was removed, weighed, and homogenised in 200ul ice cold MiRO5 buffer (Oroboros
Instruments GmbH; 0.5 mM EGTA, 3 mM MgCl,, 60 mM Lactobionic acid, 20 mM
Taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM D-Sucrose, 1g/L BSA) using 20
crushes with a micropestle. All of the heart homogenate was added to the 2ml
chamber of the O2k. Analysis of the brain was always conducted after the heart. The
brain of the same stickleback was dissected, weighed and homogenised as above.
5mg of brain homogenate was added per chamber and this was assayed at the same

temperature as the heart.

6.3.4 High-Resolution Respirometry

Mitochondrial respiration was measured at three different assay temperatures with
samples being randomly assigned a treatment. Assay temperatures were 14°C as
this is the approximate temperature stickleback were raised at in the aquarium, and
6°C and 22°C as these are the approximate lower and upper limits that three-spined
stickleback will experience in lochs on North Uist. O2k electrodes were calibrated at
the correct temperature before each set of samples. A protocol to assess
mitochondrial respiration with NADH-linked substrates (Cl) and S-pathway substrates
(Cll) was used to get an overview of different parameters of respiration with different
substrate combinations. Substrate concentrations had previously been optimised for

use with stickleback tissue (Barnes et al., 2023). After substrate or inhibitor addition,

164



oxygen flux reached equilibrium which was subsequently marked before moving on

to the next substrate addition.

MiRO5 was added to each O2k chamber, reaching a final volume of 2ml. Heart or
brain homogenate was then added and allowed to reach equilibrium before the
protocol commenced (Figure 6.1). Pyruvate (5mM) and malate (2mM) were first
added which stimulate ClI linked respiration. This measures LEAK state (LEAKc) as
no ADP is present to be phosphorylated. In the mitochondria, pyruvate is converted
to acetyl-CoA by pyruvate dehydrogenase. Acetyl CoA then enters the Krebs cycle
where electrons are donated to NAD+, producing NADH. Also in the Krebs cycle,
malate is oxidised to oxaloacetate producing NADH. NADH enters the ETS at Cl and
electrons are transported through the ETS enzyme complexes. However, without

ADP, no phosphorylation can occur.

ADP (5mM) was then added in excess to stimulate OXPHOS (OXPHOS¢)). Succinate,
a Cll linked substrate, was added to get a measure of OXPHOS with both CI and ClI
substrates (OXPHOSc+ci). Succinate is converted to fumarate by succinate
dehydrogenase, while reducing FAD to FADH.. Membrane integrity was tested by
adding cytochrome c (0.01mM). If any membrane damage had occurred, cytochrome
¢ would have been lost from the membrane; addition of further cytochrome ¢ would
have therefore increased respiration rate. No experimental runs displayed more than
a 15% increase in oxygen flux with cytochrome c addition, so membrane integrity was
considered intact in all runs. Electron transfer (ET) capacity was measured as oxygen
consumption when electron transfer and phosphorylation are uncoupled (electron
transfer is no longer limited by the capabilities of the phosphorylation system),
reached by titrating in carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 0.5uM
steps) until maximal rate of oxygen consumption was reached (Figure 6.1). This gives
a measure of ET capacity with both Cl and CII substrates (ET capacityci+ci), but to
measure CIlI respiration alone (ET capacityci) the complex | inhibitor rotenone
(0.5uM) was added. Antimycin A (2.5uM), which inhibits CIIl and thus gives a measure
of residual oxygen consumption (ROX) due to oxidative side reactions, was last to be
added and used as the background measure to be subtracted from other values.
Chemical reagents were supplied by Sigma-Aldrich, except for ADP with was supplied
by Merck (Calbiochem).
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Figure 6.1: Annotated O2k Oxygraph. Example trace from the brain of the
stickleback measured at 14°C following the described protocol. Blue line shows the
oxygen concentration (uM) in the chamber, red line shows the rate of oxygen
consumption (flux pmol/s/ml) per 5mg of tissue. Measured respiration states are

shown by black bars.

6.3.5 HRR with frozen tissue

To follow up the initial HRR conducted on the brains and heart of Eu and At
stickleback, two further protocols were conducted on frozen tissue with an assay
temperature of 6°C. The use of frozen tissue allowed use of samples previously
collected for other purposes, reducing the number of stickleback sacrifices necessary.
Samples were collected in May 2023 and 2024 following the method described
previously from three lochs on North Uist, where known mixed populations of Eu and
At stickleback are found: Loch an Duin (57.64245, -7.209207), Loch nan Clachan
(57.637635, -7.4148770) and Loch Grogarry (57.615827, -7.513195). These were
euthanised (as in section 6.3.3) and were frozen at -20°C during fieldwork before
being transferred to -80°C in Nottingham no more than two weeks later. HRR was
conducted in November 2023 or August 2024. Hearts were dissected and
homogenised as in section 6.3.3 and 2.5mg tissue was added per chamber. In
November 2023, the brains of the same stickleback were subsequently dissected and
homogenised as in 6.3.3 and 4mg was added per chamber. Two protocols were

conducted per sample.

When frozen, the Krebs cycle is inactivated and the mitochondrial outer membrane is
compromised meaning that samples can only be assessed in the non-coupled state
(Ebanks et al., 2023). Protocols were designed following Ebanks et al. 2023, modified
to assess Cl and ClIl separately. Protocol 1 measured Cl linked respiration by the
addition of NADH which is directly oxidised by CI, while Protocol 2 measured ClI
linked respiration (Figure 6.2) by the addition of succinate. Both protocols started with

the addition of cytochrome c¢ (0.01mM) and uncoupler (CCCP; 0.5uM) to ensure
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mitochondria were fully uncoupled. In Protocol 1, Cll was first inhibited by malonate
(5mM) before addition of NADH (20mM) and the peak specific flux was marked. In
Protocol 2, Cl was inhibited with rotenone (0.5uM) and Succinate (1M) added before
marking peak specific flux. Respiration was then inhibited by rotenone (0.5uM;
Protocol 1) or malonate (5mM, Protocol 2) and antimycin A (2.5uM; Protocols 1 and

2) and this value was used for background correction.
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Figure 6.2: Example frozen tissue HRR protocol to measure Cl (a) and Cll (b)
respiration in the stickleback heart. Blue line shows the oxygen concentration in
the chamber; red line is the rate of oxygen consumption (flux) per 2.5mg tissue.
Titration of NADH and succinate results in a peak of oxygen flux before decrease.

Measured respiration states are shown by black bars.

6.3.6 Data analysis

Standard length and body mass were compared between lineages using t-tests as
body size can influence metabolic physiology in fish (Luo et al., 2012). Raw HRR data
for each stage were extracted from DatLab (DatLab v7, Oroboros, Innsbruck, Austria).
Background correction calculations were conducted by subtracting ROX from each
value (Figure 6.1), and we calculated the oxygen flux per milligram of tissue added
to the O2k chamber. Flux control ratios (FCRs) were then calculated; these give the
ratio of oxygen flux in each respiration state and substrate combination tested
(LEAKc, OXPHOSc, OXPHOSCG+ci), normalised to the maximum oxygen flux in ET

state (ET -capacityci+ci). This expresses respiratory control independent of
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mitochondrial content and allows comparison between samples (Doerrier et al., 2018;
Gnaiger, 2020). Values were calculated for each temperature and tissue separately.

Further analysis was conducted in R (R Core Team 2021).

The proportion of respiration due to Cl and Cll was evaluated at ET capacity using
HRR measurements. This was calculated as follows, using the background corrected

values:
Cl contribution = (ET Capacityci+i— ET Capacityci) / ET Capacityci+i
Cll contribution = ET Capacityci / ET Capacityci+i

Only ClI contribution is presented as values for Cl and CII contribution add to one and

therefore show the same results.

Linear models were fitted to three respiratory states (LEAK, OXPHOS¢;, OXPHOS;+11)
and to CI contribution with temperature, mitochondrial lineage and an interaction
between these as explanatory variables. Standard length, body mass, sex and
population did not significantly affect FCRs in any state. As we fitted multiple linear
models with four different response variables and two tissue types, we used the false
discovery rate (FDR) method to control for type 1 errors (Benjamini and Hochberg,
1995; Mcdonald, 2014) with an FDR threshold of 0.1 which allowed for 10% of

significant results to be false positives.

Maximum peak specific flux values for NADH and Succinate measured during HRR
on frozen tissue were background corrected by subtracting the value for ROX (Figure
6.2) and are presented as oxygen consumption per 2.5mg heart tissue or per 4mg
brain tissue. Cl and CIlI respiration in both tissues were analysed separately.
Background corrected respiration rates were log transformed and compared between

lineages by conducting t-tests.
6.4 Results

6.4.1 Mitochondrial lineages

The mitochondrial lineage of all samples was successfully determined using the
diagnostic assays. There was no difference in standard length (t-test: t = 0.983, df =
28.4, p-value = 0.334) or body mass (t-test: t = -0.465, df = 32.1, p-value = 0.645)

between lineages. For final sample sizes see Table 6.2.
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Table 6.2: Number of Eu and At samples used for HRR.

Tissue Temperature (°C) Eu number At number
Brain 6 5 5

14 4 8

22 2 6
Heart 6 6 4

14 2 7

22 6 5

6.4.2 High-Resolution Respirometry

Three respirometry states were compared: LEAK with Cl substrates (LEAKc);
OXPHOS with CIl substrates (OXPHOSc)); OXPHOS with Cl and CIl substrates
(OXPHOSc+1). These are presented as FCRs (Figure 6.3) which is the ratio of
oxygen flux in each respiration state normalised to the maximum oxygen flux in ET
state. This allows a comparison of respiration between mitochondrial lineages
independent of mitochondrial content (Doerrier et al., 2018; Gnaiger, 2020). We also
calculated and compared the contribution of Cl to maximal respiration rate when
mitochondria were uncoupled (ET capacity state) between Eu and At stickleback. We
present only Cl contribution as Cl and CII contributions add to one and therefore show

the same results.

In the heart, temperature influenced FCRs in LEAKc and OXPHOSc+ states (Figure
6.3, Table 6.3, Table S6.1), although in LEAKc, state this did not remain significant
after correcting for multiple testing (Table S6.2). LEAK respiration was lowest at 14°C
but increased at both temperature extremes, whereas with increasing temperatures
respiration rate increased in OXPHOSc+ state (Figure 6.3). OXPHOSc was not
significantly affected by temperature or lineage, however FCRs at 14 and 22°C
tended to be higher than at 6°C. CI contribution was dependent on the mitochondrial
lineage in the heart; Cl contribution in the Eu lineage was largely unaffected by assay
temperature, but in At stickleback CI contribution decreased with increasing
temperature. This resulted in a large difference in Cl contribution between Eu and At
stickleback at 6°C.

In the brain, respiration rate increased with increasing temperatures in both LEAK
and OXPHOS states (Figure 6.3, Table 6.3, Table S$6.1). Mitochondrial lineage did
not influence FCRs or CI contribution, although At stickleback FCRs tended to be
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lower than Eu. FCRs in OXPHOSc) and OXPHOSc«ci states were generally higher
in the heart than the brain. In LEAKc), FCRs were similar in both tissues at 6°C but in
the brain FCRs increased with temperature in contrast to the heart where FCRs
decreased at the higher assay temperatures (although there was no significant effect

of assay temperature after correction for multiple comparisons (Table $6.2)).
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Figure 6.3: Comparison of mitochondrial respiration in the brain and heart of
Eu and At stickleback conducted at three assay temperatures. Respiration rates
are presented as FCRs in three respiratory states (LEAKc, OXPHOSc and
OXPHOSci+ci) to provide a normalised value to compare across samples. The
contribution of Cl to maximal respiration rate when mitochondrial were uncoupled is
also presented (calculation shown in 6.3.6). The Eu lineage is shown in blue and the
At in orange. Each point shows an individual sample. Dashed lines join the mean
values from the three assay temperatures. Error bars show standard error. See Table

6.2 for final sample sizes.

Table 6.3: Results of linear models fitted to three respiratory states (LEAKGc,
OXPHOSc;, OXPHOSci:i)) and to Cl contribution to maximum uncoupled

respiration rate. Temperature, mitochondrial lineage and their interaction as
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explanatory variables. Values where P < 0.05 shown in bold. Values in italics were

no longer significant after correcting for multiple testing (see Table S6.2).

Treatment P Values

. Respiratory Assay temperature
Tissue Assay Mitochondrial
State x Mitochondrial
Temperature Lineage .
Lineage
Heart LEAK 0.039 0.226 0.298
OXPHOS¢ 0.119 0.707 0.856
OXPHOSc+i 0.012 0.518 0.364
ClI contribution 0.181 0.013 0.019
Brain LEAK 0.004 0.229 0.298
OXPHOS¢;| 0.006 0.921 0.943
OXPHOSc+i 0.001 0.454 0.880
ClI contribution 0.187 0.158 0.556

6.4.3 HRR with frozen tissue

As mitochondrial lineage significantly affected ClI contribution in the heart (Figure
6.3), in particular at 6°C, and this pattern, although not significant, was also present
in the brain, we next aimed to determine whether it was the function of Cl and/or CII
in the ETS that differed between lineages. The Eu lineage had a lower Cl contribution
than At at 6°C in the heart; this could be due to a decrease in the function of Cl and/or
an increase in the function of Cll. As the mtDNA encodes seven Cl core subunits but
Cll is entirely encoded by the nuclear genome, we hypothesised that differences
would be in CI respiration. We assessed the NADH-linked Cl pathway and the
Succinate-linked CIl pathway separately to determine if either pathway differed
between lineages. An assay temperature of 6°C was chosen as this is where the
largest difference between Eu and At stickleback was identified (Figure 6.3). Frozen
stickleback were used so the Krebs cycle was disrupted and the outer membrane
ruptured, uncoupling the mitochondria (Ebanks et al., 2023). All HRR measurements

would therefore be in ET Capacity state.

At stickleback had higher Cl respiration with NADH than Eu in both the heart (Figure
6.4; t123 = 2.619, p = 0.022), and the brain (ts.19 = 3.203, p = 0.018) but Cll respiration
with Succinate did not differ between lineages in either tissue (Figure 6.4; Heart: t15 271
= 0.558, p = 0.585; Brain: ts.99 = 0.693, p = 0.511). As there was one Cl and ClI value

much higher than the rest within the At lineage in the heart, the analysis was repeated
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excluding these values, but this did not change overall findings in CI (te.04 = 2.392, p
= 0.040) or CllI (t1330 = 0.104, p = 0.919) respiration.
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Figure 6.4: HRR using frozen Eu and At stickleback heart and brain. ClI
respiration measured by the addition of NADH; Cll measured with succinate. Eu
lineage in blue and At in orange with individual data points shown. Error bars show
standard error. Peak rate of oxygen consumption presented per 2.5mg heart
homogenate or 4mg brain homogenate. Significant differences between lineages at
p < 0.05 labelled with asterisk. n = 20 and 9 for the heart and brain respectively.
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6.5 Discussion

6.5.1 Variation in mitochondrial sequence had physiological

consequences for Cl respiration

We investigated how Eu and At mitochondrial lineages and temperature affected
mitochondrial physiology in the heart and brain of Eu and At Atlantic three-spined
stickleback with a common nuclear genetic background. Temperature affected
multiple parameters of respiration, and CI contribution to uncoupled respiration
differed between mitochondrial lineages in the heart, dependent on the assay
temperature. Uncoupled mitochondria are not restrained by the phosphorylation
system and allow measurement of the maximum capacity of the electron transfer
system. This resulted in a large difference in complex contributions between Eu and
At stickleback at 6°C, because while Eu stickleback maintained complex contributions
across all assay temperatures, the At lineage decreased Cl contribution with

increasing temperature.

By conducting HRR using frozen tissue, we identified that the difference between
mitochondrial lineages at cold temperatures was due to Cl and not Cll respiration.
From these results it could be suggested that the differences in enzyme complex
contribution to flux were due to alterations in respiration via Cl with Cll function
remaining the same, although we cannot rule out with complete certainty that some
of the differences we saw were due to interactions between CI and CII that were not
measured. This is consistent with Cl, but not Cll, having mitochondrially encoded
subunits. These findings suggest that variation in the mtDNA sequence between Eu
and At stickleback has physiological consequences for Cl function, particularly at cold

temperatures.

6.5.2 Cl respiration differed between lineages

By designing two HRR protocols to assess Cl and Cll respiration separately in frozen
and therefore uncoupled tissue, we found that at 6°C At stickleback had a higher Cl
respiration rate than Eu in both the heart and brain but there were no differences in
Cll. Whether this difference holds true at the higher temperatures we assessed
requires further investigation. Frozen tissue protocols have only recently been
implemented on the O2k (Ebanks et al., 2023). Here we developed two assays to be
conducted on homogenised frozen tissue to assess Cl and CllI linked respiration in
two simultaneous runs with one protocol per O2k chamber. By measuring the peak

specific flux with NADH (Cl) or succinate (Cll) in separate protocols, we were able to

173



assess each lineages maximal rate of oxygen consumption via Cl or Cll alone.
Titration of NADH and succinate led to a rapid increase, followed by decrease, in
oxygen consumption which was also found in other frozen tissue protocols (Ebanks
et al.,, 2023). This decrease in oxygen consumption may be due to the freezing
process inactivating the Krebs cycle, therefore preventing the cycling of substrates
so that once used up respiration rate decreased. Peak specific flux was also lower
with succinate than NADH, which agrees with the observation that Cl contribution was

higher than ClII in fresh tissue.

Our findings suggest that differences in mitochondrial function between Eu and At
stickleback are most likely in complex | and present at cold assay temperatures.
Subunits of Cl are encoded by both the mitochondrial and nuclear genomes but as
we used freely interbreeding, naturally occurring admixed populations, nuclear
genetic differences between lineages were unlikely (Chapter 4), suggesting that
MtDNA variation can influence CI respiration independent of the nuclear genetic
background. As we only identified differences in uncoupled respiration between
mitochondrial lineages, whether differences could have further implications for
mitochondrial function still requires research. For example, whether these CI
differences observed at maximal respiration rate (attained when respiration is
uncoupled) influence mitochondrial efficiency, ATP production or ROS generation

could now be investigated.

We found that Cl differences were dependent on the environment, in agreement with
work in alternative models (Aw et al., 2018; Baris et al., 2016; Pichaud et al., 2013).
Cl is the largest enzyme complex of the ETS; it transfers electrons from NADH to
ubiquinone and pumps protons from the mitochondrial matrix to the intermembrane
space. Cl contributes significantly to the formation of reactive oxygen species (ROS)
(Wirth et al., 2016), which can cause oxidative damage and mitochondrial dysfunction
(Guo et al., 2013). The observed differences in Cl respiration between Eu and At
stickleback could result in differences in ROS production which could have long-term
consequences for fitness and survival, dependent on the environment, but this would

need to be tested.

6.5.3 Temperature affected multiple respiratory parameters

The assay temperature also influenced the different respirometry parameters, as
found in other fish species including the killifish (Fundulus heteroclitus) (Baris et al.,
2016). We observed a decrease in OXPHQOS respiration in both the brain and heart

at cold temperatures, in agreement with previous work (Jgrgensen et al., 2023; Menail
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et al, 2022), including in the stickleback (Chouinard-Boisvert et al., 2024).
Mitochondrial respiration was maintained even at 22°C, our predicted upper thermal
limit of North Uist lochs, suggesting that stickleback mitochondria are well-adapted to
these temperatures and might tolerate higher temperatures than they generally
experience in their natural environment. Whether the temperature that the stickleback

are acclimated to influences mitochondrial function could also now be tested.

6.5.4 Tissue-specific differences in respiratory parameters

FCRs were generally higher in the heart muscle than the brain, perhaps indicating
increased efficiency in the heart. LEAK respiration, which is oxygen consumption,
compensating for proton leak, that does not result in ATP production, differed between
tissue types. In the brain we observed an increase in FCRs with temperature, in
agreement with previous findings in the stickleback (Chouinard-Boisvert et al., 2024).
In the heart, maximum LEAKc was at the temperature extremes, in particular at 6°C,
which was not tested previously, although after correcting for multiple testing we found
no effect of temperature on LEAKc in the heart. When measuring mitochondrial
respiration using frozen tissue at 6°C, we found differences in Cl and no differences
in Cll respiration rate in both tissues we assessed, so these findings were generally

not tissue specific.

6.5.5 Ecological and evolutionary consequences

The frequencies of Eu and At fish differ between habitat types, with the Atlantic Ocean
a mix of both lineages but stickleback with the Eu mtDNA dominating in fresh water
and saltwater lagoons (Chapter 4, Dean et al., 2019). As metabolic requirements differ
between freshwater and oceanic environments, we hypothesised that mtDNA
variation that caused differences in mitochondrial function could result in different
adaptive potential. Here we show measurable, temperature-dependent differences in
Cl respiration between Atlantic stickleback mitochondrial lineages that differ in mtDNA
sequence. Complex contributions in the Eu stickleback were maintained across assay
temperatures in contrast to the At lineage where CIl contribution declined when
assayed at higher temperatures. This suggests that At Cl function may decline in
warmer environments, but this would need to be tested further as the contribution of
alternative substrates could compensate for the decline in Cl (Menail et al., 2022),
and we have not assessed the physiological consequences for mitochondria at
temperatures above 22°C. This could at least in part explain why there are very few
locations where we find At stickleback in freshwater (Chapter 4), as these likely reach

higher temperatures than the Atlantic Ocean. This is consistent with our previous
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results suggesting that there are fewer At stickleback in habitats that reach higher
maximum sea surface temperatures (Chapter 4). Diet can also alter metabolic
requirements between environments and mitochondrial physiology (Aw et al., 2018;
Ballard and Youngson, 2015; Towarnicki and Ballard, 2020). The reduced nutritional
quality of the freshwater diet (Twining et al., 2021) could favour small changes in
metabolic function, although whether the differences in Cl respiration we found
between lineages could be beneficial under particular circumstances would need

further exploration.

6.5.6 Conclusions

We have shown that the variation in mtDNA between stickleback mitochondrial
lineages in the Atlantic had temperature-dependent physiological consequences, in
particular uncoupled respiration via Cl, where the At lineage had higher Cl respiration
at cold temperatures than the Eu lineage. As the populations studied were admixed,
freely interbreeding Eu and At stickleback, nuclear genetic differences were minimal.
So, although we cannot definitely rule out mitochondrial sequences being in linkage
disequilibrium with adaptive alleles in the nuclear genome, differences in OXPHOS
are most likely due to the mtDNA variation between lineages. This adds to the
accumulating evidence that the mitochondrial sequences are non-neutral and may
therefore be adaptive. Whether the observed differences in Cl respiration have further
implications for mitochondrial function or individual fitness should now be

investigated.
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6.7 Supplementary Material

Table S6.1: Results of linear models fitted to three respiratory states (LEAKc,,
OXPHOSc;, OXPHOSc:i)) and to Cl contribution to maximum uncoupled
respiration rate. Temperature, mitochondrial lineage and an interaction between

these as explanatory variables. df = degrees of freedom.

Treatment F Values (df)

Tissue Respiratory . . Assay temperature
State Assay Mitochondrial x M)i,tochtr))n drial
Temperature Lineage Li
ineage

Heart LEAK 4.7035 (1,26) 1.5413 (1,26) 1.1276 (1,26)
OXPHOS¢, 2.5978 (1,26) 0.1447 (1,26) 0.0338 (1,26)
OXPHOSc+ 7.3787 (1,26) 0.4296 (1,26) 0.8549 (1,26)
Cl contribution  1.8926 (1,26) 7.1166 (1,26) 6.2680 (1,26)

Brain LEAK 9.7041 (1,26) 1.5179 (1,26) 1.1265 (1,26)
OXPHOS¢, 8.9908 (1,26) 0.0101 (1,26) 0.0051 (1,26)
OXPHOSc+ 13.0594 (1,26) 0.5781 (1,26) 0.0232 (1,26)
Cl contribution  1.8370 (1,26) 2.1163 (1,26) 0.3566 (1,26)

Table S6.2: Multiple comparisons testing of results. Reported in order of
increasing P-value. P-values are from Table 6.3. P-values were given a rank (i) and
compared to the Benjamini-Hochberg critical value (i/m)Q, where i is the rank, m is
the total number of tests, and Q is the false discovery rate (FDR), set to 0.10. The

largest P-value that is smaller than (i/m)Q is significant, as well as all P-vales smaller

than it.

P-

Rank

Benjamini &

Tissue Response Test value () @i/m)*Q Hoghberg
Significance
Brain OXPHOScicn  Temperature  0.001 1 0.004 Significant
Brain LEAKc Temperature 0.004 2 0.008 Significant
Brain OXPHOS¢ Temperature 0.006 3 0.013 Significant
Heart OXPHOScici  Temperature 0.012 4 0.017 Significant
Heart  CI contribution Lineage 0.013 5 0.021 Significant
Heart  ClI contribution Interaction 0.019 6 0.025 Significant
Heart LEAKc Temperature 0.039 7 0.029 Not significant
Heart OXPHOSg Temperature 0.119 8 0.033 Not significant
Brain Cl contribution Lineage 0.158 9 0.038 Not significant
Heart  CI contribution Temperature 0.181 10 0.042 Not significant
Brain Cl contribution Temperature 0.187 11 0.046 Not significant
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Heart
Brain
Heart
Brain
Heart
Brain
Heart
Brain
Heart
Heart
Brain
Brain
Brain

LEAKc
LEAKc
LEAKc
LEAKc
OXPHOSc+ci
OXPHOSc+cn
OXPHOSccil
ClI contribution
OXPHOS¢,
OXPHOS¢,
OXPHOSc+cn
OXPHOS¢,
OXPHOS¢,

Lineage
Lineage
Interaction
Interaction
Interaction
Lineage
Lineage
Interaction
Lineage
Interaction
Interaction
Lineage
Interaction

0.226
0.229
0.298
0.298
0.364
0.454
0.518
0.556
0.707
0.856
0.88
0.921
0.943

12
13
14
15
16
17
18
19
20
21
22
23
24

0.050
0.054
0.058
0.063
0.067
0.071
0.075
0.079
0.083
0.088
0.092
0.096
0.100

Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant
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Chapter 7: General Discussion

In this thesis | have looked at differences between mitochondrial lineages in the three-
spined stickleback (‘stickleback’, Gasterosteus aculeatus). This work has involved
describing the development of migratory stickleback, examination of the effect of
anaesthetics on mitochondrial function and looking at the differences between the two
lineages using phylogeographic and selection-based analysis and high-resolution

respirometry (HRR).

7.1 Development of stickleback ecotypes

Much of my research was conducted on migratory three-spined stickleback from
North Uist as these are an approximately equal mix of the two mitochondrial lineages.
This involved comparing the morphology of wild caught stickleback (Chapter 4) and
creating and raising crosses in the aquarium in order to compare mitochondrial
function (Chapter 6). To my knowledge no previous research had looked at the
development or hatching success of migratory stickleback and the only published
work assessing stickleback development was on freshwater populations at 18°C, with
line drawings showing the major developmental stages (Swarup, 1958). In
comparison, my study of the development of saltwater resident and migratory
stickleback from North Uist, in Chapter 2, offers additional information and novel
findings: i) the assessment of stickleback development at a physiologically relevant
temperature for North Uist, a well-studied system for stickleback ecology and
evolution (Dean et al., 2019; MacColl et al., 2013; Magalhaes et al., 2016; Robertson
et al., 2016), ii) a comparison of the development of two sympatric ecotypes that differ
in morphology and genetics (Dean et al., 2019), identifying differences in time to hatch
between ecotypes, iii) coloured photographs to help with the identification of the key
stages of development. This not only informed raising stickleback in aquaria, but |
believe that this will provide a framework for future work assessing the development
of stickleback embryos, including a comparison of the two Atlantic mitochondrial
lineages, and the assessment of any hybrid incompatibilities between ecotypes or

mitochondrial haplotypes.

7.2 High-resolution respirometry

High-resolution respirometry (HRR) has been increasingly used in evolutionary
ecology (McKenzie et al., 2019) as a tool to show the importance of mitochondria in
adaptation (Devaux et al., 2019; Greenway et al., 2020; Willis et al., 2021) and in

particular how fish may respond to changes in climate (Chouinard-Boisvert et al.,
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2024; Gerber et al., 2020; Thoral et al., 2021). Most research measuring
mitochondrial function in fish has used an anaesthetic during euthanasia (Leo et al.,
2017; Pelster et al., 2020; Shama et al., 2014) without knowledge on how this can
affect mitochondrial respiration. In Chapter 3 | determined the effect of euthanasia via
an overdose of MS-222, a well-established method for fish, on mitochondrial
respiratory parameters. | showed that mitochondrial respiration was generally lower
in the brain of stickleback euthanised with MS-222, with significantly reduced LEAK
state respiration. With HRR being increasingly conducted on fish, this research has
been important in showing the need to consider the method used for euthanasia, in

particular when comparing studies.

Although | have shown that MS-222 does affect some respiratory parameters, this
does not necessarily mean that it should be avoided; additional factors should be
considered, including how much stress the fish experiences prior to and during
euthanasia (Animal Procedures Committee, 2009). In my comparison of
mitochondrial respiration between the two Atlantic stickleback mitochondrial lineages
(Chapter 6), | chose to continue euthanising stickleback using MS-222 as this method
is effective, well-established, and | believed would reduce stress. As the main aim of
this study was to compare the two mitochondrial lineages, using MS-222 would not
bias results as any effects would be equal for Eu and At stickleback. While conducting
my study on the effects of MS-222 on mitochondrial respiration, | was able to optimise
substrate and inhibitor concentrations for the stickleback and compare two tissues
which | used to inform my final protocol comparing Eu and At stickleback. | found that
oxygen flux in the skeletal tail muscle was more variable than in the brain, and there
was increased evidence of membrane damage from the preparation of skeletal
muscle homogenates, so | instead used the heart when comparing mitochondrial
lineages in Chapter 6. Like skeletal tail muscle, the heart resulted in higher OXPHOS
flux control ratios (FCRs) with Cl substrates than the brain (Chapters 3 and 6).

7.3 Ecological and evolutionary consequences of mtDNA
variation

The adaptive significance of mtDNA variation, independent of the nuclear genome,
has been substantially overlooked in natural populations. Despite research into the
functional consequences of mitochondrial differences in model organisms including
Drosophila and mice (Dowling and Wolff, 2023; Latorre-Pellicer et al., 2016; Scotece
et al., 2021), where pure mitochondrial effects can be separated from nuclear genetic

effects, this has rarely, if ever, been translated to studies of natural systems (Baris et
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al., 2017, 2016). This is mainly due to a lack of populations or species wherein
variation in the mtDNA can be studied independent of potentially confounding
variation in the nuclear genetic background. Here, | describe a natural study system
that allows pure mtDNA effects to be explored. Through Chapters 4 to 6 | demonstrate
that the Atlantic three-spined stickleback is a valuable model to assess the ecological
and evolutionary consequences of mtDNA variation. By combining ecology,
phylogeography, phylogenetic selection analyses and mitochondrial physiology, |
show that mtDNA variation between Atlantic stickleback mitochondrial lineages has
physiological consequences for mitochondrial respiration independent to the nuclear
genome, and that natural selection may have acted upon this variation, resulting in
differences in adaptive potential between Eu and At stickleback. To my knowledge,
this study is one of, if not the first, to explicitly link mtDNA variation to physiological

mitochondrial differences and adaptive potential in natural populations.

7.3.1 Atlantic stickleback mitochondrial lineages

| first assessed the distribution of the two Atlantic mitochondrial lineages, providing
evidence that Eu and At stickleback evolved in allopatry on opposite sides of the
Atlantic Ocean during the last glacial maximum (Chapter 4). During this time, the two
lineages likely experienced different environmental conditions as the ice sheets
covered a much larger portion of the stickleback’s current distribution in North
America than in Europe (Dyke and Prest, 1987; Svendsen et al., 2004). Presumably,
this severely restricted the distribution of the At lineage, while the Eu lineage likely
had increased opportunity to colonise fresh water, resulting in different selective
agents promoting mtDNA divergence between the lineages. The majority of present-
day resident stickleback across the Atlantic had the Eu mtDNA while migratory
populations were a mix of the Eu and At lineages, showing that the two mitochondrial

lineages have different adaptive propensities, most likely due to the mtDNA itself.

7.3.2 Selection in the mitochondrial protein coding genes

To assess whether the variation in the mtDNA itself may be adaptive, in Chapter 5 |
tested for evidence of natural selection acting on the mitochondrial protein coding
genes (PCGs) of the stickleback using multiple phylogenetic methods. As in previous
work (Baltazar-Soares et al., 2021; Shen et al., 2019; Wilson et al., 2020), selection
acted primarily on complex | (Cl) of the oxidative phosphorylation (OXPHOS)
pathway. | identified long-term positive selection in sites within ND2 and ND5 of CI
which likely occurred when the lineages evolved in allopatry. At these sites, Eu and

At stickleback differed in amino acid sequence, and this was predicted to alter protein
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structure. Unlike previous work finding evidence of selection across the mitogenome
(Garvin et al., 2011; Mukundan et al., 2022), | was able to go on to explicitly test for

any physiological effects of mtDNA variation (Chapter 6).

7.3.3 Functional consequences of mtDNA variation

The Atlantic stickleback is an ideal model to test whether mtDNA variation alone can
influence mitochondrial physiology. North Uist is a point of secondary contact for the
two mitochondrial lineages and migratory populations are an approximately equal mix
of the two lineages (Chapter 4, Dean et al., 2019). As | found no evidence of
divergence within the nuclear genome between mitochondrial lineages (Chapter 4),
migratory stickleback are most likely from one panmictic population, segregating only
by the mtDNA. This allows mtDNA variants to be compared in the same nuclear
background, a system not too dissimilar to conplastic experiments in Drosophila (Aw
et al., 2018; Dowling and Wolff, 2023; Wolff et al., 2016) and mice (Latorre-Pellicer et
al., 2016; Scotece et al., 2021; Yu et al., 2009), but quite probably resulting from many
more generations of stable interaction between the two genomes. This means that |
could disentangle mitochondrial from nuclear effects, which is a major limitation to
most current research into the ecological and evolutionary significance of mtDNA
variation. An advantage to studying North Uist migratory stickleback in comparison to
conplastic Drosophila and mice studies is that mitonuclear combinations are naturally
occurring, and the fish are likely to possess a fairly equal mix of European (Eu
associated) and North American (At associated) nuclear genetic ancestry, making it
unlikely that the two lineages suffer from mitonuclear incompatibilities in this system
(I have observed no evidence of hybrid breakdown when raising migratory North Uist
stickleback in the aquarium). Whether offspring of Eu and At stickleback from
opposite sides of the Atlantic with their own ancestral nuclear genome would display
evidence of mitonuclear mismatch remains to be investigated. In comparison, in other
natural systems such as the Kkillifish (Fundulus heteroclitus), there may be ongoing
local admixture between two lineages and some nuclear genes remain diverged
(Baris et al., 2017, 2016). | cannot rule out with complete certainty that some linkage
disequilibrium (LD) remains due to assortative mating or strong selection, although |
have found no evidence of this to date and believe it to be unlikely. Further tests to
confirm that there is no mitonuclear LD would require a larger nuclear SNP dataset
and could include calculating LD coefficients between nuclear SNPs and the
mitogenome (Sloan et al., 2015) or genome wide association studies (Lian et al.,
2024; Wang et al., 2021).
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To determine whether mtDNA variation had physiological consequences for
mitochondria, | conducted high-resolution respirometry (HRR) to measure differences
in OXPHOS between Eu and At stickleback from migratory North Uist populations
(Chapter 6). | found temperature-dependent differences in Cl respiration between the
two lineages: Eu stickleback maintained the relative contribution of both complexes
in the heart across the three assay temperatures, whereas At stickleback decreased
the relative contribution of Cl with increasing temperatures. This resulted in At
stickleback having a larger Cl contribution than Eu at 6°C. By designing a protocol to
assess Cl and ClII respiration separately in frozen tissue, | was able to confirm that
differences in enzyme contributions to flux were most likely due to differences in
respiration via Cl. As | compared migratory North Uist populations, differences in CI
respiration between mitochondrial lineages were independent of the nuclear genetic
background and most likely due to differences in mtDNA sequence between Eu and
At stickleback. There were no differences in the respiratory control ratio, a measure
of mitochondrial efficiency, calculated as OXPHOSc/LEAKc (Salin et al.,, 2018),
between Eu and At stickleback (data not presented), but differences in ATP production
were not investigated in this study, so whether mtDNA variation or the observed
differences in Cl respiration effect the efficiency of ATP production requires further
investigation. Even so, these results have shown clear measurable differences in ClI

respiration between mtDNA variants, particularly at colder temperatures.

HRR results are consistent with the finding that long-term positive selection was
acting primarily on sites within the Cl genes ND2 and ND5, where Eu and At
stickleback differed in amino acid sequence at these positively selected sites (Chapter
5), implicating Cl in adaptive evolution. Although | was unable to link a specific mtDNA
substitution to these physiological consequences, this hints that variation at these
positively selected sites could have altered CI respiration. When comparing the
mitochondrial PCGs between Eu and At stickleback from North Uist migratory
populations (Chapter 4) | identified four fixed amino acid substitutions between
mitochondrial lineages: two in ND$S (including site 576 identified as evolving under
positive selection in Chapter 5), one in ATP6, and one in COX1. As well as differing
consistently between Eu and At migratory fish from North Uist, site 576 in ND5
showed evidence of evolving under positive selection using multiple methods and the
amino acid substitution between mitochondrial lineages was predicted to be radical,
likely altering protein structure (Chapter 5). This site therefore seems a strong
candidate for being involved in the observed differences in Cl respiration between Eu

and At stickleback from these same populations. ND5 site 576 is in the piston arm of

189



ND5 (Chapter 5), which is predicted to be involved in proton pumping (Baradaran et
al., 2013; Garvin et al., 2011; Hunte et al., 2010). Positive selection has been found
in this region in other species (da Fonseca et al., 2008; Garvin et al., 2011; Mukundan
et al., 2022; Pabijan et al., 2008), suggesting that it may be important in adaptive
evolution across multiple taxa. G. wheatlandi, a close relative to the three-spined
stickleback, has the same amino acid variant as the At lineage at this site in ND5. As
the distribution of G. wheatlandi is restricted to salt water in the western Atlantic which
is very similar to our predicted distribution of the At lineage during the last glacial
maxima, this supports this variant being advantageous for Cl function at colder
temperatures. Although additional mitochondrial genes may be involved, our findings

implement ND5 in adaptive processes.

In addition to affecting mitochondrial respiratory parameters, previous research into
the functional consequences of mtDNA variation using model organisms have found
that mitochondrial haplotype can affect multiple physiological and phenotypic
variables, including reactive oxygen species generation, insulin signalling and
longevity (Latorre-Pellicer et al., 2016). In natural populations this has begun to be
explored (Dobelmann et al., 2019; Schwartz et al., 2015; Sun et al., 2019), although
differences are often dependent on the nuclear genetic background. Using migratory
North Uist populations, which allows a comparison between lineages in the same
nuclear genetic background, | compared the standard length (SL) of stickleback,
finding sex-dependent differences in SL between mitochondrial lineages: At females
were longer than Eu females, but | observed no differences between males (Chapter
4). This finding is one of the first to our knowledge to identify phenotypic differences
between mtDNA variants in natural populations, independent to the nuclear genome.
As the differences in SL were only in females, as found in Drosophila (Camus et al.,
2015), the extent to which the effects of mitochondrial haplotype on life-history traits
are sex-dependent warrants further exploration. These findings open up a wealth of
questions to explore the fitness effects of mMtDNA variation further, including fecundity,

mtDNA copy humber and growth.

7.3.4 Ecological and evolutionary significance

| have provided strong evidence that variation within the mitochondrial PCGs of the
stickleback has been acted upon by positive selection, and have shown that the
mtDNA variation between Atlantic stickleback mitochondrial lineages affects
mitochondrial function (in particular respiration via Cl), physiology, and morphology. |

have shown that this mtDNA variation has likely influenced the adaptive potential of
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Eu and At stickleback as the two mitochondrial lineages differed in frequency between
migratory (completely plated fish spending most of their lives in salt water) and
resident (fish living year-round in fresh water or saltwater lagoons) stickleback across
their Atlantic distribution, with the Eu lineage dominating in freshwater and saltwater
resident populations. The nuclear genetic basis of freshwater adaptation has been
well studied in the stickleback (Colosimo et al., 2005; Ishikawa et al., 2021, 2019;
Jones et al., 2012), while the role of the mitochondrial genome has often been
overlooked but may have also played an important role. The next question |
considered is how the mitochondrial differences | have observed could result in
different adaptive potential between the mitochondrial lineages. Not only do the
lifestyles of migratory and resident stickleback differ in energy requirements due to
differences in their tendency to migrate, but the environments inhabited by these
ecotypes differ in temperature, diet, salinity and predation, all of which can alter

metabolic demands.

From my results, | hypothesise that temperature has been a key driver of mitogenome
evolution in the Atlantic stickleback, as in multiple other species of fish (Baltazar-
Soares et al.,, 2021; Silva et al., 2014; Teacher et al., 2012). Temperature influences
mitochondrial respiration (Chouinard-Boisvert et al., 2024; Pichaud et al., 2010) so
variation in mtDNA that provides an advantage at specific temperatures could be
selected for. | found that the measured differences in Cl respiration between Eu and
At stickleback were dependent on temperature, with differences in Cl respiration most
apparent at cold temperatures. When the two lineages diverged in allopatry, they
likely experienced different environmental conditions and metabolic demands during
this time. The At lineage likely diverged in North America in cold oceanic
environments with restricted access to fresh water so mitochondrial variants that
provided an advantage at cold temperatures could have been favoured. | found that
At stickleback had higher CI respiration at cold temperatures than Eu stickleback,
which may be advantageous, potentially increasing ATP production (Ahmad et al.,
2023), although this would need further exploration. | conducted HRR on stickleback
raised in the aquarium at approximately 14°C, so whether acclimation to warmer or
cooler temperatures influences these findings could be investigated. The finding that
At mitochondrial function differed to Eu stickleback in the cold is consistent with
observations of stickleback at the southern edge of their range in eastern North
America, where migratory stickleback breed in February or March when coastal sea
surface temperatures are low, and the offspring then migrate northwards to remain in

cold oceanic waters (Able and Fahay, 2010). These populations are likely to be
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completely, or largely At, so these results add to the evidence that the At lineage is
well-adapted to the cold as these temperatures are much lower than would be
experienced by breeding stickleback on the eastern side of the Atlantic. The Eu
lineage, in contrast, diverged in warmer southern European refugia (Defaveri et al.,
2012; Makinen and Merila, 2008; Sanz et al., 2015), with increased access to fresh
water, so maintaining efficient mitochondrial function across a range of environmental
conditions may have been beneficial, reflected by the finding that the Eu lineage
maintained complex contributions across different temperatures. As the two
mitochondrial lineages are found in approximately equal proportions in migratory
populations on North Uist (Chapter 4), both are well suited to survive at temperatures
experienced on North Uist, which likely do not get as cold as 6°C. Differences in
adaptation to cold temperatures between Eu and At stickleback may not have
influenced their present distribution on North Uist, but could have limited their spread

further across the Atlantic.

Although | found no difference in Cl contribution between Eu and At stickleback at
22°C, | observed a decline in Cl contribution to oxygen flux with increasing
temperatures in the At lineage. This could reflect a decrease in the function of Cl at
warm temperatures, where oxygen availability decreases, but HRR would need to be
conducted at temperatures above 22°C to test whether this decline continues and
results in a difference in Cl respiration between the two lineages. If so, it is possible
that this has restricted the At lineage from colonising fresh water and lagoons
permanently, as these environments will reach much higher temperatures than the
Atlantic Ocean. To test this hypothesis, further work measuring mitochondrial
respiration and ATP production at temperatures above 22°C would be necessary, as
well as assessing how the two lineages cope with increased temperatures. The
hypothesis that mitochondrial differences between Eu and At stickleback result in
different abilities to adapt to higher temperatures is supported by our finding that fewer
At stickleback inhabit saltwater environments that experience higher maximum sea
surface temperatures (Chapter 4), and observations of juvenile stickleback in North
America (most likely the At lineage) moving northwards to remain in colder waters
(Able and Fahay, 2010). Together, these findings show that variation in the mtDNA
can have adaptive consequences, with temperature shaping the evolution of

stickleback mitochondrial lineages in the Atlantic.

The fatty acid availability in the diet of freshwater (and most probably lagoon resident)
stickleback is a lot lower than in the ocean (Twining et al., 2021), and previous

research has found that freshwater stickleback have evolved duplications in fatty acid
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desaturase 2 (Fads2), a nuclear gene which encodes a protein involved in the
biosynthesis of long-chain polyunsaturated fatty acids, to adapt (Ishikawa et al., 2021,
2019). Differences in nutritional availability can also influence mitogenome evolution
(Aw et al., 2018; Ballard and Youngson, 2015; Towarnicki and Ballard, 2018), so
mtDNA variants that increase survival when stickleback experience lower nutritional
quality would be promoted in freshwater populations. Whether the differences |
observed in mtDNA sequence and Cl respiration between Eu and At stickleback could
be beneficial when fed a low nutrient or fatty acid diet would need further exploration.
Resident stickleback populations are non-migratory, with altered energetics
compared to migratory stickleback (Dalziel et al., 2012; Tudorache et al., 2007) so
may require less efficient energy generation, and their mitogenome may have
experienced relaxed purifying selection (Chapter 5). This may have allowed an
increase in the biosynthesis of other molecules from the Krebs cycle (Martinez-Reyes
and Chandel, 2020). If mitochondrial differences between Eu and At stickleback
promote this increase in biosynthesis in the Eu lineage, this could be beneficial in
fresh water where key nutrients may not be available from the diet. This idea is yet to
be tested however. | also cannot rule out the smaller length of Eu stickleback in
migratory North Uist populations providing an advantage when establishing
freshwater populations, as having a smaller body size may be advantageous against
freshwater predators and in nutrient poor environments (Dupont-Prinet et al., 2010),
but it would be interesting to investigate whether this difference in SL persists across
the Atlantic.

My findings suggest that temperature has had a role in the evolution of the two Atlantic
stickleback mitochondrial lineages and | have provided strong evidence that the
miDNA itself is adaptive, but it is likely that a combination of variables that can
influence the metabolic demands of the stickleback have influenced their current
distribution. Potential selective agents, such as temperature and diet, that may have
resulted in the Eu lineage dominating in resident populations could now be tested

experimentally.

7.3.5 Conclusions

This research is one of the first to find evidence of positive selection acting on mtDNA
variants, and to link this variation to physiological, phenotypic, and adaptive
consequences independent of the nuclear genome. Most research to date has only
part of this story. There has been increased interest in identifying signatures of

positive selection across the mitochondrial PCGs or measuring the functional
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consequences of mtDNA variation, and associating these with adaptation, but
separating mitochondrial from nuclear genetic effects is challenging in most natural
study systems. Learning from conplastic Drosphila and mice studies, research moved
towards systems where a comparison of mtDNA variants could be carried out in the
same nuclear genetic background. Although research in the small brown planthopper
(Laodelphax striatellus) and Killifish (Fundulus heteroclitus) were promising systems
to assess pure mitochondrial effects, divergence in the nuclear genome remained
between admixed mitochondrial lineages which affected mitochondrial function or
fitness traits in the populations studied. Here, | have established the Atlantic three-
spined stickleback as a model to assess the ecological and evolutionary significance
of mtDNA variation. Using migratory stickleback from North Uist that segregate by the
mtDNA but are otherwise panmictic, | have been able to assess mtDNA variation
independent to the nuclear genome. | have identified physiological and morphological
consequences of mtDNA variation, and shown that this results in different adaptive
potential as both mtDNA variants were found in migratory populations, but one variant
dominated in resident populations. From my findings, | show that CI of the OXPHOS
pathway is involved in adaptive processes and suggest that temperature has been a
major driver of the evolution of Atlantic stickleback mitochondrial lineages. | hope that
in establishing the Atlantic stickleback as a model to assess mtDNA variation and
evidencing the adaptive significance of the mitogenome, | have opened up an avenue
for future research to address further questions on the evolutionary and ecological

importance of mtDNA.
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