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Abstract 

 

A genetic linkage map is a powerful tool in genetic and genomic research. It lays 

a strong foundation for comparative genomics and provides vital clues toward 

understanding genome evolution and divergence. It facilitates genotype–phenotype 

association mapping and enables investigating the genetics of complex phenotypic 

traits. It also contributes toward characterization of genome structure and serves as the 

backbone for anchoring unplaced/misplaced scaffolds for chromosome-scale assembly. 

During linkage map construction, or called linkage mapping, producing mapping 

populations and keeping inbred lines are normally very time-consuming and laborious 

work lasting several months even to several years. In the meanwhile, more and more 

genetic markers are also required for more accurately and thoroughly identification of 

genetic polymorphisms of each individual for linkage mapping.  

Owing to the rapid development of next-generation sequencing (NGS) in the last 

decade, the ability to simultaneously sequence a large number of individuals in a 

multiplex manner has now become possible, so that an entire population can be rapidly 

genotyped for linkage mapping. Since 2010, low-coverage whole-genome 

resequencing has been employed for constructing the genetic linkage maps of rice, 

shiitake mushroom, and safflower. However, all of these cases relied on the availability 

of high-quality reference genome sequences and/or designed inbred pedigree lines to 

carry out the linkage mapping prior to resequencing of the mapping population. This 

requirement currently limits the wide application of low-coverage whole-genome 

resequencing strategy in non-model organisms, especially for those with unexplored 

genomes. 

Torafugu (Takifugu rubripes) is a popular species with economic importance in the 

waters of East Asia, and has emerged as an ideal model in genomic studies owing to its 

compact genome. In fact, the torafugu genome is considered to be one of the smallest 
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(~400 Mb) among vertebrates and is approximately eight times smaller than the human 

genome. Another advantage of torafugu as a model for genetic analysis is its similarity 

to mammals, including a shared body plan and physiological systems. Thus, the 

compact genome can favor the discovery of genes and gene regulatory regions with 

clear counterparts in the human genome, and the torafugu genome can further serve as 

a reference to understand the structure, function, and evolution of vertebrate genomes. 

In the most recent fifth version of the torafugu genome assembly (FUGU5), 72% of the 

scaffolds have been located and oriented after integration with the genetic linkage map 

of torafugu comprising 1,220 microsatellite markers. Therefore, the construction of a 

higher-density genetic linkage map of torafugu is needed to be able to expand the 

contiguity and improve the quality of the genome assembly. 

Here, we chose torafugu as the test model to develop an effective strategy for 

ultrahigh-density genetic linkage map construction using low-coverage whole-genome 

sequencing without requiring a high-quality reference genome and the laborious 

establishment of inbred lines. An ultrahigh-density genetic linkage map should be also 

in need to improve the quality of FUGU5. 

Preparation of torafugu DH population for low-coverage sequencing were 

described in Chapter 2. In recent years, the H/DH population has been exploited as an 

ideal population type for genetic linkage map construction, particularly in plants and 

teleosts due to their well-developed H/DH technologies. A wild female torafugu was 

subjected to mito-gynogenesis for generating a DH population. In brief, mature oocytes 

were fertilized with inactive sperm of a male torafugu that had been pretreated with 

ultraviolet radiation. After fertilization, the eggs were subjected to cold-shock treatment, 

followed by incubation in aerated tanks with fresh seawater. Several days after artificial 

insemination, hundreds of eggs were observed to contain embryonic bodies, which were 

selected for further analysis. We performed low-coverage whole-genome sequencing of 

the DH population. Genomic DNA was extracted from the selected 192 eggs after 

homogenization. DNA libraries of these individuals were prepared and barcoded, and 

were then subjected to next generation sequencing using the Illumina systems. After 
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quality control and removing the 23 samples with very low sequencing coverage, a total 

of 71.32 of sequencing data, consisting of 2 × 100-bp paired-end reads with an average 

insert size of 230 bp, were obtained from 169 samples of the generated DH torafugu 

population.  

Subsequently, the details about de novo assembly and SNP discovery were 

described in Chapter 3. After removing 4 samples with partial heterozygosity, a total 

of 69.58 Gb of sequencing data from 165 samples were obtained. According to the 

torafugu genome size (approximately 400 Mb), the total sequencing data coverage was 

estimated at 174, whereas the average coverage for each sample was 1.05 ± 0.76. After 

performing de novo assembly on the SOAPdenovo2 assembler under a k-mer value of 

58 using the sequencing data, a relative low-quality assembly of a total size of 356.59 

Mb and N50 size of 22,235 bp was generated, which was composed of 54,127 scaffolds 

with the length ranging from 200 to 264,568 bp. The sequencing data of the above 165 

samples were mapped to the obtained de novo assembly, respectively. SNPs of each 

sample were called and used for genotype scoring. After SNPs calling from the 

sequencing data of each DH individual, a total of 1,070,601 SNPs were discovered in 

the DH population, using the above de novo assembly as the reference. Owing to the 

low-coverage (≈1×) whole genome sequencing of each individual, a low-resolution 

SNP dataset was obtained.  

In Chapter 4, genetic marker genotyping was the focus. The main advantage of 

H/DH individuals for genotyping is that a relatively low sequencing coverage is 

sufficient without loss of accuracy compared to the coverage necessary for sequencing 

more common diploid individuals owing to the presence of heterozygous single 

nucleotide polymorphisms (SNPs). Although the homozygosity of DH individual 

enables more accurately SNP genotyping, most of the SNPs in each sample were 

detected once or less, which led to a large quantity of missed genotypes and insufficient 

data for genotyping calibration because of the low-coverage (≈1×) sequencing of each 

sample. The obtained low-call-rate SNP dataset with unknown linkage phase was not 

suitable for linkage map construction. However, based on the above de novo assembly, 
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the genotype of adjacent SNPs could be testified by each other. Therefore, the 

information of SNPs located on each segment was combined and a genotype was 

assigned to each segment as a new genetic marker termed the short segment genotype 

(SSG). The maximum segment length of the SSGs was set to 8 kb, so that the SSGs 

(>0.9 call rate) could harbor as much genome-wide SNPs information as possible while 

maintaining the length of segments as short as possible. This low-call-rate SNPs dataset 

was then converted into a high-call-rate SSGs dataset despite of the unknown linkage 

phase. After 0.9-call rate filtering, 37,398 SSGs containing information of 833,594 

SNPs were retained and used for further linkage map construction.  

 As depicted in Chapter 5, an ultrahigh-density linkage map of torafugu was 

constructed using above high-call-rate SSGs dataset based on method for phase-

unknown linkage mapping for DH population. The map consists of 37,343 SSGs in 

3,090 unique positions, containing the information of 802,277 SNPs (74.9% of total 

SNPs). The genetic linkage map contained 22 linkage groups, consistent with the 

number of chromosomes of the torafugu haploid genome. The genetic distances ranged 

from 62.75 cM of linkage group (LG)10 to 198.25 cM of LG1, with a total length of 

2,319.65 cM. Based on the unique marker positions, the estimated marker intervals 

ranged from 0.70 cM/marker in LG22 to 0.79 cM/marker in LG1, with an average 

marker interval of 0.75 cM/marker on the genetic linkage map. The accuracy of the 

present linkage map was verified by the following analyses. The recombination 

fractions were considerably low between adjacent markers of each linkage group, 

indicating a low recombination frequency between them, whereas the logarithm of the 

odds (LOD) scores between adjacent markers of each linkage group were high, 

indicating strong linkage between them. The 22 linkage groups appeared to be distinctly 

clustered. Comparative analyses between linkage map and the latest published genome 

FUGU5 were carried out. The sequence information of the 37,343 SSGs of the linkage 

map obtained with the proposed strategy was subjected to BLASTN analyses against 

the latest published genome FUGU5. Overall, 31,822 SSGs could be mapped to the 22 

chromosomes of FUGU5. The results indicated near-perfect concordance between the 
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genetic and physical position of each matched SSG, and 5,521 SSGs could be mapped 

to the 1,583 (65.97 Mb) unassembled scaffolds, which suggested the regions where 

FUGU5 can be improved. Furthermore, 180 of these scaffolds (28.2 Mb) contained 

more than one unique genetic position, suggesting that they might be located on the 

chromosomes with direction. The flanking sequences of the SNPs contained in this 

genetic linkage map were also well aligned to FUGU5, and 532,424 SNPs mapped to 

the 22 chromosomes of the genome. The results reflected more detailed collinearity 

between the orders of the SNPs of each linkage group and each chromosome. The 

results also indicated possible mis-assembled regions or large segmental 

polymorphisms in chromosome 2, 3, 4, 5, 6, 7, 11, 12, 17, 19, and 20 of FUGU5. 

In general, we successfully developed an effective strategy for the construction of 

an ultrahigh-density genetic linkage map of torafugu based on low-coverage (~1×) 

whole-genome sequencing of each individual of a DH population generated through 

mito-gynogenesis. The accuracy of the present linkage map was verified by subsequent 

analyses of recombination fractions and assessment of LOD scores for all marker pairs, 

along with comparative analyses between the linkage map and FUGU5. In addition, 

integration with the present linkage map allowed for validation and further refinement 

of FUGU5. Based on these indicators, an improved genome assembly of torafugu will 

be achieved in our future work. 

The present strategy has significant advantage of time and labor saving because 

we do not have to keep inbred lines which are time-consuming and laborious. Although 

the lacking of inbred lines leads to unknown linkage phases which would bring 

obstacles for the subsequent analyses and strategy design, we successfully designed a 

strategy for linkage mapping for a low-call-rate SNP dataset with linkage phase-

unknown format.  

The previous low-coverage resequencing strategy for ultrahigh-density linkage 

mapping requires a high-quality reference genome, which limits its application. In 

contrary, the lack of a requirement of a high-quality reference genome for low-coverage 

whole-genome sequencing expands the application of our proposed strategy to a wide 
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range of non-model and unsequenced species. Furthermore, based on our strategy, de 

novo assembly, linkage map construction, and further chromosome-scale assembly can 

be efficiently completed for unsequenced species.  

Our approach has an advantage of simplicity compared to the current techniques 

such as restriction-site-associated DNA sequencing (RAD-seq) which demands 

complicated processes for sequencing a small target portion of the whole genome. Our 

strategy can capture most of the SNPs of the population, which would allow for 

thoroughly characterizing complex genomes, whereas RAD-seq is only able to call a 

small portion of SNPs. 

The strategy of the present study was developed for ultrahigh-density genetic 

linkage map construction based on an H/DH dataset. Therefore, it can be applied on 

species which can produce large quantity of H/DH individuals. In our future work, the 

application range of our strategy may be further extended using only single gamete cells 

with the combination of single-cell-sequencing technology platform. 

 

Keywords: ultrahigh-density genetic linkage map construction; effective strategy; low-

coverage whole genome sequencing; doubled haploid population; Takifugu rubripes; 

unknown linkage phase 
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1 General Introduction 

 

1.1 Genetic linkage map and its applications 

A genetic linkage map, also known as linkage map and genetic map, is a list of 

genetic elements in order according to their co-segregation patterns of chromosomal 

crossover or recombination occurring in meiosis (Figure 1.1). In theory, the larger of 

the physical distance between two genetic elements on a chromosome, the higher of the 

chances of recombination occurring between them. Those elements can be inferred as 

genes underlying phenotypic characteristics or genetic markers. Therefore, genetic 

linkage maps can be considered as ordered sets of genetic markers representing 

“milestones” or “landmarks” along the whole or part of chromosomes. (Cheema and 

Dicks, 2009) (Collard et al., 2005). Currently, genetic linkage maps are becoming the 

powerful tools in genetic and genomic research, helping with our understanding of the 

structural, functional, and evolutionary characteristics of the genome (Rastas et al., 

2016). For more detailly and thoroughly characterizing the complex genomes, more 

and more genetic markers are required to be contained in linkage maps. 

 

 

Figure 1.1. The process of crossover or recombination. The smaller distance between two allelic 

genetic markers on a chromosome, the smaller is the chance of a crossover occurring between 

them, and the more likely they are to be inherited together (e.g. marker B and C). Adapted 
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from (https://commons.wikimedia.org/wiki/File:Figure_11_01_02.jpg) 

 

Linkage maps are important tools in evolutionary genetics and in the studying field 

of speciation. Linkage maps lay a strong foundation for comparative genomics and the 

analysis of synteny across species, providing vital clues toward understanding genome 

evolution and divergence. For example, a genetic map of the platyfish (Xiphophorus 

maculatus) has been constructed and used to perform comparative analyses with genetic 

maps or physical maps of other teleosts by Amores et al. These analyses not only help 

with revealing mechanisms of karyotype evolution among teleost fish, but also 

facilitating in characterizing chromosome fusion events, distinguishing lineage-

independent chromosome fusions, and revealing the stability of syntenies and gene 

orders in chromosomes of teleosts over hundreds of millions of years (Amores et al., 

2014). Likewise, a genetic linkage map of sole (Solea solea) has been constructed and 

suggested itself a tool for evolutionary and comparative analyses among exploited (flat) 

fishes. Sequences information of the map was aligned with the genomes of four model 

fish species, medaka (Oryzias latipes), Nile tilapia (Oreochromis niloticus), three-

spined stickleback (Gasterosteus aculeatus) and green spotted pufferfish (Tetraodon 

nigroviridis). These comparisons revealed multiple conserved synteny regions with all 

four species. The map also has been compared to the linkage map of turbot 

(Scophthalmus maximus), another commercially important flatfish species closely 

related to sole. As the comparisons among related species, the higher degree of synteny 

has been confirmed between sole and turbot (Diopere et al., 2014). 

Linkage maps are the primary approach in genotype–phenotype association 

studies, further enabling the investigation of the genetics of complex phenotypic traits. 

So far, lots of genes or quantitative trait locus (QTLs) related to complex and economic 

trait have been identified, such as grain shape and size of wheat (Wu et al., 2015), male 

size and color variation of guppy (Tripathi et al., 2009), fruit-related traits of pear (Wu 

et al., 2014), cold tolerance of common carp (Sun and Liang, 2004), and sexual and 

growth-related traits of half-smooth tongue sole (Song et al., 2012). Linkage studies 
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also have led to the identification of genes causing or substantially increasing the risk 

of many diseases and birth defects. For example, genes that cause many Mendelian 

disorders such as Huntington disease (Gusella et al., 1983) and cystic fibrosis (Tsui et 

al., 1985) have been identified via linkage analyses, so as genes with risk alleles that 

cause increases in the risk for complex diseases, including the BRCA1 and BRCA2 

genes with breast cancer (Marcus et al., 1996), and NOD2 gene with Crohn's disease 

(Hugot et al., 2001). 

Linkage maps also contribute toward characterization of genome structure and in 

turn, serving as the backbones for anchoring unplaced/misplaced scaffolds for 

chromosome-scale assembly. Current methods of DNA sequence de novo assembly 

could produce contigs and scaffolds of limited length, which results in that many of 

these assemblies contain thousands of individual sequences without information of how 

these pieces are assembled into chromosomes (Fierst, 2015). A high-quality linkage 

map of densely spaced markers is valuable for affirming the correct placement of 

scaffolds on the chromosomes and for “proofing” the order of markers within the 

assemblies (Lewin et al., 2009). Therefore, currently, almost all chromosome-scale 

assemblies are constructed after integration with a linkage map, such as the latest 

published chromosome-scale genome sequences of zebrafish (Howe et al., 2013), 

barley (International Barley Genome Sequencing et al., 2012), grass carp (Wang et al., 

2015b), Atlantic salmon (Lien et al., 2016) and Japanese flounder (Shao et al., 2017). 

 

1.2 Workflow of linkage map construction 

In general, there are four main steps of linkage map construction (Figure 1.2) 

including: (1) crossing experiment, (2) identification of genetic polymorphisms, (3) 

genetic markers grouping and (4) genetic markers ordering (Cheema and Dicks, 2009). 

Normally, the first step is a time-consuming and laborious process to produce a mapping 

population. The second step is responsible for generating the dataset for linkage map 

construction. The possible errors and missing data of the dataset would have large 

impact on the accuracy of the constructed linkage map. Therefore, the second step is a 
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critical step. Nowadays, the third and fourth steps can be carried out by several software 

tools, such as JoinMap (Stam, 1993), MSTmap (Wu et al., 2008), ASMap (Taylor and 

Butler, 2017) and Lep-MAP (Rastas et al., 2013). Except JoinMap, other tools also can 

handle large SNPs dataset produced by high-throughput sequencing. These softwares 

also are integrated with the map modification processes. 

 

 

Figure 1.2 The general process of genetic map construction. (a) Crossing experiment; (b) 

Identification of polymorphism; (c) Genetic markers grouping; (d) Genetic markers ordering. 

 

1.2.1 Production of mapping populations via crossing experiment 

A genetic linkage map is based on the principle of loci co-segregation pattern   

during meiosis. However, in most situations, the recombined gametes produced by 

meiosis are not directly observable. Therefore, designed and labor-consuming mating 

schemes or crossing experiments for the production of mapping populations and 

keeping inbred lines lasting several months even to several years are normally required 
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to infer the number of recombined gametes, which is the key to success in linkage 

mapping. The population size used in genetic mapping studies varied from 50 to 250 

individuals (Mohan et al., 1997), and a larger population size is in need for higher 

resolution mapping.  

Different designs of crossing experiment would generate different types of 

mapping populations possessing certain characteristics, which must take into account 

along with the linkage estimation procedure. Several commonly used populations can 

be utilized for linkage mapping (Collard et al., 2005). F2 populations derived from F1 

hybrids is one of the simplest types of mapping populations by selfing and sibling 

mating. The main advantage of F2 populations is the easily generating of them. 

Recombinant inbred lines (RILs) can be constructed after inbreeding from F2 

individuals (Broman, 2005). The major disadvantage of producing RILs is the long 

period requiring six to eight generations in general, whereas the major advantage of 

RILs is the “true-breeding” lines that can be multiplied and reproduced for eternal 

propagating in different laboratories for further linkage analyses and the addition of 

genetic markers to existing maps, which ensures the identical material to all 

investigators (Broman, 2005). Backcrossing (BC) population, also derived from 

crossing the F1 hybrid to one of the parents, is another useful mapping population (Song 

et al., 2005). Haploid/Doubled haploid (H/DH) populations can be generated via natural 

or artificial uniparental reproduction, which are found in a wide range of species in 

several kingdoms. Owing to the well-developed H/DH technologies in plants and 

teleosts, the H/DH population has become one of ideal mapping populations for genetic 

linkage map construction (Dunwell, 2010; Komen and Thorgaard, 2007). In addition, 

there are also other designs of crossing experiment in use despite of that not all software 

tools of genetic mapping are supportive.  

 

1.2.2 Identification of genetic polymorphisms via genetic markers 

The identification of genetic polymorphisms of each individual from a mapping 

population is the most important step for linkage map construction, which must base on 
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genetic markers. Genetic markers can represent genetic differences or polymorphisms 

among individual organisms or species. Generally, they act as ‘signs’ or ‘flags’ and 

occupy specific genomic positions within chromosomes referring to “loci” (singular 

“locus”) (Collard et al., 2005).  

Previously, classical genetic markers are morphological and biochemical markers 

according to the observed phenotypes or differences in enzymes by simple 

electrophoresis and specific staining. In fact, these phenotypes and differences can 

represent the associated genes. However, the major disadvantage is their vulnerability 

to environmental factors (Winter and Kahl, 1995).  

Recently, traditional DNA (molecular) markers are the most widely and 

predominantly used markers due to their abundance. They arise from different classes 

of DNA mutations including substitution mutations (e.g. point mutations), 

rearrangements (e.g. insertions or deletions) or errors in replication of tandemly 

repeated DNA. These mutations can be identified by gel electrophoresis and staining 

with chemicals (e.g. ethidium bromide or silver) or with radioactive and colorimetric 

probes (Collard et al., 2005). Several types of DNA markers have been developed: 

Restriction fragment length polymorphisms (RFLPs) are discovered and identified 

using restriction enzymes that cleave the DNA only at precise “restriction sites” (Daiger 

et al., 1982); Microsatellites or Simple Sequence Repeats (SSR) consist of tandemly 

repeated nucleotide sequences with length of 2 to 6 base-pairs (bp) (Powell et al., 1996); 

Amplified fragment length polymorphisms (AFLPs are detections of DNA restriction 

fragments by means of PCR amplification (Dekker and Easteal, 1990); Sequence 

Tagged Sites (STSs) are DNA sequences occurring only once in a genome in a known 

position (Ruano et al., 1990).  

Currently, with the advent and development of next-generation sequencing (NGS), 

Single Nucleotide Polymorphisms (SNPs) are becoming the dominated genetic markers. 

SNPs are variations at the single-nucleotide level without changing the overall length 

of the DNA sequence in certain region. SNPs are the most highly abundant and largest 

number of genetic markers occurring throughout the genome. For instance, they are 
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present at the frequency of every 1000 bp in the human genome (Sachidanandam et al., 

2001). Most SNPs are distributed in non-coding regions without direct impacts on the 

phenotypes of an individual. However, some introduced mutations in expressed 

sequences or regions would influence gene expression (promoters, enhancers), and may 

induce changes in protein structure and function. These SNPs have the potential to 

detect functional genetic variations. The specific technologies of genome-wide genetic 

markers discovery and genotyping using NGS will be introduced in section 1.3 of this 

thesis. Those technologies enable simultaneously and parallelly sequence and genotype 

a large number of individuals for genetic mapping (Davey et al., 2011). 

Genetic differences and polymorphisms of each individual can be more detailly 

characterize with higher abundance of genetic markers. Using the classical or traditional 

molecular markers, the linkage map could contain several to hundreds of markers 

(Bishop et al., 1994; Doniskeller et al., 1987; Gyapay et al., 1994; Sun and Liang, 2004), 

whereas using SNPs combined with NGS technologies, the linkage map can contain 

not hundreds but thousands of markers across the genome (Davey et al., 2011; Wang et 

al., 2015a; Yang et al., 2013). Nevertheless, more and more genetic markers are still 

required for covering and characterizing the entire genome, considering that normal 

vertebrate genomes contain million-scale SNPs. 

The progenies will inherit a genetic marker from either of the parents. Therefore, 

after the polymorphism screening and genotyping of each individual of the mapping 

population, a dataset consisting of the genetic markers × individuals matrix can be 

obtained. The quality of genetic linkage map depends on the data that were used to 

construct it. Therefore, the dataset must be critically checked for all possible errors and 

missing data. Even a low frequency of typing errors would have a substantial impact 

on the order and length of a linkage map resulting in the introduction of a double 

recombination which is not occurring. On the other hand, individuals with too much 

missing data would result in very little information in the contribution for map 

estimation. The presence of missing values in the genetic markers dataset suggest the 

loss of information about the number of true recombination that has taken place along 
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the chromosomes. A simulation study has investigated the effects of typing errors and 

missing values on the construction of linkage maps. As it concluded, missing values 

had less effects than typing errors, but they reduced the number of correctly ordered 

markers and produced shorter map lengths (Semagn et al., 2006a). 

 

1.2.3 Genetic markers grouping 

Genetic markers grouping is the third step dividing the genetic markers dataset 

into distinct linkage groups. In ideal situation, there is one-to-one correspondence 

between the linkage groups and chromosomes. So far, this step can be performed 

through several approaches and software tools according to different strategies. The 

strategy employed in MAPMAKER (Lander et al., 1987) starts with calculation of the 

maximum likelihood distances of all two-point markers and their corresponding 

logarithm of the odds (LOD) scores. The linkage would be built between two markers 

when the LOD score is more than 3 and the inter-marker distance is less than 80 

Haldane cM. In this strategy, the nearest neighbor locus and marker clusters or linkage 

groups are growing by adding each genetic marker one by one when it represents the 

lowest recombination value with the current markers of the linkage group.  

The approach of MSTMAP (Wu et al., 2008) is derived from graph theory. Firstly, 

it creates a complete graph including all genetic markers connecting each other with 

edge values weighted by two-point function of the data. Then, all edge values more than 

a certain threshold are chopped, leading to several distinct subgraphs which are 

corresponding to linkage groups. It is notable the output would be influenced by the 

input parameter specified by the users when using these grouping methods (Cheema 

and Dicks, 2009). 

 

1.2.4 Generic markers ordering 

Markers ordering is the fourth step aiming to find the relative orders and genetic 

distances (in cM) of the genetic markers within each linkage group. Historically, several 

scoring functions have been established to find the orders such as minimum sum of 
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adjacent recombination fractions (Falk, 1989), maximum sum of adjacent LOD scores 

(Weeks and Lange, 1987), the minimum number of crossovers (Thompson, 1987; Van 

Os et al., 2005), the product of adjacent recombination fractions (Wilson, 1988), the 

minimum entropy (Kozik and Michelmore, 2006), the minimum weighted least squares 

marker order (Stam, 1993), the maximum likelihood (ML) (Jansen et al., 2001; Lander 

et al., 1987) and the maximum number of fully informative meiosis (Edwards, 1971). 

Consequently, the relevant software tools would facilitate with this step such as 

JoinMap (Stam, 1993), MSTmap (Wu et al., 2008), ASMap (Taylor and Butler, 2017) 

and Lep-MAP (Rastas et al., 2013). 

 

1.3 The discovery of genetic markers using NGS 

 

The ideal molecular approach for population genomics should not only cover 

hundreds of polymorphic genetic markers but cover the entire genome by a single, 

simple and reliable experiment (Luikart et al., 2003). Nowadays, with the advent of 

NGS, several approaches are developed to enable the discovering and genotyping of 

not hundreds but tens of thousands of genetic markers, which have made substantial 

contributions to current genetic and genomic studies. 

 

1.3.1 Restriction-enzyme-based methods  

For accurately genotyping, it is too expensive to sequence the whole genome of a 

population at high coverage. There are emerging many NGS-based methods for genetic 

markers discovery such as reduced-representation libraries (RRLs) (Altshuler et al., 

2000) including RRL-based specific-locus amplified fragment sequencing (SLAF-seq) 

(Sun et al., 2013), restriction-site-associated DNA sequencing (RAD-seq) (Baird et al., 

2008), and genotyping-by-sequencing (GBS) (Elshire et al., 2011), which are 

depending on restriction enzymes to produce a little portion of genome for reduced 

representation. All the methods are involving the key steps as follow: (1) digesting the 
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multiple samples of genomic DNA (from individuals of a mapping population) with 

one or more restriction enzymes; (2) selecting or reducing the restriction fragments after 

digestion; (3) sequencing of the final set of fragments which should be less than 1 kb 

in size owing to the read-length limits of current NGS platforms. Polymorphisms in the 

resulting sequenced fragments can be used as the genetic markers (Davey et al., 2011).  

The main advantage is that a reference genome is not the requisite in these 

approaches, so they can be appropriate for accurately genotyping in high-density of 

wild species populations in which reference genomes are not available. However, the 

disadvantages are that the steps of these approaches are complex and tricky, and are not 

able to thoroughly discover genetic markers of the entire genome because of just 

sequencing of a little portion of genome. 

 

1.3.2 Low-coverage whole-genome resequencing 

In above methods, little targeted proportions of the genome are subjected to 

sequencing, so that each genetic marker can be sequenced at high coverage with limited 

resources, thus enabling the accurately genotyping of genetic markers across many 

individuals. 

An alternative approach is emerging to sequence the whole genome at low 

coverage per individual. In this strategy, missing genotypes of the genetic markers can 

be imputed based on their coordinated known positions on a physical map. This strategy 

has been employed for high-density genetic linkage mapping of rice (Xie et al., 2010), 

shiitake mushroom (Au et al., 2013), and safflower (Bowers et al., 2016). However, 

these cases relied on the availability of high-quality reference genome sequences. The 

parental genotypes of recombinant populations are also either known or can be inferred.  

Therefore, the advantages are the simpler and easier procedures of the whole 

genome sequencing compared to restriction-enzyme-based methods such as SLAF-seq 

and RAD-seq, and cost-effectively discovering almost all SNPs along with the 

subsequent thoroughly characterizing the entire genome. However, there are several 

disadvantages. This strategy remains analytical challenges and no existing software 
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tools for execution. This strategy also needs large amount of labor sources to produce 

and keep inbred lines based on which parental genotypes and linkage phase can be 

known or inferred. Furthermore, this strategy also requires a high-quality reference 

genome, which limits the application in non-model organisms, especially for those with 

unexplored genomes. 

 

 

1.4 Torafugu (Takifugu rubripes) 

 

Torafugu (Takifugu rubripes) (Figure 1.4-1), also known as tiger puffer and 

Japanese puffer, is a pufferfish with economic importance. It is distributed in Northwest 

Pacific Ocean from western part of the Sea of Japan and the East China and Yellow seas 

northward to Muroran, Hokkaido, Japan (Figure 1.4-2). It is not only a popular fish 

food in Japan, Korea and China, but also is identified as a source of collagen (Nagai et 

al., 2002). This species also bioaccumulate a kind of valuable neurotoxin compound—

—tetrodotoxin in liver and ovaries. Tetrodotoxin has been considered as a novel 

therapeutic agent for pain due to that it blocks voltage-gated sodium channels in 

nervous system (Nieto et al., 2012). 

 

 

Figure 1.4-1 Torafugu (Takifugu rubripes) 

From http://mitofish.aori.u-tokyo.ac.jp/species/detail.html?genus=Takifugu&species=rubripes. 

 

https://en.wikipedia.org/wiki/Pufferfish
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Figure 1.4-2 The distribution of torafugu 

Distribution range colours indicate degree of suitability of habitat which can be interpreted 

as probabilities of occurrence. Adapted from http://www.aquamaps.org/receive.php?type_of_

map=regular. 

 

Torafugu has emerged as a model species in genetic and genomic studies. The 

torafugu genome is considered to be one of the smallest (~400 Mb) among vertebrates 

and is approximately eight times smaller than the human genome (Brenner et al., 1993). 

Torafugu has a body plan and physiological systems similar to mammals (Kai et al., 

2005). The torafugu genome contains a gene repertoire similar to that in the human 

genome, so that it can be a model vertebrate genome for discovering genes and gene 

regulatory elements in the human genome (Kai et al., 2011). The torafugu genome can 

further serve as a reference to understand the structure, function of vertebrate genomes, 

due to its compact size (Grutzner et al., 1999; Hedges and Kumar, 2002). Considering 

that there are only approximately 25 closely related species with limited distributions 

but remarkable variations in coloration, morphology and behavior, Takifugu species 

also have been strongly suggested as a model system for evolutionary studies of 
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speciation mechanisms in marine environments and widely used as a reference genome 

for understanding the evolution of vertebrate genomes and karyotypes (Kai et al., 2011; 

Yamanoue et al., 2008). 

As early as 2002, the torafugu genome has been sequenced to ∼6× coverage using  

the whole-genome shotgun strategy without the aid of any physical or genetic map, 

yielding an assembly composing of 12,381 scaffolds longer than 2 kb and covering 332 

Mb of the genome (Aparicio et al., 2002). In 2005, a genetic map including 200 

microsatellite markers has been generated with 10% of the assembly being anchored to 

the 22 torafugu chromosomes. Before 2011, the torafugu assembly has been expanded 

to 393 Mb. It consists of 7,213 scaffolds with 511 scaffolds representing 83% of the 

assembly. Subsequently, in the most recent fifth version of the torafugu genome 

assembly (FUGU5), 86% of the assembly, including 679 scaffolds, could be anchored 

to 22 torafugu chromosomes after integration with the genetic linkage map of torafugu 

containing 1,220 microsatellite markers. In these anchored scaffolds, 72% scaffolds of 

the whole assembly could be oriented (Kai et al., 2011). Therefore, to expand the 

contiguity and to improve the quality of the genome assembly, a higher-density genetic 

linkage map of torafugu is in need.  

 

 

1.5 Objectives of the present study 

Linkage maps are essential tools for genetic and genomic studies including 

evolutionary genetics, phenotype-genotype association studies and chromosome-scale 

assembly. During the construction of linkage map, crossing experiment normally is a 

time-consuming and laborious process lasting several months even to several years to 

produce mapping populations and keep inbred lines. More and more genetic markers 

are required for more accurate and thorough identification of genetic polymorphisms of 

each individual. The emergency of the NGS-based technologies may facilitate the 

achievement of this goal. Among them, the prevalent restriction-enzyme-based 

methods like SLAF-seq and RAD-seq are complex and tricky, and not able to 
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thoroughly discover genetic markers of the entire genome because of a little portion of 

the genome being sequenced. Other strategies, based on low-coverage whole-genome 

resequencing, can cost-effectively discover almost all SNPs and thoroughly 

characterize the entire genome, but also with limitations. For instances, these strategies 

need the information of linkage phase from the inbred lines. They also require a high-

quality reference genome, which limits the application in non-model organisms, 

especially those with unexplored genomes. Therefore, we would like to develop an 

effective and simple strategy to construct an ultrahigh-density linkage map using low-

coverage whole-genome sequencing. This linkage map can contain almost all SNPs 

thorough the entire genome without requiring inbred lines, linkage phase and a high-

quality reference genome, which enables this strategy be applied to non-model and 

unsequenced species. 

    On the other hand, torafugu is an important model species in genetic and genomic 

studies, also with economic importance. After integration with the genetic linkage map 

of torafugu comprising 1,220 microsatellite markers, the latest version genome FUGU5  

has been developed but remaining room for improvement. Therefore, we also are 

aiming to construct an ultrahigh density linkage map of torafugu to expand the 

contiguity and improve quality of FUGU5. 
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6 General discussion 

 

We successfully developed an effective strategy for the construction of an 

ultrahigh-density genetic linkage map of torafugu based on low-coverage (≈1×) whole-

genome sequencing of each individual of a DH population generated through mito-

gynogenesis. The sequencing data were used for de novo assembly and further SNP 

calling to generate a low-call-rate SNP dataset with unknown phase. Based on the 

relatively low-quality de novo assembly, an SSG was designed as a high-call-rate 

genetic marker to assign a genotype to a short DNA segment after combing the 

information of its constituent low-call-rate SNPs. The high-call-rate SSG dataset 

enabled the construction of an ultrahigh-density genetic linkage map containing most 

of the information of SNPs (sub-million in this case) of the mapping population. 

For testing the accuracy of the present linkage map, we carried out series of 

analyses. The analyses of recombination fractions and assessment of LOD scores for 

all marker pairs. The considerably low recombination fractions and the high LOD 

scores between adjacent markers of each linkage group suggested a low recombination 

frequency and a strong linkage between them. The 22 linkage groups were distinctly 

clustered because the higher recombination fractions and lower LOD scores were 

observed in the marker pairs from different linkage groups than that from the same 

linkage group. The comparative analyses between the present linkage map and the 

published high-quality genome FUGU5 also suggested a near-perfect concordance 

between them.  

Torafugu is a popular species with economic importance in the waters of East Asia, 

and has emerged as an ideal model in genomic studies (Brenner et al., 1993). In the 

most recent fifth version of the torafugu genome assembly (FUGU5), 72% of the 

scaffolds have been located and oriented after integration with the torafugu genetic 

linkage map, comprising 1220 microsatellite markers; however, the remaining 14% 
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have been located but not oriented, and the other 14% have not yet been assigned (Kai 

et al., 2011). The comparative analyses between the present linkage map and FUGU5 

not only indicated that several unassembled regions of FUGU5 can be improved, but 

also demonstrated potential mis-assemble regions or large segmental polymorphisms in 

chromosomes. Therefore, after integration with the present linkage map, the contiguity 

of FUGU5 is expected to be expanded.   

Producing mapping populations and keeping inbred lines are normally very time-

consuming and laborious work lasting several months even to several years during 

linkage map construction. In the present study, we did not keep the inbred lines and just 

rapidly and simply produced DH individuals by well-developed H/DH technologies. 

Although the lacking of inbred lines leads to unknown linkage phases which would 

bring obstacles for the subsequent analyses and strategy design, we successfully 

designed a strategy for linkage mapping for a low-call-rate SNP dataset with linkage 

phase-unknown format. Therefore, the present strategy has significant advantage of 

time and labor saving. 

The assembly of a high quality reference genome is also very laborious and time-

consuming including the work of de novo assembly and the construction of one or more 

high-density linkage maps. However, the previous low-coverage resequencing strategy 

for ultrahigh-density linkage mapping requires a high-quality reference genome, which 

limits its application on unsequenced and non-model species. In contrary, the lack of a 

requirement of a high-quality reference genome for low-coverage whole-genome 

sequencing expands the application of our proposed strategy to a wide range of non-

model and unsequenced species. In addition, in the whole-genome assembly project, de 

novo assembly and linkage map construction are independent works contributing to 

chromosome-scale assembly. However, in our case, both of them can be achieved from 

the low-coverage whole-genome sequencing of the mapping population. Thus, for a 

non-sequenced species, de novo assembly, linkage map construction, and further 

chromosome-scale assembly can be efficiently completed by adopting our strategy. 

Our approach has an advantage of simplicity, in that whole-genome sequencing 
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was applied to each individual sample, whereas existing techniques such as specific-

locus amplified fragment sequencing (SLAF-seq) (Sun et al., 2013), reduced-

representation libraries (RRLs) (Altshuler et al., 2000), and restriction-site-associated 

DNA sequencing (RAD-seq) (Baird et al., 2008) demand complicated processes for 

sequencing a small target portion of the whole genome. We successfully captured most 

of the SNPs of the population, which would allow for thoroughly characterizing 

complex genomes, whereas SLAF-seq, RAD-seq, and RRLs are only able to call a small 

portion of SNPs of the population. The low-coverage sequencing also makes the present 

strategy cost-effective. 

In recent years, the H/DH population has been exploited as an ideal population type 

for genetic linkage map construction, particularly in plants (Delourme et al., 2013; 

Lefebvre et al., 1995; Semagn et al., 2006b; Xu et al., 2015; Zhang et al., 2002) and 

teleosts (Brieuc et al., 2014; Kelly et al., 2000; Sun and Liang, 2004; Young et al., 1998) 

due to their well-developed H/DH technologies (Dunwell, 2010; Komen and Thorgaard, 

2007). The strategy of the present study developed for ultrahigh-density genetic linkage 

map construction based on an H/DH dataset, would be ideally implemented for various 

types of sexually reproducing organisms that could be used to generate large numbers 

of H/DH individuals without requiring other complex crossing schemes and designed 

inbred pedigree lines to identify the linkage phase. Notably, our strategy could be 

applied to the construction of an ultrahigh-density genetic linkage map using only single 

gamete cells, the ubiquitously existing haploids, combined with single-cell sequencing 

technology, which may further extend the application range and also is our future work. 
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