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Abstract
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Genetic incompatibilities causing intrinsic post-zygotic isolation in terms of hybrid sterility and/
or inviability ensure the long-term stability of reproductive isolation between diverging lineages.
Despite a well-established theoretical foundation and empirical evidence from laboratory
experiments, how genetic incompatibilities build up in nature remains poorly understood.
Different ecological environments can invoke divergent natural selection on mitochondrial
aerobic metabolism, a critical physiological trait controlled by co-evolving mitochondrial
and nuclear genomes, and thereby cause mitonuclear incompatibilities between lineages. In
this thesis, I investigate the arise of intrinsic postzygotic isolation from divergent ecological
adaptation in naturally hybridising pied (Ficedula hypoleuca) and collared flycatchers (Ficedula
albicollis), with mitochondrial aerobic metabolism as the crucial phenotypic link. Using
long-term monitoring data, I first find viability reductions in hybrids throughout their
lifespan, strong at the embryonic stage and subtler later in life, and different mortality
trajectories between hybrid adults from reciprocal crosses (Paper I). The results indicate
emerging genetic incompatibilities involving segregating or mild-effect alleles and possible
mitonuclear incompatibilities. I then reveal ecologically based divergence of mitochondrial
aerobic metabolism in Ficedula flycatchers and a complicated, multi-level molecular basis
to the divergence (Paper II). Collared flycatchers have more efficient energy production
due to high Complex I function in the oxidative phosphorylation (OXPHOS) pathway. This
difference likely contributes to subtle differences in environmental sensitivity, competitive
ability, incubation temperature and nestling growth potential between the two species. My
results imply that natural selection has favoured new adaptive mutations in the mitochondrial
genome as well as complementary changes based on standing variation in the nuclear genome.
Next, I find that hybrid adults generally resemble the parental species in mitochondrial aerobic
respiration (Paper III). Individuals carrying severe BDMIs may have died during earlier
energy-demanding life stages such as growth and migration. However, I find evidence for
transgressive gene expression in one of the body’s most metabolically demanding tissues, the
liver. Finally, I discover that hybrid nestlings have more costly and less efficient metabolism
accompanied by high mortality, slower growth and lower fledging mass (a fitness proxy)
as compared to non-hybrid nestlings sharing the same rearing environment (Paper IV). I
conclude that species divergence in Complex I may have impaired the coordination in the
OXPHOS pathway but I have also revealed other candidate BDMI loci. This is the first study
exploring the phenotypic consequences of mitonuclear incompatibilities in avian hybrids during
the energetically costly nestling stage. Overall, my work demonstrates that divergent natural
selection on mitochondrial aerobic metabolism can promote intrinsic postzygotic isolation,
leading to ecological speciation.
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Introduction

Speciation, the process by which new species arise, is central to evolutionary
biology and is the only process that can generate new biodiversity. Rather than
being a discrete event, the formation of new species is a continuous process
for sexually reproducing taxa, requiring the accumulation of reproductive iso-
lation. This characteristic of speciation gave birth to the concept of ‘speciation
continuum’, which describes the continuum of reproductive isolation, ranging
from minor degrees of isolation between young, incipient species to complete
isolation between well-established species (Stankowski & Ravinet 2021).
Various forms of isolating barriers contribute to reproductive isolation
throughout the life of the organisms. They can act before the transfer of gam-
etes between species (premating), after the transfer of gametes but before fer-
tilization (postmating prezygotic), or after fertilization through fitness reduc-
tion in hybrids (postzygotic) (Coyne & Orr 2004). Postzygotic barriers can be
further categorised as extrinsic or intrinsic, according to whether the fitness
reduction in hybrids depends on specific external environmental conditions or
not, and both extrinsic and intrinsic sources of postzygotic isolation may co-
occur (Coyne & Orr 2004).

Ecology’s role in generating premating and extrinsic postzygotic barriers
has been well established, typically in incipient species being at the start of
the speciation continuum (Rundle & Nosil 2005, Schluter 2009, Nosil 2012).
While important, these barriers can easily collapse due to changes in ecologi-
cal conditions. By contrast, the build-up of intrinsic postzygotic barriers is
harder to reverse and keeps reproductive isolation more stable (Anderson et
al. 2023). Yet, empirical studies of intrinsic postzygotic barriers have mainly
been done in the lab, using genetically diverged populations/species that hy-
bridise little in nature. Investigations remain scarce on how ecological adap-
tation gives rise to intrinsic postzygotic barriers, and thereby pulls the specia-
tion process closer to the late stage of the continuum or completion in nature
(though see MacNair & Christie 1983, Rogers & Bernatchez 2006, Moyle et
al. 2012).

Studies of important physiological traits provide a promising avenue to ad-
dress this knowledge gap. Organisms need to meet energetic demands posed
by environmental conditions such as temperature or food availability. This
means ecological adaptation often requires fine-tuned mitochondrial aerobic
metabolism, which in turn relies on co-evolving mitochondrial and nuclear



genes that are prone to create genetic incompatibilities across lineages (Burton
& Barreto 2012, Burton et al. 2013, Tobler et al. 2019). As a result, mitochon-
drial aerobic metabolism can form a ‘bridge’ through which divergent ecolog-
ical adaptation can produce intrinsic postzygotic isolation.

Ecological speciation

Darwin pioneered in suggesting that new species originate by natural selection
(Darwin 1859). The idea was neglected for the most part of the 20" century,
but gained renewed interest in the 1990s (Nosil 2012). Numerous efforts have
been put into the research of ecological speciation ever since. Ecological spe-
ciation can be defined as ‘the evolution of reproductive isolation between pop-
ulations by divergent natural selection arising from differences between eco-
logical environments’ (Schluter 2009). The causal ecological factors that drive
divergence can be abiotic, for instance climate, food supplies and habitat, or
biotic, for instance predation, competition and parasitism (Schluter 2009,
Keller & Seehausen 2012). Reproductive isolating barriers then emerge as
by-products of divergent ecological adaptation between the closely related
populations.

Research in ecological speciation has primarily focused on the evolution of
premating and extrinsic postzygotic barriers in incipient species and young
adaptive radiations. Premating barriers, such as habitat isolation and temporal
isolation (Coyne & Orr 2004), evolve quickly under divergent ecological ad-
aptation and act early in the lifecycle of organisms, both features important
for incipient species (Coyne & Orr 1998, Via 2001, Ortiz-Barrientos et al.
2009). Systems demonstrating premating barriers from ecological speciation
include sticklebacks (Rundle ef al. 2000), butterflies (Jiggins ef al. 2001) and
host-specific insects (Matsubayashi et al. 2010), among others. Extrinsic
postzygotic barriers are reliant on the ecological conditions by definition. In-
terpopulation hybrids often have intermediate phenotypes that are maladap-
tive in either parental environment, leading to reduced fitness (Rundle &
Whitlock 2001, Schluter & Conte 2009). Supporting evidence comes from
taxa such as Darwin’s finches (Grant & Grant 1993), sticklebacks (Hatfield &
Schluter 1999), cichlids (Bendall e al. 2017) and insects (Bendall ez al. 2017).
However, albeit effective, premating and extrinsic postzygotic barriers may
easily collapse in incipient species due to environmental changes (Grant &
Grant 1993, Seehausen et al. 1997, Gow et al. 2006, Taylor et al. 2006). For
example, cichlids in Lake Victoria have assortative mating based on coloura-
tion, and this premating reproductive barrier broke down when water trans-
parency decreased (Seehausen et al. 1997).

Intrinsic postzygotic barriers are caused by genetic incompatibilities be-
tween the two parental species and are less likely to be reversed, because the
reversal requires evolutionary changes in the genome. Hence, intrinsic
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postzygotic barriers are critical to the long-term stability of reproductive iso-
lation. Ecological speciation is likely to promote intrinsic postzygotic barriers
through pleiotropy and/or epistasis (Schluter 2009, Kulmuni & Westram
2017). In other words, alleles causing intrinsic postzygotic barriers may be
identical to or interacting with those involved in extrinsic barriers. The intrin-
sic and extrinsic barriers can evolve together through ecological speciation.
With only a few examples in whitefish (Rogers & Bernatchez 2006), killfish
(Fuller 2008) and some plants including Collinsia sparsiflora (Moyle et al.
2012), Mimulus (MacNair & Christie 1983) and Arabidopsis (Hamala et al.
2017), this research direction has been underexplored to date.

Bateson—Dobzhansky—Muller incompatibilities

Intrinsic postzygotic barriers are illustrated by hybrids having lower fitness
than either parent regardless of the environment. Darwin and his contempo-
raries were puzzled by the origin of such barriers, since natural selection
should not favour the production of unfit hybrids. Darwin reasoned that intrin-
sic postzygotic isolation should be ‘incidental on other acquired differences’
and that disruptions occur when ‘two organisations should be compounded
into one’ (Darwin 1859). He was surprisingly insightful.

In 1909, Bateson realized the importance of incompatible epistatic interac-
tions in the evolution of intrinsic isolation (Bateson 1909). Decades later,
Dobzhansky arrived at the same idea independently (Dobzhansky 1934, Dob-
zhansky 1936), and Muller developed the theory further (Muller 1942). They
suggested that intrinsic postzygotic barriers arise through genetic incompati-
bilities, also known today as Bateson—Dobzhansky—Muller incompatibilities
(BDMIs). Alleles at interacting loci that have evolved independently in iso-
lated populations or consecutively in one population may be incompatible
with each other, but they will only get tested together for the first time in hy-
brids upon secondary contact (Figure 1). Extensions of the original BDMI
model predict that incompatibilities accumulate increasingly fast once they
occur, like a snowball, and that BDMIs should commonly have a complex
genetic basis, involving multiple loci or even large interacting networks (Orr
1995, Coyne & Orr 2004). Even if other mechanisms such as chromosomal
rearrangements and ploidy changes can lead to intrinsic postzygotic isolation,
BDMIs are likely the most common cause (Coyne & Orr 2004, Coughlan &
Matute 2020).

Evidence confirming the existence of BDMIs has been found in fruit flies,
mice, copepods, yeast and plants (Lamnissou et al. 1996, Orr & Irving 2001,
Sweigart et al. 2006, Bomblies et al. 2007, Ellison & Burton 2008, Lee ef al.
2008). Many systems do show the involvement of multiple loci as predicted
(Coyne & Orr 2004). As it is empirically difficult to identify BDMIs at the
level of genes, just under twenty BDMI genes have been identified in animals
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Figure 1. The evolution of BDMIs in a two-locus model. The ancestral population
has an aabb genotype and splits into two isolated populations. Incompatible alleles
are coloured and underlined in the hybrid combinations. Left: derived-derived in-
compatibilities. Different mutations 4 and B arise independently in the two popula-
tions. The new mutations may be incompatible, but their interaction has never been
tested until hybridisation. Right: derived-ancestral incompatibilities. New mutations
A and B arise sequentially in the same lineage, while the other lineage retains the
ancestral genotype. The recently emerged A4 allele has never been tested with the
ancestral allele b until hybridisation.

(Kitano & Okude 2024). The majority of them were found in Drosophila
(Presgraves 2010, Presgraves & Meiklejohn 2021), though some in verte-
brates including swordtail fish (Powell ef al. 2020, Moran et al. 2024) and
mice (Mihola et al. 2009). Note that many of these empirical works were done
using lab crosses of species that have a long divergence time and hybridise
little in the wild. It remains unclear what BDMIs arise in nature, and how.

Studying the evolutionary drivers of BDMIs

It is still difficult to discern the evolutionary drivers of BDMIs. Genetic drift
is considered very slow to build up BDMIs (Ehrlich & Raven 1969, Nei et al.
1983) and inconsistent with observed signatures of positive selection in many
identified BDMI genes (reviewed in Johnson 2010), though it is theoretically
possible. Theoretical work and artificial selection indicate the role of diver-
gent ecological adaptation in generating BDMIs (Dettman et al. 2007,
Agrawal et al. 2011, Bendixsen et al. 2025). For polygenic traits, epistasis for
fitness is inevitable because fitness effect of allele frequency shift depends on
other loci, forming curved multidimensional fitness landscapes (Barton 1986,
Barton 1989, Fierst & Hansen 2010). Incipient species can drift along multi-
dimensional “ridges” across holey adaptive landscapes (Gavrilets 2004),
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while BDMIs in hybrids cause them to fall in “holes” outside the maximum
fitness ridges. Drift along multidimensional ridges should inevitably lead to
BDMIs in the end, but divergent natural selection will speed up the divergence
a lot and cause BDMIs faster. Besides divergent natural selection, genomic
conflict may be another effective promoter of BDMIs (Sechausen ef al. 2014,
Presgraves & Meiklejohn 2021). Other explanations put forward are for in-
stance sexual conflict (Arnqvist & Rowe 2005), linkage between BDMIs and
loci under selection (Wright et al. 2013, Kulmuni & Westram 2017), and gene
duplication followed by lineages losing functions from different gene copies
(Lynch & Force 2000).

Observed patterns of hybrid fitness reduction in the lab and in the wild can
provide clues for the mechanisms driving BDMIs. The faster evolution of hy-
brid sterility compared to inviability suggests sex-specific evolutionary driv-
ers for BDMIs, like sexual selection (Wu ef al. 1996). Haldane’s rule, the
widely observed phenomenon where F1 hybrids of the heterogametic sex suf-
fer more severe inviability and sterility than the other sex (Haldane 1922), is
best explained by recessive BDMIs residing on the sex chromosome (Turelli
& Orr 1995). Asymmetric sterility or inviability of hybrids from reciprocal
crosses, termed Darwin’s corollary to Haldane’s rule, implicates unidirec-
tional BDMIs involving sex chromosomes or cytoplasmic organelles like mi-
tochondria (Turelli & Moyle 2007, Burton & Barreto 2012, Burton et al.
2013). Indeed, the important role of sex chromosomes and mitochondria in
BDMIs is shown by many identified BDMI genes being located on them
(Qvarnstrom & Bailey 2009, Presgraves 2010).

Studying BDMIs in nature is uniquely challenging. The consequences of
BDMIs need not to be severe at all times, raising the difficulty for their detec-
tion. Incompatibilities may also involve segregating alleles, causing larger
variations in hybrid fitness (Coughlan & Matute 2020). The severity of ex-
pression of intrinsic postzygotic barriers often depends on extrinsic factors
(Bundus et al. 2015, Miller & Matute 2017), which can mask subtle effects of
emerging BDMIs even further. Because BDMIs can be linked to extrinsic bar-
riers, they may need to be studied concurrently. Detailed knowledge of the
ecological factors and population dynamics are also required. Still, to under-
stand how BDMIs build up and act in nature, studies in natural hybrid zones
are simply essential. High-resolution datasets are especially important for de-
tecting minor effects and teasing apart different factors in nature.

Mitochondrial aerobic metabolism

Energy metabolism is the fundamental physiological process managing the
uptake and allocation of energy by organisms. Well-adjusted metabolic per-
formance is crucial to organismal fitness and ecological adaptation (Brown et
al. 2004, Burton et al. 2013, Hill et al. 2019, Koch et al. 2021). It is related to
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thermal adaptation (Talbot ez al. 2004, Boyles et al. 2011, Bryant et al. 2018),
body mass (Brand et al. 2003, Caldeira Da Silva et al. 2008), growth (Toyo-
mizu et al. 2011), lifespan (Caldeira Da Silva et al. 2008, Camus et al. 2023)
and fecundity (Stier ef al. 2014) of organisms. Species like birds that maintain
high body temperatures and have energy-expensive activities like migration
especially require an optimal metabolism (Hill 2017, Tobler et al. 2019).

In eukaryotes, mitochondria are the units carrying out acrobic metabolism
to supply the bulk of energy for cellular and ultimately whole-organism activ-
ities (Saraste 1999, Nicholls & Ferguson 2013). The oxidative phosphoryla-
tion (OXPHOS) pathway executes mitochondrial aerobic respiration on the
inner phospholipid membrane of mitochondria. It consists of five multi-subu-
nit respiratory enzyme complexes, named in order as Complexes I — V
(Saraste 1999, Figure 2). Energy substrates for the pathway such as NADH
and Succinate are generated by the breakdown of nutrients such as glucose,
fatty acids, or amino acids. Complex I and II both derive high-energy electrons
from the substrates, though Complex I is the primary and more efficient elec-
tron entry point. Complex III and IV transfer the electrons to oxygen

Intermembrane Mitochondrial
space , matrix
é NADH
&
l/ Succinate
W&

I
dl

74

|

J IV
‘1\ e

. 02 g Hzo
V. > ADP - ATP = Nuclear
= mito
Proton Heat

leak

Figure 2. The OXPHOS pathway executing aerobic metabolism in mitochondria.
The pathway consists of five protein complexes (Complex I — V) located on the inner
membrane of the mitochondria. Complex I and II transfer electrons from their re-
spective substrates, NADH and Succinate. Complex III and IV transport the electrons
further to oxygen molecules. Complex I, III, and IV maintain the proton gradient.
Complex V synthesizes ATP. Complex Il is encoded exclusively by nuclear genes,
illustrated in blue, while all other complexes are encoded by both mitochondrial (in
green) and nuclear genomes.
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molecules. Complex [, IIT and IV all pump protons across the inner membrane
to store the produced energy in the form of a proton gradient. When the pro-
tons pass back to the low-concentration side through Complex V, the energy
from the proton gradient is released, fuelling the production of adenosine tri-
phosphate (ATP). Reactive oxygen species (ROS) can be produced in the pro-
cess if electrons escape the transport into oxygen (Speakman et al. 2015).
Some protons also backflow without passing through Complex V, releasing
energy as heat, a process named proton leak (Divakaruni & Brand 2011). Be-
cause of proton leak, mitochondrial efficiency (the proportion of mitochon-
drial aerobic metabolism used for ATP production) never reaches 100%. In
recent years, it has become possible to quantify the respiration rates of sepa-
rate complexes and stages in the OXPHOS pathway at a high resolution (Stier
et al. 2017, Koch et al. 2021).

Mitonuclear coevolution and incompatibilities

Normal mitochondrial functions demand functional compatibility between
mitochondrial and nuclear (mitonuclear) genes. Structural subunits of the
OXPHOS complexes are encoded by 13 mitochondrial genes and ~75 nuclear
genes (Saraste 1999, Figure 2). Furthermore, the replication, transcription and
translation in mitochondria hinge on 2 mitochondrial rRNAs, 22 mitochon-
drial tRNAs, and ~105 imported nuclear proteins (Hill 2017). These co-work-
ing units are under strong selection for optimal function in the specific envi-
ronment, leading to mitonuclear coevolution, where mutations in one drive
compensatory changes in the other (Dowling et al. 2008, Gershoni et al. 2009,
Burton & Barreto 2012). The mitochondrial genome typically evolves much
more rapidly than the nuclear genome and can drive the mitonuclear coevolu-
tion, due to a small effective population size, lack of recombination and lim-
ited DNA repair mechanisms (Osada & Akashi 2012, Sloan et al. 2017). The
extent of mitonuclear coevolution may be constrained by the slower rate of
compensatory evolution in the nuclear genome (Wade 2014, Connallon ef al.
2018, Dapper et al. 2023). Interacting mitonuclear alleles may then diverge in
different lineages, resulting in BDMIs, also called mitonuclear incompatibili-
ties in this specific case. Mitonuclear incompatibilities seem to be featured
disproportionately in BDMIs (Burton & Barreto 2012), where ecology may
be making a difference.

Studies supporting mitonuclear coevolution often show concerted substitu-
tion rates in mitochondrial and nuclear OXPHOS genes (Piccinini et al. 2021,
Weaver et al. 2022). Evidence consistent with mitonuclear incompatibilities
has been found in birds, fish, flies and copepods (McFarlane et al. 2016, Healy
& Burton 2020, Moran et al. 2024, McDiarmid et al. 2024, Bettinazzi et al.
2024). There has been an exciting series of recent advances on the genetic
basis of mitonuclear incompatibilities in swordtail fish, with identification of
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incompatibility genes and a complex architecture involving additional loci
(Moran et al. 2024, Robles et al. 2025). And yet, extremely few empirical
studies manage to integrate ecological speciation, metabolic performance, and
the occurrence of mitonuclear incompatibilities.

Research aims

In my thesis, I take mitochondrial aerobic metabolism as a nexus to investigate
the possible molecular basis to divergent ecological adaptation and intrinsic
postzygotic isolation, using naturally hybridising Ficedula flycatchers. I start
by assessing signals of hybrid viability reduction across life stages likely
caused by BDMISs, using detailed long-term monitoring data (Paper I). Then,
I establish ecologically based divergence of mitochondrial aerobic metabo-
lism at a high resolution in the parental species, and explore the multi-level
molecular basis to this divergence (Paper II). Next, I investigate whether
there are signs of transgressive mitochondrial acrobic metabolism and gene
expression in hybrid adults that can indicate dysfunction (Paper III). Lastly,
I zoom in on the critical and energy-demanding nestling stage to examine dis-
ruptions in mitochondrial aerobic metabolism and associated fitness reduction
in hybrids early in life (Paper IV).
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Methods

Study species

Pied (Ficedula hypoleuca) and collared (Ficedula albicollis) flycatchers are
two closely related migratory passerines. The divergence time between them
is less than one million years (Nadachowska-Brzyska et al. 2013), which is
considered short for birds (Coyne & Orr 1998, Price TD & Bouvier 2002).
Historically, they probably became allopatric in separate glacial refuges dur-
ing the Pleistocene (Satre et al. 2001, Nadachowska-Brzyska ef al. 2013) and
started to diverge in climate adaptation. Today, they winter on separate
grounds in sub-Saharan Africa (Veen et al. 2007, Veen et al. 2014) and breed
in Europe from late April to June, with pied flycatchers occupying colder areas
in the north and collared flycatchers occurring more in warmer areas in the
south (Figure 3). They form hybrid zones in central and eastern Europe, and
more recently, on the Swedish islands of Gotland (since 1840s) and Oland
(since 1960s) in the Baltic Sea (Lundberg & Alatalo 1992, Qvarnstrom et al.
2010, Figure 3). This thesis is carried out in the Oland hybrid zone.

Detailed research has revealed subtle ecological differences between the
two species despite their similar size, diet and breeding biology (Qvarnstrom
et al. 2010). Collared flycatchers critically depend on good environmental
conditions and deciduous forests that has rich supplies of insect caterpillars to
have good performance (Qvarnstrom et al. 2005, Qvarnstrém et al. 2009).
Pied flycatchers, while also preferring deciduous forests, are sturdier against
food limitation or poor environmental conditions (Qvarnstrom et al. 2005,
Qvarnstréom et al. 2009, Figure 3). Different metabolic plasticity in pied and
collared flycatcher nestlings likely contributes to the different environmental
sensitivity (McFarlane ef al. 2018).

A series of prezygotic barriers have been identified between the two spe-
cies. The more dominant collared flycatchers displace pied flycatchers from
the deciduous forests to coniferous forests, causing habitat isolation (Rybinski
et al. 2016). Collared flycatchers advance their breeding time more in re-
sponse to increased spring temperatures, resulting in temporal isolation (Sirkié
et al. 2018). Flycatcher females prefer to select conspecific males as partners
based on song and plumage characteristics (Wiley et al. 2005, Qvarnstrom et
al. 2006). Females often copulate with extra-pair males and display cryptic
female choice favouring conspecific sperm over heterospecific sperm if they
mate with males of both species (Cramer ef al. 2016).
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Figure 3. Flycatcher breeding ranges, study site, and ecology. a: Breeding distribu-
tion of pied flycatchers is shown in blue, collared flycatchers in red, and hybrid zone
in purple. Monitored woodlots on Oland are shown as grey boxes in the zoomed-in
view. b: During the breeding season, deciduous forests (green) have a sharp peak of
food supplies for flycatchers while coniferous forests (yellow) have lower but more
stable food supplies. Collared flycatchers have high fitness under good environmen-
tal conditions, but pied flycatchers are sturdier against poor conditions.

Pied and collared flycatchers hybridise at a rate of 5% on Oland in both
crossing directions, albeit with a bias towards pied female-collared male pair-
ing, and exhibit high postzygotic isolation given the short divergence time.
Hybrid nestlings show intermediate growth strategy and environment-depend-
ent survival (Vallin ez al. 2013). Hybrid males have lower pairing success due
to intermediate song and plumage (Gelter 1987, Lundberg & Alatalo 1992,
Svedin et al. 2008). All hybrids appear to be sterile: females lay eggs that do
not hatch (Svedin et al. 2008) while males produce morphologically impaired
sperm or no sperm at all due to dysfunctional spermatogenesis (Alund e al.
2013, Segami et al. 2026). Hybrid males also have transgressively high whole-
body resting metabolic rate, which may indicate mitonuclear incompatibilities
(McFarlane et al. 2016).

Long-term monitoring (Paper I — IV)

Flycatchers are cavity-nesting birds and prefer artificial nest boxes over natu-
ral tree holes (Lundberg & Alatalo 1992). Since 2002, over two thousand nest
boxes have been installed in different woodlots across Oland (Figure 3) and
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monitored in every spring (Qvarnstrdm et al. 2010). The laying date, clutch
size, hatching date, number of hatched eggs and number of fledged nestlings
for each flycatcher breeding event are recorded. All breeding adults are cap-
tured, identified for species, sex and age, ringed (if not ringed previously),
measured for morphological traits, and sampled for blood for genetic infor-
mation. Females are usually captured on day 6 of incubation, and males on
day 5 after hatching of the nestlings, though a small proportion of males and
females are captured at other breeding stages. All nestlings are ringed,
weighed and sampled for blood on day 6 after hatching, then measured again
for mass and tarsus on day 12. The fledging success is checked from day 15
onwards. I use established habitat quality estimates for each nest box, which
is the standardised caterpillar availability within a 150 m radius based on tree
species and size (Rybinski et al. 2016).

High-resolution respirometry (Paper I — IV)

Unlike mammals, birds have functional mitochondria in the red blood cells.
Measuring aerobic metabolism from avian blood often yield results concord-
ant with the whole-organism energy needs (Malkoc et al. 2021, Casagrande et
al. 2023, Thoral et al. 2024a, Malkoc et al. 2024), and has the clear advantages
of being minimally invasive and less stressful to the birds (Stier ez al. 2017).

I use a protocol adapted from Stier et al. (2019) to measure mitochondrial
acrobic metabolism in flycatchers with the Oroboros O2k high-resolution
respirometer (Oroboros Instruments, Austria, Figure 4). Less than 50 uL of
blood is sampled in the field from flycatcher adults when they are captured
during the regular long-term monitoring, or from flycatcher nestlings on day
12 after hatching. The sample is kept cool until lab processing within hours.
To run the protocol, 20 — 25 uL of blood is suspended in Mir05 buffer. The
number of blood cells in each sample is measured using a Curiosis Facscope
B Automatic Cell Counter (Curiosis, Seoul, South Korea) to standardise the
respiration rate measurements. The red blood cells are then washed and added
into a chamber of the respirometer at 40 °C. I make titrations of cell permea-
bilization agent, energy substrates and inhibitors to stimulate different pro-
cesses in the OXPHOS pathway, thereby producing high-resolution measure-
ments of specific respiratory complexes and stages (after subtracting the non-
mitochondrial rate of oxygen consumption). This allows me to detect subtle,
stage-specific differences in mitochondrial aerobic metabolism. I analyse five
respiration rates from the protocol (Figure 4; see Figure 2 for the structure of
the OXPHOS pathway):
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(1) ROUTINE — the endogenous mitochondrial respiration in intact blood
cells,

(2) OXPHOS¢r — the maximal respiration rate when permeated blood cells
are supplied with Complex I substrates and ADP,

(3) OXPHOS 11— the maximal respiration rate when permeated blood cells
are supplied with Complex I and II substrates and ADP,

(4) LEAK 1+ — the respiration rate contributing to the proton leak,

(5) net OXPHOS ;11 — the respiration rate supporting ATP synthesis.
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Figure 4. Measuring mitochondrial aerobic metabolism in the field. a: The setup of
a makeshift field lab. Two Oroboros instruments are running simultaneously. b: Ex-
ample of a measurement curve. The blue curve is the oxygen concentration in the
chamber, and the red curve is the rate of oxygen consumption (the respiration rate)
measured in real time. Measured stages are highlighted and the non-mitochondrial
rate of oxygen consumption (*) is subtracted from all stages. Segment (1): ROU-
TINE. Segment (2): OXPHOSc:. Segment (3): OXPHOSci+1. Segment (4): LEAK cr+11.
The difference between Segments (3) and (4): net OXPHOScr+11.
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And I calculate three flux control ratios (FCRs) for the mitochondria:

(1) FCR-ROUTINE = ROUTINE / OXPHOScr+1, the cellular control of mi-
tochondrial respiration by endogenous ADP/ATP turnover and substrate
availability,

(2) FCR-OXPHOSci= OXPHOSc; /| OXPHOScr+11, the contribution of Com-
plex I to the maximum aerobic capacity,

(3) FCR-net OXPHOSCH][ = net OXPHOSCHH / OXPHOSCHH, mitochon-

drial efficiency in ATP production.

Molecular data analyses (Paper II and III)

I combine multiple datasets to investigate how the molecular basis to mito-
chondrial aerobic metabolism diverged between pied and collared flycatchers
in Paper II. I consider multiple levels of molecular control, including se-
quence evolution, gene expression and protein structure.

For information on the nuclear genome, I process unfiltered variant calls
(VCFs) from of 19 pied and 19 collared flycatchers from the Oland population.
They were sequenced with [llumina (published in Burri et al. 2015) and the
raw reads were aligned to the collared flycatcher reference genome FicAlbl.5
(Kawakami et al. 2014). I keep only mono-allelic and bi-allelic sites, then ap-
ply best practice hard filtering thresholds recommended by GATK, and soft
filtering thresholds on sequencing depth and genotype quality following
Chase et al. (2021). I remove sites with >50% missing data in the samples,
and sites falling inside the annotated repeat regions in the collared flycatcher
reference genome (Suh et al. 2018) or inside putative collapsed regions, iden-
tified as regions with excessively high heterozygosity. [ use an improved func-
tional annotation based on proteins in all passerines to locate nuclear
OXPHOS genes that encode structural subunits of the complexes in the
OXPHOS pathway (subunit genes), or encode other proteins involved in the
replication, transcription and translation of mitochondrial genome (rnon-subu-
nit genes). I compute window-based population genetic summary statistics.

For information on the mitochondrial genome, I process Sanger sequencing
data of 43 pied flycatchers and 170 collared flycatchers collected from the
Oland population, targeting eleven protein-coding genes and two rRNA genes.
To do the analysis reproducibly, I develop an automated pipeline that takes
chromatogram files as input, trims, performs a series of filtering on basecall
quality, read length, read quality, contig length and contig quality, and aligns
good-quality reads and contigs to reference sequences in FicAlb1.5. The out-
put files are converted to VCFs. The top 20 individuals with the least missing-
ness are kept for each gene to match those used in the nuclear genome analyses,
and I remove sites with missing data in >=10 individuals. As the mitochondrial
genome is short (< 20 kb) and does not recombine, I compute population ge-
netic summary statistics for all sequences together.
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I then retrieve RNA sequencing data across five tissues (brain, heart, kid-
ney, liver, testis) obtained from five pied males, five collared males and three
hybrid males on Oland (Mugal et al. 2020). Differential expression patterns
have been computed for all pairwise species contrasts per tissue.

Using all three datasets, I investigate whether there are any lines of evi-
dence supporting a molecular basis to OXPHOS divergence. (1) Non-synon-
ymous fixed differences between species demonstrate substitutions in the di-
vergence history and could underlie phenotypic differences. I detect fixed dif-
ferences in the mitonuclear OXPHOS genes between species based on di-
verged allele frequency and annotate whether they cause synonymous or non-
synonymous changes. (2) If the non-synonymous fixed differences cause
changes in protein structure, they are likely to be functional relevant. To test
whether this is the case, I compare protein structures predicted from sequences
with alleles fixed in either species. (3) Signals of positive selection indicate
ecological adaptation. I check if selective sweeps overlap with nuclear
OXPHOS genes and conduct a McDonald—Kreitman test on these genes col-
lectively. The analysis is only done on nuclear OXPHOS genes because the
mitochondrial genome does not recombine. (4) Differential expression of
OXPHOS genes between pied and collared flycatchers can demonstrate dif-
ferences in the transcription process. This is also analysed in the nuclear genes
only. I assess which nuclear OXPHOS genes have tissue-specific differential
expression between the two species.

The RNA sequencing dataset is also used in Paper III. Here, I focus on the
contrasts in gene expression between hybrids and both parental species. Genes
that are transgressively expressed in hybrids may indicate dysfunction in mi-
tochondrial aerobic metabolism due to suboptimal transcriptomic adjustment.

Aviary production of hybrid nestlings (Paper V)

In Paper IV, | am interested in the metabolic performance and fitness of hy-
brid nestlings. I produce hybrid nestlings in aviaries due to the limited number
and uneven crossing directions of natural mixed-species pairs on Oland, and
the low proportion of real hybrid nestlings in the nests of mixed-species pairs
resulting from the production of non-hybrid extra-pair nestlings (Cramer et al.
2016).

I setup 3 m x 3 m x 2 m aviaries in northern Oland, which are supplied
with ad libitum food, water, enrichments and nest boxes. Mixed-species pairs
of both crossing directions are formed between pied flycatchers captured from
mainland Sweden and collared flycatchers captured on Oland. Laying date,
clutch size, hatching date and number of eggs hatched are recorded. To allow
for more comparable raising conditions to non-hybrid nestlings from natural
nests, aviary-produced hybrid nestlings are weighed and translocated into nat-
ural pied or collared flycatcher nests with identical hatching dates on day 3
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after hatching if possible. In return, the same number of similarly weighed
non-hybrid nestlings from these natural nests are moved into the aviaries.
When the translocation is impossible, hybrid nestlings are kept in aviaries.
The roofs of the aviaries are removed when nestlings are 5 to 7 days old so the
mixed-species parents can feed them a more natural diet. The nestlings are
ringed and measured following the protocol for long-term monitoring. On day
12, I measure mitochondrial acrobic metabolism in the hybrid nestlings and a
random subset of non-hybrid nestlings (raised in natural nests as foster sib-
lings to the hybrid nestlings, or raised in aviaries), to make comparisons while
accounting for environmental effects. Using non-hybrid nestlings sharing the
same rearing environment as the hybrid nestlings in natural nests particularly
allows me to control for a high amount of environmental variation. I assess
the fitness of the nestlings based on their survival, mass and growth.
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Results and discussion

Paper I: Tracking hybrid viability across life stages in a
natural avian contact zone

BDMI is a keystone concept in speciation research that explains the develop-
ment of intrinsic postzygotic reproductive barriers (Coyne & Orr 2004). Still,
empirical knowledge on how BDMIs manifest in nature is limited. Hybrid in-
viability often evolves more slowly than sterility as it seems to require a more
complicated architecture of BDMIs (Bundus et al. 2018), and it has been less
studied (Coyne & Orr 2004). While patterns such as Darwin’s corollary to
Haldane’s rule provide insight into the genetic mechanisms underlying
BDMIs causing inviability, asymmetry in prezygotic barriers and demo-
graphic dynamics can alter the observation and mislead the interpretations
(Qvarnstrom et al. 2023). To account for these factors, high resolution data is
required.

We studied emerging signs of reduced viability across the lifespan of hy-
brids between Ficedula flycatchers on Oland, using a combination of long-
term monitoring, paternity analysis and mitochondrial DNA identification of
the maternal species of hybrids. The detailed monitoring data allowed evalu-
ation of asymmetries in inviability between hybrids from reciprocal crosses,
consistent with Darwin’s corollary to Haldane’s rule due to sex-specific in-
heritance of BDMIs.

We found evidence of reduced intrinsic hybrid viability at the embryonic
stage, as mixed-species pairs had higher hatching failure regardless of external
factors (Figure 5). As nestlings, hybrids gained lower mass before fledging in
comparison to their non-hybrid half-siblings from the same nest, and the dif-
ference depended on habitat quality and breeding time. As adults, hybrids had
low initial survival and high baseline mortality compared to either parental
species (Figure 5). Hybrid adults from reciprocal crosses differed from each
other in age-independent mortality rates: hybrids with a pied flycatcher mother
showed slightly higher mortality later in life (Figure 5).

These results highlight slightly impaired viability in hybrids from embry-
onic to adult stages. The high hatching failure of mixed-species pairs suggests
that the most serious BDMIs get purged at an early stage. As the inviability
was incomplete, causal BDMIs likely involve segregating variants (Cutter
2012, Coughlan & Matute 2020) or fixed differences that have mild effects on
hybrid viability. The discovery of higher mortality later in life in hybrids with
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Figure 5. Summary of the mixed-population structure and the relative survival of
hybrids across the main life stages in Oland Ficedula flycatchers. A: In the season
when hybrids are born (year 0), there is lower hatching success in mixed-species
nests and hybrid nestlings have slightly reduced survival. The initial production of
hybrids of the two crosses is asymmetric, biased towards hybrids with pied fly-
catcher mothers. B: In year 1, immigration of hybrid adults with collared fly-
catcher mothers counters the asymmetric initial production of hybrids. C: Across
the adult life, hybrids show higher baseline mortality rate. Hybrid from reciprocal

crosses differ in age-dependent mortality.
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a pied flycatcher mother compared to hybrids from the opposite crossing di-
rection is particularly interesting. Consistent with Darwin’s corollary to Hal-
dane’s rule, this pattern suggests the role of BDMI alleles that have sex-spe-
cific inheritance, such as sex chromosomes and mitochondria (Turelli &
Moyle 2007). The OXPHOS pathway controlled by co-evolving mitonuclear
genes provides required energy for cellular activities and is sensitive to the
environment. Inefficient metabolism should be detrimental during growth,
and ROS produced by the metabolic process is related to telomere shortening
and aging (Speakman et al. 2015, Pichaud et al. 2019). Based on known spe-
cies difference and hybrid dysfunction in the resting metabolic rate of
Ficedula flycatchers (McFarlane et al. 2016, McFarlane ef al. 2018), mitonu-
clear incompatibilities are strong candidates for explaining the observed
asymmetry in this study.

Paper II: Divergence of mitochondrial aerobic
metabolism and its molecular basis in two closely

related birds adapted to different climates

Climate adaptation is critical for population survival, yet the evolutionary
mechanisms behind it can be difficult to disentangle. Energy metabolism is a
physiological trait critical to climate adaptation (Boyles et al. 2011, Glanville
et al. 2012, Blier et al. 2014). In eukaryotes, the mitochondrial and nuclear
genomes jointly encode and regulate the OXPHOS pathway to execute mito-
chondrial aerobic metabolism, resulting in mitonuclear coevolution (Dowling
et al. 2008, Gershoni et al. 2009, Burton & Barreto 2012). As the mitochon-
drial genome evolves faster than the nuclear genome, evolutionary changes
first occurring in the mitochondrial genome can drive the coevolution, causing
selection for compensatory changes in the nuclear genome (Osada & Akashi
2012, Sloan et al. 2017). The nuclear genome will either complement adaptive
mitochondrial alleles (the ‘nuclear reinforcement’ scenario) or compensate
deleterious mitochondrial alleles (the ‘nuclear compensation’ scenario).

In this paper, we identify a viable strategy to study climate adaptation
through changes in metabolism. We can measure metabolic functions at a high
phenotypic resolution and investigate the underlying molecular basis in
closely related species showing divergent climate adaptation. The fact that
these species are closely related and should have relatively little divergence in
the genome will allow us to focus on the small number of changes that could
be responsible for the divergent adaptation. Importantly, (1) the metabolic
function needs to be measured at a high resolution to reveal the exact respira-
tory processes that diverged based on climate adaptation (Metcalfe et al.
2023), and (2) the molecular analysis should incorporate multiple levels from
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sequence to gene expression and protein product, because the metabolic func-
tion may be adjusted in various ways.

Pied and collared flycatchers are closely related passerines with a short di-
vergence time and a close genetic relationship (Ellegren et al. 2012, Back-
strom et al. 2013), but have still reached an advanced stage of speciation
(Alund et al. 2013, Alund et al. 2024) and show subtle but important divergent
climate adaptation as they differ in environmental sensitivity (described in
detail in Qvarnstrom et al. 2016; Figure 3 under Methods — Study species).
In this study, we used a high-resolution protocol to examine functional dif-
ferences in mitochondrial acrobic metabolism between pied and collared fly-
catchers. We also combined Sanger sequencing, genomic and transcriptomic
datasets to investigate the molecular basis of the functional divergence.

We discovered a functional divergence of Complex I of the OXPHOS path-
way between the two species, with collared flycatchers having higher
OXPHOS¢; in females and FCR-OXPHOS¢; in both sexes (Figure 6). We
found concordant sequence divergence and differential expression of
OXPHOS genes, though it is inconclusive whether the protein structures were
altered (Figure 7). We found signs of positive selection in nuclear OXPHOS
genes on the whole, though their overlap with selective sweeps was limited
(Figure 7).

Our results indicate that collared flycatchers have a more efficient produc-
tion of ATP. This is consistent with the higher competitive ability of males
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Figure 6. Beta estimates and 95% CI of species effect on mitochondrial aerobic me-

tabolism. Species effects that are significant after FDR adjustment are indicated by
asterisks. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 7. A heatmap summarising signals of molecular divergence in annotated
OXPHOS genes at multiple levels. From top to bottom, the levels are (1) presence of
non-synonymous fixed differences, (2) predicted protein structure change, (3) over-
lap with selective sweeps, (4) differential expression. I separate mitochondrial subu-
nit genes (green), nuclear OXPHOS subunit genes (blue), assembly factors (one type
of non-subunit genes; yellow), non-subunit genes (red). Saturated colour: molecular
signal detected; muted colour: molecular signal undetected; grey: not tested.

(Rybinski et al. 2016), higher nest temperature the incubating females need to
maintain (Koski et al. 2020), and higher growth potential of nestlings (Qvarn-
strom et al. 2005, Qvarnstrom et al. 2009, Veen et al. 2010) in collared
flycatchers. We argue that the divergence in Complex I function is likely
associated with the divergent climate adaptation between the two species.

Because nuclear compensation for deleterious mitochondrial mutations
should maintain the same metabolic performance, nuclear reinforcement
which predicts the evolution of more adaptive phenotypes is more likely,
through both mechanisms could act simultaneously in different parts of the
genome. The divergent adaptation likely happened through species-specific
selection on new mutations in the mitochondrial genome and standing varia-
tion in the nuclear genome, leading to positive selection but not selective
sweep signals in nuclear OXPHOS genes.
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As the identified genes showing differential expression did not overlap with
those showing non-synonymous fixed differences (Figure 7), we emphasize
that the adjustment of mitochondrial respiration can be achieved by compli-
cated, multi-level molecular changes.

Paper III: Mitochondrial aerobic metabolism and
transgressive gene expression in Ficedula
flycatcher hybrids

Intrinsic hybrid dysfunction caused by BDMIs is a postzygotic reproductive
barrier that is effective in hindering gene flow and resilient against environ-
mental changes (Coughlan & Matute 2020). Yet, studying the identity and
evolutionary drivers of BDMIs is non-trivial. The fast-evolving mitochondrial
genome tightly coordinates with the nuclear genome to control the OXPHOS
pathway and drives mitonuclear coevolution (Osada & Akashi 2012, Burton
& Barreto 2012, Burton et al. 2013). BDMIs between the mitochondrial and
nuclear genomes, also called mitonuclear incompatibilities, can therefore de-
velop quickly between lineages, especially when the metabolic function of the
lineages is under divergent natural selection (Gershoni ef al. 2009, Hill 2017).
Still, as BDMIs build up, their early phenotypic expressions are challenging
to detect in nature, as the effects can be subtle and environmentally dependent
(Hoekstra et al. 2013, Mossman et al. 2016, Hoekstra et al. 2018).

We have shown that pied and collared flycatchers show divergence in mi-
tochondrial aerobic metabolism and its molecular basis (Paper II). Hybrid
adults between these two species show emerging signs of reduced viability,
likely with contributions of uniparentally inherited units such as the mitochon-
drial genome (Paper I). In this paper, we focus on naturally occurring
Ficedula flycatcher hybrid adults to examine signs of transgressive metabo-
lism in hybrids compared to the parental species, which can indicate dysfunc-
tion. We combined measurements of mitochondrial aerobic metabolism from
blood samples and a gene expression dataset of hybrid, pied and collared fly-
catcher males, to search for signals of transgression at both the phenotypic and
the gene expression level.

We found that the mitochondrial aerobic respiration of hybrids is generally
intermediate between the parental species (Figure 8). The only exceptional
variable was FCR-OXPHOSc;, where hybrids resemble pied flycatchers (Fig-
ure 8). The gene expression of hybrid males was tissue-specific, with four
OXPHOS genes showing transgressive expression in liver. These genes en-
code subunits of Complex I, Complex III and mito-ribosome.
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Figure 8. Contrasts of estimated marginal means with 95% CI between
hybrid and collared or pied flycatchers in mitochondrial aerobic respira-
tion. Contrasts that are significant after FDR adjustment are indicated by
asterisks in saturated colours, and contrasts that are only nominally sig-
nificant before FDR adjustment indicated in muted colours. *p < 0.05;
**p <0.01.

It was demonstrated previously that flycatcher hybrid males have elevated
whole-body resting metabolic rate compared to the parental species (McFar-
lane et al. 2016). Mitochondrial aerobic metabolism allows us to study spe-
cific structures in a given tissue, while the whole-body measurements incor-
porates all tissues and other gene networks, for example those that lead to non-
mitochondrial oxygen consumption (Metcalfe et al. 2023, Thoral et al.
2024b). Hence, the two methods address somewhat different questions. We
conclude that hybrid adults sampled in the current study carry mitonuclear
genes that are rather compatible, at least in the context of mitochondrial res-
piration in blood. These hybrids have survived several energetically costly life
stages, including growth and migration to and from Africa (Ricklefs 1983,
Newton 2025). BDMIs with severe effects likely get purged disproportion-
ately early in life. Both gene expression profiles and mitochondrial aerobic
metabolism can vary among tissues (Salin et al. 2016, Bentz et al. 2019, Mu-
gal et al. 2020, Koch et al. 2021). In hybrid males, the OXPHOS genes only
showed transgressive expression in liver. As an important and energetically
costly organ, liver might expose more transgressive metabolism in hybrids,
with the identified genes as candidate BDMI loci. Our results are consistent
with the hybrid inviability having a complex genetic basis (Bundus et al.
2018), with the involvement of loci of subtle or negating effects, and segre-
gating polymorphisms.
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Paper 1V: Early life hybrid metabolic dysfunction in
Ficedula flycatchers

Following Paper II1, we zoom in on the nestling stage of Ficedula flycatcher
hybrids to possibly uncover metabolic dysfunction. Two reasons make the
nestling stage particularly relevant to examine. Firstly, as established earlier,
some incompatible combinations of segregating alleles may not yet have been
removed at this early life stage (Paper I and III). Secondly, altricial birds
have high energy demands due to rapid growth and the switch from ecto-
thermy to endothermy is happening a few days after hatching (Wegrzyn 2013,
Price ER & Dzialowski 2018). Therefore, nestlings should be sensitive to even
milder mitonuclear incompatibilities. To date, no research has investigated the
outcome of mitonuclear incompatibilities in avian hybrids during the nestling
stage, even if some studies focused on the adult or embryonic stages (McFar-
lane et al. 2016, McDiarmid et al. 2024)

We investigated whether hybrid nestlings show dysfunction in mitochon-
drial aerobic metabolism and reduced fitness compared to non-hybrid nest-
lings. We produced hybrid nestlings experimentally in aviaries, and translo-
cated them into natural nests with pied flycatcher parents or collared fly-
catcher parents if possible to ensure similar raising conditions between hybrid
and non-hybrid nestlings. We also examined the survival of hybrid nestlings
at multiple timepoints to pinpoint the timing and extent of hybrid mortality.

We found a higher FCR-ROUTINE and lower FCR-net OXPHOSc;+17in hy-
brid nestlings (Figure 9), indicating that their metabolism is less efficient and
requires more food-derived energy substrates (NADH and Succinate; see Fig-
ure 2) and O, for the same energy output. Compared to non-hybrid nestlings
sharing the same rearing environment, hybrid nestlings grew more slowly dur-
ing development (Figure 9). Hybrid mortality was higher than the mortality of
pied or collared nestlings in the long-term data and coincided with the devel-
opment of endothermy between 6 and 12 days of age (Figure 9). Even the
hybrids that survive until 12 days of age (right before fledging) had a lighter
body mass (Figure 9), indicating worse general health and a lower chance of
survival in the future.

Our results show evidence for hybrid metabolic dysfunction early in life
that is consistent with mitonuclear incompatibilities and fill a knowledge gap
about the metabolic performance of avian hybrid nestlings. Ficedula fly-
catcher hybrid nestlings showed high requirements for endogenous energy
substrates and low efficiency in mitochondrial aerobic metabolism, which can
induce a fitness cost and likely contributed to their slower growth and lower
mass before fledging (Brand et al. 2003, Caldeira Da Silva et al. 2008,
Toyomizu et al. 2011, Salin et al. 2019). The survival of hybrid nestlings is
reduced the most as they switch to endothermy while also continue to grow at
the same time. This period poses steep energy demands (Dunn 1976, Wegrzyn
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Figure 9. Metabolic dysfunction and reduction of fitness proxies in Ficedula hybrid
nestlings. a: Contrasts of estimated marginal means with 95% CI of mitochondrial
aerobic metabolism between hybrid and non-hybrid nestlings. b: Survival of hybrid
nestlings from hatching to right before fledging. c: Mass at 12 days old of hybrid and
non-hybrid nestlings. Hybrid nestlings are in purple, non-hybrid nestlings in orange.
d: Growth rate between day 3 and 12 of hybrid and non-hybrid nestlings. Hybrid
nestlings are in purple, non-hybrid nestlings in orange. *p < 0.05; **p < 0.01.

2013, Price ER & Dzialowski 2018) and may therefore expose moderate met-
abolic problems in hybrids.

In Paper II, Complex I was found to harbour key phenotypic and molecu-
lar divergence in mitochondrial acrobic metabolism between pied and collared
flycatchers, as a result of divergent ecological adaptation. In hybrid nestlings,
we did not find evidence of dysfunctional Complex I per se. Severe Complex
I-related incompatibilities caused by segregating alleles could be removed al-
ready before hatching, consistent with the high hatching failure of mixed-
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species pairs discovered in Paper I. Complex I incompatibilities could also
have mild effects that are compensated locally, but these compensatory inter-
actions can then disrupt the general coordination in the OXPHOS pathway.
Incompatibilities accumulate increasingly fast like a snowball (Orr 1995).
BDMISs can quickly arise in alleles interacting with the ecologically divergent
alleles in gene networks. The non-Complex I molecular divergence discovered
in Paper II, including genes encoding structural subunits of Complex V (car-
rying out ATP synthesis) and multiple mito-ribosome genes, are candidate
BDMI loci that may have arisen due to epistasis with Complex I alleles. In
this way, ecological divergence may have promoted the build-up of BDMIs
and thereby ecological speciation.
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Conclusions and future perspectives

In this thesis, I have investigated whether divergent ecological adaptation fa-
cilitates the build-up of intrinsic postzygotic isolation in Ficedula flycatchers.
To begin with, I explored signals of hybrid viability reduction across life
stages consistent with the presence of BDMIs (Paper I). I find that several
signs of hybrid viability reduction appear at different life stages, with intrinsic
development issues already appearing at the embryonic stage, and evidence
suggesting mild BDMIs involving uniparentally inherited factors like mito-
chondria are affecting the adult stage. From this point on, I place major focus
on mitochondrial aerobic metabolism, a critical physiological trait through
which selection can shape the co-evolving mitonuclear genomes in each fly-
catcher species, leading to mitonuclear incompatibilities in their hybrids. I es-
tablish the ecologically based divergence in mitochondrial aerobic metabo-
lism between pied and collared flycatchers, as well as the complicated, multi-
level molecular basis to the divergence (Paper II). I show that Complex I
function likely contributes to the divergent climate adaptation in collared and
pied flycatchers. Collared flycatchers have more efficient energy production
due to high Complex I-linked respiration, consistent with high male competi-
tive ability, high female incubation temperature and high nestling growth po-
tential in collared flycatchers. I pinpoint candidate BDMI loci and identify the
most likely path of evolution for these BDMI loci — natural selection favours
new adaptive mutations arising on the mitochondrial genome and complemen-
tary standing variations in the nuclear genome that enhances the adaptive met-
abolic function. I move on to investigate possible metabolic dysfunction and
underlying BDMI alleles at two life stages of the hybrids, the adult stage and
the nestling stage. No dysfunction is evident in hybrid adults, who have been
fit enough to survive growth and long-distance migration (Paper III). Never-
theless, metabolic dysfunction is detected in hybrid nestlings, who show an
energy-intensive and inefficient metabolism combined with reduced fitness
proxies (Paper IV). The dysfunction in hybrid nestlings is not directly found
in Complex I. Still, divergent parental alleles underlying Complex I function
might have impaired the coordination of the OXPHOS pathway on the whole,
and other causal BDMI loci may have emerged due to epistasis with Complex
I alleles. To my knowledge, this is the first study of metabolic dysfunction in
avian hybrids at the nestling stage. Together, Paper III and IV demonstrate
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that the detection of emerging BDMIs heavily depends on the biological and
ecological context.

The role of divergent ecological adaptation in generating BDMIs, espe-
cially mitonuclear incompatibilities, has been suggested multiple times in the
last two decades (Agrawal et al. 2011, Burton et al. 2013, Kulmuni &
Westram 2017, Tobler et al. 2019). However, even until recently, direct evi-
dence is lacking: few studies assessed metabolic differences between species,
let alone tested if the differences are ecologically adaptive (Anderson et al.
2023, Kitano & Okude 2024). My work attempts to address this knowledge
gap with a holistic approach, in a well-studied natural system where hybrid
inviability is starting to develop. Collectively, my findings lead to some gen-
eral understandings about the emergence of BDMIs causing hybrid inviability.
I reiterate that intrinsic hybrid inviability has a complicated genetic basis
(Bundus et al. 2018). At the start of its emergence, hybrid inviability is limited
in strength, involving segregating variants (Cutter 2012) and/or fixed differ-
ences with mild effects. Different contexts such as different life stages, tissues
or environments may expose different BDMIs, or the same BDMIs with dif-
ferent degrees of strength. When divergent natural selection targets loci in-
cluded in ecologically relevant gene networks, BDMIs may quickly develop.
The resulting BDMIs can comprise of not just the loci under selection, but
other loci interacting with them in the networks as well (Kulmuni & Westram
2017). High-resolution datasets are essential for the detection of minor effect
BDMIs when hybrid inviability begins developing. Measurement of important
traits such as metabolism can especially shed light on the evolutionary drivers
behind BDMIs.

My thesis highlights several future research paths. Firstly, compared to the
theoretical work and laboratory tests, empirical evidence of the build-up of
BDMIs in nature still lags behind, leaving questions unanswered about the
importance and prevalence of various evolutionary forces driving BDMIs, as
well as the interplay between BDMIs and ecology. More studies of natural
populations with divergent ecological adaptions are needed for the field to
assess if BDMIs arising from ecological speciation are universal. Secondly,
identified BDMI genes to date are biased towards large-effect loci, yet minor-
effect and polymorphic BDMI loci may be the main players when BDMISs first
arise. It will be important to detect these loci and assess their phenotypic ef-
fects. Because the phenotypic expression of these BDMIs can heavily depend
on the biological and ecological contexts, the detection likely relies on an in-
tegrative approach investigating these different contexts. Furthermore, in the
course of development from minor-effect BDMlIs to severe BDMIs that cause
full hybrid sterility or inviability, we have yet to understand the relative im-
portance of many minor-effect alleles accumulating versus a few large-effect
alleles driven to fixation. Investigation of many species pairs on a continuum
of hybrid sterility or inviability will bring us new insights.
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Svensk sammanfattning

Artbildning ar den process som ger upphov till nya arter och darmed till bio-
logisk mangfald. Hos sexuellt reproducerande organismer sker artbildning nar
populationer divergerar genetiskt fran varandra och de resulterande olikhet-
erna ger upphov till reproduktiv isolering mellan dem. Vetenskapliga studier
av artbildningsprocessen gér ut pa att undersoka hur till exempel anpassning
till olika milj6- och klimatforhéllanden gor att populationer blir reproduktivt
isolerade fran varandra och inte sméilter samman till en och samma art.

Ekologins betydelse for uppkomsten av reproduktiva barridrer mellan nya
arter studeras ofta i tidiga skeden av artbildningsprocessen for da ar det lattast
att identifiera vilka ekologiska anpassningar som gor att de divergerande po-
pulationerna borjar bli reproduktivt isolerade fran varandra. Anpassningar till
olika typer av foda kan till exempel minska sannolikheten for att individer som
fodosoker pa olika stéllen traffas och parar sig med varandra. Det kan ocksa
uppsta miljoberoende selektion mot hybrider (korsningar mellan genetisk di-
vergerade populationer) pa grund av att intermediédra karaktirer dr missanpas-
sade till fordldraarternas ekologiska milj6er. Artbildning &r en langsam pro-
cess och stindiga fordndringar i miljon kan darfor innebéra att paborjade art-
bildningsprocesser avslutas med att populationerna sméilter samman till en och
samma art igen. Darfor behover vi ldra oss mer om ekologins betydelse for
senare skeenden i artbildningsprocessen.

Anpassning till olika miljéer kan pa sikt ocksé leda till att fordldraarternas
arvsmassor blir oférenliga i hybriderna. Detta sker genom att fordldraarternas
anpassning till exempelvis olika temperaturer sker via olika versioner av spe-
cifika gener (s.k. alleler) i olika populationer som sedan inte fungerar vél nir
de kombineras genom hybridisering. Denna typ av genetisk inkompatibilitet
hos hybrider, som dven kallas BDMI (Bateson-Dobzhansky Muller inkompa-
tibiliteter, efter forskarna som forst teoretiskt beskrev dem), har frimst stude-
rats 1 laboratorium, och inte i naturliga populationer. Dérfor vet vi fortfarande
mycket lite om hur skillnader i ekologiska anpassningar mellan arter ar kopp-
lat till uppkomsten av BDMIs. Mitt avhandlingsarbete bidrar till att fylla den
hir kunskapsluckan.

En central del av ekologisk anpassning dr att organismers &mnesomséittning
maste fungera vél i den miljo och klimat som de lever i. Mitokondrierna ar
sma organeller som finns inne i cellerna och fungerar som kroppens kraftverk.
Hos de flesta djur, vixter och svampar dr det mitokondrierna som omvandlar
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néring fran fodan till ren energi (ATP) som kroppen kan anvinda for verlev-
nad och reproduktion. Den processen kallas cellandning (eller oxidativ fos-
forylering) och drivs av mitokondriernas maskineri for energiproduktion
(OXPHOS-systemet). OXPHOS-systemet ar uppbyggd av proteiner som ko-
das och regleras av gener som finns bade i mitokondriernas egna arvsmassa
(mitokondriellt DNA) och i cellkdrnans arvsmassa (nukledrt DNA). Det téta
samspelet mellan de tva olika arvsmassorna gor OXHPOS-systemet kanslig
for inkompatibiliteter, sarskilt mellan populationer eller arter som har anpas-
sats till olika miljoer eller till olika klimatférhallanden. Eftersom en vél fun-
gerande dmnesomséttningen &r sa central for Gverlevnad och fortplantning kan
genetiska inkompatibiliter som paverkar denna process fa stora konsekvenser
for hybridindividers 6verlevnad. Detta dr avhandlingens huvudsakliga forsk-
ningsfokus.

I denna avhandling anvinder jag naturligt hybridiserande Ficedula-flug-
snappare som hickar pa Oland for att undersdka hur anpassning till olika eko-
logiska miljoer kan ge upphov till genetiska inkompatibiliteter mellan arter,
med mitokondriell cellandning som en central lank. Svartvit flugsnappare och
halsbandsflugsnappare &r nérbesldktade flyttfagelarter som skilde sig at for
mindre dn en miljon &r sedan och som fortfarande &r genetiskt mycket lika
varandra. De var sannolikt atskilda i olika glaciala refugier under pleistocen
och borjade da utvecklas i olika riktningar i sin anpassning till olika klimat-
forhallanden. I dag 6vervintrar bada arterna i Afrika och hickar i delvis dver-
lappande omraden i Europa, dir svartvit flugsnappare huvudsakligen hédckar
langre norrut och halsbandsflugsnappare langre sdderut och i varmare omra-
den. Arterna borjade hybridisera pa Oland nir halsbandsflugsnapparens héck-
ningsomrade expanderades norrut under 1960-talet. Systemet ldmpar sig vél
for denna typ av studie av flera skil. Hybridzonen pa Oland har foljts arligen
sedan 2002, vilket har gett omfattande bakgrundsinformation om olika repro-
duktiva barridrer och subtila ekologiska skillnader mellan arterna. Trots att
arterna dr mycket lika i kroppsstorlek och hiackningsbiologi uppvisar de tyd-
liga skillnader i ekologisk anpassning, bland annat i hur kinsliga de ar for
miljoforhallanden under hickningen. Ungar av de tva arterna skiljer sig i hur
flexibel deras metabolism é&r, och hybridhannar uppvisar forhdjd metabolism
i viloldget, vilket tyder pa att det finns fysiologiska skillnader i metabolism
mellan arterna. F1-hybrider mellan Ficedula-flugsnappare tycks vara fullstén-
digt sterila, medan man vet mindre om deras nedsatta 6verlevnad sarskilt sa-
dan som kan bero pé stérningar i &mnesomséattningen.

Jag anvinder forst langtidsdata fran populationsdvervakningen for att un-
dersoka tidiga tecken pa minskad livsduglighet hos hybrider vid olika livssta-
dier fran befruktat dgg till fullvuxen individ. Jag finner tydliga tecken p& mins-
kad 6verlevnad hos hybrider, redan under embryonalstadiet. Hybridungar har
dessutom ldgre kroppsmassa nir de ldmnar boet dn icke-hybrid-halvsyskon
som vuxit upp i samma miljo, ndgot som reducerar sannolikheten for 6verlev-
nad under det forsta levnadsaret. Det finns é&ven skillnader i
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overlevnadsmonster mellan vuxna hybrider och icke-hybrider. Intressant nog
verkar det finnas skillnader mellan hybrider beroende pa vilken korsning de
kommer ifrén, d.v.s. vilken art deras mamma eller pappa tillhor. Genetiska
inkompatibiliteter mellan mitokondriella och nukleéra alleler skulle kunna re-
sultera i sddana skillnader mellan korsningarna, eftersom mitokondriella gener
bara kommer frén mammans sida.

Dérefter studerar jag skillnader i metabolism mellan de tva flugsnapparar-
terna och deras hybrider. Denna centrala mekanism ar, som ndmnts tidigare,
en god kandidat for en koppling mellan anpassning till olika ekologiska mil-
joer hos fordldraarterna och inkompatibilitet mellan kdrn- och mitokondriella
gener 1 hybrider. For att mata potentiella skillnader mellan individer som till-
hor de olika arterna anvander jag ett hogupplost protokoll som gor det mojligt
att skilja mellan olika funktionella delar av OXPHOS-systemet inuti
mitokondrien, métt i nytagna blodprover. Genom att kombinera denna
hogupplosta métning av metabolism med analyser av gensekvenser och genut-
tryck visar jag att svartvit och halsbandsflugsnappare skiljer sig at i den spe-
cifika delen av OXPHOS-systemet som kallas for Komplex I. Komplex I ér
det forsta och storsta komplexet i elektrontransportkedjan. Halsbandsflug-
snapparna har ett komplex I som driver en effektivare ATP-produktion, vilket
sannolikt bidrar till artens anpassning till ett varmare klimat. En effektivare
ATP-produktion mojliggér hdg prestation under gynnsamma forhallanden
men medfor samtidigt en hog resursforbrukning som kan vara en nackdel under
samre forhallanden. Divergensen i metabolism mellan arterna har en komplex
molekyldr grund, som sannolikt skett genom béde skillnader i selektion pa be-
fintlig (s.k. stdende) genetisk variation i den nukledra arvsmassan och genom
artspecifik selektion pa nya mutationer i den mitokondriella arvsmassan.

De skillnader i metabolism som jag upptickte mellan halsband och svart-
vita flugsnappare skulle kunna leda till storningar hos hybrider mellan dem.
Jag finner att cellandningen hos vuxna hybrider i allménhet ligger mellan {6r-
dldraarternas nivaer. Genuttrycksmonstren dr vavnadsspecifika, med fyra
OXPHOS-gener som skiljer sig i genuttryck i levern hos hybridhannar jaimfort
med hannar av svartvit eller halsbandsflugsnappare. De provtagna vuxna hy-
briderna tycks alltsd bara pa relativt sett kompatibla mitonukledra genkombi-
nationer som styr cellandningen. En tidnkbar forklaring till det resultatet &r att
hybridindivider som bér de sdmsta genkombinationerna inte 6verlever tills de
blir vuxna. Kvar finns bara de med funktionella genkombinationer. Andra
viavnader dn blod, exempelvis lever, kan samtidigt tydligare avsldja dven
mindre stdrningar i &mnesomsittningen dven hos vuxna hybrider.

Slutligen fokuserar jag pa ungstadiet hos Ficedula-hybrider for att under-
soka potentiella storningar i &mnesomséttningen tidigt i livet. I detta stadium
kan inkompatibla allelkombinationer &nnu finnas kvar, samtidigt som unga
faglar forvéntas vara sarskilt kdnsliga for mitonukledra inkompatibiliteter pé
grund av hoga energikrav. Genom att para halsband- och svartvita flugsnap-
pare kan jag experimentellt frimja produktionen av hybridungar som sedan
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flyttas till naturliga bon dir ungarna matas av svartvit eller halsbandsflugsnap-
pare. Detta Okar stickprovsstorleken och skapar jamforbara uppvaxtforhéllan-
den for hybridungar och icke-hybridungar. Jag finner att hybridungarnas am-
nesomséttning dr kostsam och ineffektiv. Hybridungarna har hog dodlighet
under utvecklingen av endotermi (ungar &r forst vixelvarma for att efter en
vecka bli jdimnvarma, endoterma), en sérskilt energikravande fas nar fagel-
ungar utvecklar formagan att sjdlva reglera kroppstemperaturen. De vixer
ocksa langsammare dn icke-hybridungar som delar samma miljo, sannolikt till
foljd av den nedsatta metaboliska funktionen, och har ldgre kroppsmassa vid
utflygning, vilket forutsdger ldgre framtida Overlevnad. Resultaten visar
tecken pa metabolisk hybriddysfunktion tidigt i livet som orsakas av mitonuk-
ledra inkompatibiliteter. P4 molekyldrniva har jag identifierat ett antal kandi-
datgener som kan orsaka de observerade storningarna i hybridungarnas dm-
nesomséttning. Det krdvs mer arbete for att forsta exakt vilka kombinationer
av mitonukledra gener som ger upphov till de allvarligaste inkompatibilite-
terna och ddrmed problem med &mnesomséttningen hos hybrider.
Sammanfattningsvis visar min avhandling att anpassning till olika miljéer
kan resultera i skillnader i &mnesomsattning mellan unga arter och leda till
inkompatibiliteter mellan mitokondriella och nukleéra gener i hybrider. Redan
tidigt i uppkomsten av nedsatt dverlevnadsformaga hos hybrider tycks den ge-
netiska grunden vara komplex och svar att pavisa, eftersom effekterna endast
framtréder i vissa biologiska sammanhang (har under en energikravande till-
viaxtperiod) och kraver hdgupplosta data for att upptiackas. Mitt avhandlings-
arbete ger vilbehovligt empiriskt stdd for hur ekologisk divergens kan frimja
stabila isoleringsbarridrer som verkar i artbildningens slutskede genom att
gora hybrider mindre livsdugliga och ddrmed bidrar till ekologisk artbildning.

Translation by Murielle Alund
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