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Although the theory behind the mechanisms generating intrinsic post-zygotic isolation is well 
established, very few concrete examples of genetic incompatibilities have been described, 
especially in vertebrates. Consequently, our understanding of the evolutionary forces shaping 
the appearance of genetic incompatibilities between natural populations and the overall role 
of genetic incompatibilities in the speciation process is limited. In this doctoral thesis I will 
contribute to filling this gap in knowledge by using different approaches to investigate the causes 
and genetic basis of male hybrid sterility in a natural Ficedula flycatcher hybrid zone. I started 
by analyzing hybrid inviability patterns using 17 years of long-term monitoring data and found 
evidence for hybrid inviability at different life stages (Paper I). Early developmental failure of 
hybrids as revealed by the lower hatching success of mixed-species pairs suggesting emerging 
severe but non-fixed incompatibilities between the two species. Subtler differences in terms of 
lower growth potential and shorter lifespan indicate mito-nuclear incompatibilities as elevated 
metabolic rate can cause accumulation of toxic by-products in the form of Reactive Oxygen 
Species (ROS). Because previous evidence indicated problems during spermatogenesis in male 
hybrids, I characterized collared and pied flycatcher spermatogenesis at a single-cell level (Paper 
II). Since this was the first single-cell study investigating avian spermatogenesis, I identified 
the three main stages of spermatogenesis and described expression patterns of autosomes and 
Z-linked genes. By analyzing differential gene expression and estimates of protein evolution, 
I found that meiosis appears to be less evolutionary constraint in birds than in mammals. I 
propose that this fundamental difference is caused by the lack of MSCI in the spermatogenesis 
of ZW systems. Using the spermatogenesis characterization as a baseline, I then explored 
hybrid spermatogenesis to detect the stage of failure and associated genes (Paper III). By 
using a combination of histology sections, single-cell RNA sequencing and whole genome 
re-sequencing data, I found strong evidence of meiosis failure in hybrid spermatogenesis. I 
identified genes with non-synonymous fixed differences between the two species that were 
also DE during spermatogenesis. This enabled me to identify candidate genes causing genetic 
incompatibilities leading to meiosis failure in hybrid flycatchers. Finally, I explored the role 
of the enigmatic Germline restricted chromosome (GRC) in flycatcher spermatogenesis (Paper 
IV). I sequenced the GRC and revealed the gene contents for both species of flycatchers. 
Then we verified the transcription of the contents of the GRC and identified testis cell clusters 
containing GRC transcripts to reveal at what developmental stages of spermatogenesis the GRC 
linked genes are transcribed. I found big differences in the patterns of expression of GRC-
linked genes between the two species, adding support for the notion that GRC evolution is 
very fast. Among the transcribed GRC genes, I found three relevant genes for spermatogenesis, 
sex-determination and germline maintenance shared by both species, suggesting a possible role 
of the GRC in those processes. The main conclusion from my work is that, in contrast to 
expectations, incompatibilities causing hybrid sterility can be found in genes with conserved 
functions. This is because a few changes in these genes may disrupt important networks of genes 
and quickly cause post-zygotic isolation at secondary contact. 
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Introduction 

Reproductive isolation 

Speciation is the only process in nature by which biodiversity is generated and 

understanding the underlaying evolutionary forces is therefore of major 

importance. In order to achieve speciation in sexually reproducing organisms, 

gene flow among genetically diverging populations must be stopped by means 

of various sources of reproductive isolation. We can identify two main classes 

of reproductive isolation: pre-zygotic and post-zygotic isolation. Pre-zygotic 

isolation is mainly achieved by ecological, behavioral or mechanical factors 

that prevent mating (pre-mating-prezygotic isolation) or gamete recognition 

(post-mating-pre-zygotic isolation) thus impeding the formation of a zygote 

between individuals of different species (Coyne & Orr, 2004). Much attention 

has been paid to pre-zygotic isolation as it can evolve rapidly and be strong 

enough to prevent gene flow at an early stage of the reproductive cycle. Build-

up of genetic differences between populations during sympatric conditions is 

thought to be especially dependent on pre-zygotic isolation (Grant & Grant, 

1997; Edwards et al., 2005; Rieseberg & Willis, 2007; Schumer et al., 2017). 

However, while pre-zygotic isolation can evolve fast and generate 

reproductive isolation, it is also susceptible to lose in strength. Mate 

preferences are often sensitive to ecological conditions and conspecific mate 

preferences can breakdown when environmental conditions change 

(Seehausen et al., 1997; Fisher et al., 2006) Theoretical simulations has also 

revealed that partial pre-zygotic isolation is surprisingly inefficient in 

reducing blending between genetically diverged populations compared to 

partial post-zygotic isolation (Irwin, 2020). Post-zygotic isolation refers to the 

mechanisms that cause reproductive isolation after the formation of a hybrid 

zygote.  Extrinsic post-zygotic isolation refers to factors that cause low hybrid 

fitness depending on external environmental factors. Such low fitness 

typically results from the intermediate hybrid phenotype underperforming in 

the context of either parental ecological niche or because is found sexually 

unattracted by individuals belonging to either parental species. This can be 

caused by possessing unattractive phenotypes such as intermediate plumage 

coloration or any other sexual trait. Finally, intrinsic post-zygotic isolation is 

caused by genetic incompatibilities that result in either hybrid sterility or 

hybrid inviability regardless of the external environment (Coyne & Orr, 2004).     
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It has been suggested that pre-zygotic isolation is more important at the 

very beginning of the speciation process and that post zygotic isolation is more 

of a consequence of speciation. However, post-zygotic isolation, especially 

intrinsic post-zygotic isolation, has been shown to be the most permanent form 

of reproductive isolation as once it appears the odds tend to increase the build-

up of additional genetic incompatibilities in a snowballing manner (Muller, 

1942; Coyne & Orr, 2004; Coughlan & Matute, 2020). Moreover, there are 

several examples of rapidly evolving intrinsic barriers across different taxa in 

the absence of pre-zygotic barriers (Price & Bouvier, 2002; Bolnick & Near, 

2005; Owens & Rieseberg, 2014). Thus, the role of intrinsic post-zygotic 

isolation seems to be fundamental for speciation (Coyne & Orr, 2004; Irwin, 

2020; Coughlan & Matute, 2020).  

The effects of pre-zygotic isolation and extrinsic post-zygotic isolation on 

the build-up of reproductive isolation between genetically diverging 

populations have mainly been studied in the context of young radiations such 

as Heliconius butterflies (Jiggins et al., 2004), Galapagos finches (Grant & 

Grant, 1997) and cichlid fish (Turner et al., 2001). By contrast, intrinsic post-

zygotic isolation mechanisms have mainly been explored in lab systems such 

as Drosophila (Presgraves & Meiklejohn, 2021). In order to obtain a complete 

understanding of the speciation process, we therefore need to extend the range 

of organisms studied in the context of intrinsic post-zygotic isolation and 

explore how intrinsic post-zygotic isolation build up over time under natural 

conditions.  

The Bateson-Dobzhansky-Muller model 

The fact that evolution could produce the production of unfit or sterile 

individuals was puzzling for Darwin, and so it remained controversial to the 

point that many critics to Darwin’s natural selection theory used it as an 

argument against it.  There are several mechanisms by which intrinsic post-

zygotic isolation can arise. Some of these mechanisms can arise very fast such 

as changes in ploidy (common in plants) or chromosomal re-arrangements. 

Another smoother mechanism causing genetic incompatibilities is focusing on 

interactions between particular loci. The theoretical framework to explain the 

mechanisms behind intrinsic post zygotic isolation through genetic 

incompatibilities has been around for more than 110 years since it was first 

proposed by Bateson (Bateson, 1909). It was later rediscovered and 

complemented with empirical evidence by Dobzhansky (Dobzhansky, 1936) 

and Muller (Muller, 1942). The now called Bateson-Dobzhansky-Muller 

model proposes that two or more interacting loci can evolve negative epistatic 

interactions during periods of allopatry (Figure 1). In this scenario natural 

selection never favours unfit gene combinations, which are only revealed 

when the incompatible alleles meet for the first time in hybrid individuals after 
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secondary contact. Since the idea behind the BDMI model was rediscovered 

by both Dobzhansky and Muller, several lines of evidence have supported its 

prevalence and importance causing intrinsic post-zygotic isolation (Coyne & 

Orr, 2004). However, most of the examples come from studies using 

Drosophila model systems and often focus on species pairs that have diverged 

around 2 – 3 mya ago (Mallet, 2006; Presgraves & Meiklejohn, 2021). Today 

after more than 100 years after the presentation of the theoretical framework, 

few examples of BDMIs have been described to the gene level across different 

taxa and only two have been identified in studies of vertebrates (Gordon, 

1937; Mihola et al., 2009; Powell et al., 2020). Describing more BDMIs and 

identifying the biological processes affected by these are of crucial importance 

to understand the role of BDMIs in generating reproductive isolation and the 

evolutionary forces which drive their arise and snowballing. 

 
Figure 1. The Bateson–Dobzhansky–Muller Model of Hybrid Incompatibility. The 
ancestral population has an AABB genotype. After the two populations are isolated, 
new mutations arise independently on each lineage. The negative interactions 
between the new alleles can result in hybrid sterility or inviability. 
The a and b alleles are found together for the first time in hybrids, in this way 
incompatibilities can evolve without going through an intermediate state of reduced 
fitness. Figure from (Mack & Nachman, 2017). Reprinted with permission from 
Elsevier. 
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Patterns of speciation 

Some general patterns have been identified from observations of hybridization 

in nature and in the lab. The most famous one that is well supported by 

evidence from many taxa is Haldane’s rule. This rule predicts that the hybrid 

of the heterogametic sex will be more likely to experience reduced fitness in 

the form of hybrid sterility or hybrid inviability (Coyne & Orr, 2004). This 

pattern could be caused by the exposure of recessive alleles involved in 

genetic incompatibilities located on the hemizygous chromosome 

(Dominance theory) (Muller, 1940). Alternatively, it could be caused by the 

faster accumulation of new mutations generating genetic incompatibilities in 

the X/Z chromosome as compared to the autosomes (Charlesworth et al., 

1987). This phenomenon, also known as Fast X, can be either promoted by 

selection or caused by faster lineage sorting due to the smaller population size 

of the sex chromosomes. In nature we have evidence for both scenarios (Mank 

et al., 2010; Mank et al., 2010). Finally, another pattern that has emerged from 

observations is Darwin’s corollary, which postulate that there often are 

differences in survival or sterility between the two types of hybrids depending 

on the parental cross (Turelli & Moyle, 2007). This pattern indicates 

asymmetries caused by genetic incompatibilities due to uniparental 

inheritance. One mechanism that could explain this is for example underlying 

mito-nuclear incompatibilities. Alternatively fast evolving TE elements or 

meiotic drivers located on the sex chromosomes could suddenly be free of its 

coevolved suppressors under a different parental background.   

The foundational research on these patterns has mainly been carried out in 

the lab using Drosophila as a model and have yield highly valuable 

knowledge. However, in order to understand the relative importance of 

various sources of reproductive isolation during speciation and the 

mechanisms generating reproductive isolation, more studies need to be carried 

out in natural hybrid zones. This can be quite challenging due to the logistics, 

the elusiveness of earlier stages of speciation, the longtime investment 

required and the many confounding effects that need to be controlled for. 

Those are the main reasons of why so few examples have been described, 

especially for vertebrates. 

Spermatogenesis 

Identifying BMDI requires establishing high-resolution genotype-phenotype 

connections. In order to identify specific genetic incompatibilities, we therefore 

first need to establish what is going wrong with the biological processes affected 

by it. In the case of male hybrid sterility spermatogenesis is the process to target, 

as it is the process by which sperm cells are created from diploid germline cells. 

Spermatogenesis is a highly complex cell differentiation process that involves 
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several somatic cells and takes germline cells through several different states 

(Hess & De Franca, 2008). In order to carry out meiosis correctly major 

chromatin remodeling occurs including homologous recombination, 

chromosome synapsis, chromatin packing and in some cases chromosome 

inactivation (Ernst et al., 2019). This highly orchestrated process is directed by 

complex gene networks that control different parts of the process (Soumillon et 

al., 2013; Gamble et al., 2020). Many specific failures in these complex gene 

networks could potentially lead to dysfunctional spermatogenesis. 

In general, speciation processes are thought to be initiated in fast evolving 

regions of the genome (Coyne & Orr, 2004). There are three main stages of 

spermatogenesis: pre-meiotic, meiotic and post-meiotic. Studies on humans 

and mouse have shown these three stages are subject to different evolutionary 

forces, and the consensus is that the first two stages are most highly constraint 

by purifying selection (Larson et al., 2018; Shami et al., 2020; Kopania et al., 

2022). This could indicate that the likelihood for the arise of genetic 

incompatibilities that affect the later stages of spermatogenesis is higher. 

However, if differences do appear at the earlier stages the likelihood of failure 

of the whole process is greater than if mutations that affect the latest stage of 

spermatogenesis arise.  

Moreover, there are additional factors intervening in spermatogenesis that 

must be taken into account. The sex-determination systems is one such 

important factor. For instance, meiosis is a very sensitive process that can go 

wrong if the correct pairing of the homologous chromosomes is faulty. In 

mammals, spermatogenesis happens in the heterogametic sex (XY) and to 

avoid pairing problems between the homologous sex chromosomes, mammals 

evolved Meiotic sex chromosome inactivation (MSCI) (Turner et al., 2005). 

This represents a particular constraint that prevents X-linked genes from being 

expressed during certain periods of spermatogenesis (Larson et al., 2018). In 

the case of birds, this constraint should not exist given that there is no potential 

pairing problem between the Z homologous chromosomes. Another key factor 

possibly affecting spermatogenesis particularly in songbirds is the presence of 

an accessory chromosome, the Germline restricted chromosome (GRC) 

(Torgasheva et al., 2019). The GRC appears to be present among all songbirds 

and to harbour paralog copies of genes from all over the genome (Torgasheva 

et al., 2019; Kinsella et al., 2019). A study on zebra finch showed that these 

paralog genes are transcribed and that these genes potentially have a role in 

meiosis, spermatogenesis or even sex-determination (Kinsella et al., 2019). 
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Research aims 

In this doctoral thesis I mainly investigated the genetic basis of male sterility 

in hybrids between pied and collared flycatchers. However, I first used our 

long-term population monitoring data, to reveal possible signs of emerging 

genetic incompatibilities influencing hybrid survival in the natural Ficedula 

hybrid zone on Öland by examining the relative survival probability of hybrids 

at different life-stages (Paper I). Subsequently, I focused on hybrid sterility. 

Because previous evidence indicated problems during gametogenesis in 

hybrids, I first characterized collared and pied flycatcher spermatogenesis at 

a single cell level, identifying the evolutionary forces at play at different stages 

of the process and the main DE patterns between the two species (Paper II). 

Since it was the first characterization of spermatogenesis in a Z/W system I 

highlighted the main differences in comparison to previously described X/Y 

systems. Using this baseline, I then explored hybrid spermatogenesis (Paper 

III). By using a combination of histology sections, single-cell RNA 

sequencing and whole genome re-sequencing data I aimed to identify the 

failure stage during spermatogenesis and propose candidate genes generating 

this failure. Finally, I explored the role of an accessory chromosome present 

in songbirds, the Germ-line restricted chromosome during flycatcher 

spermatogenesis (Paper IV). 
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Materials and Methods 

Study system – The flycatchers 

Pied (Ficedula hypoleuca) and collared (Ficedula albicollis) are two closely 

related migratory passerine species from the family Muscicapidae (Figure 2). 

They winter in sub-Saharan Africa and breed in woodlands across Europe 

between late April and the end of June. Across their distribution, these two 

species have areas of sympatry where they hybridize. One of these hybrid 

zones, where all the field work of this thesis was carried out, is located on the 

Baltic Island of Öland where collared flycatchers started colonizing the island 

during the 1960’s (Qvarnström et al., 2010). Collared flycatchers are dominant 

over pied flycatchers and have displaced pied flycatchers from their prefer 

habitats on the island and nowadays are more abundant than pied flycatchers 

(Vallin et al., 2012). 

Collared and pied flycatcher form mixed couples in both directions of 

crosses and hybrids males and females can survive to adulthood. However, 

hybrids experience strong negative sexual selection (Svedin et al., 2008). 

Hybrid males have an intermediate plumage phenotype (Alatalo et al., 1982), 

intermediate song (Gelter, 1987), higher metabolic rate (McFarlane et al., 

2016) and suffer severe sterility (Alund et al., 2013). Female hybrids lay eggs 

that do not hatch (Svedin et al., 2008). 
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Figure 2. From left to right, collared flycatcher standing on branch, pied flycatcher 
standing on branch and hybrid flycatcher attending a nest. Note the broken collar of 
the hybrid. 

 

Long term data (Paper I) 

The flycatcher population at the Baltic island Öland, Sweden (57 100N, 

16 580E) has been monitored every year between May and the end of June 

since 2002 using ~2000 nest-boxes distributed in forest areas across the island 

(Qvarnström et al., 2010). We monitor nest building, the lay date of the first 

egg, number of eggs laid, hatching date, number of egg hatched and the 

number of offspring leaving the nest. In addition, we take blood samples and 

morphometric measurements from all nestlings and adult birds. Every bird is 

banded with a unique alphanumeric code and every recapture is recorded. In 

this way we can follow every individual throughout their lives and know their 

age and their fitness. This offers unique possibilities to have pedigrees and to 

do crossectional as well as longitudinal studies of all aspects of reproduction, 

ageing and survival. 

Collection of tissue samples from a subset of individuals 
(Paper II – IV) 

Collared and pied flycatcher males have functional testis only during a short 

period of the breeding season, and as soon as this is over, the organ 

degenerates to the point of being almost unidentifiable (Figure 3). This issue 

was very problematic for the sampling of testis tissue needed for paper (II and 

III) as the variability as to when this occurs is big among individuals. We 

found that the best strategy is to catch them during the nest building time (not 

before) and keep them in aviaries by themselves while recovering all the 

individuals needed that field season and then process them as fast as possible. 

We found that collared flycatchers seem to have a narrower window of testis 
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functionality than pied flycatchers, which corresponds well with the fact that 

selection is strong for earlier breeding in collared flycatchers (Sirkiä et al., 

2018). In total, 22 individual males had to be sacrificed for the completion of 

this thesis and for additional studies.  

Figure 3. Histology sections of testis samples of Collared flycatcher with 
hematoxylin and eosin staining. Both histology images have magnification 63X. 
On the left we see the transversal section of a seminiferous tubuli of a fully 
functioning Collared flycatcher testis. On the right we see several seminiferous 
tubuli of small size which cells are undergoing apoptosis, the testes were half the 
size of a fully functioning one.  

 

Next-Generation sequencing (Paper II – IV) 

The possibility to sequence genomes and transcriptomes revolutionized our 

ability to understand biology, from characterizing detailed cellular processes 

to understand populations and species diversity and evolutionary history. This 

revolution started to explode with the development of high throughput 

sequencing technologies also known as Next-Generation sequencing (NGS), 

which dramatically reduced the costs of sequencing (Shendure et al., 2017). 

These NGS methods are based on the sequencing of short fragments of 

digested DNA in a multiplexed manner where DNA templates are fixed to a 

surface and simultaneously exposed to the same reagents (Shendure et al., 

2017). Nowadays, the dominating method is the Illumina platform which is 

capable of generating 6T of sequence data for a few thousand dollars at a very 

high accuracy (Modi et al., 2021). Here we used NGS to generate the single-

cell transcriptomes of testes in Paper II and Paper III and to produce the DNA 

sequencing of flycatcher liver and testis in Paper IV.    
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Single-cell RNA sequencing (Paper II – IV) 

Bulk RNA sequencing has been a very useful tool to study and understand gene 

expression of different tissues across different conditions. However, some 

samples have a very heterogeneous composition such as testis, brain or tumors 

and is hard to draw conclusions from whole-tissue transcriptomes as signals of 

smaller cell populations get completely lost. This problem was partially 

circumvented with the implementation of FACS (flourescence activated cell 

sorting) (Jaitin et al., 2014). In this technique, cells are sorted in a flow 

cytometry machine and grouped by common characteristics such as cell shape, 

antibody affinity or even amount of DNA content. However, this method is 

widely restricted to model organisms with developed antibodies and limited to 

abundant cell material as a lot of the cells go to waste during the sorting process. 

After sorting cell populations libraries of cDNA are prepared in the same way 

as for bulk tissues which also homogenizes some cell states. With the 

development of single-cell RNA sequencing (scRNA-seq), it is now possible to 

identify the different cell populations of heterogenous tissues and capture rare 

cell types which otherwise would get lost. Moreover, it is also possible to 

understand the dynamics of cell differentiating processes and order the cell 

populations using the identified different cell states based on their 

transcriptomic profiles (Zheng et al., 2017). This technique not only opened the 

possibility to be applied in biomedical studies such as cancer research where 

now the characterization of different tumors is possible, but also to be applied 

in non-model organisms for which markers and antibodies might not be 

available. 

To be able to do scRNA-seq one needs to start with a cell-suspension of the 

desired tissue. This step can be accomplished in different ways. Earlier 

protocols mainly relied in enzyme digestion of connective proteins together 

with very mild mechanical dissociation and precipitation. However, these 

protocols are very time consuming and pose a risk for cell survival and 

integrity, which is crucial for the next steps. An alternative is mainly based in 

mechanical dissociation which can also be complemented with enzyme 

digestion. We used the latter approached (Paper II, Paper III) using a special 

tissue dissociator instrument developed by Miltenyi Biotec called 

gentleMACS. This instrument works like a blender and its technology and 

design allows to dissociate tissues within seconds. Depending on the 

characteristics of the tissue one can adjust the speed and duration of the 

dissociation. In our case, we processed half of a dissected testis at a time and 

obtained a cell suspension within a few minutes. 

The method we used for scRNA-seq is a droplet-based system developed 

by 10x genomics that allows to count messenger RNA (mRNA) of thousands 

of single cells. Each single cell is captured in an oil droplet together with a 

single bead carrying reagents and specific barcodes for reverse transcription. 

In this way, each library preparation reaction occurs within the oil droplet and 
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afterwards amplification and shot gun sequencing can be carried out in bulk 

(Figure 4).   

Figure 4.  Single-cell RNA seq workflow. The GemCode single cell technology 
(Gel Bead-in-emulsion partition containing micro-reactions) by 10X genomics 
allows to encapsulate single cells together with reagents in gel beads for library 
preparation. Each bead contains barcodes, so we know which reads came from the 
same cells. Image from Zheng et al. (2017) 

Finally, after shot gun sequencing, we obtain pair-end-reads that have the 

information of the cell of origin and the molecule of origin. In this way 

following the pipelines offered by 10x genomics we can produce a matrix with 

the counts of reads per gene per cell.  

We used this technique to produce testis single-cell transcriptomes of 

flycatchers to characterize bird spermatogenesis (Paper II) and to explore 

hybrid flycatcher spermatogenesis and identify the causes of hybrid sterility 

(Paper III).   

 

Linked reads (Paper IV) 

Linked reads is another droplet-based technology that allows to know if short 

reads belong to the same DNA molecule. In other words, it generates the 

information of long read sequencing but at the low costs of short read 

sequencing. It works by isolating a single DNA molecule in a droplet 

containing barcodes that later allow to associate the reads originating from the 

same DNA molecule (Weisenfeld et al., 2017). In this way it is possible to 

have phasing information (Zheng et al., 2016), essential to associate SNPs to 
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a particular molecule such as the GRC in Paper IV. We used the Chromium 

protocol developed by 10x genomics (Weisenfeld et al., 2017). 

Statistical analyses (Paper I – IV) 

Throughout this thesis we used several types of statistical analysis, here I will 

mention some of the more relevant ones. For Papers I – III we have used 

several linear regression models, to establish a relationship between response 

and explanatory variables. Depending on the parameters analyzed, we used 

binomial, gaussian or poisson distributions for our response variable. In Paper 

I we performed a survival bayesian trajectory analysis (BaSTA) (Colchero et 

al., 2012), to infer age specific survival and mortality patterns from our long-

term data for the two species and the hybrids. We also performed 

hypergeometric tests in Paper II-III to test enrichment of a group of genes and 

bootstrap resampling to obtain confidence intervals gene expression and dn/ds 

values. 
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Results and Discussion 

Hybrid viability across-life stages in a natural contact 
zone (I) 

We studied signs of reduced hybrid intrinsic viability across the life stages of 

Ficedula flycatcher hybrids by using a combination of long-term monitoring 

data from a natural contact zone, paternity analysis and mitochondrial genetic 

identification of parental species. We also investigated possible differences in 

survival of the two hybrid crosses that could indicate a pattern consistent with 

Darwin’s corollary to Haldane’s rule, which is an indicator of underlying 

genetic incompatibilities being associated with sex-specific parental 

inheritance. We found strong evidence of hybrid inviability at an early 

developmental stage as mixed pair nests had a lower egg hatching rate 

compared to the pure species nests. In the next life stage (nestlings) we used 

naturally occurring extra-pair paternity to investigate relative performance of 

hybrids compared to purebred half-siblings while controling for 

environmental conditions. We found no significant difference in survival 

between hybrids and their pure species half sibs in the nest, but we did find 

significant differences in mass at day 12. Hybrid nestlings had significantly 

lower mass and since mass at day 12 is a strong predictor of recruitment we 

concluded that hybrids have a disadvantage, given that they shared the same 

environment and resources, with respect to their pure species half sibs. Finally, 

we found that adult hybrids had a higher baseline mortality rate compared to 

the pure species (Figure 5). Moreover, we found evidence of small differences 

in adult mortality rates later in life between the two hybrid crosses. Hybrids 

with a pied flycatcher mother had a slightly higher mortality rate. We 

concluded that the most severe genetic incompatibilities probably result in 

early developmental failure of hybrids as revealed by the lower hatching 

success of mixed-species pairs. We argue that the subtler differences in terms 

of lower growth potential and shorter lifespan may indicate mito-nuclear 

incompatibilities. Clashes between the mitochondrial genome and the nuclear 

genome can result in less efficient energy metabolism that should be 

particularly evident during growth. Moreover, hybrid flycatchers are known 

to have an elevated metabolic rate (McFarlane et al. 2016) that may cause 

accumulation of toxic by-products in the form of Reactive Oxygen Species 

(ROS), with damaging effects on telomeres.  
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Figure 5. Results of adult survival analyses including collared, pied and hybrid 
flycatchers. (A) posterior distributions for the six model parameters, (B) survival 
and (C) mortality curves are shown for the Logistic-bathtub mortality model, and 
95% confidence intervals represented. 

Single-cell transcriptomics reveals relaxed evolutionary 
constraint of spermatogenesis in two passerine birds as 
compared to mammals (II) 

We generated single-cell transcriptomic profiles for testis cell suspensions of 

two pied flycatchers and one collared flycatcher. By analyzing this data, we 

were able to identify 18 different cell clusters corresponding to the different 

cell types going through various developmental stages during 

spermatogenesis. Using the described cell markers for mammalian 

spermatogenesis developed by (Hermann et al., 2018; Suzuki et al., 2019; 

Shami et al., 2020) together with velocity analysis, we were able to order our 

cell clusters and assign an identity across the different stages of 

spermatogenesis. We found 5 somatic cell clusters, 2 spermatogonia clusters, 

5 spermatocyte clusters (meiosis clusters) and 6 spermatid clusters.  
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Figure 6. Expected balance between positive sexual selection and purifying 
natural selection across the different stages of spermatogenesis. 

We investigated average gene expression of autosomes and the Z chromosome 

across all cell clusters. As expected, there was no signs of MSCI as the average 

expression of Z was never significantly different from the average expression 

of the autosomes. By contrast, we find a tendency for enrichment of Z-linked 

genes across all clusters and a significant enrichment of expressed Z-linked 

genes in spermatogonia clusters. Because mitosis and meiosis are fundamental 

processes, we expected to find these stages to be conserved between the two 

species. The last stage of spermatogenesis, where spermatids acquire their 

final characteristics, is predicted to be under strong sexual selection pressures 

due to sperm competition and cryptic female choice based on such 

characteristics of the sperm (Figure 6). To test our expectations and 

understand the evolutionary forces at play at different stages of 

spermatogenesis, we performed DE analysis between the two species for each 

cell cluster and we also calculated dn/ds mean values to estimate protein 

sequence evolution for each cell cluster. We found that, as expected, the first 

stage of spermatogenesis had signs of strong purifying selection indicated by 

low levels of dn/ds and almost no DE between the two species. What was 

unexpected was to observe a relaxation of this constraint already during the 

meiosis stages (Figure 7). We argue that this is a consequence of the lack of 

MSCI and a major developmental difference between XY and ZW systems. 

Most differences in terms of protein sequence evolution and differential gene 

expression were found during the last stage of spermatogenesis consistently 

with what has been described for mammals. There was a general trend for 

enrichment of Z-linked genes among the DE genes and one of the meiosis 
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clusters had a significant enrichment among the DE genes. This finding was 

consistent with previously described fast-Z in flycatchers (Mugal et al., 2020). 

Interestingly, a Gene Ontology (GO) analysis of the DE genes gave significant 

GO terms for cellular respiration and cell motility suggesting that possible 

BDMIs could be related to these processes, this is consistent with evidence of 

metabolic dysfunction in hybrids (McFarlane et al., 2016).  

Figure 7. Patterns of differential gene expression between the two flycatcher 
species in the different testis cell clusters and signatures of gene sequence 
evolution. (A) Proportion of DE genes between collared and pied flycatchers in each 
cluster. DE genes are only found in clusters belonging to spermatogenesis, most of 
them are present in the meiosis clusters and the spermiogenesis clusters. There is a 
general tendency for overrepresentation of Z-linked genes among the DE genes 
between the two species. However, only spermatocytes of Cluster 0 belonging to the 
meiosis stage show a significant overrepresentation of Z-linked genes. (B) dN/dS 
mean value for the top 500 expressed genes by cluster. There is an increase in dN/dS 
mean value along the spermatogenesis timeline consistent with a higher constraint at 
the beginning of the process and relaxed constraint towards the end. 

 

The genomic basis of hybrid male sterility in Ficedula 
flycatchers (III) 

To investigate the causes of sterility in Ficedula flycatcher hybrids, we 

generated single-cell transcriptomes for testis cell suspension of 8 flycatchers 

(3 pied flycatchers, 3 collared flycatchers and 2 F1 hybrids, with a pied 

mother). We first did a consensus clustering with the 6 individuals of the pure 

species, similarly to Paper II, to use as a baseline for further analysis and 

comparisons. By means of this clustering we were able to identify all the 
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equivalent testis cell clusters going through the various developmental stages 

of spermatogenesis (similar to Paper II). We then made projections of our 

hybrid samples upon the pure species clustering to evaluate the 

correspondence of the hybrid cells to the pure species cell clusters. We found 

that to our surprise hybrids had cells that belonged to all spermatogenesis 

stages, but there was a lower proportion of spermatid cells with respect to 

purebred males. This result was consistent with our observations from 

histology sections that showed a lower proportion of spermatids than the pure 

species and an aberrant phenotype of the spermatid heads and bundle 

structure. We then performed several DE analyses. First, we investigated 

patterns of DE between the two pure species and confirmed the same patterns 

as we observed in Paper II. Then we performed pairwise DE analysis between 

collared flycatchers and hybrids, pied flycatchers and hybrids and both pure 

species and hybrids. All the pairwise comparisons were consistent with one 

another by revealing most DE genes at the last stage of spermatogenesis. Since 

classical BDMIs are caused by fixed-differences between genetically diverged 

populations, we next focused our analyses on genes containing fixed-

differences between the two species. Using re-sequencing data generated by 

(Uebbing et al., 2013) we identified 303 genes with fixed non-synonymous 

differences between collared and pied flycatchers and found that these genes 

were significantly enriched on the Z chromosome. We performed a GO 

analysis with all 303 genes, and we got significant GO terms for processes 

related to meiosis and DNA packing. Then we investigated the expression 

pattern of these genes along our cell cluster timeline and found 71 genes 

expressed mainly at pre-meiotic and meiotic stages (Figure 8). A STRING 

analysis of these 71 genes, revealed two main gene networks. We found 3 of 

these interacting genes to be also DE between collared and pied flycatchers: 

CHD1, PSIP1 and SCM1B. SMC1B has a crucial role during meiosis and 

participates in chromatid movement. We also found 3 other genes with non-

synonymous fixed differences that are not part of the identified gene networks 

but that are DE in premeiotic and meiotic clusters between collared and pied 

flycatchers: EXD3, SLC35A5 and KATNAL2. We consider that all these 

genes have a high probability of generating genetic incompatibilities leading 

to failure of meiosis in male Ficedula hybrids. Moreover, KATNAL2 and 

SCM1B have been described to caused sterility when knocked out or mutated 

in other systems. It is surprising to find our candidate genes being part of 

fundamental processes such as meiosis. However, it is possible that meiosis is 

a sensitive process that when altered can lead to rapid intrinsic post-zygotic 

isolation. Our findings imply an important role of the Z chromosome 

harbouring genes participating in BDMIs. Although evidence for fast Z 

suggests drift as the main evolutionary force in flycatchers (Mugal et al., 2020) 

and other birds (Mank et al., 2010), we consider drift unlikely to have caused 

such a fast establishment of post-zygotic isolation. Alternatively, selection 

might have acted on standing genetic variation resulting in fast lineage sorting 
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of these alleles. These results show that “slowly evolving” genes with 

conserved functions can cause quick speciation. 

Figure 8. Average gene expression of genes with fixed non-synonymous 
differences between collared and pied flycatcher across the spermatogenesis 
stages. There is a clear pattern of absence of the fixed differences in genes expressed 
in spermatid clusters (1, 5, 10, 0, 14, 6). Spermatogonia and the meiosis cell clusters 
have the highest expression of genes with non-synonymous differences, particularly 
cluster 12 belonging to meiosis seems to be enriched. 

 

Rapid GRC-linked gene expression divergence in 
Ficedula flycatchers and implications for 
spermatogenesis (IV) 

To investigate the role of the GRC during spermatogenesis, we used the linked 

reads method to sequence the GRC in collared and pied flycatchers. We 

achieved this by sequencing high quality DNA from testis cell suspensions 

and liver as a somatic reference of one collared and one pied flycatcher. We 

identified GRC specific SNPs for collared and pied flycatchers. With that 

information, we mapped single-cell raw data produced in Paper III to the 

reference genome of flycatchers and called SNPs. We then selected our GRC 

specific SNPs and identified the expressed GRC genes during 

spermatogenesis for each species. We found 156 expressed genes, out of these 

46 were shared among the two species and 61 were specific to collared 
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flycatchers while 49 were specific to pied flycatchers. This result is in sharp 

contrast to an overall low gene expression divergence between these two 

species. Across the whole genome, the two flycatchers species show a very 

similar transcription profile (Uebbing et al., 2016). This difference in variation 

of gene expression with respect to the nuclear genome adds additional 

evidence for the fast evolution of the GRC, here in terms of gene expression. 

The GRC is thought to be mainly maternally inherited. Given that the GRC 

then should be expelled from spermatogenesis at meiosis II and because this 

study was the first one to have gene expression information at a single-cell 

level, a major goal was to identify at which stages of spermatogenesis the GRC 

is expressed. We identified testis cells with at least 5 GRC transcripts and 

found that these transcripts were present during all stages of spermatogenesis. 

This could be explained by the fact that even if the GRC was expelled during 

meiosis, the transcripts of genes located on this chromosome could last in the 

cell cytoplasm until later developmental stages of the cells. We also found a 

bias in GRC transcripts from genes with pied flycatcher origin (based in SNPs 

information) in testis samples from two hybrids that both had a pied flycatcher 

mother. This result is highly consistent with maternal inheritance of the GRC. 

We were also interested in the function of the GRC genes that were expressed 

during spermatogenesis. We did not find significant GO terms among the list 

of genes we identified. However, we found 3 important genes for 

spermatogenesis on the GRCs of both species that also were being transcribed: 

DMRT1, CFAP46 and DNAJA1. The fact that DNAJA1 is located on the 

GRC, which is mainly maternally inherited, is particularly interesting as it is 

one of the candidate genes for causing incompatibilities between the two 

species as proposed in Paper III. However, perhaps an even more interesting 

finding is that DMRT1 is GRC-linked and expressed during spermatogenesis. 

This gene contains the sex determination factor in birds and is necessary for 

germline maintenance and correct meiosis. This finding suggests a possible 

role of the GRC in germline maintenance, spermatogenesis, and sex 

determination. 
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Figure 9. Average expression of genes that have a paralog on the GRC in cell 
clusters going through different stages of spematogenesis. The cluster IDs in the 
x-axis correspond to the cell clusters of Figure 1A. The size of the dots indicate the 
percentage of cells per cluster expressing the gene, the red color indicates the 
highest average expression and the blue color indicates the lowest average 
expression. 
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Future perspectives and conclusions 

In this thesis I have explored the causes and effects of genetic incompatibilities 

causing intrinsic postzygotic isolation in our natural study system the Ficedula 

flycatchers. 

Hybridization and hybrid inviability patterns have revealed underlying 

genetic incompatibilities likely caused by negative mitonuclear interactions. 

We think this is an interesting aspect to keep exploring in order to understand 

how genetic incompatibilities accumulate and shape hybrid inviability after 

divergence. I also characterized flycatcher spermatogenesis identifying 

characteristics of ZW systems with respect to XY systems and the 

evolutionary forces at play at different stages of spermatogenesis. Using this 

baseline, I explored the causes of hybrid sterility and found evidence for 

meiosis failure caused by genetic incompatibilities. I proposed candidate 

genes underlying these incompatibilities. The proposed genes had conserved 

functions and participated at stages where calculated protein evolution is slow. 

This finding shows that slowly evolving genes can cause rapid intrinsic post 

zygotic isolation after secondary contact. This pattern is similar to what has 

been observed in another natural hybrid zone of mouse where sterility is also 

caused by meiosis failure (Mihola et al., 2009). Classical work studying 

incompatibilities between species of Drosophila did not find this pattern to be 

the most common (Coyne & Orr, 2004). However, those species were often 

diverged for more than 2 - 3 mya and were not part of natural hybrid zones. 

Meiosis seems to be a sensitive key process that if affected by genetic 

incompatibilities can cause rapid speciation after secondary contact in nature.  

Something that remains to be explored is if the other hybrid cross (with a 

collared mother) is affected in the same way by the underlying 

incompatibilities. We do not know if sterility affects equally both crosses. 

However, given the strong evidence based on DE and fixed non-synonymous 

differences it is unlikely that there would be much difference between the 

crosses and even between the sexes. Although we do not know much about 

female hybrid sterility, Haldane’s rule predicts females to be more severely 

affected by genetic incompatibilities and we think that it is likely that meiosis 

also fails in females. Moreover, one of the strongest candidate genes 

generating genetic incompatibilities we found SCMB1, causes sterility in both 

sexes when mutated in mouse. To have this information would give us a more 

complete picture on how genetic incompatibilities affect sterility in this 

natural system. 
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Finally, I explored the role of the enigmatic GRC in spermatogenesis. I 

found that GRC-linked genes are expressed throughout the spermatogenesis 

stages and that it is likely maternally inherited on the hybrids as it is in the 

pure species. We found surprising high gene expression differences between 

the GRCs of the two species giving further evidence that the GRC can evolve 

extremely fast. This fact together with the extremely interesting gene content 

we found on the GRC generated more questions than answers. This 

chromosome that behaves like a XO/XX sex chromosome could be potentially 

involved in very critical processes such as sex determination, germline 

maintenance and meiosis. This could in turn mean that the GRC could be 

implicated generating genetic incompatibilities on the hybrids. More studies 

on the GRC average gene expression, inheritance and content are needed to 

begin addressing these questions.   

Collared and pied flycatchers are in an advanced stage of the speciation 

continuum with strong intrinsic post zygotic isolation in the form of hybrid 

sterility and early hybrid inviability. This system keeps being an optimal 

system to keep understanding the key processes and underlying genes to 

achieve post zygotic isolation in the form of hybrid sterility and hybrid 

inviability.  
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Summary 

Speciation is the process that generates and also maintains biodiversity by 

preventing genetically diverged populations to collapse back into a single 

interbreeding population. In order for speciation to happen barriers preventing 

species to mix with each other need to be established. We can distinguish two 

main group of barriers that keep species apart, pre-zygotic and post-zygotic 

barriers. As their name states it, it divides barriers as the ones which prevent 

a hybrid zygote to be formed and the ones that act after a hybrid is formed. 

Although pre-zygotic barriers can be important keeping species apart 

especially in a situation where the species share the same environment 

(sympatric), post-zygotic barriers have been shown to be more permanent and 

harder to reverse. Especially when intrinsic post-zygotic barriers are in place. 

Intrinsic post-zygotic barriers are caused by inherent factors of the hybrids 

themselves independently from the external environment and usually manifest 

as hybrid inviability, hybrid sterility or a combination of both. Because these 

types of barriers are so fundamental for speciation, studying them and 

understanding them is an important goal. The main theoretical model that 

explains the genetic basis of these intrinsic postzygotic barriers has been 

proposed and the generated predictions have been studied for many decades. 

The model genomic clashes in hybrids as a result of at least two interacting 

genes that have diverged in allopatry and therefore never have been tested 

together by natural selection. When such gene combinations meet for the first 

time in hybrids, they may cause hybrid sterility or inviability as a result of not 

being able to co-function well together anymore. However, in spite of the 

overwhelming evidence of cases of hybrid sterility and inviability, very few 

concrete examples where the genes at play are identified exist. Moreover, a 

big part of those examples is based on laboratory systems rather than on 

natural systems. There is hence a big need to study these barriers in nature and 

to identify the genetic basis to genome clashes. By doing this we will better 

understand which processes are susceptible to cause inviability and sterility, 

which genes are involved at causing them and which evolutionary forces are 

more important to establish intrinsic post-zygotic barriers. 

In this thesis I use a natural hybrid zone of Ficedula flycatchers to study 

these patterns and identify the genetic basis causing them. Pied and collared 

flycatchers are two closely related species of songbirds that diverged from an 

ancestral population less than a million years ago. They have different areas 

along their distribution where they coincide and hybridize. One of these hybrid 
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zones is located on the Baltic Island of Öland where collared flycatchers 

started colonizing pied flycatcher territories around the 1960’s. This young 

hybrid zone has been continuously monitored since 2002 and therefore offers 

the opportunity to follow individuals for their entire lives and study the 

patterns we are interested in. 

I first used 17 years of long-term monitoring data to study emerging signes 

of hybrid inviability at different life stages. I found that there were strong signs 

of hybrid inviability at an early life stage before egg hatching and later in life. 

At the stage when birds are in the nest, we did not find survival differences 

between hybrids and the pure species however we did find that hybrids had a 

lower weight when leaving the nest in spite of sharing equal resources with 

the pure species. Because we had previous additional evidence indicating 

metabolic rate dysfunction and because metabolism is controlled by pathways 

controlled both by the nuclear and mitochondrial genome, we concluded that 

the incompatibilities generating hybrid dysfunction were likely caused by 

negative interactions between genes located in the mitochondrial genome and 

the nuclear genome. This is a possible subject for future studies.     

I focused on hybrid sterility in more detail because this is the main post-

zygotic barrier in the flycatchers. More specifically, I studied the flycatcher 

spermatogenesis, i.e. the developmental process that generate sperm in males 

using single-cell RNA sequencing. This sequencing technique allowed me to 

identified cell types that where at different developmental stages on the 

pathway of becoming functional sperm. We were interested in understanding 

the different evolutionary forces at play at the different stages of 

spermatogenesis to predict which stages would be more vulnerable and likely 

to develop genetic incompatibilities. Spermatogenesis can be divided in pre-

meiotic, meiotic and post-meiotic stages. Because the first two stages involve 

fundamental processes (i.e. mitosis and meiosis, where the cells multiply and 

become haploid), we were expecting the genes guiding these stages to be very 

conserved. We analyzed protein sequence evolution and differential gene 

expression between collared and pied flycatchers. Surprisingly we found that 

the meiosis stages were less constraint than expected compared to mammal 

spermatogenesis. We proposed this to be a consequence of the different sex 

determination systems. Male birds are homogametic and do not need to silence 

the sex chromosome (Z) during meiosis because there is no risk of mispairing 

between the two Z chromosomes as it is between X and Y chromosomes in 

male mammals. This relieve in constraint could potentially favor fast 

production of sperm in males and may partly explain why sperm is produced 

four times faster in birds as compared to mammals.   

In order to understand why hybrid males are sterile I then aimed at 

answering three main questions. (1) What goes wrong during 

spermatogenesis, i.e. what developmental stage fail resulting in production of 

non-functional sperm? (2) What genes are responsible for that failure (i.e. 

which genes are expressed at that particular stage of the process of making 
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sperm)? (3) Are these genes containing different sequence information in the 

two species that also lead to different expression of them? Using several lines 

of evidence, I find that meiosis fails in hybrids. We identified candidate genes 

causing this failure. These genes were having conserved functions and 

previously classified as being slow evolving genes. But we did find some 

fixed-differences in the DNA content of these genes and differential 

expression in the two species. This result shows that intrinsic post zygotic 

isolation can evolve fast during allopatric situations and result in intrinsic 

postzygotic isolation at secondary contact in natural systems and that meiosis 

seems to be a particular sensitive process that if affected can cause rapid 

reproductive isolation.  

Finally, we investigated the role in spermatogenesis of a mysterious 

accessory chromosome, the GRC, present in songbirds. This chromosome is 

inherited mainly through the mother, and it has been observed to be eliminated 

during meiosis II in males. Contrary to the expectations because of its 

similarities with parasitic elements, it usually contains copies of genes from 

all over the genome that are also transcribed to some extent. Much has been 

discussed about the function of the GRC, could it have an important role for 

gametogenesis or even other fundamental processes such as sex 

determination. All these possibilities need to be explored by analyzing the 

contents and expression patterns of more GRCs 

We found a big divergence in the gene expression content between the 

GRC of the two species supporting the idea that the GRC can evolve very fast. 

Interestingly we found that the gene content and gene expression of the GRC 

suggest a possible role of the GRC in spermatogenesis, sex-determination and 

germline maintenance.   
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Sammanfattning på svenska 

Arbildning är den process som inte bara genererar biologisk mångfald utan 

också upprätthåller mångfald genom att förhindra genetiskt divergerade 

populationer att kollapsa till en enda population. För att artbildning ska ske 

krävs att reproduktiva barriärer som hindrar arter från att blanda sig med 

varandra etableras. Sådana barriärer kan delas in i två olika kategorier, 

prezygotiska och postzygotiska barriärer. Som namnen antyder inkluderar den 

första kategorin barriärer som förhindrar att en hybridzygot bildas, medan den 

senare verkar efter att en hybrid har bildats. Även om prezygotiska barriärer 

kan vara viktiga för att hålla isär arter, särskilt när tidiga skeden av processen 

pågår när populationerna delar miljö (dvs under sympatriska förhållanden), 

har postzygotiska barriärer visat sig vara mer permanenta och mindre 

reversibla. Särskilt om postzygotiska barriärer som är oberoende av den yttre 

miljön finns på plats. Sådana barriärer manifesterar sig vanligtvis som 

försämrad livsduglighet, sterilitet eller en kombination av dessa hos hybrider. 

Eftersom dessa typer av barriärer är så grundläggande för artbildning är det 

ett viktigt mål att studera och förstå dem bättre. En generell teoretisk modell 

som förklarar den genetiska grunden för dessa starka postzygotiska barriärer 

har föreslagits, och dess prediktioner har studerats i många decennier. 

Modellen går ut på att ”genetiska kollisioner” kan uppstå i hybrider som ett 

resultat av minst två interagerande gener som har divergerat i allopatri och 

därför aldrig har testats tillsammans genom naturligt urval. När sådana 

genkombinationer möts för första gången i hybrider kan de orsaka sterilitet 

eller nedsatt livsduglighet som ett resultat av att de inte fungerar bra 

tillsammans. Men trots de överväldigande bevisen på fall där hybrider har 

nedsatt livsduglighet eller är sterila finns det väldigt få konkreta exempel där 

gener inblandade i sådana kollisioner är identifierade. Dessutom är en stor del 

av dessa exempel baserade på laboratoriesystem snarare än på naturliga 

system. Således finns ett stort behov av att studera dessa barriärer i naturen 

och att identifiera den genetiska grunden för genetiska kollisioner. Genom att 

göra detta kommer vi bättre förstå vilka processer som kan orsaka sterilitet 

och nedsatt livsduglighet, vilka gener som är involverade i att orsaka dem och 

vilka evolutionära krafter som är viktiga för att etablera stabila postzygotiska 

barriärer. 

I den här avhandlingen använder jag en naturlig hybridzon av Ficedula-

flugsnappare för att studera den genetiska grunden för sterilitet hos hybrider. 

Svartvit- och halsbandsflugsnappare är två närbesläktade arter sångfåglar som 
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divergerade från varandra för mindre än en miljon år sedan. De förekommer 

tillsammans och hybridiserar i ett antal olika områden längs sin utbredning. 

En av dessa hybridzoner är belägen på Öland i Östersjön, där 

halsbandsflugsnappare började kolonisera de svartvita flugsnapparnas 

territorier kring 1960-talet. Denna unga hybridzon har övervakats 

kontinuerligt sedan 2002 och erbjuder därför möjligheten att följa individer 

hela livet och studera de processer vi är intresserade av. 

Jag använde mig först utav data insamlad under 17 år för att studera tecken 

på försämrad livsduglighet i olika livsstadier. Jag fann starka tecken på 

minskad livsduglighet i ett tidigt skede i livet innan ägget kläckts, och även 

senare i livet. I skedet då fåglarna är kvar i boet hittade vi inga skillnader i 

överlevnad mellan hybrider och rena arter men vi fann att hybrider hade en 

lägre vikt när de lämnade boet, trots att de delar samma uppväxtmiljö. 

Eftersom vi sedan tidigare hade bevis som tyder på störningar i 

ämnesomsättningen hos hybrider, och eftersom denna styrs av funktioner som 

kontrolleras både av det nukleära och mitokondriella genomet, drog vi 

slutsatsen att negativa interaktioner mellan gener som finns i mitokondriella 

genomet och gener i cellkärnan orsakar tillväxtproblem hos hybrider. Detta är 

ett möjligt ämne för framtida studier. 

Jag fokuserade mer detaljerat på hybridsterilitet eftersom detta är den 

huvudsakliga postzygotiska barriären hos flugsnapparna. Mer specifikt 

studerade jag flugsnapparens spermatogenes, det vill säga den process som 

genererar spermier hos hanar, med hjälp av encells-RNA-sekvensering. 

Denna sekvenseringsteknik gjorde det möjligt för mig att identifiera celltyper 

som befann sig i olika utvecklingsstadier på vägen till att bli funktionella 

spermier. Vi var intresserade av att förstå de olika evolutionära krafter som 

påverkar de olika stadierna av spermatogenesen för att kunna förutsäga vilka 

stadier som är mest sårbara för genetiska kollisioner. Spermatogenes kan delas 

in i premeiotiska, meiotiska och postmeiotiska stadier. Eftersom de två första 

stadierna involverar grundläggande processer (dvs mitos och meios, där 

cellerna förökar sig och blir haploida), förväntade vi oss att generna som styr 

dessa stadier evolverar långsamt eftersom nya mutationer, som kan störa så 

centrala funktioner, snabbt rensas bort av det naturliga urvalet. Vi analyserade 

skillnader i proteinsekvenser och genuttryck mellan svartvit- och 

halsbandsflugsnappare. Till vår överraskning fann vi att meiosstadierna var 

mindre evolutionärt begränsade än förväntat jämfört med spermatogenesen 

hos däggdjur. Vi föreslog att detta är en konsekvens av skillnaderna i genetisk 

könsbestämning. Hanfåglar, som. är det homogametiska könet, behöver inte 

inaktivera könskromosomen (Z) under meios eftersom det inte finns någon 

risk för misslyckad parning mellan de två Z-kromosomerna, som det finns 

mellan X- och Y-kromosomerna hos däggdjurshanar. Denna minskade 

begränsning kan potentiellt gynna snabb produktion av spermier hos hanar 

och kan delvis förklara varför spermier produceras fyra gånger snabbare hos 

fåglar jämfört med däggdjur. 
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För att förstå varför hybridhanar är sterila försökte jag sedan svara på tre 

huvudfrågor. (1) Vad går fel under spermatogenesen hos hybriderna, d.v.s. 

vilket utvecklingsstadium misslyckas och resulterar i produktion av 

dysfunktionella spermier? (2) Vilka gener är ansvariga för detta misslyckande 

(dvs vilka gener uttrycks i det specifika skedet av spermieproduktion-

processen)? (3) Skiljer sig dessa geners sekvensinformation mellan de två 

arterna med följden att de uttrycks olika? Jag fann flera bevis för att meiosen 

misslyckas hos hybrider! Vi identifierade gener som potentiellt orsakade detta 

misslyckande. Dessa gener hade konserverade funktioner och har tidigare 

klassifiserats som långsamt evolverande gener. Vi hittade emellertid några 

fixerade skillnader i DNA-innehållet i dessa gener, samt differentiellt 

genuttryck, mellan de två arterna. Detta resultat visar att genetiska kollitioner 

kan uppstå snabbt när populationer är geografiskt åtskilda och därmed leda till 

postzygotic isolation vid sekundär kontakt i naturliga system. Meiosen verkar 

vara en särskilt känslig process som om den påverkas kan orsaka snabb 

reproduktiv isolering. 

Slutligen undersökte vi rollen i spermatogenesen hos en mystisk 

extrakromosom, kallad GRC, som finns hos sångfåglar. Denna kromosom 

nedärvs huvudsakligen genom modern, och observationer visar att den 

elimineras under meios II hos hanar. Tvärtemot förväntningarna grundade på 

dess likheter med parasitiska element innehåller den vanligtvis kopior av 

gener från hela genomet som också till viss del transkriberas. Mycket har 

diskuterats om funktionen av GRC, kan den ha en viktig roll för gametogenes 

eller till och med andra grundläggande processer såsom könsbestämning? 

Svaret på dessa frågor kräver fler studier av innehåll och uttrycksmönster hos 

fler GRC. 

Vi fann stora skillnader i genuttrycksinnehållet mellan de två arternas GRC, 

vilket stöder idén att GRC kan evolvera mycket snabbt. Intressant nog fann vi 

att geninnehållet och genuttrycket i GRC antyder en möjlig roll för GRC i 

spermatogenes, könsbestämning och underhåll av könsceller. 

 

Translation by Axel Jensen 
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Resumen en castellano 

La especiación es el proceso que genera y mantiene la biodiversidad al evitar 

que las poblaciones genéticamente divergentes colapsen nuevamente en una 

sola población homogénea. Para que ocurra la especiación, es necesario que 

se establezcan barreras que impidan que las especies se mezclen entre sí. 

Podemos distinguir dos grupos principales de barreras que mantienen 

separadas a las especies, las barreras precigóticas y postcigóticas. Como su 

nombre lo dice, divide las barreras entre las que impiden que se forme un 

cigoto híbrido y las que actúan después de que se forme un híbrido. Aunque 

las barreras precigóticas pueden ser importantes para mantener separadas a las 

especies, especialmente en una situación en la que las especies comparten el 

mismo hábitat (simpátrico), se ha demostrado que las barreras postcigóticas 

son más permanentes y más difíciles de revertir. Especialmente cuando 

existen barreras postcigóticas intrínsecas. Las barreras postcigóticas 

intrínsecas son causadas por factores inherentes de los propios híbridos 

independientemente del ambiente externo y generalmente se manifiestan en la 

forma de inviabilidad híbrida, esterilidad híbrida o una combinación de ambas. 

Debido a que este tipo de barreras son tan fundamentales para la especiación, 

estudiarlas y comprenderlas es un objetivo importante. El principal modelo 

teórico propuesto que explica la base genética de estas barreras postcigóticas 

intrínsecas y las predicciones generadas se han estudiado durante muchas 

décadas. El modelo propone incompatibilidades genómicas en los híbridos 

como resultado de la interacción de al menos dos genes que han divergido en 

la alopatría y, por lo tanto, la selección natural nunca los ha probado juntos. 

Cuando tales combinaciones de genes se encuentran por primera vez en 

híbridos, pueden causar esterilidad o inviabilidad híbrida como resultado de 

que ya no pueden funcionar bien juntos. Sin embargo, a pesar de la 

abrumadora evidencia de casos de esterilidad e inviabilidad híbrida, existen 

muy pocos ejemplos concretos donde se identifican los genes en juego. 

Además, una gran parte de esos ejemplos se basan en sistemas de laboratorio 

más que en sistemas naturales. Por lo tanto, existe una gran necesidad de 

estudiar estas barreras en la naturaleza e identificar la base genética de los 

choques entre genomas. De esta manera entenderemos mejor qué procesos son 

susceptibles de causar inviabilidad y esterilidad, qué genes están involucrados 

en causarlos y qué fuerzas evolutivas son más importantes para establecer 

barreras intrínsecas postcigóticas. 
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En esta tesis utilizo una zona híbrida natural de papamoscas Ficedula para 

estudiar estos patrones e identificar la base genética que los provocan. Los 

papamoscas cerrojillo y acollarado son dos especies estrechamente 

relacionadas de pájaros cantores (Passeri) que descienden de una población 

ancestral hace menos de un millón de años. Coinciden e hibridan en diferentes 

áreas a lo largo de su distribución. Una de estas zonas híbridas se encuentra 

en la isla báltica de Öland, donde los papamoscas acollarados comenzaron a 

colonizar territorios de papamoscas cerrojillo en la década de 1960. Esta joven 

zona híbrida ha sido monitoreada continuamente desde 2002 y, por lo tanto, 

ofrece la oportunidad de seguir a los individuos durante toda su vida y estudiar 

los patrones que nos interesan. 

Primero usé 17 años de datos de monitoreo a largo plazo para estudiar los 

signos emergentes de inviabilidad híbrida en diferentes etapas de la vida de 

las aves. Descubrí que había fuertes signos de inviabilidad híbrida en una 

etapa temprana de la vida antes de la eclosión del huevo y más tarde durante 

la adultez. En la etapa en que las aves están en el nido no encontramos 

diferencias de supervivencia entre los híbridos y las especies puras. Sin 

embargo, sí encontramos que los híbridos tienen un menor peso al salir del 

nido a pesar de compartir los mismos recursos con las especies puras. Debido 

a que teníamos evidencia previa que indicaba disfunción de la tasa metabólica 

y debido a que el metabolismo está controlado por vías controladas tanto por 

el genoma nuclear como por el mitocondrial, concluimos que las 

incompatibilidades que generan la disfunción híbrida probablemente fueron 

causadas por interacciones negativas entre genes ubicados en el genoma 

mitocondrial y el genoma nuclear. Este es un posible tema para futuros 

estudios. 

Me concentré en la esterilidad híbrida con más detalle porque esta es la 

principal barrera postcigótica en los papamoscas. Más específicamente, 

estudié la espermatogénesis del papamoscas, es decir, el proceso de desarrollo 

que genera espermatozoides en los machos usando secuenciación de ARN 

unicelular. Esta técnica de secuenciación me permitió identificar los distintos 

tipos de células que se encontraban en las diferentes etapas de desarrollo de la 

espermatogénesis. Mi interés principal era comprender las diferentes fuerzas 

evolutivas en juego en las diferentes etapas de la espermatogénesis para 

predecir qué etapas serían más vulnerables y propensas a desarrollar 

incompatibilidades genéticas. La espermatogénesis se puede dividir en etapas 

premeióticas, meióticas y postmeióticas. Debido a que las dos primeras etapas 

involucran procesos fundamentales (es decir, mitosis y meiosis, donde las 

células se multiplican y se vuelven haploides), esperábamos que los genes que 

guían estas etapas estuvieran muy conservados. Analizamos la evolución de 

la secuencia de proteínas y la expresión genética diferencial entre papamoscas 

acollarado y cerrojillo. Sorprendentemente, encontramos que las etapas de la 

meiosis eran menos restrictivas de lo esperado en comparación con la 

espermatogénesis de los mamíferos. Propusimos que esto podría ser una 
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consecuencia de los diferentes sistemas de determinación sexual. Las aves no 

necesitan silenciar el cromosoma sexual (Z) durante la meiosis porque no hay 

riesgo de emparejamiento erróneo entre los dos cromosomas Z como lo es 

entre los cromosomas X e Y. Este alivio en la restricción podría favorecer 

potencialmente la producción rápida de esperma en los machos y puede 

explicar en parte por qué el esperma se produce cuatro veces más rápido en 

las aves en comparación con los mamíferos. 

Para entender por qué los machos híbridos son estériles, me propuse 

responder tres preguntas principales. (1) ¿Qué falla durante la 

espermatogénesis, es decir, qué etapa del desarrollo falla y da como resultado 

la producción de espermatozoides no funcionales? (2) ¿Qué genes son 

responsables de esa falla (es decir, qué genes se expresan en esa etapa 

particular del proceso de producción de esperma)? (3) ¿Estos genes contienen 

información de secuencia diferente en las dos especies que también conducen 

a una expresión diferente? Usando varias líneas de evidencia, encontré que la 

meiosis falla en los híbridos. Identificamos los genes candidatos que causan 

esta falla. Estos genes tenían funciones conservadas y se clasificaron 

previamente como genes de evolución lenta. Pero sí encontramos algunas 

diferencias fijas en el contenido de ADN de estos genes y en la expresión entre 

las dos especies. Este resultado muestra que el aislamiento postcigótico 

intrínseco puede evolucionar rápidamente en alopatría y ser evidente en el 

contacto secundario entre las especies en sistemas naturales. Además, la 

meiosis parece ser un proceso particularmente sensible que, si se ve afectado, 

puede causar un aislamiento reproductivo rápido. 

Finalmente, investigamos el papel en la espermatogénesis de un misterioso 

cromosoma, el GRC, presente en pájaros cantores. Este cromosoma se hereda 

principalmente a través de la madre, y se ha observado que se elimina durante 

la meiosis II en los machos. Contrariamente a lo esperado debido a sus 

similitudes con elementos parasitarios, generalmente contiene copias de genes 

de todo el genoma que también se transcriben en cierta medida. Mucho se ha 

especulado sobre la función del GRC, podría tener un papel importante para 

la gametogénesis o incluso otros procesos fundamentales como la 

determinación del sexo. Todas estas posibilidades deben explorarse 

analizando los contenidos y patrones de expresión de más GRCs. 

Encontramos una gran divergencia en el contenido de expresión génica 

entre el GRC de las dos especies, lo que respalda la idea de que el GRC puede 

evolucionar muy rápido. Curiosamente, encontramos que el contenido de 

genes y la expresión de genes de GRC sugieren un posible papel de GRC en 

la espermatogénesis, la determinación sexual y el mantenimiento de la línea 

germinal. 
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