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Summary 
 

For several decades, identifying the genetic basis of evolutionary changes has been a 

primary focus of evolutionary biology. While empirical studies have largely concentrated on 

single nucleotide polymorphisms (SNPs), chromosomal rearrangements have garnered less 

attention due to the challenges associated with accurate detection via traditional sequencing 

approaches. Nevertheless, it is predicted that chromosomal rearrangements can have a 

greater impact on evolutionary processes since they affect more genomic regions and 

elements. Further, due to the ability of chromosomal rearrangements to modify the 

recombination landscape, they have been hypothesized to play a significant role in various 

evolutionary processes, such as adaptation to distinct environments and the evolution of sex 

chromosomes. 

This thesis first utilized stickleback species (Gasterosteidae) as a model system to explore 

the role of chromosomal fusion in adaptive evolution. Sticklebacks, particularly threespine 

sticklebacks (Gasterosteus aculeatus), have gained attention for their ability to colonize and 

adapt to freshwater environments from ancestral marine habitats over the past several 

million years. Notably, repeated patterns of phenotypic variation between the marine and 

freshwater ecotypes have been observed, making sticklebacks a unique and valuable system 

for identifying the genetic changes underlying adaptive evolution. In Chapter 1, I generated a 

fourspine stickleback (Apeltes quadracus) genome assembly and identified two fusion events 

in G. aculeatus by comparative genomics. On the two fused chromosomes, I also found an 

enrichment of adaptive quantitative trait loci (QTL) and population genomic signals of 

selection between marine and freshwater ecotypes of G. aculeatus. My research suggests 

that adaptive clusters on the fused chromosomes in G. aculeatus have more likely arisen from 

new mutations that occurred after the fusion rather than the linking of pre-existing adaptive 

alleles. 

Aside from their recognized role as a model system to study adaptive evolution, 

sticklebacks have remarkable variation in sex chromosome composition, even among closely-

related species. Furthermore, chromosomal inversions have been observed on the sex 

chromosomes of G. aculeatus and are believed to have contributed to the formation of 

distinct evolutionary strata. In Chapter 2, I investigated the sex chromosome system of A. 
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quadracus and identified a recent sex chromosome turnover in the identity of the sex 

chromosome and sex determination gene. Utilizing linked-read sequencing data, I found two 

polymorphic inversions on the X and Y chromosomes across different populations. In Chapter 

3, I developed a novel pipeline to assemble the Y chromosome of blackspotted stickleback (G. 

wheatlandi) using long-read and whole-genome resequencing data. The evolutionary strata 

were defined at a high resolution, and several chromosomal inversions were identified 

between the X and Y chromosomes of G. wheatlandi. By comparing Y assemblies between G. 

aculeatus and G. wheatlandi, I discovered that G. wheatlandi exhibits a faster rate of gene 

loss and higher levels of deleterious mutation accumulation, even in the homologous region 

on the Y chromosome. My findings in these two chapters highlight the role of evolutionary 

forces, such as drift and sexually-antagonistic selection, in driving sex chromosome evolution 

and turnover. 

Through an examination of the observed patterns of chromosomal rearrangements in 

stickleback species, my thesis work has expanded our understanding of how large structural 

variation contributes to genomic evolution and adaptation. 
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General Introduction 
 
The genetic changes that underlie adaptive evolution 

Adaptive evolution plays a pivotal role in ensuring the survival and prosperity of all living 

organisms, as it facilitates the emergence of mechanisms that enhance their ability to cope 

with environmental pressures, such as the acquisition of disease resistance and improved 

foraging capabilities. Gaining insights into the underlying mechanisms that propel adaptive 

evolution is of utmost importance for comprehending the remarkable diversity of life on our 

planet and elucidating how organisms have evolved traits that confer fitness advantages, 

enabling them to flourish in diverse ecological niches (Barrett and Hoekstra 2011; Blount et 

al. 2018). Genetic changes play a crucial role in adaptive evolution by providing the raw 

material for natural selection to act upon (Charlesworth et al. 2017).  

In the past decades, most studies of genetic variation have focused on single nucleotide 

polymorphisms (SNPs), which can arise due to various mechanisms, including errors during 

DNA replication, exposure to mutagens, or genetic recombination, which might impact 

phenotypes (Brown 2002). SNPs frequently serve as genetic markers to track evolutionary 

relationships due to their prevalence and easy detectability across the genome (Morin et al. 

2004). Despite the extensive scrutiny directed towards SNPs in genetic research, another 

crucial form of genetic variation, chromosomal rearrangements, has frequently been 

neglected. This is partly due to the fact that identifying and characterizing chromosomal 

rearrangements can be more challenging (Wellenreuther et al. 2019). Traditional cytogenetic 

techniques, such as karyotyping, are capable of detecting major chromosomal 

rearrangements, but their resolution is limited when it comes to identifying more subtle 

genomic changes. Next-generation sequencing technologies offer a promising avenue for 

characterizing chromosomal rearrangements, but their efficacy is constrained by the quality 

of the reference genome assembly. A continuous and complete genome assembly is essential 

for studying chromosomal evolution, as short-read sequencing technologies often yield reads 

that are only a few hundred base pairs in length, impeding the precise reconstruction of large-

scale genomic rearrangements. Recent advances in long-read sequencing technology have 

revolutionized the study of genomic rearrangements, which allow researchers to assemble an 

entire chromosome, and to detect and analyze chromosomal rearrangements (Amarasinghe 
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et al. 2020), leading to a renewed interest in understanding their roles in adaptation and 

speciation. 

Types and effects of chromosomal rearrangements  

Chromosomal rearrangements, which refer to alterations in the structure or number of 

chromosomes, play a crucial role in the evolution of genomes (Lander et al. 2001; Jaillon et al. 

2004; Putnam et al. 2008). The various types of chromosomal rearrangements, which include 

insertions, deletions, fusions, inversions, translocations, duplications, as well as whole 

genome duplication, contribute to the generation of genetic diversity, which is essential for 

populations to adapt to varying environmental conditions (Rieseberg 2001; Mérot et al. 2020). 

These changes in chromosome structure can be brought about by several mechanisms, such 

as DNA recombination, repair, and replication processes, and the activity of transposable 

elements (Carvalho and Lupski 2016).  

Chromosomal rearrangements can have multiple effects on an organism, including direct 

effects in meiosis, changes in gene regulation, and changes in copy number, potentially 

resulting in significant evolutionary effects. While chromosomal rearrangements can have 

various effects, fusions and inversions are particularly important in modifying the genetic 

landscape, potentially resulting in significant evolutionary effects. In particular, fusions and 

inversions have a significant impact on recombination patterns, which can lead to 

reproductive isolation between populations and the evolution of novel traits with adaptive 

advantages. One of the predicted effects of chromosomal inversion and fusion is their ability 

to create reproductive isolation between populations (Hou et al. 2014; Fuller et al. 2019). This 

occurs when chromosomal rearrangements prevent individuals from interbreeding or 

producing viable offspring due direct meiotic effects and/or to the accumulation of fixed 

differences in the regions of low or no recombination. Over time, this can lead to the 

divergence of the two populations and the formation of new species, a process known as 

speciation. Another predicted effect of chromosomal inversion and fusion is the facilitation 

of adaptive evolution. The importance of chromosomal inversions and fusions in facilitating 

adaptative evolution is highlighted by numerous examples across different taxa. For example, 

chromosomal inversions have been found to be related to adaptive traits in plants (Barb et al. 

2014; Aguirre‐Liguori et al. 2019), insects (Corbett-Detig and Hartl 2012; Lindtke et al. 2017), 
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birds (Hooper and Price 2017; Lundberg et al. 2023), fish (Barth et al. 2017; Leitwein et al. 

2017) and mammals (Stefansson et al. 2005; Puig et al. 2015).  

Likewise, chromosomal rearrangements have influenced the evolution of sex 

chromosomes in numerous organisms. In many species, sex is determined by the presence of 

sex chromosomes (Bergero and Charlesworth 2009; Bachtrog et al. 2014; Ponnikas et al. 

2018). Over time, these sex chromosomes can undergo rearrangements, leading to the 

evolution of new sex determination systems. Here, I mainly focused on two types of 

chromosomal rearrangements, fusions and inversions, as they have the ability to modify the 

recombination landscape on a substantial scale, potentially resulting in significant and 

immediate evolutionary effects (Cicconardi et al. 2021). 

The effects of chromosomal fusion and inversion in adaptive evolution 

Many studies have revealed that the distribution of adaptive alleles, which are genetic 

variants that provide selective advantages to an organism in specific environments, is not 

random across the genome (Turner et al. 2005; Nosil et al. 2009; Nadeau et al. 2012; Duranton 

et al. 2018; Irwin et al. 2018). This non-random distribution suggests that certain regions of 

the genome may be more prone to accumulate beneficial mutations or be more sensitive to 

selection pressures than others. Chromosomal fusion and inversion are two types of 

chromosomal rearrangements that are predicted to have a significant impact on shaping the 

genomic distribution of adaptive alleles as both can alter the recombination landscape, which 

is essential for avoiding recombination between adaptive alleles (Rieseberg 2001; Kirkpatrick 

and Barton 2006; Guerrero and Kirkpatrick 2014).  

Chromosomal inversions, the reversal of the orientation of a segment of a chromosome 

relative to its homologous counterpart, are prevalent in natural populations and were first 

detected in Drosophila (Sturtevant 1921). One of the primary ways that inversions can play 

an important role in promoting local adaptation is by reducing recombination between loci 

that are beneficial in specific environments. This is because inversions effectively suppress 

recombination within the inverted region, which can facilitate the formation of co-adapted 

gene complexes (Dobzhansky 1947; Dobzhansky 1970) or capture locally adaptive alleles 

(Kirkpatrick and Barton 2006). Inversions can thus allow for the maintenance of locally 

adapted alleles by preventing them from being broken up by recombination with other alleles 



6 
 

that may be maladaptive in the same environment (Kirkpatrick and Barton 2006; Kirkpatrick 

2010). In addition to promoting local adaptation, inversions can also function as a barrier to 

gene flow between populations, thereby promoting divergence and potentially driving the 

evolution of new species (Fuller et al. 2018; Huang and Rieseberg 2020).  

There are numerous examples of inversions promoting local adaptation in various 

organisms (Wellenreuther and Bernatchez 2018). For example, in monkey flowers (Mimulus 

guttatus), a chromosomal inversion has been found to be associated with adaptation to 

different elevations. The inversion is associated with the regulation of genes involved in the 

response to abiotic stresses, including drought and cold, suggesting that the inversion is 

involved in local adaptation to different elevations with different climatic conditions (Twyford 

and Friedman 2015). Similarly, in the butterfly species Heliconius numata, a chromosomal 

inversion has been found to be associated with mimicry adaptation. The inversion is 

associated with the regulation of genes involved in wing coloration in adaptation to mimic 

the wing patterns of other butterflies in the local environment (Jay et al. 2018). Another 

example of the role of inversion in adaptation comes from the study of the apple maggot fly, 

Rhagoletis pomonella (Feder et al. 2003). In the northeastern United States, the apple maggot 

flies feed on hawthorn fruits, while in the Midwest, the fly feeds on apples. The shift in host 

plants is thought to have been facilitated by the evolution of an inversion. The inversion traps 

a set of genes associated with apple feeding, reducing gene flow between the two populations 

and promoting the evolution of host plant specialization. 

In the genetic study of adaptation, chromosomal fusions have received relatively scant 

attention when compared to chromosomal inversions. Despite this, it is worth noting that 

chromosomal fusion constitutes another type of chromosomal rearrangement capable of 

facilitating adaptation via alteration of recombination landscapes. Notably, unlike 

chromosomal inversion, chromosomal fusions can additionally bring together previously 

unlinked adaptive loci (Guerrero and Kirkpatrick 2014). Furthermore, it should be noted that 

chromosomal fusion tends to result in a longer chromosome, which typically results in a lower 

average recombination rate across the chromosome (Roesti et al. 2013; Haenel et al. 2018; 

Cicconardi et al. 2021). A notable example of the effect of chromosomal fusion can be seen 

in Heliconius butterflies. These butterflies inherited fused chromosomes from a common 

ancestor, which has resulted in decreased genetic diversity due to a decrease in 
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recombination and lower effective population size. Moreover, there is increased selection 

against introgression among diverging populations on the fused chromosomes(Cicconardi et 

al. 2021; Yoshida et al. 2023).  

Despite the fact that chromosomal fusions and inversions have been observed to 

facilitate adaptive evolution either directly or indirectly, several aspects of these processes 

remain shrouded in mystery. Although it is widely recognized that such chromosomal 

rearrangements have the capacity to modify patterns of linkage disequilibrium and 

recombination rates, as well as generate novel gene combinations or interrupt existing ones, 

the precise mechanisms by which these effects occur have yet to be fully elucidated.  On the 

one hand, recombination would be reduced or completely ceased when chromosomal fusions 

and inversions happen, resulting in the easier fixation of newly emerged adaptive alleles 

(Feder et al. 2012; Via 2012). On the other hand, these chromosomal rearrangements could 

link or trap previously existing adaptive loci, forming a cluster (Yeaman and Whitlock 2011). 

Further research is needed to distinguish between whether inversions and fusions capture 

existing adaptive loci or gain adaptive loci after their formation, and to provide a more 

comprehensive understanding of the role of chromosomal rearrangements in adaptive 

evolution. 

Diversity and convergence of sex chromosomes 

Sex chromosomes play a critical role in determining the sex of some species, but there is 

a great deal of diversity in the size, shape, and composition of these chromosomes (The Tree 

of Sex Consortium 2014). There are many types of sex determination systems, the most 

familiar of which are the genetic sex determination systems, which can include the presence 

of sex chromosomes. The XX/XY system is a commonly known sex chromosome system found 

in mammals, including humans, where females possess two X chromosomes and males have 

one X and one Y chromosome. Other species, such as birds, have evolved the ZW/ZZ system, 

in which females possess a pair of Z chromosomes, while males have one Z and one W 

chromosome. In mammals, sex chromosomes are heteromorphic, in which the X and Y differ 

in size and gene content, and contain many genes involved in sexual development and 

reproduction (Bull 1983; Hughes et al. 2005; Bellott et al. 2014; Cortez et al. 2014). However, 

in some species, such as ratite birds (Mank and Ellegren 2007; Vicoso, Kaiser, et al. 2013) , 

pythons (Vicoso, Emerson, et al. 2013) and turtles (Valenzuela and Adams 2011) the sex 
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chromosomes are homomorphic and have fewer sex-linked genes. In some cases, the identity 

of the sex chromosome as well as whether the sex chromosomes are heteromorphic or 

homomorphic is highly variable among closely-related species, as seen in some species of fish 

(El Taher et al. 2021) and frogs (Jeffries et al. 2018).  

Despite the astonishing diversity of sex chromosomes among species, sex chromosomes 

are also highly convergent in terms of their evolutionary history and patterns. Similar patterns 

have been detected in many different organisms, such as mammals, birds, and fish (Bachtrog 

et al. 2014; Furman et al. 2020) Sex chromosomes typically originate from a pair of 

homologous autosomes that gradually diverge in both function and structure over time. Sex 

chromosomes are thought to evolve when a mutation arises on one of the chromosomes, 

leading it to become a sex-determining locus and initiate the differentiation of sexes. If there 

is suppression of recombination between the two homologous chromosomes, the sex-

determining chromosome accumulates further mutations, resulting in further divergence in 

structure and function from its homologous counterpart on the other chromosome. These 

mutations can include changes in gene expression and even the addition or deletion of genes. 

However, the lack of recombination in the sex chromosomes usually leads to the convergent 

pattern of degeneration of the sex chromosome, with loss of functional genes and 

accumulation of repetitive DNA. This process of degeneration can ultimately lead to 

differences in morphological traits  between males and females (Vicoso 2019).  

Hence, the diversity and convergence of sex chromosomes constitute two essential 

characteristics that make them a captivating and intricate system for exploring the following 

questions: 1) why do sex chromosomes differ between closely-related species? 2) which 

evolutionary forces drive the evolution of sex chromosomes from autosomes? 

The effects of chromosomal fusion and inversion in sex chromosome evolution 

Chromosomal fusion and inversion are also critical chromosomal rearrangements that 

have had a profound impact on the evolution of sex chromosomes. These events lead to a 

modification of the recombination landscape, which constitutes a fundamental step in the 

process of sex chromosome evolution. 

Chromosomal fusion can result in the formation of a new pair of sex chromosomes by 

fusing a chromosome containing a sex-determining region with another autosome, thereby 
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converting it into a neo-sex chromosome. Such fusions have been observed in various 

organisms, such as fruit flies (Zhou and Bachtrog 2012; Zhou and Bachtrog 2015; Bracewell 

and Bachtrog 2020) and fish (Kitano and Peichel 2012; Pennell et al. 2015). Asymmetric 

sexually antagonistic selection between the two sexes is predicted to result in a higher 

frequency of fusion events between a sex chromosome and an autosome, compared to fusion 

events between two autosomes (Charlesworth and Charlesworth 1980; Matsumoto and 

Kitano 2016). The linkage of sexually antagonistic alleles on an autosome to the ancestral sex 

chromosome is expected to increase the average fitness of both sexes. This is because such a 

fusion event would ensure that female-beneficial and male-beneficial alleles remain 

associated with the appropriate respective sex chromosome. Some evidence in support of 

this hypothesis has been found the jumping spider genus Habronattus, which has repeatedly 

evolved X-autosome fusions that could link male-favored alleles on the neo-Y chromosome 

(Maddison and Leduc-Robert 2013). Another possible force is meiotic drive. During female 

meiosis in animals, one of the meiotic products goes into the egg while the others are 

discarded in the polar bodies. Female meiotic drive can preferentially transmit either fused 

or unfused chromosomes in different species, resulting in a higher likelihood of X-autosome 

fusions or opposing their formation, respectively (de Villena and Sapienza 2001a; de Villena 

and Sapienza 2001b; Yoshida and Kitano 2012). 

Chromosomal inversion is another type of chromosomal rearrangement that has played 

an important role in sex chromosome evolution. Inversions can suppress recombination 

between the X and Y chromosomes, which is thought to be an important factor in the 

evolution of sex chromosome differentiation (Charlesworth 2023). The prevention of 

recombination between the X and Y chromosomes via chromosomal inversion can lead to the 

accumulation of genetic mutations and structural alterations, which play a significant role in 

the evolution of sex chromosomes. Consequently, chromosomal inversion is regarded as a 

principal factor contributing to the formation of regions where different levels of divergence 

between sex chromosomes have evolved, referred to as evolutionary strata (Lahn and Page 

1999; Wang et al. 2012; Jay et al. 2022; Olito et al. 2022; Olito and Abbott 2023). In addition 

to suppressing recombination, chromosomal inversion can also promote the emergence of 

novel sex-determining regions. In the case of a stickleback species (Pungitius pungitius), a 

recently evolved XY sex chromosome formed in a large inversion that is associated with hybrid 
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male sterility between two divergent lineages, which might have facilitated the emergence of 

a new male-determining gene to overcome the sterility in hybrid populations (Natri et al. 

2019). 

Despite the frequent observation of chromosomal rearrangements in the evolution of 

sex chromosomes, the mechanisms by which they occur and their specific roles in the 

formation and degeneration of sex chromosomes remain unclear. Consequently, further 

comprehensive studies are required to elucidate the evolutionary processes involved in the 

formation and degeneration of sex chromosomes. Such studies may help to uncover key 

insights into the molecular and genetic mechanisms of sex chromosome evolution and 

contribute to a more thorough understanding of the diversity of sex determination systems 

across different species. 

Sticklebacks: an excellent system to study the effects of chromosomal rearrangements on 

genome evolution 

Sticklebacks are a group of fish species belonging to the family Gasterosteidae, and they 

are an excellent model to explore the effects of chromosomal rearrangements in adaptive 

evolution and sex chromosome evolution (Reid et al. 2021). There are around 20 species of 

sticklebacks, which are found in freshwater and saltwater environments throughout the 

world (Houde and Zastrow 1993). The most common and well-known species of stickleback 

is the threepine stickleback (Gasterosteus aculeatus), which is found in both freshwater and 

marine environments in the Northern Hemisphere (Wootton 1976; Bell and Foster 1994; 

Jones et al. 2012; Reid et al. 2021). G. aculeatus have undergone multiple cycles of 

colonization from marine habitats to freshwater habitats after the retreat of Pleistocene 

glaciers. This repeated process has led to significant changes in the physical and behavioral 

characteristics of the species, including body shape, skeletal armor, trophic specializations, 

pigmentation, salt handling, life history, and mating preferences (Bell and Foster 1994; 

McKinnon and Rundle 2002; Reid et al. 2021). For example, in freshwater environments, G. 

aculeatus typically have a reduced number of plates and spines compared to their marine 

counterparts. Previous studies have identified some of the genetic changes that underlie the 

repeated evolution of reduced plates and spines when sticklebacks colonize freshwater 

habitats, such as Eda (Colosimo et al. 2005; Barrett et al. 2009; Mills et al. 2014; Archambeault 

et al. 2020) and Pitx1 (Chan et al. 2010; Thompson et al. 2018; Xie et al. 2019). Thus, the 
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threespine stickleback is a good model system to study the genetic and genomic changes that 

underlie repeated adaptation to divergent environments (Peichel and Marques 2017; Reid et 

al. 2021). Despite the repeated cycles of colonization from marine to freshwater habitats in 

G. aceulatus, not all stickleback species can successfully colonize freshwater environments. 

This provides a unique opportunity to compare the genomic architecture between stickleback 

species that can live in freshwater and those that do not.  

In particular, sticklebacks provides an opportunity to understand the role of 

chromosomal fusions and inversions in adaptive evolution. Genomic studies have found three 

chromosomal inversions that are related to marine-freshwater adaptation in G. aculeatus 

(Jones et al. 2012). Many adaptive quantitative trait loci (QTL) have been located around 

these inversions (Peichel and Marques 2017). Apart from chromosomal inversions, a change 

of chromosome numbers among species also indicates the potential possibility of a role for 

chromosome fusions in adaptation to freshwater habitats. There are 21 pairs of chromosomes 

(2n=42) in G. aculeatus, and 23 pairs (2n=46) in fourspine stickleback (Apeltes quadracus), 

which is only found in marine and brackish water (Fig 1). Cytogenetic studies have shown that 

the difference in chromosome numbers between the two species came from either 

chromosomal fusion or fission on Chromosome (Chr) 4 and Chr 7 (Urton et al. 2011). In 

addition, an enrichment of adaptive QTL has been detected on these two chromosomes 

(Peichel and Marques 2017). These findings suggest that chromosomal fusion or fission might 

have potentially facilitated freshwater adaptation in G. aculeatus.  

Stickleback species also exhibit great potential in the study of sex chromosome evolution 

since sex chromosomes among species show astonishing diversity (Fig 1) (Jeffries et al. 2022). 

Sex chromosome turnovers, which involve the swapping of sex chromosomes between 

species, have been observed multiple times (Ross et al. 2009; Dixon et al. 2019; Jeffries et al. 

2022). Moreover, various degrees of differentiation and degeneration can be seen on sex 

chromosomes across different species (Dixon et al. 2019; Natri et al. 2019; Sardell et al. 2021; 

Dagilis et al. 2022). In addition, chromosomal rearrangements are quite common on the sex 

chromosomes of sticklebacks. In Japan Sea stickleback (Gasterosteus nipponicus) and 

blackspotted stickleback (Gasterosteus wheatlandi), the shared ancestral Y chromosome has 

independently fused with an autosome, resulting in a neo-sex chromosome (Kitano et al. 2009; 

Ross et al. 2009). The Y-autosome fusion in G. nipponicus is considered to facilitate the 
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reproductive isolation between species with fused and unfused chromosomes, showing the 

importance of sex chromosomes during speciation (Kitano et al. 2009). Apart from 

chromosomal fusion, chromosomal inversions have been identified as highly correlated with 

the evolution of strata on the Y chromosome in G. aculeatus (Peichel et al. 2020). Because all 

Gasterosteus species have a shared ancestral sex chromosome, Chr19, and the sex 

chromosomes of the three different species possess an independent evolutionary history 

after speciation happened, this system provides a rare case to study how sex chromosomes 

evolved, and how chromosomal fusion and inversion affect the evolution of sex chromosomes 

(Peichel et al. 2020; Sardell et al. 2021).  

 

 

Fig 1. Phylogeny, habitats and sex chromosomes in Gasterosteidae modified from Jeffries et 

al. (2022). “+” indicates a Y- autosome fusion. The tree topology and node dates were 

obtained from: (a) Varadharajan et al. (2019), (b) Betancur-R et al. (2015), Friedman et al. 

(2013), Near et al. (2013), Sanciangco et al. (2016), (c) Ravinet et al. (2018), (d) timetree.org, 

and (e) Guo et al. (2019). 

 

Outline of this thesis 

In summary, stickleback is an exceptional system for investigating the effects of 

chromosomal rearrangements on genome evolution and evolutionary processes. With the 

help of long-read sequencing and whole-genome sequencing, I addressed fundamental 
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questions in evolutionary biology, including the effect of chromosomal fusion in adaptive 

evolution, the diversity of sex chromosomes in sticklebacks, and the role of chromosomal 

inversion in sex chromosome degeneration. 

In Chapter 1, I assembled the genome of A. quadracus. By comparing it with the latest 

genome assembly of G. aculeatus, and the outgroup species, tubesnout (Aulorhynchus 

flavidus), I was able to detect chromosomal fusion events in G. aculeatus. Through mapping 

the non-redundant QTL dataset to each chromosome and conducting population genomic 

analyses, I found signatures of enrichment of adaptive QTL and genetic differentiation on the 

fused chromosomes, and provided first evidence that chromosome fusions can facilitate the 

formation of genetically adaptive clusters. I also inferred the most likely effect of how 

chromosomal fusion facilitates adaptive evolution. 

In Chapter 2, I utilized the genome assembly from the previous chapter to identify the 

sex chromosome in A. quadracus. With help of linked-read sequencing of wild samples and 

pool-sequencing of genetic crosses, I detected a novel sex chromosome in A. quadracus, 

which is completely different from previous predictions. The sex-determining region was 

located, and it contains two novel candidate sex-determining genes. Most interestingly, 

chromosome-specific inversions have been identified in different populations, one of which 

is on the X chromosome. This rare X-specific inversion might include genes under sexually 

antagonistic selection. 

In Chapter 3, I developed a novel pipeline, incorporating PacBio and HiC data to 

completely phase and assembly the X and Y chromosomes of G. wheatlandi. With the new 

assembly, I detected many chromosomal inversions between X and Y chromosomes and re-

defined the evolutionary strata in G. wheatlandi. By comparing to the Y assembly of G. 

wheatlandi to the existing Y assembly of G. aculeatus, I found the relationship between genes 

lost and the age of each stratum. Also, I investigated patterns of neutral evolution and the 

accumulation of deleterious mutation in each stratum. I revealed a positive but nonlinear 

correlation between the age and the level of degeneration of sex chromosomes and inferred 

potential factors. This study represents the first comparison of two homologous and complete 

assemblies of Y chromosomes, providing valuable insights into our understanding of sex 

chromosomes. 
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Abstract 

Chromosomal fusions are hypothesized to facilitate adaptation to divergent environments, 

both by bringing together previously unlinked adaptive alleles and by creating regions of low 

recombination that facilitate the linkage of adaptive alleles. But, there is little empirical 

evidence to support this hypothesis. Here, we address this knowledge gap by studying 

threespine stickleback (Gasterosteus aculeatus), in which ancestral marine fish have 

repeatedly adapted to freshwater across the northern hemisphere. By comparing the 

threespine and ninespine stickleback (Pungitius pungitius) genomes to a de novo assembly of 

the fourspine stickleback (Apeltes quadracus) and an outgroup species, we find two 

chromosomal fusion events involving the same chromosomes have occurred independently 

in the threespine and ninespine stickleback lineages. On the fused chromosomes in 

threespine stickleback, we find an enrichment of quantitative trait loci (QTL) underlying traits 

that contribute to marine versus freshwater adaptation. By comparing whole genome 

sequences of freshwater and marine threespine stickleback populations, we also find an 

enrichment of regions under divergent selection on these two fused chromosomes. There is 

elevated genetic diversity within regions under selection in the freshwater population, 

consistent with a simulation study showing that gene flow can increase diversity in genomic 

regions associated with local adaptation and our demographic models showing gene flow 

between the marine and freshwater populations. Integrating our results with previous studies, 

we propose that these fusions created regions of low recombination that enabled the 

formation of adaptative clusters, thereby facilitating freshwater adaptation in the face of 

recurrent gene flow between marine and freshwater threespine sticklebacks. 

 

Keywords 

Adaptation; chromosomal fusion; natural selection; genome assembly; threespine stickleback; 

fourspine stickleback; Gasterosteidae 

  



25 
 

Introduction 

Understanding what facilitates rapid adaptation to new environments is of fundamental 

interest in evolutionary biology. A key question is whether adaptive loci are linked together 

in particular regions of the genome (Yeaman 2013; Schwander et al. 2014; Thompson and 

Jiggins 2014). Theoretical work has predicted that tight physical linkage between adaptive 

alleles would facilitate adaptation to divergent environments, particularly when there is gene 

flow, by preventing the production of unfit combinations of phenotypes through 

recombination (Charlesworth and Charlesworth 1979; Lenormand and Otto 2000; Hoffmann 

and Rieseberg 2008). In support of these theoretical predictions, empirical work from many 

systems shows that the distribution of adaptive loci across the genome is not random. For 

example, population genomic studies in many systems that show divergence despite the 

presence of gene flow have found that adaptive loci tend to be clustered in the genome, 

forming highly differentiated regions called “genomic islands” (Turner et al. 2005; Nadeau et 

al. 2012; Duranton et al. 2018; Irwin et al. 2018). Similarly, genetic linkage mapping studies 

have revealed evidence for the clustering of quantitative trait loci (QTL) underlying putatively 

adaptive phenotypes (e.g. Protas et al. 2008; Friedman et al. 2015; Peichel and Marques 2017).  

Although these empirical findings support the theoretical predictions, it is still unclear 

how such QTL clusters and/or genomic islands form. Genomic clusters could evolve because 

of the higher probability of an adaptive mutation to fix near another locally adapted mutation 

since such architectures are seldom disrupted by recombination (the divergence hitchhiking 

hypothesis) (Feder et al. 2012; Via 2012). Genomic clusters could also be formed by genomic 

rearrangements that bring adaptive loci together (the genomic architecture change 

hypothesis) (Yeaman and Whitlock 2011). A study incorporating both analytical models and 

individual-based simulations suggested that genomic clusters are more likely to form through 

genomic rearrangements that bring together adaptive loci than through the establishment of 

an adaptive mutation near another locally adapted mutation (Yeaman 2013). Consistent with 

this finding, empirical studies have often found that such genomic clusters are often 

associated with chromosomal rearrangements, such as inversions (Kirkpatrick and Barton 

2006; Schwander et al. 2014; Thompson and Jiggins 2014; Wellenreuther and Bernatchez 

2018). However, there are not many studies focusing on other kinds of chromosomal 

rearrangements, such as chromosomal fusions.  

Unlike chromosome inversions, which can only create clusters by reducing 
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recombination between loci that are already physically linked, chromosomal fusions have 

been predicted to facilitate adaption both by bringing together previously unlinked loci and 

by changing the recombination landscape to create a new region of reduced recombination 

(Guerrero and Kirkpatrick 2014). Chromosomal fusions (and fissions) are common, as 

evidenced by the dramatic differences in chromosome number among species. Across 

multicellular eukaryotes, diploid chromosome number ranges from 2 to 1260 (Sinha et al. 

1979; Crosland and Crozier 1986). Chromosome numbers can even vary between closely 

related species (Wang and Lan 2000; Lysak et al. 2006; Ross et al. 2009; Urton et al. 2011; 

Valenzuela and Adams 2011) or be polymorphic within species (Dobigny et al. 2017; Wellband 

et al. 2019). Robertsonian fusions (i.e. fusions between two acrocentric chromosomes at their 

centromeres) are the most common type of chromosomal rearrangement in plants and 

animals (Robinson and King 1995). These Robertsonian fusions can have profound impacts on 

the recombination landscape across the entire genome (Vara et al. 2021). These effects are 

most obvious on the Robertsonian chromosomes, where recombination is restricted to the 

distal ends of the chromosome in fusion heterozygotes as well as in fusion homozygotes 

(Bidau et al. 2001; Castiglia and Capanna 2002; David and Janice 2002; Franchini et al. 2016; 

Franchini et al. 2020; Vara et al. 2021). More generally, chromosomal fusions create larger 

chromosomes, which have a lower average recombination rate (Roesti et al. 2013; Haenel et 

al. 2018; Cicconardi et al. 2021). Despite this clear impact of chromosomal fusions on 

recombination, there is little empirical evidence supporting the hypothesis that chromosomal 

fusions play a role in adaptation (but see Kitano et al. 2009; Bidau et al. 2012; Wellband et al. 

2019).  

In this study, we used stickleback fish species in the family Gasterosteidae to examine 

whether chromosomal fusions have contributed to the formation of adaptive genomic 

clusters. This system provides an excellent opportunity to address the role of chromosome 

fusion in adaptation as closely related stickleback species differ in chromosome number (Fig. 

1). In particular, we focused on the fourspine stickleback (Apeltes quadracus), which has 23 

pairs of chromosomes (2n=46) and is primarily found in marine and brackish habitats, and the 

threespine stickleback (Gasterosteus aculeatus), which has only 21 pairs of chromosomes 

(2n=42) and can live in freshwater as well as marine and brackish habitats (Chen and Reisman 

1970; Wootton 1976; Ross and Peichel 2008; Ross et al. 2009; Fig. 1). Previous studies have 

shown that the difference in chromosome numbers between A. quadracus and G. aculeatus 
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involves the large metacentric chromosomes 4 and 7 in G. aculeatus, which each represent 

two pairs of acrocentric chromosomes in A. quadracus (Urton et al. 2011). However, without 

data from a closely-related outgroup species, it was impossible to determine whether there 

had been chromosomal fissions in A. quadracus or chromosomal fusions in G. aculeatus. 

However, it was intriguing to note that both chromosomes 4 and 7 have frequently been 

associated with QTL and genomic islands of divergence between marine and freshwater G. 

aculeatus (Hohenlohe et al. 2010; Jones et al. 2012; Roesti et al. 2014; Peichel and Marques 

2017; Nelson and Cresko 2018; Fang et al. 2020; Magalhaes et al. 2021; Roberts Kingman et 

al. 2021), suggesting the possibility that chromosomal fusions might have facilitated 

adaptation to divergent habitats in this species. However, previous population genomic 

studies had not directly tested whether these chromosomes were specifically enriched for 

genomic clusters of adaptive loci. 

Here, we generated a high-quality de novo assembly for A. quadracus, and then 

integrated comparative genomics and population genomics to address the following 

questions: (1) is the difference in chromosome number between threespine stickleback (G. 

aculeatus) and fourspine stickleback (A. quadracus) due to chromosomal fusion in G. 

aculeatus or chromosomal fission in A. quadracus?; (2) is there an enrichment of QTL 

contributing to adaptive divergence in traits on chromosomes 4 and 7 in G. aculeatus?; (3) is 

there an enrichment of molecular signatures of divergent adaptation on chromosomes 4 and 

7 in G. aculeatus?; and (4) how did chromosomal fusions facilitate adaptation to divergent 

habitats in G. aculeatus?  

 

Results and Discussion 

Phylogenetic relationship and chromosome numbers of stickleback species  

We generated phylogenetic trees for seven species of the Gasterosteidae family plus the 

outgroup species (Aulorhynchus flavidus) using 1734 single-copy, orthologous coding gene 

sequences obtained from whole genome sequencing data (G. aculeatus, Pungitius pungitius, 

A. quadracus, A. flavidus) and RNA-seq data (G. nipponicus, G. wheatlandi, Culaea inconstans, 

Spinachia spinachia) (Supplementary Table S1). The phylogeny generated by concatenated 

sequences is highly supported with all bootstrap values equal to 100 (Fig. 1A). It is consistent 

with a previous phylogeny generated from 11 nuclear genes and mitochondrial genomes 

(Kawahara et al. 2009). To account for incomplete lineage sorting, we also built a species tree. 
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First, gene trees were reconstructed for each ortholog. Then, these trees were combined to 

find a topology that agrees with the largest number of quartet trees. The species tree is the 

same as the concatenated tree with high support values (Fig. 1B). 

Based on this phylogeny, it is likely that the ancestor of the Gasterosteidae family 

inhabited marine and brackish water. The brook stickleback (C. inconstans) is the only species 

that lives primarily in freshwater, while the threespine stickleback (G. aculeatus) and the 

ninespine stickleback (P. pungitius) are able to inhabit both marine and freshwater habitats, 

with the opportunity for gene flow between the marine and freshwater populations. 

Interestingly, these two species also have a diploid chromosome number of 42 (2n=42), which 

is reduced relative to the diploid chromosome number (2n=46) in the fourspine stickleback 

(A. quadracus), the brook stickleback (C. inconstans), and the outgroup A. flavidus (Li et al. 

submitted). We also found that the fifteenspine stickleback (S. spinachia) has a lower diploid 

chromosome number (2n=40) by counting metaphase chromosomes from three independent 

males (41 metaphases counted, mode 2n=40, range 2n=38-42) and three independent 

females (9 metaphases counted, mode 2n=40, range 2n=38-41; Supplementary Fig. S1). Given 

that most teleosts have a diploid chromosome number of 48 or 50 (Naruse et al. 2004; 

Amores et al. 2014), it is likely that lower chromosome number in species within the 

stickleback family results from chromosomal fusions. However, it is also possible that the 

fusions were ancestral and that the greater number of chromosomes in some species results 

from chromosomal fission. To distinguish between these possibilities, we used the newly 

available whole-genome assemblies of the outgroup A. flavidus (Li et al. submitted), P. 

pungitius (Varadharajan et al. 2019), and G. aculeatus (Nath et al. 2021), as well as the high-

quality assembly of A. quadracus generated in this study. We then focused on the whole-

chromosome rearrangements that have occurred in G. aculeatus to determine whether these 

rearrangements are associated with genetic loci that underlie adaptation to divergent marine 

and freshwater habitats in this species. 

 

De novo assembly and annotation of the A. quadracus genome 

To generate a high-quality assembly of the A. quadracus genome, we used high-coverage 

PacBio long-read sequencing to assemble the genome of a female fish derived from a 

laboratory cross between two populations from Nova Scotia, Canada. Raw read coverage was 

91.58x (39.2 Gbp in total). 10X Genomics linked reads and HiC reads from the same individual 



29 
 

were used for scaffolding the assembly separately. The final assembly is 428.91 Mbp, and it 

contains 890 scaffolds, including 21 chromosome-level scaffolds. The N50 length is 18.10 Mbp, 

and the assembly quality assessed by BUSCO was relatively high with 96.9% completeness. A. 

quadracus has a smaller genome than the other existing stickleback genome assemblies (~449 

Mbp for G. aculeatus (Nath et al. 2020) and ~521 Mbp for P. pungitius (Varadharajan et al. 

2019)). We constructed a repeat library for A. quadracus using de novo and homology-based 

approaches (See Materials and Methods). After masking the repetitive regions, the rest of the 

genome was annotated with the evidence from RNA-seq data, homologous protein databases, 

and ab initio annotation. We filtered out annotated genes with poor quality (typically AED > 

0.5), leading to 21,955 genes in the final version of the annotation. The accession numbers 

for the A. quadracus assembly and annotation are available in Supplementary Table S1. 

 

Independent fusions of the same chromosomes in G. aculeatus and P. pungitius 

The difference in chromosome number between G. aculeatus (2n=42) and A. quadracus 

(2n=46) found in previous cytogenetic studies could either result from fission events in A. 

quadracus or fusion events in G. aculeatus (Ross et al. 2009; Urton et al. 2011). By comparing 

the genome assemblies of G. aculeatus and A. quadracus, as well as P. pungitius, to the 

outgroup species (A. flavidus), we conclude that two fusions occurred in G. aculeatus (Fig. 2). 

The synteny map reveals that chromosomes 4 and 7 in G. aculeatus are likely the result of 

end-to-end fusions between chromosomes 4 and 22, and 7 and 23, respectively in A. 

quadracus (Supplementary Figs. S2-S4). These four chromosomes are also unfused in the 

outgroup A. flavidus, which also has 23 chromosome pairs. Zooming into the detailed synteny 

map, we also find evidence for inversion and gene transposition between A. quadracus and 

G. aculeatus (Supplementary Figs. S2-4). On G. aculeatus chromosome 4, two large inversions 

have occurred near the fusion point. In contrast, the inversions on G. aculeatus chromosome 

7 have occurred towards the chromosome ends. However, based on the order of the genes 

in the outgroup, these inversions have likely occurred in A. quadracus, not G. aculeatus.  

Interestingly, chromosome 4 in P. pungitius is also the result of a fusion between A. 

quadracus chromosomes 4 and 22. However, taking the phylogeny (Fig. 1) as well as a closer 

analysis of the fusion breakpoints into account (Supplementary Fig. S3), the fusion events 

involving A. quadracus chromosomes 4 and 22 in both G. aculeatus and P. pungitius are likely 

to have occurred independently. Further, chromosome 12 in P. pungitius, which is the sex 
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chromosome (Shapiro et al. 2009; Rastas et al. 2016; Natri et al. 2019) is the result of a fusion 

between A. quadracus chromosomes 7 and 12 (Fig. 2). Although A. quadracus chromosome 7 

is involved in fusion events in both G. aculeatus and P. pungitius, it has fused to different 

chromosomes in these species (Fig. 2 and Supplementary Fig. S4), again suggesting 

independent fusions have occurred in the two lineages. Together, these data demonstrate 

that chromosomal fusions have occurred in the two stickleback lineages that include species 

(G. aculeatus and P. pungitius) able to inhabit both marine and freshwater habitats, raising 

the possibility that such fusions have contributed to the ability of these species to adapt to 

divergent habitats in the face of gene flow. 

 

Enrichment of marine-freshwater QTL on chromosomes 4 and 7 in G. aculeatus 

If fusions facilitate adaptation by linking adaptive alleles, we would predict that an increased 

number of QTL underlying adaptive traits would map to the fused chromosomes, and that the 

these QTL would have congruent effects in the expected direction (i.e. a marine allele confers 

a marine phenotype and vice versa) on multiple traits. Thus, we tested whether there was an 

enrichment of QTL with effects in the expected direction on G. aculeatus chromosomes 4 and 

7 using a database of QTL identified in crosses between marine and freshwater populations 

(Peichel and Marques 2017). Indeed, we found that chromosomes 4 and 7, as well as 

chromosomes 16, 20, and 21, have significantly more QTL with effects in the expected 

direction than other chromosomes, accounting for variation in either the length of 

chromosomes or the number of genes on the chromosomes (Fig. 3 and Supplementary Table 

S2). Chromosome 21 has an inversion that is polymorphic within G. aculeatus, which is one of 

the strongest signals of divergence between worldwide marine and freshwater populations 

(Jones et al. 2012; Roesti et al. 2015; Fang et al. 2020; Magalhaes et al. 2021; Roberts Kingman 

et al. 2021). Although there are no apparent large-scale chromosomal rearrangements 

between marine and freshwater populations associated with chromosomes 16 or 20, the 

adaptive clusters on chromosomes 4, 7 and 21 are associated with chromosomal 

rearrangements that might facilitate linkage of adaptive traits. 

 

No enrichment of gene transpositions or gene duplications on chromosomes 4 and 7 

It has also been proposed that such adaptive clusters could form via small-scale genomic 

rearrangements, such as transposition of single genes and/or gene duplications (Yeaman 
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2013). We therefore examined the distribution of gene duplication and gene transposition 

events in G. aculeatus relative to P. pungitius, A. quadracus, and A. flavidus. There were too 

few gene transposition events to determine whether the distribution of these genes varied 

among chromosomes. There are more gene duplications than expected on chromosomes 10, 

11, 16 and 21, given either the length of the chromosome or the number of genes on the 

chromosome (Supplementary Table S3). A comparison of the G. aculeatus and A. flavidus 

genomes also revealed no evidence for an enrichment of micro-rearrangements, lineage-

specific genes, or gene duplications on G. aculeatus chromosomes 4 or 7, although gene 

duplications are enriched specifically within one region on chromosome 4 (Li et al. submitted). 

It is therefore possible that gene duplication might also play a role in the formation of the QTL 

clusters on chromosomes 16 and 21, but not on the fusion chromosomes 4 and 7.  

 

Enrichment of genomic signatures of selection on chromosomes 4 and 7 in G. aculeatus 

The clustering of adaptive QTL on chromosomes 4 and 7 suggests that these chromosome 

fusions link adaptive loci together. However, from the QTL analysis, we can only observe this 

at the phenotypic level. To further explore whether chromosome fusions show signatures of 

selection at the sequence level, we examined different signatures of selection using whole 

genome sequencing data. Using Hidden Markov Models (HMM), we identified genomic 

islands of differentiation between a marine (Puget Sound) and freshwater (Lake Washington) 

population of G. aculeatus. The distribution of genomic islands is uneven across the genome, 

and chromosomes 4, 7, 9, 11, and 20 have a significantly higher number of windows with 

outlier SNPs in genomic islands than expected, given either the length of the chromosome or 

the number of genes on the chromosome (For details of all enrichment analyses in this section, 

see Methods, Supplementary Fig. S5, and Supplementary Table S4). Next, we used a window-

based method to calculate FST across the genome. Fst within genomic islands is elevated, and 

peaks are enriched on chromosomes 4 and 7 (Fig. 4 and Supplementary Fig. S5). For these 

two chromosomes, regions with elevated FST are found in the middle of the chromosomes. A 

similar pattern is also revealed by a topology weighting analysis (Supplementary Fig. S6), in 

which regions in the middle of chromosomes 4 and 7 show a higher proportion of topology 1, 

indicating adaptation of freshwater populations.  

We also calculated window-based nucleotide diversity (Pi) across the genome to trace 

the signature that selection left within each population. Overall, the nucleotide diversity of 
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the Lake Washington freshwater population is higher than in the Puget Sound marine 

population, with delta Pi (PiLake Washington – PiPuget Sound) always greater than 0. The greatest 

differences in nucleotide diversity between the populations are found on chromosomes 1, 4, 

7, 20 and 21, with more diversity in the freshwater Lake Washington population (Fig. 4 and 

Supplementary Fig. S5). Within Lake Washington, there are more top 5% outlier windows for 

Pi than expected on chromosomes 4 and 7 (as well as on chromosomes 8, 20 and 21), 

particularly in the middle of the chromosomes (Fig. 4 and Supplementary Fig S5 and 

Supplementary Table S4). Interestingly, genetic diversity in the regions under selection is 

lower in the Puget Sound marine population and elevated in the Lake Washington freshwater 

population (Fig. 4 and Supplementary Fig. S5).  

The nucleotide diversity results are surprising. Most current-day freshwater populations 

of G. aculeatus, such as the Washington Lake population, were founded by marine stickleback 

after the end of the last ice age, approximately 12,000 years ago (Bell and Foster 1994). Thus, 

selection towards a novel environment is mainly thought to occur in the freshwater 

environment, leading to a reduction in genetic diversity near selected sites. Furthermore, 

freshwater populations are expected to have a smaller population size, where genetic drift 

would have a more powerful influence, leading to a faster loss of genetic diversity in the 

freshwater population. However, a recent simulation study has pointed out that gene flow 

can not only homogenize the genome but also increase diversity near regions under selection 

(Jasper and Yeaman 2020). To determine whether gene flow can explain the distribution of 

nucleotide diversity in our data, we built several demographic models (Supplementary Fig. S7) 

to explore the most plausible evolutionary history of the Puget Sound marine and Lake 

Washington freshwater populations. Based on ΔAIC values, the best model has a bottleneck 

event in the ancestral population, followed by two reciprocal migration regimes (Fig. 5 and 

Supplementary Table S5). The effective population size in Puget Sound is 33,111, which is 

larger than the effective population size of 3,775 in Lake Washington, consistent with the 

expectation that the marine population has a larger population size. The inferred bottleneck 

is consistent with a previous Pairwise Sequentially Markovian Coalescent (PSMC) inference of 

the demographic histories of these two populations (Shanfelter et al. 2019). Two migration 

regimes are inferred with an increase in migration at 111 years ago, which is roughly 

consistent with when the Lake Washington Ship Canal, which connects Lake Washington and 

Puget Sound, was built in 1917 (Edmondson 1991). During both periods of migration, the 
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actual number of migrants from Puget Sound to Lake Washington is lower than the reverse, 

suggesting that more fish migrate from the freshwater environment to the marine 

environment. Overall, our demographic model suggests that migration between marine and 

freshwater populations is common, especially after the build-up of the Lake Washington Ship 

Canal. This is consistent with a scenario of gene flow increasing diversity near regions under 

selection (Jasper and Yeaman 2020) and our result that regions with high genetic diversity are 

associated with regions under selection. Similar results have been observed in Alaskan 

populations of G. aculeatus, with low genetic diversity in marine populations and high genetic 

diversity in freshwater populations in regions of the genome under divergent selection 

(Nelson et al. 2019). Their simulations suggest that this pattern results from asymmetries in 

population structure between the habitats, especially near locally adapted sites, and that this 

effect on diversity is strongest in regions of low recombination, such as we find on 

chromosomes 4 and 7.  

Lastly, we used two haplotype-based methods to detect footprints of recent or ongoing 

selection. iHS is a statistic for detecting incomplete selective sweeps across the genome 

within a population (Voight et al. 2006), while XPEHH is a statistic for detecting (nearly) 

complete selective sweeps in one of two populations (Sabeti et al. 2007). We calculated the 

proportion of extreme values (w-iHS and w-XPEHH) in 20kb windows with a step size of 10kb. 

Signatures of recent selection exist across the whole genome in both populations, with more 

windows containing signatures of divergent selection (XPEHH) than expected between the 

populations on chromosomes 5, 9 and 17 (Fig. 4, Supplementary Fig. S5 and Supplementary 

Table S4). Chromosomes 8 and 10 exhibit more windows of elevated iHS in Lake Washington, 

and chromosomes 4, 17, 18 and 21 exhibit more windows of elevated iHS in Puget Sound 

(Supplementary Fig. S5 and Supplementary Table S4). Thus, these patterns of recent selection 

differ from the patterns nucleotide diversity and FST, particularly on chromosomes 4 and 7 

(Fig. 4 and Supplementary Fig. S5), consistent with previous results suggesting that most 

regions of strong divergence between marine and freshwater ecotypes are on the order of 

millions of years old (Nelson and Cresko 2018; Roberts Kingman et al. 2021).  

 

How might chromosomal fusions facilitate the formation of adaptive clusters? 

Overall, we find that signatures of divergent selection between marine and freshwater are 

distributed across the G. aculeatus genome, but that some regions of the genome show 
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evidence for clustering of adaptive loci. The patterns we find in our population genomic 

analyses using whole genome sequencing of a single marine-freshwater pair from the Eastern 

Pacific are consistent with the results of many population genomic studies, mostly using RAD-

seq, in global marine-freshwater pairs (Hohenlohe et al. 2010; Jones et al. 2012; Roesti et al. 

2014; Peichel and Marques 2017; Haenel et al. 2018; Nelson and Cresko 2018; Fang et al. 2020; 

Magalhaes et al. 2021; Roberts Kingman et al. 2021). In contrast to previous studies, we 

explicitly tested whether particular chromosomes are enriched for different signatures of 

selection. We found that chromosomes 4 and 7 have significantly more QTL associated with 

traits that diverge between marine and freshwater populations, more outlier SNPs in genomic 

islands of divergence, and higher levels of diversity in freshwater. By contrast these 

chromosomes do not have an excess of gene transposition or duplication events, or 

signatures of recent selection. These strong signals on chromosomes 4 and 7 have been 

previously observed, and they have been attributed to the fact that these are regions of low 

recombination (Roesti et al. 2014; Nelson et al. 2019; Roberts Kingman et al. 2021). Indeed, 

using genetic diversity as a proxy for recombination rate (Cicconardi et al. 2021), we find that 

chromosomes 4 and 7 have lower recombination rates than the unfused chromosomes in the 

G. aculeatus genome and that recombination rates on these chromosomes are lower than on 

their unfused homologues in A. quadracus (Supplementary Fig. S8). Interestingly, the patterns 

on these two chromosomes are different than those on chromosome 1, which is also a large 

metacentric chromosome with similar patterns of reduced recombination across the middle 

of the chromosome (Roesti et al. 2013; Glazer et al. 2015; Shanfelter et al. 2019). This suggests 

that the reduction of recombination observed on chromosomes 4 and 7 is greater than we 

would predict for metacentric chromosomes of similar size. Furthermore, chromosome 1 

does not show chromosome-wide enrichment for any signatures of selection or for QTL 

(Supplementary Fig. S5 and Supplementary Table S2 and Supplementary Table S4). Thus, we 

hypothesize that the clustering of adaptive loci on chromosomes 4 and 7 is associated with 

the reduced recombination created by the chromosomal fusions.  

There are two non-mutually exclusive hypotheses for how chromosomal fusions might 

facilitate adaptation (Guerrero and Kirkpatrick 2014). The first is that the fusion brings 

together pre-existing locally adapted alleles. The second is that the fusion creates a region of 

low recombination, which then enables the formation of adaptive clusters, as has been seen 

in the case of a chromosomal inversion in Mimulus guttatus (Coughlan and Willis 2019). In 
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the case of the fusions found in G. aculeatus, it is difficult to determine whether one of these 

explanations may be most important, or whether both are playing a role. This is because the 

two sister species of G. aculeatus (G. wheatlandi and G. nipponicus) also have 21 pairs of 

chromosomes (Fig. 1), and our preliminary assembly of a G. wheatlandi genome suggests that 

chromosomes 4 and 7 show the same arrangement as in G. aculeatus. Thus, the fusions were 

likely present in the common ancestor of the three Gasterosteus species. However, both G. 

wheatlandi and G. nipponicus can only live in marine or brackish habitats (Fig. 1). Thus, the 

presence of the fusion itself was not enough to enable adaptation to freshwater. Previous 

work has suggested that duplications of the Fads2 gene occurred in G. aculeatus, but not in 

G. wheatlandi or G. nipponicus, and that these duplications enabled G. aculeatus to take 

advantage of nutritionally depauperate freshwater habitats (Ishikawa et al. 2019). 

Interestingly, there is also a duplication of Fads2 in P. pungitius, which can also live in 

freshwater. We speculate that once G. aculeatus (and perhaps P. pungitius) was able to 

invade freshwater, the region of low recombination created by the fusions provided a 

genomic region that could allow the buildup of adaptive alleles that were resistant to gene 

flow between marine and freshwater populations. Nonetheless, it is possible that the fusions 

we find in these species were fixed due to selection for linkage between alleles that provided 

an advantage in the ancestral habitat. A role for selection is suggested by convergent 

involvement of the same chromosomes in fusions in Gasterosteus and Pungitius. However, 

with our current data, we are unable to determine whether selection, drift, and/or another 

force like meiotic drive was responsible for the fixation of chromosomal fusions in sticklebacks 

(Dobigny et al. 2017).  

 Regardless of the mechanism of initial fixation, once fixed, we hypothesize that these 

fusions provided a unique genomic substrate for the formation of adaptive clusters in G. 

aculeatus as it was moving between marine and freshwater habitats during repeated bouts 

of glaciation and deglaciation during its evolutionary history over the past several million 

years. It does not appear that new genes were moving into these regions (Li et al. submitted), 

and therefore they must have been built by what has been called “allele-only clustering”, 

which is when selection builds clusters of locally adapted alleles at loci already co-localized in 

the genome (Roesti 2018). The patterns of divergence we see indeed suggest that multiple 

adaptive clusters are embedded in the larger regions of particularly low recombination across 

chromosomes 4 and 7 (Fig. 4 and Supplementary Fig. S8). As many of these adaptive clusters 
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in G. aculeatus (including those on chromosome 4 and 7) are at least a million years old 

(Nelson and Cresko 2018; Roberts Kingman et al. 2021) , there has been much time for the 

buildup of these adaptive alleles. Interestingly, older adaptive regions seem to be larger, 

suggesting that adaptive alleles are accumulating in these regions over time (Roberts Kingman 

et al. 2021). The accumulation of many adaptive alleles within these adaptive clusters is also 

consistent with a detailed study of the Eda region on chromosome 4, which showed evidence 

that multiple mutations within a 16kb region of high divergence between marine and 

freshwater populations contribute to lateral plate and sensory lateral line phenotypes, and 

that linked mutations outside the Eda region are responsible for the QTL cluster observed on 

chromosome 4 (Archambeault et al. 2020). Taken together, these data are more consistent 

with the divergence hitchhiking hypothesis (Feder et al. 2012; Via 2012) than the genomic 

architecture change hypothesis (Yeaman 2013). Our data suggest that even if the fusions 

themselves were not initially selected to link adaptive alleles, they have provided a genomic 

substrate that facilitates the process of divergence hitchhiking. 

 

Conclusion 

While the role of chromosomal rearrangements, such as inversions, in adaptation have been 

well-studied, the contribution of chromosomal fusions to adaptation is still unclear. By 

comparing genome assemblies, we found that two chromosomal fusions have occurred in G. 

aculeatus, and further demonstrate that these fused chromosomes are enriched in adaptive 

QTL and signatures of selection between marine and freshwater populations. We propose 

that these chromosomal fusions facilitated adaptation by altering the recombination 

landscape to create regions of low recombination that enabled the formation of adaptive 

clusters that can persist in the face of gene flow. 

 

 

Materials and methods 

Ethics statement 

All experiments involving animals were approved by the Veterinary Service of the Department 

of Agriculture and Nature of the Canton of Bern (VTHa# BE4/16, BE17/17 and BE127/17). 

 

Sample collections  
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In 2017, A. quadracus were collected from Rainbow Haven Beach (44.654857, -63.42113) 

and Canal Lake (44.498298, -63.90205) in Nova Scotia, Canada by Anne Dalziel. In 2018, G. 

wheatlandi were collected from Rainbow Haven Beach (44.654857, -63.42113) in Nova Scotia, 

Canada by Anne Dalziel. In 2017, C. inconstans were collected from the Sass River (60.073328, 

-113.312240) in the Northwest Territories, Canada by Julia Wucherpfennig; brains were 

dissected by Ian Heller and placed into RNAlater (Life Technologies, Carlsbad, California, USA). 

In 2018, S. spinachia were collected from the Baltic Sea (54.387423, 10.494736) near 

Hohenfelde, Germany by Arne Nolte. All samples were shipped to the University of Bern for 

further processing. 

 

DNA and RNA extraction and sequencing  

For assembly of the A. quadracus genome, DNA from a single laboratory-reared female 

resulting from a cross between a Rainbow Haven Beach female and a Canal Lake male (both 

from Nova Scotia, Canada) was used. High molecular weight DNA was extracted from the 

blood following (Peichel et al. 2020) and used to prepare a SMRTbell Express library for PacBio 

sequencing and a 10X Genomics library for Linked-Reads sequencing. The liver of the same 

individual was used to prepare a Hi-C sequencing library using the Phase Genomics Proximo 

Hi-C animal kit (Phase Genomics, Seattle, Washington, USA). Four SMRT cells were sequenced 

on a PacBio Sequel Platform, and the 10X Genomics and Hi-C libraries were sequenced for 

300 cycles on an Illumina NovaSeq SP flow cell. To polish the PacBio reads, DNA from wild-

caught individuals from Canal Lake (4 females, 4 males) was extracted using phenol-

chloroform and used to prepare Illumina DNA TruSeq libraries, which were sequenced for 300 

cycles on an Illumina NovaSeq SP flow cell. All library preparation and sequencing were 

performed by the University of Bern Next Generation Sequencing Platform.    

Total RNA was extracted from whole brains of wild-caught adult G. wheatlandi (4 females, 

4 males), C. inconstans (5 females, 5 males), A. quadracus from Canal Lake (4 females, 4 males), 

and S. spinachia (4 females and 4 males) using Trizol (Life Technologies, Carlsbad, California, 

USA) following the manufacturer’s instructions. Illumina mRNA TruSeq libraries were 

prepared and either subject to 150bp paired-end sequencing on an Illumina HiSeq3000 (G. 

wheatlandi, C. inconstans, A. quadracus) or 150bp paired-end sequencing on an Illumina 

NovaSeq SP flow cell (S. spinachia) at the University of Bern Next Generation Sequencing 

Platform.  
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For this study, we also used the available genome assemblies for G. aculeatus (Nath et 

al. 2021)), P. pungitius (Varadharajan et al. 2019), and the outgroup A. flavidus (Li et al. 

submitted). We also used available RNA-seq data from G. nipponicus (Ishikawa et al. 2019). 

Supplementary Table S1 summarizes all samples and sequencing data used for this study and 

provides all relevant accession numbers. 

 

Reconstruction of the stickleback phylogeny 

To determine if the phylogenetic relationships among the species in the Gasterosteidae family 

are consistent with previous studies using 11 nuclear genes and mitochondrial genomes 

(Kawahara et al. 2009), we built a phylogenetic tree using seven species in the family (A. 

quadracus, C. inconstans, G. aculeatus, G. nipponicus, G. wheatlandi, P. pungitius, S. spinachia) 

and an outgroup A. flavidus. For species with a reference genome (A. quadracus, G. aculeatus, 

P. pungitius, and A. flavidus), nucleotide and amino acid sequences of the coding regions were 

extracted. For species without a reference genome, we used RNA-seq data to build 

transcriptome assemblies.  

RNA-seq reads were trimmed using Trimmomatic (v 0.36), and the reads were de novo 

assembled by the Trinity assembler (v 2.10.0). The open reading frames (ORF) were predicted 

by Transdecoder (accessed on 02/10/2020) (Haas et al. 2013). Redundancy at the amino acid 

level was removed by cd-hit (v 4.8.1) (Li and Godzik 2006) with a threshold of 95% identity. 

Next, amino acid sequences of the eight species were compared to search for orthologs by 

OrthoFinder (v 2.3.12) (Emms and Kelly 2019), and only single-copy orthologs were kept for 

the downstream analysis. Then, we aligned amino acid sequences using muscle (v 3.8.1511) 

to guide the alignment of the corresponding nucleotides sequences. Sites with gaps or missing 

data were removed entirely, resulting in 1734 alignments of single-copy orthologs. 

Phylogenies were built in two ways: 1) we concatenated alignments of 1734 orthologs to build 

a supermatrix and reconstructed a phylogeny using RaxML (v8) (Stamatakis 2006); 2) for each 

alignment, we first built gene trees in RaxML (v8) and then estimated the species tree using 

ASTRAL-III (V 5.7.4) (Zhang et al. 2018). 

 

Identification of chromosome number in S. spinachia 

For the phylogenies shown in Fig. 1, we also added information on the known habitats of each 

species (Wootton 1976; Guo et al. 2019) and the diploid chromosome number (Chen and 
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Reisman 1970; Ocalewicz et al. 2008; Ross and Peichel 2008; Kitano et al. 2009; Ross et al. 

2009; Ocalewicz et al. 2011). However, there was no prior information on the diploid 

chromosome number for S. spinachia. We therefore used the protocol of Ross and Peichel 

(2008) to generate metaphase spreads from 3 of the S. spinachia females and 3 of the S. 

spinachia males used for the RNA-sequencing data (Supplementary Table S1). Sex was 

determined by inspection of the gonads. The fish were euthanized in 0.2% tricaine 

methanesulfonate (MS-222), and the spleen was used for the metaphase spreads. Metaphase 

spreads from each individual were stained with DAPI and photographed on a Nikon Eclipse 

80i microscope using a Photometrics CoolSNAP ES2 camera (Photometrics, USA) and NIS-

Elements BR 3.22.15 imaging software (Nikon, Japan). Chromosomes were counted from 

photos of individual metaphase spreads.   

 

A. quadracus de novo genome assembly  

The PacBio assembly was generated using Flye 2.6 with default parameters (Kolmogorov et 

al. 2019), followed by the polishing step using Arrow (v 3.0) and Pilon (Walker et al. 2014) 

separately with default parameters in both cases. For polishing, whole-genome resequencing 

data described above from eight A. quadracus individuals (four males, four females) from 

Canal Lake, Nova Scotia, Canada (Supplementary Table S1) were used. Raw reads were 

trimmed by Trimmomatic (v 0.36) (Bolger et al. 2014) with a sliding window of 4 bp. The first 

13 bp of reads were dropped, and windows of the remaining reads were also dropped with 

an average quality score below 15. Genome size estimation was run by GenomeScope 2.0 

(Ranallo-Benavidez et al. 2020) with trimmed data. 

Contig scaffolding was conducted using the 10x Genomics linked reads and Hi-C proximity 

guided assembly separately. Contigs were linked by linked reads using ARCS (v 1.1.1) and 

LINKS (Warren et al. 2015; Yeo et al. 2018). Raw Hi-C reads were first processed with HiCUP 

(Wingett et al. 2015) and then assembled by Juicer (v. 1.5) (Durand et al. 2016) and 3D-DNA 

(v. 180922) (Dudchenko et al. 2017). After the first round of Hi-C scaffolding, the assembly 

was revised manually based on the contact map and then scaffolded again. The final step, 

gap-closing, was run by LR_Gapcloser (Xu et al. 2019). Assembly quality was evaluated by 

BUSCO v3 (Simão et al. 2015; Waterhouse et al. 2018).  

 

A. quadracus genome annotation 
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The genome assembly was annotated in a two-step pipeline. The first step was the annotation 

of repeat elements. MITE-Tracker (Crescente et al. 2018) was used to detect miniature 

inverted-repeat transposable elements (MITE). Full-length long terminal repeat (LTR) 

sequences were identified using LTR_finder (Xu and Wang 2007) and LTRharvest (Ellinghaus 

et al. 2008), and were further combined by LTR_retriever (Ou and Jiang 2018). Subsequently, 

RepeatMolder (v. 2.0) (Flynn et al. 2020) was used to identify novel repeat sequences. 

Libraries from MITE, LTR, and RepeatMolder were merged into a non-redundant library and 

passed to the final annotation of repetitive sequences with RepeatMasker (v. 4.0.9) (Smit et 

al. 2013).  

The RNA-sequencing data generated from eight A. quadracus individuals (four males, 

four females) from Canal Lake, Nova Scotia, Canada (Supplementary Table S1) and described 

above was used to aid in genome annotation. The raw reads were trimmed by Trimmomatic 

(v. 0.36) and then used as the input for Trinity assembler with default parameters (v. 2.10.0) 

(Grabherr et al. 2011).  

The prediction and annotation of genes were conducted on the repeat-masked genome 

assembly with the Maker2 (v. 2.31.10) pipeline (Holt and Yandell 2011), including four rounds 

of annotation. In the first round, the transcriptome assembly generated by Trinity and protein 

data from Danio rerio, G. aculeatus, P. pungitius, Takifugu flavidus, and the Uniprot database 

(UniProt Consortium 2015) were used as evidence for the program. The second round of 

annotation included two training and prediction steps by AUGUSTUS (v. 3.2.3) (Stanke et al. 

2008) and SNAP (Korf 2004). The results were then passed to MAKER2. For the third round 

annotation, GeneMARK-ES (Ter-Hovhannisyan et al. 2008) was combined with MAKER2. 

Finally, the second round annotation was repeated with the resulting files from the third 

round. The final annotation was checked based on annotation edit distance (AED), and only 

annotations with AED score 0.5 or less were retained for downstream analysis. Functional 

annotation was conducted by eggnog-mapper (v2) (Huerta-Cepas et al. 2017). 

 

Genomic synteny analyses and detection of rearrangements between species 

Synteny analyses were conducted in two ways. First, Mummer4 and nucmer (Marçais et al. 

2018) were used to compare the order of genes between G. aculeatus and A. quadracus on 

G. aculeatus chromosomes 4 and 7. Alignments shorter than 2000bp with an identity less than 

85% were removed. Second, non-redundant coding sequence sets from four species (G. 
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aculeatus, A. quadracus, P. pungitius and A. flavidus) were used for cross synteny analysis. 

We used MCScan (Tang et al. 2008) in JCVI package (Tang et al. 2015) to compare synteny on 

the chromosome level as well as the gene level. A. flavidus was chosen as the outgroup based 

on the phylogeny to examine whether the reduction of chromosome number in G. aculeatus 

and P. pungitius relative to A. quadracus is due to fission or fusion. 

 

Identification of gene transposition and duplication events 

To detect gene duplication and transposition events, we first extracted single-copy 

orthologues from four species (G. aculeatus, P. pungitius, A. quadracus, A. flavidus) using 

OrthoFinder (v 2.3.12) (Emms and Kelly 2019). For gene duplication events, we used the 

duplication summary from OrthoFinder and focused on genes only duplicated in G. aculeatus; 

we included both intra- and inter-chromosomal duplications in the analyses. For gene 

transposition events, we focused on inter-chromosomal gene transpositions, in which a gene 

had moved to the focal chromosome in G. aculeatus from another chromosome in the other 

species. The homology of chromosomes from different species is based on our synteny map 

(Fig. 2). If a gene is only present on a focal chromosome in G. aculeatus but is not present on 

the homologous chromosomes in other species, we considered it as a valid transposition 

event. The sex chromosome was excluded from these analyses.  

To test whether any chromosomes had an excess of duplicated genes, the expected 

distribution of duplicated genes on each chromosome was calculated based on both the 

chromosome length in base pairs and the number of genes on the chromosome. The expected 

and observed distributions were compared in R through a goodness-of-fit test (chisq.test). 

Chromosomes with significantly higher values than expected were identified by standardized 

residuals with a value larger than 3 in both comparisons (Supplementary Table S3). There 

were too few gene transposition events to analyze. 

  

Genomic distribution of marine-freshwater QTL in G. aculeatus 

To test if the fusion events in G. aculeatus are associated with clustering of adaptive traits, 

we used a modified version of a QTL database (Peichel and Marques 2017). The QTL data were 

filtered to remove redundant QTL following Rennison and Peichel (in review), and only the 

655 QTL found in crosses between marine and freshwater populations were retained for the 

downstream analysis (Supplementary Table S2). We first mapped all the retained QTL with 
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confidence intervals to the G. aculeatus v.5 genome (Nath et al. 2021) in 50kb windows, 

following Peichel and Marques (2017). Next, we used the data from the original QTL papers 

to determine whether the marine allele at these QTL confers a marine phenotype and vice 

versa, which would suggest that these QTL contribute to adaptation to the divergent marine 

and freshwater habitats. A chi-square test following (Peichel and Marques 2017) was used to 

test if the number of QTL with effects in the expected direction on a given chromosome is 

significantly different from the expected number of QTL with effects in the expected direction 

on that chromosome, given either the length of the chromosome or the number of genes on 

the chromosome. To identify significant deviations from the expectation on a particular 

chromosome, the standardized residuals for each chromosome were examined, with a value 

of 3 indicating the observed data is significantly larger than expected and a value of -3 

indicated the observed data is significantly lower than expected (Supplementary Table S2). 

 

Identifying genomic islands of differentiation 

Previous population genomic studies of marine-freshwater divergence were either based on 

very low coverage (2-5X) whole genome sequence or RAD-seq data (Hohenlohe et al. 2010; 

Jones et al. 2012; Roesti et al. 2014; Nelson and Cresko 2018; Fang et al. 2020; Magalhaes et 

al. 2021; Roberts Kingman et al. 2021). To identify genomic islands of differentiation and 

signatures of selection between G. aculeatus marine and freshwater fish, we therefore used 

the only high-coverage (17-22X), whole-genome sequencing data available at the time of our 

analyses, which was from 25 freshwater individuals from Lake Washington and 24 marine 

individuals from Puget Sound (Supplementary Table S1; Shanfelter et al. 2019). Trimmed 

reads (methods described as above) were mapped to the G. aculeatus v.5 genome assembly 

(Nath et al. 2021) by BWA (v 0.7.11) (Li 2013). Bam files were sorted with duplicates marked 

by Samtools (v 1.9) (Li et al. 2009) and MarkDuplicates in GATK4 (Van der Auwera and 

O’Connor 2020) separately. Variants were called using HaplotypeCaller, and joint genotyping 

was conducted by combining all individuals for the population with GATK4 (Van and O’Connor 

2020). For SNP filtration, we used Vcftools (0.1.16) and kept sites with minimum genotype 

qualities greater than 30, fewer than 20% missing genotypes, and a minor allele frequency 

greater than 0.05. To prevent bias caused by too high or too low sequencing depth, we also 

filtered out sites if the population mean depth coverages were less than half or greater than 

twice the average value for each population. Finally, sites that were not in Hardy-Weinburg 
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equilibrium in each population were removed.  

Using this dataset, we followed the approach of (Hofer et al. 2012; Marques et al. 2016) 

to identify genomic islands of differentiation between the Puget Sound marine and Lake 

Washington freshwater populations of G. aculeatus. A Hidden Markov model (HMM) was 

used to find regions with exceptionally low and high divergence compared to the background 

divergence (assumed to be neutral). Only SNPs with minor allele frequencies > 0.25 were used 

for this analysis because low-frequency allele SNPs tend to disrupt the detection of high 

differentiation regions which will never reach a high level of differentiation (Roesti et al. 2012). 

Locus level FST was estimated in Arlequin (v 3.5.2.2) (Excoffier and Lischer 2010), and outliers 

were identified assuming an infinite island model. An HMM method was run to model every 

chromosome separately based on the probability of an SNP being an outlier from the Fst 

analysis. Scripts can be found at https://github.com/marqueda/HMM-detection-of-genomic-

islands (Marques et al. 2016). Only regions passing the multiple-testing correction with a false 

discovery rate of 0.001 were recognized as “genomic islands”. We excluded chromosome 19, 

which is the G. aculeatus sex chromosome (Peichel et al. 2004) from the analysis. 

 

Detecting signatures of selection across the genome 

Scans for signatures of selection were performed between the Puget Sound marine and Lake 

Washington freshwater populations in various ways using the dataset described above. A 

window-based FST distribution and nucleotide diversity were calculated with Vcftools (v 

0.1.16 ) with a window size of 20kb and a window step of 10kb. To further identify selected 

regions, we also adopted haplotype-based statistics. We first extracted mapped reads with 

mapping quality larger than 20 and inferred haplotypes using WhatsHap (v1.0) (Martin et al. 

2016) and shapeit4 (v 4.1.3) (Delaneau et al. 2019) with default parameters. Then, the output 

file was imported into the R package rehh (Gautier et al. 2017) to detect soft and incomplete 

sweeps within populations (iHS) and to detect complete sweeps that occurred in one 

population and not the other (XPEHH). We followed (Voight et al. 2006) to calculate the 

proportion of extreme iHS and XPEHH values (w-iHS and w-XPEHH, the proportion of |iHS| 

and |XPEHH| > 2) in the same 20kb overlapping windows. The sex chromosome, chromosome 

19 , was also excluded from this analysis. 

To examine whether particular chromosomes were enriched for these signatures of 

selection, we compared the observed number of: 1) SNPs within genomic islands; 2) top 5% 

https://github.com/marqueda/HMM-detection-of-genomic-islands
https://github.com/marqueda/HMM-detection-of-genomic-islands
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Pi outliers within each population; 3) top 5% |iHS| regions of outliers within each population; 

and 4) top 5% XPEHH regions of outliers on each chromosome to the expected numbers, given 

either the length of the chromosome or the number of genes on the chromosome in R 

through a goodness-of-fit test (chisq.test). Chromosomes with significantly higher values than 

expected were identified by standardized residuals with a value larger than 3 in both 

comparisons (Supplementary Table S4).  

 

Topology weighting analyses  

To explore the evolutionary histories of marine and freshwater alleles on the fusion 

chromosomes, we used a topology weighting approach. We built phylogenetic trees with the 

SNP dataset for the genome scan in non-overlapping windows for every 50 SNPs by RaxML 

(v8) (Stamatakis 2006) and conducted tree weighting in Twisst (Martin and Van Belleghem 

2017). The analysis was performed on the two fused chromosomes, chromosomes 4 and 7, 

separately. For comparison, we performed the analysis on chromosome 1 because it is a large 

submetacentric chromosome with a similar length and recombination patterns as on 

chromosomes 4 and 7 (Urton et al. 2011; Roesti et al. 2013; Glazer et al. 2015; Shanfelter et 

al. 2019). However, it has not experienced inter-chromosomal fusion between the G. 

aculeatus and A. quadracus lineages.  

 

Inferring demographic history 

The SNP dataset used for demographic simulations was the same as the one for detecting 

genomic islands with two differences. First, all rare alleles (i.e. a minor allele frequency less 

than 0.05) were kept. Second, we removed sites located in the genomic islands of 

differentiation. To account for linkage disequilibrium (LD), we used PLINK (v 1.9) to calculate 

and prune the SNP matrix to those with LD < 0.1. To prevent bias from SNPs in repeated 

regions, we checked the distance between consecutive SNPs and discarded those where the 

distance was less than five base pairs.  

To explore the evolutionary history of these two G. aculeatus populations and explain the 

patterns of genomic diversity, we reconstructed their demographic history with fastsimcoal2 

(v 2.6) (Excoffier et al. 2013). The one-dimensional folded observed site frequency spectrum 

(SFS) was calculated with easySFS (https://github.com/isaacovercast/easySFS) for each 

population. To maximize the number of segregating sites, 22 and 18 individuals of Lake 

https://github.com/isaacovercast/easySFS
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Washington and Puget Sound were kept for downstream analyses respectively. We fixed the 

split time of freshwater and marine population to 12,000 years ago, assuming a generation 

time of 1 year (Bell and Foster 1994). Thirteen models were built to identify the best scenario 

(Supplementary Fig. S7): 1) constant population size; 2) two bottlenecks while splitting; 3) two 

bottlenecks after splitting; 4) one bottleneck before splitting; 5) one bottleneck and splitting; 

6) one bottleneck and splitting followed by a constant and reciprocal migration; 7) one 

bottleneck and splitting followed by an early reciprocal migration; 8) one bottleneck and 

splitting followed by a recent reciprocal migration; 9) one bottleneck and splitting followed 

by two reciprocal migration regimes; 10) one bottleneck and splitting followed by 

introgression from Lake Washington to Puget Sound; 11) one bottleneck and splitting 

followed by introgression from Puget Sound to Lake Washington; 12) one bottleneck and 

splitting followed by introgression from Lake Washington to Puget Sound and two reciprocal 

migration regimes; 13) one bottleneck and splitting followed by introgression from Puget 

Sound to Lake Washington and two reciprocal migration regimes. To maximize the likelihood 

of each model, we randomly started from 100 parameter combinations in 50 Expectation-

Conditional Maximization (ECM) cycles with a total of 200,000 coalescent simulations. A 

mutation rate of 7.9 x 10-9 was used, following (Guo et al. 2013). For each model, we obtained 

the best likelihood values and estimated parameters from 100 optimizations. The best model 

was selected based on the smallest ΔAIC (Supplementary Table S5). 

 

Genetic diversity analysis of each chromsome in fused and unfused taxa 

To explore whether fused chromosomes have a lower recombination rate, we compared 

genetic diversity of each chromsome in G. aculeatus and A. quadracus. Genetic diversity can 

be used as a proxy for recombination rate because a decrease in recombination rate should 

lead to an increase in levels of background selection and therefore decrease in genetic 

diversity. Such a relationship between genetic diversity and recombination rate has been 

observed in Heliconius butterflies (Cicconardi et al. 2021). To obtain diversity data in A. 

quadracus, the whole-genome resequencing data described above from eight individuals 

from Canal Lake, Nova Scotia, Canada (Supplementary Table S1) were mapped by BWA (v 

0.7.11) (Li 2013) to the A. quadracus reference genome generated in this study. Bam files 

were sorted with duplicates marked by Samtools (v 1.9) (Li et al. 2009) and MarkDuplicates in 

GATK4 (Van der Auwera and O’Connor 2020) separately. Variants were called using 
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HaplotypeCaller, and joint genotyping was conducted by combining all individuals with GATK4 

(Van and O’Connor 2020). For SNP filtration, we used Vcftools (0.1.16) and kept sites with 

minimum genotype qualities greater than 30, fewer than 20% missing genotypes, and a minor 

allele count greater than 2. For G. aculeatus, the same SNP dataset for identifying genomic 

islands was used, except that we only used data from the marine population (Puget Sound) 

to prevent potential bias due to linkage to adaptive sites in the freshwater population. For 

both species, we extracted four-fold degenerate sites with the script codingSiteTypes.py 

available at (https://github.com/simonhmartin/genomics_general). Genetic diversity was 

calculated in windows of 50 SNPs with the script popgenWindows.py 

(https://github.com/simonhmartin/genomics_general). The average value of each 

chromosome was calculated by hand, and genetic diversity on each chromosomes was 

normalized relative to the average diversity of unfused chromosomes within a species. 
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Fig. 1. Phylogeny of stickleback species and the A. flavidus outgroup. (A) Phylogenetic 

relationship among species was reconstructed in RaxML using a concatenated supermatrix 

of 1734 single-copy, orthologous genes. Numbers near nodes are bootstrap values. (B) 

Species tree was reconstructed in ASTRAL-III based on individual gene trees. Numbers near 

nodes are support values from ASTRAL-III. Data on diploid chromosome number are from 

(Chen and Reisman 1970; Ocalewicz et al. 2008; Ross and Peichel 2008; Kitano et al. 2009; 

Ross et al. 2009; Ocalewicz et al. 2011) and this study for S. spinachia, and data on habitats 

are from (Wootton 1976; Guo et al. 2019). 
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Fig. 2. Synteny map of the A. flavidus, A. quadracus, G. aculeatus and P. pungitius genomes. 

The comparison is based on homologous coding region sequences. Colored rectangles are 

chromosomes and numbers indicate the corresponding chromosomes. Colored lines 

represent the fusion events in G. aculeatus and P. pungitius. 
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Fig. 3. (A) Counts of QTL underlying traits that differ between marine and freshwater 

populations with QTL conferring an effect in the expected direction in red, and QTL 

conferring an effect in the reversed direction in purple. (B) Density of QTL confidence 

intervals mapped to the G. aculeatus genome in 50kb windows. QTL data are collected from 

previous studies (Supplementary Table S2). Chromosomes with asterisks have significantly 

more QTL with effects in the expected direction than expected given either the number of 

genes on the chromosome or the chromosome length (Supplementary Table S2). 

  



55 
 

 

 
Fig. 4. Signatures of selection in the Lake Washington freshwater and Puget Sound marine 

populations of G. aculeatus. Statistics are shown here for chromosomes 4 (A) and 7 (B), with 

all chromosomes shown in Supplementary Fig. S5. All statistics were calculated in 20kb 

sliding windows with a step size of 10 kb. Dark grey bars indicate the genomic islands and 

the purple triangle indicates the fusion points. From top to bottom: Fst across the whole 

chromosome, with solid dots highlighting SNPs in the top 5% of genome-wide Fst; 

nucleotide diversity (Pi) of Lake Washington (red) and Puget Sound (blue) populations, with 

solid dots highlighting SNPs with the top 5% highest values of Pi in each population; 

differences of nucleotide diversity between the two populations. (Delta Pi = PiLake Washington – 

PiPuget Sound); haplotype-based selection statistic iHS, with solid dots indicating the top 5% 

genome-wide outliers for Lake Washington (red) and Puget Sound (blue); and haplotype-

based selection statistic XPEHH, with top 5% genome-wide outliers labeled in solid yellow 

dots.  
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Fig. 5. Demographic model of Lake Washington and Puget Sound populations. (A) Best 

demographic model inferred by fastsimcoal2. Dashed lines represent the time of the events. 

(B) Comparison of the observed minor allele count (MAC) spectrum (grey bars) and the 

simulated minor allele count spectrum (red bars).  
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Supplementary Information  
  

  
  
Supplementary Fig. S1. Metaphase spread from a S. spinachia male, showing the diploid 
chromosome number of 40.  
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Supplementary Fig. S2. Synteny map of G. aculeatus chromosomes 4 and 7 compared with 
A. quadracus, based on coding region sequences using Mummer4 and nucmer.  
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Supplementary Fig. S3. (A) Gene map of G. aculeatus chromosome 4 compared with A. 
quadracus and A. flavidus. (B) Gene map of P. pungitius chromosome 4 compared with A. 
quadracus and A. flavidus.  
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Supplementary Fig. S4. (A) Gene map of G. aculeatus chromosome 7 compared with A. 
quadracus and A. flavidus. (B) Gene map of P. pungitius chromosome 12 compared with A. 
quadracus and A. flavidus.  
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Supplementary Fig. S5. Signatures of selection in the Lake Washington freshwater and 
Puget Sound marine populations across the whole genome. All statistics were calculated in 
20kb sliding windows with a step size of 10 kb. Dark grey bars indicate the genomic islands. 
From top to bottom: Fst distribution across the genome, with solid dots highlighting SNPs in 
the top 5% of genome-wide Fst; nucleotide diversity (Pi) of Lake Washington (red) and 
Puget Sound (blue) populations, with solid dots highlighting SNPs with the top 5% highest 
values of Pi in each population; differences of nucleotide diversity between the two 
populations. (Delta Pi = PiLake Washington – PiPuget Sound); haplotype-based selection statistic iHS, 
with solid dots indicating the top 5% genome-wide outliers for Lake Washington (red) and 
Puget Sound (blue); and haplotype-based selection statistic XPEHH, with top 5% genome-
wide outliers labeled in solid yellow dots. Asterisks represent chromosomes that show 
significantly greater evidence for selection in Lake Washington (red), Puget Sound (blue) or 
between the populations (black) than expected, given both the length of the chromosome 
and the number of genes on the chromosome, based on the standardized residuals from a 
chi-squared test (Supplementary Table S4).  
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Supplementary Fig. S6. Topology weightings of marine and freshwater haplotypes in G. 
aculeatus. M represents marine haplotypes, while F represents freshwater haplotypes. M1 
and F1 represent the major alleles in the respective populations, while M2 and F2 represent 
the minor alleles. Topo 1 represents the topology in which marine and freshwater ecotypes 
consistently diverge. Topo 2 and 3 represent topologies in marine and freshwater 
haplotypes that are not divergent. Purple triangles represent centromeres as well as the 
fusion points on chromosomes 4 and 7.  
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Supplementary Fig. S7. Models used in demographic modeling, with the Puget Sound 
population indicated on the left and the Lake Washington population indicated on the right: 
1) constant population size; 2) two bottlenecks while splitting; 3) two bottlenecks after 
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splitting; 4) one bottleneck before splitting; 5) one bottleneck and splitting; 6) one 
bottleneck and splitting followed by a constant and reciprocal migration; 7) one bottleneck 
and splitting followed by an early reciprocal migration; 8) one bottleneck and splitting 
followed by a recent reciprocal migration; 9) one bottleneck and splitting followed by two 
reciprocal migration regimes; 10) one bottleneck and splitting followed by introgression 
from Lake Washington to Puget Sound; 11) one bottleneck and splitting followed by 
introgression from Puget Sound to Lake Washington; 12) one bottleneck and splitting 
followed by introgression from Lake Washington to Puget Sound and two reciprocal 
migration regimes; 13) one bottleneck and splitting followed by introgression from Puget 
Sound to Lake Washington and two reciprocal migration regimes.   
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Supplementary Fig. S8 Comparison of genetic diversity between fused and unfused 
chromosomes in A. quadracus and G. aculeatus. Genetic diversity is a proxy for measuring 
the recombination rate on each chromosome and was calculated based on four-fold 
degenerate sites and normalized relative to the average diversity of unfused chromosomes. 
The two fused chromosomes (red) have lower genetic diversity relative to the average of 
unfused chromsomes (dark and light blue) in G. aculeatus as well as relative to their 
unfused homologues in  A. quadracus, suggesting lower recombination rates on the fused 
chromosomes.  
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Supplementary Table S1. Sample information and accession numbers for sequencing data in 

this study. 

 

Supplementary Table S2. QTL database used in this study and results for the chi-square test 

of QTL distribution on G. aculeatus chromosomes. All QTL are related to traits that differ 

between marine and freshwater ecotypes, with redundancies removed. Each QTL was 

examined to determine whether the phenotypic effect of the QTL was in the expected 

direction, based on the direction of divergence between the parental populations. The 

expected number of QTL with effects in the expected direction on each chromosome was 

calculated both by length in base pairs and number of genes on the chromosome and 

compared to the observed distributions in R using a goodness-of-fit test (chisq.test). Following 

Peichel and Marques (2017), chromosomes with significantly more QTL in the expected 

direction were identified by standardized residuals with a value larger than 3 in both 

comparisons and are highlighted in bold. 

 

Supplementary Table S3. Distribution of gene transposition and gene duplication events on 

G. aculeatus chromosomes. The expected distribution of duplicated genes on each 

chromosome was calculated both by chromosome length in base pairs and the number of 

genes on the chromosome and compared to the observed distribution in R using a 

goodnessof-fit test (chisq.test). Chromosomes with significantly higher values than expected 

were identified by standardized residuals with a value larger than 3 in both comparisons and 

are highlighted in bold. There were too few gene transposition events to perform a similar 

analysis. Chromosome 19 (the sex chromosome) is omitted from these analyses. 

 

Supplementary Table S4. Results of the chi-square test of distribution of signatures of 

selection on G. aculeatus chromosomes, including SNP numbers in genomic islands, 

nucleotide diversity (Pi), the proportion of iHS, and proportion of XPEHH. The expected 

distribution on each chromosome was calculated both by chromosome length in base pairs 

and number of genes on the chromosome and compared to the observed distribution in R 

through a goodness-of-fit test (chisq.test). Chromosomes with significantly higher values than 

expected were identified by standardized residuals with a value larger than 3 in both 

comparisons and are highlighted in bold. Chromosome 19 (the sex chromosome) is omitted 
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from these analyses. 

 

Supplementary Table S5. Results of the comparisons among the 13 demographic models, 

andthe medians and 95% confidence interval of the parameters in the best-fitting model 

(model9: one bottleneck and splitting followed by two reciprocal migration regimes). 

 

 

 

See https://academic.oup.com/mbe/article/39/2/msab358/6462204#supplementary-data  
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Abstract 
 
Teleost fish are well-known for possessing a diversity of sex chromosomes and for undergoing 

frequent turnovers of these sex chromosomes. However, previous studies have mainly 

focused on species with heteromorphic sex chromosomes, while comparatively little attention 

has been given to species with homomorphic sex chromosomes, which may capture early 

stages of sex chromosome turnovers. To better understand the evolution of sex chromosomes, 

we used the fourspine stickleback (Apeltes quadracus) as a model organism. Previously, it was 

believed that females of this species possessed a ZW heteromorphic sex chromosome system. 

However, our whole-genome sequencing of wild populations and genetic crosses revealed 

that A. quadracus actually has a homomorphic XY sex chromosome on Chr23. This 

chromosome has not previously been identified as a sex chromosome in other stickleback 

species, indicating a recent sex chromosome turnover. We also identified two genes - rxfp2a 

and zar1l - as novel candidate sex determination genes. Notably, we observed inversions on 

both the X and Y chromosomes in different populations, which have shaped distinct strata 

among populations. We propose that the inversion on the X chromosome may have been 

favored by beneficial selection in females, in contrast to the Y-specific inversion. The new sex 

chromosome and polymorphic inversions observed in A. quadracus provide an excellent 

system for studying the evolution of sex chromosomes and their turnovers. 

 

Keywords 
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Author Summary 
 
As compared to mammals and birds, teleost fish exhibit a very high level of diversity in their 

sex chromosomes, even among closely-related species. Thus far, little attention has been paid 

to variation within species, particularly those with homomorphic sex chromosomes, although 

they offer a valuable opportunity to advance our understanding of the mechanisms underlying 

the formation and turnover of sex chromosomes. Through the analysis of sequences obtained 

from diverse populations, we determined that instead of the previously reported ZW system, 

A. quadracus has an XY sex determination system on Chr23. Within the sex determining region, 

we identified rxfp2a and zar1l as putative sex determining genes. Notably, we also observed 

polymorphic inversions present on both the X and Y chromosomes that are still segregating 

within each population. Based on our findings, we hypothesize that the X-linked inversions are 

favored by sexually antagonistic selection. These observations represent a rare condition in 

which sex chromosomes are still polymorphic for sex-linked inversions, which offers important 

insights into the early stages of sex chromosome evolution. 
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Introduction 
 

Although sex determination systems are diverse across species, genetic sex 

determination mechanisms associated with the presence of heteromorphic sex chromosomes 

have independently evolved many times across the tree of life [1]. There are two main types 

of sex chromosomes. When males are the heterogametic sex, as in mammals, females have 

two X chromosomes and males have an X chromosome and a Y chromosome. When females 

are the heterogametic sex, as in birds, females carry a Z and a W chromosome, and males 

have two Z chromosomes. Although some groups like mammals and birds have very stable sex 

chromosome systems, in other groups like frogs [2,3], lizards [4], and fishes [5–7], even closely 

related species have different sex chromosome systems [8]. 

This diversity of sex chromosome systems is due to sex chromosome turnover, which 

occurs either when an existing sex determination gene moves to a new chromosome or when 

a novel sex determination gene arises on a chromosome [9,10]. According to the classical 

model of sex chromosome evolution, the acquisition of a new sex determination gene on an 

autosome can lead to the loss of recombination between the X and Y (or Z and W) 

chromosomes, resulting in the accumulation of deleterious mutations on the sex-specific and 

therefore non-recombining chromosome (Y or W) and the eventual formation of the 

heteromorphic sex chromosome pair [11,12]. This process can be interrupted by sex 

chromosome turnover, which resets the cycle and initiates the process again [9,10]. Although 

the evolutionary forces driving these turnovers are still unknown, sex chromosome turnovers 

have been hypothesized to occur due to selection for linkage of sexually antagonistic alleles 

with a sex-determination locus [13], selection to purge deleterious mutations that have 

accumulated on sex chromosomes [14,15], selection to maintain unbiased sex ratios [16,17] , 

or random genetic drift [16,18,19]. However, testing these hypotheses remains challenging 

because it is difficult to catch such turnovers when they occur [10]. 

The presence of polymorphic sex chromosomes within species might provide an 

opportunity to catch turnovers at an early stage. Intraspecies variation has been found in 

different groups, including frogs [2,20–22] and fishes [23–25]. Studies of these polymorphic 

systems have provided some insights into the evolutionary forces driving turnovers. For 

example, invasion of a new sex chromosome in cichlids is associated with linkage to a trait 

under sexually antagonistic selection [26]. Population-specific variation in the presence of a 
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sex chromosome in clawed frog is consistent with selection to purge deleterious mutations on 

the sex-specific chromosome [20]. Despite these examples, the evolutionary drivers and 

genetic mechanisms that underlie intraspecies variation in sex chromosomes is still mostly 

unknown. 

A variety of sex chromosome systems have been identified in the species of the 

stickleback family (Gasterosteidae) that have diverged within the past 30 million years [27], 

suggesting that there have been recent sex chromosome turnovers. The three species in the 

genus Gasterosteus possesses a conserved heteromorphic XY sex chromosome on 

chromosome 19, with the amhy gene as the candidate sex determination gene [28,29]. The 

ancestral Y chromosome has independently fused to different autosomes in G. nipponicus and 

G. wheatlandi [7,30,31]. An independent duplication of amh has also been found as a 

candidate sex determination genes on chromosome 20 of Culaea inconstans [27]. 

Chromosome 12 is involved in an XY sex determination system in some Pungitius species, and 

another ZW sex determination system on chromosome 7 has been detected in P. sinensis 

based on genetic mapping [32,33]. Even so, sex chromosomes have not yet been fully 

identified in other species in this family and, therefore, additional work is needed to explore 

the origins and evolution of sex chromosome evolution and turnovers in this family. 

Fourspine sticklebacks (Apeltes quadracus) are of interest, as previous studies suggest 

they might possess a different sex chromosome than other stickleback species, but the sex 

chromosome has still not been identified. Initially, cytogenetic analysis of a population from 

Maine showed that A. quadracus has a heteromorphic ZW sex chromosome [34]. In the years 

following the initial study, conflicting evidence from new cytogenetic analyses were reported. 

Females from a Massachusetts (MA) population were found to have a heteromorphic sex 

chromosome, while no heteromorphic sex chromosome was identified in females (or males) 

from a Connecticut (CT) population [7,35]. These data suggested that the sex chromosome 

system might be polymorphic within A. quadracus, making this species an attractive target for 

further study of the evolution of sex chromosome turnover. 

To identify the sex chromosome in fourspine stickleback, we collected samples from 

three different populations, two of which (MA and CT) were used for the previous cytogenetic 

studies, and the other population from Nova Scotia (NS) was used for the recently published 

female genome assembly [36]. For each population, we collected wild samples and created 

crosses from a single mother and father per population. We generated haplotagging linked-
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read sequencing data from individuals of the wild populations and pooled sequencing data 

from the crosses to identify the sex chromosome and sex determination region in fourspine 

stickleback. We further used these data to explore the variation on the sex chromosome 

among populations and identify candidate sex-determination genes.  

 

Results 

A. quadracus has an unexpected XY sex determination system on Chr23 

We first utilized pool-seq data from crosses of each of three populations (CT, MA, and NS 

in Fig 1) to determine the location of the sex chromosomes in A. quadracus. Analysis of the 

sequencing depth ratio between males and females from the three crosses did not reveal any 

clear reductions in either sex, suggesting the presence of homomorphic sex chromosomes 

(Supplementary Fig S1). However, if mutations specific to either a female-specific or male-

specific chromosome have accumulated, increased genetic differentiation between the two 

sexes as well as increased diversity within the heterogametic sex on the sex chromosome 

would be expected. Consistent with these predictions, fixation index (Fst) between males and 

females shows elevated differentiation on Chr23 in all three crosses (Supplementary Fig S2). 

The extent of genetic differentiation on Chr23 varies among crosses. Differentiation is 

elevated from 4.38 to 9.40 Mb in the CT cross, from 8.58 to 9.40 Mb in the MA cross, and from 

0 to 15.00 Mb in the NS cross (Fig 2A). Also, there is a region with extremely low genetic 

differentiation between two sexes in the MA cross (Fig 2A). Distributions of genetic diversity 

(Pi) on Chr23 within the two sexes also vary among the three crosses (Supplementary Fig S3). 

In the CT cross, males have higher diversity than females between 4.38 and 9.40 Mb, while in 

the MA cross, both sexes have high levels of diversity in the same region. In the NS cross, only 

males have higher diversity between 8.58-9.40 Mb (Fig 2B). We also counted the number of 

sex-specific SNPs in each cross. In the CT cross, male-specific SNPs are enriched between 4.38-

9.40 Mb, while the enrichment of male-specific SNPs in both the MA and NS crosses is 

between 8.58-9.40 Mb (Fig 3). 

Because these data are from relatively small genetic crosses, the number of 

recombination events limits our ability to narrow down the location of the sex determination 

region. Hence, we conducted linked-read sequencing of wild samples from the same three 

populations (20 females and 20 males for CT populations, 13 females and 11 males from MA 

populations, and 15 females and 14 males from NS population). Consistent with the cross data, 
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the ratio of sequencing depth between males and females shows no clear difference among 

three populations or between the sexes (Fig 4A), but there is high genetic differentiation 

between the sexes on Chr23 (Fig 4B). Also consistent with the data from the crosses, the 

distributions of Fst and Pi on Chr23 show different patterns among the three populations (Fig 

5; Supplementary Fig S4). Differentiation is elevated from 4.38 to 9.40 Mb in the CT population 

and from 8.58 to 9.40 Mb in the MA population. In the NS population, there is a moderate 

elevation between 4.11 and 12.20 Mb with an extremely high elevation between 8.58 and 

9.40 Mb (Fig 5A). The CT population has higher genetic diversity in both females and males 

between 4.38 and 9.40 Mb compared to the genomic background, with males exhibiting even 

higher levels of diversity compared to females. The MA and the NS populations only show 

elevated male diversity between 8.58 and 9.40 Mb (Fig 5B). 

In summary, the genetic differentiation between males and females is prominent on 

Chr23 and varies among populations. Males exhibit higher levels of diversity than females, as 

seen in both crosses and wild samples. And, in all three crosses, there are more male-specific 

SNPs than female-specific SNPs on Chr23. Further, our analysis of RNA-seq data from the NS 

cross by SEX-DETector [37] shows more sex-linked transcripts with evidence of male 

heterogamety than female heterogamety (Supplementary Table S1). Taking these results 

together, we conclude that A. quadracus has an XY sex determination system and that Chr23 

is the sex chromosome. Using data from the wild populations, we identify a shared sex 

determination region between 8.58 Mb and 9.40 Mb. 

 

Different populations have different X- and Y-linked inversions 

The different patterns of differentiation and diversity in the three populations led us to 

hypothesize that there might be population-specific inversions on the sex chromosomes. To 

further investigate this possibility, we took advantage of the linked-read sequencing that we 

performed on wild fish from each population. To confirm the presence of inversions and 

identify the location of breakpoints, we combined three lines of evidence (See Material and 

Methods and Supplementary Table S2 for details). 

Analysis of the linked reads in the CT population reveals that there is an inversion relative 

to the reference genome [36] between 4.38 and 9.117 Mb, with polymorphism in both sexes. 

Specifically, 17 of 20 females are homozygous for the inverted orientation, while 17 of 20 

males are heterozygous with only one copy of the inversion (Supplementary Table S2). Hence, 
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it can be inferred that the inversion is on the X chromosome, which explains its existence in 

both sexes, and that it is almost fixed based on the SNP density plots at the individual level 

(Supplementary Appendix 1). The presence of this X-linked chromosome inversion explains 

the high genetic differentiation between males and females in both the cross (Fig 2A) and 

population data (Fig 5A). The elevated diversity in CT wild females (Fig 5B) is also consistent 

with the fact that a few females are heterozygous for the inversion. The lack of elevated 

diversity in females from the CT cross (Fig 2B) suggests that the mother of this cross was 

homozygous for the X-linked inversion and that the father also had an X chromosome with the 

inversion, such that all daughters were homozygous for the inversion on the X chromosome 

(Supplementary Fig S5).  

In the MA population, genetic differentiation and the difference in genetic diversity 

between sexes is only found in the sex determination region (Fig 4B and Fig 5A). These data 

suggest that the X-linked inversion is not found at a high frequency in this population. However, 

we were unable to assess this directly because the average sequencing depth of the MA 

population was not high enough to confidently genotype the inversions. It is noted, however, 

that in the region of the X-linked inversion, there is low divergence between males and 

females and high genetic diversity within males and female in the cross data (Fig 2). This could 

be explained if the mother of the cross was heterozygous for the inversion and the father did 

not carry the inversion. In this case, daughters and sons would have equal frequencies of the 

inversion, resulting in no differentiation between males and females (Supplementary Fig S5) 

and similar levels of diversity within males and females, as we observe (Fig 1). Together, these 

data suggest that the X-linked inversion might be present at low frequency in the MA 

population. 

For the NS population, there is an inversion between 4.47 and 12.15 Mb that is 

polymorphic in males only, indicating a Y-specific inversion. Consistent with this, there is a 

region of slightly elevated genetic differentiation between 4.11 and 12.20 Mb in the NS 

population (Fig 5A). However, in both the cross and population data, genetic differentiation 

between males and females as well as elevated diversity within males is strongest within the 

shared sex-determination region, suggesting that there has not been much divergence 

between the X and the Y within this inverted region.  

In addition, there is a potentially smaller inversion in both sexes and all populations 

between 8.60 and 10.27 Mb, which is supported by excessive shared barcodes between 
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windows near breakpoints, split reads, and discordantly mapped read pairs. However, due to 

the enrichment of repeats in the entire sex determination region, the genotype of individuals 

cannot be determined for this inversion (Supplementary Table S2). 

Summarizing the above evidence, a model is proposed for visualizing the pattern of 

inversion in different populations (Fig 6). The CT population has an X-specific inversion 

partially covering the sex determination region, whereas the NS population has a Y-specific 

inversion covering the entire sex determination region and most of the Y chromosome as well. 

The two identified inversions in the CT and NS populations are derived, as they are inverted 

relative to the female genome assembly from the NS population, whose orientation appears 

to be ancestral by comparison to the genome assemblies of other stickleback species [36]. 

 

Population-specific evolutionary trajectories of sex chromosomes 

A population-specific inversion would result in very different evolutionary trajectories of 

the sex chromosomes in the different populations. To further investigate this, we first 

calculated male-specific SNPs in each population with linked-read data (Supplementary Table 

S3). Note that none of the following analyses involved the MA population because of its poor 

sequencing quality. In the CT population, all fixed male-specific SNPs are distributed within 

the shared sex-determination region, and no male-specific SNP is detected within the X-linked 

inversion except for the region that overlaps the sex determination region. This is not 

surprising given that males in this population also carry X chromosomes with the inversion. In 

the NS population, most male-specific SNPs are detected in the shared sex determination 

region. However, several male-specific SNPs are found outside this region, but within the Y-

specific inversion, providing further evidence for its existence (Supplementary Table S3). We 

then compared the distribution of dS values between X and Y chromosomes across the entire 

Chr23 (Fig 6). In both the CT and NS populations, genes within the shared sex-determination 

region have relatively high dS values, while regions that are involved in the inversions have 

intermediate dS values. A notable exception is a region between 0 and 4.475 Mb in the NS 

population, which is likely due to the small number of genes and a single outlier value in this 

region. Nonetheless, these lower levels of dS in the inverted regions suggest that the two 

population-specific inversions developed after the initial divergence of the sex determination 

region.  

 



80 
 

No evidence of extensive degeneration within the inversions 

Inversions can lead to a suppression of recombination in heterozygotes, causing an 

accumulation of deleterious mutations. Thus, inversions have been suggested to be associated 

with loss of recombination and subsequent degeneration on sex chromosomes [38,39]. 

Although the sex chromosomes of A. quadracus have homomorphic sex chromosome with no 

large region of depth reduction, we explored whether there has been degeneration at a fine 

scale. One method to identify degenerated genes on the sex chromosomes involves 

comparing read depth of genes between males and females in wild populations using linked-

read data. If the ratio of male to female depth is less than 0.75, the gene is considered to be 

degenerate, indicating a loss of its content [31]. In the CT population, there are four genes on 

Chr23 that are degenerate based on this criteria (Supplementary Table S4). Three of them are 

located within the sex determination region, and one is located outside of the sex 

determination region but within the X inversion. In the NS population, two genes are identified 

as degenerate and both are located in the sex determination region (Supplementary Table S4). 

We also looked for the presence of premature stop codons as evidence for degeneration. 

There are 8 premature stop codons in males and 2 premature stop codons in females in the 

CT population, and no premature stop codons in either males or females in the NS population  

(Supplementary Table S4). Considering the evidence, the X inversion may contribute to the 

degeneration of sex chromosomes. 

 

Rxfp2a and zar1l are candidate sex-determination genes in A. quadracus 

Following the identification of the sex determination system and sex chromosome in A. 

quadracus, we were interested in identifying the key gene responsible for sex determination. 

Since the A. quadracus genome assembly was from a female individual, it is missing any genes 

that are specific to males. Using a kmer-based approach, we reconstructed male-specific 

fragments separately from the pool-seq data for each of the three populations and searched 

the NCBI ref-seq database to identify genes. For each gene present in all populations, we 

counted the number of SNPs located in the coding region and the non-coding region, 

separately for both sexes. We focused on genes that had male-specific SNPs, but not female-

specific SNPs, due to the XY sex determination system. In total, there are 17 such candidate 

sex-determination genes located on Chr23 within the sex-determination region 

(Supplementary Table S5). Among these genes, there are two genes of interest, rxfp2a and 
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zar1l, which are related to the development of reproductive system (see Discussion for details). 

There are 4 male-specific SNPs in the zar1l coding region, and one is predicted to cause a 

deleterious mutation, according to PROVEAN analysis. The rxfp2a gene has three SNPs that 

are specific to males. Two of these SNPs are located in the regulatory region of the gene, and 

one is a nonsynonymous mutation located in the coding region. However, the SNP in the 

coding region is predicted to have no significant effect on the function of the gene. 

 

Discussion 

Variation and turnover of sex chromosomes in A. quadracus 

Previous evidence from cytogenetic studies suggested that populations of A. quadracus 

from Maine and Massachusetts have a heteromorphic ZW sex chromosome in females [7,34]. 

However, no heteromorphic sex chromosome was detected in metaphase spreads of males or 

females from Connnecticut [35]. Using sequencing data from genetic crosses and wild fish 

from three populations, we determined that A. quadracus has an XY sex determination system 

on Chr23. Our analyses included samples from both the Massachusetts and Connecticut 

populations used in the previous cytogenetic studies. Thus, the discovery that A. quadracus 

has an XY sex determination system is surprising, as the morphology of chromosomes in the 

MA population clearly indicated the presence of a heteromorphic pair in females [7]. One 

possible explanation for this result is if the MA individuals used for cytogenetics were 

heterozygous for the X-linked inversion that we identified in the CT population. If the inversion 

caused a change in chromosome morphology at the cytogenetic level, we might see what 

appears to be a heteromorphic chromosome pair. Although we performed linked-read 

sequencing of some of the MA females used for the cytogenetic study [7], we did not obtain 

good enough sequence to confidently assess inversion genotypes in these individuals. 

However, the MA cross data suggest that the X-linked inversion is present in the MA 

population (Fig 2). As we do not have samples from the Maine population used in the older 

cytogenetic study [34], we could not assess whether the X-linked inversion is present in this 

population. If heteromorphic chromosomes in females are indeed due to heterozygosity for 

the X-linked inversion, it is not surprising that the CT females were homomorphic in the 

previous cytogenetic study since these females are mostly fixed for the inversion 

(Supplementary Table S2). However, to fully resolve this mystery, a more detailed molecular 

cytogenetic analyses of these different populations is needed, which will be facilitated by our 
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identification of the sex-determination region on Chr23 in A. quadracus. 

Chr23 has not previously been identified as a sex chromosome in sticklebacks, suggesting 

that there has been a sex chromosome turnover in A. quadracus. However, it is interesting to 

note that A. quadracus Chr23 is homologous to part of chromosome 7 in both Gasterosteus 

aculeatus and Pungitius pungitius [36]. The non-homologous part of chromosome 7 has fused 

to chromosome 12 in the Pungitius lineage, and there is evidence that chromosome 7 carries 

a female heterogametic (ZW) sex determination locus in P. sinensis and that chromosome 12 

carries a male heterogametic sex (XY) determination locus in P. pungitius [32]. Given that the 

sex-determination region in these two species is not homologous to that in A. quadracus, it is 

unlikely that they have the same sex determination gene. However, testing this hypothesis 

requires identifying the sex-determination gene in all three species. It is clear that A. 

quadracus has a different sex chromosome and sex determination gene from the Gasterosteus 

species, in which the master sex determination gene amhy is found on chromosome 19 

[28,29,31,40], or in C. inconstans, in which there has been an independent duplication of 

amhy on chromosome 20 [27]. No duplicated copy of amh has been found in Pungitius species 

or in A. quadracus [27]. Further supporting a sex chromosome turnover in A. quadracus is the 

lack of extensive differentiation between the X and the Y or degeneration on the Y 

chromosome. Similar patterns on sex chromosomes in P. pungitius, P. sinensis, and C. 

inconstans hint that these turnovers also occurred quite recently [27,32,41]. The sex 

chromosomes in these species are in contrast to the Y chromosome in the Gasterosteus 

lineage, which evolved approximately 22 million years ago and has experienced extensive 

degeneration, albeit at different rates in the three species in this genus [28,29,31]. This 

variation in turnover among different stickleback lineages provides an opportunity to further 

investigate the factors that lead to sex chromosome stability in some lineages and turnover in 

others. 

 

Two novel candidate sex determination genes 

We identified two novel candidate sex determination genes in the shared sex 

determination region on Chr23. The genes zar1l and rxfp2a are the only two male-specific 

genes (characterized by male-specific SNPs within the sex determination region across all 

populations studied), which are known to play roles in the development of the reproductive 

system (Supplementary Table S5).  
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The rxfp2a (relaxin/insulin-like family peptide receptor 2) gene encodes a receptor that 

plays a crucial role in the development of placental mammals by binding with high affinity to 

the peptide INSL3 (insulin-like 3). This INSL3/RXFP2 pairing is essential for the proper descent 

of the testicles during development in mammals [42,43]. Loss of rxfp2a results in 

cryptorchidism in mice [44–47]. Phylogenetic analysis of 71 mammalian genomes has 

revealed that the rxfp2a gene is lost or non-functional in four afrotherian species that lack 

testicular descent [48]. Studies in zebrafish have shown that INSL3 is involved in regulating 

spermatogonial stem cell differentiation from mitosis to meiosis [49]. Since rxfp2a is a 

receptor for INSL3, mutations in this gene have the potential to disrupt the entire INSL3/RXFP2 

signaling pathway, ultimately affecting spermatogenesis. In A. quadracus, rxfp2a exhibits 

male-specific mutations in both the coding and regulatory regions. Given the conserved role 

of this gene in testes development and spermatogenesis, we consider rxfp2a a potential sex 

determination gene that warrants further investigation. 

As a maternal effect gene conserved across vertebrates, zar1 plays an important role in 

oocyte-embryo transition and impacts female fertility in mice [50]. In Xenopus laevis, the zar1 

gene controls the translation of Wee1 and Mos mRNAs in immature oocytes [51]. Additional 

evidence about zar1 impacting the sex ratio was found in Danio rerio, where a complete male-

biased sex ratio was observed in zar1 knock-out mutants [52]. In addition, it was reported to 

have an effect on a number of known translation factors, such as CEPB, ePAB, and 4E-T [52,53], 

among which CPEB and ePAB are known for controlling the process of oogenesis [54] and 4E-

T is associated with human primary ovarian insufficiency [44]. In our study, we found that 

there are two zar1 genes in the A. quadracus genome: the ancestral copy is on Chr8, and the 

duplicated copy (zar1l) is found on both the X and Y copies of Chr23, with one amino acid 

change in males that is predicted to be deleterious. Considering this gene is quite conserved 

across species, it is likely that the amino acid change disrupts the function. Hence, having one 

functional copy of zar1 could leads to male development, which would be consistent with the 

zebrafish data. Therefore, we conclude that zar1l is another appropriate candidate gene. 

However, further experiments, such as gene knock-outs and/or SNP editing by CRISPR-Cas9 

are be necessary to determine whether rxfp2a or zar1l is the master sex determination gene 

in A. quadracus. 

While numerous sex determination genes have been identified and studied in fish, the 

two genes mentioned above, rxfp2a and zar1l, have not been previously identified as sex 
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determination genes. In contrast, other genes, such as amh, amhr2, dmrt1, and gdf6, have 

been repeatedly identified as master sex determination genes in various fish species [55]. In 

stickleback species, one key sex determination gene is the independent duplication of the 

amh gene on the Y chromosome of Gasterosteus species [29] and C. inconstans [27]. However, 

there is no evidence for an additional copy of the amh gene on Chr23 (this study) or elsewhere 

in the A. quadracus genome [27], suggesting that A. quadracus has probably undergone a 

turnover in the sex determination gene. However, it is possible that a duplication of the amh 

gene or other genes unique to the Y chromosome may have been missed in our analysis due 

to the limited resolution of short-read data. Therefore, assembling a complete Y chromosome 

is necessary to confirm the absence or presence of a duplication of amh or other putative sex 

determination genes in A. quadracus. 

 

Polymorphic X- and Y-linked inversions on the sex chromosomes of A. quadracus 

We have also identified polymorphic and derived inversions on both the X and Y 

chromosomes in A. quadracus populations. There was a high frequency of an X-linked 

inversion in both males and females in the CT population, partially covering the sex 

determination region (Fig 5, Supplementary Table S2 and Appendix 1). Evidence for a similar 

X-linked inversion was also found with the Pool-seq data from the MA cross, indicating that it 

might be present at a low frequency in this population (Fig 2B). Although this X-linked 

inversion does not seem to be present in the NS population, discordantly mapped reads and 

shared barcodes point to a Y-specific inversion in this population (Supplementary Table S2).  

Inversions have been proposed as a mechanism to suppress recombination between X 

and Y chromosomes [39]. A number of hypotheses have been proposed to explain the 

suppression of recombination on sex chromosomes, including sexual antagonism [12,56–59], 

meiotic drive [60], dosage compensation [61], sheltering of recessive deleterious mutations 

in heterozygotes [62,63], neutral processes [64], and genetic drift [65,66]. Our finding of a Y-

linked inversion in the NS population is consistent with all of these models for suppression of 

recombination between the X and the Y (except for [64] which models the suppression of 

recombination in the absence of inversions). Indeed, several studies have now found evidence 

for Y-linked inversions associated with suppression of recombination on Y chromosomes 

[29,67]. 

However, the fixation of the inversion on X chromosomes, as we observe in the CT 
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population, is not predicted by all models. Neither the dosage compensation model nor the 

sheltering of recessive deleterious mutations in heterozygotes should select for inversions on 

the X chromosome. This is because only Y-linked inversions are always heterozygous in males 

and therefore lead directly to suppression of recombination in males and/or to the sheltering 

of recessive deleterious alleles. Although inversions on the X or the Y could theoretically 

contribute to suppression of recombination between meiotic drivers and a sex determination 

locus, this has not been explicitly modeled. Of the remaining models (sexually antagonistic 

selection, genetic drift), we favor the hypothesis that sexually antagonistic selection might be 

involved. Recessive beneficial mutations, including inversions, do have a higher probability of 

fixation via genetic drift on X chromosomes than on autosomes, but this is only the case when 

X-linked alleles are hemizygous in males as in highly degenerate sex chromosomes [65]. As the 

A. quadracus Y chromosome has not experienced much degeneration, drift alone is not likely 

to be the explanation for the fixation of the X-linked inversion. Rather, selection for linkage 

between the sex-determination locus and a locus with beneficial fitness effects in one sex and 

detrimental effects in the other (sexual antagonism) could select for inversions on the X 

chromosome [65]. Direct comparisons between the rate of fixation of X and Y-linked inversions 

under the sexually antagonistic selection hypothesis have not been done, but X-autosome 

fusions (which also could suppress recombination between the sex determination locus and 

a sexually antagonistic allele) can spread under sexually antagonistic selection, albeit more 

slowly than a Y-autosome fusion [57]. Consistent with the predictions of the sexual 

antagonism hypothesis, the inversion on the X chromosome does contain the shared sex 

determination region.  However, additional work is necessary to test this hypothesis, including 

performing long-read sequencing in order to fully assemble the sequence of the X-linked 

inversion and the Y chromosome, assessing the frequencies of the X-linked inversion across 

many A.quadracus populations, and determining whether phenotypes under sexually 

antagonistic selection are associated with the inversion .  

 

Conclusions 

Although variation in sex chromosomes systems among closely-related species is now 

well-documented, the mechanisms behind sex chromosome turnover remain unclear. By 

examining population data from wild-caught samples and genetic crosses, we find evidence 

of a recent turnover in both the sex determination gene and the sex chromosome in A. 
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quadracus. Furthermore, there are polymorphic inversions on the X and Y chromosomes, with 

relatively little degeneration on the Y chromosomes. This within-species variation on the A. 

quadracus sex chromosomes provides an opportunity for further studies to determine the 

role of evolutionary forces such as drift and sexually-antagonistic selection in driving sex 

chromosome evolution and turnover.  

 

Material and Methods 

Ethics statement 

All experiments involving animals were approved by the Veterinary Service of the 

Department of Agriculture and Nature of the Canton of Bern (VTHa# BE4/16, BE17/17 and 

BE127/17). 

 

Sample collections and genetic crosses 

For wild populations, A. quadracus were collected from the following localities: Canal 

Lake (44.49830, -63.90205) in Nova Scotia (NS), Canada in 2021 by Anne Dalziel; Demarest 

Lloyd State Park (41.5289936, -70.9833719) in Massachusetts (MA), USA in 2007 by Catherine 

Peichel; and West River Memorial Park (41.314148, -72.956544) in Connecticut (CT), USA in 

2021 by Natalie Steinel and Daniel Bolnick (Fig 1). The sex of each individual was identified by 

dissection of the gonads, and a fin clip was sampled and preserved in 95% ethanol for DNA 

extraction and sequencing. 

Genetic crosses were also made from the same populations, with the wild parents of the 

crosses collected from: Canal Lake (44.49830, -63.90205) in Nova Scotia (NS), Canada in 2019 

by Anna Dalziel; Demarest Lloyd State Park (41.5289936, -70.9833719) in Massachusetts (MA), 

USA in 2007 by Catherine Peichel; West River Memorial Park (41.314148, -72.956544) in 

Connecticut (CT), USA in 2009 by Thomas Near. For each population, a single cross was 

generated using a single female and a single male. The sex of each F1 offspring was identified 

by dissection of the gonads, and a fin clip was sampled and preserved in ethanol for DNA 

extraction and sequencing. For the NS cross, brains were also dissected from 12 males and 12 

females from the F1 offspring as well as from the male and female F0 parents used for crossing 

for further RNA-seq analysis. Total numbers of individuals sequenced for each population and 

cross are provided in Supplementary Table S6. 

Note that a previous cytogenetic study of the same MA population used here suggested 
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it had a ZW sex chromosome [7], while a previous cytogenetic study of the same CT population 

used here did not identify any heteromorphic sex chromosome pair [35].  

 

DNA and RNA extraction and sequencing libraries 

For all samples, DNA was extracted by phenol-chloroform extraction, followed by ethanol 

precipitation. Total brain RNA from the F0 parents and F1 offspring of the NS cross was 

extracted using Trizol (Life Technologies, Carlsbad, California, USA) following the 

manufacturer’s instructions. 

For wild-caught populations, genomic DNA was extracted from fin clips as described. 

Multiplexed haplotagging libraries were prepared as described in [68] with the following 

modifications in WASH buffer volumes, Tn5 stripping, subsampling and exonuclease reaction. 

Briefly, DNA were processed in batches of 96 samples. For each sample, 0.75 ng input DNA at 

0.15 ng/µl concentration were mixed with 2.5µl haplotagging beads resuspended in 20µl of 

WASH buffer (20 mM Tris pH8, 50 mM NaCl, 0.1% Triton X-100). We reduced the volume of 

the tagmentation reaction by using only 5µl of 5x tagmentation buffer (50 mM TAPS pH 8.5 

with NaOH, 25 mM MgCl2, 50% N,N-dimethylformamide) and 15 µl of 0.6% SDS for Tn5 

stripping following tagmentation. Next, the samples were pooled with 1/3 bead subsampling. 

This corresponds to a final input DNA of 0.25 ng per sample. 

With only 8 pooled samples on the magnetic stand, the buffer was removed, and 20 µl 

of 1x Lambda Exonuclease buffer, supplemented with 10 units of Exonuclease I (M0293L, New 

England BioLabs), was added to each sample. Samples were incubated at 48 °C for 20 minutes, 

and then washed twice for 5 minutes with 150 µl of WASH buffer. DNA library was then 

amplified using NEBNext® High-Fidelity 2X PCR Master Mix (M0541L, New England BioLabs) 

in eight 50 µl PCR reaction according to manufacturer’s instructions, using 3 µl of 10 µM 

TruSeq-F AATGATACGGCGACCACCGAGATCTACAC and TruSeq-R 

CAAGCAGAAGACGGCATACGAGAT primers, with the following cycling conditions: 10 min at 

72°C followed by 30 sec 98°C and 10 cycles of: 98°C for 15 sec, 65°C for 30 sec and 72°C for 60 

sec. Libraries were pooled after PCR into a single library pool, size selected using 0.9x volume 

of Ampure magnetic beads (Beckman Coulter), Qubit quantified, followed by a second size 

selection with 0.45x and 0.85x volume of Ampure magnetic beads, to remove library longer 

than 800 bp and smaller than 300 bp, respectively. Pooled libraries were sequenced on a 

whole S4 lane of Novaseq 6000 (Illumina) instrument with a 151+13+13+151 cycle run setting, 
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such that the run produced 13 and 13 nt in the i7 and i5 index reads, respectively. Sequence 

data were first converted into fastq format using --create-fastq-for-index-reads using the 

bcl2fastq program (Illumina). Then we performed beadTag demultiplexing to generate the 

modified fastq files using a custom demult_fastq program, resulting in a fastq file 

supplemented with molecular and sample barcode in the header of each read (e.g. 

BX:Z:A01C02B03D04). This program is available at 

https://github.com/evolgenomics/haplotagging. 

For pool-sequencing of F1 offspring of genetic crosses and DNA-sequencing of F0 parents, 

sequencing libraries were created by standard Illumina DNA TruSeq kits. For the RNA-

sequencing of F0 parents and F1 offspring from the NS cross, libraries were prepared with the 

Illumina mRNA TruSeq kit. All libraries were subject to 150bp paired-end sequencing on 

Illumina NovaSeq SP flow cells by the University of Bern Next Generation Sequencing Platform. 

 

Short read data processing and SNP calling 

All raw reads were trimmed by Trimmomatic (v 0.36) [69] with a sliding window of 4 bp. 

The first 13 bp of all reads were dropped, and windows with an average quality score below 

15 were also dropped. 

For DNA linked-reads sequencing from wild populations, trimmed reads were first 

mapped to the latest A. quadracus female assembly [36] by EMA [70], and remaining 

unmapped reads were further mapped by BWA (v 0.7.11) [71]. Bam files were sorted and 

duplicates were removed by Picard 2.0.1 (http://broadinstitute.github.io/picard). SNP calling 

was done by ANGSD 0.9.7 [72] with the GATK algorithm. Vcftools 0.1.16 [73] was used to 

further filter the SNP matrix with the following criteria: (1) individuals witha mean coverage 

lower than 6; (2) the population mean depth coverage at the SNP was less than 4x or greater 

than 40x; (3) the proportion of missing data at the SNP was greater than 0.2 in either the CT 

population or the NS population; (4) the minor allele frequency of the SNP was less than 0.05. 

The MA population had poor sequencing quality (likely due to the age of the samples) and 

was therefore not used for SNP filtering, in order to rescue as much information as possible 

from this population.  

For Pool-seq reads from genetic crosses, trimmed reads were first mapped to the latest 

assembly by BWA (v 0.7.11), and sorted with duplicates removed by Picard 2.0.1. Pooplation2 

[74] was used to create a sync file containing all the variants for each cross separately. 

http://broadinstitute.github.io/picard
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For RNA-seq reads from the NS genetic cross, trimmed reads were mapped to the 

assembly by STAR 2.7.10 [75], and merged by Samtools v1.15 [76].  

 

Identification of the sex determination system and sex chromosome in A. quadracus 

The sex determination system and sex chromosome were identified in A. quadracus using 

multiple lines of evidence. Using mosdepth 0.3.3 [77] with a sliding window of 20kb and a 

step size of 10kb, sequencing depth was calculated for both linked read data from wild 

populations and Pool-Seq data from genetic crosses. For the wild populations, Fst, Pi, and SNP 

density were calculated by VCFtools 0.1.16 [73] with a sliding window of the same size. For 

the genetic crosses, PoPoolation1 [78] was used for calculating Pi, and PoPoolation2 [74] was 

used for calculating Fst. PSASS 3.0.1 [79] was used to calculate sex-specific SNPs in each 

genetic cross. To further confirm the sex determination pattern, RNA-seq data from the 

parents and offspring of the NS cross was fed into read2snp 2.0 [80] to obtain SNP data, and 

also fed into Trinity 2.11.2 [81] to obtain a de novo transcriptome assembly. The output SNP 

array and assembly were then processed by SEX-DETector [37]. 

 

Identification of population-specific inversions 

To determine whether there are inversions on the sex chromosome, three methods were 

used. First, the linked-read sequences were used to identify shared barcodes among any pairs 

of windows of 10kb on each chromosome by LRez v2.2.3 [82]. Windows with shared barcodes 

were divided into two categories: windows that are adjacent, and windows that are 500kb 

apart on the same chromosome. Putative inversions were identified based on the number of 

shared barcodes between 500 kb apart non-adjacent window pairs. Second, inversions on the 

sex chromosomes were identified by LEVIATHAN V1.0.2 [83]. Third, screening of bam files for 

split and discordantly mapped read pairs near the breakpoints of inversion was done by IGV 

2.14.1 [84]. Genotypes of inversions were determined by the divergence and diversity pattern 

between sexes within the inversion as well as the SNP density plot generated by VCFtools 

0.1.16 at the individual level. The above analyses were not conducted in the MA population 

due to the poor sequencing quality. 

 

Pattern of molecular evolution within inversions 

Due to the poor sequencing quality, the MA population was not used in the following 
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analyses of the linked-read data from the wild populations. First, fixed male-specific SNPs were 

identified in each population separately following the rules: (1) SNPs only exist in males; and 

(2) the allele frequency is higher than 0.45. Second, dS values between X and Y-linked alleles 

for genes were calculated. To phase the X and Y-linked alleles, females with homozygous 

inversions and males with heterozygous inversions were selected for the CT population. The 

NS population was composed of females without inversions and males with heterozygous 

inversions. Phasing of SNPs was first done by Hapcut2 [85], then by WhatsHap v1.1 [86,87]. 

Genes with more than three SNPs between X and Y copies were retained. dS values between 

X and Y-linked alleles for genes were compared using KaKs Calculator 3 [88].  

 

Estimating degeneration on sex chromosome 

Degeneration of the Y chromosome usually appears in two forms: (1) the loss of genes 

either due to complete deletion or degeneration such that the Y allele can no longer be aligned 

to the X allele; or (2) accumulation of premature stop codons. To identify the genes that 

degenerated on the A. quadracus sex chromosomes, we calculated male to female read-depth 

ratios for each wild population by mosdepth. Further, mutations that cause premature stop 

codons were identified by snpEff v5.1 [89] separately for each sex and each population. SNPs 

with accumulated stop codon were identified with an allele frequeny greater than 0.9 in 

females or 0.45 in males. The above analyses were not conducted on the MA population. 

 

Identification of potential sex determination genes 

Because the fourspine stickleback genome assembly was obtained from a female 

individual [36], a kmer-based approach was employed to extract male-specific sequences. 

KmerGo [90] was first run on the Pool-seq data from each cross separately. Shared male-

specific kmers were identified, and corresponding reads were extracted from the raw dataset 

by BBmap [91]. Then raw male-specific reads were assembled into short contigs by ABYSS 2.0 

[92], and genes shared by all three crosses were identified by Blast 2.11.0 [93]. The prediction 

of the effect of SNPs in coding regions that were differentiated between males and females 

were done by PROVEAN [94] after target genes were identified. Male-specific SNPs of the 

candidate genes were identified separately in each population. 

 
Data availability 
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All sequences are uploaded and available on the NCBI Sequence Read Archive (Supplementary 

Table S6). 
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Fig 1. Fourspine stickleback sampling locations in this study. Red dots represent sampled 
populations. 
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Fig 2. Patterns of genetic differentiation and diversity on Chr23 in genetic crosses. A) Genetic 
differentiation (Fst) between males and females on Chr23 calculated from pool-seq data from 
three crosses, with the Connecticut (CT) cross in coral, the Massachusetts (MA) cross in yellow, 
and the Nova Scotia (NS) cross in light blue. The coral and light blue arrows represent the 
corresponding inversions in the CT and NS populations. The arrow with three colors 
represents a shared inversion among all populations. B) Distribution of genetic diversity (Pi) 
within males (purple dots) and females (yellow dots) in 20kb sliding windows on Chr23 
calculated from pool-seq data from the three crosses. The grey region represents the shared 
sex determination region, which was identified in the sequencing data from wild individuals 
from the same three populations used for these crosses. The coral and light blue arrows 
represent the corresponding inversions in the CT and NS populations. 
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Fig 3. Distribution of sex-specific SNPs on Chr23 in genetic crosses derived from the 
Connecticut (CT), Massachusetts (MA), and Nova Scotia (NS) populations. A sliding window of 
20kb and a step size of 10kb was used. Purple bars represent the number of male-specific 
SNPs, and yellow bars represent the number of female-specific SNPs in each population. A 
shared region around 9Mb in the sex determination regions has an increase in male-specific 
SNPs in all crosses (the grey region), consistent with the shared sex-determination region 
identified in the sequencing data from wild individuals from the same three populations used 
for these crosses. 
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Fig 4. Genomic distributions of normalized male-to-female depth ratio (A) and genetic 
differentiation (Fst) between males and females (B) were calculated using linked-read 
sequences from three wild populations from Connecticut (CT), Massachusetts (MA), and Nova 
Scotia (NS). A sliding window of 20kb and a step size of 10kb was used. Alternating colors in 
each panel are used to highlight the different chromosomes.  
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Fig 5. Patterns of genetic differentiation and diversity on Chr23 in wild populations. A) Genetic 
differentiation (Fst) between males and females on Chr23 was calculated with linked-read 
sequencing data from three wild populations, with the Connecticut (CT) population in coral, 
the Massachusetts (MA) population in yellow, and the Nova Scotia (NS) population in light 
blue. The coral and light blue arrows represent the corresponding inversions in CT and NS 
populations. The arrow with the three colors represents a shared inversion among all 
populations. B) Distribution of genetic diversity (Pi) with males (purple dots) and females 
(yellow dots) on Chr23 calculated using linked-read sequencing data from the three wild 
populations. The grey region represents the shared sex-determination region across the three 
populations. The coral and light blue arrows represent the corresponding inversions in the CT 
and NS populations. 
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Fig 6. Model for population-specific inversions on the A. quadracus sex chromosomes. Orange 
bars represent the sex chromosome pair on Chr23. Coral bars show positions of the X-specific 
inversion in both sexes in the CT population, and the light blue bar shows the position of the 
Y-specific inversion in males in the NS population. Grey dashed lines indicated the sex 
determination region. The distributions of dS values between X and Y on Chr23 in each 
population. Blue dots are dS values of corresponding genes, and red lines represent the 
average values. Dotted lines are borders of regions where dS values change dramatically.  
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Supplementary Information 

 
Fig S1. Male-to-female depth ratio across the genome with pool-seq data in genetic crosses 
from three populations (CT, MA, and NS). Raw depth values were normalized to eliminate 
the difference between two sexes. The size of the sliding window is 20 kb and the step size 
is 10kb. Chromosomes are indicated on the X-axis, and the normalized depth ratio is shown 
on the Y-axis. Dark and light blue regions indicate the different chromosomes.  
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Fig S2. Genomic distribution of fixation index (Fst) between males and females in genetic 
crosses from three populations (CT, MA, and NS). The size of the sliding window is 20 kb and 
the step size is 10kb. Chromosomes are indicated on the X-axis, and the Fst values are 
shown on the Y-axis. Dark and light blue regions indicate the different chromosomes. 
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Fig S3. Genomic distribution of genetic diversity (Pi) in 20kb sliding windows within males 
and females in genetic crosses from three populations (CT, MA, and NS). Chromosomes are 
indicated on the X-axis, and the values of genetic diversity (Pi) are shown on the Y-axis. 
Purple dots represent males and yellow dots represent females. 
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Fig S4. Genomic distribution of genetic diversity (Pi) in 20kb sliding windows within males 
and females calculated from linked-read data from three populations (CT, MA, and NS). 
Chromosomes are indicated on the X-axis, and the values of genetic diversity (Pi) are shown 
on the Y-axis. Purple dots represent males and yellow dots represent females. 
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Fig S5. Segregation patterns of inversions in genetic crosses inferred from pool-seq data. 
Red bars represent the X-specific inversion, and blue bars represent the Y-specific inversion. 
For the MA cross, the number of individuals with each genotype is assumed to be equal 
within a sex. 
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Table S1. Result of SEX-Detector. The first column represents the model used in each run. The 
second column shows the number of sex-linked transcripts detected. 

Model Number of sex-linked transcripts 
XY 86 
ZW 0 
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Table S2. Identification of inversions and inferred genotypes in the CT and NS populations. 
Number of shared barcodes are calculated in a sliding window with a size of 50kb. The 
genotypes of the inversion between 8.60M-10.27M were not inferred due to the poor 
alignments of sequence in this region. 
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Sample Shared 
barcodes 
between 
adjacent 
windows 

X-specific inverion (4.38M-9.12M) 
Shared barcodes 
between 
windows of 
inversion 

Evidence from  
insertion size or 
clipped reads at 
breakpoints 

Inferred Genotype 

CT_fem_1 146.784 158 YES 1/1 
CT_fem_10 44.225 49 YES 1/1 
CT_fem_11 65.4448 64 YES 1/1 
CT_fem_12 35.2056 40 YES 1/1 
CT_fem_13 57.2558 49 YES 1/1 
CT_fem_14 47.3166 54 YES 1/1 
CT_fem_15 87.8311 70 YES 1/1 
CT_fem_16 61.0821 56 YES 1/1 
CT_fem_17 129.146 113 YES 1/1 
CT_fem_18 75.0549 81 YES 1/1 
CT_fem_19 72.808 48 YES 0/1 
CT_fem_2 147.93 139 YES 1/1 
CT_fem_20 59.4601 55 YES 1/1 
CT_fem_3 80.3556 70 YES 1/1 
CT_fem_4 141.901 179 YES 1/1 
CT_fem_5 73.5794 82 YES 1/1 
CT_fem_6 45.6108 39 YES 1/1 
CT_fem_7 77.0803 36 YES 0/1 
CT_fem_8 88.0201 32 YES 0/1 
CT_fem_9 65.6976 64 YES 1/1 
CT_male_1 104.123 52 YES 0/1 
CT_male_10 107.733 60 YES 0/1 
CT_male_11 82.4849 30 YES 0/1 
CT_male_12 100.3 51 YES 0/1 
CT_male_13 87.9238 48 YES 0/1 
CT_male_14 29.5812 0 NO 0/0 
CT_male_15 63.0449 30 YES 0/1 
CT_male_16 80.4188 38 YES 0/1 
CT_male_17 99.1335 45 YES 0/1 
CT_male_18 106.076 50 YES 0/1 
CT_male_19 119.126 51 YES 0/1 
CT_male_2 93.1234 0 NO 0/0 
CT_male_20 74.2546 32 YES 0/1 
CT_male_3 101.255 71 YES 0/1 
CT_male_4 101.571 63 YES 0/1 
CT_male_5 133.293 87 YES 0/1 
CT_male_6 87.3751 39 YES 0/1 
CT_male_7 57.0254 0 NO 0/0 
CT_male_8 105.576 62 YES 0/1 
CT_male_9 65.8175 27 YES 0/1 
NS_fem_1 77.5009 0 NO 0/0 
NS_fem_10 111.621 0 NO 0/0 
NS_fem_11 78.7797 0 NO 0/0 
NS_fem_12 131.76 0 NO 0/0 
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NS_fem_13 129.083 0 NO 0/0 
NS_fem_14 71.3881 0 NO 0/0 
NS_fem_15 78.1536 0 NO 0/0 
NS_fem_16 65.3349 0 NO 0/0 
NS_fem_2 97.2144 0 NO 0/0 
NS_fem_4 83.2056 0 NO 0/0 
NS_fem_5 122.728 0 NO 0/0 
NS_fem_6 101.697 0 NO 0/0 
NS_fem_7 123.125 0 NO 0/0 
NS_fem_8 99.0573 0 NO 0/0 
NS_fem_9 183.191 0 NO 0/0 
NS_male_1 112.904 0 NO 0/0 
NS_male_10 58.5842 0 NO 0/0 
NS_male_11 61.6031 0 NO 0/0 
NS_male_12 76.4997 0 NO 0/0 
NS_male_13 92.3385 0 NO 0/0 
NS_male_14 54.2871 0 NO 0/0 
NS_male_15 65.1559 0 NO 0/0 
NS_male_16 85.0697 0 NO 0/0 
NS_male_2 156.896 0 NO 0/0 
NS_male_3 110.404 0 NO 0/0 
NS_male_4 122.949 0 NO 0/0 
NS_male_5 78.4436 0 NO 0/0 
NS_male_7 108.999 0 NO 0/0 
NS_male_9 102.568 0 NO 0/0 
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Sample Shared inversion  (8.60m-10.27m) 
Shared barcodes 
between windows 
of inversion 

Evidence from clipped 
reads or insertion size 

Inferred Genotype 

CT_fem_1 55 YES NA 
CT_fem_10 36 YES NA 
CT_fem_11 41 YES NA 
CT_fem_12 21 YES NA 
CT_fem_13 43 YES NA 
CT_fem_14 35 YES NA 
CT_fem_15 46 YES NA 
CT_fem_16 43 YES NA 
CT_fem_17 91 YES NA 
CT_fem_18 41 YES NA 
CT_fem_19 21 YES NA 
CT_fem_2 70 YES NA 
CT_fem_20 42 YES NA 
CT_fem_3 49 YES NA 
CT_fem_4 71 YES NA 
CT_fem_5 59 YES NA 
CT_fem_6 34 YES NA 
CT_fem_7 29 YES NA 
CT_fem_8 36 YES NA 
CT_fem_9 36 YES NA 
CT_male_1 59 YES NA 
CT_male_10 36 YES NA 
CT_male_11 35 YES NA 
CT_male_12 38 YES NA 
CT_male_13 55 YES NA 
CT_male_14 17 YES NA 
CT_male_15 35 YES NA 
CT_male_16 35 YES NA 
CT_male_17 65 YES NA 
CT_male_18 62 YES NA 
CT_male_19 42 YES NA 
CT_male_2 33 YES NA 
CT_male_20 35 YES NA 
CT_male_3 44 YES NA 
CT_male_4 76 YES NA 
CT_male_5 57 YES NA 
CT_male_6 54 YES NA 
CT_male_7 24 YES NA 
CT_male_8 69 YES NA 
CT_male_9 46 YES NA 
NS_fem_1 26 YES NA 
NS_fem_10 22 YES NA 
NS_fem_11 0 YES NA 
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NS_fem_12 37 YES NA 
NS_fem_13 36 YES NA 
NS_fem_14 38 YES NA 
NS_fem_15 38 YES NA 
NS_fem_16 30 YES NA 
NS_fem_2 25 YES NA 
NS_fem_4 26 YES NA 
NS_fem_5 38 YES NA 
NS_fem_6 11 YES NA 
NS_fem_7 20 YES NA 
NS_fem_8 33 YES NA 
NS_fem_9 36 YES NA 
NS_male_1 71 YES NA 
NS_male_10 59 YES NA 
NS_male_11 48 YES NA 
NS_male_12 50 YES NA 
NS_male_13 59 YES NA 
NS_male_14 77 YES NA 
NS_male_15 51 YES NA 
NS_male_16 57 YES NA 
NS_male_2 90 YES NA 
NS_male_3 91 YES NA 
NS_male_4 59 YES NA 
NS_male_5 57 YES NA 
NS_male_7 90 YES NA 
NS_male_9 79 YES NA 
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Sample Y-specific inversion (4.47m-12.15m) 
Shared barcodes between 
windows of inversion 

Evidence from  insertion size or 
clipped reads at breakpoints 

Inferred 
Genotype 

CT_fem_1 0 NO 0/0 
CT_fem_10 0 NO 0/0 
CT_fem_11 0 NO 0/0 
CT_fem_12 0 NO 0/0 
CT_fem_13 0 NO 0/0 
CT_fem_14 0 NO 0/0 
CT_fem_15 0 NO 0/0 
CT_fem_16 0 NO 0/0 
CT_fem_17 0 NO 0/0 
CT_fem_18 0 NO 0/0 
CT_fem_19 0 NO 0/0 
CT_fem_2 0 NO 0/0 
CT_fem_20 0 NO 0/0 
CT_fem_3 0 NO 0/0 
CT_fem_4 0 NO 0/0 
CT_fem_5 0 NO 0/0 
CT_fem_6 0 NO 0/0 
CT_fem_7 0 NO 0/0 
CT_fem_8 0 NO 0/0 
CT_fem_9 0 NO 0/0 
CT_male_1 0 NO 0/0 
CT_male_10 0 NO 0/0 
CT_male_11 0 NO 0/0 
CT_male_12 0 NO 0/0 
CT_male_13 0 NO 0/0 
CT_male_14 0 NO 0/0 
CT_male_15 0 NO 0/0 
CT_male_16 0 NO 0/0 
CT_male_17 0 NO 0/0 
CT_male_18 0 NO 0/0 
CT_male_19 0 NO 0/0 
CT_male_2 0 NO 0/0 
CT_male_20 0 NO 0/0 
CT_male_3 0 NO 0/0 
CT_male_4 0 NO 0/0 
CT_male_5 0 NO 0/0 
CT_male_6 0 NO 0/0 
CT_male_7 0 NO 0/0 
CT_male_8 0 NO 0/0 
CT_male_9 0 NO 0/0 
NS_fem_1 0 NO 0/0 
NS_fem_10 0 NO 0/0 
NS_fem_11 0 NO 0/0 
NS_fem_12 0 NO 0/0 
NS_fem_13 0 NO 0/0 
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NS_fem_14 0 NO 0/0 
NS_fem_15 0 NO 0/0 
NS_fem_16 0 NO 0/0 
NS_fem_2 0 NO 0/0 
NS_fem_4 0 NO 0/0 
NS_fem_5 0 NO 0/0 
NS_fem_6 0 NO 0/0 
NS_fem_7 0 NO 0/0 
NS_fem_8 0 NO 0/0 
NS_fem_9 0 NO 0/0 
NS_male_1 86 YES 0/1 
NS_male_10 42 YES 0/1 
NS_male_11 26 YES 0/1 
NS_male_12 22 YES 0/1 
NS_male_13 35 YES 0/1 
NS_male_14 0 NO 0/0 
NS_male_15 39 YES 0/1 
NS_male_16 61 YES 0/1 
NS_male_2 89 YES 0/1 
NS_male_3 60 YES 0/1 
NS_male_4 54 YES 0/1 
NS_male_5 37 YES 0/1 
NS_male_7 39 YES 0/1 
NS_male_9 40 YES 0/1 
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Table S3. Distributions of male-specific SNPs on the sex chromosome in the CT and NS 
populations. Only SNPs with allele frequency higher than 0.45 are included. Proportion refers 
to the ratio of the number of male-specific SNPs in a specific region to the total number of 
male-specific SNPs on Chr23. 
 

Distribution of male-specific snps  
Chr Region Number Proportion 

Population CT Chr23 0-4.37 Mb 0 0% 
Chr23 4.37-8.58 Mb 0 0% 
Chr23 8.58-9.40 Mb 31 100% 
Chr23 9.40-15.9 Mb 0 0% 

Population NS Chr23 0-4.40 Mb 0 0% 
Chr23 4.40-8.58 Mb 8 38% 
Chr23 8.58-9.40 Mb 9 43% 
Chr23 9.40-12.15 Mb 4 19% 

 Chr23 12.15-15.9Mb 0 0% 
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Table S4. Genes with reduced coverage in males or stop codons in the CT and NS populations. 
Normalized sequencing depth was calculated for each sex. Only genes with a male:female 
depth ratio lower than 0.75 are listed. 

Population Chr Start End Depth ratio 
(male vs 
female) 

Gene Blast 
results 

CT Chr23 8519701 8523240 0.659718092 ApeQuad13845 C1QL4 
CT Chr23 9108579 9109544 0.545791631 ApeQuad13892 NA 
CT Chr23 9113579 9114544 0.664014034 ApeQuad13894 OR2AT4 
CT Chr23 10259651 10265787 0.726332324 ApeQuad13960 SEPT4 
NS Chr23 9106872 9107129 0.577207278 ApeQuad13891 COA4 
NS Chr23 9108579 9109544 0.706774799 ApeQuad13892 NA 

 

CT female 
 

CT male 
Gene Chr Start End 

 
Gene Chr Start End 

Apequad13671 Chr23 6051869 6074700 
 

ApeQuad13520 Chr23 2486399 2489497 
Apequad13733 Chr23 7139796 7148738 

 
ApeQuad13626 Chr23 5016305 5019935      
ApeQuad13652 Chr23 5486707 5487769      
ApeQuad13657 Chr23 5676005 5693345      
ApeQuad13665 Chr23 5935001 5967739      
ApeQuad13671 Chr23 6051869 6074700      
ApeQuad13713 Chr23 6926771 6932354      
ApeQuad13864 Chr23 8686046 8688041          

NS female 
 

NS male 
Gene Chr Start End 

 
Gene Chr Start End 

NA NA NA NA 
 

NA NA NA NA 
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Table S5. Male-specific genes assembled in the sex-determination region on chromosome 23. 
The first column shows the gene name in A. quadracus. The second and third column show 
the blast hits to the NCBI database. The last column shows the types of mutations. Genes in 
bold are candidate sex-determination genes. 

Genes Blast results Abbreviation Mutation type 

Apequad13864-RA LIM domain kinase 1-like LIMK1 Stop codon gained 

Apequad13868-RA NA NA Nonsynonymous mutation 

Apequad13869-RA NA NA Nonsynonymous mutation 

Apequad13871-RA NA NA Regulatory change 

Apequad13875-RA Methyltransferase Like 27 METTL27 Regulatory change 

Apequad13877-RA transcription elongation factor SPT6 SUPT6H Nonsynonymous mutation 

Apequad13878-RA RAB34, member RAS oncogene 
family 

RAB34 Regulatory change 

Apequad13879-RA nuclear speckle splicing regulatory 
protein 1  

NSRP1 Nonsynonymous mutation 

Apequad13880-RA slingshot protein phosphatase 2 SSH2 Nonsynonymous mutation 

Apequad13884-RA telomerase-binding protein EST1A SMG6 Nonsynonymous mutation & 
Regulatory change 

Apequad13887-RA reticulon 4 receptor like 2 RTN4RL2 Regulatory change 

Apequad13889-RA SET and MYND domain-containing 
protein 4  

SMYD4 Nonsynonymous mutation & 
Regulatory change 

Apequad13894-RA olfactory receptor 24 OR2AT4 Nonsynonymous mutation 

Apequad13895-RA NXPE family member 3 NXPE3 Nonsynonymous mutation 

Apequad13902-RA relaxin family peptide receptor 2 RXFP2 Nonsynonymous mutation & 
Regulatory change 

Apequad13904-RA FRY microtubule binding protein  FRY Nonsynonymous mutation & 
Regulatory change 

Apequad13905-RA zygote arrest 1- ZAR1L Nonsynonymous mutation 
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  Table S6. Sam
ple inform

ation and accession num
bers for sequencing data in this study. 

Population 
Fem

ales 
M

ales 
Locality 

Latitude 
Longitude 

Source 
Supplier 

Tissue 
CT  

20 
20 

W
est River M

em
orial Park, 

Connecticut, U
SA 

41.314148 
-72.95654 

W
ild-

caught 
N

atalie 
Steinel, Daniel 
Bolnick 

fin 
clips 

M
A 

13 
11 

Dem
arest Lloyd State Park,  

M
assachusetts, U

SA 
41.528994 

-70.98337 
W

ild-
caught 

Catherine 
Peichel 

fin 
clips 

N
S 

15 
14 

Canal Lake, N
ova Scotia, Canada  

44.498300 
-63.90205 

W
ild-

caught 
Anne Dalziel 

fin 
clips 

CT cross F0 parents 
1 

1 
W

est River M
em

orial Park, 
Connecticut, U

SA 
41.314148 

-72.95654 
W

ild-
caught 

Thom
as N

ear 
fin 
clips 

CT cross F1 offspring 
53 

55 
W

est River M
em

orial Park, 
Connecticut, U

SA 
41.314148 

-72.95654 
Lab-
reared 

Peichel lab 
fin 
clips 

M
A cross F0 parents 

1 
1 

Dem
arest Lloyd State Park,  

M
assachusetts, U

SA 
41.528994 

-70.98337 
W

ild-
caught 

Catherine 
Peichel 

fin 
clips 

M
A cross F1 offspring 

18 
22 

Dem
arest Lloyd State Park,  

M
assachusetts, U

SA 
41.528994 

-70.98337 
Lab-
reared 

Peichel lab 
fin 
clips 

N
S cross F0 parents 

1 
1 

Canal Lake , N
ova Scotia, Canada  
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Supplementary Appendix 1.  Heterozygosity of Chr23 of each individual of CT and MA 
populations. See https://doi.org/10.6084/m9.figshare.22774919.v1 for details. 
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Abstract 

The emergence of sex chromosomes is a remarkable instance of convergent evolution in the 

natural world. The phenomenon of recombination suppression between sex chromosomes 

and subsequent degeneration of the non-recombining and heteromorphic sex chromosome 

is prevalent across eukaryotes. However, a comprehensive understanding of the underlying 

mechanisms remains elusive due to the lack of complete heteromorphic sex chromosome 

assemblies, which limits the ability to compare the sequence content of sex chromosomes 

across different species. In this study, we have developed a novel assembly pipeline utilizing 

long-read PacBio sequencing data and HiC data to fully phase the sex chromosomes. As a 

result, a complete assembly of the Y chromosome measuring 35.75 Mb was generated for the 

blackspotted stickleback (Gasterosteus wheatlandi). Our findings provide confirmation of an 

end-to-end fusion between one copy of Chr12 and the ancestral Y chromosome, Chr19, and 

the identification of five evolutionary strata on this neo-Y chromosome. Additionally, we 

discovered multiple chromosomal inversions associated with strata on the Y chromosome. 

Upon comparing the Y assembly of G. wheatlandi with that of G. aculeatus, we observed a 

faster rate of degeneration and the accumulation of deleterious mutations on the Y 

chromosome of G. wheatlandi, despite the Y chromosomes being partially homologous. 

Furthermore, the rate of degeneration on the Y chromosome was not constant, exhibiting 

rapid initial degeneration followed by gradual deceleration. In conclusion, our findings 

demonstrate that while the evolution of sex chromosomes can exhibit convergent patterns, 

closely-related sex chromosomes can also rapidly diverge over a short period of time. 

Keywords: degeneration ,sex chromosome, stickleback, strata ,Y chromosome  
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Introduction 

Heteromorphic sex chromosomes, including the commonly found XY and ZW systems, 

are a striking example of convergent evolution in nature. Similar patterns have been 

repeatedly observed across various organisms, including mammals, birds, fish, and flowering 

plants, with one sex chromosome being morphologically distinct from the other (Bachtrog et 

al. 2014; Pennell et al. 2018; Kratochvíl et al. 2021). Such heteromorphic sex chromosomes 

are thought to evolve after a pair of autosomes acquires a new master sex determining gene, , 

and recombination is reduced or ceased entirely around that gene (Charlesworth et al. 2005; 

Bachtrog 2006; Vicoso 2019).  Several hypotheses have been proposed to explain the 

suppression of recombination on sex chromosomes: 1) linkage between sex determining 

genes and sexually antagonistic loci is favored by selection (Rice 1987; Wright et al. 2016); 2) 

meiotic drive (Úbeda et al. 2015); 3) sheltering of deleterious mutations (Charlesworth and 

Wall 1999); and 4) the accumulation of neutral divergence (Jeffries et al. 2021). No matter the 

cause, the suppression of recombination creates an opportunity for deleterious mutations 

and repeats to accumulate over time due to Hill-Robertson interference, which reduces the 

effectiveness of selection (Hill and Robertson 1966), and Muller’s rachet (Muller 1964; 

Felsenstein 1974), whereby deleterious mutations accumulate due to the absence of purifying 

selection. Both of these mechanisms will lead to the subsequent degeneration and loss of 

content on the non-recombining member of the sex chromosome pair.  

Although sex chromosome degeneration is quite common, the extent of degeneration 

can vary, even between closely related species (Ma and Rovatsos 2022). At one extreme, 

some species possess a homomorphic and undifferentiated sex chromosome pair, with little 

degeneration. Such homomorphic sex chromosomes have been found in frogs (Ma and 

Veltsos 2021), non-avian reptiles (Vicoso, Emerson, et al. 2013), ratite birds (Vicoso, Kaiser, 

et al. 2013; L. Xu et al. 2019), and teleost fish (El Taher et al. 2021; Xue et al. 2021; Long et al. 

2023). At the other extreme, some species have sex chromosomes where the vast majority of 

the Y chromosome gene content has been lost, as in most mammals (Bull 1983; Hughes et al. 

2005; Bellott et al. 2014; Cortez et al. 2014) , or where the Y chromosome has been lost 

entirely, as in Amami spiny rats (Terao et al. 2022) and creeping voles (Couger et al. 2021). 

Nevertheless, sex chromosomes do not start losing content as a whole. In contrast, many 

studies have found that recombination suppression has occurred at different times in the 

evolutionary history of a sex chromosome, which results in regions with different degrees of 
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divergence between the X and the Y, referred as ‘evolutionary strata’ (Lahn and Page 1999; 

Handley et al. 2004). Some studies have tried to tackle the question of why sex chromosomes 

evolve at different rates across species. Yet, most of them focus on species that possess 

homologous but highly degenerated sex chromosomes (Hughes et al. 2005; Valenzuela and 

Adams 2011; L. Xu et al. 2019), or on homomorphic sex chromosomes but with ambiguous 

homology (Vicoso and Bachtrog 2013; Papadopulos et al. 2014; Jeffries et al. 2018). Therefore, 

there is still a gap  in understanding how and why strata form and evolve at different rates. 

Stickleback fishes (Gasterosteidae) are an excellent model system to investigate the 

evolution of recombination suppression and its consequences as different species in the 

family have evolved different sex chromosomes that show differences in their extent of 

differentiation (Jeffries et al., 2022, also see Chapter 2). Of these species, the Gasterosteus 

clade is of interest as they possess an XY sex chromosome system that is shared across the 

three Gasterosteus species but not with other species in the Gasterosteidae family (Sardell et 

al. 2021; Dagilis et al. 2022). The XY sex chromosome pair of threespine stickleback (G. 

aculeatus) is  chromosome (Chr) 19, and it has a recombining pseudo-autosomal region (PAR) 

of 2.5 Mb and three different strata in the 16 Mb non-recombining region (Peichel et al. 2004; 

Ross and Peichel 2008; Peichel et al. 2020). These strata correspond to three independent 

inversions between X and Y chromosomes, suggesting step-wise suppressions of 

recombination. Of these strata, S1 is the oldest and most degenerated, which was estimated 

to have originated around 22 Mya. The other two strata, S2 and S3, were estimated to have 

stopped recombining more recently (4.7-5.9 Mya) and are less degenerated (Peichel et al. 

2020). The sister species, the Japan Sea stickleback (G. nipponicus), shares the same strata on 

Chr19 with no obvious divergence found between the species (Dagilis et al. 2022). However, 

around 1-2 Mya, one copy of Chr9 was fused with the Y chromosome of Chr19, leading to a 

neo-Y chromosome with a 6.9 Mb stratum that has undergone little degeneration or 

divergence between the X and the Y (Kitano et al. 2009; Yoshida et al. 2014; Dagilis et al. 2022). 

Similar to the Japan Sea stickleback, the blackspotted stickleback (G. wheatlandi), has 

experienced a fusion between the ancestral Y chromosome and an autosome. However, this 

is an independent fusion involving Chr12 (Ross et al. 2009). Although Chr19 was identified as 

the ancestral sex chromosome in blackspotted stickleback, only the oldest stratum S1 is 

shared with the other two species (G. aculeatus and G. nipponicus) (Sardell et al. 2021). 

However, significant differences exist on stratum S1, with blackspotted stickleback evolving 



129 
 

faster and losing more genes than threespine stickleback (Sardell et al. 2021). While this study 

explored the sex chromosomes of blackspotted stickleback, it used the threespine stickleback 

X chromosome as a reference, potentially introducing bias due to species divergence and 

limitations in short-read sequencing (Sardell et al. 2021). However, these results suggest that 

a comparison of the blackspotted and threespine sex chromosomes presents an opportunity 

to study the convergence and repeatability of sex chromosomes over time. Additionally, the 

young neo-sex chromosome of blackspotted stickleback provides insight into the step-by-step 

loss of recombination after fusion.  

In this study, we generated high-quality assemblies of the autosomes, X chromosomes, 

and Y chromosome of blackspotted stickleback (G. wheatlandi) using PacBio and HiC 

sequencing data. We used these assemblies, combined with population level whole genome 

resequencing data, as well as the available assembly of the threespine stickleback (G. 

aculeatus) Y chromosome (Peichel et al. 2020) to identify structural rearrangements on the 

G. wheatlandi Y chromosome, estimate the times of recombination suppression on this 

chromosome, and compare the rate of degeneration between different evolutionary strata 

on the Y chromosome both within and between species.  

 

Results  

De novo assemblies and annotations of the blackspotted stickleback genome 

Using high-coverage PacBio and Hi-C data, we successfully assembled the genome of the 

blackspotted stickleback (G. wheatlandi). The raw PacBio read coverage and HiC read 

coverage was approximately 56x (~28 Gb total sequence) and 109x (~109 Gb total sequence), 

respectively, across the entire genome (See Supplementary Table S1 for sequencing details). 

After extracting Y-specific reads from both datasets (see Methods and Fig. 1), the final 

assembly of autosomes and X chromosomes is 520.48 Mb with 490 scaffolds, of which the 

longest 21 scaffolds correspond to the number of chromosomes and are at the chromosome 

level. The N50 length is 23.51 Mb, and the assembly quality, evaluated by BUSCO, exhibits 

relatively high completeness (~95%) (Supplementary Fig S1). Compared to other sticklebacks, 

the blackspotted stickleback has a larger genome size (~429 Mb for A. quadracus [Liu et al., 

2022], ~449 Mb for G. aculeatus [Nath et al., 2021], and ~521 Mb for P. pungitius 

[Varadharajan et al., 2019]). Our assembly aligns very well with the chromosome-level 

assembly of threespine stickleback (Supplementary Fig S2). 
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To assemble the Y chromosome of the blackspotted stickleback, we performed phasing 

of the sex chromosomes with PacBio and HiC reads to extract PacBio reads that contain Y-

specific variants (see Methods and Fig 1). Integrated with the isolated Y-specific PacBio reads, 

we were able to successfully assemble the entire Y chromosome, which has a length of 35.75 

Mb (Fig 2A). Validation of our method for isolating Y reads indicated that only putative Y reads 

were used for the assembly (Fig 2B). 

Following the construction of a repeat library, we performed repeat masking of the 

genome assemblies. For the assembly of autosomes and X chromosomes, 27.80% of the total 

content was masked, whereas, for the assembly of the Y chromosome, 47.05% of the total 

content was masked. The remaining genome was annotated using evidence from RNA-seq 

data, homologous proteins, and ab initio annotation. Any annotated genes that exhibited 

poor quality, typically characterized by an annotation edit distance (AED) of > 0.5, were 

filtered out. This process led to the final version of the annotation containing 25,806 genes 

for the assembly of autosomes and X chromosomes and 1,478 genes for the assembly of the 

Y chromosome.  

Centromeric repeats were identified and extracted from raw PacBio reads, and higher 

order structure, a block of centromere repeats forming a larger unit of  tandem repeats, was 

further assessed to locate the position of the centromere. The positions of centromeres on 

Chr12 and the Y assembly are around 24.9Mb and 26.4 Mb respectively (Fig 3A). The position 

of the centromere on Chr19 was not found; this sequence might have been deleted due to 

the uneven coverage of repeats during the HiC scaffolding step (Dudchenko et al. 2017). We 

infer that the centromere of Chr12 was kept as the centromere of the Y chromosome in 

blackspotted stickleback. This is because the centromere of the threespine stickleback Y is 

highly degenerated (Cech and Peichel 2015; Sardell et al. 2021), and the the centromere of 

the fused autosome (Chr9) was retained on the neo-Y chromosome in the Japan Sea 

stickleback (Cech and Peichel 2016).   

 

Multiple chromosomal inversions are found between the X and Y chromosomes of 

blackspotted stickleback 

We compared the assemblies of their X and Y chromosomes and found four 

chromosomal inversions on Chr12 (Fig 3A and Supplementary Fig S2). We also determined 

that a 2.3 Mb segment of Chr12 was translocated to the other side of the centromere on the 
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Y chromosome, and one of the four chromosomal inversions (black inversion in Fig. 3A) on 

Chr12 was nested in a larger inversion. Our analysis revealed that three inversion events have 

occurred, with the first between 12.05Mb and 21.59Mb (purple and green blocks in Fig 3) and 

the second between 6.35Mb and 12.05Mb (blue and green blocks in Fig 3). Interestingly, a 

small block (the green block in Fig 3) was involved in both of these inversion events. There is 

third nested inversion (the black block in Fig 3) that could have occurred in either of the two 

major inversion events mentioned above. The alignments of blocks of Chr19 are chaotic, and 

no clear and large homologous fragments are identified due to the presence of a large number 

of repeats. Despite this, we do observe homologies between genes on X and Y chromosomes, 

which are dispersed across the entire Y chromosome. 

 

The Y chromosome of blackspotted stickleback has five evolutionary strata 

Chromosomal inversions have been considered as one of the major factors that lead to 

suppression of recombination between X and Y chromosomes. Once recombination stops, 

divergence starts to accumulate between X and Y chromosomes, and the extent of divergence 

should reflect the time since recombination was suppressed. Regions in which recombination 

has been suppressed at different time correspond to evolutionary strata. To ask whether the 

inversions and translocations we identified contribute to recombination suppression and thus 

the formation of strata, we distinguished four regions on Chr12: 1) a pseudo-autosomal 

region (PAR) between 0 Mb to 6.35Mb; 2) putative stratum SW5 (corresponding to the blue 

inversion) between 6.35 Mb and 12.05Mb; 3) putative stratum SW4 (corresponding to the 

purple and green inversions) between 12.05 Mb and 21.59 Mb; and 4) putatitve stratum SW3 

(corresponding to the translocation in orange) between 21.59 Mb to the end of the 

chromosome (Fig 3B). For Chr19, despite that there is little homology between the X and the 

Y chromosomes, we still partitioned it into two regions based on the fact that stratum S1 

(between 14.69M and the end of the chromosome) is shared across all species of 

Gasterosteus (Sardell et al. 2021), and the rest of Chr19 is taken as a single stratum, stratum 

SW2. We then calculated several statistics across these putative strata on both Chr12 and 

Chr19 (Fig 3B). 

First, the ratio of normalized depth between the two sexes was calculated across the X 

chromosome assemblies (Fig 3B). As the ancestral sex chromosome, Chr19 shows an obvious 

reduction in male read depth across the entire chromosome, suggesting a highly degenerated 
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Y chromosome. On the contrary, there is no reduction in male read depth on Chr 12, except 

for SW3 where the read depth ratios are more dispersed (Fig 3B).  

Second, Fst was calculated using phased X and Y-sequences to determine the extent of 

accumulated divergence between X and Y chromosomes (Fig 3B). The distribution of 

divergence across the entire Chr19 was found to be dispersed, with Fst values ranging from 0 

to 1. In contrast, Chr12 exhibited four distinct regions of divergence, including: 1) a region 

with low Fst in the pseudoautosomal region (PAR); 2) a region with elevated Fst in SW5 and 

SW4; 3) a region nested within SW4 with lower Fst; and 4) a region with the highest Fst in 

SW3. These observed regions of X-Y divergence were found to align reasonably well with the 

evolutionary strata defined by the inversions in the middle of SW4 on Chr12. 

Third, to calculate the dS values, we identified all one-to-one gene pairs between the X 

and Y chromosomes. Although there is considerable variation in dS values across Chr19, which 

may be due to insufficient data points, we still observed a discernable difference between S1 

and SW2. On Chr12, SW3 has the highest dS value, while the other two strata, SW4 and SW5, 

possess similar dS values. 

Finally, the detection of strata can be enhanced by increasing the number of species 

analyzed (Zhang et al. 2022). To date the divergence time between sex chromosomes, we 

employed single-copy genes obtained from Orthofinder. Our analysis revealed that the 

average divergence time of stratum S1 (~ 21.2 mya) is older than the SW2 region (~ 13.9 mya) 

on Chr19. Regions SW5, SW4, and SW3 have estimated divergence times of 2.42 mya, 2.21 

mya, and 3.59 mya, respectively (Fig. 3B).  

Taken together, these results suggest that there are five distinct evolutionary strata on 

the blackspotted Y chromosome, which likely reflect a step-wise suppression of 

recombination through chromosomal rearrangements events at different points in the 

evolutionary past (Peichel et al. 2020). 

 

The progressive loss of genes on the Y Chromosome over time 

As recombination suppression occurs, the accumulation of deleterious mutations on the 

chromosome leads to the eventual loss or non-functionalization of Y chromosome genes. 

Accordingly, we investigated the number of genes lost on the Y chromosome in each stratum 

of both species. Our analysis revealed that in G. wheatlandi, the oldest stratum, S1, exhibited 

the highest number of lost genes, and SW2, the second oldest stratum, lost fewer genes. On 
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the neo-Y chromosome, more genes are lost in older strata. The numbers of genes lost in S4 

and S5 is about the same, which is consistent with the fact that these two strata have similar 

ages (Fig 3B and Fig 4). Similarly, in G. aculeatus the oldest strata S1 has lost more Y 

chromosome genes than the younger strata. Surprisingly, we found that stratum S2 lost more 

genes than stratum S3, despite both strata having similar times of recombination suppression 

(Fig 4 and Supplementary Table S2). Additionally, it is noteworthy that the rate of gene loss 

appears to be non-linear in both species. In G. wheatlandi, genes have appeared to be lost at 

a faster rate earlier, with a leveling off in older strata (Fig 4). A similar observation can be 

made in G. aculeatus (Fig 4), although the pattern is not as obvious due to fewer strata and 

the similar ages of S2 and S3 (Peichel et al. 2020). 

 

Deleterious mutations have accumulated in the older strata 

It is expected that deleterious mutations will accumulate on the Y chromosome, due to 

its reduced ability to undergo recombination compared to the X chromosome. To investigate 

the evolution of the Y chromosome after recombination suppression, we specifically analyzed 

variants that exist only in males. By examining the distribution of alternative allele frequencies, 

we categorized male-specific SNPs into distinct groups (Supplementary Fig S4): sites that are 

fixed on the Y chromosome represent differences between the X and Y chromosomes, while 

sites that are polymorphic within males should have accumulated after recombination 

between the X and Y was suppressed.  

Our analysis reveals a positive correlation between the age of evolutionary strata and 

the accumulation of genes carrying loss of function (LOF) mutations. Specifically, we observe 

a greater number of genes with LOF mutations in older strata compared to younger ones, 

suggesting that the Y chromosome has undergone a progressive loss of functional genes over 

evolutionary time. Notably, we observe a higher frequency of genes carrying LOF mutations 

in stratum S1 of G. wheatlandi compared to its counterpart in G. aculeatus, despite both 

strata originating from a common ancestor (Sardell et al. 2021), suggesting a more rapid loss 

of genes in G. wheatlandi (Fig 5A). 

The dN/dS analysis yields conflicting results. In both G. aculeatus and G. wheatlandi, the 

oldest stratum, S1, on the ancestral sex chromosome, Chr19, exhibits the lowest dN/dS values 

compared to the other strata, as these regions are probably under purifying selection. 

However, on the neo sex chromosome of G. wheatlandi, the oldest stratum, SW3, has a 
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significantly higher dN/dS value than the other two strata, suggesting possible positive 

selection (Fig 5B). 

Last, the unbiased genetic diversity of 4-fold degenerate sites was calculated to measure 

the neutral divergence in sites that are still polymorphic across autosomes, X chromosomes, 

and Y chromosomes. In both species, the diversities of X chromosomes are slightly lower than 

that of autosomes, which is close to 75%, the predicted relative effective population size of X 

chromosome (Table 1). As expected, the diversity on the Y chromosomes is much lower than 

on the X chromosomes in both species, although the diversity on the G. aculeatus Y is much 

greater than that of G. wheatlandi. In G. aculeatus, the oldest stratum S1 has the highest Y 

diversity, which is approximately 25% of the autosomal diversity, while the diversity of strata 

S2 and S3 is lower. In G. wheatlandi, the oldest strata S1 has the highest diversity. The 

diversity on the ancestral Y (Chr19) is higher than that of the neo-Y (Chr12), corresponding to 

a longer time of recombination cessation. However, on the neo-Y chromosome, the oldest 

stratum, SW3, has the lowest diversity. 

 

Discussion 

The rate of Y chromosome degeneration is dynamic: rapid initial decline followed by gradual 

deceleration 

According to Bachtrog (2008), the loss of functional genes on the Y chromosome initially 

occurs at fast rate following recombination suppression. This rate gradually slows down and 

eventually stops. This is because as degeneration continues, the number of functional genes 

that can tolerate the accumulation of deleterious mutations decreases, and the remaining 

genes are more likely to be beneficial or crucial for males. As a result, deleterious mutations 

are more likely to be purged due to strong purifying selection (Bachtrog 2008).  

In both species studied here, the proportion of gene loss on the Y chromosome positively 

correlates with the dS value, indicating an ongoing process of gene non-functionalization on 

the Y chromosome. Remarkably, the rate of gene loss appears to be non-linear, especially in 

G. wheatlandi, following the theoretical model mentioned above. Specifically, the loss of 

genes is fast in younger strata and gradually slows down in older strata after reaching a certain 

threshold, as expected (Fig 4). The results of analyzing single-copy gene pairs between the X 

and Y chromosomes in both species show that the number of genes with LOF mutations is 

higher in older strata compared to younger strata. Although there were no genes with LOF 
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mutations in stratum S3, this result could be attributed to the low number of single-copy 

genes in this stratum (only 54 genes). Moreover, the ancestral Y chromosome (Chr19) had a 

much higher proportion of genes with LOF mutations compared to the neo-Y chromosome 

(Chr12). These results provide evidence that supports the idea of a continuous process of non-

functionalization of genes on the Y chromosome and the gradual accumulation of deleterious 

mutations. 

It is worth noting that the dN/dS ratio does not show a positive correlation with the age 

of each stratum (Fig 5B). In both species, on the ancestral sex chromosome, the dN/dS ratio 

is significantly lower in the oldest stratum, S1, compared to the other strata. Peichel et al. 

(2020) demonstrated in threespine stickleback that genes retained in stratum S1 on the Y 

chromosome exhibit a higher degree of testis-biased expression, indicating their potential 

involvement in male development. Additionally, White et al. (2015) showed that genes 

retained in S1 in threespine stickleback are predicted to be dosage sensitive, suggesting that 

genes retained in S1 are under purifying selection. These results are further consistent with 

the model proposed by Bachtrog (2008) that genes under strong purifying selection tend to 

be maintained on Y chromosomes. In contrast, an accelerated gene evolution was observed 

on the neo-sex chromosome, with the younger strata exhibiting significantly greater values 

of dN/dS, particularly in G. wheatlandi. The higher dN/dS ratio suggests that there could 

positive selection in genes on the young Y chromosome. These observations suggests that the 

evolution of the Y chromosome is a complex and dynamic process, and the selective pressures 

acting on Y chromosome genes is not solely determined by their age. 

 

Faster degeneration of the Y chromosome in G. wheatlandi 

Despite the shared ancestry of S1 on the ancestral Y chromosome (Chr19) of G. aculeatus 

and G. wheatlandi, the rate of degeneration differs between the two species. Notably, for 

single-copy genes presented on both X and Y chromosomes,  G. wheatlandi has fewer genes 

(73 out of 732 ) retained on its ancestral Y chromosome (Chr19) compared to G. aculeatus 

(307 out of 651). While the ages of strata could explain the difference to some degree, this 

explanation does not apply to stratum S1 (16.1% genes retained in G. aculeatus and 5.6 % 

genes reatained in G. wheatlandi, see Supplementary Table S2) where most genes come from 

a shared ancestor. Additionally, we observed a higher proportion of genes with LOF mutations 

on Chr19 in G. wheatlandi, particularly in stratum S1. These results collectively suggest a 
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faster rate of degeneration of the Y chromosome in G. wheatlandi. 

The underlying mechanisms responsible for the differences in the evolutionary rates of 

homologous regions on sex chromosomes remain unclear. One potential hypothesis is that 

the effect of genetic drift is stronger in G. wheatlandi. This species is found within a narrower 

geographic range compared to G. aculeatus (Wootton 1976) and exhibits about half the 

amount of genetic diversity across the genome, as revealed by the unbiased genetic diversity 

of 4-fold degenerate sites (Table 1). Furthermore, the difference between G. wheatlandi and 

G. aculeatus may also be attributed to differences in their historical demographic patterns. G. 

aculeatus has undergone multiple colonization events from marine habitats to freshwater 

habitats, resulting in numerous isolated populations serving as reservoir of genetic variation 

(Nelson et al. 2019). Gene flow between marine and freshwater ecotypes has been observed 

frequently in the past million years (Jones et al. 2012; Østbye et al. 2018; Liu et al. 2022), 

which may have helped to connect isolated populations and maintain genetic diversity in G. 

aculeatus. By contrast, G. wheatlandi, as a near-coastal species, may have experienced 

multiple strong bottleneck events during the glacial cycles with limited genetic input from 

refugial populations. The findings suggest that G. wheatlandi may have a smaller effective 

population size, leading to a stronger impact of genetic drift. This could result in the random 

fixation of more deleterious mutations and repeats in the non-recombining region, ultimately 

leading to a faster loss of genes. However, the reduction in effective size alone cannot fully 

explain the extremely low diversity on the Y chromosome of G. wheatlandi, as the reduction 

of genetic diversity on the Y is not proportional to the reduction of genetic diversity on 

autosomes between G. wheatlandi and G. aculeatus (Table 1). An additional hypothesis is that 

the strength of sexually antagonistic selection between the two species could also contribute 

to the observed differences in evolving rates of Y chromosomes. Stronger sexually 

antagonistic selection would facilitate the fixation of sexually antagonistic alleles as well as of 

the inversions which hinder recombination. Further investigation of the loci that are subject 

to sexually antagonistic selection is required to address this question. There are some other 

forces that accelerate the rate of degeneration of sex chromosomes, such as faster mutation 

rates (Graves 2006), and fewer beneficial and dosage-sensitive genes on the Y chromosome . 

However, further detailed investigations are necessary to determine whether they contribute 

to differential rates of Y chromosome degeneration between G. aculeatus and G. wheatlandi. 
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Short-read sequencing biases the detection of evolutionary strata 

By mapping short-read sequences to the X chromosome assembly of G. aculeatus, Sardell 

et al. (2021) previously identified six strata on the sex chromosomes of G. wheatlandi. By 

comparing assemblies of the G. wheatlandi X and Y chromosomes, our study identified only 

five strata with distinct boundaries (Fig. 3). Both studies identified the ancestral sex-

determining region of all Gasterosteus species, stratum S1. However, unlike the multiple 

strata identified in Sardell et al. (2021) based on short reads mapped to G. aculeatus, no clear 

evidence of subsequent separation of extra strata on Chr19 is observed in our study, and thus 

the rest of the chromosome was recognized as a single stratum, SW2 (Fig 3B). No obvious 

signal of the PAR was observed on Chr19 in our study; however, our previous assembly of the 

G. aculeatus Y chromosome also did not include the PAR (Peichel et al. 2020), likely because 

our assembly strategy focused on identifying reads that were divergent from the X. On the 

neo-Y (Chr 12), we identified three strata, which is more than were previously found (Fig 3B). 

Stratum SW3 is consistent with the results from the previous study, while SW4 and SW5 were 

previously recognized as a single stratum. Although our data did not find a large difference in 

Fst or dS values between SW4 and SW5, we did estimate that they occurred at slightly 

different times (2.21 and 2.42 mya, respectively) and they are associated with two distinct 

inversion events. Thus, we still consider them as two different strata, although the fact that 

these two inversion may have occurred close in time has resulted in similar level of divergence. 

Accurately defining evolutionary strata is an essential first step towards understanding 

the evolution of sex chromosomes. However, many studies on sex chromosomes rely solely 

on short read whole-genome sequencing data, which can limit the ability to detect regions 

that are evolving independently (Wright et al. 2017; Rifkin et al. 2021; Hearn et al. 2022). One 

limitation of using whole-genome sequencing data to detect strata is the difficulty in 

detecting events that occurred within a short time frame. However, in this study, we were 

able to identify an additional stratum on Chr12 by first identifying two inversions using long-

read sequencing data (Fig 3A). Although further analyses of these two inversions using read 

depth, Fst and dS suggest that they occurred within a similar timeframe, the long-read 

sequencing data show that there have been two independent evolutionary events. The 

second limitation pertains to potential biases in mapping reads to sex chromosomes.  Due to 

the cessation of recombination, repeat elements on sex chromosomes may have undergone 

amplification and accumulation, which can result in the underestimation or overestimation 
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of the number of SNPs. This phenomenon was observed in Peichel et al. (2020), wherein the 

estimation of synonymous mutations using PacBio assembly was higher than that using short 

reads, such that Strata S2 and S3 were considered as a single stratum until the generation of 

the Y chromosome assembly (Peichel et al. 2020). In addition to promoting the use of long-

read data, it is important to use accurate reference assemblies to avoid bias when studying 

sex chromosome evolution. The faster rate of evolution of sex chromosomes often results in 

significant differences in genetic structure and architecture, even among closely related 

species. Thus, it is crucial to be mindful of potential errors associated with whole-genome 

sequencing data when characterizing sex chromosomes. And the use of phased assemblies, 

as we have done here, is fundamental as the accurate calling of haplotypes and structural 

variants between sister chromosomes are needed to precisely characterizing the evolutionary 

history of sex chromosomes. 

 

 

Material and Methods 

Ethics Statement 

All experiments involving animals were approved by the Veterinary Service of the 

Department of Agriculture and Nature of the Canton of Bern (VTHa# BE4/16, BE17/17, and 

BE127/17). 

 

Sample collection 

For the genome assembly of G. wheatlandi, one lab-reared male resulting from a cross 

between wild-caught fish collected by Anne Dalziel from Canal Lake, Nova Scotia, Canada 

(44.498298, --63.90205) was used for PacBio sequencing, and two of his brothers were used 

for Hi-C sequencing. For whole-genome sequencing and RNA-sequencing of wild-caught fish, 

four males and four females of G. wheatlandi were collected from Rainbow Haven Beach in 

Nova Scotia, Canada (44.654857, −63.42113) by Anne Dalziel.  

 

DNA extraction and sequencing 

High molecular weight DNA was extracted from the blood following the procedure in 

Peichel et al. (2020) of a single male and used to prepare a SMRTbell Express Library for PacBio 

sequencing. The liver of two brothers was used to prepare a Hi-C sequencing library using the 
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Phase Genomics Proximo Hi-C animal kit (Phase Genomics, Seattle, WA). Four SMRT cells 

were sequenced on the PacBio Sequel Platform, and the Hi-C libraries were sequenced for 

300 cycles on an Illumina NovaSeq SP flow cell. DNA from eight wild-caught individuals (four 

females, four males) was extracted using phenol–chloroform and used to prepare Illumina 

DNA TruSeq libraries, which were sequenced for 300 cycles on an Illumina NovaSeq S1 flow 

cell. Brain RNA from the same individuals was used for RNA-sequencing, as previously 

described (Liu et al. 2022). All library preparation and sequencing was performed by the 

University of Bern Next Generation Sequencing Platform. 

In this study, we also used available genome assemblies for G. aculeatus (Nath et al., 

2021), A. quadracus (Liu et al., 2022), and A. flavidus (Li et al. 2022), plus the Y chromosome 

assembly for G. aculeatus (Peichel et al. 2020). We also used available whole-genome 

sequencing data from 17 male and 27 female wild-caught G. aculeatus (Shanfelter et al. 2019), 

15 male wild-caught G. wheatlandi and four female wild-caught G. aculeatus (Sardell et al. 

2021), 30 F1 interspecies hybrids (15 males and 15 females) resulting from the crosses of the 

wild-caught G. aculeatus females by G. wheatlandi males (Sardell et al. 2021) and brain RNA-

seq data of four male and four female wild-caught G. wheatlandi (Liu et al. 2022). Detailed 

information for all samples and accession numbers are provided in Supplementary Table S1. 

 

Identifying and isolating highly divergent Y-specific reads in G. wheatlandi 

Before assembling the genome, we removed reads that are Y-specific in both the PacBio 

reads and the Hi-C reads to reduce potential assembly errors. The whole-genome sequencing 

data of four male and four female G. wheatlandi and the raw PacBio reads were used as input 

to isolate long reads that are specific to the Y chromosome by SRY (X.-B. Wang et al. 2020) 

with an estimated chromosome size of 28Mb (Sardell et al., 2021). These extracted PacBio 

reads were considered Y-specific reads that are highly divergent from ther X counterparts and 

excluded when assembling the autosomes and X chromosomes. For the Hi-C sequencing data, 

we first used KmerGO (Y. Wang et al. 2020) to isolate male-specific kmers with a length of 21 

bp using the whole genome data from the same four males and four females. Next, we used 

the BBDuk.sh module in the BBMap program (Bushnell, 2014) to extract reads with at least 

one male-specific kmer covered. These extracted Hi-C reads were considered Y-specific reads 

and excluded in the scaffolding of the autosomes and X chromosomes. 
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Genome assembly of the autosomes and X chromosomes of G. wheatlandi 

The PacBio assembly of G. wheatlandi was generated by flye 2.9.1 (Kolmogorov et al. 

2019) with default parameters and then was polished by Racon 1.5.0 (Vaser et al. 2017) for 

two rounds using Hi-C reads from the brothers. We applied Purge_Dups  (Guan et al. 2020) to 

reduce the impact of duplicated haplotigs in the assembly.  

Scaffolding contigs was conducted using Hi-C proximity-guided assembly. Raw Hi-C reads 

were first trimmed with the same pipeline as described above. Trimmed Hi-C reads were 

further processed with HiCUP (Wingett et al. 2015) and Juicer (Durand et al. 2016) with 

default parameters and then used for scaffolding the assembled contigs using 3D-DNA (v. 

180922)(Dudchenko et al. 2017). After the first round, we manually revised the assembly 

based on the HiC contact map and then scaffolded it again. Finally, LR_Gapcloser (G.-C. Xu et 

al. 2019) was used to close any gaps in the assembly. The quality of the assembly was 

validated by BUSCO v5 (Simão et al. 2015).  

To validate our approach of removing Y-specific reads, we also generated another 

assembly with the Y-specific reads included. Then, we used bwa (v 0.7.11) (Li 2013) to align 

the whole-genome sequencing data of four females and four males to the two assemblies 

separately. We then calculated normalized sequencing depths in 1 kb sliding windows using 

reads per kilobase per million mapped reads (RPKM) method for each sex separately. 

 

Alignment of short reads and SNP calling 

Whole-genome DNA sequencing reads from each G. aculeatus and G. wheatlandi 

individual were first trimmed by Trimmomatic (v 0.36) (Bolger et al. 2014) with a sliding 

window of 4 bp. The first 15 bp of reads were dropped, and windows with an average quality 

score below 15 in the remaining reads were also dropped. Trimmed reads were mapped to 

the autosome and X chromosome assembly of the corresponding species using bwa (v 0.7.11) 

(Li 2013). Then, Samtools(Li et al. 2009) and GATK4 (Van and O’Connor 2020) were used to 

sort alignments and remove PCR duplicates from the bam files. SNP calling was conducted 

using Haplotype Caller, and joint genotyping was run on all individuals for each species 

separately in GATK4.  

For SNP filtration, we first applied the hard filtration following the GATK best practices. 

Then, we used Vcftools (0.1.16) (Danecek et al. 2011) to keep sites with minimum genotype 

qualities greater than 20, more than five genotyped individuals and the count of the 
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alternative allele greater than 1. To prevent biases caused by paralogs, repeats and low 

sequencing depth, we also filtered out sites with a population mean coverage that was less 

than half or greater than twice the average value for each sex of each species. 

 

Identifying male-specific SNPs 

For G. aculeatus, we identified male-specific SNPs based on their occurrence only in 

males and not in females. Since we had whole-genome sequencing data from 23 males and 

21 females, our approach should filter out the vast majority of SNPs that are shared between 

two sexes. 

For G. wheatlandi, traditional identification of male-specific SNPs could not be applied 

to our whole-genome sequencing datatset with only four females and four males. Therefore, 

we used pedigrees to phase SNPs in 15 interspecies F1 hybrid crosses between G. aculeatus 

females and G. wheatlandi males (Sardell et al. 2021). For each heterozygous SNP present in 

the progeny, we leveraged the genotypic information of the parental individuals to ascertain 

the source of the paternally and maternally inherited alleles. Specifically, in the case of male 

and female offspring, paternally transmitted alleles were derived from sperm bearing a Y 

chromosome and an X chromosome, respectively. This provided us with 15 phased X 

chromosomes, 15 phased Y chromosomes and 30 phased autosomes. 

 

Assembly of the Y chromosome in G. wheatlandi 

On a Y chromosome, there can be three types of regions: (1) the PAR, where 

recombination happens and thus there is no divergence between X and Y chromosomes; (2) 

slightly divergent regions, where recombination has stopped and divergence has started to 

accumulate between X and Y chromosomes; and (3) highly divergent regions, where the 

divergence between X and Y chromosomes is quite high (Fig 1). Our approach to isolating Y-

specific reads mainly focused on those that are highly divergent. To phase the regions that 

are slightly divergent between X and Y chromosomes, the putatively Y-specific PacBio reads 

were first mapped to the assembly of autosomes and X chromosomes using minimap2 (Li 

2018). Then, we used Longshot (Edge and Bansal 2019) to call heterozygous sites in this 

individual and mapped all Hi-C reads to the same assembly using bwa (v0.7.11) (Li 2013) with 

default parameters. The SNP matrix from SNP calling with the PacBio reads and alignments 

from the Hi-C reads were fed to Hapcut2 (Edge et al. 2017) and Whatshap (Martin et al. 2016) 
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to conduct chromosome-level phasing. Finally, we extracted mapped PacBio reads of each 

haplotype from chromosomes 12 and 19, which are the sex chromosomes of G. wheatlandi 

(Ross et al. 2009; Sardell et al. 2021). Considering that Y chromosomes have degenerated, the 

dataset with a smaller size was considered to contain reads from the PAR and slightly 

divergent regions of the Y.  

Thus, with data from PAR, slighly divergent reads and highly divergent reads, we 

generated a putative assembly of the Y chromosome (Fig 1).  For Hi-C scaffolding, only reads 

with male-specific kmers were used. Fig 1 shows our complete pipeline to assemble the Y 

chromosome. 

 

Genome annotation of G. wheatlandi 

The genome assemblies were annotated in a two-step pipeline. In the first step, repeat 

elements were identified and annotated with a combined assembly including the autosomes, 

X chromosomes, and Y chromosome. Miniature inverted-repeat transposable elements 

(MITE)-Tracker (Crescente et al. 2018) was used to detect MITEs. Then, EDTA 2.0.1(Ou et al. 

2019) was applied to annotate long-terminal repeats and novel repeats. Repeats libraries of 

MITE and EDTA were then merged into a non-redundant library and passed to RepeatMasker 

(v. 4.1.2) (Smit et al. 2013) for a final round of annotation. 

In the second step, gene structures were predicted in the assemblies by four rounds of 

Maker3 (Holt and Yandell 2011) runs with a repeat-masked assembly. For the assembly of 

autosomes and X chromosomes, in the first round, we used the RNA-seq data the same four 

males and four females sequenced in this study (Supplementary Table S1) to create an 

assembly using Trinity 2.14.0(Haas et al. 2013). Protein data from Danio rerio, G. aculeatus, 

the Uniprot database as well as the RNA assembly were used as evidence for the program. 

The second round of annotation included two training and prediction steps by AUGUSTUS (v. 

3.3.2) (Stanke et al. 2008) and SNAP (Korf 2004). Then, these results were passed to MAKER3. 

In the third round, GeneMARK-ES (Ter-Hovhannisyan et al. 2008) was used to train models 

and combined with MAKER3. Finally, the second-round annotation was repeated with the 

outputs from the third round to further polish gene structures. The final annotation was 

checked based on AED values, and only annotations with an AED score of 0.5 or less were 

retained for downstream analysis. 

For the assembly of the Y chromosome, similar procedures were implemented, with the 
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distinction that only data from the four male individuals were utilized for RNA assembly. 

 

Identifying the centromere position of G. wheatlandi 

Identification of centromere repeats of G. wheatlandi was conducted following Melters 

et al. (2013). The most frequent repeat was identified as the candidate for the centromeric 

repeat. We used Perl scripts from Melters et al. (2013)to identify the higher order structure 

of the centromere, and then blasted the sequences of the higher order structure against each 

chromosome. Regions where most hits were located were considered as the position of the 

centromere on each chromosome. 

 

Genomic synteny analyses to identify structural rearrangements between the X and Y 

chromosomes 

First, we used minimap2 (Li 2018) to align chromosomes between G. wheastlandi and G. 

aculeatus and generated synteny plots using D-Genies(Cabanettes and Klopp 2018). Using the 

same approach, we generated synteny plots between the X and Y chromosomes within each 

species. Second, we extracted coding sequences from the X chromosomes and Y chromosome 

of G. wheatlandi, kept the longest transcript for each gene, and used JCVI (Haibao Tang et al. 

2015) to compare synteny at the gene level. To investigate the order of occurrence of 

inversions between X and Y chromosomes, we used GRSR (Wang and Wang 2018) to infer the 

most likely order of events. 

 

Identifying orthologs among stickleback species 

 Sequences from coding regions from G. wheatlandi, G. aculeatus, A. quadracus and A. 

flavidus were extracted or downloaded. The longest transcript of each gene from each species 

was extracted to identify orthologs using Orthofinder 2 (Emms and Kelly 2019). We identified 

one-to-one orthologs between X and Y chromosomes for G. wheatlandi and G. aculeatus 

separately. Gene rearrangements were identified based on the results of phylogenetic 

hierarchical orthogroups.  

 

Molecular evolution of the Y chromosome of G. wheatlandi 

We used our newly generated Y assembly to compare the features between the two X 

chromosomes and the Y chromosome. First, we extracted SNPs from the four males and four 
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females sequenced in this study and kept sites with minor allele counts greater than 1. The 

fixation index (Fst) between males and females was calculated with sliding windows of 1kb 

using Vcftools 0.1.16 (Danecek et al. 2011). Next, the ratio of normalized depths between the 

two sexes was calculated using mosdepth (Pedersen and Quinlan 2018) with sliding windows 

of the same size.Then, we used KaKsCalculator 3.0 (Zhang 2022) to estimate dS for each one-

to-one gene pair between the two X chromosomes and the Y chromosome, which should 

reflect the neutral divergence. Finally, we extracted single-copy orthologs among all species 

from orthofinder analysis and aligned the corresponding protein sequences using 

PRANK(Löytynoja 2014). Pal2nal (Suyama et al. 2006) was used to guide the alignment of 

coding region sequences with protein data, and alignments longer than 200bp were kept for 

the following analysis. BEAST2 (Bouckaert et al. 2014) was used to estimate the divergence 

time of each gene between X and Y chromosomes. Since no calibration time was applied, we 

only calculated the relative divergence time compared to the root node. We defined strata 

on X chromosomes based on results from the above analyses and the chromosome 

rearrangements we identified. 

 

Estimating deleterious mutation load on the Y chromosome 

Mutations are expected to accumulate on the Y chromosome but are sheltered by their 

counterparts on the X chromosome as predicted by theory (Charlesworth and Wall 1999; 

Antonovics and Abrams 2004; Jay et al. 2022). To estimate mutation load on the Y 

chromosome for each species, we extracted one-to-one gene pairs present on both the X and 

Y chromosomes in the non-recombining regions within each species and grouped them into 

different categories by the defined strata. Next, we extracted SNPs that have at least one 

alternative allele, are male-specific, and are only present within the coding regions of one-to-

one gene pairs between X and Y chromosomes, and annotated them using snpEff (Cingolani 

et al. 2012). We then counted the frequency of alternative alleles for each site and separated 

them into two groups: sites that are fixed with a frequency larger than 0.45 and sites that are 

are polymorphic with a frequency equal to or smaller than 0.45 on the Y chromosome. To 

compare with autosomes and X chromosomes, we repeated the same pipeline for SNPs on 

the autosomes and X chromosomes. However, we used female individuals when extracting 

SNPs on X chromosomes, and a frequency of 0.9 was used as the cut-off for identifying fixed 

SNPs on the X chromosome. 
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Once a gene gains a LOF mutation, the function of the gene is disrupted completely. 

Hence, the subsequent accumulation of LOF mutations would have no extra effect on the 

same gene. Thus, the proportions of genes with fixed LOF mutations were calculated for 

autosomes, X chromosomes, and the separate Y chromosome strata for each species. For the 

remaining genes with fixed non-synonymous mutations  but no LOF mutation on the Y 

chromosome, haplotypes of each gene were reconstructed with bcftools (Li et al. 2009), and 

the dN/dS ratio was calculated for each gene. Also, we extracted SNPs that are still 

polymorphic on Y chromosomes and calculated the unbiased genetic diversity at 4-fold sites 

of each gene in each stratum using pixy 1.2.7 (Korunes and Samuk 2021). 
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Fig 1. Pipeline for assembling the Y or W chromosome using reads from the PAR (light salmon), 

slightly divergent (green), and highly divergent (red) regions on the sex chromosome. Blue 

dotted boxes show normal assembly steps, while other colored dotted boxes show additional 

steps for incorporating corresponding reads from Y or W chromosomes. 

  



152 
 

 
Fig 2. (A) HiC contact map of the neo-Y assembly. (B) Validation of Y-specific read removal. To 

validate the accuracy of the process of removing Y-specific reads, sequencing depth was 

calculated in 1kb windows for both sexes and normalized using the RPKM method. The left 

panel shows the distribution of sequencing depths with Y-specific reads removed, while the 

right panel shows the distribution of sequencing depths with Y-specific reads included. 
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Hemizygous regions on the X chromosome are indicated in the red box, and Y-specific regions 

on the Y chromosome are indicated in the blue box. 
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Fig 3. (A) Synteny map of X and Y chromosomes in G. wheatlandi. Homologous coding region 

sequences were used to generate this comparison, with colored lines indicating chromosomal 

rearrangements between the two X (Chrs 12 and 19) and Y chromosomes. Below Chr12, the 

grey rectangle represents the PAR, with colored arrows showing the orientation of the 

corresponding segments on the X (Chr 12). The predicted order of chromosomal inversions is 

shown below the synteny plot. The first inversion includes the purple and green regions, and 

the second inversion includes the blue and green regions. Notably, the black inversion could 

occur at any stage of either the first inversion or the second inversion. (B) Molecular evolution 

of the sex chromosomes in G. wheatlandi. The colored bars represent the defined 
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evolutionary strata on the X chromosomes, with blue circles indicating the fusion event. 

Arrows below the bars represent the putative inversions. Light blue dotted lines indicate the 

boundaries between the strata. From top to bottom, the figure displays the male:female read 

depth ratio (the red dotted line indicates the autosomal mean), FST between 15 phased X and 

15 phased Y chromosomes (blue curved lines show the smoothed pattern), distribution of dS 

values between phased X and Y chromosomes (red dotted lines indicate the mean), and 

divergence time between phased X and Y chromosomes (red dotted lines indicate the mean; 

note the difference in scale between Chr12 and Chr19). Due to lack of differentiation between 

X and Y, the PAR is omitted from the distribution of dS values and divergence time. 
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Fig 4. Proportions of gene loss in each strata. The blue dots represent the three strata in G. 

aculeatus, while the green dots represent the five strata in G. wheatlandi. The x-axis shows 

the dS value, while the y-axis shows the proportion of genes lost on the Y chromosome in the 

corresponding species. 
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Fig 5. Molecular evolution of single-copy genes on Y chromosomes. The top panel shows the 

proportion of genes on Y chromosomes with LOF mutations, while the bottom panel shows 

the distribution of dN/dS ratios between X and Y copies of genes with no LOF mutation in 

each strata. Comparisons with asterisks indicate statistical significance (*p < 0.01; **p < 

0.001). 
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Table 1. Genetic diversity in autosomes, X chromosomes, and each stratum on the Y 

chromosomes in G. aculeatus and G. wheatlandi. Unbiased genetic diversity was calculated 

with four-fold degenerate sites only. 

Stratum Genetic diversity Proportion relative to the average of 
autosomes 

G. aculeatus 
Autosomes 4.13E-03 NA 
Chr19 2.57E-03 62.16% 
S1 1.03E-03 24.98% 
S2 4.16E-04 10.07% 
S3 4.75E-04 11.50% 

G. wheatlandi 
Autosomes 2.37E-03 NA 
Chr12 2.14E-03 90.31% 
Chr19 1.80E-03 75.86% 
S1 1.10E-04 4.63% 
SW2 8.63E-05 3.63% 
SW3 2.83E-06 0.12% 
SW4 3.26E-05 1.37% 
SW5 3.49E-05 1.47% 
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Supplementary Information 
 
 

 
Fig S1. BUSCO score of G. wheatlandi. The assembly includes autosomes, X chromosomes, Y 
chromosome and unplaced scaffolds. 
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Fig S2. Synteny map of autosomal genome assemblies between G. aculeatus and G. 
wheatlandi. 
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Fig S3. Synteny map of genome assemblies between X and Y chromosomes in G. wheatlandi. 
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Fig S4. (A) Distribution of the allele frequency of male-specific SNPs. Red dotted line 
represents the cut-off for identifying fixed SNPs in males.  (B) Distribution of the allele 
frequency of SNPs on phased Y chromosome. Red dotted line represents the cut-off for 
identifying fixed SNPs on Y chromosome. 
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Table S2. Proportion of single-copy genes lost in each strata. 

Stratum Number of single-copy genes 
retained 

Number of single-copy 
genes 

Proportion of genes 
lost 

G. aculeatus 
S1 56 349 0.839541547 
S2 89 114 0.219298246 
S3 162 188 0.138297872 

G. wheatlandi 
S1 19 342 0.944444444 
SW2 54 382 0.858638743 
SW3 52 66 0.212121212 
SW4 293 296 0.010135135 
SW5 257 261 0.01532567 
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General Discussion 
  

Examining the role of chromosomal fusions and inversions in adaptation: separating natural 

selection from other evolutionary processes 

Many studies have shown that adaptive loci or genomic islands are prevalent throughout 

the genome, and chromosomal rearrangements are thought to play a significant role in their 

formation (Yeaman 2013). Among different types of chromosomal rearrangements, 

inversions have been extensively studied, but much less is known about the role of 

chromosomal fusions. In Chapter 1, I identified two chromosomes that have undergone 

chromosomal fusion in the Gasterosteus lineage and have a significant abundance of adaptive 

loci. However, certain questions remain unanswered, particularly regarding the formation of 

adaptive clusters, which may arise from either de novo mutations after the fusions occur or 

by bringing together pre-existing loci due to the locally and dramatically altered 

recombination landscape created by the fusions. Based on my comparative analysis of G. 

aculeatus with outgroup species, I concluded that de novo mutations are more likely to 

become fixed within the fusion in sticklebacks. Nevertheless, the possibility of enrichment 

through physical linkage of pre-existing adaptive loci cannot be entirely ruled out.  

Accurate identification of sites under selection is essential to address questions related 

to the role of chromosomal rearrangements in the formation of adaptive clusters. However, 

the challenge lies in identifying these sites due to their genetic linkage with other regions 

where recombination is suppressed. With recent advancements in long-read sequencing 

technology, the task has become feasible through the use of complete haploid assembly as a 

foundation. The breakthrough in linked-read sequencing allows for the phasing of entire 

chromosomes, enabling comparisons between multiple populations at a reasonable cost 

(Meier et al. 2021). Cross-population comparisons can target specific regions within 

chromosomal rearrangements, as the fixation of neutral sites in the surrounding areas is likely 

to be random. Although sample requirements are strict and may not be applicable to all 

species, our G. aculeatus study species, with its hundreds of instances of isolation and 

colonization from marine to freshwater habitats, is ideal for this purpose (Wootton 1976; Bell 

and Foster 1994; Jones et al. 2012; Roberts Kingman et al. 2021).  

In addition to the bioinformatics aspect, it is essential to evaluate how chromosomal 

rearrangements contribute to adaptation in nature. Recent advances in CRISPR technology 



168 
 

have facilitated the manipulation of genomes, providing an opportunity to investigate the role 

of chromosomal inversions and fusions in adaptation. A potential experiment involves 

“flipping” an inversion, resulting in a region that still has a heterozygous allelic content but 

with restored recombination. Similarly, for chromosomal fusion, breaking the fused 

chromosome in a species with adaptive traits and observing the outcome after recombination 

is recovered is a feasible strategy. Comparable experiments have been successfully conducted 

in maize and Arabidopsis (Schmidt et al. 2020; Schwartz et al. 2020; Angelopoulou et al. 2022; 

Rönspies et al. 2022). The ultimate objective is to recover recombination in regions where it 

is suppressed by chromosomal rearrangements through genetic engineering and to assess the 

effects on phenotypic evolution and adaptation. The development of new methods for both 

sequencing and genetic engineering means that it is an opportune time to investigate the 

evolutionary implications of these chromosomal rearrangements in nature. 

 

Revisiting the relationship between chromosomal rearrangements and recombination 

suppression on sex chromosomes: could rearrangements be a consequence, rather than a 

cause? 

Chromosomal rearrangements, particularly fusions and inversions, have long been 

recognized as drivers of recombination suppression (Charlesworth et al. 2005). While my 

thesis focused on these two types of rearrangements, in Chapter 1, I specifically investigated 

the effect of fusion on recombination reduction by comparing genetic diversity between 

fused and unfused chromosomes as well as between taxa with fused and unfused 

chromosomes. While other studies have demonstrated or discussed that heterozygous 

chromosomal inversions can also lead to recombination suppression in autosomes (Coyne et 

al. 1991; Kirkpatrick 2010; Farré et al. 2013; Fishman et al. 2013; Lundberg et al. 2017), there 

has been less empirical research on the impact of such inversions on sex chromosomes. 

Nonetheless, chromosomal inversions have been considered play a significant role in the 

formation of evolutionary strata on sex chromosomes (Wang et al. 2012; Jay et al. 2022; Olito 

et al. 2022; Olito and Abbott 2023). While chromosomal inversions have been identified as a 

major factor, it is important to note that not all identified strata are associated with the 

presence of a chromosomal inversion between two sex chromosomes  (Furman et al. 2020). 

Other factors, such as transposable elements (Ponnikas et al. 2018) and epigenetic changes 

(Zhang et al. 2008; Metzger and Schulte 2018), are also predicted to contribute to the 
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formation of evolutionary strata. It is also possible that sex chromosomes can evolve in 

regions of low recombination, in the absence of inversions. For example, in seahorses, 

chromosomal inversions were not detected in the low-recombination regions of sex 

chromosomes. Instead, the low recombination rate in this region may represent the ancestral 

state, as homologous regions in other species span centromeres (Long et al. 2023). Similarly, 

recent studies of fungi have shown that the suppression of recombination on sex 

chromosomes is an ancestral state, preceding the divergence of species. Yet, no large 

inversion has been found related to the sex-linked regions (Branco et al. 2017; Carpentier et 

al. 2019). Despite the fact that inversions are not the only mechanism that can cause 

recombination suppression on sex chromosomes, in Chapters 2 and 3, I identified sex-linked 

chromosomal inversions in multiple species, which are associated with evolutionary strata, 

suggesting they played a role in recombination suppression between the X and Y 

chromosomes of these species.  

However, it is also possible that these inversions are not the driver but a consequence of 

recombination suppression. Inversions can be accumulated in regions of low recombination 

for several reasons: 1) the fixation rate of a structural variation, such as inversion, is higher in 

regions of low recombination for the same reasons that mutations accumulate on sex 

chromosomes; 2) the accumulation of TE in regions of low recombination potentially 

facilitates the formation of inversions; and 3) chromosomal inversions may help to shelter 

deleterious mutations that are accumulated in regions of relatively low recombination rate 

from purifying selection by further reducing the recombination rate. A recent theoretical 

study also predicted that the sheltering of mutation load can explain the extension of 

evolutionary strata on Y chromosomes (Jay et al. 2022). The establishment of a chromosomal 

inversion can further strengthen the existing divergent selection, protecting them from being 

reversed by any rare recombining events. These alternative hypotheses proposing that 

inversions result from recombination suppression provide a more straightforward 

explanation for the prevalence of inversions on sex chromosomes compared to the previously 

held notion that inversions are necessary for recombination suppression. These alternative 

hypotheses do not rely on the low probability of capturing a permanent heterozygous site for 

a chromosomal inversion. Instead, the inversion can reinforce the existing positive feedback 

loop in the evolution of sex chromosomes, requiring fewer assumptions and coincidences. 
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In order to evaluate the proposed hypotheses, further chromosome-level assemblies of 

sex chromosomes are required. If an inversion event has captured a sex determination gene, 

it is possible to estimate the divergence time between the sex determination gene and the 

remaining part of the inversion. This can be done by comparing the homologous regions from 

closely-related taxa. Additionally, by comparing with a homologous region from a closely-

related taxa, one could infer the ancestral recombination landscape, which can provide 

information on when the suppression of recombination occurred. By doing this, it is possible 

to infer the evolutionary path of the formation of a new sex chromosome. 

 

Recent advancements in sequencing technology and computational tools have enabled the 

investigation of large structural variations in genomes 

Over the past few decades, research on genome evolution has primarily centered around 

SNPs due to their ease of quantification with high-throughput sequencing data 

(Wellenreuther et al. 2019). In contrast to SNPs, structural variations have received less 

attention in the study of genome evolution due to the limited detection power of short-read 

sequencing. Nonetheless, structural variations are considered to have more significant effects 

on genomic evolution, as they involve a larger number of affected base pairs. Recent research 

has highlighted the crucial role of structural variations in adaptive evolution and sex 

chromosome evolution (Wellenreuther and Bernatchez 2018; Wellenreuther et al. 2019; 

Huang and Rieseberg 2020; Orteu and Jiggins 2020). This thesis presents evidence that 

chromosomal fusions can have a global impact on the recombination landscape, leading to 

the formation of adaptive clusters (Chapter 1) and that chromosomal inversions play a critical 

role in the step-wise evolution of sex chromosomes (Chapter 2 and 3). 

The field of sequencing technologies has recently undergone a period of explosive growth, 

with the emergence of new technologies enabling researchers to address questions related 

to structural variations. For instance, third-generation sequencing technologies such as 

PacBio and Nanopore have made it feasible to generate chromosome-level assemblies, 

facilitating the detection of chromosomal rearrangements at various scales. Additionally, the 

development of linked-read sequencing has overcome the limitations of traditional short-

read sequencing (Fang et al. 2019), enabling the detection of structural variation at a 

population level at a low cost. Chapter 1 details the successful generation of a chromosome-

level assembly and identification of two chromosomal fusions in sticklebacks, which 
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constitutes critical evidence of adaptation through large structural variation. Chapter 2 

employs the latest haplotagging technology to detect two inversions on X and Y chromosomes 

in various A. quadracus populations, providing new insights into the evolution of sex 

chromosomes. 

The development of new sequencing technologies has created opportunities to 

investigate the effects of chromosomal rearrangements in genomic evolution. However, to 

fully exploit the potential of these technologies, it is crucial to assemble genomes correctly. 

While genome assembly pipelines have become more mature, assembling sex chromosomes 

completely remains challenging. Previous studies have been limited to fragmented pieces of 

sex chromosomes due to the inability to recover the entire chromosome using short reads. 

Although PacBio and Nanopore sequencing offer potential solutions, generating complete sex 

chromosome assemblies remains difficult because current approaches aim to generate 

merged haploid assemblies. Alternative approaches have been developed, such as 

sequencing YY homozygous individuals or sperm cells, but these are species-specific and time-

consuming. In Chapter 3, I developed a new pipeline that combines population data, PacBio 

sequencing, and HiC reads to generate a complete assembly of the Y chromosome of G. 

wheatlandi. This pipeline does not require complicated experimental designs and instead fully 

utilizes the variance in existing data and phasing methods. Thus, it can be applied to both 

model and non-model species, expanding the ability to study sex chromosome evolution 

across different taxa. In summary, with the maturation of sequencing technologies, now is an 

opportune time to investigate the effects of chromosomal rearrangements on genomic 

evolution. 
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