
EErraassmmuuss  MMuunndduuss  JJooiinntt  
MMaasstteerr  DDeeggrreeee  iinn  
MMaarriinnee  EEnnvviirroonnmmeenntt                                                                                                                      RREEFF::  22001177--11991199//000011--000011                                                                                      
UUPPVV//EEHHUU––SSOOTTOONN––UUBBxx--UULLiièèggee                                  
wwwwww..mmeerrpplluuss..eeuu                                                                                                

 
 

PLENTZIA (UPV/EHU), SEPTEMBER 2022 
 

 

  
 

 
 
 
 
 
 
 

MASTER THESIS PROJECT 
 

 
 

Sex-associated genomic variation in two ecotypes of 
Littorina saxatilis on the Swedish west coast 

 
 

  
 
 

 
Amin Ghane 
 
Supervisors: Prof. Roger Butlin, Prof. Kerstin Johannesson 
 
Department of Marine Sciences, University of Gothenburg 
 
 
 
 
 



EErraassmmuuss  MMuunndduuss  JJooiinntt  
MMaasstteerr  DDeeggrreeee  iinn  
MMaarriinnee  EEnnvviirroonnmmeenntt                                                                                                                      RREEFF::  22001177--11991199//000011--000011                                                                                      
UUPPVV//EEHHUU––SSOOTTOONN––UUBBxx--UULLiièèggee                                  
wwwwww..mmeerrpplluuss..eeuu                                                                                                

 
 

PLENTZIA (UPV/EHU), SEPTEMBER 2021 
 

 

  
 
 
 
 
 
Dr Manu Soto as teaching staff of the MER Master of the University of the Basque 
Country  
 
CERTIFIES: 
 
That the research work entitled  
 
“Sex-associated genomic variation in two ecotypes of Littorina saxatilis on the 
Swedish west coast.” 
 
has been carried out by Amin Ghane at University of Gothenburg, Sweden                                   

under the supervision of Prof. Roger Butlin and Prof. Kerstin Johannesson from 1st 

February 2022 to 15th August 2022 in order to achieve 30 ECTS as a part of the 

MER Master program. 

 
 
      In …., September ……. 2022 
 
 
 
 
Presenter:           Supervisor(s):  
 

Sign.     Sign. Sign

 
 



 

Sex-associated genomic variation in two ecotypes of 

Littorina saxatilis on the Swedish west coast 
 

 

 

Amin Ghane 

 

MSc Thesis 

Erasmus Mundus Joint master’s degree in Marine Environment and Resources (MER+)  

Department of Biological Sciences, University of Basque Country (UPV/EHU) 

Department of Marine Sciences, University of Gothenburg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

 

Table of Contents 

Abstract ...................................................................................................................................... 1 

Keywords .................................................................................................................................... 1 

1. Introduction ................................................................................................................ 3 
The diversity of sex determination systems in Animals  ............................................................................... 3 
The evolution of sex chromosomes ............................................................................................................... 4 
Sex determination in Gastropoda   ................................................................................................................ 6 
Different methods used to study sex determination   .................................................................................. 7 
Aims of this study .......................................................................................................................................... 8 

2. Methods ...................................................................................................................... 9 

a. Sampling and genotyping .................................................................................................... 9 

b. Bioinformatics .................................................................................................................. 11 
i. Data preparation and quality control ................................................................................................ 11 
ii. Read Mapping .................................................................................................................................... 11 
iii. SNP calling and filtering ..................................................................................................................... 11 
iv. Linkage map and the new reference genome  .................................................................................. 11 
v. SexFindR workflow ............................................................................................................................. 12 

3. Results and Discussion ............................................................................................... 16 

Genomic coverage difference between males and females ....................................................... 16 

SNP density ............................................................................................................................... 18 

FST and GWAS ............................................................................................................................ 21 

Combined reference-based analyses ......................................................................................... 27 

Reference-free k-mer approach ................................................................................................. 29 

Final remarks ............................................................................................................................ 32 

Acknowledgement ............................................................................................................ 33 

4. References ................................................................................................................. 34 

5. Supplementary materials .......................................................................................... 43 
 
 
 
 
 
 
 



 1 

 

Abstract  

Sex, one of the most conspicuous characteristics of living organisms, has always been 

fascinating for biologists. The diversity of sex goes much beyond a simple distinction between 

males and females. Many organisms have more than two mating entities, and many species 

show some degree of hermaphroditism, at least in part of their life cycle. This diversity comes 

from highly diverse and mostly unknown genetic and environmental factors underlying sex 

determination.  

To disentangle the evolution of sex chromosomes, it is required to discover the driving 

factors of sex-linked loci evolution at the early stages of their emergence. Therefore, species 

with labile sex chromosome systems showing differing signals for sex-linked regions are more 

suitable for understanding this complex process. With this purpose in mind, we looked at the 

difference in sex determination in two ecotypes of Littorina saxatilis on the Swedish west coast. 

Little is known about the sex-linked genomic regions of L. saxatilis and based on the 

chromosomal karyotype; there is no ploidy or considerable sex chromosome degeneration. 

Therefore, it is necessary to use various techniques to verify candidates of sex-associated loci, 

assuming a pair of homomorphic sex chromosomes. In this study, we utilised an array of 

reference-based methods, including genomic coverage, SNP density, FST, and GWAS, along 

with a k-mer reference-free approach. A linkage map was used to place contigs of the reference 

genome in the correct order.  

A clear difference has been observed in the sex determination system between Crab and 

Wave ecotypes. The evidence for sex-associated loci of Crab ecotype was more pronounced 

and pointed to linkage groups 1, 2 and 12. However, the evidence for sex-linked loci of Wave 

was much weaker, and none of the linkage groups showed a strong association with sex 

 

Keywords 
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region 
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Second language summary 

 چک�دە

 های موجودات زندە
گ

هم�شه برای ز�ست شناسان جذاب بودە است. تن�ع جنس  ،جنس، �� از بارزت��ن و�ژ�

ف  وجود دارند و �س�اری از گونه  نسز�ادی با ب�ش از دو ج جانداراناست.  مادە ها و  نرها �س�ار فراتر از تمایز سادە بنی

 خود درجایت از هرمافرودیت�سم 
گ

را �شان � دهند. این تن�ع نا�ش از (دو جن�) ها حداقل در بخ�ش از چرخه زند�

ف جنس�ت نقش دارند  ناشناخته است که در تعینی
�
 .عوامل ژنت�� و مح�� �س�ار متن�ع و عمدتا

مرتبط کروموزو� های  های جن�، الزم است عوامل محرک تکامل جا�گاەتکامل کروموزوم شناخت به�ت از  جهت

های کروموزوم جن� ناپا�دار که هایی با س�ستمبا جنس در مراحل اول�ه ظهور آنها کشف شود. بنابراین، گونه

تر هستند. ی درک این فرآیند پ�چ�دە مناسبدهند، براهای متفاویت را برای مناطق مرتبط با جنس �شان �س�گنال

ف جنس�ت در دو ا�وت�پ ف این هدف، ما به تفاوت تعینی کشور در ساحل غریب   Littorina saxatilis با در نظر گرفنت

 .سوئد نگاە کرد�م

، وجود دارد و بر اساس کار�وت�پ کروموزو� L. saxatilis س دراطالعات ک� در مورد مناطق ژنو� مرتبط با جن

 
گ

های وجود ندارد. بنابراین، الزم است از تکن�ک  در این گونه ی حلزونهیچ پلوئ�دی �ا انحطاط کروموزوم جن� بزر�

مورف�ک ومو های مرتبط با جنس�ت، با فرض �ک جفت کروموزوم جن� همختلف برای تأی�د کاند�داهای جا�گاە

، SNP مرجع از جمله پوشش ژنو�، چگا�ژنوم مبتیف بر  هایای از روشاستفادە شود. در این مطالعه، ما از مجموعه

FST  و GWAS به همراە �ک رو�کرد بدون مرجع k-mer  ک استفادە کرد�م. از�Linkage map  برای قرار دادن

contig  ژنوم مرجع به ترت�ب صحیح استفادە شد ها. 

ف ا�وت�پ خرچنگ ف جنس بنی های و م�ج مشاهدە شدە است. شواهد برای جا�گاە تفاوت آشکاری در س�ستم تعینی

. با این مشاهدە شد  12و  2، 1 از جمله های پیوندیگروەبع�ف از   و در مرتبط با جنس ا�وت�پ خرچنگ بارزتر بود 

 ،های پیوندیهیچ �ک از گروەدر تر بود و م�ج �س�ار ضع�ف در ا�وت�پ های مرتبط با جنسحال، شواهد برای جا�گاە

 .قوی با جنس �شان ندادند �ارتبا
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1. Introduction  

The presence of a binary phenotype (male and female) for sex is pervasive throughout the 

tree of life, particularly in metazoans (Furman et al., 2020). Although it is not clearly known 

why two separate sexes have evolved in the course of evolution, sex plays an essential role in 

many organisms’ life cycles. Sexual differences are not essentially linked to genetic differences, 

and sex does not necessarily imply internal fertilisation (Beukeboom & Perrin, 2014).  

By the end of the 1800s, it was believed (incorrectly) that sex is determined based on 

nutrition or environment (Mittwoch, 1985). Hermann Henking found an “odd” chromosome 

and called it the X element (Henking, 1891). Although McClung first suggested “odd” 

chromosomes might be a sex determinant factor (McClung, 1902), Nettie Stevens was the first 

one who confirmed the association of X and Y chromosomes to sex (Stevens, 1905) and a series 

of studies, mainly on Drosophila by Stevens and Morgan provided evidence for the fact that 

the Y chromosome in Drosophila is linked to male traits and X is associated with female traits 

(Abbott et al., 2017; Richardson, 2013). 

The diversity of sex determination systems in Animals  

In general, two types of sex determination systems have been found among animal species: 

Genotypic Sex Determination (GSD) and Environmental Sex Determination (ESD). In a GSD 

system, genetic elements determine whether an individual develops into a male or female. Sex 

determination is solely genotypic in many animals, including all mammals, birds and insects 

that have been investigated. On the contrary, in an ESD system, environmental stimuli 

determine the sex of offspring. Several environmental factors such as temperature in some 

lizards and turtles (Merchant-Larios & Díaz-Hernández, 2013), nutrient availability or feeding 

rate in some fish (Lawrence et al., 2008; Vandeputte et al., 2007), photoperiod in marine 

amphipods (Guler et al., 2012) and some barnacles (Walker, 2005), have been confirmed to 

affect sex during development. Also, it has been shown that in some species, such as tonguefish 

(Shao et al., 2014) and snow skinks (Pen et al., 2010) and many other reptiles (Sarre et al., 

2004), both genes and environment can influence the sex determination. 

Although sexual reproduction is one of the fundamental characteristics of eukaryotic life, 

the molecular mechanisms and evolutionary forces that result in the formation of two sexes are 

highly diverse (Beukeboom & Perrin, 2014). There are two main sex chromosome systems in 

animals: (i) XX/XY system, where males are heterogametic and carry X and Y chromosomes 
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while females have two X chromosomes; and (ii) ZW/ZZ system, where females are 

heterogametic with Z and W chromosomes and males have two Z chromosomes. There are also 

variants of these two systems where one sex lacks one of the sex chromosomes, i.e., XX/XO 

and ZO/ZZ (reviewed in (Bachtrog et al., 2014)). Sex chromosome evolution and its turnover 

is a rapid evolutionary process in some taxa that involves various evolutionary forces and 

environmental factors, while the sex chromosome of other taxa has been fixed and maintained 

since it evolved (Bachtrog et al., 2014; Charlesworth et al., 2005).   

Sex chromosome divergence spans over a continuum from almost identical pairs with a 

single sex-determining locus in homomorphic systems to highly diverged heteromorphic sex 

chromosomes containing several sex-determining loci and visible by chromosomal karyotypes 

(Bachtrog et al., 2014; Palmer et al., 2019). There are also species with more than two sex 

chromosomes such as western clawed frog (Xenopus tropicalis), with simultaneous presence of 

W, Z and Y sex chromosomes (Roco et al., 2015; Schartl, 2015). It is common to assume that 

sex chromosomes with a higher level of divergence are older (Wright et al., 2016); however, 

this degree of divergence does not necessarily correspond to the age of sex chromosomes 

(Darolti et al., 2019a; Stöck et al., 2011).  

In contrast to common hermaphroditism in plants (about 94%; (Renner & Ricklefs, 1995)), 

hermaphroditism is rare across the animal kingdom (5% of all species; (Bachtrog et al., 2014)). 

In fact, hermaphroditism is absent in insects, the most species-rich taxon of animal, but is 

common in other taxa such as fishes, land snails and nudibranch marine snails, trematodes, 

barnacles and corals (Jarne & Auld, 2006). Hermaphrodites can take advantage of self-

fertilisation when finding a reproductive partner is difficult while keeping the capacity of 

genetic exchange by mixing their genomes with another individual (Bachtrog et al., 2014). 

Although it may result in low-fitness offspring due to lower genetic diversity and high 

inbreeding risk, this reproductive assurance in sessile animals such as corals has been extremely 

vital (Eppley & Jesson, 2008). While it is hypothesised that separate sexes have evolved from 

hermaphrodite ancestors; in several cases, the opposite transition from separate sexes to 

monoecy (Schaefer & Renner, 2010) or androdioecy (Pannell, 2002) has been found.  

The evolution of sex chromosomes  

The sexual conflict model of sex chromosome evolution, the most widely accepted theory 

explaining the evolution of sex chromosomes (Rice, 1996), proposes that a sex chromosome 

emerges when one of the autosomal chromosome pairs acquires a sex-determining allele and 
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another nearby gene has a sex-specific effect (Bachtrog et al., 2011; Beukeboom & Perrin, 

2014; Charlesworth et al., 2005). The acquisition of a sex-determining allele can happen in a 

species with an existing pair of sex chromosomes, leading to sex chromosome turnover (Abbott 

et al., 2017). This turnover process can also happen with the fusion of an autosome with an 

existing sex chromosome, leading to neo-sex chromosome generation (Abbott et al., 2017). The 

evolution of “sexually antagonistic genes”, genes with positive effects in one sex while reducing 

the fitness of the other sex or both sexes (Charlesworth et al., 2005; Wright et al., 2016), in the 

presence of a sex-determining gene such as Sry are probably the reason for the expansion of 

recombination suppression, and consequently degeneration of sex chromosomes (Charlesworth 

et al., 2005). Through the course of evolution, these sexually antagonistic genes in linkage with 

the sex-determining gene will become sex-limited.  

It is not fully clear why recombination suppression begins, and in many species (e.g., tiger 

pufferfish (Kamiya et al., 2012)), recombination between the two sex chromosomes has never 

stopped (Wright et al., 2016). Also, it is unclear whether the suppression of recombination 

between the two emerging sex chromosomes (proto-X and proto-Y in a male heterogametic 

species) happens abruptly in a discontinuous manner or is a gradual process. (Charlesworth et 

al., 2005). Furthermore, in some species, it is not clear whether the linkage between the sex 

determiner and sexually antagonistic genes is the direct cause or consequence of suppressed 

recombination. It seems chromosomal rearrangements such as inversions have a substantial 

effect on blocking the recombination between the two young homomorphic sex chromosomes 

(Charlesworth et al., 2005). If an inversion covers the sex-determining locus and adjacent 

sexually antagonistic loci, it could prevent recombination in the heterogametic sex and catalyse 

the emergence of two diverged sex chromosomes.  

In species with differentiated sex chromosomes, recombination suppression in the sex-

determining region (SDR), a region with a strong association with sex that contains one or more 

sex-determining loci, extends over much of the Y except for the pseudoautosomal region 

(PAR). In many heteromorphic sex chromosomes, the SDR comprises several strata (spatial 

clusters where the divergence level is similar between orthologs). Because different sections of 

sex chromosomes did not stop recombining at the same time, several evolutionary strata are 

detectable in many species (Charlesworth et al., 2005; Lahn & Page, 1999), indicating that 

recombination suppression evolved independently in each taxon.  
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Sex determination in Gastropoda   

Gastropoda (snails and slugs) show extreme diversity in their reproductive systems and 

modes and have always been fascinating for evolutionary biologists who work on the evolution 

of sex (Auld & Jarne, 2016). All snails have only one gonad, which can produce only one type 

(in gonochores) or both types (in hermaphrodites) of gametes (Aktipis et al., 2008). About 75% 

of snails are gonochoric, but the mechanisms underlying their sexual system are not well 

demonstrated (Auld & Jarne, 2016). This mechanism can be either genotypic by presence of 

sex chromosomes (i.e. GSD) or environmental (i.e. ESD) with presence or absence of sex 

chromosomes. In some gonochoric snails, asexual females reproduce asexually without 

fertilisation and recombination, resulting in clonal offspring (apomixis) and variation in ploidy 

level (Auld & Jarne, 2016). These asexual females might cohabit in the same location with 

ordinary sexual males and females. Among hermaphrodite snails, some species have both male 

and female sexual organs simultaneously at their maturity (simultaneous hermaphrodites) and 

some switch from male to female or vice versa during the course of their lifespan (sequential 

hermaphrodites). Although it is not known whether the common ancestor of all gastropods was 

gonochoric or hermaphrodite, there have undoubtedly been many transitions between these two 

sexual systems. Gastropods with labile sexual systems, high reproductive diversity and different 

sex determination systems are an excellent model system for studying the evolution of sex and 

sex chromosomes (Auld & Jarne, 2016).  

 Based on cytogenic evidence, various sex determination systems have been suggested for 

different taxa of Gastropoda, such as XO/XX in Neritidea, ZW/ZZ and XY/XX in Viviparus 

spp, XO/XX in Neotricula aperta, Rissoa ventricosa and Melarhaphe neritoides, while the sex-

determination system of Opisthobranchia and Pulmonata remains unknown (Thiriot-

Quiévreux, 2003). The high diversity of sex chromosomes between different species of 

Gastropoda calls for study on the intraspecific variation of the sex-determining region and 

driving factors of sex chromosome evolution within a species. Species with labile and nascent 

sex chromosomes are more likely to reveal the evolutionary processes underlying the evolution 

of sex chromosomes and turnover. However, at the same time, homomorphic systems are more 

difficult to study since the divergence between the sex chromosomes is not clear (Furman et al., 

2020). Investigating the nascent sex chromosome systems at the beginning of their divergence 

is essential to disentangle the early stages of sex chromosome evolution (Charlesworth et al., 

2005).  
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With the aspiration of identifying sex-associated genomic variation within a species, we 

selected Littorina saxatilis as our study system. L. saxatilis is a gonochoric snail showing sexual 

dimorphism with females slightly larger than males (Perini et al., 2020). The two main ecotypes 

of L. saxatilis, Crab, adapted to crab predation and Wave adapted to wave exposure, are found 

on the Swedish west coast (Johannesson, 2003, 2016). A recent study found a female 

heterogametic (ZW/ZZ) system in the Crab ecotype of L. saxatilis, but the sex determination 

system is still unknown in the Wave ecotype (Hearn et al., 2022). The ZW system is associated 

with four polymorphic inversions found in linkage group 12 (Faria et al., 2019), and another 

study detected a QTL associated with sex on the same linkage group (Koch et al., 2021). These 

inversions can potentially suppress recombination between loci involved in local adaptation 

(Kirkpatrick & Barton, 2006) and the same inversions might be associated with sex 

chromosome evolution. Although Thiriot-Quiévreux (2003) suggested an XY/XX for L. 

saxatilis, another study did not find any sign of male heteromorphic sex chromosomes in the 

2n=34 chromosomes of L. saxatilis (García-Souto et al., 2018a).  

Different methods used to study sex determination   

Several pipelines are available and have been successfully applied to identify sex 

chromosomes, such as SEX-DETector (Muyle et al., 2016), FindZX (Sigeman et al., 2022), 

discoverY (Rangavittal et al., 2019), RADSex (Feron et al., 2021), SDpop (Käfer et al., 2021), 

and detsex (Gautier, 2014). Although these methods have been useful in identifying sex 

chromosomes and sex-determining regions (SDR) in many species, there are also some 

drawbacks. Some of these methods require a particular type of data, and some of them are not 

useful for detecting the sex-linked sequences at the early stage of the sex chromosome 

divergence (Grayson et al., 2022). Among numerous available workflows, SexFindR utilises 

various methods to detect sex-linked loci in the whole range of the divergence continuum and 

it is suitable for species without pre-existing knowledge of sex chromosomes (Grayson et al., 

2022).  

Depending on the divergence level of sex chromosomes and remaining sex-specific signals 

during the evolution of sex chromosomes, combining different methods is needed to confidently 

identify sex-linked regions (Palmer et al., 2019). In general, finding the sex-linked genomic 

regions in old heteromorphic systems is relatively more straightforward since a large proportion 

of the sex chromosomes shows differences in coverage when reads are mapped to a reference 

genome. In contrast, autosomal chromosomes do not have genomic converge differences. In 
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contrast, identifying the sex chromosomes of homomorphic systems has been a big challenge 

because they are not significantly different in genomic coverage and DNA sequence (Palmer et 

al., 2019). Among various available methods for sex chromosomes identification, some are only 

suitable for highly diverged heteromorphic systems as they rely on big differences in the 

genomic content, such as analysing the genomic coverage and expression-based approaches; 

however, other methods are available to identify sex regions of homomorphic sex chromosomes 

based on SNP density, association of RAD-seq markers, linkage mapping and segregation 

analysis (Palmer et al., 2019).  

There are various challenges in identifying sex-linked regions of sex chromosomes. 

Identifying homomorphic sex chromosomes in the early stages of their evolution has been 

complex, yet these are the system that needs to be studied in order to understand sex 

chromosome turnover (Palmer et al., 2019). Another issue is the bioinformatic errors. It has 

been challenging to distinguish between candidate loci that meet the screening criteria by 

chance and those that are truly linked to sex. PCR amplification and permutation are among the 

approaches suggested to overcome this problem (Gamble, 2016; Jeffries et al., 2018). Also, the 

depth of coverage needs to be considered when designing the study of sex chromosomes and 

interpreting the results. Low depth of coverage, particularly when applying coverage- and 

heterozygosity-based approaches, may lead to misidentification of sex-linked loci.   

Whole Genome Sequencing (WGS) or Restriction Site Associated DNA sequencing (RAD-

seq) could be exploited to find polymorphisms (mainly SNPs). Then, these markers are used in 

genetic association approaches (e.g., FST and Genome-Wide Association Studies (GWAS)) to 

find sex-linked regions in the genome. SNPs identified by RAD-seq (RAD markers) or WGS 

have been used for finding sex-specific loci in various species with FST analysis (Franchini et 

al., 2018; Gamble et al., 2015; Jeffries et al., 2018) and the GWAS approach (Bao et al., 2019; 

Geraldes et al., 2015; Kijas et al., 2018).  

Aims of this study 

In this study, we used a workflow named SexFindR (Grayson et al., 2022) to identify sex-

linked genomic variation in the Crab and Wave ecotypes of Littorina saxatilis collected from 

various locations in southwest Sweden using SNP data. We tested if the LG12 association with 

sex in Crab ecotype could be generalised to additional populations in west Sweden and whether 

any sex-associated region could be detected in Wave. 
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2. Methods  

All sampling and molecular laboratory tasks had been completed before starting the master’s 

thesis project. I did not have any contribution during these procedures.  

a. Sampling and genotyping 

Samples were collected from a 12×12 km area from Kosterhavet National Park and near 

Tjärnö island on the Swedish west coast (Fig 1 and Table S1). This area was divided into 14400 

(120×120) cells each 100×100 m in area. Landlocked Cells and those without coastline were 

removed, and among the remaining cells, 200 cells were selected randomly from a weighted 

distribution biased towards cells closer to Ängklåvbukten (ÄNG). At each site, 8 snails were 

collected along an 8m shore-height transect (one per meter) starting from the point where the 

lowest snail was found. These snails were the closest individuals to the transect. Sampling 

locations varied from extremely sheltered beaches to exposed cliffs and from different 

substrates such as rock, grass, boulders and sand. The presence of barnacles and fucoid algae 

indicated the level of wave exposure. A drone was used to take aerial photos of the sampling 

locations from which additional environmental data were retrieved, such as width of splash 

zone and distance to terrestrial vegetation. 

 

Figure 1. Sampling locations. Squares and circles are males and females, respectively. Crab ecotype is 

indicated in orange, Wave ecotype in blue and the intermediate group in green, and the coastlines are 

coloured in white.  
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After transporting samples to the Tjärnö Marine Laboratory, snails were photographed in 4 

different arrangements, and a Matlab program, ShellShaper (https://github.com/jslarsson/ 

ShellShaper) was used to measure the shell size (height and width) and shape. Shell thickness 

was measured with a thickness gauge (NeoteckDTI Digital Dial Indicator Probe, 0.001mm 

resolution) at the widest point of the aperture, and the average of three measurements per 

individual was used. Lastly, snails were dissected under a microscope and sex, maturity and 

presence of parasites were recorded. The presence of a large penis or a brood pouch (egg 

chamber) determined whether a snail was an adult male or female, and snails without a penis 

(or a small penis) or without a brood pouch (or with a small pouch without embryos) were 

labelled as a juvenile. Foot and head tissue was preserved in ethanol for DNA extractions.  

Both field observations and aerial photos were used to define the habitat type (sheltered, 

exposed or extremely exposed). Based on the habitat type and shell shape (shell photos), 

collected samples were categorised into three groups: Crab ecotype, Wave ecotype and an 

intermediate group (including snails that did not fit well into the crab/wave definition). Crab 

snails have larger and thicker shells with narrower apertures, higher spires and sharper apices, 

while Wave snails are smaller with thinner shells, wider apertures, lower spires and flatter 

apices (Johannesson, 2016). Crab and Wave ecotypes hybridize in contact zones, and there are 

also additional ecotypes described from this area (Janson & Ward, 1985).  

From all sampling locations, 100 sites were chosen to be spread out across the whole 

sampling area, and the biggest snail in each site was selected for whole genome sequencing. 

Among 100 whole genome sequenced snails, 1 sample failed during the library preparation, 93 

did not have parasites, 1 was juvenile, and 97 were adults (36 male and 61 female). DNA was 

extracted from foot tissue following the CTAB-mercaptoethanol protocol (Panova et al., 2016). 

Extracted DNA quality was tested by NanoDrop (Thermo Fisher Scientific), and clean-up was 

done using the Zymo Genomic DNA Clean and Concentrator-10 (gDCC-10) kit following the 

original protocol (Zymo Research). The cleaned samples were quality-checked with NanoDrop 

and quantified with Qubit 2.0 BR DNA assay (Thermo Fisher Scientific), and DNA degradation 

was checked with agarose gel electrophoresis.  Finally, the prepared samples were sent to BGI 

Genomics Centre for library preparation and sequencing on the DNBSEQ™ platform with 5X 

coverage. Details of samples used in the analyses reported here are given in supporting 

information (Table S1).  

 

https://github.com/jslarsson/%20ShellShaper
https://github.com/jslarsson/%20ShellShaper
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b. Bioinformatics  

i. Data preparation and quality control 

The data quality of FASTQ files was checked with FASTQC (v. 0.11.9) (Andrews, 2010). 

Adaptor sequences had been trimmed by the sequencing centre. All samples passed the quality 

check at this stage.   

ii. Read Mapping  

An in-house bash script was used to map reads to the L. saxatilis reference genome 2.0 (A. 

De Jode, personal communication) using BWA-MEM (v. 0.7.17) (Li & Durbin, 2009). Picard 

(v. 2.23.4) was used to remove single-end alignments and mark PCR duplicates 

(https://broadinstitute.github.io/picard/). The generated BAM files were indexed and sorted 

using Samtools (v. 1.14) (Danecek et al., 2021).  

iii. SNP calling and filtering  

Variant calling was performed using bcftools (v. 1.14) (Danecek et al., 2021) without any 

pre-call filtering thresholds. Finally, using VCFtools, stringent filters were applied (retained 

only biallelic sites, removed indels, minor allele fre uen   0. , missin  ata  0 , ualit  

s ore for ea h site  0, mean e th for ea h site  -25, depth for a genotype = 4-25) to obtain 

the final vcf file. 1,922,256 SNPs were retained after filtering.   

iv. Linkage map and the new reference genome  

A new reference genome generated from a single female Crab ecotype snail was used in this 

study (N50 = 298,711; total number of contigs = 9,667; maximum contig length = 2,231,405; 

estimated genome size = 1.35 Gbp; A. De Jode, personal communication). The karyotype of L. 

saxatilis indicates 17 chromosomes  (García-Souto et al., 2018b; Janson, 1983; Rolan-Alvarez 

et al., 1996) and the genetic map has 17 linkage groups (Westram et al., 2018) 

Since the new reference genome is not scaffolded yet, we utilised a linkage map (Westram 

et al., 2018) created from a single Crab ecotype F1 family to position the contigs along the 

genome. On this linkage map, the positions of a subset of contigs of a published draft reference 

genome (Westram et al., 2018) are known in centimorgans per linkage group. In order to find 

the positions of contigs from the new assembly, the new reference genome was mapped to the 

previous reference genome using minimap2 (Li, 2018, 2021) with a maximum 5% sequence 

divergence. The resulting paf file contained the alignment sequence length, mapped region and 

https://broadinstitute.github.io/picard/
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mapping quality. The paf file was filtered using the pafr package (https://github.com/dwinter 

/pafr). In the filtered paf file, each contig from the new assembly has a position on the linkage 

map in centimorgans according to the position of the contigs from the previous assembly. The 

final paf file was then used to identify sequence regions with sex-associations in variant-based 

analyses.  

Chromosomal rearrangements such as inversions hinder recombination between 

homologous chromosomes in individuals with heterozygotic arrangements (heterokaryotype), 

and this recombination suppression is more severe near the breakpoints of an inversion 

(Schaeffer et al., 2003). Several polymorphic inversions have been found in the population of 

L. saxatilis on the west coast of Sweden (Faria et al., 2019), and some of these inversions were 

heterozygous in one or both parents used for creating the linkage map (Westram et al., 2018) 

which leads to underestimation of genetic distances on the map due to suppression of 

recombination.  

v. SexFindR workflow  

SexFindR is a three-step bioinformatics workflow containing five different genomic 

methods to identify sex-specific sequences and has been tested for five species with various 

degrees of sex chromosome degeneration from a single nucleotide difference between males 

and females to a heavily degraded W chromosome (Grayson et al., 2022). This workflow could 

potentially be used to identify sex-linked regions in the full continuum of sex chromosome 

degeneration. All datasets and scripts are available on the SexFindR GitHub (https://github. 

com/phil-grayson/SexFindR) and “Read the Docs” page (https://sexfindr.readthedocs.io). 

1st step: Coverage-based analysis  

If one of the sex chromosomes (Y or W) is highly degenerated, many sex-linked genes have 

only one copy, on the X or Z chromosome, in heterogametic individuals. Therefore a large 

proportion of the X (or Z) exhibits a lower depth of coverage where reads from a heterogametic 

individual are mapped to a reference genome (Palmer et al., 2019; Vicoso & Bachtrog, 2015). 

If there is a large and divergent SDR on one of the sex chromosomes, in case of sufficient depth 

of sequencing, a single male and a single female individual are enough to identify the 

heterogametic sex in various species such as insects (Vicoso & Bachtrog, 2015), reptiles 

(Vicoso et al., 2013), birds (Sigeman et al., 2021), and plants (Müller et al., 2020a).  

SexFindR uses DifCover (Smith et al., 2018) to find regions with high coverage differences. 

DifCover performs a pairwise comparison between one single male and one single female 

https://github.com/dwinter%20/pafr
https://github.com/dwinter%20/pafr
https://sexfindr.readthedocs.io/
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individual using an interval-based method and user-defined thresholds. In our study, the 

parameters applied include minimum and maximum coverage of both samples of 1 and 20, 

target number of valid bases 100 kb, minimum size of stretched window 50 kb, enrichment 

score P = 0.74 and adjustment coefficient AC = 1. By choosing the max and min coverage, 

misleading regions with very low or extremely high sequence coverage will be excluded. 

DifCover scans each contig to form stretched windows of variable sizes with a defined number 

of valid bases. A base is valid if its coverage is lower than max coverage in both samples and 

higher than min coverage of at least one of the samples. The enrichment score of 0.74 results 

in retaining regions with a coverage 1.6 times higher (lower) in the male individual compared 

to the female one. In the last step, all adjacent stretched windows in each contig are merged, 

and an average enrichment score is calculated for each contig. Before running the DifCover 

pipeline, modal coverages of all samples were checked using Qualimap 2 (Okonechnikov et al., 

2016). 

In total, 40 individuals (20 male-female pairs) were tested for coverage differences. In the 

first 10 pairs, both snails were selected from either Crab or Wave population. Due to the low 

depth of sequencing, one single pair was unlikely to reveal the potential coverage difference 

between the male and female individuals. Therefore, the results of all 20 pairs were merged to 

ensure that any observed coverage difference is consistent between all pairs. At this stage, we 

looked at the average coverage over all valid bases in each contig between males and females 

(before merging the windows) and the distribution of coverage ratios in contigs with only one 

stretched window compared to contigs with more than one stretched window.  

2nd step: Sequence-based analysis  

A. Identifying sex-linked regions with SNP density  

In young sex-determining systems with a low degree of degeneration in the Y (or W) 

chromosome, reads from both sex chromosomes of the heterogametic sex will map to the X (or 

Z) chromosome of the homogametic reference genome leading to an increment of SNP density 

in males (in XY system) or females (ZW system) (Darolti et al., 2019b; Vicoso et al., 2013; 

Wright et al., 2017). For instance, in a homomorphic ZW system, W-linked reads map to the 

homologous regions of Z chromosome in males, which leads to higher SNPs density in females 

compared to males (Palmer et al., 2019). Therefore, higher SNP density in the heterogametic 

sex can be used as a sign of sex-linked regions.  
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First, a separate VCF file was generated for each sample using BCFtools (Danecek et al., 

2021). SNPdensity option of VCFtools (Danecek et al., 2011) was used to perform SNP density 

analysis for each sample in non-overlapping 10kb windows. The mean SNP densities for male 

and female populations, and the differences between these two means were calculated using an 

R script provided by Grayson et al. (2022). Using a 1000 permutation test, p-values were 

calculated for each genomic window to test whether the observed differences were larger than 

expected by chance. In each permutation test, the individuals’ sexes were shuffled randomly, 

retaining the same numbers of males and females as in the test population. Similar to the first 

step, an average SNP density was calculated for permuted male population and female 

population. Permuted averages were compared to the true average. For those windows with 

positive mean difference between males and females, greater positive values of the permuted 

average than the true average were considered for p-value calculation (and vice versa for 

windows with negative mean difference between males and females). Finally, windows with p-

value <= 0.01 were retained to identify candidate windows.   

B. Identifying sex-linked regions with association-based approaches  

Whole genome sequencing (WGS) or reduced representation methods (e.g., RAD-seq) have 

been employed to identify sex-associated regions in several species using GWAS (Franchini et 

al., 2018) and FST (Dixon et al., 2019). RAD-seq markers or SNPs are compared between males 

and females, and those that exist in one sex and are absent in the other one are the candidate Y-

linked or W-linked loci (Palmer et al., 2019). Furthermore, this approach has been used to look 

at heterozygosity where, for instance, a Y-linked allele should be heterozygous in males and 

homozygous in females (Jeffries et al., 2018).  

B.1. Fixation index (FST) 

FST is used as a measure of genetic divergence between populations. Males and females are 

considered as separate populations, and when comparing these two, regions with high values 

of FST indicate the potential male-specific or female-specific genomic regions and 

recombination suppression. This pattern is only detectable when sex-specific SNPs have had 

enough time to fix completely in a population (Grayson et al., 2022).  

The fixation index (FST) was calculated using VCFtools (v. 0.1.16) (Danecek et al., 2011) 

based on the Weir and Cockerham method (Weir & Cockerham, 1984). Male and female 

individuals were considered as separate populations. 5% and 1% cut-offs were used to identify 
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top candidates. Only SNPs with FST values greater than the median were retained to plot the 

FST Manhattan plot.  

B.2. Genome-wide association study (GWAS)  

By considering sex as the binary case/control phenotype and performing a GWAS (Klein 

et al., 2005), the association between the sex and genotype will be identified. This association 

can be weak or strong depending on the age of the sex chromosomes (Grayson et al., 2022).  

For GWAS analysis, the vcf file was converted to PLINK format using VCFtools (v. 0.1.16) 

(Danecek et al., 2011). Sites with minor allele frequency less than 0.05 and greater than 0.95 

were filtered out, but the number of SNPs did not change. GEMMA (v. 0.98.1) (Zhou & 

Stephens, 2012) was used to perform GWAS analysis with default parameters. Only sites with 

a p-value of the likelihood ratio test (p_lrt) lower than 0.05 were used to create the Manhattan 

plot using the qqman package (Turner, 2018).  

C. Identifying sex-linked regions with kmersGWAS 

K-mers are unique DNA sequences with a length of “k” nucleotides that can be found in raw 

sequence data (fastq files). In k-mer analysis, these k-mer fragments are found and compared 

between samples and those k-mers that are present in one sex and absent in another one are the 

candidate sex-linked regions. Since this method does not rely on a genome assembly, all 

variants, even if they are not present in the reference genome, can be discovered and tested for 

any potential phenotypic association. This method is extremely useful when working on non-

model organisms with incomplete genome assemblies and has been helpful to find sex-linked 

regions in various species (Akagi et al., 2014; Böhne et al., 2019; Carvalho & Clark, 2013; 

Morris et al., 2018). In this study, we used kmersGWAS pipeline (Voichek & Weigel, 2020) 

which massively decreases the required computation time and storage.   

We used the default options of the pipeline for the k-mer method. From the fastq files, 

canonical (with a minimum count of 2) and noncanonical (without minimum count) 31-mers 

were counted and these two lists were merged based on strand information to generate a single 

file for each sample. Then, all k-mer lists were combined following the filters used in the 

SexFindR workflow (Grayson et al., 2022). A presence/absence table was generated and 

converted to PLINK binary format and using PLINK (v. 1.09b) (Purcell et al., 2007), p-values 

were calculated for each k-mer. Finally, the top candidate k-mers were filtered and stored for 

further analyses.  
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3rd step: combined sequenced-based analysis  

A novel Linux/R/Python pipeline developed by (Grayson et al., 2022) was used to convert 

the FST and GWAS results into 10kb windows. The SNP density result was already generated 

in 10 kb windows. All windows were ranked based on FST value, male-female SNP density 

difference and p-value of GWAS and the top 5% windows were selected and stored in a single 

R data frame.  For full details, see (Grayson et al., 2022).  

3. Results and Discussion 

We used the SexFindR workflow in order to find sex-linked genomic regions in Littorina 

saxatilis. We found potential sex-linked regions in the Crab ecotype, but the evidence for sex-

linked regions in the Wave ecotype remained limited and unclear.  

Genomic coverage difference between males and females  

In a female heterogametic (ZW) system that has experienced some degeneration of the W 

chromosome, Z-linked sequences are expected to show a substantially reduced coverage in 

females compared to males and W-linked SNPs are absent in males. For comparison, autosomal 

sequences have the same expected coverage in males and females (Grayson et al., 2022).  

The result of the coverage approach substantially depends on the chosen number of valid 

bases in a window: the higher the number of valid bases, the larger the window and the lower 

the variance in the average coverage. We first ran the pipeline with short windows (v = 10k 

valid bases in a single window). In the second run, we increased the window size by choosing 

a higher target number of valid bases in a window (v = 100k). In both runs all other parameters 

were the same. With the larger window size, a group of contigs differed in relative coverage 

from the majority (Fig 2A and 2B). Further analyses revealed that this was an artefact due to 

averaging in short contigs containing only one single window with high variation of enrichment 

scores (Fig. 3). Although some contigs showed a high female- or male-biased coverage ratio 

(log2 of coverage ratio close to 5 or -5), these contigs with biased coverage are found in all 

linkage groups (Fig. 4) and do not form a distinct group in any part of the genome: it seems 

they are the extremes of a symmetrical distribution.  

Overall, in the twenty male-female pairs analysed, the lack of consistent difference between 

genomic coverage of male and female individuals confirms that there is no ploidy difference in 

the sex chromosomes of Littorina saxatilis, as expected from the karyotype (García-Souto et 

al., 2018a) and there is no large region with degeneration of a Y or W chromosome. However, 
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these results do not rule out the presence of a small non-recombining region. This requires more 

investigation to test whether the sequences of those contigs with biased coverage, or of other 

genomic regions differ between males and females. This kind of slight divergence between the 

two sex chromosomes has been observed in chromosome 12 of guppy (Poecilia reticulata) 

(Wright et al., 2017).  

 

Figure 2. Comparison of genomic coverage in one pair of snails (one male and one female) using two 

short (10kb) and large (100kb) windows. Each point represents a contig. The X axis indicates log2 (male-

female coverage ratio), and the Y axis shows the proportion of the full contig that is covered by merged 

windows. The Red dashed line shows the expectation when there is no coverage difference between male 

and female individuals.  

 

 

Figure 3. Variation of mean enrichment scores against the mean number of windows across 20 pairs of 

males and females. Short contigs with a low number of merged windows have negative mean enrichment 

scores with higher variation across 20 pairs.  
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Figure 4. Distribution of short contigs with a low number of merged windows (A) and biased enrichment 

score (B) in the genome. Short contigs are present in all 17 linkage groups.  

The genomic coverage approach has been successfully used in heteromorphic systems, and 

it can distinguish between sex-linked regions and autosomes based on the male-to-female 

coverage ratio (Darolti et al., 2019a; Vicoso & Bachtrog, 2011, 2013). This approach is not 

effective in finding sex-linked regions in homomorphic sex chromosome systems since there is 

no substantial read coverage difference between the two sex chromosomes. Furthermore, this 

approach misidentifies pseudoautosomal regions or young strata as autosomal (Palmer et al., 

2019). In our study on L. saxatilis from the Koster region in southwest Sweden, the coverage 

approach suggests that heteromorphic sex chromosomes or large heteromorphic regions are 

absent, and the divergence between the two sex chromosomes is not substantial. Unlike variant-

based (SNP density, FST and GWAS) approaches, the coverage approach was not applied 

separately to Crab and Wave ecotype.  

SNP density  

The SNP density approach is able to identify sex-linked regions at a young age that are not 

highly degraded but have started to accumulate divergence. Regions with higher SNP density 

in one sex are potential candidates for recombination suppression, although they still show high 

sequence similarity (Palmer et al., 2019). This approach has been applied successfully to 

identify sex chromosome systems and evolutionary strata of guppy (Poecilia reticulata) 

(Wright et al., 2017) and poplar (Populus alba) (Müller et al., 2020b).  



 19 

We calculated the SNP density in three different populations: a mixed population of Crab, 

Wave and intermediate snails and two populations comprising only Crab or Wave snails (Table 

1). In the mixed population, although linkage groups 1 and 12 showed a slight female-biased 

higher SNP density, there was not any clear signal of a higher number of SNPs in one sex in 

any of the chromosomes (Fig. 5; black). Looking at the Crab population, linkage groups 1, 2, 

4, 6, 12 and 17 exhibited elevated densities of SNPs (Fig. 5; orange). On the contrary, these 

signals were much weaker in the Wave population; however, linkage groups 1, 3 and 11 showed 

the strongest signals (Fig. 5; blue).  

A pattern of similar read coverage with biased SNP density is an indicator of a young stratum 

in a sex chromosome where the sex chromosomes have stopped recombining recently, but the 

divergence level between the two chromosomes is not high enough to be discovered by the 

coverage approach. Such a pattern has been detected in guppy (Wright et al., 2017). The 

evidence from the SNP density approach suggests that in L. saxatilis, some genomic regions 

are at the early stage of differentiation in the Crab ecotype, but this divergence is not observed 

in the Wave ecotype. Nevertheless, the signal for elevated density of SNPs is weak and spread 

across multiple linkage groups in the Crab ecotype, which is not expected under a simple, 

single-locus sex determination system. The direction of higher SNP density in Crab is towards 

female heterogamety as reported in Hearn et al. (2022).  
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Figure 2. SNP density of 17 linkage groups in Crab ecotype (orange), Wave ecotype (blue), and mixed 

population of Crab and Wave ecotypes (black). Each point represents one 10kb window. All contigs are 

ordered based on the centimorgan (cM) position in the linkage map.  
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FST and GWAS  

As with the SNP density approach, we first ran FST and GWAS analyses on a mixed dataset 

containing Crab and Wave individuals. In the next step, we repeated the same analyses 

independently with separated Crab and Wave individuals. The number of analysed SNPs and 

number of analysed individuals are stated in Table 1.  

Table 1. Number of analysed SNPs and individuals out of total 98 individuals and total 1910753 SNPs 

in SNP density, FST, and GWAS. In the individual column, M and F mean Male and Female, respectively.  

 FST and SNP density  GWAS 
 Number of individuals  Number of SNPs Number of individuals Number of SNPs 
Mixed  82 (30 M, 52 F) 1910753 82 (30 M, 52 F) 882479 
Crab 48 (15 M, 33 F) 1910753 48 (15 M, 33 F) 880452 
Wave  34 (15 M, 19 F)   1910753 34 (15 M, 19 F)   845150 

For FST, in the first run with a mixed group of Crab and Wave individuals, no genomic region 

indicated a high level of genetic divergence between males and females (Fig. 6; black). The 

maximum FST value was 0.299, observed in linkage group 12, and the mean FST across all loci 

was 0.0209. We then separated the Crab and Wave individuals and measured the fixation index 

(FST) for each ecotype independently (Fig. 6; Crab: orange, Wave: blue, Fig. S1-4). The 

maximum FST value reached 0.516 (Crab) and 0.519 (Wave). Due to great noise as a result of 

small sample sizes, the mean FST across all loci increased to 0.0401 (Crab) and 0.0449 (Wave). 

In the Crab-limited FST, 6753 SNPs were above the 1% upper threshold (FST = 0.199); while, 

in the Wave-limited FST, 6534 SNPs exceeded the 1% upper cut-off (FST = 0.209) of the whole 

distribution across all linkage groups. The 1% upper threshold for the mixed population of Crab 

and Wave was equal to FST = 0.105, and 6323 SNPs had a higher FST than this value. Overall, 

comparing genotypes between males and females indicated several SNPs in various linkage 

groups with elevated FST, but none of them showed a stand-alone peak as expected in the 

genomic region surrounding a sex-determining locus. In the crab ecotype, linkage groups 2, 4 

and 12 showed the highest sex-linked FST values (Fig. 6; orange). In the wave ecotype, some 

SNPs on linkage groups 1 and 3 exhibited the highest FST (Fig. 6; blue).  
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Figure 6. FST Manhattan plot for mixed population (black), Crab ecotype (orange) and Wave ecotype 

(blue). The alternating colour pattern shows different linkage groups.  

 
We performed a chi-square test of independence for FST and GWAS to compare the expected 

number of significant SNPs with the actual number of SNPs found in each linkage group (Table 

2 and Fig. 7).  In the Crab ecotype, the actual number of SNPs was higher than expected in 

linkage group 12 in both FST and GWAS analysis. Also, Linkage group 6 possesses more SNPs 

than expected in FST and linkage group 11 possesses more SNPs than expected in GWAS. 

However, in the Wave ecotype, more SNPs were found in the linkage groups 1, 3, 4, 5, and 14 

in the GWAS analysis and linkage groups 5 and 17 have the highest number of SNPs compared 

to the expected FST.  
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Figure 7. Expected and actual number of SNPs in FST and GWAS in each linkage group in Crab (orange) 

and Wave (blue).  
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Table 2. Result of Chi-square test of independence. Values in bold indicate a higher number of actual SNPs compared to the expectation. Values in Red indicate 

the first two highest contributing LGs to the total Chi-score.  

  Crab Wave 
  FST GWAS FST GWAS 
LG  Expected  Actual  Chi-square 

contribution 
Expected  Actual  Chi-square 

contribution 
Expected  Actual  Chi-square 

contribution 
Expected  Actual  Chi-square 

contribution 
1 521.285 503 0.641 38.023 37 0.0275 736.650 718 0.472 16.247 20 0.867 
2 325.338 272 8.744 24.051 23 0.0460 455.180 349 24.768 10.100 6 1.665 
3 154.488 116 9.588 11.428 10 0.1783 232.162 290 14.409 4.865 10 5.421 
4 121.357 102 3.088 8.790 10 0.1666 185.455 238 14.888 3.720 6 1.398 
5 103.517 81 4.898 7.303 8 0.0665 155.078 238 44.339 3.066 4 0.284 
6 105.039 175 46.598 6.596 5 0.3864 133.211 147 1.427 2.843 1 1.194 
7 58.006 36 8.349 4.148 3 0.3178 85.041 77 0.760 1.784 0 1.784 
8 41.919 20 11.461 2.985 3 0.0001 60.584 42 5.701 1.302 1 0.070 
9 52.146 40 2.829 3.933 1 2.1877 88.887 57 11.439 1.637 1 0.248 

10 49.386 28 9.261 3.157 1 1.4735 59.475 26 18.841 1.323 0 1.323 
11 30.505 41 3.610 2.254 8 14.6435 54.239 58 0.261 0.964 1 0.001 
12 75.239 248 396.687 4.176 9 5.5708 77.945 59 4.605 1.762 1 0.330 
13 28.619 16 5.564 2.123 2 0.0072 41.203 36 0.657 0.894 0 0.894 
14 24.911 11 7.768 1.641 1 0.2501 29.086 39 3.379 0.694 2 2.460 
15 18.839 29 5.480 1.362 2 0.2987 26.555 12 7.978 0.558 0 0.558 
16 11.188 3 5.993 0.884 0 0.8838 16.417 8 4.315 0.353 0 0.353 
17 28.218 29 0.022 2.144 2 0.0097 42.832 86 43.508 0.888 0 0.888 
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We also calculated the expected FST value in different hypothetical scenarios with the same 

number of males and females, in each ecotype separately and in a mixed population of Crab 

and Wave (Table 3). In each scenario, a group of individuals were considered purely 

heterozygous in a locus, and all others were merely homozygous, as expected for a single-locus 

sex determination system. Assuming a well-established female heterogametic system (ZW) in 

the Crab ecotype, the expected FST would be 0.421, and the observed FST in many SNPs reached 

to this expected value (LG1, 2, 3, 4, 6 and 12; Fig. 6; orange).  However, a male heterogametic 

system seems unlikely in the Crab ecotype since no SNP was found with an FST value close to 

the expected FST of 0.615. In the wave ecotype, in the case of a female heterogametic system, 

an FST value of 0.472 is expected, and a few SNPs on linkage groups 1, 3 and 5 were observed 

with an FST of higher than this expectation. Likewise to the Crab ecotype, a male heterogametic 

system does not seem feasible in the Wave ecotype, as the expected FST is above 0.531, and 

none of the SNPs reached this FST value. 

Table 3. Expected FST value in different hypothetical scenarios. FH: female heterozygosity; MH: male 

heterozygosity; FCH: female crab heterozygosity; FWH: female wave heterozygosity; MCH: male crab 

heterozygosity; MWH: male wave heterozygosity.  

Population Heterozygote group Expected W&C FST 
All samples FH 0.450 

MH 0.561 
FCH 0.226 
FWH 0.125 
MCH 0.238 
MWH 0.257 

Only Crab ecotype FH 0.421 
MH 0.615 

Only Wave ecotype FH 0.472 
MH 0.531 

 

In a young sex chromosome, it is not expected to find fixed sex-linked loci with the FST 

approach as the sex-associated loci may not have had enough time to become fixed within a 

population. Alternatively, it might be difficult to detect the sex-determining locus due to the 

high background noise, particularly when the sex-associated region around the SD locus is 

relatively small with low recombination suppression. In the latter case, a block of SNPs with 

elevated FST values is not observed. However, FST was used to detect sex-determining loci in 

many species, such as stickleback (Dixon et al., 2019) and swordtail fish (Franchini et al., 

2018).  
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The results of GWAS, where sex was set as a binary case/control variable, were similar to 

those reported for FST. In general, no genomic region was found with a strong association with 

sex, and only two SNPs on linkage groups 1 and 3 in the Crab population were above the 

standard genome-wide significance level (p-value = 5e-8) (Fig. 8 and Fig. S5-7). In other 

words, a significant association between the genotype and sex was not found in most SNPs 

when comparing males and females. Considering a lower significance threshold, suggestive 

significance level (p-value = 1.693e-5) (Fig. 8 and Fig. S5-7), many SNPs exceeded this 

threshold and showed a weak association with sex, but they did not create a marked peak, 

except on linkage group 1 in the mixed population (Fig. 8; black), as expected for a fixed 

genotypic sex determination system. Similar to FST, the highest p-values were observed in 

various linkage groups in the two different ecotypes. In the Crab population, linkage groups 1, 

2, 11 and 12 displayed the highest p-values, while linkage groups 1, 2, 3, 4 and 14 possess the 

SNPs with the highest p-values in the Wave population.  

 

Figure 8. GWAS Manhattan plot for mixed population (black), Crab ecotype (orange) and Wave 

ecotype (blue). The alternating colour pattern shows different linkage groups. Blue and red dashed 

lines indicate genome-wide significance level (p-value = 5e-8) and suggestive significance level (p-

value = 1.693e-5), respectively.  
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The GWAS approach has been successfully used to identify sex-linked regions in channel 

catfish (Ictalurus punctatus) (Bao et al., 2019), Atlantic salmon (Salmo salar) (Kijas et al., 

2018), swordtail fish (Franchini et al., 2018), and poplar (Populus trichocarpa) (Geraldes et 

al., 2015).  

Overall, the FST and GWAS approaches indicate that there should be two different sex-

determining systems in the two ecotypes of L. saxatilis, but they fail to detect the sex-

determining regions confidently. It seems possible that the SD region is missing from the 

reference genome or the linkage map. Only 67% of the contigs (6534 out of 9667) have a 

position on the linkage map.  

Combined reference-based analyses  

In the third step of our analyses, we combined all reference-based approaches, converted 

them to 10kb windows and selected the top 5% outliers in each analysis. Given the high number 

of SNPs and high level of background noise in our data, the combined approach increases the 

power to detect the sex-linked sequences more confidently. Similar to the second step, each 

analysis was done separately for each ecotype (Fig. 9 and 10). Following Grayson et al. (2022), 

all 10kb windows were ranked based on their FST value, p-value in GWAS or male-female 

absolute difference in permuted SNP density. The best candidates were those outlier 10kb 

windows with a rank below 100 in all reference-based analyses. In the Crab ecotype, the best 

candidates (n = 8) were located in linkage groups 1, 4, 6, 12 and 16. However, the best 

candidates (n = 3) in the Wave ecotype were found in linkage groups 1 and 3 (Table 4). The 

candidates in linkage group 1 are not the same between the two ecotypes.  

Table 4. Top-ranked candidate contigs in the combined analysis. 

Ecotype  Contig FST 
rank 

GWAS 
rank 

SNP density 
rank 

Total 
rank  

Map position 
(mean cM) 

LG 

Crab tig00009996 10 1 1 12 21.07 16 
tig00059820 2 52 5 59 11.61 1 
tig00000944 44 15 16 75 39.74 4 
tig00061503 9 86 6 101 33.02 12 
tig00004232 57 45 13 115 34.65 6 
tig00062684 49 88 28 165 37.10 1 
tig00000944 86 63 26 175 39.74 4 
tig00001053 73 92 53 218 39.85 6 

Wave tig00005469 2 22 3 27 61.19 1 
tig00004421 22 21 2 45 42.59 3 
tig00060452 3 19 50 72 34.08 1 
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According to the combined analysis, the top sex-linked candidates of each ecotype are not 

the same, suggesting that various genomic regions contribute to sex determination in different 

ecotypes.  

Figure 9. Combined results for FST (A), SNP density (B) and GWAS (C) in Crab ecotype. 
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Figure 10. Combined results for FST (A), SNP density (B) and GWAS (C) in Wave ecotype. 

Reference-free k-mer approach   

Since the k-mer approach does not rely on the contingency of a reference genome, it is 

extremely powerful in identifying sex-linked regions that are not present in the genome 

assembly. This method is also very useful in non-model organisms such as L. saxatilis, where 

an annotated genome is not available. This method has been exploited to find sex-linked loci 

in various species (Akagi et al., 2014; Böhne et al., 2019; Carvalho & Clark, 2013; Morris et 

al., 2018).    

In total, 63 k-mers with significant association to sex (p-value < e-12) were found in a mixed 

population of Crab and Wave individuals (Table S2 and S3; Supplementary material). Among 

these k-mer sequences, 24 k-mers mapped to the reference genome in at least one position, and 
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all of these aligned to at least one linkage group based on the linkage map. The remaining 39 

k-mers did not have a position on the genome assembly or, consequently, on the linkage map.  

We also performed a blast analysis with three different types of sequence: all 63 k-mers 

sequences, with the whole length of two contigs on the linkage groups 2 and 12 where several 

k-mers mapped to them, and with a 100kb window on the linkage group 12 containing several 

k-mers. None of these blast analyses hit a sequence related to sex in other Molluscs.  

We created a genotype matrix of a fragment of linkage group 12 where several candidate k-

mers mapped to a single 5kb window, making this contig one of the strongest candidate sex-

associated regions, although it was not the same as the contig in the linkage group 12 found by 

the combined analysis. Therefore, we examined the distribution of SNP genotypes among 

individuals in this region. No consistent pattern was observed across all males or females. 

However, there was a region with almost 40 SNPs (Fig. 11; green box) where most Crab males 

are homozygous for the reference allele (Fig. 11; grey) while most Crab females are 

heterozygous (Fig. 11; pink). This pattern suggests a female heterogamety system in the Crab 

ecotype, although this system is not fixed. No consistent pattern was observed in the Wave 

ecotype in the same region (Fig. 11). Similar to reference-based approaches, k-mer analysis 

indicates that the sex determination system in the two ecotypes of L. saxatilis varies. Although 

linkage group 12 shows an association to sex in the Crab ecotype, this signal is missing in the 

wave ecotype. The pattern of heterozygosity has been useful in confirming the presence of sex-

linked makers in the green and golden bell frog (Litoria aurea) (Sopniewski et al., 2019).  
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Figure 11. Matrix of genotype of a 5kb window in linkage group 12. Each row shows one individual, and each column indicates one SNP along the contig. Pink 

colour shows heterozygous SNPs while black and grey colours indicate homozygous SNPs for alternative and reference allele. White colour means there is no 

call in this position. The top two panels represent Crab ecotype, two below panels wave ecotype and two middle panels intermediate ecotype. The green box 

shows the region with a female heterogamety pattern in the Crab ecotype, where most males are homozygous.  

 



 32 

Final remarks 

Taken together, these results suggest that the sex determination system differs between the 

Crab and Wave ecotype of L. saxatilis, and different genes might be involved in each ecotype. 

Alternatively, the same genes may contribute to the sex determination of the two ecotypes, but 

these genes might be in different regions of the genome. It seems the genetic factors have a 

greater impact on the Crab ecotype, while the sex determination system might be driven mainly 

by environmental variables in the Wave ecotype. Also, it is likely that both genetic and 

environmental elements affect the sex determination of this snail. Although very few SNPs 

pointed out a strong association to sex, a much stronger signal made by many SNPs is expected 

to be seen in typical sex-specific loci. This weak sex association in some loci may result from 

indirect effects of these loci on sex determination.  

It seems the underlying sex determination mechanisms in the two ecotypes are different. A 

possible explanation for this might be spatial variation. Although all snails were collected from 

a relatively small area (Fig. 1), they do not belong to one single population, and a recent study 

showed that there could be a strong population structure at this scale (Westram et al., 2021). 

Also, Crab and Wave ecotypes inhabit different habitats within a coastline and form strong 

phenotypic clines in a small area. Due to the ovoviviparous reproduction mode of L. saxatilis, 

these two ecotypes are in contact (gene flow) only in hybrid zones. Furthermore, the division 

into Crab and Wave ecotypes is imperfect, and there are many intermediate individuals that are 

hard to assign to an ecotype, and this might obscure a Crab-specific sex determination system. 

In some fish, reptiles and amphibians, different sex determination mechanisms or degrees of 

sex chromosome degeneration have been observed in different populations (Furman et al., 

2020). 

Hearn et al. (2022) found a female heterogametic sex determination in the Crab ecotype, but 

the evidence for the sex-determining system in the Wave ecotype remained, largely consistent 

with our study, limited and unclear.  The coverage approach revealed that it is very unlikely to 

find heteromorphic sex chromosomes in L. saxatilis. A specific environmental sex 

determination (ESD) in Wave ecotype seems unlikely since no potential sex-driving 

environmental factor has been observed that differs between the two kinds of habitat. However, 

there might be both environmental and genetic factors affecting the sex determination in both 

ecotypes. It has been shown that environmental conditions can influence sex in marine 

gastropods. Such effects have been observed in polluted environments where Tributyltin (TBT) 
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and Triphenyltin can cause female snails to develop male sex organs, an abnormal condition 

called imposex (Castro et al., 2008; Horiguchi et al., 1995; Ruiz et al., 1998). We cannot rule 

out the possibility of a multigenic sex determination in L. saxatilis, but it requires further 

investigations to be proven. Although previous studies based on capture sequencing pointed at 

a sex-determining locus on linkage group 12 in the Crab ecotype (Hearn et al., 2022; Koch et 

al., 2021), we did not find a complete association between any part of LG12 and sex. This 

inconsistency may be due to the low genomic coverage of capture sequencing.   

There have been some limitations in our study. Since a chromosome-level reference genome 

is not available for L. saxatilis, we used a linkage map to place the contigs onto the different 

linkage groups, but not all contigs have a place in the linkage map. We also used the average 

position of all SNPs on the linkage map for ordering the contigs. This leads to inaccuracy in 

identifying the exact location of the sex-biased regions of the genome. Besides, all samples 

were sequenced at 5X coverage, which is not enough for a highly reliable variant calling. These 

results, therefore, need to be interpreted with caution. Also, identifying the sex-linked loci in a 

non-model organism might be challenging due to some genomic rearrangement, such as 

duplications that may lead to dropping relevant reads when mapping to the reference genome. 

Duplications can generate low-quality mapping scores, and they might cause a read to map to 

several places in the genome.  

There are many exciting possibilities for future studies on the sex-linked genomic variation 

of L. saxatilis, such as performing the k-mer analyses on each ecotype separately and comparing 

the most significant k-mers between the two ecotypes, genotyping more samples with higher 

read coverage, particularly Wave snails, improving the contingency of the genome assembly, 

and creating a more contiguous linkage map with further mapping crosses. Future studies in 

these directions can lead to identifying the sex-linked SNPs more reliably, especially in the 

Wave ecotype.  
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5. Supplementary materials  
Table S1: Sampling data of snails collected in this study.  

Snail ID Latitude Longitude Sex Parasite Correct ecotype  

KT009b 58.8706 11.1201 F FALSE Crab 

KT016a 58.8849 11.1394 F FALSE Crab 
KT022f 58.8758 11.1054 F FALSE Crab 

KT030f 58.8288 11.1474 F FALSE Crab 

KT038g 58.9033 11.0966 F FALSE Crab 

KT059f 58.8438 11.0508 F FALSE Crab 

KT063c 58.8995 11.0503 F FALSE Crab 

KT078h 58.8908 11.0509 F FALSE Crab 

KT080h 58.8845 10.9894 F FALSE Crab 

KT083a 58.8724 10.9938 F FALSE Crab 

KT104c 58.8520 11.0321 F FALSE Crab 

KT109g 58.8616 11.0138 F FALSE Crab 

KT110h 58.8698 11.0320 F FALSE Crab 

KT120b 58.9085 11.1019 F FALSE Crab 

KT127b 58.8829 11.0426 F FALSE Crab 

KT133d 58.8884 10.9835 F FALSE Crab 

KT143h 58.9064 11.1514 F FALSE Crab 

KT152c 58.8645 11.0032 F FALSE Crab 

KT155a 58.8704 10.9990 F FALSE Crab 

KT159e 58.8700 11.0581 F FALSE Crab 

KT164f 58.9149 11.0144 F FALSE Crab 

KT172f 58.8720 11.0250 F FALSE Crab 

KT173a 58.8646 11.0405 F FALSE Crab 

KT176e 58.8917 11.1264 F FALSE Crab 

KT186h 58.9029 11.1484 F FALSE Crab 

KT191h 58.8984 11.1312 F FALSE Crab 

KT198b 58.8904 11.1344 F FALSE Crab 

KT119f 58.9050 11.1003 F FALSE Crab 

KT144g 58.9109 11.1363 F FALSE Crab 

KT095h 58.8627 11.0674 F TRUE Crab 
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KT112g 58.8677 11.0262 F TRUE Crab 

KT178g 58.8968 11.1202 F TRUE Crab 

KT187b 58.9256 11.1258 F TRUE Crab 

KT005e 58.8778 11.1259 M FALSE Crab 

KT024a 58.8874 11.1138 M FALSE Crab 

KT055h 58.8944 11.1157 M FALSE Crab 

KT075g 58.8935 11.1366 M FALSE Crab 

KT077b 58.8897 11.1408 M FALSE Crab 

KT148e 58.8438 11.0129 M FALSE Crab 

KT150h 58.8556 10.9979 M FALSE Crab 

KT174c 58.9212 11.1405 M FALSE Crab 

KT180e 58.8983 11.1253 M FALSE Crab 

KT182d 58.8926 11.1491 M FALSE Crab 

KT189a 58.9020 11.1189 M FALSE Crab 

KT190a 58.9027 11.1242 M FALSE Crab 

KT193e 58.9068 11.1057 M FALSE Crab 

KT194h 58.9041 11.1055 M FALSE Crab 

KT098a 58.8563 11.0691 M TRUE Crab 

KT001f 58.8658 11.1400 F FALSE Intermediate  

KT068g 58.8870 11.0646 F FALSE Intermediate 

KT089b 58.8774 11.0631 F FALSE Intermediate 

KT094b 58.8635 11.0732 F FALSE Intermediate 

KT156f 58.8845 11.0039 F FALSE Intermediate 

KT168f 58.9116 10.9974 F FALSE Intermediate 

KT195e 58.8880 11.1158 F FALSE Intermediate 

KT167g 58.9113 11.0026 F FALSE Intermediate 

KT169c 58.8981 11.0427 J FALSE Intermediate 

KT042b 58.8831 11.1275 M FALSE Intermediate 

KT050e 58.8991 11.1145 M FALSE Intermediate 

KT053e 58.8917 11.1028 M FALSE Intermediate 

KT092d 58.8608 11.0762 M FALSE Intermediate 

KT171c 58.8990 11.0302 M FALSE Intermediate 

KT065f 58.8529 11.0474 M FALSE Intermediate 

KT008h 58.8726 11.1167 F FALSE Wave 
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KT031e 58.8382 11.0794 F FALSE Wave 

KT035h 58.8275 11.0495 F FALSE Wave 

KT069h 58.8916 11.0643 F FALSE Wave 

KT079d 58.8962 11.0520 F FALSE Wave 

KT088b 58.8686 11.0132 F FALSE Wave 

KT116h 58.8831 11.1160 F FALSE Wave 

KT122d 58.8604 10.9838 F FALSE Wave 

KT123b 58.8726 10.9839 F FALSE Wave 

KT124g 58.8763 10.9872 F FALSE Wave 

KT128a 58.8874 11.0510 F FALSE Wave 

KT129g 58.9264 11.0350 F FALSE Wave 

KT130a 58.9141 11.0097 F FALSE Wave 

KT140g 58.9132 11.0897 F FALSE Wave 

KT142g 58.9149 11.1068 F FALSE Wave 

KT147h 58.8337 11.0456 F FALSE Wave 

KT154h 58.8391 11.0046 F FALSE Wave 

KT137f 58.8379 11.1345 F FALSE Wave 

KT160b 58.8645 11.0525 F FALSE Wave 

KT196b 58.8624 11.1312 F FALSE Wave 

KT028b 58.8283 11.1577 M FALSE Wave 

KT032h 58.8235 11.0758 M FALSE Wave 

KT096e 58.8583 11.0710 M FALSE Wave 

KT107a 58.8536 11.0215 M FALSE Wave 

KT121f 58.8246 11.0278 M FALSE Wave 

KT125d 58.8558 10.9812 M FALSE Wave 

KT131a 58.9124 11.0083 M FALSE Wave 

KT134h 58.8868 10.9717 M FALSE Wave 

KT135g 58.8822 10.9681 M FALSE Wave 

KT136c 58.8495 10.9924 M FALSE Wave 

KT138f 58.8459 11.1406 M FALSE Wave 

KT139h 58.8883 11.1001 M FALSE Wave 

KT153d 58.8387 11.0099 M FALSE Wave 

KT163e 58.9107 11.0233 M FALSE Wave 

KT117f 58.9014 11.1086 M TRUE Wave 
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Figure S1: FST for Crab (orange) and Wave (blue) in linkage groups 1 – 5.  



 47 

 

Figure S2:  FST for Crab (orange) and Wave (blue) in linkage groups 6 – 10. 
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Figure S3: FST for Crab (orange) and Wave (blue) in linkage groups 11 – 15.  
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Figure S4: FST for Crab (orange) and Wave (blue) in linkage groups 16 – 17.  
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Figure S5: GWAS for Crab (orange) and Wave (blue) in linkage groups 1 – 5. 
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Figure S6: GWAS for Crab (orange) and Wave (blue) in linkage groups 6 – 10. 
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Figure S7: GWAS for Crab (orange) and Wave (blue) in linkage groups 11 – 15. 
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Figure S7: GWAS for Crab (orange) and Wave (blue) in linkage groups 16 – 17. 
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Table S2: list of most significant k-mers (n=63) 

ID k-mer sequence  P value 
k1 CTGTTTGTTTATGTCACACACAGACAAACAC 2.98E-13 
k2 CTTCACCACACATGTGTGTATTGTGGAGTGA 2.62E-13 
k3 CTTCAGATGGTATGCTCTCCAATTGATGTCA 3.31E-13 
k4 CTTCCAAACCCCGTCCCCCCTTTTCCTACGC 2.36E-13 
k5 CTTCTTTTCTGTATAATACATCACGTGATGA 2.36E-13 
k6 CTTTGATAAATTAATTTCTTTAGCTTTTCAA 1.98E-13 
k7 GAAAAAAAACAACTATGCAGACTTGGCTAGC 8.54E-13 
k8 GAAAAAAAGAAAAAATCGTCCGGGGATGTCA 8.54E-13 
k9 GAAAAAATGTGGGAGATGTTAATAATACTAA 1.13E-15 
k10 GAAAAAGTATTAAGTTGCTTTACTTTTGAAA 2.58E-14 
k11 GAAAAGCTAAAGAAATTAATTTATCAAAGAA 8.54E-13 
k12 GAAAATCAGTGAAAAAATGTGGGAGATGTTA 2.62E-13 
k13 GAAACAGACAGAAACAGAGAAAGACACAGCA 1.47E-14 
k14 GAAAGTCATACTTCCGTTGTTCTAGTCCAAA 8.15E-14 
k15 GACATCCGATCACTTTGCAATTCCTGCAGAC 3.20E-13 
k16 GACTCCCAAATAAAATGATCAGCCACCTAAC 8.54E-13 
k17 GATAGACATACTATGTAAAAGTTACAAAGTA 8.02E-13 
k18 GATGGTATGCTCTCCAATTGATGTCACGTCC 3.31E-13 
k19 GATGTATTATACAGAAAAGAAGGTTTTAGAA 2.36E-13 
k20 GATTTACCTCACCGCGGTTATTCCGCATTGA 1.98E-13 
k21 GATTTCAATGCGGAATAACCGCGGTGAGGTA 8.54E-13 
k22 GCAGACAGTAAAAGGGCCTAAAATACTGATA 2.15E-13 
k23 GCCATTAAATGAGGCTGTATAGTATTAAACA 3.95E-13 
k24 GCCGAACGGTCATGTAGCAGTGACAGAGATA 3.31E-13 
k25 GCCTGGACACAGCTCAGGCGTTGAACAGAAC 9.85E-13 
k26 GCGAACGGAGCGGTAGCCTCCCCTGTCACAC 1.82E-13 
k27 GCGAGTTTGATGAGGGTCTGGAGTTGTGTCC 1.36E-13 
k28 GCGTGAACACAATTACTGTTCACCCTAAATA 5.83E-13 
k29 GGATGGTTTGTGGCCAAGTGGAGGGATGGTA 8.02E-13 
k30 GGATTTGAATGACGTGCGGACATGCAAATCA 4.35E-13 
k31 GGGAGATGTTAATAATACTAAACACAACCGA 3.20E-13 
k32 GGGTAAAAAAGAATCTTGCCAACAGCAAAAA 9.85E-13 
k33 GGGTCATGACATCCTATGATGACAATAAGGA 2.98E-13 
k34 GGTCATGACATCCTATGATGACAATAAGGAC 2.98E-13 
k35 GTAAGAGCATTTTTAGTGATTTTGGACACAA 3.95E-13 
k36 GTACTAAATCAAAAAAATAAACAAACAACCA 4.07E-15 
k37 GTATTAAGTTGCTTTACTTTTGAAACAGATA 4.35E-13 
k38 GTGACATCAATTGGAGAGCATACCATCTGAA 3.31E-13 
k39 GTGGCCGCTGTCTTTCTCATGAGTCTGAGGA 3.31E-13 
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k40 GTTTACACATGTTTTTGATTTCAATGCGGAA 7.03E-13 
k41 TAAAATCATGGAATTATCTTTGTTCTTTTAA 2.62E-13 
k42 TAATAGTTTTTTTTGTGTTTTGGCGTGATAA 5.83E-13 
k43 TAATTATCACGCCAAAACACAAAAAAAACTA 1.41E-14 
k44 TAATTGCTGCCACTGAGGATGTCAAATCTGA 2.66E-14 
k45 TACATGGGTCAAGTTTATGTGCAGACTCAGA 3.20E-13 
k46 TAGCTGAATACCACATTCAGTCATTGTAATA 3.31E-13 
k47 TAGTATTATTAACATCTCCCACATTTTTTCA 1.13E-15 
k48 TATCACTCCACAATACACACATGTGTGGTGA 2.62E-13 
k49 TATTTAAATGAACGAACGTACAAACGAACGA 2.62E-13 
k50 TCACAGGTAAGTTCTGAGTGTGCACTACAAA 9.85E-13 
k51 TCACCGCGGTTATTCCGCATTGAAATCAAAA 8.54E-13 
k52 TCCCACATTTTTTCACTGATTTTCCTCGTAA 9.85E-13 
k53 TCCCTCCACTTGGCCACAAACCATCCCTCCA 8.02E-13 
k54 TCTAAAACCTTCTTTTCTGTATAATACATCA 2.36E-13 
k55 TCTTTGATAAATTAATTTCTTTAGCTTTTCA 8.54E-13 
k56 TGAAAAAGTATTAAGTTGCTTTACTTTTGAA 2.58E-14 
k57 TGGACATGGTCTTCGTTTTCGTACGTGACCA 2.66E-14 
k58 TGGAGAAAAAAAGAGACAACTTTGTACAAAA 3.31E-13 
k59 TGGCCGCTGTCTTTCTCATGAGTCTGAGGAA 2.98E-13 
k60 TGTCACCACAACTAGTCTAGCCAAGACAAAA 3.95E-13 
k61 TTGGAGAAAAAAAGAGACAACTTTGTACAAA 3.31E-13 
k62 TTTACCTCACCGCGGTTATTCCGCATTGAAA 1.98E-13 
k63 TTTGAAAAGCTAAAGAAATTAATTTATCAAA 1.98E-13 
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Table S3: list of significant k-mers with a position on the linkage map.  

qseqid scaf pident length mismatch gapopen qstart qend sstart send evalue bitscore meanCM LG 
k23:3.951e-13 tig00009677 100 29 0 0 1 29 28250 28278 3.51E-07 54.7 0.965 1 
k23:3.951e-13 tig00011134 100 29 0 0 1 29 58173 58145 3.51E-07 54.7 1.126 1 
k23:3.951e-13 tig00003476 100 29 0 0 1 29 210715 210743 3.51E-07 54.7 4.958 1 
k57:2.655e-14 tig00004533 100 31 0 0 1 31 187 157 2.71E-08 58.4 4.983 1 
k23:3.951e-13 tig00000720 100 29 0 0 1 29 1019491 1019463 3.51E-07 54.7 9.716 1 
k23:3.951e-13 tig00060509 100 29 0 0 1 29 1039672 1039700 3.51E-07 54.7 11.169 1 
k23:3.951e-13 tig00060171 100 29 0 0 1 29 110036 110008 3.51E-07 54.7 11.479 1 
k14:8.149e-14 tig00059820 100 31 0 0 1 31 836973 837003 2.71E-08 58.4 11.608 1 
k23:3.951e-13 tig00059977 100 29 0 0 1 29 126928 126900 3.51E-07 54.7 12.188 1 
k35:3.951e-13 tig00062046 100 31 0 0 1 31 392434 392464 2.71E-08 58.4 13.409 1 
k24:3.308e-13 tig00062295 96.774 31 1 0 1 31 487192 487162 1.26E-06 52.8 13.628 1 
k23:3.951e-13 tig00064474 100 29 0 0 1 29 86378 86350 3.51E-07 54.7 15.018 1 
k23:3.951e-13 tig00060527 100 29 0 0 1 29 1269 1297 3.51E-07 54.7 16.075 1 
k23:3.951e-13 tig00060532 100 29 0 0 1 29 66031 66003 3.51E-07 54.7 21.089 1 
k23:3.951e-13 tig00060688 100 29 0 0 1 29 43458 43430 3.51E-07 54.7 21.093 1 
k57:2.655e-14 tig00060495 100 31 0 0 1 31 586289 586319 2.71E-08 58.4 22.375 1 
k23:3.951e-13 tig00059892 100 29 0 0 1 29 241660 241688 3.51E-07 54.7 22.469 1 
k23:3.951e-13 tig00005060 100 29 0 0 1 29 166425 166453 3.51E-07 54.7 24.699 1 
k24:3.308e-13 tig00004800 96.774 31 1 0 1 31 207155 207125 1.26E-06 52.8 29.680 1 
k23:3.951e-13 tig00064313 100 29 0 0 1 29 18433 18461 3.51E-07 54.7 29.731 1 
k15:3.196e-13 tig00000625 100 31 0 0 1 31 84012 84042 2.71E-08 58.4 32.383 1 
k23:3.951e-13 tig00061377 100 29 0 0 1 29 359734 359762 3.51E-07 54.7 32.673 1 
k23:3.951e-13 tig00003525 100 29 0 0 1 29 27957 27985 3.51E-07 54.7 34.283 1 
k23:3.951e-13 tig00004543 100 29 0 0 1 29 317793 317821 3.51E-07 54.7 38.095 1 
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k23:3.951e-13 tig00061159 100 29 0 0 1 29 613110 613082 3.51E-07 54.7 41.024 1 
k23:3.951e-13 tig00060911 100 29 0 0 1 29 261283 261255 3.51E-07 54.7 41.277 1 
k23:3.951e-13 tig00062381 100 29 0 0 1 29 198520 198492 3.51E-07 54.7 41.987 1 
k22:2.154e-13 tig00007296 100 31 0 0 1 31 44818 44788 2.71E-08 58.4 42.961 1 
k23:3.951e-13 tig00003772 100 29 0 0 1 29 21234 21206 3.51E-07 54.7 43.107 1 
k23:3.951e-13 tig00064569 100 29 0 0 1 29 201620 201648 3.51E-07 54.7 44.858 1 
k23:3.951e-13 tig00004256 100 29 0 0 1 29 21320 21292 3.51E-07 54.7 45.207 1 
k23:3.951e-13 tig00061352 100 29 0 0 1 29 5265 5237 3.51E-07 54.7 45.614 1 
k23:3.951e-13 tig00001437 100 29 0 0 1 29 240876 240848 3.51E-07 54.7 47.816 1 
k23:3.951e-13 tig00001165 100 29 0 0 1 29 761088 761116 3.51E-07 54.7 50.463 1 
k23:3.951e-13 tig00061268 100 29 0 0 1 29 114510 114482 3.51E-07 54.7 55.149 1 
k23:3.951e-13 tig00061978 100 29 0 0 1 29 116333 116361 3.51E-07 54.7 57.070 1 
k24:3.308e-13 tig00006433 100 28 0 0 1 28 189398 189425 1.26E-06 52.8 59.727 1 
k17:8.02e-13 tig00064522 96.774 31 1 0 1 31 78420 78390 1.26E-06 52.8 78.365 1 
k23:3.951e-13 tig00004437 100 29 0 0 1 29 363783 363811 3.51E-07 54.7 2.719 2 
k23:3.951e-13 tig00006929 100 29 0 0 1 29 192069 192097 3.51E-07 54.7 7.228 2 
k40:7.034e-13 tig00005104 100 28 0 0 1 28 320013 319986 1.26E-06 52.8 11.207 2 
k40:7.034e-13 tig00059909 100 30 0 0 1 30 592560 592589 9.75E-08 56.5 13.796 2 
k23:3.951e-13 tig00001795 100 29 0 0 1 29 690543 690515 3.51E-07 54.7 14.126 2 
k01:2.975e-13 tig00061238 100 29 0 0 3 31 499082 499110 3.51E-07 54.7 19.110 2 
k44:2.655e-14 tig00061238 100 29 0 0 3 31 108589 108561 3.51E-07 54.7 19.110 2 
k23:3.951e-13 tig00062635 100 29 0 0 1 29 394725 394697 3.51E-07 54.7 24.806 2 
k23:3.951e-13 tig00059809 100 29 0 0 1 29 1189422 1189450 3.51E-07 54.7 26.466 2 
k23:3.951e-13 tig00059809 100 29 0 0 1 29 1252662 1252634 3.51E-07 54.7 26.466 2 
k20:1.975e-13 tig00060021 100 31 0 0 1 31 253293 253263 2.71E-08 58.4 32.622 2 
k21:8.542e-13 tig00060021 100 31 0 0 1 31 253259 253289 2.71E-08 58.4 32.622 2 
k40:7.034e-13 tig00060021 100 31 0 0 1 31 253243 253273 2.71E-08 58.4 32.622 2 
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k51:8.542e-13 tig00060021 100 31 0 0 1 31 253285 253255 2.71E-08 58.4 32.622 2 
k62:1.975e-13 tig00060021 100 31 0 0 1 31 253291 253261 2.71E-08 58.4 32.622 2 
k23:3.951e-13 tig00000839 100 29 0 0 1 29 476127 476099 3.51E-07 54.7 32.924 2 
k23:3.951e-13 tig00061913 100 29 0 0 1 29 162894 162866 3.51E-07 54.7 33.522 2 
k23:3.951e-13 tig00060839 100 29 0 0 1 29 366732 366760 3.51E-07 54.7 35.776 2 
k23:3.951e-13 tig00059806 100 29 0 0 1 29 717507 717535 3.51E-07 54.7 35.795 2 
k23:3.951e-13 tig00061598 100 29 0 0 1 29 18672 18644 3.51E-07 54.7 36.812 2 
k23:3.951e-13 tig00061598 100 29 0 0 1 29 377013 377041 3.51E-07 54.7 36.812 2 
k23:3.951e-13 tig00065482 100 29 0 0 1 29 48453 48481 3.51E-07 54.7 37.197 2 
k45:3.196e-13 tig00060089 100 30 0 0 2 31 349203 349174 9.75E-08 56.5 37.939 2 
k23:3.951e-13 tig00006892 100 29 0 0 1 29 256331 256359 3.51E-07 54.7 56.488 2 
k24:3.308e-13 tig00004562 96.774 31 1 0 1 31 284962 284932 1.26E-06 52.8 62.769 2 
k23:3.951e-13 tig00001235 100 29 0 0 1 29 811043 811071 3.51E-07 54.7 5.558 3 
k23:3.951e-13 tig00012164 100 29 0 0 1 29 67291 67263 3.51E-07 54.7 17.728 3 
k23:3.951e-13 tig00016067 100 29 0 0 1 29 15159 15131 3.51E-07 54.7 18.728 3 
k28:5.831e-13 tig00063825 100 29 0 0 1 29 238069 238041 3.51E-07 54.7 23.353 3 
k23:3.951e-13 tig00060910 100 29 0 0 1 29 126294 126266 3.51E-07 54.7 25.077 3 
k23:3.951e-13 tig00060482 100 29 0 0 1 29 187983 187955 3.51E-07 54.7 26.700 3 
k23:3.951e-13 tig00005526 100 29 0 0 1 29 232244 232272 3.51E-07 54.7 30.312 3 
k24:3.308e-13 tig00000709 96.774 31 1 0 1 31 82122 82092 1.26E-06 52.8 30.384 3 
k23:3.951e-13 tig00001401 100 29 0 0 1 29 335475 335503 3.51E-07 54.7 34.511 3 
k23:3.951e-13 tig00060025 100 29 0 0 1 29 218886 218858 3.51E-07 54.7 39.203 3 
k23:3.951e-13 tig00000627 100 29 0 0 1 29 1082743 1082771 3.51E-07 54.7 16.241 4 
k23:3.951e-13 tig00062822 100 29 0 0 1 29 113911 113883 3.51E-07 54.7 37.671 4 
k23:3.951e-13 tig00015134 100 29 0 0 1 29 16520 16492 3.51E-07 54.7 0.000 5 
k29:8.02e-13 tig00008881 100 31 0 0 1 31 8051 8021 2.71E-08 58.4 1.741 5 
k53:8.02e-13 tig00008881 100 31 0 0 1 31 8026 8056 2.71E-08 58.4 1.741 5 
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k23:3.951e-13 tig00060392 100 29 0 0 1 29 6092 6120 3.51E-07 54.7 3.445 5 
k23:3.951e-13 tig00003145 100 29 0 0 1 29 484556 484584 3.51E-07 54.7 4.500 5 
k23:3.951e-13 tig00060248 100 29 0 0 1 29 294657 294629 3.51E-07 54.7 5.033 5 
k23:3.951e-13 tig00064441 100 29 0 0 1 29 231866 231838 3.51E-07 54.7 7.579 5 
k12:2.621e-13 tig00008093 100 29 0 0 1 29 141226 141198 3.51E-07 54.7 11.930 5 
k52:9.851e-13 tig00008093 100 31 0 0 1 31 141203 141233 2.71E-08 58.4 11.930 5 
k23:3.951e-13 tig00001617 100 29 0 0 1 29 301593 301565 3.51E-07 54.7 12.171 5 
k23:3.951e-13 tig00002393 100 29 0 0 1 29 122511 122539 3.51E-07 54.7 15.610 5 
k23:3.951e-13 tig00061110 100 29 0 0 1 29 79426 79398 3.51E-07 54.7 19.763 5 
k23:3.951e-13 tig00063067 100 29 0 0 1 29 31873 31845 3.51E-07 54.7 21.489 5 
k45:3.196e-13 tig00003375 100 28 0 0 4 31 127180 127207 1.26E-06 52.8 21.752 5 
k23:3.951e-13 tig00004444 100 29 0 0 1 29 167989 167961 3.51E-07 54.7 24.689 5 
k23:3.951e-13 tig00063938 100 29 0 0 1 29 73033 73005 3.51E-07 54.7 31.747 5 
k23:3.951e-13 tig00061247 100 29 0 0 1 29 60390 60418 3.51E-07 54.7 35.178 5 
k23:3.951e-13 tig00006834 100 29 0 0 1 29 86154 86126 3.51E-07 54.7 36.373 5 
k23:3.951e-13 tig00005803 100 29 0 0 1 29 84551 84523 3.51E-07 54.7 37.240 5 
k23:3.951e-13 tig00001061 100 29 0 0 1 29 43357 43385 3.51E-07 54.7 4.332 6 
k23:3.951e-13 tig00061791 100 29 0 0 1 29 331037 331009 3.51E-07 54.7 6.214 6 
k23:3.951e-13 tig00012290 100 29 0 0 1 29 13822 13850 3.51E-07 54.7 42.291 6 
k23:3.951e-13 tig00009589 100 29 0 0 1 29 64261 64289 3.51E-07 54.7 53.101 6 
k23:3.951e-13 tig00062690 100 29 0 0 1 29 98735 98763 3.51E-07 54.7 60.192 6 
k23:3.951e-13 tig00010680 100 29 0 0 1 29 19823 19851 3.51E-07 54.7 0.690 7 
k23:3.951e-13 tig00014786 100 29 0 0 1 29 36615 36643 3.51E-07 54.7 7.501 7 
k23:3.951e-13 tig00011100 100 29 0 0 1 29 98668 98696 3.51E-07 54.7 19.769 7 
k23:3.951e-13 tig00008665 100 29 0 0 1 29 6321 6293 3.51E-07 54.7 28.346 7 
k23:3.951e-13 tig00011436 100 29 0 0 1 29 63782 63754 3.51E-07 54.7 28.378 7 
k23:3.951e-13 tig00008076 100 29 0 0 1 29 74013 74041 3.51E-07 54.7 28.918 7 
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k23:3.951e-13 tig00006808 100 29 0 0 1 29 69419 69447 3.51E-07 54.7 32.751 8 
k24:3.308e-13 tig00008741 100 28 0 0 1 28 2266 2293 1.26E-06 52.8 33.356 8 
k23:3.951e-13 tig00061864 100 29 0 0 1 29 400706 400734 3.51E-07 54.7 35.428 8 
k23:3.951e-13 tig00061296 100 29 0 0 1 29 13885 13857 3.51E-07 54.7 50.691 8 
k23:3.951e-13 tig00008742 100 29 0 0 1 29 236949 236921 3.51E-07 54.7 52.946 8 
k40:7.034e-13 tig00004524 100 30 0 0 1 30 316052 316023 9.75E-08 56.5 5.814 9 
k23:3.951e-13 tig00062722 100 29 0 0 1 29 225704 225676 3.51E-07 54.7 28.073 9 
k23:3.951e-13 tig00008847 100 29 0 0 1 29 136874 136846 3.51E-07 54.7 29.496 9 
k04:2.359e-13 tig00010425 100 31 0 0 1 31 2117 2147 2.71E-08 58.4 30.619 9 
k23:3.951e-13 tig00060080 100 29 0 0 1 29 95481 95453 3.51E-07 54.7 41.820 9 
k23:3.951e-13 tig00002670 100 29 0 0 1 29 141876 141848 3.51E-07 54.7 46.387 9 
k23:3.951e-13 tig00007522 100 29 0 0 1 29 177700 177728 3.51E-07 54.7 49.854 9 
k23:3.951e-13 tig00003752 100 29 0 0 1 29 351445 351473 3.51E-07 54.7 53.274 9 
k23:3.951e-13 tig00009860 100 29 0 0 1 29 21714 21742 3.51E-07 54.7 27.791 10 
k23:3.951e-13 tig00012009 100 29 0 0 1 29 42327 42355 3.51E-07 54.7 35.653 10 
k23:3.951e-13 tig00005819 100 29 0 0 1 29 44157 44185 3.51E-07 54.7 37.139 10 
k23:3.951e-13 tig00001890 100 29 0 0 1 29 485686 485658 3.51E-07 54.7 44.653 10 
k23:3.951e-13 tig00063724 100 29 0 0 1 29 121259 121231 3.51E-07 54.7 26.633 11 
k23:3.951e-13 tig00064726 100 29 0 0 1 29 181652 181624 3.51E-07 54.7 37.233 11 
k23:3.951e-13 tig00064757 100 29 0 0 1 29 834 862 3.51E-07 54.7 52.320 11 
k23:3.951e-13 tig00008877 100 29 0 0 1 29 24520 24548 3.51E-07 54.7 32.785 12 
k23:3.951e-13 tig00006713 100 29 0 0 1 29 50699 50727 3.51E-07 54.7 32.987 12 
k23:3.951e-13 tig00060942 100 29 0 0 1 29 5395 5367 3.51E-07 54.7 36.638 12 
k20:1.975e-13 tig00010473 100 31 0 0 1 31 169049 169079 2.71E-08 58.4 42.935 12 
k21:8.542e-13 tig00010473 100 31 0 0 1 31 169083 169053 2.71E-08 58.4 42.935 12 
k40:7.034e-13 tig00010473 100 31 0 0 1 31 169099 169069 2.71E-08 58.4 42.935 12 
k51:8.542e-13 tig00010473 100 31 0 0 1 31 169057 169087 2.71E-08 58.4 42.935 12 
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k62:1.975e-13 tig00010473 100 31 0 0 1 31 169051 169081 2.71E-08 58.4 42.935 12 
k23:3.951e-13 tig00060921 100 29 0 0 1 29 135845 135817 3.51E-07 54.7 43.692 12 
k23:3.951e-13 tig00000986 100 29 0 0 1 29 125793 125765 3.51E-07 54.7 0.388 14 
k23:3.951e-13 tig00004008 100 29 0 0 1 29 71435 71407 3.51E-07 54.7 10.239 14 
k23:3.951e-13 tig00006290 100 29 0 0 1 29 8609 8581 3.51E-07 54.7 15.007 14 
k25:9.851e-13 tig00019245 100 31 0 0 1 31 8055 8085 2.71E-08 58.4 6.157 15 
k23:3.951e-13 tig00063800 100 29 0 0 1 29 133654 133626 3.51E-07 54.7 35.024 15 
k23:3.951e-13 tig00066158 100 29 0 0 1 29 48192 48164 3.51E-07 54.7 2.097 16 
k23:3.951e-13 tig00060623 100 29 0 0 1 29 205890 205918 3.51E-07 54.7 2.097 16 
k23:3.951e-13 tig00008306 100 29 0 0 1 29 5145 5117 3.51E-07 54.7 3.739 16 
k23:3.951e-13 tig00001274 100 29 0 0 1 29 71115 71143 3.51E-07 54.7 47.657 16 
k23:3.951e-13 tig00001274 100 29 0 0 1 29 103583 103611 3.51E-07 54.7 47.657 16 
k23:3.951e-13 tig00001274 100 29 0 0 1 29 135946 135974 3.51E-07 54.7 47.657 16 
k41:2.621e-13 tig00007292 100 31 0 0 1 31 36957 36987 2.71E-08 58.4 24.623 17 
k23:3.951e-13 tig00009406 100 29 0 0 1 29 71491 71519 3.51E-07 54.7 30.593 17 
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